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s Silk Production 
and Processing
TETSUO ASAKURA, Tokyo University o f Agriculture and Technology 

DAVID L. KAPLAN, U.S. Army Natick Research and 
Development Center

I. General Characteristics of Silk
II. Silk Production in Silkworm

III. Silk Structure
IV. Silk Properties
V. Silk Processing

VI. Gene Structure and Function of Silk
VII. New Applications of Silk

VIII. Wìld Silkworm Silks 
IX. Spider Silk

Glossary
F ib r o in  Structural pcptidc in silk that tbrms a hit^hly 
crystalline /3 shcet and imparts mcchanical strcntỊth 
to the íìber
S er ic in  A family of gum m y pcptides in silk tliat bind 
the fibroin chains togcthcr to form the silk fibcr 
S ilk  Spun íìbrous protein polymer sccretions pro- 
duced by biological systems vvhich usually form an 
extcrnal structure (e.g., cocoon, wcb)

S i l k s  a r e  í Ị c n e ra l ly  d e f in c d  as s p u n  í ì b r o u s  p r o t e i n  
polymer secretions produced by biological systcms. 
Silks are synthesized by a varicty o f  organisms includ- 
ing silkvvornis (and most othcr Lcpidoptera larvae), 
spidcrs, scorpions, mitcs, and flics. The structurc and 
function of'silk íìbers dcpend on the or^anism produc- 
inọ; the silk. Silkvvorm silks have becn the most inten- 
sivcly studied and arc synthesized in specialized sets 
ot modificd salivary glands and extrudcd from spin- 
nercts locatcd in thc hcad o f  thc larva. The mạjority 
of silks art’ spun into air, although some aquatic insects 
producc silks with differing compositions that arc 
spun under water.

I. General Characteristics of Silk

The most \vdl-charactcrizcd silk is that produced by 
the domcsticated silkworm, Bomby:X mori. Sericulture

is the agricultural practicc o f  grovving mulberry (pri- 
mary íood tor thc silkxvorms), raising silkworms for 
silk production, harvestiníỊ silk írom cocoons, and 
P rocessing ot the co co o n  silk  in to  usctul textilc  fibcrs. 
The practicc o f  sericulture originated in China ncarly 
5000 ycars aỉỊC) and sincc that timc silk has bcen used 
Í11 textiles. Silkworm silk is produced primarily at 
on c  statỊC in the life cyclc , during che fifth larval instar 
just  betorc molt to thc pupa. Smallcr quantities o f  
silk arc produccd at all larval stages except during 
molts. The silkworm cocoon is composcd o ís i lk  fì- 
broin, the structural íìbcrs o f  the silk, and sericins, a 
íatnily o f  gum m y protcins that bind the fibcrs to- 
gether. The cocoon is csscntially a composite struc- 
turc o f  tìbroin íĩbcrs cnibcddcd in a sericin matrix to 
provide the inscct with a protcctive shcath trom the 
cnviromncnt. The silk from cach cocoon compriscs 
a sin g lc  thrcad rangintỊ b ctw ccn  10 and 25 ( im  in 
diamctcr and betvveen 300 and 1200 in in length. Silks 
arc ot intcrest in textiles and othcr niaterial applica- 
tions duc to their visual appearancc, thcir texture (or 
“ fccl” ), thcir cnvironmental stability, and their 
uniquc nicchanical propcrties.

II. Silk Production in Silkvvorm

A. Life Cycle
The life cyclc o f  tì. mori is summarizcd in Fig. 1. The 
silkvvorm is a holometabolous inscct. In about 50 days 
it complctes its 11 te cydc o f  four ditTerent metamor- 
phosizing phases; egg or embryo, larva, pupa, and 
adult (moth). w h e n  ovcr-wintcred eggs are kept at 
natural temperatures, thc larvae hatch in April or May 
in response to an increase in temperature. O f  the life 
cycle, about halt is the larval stage, the only sta^e at 
which thcy consumc food, mulbcrry lcaves. Al- 
thouírh silk protcin is produced throughout the larval 
stages, cxcept during m oking, large amounts are syn-
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Hibernation

Artitĩcĩal hatching 
11~14days

Diapause egg

Hatching

1st instar 
1st molting>

2nd molting

Pupa in instar, 
o ụ  cocoon 6days Ậ  4th molting

Pupation 
4 5days ^

Mature larva

Spinning

FIGURE 1 Lite cyclo of lỉoinhy.ì i Hiori. ỊReprỉnt vvith pcrniission 
íroni Asakura, T. Ị ỉ iO L  Svw s 23A (2). 1987.Ị

thcsizcd in fifth instar larval stagc. Pupation occurs 
at the enđ ofspiniiing (or cocoon íormation); the lattcr 
takes 3—4 days. This spinning stagc is characterừed 
by thc cxtrusion o f  silk from spinncrcts locatcd in 
th í '  h c a d  a n d  c ừ a w i n g  o f  th c  H b c r  b y  a c h a r a c t e r i s t i c  
íìgure-cight hcad movcment. Insidc the cocoon, thc 
larva pupatcs. The m oth  cmergcs aíter a 10- to 15- 
day pcriod o f  adult devcloptncnt. Matini* occurs soon 
after emcrgence and 300-600 cggs are laid imrncdi- 
atcly afterward.

The duration ot thc đevelopmental stages can bc 
controllcd throuíỊhout the lifc cyclc by re^ụlating en- 
vironmental conditions, niainlv tcmperaturc and 1111- 
trition. The dcvclopmental character o f  the carly em- 
brvo. eithcr diapausmg or nondiapausintỊ, can also be 
controllcd by conditioning the tcmalc with tempera- 
turc and photoperiod cyđine; during the CÍỊÍỊ5 incuba- 
tion pcriod and carly larval staẹ;es. Furthcrniorc, cvcn 
the datc o f  hatching can be schcduled by applyintí 
artificial hatchino; trcatmcnts in combination vvith 
cold storagc. [SíT Insec t Physiology.I

B. Synthesis of Silk Protein
Aũcr the tburth larval molt or ccdysis, the silk gland 
o f  rhc silkvvorni dcvelops rapidly t'or activc tibroin 
production, and in che fifth instar larva it is the second 
laríỊest organ f o l l o w i n ơ  the alimcntnrv canal. The

gland in which the silk ot tì . lìiori is secreted is sho\vn 
111 Fis;.2. This consists o f  threc relatively distinct re- 
gions. Fibroin, the main com ponen t ot silk proteins, 
is cxclusively synthesizcd in the postcrior region ot 
the silk gland and is transíerrcd by peristalsis into the 
middle rcgion o f  the í^land in vvhich it is stoređ as 
a very viscous aqueous solution until requircd tor 
spinning. In the walls of the middlc region ot tho 
gland, anothcr silk protcin, sericin is produced vvhich 
coats the silk íìbroin, acting as an adhesive; both pro- 
tcins havc uniquc and easily distinguishable amino 
acid compositions (Tablc I). T he  tvvo glands join to- 
gcther immediatcly beíore the spmnerets through the 
anterior region and the tìber is spun into air. In tho 
cxtruded thread, thc tw o  tibroin corcs remain distinct. 
The silk gland is considered to bc an ideal modcl 
systcm for prođucing lariỊC aniounts o f  specializcd 
proteins. Rcccntly, an in ưitro silk íìbroin production 
systcm has bcen dcvclopcd by the cukure ot the poste- 
rior region o f  the silk gland from B. niori.

c. Silkworm Nutrition
B . IH OIĨ fccds almost exclusively on nmlberry leaves 
(or close hotanical rclativcs ) bccausc o f  the need tor 
chcmo-attractants and fccding stimulams, as wcll as 
cssential nucricnts íbunđ in the leaves. Approximately 
1 2  i’ o f  dry m ulberry  lcavcs imist be ingested tor tlic 
production o f  1 lí o f  dry cocoon shell (cfficiency,



TABLE I
Amino Acid Compositions of the Silk Fibroins from B.mori, p.c.riáni, 
A.pernyi and A.yamamai, and o f the Silk Sericin from B.mori (mol%)

TABLE II
Composition of Artificial Diets Containing Mulberry Leaf Powder

Ạ m m o  acids

lì  mon
p . i .r ià t i i

h b m in
A  .Ịìc n iy i 
t ìb ro in tih ro inlìb ro m s c r ió n

c ; ly 42.V 13.5 3 3 .2 2<>.7 26.1
A l  li 3 0 .0 5 .S 4 8 .4 4 K .I 4H.1
S c r 12.2 34.(1 5.5 9.1 9.(1
T y r 4 .8 3.f> 4 .5 4.1 3 .‘J
A s p l . v 14.6

r-»ri 4 .2 4.5
A r g n. 5 3.1 1.7 2.9 3.5
H is 0 .2 1.4 1.1) 0 .8 0 .8
C lu 1 4 l ì .2 0 .7 n .K (1.7
L y s 11.4 3,5 <1.2 11.2 0,1
V a i 2 ĩ 2 .') 0.4 11.7 11.7
Le u (I.ÍI 0 .7 (1.3 (1.3 (1.3
lk- 0 .6 0 .7 1)4 0 .4 11,-1
Plu- U.7 0.4 0 .2 0.3 11.2
P ro 0.5 (l.f) 11.4 (1.3 0.4
T h r II.') H.H 0.5 (1.5 0.6
M rt 0.1 0.1 i race T r a c c T r a re
C y s T i .h c (1. 1 Ir a c c T r a c c T r a c c
I rp - — 11.3 O.ÍI 0.7

8.26%). The vveiíỊht o f  the silk í»lanđs of the íìfth 
instar larvac increascs approximatcly l()()-fold durint; 
only 8 days prior to che spinniniỊ pcriod. This abrupt 
increasc is attributcd to the active synthesis and accu- 
mulation ot tìbroin in the silk glands. This protcin is 
s p e c i h i a l l y  ricli in t Ị ly c in e ,  a l a n in c ,  and serinc , which 
account for 85% ot total ainino acids ( Tablc I). Thesc 
thret' aniino acids must be supplicd not onlv by tree 
amino acids contained in the mulbcrry lcavcs, but 
also by interconversion ot otlicr inqcstcd aniino acids. 
Approximatcly 70% o f  thcse amino acids arc synthc- 
s iz c t l  í/í' //()!'() in  la t c  f i t t h  in s t a r  la r v a c .

EtYorts havc bcen made to manutacture artiíĩcial 
dicts for silkwornis for industrial purposes, and tairly 
satisfactory compositions havc bcen dcvelopcd. Tw o 
cxaniples ot artitìcial dicts containiiiíỊ mulbcrry lcaf 
povvder arc sliovvn in Table II and arc used for practical 
roaring. Rcccnt dcvclopinent ot polyphatỊDus silk- 
vvorin strains in Ịapan can bc rcarcd to maturity on 
dict.

T h e  c a rb o n  s k c lc to n  o f  B. tnorì s i lk  h b ro in  is 
tormcd niainly from sucrosc in mulbcrry lcavcs. Tliis 
đisaccharide is decomposed to two hexoscs and then 
metabolizcd to 3-triphospho£Ị]yccratc and pyruvatc 
through thc glycolvtic pathvvay and to 2 -oxoe;lutaratc 
Í11 thc tricarboxylic acid, TC A , cyclc (FiịT. 3). Then 
scrino, glvcinc and alaninc arc synthesized írom thcsc 
í»lycolytic intcrnicdiatcs. The nitroiỊcn sourcc tor 
the synthesis of tlicsc amino acids may be dcrived

Substancc

D iots tor 
tirst—tburth  
instars (n)

D icts  tbr tìttli 
instar (a)

M ulbcrry lcat povvdcr 25.(1 25 .0
SovbiMD oil 1 5 3 .0
D ctattcd soybcan mcal 3í).(l 45.(1
C'holcstcri>l 0 .2 0 .2
C itric A n d 4 .0 4 .0
Ascorhic' acid 2.11 2.(1
Sorbic and 0 .2 0 .2
AiỊ.ir 7.5 5.11
s.ilt niÌNturc .VI) 3 .0
( ì 1UCOSL' HO lu.II
P otato  starch 7.5 15.0
C'i'lluk)sc pow dor 2(1. K —
V it.um n li mÌNturc Addcd Ađđcđ
A ntiscptic Addcd A ddcd
(Total) (115.7) (112.4)
Watcr 301) ml 221) ml

tro 111 am m onium  split trom the dctỊradation ot oth- 
cr in tỊO S tcd  amino acids and protcins. Am m onium  
is utilizcd tor tlie tbrmation o f  ^lutamatc trom 2 - 
oxoíỊlutaratc by ('lutamatc dchydroíỊcnasc.

Glucose

Sorbitol-6- Glucose-6- .
phosphate phosphate

Uridine diphosphoglucose

/  Glycogen
Glucose-1 -phosphate

Serine •

Glycine

' Glycerol ■ 

-3-Phosphoglycerate 

f  ADP
L a t p

Phosphoenolpyruvate

^Trehalose 

T ríglyceride

Glutamine ■ Glutamate

FIGURE 3 Mctabolic pathvvays ot t*lucosc in ỉiombyx mori silk- 
worni rclatcd to the tormation of  silk tìbroin throuiíh ^lycolysis 
and carbohydratc rcserves. A1)P (.KÌenosine điphosphate). A n j 
(adcnosinc tripliosplutc).



III. Silk Structure

A. Primary Structure
The silk íìbroin from B. mori comprises hií*h- 
molecu]ar-\veight polypcptides containing a predom- 
inancc o f  the aniino acids glycine, alaninc, and serine 
(Table I). Acid side-chain groups predominatc by 2.3- 
fold over basic sidc-chain íỊroups. Sericin, which 
comprises 30% o f  thc cocoon vveight, has an amino 
acid composition that is signiíìcantly ditTerent from 
that o f  fibroin, with a high percentage o f  scrine, aspar- 
tic acid, glycine, and threonine rcsiducs, which total 
ovcr 65%. Acid sidc-chain groups also predominatc 
by 2.6-fo]d ovcr Basic side-chain groups. The hydro- 
philic nature o f  sericin permits its scparation and re- 
moval from the fibroin durint^ the processinẹ; ot silk- 
w orm  cocoons in boiling water. Traccs ot lipid, 
pigment, and carbohyđrate have bccn rcported in tì. 
mori cocoons.

B. inori silk íìbroin consists ot' two primary pep- 
tides, onc approximately 325,000 Da (hcavy chain) 
and the othcr 25,000 Da (light chain). Silkvvorm silk 
can be dcscribed as a block copolymer contaĩning 
crystallinc domains (regions o f  the polypcptidc con- 
taining thc short side-chain amino acids), interrupted 
with amorphous domains consisting of thc bulkicr 
side-chain amino acids. Approximately 70% o f  the 
íìbroin (sum o f  the hcavy chain and light chain) is the 
amino acid sequence, Scr-G ly-A la-G ly-A la-C ỉly .  A 
morc extended sequence has been reportcd tor thc 
crystallinc traction precipitated aftcr chyniotrypsin 
hydrolysis, as Gly—A la -G ly -A la -G ly -S c r-G ly — 
A la -A la -G ly—[Ser-Gly-(Ala-Gly)„]8-Tyr, where II 
is usually 2. This sequcncc accounts for 55% o f  fi- 
broin. O ther charactcristics o f  the primary structure 
o f  tĩbroin arc the abscnce o f  thc sequcncc G ly-G ly  
and thc presence o f  the scquences, G ly -T y r -G ly  and 
Cily-Val-Gly (tyrosine (Tyr) and valine (Vai)). Thus,
B. mori fibroin is regarded as an alternatc copolynier 
o f  Gly. There havc been no detailed reports on the 
amino acid scquence o f  sericin.

B. Secondary Structure
DitTcrent typcs o f  silk can exhibit a variety o f  charac- 
teristic protein secondary structures, including /3- 
sheets, cross-/3 sheets, a  hclices, and random coils. 
B. rnori cocoon silk is charactcrizcd bv the /3-sheet 
secondary structurc whereiti the protein polymcr 
chains run antiparallcl to each other interact and intcr- 
act throuí^h hydrogen bonds (Fig.4). The polymer 
chains run parallel to thc íìber axis. Ovorlying shccts

in thc secondary structure interact by hydrophobic 
attractions to íurthcr stabilizc the structurc. The tight 
packing density o f  the overlying shects is duc to 
the high perccntage ot' short sidc-chain amino 
acids consisting o f  approximately 85% (glycine + 
alanine + scrinc in a 3 : 2 :  1 ratio).

T w o  key crystallíne structurcs have been idcntified 
for silkvvorni silk, silk I and silk II. The silk I contor- 
mation represents the water-soluble form prcsent 
when silk is tirst synthcsized in the posterior region 
o f  the silk gland. The silk II form rcpresents thc water- 
insoluble coníormation prcscnt in the spun silk fiber. 
The unit cell dimensions for both crystalline struc- 
turcs ot' nativc silk are show n in Table III ; the silk I 
dimensions arc based on predictions trom contorma- 
tioiial cnergy calculations with glycine—alanine re- 
pcats, while the silk II data are bascd OI1 X-ray ditTrac- 
tion studies. The change in unit cell dimcnsions 
during thc transition froni silk I to silk II during fiber 
spinning is niost đramatic in the intcrsheet planc, with 
a decrease o f  18.3% betvveen threc ovcrlying shccts, 
which excludes water and reduces solubility. The silk
II íbrm is morc encrgetically stablc, and though the 
energy barricr f'rom silk I to silk II is relatively low, 
the transition is gencrally considercd irrcversiblc. The 
transition occurs in the silk-producinu; gland o f  the 
silkworm frorn shear during the spinning process. 
Artiíìcially, the samc transition can bc induced by 
mechanical shcar or drawina;, hcat, usc o f  polar sol- 
vents such as methanol and acctonc, and under the 
influcr.cc o f  electric íields.

IV. Silk Properties

A. General Characteristics
Silkvvorm silk is insolublc in vvater, dilute acids and 
alkali, and niost oríỊanic solvents. In adđition, silks 
are resistant to most proteolytic enzvmcs. Silk hbcrs 
are hygroscopic, with a m oisture  regain ot iu to 15%. 
O ther physical propertics include a characteristic 
translucencc with high lustrc or sheen, abrasion resis- 
tancc, ability to bind dycs, resistance to environm en- 
tal degradation bccause o f  their rcsistance to protco- 
lytic cnzymes, and susceptibilitv o f  the undyed tiber 
to sunlight. The spccific ẹravity  for silkworm silk is
1.25.

B. Mechanical Properties
Silk tìbcrs combinc s trcnẹth and toughncss. For ex- 
amplc, silkworm silk cxhibits up to 35% eloniỊaúon
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FIGURE 4 Gcncralized picture o f  the anti-parallel (8-shcct structure (sừiỊỉle shcet shovvn) for the crystallinc rct;ions o f  silk. Notc: polymcr 
c h . i i n s  ru n  a c r ô r d i m ;  t o  t h e  a r r o v v s ,  t l i i c k e r  IÌIU'S i n d i c a t c  c o v a l e n t  l in k a i Ị e s .  w h i l e  thi'  d o t t c d  l i n e s  r o p r e s c n t  h y d r o í > c n  b o n d i n g  b e t w e e n  

ncii>liboriiiịỊ cli.úns (carbonvl lịroup s 011 on c  cliain and iim inc groups OI1 thc neiiỉliborinsỊ chain). T he m cth yl sidc chains from  the alanine 
jin in o  .uu ls all prọịect upvvard <111 the S.1 I11C sido of  the slicct structnrv sliovvn. O verlyina; shccts (not sh ow n ) w o u ld  intcract through  
h yd rop hobic  interactions.

vvith tcnsilc strengths approaching thosc o f  high 
strcngth synthctic tìbers. T he tensilc strcntỊth for silk- 
vvorm silks is approximately 6 X 1 0K N / m 2, thc m od- 
nlus 1S approximately 5 X 1( i‘ N / m 2, and the energy 
to brcak is approximately 7 X 104J /k g .  This is partic- 
ularly imprcssivc whcn considering that natural silk 
íibers undcrtỊo minimal draw to enhance molccular 
orientation, which irnprovcs mechanical propcrtics. 
Unlikc most fibers, incrcased rates of]oading o fs ilk  
íibers rcsult in increased strenẹth and modulus as well 
as dontỊation; this increascs the amount o f  work to 
rupturc. The mcchanical properties o f  silkworm silks 
have bccn shown to corrclate in part with thc ratio 
o f  long side-chain amino aciđs to short side-chain

TABLE III
Unit Cell Dimensions for Silk I and Silk II

I )im cn sion Silk 11 Silk 1

.1 axis (intershcct distance)'1 0 .9 2 0  11111 1.126 nni
/' axis (intercliain distancc) 0 .9 4 4  nm 0.894  nm
1 ;ixis (tìlxT axis) 0 .6 9 7  nm 0 .6 4 6  nm

\ o t t . 1 ho silk li values iirc bascd OI1 X -ray  đitĩraction data and 
tlic silk I values arc based on  prcd iction s from  conform ationaI
CIILTIỊV c.il™ l.itiims.
J intcrshưct liist.ince b etw een  thrce overly in ií shcets (p .530 and 
n..W(l I1 I11 silk II, 0 .565  11111 tor silk I)

amino acids in the íibroin, high ratios correlating with 
higher dons»ation and lovver tcnacity.

V. Silk Processing

A. Solution
It is vcry important to bc ablc to obtain an aqueous 
solution o f  silk íìbroin in ordcr to use it in biomaterials 
as described bclow. It is possiblc to I*ct a solution o f  
íibroin directly from thc glands,where the concentra- 
tion is 12-15%  in the posterior silk ^land and approxi- 
mately 20-30%  in the middlc silk gland. An aqueous 
solution o f  silk íìbroin can also be obtained from raw 
silks or cocoons indirectly. A deíỊumming process, 
desericinization with boiling soap solution or boiling 
dilute N a iC O , solution, is used to obtain only sílk 
fibroin íìbcr. Such a iìbroin is soluble in certain con- 
centratcd aqueous salts; dialysis removes these salts 
and leaves the íĩbroin in aqucous solution. Salts that 
have been cxtensivcly used in this way are LiBr, 
LiSCN, and CaCl2.

Ít has becn cstablished that in dilute aqueous solu- 
tion, tì . tnori silk íìbroin cxists in a random coi! struc- 
ture. Howevcr, vvith slow concentration at room  tem- 
perature, the sidc-by-side chain aggregation o f  the



íìbroin molecules occurs and as a rcsult, Auctuations 
around thc backbone bonds dccrcasc, (ỊcncratiníỊ a 
silk I coníbrmation . The contcnt o f  silk I o f  the silk 
tìbroin storcd in thc middle silk í^land is about 40%.

B. Films
Films o f  B . mori rtbrom are prcparcd by air-dryintỊ 
an aqueous solution cast on a íìlm o f  poly(viny]idcne 
chloridc) or acrylic resin plates. The coníbrmation of 
these fi]ms usually consists o f  silk 1 and ranđom coi]. 
The tresli hlms arc usually water-solublc. Hydration 
by placiní' thc tìlnis in a d o sc d  cham ber ot about 
100% relative humidity for 24 hr stabilizcs thc silk I 
form and the membranc bccomcs watcr-insoliiblc. By 
immersing water-solublc films into polar hydrophilic 
solvcnts such as methanol and acetonc, thc contorma- 
tional transition to thc silk II form occurs at the surtace 
of the tìlms which beconic water-insolublc. Hovv- 
ever, fibroin molecules in inncr parts ot' the íilms 
arc still in randoni coils and thc backbonc chains are 
mobile in watcr, that is, the films bccome hctcroíỊe- 
neous in structurc. The water-insolublc íilms are also 
obtained by the stretching trcatment o f  thc watcr- 
sohible filnis. In addition, prcparation o f  a porous 
fibroin íilm is possiblc by addinc; polyethylene ÍỊlycol 
to an aqucous solution of íibroin. This causes a con- 
íormational transition to silk II and the dricci íilni 
bccomcs watcr-insolublc. Aftcr immcrsing thc íìlms 
into watcr, porous íìbroin fìlms are obtained by the 
removal o f  polyethylcne íílycol.

c. Fibers
In sericulturc silkvvorm cocoons arc harvcsted and 
immerscd in a hot soapy watcr bath to solubilizc and 
remove thc scricin in a dce;umminíỊ operation. The 
remaining silk fiber in thc cocoon is then rccled by 
cithcr liand or machine and subsequently dyed or 
chcmically trcatcd (c.g., to reducc wrinkling, im- 
prove wáshability) depcndin^ on thc intendcd appli- 
cation for the fibcrs. The reclcd íĩbers arc usually 
vvovcn into textilcs.

Rhcoloẹy studics vvith solublc silk incHcate that the 
dcgrcc o f  crystallimty o f  thc silk tìber corrclates with 
shear ratc and dravv ratc, and that a critical extrusion 
rate o f  slitĩhtly undcr 1 -cm/sec is neccssary to inducc 
a contbrmational sliiũ to the silk II sccondary struc- 
turc and t'or the appearancc ot' bíreỈTÌngcncc. In thc 
natural spinnniL' process, the silk polvpeptidcs Í11 thc 
postcrior rctỊÌon ot' the glanđ are water-solublc and 
optically teatureless and cxhibit a ranu;c o f  secondary

structures inđudino, raiidom coil. This region ot the 
gland is less than a millimctcr in diamctẽr and the 
shcar ratc is ]ow. In the niicỉdk’ retỊÍon or storagc area 
o f  the ẹlancỊ tho diameter is 1.2 to 2.5 m m  and thc 
shear ratc is also verv lovv. In the anterior rcgion 
o f  thc i^land the diameter is verv narrow, 0.05 to
0.3 min, thc shear ratc is very high, thcrc is active 
watcr transport out o f  the gland, therc is a dccreasc 
in pH, and there is ion exchange particularly with 
potassium, sodium and phosphatcs. It is assumcd that 
at this statỊC thc silk begins to take on thc prcdominant 
/3-sheet secondary structure. The diamcter ot the fibcr 
can vary d ep en d in g  on  the rate o f  sp in n in g  and thc 
diameter o f the  silk fibcr changcs in the dirterent laycrs 
o f  thc cocoon. The total leniỊth o f  thc íìbcr is prcsum- 
ably dctermined by the ratc and duration ot' protcin 
.synthesis.

The viscosity o f  thc protcín solution in the antcrior 
region ot the gland decrcases duc to the tormation of 
a Ivotropic liauid crystalline phase. This phasc appar- 
cntly hclps to avoid prematurc cloggintỊ of tho spin- 
111111» apparatus by aiding thc tìow of the material and 
r c d u c in i Ị  t h e  P r o c e s s i n g  e n c r i Ị y  r e q u i r e m e n t s  b y  the  

orqanism. An added bcncfit ío r  this proccss is thc 
hií»h deiỊree o f  molccular orientation and alignmcnt 
achieveđ with the conibination o f the  liquid crystallinc 
phasc and the spinning process itscH. This oricntation 
is achicvcd with minimal draw and imparts to thc 
íìbers thcir unusual nicchanical properties. A ncmatic 
liquid crystallinc phase has bcen demonstrated by iso- 
latiniỊ thc protein solution from  the silk gland and 
allowiníỊ it to íỊradually dry on a shcar sta^e of an 
optical microscopc. This phasc is characterized bv 
ax ia l  a l i g n m e n t  a n d  i n t e r a c t i o n  o f  p o l y m c r  c h a in s  in 
various stages o f  rctỊÍstry w ith each othcr whilc re- 
maininir solublc in the aqueous mcdium. The role o f  
s c r ic in  d u r in i r  t ì b c r  í b r m a t i o n ,  a s id c  f r o m  s c r v in i í  as 
the m atrix  to hold thc tw o  tì b ro in fibcrs togcther, 
may bc to aid thc passaíỊc o f  the silk polypcptides 
t h r o u g h  th c  s p i n n c r e t ,  t o  s c r v e  as  a r e s e r v o i r  o f  d i v a -  
lcnt cations, and to act as a rcccptor tor vvatcr Corning 
from the tìbroin.

VI. Gene Structure and Function of Silk

A. Gene Structure
Silks arc cncoded by hiiỊhlv rcpctitivc structural íỊcnes 
that are undcr tiiỊht rctỊulatory control in thc ccll. The 
rcpctitivc domains inAuencc the h igher-ordcr contor- 
mation and result in tìbcrs vvith unusual tunctional



properties. The structure o f  thc fibroin tỊent' has been 
partially described. The genc encodiníỉ; the íìbroin 
hcavy chain is reportcd to bc on the ordcr o f  16 kb 
and to contain, in ordcr, a 5' adcnine/thymine-rich 
Aanking rcgion, a970-bp intron , ashort nonrepetitivc 
cođinỉỊ region (414 bp), a core repetitivc rciỊÍon oí 
approximately 15 kb containing 10 crystallinc do- 
mains o f  1 to 2  kb cach intcrsperscd with amorphous 
domains containing about 2 2 0  bp, and an untranslated 
Aanking region at the 3' cnd. Restriction maps o f  thc 
íìbroin gene have bccn gcnerated. Duc to the guaninc/ 
cytosine-rich contcnt o f  the crystallinc domains o f  thc 
I?cne many rcstriction enzymes do not cut or cut rardy 
in the core repctĩtive reiỊÌon o f  the gcnc which makes 
internal rnapping difficult. O nly  a small traction o f  
thc total genc has been sequenced. The gcnc encoding 
the íìbroin light chain has also bcen sequcnced. The 
synthesis o f  the hcavy and litỊht fibroin chains is 
jointly regulateđ such that equimolar amounts o f  thc 
tvvo polypcptides arc íormed; however, the two gcncs 
arc located on ditTcrcnt chromosomes. Joint syntlicsis 
and sccrction ot the tìbroin heavy and liíỊht chains is 
dcpcndent on covalent crosslinking betvveen thc two 
chains which occurs post-translationally through a 
đisu ltìde link. Scricins a rc  cncodcd by at least two 
gcncs, vvith ditĩerent genc splicing cvcnts giving rise 
to different sericin m R N A s ranging in size trom 2.8 
to 10.5 kb.

B. Gene Regulation
The high lcvcl o f  protein production within a speciíìc 
sta^e in thc life cyclc o f  thc silkvvorm has prompted 
stronsỊ intcrcst in understanding thc rcgulation o f  the 
systcm, as w d l  as for thc potential use o f  B . mori 
as a host system to exprcss genctically ensỊÌneered 
proteins once suitable genc transíer systems arc dcvel- 
opcd. Cỉcnctically cnginecrcd viruscs have bccn used 
to intcct htth instar larvae o f  B . Itiori to produce non- 
silk protcins (pharmaceuticals) such as interfcron and 
intcrleukin. Expression o f  the íibroin íỊenc is ]ocalized 
to the cpithclial cells lining the posterior region o f  thc 
silk {ỊỈand, similarly, expression o f  sericin is limited to 
che middle region ot' the í^land. T ight transcriptional 
C o n t ro ls  cxist in thc cell for both types ofgencs. For 
cxamplc, activation o f  fibroin genc transcription starts 
troin the anterior part o f  the postcrior silk gland at 
thc bcíỊÌnning o f  thc fìfth instar and sprcads tovvard 
the postcrior cnd o f  thc glancỉ. Althouẹh only a siniịlc 
copy ot the fibroin gene exists per haploid genomc, 
the inR N A  tormed is very stable vvith a halt litc ot 
several days. This cnablcs the gradual accumulation

of largc amounts ot thc nicssage which accounts for 
thc high ratcs o f  tibroin synthesis at the end oí' the 
fifth instar. Stroniỉ; translational C o n tro ls  are also re- 
quircd to pcrmit the high level o f  production o f  pro- 
tein in this systcm. Silk tỊland-specific tRNAs and 
tRN A  synthctases are required to support the hí^h 
lcvels o f  glycine, serine, and alanine amino acids for 
both tibroin and sericin synthesis. The expression in 
ưitro o f  at least tRNAala is unđer thc control o f  tissuc- 
specitìc transcription íactors which bind both up- 
stream and internal to the gene. There is also a require- 
mcnt t'or a class o f  transcriptional reiỊulatory RN A  
(TFIIIR) describcd for the fìrst tíme in chis system. 
In a cell-íree system supplcmented with insect tRNAs 
(particularly those íor glycine, alanine, and scrine), 
as w e l l  as in s i lk  g l a n d  m a i n t a i n e d  in  c u l t u r e ,  d i s c o n -  
tinuous cranslation pactcrns vverc noted, with iticreas- 
ing sizcs o f  peptidc chains up to full length. The dis- 
continuous naturc ot the translation (which results in 
a serics or laddcr o f  polypeptidc chains o f  increasing 
sizc) corrcsponds to thc diffcrcnt times rcquired for 
ribosomal recognition-binding at each codon and may 
bc due to subopúmal concentrations ot' specitìc 
tRNAs duc to the prepondcrance ot' glycine, alaninc, 
and serinc (approximatcly 85%) in the peptide. This 
relates to thc rcpetitive nature o f  thc gcne and thc 
encoded protcin.

The compartmentalization ot the silk gland, with 
scricins produccđ in thc middlc region and íìbroins 
in the posterior, proviđes a significant levcl o f  control 
o v cr  silk exprcssion and P rocessing. In both  cases, 
primary transcription is controlled by thc presence o f  
spcciíic D N A  binding protcins (transcription íactors) 
vvhich interact with the Aanking or control regions 
associated with cach class o f  gcnes to Ế'orm activc 
transcription complcxes. The specialization o f  tho 
posterior silk E l̂and for high lcvels o f  fibroin protein 
synthesis appcars to be primarily controllcd by thc 
cxpression and híi^h stability o f  ũs m R N A , which is 
svnthesized continuously in the posterior silk gland 
except at molts, and thus accumulatcs to very high 
levels by che middle ot' the fifth instar.

VII. New Applications of Silk

A. Textile (hybrid silk)
A hybrid silk composed o f  fine silk at the surfacc ot' 
a synthetic tìber core was reccntly commcrcialized. 
It is produced by extrudina; silk and nylon together 
through an air je t  nozzle with a nylon hlamcnt placed



at the centcr and five raw silk íìlamcnts (2 đcnier 
each) twined around the nylon core. The hybrid hber 
retains excellent handling and a good silk lustcr as vvell 
as haviníT thc fibcr strength o f  nylon. When stockiníỊS 
made from this hybrid silk arc degummed to rcmove 
suríace scricin, thcy show a metallic-silvcr luster. The 
íìbroin thrcads also incrcase in thickness bccausc of 
thermal shrinkaíỊe o f  the nylon core. This product is, 
thcreíore, a gcnuine hybrid o f  silk and nylon, and 
yiclds quite diffcrcnt characteristics from thosc of a 
convcntional blendcd yarn o f  thc two tìbcrs.

B. Biocosmetics
Fatty dcposits on the skin surtacc can bc removed 
by vvashint; with soap. Protcin deposits from skin, 
hovvever, cannot rcadily be rcmovcd unless thcy are 
íìrst hydrolyzcd with a proteinase. Somt' conventional 
cosmetics contain proteinase, but its hydrolysis activ- 
ity deteriorates rapidly with timc, particularly when 
left w ith  surfactant in the w ct State. Many attempts. 
havc been made to stabilize the protcinase activity 111 
cosmetics. Proteinase immobilized in íìbroin powdcr 
is stable to heat and its hydrolysis activity lasts for a 
considcrable period o f  time, since fibroin protects the 
enzyme against hcat and moisturc. Thus, granulcs 
of  mixed proteinasc-cncapsulated fibroin powdcr and 
dctergent havc been successtlilly dcvcloped for this 
purposc.

c. Biosensors
As a support for enzyme immobilization, silk íìbroin 
has ccrtain, sevcral inherent advantages. First, in thc 
prcparation o f  an enzyrne-immobilized film with fi- 
broin, simultancous insolubilization o f  the water- 
solublc film and immobilization o f  thc enzyme in the 
fi]m is possible vvithout any chemical reagents for 
crosslinking. This is based 011 the fact that coníorma- 
tional transition o f  the silk fibroin chain is induccd 
casily by various treatmcnts, such as drawing, com- 
pression, and immersion in alcohol, or hydration un- 
der high humidity. The scnsor vvas preparcd with a 
í^lucose oxidase (GOD)-immobilized silk íìbroin tìlin 
attachcd on an oxygen electrode suríace and asscm- 
blcd in the apparatus shovvn in Fií*. 5. Moreover, a 
fourfold increase in sensitivity was obscrved whcn 
thc ^lucosc sensor was madc vvith the G O D  immobi- 
lizcd on nonwoven silk fabrics compared with a 
GOD-immobilized silk tìbroin tìlm. The mcmbranc 
potential ot' thc GOD-immobilized silk íibroin film 
is induceđ by an cnzymatic rcaction after the addition

FIGURE 5 Appa ratus for dcterniination ot immobilized G O l)
a c t i v i t y :  (1)  r e c o r d e r ;  (2 ) o x y t Ị c n  e l c c t r o d e  w i t h  T c f l o n  t ì l m ;  

(3) siliconc ring; (4) magnctic stirror; (5) stirring bar; (6) rcaction 
cuvette; (7) GOD-immobilÌ2cd tìlm. (This tìlm was attachcd when 
apparatus was used as a g l u c o s e  sen sor .)

o f  the substratc glucose. An application for the proccss 
has shown by the preparation o f  a new typc ofglucosc 
scnsor, which íunctions w ithout an oxygcn electrode. 
Biophotoscnsors havc also bcen madc, using fibroin 
films with immobi]izcd peroxidase.

VIII. Wild Silkworm Silks

A. Silk Structure
Many kinds o f  wild silkvvorms producc silk. The 
classiíìcation o f  comraon silkw orm s is shown Fig. 6 . 
Thosc which arc reared for cocoon production arc 
Antheraea yam am ai, A .  p ern y i, A .  m ylitta , and Phiỉo- 
satnia cynthia ricini. The characteristics o f  these co- 
coons, includine; those of B . m ori, are summarized in 
Table IV. The COCOOI1S o f  thc vvild silkworms also 
mainly consist o f  silk fibroin and scricin, but the con- 
tcnt o f  scricin is relativelv low as is expectcd trom  
the fact that the size o f  middlc region o f  the silk gland 
is inore slcnder than that ot' postcrior rcgion o f  the 
gland. In addition, the content o f  lipid, pigment, and 
carbohyđratc is rclativelv hic;h compared with that ot
B .m ori co co o n s.

Table I shows thc amino acid compositions of  silk 
fibroins o f  p. cyutliid ricini, A .  pcriiỴÌ and A .  yainam ai . 
The major amino acid residues o f  thcse wild silkvvorm 
tìbroins arc alaninc and ^lycine; as with B .m ori, thc 
sum o f  thcsc tw o amino acid residues comprises



TABLE IV
Characteristics of cocoons

Cocoon color

Thickncss 
and sciỉTncss 
o fc o c o o n  
Shell

Sizc o f  cocoon  
(w id th  X len^th, 
cm )

Bombyx mori W iiite T hick ,hard 2 .5  X 3 .5
Atithcraea yanhmiiti c ỉ rcen is lì- y d  lo w Thin,harcỉ 2.3 X 4.5
Atitheraea perttyi Brovvn Thin.hard 2 .3  X 4.5
Antheraca mylittiì B row n T hick ,hard (2.3-3.5) X (3.5-6.5)
Philosiĩinia cỵtirltia riàtìi Pale brovvn Flossy 1.5 X 4.5

74-82%  o f  thc silk íibroin (Table I). Hovvever, the 
rclativc content o f  alanine is largcr than that o f  gly- 
cinc, in contrast to the casc o f  tì.m o ri íĩbroin, whcrc 
thc reverse is the casc. As a rcsult, thc niost strikin^ 
coníormational characteristic o f  these silk tìbroins in 
thc silk gland or in aqueous solution is the presence of 
a-hclical domains consisting o f  onlv alanine rcsidues. 
The avcragc num bcr o f  alanine residues in such an a -  
hclical domains has been reported to be 2 2  for p.c.ric- 
ini. With increasing tempcrature, a coníormational 
transition froni «  hclix to random coil occurs and the 
liclix contcnt o f  whole silk tìbro 111 decreascs from 
26% (0°C) to 15% (25°C). Su ch a coníòrmational 
transition froni an a  helix co random coil is also ob- 
scrvcd dircctly in living silkworm. Aftcr spinning, 
the coníormation o f  thc silk tìbroin changcs from a  
hclix and random coil to maitily anti-parallel /3-sheet 
structurc (silk II). The amino acid compositions o f  
the sericins of thesc wild silkvvorms are similar to 
thosc o f  B.m ori.

B. Silk Properties and Processing
The characteristics o f  wild si]kworm fibroin tìbers 
arc considerably ditTcrent from thosc o i tì . mori silk 
hbroin fibcrs, producine; wovcn goods with ditTcrent 
physical and mechanical propertics. For cxamplc, the 
values ot the modulus of' A . p e m y i and A . yamamai 
silk íibers are smaller than that o f  B . mori silk fìber. 
In addition, the load incrcases more slowly with in- 
creasiniỊ extension in the load-extcnsion plots o f  A .  
pertiỵi and A . yam am ai fibers comparcd to B . mori 
tĩbcr. O thcr ditTcrences include a lowcr hy^roscopic 
propertv and ditTercnt dying characteristics cornparcd 
with B. niori fiber.

An aqueous solution o f  p .c .r ìá n i silk tìbroin with 
a-helical domains can be obtained trom the postcrior 
rcgion  ot the silk í^laiid and a cast film  o t'fib ro in  can 
bc prcpared by a preparation similar to that dcscribed

for B . niori tìbroin . A vvater-insolublc film is obtained 
by drawing or inimcrsiníỊ it in methanol causing a 
conformational transition from a  helix or random 
coil to /3 íornis to occur. This film can be also uscd for 
the immobilization of'(ÌC^)D and applicd to a glucose 
scnsor. It is ofspecial intcrcst that thc thermal stability 
o ị' p .c .ric in i íilms is highcr than that o f  B. mori film.

IX. Spider Silk

A. Silk Structure
O ver 35,000 species o f  spiders havc been identified, 
rcprescnting somc o f  the most divcrse and abundant 
organisnis in naturc. Wcb buildiiig spiders produce 
silks t'or thc purpose ofcatching prcy; howevcr, unlike 
the silkworm, thc silk production and collection pro- 
cesses from spiders havc never bccn đomesticated. 
Spiders can produce a varicty o f  different silks, some 
o f  which arc formed tliroiighout thcir life cycle. Tech- 
niques for the controllcd silking o f  spiders havc been 
dcvolopcd and under such conditions, N ephila  clavì- 
pes, the golden orb wcaver, can produce up to 200  g 
o f  silk protcin íìber in a sin^le silking session. Females 
are primarily rcsponsiblc for orb-web construction 
and webs are often recycled by the spider. Aside from 
functioning in prcy capturc, thc different spider silks 
arc used in reproduction, adhesion, dispersing o f  
young by thc wind, and as vibration rcceptors for 
prey dctection. Visual displays on webs, such as the 
zigzaíỊ stabilimenta pattcrn charactcristic o f  certain 
orb webs, may function to stabilize or strengthen 
thc web, disguise the spider, vvarn off birds from 
damaging the web, or absorb water. Somt' spidcrs 
produce only onc typc o f  silk, while othcrs may pro- 
duce up to 10 or more ditTcrcm kinds ot silk, each 
for a different íunction. The different silks are pro- 
duccd in ditTcrcnt sets o f  speđalizcd glands in the
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TABLE V
Examples of the Different Types o f Spider Silk Protein Polymers and Their Functìons

Gland Type o f  silk Function

Maịor ampulhưe Draí*lint\ orb t ra me, radii Sattcv linc, mcchanical strciiỉỊth
Minor ampullatc Orb tranic, đrae;line Support ỉĩbcrs— tra me and dra^ỉinc
Hatrcllitbrm Viscid Prev capturc
Atí^rc^atc Cìluclikc Prey capturc and rctcntion
Cvlindrical Cocoon Keproductioii
Aciniíorm Wrappiní» Capturcd prey
Piritbrm Attachment Coupling to cnvironmental substratcs

abdomen o f  thc spider (Table V). Each o f  thcsc silks 
has a different amino acid composition and presum- 
ably a dift'crcnt amino acid scquence, giviníỊ rise to 
the ditĩcrinií functional propcrties and rolcs in the 
litccyclc o f  the spidcr. Gencrally, spidcr silk orb wcb 
tibers arc smaller in diameter than silkworm fibcrs, 
Lisuallv rangina; from 1 to 5 m. Solublc orẹanic Chemi
cals. salts, and watcr 011 the surfacc o f  vveb fibcrs 
appcar to play a role in spccics identitìcation and in 
maintaining thc mechanical propcrtics o f  thc íìbers. 
Draglinc silk is the strongest o f  thc spider silks, and 
unlike the cocoon silk o f  the silkworm, does not ap- 
p c a r  t o  c o n t a i n  s e r i c in  g lu c l i k c  p r o t e i n s .  In a d d i t i o n ,  
only one polypcptide has bcen reported to datc in the 
dratỊlinc silk, with a molecular wcight in exccss o f  
3(10,000 Da. The amino acid composition o f  spider 
clmglinc silk from N . clavipcs indicates a lower per- 
centagc ot short siđe-chíún amino acids (tỊlycinc, ala- 
ninc. serine) than the silkvvorm cocoon silk, totallina; 
63 vs 85%, respectively. Spider dra^linc silk cxhibits 
a lovvcr dcgree oí' crystallinity than silkworm silk.

B. Silk Properties and Processing
Spider dra^line silk gencrally exhibits almost an order 
ot maiỊnitude cnhancerncnt in mcchanical strcnsỊth 
whcn compared with silkworm silk. Thcreíorc, therc 
is a great dcal o f  interest in a variety o f  hiiỊh-strengh 
íĩbcr applications for tliese protcins. The mcchanical

properties o f  spidcr silks corrclate to their íunction 
in absorbing the impact o f  Ayine; insects w ứhout 
breakini*. The orb-wt’b dissipates energy ovcr a broad 
area by balancing stiíTness, strength, and cxtensibility. 
The niajoricy ot' the encrgy o f  impact is lost as hcat 
throusíh viscoclastic proccsses in the vveb. This a v o i d s  
an elastic recoil which could potentially eject the inscct 
b a c k  o u t  o f  t h e  w c b .  U n r e s t r a i n c d  s p i đ e r  s i lk  í ìb e r s  
from tlic web (major ampullatc EỊlaiid) are rcported 
to supcrcontract to a lm ost halt' thcir orig inal ]ene;th 
upon exposure to water. The minor ampullate gland 
silks do not exhibit this behavior, nor do silkworm 
silks. A lyotropic liquid crystallinc phasc has also been 
dcmonstratcd vvith a num bcr o f  diíĩerent spider silks.
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Glossary
A dvanced  regeneration  Trees that appcar sponta- 
neously or  arc induccd to appcar betieath existing 
stands
Fores t  s ta n d  AgtỊrcgation ot trces wưh suíYicieut 
Iiniíorinity o f  spccies composition, agc(s), spatial ar- 
rangcnicnt, or condition as to be distintỊuishable trom 
<ul|>iccnt aniíregations and largc enough to bc trcatcd 
scparatcly k>r purposcs ot' torest nianagcmcnt 
R egeneration  or reproduction  Act o f  renewing 
aiỊ^regations o f  trces cither naturally or artiíìcially or 
tlie small trccs rcsulting froni che rcnewal 
R egeneration  or reproduction  m eth od s Tree re- 
moval trcatmcnts tnadc to create conditions tàvorablc 
tor cstablishnicnt o f  rcẹencration 
M ic r o e n v i r o n m e n t  Small spacc rhroughout which 
the physical, chemical, and biotic environmcntal fac- 
tors arc unitbrin in thcir ccological etTect 
R o ta t io n  Perioii ot years elapsing bctvvccn the initia- 
tion o f  a 11CW crop o f  trees and its íinal harvcst 
Silv icu ltural system  Program o f  silvicultural treat- 
m c n t  o f  a s t a n d  th a t  c x t c n d s  t h r o u ^ h o u t  t h c  lifc o í  
the stand
T en d in g  or in term ediate cu ttin g  Treatments car- 
ricd out duriniỊ the litc o f  a stand in order to improve
it, rcgulatc its ạ;rowth, orobtain early fmancial rcturns 
but not to  rcgcncratc it

Silviailturt. ' is thc theory and practice o f  controlliníỊ 
thccstablishincnt, spccics composition, structure, and

u,ro\vth o f  tbrcsts. It is to torcstry as agronom y is to 
agriculture. Almost all thc natural and social sciences 
are applicd to thc dcsign ot silvicultural solutions to 
thc vviđe varicty ot’problcnis, objcctives, and circum- 
stances cncountercd at cach stand and sitc.

I. Purposes of Silviculture

Silviculture can bc applicd to causc forest stanđs to 
yicld  such bcnchts as w o o d , vvater, w i]d life , toragc, 
rccrcation, and aesthetics in settin^s varying from 
urban to wildcrness. Ordinarily tw o or morc uscs 
arc pursued sinmltaneously in the samc stands. The 
com b in a tion s depcnd OI1 thc priorities and lim itations  
imposeđ by the objcctivcs o f  owncrs and o f  public 
land-usc policies. Thcsc vary vvidcly but it is vcry 
difficult to formulatc silvicultura] systems tor particu- 
l a r  s t a n d s  u n l c s s  t h c  p r i o r i t i c s  a t t a c h e d  to  e a c h  k i n d  
o f  use arc clcarly dcíĩncd .

Sonic uses are wcll-nigh universal. In most íorcsts 
precipitation excecds cvapotranspiration during some 
scason so surpluscs o f  vvatcr flow to streams or 
groundvvater. Thcretorc, water supply becomcs a 
mattcr o f  public policy regardless o f  whcthcr thc land- 
ow ncr uses the watcr. Likcwisc, all íorests have wild- 
lifc vvhich is often treatcd as a kind o f  public propcrty; 
it may be a bcncíĩt uscd by people or a soưrcc o f  
damage to thc vcgetation; in any evcnt, silviculture 
can play a key role in the construction and manage- 
ment o f  wildlifc habitats.

II. Silviculture as Simulation of 
Natural Processes

Silviculture is a lovv-intcnsity form o f  plant culture 
in which onc intervcnes in natural proccsses only at 
inírequcnt crucial stages and more otten guidcs rathcr
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than alters their progress. It is applied íorest ecology 
(see below) in which the natural processes o f  stand 
development and the lethal disturbances that initiate 
n e w  stands are imitated. [See F orest  E c o l o g y .]

In m ost silvicultural treatments vacancies are cre- 
ated in the total grovving space to make room  for 
new plants or to give existing plants m ore space in 
vvhich to expand. The vacancies are normally created 
by killing trees, often bu t not always in the act o f  
harvesting them. The yrotPÌHỊỊ space is the combination 
o f  the stratum o f  soil that can be occupied by plant 
roots and thc stratum above ground into which tree 
crowns can reach. Vegetation tends to reíìll such va- 
cancies. Because o f  their ability to g row  tall, forest 
trces can fill grovving space more complctely than 
othcr plants.

Firc, one o f  the thc m ost com m on kinds o f  natural 
lethal disturbance, is m ore likely to kill small trees 
than large ones. T he small new trces that follow fire 
germinate or resprout aíter fire. O ther  kinds o f  lethal 
disturbance, such as wind and pests, usually kill from 
the top o f  the old stand dow nw ard  rather than from 
the bo ttom  up. T he species that are adapted to takc 
advantagc o f  such disturbances are often ones that 
start as prccstablished advanced reạeneration beíòre thc 
disturbanccs that releasc them to grow. Usually they 
are tolerant o f  partial shade and root competition from 
the older trees.

Howcver, i f  fire burns the largc amounts o f  dry 
fuel left by vvindstorms, pest outbreaks, or similar 
events all preexisting vegctation is likcly to be com - 
pletely killcd although true soil gencrally remains. 
Some so-called pionecr species such as jack and 
lodgepole pine can rccolonize from seed after such 
fires but artificial planting is the com m on  silvicultural 
simulation o f  this lethal combination. Fire can also 
cause some species to resprout from basal sprouts or 
roots. Some pioneer spccies are adaptcd to germinacc 
on bare mineral soil exposed by natural agencies othcr 
than fire, such as animals or the uprootin^ o f  trccs 
by  wind.

Natural events such as landslides or volcanic erup- 
tions that expose raw parent material rather than true 
soil constitute the m ost sevcre natural disturbances. 
Thcse are seldom deliberately simulated in silvicul- 
tural practice, although the reforestation o f  deeply 
eroded areas and mine spoil banks is an unplanned 
simulation.

Naturc  is not imitated slavishly or precisely. It is 
instead a casc o f  know ing which natural proccsses to 
simulate and which to prcvent, redirect, or modify.

III. Kinds of Forest Stands

Stands o f  trees vary as to the num ber o f  age classes 
and species that comprise their structure (Fig. 1). The 
simplest kind is even-aged  (with One agc class) and 
p u re  ( c o m p o s e d  o f  a s i n g l e  s p e c ie s ) .  U n e v e n -a íỊe d  stands 
have three or more age classes. A balaticed uneven-aiịed 
stand  vvould have all age classes evenly spaced as to 
age, from very young to mature, with each class 
covering an equal area; chcse are really theoreti- 
cal constructs that are a lmost impossible to create. 
Stands with tw o age classes are maintained mainly 
where one catcgory o f  trees is allowed to live much 
longer than another. T he  different kinds o f  age- 
class structure arc m ost easily recognized in pure 
stands.

Pure stands arc oíten found in nature because 
the combination o f  dry soils and fìre commonly 
favors one species over all others. They are also often 
created artiíìcially either because oí' simplicity o f  
management or because som e single species is dcemed 
ideal.

The development o f  mixcd stands is complicated 
and less predictable. They  are most com m on where 
favorable soil moisture conditions makc it possible 
for many species, or at least m ore  than One, to grow. 
Sincc different species scldom grow  at exactly the 
same rate in height thc species tend to sort themselves 
out into different strata. Species that can enđure shade 
arc in fact often ađapted to exist in the lower levels 
o f  such stratiýied m ixtures  (Fig. 2); these combinations 
o f  species generally utilize light m ore completely than 
is possible for one alone. Some species may sharc the 
same stratum but not necessarily throughout the Iife 
o f  a stand. The different strata are designated sequen- 
tially by lettcrs with A denoting the uppermost even 
i f  it con sists o n ly  o f  iso la ted  emergents that project 
higher than thcir neighbors.

The structure o f  mixed stands can b e  further com- 
plicated by inclusion o f  different age classes. As is 
true o f  agc classes in general thcse can usually be 
identiíìed by diffcrcnces in the height o f  the top of 
the crown canopy. Total height is the best indicator 
o f  ages o f  free -g ro w in g  trees, ex cep t that it is m o d iíìed  
by thc ability o f  the soil to supply water and nutrients; 
the better thc soi] the íaster the trees grow in height. 
The eíTect o f  age on tree diameter is so variable that 
it is a poor indicator o f  age. This is why the distribu- 
tions o f  diametcr in relation to age shown in Fig. 1 
for even-agcd stands are nornial distribution curves



FIGURE 1 Four kinds of  torest stand structure with their corrcspondintỉ curvcs o f  distribution of  tree diarncters. The trees of  the tìrst 
thrcc stam ls are all ot the sam e spccics hut the tourth consists o f  several sp ecics all o f th e sam e age. T h e  tour h orizon ta l strata o t the 
stracitìcd mi.xturc are lettcrcd A, B, c, and D. [D.B.H., diametcr at breast heighc (4.5 t't)| IReprintcd with pcrmission from Smith, 
I). M. (1986). “The Practice o f  Silviculturc," Fìg. 1-3, p. 17. Copyright © 19H6 b y Jo h n  Wiley & Sons, Inc., New Y ork .)

(truncated at che lovv end because o f  competition- 
induccd mortality o f  small trees).

IV. Regeneration

A. Ecology of Germination and Establishment
Forests arc renewed bv crcation o f  vacancies in lỊrovv-
intí space suitable for the initiation and survival o f

new plants. T he  natural vegetation o f  any locality 
gencrally includcs species adapted to colonize any 
habitable vacancy that has bcen created in naturc. 
Knowledgc o f  the adaptability o f  desircd species is 
the key to know ing  w hat kinds o f  vacancies to create. 
These vacancies are best thought o f  as microenviron- 
mcnts bccause the m ost crucial stages o f  life o f  new  
sccdlings arc passed in thc space o f  a fcw centimeters.

Thcse m icrocnvironm cnts are regulated niainly by 
adjusting the light and moisture conditions o f  each

Irregular uneven-aged stand

Evenaged stratiíĩed mixture



FIGURE 2 Stagcs in the natural devclop m cn t ot'a srratiíìcd niixture in an cvcn-aged stand o teastem  hcmlock. hardwoods, and casiLT. 
whitc pine. The uppcr skctch shovvs thc stanđ at 40 years with the hcmlock (ịriiy  iivinis) in tho lowcst stramm htneath ;m undittcrciiriitc< 
uppcr stratum . B y thc 7< Ith year (midđìc sketcli) thc em ergcnts o t tlic A stratum  (hiUchctl (roums) have asccndcd ab o v c  tlic rcí>t o f the mai; 
canopy (B  stratum ), exccpt rh.1t thc vvhitc pinc (iaỊged crmvn) has o n ly  started to  emenỊC. The lovvcr sketch shovvs the stand at agc 121 
with the ultimatc degree of  stnitiíieation with thc hcmlock 111 the lowest c stratum. ỊReprinted witli pcrmission trom Smith, D. IV 
(1986). “The Practice o f  Silviculture,” Fig. 17-3, p. 495. Copỵriiỉlit © 1986 by |ohn Wilcy & Sons, Inc., Ncw York.Ị

spot by shađing, reduction o f  prcexisting vegctation, 
and physical treatmcnt ot the soil surtace. Sonic pio- 
necr species gcrniinatc in tull light on bare soil like 
many agricultural annuals. Most tree species, how - 
cvcr, require somc protection from thc extremcs o f  
tcmperature that occur on soil suríaces exposcd to 
direct sun and opcn sky. Water losses from dircct 
evaporation can makc cxposed suríaces too dry for 
most sccds to tỊỊcrminatc.

Somctimcs idcal cotiditions exist in side-shadc 
where therc is 110 dircct solar radiation cxccpt tor SU11- 
Aecks but plcnty o f  ditTusc sky li^ht. Sonic specics 
are so tolerant of  shadc that theỵ can start in vcry 
small vacancics bencath nearly closed stands ot ovcr- 
head trccs. In othcr words, the spccics composition 
can bc partly íỊoverned by determining whcthcr estab- 
lishmcnt ot new trces is sought in (a) the open, 
(b) aloniỊ stand cdtỊCS, or (c) bencath canopy shadc.

Figure 3 shows how cutting pattcrns can bc alterel 
to create thcse ditTerent conditions. N cw  trces thít 
are adapted to start unđerneath othcr trees usuall’ 
g row  slovvly in hei^ht at tirst but rcmain capabL' 
o f  initiating rapid grovvth when the trees abovc ar? 
rcmoved. Many spccies rcquire lcss and less shatr 
as thcy ẹ;o from the germination stas;e, to that (t 
establishmcnt, and then to a subsequcnt One of vigo- 
ous hcight í*rowth.

Small-seeded spccics usually ẹ;crminatc best at ir 
vcry  c losc  to  the surtacc o t  barc m ineral so il or so n ;  
othcr mcdium that provides close contact vvith I 
s t e a d y  s u p p l y  o f  w a t e r .  LartỊC s c e d s ,  011 t h ẹ  o t lv r  
hand, usually nccd to be buried beneath litter or soi; 
in nature, tliis is otten donc by  rodents. Species w in  
lars^c sceds h a v e  a b u n d a n t  tood rcscrves s o  their SCCI- 
liní»s arc morc able to survivc at low li^ht intcnsiy 
t h a n  t h o s c  vvith  very s m a l l  secds .
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FIGURE 3 Zonation of  solar radiution i icro ss an opcning cut in a stand shovving the zoncs o f  incidence ot* the slanting ravs o f  direct 
s u n lin ln ,  th c  ilittu se  lig h t th a t COI11CS n io s t a b u n d a n tly  tro n i tho  sk y  straii»ht ab o v c , a n d  th e  tra n sm irte d  liu;ỉit ( in c lu d in g  su n  rtccks) th a t 
conic* rhrough the leaves ot the trocs. ỊRcprintcd with pcrmission trom Smith, 1). M. (1980). “The Prạcticc of Silviculture,” Fig. 7-4, 
p. 206. Copyright €> 1986 byJohn Wik*y &• Sons. Inc., N c v v  York.Ị

B. Sources of Regeneration
Tlic simplcst sourcc o f  íorcst trcc rcgcncration is the 
kind ot sced w h ich  talls fro m  the parcnt trcc, germ i-  
nates, and produccs a seed lin g  that p rom p tly  initiates 
rapid hcic;ht ỉỊrowth. Howcver, rcgencration can also 
arisc from  vciỊCtative sprouts produced by the par- 
cnts and thcrc arc also vvays in which secds or slow- 
growiní>; sccd li i i í Ị s  a rc  s t o r e d  o n  t h e  site .

The secds o f  soine spccics, usually fire-followers 
sucli as locỉgepolc and jack pines or cucalypts, can bc 
stored íor many years in cones or fruits that open 
durinạ; tìres. Sonic hard-coatcd secds remain stored 
in the soi] until conditions o f  hcat, moisturc, or tight 
tavor gcrmination.

Many specios arc adapted to bccoming cstablished 
as advanccd rcíỊcncration which starts bcncath old 
stands, grovvs slovvly and persists until it is released 
from ovcrhead compctition. This kind o f  regenera- 
tion can sometimes be induced by reducing the 
amount ot shadc tỊradually in series ot partial cuttintỊs 
callcd sheltervvood cuttings.

Sonic spccies arc adapted to í»row slowly in hcight 
during thc early ycars until thcy havc devclopcd root 
systems cxtensivc enough to provide watcr siứTicient 
tor morc rapid grovvth. Longlcat'and some subtropi- 
cal pincs may, for example, not grovv at all in heie;ht 
until largc root systcms have tornied.

Many species can be rcQỊcncratcd by vetỊCtativc 
sproutimr which can be induccd by cuttiiiíỊ the parcnt

trccs and tlnis síimilatiiig natural trcc killing by firc 
or animal browsing. Sprouting is com mon in angio- 
spcrnis but only a fcw gymnospcrms commonly re- 
lỊenerate tro 111 sprouts.

The sprouts usually arise from donnant btids that 
startcd as normal lcat buds but íailed to dcvelop. I11- 
stead they grow  outvvard just under tlic bark, often 
for many ycars, and burst only whcn the crown o f  
thc trcc is severcd or bccomes debilitatcd. S tum p  
sprouts í^rovv in rinẹ;s around seveređ stumps.

In so m c spccics, such as aspcn poplar and sw eet  
gum, more uniformly spaccd root-suckers arise from 
all parts ot'the root systems o f  the parents after they 
arc cut or đamatỊcd. A few specics can re^encrate 
vctỊctativcly from natural layers that are the rooted 
ends o f  branchcs that droopcd down to the groưnd 
and wcrc buried by littcr or mosses.

A rtiịìcia l rcịcncratiott can be accomplished by s o w -  
ing seeds Í11 the tĩcld or, rnuch more commonly, by 
the planting ot nursery-í*rown sccdlings or cuttings.

c. Preparation of Sites for Regeneration
Treatments ot soi] or vegetation can sometimes íacili- 
tate thc establishment o f  both artiíicial and natural 
rcíỊeneration. T h e  treatmcnts m ay in vo lve  usc of fire, 
various kinds o f  plovvs and scariíìers, or herbicides. 
Howcvcr, such site preparation is not ahvays ncces- 
sary for regcneration and can destroy advanccd regen- 
eration.

5*tâ
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The most com m on purposc is rcduction o f  prcex- 
isting com pctinẹ ves^ctation. This requires killiníỊ thc 
roots o f  thc unvvanted plants. Mcchanical action pulls 
thcm bodily out o f  the soi]. Firc kills w oody plants 
by hcat-^irdlinỉỊ which interrupts m ovcm ent ot'sutỊar 
through thc phloem to thc roots. Hcrbicidcs kill cithcr 
by similar girdliníỊ action or  by translocation to roots. 
Flooding kills the roots by  excludmg oxye;en from 
thcm .

Poorly drained soils can be acrated by ploxvintỊ up 
ridtỊCS or beds on w h ich  secd lin gs can bc cstab lished . 
Whcre hardpans impcde intcrnal drainaiíe deep plo\v- 
111» can bc uscd to brcak the pans. Sometimes wet 
arcas with peat dcposits arc drained by use ofolaborate 
canal systcms.

At thc other cxtrcme shallow trenchcs may bc crc- 
atcd to collect vvater and improvc survival ot young 
trces planted in them. Irrigation o f  forcst trccs is possi- 
blc but uncotnnion.

Sometimcs exposure of mincral soil by scariíĩcation 
o r  b u r n i n g  o f  t h e  l i t t e r  l a y c r  is c n o u g h  to  i m p r o v e  
germ ination  o f  sced and su rviva l  o f  sccdlings. R e -  
moval o f  organic littcr improvcs upward and dow n- 
w ard co n d u ctiv ity  o f  thc soi] thus rcd u cin g  d am age  
from high tempcratures or trost. Sometimcs the litter 
o f  s o m c  s p c c ie s  is a lle lo p a lh ìc  (i. e . ,  c h e m i c a l l y  a n t a í r o -  
nistic) evcn to seedlings o f the  samc species. Especially 
for  small-sccded species, im p rov ed  contact between 
thc sccd and denscr vvattT-supplyini* media is vital to 
^ermination.

Sitc preparation with machincry can harm the soil 
by excessive scraping, gouging, or packing. Much ot 
the nutricnt Capital o f  the site is o ttcn  in thc litter. 
Thercíore, any scraping action tliat inoves littcr morc 
than a fcw fcet to the side can impair soil íertility. 
Anything that impairs the porosity o f  thc suríacc soil 
on slopcs may cause accelerated crosion and stream 
siltation.

Firc is far less harmtul because it lcaves much niore 
o f  the nu tricn t Capital in place; so m c  n itro g cn  and  
su ltur co m p o u n d s m ay, hovvcvcr, bc lo st b y  v o la til-  
ization. O ítentimes the burninụ; o f  ]oge;ing debris and 
the co n tin u o u s b lanket o ffu c l rcpresentcd by lca flittcr  
is im portant in rcducintỊ thc hazard o t í i r e  in rcíỊÌons 
w ith  lon  tí đrv scasons.

Fcrtilization is onc kind o f  soil trcatment that is 
usually not necessarv for the establishment ot reỉỊcner- 
ation. Often it enhances the i^rovvth ot vvccds more 
than it does that o f  youniỊ trees. Hovvever, it niav 
bc necessary  111 the very  early statỊCS in cases w ith  
comparativclv Iinusual nutricnt detìcienđes, espe- 
cially thosc ot phosphorus on poorly drạincd soils.

The iỊreatest bcnefits trom tcrtilizins» forcst trees comc 
aftcr trccs havc become large enough to be layiníỊ 
dovvn hiỉỊh-quality wood in thc outer portions o f  their 
stcms. In those circuinstanccs and most othcrs nitro- 
a;cn compounds are the nutrients most likelv to be 
dcíicicnt.

D. Artiỉicial Regeneration
Artificial rc^eneration is usually accomplished by 
plantinĩí nurscry-grown scedlings. Direct sccdiiiị>, the ' 
sovviníi o f  sccd directly in the tòrest, is succcsstul only 
vvhere secd prcdation  by rodcnts and birds is avoided. 
h also requires rains frequent cnough to kccp the sccds i 
wet. lt is scldom tcasible to apply the stupendous ■> 
quantitics o f  secds that nature uscs to o v crw h c lm  the 
appctitcs ot the predators. Somctimes direct seeding ' 
w ork s w ith  spccies that havc sccds so sm all that thc 
prcdators ignore thcm. Otherwisc direct sccding ' 
waits upon thc invention ot environmcntally acccpt-- 
ablc repcllcnts o f  prcdators.

Planting evades many ot the microenvironmcntal 1 
problems to which ncwly gerniinated seedlinạ;s aree 
cxposed in the fìeld. The roots arc put in contact \vith 1 
soil at depths from vvhich water ís not lost to dircct t 
evaporation. The top o f  the sccdling also prọịcctss 
abovc the thin laycr o f  air closc to the surfacc that.t 
is subjcct to wide extrcmes o f  tcmpcraturc. EnouiỊhh 
environmental restrictions arc cvadcci that it beconics s 
possiblc to cstablish spccies or subspecies o f  trces inn 
places wherc thcy could not become cstablished inn 
nature. This can bc advanta^eous but also cnabless 
choiccs that can come to bc mistakes.

The nurserv practiccs uscd íor forcst trees are muchh 
likc those employed for horticultural w oody plants.s. 
Thcy oíten involve techniques o f  íòrest trec genctiúc 
im p ro v cm cn t (see bclovv). [SíT F o rest  T ree , G e n e t icC 
Im provem bn t .  I

N ursery-grow n trccs that arc moved only once artre 
called scedlinạs; those that arc replantcd on e  or morirc 
timcs in thc nursery arc transplants. The purpose oof 
transplanting is to coníinc a largc amount o f  rooot 
surtace into a sniall voluine and allow thc top to [Ịrovw 
laru;cr beíore thc plani e;oes to thc tield. The samne 
purposc can be ach ievcd  b y  dravving kn ivcs bcneatlth  
or beside the secdlings to prunc the roots in placee. 
The chiet' advantage o f  plaming large stock is that thnc 
tallcr seedlings arc more likcly to overtop competinag 
vctỊctation. Thcrc is, hovvcvcr, the risk that thc rootss, 
w h ich  arc inevitab lv  rcduccd in extern duriníỊ plantit- 
in t ; ,  m a v  not provide enoue;h watcr tor the leaves . .



Nurscry stock is somctimcs grow» tron) rootcd 
v c i í e t a t i v c  cuttiiiLỊS. C u t t i n g s  o t  soniL' s p e đ e s ,  m o s t l y  

on os sucli as co tto m v o o d  poplars thar norm ally  i*ro\v 
aloiii; n io ist rivor banks, can be plantcd as unrootcd  
ciirtintỊS dircctly 111 thc tìeld.

N u r s c r y  s t o c k  is  p l a n t c d  c i t h c r  as  h iU T-rooici í  o r  COII- 

tíìincri;c(i plants. The bare-rooted OI1CS arc separateci 
trom  the soi] \vhen littcd trom thc mirscry beds; the 
containerized oncs are plantcd \virli roots attachcd to 
the inedium in which thcy grcw.

It 1S easy to transport largc nnmbers o f  bare-rọotcd 
sccdliníỊs to  plantiniỊ sitcs but S11CCCSS dcpcnds on  
mcctiiiíT somc restrictive requircnicnts. The most im- 
portant is the nccd tor the scedliiiíỊ to rccstablish con- 
tact bctvvcen tlic root and thc soil. Sonic o f  this can 
be accomplishcd initially by packing soil around the 
roots; hovvever, it is morc iniportant that the plantintĩ 
be donc just betore or durine; a pcriod in which the 
roots íỊrovv rapidly. Sucli pcriods usually occur at thc 
begimiinu; of the ^rowing season and bcíorc leat" buds 
burst. Thcretorc, Ít is best to lift and tnovc the seed- 
liiiíỊS latc in thcir dormant season.

T he roots vvill not tỊrovv unlcss thc soil is moist. 
Sometimos thcrc is a second pcriod o f  root !Ị;rowtli 
attcr t h a t  in \vliich lcavcs and stems ỉ*row. Hovvever, 
succcss tro 111 plantinir then dcpcnds 011 ^ettiniỊ cnough 
root i^rovvth to supply the watcr that vvill bc lost even 
ciuring thc dormant scason.

D orm ant barc-rootcd plants can bc kept in cold 
s t o n i g e  ( a b o v c  frc:ezing).  T l i i s  m a y  p o s t p o n e  th e  t im e  
ot maxiimim root grovvth and extcnđ thc plantintỊ 
scason. lt tlicrc is 110 dorm ant season, as in spccies ot 
tropical rain íorest, bare-rooted plants survive only 
it plantcd within liours o f  liíting. The roots o f  any 
barc-rootcd stock must be kept visibly n i o i s t  at all 
times; treczing or air-dtyiĩHỊ bcẾorc planting vvill kill 
thcm. The pcriod during vvhich this kind of planting 
can bc donc is oíten limited to a fcw frantic weẹks.

Ordinarily the plants should be reestablishcd with 
their root-collars lcvt'1 with tlic soil surtacc as they 
\verc in the nursery, but bcttcr too dccp than too 
shalknv. The roots should cxtend dow nw ard  verti- 
cally as dccply as possible and not bc bcnt upxvard 
into shapcs like the lettcrs J or L. Despitc all these 
limitađons, barc-rootcd plantiníỊ is the niost comnion 
niodc ot artiticial retỊcnennion.

C.ontaincrizcd plantine; is expensive bnt morc de- 
pcndablc. The main advaiitaíỊL’ is tliat contact bctween 
the roots and the medium in which they grc\v is not 
brokon. Tliis nieans that thc plantino; can bc done 
\vlicncvcr the soil is moist and unfrozen. It has ahvavs 
bccn thc Standard niethod o f  tree plantinụ; in the moist

tropics whcrc there is 110 dorniant pcriod and in and 
rciỊÍons whcrc survival attcr plantmtí is poor. The 
sanic is truc ot plantintí trccs m orc  than about a meter 
tall.

O ne  problem vvith containcrs is that thcy can causc 
th c  r o o t s  t o  sp i r a l  a r o u n d  i n s i d c  the C o n t a i n e r  w a l ls .  
I11 this “ ro o t-bound” condứion root systems do not 
rcsunic their normal radial lỊrovvth. Theretore, seed- 
liiiỉỊS camiot bc lcft to lỊrovv very long in the containers 
and it bcst that thc containcrs eithcr bc rem oveđ or 
rupturcd severely beíbre thc plants arc put into the 
soil. Tliis problcm can be avoided it thc Container is 
a block ot some oriranic material and hạs 110 vvalls.

V. Tending of Established Stands

Attcr stands o f  trccs arc well establishcd it may be 
dcsirablc to upply various trcatmcnts, somctimcs 
callcd in lcn iic tliíuc  aittiiìỊỊS, to im provc the crop but 
not to replace it. Usually thcy involve diminatiní* 
sonic trccs to crcatc vacancies in grovving spacc into 
which favorcd trecs can cxpand.

A. Releasing Operations
T h e  spccics com position  o f  ncvv Stands can sc ldom  
bc pcrfectly controllcd during the rciỉcneration phasc. 
Ít may bc ncccssary to adjust tliis hy climinatint' plants 
that ovcrtop the desirablc ones or threatcn to do so. 
This can bc donc by cutting thc undesirablc, althouí^h 
this may havc to bc repeated it thc umvanteđ plants 
rcsprout. It is also possible to kill thcm by lỊÌrdling in 
vvhich the bark is reniovcd or scvcrcd; this kills the 
roots by starvins; them o f  carbohydratcs from the 
crovvns.

Hcrbicides arc usnallv m ore ctTcctivc although they 
may have to bc iiýccted throua;h the bark or  specially 
tornmlatcd to pcnetratc the waxy covcrings ot leaves 
or bark. Foliat;c sprayiniỊ, which can be done from 
the air, may be usccỉ to rclcase narrovv-lcaved species, 
such as m ost conifers, from ovcrtoppine; broadleaves, 
but the timinc; o f  such opcrations is crucial and vari- 
ablc. With íoliagc spravintỊ it is neccssary that thc 
hc rb iđdc  pcnctratc thc leaves and then move to thc 
rest ot thc plaiit, especiallv the roots. There arc some 
hcrbicidcs sutTicicntly phvtotoxic  that they can leach 
đovvn to the roots and kill them aítcr applications to 
the soi! surkice.

T endine; op cration s arc cleaiiiniỊS it thc dcsirab les and 
uncicsirablcs are o f  equal atỊC and lib n a tio n  opcrations it 
the unđesirables are oldcr.



FIGURE 4 Kdative posỉtỉons o f  trees o f  diíĩerent crovvn dasses in a purc, cvcn-agcd stand. The letters, 
D, c, I. and o, stiind for domỉnant, codominant, intcrnicciiate, and overtoppcd crovvn classes. IRcprintcd 
vvith pcrmission tVoin Smith, D. M. (1986). “ The Practice o f  Silviculturc," Fig. 2-3, p. 47. Copyright 
o  1986 bv John Wilcy & Sons, Inc., New York.Ị

B. Prescribed Burning
Whcrc the dcsirable trecs have thick enough bark fires 
may pcriodically bc sct to burn the leaf litter and othcr 
fucls bcncath thc stands. The purposcs may bc
(a) reduction o f  fucls in which wildfires might burn,
(b) improvemcnt o f  íòrage prochiction for wild or 
đomcstic animals, (c) killing o f  small undesirablc 
woody plants, (d) pest control, or (e) exposLirc o f  
bare niincral soil to prcparc for regcneration. Fire is 
rnost commonly prcscribcd where conditions arc dry 
cnough, at least scasonally, that fires often run under 
thc stands in naturc.

The weathcr and fucl-moisture conditions must bc 
carcfully choscn; the areas to bc burned tnust bc sur- 
roundcd by plowcci fire-lines or othcr belts from 
whicli thc íuels havc been rem oved at least tem porar-  
i]y. Btuk-Ịìres, which arc caused to burn against thc 
wind move slowly but causc heat to be concentrated 
near the ground. Hcad-fircs burn with the winđ; rnuch 
o f  their heat is vvaítcd aloft whcrc it may scorch somc 
tbliagc but is less likely to scar the bases o f  the trees. 
Onlv surface Ịĩres vvhich burn only thc material 011 the 
forcst tìoor arc ưsed. G round Ịìres vvhich burn tucls 
iindertỊround and crown fires vvhich burn both toliatỊc 
011 the trees and surtace tuels are avoidcd bccause they 
arc too dithcult to control and too harmtul.

c. Thinning
Forcst stands start with ma-ny trccs and then the num - 
bcrs dwindlc as the crovvns o f  the morc vÌÉỊDrous trccs

expand and shade out the losers. During this process 
the trccs o f  a pure, even-a^cd stand diffcrentiate into 
the croum classes depicted in Fig. 4. The leading trees 
or dominaiits have crowns frec on all four sides.

C odom inauts are free on onc to three sides. Trees 
that rcccivc light only at thcir tops arc o f  the intenncdi- 
ate c r o w n  c lass  a n d  a re  fas t  d r o p p i n g  o u t  o f  t h e  r a ce  
for thc sky. O vertopped  trccs are completely closed 
ovcr and, at lcast if  compcting with the same spccies, 
doom ed to early dcath. Figure 5 shows the process 
o f  differentiation into crown classes and the suppres- 
sion o f  the laggards.

The diameters o f  the stcms are closely correlated 
with those o f  the crowns and with  thc crovvn classes. 
The volume, value, and utility o f  the stem w ood 
vary directly with the square o f  the diameter so small 
incrcascs in diameter g row th  can bc valuable. If  the 
natural decline in num bers o f  trees is speeded by  thin- 
nin g  b oth  the tree crovvns and the stem s increase tastcr 
in diamctcr.

The diminution o f  numbers also means that some 
o í the w o o d  that has bccn  p rod u ccd  w ill bc lo st to 
dccay unless thc doom ed trccs are harvested in thin- 
nings. In this way the yicld o f  w ood  trom  thc stand 
is incrcased even thouíỊh thc total production ot bio- 
mass is not. In fact, any tcmporary vacancies in the 
upper crown space creatcd by thinning rcsult in reduc- 
tions o f  total bioniass production. Howcver, this sac- 
riíìce is dclibcrately niadc because the utilizable yield 
o f  w ood in the lartỊcr stem sizcs is incrcased.

The choices o f  trees cut and lcft in thinning also 
cnablcs rcmoval ot poor or unhealthy trecs to favor



FIGURE 5 Cha Iii»es in relativc position in the CTONVII canopy at 
succossivc at>cs ;1S trces that aỉl start as đom inants race tor the sky  
and son ic  drop o u i. T h e  lctters rctcr to  crovvn chisscs as in Fig. 4. 
ỊUcprintcd with pernìissiou from Snutli, I). M. (1986). “The Prac- 
tic c  o í S ilv ic u ltu re ,”  Fig . 2 -4 , p . 48. C o p y r ig h t  €) 1986 by  J o h n  
W ilcv  ik Sons, Inc., N c w  Y ork .]

the lựovvth of thosc ot bcst quality or species. The 
incrcascs in diametcr grovvth causcd by thinning arc 
grcatcst at thc basc o f  the stcm. This ultimatcly in- 
crcascs rcsistancc to w ind damaiỊC but rcquircs sevcral 
ycars o f  grovvth; until then  thn in ing  has the tem porary  
cffcct of increasing vulncrability to wind.

The melhods o f thiiniinạ, which are pattcrns o f  
choicos o f  trccs to cut and leave, vary with the objec- 
tivcs and thc characteristics o f  the stands. FitỊurc 6 
illustrates h o w  the ditĩerent m ethods altcr thc distri-  
bution ot' classcs o f  stcm diamctcr.

L o w  thinnin;ị imitates and accelcratcs the natural 
dcclinc in mmibcrs o f  trces by removiiiíỊ thc small 
oncs tliat havc crovvns submergcd in the lowcr 
lcvels ot the crovvn canopy. lt provides the bcst 
way of salvaging prospectivc niortality causcd by 
conipetition. It does not enhance diamctcr growth 
o f  residual trccs very much unlcss the removals arc 
heavv cnoui»h to rnake sonie gaps at thc top o f  the 
toliar canopy.

C roum  thinninịỊ conccntrates on removing thosc 
trecs o f  the top o f  thc canopy that are the most
serious competitors ot" chosen trccs for thc fmal
harvcst. Tlicse chosen crop trees arc usually from
among thc dominants; che ones that arc removcd
comc trom the codominants, cxcept that a few good

codoininants may bc promotcd to crop-trec statns 
if thcy arc o f  bcttcr quality than Sonic doimnants. 
The intcrmcdiatc and ovcrtopped trecs arc left; usu- 
ally thcy arc too small to bc utilizcd but it is 
somctimcs hoped that somc \vill respond to the 
r e le a se  a n d  g ro v v  laríỊC c n o u i Ị h  la tc r .  L c a v in g  s m a l l  
trces and lessér vcgctation benCcith the larger trcos 
dccrcascs thc grow th o f  the lariỊcr ones vvhcre soil 
moisture is a linntiniỊ tactor.

Selection th inninỵ  or tliiimiiiiỊ o f doininants involvcs 
removim* the tallcst and lariỊcst trccs and the hope 
that the shortcr ones will respond with good íỊrovvth. 
Sometimes this is donc vvhcn the dominant trees arc 
misshapcn or otherwisc lcss desirable than some co- 
doiuinants. Somctimcs it is nothina; more than “IiìịịIi- 
lỊrading" in vvhich the biíỊíỊest and best trecs arc cut 
lcavintỊ thc stand stockcd vvith poorer oncs. Ít the 
rcsidual trccs arc o f  shadc-cnduriiiiỊ species and arc 
o f  go od  forni this pattcrn o f  rcm ovals  can iỊÌve accept- 
ablc rcsults.

Gcoinctric or inccluuiicdl thiim iiiị’ involves rcmoval o f  
trccs in rows, strips or patterns that leave trccs at fixed 
spacing intervals w ithout much attcntion to choices o f  
individual trccs to leavc.

Pree thiniúniỊ is that which is not limited to any One 
of these mcthods but varics from spot to spot. It is 
commonly applicd to mixturcs of spccies but can bc 
used in irrcgular purc stands.

(Àviiincràal tliitiniiH’ involvcs any onc of the torego- 
ing mcthods in vvhich thc wood is extractcd íroni the 
stand and utilized. In precoinmeráal th iim ing  the trecs 
tliat arc eliminated are left to rot in the stand. It is often 
gcometric thinning and frcqucntly involves killing 
individual trccs with irýccted hcrbicides.

The severity o f  removals o f  trces in thinnings is 
usually rcgulated by detcrmininiỊ the am ount o f  
crown covcr to bc left. Sincc that is difficult to mea- 
sure the bítỉcìl area pcr acrc is often used as a surrogate 
paramcter. The basal arca o f  a tree is its cross-sectional 
arca at breast hcight (4.5 fcet) and is well correlated 
with the crown diameter. The num ber o f  trces per 
acrc is not a ÍỊOOCỈ parameter, cxccpt for p recom m eri-  
cal thinning in young stands, becausc it has nothing 
to do with trcc sizes.

It should bc noted that thesc mcthods o f  thinning 
and the tcrminology o f  crovvn classes vvcrc devised 
tor even-aged stands composed o f  only One spccies; 
thcy do not fit most mixturcs o f  species. Somctimes 
each stratum o f  a stratiíĩed mixture can bc reí*arded 
and thinncd as if  it wcrc a separate stand, although 
each stratum is rctardcd in grow th  by any that are



FIGURE 6 Diameter d i s t r i b u t i o n s  for the S.1111C, puro, e v c n - a i Ị c d  stand shovving, by 
shadini>, the parts tli.1 t \vou ld  bc rvm oved  in tour dilVerent th innin i’ m cth od s. lt is assum ed  
that diamctcr at breast hcinht (D.B.H.)  is closcly correlatod with the crown classcs. ỊRe- 
printcd with permission (rom Smith. D. M. ( l ‘W6). “ The 1’ractice ot Silviculture." Fii*. 
4-11, p. 1(19. Copyrií>ht © 19S6 by John Wilev & Sons, Inc., Nevv York.I

above it. The điffercnce is that the specics o f  the lovvcr 
strata are adapted to survive thcre.

D. Pruning
Trccs cannot ^ row  w ithout branchcs but the branches 
may be detrimental aíter chey die or evcn it they 
survivc too lovv on the trcc. Knots in boards arc the 
remains o f  branchcs; thev reducc the strcngth, utilitv 
and value o f  the lumbcr. Dead branches can also bc 
iníection courts for fimgi or mcrcly be unattractivc. 
In e;rowing trecs tor m any purposes it is desirable to 
strikc some desirablc baỉancc betvveeti the lcníựh o f  
stem that is clothcd with livina; branchcs and that 
vvhich is treo ot branchcs. Knots lcft by dead branches 
arc cspccially undesirabk' bccaưse thcy are apt to fall 
out vvhcn the lumber dries. The grcatcr the proportion 
that is living che íastcr is the diameter e;rowth ot the 
stem.

A moderatc amount o f  croNvdina; in the early stagcs 
causes the lower branches to die vvhen they are small. 
With many species small dcad branches arc attackcd 
by wood-rottin(* fungi that cause thc branchcs to tall 
off s o o n ;  íortunately chese  particular fungi arc n oc  
the ones tliat can cause thc hcart ot the trce to rot. 
Hovvever, this sort o ỉ  Iiatural pnm in iỊ  does no t alvvays 
takc place. Furthcrmorc, Ít is sometimes desirablc to 
speed up the proccss by cuttinạ; ott sonie livintĩ 
branchcs.

The most com m on purpose is to increase the pro- 
portion o f  knot-tree lunibcr. It is often dcsirable to 
t ' o ] l o w  t h e  p r u n i n e ;  v v i th  hcavy t h i n n i n i *  s o  t h a t  t h e  

prunintỊ w o u n d s vvill heal sw ift ly  and tho trees will 
lay dovvn knot-íree w ood rapidly. If too many ỉive 
branches are rcmovcd, dormant buds along the 
pruncd portion o f  thc sceni arc likelv to sprout and 
f o r m  11CW branchcs t h a t  d e t c a t  che p u r p o s e  o t  t h c  
prumniỊ.



VI. Silvicultural Planning

T he  i*rowiniỊ of torest stands rcquircs continuity ot' 
p u rp osc  and ot treatm ent cx ten d in g  ovcr  n ian y d c- 
cadcs. The proe;rams tliat arc forinulated to assurc 
such continuity arc silưicultural systenis. Thcv set forth 
th e  schedulcs ot trcatm ent planned for w h o lc  rota- 
tio n s. U su a lly  on e  im p ortan t part ot' thc lo n g -term  
plan is that it bc revicwcd and iniproved about oncc 
each dccadc. It is alvvays necessạry to kcep lo o k in g  
at least One rotation  ahead but to  rcspond  to  chaiiíỊcs 
111 what is seen. The many considerations that cnter 
in to  the plan íỊenerally conA ict vvith each othcr so  that 
cach solution is a compromise.

A. Ownership Obịectives
The natural conditions ot cach stand and íorcst i*overn 
thc op tion s availablc to  th c  s ilv icu lturist but thc ob jec-  
tivos and charactcristics o f  ovvnership co m c n cx t in 
line. 1 ỉclping ovvnership decidc upon its objectives 1S 
otten  a m ạjor part o f  thc forrm ilation o f  a silv icu ltural 
systcm. Tliis is especiallv true ot public ovvncrship 
vvhcre conrticts betvveen groups sceking differcnt 
kinds ot bcnchts o íten  kccp the ob jectives con fuscd  
and uncertain.

Such things as the choice o f  spccies to be grown 
depcnd  heavily  on h o w  m ucli ot cach kind o fb e n e f ìt  
is soiiLỊlit. The intcnsity o f  practicc and dcgree o f  
control of tlic vcíĩctation dcpcnd on the capacity and 
vvilliníỊncss ot ovvncrship to  m akc lontỊ-term  in v est-  
mcnts in silvicultural treatment. The qưestion o f  how 
long rotations sliould bc partly depends upon ovvner- 
ship objcctives. The result is that thc op tim um  silvi- 
cnltural program  w ill n o t necessarily  be the sam e for 
tw o  dittcrenc ow n crs w h o  have adịacent holdiniỊS o f  
cxactly the same kind ot' íorest. For individuals thc 
life cxpcctancy is oftcn a íactor. Most important, 
hovvever, is thc relative in iportancc attachcd to tim bcr  
p rod uction , \vild lite, w atershed  m anatỊem ent, rccre- 
ation and similar uses. Even then thcre is almost as 
m uch  variation w ith in  categorics as thcrc is b ctw een  
them.

B. Control of Damaging Agencies
Trccs must li ve through all scasons for many years 
in cn v iron m en ts wherc it is not p ossib lc  to atTord 
them much protcction. Control mcasures are indừect 
and direci. The General purpose is not to climinate thc 
sourccs ot damage but to manaiỊC them in ways that

make thc damatỊC tolerablc or evcn advantai;cous tor 
somc purposcs.

T h e  indircct m easurc that 1S the hrst linc ot attack 
is s ỉlv icu ltural control vvhich is maintaininíỊ stands 
w ith  sp cc ies, agc classcs, and overa ll structurc that 
are noc susccptible to damasỊe. Much dam aẹe can be 
av o id ed  s im p ly  by retraininíỊ tron i puttiiiíỊ particular  
sp ccies on  sites to  w h ich  th ev  arc n o t adapted.

S o m e t i m e s  t h e  g e n e r a l i z a t i o n  is r n a d c  t h a t  m i x c d ,  
unevcn-aged, stands o f  natural origin with vigorous 
fast-growing trecs arc niost resistant to dainage. 
Whilc the various parts of this statcment arc sin^ly 
m ore  often true than not, exceptions arc very num er- 
ous; the statemcnt as a vvholt' is probably niore ottcn 
faisc than true. The prospectivc damaging process 
inust be analyzed and almost cvery íỊdicral case 
treated ditĩcrcntly.

M ost o f  chc control o f  fungus pcsts and abiotic 
agcncics is silvicultural. Fungưs spores arc so onini-  
prescn t that tu n g ic iđ c  L1SC is u su a lly  c o n íìn cd  to  n n rs- 
crics. Wind damagc is best rcduced hy avoidintỊ ac- 
tions w h ich  crcatc h orizon ta l or vertical con str ic tion s  
in the path o f  s torm  vvinds. That from frozen precipi- 
tation can bc rcduccd  b y  d e v e lo p in g  trccs w ith  sy m -  
m ctrical c ro w n s and stro n g  stem s tree o f  w cak  
crotches.

Biological control, as in agriculture, involves usc 
o f  the pcsts o f  pcsts. in forcstry  thc m o st im p ortan t 
A pplication has bcen in th e in tru d u ction  o f  oriỊan ism s  
that are enemies o f  introduccd insccts. The niost effec- 
tivc  predators o f  m am m alian  h erb ivorc  pcsts are h u n t-  
crs; fcncing is tcasiblc but v c ry  expensive .  [Sí-C P est 
M a n a g e m e n t , B i o l o g ic a l  C o n t r o l .]

Dircct control with insecticides is applieđ mainly 
for contro) o f  outbrcaks o f  deíoliatine; insects and 
ordinarily involvcs aerial spraying.

U ncontrollcd íbrcst fưcs are incompatible w ith  tbr- 
cstry; the section on Forcst Fire M anagem ent deals 
vvith their con troi.

The íìnal linc o f  deíense aựainst sources o f  damage 
is the salvagc o f  dead or dying trces, a purposc for 
vvhich roads are vcry necessary. H ow ever, consider- 
ation m ust often bc given to the role that đead trees, 
stan d in g  or tallcn , p lay in w ild life  m a n a g cm en t.

c. Sustained Yield
Forest production is one o f  the m ost truly sustainable 
o f  all h u n ian  uses o f  resources. T h e  fu n d am cn ta l basis 
o f  su sta in ab ility  lics in m a in ta in in g  the desirable p h y s-  
ical and ch em ica l propertics o f  the so il. W herc there  
is v eg e ta tiv c  co v er  the largc a m o u n ts  o t'or^ an ic  m at-



FIG U R E  7  Sch cn ia tic  m ap  o f  a íb rc s t d iv id cd  in to  30 c q u ally  p ro d u c tiv c  s taru ls  arraniỊcđ so th a t  th e  rcplaccnicnt o t  o n c  statKỈ cach ycar 
w oulcỉ p ro v id c  ;ì pcrpctual sustaincd viekl o f  vvood. N u m b ers d ciio tc  stand at*es. cach o t  \vhicli is h arvcstcd  at aiỊC 30. ỊK cprinted \vith  
permission from Siiìirh, I). M. (1986). “The Practice oí Silviculturc.” Fii». 12-2. p. 346. Copyriựht © 198(> by John Wilcy ik Sons. Inc., 
N c w  Y o r k .  I

ter that fall from thc trecs fced thc soil organisins tliat 
kcep the soil porous and resistant to snrtacc crosion. 
The chicf thrcat to torest soils is poor manaiỊcmcnt 
o f  roađs and trails; the actual cutting o f  trccs and evcn 
íìres havc littlc eíĩcct.

The ncxt considcration for sustainability is ensuring 
that stands arc regcncrated attcr timber harvests or 
similar disturbance.

T h e  m o s t  d i íT icult  part o f  s u s ta in c d  y ic ld  is d c v c l -  
oping and maintaining somc scmblancc ot’ a steady 
flow o f  timber and other benctìts from íorests. The 
idcal in this rcspcct is a baìanced distrihntion ofaạe cìasses, 
in which cvcry aẹ;e class from 1 -ycar-olđ sccdlings 
to that dccmcd ma tu re is represcntcd by an cqually 
productivc arca o f  torcst land (Fig.7).

I f  the mature age class is rcplaccd with seedliníỊS 
cach ycar, thcre is thcorctically an even flow of bcnc- 
fits that gocs OI1 íorever. This kind o f  age class distri- 
bution is alniost never createđ within single unevcn- 
aged stands. The smallest administrative units for 
vvhich it can bc dcvdoped are wholc íorests consisting 
o f  thousands o f  acrcs. Even then the propcr distribu- 
tion is built through the coursc ot many dccades froin 
cvcn-agcd stands. It is almost alvvavs nccessary to 
havc some age classcs that have salcablc timber but 
are not yct mature. Truc sustaincd yield dcpcnds on 
rcsisting all the temptations that cxist to harvcst such 
agc classes prematurely.

It is very difficult co develop an appropriate range 
o f  agc classcs mainly because in most forcst regions 
almost all o f  the stands are o f  essentially the samc 
age when management starts. Sometimes most arc 
bcyond rotation age. In thosc cases it is nccessarv to

rcplacc a small arca cach year while m ost stands arc 
kept to gct cvcn older and m orc  dccrepit. I f  thc torcsts 
ot' a locality wcre all cut or dcstroyed at oncc therc 
is often the problem that rcadjustiníỊ the agc class 
distribution ineans cutting som e stands whcn thcy are 
too young and leaving m orc  to get too old.

Maintaining diversity o f  íorest wildlitc also dc- 
pcnđs on having a full rangc o f  age classes o f  stands. 
The actual as^es need no t be as precise bu t it may be 
desirablc that sonic trees and stands be carrieđ beyond 
the a^es at which thcy would  be reơarded as mature 
frorn the timber standpoint. T he  kinds ot spccics com- 
position would  also bc m ore varied than thosc dcsircd 
for timber production.

D. Optimizing Use of Capital and 
Growing Stock

The question o f  h o w  long trees should bo allowcd 
to s?row can be answcred in part by assessing thc 
com pound interest rcturn from  tw o  different kinds 
ofinvestnicnts niade in thc trecs. The first is the return 
that trees cam  on their o w n  value and the second the 
return on thc m oney investcd in ^ row ing  them.

In the íĩrst kind o f  analysis thc value of the trce at 
the be^inning o f  a gi ven pcriod of years is treated as 
an investment. The intcrcst return 011 the invcstmcnt 
is dctcrmined from the change in valuc ot' the tree 
that results from incrcase in sizc or quality. If thc ratc 
o f  return talls b e lo w  that dcm anded  by  the ONViier—in- 
vcstor the trce is harvcsted. The same tcst applicd 
collcctivcly to all the trees o t 'a  stand may help detcr- 
minc rotation lcngth. This m odc ot analysis oftcn



g u i d e s  t h o  c h o ic e  o f  t r e e s  t o  H a rv e s t  in t h i n n i n ự  o r  
o t h c r  k i n d s  o t  p a r t i a l  c i i t t in í Ị .  It  a l s o  h c lp s  d e t e r m i n e  
h o \ v  h e a v y  th in n in sỊS  h a v c  t o  b c  t o  m a k e  t r c c s  a ; ro w  
tast cnoue;h to ịustity keeping them. With this mcthod 
the ratc ot rcturn carncd by a tree is infuiitcly hií*h 
o n  th c  f i r s t  d a y  it a t t a i n s  a p o s i t i v e  t ìn a n c ia l  v a lu c ;  it 
declines rapidly attcr that but can be niadc to increasc 
aiỊain it the trec is made to ịỊrow fast and into sizcs 
o f h ig h  product value.

The sccond kind ot' analysis involvcs thc ratc o f  
r c t u r n  011 m o n e y  a c t u a l l y  i n v e s t c d  in g r o w i n g  th e  
trcc. This method is chicfly usctul for conipariní* dif- 
tcrent programs tor E;rowing stands oftrccs. The anal- 
vsis is usually donc by discountiní* cstimatcs o f  all 
tuturc costs and rcturns to the bciỊÌnniiiiỊ o f  thc rota- 
t i o n  a t  t h e  d e m a n d e d  r a t e  o f  c o m p o u n d  in t c r c s t .  T h e  
dirtcrencc bctwccn the prospectivc costs and returns 
is thc prescnt Iict valuc. If  it is positive this means 
tliat the proposed silvicultural systcm vvould carn thc 
d e m a n d c d  r a tc ;  t h e  p r c s e n t  n c t  v a l u c  is w h a t  o n c  c o u ld  
novv  a t t o r d  t o  p a y  t o r  t h e  l a n d  u n d e r  t h e  t rec s .

Thesc two hnanđal tcsts arc altcrnativc nicthods; 
thcir intcrcst ratcs are not additive. No analytical test 
ot any sort takes everything into accoimt. Tlicse fi- 
n a n c ia l  tc s ts  a rc  h a r d  t o  a p p l y  t o  v a lu e s  o t h c r  t h a n  
timber. However, they can bc very useful in íormukit- 
iutỊ silvicultural systcms.

E. Arrangement of Operations in Time
and Space

Porcsts both as natural and administrative units sprcad 
ov c r  laríỊC areas o f  terrain. The pattcrn o f  their ar- 
rangcment hcavily depends OI1 how  thc transportation 
n c t w o r k  is a r r a n g e d  a n d  m a i n t a i n c d .  T h i s  n e t w o r k  
is not limitcd to roads but may havc to include thc 
corridors along which somc animal populatioiis 
move. Sonic tbrcst roads are kcpt opcn all the timc 
and arc uscd tor many differcnt purposes. Othcrs arc 
u sc d  t c m p o r a r i l y  a n d  t h e n  b c s t  lc f t  c lo s c d  a n d  w e l l  
draincd until needed for thc ncxt operational cntry.

Cìreatest opcrational effĩcicncy usually rcsults from 
maximuni concentration o f  activity in spacc and time. 
A t  th e  e x t r e m c  th is  w o u l d  b e  a c h i e v c d  i f  all t h e  t r e e s  
o f  a laríỊC s t a n d  w e r c  c u t  a n d  r e p l a c c d  d u r in ẹ ;  a s i n g l e  
ycar and then left cntircly alone until the ncxt harvest 
at the enđ ot the rotation. T he  other extreme would 
involvc the intricatc intermin^liníỊ oftrces ot ditĩerent 
a g c s  a n d  sp c c ic s  vvith  t r c q u e n t  s i l v i c u l tu r a l  o p e r a -  
t io n s .

The most com m on com prom ise  is keepine; most 
stands csscntially even-ageđ so that most treatmcnts

can bc applied unitornilv ovcr the vvliolc stand. O thcr 
coiisidcrations require that such stanđs Iiot bc unduly  
lariỊc. AnioniỊ the loiỊÍcal critcria o f  stand sizc are
(a) the opcrating radius o f  the equipment that fìrst 
niovcs  logs from  tlic stand and (b) the cxtcnt o f  areas 
with thc samc kind ofsoil. It 1S nlso dcsirable to restrict 
the arca covercd  by the activ ities o f  cach year so  as 
to  lin iit the total leiiíỊtli o t road surtacc beintỊ disturbed  
at any on c tin ic .

VII. Silvicultural Systems and 
Their Application

T h e  đcsŨỊii o í s i l v i c u l t u r a l  s y s t c m s  f o r  p a r t i c u l a r  k i n d s  
ot stands must be bascd 011 analysis o f  the tbrcgoinỉỊ 
considcrations in the liíỊlit o f  their relationship to 
íỊĨven situations. It is tallacious ÍI1 tcrms o f  cconomics, 
politics, and ccological Science to acccpt the notion 
t h a t  a n y  One u n i v e r s a l  s y s t c m  s h o u l d  p r c v a i l  o r  t h a t  
all are equally valiđ everyvvhere. Furthcrmore, there 
is much variation in thc details o f  cach category o f  
systcms. In fact thc variable details arc so iniportant 
t h a t  n o n e  o t ' t h e  s y s t e i n s  c a n  b e  su c c css fu l1 y  a p p l i e d  
as u n v a r y i n g  c o o k b o o k  r c c ip e s  íò l lo v v e d  w i t h o u t  
analvsis o f  thc particular cascs at hand.

The regcncration stcp o f  a rotation-long silvicul- 
tural systcni is so crucial that thc namc o f  the method  
oỊ n ỵ c iH T a t ic iì is u s u a l ly  lỊÍvcn  t o  t h e  w h o l e  s y s t e n i .  
Thesc methods r c a l ly  describc thc pattcrns ot arrange- 
ment ot cutting arcas in space and time and otily 
secondarily the sources ot the regcneration. N o  sys- 
tcni or method can bc undcrstood from thc name 
a lo n e ;  t h c r c  m u s t  bc  í u r t h c r  d e s c r i p t i o n  o f  o t h c r  d e -  
tails.

The methods (and systcms) arc initially catcgorized 
according to whethcr the regeneration comcs primar- 
ily from (a) sccds or (b) ve^etative sprouts. Within 
c a c h  c a t e g o r y  t h c y  a re  f u r t h c r  s u b d i v i d c d  as to  
whcthcr thc stands arc cvcn- or ui.ieven-aged. Thcrc 
is term in o lo^ y  to  ind icatc vvhether thc cu ttin gs are 
arraiiíỊcd (a) uníformly in space or are donc in
(b) strips or (c) groups and patchcs. An additional 
d i n i c n s i o n  is a d d e d  t'or s t r a t i h c d  m i x t u r c s  o f  s p e c ie s  
in which i n d iv i d u a l  species or lỊroups thercof becomc 
se^regated into ditTerent horizontal strata without 
nccessarily being o f  ditTerent ae;e.

T h c r c  a rc  t h r e c  e v ẹ n - a g e d  c u t t i i ì i Ị  m c t h o d s  in 
\vhich rcliancc is placed on rcíỊcncration from seed: 
clearcuttinỉỊ. secd-trcc cuttirnỊ. and shclterwood 
cuttiníỊ.



Clear-cnttiniỊ, in the narrovv silvicultural sensc of the 
tcrm, involvcs nearly completc removal o f  prcex- 
istina; vegctation and rcestablishment o f  a new one 
from planted secdlings or newly gcrminatcd seeds. 
It is most com m only carried out by heavy cutting, 
thorough site preparation, and planting o f  nursery- 
!Ịrown seedlings. The rcsulting plantations are usually 
pure but can also be o f  interminglcd mixed spccics. 
With somc spccics adaptcd to rcsccd areas aíter scvere 
fircs, the dear-cutting m eth od  can bc m adc to w ork  
with natural or artitìcial seeding. The natural supplics 
o f  sccds that germinate aftcr cutting may bc stored 
in the soi) or  bc dispcrscd by w ind  from  adjaccnt 
stands. The tcrm “ clear-cutting” is oíten looscly usccỉ 
to rctcr to any form o f  heavy cutting regardlcss ot 
vvhether or how a 11CW stand is established.

Secd-tree aiitiinỊ is the same as clear-cuttine; with 
thorough site prcparation, cxcept that trccs lcít on 
the cutting area are thc source o f  sccds. As is the 
case with othcr mcthods o f  cutting thc pattcrn ot 
application can leavc trccs in strips, groups, or as 
scattercd individuals. The đistanccs o f  effcctive dis- 
scmination arc seldom more than thrcc timcs the 
height o f  thc sccd trccs.

In shcltcrwood ciittiiHỊ thc rcnevval o f  thc stand de- 
pcnds 011 advanced regeneration. Usually this is in- 
duccd by a suries or two or more partial cuttings in 
which enough trccs are left on che sitc to prov idc 
sccds or partial shadc. Emphasis is placcd OI) crcating 
vacancies in the growiníỊ spacc bcneath the stand and 
admitting some sunlisỊht to the forest floor. The trees 
that arc rcservcd arc generally the largest and íastest- 
grovvinsỊ ọ f  those in the stand; getting them to e;row 
faster as a result o f  the hcavy thinning ctTect is ottcn 
part o f  the purpose o f  thc trcatment.

With thc simplcst form o f  slieltcrwood cutting thc 
overstory trees arc removed as sooti as thc ncw crop 
is vvell establishcd. This creatcs the evcn-aged condi- 
tion. Howcvcr, in irreiỊnlar shelterwood cutting thc íìnal 
r c m o v a l  cu tt in iỊS  m a y  b c  p o s t p o n e d  f o r  m a n y  y e a r s  
or some ot the smallẹr trees in the stanđ may be 
rclcased and induced to rcsume rapid íỊrovvth. This 
approach is best adaptcd to m ixcd  stands in w hich  
ditYcrent spccics do not ựrovv at thc same ratc; new 
stands crcatcd b y  this approach arc not pcrfectly even- 
a<Ịt'd. In cascs vvhcrc adcquate advanced rcgeneration 
has alrcady becomc established naturally it may bc 
possiblc to creatc ncw stancỉs with a single tĩnal- 
rem oval cuttiiiíỊ ot' the old stand in “ one-cut shel- 
terwood cuttina;.” Whilc shclterwood cuttinir carries 
littlc risk ot retỊcneration tailurc, there is no reason

vvhv the natural reỉỊcncration cannot bc supplemented-i 
by artiíìcial sccding or plantiníỊ.

Uncven-agcd stands are created and maintained b\y 
thc sclection inethod of a ittin ị’ in vvhich n e w  agc classess 
are established by rcmovintỊ trees in small patchcs orr 
g r o u p s  011 t h r e e  o r  m o r c  o c c a s i o n s  d u r i n í Ị  a r o t a t i o n . .  
Theorctically thc samc etTect can be achicvcd by re-- 
moving smqlc large trees; however, the openings thuss 
crcated arc almost ahvays so small that they are closecd 
ovcr by adịacent trccs bctbrc any new crces can reachi 
the top o f  thc crown canopy. O n the other hand thce 
openine;s can bc madc large enou^h that it is possibkc 
to have uncven-aged stands that consist o f  í^roups o)f 
shade-bearing and even o f  sun-lovinẹ spccics.

The selection mcthod is most com m only appliccd 
in stands thac arc already dctĩn itdy  uneven-aged ancd 
somc trccs vvould have to be harvcsted prematurehy 
to m akc thcm even-agcd . lt also is applicd in standís 
whcrc it is desirable that thcre always be som e larg(e 
trces tor such  p u rp oscs as aesthetics, w ildlií'c m an age -  
m en t, or p ro tection  against land slides and avalanches .

Thcorctically the sclcction method can bc applicid 
in ways that mold each stand into a sclf-containcd 
sustaincd-yicld unit with thc propcr arranẹcment o 'f  
age classcs t'or tliat purposc. This is a íỊoal that can bie 
approachcd only vcry impertcctly. Sometimes therc i:s 
the illusion o f  doing so in mixcd stands in which treie 
diametcr is takcn as a good indicator o f  tree a g e , 
w hich  it is not.

Uníortunately  niany sins are committed in thie 
nam es o f  the selection tncthod ot' regcncration an d  
uncvcn-aa;cd manaiỊemcnt, especially in mixcid 
stands. It frequently  dcgcnerates into “ hiíỊh-grading ’ ’ 
in which the bi^gest and best trees are removed fronti 
a stand oftcn w ithout actually making gaps largc 
enough tbr truly I1CW aí>;c classes to become estab- 
lishcd. It is often tallacious to assume that onc can 
cut thc biíỊ trees and cxpcct the smaller ones to gro\v 
to replaco them. The nontcchnical term, “ sclcctive 
cu tting ,” which denotcs almost any kind o f  partial 
cuttiníỊ, is sometimes a euphcniism tor high-grading.

The existcnce ot tw o  agc classes in a s t a n d  is ordi- 
narily a tem porarv  condition. Hovvever, it can be a 
continning onc whcn there is reason to allovv some 
t r e c s  o f  a s t a n d  t o  g r o w  o n  r o t a t i o n  l e n ^ t h s  at l c a s t  
tvvicc as lone; as thosc ot othcrs. Usually this involvcs 
ditTcrent species o f  dilTerinti longevity.

T h e  coppicc m ethods and systcm s dcpend U11 vcíỊeta- 
tivc regencration. The sim ple eoppke incthod is the samc 
as clcarciittins^ cxcept tliat the regeneration comcs 
froni sprouts, the snrest mode o f  regeneration o f  all. 
!t ís b y  far the m ost ancient silvicultural m ethod and



has becn used t o r  millenia in Eurasia as a means o f  
producing tuchvoođ and small polcs. CuttiniỉS at ÍI1- 

t c r v a l s  o f  a f c w  y c a r s  r e p e a t c đ  f o r  c c n t u r i e s  o t t e n  
inditcc clunips ot sprouts so dense that thc nc\v trecs 
arc too tccblc to stand straiẹ;ht or grovv tall. This lỊiivo 
t h e  c o p p i c c  m e t h o d  a h a d  r c p u t a t i o n .  M u c h  m o r c  
r c c e n t  e x p c r i c n c c  in  A m e r i c a  h a s  s h o v v n  t h a t  t r c e s  o f  
v c g e t a t i v c  o r i t Ị Ín  c a n  b e  o f  t Ị o o d  f o r m  i f  v c r y  s h o r t  
r o t a t i o n s  a rc  a v o i d c d .  In fac t ,  s p r o u t  r c i Ị c n e r a t i o n  is 
very iniportant and usefi.ll in niost torcsts o f  broad- 
lcavcd spedcs, includinsỊ tropical rain torests.

O ne ancient variant ot the coppicc method is thc 
coppice-witli-st(wdanis Iiictlioti in wliich the basic coppicc 
stand is rc^cncratcd trcquontlv but scattercd lartỊcr 
trccs arc carricd for tvvo or inorc coppicc rotations. 
T h e  p u r p o s e  o t  th i s  vvas u s iu i l ly  t o  t!;rovv t h e  s m a l l  
t r cc s  t o r  h i c l v v o o d  a n d  t h c  l a r g c r  o n c s  t o r  c o n s t r u c t i o n  
matcrial.

The methods o f  cuttinq applicct in stratiíicd mix- 
tu rc s  u s u a l ly  i n v o l v e  t h i n k i n g  o f  c a c h  s t r a t u m  s c p a -  
ratelv. Eacli s tra tum  can hc thinncd or othcrvvise 
treatccỉ as it it vvere a stand b y  itsclt. Ít is a lso  p ossib lc  
by ịudicious removals in the uppcr strata to release 
t recs  o t  s o m c  ( b u t  n o t  all) l o v v c r - s t r a t u m  sp c c ie s  to  
cscen d  i n to  t h e  t o p  s t r a t u m .  R c g c n e r a t i o n  is u s u a l ly  
startcd as advanced reiỊcneration by licavy  rcinovals 
of some ot tlie low erm ost strata in sheltcrvvood cut-

tintỊS. If it is latcr thorou^hlv relcased by rcmovnl o ỉ  
t h c  u p p c r  s t r a t a  t h e  v a r i o u s  sp c c ic s  o t '  che n e w  s t a n d  
lỊraduallv rcarrange thcniselves into thcir rcspcctivc 
strata.
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Soil, Acid
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Glossary
B u f fe re d  Buffered systcms arc able to rcsist changc; 
soils arc butTcrcd against pH changc by thcir ability 
to adsorb  and d csorb  cations ( +  ) in clu d in g  H + and 
A I ' a t  anionic ( —) sites on their particlc surtaccs; 
butĩcrcd chcmical solutions arc also used in standard- 
izini* pH metcrs and cstimating iinic requircment o f  
acid soils
C ation  ex ch an ge A b i l i t y  o f  soil to adsorb and dc- 
sorb positivcly chargcd ions at nc^ative sitcs 011 its 
p art id e  surtaccs; the capacity to adsorb cations is c x -  
prcssed in ccntimoles o f  chargc that can be attractcd 
pcr kiloíỊrain o f  soil
C y c l e  C a r b o n ,  n i t r o a ; c n ,  a n d  s u ] f u r  c o m p o u n d s  c a c h  
undergo moditìcations in nature that circulatc thcm 
througli various c h e m i c a l  statcs; carbon (c.g., as at- 
mosphcric C O i)  is reduccd to -C H x  tornis in plants 
by photosynthesis; latcr it is retnrncd to the a tm o- 
spherc as organistns complete thc cyclc by oxidizing 
the plant rcsiducs back to CO->
N e r n s t  e q u a t io n  Equation relating the potential 
(voltagc) prođuced by a speciíic ion clcctrode to the 
a c t i v i t y  o f  t h e  i o n  in  s o l u t io n ;  H + s c n s i t i v e  g la s s  e lc c -  
trode o f  a pH metcr produces 0.059 V chanực tor 
e a c h  1 u n i t  p H  c h a n t ; c
Soil p ro í i le  Vcrtical cross-section o f  thc soil exhib- 
itinu; the soil horizons (layers) which ditTer in physical 
or clicmical propcrties

lnd i.m .1 A iĩricultural Ẽ xperim cnt Station, Purdue Ịourmil 110 . 
137(>H.

S oil ta x o n o m y  System ot classitying soils derived 
for International use. It is analoi^ous to the botanical 
classitìcation ofplants; soil ordcr is thc highest lcvcl o f  
classification; all soils, bascd 011 chcmical and physical 
propcrtics, arc assignable to 1 o f  thc 1 1  soil orđers (sec 
the bibliography rctcrcncc to Famiing and Fanning for 
morc dctail)

A c i d  soil has a pH o f  lcss than 7 011 the 0 -1 4  scale 
useđ to detìne acidity (pH <  7) and alkalinity 
(pí 1 >  7). Aciđ soils havc an cxcess ot protons (H * ) 
ovcr hydroxyls ( O H “) in their solution phase. This 
acidity produccs incrcased solubility o f  metal com - 
p o u n d s  o f  i r o n  (Fe) ,  m a n g a n e s e  ( M n ) ,  z in c  ( Z n ) ,  c o p -  
pcr (C'u), and aluniinum (Al), with AI and Mn some- 
tinics rcachiiiiỊ lcvcls tliat arc phvtotoxic. The proton 
and metal cation conipctition increases leaching o f  
potassium (K), maỉỊncsium (Mìị), and calcium (Ca) 
which may result in K and M g dcíìcicncy and, in 
cxtrcmc cascs, Ca dcficicncy. The cations which leach 
durintỊ acidificạtion arc accompanicd by anions and 
thus acid soil may also bc dcficicnt in sulíur, boron, 
m olybdcnum , and phosphorus. For many plant spe- 
cies a slightly acid soil is the most dcsirable, but at a 
pH bclow about pH 5.5 many spccies begin to show 
adverse cíTccts from the acid condition.

In this articlc thc distribution and causes o f  soil 
acidity arc followed by the soil chemistry ot' acidity, 
thc nutritional and toxicity etTects on plant g row th, 
and thc approaches to amelioratiníỊ and managing acid 
soils.

I. Location of Acid Soils

A. Geography and Climate
A mạjor íactor in production o f  acid soils is the natu- 
rally acidic rain which lcachcs thc soil o f  salts, dis-
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solvcs the vveathcrablc minerals, and removcs alkali 
metal and alkaline earth cations from the soil. The 
replacemcnt o f  thc basic cations by protons from thc 
rain then initiates thc “ acid soil” condition. Thus, 
acid soils occur in climatic zones where prccipitation 
excceds evapotranspiration for at least part o f  thc year. 
High rainfall areas in the temperate, subtropical, and 
cquatorial tropic zones have m an y  rcgions o f  acid 
soils. The pH may bc equally low in these thrce zones; 
h o w c vc r ,  subtropical and tropical soils are often m ore  
hiíỊhly vveathered due to highcr tcmpcratures, and 
thus show morc auxillary or secondary cffccts o f  soil 
acidity. Stroni* acidity occurs in cool humid mountain 
rangcs in most regions o f  thc \vorld. Significant acid- 
ity also cxists vvhere prccipitation occurs as a short 
rainy season w h ich  excceds the seasonal evaporativc  
losscs and causcs lcaching such as observed in Sahclian 
Aírica. lf  regions vvhere acidity cxists, but is no t se- 
vcrc enough to require amelioration, arc includcd, 
then one notes that agricultural land o f  thc carth is 
dominated by ạcid soils.

B. Taxonomic Classiíication
Soi] taxonomy classifies all soils into 1 o f  11 soi] or- 
dcrs. Strong acidity occurs in the taxonomic ordcrs 
o f  Spodosols, Ultisols, Oxisols, and Andisols. Most 
Histisols also arc markcdly acid but high pH seepagc 
water from surrounding uplands causes som e pcat 
and tnuck soils to bc ncar ncutral as occurs where the 
uplands arc form cd froni rcccnt calcarcous glacial ti]]. 
Alíisols typically arc acid but lcss scvcrcly so; this soil 
ordcr requires > 35%  saturation o f  the cxchane;e sites 
by basic cations in the diagnostic horizon. The devel- 
opmental conditions ncccssary for Mollisols, Verti- 
sols, and Aridisols gcnerally cxcludc acidic soils from 
these orders. Finally, acidity in thc soil ordcrs o f£ n t i -  
so ls  a n d  In c e p t i s o l s  is p r i m a r i l y  d c p c n d c n t  o n  th e  
parcnt material pH and thus these soils can bc either 
acid or alkaline. [SíT SoiL G en esis , M o k p h o l o g y ,
A N D  C l ASSIFICATION.|

c. Within the Soil Profile
Acidity is not uniíormly distributcd vertically in the 
soil proíìle. Since acidity mainly cntcrs soil at the 
surtacc froni ramĩall and other processes, one would 
cxpcct thc surtacc Iaycr (A horizon) o f  a soil to be 
the most acid and lovver horizons progressively lcss 
acid. This situation cxists in somc acid soils; howevcr, 
m any soils havc a distinctive pH protìle with the A 
horizon onlv sli^htly acid, the subscqucnt E a n d /o r
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F I G U R E  1 p H  and p e rc en ta^ e  acid  sa tu ra t ion  in soils d e r iv cd  
f r o m  u n c o n s o l id a te d  calcareous  p a rc n t  mater ia l :  y o u n g  (Entiso!) ,
n i a tu re  (Alt ìso l)  and  o ld  (U lt i so l)  soi ls.  ----- . E n t i s o l ; --------------— ,
A l t i s o l ;______ U lt iso l .

B horizon(s) moderately to strongly acid, and íìnally 
thc dccpcr c  horizon has the pH o f  thc parcnt mate- 
rial. N utrient recycling by plants and liming by man 
are mainly responsible for the less acid suríace. Plant 
roots take large quantitics o f  basic cations (Ca2+, 
M g 2+, K + , Na + ) from various depths within the soi] 
proíile and translocate thcm to the stem and leaftissue. 
Roots absorbing thesc basic cations release an equiva- 
lent quantity o f  protons which acidify the root zonc. 
Finally, with sencscensc or đeath, the stem and leaí 
tissue decomposcs at thc soil suríace, releases the basic 
cations, and cffectivcly rclimes the suríace. Figure 1 
illustrates the effcct o f  thcse processes in a proíĩle 
view o f  unconsolidatcd calcarcous parent material in 
a young, a mature (15,000 yr) and an old (>150,(J0U 
yr) soil, each rcceiving about 1 m o f  annual rainfall. 
As the aciđiíìcation progrcsscs, pH  decrcases and the 
percentage saturation o f  thc cation exchange sites with 
acid increases. This process is even more extreme in 
vcry old, hit^hly wcathered soils (c.g., the Ultisols 
and Oxisols o f  high raintall subtropical and tropical 
areas) where plant nutrition is oíten alrnost totally 
dependcnt on the recycled nutrients in the A horizon. 
Very littlc nutrition is retrievable froni the acid sub- 
soil, and the parcnt matcrial is too deep for roots to 
beneíìt trom  basic cations in it. [S(T SoiL F e r t i l i t y .]

il. Source of Acidity

Four atmospheric i^ascs, carbon dioxidc (CO.-))., nitro- 
gcn (N,), nitrogen oxides ( N O J ,  and sultur dioxidc 
(SO-.), via hydrolvsis a n d /o r  redox rcactions, are thc

% Acid Saturation 
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pnm.iry sourcvs oí soil acidity. Atmosphcric C'Q2 and 
N i  arc nuiịor natural sinks tor carbon and nitroiỊcn. 
The C O i ,  N O x, and SOi all occur naturally, but arc 
a lso  i n d u s t r i a l  p o l l u t a n t s .  |ò ’t r  S o n .  C h e m i s t r y ;  S o i l
P o u  UTION. I

C 0 2< N O s and s o ,  producc carbonic, nitric, and 
sulturic acid (H iC O ,,  H N O ,  and H :S Q 4) Lipon fur- 
thcr oxidation a n d /o r  rcaction vvith \vater. In addi- 
tion, living plants convcrt C Q 2 and N i  to the rcduccd 
torms ot carbon and nitrogen (-C H X, - N H J  which 
prcdominatc in liviniỊ tissue. Subsequent oxidation o f  
the plant rcsidue introduccs organic acids into the soil 
trom thc carbon and nitric acid froni the nitrogen. The 
íommtion ot reduced conipounds typically rcsults in 
proton consumption vvhile oxidation rclcascs pro- 
tons. Reactions involving c ,  N. s, as well as Fe and 
Mn arc mạjor íactors in aciditìcation.

A. C 0 2 and the Carbon Cycle
Rainvvater in equilibriuni vvith atmospheric C O i,  at 
its tvpical 30 Paschals partial pressurc, has a pH near 
5.6. Howevcr, the carbonic acid produced is a vvcak 
acid so the pH ot' the rainvvatcr does not rcílcct the 
largc quantity o f  undissođated carbonic acid that is 
also prcscnt. The magnitudc of' thc acidifyint' cffcct 
is indicatcd by thc calculation that 1 mctcr o f  annual 
rain at pH 5.6 should be ablc to dissolve 400—500 kg 
ot C a C O ,  tro 111 a hectare ot soil. A clcar cxamplc o f  
tliis is aciditìcation in thc castern scction o f  the í?lacial 
till plains o f  northccntral United States. The oriíỊÌnal 
coarsc loaniy ti]] was 20 to 50% ííround limcstonc 
rock and reccivcd an annual raintall ot' about 1 1 11. 
Thesc soils are lcachcd o f  carbonatcs and aciditìcd to 
a depth o f  ncarly 1 m. About 5000 to 13,000 nictric 
t o n s  o f  c a r b o n a t e s  p c r  h c c t a r e  h a v c  d i s s o l v c d  a n d  
leached over the 15,000 ycars sincc glaciation; an an- 
nual loss in the rangc o f  350 to 880 kíỊ ha

S o n i c  o f  the a c i d i í ì c a t i o n  b y  c a r b o n  is f r o m  t h c  
organic acids produccd during decomposition o f  plant 
residuc. If the decomposition occurs in somevvhat 
anaerobic conditions, as exist in wct soils, then abun- 
dant simplc organic acids are tbrmcd. The latcr sta^es 
ot decomposition produce the rathcr stablc black hu- 
mus compoimds com m on in surtacc soils. The main 
lmmus eomponents arc complex hiỉ^h-molecular- 
weiu;ht huniic and sliựhtly lovvcr molccular wcií»ht 
tulvic acid. These all arc carboxylic acids. The íìnal 
oxidation ot tlic carbon Í11 soil oriỊanic mattcr pro- 
duccs carbonic acid at a high conccntration in the soil 
solution because o f  thc high partial prcssure o f  C O : 
(5 to 2(1 times atmosphcric) produccd bv this dccom-

position and bv root and microbial respiration vvithin 
thc soil porcs.

B. NOx and the Nitrogen Cycle
Aciđiíĩcation by nitrotỊen dittcrs trom  that o f  carbon 
in thát most plants do not dircctly usc N 2 tro 111 thc 
atmosphcrc. Thus, thc main aciditìcation bv nitrogcn 
is a s s o c i a t e d  c i t h c r  vvith  l e t Ị i im e / R h i ỉủ h ìu n ĩ  s v m b i o s i s  
or vvith usc ot ainnionium torms ofnitroí*en fcrtilizers 
|N H 3, (N H 2)2C O , (N H 4)2SƠ 4, NH_,NO,|. [ S í t  N i- 
TROGEN C yC I-IN G -I

In the ỉe e ,u m c /R h izo b iu m  symbiosis the R h izo b iu m  
b a c t e r i a  c o n v c r t  a t m o s p h c r i c  N-, t o  an  — N H  o r  
— N H i  í b r m  t h a t  t h c  h o s t  p l a n t  c a n  u s c  in p r o t e i n  
syiuhcsis. O n dcath o f  the plant the đccomposinu; 
tissuc rclcascs N H 4 which can nitrity and rcleasc pro- 
tons to the soil.

n h ;  +  2 0 , - *  N O 3 +  2 H + +  H 2 Q .

Am m onium  íòrms o f  nitrogen fcrti]izcr undcrgo 
thc sanie nitriíying process. This nitriíìcation is actu- 
ally a two-stai*e microbial oxidation from N H j to 
N O ĩ  by N itrosom onas specics and on to N O j  by M -  
trobactcr spccics, but the tvvo protons per N H 4 are 
rdeascđ in tho íìrst sta^c.

NitroiỊcn fcrtilizer additions o f  up to scvcral hun- 
drcd kg  ha 1 arc o ftcn  uscd  011 n o n lcg u n iin o u s crops  
to provide the niitritional needs for nitrogcn. This is 
the siiiíỊle m ost aciditying tactor in m any agricultural 
soils. N ot all addcd N H 4 producc the theorctical two 
protons per ion since somc N H 4 ions are takcn up by 
plants bctorc oxidation and secondary rcactions may 
lessen thc impact o f  othcrs. Yct, thc Association o f  
Offiđal Analvtical Chcmists (A O A C) procedurc for 
ncutralizacion o f  the acid produccd by am inonium - 
typc fcrtilizcrs recommcnds 1.8 kg CaCO-Ị for cach 
kiloíỊram N addcd as ammonia or urca and 5.35 kg 
C a C O ,  per kilogram o f  N addeđ as am m onium  sul- 
tatc vvhich is, rcspcctivclv, 0.5 and 1.5 m olcas C a C 0 3 
pcr moi N.

T h e  c o n t r i b u t i o n  o f  a t m o s p h c r i c  N O x p o l l u t i o n  t o  
soil aciditv is small.  The  nitric acid tbrm ed typically  
produces considerably less than 1 k t Ị o f H + perhectare 
pcr ycar. Sincc a hectare o f  soil 15 cm deep wcighs 
about 2.00 0 ,0 0 0  kíỊ, less than 0.5 ppm  H + is being 
addcd annually to the tilled portion o f  the soi]. The 
N ađdeđ is useíul as a nutricnt, bưt it too is not vcry 
si^niíicant, ^cncrally lcss than 10  kg h a - 1  y ea r” 1.

c. S 0 2 and the Sulfur Cycle
Elcmental sultur (S), protcin sultĩir (R-SH), and iron 
sulhdes (FcS, f:;c3S4 or FeSi) aro all reduced forms o f



sultur. In each the sultur will oxidize to sulfatc and in 
t h e  p r o c c s s  re lc asc  s e v c ra l  h y d r o g c n  io n s .  E l c m e n t a l  
sulfur is used to acidiíy soil espccially whcn growing 
certain ornamental and crop spccics that arc tavored 
by more acid soil.

The reduccd sulfur in plant and animal residucs is 
mainly in tvvo amino acids, cystine and methionine. 
The quantities o f  sulíur arc small, usually about 0.3% 
in niost tissue and thus contributc vcry littlc acidity 
durint; oxidation in the soil.

The mạịor aciditying cffcct ot sulíur occurs in iso- 
latecỉ locations where iron sulíìdes have íormcd under 
special reduciníỊ conditions until largc amounts ha ve 
accumulated. When thc environmcnt then suddcnly 
changes from reduciníỊ to oxidizing, sulturic acid 
forms and a lariỊe amount ot' acidity is rcleascd. This 
oxidation occiirs whcn ccrtain Coastal marshlanđs arc 
draincđ, and vvhcre coal niinc spoil or harhor drcdiỊ- 
ings arc cxposcd to aeration. Sonic mctal orcs also 
cxist as sulíìdcs and mine spoil from thc ore processina; 
rcacts like iron sulíide.

The iron sulfidcs fonn mainly in tidal niarshes 
and occan harbors. The marshcs and harbors providc
( 1 ) a supply o f  sultatc and iron ions in thc scawatcr,
(2) adcquatc mctabolizable organic matter as food 
botli for the sulỉatc-reducing organisms and to main- 
tain an ancrobic systeni, plus (3) the Aushing action 
o f  t h e  tidcs t o  r c m o v e  b i c a r b o n a t c s  a n d  t o  ÍỊÌVC part ia l  
oxidation, all o f  wliich combinc to producc the correct 
cnvironmcnt. Sulíatc then is rcduced to sultìdc and 
rcacts vvith iron to form prccipitatcs o f  FcS, Fc,S4 or 
FcSi. Thcsc are black precipitates intcrmixed in thc 
scdiments o f  tidal marshcs and harbors. O vcr gco- 
logic timc iron sulíìđes havc accumulated in coal, 
liiỊiiitc, and sedimentary rocks and havc oftcn growi) 
into larịỊcr, golden crystals o f  pyrite (fool’s lỊold). The 
iron sulíìdcs maintaincd under rcducing conditions 
will tiot bc acidic. Harbor drcdgina;s oítcn are black 
seđimcnt with pH near 7. However, cxposurc to air 
rapidly produces sulíuric acid plus thc sulfate and 
hydroxidcs of iron. The initial reaction o f  pyritc 
( F c S 2),

F e S : +  3 ị  0 2 +  H 20  - »  FcS Ơ 4 +  H 2S 0 4,

shows a mole o f  acid tormcd for cach mole ot'pyrite. 
This can producc cxtrcmc acidity; thc pH may bc 
as lovv as 2. Extrcmc acidity in turn produccs rapid 
vvcatherintỊ and manv sccondary reactions including 
tbrniation o f  scvcral tcrrous and tcrrir iron mincrals. 
The iron evcntually bccomes a ícrric hydroxicic prc- 
cipitatc. and a second mole o f  sultiiric acid is obtained 
from this hydrolysis of FeSQ4 to Fc(OH)3.

In thc atmosphere, S 0 2 ÍỊ3S reacts with water and 
oxyu;cn to givc HìSO^. Likc the H N O ,  produced 
from N O x in thc air, the S 0 2, vvill producc a typical 
annual deposition o f  less than 1 kíí H + per hectare. 
O n  a regional basis, in 311 industrializcd country, thc 
annual atmospheric acid deposition could be 1 kg of 
H + o f  which about one-third  would be froni N O s 
and two-thirds from SO i reactions. In industrializeđ 
countries the suliur 111 rainíall can easily cqưal 1 0  kg 
ha 1 ycar - 1  which hlls a significant portion o f  thc 
nutritional nccds o f  plants for this nutricnt.

III. Chemistry of Acid Soil

A. Clay and Humus as Acids and Acidic Soils
Soil acid is composed o f 'an  anion( —) and a cation 
( + ). Typically, the anion is a mineral particle, One 
o f  the we]l-dcfined d ay  mincrals, and may have trom 
ncar zcro to over 100  cniol o f  negativc char^e pcr 
kiloỉỊram  o fs o l id  (cm o lt. k g  '). Partially d ecotn p osed  
organic tissuc, humus, also is h igh in negativc charge, 
up to 200 cmolt. kg Thesc clay or humus anions 
aro thus analogous to the inimobile Union in a cation 
exchange rcsin. With H + as the exchangeablc cation 
thcsc im m o b ilc  an ions are trưc acids. A cid so il par- 
tially dissociatcs its H + to givc an acidic solution. Ií, 
howcver, AI’ ' is the cation on the clay or humus, it 
bchaves as an acidic salt rclcasiniỊ Al3+ vvhich rcacts 
vvith  H i O  ( h y d r o l y s i s )  t o  p r o d u c e  H + w l i i c h  a c id i t ì e s  
the solution.

It is appropriate to notc here that soil pH is a mea- 
surc o f  the activity o f  the H + in solution (an intensity 
factor) and gives no quantitative indication o f  the 
amount o f  undissociatcd hydrogen or a luminum on 
the cation cxchangc sitcs o f  the soil (chc quantity 
tactor).

It is also important to rcalizc that acidification re- 
quires lcaching o f  the basic cations out o f  the soi] 
Lipon displaccment froin the exchange sites by H + or 
Al',+ . The bascs leach avvay, vvhcn raintall is adequate, 
accompanied by the anions (c.g., H C O 3 or N O 3 ) 
which wcre originally associated with thc ìncom- 
ing acid.

Acid saturation ditTers bctwcen organic and mincral 
soils. OrsỊanic soils havc carboxvlate groups as the 
primarv anion sites and the acid saturation can comc 
tVom cithcr AI or H, although H may prcdominate 
in thc inorc purclv oriỊanic soi]. Hovvcvcr, mineral 
soils most com m only havc AI as their cxchangcable 
acid cation Ơ11 both their mincral and organic colloids.



The stndy of acid mineral soils thns is primarily a 
study o f  AI soils.

B. Acidity from Aluminum
A],+ is a small ion with a hi^h (.'haríỊC. This high- 
charge density lỊÌves AI a strontỊ attraction for the 
oxy^en ot watcr molcculcs. Space around thc AI ion 
pormits coordination bv the oxygcns o f  six water 
molcculcs. The protons o f  watcr arc repulsed by the 
closc proximity to the trivalent AI and dissociate 
rcadily prođucing free protons (acidity) plus a scries 
of hydratccì A l-hyd roxy  compounds.

|A i(H 2o ) , , |”  -»  |A1(H20 ) 5(0 H ) ]2+ + H +
-»  [A](HÍO)4(O H )2| + +  H +

->  |Al(HVO).,(ỎH).,r +  H +
-»  |AĨ(H20 ) 2( 0 H ) 4p  + H + .

As pH riscs, the hvdrated aktmimim ion 
I A1(H20),, | + 3 givcs stepvvise relcasc o f  protons until 
AI hnally appcars as thc anionic aluminatc whcn pH 
is above 6.5. Figurc 2 shows the pH efFcct on thc 
u;cncral distribution o f  thesc ion forms (shown more 
siniply vvithout their hydrating watcr). In addition, 
A1(H20 ) 5(0 H )  + ’ ion can polymcrizc with othcrs o f  
its kind by sharing hydroxy] groups and tlnis produce 
AI spccics which arc largc, high-charge, polymcric 
cations. The A l-hyd roxy  compounds tbrnied durinq 
hydrolysis are all quite stablc (dissociatc vcry littlc) 
and thus arc vcry wcak bases while the protons pro- 
duccd ÍỊÌVC a strongly acidic character to thc system.

The AI ions comc from dissolution o f  soil minerals. 
A luminum is thc third most abundant elemcnt in the

P I G U R E 2  Activ i ty  ot d o m i tu in t  AI spccies vcrsus  p H  t r o m  íỊÌbhs- 
itc. AI(OH)",  Í11 ec |u i libriuni w i th  watcr .  I A d a p te d  w i th  p c rm iss ion  
trom Lindsay, w. L. (1479). “Chcmical Equilibria in Soils," Fìg. 
3.3 . p. 411. C o p y r ig h t  © I97 lJ h y  Ịohii W ilcy  & Sons ,  Inc.I

carth’s crust. It is prcscnt in many minerals vvhcrc it 
is tound surroundcd by oxyiỊen or liydroxyl iu six- 
told, and occasionally tourtold, coordination. H vdro- 
IỊC11 entcring thc soil mineral dissolves AI by  rcacting 
vvith its coordinating oxytỊtn or hydroxyl. The AI 
becomes A l(H iO )^ or onc ofits solublc hydroxy ions 
upon dissolution while thc proton becomes H iO  (a 
reversc o f  the typ c o f  reaction dep ictcd  in the equation  
abovc).

c. Acid Soil, a Buffered System
Measuring soil pH gives only the hydrogcn ion activ- 
ity in thc soil solution phasc. Most acidity is stored 
OI1 t h c  c o l lo id  s u r í a c e s  as c x c h a n i Ị c a b lc  H  + a n d  as AI 
cations which hydrolize to produce H +. The quantity 
o f  cxchaniỊeablc acidity is commonly three to four 
ordcrs o f  magnitude (1000 to 10,000 X) lỊreater than 
that in solution. Whcn H + ion concentration in solu- 
tion is rcduccd by addition o f  a base (e.g., limins*), 
then cithcr H + dissociatcs íroni the exchangc sites to 
re-establish H ion conccntration in the solution or 
more AI hydrolysis occurs to rclcasc additional H + .
1 11 rcvcrsc, adding acid to a soil causes only small 
dccrcascs in pH bccause most o f  the addcđ protons 
rcact with thc ion-cxchangc surtace õ f  thc colloids 
and do not stay in solution. With a hiiỊher surtace 
charge (hiiỊhcr cation exchangc capacity) the soil has 
a greater butYering aiỊainst pH changc.

The grcatest bufFcring occurs írom the large perma- 
ncnt ncgativc chargc on niost 2 : 1 lattice clays and 
from thc variablé (pH dependent) ncíỊativc chariỊe o f  
carboxylatc groups on soi] humus. Sonic pH buff- 
ering also occurs in highly weathcrcd soils low in 
2: 1 clays and organic humus. This butTcring comes 
primarily from tho ability o f  surtace oxides and hy- 
droxidcs o í i ro n  and aluminum to gain or lose protons 
(H + ) or hydroxyls ( O H “ ) as the H  *■ activity in the 
solution phasc incrcascs or decrcases. Thcse oxide and 
hydroxide surfaces rcpresent a type o f  variable chargc 
suríacc. At the isoclcctric point the surtace absorbs 
equal amounts o f H + and O H - and has no net chargc. 
If  the pH o f  thc isoelectric point is e.g., above
7. the surtacc will have a grcatcr affinity tor H + than 
for O H  and vice versus. Thus, these surtaccs de- 
velop a + or — charỉỊt which providcs some pH  
butíering character.

Anothcr type o f  buffering, long-term buffering, 
a t Ị a in s t  a c id i f í c a t i o n  e x is t s  in  so i ls  w h i c h  f o r m  f r o m  
parent materials hiiĩh in weathcrablc minerals: i.e., 
minerals whiclĩ arc relatively unstable in a humid cli- 
mate. Weatherablc minerals include carbonatcs, most
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2: 1 lattice clays, and such priniary minerals .1S fcld- 
spars, tcldspathoids, ferromagnesian minerals, and 
micas. Mia;, Ca, K, and Na arcsignitĩcant componcnts 
o f  such mincrals. The H + in soil solution reacts with 
the carbonatc, oxyỉỊen, and hydroxvl coordinatintỊ 
thcsc basic ions, thus dcactivatintỊ thc H * and rcleas- 
ine; thc basic ions. This slows the soi] aciditìcation; 
however, evcntually, thc more \vcathcrable mincrals 
are dcplctecỉ as in the Oxisols o f  the tropics. The soils 
then increasin^ly consist of thc lcss vveatherable I : 1 
latticc clays, silica and iron, and aluminum oxidcs or 
o x v h v d r o x i d e s  a n d  lo sc  t h c i r  lariỊC c a t i o n  exchansỊO 
capacity and m ost o f  the butTcrinẹ; associated with it.

As a result o f  the butTerins*, soils chaniỊc pH very 
slowly. Thus, one wonld expccr littlc or no niea- 
surcablc chantỊe in p H  f ro m  an annual inc rem cn t ot 
acid rain, unlcss thc soils had vcry lovv cation ex- 
chantỊC capacities. Evcn his»h rates ot aciti-produciníỊ 
ammonical fcrtilizcr should nornially íỊÌve only 
small annual pH  chantỊcs in wcll buffered soils. T he  
buíTcred character  o f  soil, likcvvisc, is active asrainst 
attempts to raisc soil pH. LiminỉỊ an acid soil, it the 
soil is h igh ly  buffcrcd, rcquircs m a n y  tons of' limc 
|CaMe;(COj)iỊ pcr hectare, and even on a poorly buf- 
tercd soil a ton or  tw o  is rcquircd  to siíỊDÍtìcantly 
increase soil pH.

IV. Measuring Soil Acidity

Soil ac idity  is dc tcrn iined  in tw o  íundam cn ta l ly  ditYer- 
ent w ays,  a n icasure  cither o f  thc H + in the soil solu- 
tion or o f thc  total (solution plus cxchaii£Ịcablc) acidity 
in the system . The acidity in thc soil solution Controls 
the solubility  o f  nu tr icn t  and n o n n u tr ic n t  ions and 
rcpresents the acidity in vvhich the plant roots and 
othcr soil or^anisms niust livc. It is often reíerred to 
as thc “ in tens i ty” o f  the aciditv. T h e  total acidity, in 
contrast, reprcsents that which must bc considercd 
in altcring the aciditv o f ' th e  soil solu tion  and is thc 
“ q uan tity”  tactor. |S(’Í' Son T e s t in g  f o r  Pi ANT 
G r o w t h  a n d  S o i l  F e r i i l i t y .1

A. pH of Soil Solution
Soil solu tion  acidity  is m easured  in units o f  nioles ot' 
H ' per liter o f  solution. For convenienre, these uiúts 
arc cxprcsscd  as p H  vvhich is the nctỊativc loi> ot the 
activity; thus, pH 5 is 10 ’ mo! litcr 1 while pH 6  is 
10” '’ niol liter Each chantỊe of one pH unit repre- 
scnts a 10-t’old ch.mgc in H 1-, c.í*., a p H  of 5 is lo 
times morc acĩd than pH 6 .

pH is a mcasurc o tH  ' “activity,” rathcr than “ cor.- 
ccntration” ; hovvevcr, activity and conccntration arc 
essentially equal vvhcn concentrations arc lo\v as thcy 
are in soil solution. As ionic strength ot' a soluúcn 
increascs, the H + activitv will bc som cwhat less than 
conccntra t ion  by  an a m o u n t  calculable by  tho Debye- 
Hueckel cquation. In any casc, thc H* activity \vhuh 
the p H  elcctrodcs m casurc  is the prc te rrcd  in to r im -  
tion bccausc activity, rathcr than concentration. deter- 
niincs the rcactions in soi].

Soil solution pH is usually measured potentionicc- 
ricalv vvith a s l̂ass clectrode which is specihc tor H ' .  
As the H + activitv in the soil suspension dittcrs tro 111 
th e co n s tan t  H + activity w ith in  th i 'e le a ro đ c .  .1 potcn- 
tial is p roduced  across tlic thin í^lass m em bnuie .  The 
potcntia] is comparcd bv the pH meter to a constant 
potcntial produccd  in a rctercncc clcctroilc \vhich is 
a ls o  i n i m e r s c d  in t l ie  so i l  s u s p c n s i o n  t o  c o m p l e t c  tlic 
c i r c n i t .  as sh o v v n  in Fiíf. 3. T h e  lỊlass c l e c t r o d c  10-  
sponds according to the N erns t  cquation,  vvhich dic- 
tatcs that cach l()-tb ld  chanu;c Í11 hydrotỊcn ion  activitv  
sliould 1ỊÌVC a 59 111V chantĩe in potential. For usc, the 
mctcr is sta»dardized a^ainst solutions ot knovvn pH. 
T h e  mctcr scalc is labcied in pH unics vvith one pH 
unit higlicr or lovver for ca ch l()-told điantỊc in H* 
activitv.

Soil solution consists otTilms o f w a tc r  adsorbed  OI) 
soil particlc surtaccs and in the tincr capillary pores. 
This is inacicquntc solution to givc t;ood contact vvitli 
pH clcctrodes. Thus, solution pH is typically mea- 
sured by adding distilled water. or a 0.01 M  ( 'aCl 
solution to gi ve a suspcnsion o f  cither a 1 : 1 or 2.5 : 1 

solu tion  to soi! ratio. AddiiiíỊ distilled w ate r  dilutcí 
the natural salts in the soil solution and tcnds to ÍỊÌVI 
an artitĩcially highcr pH rathcr than tlie truc solutioi 
pH o f  an acid soil. The CaCli solution attcmpts tc 
niamtain a salt con ten t in thc solution ncar that tbuiu 
in  t l ic  o r i^ in a l  u n d i l u t c d  so i !  s o l u t i o n  a n d  t h u s  tỊĨvc;

G lass
Electrode

Reíerence
Electrode

V
Hg, Hg2CI2 

half cell

• KCI crystals 
Liquid ịunction 

pore

F IG U R E  3  G lass  c lc c t rodc  s v s tc m  to r  n ic a su rc in c n t  o t  pH.



,1 >.liu;htly m o r c  v.ilkl pỉ l .  H o x v c v c r ,  p H  tìuctuatcs 
A Ì r h i n  a t i c l  I s o i l  ,1S s a l t  . u k I  v v a t c r  c o n t c n t  d i a n i Ị C  

■ .v i t l i  m i n c r a l i z ; i t i o n .  c v a p o r a t i o n ,  a n d  r a i n t a l l ;  t h u s ,  

t.-ithcr \v.iy ot ineasurint; pH can bc valid tor asscssintr 
í oi] sulution acidicy.

riio pH can also bc nicasurcd by eĩỊiiilibratinỉ' soi! 
'.vitli Solutions ot ccrt.iin ori;anicadd indicators \vhich 
( hiiniỊC color as tliey IỊO trom associatcd to dissociatcd 
torms. Dikitc solutions o f  thc indicators are addeđ to 
a small amoimt ot' soil 111 a spot platc and observcd 
fbr indicaror color điangc. Eacli indicator usunlly 
kmctions ovcr a short rantỊC of lcss than 1 pH unit 
.ibove and hclovv its pKa. C onim onlv  uscd indicators 
;irc Brom Cresol (ìrcen (pKa 4.6), c.hlor 1’hcnol Red 
(pKa 6 .(1), Broni Thymol 131IX’ (pKa 6 .6), and Brom 
( Tisol l>urplc (pKa 6 .0)

B. Total Soil Acidity
'I otal soil acidity is mcasurcd hv displaccmcnt ot cat- 
ions troni the soil \vitli a salt solution and titration o f  
tlic amount o f  aciđ prcscnt. Displaccnient by I M  
KC1 1>ÌVCS tlic acidity that can be removed at thc pH 
ot the systcni bccansc KC1 is an unhuttcrcd salt that 
immcđiately adịusts to the soil pH. Titration ot che 
ilisỊilaccd ncklity vvirli a Standard basc then convcrts  
II* to H iO  and AI’ * to Al(OH), and tlic hydroxvls 
iDHMinud ciỊiinl tlie total salt-cxchantỊablc acidity. 
Suhsi'i]ik'iit addition o f  a Huonđi' salt (KF) to thc 
titratcd solution causcs F to displacc the O H  trom 
tho A1(OII)ị. The O H  can then bc titratcd vvitli 
S ta n d a r d  a n d  (H (M ) t o  d e t c r m i n c  h o w  m u c h  o f  t h e  

ađdiry is attributable to AI.
A iuethod ot displaccmcnt vvith a solution o f  BaCU 

Imttcrcd at pH 8.2 vvith tricthanolaminc is uscd to 
obtain totnl “ potcntial” acidity. BulTcriiiíỊ at pH 8 .2  
assiircs rcmoval ot acidity tro 111 vveakly dissociatiníỊ 
soil acids, This dctcrmination approximates the acid- 
iiy tli.it C aC O , in limestone can ncutralize sincc satu- 
r.ưod C aC O , solution has a pH ncar 8.2. Ít mcasurcs 
considembly tnorc' acidity than the KC1 cxtraction, 
cspccially in aa d  soils tliat contain laríỊC amounts o f  
liunuis and /o r .imorplious aluniiiio-silicatc matcrial.

V. Acid Soil and Plant Nutrition

A. Direct Effects of Hydrogen
1 lu- c t t c c t s  o t  ncid  so il  o n  p l a n t  i Ị r o \v t h  a rc  n i o s t l v  
SL'ConJary e t t c c t s  o t  t l ic  acid c o n d i t i o n  OI1 t l ic  s o l u b i l -  

ity o f  i n i t r i c m  a n d  n o n n u t r i c n t  ÌQ11S a n d  t h c i r  a v a i l a b i l —

itv to plants. The dircct inrincncc tlic 11 * on plants 
is minor luilcss tho pH is vcry lo\v: pH  4 or lcss. lt 
has bccii dirticult to separatc thc hydrogcii ion ertect 
trom the sccondary cttccrs associateđ vvith lovv pH.

B. Transition Metai Solubility
Incrcascd solnbility ot the transition inctals. Fc, M n. 
Zn. and Cu, is íỊenerally a positivc ctTect o f  an acid 
soil. In nonacid (alkalinc or calcarcous) soils detìcien- 
cics o f  these clcmcnts ottcn occnr bccausc ot the lovv 
solubility ot' thcir carbonatc. hydroxidc, and oxide 
torms.

c. Microorganism Activity
A á d  soils rcdưcc activity ot most soi! bactcria and 
actiuomycctcs. Thus, soil acidity can bc uscd to con- 
trol pH-scnsitivc discasc orsỊanisms such as thc potato 
scab orsỊanisni vvliich is controllcd by kcopiníỊ pH 
low. Hovvevcr, low pí I also roduccs microbial dc- 
coniposition o f  plant rcsiduc. Sincc much ot the N, 
p, and s nccdcd hy plants must bc rccyclcd troni 
prcvious plant tissue, acid soil dccreascs the availablc 
N, F, and s supply. Also, somc specics ot thc symbi- 
otic nitrOiícn-hxinir organisms on lcíỊiime roots (R h i- 
;ohiimi spp.) aro scnsicivc cnouu;li to aciciity (Al, H, 
low Ca) to rcsult in nitroiỊen-dctìcicnt lcgumcs OI1 
a c id  so i ls .  I .Scc S o n  M i c u o b i o i . o c y .  I

D. Phosphorus Solubility
Soil acidíty can dcprcss phosphorus availability in the 
natural sitnation bccause phosphorus torm s lovv solu- 
bilitv salts with Fc, Mn, and Al. These thrce mctal 
ions arc nmch m orc abundant in acid soil solution 
than the meaỉỊcr supplv o fP ,  and thcrctorc depress the 
quantitỵ o f  p 111 solution. Hovvcvcr, rccent research 
indicates that soils that liavc had p adđed as fertilizcr 
actually s h o w  grcatcr I’ so lubil ity  in m ore  acid soils.

E. Cation and Anion Leaching
lons which lcach arc ottcn in lovv supply in acid soil 
becausc acidity is mainly an artifact ot' lonạ-tcrni 
lcaching. Tlnis K ' , Msĩ2 + , and CaJ+ can be reduceđ 
to dcticicncy lcvels by such leaching, aus;mented by 
their displaccmcnt from cxchangc sitcs by H ' and 
Al1 + . Such dctìciency occurs com m only  in huniid 
rciỊÍons tor K 1 , less conunonly tor Mi;2 + , and scldom 
tor Ca2 ■: in this ordcr bccausc ot natural abundancc 
and /o r  rckitivc ordcr o t rcsistancc to lcachintỊ. Leach-



in g o fM ri2+, Z n 2 + , and C u 2 + during soil ađdiíĩcation 
can causc đeíìciencies cspccially if  tollovvcd by liming 
vvhich dccreases solubility o f  the small amounts o f  
thcse three micronutrient metals remaining in the de- 
pleted soil. [St'f Son., C h e m ic a l s : M ovhm ent  an d  
R e t e n t io n . I

The anions ( N O 3, SO;;- , and M 0 O 4” ) lcach rcadily 
because soils gcnerally have lictle anion-exchangc ca- 
pacity. Boron, as H 3B O 3, has no charge and also 
leaches. Thus, acidic soils often arc ]o\v in thcsc nutri- 
ents. Intercstingly, liminẹ; to raise thc pH increascs 
the MoOiị- in the solution otten eliminating Mo de- 
hciency; hovvcvcr, liming dccrcases solution H 3B O 3, 
accentuating B dcficiency.

VI. Acid Soil Toxicity to Plants

AI and M 11, metal ions, reach toxic lcvcls in some 
acid soils. Alurninum, a nonnutrient ion, has bcen 
most studied. Estimates o f  soil limitations to plant 
grow th in thc “ dcvcloping” world shovv an avcrage 
o f  23% ot' the soil usc is constrained by AI toxicity 
and another 16% limited by acidity without AI toxic- 
ity. AI toxicity is priimrily due to the Al3+ ion spccics. 
AI1* toxicity đamaiỊcs roots o f  sensitive spccics, an 
cffcct which occurs at concentrations b e l o w  2 fi,M  
litcr 1 in solution culture. Yct soil solutions COI1-  

taining A] up to sevcral hundrcd /U.M litcr- 1  may 
be eithcr toxic or nontoxic. This ambiguity occurs 
bccause solution AI in soils occurs in many forms 
vvhich are either nontoxic or less toxic than thc Al3 + 
ion (c.g., Al(OH)t, A l(O H )2 + , A1(S04) + , and or- 
ganic complcxes o fA l) .  AI toxicity is not expccted 
in soils abovc pH 5.5 and seldom occurs until pH 
declines to <5.

Thus, vvithout accurate speciation, it is difficult to 
know  whether an acid soil will prođuce phvtotoxicity 
from A I.  Sincc accurate speciation is very difficult, a 
short-term bioassay vvith an aluminum-sensitive plant 
spccies givcs the most eííìcicnt indicator oẾ the toxic- 
ity. Roots in a toxic soil observcd as soon as 2 to 3 
days attcr germination arc dcnorally lacking in root 
hairs, mu ch shorter, and niav show spatulated root 
tips and necrotic tissuc in comparison to thosc grovvn 
in a nontoxic chcck soil.

Toxicity o f  Mn is lcss com mon bccause M 11 lcvds 
in soil arc lovver. M 11 toxicity may be induccd by a 
combination o f  hiũ;h M 11 con ten t in thc soil with lovv 
pH  and/or reducinọ; conditions vvhich increasc' the 
solution conccntration o f  M n:+ , accompanicd bv an

abundant s u p p ly  OẾ a n u tr ie n c  anion like N O ,  to stim- 
ulate cation uptake.

VII. Managing Acid Soils

A. Ameliorating the Soils
Soil acidity can be decrcascd or increased. Finel\ 
crushcd liinestone and marl are the most commor. 
products used to decrease acidity. Limcstone and mar 
are availablc in most parts o f  thc world and arc easy tr 
crush, thus making them inexpensive. Thcir primarv 
i n g r c d i e n t s  arc  c a l c i u m  a n d  n i a t Ị n c s i u m  c a r b o n a t e  

two basic salts. Reactcd with the soil solution thev 
producc C a(O H )i and Mi;(OH)i which neutralize thc 
acidity. Because o f lo w  solubility, the limcstonc mus: 
bc íìncly crushed to expose a lariỊL’ surtacc arca to thí 
so i l  s o l u t i o n .  T h e  f m e  p o v v d c r  p r o d u c e d  a lso  p r o v i d e s  
adcquate particles to pcrmit iỊood distribucion, and 
thus un itbnn  neutralization o íacidity  throughout th.‘ 
suríacc soil. Either calcium oxidc or hyđroxide (Cat) 
or Ca(OH)i) are occasionally uscd. Bccause thcy ar; 
manutacturcd from limestonc thcy arc more cxpcn- 
sive; however, thcy have 179 and 136%, rcspectivch, 
o f  the acid ncutralizing value o f  calcium carbonate pcr 
unit wcight. O thcr bases or basic salts also đecrease 
acidity bnt gcncrally arc less availablc, less suitablc, 
or morc cxpcnsive. S(J1I. MANAcỉtMtNT. I

Conversely, where a morc acid soil ís dcsired, clc- 
mcntal sụlfur, an inexpcnsive yellovv pcuvdcr, can be 
addcd. lt slowly oxidizes and hydrolyzes to sulturic 
acid. A more expensivc alternativc which gives rapid 
acid iíìca tion  is the addition ot’ the acid salts, tcrrous 
sultatc (F e S 0 4) or aluminum sultatc [A1t(S04),|, 
which form sulíuric aciđ upon hydrolysis. If onc 
wishes to maintain or slovvlv incrcase acidity in soil, 
am m onium  sultatc used as the nitroíỊcn sourcc for 
plants will accomplish this.

Liming an acid soil typicallv rcquircs from 1 to .1S 
nuich as 20 tons oí limestonc per hectare. Prediction 
o f  thc amount needed is based on dctermination o f  tlie 
aciditv prcsent by laboratory titration of the acidity ot 
a sample o f  the soil: a slow process. Morc commonlv, 
the amount nceded is approximatcd by addiníỊ a mca- 
surcd sample o f  thc soil to a Standard solution which 
has bcen butĩcred at a rather hiỉĩh pH, c.c;., 7.5 in 
the conimonlv uscd Shoemakcr-McLean-Pratt (SMP) 
butTcr solution. The acid soil decreascs thc pH o f  the 
butTer solution and this dccrcasc has bccn calibratcd 
t o  ÍỊÌVC t h e  ạ p p r o x i m a t c  l i m c  I i c c d c d  t o  o b t a i n  th e



TABLE I

l-ime Required to Bring Soils to Desired pH as Deter- 
rnined by Equilibrium pH of SMP Buffer (pH 7.5) with 
Acid Soil

pl-l  o f

s o i l - b u t t c r  n u x

D c s i r e d  s o i l  p H ‘

7.11 6 . 5 6.1)

fi.s 2.5 2.(1 1.8
(1.7 4.11 3.6 .VO

().(< 5.4 4.5 3.8
(1.5 7.(1 5.X 4.7
t,.-1 7.6 fO
11.3 1(1.5 9.(1 7 4
(>.2 12 1 1(1 3 S..Í

f< 1 13.4 11.2 9.2
'i.li 15.2 12. s 1(1.5
ĩ. 9 17.2 14.í) 1 l.M
Ĩ.H iH.r> 15.7 12.N
1.7 2(1.2 17 0 13 9

' Valucs  are  to n s  pu rc  C a C C V h e c t a r c  to  a ilcptli ot'  
- ' )  c m .  A d ị n s r  . u t u . l l  r a t c  t o r  q u . i l i t y  o f  IÚ1K' a n d  

ot tillaiỉc.

dcsircd soi] pH ;is shcnvn in Table I. The etĩect on 
Soil a c i d i t y  o t  a d d i n g  l i m c s t o n c  o c c u r s  o v c r  a p e r i o d  

o f  ;1 f c w  m o n t l i s  b u t  s h o u l d  n o t  n c c d  r e p e a t i n g  fo r  

Sonic ycars im less the soil has a very  ]o w  cation - 
CMcliange capacity and lariỊC am ou nts o f  am m oniacal 
nitroiỊcn fcrtilizcr are beiag used.

Limc has little cttcct bclovv thc cicpth to vvhich it 
1S m i x c d .  T h u s ,  t h c  s u b s o i l  w i l l  c o n t i m i c  t o  b e  a c i d  

attcr l iniing. It the acidity inhibits dcep and tlioroui»h 
root pcnetratíoii, tlicrc will be incfficicnt usc ot soil 
water. Mucli of thc drought strcss observcd in the 
southcastern United States and similar arcas is proba- 
bly induccd by the advcrsc  eíTect of subsoil acidity 
OI1 root d cv c lo p m en t.

B. Selecting Tolerant Species
l-Mant spccics differ in sensitivity to the elevatcd lcvds 
o f  alurniinmi, hvđroe;en, and maniỊanesc ions Í11 acid

soils. 1’earl millet (P nm isctinn \;hiuiiiin) covvpea ( I 
sinn isis), and cassava (M íìiiihot csailciita) arc cxaniples 
ot tood spccics with íỊreat tolcrancc to acidity. In 
contrast, niany cdiblc bcans (Phtìseolus mtlạaris), soy- 
bcans (G ly á n c  Iii(ix), and altalta (MedicơíỊo sativà) are 
cxamplcs oí scnsitivc species. Variability in acid-soil 
tolcrancc vvithin individual spccics also exists, and an 
acid tolerant varictv or gcnotype will ottcn iỊrow wcll 
in a ]ow pH soil wherc another varicty ot the same 
spccies does poorlv. Plant breedcrs workiníỊ cspecially 
with sorgluim, tbrage legumes and lỊrasscs, wheat, 
and maize are cvaluatine; their íỊcnetic material for 
acid/Al tolcrancc tor use in producing varictics 
adapted to acid soil situations.

Thus, One can ameliorate a bađ £Ịrowth situation 
produced by acid soil by either amcnding the soil or 
sclecting tolcrant plant spccics or varietics. Hovvevcr, 
usinụ; plants with acid/Al tolcrant roots will be im - 
portant when limini; materials arc not availablc or 
too cxpcnsivc and vvherc acid subsoils are causing 
poor root development and droutílit strcss.
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Glossary
L.and Soil is 01)0 aspect o f  land; land concerns the 
Coniplex ot soil, vcgetation, hydroloẹy, diniate, and 
intr.istructurc; Iimch land is uscd hy man for various 
purposcs.
L and  use Mci]or kind o f  land usc is a major subdivi- 
sion  ot rural land L1SC, such as rainted a^riculturc, 
nrassland, torcstry or rccrcation; land utilization typc 
is a kind o f  land use described or dcfined in a degrcc 
ot' urcatcr dctail than land use; it consists o f  a sct o f  
technical speđhcations in a gi ven physical, economic, 
and social setting; terms multiple or com pound land 
utilization types reter to situatiơns in vvhich morc than 
on c  kind o f  land L1SC is practiccd vvithÍH an area: a 
land usc systcni.
Soil Collection ot natural b od ics on the earth’s sur- 
tacc. in placcs moditicd or  cven made by man o f  
cartliy matcrials, containintỊ mineral and living matter 
and supportiníỊ or capable o f  supporting plants out 
ot doors; soils arc classiíìcd according to systems 
s u c h  as the Soil Map o f  the World, the u. s. Soil 
r .ixonomy and the Frcnch Soil Taxonomy.

S u i l  and land use survcys involvc activities, which are 
m tc m k - d  to  c o n s t r u c t  n i a p s  p r o v i đ i n g  t o r  t l ie  r c g io n a l  
ilistribution ot soils and land use. DiíYcrcnt techniques 
.irc nsod tor this purpose: (1) Ficld dcscription and

laboratory analysis ot soils; (2) Land cover description 
and inquiries on land usc; (3) Processing and interpre- 
tation o f  rcmotc sensing imagery including aerial pho- 
tography; and (4) Application ofGeotíraphic Informa- 
tion Systems (Cj IS).

I. Introduction

Soil maps are still needcd in many countries. Many 
countrics posscss maps at a scalc o f  1:500,000 vvith 
iníbrmation too broad to cnablc adequate planning 
o f  land use. For this a 1:100,000 soil map is a mini- 
m um  requirement. Attcr a fưst sclection o f  promising 
areas, maps at larger scale (e.g., 1:25,000) provide 
definite lay out ot' parcels, drainage, and irrigation 
systcms.

Whilc soil may be regardcd as a niore or less stablc 
featurc with rcgard to the build up ot' the profile, chc 
proccsses activc in soil fauna, thc ciistribution o f  salts 
and moisture, and the íormation o f  soil structure are 
highly dynamic. O ne has to be aware o f  the fact that 
a soil map is not the íinal task o f  the soil survey. The 
samc applics f'or land use: a highly dynamic feature. 
The mapping o f  land use may be done at a regular 
time basis. It is oíten aimed to characterizc the process 
and indicate the causes tor a change in land use, vvhich 
can be socioeconomic or relatcd to land detỊradation.

II. Soil Survey

Soils are survcyed in accordance to the physiography 
o f  the land. The lattcr may hclp in exploring the 
history o f  the land 111 a geological way (several mil- 
lions ot' ycars) or in a human historical vvay (scveral 
hundreds and thousands ot' vears). Both vvays are 
important in defininẹ; “ natural soil bodies” or cultural 
soil bodies, thc lattcr cntircly niade up by human 
activity, c.e;., soils vvith a plaggen cpipcdon produced
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by loníT and continued  m anurini;. D itìcrcnt system s  
m ay be uscd in soil survev  niniỊÍnt; trom a grid S y s t e m  
to a landscapc-guidcd physionnphic  approacli and 
the survey o f  kcy areas. In the lattcr, intcrpretation 
o f  aerial photoe;raphs and satcllitc imatỊcry m akc it 
possible to cxtrapolatc thc rcsults ot'vvell-đefmed soil 
survcys in relatively small arcas.

The S y s t e m  used for physioe;rap!iic intcrpretation 
o f  acrial photoíỊraphs and othcr remoti? scnsine; iniaíỊ- 
ery is illustrated Í11 Fit». 1.

The rcsulting intcrpretation maps are uscd as an 
cntry to plan the field survev, tli.1t is to locatc thc 
points, cransects, and key arcas to bc surveved. Field 
obscrvations on soils, vee;ctatioii, land use, and relict

providc the intormation rcquired for locatine; bound- 
arics betxvccn soil units, which can be chcckcd t'or 
accuracy in a latcr stage. Grid surveys, or dctailcd 
obscrvations in transects at rclatively short distances, 
are íỊenerallv used in dctailcd surveys at scalcs ot 
1:5000, vvhcre rcniotc sensúm; imagery docs not offer 
any kcv to soil distribution, vvherc the soil landscapcs 
are monotonous, or whcrc statistical approaches to 
cictcct soi] variability are intcndcd.

Soil analyscs arc carried out for different purposes:

• T o  support  thc  soil su rvcy .  T h a t  is. ot ditYerent 
horÌ7ons in so il  p ro í i le  pits , a n o rm a l  set o t  analyses  
involvcs thc  d c tc rm in a t io n  o f  soil tcx turc.  c, N , I \  K, 
cation c x c h a n g c  capacity .  cxchaniỊcable  cat ions ,  base

FIGURE 1 r h  v s iou ra phu '  mtc i p rc tu t ion  fo r  >oil Nu rv cv .  ị h r o m  M u ld cp i .  M .  A. (1MN7). Uc- 
in o tc  s c i ì S Ì n i ĩ  in soil S Õ C 1 K C .  / ) < T .  Soil Sii. 15, 37‘). (.iopvriiihr E ìsevier S a cn cc . A m stcrdam . I



suturation, pH  K c 1. p H  11 ,0 .  and  o th c r  data  Iiccdcd to 
charactcrizc matcrials o r  soil l iorizons tor  soi] 
d .issihcation.

• S a m p le s  at rc^ u lar  in tc r v a ls  to  c s t im a te  s a l in it y ,  tlia t is 

by clccrrical c o nduc t iv i ty  and ty p es  o f  salts.
• T o  cst im atc  soi] tcrti li ty ,  that is bcsides N .  p, and  K. 

the ex đ ian g cab le  cat ions and trace c lcm cnts  (C u ,  Zn, 
M b, ctc.).

• P h v s i c a l  m c a s u r e m e n t s  to  e s t im a t c  so i l  p e r m c a b i l i t y  

and soil n io is tu rc  availabili ty.

Soils may be groupcđ in a num ber o f  scts according 
to the Soil Map o f  thc World:

• o rgan ic  soils o r  Histosols;
• mincral soils in whicii  soil fo rm a t io n  is c o n d i t io n c đ  by 

h u m an  inHucnccs— A nthroso ls;
• mincral soils in vvhich soil t o r m a ú o n  is co n d i t io n cd  by 

parcnt  inatcria l— A ndoso ls  in volcanic  materia l,  
A renosols  in residual and  shittini* sands.  Vcrt iso ls  in 
oxpandiniỊ  davs;

• niincral soils in \vhich soil ío rm .u io n  is co n d i t io n ed  by 
p h v s io g ra p h y — F!uvisols and Cỉlcysols in k n v lan d s  w ith  
Hat to uiKÌukitint’ relict, Lcptosols  and  R egoso ls  in 
olcvatod rcựions;

• Iiiincral soils in w hich  soil tb rm a t io n  is c o n d i t io n ed  by 
limitcd U1ỊC— C am biso ls ;

• miiK-i.ll soils in vvliich soil furmation is conditioncd hv 
rl inuiic  and  c límate induccd  vegcta t ion
- 1 ’lintosols,  Fcrralsols, Nitisols ,  Acrisols, Alisols, and 

l.ixisols in tropical and  sub trop ica l  rcgions 
-S o lo m l i a k s ,  S o lo n e u ,  Gypsisols ,  and  Calc iso ls  in 

.iriil and scm i-arid  rciỊÌons 
-K a s tan o z c in s ,  C h e rn o z c m s ,  Phaeozcm s ,  and  

( ỉ r cy z cm s  in steppes and steppic  rcíỊÌons 
- I  uvisols,  Pocừoluvisols ,  Planosols, and  F o d zo ls  in 

su b -h u n i id  torcst  and  ^rass land rciỊÍons 
| .s<r S o n  CÌENESIS. MORPHOI-OGY, a n h  CLASSincATiON: 
Son. TEST1NG. I

III. Land Use Survey

A land usc survey involvcs interprctation o f  aerial 
photoiỊraphs and satellite imagcry as well as tcrrain 
obscrvations and inquirics 011 management and socio- 
economics. The dcfinition o f  a land uti]ization typc 
m.IV i n v o l v c  m a n a g e n i e n t  p r a c t i c e s ,  c r o p  t v p c s ,  a n d  
Capital and labor inputs. A sunimary ot the niain land 
u sc  S y s te m s  is l ỊÌvcn b c l o w .

• Sotilcmcnt/industrics: residcntial uso, industrial usc, 
t ran sp o r t .  recrcational, and  excavations

• A ^ r i c u l t u r c :  an n ua!  tìcld  c r o p p in t ; ,  p c r c n n ia l  í ic ld  

I rnppiniĩ .  trcc. and sh ru b  croppins*
• A m m . i l  h u s b a n đ r y :  e x t c n s i v c  graz in í?  an d  i i i t c n s iv c  

Hra/iiiiỊ
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• Forestry: cxp lo ita t ion  ot natural torcs t  and \voodland ,  
p lan ta tion  íò res trv

• M i x c d  tarm inẹ; :  a i Ị r o t o r e s t r v  and  a g r o p a s t o r a l i s m

• Extr.iction/collectiní*: e x p lo i tad o n  o f  natural 
vcsỊctation, l iunting,  and tìshini?

• N a tu rc  p ro tcc tion :  Iiature and  tỊamc prescrva t ion .  
dcíỊradation contro l

Land use is oítcn ot a complcx nature, for example: 
torcstry and rccreation in the same area or ditYcrcnt 
a^ricultural activitics on the same land. In Burkina 
Faso, sylvopastoral areas do not havc clear-cut bound- 
arics. These boundaries arc vague, with sylvopastoral 
land only íỊradually changina; into agricultural land. 
Furthcrmorc, thc use of the atỊricultural land is oí' a 
complcx nature sincc sylvopastoral activities usually 
take placc 011 these hclds after harvesting. I See  L a n d  
U s h  P l a n n i n c ;  in  A g r i c u l t u r e .  I

IV. Application of Remote Sensing in 
sòil and Land Use Surveys

The inỉòrmation requircd íor a soil survcy involves 
a num bcr o f landscapc  attributcs, such as relicf, drain- 
atỊC systcm, natural vcgetation, and land use (Fig.
1). T h e  u s u a l  t o o l  t o  g a t h e r  th is  i n í ò r m a t i o n  is th c  
stcrcoscopíc interprctation o f  aerial photographs but 
othcr remotc scnsinỵ; techniqucs may be very helpti.ll.
Thcsc arc:

■ SL A R  o r  s idc - look ing  a i rb o rn e  radar  for  small-scale 
analysis o f  vegctatioii ,  d ra inage  sys tem s,  and  reliet'

• M SS o r  m ult ispectra l  seanninií  w i th  Landsat MSS 
(80 m g ro u n d  rcsolu tion) .  L an đ sa t -T M  (them atic  
n iap p c r  w i th  30  ni g ro u n d  rcsolu tion).  and  S P O T  
(système proluỉtoire d'obseri'iitiữn de l(ĩ t e m  w i th  
m ultispcctral  and  s te reo m o d e  o f  20 111 g ro u n d  
rcso lu tion  and  a p an ch ro m a t ic  m o d e  o f  10 ni ẹr o u n d  
rcsolution).  A p a r t  t ro m  mulcispectral characterization  
o f  the  land surtace  as used in m e d iu m -  and  small-scale 
mappiniỊ,  thcsc sys tem s  allovv m u lt i te m p o ra l  
obsc rva t ion  of  che land surtace  to  s tu d y  d y n am ic  
aspects: the relation with crop íỊrovvth, dcvelopment o f  
natura l  veiỊetation, and  soil ino is tư re  cond it ions  is 
evidcnt

• IRLS o r  ( thcrm al)  in tra red  line-scannint;  data  are uscd 
tor  est im a tions  on  evapo tran sp ira t io n  and thus  are 
va luablc  for vvatcrbalance studies

• M u l t i s p c c t r a l  íie r ia l  p h o t o g r a p h s  a t  l a r g e - s c a l e  a n d  
ditTerent acquisi t ions t h r o u ^ h o u t  the  íỊ row ing  scason 
allovv rhe accurate  idcnti t icat ion  o f  c rop  typcs and the 
detect ion  ot ' i Ị row th  d irterenccs w i th in  and bctvvccn 
aiỊricultural rtclds, thus  scrvint;  studies  on soil 
variabil i ty  and  tcrrilitv



N o r m a lly  aerial photOíỊraphs arc uscd tbr survcv  
purposes in combination vvith satellitc dat.1 , the lattcr 
o f  most rcccnt acquisition dates or sprcad out ovor a 
certain pcriod ot' timc to study diaiiiỊCS of thc land 
suríacc. Land suríace properties íire ot equal intcrcst 
to soil surveys  and the survey  ot land usc. The dynatn- 
ics o f  the surtace have to bc transl.ited into land usc, 
usinsr data such as provided tor bv crop calcndars. The 
acrial photographs at lartỊC or mcdiuni scalc íỊcneralI.y 
provide those details, vvhich hclp Iiiidcrstandina; ot the 
small-scalc iníormation o f  thc multispectral rcmote 
sensing tools.

Land cover describes the natural, vetỊct.ưional, and 
m an-madc rcsourccs covcrine; the Ltnd surtacc. It 
tbrnis thc basic ontput o f  thc Application ot' remotc 
sensing tor soi! survcys and lam) IINC.

Three stagcs can be distiu^uishcd in land covcr 
m a p p i n g  USÍ11Ơ s i n g l e - d í i t c  L a n d s a t  t h c m a t i c  m a p p c r  

datá (TM):

1. ImatỊe proccssiiiiỉ  in tlic p re t ìek h v o rk  staiỊC tocuscil on 
the  overall var ia tion  o f  the  SCC11C

2. Small-scale reconnaissanct' hckkvork .I1KỈ proccssint; 
thcrcattcr ,  d irecteđ to w a rd  thc  p roduction  o f  them aric  
im ag c ry

3 . M c đ i u m - s c a l c  r e c o n n a i s s a n c e  t ì d i h v o r k  and 

dassitìcation

T h c s e  s ta iỊcs  i n v o l v e  a n a ly / i i i Ị í  t h c  d i iụ ta l  d a t a -  
structurc ot 't lic  remote scnsint' dal .1 (licic: rM ) as 
w e l l  a s  a s t r u c t u r c d  m c t l i o d  o f  h c ld  d a  ta s a m p l i n g  
(F ig .  2).

As a fìrst step in analyzintỊ tho diíỉital structurc, the 
digital numbers, the valucs assigned to the dittcrcnt 
T M  vvavelen^th bands, arc proccsscđ accordititỊ to 
selection critcria based on Standard dcvỉations and 
correlation coeíTicients. A threc-band combination 
with thc lowest corrclation is composed. To indicatc 
the variation o f  bands otlicr than tliosc sclcctcd by 
the torm cr critcria, combinations of two or thrce prin- 
cipal componcnts, cxprcssinq most of tlic variation 
contained Í11 the TM  bands (PC 1-2 or PC 1-2-3), arc 
uscd.

In  t h e  t ì e ld ,  t h c  l a n d  c o v c r  t v p c s  arc  i d e i u i t ì c d  a n d  

describeđ. tìrst sampled at sniall scilc. and latcr 011 at 
m cdium scalc, this lattcr attcr tho inclusion ot hÌ£»H]y 
i n t b r m a t i v c  i n n i í Ị c r v  s h o w i i i g  v . ư n t i o n  \ v i t h i n  l a n d  

covcr class.
T h e  í ìna l  c la s s i t ì c a t io n  n o r m a l l v  m v o lv c s  th c  i n c lu -  

sion o f  acrial phototỊraphic data hcsidcs 1 M data and 
trainiiiiỊ data (a combination ot tickl dat .1 and classitì- 
cation results). Mosr o f  the land covcr iđentítìcation 
names have alreađy surtìcicnt detail to include tlicm

into land use svstcnis; othors havc to bc translatcd 
into land usc ternis usiniỊ kncnvlcd^c o f  thc actual land 
use systcms practiccd in the arca undcr consideration.

The scale and the physioqnom v ot the land usc 
systcms, thc presencc o f  parcel boundaries, etc., are 
important tor thc dciỊrce o ídeta il .  Fiqure 3 presents 
a TM  imaíỊe o f  an arca in Costa Rica. The large parcols 
are identitìed without đitỉìculty: banana in liiíht grey; 
b a m b o o  in g r e y .

Black and dark grey coniprisc natural torest while 
thc irregular srrcv tonc pattcrn mainlv represents 
e;rassland.

FŨỊures 4a and 4b are acrial photoí^raphs ori^inally 
acquircd at a scalc ot 1 : 5 0 ,0 0 0  (size 23  X 23 cn i). 
Fiu;urc 4a rcprcscnts an area vvith lovv annual raiiitall 
in Burkina Faso (601) min), vvherc light-grey tones 
ncar valley bottoms and adjacent colluvial slopcs indi- 
catc aiỊricultưral nse (millet, sorghum, and pcanuts); 
this in contrast to liu;ht-nrey tones at the íootslopes 
o f  ironcaps which have anothcr meaning (discusscd 
latcr). Parcel boLindaries arc absent or vaiỊue due to 
chaniỊÌn^ boundaries and the lack o f  pcrmanent trans- 
port ways.

Fiu;iirc 4 b  r c p r c s e n t s  a g r i c u l t u r a l  u s c  in  t h e  sa n u '  
country but in an arca with highcr annual raintall 
(900 min) and oiiiỊoin^ agricultural dcvclopment 
proịects. M uch o f  thc area is occupied by a permanent 
lav out o f  parccls (with millct, sortỊỈium, pcanuts, 
cottơn, and ricc).

V. Matching Soil and Land Use

Experimcntal íiclds on vvliich a spccific land utiliza- 
tion typc is practiccd on a specítlc soil or soil associa- 
tion providc for quantitative data on technical and on 
cconomic aspects valid tor that particular situation. 
The cxperiments can be used to dctìnc rcquirements 
ot thc land use, land qualitics, and latid suitability tbr 
that use. T he method. vvhich matchcs land and land 
use, is called land evaluation.

Most ottcn, there are no expcrimental data available 
and information has to be collected bv inquirics 
amontỊ íarmcrs and intcrprctation o f  soil and climatic 
data.

Alternativcs 011 this qualitative land cvaluation are 
quantitative proccdurcs. usint; a .o . s im u la tion  o t the  
soil vvater rcg im e to cstin ia te  che m oistu re  su p p ly  
capacitv and cstim ates on  thc c o n su m p tiv e  use ot vva- 
ter by plants.

The lattcr is takcn as an example tor the soi] and 
đimatic data nccdcd in qnantitative land evaluađon.
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FIGURE2 A structurecỉ approach in land cover mappinu, usiiii* simílc datc Lanđsat Thcmatic 
Mappcr iiata. [Froni Muỉders. M. A.. De Bruin. s..  and Schuilini'. B. V. (1W2). Int. Ị. 
Rcniott' SnisĨHịỊ 13(U»). 301^-3036.1



FIGURE 3 PC' 1-2-3 c o m b in a t io n  o f T M  acqu is i t ion  o f  6 F c b ru a ry  1986; 
(ìuapilcs area ÍII Costa Rica.

The maximum amount o f  available rnoisture that can 
be storcd in the rooting zone can be dcíincd by:

TASM  =  (SMFC -  SMPWP) X RD, (1)

w h cre  T A S M  is the n iax in iu m  possiblc a m o u n t  o f  
available m o is tu re  (cm)

S M F C  is the  v o lun ie  íraction o f  m o is tu re  in soi] at field 
capacity (cnr’ cm "’)

S M P W P  is v o lu m e  íraction o f  m o is tu rc  at p c rm a n en t  
w iltiniỊ point (cm c n r ’)

R D  is equiva lent  deptli  of a h o m o g en e o u s ly  roo ted  
suríace laycr (cm).
T h e  amount o f  moisture actually availahle for uptake 
at any  m o m e n t  (AA SM ) is de íined by:

A A S M  =  (SMPSI -  S M P W P )  X  R D , (2)

\vherc  A A S M  is actual a m o u n t  o f  availablc n io is tu re  
( c m )

SMPS1 is actual v o lu m e  íraction o f  m o is tu re  in the  roo t  
zone (cnv1 cnr'); Eq. (2) is valici if SMSPI is greatcr 
than SMPWP.

The compounded losses o f  vvater vapor from the 
rooted surtace soil can be described tor three ranncs 
OẾ soil moisture:

• i f  SMPSI £  S M C R  (vvhere S M C R  is critical vo lu m c  
traction o t  m o is tu rc  in soil c m ’ c n r \  at vvhich s tom ata  
start to closc). watcr is eonsumcd at the maximum ratc 
(E T m  =  m ax i im u n  ratc  o f  evapo transp ira t ion  C111 d"1)

• i f  SM PSI d ro p s  to  a value s  S M P W P ,  t ransp ira tion  
ceases; loss of w a te r  t r o m  thc  roo t  zone  is set at 0 .05

X E T O  (vvherc E T O  is potcntia l  rate  o f  
ev ap o t ran sp ira t io n  CI11 d"1)

• if' S M P W I> <  SM PSI <  S M C R ,  the ratc o f  loss o f  
vvater trom  the ro o ted  surtace soil  decrcascs  
p ro p o r t io n a l ly  to  the  dccrcasc  in m o is tu rc  con tcn t ,  i.c., 
t ro n i  E T m  to  0.05  E T O .

This schematizcd ET-SMPSI rclation is shovvn in 
Fig. 5.

The condition vvhere S M P W P < S M P S I< S M C R  is
dcscribed by Eq. (3):

E T  =  (SMPSI -  SMPW1}) X (ETm -  0.05 X 
E T O )/(S M C R  -  SMPWP) +  0.05 X E T O , (3)

wherc ET is actual ratc ot' evapotranspiration (cm
d - ‘).

For a d ynam ic  analysis ot land use system s, the 
followinẹ; data arc important:

• v o lu m e  fractions o f  m o is tu rc  in soil at he lđ  capacity 
and at pF = 4.2

• rates o t  precip ita tion  and o t  potential  
cvapo tran sp ira t io n

• carly m id -season  stage o f  crop. d u ra t io n  o f  grcnving 
cvclc. m a x in iu m  ro o t in g  d ep th  and the c rop  coe th c icn t  
(rclatint' the potcntiul evapotranspir.ition \vith the 
m a x im u m  ratc o t  cvapo transp ìra t ion )

• initial vo lun ie  traction  ot m o is tu re  in soil, initial 
rootiiitì, d cp th  and  p lanđn i í  or so\vimỊ liate.



FIGURE 4 A eria l p h o to g r a p h s  o f  B u rk in a  Faso. (a) Z a b lo u  área  ne a r  Kaya; J . inua ry  W82.  (b) K a ibo  area near 
M an g a ;  la nuary  1985.



soil moisture content (SMPSI)

FIGURE 5 Approximatercỉation ot 'ETroSMPSI. A b b re v ia tio n s : 
see tcxt. SMAD, volume íraction o f  moisture in soil at air dry 
condition (cnr cnr).  |From Driessen, p. M-, and Konụn, N. T. 
(1992). “Land Usc Systems Analysis.” WagenintỊen Agricultural 
University, The Nctherỉands. I

VI. Land Degradation

Land evaluation is im portant for the sclcction o f  thc 
most appropriatc land use 011 particuhr land. If  the 
land use is no t in balance with the carrying capacity 
ot soil or with that o f  natural vegctation, for example 
in case o f  natural grazing ground, it lcads to land 
deẹradation. This can take placc in m any ways, tor 
example, deterioration o f  soil structure (c.g., crustinẹ 
and compaction), hiiịh soil salinity due to mismanage- 
ment in irri^ation, truncation o f  soil prohlcs duc to 
rain erosion and vvind erosion, or the opposite namely 
accuniulation o f  colluvial matcrial, water transported 
matcrials and w ind-b low n sands.

Land degraciation may be causcd by remote activi- 
ties, such as

• d e t b r c s t a t io n  o f  Nvatersheds c a u s i n g  problems in 
lovvlands

• agricultural activities in arcas with climatic drought 
leading to incrcased vvind erọsion and deposition in far
away areas

• c x c e s s  o f  ơ a seo u s  w a s te  in industr ics  and o f  m a n u re  o n  
agricultural lands causing sedimentation from polluteđ 
rain, which leads to an excess in soil Iiitrogen.

Sonic examplcs ot' land detỊradation are iỊÌvcn 
bclow.

Fi^ure 3 (Costa Rica) preseuts an example ot rc- 
placcment o f  tropical rainíorcst by banana, bamboo, 
and extcnsivcly used pasture. The economic value ot 
thc latter replacement is questionable and procecds in 
a rapid and uncontrollcd way.

Figure 4a is an exaniplc o f  dc^raded savanna in 
Burkina Faso.

The remaining trccs are concentratcd in the valley 
bottonis and where possible, agriculture is practiced. 
Lands exclusively used for pasture are the badlands 
with steep slopes (eloniỊateđ hills) and ironcaps (dark 
grey íeatures) as well as their stony tootslopcs. The 
scarce vegetation OI1 the latter íỊÍves risc to accumula- 
tion o f  wind-blovvn sands and íormation o f low  dunes 
(as apparent by white tones). Both FiiỊurcs 4a and 4b 
show signs o f  accelcrated water erosion. [Set’ Son 
AN D  W a t b r  M a n a g e m e n t  a n d  C o n s e r v a t i o n .]

VII. Geographic Iníormation 
Systems (GIS)

G1S combines geographic data witli the aid ot com- 
puters. Differcnt inaps o f  tcrrain tcatures may be con- 
structed and combined to evaluate the coincidcncc or 
thc absence o f  coincidcnce o f  boundarics.

Dbase is a Computer program, which by sortiniỊ 
and comparing íìelđ data, evaluates the physiographic 
unit as a soil mappins; unit and detects inaccuracics 
in the basic data.

Most o f  the aspects connectcd vvith soils and lanđ 
use, such as land use requiremcnts, land qualitics for 
thc intended use, and land degradation, have a com- 
plcx nature. For example, to estimate land qualities, 
a num bcr o f  relevant land characteristics are combincd 
and weightcd tor this purposc. Snch complex cval- 
uations arc servcd by the application ot data bascs 
and GIS.

As stateđ above, remotc scnsintí data may be uscd 
to study dynamic aspects ot' thc land surtace. Figurc 
6  represents combinations o f  the T M  bands 4, 5, and 
3 at tw o  dates o f  acquisition o f  the Kaibo area near 
Manga in Burkina Faso: 26 O ctober 1989 (Fig. 6 a) 
and 3 M arch 1987 (Fig. 6 b).

O ctober (Fig. 6a) marks thc end ofthe  rainy season; 
the dry pcriod has startcd. Locally on thc plateaux, 
crops still are grecn as evident by thcir m cdium grev- 
tones in the image. It indicates arnona; others irrigatcd 
cotton. Furthermore, the agricultural areas with dry 
weeds and barc soil are visiblc in the image by vvhite 
í?rey tones.

Figure 6b rcpresents an image ot March with in 
black the areas vvhcre burning ot the savanna has been 
practiced.

The phytomass in this period is reduccd consider- 
ably bcing limited to grass and shrubland on the pla- 
teaux and trees in the vallcv bottoms.

Such intormation on tcmporal chaniỊes in land sur-
face tcatures can serve land usc and soil studies in an



FIGURE 6 I M i m a g c r y  ot Burkina Faso (Kaibo  arca). A c q u is it io n s : 26 O cto b cr  1989 (a) a n d  3 M arch 1987 (b). (a) w h ite , b arc  so i ỉ and  
d rv  r r a s s  4- \v c c d s ;  l ig h t  g r e y ,  d r y  g r a s s ,  s h r u b s ,  a n d  tr c c s ;  g r e y ,  s h r u b s  a n d  t r e c s  v v ith  d r y  l Ị r a s s ;  d a r k  u ;rey . c r o p s  a n d  a b u n d a n t  

tr.vs + slirnbs; black, burncd savanna arca. (b) \vhite. bare soil and dry I^rass + wccds; liu;ht ĩỊrey, dry I^rass, shrubs, and trees; ^rey, 
sl m l ' s  and trccs vvith d rv  grass;  d a rk  grev ,  a b u n d a n t  t*rcen trces in valley b o t to m s ;  black,  b u r n e d  s av a n n a  arca.



FIG U R E  6  C o n  t inucd



im p o r t a n t  vvay S111CC it m ay  be used  to  dc t ìn e  the  land 
surtaco dynamics. CÌIS is suitable tbr data handlintỊ 
and proccssiniỊ of products tor interpretation.

The type ot the basic da ta, vvhich havc to be col- 
lei/teđ tor environmcntal studies considerint; the 1111- 
pact o f  man and biospherc, may bc directcd bv those 
uscd in GLASSOD (Global Asscssmcnt ot Soil Dcgra- 
dation). This project aims with SO TER  (world Soils 
and T c r rain di^ital data basc) to dctìne the input 
nccdcd tor calcul.iting crosion tactors and to evaluatc 
crosion hazard on a reiỊÍonal and ơlobal base. Environ- 
nu-ntal data, such as climatic data, slope, soil, and 
1'rop covoraíỊC (as a protection tactor), arc regarded 
in this S y s te m  and may also be applied at larger scales 
tli.111 orie;inally intcndcd.

Bibliography

l io u m a ,  Ị. (1989). UsiiKỊ soil su rv cy  data for quan ti ta t ivc
l.md cvaluat ion .  A d r. S o il S ĩ i .  9, 177-213.

Priosscn ,  lJ. M., and Dudal, R. (cds.) (1991). “The Major 
Soils o t  the  W urld .  Lccturc N o tc s  a n  thcir  G e o n rap h y ,

F o rm a t io n .  1’ropcrt ics  and Usc. " p. 310. WatỊL’nini>cn 
AtỊricultura l U nivcrs i ty ,  D e p a r tm en t  ot Soil Scicncc and 
CìcoloiỊy, T h e  N cthcr lands .

Dricsscn ,  1\ M . ,  and Konijn .  N .  T .  (1W2). “ Land U sc  
Sy s tem s A na lysis ,” p. 230. Waa;cningcii AiỊricultural 
Univcrsity. Department of Soil Science and Geology, 
The Nethcrlanđs.

F A O - U N E S C O  (1988). “ Soil M ap  ot  thc W o r ld .” reviscd 
lctỊcnd. p. 109. Food  and A ^ r icu l tu re  OriỊan izat ion  o f  
the  U n i te d  N a t ions ,  R om c,  Italy.

M u l d c r s ,  M .  A .  ( 19 8 7 ) .  R c m o t e  scnsintỊ  in so i l  Sc ience. 

Del'. Soil S á . 15, 379.
Mulders, M. A.. De Bruin, s., and Schuilimỉ, B. p. (1992). 

Structurod approach to land-cover mappiniỊ °t the Atlan
tic zonc of Costa Rica using siníỊlc datc TM data. Int. /. 
Rcm otc Scm iiiX’ , 13(16), 3019-3036 .

Soi! Survey St.itT(1990). “ Keys to Soil Taxonomy,” p. 422. 
SMSS Technical Monograph No. 19. Virginia Polytech- 
Iiic Institutc and State Universúy.

V an Engclen ,  V. w .  I \ ,  and  Pullcs, |. H. M . (1991). “ T h e  
S O T E R  Manunl.  P rocednrcs  for  Small  Scalc Digital  M ap  
and  Databasi '  C o m p ilu t io n  ot Soil and T crra in  C o n d i -  
t io n s , ” p. VI. In ternational Soil Referencc and In tb rm a -  
t ion CiMitre, Wai»eniniỊen, T h e  N e ther lands .





Soil and Water Management 
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Glossary
A n aero b io s is  Excessivc soil vvetness duc to poor or
impedcđ drainaiỊt'
C«m servation tillage Methods o f  sccd hed prcpara- 
ticin dcsiựncd to protcct soil against erosion 
D r o u g h t  InadccỊuacc vvatcr supply to plant roots 
In f i l t ra t ion  cap ac i ty  Ratc o f  vvatcr cntry in to the 
so ị]
M u lch  í a r m i n g  Soil inana^enicnt bascd 011 reten-
tion ()f crop rcsiducs and othcr bioimss 011 soil surtacc 
R u n o f f  Ovcrland flow causcd by excessive prccipi- 
tation
S a l in iza t ion  Buildup o f  salts in the root zonc at con- 
.'cntrations toxic to plant s*rowth 
Soil c o n se rv a t io n  Protecting soil against aựciìts o f  
.T o s io n
Soil erosion  Soil displaccmcnt by watcr, WÌ1KÍ, icc, 
>r lỊravity
T crraces  Channcls constructed with earthcn dikcs 
.linvi) slopc to intercept runotT

J o i l .  tlircc dimensional uppcr surtacc o f  the earth 
.rust 111 dynaniic equilibrium with its cnvironmcnt 
lui capablc of supportiníỊ plant e;rowth, necds to 

X' m;maiỊcd OI1 the b.asis o f  scicncc-bascd inputs for 
.nluiKvđ and sustaincd aiỊricultural production. Fresh 
\ .Uer resouives ot thc carth are also tinitc and Hmited. 
\dcc|iutte vvatcr availability is a mạịor constraint tor 
.11 m te n s i v e  l a n d  11SC a n d  in c r c a s e d  a g r i c u l t u r a l  p r o -  
iiutioii cspcá.illy in senm rid  and arid cco-rctỊÍons.

Thcrcíòre, soil and watcr manae;ement means jud i-  
cious manipulation o f  soil and vvater rcsources to 
maintaii) and enhancc their productive capacity and 
environmcntal reiỊulatory tunctions. Principal among 
environmental regulatory functions are íìltering pol-  
lutants tVom vvatcr, dctoxification o f  industrial 
wastes, and regulation ot' gaseous conccntrations in 
thc atmospherc.

Conscrvation is a e;encric term. [11 a broad scnse, 
it means prcscrvintỊ the rcsource basc. In thc context 
o f  soil, the terni conscrvation mcans minimization o f  
losses o f  soil duc to acccleratcd erosion by water, 
wind, and othcr erosivc a^ents. Conservation also 
implics cnhanccment o f  soil qualitv and productivity. 
In the context o f  vvater on agricultural land, conserva- 
tion implics decreasiniỊ losses from thc root zonc duc 
to surtacc runott, decp secpage or cvaporation. Con- 
servation o f  soil and water resourccs is nccessary for 
maintaining or enhancing their capacity to prođuce 
tỊoods and serviccs o f  economic, cultural, and aes- 
thctic intcrests to humans.

I. Introduction

Soil rcsourccs ot' the world arc íìnitc, nonrenevvable, 
and frae;ik\ Thcy are finitc becausc potentially cultiva- 
blc land rcsourccs arc limited and unevenly distrib- 
utcd. Until about thc 1970s, a consídcrable proportion 
o f  incrcasc in food production was achicvcd by briniỊ- 
ing ncw land under cultivation. Howcvcr, rẹscrves 
o f  potentially arable land are rapidly shrinking, cspe- 
ciallv in densclv populatcd regions o f  thc vvorld. Fur- 
therniore, potcntially arable land is cithcr inacccssible, 
locatcd in ccolotỊÍcally sensitive reo;ions, or  located in 
countries \vith robust cconomics. Densely populatcd 
rciỊÍons o f  Asia and Europe havc fcw additional lands 
to brine; under cultivation. The pcr capita arablc lancỉ 
area o f  the vvorld has decreased tro 111 0.32 ha in 1975



TA BLE I
Per Capita Arable Land Area°

RciỊÍon

Pcr c.ipita arablc land (ha)

19 75 19») 1985 1991)

Atric.i (l..v>8 (11.023) 11.326 (0.021) 11.28« ((1.019) (1.254 ((1.(118)
A m erica

N ortli Central (1.756 (11.1!(,(,) 0 .714  (0.074) II.66H (ll.(l(>lJ) (1.624 (11.062)
South 0 .353  (0.(129) (1.351 (0.030) n .333 (0 .02‘i) 0 .3 3 0  (t ».(130)

Asia 11.178 (0.(152) II. I()3 (0 .051) II. 149 (0.05(1) 0 .1 3 5  ((1.(148)
Enropc 0.2Í.9 ((1.(127) (1.262 (0.030) (1.256 (0.033) (1.249 (0 .034)
O iv.m i.i 2.04(1 (0.1176) 1.<M9 (11.074) 1.921) (0.118(1) 1 .834 (0.0X1)
U SSR  (Form cr) • I.s<>5 (0.057) < >.«57 (II.OMi) (1.822 (11.(172) 11.779 ((1.073)
W orlđ 0.321 (0.046) II.29H (11.1147) 11.27í) (O.IMíõ) 11.255 (11.1144«)
D cvclop cd  cuuntrics (1.574 (0.045) 0 .5 5 6  (0.051) II.S40 (11.1152) (1.519 ((1.051)
1 )ovclopint» eountries 0.223 (0.1147) 11.206 (0.(146) U.IHV (II.IM5) 0 .1 7 3  (11.043)

11 C .ila il.u cđ  trom  popul.itiun. .ìr.ihlc land, .uul irri^utcd l.mđ stíitistiis in F A O  (1991). " P ro d iu -  
tion Y earbok." [ÌỊime, ltaly. Fit>urcs in parenthcscs ari’ pcr c.ip it.1 irriựateđ ỉaiuỉ arca.

to  0 .25  ha in 1990 (T ab lc  I). In Asia, the  per  capita  
land  arca is o n ly  0 .14  ha w itl i  so m e  co u ii tr ics  haviniỊ  
loss th an  0.1 ha, A v c ra g e  p c r  capita  ir r iiỊa tcd  l.uid area 
is 0 .07  ha in the  vvorlđ and  tha t  in Asia has s tcad ily  
dcclincci f ro m  0 .052  ha in 1975 to  0 .04 8  ha in 1990 
(T ab le  [).

Soil re so u rccs  arc also n onrenevvab le  at tho lu im a n  
t im c  scalc. U n d c r  n o rn ia l  co n d i t io n s ,  I1CW soil is 
t b r m c d  at th c  ra tc  o t  a b o u t  2 .5  cni in 150 to  1000 
ycars .  A n  ex ce p t io n  to th is ru le  m a y  be  tho tb r m a t io n  
o f  soils ÍI1 the Hood plains or on the parcnt matcri.il 
o f  vo lcan ic  oriỉỊÌn. Soils arc also traiỊÌle to  scvcrc  pe r -  
t u r b a t io n s  in liarsh e n v i r o n m c u t s .  A l th o u g h  m o s t  
soils l iavc b u il t - in  resilience, co n s ta n t  m isusc  a n d  m is -  
m anaEỊcm ent can  acccn tu a te  scns i t iv i ty  to  dc íỊn ida t ive  
proccsscs .  Soil dc iỊ rada t io n  is a scvere  g lo b a l  p ro b lc m  
c s p e đ a l ly  in s c n ũ - a r iđ  and  arid c lim ates .  As m u c h  as 
3 8 %  o f  the  a rab le  land o f  tlic \v o r ld  is a t ĩcc tcd  bv  
s o m e  to r m  o f  dco;radation  (T ab lc  II). T h e  pe r  capita  
a rab lc  land  area a fk ’ctcd by  dc íỊ rada t io n  is a b o u t  
0.1 ha o u t  ot '  th e  to ta l p e r  capita  arab le  lancỉ o f  a b o u r  
0 .2 5  ha. A t p re scn t  5 to  7 n n l l io n  ha o f  arab le  land  
(0 .3 - 0 .5 % )  is supposedlỵ  lost every ycar to soil deẹra-  
da t io n .  T h e  p ro ịcc tcd  loss b v  the  v ear  201)0 is 10 
m il l ion  ha o r  0 .7 %  o t  th e  cu r r c n t ly  cu l t iv a tcd  arca.
IS i r  S o n .  M a n a c e m r n t ;  So ii .  P o l i . u t i o n .  I

D esp i te  thesc l im i ta t io n s  o f  soil resources ,  the 
g loba l asĩnciiltur.il p ro d u c t io n  ìm is t  be  incrcascci. An 
in ip o r t a n t  stratCíỊV to \v a rd  achieviny; this  íỊoal is 
p ro p c r  use and  sc icncc-bascd  manatĩcMiicnt o t  soil and 
vvator rcsources.  In th is rotíard. soil and  \v a tc r  c o n sc r -  
v a t io n  and  m an a i ;c i i icn t  p lay  a crucial ro le  in s u s ta in -  
;ible IISC o t 'so il  and  \va te r  rcsources .  decreasinsT dctỊra-  
đ a t io n ,  rcs to r in t ;  p ro d u c t iv i tv  of d e t ỉ radcd  rcsourccs .  
a n d  ni.iintainiiiíí o r c n h a n c i n n  c n v i r o n m e n ta l  q ua l i ty .

T h e  o b i e c t i v e  o f '  t h i s  r e p o r t  is to  d e s c r i b e  bas ic  
principlcs o f  and tcchnological options for soil and 
watcr management and conscrvation. The mạjor cni- 
pliasis is 011 ađđrcssing thcse problcm s on arable l;ind 
with rciỊards to watcr management, salinity control, 
and crosion managcmcnt. Thcse tcchnological op- 
tiotis are d iscussed  in v ic w  o t  th e  g lo b a l  e x te n t  o f  the 
problcms relatcd to dcựradation ot soil and vv.tter 
rcsourccs .

II. Water Management

T o ta l  g loha l p r c c ip i t a t io n  is c s t im a tc d  at 1130 n i m /  
y r  o f  w h ic h  233 m m  o r  2 0 .6 %  talls o n  th c  land .  O f  
th c  p rec ip i ta t io n  rece iv cd  o n  the  lan d ,  141 m m / y r  
acc o u n ts  to r  c v a p o r a t io n  o r  c v a p o t r a n s p i r a t i o n  and

TA B LE II
Global Extent of Soil Degradation of Arable Land

U c i Ị Ì o h

O c g r a c i c d  l a n d I V r  c a p i t a  
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SouiiV. O lc ỉu iu n . L-. u . (14W 2 -I ‘W3). “ (ìlob u l hxccnt ot hoil 
1 VtỊrcdtUÌon." h i-A n m u ! k i-port. 1SRIC . VC^ầgcmnLỊcn, 1 h e N i h -  
c r la iK Ỉs .



1 Land (orm ing
• S u rla c e  ditches
' Ridge-furrow system
• Broăd be ds

•Tile drainage 
• Mole drainage

■ Fỉood
■ Furrow
■ Sprinkler
■ Drip or micro- 

irrigalion

FIGURE 1 I cchnoloiỊÌc.il op tio n s  for on-tarni \varer ìuam iỊcin cn t in v o lv in ự  đrain.ìiĩe and supplemen- 
ta rv  irr iiỊa t io n .

tlK' rcm.iininiỊ 92 111111 is returned to the ocean as 
siirlace runott. Only 2.5% o f  the w orlđ ’s w,ưcr is 
treslnvatcr, and is an cx tren idy  scarcc resource in- 
clcvd. O n -h ư m  vvater managcmem, crucial to sus- 
t.iincd productivitv and íavorable environniental 
qu.ility, involvcs drainaiỊC and ìrrigation (Fig. 1 ). lrri-
g.ition has playcd a major rolc in increasing w orld’s 

prođuction sincc the 1940s. The w orld ’s irrigatcd 
laiul ,irca has incrcascd trom s million ha in 1800 to 
237 millton in 1991 (Table III). In the United States 
irrigateđ land arca was 8.3 million ha in 1944, 11.96 
million ha in 1954, 14.98 million ha in 1964, 16.70 
million ha in 1974, 2 0 .38  niillion ha 111 1978, and aboi.It

20 million ha in the 1980s. O n  a iỊlobal scalc, irrigatcd 
land accounts tbr only 16% ot thc cropland but pro- 
duces 33% o f  thc w orld ’s tood. M anagement ot irri- 
lỊatcd land and vvatcr rcsourccs is, thcrcíorc, crucial 
to sustaininỉỊ aiỊricultural production. ISce  Watf.r: 
C o n t h o i  A N D  U s e ; W a t k r  R e s o u i ỉ c e s . I

A. Improving Drainage and Reclaiming 
Salt-Aỉỉected Soils

Salt buildup 111 thc surtacc laycr 1S a natural phcnomc- 
non in soils o f  arid and scmiarid rcgions with re- 
strictcd drainaiỊC. In addition, mismanagcmcnt o f  irri-

TA B LE III
Global Extent of Irrigated Land Area

U oiỊÌon/coutiĩicnt

Irrin.ưeđ kincl (III1’ ha)

1975 19KII 19K5 l ‘W()

Atrica 9 .5 10.0 (5.3) 10.7 (7.0) 11.3 (5.6)
A m erica

N o rth  Central í) 2 7 .7  (21.(1) 27.(1 ( - (1 .4 ) 2ii.fl ( - 0 . 4 )
South 6 3 7 .2  (14.3) 7.9 (8.9) 8.8  (11.4)

A si.1 121.7 132.4 (H.H) 141 2 ((>.6) 150.2 (6.4)
E uropc 12.7 14 5 (14.2) 16.11 (111,3) 17.1 (5.6)
O ceania ! .6 1.7 (6.3) 2.(1 (17.6) 2 .2  ( 1 0 .0 )
U S S R  (Porm cr) 14.5 17.5 (20.7) 2 0 .0  (14.3) 2 1 . 2  ((1.(1)
W orld I« y .2 211.(1 (1 1.5) 2 2 5 .4  (Í1.N) 2.37.4 (5.3)
D cv elo p cd  au in tr ics 50 .4 5 9 .2  (17.5) 6 2 .8  ((). 1 ) (.4.3 (2.4)
1 )cvolop im í (.ountrics I3H.H 151.H (ỊI.4) 162.6 (7 1) 173.1 (6.5)

S o ị $ ì c :  RecalcuUtcd í rom  F A O  (1991); “ Production  Y ca rb o o k .” K onic. Italy.
Xotc: Pigures in parenthcscs rcter to pcrcvntaíỊe increase ovcr  the past 5-yc.ư  
pcriod.



gateđ watcr and misuse 1)1 in i^.ucd lanđs can lead to 
tvvo problems, c.ũ,., s.tli huildup .111 d poor đrainaiíe, 
soil wctncss or anacrobioMs. Soils \vitli toxic conccn- 
trations of solublc salts .irc \viđe!v distnbutcd in and 
and semi-arid rciỊÌons ,1111.1 covcr .ìbcnir 1 billion ha 
worldwide (Table IV). T o t . l l  iTopland and pasturc 
land affected b y  salt buildup 111 the root Z011C in the 
United States is estimakd It 22S million ha or about 
9% o f  the total land in thcsi r itcỊỊoncs. Unless prop- 
erly managed, many irri^nroil i.uuls arc pronc to salt 
buildup. Poor quality irriỊỉ.iticn 'AMtcrisa majorfactor 
rcsponsible for salt buikliiỊ in .ìililition to toxic C011- 
ccntrations o f  soils, .111 .idveiM* amsecỊuencc ot high 
concentration o f  sodic N.ilts Mt tlic root zone is the 
adverse ctTect on SO)I NtmaiiR- Ir.idmg to rcstricted 
drainage and poor acratioii. Kĩsc 111 vvater tablc and 
poor drainage ot' the root /one in- also causcd by 
excessive secpagc losscs hum  unliiicd canals and de- 
livery channcls and lo\v 'iv.iU r HiC dtìcioncy. Installa- 
tion o f  artiíical drainat>c (‘,111 ỈX' cxpcnsive. It is esti- 
inateđ that about 44 inillion 11.1 or 2 0% of the cropland 
in the United States R-quiK-đ Sonic lirainaiỊC systcm 
by 1985 bccause o f  e.\a.‘ssiw wetness during carly 
spring that dclaycd smsnm opcnitions. (See S o a  
D iỉa in age ;  Soii .-W a II-.I' l ’ ii \ 1 ii)Nsim*s. I

B. Technological Options for Drainage
Provisions for dnún.iiỊc to u  move exicss \vatcr may 
prefcrably be niadc prior ro pl.iiniiniỉ Ibr supplem cn- 
tary irrigation. Fiekl iti-.iiiM-.il' or tìirin đrainasỊC in- 
volves installation ot'ti''-ìiiìii.iik'N to rcmovc excess wa-

TA BLE IV
Global Extent of Salt-Affected Soils

R c g i o n

I r m ; . i l0i1 land:
A u . !  | ! [| 1. S a h - i i l ĩ o i T c d  s o i l s  (19*X))

Atrica Si t-t II N I

A m erica
C e n t r a l  a n d  M c x i c o i
N orth 1'. i 5 "

South 1 2 "  1 r. ' I' I,S

Asia
N ortli and Central
South s  •

S o m h e a s t . -t "4

Europe V * .  . •

O ccania Ỹk \ ú.! M i

W orld • , . . j - l 'J

Source: G upta, R. K . .!:Hi :’ iM Yilt-.itkvR-il soi]>:
T hcir  rcd am ation  aml 1 1.11 ' : !'• I ■ : r |M od uaion . Atlv. Soil
Sá. 11, 223-2K8.

tcr tro 111 a tarin unit or part ot the farm vvith localizcd 
problcm ot cxccss \vater. In contrast, land drainace 
involvcs inscallacion o f  draina^c nctvvork OI1 a larce 
scale to drain cxcess vvatcr fro m  a laríỊC are.1. Drainape 
tcchniques dcscribed belovv refer to thc field or far:n 
drainaiíc: Fann drainage is rcquired tor scvenl 
rcasons.

• Bcttcr drainage improves crop iírowth and yield.
Incroase in crop yicld may be 5 to 20% depending on 
crop, soil, climacc, and managemcnt.

• Improvcd drainagc enhances nutrient usc etĩìciencv.
Poor drainaiỊC conditions rcsrrict availibilitv and uptake 
OẾ'several plant  nu tr ien ts .  c.ữ,., N ,  p, K, Zn ,  C u ,  B, 
ctc.

• Draineđ soil has morc tavorable soil tilch and bettcr soil 
physical propertics than poorly drained soil.

• Tratíicability is I^reatly cnhanced \vith tarm drainaiỊc 
and soil becomes accessible carly in the season.

• Depmđinu; OI1 thc antcccdent soil moisture content and 
microclimate, improvcd drainage may also warm up 
niorc quickly in thc spring.

• Drained soils may also emit less grecnhouse íỊases into 
thc atmosphere than poorly drained soils, e.g., NịO 
(La! ct <?/., 1994).

• Draimge íacilitates rcmoval ot excess salt trom thc root 
zone and is necessary to rcclaim salt-aíTected soils.

lnstallim; a drainagc systern, howcvcr, is a maịoi 
Capital investmcnt. Furtherm ore, ag ing drainagc sys- 
tcms art' no longcr ctteccive and nccd replaccmen- 
cvery 20 to 25 years.

Thcrc are tw o typcs o f  drainage systcms (Fig. 1) 
Surtacc drainagc, installed by a combination o f  l.ind 
to rm in^ and open ditchcs, facilitates removal o f  sur- 
tacc vvater by land lcvclitiíỊ and providing a lỊcntl' 
lỊradc to speed-up the vvatcr m ovem ent. Surtac: 
drainagc can also be provided through rid^c-furro\- 
systcni and by broađ bed techniques ot seedbcd prcpa- 
ration. o p e n  ditchcs arc constructed to rem ove sur- 
plus vvater from the farm unit to thc drainage wa/ 
installcd tbr the IaríỊc arca.

Heavy-tcxturcd soils rcquire m orc than jus t  th? 
surtace drainaíỊC’ to improve aeration conditions n  
tho slo\vlv pcrnieablc subsoil. Subsurtace drainaiíc s 
dcsiiỊiicd to reỉỊulate the íỊroundwater table and COI- 
sists ot'installinu; tube drains at about 50 crn dcptl. 
Spacim; betwcon thc drain pipcs dcpcnds on soil p e -  
mcability, vvatcr tablc depth, and manv othcr tactor;. 
Tubc drains may be made ot ceramic (tilcs) or plastr. 
The gap betvvcen tlic tw o adjaccnt tiles or plastc 
drains, adjusted to tacilitatc tVcc m ovcm cnt ot w ;ỉtf ,  
is covcrcd vvĩth a protective permeable tìll or backtĩl.

O ne ot thc principal benetits ot installing a draina^e 
svstcm is romoval ot cxccss salts trom  the root zoie



>1 salt atteoted soils hy rcpcated lcachintỊ vvith the 
■irainaíỊc vvatcr. Leachini* is otten tacilitatcd by appli— 
:ation ot tarm vard manurc, compost, grccn ìnanurc, 
ựypsiun, and othcr amendments. The problem ot salt 
'nuildup and need for reclamation arc particularlv se- 
vcrc in irrigatcd regions o f  China, India, Pakistan, 
and the Middle East. Restoration of productivity o f  
irriẹatcd lands in thcse rctỊÌons depcnds on provisions 
for propcr drainagc so that salts can be leached and 
kept out oí the root zonc.

c . Irrigation Techniques
Irrigation is the revcrse o f  draina^e becausc it implies 
Application of vvater to the root zone to alleviate soil 
watcr dcíicit. Irrigation is useđ for scveral purposes 
but niainly to:

• Incrcasc plant-availablc water rcserves and decrcase the 
ri‘.ks of d ro u g h t .

• E s ten d  the  g ro w in g  season in rcg ions w ith  ab rup t  
ccssntion o t  rains.

• Li acli solublc salts out of thc root zonc in salt-aíYected 
soils.

• R rgu la te  soil t c m p c ra tu re  especially to r  protectiniỊ 
scnsitivc plants  t ro m  frost  daniagc.

• Ri-gulate nutricnt supply to the root zonc.

However, rnisusc of irrigation water can also icad 
to Sccondary problcms with scverc cconomic and cco- 
loíỊÍcal consequcnccs. Thesc problcins includc vvater- 
loggíng and elcvation o f  groundwatcr table, salt 
buildup in thc root zone, dccline in soil structure 
lcading to crusting and slaking, and erosion of top soil 
cspccially in the furrow irrigation system. Advcrse 
ettccts ot irrigation on soil structure are relatcd to 
vvater quality and composition o f  dissolved salts, c.g., 
Na, Ca, MtỊ, K, and the ratio o f  N a to other cations. 
Susccptibility to waterlogt'ing and salinization in arid 
and semiarid regions also depend on the quantity and 
frcquency ofirrigation. Excessivc application ofwater 
nuist be avoided, and irrigation watcr must be applied 
just enough to meet the crop water requirement. Crop 
\\atcr requiremcnt dcpcnds on several Ếactors incluđ- 
ing crop and soil types, đ imate, topography, ctc.

On thc basis of mcthod o f  vvater application, there 
are two typcs o f  irrigation, e.g., subirri^ation and 
sv.rt.icc irrigation (Fig. 1). The subirrigadon method 
a}'plies watcr to the root zonc below the soil surtace. 
Ir. this method, the drainagc system installcd to rc- 
n ư v c  surplus watcr is pluge;ed and irrigation is ap- 
pl cd throuíỊh the same system. This is a cost-effcctive 
m:thod with hitỊh vvatcr usc etTiciency and low evapo-

rativc losscs. ISee  I r r i c a t i o n  E n g in e e r in g :  Farm 
P r a c t i c e s ,  M k t h o d s ,  a n d  System s. I

Thcrc are sevcral methods o f  surtace irritỊation, the 
m ost com m on am ong these is the riood irrigation. 
This is che simplest method with least cxpenditure OI1 
cquipmcnt and storagc. Surtacc irriiỊation is a Iiatural 
system fbr semiaquatic crops (e.e;., rice) and tor large- 
scale reclamation o f  salt-affectcd soils by lcaching. 
Howcvcr, surtacc irrigation is an inefFicient mcthod 
with large losscs duc to evaporation. Ít also rcquires 
land forming and construction o f  several delivery 
channels. Eíhcicncy of surtace irrigation methods can 
bc cnhanced by using furrow rathcr than flood irriga- 
tion. A semi-permanent ridge-ílirrovv system is a usc- 
ful m cthod for drainaíỊC in spriníỊ and tor irrigation 
in summer. The ridge-furrow method o f  sced bcd 
preparation is also uscful for grovving crops 011 salt- 
atTectcd soils. Whilc salt riscs bv evaporation to the 
ridge top, crops can bc grown in the furrow or half- 
vvay up on the ridge to avoid salt irỹury.

Spriiìkler irrigation systcm is the most capital- 
intensivc but an efficiont method in tcrnis o f  water 
use. Principal advantagcs o f  sprinklcr method includc:

• Use on undulating terrain vvithout prior land íòrmiug.
• Efficient vvatcr use because of lo\v losscs by scepage 

and  p o o r  delivery.
• Controllcd application in tcrms otamount, and 

rrequcncy.
• Hexibility in cquipment usc.

In addition to large Capital investment, the timiníỊ 
o f  sprinklcr application is affected by vvind velocity. 
Structurally unstable soils can develop crust and sur- 
facc scal due to impacting water drops.

Orip irrigation or microirrigation system is used 
to apply vvatcr at vcry low rates. The vvater is applied 
directly to the root zone o f  individual plants through 
a porous tube or cspecially desi^ned crnitters. Salt 
buildup is not a severe problem with drip irrigation. 
This system is extremcly eíỉìcicnt because evaporative 
losses are rcduced to the m inim um . The system is 
also very ctTective in applying fertilizers and other 
chcmicals directly to the root zone. Hovvevẹr, the 
sy s tem  requires a hii^h Capital in v es tm en t  and is feasi- 
ble only íbr high value cash crops.

III. In Situ Conservation of Soil Water

In sita conservation o f  soil water, for minimization of 
losscs due to runoíĩ  and cvaporation, is extremely im - 
portant to cnhance productivity in raintcd agriculture.
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FIG U R E  2 StrareiỊÌes and tcvhnicịucs tí) in ip rovc  in sim soil-NViUor conservarion .

Risks oflỉrastic yicld rcductions duc to drought in ariđ 
and scmi-arid rctỊÌons can be minimizeđ throuiỊh con- 
servađon ot prccipitation in thc root 7.0110. Tcchniqucs 
for iu íi tu conscrvation ot soil watcr arc outlined in FiiỊ.
2 and can be classiíicd under two principal categories: 
( 1 ) tcchniques to incrcasc inhltration and rcduce runott 
losses, and (2 ) methods to decreasc evaporation losscs.

Losscs duc to surtace runotT can be reduced by 
incrcasing the amount ot precipitation iníiltratiiiíỊ into 
the soil. Tho proportion ot rain cnteriiiíỊ thc soil can 
bc enhanced by incrcasiniỊ the timc tồr vvater to inlil- 
tratc or incrcasing soiĩs intìltration capacity. Increas- 
ing the timc tor watcr to iníìltrate into the soil involvcs 
cnliancing surtace dctcntion capacity through soil sur- 
face manas*ement or land íorniing. C om m only  uscd 
tcchniques includc rough sccd bcd, ridge-furrow sys- 
tcm, and tied ridgcs (Fig. 2). Sonic o f  thcsc techniques 
arc dcscribcd in thc followinsỊ scction dcalínạ with soil 
surtacc managcmcnt. Contour barricrs (c.íỊ., bunds, 
vegetative hcdiíes, ctc.) are also used to contain runotì 
and allow it to iníiltratc into the soil. C ontour bunds 
crcate larỉỊc storagc to inipuund all the suríace runotT 
and holđ ít for slow intìltration.

Evaporation losscs are rcduced by nmlch íarminiỊ 
and conservation tillagc tcchniqucs. Mulchcs resỊulatc 
the soil temperatures and decrcasc evaporation losscs. 
Thcsc techniques are also dcscribcd in che tollovvintí 
scction dcalintí vvith soil conscrvation.

IV. Soil Conservation

Acccleratcd soil erosion is a scvcrc tịlobal probleni, 
cspccially in ccoloiỊĨcally scnsitivc ccoreíỊÌons includ-

intỊ the H im alayan-Tibctan ccosystcm, the Andcan 
rctỊÍon, the Caribbcan, East Atrican higlilaiids, the 
locss rcgion o f  China, and othor stcep lands in harsh 
climates. Wind erosion is scverc in arid and scmiarid 
đimatcs. The data in Tablc V show that globally land 
area aiTected is abotit 56% hy water erosion and 28% 
by vvind crosion. Watcr crosion is scvcrc in steep 
lands. Global distribution ot* stcep lands includc 3.3 
billion ha with slopes raniỊÍng trom 0  to 8 % , 2 . 1  
billion ha witli slope ot X to 30%, and 1.0 billion ha 
with slopcs in cxccss ot 30%. The largest areas af~ 
iccted by watcr and \vind crosion are in Asia tollovved 
by that in Atrica.

Accelcrateđ soil crosion is also a serious problem 
in the United States. Land arca affected is estimated

TABLE V

Global Extent of Water and Wìnd Erosion

R egion

VVatcr crosion Wind erosion

Iot.ll
(lí)'’ há)

% of so ils  
artccted

T otal
(lo" ha)

% ot soils  
atĩictcd

Alrica 227 46 186 38
A m crica

Central 4f) 74 5 7
N orth 60 (i3 35 36
South 123 51 42 17

Asia 441 m 30
F.urope 1 14 52 42 IV
O ccania H3 SI lí) u>
W orld l(W4 ỹ> 548 2«

Soiếm: M od ih ed  IÌII111 Oli.k-m.in. L. H. (I ‘W 2-1W 3). " (ilob .ll t x -  
tc n to t  Soil D cnrodation ."  l ii-A n iu u l Rcporc. ISRIC. WaL>cningcn. 
T h e N ctherl.m ds.



TA B LE VI
Soil Erosion Hazard in the United States

Hrosion luz.ird  (!*>'' ha)

Land use 1 otal Jrca < T Shcct and rill W iiu

C rop  l.md 17(1.4 1(10,4 42.9 27.1
Pasture I.HKÌ 54 .3 49.4 4 .5 0 .4
R.U1 ÍỊC land 162.7 134.1) 20 . í) 8.1
Forcst land 159.5 149.8 9 .3 0 .4
M in or  land 24 .2 2 (1.2 3 .2 II.K

T ota l nontcdcral 571.1 453. H 8(1.5 3f).K
rural land

M oditìed  írom  U S D A  (1989). “ T h e Second ttC A  Appraisal: Soil. 
W atcr, and Rclatcd R esources on N on-fcd cra l Land in the U n ited  States, 
A nalysis  ot C on d ition s  and T rcn d s,” W .»shington, I X ’ . 

f . tolerablc lcvcl o í s o i l  crosion .

■Ít .ibout 81 million ha by shcet and rill crosion, and 
37 million ha hy vvind crosion (Table VI). Sonic re- 
Ị í io n s  a re  a f f c c t c d  b y  b o t h  vva tc r  a n d  w i n d  c r o s i o n .

Principles o f  crosion control arc vvcll understoođ.
I lci\vcvcr, techniques for crosion management arc lo- 
< alr specific and vary with cliniatc, tcrnún, land usc, 
soil tvpc, and other socio-economic and cu 1 tu ra 1 fac- 
tors. Erosion managemcnt techniqucs can be broadly 
ịírcmpeil into thrcc catciỊories: (a) soil surtace manaiỊC- 
inent, (b) slope managemcnt, and (c) runotT manaiỊC- 
tncnt. Basic principlcs o f  these techniques arc bricfly 
ouilined belovv.

A. Soil Suríace Management
TillasỊC and crop residue managcment are the principal 
tools of soil suríacc managcment for sced bed prcpara- 
tion, \vater conservation, anderosion con tro]. In addi- 
tion to seed bed prcparation, an objectivc oí soil sur- 
t.ICC im nagcm ent is to reduce or minimize risks ot 
soil crosion by đecrcasing the atỊgressivity o f  agents o f  
crosion, c.s,. ,  raindrop, overland rtovv. wind vclocity. 
Basic principles o f  soil suríact’ managcment through 
tillagc arc outlincd in Fig. 3. In comparison with tradi- 
tional (local methods) and convcntional tillage (plow- 
basi-d mcthods involving soil inversion), conserva- 
tion tillagc systems are desÍEỊncd to minimizc soil 
crosion risks by decreasiníỊ exposure ot thc soil suríacc 
to L liniatic clcmcnts, throuiĩh rctention o f  crop resi- 
duc nuilch, and rcduction in soil disturbancc. DitTcr- 
ent types ot conservation tillatỊc systcms arc bricAv 
disrussed hclovv. [Sí'f T illag e  S y s t e m s .]

1. Conservation Tillage
lt rctcrs to S o n i c  torni ot’noninvcrsion tillagc with 

ai li-ast 30% of the soi] surtacc covcred \vith crop

resiđue mulch. Thcrc are threc principal typcs o f  con- 
scrvation tillage: mulch tillagc, reduced tillagc and 
ridgc tillatỊc system. A classification schcmc ofconser- 
vation tillaỉỊC is shown in FiíỊ. 3.

a. Mulch Tillage Mulch tillaíỊC is a n y  tillaiỊC Sys
tem that rctains a high pcrcentage ot crop residue on 
the soil surface. Tliis System is also called stubblc 
mulch tillagc, mulch tanning, trash hirming, subsur- 
face tillagc, and plovvless farming. Therc arc two ađdi- 
tional variants ot nnilch tillagc. Sod seeding retcrs to 
the tillatỊC system whcrc crop is secdcd dircctly in 
unplowcd soil with clicmically killod sod, vvccds, 
cover crops, or prcvious crop residuc. Contact or 
systcmic hcrbicides (e.g., Paraquat or glyphosatc) arc 
uscd to replace plovvint* to kill veíỊCtativc growth. 
Soniccimes a covcr crop, usually a legume, is specitì- 
cally iỊrowii to procurc mulch, improvc soil ícrtility, 
and cnhance soil structurc. This systcm is also callcd 
planted fallow or cco-fallow. In contrast, a croplcss 
and wced-frcc fallow is used in arid climatcs to con- 
scrvc vvatcr in the root zonc. Whcn a tood crop is 
grown through thc low-growing cover crop, the sys- 
t e m  is c a l l e d  l iv c  m u lc l i .  A l iv e  m u l c h  S y s te m  is b a s e d  
011 the principlc o f  inixcd cropping in vvliich a tast- 
íírovvint; and aẹtỊressivc legumc is establisheđ to 
smothcr wecds and then E;row a seasonal tood crop 
throuỄ?h it. It is usual to mechanically opcn a small 
strip, vvith or vvithout hcrbicidcs, to cstablish the tbod 
crop. Tho livc mulch system is ctYcctivc only if  thc 
cover crop is a low-ẹ;rowing, nonclinibcr, and has a 
shallovv root svstem.

b. Reduced Tillage Rcduccd tilhìgc is a generic 
tcrin vvhich rcfcrs to rcđuction 111 iiitcnsity and /o r
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í r c q u c n c y  of '  n icchanHM l o r  p i in v -b n sed  t i l lag c  s y s -  
t e rn s .  T h e  m o s t  w i d i ! v  Ịn : i( . t im l  to r n i  o t  r c d u c e d  
tillage is thc no-tillam' svstcm in \v hicli all prcplantiníỊ 
se c d  b e d  p r e p a r a t i o n  is ■.'liinmiitcd. 'I h is s y s te m  is a lso  
ca l lcd  đ i r c c t  d r i l l i n ị '  o r  /ero- t i l l . iuv .  In th is  s y s t e m ,  
all c r o p  r c s i d u c  is leít  <>11 rlic soil su r tace .  O t h c r  c o m -  

m o n l y  u s c d  v a r i a n t s  o f  u * d u o \ i  ull. ine inclnck '  ch isel  
plant, plovv plant, OI itisk pl.mt (tcpcnđint* 011 thc 
e q u i p m c n t  u s c d  t o  p rcp .i re  S C I  li b a i  p r i o r  t o  secdina ;.

2. Ridge Tillage
Ridgc tillagc involvos ỈKMịuni; up tho surtacc soil 

in a scries o f  raiscd boiis at icỊítiliir intcrvnls. RidtỊc 
t i l l a g e  is a v e r y  v c r s a u k '  t o r m  ot riAÌuceđ t i l lag e  s y s -  
tem. Ridí*es arc niadc OI) thi' coniour to contain runott 
o n  so i ls  o f l o \ v  p e r in c a b i l ũ v ,  iip and  dcnvn  th e  s lo p e  
o n  p o o r l y  d r a i n c d  soiis  to  ìmprnvc. s n r ta c c  d rainatỊC , 
vvidcly  s p a c e d  a n d  la r tu  10 1I1IIC.1SC ro o t i i i í í  d c p t h  
o n  s h a l l o w  so i ls ,  a n d  ti '  i /o ĩHvntr.uc soil t e r t i l i tv  b y  
hcaping up the nutricnt-rnh t<;p SCI]I 111 thc root zonc 
in subsistencc tanninn or ](i\\-!nịH!t svstcms. RidtỊcs 
c an  bo  m a d c  e v e r v  son OII. CVITY Iitiii‘1' sc a so n .  o r  vvitli 
c r o s s - t i e s  ( t ic d  r i d g c s \  s t i '11 t- ' :v.ik- .1 se r ie s  ó t  b a s in s  
t o  in c r e a s c  vva tcr  stor.Li 1 I Ip

3. Soil Guide for ĩillaqe Methads
T il la i Ịc  m e t h o d s  .irc s ìil. .1 | Ị \  li: 1 đ i m . i t c  sp e c i t ìc .  

[t i s  đ i f f i c u l t  t o  r e c o m n  : i k l  m \  v i n e l t  t i l l a u c  S y s t e m  

tor all soils and to adđrv-. .li! -.! ;l-1 . ' Ít 1-1.1 I oiiMr.iinrs to

c r o p  p r o d u c t i o n .  F u r t h e r m o r e ,  t i l l a g c  r e q u i r e m c n t s  
vary according to the anteccdent soil conditions, c.g., 
compaction, residue covcr, etc. It is, thcretbrc, usehil 
to dcvclop a soil guide to identity tillage mcthods in 
r e la t i o n  t o  so i l  c o n s t r a i n t s  a n d  c r o p  r e q u i r e m c n t s .  
T h e  a u t h o r  d c v c l o p c d  a r a t i n g  s y s t e m  to  a s sc ss  t i l lag c  
requirements to alleviate specihc soil properties. The 
schematic in FiíỊ. 4 is a soil ííindc to tillaiỊe nceds 
in  r c la t i o n  to  t e x t u r e  a n d  so i l  m o i s t u r e  r e g i m c s .  In 
l Ịcn c ra l ,  n o - t i l l  s v s t e n i  is  a s u i t a b l c  m e t h o d  o f  se e d  
b e đ  p r e p a r a t i o n  f o r  c o a r s e - t e x t u r e d  so i l s  w i t h  g o o d  
internal drainagc. Heavy-texturcd soils w ú h  poor in- 
t c r n a l  d r a i n a ẹ c  d o  n o t  r c s p o n d  t a v o r a b l v  t o  a n o - t i ] l  
System . S t r u c t u r a l l y  i n c r t  so i l s  p r o n e  to  c o m p a c t i o n  
and crustiniỊ also requirc  mechanical loosen ing  and 
p lo v v -b a s c d  t i l l a g e  m e t h o d s  f o r  w a t e r  c o n s e r v a t i o n  
a n d  a d c q u a t e  r o o t  g r o v v th .  In  g c n e r a l ,  b i o s t r u c t u r a l l y  
a c t iv c  so i ls  o n  u n đ u l a t i n g  t c r r a in  a n d  h a r s h  c l im a te  
s h o u l đ  b c  m a n a g c d  vvith  t n u l c h  t i l l a g e ,  n o - t i l l a i Ị e ,  o r  
o t h c r  r c d u c c d - t i l la £ ;c  s y s t c m s .

B. Runoff Management
RunotT nninaííement is imporcant tor soil crosion COI1- 
rrol and for eíĩicient and sustainable use ot" vvatcr re- 
sources. There arc at lcast three strạtcgics for r u n o f t  
man.menient (Fitĩ. 5) \vhich include (1) decrcase run- 
o t ĩam o u n t ,  (2) rcducc runoff  velocity, and (3) storc 
runott tor vvatcr recycliniỊ and tuturc use.



I VVater Logging— Water Erosion 

I Wind Erosion— Drought Stress

C L A Y

C L A Y
LOAM

ỊU
ỊẸ3

S IL T Y  C L A Y  
LOAM

S IL T
LOAM

S A N D V
LOAM

LO A M Y
SA N D

SA N D
P E R  HUMID S U B  SEM I A R ID

HUM ID HUMID A RID

M O ISTU R E REG IM E

F IG U R E  4  C o n s e r v a t io n  tillatỊc s y s te m s  in rc la t ion  to  m o is tu rc  reíỊÌnie a n d  soil t c x tu re .  (Lal, 1985).

1. Decreasing Runoff Amount
Strategies for dccreasing runoff  amount involvc 

contour farming and installing barricrs on thc
contour.

a. Contour Farming ContouriniỊ or contour 
hirmine; implies períòrminạ; all tarni opcrations OI1 
the contour rather than up and dow n the slope. Plow- 
intỊ on the contour, establishing riđge-fi.irrow system  

on the contour, plantina; crop rows on thc contour, 
and applyinẹ fcrtilizers and othcr chcniicals on the 
contour increase surtace dctcntion capacity, incrcasc 
timc tor \vater to iiứìltrate, and decrease runoff 
amount. Contour fannine; is, howcvcr, etTecđve on 
íỊcntlc slopcs ot up to 5%. Stecper slopes rcquire slopc 
manaiỊement techniqucs outlined in Fit*. 5. C ontour 
tnrming can be sometimes inconvcnient bccausc it

possibly involves írcqucnt turning o t 'fa rm  vehicles 
and loss o f  area which has to bc put in to bưtTer strips.

b. Strip Cropping Anothor aspect ot" contour 
farming is strip cropping or iỊrowiníỉ; crops into long 
narrow strips cstablished on the contour. In this sys- 
tem, opcn row crops (e.g., com) are grovvn in alter- 
nate strips with closc canopy crops (e.g., soybcans, 
alf'alfa, etc.). The close canopy crop is often i^rown 
in a cotnour strip dow n slope trom the open row 
crop. It is aiso irnportant to cstablish buffer strips 011 
the contour. There arc various typcs ot'strip cropping. 
O n  thc basis ofobjectives, vegetative materials uscd, 
and hcld design adoptcd, buttcr strips arc called con- 
tour strip cropping, butTer strip croppmg, barrier 
strips, border strips, or held strips. In addition to 
rcduciníỊ run o t ĩ  amount, cstablishing strips ae;ainst
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F IG U R E  5 1 e d i n k Ị i i e s  ỉo r  i k r r c a s m i :  n m o t t  an io im t  and v c loc ity  throuựh cniỊÌnccriiit’ structurcs.

th e  p rcv a i l in u ,  w i n d  d i r e c t i o n  .ilsu d c c r c a s e s  \v in d  
e r o s i o n .

c. Contour Barriers Runott aniount can  a lso  bc 
c iccrcased  b y  es tab l i sh in u ;  c o n t o u r  lu n u ls ,  vvhich a re  
c m b a n k m e n t s  o r  c a r t h c n  đ ik cs  (.-stablishcđ OI1 th e  c o n -  
tour. These bunds ;irc p ro tm c d  by cstablisỉiiiiLi; ap- 
p m p r i a t c  v c iỊC ta t io n  c o v e r ,  .nul a rc  p a r t i c i i la r ly
t iv c  in s c m i - a r i d  c l im a tc s  to r  vv;itcr c o n s e r v a t i o n  o n  
slow]y pcrmeable soils. Dr.nv b.K ks ot Yontour bunds 
includc extra costs, and S0111C l.ind atv.1 takcn ou t ot 
p r o d u c t i o n .

d. Vegetative Hedges R.ithcr t h a n  cartlicn L-m- 
b a n k n i e n t s ,  v e i Ị C t a t i v c  h c d g c s  ,1 10  c s t a b l i . s h c d  OII t h e  

c o n t o u r  t o  c r e a te  a b a r r i c r  an d  ìm  rc .is r  t in K ’ f o r  vvatcr  
to  s o a k  m t o  t h c  soi].  VV iỊc ta t ivc  hcdiỊCS a rc  m o s t l y  
c s t a b l i s h c d  t r o i n  b c n c l i - t v p c  lỊHisscs. A vvidcly  
a d a p t e d  íỊrass t o r  t r o p ic a l  c c o r c g io n s  fo r  voiỊC tat ivc  
hcdtỊcs is Vetiver ( I 'ctiưiriii zi:tinioiiìcs) OI' khus iỉrass. 
V c t iv c r  is d c n s c ly  t u t t c d  bu iK Ìi  IỈ1MSS \ v h i t l i  can  b e  
ca s i ly  c s t a b l i s h c d .  In a d i l i t io n  t o  l ĩrassos.  v ec ;e ta t iv e  
h c d i ĩc s  can  a lso  b e  e s t a b l i s h c d  h o m  u o i K Ì y  p c r c n n ia l s ,
c . i Ị . ,  L a i ù i a i t ì  l c t i ío c c p h d l i i .  ( ' ỉliri iitli iỉ  s c p ì i n n ,  e t c .  1 ’ r o p -  

c r ly  c s t a b l i s h e d  a n d  a d c q u . i t c lv  ìn .u n t . im o d .  voiíCta- 
t iv c  hcdiỊCS d c c r c n s e  r u n o t T  v c l o õ t y .  c iKour.iLạ '  s c d i -  
m e n t a t i o n ,  a n d  r c d i i c c  n m o t t  .m d  SDÌI c r o s i o n .  

H o \ v c v e r ,  c l o s c l v  s p a c e d  .11)0 n , i r r o \ v  s r r i p s  o t  ‘j ; r ; i s s  

o r  \ v o o d v  p c r c n n i a l s  a rc  likc-l\' UI Ix Iiuiro c t k v t i v c  
in r c d u c i i i Ị Ị ;  r u n o t ì  a n d  s o i l  c r o M n i i  t l i .m  n . i r n m '  o r  

s in t ; le - rovv  l icd i ĩc s .

2. Reducing Runoff Velocity
T h c r c  are tw o  iỊdicral stratcgics for ixdưciniỊ runotT 

v c lo c i ty :  (a) s l o p c  m a n a g e m e n t ,  a n d  (h) sp e c ia l  c n g i -  
necr inu ;  s t r u c t u r e s .

a. Slope Management lt involvcs brcaking a 
lone;  s l o p e  i n t o  s h o r t  s c t Ị m c n t s  t o r  d e c r e a s i n g  o v c r a l l  
s l o p c  l Ị r a d i c n t ,  a n d  is a n  i i u p o r t a n t  a n d  a w i d e ] y  p r a c -  
t ic c d  s t r a tc i Ịy  t o r  m a n a i Ị c i n c n t  o f  s t c c p  l a n d s .  T c r r a c -  
in i;  is a p r a c t i c c  o f  in s ta l l inu ;  c a r t h e n  d ik e s  o n  th e  
c o n t o u r  a n d  p r c t c r a b l y  a t  r ie ;h t  ane;]e t o  t h e  s t c c p c s t  
s l o p c  fo r  i n t c r c e p t i n g  s u r í a c c  r u n o t T o r i í Ị Í n a t i n g  f r o m  
w i t h i n  t h c  f a r m  l a n d .  A  t e r r a c e  c o n s i s t s  o f  t w o  p a r ts :  
a n  e x c a v a t e d  c h a n n c l  a n d  a b a n k  o r  r i d g c  o n  t h c  dovvn  
s l o p c  s id c .  T h c r c  a r c  d i íT e re n t  t y p c s  o f  t e r r a c e s  b a s e d  
o n  t h e  s izc,  s h a p c ,  g r a d i e n t ,  l o c a t i o n ,  a n d  p r o t c c t i v e  
ì m t e r i a l  u s c d  f o r  t h e  c h a n n e l  v i s - a - v i s  t h e  r id g e .  
C o m m o i i l y  u s c d  t c r n i s  a rc  t Ị r a d e d  c h a n n e l  t e r r a c c s ,  
s t o n c  t c r r a c c s ,  b r o a d - b a s e d  t c r r a c c s ,  c tc .  T e r r a c c  n o -  
m e n c l a t u r c  is a l s o  b a s c d  OI1 t h e  o b ị e c t i v e  o r  u s c ,  c .s; . ,  
o r c h a r d  t e r r a c e s ,  c o n v e r t i b l e  t e r r a c c s ,  i n d i v i d u a l  b a -  
sins, ctc. Parameters for terracc dcsiiỊii mcludc shapc, 
s izc ,  a n d  g r a d i e n t  t o r  c h a n n c l ;  v c r t i c a l / h o r i z o n t a l  111-  
t c r v a l  b c t \ v c c n  t c r r a c e s ;  a n d  p r o t c c t i v e  s y s t c i n  to  s t a -  
b i l iz c  d ik c s  a n d  e m b a n k m c n t .  T h e  d e s i í Ịn  a lso  i n -  
c lu d c s  c x p c c t e d  r u n o t V v o l u m c  o n  t h e  b a s i s  o t  10-,  5 0 - ,  
o r  1 0 0 - y c a r  s t o r m .  W l i i l c  o v c rd cs i t Ị i i i im ;  is e x p c n s iv e ,  
nndcrdcsitỊiiimỊ can causc ovorHosv and brcach in t e r -  
r.ice lcndins;  t o  s c v c r e  íỊii l lv inc;.

b. Waterways InstalliniỊ \ v a t c r w a y s ,  a n o t h c r  a s-  
p c c t  o t  r c d u c in e ;  r u n o t t  v c l o c i t y ,  i n v o l v c s  b r o a d -



bascd natural or artitìcial channels convenientlv in- 
stallcd k>r satc disposal of surplus runotToriiỊÌiiatinu; 
trom tcrraccs and YVÌthin the tìcld. Water\vays arc 
callcd ựrass watorways, sod watcr\vays, o r  meadovv 
strips 011 thc basis ot the nature of protectivc matcrial 
nscci in stabilizimĩ thom. Similar to tvrraces, capacity 
of the \vatcrways is also dcsiíỊncd 011 the basis o f  
cxpcctcd rimotT from 10-, 50-, or 100-year storm.

c. Diversion Channels Diversion channels or 
ditclies arc installcd to prcvcnt run-on tròm sur- 
roundini; hills o r  adjacent land. Thesc ditchcs arc also 
callcd storm  vvatcr divcrsion drains. The priniary ob- 
ịcctivc is to prcvcnt flood \vatcr tro 111 entcrimỊ; tlic 
tarni. DcsiiỊH critcria and miidclincs tor construction 
and installation of divcrsion channcls also bascd on 
soil typc, terrain, and cxpcctcd runotV.

d. Engineering Structures Permanent mcchani- 
cal structures arc nocdcd tor safe disposal o f  con- 
ccntratcd ruiioiì on stccp slopes. The objcctivc is to 
dissipate tlie kinctic encrgy o f  flmv throiiiỊỈi pcr- 
mancnt structurcs madc o f  concrctc and othcr rcsis- 
tant nmtcrials. Thcrc  arc scvcnil types o f  cniỊÌncerinií 
structurcs nscd for this purposc. D rop structurcs, 
small d.tnis with vvater stomge u ipađ ty , constructcd 
in pairs at tlic stccpest sciỊmcnt o f  the slopc, are dc- 
sitỊiicd to  stabilizc stccp watcrways, diversion chan- 
nels, or intcrccption ditches. The  lontỊÌtudinal wall o f  
the s tm cturc  is constructeđ across thc chnnnel and 
anchorcd onto  thc bank OI1 hotli sidcs. The notch or 
hoN in lc t  111 t h c  w a l l  s c r v c s  as a s p i l h v a y .  T h e  spillinu; 
bnsin is bclow thc spillway and is dcsiiỊncd to absorb 
the cnornv. Thest* structurcs are constructcd from 
pouređ concrctc, ccmcnt blocks, tiinhcr, corrusỊated 
mct.ll, ctc.

Chutes are spccially dcsigncd spillvvavs constructcd 
to tnmsmit conccntratcd r i in o t ĩ t ro m  the hiíỊhest point 
ot thc watcrway to the lovvest. Cluites arc madc ot 
piuircd in concretc, and the chute outlct is usuallv 
protcctcd vvith broiiíỊht in stoncs or stone rip rap.

Tlicrc arc also several typcs ot' chock da 111 s con- 
striHtcil at stratciỊÌc locations to stabilizc \vatcrvvays 
and trap scdiments. Chcck danis may bc madc ot 
loiiciotc with a n o tch /b o x  spilKvay or they may bo 
made ot porous niatcrials. C.IỊ., stoncs held toiíethcr 
hy .1 \\ ind nct. Such porous structurcs arc also called
u,.ibions \vhich comprisc pretabricarcđ h.iskcts o f  
Iku V Y-đutv vvire ncttiniỊ and are tillcd w i t h  stone.
( l.ibions arc tìexible in đimensions. but scvcral baskets 
(..m hc pl.uvd 111 scrics or on top ot one anotlicr.

3. VVater Harvesting and Recycling
It involvcs collecting excess rnnotT, natural or in- 

duccd, in surhicc rescrvoir tor atỊricultural usc. Water 
tluts harvcstcd can bc stored in surtacc rcscrvoirs or 
poiuls or in soil. Appropriatc watcr harvcstiniỊ stratc- 
ÍỊÌCS dcpcnd on soil typc, tcrrain, and raintall charac- 
tcristics. The stratcgv may involvc microcatchnicnt 
tor individual trccs, ridíỊC catchmcnt tor harvestine; 
vvater tVoni a raiscd bed into the furrovv whcre crops 
arc ẹrow n, strip catchmcnt whorc altcrnatc strips are 
lctt uncroppcd and dcliberately treatcd to accentuate 
runotY, and large catchmcnt whcre largc arcas are sct 
asidc to liarvest watcr and storc in above-É>round or 
belo\v-ground rcscrvoirs tor supplcmcntarv irri- 
lỊation.

V. Conclusions

Soi] and vvatcr rcsourccs o f  the vvorld arc tinitc and 
rcquirc carcíul appraisal and scicncc-bascd manaỉỊc- 
mcnt. MisnianaíỊenicnt and misusc can lead to scvcre 
problcms ot dcííradation o f  soil and water rosoiirccs,
C.ÍỊ., accclcratcd crosion, salt buildup in the root zone, 
soi] vvctncss, and anacrobiosis. Limited cxtcnt o f  
primc aiíricultural lami, hiu; 11 rates o f  soil dctỊradation, 
and rapid incrcasc in population are rcsponsiblc for 
dccrcasc in iílobal per capita land arca to 0.25 ha for 
arablc land and <1.07 ha íor irriíỊạtcd land.

Thcrc arc scveral tcchnolotỊÌcal options tor vvatcr 
managcmcnt includintí drainatỊC t'or improving acra- 
tion and lcachintỊ salt out o f  thc root zont’, and supple- 
mcntal irriiỊation for allcviatinạ; droua;ht and pro- 
lontíintỊ the c;rowiníỊ scason.

SoiI conscrvation involvcs soil surtacc managemcnt 
bascd 011 conscrvation tillage techniques, runotTman- 
aíỊcmcnt bascd on slopc moditĩcation and cníỊÌnecrinc; 
structuros, and watcr harvcstiníỊ tcchniques.

Basic principlcs o f  thesc tcchnoloí^ical options arc 
vvcll knovvn. Localc-spcciíic adaptations are ncedcd 
to addrcss spccitlc constraints to soil typc, tcrrain, 
landusc, climatc, and socio-cconomic tactors.

Implenicntation ot'soil and vvater manaííeincnt and 
c«nscrvation techniqncs is cssential tor sustainablc use 
ot soi 1 and vvatcr rcsourccs and tor cnhanccmcnt o f  
environmcntnl quality.
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Glossary

A d s o rp t io n  a n d  ion  ex c h a n g e  Adsorption is a pro- 
ccss vvlicrcby solutes bind tơ s 11 r ta CCS o f  soil particles 
to tor 111 outcr or inner-sphcrc solutc-surtacc site com- 
plcxcs, whorcas ion cxdianiỊC is the process whercby 
fluríỊed solutcs rcplacc ions 011 soil particlc surtaccs 
D e s o rp t io n  Solutc rclease from the soil matrix to 
thc soil solution pliasc when the mcchanisms are not 
knovvn
D isp e rs io n  A primary process o f  solutc sprcadin^ 
\vhich occurs during water flow in soils or porous 
mcdia. o t t c n  rcterred to as mechanical or hydrody- 
namic dispcrsion, it is duc to nonuniíòrm flow distri- 
bution duc to nonuniíorm sizcs ot' the conductinsị 
soil porc spacc, Huctuation o f  thc flow path due to 
tortuosity etĩect, and the variation in velocity from 
the centcr ot' a pore (maxinuim value) to zero at the 
solid snrtace intcrface
E q u i l ib r iu m  re te n t io n  m o d e ls  Mathematical for- 
mulations descrihing thc am ount ot' solutc retained 
h om sokition vvhcn solutc reactions in thc soil system 
occur instantaneously
H yste res is  A phcnomcnon associatcd with adsorp- 
tion/đcsorption isotherms where tor a miven solute 
1’onccntration in solution, the amount retained bv the 
soil is lo\vcr during adsorption in comparison to dc- 
sorption
P h y sica l/ch em ica l n o n eq u ilib riu m  retention  
m o d e ls  Marhematical tormulations describiníỊ the 
aiiHiunt of solurc retaincd trom solution whcn rcac-

tions in the soil svstcm arc timc-dcpendcnt due to 
physical processcs (pore gcornetry and accessibility 
to rctcntion sitcs) or chcmical processes (chemically 
controllcd hotcrogcneous rcactions) 
R eten tion /release  o f  so lutes Rcactions which oc- 
cur bctween solutcs prcscnt in che soil solution and 
thc soil matrix \vhich may include precipitation/dis- 
solution, ion exchaníỊC, and adsorption/desorption 
Sorp tion  Solutc rcmoval (or rctcntion) from solu- 
tion by soi! when the mcchanisms are not known, 
unlikc the tcrni adsorption vvhich dcscribcs the forma- 
tion ot so lu tc—suríace sitc coniplcxcs

T h e  movement o f  chcmicals and thcir retcntion in 
the soil profilc plav a siiỊniticant role in thcir lcaching 
losscs heyond tlie rootzonc, availnbility to upcakc by 
plants, and thc potcntial contamination o f  iỊroundwa- 
tcr supplies. Wc present com m only used approaches 
for predictiníỊ rctention bchavior o f  chemicals in soils. 
First wc discuss mechanisms govcrniníí thc transport 
o f  dissolved chcmicals in watcr-saturatcd and watcr- 
unsaturatcd soils and boundary conditions commonly 
encountcred under field conditions. Mạịor features 
o f  sins;lc rctcntion approaches ó f  the rcvcrsiblc and 
irrcversible kinetic type are then presented. Further- 
morc, gcneral purposc models o f  the multiple reaction 
typc including the two-site cquilibrium-kinctic, thc 
concurrent and consecutive multireaction, and the 
compctitivc ion exchange. Physical and chemical non- 
cquilibrium approaches such as the two-region (nio- 
bilc-immobilc) and second-ordcr kinetic models are 
also discusscd. Illustrative cxamples o f  niodelin^ o f  
the tate o f  nitroẹ;cn, potassium, and othcr ions interac- 
tions arc gi ven.

I. Overview

Mininiizinu; the 11SC of  aiịricultural chcmicals t’or 
groundwatcr qưality and tarm protìtability is o f  mạjor



concern nationally and vvithin thc agricultural com - 
munity. Health conccrns for drinking vvater quality 
must bc balanccd with maintaining cconomically via- 
blc agriculture. Central to the issue o f  agricultural 
chemical managcment is best manaíỊcmcnt practiccs 
which maximize proíit with minimum potential con- 
tamination o f  suríace and subsurface vvatcrs. Agricul- 
tural chemicals applied to soils in large amounts arc 
fertilizers which contain major plant nutrients naniely 
N, p, K, and s which arc applied in ditTerent fòrms 
indudinc; granular, pcllets, or as a liquid. In contrast, 
niicronutricnt (c .g., B, M o ,  C u , am o n g  othcrs) are 
applicd sparinííly and only whcn necessary to nioditv 
diatrnoscd dctìciencies in the soil composition. Pesn- 
cidcs and insecticidcs arc com m only  applied to thc 
soils or as íòliar applications on agricultural crops and 
ornamcntal for wecd and pcst control. O ther applicd 
chcmicals iiicludc gypsum and lime as soil amencl- 
nients for the primary purposes including altcration 
o f  soil acidity/alkalinity (pH) and AI toxicitv. More- 
ovcr, soils are otten uscd as a rcsonrcc tor lanci trcat- 
ment o f  disposal ot animal and municipal vvastes. 
Occasionally, soils receive indưstrial and toxic or haz- 
ardous wastos vvhich oftcn indude oriỊanic chemicals 
and hcavy  metals, amoniỊ othcrs. I Scc F e rt i l iz e k  
M a n a ci ỉm h n t  a n d  T e c h n o l o g y ;  G r o u n d  W a t e r ;  
lJ EST M a n a g e m e n t ,  C h e m ic a l  C 'o n t i« ) l ;  Son., A c m ;  
Son. P o l i .u t io n .  ị 

The fate o f  fertiliztTS, pcsticidcs, and waste C h e m i
cals  applicd t o  t h e  soil d c p c n d s  011 p h y s i c a l .  c h c m ì -  
cal, and biolotỊÌcal proccsses in thc soil. Many o f  
thesc proccsses arc not yct well Lindcrstood, how - 
cver. Pliysical proccsscs include solute transport 
accordinụ; to niass flow or convection and transport 
d u c  t o  d i tT u s io n  a n d  h y d r o d y n a m i c  d i s p c r s i o n .  
Physical proccsscs arc intìuenccd bv watcr flux den- 
sity, bulk dcnsity, porc qeomctrv or tortuosity, and 
thc occurrcncc o f  rcgions vvithin the porc spacc 
which do not contribntc to solutc convcction (i.c.. 
mobilc—immobilc rctỊÌons). Chemical and bioloiỊÍcal 
proccsscs in the soil cnvironment can ottcn involve 
a scrics o f  com plcx  interactions includintỊ bioloíỊÌcal 
t m n s t o r m a t i o n s  o r  dcEỊra tla tion .  o x i d a t i o n  a n d  r c -  
duction, volatilization, prccipitation/dissolution, 
complex íormation. and cation or anion exchantỊC. 
Knovvledtíc o f  the roactions is csscntial for the 
purposc ot prcdictiiiíỉ thc retention reactions ot 
solutc in soils and thcir potcntial mobilitv to within 
the soil protile. The abilitv to predict the mobility 
ot applied chemicals Í11 the soil is a prercquisitc in 
a n y  p r o i ỉ r a m  a in i c d  at ach iev inu ;  o p t i m u m  t a r i n

proíìtability vvhile protccting gro u n d w a te r  quality. 
ỊS(’f SoiL C h e m istk y ;  Soii M i c r o b i o l o g y . Ị

In this article, thc principlcs tỊovcrniniỊ the transport 
ot solutes in soils arc prcsented. The equation oí mass 
conscrvation ot solutes is íỊÍvcn and thc convec- 
tion—dispersion equations for nonrcactive and reac- 
tive solutcs in soils are torniulatcd. The general form 
o f  the convection—dispcrsion transport cquation tor 
water-unsaturatcd and Cransicnt \vater flux is derivcd. 
Mạịor tcatures o f  mechanistic niodcls vvhich dcscribc 
the cxtent o f  adsorption/dcsorption or rctcntion ot 
s o l u t c s  in  so i l s  a r c  p r e s e n t e d .  S in iỊ lc  r c a c t i o n  m o d e l s  
o f  thc equilibriuin and kinetic typcs arc discussed. 
Rctcntion rcactions o f  tully rcversible and irreversibk 
types arc incorporatcd into thc transport equation. 
Models o f  tlic multisitc or multiple rcaction typc in- 
cludiniỊ the two-sitc cquilibrium-kinetic niođels, thc 
concurrent and consccutivc multireaction modcls 
and the secontl-orđer approach arc presentcđ. Thi' 
is tollovved by tmilticomponcnt or compctitivc type 
modcls vvlierc ion cxchaiitỊe is considcrcd thc donii- 
nant rctcntion nicchanism. Incorporation o f  the role 
o f  spcciíìc sorption as a inechanistic approach for acỉ- 
sorption ot ions on liiiỊh-aftìnity s i t c s  is discusscd 
Morcovcr, sclectcd cxpcnmcntal data sets arc cie- 
scribcd for the purpost’ o f  modcl cvaluation and vali- 
dation. Finally, tlic tvvo-rci^ion approach is dcscribcl 
to introducc phvsical noneqiiilibrium bchavior durin> 
transport in soils.

II. Transport

T o dcscribc the lỊdicral cquation dealing with tlc 
transport ot dissolvcd aa;riciiltiưa] chcmicals prescrt 
in tlic soil solution, a ìuimbcr ofdcfm itions must te 
tíivcn. For a tỊÌvcn bulk volumc within the soil, tlc
total aniount o f  solutc X (fJL£, cn r ')  tor a spccics i nuy
be vvrittcn as

X, =  0  c ,  +  p S „  (i)

whcre s  is the amount of solute retaincd by tlie S(.il 
{fji i; íí' 1 soil), c  is thc solutc conccntration in solution 
(ụ. i* n il '1), 0  is thc soil nioisturc content (cni3 c n í  ), 
and p  is thc soil bulk dcnsity (iĩ cm"'). The rate )t 
chaiiiíc ot'x  íor tho / th spccics \vith tinic is subjcct ;o 
the lavv o f  mass conscrv.uion such that (omittintĩ tic 
subscript i)

= -  div / -  Q 2 )
ờt



r't((-)c: + p S )
(II <1 .V

vvherc r is timc (lư) and /A, / . and / .  reprcscnt the 
rtux or  ratc o f  movement o f  solute spccics i in tlic .V, 
y, and c dircctions (ịjls, cm"’ lư"1), respcctivcly. The 
tcrm Q  rcprcsents a sink (Q positive) or sourcc vvhich 
accoiints tbr tlic ra te o f  solute renioval (or addition) 
irrevcrsibly tVom the bulk solution (fia, c n r '  h r '1). 
í lic irrcvcrsibtc tcrm Q can also be considcred as a 
root uptakc tcrm tbr the extraction ot' ions trom 
tiu- soil solution. For oHC-diniensional flow in thc -r- 
ilircction, the tìux / 111 the soi] may be lỊĨvcn hy

J = -  6 (D ,„  + + qC, (4)

vvlierc l ) m is the molccular ditTusion coettìđciu 
(CHI ’ lư '1), /), is the loniỊÌtmiinal dispcrsion cocttìcicnt 
( n i r  lư"1), and 1] is I)arcy's riux (cm hr"1). Thcrctbrc, 
t!ic primary mechanisms íồr solute movcment arc 
itui' to dithision plus đispcrsion and by mass flow or 
loiivection with YViiter as tho vvatcr movcs tliroutỊỈi 
the soil. The molecuhir ilitYusion mechanism is due 
t>) ilic randoiu tluTMKil motion of'molecules in solu- 
IIOII and is an activc process  rciỊardlcss o l  w hcthcr  
thcrc is net vvatcr tìovv in the soil. A wcll-kiH»wn 
ixsrripuon of the đithision procoss is ]-ick's l;iw ot 
cithision \vhcre the tìux is proportion.il to the concen- 
tration iỊradicnt. The loiiiỊÌtudinal dispersion tcrni of  
tq .  (4) is duc to the niccliaiiicLi! or hydrodynamic 
cispcrsion phcnomcnon vvhich is duo to thc nommi- 
t )rm How vclonty  distribntion duriniỊ rtuiđ tìovv in 
pormis incdia. N om m iíbrm  velođty  distribution 
tnroiií’1) thc soil porcs is a result o f  variations in porc 
ciiaim-tcrs alontỊ the How patli, Huctuation of the flow 
p t h  liuc to tortuosity cttect, and the variation in 
\-l«c'itv trom the ccntcr o f  a pore (maximum valuc) 
to zero .It tlie solid surtacc intcrtace (Poiscuillc’s law). 
l l ic  cfìcct o f  dispcrsion is rhat o f  solutc spreadinu; 
v liicli is a tendencv oppositc to that o f  piston How.
I ispiT.sion is ctYecnve only duriniỊ rtuid Hovv, so that 
ti>r .1 static \vater condition or  vvhcn watcr flow is
II .MI' /cro, niolccul.tr ditìusion is tho dominant process 
k r solutc transport in soils. Fơr niultidinicnsional 
ri nv. loutỊÌtiKliiial dispcrsion coctVicicnt (D; ) and 
timsvcrsc dispcrsion cocíĩicicnts ( D ị ) are necdcd to 
il.si. ribc tlic dispcrsion mccliaiiism. LoiiiỊÌtudinal dis- 
p rsion rctcrs to th.u in tlic dircction ot' vvatcr flow 
a: li tli.It tor thc transvcrsc dircctions for dispcrsion 
p.i pcndk ular to the dircction ot'rto\v. lỉascd on cx-

perimcntal values o i ' D ị dcrermincd by various scicn- 
t is ts ,  a unicỊiic  r c l a t i o n s h ip  c x i s t s  b c tv v c cn  ( Í ) / / D „ 1) 
and tlic Pcclct numbcr 11 ( =  vvherc </ is the
avoraiỊC dianictcr o f  the soil particlcs (cm) and I’ is 
rctcrrod to as the porc-watcr vclocity and is tỊĨven by 
(i / / t ì) .  iiascd OI1 thcsc tìndiniís a iỊdicralized rolation 
for D)  may be \vrittcn as

D ị  =  \ v . (5)

whcrc X is a characteristic propcrtv o f  the porous 
media knovvn .1S thc dispcrsivity (cm). Apparcnt dis- 
pcrsion D  is ottcn introduccd to simplify the tìux Eq. 
(4) such that

J s = + qC,  
(i: 1 (6)

v v h e rc D (=  D„, + D , ) reters to tho combineđ 
cncc o f  ditìiision and hydrođynamic dispcrsion tor 
dissolvcd clicmicaỉs in porous mcdia. Unlcss the vva- 
tcr rtovv vclocity is extrcmcly slovv, D  is dominaccd 
by loniỊÌtudinal dispcrsion D ị .  MiírL-ovcr, sincc D,„ 
is ditììcult to quaiuity, dircct mcthods arc ottcn used 
to dctcrminc the apparcnt dispersion coctTicicnt D o f  
Eq. (6). Misciblc displaccmcnt rcsults tor a tracer 
(c.tỊ., Br, '11 ,0  or V,C1) in soil columns are thc re- 
quircd da ta set. Dcterniination ot 1) is obtaincd 
throuiỊh eitlicr regression or trial and error bv ciirvc 
rtttiniỊ o f  cfflucnt data to annlytical soliition ot the 
tra n sp o rt c q u a tio n  tor  n o n r c a c t iv c  s o lu tc s .  IScc  S ()IL -  
W ater R ei.a i ionsiiips . I

Incorporation o f  flux Eq. (6) in to the conservation 
o f  niass Eq. (3) yiclds thc following goncralizcd torni 
for solutc transport in soils in onc-dimcnsion,

clOC
in

d s i)
+ p  . — T~(II clz

OL c r) qCl
-  Q. (7)

The above cquation is conimonly kiiOYvn as the 
convcctivc-dispcrsivc equation for solutc transport 
\vhich is valid for soils under transicnt and un- 
saturatcd soil-vvatcr How conditions. in order to dc- 
scribe tlic fatc o f  solutcs in unsaturatcd soil proíìles 
Iindcr transicnt How conditions. Richards’ cquation 
for watcr flovv (in onc-dinictision) must also bc con- 
sidcrcd.

ạ e
<11

, . . . .  r)ll 
KỢiỴ-r1 

c)z
ỉ) KỢi) 

<);

whorc li is tho soil—\vatcr prossurc licad (em) and K  (li) 
is tho soil livdraulic conductivitv (cm lir"1). The above 
cquation is knoxvn as thc /í-torm ot the vvater tìovv



cquation. KnovvlediỊc of the function.ll rclation ot K  
vcrsus prcssurc hcad li and the moisturc charactcristic 
rclation ( 0  versus lì) arc prercquisitcs for solvintỊ 
Richards’ flow cquation. In addition, Eq. (8) includes 
a root uptake tcrm A ( z , t ) ,  for \vater cxtraction as a 
tunction o f  depth and timc (cnv’ c n r '  hr 1). This term 
is analoiỊOUs to the irrevcrsible source/sink temi Q 
tbrsolutes Í11 Eq. (7). U pon solution ot Eq. (8) subject 
to the appropriatc initial and boundary conditions, 
onc can obtain the \vatcr contcnt B and Darcy flux q 
tor any dcpth (ĩ) and timc (í). lioth B(c,f) and í j ( : , t )  
are necded Í11 order to obcain a solution for solutc 
transport ÍI1 the convection-dispcrsion cquation.

For conditions whcrc stcady \vatcr rtovv is domi- 
nant, í/ and 0  arc constants, i.c., tbr uniíorm 0  in the 
soil, wc havc the siinplirted torm ot thc convcction- 
dispersion cquation as

a c
ờt

p  d S  
t ì  l ữ

Ỉ IC
b z

Q
0 (lJ)

Solutions o f  thc above convcction-dispcrsion Eq. (7) 
or (9) yicld the concentration clistrihution ot thc 
amotint o f  sokite in soil solution ;ind that retaineđ 
by thc soi) matrix 5  with tinic and depth in the soil 
profile. In order to arrive at such a solution, the appro- 
priatc initial and boundary conditions nnist be spcci- 
íìcd. Scvcral boundary conditions arc idcntiíicd vvith 
thc problem o f  solute tninsport in pnrous mcdia. 
First-ordcr typc boundary conditions tor a solutc 
pulsc input may be dcscribed as

c  = c„ 
c = 0,

= 0 ,

2- = 0 ,

t<  T ,  

í2  T,

( 10)

( 1 1 )

where c ,  {ịAữ, cni"3) is the concentration ot thc solute 
specics in the input pulsc. The input pulsc application 
is for a duration T  whicli is then tbllovved by a pulse 
input which is free o f  such a solutc. Third-type 
boundary conditions arc commonly uscd and account 
for advection plưs dispersion across the intcrtacc. For 
a continuous input at the soi] surtace \vc havc

:  = 0 , f > 0 .  (12)

For a tìux tvpc pulse-input \vc h.ivo 

'1
v C  = -  D ~  + v C ,

r \  ~
n, r< T .  (13)

T h e  b o u n d a r y  c o n d i t i o n s  at  SOI1K’ t icprh  /. in t ho  soi] 
profile are otten exprcsscd as

+  V c ,
():

:  =  0 .

d £
ỉ);

= 0 . z  =  L , rst),

f > T  04)

( 1 ?:

which is uscd to deal vvitli solute cfflucnt from soils 
haviiiíỊ tìnitc depths. Hovvcver, it is otten convenient 
to solvc the dispcrsion-convection equation vvhcre a 
scmi-inhnitc rathcr than a h 111 te leníỊtli (L)  o f  the so i l  1S 
assumeđ. Under such circumstances. the appropriatc 
condition tor a seini-iiứìiiitc medium is

a c
=  I). f> 0 . (16)

Analytical solutions to the convcction-dispersion 
equation subịcct to thc appropriatc boundary and ini- 
tial cọiiditions are available tor a liniited nunibcr ot 
situations whereas thc mạjority of'the solute transport 
problcms nuist be solved usini* nurncrical approxima- 
tion methods. In íỊcncral, whenever the form o f  the 
rctcntion reaction is linear, a closed-forni solution is 
obtainablc. A nuinber o f  closed-form solutions arc 
availablc in the litcraturc. Howcvcr, most rctention 
mcchanisms are nonlinear and time-depcnđcnt in na- 
turc and analytical solutions are not available. As a 
rcsult a numbcr ot' numerica] inodels using íìnite- 
ditTcrcnce or íinitc clement approximations have been 
utilừecỊ to solvc nonliticar retention problenis of 
multireaction and multicomponcnt solute transport 
for one- and two-dimcnsional geonietries.

III. Single Retention Models

The rcvcrsible term ( d S / d t )  and the irrcversible tcrn 
Q  o f  Eqs. (7) and (9) niust be identitied in ordcr tc 
predict the ta te o f  reactive solutcs in the soil. l 'h( 
rcversiblc tcrin is otten used to describe the r.itc o' 
sorption or exchangc reactions with the solid matrix 
Sorpcion or cxchange has becti described by cithe- 
iiistantancous equilibrium or a kinetic reaction vvhcr 
c  and varv with tinic. Linear, Freundlich, and onc- 
and t\vo-sitc Langnuúr equations are perhaps the ìnos- 
comnionly used to dcscribe cquilibrium reactions. Ioi 
o x d ia i i í ỊC  is o t t c n  c o n s i d c r e d  i n s t a n t a n e o u s  in  n a t u r '  
and ííovcrns the retention of cations such as Ca, Mị, 
and Na in soils. In contrast, retcntion to r  scvcral so- 
ntcs has bcen obscrvcd to be strone;lv timc-dcpcncieit 
( c .g . .  p h o s p h o r u s .  s e v e ra !  h c a v v  m e t a l s ,  a n d  orsj;ai- 
ìcs). Sclcctcd cxaniplcs ot kinctic rctcntion tor p ae



tíiven in Fiiz,. I. The intìuencc of kinctic reactions 011 
ch - shape ot sorptioti isotlicrms of'P f'or an Oldsmar 
hiic sand (troin South Florida) is clearly illustratcd 
in Fiự. 1. T h e  a m o u n t  o f  I5 r e m o v c d  t r o m  s o l u t i o n  
incTc.iscd vvicli P concentration and timc. Scveral ap- 
ppKnhes liavc hecn proposcd to dcscribc kinctic reten- 
tic.n h c h a v i o r  s n c h  as t h a t  s h o w n  Í11 F ig .  1. F i r s t - o r d c r  
kiiictic is perhaps the carliest siní^lc tò rm  ot‘ rcaction 
iiS"đ to dcscribc sorption vcrsus tinic for scvcral sol- 
.11' s 111 sm ls .

= k f O C  -  k h P S.  (17)
at

11)0 rcaction is revcrsiblc with kị and íỉ/, rcprcscnting 
rin- tbr\vard and backvvard ratc cocíTicicnts (hr"1). In— 
rcỵration of Eq. (17) subjcct to initial conditions o f  

= c „  and s = 0  at t =  0 , yiclds a systcm o f  linear 
s.otption isothernis. That is, following any rcaction

FIGURE 1 Rclationship ot I’ sorbed vcrsus sulution concentration 
u  it li t m ic  Í I 1 s h . i lk n v  t i l lc d  (to p ) a n d  d c c p - t i l lc d  (b o t t o n i)  O ld s m a r  
t im -  s . i n d .  Ị U c p n n t c d  w i t h  p c r m i s s i o n  f r o m  F i sk .o l l ,  | . G . ,  A . .  

M iii.cll. R s.. Sclim, H. M.. and Vl.irtiii, (;. (ỉ. (1979). Kinetic 
h c lu v u n '  ot  p h o s p lu t c  surption by iicid s andy  soil. /.  l i n r i n n i .  Q i h i l .  

8, I

timc I, a lincar rclation bctvvccn .s and c  is obtained. 
Hovvever, Imear isothcrms arc not ottcn cncountcrcd 
cxcept tor selccted cations, heavy mctals. and pesti- 
cidcs at low conccntrations. In contrast, nonlinear 
retcntion bchavior is comnionly observcd tor sevcral 
solutes as dcpictcd by the nonlinear isotlicrms tor p 
shovvn in FitỊ. I. As a result, the rcaction given
by Eq. (17) has bccn extendcd to include the nonlinear 
kinetic form,

= k y O C "  -  k h P S,  (18)

vvhere III is a dimensionless parameter com m only less 
than umty and rcpresents the order o f  the nonlinear 
reaction. For both single kinetic torins (Eqs. 17 and 
18), thc maiỊnitude ot thc ratc coctticicnts dictates the 
extcnt of thc kinctic bchavior o f  the rcaction. For 
small values o ị ' k t and kị,, thc race o f  rctcntion is slo\v 
and strong kinctic dcpendence is anticipatcd. In con- 
trast, for lartỊC valucs o t k ị and k h, the rctcntion reac- 
tion is rapid and should approach quasi-cquilibriuin 
in a rclativcly short time. In fact, at lariỊc tiines (/ —* 
x ) equilibrium is attaincd and the ratc o f  rctcntion 
(d S / d t ) approachcs zcro and Eq. (18) yields,

s  =  K dC" \

whcre

K,  =  (19)
p  *b

vvhich is anạlogous to thc Frcundlich cquilibrium 
cquation wherc K :l is thc distribution coefficicnt 
(cm 1 g '1). For Freundlich or linear isothcrms (m =  1), 
otic may rcgard K j  as thc ratio ot' the forward ratc 
coctíìcicnt for sorption to that for liesorption or re- 
lcase (backward rcaction). An altcrnative to the Tirst- 
or /Ith ordcr modcls is that o í th e  second-order kinctic 
approach. This approach is com m only rcferred to as 
the Langmuir kinetic and has been used for p retcntion 
and sorption o f  hcavv metals by high-atYìnity or spe- 
cific sites. Accordinơ to second-order forniulation, 
the rate of rctention is a function o f  solution concen- 
tration and the amount o f  availablc rctention sites on 
matrix surtaces such that

p í Ệ  =  kf Q ậ C  -  k h P S  (20)

= k p ( S T -  S ) c :  -  k h P S , (21)
ờt

whcrc ộ  is the amount o f  availablc or  vacant sitcs



and s I  is the total amount o f  sorption sitcs (jUg í*'1). 
Available or vacant speciíìc sitcs arc not strictly va- 
cant. Thcy are assumed occupicd by hydrogcn, hy- 
droxyl, or other spcciíically sorbcd species. At t —» 3C, 
when the rcaction achieves local equilibrium, thc 
second-ordcr Eq. (20) obeys the widcly recoụ;nized 
Langmuir sorption isothcrm cquation

vvhcre to (=  0 k f l p k ị )  is thc (equilibrium) LantỊimiir 
coetTicient. Sorption/dcsorption studies showed that 
highly speciíìc sorption mechanisms arc rcsponsiblc 
for solutc retcntion at low concentrations. The gencral 
vicw is that metal ions havc a high affinity for sorption 
sites o f  oxide mincrals surtaces Í11 soils.

Adsorption-đcsorption hysteretic bchavior has 
bcen obscrvcd by scveral scientists. Examples ot hys- 
teretic bchavior íor atrazinc a d s o rp t io n -d c so rp t io n  
isotluTins for a Sharkey đay  soil troni Louisiana arc 
givcn in Fig. 2. Atrazine dcsorption shows siẹniíìcant 
hystcresis or nonsingularicy behavior which bccomcs 
apparcnt with incrcasing mcubation timc. The ad- 
sorption and desorption isothcrnis arc ncarly idcntical 
for the casc wlicre 110 incubation timc was allowcd and 
desorption tbr six consecutivc stcps wcrc folIowed. lf 
adsorption and desorption isothcrms arc identical and 
follow the same path, i.o., nonhysteretic bchavior, 
the rctcntion is rcgardcd iis fu!ly rcvcrsiblc whcrc 
local equilibrium is dominant. Bascd on thc hystcresis 
behavior tor scvcral initial conccntrations (not 
shown), desorption results suggest that part o f  the 
adsorbcd atrazinc is not casily desorbcd or bccomes 
nondcsorbablc bv fortì)ing stroiiiT complexcs or  duc 
to de^radatiou to morc strongly adsorbcd hydroxya- 
trazinc or otlicr metabolites. It has becn shovvn thco-

retically that hystcrcsis results trom  tailure to achieve 
cquilibrium chinng adsorption or dcsorption. It ad- 
sorption and dcsorption are carricd out for timcs sut- 
íicient for cquilibrium to bc attaincd, or the kinctic 
rate coefficients are suíĩicicntly lar^e, such hysccrctic 
bchavior is minimized.

IV. Transport and lon Exchange

ModeliníỊ cation rctcntion and transport in thc soil 
protìlc requires knowledíỊC o f  scvcral chcmical and 
p h y s i c a l  p r o p c r t i c s  o f  th o  s o i l  n i a t r i x ,  in c lu d in c ,  t l i c  

c a t i o n  e x c h a n g e  c a p a c i t y  a n d  t h e  d i s t r i b u t i o n  o f  L‘X - 

chaimcable cations betwccn solution and sorbid 
phascs. Only rcccntly, conipetitive ion cxchaiiííc ot 
cations in the soil solution during transport in soils 
was considercd. The siniplest modcl is that tor .1 bi- 
nary System bascd on the convective-dispersive cq iu- 
tion with cation retCDtion đurine; steadv water flow 
in soils. Revcrsiblc ion cxchaniỊe is considercd to irov- 
ern the retention o f  cations present in thc soil. In 
ađdition, the ion-exch-aíiíỊc rcactions arc assumed to 
bc rapid or instantaneous which implics that loial 
equilibrium conditions arc dominant. A set ot 1 C- 
cursion equations is necdcd to describc nuiltispeđes, 
hctcrovalent cation exchaníỊe, lxnvever. Examples ot 
predictions o f  brcakthrough curves (BTCs) Lising ioii- 
exchainỊO modcls coniparod to expcrimcntal đatii tor 
pulscs o f  Mí» plus Na leachcd bv Ca in a Sharkey clay 
soil colunin is shown in PiiỊ. 3. Breakthrouụh o f  Na 
was carly and wcll describeđ by the modcl. The ret.ir- 
dation o f  Ca and M » peaks \vcre accurately dcscribcd: 
however, peak heiiỊhts vvcre not vvcll cstiinatcd. Ncv-
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crth^kss thcsc prcđictions arc surpnsmt; aclúevc- 
nionts tor simplc transport modcls hascd 011 ion ex- 
d u n iỊ O .

Prixlictinu; cation transport in soils as shovvn in Fĩt>.
3 rcquiiTS knovvlcdíỊC of sevcral chcmical and physical 
proportics of' the cxchaniỊc niL’dnim includinc;, ;it a 
m mmuim. the cation cxohanuv capacity (CEC), ex- 
cli.mm.’ selcctivity coetíìcicnts, bulk density, and the 
đispcrsion cocttìcicnt. Tho C E C  and the physical 
p ropm ics  .irc húrly rcadily dcterniined. Estimation 
ol cation cxchaiiiỊc sclcctivitics, hcnvcvcr, typically 
rciỊiiircs dcvclopmcnt ot exchaniỊe isothcrms. The cx- 
piTÌmental mctlìods arc laborious. If L\\chamỊe selec- 
tivitics tor retiTcncc materials could be uscd to obtain 
t.iirly .KViiratc prcdictions ot cation movcnient in helđ 
soils tlicn it ìni^lit bc tcasiblc to broaden tho da ta 
Ixisl’ ol ktiul manatỊcmcnt dccisions for agricultural 
p iodik tion  or vvaste disposal to includc sucli predic- 
tinns. I ho applicability ot selcctivity parametcrs ot a 
com mon typc ot soil mincral tor prcdiction o f  cation 
niohiliiics in soils liavinsỊ mincraloiỊÍcs domiiKitcd bv a 
siimlar minrral was rcccntly investigatcci. T o  achievc 
lliis tho đetermination ot’ a data basc for purc
d.ivs such as that shovvn in Fit;. 4 vvas csscntial. Trans- 
pi>rt iiukIcI predictions based on selcctivity coetíì- 
Ornts 1)11 purc montmorillonitc, as obtained trom F'iiỊ. 
4, .idcqiKitely đcscribeđ auioiì leachint; in eolumns o f  
biilk samplcs of a prcdominantly moiitmorillonitic 
Sli.trkcv soil. Expcrimcntal and prcdictcđ ettìuent 
rcsulrs ot N.I and Mí* applicd to a Ca-saturated Shar- 
koy soil arc shown in FiíỊ. 5. In addition, compari- 
•.ou 1)1' prcdictions o f  binary (C a-M g) or ternary 
l '.1- M ự -N a) transport usiiiíỊ sclcctivity cocfficicnts 
)I1 purc niontinorillonitc to transport in colutiins o f  
. Ilivicr scĩ ics (tìm.' silty, tnixcd, thcrmic, Aquic FratỊĨ-

Relative concentration (C/C0)

: IG U R E  4 Lxrh.miỊC i s o th e rm  tor b e n to n i tc  d a y  iu 0 .0 5  A/ C IO 4 
K k'j.í*ui!ul so lution . Solicỉ curvcs ;«rc prciiiction.s b.iscil on  avoratỊC 

vk'< n v itk s . ỊKcprintcii Nvith p crm ission  t ìo n i c iasto ii. L. A .. and 
'Ỉ 1II1 II M 1’rcdii'tioiiN n f  c.ition n ioh ility  in m on tn ior il-

1-miu I!U li.i k t s o i 011 exd i.m n cd  selcctiv itics  ot n ion tm orillon ite . 
V :  ̂ . \ /;/ /. 54 , 1 5 2 5 -1 5 3 0 .1

0  5  10  15  2 0  2 5  30
v/v0

F IG U R E  5 b r c a k th r o u g l i  rcsulrs, p o r e  v o lu n ic  ( I V I  *,) and rcla- 
tive conccntr.uion (C/C„) for a tcrnary (Na—Ca—Mtỉ) sysccni in A  

sharkcy so il. P rcd ittions are basod on  cxchantỊc isothcrm  d.ìta for 
b en ton itc  clay . IRcprinted vvith pcrin ission  iron i Cìaston. L. A .. 
and S elim , H. M . (1990). Prcciictions <)í cation m ob ility  in m o n t-  
m orillo iiỉtic  m cdiu bascd 011 cx ch an gc  sclcctiv itics  o t in on rm oril- 
lonito. Soil Sà . Soi. Am. Ị. 5 4 , 1 5 2 5 -1 5 3 0 .1

udalf) and Yolo scrics (tìne silty, mixcd, nonacid. 
thcrmic, Tvpic Xororthcnt) revealed lỊcnerally good 
aí»rccmcnt. Thcsc rcsults for onc com m on d av  111111- 
cral arc cncouraiỊÌnt;. Howcvcr, the applicability ot 
cxchani»c data tbr purc clays to description o f  cation 
transport in soils is not possiblc uutil the transport or 
exchangc bchavior in scvcral such soils is cxaniincd.

Sevcral studies shovvod tliat ion cxchangc is a kinetic 
proccss in which local cquilibrium was not rcached 
instantaneously. In tact, an cxtensivc list o f  cations 
(and anions) cxhibitcd kinctic ion exchaiiiỊe bchavior 
in soils (c.u;., aluminum, anmioniuni, potassiuni, and 
scvcral lieavy nictal cations). Tlic cxtcnt ot thc kinctics 
o f  potassium rctcntion on kaolinitc, montmorillonitc, 
and vermiculitc is illustrated in FitỊ. 6 . A sins^le íìrst-

Time (min)

FIGURE 6  First-ordcr plots o t potassium  adsorption  OII clay n iiỉì-  
crals vvhcro K, is quantitv adsorbcd at tin ic  / and K, is quantity  
adsorbcil at equ ilihriun i. |R cprin tcd  w ith  pcrniission  ỉrom  Ịardinc. 
! \  M .. and Sp.irks. ỉ) .  L.. (1W 4). P otdssiu iii-c .ilciuni cxchaiiỊĩc in 
a nu iltirciictivc so il sv stcn i. I. K inctics. Soil Sii. Soi. Am. Ị. 48 , 
3U -45 .1



order decay tvpc reaction describcd the data ade- 
quately for kaolinite and montmorillonitc whereas 
two first-ordcr reactions werc nccessary to dcscribe 
potassium retcntion 011 vcrmiculitc. Dcviations from 
first-ordcr kinctics tor longcr reaction time is likely 
duc to the fact that potassium retenũon is not an 
irreversible but rather a rcversible niechanism. At 
largc timcs, the contribution o f  the reversc or back- 
ward retcntion process becomes sisrnihcant and thus 
should not be ignored. Kinetic ion-cxchan^c bchavior 
in soils is probably due to mass translcr (or diffusion) 
and chemical kinctic proccsses. For chemical sorption 
to occnr, ions must be transportcd to activc (fixed) 
sites ot the soil particles. The fi]m o f  watcr adhcrintỊ 
to and surrounding the particlcs and vvater within the 
interlaycr spaces o f  thc particlcs are both zoncs o f lo w  
conccntrations due to depletion by adsorption ot ions 
onto the cxchangc sites. The dccrcase in concentration 
Í11 thcse two intcrtacc zoncs may be compcnsated by 
liitTiision o f  ions trom the bulk solution. Thcrctorc, a 
kinctic ion-cxchange modcl torniulation was rcccntly 
dcvelopcd analogous to mass transter or điíĩusion be- 
twecn the soliđ and solution pliase such that,

Ệ  = y  ( S*  -  S ) ,  (23)

wherc s  is thc amount sorbcd ơn cxchange suríaccs, 
s* is the equilibrium sorbed amount (at time /), and y  
is an apparent rate coetTicient (h' '). Here, the sorbcd 
am ount was calculatcd using the respcctivc sorption  
eqưilibrium condition based on laws o f  mass action 
íỊovcrnimỊ ion cxchaníỊe proccsses. Exprcssions simi- 
lar to thc abovc havc bcen used to describe chcmical 
kinctics as well as mass transtVr bctween mobile and 
immobile W3tcr.

V. Multiple Reaction Models

Scvcral studies showcd that sorption-dcsorption of 
dissolved chcmicals on sevcral soils vvas not ade- 
quatcly describcd bv usc o f  a sins»lc rcaction of the 
cquilibrium or kinctic types. Failurt' ot sintỊlc rcac- 
tions is not surprisiníỊ since they only dcscribc thc 
behavior o f  ont' spccies vvirh no consideration to the 
simultaneous reactions o f  othcrs in the soil system. 
Mnltisitcor multircaction models dcal vvith thc multi- 
plc intcractions ofone  species Í11 thc soil cnvironnicnt. 
Such niodcls arc empirical in naturc and arc bascd on 
thc assumption that rctcntion sitcs arc not liomoíỊC- 
11COUS in nature, rather thc sitcs arc hetcroíỊcncous

and thus havc diiTerent atTmitics to individual solu:c 
specics. O ne o f  the earliest niultireaction models ts 
the two-site model vvhich vvas developcd in orđcr 10 
dcscribc obscrved batch results which showed rap-.d 
initial retcntion t'ollowcd by sloxver tvpc reactions. It 
was also devcloped to dcscribe obscrvcd CXCCSS1VC 
tailing o fB T C s  írom pulse inputs in niisciblc displac;.’- 
111 ent cxpcrimcnts. The tvvo-sitc modcl is bascd 011 
scveral siniplitying assumptions. First it is assumcd 
that a ỉraction ot the total sites (reícrrcd to as typi' I 
sites) rcacts rapidly with the solute Í11 soil solution. 
In contrast, typc II sites arc hi^hlv kinetic in nature 
and react slowly vvith the soil solution. The rctcntion 
reactions for both tvpes ot sitcs werc bascd OI1 the 
nonlinear (or //Itli order) rcvcrsible kinetic approach 
discusscd earlicr.

The two-sitc approach was also ađapteđ for the C3SC  

whcn typc I sites wcrc assumed to be in equilibriiini 
with the soil solution whcreas typc II sites wcre C011- 
sideređ o f  the kinctic typc. The two-sitc modcl pro- 
vidcd improvcd pcsdcide predictious o f  the cxccssive 
tailing ot the desorption or leaching side and the sharp 
risc ot the sorption sidc ot thc BTC^S in comparison to 
prcdictions with single reaction equilibrium or kinctic 
niodels. The model proved succcssíul in dcscribinn 
the retcntion and transport ofsevcral dissolved chcmi- 
cals including aluminuin, 2,4-D, atrazinc, pliosplio- 
rus, potassium, cadmium, chrom ium , and metliyl 
hromido. However, there are scveral inhercnt disad ' 
vantagcs o f  thc two-site niodel. The reaction mecha- 
nisms arc restrictcd to thosc which are tiilly reversible. 
Morcover, the modcl docs no t account tor possible 
consecutive type solute intcractions in the soil svstcm.

Duc to the limitations o f  tlic single reaction ap- 
proach, scvcral niiiltireactioii models which account 
tbr niultiple reactions (reversiblc and irreversiblc) o f  
solutes durinỉỊ tratisport in soils have becn proposed. 
An example is a phosphorus multireaction and trans- 
port model which incliidcs ditTercnt sorption sitcs tor 
p rcactions in soils shown in FiíỊ. 7. It is assumed 
that applicd p in a dissolved form is subject to six 
rcvcrsiblc-kinctic reactions that are assumcd to con- 
trol the transtcr ot applieđ F between solution, ad- 
sorbcđ, imniobilized, and prccipitatcd phases vvithin 
t h e  so i l .  S in k s  a re  sh o v v n  t o r  i r r c v c r s i b k '  r c m o v a !  I)f 
p  from thc soil solution by plant uptakc and lcachinjỊ. 
Modcl tormulation is based on the observeđ slow 
rcaction ot p in soils which may represent chcmisorp- 
tion or ditTusion into thc microporc space ot soil .1ỊT- 
lỊrcgatcs. Moreovcr, kinctic p behavior may be physi- 
cally controllcd by thc tĩeometry ot the soil pore spacc 
as vvcll as thc acccssibility ot retention sites to F in
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:ln- bulk solution. The presence o f  inaccessible sites 
■s proposed ,1S a controlling mcchanism o f  the slow 
-kvline ot p in thc soil solution with timc. Such a 
'lovv proccss may bc caused by solid diffusion of' 
'Uitacc phosphatc within soil particlcs. It may also be 
■lu<- to ditfcrcnccs 111 ratcs o f  rcactions which occur 
:>etvveen I' and different reaction sites o f  thc soil 
n.itrix.

A scheimtic rcprcscntation o f  the reactions o f  K in 
'OÍIs is illustratcd m Fig. 8 . This empirical rmiltireac- 
tion approach considers kinctic reactions to íỊOvern 
iranstormation bctwcen solution, exchangeable, non- 
txchangcable (sccondary minerals), and primary 
inincral phases ot'K in soils. The first tw o compart-
I ìcnts account tor K uptake by plant roots and trans- 
Ịort ot K due to niass flow and dispersion. The sub- 
s.'qucnt com partm ents deal with rcversible reactions 
tf adsorption/dcsorption bctween the solution 
Eiid cxchangeablc phascs. The transformations o f  
iNchangeable, nonexchangcable (secondary min- 
trals), and primary mineral phases are considercd 
t inc-ciepcndcnt and dictatcd by cxtremely slow rates 
ct rcartions.

One should recognize that a multireaction modcl 
cimiot account tor all possiblc interactions occurring 
vith  tlic soil systcm. For example, characterization 
Cf chcmical, bioloiỊÌcal, and physical interactions o f
I.trogcn within tlic soil environment is a prerequisite
II tlic tbrmulation ot a multireaction nitrogen model. 
C'111- major point is how  strongly such tactors affect 
ntrDtỊcn bchavior and distribution vvithin soi] sys- 
tiiiis. Amont; thesc tactors arc: the eíTcct ot soil tcx- 
tưe  and structurc on oxygen diffusion; distribution

o f  plant rcsiducs (vcrtically and horizontally) which 
atTccts intĩltration ratcs, leachinu;, and biological 
transíbrmations including plant uptake, mineraliza- 
tion, and dcnitrification; as well as cultural practices, 
such as tillage and fertilizer distribution which affect 
nitrogen distribution vcrtically and horizontally. 
Since nitratc is a hit^hly mobilc nitrogcn form that 
can leach through the soil protìlc and evcntually into 
groundwatér, che lỊoal o f  any nitrogen management 
plan must includc minimizing nitratc lcaching troni 
agricultural activitics into í>roundwater. Ncverthe- 
lcss, dcscription o f  N  dynamics in the soil is often 
simplificd. T o  illustrate this, onc needs to examine 
the N dynamics in soils as dcscribed in the simpliíìed 
approach shown in Fig. 9. The mođel accounts for 
nitriíĩcation, denitriíìcation, immobilization, miner- 
alization, and ion exchangc o f  am m onium  as a revers- 
ible first-order kinctic process. T o  utilize such a 
model, despite its simplicity, requires several inde- 
pendcnt parameters (rate coefficients) many o f  which 
are not easily available. As a result, simplified versions 
(or submodels) o f  the model shown in Fig. 9 are 
com m only  utilizcd for management decisions. [See 
N i t r o g e n  C y c l i n g .Ị

VI. Two-Region Models

A num ber  ofexpcrimental studies demonstrated earlv 
breakthrou^h results and tailing with nonsymmetrical 
concentration distributions ot BTCs. Discrcpancies 
from symnietrical or ideal beliavior tor several solutes 
led to the concept ot solute transíer bctvvcen mobile
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a n d  i r m n o b i l e  w a t c r s .  l t  \VL1S p o s t u l a t c d  t l ia t  t a i l in g  
undcr unsaturated conditions \vas pcrhnps duc to thc 
fact that lariỊcr pores aro climinatcd tor transport and 
the proportion oí thc vvatcr that ciocs not rcadily movc 
w i t h i n  t lic  so i l  i n c r e a s e d .  7 'l iis  tVaction o f  w a t c r  w a s  
rctcrrcd to as stagnant or immobile wattT. A dccreasc 
in watcr contcnt incrcascs the trnction of air-íìllcd 
macropores resultinsí in the crcation ot additional dead 
cnd porcs which dcpcnd 011 dirtusion proccsscs to 
attain cquilibrium with a displadiiiỊ solution. H ow - 
ever, thc conccptual approath of mobilc-iinniobilc 
or two-rci;ion bchavior is perhaps morc intuitivđy 
applicabk’ tbr vvcll-structurcđ or atỊiỊrcíỊatcd soils UI1- 
cicr citlicr saturatcd or unsaturatod H()W. Mcrc onc can 
assumc that within soil a^tỊrcgatcs, vvhcre microporcs  
arc doniinant, (.litTusion is the primary proccss. In 
contrast, convection and dispci siiiti aiT tlic đominant 
processcs in tlic niacro (or iiitrn-atỊíỊrctĩatc) porc spacc 
vvhich occur bctvvccn lartỊC ;iiĩíỊrct»atcs or structural 
units.

The equations dcscribinu; the niovenicnt tor a Iion-

NH„

FIGURE 9 Possiblc r.itc trunstornutiu iis ot soil iiitrot»en. I crm s  
K and KK  dcnocc ratc 1/oetYk'k-nts: s. />. I. .in đX rc Ú T  ro cxch .u i^c-
. ib lc . s o lu u o n , p la n t. im m o h il i/ e d .  .m d l;.iso>u> p lu s e s . r c s p c c -  
n vclv . |U cprin tcJ  \vith pcTiiìissioii h o m  \U h i\m . M .. and I anịi. 
K .  K. ( I ‘ >741. C o m i ị h i u t  i n o c k l i i m  o t " m r r o Ị i c n  ư . i n s ỉ o r m . i t i o n s  in  

.soils. /. ỉinritvn. Qiiii/. 3 , .VJ|-.VJri.|

rcactive solute throu^li a porous modia having mobilc 
and imniobilo vvator fractions arc

0 . .

= e„, D

dí
ô-c,

+ e„
clt

c)z
(A ^ ' íìi

a z

and

dt
a  (C,„ -  C J ,

( ^ )

(25)

vvhcrc D„, 1S the hydrodynam ic dispcrsion coctíicicm 
in the mobile watcr rciỊÌon, B|„ and 0 ml arc niobilc 
and iimnobilc vvatcr tVactions, rcspcctivcly (cni' 
cm ’), C m and c,„, arc thc conccntrations in thc mobile 
and immobilc vvatcr ( cm '), and vm is the aver.iíỊc 
porc-vvatcr vclocitv in tlic mobilc region. Wc also 
assumc that the iiTiinobilc water (0 „„) is locatcd insidc 
atỊỉỊrctỊatc porcs (intcr-atỊgre^ate) whcrc thc solute 
transfer occurs by ditYusion only. In Eq. (24), a  is a 
tnass transtcr coctĩicient (hr~') which lỊovcrns tho 
transfer o f  solutes bctvvccn the mobile- and immobilc- 
vvatcr pliascs in an analogons manncr to a ditYusioii 
proccss. Incorporation ot rcvcrsiblc and irrcversiblií 
rctcntion for rcactivc solutes in Eqs. (24) and (25) 
yiclds

.. d C '  ()S,

D

+ 0  

â-c
+  p  ( 1  -  ./')

Ềăm
iu

-  V ,  e .  £ Q„ (2r,)

and

ỏ!
= a (c:,„

+  p  ( 1

(-,»,) -  Qnn

< ■ ) %(ít (27)

Hcrc tho soi 1 matrix is dividcd itìto t\vo reiíions (or 
sitcs) u  hcrc .1 tVaction / is a lỉynamic or casily acccssi- 
b!c rcgion am) the rem.únini; traction is a staiỉnant 01'



loss .KTessiblc rciỊĨon (SCO Fit;. 10). The dynamic rc- 
lĩion is locatcd closc to the mobile pliasc vvhcrcas thc 
stagnant rctỊÌon is 111 comact \vith thc immobilc phasc. 
Morcover, S m and S lm arc the am ounts ot solutcs 
sorbeđ in tlic dynamic and staiỊnant rcíỊĨons ((U.IỊ g~ ' 
soil), rcspcctivclv. Also Q,„ and Q„„ arc sink (or 
sourtc) tcnns associatod vvitli the mobile and im m o- 
bilc \vatcr rciỊÌons, rcspcctivclv. The  two-rcgion ap- 
prnach vvas succcsshil in describiníỊ thc tatc o f  sevcral 
pextiáđcs 111 soils vvlicn lincar and Freundlich rcvers- 
iblc rcactions wcrc considcrcd. Howcver, it is otten 
ucressary to includc a kinctic rather than an cquilib- 
riuiit rcaction to account tor thc deụxadation o f  pcsti- 
l idcs in soils. Tlx' t\vo-rciỊÍon approach vvas succcss- 
tnlly nscd to describe hc.ivy mctal transport in soils 
\vhcn adsorption \vas considcrcd as a LaniỊimiir ki- 
nctic aloiiỉĩ vvitli a hrst-order irrcvcrsiblc reaction as 
the sink tcrni. Tliis approach receivcd only limited 
SUCCCSS whcn extended to dcscribe the transport and 
uHi-cxđnmtỊc ot ions in soils for binary (Ca—Miị) and 
KTiuiry (Ca—Mu;—Na) systcms

1 'lic two-rcu;ioii (m obile-im m obile) is ottcn re-
e.iiited .1S a iiK-chanistic approach  w h ere  physical 
roiieqiiilibriiim is the controlling mechanisin. ĨI1 
(.vmtrast, in the tvvo-sitc (equilibruiin/kinetic) ap- 
po.ich is utilizcd when chcniically controllcd, hct-

Fl jU R E  10  A silicm .itic  di.m rani o t uns.m iratoii agnrcnateđ  
p v iu is  inciìium  (AI Aetna! m od el. (B) S im p lih ix l n iotlcl. T he  
sIiaIiiiị; 111 \  .Iiui li rcprcscm  the s.im c rciỊÍon. IK cprintcđ w ith  

niKMiMi tròm V.II1 ( ii-iHichtcn. M. Tli.. and Wicíent;a, l\  J. 
0 '  h '. M -1 ư.m-li-r Stiklics sorbirm  porous m cili.t I. A iialytic.il 
M> IIIIIIIN s.iil Sii S,1, Am. I 40 , 473—18(1.1

c r o g e n c o ư s  r c a c t i o n s  a rc  t h c  t Ịo v c rn in s Ị  m e c h a n i s m s .  
H o w c v c r ,  OI1C c a n  s h o \ v  t h a t  t h e  tvvo I i io d e l s  a rc  
analoiiỊOUs n i a t h c m a t i c a l l y .  T h c r c t o r c ,  a n a ly s i s  o t  
data sets of cítìucnt results tro 111 miscible displace- 
mcnt cxpcrimcnts alone could not be uscd to diffcr- 
entiatc bctwccn physica! and chemical processes that 
causcd an apparent Iioncquilibrium situation in a 
soi]. The similarity o f  the two transport models 
also nieans that the tw o  tbrniulations can be used 
in macroscopic and semi-cmpirical manner without 
having to dclincate the exact physical and C h em ica l  
processes on the niicroscopic levcl.

Although thc two-rca;ion modcl conccpt has becn 
shown to succcsstully dcscribo the appearance o ílack  
of cquilibrinm behavior and tailiiiiỊ tor a wiđe range 
o f  conđitions, this approach has scvcral drawbacks. 
First, the value o f  a  is difficult to cicterminc for soils 
becausc o f  thc irrc^Lilar tỊconictric distribution o f  im- 
mobilc watcr pockcts. In addition, the fraction o f  
iTiobilc and immobile vvater vvithin the system can 
only bc cstimatcd. Tluis, two paramctcrs arc necdcd 
(for nonrcacting solutc) and thcy can only be foưnd 
by curvc íĩttintỊ ot the Hovv equations to cfflueiit data. 
Anothcr drawback o f  the m obilc-im m obilc  approach 
is the inability to idcntity Iiniquc retcntion reactions 
associatcd with the dyiiamú: and sta^nant soil rcgions 
separatcly. I)uc to this ditYicultv, a (Ịcncral assuinp- 
tion implicitly niadc is that similar proccsscs and asso- 
ciated paramctcrs occur vvithin both rcgions. Thus, 
a com m on sct ot niodcl parametcrs arc utilizcđ for 
both rcgions. Such an assumption has been madc tbr 
cquilibriưtn (lincar, nonlincar, and ion cxchange) as 
well as kinctic rcvcrsiblc and irreversible reactions. 
Thcrctorc, this modcl disrcgards the hcteroíỊeneous 
naturc o f  Various types o f  sites on matrix  surtaccs. 
This is not surprising, sincc soils arc not honio^e- 
ncons systcms but arc complex mixturcs o f  clay niin- 
crals, scveral oxidcs/hydroxides, and organic matter 
w ith  vary in g  SLirtacc propcrties. [6Vc SoiL G enesis, 
M o rpiiology , a n d  C i.a s sih c a t io n . I
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Glossary
A d s o rp t io n  Net accumulation o f  matter at the inter- 
fa»-c betvveen a solid phase and an aqueous solution 
phase
C hcm ical k in etics Study o f  chcmical reaction rates 
and inolecular processes wherc transport is not lim- 
iting
C lay  m in e r a l  Any crystalline inorganic substance o f  
đ ay  size, i.e., < 2  m equivalent spherical diameter 
K inc tic s  General tcrni rcfcrring to time-dependent 
phenomena
Soil c h e m is t ry  Branch o f  soil Science that dcals w ith  
tho chcmical composition, chemical properties, and 
chcmical reactions o f  soils
Transport phenom ena Includes displacement o f  
solutes and sorbates in the liquid phase, in the solid 
phase (soil), and at the solid/liquid interíaces

S o i l  chcmistry is the branch o f  soil Science that deals 
\vith the chemical composition, chcmical properties, 
.Iiul chcmical reactions o f  soils. Soils arc heteroge- 
neous mixturcs ot’ both inorganic and organic solids, 
air. vvatcr, and microorganisms. Soil chemistry is 
1'oiiccrned with reactions involving thesc phascs. For 
cxample, air and water wcather thc solids and rcac- 
tions ot the solids vvith the soil solution aíTcct watcr

quality. Soil chcmistry has both an inor^anic and or- 
e;anic branch; however, thcre is ovcrlap betvveen the 
branches. It is closely allicd to various aspects o f  sur- 
facc chemistry, geochcmistry, and environmental 
chcmistry.

I. Historical Perspective

Soi] chemistry, as a subdiscipline ofsoil Science, origi- 
natcd in the early 185()s in the cclebrateđ rcsearch o f  
J. Thom as Way, a Consulting chemist to thc Royal 
Agricultural Socicty in England. Way, who is consid- 
ercd the father o f  soi] chemistry, carricd out a rcm ark- 
ablc group o f  expcriments on the ability o f  soils to 
exchange ions. Hc found that soils could adsorb both 
cations and anions that could be exchangcd with other 
ions. H e notcd that ion cxchan^e was rapid, that clay 
was m ost important in the adsorption ot cations, and 
that hcating or acid treatment dccrcased the ability 
o f  soils to adsorb ions. The vast mạjority o f  W ay’s 
findings werc correct, and he laid the groundw ork  
for m any seminal studies on ion cxchange and ion 
sorption that were latcr conducted by soil chemists.

The progcnitor o f  soil chemistry in the United 
States was Edm und  Ruíĩìn, a philosopher, rebel, poli- 
tician, and farmer from Virginia. Ruffm fired the íirst 
Coníederatc cannon at Fort Sumtcr. Hc com m itted 
suicide after Appomattox becausc he did not wish to 
livc under the “ períidious Yankce race.” Ruffin was 
attempting to tarm near PetersburỉỊ, Virginia, on soi] 
that was rather unproductive. Hc astutely applied 
oyster shells to his land for the proper rcason— to 
correct or ameliorate soil acidity. He also described 
zinc deficiencies quite wcll in his journals.

Much o f  thc research in soil chemistry between 
1850 and 1900 was an extcnsion ot~ W ay’s work. D ur-  
ing the early decadcs o f  the 2()th ccntury classic ion 
exchangc studies by Gedroiz in Russia, Hissink in



Holland, and Kelley and Viinscknv in Caliíornia ex- 
tcndcci the pioncerine; investigations and conclusions 
o f  Way. Numerous ion exchangc equations wcre dc- 
veloped to cxplain and predict binary reactions OI1 
clay minerals and soíls. Thcsc \vcrc named aftcr thc 
scientists that developcd thcm and includcd the Kcrr, 
Vansclovv, Gapon, Schoíìcld. Krishnainoorthy and 
Overstrect, Donnan, and Gaincs and Thonias cqua- 
tions. Thesc equations enablc One to detcrminc ion 
sclectivity coctTicicnts to prcdict pretcrences ot ions 
OI1 soils. Sonic o f  thcsc sclcctivity coeíĩicients wcrc 
also equated to an exchaniỊO cquilibrium constant. 
Howcver, it would be 1951 betbre a rigorous thermo- 
dynamic trcatment o f  ion cxchaniỊc hy Argcrsinger 
and co-workcrs would providc an approach for thc 
calculation o f  cxchaniỊe equilibrium constants (K  ) 
and adsorbcd phasc activity coetYicicnts.

In thc 1930s a major discovery was inadc by Hcn- 
dricks and co-vvorkcrs and Kcllcy and co-vvorkers 
who íound that clay mincrals in soils wcrc crystallinc. 
Shortly thereaíter, X-ray studics vvcrc conductcd to 
identiíy clay miiierals and to dctcrininc tlicir struc- 
turcs. Inuneđiately, studics vvore carried out to invcs- 
tiíỊate the rctention o f  inorganic and organic spccics 
in clays, oxidcs, and soils and the mechanisms o f  
rctention wcrc proposed. Particularly notcvvorthy 
were early studics conductcd bv Schoíield and Mch- 
lich who validatcd some o f  Santc MattsorTs earlicr 
theorics 011 sorption phenomena. Tlicsc studics wcre 
the torerunners ot onc o f  thc hallniarks ofsoil chcmis- 
trv rcsearch— surtace chemistry o f  soils.

O ne  o f  the most intercstiniỊ and important bodics 
o f  r c s c a r c h  in  so i l  c h e m i s t r v  h a s  b c e n  t h a t  o f  t h e  c h c m -  
istry o f  soil addity. As Hans Ịenny so cloquently 
wrotc, investigations on soil acidity wcre likc a 
m e rry - íT O - ro i in d .  F ic rce  a r g u m c n t s  c n s u c d  a b o u t  
vvhethcr acidity was primarilv attributcd to Iiydrogcn 
o r  a l u m m u m  a n d  w c r c  t h e  bas is  t o r  m a n y  s tu d ie s  
diiring this centurv. The work o f  Samuel Johnson, 
F. 1\ Vĩctch, c .  G. Hopkins. Eniil Truoẹ;, Jenny, 
R. Bradíield, c. E. Marshall. V. A. Chernov, H. 
Pavcr, p. F. Lovv, Michacl Pccch. N. T. Colcman, 
M. E. Harvvard, and c .  I. Uich vvcrc particularly 
elcgant and ìmportant. It was Coleman and Rich who 
c o n c l u đ e d  th a t  n l u m i n u n i .  t r i v a l e n t .  m o n o n i c r i c ,  a n d  
polvmcric hvdroxy, VV.1 S the primary culprit in soil 
a c id i tv .  I S c c  SoiL, A c i d . Ị

Anothcr Ìinportant historical debatc 111 soil chemis- 
try involveđ the hcatcd, and oũcn c.11.1 Stic, ariỊuments 
ovcr thc caiisc ot' the suspcnsion ottcct. thc observa- 
cion th.1t soil pH is usuallv lo\vcr in tho pastc than in 
the supcrnatant ot a soil and \vatcr mixtun.'. Marshall

in Missouri and M. Pcech at Corncll attributed the 
suspcnsion ctTcct to a Donnan mem brane phenome- 
non, vvhilc ịcnnv and his co-vvorkers, particularly 
Colcman, ascribed tho suspcnsion cíTcct to a liquiđ 
junction potcntial. Ịenny and co-workers reasoned 
that vvhen the salt bridiỊe elcctrode was placed in COI1- 

tact with the soil, thc mobilities ot potassium and 
chloride ions wcre no lonsíer similar, as they vvould 
bc in aqueous solution. This altcration in mobilities 
was ascribed to the attraction ot the potassium ions 
to the cliargeđ soil surtacc. Thus, a junction  potcntial 
was crcatcd resultina; in a lovvcr pH rcading. Tliis 
dcbatc, vvhilc 11CVI.T dchnitively resolved, involved 
somc o f  thc most outstandintí soil chemists o f  modern 
timcs.

Studies OI1 soil acidity, ion exchangc, thc suspcn- 
sion cffcct, and sorprion ot ions bv soils and soil 
components such as clay minerals and hydrous oxides 
werc major rcscarcli tlicmcs o f  soil chemists for ìnany 
dccadcs. Without qucstion, tor over 100 years, the 
major cmphasis in soil chcmistry was the ctTects ot 
soil chemical reactions on plant grow th and plant 
nutrition.

I3c'í>;inniiig in tliL' 1970s, and ccrtainly in the 199ƠS, 
the emphasis in suil chcmistry and the research L*n- 
deavors ot soil chemists liavc shiítcd heavily to studics 
on cnviromncntal quality. In fact, many soil chcmists 
are rcfcrrint» to thcmsclvcs as cnvironmental soil 
clicmists and thcrc arc incrcasinụ;intcractions bctwcen 
soil chcniists and environmcntal en^ineers, Chemical 
engiuccrs, agricultural cnụ;iiiccrs, tỊCochcmists, chcm- 
ists, and materìal scicntists. Most likely, the major 
cmphasis ot'soil chemistry ovcr the ncxt tcvv decades, 
and pcrhaps bcyond, will be on environmental soil 
cheimstry.

Throughout the vvorld, conccrns havc bccn ex- 
presscd about a num ber ot soil and water contami- 
Iiants. Thcsc includc nitratcs and phosphates, hcavy 
m c t a l s  suc l i  as a r s c n ic ,  c a d m i u n i ,  c h r o m i u m ,  c o p p c r ,  
lead, mercurv, and nickcl, radionuclidcs, pcsticides, 
industrial chcmicals, and pollutants in municipal 
sludgcs and animal vvastcs. At prcscnt, studics on 
the íollovviim; cnvironmental soil chcmistry topics are 
prcvalcnt throughout tho \vorld: ratcs and mccliíi- 
nisms ot licavy metal. radionuclidc, pesticide, and 
industrial pollutant intcractions vvith soils and soil 
cotnponcnts; thc cnviroiimciital cheniistry ot alnmi- 
1111111 in soils. particularly .icid rnín ettects 1)11 soil 
chcniical proccsscs; oxiclation—rcduction phenonicua 
involviiiií soils and soil componcnts and inoriíanic 
and orựanic contaminants; ,ind clicmical interactions



ot sludtỊcs, m;inurcs, and induscrial byproducts  and 
coprod u cts  \vith soils. |,S’(T S()II Poi I.UTION.]

To niakc mạjor uđvances 111 the abovc arcas, it 
is no lonncr cnoutỊh to conduct only macroscopic, 
cquilibrium-bnseđ investikỊations. Wc rmist incrcas- 
iiiiíly study the kinetics o í so i l  clicmical phcnomcna 
ainl emplov modcrn, surtacc spectroscopic and 1111- 
noscopic  tcchniques to clucidatc mechanisms ot'pol- 
lut.mt imer.Ktions in soils. Such stuđies vvill hclp us 
to spcciate contaminants Í11 soils, to nnderstand inter- 
.ìctions uí mctals and ornanics vvith soils and assist 111 
ilcvdopinL!; stratcsỊÌcs for mitỉmating pollutant niobil- 
ity into surtacc and Ejroiind\vaters, and to dcvclop 
i-tti-ctivc and econoinicallv teasible approachcs for rc- 
mcđiatini; pollutcd soils.

lỉetore discưssintỊ Sonic of the thcmes in modcrii 
soil chcmistry, it vvould be instructivc to discuss char- 
actt-ristics ot soil mincrals. The chcmical propcrtics 
aiul tlic tvpcs o f  chemical reactions that occur in soils 
arc ilr.imatically atTected by the types o f  inorganic 
and on»anic coniponents found in a lỊĨvcn soil.

II. Soil Minerals

A. Inorganic Minerals
InoriỊ.inic niinerals in soils can bc dividcd in to primary 
and scconđary mincrals. Primary mincrals arc lcss 
\ve;ithercd than socondary mincrals and arc formed 
froin parcnt matcrial. The seconđary mincrals form 
as xvcatlicriniỊ Products o f  primary mincrals. [See SoiL 
G knesis, M o rph oi .o g y , a n d  C lassih cation . I

A m ong thc priinary mincrals, micas and fcldspars 
arc vcry co 111 mon in soils, and thcir vveathering ratcs 
puiy iinportant roles 111 soil íbrmation, in soil fcrtility 
and plant nutrition, and in soil chcmistry and soil 
tr.inenilogy.

Micas arc basically 2 : 1 structures— they consist o f  
t\vo shcets o f  silica tctrahcdra ( S ú 0 5~2 rcpeating unit) 
bound to ca ch planar sidc o f  an octahcdral shcct that 
is Lisually madc up o f  ions such as Al, Mg, and Fc 
tl .1t arc coordinatcd to O"" and O H _Ị. These 2 : I layers 
ciiv houud totỊether by large intcrlaycr cations. In K- 
bi.irinu; inicas such as muscovite, thc intcrlayer cation 
is m.únly K. Micas arc niorc prevalent in fĩne-graincd 
Nulitncnts and sedimentary rocks (clays. shales) than 
in coarscr texturcd scđimentary rocks (sandstoncs).

Sonic ot the niorc important teldspars in soils arc 
K-lvarinií (c.LC.. sanidinc, orthoclase, microdinc, and 
acul.iria). riic K tcldspar polymorphs arc a thrce- 
d n i n i s i o m l  framc\vork o fS iQ 4 and A1Q4 tetrahedra,

with cnouiỊh spacc in tlie tramcwork to hold K to 
inaintain electroneutralitv. The K-tcldspar poly- 
morphs comprisc about 16% o t th c  total carth’s crust, 
and whcn they arc considercd along with alkali telci- 
spars that contain K, thc total K-bcariníỊ teldspars 
make up about 31% ot the total earth’s crust.

Pcldspars arc usually prescnt in thc silt and sand 
tractions o f  vonnt; to moderately dcvelopcd soils, rcp- 
resenting a numbcr ot typcs of soil-parent material 
and soil-forming conditions. Alkali tcldspars occur 
in the clay íraction o f  soils íornied under moderatc 
vveathcring.

A m ong the sccondary minerals, tho clay minerals, 
which are aluminosilicatcs and vvhich are com m on in 
the clay íraction o f  soils, arc niost im portant in aííect- 
ĨI11Ị thc chcm istry  o f  soils. A list o f  s o m e  represcnta-  
tive clay minerals tound in soils, alonự with some ot 
thcir im portant characteristics, is given in Table I.

Clay mincrals arc composcd o f  silica tetrahedral 
shects (Si2O s2'  rcpeating unit) bound Co octahedral 
shccts that arc made up o f  ions such as AI, Mg, and 
Fc that arc coordinatcd to o 2" and O H "1. Clav miner- 
als can be classitìcd as cither 1 : 1 or 2 : 1 , đependiní' 011 
how the tctrahedral or octahedral sheets arc arrantỊed.

For example, kaolinitc, a 1 : 1 clay mineral, consists 
of a silica tctrahedral shcct bound to an octahedral 
shcct. In 2 :1  d ay  mincrals likc vermiculite, thcre arc 
two shccts o f  silica tctrahcdra boimd to each pla- 
nar side o f  an octahcdral sheet. O ther  cxamples ot 
2 : 1 clay minerals arc montmorillonite, and illite 
(Tablc I).

The solid inorqanic coniponcnts discussed pre- 
viously arc crystalline. Howcver, there are anior- 
phous materials in soils. Allophane and imogolitc are 
two amorphous inorganic components o f  an Al-Si 
framcwork. Thcy are tound in the clay traction ot' 
soils derivcd from volcanic parent niaterials.

Intergradc day  minerals are also tound in soils. In 
acid soils, thcy arc charactcrized by having hydroxy- 
aluminum interlayered material.

O thcr im portam  sccondary miaerals ìnclude oxidcs 
and hydroxides such as goethitc, gibbsitc, and birnes- 
site. Gocthitc is an Fc-oxidc, gibbsite is an Al-oxide, 
and birncssite is a Mn-oxide. The mctal oxides and 
liydroxidcs arise by wcathering o f  primary silicatc 
weathcring or by hydrolysis and desilication ot' sec- 
ondary clay mincrals such as kaolinite.

Carbonatcs and sulỉatcs are also si^niíìcant solid 
componcnts in soils and arc particularly prcvalent in 
soils o f  and  rcgions. In acid soils, sultates can react 
with Ai and Fe to fortn mincrals such as jarosite, 
alnnitc, basaluminitc, and jurbanitc.



TABLE I

Important Characteristics of Secondary Clay Minerals

Mincral Typc Chemical tormula
Layer
charge

Cation 
exchange 
capadty 
(cmol k i ị ' 1)

Surtace area
( m V )

Pemianent
charge

Var jble 
chai^e

Kaolinite 1 : ] [Si4|Al40 „ , (0 H )s » H , 0 (h = o  or 4) <0.01 1-2 10-20 No Yes
Montmorillonite 2:1 M s[Si(i]AI3.2Fell.2Mg„,,03l,(OH)4 0.5-1.2 80-120 600-800 Yes No
Vcrmiculite 2:1 M JS i7Al]Al,Fcil5Mgn50 , 11( 0 H ) 4 1.2-1.8 120-150 600-800 Yes No
Mica 2:1 K,Al1O ì|Si,Os|,Al4(OH)4 1.0 20-40 70-120 Yes No
Chlorite 2:1 (Al(OH), 55)4[Si(, KA l , ,] variablc 20-40 70-150 Yes Yes

With
hydroxidc

Interlaycr
Allophanc

Al3.4Mg,). , 0 3,,(0H)4

Si,Al4O n *nH,G 10-150 70-300 No Yc:

Sonrce. Reprinted by permission ofJohn  Wilcy & Sons, Inc. troni Bohn, H. L., McNeal, B. L., and O  Conner, G. A. (1985). 'Soil 
Chemistry,” 2nd cd. Copyright © 1985 John Wiley and Sons, N ew York.

B. Organic Components
Important organic componcnts in soils are humic sub- 
stances. Thcy are naturally occurring, hetcrogeneous 
substances that arc important in mineral wcatherin(í, 
mobilization and transport o f  metal ions, sorption o f  
pesticides and othcr organic chemicals, formation o f  
stable aggregates, and thc overall cation cxchange 
capacity o f  soils. Hum ic substanccs can generally 
be classiíìcd as humic acid (not soluble in acid), ful- 
vic ađd  (soluble in acid), and humin (insolublc in 
basc). The average composition o f  humic acid is 
C ị ^ H a n d  o f  ínlvic  3C1CỈ1S c I  ^l-1 ^Si.

III. Soil Mineral Charge

Inorganic and organic soil components can cxhibit 
both pcrmanent and variablc charge. Permanent 
charge arises primarily from ionic substitution when 
an ion substitutes for another ofsimilar sizc in a crystal 
structure. For example, i f  Al3 + substitutes for Si4+ in 
the tetrahcdral laycr o f  a phyllosilicatc or if  M g 2 + 
substitutes for A l,+ in the octaheđral layer, a net nega- 
tivc charge exists on the mincral. Permanent chargc 
is invariant with pH and is crcated during the crystalli- 
zation ot aluminosilicatcs. Smectite and vermiculite 
are permanent charge minerals.

With variable char^ed surfaces, such as kaolinitc, 
goethite, gibbsite, and humic substances, the net 
charge changes with pH and is posicive at lower pH 
and ncgative at higher pH. The principal source ot 
variable charge on soils is the protonation and depro- 
tonation o f  íunctional tỊroups on colloidal surĩaces

such as hydroxyl (O H '1), carboxyl ( -C O O H ), phíno- 
lic (-C(,H4O H ), and amine (-N H ,). In most soils, there 
is a combination o f  both pcrmanent and var.able 
charged suríaccs and soil chcmical reactions arc oc- 
curring on both types o f  surfaces.

IV. Important Soỉl Chemical Reactions

Many types o f  reactions takc placc in soils. Ion associ- 
ation reactions include ion pairing, inner- and outcr- 
sphcre complcxation, and chelation in soktion. 
G as-w atcr  reactions involve gaseous exchange across 
the air/liquid intcríace. Ion-exchan^e reactions occur 
when cations and anions are adsorbed and desorbed 
from soil suríaces by electrostatic attractive torccỉ. Ion 
exchangc is an outer-sphere complexation reaction 
which is rcversible and stoichiometric. Sorption reac- 
tions can involve physical binding, outer-spherecom- 
plexation, inner-sphere complexation, and surfacc 
precipitation. Inner-sphere reactions are thcsc in 
which a species is bonded directly to a solid w:thout 
the presence o f  a water moleculc. Such a complex 
occurs when a metal such as selenite is adsorbíd OII 
thc suríace o f  a soil mineral such as gocthite ty  ex- 
changing w ũ h  an O H ' 1 ion or H 20  moleculc This 
is rcíerred to as ligand exchange. Ligand exchangc 
rcactions are considercd specific and nonelectro;tatic. 
O uter-sphere complexation reactions are reversibie, 
physical, and elcctrostatic interactions in whi:h thc 
solid remains hydratcd and is thus scparatcd frcm the 
surtace by a water moleculc. An example of iuch a 
complex is N a + adsorption on vermiculite. Min-



er.il-solution rcactions include precip itacion/dissolu- 
tion ot minerals, and coprecipitation reactions 
vvhcreby m inute  constituen ts  becom e a part o t  m in-  
c r a l  structures.

It should be realizcd that all o f  thcsc reactions can 
occu r  concurrcn tly  and consecutively in soils. Thus,  
.111 undcrstandinơ  o f  soíl chemical p h enom ena  in such 
ã  systcm is indced coniplex.

V. Modern Soil Chemistry

A  plcthora o í  sọil chcmical studics have been 
conduc tcd  on so rp t io n /d e so rp t io n  processes, ion- 
exchange reactions, prccipitation and dissolution phc- 
nom cna ,  o x id a t io n /rcd u c t io n  reactions and o ther  soil 
c hcmical reactions. M a n y  o f  thesc invcstigations have 
been studied strictly tron i an equilib r ium  standpoin t  
invok ing  solubility p roduc t  p r inđp les  and cmpirical, 
scmi-empirical,  surfacc com plexation ,  and ion- 
cxchange m odels. T hesc  approachcs havc becn em -  
ployeiỉ to ascortain a n u m b e r  o f  param ctcrs includint*: 
partition coefhcients,  b ind ing  coefficients, m a x im u m  
sorption  vaỉues, intrinsic equilibriuni constants,  solu- 
bility p roducts ,  and  sclcctivity coetĩìcients.

Whilc thcsc param ctcrs  o ttcn provide  Lisefi.ll in tbr-  
m aiion, chey arc often  n o t  applicable to reactions in 
thc íìeld. sincc soils are sc ldom , ifevcr,  at equilibrium. 
C onsequen t ly ,  no rate or  kinctic data are dcrivcd Chat 
vvould be uscíul in predictinẹ; the fate o f  metal and 
ori^anic con tam inan ts  in he tero^eneous soils w ith  
tiinc. M orcovcr,  n o  deíìn itivc mechanistic conclu-  
sions can be m ade. T o  prov ide  direct molecular 
in tb rm ation  on soil chemical processcs, One m ust cm - 
p loy surface spectroscopic  and niicroscopic tcch- 
niques.

A ccordingly, I will briefly discuss som e aspects o f  
what 1 consider vvill be extremcly important and pion- 
ecrinạ; areas 111 soil chcm is try  for thc rest o f  this cen- 
tu ry  and into the 21st century . M y  focus is on the 
kinetics o t  soil chemical proccsscs and the application 
ot surtace and m icroscop ic  techniques to the elucida- 
cỉt>11 ot rcaction m echan ism s in soils.

VI. Kinetics of Soil Chemical Processes

O n e  o t  the m ost  cxc it inẹ  and activc íields in soil 
clicmistry today  and  arguably  in the íu tu re  will be 
tlic kinctics of soil chcmical processcs. T h e  s tudy  o f  
chcmical kinetics is arduous ,  cvcn in h om ogcncous  
sohiiions. Wlien onc  a t tem p ts  to apply chemical ki-

nctics to hctcroíỊcncoiis soils tliat com prisc  an array 
ot inoriỊanic and ortỊanic com p o n en ts  that arc rcactiniỊ 
w ith  one anothcr, thc coniplcxities arc matịniticd.

Chemical  kiuetici rctcrs to the studv ot chemical rcac- 
tion ratcs and molecular  processes w herc  t ransport  is 
n o t  liniiting. T ra n sp o r t  proccsses refer to the m o v e-  
m e n t  o f  solutes and sorptives in the soil solution, at 
thc so il /so il  co m p o n en t  intertacc, and in the  solid 
phase. lt is very difficult to e l iminate transport  in m ost  
labora to ry  exper im ents ,  and in the field, t ransport  
p hen o m en a  oíten predom inate .  T hus ,  thcy  co m - 
m o n ly  are rate-l imiting , i.c., they are usually s low cr 
than the actual chemical reaction at a soil surtace. 
A ccord ing ly ,  111 m ost soil chem is try  investigations, 
onc is s tudying  t im c-dcpcndcn t phenom ena ,  o r  the 
k in c tic s  o f  r c a c t i o n s .  Ị S c c  S o iL ,  C h e m i c a l s :  M o v e -  

M UNT A N D  R eT E N T IO N .Ị

Soi] chemical rcactions transpirc ovcr  a rangc ot 
timc scales, occurring írom microseconds to miUen- 
nia. These  are illustrated in Fig. 1. T h e  kinctics o f  
soil chemical rcactions arc greatly  affected by thc inor-  
ganic and o rganic  com posit ion  o f  the soil. T h e  types 
and  a m o u n ts  ot clay minerals, p r im ary  minerals, and 
h u m ic  substanccs substantially affect thc rates and 
m cchan ism s o f  soil chemical reactions. T h u s ,  in any 
kinctic study, one should careíully asscss and charac- 
terize the physicochcm ical and mineralogical aspects 
ot the  soil o r  soil com ponen t .

A n o th e r  im p o r ta n t  aspcct ot' any kinctic s tudy  is 
thc type o f  m e th o d  that one em ploys .  Several kinds 
o f  tcchniqưcs are used and these can broadly bc classi- 
fied as batch, flow (e.g.,  s t i rrcd-f low  and s topped-  
flow), and relaxation. N o n e  o f  these m e th o d s  is a 
panacea for kinetic analyscs.

lon associalion
Multivalent ion hydrolysis

M------------------------------- ►
Gas-water

M-------------- ►
lon exchange

E------- ►
Sorption^ ------------------ —------------------►

Mineral-solution
■*------- —-------►

Mineral crystallization ----- ►
_____ I_____ I_____ I_____ I_____ I_____ L_____I

usec sec min hr d mo yr mil
Time scale

FIGURE1 Time rani;es required to attain cquilibrium by dirterent 
tvpcs o f  reactions in so il en vừ on m on ts . ỊRcprinted vvith perrnission  
troni A m acher, M . C'. (1991). M cth od s o t obta in in g  and ;inalyzing 
kinetic data. In “ Rates ot Soil Chemical Processes" (1). L. Sparks 
andD. L. Suarez, cds.), pp. 19-59. SSSA Spcc. Publ. 27. Copyright 
® 1991 Soi! Science Socicty ot Anicrica, Inc. I



Batch and flow methođs can be used to measure 
reaction time scalcs o f  scconds or ẹrcatcr. As onc can 
sce in Tablc I, niany important soil c homical rcactions 
occur on tinic scalcs taster than this. These niethods 
arc also ottcn platỊUcd by problems o f  ìiiixiniỊ and 
thus, physical phenomcna arc occurriiiiỊ simultanc- 
ously with chcniical rcactions. Tlnis, the ratc panime- 
tcrs that arc mcasurcd are apparcnt and dcpcndcnt on 
mixintỊ rates.

Relaxation mcthods can be uscd to mcasurc rcac- 
tions on timc scaics o f  microseconds and millisccomis. 
Thesc includc such tcchniques as prossurc-ịump, 
tcnipcraturc-ịiunp, concontration-jmnp and clectric 
hcld pulsc mctliods. AU ot thcsc techmques aro bascd 
011 the principk' that a chemicạl equilibrium can be 
pcrturbcd by a chaníỊC in SOI11L' extcrnal panimeter 
such as prcssure, tcmpcraturc, conccntration, or clcc- 
tric ticld and the equilibriuni will be slightly pcr- 
turbcd. One can then tbllovv thc tinie tliat it takcs 
for thc systcm to relax to the 11CVV cquilibriimi State 
(relaxation titne) via a particular dctcction mcthod 
such as conductivity. The pcrturbation is small and 
thus, tho tinal cquilibriuni is closc to the initial cquilib- 
rium. Rate expressions arc rcduccci to hrst-ordcr 
equations reíỊardlcss o f  reaction ordcr or niolccularity 
and the rate cquations arc linearized, tỊriMtly simpli- 
tying dctcrmination o f  complcx reaction niccha- 
nisms. Froni thc lincarizcd ratc cxprcssions, onc can 
plot cxpcrimcntal data and iỉ a lincar rclation cxists, 
thc torvvard and backvvard rate constants can bc calcu- 
latccỉ trom the slope and intercept ot thc linc, rcspcc- 
tivcly.

In soil chcmistry, the pressurc-jump rclaxation 
mcthod has successíully bccn used in our laboratorics 
and in othcrs to study mctal sorption/desorption rcac- 
tions on aluminum and iron oxiđcs and cation ex- 
chaniỊc kinetics 011 clay mincrals.

In the past dccade some important contributioiìs 
havc been niade in thc tollovvintí arcas o f  kinctics o f  
soil chemical proccsscs. Thcsc inđuđe: thc devclop- 
mcnt and utilization ot' kinetic mothodoloíỊĨcs that 
enable One to measurc soil chcniical reactions involv- 
ing ion-cxchange and sorption/desorption 011 timc 
scales ranẹine; from microseconds to d.ivs; eluđdation 
o f  rate-limiting phenomena tor vnrious soi 1 chemical 
proccsses; the devclopmcnt o f  mixìels to dcscribc ratcs 
ot rcactions in hctcros;eiicoiis svstcms wherc chemical 
reaction and mass transícr kinetics arc ocaưrim ; si- 
multaneously; a ưreatcr undcrstandinụ; ot nicta! oxida- 
tion kĩnctics on soi] coniponcncs: and stndics on the 
kinctics o f  soil vvcatlieriniỊ reactioiis.

Hovvcvcr, despitc advanccs in thc ahovc areas. thcrc 
are many rcsearch necds that nmst be addrcsscd in

the decadcs ahcad to aid in solvina; environmcntíl 
soi) cheniical problcms. These arc: improvemenc ct 
kinctic mcthodoloiỊÌcs tor clucidatino; soil chemicd 
r e a c t i o n s  o v c r  a raniỊC o t  t i n i e  sca lcs;  m o r c  s o p h is t ) -  
cated kinctic analyses ot hctcroíỊcncous, soil chemicíl 
proccsses; dchnitivc elucidation o f  intcractions ot'ii> 
organic and oriỊanic chcniicals vvith soils by coinbir- 
ing kinctic and spectroscopic/microscopic a|T- 
proaches; detailed studics on thc kinetics ot pesticidc, 
industrial pollutant. and ortỊanic waste reactions :n 
soils with particnlar emphasis 011 lomỊ-term scLidici; 
rcaction dynainics ot humic substanccs \vith inoriĩair.c 
and oriỊanic contaminants; incorporation ot cxpcri- 
m e n t a l l y  đ e t c r m i n e d  r a te  p a r a m e t e r s  i n t o  t r a n s p o r t  
modcls (many ot \vhich now  assnnie local equili:)- 
rium); ctìect o f  nmcropores on thc kinctics o f  prctcr- 
cntial riow oí pollutants in soils; ctTect ot mohilc h.1- 
mics and otlicr colloids on the kinctics ot contannnant 
rcactions in soils; more dchnitivc studics on thc oxid-1- 
tion kinctics ot mctals vvith soils and soil coniponcn:s; 
and the kinetics oí siiríactant-modihed d a y  intcrac- 
tions with ortỊanic chemícals.

VII. Use of Suríace Spectroscopies 
and Microscopies

T h e  o n l y  W,1V t o  l ị lc an  d i r c c t  i n t b r m a t i o n  a b o u t  th e  
m o l o c u l a r  a n d  m e c h a n i s t i c  a s p e c t s  o t  so i l  c h e in ic a l  
reactions is to use surtace niicroscopics and spcctro- 
scopics. Thcsc tcchniques can be cm ployeđ to cluci- 
date surtacc reaction niechanisms and solid-state spe~ 
cics. For cxamplc, thcy can bc uscd to identity thi' 
type o f  interaction tliat exists or rcsults betvveen soil 
surtaces and sorbatcs, c.g., an inncr- or outer-spherc 
complex, suríacc precipitatc, etc., and to assist in 
speciatinẹ; contaminants in soils. Thus, their poten- 
tial usc in đeveloping remediation strategies to decon- 
taminatc soils and in modeling pollutant interactions 
so as to niinimizc pollution ot' soils and waters is 
imnicnse.

Thcrc are a num bcr ot' cxcitiiiB; dcvelopmcnts in 
usint; surtacc núcroscopic and spectroscopic tcch- 
niques to invcstiiỊatc soi] chcmical processcs. Ho\v- 
cver, sonic of thc  surtacc probiníỊ tcchniqucs arc inva- 
sive, and thev can causc alterations in the surtacrs 
bciniỊ studicd duc to thc nced to: cicssicatc the sainplc, 
place it under hĩtỊli vacuum, licat the saniple or bom - 
bard the particlcs. Sucli trcatments can causc cxperi- 
mcntal artitacts or cvcn prevent expcrimcntal analy- 
sis. Fornmatcly, a num ber  ot rcccnc advances in 
snrtacc spcctroscopic/niicroscopic tcchniques ailow



an  e x p c n m e n t . i l i s t  to  o b t a i n  i n t o r n i a t i o n  in  situ. w ith- 
out subjcctiniỊ the sampk' to conditions ot' drying, 
liiựh vacuums, etc. Additionally, m ore extcnsive 
striKtural and chcmical intormation can be obtained 
with thcsc tcchniqucs.

M.iíỊiietic and vibrational spectroscopies e.iỊ., elec- 
tron parania^neticrcsonance (EPR), nuclear magnetic 
rcsonancc (NM R), inirared (IR). and Raman spcctro- 
scopies havc bcen uscd tor some time and can providc 
'iurfacc and solid State iutormatioi) undcr in situ condi- 
rions. Atomic torcc (AFM) and scannintỊ tunncling 
microscopics (STM) have recently bccn dcvclopcd 
,111(1 ottcr innovativc vvays to investigatc soil chemical 
rCiictions.

( ’)nc ot tlic most pcnverũil and Iisehil ways to study 
rc.ictions 011 soil components and soils at thc atomic 
scalc 1S to employ X-ray absorption tìnc structure 
sp m io sc o p y  (XAFS). The cncriry dcpcndcncc o f  X - 
ray .ìbscirption by a material providcs information as 
to tlic valeiKX' and chemical State of the X-ray ab- 
sorbini' specics and structural inforniation about its 
1 1 1 \ ironm ciư , includiní* coordination cnvironments, 
aiul in somc cases, ncar ncighbor distances. Rccciưly, 
XAFS lias bccn applied to study inetal reactions on 
meial oxiđcs and clay inincrals bv gcocliemists and 
soil chanists. In our own laboratorics, wc havc uscđ 
XAFS to elucicbte thc mcchanism for 0(111) sorption 
on SiOi and to spcciatc leaci cơntaininams in soils. 
W nhout question, the use o f  this spectroscopic tool, 
as \vell 11S thosc spoctroscopic and microscopic tcch-

Iiiques mcntioncd earlicr. vvill become onc o f  thc liall- 
marks of soi 1 chcmistrv research.

VIII. Conclusions

An attcnipt has bccn madc to discuss various historical 
aspects o f  soil chemistry, characteristics OẾ soil miner- 
als, dcvelopnient ot chạrge on soil minerals, and im- 
portant soil chemical rcactions. A bcttcr uncỉerstand- 
iní; o f  cnvironmcntally im portant soil chcmical 
rcactions will bc thc major thrust in soil chcmistry 
tbr dccadcs to comc. T o  elucidate the mcchanisms 
of thcsc rcactions and to bettcr prcdict the fate of  
pollutants in soils vvill requirc an increasing applica- 
tion o f  chemical kinetics and sophisticatccỉ surtacc mi- 
croscopic and spectroscopic techniques.
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Soil Drainage
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VI. Artiíicial Drainage

Glossary
Artiíìcial drainage Rcmoval o f  watcr trom land 
surtace by land forming and open ditchcs and rciiioval 
ol groumlvvater by buricd o r  open drains installcd 
bclovv the watcr table
Drainable p orosity  A m oun t o f  vvater that can bc 
reiiHtvcd Irom a unit area o f  thc soil whcn thc ground- 
w.'tcr leVC‘1 is lovvcrcd a distancc cqual to unity 
H y d ra u l ic  c o n d u c t iv i ty  Index o f  the ability o f  soil 
to transmit watcr
Im p e rm e a b le  la y e r  Laycr with vcry low liydraulic 
conductivity which impcdes vcrtical inovement o f  
watcr
Lcaching requ irem ent Fraction o f  irrigation water 
that must pcrcolatc bclow thc root zone to maintain 
soil salinity bclow a tolerance lcvel for the crop under 
consideration
Saturated zon e Volumc o f  soil where all porcs arc 
tĩllíd with water and soil watcr pressure hcad is s  0 
U n sa tu ra te d  (vadose)  z o n e  Volume o f  soil where 
pOTCs are íìlled with both  w atcr  and air and soil water 
prcssurc hcad is <  0
W ater  tab le  Uppcr surtace o f  the groundvvater or 
the uppcr boundary ot' the saturated zone whcre the 
vvaxr is at atmospheric pressure

S c il  dr.ũnaiỊC rctcrs to thc rcmoval ot' water from 
soiìand Ìts rcplaccinent by air. Soil drainagc is a natu- 
ral ìnd đynamic proccss, and it is an inteíỊral part o f  
thc ỉụ droknỊÌc cycle that includcs prccipitation and

evapotranspiration. In soils that do not naturally drain 
adcquately or as rapidly as dcsircd, artihcial drainage 
may bc employed to carry exccss watcr out o f  the 
soil. In lỊcncral, soil drainatỊC is a tunction o f  many 
ínctors including soil properties, climate, and land 
managemcnt.

Soils are considercd a thrcc-phasc systcm composed 
o f  solids, liquids (watcr), and lỊascs (air). The water 
and air phascs occupy the pore spaccs betwecn the 
solid particles, and for nonswclling soils thcir propor- 
tions are inverscly relatcd to one another. The propor- 
tion o f  watcr occupyiníỊ the soil porc spaccs can range 
troni ncar zcro in an ovcn-dried soil to almost 1 0 0 % 
in a saturatcd soil. Water that occupies the pore spaccs 
in the soil is subjcct to many fates such as evaporation, 
plant uptakc, and drainagc. Soil drainagc cnconipasses 
thc dow nw ard  m ovcm cnt o t 'w atcr  to underlying aq- 
uiícrs as wcll as thc latcral flow o f  groundvvatcr to 
strcams and other surface outlets includiniỊ springs 
that m ay appear on the landscapc. In many cases, 
natural drainage may be adequatc to providt' a suitable 
environm cnt for thc intendcd land usc. In othcr cascs, 
removal o f  watcr from soil may be enhanced by arti- 
ficial drainagc for land m anagemcnt purposes. ỊSt’e’ 
S o il- W athr R h latio nships ; W a t e r : C o n t r o l  a n d  
U s e ; W a t e r  R e s o u r c e s .]

I. Purpose of Drainage

The main purpose o f  artificial drainage is to p ro vi de 
a bctter soil cnvironmcnt Ế'or the intended land usc. 
In agriculture, drainagc is used tor cnhancing soil 
conditions for crop production and im proving the 
profitability o ffa rm ing  thc land. In addition, drainagc 
may be employed to providc suitable conditions tor 
other land uses such as wastcwatcr application oti 
land, disposal o f  solid vvastes in sanitary landfills, or 
construction o f  buildings, highways, and othcr m an- 
rnadc structurcs. Surtacc drainagc is also uscd to elimi-



natc the cnvironment whcre mosquitoes and othcr 
insects can brced.

In hum id rcgions thc goals o f  drainagc by lovvcriníỊ 
thc water contcnt to less than saturation in the upper 
soil layers are: ( 1 ) to íacilitate m ovem ent o f  air into the 
soil and transport o f  CO-, and other gascs produccd by 
crop roots, niicroorganisms, and chemical reactions 
into thc atmospherc; (2 ) to lower the hcat capacity o f  
the soil so that the soi] warms fastcr in the spring, 
improving secd germination; and (3) to improvc thc 
traffĩcability o f  thc soil for timely completion o f  ag- 
ricultural operations. T he  Iieed for artificial drainage 
depends on the time and am ount o f  precipitation as 
well as on the rate o f  natural drainage (i.c., m ovem cnt 
o f  g roundw ater into natural outlets or deeper aqui- 
fers). The nced for artificial drainage in areas with 
high rainíall and good natural drainagc may be sub- 
stantially grcater than in arcas with low raintall and 
relatively poor natural đrainage.

In arcas where natural drainage is inadcquate, irri- 
gation o f  agricultural lands may result in saturation 
o f  the soil (often called watcrlogging). In arid and 
semi-arid regions, where irrigation is essential for 
agriculture, artificial drainagc may also be requiređ 
for the m anagement o f  soil salinity. The sources OẾ' 
salts that may accumulate in the root zone are irriga- 
tion watcr, soil minerals (parent matcrial), shallow 
groundw ater with a high lcvel o f  salt content, and 
fertilizers or amcndments applicd to the soil. Accu- 
mulation o f  salts as a result o f  irrigation in many parts 
o f  the world has resulted in the íòrmation o f  saline 
and sodic soils. M any ícrtile agricultural lands havc 
been abandoned due to salt accumulation or waterlog- 
ging following irrigation. Concentration o f  solublc 
salts in the soil solution increases when irrigation wa- 
ter that is applied to the root zonc is removed from  
the soil by plants a n d /o r  cvaporation from the soil 
suríace. The result is the eventual build up o f  salts in 
the entire soil profilc and speciíìcally in the root zone 
oíagricultural crops. T o  alleviate the problem o f  solu- 
ble salts in the soil, excess irrigation water must be 
applied to lcach the salts belovv the root zone. If  natu- 
ral drainage is not adequate, vvater applied for leaching 
purposes will accumulate in the soil resulting in 
groundw ater  (i.c., saturated zone) w ith  a high con- 
centration o f  solutes. In these soils artiíicial drainage 
is needed to remove the excess water and allow leach- 
ing o f  the salts from the root zone. Because o f  the 
salinity o f  g roundw ater under irrigated areas, the wa- 
ter table (i.e., the top o f  groundwater) m ust be kept 
well below the root zone, therefore requiring deeper 
artiíìcial drains compared to the hum id regions. 
Proper m anagement o f  irrigation w ith artiíìcial drain-

age can sustain the productivity o f  many arid lands 
for agricultural production . [S ét Ir r ig a t io n  E ngi- 
n e e r i n g : F a r m  P r a c t i c e s , M e t h o d s , a n d  S y s t e m s ; 
Soil F e r t il i t y .]

II. Surface and Subsurface Drainage

Both natural and arúíìcial drainage can be divided into 
suríace and subsuríace drainage. Surface drainage is used 
to rcmove water that is standing (or can potentúlly 
stand) on the soil surface. Standing water can be đuc.’ to 
low permeability o f  thc soil, presence o f  an impermeable 
laycr at or near the soil surface, and/or a flat topography 
with suríace deprcssions. Low permeability ot the sur- 
face horizon or subsurface layers ncar the soil surtace 
prevents watcr (mainly trom rainíall) from moving ìnto 
the soil. A flat landscape with or vvithout surtace depres- 
sions impedes the natural overland flow o f  rainfall. In 
some cases, therc may not be adcquate natural drainage 
channels (e.g., streams, gullies) to carry the amount ()f 
rain falling in an area.

Subsurfacc drainage is primarily used in areas where 
excess watcr can penetratc into and through the root 
zonc, and then m ove laterally toward a drainage outlet 
(e.g.,  a drainage pipe, open  ditch). For the reasons 
mcntioned earlier (e.g., low hydraulic conđuctivity, 
prcsence o f  an impermeablc layer, gentle slope), water 
infiltrating the soil from  rainíall or irrigation may not 
scep into lower aquiícrs or move laterally to a natural 
drainagc outlet. When excessive water is accumulated 
in the soil, agricultural opcrations may be halted and/ 
or plants may suffer from  excessive vvater or lack of 
air exchange bctween soil and atmospherc. Subsurface 
artiíicial drainagc is then needed to remove excess 
water from the soil. A drainage system may be used 
to lower the vvater table over an area or  it may be 
employed to intercept the lateral subsurface flow from 
adjacent areas.

III. Soil Water Regime and Water Flow

A. Soil VVater Content and Soil Water Potential
Soil drainage can only affect a portion o f  the soil water 
content and not the entire body o f  water in a soil 
system. In soi] drainage both the total porosity and 
the distribution o f  pore sizes are o f  interest. The total 
porosity F  (dimensions o f  volume per volume, L3 
L -3) in the soil is derived from

p  =  1 -  Pb/Pp. (1)



wherc p b and Pp arc bulk density and particle densitv 
oí thc soil (dimcnsions ot mass pcr volume, M L 
vespcctively. In general, fìne-tcxtured soils (e.g., 
davcy soils) have a highcr porosity than coarse- 
tíxtured soils. The porcs in coarse-textured soils, on 
n e  O th c r  hand, arc g e n c r a l l y  l a r g c r  and t h e i r  distribu- 
to n  n a rro w e r  than tìner-textured soils. In thcory, a]l 
n e  pores in a soil are fillcd with water at saturation.
I ractically, howcver, complete saturation may not be 
a.hicvcd due to the presence o f  entrappcd air and 
variations in porc geometry (e.g., porcs not being 
i:itcrconnected). Soil porc size distribution is gener- 
a ly obtaincd from the relationship bctween the soil 
na tr ic  potcntial (pressure head) and volumctric watcr 
o n tc n t .  This rclationship is called thc soil water char- 
a.tcristic or soil vvater retention curve. The soi] watcr 
ciaracteristic is not a unique relationship bctween soil 
va tc r  content and soil watcr potential bccause it de- 
p:nds on w hether the soil is vvctting (i.c., adsorption) 
O' cừainins; (i.e., desorption). This phenomenon is 
rcterrcd to as hystcresis and represents a series o f  
rdationships that can bc obtained depending on 
vlicthcr sorption (vvetting) or dcsorption (draining) 
i;- tuking place. Because of the hysteresis and en- 
trippcd air, thc amount o f  risc in thc water table level 
wlien a unit quantity o f  water cnters thc watcr tablc 
is highcr than the araount o f  drop in water lcvel 
v.ht'11 a unit volume o f  watcr is draincd from the
SI il-

Soil drainage depends 011 the cnergy status o f  soi] 
vviter ;it cvcry point within the soil system. The C11-  

eiỊỊv lcvel o f  water in the soil is gencrally dcscribed 
b ' soil vvater potential. Soil water potential is defined
a.‘ the am ount o f  w ork necessary to transícr a unit 
qsantiiy o f  w atcr from a reíerence State to the situa- 

ti.ni ol intcrcst in the soil. Factors that affect thc 
a n o u n t  o f  work ncccssary to make the appropriate 
tnns tc r  are clcvation with rcspect to the reterence 
Ie'el, attraction ot soil particles and small porcs for 
vvitcr (i.c., matric eíĩects), liquid and gas pressurcs, 
sciute in soil solution, tcmperature, and overburden 
pi-ssure. Grouping the pressure and matric potentials 
tOỊỊCthor, and assum ing isotherm al condit ions w ith  
nt solutc eíỉect (osmotic potential =  0 ), the hydraulic 
hcid H  (i.e., the total soil water potential expressed 
pc' unit wcight, dimensions o f  length, L)  is given by

H  =  z  + h,  (2 )

W)ere - (L )  is thc elcvation abovc a spccitiecỉ rcíerencc 
le‘L'1 and li (L I  is the soil watcr pressure hcad. For 
m)St tìcld conditions tho soil water pressurc head (h)

is zcro or positive for saturatcd soils. vvhcreas íor 
unsaturated soils /ỉ is negative.

B. Soil Water Movement
Water is expected to m ove from  a region o f  high 
potcntial to a region o f  lowcr potential in the soil. 
The rate o f  water m ovem ent is directly related to the 
hydraulic conductivity o f  che soil. Hydraulic conduc- 
tivity is an index o f  the ability o f  soil to transmit 
vvater, and is pcrhaps the m ost im portan t parametcr 
atTecting soi] drainagc. U ndcr saturated conditions 
almost all the porcs in a soíl are íìỉlcd w ith water, the 
soil vvatcr pressure head (lì) is s  0 , and hydraulic 
conductivity, reícrred to as the saturatcd hycỉraulic 
cotiductivity ( K sn), is assumed to be a constant. U nder  
unsaturateđ conditions, whcre li is negative, hydraulic 
conductivity ( K ưmM) is a íunction o f  soil water content 
(ớ) or soil vvater pressurc head (i.e., K  (6)  or K(h) ) .  
Both saturated and unsaturated hydraulic conductivi- 
ties can be mcasured in sim  using the soil in its natural 

State, or bc determ incd in thc laboratory using intact 
or rcpacked soi] columns.

Water m ovcm ent in soils is governed by D ar- 
cy’s law

V =  - K  <ịrad H ,  (3)

vvhere I’ is the flux dcnsity (dimcnsions o f  lentỊth 
over tinie, LT~ ' ) ,  K  is tlic soil hydraulic conductivity 
(LT"1), and ạrad H  is the hydraulic gradient (L L '1). 
The hydraulic gradicnt is thc diíĩerencc between thc 
hydraulic head at tw o points (or regions) undcr con- 
siđeration dividcd by thc distancc between thc tw o 
points, and it dctcrmincs the dircction that watcr will 
flow.

Watcr entering the soil suríacc increases the water 
content o f  thc uppcr layers o f  the soil before being 
reciistributed through thc protlle. (N ote  that thc pres- 
ence o f  macropores such as cracks and root channels 
that are open to the soil surfacc may resưlt in rapid 
m ovcm cnt o f  water to lowcr layers or to a shallovv 
watcr table in that soil.) The  process o f  soil drainagc 
begins w ith redistribution o f  watcr in the proíìle. 
Assuming evaporation is negligiblc (i.e., no upw ard 
flux ot' water) and plant water uptake is zero, the 
vvater m ovem ent in the Linsaturated (vadose) zone 
woưld be primarily vcrtical (i.e., One dimensional). 
After infiltration o f  water into soil ceases, water 
m o v e m e n t  w i t h i n  t h c  s o i l ,  a n d  h e n c e  d r a i n a g e ,  COI1-  

tinues. Initially, the rate o f  drainage in the upper soil 
layers is hia;h. Howevcr, as drainage continues, the 
dccreạse Í11 water content of the suríace layers and the



eventual decrcase in thc amount and size of thc pores 
filled vvith water result in a substantial drop in the 
unsaturateđ hydraulic conductivity. Subscqucntly, 
the ratc o f  drainage decreases with time as the soil 
vvater content građually decreases. For example, the 
ratc o f  drainage in the fìrst few hours aftcr infiltration 
may be an ordcr o f  magnitude (i.e., 1 0  times) larger 
than the rate o f  drainage during thc second day aíter 
iníĩltration.

To dcmonstrate thc rate o f  drainagc, let us assume 
that for a decp water table watcr under no evaporaticm 
and no plant uptake moves vertically dow nw ard  un- 
dcr a unit hydraulic (Ịradient. In this casc, the gradicnt 
in Eq. (3) is equal to one (i.c., unit hydraulic íỊradient) 
through thc dcpth o f  intercst 7. * (L), and the rate o f  
drainage q, i.e., Hux at thc depth o f  interest ( L T 1), is 
equal to thc Kunsat. Assuming an empirical íunctional 
relationship for unsaturated hydraulic conductivity of 
thc form

VOLUMETRIC WATER CONTENT (0V)

K vm„ = Ksatexp |a (0v - ỡs)|, (4)

whcrc ớv is the volumetric water content, ớs is thc 
saturatcd volumetric watcr content, and a  is an cm pir- 
ical constant, the simple model

q = /CsaI/[1 + (aKsatt/Z*)i (5)

can be obtained to describe the rate o f  vertical drainagc 
past the dcpth 7*.  Equation (5) is based on conserva- 
tion o f  mass, and although siniple, it dcscribes thc 
dccrcase in the drainage ratc with time.

c. Soil VVater Proíile and Drainable Porosity
The patterns o f  volumetric water content (ỡv) distri- 
bution abovc a decp water tablc and above shallovv 
water tablcs in a homogencous and a laycrcd soil are 
shown in Fig. 1. For a decp water table, the ratc o f  
drainage decreases with timc, but drainagc to greater 
đepths may continue indeíìnitely (Fig. 1A). For a 
shallow vvater table (at dcpth zn), on the othcr hand, 
the drainage ccases when thc pressure head and conse- 
quently soil water content in the vadose zone reach 
an equilibrium with the watcr tablc (Fig. lỉỉ). For 
homogeneous soils, soil \vatcr distribution in the pro- 
íile abovc a shallow vvater tablc can bc obtaincd from 
the đistance above thc water table and the respective 
soil vvater characteristic curve. For a layercd soil, the 
soil water pressurc head distribution abovc the water 
table vvill bc the same as thc One for a hom ogencous 
soil protìlc. Because ot thc ditTerenccs in the soi] water 
characteristic o f  each layer, howcvcr, watcr contcnt 
distribution with dcpth may changc abruptly at the

N

FIGURE 1 V o lu m ctric  w atcr contcnt (ỠJ d istr ibu tion  w ith  clcph  
{’/ .)  for (A) u h o m o g en eo u s  protìle  w itli d eep  w ater table at variois 
tim es (/,), (15) a h o m o g cn co u s  protile vvith a sh .illow  w ater tahc 
(depth z„) at cqu ilibrium , (C ) a tw o -la y crcd  so il w ith  sh a llow  walT  
tablc at equilibrìum , and (O ) tw o  dirtcrcnt w ater table position s ợ.Ị 
and Zi) at cquilibrium . T h e  shaded areas in (B ) and (C) represeit 
thc total vo lu m e o f  pores tliat can bc drained above the w atcr tabe, 
and the shaded area in (D ) (the d ifĩcrence b etw een  the tw o  wai_-r 
contcnt protìlcs) is relatcd to the drainahlc porosity .

boundary between the layers as shown schematicaly 
in Fig. 1C. Figure 1C depicts a coarse-textured scil 
with saturatcd watcr content ớsl overlying a ímtr- 
textured soil with saturated water content ỚS1 (ỡs 1 <  
0s->). At the boundary  show n in this figurc, the soi] 
vvater prcssurc heads for tho tw o  layers are equal, b.it 
the am ount o f  pores fillcd w ith water in thc up|:er 
layer is lcss than the am ount o f  watcr-filled poresin 
thc lower layer (i.e., vvatcr content o f  the uppcr laver 
is lcss than the water content o f  the lcnver laycr).

The portion ot the vvater that cannot be held ii a 
soil against the torce o f  gravitv, i.e., the diíĩcreice 
betwcen volumetric watcr content at saturation aid 
the volum etric  water content aftcr thc soil has draimd, 
is reterred to as đrainable porc space (Fiịr. lb). 
Drainable porosity is equatcd to thc spcciíic yicldin 
sjroundwatcr hvdrology and is dchncd as the am om t 
o f  watcr reniovcd from  a unit arca ot the soi! wlcn 
the groundwater level is lovvcred a distance cqualto



unity (ì.e., a unit v o lum eofthcso i]) .  Drainable poros- 
ity can be obtaincd by plotting thc volumetric vvatcr 
contcnts versus depth íor t\vo diffcrent vvater tablc 
positions z I  and (Fig. 1D), and dividing the arca 
betwecn the tw o  curves (shadcd arca) by the distance 
bctvveen the tw o  vvatcr table positions Z-> -  Z|). 
Tlic amount o f  watcr helđ in the soils against the force 
of gravity may be callcd field capacity. Bccausc ot 'a  
number ot íactors (such as rainíall, cvaporation, vvatcr 
aptake hy plants, and variation in soil hydraulic prop- 
.Tties) equilibriimi in water contcnt abovt' a watcr 
cablc may ncvcr be achicved in practice.

IV. Water Table

Soil drainage m ay be impeded when water moving 
ilownward through a layer vvith a relatively high pcr- 
ncability or hydraulic conductivity encounters a laycr 
\vith substantially lower hydraulic conductivity. Sub- 
íoqucntly. watcr accuniulates abovc the laycr o f  lower 
liyilraulic conductivity rcsultĩng in the formation o f  
; saturated zonc. From a đrainage standpoint, a layer 
i> coiisidcred restrictivc (írcquently reíerred to as im - 
|’i*rmeable) w hcn its hydraulic conductivity is an or- 
ccr ot niagnitudc smaller than thc condnctivity o f  the 
cverlying horizons.

Hyđraulically restrictivc laycrs are caused by many 
conditions in the soil. The most inipcrrncable oncs 
arc liiỊíli in clay (small porcs) or arc vcry dcnse (low 
ịrorosity, sce Eq. (1)). In some arcas relativcly thin 
kyers ot d a y  matcrials may be found vvithin a highly 
permcable sandy soil. In some other areas, an imper- 
rtcablc laycr m ay  be ve ry  dense soil that was co m -  
prcsseđ by ovcrburden pressure during thc soil forma- 
t:on. If an impermeable layer extends horizoiưally 
Ov’cr a largc arca, a perm anent saturated zone (com- 
iionly callcd groundwater) may be formcd on top o f  
it For shallovv impermeable layers, the watcr table 
n ay R-adily rcspond to precipitation and cvapotrans- 
pration rcsulting in Auctuations in thc thickness o f  
tlc vailosc zonc. Although indiviđual rainíall cvents 
nay inHuencc thc w ater  tablc, Auctuations arc gencr- 
aly noticcd ovcr seasons rathcr than individual 
c -c n ts . T h u s , th c  te rn i se a so n a l h ig h  w a te r  ta b le  in d i-  
c;tcs a rtuctuating vvatcr tablc with high water levels
d.rinu; thc rainy season vvith low cvapotranspiration, 
aici lo\v vvater table levels when evapotranspiration 
ishií>li and /o r  rainfall is low. If the horizontal cxten- 
si '11 o f  thc inipermeablc laycr is limited, then a tenipo- 
ra v saturatcd zone, oíten callcd a perchcd vvater tablc, 
nny bc tbrmetl abovc that laycr. A lthough a perched

vvater tablc may not last f’or an cxtcnded pcriod o f  
time (c.g., a season), the prcsencc o f  an impcrmeable 
lens may rcsult in local saturation that may interíere 
with thc intcnded land usc. Also, because the pore 
sizes in the impermcable lens are much smaller than 
the porcs in thc matcrials abovc or bclow it, the lens 
itsclí  may rcmain saturatcd (or ncar saturatcd) due to 
thc discontinuity o f  pore sizes between the lcns and 
the soil abovc  or  b c lo w  it. [Sct' G r o u n d  W a t e r .]

V. Natural Drainage

The gcoinorphology and landscapc position greatly 
affect the natural drainage and íormation ot' saturatcd 
zone or the position o f  watcr tablcs in soils. In arcas 
where the landscape is gcncrally flat with long dis- 
tances bctwccn streams (wide intcríluvcs), thc streams 
act as the natural outlct tor most ot' thc precipitation 
that iníiltrates thc soils lying betwcen them. If thc soils 
in thcsc areas contain a lcss permeable (low hydraulic 
conductivity) laycr bclow relatively pcrmcablc (high 
hydraulic conductivity) materials, deep pcrcolation 
(i.e., dramage flux in thc vertical direction) will bc 
negligiblc. For thcsc areas, the deptli to water tablc 
and the degrce o f  watcr table Auctuation arc primarily 
a íunction o f  distancc from the streams (or othcr free 
surface watcr bodies such as rivers, lakcs or sca) (Fig. 
2A). D ue to the rclatively small slopc and lar^e ciis- 
tance to thc streani outlets, the horizontal hydraulic 
í^radicnt is rather small, and drainage flux in hori- 
zontal direction wi]] be vcry low. As a result, the 
am ount ofvvater flowing laterally to streanis is limited 
and soils íarther away from thc streams have poor 
drainagc conditions. Ncar thc streams, however, the 
hydraulic gradient is high and water table Auctuations 
are pronounced with rclatively long strips o f  wcll- 
drained soils along the streams.

In areas with rolling landscapes and narrow stream 
divides soil drainage is substantial at distances away 
from thestrcam s and lakcs (Fig. 2B). Unlike flat areas, 
thc soils near thc strcams or lakes may have poor 
drainagc while at the top o f  the landscape position 
depth to groundwatcr may excecd a fcw mcters. In 
general, thcsc conditions are formed duc to the slope 
o f  thc land from the stream to the intcrAuve. Although 
hydraulic conductivity may be low to moderate in 
these soils, a hit^h gradient and shorter distances be- 
tvvecn the strcams allow the water table to remain a 
substantial distance bclow thc soil surtace in most o f  
the landscapc positions.
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FIGURE 2 Rdationships betwcen soil drainage (w ater table) and landscapc position for (A) an arca with relatively Hat topography snd 
lo n g  distancc b etw cen  strcam s, and (B) an area w ith  rollint; top ograp hy and relatively short distance betvvcen che interA uve and stream. 
T h e  p osition s o f  vvell-drained to p oorly  drained so ils as w ell as the leached and enriched areas arc sh o w n . ỊA dapted tVom Soil (ìeiưsis 
and Classification, 3rd ed., by Buol, s. w . ,  Holc, F. D., and McCracken, R. J. © 1989 by Iowa State University Press, Ames, IA.]

Drainagc conditions also have a great impact on 
soil formation. Poorly draỉncd soils arc íòrmed in 
areas wherc water stanđs in the soil for a substantial 
part o f  the year. In flat areas, poorly đrained soils arc 
generally íound near the middle o f  the interAuves, 
whercas wcll-drained soils occur near the streams. As 
indicated in Fig. 2A, the poorly draincd soils in the 
midđle o f  the landscape are generally leached o f  matc- 
rials. Conversely, in areas where well-cỉrained soils 
arc tormed at the interAuves, enriched poorly drained 
soils arc found ncar the streams as shovvn in Fig. 2B.

VI. Artificial Drainage

W hethcr for controlling the soil wctness in humid 
rcgions, or minimizing the impact o f  salts by leaching 
thcm  through thc soil proíìle in irrigated arid and 
semi-arid areas, artificial drainage is used to manage 
thc watcr tablc. Both surtace and subsurfacc drainage 
systems are employed to contro] excessive water in 
poorly drained soils.

For areas vvith insuíRcient surface drainage, con- 
struction ot' open channels an d /o r  land forming to 
provide adcquate slope tor overland flow and elimina- 
tion o f  deprcssions mav be required. In gcneral, areas 
with surtace drainage problems havc many dcpres- 
sions o f  varving sizes and shapcs. Land torm m g to 
remove thc high spots and tìlling the low arcas can 
eliminatc surtacc im poundm cnt in shallovv dcpression 
arcas. The larger deprcssion areas, howevcr, may re- 
quirc direct conncction to an open ditch. The types

o f  drainagc ditch systenis includc random  or natural 
pattcrn, parallel, and cross slope o r  interception 
drainage.

As discussed earlier, poorly drained soils arc gcner- 
ally underlain by an impcrmeable layer at a relatively 
small distance below thc surface. T hey  may also bo 
locatcd in flat areas where suríace drainage is inaJe- 
quatc. When precipitation (or irrigation water) 
reaches the ground surface, infiltration begins at a ratc 
that is (Ịencrally greater than the saturated hydraulic 
conductivity o f  thc soil. As rainfall enters thc scil, 
the water content o f  thc proíile increases, and vvatcr 
may start to accumulate abovc the impermeablc laycr 
resulting in a risc in the vvater table. Depending on the 
anteccdent soil watcr content, the rate o f  inhltration 
decreases with time reachmg a fìna] value that is opera- 
tionally equivalcnt to the saturated hydraulic conduc - 
tivity. If  the rainfall intensity is greater than the fin.ll 
iníìltration ratc o f  the soil, water accumulates at the 
soil suríace. In areas where adequate suríace drainagc 
is naturally or artificially available, the excess vvater 
moves as runoffaw ay from thc area. Otherwiic, W.1- 
ter remains at the soil surfacc until iníiltration, runoff, 
an d /o r  evaporation dcpletes it. If  surface drainage is 
not adequate, water in the deprcssional areas at the 
soil surface continucs to iníiltrate into the soil causing 
hií^hcr soil water content, and in some arcas, a rise 
in thc water  table lcvcl.

To control the watcr tablc level the excess wa(er 
entering the soil must be rcmoved via cvapotrinspira- 
tion, vcrtical and lateral natural drainage, or an artifi- 
cial drainage systcm consistine; ot' tilc drains, ditchcs,
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a n d /o r  wells. In general, an artiíicial đrainage system 
is composed of various size drains ranging from later- 
als scrving individual fields to main drain lines which 
carry the drainage water to an outlet. Artiíĩcial drain- 
age is accomplished by maintaining the water levcl 
in latcral drains that are installcd below the water 
tahle. The drain tubcs (or open ditches) are generally 
installed at a predetermined dcpth to allow the water 
cable at the m id-point betvveen tw o adjacent drain 
tubes to be lowered a desired distance below the soil 
iuríacc. This distance is usually selected based on thc 
ntendcd land use. A schcmatic diagram o f  thc cross- 
iectional area for a tile drain system in a poorly drained 
ỈOĨ1 shovving the positions o f  the water tablc for drain- 
Ìgc đuring high ramtall an d /o r  low evapotranspira- 
:ion and íor subirrigation to raise the water levcl for 
:rop production during low rainíall a n d /o r  high 
-•vapotranspiration is given in Fig. 3.

Water that is rcmoved by artiíìcial drainage must 
5e eventually disposcd o f  away from the draincd area. 
rhc final druinage outlct for a íìeld can be a natural 
>ođy o f  water or may be channels constructed to 
ầcilitatc transport o f  drainagc water away from the 
;rc.i. Depending on the topography and land elevation 
;bove the íinal drainage outlet, gravity or  pum p out- 
]:ts may be cmployed to transíer water from drains 
h to  the drainage channcls or fmal outlet.

In ariii and semi-arid regions irrigation has caused 
p r  may causc) toxic levcls o f  salts (or specific ions 
sách as sodium or chloride) to accumulate in the root 
/one. Irrigation water generally contains some salt 
vhich can accumulate in the soil when water is re-

FGURE 3 Schematic diagram of the cross-sectional area o f  a tile 
dain agc and subirrigation sy stem  dep icting the com p o n en ts  o fth e  
h drologic cyclc and the water table positions for drainage and 
s io irrigation . T h e  ciepth to  an im perm eable layer, the h e igh t o f  
tlv til c drain above the ĩmpermeable layer, and the distance between 
th ti le drains are shown as b, d, and L, respecdvely. [Published 
wch p erm ission  from  Professor R. w .  Sk aggs (1993). N o r th C a r o -  
lin S tate University, Raleigh.]

movcd from thc root zonc by plants or surtace evapo- 
ration. Depcnding on the salinity o f  the irrigation 
watcr and the am ount o f  irrigation necessary for an 
economical crop production, the am ount o f  soluble 
salts applied annually with irrigation water may range 
from less than a ton to ovcr 50 tons per hectare. 
Basically, for cvery 1 g salt/liter in irrigation vvater 
the am ount o f  salts added to each hectare is 1 0 0  kg 
for each centimetcr o f  irrigation water. In general, 
little o f  thc salt added to the soil can be extracted by 
plants. T o  maintain the required salt balance for the 
cropping system under considcration, the excess salt 
must bc removed from the root zone through leach- 
ing. If natural drainage is not adequate, the soil solu- 
tion containing a high levd o f  soluble salts must be 
removed by artificial drainage to prevent a build up o f  
salty groundwater reachinc; the root zone. For salinity 
control purposes, the dcpth to watcr table must be 
lowercd sufficiently to prevent an upward flux ofsalty  
water by capillary action into the root zonc.

T o  remove thc added salts not used by plants, irri- 
gation water in exccss o f  the crop needs must be 
applicd. The íraction o f  irrigation water that passes 
through the root zonc is referred to as che “ leaching 
fraction” and is given by

L F  =  D dw/D ,w, (6)

where D Jw and D 1W are the am ounts o f  drainage and 
irrigation watcrs (conimonly expressed as depth o f  
water), respectively. Maintaining the soil water salin- 
ity at a constant levcl and assuming (i) uniíorm  appli- 
cation of ir r iga tion  water with no rainfall, (ii) no salt 
precipitation or plant uptakc, and (iii) no salt release 
from soil minerals or salt transport from shallow w a- 
ter tables under the capillary action, the leaching frac- 
tion can also be equated to the ratio o f  salinity in the 
irrigation and drainage vvaters as expressed by the 
electrical conductivities o f  the irrigation (£ C iw) and 
drainage water (£ C dw)

L F  =  D dw/ D lw =  E C iw/ £ C dw. (7)

Based on the above equation, the concentration o f  
salts in drainage water, and hence the level o f  salts in 
the root zone can be controlled at some desirable 
level (betvveen HCjw and HCdw) by varying LF.  The 
leaching requirement (Li?) is deíìned as the íraction 
o f  irrigation w ater that m ust be applied in excess 
o f  the evapotranspiration needs o f  the crop under 
consideration to maintain soil salinity below the toler- 
ance level for that crop. Various models are available 
to determine the L R  based on the salt tolerance o f  the
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crop and £ C jw. Salt tolerance lcvcls and tolcrance 
levcls for certain ions are also availablc.

A. Types of Drains
Open drains, uscd in some arcas for lateral to main 
đrains, may bc considcred the most economical mcans 
o f  controlling both suríace and subsurface drainage 
problems. They can be constructed by a wide variety 
o f  machinery or be hand-dug, and are capablc o f  trans- 
porting a Iarge quantity o f  water. The open ditches, 
however, arc not efficient for controlling the water 
tablc in agricultural íìelds bccause o f  their rather lare;e 
width and intertcrcnce with a^ricultural opcrations. 
In addition, the maintenancc cost ofthis type ofdrain- 
age in areas vvith high labor cost m a y  prohibit its use. 
Open drain lincs (ditches) may be employed for urban 
developments in areas with a high vvater tablc to con- 
trol both suríace and subsurface watcrs. An open đitch 
should have stable side slopes and sufficient flow ca- 
pacity to remove water at a ratc not to cause scđimcn- 
tation or scouring. The side slope o f  a drainage ditch 
depends on thc soil texture, and in general, a more 
flat sidc slope is requiređ for coarse-textured soils 
comparcd to a fine-tcxtured soil with a more stable 
structure.

Buried drain lines do not generally intcrfere with 
agricultural operations and may requirc considerably 
less maintenance than open drains. A vvidc variety o f  
materials and techniques are available for installing 
buried subsuríace drains. The materials include short 
clay pipes, concrete pipes, pcrforatcd plastic or other 
types o f  tubings. T o  prevent inflow o f  soil particlcs 
into thc drains (which may result in their clogging) 
and /o r to increase the effective diameter o f  the drain 
lincs, filter or envelop matcrials such as gravel may 
be placcd around thc drain pipes.

B. Drainage Layout and Drain Slope
The outlet pattcrn ofthc  lateral drains and thcir associ- 
ated main drain(s) depctids primarily on the topogra- 
phy o f  the area to be drained. If waterlogging is con- 
fined to a few large dcpression areas in the íield, a 
random or natural pattcrn (Fig. 4) in vvhich latcral 
drains are installed systematically within the dcprcs- 
sion (wet) areas may be the most effectivc way of 
providing drainage. Because o f  the required number 
o f  laterals and their associatcd collcctor drains the 
random or natural drainage pattern becomes lcss cífi- 
cicnt as thc size o f  thc depressions decreases and their 
numbcr increases. When the depressions are scattcred

Laicral Drains Lalcral Drains

Random Parallel Hcningbonc

FIGURE 4 Schematic dia^ram of  the plan vicvv of  three typcs oí' 
drainage collection S y s t e m .

throughout thc fĩeld, or  where water table is uni- 
formly high in a largc area, a rcgular pattern such as 
parallel or herringbonc layout (sec Fie;. 4) bccorncs 
more practical.

The slopc o f  thc drain lines should be sufíìcient to 
prevent sedimentation in the pipe (provide nonsilting 
velocity), but should not be too high (causing turbu- 
lence) to reduce thc efficiency o f th e  system or damage 
the drains. For latcral drains, and whcre siltation is 
not a problem, a slope o f  0.05 to 0.10% has been 
recommended for different size pipes. A highcr slopc 
may be used in slopin^ areas or wherc siltation is a 
problcm. For sloping areas, the lateral đrains may bc 
installcd at a slight anglc to the contour lines of' the 
land. For flat sites, thc desired slope tor thc laterals 
must be obtained by adjusting the depth ot the drain 
with respcct to thc cỉepths o f  the sub and main drains, 
and pum pin^ may be required for transferring the 
drainaíỊe water to an outlct.

c. Depth and Spacing of Lateral Drains
The depth and spacing o f  drain lines depcnd OI1 many 
íactors including the soil hydraulic propertics, the 
desircd distance betvveen soi] surtace and the water 
table, depth to impcrmeablc layer, land topography, 
the am ount o f  watcr entcring the soil vía irrigation 
a n d /o r  precipitation, and lateral and upward flovv o f  
grounđwater. Many mathcmatical models havc bccn 
dcvelopcd to dcscribc vvatcr flow into open and tilc 
drains and for determining draina^e spacing and 
depth. The depths at which thc latcrals and the associ- 
ated collector drains can be installed are limited by 
the availability ot equipmcnt íor installing the lines, 
the depth o f  the main drain and outlet, and thc topos;- 
raphy o f  the area. In ẹencrạl, the spacings betvveen 
lateral drain lincs can bc increascd by increasing the 
depth ot' the drain lines. Spacing and đepth tor the 
latcral drains arc generally obtaincd through an itera-



tivc process to calculatc tlic most etTiđem and yct 
econom kal drain.iíỊC sp.iciniỊ.

D. Subsurface Irrigation

In somc soils the subsurhicc drainagc systems can 
be uscd for irriiỊation \vhen soil watcr contcnt drops 
bclovv thc crop nceds. This mctliod ofirriíỊation, also 
reícrred to as subirritỊatioii, involvcs raisins; the water 
tablu abovc thc drains and maintainim; it at an appro- 
priatc posìtion for providinsỊ watcr to tlic roots o f  thc 
iỊrowin£Ị crops. Tliis is accomplisheđ by d.miminíỊ 
tho open drainatỊC outlet (controllintỊ drainatỊc) and 
nũsini; tlic vvatcr lcvcl abovo tlic latcral dniins as cie- 
píctcđ by thc daslicd linc in Fiu;. 3. Improvcmcnts 
in tlic dcsitỊn and opcration o f  subsuríace irrigation 
systcms in rcccnt ycars havc increasccỉ thcir usc in 
niany arcas. T o  11SC a subsurtacc tirainaíỊC sy s te m  for 
suliirriiỊation purposes, ccrtnin natural conditions 
must hc prcscnt. Tliesc rcqiiiremcnts include the pres- 
C11CC ot an impermeable laycr or rclativcly shalknv 
pcrm.ment u;r0 iiiidw;ucr tablc vvithin a few mctcrs of' 
tlic surhicc, relativclv fl;it land, a moderate to liii^h 
hydraulic conductivity, and .1 rcadilv availablc source 
ol vvatcr. Many arcas in tlic hu 111 úi regions o f  the 
United States mcet the abovc rcquircments.

IVrliaps tlic íỊrcatest .uivant.itỊc ot thc siibirrigation/ 
đrainage systcm is the increascd ability to nianatỊC 
the w;iter tablc for crop production. Because both 
ưniĩíition and drainasỊc ;ưo providcd throue;h onc sys- 
tcm, substantiaỉ cost rcduction can be achicvcd 111 
arcas vvherc scasonal irriựation may bo required to 
niaximizc yicld. Bccauscot thc possíbility ot salt build 
up, subsurface irriiỊation is not rccom m end tbr arid 
and scmi-arid rcẸỊÌons. For huniid areas, combinintỊ 
i r r i t Ị a t i o n  a n d  d r a in a t Ị c  i n t o  O ne  S y s te m  r e q u i r e s  a 
carctul prcdict ion o f  tho pertorm an ce  o f  the  System  
throuiỊh Computer simuLìtions.

E. Drainage Models

Viirious tlicoretical models bascd OI1 steady-statc and 
transiciK \vater tìovv conditions are available tor drain- 
•1LỊC dcsi^n purposcs. In íỊencral, thcsc models rclatc 
tilc đrain dcpth and spacini* to raintall a n d / o r  irrĨẸỊa— 

tion, ns vvcll as various soil and sitt' cliaractcristics. 
Usiiii? the modcls. the draiiKUỊC rate and the ratc oí 
ta 11 ot the \vater tablc can be đetermincd for an arca
h.iNciỉ OI)  mtMsurcđ and estinuitcđ soíl and sitc proper- 
tics. Siimii.itioti models cnablc the dcsiiỉner o f  a drain- 
.lịíC systcm to evaluate thc hiturc pertbrm.incc o f  the 
systcm uiKÌt r considcration bascd on scveral years ot

climatoloííical data. Tliis will allovv optimization ot 
tlic dcsiiĩn paramctcrs to achievc tlic obịectivcs o f  thc 
dramaqe systcm. For aiỊrirultural purposos, draina^c 
đesiu;ns can bc based on the crop(s), soil types, and 
locations.

Availablc tlicorctical niodcls includc thosc svith rii;- 
orous approaches tor modcliníỊ soil vvatcr m ovcm cnt 
based on saturatcd and unsatunued flow in tvvo or 
thrcc dimensiotis. Although thesc modcls can provide 
valuable intormation about soil vvatcr vvith timc and 
spacc, \vater tablc position, drainatỊC, and subsurtace 
ỉrrit^ation, tlicy arc tỊencrally complicatcd and may 
rcquirc nunierical evaluations. The complcxity o f  
solvinạ; the problcm nurnerically, and thc ditTiciilties 
associatcd wicli detcrniininc; the rcquired soil input 
paramctcrs for unsaturated rtovv condĩtions liniit the 
usc ot complicated niodels. T o  overcome the prob- 
lcins associated with analytical and numcrical inodcls, 
a nuniber o f  nser triendly simulation models have 
becn cieveloped. O ne o f  the lcss complcx approaches 
has bccn the dcvclopiiicnt o f thc  D R A I N M O l) model 
that is based on vvatcr balance in the soil protìlc. This 
sinnilation modcl indudcs mcthods to siniulatc sur- 
tacc and subsurtacc drainagc, surtacc irrigation and 
subirritỊation, and controlled drainagc. The data rc- 
quircd tor tliis modcl includc soil propcrties, crop 
paramctcrs, clỉinatoloiỊĨcal iiứormation, and drainasỊC 
and irriiíation systcin critcria. This modcl can bc used 
to simulatc thc pcrformancc o f  botli drainaíỊC and 
ìrriíỊation systcms ovcr an cxtcndcd period ot time 
according to knovvn dimatological data. The major  

advantages o f  this modcl arc the ease o f  use and the 
relativcly mitiimal coniputational rcquiremcnts as 
comparod to othcr approachcs. The modcl lias beeti 
tcsted for a wide rangc of soils, crops, and climatolog- 
ical conditions with ÍỊOOCÌ rcsults.

F. Water Quality

DrainatỊe vvutcrs may carry agricultural chcmicaỉs and 
other solutcs present in soil solution to surtace watcrs 
rcsultinsí in undcsirablc vvatcr quality. Enhancin^ run- 
ot't to improvc surtacc drainagc may rcsult in trans- 
portation ot suspcndcd soil particles and solublc 
c h c m i c a l s  to  s u r t a c e  v v atc rs  m a k i n q  t h e m  u n đ e s i r a b l e  

tor cirinkins; vvatcr. hshcry, or rccrcational pnrposes. 
[li this regard, transport of'chemicals attachcd to soil 
particlcs is ot ưreat concem. In subsurtace drainagc 
to control soil salinity, thc quality ot dr.una^c \vatcr 
m a v  n o t  b e  s u i t a b l c  t o r  d i s c h a r g c  to  a b o d y  o t ' \ v a t c r  o r  
reuso as irrig.uion \vatcr. In humid areas, the nutricnt 
loadini' ot the drainaiíc vvatcr may rcsnlt 111 dc^rada-



tion o f  \vatcr quality in strcanis and lakcs. For cxam- 
plc, it has bccn shovvn that phosphorous tro 111 aiỊricul- 
tural tìclds travcls mainly by surt.KC dr.unau;c \vhilc 
the main transport mechanism tor nitrotỊcn is subsur- 
tacc đrainaiỊC watcr. To niininiizc tho impact ot ac;- 
ricultural watcr manaiỊement on the qualirv and quan- 
titv o f  ground and surtacc \v.itcrs, consideration of  
the soil drainatỊC mnst bc an intctỊral part ot any asj;- 
ricultural opcration.
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Glossary

M in era liza tio n  Process by vvliich oriỊainc nintcríals 
arc decom posed and inoriỊanú' ions arc rclcascđ 
N o - t i l l a g e  ManaiỊement practicc in crop production 
vvhereby all rcsiducs (cxcludintỊ tỊrain) arc lcft 011 the 
soil surtacc w ithont incorporation 
N u tr ien t su ffic ien cy  Degree to which the nutricnt 
supply approaches 1 0 0 % o f  thc plant rcquircmcnt 
V o la tiliz a t io n  Rclease o f  gascous tồrms into tho at- 
n iosphcrc íỊenerally rcferring to ammonia losscs tro 111 
urca and anhydrous am m onia  nitrogcn fcrtilizcrs

T h e  Science o f  soil íertility cxamincs the availability 
ol'cssentia] plant nutricnts in soils and thcir ctTect 011 
grow th , composition, and yicld o f  plants. Scicntists 
in this íìeld dcvclop fertilizer application tcchnologies 
that makc prudent usc o f  natural rcsources and that 
protcct the cnvironmcnt.

I. History of Soil Fertility

Evcr sincc Ịustus von Lcibit' (1X03-1873) statcd thc 
mincral thcory o f  plant mitrition, sđeinists havc bccn 
imcrcstcđ in vvhether clcnicnts vvcrc esscntial, thc na— 
turc o f  their availablc íorm s in soil, and the rclation-

ships bctvvccn the amounts ot these availablc tbrms 
and plant nrovvth. The developmcnt o f  thc Science oi' 
soi! fcrtility has đepenđeđ hcavily on this kncnvledgc. 
Thousands o f  scientists havc contributcd to our 1111- 
dcrstandini' o f  liovv soils should bc manatỊcd and hovv 

organic and inoriỊanic fcrtilizcrs should be uscd to 
maximizc yiclds and limit environmental contamina- 
tion. Tvvo tliousand ycars 111ỊO, ViriỊÍl (70-19 B.c.) 
c n c o u r a g e d  th e  u sc  o f  lc iỊu m cs  in c r o p  r o ta tio n s , an d  
lic also unđcrstood soil acidity as it relates to crop 
prochtction. 1’ictro dc Cresccnzi (123(1-1307) is con- 
sidcrod by som c to be the tbumỉcr o f  m odcrn  atịron- 
om y via liis w ork that cncouraiỊed incrcascd use ot' 
inanurcs. Since that time, nunicrous scicntists havc 
ađded to our knovvlcdge of soil tertility via the discov- 
cry o f  csscntial elenicnts, chcmical sourccs ot' thesc 
elcmcnts, and appropriatc nicthods o f  application.

The dcvclopmcnt o f  soi! Science iỊOt o ff  to a slovvcr 
start in America than it did in Europe, partly because 
o f  the abundancc o f  Iand tliat could bc exploitcd for 
its native íertility. Becausc o f  thc vast areas available, 
thc nced was lcss urgcnt for maintaining the fertility 
and productivity ot the soil. It vvas easicr to niove 
Wcst. Bradíield stated that

A vvorker in  the  íìelđ o f  soil ícrt i li ty  m u s t  havc  a u;ood 
uiKÌcrstanđinỉỊ ot thc lĩcncral principlcs ot soil physics, 
chcmistry, microbiology and pcdolo^y. I like to think 
of soil tcrtility as the hmhest dcvelopment ot Science. It 
must bc built upon thc iníorniation supplicd by these 
otlicr tìclds. Nonc of thc othcrs arc concerncd primarily 
with thc grovvina; of plants. Becausc of the very nature 
ot our subịcct, we are primarily concerncd with integra- 
tion and synthesis of these othcr tìelds.

As the Science o f  soil tcrtility has proựrcsscd, we 
havc come to apprcdate  how  niucli has bcen accom- 
plished and how  im portant this knovvlcdgc is to feed- 
iiiiỊ our  incrcasintỊ worlđ population. [S t r  S on . 
C h h m ic a ls : M o v e m e n t  a n d  R k t e n t io n ; S oii. C h e m - 
i s t r y ; S oil  ( ì e n e s i s , M orhhoi .o g y , a n d  Ci-ASSIHCA- 
t io n ; S oii M i c r o b i o i .o c y . I



II. Soil-Plant Relationships

Justus von Lcibig vvas probably the tìrst scientist to 
cxplain thc nature ot soil Ếertility. Hc stated tha: the 
nutricnt prcscnt in the least relative amount is thc 
limiting nutricnt for plant growth. This law iniplied 
that all the other nutricnts were prcsent in cxcess 
until the dcficicnt or limiting nutrient was in adcquatc 
supply, vvhcrcupon the OI1C prcsent in thc next lcast 
relativc amount becanic the deficicm nutrient and 
so OI1 .

Work by E. A. Mitschcrlich established that plant 
u;rowth tollovvs a diminishiiHỊ incrcmcnt typc o f c u r v e  
now knovvn as the yicld curvc. In his work it is as- 
sumcd that evcry plant spccies has a tĩnitc íỉ;rowth 
possibility when all nutrients and growth tactors arc 
adcquatc but not in harmful cxcess. Baule concludcd 
that when mo re than OI1C nutrient was deíicient, the 
tìnal pcrccntage sutĩĩciency is the product o f  thc indi- 
vicktal suíĩìciencics. SupposiniỊ that soil potassium is 
adequate for 90% o f  a yield and phosphorus for 80%, 
then the fìnal yield is 72% o fthe  yicld obcainablc whcn 
both nutricnts wcre adcquate (100%). The suffìciency 
lcvcl ot'available nutricnts (SLAN) concept is bascd 
OI1 a gencral mathematical expression ot' the law o f  
diniinishing returns whcre incrcascs in yield o f  a crop 
pcr unit o f  availablc nutricnt dccreascs as the level o f  
available nutrient approachcs sutĩiciency. The conccpt 
implies that (1 ) levcls o f  available nutrients range in 
a group o f  soils from insufficicnt to sufficicnt for 
optim um  plant grovvth, (2 ) amounts o f  nutrients re- 
moved by suitable extractants will bc inverscly pro- 
portional to yicld increases from addcd nutrients, and 
(3) calibrations have becn made for changing the lcvcls 
o f  available nutrients in thc soil by addiniỊ fertilizer 
(or lime).

Work by Bray identiíìed two distinct types of sorp- 
tion zones for plants. One is thc large volumc o f  soil 
occupied by the major part o f  the plant root system 
(root systcni sorption zone) from which niobilc nutri- 
ents are taken up by plants. The other sorption zone 
is a relativcly thin layer o f  soil adjaccnt to each root 
surface (root surface sorption zone) from which im- 
mobile nutrients can be removcd by the plant (Fig. 
1). This concept has assisted many rcsearchers in the 
dcvelopmcnt o f  appropriate methods o f  applyin^ ter- 
tilizers dependin^ on whether the nutrient clcments 
are rclativclv mobile or immobile in soils.

III. Essential Plant Nutrients

Morc than 100 chemical elcmcnts are known today. 
Howevcr, only 16 have proven to bc esscntial for

plant e;rowth. Earlv work by Arnon and Stout notcd 
that there vverc threc criteria \vhich had to be satistìed 
in order t'or an elenicnt to be classitìed as csscntial tor 
plant grovvth: ( 1 ) the plam cannot complete its litc 
cyclc vvithout it; (2 ) no othcr clemcnt can takc its 
placc; and (3) thc element must be directly involved 
in the plant’s nutrition and not indircctlv through 
corrcction o f  some othcr uníavorable condition in the 
soil or relcase o f  some othcr essential element.

Tlic essential plant nutrients, chemical symbols, 
mobility in the soil and plant and iĩcncral deficicncy 
sym ptom s arc listed in Table I. Thrce ot' the essential 
clcments (carbon, hydro^en, and oxygcn) arc uscd in 
relatively largc amounts by plants and are considercd 
nonmineral sincc they arc supplicd to plants by carbon 
dioxidc and watcr. The other 13 essential clemcnts 
arc mincral clemcnts and must bc supplied by thc soi! 
and /o r  t'ertilizers. The cssential plant nutrients can bc 
groiiped ìnto three eatCíỊorics w h ich  arc as follows:  
(1) Primary mitrients, nitrogen (N), phosphorus (I1), 
and potassium (K). (2) Secondary nutrients, calcium 
(Ca), magnesium (M íị). and sultur (S). (3) Micronu- 
trients, iron (Fe), manganese (Mn), ZÌI1C (Zn), coppcr 
(Cu), boron (B), m olybdenum  (Mo), and chlorine 
(Cl). Nutrient deficicncies tend to exprcss varicd 
sym ptom s in the plant and thcretore should be uscd 
with caution, cspecially i f  more than one element is 
limiting. In gencral, mobile nutricnts in the plant tcnd 
to induce chlorosis in the older leaves. Altcrnatively, 
ímmobile nutrients in the plant causc the dcficicncv 
sym ptom  to appear in nevver leaves (Tablc I).

IV. The Nitrogen Cycle

Because nitrogen deficicncics havc historically been 
more com m on, this nutrient has also rcceivcd morc 
attention in research. A thorou^h  undcrstanding ot 
the nitrogen cycle is esscntial for thosc involved in 
soil ícrtility work. Followin^ Lcibiẹ’s law o f  the mini- 
mum, i f  this nutrient is deíicicnt, all others will be 
adverscly atTectcd. NitroíỊen is an intcgral coniponent 
ot amino acids which are thc building blocks for pro- 
teins. Proceins arc in turn prcsent in the plant as en- 
zymes that are responsiblc t'or metabolic reactions in 
the plant. N oting the complcxitv o f  nitrogen in soils, 
Allison stated the followin^:

Many things can happcn to nitrogen in the soil. There 
are so nianv possible transtormations that can lcad to 
tỊascous prođucts, or to tho tormatiou of soluble forms 
of nitrogen that arc subjcct to lcaching, that it is little 
wondcr that recovcries in thc crop may somctimcs be



Sorption Zone

F IG U R E  1 U ơ ot sy stc n i and root surtaci’ sorp tion  zon es identiticd  by R. H . Bray to explain  the areas 
\vhcre m o b ilc  and in n n ob ik ' m itrionts w ill be t.ikcn up by plants, rcspcctively .

!o w .  l in t  it is wcll n o t  to  o v c r c m p h a s i z c  th c se  poss ibk'  
lo sscs  tor, t o m m a t e ly ,  u n d c r  c o n d i t io n s  o f  g o o d  n ia n a g e -  
incnt  m o s t  ot' the w o r s t  p oss íb il i t ies  can usual ly  be  
avoid i'd .  IScc  N itrocen  C y c i .i n c .I

Most ot the nitrogen ĨI1 continuously cultivated 
soils is prescnt as organic nitro^cn in the soil organic 
m attcr  (Fig. 2). In temperate climate soils, there is 
approximatcly 2000 ktí, o í 'N  tbr every 1% o f  organic 
mattcr in thc suríace horizon (0 -30  cm). Soils in n u n y  
o f  thc northcrn parts o f  the United States and S o u t h e r n  

Canada contain in cxcess of 4% organic matter and

can havc ovcr 8000 kí> N /h a  stored in organic pools. 
N o t  surprisingly, the supplyiiii^ power o f  this soil 
organic N pool must bc considercd in making; N 
rccomrnendations in crop production systems. U ndcr 
trequem  cultivation, approximately 2 % o f  thc total 
nitroíỊcn in soil organic matter will be mineralízcd 
each year. Cultivation alone unleasheđ u radical 
chaniịc in soil N dynamics and in organic matter com- 
position o f  soils. Various long-term experirnents that 
liave been conducted for more than 10 0  years have 
docum ented the decrease in soil orí*anic matter which

TABLE I

Essential Plant Nutrients, Chemical Symbols, Mobility of Elements in the Soil and Plant, and Chemical Form Taken up by Plants

I )e fic ien cy  sy m p to m E lem ent
M o b ility  in 
the soil

M ob ility  in 
the plant Form  taken up by plants

O vcr.tll ch lorosis  scen  first o n  lo w e r  leavcs N  (N itro g en ) Y cs Yes N O I ,  N O ị ,  N H Í
Purple lcat’ m argins 1’ (P h osp h oru s) N o Yes H P O  42. H ịP O ì .  H j P 0 4
C h lo r o tic  leat im r g in s K (P otassiu m ) N o Yes K*
U n ito rm  ch lorosis, stuntini* (youni»er leaves) s (Sultur) Y cs Ycs S O  4-. SO Í
Stiin tin n — no root elongation C a (C a lđ u m ) N o N o Ca
Im erveinal ch lorosis, veins rem ain  grecn Fe (íron) N o  (ls) N o FeJ+, Fe’+
Interveinal ch lorosis M íị (M aẹn esiu m ) N o  (ls) Y e s /N o M ịT +
R cduceđ terniinal i»rowth =  ch lo ro tic  tips B (B oron ) (N M ) Yes N o h 3b o ?
Intcrvcinal ch lorosis M n (M angan ese) N o N o M ir + , M nJ*
W iltitiiỊ, ch lorosis, reduced roor g r o w th CI (C lilorine) Ycs Yes cr
Y ouniỊ leavcs. y e llo w  & stunted C u  (C opper) N o  (Is) N o C ir  +
IntervL-ũul ch lorosis in yount; leavcs Z n  (Z inc) N o  (ls) N o Z ir*
lnterveitial ch lorosis, stunting M o  (M olyb d en u m ) Y c s /N o  (ls) N o M o O  y’
D.irk t^roen color N a  (S ođ ium ) N o  (Is) Yes N a f

c (C arbon) c:o.
H (H vd rogcn) H ,Õ
o (O x y g en ) H ịOI )  (U x y g e n ) H ịU

Notc: N M . nonm etal; Is, !ow  so lu b ilitv . M o availnbility  increases w ith  soil p H , othcr m icronutrien ts sh o w  the o p p o site  o f  this. 
‘‘ A bsurhcđ tlirounh plant leavcs.
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FIG U R E 2 Narrowini* ot carbon to nitroí^cn ratio as oriỊanic 
mattcr dccays until mineraỉ nitroỉỊcn hnally bcvomcN av.iil.ihlc v i .1 
]iiincralization.

has bccn the đirect rcsult o f  continuuus cultivation. 
Unfortunatcly, maiiy rcscarch institntions havc dis- 
continucd somc o f  their lontỊ-term continụous com 
and wheat cxpcrimcnts which ovcr timc have pro- 
vidcd accurate estimates ot  sustainablc production 
systcnis.

Bccausc nitrogen rclcasc from oriỊanic mattcr is 
dcpcndcnt upon đecay by microortỊanisms, which 
themsclvcs rcquire mineral nitrogcn, the amount ot 
m i n e r a l  n i t r o g c n  a v a i l a b l c  to r  a c r o p  is in c o n s t a n t  

flux. Nitrogcn availability dcpcnds upon the relative 
;miount o f  carbon and nitroiỊcn in the or^anic mattcr, 
its resistance to dccay, and cnvironmental conditions 
to support microbial activity. Figure 2 illustratcs hovv 
nitrogcn bccornes more conccntratcd as soil orsỊanic 
mattcr dccays with time. Nitrogen is not relcased 
during the first stac;es ofdccay bccausc it is immedi- 
atcly consumcd by active tnicroorganisms. With 
timc, remaimng organic material becomcs morc resis- 
tant to decay, microorganisms die ott, and thcre is 
morc mincral nitrogcn present than can be consunicd 
by thc few activc microorganisnis.

Prior to tlic timc whcn thc nativc prairíc soils in 
North America wcre cultivatcd, N procecded 
throuííh the samc cyclc tliat is understood todav. 
Howcvcr, many ofthese proccsscs took placc at much 
slowcr ratcs. Mincralization (combincd proccss o f  re- 
lcasinẹ; inorẹ;anic N from organic N pools), aninio- 
nium tĩxation (ammonium ions bound vvitliin clay 
ửactions o f  the soil), ortỊanic inimobilization (ammo- 
nium and nitrate consumed by microbial oriỊanisms), 
plant volatilization (loss ot' N as anmionia tĩiis tro 111 
the lcavcs o f  plants), dcnitriíìcation (microbial trans- 
t b r m a t i o n  o t  I i i t ra te  to  {Ịascous N  t b r n i s ) ,  a n d  l c a ch in i ;  
(movemcnt o f  nitrate and or othcr niobilc conipounds

through the soi] protìlc) all took place tor thousands ot' 
ycars bcfore thcsc soils vvcrc cultivatcd. BacktỊrouiid 
lcvels ot' nitrate in soils arc theretorc not uncommon 
but rathcr chc rcsult o f  a natural time consummg 
process.

NitroiỊCii is ađdeđ to the N cycle when fixed ironi 
gascous N in the atmosphere bv liiỊhtning and various 
symbiotic and frce-)iving microorganisms and addi- 
tions o f  inoríỊanic and organic fertilizers. The major 
sourccs o f  plant available nitrogcn loss within the N 
cyclc include: ( 1 ) volatilization, (2 ) immobilization, 
(3) gascous plant loss, (4) denitriíication. and (5) lesch- 
inu;. Immobilization does not rcsult in a nct loss bnt 
is uscd in this discussion to rcAcct rcmoval ot inor- 
ganic N trom plant availablc torms. !t is imponant 
to notc that nitrate leaching Ì11 most crop produc- 
tion systcms can only take place once inortíinic 
N has bypasscd each of the first tour catCíỊorics 
(Fig. 4). ■

1. Addit ions o f  tcrti lizcr N  can init ially bc lost by 
volatilization. Losscs o t  fertil izer  N  as a m m o n ia  (NH.J 
lỊcncrally occur OI1 hitỊh p H  soils. A pplica t ions ot 
fertilizer N  (espccially urca) o n  thc  surtacc  w i th o u t  
inco rpora t ion  OI1 soils w h e re  suríace  rcsiducs arc prescnt 
vvill maíỊiiity a m m o n ia  vol.u ilization losscs.

2. lm m obi liza t ion  of fcrtil izer  N  will take place in 
v irtually  all soils by b o th  in ic robial  c o n su m p t io n  and 
tb rm a t io n  o f  hitỊhly stablc  l i g n i n - N  c o m p o u n d s .  
M k ro o rg a n i s m s  will no t  niu lr ip ly  and  oriỊanic niatter 
vvill n o t  bc d ecom poscd  unlcss iiicrotỊcn is assimilatcil 
in to  microbial p ro top lasm , and assiniila tion wil! take 
placc as loníỊ as tlicre is m icrobia l  activity .  A co ram on  
phrase used a tn o n u  soil m ic rob io log is ts  is tha t  “ the 
microbial  pool eats at the rirst t ab le ."  In o th e r  worđs, the 
đ em an d s  o f  soil microAora a re  m c t  p r io r  to  thc  t im e CTop 
N upcakc occurs.  T h is  is im p o r ta n t  since the niạịority  o f  
all microbial activity  takes place in the  surtace soil 
horizon  (0 -1 5  cm) vvhere p lant ro o t  v o lu m es  arc 
greatest.

3. O n c e  the plant constim es inortỊanic N ,  gaseous 
N  losscs t ro  ni the plant as N H ,  arc k n o w n  to  take 
place.

4. W hen  excess N  is nc ither  c o n su m e d  b v  the aerobic 
m icrobial  pool a n d /o r  the c rop ,  íacul ta tive  anaerobes 
(ìỊcnerally p rcscn t  bclo\v 30 ctn) are invo lved  in the 
dcnitri íìca tion o f  inoriỊanic N  (FiiỊ. 4).

5. Finallv oncc ino r^an ic  N  is no t  volatilizcd, tìxed by 
thc soil, im m obilizcd  in o rgan ic  pools,  c o n su m cd  by the  
plant. o r  d cn it r ihcd  by  taculta tive  anacrobes ,  lcaching ot 
N  as nitrate  can takc place ( FĨJ>S. 3 an d  4). M any  
co m prchcns ivc  N cyclcs tail to  illListrate this point  biiu c 
thcv  sho\v  microbial im m o b i l iz a t io n  as takiniĩ  placc 
sim ultancously  w ith  lcaching (F i i ị . 3). In tlie abscntc  o f  
thc tìrst tour n itrogen  sinks, it is likcly thac ^rouncivvatcr



Nitrogen Cycle Soii

FIGURE 3 C o m p reh cn siv e  nitrc>i;en c y d c  tor pliint—soil rd ation sliip s.

Icvcls ot N O r N  w o u ld  bc  c o n s iđ e ra b ly  hiíỊher than  
t o u n d  today.

V. Soil O rganic Matter, a Key to 
Nutrient Management

O n e  h u n đ ređ  y cars atỊO, m o s t  o f  th e  n a t iv c  prairie  
suils in tcinpcrate climates had soil organic mattcr 
lcvcls in cxcess of 4%. T oday , followin&ỉ 100 ycars ot' 
Continiious cultivation. thcsc soils no\v have oriỊanic 

mattcr levcls lcss than 2% . U nder  annual, trcqucnt 
ciilti v.ưion. dcconiposition o f  soil or^anic mattcr ex- 
cicds its tornnnion. This continuous cukivation o f  
soils iỊrc;itlv attccts the ortỊanic mattcr mitricnt sup- 
p 1 yi11 lí pmvcr-, vvhicli in rcturn has an important 
Ix-ariiiií OII botli the physical and chcmical charac- 
teristics .111 d rcsponsc in crop yiolds. OriỊanic mattcr

ìnrtucnccs structurc, and affccts acration, drainage, 
vvater-holdiniỊ capacity, and erosion.

When our torcíathcrs íirst tillcd thcsc soils, thcre 
vvcre no fcrtilizcr needs becausc o f  the nutricnt supply- 
ing povver that had bccn storcd vvithin the organic 
matter íraction and the small dcmands ot' ]ow vielđ 
potcntial crops. Hovvcver, today. inorganic and or- 
lỊanic fertilizers arc nccdcd to supply the nutricnts 
required for economically sustainablc crop yields. Ex- 
d u d in g  nitroiỊcn, phosphorus, and potassium, even 
the deplcteđ soil onỊanic mattcr pool prcsent today 
continucs to providc adcquatc supplics of niicronutri- 
cnts tồr continuous com and vvheat for thc vast mạịor- 
i tv  o t  so i l s  in  t h e  lỊ ra in  b c l t .  [ẴYí* F e r t i l i z e k  M a n a g e -
MKNT AND T rCIINOI OGY. I

Althoiiííh this rcsourcc lias bccn mined, it is scldom 
undcrstooii that oriỊanic mattor contcnts in soils can be 
incrcased by various manaiỊcmcnt practiccs. Incrcased
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Leaching 
0-20 kg N/ha/yr

FIGURE 4 Face o f  inorganic nitroqcn in soils đescnbint; lo ssc i that can cxist in crop  prnd uction  prior to  nitratc leaching  
and i;cncral am ounts lost troni cach sink in contin uous crop prodiiction  system s.

use o f  no-tillagc managcment practiccs can incrcase 
soil orỉỊanic mattcr. Soil scientists have demonstrated 
that thc long-terni use o f  no-tillage in continuous crop 
production sysccms rcsults in incrcased surtacc soil 
ore;anic mattcr lcvels. Similarly, nitrogcn fertilizer 
applicd at ratcs in excess o f  tliat needcd for maximum 
yields can also result in increascd soil organic mattcr 
lcvcls via increascd totai biomass production. C rop 
manaíỊemetit systcms tliat include rotations with high 
residue-producing crops and maintcnancc ot surfact' 
residue covcr with reduced tillage also can result in 
greater soil organic mattcr, increascd total soil N, and 
improved soil productivity.

VI. Soil Testing

Soil tcstine; is considcred to have started w ith ju s tu s  
von Lcibig’s vvork in 1840. The aims in soi] testinẹ 
are to assess tho rclativc adequacies ot'availablc nutri- 
cnts (and limc reqiiirements) and to providc guidancc 
OI1 amounts o f  fertilizcrs (or lime) requiređ to obtain 
optinm m  nrcnvth conditions for plancs. Thcse objcc- 
tives arc dcpendcnt upon obtainina; rcprescntative soil 
samplcs, ana]yziiic; thcm usine; thc appropriatt' nieth- 
ods, and calibratiniỊ thc ctTccts on crop response (or 
increascd soi] tcst valucs) ot added units ot fcrtilizcr

(or lime) to soils at various initial lcvds o f  available 
nutrients. The inclusion o f  lime in this discussion 
points to the importance o f  soil pH in all soil testing 
p r o c cd u r es  and  u lt im a tc  n u tr ie n t  r c c o n im c n d a t io n s .  
Soil pH is lỊcncrally dcterniined trom a 1 :1 soi): vvater 
mixturc vvhercby hydrogcn ion conccntrations (activ- 
ities) arc invcrscly rclatcd to thc resultant pH value. 
In general tcrnis, measured pH  rcAccts the acidity 
or basicity o f  a soil which in turn can affect crop 
production. [Sct’ SoiL T es t in g  F()R P l a n t  G r« w t h  
AND SoiL F eRTIUTY.Ị

Total soil analysis (đctennining the cntire am ount 
of' a nutricnt in soils) for soil testing purposes has 
bccn almost complctcly abandoned exccpt to coníirm 
thc abscncc or vcry low total rcservcs ot an elcment. 
Hovvcver, total soil N is still uscd to somc extern for 
predicting availabilitv. In the I920s and early 193()s, 
soil scicntists’ attention turncd to displacemcnt o f  the 
soil solution vvith organic solvcnts, \vater, and com - 
pressed air. Such studies showed that thc soil solntion 
did not contain enou^li N , 1\ K. and othcr elenients 
to sustain plants vcry lontỊ, and so thc mineral and 
ore;anic phascs must be iniportant in continually rc- 
pladniỊ the solution phasc. This devclopnient lcd 
cheniists and soi! scientists to use \vcak solvcnts such 
as COi-saturatcd vvatcr and dilute acids in an attempt 
to imitate what the plant niikỊht be ablc to extract



'trom a givcii soil. The total amounts in soil could
i.iot r c t ìx t  vvlicn and \vliere a dchcicncy could occur 
b ccaust  mucli o f  this was boimđ (ÍI1 the claỵ íraction 
o r  withm orỵanic m attcr pools) in imavailablc torms.

Various cxtractini; solutions havc bccn dcvclopcd 
o v e r  timc that quantitativcly ásscsscd thc nutrient sup- 
plyintỊ powt'r ot soils íor a particular element. Major 
1 nodihcations ot ho\v thcsc extractants arc uscd for 
sp cđ t ìc  soils havc im proved our ability to pređict 
vvhcn and vvhcrc nutrient deíĩciencies vvill take placc. 
Soil tcstiim is an all-cncompassiniỊ proiỊram that can 
b e  divided into tour  staiỊes: collcctiiiu; soi] samplcs, 
c xtractinu; and dcterin in in^ the index oí soil tcrtility, 
i nterprcting tlic analytical rcsults (inđcxes), and nuik- 
iiiíi the tcrtili/cr recoimnendations. First, a population 
Cit s.miples is needeđ to cstablish the givcn nutrient 
dcticicncy vvith corrcspoiidiim yicld đata. Scconđ, thc 
p rogram  imist then cstablish tìeld trials at respective 
loc.itions \vhcrc nutrient levels arc considcrcd dctì- 
cicnt, modcratcly deíìdcnt, and not deíicient. A tthcse 
sitcs, tcrtilizcr rates are applicd and crop rcsponso 
deterniined tor a lỊÌvcn soil test lcvcl. Once enough 
dat.i liavc becn collectcd op tinu im  fertilizer ratcs can 
b e  lictcrmincii (rccomnicndation) for a particular soil 
tcst levcl (indcx) usiniỊ the detìncd cxtractiniỊ procc- 
durc. Whilc nuich o t ' th e  rcscMrch in soil testing has 
íocuscd »11 developint; chcmical proccdiircs tor cvalu- 
acinií tiu- levcls ot availablc soil nutrients, teđmiques 
to r  relating soil test results to crop viclđ responsc have 
boun cqually important.

Ati cxaniple ot soil analysis and resultant pcrccntatỊC 
yicld is illustratcd in Fie;. 5. Pcrccntage yicld for this 
cxam plc vvould bc the yielcỉ obtainable at a ^iven soil 
tcst p lcvcl whcn all o thcr nutricnts vvcrc prcscnt

Soil Phosphorus, ug/g

F I G U R E  5 ( r itu.ll  soi l a m l y s i s  levcls  d c t e r m in c d  us in n  l inear-  
phitcaii .<Nil qu.ulr.ini ũ m ctio n s . C L  =  rricical so il tcst level bclt)\v  
w h ic li  .ip p liư ii p lio sp lio ru s  fe r t iliz e r  \vou M  hc re co m m e n d e d  ro 
acliic-vo m axi 11111 m v ie lđ v

in . id c q im tc  a n i o n n t s .  In th i s  c x a m p l c ,  t w o  d i s t i n c t  
statistical methods are listcd that aro coimnonly uscd 
to dctect the critical levcl (point at \vhich an incrcasc 
in soil analvsis no loniỊcr rcsults in an ìncrcase in 
yield). The critieal lcvcl đetermined LisiiitT quadratic 
and lincar-platcau mcthods \vas 92 and 52, respcc- 
tivcly. Givcii these lariỊC ditYcrences, it bccomes ap- 
parent that not only is thc soil analvsis Iiicthod ini- 
portant in dctermininiỊ cntical lcvcls, but also thc 
statistical mcthod applied to identity the critical test 
levcl o f  thc rescarch data. It' a soil samplc trom  a 
tarmers rteld wcrc takcn, the corrclation response data 
in Fia;. 5 vvould be uscd to decidc vvhether p vvas 
dchcient in the soil. A tcrtilizcr ratc rccomniendation 
(assuniinir the p lcvel vvas detìđcnt) vvould tlien be 
íỊcncratcd trom íield data vvhere lỊrain yield responsc 
to applied p had bcen previously đetcrmined.

Almost vvithout qucstion. im provcd soil tcsting 
procedurcs tor phosphorus and potassium havc con- 
tributed more tovvard the cthcient usc ot these clc- 
nicnts. This has bcen largely duc to the com nion 
nccd tbr p and K fcrtilizcrs and also becaust' more 
rcscarch has bccii conducted OI1 thcsc elcmcntal dcfi- 
cicncics.

VII. Fertilizer Sources and Methods 
of Application

O vcr thc ycars, soil scicntists have conducted thou- 
sands o f  cxpcriments cvaluatiniỊ various mcthods ot 
applyine; nutrients to soils. Historically, niost fertiliz- 
ers havc becn sold in granular torms and havc been 
broadcast and incorporated prior to plantin^. H o w - 
cver, in thc interest o f  efficiency and econom y im - 
provcd methods o f  fertilization have been developed. 
Phospliorus, which is an extremely immobile nutrient 
in soils should be band applied (localized placement) 
vvhen soil tcst lcvcls arc lovv and whcn economics 
dictatc the application o f  low races. This m ethod o f  
applicarion is also recommendcd for soils vvhich havc 
hiẹ;h phosphorus tìxation capacities. Soils derived 
from volcanic ash have extrcmely hie;h phosphorus 
íixation capacitics, and thercforc, band applications 
improve cffectivcness by limiting the surtace area ot 
the t'crtilizer in contact with the soil. Research has 
demonstratcd that broadcast applications (unitormly 
applied U11 the surfacc vvith or vvithout mcorporation) 
ot pliosphorus decreascd thc effìciency o f  this fertilizer 
on soils vvhcrc tĩxation capacitics vvcrc hitĩh. Im- 
provcd mcthods o f  application and fertilizer sources



tor corrcctintỊ iron dehciencics in plants liavc also 
becn dcvelopcd. Bccausc this clcment is ìmmobilc in 
the soil and most fcrti]izer niatcrials quicklv react in 
the soil and becomc unavailable, toliar applications 
o f  iron sultatc solutions continue to provide the best 
rcsults vvhcn iron dctìciencies arc present.

With the devclopmcnt o f  liquid t'crti]izer sourccs, 
altcrcd mcthođs o f  application havc becomc neccs- 
sary. The inost com m on nitroíỊcn source used today 
is anhydrous ammonia, vvhich is a gas, bnt is sold as 
a liquid ưndcr pressurc. This source, vvhich contains 
82% nitro^en nmst be iĩỹccted beneath the surtacc ot' 
thc soi! in order to limir "ascous losscs. Today, it is 
com m on for o ther liquid sourccs to be applied jointly 
with nnhydrous ainmonia vvithin the samc banđ. 
Most recently, soi] scicntists have devcloped tcch- 
niques to fcrtilizc spccitìc portions o f  an cntirc tìcld 
bascd on ditTcrcnccs in soil tcst indiccs (variablc ratc 
tcclmology). In thepast, farnicrs applicd a (ỊĨvcn tcrtil- 
izcr ra te bascd on thc avcragc mitricnt dehciency tor 
an entire tìcld; howcvcr, variablc rate technoloiỊv 
allows the tarmcr to applv more fcrtilizer vvhcre it is 
nccdcd and lcss vvherc nutricnt dcticiencics arc small. 
As has bccn thc casc in othcr scientitìc tìclds, Í111- 
provcd ferúlizer 11SC ctYiciency has conic as thc rcsult 
oHnm dreds C)f research ycars dcdicatcd to improviiiíỊ 
m e t h o d s ,  a n d  t h c  d e v e l o p m e n t  a n d  c v a l u a t i o n  o t  i m -  
provcd sourccs.

VIII. Future Needs

Many devcloping countries havc traditionally used 
various kinds o f  organic materials to maintain or ini- 
prove thc productivity, tilth, and terúlity ot thcir 
asỊricultural soils. Hovvcver, scvcral dccadcs aiỊO or- 
ganic recyclins* practiccs vvcrc rcplaccd vvith chemical 
tcrtilizcrs applied to high-yicldiníí cercal í^rains tliat 
responded vvcll to IiìiịH lcvels ot tertilizers and ade- 
quatL' moisturc. AlontỊ vvith tlic tailưrc to iniplement 
ctTectivc soil conservation practiccs. the atỊricukural 

s o i ls  in m a n y  d c v c l o p i n e ;  c o u n t r i e s  h a v c  s c r i o u s l v  

deiỊraded and dcclincd in productivity bccause o f  ex- 
ccssive soi! crosion and nutricnt runott and thc dc- 
crcasc in stablc soil oriỊanic matter lcvcls. Soil scicn-

tists arc continually dcvclopinẹ; aíỊronomic solutions 
to thesc problcms vvhìle constantly evaluatins; alterna- 
tivc productioit systems that arc economically sus- 
tainable.

Althouẹ;h orsranic farming research (crop produc- 
tion w ithout thc use o f  commercial fertilizcrs) has 
becn mstrumental in decreasing inputs, it cannot sus- 
tain present vvorld population tòođ nceds nor is it a 
viable alternative for the tuturc. It has becn estimated 
that an overnight switch from the use ot' commercial 
fcrtilizers to ortỊanic ta rm inẹ  (use o f  manures, com- 
post, ctc.) w ould result in net tood production levcls 
of onc-t'ourtli that requircd for m an today. Technolo- 
íỊÌes arc prescnt today that will ensnre cnviromnt‘11- 
tally safe and economically sustainablc crop yields 
tor tiiture generations; hovvever, thcse tcchnoloc;ies 
requirc commcrcial fertilizcr inputs. As the vvorld 
population íírovvs, the Science o f  soil íertility will be 
challcngcd with improviníỊ nutrient manat;cment and 
fertilizer usc eíĩiciency on a total vvorld land area that 
is continually shrinking. Production arcas in thc de- 
vclopcd w orld  cannot sustain fu tu re world popula- 
tions vvithout the continucd đcvelopmcnt of~ appro- 
priatc sustninablc technolotỊÍcs for developing nation 
lands.
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Soil Genesis, M orphology, 
and Classỉíìcatỉon
s. w. BUOL, North Carolina State University

I. Soil Genesis
II. Soil Morphology

III. Soil Classiíication

Glossary
C lay  Solid particles less than 0.002 111111 ĨI1 diamctcr 
P e d o lo g y  Collcctivc torm morc tVcqucntly uscd in 
Eiiropo than in the United States rofcrriinỊ to the sđ -  
011CC ot tlie lỊround
Sand  Solid partidcs 0.05 to 2 mni ÍI1 diameter 
S i l t  Solid particles 0.002 to  0.05 m m  in diameter

S o i l  lỊcncsis, m orphology  and classitìcation arc snb- 
divisions ot pcdology. Soil lỊcncsis dcals vvith the fac- 
tors and processes that arc rcsponsiblc for the torm a- 
t ion ot soils at the carth’s surtacc. Soi] n iorphology 
encompasscs the measurcmcnt o f  soil propcrtics such 
as color, structurc, and chcmical and mineralogical 
composition. Soil classitìcation is the catetỊorization 
cif soils into lỊroups according to systenis devised by 
pcoplc and rcAccting thcir undcrstanciinụ; o f  soil m or- 
phology a n d /o r  presumcd gencsis. N um erous  soil 
classitìcation systcms arc in use. Eacli systcm rcAects 
the specihc objectivcs o f  originators o f  the systcm to 
orgauizc the continuum  o f  soi] propcrtics naturally 
prcscnt for spccific practical uscs ot' soil, or m orc 
universally, to aid in rcinembcring propertics and 
cum m unicating thcsc propcrtics from  individual to 
iiKÌivi(.1 iial and prcserviniỊ thcni in the scientitìc litera- 
ture. A dosclv rclatcd subjcct, not included in thc 
artidc, is soil survey. Soil survcy is an inteiỊrated 
activity ot classitying soils and representiníí the spacial 
distribution ot dilTerent soils at a ređuccd scalc OI1 
a m ap . IScc  SoiL AND L a n h  U se  S u r v e y s . ]

I. Soil Genesis

riic thin, usually lcss than 2- or 3 —111—thick laycr ot 
the c;ưth's surhice not covcrcd by vvater is n a tu re s

mcctine; placc o f  onỊanic and inortỊanic chemistry. It 
is also the mcctintỊ placc o f  solids, thc mincral com po- 
ncnts o f  the earth’s crust. and thc lỊases ot thc carth’s 
atmosphere. In addition, this thin layer interacts vvith 
all o f  the prccipitation talling upon it causiniỊ that 
prccipitation to run otT ovcr its surtacc, be tìltcrcd 
through that layer to the uncỉerlying groundvvatcr, or 
bc tcmporarily rctaincd to be extracted by tlic roots 
ot vciỊCtation. I Scc  Son D kainage . I

A. Factors in Soil Genesis
The degree to vvhich ca ch ofthc.sc tactors aíTccts thc 
thin ncar siirtacc laycr o f  tlic carth’s surfacc, hence- 
tortli callcd soil, is bcst prcscntcd in the followinự  
S ta te  h i c t o r  c q u . i t i o n :

s  =  F  (/•>, c ,  o ,  R ,  T).

In tliis oftcn used cxprcssion, 6’ is the rcsulting soil 
propcrtios; /• is an intctỊratinọ; function QĨ P,  thc initial 
solid mincrals o f  thc íỊcologic matcrial; c includes 
all tho đ im atic  conditions primarily tcmperaturc and 
prccipitation; o reprcscnts all organisms that livc in 
and OI1 the soil; R  is thc rclicf or  topoiỊraphic tactor 
mainly includiníĩ the slope o f  the soil suríacc; 7 ’ is 
tlic tiinc within which the otlicr tactors arc ablc to 
alter the morpholoa;y of thc soil.

Although thc State tactor conccpt ot' soil genesis 
is acadcmically valuablc in conccptualizing w hy  soil 
morpholoiỊv ditTcrs from one placc to  another, it pro- 
vidcs littlc insiiĩht into how  soils form. A m orc com - 
plctc undcrstandinií o f  soil ẸỊcncsis can be obtaincd 
hy cxamiuintỊ thc proccsses that can takc placc \vithin 
the soil duriniỊ its tbrniation and usc.

B. Processes of Soil Genesis
C'oiiccptualizinir soil as an opcn systcm \vitliin vvhich 
chanqcs takc placc and vvhore matter and onertỊV arc



both entcriniỊ and IcaviniỊ can be donc in FiiỊ. 1. Hcrc a 
volumc oísoil is portrayed with its surtacc intcrtacing 
vvith the air, its lower boundary is at an imdetcrmincd 
depth but bclo\v thc dcepest extcnsion o f  plant roots, 
and it is boundcd on cithcr side bv other soils.

1. Energy Exchange
Exccpt for minor amounts o f  hcat comins; from 

thc intcrnal mass ot'the earth, soils hcat and cool ử om  
tho suríacc. Hcatinq; and cooling havc a daily cyclc 
in most soils that cxtends to a depth o f  about 50 cm. 
Annual tcmperaturc chani;es take placc to dcpths ot 
several metcrs.

2. Water Exchange
In most soils \vatcr entcrs through the suríacc. Wa- 

tcr also is lost trom the surtacc by cvaporation if 
the soil is not covcrcd by vegetation but more ottcn 
through transpiration from growing plants. The ex- 
chaniịc o f  vvatcr, although rcprcsentcd as cyclic, is 
sporadic with cntry duriníỊ rainíall and loss at other 
timcs. Sonic entry may takc placc under dccp snow 
packs wlien tho soil is Iiot frozen and in some soils 
with littlc rainíall cxchange is minimal tor long peri-

Energy exchange 
(via insolation and 
reradiation)

Depositions 
(additions to 
surtace)

Biocycling (vía 
plants and animals)

Lateral gains

Water exchange (vía 
precipitation and 
evapolranspiration)

Erosion (removal of 
suríace material)

Intrasoil translocations 
and transtormations

Lateral losses

VVeathering Leaching
(alteration of (removal of material

primary minerals and vvater below
into plant avaiỉabie root zone)

components)

FIGURE 1 Schcniatic rcprescntation ot so il cis an opcn  svsten i. 
|R cprm tcd \vith pcrm ission íYom B uol. s. w . .  H olc . F. 1)., and 
M cC rackcn. R. ị. (1989). ” Soil G cnesis and C lassihcation.'* 3rd 
cả. ('op yri^ lit €' [ d w . i  State U n iv . Press. A m es.ị

ods durins; the ycar. In sonic soils watcr also cnters 
thc soil by lateral t>round\vatcr flow trom adjacent 
soils. [Str S o i l - W a t e r  R e l a t i o n s h i p s . ]

3. Biocycling
Vcgetation growina; OI1 soil is a key tactor in dcfin- 

iiiíỊ soil from íỊeologic matcrial. D uring the lifc cyclc 
o f  vcíỊCtation, it capturcs inoriỊanic forms ot' planc- 
essential elements tlirou^h its roots and transports 
them to its aboveground parts. U po n  the death o í thc 
abovcground parts, thcsc same elcments are deposited 
upon the surfacc. Animals may cnter this picturc bv 
catiniỊ SOIIIC o f  thc vc^etation but the ultimate fate is 
the samc, exccpt that animals, especially humans, of- 
ten transport the clemcnts to another site, thus break- 
ing the cycle portrayed. Plants and som e ot their asso- 
ciatcd microorganisms also obtain carbon, in the torm 
o f  carbon dioxidc, troni the air and thus add it to the 
soil to be lost again as a gas or in solution as the 
ortỊanic compounđs dccompose.

4. Erosion and Deposition
In response to thc cnergy available from the torcc 

o f  íalling raindrops, thc solid mineral particles at the 
soil snrtacc may be suspcnded and be nioved to  an- 
ottier location. That othcr location vcry oíten is an- 
other soil. Thus, erosion or removal ot' soil material 
íroin onc soil rcsults in dcposition on another soil. 
O f  course, somc soil matcrial is totally rcmoved to 
the oceans or dccply buricd in lakcs. Erosion and 
dcposition arc kcy processcs in undcrstanding soil 
íỊcncsis because their actions clcarly point out that 
the surface o f  thc soil is not stable th roughout time. 
During the loniỊ time spans within vvhich soils íbrrn, 
the provcrbial firtn íoundation is eithcr going up or 
íỊoing down. The am ount o f  time involved is hit^hly 
variablc and ottcn sporadic as in flood or landslidc 
events.

5. Intrasoil Translocatỉons 
and Transformations

An analysis ot thc water cxchangc proccss reveals 
that in most soils, in a reasonablv warm climate and 
activcly supportiiiíỊ vegctation, most o f  thc ramfall is 
lost by transpiration. Soluble and suspendable matcri- 
als niove rapidly do\vn\vard during the raintall. Be- 
tvvcen rainíalls much o f  the water stored in the soil 
is taken up by the plant roots. Plant roots are sclcctivc 
membranes and ingest only those dissolved elements 
the plant nccds for its life cyclc. Particles such as clay 

or orsỊanic particles, suspended ncar the soil suríace 
duriníỊ a rain cvent, are lcft to accumulate in the sub-



soi!. As thc subsoil drics duiinu, tliL' rainless pcriods. 
Iiiostly bv plants transpiration. day  and otlicr \vater- 
translocatcd marcrials oxcluđcđ bv the plant roots 
to r 111 coatiiiíỊ un lartỊci' inincral lỊr.úns or root channcls 
OI pređpitate  as ratlier insolublc torms. Tlms. manv 
hut not all soils liavc lỊreater rontcnts o f  chiv. iron, 
carbonatc, and otlicr niobilc com pounds in tho subsoil 
than ii) thc surtacc. OrtỊanic compounds qo throuiíli 
a multitude ot trnnstormations duriiiíĩ thĩs dovvmvard 
trck, thcrcby loosint; idctitity with thc orejanic tbrms 
dcpositcd on tlic soi] surtacc tro 111 dccayiiiíỊ or- 
(Ịanisnis.

N ot all the activity represcntcd in thc opcn System 
fmurc tồrms lavcrs in thc soil. Roots, insccts, bur- 
roxvini' .inimals, and volunictric  shrinkiniỊ and svvcll- 
inií ot Sonic soi 1 particlcs as rhey wct and dry pliysi- 
cally Miix matcriuls vvithin the soil. Tlic niaiỊnitudc 
and tvpc <)f intrasoil transtormations and transloca- 
tions dittcr nreatly tVoni soil to soil. A dctailcd discus- 
sion ol thesc proccsses is bevond tho scope of this 
artidc.

6. Lateral Gains and Losses
N o soil cxists as a siniỊlo cntity. Eacli soil has othcr 

soils surroimding it and materials can flow trom  onc 
soil to anotlier. This is m ost evúlcnt OI1 hillsidcs whcrc 
tiu- lovvcr part o f  the soil is less permeable than thc 
nppcr part ot the soil. Wlien this situation exists, 
mtiltratuií ' \vater tìovvs í rom  one soil to anorlicr car- 
ryiní' witli it suspenđed solids and m orc comnionly 
solublc salts.

7. Leaching
In the contcxt ot soi] ẸỊCiiesis, lcachinụ; refers to thc 

rcnioval ot matcrial to sucli a depth that it cannot bc 
ị»atlicrcd by the plant roots and cycled vía biocycliniỊ. 
In niost rcspccts, this rcprcsents material orií?inatinir 
in or passing through  thc soil and enteriniỊ the reíỊÍonal 
U;roii!idwatcr. Altliough thcrc is possible rcentry into 
another soil, pcrhaps as sccpaíỊc at the base of a slopc, 
lcacliintỊ is strictly a loss from  the soil. In arid regions 
leachiiisí may be a sporadic evcnt or nevcr occur. In 
such rciỊÍons subsoils accumukite cven the most solu- 
blc materials at the m ax im u m  dcpth o f  vvatcr pcnetra- 
tion. \S cc  Son., C h e m i c a l s :  M o v e m e n t  ANL) Re-
1F.N1 K ) N .  I

8. Weathering
The imiriỊ.mic niincrals that novv tìnd tliemselves 

near the cartli s suríace (i.c., in thc soil) almost all 
íormcđ at liiiỊỈicr tcnipcraturc and pressure vvitliin the
Ctiolinu. m an n u  ot' the carth’s crust. Thus, many ot'

thcm arc quitL' unstablc and solublc in the soil \vatcr. 
As they dccompose. many ot 'thcir  elements bccomc 
ions in tiu’ soi! solution and in this tbrm are available 
for uptakc by plant roots. Essentially all the clcmcnts 
rcquircd tor plant nrovvth, exccpt nitroiícn, carbon. 
hvdros;i:n, and oxyiíen, comc troni the \vcathcriniỉ 
o f  minerals. Sonic soils are tbrmiiiíỊ in niaterials rela- 
tivcly rich in plant-csscntial nutrients, such as srlacial 
dcposits and volcanic ash, whcrcas maiìy soils form 
trom qunrtz sandstones or iron oxides chat contain 
almost no plant nutrients. In the latter casc, the rc- 
sultiiiíỊ soil has vcry limitcd mincral rcscrves from 
\vhich to dcrivc plant-csscntial clemcnts. Altliouí*h 
FiiỊ. 1 rcpresents \veathcrins: as cntcriniỉ the soil vol- 
uinc trom  the bottom . in soinc cascs acrosolic dust 
or rtood dcpositions can input vveathcrablc niincrals 
at the suríacc. Also, liuiuan activity ot addintỊ mincral 
fertilizer, which in somc soils has bccn takint^ place 
tbr scvcral hundrcd ycars, can bc conccivcd  of as a 
niechanism  tor contributiiiẸỊ wcatherablc  m incrals to 
a soil.

II. Soil Morphology

W hat vvc SCO, fcd, and measurc within a soi] is in- 
cludcd in morpliolo^v. What vvc see shotild no t be 
limitcd to thc rcsolution of'the nakcd cyc and consid- 
crablc literaturc cxists on thc subjcct ot m icrom or- 
pholoiỊV, a branch o f  soil m orphologv  that employs 
optical and elcctron microscopcs to observe the asso- 
ciation o f  clay particlcs, bacteria, and othcr micro- 
scopic ícatures in the soi].

A. Soil Horizons
As has bccn discusscd in thc tactors and processes ot' 
soil gencsis, soil is a rclatively thin laycr scparatintỊ thc 
geoloíỊÍc and atmospheric componcnts oí thc carth. 
Thus, it is natural that although beintỊ only a couple 
mcters thick, soil like othcr “ skin tissues,” is orga- 
nized into discretc laycrs. Thcsc layers vvithin a soil 
arc called horizons.

The surtace, or upperm ost layer o f  a soil, is where 
most o f  the orí^anic rcsidue from biocyclins; is placed. 
It thcreíorc usuaỉly has thc highcst conccntration o f  
oro;anic com pounds and a black or darkcr color than 
lavcrs dceper in the soil. Also, all ot' the water that 
inhltratos into tho soil passcs through  the surtacc, so 
small particles oí clay sizc tcnd to bc rcmovcd trom 
this surtacc horizon. The darkcr color is simply or- 
ỉỊanic compounds in various stages ot decomposition.



liy convention suríacc horizons arc rcíerrcđ to as A 
horizons if the oríỊanic carbon contcnt is less than 
12% or 0 liorizons if  thev contain Iiiore than that 
amount o f  organic carbon. A popular teriỉi, but hav- 
ing no adcquatc scicntitìc detìnition tor such liorizons, 
is topsoil.

In niany, but not all soils, there is ;} liiỊhter colorcd 
horizon immeđiately undcr the A horizon. This re- 
snlts mostly in torestcd soils vvlicrc almost nll ot thc 
clay and iron oxidc have bccn rcmoved hy pcrcolatiníỊ 
watcr. Bccause almost all thc oríỊanic matter additions 
liavc bcen 011 the surtacc by lcavcs troi 11 the vcgcta- 
tion, this horizon contains littlc orỉỊanic mattcr. This 
horizon is Convcntionally callcd the E liorizon to con- 
notc duviation.

Undcr the A and E horizon, whcrc prcscnt, is what 
is commonly rctcrrcd to as the subsoil. Hy convcntion 
subsoils arc reterrcd to as B horizons. Tlicrc arc 1111- 
nierous kinds ot B horizons and tlicv lìavc only onc 
o f  two íỊcnctic intcrprctations Í11 1/011111 1011 . T he inost 
simplc ot B hori/ous arc idcntitìcci bccausc tlicy liavc 
cvidcncc ot morc mincral wcatherinií than the under- 
lyini* parcnt matcrial. This is ustially klemihcd by 
Sonic rcđ or ycllow colors indicativc ơt iron oxidc 
rc le a s e đ  vvlion p r i m a r y  m in c r a l s  in  t l ic  p a r e n t  n u i tc r ia l  
wcathcrcđ in tlic ncar-surtace environment.

The otlicr and pcrhaps niorc tamilúư lỊLMictic conno- 
tation o fa  13 horizon is cli.it o fa  hi)rizon of illuviation. 
It is t h c  s u b s o i !  l a y c r  t l i .1t is t h e  r c p o s i t o r y  o í s o l u b k '  

an d /o r  suspenđable nmtcrial cluviatcđ by pcrcolatintỊ 
watcr trom thc A and E horừons. but lctt to rcconsti- 
tutc as vvatcr is cxtractcd by plant roots. Dcpcnđint* 
upon thc typc o f  mincr;i! or orựanic matcrial cluviated 
trom the abovc horizons, the B horizon is cnriched, 
rclativc to the parcnt matcriỉil in cl.iy, iron oxiđe 
(licnce red color), oriỊanic ìm tte r  (hcncc black color), 
or carbonate (lience vvhitc color).

Undcr thc A, E, and B horizons is the matcrial that 
shovvs charactcristics indicatinir it has bccn rclatively 
unaltercd hy soil-tbrminiỊ proccsscs. Hy convcntion, 
it t h c  n iatiTĨal  is í r i a b k '  c n o u ỵ l i  to  diự \ v ith  h a n d  t o o l s ,  

it is callcd a c horizon. It it is liard rock, Ít is callcd 
an R horizon.

B. Common Intrinsic Soil Properties
A c o m p l e t e  l is t in t ;  o t  all t h e  c o m p o n c n t s  m o d c r n  so i l  
sc ic i i t i s t s  a rc  a b lc  t o  o b s e r v c  a n d  m c a s u r c  in a soil  is 
\vcl l  b c v o n d  th c  s c o p c  o í  t h e  a r t i d c .  S u t h c e  to  111C11-  
t io n  t h a t  all o f  t l ic  n a tu r a l l y  o c c u r r i n n  e h e m i c a l  c lc -  
m c n t s  a rc  p r c s e n t  in so i l .  So i ls  ,irc t h e  r c a p i c n t s  of 
all th c  o r t Ị a n i c  s u b s t a n c c  p r o d u c c d  h y  p l a n t s  .m d  a n i-

mals and thcsc siibstanccs đecomposc in the presence 
o f  all thc inorganic components know n to occur in 
geoloựica! mincrals. Thcsc or^anic and inorganic dc- 
rivcd componcnts nrc hirther mixed by evcry kind 
o f  niicroorựanism capablc ot living in teniperaturc 
and moisturc conditions prcscnt in soil. Since the total 
num ber ot morpholoíĩkal teatures o f  a soil is almost 
intìnite, onlv a fcw ot the niorc commonly detcr- 
mined tcaturcs are prcscnted. |í>Vt’ Son. M icrobi-
OLOGY. I

1. Particle Size Distribution
o t tc n  referrcd to as tcxture, this is a mcasuremcnt 

ot tlic rclativc amounts ot saud, silt, and clay in a soil 

samplc. This is probably the most uscíul measure 
» f  a soil and its various horizons. Soils with a high 
proportion ot sand liavc lartỊc voids bctw ecn thc parci- 
cles. All soils havc about 50% void space, althoue;h 
this can vary hy sevcral points abovc or bclow this 
valuc. Voids in a soil. com nionly  called porcs, arc 
altcrnatclv tìllcd with water or air. Water must pass 
throut^h these porcs when cntcrinc; the soi] or as it is 
"suckcd" toa  plant root. Mcdium-sizcd porcs, somc- 
tinics callcd “capillary porcs,” hold water against thc 
torcc o f  lỊravity and therchv provide the water plants 
need dnrinií rainlcss pcriods. Silt size particlcs providc 
this sizc porc.

Soils vvith a hiiỊh portion ot their mincral niaterial 
in d ay  sizc liavc vcry small porcs that hold a great 
amoiint ot vvatcr, but becausc thc porcs are so small, 
watcr docs not casilv How to a plant root. Evcn 
thoiiííh clay soil may contain water, the plants may 
wilt or dic bccausc o f  thcir mability to obtain that 
watcr fast cnoutỊh. Vcry tìne ortíanic mattcr has this 
samc charactcristic.

2. Soil Structure
Soil matcrial is not a unitbrni homogencous mix- 

tu reo tsand- ,  silt-. and clay-sizcd partiđes. Clay-sizcd 
partidcs adlicre to eacli other and to lariỊcr particlcs. 
Otton partidcs ot any size may be ccincnted by or- 
í>anic and /o r  inoriỊanic íĩcls Chat arc quitc insoluble. 
This licteroíícnous distribution ot particle SÌ2C and 
ccniontinti; atỊcnts crcatcs a netvvork that cannot bc 
idcntiticd by a simplc dctcrniination ot' the amount 
ot sand-, silt-. and c!ay-sizcd particlcs. A!so, structurc 
is c r c a tc d  a n d  d c s t r o v c d  b y  p r e s s u r c  as in tillatỊL’ o r  
s i m p l v  \ v a lk in t ;  011 a vvct so i l .  R o o t s  t o r c e  t h c i r  vvav 
th rcn i i í l i  soi!  c r e a t in i í  c o n t i n u o u s  h o lc s  vvhich p e r s i s t  
a t t c r  t h c y  d ic  a n d  d c c a y .  S t r u c t u r c  a n d  t h e  n i o s t  i m -  
p o r t a n t  t c a t u r c  o f  s t r u c t u r e ,  t l i c  c o n t i n u i t v  o f  p o r c  
s p a c c  o r  c h a n n c l s  t o r  \v a to r  a n d  a ir ,  a r e  v e r v  d c p c n d c n t



on a variety ot tactors iiicluding tlic activity ot oru;an- 
isms, roots, and \vater contcnt. Conditions ot s t ru o  
turc, whilc visiblc in soi 1 samplcs, are subject to 
changc upon anv manipulution o f  the soi] matcrial.

3. Soil Color
This most obvious morpholoíỊÌcal tcaturc ot soil is 

also a very good incỉicator o t scveral soil chcnúcal and 
nũncraloiỊÌcal propcrtics. Within local areas soil color 
scrvcs quitc wcll as a com m unication tool but 011 a 
tỊlobal basis it is cntircly inadcquatc to represcnt soil 
properties. Thrcc basic colors bcar relationship to sitỊ— 
niíìcant soil propcrties. Black usually idcntiíĩcs a hií*h 
content ot oríỊanic matter, althou^h thcrc arc black- 
coloređ minerals that can bclic this interprctation. 
Also, a hiiĩli oriỊanic m attcr  content can bc colorcd 
rcd bv iron oxuic, in which casc any quamitative 
cvaluation ot ortỊanic niatter contcnt by quantiíĩcation 
o f  black color has only local signitìcance.

Thí.- red and ycllow colors arc signitìcant and quitc 
reliabk' indicators ot vvell-aerated, oxidizeđ condi- 
tions in thc soil. The rcd to yellovv colors rctìect thc 
prcscncc ot iron oxidcs. Red is very indicativc of' 
hcm atitc  while yellovv indicatcs gocthite. Thcsc min- 
crals can pcrsist in soil only whcn thcy arc uot solubi- 
lizcd by rcduction. Reduction takes placc in soil whcn 
it is saturated with vvatcr for scvcral days whcn the 
teniperature is high cnough íor microbial rcspiration. 
T h is  saturatcd and chemically reducing coiiditíon rc- 
m o v c s  th e  iIOI 1 lca v in iỊ  t h e  s i l ic a tc  m i n c r a l s  u n c o v -  
cred. Mixturcs o f  silicatc mincrals, vvhether they be 
s.md, silt, or clay, arc ííray color. Thus, a gray-colored 
soil usually indicatcs that water saturation and rcduc- 
ing chcmical conditions arc prescnt at lcast part ot the 
ycar. Gray to vvlỉite colors can also bc causcd by 
the prcsence o f  carbonatc so again it is nccessary to 
cxam inc soil color in greater cictail to vcritv what
c.iuses that color.

4. Chemical Morphology
Excopt for the few hints o f  soil chemistry that can 

be obtaincd trom soil color, it is nccessary to anaỉyze 
soil to dctermine its chcmical properties. Chemical 
analysis o f  soi! is cxtremely complicated by most 
chemical standards. T he  diíTiculty arises from two 
inhcrcnt tcaturcs ot'soil. First, evcry know n elcment 
is likcly to be prcsent in soil; thus, extracting only 
the elcmciit or conipound sclccted tor detcrmination 
is siibịect to all kinds ot intcrterence and contamina- 
tion. Second, it is s d d o m  intormative to determine 
oiily the total contont o f  a particular clcniont. Most 
of tho clcnicnrs ot practical intcrest in soi! arc prescnt

Í11 sevcral chemical torms and onlv somc ot thcsc 
forms havc signitìcance in rclating the soil quality to 
a particular usc such as growintỊ plants. IScc  SoiL 
C h KMISTRY. ]

A discussion ot'soil chemical morpholoiỊy is vvcll 
beyond thc scopc of this artidc and thc reader is re- 
tcrred to thc retcrenccs ot methođs ot soil analysis 
for furthcr in íbrm ation . |S<’Í’ S o n  T e s t in g  K)R P l a n t  
Cì r o w t h  a n d  S oil. F e h t il it y .]

III. Soil Classiíication

ClassifyiniỊ soils has probably bccn intbrmally donc 
by pcoplc w orking vvith thc soil well bctore any writ-  
tcn cormmniication was available. Black soil, rcd soil, 
dry soil, wet soil arc but a fcw com m on  cxpressions 
that scrve within local communitics to express the 
cxpcricnce inđividuals havc had with various parts o f  
tho land tliey occupy.

Bccausc soil is íỊeographically tìxcd, it has onlv 
becomc possible to a ttcmpt truly global classihcations 
ot soil, based on measurcd soil propcrtics, sincc the 
advent o f  rapid global transportation. Earlier attcmpts 
to cxprcss soil propcrtics werc based upon conccpts 
relatcd to thcorics o f  soil gcncsis. Narnes uscd in these 
carly attempts, sưch as Lateritic, Alluvial, Podzolic, 
and Latosol, are so morphologically qualitativc that 
convcrsion to m odcrn systcms is inaccurato at bcst 
and inost oftcn mislcading. They m ust bc considercd 
obsolctc.

A. Natural Classification Systems
At present there are tw o natural classiíĩcatioii systems 
that a ttcm pt to rcAect soil propcrties on a ạlobal basis. 
The U N E S C O /F A O  vvorld soil map prọịect, started 
in the l % 0 s, produccd a 1 :5 ,0 0 0 ,0 0 0  scale map o f  
thc vvorld and dcfmcd 106 quantitativclv deíined 
naincs for their map units. Although a rcmarkablc 
advanccmcnt in the undcrstandinu; ot soil on a global 
basis, this w ork  has, unfortunatcly, not bcen vigor- 
ously cxpanded. The small num ber ot broadly defmcd 
kinds o f  soil, vvhile scrviníỊ as a retcrencc am ong soil 
scicntists around thc world, is inadequate to cxprcss 
soil diíĩcrcnces at a detail ncedcd to w ork  in individual 
tìclds.

tíetỊĨnning in the 1950s tliere vvas an ctTort by thc 
Soi] Survcy StatTot'the u. s. Departm ent o f  AíỊricul- 
ture and taculty from the Land Grant Universitics in 
the United States to dcvclop a soil classitìcation sys- 
tcm that could includc all soils in tlic vvorld as thinr



properties becamc known through research. This ct- 
lort, most íbrmally prescnted as Soil Taxonom y in 
1975, continucs. It is a comprehensive systcni that is 
constantly being reíìncđ to accommodate nevv íind- 
ingẵ and especially ncw mcthods o f  quantitativdv 
■inalyzin^ soil. At prescnt about 16,000 kinds ot soil 
,ire dctincd vvithin the United States and a worki\viđe 
estimate is not available. Althou^h Soil Taxonom y 
and, to a lcsscr cxtent, the World Soil Map legenđ ot 
U N E S C O /F A O  have worldwidc acceptanec and arc 
uscd as standards in the scicntihc literaturc, many 
countries find it desirablc to dcvclop uniquc systenis 
for classitying only tlic soil within thcir country. Al- 
thouíỊh thcse cfForts hindcr srlob.ll dissemination of 
intormation, thcy oftcn providc a niorc satistying 
modc o f  commumcation amonií small nationalistic 
íỊroups o f  carth scicntists conccrned vvith soil-rel.ncd 
sciences within that country.

B. Soil Taxonomy
The rccognition by the oriiỊÍnators o f  tliis systcm that 
any soil classiíìcation systcni must !>row to accommo- 
datc ncvv information, but not đestroy itselt in thc 
process, stands as pcrhaps thc most innovativc tcaturc 
o f  thc systcm. It is a hicrarchical systcni ofsix  catciỊO- 
rics vvith cach o f  the highcst four catctỊories đetìned 
by a syllablc (tbrmative element) in the composed 
namc.

At present thcre arc 11 orders, the hit;licst cateựory 
in the system. A complctc prcsentation of thc systcm 
is not possiblc in this artide but the following cxamplc 
may convey the csscntial fcatures ot’ thc svstcm.

It is cssential that use o f  thc systcm tollovvs the key, 
vvliich contains thc quantitativc limits o f  properties 
pernúttcd in cacli category. Attcmpts to classity a soil 
at any given lcvcl in the system, without tollowiniỊ 
the kcy, oftcn lead to errors.

1. Outline oỉ the Keys to Soil Taxonomy
The rcađer is cautioned that thc followins; ontlinc 

is drastically abbreviatcd and prcscnted only to dem - 
onstrate thc f'orm o f  the systcm. N o classiíication is 
possiblc using only vvhat is prescntcd.

The c a tc í Ịo r ic s  t h a t  f o r m  th c  h ie ra rc l i ic a l  s y s t e i n  
are Ordcr, Subordcr, Grcat Group, Subgroup, Fam- 
ilv, and Scrics.

Abbrcviatcci criteria in kcv to ordcrs O rđcr n .1 rne

Ori*anic soils H istoso ls
O th er so ils o t volcanic ash A iìdiso ls
O tlicr  so ils w ith  liu n iu s/an iorp liou s  subsoils S p od oso ls

O th cr so ils  vvith ox id e  ricli subsoils O x isols
O ther so ils  vvith cxtrcm c shrink svvcll propcrtics V crtiso ls
O th cr so ils  w ith  less than 90  days o f  m oistu re A rịd iso ls  
O th cr so ils  vvith acitỉ subsoils U Ịtiso ls
O th cr so ils  vvith th ick , liark colored  surtace M ollisn ls
O th cr so ils  w ith  sli^htly acid su b so ils  A ltìso ls
O íh er  so ils  w ith  w cak subsoil c icvclop m cn t Inccptisols
O th er so ils  h n tisols

There arc tw o points the readers should notc in the 
abbrcviated kcy. First, the kcv must be tollowed sc- 
quentially. If thc soil hciiitĩ classitìeđ niccts the rc- 
quirements ot thc third order, tlu' subscqucnt orders 
arc not considcrcd and the user íỊoes immediatcly 
to the kcys vvithin thc Spodosol order. Sccond, in 
tbrmulatinu; the namc tbr lovvcr catciỊorics, a syllabk' 
bcginning vvith a vovvcl in the order name (under- 
lined) bccom es the last syllablc as the total n am c is 
tbrmulated. For Spodosol. this is od.

2. Abbreviated Example of a Suborder Key
Within eacli oí tlic 1 I orders, thcre is a kcv to the 

suborders o f  that order. Staying vvith the Spodosols, 
the following crudely approximatcs the key to its 
suborders:

A bbreviateđ  su h on lcr  kcy (S p od oso ls) Suborder 11.11111'

S p od oso ls  tlu t aro saturatcd w ith  vvatcr A q u od s
O đior S p od oso ls  \vitli six  tim es Iiiore iron Ferro iis

than carbon
O th er S p od oso ls  vvitlì iron /carb on  rạtio < 0 .2  H urnod s
O tlier  S p ođ oso ls  O rtliuds

N ote that the tormative clement has connotations ()f 
the critcria. Aquods are vvct, Aqua trom  Latin, i.e., 
\vater; iron-rich Spodosols usc Ferr, trom  Latin fer- 
111111, i.c., iron; humus-rich H u in ods from Latiii hu- 
mus, i.c., carth; and O rth  connotes the true or  com- 
inon, trom  thc Grcck, O r th o s .

3. Abbreviated Example of a 
Great Group Key

T o  continue vvithin thc Spodosol order, thc Aquod 
suborder is used as an example o f  the keys to í;rcat 
lỊroup:

A bbrcviatcd  «;reat í^roup kcy (A qu ods) G rcat g ro u p  na me

A q u od s vvith a brừtk* subsoil Fru«iaqu ods
O th er  A q u od s to o  cold  to  g ro \v  crops C rỵ a q u o d s
O th cr  A q u od s YYÌth a hard Si-rich  su b so il D u raq u od s  
O th er  A q u od s vvith 'A hard iri>n—rich Placaq u od s

subso il
O cher A q u ođ s in the tropics "I ropa cu o d s
O th cr  AcỊuods vvith vcry littlc iron H aplaq uod s
O cher A q u od s Sideraquocls



I hc íorm.itivc c lcm cnts  uscd are: Frat;i. t ron i  L.ưin 
tr.igilis. i.c.. hrittlc; C r v , troin C.rcck Krvos , I.C., icy 
culd; I ) u r . troiu L.itin durus ,  i.c.. harđ; Mac f’rom  
( l icck  pla.N, i.c., fl.it stonc; T ro p  tor  tropical; Hapl 
tor ( ỉreck liaplmis, i.c., siniplc; Sidcr troni (ìreok
SUỈCIOS. I.C.. iron.

4. Abbreviated Example oỉ a Subgroup Key
U s i n t Ị  tlic SidenuỊiiods t;rcat íỊroup as an cxamplc, 

thi- t’ollo\viiiíỊ divisions arc madc for the SLibííroup
catciio ry:

A hhrcv i.itix ỉ s i ib ^ ro n p  c ritc ria  (S iilc raq u o d s) S u b iỊ ro u p  n am c

Sklcr.ìcỊiuuỉs \v ith  o rn a im ' s u r í .u c  l.ivers 
O tlie r  S id e r.u ịu n đ s  vvith hiiíli pỉ I in 

Mibsoil
O tlio r  S k lc r.iq u o đ s  \v itli cl.iycy  siih so ils  
O tl ic r  Siilcrji]u tH Ìs vvirli 1‘o a rsc  su b so ils  
( H licr S iđ c ra q u o d s

I lis tk  SidcraqiKHỈN 
A ltic S i d c r . u Ị u o đ s

U ltic  SiticiMLỊiiods 
E n t i c  Suier.KỊUotls
T v p ic  S iđ c r.iq u o d s

Ncitc that the corrett 1UU11C o í t h c  subgroup includcs 
liu- lỊ iv a t  l Ị r o u p  11.11110 a n d  th .1 t thc s u b i * r o u p  n a m c  is 

an adịcctivc form. The above cxaniples indicatc tliat 
the subiỊroup has ccrtain detìncd propcrtics tliat causc 
it to bc sọmcvvhat likc soils 111 the I listosol o rdcr  
(Histic); tlic Alhsol ordcr (Altic); the Ultisol ordcr 
(U lti í) ;  the Entisol o rder  (Entic); o r  Tvp ica l  o f  the 
lírc.it lỊronp Sidcraquods (Tvpic).

5. Family Category
l o complctc thc tonnal namc throuiỊh the tamily 

c;UrtỊ(irv, ca ch soil is namcd for sclected criteria not 
uscd in any o f  thc liiiílicr catciỊorics. Thcse critcria 
ditter dcpendins; on thc critcria alrcady nscd.

For niost, but not all soils, critcria o f  particlc-sizc 
distribu t ion  in the subsoil, thc mincral co m p o s i t io n  
ot thc subsoil, and thc soil tcmperaturc are uscd. For 
cxaniỊile, a tamily nainc tbr one kind of Spodosol 
C.111 bc:

Histic Sidcraquod; sandy, siliccous, íriíỊÌd

6. Series Category
Within the United States and in some othcr coun- 

trics, lurthcr subdivisions arc made vvithin cach ot' 
tlic íầmilics. Critcria uscd dcpend upon diffcrcnces 
nút prcviously uscd in the highcr catctỊorics. It is 
im portant to obscrvc tliat a scrics nnist havc proper- 
tics ch.ư arc vvithin tho rantỊt's dctìncd by all ot' the 
hiiílicr catcgorics, but arc dehned as ciitTerent trom 
oiỈKT s c n e s  v v i th in  t h e  s a m c  t a m i l y  b v  S o n i c  a d d i t i o n a l  

ITÌUTÌ.I. A p p r o x im a tc ly  16,00(1 soil scrics arc rccuư-

nizcci in the United States at tliis time. No \vorhkvidi 
cstimate can be madc.

Scrics n.imcs traditionally  nrc sclcctcd to retìect a 
citv or  o thc r  placc Iiear \vhcre that soil was tirst de- 
tìncd. For cxamplc, thc Mianii scrics, olassitìcd as 
T y p ic  Hapludalts ,  fm c-loam y, m ixcd, mesic, \vas 
nanicti in 1910 tor M iam i,  O h io .  T he  scrics nam e is 
thc niost trcquently uscd dcsi^nation ot' soils OII dc- 
tailcd soil inaps. HiiỊhcr catciỊorv tianics arc fre- 
qucntly used tor small-scalc niaps.

c. Technical Classiíication
Whilc Soil Taxonom y and otlicr systcms prcviously 
m cntioncd  a t tcm pt co dass i ty  soils usiiiíĩ all properties 
that can be consistcntly mcasurcd, thcrc cxists a multi- 
tudc ot tcchnical dassitìcation systcms. Thcsc systems 
dassiíy soils accordiníỊ to spccitìc critcria crữical to 
a spcciíìc soil usc or a particular letỊal designation. 
C'onimon cxamplcs at this timc arc various Health 
dcpartmcnt critcria dehnint; soils suitablc tor scptic 
systcm s and soils no t  suitablc for scptic systcms. Such 
teclinical classitications arc subjcct to ehaniỊC as the 
rcựulatory rulcs clinngc and will he ditTcrcnt trom 
onc area ot the country to another. Whilc thcy may in 
niany cascs mimic the criteria usod in Soil Taxonomy, 
tlicy arc not part o f  the morc univcrsal or natural 
taxononiic systems such as Soil T axonom y or thc 
U N E S C O /F A O  System.
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Soil Management
T. s. CO LVIN, D. L. KARLEN, T. B. PARKIN
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I. Why Manage Soil?
II. How Can We Manage Soil?

Glossary
C o n scrvation  tillagc  TillaiỊc mcthođ or sequence 
that lcavcs a protective covcr ot crop residuc 011 the 
surtacc that can rcducc soi] o r  water loss comparcd 
to leavine; the soil barc
C r o p  rc s id u e  Portion ot p l a n t s  k 'f t  in the tìelđ aftcr 
harvcst such as stcms. lcavos, o r  possibly pods or cobs 
F e r t i l i z c r  OriỊanic or iiiữriỊnnic matcrial that is 
adđcci to thc soil to supply elcmcnts csscntial to plant 
grovvth. It may be eithcr naturallv occurrint; or nianu- 
tactiircd. Ammonia and urca arc sourccs o f  iiitrotỊcn 
that occur naturally in animal nianurc but arc also 
inanutactured bccausc the supply tro 111 nianurc is 
limitcd
M a n u r e  Solid or liquicỉ anini.ll wastc ottcn mixeđ 
vvitli vvaste tccd or bcddintỊ. Can bc an important 
sourcc o f  plant nutricnts
O rg a n ic  farm in g  Production o f  plants or animals 
vvithout the usc ot manuíacturcd inputs such as tcrtil-
izer, pcsticidcs, etc; o ù cn  relies 011 the rccycling or 

importiniỊ of nutricnts in plant residuc and animal 
nia nu re
S e e d b e d  Soil prcparcd by natural or artitìcial means 
to prom otc  the placement and gcrmination ot" secd 
and i*rowth ot sccdliníỊs
S o il  f e r t i l i ty  The a b i l i t v  o f  thc soi! to providc 14 
esscntial nutricnts such as nitrogen, phosphorus, cop- 
per, etc., in propcr balancc to plants 
S o il  o r g a n ic  m a t t e r  The ort»anic íraction ot the soi] 
that includes plant and animal rcsiducs at various 
stagcs of deconiposition but íỊencrally smallcr than
2  m m  in diameter
S o il  q u a l i ty  The abulity ot a soil to hmction in its 
im m cdiatc  cnvironm cnt for a particular usc and intcr- 
act posicivcly vvith the General ciivironmcnt

Soil  t i l th  A qưàlitative tcrni describing the pliysúal 
State o f  the soil. It iiuiicatcs thc case o f  tillaíỊC, seedbed 
preparation, sccdliniỊ cmcríĩcnce, and root growth. It 
may also indicatc tho ability o f  thc soil to resist ero- 
sion. The bcst condition íbr scedmg whcat may not 
bc thc bcst condition tor íỊrovviniỊ cranberrics 
T i l la g e  The opcration o f  machines through the soil 
t ơ  p r e p a r c  s c c d b c d s  a n d  r o o t b e d s ,  c o n t r o l  vveeds a n d  
brush, manaíỊC crop rcsiduc, aerate the soil, and cause 
tastcr brcakdovvn o f  oríỊaiiic m a t tc r  and m incrals  to 
release plant nutrieiits

S o i l  manai*emcnt is a broad and inclusive collcction 
ot huinan activities, inđudini; tillagc practices, crop- 
ping scqucnccs, cultural practiccs, ortỊanic wastc ap- 
plications, and othcr physica], chcmical, orbiologic.il 
manipulations that arc undcrtakcn to w ork  vvith or 
im provc soil tor an intcnticđ usc such as íood, tcect, 
or tìber production.

I. Why M anage Soil?

A. To Grow Food, Feed, and Fiber
The prinđples ot' goocỉ soil manatỊcment arc univer- 
sally applicablc. They apply Ĩ11 tropical rcsỊÌons of 
Asm, Atrica, or South America just as they do in 
tempcratc parts o f  Asia, Europe, or N orth  America. 
D c v e l o p i n i ;  l Ị O o d  s o i l  m a n a n c m c n t  p r a c t i c e s  is  i m -  

p o r ta n t  for irriiỊatcd lands as vvcll as for ram tcd  areas. 
Thcy are important tor torcst soils and grassland rc- 
iTÍons as well as thosc arcas uscd for crop production. 
Thoui*h ditTcrcnt from  tliose uscd tor agriculture, SOI 1 
manageiiicm strateiỊÍes arc also iniportant for 1,111(1 
uses includina; road construction, buildinc; sitcs, hu- 
man and ammal vvastc disposal, or recycliniỊ opcra- 
tions, or alniost any othcr ạctivity that occurs on the' 
cartli s surtace. This article, hovvcver, tocuscs on soil



nianaiỊcnient practices that arc applicablc to crop pro- 
duction.

Tcchniqucs and practiccs o f  soil m anagement vary 
grcatly trom  country to country, reiỊÌon to rctỊÌon 
vvithin a sììiíịIc coutitry, or even tro 111 tìcld to ticld 
\vitliin a locality. The manasỊcmcnt practiccs that arc 
bcst for thc problcm(s) to be solvcd in onc arca may 
be inappropriatc t'or anothcr arca becausc o f  differ- 
CI1CCS in soil, d in iatc , Capital, luiman rcsourccs, or 
otlier tactors. Furthcrmorc, practices tliat are opti- 
niuni for solvinỉỊ a particular problcm  in a particular 
locality may actually chaniỊc ovcr timc bccausc ot 
changcs in crops, atỊricultura! amendments or fertiliz- 
crs, and machincry. For this reason. soil managenient 
cannot be ctTcctivcly discusscd in tcrins ot tìnal Solu
tions. The challcntỊC, thcrctore, is to dcvclop a broad 
undcrstanding tor thc varicty oipracticcs that should 
bc considcred vvlien atteniptins; to corrcct or prcvent 
soinc particular problcni such as soil compaction, 
acidity, low fcrtility, inadcquatc drainagc, or an ĨI1- 

ability to acccpt and rctain water reccivcd throuirh 
raintall or  irriiration.

Cìood soil luanaiỊcrncnt may bc dctìncd as the lian- 
dling o f  soil and crops in a manncr tliat eiisures crop 
yiclds arc op tim um  for the soil and vvatcr resourccs 
available and that the soils will remain suitablc for 
crop production for an indctlnitc period. Soils will 
bc kcpt in good condition tor crop production by 
adhering to thrcc principlcs otiỊOod soil manaiỊcment: 
namcly maintcnance o f  íỊOod physical, chcmical, and 
biological conditions. The maintcnancc o f  íỊood phys- 
ical conditions ÉỊencrally refers to maintainina; satisíac- 
tory soi) structure. This is important bccausc o f  its 
effect on plant root grovvth, water relations, and aera- 
tion. Maintenancc o f  (Ịood chcmical conditions usu- 
ally involvcs the addition o f  csscncial plant nutricuts 
including nitrogen, phosphorus, potassium, calcium, 
magncsium, sultur, boron, copper, iron, niangancsc, 
and zinc; adjustmcnt o f  thc soil pH to an optiinưm 
range o f  approxiinately 5.0 to 8 .0  bv addition o f  limc- 
stonc or occasionally (and p ri ma ri ly for specialty 
crops) acid-tbrmintỊ matcrials such as sulfur; and 
sonictimcs thc removal o f  toxic niatcrials. Maintc- 
nancc o f  a tavorablc bioloiỊÍcal cnvironnicnt imdcr 
ficld cotiditions tỊcnerally onlv rcquircs that an adc- 
quatc aniount o f  carbon bc providcd to sustain the 
m icro- and macrotauna and tliat toxic substanccs be 
uscd ịudiciously. With this tỊdicral ovcrvicvv o f  soil 
nianaíỊCinent w ith  re^ard to  prodiiction  of crops, scv -  
eral spccihc practiccs and reasons for thcir usc arc 
cxamincd.

The interaction o f  plants and soils is rcqaired tor 
production o f  foođ, teed. and natural tìbers consumcd 
or uscd by humans and other animals. Soils vith little 
or no manatỊemcnt providcd tood for rclativíly small 
p o p u l a t i o n s  o f  l i u m a i i s  r e p r e s e n t e d  b y  hun t in íT - íT .ư h-  
crimĩ socicties. ArcheolotỊÍcal studies indicatc that till- 
ae;c vvas probably first cmployed in lraq. As huim ns 
domcsticatcd plants and animals, thcy also bcgan to 
manatỊc soii through practices. such as ti.latỊC and 
plant sdection, to increasc vields. A stone lia.id sicklc, 
presumably used to harvcst í*rain, and ot ier stonc 
implcments íound at an cxcavation sitc ir. Iraq nrc 
thouglit to havc been buricd sonietinie neir 1 1 ,0(10 
B .c.  A s  c iv i l i z a t i o n  c x p a n d c d ,  so i l  in an a t» e :n en t  W.IS 
a key iniỊrcdicnt that lcd to the productior. of  mo re 
tood for largcr populations.

The oriiỊÍns ot many principlcs o f  soil rnanagcincnt 
lic hiddcn in unrccordcd liistory; howcvcr. many ot 
thc practiccs uscd today \vere also uscd scv-.Tal tlioii- 
sand ycars ai;o. Tcchniques such as addini; manure, 
lime, and rotatintỊ crops liavc been used tor .emurics.  

T he Romans had sonic very cxccllcnt aịrriciiltural 
practiccs as đocumcnted by the poct Virgi! (30 B.c.) 
\vho wrotc about rotatinụ; crops. Earlicr still, C'ato 
(234 to 149 B.c.) told o f  the benctìts oriucernc (alt'alfa) 
in crop production. Howcver, attcr the downf.ill ot 
Konic, the practicc o f  crop rotation dcclincd and vvas 
actually lost. This was consistent with the loss ot 
most intcllcctual pursuics in Europc during thc “ Dark 
Agcs” and thcrctồre rcsuitcd in niany pcoplc living 
for ncarly 1000 years in a ửustration o f  discasc, fam- 
ine, and war.

B. To Remove Limitations to Plant Grovvth
Highcr soil productivity depcnds on dcvcloping man- 
agemcnt practices that removc or prevcnt plant 
ẹ row th  linũtations. Thesc barriers mic;ht he physical, 
such as A vcry d en se  or com p actcd  soil layer(s) that is 
ditticult for roots to penetrate; chcniical, ch,iractcrizcd 
by the presence o f  cxccssive amounts OẾ’ aluniinum 
or maiiỉíanesc or insuíỉicicnt amounts o f  calcium; or 
bioloiĩical, if tho soil lacks the appropriatc microbcs 
sucli as rhizobiuni strains that intect plant roots. but 
then cnablc thcm to tìx and tlius usc acmosphcric 
nitroiỊcn iỊas (N,) tor thcir c;rowth.

Physical barriers to  plant grov\ th arc ottcn r c m o v cd  
by usinií tillatỊC. A vcry visible cxamplc ot this can 
bc tounđ alontỉ the Atlantic and Ciult' Coastal Plain 
in thc sotitheastcrn United States \vhcrc dccp tillatỊC 
is nscd to disrupt a natunil liardpan cliat forms bclovv 
normal tillaiỊc dcpth bccausc ot the size distribution ot



soiI p m cles  and ]o\v orựanic niatter concontrations. 
U d Ic íS  . h a t t e r e đ  m c c h a n i c a l l y ,  th is  d c n s c  l . iy e r  r e -  
s t r ic t s  p  111 r r o o t  í* r o w th  a n d  p r e v e n t s  t l ic  p l a n t s  t r o n i  
usiiiíí ch: cntirc soil proíìlc to mect its needs tor vvatcr 
a n d  n . i t r e n t s .  E v c n  w i t h  c o n s c r v a t i o n  ti l la t íc  p r a c t i c c s  
\vhich prcserve crop rcsiducs near tlic surtace, in-rovv 
subsoilir.g is neeđed OI1 an annual basis tor ctYìcient 
a n d  p ro l i t a b le  c r o p  p r o d u c t i o n .

The application of limc can írequently bẹ used to 
mcrcase soil pH and tluis rcducc concentrations o f  
aluniinurn and nianganese vvhich can be toxic to plant 
roots. The addition ot essential plant nutrients 
tlirou^h com m eraa l  fcrtilizers or organic sources 
sucli as o m p o s t ,  municipal shiđge, o ranim al manurc 
c.m bc us.'d to eliminatc many ot thc chemical barriors 
to crop poduction .

AdditiJ 11 ot crop residues, manurc, or other 
c . irbon-ontaining materials in conjunction with ap- 
proprian inoculation o f  crops such as altalta or soy- 
bcan 'v in  the dcsircd specics o f  microorganisms or 
conrrol o: pathoiỊcnic microtìora is gcncrally suíĩicient 
fc>r rcnuving  niost bĩological limitations to plant 
iỊro\vth. Depcnding on your point o f  vievv, insects, 
vvccds. and some diseases may bc biological limita- 
tions ro plant ụrovvth but they can comc from parts 
oi' the envĩronnient othcr than che soil.

c. To Protect the Soil Resource
Soil rcsourccs must also be managcđ to protect or 
rcpair thom trom  daniagc caused hy inappropriate 
uses or advcrsc environmental conditions. Soil ero- 
sion, whk'h involvcs detachment, transportation, and 
deposition o í  soil matcrials by wind or water, is One o f  
the primary tactors that can deteriorate soil resources. 
Erosion occurs naturally at a geologic ratc, but m an’s 
activities oftcn hasten the loss by several orders o f  
inaíỊiútucL'. Agricultural production is rcsponsible for 
imicli o f  ĩhe incrcasc in erosion rates, but land uses 
im luđ ing  road construction, mining, and urbaniza- 
tion also atfcct soil losscs. Management practiccs that 
rcducc the impact of raindrops, reduce the quantity 
and velocity ot surtacc watcr tìovv, or increase the 
rcsistance ot tho soil to degradation throuí^h đisper- 
sion and slakin^ are important strategies that must 
bc đcveloped and uscd to sustain and improve soil 
rcsources.

A rcnevvable resource is one that is produccd natu- 
rally .111J  contimially. Sunli^ht, at lcast vvithin a hu- 
111111 time scale, is  rcnewabk\ vvh ile  P e t r o l e u m  and 
coul .irc tĩcncrallv thought ot' as Iionrcncvvablc rc- 
sources. Soil is a very slovvly rcncvvablc rcsource and

can bc dainaged to thc point that it is cssentiallv 11011- 
rcne\vablc. It should bc protcctcd to cnsurc that we 
arc ablc to sustain tbod. t'ecd, and íibcr production 
into the hiture. Management practiccs that sustain or 
im prove soil rcsources arc thus extremcly iniportant.

II. How Can We M anage Soil?

A. Manipulation of the Physical Environment
Most plants have a rclativcly broad ranqe o f  soil con- 
ditions that thcv can tolcratc and a smallcr rant^e in 
w h i c h  t h e y  t h r iv c .  T h e  p r i m a r y  p h y s i c a l  c o n d i t i o n s  
whicli atTcct plant q row th  include soil texturc, depth, 
strucrurc, tcmpcrature, acration, and watcr contcnt. 
Soil texturc provides an indication o f  the rclative 
amoimts ot sand, silt, and clay size particles that are 
found nnxed togethcr in a particular soil. For road 
or pond construction, go lf  courscs, or o thcr urban 
lan ti uses, it may bc possible to chaiiÊỊC soil texturc 
in  l i m i t c đ  a r c a s  b y  a d d in i Ị  l a r g e  q u a n t i t i c s  o t  s a n d  o r  
d a y  materials. H owever, ít is gcnerally not practical 
to chaniỊO soil tcxturc í'or agricultural purposes. In 
huniid areas, m cdium - to tìne-textured soils arc gen- 
crally considcrcd to be thc most productive. Coarse 
sands or vcry tì ne clays present m any problems to 
plants grovving on thcm. Sandv soil tcnds to be inter- 
tilc becausc oflcaching and lovv water retcntion, \vhile 
vcry finc tcxturcd soils tcnd to be slovvly permeable 
and poorly draincd. Soil dcpth, up to a point, deter- 
mincs the soil volum e vvhich vvill be availablc for 
plant roots to cxplore. Thus, any gravcl lens, natural 
harđpan, tillagc pan, or subsurfạce bedrock that re- 
duces the deptli ot useable soil material may restrict 
p l a n t  g r o w t h .  [See  So iL  F e r t ĩ l i t y ;  S o i l  G e n e s i s ,  
M orpholocy , anh  C lassipication.]

Soi] structure, which gencrally refers to the ar- 
rangcinent o f  soi] particlcs into aggrcgatcs, affects 
plant íỊrovvtli in several ways. It atTects p l a n t s  directly 
by inAucncinẹ root penctration. An associated struc- 
tural problcm is surface crusting. Soil structure affccts 
plant ỉ^rowth indircctly by determining the num ber, 
size, and continuity o f  pores or voids betwecn the 
soil particlcs and aggregatcs. This inAucnces the aera- 
tion ot' a soil which determincs the balance bctvveen 
oxygen and carbon dioxidc vvithm thc soil a tm o- 
sphcrc. GcrminatiníỊ secds and grovvin^ plants nced 
o x y g c n ,  CVC11 a t  t h e i r  root s u r t a c e s .  It o x v ^ e n  u p t a k e  

by seeds or roots is restricted, scedlings and plants 
vvill not dcvclop in a normal manner. It' air transtcr 
into and out ot a soil is slowed by poor soil structure,



plant respiration will be retardeđ and í*rowth \vill 
slow. If root ỉỊrcnvth is rcstrictcd by poor acration, a 
smaller soil volumc vvill bc occupicd bv roots. This 
will subscqucntly restrict thc aniount ot nutrients and 
w ater  that can be absorbed by tho plants. A th ird  vvay 
in vvhich poor soil structurc can atVect plant grcnvth 
is by intcrterinẹ; vvith water intìltration and rcđistribu- 
tion or pcrcolation. It water cannot inhltrate, it vvill 
generally runoff, frcqucntly  incrcasiinỊ soil loss 
through erosion and creatiiiỉỊ otY-site problems bc- 
cau sc  o í '  s e d i m e n t a t i o n .  H i n tc r n a l  r c d i s t r i b u t i o n  o f  
watcr  is rcstricted by p o o r  soi] structurc, acration will 
íĩenerallv becom e thc m os t  limitinsỊ tactor.

T o  sclcct thc best soil manaíỊcm cnt practiccs, vve 
must determine thc optim um  physical conditions for 
plant í*rowth and identity vvhat condítions arc cur- 
rently in placc in the íield. A soi) Tilth Index has hccn 
proposed that describcs the pliysical condition ot tlic 
soil by combimnií Iiunierical valucs tor the dcnsity 
ot' thc soil, the resistance ot' tlic soi! to pcnetration, 
the oriỊanic mattcr content o f  the soil, tlic slippcrincss 
o f  the soil vvhcn it is wct.  and the distribution o i  sizcs 
o f  aiỊgreiỊates o t soil particlcs.

Each soil condition tactor mentioncd ahovc. as wcll 
ạs nu iiv  othcrs, will atTcct ptant growth, hut tlicrc 
arc also many intcractions tliat arc iniportant. The 
Tilth  Index com bincs soil physical condition  inđic.i- 
t o r s  b y  n u i l t i p l i c a t i o n  a t t c r  c o nv c r t i i i i Ị  t h c m  t o  1111111- 
bcrs betvvcen 0 and I . The nniltiplication ot tlic tactors 
togc thcr  then puts the m ost liniitiuií tactor as a COI1- 

trol. A valuc for the bulk density tactor tliat was ncar
0 w ou ld  no t allovv thc Tiltli Index to be h iẹher  than 
itselí'. Scvcral tactors that havc only meiiium  v;i!ucs 
by themselves would also líivc a ]o\v Tilth Index whcn 
multiplicd toíỊether.

Tillage is probably the most widclv Iiscd niethod 
ot m anag inẹ  soil physical conditions. M achines arc 
availablc vvhicli looscn soil, invcrt soil, pack soil, and 
mix soil. Sonic machincs can be adjnsted ro lcave 
the surtace o f  thc soil Hat or in ridiỊcs and t'urrows. 
Machines vvhosc primarv tlinction is not tillaa;e, such 
as plantcrs or  fertilizer applicators, can also pe r tb rm  
liniitcd tillaiỊC. Sonic tillas;c tliat has bccn d o n e  to 
chaiiíỊe soil physical condition may 111 rcality havc 
becn more important tbr its impai t 1)11 tlic crop rcsiduo 
covcr ọ f  the soil. C u r re n t  rcscarcli is slimvintỊ cliat it 
m a y  b e  i n o r c  i m p o r t a n t  t o  m a i K l n c  t h c  r e s í d u e  c o v c r  

than to chaniỊt' physical condition ot rhc soil. H ow - 
cvcr. in the morc northern rciỉíoiis ot the u .  s. com 
b c l t .  m a in ta in i i i í Ị  c r o p  r e s id u c s  (111 t h e  soil s u r h i c c  can  
ređuce soil tcm pcraturcs  and nctỊativcly atíect iỊrowth 
and dcvclopm cnt ot subscqucnt m ip s .  T he increascđ

potcntia l tor harborine; and transn i i t t ing  plant patho- 
iỊcns in suríace rcsiducs is an o th er  concern that 1S 
bciníỊ evaluatcci throut?h cu r ren t  research programs.
I S cc  T i l l a g e  S y s t e m s .  I

In thc m idw cs tc rn  corn bclt ot the U n ited  States, 
tall plovving has o ttcn  been used to loosen and invert 
the soi). This practice is o ttcn  fo llow ed by other tilla^e 
tools that stir and  tond to pack the soil into a secdbcd 
that is usually barc. This  tillatỊe svstem  has often b cm  
callcd convcntional tillaiỊe (becausc it vvas so vvidely 
used prior  to 1980) and has usually rcsulted in the 
hiiỊhest viclds on so m c w h a t  p o o r lv  drained soil. The 
question  lias bccn asked vvhcther the disturbancc ot 
the soi! or  the b u ry in g  o f  thc c rop  rcsiduc is aíTecting 
the yields. As an exper im en ta l  trea tm ent,  removiniỊ 
the rcsiduc vvithout disturbiní* thc soil has bccn shovvn 
to  havc viclds at lcast equnl to  rcm ovintí  the rcsiduc, 
plovvintí thc soil, and puttintí the  residue back 011 top. 
This would tcnd to indicatc that the manatịemcnt ot 
the rcsidue m ay  havc been the  reason for thc succcss 
of the conven tiona l  systetn ra the r  than the looscning 
and m anipu la tion  o f  the soil.

In contrast,  so m e vvcll-drainod soils currently  pro -  
ducc lii^licr yiclds in tickl situations w hcn  the soil is 
no t  d is tu rbcd  p r io r  to planting . T he  im por tan t point 
on  tlicse soils is n o t  alvvays thc  soil d isturbancc, but 
tlic m aintcnancc o f  residuc covor that is possiblc w ith -  
ou t  tillagc. T h c re  is spcculation  that the ctTcct ol resi- 
duc covi-r on  soil watcr  co n tcn t  and tcm pera tu rc  is 
the kcy to understandin íí  thcsc situations.

An idcal m anaiĩem en t sys tem  vvould use the Tiltli 
Index, a soil qual ity  index, o r  so m c o thcr  quantita tivc  
measure ot thc soil cond i t ion  as a bcnchm ark  to r  dc- 
cidintĩ vvhcthcr tillasỊC is neccssarv. U s ing  this ap-  
proach, thc cond i t ion  o f  the soil \voLild bc detcr in ineđ  
at any time p r io r  to  plantintỊ and  tillagc w ou ld  bc d one  
onlv  \vhen benetìts  ourvvcit;hed dircct costs, such as 
fu d ,  and indircct costs such as incrcascd soil erosion 
potcntial.

Tho  o u tc o m e  o f  a c rop  p roduc tion  cvcle is dc- 
pcndant 0 11  m a n y  cleincnts. T hcse  includc vveather 
and thc cond it ion  ot' the soi]. Soi! cond it ion  can be 
diroctly m an ipu la tcd  by the prođucer  but the ideal 
soil condit ion  tor  a particular year đepends on tlie 
\vcathcr that occurs bctvvecn plantins; and harvcst.  A 
condition  th.1 t p ro m o te s  conservation  o t  soil m ois tu re  
miíílit be valimbk' in a ciry ycar and a p rob lcm  in a 
vear \vith too  ìnucli prccip ita tion . T hus ,  the manatỊcr 
inust prcparc to r  a “ n o rm a l"  vear íor the location.

As auriciilture dcvclopcd. tarnuTS dcviscd \vavs to 
usc availablc po \vcr  and tcchnoloiíV. OriỉỊÍnally, till-  
i i i ĩ c  w a s  d o t i c  \ v i t h  b a r e  l i a n d s  c in d  i n v o l v c d  o n l y  t h e



movement of soi] necessary to plant sceds and control 
\vccds. As liand tools vverc dcvclopcd. they were sub- 
stituteđ tor dircct contact o t'hands vvirh the so i l  hut 
still vvcrc luiman niusclc povvcrcd. Latcr, animal and 
nicchanical povvcr substitutcd tor hum an niusclc 
powcr.

Until the đevelopment ot cft'cctivc hcrbicidcs attcr 
thcrc did not appear to be a choicc o f  managing 

soi] pliysical condition as a separate issuc írom  weed 
con troi. Currcntly, thc lariỊC mạịority o í la n d  used in 
prođucine; aiỊronomic crops such as com and soybcans 
in North America rcccivc Applications ot'hcrbicidcs. 
Sonic tarmers havc dcvcloped vvays to grovv crops 
vvith tcvv or no herbicides. These systcms oítcn dc- 
pnul 011 tillaiỊC tor vveed control. The use o f  thc tilla^e 
may lim ít the loeations vvhcrc thcsc systcms may bc 
used because ot the erosion hazard poscd by the loose 
soi] and barc surtacc that ơtten results trom tlic tillagc.
IScc  H e r b i c i d g s  a n d  H k h h k . i d e  R e s i s t a n o : .  I

S ystem s o f  crop production  that USL' littlc or 110 
tillaiỊC hetorc plantiiiíĩ havc bcen devclopcd and suc- 
ccssũilly uscd by commcrcial tarmers. In thesc Sys
tems, it is important to knovv vvhen tho condition o f  
thc soil is appropriatc tor the crop to hc produced .  
Whcn propcr conditions cxist, plants thrivc and wecđs 
can bc coiitrollcd bv a combinarion o f  cultivadon and 
herbicides. If the usc o f  hcrbicidcs is not an option 
tlu-11 systcms vvithout nnich tillaíỊC may not bc fcasi- 
blf, L-VCI1 thougli hcrbicidcs may only be nceđed as a 
backnp tor vvccd control.

Tillage that has a short-tcrni beneíìcial crtcct OI1 
plant í;rowth can havc lornỊ-term detrirncntal ctTccts 
on the soil itsclt. Tillagc oíten acratcs the soil and 
spccds thc brcakdown o f  organic matter which rc- 
lcascs nutricnts tor plant grovvth vvliich can be good 
tor the currcnt ycar’s production. This brcakdovvn 
OVCT cimc, hovvcvcr, can rcduce the organic mattcr 
contcnt o f  the soil which may rcduce thc quality or 
tiltli o f  the soil.

I.ittle cvidcncẹ o f  long-tcrm benetìts t rom  decp till- 
aiỊC has becn presonted in scientitìc literature. Spcciạl 
circumstances, such as a root rcstricting laycr, may 
rcquire tilla^e dccp cnough to assist vvith root pcnctra- 
tion. Oftcn, tilled soil is more susceptiblc to damagc 
troin compaction than untillcd soi]. This suggcsts that 
any tillatỊc, and particularly dcep tillaiỊC, should onlv 
bc donc vvhen the benctìts and lonsr-tcrm consc- 
queiiccs are undcrstood. It also sutỊ^csts that preven- 
tion o t  dainatíC by hcavv cquipmcnt, opcrations pcr- 
torined Jt untavorable soil m oisture cơ n d it ion s .  or 
othiT causcs o t  damaiỊc is cxtrcm ely  im portant.

Hcavy applications ot organic material such as 
leạvcs, ni.mure. or ncvvspapcrs havc been tricd as 
ways o f  moditymí; soil physical properties such as 
\vatcr-holding capacity or bulk dcnsity. These appli- 
cations havc bccn tried both on tho surtacc and in 
slots duiỊ vertically in the soil. O ne  application that 
seems to have vvorkeđ vvcll is the application ot broiler 
littcr (chicken maiHirc mixcd with bcddins;) on soils 
that havc becn levelcd for rtoođiníT tor ricc prođuc- 
tion. T ht’ reasons for the succcss are not fullv under- 
stood at this time. but probably relate to the nitrogen 
and carbon contcnt o f  thc litter alonạ; with any special 
characteristics that it may havc. Attcnipts havc been 
made to modify soil with chemical ađđitives. Exam - 
plcs arc thc use ot buricd strips ot' ãsphalt to control 
watcr, or  the use o f  vvctting agents to try to manaiỊt’ 
movcmenc o f  vvater in the soil. Thcrc arc few, it any, 
chemical amendments currcntly in usc that strictly 
modify tho physical cnvironment ơf' the soil cven 
though the use o f  chcmicals applicd primarily for 
plant nutrition can also modity soil physical prop- 
crties.

E a r thw onns  havc becn artitìcially introduccd into 
agricultural íìelds. Thcrc is not mu ch information that 
will allow an infonned dccision about whcther such 
practices are ot' value from a cost bencíĩt standpoint. 
O ne  bencfit claimed for heavy carth vvorm popula- 
tions is bctter watcr drainatỊC’ through the soil bccausc 
ot' the channels lcft by tlic wornis. Early evidencc 
sugtỊcsts that maintainine; crop rcsidue cover on thc 
soil may bc tlic most important tactor in cncouraging 
hiiỊh popu la t ion s .  In the Southern P iedm on t,  w h en  
doưblecrop rcsidues arc managed so that they remain 
OI1 thc surfacc, voluntccr earthworm  populations in- 
crcasc dramatically.

At lcast onc biological managcmcnt option, choice 
o f  crops, has been shovvn to havc an impact on soil 
physical condition. C rop rotations including crops 
SLich as tỊrass or  leiỊiimc hays havc been s h o w n  to 
affcct the structurc o f  thc soil in a positive manner.

B. Manipulation of the Chemical or Nutrient 
Supplying Environment

Plants dcpcnd on the soil for most o f  thcir essential 
nutricnts. T he  exccptions are carbon which is fixed 
trom  the air through photosynthesis, hydrogen which 
comcs trom the watcr, and oxygcn. Some plants (le- 
tỊUincs) have a close association vvith microortỊaiiisms 
that allovv tor the capture ot nitrogen trom the air 
usuallv at the cost ot the plants tecding thc niicroor- 
ííanisins. T w o  elements, carbon and nitrogen, have



cxtensivc cvcles that includc the suil. plants, and ani- 
mals. They íorm the basis tor many tood cliains that 
connect such widcly varicd lite torms as bacteria, 
plants, rabbits. birds o fp rey  and lnimans. ỊSív N itro- 
CEN C ycling.]

The natural physical, chcmical, and biological soil 
conditions or those crcatcd throiiyh various soi] and 
crop managcmcnt practiccs tỊencrally dctcrniine how 
ctĩìđent a soil will be in supplviiiu; nutrients to plants. 
Colđ soil may slow plant gro\vth and root dcvelop- 
ment and make it ditĩìcult for plants to takc in watcr 
or other nutricnts. Soil that is too acid or too alkalinc 
may causc nutricnts to be citlier present in toxic con- 
ccntrations (such as tor aluminum or maiiííanese) or 
unavailable (such as for phosphorus and zinc) to 
plants. [SíY Son., AciD-l

The pH o f  the soil is very iniportant in determining 
soil productivity. Somc plants, sucli as nlfa)fa (M cd- 
icaạo satiưa L.), pcrtorm at an optimưni levcl whcn 
soi) is almost ncutral (i.e. has a pH near 7). Othcr 
plants such as bluebcrries ( V acáninm  spp) grow inuch 
bettcr whcn pH levels arc bclow 5. Soil pH can bc 
adjusted either up or down vvith the addition ofappro- 
priate materials such as lime or siiltiir. An examplc 
o f  a problem created by a high pH (above 7) is iron 
dcficiency or chlorosis in soybcau. In the midwcst 011 
high pH soils, some soybcan varictics have dirtìculty 
getting suttìcient iron for pliotosynthesis. Similar 
problcms havc becn reported ibr grain sorghmn in 
the Southern plains arca ot the United States. The 
problem can bc solved bv rechiciní* the pH (although 
this is expensive in that arca), sprayintĩ the plants with 
spccial iron-containing compounds, or using a variety 
that is not as susceptiblc to the problcm. Sclcction 
o f  a tolerant varicty is the most com m on and lcast 
expcnsive choice and is an exaniple o f  soil and crop 
manasỊement bascd on plant selcction or biolo^y. Soils 
that are too acid may cause soybcan to sutTcr from a 
lack o f  nitro^en if  the rhizobium bactcria tliat nor- 
mally fix nitrogen for the plants cannot tunction well.

Orạ;anic amenđments, such as crop residue, ma- 
nure, sludgc, and yard wastc, can bc applied to the 
soil as a sourcc o f  carbon which becomes incorporated 
into the soil organic mattcr pool and mitrients which 
bccome available for uptake by subsequcnt gcncra- 
tions o f  plants. The exclusivc use ot such matcrials 
as the sole source o f  nutrients leads to the tcrin ore;aiiic 
tarminíỊ, and if all matcrials on the tiirm are continu- 
ally rccyđed the practicc can bc considered a dosed 
system . Hovvcver, it ựrain or otlier plant Products arc 
sold from the tarm, supplcmcntal aniounts oí various 
nutricnts,including carbon, may havc to bc supplied

hy otT-tarm inputs (i.c., fertilizcr) to rcplace nutrients 
containeđ in the material that is sold. O n  the other
h.md. wlicn the primary products solii arc produced 
by animals such as meat, wool, egíỊS, or milk, the 
nianurc tro 111 the animals contains nuich ot'thc origi- 
nal nutricnts ot' the crops that wcrc uscd to feed the 
a n i m n l s .  This means that the mạịority ot the nutrients 
rcmain on the farm and can be recycled by applying 
thc manurc to thc crop land.

Whcn specialized tarms raise only livcstock, thcrc 
may be a problem with manure. Creative means must 
bc tbund to allovv the mannrc to be ctTectivcly used 
for the benetìt ot the soil w ithout becomine; an enví- 
ronmcntal hazard. It this does not happen, limited 
land area may lead to a probleni o f  manure disposal 
rathcr than productive manure usc. Current researcli 
has shovvn tliat some o f  thc highcst latc-spring soil 
nitratc nitrogen concentrations are tbund in tìclds Chat 
have reccivcd manure. Prevcnting an accumulation 
ot' phosphorus in soils receiving manurc is anothcr 
cliallciitỊO tacing those w ho  are dcveloping manurc 
manat;emcnt guidelines. This is most diíĩìcult it ma- 
nurc is bein^ applicd at rates that are suíĩicient to 
cnsure ađcquatc nitrogcn for growing continuous 
com.

Developing environmentally acceptablc stratcgics 
for manure m anagement 011 specia]izeđ livestock 
tarms is not hopeless, sincc in Iowa, One chicken ee;g 
production opcration has dcveloped a way to producc 
tairly dry manure that can be handled, solti to, and 
mana^cd by local farmcrs in the same rnanner as an 
inorganic, commercial fertilizer material.

The 11SC o f  cover crops is o f  relatively reccnt ori^in, 
when compared to green-manuring practices that 
were utilizcd by the Greeks more than 300 years 
li. c. The íunction o f  cover crops is to protect the 
soil in varioưs ways. They prcvcnt soil erosion whilc 
grovving by protecting the soil from the ímpact ot 
raindrops and by slowúig runotT. When incorporated, 
cover crops add organic m attcr to the soil, increase 
permeability, and thus increasc inrtltration, slovv run- 
otT, and decrcase erosion. Cover crops can reduce 
lcachinsỊ o f  nitrogcn, potassiutn, and possibly other 
nutricnts, especially on sandy-textured soils. O n  fme- 
tcxturcd soils. covcr crops havc been shovvn to im- 
prove physical properties ot atỊựreiỊation, porosity, 
bulk density, and permeability. By providing a 
rcadily availablc carbon (tood) source, cover crops 
can causc an increase in microbial activity vvhich sub- 
scquentlv increascs at;grea;ation.

Farmer intcrest in and research cmphasis on  incor- 
poratintỊ covcr crops into pioduction systems de-



crcascd dramatically during the 1%()s. This probablv 
oc.urrcd becausc manutactiircd fertilizcr nitroíỊcn 
1'o.ild bc subsntutcd tor G;reen m anurc and cover crop 
additions that supplícd csscntial plant nutricnts. Also, 
licibiddc tcclmologv dcvclopcd rapidly durintỊ that 
p e r io d ,  makini> it vcry easy to control percnnial and 
;inuual wccd species.

lntcrcst in covcr crops for soil crosion control, espc- 
cia.ly tollovving soybcan, was rencvved vvith íindings 
tha: soil loss trom a G rundv silt loam (Midwestcrn 
United States) was 35% grcatcr for corn following 
soybean than tor either soybean after com or a contin- 
uous com rotation. The increased soil erosion tbllovv- 
iníí soybcan has hccn attributed to lowcr dry matter 
prcduction. lcss residue covcr, and the soil-looscninẹ; 
action ot soybcan roơts. G row ing  cover crops OI1 
M e x i c o  sil t  loam so i ls  in Missouri im proved water 
qualitv by reducing nitrate, am m onium , and phos- 
phorus losscs when conipared to no-till sovbcan 
grown without a covcr crop. The negative aspect o f  
Covor crops was tliat they đecrcased soybcan yields 
trom 29 to 79%. This vvas probably due to the use 
o f  soil vvater bv the covcr crops that was no longer 
availablc tbr the sovbean crop.

Covcr crops provide an ctTcctive method for im- 
proving watcr quality bccausc thcy accunmlatc and 
rotam plant nutricnts as wcll as reduce soil crosion. 
T he etĩcctiveness ot covcr crops vvith rcgard to pro- 
tcction o f  thc soil by canopy dcpcnds upon (a) dcnsity 
ol'stanđ, (b) soil coveraiỊC, (c) total am ount o f  covcr, 
(d) .ìverage heiiỊht, (c) ratc and period o f  growth, 
(t) spacing of plants, and (g) niethod oí harvcst, which 
mnv vvould be ìnore accurately termed “ niethod o f  
management.” For nutricnt an d /o r  biocycling o f  
plant nutrients, thcsc samc acrial cbaracterĩstics, plus 
thc extern and vigor with wliich thc covcr crop root 
systcms cxplorc thc soil, arc also important. If le- 
ÍỊUIIIOS a r e  u s c d  a s  c o v e r  c r o p s ,  t h e y  c a n  p r o v i d c  n i t r o -  

ỉỊt'11 rhrough hxation for subsequcnt grain crops.
In Kcntucky, ^rowing hairy vetch as a vvintcr covcr 

crop for 10  years rcsultcd in an additional 20  k g /h a  
of nitroẹen uptakc by a subsequent com  crop and 
resulted in hiiỊhcr ẹrain yields. For morc northern 
locations, hoxvcvcr, it has becn reported that a mạjor 
conscrvation tillagc research neccỉ for thc Midvvcst is 
tho dcvdopm cnt of croppiníỊ stratcgics and manage- 
niom schcmes that niake covcr crops m ore  compatiblc 
\vith com m on crop rotations.

Cooperativc rescarch ctYorts betvvecn U S I) A-ARS 
scicntists and tarincrs havc rcsulted in on-tarm  covcr 
crnp cvahiations durintỊ the 199()s. Initial results o f  
th osc in vcstiiỊiUÌons liavc shovvn that One rcason covcr

crops arc not uscd more cxtcnsively in ridqe-tillac;e 
s y s t c m s  is  th a t  t h e y  c a n  l c a d  t o  n i t r o ^ e n  d c f i c i e n c i c s  

in subscqucnt corn crops. This apparently occurred 
bccause ot lovvcr net inincralization o f  soi] organic 
matter or grcatcr dcnitrihcation losscs betore plant- 
intỊ. Additional studies arc bcinsỊ conducted to detcr- 
minc the amoiint o f  mtrogcii temporarilv lost because 
o f  microbial immobilization.

O ne of thc most ditTicult challenges tor incorporat- 
iníT cover crops into currcnt crop rotations in the 
Midvvest is stand establishment. Durine; thc 1950s 
and 1960s when interseeding and forage cstablishment 
were morc prcvalent, practices using tools such as a 
cultipacker sccdcr vvcrc devclopcd to intersceđ di- 
rcctly into a com crop. Those systems vvcre devel- 
oped, hovvevcr, vvhcn plant populations tor com vvere 
tn ư c h  lo v v e r  a n d  v v h c n  S t a n d a r d  r o v v  w i d t h  w a s  at  

least 1 ni instead of' current widths o f  0.75 m or less. 
The combined cffects ot'highcr plant density and nar- 
rovvcr rovvs havc contributed to highcr corn grain 
yiclds witli currcnt pracdces, but with nearly total 
li^ht interception, it is íutilc to plant a covcr crop 
until tho crop is ncarly maturc. For much o f  the Mid- 
west, this rcsults in rninima] grow ing timc for estab- 
lishintỊ cover crops usina; current tỊcrmplasm re- 
sourccs.

O n- ía rm  rescarch trials in the northern com bclt 
have shovvn that tor success in much o f  this region, 
covcr crops should be oversceđed when soybean 
leaves bcíỊĨn to senesce (turn ycllovv), but bcfore they 
drop from the plant. A study in Missouri attempted 
to cstablish annual or perennial cover crops and subse- 
quently g row  no-till soybean aftcr killing 60-cm strips 
around each row and supprcssing cover crop grovvth 
betvveen rows with various hcrbicidc combinations. 
The preliminary obscrvations from this stndy indicate 
that compctition for water by the cover crop and 
other weeds may be difficult to overcome.

Winter ryc and Italian ryegrass have both becn 
show n to be vcry etTcctive covcr crops for reducing 
lcaching losscs ot' residual nitrogcn. A disadvantage 
o f  vvinter rye is that it can bc very aggressivc during 
the following spring and deplctc availablt’ soil water 
supplies and thus stress thc priniary crop. This has 
bcen rcported for sanđy soils in the southeastern 
United States and obscrvcd in on-farm cxpcrimenta- 
tion in Iowa. Currcntlv, the use o f  Sprint; oats secded 
in autumn is beine; evaluated as a cover crop for Iowa. 
The Oats g row  rapidly during autumn and provide 
covcr tor thc soil, but frceze and die in vvinter and 
thcretorc do not deplcte soil water rcscrves in spring.



Oats also providc an excellent companion crop for 
hairy vctch when broadcast into scenescing soybean.

Commercial fcrtilizcr is commonly uscd to supply 
nitrogen, phosphorus, and potassium to crops. The 
amount o f  fertilizer clemcnts rcquired by crops should 
be determined by taking samples o f  the soil and hav- 
ing them analvzcd by commercial or university labo- 
ratories. Fertilizer recommendations are usnally based 
on rcsearch that rclates the levcl o f  nutrient meạsuređ 
in  t h e  s o i l ,  t h c  a m o u n t  r e q u i r e d  f o r  bcst plant i Ị r o w t h ,  

and the amount OẾ nutricnt rcquired to chane;e thc 
soil status from measurcd to dcsircd lcvels. It is possi- 
ble for the manager to tcst thc soil tor nutrients with 
a kit but it is not a com m on practice. [St’f Fkrtiuzkk 
M a n a g e m e n t  a n d  T e c h n o l o g y ;  S o i i -  T e s t i n g . Ị

Therc is considcrablc intercst in a concept callcd 
prccision farming or location spccific farming along 
vvith some othcr namcs. The idca is to apply matcrials 
includinụ; fcrtilizcr and herbicidcs differcntially to spc- 
cific locations on the field by necd rathcr than at a 
singlc rate to an entire tìcld based on averagc require- 
mcnts. Measurements on íìelds that havc been uni- 
íòrmly trcatcd in thc midvvest have shown crop yiclds 
varyim* as much as tourtold tro 111 location to location 
within the íìcld. This indicatcs a possible opportunity  
to bc more effìcient in the usc o f  fcrtilizers or othcr 
inputs.

Farmcrs who wish to implcmcnt this diíTercntial 
management stratcgy will need equipmcnt that in- 
cludcs computcrs and other cquipnient to calculate 
the position o f  the equipment vvithin a field and then 
apply materials according to a prcscription. Sonic 
íarmcrs havc implemented this typc o f  prccision vvith- 
out computcrs but it appcars that they niight bc ablc 
to make niore complete usc ot' the technology with 
computers and automated location íinding equip- 
ment. Computers will probably be rcquircd to handle 
the lạrs*e amount o f  data on matcrial applicd and rcsul- 
tant crop yield so that this manatỊcmcnt o f  small arcas 
can bc successful. The cconomics o f  this type ot'prac- 
tice rcmain to be vvorked out.

Thcrc is thc perception that location-spccihc appli- 
cation dcpcnds 011 commcrcially produccd matcrials. 
It is true that thcse materials arc íormulated to allow 
prccise mcchanical application and are wcll suitcd to 
this tcchnoloiỊy. Hovvevcr, with lỊood manạsĩement 
and innovation sucli as that noted in the lovva chicken 
manure cxamplc, prccision application shoulđ apply 
to manure and other biolotỊÍcal residues as well.

If this technoloíỊỴ is applicd propcrly, thcrc should 
bc cnvironmcntal bcnctìts as \vell as cconomic returns 
to the tarmers. A matcrial tliat is not applicd cannot

leave thc soil System to becomc a pollutant. It is also 
trưc that materials that arc not produccd by industrv 
do not lcavc othcr \vaste Products bchind at the site 
ot manuíacturc.

c. Manipulation of the Biological Environment
The soil is a holistic lite systcm that is very dynamic. 
This life ranges from singlc-celled organisms to 
complex litc to rm s such as animals and highcr 
plants. A singlc gram  ot' soil contains billions o f  
microorganisms that may rcpresent in excess ot 
5000 distinct spccies. The comniunity  that is the 
soil depcnds OI1 the  1 í te tliat is within it tor many 
o f  thc cycles that makc plant grow th possible. Whcn 
plants and animals dic thcy are decomposed and 
thcir componcnts recycled bv bacteria, tuntỊi, actino- 
mycctes, ycasts, etc. Sonic ot the soil microbcs can 
causc discasc or other problems for plants or ani- 
mals. This is a risk to lifc, but without thc tỊcncral 
biological com m unity  in che soil, lifc as currcntly 
k n o w n  w o u l d  n o t  b e  p o s s ib l e .  Ị S c e  SoiL  M i c h o b i -  
O L O G Y .  I

Thcrc is m uch intcraction bctwcen hiíỊher plants 
and simplc organisms. An cxample is thc coopcration 
that leiỊumcs and bacteria usc to mutual benetìt. The 
bcncíit to thc plant is a supply o f  nitrogcn in a form 
that can be used by the plant. Sevcral groups o f  tungi 
also torm close associations with plant roots and havc 
bccn shown to improvc nutrient and watcr uptakc. 
Thcsc associations are mutually beneficiaỉ, vvith thc 
tungi rccciving carbon substrates from the plant. 
Thcsc tungi iníect the root cells and cxtend out into 
thc soil, effcctivcly increasing thc soil volum e vvhich 
is cxplorcd by the plant rootintr systcm. Nutrients 
such as phosphorus, nitrogcn, zinc, coppcr, and sultur 
can then be absorbcd by the fune;i and translocated 
to thc plant. It has been observed tliat the bencficial 
ctĩect of this association is most pronounced with 
plant spccics that do not develop extensivc tìne root- 
íng systenis, such as grasses.

The biolo^ical com poncnt o f  the soi] can be rnanip- 
ulatcd by thc addition ot' life forms such as earth- 
\vorms. Because the inoculated orựanisnis m ust coni- 
pcte with tlie indi^cnous populations tbr available 
nutricnts, direct inoculation o f  soil vvith bactcria or 
tungi is ottcn not an ettcctive practice. A m orc cttcc- 
tivc stratCiĩy has bocn to usc direct secd, o r  ro o t  System 
inoculatíon. Rhizobia. the nitroiícn tixina; bacteria 
that torni symbiotic relationships vvith sovbeans and 
othcr lcíỊumcs, is o ít011 directly applied to thc sced. 
This is nccessary bccausc the l iost-Rhizobium  rcla-



tionslnp is a very spccitìc one. depcndant upon  tlic 
spccies ot both plant and the niicrooriỊanisni. Dircct 
inoculation ot the rootintỊ systcms o f  Iiurscrv plants 
vvitli specitìc tungi is also a coinnion practicc.

When a nevv k-iỊiimc crop is introđuceđ to  an area. 
it has bccn comnion practicc to idcntitv and providc 
tlie appropriatc bactcria OI1 the sccd so that they can 
\vork \vith thc plant roots to providc nitroiỊen. This 
is called inoculatinií the secd and was done as thc 
soybean crop was introduccd to the Umtod States 
troni Asia. Without inoculation, thcc rop  miu;htgrow 
but not bo as productive as it possiblv could be.

Imroduction o f  plants and soil microbes has had 
untbresecn cffccts. particLilnrlV wlicn the distance bc- 
twccn sourcc and inrroduction sitc is loiiíỊ. For cxam- 
plc. the introduction ot sonic plants troin onc country 
to anothcr lcd to thcir bccoming scrious wecd prob- 
lems. Ịohnson Grass ỊSoriỉ/iiini linlopaisc  (L.) Pcrs. I is 
a a irren t vveed in the soutlicrn United States that 
\vas introduccd as a potcntinl crop tor that arca vvith 
another cxample hcing Kudzu ịP m raru i loìhitii (vvilld.) 
C)liwi|.

O t t e n  t h c s c  n ian ip L i la t io n s  o f t l u '  b io lo í Ị Ì c a l  c o m p o -  
nent ari' accomplished hy changinụ; other manaiỊO 
mcnt practiccs. For cxamplc, increascd use ot'conser- 
vation and rcduced tillatỊc, and lỊreater awarcness o f  
altcrnativc farniing systcins havc rcsultcd in nưmer- 
ous (.Ịiicstions rcgariliniỊ thc impact ot' soil taiina 011 
soiI quality. This occurs bccausc tillagc intcractions 
altcr soil and crop rcsiđuc conditions. As tillaíỊC de- 
croascs, crop rcsidue dccomposition rates dccrcase and 
microcnvironments that arc íavorablc for soil fauna 
arc crcated. Comparisons bctwccn no-tillage and con- 
ventional tillagc ha vo shown that as tilla^c decreases, 
populations ot' BỊround bcctles, spidcrs, and earth- 
w orm s incrcasc.

Earthvvorm activity has bccn show n to redưce sur- 
fact‘ crnstine;, hastcn decomposition o f  crop residuc 
mats, and alter thc susceptibility o f  soils to watcr 
crosion. Qnality and location o f  residues inAucnce 
cartliworni ỉỊrowtli, amounts ofingestcd soil, num ber 
o f  burrows, and openings to the suríacc. O ne  neẹ;ative 
aspcct o f  carthxvorm activity is that continuous bur- 
rows (macropores) can affcct solutc transport and in- 
crcase the potcntial tor rapid m ovcm cn t o f  surtacc- 
applied agricultural chemicals throunh the soil proíìle.

Surveys o í earthworm species in ditYcrent agricul- 
tural crop nianageincnt systcins in thc M idwcst an.- 
limitcd. In Indiana, l.nm bria is riibcllus (HotTmeister), 
Aporreitodúì turtỊÌdíĩ (Eisen), Octoliisitiin ìactcuni (Savi- 
gny), liiícn id  rosiv (SaviíỊiiy), and L . tm v s tr i ỉ  (L.) arc 
rcportcd 111 rcducccl tỉllaiỊC systcms in com  {Z c í1 m ays

L .)  and soybcan {G lyá iic  Iihix (L.) Mcrr). In Minne
sota soils, L . nihclhis and A . tnbcrailiUrt vvcre the spccies 
most ottcn tonnd in tìclds plantcd to com, Recent 
investiíỊations in Iovva shovved that as the ainount 
o f  tillatỊC increascd, eartlnvonn mimbers gencrally 
dccrcascd. They tbund the lariỊCst num bcr ot earth- 
w orm s where altcrnate tarminiỊ practiccs have bcen 
uscd tor morc than 20 ycars. The predominant spccies 
was A .  tubcrcưlata. Thcy also rcported that retỊardless 
o f  manaíỊcmcnt practice, the hisỊhest ìuimber o f  
\vornis wcre tound in Canisteo soil on the toeslopc 
liindscape position. Thesc evaluations show that 
carthworm  populations can bc inAucnccd bv tarming 
practices throughout thc u .  s. corn bclt rc^ion.

ManaíỊÌng the chemical or physical status ot' the 
soil can affcct thc biological cnvironmcnt. Changina; 
the soil pH, a com m on practicc, can dramatically 
atĩect both tvpc and qiianticy ot' niicrobial specics 
prcscnt. Ati cxamplc is tho control ot potato scab by 
kcepintỊ the soil pH bclow 5.2. From the phvsical 
condition standpoint, it has bcen shovvn that severc 
tillatỊC o f  an arca can lcad to a rcduction in earthvvorm 
population and may even incrcasc the population o f  
niicrooriỊanisnis that dci;radc ortỊanic matter.

D. Sources of Iníormation
Tlicrc arc a num ber o f  organizations or pcoplc that 
can hclp with questitms OI1 soi) managemcnt. The 
iocal cxtcnsion otYicc in most counties o f  the United 
States can answer qucstions dircctly or hclp with con- 
tacts at thc State  agricultural collegc. The Sta te  ae;ricu]- 
tural collcgc and S ta te  đepartment involved with agri- 
culturc or natural rcsourccs arc possiblc sourccs o f  
iníormation. The Soil Conservation Service (SCS) 
which is a part o f th e  U.S. Department o f  Ac;riculture 
(USDA) maintains local offices in most parts o f  the 
United States and can help with questions on soil 
conscrvation. T he USDA also has the Agricultural 
Research Service that can be contactcd directly or 
throu£»h extcnsion or the s c s .  Thcrc arc also national 
or local prĩvatc organizations such as the Conserva- 
tion Tillagc Iníbrmation Center (CTIC) based in West 
Latayctte, Indiana, or thc Rodale Institute that work 
nationwidc or the Iĩiorc local Practical Farmcrs o f  
Iowa that can ansvver questions or providc ìntorma- 
tion to assist land or soil manatỊers.

The American Society ot' AíỊricultural Enginecrs 
(St. Joscph, MI), American Society o f  A^ronom y 
(Madison, WI), and the Soil and Watcr Conscrvation 
Society (AnkL-nv, 1A) arc cxamplcs o f  protessional



organizations that have printcd intbrmation availablc 
on soi! management and can provide namcs ot protes- 
sionals vvorking in the area.
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Soil M icrobiology
A. G. VVOLLUM II, North Carolina State University

I. Soil as a Medium for Microbial Growth
II. Microorganisms in Soil

III. Soil Organic Matter
IV. Nutrient Cycling
V. plant Interactions with Microorganisms
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Glossary
A erobe OriỊanism using ( ) 2 as its tcrminal clcctron 
acccptor in its mccabolic pathvvavs 
A nacrobe Organism using an organic compound 
m orc rcduced than c o ,  as its tcrminal elcctron ac- 
ccptor in its mctabolic pathvvays 
A u to t r o p h  Organism which docs not requirc any 
organic carbon tor its energy source or for its grovvth 
D en itr iíìca tion  Biological reduction o f  tbe N oxides 
to a mo re ređueed N oxidc or N i 
Facultative anaerobe O rganism  using O i as its ter- 
minal clcctron acceptor, but in its absence uses somc 
oxidized compound, such as N O 3 or S O 4 
H e te r o t r o p h  Organism rcquiring organic nutricnts 
N itriíìca tion  Biological oxidation o f  NH Ị to the 
products o f  NO-I or N O ,
Substrate Com pound uscd for a source o f  nutricnts 
or for energy tor EỊrovvtli or maintcnance ot microor- 
ganism viability

S o i l  inicrobiology is thar branch o ísoil S c i e n c e  deal- 
intỊ with the microorganisms tound the soi] and thcir 
rclationship to soil management, agricultural produc- 
tion, and environment quality. The soil microbiolo- 
gist not only studies the num bcrs and kinds ot micro- 
orgun ism s found in soil,  but 1S also intcrcsted in the 
ettect of microortỊanisms 011 nutricnt cyc l in g ,  b io co n -  
trol of pcsts.  b iorem ediation  o f  pollu ted  sites,  and 
survival of introduccd microorganisms in the soi],

e sp eđ a l ly  3S these tunctions aíTect crop production ,  
cnviromnental quality, and the restoration o f  strcssed 
en v iron m en ts .

I. Soil as a Medium for 
Microbial Grovvth

The soil is a uniquc environment tor the g row th  ot" 
microorganisms, unlikc that microorganisms en- 
countcr in craditional culture tubes found in most 
microbiology laboratories. For this rcason it is im - 
portant to assess the etTcct o f  somc o f  the soil physical 
and chcmical propertics on the tỊrowth and íunction 
o f  m icrobes. In thc natural State, the soil environm ent 
is a hetcrogeneous mcdium o f  solid, liquid, and gas- 
cous phascs. In an avcraiỊO soil the proportion ot' 
solid:free space is about cqually distributed. The free 
spacc is occupied by cither liquid or gas. Howevcr as 
the liquid phase o f  the soil increases the gascous phase 
decrcases. For typical conditions the proportions can 
be thought o f  as 50:25:25 for solid, liquid, and gas 
phases, respectively. |See SoiL C hemistry.]

T he solid phase o f  thc soil is composed o f  organic 
or inorganic components, ranging in size froni 
2000 jU.m to < 2  ju.m. The larger inorganic ửactions 
are cither sands or siits and the smallest sizc fraction is 
the colloids or  clays. The proportion o f  thc individual 
soliđ components in a soi] imparts many important 
charactcristics to the soil, ultimately affecting the 
num bers or activities ot thc organisms. Gcnerally soils 
vvith a hie;her proportion o f  sand and silt tend to retain 
less water and arc describcd as well-draincd. Soil with 
a m ore even distribution o f  scparatcs or greater pro- 
portion ot' clay has thc potential to be less well- 
draincd, oftcn cxpcriencing an abundance o f  water 
and the associated charactcristic o f  being lcss well- 
aeratcd. [Str SoiL G enesis, M orphology, and  C las- 
SIHCATION. I



T h e  c o l lo id a l  í r a c t i o n  o f  t h c  soi! Iias a lartỊC a n d  
n c g a t i v d y  charu ;cd  s u r t a c c  vvhcro  in i t r i c n t s  c an  b c  r c -  
t a i n e d  vvith in  t h c  so i l .  T h e  n e t Ị a t i v e ly  c h a r t Ị c d  s u r t a c e s  
p r o v i d c  e x c h a n n c  s i tes  f o r  t h e  c a t i o n ic  n u t r i c n t s .  D c -  
p c n d i n g  OI1 t h c  c h a r t Ịc  đ c n s i ty ,  c a t i o n s  a d s o r b e d  o n  
t h e  s u r t a c c  o f  c o l lo id s  m a v  b c  d i t t ì c u l t  t o  r c m o v c  h y  
m i c r o o r g a n i s m s .  C o m p a r c d  to  a c o n v c n t i o n a l  c u l t u r e  
t u b c ,  vvherc  t h c  o rạ ;a n is n i  is iỊrcnviniỊ in a t h r e e -  
d i m c n s i o n a l  m a t r i x ,  in t h e  so i l ,  t h c  o r t Ị a m s m  is e s s c n -  
t ia l ly  l Ị n n v in i Ị  in a t w o - d i m e n s i o n a l  m a t r i x ,  \ v i t h  r e -  
sp e c t  t o  t h e  c o l lo id  s u r t a c c .  T l i i s  is t r u c  b c c a u s c  a t  
m o s t  b i o lo g i c a l l y  a c t iv c  m o i s t u r e  c o n t c n t s  t h e  t h i c k -  
I1CSS o t '  t h c  m o i s t u r c  f i lm s  OI1 th e  c o l lo id s  is s i m i l a r  
o r  e v c n  s n i a l l e r  t h a n  n i a n y  m i c r o o r i Ị a m s m s  ( T a b l e
I).  In a d d i t i o i i  t o  a f tcc t i i i ỉ Ị  t h e  a v a i l a b i l i ty  o t  n i i t r i e m s ,  
t h c  c h a r g e  a s s o c i a t c d  w i t l i  t h e  so l id  s u r t a c c s  in r tu c n c c s  
surtacc potential and đitTusion o tm itn en ts  to, or dif- 
fusion o f  mctabolic products avvay trom, the microor- 
ganisni. Likcvvise this charỉỊO may attcct surtacc acid- 
i ty ,  v v h ich  in  tu r n  a t ì c c t s  t h e  a v a ih tb i l i t v  o t  n u t r i c n t s  

or altcrs the activity o f  various cxtraccllular enzymcs, 
c i t h e r  c n h a n c i i i i Ị  « r  in h ib i t i i i í Ị  cr i t ica l  c n z y m c  r c a c -  

tions nccdcd for nrovvth or survival ơf microorgan- 
i sn is  in t h e  soil.

T l i c  a d s o r p t i o n  o f  w a t c r  t o  d iar tỊC ii  s u r t a c c s  a l t c r s  
t h e  s t r u c t u r e  o f  t h e  vvatcr  a n d  a t í c c t s  i t s  a v a i l a b i l i c y  
t o  m i c r o o r g a n i s m s .  W a t c r  r c la t i o n s  w i t h i n  t h e  so i l  
c n v i r o n m c n t  n c c d  t o  b e  u n d e r s t o o d  in t c r m s  o t  t h e  
total soil vvatcr potential, which is eoniposed primar- 
ily o f  matrix, osmotic, and other potcntials. includinụ; 
a gravitational factor which is most oftcn nctỊligiblc. 
The matrix component o f  the total soil watcr potential 
is r c la te d  to  t h e  a t t r a c t i o n  o f  t h c  s o l id  s u r t a c e  f o r  vva ter

TABLE I

Relative Sizes of Soil Components

C o m p o n c n ts Sizc (íiMl)

Sand 2011(1-50
Silt 511-2
R o o t h a irs /f in c  ro o ts ± 7 5
C lay < 2
B actcria , d ia in c tc r 11r 

1

Func;i, d ian ic tc r 
P o rc  d iam c tcrs  tillcd

0 .5 - 3

0 .0 3  M P a  (F C )J 
1.5 M l’;i (WI>)'' 

M o is tu rc  tilm s

5
II. 1

(1.(15 M Pa < ( |.  1
0 . in  M h < 0 .0 3

Ficld capacitv. 
1 W ilting pomt.

a n d  to  s u r f a c e  t c n s i o n .  A s  t h e  soil  b e c o m e s  d r i c r  tho  
a m o u n t  o t '  e n e r g v  r e q u i r e d  t o  u t i l iz c  t h c  w a t c r  in -  
c rca sc s .  T h e  o s m o t i c  p o t c n t i a l  is r c la te d  t o  t h e  c o n c e n -  
tration o f  the dissolvcd solutcs. Under most soil con- 
d i t i o n s  t h e  c o n t r i b u t i o n  o f  t h e  o s m o t i c  p o t c n t i a l  to  
total soil vvater potcntial is small, cxccpt undcr vcrv 
dry soil conditions or in cnvironniciits vvhere cvapo- 
n i t i v e  l o s sc s  a r c  h i q h .  a n d  s o l u t c s  h a v e  b c c n  c o n c e n -  
t r a t e d  in  t h e  so i l  s o l u t i o n .  A s  t o t a l  so i l  vva tc r  p o t e n t i a l  
becomes low it is m orc diiTicult tor tho organisms to 
cxtract vvater íor ^rovvch and to maintain niembranes 
in ta c t .  [,SYc S o i l - W a t h r  R i - l a t i o n s h i p s .  ị

T h e  g a s e o u s  p h a s c  o f  t h e  soi! o c c u p i e s  a p p r o x i -  
inatcly one-lialí' ot thc trce spacc. All ot the atmo- 
sphcric u;ases can bc fo 1111 d in this space. OxviỊcn in 
thc soi] is somevvhat lovver than in the atmosphere 
\vlicrcas c o ,  is som cw hat hiíỉher. Thcsc ditfcrenccs 
arc attributable to urilizarioii o f O , b y  soil microor- 
i Ị a iú sn is  a n d  t h c  n o r m a l  p r o d u c t i o n  o f  C .O ị  d u r in í Ị  
vanous nictabolic tiinctions. Whili‘ total porc (frec) 
sp a c c  m i ự h t  b c  e q u . l l  t o r  t w o  d i t ĩ c r e n t  so i ls ,  t h e  tvvo 
so i ls  m i g h t  l i a v e  t w o  d i s t in c c iv c  !> ro w th  p a t t c r n s  t b r  
m i c r o o r í Ị a n i s m s .  It all o t  t h o  p o r e s  a r c  s m a l l ,  gas  
c x c h a n t ĩ c  a n d  w a t e r  m o v e m e n t  m i g h t  b e  s e v e r e l y  re -  
strictcd with the soil tenđing to becomc anacrobic. 
O n  the othcr hand if  the porcs arc all ot a largc size, 
a c r a t i o n  s t a t u s  m i ^ h t  b e  s a t i s í a c to r y ,  b u t  t h e  so il  
in i í Ịh t  h a v c  p o o r  w a t c r  r e l . u io n s  s in c c  i n t ì l t r a t i o n  a n d  
p c r c o l a t i o n  o f  v v a tc r  m i g h t  b c  c x c c s s iv c .  Icicallv t h e  
so i l  s h o u l d  p o s s e s s  b o t h  l a r g e  a n d  s m a l l  p o r c s .  t o r  
o p t i n i u m  m o i s t u r c  a n d  a c r a t i o n  c o n d i t i o n s  t o r  th e  

m i c r o b c s .
The last tcature distinguishing the soil as medium 

t o r  m i c r o o r g a n i s m s  c o m p a r e d  to  o t h e r  c u l t u r a l  c o n d i -  
tions is that conipccition exists iimong a variety of 
d i tT e ren t  o n r a n i s m s  f o r  m o i s t u r e  a n d  n u t r i e n t s .  M u c h  
ot this competition is amoniỊ microorganisms, such 
as íun tỊ Ì ,  b a c t e r i a ,  a c t i n o m y c e t c s ,  b u t  s i ^ n i t i c a n t  c o m -  
p c t i t i o n  c x i s t s  vvith  o t h c r  í o r m s  s u c h  as soi] a n i m a l s  
and plant roots. FitỊurc 1 brings all o f  tlic components 
ot the soil together and demonstrates the coniplex 
nature of the soil cnvironm ent íor microora;anisms. 
T h i s  s c h c m c  s h o w s  t h e  c la y s  w i t h  t h c  a d s o r b e d  c a t -  
io n s  o r  r ọ i c r o o r g a n i s i n s ;  t h e  soi! s o l u t i o n  vvith  s u s -  
p e n d e d  c a t i o n s ,  a n i o n s ,  a n d  m i c r o o r g a n i s m s ;  a n d  t ì-  
n a l ly  t h c  p l a n t  r o o t s  in  t h e  r c m a i n i n ^  s p a c e s ,  
compctinc; w ith  the microorííanisms tor nutrients. 
U n d e r s t a n d i n ụ :  l i o w  t h e  m i c r o o r ^ a n i s m  g r o w s  m u s t  
b e  ÍI1 t l ic  c o n t c x t  o f  so i l  p h y s i c a l ,  C h e m ic a l ,  a n d  b i o -  
loỉỊÍcal p r o p c r t i c s  a n d  h o \ v  t h c y  i n t e r a c t .



F IG U R E  1 DitVcrcnt c o m p o n c n rs  ot thc soil sv s tc m , in d u d in ỉ ' 
tlic  ctavs, cations. au io iis. m icrob cs. and plant roots. N o tc  
th e  nq;;itive chariỊO at the surtacc o f  the clays. T h e  arc.is bctw ocn  
the clavs are the trcc spaces and arc (K Tupiaỉ by  vvatcr or  gascs. If 
the m oisture tĩlm  is tlìick ciKHi^h the ort*anisms m ay bc frcc in the 
so il so lu tio n , o th o n v is e  th e  o rg a n is m s  vvill be in tim a te ly  assoc iatcd  
vvitli tho clay surtaccs.

II. Microorganisms in Soil

A. Kinds and Distribution
A variety of diítcrcnt sizc ortỊanisms rcsidc in the soil 
ranging trom hactcria to plant roots as vvcll as thc 
subortỊanismal units rctcrrcd to as viruscs (Table II). 
The bacteria are niost abundant oíten ranging to an

TABLE II

Kinds and Sizes of Microorganisms or Viruses Found 
in Soil

O ruunisii) or virus D im c n sio n s  ( / i m )

T o b a cco  n ìosuic 0 . 3  X 0 . 0 2

/ ' . - l i a a m o p l i a g c 0 .2  X 0.(16
M Ì Ì I O Ì O H I I S  spp. 1 . 0  ( d i a m )
P s n itlo tn M iiis  tu rn ịỊÌu o s iì 1.5 X 0 .5
Scmiỉiti numcsais 1.7 X 1.1)
liiiiillus polyiny.xiỉ 0 . 6 - 1 ) . «  X 2 . 0 - 5 . 0

Ịjr,i(lyrhi'ohiwn ịiiponicnm 0 . 5 —(I. ‘J X 1 . 2 - 3 . 1 1
X i tr o s o tn o ih is  a tto Ịu ic i ỉ ( 1 . 8 - 1 1 . ' ;  X  I . ( 1 - 2 . 0

Stnpioinyũý spp. 0 .5-2 .11  (diam )
Mmot hicniiilii « .ll (dl.1111)
Ịùị\ỉlitiii Viiiilii 1 X  1 5

. V , s p p . 5 X 1.1
\ c n i V s j h n \ i 5 .7 - 1 1.7 (di.im)

excess o f  H>K ir 1 soil and rcprcscnt as many as lo4 
dirterent spccics. The organisnis tunction in a variety 
ot' vvays, producini* various antibioúcs, niincralizing 
orqanic conipounds to inoríỊanic nutrients, oxidizing 
rcduced tbrms o í  nutricnts, i .c ., s° —» SO4, rcducing 
oxidizccỉ forms o f  nutricnts, i.c., N O j - »  N : , reduc- 
iniỊ N i  to an organism utilizable fo rn i(N H 3), and de- 
íỊrading oriỊanic mattcr or various petrochemicals. 
O thc r  organisms are iniportant plant, animal, or in- 
scct pathoecns.

Organism s are tor thc most part morc numerous 
ncar the soil surtacc than at dccper depths (Table III). 
Thcrc are inany rcason vvhy this is true. N ormally  
thc soi] ncar tho surtace has bctter phvsical properties,
i.c., it is bcttcr aerated and moisturc rclations for thc 
Organisms tend to be m o re tavorablc. Also the soil is 
vvarmcr and is m ore richly supplied with O i  than thc 
subsoil. The siirtacc soi] also has a higher organic 
m attcr contcnt, thus providiniỊ m orc carbon tor 
iỊrovvth o f  ncw cells and cncrgy to sustain ^row th  
and survival ot organisms than at dccper depths in 
tho soil.

It is intcrcsting that anacrobic organisms also cxist 
Iiear the soil surtace in an cnvironment normally 
though t o f  as bcinụ; acrobic. This can be explained in 
the following manner: Soils have structure, in that 
iiidivídnal soil partides arc United together in more 
or lcss stahlc ai»ỉỊroíỊatcs. Duc to slow ditTusion pro- 
ccsscs thc interiors «t aiỊíỊreiỊatcs can bc anacrobic 
whilc their surfaccs are aerobic. Also as ag^regates 
conic togethcr, small pores may result, thus giving 
risc to a water-saturateđ environment with a corre- 
sponding lack o f  0 ->.

B. Grovvth and Survival
The u;rowth ot' SOÍ1 microorganisms is governed by 
the intcractions imposed by the soil as a whole, c.g., 
soil physical propertics such as porosity, bulk density, 
tcxture, vvater content, and aggrcgation in concert 
with certain soil chemical propertics such as suríace 
chargc, nutrient contcnt, acidity, mineralo^y, andor-  
ganic matter. Eacli property or interaction amontr 
propcrtics vvill impinge on thc tìnal outcome o f  
í»rowth and survival. However, from the standpoint 
ot tlie microoriỊanism, vvhat esscntials arc needed to 
sustain iỊrovvth or survival? Spccitìcallv microortỊan- 
isms necds carbon, a source ot enere;y (electron do- 
nor), and a tcrminal electron acceptor, provided nutri- 
cnts, u a te r ,  etc. are in adequatc supply (Fig. 2). For 
some oriỊanisms thc soi] oriỊanic mattcr can supply



TABLE III
Distribution of Various Kinds of Microorganisms as a Function of Soil Depth

D e p t h

(cni) H o r i z o n

A c r o b k

b a c t c r i a A c t i n i V s

B a c t c r i a

spores
A n a e r o b i c

b a c t c r i a

J - S A I N o . /  í;  s o i l

129 1 X III1 19 1  X 10' 1(197 X !()■' 1 5 6  X | ( l '

2 0 - 2 5 A 2 1 4 2 4  X 1(1’ 1 7 7  X 10’ 554 X 1(1' 101 X |(|'

3 5 - 4 0 A 2 B 1 276 X 10' 1 2 3  X 10' 1 1 5  y  ỈD-' 3 6  X | ( l '

6 5 - 7 5 152 61 X III' 1 6  X 1 ' U i  y  10 ' 7  X UI3

A d . i p t c d  h o m  S t a r c .  A .  ( I ’J 4 2 ) .  Aríli. M ikivhiol. 1 2 ,  32'-).

both thc carbon and the cncnỊV nccdod tơr lỊrovvth 
in thc form ot carbon conipouiids more reckiced than 
CO>. Thcsc orựanisms constitutc hy tar the greatest 
number and divcrsity ot thc oríỊanisnis in the soi]. 
Known as heterotrophs, thcsc microortỊanisms con- 
tributc to a vvidc raniỊC o f  activitics vvithin tlic soil. 
O thcr soil microoriỊanisms obtain carbon for growth 
from CO-. or C O 3 Í11 thc soil solution. Thesc organ- 
ism s arc knovvn as autotroplics and depeiidiníỊ OI1 
how thcy obtain tlicir cncrgy arc oitlicr phototrophcs 
( e n c r i Ị y  í r o i n  lii^ht s o u r c c s ) ,  r c p r c s e n t c d  b y  m a n y  a l -  

í*ae and grecn plants or chcmotrophcs (cncrgy from 
the oxidation o f  inortỊanic compounds), for cxample, 
N H i to N O ĩ o r  N O ,  to N O ,.

Kcgardlcss o f  thc typc o f  microori»anisms íound in 
thc soil, all arc a;ovcrm*d by several “ la\vs.” The íirst 
la\v, Liebig’s Law o f  tho M ininm m , suggests that 
thc íỊrovvth (incrcasing nunibcrs, activỉty, survival.

N u tr ie n ts
C arbon
Building blocks

/ ■ N
N e w  c e l l c a r b o n  or

n e w c e l l s
/

(H e te ro tro p h e s)

- > C a r b o n
Interm ediates

J1

• N A D (P )H  , 
- A T P  .

- S u n lig h t

O xid atio n /
R eduction

C 0 2 

(A u to tro p h e s )

FIGURE 2 S i m p l c  i iHHỈc] l o i  t h e  m o \ v th  o t  m i c m b c s

biomass, etc.) ot an ort*anism is rce;iilated by thc tactor 
which 1S in lovvest supply in relation to \vhat is necclccl. 
This lavv reícrs to the extcrnal or cnvironmental tac- 
tors rcgulating microorganisms. O 11 the other hand 
Shclford’s Lavv o f  Tolerance suirgcsts that successhi! 
g row th depcnds 011 thc nceded nrovvth tactors 1 1 '- 
maiuint' vvithin the tolcrance range of the organisni. 
Tlius this lavv deals vvith the biolotĩy o f  thc organism 
itsclt in rclation to grovvth or activity. Finally O d u m ’s 
C om bincd Law siiíịgests that total t;rowth đepenđs on 
the succcssíul intcraction bctvvccn thc limiúníĩ tactors 
(Liebi^’s Law) and thc biological tolcrances ot thc 
ornanism itsclí (ShcltortTs Lavv).

The cnergy rcquircmcnt for the cell is not just for 
grovvth. Energy nccds may bc apportioncd to motil- 
ity, accumulating substrates or nutricnts across a 
mcmbranc, hydrolyses and rcsynthcsis ot macromol- 
cculcs, and ìnaimcnance ot membranc potentials. 
Thesc adđitional needs, apart from grovvth can be 
lumpcd undcr the general catcgory o f  maintcnancc 
cncrtỉy. Although energy is írcquently limiting tor 
grovvth, the microorganisms m ust havc euou^h t‘11- 
ersry to maintain the intcgrity of the cell, othervvise 
it cannot survivc and death occurs.

c. Measuring Numbers/Activities
MicroortỊanisms in soils arc ncvcr static in iHimbors 
or activity; thcrcforc, the rcpresentation Cif somc 
num ber or activitv is a propcrty oí a particular timc. 
\vhcn thc soil was samplcd. RccoiỊnizine; tliat niicro- 
ortỊanisnis arc in a dynamic cquilibrium and ciuc to 
the hisíhly complex naturc ot the soil medium itsolt, 
a t t c m p t s  t o  s t i i d v  m i c r o o r í Ị a n i s m s  \v i l l  b e  d i t t ì c u l t  

and ottcn laborious. Theretore it is csscntial that cach 
attcmpt to charactcrizo soinc microbial propcrtv be 
h n n l v  s u p p o r t e d  ÌI1 a d v a n c c  b v  .1 s p c c i t i c  s c t  o i  s t u d y  

o b j e c t i v e s .



I h e r e  a ro  t w o  w a y s  in vvliich t o  c n u m c r a t c  n i i c r o -  
o r ^ a n i s n i s  in  t h e  so i l ,  011C is a d i r o c t  c o u n t  a n d  th e  
o t h e r  .111 i n đ i r e c t  c o u n t .  USÌIIIỊ s e l c c t i v c  m e d i a .  Lỉoth  

approachcs rcly 011 dilutiiìíỉ the samplc so ort;aiiisms 
arc in a raniỊC vvhich can rcliahlv bc counted. In thc 
tonncr  techniquc, an appropriatc dilution is selcctcd 
and thc organisms are mounted on a glass slidc. Subse- 
qucntlv the preparation is vievvcd dircctly usine; con- 
v c n t i o n a l  m i c r o s c o p y  a n d  t h e  m i e r o o r t Ị a n i s m s  a re  
counted or thc oriỊanisms arc stained vvith an suitable 
dyc prior to counting. Whcn the đye selectcd is a 
r i u o r c s c c n t  d v c ,  vi i . 'w intỊ  n u i s t  b c  d o n c  u s i n g  an  

epitìuorescent microscope.
For indirect proccdurcs, a l iquots t ro m  suitable dilu- 

tions are placed 011 a sclectivc m c d ium , thc m ed ium  
is ĩncubatcd, and counts  arc niadc ot' the colonies 
to rm cd. Bv vary ing  the n ieđ ium  used, ditTcrcnt 
g roups  ot oriỊanisms can bc countcd. M edia can be 
rnade selcctivc using d itícrcn t cneriỊv sourccs ( c . í Ị . , 
starch or  ccllulosc), addintỊ sclcctivc antibiotics (e.g.,  
ch loroam phenico l)  wliich inhibit  spccitìc g roups  o f  
m ic roorgan ism s,  m o dcra t ing  thc acidity of the solu- 
tion or  c o m b in in g  a spcciíìc cncrgy  sourcc  w ith  an 
antibiotic, etc. C o u n ts  obta ined hy platintỊ arc alvvays 
lcss t h a n  t h o s e  o b t a i n e đ  w h c n  u s i n g  d i r c c t  m c t h o d s  
(Tablc IV). T h e re  arc scveral rcasons w h y  this may 
be truc. D irec t  counting  m c th o d s  do no t  nornially  
distiiiguish bctvvccn livint* an d dcad organism s, 
w hcrc  only  thosc  cells capable o f  g row in t ;  0 11  the 
m cdÌL in i  u s c d  v v o u ld  b c  c o u n t e d  w h c n  c u l t u r a l  i n e t h -  
ods arc uscd. T h e  indirect m c th o d s  m ay tu r th c r  1111- 
dcrestiniate the popu la tion  bccause o f  sclective pres- 
sures a m o n g  thc co m n n in i ty  o f  microoríỊanism s 
wliich mií^ht prcvcnt a group o f  or^anisrns from 
grovvini' OỈ1 the rncđium. Further onc must dcal with 
the ÌSSIK' o f  viable, bu t  noncu l tu rab le  o rganism s. N o t  
all m ic rooriỊam sm s arc culturable on cnrrcn tly  avail- 
able incdia. Thus somc microorganisms m ay bc prcs-

ont vvhich arc viablc, b u t  \vhich cannot bc einimerated  
directly.

O ther  \vays of studyine; microoriỊanisms in tlic soil 
emphasizc somc im portant tunction or propcrtv ot 
microorqansims. Thesc methodoloiỊĨes are varicd and 
in thc space availablc cannot bc discusscd inđiviđually. 
Hovvcvcr sevcral tcchniques are vvorth mentioning. 
For thc determination ot niicrobial biomass soil sam- 
plcs containino; m ic ro o r^ an ism s  arc trcated so the m i-  
crobial cclls arc lvscd and thc microbial c  or N is 
extractcd ,  m casurcd ,  and  co m p arcd  to the c  or  N  in 
paired sam ples in vvhich the cells w crc  no t  lysed.

Since C O ,  is respired duriníỊ trrovvrh or cell maintc- 
nancc, a m easure  ot the activity  in a soil sam plc  can 
bc niado by detcrminintỊ the am ount o f  C O 1 evolved 
durinií a spccitìcd period ot time. Usiní* l4C-labeled 
substrates, onc could measure HC 0 2 and đcterminc 
wliat p o r t io n  o t  the  substra te  has bccn degradcd. 
While this docsn’t givc an estimate oí thc population 
sizc. it does give an indication ot the activity ot' the 
existing  popuhition .

A n o th e r  vvay to s tu d y  activities of o rgan ism s is to 
mcasurc the appcarancc ot product or disappear- 
a n c e  o t  s u b s t r a t c .  F o r  i n s t a n c e ,  it o n c  w a s  i n t c r c s t c d  
in thc ox id a t io n  o t reduced  n itrogcn  co m pounds  
( N H 4 —» N O ĩ —* N O j) ,  N H 4 d isappearance could be 
to llow cd  o v c r  tinic o r  the ratc at which NCX or N O 3 
appears could  be used to  g ive an indication o f  the 
m tr i t ìca tion  potentia l o t thc  soil. A ny  rcaction for 
w hich  a m casurab lc  substra tc  or  p roduc t can bc as- 
saycd can be followed in this tashion. This is also thc 
underlyinọ; princip lc for thc de term ina tion  o f  m any  
ot thc cxtraccllulặr enzvrnc activities in soil. In sonie 
cases, the m e asu rcm cn ts  invo lve  the usc o f  analogous 
substra tcs  and  their  subsequen t  enzym atic  products.  
For instance consider the cnzymc alkaline phospha- 
tase. T h e  substra te  addcd  to  the reaction m ix tu re  is 
/>-n itrophcno]-P 0 4, no t  n o rm al ly  íou n d  in soils.

TA B LE IV
Comparison of the Numbers of Microorganisms Found in SoiT Based on the Method of 
Determination

S oil
D irect m icroscop ic  
count

S elective  m cdia  
(solid)

Selectivc  m cdia  
(liquid)

N o . / i í  so il
S p od oso l 5 0 0  X | 0 (’ 7 .5  X K /1 5 0 0  X 10'’

M olliso l 9 0 0 0  X 10" 2 5 .n X U)f’ 7 0 0 0  X K)'1

“ Cìarden soi!" 7 0 0 0  X ]()h 16.0 y  !()'■ 60(10 X lo'*

‘‘ In the p low  laycr undiT peronni.il ưr.isscs Ịadaptcd trom  K rasiPnikov (195H). Soil m icroor- 
ỊỊ.misms and H ìiìIh t  P b nts. A au k -m y  I)f Sciences. U SSK Ị.



H o w c v e r ,  a í t c r  i n c u b a t i o n  a n d  Í11 th e  p r o s c i u e  o t  a 

phosphatasc enzynic, the o thro-l’0 4 tỊioup is cleaveđ 
t r o  111 t h e  p a r e n t  c o m p o u n d ,  l c a v in i í  /> -n i t ro p h e n o l .  
Under the appropriatc conditions /i-nitroplienol is 
c o l o r c d  a n d  th e  i n t e n s i t y  o f  th c  c o l o r  can  b c  u s e d  to  
indircctly quantify the amount ot pliosphatasc en- 
z y m c  p r c s c i ư  in t h c  o r i iỊÍna l  s a n i p l e .  I Scc  S()II. TKSTING 

H)R P l  ANT G r()W T H  AND Son. FhRTII.ITY.|

III. Soil O rganic Matter

A. Uniíying Feature in Soil Science
The element carbon (C) is intcrcstiiiiỊ tor many rca- 
so n s .  It o c c u r s  in a v a r i c ty  o f  í o r m s  íVoni C O i  to  
c o ^ ,  to rcduccd compoiiiids surli ;is carbohydratcs, 
and to í^raphitc or diamond. The lariỊL’ varicty ot c  
compounds is attributablc to the atomic structurc ot 
c  which pcrmits a varicty ot bond typcs. Howcvcr 
tlic soil microbiolotỊÌst is primarily intcrcstcd in CO-, 
resultint; from the nictabolic activitv of hctcrotropliic 
oriỊanisms or the morc rcduccd torms \vhicli occur 
as part o f  oriỊanic rcsiducs or soil oriỊanic imtter. The 
l a t t e r  is k n o v v n  b y  a v a r i e ty  o t ' n a m c s ,  m a n v  o f  w h i c h  
arc intcrchangcablc. The bcst knovvn nanics arc prob- 
ably soil organic mattcr (SOM) or Ininius.

The SOM  can be consiđcreii One of the unifyiii£Ị 
principlcs o f  soil scicncc (FitỊ. 3). All aspccts ot soil 
Science intcract in soinc way with the SOM, \vhether 
it bc biolony, chemistry, or phvsks. From a bioloíỊÌcal 
vievvpoint, SOM  can be consiđeređ n sourcc o tnu tr i -  
cnts for organisms and contributcs to thc ovcrall nctỊa- 
t i v c  c h a r g c  t o u n d  in s o i l s .  L i k c w i s c  s o V I  p l a y s  an  

important role in the coniplexiníỊ of AI in acid soil, 
as vvcll as servintỊ as a sourcc ot cncrtỊV (elcctron

Microbiologyssss/L

Fertility,
Productivity,

Classification Soil organic

Conservation. 
Environmental 

quality

FIG U R E  3 Soil o rn a n ic  m a t te r  as .1 Iinitviniĩ pr inc ip lc  m soil 
s a o ỉK Y .  a t ì lv t i i i i ỉ  h T t i l i t v .  p m đ u ẽ t iv it v .  đ a s s ih ũ it io n .  c o iis tT v a -  
11.0 1 1 . and  c n v i ro n m e n ta l  cỊualitv.

donor) tbr tlic hcterotrophic orsranisms. From a 
purcly pliysical standpoint, SOM  contributes to thc 
stabiliration ot soil agíĩregates, which in turn contri- 
butcs to a bctter vvatcr-liolđing capạcity and aeration 
or provides a hcttcr means tor pcrcolation of watcr.

B. Composition/Formation
The SOM  is composcd o f  a variety o f  compounds 
o f  r e c o g n i z a b l e  C h em ica l  structures s u c h  as su t Ịa r s ,  
p r o t c i n s ,  liiz;nins, a n d  a m i n o  ac id s  t o  o t h e r s  o t  less 
prccisc structure such as hiunic acid, tulvic acid, and 
h u n i i n s .  A l th o u a ;h  a s t r u c t u r e  h a s  b c e n  p r o p o s e d  f o r  
t h e  la t ter  tỉ r o  11 p o t  c o n i p o u n d s ,  it v a r i c s  d e p e n đ i m r  
on soiI parcnt matcrial, vcạetation typc, and human 
activity. These tractions o f  the SOM  have com po- 
nents simil.ir in structiirc to liiínins and polyphcnols. 
as wcll as a varicty o f  function.ll groups includine; 
O H  . C O O H  , and O C H , . This traction also con- 
t a i n c d  N  in h c t c r o c y c l i c  c o n r t i ỊL ira t io n s  as w e l l  as 
N H  and amino aciđs bonded at various points.

O ũen  SOM  has bccii studied and classihcd ưsing 
đitĩcrcnt tractionation proccdurcs (Fig. 4). Hovv- 
c v c r  c o n s id cT Ín iỊ  k m c t i o n a l  p o o l s ,  a u n i t ĩ e đ  p i c t u r e  

cnicrtỉcs, ultiinatcly vvhich may bring togcthcr a lot 
o f  thc thcorics about SO M . The íunctional pool ap- 
proach looks ;it SOM as microbially active pools. As 
an acỉditional bcnctìt the tunctional pools may give 
an idca o f  the rcsidcncc tinic o f  ditTcrcnt tractions.

Ditìcrcnt mechanisms tor thc formation o f  SOM  
ha\’c bcon pr(iposi'd; ho\vc'vcr, almost all have certain 
siniilaritics. Fit»urc 5 brings tíígcther com m on com- 
poncnts o f  many dccompositioti and íbrmatioti 
schcincs tor SC^)M. Most niodcls o f  dccomposition 
dcpcnd oti sizc rcduction o f  oríỊanic remains via mi- 
crobes, animals, and physical torces. Subscquently 
each modcl requircs the breakciovvn o f  the organic 
rcmains into its constitucnt components, i. e., chitin, 
li^nin, cellulose, ctc. T he components arc then uti- 
lizcd by niicroorganisms as a primary cnergy sourcc 
with tlie libcration ot C O i  and the production ot 
microbial tissuc. Sonic o f  the components may be 
uscd for skcletal structures vi .1 condcnsation or  polv- 
mcrization with the tormation ot a largcr molccule 
(humic substanccs). The ratc at which these rcactions 
occur depcnds un all o f  thc cnvironmcntal tactors ar.d 
the ìKiture ot thc orẹanic rcmains. Regardlcss o f  the 
mode ot tbrmation, morc stabilizcd products are 
tormcd.

c. Management Impiications
T h e  r a t e  ()f t u r n o v c r  o f  o r i Ị i in ic  m a r c r i a l s  is ^ o v t T H í d  
111 part bv cnvironniLMital tactors and manaiỊcmc.it
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F IG U R E 4 D ittcrcnr ừ .u  tion ation  sch cm cs Lised ro ch;»raiTcTÌzc so il or^anii' m attcr and tlìcir rclationslỉip  
to  hm ctioiKil |H)o!s as tom poiKM iis o í  soil orgunic mattcr.

teclmiques. Obviously incrcasini' o r  vvidcly rtuctua- 
tion tunneniturcs enhance the turnovcr o f  SO M . Al- 
ternatinc vvetting and drying also contributes to an 
cnliancct) rate ot turnovcr. Howcvcr, it is also knovvn 
that cultivation may contributc to the dcíỊradation o f  
thc organic traction OI) the soil, hut at thc samc timc 
may providc an im portant mixing ícature. DiíTcrent 
croppinc systcms througli rotations, t;razin<Ị, or no- 
tillatỊc can inAuciice the SO M . ReiỊardless o f  thc man— 
aiỊcmcnt schcmc in placc, thosc practiccs vvhich en- 
hancc the quantity o f  the SO M  fraction, such as 
rotations. appropriatc rcsidue nianagement. and min— 
innun tillage arc usually to be tavoređ. Exccssivc cul- 
tivation, monocultures, rcmoval o f  rcsiducs, ctc. arc 
amoiiíỊ the managcnicnt practiccs that should be 
avoidcd it SO M  manatỊcment 1S to bc optimizcd.

IV. Nutrient Cycling

A. Mineralization/lmmobilization
IV.iiK'nilÍ7Jtion can hc tliought o f  as the biotic reao  
tions rcsultini; in the transformatio» ot the soil organic

m a t t c r  t r o m  o r iỊ a n ic ’ c o n s t i t u c n t s  t o  t h e  t o r m a t i o n  o f  

inorựanic products(C, N, s, p, etc.). The microor- 
<;anisms arc dccreasing the biochemical complexity o f  
a component ot the ccosystcm. For example, during 
m inera lừa tion  a protcin can ữ,o to N H ị  C O i ,  and s  = . 
Tho conversc o f  thc mineralization reaction occưrs 
du ri 11IỊ imniobilization, vvhcrc inorganic nutrients are 
assimilated and convertcd into or^anic forms. Fol- 
lcnviní* tho analoíỊV prcviously uscd, thc biochemical 
coinplcxity ot thc ccosystcm is incrcasiiuỊ. Sincc min- 
cralization and im inob il iza t ion  are g o ing  0 1 1  s im ulta -  
ncously, it is thc nct cttoct vvhich is obscrved. If miner- 
alization is ưrcatcr than immobilization, then the 
inoríỊanic Products will build up. O n  the other hand 
if irnmobilization is ííreater than mineralization, it 
will appear that inortỊanic products are disappearing.

The combincd processcs of mineralization and im- 
mobilization occur as a consequence o f  u;rowth ot the 
niicroorsỊanisnis, whcn some utilizablc substrate 1S 
prescnt in the soil. Assunic that an organic substrate 
in the form o f  an ani-mal waste product is added to 
the soil. This product in its siniplcst torni contains a 
varicty ot C-bascd compounds, induđ ing  protcins. 
The oriỊanisnis prcscnt ÍI1 the soi 1 rcspond to the ìnput
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F IG U R E  5 S im ple  m o d e l  fo r  d e c o m p o s i t i o n  o f  o rg an ic  re s iducs  a n d  t o r m a t i o n  o t  the  soi] 
o rgan ic  m a tte r .

o fC  and encr^y, by using the matcrial to ìncrease their 
number. Bcsides an increase in thc total microbial 
biomass (incorporation of  c  from the substrate), a 
corrcsponding increase in CO-.ÍS obscrved and a vari- 
cty o f  cxtracellular enzymes arc produced. These en- 
zymes interact with various substrates and N H ị, s = , 
Ca2 + , M g2+, etc. are releascd from thc organic con- 
stituents prcviously adđed to the soil. Soine o f  these 
nutrients arc immobilized by thc microbes themselves 
because ot increased microbial demand during the 
synthesis o f  ncw biomass. Hovvcver it thc demand 
is less then tlic amount releascd. net mineralization 
occurs. Nutrients arising in this tashion are subse-  
quently available for any other organism, including

highcr plants or other microore;anisms vvhich m ight 
be growing in the ccosystem.

B. Oxidation of Inorganic Forms
Once a nutrient is mineralized, many arc no longer 
subject to biological alteration, other than immobili- 
zation, e.g., Ca2*, M g 2 + , Z i r  + , or K + . Hovvever 
some inor^anic tornis arc subject to turther biological 
reactions. Many ot thcsc reactions involvc oxidations 
with the subscquent rcleasc o f  encrgy tbr the ^rowth 
ot thc organism. T he  inor^anic nutrient to rm s most 
likely to be oxidized are torms ot N and s. Clhemoau- 
totrophic o r g a n i s m s  utilizc this rcaction for producing



cncrgy for grovvth. For N oxidation the proccss is 
knovvn as nitriíìcation, while to r  s  it is known merely 
as s  oxidation. Ahhouỉrh the organisms participating 
in thcsc rcactions arc remarkablc sinnlar, thcy are 
uniquc for N  and s  oxidation. IS c c  N itr o g e n  C y-  
CLING. ]

I11 nitrification N H 4 can be oxidized by spccies 
rcpresentating five e;enera. T he  best known genus 
is Nitrosom onas. The end product o f  the reaction is 
N O ,;  however, in most circumstances N O ĩ  does 
no t  accumulate, but itsclf is oxidized to N O 3 by 
another group o f  organisms, the bcst know n of 
which is Nitrobacter. Generally the ratc o f  the ovcrall 
transíormation from N H 4 to N O 3 is controlled by 
the race o f  the oxidation o f  N H Ị, thus N O ĩ  does 
n o t  build up. This is íortunate  in that much smaller 
quantities o f  N O ĩ  than o f  N O j  can be toxic to 
h igher  plants. O ne o f  the side reactions o f  the 
nitriíìcation process is Progressive ađdiíìcation. This 
can bc a signiíìcant problem in agricultural soils, 
when  ammonical fertilizcrs are used for a long timc 
\vithout a propcr liming p rogram  to balance the 
ucidiíìcation. While plants can utilize both N H Ị and 
N O | ,  many of the agronom ic crops £Ịrow bcttcr 
when  supplicd with N O 3. Nitrification docs benefit 
m any crops, but the prim ary rcason tbr nitriíĩcation 
is the liberation o f  cncrgy from  the oxidation o f  
thc reduced N form, cnabling the nitrifying organ- 
isms to grow.

Sulfur can likewise bc oxidized to S O 4 by chemoau- 
totrophic  organisms. The m ost im portant genus is 
Thiobacillus. Starting from elemental S(S°), s = , o ran y  
s  with an oxidation State o f  < 6 +, Tlìiobctcillus spp. 
can oxidize thc s  for the liberation o f  energy and the 
subsequent production o f  thc s  oxidcs. Similar to 
the nitriHcation reaction, S O 4 is readily utilizablc by 
plants and is thought o f  as a preíerred s  sourcc.

O n thc One hand, during N  and s  oxiđation, a 
highly utilizable plant nutricnt is produccd, but on 
the other hand, the anionic forms, N O 3 and S O 4 
are highly leachable. For some situations pollution oi:' 
groundwater can occur and for som e suríida] waters 
nutrient enrichment, called eutrophication, occurs 
with the leaching o f  N O 3 when  N  fertilizers have 
been improperly  uscd. Controlling  the quantity o f  
ítid trequency o f  application can go a long way to 
rninimizc thc potential for N  contamination via leach- 
h g .  Alternatively using a nitrification inhibitor, such 
as N-Serve Controls thc rate o f  N O j  íormation. This 
h h ib i to r  sclectively acts on the N H 4 oxidizina; bacte- 
na, vvithout aíĩecting the N O ĩ  bacteria. Although the 
hhib ition  is only temporary, the ío rm ation  o f  N O 3

is slovvcđ and vvhcn N O j  is torm ed it corresponds 
niorc to the plant’s need and thus N O 3 is used by the 
plant as it is íorm ed without haviag a large rcsidual 
am ount o f  N O ị to u n d  in the soil.

c. Reduction of Inorganic Nutrients
The oxidizcd forms 011 some inorganic nutrients can 
be subject to a series o f  biological reductions. These 
nutrients include N O 3, S O 4, Fe3+, and M n 3 + . As tor 
the oxidation o f  certain inorganic nutrients, which are 
part o f  the íỊrowth processcs o f  the microorganisms, 
rcduction is an important feature o f  the £Ịrowth o f  
some organisms. In order for microoriỊanisms to 
g row  they must havc a terminal electron acceptor. 
For tho aerobes, O i  acts as the terminal electron ac- 
ceptor and in thc case o f  thc anaerobes a variety o f  
reduced carbon compounds íunctions as the terminal 
elcctron acccptor. H ow cver a group ot' or^anisms 
kn o w n  as íacultative anacrobes utilizc O i, whcn pres- 
cnt, and oxidized compounds, i.e., N O 3, 111 the ab- 
sence o f  0 2 as a tcrminal electron acceptor. These 
reactions usually occur in the following set o f  circum- 
stanccs: an abundant supply o f  electron donors (re- 
đuccd c compounds), absencc o f  0 -1, and the prescncc 
ot'an appropriate terminal clectron acceptor. The best 
know n  o f  thesc reactions is dcnitriíìcation.

The ability for denitrification is widesprcad am ong 
bacccria and on the averagc 1 ()f> dcnitrificrs g _l occur 
in most soils. These organisms have the potential to 
produce a series of N  oxide reductascs w hen thc parúal 
prcssure o t 'O i  is ]ow in the systcm. Initially the deni- 
trificrs utilize Oo as their terminal electron acceptor; 
howcver, if diffusion cannot keep up with dernand, 
the am ount o f  0 -> keeps ^etting smaller and the organ- 
ism is induccd to producc thc reductascs essential f'or 
dcnitrification. A typical sequence inight be as 
follows:

N O 3 ->  N 0 3  —» N O  —» N 20  N 2

Each correspondin^ rcduction step has its corrcspond- 
ing rcductase, i.c. N O j  reductase, N O ĩ  reductase, 
etc., in which the more oxidized form is used as the 
terminal electron acceptor. Also the thrcc ion species 
to the right in the equation have the potential to escape 
froin thc soi] to the atmosphere as a gas.

Denitrification can have both positive and negative 
aspccts. O n onc hand, a potential leachable form o f  N  
can be removcd from thc ccosystem, thus preventing 
contamination o f  í^round and surficial waters. H ow - 
ever, froni a plant production standpoint this scries 
o f  reactions reprcsents a loss ot' N  vvhich m ight be



uscd tor crop production. The consequcncc is that 
niorc N has to be applicd to rcalizc a certain lcvel of 
production had dcnitritìcation not bccn prescnt. Also 
thc potcntial libcration o f  N O  and N iO  to the a tm o- 
sphere could ha ve a siíỊiiitìcant impact 011 environ- 
mcntal quality.

Sulfatc, F c ' f , and Mít 1 + als.o act as tcrminal clcctron 
acceptors for ccrtain kicultative anacrobcs in tho ab- 
scnct* of Oi. The consequenccs o f  tho ređuction ot 
th c s c  i o n ic  t o r m s  a re  n o t  as o h v i o u s  as t h c y  a rc  t o r  
d e n ic r i t i c a t io n ,  as t h e  r e d u c c d  tb r i i i s  arc  n o t  l o s t  t r o n i  

the soil ecosystem. Howevcr, thc rcduccd torm s ot 
Fc and Mn arc niorc toxic to highcr plants than thc 
o\idizcd tonns and the SH advcrsely artccts soinc 
L’n z y i m t i t '  r c a c t io n s .

D. Nitrogen Fixation
The bỉological rcduction of Nj to a utilizab)c tbrm ot 
N is a cháracteristic o f  only a tcw bactcria and is 
known as N tìxation. Unlike tlic chcmical reiUiction 
of' N ,  w h i c h  o c c u r s  a t  c x t r e m e l y  hiiĩ li  t e m p e m t u r e s  
and prcssures, biological reduction occurs at cnviron- 
m c n t a l  p r c s s u r e s  a n d  t cT i ip c ra tu re s ,  Í.C., I a t m  a n d  5 
to 35°c. Since this is an ciiergy consmnint; reaction 
tlicre must be an availablc cneriry sonrcc prcscnt (clcc- 
t r o n  d o n o r ) .  N i t r o g c n  t ìx a t io n  tak in iỊ  p la c e  i n d c p c n -  
dcntly o f  an associated plant or othcr microoríỊanisni 
is known as nonsymbiotic N íìxation or, vvhcn in 
association with an othcr organism, symbiotic N hx- 
ation (discusscd latcr).

Sonic o f  the bcttcr known nonsvrnbiotic N tìxcrs 
are reprcscnted by such íỊcncra as A zolobactcr , tìciịer- 
inckia, C lostridium , A zonum as, Nostoc, and Anabcna. 
Nitrogen is reduccd to a usablc form and is incorpo- 
ratcd into the biomass o f  thc N tìxing ortỊanism. Ad- 
ditions o f  N to the ecosystcm arc small until the or- 
ganism dics and rclcascs its ccllulãr contents into cho 
soiỉ. E.xccpt f'or a few cxamples the amount of'N hxcd 
by thesc oríỊanisms is qenerally small and is limitcd 
by the amount o f  availablc cncr^y prcsent. O n  thc 
avcraiỊc only 5-10 kg N h a - 1  ycar” 1 arc tìxed by 
these ortỊanisms. An cxccption to this i;eneralization 
is the bluc grccn alựae, rcprcscntcd by Aiiíibcihi and 
Nostoc, which because ot their photosynthctic ability 
derive thcir cneríỊy troni sunliglit. Thcsc oriỊanisms 
h a v e  b c c n  r e p o r t c d  to  t ìx  u p  t o  50  k i ;  N  h a  ~ 1 y e a r  " 
Likc the otlier nonsynibiotic N tìxcrs anv N lỊain is 
r e ta in e d  in t h e  t ìx i n g  ccll  u n t i l  it d ie s  a n d  is re lc a s c d  
to the soil environment.

V. Plant Interactions 
with Microorganisms

A. Rhizosphere
O ne cannot undcrstand tho fu!l potential ot the ini- 
crobes 11) the soil witliout an apprcciation o f  thc influ- 
c n c e  o f  th c  p l a n t  o n  t h c  n r o v v th  a n d  a c t iv i t i e s  o t  so i l  
microorganisms. T he rctỊĨon oí soil under the influ- 
encc o f  chu plant root is knovvn ;is the rhizosphcre. 
DurinsỊ plant lỊrmvth, various substanccs arc exuđed 
trom  thc plant root includine; carbohydrates, amino 
acids. proteins, oriỊanic acids, and vitamins to men- 
tion just  a fc\v specitìc com pounds as vvell as complex 
planr matcrial tròm root abrasion and brokcn-ott 
roots. Tlicsc matcrials providc an idcal eneríỊy and c  
substratc for thc í»rowth and dcvclopmcnt ot microor- 
m an ism s .  S in c c  o n c  o f  t h e  m o s t  p r o i n i n e n t  l i m i t i n g  
tactors for microoriỊanisnis in the soil is cncrtỊy and 
c ,  thc rcleasc o f  these ìmteriais to the rootiiiiT cnvi- 
romiicnt causcs a prolitcration o f  inỉcrooriỊanisms 
ncar the root.

The rhizosphere is not a tìxcd cntity, rathcr it varies 
in time and spacc (Fiíi. (ì). O thcr  zoncs can bc ditferen- 
tiatcd and arc tlic rhizophane and histoplane. The 
tbrmcr comprises the snrtầcc o f  the root, wheroas the 
latter is thc intraccllular spaccs o f  the plant root. The 
maiỊiiitudc o f  the rhizosphcrc cttcct can be quanciíied 
hy calcnlatintỊ a R / S ,  vvlicrc R  = num ber ofor(ran- 
isms in tlic rliizosphcrc and s  = num ber o f  oriỊanisms 
in thc nonrliizosphcrc soii. A ratio o f  > 1  indicatcs a 
positivc rhizosphcrc ctTect. Around activcly growiníỉ

Epiderm is

FIG U R E  6 D iair ra m  o f  th e  rh iz o sp h e rc  ÍI1 re ỉa tio n  to  th e  pliin 
root.



TABLE V
The Numbers of Bacteria in the Rhizosphere and Nonrhizosphere of Different Plants

O r g . in is m s / p l . in t R h m i.s p l l l .'re (li) N o n r ì n z o s p lu r c  (S) R / S

N o . / ị; s o i 1

l ot . l l  b a c te r ia
T o b a c c o — K H  21 1 2 6 9 , 2 X 1IK, 9 4 . 7 X II Kí 2 . 8

T o b a c c o — C l i . 3 H 51 )5 .4 X l(l() <M.7 X 11«, 5 . 3

F I a x — l ỉ i s o n 4 y > . 1) X 1 06 X 106 4 . 5

F l a . \ — N o v e l t y 2 7 5 I .3 X 10(> 9 8 . 3 X lí lí, 28.1
1 x - n it r ih c r s

T  o b a c c o — 2 1 6 .3 X 1(16 44.(1 X 11 lí, ■4.H
L o b l o l l y  p i n e 1711.1) X 1113 1 1.2 X 1(13 15 2

P o n d  p i n c 25.11 X 1113 2.H X 1113 H.y

N ir r i t k - r s

Lobl ol l y  pi i K' 37.(1 X 102 580.(1 X 102 0.(1
1’o m l  p i n c 1117.(1 X n a 17.11 X I I P (1.3

A i l . i p t c đ  t r o m  L o c h l i c a d .  A .  ( ! . ,  . i n d  W o l l u m ,  A .  Ci.  ( u n [ i u b l i s l i i ' d  cl . ita).

plnnts, soil tcnds to havc a R / S  > >  1. Grcater activity 
and ottcn grcatcr divcrsity of or^anisms is otten asso- 
c i a t c d  vvith t h c  r h i z o s p h e r e  a n d  í r c q u e n t l y  m c a n s  a 
ỉỊreatcr abundancc ot luitrients for plant growth, 
w h iđ i  in turn stimulates plant íỊrowth. Likewi.se tlierc 
is a scasonal aspect to the rhizosphere, vvhich tcnds 
to be greatcst durinsỊ thc w arm cr and wcttcr periods 
ot the ycar. N ot only docs thc environm ent itscỉí 
inAucnce thc extcnt o f  th f  rhizospherc, but the plant 
itsclt, cven to a cultivar, may cxcrt a protbnnd cffcct 
011 niicrobial devclopment (Tablc V).

B. Mycorrhizae
The word  mycorrhiza is dcrived from tw o  Cìrcck 
vvords: inyco mcaning fim(ỊUS and rh iza  mcaninọ; root. 
Literally thc word mycorrhiza means t'unọ;us root. 
Hcncc mycorrhiza reícrs to a symbiotic association 
bctvvecn a spccific tungus and the plant root, primarily 
the sniallest ordcr of the sccondary roots. AtTirming 
the presencc of thc association requircs in somc in- 
stanccs obscrvation o f  distinct niacrocharactcristics o f  
the root, whilc for othcrs, microscopic examination 
ot root sections is nccded for coníìrmation.

Mycorrhizac are a com m on  featurc on m ost if  not 
all plant roots. The absencc o f  mycorrhizae 011 a plant 
1S not prima facie cvidcncc the plant is not mycorrhizal 
in habit. In some instanccs the association is scasonal 
and the observer may have lookcd at the wrontỊ tiinc. 
Alternatively the plant may bc ưroxvin" otT-site and 
t l i c rc  is n o  s y m b i o n t  p r c s c n t  o r  c o n d i t i o n s  m a y  n o t

havc bccn appropriatc íor the tbrmation C)t the associ- 
ation.

T h e r c  a rc  tvvo p r i i n a r y  d a s s c s  o t  m y e o r r h i z a l  a s s o -  
ciations. The tìrst class is known as ectomycorrhizae 
and is recoí*nized by observation ot ^ross root mor- 
pholoiỊĨes(Fiií. 7) and microscopic structures(Fig. 8 ). 
The  m ost distincti vc morpholoiỊÌcal featurcs dcal with 
the brancheđ nature of the iìne roots. N o r im lly  these 
íĩne roots arc unbranched and quite long ( 10 0 0  to 
300(1 /Lim); h o v v c v c r ,  w h c n  i n t c c t e d  w i t l i  t h e  a p p r o -  
priatc tuniỊiis, root dcvclopnicnt is arrcsted and be- 
c o m c s  h r a n c h c d ,  t r o  111 d i c h o t a m o u s l y  t o  I i iu l t i -  
branchcd ícnturcs. In sonic instances the short root 
is almost colloroicỉ in natnre. Ectomycorrhizac arc 
com m oti 011 such plant íaniilics as Pinaceac. Fai*aceae, 
Bctulaccae, Rosaccae, and Myrtaccae, whcn infccted 
by spccific basiđiomycetes. It is thouẹ;ht that the

No mycorrhiza Different visual appearances 
of mycorrhizal roots

Plant root Fungus(mantle)

FIGURE 7 Diauram o í r h e  a p p c a r a n c c  of dirtcrent roots vvithout 
an d  \v ith  an  cctom vcorrh izL il a ssoc iation .



branched developmcnt o f  thc root ariscs from cytoki- 
nins produced bv the plant in responsc to the ìntection 
which atTects root devclopmcnt.

The microscopic morphology o f  the root is distinc- 
tive for the ectomvcorrhizal association (Fig. 8 ). To 
thc exterior o f  thc root is a zone called the mantlc, 
composed ot fungus, often encircling the finc root. 
Interior to the mantlc the íungus may penetrate thc 
root and dcvelop around thc individual cortical cells. 
The dcpth o f  penetration and íungal development 
dcpend on the individual plant host and the infectintị 
íuntỊus. Rcgardlcss, the fungus docs not develop bc- 
yond the endodermis o f  thc plant root. Additionally 
tho funtỊiis docs not grow in to the root cclls, rc- 
maining entirdy mtracellular in Ìts infcction. The 
growth ot' the tungus within the cortical region is 
often rctcrrcd to as thc Hartig’s nct.

The other niain typc o f  mycorrhizac are thc endo- 
mycorrhizae. While therc can bc several cndomycorr- 
hizal typcs, this discussion will bc confincd to thc one 
comnionly known as the vesicular arbuscular mycor- 
rhizac (VAM) and will ignore thosc associatcd with 
orchids (which arc somewhat tnorc specialized). Un- 
like the cctomycorrhizac, for endomycorrhizae, it is 
virtually irnpossible to look at a plant root and tell 
whcther it has the associatcd íungus. Thcrctorc it is 
necessary to look at the microscopic íeaturcs o f  a 
root scction and detcrminc whcther it possesses the 
appropriatc fcaturcs. lf  the plant is cndomycorrhizal, 
it is likcly to have vesicles (V), arbusculcs (A), and 
intercellular hyphac. Vcsiclcs are cnlarged structurcs, 
often taking on the shape o f  thc cortical ccll, and occur

©  Hartig's net / mantle V  •*
(fungus) ~ —  — ~

c  -  Vascular bundle

FIGURE 8  C ross-section  o f  an ectom ycorrhizal root. shovvintr 
both tu ngại and pldiìt tcaturcs. N o tc  thc m antlc is to the outer  
portion o í thc root. cxtcrior to  the cpidcrm is anci/or root curcical 
cclls.

at the cnds o f  hyphae and vvithin the ccll (Fig. 9). 
Arbuscules, likewisc, occur at the ends o f  hyphac 
within in the plant cell, but have a íeathery or 
branched appcarancc. Unlike the ectomycorrhizae 
vvliere the hyphae is contincd to the intracellưlar 
spaccs, for thc cndomycorrhizae the hyphae can grow 
both inter- and intracellularly.

The mycorrhizal association benefits the plants in 
many ways. Mvcorrhizal plants have a better nutrient 
status than nonmycorrhizal plants. This is particularly 
truc tor p. It is thought the hyphae extending away 
from the root literallv enlargc the absorbine; surface 
for thc plant cnhancing nutrient acquisition. Also the 
mycorrhizal tungi arc active produccrs o f  phosphatase 
enzymcs and ortỊanic acids, which m ight enhancc the 
solubilitics o f  difficultly available nutrient sources of 
p. O thcr bcnefits also include enhanccd disease pro- 
tection as various mycorrhizal fungi have bcen shown 
to produce potcnt antibiotic substances against a vari- 
cty o f  root pathogcns. In thc instance o f  thc ectom y- 
corrhizac one could argue that thc mantle providcs a 
protcctive covering about the root, thus moderacing 
the rooting environm cnt against extreme stresses. Fi- 
nally the hyphae from both the ecto- and enđom ycor- 
rhizal association may contribute to thc stabilization 
o f  soil aggregates.

c. Nitrogen Fixation
In contrast to thc nonsym biotic  tornis ot N  íixation, 
the symbiotic association between microonỊanisms, 
with N  fixing capacity and higher plants, has real 
potential to contribute significant quantities o f  N  to
various ccosysterns. T he best kno w n  o f  the symbiotic

0 " “*... • Vesicle

-......... ' ■ Hyphae

Vascular Bundle

FIGURE 9  L oniiitudin.il sec tio n  o f  a plant root. illuscratin-ẹ th.* 
ditTcrcnt com p o n en ts  o f  an cn d on iycorrh iza l assod ation .



IN h.xcrs are tỉiose íound in thc tamily Fabaceae (Le- 
Iguminosae) associatcd with cither R liisob iim i or 
iB radyrh i:oh itw i. Hovvever there are at least 12 other 
p la n t  tamilics jontaining £Ịcncra vvhich wi]l cnter into 
ai symbiotic rclationship w ith  an actinomyccte callcd 
ư-raukiú  which are also capable o ĩ  fíxing N.

For both ^roups o f  symbiotic N íìxers, infection 
occurs  throueh root hairs or vvounds 011 the root 
o r  both. O n c í  within the plant roo t the intecting 
organism s dcvclop tovvard thc cortical regional and 
i llicit a response trom  the plant which results in the 
íò rm ation  ot' .1 nodule on thc cxtcrior o f  the piant 
ro o t .  Interior to the nodule the sym biom  grovvs and 
imcrcases in nuinbers. Unlikc galls consistinq ot'undif- 
f erentiatcd cissue forming on plants roots, nodules arc 
actually modiíied roots arrcsted in their development. 
T h u s  nodules posscss all the necessary transport fea- 
tures ot a root .md the Products ot' hxation can casily 
m o v e  from the sitc ot fixation co thc top o f  the plant. 
C onvcrsely photosynthate can be translocated from 
the top o f  the plant dow n to the nodule to support 
the  energy demands o f  the fixation proccsses,

Literally l()()’s o f  kg N h a - 1  can be incorporateđ 
in to  the biomass ot' thc plant ckưint; a year’s time. 
Initially this N is used to support plant g row th, al- 
though  small amounts may lcak troni the roots and 
nodules and be immediately availablc to other organ- 
isms in the ccosystem. Hovvever thc larựcst sharc ot' 
N  bccomcs available aítcr che plant dics or the lcaves 
scncscc. Subsequcntly the iniiieralization o f  the or- 
ganic residues results in a n  ĩncrease in thc systern 
N H 4 which can bc used by othcr organisms, including 
plants, as a N  source or  as an energy source by the 
nitriíying orgamsms. In the latter instance, the N O 3 
formcd can havc One o f  several íates, such as it can be 
utilizcd as an N  source, leachcd, or used as a ternvinal 
clectron acceptor during denitriíìcation processcs. In 
somc cropping systcms, N fixed via symbiotic mcans 
constitutcs the only N  addition made.

VI. Future Opportunities

A: the beginniniỊ o f th e 2 0 th  century, microbiologists 
reỉlizcd t h a t  soil was a living and complex cntity and 
the study o f  tliis complex systcni necded to bc done 
against a background o f  soil fertility and crop produc- 
tion. This vvas a turning point for it made thc study 
ol soil microbiology practical in terms o f  an economic 
O Ltput.  Sincc then, t h e r e  h a s  b e e n  iỊrcat e m p h a s i s  o n  
th; microbiology o f  N  in soil systcms, whcre it wcnt 
ard hovv Iiuich the plant actually used. Also t^rcat

stridcs have bccn madc in understaiidiiiiỊ tlic basic 
nature o f  SO M . Studics o f  N hxation havc COI1 CC11-  

tratcd on the eíYccts o f  inoculation vvith the proper 
synibiont and how  much N could be cxpcctcd trom 
thc tìxation process. While investigators have contrib- 
uted much to our understanding o f  thc basic biological 
proccsscs in soil, there is still much to be done.

A. Nutrients
Where it was once Ếashionable to stuđy bioloe;ical 
reactions mcrely from a crop production standpoint, 
íuture studics must also cmphasizc the cnvironmental 
inipact o f  exccss amounts of nutricnts 111 thc ecosys- 
tcm and how  soi] biological processcs might be uti- 
lizcd to ameliorate adverse environmental conditions. 
For instance, it m ight be possible to uti]ize denitrifi- 
cation as a means for reducing the soi] N conccntra- 
tions when liigh N  contcnt wastf matcrials are addcd 
to the soil. At the same timc, howcvcr, scienrists must 
bc aware o f  and minimizc the production o f 'N iO  and 
loss to thc atmospherc which niight occur đuring 
dcnitrification.

6. Bioremediation
N o longer is it sufficicnt to study tho organic niattcr 
o f  the soil ccosystem just from the standpoint o f  its 
physiochcmical propertícs. Althouí^h soil has been 
uscd tor a long time as thc fmal receptor for waste 
products, there must bc a renewcd etYort to under- 
stand thosc íactors limiting dccomposition o f  the 
vvastes, what constitutes a proper loading ratc and 
what happens both to the organic and inorganic con- 
stitucnts ot the vvaste product. Nutrients in organic 
residues nccd to bc salvagcd and rcutilizcd, with the 
ultimate íỊoal o f  maintaining clcan air and watcr re- 
sources.

The potcntial o f  soil organisms to participate in 
thc bioremediation o f  sitcs conipromiscd by adversc 
activities in thc cnvironment must be maximized to 
thc fullcst. Recent disasters such as Petroleum spills or 
rcports o f  hazardous chemicals in ground or surficial 
vvaters underscore thc importance o f  understanding 
the principlcs o f  rcmediation and how  microorgan- 
isms m ight be utilizcd to overconie such adversc con- 
ditions. N o t  only are studies rcquired on the mccha- 
nisms o f  rcmcdiation o f  dittcrent contaminants, but 
organisms Iieed to be identiíìed which havc enhanced 
activities to degrade noxius chemicals in environmcn- 
tal samples. Likewise optinm ni conditions tor organ- 
isms should bc idcntified and implcmenced on a field



scalt’ allovvins* thc cstablishmcnt o f  the inoculant or- 
ganisms in thc soil which will maxiinize the rcmcdia- 
tion ctTort.

c. Biocontrol
IncrcasiniỊ concerns about the use o f  synthctic chemi- 
cals as pcsticidcs and the potcntial cnvironnicntal and 
Health risks assođated with many o f  these chemicals 
undcrscores a great opportunitv to usc soil microor- 
tỊanisnis in biocontrol programs. T h e  success o f  Bacil- 
lns tliuriiiỊỊÌcncsis to COI1 troi the balsani vvoolly aphid 
suíỊgcsts that othcr control opportumtics cxist. For 
instance, it may be possible to inscrt the B. rlinrin- 
ỊỊÌcnesis lỊcnes for balsam vvooly aphid control dircctly 
into thc plant, thereíore bypassing thc nccd to use the 
control organism dircctly. Hcnvcver bctorc S11CCCSS 

comcs for biocontrol protỊrams, additional ortỊanisnis 
and usc strategies necd to bc identiíìec) for othcr dis- 
case problems. Basic studics ot the ccolotỊy o f  thcse 
control oriỊanisms may yicld important clucs as to 
hovv to prolong thcir ctTectivcness in the soil and plant 
cnvironnicnt. Advanccs in tliese and othcr arcas of 
soil microbiology will be slow in comintỊ unlcss thcrc 
is a r c s u r g c n c e  ot a c t i v i t y  Í11 th e  s t n d y  o t  t h e  b i o c c o l -  
C)í*y o f  microorganisms in the soil and rootinụ; enví- 
ronment. |S« ' Pkst M anagemknt, B ioi.oc.icai. 
C O N T K O L .  I

D. Biotechnology
in thc past, the selection and usc o f  microoriỊanisms 
with some naturally cnhanced propcrty werc the 
norm  for many soil microbioloíỊÍsts, vvhethcr it was 
tor pcsticidc dcgradation, biological N íixation, or 
somc othcr speciíic iĩinction. Thcse eííbrts miist con- 
timie ìnto the future and may providc part o f  the 
foundation for utiliziii£Ị biotechnolot;y in soil niicro- 
biology. Thus Ít may be possible to idenùty the lỊcncs

rcsponsiblc tor controlling the enhanced de^raihtion 
o f  a PCB or tor a suocrnodulating symbiont for some 
important grain lciỊume. Insertine; these genes into 
cnvironmcntally conipctcnt ore;anisms might ovcr- 
come existina; limitations o t the natural ecosystem tor 
maximizmg a bencíĩcial reaction.

Through atỊes past, microorganisms havc becn used 
to producc a variety o f  highly csthetic or usefi.ll P r o d 
ucts for both man and animal, i.c., vo^urt, li^ht- 
tcxturcd breads, wines, cheescs, antibiotics, ctc. For 
thcir intcndcd purposes, each microbial product 
niakes litc a little easicr, saícr, or more enịovable. 
T o đ a v s  soi! microbioloíỊÌsts have at least tw o  oppor-  
tunitics: uneschctic substrates (i.e., scwat;c, incỉustrial 
vvastcs, animal tnanures, etc.) and limitcd rcsources. 
The challcnqc for thc soi] microbiologist is to usc the 
soil as a support mcdiitm to im k e  the undesirablc or 
uncsthetic substratcs lcss objectionablc and to cxploit 
the rcsidual tood and cnertỊV potentials ot the ditTerent 
substrates whílc gcttiniỊ niorc for less in crop produc- 
tion and at the sanic tiine maintaininạ; envircmmental 
quality.
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Glossary
B u ffe r  c a p a c i ty  C apađ ty  to rctain pollutants in the 
soil so tliat thc hiota is protcctcd from advcrsc crtects 
•and s u b s o i l  a n d  d r in k in i Ị  w a t c r  a r c  k c p t  p u r c ;  butYcr  

capnđtv  is liigh with hiíỊh đ a y  and silt content and 
\vitli liii»h oriỊanic mattcr content 
C a t io n  e x c h a n g e  c a p a c i ty  I n d í c n t c s  t h e  t o t a l  o f  

all cations adsorbcd, cxprcsscd in niillicquivalcnts 
per 100  g
O r g a n ic  m a t t e r  Fraction o f  the soil consistiniỊ ot' 
liviníỊ organisins o f  the soil flora and fauna, living 
and dcad plant roots, which may be partly đccom- 
posed and nioditìed and ncwlv symhcsized oriỊanic 
substanccs of plant or animal oritỊĨn; by convcntional 
dctìnition “ soil organic m attcr” docs not indudc 
coarsc plant niaterial or soil vcrtebratcs 
p H  Induatcs  thc hyđrogen ion concentmtion, or 
morc correctly tlic H 1 ion activity o f th e  soil solution 
cxpresscđ as the ncíỊative loíỊarithm 
P o l lu ta n t s  Gascous emissions tVom inđustry, trade, 
and traffic and tron) hcatinsỊ instalhuions and vvaste 
incineration plants (sultur dioxidc, N O n. hcavy met- 
als, non-rcadiiy dcgradablc oríỊanic compounđs, etc.), 
vvlnch m ay  bc cmittcd as ỉỊas, vapor, or dust or entci 
the soi] mixeđ vvith prccipitation; agrochcniicals or 
other siibstances vvhicli arc dircctly or indircctly ap- 
plicd to the soil tor agr icuhura l  o r  non-atỊriculturai 
purposcí-; thcsc include tortilizcrs (com m crcia l fcrtiliz- 
crs anil Ìi ianurc. sevvae;c sludqc, compost), p lanttreat-

mcnt products (plant protcction agcnts, pesticides), 
vvood prcscrv.nions, thavvinỉỊ atỊCiits for combatting 
icc and packcd snovv, etc.
R e d o x  p o tc n t ia l  Dctìncd as the clcctrical potcmial 
(in rnillivolts) \vhicli ariscs from clcctron transíer 
troni donor to acccptor and spccitìcs the oxidizins* or 
rcduciiiỉỉ povvcr ot thc rcdox system, i.c., thi? dcctrical 
vvork donc
Soil p o l lu t io n  Dcals vvith the contamination ot soils 
by polliitants in tho air, troni the handling ofcnv iron-  
mentally hazardous substanccs and from vvaste

S o i l  is the natural basis o t l i í e  fơr lnimans, animals, 
and pl.ints. It can bc impaircd both quantitativcly and
qualitativcly. 1’ollution atĩccts qimlitativc aspects o f  
soil.

I. Introduction

The niost im portant soil pollutants arc hcavy metals, 
acid dcposits (scc Scction IV), and ortỊanic substances 
o f  low mobilitv and dcuTadation. Hcavy mctals occur 
naturally in soil, normallv in rathcr low concentra- 
tions cxccpt tor spccial íícolo^ical situations (c.g,, 
lĩiiniiig sites). Sonic o f  thc naturally occurring hcavy 
metals arc csscntial for litc (c.g., coppcr and zinc). in 
soil pollution stuđics onc has co tociis 011 hcavy metals 
of anthropoỉỊcnic oritíin (Tablc I), becausc thcse nictal 
torms arc usually m ore solublc than those bound in 
niincrals and ores.

T h e  occurrcncc ot ora;anic po llu tan ts  orÌGỊÌnatinụ; 
niainly troni antliropogenic sourccs is cithcr ubiqui- 
tous or spccitìc to vvastc vvatcr.

The ubiquitous ort;anic pollutants arc the Ếol- 
lovving:

• P o ly n u c k -a r  a r o m a t ic  h v đ r o c a r b o n s  (1’ A H ) ,  
p o ly v l i lo r in .ir c d  d ib e n z o d io x in s  (1’C 'D I ) ) ,  an d



TABLE I
Anthropogenic Sources of Inorganic Pollutants (Mainly Heavy Metals)

Sourccs Agriculcure

Elem ent
Industry
metal"

Suríace
coating*

B uild ing
matcrials* Plastics C h em istry

Fossil
W astorf enern y

T ratĩic
au ton iob iles'

Plant
F ertilizersf trearmcnt

Lead X X X X X X X

C adm ium X X X X X X X X

C hrom iu m X X X X X

C obalt X X X X X

Fluorinc X X X X X

C opper
M olybdcnu ni
N ickc!

X

X

X

X

X

X

X

X

X

X

X X 

X X X

X X 

X X

M ercurv X X X X X X X

Seleniu in X X X X

T hallium X

Z inc X X X X X X X

Sonne: M eyer, K. (1991). Bodenverschm utzunị> 111 dcr Sch w ciz , T hcn icnbericht des N ation a len  F orsch ungsprogram raes " B o d e n .” 
‘‘ Pruduction and m anufacturing.

(>aIvanizatioii, cnnincling, color spraying.
C cram ics, ccm en t, bricks.

'l Incincration.
‘ (ỉasolir ic , ab ras ion  ot pneum atics .

Sew age sludge. fertilizers, and manure.

dibenzofurans  (P C I)F ) ,  consequences ot emiss ions tVom 
incineration o f  tossil cncrgy  carriers and  m ixcd  organ ic  
and inorganic  substanccs tron i  vchiclcs, p o w c r  stations, 
industrial  plants, and  h ouseho ld  bu rn ing .  Sonic  PAl 1 
c o m p o u n d s  aro synthesized naturally  by  plants and 
m ic roorgan ism s .  A lỊcogcnic basic con tcn t  o f  P A H  in 
soils is ab o u t  1 -1 0  ppb.

• Phcnols, polychlorinated biphenyls (PC.B), phtalatcs, 
and possibly tin—oríỊanic compounds, causcd by the 
inevitable losscs, accidents,  and inappropria te  disposal 
o f  tcchnical raw  matcrials .

• Or^anochlorine posticides (DDT, DDE, Lindane, ctc.), 
tb rm er ly  uscd as plant t rea tn ien t  Products.

Pollutants that arc specific to wastc water arc the 
following:

• Línear alkylbcnzenc sulfonatcs (LAS), Nonylphenol 
(NP),  and o th e r  surfactants .

• T in  organ ic  c o m p o u n d s  í ro m  industrial  use.

Until a fcw years ago, soi! pollution was not dis- 
cusscd. The soi] was considered to be an inexhaustiblc 
íìlter and a tavorcd lasting sink tor cvery tvpe o f  
pollutant. Soil protection only rcccived political im- 
portancc in the cours.e o f  discussions on torcst dccay.

Four areas ot' primc importancc in soil pollution 
arc discusscd in tliis article.

• P roportion  ot  d ĩttcrcnt sources  ot so i l  input
• lỉc tịree  ọf soil pợllu tion  in industria lizcd countrics

• Effects o f  soil po llu t ion
• M casurcs  agains t  soil p o l lu t ion

II. Comparison of Pollutant Inputs from 
Different Sources

In a study on hcavy mctal contents in thc soils o f  
Switzerland, the authors came to the conclusion that 
đifferent sitc factors inAuenccd the concentration o f  
the five investigated metals, lead, cadmium, copper, 
nickel, and zinc:

• Acrosol em iss io n s  f'rom traffic,  industry ,  and 
incinera t ion  p lan ts  are m o s t ly  re sponsib le  fo r  increased 
lcad contents in topsoils.

• Sonic  emission sources are locally of importance in 
d e v a t in g  c a d m iu m  and  zinc con ten ts  in topsoils .  In 
agricu lture ,  in p uts  by  fertil izcrs ( c a d m iu m ) ,  p ig  slurry  
(zinc), and  p lan t  t r e a tm c n t  P roduc ts  (zinc) have  to bc 
considcrcd .

• C o p p e r  is mainly b r o u g h t  imo s o i l s  by agricultural 
practices (pcstic ides, p ig  s lurry).

• No inAuencc of emission sources and  land usc can be 
establishcd to r  n ic k đ .  As increased subso il  c o n ten ts  are 
tồ u n d  in thc  catchtt ient  area ot ' the  s;laricr o f  th c  R hòne  
in thc  \vcs te rn  part  o f  Sw itzer land ,  thesc  co n te n ts  are 
p ro b ab ly  o t  iỊcoioiỉical oritỊÍn.



Rural sites Urban sites

PCB

F IG U R E  1 1’r o p i i r t i o i i s  ( % )  o t  d i r t e r e n t  s o u r c c s  o t ’ p o l l u t i o n  o f  

agriiultui.ll soils with PCI ỉ and l’AH |Fron) Dit-rcxsens el <j/.. 
(I'JH7). C,M, ll'i!.wr. Abu-atser. 66 , 12 3 - 1 3 2 .1

From investiiỊations o f  sludtỊcd soils the approxi- 
mate contributions C)f diffcrent auxilliary agricultural 
snbstances and ot atmospheric deposition to the pollu- 
tion o fu rban  and rural soils with P C tí  and PAH werc 
dcduccd (FÍ£Ị. I).

The niost important carricr of PC B  and PAH is 
atmosphcric prccipitation; in urban environnients, 
soil pollution with PAH is practically duc entirely to 
atmospheric input.

III. Degree of Pollution

From the nlrcady-mcntioned Swiss study thc conclu- 
s io n  m a v  b e  drnvvn tl iat  t h e  iỊreat  majority o f  a t ĩr i c u l -  
tur.ll and torcst soils contain heavv mctal levcls vvhich

lic bcknv the iỊiiidc valưcs ot the Ordinance Relating 
to Pollutants in Soil (for this ordinance sec Scction 
ÍV). Excess lcvcls can bc cxplaincd eithcr by land 
utilization (e.g., viniculturc) or by distinct cmission 
situations. Thcse tìndiniỊS werc streníỊthened by thc 
results o f  the National Soi] M onitoring Net\vork in 
1993.

This pattcrn o f  great areas ot' low pollution in 
vvhich, depcndin^ on hunian activities, so-called hot 
spots are intcrspcrsed may be vcry similar in other 
indnstria]izcd countries. Hovvevcr, bccause o f  the 
w c l l - k n o w n  bad a ir  q u a l i t y  in m a n y  p a r t s  o f  C en tra l  
and castern Europc larger arcas ot polluted soils have 
to bc cxpcctcd in these countries. In these rcỉỊÍons it 
has becn reported that the emission o f  soil pollutants 
o f  anthropoíỊcnic origin is about 1 0 -t'old hie;her than 
n a t u r a l  l e v c l s  in  C entra l  E u r o p c .  D e p o s i t i o n  o n  í o r e s t  
soils is oítcn tvvicc as high as that on agricultural soils 
duc to the íiltering etTcct o f  forcst canopies. I Sec A i r  
P o l l u t i o n :  P l a n t  G r o w t h  a n d  P r o d u c t i v i t y . ]

Figurc 2 shovvs an example o f  a polluted area duc 
to a inctal smclter. The polhition gradient o f  soils 
dcpcnds 011 the typc o f  heavy mctal. Froni Fi^. 2, it 
can be seen that the arca polluted by cadmium is largcr 
than the coppcr-pollutcd area.

In agricultura] practice it is oíten obscrvcd that the 
hcavy mctal contcnt in soil gocs parallcl wich the 
nurricnt contcnt. As overfertilization o f  garden soils 
is vvidcspread, this phcnom enon is very obvious in 
thcso soils. It has thcrctorc to be concluded that many 
ot the gardcn soils bclontỊ to thc catcgory o f  pollutcd 
soils.

Much lcss is k now n about soil pollution by or^anic 
chemicals. An intcresting investigation exists in thc 
Rothamsted Experimcntal Station where soils sam- 
pled sincc the middlc o f  thc last ccntury were analyzcd 
tor polynuclear aromatic hydrocarbons, polychlori- 
nated dibcnzodioxins, and dibenzofurans. In the top- 
soil o f  the scmi-rural sitc a four- to five-t'old increase 
in the FAH content was obscrvcd within the past 100 
years. This is also in accordance vvith íindings in the 
United States. The P C D D  and I’CD F content in the 
same soil samples incrcascd by a factor ot' 2 —1 0 .

IV. Effects oi Soil Pollution

In order to dchnc the quality o f  thc soil and its protcc- 
tion in a bettcr vvav, there is a necd for turther rcsearch 
on soil butTcrintỊ capacity, com pound spcciation, soil 
hcteroiỊcncity, and bioavailability o f  pollutants. Until 
now, attcntion has been directcd mainly toward
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FIGURE 2 Soi] p o llu tio n  by  co p p c r  and  cadniHMU d u c  to  a m eta l sm clccr. O ash cd  lino c o rrc s p u n d s  to  th e  g u id c  lcvcl o t  c o p p e r  
and cadmium in the Swiss  Orđinance ro Pollutants in Soi] . I Hrom Wirz, E. (1990). Kantonalcs Laboratorium Solothurn. S\vitzer!aiuỉ. ]

chemical and physical properties o f  soils wiiereas bio- 
loe;ical propcrtics have bcen neglected.

Usually, the soi] ecosvstem has a capacity to buttor 
and, thus, to protcct the biota fro 111 adversc ctYccts 
o f  pcrturbations siich as chcmical pollution. Only 
when the butTcrins; capacity ot an ccosystcm is toa  
small to rctain or otherwise counteract inputs ot 
chcmical pollution will harmùil etTects beconie appar-

cnt and the ecosystem vvill bc rcndcrcd vulnerable to 
adverse ctTects o f  pollution.

The mosí prcvailini* propcrtics ot soil which influ- 
cncc adsorption and immobilization ot heavv mctals 
aro pH, redox potcntial, salinity, and ore;anic mattcr 
contcnt. Salinity directly aíTects soil structure; oriỊanic 
matter contcnt directly atYccts thc cation exchange 
capacity.



A. Soil pH
T he reaction o f  a soil, acid, ncutral, or alkalinc, is 
exprcsscd bv pH which indicates the liycìroựcn ion 
(H ' )  activity ot thc soi] solution cxprcssed by the 
neíỊativc loiỊantlim. HydroíỊcn ions cithcr arc p ro- 
duced in mternal soi] processes or oriiỊÌnatc from cx- 
tcmal sources:

1. Internal Processes

• CO i production in respiration of soiJ organisms an d  

plant roots.
• H 4 production by plant loots.
• H u m ih c a t io n  o t  oríỊanic n ia t tc r  p r o d u c in g  tu lv ic  and 

h u m i r  acids.

« Oxiđation ot rcduccd siiltur and nitrogcn compounds 
to sulturic acid and nitric acid by WL'atlicring or 
biologiail oxidation.

2. External Sources

• H o llu t io n  b y  a c id  d c p o s i t io n  (m a in ly  s o , a n d  N C )X).  
The input ot natural and antliropogcnic substances 
from the atmosphcrc to tho suríacc of thc earth (soil, 
vcgetation, biúldintỊs) is dcsignated as atmospheric 
dcposition. In wct depositions the substances arc cithcr 
dissolveđ or vvashcđ out as particlcs with the 
prcapitation. The direct scdiincntation of dusts or the 
ad so rp t io n  o f  iỊaseous su b s ta n c c s  is de  tì I1C li as dry  
di-position. With regard to thc ctTccts on soi! the acid- 
torminiỊ substances as SO-, and N O , are ot primc 
importnnce. They arc oxidized in the atmosphcrc and 
tr.mstormed to acids giviniỊ risc to the acid 
precipitation which brings a considcrable amount of 
protons into the ecosystems.

• Ammonỉa enússions originating from agriculturc. In 
regions of hiq;h animal dciisity the cmissions of 
animonia can at tiincs cxcecd that of SOi and NO,. 
Ammonia is convcrtcd into ammonium sulíate in thc 
atmospherc leading to neutralization o f  the acid 
prccipitations. Howevcr, thc nitritication oí 
a n i m o n i u m  to  nitrato in th e  so il  cau se s  t c m p o r a r y  
aciditìcation.

• Vi.uuiring with acid fertilizers likc supcrphosphatc and 
ammonium sultatc. H + ions rclcasc basic cations from 
exchangers but pH reduction is only scvcrc when the 
released cations are romovcd by lcaching or nutrient 
uptakc b v  p lants  w h ic h  takc up  basic  n u tr ic n t  ca t ions  
in exchangc for H + ions cxcrctcd by roots. In natural 
soils pH drop (soil addiíication) in thc long tcrm is 
vcrv sliiílit because cations arc returned iu the litter.
The loss can bc serious in intensivc tarminn if ntìtricnts 
ư c  n o t  r c p l a c c d  b v  n u n u r c ,  ti .T ti li z i.TS.  a n d  l i m c .

Soi] aciditìcation due to cxtcrnal sourccs and intcn- 
sivc farm in tí is dclayed by a sequence ot butTer reac- 
tions:

B u  f f e r PH  Ranu;c

Carbonace
Silicate

E x c h a n m e r

Aluminiuin
A ỉu m in iu m / iro n
I r o n

8.6 > pH > 6.2 
W holc pH  scalc (d om in atin g  

butTer reaction in 
carbonate trec soils  
p H  >  5)

5  >  p H  > 4 . 2

4.2 >  pH 
3.8 >  pH
3.2 >  pH

pH has a manitold intìuencc 011 all the chcmical, 
bioloiỊÍcal, and physical proccsscs in soils and on soi] 
propcrties. T he most important etTccts ot pH are on 
nutrient and heavy mctal mobility. [S(V SoiL, Acid.Ị

T he bcst conditions tor nutricnts arc found in 
vveakly acid to ncutral soils (pH 5.0-7.5). Hcavy mct- 
als arc mobilizcd under acid soil conđitions. It is this 
mobilc fraction vvhich is o f  thc utm ost concern for 
the biota. T hat is vvhy tw o  levcỉs are set in the Svviss 
Ordinancc Relating to Pollutants in Soil: total heavy 
metal coment co limit the load to a sate level and 
solublc hcavy mctal contcnt to asscss the bioavailabil- 
ity, dctcnnined in a ncutral salt oxtract. Increascd 
mctal concentrations in plants, yield rcduction, or 
chantỊL’ o f  the soil mineralization potcntial (e.iỊ., its 
ability to dcgradc harmfi.ll chcmicals into liarmlcss 
inoriỊanic end products) may bc cited as im portant 
effccts o f  cnhanced concentraỉions o í th is  bioavailable 
traction.

As thc pH falls bclow 4.2 (aluminum butYcr range) 
thc leachinc; o f  aluminum, prcsent as a natural iramo- 
bile com ponent o f  soil, is í^rcatly increascd. Adversc 
etTccts in the ecosystem, such as trec damatỊC and fish 
kills, bciỊÌn to bc maniíestcd.

B. Redox Potential
Rcdox potential is high in well-acrated soils vvith 
inuch O i  dissolved in thc soil solution and a lngh 
proportion  o f  oxidizcd conipounds (Fe and M n ox- 
ides, hydroxidc, nitrate, sulphatc), i.c., wcll-drained 
soils \vith a low water tablc and low content o f  casily 
decomposable ortỊanic mattcr.

Rcdox potential is lovv in 0 ->-dcficient soils with 
much rcduced com pounds (Fc", Mn", s 2 _) and easily 
decomposablc organic mattcr, i.e., cspccially in hy- 
droniorphic soils. The inAuence o f  vvatcr in these soils
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is either permancnt, duc to groimihvater, or tem po- 
rary, duc to suríacc watcr caused bv impeded drain- 
age. [S í ’í’ S o i l - W a t e r  R elatio n sh ip s.]

Soils with high amounts o f  substancos that can bc 
oxidized and rcduccd are poised, i.c., wel]-buffcred 
against scvere change in redox potential in cithcr di- 
rcction.

Since H + ions are produced bv oxidation, pH de- 
clines as rcdox potential increascs. The ecological siiỊ- 
nitĩcance o f  rcdox potcntial lies in its etTect on nutrient 
availability. Further, the solubility o f  heavy rnetals 
cithcr adsorbed or occluded in iron and manganese 
oxides is increascd by thc roduction o f  these oxidcs. 
[Scc SoiL, C h e m ic a ls :  M o v e m e n t  a n d  R e t e n t i o n ;  

S o il  C h e m i s t r y .Ị

c. Changes of Soil Properties
Important tactors which can chaniỊe soil propcrties 
are temperaturc and raintall. Thcretorc, thc so-callcd

climatc change thrcatcns to crcate soil propcrty altcr- 
ations, as show n in Fig. 3.

Highcr soil temperatures increase microbial decom- 
position leading to a decrease o f  the soil organic matter 
content. In contrast, increasing soil moisturc has the 
ctTcct o f  increasing organic matter contcnt (and vice 
versa). [Sft’ SoiL M icrobiolocỉy.]

Decreases in the or^anic niatter content o f  soils 
cause increases o f  Ueavy mernl mobilitv duc to en- 
hanced crosion and diminished cation exchangc ca- 
pacity, vvhich results in less adsorption. Drying out 
o f  wctland soils can mobilize insoluble sulfides \vhich 
arc transtormcd into soluble sultatcs at highcr redox 
potcntial. Soils with increascd salinity have a rcduced 
capacity to storc hcavy metals. Such soils are íormcd 
in retíions vvhcrc the ratc o f  cvapotranspiration is 
íĩrcatci' than the rate ot'precipitation and salinc vvater 
is uscd tor irrigation.

From these observations, it is apparent that the 
capacitics ot soils to storc heavv mctdls vvould be 
siiỊniíiCiintlv rcduccd undcr vvarmcr, dricr conditions.



The niost vulncrable area are those \vith both hii^h 
accuimilatcd chcmical loads and hiiíh storatỊc capac- 
itics.

D. Organic Chemicals
PAH, PCB, PCDD, and PC D F have lovv dcsỊradation 
potcntials. vvhilc thc m onocvđ ic  aromatics and thc 
short-chaincd halogenated aliphatics are readily dc- 
nraded and modcrately leached.

Possiblc transters into plants and animals may be 
asscsscd by the usc ot thc octanol—watcr partition 
coctĩicicnt (K'ow). K'ow is deíìned as thc ratio o f  a 
chemical concentration ÍI1 octanol to tliat in the aquc- 
ous phase o f  a two-phase octanol/vvatcr expcrimcntal 
systcm at cquilibrium:

,,  _  conccntration in octanol phase
N)W — ■ ; • ,conccntration 111 aqueos phase

Log K'ow describes the lipophilicity and hydropho-  
bicity of thc chenúcal in qucstion.

Potential for rctcntìon by root siiríaces can be cnvis- 
asỊcd ạs a sorption process similar to that dcscribed 
for sơils. Conscqucntly “ hií*h,” “ m ed iu m ,” and 
“ Iow ” catogories arc defincd as log Kow valucs o f  
>4.0 , >2.5 , and <2.5 , rcspcctivcly. T he  high rcten- 
tion catctịory is intcndcd Co idcntify those com pounds 
vvhich contaminatc root crops at the surtacc.

For potential root uptakc and translocation the fol- 
lovvintỊ catcííorics arc uscd:

C ategory  V alues

Hi(>h potcn tia l tbr root uptakc L og Kovi < 3 .5  and
and cranslocacion: T |;1 >  50 days

M oderate potcnti.ll: L oỵ K'ow <  4 .5  and
T | ,1 >  10 days  

l.tnv potcntial: Loíỉ Kl)W >  4 .5

Potential transíer to animal tissues via soil inges- 
tion wili depend on com pound persistcncc in soil and 
on bioaccumulation potential in terrestrial eco-
systems.

V. Measures against Soil Pollution

Hccause the puritìcation o f  soils, contrary to air and 
vvatcr, is diữìcult or cvcn impossible, preventive mca- 
sures are ot primc importancc in qualitativc soil pro- 
tection. O nce  thcsoil tertility is impaired, its rccovery 
(i.c.. sanitation) is vcry limitcd. |S « ’ SoiL Fertility.| 

To protcct soil, the following measures ha ve to be 
consiciercd:

• L i m i c s  o n  p o l l u t a n t  c m i s s i o n s  t r o m  b o t l i  

nona iỊr icu l tu ra l  an d  aựricultural sonrccs.
• A p p l ica t ion  rules and  advisory  serviccs tor  tarm ers .
• P ro p e r ly  on*anizcđ w astc  m an ag e in en t  svs tem s.
■ Surve illancc  sy s tcm s  to r  m o n i to r iu g  the  level ot

p o l lu t io n  in thc soil .

VI. Conclusion and Summary

Whcreas the origin o f  soil pollutants is known to a 
EỊrcat extcnt, speciíìc gaps in knowlcdi»e remain about 
thc fate o f  pollutants (mainly organic chemicals) in 
soil. M orcovcr, the ctTects o f  pollutants in bioloí^ical 
soil propcrties are not siiííìciently undcrstood. While 
reducintỊ mcasures are bccomiiiỉỊ etTccúve tor heavy 
metals in many countrics, thc ctTorts to reducc acid 
a tmosphcric depositions havc been much less success- 
ful. Thereíòre, rcsearch has to be intensiíied in thc 
risk asscssment o f  soils that havc been polluted in 
torincr timcs and in soil ađdiciíìcation proccsses. Fi- 
nally, qucstions about the inAuence o f  climatc change 
OI1 thc s t o r a g e  c a p a c i t y  o f  p o l l u t a n t s  in s o i l  m a y  g a i n  
ạrovviní* intcrcst.
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Glossary

A v a i la b le  n u t r i c n t  That portion ot'an csscntial clo- 
ìiKMit in tlic soil that is rcadily absorbcđ into plant 
roots
C ation  exch an gc  capacity  Q uantity  o f  (cxchaniỊc- 
able) cations that a soil can adsorb to its nctỊativcly 
d i a r i Ị c d  s i t c s ,  Lisnally  c x p r c s s c d  Í11 c e n t i m o l e s  p c r  
kilom am  ot soil
C h c la te s  Certain organic inolcciilcs bondcd to one 
ot many mctals, particularlv iron, zinc, coppcr, and 
manụancsc; a molecule may have scvcral bonds to its 
mctal and naturạ) chclatcs may be solublc or insolublc; 
fcrtilizcr chclates arc soluble and liclp to mobilizc nict- 
als in soil solu tion
F ield  c o r r c la t io n  Studyinn thc rclationsliip bctween 
soil tcst valucs tro 111 tlic laboratory witli che p lan t’s 
rcsponsc to addcd fcrtilizcr in luuidrcds ot tìeld plots
on thosc samc soils
H u m u s  OríỊanic im tte r  remaininií in soil aítcr the 
maịor portion o f  .iđded rcsidues (roots, tops, m a- 
mircs) havc deconiposcd
Ions A tom s or lỊroups ot atoms t l i a t  arc ncgativclv 
or  positivclv charsỊcd, by lỊ.iin or loss o f  clcctrons 
L a b i le  The q uantity of a nutricnt vvhich is or vvill 
bccomc availablc durinụ; a tírovviníỊ scason 
P eds  Units ot soil structure tormcd bv natura! pro- 
CCNSCS (ì.c..  blocks, prisins, iỊramilcs, platcs)
Q u ic k  tests  Tcrin tor mostly laboratory tcsts thnt 
can bc donc quickly to cvaluate tho soi! propcrties 
•Uìd tcrtilitv nccds

S o il structure Arran^ement and combination o f  

sand, bilt, and d ay  particles into large aỉỊíỊrcgatcs or 
pcds (i.e., tỊramilar structurc, blocky structurc, pris- 
matic scructure)
S o il textu rc Tcrms to describc the proportions ot' 
sand, silt, and d ay  (and coarser íragments) ÍI1 a soil; 
a “ loam " has about cqual phvsical propcrties from its 
sand, its silt, and its clay

S o i l  tcsting is a General tcrm tor analysos o f  soil 
samplcs to obtain uscttil intormation about that soil. 
Soils are analyzcd to pcrmit correctiou ot'deíicicnđes 
or to correct cxccsscs ofharmfi.ll constituciits. Defi- 
cicncics arc usnally those ot nutricnt elements; harm - 
tul coiistituciits may be strone; acidity, toxic clemcnts, 
o r  clcmcnts rakcn up by plants that are harmtul to 
animals that consumc the plant materials. With the 
advcnt ot lartỊc vvorlct populations, wastcs have 
nmltiplicd. M any soil tcsts are now  involvcd in the 
detcrmination of the excent o f  pollution and to reclaim 
pollutcd or damagecỉ soils. This scction contains soil 
tests tor correcting soil írertility, and the soi] tcsts uscd 
in the m onitoring and corrcction o f  polluted soils.

I. Important Properties oí Soils

Soil is thc natural mcdia supporting land plants and 
supplyiniỊ vvatcr and 13 o f  the 16 cssential clcments 
to plants. A fcw plants beneíìt troni an additional few 
clcmcnts, \vhich are also derived trom  the soil. In the 
proccss o f  providing and supplyinE; thesc plant nccds, 
the physical and chcmical soil properties can exert 
dom inant inAucnces. The pliysicai properties include 
soil tcxturc (proportions o f  sand. silt, and clay), soil 
structurc (thc shiipe and porosity ot masscs of soi] 
partidcs ccincntcd toiỊcthcr), soil acration (the easc 
ot air oxchangc into the soil), mincralogy (thc kinds



OẾ minerals comprising the soil), soil tcmperaturc, and 
the watcr relationships in thc soil. Chcmical propertics 
includc thc soi] pH (acidity or alkalinity), the conccn- 
trations o f  availablc nutricnts, the prcscnce of toxic 
concentrations o f  certain elements, the amount o f  hu- 
mus (rcsiduc o f  plant materials aíter extcnsive dccom- 
position), and chemicallv active mincral surtaces that 
adsorb organic substances and soluble ions. [Scc SoiL 
C hemistry.]

In addition to the physical and chcmical properties, 
the kinds and amounts o f  microbcs (thousands of spe- 
cies o f  bacteria, actinomycetes, hiniỊÌ, algae, and oth- 
ers) and the large animals (earthworms, ncmatodcs, 
amoeba, insccts, slui^s) ail affcct ỉỊrovviiig plants. Mi- 
croorganisms decompose soil humus, and mincrals 
vvcathcr (decay) rcleasinu; nutrients. Ccrtain bactcria 
make critical chcmical convcrsions in soils (carbon 
monoxidc to carbon dioxide, changinc; nonusablc 
gaseous dinitrogcn o f  the air to Lisable amino acids, 
oxidízin^ undesirable sulíidc to usable sulfatc, and 
many other chạngcs). ỊStr SoiL M icrob io logy .Ị

Thus, soil tests, which arc uscd to predict the avail- 
ability ofonc  or more dcíìcicnt nutricnts, may indicatc 
which nutrients are adequatc or deíìcient. Ncvcrthe- 
less, thc iỊrovvth o f  thc plant will dcpcnd 011 the suit- 
ability o f  the soil for plant grovvth. The soil must 
havc adequate oxygen to roots, vvarni tcmpcratures, 
adcquatc but not too much \vater, a suitablc soi] pH, 
adcquate mitricnts, and rnany additional tactors. [SíT 
Son. Fhrtility. I

II. Physical Soil Properties

Soil tcxturc is ottcn a controlliníỊ plant growth factor. 
Soi] texture is a measure o f  hovv claycy or sandy a 
soil is. A clayey soil may be very hard wliL'n dry, 
sticky whcn wet, poorly aerated, and poorly pcrrnc- 
able to water. Plant roots may not I^rovv very deep 
in clays bccause o f  poor acration; thcir hard crusts 
when cỉrying may inhibit seeđline; cmcrgcnce. Clayey 
soils liavc more porc spacc than do sands, but thc 
pores are smaller and s!owcr in transniittinự air and 
vvater. Claycy soils hold more water and, in tcmpcratc 
đimates, will warm up more slowly than do sandy 
soils. Claycy soils arc morc (Jiffìcult to till, oftcn re- 
quiring that it be donc vvithin a relativcly narrow 
raiiíỊC o f  water content.

A soil’s tcxture can be estimated by tccliniĩ thc soil 
vvith ones’ tìniỊers vvhen it is drv and as watcr is addcd 
mradually. The cxact amounts ot clav, silr, and sancỉ 
in a soil arc seldom important. The tỊcncrnl tcxtiirc is.

hovvcvcr, important and can bc mcasurcd by various 
methods. Laboratories can measure ditTerent sand 
sizes and coarser tragnients (a;ravel and stones) by 
sicves. Contents o f  sands (2 to 0.05 nim  diamctcr), 
silt (0.05—0.002 mtn), and clay (lcss than 0.002 nnn) 
are rcadilv measured by the amouuts that settle ouc ot 
a water suspension after various times. Approximatc 
rates o f  t'al! in watcr t'or some o f  the fractions arc

0.5-mm-diameter (mediuni) sand 
0 .2-mm-dianieter (fìne) silt 
0.0 1 -nini-diamctcr (medium) silt 
0.002-mni-diametcr (coarse) clay
0 .0002-mm-diametcr (finc) day

2 1 .8  cm sec _ 1 
3.5 cm sec" 1 
0.52 cm m in ' 1 
(>.021 cm min 1 
(1.30 cm day- 1

The amount ot soil tliat íalls, aftcr various sclectcd 
periods o f  timc, can bc nicasurcd by the pipcttc 
nicthod which rcmovcs a known volumc o f  the sus- 
pendcd soil at thc calculatcd dcpth of settling. A sim- 
plcr method, the hyđrometer or Bouyouciis mcthod, 
measures the lcsscnintỊ solution dcnsity with a hy- 
dromctcr as soil particles tall out o f  a unitbrm sus- 
pcnsion.

The 12 tcxtural classcs most uscd arc shown on the 
tcxtural trianglc in Fig. 1. To determinc a tcxture 
from thc pcrccntagcs ot sand, silt, and clay, adjust 
the trianglc so that the 1 0 0 % o f  the fraction bcing 
used (say, day) 1S at the top and re.id che perccnta^cs 
o f  t h c  t r a c t iu n  ( c la y ,  in  t h i s  in s t a n c e )  a l o n g  l in c s  p a r a l -  
lel to the base o f  thc triangle. Do this tor two o f  
thc tractions. Wherc thcy intersect is thc soil’s tcx- 
ture. All three fractions will intcrse.ct at the same 
point bccause the textural class assumes that 
sand + silt +  clay =  1 0 0 %.

Further textural dctail is provided by indicatin^ 
sand sizcs, i.c., fìuc sandy loam. If particles largcr 
than sand (coarsc íragmcnts) arc present, thcsc arc 
namcd (naưci (0 .2 -7 .6 cm diametcr), cobble (7.6- 
25 cm), stoiìe (25-60 cni), and boulder (over 60 cm 
diameter). A sandy loam vvith coarse fras;ments (bv 
volumc) would bc namcd as tollovvs.

Less than 15% coarse íraíỊments 
15 to 35% gravel-size tragments 
35 to 60% gravcl-sizc tra£»mcnts

O v e r  60%  gravt‘]-sizc ử a g m c n ts

Sandv loarn 
Gravelly sandy loam 
I 'ery ỊỊrứvvlly sandy 
loam

(Ịn;!'(’//}'Lìxtremcly 
sandv loam

The sand sizcs and coarsc trau;nicnt contcnts cause 
ditTercnces in vvatcr movcmcnt, vvatcr retention. and 
tillability ot thc soil. Knovving thc kinds and amounts 
o f  clay hclp the analvst to prcdict stickiness and sup- 
port streníỊth «t thc soil vvhcn it is wct, hardness whcn



10 0  %

sand _«__________
Percent sand

F IG U R E  1 T e x tu ra l tr ian g le  fo r  soils.

it is dry, crackiniỊ when it is ciry, and permeability 
to water and air.

So il stnicturc (the term ped  is used to indicate a unit 
of soil structure) devclops over decades and centuries 
of time as soils are wetted and dried, swell and shrink, 
and đevclop the organic “ ccmcnts” (plus clay, iron 
oxidcs, and silica as cemcnts) that hơld (cement) parti- 
clcs tOíỊether. Structural units arc dcstroycd by de- 
composition o f  the hum us cements or ncwly formed 
bv additional hum us products and mineral solution 
and rcsoliđiíìcation (precipitation). Soil mixing at the 
surtacc (animals, tillage) causes surĩace soil structural 
units to have a somevvhat spherical shape (granular 
pcds), íroni a few lOths millimeter to scveral millime- 
ters in diamcter. Vcrtical cracks and some horizontal 
crackine; o f  a soil mass evcntually produces vcrtically 
clongated prisnis (prismatic or coluninar) and cube- 
like (angular blockv or subangular blocky) shapcs that 
rani»e fróm about 5 to over 100 milliineters across. 
C om paction  or othcr causcs may íorm  horizontal 
platcs (platy) ot about 1 to ovcr 10 m m  thick. Platy

structurc is com m on below plowing depth (plow pan) 
and near the suríace o f  noncultivated land as a result 
o f  compaction by animals or cquipment and o f  frost 
action.

Good structure, exccpt possibly platy structure, in- 
creases porc sizes between pcd units, allowing better 
aeration, and water and air flow, as well as providing 
largc spaces into which roots can e;row. In clayey 
soils most air and watcr flow is dow n through the 
large porcs (cracks) betwcen peds. Tillage can rcduce 
soil structure by mechanical brcaka^e and spcediníỊ 
up hum us decomposition (structure cemcnt decom- 
posed). Structure development in clays is slower but 
cventually is s tronger than that in sandier soils. Sands 
seldom dcvelop m u ch structure, but the pores in sands 
are already large, and thcy easily transmit air and 
vvater.

So il aeration indicates the ease with which air can 
exchange with the soil atmospherc to supply needed 
oxy^cn and to rem ove the carbon dioxidc produced 
as roots rcspire and hum us is dccomposcd. Sands



arc wcil acratcd. Air cxchan£Ịe is rcduced by poor 
structure and higli clay con ten ts and by cxccss vvatcr 
that tìlls the smaller pores and “ bottlcneck” portions 
o f  pores. Oxygcn docs not move rcadily through 
evcn thin films o f  water. The reduced acnition in 
watcr-blocked porcs hindcrs tlic oxygcn supply to 
roots and slows íỊrcnvth or causcs death o f  most 
plants. Only relativcly few plants (rice, tor examplc) 
can bring oxysỊen down to thcir roots through their 
stems.

Soil iniiieriiloịỊy is the combination o f  mincrals mak- 
inc; up the bulk soil. Litcrallv hundreds o f  Iiiinerals 
arc prcscnt, each onc a sourcc o f  One or more o f  the 
a p p r o x i m a t c l y  2(1 i m p o r t a n t  e l e m e n t s  111 so i ls .  T h e  
quantitics and kinds o f  mincrals detcrminc thc supply 
ot' availablc niitricnts and tho toxicitics that a soi] 
supplics. The kinds o f  rocks and minerals also affect 
soi] tcxturc (sandstoncs and quartzite producc sandy 
soils, limestones and shalcs producc claycy soils). 
Sonic minerals (micas and tcldspars) rcadily producc 
clavs as thcy vveather. Unfortunatcly, althouiỊh the 
soil's fertility is relatcd to the soil’s mincralogy, the 
quantitativc relationship o f  identiíìcd niincrals and 
availablc nutrients is not wcll docunicntcd. ỉdentiíi- 
cation o f  the mincnil “ suitc” in a soil involvcs niicro- 
scopic and X-ray ditTraction studies and is costly and 
time consuminu;. Few mincraloiỊÌcal analyscs arc donc 
in íertilitv tcstini;.

IViitcr infiltrntion, pcn olaliou, íiiiíl draiiitiỊỊC arc csscn-  
tial to allow rain and irrigation vvatcr to pcnctratc 
into soil. To avoid cxcess vvatcr (vvaterlomgim*), soils 
must allow watcr to drain avvay (percolate). Percolat- 
iní* watcr đoes dissolvc and reniovc many solublc 
mitricnts, particularly nitrates and sulfatcs. Lcachcd 
soils may losc niuch oTthcir tcrtility by this percola- 
tion action (leachitiíỊ a\vay solublc nutricnts). Soils 
with largc porcs (sands and wcll-structurcd soils) are 
morc casily lcachcci than are daycy soils. IScc Son 
D r a in a g e ;  S o i i . -W a th k  Rei A TIONSHIPS. I

Water stoniực in thc soil is crucial to plants in lcss 
liumid climatcs; roors absorb water storcd in soil 
porcs. Wherc raintall is intVcqucnt, soil water must bc 
rcplaccd by irriiỊation. The quantity of water ncedcd 
raníỊcs trom about 0.3 to ] .0  cm daily in vvarm u;row- 
intỊ pcriods. Sandv soils may storc only about 1 to
3 cm ot usable watcr pcr 30 cm (1 toot) o f  dcpth; 
clavoy soils and day Ioams may storc trom 3 to 6 cm 
of  usablc \vntcr pcr toot. As this vvater is absorbcd, 
many nutricnt clcments dissolved in the vvatcr arc 
carried to the plant root. Most or all ot tlic Iiitrotỉcn, 
sulhir. calđum. maiỊiicsium. boron, and a fcw othcr

nutricnts are supplicd to the root surtaces in this ab- 
sorbcd vvatcr.

As thc \vatcr in the upper toot or so ot soil is used, 
thc plant may still be ablc to absorb adcquatc vvatcr 
from dccper soil layers and continuc to íỊrow. Ho\v- 
cvcr, sincc thc surtacc soil layer has m ost o f  the soil 
humus (which supplics mtrogen plus othcr nutrients) 
and is whcre íertilizer is applicd, watcr movcm ent in 
the suríacc soil supplics niany more nutrients th.in 
does vvatcr in deepcr soil lavcrs. As a soil laycr dries 
out, thc nutricnts containcd in that laycr bcconic lcss 
and lcss availablc. l f  a surtacc soil dries to 30 or 
40 cm dcep (thc top 30 to 40 cni is wherc most ot 
that plant s roots arc growintí), the plant niust absorb 
cnough vvatcr to g row  trom decper soil laycrs; the 
mitricnt supply vvill be rcduced ciuring the timc water 
is m o s t ly  supplicd  from  dccpcr soil.  |5í't’ S()II. CÌENES1S, 
M ohpholocíy, a n d  Ca a s s i i i c a i i o n . I

III. Chemical Soil Properties

So il acidity altcrs nutricnt availability and clenicnt tox- 
icity. In soils, soil acidity or alkalinity is reícrrcd to 
as “ soil p H ” or  “ soil rcaction.” Soils that havc larííC 
ainounts o f  sodÌLini and calcium tcnd to be alkalinc 
or basic. When soils have been leached tlirough ccntu- 
rics ot tinic in high rainíall areas (over about 500 111111 
or 20  inchcs annual raintall), soils lose miich ot' the 
sodium and calcium and accumulatc hydrogcn ion 
(H *) from the vvcak acid ot carbon dioxide in vvatcr. 
The coninion minerals in soils also contain aluminiitn. 
The soluble a lum inum  in the soil forms an acidic 
aluminưm spccics that adsorbs to the cation exchangc 
capacity sitcs. When thc soi] acidity rcachcs a 
“ strongly acidic” pH  o f  about 4.5, enough soluble 
aluminum exists to be toxic to tm n y  plants. The most 
common s;rowth problem in strongly acidic soils is 
aluminum toxicity; too much soluble a luminum is 
toxic to plant roots and slovvs microbial proccsses as 
vvcll. [Scc SoiL, Acio. ]

Acidic soils can be im provcd bv ncutralizintỊ Sonic 
o f  thc acidity vvith an added “ lime." The m ost com- 
rnon and chcapcst lime is povvdcrod limcstonc, but 
many alkaline substanccs (calcinm oxidc, \vood ashcs, 
marl, and pow dered  t’£Ịíí and sca shells) can be usod. 
The lime is m ixed into the soil at rates ot about 1 to
10 m e t r i c  t o n s  p c r  h c c t a r c  e v c r y  s c c o n d ,  t h i r d ,  o r  
fourth vear. The  aniount and trequencv ot limc addi- 
tion dcpends 0)1 ( I) the initial acidity o f the  soil, (2 ) the 
total cation exchangc capacity or acidic sites occupicd, 
a n d  (3) t h c  s e n s i t i v i t v  o t ’ t h e  c r o p  t o  b c  ự o w n  to



acidity. Soil pH is usually adịustcd to pH  above 5.5, 
com m only  ncar to pH 6 .0 . Thcrc are sonie “ acid- 
lovini>” plants that do best whcu the pH is kept lovv 
(azak'as, blucbcrrics, cr.mbcrrics, pincapplcs, tea).

Soluhle salts arc an increasing concern. Solublc salts 
are thc solublc remains ot wcathcred rocks. Thcy 
aro mostlv thc ions ot calciuni, sodium, nia^nesiuni, 
chloriđe, sulkne, and bicarbonatc. T oo  niuch solublc 
salts hindcr vvatcr absorption hy plants and cause thc 
plant to die. One rcclainis salty soils by leachintỊ the 
salt trom  the soil. As environmcntal conccrns 111- 
crease, hmvevcr, there is an incrcasiníỊ support to 
liniit lcacliina; of thc salts trom soils because thc salts 

nntsc end up in iỊround or surtacc vvatcrs. Accumula- 
tions ot solublc salts arc a problcm; vvhat or how  to 
rcdaini tho land and disposc o f  thc \vaslied-out sohiblc 
salts is no lcss a problcm.

M easurcmcnt and cvaluation o f  the soil salt contcnt 
is tairly siniplc. The clcctrical conductivitv o f  thc ex- 
rract trom  a vvetted soil is measured. The condưctiv- 
ity, in dccisicmcns pcr nietcr (ds m"1) indicatcs the 
salt content. The approxiniatc scalc bcloxv is a gcneral 
guiiic tor conductivity o f  tht’ cxtract o f  a saturatcd 
soil pastc:

Lcss th an  2 d s  m 
2 - 4  d s  111 1 
4 - 8  dS m  1 
H-16 ds 111 1 
1 6 -3 0  d S m  1

No plants atTcctcd 
A fcw  plants h av c  rc d u cc d  t;rovvtli 
Many plants havc rcduccd t»rowth 
Most plants havL' rixkiccđ lỊrovvth 
M o s t  pl.mts die o r  havc  lcss than 
51)% ot nornial yiclds.

The tolcrancc ot plants varics enormously; a fcw com - 
m on  oncs arc listcd bclow, with tolerance increasine; 
dovvn each list.

Lcast tolcrant 
2 —6 ds 111 1

M o d era tc  to lerance
6 -1 0  ds tn 1

M o s t  to lc ran t
1 0 - 2 0  ds m - 1

S t ra w b c r ry B la tk b c r ry T o m a t o
R a sp b c r ry ỉJeai'h Broccoli

A v o c a đ o O n io n Spinach
Bcans M a n v  íruits Fig
c .a r ro t Pcpper C a n ta lo n p c
Pcanu t Soybean Bects
( ' lo v c r s Lettucc SuiỊarbcc t

Cori i C o t to n  
Barlcy 
D a tc  p a lm

The renioval o f  solublc salts is donc by lcaching. 
Uníbrtun.uely, somc claycy soils ot hiííh sodiuni con- 
tcnt ha ve poor  permcability. In such soils, thc major 
problem is OI1C ot soil porosity— the soil does not

transtnit vvatcr vvell cnough to nllovv easv lcadiintỊ. 
Soils ot this type must havc intcrnal pcrmcability in- 
crcascd, a costly and slovv proccss. Mixiní* the protìlc 
(tilla^e), mixiniỊ in ựypsum, or laying shallovv drain- 
aí>;c lincs arc all uscd on various soils.

Cation cxcluinge capncity (CEC) involves a chemical 
surtace rcaction. Clays and hunuis have structural 
teaturcs that causc thcm to have “ net ncc;ativc 
chargcs.” Thcsc nematively char^ed sites attract and 
hold positivcly chartỊed ions. The ions most ottcn hcld 
in the largest amounts are calcium (Ca2+), masỊnesium 
(Mg2+), sodium (Na + ), aluminum (Al|OH|-,+ or 
A1',+ ). potassium (K + ), and hydrogcn ( H , 0  + ). Small 
amounts ot scveral othcr cations also arc hcld. The 
quantity o f  thc C E C  in soils varies from low values 
in sands to highcr valucs in clays; the hiiíhest values 
are touiid in ore;anic soils. It all the sitcs held calcium, 
thc soiTs cxchaniĩc sites pcr 30 cm ot depth could 
hold from somevvhat over 10 0 0  kg per hectare in lovv- 
C E C  soìls to over 10,000 kíỊ ot calcium pcr hectare in 
soils vvitli a rclativcly high C EC . These cxchanỉỊcable 
ions arc not casily rcmoved by leachiiiiỊ but can be 
rcplaccd hy other cations that are soluble in thc soil 
solution, such as potassiuni or a ium onìum  fertilizers 
or limc. IScc  Son., C h e m ic a l s :  M o v e m e n t  a n d  R e-
TENHON. I

IV. Measuring Avaiiable Nutrients

The objectivcs ot'soil fertility testine; incluđe (1) char- 
actcrizing the soil to identity anv problems o f  acidity, 
drainagc, tcxturc, or toxicity, (2 ) assessing the status 
o f  thc soil’s plant nutricnts to knovv what is dehcient, 
and (3) prcđictiní* the amount to add ofcach nutrient 
ẹlemcnt which tcsts show to be deficient. The tests 
suitablc for Lise arc numerous. The mạjor difficulty 
in any test lies in iiitcrprcting the meanintỊ o f  the 
valucs obtained. A soil samplc could be cxtractcd with 
a variety o f  stroníỊ aciđs, weak acids, diluted acids, 
salt solutions, oxidizin^ or rcducing solutions, and 
alkaline soluđons. Each extractant vvould extract dif- 
tcrent amounts (rom subsamples ot' the same soil. 
Which valuc would be correct? O nlv  a good correla- 
tion study can provide an ansvver.

Correlations o f  laboratory tests to íìcld plot yield 
data are the most esscntial parts o f  the testiníỊ pro- 
gram. If thc laboratory tcst valucs tbr nutricnt “ A ” 
arc laríỊe, the ficld plot plants should have cnough ot 
nutricnt “ A ” in the soi] and should not respond to 
nutricnt “ A" added as fertilizcr. If thc laboratory test 
valucs tor “ A " are small. thc sơil should be Io\v in
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nutrient “ A ” and ficld plot plants should respond to 
considcrablc amounts o f  fertilizcr containing nutri- 
ent “ A ” . ỊSt'í' F e rt il iz e r  M a n a g e m e n t  a n d  T e c h 
n o l o g y ;  S o i l  M a n a g e m e n t.  1

The only suitable lab texts are thosc whosc values 
for a soi] are invcrsely proportional to the fertilizer 
needed for good grovvth in ficld trials on that soil. 
Thus, many ditTerent laboratory tests mitíht individu- 
ally bc well correlatcd with plant response in field 
tests and could be uscd. The perpetual search is tor a 
well-correlated test tor each plant nutrient which is 
quick, chcap, and casy to do but which is noc suscepti- 
blc to easy crrors.

Nutricnts which are not dcíìcient in most soils are 
morc difíìcult to correlate with laboratory tests. There 
arc rclatively fcw soils with obvious micronutricnt, 
sultur, and magnesium dcficicncics on which to do 
the íìeìđ testing. Thus, soil tcsts for dcíìcicncies ot 
many micronutricnts havc bccn corrclated to only a 
relatively fcw soils; thesc tests are only moderately 
well or poorly cstablished.

Nitroyeii (N) is the most often deíìcient nutrient. 
Thus, a good predictivc laboratory soil test for thc 
amount o fN  nccdcd in a soil is eagcrly soưght. U ntòr-  
tunatcly, a good, widely useđ quick soil tcst for 
needed N is not prcsently availablc. lt is the major 
elemcnt that nccds to be added to incrcase grow th  
o f  lawns and most other crops. N-f)xing lcgumes 
(bactcria in plant roots utilize atmospheric N->, which 
most plants cannot do) obtain some or all ot thcir N 
by using atmospheric dinitrogen (Ni). The atmo- 
sphere has about 79% Ni. In localized areas vvhcre 
intensivc field plot tests havc becn careíully made, 
mcasuring soluble nitrate to a depch o f  61-92  cm 
(2-3 fect) has becn quite satisfactory. Unfortunatclv, 
people do not like the \vork requircd to sample to 
those depths; most soil tests are on the 0 -30  cm (1 
foot depth).

The reasons why a good soil test tor N has becn 
elusive are that thc N cycle is very complex— many 
things can happen to N, somctimes very quickly. 
First, tcmporary watcr logging in a soil tor a fevv 
days can cause nitratc to be volatilizcd into thc air as 
dinitrogen gas (denitrification). Second, microor^an- 
isms decompose soil organic matcrials. Most natural 
soil N is that N releascd from orí^anic materials (hu- 
nius, manures, plant wastcs) as thcy undergo decom- 
position. Dccomposition is accomplished bv mi- 
crobes whose activitv is regulated by adcquate water, 
tcmperature, and aeration. The nitro^en contained 
can be released tor plant use it" soil N is alrcady high 
or thc N relcased can be absorbcd by organisms to

b e c o m e  u n a v a i l a b l e  m ic r o b i a l  t i s su e s  i f  soil N  is lo w .  
Third, soil nitrate is very mobile in soils and is readilv 
washed into groundvvaters by percolatin^ rains or 
excess irriíỊation. Fourth, aiuniouium N íertilizers 
( a m m o n i u m  n i t r a t e ,  a m m o n i u m  su H ate .  urea)  a p p l ie d  
on the soil surtacc o f  arid region (alkaline) soils can 
be lost by volatilization o f  the N  as ammonia t?as 
(N H  J .  These many possiblc transtbrmations or losscs 
o f  added N fertilizers rnakc it ditYicult to predict what 
the efficiency o f  adđed fertilizer N vvill be. These 
changes oí N  in tho N cycle are dithcult to evaluate 
accuratcly whcn on the sitéị tlicy are evcn more ditTi- 
cuh to evaluate by the soil tcster in a laboratory tar 
away. The analyst has 110 control ovcr water applied, 
rainíall, teniperature, tho pliysical condition (acra- 
t i o n ) ,  o r  th e  m a n a ^ e m c n t  o f  th e  so i l .  I N i t r o g h n  
C y c l i n g .  I

Phosphorus (iJ) and potassitiirt (K) soil tests are 
w idcly  uscd and acccptcd. These two clcmcnts arc 
the second and third most ottcn dcíìcient plant 
nutrients. Phosphorus has low solubility in soils 
and can be dcficient in any climatic area, in sandy 
soils, in intensivcly wcathered soils (stablc tropical 
lands), and in soils with crops havinẹ high p  de- 
mands (vegctables, lcgumes, potatoes). Only about
10 to 30% of added solublc F fcrtilizers is used by 
thc crop to which it is added; the rcst torms low- 
solubility mincral precipitates, but stays Í11 the soil. 
Thus, three to five tinics morc F is addcd than is 
uscd. Yct, the carryovcr p (that addcd but not used 
that season) has little o f  it available to the ncxt 
crop. The soil p content will graduallv increase in 
regularly fertilized soils.

M axim um  convcrsion o f  solublc p to low-solubil- 
ity p  compounds occurs in soils with hit^h contents 
o f  soluble calcium or lime (calcium carbonates) 
and particularly in soils hiẹh in trce iron oxides 
(scsquioxides). Weathered soil materials especially 
in hi^hly wcathcrcd tropical soils arc hiíỊh in iron 
oxides. The weathercd tropical soils can have as 
hiu;h as 70 to 80% sesquioxides, to vvhich p readily 
and stronc;ly adsorbs. Only small portions ot' added 
p  rcmain soluble to be used during thc growing 
season. In such soils, placing tho p in small “ bands" 
5 to 10 cni decp and 5 to 10 cm to the sidc o f  the 
plantcd secd is often the most ctTcctivc application. 
T he  mạịor chcmical extractants uscd for phosphorus 
soil tcsts are the followin<í:

• For acidic soils
Bray No. 1: dilute HC1 and dilute N H 4F 
Mchlich No. 1: tlilute HC1 and dilute H i S 0 4



• For alkalmc and calcarcous soils
Olscn test: dilute N a H C O ị  at pH 8.5 
Ammonium bicarbonate at pH 7.5

Each o f  thcsc cxtractants is correlated vvith íicld trials 
to establish a tablc of tcst values as criteria of thc 
tcrtilưcr p nccdcd tor various crop groups.

Potassium (K) tornis mostly soluble minerals in 
soils cvcn thougli its com m on mineral sourccs (micas 
and t eldspars) ha ve K in a very low-so]ubilitv form. 
Bccause K is so slowly soluble frora its source miner- 
als, tlic major K sourcc for a crop is the soil’s solublc 
and cxchansỊcablc K. The negativc charges on clays 
and soil hunnis liold positively chargcd ions (called 
cations, cat-i-ons). M ost o f  thc K used by plants is 
from soil’s exchan^eable K plus anv solublc K 111 thc 
soil solution. Almost any tcst which mcasurcs mostly 
thc exchaiiíỊcable K has givcn íairly í>ood correlation 
to the nceds tor addcd K fertilizer. The m ost com m on 
cxtractant tor cxchangeablc K is am m onium  acetate, 
but various salt solutions, đilute s trong acids, and the 
ạm m onium  bicarbonatc cxtract used for thc p tcst 
have all bccn uscd.

Soils nceding addcd K arc usually sandy soils and 
thosc acidic soils in hum id cliinates. In arid (irrigated) 
rciỊÌons, little or nonc o f  thc K solubilized by vvcather- 
ing is rcmovcd by leaching (pcrcolating rainwatcrs). 
Hovvcvcr, in high-rainfall, pcrnieablc soils, rains can 
vvash out K during the dccades and centuries o f  vvcath- 
cring and leaching. H igh-K -dem and crops (potatoos, 
hananas, and o ther  suEỊar- and  s tarch-prođuciní* 
crops) may beneíìt froni additions o f  fertilizer K even 
though the soils arc normally adcquate in K t'or most 
crops.

Snlỷìir (S) is niuch less likcly to bc dcficient than arc 
N , p, and K. In thc past several decades, considerable 
sulfur was added to soils ( 1 ) as a constitucnt o f  the 
fcrtilizcrs am m onium  suliatc, potassium sulíate, and 
rcẹular supcrphosphate; (2 ) as fallout o f  “ acid ra in ,” 
vvhich contains sulíuric aciđ; and (3) as components 
ot some pcsticidcs. Thcsc sources o f  s  are still added 
but less oítcn and in lcsser amounts. The highcr crop 
yields and fewcr incidental s  additions ha ve causcd s 
dctlcicncy to be more com m on.

Predicting s  necds by soil tests has m any o f  thc 
same problcms as tliosc mentioned for N. The s cyclc 
has several kinds o f  losses. Sulfur is volatilizcd as 
sultkic gas in anacrobic waterlogged soils, the solưblc 
“ cnd p ro d u c t"— sulĩacc— is readily lcached, and sul- 
hir roleased duriníí dccomposition o f  orẹanic mattcr 
can hc madc in to bodies o f  new microbes. Because 
s  is needed in nuich smallcr amounts than is N and

because s  docs come from both humus and various 
mincrals (gypsiun, pvritcs, othcrs), s  is less otten 
dcficient than N, 1\ or K. Consequenđy, less \vork 
on soil tests has becn donc for s  than has bcen done 
for N , F, and K.

In some arcas vvherc s  deíiciency is widespread and 
cconomically quitc important, adcquate soil tcsts have 
been developed. They are somewhat similar to those 
t'or N , which measure the soluble end product o f  
microbial action. For sultur, this end product is sul- 
fatc. The amount o f  soluble sultatc in the top 61 cm 
(2 feet) or 92 C111 (3 fcet) has given the best corrclation 
to plant rcsponse in ficld plots. Unfortunatcly, soil 
tests co evaluate s needs are not usually rcliable. Often 
intormation on the huinus content and soil texture is 
uscful; s  dchcicncy is niost likcly in m ore sandy, lo\v- 
hunius, acidic soils.

The micronutrients boron (B), iron (Fe), zinc (Zn), 
coppcr (Cu), manganesc (Mn), chloride (Cl), and 1110- 
lvbdcnum (Mo) arc much less ottcn dcíìcicnt than are 
N , p, K, s, Ca, and Mir. In various high-rainf'all, 
lcachcd soils boron may bc largcly washcd away and 
be deficient. Its mineral sourcc tourmaline is ot' very 
low solubility; ics mineral fcrtilizer source is borax, 
a water-soluble deposit. Overall, B is the most com- 
monly  deficicnt micronutricnt. Its niost com m on soil 
test— solublc B in boiling vvater— is a good tcst but 
no t convenicnt to do. O ther  tcsts arc bcing studied.

A spcctacular and colorfi.ll plant dcíìcicncy is caused 
by inadcquatc iron (Fc); thc young lcaves ot thc plant 
becomc chlorotic (vcllowcd) between veins while 
veins rcmain grecn. In extremc cascs, lcaves may be 
almost whitc. Iron dcficiency is poorlv understood 
and its correction is the most difficult o f  alỉ nutricnts 
to accomplish. It is fortunate that rclatively few soils 
and crops have severe Fe dcficiency. M ost soils have 
several perccntage Fe contents but iron conipounds 
are extremcly low in solubility. Plants with Fe defi- 
ciency may sometimcs contain more Fc than do other 
plants which arc not defident. Why the plant is deíi- 
cicnt is usually unexplained. Because Fe torms su ch 
low-solubility compounds whcn addcd to soil, cor- 
recting deficiencies is usually done by applyiníỊ a solu- 
ble Fe to thc toliage. Organic materials (chelates) that 
bind thc Fc kceping the Fc mobile are the most com- 
mon carricrs of iron.

Diagnosing or  predictin^ iron detìciency by soil 
tcsting is difficult. Most soil iron moving to roots 
is bclieved to do so as naturally produced chelates. 
So, soi] tests employ an extracting solution containing 
a small concentration ot the chclatc D TPA  (diethyl- 
enetriaminepcntaacetic acid). Typical cxtraction val-



ues in D TPA  for Fe, Zn, Mn, and Cu are shown 
bclow:

Fc Z n  C u  M n

(mg kg“'
L ow  (deíicient) 0 - 2 .5  0 - 0 .5  0 - 0 .2  0 - 1 .0
M aríỉiiia! (b ard y adcqtiatc) 2 .6 -4 .5  0 .6 - 1 .0  ? ?
H ìiịIi (su ftìđcnt) 4 .5 +  1 .0 +  1 .0 +  2 .0  +

The tcsts are fair to good vvhcrc well correlated to ficld 
plots. Howevcr, thcrc havc becn limited numbcrs ot 
studies donc and thcrc are relatively few soils exhib- 
iting iron deficiencics. The quality o f  thc soil tests arc 
localized to areas wherc e;ood corrclation work has 
been donc. Alkalinc (arid-rcíỊÌon) soils arc more likely 
to have iron deíiciency than are acidic (hurnid area) 
soils. Detìciencv is com m on on pcaches, raspbcrrics, 
somc sovbcans, roses, and scvcral other ornamcntal 
flowers and evcrtỊrccns.

Soils tests for Zn, Cu, and Mn also arc somcwhat 
approxiniate; they are valuable vvherc good corrcla- 
tion ficld studics have bcen done. Valucs tor thcse 
arc gi ven in a previous tabulation under iron. An 
cxtraction with the D TPA  chelacc, as was donc with 
iron, is a com mon methođ to tcst for availablc Zn, 
Cu, and Mn. The most likcly soils to havc Zn dctì- 
cicncy arc arid lands. Dcficiency o f  Zn is com m on 
in bcans, com, grapcs, sorghum, citrus, and various 
deciduous íruits.

C opper is inírequently deíĩcient. Sincc Cu bonds 
tiíỊhtly to ccrtain organic í»roups, Cu is com m only 
deíicient in ccrtain organic soils (peats or mucks). 
Crops sensitive to low copper levels includc alíalta, 
ricc, barlcy, citrus, and ricc. M angaitese is probably 
as often toxic (in strongly addic soils) as it is dcfident. 
As with Fe, Zn, and Cu, it is less soluble in high pH 
(alkalinc) soils; Mn deíiciency is most common in 
arid region soils. Howevcr, vvherc it has bcen solubi- 
lizcd and Icachcd out o f  acidic soils in high raintall 
arcas, Mn is deficient.

Soil tests tor Cu and Mn đeíìđencies arc the DTPA 
extraction but are in limited use and arc somcwhat 
approximatc except wherc e;ood extensive corrclation 
has becn donc. Crops scnsitive to low Mn include 
alfalta, citrus, truits, and potatocs. Spccitìc Mn toxic- 
ity has been ohservcd in strona;ly acidic soils grovving 
cotton (crinklc leaf), tobacco, sovbeans, and various 
fruit trecs.

V. Plant Growỉh, Soỉl Fertility, and 
Environmental Pollution

Incrcases in populations, manutacturing, and luxuri- 
ant liviniỊ coupled with the thro\v-it-away mentality

all h c lp  t o  p u t  s t r c s s  OII o u r  e a r t h .  w a t e r ,  and  air. 
Many soil tests are incrcasingly useđ (1) to oređict 
thosc problcm pollutants that can aítect plant trovvth 
and (2 ) to m ore accurately prcdict t'ertilizer n-:eds as 
one mcchanism to minimize pollution. A wcll-.<nown 
saying says, “ If i t  ain’t brokc, d o n ’t tĩx it." The prior- 
itv need in cnvironmcntal pollution is to identiry that, 
indccd, pollution exists. W hen that is determir.ed. it is 
then possiblc to ascertain the identity, conceirration, 
hazard, and sourcc o f  the pollutant. |Sí't' So.L P o l-
Ì.UTION. I

Pollntion is dcfined as the addition o f  any substancc 
to aìr, water, or soil which makcs that resource lcss 
desirablc for pcoplc’s usc. TIuis, pollution can bc sub- 
stances o f  undcsirable odor or tastc, hcat. increasinn 
“ liardncss” (calcium and magnesiuni) in \vater, tox- 
ins, and many othcr materials. Polliitants can be many 
thiniỊS and arc trcquenđy not poisons. Agricu.turc has 
been blamed for many pollutants, nmny o f  vhich do 
also conic troni urban and city runoff wa:ers and 
volatile chcmicals uscd by all pcoplc. This sccrion vvill 
bricfly rcvicvv soil tests and problcms associared with 
(1 ) thc nutrients nitrogcn (nitrates) and phosphorus 
(phosphatcs), (2) heavy nictals, (3) toxic organics 
othcr than pesticidcs, and (4) residual pesticidcs.

Exccss uitrates in watcr can cause the hcalth hazard 
metlienioglobinemia (bluc bahy disease or oxygen dc- 
tìcicncy) and the lcss serious eiưiophìcatiivi (growth 
o f  algac in nutricnt-rich watcr cvcntuallv lcading to 
oxyiỊcn-dcpletcđ watcrs). N ot only is metì.emoglo- 
binemia trcqucntly a scrious problem to young m am - 
mals, but it can also, in hiíỊh concentrations, causc 
various levels o f  brain damaỉỊC and have othcr eííects 
to adults. Exccss nitratc is rcduced to nitrite by micro- 
organisms in the m ammal diíTCStive trac;. Young 
mammals lack the stomach acúlity to hinder this 
transíòrmation. The nitritc movcs into the blood and 
oxidizes the oxy^en  carricr so it cannot carry oxygcn 
to the bođy. Enough nitratc (about 70% ofthc oxygen 
carrier changcd) can cause the VOUIIÍỊ mammal to suf- 
íocate (=  blue baby diseasc =  cyanosis). With less 
nitratc, various ciamaa;c, but not death, is possiblc. 
Drinkine; watcr, and thus drinking watcr sources 
(groundwatcr and surtacc vvatcrs) nmst not cxcccd 45 
parts per niillion as mtratc. Eatiníí toods hiỉỊh in ni- 
tratc (hiiíhly N-fertilizcd torasrc or “ trrccn” vegeta- 
hlcs) may add to the nitratc 111 tlie bodv.

Soĩl tcstiníỊ tor nitratcs lcaVÌ11EỊ hclds or movins; 
dccp into groundwatcrs is iiH Tcasing. The tests arc 
simplc chcmicallv. The ditíĩcultv is in collcctiníĩ decp 
samplcs (several tcet below crop roots or from 
iỊroundwatcrs) and in bemu; ablc to idcntity the surtace



.110.1 troni vvhich anV mcasurcci nitratcs orÌLỊÌnated. 
A tliiri) problcm is ho\v to incrcasc N íertilization 
c th đ c n c y  to avoiit overuso. Hovv docs OI1C prcdic t 
trom soil tests the aniount ot h.‘rtilizcr nitro^en to 
jdd , whcn it shoukl be addcd, .ìiid how  it should bc 
addcd to m inim ừe cxccss nitrate loss to vvatcrs? This 
nceđs to hc accomplished w ithou t ;illovviiiíỊ a detì- 
c ic i icy  tb r  th o  p l a n t ' s  11SC n o r  a d d in s r  c x c c s s i v c ly  to  
che costs ot Application. Rescarch 011 these problcms to 
determine thc bcst practiccs for eiVicient yct adequatc 
f c r t i l iz c r  a n p l i c a t i o n s  is c a i Ị c r ly  in  p r o i Ị r c s s .

Otlicr torins ot nitrogen arc also o f  concern. N itro -  
HCI) oxidcs (burninu; o f  oriỊanic vvastes and tossil fucls) 
incrcasc tlic acidity ot rain, aid in đepletion o f  tlic 
OZOI1L’ laycr (that protccts us t rom  cxccssivc ultraviolet 
o r  “ tanniniỉ” rays), and acccntuatc somc rcspiratory 
illncsscs. Nitrosamincs in m any toods arc iiHTcascd 
bv nitritc productioii and arc relatcd to íbrmation ot 
somc cancers.

1'hosplionis is not ;t Health liazard to peopk'. H ow - 
ever, as the most otten liniitintỊ mitricnt in \vater (it 
h;is !ow solubility), addcd phosphatc' is tho major 
cause of attivpliiiiilio ii. As tlie algae grow, die, and 
arc dcconiposcd, the vvatcrs’ oxygcn is lovvcrcd. In 
scvcrc comlitions tìsli and other vvater lifc die bccausc 
ot insiiííicient oxygi-n. Sonic havc relcrred to sncli 
lovv-oxygcn vvatcrs as “ đcad w a ters .” M any older 
detcriĩcnts had a soluble hcxanictaphosphatc as a ma- 
jor portion ot its “ activc” cleanimỊ ingrcdicnt. An 
incrcasc in watcr’s phospliorus can also origínatc tVoni 
I’ adsorbcd onto soil partides which arc eroded into 
surtacc watcrs.

Soíl and watcr tcsts are uscd to ascertain the extent 
ot pollution by nitratcs and phosphates. Once thc 
arcas and cxtcnt o f  pollution arc knovvn, m orc  effi- 
cicnt fertilizer and erosion-control practices can bc 
emphasized as ncedcd. Because phosphorus has low 
solubility and 110 volatilc torms, thc mechanisms to 
rcduce pollucion by phosphatc can be quitc diíTcrcnt 
and are usually lcss complicateđ than is rcductioii ot' 
pollution hv nitroiỊcn.

H cnưy Metals are considered a scrious health-hazard 
pollutant. Heavy nictals arc clemcnts, so they never 
hrcak down turthcr. Usually they havc low solubility 
and mobility in soils; oncc they comaminatc a soil or 
l.ike hed, they m ove in small am ounts  and only short 
dist.inccs. Thcre arc manv inctals involvcd which in- 
đude  cadmium (Cđ), incrcury (Hìị), lead (Pb). chro- 
niiuni (Cr), nickcl (Ni), zinc (Zn), copper (Cu), bcryl- 
liuni (Bo), sclcnium (Se), arsenic (As), and many 
otlicrs. Their sourccs arc many: hurniniỊ tossil tucls. 
scxvaiỊO sliidiỊOs. clicinical niamitacturinií vvastcs.

smelter sniokc, dcctroplatiniỊ licỊUĨd vvastes, iílazes, 
putty, paints, and tanninị* plant liquid \vastes.

Soil, watcr, and plant testiiií' arc used to quanúty  
pollutants in soil, watcr, and toods. Sevcral ot thcse 
nictals (tor cxample Zn and Cu) are plant and animal 
nutricnts and arc nccdcd 111 sniall amounts, but thcy 
arc toxic in lartỊcr amounts. The plant will take up 
its nutrients rcadilv but vvill tcnd to partially exclude 
nonnutrients troni uptake. Cadinium is onc notablc 
cxccption. Cadniium is reađily absorbed and can bc- 
conic a mạịor problcm in íoods caten by aniinals 
(includinụ; pcoplc). MonitoriiiíỊ hazardous lcvels o f  
C'.d and othcr licavv tnctals is requircd bv la\v in nianv 
statcs and involvcs lands on vvhich scwae;c sludgc and 
somc otlicr additivcs hit^h in hazardous nictals aro 
applicd.

Various toxic organics are commoii hazards. Exclud- 
ins> pcsticidcs, discussed later in this article, toxic or- 
1'anics include spillcd hiels. solvcnts, spray oils, vari- 
ous matcrials in scwatỊc shidtỊcs, and tbod processiníỊ 
wastcs. The charactcristics and varicty o f  these haz- 
ards ;ire almost unlimitcd. Gas, oil, tucl oil, dormant 
oils, grcasc solvents, washiiiíỊ detergcnts, w ood prc- 
scrvativcs, paint and its vvastcs, and niaiiy other matc- 
rials can, in particular instanccs, bccomc hazardous 
contaniinants. The tcsting for thesc materials can be 
complcx and rcquirc many kinds ot instrunionts and 
well-traincci chcmists. Ịò'í'c Pcst Management, (Chem
ical Control. I

Residtial pcsticides receive che niost scrutiny troin 
thosc conccrned with pollution in atỊricultura] pro- 
ccsses. Thcsc materials arc intcndcd as “ pest killers.” 
Manv pcsticidcs are harmtul also to people. N um er-  
ous pesticides are suffĩdcnt]y hazardous cnough tliat 
zero mcasurablc levols are allowed in harvcstcd foods. 
Soil samplcs and plant tissues are tcsted for pesticide 
rcsidues extensivcly to protcct the public against non- 
permittcd pesticidc accumulations. Most analyses are 
for minutc amounts (parts pcr lĩiillion parts and parts 
pcr billion parts). Thcse rcsiduc tests rcquire careful 
analysis and scnsitivc lỊas chromatographs and other 
cxpcnsivc cquipincnt for confident and quantitative 
mcasurcmcnts.
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Glossary
A vailab le  w ater Watcr in soil between tìeld capacity 
and pcrmanent wiltiinỊ point; variablc units (e.e;., pcr- 
ccntagc or millinictcrs o f  cquivalcnt surtate vvatcr) 
C apillary co n d u ctiv ity  Hydraulic conductivity 
undcr unsaturatcđ conditions; the ccrni is novv consid- 
cređ to bc obsolctc; samc units as fbr hydraulic con- 
ductivity (scc DiíTusivity)
D a rcy ’s law  A law relating the quantity o f  watcr 
flowing through the soil pcr unit timc to the hydraulic 
gradicnt; thc proportionality constant in the law is 
thc hydraulic conductivity; the Darcy ]aw is needeci 
to solve tìow problems in saturated and unsaturatcd 
soils
D if fu s iv i ty  Unsaturated hydraulic conductivity 
times the ratc of change o f  soil matric potential with 
water content; units: m n r /s e c  
H yd rau lic  co n d u ctiv ity  Proportionality constant 
in Darcy’s law; it is considered to bc a constant undcr 
saturated conditions, but changes with the moisture 
contcnt undcr unsaturatcd conditions; variablc units, 
but oftcn given as m /sec  or m /d ay  
H ydrau lic  grad ient In Darcy’s law, the diítercnce 
in the hydraulic head at two points under consider- 
ation in the soil dividcd by the distance betwcen thc 
points; a reterence lcvcl must bc specified; it is a slopc 
(gradicnt); Linits: a lentỊth dividcd by a length 
H ydrau lic head Elevation (hciíỊht) with respect to 
a spccitìed rctcrcncc levcl, usually the soil surfacc. at

which water stands in a piezoinetcr in vvater-saturated 
soil; the definition o f  hvdraulic head can be extcnđed 
to soil abovc the vvater tablc, if the piczomcter is 
replaced by a tensiomctcr; the hydraulic hcad in cithcr 
case is the sum ofgravitational and pressure potcntials; 
units: a lcngth
In f i l t ra t io n  Entry o f  watcr  into  soil; infiltration rate 
givcs the volurne o f  vvatcr cntering a specificd cross- 
sectional area o f  soil pcr unit timc; units o f  inHltration 
rate: usually cxpressed as m /scc  or m /day  
N o n lim itin g  w ater range Rani*e o f  vvater that can 
bc absorbcd by plant roots, and may be smaller than 
thc availablc watcr rangc; thc NLW R acknowlcdíJes 
that both aeration and mechanical resistance affect 
availablc water; on onc end o f  the scale, oxygen limits 
root growth and on the otlicr cnd ot' the scalc, mc- 
chanical resistance rcstricts root growth; thc NLW R 
becomes narrowcr as bulk dcnsity and acration limit 
root ỉ^rovvth; samc units as for availablc watcr 
P referential flow  Flow o f  water in continuous non- 
capillary-sizcd voids (c.q., cracks, root channels, 
w orm  holcs) or in zones ot"locally high conductivity 
in capillary-sizcd porcs; in preíerential flow, watcr 
bypasses the matrix porc space
S orp tiv ity  Measure o f  the ability o f  soil to attract 
water by capillary action; units: m m /se c 1/2 
T en sion  in íìltrom eter Instrument that can control 
preíercntial flow o f  water through the macroporcs 
and soil cracks; thc tension iníiltrometer cvolvcd into 
the đisc permeamcter, which is used when threc- 
dimensional infiltration is bcing considered; w ũh  
thcsc instruments, macroporc flovv is controlled by 
applymíỊ watcr to soil at watcr potentials less than 
zero

So il-vvatcr  rclationships can be defined as the inter- 
actions betwccn watcr and the soliđ and porous parts 
o f  the soil. For a typical soil, air and watcr take up



50% of  the space. OriỊanic im rter and niincral ìm tte r  
takc up thc otlicr 50% (Fig. I). At truc saturation, all 
o f  thc porcs ave tìllcd vvith liquid \vatcr. At optinnmi 
moisturc contcnts íbr plant íỊrovvth, thc air and vvater 
spacc arc about cqual, each about 25% ot' thc soil 
volumc. This articlc vvill ađdress lio\v tlic vvatcr, solid 
particlcs, and porcs in tho soil arc interrelated.

I. Terminology

A. Water Content
T \vo  im p o r tan t  expressions uscd to dcscrihc the State 
ot vvater in thc soil arc wntcr con tm t and ttuiĩcr potcntidl. 
The tìrst tcrni tỊÌvcs the amonnt ot watcr in the soil 
eithcr by \vciy;ht or volumc and is dctìncd as the vvatcr 
lost from thc soil upon dryinn to constant niass at 
105°c. It is exprcsscd cither in units o f  mass of wa- 
tcr pcr unit mass o t 'd ry  soil (kg/kíí) or in units ot 
volume o f  water pcr unit bulk volumc ot soil 
(nvVni ).

B. Water Potentiai
The seconcỉ cxprcssion utilizies the potcntial cncriỊy 
status o f  a sniall parccl o f  watcr in the soil. All watcr 
in the soil is subjected to force tìdđs oriiỊÌiiatinc; troni 
tbur main íactors: thc prescncc of the solid phasc (the 
matrix); thc (rravitational tìcld; any dissolvcd salts; 
and tlic action o f  cxtcrnal íỊas or vvater prcssurc. u  
the forcc íiclds in tlic soil are compared to a retcrcnce 
point, then thcy can bc cxpresscd on a potcntial encriỊy 
basis, and cach of thc four íactors can bc assigned a 
scparatc potcntial cncriỊv valuc. The sum ofthc.sc four 
potcnti.il encrqy values is callcd the U'dtcr po taư ia l o f  
the soil or the lơtal ìưater potcntial to cniphasizc thac 
it comprises scvcral f'actors. The rcfcrcncc point tor
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FIG U R E  1 S p  .ICC in  a soil. (F ro m  K irk h an i. I ) . .  and  Povvcrs. 
w . L. Copyright 'rc  (1972). “ Advanced Soil Physics."' p. 1. Ueprintođ 
hy pcrm ission ot Ịolm Wiỉcy and Sons. Inc. W ilcy. N c\v  York.

thcsc potcntial cncriỊĨcs is t.ikcn as purc trec vvater at 
Sonic specihed hoiíỊht or  elcvation. lỉccausc vvater is 
hcld in tho soil by torccs ot' adsorption, absorption. 
cohcsion, and solution, soil \vater is usưally not capa- 
blc otiioiiiẹ; as much w ork as purc frcc \vatcr. Hcncc, 
thc \vatcr potemial is uormallỵ neiỊativc.

1, Matric (Capillary) Potentiai
The niíĩtric po n v tiíil cncrạy or the Iiiairii potciitiứl is the 

portion o í th e  vvatcr potcntial that can be attributed to 
the attraction o i 'the soi! matrix íor \vatcr. The matric 
potcntial used to bc called the capiìhry potcntidl, bi> 
aiuse, ovcr .1 lartỊC p.irt ot its vange, thc matric poten- 
tial is duc to capillary action akm to tlic risc of \vater 
in small, cylincỉrical capillary tubcs. Ho\vcvcr, as the 
W;itcr contcnt decrcascs in a porous inaterial. vvater 
th.It is hcld in pores duc to capillarity bccomcs nciíliui- 
bly small, \VÌK11 coniparcd to the u.itcr hcld dircctly 
011  particlc surtaces. T h e  te rm  matric po tcnùa i .  there- 
torc. covcrs phenomcna bcvond tliose tbr vvhicli a 
capillary analotỊV is appropriate.

T h e  nuuric  potcnti.ll m ay  bc đeterm incd  w íth  a 
tensiomctcr, vvhich measures niatric' potcntial oívva- 
tcr iu situ. (The vvord tcnsiomcter  rctcrs to the tact that 
it measures the soil iiio iỉtiinã ÌCIISÌOII, a tcnn no loniỊcr 
uscd in đeíining the componcnts ot the watcr potcn- 
tial. Soil moisture tcnsion has bccn representcd ottcn 
with a positivc sign, in which casc it can bc consiđcred 
to bc num m cally  cqnivalcnt, but opposite in siíỊn to 
thc matric potcntial.) The instrimicm consists ot' a 
porous, pcrmcable ceramic cup conncctcd throuíỊh a 
watcr-filled tubc to a nianometer, vacuum ^augc, or 
othcr pressure-mcasurinu; devicc. Watcr prcssurc in 
the manom etcr comcs into cquilibrium with thc acỊịa- 
ccnt soil throu^h rtovv across the cerarnic cup. The 
lici^hc ot' the liquid colunin at this timc is an indcx 
o f  matric potcntial.

The units used to mcasurc matric pocential, and 
other  potcntials, b ec o m c ovidcnt, w hen  w e considcr 
measurcmcnt ot matric potcntial with a tcnsiomcter. 
The forcc per unit area, or nes;ative pressure ot the 
w ater  in thc  po rous  cup, is the w cigh t per un it  cross- 
section ot' the han^intĩ colunin. This is the volume of 
tlic colunm dividcd by thc area nmltiplicd by the 
density ot' the liquid \vatcr and the acceleration ot 
lỊravity:

p  =  F/ A =  mX/ A  =  (r)(p J(.< j/-'l) =
{hApw g ) / A  = hpwA>, (1)

v v h c r c  p  =  p r c s s u r c ;  1' =  torce; I I I  =  mass; iỉ = 
accclcration duc to ỉ»ravitv: .4 = arca; ỉ '  = volumc; 
p „  =  d e n s i t y  o f  \ v a t e r ;  /( =  h e i n h t .  a n d  t h e  p o t c n t i a l



(noi;at'.vi. prcssurc) is in units o f  potcntial cncrgy or 
\ v o r k  p c i  u n i t  v o l u m e .  In tho  c c n t i m e t e r —í Ị n i n i —s e c -  

ond (cgs svstem ot unics. 1 0 2 0  cm ot'vvnter would 
c x c r t  a n-.-iỊativc p r c s s t i r c  o t

(I )20 cm)(l tị /cm ')  (980 cm /se c ’) =
999,600 d y n c / c n r  (2)

or 1 X i d y n c /c n r  =  i bar, bccausc, in cgs prcs- 
snrc mút.1, 1 bar  — 1 X I ( / ' d y n c / c n r .  T lic  SI (Sys- 
tèmc Intưnational) unit for prcssure is tho Pascal, 
vvliich is 1 Nevvton pcr square mctcr and thus 10 
bars = I MPa or 1 MeiỊaPascal. T he  unit (d y n e /cm 2) 
is thc samc as potemial cncriỊv/voliunc, because it' 
wo nmltiply thc top and bottom  o t ' th e  traction. /7  
A.  in Eq. (1) hy  1 cm ( =  c m / c m  =  un ity),  w c  £ỊCt 
vvork/Yolmne = potontial cncrtỊỴ/ volumc:

ị(dyiic)(cin)|/ |(cm 2)(cin)| =  potcntKìl 
cncn»y/voluniL' =  cru;/cnr\

b ea iusc  1 đ y n c -c m  =  1 eriỊ.
Units ot potcntial cncrgy pcr unit volunie can be 

convcrteđ to units ot potcntial cncruy pcr unit n n ss  
by diviilinư; by thc dcnsity ot watcr, which wc shall 
takc to be 1 g /cnv ’:

(1 X ld('dync/cm2)/1 g/cnv' = 1 X lo'1 đyne-tm/ 
g =  I X 10' 1 é r g / g  =  10 ()J /k g ,

hccaưsc 1 jo u lc  =  1 X lo 7 cru;s. O r ,  1 bar  can bo 
consiđercd to bc rhe cquivalcnt o f  100 l/kiỊ. N otc  that 
tho units o f  matric potcntial are not cqunl to potcntial 
cncriỊy units (crtỊs; joulcs), but can bc iỊĨvon in units 
ol potcntial energy /vo l or potcntial onenỊy/masS'.

2. Gravitational Potential
The ỊỊraưitatiouaỉ po ta itid l c n a ỵ y  o r  the ỊỊravitatkmaì 

potcntiiil is thc potcntial cncre;y associatcd vvith vcrtical 
position. The rctcrcncc hciíỊht or datuni assiíỊned can 
vary according to nccd and is often bascd on utility. 
Ít is tỊcmrally convcnient to kecp the rcfcrencc level 
sutficii.-ntlv low so that onc docs not íỊCt netỊativc 
valncs. Solutions to  problcms arc pronc to crror when 
ncíỊativT numbers are used. Land survcvors take thcir 
datuni at a levcl below the lovvcst lcvcl that they 
expcct to cncounter OI1 thcir survey. Then all o f  thcir 
lcvels will bc positivc. Soil scicntists ottcn takc eithcr 
tho soil surtacc or the uxouncKvater levcl as the refer- 
cnrc lcvol. The rctcrcncc lcvel usuallỵ depcncỉs upon 
tho dircction ơt vvater movcmcnt: risinẹ or iníìltra- 
tion. It the reterence lcvcl is bclovv tho point in ques- 
tion, \vork must bc cỉonc on the vvatcr and the lỊravity 
potenti.il is positivc: it the level is abovc, \vork is done 
bv the \\atcr and the qravity potcntial is nctỊativc.

3. Solute Potential
The soltiĩc po tn itiiil a in ỵ y  or solutc potcntial is che 

portion o f  thc vvatcr potential tliat can be attributẹd 
to the attraction o tso lu tes  for vvatcr. I to n e  has purc 
vvatcr and solution sepanưcđ by a meinbranc, pressurc 
vvill build up OI1 tlic solution sidc ot thc mcmbrane 
that is equivalent to the energy diíTcrencc in water OI1 
the tw o sidcs o f  the membrane. This pressure, which 
is usually called thc osm otii pressure, is numerically 
equivalcnt, but oppositc in sign, to tlic solute poten- 
tial. The  solute potential is ottcn called the osmotic 
potcntial. The osmotic potential is usưally ignorcd in 
dctcrmininiỊ vvatcr m ovcm cnt in the soil, unless the 
soi) is saline.

4. Pressure Potential
Tlu' presstirc potentiaì cnciỵỵ  or prcssure potcntial is 

thc potential cnergy duc to thc vveighc o f  watcr at a 
point under considcration, or to gas pressure which 
is diíTerent trom vvliat exists at a reícrencc position. 
Sometimes tliis pressurc potential enerqy is dividcd 
into tw o scparatc components: the air pressurc poten- 
liiil, which occurs undcr unsaturatcd conditiuns vvhcn 
the soil has an air phasc, and the hydroslatic pressurc 
po ta itia l, which occurs vvhcn thc soil is saturated and 
thcrc is a hyđrostatic pressurc troni an ovcrlying vvatcr 
pliase. In saturatcd soil, the pressurc potential is somc- 
timcs callcd thc pii'Z0inetnc potcntial, becausc it can be 
measured with a piezonn'ter. A piczomcter is a tube 
placcd in soil vvith ics top cnd open to thc atinosphcre. 
It also may havc opcnings in the wall at thc point 
vvhere thc prcssurc measurcmcin is to bc taken. The 
lcvcl ot watcr in the tubc, measured from a suitablc 
retcrcncc, is the piczometcr rcading. Pressure poten- 
tials duc to c;as m ay bc mcasurcd with manometers.

5. Other Potentials Defined
Occasionaỉly, a iciisioiìictcr pressure potential, which 

is thc potential n.ieasurcd with a tcnsiomctcr, is dc- 
tincd. The matric potential diíTcrs from tnc potential 
mcasured with a tcnsiometer, because the soil air pres- 
surc is maintaincd at the rcterence pressure. The rcfcr- 
cncc pressure can be atmospheric pressure. However, 
the dittcrcncc betvvccn atmosphcric pressure and air 
prcssurc in thc soil is usually ignored, and thc potential 
measurcd witli a tensiomcter is considered to bc the 
matric potcntial. But it one vvere comparing mcasure- 
mcnts o f  matric potential made with a tensiometer 
011 top o f  a mountain and at sea levcl, then One would 
havc to considcr air pressurc ditĩerences.

O thcr potcntials may be đetìned according to necd, 
such as an overhurdetì potential, which occurs whcn the



soil is frec to niovc and so me part of its weií*ht bc- 
comes involved as a forcc actiiiíĩ upon vvatcr at the 
point in question. But, vvhen a potential that is not 
zcro is neglected, it must be assumcd that it is implic- 
itlv includcd in one o f  thosc vvhich is explicit in thc 
defmition. For examplc, whcn overburden potential 
is neiỊlected, it becomcs implicit in the prcssurc poten- 
tial or matric potcntial.

Water movcs in rcsponsc to diíTcrenccs in watcr 
potential. The differcncc is called thc water potcntiúl 
diịịerence. The ivater potential ạradient is thc potcntial 
differcnce pcr unit distance o f  flow. Watcr moves 
from high potcntial cner^y to low potential cnere;y. 
Undcr nonsaline, unsaturated conditions, the two 
m o s t  i m p o r t a n t  p o t e n t i a l s  in th e  so i l  a rc  t h e  m a t r i c  
potcntial and thc gravitational potcntial, and botli 
must be considered in dctermining thc dircction ot 
flow ofwater. Undcr nonsalinc, saturated conditions, 
thc two most important potcntials in thc soil aro thc 
(hydrostatic) pressurc potential and thc gravitational 
potcntial, and thc diíĩerencc in the sum of thcsc two 
potcntials, callcd the liydnutlic Uead diffcrence, governs 
the soil water tìovv.

6. Hydraulic Head
The hydraulic head is thc clevation (heiiỊht) with 

rcspect to a specitìed rctercncc lcvd, usually the soil 
surtace, at vvhich water stands in a piezometer in 
vvatcr-saturated soil. The dcfmition ot hydraulic hcad 
can bc extcndcd to soil above thc watcr tablc, if thc 
piczomctcr is replaced by a tensiomcter. The hydrau- 
lic head in eithcr casc is the sum o f  gravitational and 
pressure potentials. For imsatUTated soil, the prcssurc 
potcntial is the matric potential with a change in sign 
as notcd earlier. Engineers use thc tcrm hydraulic 
head, bccause it is easìcr to use units of lcngth than 
units oí potential energy.

Potential cncre;ies as cxpresscd as hydraulic hcads 
arc thc íbundation o f  engineering practice and arc used 
in studies o f  tile drainae;c, irriqation, and transport of 
vvatcr and plant nutrients or pollutants in soil. Poten- 
tials are at the basis o f  all saturatcd and unsaturatcd 
rtovv problcms in vvhich the Darcy law, to bc deíĩned, 
is uscd.

Wc can scc vvhy units of matric potcntial eneríỊy 
can be cxpressed in units o f  lcngth, or head units, if 
wc look at Eq. (1). In Eq. (1), we note that thc valucs 
(pw and tị) in thc last term oí"Eq. (1) can bc considcred 
constant on carth, but not the hciííht, /í. Acceleration 
duc to tỊravity does vary with latitudc and elevation, 
accordim* to Hclmcrt’s cquation (givcn in hand- 
books), but the variation is minor. For exaniplc, at

Manhattan, Kansas (325 111 abovc sca level; 39' 12' 
latitude), wc fmd trom Hclincrt s equation that 
(J =  979.99 cm /sec2, which rounds off  to 980 cm/ 
scc’, thc valuc normally used Í11 solviniỊ equarions 
vvith (J. Because and /Jw arc constant, wc can mea- 
sure matric potential by ineasuring the heit?ht ot 
watcr in a tcnsiomctcr with a ruler. The gravitv po- 
tcntial can bc mcasured vvith a ruler, too, bc:ause 
it is based on the distance abovc or bclcvv a 
rctcrcncc point. Thcretore, \vc can gct the total 
hoad o f  water under unsaturateđ conditions (matric 
potential + íỊravitational potential) with jus t  a ruler. 
If the watcr is undcr saturatcd conditions, wc CÍ11 iỊet 
thc total hcad ot watcr hv measuring the heiebt ot' 
water in a piezonieter with rcspcct to its bottom cnd 
and addintỊ this height to the hciglit duc to gnvity . 
vvhich is the distancc ot the bottom  cnd ot'thc pitzom- 
eter do\vn to the rctcrcnrc level.

II. Static Water

Watcr is attracted into soil porcs prcdominantly bc- 
causc of thc  attraction ofw ater  to other suríaccs adhc- 
sion) and because o f  capillarity. Suríacc tension Con
trols the risc or f'all o f  a liquid in a capillary tubc. 
Theretbrc, we shall now considcr surtace tension and 
risc and fall o f  watcr in soil porcs.

A. Suríace Tension
An objcct is undcr tension if a pull is being extertcd 
on it. Tension  is a pull or stretching torce per unit 
arca (F / A ). The tcrtn surỊhcc lenỉioiì should not be 
contuscd with tcnsion. Surface tension, or  more spc- 
citicallv, the surỳacc tension cocffiáent, is an energv per 
unit arca or, cquivalently, a forcc per unit len^th. But 
tcnsion is a íbrce pcr unit arca.

Pierre Simon Laplacc, the í^rcat Frcnch mathcmati- 
cian (1749-1827), was the first pcrson to explain 
mathcmatically suríace tension (1S0C)). A molccule in 
the body o f  a íiuid is attractcd equally from a.l sidcs. 
But a molecule at the surtace undergoes a rcsultant 
invvard pull, becausc there arc no molccules above 
the liquid causing attraction. Hcnce, niolccules in the 
surtacc havc a stron^er tcndencv to move to the inte- 
rior ot thc liquid than inoleculcs in the interior havc 
to niovt’ to thc suríace. What rcsults is ;i tcndtncy tor 
any body ot liquid to niininiize its surtace area. This 
tcndcncy is ottcn opposcd bv extern.li torccì actmiỉ 
on thc bodv o f  liquid. such as lỊravity actinẹ on a 
watcr drop restniiT 011 a Hat surtacc ur adhcsive torces



betvvcen vvatcr and otlier materials. Thus, tlic actual 
surtacc may not bc an absolutc n iinimum, but rathcr 
,1 niimmum dcpcndinn OI1 tho conditions in vvhich 
the bodv of liquid is huind. Lk’causc ot surtacc tension, 
a thin r.izor bl.uk' or a vvatcr bectle can rioat 011 the 
surtacc ot \vatcr vvitliout brcakiniỊ through.

B. Water in Capillaries
Suríace tension is uscd to dctcrminc tlie lieight o f  rise 
in capillary tubcs. The  cquation for the hciííht ot risc, 
/; , ot liquid in a capillarv tubc is:

//t =  (2w cos ar)/(rpt>). (3)

\\herc  ơ  = surtace tcnsion (surtacc tcnsion coeíTi- 
cicnt) ot the liqnid (units ot i í /s2 or dyne /cm ), 
ư = contact angk' betvveen the liquid and tubc, 
r =  rađius o f  tulx' (cin), p  =  dcnsitv o f  liquid (g/ 
cn r) ,  and = acccleration duc to gravity (cni/s ). 
T l i e  e q u a t i o n  f o r  t h c  h c i g h t  o t  r i s c  is d c r i v c d  in  S tan 
dard physics textbooks.

c. Soil Moisture Characteristic Curve
lt onc kecps track o f  the moisture withdravvn from 
an mitially saturated soi] corc, as tỊrcater tension is 
succcssivcly applied, and then plots 011 thc .V axis 
(abscissa) vvatcr contcnt (moisturc pcrccnt by volumc 
in thc soil) (not tlic w atcr  sucked  out) and o n  the Y 
axis (orđinatc), tcnsion licad (positive units) or niatric 
potontial (nc^ative units), the curvc so obtaincd will 
hc the so-callcd moisturc characteristic (A B C D  in Fig.
2). The moisturc pcrccntatỊc on such a curvc may be 
based OI1 oven-dry wcight, but in drainatỊC vvork, as 
in the tìiỊurc, thc soii moisture charactcristic is most 
usctnl when the moisturc is exprcssed 011 a volum e 
basis, bccause then thc suríace centimcters (dcpth) o f  
irriiỊation vvater necdcd to rcplenish moisture in the 
saniplc is obtaincd tròm  the charactcristic. For cxam- 
plc, a nioisturc pcrcentacỊC o f  30% by volum c at satu- 
ration mcans that, tbr a 1 0 -cm dry soil laycr, one 
nccds to apply 3 cni of water to the suríace to brintỊ 
tlic 1 0  cm to saturation.

D. Falling and Rising Water Table: Hysteresis
In Fii». 2, onc may think o f  thc tension as bcing pro- 
duccd by a hi II in Lí \vatcr tuble. O ne may vcrity the 
follo\vini> on the hiỊurc: Initially (point A), the bulk 
voliunc ot the soil has all o f  its porc spacc, that is, 
50"4) ot its hulk volnmc, hlled vvith watcr. For 20 cm 
cicpth ot \vater table, the nioisture percentagc at thc
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FIG U R E  2  A so il m o is tu rc  c h a rac te ris tic  ío r  a lo a m  soil. (F ro m  
K irkhani, L). (I% 1). “ Lccturcs on  A gricultural D rainage,"  p. 24. 
Institutc o f  Land R cclam ation , C o lle^ e  o f  A iỊriculturc, A lcxandria  
U n ivcrsiry . A lcxanđrỉa, E gypt.

soíl surtacc is 40%; for 40 cm dcpth o f  water table, 
15%; and for 100 C111 dcpth, 8 %. In Fig. 2, if the 
water table had tallen to 40 cra dcpth and then risen 
slovvly to the soi] surtace, tlic moisture pcrcentages 
would bc thosc correspondintỊ to the dashcd line. The 
tailnrc o f  thc curvc to retracc itselt in the reverse 
dircction is callcd hysteresis. In Fig. 2, thc soil moisture 
characteristic A B C D  is that ot' a loani. For fincr- 
texturcd soils, the curves would be hiíỊher. lf, for Fig.
2 , the watcr tablc for thc dashcd curvc hađ not riscn 
slowlv, thc moisture percentagc for zcro dcpth o f  
watcr table vvould be, bccause ot trappcd air, lcss than 
50%. Even if thc watcr table rises slowly, there is 
usuallv a small am ount o f  trapped air, and, whcn 
hystcresis loops arc detcrmincd cxperìmentally, they 
arc not SCC11 to rcturn to the original point.

It' thc soil is saturatcd to thc surface and covercd 
by a thin layer o f  water, therc will be no tcnsion in 
the soil pores (voids). If the water table fal!s throuẹh 
thc soil suríace, tension vvill dcvelop in the soil pores. 
l í  the pores are o f  the same diametcr, they wilì start 
to drain and the water level in them will tall the same 
distancc thc watcr table falls. The m axim um  tension 
that the talling water tablc can exert OI1 a soil pore at 
the soil suríace vvill bc p ^g lì d y nes /cm 2, vvhcre lì is 
thc depth o f  the water tablt' bclovv the soil suríace. It 
the di.uneter oí' the porc is too large to support this 
tcnsion, the porc will not bc subịect to che m axim um  
tcnsion.



Howevcr, pores in the soi] arc not the samc diamc- 
ter. Figure 3 illustratcs what happens in a soil porc 
o f  variablc diamcter, whcn the water table talls tor 
six diffcrent cases o f  watcr tablc fall. The depth ot 
soil and thc len^th o f  the pore channel for ẹach case 
is taken as 15 cm, so that, for the heights o f  capillary 
rise shown, the diamcter o f  tubc nearest the surtace is 
calculated to bc 0.075. T hus,  thescalein thc horizontal 
direction is, as secn in the íìgure (2/0.075 = ) ,  27- 
fold that o f  the vcrtical direction. In part A o f  the 
íĩíỊure, the soil is shown saturated to the surface. In 
parts B, c ,  D, E, and F, thc water table is shown at 
successivcly greatcr depths. In part B, 4 cm height o f  
water c o l u m n  is held; in part c ,  also 4 cm. In part 
1)  only suíĩicient water curvature has developcd in 
che narrovv neck to support about 5 cm height of 
watcr. In part E adđitional curvature has developcd 
in thc narrow neck, such that about 8 cm height ot 
water is supported. In part E the water tablc is at 13 
cm dcpth and in part F it is at 15 ctn depth, a drop 
o f  2  cm. In dropping these 2  cm, thc ability o f  thc 
narrow n e c k  to support the nccdcd 2 cm is excceded 
and thc pore then empties suddenly and discorìtinu- 
ously to about the level o f  the watcr tablc. This cxam- 
plc shows that the eniptying o f  individual porcs oc- 
curs discontinuously. Whcn the watcr is rcmoved 
from a large num bcr o f  pores, as t'or any soi! samplc,

u ĩ  15* L f L = - l .
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FIG U R E  3 T h e tallme; w ater tab lc  in a so il pore (channel) ot 
variable diam cter. N o te  the diíTerencc in the vertical and horizonta) 
scales. T he vvater tabỉc is indicatcd by an invcrtcd G reek “ dcita."  
(From  Kỉrkham , D . (1% 1). “ Lcctures on A^riculcural Drainai^e," 
p. 27. Institucc ot Land R cclam acion, C o lle g c o t  Ae;ricultiire, A !ex- 
a u d r i a  U n i v e r s i t v ,  A l c x a n d r ĩ a ,  E i í y p t .

a graph o f  moisturc pcrcentage versus tension (or 
matric potcntial) does not show the discontinuous 
nature o f  the porc-emptying process. The example 
also shows that soil porcs can bc íìlled with water 
(saturated), yet the water is under tension in the pores.

In Fig. 4, at the left, thrce shapes o f  pores are shovvn 
w hen  the water table has fallen from a level A to the 
lcvcl B. The same threc porcs arc shown at the right 
vvhcn thc water tablc has risen f'rom a lcvel c  (say) 
to the level B. At the lcft, the pores are íìiled up to 
the heiíỊht hc, thc capillary height o f  rise. At the right, 
only one porc is fillcd up to the height /ic; one pore 
is cmpty; and One is partially fillcd. The soil at the 
left, for the water tablc falling, has a niuch higher 
moisture percentage than the soil at the right for the 
water tahle rising.

FiíỊiire 4 also í>ives a physical pictnrc for hysteresis 
shown in Fig. 2. A soil that is being wet up troni a 
rising water tablc holds less watcr than a soil that is 
bcing dricd dow n. For the íalling vvater tablc, watcr 
is hcld in tubes oí' supercapillary size, if thcre is a 
rcstriction o f  capillary sizc at or belovv the hcight o f  
capillary lift. Watcr can be drawn up above a w atcr 
tablc, however, only by a continuous capillary open- 
ing without supcrcapillary enlargements. Hence, 
m ore vvater is hcld in thc capìilary ịringe, which is the 
thickness o f  saturatcd vvatcr held by capillarity abovc 
the watcr table, abovc a sinking wator tablc than above 
a rising water tablc. Thesc conccpts wcrc explained 
in 1937 by Cyrns Fisher Tolman o f  Staníord Univer- 
sity in his classic book, G round Water.

O ne conđudes from Fig. 4 that applications o fsu b -  
irrigation vvater to raisc thc water table will not result 
in the samc am ount o f  moisture in the capillary íringe 
as will applications o f  surfacc watcr. Subirrigation 
would provide more soil aeration than surface addi- 
tion o f  watcr. This may bc dcsirablc in some cases.

F IG U R E  4  Soil porc con d itio tis  tor .1 t'jlling and tbr a risinị> 
w ater tablc. (F rom  K irkham , 1). (1% 1). “ Lecturcs on  A gricultural 
D raina^ e,” p. 28. institute o f  Land R eclam ation , CollciỊC o f  A g:i- 
culturc. A lexandria U n iversity , A lexandría. Ei»ypt.



11II. Dynamic Water

/A. Saturated Soil
1. Darcy's Law
Undcrsiandinu; m ovcm ent ot watcr in saturatcd soil 

i:s import.int in ilrainaiỊC and groundvvater stuđies. 
T h e  Frcnch hydraulic oiiíỊÌnccr, Hcnry l-Miilibert 
(.ìaspard Parcy (1803—1858) deíermined expcrimcn- 
t;ally the la\v that lỊovcrns thc flow  ot water throiiSỊli 
Sỉaturatcd soi 1 (1856). It is called D t i n y ’s liỉii' and to 
iillustratc it, lct us considcr FitỊ. 5, vvhich shovvs watcr 
filowing throLitỊh a soil column o f  lcngth L  and cross- 
Sicctional arca, A .

T he lavv can bc stated as tollovvs:

Q = - K A ( l h  -  / , , ) / (c ,  -  c ) . (4)

v.vherc Q  is the quantity o f  watcr pcr sccoud sucli as 
im cubic centimetcrs pcr sccond, often callcd thc /íi/.v;

centimctcrs pcr sccond, is the liydraulic cpndnctiưily 
(irhc law dcíìnes K );  hcads /í, and /li and distanccs c, 
aind ĩ ,  arc as shown in Fig. 5. T he  rcfcrcncc lcvcl licrc 
is. the .V, )' planc. T he  hcad //1 is tlic hydraulic hcad 
to r  all points at the bo ttom  o f  the soil column, tliat 
is,, at c  =  C|, and sim ilarly thc hcad //) applics to all 
p>oỉnts at the top o f  the soĩl column, < = ;->. The 
lcniỊth o f  the column is = L . The ncgative
si gn in thc Darcy cquation is used so that a positivc 
v.aluc o f  Q  will indicatc Hovv in thc positive c dircc- 
ti on. The positivc -r dircction is mcasurcd tVoni C| to 
~ In the Darcy law cquation, thc quantity — /|i)/ 
( c ,  — C|) is called the liydnuilic ạradient í; the rntio Q /  
A  is callcd thc flux pcr unit cross-scction or  ỊÌIIX density  
(c nrV sec)/cm 2. The ratio Q / A  is nlso callcd thc D arcy 
ư cloá ty  V or, vcry oftcn, ju s t  the v e h c ity  V. Thcrctbre,

F I G U R E  5  lllu st ratioii o f  I)arcy*s l a w .  (F rom  K irkhani, 1).. and 
Povvcrs, w. L .  C opyrii»lit 'ồ  (1972). “ A d van ced  Soil P h ysics."  p. 
47. Wik*y, Ncvv Y ork. Ucprintccỉ by  pcrm ission  o f  Ịolin W ilcy and 
Sons ,  I m .

Darcv’s lavv mav bc vvrittcn as I’ = — K i. The iiclitdl 
veloà ty  ot thc vvatcr in tlu‘ soi) is nuich ỉỊreater than 
thc i )arcv vclocitv. The actual vclocity is o» the avcr- 
aiỊC !’//, vvhcro / is thc porosity or tho irettcd porosity  
to emphasizc that the ro is 110 air in thc pores. The 
porosity is the volumc ot porcs in a soil sample divided 
bv the bulk volumc o f  the sample. The  porcs can bc 
tillod vvith air a n d /o r  vvatcr. The  pcrccntaiỊe porosity 
in the soil can bc detcrniined trom thc tollcnvmg 
cquation:

% porosity = 1 0 0 % — (bulk density/particle
density) X 100. (5)

The Darcy vclocity I' tncans more than rtux pcr 
unit arca Q / A .  In Fig. 5, suppose thar the supply o f  
vvatcr shovvn drippintỊ into rhc soil colunin is abruptly 
cut otT du ri 11 (Ị a short timc interval A/ during vvhicli 
//-> decreascs hy ầ li . We lct ầ q  bc the volumc o f  vvater 
flowiniỊ dow nw ard  throui*h thc soil in Af. Because 
Q  is the tìovv pcr sccond, wc may writc ầ q  as 
At] =  QAi, and we also have by continuity o f  flow 
Aí] =  A ầ li .  Thereíòre, Q ầ t  =  .4A/|, and Q /  
,4 =  A/|/A/. Physically, A/í/Afisa vclocity; thcrctorc, 
so is V =  Q /.4 . T lm s, the Darcy velocitv I' rcprcsents 
the ratc A/í/ủí approachcs íili/ílt ot hill ofsurfacc vvatcr 
in Fig. 5. II thc hydraulic gradicnt is unity (prcssurc 
potcntial satnc at top and bottom ofsoil columii), then 
I' = — K . Tlius, it is dctcrmincd that K  is numcrically 
equal to thc rate o f  f;)!l of a thin layer ot pondcd 
vvater into the soil, undcr only thc íorce o f  the carth’s 
íỊ r a v i t a t i o n a l  p u l l .  W c  also SCO t h a t  K  is the vclocity 
under a unit liydraulic ẹ^radient.

Flow in a vcrtical soil colum n has becn used to 
dcrivc and illustratc O a rc y ’s law. Hovvcvcr, thc  law 
and principlcs dcvclopcd abovc apply íbr flow o f  wa- 
ter in any dircction in thc soil.

2. Hydraulic Conductivity
The hydraulic conductivity should not be coníused 

vvith thc intrinsic penneahilitỵ , sometimes just  called 
the penneability , o f  the How mcdium. The intrinsic 
pcrmcability can bc uscd to dcnotc the permeability 
of thc mcdiuni vvithout rcíerciicc to thc tìiud that is 
moving. The intrinsic pcnncability, symbolizcd by 
k  by M. Muskat, a Petroleum engincer iìi the United 
States vvell know n for his studics in thc 1930s and 
1940s ot Buid tìow throiiíỊh porous media, is equal to 
K r}/pạ , whcrc K  is the Darcy hydraulic conđuctivity, 
T) is thc tìuid viscosity, p  is the fluid density, a n d ^  is 
thc accclcration duc to gravity. Dimcnsionally, k  is 
an area (L  ). The units o f  K  arc 1 1 1 /day. vvhich is the



same as (nrVm2) /day. That is, K  may bc interpreted 
as the m3 ot water sccpintỊ throuíỊh a m 2 o f  soil pcr 
day under a unit hvdraulic gradicnt.

Hydraulic conductivity in natural field soil is gov- 
erned by factors such as cracks, root holes, vvorm 
holes, and stability o f  soil crumbs. Tcxture, that is, 
the percentagc ot' thc primary particles o f  sand, silt, 
and clay, usually has a m inor  ctTcct on hydraulic COI1-  
ductivity, except for disturbed soil materials. The hy- 
draulic conductivity o f  natural soils in place var- 
ics from about 30 m /day  for a silty clay loam to
0.05 m /d ay  for a clay. The hydraulic conductivity 
tor disturbed soil matcrials varies from about 600 m /  
day for gravel to 0.02 m /day  for silt and day . The 
value o f  K  can bc made higher or lowcr by soi] man- 
agement. Roots o f  crops aftcr decay increase K \ com- 
paction o f  soi] by animals or niachinery decrcases K , 
at lcast in the suríace soil.

Ordinarily onc considcrs K  in V =  — K i to bc 
a constant under saturatcd flow. lt is a constant it 
(a) the physical condition o f  the soil and o f  the watcr 
docs not change in space or timc as the vvater moves 
throutỊh thc soi] (c.g., th e  soi] is isotropic, that is h y -  
draulic conductivity is thc same rcgardlcss o f  the di- 
rection o f  mcasurcment) and if (b) the type o f  How 
is laminar, that is, not turbulent. In laminar flow, 
tw o particlcs o f  vvater secping through the soil will 
describe paths (strcamlines) that Iiever cross each 
other. In turbulent flow, cddies and whirls dcvclop. 
The possibility o f  turbulcnt flow is considered in soil 
only i f  the soìl is a coarsc sand or íựavcl, and then 
only if  the hyđraulic gradicnts are large (largcr chan 
found in most problems o f  interest to agricultural soil 
scicntists).

3. Laplace's Equation
To solve ẹ;roundwater sccpagc and drainagc prob- 

lems, it is desirable to have a general differcntial equa- 
tion. It is found that Laplacc’s equation applies, which 
is a íamiliar cquation occurring in nearly all branches 
o f  applied raathematics. Laplace’s cquation is derivcd 
trom Darcy s law and the equatiim o ị contìnnity. The 
cquation o f  continuity states mathematically that mass 
can bc neither created nor  destroycd. We can State 
the equation o f  continuity in words, as follows: For 
a volumc elcment .V times Y times z,  the change in 
vclocity ot water in thc X  đirection plus changc in
vclocity ot water in thc )' đirection plus chanqe in
vclocity o f  watcr in the r  direction is cqual to the
total chan^e in \vater content, 0 , per unit timc o f  the
volume element under considcration. That is, inflow 
ot' vvatcr in the clemcnt minus outflow o f  vvater is

equal to the watcr accumulatcd. Let us imagine a 
rcctangular X, y, z  System o f  coordinatcs that is estab- 
lished in a homogcncous porous medium o f  constant 
hydraulic conductivity, and lct li be the hydraulic head 
retcrred to an arbitrary reterence level for a point 
{ x ,y ,z )  a n d  le t  t i m e  bc t a n d  I'v, I’y, a n d  1' .  b e  th e  
velocity o f  watcr flowiníỊ ìn the -V, y, and z  directions, 
rcspcctively; then, with 0  bciniỊ the volume o f  water 
pcr unit volume ot' bulk soil, from thc equation o f  
continuity,

— Ị(ớt'v/đx)  +  ( dvy/ d y )  +  ( d r . / d z )  = d Q / d t (  6)

and D arcy’s law, one may, tor incompressible stcady- 
statc (d d /8 t = 0) flow in a porous mcdium where K  
is constant, derivc the cxpression

(d2h / d x 2) + (d2h / d y 2) + (c)2h/ ỉ)22) = 0, (7)

as the expression governing íỊroundwater flow. 
The steadv, saturateđ-flow cqnation is abbreviated
v2h = 0.

Charles s. Slichtcr, a mathem atiđan at the Univer- 
sity o f  Wisconsin, was thc first to show in 1899 that 
Laplacc’s equation applics to the m otion oí ground- 
water. Many mathematical solutions for groundwater 
flow Lisin^ Laplace’s equation havc bceti done by Don 
Kirkham o f  Iowa State Univcrsity.

B. Unsaturated Soil: Diffusivity
So far, wc have bccn considering water flo\v in satu- 
ratcd soils. Although flow in saturated soils is im- 
portant, soils arc not gcnerally water saturatcd (satu- 
ratcd mcaning that the matric potential is equal to 
zcro).

Wc novv consider concepts o f  unsaturated flo\v. 
Using the equation ot' continuity and assuniin^ that 
Darcy's law holds for unsaturatcd moisture flow, One 
may dcrive thc following cquation:

( d / d x ) k ( d h / ờ x )  + ( d / d y ) k ( d h / d y )  +  ( d / d z ) k
( ờ h / d z )  =  d Q / d t ,  (8)

whcre k  is hydraulic conductivity under unsaturated 
conditions, lì is the hydraulic head, and 0  is the trac- 
tion o f  the soil bulk volunie occupicd by water. If 
the soil is saturatcd, the equation rcduces to Laplace’s 
cquation because k  and 0  become constants. In the 
past, k’ has been calleđ the capillary cotuÌHCtivity, but 
the term is now  considered to bc obsolete bv the Soil 
Science Society ot' America, because a capillary model 
may not applv to che m ovemcnt oí vvatcr under unsat-



uratcd conditions. For solutions o fE q .  (8 ), the result 
has dcpcndcd upon threc íacrors:

1. W c  r e p l a c c  //, t h e  h y d r a u l i c  h e a d ,  b y

h = V  + z ,  (9)

vvherc y  is the  called the  m a tr ic  potcntia l  or  capillary  
potential (rather than the pressurc potcntial, bccause the 
soil is now not saturated) and c is thc gravitationa] heađ,

• a s  b e t o r e .  In  1931 ,  L. A .  R i c h a r d s  a ( t h e n )  d o c t o r a l  

í S t u d c n t  a t  C o r n c l l  U n i v e r s i t y  in  N e w  Y o r k  p u b l i s h c d  t h e  

11'quation in which h is replaceđ by Ỷ and ■?;

i ( d / d x ) k ( d ^ / d . x )  + ( d / d y ) k ( ở ' Ị ' / d y )  + ( d / d z ) k ( d V /  
dz)  +  d k / d :  =  ÓI0/ỔÍ. (10)

lEquation (10) is knovvn as Richards’s equation, a 
nonlincar, partial diffcrential cquation. Such equations arc 
đithcult to solve. In 1955, john R. Philip of Australia 
gavc a solution.

2. Wc introduce a terni called thc ciìffusú’it)’ D, 
clctìncd by

D  =  k ( d V/ d O) .  (11)

o  has units of [mnr/sec]. In 1936, Ernest c .  Childs in 
Ent;land noted that, undcr unsaturateđ conditions, water 
movcs accorđing to ditĩũsion equations.

3. Wt’ novv makc usc of a mathematical
t ransíorination, so-callcd the Boltzmann traiisịormation, 
vvhicli involves the tinic I to the one-halt powcr. In 1952, 
Ariiolcỉ Klutc a doctoral student at Corncll University in 
Nt‘w York introduced this Boltzmann variablc:

X =  1 /2  x r ' n . (12)

Hc wrotc tht- How cquation in a diffusion form with 
watcr content, 0 , as the dependent variablc:

Ờ O /d t = (d /  d z )D (d Q  /  d z )  +  (d k /d z ) .  (13)

He then restrictcd himselí to the gravity-free case 
(horizont.ll Hovv into a soil colutnn):

Ở O /d t =  (ở /c )x )D (ở Q /d .x ). (14)

Klute transtormed the partial differential equation into an 
ordinary dittcrcntial cquation by using this Bolrzmann
variable,

In 1907, Edgar Buckingham o f  the U SD A  Bureau 
ot Soils in Washington, D C  already had published a 
bulletin cntitlcd “ Studies on thc M ovem ent o f  Soil
M oisturc,” vvhich cstablished thc mathematics o f  un-
saturated soil watcr Hovv. Hc saw that the capillary 
conductivity (the unsaturated hydraulic conductivity) 
is a tunction o f  water content or matric (capillary) 
potcntial. The tìo\v equation is sometimes know n

as the Darcy-BuckìnỊỊỈiani lau>, which lionors both its 
discoverers in the sa turatcd and unsatLiratcd rcalms.

Thus, dcscription ot vvater flow in soi] rcquires thc 
tunctions D (0)  and Ả.’(0). In (Ịeneral, it is difficult to 
measurc D(0 ), especially in situ. It is simplcr to mea- 
surc the total ctTect o f  the capillary attractivcness o f  
soil, n a m d y  rhe sorptiư ity s  [m m /scc l/2|, a term de- 
fincd by Philip in 1969. The sorptivity is equal to thc 
tollowing:

5 =  H J ^ K d O  (15)

and can be approximated bv the following cquation:

S.Ỉ = [(0O -  e n)/b]eJ*°Dde  (16)
vvhere 0 „ is the initial soil watcr contcnt, 0 S is the 
saturated vvater contcnt, 0 H is thc water content to 
which thc soil surtace is wet, and 2 <  b <  tt/4 ,  often 
/) =  0.55. Thus, to interpret s„, in tcrms ot D, re- 
quires mcasurcmcnt o f  0 n and 0 O, which can bc easily 
cỉctermincd. In theory, to describe flow in a uniíorm 
soil, one only requires instruments to measure the 
sorptivity and thc conductivity íunction from  sat- 
uration, 0 S, wherc 0 O =  0 S, w h ich isa t  the free watcr 
condition o t ' ^ ,  =  0 , down to 0  =  0 n and Ỷ  =  Ỹ n, 
where com m only  Ỹ,, —> — 00,

IV. Intìltration

lnfiltraũon rate may bc deíìned as the metcrs per unit 
tirne o f  vvatcr cntering into the soil rcgardless o f  the 
tvpes or values o f  forces or gradients. The tcrrn hy- 
draulic conductivity, which has been detìned as the 
meters pcr day o f  vvatcr seeping into the soil under 
the pull o f  gravity or under a unit hydraulic gradient, 
shoulci not be contused with iníìltration rate. Iníìltra- 
tion rate need not refcr to saturated conditions. If two 
rain drops o f  total volume 2  m m 3 =  0 .0 0 0 0 0 2  m 3 fall 
pcr day on a m 2 o f  soil and arc absorbcd into the soil, 
the iníìltration rate is 0 .0 0 0 0 0 2  m /day .

Water entry into soi] is caused by matric and gravi- 
tational forccs. Therctore, this entry may occur in the 
lateral and upward directions, as well as thc dow n- 
\vard onc. Infiltration normally rcfcrs to the dow n- 
ward m ovem ent. Tht' matric forcc usually prcdomi- 
natcs over thc gravitational force during thc early 
stages o f  water cntry into soil, so that observations 
made during the earlv stages o f  iníìltration arc valid 
when considcring the abscnce ot' gravity.

if  water intìltratcs into a dry soil, a deíinitc u > e t t i n Ị  

ịront, also called a w et ịront, can bc observed. This is 
the boundary  bctvveen thc wetted upper part o f  the



soi] and the dry  lovvcr part ot thc soil. It vvatcr is 
iiứìltratin^ into soil containcd in a clear plastic col- 
umn, oné can obscrvc thc progress o f  tho wct tront 
and mark wct tronts as thcy chan^e with timc (Fig. 
6). At prcsent, it is impossiblc to measure the matric 
potcnđal cxactly at the wct front, bccausc it proẹrcsses 
too rapidly into the soil. Howevcr, one can measure 
amount o f  vvater iníìltrated and the depth and shaoe 
o f  the wet tront, and comc to important conclusions 
about the entry o f  vvatcr into the soil. Iníiltration is 
extremely important, bccause it detennines not only 
the am ount o f  water that will cntcr a soil, but also the 
entrainmcnt o f  thc “ passenger” chcmicals (nutrients, 
pollutants) dissolved in it.

Four modcls tor infiltration into the soi] havc becn 
dcvclopcd. Thcv all dcal with onc-dimcnsional, 
đovvnvvarđ intìltration into thc soil.

A. Lewis Equation
From work initiatcd in 1926, Mortimcr Rccd Lcvvis, 
an irrigation cnginccr at O regon  State ColleíỊe, used 
thc following cquation for iníìltration:

/  = y t \  (17)

whcrc I is the cumulativc iníiltration bctween timc 
zcro and t, and y  and a arc constants. Equation (17)

F IG U R E  6  W ct tronts for a sandv loam  soil. (F rom  Kirkhani. 
M .  B - .  a n d  C l o t l u c r ,  B .  H. Lllipsoidal d c s e r i p t i o n  o f  s v a t c r

Hmv in to s o il from  A surhicc disc. TriỉHỉ. hư. ('.on^r. Soil Sĩi. 15, 
in pross.)

has been erroneously attributcd to A. N. Kostiakov. 
and often appcars in the literature as the “ Kostiakov” 
cquation. The paramctcrs in Eq. (17) are evaliiatcd 
by fitting the rtiodel to cxpcrimcntal data. By dctìni- 
tion, the iníiltration rate i =  d ì/d t .  Thus, thc inhltra- 
tion rate for thc Lewis cquation is tỊÌveii by

i =  a y r ' - ' .  ( 1 8 )

B. Horton Equation
In thc 1930s, Roberi E. Horton, a pionecr in the study 
ot' infiltration in the field, đeveloped thc tollowing 
cquation:

i = if + ụ„ -  /f) e x p ( -  p t) , (19)

whcrc i0 is the initial intiltration ratc at / = (t. /ị- is 
the íinal constant iiứlltration ratc that is achicvcd at 
largc timcs, and /3 is a soi 1 paramcter that describcs 
thc ratc o f  dccrcasc o f  infiltration.

H orton fclt that thc rcduction in infiltration rate 
with timc was largcly controlled by tactors operatintỊ 
at thc soil surtacc. Thcsc indudeđ  svvclling of' soi] 
colloids and the closing ot small cracks, which pro- 
íỊressivcly scalcd the soil suríacc. Hc also recognized 
that a barc soil suríacc was compacted by raindrops, 
bnt crop covcr mitigatcd their ctìcct. H orton’s held 
data showcd that the iniìltration rate cvcntuallv ap- 
proachcd a constant valuc, which was oítcn somewhat 
smallcr than the saturated permcability of the soil. 
The lattcr observation was tliouglư to bc duc to air 
entrapment.

c. Green and Ampt Equation
The abovc modcls arc cmpirical. w .  Hcbcr Grccn 
and G. A. A m pt in Australia published in 1911 an 
iníìltration cquation that was bascd upon a simple 
physical tnodel o f  the soil. It has thc advantage that thc 
parameters in thc cquation can bc rclated to physical 
propcrtics o f  thc soil. Physicallv, Grccn and Anipt 
assumcd that the soil was saturated bchind the wetting 
tront and that one could cỉcfine somc “ ettective” ma- 
tric potential at the wcttinií front. During infiltration, 
if the soil surfacc is hcld at a constant matric potencial 
or hcad /í„ with associatcd water contcnt 0 U (e.^., bv 
ponding vvatcr over it), vvater cntcrs the soil behind 
a sharply defined vvet tront that nioves dovvnvvard 
with time (FitỊ. 7a). Grccn and Ampt replaccd th i s  

process with onc that has a discontinuous ch inẹe in 
vvater content at thc vvettinẹ tront (Fig. 7b). In addi- 
tion, thcv mađe tho tollovvine; assumptions: (i) The
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F I G U R E  7 W a tc r  con  ten c pro t ì les  durinu; in í ỉ l t ra t ion .  (a) A protìle  
that actually occu rs đuriiiií ũưìltracion. (b) A protìle corresp ondin g  
to  the G reen -A m p t infiltration m o d el. (F ron i Jury, w .  A ., Cìard- 
no r ,  w .  R , and  G a rd n c r ,  w .  H .  C o p y r i í» h t  ©  (1991). “ Soil P h y s -  
ic s ,"  5th ed ., p. 132. W ilcy, N cvv Y ork. R cprintcd vvith pcrniission  
o t |«hn W ile v  an d S o n s, In c .)

soil in the vvettcd region has constant propcrties (K a, 
0 „ ,  D„, /i0, wherc K a and D 0 arc thc hydraulic conduc- 
tivity and watcr diffusivity in the G reen-Am pt model, 
respectivcly) and (ii) the matric potential (head) at thc 
m oving  tront is constant and equal to lìr ,

T he Green-Ampt modcl can be used to calculate 
thc iníìltration ratc into a horizontal soil column ini- 
tially at a uniform water content 0 , such that 0 O >  
and an associateđ matric potential or head //„ main- 
tained at tho entry suríacc for all times >  0. UsiniỊ 
thc assumptions o f  the model and Darcy’s law, the 
fbllowiniỊ equation can be dcrivcd:

i =  (đ ì /ắ t) =  A 0 (D o/2 í)W2, (2 0 )

whcrc i = iníiltration ratc, t = timc, A 0  = 0 O — 
0 j >  0, D0 = Ằ'OA /|/A 0  is the soil w atcr diffusivity 
of the vvct so il  region 0 <  X <  L ,  the dcpth  o f  the 
vvctting íront, and A/í =  K  >  0 , and K a is the 
constant hydraulic conductivity o f  the wet region, 
and /ỉF is the matric potcntial or hcad o f  the m ovin^ 
front. Notc in this modcl that the iniìltration ratc into 
the soil is proportional to r ' l/2. A similar exprcssion 
is obtained for iníìltration into a vertical soil column 
at short times aftcr iníiltration bcẹins.

The model has becn used as a conccptual aid in 
visualiziniỊ a complex process. Indirect evaluation o f  
Iiị: has perniitted the rnodel to bc uscd in practical 
applications.

D. Philip lnfiltration Model
|. R. Philip in 1957 suggestcd an approximatc algc- 
braic equation (bascd on sound phvsical rcasoning) 
tor vcrtical intìltration under pondcd conditions. The

cquation, which is simple yct physicallv vvcll tồunded, 
is as tollovvs:

/ =  St '  2 +  Á t ,  (21)

wherc /  is the cumulativc infiltration (mm), 5 is the 
sorptivity (nim h r _l 2), and A  is an empirical con- 
stant (m m /hr) .  The first tcrm on thc right-hand side 
of Eq. (21) ÍỊÌVCS the gravity-frcc absorption into a 
ponded soil duc to capillarity and adsorption. The 
sccond terni represcnts thc iníiltration due to the 
dow nw ard  forcc o f  gravity. 5 and A  may bc found 
cmpiricallv by íìtting Eq. (21) to infiltration data. 
Alternativcly, thcsc paramcters m a y  be dcrived from 
the hydraulic properties o f  the soi]. This is not possi- 
blc for other cmpirical iníiltration equations. For 
horizontal intìkration, cumulative iníìltration I is 
iỊÌven by

/ = S t U2. (22)

E. Two- and Three-Dimensional Iníiltrcition
The prcvious discussion dcalt with onc-dimensional 
inílltration in which watcr is assumed to flow vcrti- 
cally (or more rarcly horizontally) into the soil. Multi- 
dimensional intìltration thcory is an area o f  soil phvs- 
ics rescarcli dominated hy the works o fJ .  R. Philip, 
vvho published his first paper on the topic in 1966. 
Sequcls to his work ha ve bcen carried out by Pcter 
A. c. Raats (1971) in the Nctherlands and Robin A. 
WoodintỊ (1968) in N cw  Zealand.

Multidimcnsional infiltration niodels have utilizcd 
cỉitficult mathcmatics. Howcvcr, practical advances 
in infiltration can be made with simple modcls. For 
cxample, reccntly, a simple, ellipsoidal dcscription o f  
the pattern oí' wetting to approximate the depth to 
the wctting front undcrneath a disc pcrmcamcter, sct 
at and supplying vvater to soil initially at watcr 
contcnt 0 n, has been describcd. Wet íronts show n in 
Fig. 6  werc used in developin^ such an cllipsoidal 
modcl.

F. Redistribution

The tcrm redistribution reters to thc continucd m ove- 
ment o f  vvatcr through a soil profile aíter irrigation or 
rainíall has stopped at thc soil surtace. Redistribution 
occurs aftcr iníìltration and is complcx, becausc thc 
lower part o f  thc proíile ahead o f  thc wet front will 
increase its water content, and the upper part o f  the 
proíile ncar the suríace will dccrease its watcr contcnt.
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aftcr iníiltration ceases. Thus, hystercsis can havc an 
effcct OI1 the overall shapc o f  thc w ate r con ten t p ro íile .

V. Preíerential Flow

The watcr flow equations have been derivcd usiníỊ 
thc assumption that the soi] has a continuous solid 
matrix, which holds water in pores and films. Field 
soil, howcvcr, has a number ot interconnccted cracks, 
root holes, worm  channcls, and othcr voiđs, whose 
physical properties ditTer from the surrounding soil 
matrix. If fillcd, thesc continuine; flow channels havc 
the capacity to carry lar^e amounts ot water at vcloci- 
tics that greatly cxceed those in the surroundiníỊ ma- 
trix. Wc íìrst dt'fine and then considcr the characteris- 
tics o f  tliese voids.

A. Microporosity and Macroporosity
Porcs have been classiíied into diữerent sizcs, as 
follows:

M acroporcs:  diam oters  rang ing  f ro m  >50(10 to 75 /um; 
Mesoporcs:  d iam cters  rang ing  t ro  111 30 to  75 /U.m; 
M icropores:  d iam etc rs  ranginsỊ tVom 5 to  30 jU.ni.

It is often more important to charactcrizc soil pores 
in tcrms oí their tunction, in particular with rcgard 
to their ability to store and conduct water, rathcr than 
tlicir diamctcr. Transport through soil o f  watcr with 
its dissolvcd chemicals, as vvcll as gaseous exchange, 
depcnds critically upon soil pores, and cspccially ưpon 
thc continưous and conncctcd macropores.

Functionally, wc can distinguish bctvvcen macropo- 
rosity and m atrix porosity. Macroporosity refcrs to the 
intcrconnectcd pore space oí voids, which causes pref- 
erential transport o f  both watcr and chemicals. When 
transport occurs throu^h the macropores, there is lim- 
iteđ cxchangc o f  water bctvvecn the macropores and 
thc pores o f  the matrix. Matrix porositv refers to 
thosc pores in which the flow through the body ot the 
soil is slow enough so that thcrc is extcnsivc interpore 
mixing.

If wc consider the unit soil pore to bc a cylinder ot' 
radius r, then thc Hagen-Poiseuille law can bc uscd 
to describc thc flow throuírh the pore:

q =  -  (r2/8ĩ]) (AP/A.v), (23)

vvhere q is thc flux dcnsity (m/sec), TỊ is thc viscosity 
of'water (kg m “ 1 sec-1), and A P  (Pa) is thc pressurc 
ditĩerence across the sniall pipe (porc) of lenụth A.v. 
Since the flux dcnsity incrcases \vith thc squarc ot the

radius, the macropores can have a grcat impact on 
soil-transport processes. This is especially true be- 
cause the niacroporcs frequcntlv torni an intercon- 
ncctcd nctwork. However, thcy art' fragilc and can 
casily be disrupted, particularly at the soil surtacc 
wherc thcy can bc rendered inetĩective by sealing. 
M uch o f  the biologically created macroporosity drops 
otT with dcpth as thc populations o f  soi] íỉora and 
íauna dedine.

B. Macroporosity and Hydraulic Conductivity
Bccause o f  macroporosity, the hydraulic conductivity 
tunction. K (XP) can vary draniatically, m.iinly as a 
rcsult of' changcs in the characteristics ot the largcr, 
suríacc porcs that becomc tìllcd only at hit;h potentials 
near saturation. PiiỊurc 8 shows liow the hvdraulic 
conductivity tunction varics with soil management. 
At the wet end, thc rolc ot macropores is param ount 
in dctcrmininiỊ K ựty). Herc management (c.g., p lo w -  
ing) or Iiatural cvcnts (ẹ.g., crusting o f  thc soil a íter 
rainíall) can m odiíy  rapidly the hydraulic conductiv- 
ity by altcring surtace-vcnting and subsurfacc con -  
ncctcdness. The uppcr curve in Fig. 8  shows a soi.] 
with macroporcs, and thc lower line shows a soi.l 
controllcd by matrix Ho\v.

Tillage, cspccially, atTects porc sizc. Forcs are 
smallcr in tillcd soils, bccausc tillagc pulverizes the 
soil. Whcn the soil is not tillcd, dccaying roots and 
othcr organú' matter crcatc voids. Also earthw orm s 
t h r i v c  OII t h c  o r í Ị a n i c  n i a t t c r  a n d  t h c i r  p o p u l a t i o n s  a r e  
nreater in soil that has not been tilled. Earthvvorm 
holes and root channcls are a primc reason for the 
ditTerence in hydraulic conductivity between culti- 
vatcd and no-till soil.

c. Tension Iníiltrometers
Recognition ot' the importance o f  macroporcs and 
prctcrcntial flo\v has led to the development o f  Instru
ments that can be used in the íielil to control prcteren- 
tial vvatcr flow throuu;li macropores and soil cracks. 
T he  first practical instrumcnt was devcloped in 1981 
bv Brent E. Clothicr ot'Ncvv Zcaland and lan White 
o f  Australia. This símplc instrnmcnt was know n as 
the sorptivity tnbe or more lattcrly as the tetision infil- 
trometcr. Later still it has cvolvcd into the disc permea- 
incter, as described by Kcith M. Pcrroux and I. White 
in 198S. The disc permeameter is uscd when thrce- 
dimcnsional inhltration is being considercd. With 
these instrumcnts. the amount <)f macropore flow 
mcasurcd is controllcđ by applyinu; vvator to soil at
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w ater potcntials, 'l/0, lcss than 0. The m ax im um  di- 
am eter  o f  vcrtical pores, conncctcđ to the soi] surtacc, 
th rough  which water can cnter is given by the capil- 
lary rise cquation (Eq. (3)) and is proportional to the 
niatric potcntial, ( — Ỷ„) The morc negative Ỹ 0, 
thc sniallcr is the maximum diameter o f  a pore that 
can participatc in Bow from the soil suríace. Thcsc 
tw o  instruments are bciiiíỊ uscd to supply water to 
soil in situ at rcadilv sekctable, zcro or neiỊative pres- 
snres. A “ rcady reckoncr” o f  the rclationship betvvcen 
thc negativc pressurc where Ỷ  is in terms o f  eneríỊy 
pcr unit vvcight (in cm o f  H iO  head), and the capillary 
diametcr (ì in m m  is — 3/í/.

M any water flow processcs ot' interest such as 
grouiuivvater recharẹ;e are concerned only with area-

avcragcci watcr input. Thcreíore, preícrcntial flow o f  
water through structural voids does not nccessarily 
invalidate equations that assume homogencous flow. 
Howcvcr, prctcrcntial flow is o f  critical importance 
in solutc transport, because it enhances chcmical m o- 
bility and can increasc pollution hazards.

VI. Soil Water in Relation to Plants

A. Soil Water Budget
The am ount ot vvater availablc for plant uptakc has 
becn related to a soil’s watcr bntigct. The threc terms 
assođated vvith the watcr budíỊet arc point



(W.p.), /»'/</ capaáty (F .c .) ,  and aưailablc water
(A.w.).

1. Field Capacity
To deíine fĩeld capacity we consider the following. 

In many soils, atccr a rain or irrigation, the soil will 
immediately start draining to the deeper dcpths. After 
I or 2 đays thc watcr content in the soi) will reach, 
with time, for many soils, a nearly constant value 
for a particular depth in question. This som ewhat 
arbitrary valuc o f  water content, expresscd as a pcr- 
centage, is called thc ficld capacity. Field capacity is 
oftcn estimated to be thc water contcnt at a soil niatric 
potential o f  about —0.03 MPa. The field capacity 
might bc measurcd as 5% o f  vvatcr per unit volumc 
o f  bulk soil for a sand, vvhich we shall label .4, and 
might bc mcasurcd as 50% per unit volume ot' bulk 
soi! for a hcavy day, which we shall call B.

2. VVilting Point
The vvilting point, also called the pm iiú iie iit wíỉtinf> 

point, may bc dcfined as the amount o f  watcr per 
unit weitỊht or pcr unit soil bulk volumc in the soil, 
cxpressed in percent, that is held so tightly by the 
soĩl matrix that roots cannot absorb this watcr and a 
plant will wilt. The wilting point is usually estimated 
to bc thc water content at a soil matric potential o f
— 1.5 MPa. The vvilting point might be 2%  water 
pcr unit volnmc for thc sand .4, and it niiiỊht bc 20% 
pcr unit volume for thc heavv day  B.

3. Available Water
Plant available vvatcr, A . w . ,  may bc đeíined as thc 

diffcrcnce bctween tìeld capacity, r . c . ,  and wilting 
point, w .p .  The formula is

A .w . = F.c. -  IV. p. (24)

Using the nunierical values o f  w .p .  and F . c .  for thc 
sand A  and heavy clay B, we find available vvatcr as

(Sand A) A .w .  = 5% -  2% = 3%
(Heavy day  B ) A . w .  = 50% -  20% =  30%.

The above two A .  w .  ’s are in perccntaíỊcs referred to 
a volume o f  tmlk soil. Thesc A .ịV . 's  may bc consiđ- 
ercd to mcan that, in 100 cm o f  thc sand A  profilc, 
therc are 3 cni of cquivalent surtầce water in the plant 
available torm; and in 100  cm o th eav y  clav B , thcrc 
arc 30 cm ofcquivaIent surtace watcr in plant availablc 
íorm. The day soil B  storcs (30 — 3) = 27 cm niorc 
ot cquivnlcnt surtace watcr pcr meter dcpth o f  soil 
p ro tì le than docs thc sand ,4. From this examplc, wc

see that soil texture can have a large effect OI1 soi] 
watcr availability.

T he terms sliould be uscd with caution. They do 
not apply to certain exceptional soils. The terms 
should bc bascd on moisture measurements made in 
the ficld to a depth o f  interest, say 100 to 150 cm, 
not on laboratory measurcments. Field capacity is ot' 
doubtíul value for soils havin^ water tables or layers 
o f  widcly diíTering hydraulic conductivity. Some 
havc qucstioned the use o f  “ íicld capacity" at all, 
bccause tho soi] water is no t static and is alvvays mov- 
ing, even  i f  the m o v e m e n t  is small. In the 1Sí70 s , the 
Soil Science Society ot' America (SSSA) considcred 
the tẹrm obsoletc in technical work. H oucvcr ,  in 
recent ycars, the SSSA has rccognizcd its utility in 
practical ficld w ork, and thc tcrm is no lontỊcr consid- 
cred obsolete.

Equation (24) implies to sorae agrononústs that 
water can bc takcn Lip by plant roots with cqual case, 
from íìcld capacity to thc wiltine; point. This view 
was promulgated by F. J. Vcihincyer and A. H. 
Hcndrickson at the University o f  C'alifornia in Davis, 
w ho collaborated for many years starting in che 1920s. 
For most crops, hovvever, yiclds arc reduced if  the 
watcr in the soil approaches the wilting point bctore 
watcr is supplied.

4. Nonlimiting Water Range
In 1985, John Lctey, a soil physicist at thc Univcr- 

sity o f  Caliíomia Í11 Rìverside, devcloped a concept 
called tho notilim iliug tvater ranạc (NLWR), \vhich ac- 
knowledges that vvatcr may not be equally available 
to plants bctween tìelđ capacity and the pennancnt 
wilting point. T he intcraction between water and 
other physical íactors that affect plant g row th must 
be considcred. I3ulk dcnsity and porc size distribution 
affcct the relationship betvveen watcr and both aera- 
tion and mechanical resistance. The relationship be- 
tvveen watcr and acration is opposite to tliat bétween 
water and mechaaical resistancc. Increasing water 
content decreases acration, vvhich is undesirablc, but 
dccreases mechanical resistance, which is dcsirable. 
The nonlimiting watcr rangc may bc aííected by acra- 
tion a n d /o r  mechanical resistance (Fi^. 9). The 
NL.WR bccomcs narrowcr as bulk density and aera- 
tion limit plant growth. O n  One cnd ot the scale, 
oxygen  limits root tỊrowth and on thc other end oí 
the scalc, mcchanical rcsistancc rcstricts root growth. 
The rcstriction may occur at a watcr contcnt hi^her 
than the value that w ould be considcred liiniting to 
plants OI) tho basis ot plant available watcr.
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B. Díought and Flooding
Plant water status is primarily dcscribed by thc sanic 
tw o basic paramcters that dcscribc soil vvater: the wa- 
tcr contcnt (0 ) and the cnerẹiy status o f  thc watcr, 
usually cxpresscđ as the total water potcntial or watcr 
potcntial, Ỷ. As for soils, undcr equilibrium condi- 
t i o n s ,  t h c  S ta te  o t  vva te r  a t  a p a r t i c u l a r  p o i n t  in  a p l a n t  
may be vvritten in tcrms o f  the various com ponents 
of the potcntial cncr^y, as follows:

y  =  Ỷ s + Ỷp +  + 'J'B> (25)

\vhere Ỷ  is the watcr potential, 'I/ , is thc osmotic 
(solutc) — potcntial componcnt, 'p'(, is the pressurc 
(tnrgor) — potential component, Ý,,, is the matric 
com poncnt due to capillary or  adsorption torces such 
as those in the cell wall, and ^  is the com ponen t due 
to gravity. For plants, the matric potcntial and the 
UỊravitational potential arc usually ncíỊlccted, and Eq. 
(25) ređuccs to

yịr =  X Ị /  +  \ j r ( ( 2 6 )

Wherever plants LỊrow, thcir developm ent 1S oftcn

limitcd hy either tơo little or too nuich vvatcr. 
Drouiílit limits lỊrovvth niore than tioodiniỊ. Abont 
40% ot insurancc indcmnities tor crop losscs in the 
United States are for droua;ht and about 20% arc 
íor exccss vvater and rtooding. li) contrast, insurancc 
indemnities for inscct and discases combincd are only 
about 4%.

Sincc ancicnt timcs, man has becn conironted with 
trying to makc drv land productive, as docunicntcd 
by Sanuiel Noah Kramer ot' the University of Penn- 
svlvania in Philađelphia, w ho translatcd the tablets 
o f  thc Sumcrians, as thev werc callcd by the thirđ 
niillcnniuni B.c. The cliniatc o f  thcir country, Sumer, 
is extrem ely hot and dry, and its soil, lctt co itsclt, is 
arid, w in d -sw cp t ,  and unp rođuctive .  T he Creative and 
rosolutc Sunicrians turncd Sumcr into a Gardcn of 
Edcn througli L1SC ot irrigation watcr from the Tigris 
and Euphrates rivcrs, and thcir tablcts tell us how 
tlicy achicvcd tliis. IScc  I r k ig a tio n  En g in k e rin g:  
F a k m  P r a c t i c e s , M e t h o d s , a n d  S y s t e m s ; W a t e k : 

C O N T R O L  ANO U s E .|

M odcrn drylanđ rescarch fol)ows upon tlic basic 
principlcs o f  dryland íarmimỊ, published in 1911 by 
John A. Widtsoc ot thc University o f  Utah. Widtsoe 
dcíìncd dryland tarmiiiỉỊ as “ the proíìtable production 
ot' usctul crops, without irrigation, on lands that rc- 
ceivc annually a rainhill o f 2 0  inches [51 cni] or less.” 
T he methods ofsoi! tillac;c ofJethro  Tull (1674-1741) 
werc at the íoundation o f  Widtsoc’s dry farnnnsỊ prac- 
ticcs. The basis o f  the systcni is to store watcr in 
thc soil by manipulatinn cithcr thc crops or the soil. 
Drought-rcsistant crops, propcr tillagc (diskiníỊ, 
plovving, packine;, harrovviníỊ), mulching to prcvcnt 
cvaporation, cìimination o f  vveeds, and fallowing are 
all im portant Í11 dry tarminẹ;. Scveral largc intcrna- 
tional rcscarch ccntcrs focus their research on im prov- 
ing yiclds under dryland (nonirrigated) conditions. 
Tliesc ccnters include the International Maize and 
Wheat Improvcment Centcr (C3IMMYT) 111 Mexico; 
the International Crops Research Institute for thc 
Scmi-Arid Tropics (ICRISAT) in India; and thc Inter
national Centcr for Agricultural Research in the Dry 
Arcas (ICARDA) in Syria. fs«' D r y l a n d  Farming.Ị

If the soil is vvettcr than fielcỉ capacity, plants may 
still take up watcr. But roots nced at least 10% bv 
voium c air spacc in the soil to survivc, becausc they 
obtain oxygen by ditTusion from the air. ir icss  than 
1 0 %  ot thc soil bulk volume is open to air, then thc 
air-fi]led porcs vvill no: be connectcd togethcr in a 
continuous open path to thc soil surtacc and needed 
oxyc;cn cannot rcach thc roots to cnable them to takc 
up vvater and niinerals. Also, carbon đioxiđe, cvolvcd 
íroni the roots vvhcn tliey take in oxygen. cannot be
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FIGURE 10 M easurem cnt by tim c dom ain  retìcctom ctrv o f the chaiiiỊÌnt' spatial pattcru o t so il \vatcr content in tho rootzonc o f  a k iw ifru it 
vino grovviniỊ Iicar Palnicrston N orth . N o w  Z calan ti T h e uppcr tìiỊure dopicts the averagc rate o f  vvater con tcn t chaniỊc’ over  the 4-vveek  
pcrioil 11 Fcbruary—9 M arch 1W2. T he lovvcr rtiỊuro sliovvs thut ohangc \vh ich  occurrcd o v er  the 2 vveeks tollovvin? irriíỊation ot ju st the  
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rcmoved from thc soil \vhcn it is too wct. Whcn a 
soil is Aooded, gas oxchansỊe bctvvecn thc soil and 
air ís đrastically reduccd, bccausc íỊascs ditĩusc nnich 
inorc slowly throiitỊh vvatcr than throuíĩh air.

c. Root Distribution in Relation to Soil Water
Wc will consider tvvo examplcs troni rcccnt studies. 
one donc Iinder irriiỊatcd conditions and onc douo

undcr drvland conditions. The two studies show the 
im portant rclationship betwcen root distribution and 
soi] watcr.

Greatcr etTicicncy in the usc ot irrigation water vvill 
conic tlirouẹh a bctter understanding ot the distribu- 
tion of root svstems and the tunctionint* ot roots. A 
recent studv done in N ew  Zealand by Brent E. Cloth- 
icr and Stcvcn R. Grcen with roots o f  a kiwifruit 
vinc docun icn ts  the don i inan t  role of surtacc roots
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in cxtractiniỊ vvatcr undcr irrigated conditions and 
dcmonstratcs how  irrigation can iiiHucncc thc spatial 
pattcrn o f  root water uptakc. In this study, watcr 
contcnt was mcasurcd by usmg timc domain rcílcc- 
tomctry (TDR), vvhich pcrmitted observations o f  the 
changinsỊ pattern o f  watcr contcnt in the soil that 
occurs as a resưlt ot root vvatcr uptake (Fig. lơ). This 
11CVV tcchniquc for measuring soil watcr content was 
devcloped by G. Clarke T opp and collcagues in Can
ada in thc 1980s and has improvcd our ability to dcter- 
minc water extraction pattcrns by roots. In the kiwi- 
truit study, aítcr an initial irrigation, the soil water 
content vvas unitorm across the rootzonc; also, the 
water uptakc ratc was quitc unitbrm  (FÍ£. 10, top). 
lk-íỊÍnniní* Í11 the l()th week ot" 1992, just One half o f  
th e  v i n e ’s r o o t  z o n c ,  t h e  S o u t h e r n  h a l t ,  w a s  w e t t c d  
b y  a sprinkler irrigation. Followinẹ; this diffcrential 
irrigation ot the rootzonc, the flow ot water in the 
“ w e t ”  S o u t h e r n  r o o t  i n c r c a s e d ,  b u t  t h e  f l u x  in  t h e  
“ dry" northcrn root was about halvcd. Thus, thc vine 
quickly switchcd its pattcrn ot'uptakc away from thc 
drier parts ot its root zone.

Ot tỊrcatcr interest, hovvevcr, was thc depthvvise 
pattcrn o f  root uptake observed on the wet sidc. The 
preterence for ncar-surtacc vvatcr uptakc can bc secn 
(Fií>;. 10, hottom)- The vine continucd tơextract watcr 
in thc dcnscly roo tcd  region su r ro u n d in g  its base, but 
the shiít in uptake to the surtacc roots on the wct 
S o u t h e r n  s id c  w a s  r c n i a r k a h l e .

The rcsults show that greatcr cttìcicncy in irrigation 
watcr might be obtained by applyint; small amounts 
of vvatcr, more trequently. A small am ount o t ir r iga-  
tion watcr vvould be rapidly used bv active, near- 
surface roots. This would then eliminatc drainage of  
irrigatiun watcr into thc lowcr reíỊÍons o f  the root- 
zonc, whcrc draining vvater passes by inactive roots 
and t;oes to greater dcpth. The importance o f  surtacc 
roots shcnvs thc nccd for small, hiíỊh-frcqucncy irriíỊa- 
tions.

U nder rainfcd conditions in scmi-arid regions, 
howcvcr, it is iniportant to have crops that exploit 
watcr at all depths in thc soil, not just thc surface, to 
makc m axim um  usc o f  agricultural vvater. A crop 
that deplctes watcr in thc uppcr soil zone could be 
tollovvcd by a crop that dcplctes water lower in che

FIGURE 11 Soil w atcr dcpletion  rates o ís o r g h u m  and sunflow er  
durinir three pcriods in 1989: (a) 28  Ịunc to  1 1 Ịuly. (b) 20 to  
26  Julv, and (c) 9  to  15 A ugust. T h e  đcplccion ratcs rcported  
arc m ultip lieđ  bv a ỉactor o f  lo-'; thcreíbrc, 1 m 3 rn~' 
LỈ 1 X lo '  =  o .o o l n i' m ' d *. (F rom  U achidi. F\. K irkham . 
M . 13., S tonc, L. R ., and K«mt*masu, E. T . ( iy y 3 ) . Soi Ị vvater 
d c p lc tỉo n  h y  sunrtoxvcr an d  s o r^ h u n i  u n d c r  ra in fed  co n đ itio n s . 
AịỊriiiilturdl ir.i/íT MiUhìiỊcmvin 24 , 62.)



so i l  z o n c .  T h u s ,  t h c  w a t c r  in  t h c  e n t i r c  so i l  p r o t ì l c  
w o u ld  bc available for uptake by crops. T w o  d rou ^ h t- 
resistant rovv crops in scm i-arid  arcas are íỊrain sor-  
g;hum and sunflow er. A rcccnt stu dy d on e in Kansas 
sh o w ed  that the tw o  crops usc w ater at ditTerent 
dcpths in the soil. S u n flow er dcp lcted  vvater to  a 
deeper dcp th , and had a hií^hcr ratc o f  dcp letion  at 
lovver depths, than sorsỊỈnim (Fiỉ». II).  T h e  rcsults 
sugíỊest that deep-rooted crops m ight be planted in 
rotations w itlì sh allow -rooted crops or atter irrigated  
crops to take advantagc ot' vvatcr at dcpth . In a so il 
w ith  m acropores, su n flow crs m iiỊht be íỊrovvn, b e-  
cause thcir deep roots would takc up vvater that by- 
passcs the roo tzon e of shallovv-rooted  crops.

VII. Conclusion

AU tcrrestrial litc dcpcnds on soil and vvatcr. C iviliza- 
t i o n s  h a v c  r i s e n  a n d  fa l lc n  b a s c d  o n  th o  u s c  o r  a b u s e  

o f  thcsc two primc resourccs. This article has tricd 
to  oxplain so m e  o f  thc basic con ccp ts unđcrlyiniỊ 
so i l-w a tc r  rclationships. A íundam cntal undcrstand- 
ing o f  watcr in soil should pcrmit agricultural prac- 
ticcs that can be bascd 011 sound, scicntiíìc principles. 
With sucli knovvlcdge, wc should be able to sustain 
the thin laycr ot' wcttcd soil on the cartlVs surtacc, 
u p o n  w h i c h  all lifc is d c p c n d c n t .
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Glossary
B ir d  resistant so rg h u m  S o r g h u m  t h a t  c o n t a i n s  a 
p igm cnted  tcsta with condcnsed tannins Chat causc 
t h e  birds t o  p r e f c r  o t l i c r  f o o d  s o u r c c s ;  b i r d s  c a t  t h c  
bird  rcsistant sorghum s whcn other fbođ is 11II- 
availablc
B r o w n  sorgh u m  SorghuiTỊS containiníỊ a p ig-  
m cntcd  testa and condcnsed tannins; kernels may ap- 
pcar b row n or whitc bccause of other charactcrisúcs 
D e co r tica tio n  Process o f  rcnioving the pericarp and 
associ.itcd layers trom a soriỊhum kernel by abrasivc 
action; oftcn callcd dehulling and is done by hand in 
a m ortar  and pcstlc in Aírica; the decorticatcd ÉỊrain is 
crushed and uscd as tìour o r  meal in various products 
P h e R o l ic s  C o m p o u n d s  contain ing  a pheno l riiig 
which includcs tannins, tìavanoids, phenolic acids, 
and othcrs
P lan t c o lo r  Sccondary co lo r  o f  tho sorghum tissue 
( p u r p l c ,  r e d ,  a n d  t a n  a r c  t h e  m a j o r  c o lo r s )
W a x y  so r g h u m  C ontains on ly am ylopectin  in thc 
starch irranules; surtacc o f  the cut kcrncl has a wax 
likc appearance
W eathering The deterioration o f  soriĩhum in thc 
hclci by molds, sprouting, and other hictors

Ò o r g h u m  (Soiỵliuin bìcoìor) is a m ajor  ccreal crop 
grow n in hot, scmiarid tropical and dry temperate 
areas o f  the world. It is a coarse grass that is heat and 
droui*ht tolerant. It is the major staplc produced in 
areas o f  Aửica and India, wherc it is processcd into 
many ditTcrcnt traditional foods. Sorghum  varies in 
hcight and maturity. Hybrid (F|) sorghum s are 
i>rown Í11 dcvelopcd countrics and varicties are used 
in othcr areas. SortỊhum providcs large quantitics o f  
toragc and stovcr for livcstock and buỉlding niatcrials 
and íuel. Sor^hum  grain is similar to maize in com po- 
sition  and P rocessin g  propertics. It is h igh  in starch  
and protein contcnt, and its nutritional valuc is similar 
to that o f  maize whcn it is properly processed. Sor- 
ụ;hum is uscd niostlv for livestock tecds in the Western 
H cn u sp h c re ,  vvherc it is processcđ p r io r  to  ío rm u la t -  
i n g  i n t o  r a t i o n s .  S o r g h u m  is đ r y  m i l l c d  i n t o  g r i t s ,  
t n e a l ,  a n d  t lo u r .  It is u s e d  as a n  a d j u n c t  in  b r e w i n g  
l a g c r  b c c r  a n d  f o r  i n a l t  t o  p r o d u c c  o p a q u e  b c c r  in 
AtVica. S w cet so rghun is  are used to p roduce  s o r^ h u m  
s y r u p s  a n d  m o la s s e s .  S o r g h u m  h y b r i d s  h a v c  b e e n  
improved for yicld, discase and insect resistancc, and 
quality by use o f  germ plasm Ểxom thc wor!d col- 
lection.

I. Introduction

In  t e r n i s  o f  t o t a l  w o r l d  c r o p  p r o d u c t i o n ,  s o r ^ h u m  
|Sf>nj/n//íi b i c o l o r  (L.) MoenchỊ ranks fií'th, with 59 
m illion m etr ic  tonncs o f  total p ro d u c t io n  in 1988. 
Seventy-cight perccnt o f  the sorghum  is planted in 
d e v e l o p i i i í Ị  n a t ỉ o n s .  T h e  p r o d u c t i o n  o f  s o r ^ h u m  is 
concentrated in the United States, Mexico, Nigeria, 
Sudan, Ethiopia, India, and China. M ost Atrican and 
Asian countries usc tall sorghiuns for tood, feed, for- 
ae;e, fuel, and  buildinạ; material. In the  W estern  H cm i-  
sphcrc, sorơhum  is maitily used for feed and torage. 
Specialty typcs are uscd tor syrup, sutỊar, and alcohol
OI1 a l i m i t c đ  b as is .



The sorghum  plant originatcd in the northcast 
q u a d r a n t  o f  A f r ica .  It b e l o n g s  t o  t h c G r a m i n a e  t a m i l y .  
Panicoidca subfaniily, and AndropoíỊcneae tribe. 
M any dittcrent taxonom ic torms and varieties cxist 
w i t h i n  t h c  sp e c ie s .  T h e  c o m m o n l y  u s e đ  í Ị ra in  t y p e s  
h a v c  a l a r g e  c r e c t  s t e m  t e r m i n a t i n g  in  a s c m i c o m p a c t  
to com pact paniclc, whcreas the t;rassy typcs havc 
smallcr stcnis and narrowcr lcaves, tiller proũisely, 
and have lonẹ;, lax paniclcs. The crop is e;enerallv 
h a n d l e d  as an a n n u a l ,  b u t  u n d e r  s o m c  c o n d i t i o n s ,  

ratoon croppiiiíi; o f  old stubblc is a gencral practice. 
Ít is a w arm -scason, annual crop tavored by hii*h day 
a n d  n i í Ịh t  t e m p e r a t u r e s  a n d  i n t o l e r a n t  o f l o w  t e m p e r a -  
tu r c s .  In t e m p c r a t c  e i i v i r o n m c n t s ,  t i m e  t r o m  sovvinsí 
t o  i n a t u r i t y  a v e r a g c s  110 t o  140 d a y s .  S o r g h u m  p la n t s  
r a n q c  in h e iự h t  f r o m  0.6  t o  6 n i  a n d  p o s s e s s  a m o n o i c -  
herniaphroditc flower tliat gencrally sclf-pollinates. 
The grain dcvelops on a branchcd tcrminal panicle 
that can be com pact or vcry opcn. Flowcring procccds 
trom  the top o f  tho panicle downw ard, w ith ca ch 
paniclc containing from 800 to 3000 kernels.

T h c r c  is an  c n o n n o u s  r a n g c  o f  d i v c r s i t y  in t h c  s o r -  
ghum  spccies. The World Sorghum  Collcction main- 
t a i n e d  in  In d ia  h a s  m o r c  t h a n  3 0 ,0 0 0  c n t r i c s .  S o n > ln im  
is c la s s cd  as g r a in  s o r g h u m ,  t b r a g c  s o r g h u m ,  g r a s s y  
or Sudan-type sorghum s, and broom corn. The latter 
is g r o w n  f o r  i ts  l o n g ,  t ì b r o u s  p a n ic lc  b r a n c h c s  t h a t  a rc  
u s e d  to  m a n u í a c t u r e  b r o o m s .  T h e  g r a in  o f  s o r g h u m  is 
classcd accorđim* to pcricarp color (white, yellow , or 
rcd), prcscnce or abscnce o f  a pitỊiiicntcd tcsta (vvich 
or vvithout tannins), pcricarp thickncss (thin or thick), 
cndosperm  color (white, hcteroycllow , or ycllow ), 
and endosperm  typc (nornial, hetcrowaxy, or waxy). 
These kcrnel charactcristics are genctically controlled. 
Plant color o f  sorghum  is can, purple, or red. The 
t a n  p l a n t  s o r g h u m s  w i t h  a vvhitc  p c r i c a r p  a rc  c o n s i đ -  
c r e d  to  h a v e  e x c e l l e n t  q u a l i t y  f o r  í o o d  p ro c ess in s Ị .  A 
great dcal o f  variation exists in sorghum  atcributes. 
For exam ple, a black sorghum  íound in the westcrn 
Sudan has very hitịh lcvcls o f  anthocyanins and con- 
denscd tannins.

II. Plant Characteristics

A. Growth and Development
The írrovvth and devclopm cnt o f  a sorghum  plant is 
similar to that ot other ccreals. Seed sizes rantỊt' from  
approxim atcly 5 to over 80 í* pcr '000 mature sccds. 
Thcre is vcry littlc association o f  plant sizc to sccd 
sizc. DitTcrent typcs ot cndospcrm  affcct seedliniỊ

cnicriỊcncc and viiỊor, that is, \vax.y, suiỊarv, rtoury, 
and iỊradations o f  sotter tcxturcs. H iiíh-qualitv secd 
ot nornial tcxturc iỊcrininatc rapidly in the soil at 
t e m p e r a t u r e s  a b o v c  1 6 ° c .  M i n i m u m  t e m p e r a t u r e  to r  
g crm ina t ion  o f  soriỊhum  seed is 7 to 10°c, dcpcnding 
o n  c u l t i v a r .  N e w l y  c m e r g e d  s e e d l i n g s  can w i t h s t a n d  
f r ee z in t Ị  t e m p c r a t u r c s  ( — 2 t o  — 3 ° C )  for a short pcriod 
o t  t i m e ,  b u t  m o r e  m aturc p l a n t s  a r e  k i l l c d  b y  t r e e z i n g  
tcmperaturcs. O p tim u m  temperature tor íỊrowth ap- 
p e a r s  t o  b e  a p p r o x i m a t c l y  27  to  30°c, b u t  is m o d i í i c d  
by drouiỊht. w ind, and relative hum idity. SoriỊhum  
is a short-day plant becausc tìoral initiation is hastened 
b y  s h o r t  d a y s  ( lcss  t h a n  12 h r)  a n d  d e l a y c d  b y  lontỊCr 
days. F. R. M iller and collcaiỊues đcm onstrated that 
v.ưietics havc ditTercnt photoperiod requirements and 
s o m e  v a r ĩ c t i c s  r e s p o n d  to  d i tY crcnccs  in  d a v  l c n e ; th  o t  
as little as sevcral m inutes.

B. Maturity and Height
Cìenerally, tcm pcrate grain sor^hum  hybrids rcquirc 
100 to 140 days fro 1 1 1 planting to maturity. In tropical 
arcas, the crop is usually planted prior to the onsct 
o f  rains, and Harvest is com plcted aẾtcr thc rains havc 
subsidcd. Yicld and maturity arc rclatcd phenom ena. 
Yiclds gcnerally increasc as tinic to maturity incrcases, 
up to a point where thc requirements tbr i»rowth 
becom c lim iting, then yield decrcases. Sorghum  vari- 
ctics and hybrids ditTer in their ability to tolerate d it- 
tcrent plant populations, tcrtility, and irrigation lev- 
cls. Sonic hybrids respond differently to insccticides 
and w ccd control chernicals. Thcy also respond ditTer- 
ently to stresses and production technolotỊÍes. The 
yicld is variable, and tho bcst cultural practiccs should  
be applicd to obtain the íull potential o f  each hybrid.

Sorghum  height is a variablc trait Chat is undcr 
sim plc qcnctic control. In m ost arcas o f  thc world, 
t a l l c r  plants a r e  p r c t c r r c d ,  b u t  in  t h o s e  a r e a s  \ v h e r e  
m cchanical harvcsting is practiccd, shorter staturc is 
required. A m on g  prcsendy grovvn materials, there is 
a positivc correlation bctvvecn hcight and yield. As 
hcight is increased abovc 1.5 1 1 1 , problem s oflods;in g  
also bccom c im portant. H eight is controllcd by tour 
recessive, nonlinkcd, brachytic dwarfing gcnes. A 
s i u g l c  r e c c s s i v c  i Ịen e  m a y  r c d u c e  h e i ^ h t  b v  5 0  CỊ11 o r  
m orc. M ost tỊrain sor^hum  hybrids developcd in the 
U nited  States are recessive at thrce hcight loci (three 
dw arfs), tỊcnerally du’\, D t ỉ ’ i ,  dit') and dU’4. T he  dw3 
gcnc is unstable. and m utations to dom inance result 
in a highcr than norm al trcqucncy of tall plants in 
othervvisc short hybrids.



M aturi ty  in soriỊlmm has been uscd to  rciỊulatc tlic 
t im c ot Harvest to cscape lỊraỉn đc tcr io ra tiun ,  sccd 
m olds ,  and inscct damaiỊc and to  m ax im izc  vield. 
T lic rc  is a \vidc arrav o f  m a tu r i ty  ditTcronccs t ro n i  60 
to 3 0 0 +  davs to  nuituration . W hen so rg lu im  varictics 
d ittcr  in m auir itỵ ,  it is the  rcsult o t  a rcsponsc  to 
tcn iperature  and p ho topc r iod .  Research has đ en io n -  
s tratcđ  that m.ituritv ditTerenccs in m o s t  so r t íhum  
cultivars arc c o n t r o l l e d  by to u r  íỊencs ( M t i ị , M íU , M a 3 , 
and ,\/<f4) and an allclic series at cach locus. Ratc o f  
íỊrovvth is reHcctcd th rouỉỊh  m a tu r i ty  d itìcrcnccs and 
total lcat p roduction  is corre la tcd  to  m a tu r i ty .  Ratc 
ot leaf production varics on ly  b c tw ecn  2 . 8  and 3.5 
days pcr lcaf, h in h c rn io rc ,  b o th  hciíỊht and ratc o f  
nrovvth are limitcd u n d c r  stress conditions.

ĩ h c  ueiiLtics ot lieiiĩht and  m a tu r i ty  o f  soriỊhum s 
ự ro w n  primarily  in tlie A m cricas  arc im d e rs to o d  suf- 
t ìđ c n t ly  to  perm it casy m an ipu la tions  o f  that gc rm  
plasm. H ow cvcr ,  the A m erican  materi.il rcprescn ts  a 
ratlicr iimiteđ lỊcnotic basc tro n i  vvhich siniỊlc-u;enc 
im i taúons  liave bcen sclectcd. Ít is unrcasonab le  to 
bclicvc thac all the varia tion  in heii*l)t and  m a tu r i ty  
amoiiíỊ divcrse soriỊhums can bc cxplaincd by thcse 
lỊCiies. Hovvcvcr, hciiỊht docs appear  to  be m o re  s im -  
ply controlleđ than docs m a tu r i ty ,  at the  W orlđ  C o l -  
lcction lcvcl.

c. Morphology
( ìra in  color varics f rom  vvhítc transluce in  to  a vcry 
dccp reddish-brovvn w ith  e;radations o t  p ink, rcd, 
yellovv, hrovvn, and in tcrm edia tes .  Grain  co lor  is dc-  
tc rm ined  by p igm cnta tion  in tlic pericarp , tcsta. and 
cndospcrn i .  Speciíìc tỊcncs đ e te rm in c  thc co lo r  o f  each 
of thcsc parts. Pericarp co lo r  is con tro l lcd  bv  R -Y -  
gcncs. A rcd pcricarp con ta ins  R -Y -  lỊcnes, vvhite 
pcricarp contains r ryy  o r  R -y y  tỊcncs, and  le m o n  ycl- 
lovv pcricarps arc rrY -.  A p ig m e n te d  tcsta occurs 
vvhen 13|-l3v-ss and 13Ị-I3-.-S- are prcsent.  T h esc  tỊcno- 
typcs contain condensecỉ tann ins and  are re-
Ếcrrcd to as brovvn so rg h u m s .  T h e  pericarp  co lo r  ot' 
a s o r t Ị h u n i  w i t h  13 |-B 2- S -  q e n e s  is b r o w n  rc í Ị a r d le s s  
ot the pcncarp  EỊcnctics. W hite  mrain is p re tc rrcd  to r  
hum.in tood and milline;; b r o w n  has becn ẸỊcncrally 
to im d undcsirablc because o f  its b i t tc r  rastc, intcnse 
color,  and secd do rn iancy .  H o w e v e r ,  brovvn so r-  
l ĩhum s arc t;rown in certain arcas o t ' thc  w o r ld  bccause 
they  arc m ore  rcsistant to n iolds , w cathcrintỊ ,  and 
bird  attack. In SOH1 L’ arcas b r o w n  s o rg h u m  is íỊrovvn 
bccausc o thcr  so rq h u m s  are dcs troycd . A rgen tina  
iỊroxvs a h i í íh  p r o p o r t i o n  o t  b r o \ v n ,  b i r d - r e s i s t a n t ,  
liiiỊli-tannin soriỊhuni.

Red íỊrain is m ost  trcqucntly  lỊrtnvn in the  U nited  
S ta te s ,  vvlicrc it is u s c d  p n m a r i l y  t o r  l i v c s t o c k  a n d  
p o u l t r y  t'ccd. H o v v ẹ v c r ,  la r i Ịc r  q u a n t i t i c s  o f  \ v h i t e  s o r -  
ẹ h u m s  a re  i Ị r o w n  in s o m c  a rea s  b c c a u s e  oẾ ỉ Ị o o d  y i c ld s  
a n d  i m p r o v e đ  q u a l i t y  o t ' t h e  vvlii te a n d  yc llovv  g r a in s  
to r  Processing. M ost U .S . hybrids  concain yellow  
c n d o s p c r m  ÍỊC11CS t h a t  lỊÌve t h c  e n d o s p e r m  a p.ilc  y e l -  
low  appcarancc. Thcrc  is a strontỊ n io v c m c n t  to w arđ  
p r o d u c t i o n  o f  t an  p l a n t  h y b r i d s .  D i s c a s c  o r  i n s c c t  
damatỊc to the grain o ttcn  causcs colorcd spots in the 
pcricarp and enđosperm  ot sortỊhum s vvith rcd and 
purp lc  plant color. Thcsc  stains atTcct lỊrain appear-  
ancc and Processing propcrtics.

T h e  s t c m  a n d  l c a t ' m i d r i b  a rc  c i t h c r  s w e c t  o r  11011-  
sw cct and dry  or  ịtiicy, w ith  gradations o t  bo th  ot 
t h e s c  c h a r a c t c r i s t i c s .  S w e c t  s t e m  is l Ị c n c t i c a l ly  r c c e s -  
s iv c  t o  n o n - s w c e t .  T h c s e  t r a i t s  a r c  i m p o r t a n t  in  t o r a g e  
s o r i Ị l u i m  q u a l i t y  a n d  d i s c a s c  a n d  d r o u g h t  r c s i s t a n c c .  
L c a v e s  o f  t h c  s o r i Ị h u m  p l a n t  a p p c a r  a l t c r n a t c l y  011 t h e  
stcm. In d w a r f  varietics, leat' shcaths ovcrlap , bu t  
í Ị d i c r a l l y  011 t a l l e r  t y p c s ,  p o r t i o n s  o t  t h c  i n t c r n o d c s  
a rc  c x p o s c d .  L c a f  s ize  is a t i i n c t i o n  o f  s t c m  s izc  a n d  
m atur i ty .  A cutinized laycr covers thc leat and  retards 
d c s i c c a t i o n ;  d n r in t Ị  p e r i o d s  o t '  d r o u í Ị h t ,  s o r ỉ í h u m  
lcavcs infold or  roll to rcducc w atcr  loss.

T ho  soriỊhiim inAorcscncc is a pan iđ e ,  whicli varies 
in shapc t ro m  com pac t to vcry open and  lax and in 
s izc  í r o n i  10 t o  5 0  c n i  o r  m o r c  in  o v e r a l l  l e n g t h .  
L e n i Ị th  a n d  vv id th  o f  t h c  p a n ic l c  a r c  i n v c r s e l y  r c la tc d .  
T h e  panicle is a contiiiuation o f 't l ic  vcs^ctativc axis. 
P rim ary  branches appcar at nodcs w ith in  thc panicle, 
and th esc branchcs are arran(Ịcd in vvhorls, OI1C ab ovc  
the o ther .  T h e  final branches bcar one o r  scveral spikc- 
le ts  in w h i c h  s c c d s  a rc  b o r n c .  S p i k c l c t s  a p p c a r  in  
p a i r s — th c  scss i lc  One is fe r t i le  a n d  t h c  p e d i c c l l a t e  o n c  
is s tam inatc  o r  ncutcr.  Each scssile spikelet contains 
a p r im a ry  and sccondary  Horct. T h e  o v a ry  in thc 
p r i m a r y  H o rc t  d c v c l o p s  i n t o  t h c  se e d  f o l l o w i n g  Ếertíl-  
i z a t io n .  S o n i c  v a r ic t i e s  t h a t  a l l o w  t h c  d e v e l o p m e n t  o f  
b o t h  A o rc ts  vv ith in  t h c  s p i k c l e t  p r o d u c e  t w i n - s c c d .  
T h e  sceđ are containcd w ith in  the g lum es and  are 
covcrcd  by the g lum es to vary ing  degrees (2 5 -1 0 0 % ).

D. Flowering
Anthesis  occurs du r ing  the n igh t  o r  early m o rn in g  
hours ,  b u t  is atTccted by climatic conditions.  F low - 
cr ing  bcẹins on thc u p p c rm o s t  paniclc b ranch  and 
follows a rciỊular downvvard p ro^rcssion  and a hor i-  
zontal planc around  the paníclc. If the pcdiccllatc 
spikclcts are staminate, a sccond vvave o f  f low cring  
bea;ins at the tip moviniỊ  d o w n w a r d  after the p r im a ry



w ave has m oved into the low cr halt' o f  the panicle. 
T he flow ering process ot' One spikelct may be com -  
pleted in 20 to 30 min, but thc spikelet may rcmain 
open 2 or 3 hr. FlowerinsỊ m ay span 6 to 15 days, 
depending on paniclc sizc, tcmpcraturc, and variety. 
A tim e span o f  6 to 9 days (average 7 days) is usual; 
niost o f  the spikelcts on a paniđe flower betvveen 
Days 3 and 6. An adaptcd hybrid plantcd on uniíbrm  
land generally com pietcs anthesis in 10 to 15 days, 
but m any stress factors cause nonuniform ity. Anthers 
dchisce as chey are exsertcd írom  the spikclet, or soon  
thereaíter, and rclease pollen. A singlc paniclc may 
produce troni 20 to 100 m illion pollen grains. Stigmas 
are receptivc tor 1 to 2 days beforc anthesis and remain 
reccptive for 8 to 16 days. A lthough sorghum  is a 
self-poHinatcd specics, natural outcrossing occurs and 
m a y  r a n g c  f r o m  0 t o  3 0 + % ,  b u t  averasỊcs  less 
than 2%.

III. Sorghum Conversion Program

The cornerstonc to sorghum  iniproveinent has bcen 
thc tropical convcrsion program, a coopcrative 
T A E S -U S D A  prọịect initiatcd in 1963, which  
changcs tall, latc-m aturing tropical sorghum  cultivars 
into short, early-maturim*, nonphotosensitivc typcs 
w hilc retaining nearly 98% o f  the original genctic  
divcrsity. Tropical sorghum s norm ally do not pro- 
ducc sccd in tcmpcratc arcas, thus chc convcrted lines 
arc cxtrem ely useti.ll to sorghum  brccdcrs in tcm per- 
ate arcas. Partially convcrtcd lines havc bcen rcturncd 
to Aírica and have madc signitìcant im provem ents in 
sorghum s in the tropics. Materials from thc conver- 
sion program have dramatically changcd the U .S . 
sorghum  industry. Important econom ic traits ob-  
taincd arc discase and insect rcsistancc; the stay-green  
trait, w hich im proves drouglit tolcrance; vvhitc grains 
on tan-colored plants, which produces im proved  
quality; and many other propcrties. This long-term  
pro^ram continues to provide clite tỊcnes for sorí*hum 
in iprovem ent around the w orld. The beneíits havc 
b c e n  shared b v  s o r i Ị h u m  p r o i Ị r a m s  th ro u u ;h  t r c e  e x -  
change o f  elite ẹcrm  plasm. M ost I1 CW cultivars or 
hvbrids rcleased from soriĩhum  programs have m ate- 
rial trom  the convcrsion proíỊrain in their pedigrees.

IV. Phỵsiology

S o rg h u m  has a lovvcr osm otic  concentra tion  o f  thc 
leaf juiccs than does maize, bu t  that o f  the stem,

crow n, and rootjuiccs is higher in sorghum . Sore;huni 
stem s havc a low  m oisture content and low  transpira- 
tion ratio, M ost data suggcst that sorghum  requires 
f rom  255 to  294 kg  o f  w atc r  pcr kilotỊrani o f  dry 
matter produced. Sorghum  is sỉow  to w ilt and recov- 
ers w ell aíter rain or irrigation, m aking it more 
drought resistant than maize. F ollow ing drou^ht in- 
duccd w ilting, sorghum  leaves w ill recover vvithin 5 
days aftcr watcring. W hercas, m aize was irrcparably 
damagcd.

Sorsrhum is Iiot im m une to droutỊht how evcr, high  
tcmperaturcs and nioisturc stress can affcct (írovvth, 
cause sterility problcm s, and substantially reduce 
yield. High temperaturcs between iỊermination and 
Aoret in itiation  can result in lo w er  grain yicld . P la n t s  
exposcd to high tcmperaturcs before Aoral initiation 
and at the late panicle devclopm ent stage otten have 
Aoret abortion.

Even though sorghum  ís drought tolcrant, it rc- 
sponds wcll to supplemental irrigation. The am ount 
ot watcr rcquired to producc niaxinium  yields o f  sor- 
u;hum is not a ftxed value bccausc tempcrature, rcla- 
tive humidity, w ind, and soi] m oisture intcract to  
dctcrm inc thc ratc o f  both cvaporation and transpira- 
tion. In sornc years the watcr rcquiremcnt m ay drop 
to 41 to 46 cm  and in a hot, dry year may go  to 61 
to 66 cm  to produce m axim um  yiclđs.

Whcn sorghum  plants bcgin to use water tor germ i- 
nation, the ratc for the first 2 or 3 w ccks of dcvolop- 
m cnt is s low  (0 .1 3 -0 .2 5  cm  pcr day). A peak use o f  
up to 0 .84 cm pcr day m ay occur during the latc boot 
and early heading stagc, then water use ratc averaiỊes 
about 0 .64  cni per day from boot through thc dough  
stage, w hich is a critical pcriod. At this tim c sorghum  
w ill usc about 7 .6  cm  o f  vvaíer in a 12-day pcriod. 
Irrigation or water m anagem ent is essential to m ax- 
im ize crop yiclds and includcs land prcparation m eth- 
ods and tim ing o f  irrigations, selcction o f  planting 
seed, secding rates, and am ounts ot fertilizer, herbi- 
cidcs, and insecticides.

Natural soil fertility is not gcncrally sufficicnt to 
m aintaiii a crop í'or m axim um  production. Sorí>hum 
requires relativcly large am ounts o f  nitrotỊen, phos- 
phorous, and potassium ; lcsser am ounts ot cạlcium , 
mae;ncsiuni, and sulfur; and small am ounts ot' seven  
tracc elcm ents tbr propt-r plant grovvth. T he niost 
cft'ectivc m ethod to determ ine fertilizcr neeđs is a soil 
test. T he rulc o f  thum b to t'o!low in nutrient rcquirc- 
m cnts for sortỊlium is that each 1000 ka; oí't;rain yield 
rem oves 13.6 kg o f  N , 4.5 kg o f  P->05, and 13.5 kg 
o t  K ,C ).  S o r g h u m  g r o w s  b c à t  w h e n  so i l  p H  is b c tv v e e n



6 a n d  7 .5 .  It p H  s h o u l d  d r o p  b c l o w  6 , l in i c  c a n  b e  
a d d c d  to  b r i n g  it b n c k  i n t o  t h e  o p t i m u m  raniỊC.

At .mtlicsis o r  ap p ro x im atc ly  60 to  70 days past 
cmcríỉcncc, abou t  o n e -h a lf  o f  the  total plant vvci^ht 
lias bcen p roduccd ,  and ncarly  70%  o f  thc n itrogcn , 
6 0 %  o f  P 1O 5, a n d  X()% o f  t h e  K ,C )  h a v c  a l r e a d y  b e c n  
takon up. Thcsc  values indicatc the im por tancc  o f  
nu tr i t ion  dur ing  the carly g ro w th  of' the so rg lm m  
plant.

W ithin the tlrst 30 to 35 days a ítcr  plant cmcríỊcnce, 
Iicarly all g ro w th  is in thc  lcaves. Floral ditTerentiation 
occurs  in pho toperiod-insensit ive  matcrial at ap p ro x i-  
m atelv  this time. T h en  thc cu lm  o r  s tem  bcgins rapid 
i» r o \v th  a n d  c o n t i n u c s  Lintil m a x i m u m  l c a f  v v e i g l n  is  

rcachcd (approxim atcly  60 days) and m a x im u m  stem 
vvciiỊht is ob ta incđ  at 65 days past planting . T h e  pani-  
clc sizc remains small and  incrcascs s low ly  in w c igh t  
mui] about 18 days past diíTercntiation, at tcr  vvhich 
it incTcascs rapidly in w eigh t .  Fo llow ing  pollỉnation, 
the iỊrain draniatically  increascs in vvcight, som ctim cs  
histcr than the ratc at vvhicli total d ry  n ia tte r  accunu i-  
latcs in the plant.  This  low ers  the s tcm  wcií»ht because 
s to red  ìnaterials are m o v c d  f ro m  the stcni to  thc dcvcl-  
opiníỊ seed. M ost so rg h u m s  incrcase in d ry  w cigh t  
until 30 to 38 days past anthcsis,  at vvhich t im e m axi-  
m u n i  d r y  v v e ig h t  is a t t a i n c d .  M a x i n n i i n  r a tc s  o f  d r y  
m a t t c r  a c c u m u l a t i o n  o c c u r  8 t o  14 d a y s  p a s t  a n th c s i s .  
M o rc  vitrcous kcrneLs reach harvcstab le  ino ism rc  
( 1 2 -1 5 % )  45 to 60 days after anthcsis. S o íter  kem els  
lo sc  m o i s t u r c  a t  a s l o w c r  r a tc .
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V. Hybrids

In t h c  m o r c  d e v e l o p c d  c o u n t r i e s ,  s o r g h u m  is p r o -  
duccd using  F, hybrids  p rov idcd  by  a sophisticated 
scecỉ in d u s t ry . S o rg h u m  h y b r id s  yield 20 to  50%  m o re  
g r a in  t h a n  v a r ic t i c s .  T h e y  a r c  r n o r c  t o l c r a n t  o f  
d r o u t Ị h t  a n d  o t h e r  a d v c r s c  g r o w i n í Ị  c o n d i t i o n s .  T h e  
y i c ld  i n c r c a s e  c o n ic s  f r o m  r n o r c  g r a i n  p e r  p l a n t .  S c c d  
sizc is n o t  s ignitìcantly  different betvveen parents and 
tlic hybrid ,  a l though  the  hyb r id  has m o re  Icaf area 
and thus has a greater  p h o to sy n th c t ic  arca. Ít has bcen 
s in Ị t Ị c s tc d  t h a t  t h e  g r e a t e r  y i e l d  m a y  b c  a t t r i b u t c d  to  
a n iorc  rapid ccll divis ion o f  the  apical m eris tcm .

F e r t i l e  s o r g h u m  h y b r i d s  a r c  p r o d u c c d  b y  £ Ị r o w in q  
s p c e ih c  p a r c n t s  ( i n b r e d  l in e s )  t o g c t h c r  in  s e e d  g r o w c r  
c r o s s i n i '  t ì c ld s  (Fitr .  1). C y t o p l a s m i c  m a l e  s t c r i l i t y  is 
t h e  k c v  t o  h y b r i d i z a t i o n  in  s o r g h u n i .  B c c a u s e  t h c  
m a l e - s t e r i l e  p l a n t s  d o  n o t  d i s s c m i n a t c  v i a b l c  p o l l c n ,  
t h c s c  p l a n t s  can  b c  í c r t i l i z e d  b y  p o l lc t i  f r o m  th e  
othervvise norm al p o l lc n -p ro d u c in g  plants. C y to -

F IG U R E  1 M e th o d s  fo r p ro d u c in g  p a re n ta l an d  h y b r id  seed  o f  
s o r ^ h u m .  (A) P a r c n t a l  C r o s s i n g  t i e l đ ;  (13) Sccd t » r o w c r  C r o s s i n g  

íielcỉ; (C ) S in q le  c ro ss  (A X R) s o rg h u m  h y b r id .

p]asmic-Ẹ;enctic niale sterility is inheri tcd  m aternally .  
T h is  fo rm  o f  malc stcrility results f ro m  incom patib il-  
ity bctvvccn the cy top lasm  o f  thc íemale and nuclear  
íactors  con tr ibu tcd  bv  thc m alc  parcn t.  C y to p la sm ic  
male sterility was found  w h c n  cy top lasm  f rom  a m ilo  
s o r ẹ h u m  was used w ith  nuclcar  factors f rom  kafir.

S o rg h u m  hybrids  oritỊÍnatcd in Texas,  thus  malc 
and fema]e parents vvere derived f ro m  g c rm  plasm 
sclected in a tem pera te -zonc  climatc. As a rcsult  ot 
this, the tĩrst hyb r id s  dcvelopcd  in T exas  w ere  no t 
su itcd  to tropical arcas, w h ere  Aoral diíTerentiation 
occurs  in sh o r t  davs and íỊrain fill is accom plished  
u n d c r  i n c r c a s i n g l y  h o t  n i í Ị h t s ,  w h i c h  c a u s e s  r e d u c t i o n  
in harves tabk ' vicld. T rop ica lly  adaptcd  te m p era te -
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zone so r^h u m s havc been đcvelopcd that havc in— 
creascd grain yiclds in the tropics.

Yield o f  grain undcr  dryland cultivation averages 
1800 to 4000 lb per acrc. U n d er  irrigation, yields o f  
so rg h u m  grain range from  6000 to 1 2 , 0 0 0  lb per acrc. 
Yicld is dcpendent on specific hybrid  potential, fcrti1- 
ity, availability o f  water,  cultural m anagcm ent ,  and 
rclatcd biotic and abiotic strcsses. In m any  im por tan t  
so rg h u m  producint; areas, cultivars arc g ro w n  be- 
causc a seed industry  does no t  cxist to supply  hybrids. 
This limits the p roductiv ity  o f  so rghum .

VI. Grain Structure and 
Physical Properties

T he  so rg h u m  kernel is considcrcd a nakcd caryopsis, 
a lthough  som c Atrican types retain thcir g lunics after 
threshing. T he  kcrnel weiglit varies from  3 to 80 m g. 
T he  sizc and shapc o f  the grain vary widcly a 1X1 ong  
so rg h u m  raccs. C om m crcia l  so rg h u m  lỊrain has a 
Aattcncd-sphcrical sh a p c4  m m  long, 2  1 11111 vvidc, and 
2.5 111111 thick vvith a kcrncl wciiíht o f  25 to 35 mg. 
Bulk dcnsity o r  test weight and grain dcnsity  range 
t ro m  708 to 60 kg /m -’ and 1.26 to 1.38 g / c n r \  rcspec- 
tively.

T he so rg h u m  caryopsis is coniposcd o f  three ;ma- 
tomical parts: pcricarp, endosperm , and lỊcrm. T he  
rclativc p roportion  o f  these structures varics bu t  in 
m ost  cascs is 6 , 84, and 10%, respcctivcly. T h e  pcri- 
carp is thc fruit coat and is fuscd to the so rg h ư m  sced. 
It originates f rom  the ovary  wall and is subdivided 
into thrcc distinctivc parts: cpicarp, mcsocarp , and 
cndocarp. T h e  cpicarp is thc ou te rm o st  layer and is 
íỊenerally covcrcd \vith a w axy film im perm eab le  to 
watcr.  T he  m csocarp  varies in thickncss and contains 
starch granulcs. T h e  dominatư ÍỊCHC z  affccts thick- 
ness o f  the mesocarp; h o m o z y g o u s  rcccssivc z z  pro -  
duccs a thick, starchy mesocarp. T h e  endocarp  plays 
a niaịor role du r ing  water uptakc and gcrm ination.

T h e  sccd is com poscd  o f  the sced coat (or testa), 
cndosperm , and germ . T h e  endospcrm  tissuc is tr ip -  
loid, rcsultinạ; from  the tusion o f a  malc gam ete  vvith 
tw o  tcmalc polar cclls, a doublc fcrtilízation. T h e  
testa is derived from  the ovulc  intctỊuniciits; in brovvn 
so rghum s,  it is thick and contains condenscd tannins. 
It is som etim es  retcrrcd to as a subcoat or undcrcoat 
and can be purplc or  b ro w n  in color. In n o n b ro w n  
soriỊhums the testa is diíĩicult to íĩtid vvithout hie;h- 
maiỊnitìcation m icroscopy.

T h e  enđospcrm  is com posed  o t ' th e  alcurone laycr 
and periplicral, corneous, and tìoury areas. T h e  iilcu-

r o n e  c o n s i s t s  o f  a s i n g l c  l a y e r  o f  r e c t a n g u l a r  ce  ls a d ja -  
c e n t  t o  t h e  t u b e  cclls  o r  t e s ta .  A l e u r o n e  cclls c o n ta in  
a t h i c k  cell  vvall, l a r g e  a m o u n t s  o f  p r o t e i n s  p r o t c i n  
bodies) and enzym es, ash (phytic acid bodies), and 
oil  b o d i c s  ( s p h c r o s o m c s ) .  T h e  p e r ip h e r a l  e n d o s p c r m  
adjacent to the aleurone laycr is com posed  cf  dcnsc 
cells conta in ing  larạ;e quantities o t 'p ro tc in  ard small 
starch iỊranules. These layers affect process.ng and 
n u t r i e n t  d i g e s t i b i l i t i e s  o t '  s o r g h u m .  P roccs i ino ;  b y  
steani Aakinẹ;, m icronizing ,  popp ing ,  and reconstitu- 
tion  is đesigncđ to d is rup t  endosperm  strurturc to 
im p ro v c  diiỊestibility.

T he  corneous and Aoury endospcrm  cclls irc co m -  
p o s c d  o f  s t a r c h  g r a m i l e s ,  p r o t e i n  m a t r i x ,  p r o t í i n  b o d -  
ies, and a thin ccll wall rich in /3-glucans and hcmiccl- 
lulosc. In the co rneous endosperm , th c p ro tc i .1 matr ix  
h a s  a c o n t i n u o u s  i n t e r p h a s c  w i t h  t h e  s t a r c h  j ; r a n u le s  
w i t h  p r o t e i n  b o d i c s  c m b c d d e d  111 t h c  m a t - ix .  T h e  
starch granulcs are po lygonally  shaped and oĩten con- 
t a in  d c n t s  tVoni p r o t e i n  b o d ic s .  T h e  a p p c i r a n c c  is 
t r a n s l u c e n t  o r  v i t r c o u s .  T h e  o p . iq u e - r to u r ỵ  c n d o -  
spcrm  is locatcd aroiinđ the geonietric ccntor o f  the 
k c r n e l .  It  h a s  a d i s c o n t i n u o u s  p r o t c i n  p h a sc ,  á r  v o i d s ,  
and loosely packaíỊed round-len ticu lar  starch lỊranulcs 
a n d  is o p a q u c  t o  t r a n s m i t t e d  l ig lu .  G e n e t i c s  a i đ  e n v i -  
r o n m e n t  a f fe c t  t h e  p r o p o r t i o n s  o f  A o u r y  to  r o r n c o u s  
e n dospcrm  (kcrnel texture) in so rg h u m  kernels. T e x -  
t u r c  is r c la te d  t o  lỊra in  h a r d n e s s  b u t  is n o t  the  s a m c .

T he  gcrni is diploid owiniỊ to the scxual Union ot 
onc malc and onc temalc gamctc. !t is dividcd into 
tvvo m ajor  parts: the e m b ry o n ic  axis and scutellum. 
T h e  c m b ry o n ic  axis dcvelops into chc nevv plant; it 
is subdiv ided  into  a radiclc and plum ulc. The radicle 
íò rn is  p r im ary  roots, vvhcrcas the pluniulc tb rm s  
lcavcs and stems. T he  scutellum is the single cotylc-  
don  ot the so rg h u m  sccd. It contains Iarge am o u n ts  
o f  oil (sphcrosonies),  protcin , cnzynies, and minerals 
and scrves as thc connect ion  bctvveen the endosperm  
and em b ry o n ic  axis.

VII. Composition

S o rg h u m  com posit ion  (Tablc I) varics signitìcantly 
ovvint; to í*e»etics and env ironm en t.  Starch '7 5 -7 9 % )  
is the m aịor  com ponen r .  followed bv protcin  
(6 .0 -1 6 .1 % )  and oil (2 . 1 - 5 .0 % ). Protcin contcn t 
(N X 6.25) o f  sor í íhum  is m orc  variable and usually 
I to 2%  hia;her than in maize. A pproxim ately  80, 16. 
and 3%  o f  the protcin is in the endosperm , gcrm . 
and pcricarp, respec tivdv .  Generallv, so rghum  con- 
tains 1 %  less oil and siiựiihcantlv m orc  vvaxes thai'.



TA B LE ỉ

Compostion of Sorghum Grain°

C o m p o  ìcnt M e a n  K angc

P ro te in  N  X 6 .2 5 ) (% ) 1 0 . 6 5 . 5 - 1 7 . 1 1

E tlic r  o t r a c t  ( % ) 3 . 4 2 . 2 - 4 . 1 1

C ru d e  íb e r  (% ) 2 .5 2 . 0 - 3 . 1 )

A sh (% 2 .0 1 . 8 - 2 . 2

N itro s Ịe i- t re c  ex trac t*  (% ) 8 0 . 0 7 5 -8 6
S ta rch  ự'o) 74.1 6 8 -7 8
S o lu b le  sugars (% ) 2.1 1 . 8 - 2 . 2

H s s e n t ia  a m in o  a c id s 1 (s; A A / 1 U I I  g p ro tc ìn )
L y s in c 2.1 1.6 - 2 .4
L c u c i n e 14.2 12.0—16.3
P h i m y l . i l i n i n e 5 .1 4 . 0 - 5 . 5
V aline 5 .4 4 . 5 - 6  2

T r v p t o p n a n 1.0 11.7-1 2
M c th io n  ne' 1.2 1 . 1 1 -1 . 6

T h rc o n irc 3 .3 2 .8 -3 .5
H is tid in c 1 2.1 1 . 8 - 2 . 3

Iso la ic in .' 4.1 3 7 - 4 . 7

a A l l  v a li.e s  a re  c x p r e s s e đ  o n  a c ỉr y  m a t t c r  b a s is  Ếbr 

s o r g h u m  s a in p le s  a n a ly z e d  in  th c  p a st 2 7  y c a rs ,  c x -  

c lu d in iỊ e id o s p e rm  n iu ta n ts . 
h C a lru la ied  b y  d itT ercnce.

FAO/VtHO siiẹgested patterii (g AA/10U ị; 
p r o t c in ) :  l y s in c ,  5 .4 4 ;  lc u c in e ,  7 .0 4 ;  p h e n y la la -  
n in c  +  t y ro s in e , 6 .0 8 ;  v a l in c ,  4 .9 6 ;  t r v p t o p h a n ,

() .% ; m c th in in e  +  cy stc in c , 3 .52 ; th re o n in c , 4 .0 ; iso - 
le u c in e , 4 0.

P l ie n y la la n in e  c a n  b c  p a r t ia l ly  s p a r c d  b y  t y r o s in c .
M e t h io n in e  c a n  b e  p a r t ia l ly  s p a r c d  b y  c y s t c in e .

1 H is tid im ' is c o n s ỉd c rc d  an  e ssen tia l a n iin o  acid  o n ly  
f o r  c h ild r c n .

docs rnaizc. S o rghun i  starch is c o m p o seđ  o f 7 0  to  80%  
am ylopcctin  and  20 to  30%  am ylose .  W axy so rg h u m s  
contain starch w i th  1 0 0 %  am ylopcc tin  and havc p ro p -  
erties and uses similar to  thosc  in vvaxy maize. A m y lo -  
pectin and am y losc  have an average m olecu lar  vveight 
o t  H-10 X 10'’ and 1—3 X 1()5, rcspectively.

T he  m ain  pro tc in  íraction  in the kerncl is thc prola- 
m ines (katrins) fo llow ed  by  glutelins. T h e  alcohol- 
soluble p ro lam in c  trac tion  com prises  50%  o f  the p ro -  
tcin. The.se pro tc ins  are h y d ro p h o b ic ,  rich in prolinc, 
aspartic, and íỊlutamìc acids, and contain  little lysinc. 
T h c y  arc m a in ly  fo u n d  in pro tc in  bodies and are af- 
íccted by n itrogen  fertilization. G lute lins are h igh-  
m olccular-vveight p ro te ins  m ain ly  locatcd in the 
p ro te in  m atrix .  T h e  lysinc-rich pro te in  íractions, 
a lbum ins  and globulins, p red o m in a te  in the gcrm . 
H igli- lysinc so rg h u m s  such as “ P-721” and som e 
E th iop ian  types contain  lo w er  and h igher  lcvels o f  
katrins  and a lb u m in s /g lo b u l in s ,  respcctivcly. T h e  
hiííhcr-lysine so rg h u m  cultivars are soft o r  dented 
and arc no t p ro d u ce d  com m ercia lly .

M o s t  o í  the tìber is prcsent in thc pericarp and cell 
walls. A lcuronc and cn dospcrm  ccll walls arc associ- 
ated w ith  fcrulic and  catTeic acid. A ro u n d  85%  o f  the 
d i e t a r v  í ĩ b e r  is insoluble; i t  is m a i n l y  c o m p o s e d  o t  
hcm iccllu ỉose and cellulose. T h e  soluble traction  is 
rich in pcntosans and /3-g]ucans. A p p ro x im a te ly  70 
and 30%  o t thc pentosan  arc alkali and w ate r  soluble, 
respectively.

T h e  s*erm and alcurone layer are the  m ain  c o n tr ib u -  
tors to the lipid íraction. T h e  g e rm  provides  abou t 
80%  o f  the oil. T h e  fatty acid co m p o s i t io n  consísts 
m a in ly  o f  linoleic (49%), olcic (31%), and palm itic  
(14.3% ) acids. S o rg h u m  contains 0.1 to  0 .3 %  o f  an 
indigestible carnaubalike w ax  that is located on the 
epicarp, and also on the  leaves and sheaths. Rcíìned 
s o r g h u m  o i l  is v e r y  similar t o  m a i z e  o i l  i n  q u a l i t y .

M o st  o f  the minerals  are conccn tra ted  in the  peri-  
carp, aleurone, and germ . T h e  ash írac tion  is rich in 
p h o sp h o ru s  and po tass ium  and lovv in calc ium  and 
sod ium . M ost o f  thc p h o sp h o ru s  is b o u n d  to  phy tic  
acid. T h e  g e rm  and  alcuronc are rich in fat-soluble 
a n d  13 v i t a m i n s .  C a r o t e n e s  a rc  í o u n d  o n l y  in  y d l o v v  
and hc te royc l low  end o sp e rm  cultivars. T h e  carotcnes 
are b lcached by the  sun; lcvels in  m a tu rc  g ra in  are 
signiíìcantly  lo w er  than  thosc  o f  ycllow  rnaize.

All sori»hums contain  phcnolic  acids and m o s t  con-  
tain Aavonoids, bưt on ly  b r o w n  so rg h u m s  contain 
condcnsed  tannins, w h ich  p ro tec t  the kernel against 
preharves t  ge rm ina tion  and at tack  by insccts,  birds, 
and m o lds  (fungi). Brovvn so rg h u m  alvvays havc a 
p ig m e n tc d  testa (B |-Bi-ss)  and so m c  have tannins in 
the  pcricarp  (B|-B->-S-). S o rg h u m s  vvithout a p ig -  
m e n ted  testa do  n o t  contain  any condensed  tannins. 
B irds can and do  consum e b r o w n  sorí*hums w h cn  
o th e r  food  is unavailablc; in fact, animals consum c 
grea ter  a m o u n ts  o f  b ird-resis tan t s o rg h u m s  (b row n) 
than nonb irđ -re s is tan t  (n o n b ro w n )  so rg h u m  in ra-  
tions. T h e  a m o u n t  o f  vveight gain is similar, b u t  thc 
fccd effìciency is low cr  vvith b r o w n  so rg h u m . S or-  
g h u m  does n o t  contain  any  tannic acid, a l though  som e 
articles erroncously  rcpo r t  condenscd  tannins as tan -  
nic acid. Assays for tannins  based on  co lo rim etr ic  
p roccdurcs  for phenols give unreliable data for 
so rg h u m .

VIII. Market Classes

T h e  Federal Grain Inspection  Service (FGIS) reco^-  
nizes to u r  classes o f  so rg h u m : so rg h u m ,  w h itc  sor-  
g h u n i ,  t a n n i n  so r s ^ h u m ,  a n d  m i x e d  s o r í ^ h u m s .  T h e  
class so rg h u m  contains so rg h u m  kernels w ith  any



color pericarp and endosperm  as long as they d o  no t  
contain  a p igm ented  testa. T he  w hite  so rg h u m  class 
consists o f  kerncls vvith vvhitc or  colorléss pcricarp 
vvithout a p igm entcd  testa. T he tannin so rg h u m  class 
has kerncls that contain p igm cnted  testa and con- 
dcnsed tannins. M ixcd  class so rghum  has m o rc  than 
3%  o f  tannin so r^ h u m  in o ther  so r^ h u m  grains. T h e  
tolcrance levels for íoreign material w cre  rcduced in 
1992.

In South Atrica, so rg h u m  standards have been cs- 
tablished for m alting  and tccd soríỊhums. T h e  b ro w n  
o r  tannin so rghum s arc not dcsired for maltinỉỊ bv 
com m ercial maltstcrs. B ro w n  so rg h u m s can be 
malted  by using special procedures to inactivate the 
tannins. For traditional m a lt inẹ  by local artisans, the 
b ro w n  soriỊhums arc malted becausc the vvhite sor- 
gh u m s  arc prcíerred  for tood.

Ít is difficult to distinguish b ro w n  o r  tannin sor-  
gh u m s  from  rcd or  cven white  so rghum s in m arkc t  
channels. T he  FGIS uses a chlorox  bleach tcst to dc ter-  
m ine  sorg lium  kerncls with a piíỊiiiented testa. T he  
b leach / alkalĩ rem oves thc pericarp and the black or  
intcnsc b ro w n  kerncls w ith  a p igm ented  tcsta can be 
oasily idcnciíicd w hcn  com pared  with standards. T h e  
perccntage of brovvn kerncls can be dctcrm incd  and 
is generally relatcd to quant ity  o f  tannins. A rgen tina  
and a few o thcr  countries p roduce h idh- tann in  sor-  
ghurns for export,  a l though  the tannin con ten t sig- 
nificantlv rcduces thc valuc o f  so rghum .

IX. Traditional Uses of Grain

A. Milling
T hir ty  perccnt o f  w orld  so r^ h u m  p roduction  is con- 
sum ed  dircctly by hum ans.  For prociuction o t m os t  
traditional íoods, so rghum  is first dehulled vvith a 
w o odcn  m or ta r  and pestle. T he  íịrain ĩs usually 
washcd, placcd in the m ortar,  and p oundeđ  v ig o r -  
ously w ith  the pestlc. T he  abrasivc action frees the 
pcricarp from  thc kernel above the aleurone laycr on  
a n o n b ro w n  so rghum . T hick  pericarp cultivars w ith  
hard cndosperm  and round  kernels are p reíerređ  tor  
dehulling o r  dccortication. T h e  bran o r  pericarp is 
separatcd from  the grain by w ashing  vvith vvater or 
b y  w i n n o w i n ạ ;  th e  s u n - d r i c d  g r a in .  M o s t  s o r ^ h u m s  
are dccorticatcd to rem ove lo  to 30%  o f  the orúĩinal 
g r a in  \ v e i g h t  d e p c n d i n i Ị  o n  k c r n e l  h a r d n e s s .  It is i m -  
p o s s ib l c  t o  dehull so f t  k e r n c l s  b e c a u s e  t h c v  đ i s i n t e -  
gratc. Mechanical dccortication w ith  rice millintỊ

e qu ipm cn t  o r  abrasive disks is becomine; more popu- 
lar in m any  countries, particularly  in urban areas,

T h e  decorticated kernels arc reduced to flour by 
hand  p o u n d in g  in the n io r tạ r  and pcstle. Hovvever, 
in u rban  areas, the housevvitc takes the dehulled grain 
to a sniall mill,  w here  it is niilled into flour or meal. 
T h e  mill usuallv uses at tr i t ion  mills w ith  stoncs or  
Steel places that p roducc  a sm ooth -tee l ing  flour. Flour 
is sieved to  obta in tYactions w ith  acceptablc particle 
size fbr spccific products.  A ttr it ion  m illmg g:ves bcc- 
te rA ours  than  han im erm il l ing ,  w hich  produces í^ritty 
flour tliat im parts  harsh tex tu re  to so rg h u m  Products.

T h e  milled products  t'rom so r^ h u m  hav t  a short 
she lf  lifc because they contain lipids, thus the vvomen 
mill so rghun i daily. T h e  lack o f  shclt-stablc sorghum  
p roducts  is a m ajo r  disadvantagc. M any  consumers 
havc sw itched  ử o n i  so rg h u n i  f'oods to  othcr cereals 
that are convenicn t to prcpare.

B. Traditional Food Uses
T h e  m ạ jo r  categóries o t  traditional foods are fcr- 
Ì i i e n t e d  a n d  u n í e r m c n t e d  Hat b r e a d s ,  í e r m e n t e d  a n d  
u n t e r m e n t c d  t h in  a n d  t h i c k  p o r r i d g e s ,  s t e a m e d  a n d  
b o i l e d  c o o k c d  P r o d u c t s ,  s n a c k  f o o d s ,  a n d  a lc o h o l ic  
and nonalcoholic  bcverages. W orldw ide ,  thc m ost 
popu la r  un ferm en ted  Hat breads are roti in India and 
tortillas in C entra l America. For rotis, a portion of 
t h e  f l o u r  is g d a t i n i z e d ,  m i x e d  w i t h  m o r e  f lo u r  a n d  
w a rm  water ,  and kneaded  in to  a dough . T he dough  
is s h a p c d  o r  r o l l c d  i n t o  a c i rc le  t h a t  is b a k c d  OI1 a h o t  
griddlc. For tortilla p roduc t íon ,  w ho le  o r  decorticatcd 
s o r g h u m  is l i m e - c o o k e d ,  s t e e p c d  o v e r n i ^ h t .  w a s h c d ,  
s t o n e  ẹ r o u n d  i n t o  a m a s a ,  s h a p c d  i n t o  th in  c irc lcs ,  
and baked on a ho t  griddle. T h e  disc puffs duriníT 
bakiníỊ. Fresh roti and tortillas have go o d  Aavor and 
tcxture b u t  they stale rapidly.

T h e  m o s t  popu la r  fe rm en ted  breads are irýera, ki-  
sra, and dosai coiisum ed in Ethiopia, Sudan, and In- 
dia, respcctively. A b o u t  80%  ot~ the E thiopian sor- 
g h u m  is u s e d  t o r  p r o d u c t i o n  o f i n j e r a .  T o  m a k c  in je ra ,  
the so r^ h u m  flour is m ixed  with  water  and a startcr 
f rom  a prev ious batch o f  iiýcra. Part o f  the íe rm ented  
batter  is cookcd to iỊclatinizc the starch, cooled, and 
a d d e d  to  t h e  í e n n e n t i n g  b a t t c r .  T h e n  a í t e r  t c r m c n t a -  
tion  for 24 to 48 hr, the ba t te r  is poured  on to  a covered 
iỊreased pan for bakinsí. T h e  íe rn ien ta tion  1S verv ac- 
t iv e ,  so  m a n v  s m a l l  b u b b l e s  t o r m  011 t h e  s u r í a c e  o f  
the brcad. Baked injera is a larỵ;e, thin, Aexible brcad 
vvith m a n y  u n i t b r m l y  d i s t r i b u t c d  air bubbles (fish 
cves) on the surtace. Kisra is similar but is much 
thinncr.  iDosai is p roduccd  t rom  a m ix tu re  o t black



g r a m ,  s o r i Ị h u m ,  a n d  r ice  t ì o u r .  T h c s c  p r o d u c t s  a rc  
con su m cd  w ith  sp icy  íillin ^ s and havc excellen t tastc.

P o r r i đ g e s  a r e  t c r m e n t e d  o r  c o o k c d  w i t h  a c id  o r  
alkali. T ô  is an u n tc rm en tc d  stitYporridgc vcry p o p u -  
lar in Wcst Aírica. Dccortica tcd  so rg h u m  rtour is 
cooked  111 plain w ate r  or w ạ te r  aciđiíìcd w ith  tam arind  
j u i c c  o r  m a d c  a lk a l in c  vvith t h c  l e a c h a t e  o f  w o o d  a sh e s  
(potash). P opular  te rm en ted  porridges  are OEỊĨ and 
nasha c o n su m ed  in Wcst and East Atrica, respcctively. 
For these, w ho lc  so r^ h u m  is soaked  in vvater and 
a l low cd to íe rm en t  íor  2 to  3 days. T h e  w et grain is 
c r u s h e d  in a s l u r r y  o f  w a t e r  a n d  s i c v c d  t o  r c m o v e  th e  
bran. T h e  th roughs  arc a l low cd  to  te rm en t  longcr. 
Excess w atcr  is decanted and  thc resulting slurry  
c o o k c d  in  w a t c r  o r  m i lk .

For couscous production ,  so rg h u m  flour is kneaded 
w ith  cnough  w ater  to forni agglom erates .  T he  parti-  
cles arc to rced  to pass th r o u ẹ h  a coarse scrccn and then 
s tcam cd. Som etim es  the cookeđ  COUSCOL1S p roduc t  is 
sun-dricd ,  scrcened to a (ỊÌven particle sizc, and Liscd 
as a convenicncc food. It is rchyd ra ted  w hcn  rcquircd. 
C o u s c o u s  is c a t c n  w i t h  s p e c ia l  sauCCS a n d  is a n  e x c c l -  
l e n t  t o o d ,  b u t  t e d i o u s  t o  p r c p a r c .  D e c o r t i c a t c d  s o r -  
l ịhum s arc o íten  cookcd like rice. Spccial typcs o f  
small-sccded, vcry hard so rg h u m s  arc used as a substi-  
tu te  for ricc.

O p a q u e  becr 1S a traditional alcoholic beverage p ro -  
duced  írorn  maltcil so r^ h u m .  T h e  s o rg h u m  is soakcd 
in w a te r  for 12 to  24 hr and a l low ed to germ inate  to r  
s c v e ra l  d a y s  until t h e  s p r o u t s  r c a c h  a c c r t a i n  s ta g e .  T h e  
gcrm ina tcd  soriỊhum  (malt) is sun-cỉricd, crushed, and 
m ixcd  vvitli vvater, vvhich is hea tcd  and held long 
cn o u g h  to a l low  the malt enzym cs  to  conver t  thc 
starch in to  su^ars. Then  it is íìl terod to rem ove  sorae 
o t  t h e  s p r o u t s  a n d  p e r i c a r p  p ic c e s .  T h e  í ì l t e r a tc  is 
b r o u ^ h t  to  boiliniỊ, coolcd, and  placcd in a íe rm en ta -  
tion po t  tha t  contains yeast f ro m  a p rcv ious  batch o f  
becr. F e rm cn ta tion  occurs o v e rn i^ h t  o r  longer and 
thc bec r  is d ru n k  whilc activcly íc rm en ting .  T h e  bcer 
lias hiiỊh solids content,  a lovv pH , a sou r  Aavor, and  
a pink o r  ređ co lor  w h cn  p ro d u cc d  f ro m  red o r  b ro w n  
soríỊhum s. T h c rc  arc m any  varia tions in the type ot' 
o paquc  bcers, w ith  sotnc swcct,  n o n so u r  p roducts  
that are  vcry  g o o d  tasting. T h e  length  o f  íc rm enta tion  
and thc  extern  ot' sourinẹ; are  relatcd. M o s t  opaque  
bccr is very  sour.

X. Industriaỉ Uses

A. Wet Milling
Industrial uscs o t  soriỊhum  are sim ilar to those o f  
iu a iz e .  S o r g h u m  is w c t - m i l l c d  to  p r o d u c e  s t a r c h  w i t h

properties  and uses similar to those ot maize starch. 
S o r g h u m  is m o r c  d i í ĩ ì c u l t  t o  w e t - m i l l  t h a n  m a i z e ,  
and  s o rg h u m  by -p ro d u c ts  are less desirable. S o rg h u m  
is w et-m i]]ed  in the Sudan and possiblv in N igeria ,  
v v h c re  t h e  g r a in  is s i g n i f i c a n t l y  less  e x p e n s i v e .  W c t -  
m illing  o f  so rg h u m  in the U n ited  States was d iscon- 
tinued  in the 1970s to r  econom ic  rcasons.

B. Sweet Sorghum
Sweet so rg h u m  biomass, the entire above g ro u n đ  
po r t ĩon ,  is used for ethanol p roduction .  Yields o f  
a l c o h o l  (182  p r o o f )  p e r  t o n n e  o f  s o r g h u m  g r a i n  a rc  
com parab le  to thosc ot maize (387 vs. 372 litcrs). T h e  
com m ercia l  techno logy  rcquired  to  tc rm cn t  sw cet 
s o r g h u m  b i o m a s s  i n t o  a lc o h o l  h a s  b c e n  h i g h l y  d c v e l -  
oped  in Brazil. O n e  tonne  o f  sweet s o rg h u m  b iom ass 
has thc  potcntial to  yicld 74 liters o f 200 proot 'a lcohol.

c. Sorghum Syrup and Molasses
Sw eet s o rg h u m  types arc availablc tha t  have been 
u s c d  t o  p r o d u c e  s y r u p  a n d  m o la s s e s ,  a n d  s p e c ia l  v a r i e -  
t ic s  a r e  g r o w n .  T h e  p l a n t s  a re  c u t ,  s t r i p p c d  o f  l e a v e s ,  
a n d  p r c s s e d  t o  t o r c c  s a p  f r o m  t h e  s t a lk s .  T h e  j u i c e  
is evapora ted  to fo rm  a s trong - tas t ing  sy rup  that is 
re tc rrcd  to  as so rg h u m  molasses. Th is  process is c o m -  
m o n  in  t h e  S o u t h e r n  U n i t e d  S ta te s .  A l t c r n a t i v e l y  t h e  
ju icc  can be processed and used for sugar  p roduction .  
This  p rocedurc  is well developed bu t is n o t  used c o m -  
m c r c i a l l y .  S o r i Ị h u m  m o la s s e s  o r  s y r u p  h a s  a s t r o n g  
a ro m a  and un ique  Aavor.

D. Dry Milling
S o r g h u m  h a s  b e e n  d r y - m i l l e d  i n t o  a w i d c  v a r i c ty  o f  
products ,  inc luding ]ow-fat grits, íỉour, ac id -m odi-  
fied floưr, and  o th c r  p roducts .  T h e  so rg h u m  is te m -  
p e r c d ,  d c c o r t i c a t c d  w i t h  a b r a s i v e  n i i l l s ,  a n d  d c g e r m i -  
n a t c d  b y  i m p a c t i o n .  T h e  g e r m  is s c p a r a t c d  f r o m  t h e  
cnd o sp c rm  particles by  ẹ rav ity  scparation. G ood  
yields o f  low -fa t  grits are possiblc, especially w ith  the 
n e w  whitc , harder  endosperm  s o rg h u m  grains. T he  
G;rits a r c  u s c d  as a b r c w i n g  a d ị u n c t  i n  p r o d u c t i o n  o f  
lagcr bccr dcpcndiniỊ on the rclatìvc pricc o f  co m p e t-  
i n g  a d ju n c t s .  T h e  m o s t  d c s i r a b l e  g r i t  h a s  l i g h t  c o lo r ,  
b l a n d  A a v o r ,  a n d  lovv o il  c o n t e n t .  T h e  g r ic s  h a v e  b e e n  
to r t i t icd  w ith  soy grits and used in U .S .  food aid 
sh ipm en ts  to Atrica, w herc  so rg h u m  is preícrred.

E. Malting
S oriỊhum  malt is p roduced  extensively in South A t- 
rica. P ncum atic  m alting  and floor nia lting  is uscd.



T h e  m alt is used for alcoholic beveragcs, w ean ing  
tồods, and breakíast foods. Sour opaque  becrs arc 
p roduced  com m crcially  in large factories. S o rg h u m  
inalt is m ixed  vvith cookcd  maize grits and a llowed 
to sour for several hours. T hen  the soured m ix tu re  
is added to additional malt and cookcd corn  grits to 
saccharity thc starch. Finally, thc m ix tu re  is incubated  
w ith  yeast and consum ed  as a sour, opaque, actively 
ferm enting  becr. S o rg h u m  m alt is preíerred  for color 
and Aavor. A significant portion  o f  the so rg h u m  
g ro v v n  in  S o u t h e r n  A t r i c a  is u s e d  f o r  i n d u s t r i a l  m a l t -  
ing. Prepared malts and beer povvders íor  h o m e  b rcw -  
i n g  a re  p o p u l a r  P r o d u c t s  in S o u t h  A fr ica .  | S « '  B r e w -  
ING T e c h n o l o g y .]

In Nigeria , so r^ h u m  and maize are beiníỊ used to 
produce lager becr vvithoiit barlcy malt followina; the 
g o v e rn m e n t  ban on the im porta t ion  o f  barlcy and 
barley malt. T hereíore ,  N igerian  brewcries arc p ro -  
ducing  clear (lager) beer f rom  a com binat ion  o f  malted  
so rghum , so rg h u m  a n d /o r  maizc grits, and co m m er-  
cial enzym es that convert the starch to íc rm entab le  
sugars. S o rghum  malt has low  diastatic p o w e r  so 
comrncrcial enzym es are required. In m any  processcs, 
so rg h u m  malt is no t  uscd because malting  causes con- 
siderable d ry  m atte r  losses. Econom ically , the use o f  
grits and com m ercia l cnzym cs is practical. T h e  clcar 
beer is  o f  ÍỊOOCÌ q u a l i t y  w i t h  s l i g h t l y  d i f f e r e n t  ta s tc  
and kceping propertics cornpared to thosc o f  barlcy 
m alt lager becr. Reccntly, the ban on barlcy has bcen 
liítetl in Nigeria .

F. Baked Products
S orghum  grits, mcal, and flour can be used to producc  
a w ide array ot"baked goods w hcn  m ixed  w ith  w heat 
flour. S o rg h u m  does no t  contain gluten, thus thc 
am o u n t  o f  so rg h u m  flour in thc blend depcnds on 
the quality o f  the w hea t flour, thc  baking procedure , 
fo rm ulation ,  and quality o f  the baked p roducts  de- 
sircd. It is possiblc to produce no n w h ea t  sor- 
gh u m -ca ssa v a  starch breads by gelatinizing the cas- 
sava starch. Such breads ha ve in term cdia te  loat 
vo lum e and stale rapidly.

G. Snacks and Cereals
S o rg h u m  can be puffed, poppcd , shredded, and Aaked 
to produce  ready-to-ea t breaktast cereals. E xtrusion  
o f  s o r ẹ h u i n  p r o d u c e s  a c c e p t a b le  sn a c k s ,  c e rc a ls ,  a n d  
precooked  porridges. W axy and he te row axy  sor- 
íỊhum hybrids  produce tcnder extrudates w ith  cxcel-

lent m o u th  tccl. M icronizcd w axy  so rghum  flak.es 
give granolas excellent texturc.

XI. Nutritional Value

S o rg h u m  has p rox im a te  com position ,  amino acid 
contcnts ,  and nutr it ional valuc similar to those o f  
tnaize. H o w ev er ,  bccause o f  its lcnver fat content, 
s o rg h u m  usually has slie;htly low cr  iỊross, digcstiblc, 
and m etabolizable energy  than does maize. The pro -  
tein digestibility  o f  so rg h u m  is 5%  lovver than that 
o f  maize. H o w ev er ,  te rm enta tion ,  malting, -ind o ther  
P r o c e s s i n g  m e t h o d s  s i g n i í ì c a n t l y  i m p r o v e  n u tr i t i o n a l  

value. B ro \vn  so rg h u m s  havc lovver nutritional value 
t h a n  s o r g h u m s  w i t l i o u t  t a n n i n s ;  t a n n i n s  lovver p r o t e i n  
digestibility and fecd etTicicncy. M alting  significantly 
cnhances the digestibility and biological value of sor-  
g h u m . M alted  b r o w n  so rg h u m s  liavc greatly im - 
p r o v e d  n u t r i t i o n a l  v a lu e ,  a n d  đ e c o r t i c a t i o n  i m p r o v c s  
their  p ro te in  digestibility and reduces thcir tannins.

Lysine and th reon ine  arc thc íìrst and second lim— 
iting am ino  acids o f  so rg h u m . T here  arc high-lysinc 
cultivars that contaìn approx im atc ly  50% m ore lysinc 
and p ro m o tc  bctter  w eigh t gains in vveaning rats. 
H o w ev er ,  they have soft, Houry endospcrm s and pro-  
duce low  yiclds o f  grain. Research to devclop sor- 
g h u m  h y b r i d s  w i t h  h a r d e r  e n d o s p e r m  a n d  h i g h e r  ly- 
sinc continues w ith  slow  progress. T he  higli-lysinc 
typcs íound  in Ethiopia continue to be grovvn on  a 
l im ited  basis becausc they have excellcnt taste.

XII. Animal Feeds

T h e  íeeding valuc o f  so r^hun i  for livcstock species is 
generally  considcred to bc 95%  or niorc o f  the feeding 
value o f  yellow , dcnt maize. B row n  so rg h u m s arc 
considered to havc 85%  o f  the íceding value o f  maize. 
S o rg h u m  m u s t  be proper ly  proccsscd to enhance its 
d igcstibility. P ou ltry  and sw ine fecds use g ro u n d  sor- 
g h u m  cxtensively depending  on rclatĩve costs and 
feeding value. Because so rg h u m  is low in yellow  pi^- 
m ents, additional carotenoids arc used in rations 
w here  ye l lo w -p ig m cn te d  broilcrs arc desired. [Sít' 
F eeds  a n d  F e e d in g . ị

S o rg h u m  is used extcnsivcly to r  dairy  and  bee f  
cattlc rations. In fecdlots in thc Grcat Plains, so rg h u m  
com prises  60 to 80%  o f  the dict. SoríỊhum in these 
íecdlots (up to 2 0 0 , 0 0 0  hcad) is usually Steam-Aaked 
and  m ixed  vvith roughage  and supplem ents  and  fcd to 
the cattlc im m edia te ly .  T h e  grain is sieved to rem ove



t o r e i " i i  m a t e r i a l ,  c o n d i t i o n e d  to  a b o u t  1 8 %  m o i s t u r c ,  
stcanicd to r  15 to 30 m in.  a l low cd  to e q u i l i b r a t c  for 
15 m in  a t  l()()°c, a n d  t ìa k e d  b y  laríỊC ro l lc r s .  F o r  í Ịo o d  
t e e d  e i h c i e n c v ,  th c  A akes  o f  s o r t Ị h u m  m u s t  b c  v c r y  
thin and resistant to b rcakage dur ing  handliníỊ. T h e  
a d d i t i o n  o f  m o i s t ư r c  t o  t h c  íỊ ra in  is a n  a d v a n t a g e  to  
the  tccdlot opcra tor.

Popping, microniziníỊ, cxp loding , and rcconstitu -  
t ion  lrnve becn used to  process so rg h u m  for fecdlot 
cattlc. Thesc  m ethods ,  i f  p ro p cr lv  used, will yield 
the  teeiiing efficiency o f  Steam-Aaked s o n ĩh u m . T h ey  
atYord an advan tage  for smaller íeedlots bccause a 
sourcc ot s team  is no t requircd .  Rcconstitu tion  and 
e a r ly  h a r v c s t i n g  r c q u i r c  less o n c r g y  t o r  P r o c e s s i n g ,  
bu t  lỊrain s to rage  is a costly prob lcm .

XIII. Sorghum Improvement

In  t h c  U n i t e d  S t a te s ,  n e w  s o r g h u r n  i n b r e d s  w i t h  \ v h i t e  
k c r n c l s  a n d  t a n  p l a n t  c o l o r  h a v c  b c e n  re lc a s c d  b y  t h e  
Texas A gricu ltu ra l  E x p cr im e n t  Station. T hey  p ro -  
d u c e  n c w  h y b r i d s  w i t h  s i g n i f i c a n t l v  i m p o v c d  f o o d ,  
t c c d ,  a n d  P r o c e s s i n g  p r o p e r t i e s  c o m b i n e d  w i t h  ^ o o d  
ag ro n o m ics  and tolcrance to p roduc t ion  hazards. A 
n u m b e r  o f  s e c d  c o m p a n i e s  a r c  d c v c l o p i n g  o r  h a v c  
r c lc a s c d  w h i t c  o r  y c l l o w  h y b r i d s ,  s o m e  w i t h  t a n  p l a n t  
c o l o r .  T h e  t a n  g r a i n s  h a v c  r e đ u c e d  lev e ls  o f  a n t h o c y a -  
n i n  p i ^ m e n t s  a n d  p r o d u c c  p r o c e s s e d  f e ed s  w i t h  a l i t íh t  
color. T hcsc im provcincnts makt' sorghum  morc at- 
tractivc for use in fceds and  foods. For examplc, the 
w h i t c  s u r g h u m s  p r o d u c e  l i g h t c r - c o l o r  g r i t s  a t  s i g -  
n i í ì c a n t l y  h i g h c r  y i e ld s  t h a n  d o  r c d  s o r g h u m s ,  W h i t e ,  
t a n  p l a n t  h o m o z y g o u s ,  a n d  h e t c r o w a x y  h y b r i d s  a re  
availablc íb r  use in spccific applications. T h e  w axy  
í Ị ra in  h a s  i n t e r c s t i n g  P r o c e s s i n g  p r o p e r t i e s ,  i n c l u d i n g  
g r c a t c r  e x p a n s i o n  d u r i n g  e x t r u s i o n ,  t e n d c r  Aakcs 
uscfi.ll in g r a n o l a ,  a n d  s i g n i t ì c a n t l y  i m p r o v c d  s t e a r n -  
Aaking charactcristics. S om e data suggest that w axy  
g r a i n s  a r c  m o r e  c f f i c ic n t ly  u t i l i z e d  b y  r u m i n a n t s  a n d  
svvine.

In ternational so rg h u m  im p ro v c in e n t  was begun 
tairly rccen tly ,  yct s igniíĩcant ĩm p ro v e m e n t  has been 
niade in s o r g h u m  yields and grain  qualitv  in m any  
arcas. Hovvever, in Wcst Africa che n e w  im p ro v e d  
sora;hiims w cre  attackcd bv head buẹs  and m olds

that csscntially des troycd  the í*rain. EtTorts to  brced 
s o r g h u m s  w i t h  r c s i s t a n c c  t o  m o l d s  a n d  h e a d  b u g s  
h a v c  b e c n  o n l v  p a r t i a l l y  s u c c c s s tu l .  O n l y  p h o t o s e n s i -  
t iv e  v a r ie t i c s  c o n s i s t e n t l y  e s c a p c  th e  h e a d  b u g s ,  s o  
c f f o r t s  t o  i n c r c a s c  y ie ld s  h a v c  b e e n  l a r ^ e l y  t h w a r t e d .  
Im proved  local photosensitive  types w i th  tan plant 
a n d  í Ị O o d - q u a l i t y  i Ị ra in  f'or f o o d  p r o c e s s in ẹ ;  a r e  r e -  
quiređ. S o rg h u m  is an im p o r ta n t  food and  fccd crop 
t h a t  vvill c o n t i n u e  t o  b e  i m p r o v e d  b y  c o m m e r c i a l  s c e d  
c o m p a n i c s  a n d  g o v c r n m c n t  r e s c a r c h  a c t iv i t i e s .
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Glossary
'Cultivar Strain o f  plants, developcd by brecdìng 
■and sd cction , that is unitorni in characteristics and 
!" rovvn  u n d c r  c u l t i v a t i o n ;  s o y b c a n  c u l t i v a r s  a r c  ÍI1- 
Ibrcd lincs, phcnotypically hom ogeneoiis, and íỊcncti- 
cally  stablc
F |,  F2, Fj, e tc . ! )csignation uscd tor successivc lỊcncr- 
aitions ot'inbreeding or filial (Ịcneration; F| is the im - 
m cdiatc progeny ot a cross, thc F, the sclí-pollinated  
progeny o f  che F|, the Fj the self-pollinatcd progeny  
o f  F->, ctc.
G en o ty p e  Gcnctic makc-up or iđentiíied genes o f  
an individual; gcncs m ay be idcntitìcd by observablc  
traits o f  individuals or thcir progcny  
H erita b ility  Extcnt to vvhich traits are controllcd 
b y  th e  g c i i o t y p c  o f  an  i n d iv i d u a l  o r  s t r a in  a n d  a rc  
transmitted from parent to offspring; heritability is 
ofte»  exprcsscd as thc ratio ot' gen otyp ic to p heno- 
tvpic variability and may bc cxprcsscd as a pcr- 
centaíỊC
Inbred lin e  In soybean breediniỊ, a line dcveloped  
bv successive gcncrations o f  sclfint», followintì; hy- 
bridization, in which individuals m aking up the in- 
brcd lincs arc phcnotypically h om ogen eou s and ỉỊeno- 
typically homozyiỊOus; inbrcd lincs w ith  superior 
attributcs m ay bc designated as cultivars 
L in k a g e  g r o u p  Association o f  gencs that tcnd to be 
i n h c r i t c d  t o g c t h c r  b e c a u s c  o f  t h c i r  p r o x i m i t y  o n  th o

sam e chrom osom e; e;cncs Í1 1  ditTercnt linkagc tỊroups 
arc inherited indepcndcntly
P h e n o ty p e  O b s c r v a b l c  traits o f  individuals t h a t  are 
due to the interaction ot' the genotypcs, or gcnctic  
constitutions, o fth cin d iv id u a ls with tlic environm ent 
R estr iction  fragm en t len gth  p o ly m o rp h ism  
(R FL P) F r a g m c n t  o f  D N A  th a t  h a s  b e e n  c u t  b y  c n -  
zym c s ,  and identiíìed by  dectrophoretic  tcchniqucs; 
these RFLPs arc used as marker sitcs on chrom osom es  
that makc up the soybcan genom e  
T ran sgen ic  plants Gcnctic modification o f  a plant’s 
lỊcnonic by inscrting D N A  from different genotypes, 
usually  tro  111 ciitTcrcnt spccics; transgcnes arc the gcnes 
traiisferrcd from  dirterent d onor genom es and c x -  
prcsscd in thc rccipicnt gcnom e

S o y b e a n , one o f  thc worl<J’s mạjor oilseed crops, is 
iỊrown com incrcially in ncarly 50 countries. Soybcan  
oil is the major cdiblc vcgetable oil produccd in the 
vvorld; the residual mcal is an im portant high-protein  
supplcm ent o f  livestock fccds. Soybean gcnetics dcals 
vvith tho inheritance o fb o th  sim ple and com plex traits 
o f  thc plant, m any o f  w hich are iniportant in the 
d cvelopm ent o f  im proved cultivars. Various breeding 
m cthods arc used to đevelop cultivars with high sced 
yield, rcsistance to pathogens, and sced com positional 
traits im portant in the utilization o f  thc crop.

I. Introduction

T h e  s o y b c a n ,  Glycinc m a x  (L.) M crr . ,  i n t r o d u c e d  
f r o m  C h i n a  in  t h c  la t e  1700s,  w a s  n o t  g r o w n  c o m m e r -  
cially in the U nited  States until thc early 19()(Js. Initial 
production o f  soybean was primarily for hay or silage 
or the crop was plovvcđ into the soil as a grecn manurc. 
It w a s  n o t  u n t i l  1941 t h a t  t h c  u .  s. a c r e a g e  o t ' s o y b e a n  
h a r v c s t c d  fo r  s c c d  e x c c e d c d  t h c  a c r e a g c  h a r v e s t e d  t'or



toragc and o ther  purposes. Soybean, g ro w n  on abou t 
24 million hcctares, is n o w  the m ạịor oilsced crop 
p roduced  in the U n ited  States and the resiđual mcal is 
the prirnary source o f  h igh-quality  protcin in livestock 
íced  rations. [5 e f S o y b ea n  P r o d u c t io n .]

Soybean seed o f  com m ercially  g ro w n  cultivars av- 
cra^es 41%  protein and 21%  oil, on a m ois ture-free  
secd basis. A bou t 95%  o f  the oil is uscd as an edible 
oil in salad or  cooking  oils, and in m argarines and 
shortenings. Industrial uses o f  thc oil include c o m p o -  
nents o f  paints, varnishes, plastics, lubricants, and 
prin ting  inks. Soy protein has an excellent balance o f  
essential am ino  acids, w ith  only  thc sulíur  contain ing 
am ino  acids slightly low cr  than the rcquircm ents  for 
an idcal feed. Soybcan mcal is a key ingredicnt in pet 
and livcstock feeds and is the pr im ary  sourcc ot p ro -  
tein in poultry  rations. Less than 5% o f  soy p ro tc in  
is used for edible purposes as soy flour, protcin  con- 
centrates and isolates, tex tured  proteins, and in spc- 
cialty foods such as tofu.

Soybean brecding p rog ram s w cre  initiated in the 
U n ited  States in the 1930s by scicntists in thc u .  s. 
D ep a rtm en t  o f  Agriculture (U SD A ). Early released 
cultivars wcrc direct selcctions from  soybean g e rm -  
plasm in troduced  from  China, Japan, and Korea. T he  
íìrst cultivar developed from  hybridization was “ Lin
co ln ,” released in 1944. A lm ost all cưltivars rcleased 
in the U n ited  States p r io r  to 1970 werc devcloped 
by  U S D A -A gricu ltu ra l  Rescarch Service (ARS) and 
State Agricultural Expcr im cn t Station soybean breeđ- 
ers. These cultivars w erc  g ro w n  on  virtually all thc 
U .S .  acreagc p lanted to soybean. T h e  Plant Variety 
P ro tcction  Act, passed in 1970, p rov ided  pro tec tion  to 
breedcrs o f  self-pollinatcd crops against unauthorizcd  
p roduction  o f  cultivars. This encouraged cultivar dc- 
ve lopm en t by c o m m e rd a l  interests and n o w  m o s t  o f  
the soybean acreage in the no r thern  U nited  States is 
plantcd to cultivars devcloped by privatc com panies. 
In thc S o u th e r n  U nited  States a greatcr por t ion  o f  thc 
acreage is p lanted to cultivars developed by publicly 
íunded breeding program s. |St'£' C u lt iv a r  D ev el-  
o p m e n t . Ị

T h e  s o y b e a n  is a s c l í - p o l l i n a t c d  p l a n t  a n d  th e  s m a l l  
am o u n t  o f  outcrossing that occurs, less than 1 % is 
due  to pollen transmission by insects. C on tro llcd  pol-  
linations betvveen selected parcnts arc tedious to m ake 
and result in One to three seeds pcr successtul pollina- 
tion. T h e  m o d e  o f  pollination and difficulty in m ak ing  
controllcd crosses affect brecđing m e thods  used to 
im p ro v c  the soybean. Released cultivars arc geneti-  
cally stablc inbred lincs, m ainta ined by harvesting  
pure seeđ ot each cultivar.

II. Qualitative Genetics

T h e  s o y b e a n  h a s  a 2 n c h r o m o s o m e  n u m b e r  o f  40 a n d  
is considcred to be a tunctional diploid o f  polvploid 
origin. Genetic studies have identified over  200 loci, 
som e w ith  m ultip le  alleles, that contro l reaction to 
pa thogens  and insects, plant grovvth and m o rp h o l-  
o ẹy ,  physiological and b iochemical traits, and chem i- 
cal com pos it ion  o t the sced. A bou t  70 loci have been 
a s s o c i a t c d  in  19 l i n k a g e  í^ ro u p s ,  o r  s e g m e n t s  o f  c h r o -  
m osom es .

Biochemical techniques have been used to identify 
small f ragm ents  o f  D N A  electrophoretically. O v e r  
500 o f  these rcstriction ử a g m e n t  length p o ly m o r-  
phism s (RFLP) havc been m apped  to specific sites on 
all 20 soybcan ch rom osom es .  T hcsc  RFLPs are used as 
reícrencc points  to m ap idcntiíìcd genes on mdividual 
ch rom oson ies .  In adđition, the RFLPs are used to 
locatc m ult ip le  sites on ch ro m o so m es  that are associ- 
atcd w ith  the cxpression o f  quantita tive ly  inherited 
traits. K n o w in g  the n u m b e r  and locations ot sites 
contro l l ing  the cxpression o f  speciíĩc traits o f  soybcan 
increases the efficicncy o f  breeding for thesc traits. 
ỊSVe P l a n t  G e n e t ic  E n h a n c k m e n t . ]

A Genetic  T y p c  Collec tion  for qualitatively inher-  
ited traits is a part  o f  the soybean g erm p lasm  collec- 
tion  m ain ta incd  by the U S D Ầ -A R S  at U rbana ,  Illi
nois. T h e  Genetic  T y p e  Collection  includes strains 
t h a t  c o n t a i n  all  p u b l i s h e d  g e n e s  o f  soybcan, a c o l l e c -  
t ion  o f  ncar-isogcnic lines contain ing  various co inb i-  
nations o f  gencs, a l inkagc collcction contain ing  com -  
b inations o f  linked genes, and a cytological collection 
contain ing  intcrchanges, inversions, deíìciencies, tri-  
s o m i c s ,  a n d  t e t r a p l o i d s  o f  s o y b e a n .  [See  P l a n t  G e -  
NETIC R e s o u r c e s ; P i.a n t  G e n e tic  R es o u r c e  C o n s e r -
VATION AND U t ILIZATION. I

M any econoniically  im p o r ta n t  traits o f s o y b e a n  are 
c o n t r o l l e d  b y  g c n c s  w i t h  q u a l i t a t i v e  e f fc c ts  ( T a b l e  I). 
T h e  tw o  m ajo r  g ro w th  typcs o íso y b c a n ,  determ ina te  
(d t l)  a n d  i n d e t e r m i n a t e  ( D f í ) ,  a f fe c t  f l o w e r  d c v e l o p -  
m e n t  and, indirectly, plant height.  Genes a tìecting 
t i m e  o f  f l o w e r i n g  a n d  m a t u r i t y ,  E Ỉ - E 4 ,  h a v e  b e e n  
u s c d  in  c o m b i n a t i o n  w i t h  a lle les  a t  t h e  D t 1  l o c u s  to  
develop cultivars uníqưely adapted to specific p ro d u c -  
tion  systems.

Rcactions to  m ajo r  pa thogens ot'  soybcan  are con- 
trolled by gencs w ith  qualitative effects. Cỉenes tor 
r e s i s t a n c e  h a v e  bccn i n c o r p o r a t e d  ì n t o  i m p r o v e d  s o y -  
bean cultivars to m in im ize losscs due to thcse pa tho-  
gcns. Sevcral gencs have bcen identiíied tha t  affect 
chemical com posit ion  o t soybcan seed. C u lt iva rs  have



TABLE I

Genes Controlling Traits of Economic Importance in Soybean

( iene P lien o ty p e

G roirlh  and morpholửi’)'
In iỉe te rn iin a te  p lan t ty p c  
D c tc rm in a tc  p la n t ty p c  
T im e  o t flo \verine; a n d  p lan t n ia tu r i tv  

PathửịỊciì resistiVìcc 
B acteria l b!ic;lit (Psemỉomoniis syrÌHiỊCiĩ pv . 

xlyánctỉ)
B actcria l p u s tu le  (Xiinthom oiiiìỉ ciìỉnpcstris pv. 

ạìycitics)
C oxvpea c h lo ro tic  m o tt ỉc  v iru s  
P e a n u t m o ttlc  v iru s  
S ov b can  m o sa ic  v iru s  
Povvcicry m ildcvv ( M ic r o s p h i i e t i i  (liỊỴiỉSii) 

L)ciwny m ildcxv (Pcroiiosporiĩ nuỉtỉỉhutnũì) 
R accs o f  íro iỊev e  ỉc a tsp o t (Cerco.<Ịìoi\f soịiihi) 
R accs o f  s o y h ca n  ru s r (Plhĩkopsorti 

p iiih y rh iíi)
Races ot' brown steni rot (Plùiỉiophorứ 

ịỊreịiata)
Races o t 'P h y to p h th o m  ro t  (Phytophỉlìortĩ 

S tỳ iic )

Ra CCS o f  s tcm  c a n k e r  (Diiiporthe phíĩscolomni 
v ar. ũĩulivora)

K a ccs  o f  cy s t  n c m a to d c  {H etcnulcra  ạlycines)

V*
1 'ariants ịor srctl protein íiiuỉ oil

/.V/-Í.Y.Ỉ A b scn ce  o f  l ip o x y g o n a sc  m í y m t s  L x l
L x2, Lx3

li A bsen ce  o t K u n irz  trv p s in  in ln b ito r
llin' L ow  lin o lcn ic  acid
Á I,./’ Lovv p a lm itio  acid

H itỉh  p a ln iitic  iicid
/ứ.v, /ll.i1' ' 1 IìiịIi s tca ric  acid

Adaptcd \vith pcrinission f ro 111 PaliiKT, R. (ì.,  and Kileu, T. c .  
(19H7). Q ú a ỉi ta t iv c  f>enetics an d  cy to iỊcn e tic s . In  “ S o y b ean s: Im - 
ip ro v e m e n t, P ro d u c tio n . and  U se s ”  (J . R . W ilco x , ccỉ.) 2nd  e d ., 
ipp. 125-209. ASA, CSSA, SSSA, Mấdison, WI.

W ilc o x ,  J .  H . ,  a n d  C a v in s ,  Ị. F .  (1 9 8 7 ). C ỉe n c  S y m b o l  a s s ig n c d  
I b r  lin o lcn ic  acid  n iu ta n t in  tiic  so y b c a n . / .  Hcrcd. 78 ,410 .

E rick so n , H. A ., W ilcox , J . R ., a n d  C av in s , ị. F. (1988). ỉn h e r i-  
ta n c e  o f a l te rc d  p a lm itic  acid p c rc en ta g c  Ĩ11 tvvo so y b o an  m u ta n ts . 
/ .  lỉem i. 79,465-468.

(ỉraeí, G. L-, Fehr, w . R., and Haimnond, li. (ỉ. (1985). Inheri- 
tance o f  threc s tea ric  acid  m u ta n ts  o f  soybcan. Crop Sá. 
2 5 ,1 0 7 6 -1 0 7 9 .

becn  dcve loped  that lack thc  lipoxyiỊenasc enzym cs 
L2 and L3. rcsulting in i rnproved  Aavor o f  oil and o f  
soy  tood  p roducts .  T h e  cultivar “ K u n i t z / ’ that lacks 
thc  K unitz  trypsin  inhibitor,  p roduccs  sccd w ith  im -  
p ro v cd  p ro te in  digcstibilitv tha t  can bc fcd to tìnishinẹ 
hogs  vvithout h rs t  prcheatins* to  inactivate this trypsin 
i n h i b i t o r .  C u l t i v a r s  vvith  l o w  l i n o l e n i c  ac id  h a v c  i m -  
provcd  oil riavor and stability and those  vvith altcrcd 
l cv c ls  oi p a l n i i t i c  a n d  s t e a r i c  a c id s  h a v e  p o t c n t i a l  u s e  
in spcciaitv m arke ts  for soybcan  oil.

III. Quantitative Genetics

M ost soybean traits o f  econom ic  im por tancc  includ- 
iniỊ  s c e d  y ic ld ,  p l a n t  n i a t u r i t y ,  p l a n t  h e i g h t ,  l o d g i n g  
r e s i s t a n c c ,  s e e d  sizc, a n d  p r o t c i n  a n d  o i l  c o n t e n t  o t  
the seed arc quantita tively  inhcritcd. T hcsc  traits arc 
contro l lcd  by  tcw  to  m any  gencs and  m a y  be s trong ly  
ìnAuenced by env ironm ent.

Q uan ti ta t ive ly  inheritcd traits ot soybean  are con- 
trolled by gcnes w ith  additivc (Ịenetic eíìects. T ha t  
is, the m a n y  individnal gcnes that con tro l  the expres-  
sion o f  these traits each havc small effects tha t co tnb inc  
in an additive íashion to  contro l  the level o fex p ress io n  
of a trait. Since soybean cultivars arc t rue-b reed ing  
inbred  lines, thcsc additivc etTects can be íìxed du r ing  
the dev e lo p m c n t  o f  inb red  lines and m ain ta incd  in 
selcctions rclcased as n ew  cultivars.

A. Heritability of Traits

T h e  dcgree ot' genetic contro l o f  a quantita tive ly  in- 
hcr i tcd  trait is trcquencly cxprcssed as thc heritability 
o f  tha t trait. Estimatcs o f  heritabili ty  arc applicablc 
on ly  to  the popula tion  tron i  w hich  they are dcrived. 
Hovvever, w hcn  ditTcrent traits arc m easurcd  in a sin- 
u;lc popu la tion ,  o r  in diffcrcnt popula tions,  thc relatĩvc 
hcritability  o f  tho traits can be determ incd . Heritabili t-  
ics for Craits o f  econom ic  im p o r ta n ce  and o f  p r im ary  
intcrcst to soybcan breeders arc sh o w n  in T able  II. 
Sccd yiclci, cconomically  tlic m o s t  im p o r ta n t  trait o f  
soybean , typically has a lo w  heritabili ty  relative to 
o the r  traits. In contrast,  plant m a tu r i ty ,  pcrccntage 
secd p ro tc in ,  and pcrcentage sccd oil arc traits that 
arc hiíỊlily hcrítable. Heritabili ty  estimatcs are used 
to prcdic t progress that can bc niade by  selecting for 
a specific trait in a b reed ing  popu la tion .  In general, 
grea tcr  genetic im p ro v e m e n t  results f ro m  sclecúng 
for a trai t  w ith  a hií^h heritabili ty  than  w h e n  sclecting 
for a trait w ith  a low  hcritability.

6. Interrelationships Among Traits
Q uan ti ta t ive ly  inhcritcd  traits m ay be associated w ith  
cach o th c r  to vary ing  dci;rces depend ing  u p o n  the 
popu la tion  in w hich  these traits arc segregating .  C o r -  
r e l a t i o n s  b c tv v c c n  t r a i t s  m a y  b c  hÌ£»hcr in s e g r e g a ú n g  
popu la tions  vvhere parents ditTcr greatly  in m easured  
traits than  vvhere small dĩtTcrenccs exist be tw een  pa- 
rental values. Tablc  [II lists typical corrcla tions be- 
tvveen seed yield and o the r  q u and ta t ive ly  inheri ted  
traits in soybean. In thcse popu la tions  thcre  is no

1)1!
MI
i -:i - i :4

KpX l

rxp

Rtv
R p r l ,  rpư2 
R sư l, r s r l - ĩ .  R s v ’ 
Rniíl 
Rpnt
R is l-R c í. i
R p p l-R p p .ỉ

Kbsl. Iibs2

R p il-R p s  7

R t li l ,  Rdc2

rliỵ l,  rhf>2, rlifỊ.Ỉ,



TA BLE II
Heritability Estimates in Percentage for Quantitatively Inheriteà Traits in Progenies from 
Different Soybean Crosses

T ra i t C ro s s  1 C rc s s  2 C ro s s  3 C ro s s  4 C ro s s  5 C ro s s  6

Sccd v ic ld 38 23 10 :w 52 58
Secd \ve iiih t 68 53 44 92 92 8H

P lan t h e iiỉh t 75 82 71) 66 82 9»
L o d ^ in g 54 5 y 51 60 63 70

M a t u r i t v 7H 84 79 75 yi) 92
S'.'cd p ro tc in 63 — 57 76 86 HI

Sccd oil 67 — 51 74 88 82

A đ a p ted  \v ith  p e rm iss io n  t r o m  B u r to n ,  | .  w. (1987). Q u a n tita c iv e  iĩcnc tics: R csu lts  
re le v a n t to  so y b can  b rec itin iĩ. In "S o y b c a n s : Im p ro v c m c iu , P ro d u c tio n , and  U s c s ” 
(J . R. W ilc o x . n i . ) ,  2 n d . e d ' p p . 2 1 1 -2 4 7 . A SA . C S S A . S S S A . M a d is o n . W i.

a s s o c i a t i o n  b e t v v e e n  sced y i c l d  a n d  o i ]  c o n t c n t  o t  t h e  

se e d .  In  c o n t r a s t ,  in  n i o s t  o f  t h c s c  p o p u l a t i o n s  t h c r c  
is an i n v e r s c  r c l a t i o n s h i p  b e tv v e e n  s c c d  y ie ld  a n d  s c c d  
p r o t e i n  c o n t c n t .  T h i s  i n v e r s c  r c l a t i o n s h i p  h a s  l i m i t c d  
p ro s Ị r e s s  in  d e v e lo p in i*  cultivars w i t h  s u p c r i o r  s c c d  
y ic ld  a n d  h i ^ h  s e e d  p r o t e i n .

C orre la t ions  a m o n g  traits m ay  sinip lity  o r  co m p li-  
cate brccdma; cíYorts to deve lop  inbred  lines vvith spe- 
cific com biiia tions o f  traits. Soybcan breeders  m ay  
usc sclcction indiccs w h c n  selccting for  m ult ip le ,  co r -  
rclated traits. T hcsc  selcccion indices arc nnn ie ric  val- 
ucs tha t pu t diíTcrcnt cm phasis  on thc sclectcd traits 
and are usually bascd on  hcritabili ty  and econom ic  
value o f  the traits and 0 1 1  correla tions a m o n g  che traits.

IV. Sources of Genetic Vcriability

Gcnetic  variability  p rovides  thc basis tb r  breediníỊ 
im p ro v e d  cultivars; withoi. 1 t variabiỉity  therc arc n o

oppor tun i t ie s  for genetic  im p ro v e m cn t .  Genetic vari- 
ability cxists in íỊcrm plasm  collections and is rrcatcd 
by m aking  crosscs a m o n g  sclectcd parcnts, followed 
bv sc lf-pollination to  pcrn ii t  scgrcgation  to r  obscrv-  
able traits.

A. U.S. Soybean Germplasm Coliection
T h e  U S D A - A R S  m a i n t a i n s  a b o u t  1 4 ,0 0 0  s o y t c a n  a c -  
c c s s i o n s  a t  U r b a n a ,  I l l in o is .  T h c s c  a cc c s s io n s  h a v e  
bcen collcctcd from  p r im a ry  centcrs ot orig in  tor soy-  
bcan, C h ina ,  Japan ,  and K orea, and trom  oth tr COUI1-  
tries vvhere soybean  rcsearch has rcsulteđ in thc devcl-  
o p m c n t  o f  d i v e r s e  g c r m p l a s m .  T h e  c o l l e c t io n  
c o n t a i n s  a c c c s s i o n s  o f  G ly c in e  sọị(it‘, a w i l d ,  a n n u a ]  
r c l a t i v e  t h a t  h a s  t h e  s a m c  c h r o m o s o m e  n u m b c r  a n d  
is c r o s s - c o m p a t i b l e  w i t l i  t h e  c u l t i v a t c d  s o y b e a n .  
There a re  a c c e s s i o n s  o f  15 othcr p c r e n n i a l  G ly á n c  
sp e c ic s  t h a t  g c n e r a l l y  a rc  n o t  c r o s s - c o m p a t i b l e  w i t h  
t h e  c u l t i v a t e d  s o y h e a n  w i t h o u t  t h e  u s t '  o í s p e c i a l  t e c h -

TA B LE III
Estimates of Phenotypic Correlations of Seed Yield with Other Traits in Progenies from 
Six Soybean Crosses

T r.iit co rrc la red  
w ith  sced  y ic ld C ro s s  1 C ro s s  2 C ro s s  3 C ro s s  4 C ro s s  5 C ro s s  6

Secd vvoÍỊĩht - 0 . 0 7 (1.20 0 .10 - 0 . 0 1 0 .2 1 * * 0.21
P lan t liciiĩlit (1.32** 0 .4 4 * * - 0 . 1 3 - 0 . 0 4 0 .0 2 0 .2 6
L o d g in g (1 .Mì** 0 .27* — 11.21** 0 .03 -  0 .2 0 * * - 0 . 2 6
M a tu r ity 0 .3 7 * * 0 .3 7 * * 0 .1 3 0 .0 8 0  -)->** 0 .3 7

Seed p ro te in — — 0 .4 2 * * 1) T )* * -1 1 .34*+ - 0 . 1 7 * - 0 . 1 4
Sccd oil — 11.05 — 0.(1] 0 .2 6 0 .0 8 0 .07

A d a p ted  \v ĩth  p e rm is s io n  t ro m  l ìu r to n .  J. w. (1W 7). Q u a n ti ta t iv e  g cn e tics : H osults 
rc lc v a n t to  so y h can  b rced in iỉ. I ’I " S o y b e a u s : Im p ro v e m c n t.  P ro c lu c tio n , an d  U se s ' ( |. 
R W ilc o \ .  E d .Ị , 2 » d  e d .,  pp. 2 1 1 -2 4 7 . A SA . C S S A . SS SA , M ad iso n . W l.
* . **  HxcLvđs th e  5  a n d  1%  p r o k i b i l i r y  lcvcls. ro sp ec tĩv c ly .



u i q u c s  to  c u l t u r e  i m m a t u r e  c m b r y o s  f r o m  i n t e r s p e -
c ih c  c ro sse s .

T h e  ạ;erniplasm collcction is an ìn ip o r ta n t  rcservoir  
of ỉỊen;s that has becn cssential to  thc d e v c lo p m c n t  
o f  i m p r o v c d  c u l t i v a r s .  A b o u t  2 0  o f  t h e s e  a c c e s s i o n s  
havc providcd thc germ p lasm  for 95%  ot relcased 
cultivars. In addition , the germ plas tn  collection has 
contributed  gencs for pathogcn , n cm atodc ,  and  inscct 
resistar.ee chat havc bccn cssential for successíul soy-  
bcan p roduction  in areas w hcre  these pests l im it  seed 
yiclds. T h e  collcction h a s  a lso  c o n t r i b u t e d  genes f o r  
im provcd  chcmical com pos it ion  o f  the sced that will 
increaso bo th  uscs and m arkets  for soybean. T h is  col- 
l c c t io n  ts t h c  u l t i i n a t c  s o u r c e  o f  g c n e t i c  v a r i a b i l i t y  f o r  
soybean im p ro v c m en t .

B. Cultivars and Breeding Lines
T w o  c o m m o n ly  useđ sources o fg cn c t ic  variability  for 
cultivar deve lopn icn t  arc prcviously  rcleascd cultivars 
a n d  i m p r o v c d  g c r m p l a s m  r c g i s t c r c d  w i t h  t h e  C r o p  
Science Society o f  America. D escrip tions o f  b o th  reg-  
i s t c r c d  a i l t i v a r s  a n d  g e r r n p l a s m  a r c  p u b l i s h e d  in  t h c  

journal Crop Science. Rcgistercd gcrm plasm s m ay not 
ìncrit relcase as cultivars bu t  are genetically  im p ro v e d  
s o u r c e s  o f  u n i q u e  t r a i t s .

Superior lines í ro m  various soybcan  im p ro v e m c n t  
p rog ram s are an im p o r ta n t  sourcc o f  genetic  variabil-  
ity for soybcan im p ro v e m cn t .  T hcse  lincs m ay  no t  
p o s s e s s  all t h e  a t t r i b u t c s  r c q u i r c d  f o r  r c lc a s e  as  i r a -  
provcd c ultivars bu t  have com bina t ions  o f  charac ter-  
istics that rnake th e m  uscỉiil as parcnts.  C o o p c ra t iv c  
pertorm .incc tests o f  superio r  b reed ing  lines, con-  
ductcd l 'y soybean  brecdcrs,  p rov idc  a m e th o d  for 
exchangc oí '  this genetic  matcrial.

c. Transgenic Plants
T h e  d e v e l o p m c n t  o f  t r a n s g e n i c  plants p r o v i d e s  the 
o p p o r tu n i ty  to increasc genetic  variabili ty  for soybean  
b cy o n d  limits im posed  by in tra-  and interspcciíìc  
cross com patab il i ty .  C u r r e n t  techno loqy  p crm its  ío r -  
eiíỊn D N A  from  totally unrela tcd  species to  bc in t ro -  
d n c c d  a n d  e x p r e s s c d  in  t h e  s o y b e a n  g c n o m c .  A t  p r e s -  
ent, transgcnes con tro l l ing  to lcrancc to speciíìc 
h c r b i c id c s ,  r e s i s t a n c c  t o  in s e c t s ,  a n d  i n c r c a s e d  i n e t h i o -  
nine in seeđ proteins have becn successfully in c o rp o -  
r a t e d  i n t o  s o y b c a n .  T h i s  t e c h n o l o g y  p r o v i d e s  o p p o r -  
tum tics  to extcnsively  increase genctic  variability, 
particularlv  for qualita tivcly inhcri tcd  traits o f  
soybean.

V. Breeding Obịectives for Soybean

A. Seed Yield
T h e  p r i m a r y  b r e c d i n í Ị  o b j c c t i v t ‘ t o r  s o y b c a n  i m p r o v c -  
m c n t  p r o s Ị r a m s  h a s  b e e n  h i t ;h  s c c d  y i c ld .  S o y b e a n  is 
sold bv  w cigh t  o r  v o lu m c  o f  seed; thcrc ío rc ,  increas- 
ing  secd p ro d u c t io n  pcr  un it  arca is essential in thc 
d cv e lo p m e n t  o t  an im p ro v c d  cultivar.  Selection to r  
sccd yield in a b rced ing  p ro g ra m  is usually delayed 
until h o m o g c n e o u s ,  inbrecỉ lines are developed; this 
m i n i m i z e s  g c n e t i c  v a r i a b i l i t y  w i t h i n  l in e s  a n d  m a x i -  
mizes genetic variabili ty  a m o n g  lines. Since sccd yicld 
h a s  a l o w  h e r i t a b i l i t y  a n d  is s t r o n g l y  i n A u e n c e d  b y  
c n v i r o n m c n t ,  r e l i a b l c  e s t i m a t e s  o t '  t h e  g e n e t i c  p o t c n -  
t ia l  t o r  s e c d  y i e l d  a r c  d e t c r i n i n c d  b v  r e p l i c a t c đ  p c r í o r -  
m ance  trials at ditTercnt locations and  o v e r  scveral 
ycars. Sceci yiclds o f  inbred lines tha t  are g rea ter  than 
parental yiclds result  f ro m  transíỊrcssive segregation  
wlicre 11CW a;enc com binations affecting seed yield 
accuniulate  in inb red  lines tha t w ere  n o t  p resen t in 
parcn t  cultivars. Soybean  breeders  havc  incrcased thc 
tỊenctic potentia l for seed yicld an average o f  0.5 to 
1.0% pcr year  o v e r  the past 50 years.

B. Plant Maturity
M a tu ri ty  date is an im p o r ta n t  a t t r ibu te  for im p ro v e d  
soybcan  cultivars. Soybcan  cultivars beg in  their  re- 
p roduc t ive  phase in response to va ry ing  leng ths  o f  the 
dark  period.  T h e  datc tliat cultivars f low er  s trong ly  
inAuenccs thc  datc they m a tu rc ;  thercfore ,  cultivars 
arc adaptcd  to speciíic bands o f  la t i tude w h erc  scasonal 
varia tion  in lcngth  o f  the  dark  per iod  is associatcd w ith  
^ ro w in g  season. S ovbean  g e rm p la sm  is classified into  
13 m a tu r i ty  g ro u p s ,  f ro m  000 th r o u g h  X. T h e  000 
ạ;crmplasm lines arc adaptcd  as full-season lines in the 
h ighcr  latitudcs; X  g e rm p la sm  lines are adap tcd  to 
lo w  latitudcs in closc p ro x im ity  to thc  cquator .

G e rm p la sm  used in b reed ing  p ro g ra m s  m a y  include 
paren ts  f rom  d iverse  m a tu r i ty  g ro u p s ,  so selection 
for suitable m a tu r i ty  for a p ro d u c t io n  area is esscntial.  
Sincc m a tu r i ty  is a h igh ly  hcritab lc  trait, selections 
can effectively be m ade  on  a s ing lc-p lan t  basis in early 
segrcgating  gencra tions  fo l low in^  a cross. Soybean 
b reeders  have deve loped  p ro d u c t iv e  cultivars in each 
o f  the  m a tu r i tv  g ro u p s  and have exp a n d ed  the  range 
o f  m a tu r i tv  g ro u p s  to  inc lude 000 and  X.

c. Plant Height
Sclcction has resu ltcd  in thc d e v e lo p m e n t  o f  cultivars 
that vary  from  ab o u t  0 .75 to 1.00 m  in m a tu rc  plant



h e i í Ịh t  vvhen g r o w n  in p r o d u c t i v e  c n v i r o n m c n t s .  In 
t h c  h i t Ị h c r  l a t i tu d e s  o f  t h c  m i d w e s t c r n  U n i t e d  S t a te s  
or Southern Argentina , indetcrm inatc cultivars arc 
g ro v v n  to  o b t a i n  a d c q u a t e  p l a n t  h e i ỉ Ị h t  f o r  h i g h  s c e d  
yiclds. In the low cr  latitudes o f  the Southern U n ite d  
States and South  America, determ inate  cultivars are 
g r o w n  to  l in i i t  p l a n t  h c i g h t  d u r i n g  t h c  l o n g  g ro w in s *  
s c a so n .  A  f c w  d e t c r m i n a t c  c u l t i v a r s  h a v e  b e e n  d e v e l -  
oped for p roduction  in the m idw cstc rn  U n i te d  States. 
These cultivars avcragc 0.50 to 0.70 m  in m a tu rc  p lant 
hcight and arc typically sccded at 1.5 tim cs the no rm a l  
secd in s ;  r a te  t o  o b t a i n  h i g h  y ie ld s  o t  t h c s c  s h o r t -  
statured plants.

F. Seed Oil Content
Soybcan cultivars tvpicallv avcrae;t' 20 to 22% oil in 
t h e  s c c d  a n d  th is  v a lu c  h a s  n o t  c h a iu Ị e d  a p p r c c ia b ly  
in 5 0  y c a r s  o t  s o y b e a n  b r e e d i n g .  S in c e  t h e r c  is n o  
c lo s e  a s s o c i a t i o n  b e t w e e n  s e e d  v i e ld  a n d  o il  c o n te n t ,  
s o y b c a n  b r e c d c r s  h a v e  b e c n  a b lc  t o  su c c c s s íu l ly  Í11-  
c r e a s e  s e e d  y ic ld  vvhilc  n i a i n t a i n i n g  hii^h oil  c o n te n t .  
C ultivars  havc been dcvcloped  w ith  23%  oil, which 
is n c a r  t h e  m a x i m u m  v a lu e  o f  a c c c s s io n s  in  t h c  g e r m -  
plasm  collcction. Rccent breedine; cfforts have altercd 
t h o  t a t t y  a c id  c ọ i n p o s i t i o n  o f  s o y b e a n  o i l ,  p ro v id in ẹ ;  
oppor tun it ies  to r  develop ing  cultivars w ith  unique 
tatty  acid com position  t'or specialty niarkets for soy 
cũi.

D. Lodging Resistance

LodíỊÌnti;,  t h e  t e n d c n c y  o f  p l a n t s  t o  l c a n  a w a y  t r o m  
vcrtical g ro w th ,  m ay  limit plant pho tosyn thcs is  d u r -  
intỊ  th e  g r o v v i n g  s e a s o n  a n d  in t e r f c r e  w i t h  h a r v e s t  
w hcn  plants arc mature. Lodging tends to incrcase as 
p l a n t  p o p u l a t i o n  in c r c a s c s  s in c c  i n d i v i d u a l  p l a n t s  a r c  
tallcr and have th inncr stems w hcn  q r o w n  at high 
populations. Lodging resistancc was no t an im p o r ta n t  
t r a i t  w h e n  c u l t i v a r s  w c r c  i» ro w n  fo r  t o d d e r  o r  as  a 
g r c c n  m a n u r c  a n d  o l d e r  c u l t i v a r s  ử e q u c n t l y  lo d í^ cd  
badly. Breeding cỉTorts havc been vcry  succcssful in 
d c v e l o p i n g  c u l t i v a r s  t h a t  a r e  r c s i s t a n t  t o  l o d í Ị Ì n g  a n d  
produce  h igh secd yields at norm al plant popula tions.  
D cte rm inate  cultivars dcvelopcd for thc M id w c s t  arc 
v e r y  r c s i s t a n t  t o  l o d íỊ Í n g ,  e v e n  at h i g h  p l a n t  p o p u l a -  

tions, because o f  their short stature.

E. Seed Size
Seed sizc, c o m m o n ly  expresscd as w ciíỊh t /seed ,  rc- 
ceives only limitcd at tcntion in m ost  soybean  b reed -  
ing p rogram s. Secd o f  currently  g r o w n  cultivars 
range in size f rom  about 100 to 200 m ^ /s c e d .  Witliin 
this range there is little relationship betvvcen seed yicld 
and seed size. Soybcan gcnotypes w ith  cxceptionally  
largc or exceptionally small seeds do  n o t  p ro d u ce  as 
liií*h yiclds as cultivars w ith  the norn ta l rangc o f  seed 
size. Sced sizc m ay be an im p o r tan t  a t tr ibu te  o f  soy-  
bean cultivars dcvclopcd for spccialty m arkcts .  Vcry 
small seed, 80 to 1 0 0  rng, is preícrred tor  the p ro d u c -  
tion o f  natto , a íe rm cntcd  food p roduc t in w h ich  thc 
in tcgrity  o f  the sced is partially m ainta ined. Lare;e- 
seedcd cultivars, 180 to 250 m ẹ ,  have traditionallv  
been prcícrred for the production  o t t o í u ,  a curd  de- 
vclopcd by prccipitating protcins from  soy niilk.

G. Seed Protein Content
P r o t e i n  c o n t e n t  o f  c u r r c n t l y  g r o w n  c i i l t iv a rs  r a n g e s  
f rom  39 to 41%  and. likc oil coiitcnt, has no t becn 
increased in 50 ycars o f  soybcan  brecding. Accessions 
a r c  a v a i l a b l c  in t h e  g e r m p l a s m  c o l l e c t io n  t h a t  c o n ta i n  
52%  protein  in the sced. T h e  s trong  invcrsc rclation- 
ship bctvvccn protein  and oil lias prccluded thc devel- 
o p m e n t  o f  s o y b c a n  w i t h  b o t h  h i g h  p r o t e m  a n d  hiỉỊh  
o i l  (F ig .  1). D i s i n c e n t i v c s  t o r  b r e e d i n g  t o  in c re a s c  
sccd protein  in soybean are: (i) soybcan is purchascd 
on a vveight or volum e basis with no prcmium  tor 
chem ical com position  o f  the  secd and (ii) the m odcr-  
atcly s t rong  inverse r d a t io n sh ip  betvveen sccd yiclci 
and secd proteiu.
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FIG U R E  1 T h e  in v e rse  re la tio n s h ip  bctxvccn sccd p ro te in  an d  >il 
c o n te n t in  p ro iỊcn ies tro in  a c ro s s  betvveen “ P a n đ o "  ( P l )  a h ip i-  
p ro te in  p a rc n t an d  “ W o o d v v o rth ” (P2) a h in h -o il p a re n t.



Incre.isinsr seed pro tc in  has rcccntlv  bccom c an im -  
portan t broedintỊ obịcctivc to  m ain ta in  the conipeti -  
t iv c  p lacc  o t  u .  s .  s o y b c a n  in \ v o r l d  n i a r k c t s .  B o t l i  
rccurrcnt sclcction and backcrossinq; brccdinẹ; m e th -  
ods havc becn uscd to  increase socd pro te in  o t 'b re cd -  
ing lincs. Hovvcver, in brccd ing  popu la tions  the h igh -  
cst protcin b rccd m g  lines gencrally arc n o t  thc highcst 
vicldmtí lincs. Hackcrossintí hiíỊh sccd protein  in to  
liiíỊh yicldinc; cultivars has becn vcry  successtul in 
overconúng  thc inverse rc la tionship  bctvvecn sced 
vicld and protcin. T h e rc  has been vir tually  no success 
to date in overcom inẹ; the invcrse rclationship  bc- 
tw ccn  sccd pro tc in  and oil.

H. Disease Resistance
T h cre  arc abou t 35 ditYercnt pa thogens  that c iumila- 
tivclv causc annual losses cs tim atcd  as hitíh as 1 2 % 
o f  the soybean crop  in tho U n ite d  States. Sonic o f  
thcsc pathoiỊcns can bc successíully contro l lcd  hy  the 
usc ot rcsistant cultivars. B recd ing  for  rcsistance to 
spcciíìc pa thogcns  that rcducc sccd yicld or  quality  
o t ' s c c d  p r o d u c c d  is 311 i n t e g r a l  p a r t  o t  m o s t  s o y b c a n  
im p ro v e m e n t  p rog ram s.

Bactcrial discases that rcducc secd yicld includc bac- 
tcrial hliy;ht (P scudonioniis syriiigtU’ pv  ỊỊlycinea) and bac- 
terial pustule (X a n tlio m o n a s cainpcstris pv  ạlyc ines). Se- 
lection for hie;h sccd yicld and tavorab le  ag ro n o m ic  
traits has indircctly  resulted in  hit^h lcvels ot 'rcsistancc 
to  bacterial blight.  W idcly i»rovvn cultivars rarely 
shovv Miiílit sy n ip to m s  in b reed ing  nurscrics o r  p ro -  
duct ion  ficlds w lúle accessions f ro m  the  gcrm plasn i  
collcction inav  s h o w  sevcre leaf blií^ht w h cn  g r o w n  
Í11 t h c s e  s a m c  a re a s .  T h e  r x p  g e n c  f o r  r e s i s t a n c e  to  
bactcri.ll pus tư le  has bcen inco rpo ra ted  in to  virtually 
all c u l t i v a r s  g r o v v n  in  t h c  S o u t h e r n  U n i t e d  S ta te s ,  
c l im n v a t in e ;  t h e  8 t o  1 ] %  y i e ld  l o s sc s  c o m m o n l y  a s s o -  
c i a t c d  \v i t h  s u s c e p t i b i l i t y  t o  t h i s  d i s c a s e .

V i r u s  d i s e a s e s  t o r  w h i c h  g e n e s  f o r  r c s i s t a n c e  a r e  
u v a i l a b l e  i n c l u d e  c o w p e a  c h l o r o d c  m o t t l c  v i r u s  (Rcv), 
p c u n u t  m o t t l e  v i r u s  ( R p v l  a n d  R p i ’2 ) .  a n d  s o y b c a n  
m o s a i c  v i r u s  ( R s t ’ l  a n d  R s t '1 -t ) .  T h c s c  v i r u s  d i s e a s c s  
m ay  rcduce sced yicld o r  cause d isco lo ra tion  o f  sccd 
e o a t s  t h a t  r e d u c c  t h e  v a lu e  o f  t h c  s c e d .  S in c e  c c o n o m i c  
lo s s e s  d u c  to v i r u s  d i s e a s e s  a r e  n o t  s e v e r e ,  b r e e d i n g  
for resis tance to  viruses rcceives l im itcd  a t tcn t ion  in 
n ios t  b r e e d i n g  p r o í ỉ r a m s .

Diseases caused hy  íu n g i  cause the  greatest vicld 
l o s s c s  in  s o y b e a n  a n d  a l s o  a r c  r e s p o n s i b l e  t o r  p o o r  
q u a l ĩ t y  s c c d ,  r c s u l t i n í ĩ  i n  lo v v e re d  p r i c c s  t o  t h e  p r o -  
đucer. P h v to p h th o r .1 roo t  rot (P hytoplitliorci soịae) can 
c ausc p rc-  and postem ertỊcncc d a m p in g  otY o f  suscep-

tiblc secdlinns scvcrc cnoutỊh to  rcquirc replanting  o f  
p roduc t ion  hclds. DamatỊC m ay be as insidious as 
slitỊhtỉy reduccd plant s^rcnvtli \vith subsequem  losscs 
in sccd ỵicld. This disca.se has bcen ctTectivcly con- 
trolled w ith thc đevelop ine iư  ot" resistant cultivars. 
As new  raccs o f  the pa thogen  hecam c prevalenc, ađdi- 
tiona! tỊcncs to r  resistance vvcre brcd  in to  n ew  culti- 
vars. Sonrces o f  tìeld rcsistancc, that are nonrace-  
spccific, havc been idcntificd and are being  brcd  into  
c u l t i v a r s  t h a t  vvill b e  r e s i s t a n t  t o  a w i d c  s p e c t r u m  o t  
races ot'  thc pathoqen.

B ro w n  stcm rot (P h iã lophora  causés internal
brovvniníỊ ot thc pith  and vascular tissue and íoliar 
n e c r o s i s  o f  s u s c c p t ib l c  c u l t i v a r s .  T h e  d i s e a s e  is vv ide-  
spread in the niichvestern U n ite d  States and can result 
in yield losses as liigh as 44% . Several cultivars have 
bcen developcd w ith  m odcra tc lv  h igh  levcls o f  rcsis- 
tancc to  tho patho^en.

S tc i ĩ i  c a n k c r  (D ia p o rth e p lia se o lo rm n  v a r .  ca u liv o ra )  is 
characterizeđ by a lesion encirclinu; thc basc o fso y b ea n  
stems durint; early rep rodnctivc  staiịcs o f  thc plant 
r c s u l t i n g  in p l a n t  d c a t h .  V i r u l c n t  r a c e s  o f t h e  p a th o i Ị e n  
h a v e  b c c o m c  p r e v a l e n t  in  t h e  S o u t h e r n  U n i t e d  S ta te s  
causintỊ yicld losscs as hiíỉh as 100%. Resistant culti- 
vars havc been devcloped by inco rpo ra t ing  in to  thcm 
o n e  o f  tw o  genes for resistancc to  thc pathogen .

Suddcn  dcath sy n d ro m c  (hH sdrium  so lan i) causcs a 
toliar  necrosis and cventual leat' loss as soybean  enters 
the  rcproductive  sta^cs o f  dcvc lopm cnt.  T h e  dỉscasc 
f rcqucntly  occurs in p roduc t ion  ficlds tha t havc opti-  
m u m  grovving condicions and h igh  yiclđ potcntial. 
Limited  in ío rm a tion  is available on thc  genctics o f  
resistancc to thc pathogen . Cult iva rs  have  been identi-  
tìed that havc a hic;h levcl o f  resistancc and  thesc 
a r c  b e i n g  u s e d  as p a r c n t s  t o  d e v e l o p  a d d i t i o n a l  h i g h  
yieldintỊ, resistant cultivars.

S o y b c a n  r u s t ,  c a u s c d  b y  P h a ko p so ra  p a c h y r h iz i ,  is a 
w ic ỉc s p r c a d  ío l i a r  d i s c a s e  in  t h e  o r i e n t  t h a t  c an  c a u s e  
yicld losses as high as 40 to  50% . T h e  diseasc has no t  
bccn idcntiíìcd in N o r th  Am erica  bu t  has becn íound  
in  P ucr to  Rico and South  America. T h e  disease can be 
con tro l led  by the dev c lo p m c n t  ot resistant cultivars, 
u s i n g  t h e  R p p l  a n d  R p p 2  g e n e s .

T w o  pathogens  advcrsely affcct seed quality and 
result in low cr  priccs for seed lots cxh ib it ing  disease 
sy m p to m s .  T h e  D ia p o rth e —P hotnopsis  com plex  causes 
crackcd, shrivelled, and m o ld y  sccd and reduces seed 
^e rm ina tion .  Resistant accessions have been identiíied 
in the  íTcrmplasm collection and have been used as 
parents to  develop cultivars vvith a m odera te  level 
o f  resistance to the pathogcn . Purple sced stain, a 
d i s c o l o r a t i o n  o f  s o y b c a n  s e e d  c a u s c d  b y  Cerco spora



k ik iich ii, m ay be vvidesprcad in soybean p roducing  
areas undcr  environm enta l  conditions that favor thc 
pathogen . Cultivars differ in susceptibility to this dis- 
casc and sovbcan brcedcrs sclect against cx tren ie  sus- 
ccptibility, tlms lim iđng  diseasc p roblcm s u ndcr  m ost  
production conditions. ỊSec  P l a n t  P a t h o l o g y . Ị

I. Nematode Resistance
T h e  soybean cyst ncm atode ,  S C N  (H eterodera ạ ly- 
cincs), is thc m os t  dcstructivc and w idesprcad ncm a- 
todc attackiiiíỊ soybcan. T he m inu te  vvorms feed on 
soybcan roots causinsĩ cxtensive yicld iosscs in South
ern, souíheasiern, and midvvestern states o f  the 
U nited  States and in C hina and Korca. Gcncs for 
rcsist;incc to speciíic races o f  the ncm atodc  liavc bcen 
incorporated  into  rcsistant cultivars using varions 
brccd iniỊ proccdnres. Each ot these cultivars is resis- 
tant to  a limitcd nun ibc r  o f  raccs o f  the nem atodc .  
r iic soybean acccssion Pl 437654 is rcsistant to all 
k n o w n  raccs o f  S C N  and the resistancc in this acces- 
sion has bccn incorporated  into the cultivar 
“ H a r tw ig . ”

R oot kno t ncm atodes (M cloicloịiyiie spp.), particu- 
l;irly M . arciiúriiỉ, M . iiicoịỊiiitíi, and M . ịam viic tĩ, can 
cnuso yield losscs up to 90%  on susccptiblc soybcan 
g ro w n  in l íght-tcxtured soils in w arm  climates. N e m -  
atodc íceding rcsults in galls up to 2 0  111111 in size 
OI1 p lan t  roots, interícring  vvitli vvater and nutr icn t 
t ran sp o r t  vvithin the plant.  Evcn th o u g h  the iícnetics 
ot rcsistancc to root knot nem atodes is no t  wcll under-  
s tood , brecdcrs have bet '11 successíul in dcveloping 
cultivars with hií*h levcls o f  resistance to this pest.

J. Insect Resistance
Folúir-feedine; and pod-fccding insects rcducc soy- 
bcan yiclds m o rc  severcly in thc w arn ier  climatcs of 
low  latitudcs than in coolcr climates o f  hiíỊher lati- 
tudcs. Idcntificd rcsistnncc to insccts has takcn tw o  
to rm s ,  (i) antibiosis,  an adversc cffcct o f  thc plant 
on  insect g row th ,  survivial,  and rcproduction ,  and 
(li) antixcnosis, an advcrse cíĩect on  insect bchavior,  
such  as visitation by  insccts. Aiưibiosis has bccn used 
in thc  dcvc lopm ent ofcu lt ivars  w ith  gencral rcsistance 
to  toliar íccdintỊ insccts. Antixenosis, in the tb r m  of 
dcnsc pubcsccncc covcring  the soybean plant,  has 
bcen uscd to discouraíĩc both  tồliar- and pođ-teeđini* 
insccts.

VI. Breeding Methods Employed

Soybean brccdiniỊ inđudcs  (i) creatinsĩ lỊcnetic vari-  
ability tòr speđ tìc  traits, and (ii) idcntifvim» and sclect-

ing dcsireablc varian ts  for thcst’ traits. B recd ing  m eth -  
ods co m m o n ly  c m p lo y ed  in soybean  im p ro v e m e n t  
includc pcdigrec, single seed descent, carly gcneration 
testing, backcrossiníỊ, and recurren t selcction. Each 
o f  thcsc m c th o d s  has been uscd to dcvc lop  cultivars 
that have bcen rclcascd for com m crcia l production .

A. Pedigree Method
T h e  pcdigree m e th o d  has bcen uscd to co m b in e  tavor-  
ablc traits f rom  tvvo o r  n iore  parents.  Fo llow ing  a 
cross bc tw een  sclccted parents,  p rogenies  arc inbrcd 
f rom  the F| throuẹ;h successivc gencrations \vhilc 
m ain ta in ing  the  genctic relationship o r  pcdigree o f  
cach solected indiviđual.  Scvcral ln indred Fi plants 
arc c o n im o n ly  ợ o w n  tro in  a cross and  from  these 
sclcctions arc m adc  bascd on p hcno typ ic  attributes. 
Selcctcd plants arc g r o w n  in individual p ro g cn y  row s 
in the F3 gcncra tion  and sclcctions arc m ade íìrst 
a m o n g  phenotypica lly  dcsirable row s , and then for 
phcnotypically  dcsirable plants w ith in  row s . T h e  p ro -  
ccss is repcatcd in succcssivc generations , typically 
i*rowiní’; one gencra tion  cach ycar in thc íìeld, until 
plants vvithin ro w s  are phcnotypica lly  u n i íò rm . Se- 
lcctcd row s  in advanccd  e;enerations arc harvcstcd and 
cvaluatcd in succecding  ycars in rcplicatcd pcr íb r-  
m a n c c  tr ia ls .  A d v a n t a g e s  o f  t h e  p e d i g r e e  m c t h o d  o f  
b r e o d i n g  a rc  t h a t  s c l c c t i o n s  c a n  b c  m a đ c  in  c a r ly  g e n -  
e r a t i o n s  b a s c d  o n  lìif»hly h e r i t a b l c  p h e n o t y p i c  t r a i t s  
such as discasc rcsistancc, plant n ia tur i ty ,  and m o r -  
p h o l o g i c a l  t r a i t s  s u c h  as  p l a n t  l ie ig h t .  B r e e d i n g  l ine s  
a r e  c v a l u a t e d  in  s u c c c s s i v e  y e a r s  i n i d e r  d i f f c r e n t  e n v i -  
ronm cn ts ,  creatiníỊ opportun it ies  for thc  cxpressioin 
o f  traits and fo r  e t ĩec tivc sdec tion .  Typically  onc  g e n -  
era tion  is ạ;rown per  ycar so sevcral ycars arc requ iređ  
to idcntify  lines fo r  evaỉuation in rcplicatcd p c r fo r -  
manct' trials. T h is  b rced ing  m e th o d  is no t  used ex ten -  
s i v e ly  t o d a y  b u t  it w a s  t h c  p r i m a r y  s o y b e a n  b r c c d i n g  
m c th o d  uscd un ti! abou t 1970.

B. Single-Seed Descent
S i n g l c - s e e d  d e s c e n t ,  o r  a n i o d i í i c a t i o n  o f  t h i s  m e t h o d ,  
is currcntly  the m o s t  co m m o n ly  used b reed ing  
m c th o d  to đeve lop  im p ro v e d  soybcan  cultivars. Fol- 
lowiiiíỊ the F| gcncration  f ro m  crosses bc tw cen  sc- 
l c c t c d  p a r c n t s ,  t h e  F i  g e t i c r a t i o n  is !> ro w n  a n d  One 
s e c d  í r o m  e a c h  F i  p l a n t  is A d v a n c e d  to  t h c  n e x t  g e n e r a -  
tion. T h e  proccss is rcpeated, vvithout selection, in 
s u c c c s s iv c  ẹ ;c n c r a t io n s  u n t i l  t h e  d c s i r e d  lcvc l  o t  iii-  
b r c e d i n g  is a t t a i n c d ,  Lisu.illy t h e  o r  F 5 g e n c r a t i o n .  
I n d i v íd u a l  p l a n t s  a rc  t h e n  s d c c t c d  b a s c d  o n  p h c n o -  
t v p i c  t r a i t s  a n d  s e c d  t r o m  t h e s e  p l a n t s  is in c r c a s c d
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to  p roduce  ađequa te  secd to r  rcplicatcd pcr tb rm ance  
trials. Sincc cach F2 plant is represen ted  bv a sintỊle 
F4 o r  Fs plant, gcnctic  variabilitv  in the F4 o r  Fs gcnera- 
tion is cqual to  the  variability in thc íỊcnerarion.

T h e  singlc-sccd dcsccnt m e th o d  o f  breeđ ing  has 
scveral advan tages  in soybean  im p ro v e m e in .  Sincc 
no  selcction is prac tised  in earlv  ẹencra t ions  and on ly  
onc  sced per  p lan t is necdcd, scvcral gcnerations can 
be t*rown cach ycar  using w in tc r  nurscrics o r  in doo r  
lỊrovvth íadlicies. P lants can be í»rown in vcry  lim itcd 
space and c i thcr  p h o to p c r io d  is con tro l lcd  or  t^rovvtli 
rctỊulators are uscd to m in im ize  p lan t SÍ2 C sincc on ly  
one  secd ĩs needeđ  t ro m  cach plant.  T h e  p r im ary  
disadvantaỉỊc to  this  b rced ing  m e th o d  is Chat thc iden- 
t ity  o f sư p c r io r  p lants in each íỊcncration is lost. T h e re -  
tbrc, supcrio r  F, and  F, plnnts canno t  be identiíied and 
additional sc lcctions m ade f ro m  proiỊcnies o f  thcsc 
supc rio r  plants.

<c. Early Generation Testing
Early i;encratioii tosting is a b rced ing  m c th o d  dc-  

s ig n c d  to identiív  carly in the  brccdiniỊ p ro g ra m  so y -  
Ibcan lincs tha t  have  superio r  yield potcntial.  T h e  
u nc thođ  utilizcs cva ỉua tion  o f  brccdiniỊ lines in rcpli— 
ca te d  p c r to rm a n ce  trials d u r in g  the dev c lo p m e n t  ot' 
i.nbrcd lines. C rosses  arc m adc  b c tw c cn  selectcd par-  
e n t s  and the  Fị and F2 gcncra tions  g r o w n  as spaccd 
p la n ts  to insurc  adeqnatc  sccd p ro d u c t io n  for p c r ío r -  
n ia n cc  tests. Initial p c r íò rm a n ce  tcsts arc conductcd  
in  the  F, gene ra tion  cvaluatintỊ F, lincs f ro m  sdcc ted  
F 2 plants. Based  on  rcsults o f  these tcsts,  b o th  crosscs 
a n d  F->-đerived lincs w ith  supc r io r  yicld arc identified 
a n d  evaluatcd  a seconđ  year 111 replicatcđ F4 pcr- 
fo rm a n cc  trials conduc ted  in m u l t ip le - ro w  plots. 
F 4 plants sclected t r o m  the  b o rd c r  ro w s  o f  these 
n u i l t ip lo ro v v  p lots  are rctaincd t ro m  chose plots w ith  
supc r io r  p c r to rm a n c e .  T h e  F_t p lants  í ron i  selcctcd 
p lo ts arc cva lua tcd  as F5 p ro g en y  row s ,  and then in 
the  Ffl gencra tĩon  in rcplicated p e r íb rm a n c e  trials. T h e  
p r im a ry  advantaiỊC of this brcediníỊ  m c th o d  is thc 
idcntification in early  gencra tions  ot '  crosscs and 
b rced ing  lincs tha t liavc su p e r io r  yicld po tenúal.  [f 
su p c r io r  Ft lines can bc  identiíĩcd  early  111 the  p rog ran iị  
advanced g ene ra t ion  selections can bc m a d c  f rom  
progenics  o f  thcsc supe rio r  lines. T h is  m e th o d  re- 
quircs cxtcnsivc p e r to rm a n ce  trials and  data collcction 
in all stagcs o f  the  b rccd ing  p rogra rn .

D. Backcrossing

Backcrossing is a vvidely used b rced ing  m e th o đ  to 
t n n s t e r  a spcciíĩc trai t  iđenútìcd  in a d o n o r  parcn t to

a rccurrent parcnt that has supcrio r  attributes. A cross 
is m adc  bctvvccn the rccurrcn t parent and the do n o r  
parcn t and as soon as protỊCiiv arc iùentiíied thai carrv 
the đesiređ Crait f rom  the d o n o r  parcnt,  thesc protỊcny 
arc crossed back to the recurrcn t parcnt.  T h e  proccss is 
repcatcd, using sclectcd p ro g cn y  f ro m  cacli backcross 
tỊcncration to aa;ain cross back to thc recurren t parcnt 
until thc phcn o tv p c  o t  the  recurren t  parent is rccov- 
crcd, in addition  to tlic trait t ransícrred  trom  thc do -  
n o r  parent.  U suaily  íìve to  seven backcrosses are re- 
quírcd  to  com plete ly  rccovcr thc p h en o ty p e  ot thc 
recurrent parent.  In cach backcross íỊcncration p rog -  
cny witli the desireci trait m a y  be idcntiíĩed as carlv 
as the F| gcnera tion  if  thc trait is d o m in a n t  o r  in chc 
F2 lỊcncration i f  thc trait is recessivc.

Backcrossing has been uscd extensively in sovbean 
b recding  to incorporatc  speciíic lỊenes for diseasc re- 
sistancc in to  supcrior  a i l t iv a rs  . For exam ple , resis- 
tance to spccitìc raccs o f  P liy top lithora  soịac havc bcen 
incorporatcd  into m an y  soybcan  cultivars. W hcn thc 
resistant, backcross-derived to rn i  o f  the  cultivar is 
rclcascd, the ycar o f  rclcasc ot'  thc rcsistant cultivar is 
appendcd  to the n am e  o f  thc original cultivar, e .g .,  
“ Williams 8 2 ,” “ C e n tu ry  84 ,” and  “ H o b b i t  87" arc 
rcsistant fo rm s o f  the cultivars Williams, C c n tu ry ,  
and H o b b i t  tliat w crc  rcleased in 1982, 1984, and 
1987, rcspcctively.

T h e  advan tagc  o f  thc backcross brccdinu; m c th o d  
is that succcss in cultivar im p ro v em cii t  is assnrcd. 
With an ndequate n un ibe r  o f  backcrosses the pheno -  
typc and pcr tb rm ancc  o f  the recurren t  paren t are rc- 
covered plus the  desirable trait t'roni thc cionor parent. 
T h e  lim ita tion  o f  this b rccd ing  m e th o d  is tliat no  
im p ro v e m e n t  is m ade  for traits o thc r  than thc onc 
transfcrrcd  íroiii thc d o n o r  parent.

E. Recurrent Selection
Recurrcn t  sclcction, a brcedinọ; p roccdure  m o re  
w idely  uscd w ith  cross-pollinated  crops, has been 
useti successtiilly to im p ro v e  soybean . T h is  b recd ing  
p roccdure  is uscd to im p ro v e  quantita tive ly  con- 
trollcd traits by  íỊradually accumulatinỵ; in brecd ing  
lines gcnes th a t  affcct the  exprcssion  o f  these traits. 
S dcc ted  parcn ts  arc in te rm ated  in all com bina t ions ,  
and  their  F| p rotỊeny m ay  be in te rm ated  to  assurc 
ran d o m  asso r tm cn t  ot gcnes con tro l l ing  thc  desired 
trait. P ro g e n y  f ro m  thc in te rm atings  m ay  be inbred  
One or  tw o  gencrations, and then evaluatcd in pcr to r -  
m ancc trials and a pcrccntagc of the best lines to r  the 
dcsircd trait is selected. T hcsc  sclcctcd lincs arc au;ain 
i n t c r m a t c d ,  c i t l ic r  in  all c o m b m a t i o n s  o r  a t  r a n d o m ,  
to  r e d i s t r i b u t c  t h c  IỊCI1CS c o u t r o l l i n ^  t h c  t r a i t .  A t t e r



pcríb rm ance  trials, superior lines for thc trait are again 
sclected íor  thc nex t cycle o f  in te rm ating.  T h e  process 
is repeatcd for successive cycles. Recurrent sclcction 
has been used to accum ulate  genes atĩecting m atu r i ty ,  
seed yield, and chemical com posit ion  o f  seed incluđ- 
ing oil, protein, and fatty acid com position  o f  thc oil.

T he  advantage o f  recurren t selection is that ^encs 
controlling quantita tivc traits can be effectively accu- 
m ulatcd  in breed ing  lines. M o st  traits o f  econom ic  
im portance in soybean are controlled priniarily by 
additive effects o f  genes and recurrent selection is 
effective in accum ulating  genes w ith  additive effccts. 
Selections can be m ade at any stagc o f  a recurrent 
selection proíỊram, fu rther  evaluated in pe r to rm ance  
trials, and, i f  w arran teđ ,  released as m ip roved  cul- 
tivars.

R ecurrent sclection rcquires extensive Crossing 
am o n ^  sclected parents in each gencration. H and  pol- 
linations, which are diííicult and tim e consum ing  to 
make, m ay limit the n u m b e r  o f  selcctions that can bc 
in term ated  in each generation. Genes that cause male 
sterility in soybean havc been incorporated  into rccur-  
rent selection populations to tacilitate in te rm ating ; 
selection to eliminate thc gencs for male-sterility ís 
donc  dur ing  inbrecding to devclop hom o z y g o u s  lines 
íor  rclease as cultivars.

VII. Performance Testing of 
Improved Germplasm

Soybean breed inẹ  lines, inbred to phenotypic  ưnifor-  
m ity ,  are evaluated in replicated perform ance trials 
to  determ ine their m erit  for economically  im por tan t ,  
quantita tively inherited traits. These trials are con -  
ducted  in m u lt ip le -row  plots, 4 to 6  m  in length, and 
rcplicatcd tw o  to six times at a location. M ultip lc-  
ro w  plots usually vary  ÍTom 4 to 10 row s with spacing 
betvveen row s  from  0.75 m for 4 - ro w  plo ts  to
0.20 m  for 10-row plots. O n ly  the center 2 to 6  rovvs 
arc harvcsted to m in im ize  effects o f  adjacent plots 
on  yield dctcrm inations. Perform ancc data, including 
m a tu r i ty  date, plant height,  plant lodging, and  seed 
yield are c o n u n o n ly  recorded OI1 these plots. In suc- 
cessivc years o f  per ío rm ance  trials data m ay also be 
recorded on seed sizc and on protcin and oil con ten t  
o f  a samplc o t  seed o f  each inbred line. Usuallv  1 0  to 
15% o f  the superior lities iđentiíìcd in each years’ 
per to rm ance  trials are retained for evaluation in suc- 
cessive years o f  tcsting.

Initial per íb rm ance  trials are usually conduc tcd  at 
one location w ith  tvvo or three replications. S econd-

and th irđ -y ea r  p e r íò rm a n ce  trials are conductíd  at 
m o re  locations, usuallv tw o  to four, and  wi;h chree 
to four  replications at each location. Economically 
im p o r ta n t  traits o f  sovbcan , particularly setd vield, 
are stro ti^ ly  intìuenced by  environnicn ta l  fa:tors in- 
cluding te m p era tu re  and raintall that vary  am ong 
years and locations. In soybean  períòrm ance trials 
conduc ted  at different locations and in d if fe re i t  vears, 
ditTercnces a m o n g  years an d  am ong  location; n:ay be 
greater  than ditTerences a in o n g  brecding lineí. There- 
tore, soybean  brceders conduc t  pe r to rm anc t  tnals at 
mult ip le  locations and ycars to ìdentiíy  breecing lines 
that can be  expected  to exh ib it  superior  pcrÍDrmance 
as im p ro v e d  cultivars.

In public b reed ing  p ro g ra m s,  superio r  orecding 
lines identiíied  in State trials arc entered in to  .'oopera- 
tive pc r fo rm ancc  trials tb r  ca ch m a tu r i ty  e r o u p ,  0 0  
th ro u g h  VIII. T hese  tcscs arc conducted  by scybean 
breeders and pa thologists  w h o  g row  the tria s ac m ui— 
tiple locations across thc entire  arca ot' adap:ation for 
ca ch m a tu r i ty  i^roup. D ata  are rccordcd o n  niorpho- 
logical traits, pest reactions, agro tiom ic chirêcteris- 
tics, and chemical co m pos i t ion  ot seed for cich supe- 
rior b rced ing  line. T hese  data are the basis for 
decisions as to vvhich b rccd ing  lines n ieri t  relíasc as 
irnproved  cultivars. Individuals pnrticipatin? in these 
tests m ay use superior lines entered by anv soybean 
b reeder  as paren ts  in the ir  breeding program . This 
policy p rornotes  w idespread  use o f  superior brceding 
lines as parents for thc d cv c lopm en t  o f  im proved  cul- 
tivars. C o m m e rc ia l  b rccd ing  p rog ram s conduct simi- 
lar extensive per fo rm ancc  trials o f  b reedm g lines at 
m ult ip le  locations across the area o f  adaptacion o f  
selectcd lines.

VIII. Increase and Distribution of 
New Cultivars

Soybean cultivars are rnaintained and  disrributed 
th ro u g h  seed certiíĩcation proa;rams w i th  four classes 
o f  seed Co m ainta in  cultivar purity  and identity. 
B rccder sccd, p roduced  and controllcd by  the brceder, 
c o n s i s t s  o f  seed f rom  inđividual plants o f  a cultivar 
tha t  have been g r o w n  in p rogeny  ro w s  and selected 
for u n i tb rm i ty  o f  phcno typ ic  traits. In the U n ite d  
States, b reeder  seed m ay  be p roduced  trom singlc 
p lants on ly  once, then m ainta incd as a bulk seed lot. 
In m any  E uropcan  countries,  sintỊỈe plants ;ireselected 
t ro n i  a cu ltivar  cach ycar, their p rogeny  evaluated for 
u n i to rm i ty ,  and sced t ro m  u n i to rm  rovvs bulkcd to 
p roduce  annual lots o t  breedcr sced.



Foundation seed is init ially p ro d u ce d  t ro m  breedcr  
' S e c d  a n d ,  in  t h e  U S A , i s  m a i n t a i n e d  i n  s u c c e s s i v e  

Ị g e n e r a t i o n s  b y  d e s i g n a t e d  t b u n d a ú o n  s e e d  o r ^ a n i z a -  

I t i o n s  in  c a c h  S t a te .  I n  Europe , t o u n d a t i o n  s e c d  is  u s u -  

-ally produced  cach ycar f ro m  n ew  lots ot’ b reeder  
sccd.

Registered sced, p ro duccd  f ro m  cithcr  b reeder  o r  
tb u n d a t io n  secd, and  certiíied sccd, p ro d u cc d  f ro m  
rcg is tc red  sccd, m a y  be p ro d u ce d  bv  any g r o w c r  in -  
te res ted  in p ro d u c in g  these classes o f  seed. F ounda-  
t ion ,  registered, and certiíied seed m u s t  be p ro duced  
acco rd ing  to specihc s tandards inc lud ing  íìeld inspec-  
t io n s  of thc cu ltivar  d u r in g  the  g ro w in g  scason and  
inspections o f  harves ted  sccd to r  gcnetic  pur ity .  G e- 
tietic pur i ty  s tandards  for the  th ree  classes o f  certiíìeđ 
seed a re 9 9 .9 %  for ío u n d a t io n  sced, 99 .75%  for regis-  
te rcd  seed, and 99 .0 %  for  certified seed. In addi tion ,  
secd o f  all classes m u s t  n o t  con ta in  m o re  than  0 .0 5 %  
w cc d  sccd. B o th  reg is tcred  and certified seed arc sold 
to  soybcan g ro w e rs  for farm  p ro d u c t io n  o f  c o m m e r -  
cial soybean.

C o m p rc h e n s iv e  soybean  b rced ing  p ro g ra m s  in- 
volve coopcra tive  efforts o f  p lan t  b rccders  w ith  plant 
pathologis ts ,  nem ato log is ts ,  e n to m o lo g is ts ,  and  in- 
creasingly w ith  m o lecu lar  gcncticists . Scientists in

cach ot thcsc disciplines con tr ibu te  their  cxpertisc to  
the d e v c lo p m e n t  o ĩ im p r o v c d  soybean cultivars. T he  
dev c lo p m c n t  o f  an im p ro v e d  cultivar no rm ally  takes 
7 to  10 ycars from  thc t i m e  a cross is m ade between  
selected parents until seed is availablc to r  farm  p roduc-  
tion. In the  íirst 2  ycars, inb red  lines are developed 
that represen t thc variability availablc a m o n g  p roge-  
nies o f  a cross. T h e  tồ l low ing  3 to  5 ycars are spent 
iden ti ty ing  inbred  lines w ith  superio r  at tr ibutes  using 
replicatcd p cr ío rm a n ce  trials. Final]y, ab o u t  3 years 
arc required  to  incrcase sccd o f  a n ew  cultivar to 
am o u n ts  required  to r  general farm  production .
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Soybean Production
GARY E. PEPPER, University o f Illinois

I. Introduction
II. Production Practices

í III. U.S. Production and Utilization

'Glossary
]B radyrh izob ium  Genus nanie o f  bactcria which arc 
ccapablc ot ostablishing a sym bio t ic  rcla tionship  vvith 
ìroots o f  lctỊume plants; mctabolic  activ ity  o f th c  bactc- 
ìria converts  atniosphcric  nitroiỊCii to a ío rn i  uscful to 
ìmcet plant mitritional nccds
(Cation exch an ge capacity Capacity o f  soil to bond 
( w ith  ionic íorccs) positivcly charged  ions, w hich  ex- 
i:st in equil ib r ium  vvitli thc soil so lu t ion ,  w h ich  pro-  
v id e s  nu tr ien ts  to tlic plant
D e te r m in a te  grovvth Plant growth pattcrn vvhich 
t crm inatcs  vcgetativc dcvc lopn icn t  w ith  the onsct o f  
F lowcring and sccd production  
G reen  m anure crop C ro p  u;rown to im p ro v c  soil, 
p a r t icn la r ly  in rcí^ards to nu tr ie n t  siipplyini; ability 
H c c t a r e  Land arca equal to 1 0 , 0 0 0  squarc metcrs, 
vvhich is cqual to  2.47 acrcs
H e r b i c i d e  C hem ical pesticide for co n tro l  o f  weeds 
L o d g i n g  B cnding  ovcr or fallin^ o v c r  by  plant stems 
p H  N u m eric a l  valuc, ranginiỊ f ro m  0  to  14, indicat- 
ititỊ thc  dcg rce  ot' acidity o r  alkalinity; a value o f  7.0 
is ncutra l,  valucs < 7  arc acid and valucs > 7  arc aỉkalinc 
P h o t o p e r i o d i c  r e s p o n s e  Rcsponsc vvhich occurs as 
a rcsult o f  du ra tion  o f  the day leng th  
S h a t t e r  Sp litt in^  open o f  fruits (pods) on  the  plant,  
vvhich results  in droppintỊ o f  sccd o r  g ra in  produced  
o n to  thc GTound
V ariety  (cu ltivar) Group o f  plants, within a spccies, 
vvhich ditTer í rom  the rest o f  thc spccics bccausc o f  
their  u n iq u c  lỊcnctic coniposition  
V e g e t a b l e  o i l  O il dcrived tron i  p lant tissues, chicfly 
tVom the  sccd o r  tYuit po r t ions  o f  thc  p lant

T h e  so y b can  plant (G ly c iitc  ina.x L.), a m c m b c r  o f  
thc L cm im e plant tamily, p roduccs mrain rich in bo th

p ro tc in  and  ediblc oil. Bccausc ot’ its yield potentia l 
across a ta irly  vvidc {ỊOOiỊraphic raniỊC, it p rov iđes  lar^c 
a m o u n ts  o f  p ro tc in  and  oil requ ircd  by  the w o r l d ’s 
popưla tions .  W ith  an  atinual !ifc cyclc, cu ltiva tcd  soy -  
bcan is iỊcnerallv S prin t; planted  and n ia tu res  beforc 
the onse t  o f  cold w ca ther  in thc fa.ll. As a m e m b e r  ot' 
the lciỊiimc family, it conver ts  acm osphcric  n i trogen  
to  a p lant uscablc fo rm  w h e n  p ro p c r  strains o f  B ra d y -  
rh ix o h itm i bactcria arc prcscn t in the ro o t  zonc.

I. Introduction

T h e  soybcan  cvolvcd  in sou thcas tern  Asia, vvhcre lit- 
c ra tu rc  indicatcs its cu lt iva tion  has bccn ^ o in g  o n  at 
lcast 3500 ycars in that area o f  thc w o rld .  T h e  soybcan  
sced, o r  foođ  P roduc ts  m ade  d ircctly  f ro m  it, still 
constitu tcs  a p o r t io n  o f  the  dic t for m a n y  A sian  p o p u -  
lations. In \vcstern cultures, soybcans tend  to bc u ti-  
lizcd indircctly  th ro u g h  livcstock, w h ich  co n su m c  the 
p ro tc in -r ich  meal m ade f rom  the crop.

T h e  soybcan  vvas b r o u g h t  to the vvestern w o r ld  on  
trad ing  ships, arr iv ing  in N o r th  A m erica  in 1765. lt 
w as  first ợ o w n  in the area w h ich  is n o w  Georgia .  In 
1851 soybcans  vvere ftrst in t roduccđ  to  Illinois, and 
w ith in  3 ycars w erc  d isscm ina tcd  to  m a n y  m id w e s t-  
crn farm ers. M a jo r  increascs ìn soybean  p ro d u c t io n  
bcgan  dur in t;  W orld  W ar  II, and acrcs g r o w n  in thc 
U n ited  States rcachcd a peak in thc 197ƠS.

Early soybcan  usc in the U n ite d  States generally  
did n o t  invo lve  the harvcs t  o f  grain, for it w as g ro w n  
for soil im p r o v e m c n t  (green m anure )  o r  for to rage  
(hay o r  pasturc) purposcs .  Bccausc soybean  p ro d u c -  
tion rcsults in nitroíỊcn t ixa tion  fron i the a tm osphe rc ,  
it p rov ides  n i t rogen  fertility w h ich  bcncíìts  thc  ncxt 
c rop  p roduccd .  Since thc in t ro d u c t io n  o t  soybean  pre-  
cedcd thc availability ot' con im crcia l  n itroíỊen fcrtil-  
izcr, its production  vvas a ineans for tariners to en- 
hance yields in crops rcsponsive  to n itrogcn .  T h e  lovv



cost o f  nitroíỊCii terúlizer today gencrally docs not 
makc it economically  viablc for the soybcan to be 
prođuced  solcly for its nitroíỊen contr ibu tion  to  thc 
succecdine; crop.

For sccd harvest, early soybean p roduction  required  
a grcat deal o f  hand labor— m aking  harvcst as a cash 
grain impractical. Availability o f  thc first grain co m - 
bines, du r ing  the 1920s, m ade it ícasiblc for tarm ers 
to producc the soybean as a grain crop. D u r in g  this 
t im e a greatcr apprecíation tor  the soybean protein  and 
oil con ten t also devcloped. B oth  o f  thcsc stim ulateđ  
intcrest in g row ing  soybcan for í^rain harvcst.

C u rren t  soybean use in the U nited  States and 
t h r o u e ; l io u t  the w o r l d  1S bascd p r i m a r i ly  OI) g r a in  

protein and oil contcnt. Livestock fecding consum cs 
the m ajority  o f  thc protein  meal p roduccd  t ro m  the 
tỊrain, but m any prepared toods often contain soybcan 
flour, protein, or  o thc r  grain com ponents .  Substitutc  
o r  simulatcd meat p roducts  are p roduced  from  soy-  
bean protein as well.

Ediblc soybean oil is p rim arily  consum cd as cook-  
ing and salad oil, salad dressing, ử y in g  oil, and m a rg a -  
rinc. Bccausc it has a very milci Aavor, tho oil is desir- 
ablc for cookiní; purposes. Additionally, bccausc of 
its relatively low lcvcl o f  fatty acid saturation, it is 
one o f  the m os t  desirablc oils for hcalth conscious 
populations. Soybcan is the major sourcc of vegetable 
oil used in the U n ited  States today.

Altcrnativc uses íbr  soybcan exist, bu t  thus far havc 
consum ed only a small portion  o f  the crop harvested. 
N o n ío o d  uscs of soybean include the m anufac tu rc  ot 
paints, adhesivcs, plastics, and inks. Soybean oil can 
also be uscd as an alternative, and renewable, fucl to 
p ow er  diesel engines.

A large portion  o f  thc soybeans p roduced  in the 
U nited  States are exported . W orld  dcm and  for protcin 
and edible oil will only expand  as the vvorlcTs popu la -  
tion grow s , helping insure continued d cm and  for the 
soybean. A su m m ary  o f  U .S . soybean p roduction  
and cxport  is shovvn in Table  I.

TA BLE I
U.S. Soybeon Production and Exports, 1930—1991

T h o u s a n d  m e t r ic  to n s

Y c a r  P r o d u c t io n  E x p o r t s

1930  381 0
I 9 4 0  2 1 2 3  0
1950 8 13 8  762
1960 1 5 ,1 0 6  3 6 74
1970 30.675  11,813
1 9 80  4 8 .9 3 8  1 9 ,7 0 6
IW0 52,4 22 15  161

M ajor  w orld  soybean  produccrs  are the United 
States, China, Argentina ,  and Brazil. A rgentina  and 
Brazil arc relatively n cw  produccrs  an d  exporters, 
hav ing  greatly  cxpanded  the scope ot the ir  production 
since the carly 198ƠS. C hina,  w ith  its la rẹe  population, 
consum es m ost o f  its p roduc t ion .  leaving Argentina 
and tìrazil as m ạ jo r  co m peti to rs  to U .S .  íarmers on 
the w orlđ  markct.  South A m erican  com pcti to rs  have 
the ad v a n ta íỊC  ot' low  priced land to r  expanded  p ro -  
duction ,  bu t  are h indered  by grain transpor ta t ion  to 
an expo r t  íacility. Tablc II sunim arizes sovbcan p ro -  
duct ion  bv thc \v o r ld ’s m a jo r  producers.

II. Production Practices

A. Variety Selection
Sclccting the best adaptcd  varictics is basic to success- 
ful and  proíitablc  soybean  p roductíon .  Parmers need  
to use the m os t  p ro duc t ive  varictics w ith  a m a tu r i tv  
adaptcd  to their area. In addition, o th c r  a g ro n o m ic  
traits and discase resistance arc criteria considercd in 
c h o o s i n g  v a r i e t i e s .  |S<'P S o y b i í a n  G e n e t i c s  a n d  

B k e e d i n g .  I

Soybean n ia tu r i ty  is đescribcd  by M atu r i ty  G roups ,  
w ith  R om an  num era ls  used to dcs ignate the relativc 
m atu r i ty .  Earlier maturin tỊ  soybeans, w hich  require 
fcw cr days to reach m a tu r i ty ,  arc ưscd at lỊreater lati- 
tudcs w hcrc  the grovving season is shorter .  Later m a-  
tu r ing  varieties arc useđ at latitudcs closcr to the cqua- 
tor. T h ir teen  M a tu r i ty  G roups ,  f rom  o o o  (earliest) 
to  X  (latest) are used to  describe soybean  m aturitv .  
It is basically the pho tope r iod ic  (daylcngth) response 
effect on  f lower in it iat ion in d iíĩcrcn t varictics which 
makcs th c m  adapted  to ditTcring latitudcs. For th.1t 
reasoti, varieties canno t bc m o v c d  very  far n o r th  or 
South o f  their rcg ion  o f  adapta tion  be to re  they  becom e 
too  late, o r  early, in m a tu r i ty .  F igure 1 mdícates the 
general areas o f  N o r th  Am erica  w h ere  d ifferent matu- 
rity í2;roups arc best adapteđ.

TA BLE II
Soybean Production by M ajor World Growers

1972 1982 1992

C o u n t r v (1 0 0 0 m e c r ic  tcm s p r o d u c e d )

U n it e d  S ta te s 3 4 ,9 2 1 60.(>97 5 3 .K V 2

A r g e n t in a 82 4 1 3 7 1 0 .4 7 ')

U r a z il 3 6 7 4 1 2 ,7 9 3 1 8 ,5 0 8

C h in a 6287 9( l( 19 % U8



FIGURE 1 Distribution ot Soybcan M a t u r it y  Cìroups Adaptcd 
t u  N o r th  A m erica . ỊR c p rin te d  vvith p c rm iss io n  íro m  S c o tt. 
w .  o . ,  an d  Aldrich, s. R. (14W3). "Modern Sovbean ^nHUn-non,” 
2 n d  cd . s .  & A. P u b ỉica tio n s , In c .. C h a m p a ig n , IL-I

A ttc r  ía rm crs  identiíy  tho M atu ri tv  G roup(s)  bcst 
adap tcd  to thcir area, varicties vvith greatest yield p o -  
tcntial and o thcr  desirable traits need to be  identifìed. 
M a n y  private sccd com pan ics  havc rcsearch proíỊram s 
w h id i  p rov ide  ta rm crs  vvith im p ro v c d  soybcan  varic- 
tics. In adcỉition, land g ra n t  univcrsities in soybean  
lỊrcnviniỊ regions havc varie ty  dev e lo p m en t  p ro g ra m s  
as \vcll. T o g e th c r ,  tliese tw o  sources havc rclcascd 
hund rcds  of n e w  soybcan  varictics. U niversit ies 111 
soybean g r o w in g  rcgions h av e  variety testing p ro -  
g ram s vvhu h prov idc  data useful to ta rm ers  as they 
select thc ir  soybcans.

O th c r  varietal charactcristics necdini* consideration  
includc the ability o f  d ií ĩe ren t  varictics to resist Iodg- 
ing, as well as disease p ro b le m s  likcly to  appcar in 
the íầ rm c r ’s íìelđs. T h e  abili ty  o f  soybcans to stand 
well until harvested  lias been  dramacically enhanced  
bv p lan t  b rccd ing  cíìorts .  Resistance to sevcral c o m -  
m only  occu rr ing  diseascs, such as P h y to p h th o ra  root 
rct (causcd by Plìytoplitliorci m c ịa sp erm a  (Drcchs.) 
f. sp. ạ ịyc inea  Kưan a n d  Erwin), b ro w n  stcm rot 
(cỉuscd b y  P hia lophora  greg a ta  (AllintỊton and  C h a m -  
bcrlain) w .  Gams), and cyst nem atodes (caused by 
H ‘terodera iỊlycines Ichinohe), has been genctically in- 
cc rpora ted  into  m any  varieties.

It is im p o r ta n t  for farm ers  n o t  only  to purchasc  the 
btst varicties, bu t  also to  purchase  quality  seed o f  the

m osr  desirablc varictics. Q ua li tv  sccd can be identiíìcd 
bascd 011  the íỊcnnination  score, v igor ,  and ixceđom 
íron i disease and mcchanical daniaíỊC to the  seecỉ. Higli 
t Ịcrm ination  lcvels and v igor  vvill enhancc  thc p roba-  
bility o f  a í>;ood stand em crg ing  atter  plantinỉỊ . Free- 
doni f ro m  sced-borne  discase hclps rcduce  infcction 
ot' seedliniỊS carly in thc season. Seed vvhich are m c -  
chanically  sound  (not crackcd or  split) will have a 
ụxcatcr pcrccntaục o f  undamaged sècdling embryos  
vvithìn the seeđ. All thcse tactors c o m b in e  to  cnhancc 
the p robab il i tv  o f  a g o o d  healthy  stand o f  soybeans. 
P lan ting  íỊood quality secd docs no t ẹua ran tee  a per-  
fcct stand, bu t  \v i thou t qualitv seed it is unlikely a 
tỊOOcl stand can be achieved.

An altcrnativc to  purchasine; sccd is to  p lant soy-  
bcan secd w hich  w cre  harvestcd  bv the  ta rm er  thc 
p rcv ious  ycar. This  is m o s t  likcly to  occu r  w h c n  the 
ía n n e r  is particularly pleascd w ith  a v a r ie ty ’s yicld 
and appa rcn t  sced quality. Becausc soybean  is a self- 
po llinated  specics, varictics do  n o t  chanẹre genetically 
tro m  generation  to  gcneration .  T h u s ,  it is possible 
t'or seed harvcsted  onc  ycar to  serve as plantins* seed 
íor the nex t  crop. T h e  risk farm crs  face vvhen using 
thcir  o w n  socd m ay  be lo w  quality , t'or exceptionally  
ỉỊood m a n a g c m e m  is needcd  to m ain ta in  quality. T h e  
advantage to tarmcrs using their o w n  sccd is som e  
cc o n o m ic  savings,

B. Crop Rotations
Soybean  yicld tends to  bencfit f rom  p lan ting  thc crop 
in a ro ta t ional  sequcnce, i.c.,  n o t  plantini* soybean 
aítcr  soybean .  M ost soybcans arc p lan tcd  in íiclds 
w h ich  p ro d u ccd  corn  o r  so m c  o th c r  grass c rop  d u r ing  
thc p rcv ious  ycar. R o ta ting  crops in a ficld helps re- 
duce pcs t  p rob lcm s,  cnhancing  yicld potcntia l.  D is-  
cases tha t  surv ive  on ly  on living soybean  plants will 
be đ im in ish c d  in ycars vvhen soybcan  is n o t  p roduced . 
P lan t ing  crops such as c o m ,  w hich  ditTcr considcrably  
f rom  soybcan ,  allows the use o f  ditTercnt herbicides 
for w ee d  contro l  as well. W ecd  m a n a g e m e n t  tends 
to  bc m o re  etTcctive vvhen hcrbic ide use varies w ith  
croppiníỊ scasons.

An additional bcneíit  to  soybcan  g r o w n  in ro tat ion  
is a red u c t io n  in allelopathic cffects t r o m  thc  previous 
soybean  crop. A llclopathic ctĩects, recognized  only  
in reccn t years, can be described as a s y n d ro m e  in- 
duced b y  chemicals releascd f ro m  d e c o m p o s in g  crop  
residuc, w h ich  has a yield lim iting  effect o n  tha t same 
crop  w h c n  it is con t inuous ly  grovvn. T h e  ^ rea ter  thc 
d e c o m p o s i t io n  o f  crop residue, be ío re  a crop is 
p lan ted  again, thc  lcss dam agintỊ  arc allelopathic cf-



tccts on that c ro p ’s grovvth and p roducúon .  C ro p  
ro tat ion  a\vav from  soybean allows grcatcr d e c o m p o -  
sition o f  soybean crop resídue, which rcduces allelo- 
pathic effccts which will bc sutfcred by thc ncx t soy-  
bcans planted.

c. Seedbed Preparation for Plcnting
Tillagc uscd for scedbcd preparation varies ựrcatly 
t rò m  tarn i to farm. Al! tarm ers do no t have thc saine 
cqu ip incn t tor  tillagc and plantiniỊ the crop. and soy-  
bean arc g ro w n  on a vvidc rangc ot 'soil typcs. T hesc  
tw o  tactors com binc to dictatc the usc o f  differcnt 
tilỉaiỊc m cthods.  Ficlds also havc ditTercin topograph ic  
ícaturcs, w hích  rclatc to the potcntial tor soil crosion. 
C oncerns  rcgardiiiíỊ soil erosion can íỊrcatly inAucncc 
che typc  and am oun t  o f  tillagc ìnost appropria tc  tor 
p rcparing  a ticld for soybcan plantintỊ. T he  crop prc-  
ccdintỊ soybcan will also iníluence the a m o u n t  o f  crop 
residuc prcsent 111 a tìcld, vvhich also dctcrmincs tillagc 
requircd to prcpare a suitable seedbcd tor plantins*.
IScc  Tii.i.ACK System s.]

T o o ls  used to prepare tìelds for p lanting in various 
tillaỉỊc system s includc plovvs, disks, and tìcld cultiva- 
tors. M any  tarmers n o w  use a chiscl p low , in placc 
o f  the traditional m o ldboard  plow. l ĩo th  the fucl rc- 
quiređ  to  accotnplish neeđed tillagc and íỊrcatcr crop 
rcsiduc rcm aining 0 11  the soil suríace to contro l c ro -  
sion tavor uso o t ' th c  chiscl plovv.

T h e  n u m b c r  o f  tinics the soil is vvorked vvith a disk, 
íield cultivator,  or  o thcr  tillagc tool aftcr p lo w in g  is 
depcndcn t  on the extcnt to vvhich the farm er dcsires 
to p reparc  a clean seedbed. Soil type, the cx ten t of 
soil frccziníỊ and thavvimỊ durinu; vvintcr, and thc lcvcl 
o f  crop rcsiduc hclp đetermine tillage needs for sccd- 
bcd preparation.

Farm crs are tcndiníỊ to reducc the am o u n t  o t  tillage 
đone  in thcir tìclds. As a result, n iorc rcsidue Ếrorii 
tho previously  grcnvn crop remains on the soil suríace 
at p lan ting  time. This is an cẾTectivc means to hclp 
p ro tec t  and liold soil in placc— reduđns> erosion po- 
tentiaỉ Ếrom bo th  vvind and vvatcr. Plantinẹ; equ ipm cn t  
has bccn developed to allovv soybean plantinạ; vvith 
considcrable crop rcsiduc lcvcls on thc soil suríace.

M a n y  thrmers vicvv rcduccd tilhỉỊC as a mcans to 
reducc tlic cost of producintỊ soybean— tor less ti me 
and  equ ipm cn t  is nccded tor field w ork .  As tillage is 
rcduccd, there is generally a íỊrcatcr nced tor herb i-  
cides to chcmicallv control vvced p roblem s in thc 
crop. A tarmintỊ System vvhicli involvcs no  tillaỉỊC 
p r io r  to p lanting is dcpcndent on hcrbicidcs and som c

cultivation d u r ing  the íỊrovving scason to  control 
wecds.

A íinal reason ta rm ers  are reducinọ; tillaiỊc is that 
g ov e rn in c n t  su p p o r t  p ro g ra m s  are n o t  availablc to 
tarm crs vvho creatc excessivc erosion p robleins  with 
their farm opera tions .  Farm ers m u s t  bc responsiblc 
tồ r  the potcntia l crosion problen is  they  generatc, or 
they vvill no t  be entitled to G overnm ent p rog ram s 
hclping assure í ĩn a n đ a l  stability in ta rm ing .

Application o f  so m e hcrbicides can bc com bined  
w ith  the usc o t a tillatỊe tool such as a disk o r  tìcld 
cultivator.  H erbic idc,  spraycd  im m e d ia td y  in íron t 
o f  thc tillage tool,  is incorporated  at a shallovv depth 
in the soil. F urther  ĩncorpora t ion  of the herbicide. to 
insure u n i to rm  m ix ing , m ay be đ o n e  w ith  anothcr  
tillasỊe tr ip  th ro u g h  the tìcld pr ior  to  planting.

D. Soil Fertility— Mineral Nutrition
Soybcan, as witli all crops, depcnds  OI1 the soil to 
p rovidc adcquatc  mineral n u tr i t io n  tor  no rm al  
grovvth and d evc lopm cn t .  N u tr icn ts  m os t  c o m m o n ly  
supplicd to soybcari arc p hosphorus  (P) and potassium  
(K). Each bushel o f  soybcans rcm ovcs  p contained in 
386 ÍỊ and  K containcd  in 590 g K iO .  For these, 
and o the r  so il-derived  nutriencs to be available to 
roots,  the soil p H  lcvel needs to be in the range ot
6.0 to 6.5. M ain ta in ing  soil pH  in this range bcnetìts 
the activity level o f  thc n i trogen  íix ing  bacteria tìra d y -  
r/iizo b iin n  as vvell.

Soil p h o sp h o ro u s  and po tassiun i Ievels m u s t  b e  
m ainta incd at r e c o m m e n d e đ  test lcvcls to avoid n u tr i -  
tional strcsscs. Individual states have  guidelines fo r  
m ain ta in ing  soil test lcvels o f  p  and K requ ired  to  
m e c t  c r o p  n e e d s .  G u i ù e l i n e s  a r e  b a s e d  C/11 so i l  t e r t i l i t v  
research, donc  in the ditTering soil types to u n d  across 
soybean p ro d u c in g  arcas. O n  soils witli e;ood cation 
exchange capacity, p  and  K can be applied b c tb re  the 
ycar in w h ich  soybeans  are g ro w n .  O n  soils vvith low  
or  little capacity to rotain applicd p  and K, m ore  
írcqucnt applications are necdcd.

Liming, to  raise thc soil pH , shou ld  be d one  as 
necdcd w ith  lim c rates based 0 1 1  soil testins; results. 
Bctvvccn a p H  o f  6 .0  and  7.0, sovbean  tcnds to  opti-  
mize graiỉi yiclds. Generally, m ain ta in ing  a soil pH  
bctwcen  6.0 and 6 .5 is m o s t  cost eíĩective tor  tarnicrs. 
Belcnv a p H  o f  6.0, o r  above 7.0, m incral availability 
m ay  bccom c a yield liniiting factor.

Because soybean  tìx i iú rogen  (N) w ith  the assis- 
t a n c c  o f  t ì r ad yr h iz o b i i t m  b a c t c r ia ,  n i t r o g e n  f c r t i l i z e r  is 

qcncrally no t  applicd. DurintỊ carly sccdling gro\vtli, 
as the first tw o  o r  threc leaves dcve lop ,  n i t ro g e n  tix.1-



tion is initiated as B radyrìiizí> bium  in tect the  soybcan 
root.  Smaỉl applications o f  N  at plantinu; t im e  will 
o t ten  result in darkcr  green seedliiìiỊS, as nitroiỊcn 
nu tr i t ion  in plant tissucs will bc cnhanccd  d u r in g  carly 
grovvth stagcs. M ost posit ivc ctYects ot n i t ro g c n  ap- 
plicd at p lan ting  w ou ld  bc expected  to be  seen in 
sandy  soils w h crc  irr igation is used.

M ost arcas p roducing  soybeans  havc  an established 
B ra d y rh izo b im n  popula tion  in the  soil, because the  bac- 
tcría can surv ivc scvcral years in thc soi] even  i f  soy- 
beans arc not produced. Ficlđs w hcrc  soybeans have 
ncvcr  bccn p roduccd  may lack nceded  popu la tions  o f  
B riu i)> rh izob iim , hovvevcr. T o  m sure  the prcsence o f  
the  n i t ro g e n -h x in i '  bactcria, sced can bc inoculatcd  
p r io r  to p lanting. T h e  bacteria , m o s t  í rcqucn tly  
m ixcd  in to  a g ro u n d  peat carricr,  is m ađc  to adhere to 
sced w ith  a suga r-w atc r  so lu tion ,  in su r ing  the  bacteria 
vvill be ncarby  the seedling as it bccom cs estahlishcd. 
A ltc rna tivc  n ie thods  for in t ro d n c in g  the  needcd 
B ra d y r liizo b iw n  include g ranu le  and  s lurry  p roducts  
w h ich  arc placcd in the fu r ro w  w ith  tho secd at 
p lanting.

Sevcral núncra l  nu tr icn ts  are necdcd  in v c r y  small 
a m o u n ts  by  soybcan, but are jus t  as esscntial as p  and 
K to no rm a l  g ro w th  and p ro d u c t io n .  Bccauso o f  the 
small am o u n ts  taken up by the  crop , those nutriencs 
.are typically callcd “ m ic ro n u t r i e n ts .” O ccasionally , 
•a íìeld m ay  be tound  deíìcicnt. I f  n o t  availablc in 
.'Suíhcicnt quan ti ty  froni the  soil, m ic ro n u tr ic n t  dcti- 
c iencics m ay  bo corrccted w ith  a n u tr ic n t  spray appli- 
c a t i o n  w h c n  deíìcicncv s y m p to m s  b ecom e apparcn t.  
A  small a m o u n t  o f  the m ic ro n u tr ien ts  can also be 
app l ied  along w ith  o ther  fcrtilizer tnatcrial i f  a deíì-  
c icncy  is suspectcd bascd 01 1  p rev ious  crop í>;rowth 
o r  soil testiní? results.

E. Date oỉ Seeding
In thc  n o r th e rn  hcm isphere , the  m a ịo r i ty  o f  soybeans  
a rc  p lan tcd  d u n n g  the m o n th  o f M a y .  D c lay ing  plant-  
i n g  o t tcn  results in rcduced grain  yield, and cx t re m e  
p la n t in ^  delavs will also pu t  thc  c rop  at r isk o f  fal! 
í ro s t  dam agc . T h e  inipact vvhich p lan t in^  dclavs have 
0 1 1  soybeans  p lantcd across th e  C o m  Bclt is p rescn ted  
in T ab le  III. Pcnalties to yield are associated w ith  
d c l a y c d  p l a n t i n i Ị  i n  S o u t h e r n  l a t i t u d e s  o t '  t h e  U n i t e d  
S t a t e s  as well.

S oybcans  in som e areas are p lan ted  fo l lo w in g  the 
H a r v e s t  o f  vvinter w hcat o r  o th c r  sm all gra in  ccreal 
crops vvhich m atu rc  in carly s u m m c r .  This  practicc 
is rctcrrcd  to as doublc-croppina; soybeans.  A fairly 
small po r t ion  o t  soybcans i>rown in thc C o m  Belt

TABLE III

Seeding Delay Etíects on Soybean Yieid in Central 
Corn Belt States

S c e d i n g  d a t e lJ L- rcent  y i e l d  p o t c m i a l

H a r l v  M a y 1CIII %

M i d  M a y 1(11)

L a t c  M a y 9 5

E a r l y  J u n e 91)

M i d  J u n o 7(1

L a l e  J u n e 61)

are p lanted as doublc-crop ,  bu t  in thc Southern and 
southeas tern  statcs, doub lc -c rop  plantiníỊ ạccounts tor 
a considerable por t ion  o f  total soybcan acrcs planted. 
Tablc IV docum en ts  doub lc -c rop  plantings in South
ern and southeastcrn  states.

P lanting  datcs uscd for soybeans in S o u t h e r n  lati- 
tudes o f  the U nited  States m ust consider pho topc r i -  
odic (daylcngth) ctTccts on  the crop. Becausc soybcan 
f low cring  is induccd by cxposurc  to a sutTiđently 
shor t  day, plantinq  too  carly wi!l induce p rcm a tu re  
flowcring, w hich  rcsults in exccssivcly short plants 
w ith  reduced yicld potcntial. S outhern  varictics are 
dc term ina tc  in g ro w th ,  and thus stop  g row in íỊ  vegcta-  
tively w hcn  f lowcring begins. T o  avoid com plications 
duc to  p h o topc r iod  cffccts, g row crs  in Southern lati— 
tudes o t  thc U n ited  States generally plant thc m ajority  
o t  thcír  soybean  du r ing  M ay, w ith  som e planted in 
latc April and early June.

F. Planting Row Space
M ost soybeans are planted i n  ro w s  spaced 30 to 
3 6 1 1 1 . apart. A yicld advantagc is som c tim cs  associated 
w ìth  ro w  spacings m ore  na r ro w ,  such as 7 - 1 0  in. 
E nhancem en t  o f  yield in n a r ro w  row s can bc ex -

TABLE IV

Double-Crop Planting of Soybeans in Selected 
States, A verage of 1990—1992

P e r c c n t  o f  a c r c s  s c c d c d  a s

S t a t e  d o u b l e - c r o p

I l l i n o i s 4 %

I n d í a m t 4

K a n s a s •>

A r k a n s a s 31

G e o r i Ị Í a 4 6

K e n t u c k v 3K

N .  C a r o l i n .1 311

s .  C a r o l i n a 41



plained basically by  greatcr suti light energy  intcrcep- 
tion by the crop canopy th rough  the season.

A rrang ing  a crop o f  soybcan in na r ro w  row s allows 
the  canopy  to fully intcrcept sunlight availablc by  an 
earlier date in thc season. Full interception o f  light 
carlier in the scason allovvs a greater total am o u n t  o f  
l igh t to  be interccptcd by  the canopy th ro u g h  thc 
c ro p p in g  season. Greater total light in terception by  a 
c rop  du r in g  the grovvnií* season can result in cnhanccd 
yicld. Yicld advantages associated w ith  n a r row cd  ro w  
spacing in soybeans tend to be larí^er in m o rc  n o r th e rn  
la titudes than in S o u th e r n  regions.

W hilc  narrow ed  row s offcr íarm crs greater yield 
opp o r tu n i ty ,  they m ay  crcate bo th  opportun it ics  and 
challen^es in regards to wecd contro). T h e  p lant can- 
opy  cover qenerated by  n a r ro w  ro w  plantiníỊs can 
hclp supprcss vvccd g ro w th  by the shade im poscd  011 
weeds. A t the same time, row s m o rc  narrovv than 
30 in. cannot gcncrally be cultivated for weed control; 
thus, hcrbicidcs m us t  bc relied upon  for weed control.

N a r r o w  ro w  soybeans, because thcy cover the soil 
w ith  vcgetation in fewer days, can also p ro tcc t the 
soil f ro m  erosion. T h e  plant canopy covcrs thc arca 
bctvveen rows, pro tcc ting  the soil f rom  the force o f  
bca ting  rainđrops, w h ich  reduces the w ate r  erosion 
potcntial.

G. Plant Densities
Soybeans can m axiniize their yield potential across a 
ra thcr  w idc range in plant densities. T o  a great cxtcnt,  
soybean  can adịust or  com pensa te  for the popula tion  
at w h ich  it is planted. Field studies evaluating plant 
density  etYects on soybcan havc indicated that stands 
o f  300,000 to 370,000 plants per hectare are needcd 
for o p t im u m  sovbcan yiclds. Across this range in 
p lant dcnsitics,  i f  plants are rcasonably u n i ío rm  in 
their  d is tribution, soybcans tcnd to m axim ize thcir 
yield potential w ith  t im cly  planting.

Grovvini* soybeans at insufficient plant densitics en- 
coura^es deve lopm cnt o f  large branches low  on  thc 
m ain  stem. While branches produce grain, the posi- 
t ion  o f  these branchcs is no t  conducivc to etTicient 
mcchanical harvest. Lart^e branchcs attachcd low  on 
the main stcm m ay  be layine; on thc soil at crop m a tu -  
rity. At harvest the com bine  may fail to collccr grain 
if it is p roduccd on branches positioned too  close to 
thc soil. At appropriatc  population  ranges branchcs 
on the  soybean tend to be fair]y short, and eincrgc 
t ro m  the 111.1 in stem well abovc the soil surtacc.

At exccssivcly hie;h plant dcnsitics, the soybean 
stcni teiids to be abnorm allv  tall and s tructurally

weak, w hich  m ay allovv the crop to loda;e, causing 
harvest losscs. In addition ,  soybcans w hich  lodge dur-  
ing the g rain  filling period o f  deve lopm ent have a 
reduced ability to fill seed, due to reduced light distri- 
bu tion  and pho tosyn thes is  in leavcs.

Varieties w ith  consistently  shor t  stems tend to stand 
bettcr than average, and thus m ay  be seeded at h igher 
densities. Weak s te m m e d ,  o r  Call varieties, may need 
to  be plantcd at slightly  lo w er  than average seeding 
rates, so that lodg ing  can be avoided.

H. Pest Management
1. Weeds
In cvery soybean  crop, \vecci m anagem ent m ust be' 

considercd. Sevcral approaches can bc used to m anagc ' 
wceds— all in tcnded  to  hclp  reduce com pcti t ion  to> 
thc crop. In v ir tually  every  soybcan field hcrbicide is; 
uscd to m anage  weeds. In addition , mechanical con— 
troi (ti)lage bctore  p lan ting  a n d / o r  be tw een  ro w  culti— 
vation) is used in the  m ạ ịo r i ty  o f  tìelds. M ethods  usecti 
tor  weed m a n ag e m en t  dcpend  on the type  and densitw 
o f  wccd problcnis,  tillagc system s used by the farm cr , 
e qu ipm en t  availablc, and b u d g e ta ry  considerations . 
fSft'  W eed  S c i e n c e .]

Hcrbic ide op tions  to r  soybcans are num erous ,  a n d  
change each year w ith  n ew  p roducts  and formulation:s 
availablc. D epend ing  on chcmícal characteristics o ’f  
the hcrbicide(s) uscd, application m ay  bc m adc duritiỊg 
scedbcd prepara tion ,  im m cdia tc ly  aftcr p lanting i:s 
com pleted ,  or after em ergencc  o f  the crop and wecdsi. 
Farmers that use rcduced o r  no-till p roduc t ion  p r ơ -  
t^ranis, and conscquen tly  d o  no t  have the o p p o r tu n i t  y 
to incorporate  chemicals  du r in g  seedbed prepara tion ,  
m u st dcpcnd  OI1 hcrb ic ides w h ich  can be applied  a fte r 
p lanting  or  a í tcr  the c rop  and  vvecds em crge. T h o s e  
using n a r ro w  row s ,  w h ich  cannot be cu ldvated  fo r  
weed control ,  are greatly  dcpcnden t on herbicides 
suitable for application a t ter  p lan ting  o r  em crgence  
o f  the crop. [.Set' H e r b ic id e s  a n d  H e r b ic id e  R esis-
TANCE. I

Hcrbicide selcction for \veed contro l needs to  be 
based on w ced  p ro b lcm s  anticipated in the íield. S om e 
hcrbicides provicỉe cffective contro l ot grasses, bu t  
n o t  broadleat weeds,  vvhilc others con tro l  b road lea í  
wecds bu t  no t  grasses. A few  help contro l bo th  b road -  
leaf and i^rass  wecds.

In addition to considering  vvccd species prescnt, 
herbicide sclection is inrtucnced by cost o f  the p rod-  
uct, t im c w h en  application is nceded, potentia] tor  
sovbean dam agc, ca r ryove r  to íu ture  crops g ro w n  in 
the tìelđ, and env ironm en ta l  considerations. N ew er



hcrb iđdes  tcnd to be m o s t  costly , bu t o tten  providc  
weed control at a low cr  ratc o f  chomical pcr acre. 
Reduced ratcs per acrc arc bencíicial, sincc environ- 
mcntal concerns cxist. E q u ip m e n t  available for appli- 
cation may inHuencc the herb ic ide  used, bccause dif- 
tcrcnt typcs of eq u ip m en t  arc needcd to applv 
hcrbicides at differcnt t im cs  in the croppiniỊ year. 
Sonic herbicidcs arc s low  to b rc a k d o w n  or  cỉecom- 
pose in the cnv ironm en t ,  so th c y  m a y  potentially 
injure subscquent crops p lan tcd  in the  sam c íìeld, o r  
m a y  crcate a Síreater risk to  the  env ironm cnt.  
A pply ing  hcrbicides propcr ly ,  and at the  p ropcr  t im e 
and rate, will m in im ize any  po ten tia l d a n g e r  or threat 
to  bo th  thc c rop  and e n v iro n m cn t .

Mechanical vvccđ contro l in soybean  m ay  be ac- 
com plishcd duriniỊ scedbed p rcpara tion ,  as wccd sccd 
m ay be buried  dcep enouíỊh to  p rev e n t  the ir  gcrm ina-  
tion. Also, early germinatinẹ; vvecds arc dcs troycd  by 
tillagc. A ro ta ry  hoe, \vliich is used  SOOII after crop 
eineríỊCiice. also is a form  o f  m echanica l w ccd  control 
as it brcaks up the uppcr  soil layer and dislodiỊes small 
wccd secdliníỊs.

C ultiva tion  bctwccn  ro w s  for  w ecd  con tro l  is typi-  
cally donc  once or  tvvice in íields w h c r e  p rcp lan t till- 
agc was do n e  and spacings bctvveen ro w s  perm it  
eq u ip m cn t  opcration . C u l t iv a t io n  can bc donc  until 
the crop is largc cnough  tha t rovv n údd le s  bccom c 
hlled w ith  vcíỊctation. In no-til l  p lan tcd  ficlds, cultiva- 
t ion bctvvccn rovvs is no t  d o n e ,  vvhich prcserves thc 
soil cover ot crop  rcsiduc.

2. Insects
At lovvcr latitudcs, w ith  a lo n g e r  grovying season 

and m ildcr  w in te r ,  insects in soybean  tcnd  to  be m ore  
o f  a p rob lcm . Various insects fecd 0 1 1  ditTcrcnt soy- 
bcan plant pa r ts— leavcs, s tem s, roo ts ,  o r  devclop ing  
í*rain. Suíĩìc icnt insect d am ag e  can rcduce the  soy- 
bcan 's  abilitv to  vield. M in o r  feed ing  dam agc ,  h o w -  
evcr. may n o t  result in dctec tab le  yicld loss. B oth  
the extern o í  dam age and d e v c lo p m e n ta l  stage o f  the 
soybcan  p lan t determ ine  if  con tro l  o í in s e c ts  prcscnt is 
w arran tcd .  Research on in teg ra ted  pest m anagcm en t ,  
w h ich  has becn conducted  in a f a rm e r ’s area, is the 
bcst íỊiiidc to unders tand ing  vvhen insect con tro l  m ea- 
surcs are cconom ically  justifĩeđ.

Insccr p rob lcm s vary t r o m  ycar to yoar in rcgards 
to  the speciíic insccts prcsen t and  the  size o f  thcir 
popula tions.  W eathcr  plays a role in vvinter survival, 
rcp roduc tion  ratcs, and d is t r ibu t ion  o r  m o v c m e n t  o f  
insects t r o m  íìcld to tìeld. Bccause inscct p rob lcm s 
arc no t  aKvays associatcd vvith soybcan  p roduction ,  
it is best to m anage p rob lcm s as thcy  bccon ic  apparent

and thrcaten crop p roductiv ity .  In addition  to  cost 
saviníỊ, it is Iiiore cnv ironm en ta lly  triendly to  apply 
insecticidcs only vvhcn they can be ịustitìcd.

3. Diseases
Diseasc prob lcm s can grcatly limit soybean produc- 

tion potcntial. Discasc inciđencc and scverity are dc- 
te rm in cd  in large m casurc  by local vveathcr pattcrns. 
S o m e discascs m ay thrivc undcr  vcry  h u m id  or  w et 
conditions,  w hilc  o thers may tenđ to do best in ho tte r  
and d rycr  conditions. While the  farm er  cannot con tro l  
w eather ,  th ro u ^h  variety sclection m a n ag e m cn t  oí 
sevcral diseascs m ay bc acrom plished.

M a n v  varietics availablc to farm ers  n o w  have gc- 
nctic resistancc to som e diseases w hich  are írequently  
encountcred .  U n to r tuna tc ly ,  genetic resistance is not 
availablc for all diseases which  can intect soybcan. 
F rom  those  varicties adapted to thcir arca, ía rm ers  
m u s t  look for thosc w hich  havc disease rcsistance in 
adđition  to thc yield and ag ro n o m ic  charactcrs de- 
sired.

C ultu ra l  practices such as the usc o f  disease-frce 
seed, p rov id ing  adequacc soil fertili ty, and thc use o f  
crop  ro tations,  will all help reducc discase incidence 
in soybcans. U se ot" disease-free sceci m ay  p rcven t a 
discasc f ro m  bcing in troduccd  to a tìcld. P rov id ing  
adcqiiatc tertility keeps plants m o re  v igorous ,  and 
bc t tc r  ablc to  toleratc the stresses o f  disease. C ro p  
ro ta tions,  vvhcn adequate in duration ,  rcduce pa tho -  
IỊCI1 n u m b c r s  in  a f ì c l d  i f  t h c y  n e c d  l i v i n g  s o y b c a n  

plants to  survivc and multip ly .
C hem ica l  contro l ,  in the fo rm  o f  a sced trea tm en t,  

can bc uscd to  m anage so m e  disease problcins  w hich  
arc seed-borne. Sced trca tm en t m ay  also be useful to 
m anagc  diseases vvhich arc so il -borne  and w hich  often  
im p a c t  early seedling o;rowth. Latc season tunga l-  
induced  diseascs w hich  dam age  leaves can bc m anaged  
w ith  to liar  sprays. T h e  use o f  íu n g id d e s  to  con tro l  
latc scason leaf diseases will on ly  bc protìtablc  if thc 
cnv iron rncn t  í a v o r s  discase dcve lopm en t,  and i f  the 
crop  1S o f  rclativcly h iqh  value. Soybcans produceci 
for p lan ting  seed purposes  m ig h t  be considered to 
havc a relatively h igh  value, co m p ared  to  thosc  g ro w n  
for  d c l ivery  to the graín market. ISec  F u n g ic id e s .]

T h e  soybean  cyst n c m a to d e  p ro b lem  is o f ten  in- 
cludcd in discussion o f  patliological p rob lem s o f  soy-  
bean. T h e  cyst nem atodc ,  a m icroscopic  ro u n d  w o rm .  
causes roo t  dam age  vvhich stresses s o y b e a n s  th ro u ^ h  
rcduccd  w atc r  and nu tr icn t  uptake,  vvhich in tu rn  
reduces yicld. T h e  cyst n e m a to d c  p ro b lem  has m i-  
g ra tcd  across virtually thc entirc  soybean  g ro w in g  
reg ion  o f  thc U n ited  States. [SíT P la n t  1ja t h o l o g y .  I



M an ag em en t  ot' the cyst n e m a to d e  p ro b le m  nccds 
to includc crop  ro ta t ion  and plan ting  resis tant varic- 
ties. T h e  longer  che t im e interval bctvveen susceptiblc 
soybcan crops, the g rea ter  thc n u m b e r  o f  cyst n cm a-  
todes w hich  die due to  the lack o f  a suitable food 
supply. P lan ting  a n o n h o s t  crop such as corn ,  fol- 
low cd  by soybcan  varie ty resistant to cys t n em atode ,  
fo llow eđ by  an o th cr  n o n h o s t  crop, tenđs to  d ram a ti-  
cally rcduce cyst n em a to d e  popula tions  in a field. 
Such a crop ro ta t ion  will Iiot e l im inatc thc p ro b lcm ,  
b u t  will rcduce its scverity  to  a ỉevel tha t a susccpciblc 
varicty generally  can bc íỊrovvn in thc  ío u r th  year o í  
the ro ta t ion .  D u r in g  thc íb u r th  year, thc fcw re- 
m ain ing  cyst nem atodcs  incrcase in nurnber ,  nccessi- 
ta ting the start o f  ano ther  4-ycar  ro ta t ion  cycle. F arm -  
crs ưsing thc 4-year  ro ta t ion  to m anagc  thc ir  cyst 
n e m a to d e  p rob lcm s need  to havc cyst counts  d one  
on  soil samples collectcd at icr  the th ird  ycar o f  thc 
ro ta t io n —-to insurc popu la tions  havc bccn adcquaccly 
suppressed to a llow p roduc t ion  o f  a sưsceptiblc va- 
ricty.

Varieties w h ich  arc resistant to  cyst n cm a to d c  con -  
tain gcnes im p a r t in g  rcsistance to speciíic raccs o f  the 
pest.  Planting  varicties resis tant to a spccitìc racc(s) 
cach t im c soybcan  is p roduced  will encou rage  the 
i n c r c a s e  in  p o p u l a t i o n s  o f  n e m a t o d e  ra  CCS t o  w h i c h  
varietics are no t  resistant, w hich then rcduccs soybean  
yicld potentia l in thc ficld. T h e  4 -ycar  ro ta t ion  uses 
a susccptible variety in tho fonrth  ycar. T h e  pu rp o se  
o f  p l a n t i n g  t h e  s u s c c p t i b l c  v a r i c ty  is t o  e n c o u r a g t ’ a 
rcsurẹence o f  ncm atodes  for w hich  genctic  resistance 
is availablc.

4. Scouting and Pest Management
Scouting  soybcan  ficlds, w h ich  is s im ply  m o n i to r -  

ing pcst levels th rous;hou t the scason on a regu la r  
basis, is the first step to contro l potcntia l pcsts. O n c e  
a pcst is identified, and the in tensity  o r  scvcrity  o f  
thc problcn)  de te rm incd ,  thc m ọ s t  approp r ia tc  and 
p roíìtable  coursc o f  action can bc dc tcrm ined .  T he  
m ost  p roíitable  rcsponsc to m in o r  pcst p rob lem s m ay  
bc to  do n o th in g ,  for trea tm en t  costs rn igh t exceed 
thc value o f  potentia l c rop  damaẸỊC. In contrast,  h ighe r  
levcls o f  infestation m ay  requirc im m cd ia te  action  
to preservc crop  proíìtabili ty . T o  m o s t  ctTcctivcly 
m anage  pcsỉ p rob lcm s,  soybcan  p rođucc rs  need to be 
aw arc o f  pcsts in thcir  íields and thcir  potential for 
dam age.

ỉ. Harvest
O n c e  m a tu re  and  sufficiently drv ,  soybeans are vvell 
suited to mcchanical Harvest vvith a conib inc.  A pr i-

m a ry  cons idera t ion  in harvcs ting  soybeans is grain 
m o is tu rc  lcvel. H arv cs t in g  w h c n  grain m ois tu re  is in 
thc rangc  o f  12 or  13% adds to harvest efíìciency and 
hclps m ain ta in  qual ity  in th c  harvcsted  crop. Soybeans 
arc “ to u g h e s t” at ab o u t  13% m ois turc ; thus,  thcy 
resist crackine; and sp li t t ing  at tha t m o is tu re  level, 
and p ods  th resh  easily vvhen íỊrain 1S at 12 o r  13%. 
Pods arc n o t  likely to  shattcr as plants are cu t  by 
the sicklc o f  thc c o m b in e  at thcsc m o is tu re  levcls 
co m p arcd  to  lo w er  levels. M o is tu re  levels o f  13% or 
less arc also needed  to r  safc s to rage o f  soybcans. If 
soybcans arc abovc  13% m ois tu re ,  d ry ing  o f  grain is 
needcd for safe sto rage .  Soybeans are sold o n  the  basis 
o f  13% m o is tu re  in grain , vvith h ighcr  m o is tu re  in 
the e;rain rcsu lt ing  in d ry in g  chargcs lcvied again thc 
s c l l c r .

S ovbcan  harvcs t  cq u ip m e n t  available inAuences the 
efficiency o f  this critical phase o f  soybean  p roduction .  
S onic  c o m b in c  sickle bars m ay  n o t  follow the  c o n to u r  
o f  the soil. ! f  so, a p o r t io n  o f  the  soybean yield m a y  
escape thc  sicklc bar and  collection by the c o m b in e  
hcad. T h e  be t te r  the sicklc bar follows the soil co n -  
tour ,  the tỊrcatcr thc pcrcen ta^e o f  the crop tha t wi]l 
bc harvcstcd .

E q u íp m c n t  ad jus tn icn t  and opcra tion  arc critical 
to  efficicnt harvest.  Recl spccd on thc c o m b in e  
p la t to rm  and fo rw ard  travel spccd bo th  inAuence 
m o v c m e n t  o f  the  c rop  m atcrial into the head o f  
the com hinc .  Exccssive recl specd causes sha tte r ing  
o f  pods; csscntially th rcsh ing  seed bcforc they  can 
be delivorcd insidc the  harvest equ ipm cnt ,  rcsu lt ing  
in ha rvcs t  losses.

Intcrnal ad ju s tm e n ts  o f  the com bine  need to be 
m a d e  based o n  the seed size and  m ois tu re  conten t .  
A d ju s tm en ts  in the th rcsh ing  cylinder m ay  bc needcđ  
basccỉ o n  soybean  secd sizc. C y l in d e r  speed needs to be 
ađ justeđ  to consider  the “ to u g h n e ss” o fp o d s ,  w h ich  is 
relatcd to  grain  m o is tu re  at harvest.  C y l in d e r  specd 
necds to be fast e n o u g h  to  etYicicntly thrcsh secd f rom  
pods, yct n o t  so fast tha t  unnecessary  crack ing  and 
sp li t t ing  o f  grain  occurs. A ir t low  w ith ia  the  com bine  
nceđs to bc ad jus ted  so tha t chatĩ,  dirt, and o th c r  crop 
dcbr is  is separatcd  t r o m  the grain.

E s tim ates  are that 2 - 3 %  soybcan yield loss is typi-  
cal durintỊ  harvest,  dcspitc  the  fa rm er ’s bcs t efforts. 
Losscs arc thc  total a m o u n t  o f  crop vvhich shatters 
f rom  p ods  p r io r  to  co m b in in g ,  thosc lost in t ro n t  ot 
thc ỉỊrain head, cracks, splits, and  un th rcsh e d  beans 
w h ich  rem a in  in p o d s  d iscarded ou t  the rear o f  the 
com bine .



IIS. U.S. Production and U?ilizaỉion

A. Production Regions and Costs
M ạjo r  soybcan producini? states in the U n ited  States 
are in tlic m idw cst.  Illinois and Io\va liave becn m ajo r  
soybean produciníỊ  statcs sincc it has bccn íỊrovvn for 
Lựain harvest. In the past 10 ycars, Illinois and Iow a 
togc thcr  havc p roduccd  a third o f  the total U .S .  crop 
(Tablc V). P roduc tion  in o thc r  midvvcst states m akc 
m a jo r  con tr ibu tions  to total U .S .  p ro d u c t io n  as wcll. 
T o ta l  p roduc tion  bv the six statcs listcd iti T ab lc  V 
liave averaíỊcd tvvo-tliirds o f  thc tota l U .S .  c rop  from  
1984 to 1993. H ighcs t  yiclds pe r  hcctarc ha ve bccn 
achieved Ỉ11 Illinois, lovva, and Indianã đ u r in g  that 
pcriod.

States in thc South and southcastern  U n ite d  States 
also p roducc  soybcans,  b u t  botli ta rm  land dcvo tcd  
to the c rop  and yield per hcctare are considcrab ly  
low cr  than in tho midvvcst. Yicld pcr hec tarc tcnđs 

I to  b e  r c la t i v c ly  l o w  in n i a n y  S o u t h e r n  a r e a s  f o r  a 
m u m b e r  o írea so n s .  T h e  soybcan is o í ten  p lan tcd  aíter 
(the Harvest ot sniall grains (doub lc-cropped) ,  which 
trcstricts yicld potcntial.  D u c  to chemical and phvsical 
(charactcristics, soils across m uch  o f  thc so u th  and 
ssouthcast tcnd Co have lowcr productivity. In addi- 
tt ion, insect and diseasc p rob lem s  m o rc  frequcn tlv  re- 
cducc yicld o f  soybean  in that rciỊĨon.

To ta l  p ro d u c t io n  costs per hectarc for soybcan  vary 
aicross rcgions in the U n ite d  States. All soybean  p ro -  
uiuc tion  budgcts  inc ludc itcms such as secd, l im c, and 
fc'crtilizer chargcs, as w c l i  as m ach incry  cxpenscs and 
habor.  C hargcs  ío r  land, pest m a n a^ em en t ,  and  possi-  
b)ỉy irr igation, have a s t ro n g  intìuencc on  the  cost o f  
p iroduct ion  pcr un it  o f  soybean  p ro d u ce d  in various 
aircas o f  thc U n ited  States.

T/ABLE V

M a ịo r Soybean Producing States, Average Total Pro-
diuction, and 
1 Í984-1 993.

Yield per Hectare for the Period

T o t a l  p r o d u c t io n A v e r a s ịc  y i c ld
S ita lL ' m e t r ic  to n s ( k g / h a )

I l l lm o is 9 ,3 1 0 ,9 0 8 2 5 6 7
k :>w .i 8 ,4 9 8 ,4 7 2 2561)
ỉinđi.ina 4 ,6 2 2 ,2 4 4 2 5 8 0
M in n e s o t a 4 .4 7 4 ,1 4 0 2231
M ĩs s o u r i 3 , 7 8 1 , 1K3 2 0 5 6
C ') h io 3 ,7 6 7 ,3 6 1 2 4 6 6

U I . S . 5 2 ,3 1 )2 ,0 5 5 21 ')7

L a n d ,  p c s t  i m n a i í c m e n t ,  a n d  i r r i i Ị a t i o n  c o s t s  v a r y  
ựrcatly across arcas produciniỊ  soybcan . Regarđlcss 
o f  location, n n iạ ịo r  charíỊC in a soybcan  p roduction  
budgct is for land. Land Charles in the  m idw cs t  tcnd 
to bc h i^hest,  b u t  hiựhcst yiclds pcr hcctarc arc o b -  
tamcd in that rcựion. Re^ardless  o f  location, p ro d u c -  
ers havc to manaỉỊC vvecds, bu t  m ay  havc o th c r  pcsts 
ro manae;c as wcll. For vvecd con trọi,  virtually  all 
soybean  íìelds arc trea tcd  at least once vvitli hcrbicide. 
At lovver latitudes, w ith  vvarmcr and longe r  g ro w in g  
seasons, n ia n ag e m cn t  ot insects is o í te n  ncedcd and 
incrcascs coscs o t p ro đ u c t io n .  Tlnis ,  tota l pest m a n -  
agem cn t costs arc likcly to be h ig h c r  111 Southern re- 
tỊÍons. T o  rcducc d ry  w ea th c r  strcss, so m e  arcas in 
thc South or  sou theas t  are irr i^a ted ,  w h ich  also adcis 
to p roduction  costs.

Soybean yicld per hcctarc, w h ich  varics g rcatly  in 
the U nited  States, docs no t  always rcíỉcct the m arg in  
o f  pro tì t  m adc  by the ía rm er.  T h e  total cost per unit 
o f  p roduc tion  dc te rm ines  w h e th c r  soybean  p roduc-  
tion is profitablc. T o ta l  cost pcr un it  soybean  har- 
v c s t c d  t c n d s  t o  b o  h i g h c r  in  S o u t h e r n  ỉ a t i t u d c s ,  b c -  

cause o f  actual expenses and  yielđs harvestcd .  T h e  lack 
o f  proíìtabiỉí ty  a s so đ a tc d  vvith soybean  p ro d u c t io n  in 
this region has rcsulted  111 in an y  ta rm ers  rcduc ing  the 
ta rm  arca dcvo ted  to  p ro d n c t io n  in recent vcars. In 
contrast,  ía rm ers  in the  n i id w e s t  cn joy  h ig h e r  yield 
p o t e n t i a l s ,  a n d  a l s o  h a v c  l o w e r  p c s t  m a n a í Ị c m c n t  

costs, vvhich tcnd to m a k c  p ro d u c t io n  m o rc  
prolìtable.

B. Protein and Oii Ssparaticn
C hem ical  co m p o n e n ts  o f  cu ltiva tcd  soybean  niake it 
ncccssary that che grain  bc cookcd  b e íò re  c o n s u m p -  
tion by m o s t  animals. Ravv soybcans  conta in  trypsin  
inhibirors, vvhich rcducc d ĩgestion  ot'  p ro te in  in m o -  
nogastric  animals. C o o k in g  thc so y b e an  des troys 
thcse inhibitors.  Cookine; o f  soybean  is accom plishcd  
đ u r i n g  P r o c e s s i n g ,  w h i c h  is t y p i c a l l y  r e t c r r c d  t o  as  
“ c ru sh in g .” T h e  cru sh ing  sequcnce  n o t  on ỉy  cooks 
soybcan, b u t  scparates thc oil and  p ro te in  rich frac- 
t ions in the ẹ;rain. A bushel o t  soybeans  yields a little 
o ver  11 lbs o f o i l  and 47 lbs o t 'p ro te in - r ic h  meal.

Soybean  crush ing  begins w ith  crack ing  the grain 
to  looscn the hull (scedcoat) t r o m  the  sccd. H ulls  are 
scparated, while  the balance o f  thc grain  proccecls to 
rollers w h ich  create thm  Aakes t r o m  the pieces o t  
soybean. H cxane  then flows th r o u g h  the soybean  
Aakcs, cxtractiniỊ the oil. H cxanc  is rccovercd  f rom  
the h ex a n e -o i l  inix, and  is used at?ain. S oybean  mcal.



trom  vvhich oil has bcen extracted, is chen cooked  to 
drivc o f f  thc hcxanc remaining. H exanc is recovered 
tro m  the cookinạ; m cal, and uscd again in the Pro
cessing. Hulls rem oved  at the start o f  P rocessing arc 
oftcn recoinbined w ith  tho mcal. If liulls arc no t re- 
inixeđ w ith  the meal, p rote in  lcvcl in the meal is 
hi^her.

Oil cxtractcd f rom  soybeans is reítned to producc 
the vcíỊetablc oil nccded to r  salad oil, shortcnine;, m ar-  
lỊarinc, and o ther  cdible oil items. Soybean mcal, p ro -  
duccd w hcn  oil is extracted from  soybean, servcs as 
a protcin feed supplcm cnt for m anv livcstock spccies. 
Protcin lcvcls in the mcal vary with  thc sovbcan vari-  
cty proccsscd, and the dcgree to w hich hull matcrial 
is rccom bincd  w ith  tho ineal aítcr oil extraction. Soy- 
bcan meal typically has a protcin con ten t o t '4 4 % .

c. Consumption
T he  nuýority  o f  thc soybcati crop p roduccd  in the 
U nited  States is consum ed  hy ou r  tồod  and fecd indus-  
try, w ith  the rcm aindcr  available for cxport  markcts.  
Poultry  and sw m e consunie  about 75%  ot' the meal 
derived from  thc crop, vvith bccf, dairy, and otlier 
livcstock using smallcr portions. Salađ, cooking, bak- 
ing, and frying oil account for rough ly  80%  o f  the 
soybean oil co nsum ption  in the U nited  States. M anu-  
facturc o f  mariỊarinc consum es about 15% o f  thc soy- 
bcan oi! in thc U nited  States. Tablc VI sunim arizes

TA BLE VI
Sources of Edible Fats and Oils for the United States 
and Worid, 1991

S o u rcc U .S .

P erc en t o t’ to ta l 
c o n su n ie d  by

W o rld

S ovbean 74% 27%
C o rn 8
C o tto n scc d 5 7
C o c o n u t 1 5
Palm 1 20
R apcsccd — 16
S u n flo w er — 13
O th c rs 11 12

u In c lu d ed  in o th c r  sou rccs.

cdiblc oil and fat c o n su m p tio n  in the  U n ited  States and 
ìndicates the rclativcly largc role playcd by soybeans.

Industrial uscs o f  soybcan oil consum es  a relativcly 
small po r t ion  ot'  that p roduccd . In recent ycars, a 
soybean-bascd  ink has b ccom c availablc, and is used 
to prínt n iany  Governm ent docum cn ts ,  nevvspapers, 
and maíỊazincs. U s ing  ink b a s c d o n  soybcan  oil, ra ther  
than Petro leum , is v iewcd as an env ironm cn ta l  advan-  
taíỊC, as wcll as creatin^ ncw  m arke ts  and  d em an d  tor 
the crop. T he  use o t  soybean oil as a liquid fuel, 
replacing or  being m ixed  w ith  diesel, is currently  
bciní '  developcd. Because o f  air po llu tion  concerns 
in m a jo r  m etropo li tan  arcas, an expand ing  m a rk e t  tor 
soybcan oil used tor  tliel purposcs  is anticipatcd. B oth  
the rcduccd particlo emissions í ron i  soybcan tucl and 
thc rencwablc na tu rc  o t ' th c  fuel n iake it a p rom is ing  
n iarkc t tor  the sovbcan crop.

A material m adc  f rom  soybcan  nical and recyclcd 
new spapers  has rcccntly bcen dcvclopcd , and in m any  
instances m ay  havc the potcntia] to replace w ood .  
T h e  niatcrial can bc used in tu rn itu re ,  Aoorinu;, and 
panclinu; applications. A dditional industrial applica- 
t ions to consum c bo th  soybcan  meal and  oil will 1 10  
d o u b t  result as a consequence o f  research on soybcan 
utilization.
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Glossary

C onfined  an im al h o u sin g  system s (C A H S)
B u i l đ i n g  s y s t c m s  to  c o n t ì n c  a t i i i m l s  u s e đ  f'or a g r i c u l -  
tural p ro d u c t ìo n  and tlic associatcd electrical and  m e-  
clianical sy s tem s  associa tcd vvith the p roduc t ion  
C o n tro lled  e n v ir o n m e n t agricu lture (C EA ) In- 
d u s t ry  tha t  p ro duces  horticu ltu ra l  crops (priinarily  
Hovvcrs and  vctỊCtablcs) vvíthin contro l lcd  en v iron -  
n icn t  s t ru c tu re s  (iỊrecnhouscs, n ro w th  room s,  etc.) 
E n v iro n m en t Word havintỊ two connotations: re- 
la tcd to bu i ld íngs  it is generally  takcn to  n iean thc 
cn v i ro n m c n t  insidc b u i ld ings  bu t is also used for cxtc- 
r i o r  c n v i r o n n i c n t ,  a s  in  n a t u r a l  scttinEỊS s u r r o u n d i n g  
a f a r m s t e a đ
E n v i r o n m e n t a l  s t r e s s  A n y  s i t u a t i o n  in  an  o r g a n -  
i s m ’s m ic r o e n v i r o n m c n t  tha t  induccs a n  adaptive  rc- 
s p o n s e ;  a stress m a y  bc acutc  or chronic  and  adapta tion  
to the stress m ay  o r  m a y  not occur; dcpcndinụ; on 
tvpc and lcvcl o t  e n v i ro n m c n ta l  stress, the ctTcct OI1 
the oriỊanism  m a y  o r  m a y  n o t  bc ncga tive  
E n v iro n m en ta l stressor F a c t o r  p r e s e n t  in  t h e  m i -  
c ro c n v iro n n ie n t  tha t  induces cnv ironm cn ta l  stress on 
an o r g a n i s m
H o m e o th e r m ic  A n i m a l s  t h a t  m a i n t a i n  a n  a p p r o x i -  
m a t c l y  c o n s t a n t  i n t c r n a l  b o d y  t e m p e r a t u r c  t h r o u g h  a 
c a r c tu l l y  r e s Ị i i l a t c d  b a l a n c e  b e tv v e c n  t h e  r a tc  at w h i c h  
n i e t a b o l i c  h c a t  is p r o d u c e d  a n d  t h c  r a t c  a t  vvhich  it  is 
d i s s i p a t c d
Indoor air q u a lity  R e l a t i v e l y  s u b j e c t i v c  i n d c x  u s e d  
to  d c s c r i b o  h o w  c l o s e l y  a c r ia l  c o n d i t i o n s  ( c o m b i n a -

t i o n s  o f  h u m i d i t y ,  d u s t ,  o d o r s ,  v a p o r o u s  c o n t a t n i -  
nants, ctc.) m a tch  thc nccds o f  thc occupants  
L ow er critica l tem perature Eft'cctivc e n v iro n -  
m c n t a l  t c m p c r a t u r c  at  t h c  l o w c r  e n d  o t  a n  a n i m a l ’s 
z o n c  o f  t h c r m o n c u t r a l i t v
M echanical v en tila tio n  Ventilation o f  a building 
u s i n g  n i e c h a n i c a l  m c a n s ,  UỊcncrally  t a n s ;  in  a i ; r i c u l -  
t u r a l  b u i ld i i i t Ị s  w h i c h  l io u s c  a n i m a l s  o r  g r o \ v  p l a n t s ,  
f;ins a r c  t y p i c a l l y  o f  t h c  p r o p e l l c r  t y p e  a n d  d u c t s  to  
d ĩ s t r i b u t e  t r c s h  a i r  a r e  n o t  g c n o r a l ly  u s e d ;  in  p r o d u c t  
s to ra tỊC  b u i Id in i ỊS  h m s  m a y  b c  o t  p r o p e l l c r  o r  c e n t r i -  
f u g a l  t y p c  a n d  d u c t s  t o  d i s t r i b u t c  í r c s h  a i r  a r e  c o m -  
m o n l y  u s c d
M icro en v iro n m en t C o m b in a t io n  ot' cnvironmen- 
tal  f a c t o r s  Ĩ11 t h e  i m m e d i a t c  v i c i n i t y  o f a n  o r t Ị a n i s m ,  
i n c l u d i n g  a i r  t c m p e r a t u r c ,  r c la t i v c  h i i m i d i t y  a n d  o t h e r  
ac r ia l  c o n s t i t u c n t s ,  l i g h t  i n t c n s i t y  a n d  q u a l i t y ,  a i r  v e -  
l o c i t y  a n d  t u r b u l c n c c  i n t c n s i t y ,  s o u n d  i n t c n s i t y  a n d  
t r c q u c n c y ,  a n d  all o t h e r  c n v i r o n m e n t a l  t a c t o r s  i m — 
p o r tan t  to tho o rg a iú sm
N atural v en tila tio n  Ventilation o f  a building usins; 
o n l y  p a s s i v e  m c a n s :  t h c r m a l  b u o v a n c y  a n d / o r  w i n d -  
i n d u c c d  p r c s s  11 r c s
T h erm o n eu tra lity  T h e  teniperature at w h ich  a h o -  
m c o t h e r m i c  o r ^ a n i s n i  is m o s t  c o m f o r t a b l c  a n d  e x h i b -  
i ts  110 b c h a v i o r a l  r c s p o n s e  c h a r a c t c r i s t i c  o f  h e a t  o r  
c o ld ;  n e i t h c r  v a s o d i l a t i o n  n o r  v a s o c o n s t r i c t i o n  d o m i -  
n a t c s  in  b l o o d  v c s s e l s  n e a r  che s k in ;  p i l o c r e c t i o n  fo r  
h e a t  lo s s  s u p p r c s s i o n  a n d  m o i s t u r e  c v a p o r a t i o n  fo r  
c o o l i n g  t r o n i  t h e  s k i n  o r  r c s p i r a t o r y  s y s t e m s  a r e  m i n i -  
m i z c d .
u p p e r  critica l tem perature EtYective environmen- 
tal te m p era tu rc  at the uppcr  end  o f  an an im al’s zone 
o f  th c rm o n cu tra l i ty

/ \ í ^ r i c u l t u r e  c o m p r i s e s  a c o m p l c x  i n d u s t r i a l  p r o c e s s  
a n d  b i i i ld in a ;s  u s e d  t o r  a g r i c u l t u r a l  p r o đ u c t i o n  s h o u l d
b e  i n t e g r a t c d  i n t o  a t o ta l  s y s t c m  t h a t  p r o v i d e s  a t  lca s t



the fo llowing: ( 1 ) desirablc conditions to thc houscd 
animals o r  plants and thc w orkcrs  involved w ith  
them , (2) high production  capabilitics, (3) labor and 
energy  efficicncy, (4) econom ic eíĩectivcncss, and 
(5) l im ited  environm enta l  impacts outside the bu ild -  
ing. Agricultura l structures arc designcd to m odify  
m ic roenv ironm cnts .  E nv ironm enta l  m odit ìca tion  is 
im p o r ta n t  to reduce w eathcr-  and m ic ro en v iro n m en t-  
induced stresses on the animals o r  plants and, in the 
case o f  sto red  crops, p rovide conditions that p ro m o te  
lo n g - te rm  quality retention and a m in im u m  OẾ spoil- 
age and  loss. T h e  m odií ìcation  m ay  be as sim ple as 
p rov id ing  a sun shade for cattle in a w arm  climate, 
or as com plex  as a totally controlleđ tacility for raisina; 
and s to r ing  tood  crops in a (novv being planned) lunar 
colony.

T o  a siíỊnifìt'aiư extent,  the desiíỊii o f  aqricultura! 
s tructures  has cvolved in response to social, esthctic, 
cconom ic ,  and political forces as m uch  as in response 
to scientiíìc input.  A lthou^h  design o f  to d a y ’s agricul-  
tural structurcs is based m ore  firm]y on engineering  
principlcs, all thc nonscicntiíìc íactors listcd are likely 
to con t inue  defining, in part, thc fu turc deve lopm en t 
o f  amricultural structures.

I. The Need for Âgriculturaỉ Structures

M ost agronom ically  im por tan t  crops are g ro w n  o u t-  
doors. Agriculturally  im por tan t  animals are raised 
w ith  little or  no  shcltcr th ro u g h o u t  m uch  ot'  thc 
w orld .  H o w ev cr ,  con t inuous exposurc  to the vagaries 
o f  w ea thcr  and climatc can im pose  strcsses that l im it 
p roduction ,  incrcase m orb id ity ,  enhance exposure  to 
irỹury and predation, and m ay  ultimatcly p rove fatal. 
This is true  for bo th  plants and animals.

M o d e rn  agriculturc is sutĩiciently com peti t ive  eco- 
nom ical ly  that avoidablc prodưction  losscs canno t bc 
accepted. This has lcd to various systems to house 
animals and plants and am cliora tc the m ic roenv iron -  
m en ts  thcy  experience. T h e  evolu tionary  proccss has 
been a lontỊ One. Records show , for cxamplc, mica 
shcets vvcrc used to creatc crude grcenliouses to pro-  
ducc ou t-o t-season  cucum bcrs  for R o m an  cm perors .  
F rom  earliest times, cavcs (whcre avaiìable) w ere  uscd 
to  shclter animals dur ing  the w o rs t  w cather. C o n í ìn eđ  
anim al housins; systems and controlled  env iro n m en t  
ag r icu ltu rc  havc m aturcd  grea tly  sincc then. T o d a y ’s 
tiilly au tom ated  pou ltry  house tb r  30,000 (or morc)  
layinií hcns, dairy barn fbr hundreds  o f  milkine; cows, 
o r  mult ihectarc , h ighly au tom ated , ton ia to  p roduc-  
t i o n  g r c e n h o u s e  c o n t r o l l e d  b v  a C o m p u t e r  a r c  s i m p l y

steps aloníỊ the  natural p roẹrcss ion  t rò m  ycs tcrdav  s 
prirnitive cnv ironm cn ta l ly  m odif icd  tacilitics tovvard 
to m o r r o w ’s totally e n d o s e d  and au to m a ted  to o d  p ro -  
duction  tacilĩties on  earth  and in lunar  (and beyond)  
colonics.

A ^ricu ltu ral buildintỊS are, in ctTect. índustria l p ro -  
duct ion  tacilitics. T h e  agricultural activity vvithin a 
bu ild ing can bc rep rcsen ted  as an in teract in^  collcction 
o f  biological and physical processcs and material 
t ransform ations.  A tactor  that sets an atỊricultural 
buildiiií^ apar t  tro 111 typical industrial bu ild ings is the 
relative im p o r ta n cc  o t the biotic sys tem  h o u se d  by 
the agricultural build ing. T ruc ,  a tactory  m u s t  be 
statTed by people  (at least today, betore r o b o t- ru n  
tactories are the rule) bu t  the  people have a relatively 
small ctTcct OI1 the bu ild in^  itselt'. In an agricu ltu ra l 
buildintT the b iotic  System  stro n g ly  aíTects the e n v i-  
ro n m cn t  w ith in  the buildiníí and  the e n v i ro n m c n t  
p rov idcd  bv  che bu i ld ing  is critical to thc w elfare  and 
produc tion  o f  the b iotic systcn; housed w ith in .

T he  specific necds to be mot by animal housing ,  
p rođuc t s torage bnild ings,  and g rccnhouses h av e  lcd 
entỊÍneers to  deve lop  un iquc  structural đes ign and 
cons truc tion  tcchniqucs. Cìenerally, cons truc tion  
nu is t be s im plc to lim it costs because relatively lar^e 
fìoor arcas m u s t  be covered, areas that enc o m p a ss  an 
econom ic  activity hav ing  rclativcly low  re tu rn  per 
unit  area (contrast the yearly incom c Ếrom a dairy  barn 
to the yearly incom c from  an electronics eq u ip m e n t  
m anufac tu re r ,  for cxam plc ,  hav ing  thc sam c floor 
arca).

A gricultura l bu ild ings o ttcn  arc no t sub ject to the 
same constra in ts  o f  bu ild ing  and o the r  codes im p o sed  
on  s tructures  tor  h u m a n  occupancy . This  has p c rm i t -  
tcd greater  í reed o m  fo r  dcsign innova tion .  H o w e v e r ,  
acrial conditions vvithin agricultural s tructurcs  (high 
h u m id i ty  in g reenhouses,  o r^an ic  acids, dust,  and 
o the r  air co n tam in an ts  p ro d u cc d  by anim al wastes, 
as examples) im p o sc  sevcrc restraints o n  the choicc 
o f  materials that m a y  be used. W o o d  has becn  thc 
material o f  choice to r  m o s t  anim al housing  faci!ities. 
W ood  is relatively inexpensive and  no t subject to  the 
co rros ion  charactcristic o f  iron and  Steel. Steel bu ild -  
ings havc been used to  house  animals, b u t  often  spe- 
cially coatcd s truc tu ra l  m e m b crs  arc ncedcd to lim it 
corrosion .  As an ex t rem e,  exhaust  ven t ila tin^  fans in 
s v v i n e  housinsỊ are likcly to havc tĩberglass bod ies to 
avoid  the c o r r o s i o n  that can dcstroy  a Steel body  
w ith in  6  m o ii ths  o f  opera tion .  In g recnhouses ,  the 
need to r  sun ligh t  has restricted constrưc tion  to use ot 
a structura] coveriniỊ o f  plastic o r  glass over  a IiíỊht- 
wciíỊht t ram c ot'Steel, a lu m in u m , or  w o o d .



II. Planning Agricultural Structures

Evcry  build ing m u s t  ensurc its occnpan ts  (an iim l and 
h u m a n )  will n o t  be cxposcd to  risks duc to  the build- 
in ự ’s cons truc tion .  Every  State in the  U nited  States 
has a buildiniỊ  code dcviscd to assurc su ch safety. 
Local g o v e rn m e n ts  m ay im pose  additional rcstric- 
tions. Such codos usually rcquire cons truc tion  in com - 
pliancc w ith  speciíic stanđards, o r  in accord w ith  ac- 
cep tcd  eniỊĨneering practicc. In addition ,  energy 
pe r to rm a n ce  s tandards havc becn adop ted  by m an y  
State and  local iỊovernm cnts. T h ese  codes m ay or m ay  
n o t  apply to agricultural build inqs,  depcuđ ing  on local 
in te rpre ta t ion .  M ím y codcs spccifical]y ex e m p t ag- 
ricultural buildings tron i certain provis ions,  bu t  ex- 
c m p tio n s  arc n o t  u n ifo rm  and ne i the r  are thcy uni-  
íb rm ly  ìn tcrpreted .  Thus ,  in any  cons truc tion  it is 
nccessarv to consu lt  w ith  local buildinạ; officials and 
ob ta in  the ncccssary pcrmits.

Sitc p laiining is an im p o r ta n t  c o m p o n e n t  ofatỊr icul-  
tural build ing dcsign. Iinportanc considcrations in- 
cludc: w a tc r  đ ra inagc  (suríace and subsurtacc), vchiclc 
acccss, cq u ip m en t  park in^ ,  in tcrnal tratíìc patterns, 
exposu re  to vvinds and the prevailing  w ind  dircction 
and  specd, adcquatc  scparatíon t ro m  h u m a n  living 
arcas, acccss to  íìelds, solar exposure ,  s toragc, appear- 
ance, pollu tion  hazards (intcrnal and extcrnal to the 
site), labor ctíiciency in the con tcx t  o f th e  cntirc  opera -  
tion, wastc n ianagem cnt ,  íccd d is tr ibu t ion ,  clcctric 
and otlier  Utili t ies ,  soil characteristics, topograp ìiy ,  
p ro duc t ion  vo lum e ,  and expecta tions for tu tu rc  
cxpansion  (for exam plc ,  som c expcr ts  rc c o m m e n d  to 
plan the  sitc a s sum ing  the opera tion  will eventually  
doub lc  in size).

T o p o g ra p h y  is im p o r ta n t  to r  drainage, solar expo-  
surc, and snovv control .  Surfacc d ra inage  requires a 
slope o t  2 to 6 % . Terraces  and d ivers ion  ditchcs are 
Lised to  ìntercept suríace water.  Such in tercepts arc 
usually  grasscd to  lim it crosion, and m o w c d  to tacili- 
ta te m o v e m e n t  o f  w ater .  Subsurfacc drainagc can bc 
achicveđ by drain tiles and pipos and  is necessary for 
all buildine; tou n d a t io n s  and b e lo w -g ra d c  structưres. 
A South íacing s lopc will cnhance d ry ing ,  vvhich is a 
bencíit  after rains. T rce  w in db rcaks  or  w indbrcak  
fcnces p rovidc pro tec tion  f rom  b o th  vvintcr s to rm s 
and  d r i t t ing  sn o w .  W indbrcaks s low  the  w in d  for 1 0  
to 2 0  hcie;ht eqưivalents dovvnstrcam o f  the brcak and
5 to  10 Lipstrcam. Several rovvs o t  everẹrccn  trees 
p rov ide  an cxcellcnt w indbrcak , bu t  a construc ted  
w indbrcak  may bc dcsired until trees g r o w  to sutTi- 
cient hciíỊht. T h e  cons truc ted  w in d b rc a k  should  not

TA B LE I
Recommended FloorAreasperAnim al U sedforD esignofConfined  
Animal Housing Systems

A n im al F lo o r a n n r / h e a d

S n in c
N u rs e ry  p i^ (1.3
C ìrovving pig 0 .6
F in ish in t; piií 0 .8

B ecl .ìn inuil, c o n tin e m c n t b a rn
C o w /c a l f  u n it 4
T o  250 ktị ~>
O v c r  250 kiỊ ĩ

D a iry  an im al, to ta l c o n í in c m tn t
T ic  stalls 1.4 (W ) X  1 .8  m

Frce stalls 1.2 (W ) X  2 .ĩ  111
s h c e p ,  evvcs, w /s o l id  H oor b ro ile rs

T o  4 vvceks o t age 0 .0 5

4  t o  10  v v e e ks  o f  ai ĩc 0.1
10 w cck s  to  a d u lt 0 .2

bc solid— an 80%  solid w indbrcak  provides bc t tc r  
vvind and sn o w  pro tcc tion  than  does a solid onc.

Space rcqu irem ents  dcpcnd  on the  animals o r  plants 
being  raiscd. O v c rc ro w d in g  causes animals to  bc 
strcssed and períbrrn  poorly ,  and is likcly Co increasc 
d iscascand  injurics. A scxam plcs ,  rec o m m en d c d  floor 
arcas for so m c  a^riculturally  im p o r ta n t  animals arc 
listcd in T ab le  I.

III. AAaterials for Agricultural Structures

A gricultura l build ĩngs m u s t  be cons truc tcd  to w i th -  
s tand four typcs o f  loads: dcad, livc, w ind ,  and snow . 
D ead  loads are vertical loads duc to  the vveight o t  
the  cons truc tion  materials and p erm an en tly  installed 
cqu ipm en t .  Livc loads are m ovable ,  such as equ ip -  
m cn t,  animals, p roducts ,  and s torcd  matcrials. D csign  
livc loads are typically less in m o d e rn  agricultural 
build ings than  in public and com tncrcial build ings. 
W ind  loads m ay  be horizontal o r  vertical (e.tỊ., uplift) 
b u t  do  n o t  include to rn ad o  w inds .  S now  loads are 
vcrtical loads applied to the horizontal p ro jcc tion  of 
the  roof.

W o o d  is trequen tly  the  cons truc tion  material ot 
choicc. It is vvorkable OI1 the site, am enable  to  d o -  
i t -you rse l f  construc tion ,  rcasonably inexpcnsive, and 
retains its s t ren ^ th  for a rclatively long  t im e in a fire. 
It also is subject to decay by fungi and d am ag e  by  
insects. W o o d  used for agricultural construc tion  m ay 
be natural, o r  treated to resist decay. H o w c v e r ,  care 
is requircd  in selecting the typc o f  w o o d  prcservative ,



tor  volatile chemicals used in the preservative trcat-  
m cn t  m ay continuc to evaporate  and cause dam agc 
to plants it~ used in grecnhouses, for cxample. M any  
ncw  tcchniques are availablc to im prove  the s trength  
to w eight ratio o f  w o o d  construction  and usc lum ber  
that othervvise w ou ld  be discarcỉcd. Usc o f  lam inated  
solid bcams, box  beams, and vvoodcn I beam s arc 
three such techniques.

Concre te  and m asonry  are co m m o n ly  used for 
founđations, floor slabs, and walls. A ir-cntrained con- 
cretc is often rccom m ended  to resist w ea ther ing  and 
the destructivc actions o fan im al  wastcs. Slotted tìoors 
in animal housing  are usually m adc of reiníorced con- 
crctc slats.

Plastics have found  several applications in agricul- 
tural buildinc; construction. The  m o s t  obv ious  is 
íbam cd plastics uscd for insulation. Closcd ccll foam 
insulation is recom m ended  in dam p conditions. In 
addition, various plastic suríace trca tm cnts  havc been 
uscd to in ip rove  thc longevity  and clcanability of 
walls and ccilings. Such surtace trcatm cnts are typi-  
cally integral w ith  prcíabricated panels. Rigid, clcar 
plastic panels arc availablc for grcenhouse covering. 
T he  pancls may be siiiíịle laycr, bu t  num erous  pancls 
are  110W a v a i l a b l e  h a v in í Ị  t w o  p la s t ic  w a l l s  c o n n c c t c d  

by intcrnal w ebs that p rov idc bo th  s trcngth  and an 
air space for therm al insulation. O n e  or  tw o  laycrs 
o f  plastic film (c.g.,  polycthylcnc) arc also used cxtcn-  
sively for low -cost (Ịreenhousc covcring. Glass is, ot 
course, w id d y  uscd as a grcenhouse covcriníỊ.

Steel and a lum inum  havc been w iđely  used in ag- 
r icultural buildings, for borh íram ing  and cover. 
M any  storage buildings and farm shops, and  som c 
animal housing  buildings, arc m ost ly  or  all metal. 
Virtually all g reenhouse fram ing  is metal, in contrast 
to the extcnsive usc o f  w o o d  (c.g.,  cypress) in thc 
past.

IV. Animal Housing

A. General
C ontìned  animal aiỊriculture has been characterizcd 
by several trcnds. O n e  has becn continucd a;rowth in 
the sizes o f  opcrations and thc numbcrs o f  ánimals 
houseđ at sine;]e locadons. A nother  is the trcnd aw ay 
t ro m  com bin ing  animal housint; and hu m a n  housing  
at the sanie location— the “ ta rn is tead” — and a con- 
com itant m ovc tcnvard n io re  carefi.ll sitc planning. In 
fact, increascd speđalization has led to animal agricul- 
ture opcrations havina; no  cropland base and \vherc all

fced m u st  bc purchased. A th ird  trend  is thc  g ro w in g  
invo lvcm cn t  o f  th ird -par ty  protcssionals in p lanning  
the p roduction  un it  and sclecting sys tem s and c o m p o -  
nents.  A fou r th  is an increasine; re^u la tion  for cnvi-  
ronm enta l  rcasons o f  animal and  o thc r  wastes gener-  
ated w ith in  the p roduction  unit.

T h e  d o m in a n t  dev e lo p m e n t  in animal hous ing  d u r -  
ing tlie past ha lf  cen tury  has been a long  series o f  
đesiíỊn modif ications to increase anim al housine; den-  
sity and dcal w ith  the resulting nced  for m o rc  precisely 
m odu la tcd  env ironm en ta l  contro l .  T h e  pou ltry  in- 
d us try  (especiallv the egg  p ro d u c in g  industry)  has 
been the m o s t  evidcnt exam plc  o f  increased housing  
density. Sonic  sw ine  íacilities havc also rccently been 
dcsigncd and cons truc tcđ  to  m im ic  the  principlcs ot 
layiníỊ hen c o n h n c m e n t— confm cn icn t  o f  the animals 
in cngcs that arc stackcd (spaced) vertically ro increase 
spacc cfficicncy. Build ings hav ing  high animal dcnsi-  
tics arc typically ventila ted using m echanical ventila-  
tion. S iniu ltancously , p r im arily  in the dairy industry ,  
avcrage herd  sizcs havc incrcascd to the po in t  vvhcre 
s tanch ions / t ic  stalls are n o  lonqe r  l;ibor efficient and  
free stall housing  has cm erged  as thc d o m in a n t  h o u s-  
ing  m e thod .  Frec stall housing  is iỊencrally based on 
a largc, opcn, natura lly  ventila tcd  bu ild ing  w here  the 
air tc n ipcra tu re  rcm ains close to  that ou tdoo rs .  T hus ,  
w c SCO change Í!1 tw o  d irec tions— 0 1 1C bascd on care- 
fully contro llcd  c n v i ro n m cn t  and activc en v i ro n m c n -  
tal n iodification, and onc based on  lim itcd  or no  cnv i-  
ro nm en ta l  contro l and passivc en v iro n m en ta l  
modification. [S tr  D a ir y  C a t t l e  P r o d u c t io n ; P o u l -  
TRY P r o d u c t i o n ; S w in e  P r o d u c t i o n .Ị

B. Mechanically Ventilated Animal Housing
A nim al housing  typically com prises  a sintỊle air spacc, 
in contrast to  industrial,  com m crc ia ỉ ,  and  residential 
build ings for hum ans .  This  s im ultancously  simplifics 
and complicates thc Science and art o f  environm ental 
control .

M cchanically  ventila ted hous ing  íỊcncrallv corrc-  
sponds  to w hat is tc rm ed  “ w arn i  h o u s in g ” in w hich  
air tem pera tu re  is ìnain ta ined abovc  freezinẹ; and o tten 
w ith in  a tairly n a r ro w  zone, w h e n  possible. D o m es t ic  
animals arc h o m c o th c rm ic  w i th  typical body  te m p e r -  
aturcs ot

C a ttle : 3 8 .5 ° c  G o a ts: 4I)°C
H o rses : 38cC  S w in c : 39°c
Shcep : 39°c  C h ic k en s : 41.7°C-

For com parison ,  h u m a n  decp body  te m p era tu rc  is 
37 c.



A w c l l -k n o w n  re la t ionsh ip  can be used to  predic t 
th e  rate at w h ich  w a rm -b lo o d e d  animals generate  
b o d y  hcat,

Heat,  w a t ts  pc r  killogram  b o d y  mass 
=  k  (b o d y  mass, kg)"'7\

w h e r c  k  is a co n s tan t  tha t  dcpends  on b o d y  form . 
T h is  re la t ionsh ip  has been  based p rim arily  on  adult 
an im als  in the ir  na tu ra l  habitats. Anim als  tha t  arc in 
the  u n n a t u r a l  S t a t e  o f  h i g h  p r o d u c t i o n  ( g r o v v t h ,  m i l k ,  

etỊgs, etc.) can be expec tcd  to have a h igher  m etabo lic  
ra tc  than  p rcd ic tcd  by  S t a n d a r d  valucs o ĩ k .  T h e  dcgree 
t o  w h i c h  t h c  S t a n d a r d  v a lu c s  a r c  e x c c e d e đ  d e p e n d s  
0 1 1  the  degrec  o f  rap id  g r o w th  and  p roduction .  M o re  
accura te  data m a y  bc fo u n d  in cngineering  h an d b o o k s  
and  the rcsearch li tcraturc .

T h e  te m p c ra tu rc  ran g e  best for animals w ith in  a 
b u i ld in g  is that w h ic h  p roduces  condit ions o f  th e rm o -  
ncu tra l i ty ,  s h o w n  schem atically  in Fig. I . T h e  low  
tc m p c ra tu re  end  o f  thc  th e rm o n cu tra l  zone is te rm cd  
th e  lovver critical t e m p c ra tu re  (LC T) and can bc uscd 
as the lo w e r  liniit o í dcsired tc m p era tu re  for cold 
w c a th e r  e n v i ro n m e n ta l  contro l .  T h e  high tcm p era -  
tu re  end  is tc r tncd  the  upper  critical tem p era tu re  
( U C T )  and  c n v i ro n m e n ta l  contro l should  endeavor  
n o t  to excecd th e  U C T  for m o r e  than shor t  tim es 
d u r in g  a day. S o n ic  ev idcnce sh o w s animals are ablc 
to  co m p cn sa tc  fo r  s h o r t  pcriods (several hours)  above

FIG UR E1 Body core temperature and metabolic hcat production 
as fu n c tio n s  u f  th c  c ffe c tiv e  c n v íro n m c n t  te m p e ra tu re .  T o  th c  left 
ot A is thc rcgion o f  hypothermia and to the right of  c is the 
rc iỊÌo n  o f  h y p e r th e rm ia .  B e tw e e n  B an d  c ,  to m p e ra tư re  re ^ u la tio n  
is h y  p h y s ica l m t-ans a n d  to  th e  le tt o f  B inc reascd  h c a t lo ss  to  tho  
c n v iro n m e n t  can  be  c o m p c n s a te d  o n ly  by in c rea sed  tc cd  c o n s u n ip -  
t io n  and  m c ta b o lism .

the  U C T  by, for exam ple ,  tak ing  advantage o f  n igh t 
t im c coolness. In addi t ion ,  anim al m a n ag e m en t  m a y  
bc s im pliticd  bv p ro p e r  c n v iro n m en ta l  m odification  
that takcs advan tage  o f  thc lack o f  c o m to r t  be low  the 
L C T .  For exam plc ,  con tro l  o f  air f low and  rcsu lt ing  
tem peraturc in a sw inc  facility can crcate Z0I1CS w ith in  
pens b e lo w  the L C T  and zoncs above  it. PiíỊS, bcing  
natura lly  clean animals,  will then  use thc colder parts 
ot’ the  pens on ly  as d u n g in g  arcas and rest on ly  in the 
vvarmer parts  o f  che pcn.

T e m p c ra tu rc  contro l  o f  an im al ho u s in g  build ings 
to attain th e rm o n eu tra l  cond it ions  is typically m o re  
effective d u r in g  cold w ea ther  than  d u r in g  ho t pcriods. 
C ons idera t ions  o t cost (installed and  operating) lim it 
the n u m b e r  o f  m e th o d s  available in a practical sense 
for te m p c ra tu rc  co n t ro l— reír ige ra tcd  air cond i t ion -  
ing, for cxam ple ,  is n o t  used. T h e  the rm o n eu tra l  zone  
f o r  m a t u r c  a n i m a l s  1S t y p i c a l l y  w e l l  b e l o w  t h e i r  d e e p  

b o d y  tcm pera tu re s  and  is a factor  tha t  depcnds on their  
rate ot' p ro d u c t io n  o r  g ro w th ,  thc feed charactcristics 
(energy  conten t)  ot' their  diet, the presence and 
a m o u n t  o í bedding , the the rm al  rad ia t ion  balance o f  
the anim al,  relativc h u m id i ty ,  and air m o v e m c n t  and 
tu rbu lencc  in tensity . In m cchanica lly  vcntila tcd  h o u s-  
ing  for m a tu re  animals, m etabolically  p roduced  hcat 
is o f ten  the on ly  sourcc  o f  hcat for the air spacc. 
M a tu re  animals (w ith  thcir  g rca ter  b o d y  mass) p ro -  
duce m o rc  heat pcr  un i t  area o í ho u s in g  space and 
usually  cxhib it  a lo w c r  th e rm o n eu tra l  zonc. W hcn  
im m a tu r c  anim als are housed ,  supplcm enta l  heat is 
often  rcquircd .

T o d a y ’s t rend  to grea tcr  animal h o u s in g  density  
and gcnetic  m a n ipu la t ion  (breeding) to  develop h ig h -  
p r o d u d n g  anim als results in a great dcal o f  hcat p ro -  
d u c t ion  w ith in  thc ven tila ted  space. T h e  a m o u n t  o f  
heat is typically  sufficient to  balance hcat loss th ro u g h  
the s truc tu ra l  cover  and vcntila tion  an d  ye t  m ain ta in  
air space te m p era tu re  at o r  above  the lo w er  critical 
t e m p e ra tu rc  unlcss the o u td o o r  air tc m p era tu re  is cx- 
t rcm ely  cold ( e .g . , be lo w  — 20°C). O n  the o the r  hand, 
thc hie;h hea t p ro d u c t io n  ratc docs n o t  usually p e rm it  
te m p e ra tu re  con tro l  to  vvithin the th e rm o n cu tra l  re- 
e;ion w h e n  o u td o o r  air te m p era tu re  is near  o r  above  
the u p p c r  critical tem pera tu re .  A m a x im u m  installed 
ven ti la t ion  capacity o f  onc com ple te  air cxchange per 
m in u te  is typical in m o s t  m echanically  ventila ted  ani- 
mal ho u s in g ,  w h ich  lim its  thc  te m p e ra tu re  rise o f  the 
ven ti la t ing  air to  perhaps 2°c, b u t  in m a n y  regions 
ot' the w o r ld  therc  arc m a n y  ho u rs  o f  w ea thcr  at or 
above  the  th e rm o n e u tra l  reg ion .  E vapora t ivc  cooling 
(either by  cooling thc air p r io r  to its being  in troduccd  
in to  the  air space o r  by in tro d u c in g  a fìne w ater  mist



vvithin thc air space) is thc m ost typical m cans of 
environm enta l  cooling. Evaporativc cooling is m os t  
effectivc in drycr  climates, bu t  even in m odera tc ly  
h u m id  climates there is som e potcntial for Ìts usc 
dur ing  the ho ttes t tim e o f  day w hen  the relativc hu -  
m id ity  is usually at its lowest.  T h e  defining íactor  is 
the difference betw cen  the o u td o o r  dry bulb and w et 
bulb  tem peratures  (the so-called w et bulb dcprcssion). 
A w ell-m ain ta ined  evaporative cooling system shoưld 
bc able to  bring the cooled air to w ith in  2 ° c  o f  the 
w et bu lb  tcm perature ,  w hích is a rulc that can be used 
to assess the possible beneíits o f  evaporativc cooling. 
Mechanical rcfrigcration is usually thouẹ;ht to be too  
cxpensive for cnvironm enta l m odification in animal 
housiníỊ, except perhaps in localized zones such as 
p rov id ing  coolcd air đirected at the an im al’s head  for 
inhalation.

Mechanical ventilation o f  animal housing  can bc 
one o f  thrcc typcs, depending on thc locations o f  thc 
fans:

1. Ncgative pressure, vvhere One or morc fans exhaust 
air from thc air space. Air pressure within the space is 
sIÍ£>htly below that of outdoors (ideally bctvveerì 10 and 
20 Pa diíĩerence). Fresh air is drawn into thc building 
through planncd inlets and somc enters through the 
m a n y  s m a l l  o p c n in g s  (air  lcaks)  in the  b u i l d in g  s h e l l— the 

so-called iníìltration. This is the tnost typical 
arrangement for mechanical ventilation of animal 
housing.

2. Positivc prcssurc, vvherc 0110 or niorc fans push 
íresh air into che air space (usually throuí;h somc fortn of 
widcly distributed inlet area). Air pressure vvithin thc 
space is slíghtly abovc that of outdoors. Air from thc 
space is exhausted throuỉ^h planneđ outlets and 
exíiltration occurs through air leaks in thc building shcll.

3. N e u t r a l  pressure, wherc fans are at both thc inlcts 
and outlets and thc net pressure within thc air space is 
approximătely the same as that outđoors, and air 
iníiltration/exíìltration is minimizcd.

M o st mechanically ventilated, ncgative prcssure, 
animal buildings (usually rectangular in shapc, per-  
haps 15 m  vvidc and up to  1 0 0  m  or m o rc  long) are 
designed to d raw  air across thc shortes t d im cnsion  oí 
the air space. Fans are typically locateci on the m o re  
shekercd  (lcevvard) sidc o f  the building and inlets (of- 
tcn csscntiallv continuous) m ay  bc locatcd on  the o p -  
positc side or  on both  sidcs. An altcrnate location tor  
the inlets is alon^ thc center line o f ' thc  ceiling, w ith  
air d ra w n  throue;h an insulated p lenum  construc tcd  
vvithin the attic spacc. This conccpt ot' vcntilation (a 
shor t  distancc from  inlct to exhaust) was devclopeđ  
to lim it the tcm peraturc  rise ot the air as it passcs

th ro u g h  the air space. Recent innova t ions  (“ tu n n e l” 
vcntilation) are bascd 011  the oppositc .  Air is d raw n  
th ro u g h  thc  bu ild ing  in the  long  dircc tion ,  w hich  
s i g n i í i C a n t l y  i n c r e a s e s  a i r  s p e e d  w i t h i n  t h e  s p a c c .  

H igher  air speeds and  the result ing  grea ter  tu rbu lence 
in tensity  are thou íỊh t  to incrcase an im al and \vorker  
co rn íb r t  d u r in g  h o t  weather.

T w o  principles arc im p o r ta n t  in desỉgn and control 
o f  mechanical ventila tion system s. O n e  is tha t the 
ventila tion rate (vo lum etr ic  rate o f  air flow) is deter-  
m ined  a l m o s t  exclusively by  the fans. T h e  second  is 
that air d is t r ib u d o n  and its subsequen t m ix in g  w ith in  
thc air space arc d c te rn ú n ed  a lm ost  exclusively bv  the 
inlets. Inlcts tvpically includc m ovab le  bafflcs that 
au tom atica lly  adjust to m odu la tc  the etYective area o f  
air flow and thcreby  the inlet air velocity and in d o o r  to 
o u td o o r  pressure ditTerence. A m p le  air mixintỊ rcsults 
from  adcquate  inlet air speed w h ich  rcsults, in turn, 
f rom  a sufficient p ressure ditYerence f ro m  inside the 
bu ild ing to outside. Pressure ditTerences in the range 
o f  10 to 20 Pa are usually adequate, lcad ing  to inlct 
air speeds from  4 to  6 m  per second. T h e  Standard 
Bernoulli  equa t ion  o f  classical Auicỉ m echanics  can be 
used to rclatc air spccd and prcssure ditTerence. C o n -  
t r o l  o f  t h e  t o t a l  s y s t c m  is  b e s t  a c c o m p l i s h c d  b y  m o d u -  

la ting the fans based on in doo r  air te m p cra tu rc  (tryiiiíỊ 
to kecp w ith in  the thc rm oneu tra l  rcgion) and ad- 
ju s t in g  thc inlets based on thc in d o o r - to -o u td o o r  air 
pressure difference.

Vcntilation system s such as dcscribcci above  w o rk  
bcst w ith  air spaccs that cncom pass few  or no  o bs truc-  
tions such as partial o r  com plc te  walls, pcns hav ing  
hÌ£Ịh and  solid sidcs, and m assive íecd ing  structures ,  
a s  exam plcs.  S u c h  obstruct ions  lcad t o  dead air z o n c s  

and subscqucn t unhea lthy  conditions.  T h e  system s 
also w o rk  best vvhen the bu ild ing  is cons truc ted  to 
havc as littlc air lcakagc— infil t ra t ion— as possiblc. 
Air lcaks act as unp lanncd  and uncon tro l lab le  inlcts 
and  p ro v id c  paths o f  vcntilation tha t  sho r t  circuit the 
p l a n n c d  v e n t i l a t i o n  S y s t e m .

Fans m a y  be spccd contro l lcd  and m od u la te d  to 
vary  the ventila tion  rate, o r  m ay  be sin^le spccd and 
activated and deactivated  in I^roups (staised) as the 
ventila tion need changes. E nergy  efficicncv is an im - 
po r tan t  cr iter ion  i.n tan selection and ctTiciency data 
arc o ften  availablc f rom  thc m a nufac tu re r  and t ro m  
indcpenden t tcsting  laboratorics. Hoxvcvcr, etficient 
fans do  n o t  rem ain  eíĩicient i f  p e rm it tcd  to  becom e 
dir tv  o r  m isadjustcd .  Cleanine; and  adjustiníỊ at lcast 
tvvicc vearlv is o ttcn  reconinicncieđ becausc o f  the 
dusty  and h u m id  opcra ting  cond it ions  in m o s t  animal 
housing.



c. Naturally Ventilnted Animal Housing
N atu ra l ly  vcntila ted  aninial housiniỊ  cxists as tw o  
ty p c s— so-called “ co ld "  buildiniỊs and “ m od ií ied -  
c n v i r o n m e n t"  build ings.  N e i th e r  typc a t tem p ts  to 
m a in ta in  in d o o r  cond i t ions  ab o v c  the housed  an im als ’ 
lovvcr critical te m p era tu re  durintỊ  cold wcathcr. H o w -  
ever, buildinu; cons truc t ion  and  anim al carc expenses 
arc gcnerallv  less, co m p c n sa t in g  for  the rcsult ing in- 
crcased tccd intake. C o n d i t io n s  du r in g  vvarm w ca ther  
arc o í tc n  su p c r io r  to those  in m echanica lly  ventilated 
an im al housiiiíỊ.

C o ld  buildiniỊs arc li^htlv  insulated, largc, opcn 
s truc tu rc s  hav ing  an op cn  f ro n t  o r  large vcntila tion  
o p en in g s  on  tiicir tvvo loníỊ vvalls, smaller ventila tion  
o p cn in g s  aloníỊ thcir  roo t '  r idgc, and no  attic spaccs. 
T h e  side wall ventila tion  open ings  m ay  bo partly 
c loscd d u r in g  vvinter to  l im it  chilling w inds and  b lo w -  
ing sn o w ,  bu t  in d o o r  air te m p cra tu rc  gcnerally  rc- 
n iam s 1 1 0  n io rc  than  a tcvv degrccs  abovc  the  ou tdoo rs .  
Bccause the  air can be vcry  cold thc bu ild ings are 
generally  uscd on ly  for lartỊc and  m a tu rc  ani- 
m a ls— dairy  o r  b cc f  cattlc, for exam plc .  Such animals 
d o  n o t  sutTcr w h cn  cond it ions  arc vvcll bc low  their 
lovver critical te m p era tu re s  and  s im ply  cat m o rc  to 
co m p c n sa te  for the incrcascd heat loss to  their  env i-  
r o n m e n t .  T h e re  is se ld o m  anv tru c  contro l o fe i th e r  air 
f low  or  te m p e ra tu re  in natura lly  ventilateđ buildings. 
T h e  rooí '  m ay  be insulatcd  to suppress  condcnsa tion  
0 1 1  the undcrs ide  o f  thc  roo t '  đ u r in q  cold and clcar 
niiỊhts and  reciuce rad ian t hcat loads 011  the housed  
an im als  d u r in g  m id d a y  in the su m m er .

M o d ií icd  e n v i ro n m e n t  bu ild ings are insulatcd  to  a 
g rea te r  ex tern  b u t still rely on  w indeffec ts  and  therm al 
b u o y a n c y  for  ven tila tion .  M o v a b lc  vcnt pancls arc 
o p c n e d  an d  closcd in response  to  in d o o r  air tc m p era -  
cure in  an a t tcn ip t  to  keep  the  bu ild ings f ro m  freezing. 
T h is  typc  ot hous ing  m a y  bc used  for dairy and bce f  
an im ais  b u t  a!so for (for exam plc)  dairy  calvcs and 
hciters  an d  t in ish ing  svvine and ges ta t ing  sow s, w hich  
are no t  h ig h ly  susceptib le  to  cold tem pera tu rcs .

A critical t im e to r  p ro p c r  op era t io n  o f  naturally  
ven t i la ted  bu ild ings  is durintỊ  cold an d  still vvcathcr. 
V en ti la t ion  m u s t  be in rcsponse to the rm al buo y an cy  
w h e n  thc re  is 1 10  w ind .  I f  the rm al buo y an c y  is to 
vvork, at lcast tw o  elevations o f  open ings  m u s t  ex-  
ist-— on e  at thc hiiỊh p o in t  ot' th e  air space and  One 
low . A v c n t  a ỉong  the  r idge  o f  the  bu ild ing  is usually 
the  hiỉĩh opcnintỊ ,  and rcm ains  op en  year a round . A 
cap o v c r  the  ridiỊC ven t to  p rcv e n t  ram en try  is usually 
d c t r im cn ta l  in rcg ions w h e re  w in te r  snow s  are fre- 
qucn t ,  to r  the  r idẹe  cap acts as a snovv íencc to  causc

s n o w  to  bc drivei) th ro u g h  the vent, possib lv  creatiniỊ 
a s n o w  dritt insidc thc builditig. R oo t slopt' is im -  
p o r ta n t  to íacil itatc w a r m  air m o v c m c n t  to w a rd  the 
vcnt; a slopc o f  1:4 is thc r e c o m m e n d e d  m in in iu n i  
and  1:3 is often used. Because air m o v in g  tovvarti 
the r o o f  vcn t is thc w a rm e s t  and m o s t  h u m id  in the 
b u i ld ing ,  ro o t  insulation is typically used, n o t  to  C0 1 1 - 
se rve  heat, bu t  to lim it condcnsa tion  on  the u n d e r  
sidt' o f  the  roof.

N a tu ra i  vcntila tion  is typically c o m b in e d  w ith  free 
stall h o u s in g  for dairy cattlc. T h e  animals arc penned  
in g ro u p s  and are free to w a n d c r  bc tw e en  a fecding 
an d  a resting  area. Th is  sy s tcm  is best suited to hcrds 
o f  at least 80 animals, w herc  the h c rd  can bc d iv ided  
in to  fou r  rcasonably sizcd g ro u p s  hav ing  s im ilar  milk 
p ro d u c t io n  and tluis similar nu tr i t ion  nceds. T h e  ani- 
m als  arc takcn in íỊroups tw o  o r  th ree  tinies a day  to 
be n ii lkcd  in a scparatc m ilk ing  parlor.  M a n u re  is 
typ ically  handlcd  by au tom at ic  scrapcrs and  bcdclini’ 
is useđ on ly  in the resting stalls, i f  at all. P e rm an c n t  
m a ts  m ay  bc uscd instcad to rcplacc hcdd ing , som c 
to rm s  o f  w h ich  havc occasionally been im plica tcd  in 
the  sp read  o f  mastitis.

D airy  calvcs arc often housed  in a very  s im plc  typc 
of' na tu ra lly  ventilatcd s t ru c tu re— the ca lf  hu tch .  
C a lvcs  arc very susccptible to  discasc and vvhen 
h o u se d  closcly toge thcr  in a ventila tcd  r o o m  can pass 
a varic ty  of diseascs a m o n g  themsclvcs. T h is  led, ap- 
p ro x im a te ly  tw o  dccades ago, co us in^  small 
(1.2 X 2 .4  m  X 1.2 m high) hu tches (boxes) opcn  
0 1 1  on e  cnd  and w ith  no  íloor, w ith  the opcn  end 
facing aw a y  f ro m  prcvailing  cold windb (and usually 
South for  solar gain). T h e  insicics o t the  hu tches  arc 
b cd ded ,  as w ith  s traw . E ithcr  thcrc are small fenccd 
spaccs ou ts ide  thc open  cnds o r  calves are te thcređ  to 
thc  hu tches .  T h e  hutches are separatcd  sufficiently 
tha t  the rc  is no  ca lf-to-calf  physical con tac t  and  
hu tchcs  arc m o v c d  betvveen occupan ts  to  l im it soil- 
b o rn e  transm iss ion  o f  diseascs and parasites. Calvcs 
are p laced  in to  hu tches vvìthin hours  o f  b ir th ,  w hile  
thcy  still retain the ability to  p ro d u ce  brovvn adipose 
tissuc (B A T ,  a fo rm  o f  b ody  fat that is h igh  in cne rgy  
co n tcn t  and  quickly  available to thc aninial). E ven  in 
the  co ldest w ea ther  calves adapt well to  this system , 
g r o w  well, and s h o w  alm ost 1 10  m o rb id i ty .  H o w e v c r ,  
s ince thc  calvcs m u s t  be cared for daily, this has n o t  
p ro v e n  the  m o s t  popu la r  sy s tem  fbr ta rn i  vvorkcrs 
(c .g .,  a natura l  rcluctancc to w o rk  o u td o o rs  to feed 
a g ro u p  o fca lv es  d u r in g  a blizzard) and thus  a m od if i -  
cation , based on  housiníí calvcs in o p e n - f ro n t  shcds 
(usually  facing South), has bec o m c  popular.



T he  conccpt ot thc so-called “ F L E X ” housc was 
first applied successtully in the poultrv  industry ,  and 
m ore  recently to dairy housing . In concept, the FLEX  
house is a com bination  o f  a closcd, mechanically ven- 
tilated building for w in te r  operation and an open, 
natura lly  vcntilated bu ild ing  for su m m e r  operation .  
M ovablc, bu t  sealable, sidc wall vents arc construc ted ,  
opcned  wiđe dur ing  w arn i  weathcr, and closed except 
for a small, continuous inlet opcning  dur ing  cold 
w eather.  Fans are used on ly  w hen  thc vents are closed. 
Th is  fo rm  o f  housing takes thc m odií ìeđ  opcn  t ron t  
build ing concept one step íurther,  pcrm itt ing  tc m p er -  
aturc control to w ith in  the  anim als’ the rm oneu tra l  
zone during cold vvcathcr, yct prov id ing the advan- 
tages o f  natural ventilation dur ing  w a rm  weather.

V. Greenhouses

C om m erc ia l  tỊreenhouses m u s t  serve several pu r -  
poscs. T he  param o u n t  purpose  is to p rov idc  stress- 
frec env ironm ents  to plants to cncouragc í^rowth and 
d eve lopm ent at ratcs that are optim ally  proíìtable. 
C oncom itan t ly ,  eíĩìcicncy o f  production ,  labor, and 
cnergy  m u st  be enablcd. Plant g ro w th  m ay bc in 
hydroponics ,  artiíicial m edia in containers, o r  soil (or 
raised soil beds), depcnding  0 11  thc crop and t ;row er 
preíerence. T he  trcnd is tow ard  less g ro w in g  in 
soil and m o rc  tow ard  hydropon ics  (espccially for 
greenhouse-grovvn vcgetablcs). Grovvine; plants hv- 
droponically  rcquires careíul m anagem en t o f  the I1 U- 
trient solution to assurc sufficient dissolved oxygen ,  
and p H  and nu tr ien t  control.  An altcrnative gaining 
acceptance is acroponics, w hich  is a system in vvhich 
the roo ts  are sprayed w ith  a fme mist o f  nu tr ien t  
solution. Aeroponics assures adequate oxygcn  supply 
to plant roots. [See H o r t ic u l t u r a l  G r een h o u se  E n - 
GINEERING. ]

N u m e ro u s  regula tory  pressures arc íòrcine; rapid 
changes in greenhouse site plannintỊ. P rim ary  am o n g  
these are regulations p rohib iting  discharges o f  w atcr  
containins; dctectiblc am ounrs  o f  thc chemicals (tertil- 
izers, g ro w th  regulators,  pcsticidcs, herbicides) used 
in thc greenhouse industry ,  and o ther  w ater  po llu t-  
ants. Thcse  discharges m ay  a r is e  f r o m  drain ing  excess 
vvater uscd for vvatcring plants (plants are often ovcr-  
watered  to prevent salts build up in the roo ting  m e -  
d ium ), draining the condcnsate  that fo rm s  du r ing  cold 
w eather  on the insidc o t  the grecnhousc covcr, and 
even ro o f  runoff, w hich carrics w ith  it con tam inan ts  
from  local and rcgional air pollưtion. W here  rec;ula- 
to ry  pressures arc i^reatest, “ zero d ischarge" green-

houses m ay  soon  be required .  In par t  these d em ands  
can be addressed by using cbb  and  flow sys tcm s or 
by  cap tu r ing  and recyclinẹ; vvatcr uscd w i th in  the 
greenhouse,  bu t  site p lann ing  shou ld  also inc lude an 
area for conta in ing  and  trea ting  larí^c v o lu m e s  ot w a -  
ter, as f rom  r o o f  runoff .  In addi t ion ,  concerns for 
lií*ht po llu t ion  ncar  residential areas m ay  lim it site 
selection op tions i f  n igh t tinie p lant l igh t ing  is 
planncd.

Pollu tion  p ro b lcm s  are no t  confined to etTccts aris- 
in g  f ro m  the prcsence o f  the g reenhousc  opcra tion .  
W ater  and  air co n tam in an ts  can havc  vcry negative 
eííects 0 1 1  c rop g ro w th .  N o rm a l  w a tc r  con tam inan ts  
such as calcium an d  m a g n es iu m  that cause w ate r  
“ hardness” arc no t  de t r im en ta l  to  p lan t g ro w th .  Less 
c o m n io n  co n tam inan ts  such as b o ron  arc d e tr im en ta l  
to ccrtain plants. T h e  b ac k g ro u n d  salts level in 
g roundvvater,  i f  sutTiciently concen tra tcd  (as m ay be 
the casc in arid climates and near oceans, for  example),  
m a y  causc the  total salts levc) to bc  too  h igh  after 
soluble fertilizcr is added  to che w ate r ,  and  be detri-  
m ental to plant grovvth. A ir  po llu t ion  can also nega-  
tivcly atTcct plants. For exam ple ,  the  prcsence o f  a 
nearby,  heavily  travclled  h ig h w a y  m ay  generatc  suf- 
tìcicnt air po llu t ion  ( N O x, for exam ple)  to  signifi- 
cantly  reduce plant e ;rowth and perhaps even plant 
quality  to  the  po in t  w h cre  they  canno t  be sold.

S tructural dcsign loads that m u s t  be considcrcd  arc 
gencrally  the sarnc ty p c  as w ith  o th e r  build ings. H o w -  
ever, the  đesign s n o w  load is typically lcss than  for 
o the r  bu ild ing  typcs because hea t conduc ted  ử o m  
w ith in  a heated g ree n h o u se  is sufficient to  m elt  sn o w  
ncarly as quickly as it falls. In g reenhouses  cons truc-  
ted o f  m a n y  scctions, jo in c d  at the  eaves (ẹu t te r -  
connected), special hea ting  pipcs are placed u n d e r  the 
jo in c d  eaves to m e lt  sn o w  and  p revcn t its accum ula-  
tion to  a danía;erous dep th .  A n o th e r  differcnce in 
greenhousc  design load  assum ptions  is the type  o f l iv e  
load tha t  m ay  be anticipated. H ea ting  and ventila ting  
equ ipm ent ,  h a n ^ in g  baskcts o t 'g row inc ;  plants, carts 
for m o v in g  plants and  materials tha t  are suspended  
í'rom tracks a t tached  to the í ram e,  and  m ovab le  
screens and curta ins uscd for cncrgy  and l igh t  contro l  
m a y  all bc huníỊ f ro m  a g rec n h o u se  frame. Th is  has 
led to a re c o m m e n d a t io n  that ^ reenhouses  be de- 
signed tb r  a live load  o f  75 k g / m 2, the sam e as the 
r ec o m m en d e d  m in in iu m  design load to r  snow . 
G recnhouscs are verv  Iight w eigh t ,  m a k in g  ic donb ly  
im p o r ta n t  that an c ho rage  to the  g r o u n d  be ablc to 
resist the up lit t  forces gcneratcd  b y  w inds; a đesign 
w ind  speed ot’35 m / s e c  ( 1 3 0 k m /h r )  is rcc o m m en d e d .



M ust tỊreenhouses Iiscd ío r  con im erc ia l  p ro duc t ion  
c a n  b c  c l a s s i t ì e d  i n t o  S1X basic írarne t y p e s ,  s h o v v n  in  

Fiu;. 2. T h e  h o o p  housc  is espccially usctiil in chc 
nurserv industry  for ovcr-vviiiteriníỊ plants and has 
also becn w idely  uscd as an inexpcnsivc  s tructurc  
for  g r o w in g  s ituations that last for o n ly  part o f  the 
ycar, such as g r o w in g  bedd ing  plants. T h e  gu t tc r -  
conncc ted  stylcs can cover m a n y  hcctares under  a 
singlc ro o t  and usually  to r in  scctions ap p ro x im ate ly  
as vvidc as they arc long.

T h e  grcenho tise  c n v i ro n m e n t  encom passcs  I ium er-  
ous en v i ro n m en ta l  param eters .  G rc cn h o u se  c rop  p ro -  
duc t ion  m u s t  cm phasize  quan t i tv .  quality ,  and t im ing  
of  p ro d u c t  availability. P lacing any  o f  these three 
ahcad o f  the  o thcrs  is điffìcult. T h e  im p o r ta n cc  ot'  
t im in g  is no t  as ob v ĩo u s  as the o th e r  tw o ,  bu t  flowers 
for holidays arc w orth less  i f  late and vcgctables that 
do  Iiot rcach m a rk c t  at the  contrac tcd  t im c  m a y  consti-  
tu tc  a b rcach  of con trac t .  Plant g r o w t h  in sỊreenhouses 
is subjcct to the inconsistency o f  vveather, especially 
solar inso la tion ,  and  thus crop  m a n a g e m e n t  is a h igh ly  
rcfincd sk.il].

lJh o to syn thcs is  is d r ivcn  by the  l igh t cnc rgy  in the 
vvavelength band t ro m  390 to 700 n in .  T h is  w ave -  
lcngth  band  is the  “ pho tosyn the t ica l ly  activc radia-
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tion. " o r  lJAR. Grovvth is littlc aíĩected by whcre ,  
w ith in  this band, the cncrẹ;y is rcccived, a l though  
ccrtain m orpho log ica l  dcvc lopm en ts  depcnd  on re- 
cciviníỊ SOI11C cn crgy  in specitìc parts ot the spcctrum 
(e.í»., red or  bluc). Som e plants adapt well to 24-hr 
l i^h ting  vvhili' o the r  species requirc  a dark  pcriod each 
day for p ropcr  devc lopm cnt.  P ho toper iod ism  is ex-  
h ibited relativc to flowcr initiation in sonie spccics. 
Certa in  specics arc shor t  day obligates (e.g., chrysan-  
th e m u m s) ,  so m e arc lo n t ĩd a v o b liũ ;a te s  (e.g., tuchsia), 
so m e  are day leng th - in te rm ed ia te  obligates, whilc 
o thcrs  are day neutrạ].

S upplcm enta l  q reenhouse ligh ting  to r  í*rowtli is 
gcnerally  accom plished using m etal halide or  h igh -  
pressure  sod ium  luminaircs. U n i íò rm i ty  o f  lighting  
is perhaps m orc  critical for u n i to rm ity  ot plant íTrowth 
than it is for lighting  for h u m a n  V ision .  T h e  h u m a n  
eye rcsponds logari thm ically  to light in tcnsity  and 
is thus  insensitive to relatively large changes o f  the 
intcnsity . Plants respond  essentially linearly to light; 
thus, a 1 0 % variation o f  i l lum ination  can lead to a 
1 0 %  variation o f  g ro w th  b u t  bc undetectable to  thc 
h u m a n  eyc. Supplem cnta l g reenhouse  lis^hting for 
p h o to p c r io d  contro l is often  accom plishcd  using in- 
candcscent lam ps and relatively lo w  light intensities, 
and light un i íb rm ity  is n o t  critical.

T c m p c ra tu rc  is ano ther  critical cnv ironm enta l  pa- 
ram c tc r  a l though  its cf'fects on  plant t^rowth arc co m -  
plex and no t undcrs tood  in fine dctail. General prac- 
ticc is to heat to  a spcciíic n igh t tem pera tu re  (a 
b lueprin t  condition  dc te rm ined  by best plant re- 
sponse) and increase the day tem pera tu re  5 to 8°c 
above  thc n igh t  tem pcraturc .  spacc  heating  is often 
by h o t  w atcr  o r  steam, a l though  íòrceci ho t  air is also 
c o m m o n .  T h e  crop  m a y  bc heatcd  using localized 
sys tem s such as ro o t  zone (otten p rov ided  by a 
w a rm c d  floor) o r  in írared  hea ting  systems, w hich  
rcquire  special controllers. V enti lat ion  is by  m cchani-  
cal ventila tion  in m o s t  instanccs, a l though  natural 
ventila tion  alone m ay be adequate  in cool climate 
regions. Supplem ental l igh t ing  and hcating  interact, 
for  the  lights em it  infrarcd radia tion  which  can heat 
the plant canopy  several degrees above  am bien t air 
tem peraturc .

C a rb o n  dioxide is a nu tr ien t  required  for p h o to sy n -  
thesis. W hether  supp lcm en ting  carbon  diox idc will 
p rov ide  additional plant g r o w th  depends, hovvever, 
on w h e th e r  it is thc íactor l im iting  g ro w th  at the time. 
I f  l ight levels arc low , add ing  carbon dioxide will 
have little etTcct. I f  l ight lcvels are intense, inadequatc 
access co carbon dioxidc d u r in g  thc m id -day  is likely 
to  lim it photosyntheses and thus supp lcm en ting  can
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double  plant grovvth ratc. U níò r tunatc ly ,  írequcntly  
durinu; the times vvhcn carbon dioxidc supplcm cnta-  
tion w ou ld  be n iost bcneficial greenhouses are vcntcd 
(m id-day, vvhen solar intensity and thc resulting hcat 
load are lỊreatest).

The carbon dioxide m ay  be supplied f rom  com - 
prcssed íỊas or  be in liquid form, or  m ay  be dcrivcd 
tro m  exhaust gases from  a natural gas o r  oil co m b u s-  
t i o n  u n i t  ( e . g . ,  a Central  b o i l c r )  i f  ca r c  is  t a k c n  t o  

prevent incom plcte  com bus t ion  and the resulting cth-  
ylenc (and o ther  air pollutants) production. Special, 
hií*h-effìciency burncrs are ottcn reco m m cn d ed  to 
limit in troduction  o f  harmfi.ll com bustion  products  
into íỊrccnhouscs.

Ventilation system dcsign in grccnhouses m u s t  in- 
d u d c  consicieration o f  air specd near thc plants. If thc 
air is stagnant, carbon dioxidc can becom e locally 
deplcted even while bcing added clsewhcre in the 
greenhouse. Conversely ,  air spceds that are too  high 
encouraiỊe excessive evapotranspira tion , causing thc 
leaf s tom ata  to ciosc and Iimit carbon dioxidc uptakc 
and thcrcby photosynthcsis .  As a gencral reco m m cn -  
dation, air speeds o f  0 . 1  to 0 . 2  m /s e c  are considcrcd 
a m>od com prom isc .  I f  arcas o f  air s tagnation arc a 
p roblcm , horizontal air flow and in ixing can be added 
to  a e;rcenhouse. H orizonta l air t ìow  is induced by 
small (e.g.,  0.4 m  diametcr) propcllor fans spaced at 
cven intcrvals a round  thc greenhousc and directing 
air to fìow in a racetrack pattcrn a round  the structurc.

Because light env ironm en t  is so critical to g ro w th  
and quality o fp la n t  q;rowth, espccially during  w intcr,  
the structural cover o f  a g reenhouse should be h ighly  
transm issive to sho r t-w ave  solar radiation. G recn-  
house orientation  also affects the light env iro n m cn t  
som cw hat.  A c o m m o n  recom m enda tion  is to have 
ridgcs o f  stand-alone greenhouses orien ted  ca s t /w c s t  
in no r thern  zones (above approxim atc ly  35 N  latitude, 
w herc  the vvinter sun is low  in the sky) to exposc 
thc largest possiblc g recnhousc cover area t'or light 
interception during  m id-day  (when m ost o f  the su n ’s 
energy is reccived). G rcenhousc rangcs com poscd  o f  
íỊutter-connected units arc recom m ended  to have 
ridge lines oricnted n o r th /s o u th  so thc shadc lines ot 
structural elemcnts do no t creatc zones o f  shade that 
n iove little du r ing  the middle o f  thc day, rctarding 
plant grovvth and deve lopm cnt in thosc zoncs. In 
Southern rctỊÍons, s tand-alone greenhouses are rccom - 
m ended  to bc oricntcd n o r th / so u th  to limit overheat-  
ino; duriiiiỊ thc day. Shade cloth is also uscd to rcduce 
solar íỊain durintĩ tlic sun im er.

Grccnhouscs require a t»rcat dcal o f  heatiní* energy 
in cold climatcs. lìecause the lit^ht cnv ironm en t  1S so

critical, no rm a l  insulation techniqucs d o  no t apply. 
D o u b le  glazing thc s tructural cover  can reduce heat 
loss signiíìcantly, but the m os t  ctTective insulation 
m e thods  involvc m ovab lc  curta ins dcp loycd  at n igh t 
over  thc crop, creatiniỊ an attic spacc u n d e r  thc ẹ rcen- 
house  roof. M o st  g recnhousc hea ting  is rcquired  d u r -  
ing thc n igh t  (estimatcd to be a p p ro x im a te ly  70%  ot 
total heat needcd in cold climates); thus ,  deployable 
insulation (thermal screcns) can bc reasonably  ctTec- 
tivc even thoiií^h thcy are stovved d u r in g  the daylií^ht 
hours. A dvanced  dcsigns o f  thcrm al screens inco rpo -  
ratc translucent materials and can d oub le  as shade 
cloth systcms tor  crop pro tcc tion  durin íí  thc heat o f  
day du r ing  siinimer.

G reenhousc  cooling is íirst accom plishcd  by  venti-  
lation and then by evaporative cooling.  Evaporative  
cooling m ay  bc p roduced  by d ra w in g  ventila tion  air 
th ro u g h  w ettcd  pads or by qcncratintỊ a vcrv fine 
fbg (mist) in to  the greenhousc. E vapo ra t ive  cooling 
system s can p rovide  cooling unlcss the o u td o o r  rcla- 
tivc hu m id i ty  is very high. M echanical rc tr igera tion  is 
p roh ib itivcly  expcnsive t'or application in com m ercia l 
C E A  íacilities.

VI. Product Storage

D ry in g  and s toring  agricultural p ro d u c ts  requires spc- 
cializcd structures. In m a n y  cascs thcsc s tructures  are 
purchascd as vvholc units and arc b ro u t íh t  to  the farm 
com ple tc  or  in fabricated m odules .  G rains, cspecially, 
are harvcsted, dried, and then s to red  o n  the farm  until 
use o r  salc. D ry in g  is critical for p resc rva t ion  o f  grain 
and  to  p revent m o ld  and fungi g r o w th  and grain 
spoilagc. Certa in  fungi, i f  p c rm it tcd  to proliíerate ,  
p roducc  c o m p o u n d s  (m ycotoxins)  h igh ly  toxic to an- 
imals and hum ans.  Dryinạ; typically  reduces e;rain 
m ois tu rc  con ten t  to 12 to 13%, on a w e t  basis. Som e 
crops (e.g., oil seeđs) m u s t  be dried  to  an cven low er  
m ois tu rc  content.  O n ce  dried, thesc crops can often 
be stored  for several years w ith  littlc deter ioration . 
[Sí'f  G r a i n , Fe e d , a n d  C rop  S t o r a g e ; P o st h a r v e s t  
P h y s i o l o g y .Ị

A very  spedalized fo rm  ot s to rage  has bccn devcl- 
oped, priniarily  for apples, a l though  cabbagc  and  cel- 
ery also m ay  bc storcd USÌI1ÍỊ the tcchnoloíỊy. T he  
tcchno logy  is controllcd a tm o sp h e re  (C'A) storagc. 
S toragc in C A  conditions rcduccs the resp ira tion  rate 
o f  the storcd  p rođuct bv  ap p ro x im a te ly  halt, cx- 
tending  storagc lifc tor  applcs. for cxam ple ,  bv several 
m o n th s  and makintỊ th e m  available ycar around .  The 
s truc tu rc  tor  C A  storage is a titỊhtly scalcd and reírig-



erated bu ild ing  (or roon i)  in vvhich the  a tm osphe r ic  
c o n ip o s i t io n  is careíully  con tro l lcd .  T h e  oxyựcn  con-  
ten t is lovvcrcd to  a te w  percen t (thc cxact value de- 
pcn d in g  0 1 1  thc crop) and  thc ca rbon  d iox idc  conccn-  
tra t ion  is raiseđ f ro m  am b ic n t  to  scvcral percent. This  
co m b in a t io n  ot' actions íỊreatly suppresses, but docs 
n o t  kill, the liv ing  o rg a n ism  w h ich  is the fruit or 
vegetable. T h e  o r g a n i s m ’s m c tabo l ic  ratc is s low cd 
sutrtc icntlv  tha t  rcsp ira t ion  does  n o t  as rap id ly  con- 
su m c  the  s to red  sut^ars, ctc. ,  in the  p ro d u c t .  W hen 
such tooci sourccs arc dep lctcd .  th e  p ro d u c t  dies and 
decay  com m ences .

E x trem c ly  caretul co n s t ru c t io n  and  c o n t r o l  are re- 
qu ircd  to cons truc t  and opcra te  a C A  s to rage  and it 
is a te ch n o lo g y  n o t  cco n o m ic a l ly  am enab le  to sm all-  
scalc application. It is n o t  unusua l  fo r  sovcral g rov /ers  
to  coopcra tc  to  build , opera tc ,  an d  ưse in c o n im o n  a 
C A  s to ragc  tacility. Because ot' the  m o d ií ĩed  a tm o -  
sphe rc  inside a C A  storaiỊC, g rca t  care m u s t  be takcn 
to avoid  accidcntal suffocation  bv  enteriniỊ  a C A  ro o m  
bc to rc  it has bcen sutTiciently p u rg e d  w ith  frcsh air 
p r io r  to  rcm ovin tỊ  the s to rcd  p r o d u c t  and spccial life 
s u p p o r t  e q u ip m c n t  is requ ired  to  en te r  such a ro o m  
shou ld  so m c  rcpair  o r  o th c r  ac tion  bo requ ired  bcforc 
the  s to ragc  vvonld n o rm a l ly  be  opencd .
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I. Classiíication, Origin, Adaptation, and 
Production
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Glossary
B i o m a s s  D ry  m a tte r  p ro d u ccd  by plants 
B o ltin g  Form a tion  o f  sced stalks by the sugarbcet 
C 3  P ho to sy n th e t ic  sy s tem  o f  m o s t  plants o f  te m p er-  
ate rcgions
E C  European  c o m m u n i ty
E T  E v ap o tra n sp ira t io n — the loss o f  w a te r  f rom  a 
given area by cv apo ra t ion  f rom  the soil suríacc and 
by transp ira t ion  f rom  plants
M g / h a  (M cgagram s pcr  hectarc) Similar to  mctr ic  
to n s /h a ;  W hen  m ultip licd  by  0.446 equals shor t  tons 
( 2 0 0 0  pounds)  per  acrc 
P e t i o l e  Stalk o f  a leaf
P h otosyn th esis  Proccss by  w hich  grecn plants uti-  
lizc the s u n ’s ene rgy  to  p ro d u ce  ca rbohydra tc  f rom  
carbon d iox ide  and  w atc r
S t a n d  N u m b e r  and d is t r ibu t ion  o f  plants aftcr em cr-  
gcnce f ro m  seed
S u crose  C p H i i O | | ,  the sugar  of w o r ld  com m ercc  
T o n  T w o  thousand  po u n d s ,  w hen  m ultip lied  by 
1.102 equals onc  nie tric  ton  (Mg)

S u g a r b e e t  and sugarcane p roduce  nearly all o f  thc 
w o r ld ’s supply  o f  sucrose, the  “ su g a r” o f  com m crcc .  
A crop  ot the  tc m p cra te  regions, sugarbeet  is in tcn- 
sivcly íarn icd  and is o nc  o f  the m o s t  cfficicnt plants

D e c c a s c d .

uscd in the p roduction  o f  tòod  for h u m a n k in d  and 
animals.

I. Classiíication, Origin, Adaptation, 
and Production

Sucrose is synthesized in m ost  plants as a te m p o rary  
s to ragc  p roduc t  for photosyn the tica l ly  rcduced car- 
bon, and  is the m o s t  c o m m o n  fo rm  o f  ca rbon  translo-  
catcd in plants. M os t  plants conver t  p h o tosyn tha tc  
to starcli tb r  lo n g - tc rm  storage. H o w cv er ,  sucrosc 
accum ula tes  to  an exceptional degree in tw o  spccies, 
suga rbee t  (Bclíì vu lạaris L.) and sugarcane (Sacchantin  
o ffid im a rttm  L.), w hich  togc thcr  fo rm  the basis for 
g rea ter  than 90%  o f  the worlcỉ’s sugar  tradc. T he  
sucrosc  derived  f rom  these tw o  species represents ap- 
p ro x im a te ly  1 1 %  ot the w o r lđ ’s food supply , and
0 . 2 %  o í  all the carbon fìxed via pho tosyn thes is  by 
the w o r l d ’s crops cach ycar. T h e  m o s t  recent estimate 
for w o r ld  sugar  (sucrose) p ro d u c t io n  is 114.3 million 
tons, o f  w h ich  one- th i rd  is derived f rom  sue;arbect, 
and tw o-th ird s  from  sugarcane. [SíY S u g a r c a n e .]

A g en u s  of the íam ily  Chenopod iaceae ,  sugarbcct 
is one  o f  a divcrse and useful g ro u p  o f  cultivars troni 
the sam e specics that includcs swiss chard, toddcrbect,  
and red bcet. T h e  fìrst m o d c rn  sugarbccts  o rig ina ted  
as sclectious m ade in the m iđdle  o f  thc 18th century  
froni fodderbec ts  g ro w n  in then G erm a n  Silcsia, bu t 
food  and  medicinal uscs o f  the gcnus are m uch  older. 
A p rec u rso r  is knovvn to  have bcen used as food as 
carly as dynastic  ti incs in ancient E gypt.  In 1747 a 
G erm a n  chemist,  Andreas MaríỊtỊraf, d em ons tra ted  
tha t thc  crystals fo rm cd  aftcr a crude ex traction  t rom  
pu lverized  beet roo ts  w cre  ìdentical in all properties 
w ith  sugarcanc  crystals, and a t tem p ts  to  derivc sugar  
tron i  bce ts  oriíỊÌnatc t ro m  his vvork. His s tudent,  Karl 
Achard ,  devc lopcd  Processing m c th o d s  Ếor sugar  cx-  
trac tion  t ro m  thc bect,  and m ade the first selections



o f  h igher sugar typc bccts. T he  blockade o f  sh ipm ents  
o f  cane suqar to E uropc by the British duriníỊ the 
N apoleonic  wars stiniulatcd a m orc  intensivc search 
tor  swcetcr beets, a plant breedinsỊ p rogram , and the 
construction  ot m any  crude íactorics in France and 
clsewhere to produce  sugar tro 11) the sugarbeet.  After 
W aterloo and thc liỉting o f  the British blockade, the 
incipient suíỊarbect industry  in Francc dcclincd bu t  thc 
m ođern  sugarbcct had becn created and the cfficacy ot 
sugar ex tracđon  f rom  beet hađ bccn dcnionstra ted .  
T he  íirst successfi.ll com m ercial íactory in the U n ite d  
States was constructcd  by E. H. D ycr  at A lvarado, 
C'alifornia, in 1879. Soon aftcr, sugarbect culture  and 
tactories cxpandcd in m any  states. In 1917 there w erc  
91 tactorics opcning  in 18 states. Hovvevcr, bv  1989 
thcre were only 36 opera ting  íactories in 13 statcs 
processini; sugarbect lỊrovvn on about 550,000 ha. 
T he  m ajor  sugarbcet p roducing  statcs in the U nited  
States arc Caliíbrnia, Colorado , Idaho, N cbraska ,  
N o rth  Dakota , Minnesota, Michigan, Texas, and 
Wyomini*.

Sưgarbcet is s?rown predom inan tly  in regions with 
tcmpcratc, M cditerranean, or  aric! climatcs. For the 
m ost  part, bec t-p roduc ing  rcgions lie no r th  and soutli 
o f  the 30tli parallcls. Sugarcane production  is coníìncđ  
to tropical and subtropical zoncs. Table  I contains data 
to r  sugarbeet p roduction  in the m ạjor bec t-p roduc ing  
rcỉỊÌons o f  the world. All ofthe.se rciỊÍons exccpt the 
EC, China, and T u rk cy  also m ust  im por t  sugar t rom  
sugarcanc-producing  coimtrics to nieet a por tion  o f  
thcir sugar dem and. Sugar consunip tion  has been 
g row ing  at rough ly  thc same ratc as w orld  popula tion  
o r  2%  pcr year. T here  arc substantial differences in 
pcr capita sugar consum ption  am ong  nations. In part 
thcse ditTcrences are cultural,  but pcr capita co n su m p -

tion also is corrclated vvith vvealth and is hisrhcst in 
E u ropc  and low cst in C h ina  and Africa.

II. Industry Organization

Bect sugar p ro d u c t io n  '.vorldvvide o t ten  is vertically 
in tegrated . C o m p an ie s  thac proccss suc;ar tron :  thc 
bcct roo t  havc considcrablc inAuence over all aspects 
o f  p ro d u c t io n  í ro m  the area plantcd  th ro u g h  the sale 
o f  thc fmal p roduct.  T h e  crop is o f  Ịittle value vvithout 
a p roccssor to ex tract  the sngar, and oncc a sugar  
íac to ry  is cons truc ted ,  a c o m p an y  m u s t  have a reliabie 
supply  o f  bcets. Usually ,  thcre is a closcr and m o re  
coopcra tive  rcla tionship  arnong  grov /crs  and co m p a-  
nies than  is found  w ith  o thc r  a g ro n o m ic  c o m m o d i-  
ties. In the U n ited  States, tlic c rop  is g ro w n  m o s t  
oítcn  u nder  contract  betvveen thc individual !Ịrower 
and a P rocessing  co m p a n y . T he  contract specitìes the  
area tha t can bc £>rown, varions dctails conccrn ìng  
the delivery o f  bect roots,  and thc  m c th o d  on w hich  
p ay m cn t  to  the g r o w c r  will be bascd. Typically , con -  
tracts guarantce  the  grovver a sharc o t  the rc tu rn  the 
processor  realizes f ro m  the salc ot' sugar. T h e y  o t ten  
contain quality  inccntivcs. Sugarbcct grovvers, 
th ro u g h  the tb rm a t io n  o í lo c a l  associations, inAuencc 
thc te rm s o f  the con trac t  and inspcct cornpany  opera -  
tions, such as the m e th o d  o f  sam pling  delivcred sug-  
arbcct m c thods  o fsu c ro se  analysis and tarc de tc rm ina -  
tions. In the U n ite d  States, sugarbee t  processors and 
g ro w c r  associations banđ  togc ther  to inAucnce na-  
tional policy and  legislation concern ing  the g ro w in g  
o f  sugarbeet.

In b o th  E urope  and thc U n i te d  States, suạ;arbeet 
varicty im p ro v c in en t  and sced p ro d u c t io n  are carried

TABLE I

Sugarbeet Land Area, Root Yield, and Percentage Sugar Recovered for the World's Important Production Regions°

R cíịìoii

A rea p lan tcd  
(11)00 ha)

Liect y icld  
(M u /h a )

%  S u g a r 
re c o v cred

S u íỊar y ic ld  
(M g /lia )

R a tio  o t  d o m e stic  
p ro d u cc io n  to  c o n su in p tio n *

H uropean  C o m m u n i ty 1 1% 6 4 9 .4 16.2 7 .9 8 123
E as tc rn  E u ro p ean  N a tio n s 1055 32 .5 12.5 4 .05 (N o t  availab le)
P o rm c r S ov ic t U n io n 3150 22 .8 10.4 2 .3 8 61)
U n ite d  States 564 45. H 13.6 6 .2 4 82
C h in a 74(1 22.1 to .5 2 .3 106
J.ipan 72 55 .6 18.0 1(1.1) 35
T u rk e y 391 37 .7 12.8 4 .8 103

“ T h re e -y e a r  avcraiỊc (1 9 9 0-1992). U S l)A -F o re iiĩn  A n ricu ltiira l S erv ice . S u g a íb e e ts  ,ưc a lso  í Ị r o v v n  111 c o u n rr ic s  o th e r  th an  th o s e  lis ted . 
b u t tho  a re .1 p lan teđ  is neneraliy  sm all.

A l l  s u n a r  s o t i r c c s .  C h i n a  a n d  t h e  U n i t e d  S t a t e s  a l s o  p r o d u c e  s u g a r c a n c .

1 lỉe l^ iu m -L u x en ib iH irn , D e n m ark . F rancc, G c rm a n y . ỉta lv . T h e  N e th c r la n đ s , S pa in . an d  th e  U n ite iỉ K in ^ d o m .
J T h e  tormer C zcchoslovak i.t, H u m ĩa rv . P o land , U om án ià , the  to rn ie r  Y uiỊosl.iv ia. and  th e  B altic  S ta tes: E s to n ia , Latv ia, and  L itlu ia n u .



T A B LE II
Approximate W ater Use Etíiciency (W UE) and Nitrogen Use Efficiency (NUE) of Various Crops Grown at Davis, Caliíornia, Compared 
on Biomass, Harvested Yield, and Human-Digestible Energy Basis

c > o p  o r 
p ro iin c t

Sc.ison Et 
(m n i)

liio m a ss  
(kịĩ h a - ')

W U E ,,
(ki> ha 1 m m  ') HI

W U E ,
(k iĩ ha 1 n im  ')

w u t ,
(M | lu 1 111111 - ' )

N U E ,-
(M J h a " ' k g  1 N )

c A)rn 710 22.(1110 32 .6 (1.5 16.3 21 ư 765
c o m  —» m ilk — — — — — % —
B a r lc v 391) 111,000 2 5 .  í) 0 . 4 1 1 . 5 136 —
b . t r l c v  —> b c c t ' — — — — — n —
D r v  b tM n 57(1 6,0(111 1(1.5 0 .4 4 .2 5<l —

S u g a rb cc t 78(1 2(1.000 25. í) (1.4 11.5 180 1810

\'o tc . W U E | „  w a t c r  u s c  c t t ì c i c n c y  p i T  u n i t  h i o m . i K s ;  W U H | , ,  w a t c r  u s c  c t T i c i e n c y  p c r  u n i t  h a r v e s t c d  b i o m a s s ;  W U E | .  w a t e r  u s e  c t i i c ie n c y  

p c r  u n i t  d i i ; c s t i b l c  c n e r t Ị y ;  N U E , .  n i t r o í ĩ e n  u s c  c l h i c i c n c y  p c r  u n i t  d i g c s t i b l c  c n e r í > y .  T y p i c i l  E T  a n d  b i o m a s s  v a l u r s  b a s c d  i n  p a r t  011 
L o o m is  an d  W allim ỉa  (1991). A lt.ilta: c t l ĩc ic n t  o r  in c ttìc ie n t User o f  w a te r?  ịh ì  “ P roceed in ỊỊs , 21st C a liío rn ia  A lia lt .1 S y n ip o s iu m , D av is, 
C A "  ( S .  M u c l lc r ,  e d .) .  N U E  c a k u la t io n s  b a s c đ  O II H i l l s  VI tìì. (1 9 8 3 ). F c r t i l i z e r  n it r o g c n  u t i l iz a t iọ n  h y  c o m .  t o m a t o .  a n d  su £ ;arb e ct. 
Aỵmu. J. 7 5 , 4 2 3 - 4 2 ( 1 .1

o u t  prin ia rily  by  p r iva tc  conipanics .  Hovvcvcr, the 
U S D A  dcvclopcd  m o s t  o f  thc varicties ạ;row» in thc 
tìrst half o f  thc  20th  cc n tu ry  in tlic U n ited  States and 
cu rren t  varic ty  d e v e lo p m c n t  o t tcn  uses genctic lincs 
dc r ivcd  f ro m  U S D A  rescarch. M o s t  countries  havc 
varic ty  tcsting p ro g ra n is  to  assure the  usc o t  cultivars 
thac are p ro d u c t iv c  and  vvcll adaptcd .

III. Growth and Development of the 
Sugarbeet Crop

T h e su g a rb e e t  isa  rcm a rk a b lc p lan t .  A rapidly  £Ịrowing 
crop  is capablc of hii»h ratcs o f  sucrosc  accunnilat ion . 
Calito rn ia  has rcg ions w h ic h  arc idcally suitcd  to  co m -  
mercial sugarbcet p rod tic t ion .  T h e  w o r l d ’s c o n u n e r -  
cial rccord  has com c from  a ficld in the  Salinas Vallcy 
and cquallcd 19.0 Míị ha 1 o f sucro .sc  í ron i  a crop 
ỉ*rown ovcr a 240-day pcr iod  (115 Mít h a - 1  o f  roo ts  
at 16.5% sucrosc). A vcraged  ovcr  thc  total pcr iod  o f  
í*rowth, the c rop  ac cum ula tcd  185 kiỊ tota l d ry  m a ttc r  
ha 1 d a y '  1 (44.7 M g  tota l D M /2 4 0  days) and 80 kg  
sucrosc h a - d a y -1 . Sucrosc  accum ula t ion  is n o t  uni-  
fo rm  th r o u g h o u t  thcg rovv ingscason .  Initially i t is rc la -  
tively slovv. Pcak sucrose  accum ula t ion  ratcs arc con- 
sidcrably hiiỊher than  the  avcragc r cp o r tcd  for a 
croppinc; scason and  likely exceed ratcs o f  1 0 0  kiỉ su-  
crosc ha 1 day - 1. M o r e  typical crops reach ha lf  thc b io-  
mass and su^ar  yiclds o f rc c o rd  crops. A n av e rag ch c c t -  
arc ot sua;arbcct in C a l i to rn ia  p roduces  56 M g  o f  roots 
contnining 15% sucrose. U p o n  processiníỊ, thc  beets 
yield 7.4 o f  rccoverab le  sugar,  3 .4  M i; o f  d ry  roo t  
pulp, and 98 ke; ot in o n o so d iu m  g lu tam a tc ,  an am ino  
acid salt used to  enhance  tho tìavor ot toods .  T h e  SUÍĨ- 
arbeet pu lp  loft a ttcr  su c roseex trac t ion  is uscd w idcly  in

thc da iry  and be.ef cattlc industries as a feed supp lem ent 
due to  its hií^hly digcstiblc fibcr and cnergy  contcnt.  
A n o th c r  6 .7 Mí* dry  n ia ttcr  o f  beet tops m ay  be left in 
thc íìcld to fertilizc subsequcnt crops or  nscd as teed for 
cattle o r  sheep. W hcn dic beets are harvcstcd , app rox i-  
m ately  150 kg N ,  20 kg  p, and 150 K h a - 1  are re- 
m o v c d  with  them . T hcse a m o u n ts  o t  nu tr icn ts  are 
rous^hly siniilar to  chosc rcm ovcd  by  a 1 0  Mí* ha - 1 crop 
o f  c o m  u;rain. Becausc bcets are etììcient at accum ula t-  
ing p h o to sy n th a tc  in a useíul tb rn i ,  thcy  are also effi- 
cient con vertors o f  aiỊricultLiral inp uts such  as w atcr  
and nitroiỊCii (Tablc II). O n e  o f  thc reasons su^arbee t 
rcquires  relativcly lovv usc o f  fcrtilizcr nitroíỊcn is its 
e í ĩic iency in recoverinu; rcsidual soil n i t rogen  from  prc- 
vious crops or  decom posed  organic  m attcr.  [Sec N i-  
TROGEN C y CI.ING. ]

F IG U R E  1 S c l ic m a t ic  rc p re s en ta tio n  o f m r o w t h  o f t h c  s u e ; a r b e e t .  

In a c o n s ta n t,  ta v o ra b lc  đ im a c e , v c g e ta tiv c  g ro v v th  c o n tin u e s  in - 
d e t ìn it e ly  (F iu ;. 2 ). A n  i iR T e a s e  in  th e  s u c r o s e  c o n c c n t r a t io n  o f  che 
b ect ro o t  is d e p e n d c n t o n  e x te n ia l taccors, p r in c ip a lly  co o l niụrht 
tc m p c ra tu rc s  and  n itro iỊc n  d c tìc icn cy  (C o u r tc s y  o f  A lb e rt U l r i c h ) .



L» :  &, 1951 J..nc 4. 1 9 5 2  2  V e a r s  J Yea, s
' i  V u n ' h 5  ! 7  Mont  hs

FIG U R E  2  G ro w th  and d e v e lo p m c n t o f  su g arb ce ts  g rovvn fo r  3 y ears  vvith a p len tifu l n u tr ic n t  su p p ly  
in a c lim a te  íav o rab le  to  veiỊC tative g rovv th . B oltinạ; (secd s ta lk  p ro d n c tio n )  \v ill n o t o c cu r  u n tí l  in d u ced  
b y  co ld  te m p e ra tu re  (C o u rte sy  o f  A lb e rt U lrich ).

Figure 1 illustrates the g ro w th  and dcvc lopm en t  of 
a sugarbeet plant.  U n d e r  such appropria te  conditions, 
the plant develops quickly tron i seed w ith  thc secdlinẹ; 
em erg ing  tron) the soil as soon  as 5 days aíter plantiiií*. 
T he  tap roo t grovvs rapidlv and m ay reach 30 cm  o r  
m orc  by the tirne the tìrst true lcaf is developed.

DuriniỊ  thc first 30 days, g ro w th  is confm cd p rim arily  
to lcaves and  fib rous roots. Aftcr  abou t  30 days bo th  
top  and s to rag c - ro o t  í^rowth procecd rapidly w ith  
tops rcaching near  m a x im u m  frcsh weií^ht in 60 to 
90 days. S ubsequcntly ,  vvith íavorahle climate, top  
grovvth rem ains tairlv cons tan t  hu t  storaạ;e roo ts  con-



tinuc to g r o w  rapidly  for  ano ther  20 to  24 vveeks. 
B c y o n d  tha t period ,  c ro w n  (stcm) ^ ro w th  constitutcs 
an increasingly  la rger  perccn tagc  o f  the  com m ercia l 
storaiỊC root.  As the s to rage  roo t  increases in size, 
thcrc is a cons tan t transloca tion  o f  sucrosc f ro m  the 
lcaves to  thc ro o t  vvhcre it s torcd  p rim arily  in concen- 
tric rings of vascular tissuc derivcd f ro m  secondary  
ca m b iu m  initiatcd carly in thc r o o t ’s dcve lopm cn t  
and in roo t  p a re n ch y m a  cclls that cnlar^c du r ing  
t;row th .  O n  a íresh w e ig h t  basis, thc sucrose conten t 
o f  thc roo t  rem ains  relatively constant until suitablc 
extcrnal tactors causc the  concentra tion  to increase. 
A rap id  increase in ro o t  sucrosc conten t  is corrclated 
vvith cool n ig h t  te m p cra tu re s  in the fall o f  the year 
couplcd w ith  a n i t ro g e n  detìciency. B o th  o f  thcse 
conditions s lo w  vegc ta tive  i írow th ,  particularly  top 
iỊrow th , and thc  pho tosyn thc tica l ly  p roduccd  sucrosc 
accum ulatcs in roo ts  as s to rage  rather than as ncw  
vcLỊCtative s;rovvtli. F igurc 2 show s sugarbcct plants

at various stages o f  í*rowth o v e r  a 3 -ycar  period  in a 
cons tan t ,  tavorablc climate. S ugarbee t is a biennial 
and w h en  the grovving plant (Fi^. 3A) undergocs  
p ro lo n g ed  cxposurc  to  colđ tem pea tu res  (approxi-  
m atc ly  90 days at 5 to 7°C) fo llow ed by w a rm e r  
tcn ipera tu rc s  and longer  day lcngths, sccd stalk p ro -  
duc t ion  (“ b o l t in g ” ) takes placc (Fig. 3B). In the 
U n i te d  States, sugarbcct seed is p ro d u ce d  m ost  effi- 
c icntlv in thc Willamcttt ' Vallcy o f  O re ^ o n ,  w hcre  
w in tc r  tcm pera tu res  are lo w  b u t  the roots  do  not 
freeze, a l low ing  seed produccrs  to  m anipula te  the 
p la n t ’s bicnnial habit.

M o s t  sugarbect varictics cu rren tly  g r o w n  arc 
m o n o g e r m  hybrids  that ou t-y ie ld  o ldcr,  open -  
po llinatcd  types by  f rom  10 to  20% . T h e  use o t 'm o n o -  
g e rm  seed, d iscovered by  V. F. Savitsky in the  late 
1940s, eliminatcs seed balls vvith m ult ip le  cm bryos  
and  c ro w d in g  ot seedlings vvhen plants em erge.  In 
tu rn ,  this im proves  thc opcra tion  o f  m cchanical th in-



ners o r  cascs th in iúng  by loníỊ-handlcđ hoes, and 
rnakes it easier to plant dircctly to a stand. B e to re  
p lanting, seed is proccssed and graded to  pe rm it  prcci-  
sion plantiníí , and is trcatcd to  p ro tec t ^ c rm ina t ing  
SGcdlings f r o m  so i l  f u n g i  a n d  in se c t s .

IV. Management Practices and 
Production Problems

In m ost  sugarbcet g ro w in g  regions, the earlier the 
plantintỊ and longcr thc q ro w ín g  season, the  h ighc r  
thc yield, p rov idcd  that tem peraturcs  at plantinẹ; arc 
conducivc to rapid g ro w th  and plants arc not ro tarded 
by diseases o r  o thcr  problem s.

Sceds arc plantcd in row s from  50 to 76 cni apart. 
Within a row  plants should  be spaced at lcast 13 ctn 
apạrt. C loser  spacings tcnd to encourage vesỊCtative 
g ro w th  at thc cxpcnsc o f  sugar yicld. W hen  plants 
are too  far apart o r  spacings unevcn, su^ar  yicld is 
lost as well. W hcre  conditions are conducivc to  g o o d  
tìcld em crgence (50% or bctter) seeds can bc p lan tcd  
10 to 15 cm apart w ith  the expectation  that the re- 
sulting stand will no t  nccd to  be thinncd. M a n y  fields, 
how ever,  art' p lanted at closcr sced spacings and, w ith  
gooci em crtỊencc, requ ire the 11SC o f  rncchanical or 
hand th inn ing  to space the  plants from  13 to 30 cm 
w ith in  the row . Cìood stands o f  sugarbcct planted  in 
row s 50 cm apart contain  from  abou t 154,000 to
67,000 plants pcr hectarc.

Gencrally, n itrogen  fcrtilization is required  ío r  
proíĩtablc  sugarbcct p roduction .  H o w ev er ,  sugar 
yicld is scnsitivc to thc t im ing  o f  nitrosỊen availability, 
rcquir ing  am ple am uun ts  early for m a x im u m  vegcta- 
tive g ro w th  but also a period o f  n itrogcn  d e f idcncy  
prior  to Harvest for p ropcr  sugar accum ulation  in thc 
s to rage roots. Figure 4 shovvs a typical r c s p o n s c  of a 
sugarbeet crop to  fcrtilizer nitrogcn. H ighest sugar  
yields, a íunction  o f  rooc yicld and sucrose conccntra-  
tion, usually are achicved vvítli a fcrtilizcr ratc that 
neạrly m axim izes roo t yicld. H ow evcr ,  this ratc can 
be considerably less than the r a tc  required  ío r  m ax i-  
m u n i  to ta l  b i o m a s s  p r o d u c t i o n  ( r o o t s  p lu s  t o p s )  a n d  
usually is no t the rate iỊÌvin^ the h iẹhcs t  ro o t  sucrose 
concentra tion . Data in Fiạ;ure 4 indicatc that applica- 
t i o n  o f  112 kụ; f e r t i l i z c r  N / h a  r e s u l t e d  in  m a x i m u m  
suíỊar yicld and niaximizcd profit to thc grovver. In 
this instancc, plant analvscs indicatcd that thc crop  
was detìcient in nitroiỊcn tor about 8  vvccks p r io r  to 
harvcst. |S(r F ertilizer  M a n a g e m e n t  a n d  T e c h 
n o l o g y . I

F IG U R E  4  R esp o n se  o f  s u g a rb c e t to  fe rti lizc r n i t r o ^ e n .  M a x i-  
1111111) su g a r  y iek l is p ro d u c c d  a t th e  N  ra tc  th a t n c a r ly  m a x im iz e s  
ro o t  y ic ld  (112 kiĩ N  ha 1 in th is  casc), b u t  fa r lcss th a n  th c  N  ra te  
tlia t m a x im iz fs  to ta l c ro p  y ic ld  (ro o ts  +  to p s).

Sugarbcct can servc as a n i t ro g e n  scaveng ing  crop  
to  prevcnt possiblc n itratc po llu t ion  o f  g ro u n d w a tc r .  
T h e  crop  has bccii sh o w n  to rcqu irc  from  25 to  50%  
less fcrtilizcr n i t rogen  than  co rn  (Z e a  m a y s  L.) and 
w hen  fertilizcd to  p roduce  m a x im u m  su g a r  pcr  hec t-  
arc rccovcrs f rom  tcrtilc soil 2.5 to 3 .5 tim es the 
am o u n t  o f  n itrogen  applied as fertilizer. Sugarbect 
tops, vvhcn rc tu rncd  to  thc  soil, can reduce by 5 0%  the 
a m o u n t  o f  fertiiizer n i trogen  rcqu ircd  for a fo llow ing  
w hea t crop  u n d e r  California condit ions .  T h e  analysis 
o f  sugarbcct pctiolc (]caf stalk) sam plcs  collccteđ in a 
systcm atic  p ro g ra m  can p reven t  thc  u n d e r -  and  o v c r-  
use o f  fertilizer nitrogcn.

SutỊarbcet is a C 3  plant w ith  broad ,  dark  grecn, 
succulent leaves. In arid arcas o f  thc  te m p cra tẹ  zone 
it m ưst be irrigated. C are íu l  and  tim ely  irrigations 
are essential to  a good  suga rbee t  yield. E i thc r  íu r ro w  
or sprinklcr ìrrigation is possiblc. S prink ler  irrigation, 
th o u g h  m ore  costly, has the advantages o t  im p ro v in g  
seedling em ergence  and usina; less w a te r  in the  early 
sta^es o f  plant g ro w th .  Irr iga tion  w ate r  requ ircm en ts  
range f rom  as littlc as 600 m m  o f  w a te r  per  hcctare 
pcr  scason in a cool cl im ate w h c re  the  soil is filled 
w ith  plentitul w in tc r  rain to as m uch  as 1 2 0 0  m m  per 
hcctarc in a ho t ,  d ry  climatc w i th  lirnited precipita- 
tion. ỊSí’c Ir r k ĩa t io n  E n g in e e r i n g , Fa r m  P r a c t i c e s , 
M e t h o d s , a n d  S y s t e m s .]

Controllina; pests and  discases 1S im p o r ta n t  for 
proíìtablc crop  production .  Sugarbce t shou ld  n o t  be 
plantcd in íields heavily in ícstcd  w ith  w eeds.  M o d c r-



a tc  w ecd  in tcsta tion  is con tro l lcd  bv c ro p  ro ta t ion  and 
a c o m b in a t io n  of  chcmical and m echanica l m cthods .
S u q a rb ec t  is susccp tib lc  to p rcem erg en ce  and post-  
e m e rg e n c e  sccd lỉng  ro ts  k n o w n  collcctivcly as the 
d a m p in g - o t t  diseases. O th e r  im p o r ta n t  discases 
w h ic h  n iu s t  bc c o n tro l led  in areas w h c rc  thcy  occur 
are: cu r ly  top, a v irus  discasc t ran sm it tc d  by  thc sug-  
a rbec t  lea íhoppcr;  su g a rb ee t  yc!lows, a v irus  com plcx  
t r a n sm it te d  p r im a r i ly  thout^h n o t  exclusivcly  by the 
g ree n  peach aphid; povvdcry  m ildcw  (E r isp h e  p o ỉy ạ o n i  
D C )  an d  C e rc o sp o ra  lcafspot (C ercospora  beticola  
Sacc.) ,  diseases caused by  leat' fungi; rh izom ania ,  
causcd  b y  a v irus  (bcct n ec ro tic  ycllow  vein) t ransm it-  
tod by a so i l -b o rn e  í lm g u s  ( P o ly n iy x y a  betae  Keskin); 
a n d  the sugarbce t  cys t n e m a to d c  (H e terodcra  schaclitii 
S ch m id t)  and r o o t - k n o t  n em a to d e s  (M elo id o íỊy n e  sp.).
S tra teg ies  to r  the  co n tro l  o f  thesc diseases involve 
d c v e lo p m e n t  o f  resis tan t  varieties, a t ten t io n  to  tim e 
o t 'p la n t in g ,  iso la tion  o f  1 1 C W  plan tings f ro m  old sug -  
a rbee t  ficlds tha t  can servc  as soưrces o f  v irus  inocu -  
lu m ,  the sclectivc use  o í  fungicidcs, soil fum iga tion ,  
an d  carcfi.ll a t tcn t ion  to  c ro p  ro ta t ion .

V. Future Prospects

T h e  Iand arca p lan ted  to  sugarbcet,  and the suíỊar 
yiclds achicved in m o s t  o f  the  principal bect-  
p ro d u c in g  coun tr ies  havc  ren ia ined  stablc o r  incrcascd 
o n ly  s lightly  o v e r  th e  last decade o r  m o rc .  Hovvcvcr,

T A B LE  III
Yield Trends in Selected Countries with an lndustrialized Agriculture (Mg/ha)

Y o.ir

F ran ce G e rm a n y N e th e r la n đ s G rc a t B rita in U n ite d  S ta tes Jap a n

Lỉeet
y ie ld

S u g a r
y ie ld

B cet
y ic ld

S u g a r
y ĩe ld

B cet
y íe ld

SiiíỊar
y ic ld

B ee t
y ic ld

S uiỊar
y icltl

B eet
y ic lđ

S u g a r
y ie ld

B ect
y ic ld

S u g a r
y ie ld

19 9 2 /9 3 53 .0 9 .4 0 48 .5 7 .7 2 5 6 .9 9 .35 4 6 .5 7.85 44 .4 6 .4 5 4 .0 9.51
1 9 9 1 /9 2 53 .6 9 .7 6 49 .0 7 .5 4 58.5 9 .2 4 4 6 .2 7 .8 2 4 5 .0 6 .0 5 5 7 .2 10.83
1990/91 53 .8 9  99 44 .2 6 .7 2 6 9 .7 10.73 4 1 .7 7 .08 44.K 6 28 55 .5 9 .72
1 9 8 9 /9 0 5 6 .0 9 .8 5 44 .2 6.71 56 .3 9 .7 0 4 1 .2 6 81 43 5 6 .0 0 5 0 .9 9 .2 6
19 8 8 /8 9 5 9 .0 10.17 3 9 .8 6 .1 3 5 4 .3 8 .73 4 1 .2 7 16 4 2 .8 5 .8 6 53 .5 9 .7 9
1 9 8 7 /8 8 5 3 .6 8.81 4 4 .3 6 .2 0 53 .2 8 .3 9 3 9 .8 6 .64 50 .2 (».84 5 3 .9 9 58
19 8 6 /8 7 50.8 8.81 42.1 6 .9 6 55 .8 9 .59 40 .2 7 .09 4 7 .4 6 .8 8 5 3 .6 9.51
1 9 8 5 /8 6 51 .2 9 .2 6 43 .4 6 .5 3 4H.4 7 .4 4 3 8 .0 6.51 4 5 .8 6 .0 8 54 .5 « .79
1984 /85 5 3 .0 8 .5 0 4 5 .2 5 .8 9 53 .9 7 .87 43 .4 7 .30 4 5 .2 5 .9 5 5 3 .9 8 .67
19 8 3 /8 4 48 6 5 .0 7 44 7 5 .2 0 44 .3 6 .57 40 .8 5 .89 4 4 .6 6 .0 3 4 6 .3 6 .9 9
19 8 2 /8 3 55.1 8.01 43 .6 6 15 5 9 .3 9 .1 6 49 .5 7 .63 4 5 .6 5 .87 5 8 .7 9 .57
1981/HO 54.1 6 .6 9 34 .3 6 .0 6 5 6 .9 8 .72 3 5 .4 5 68 5 0 .3 6 .0 6 4 5 .3 7 .26
M can 53.5 8 .6 9 43 .6 6 .4 8 5 5 .6 8 .79 4 2 .0 6.96: 45 8 6 .1 9 53.1 9 .1 2
SE 0 .76 0 .4 3 1.1 0 21 1.76 0 .3 2 1.13 0  2 0  69 1)1 1.13 0.31
c v % 4.9 4 .7 8 .7 5 .0 11.0 5 .2 9 .3 5 .4 5 .2 5 .0 7 .4 6 .9

plantins* has cxpandcd  rapidlv  in C h ina  duriniỊ the 
last scvcral years as tha t  c o u n t ry  seeks to  increase its 
d o m c s t ic  sugar  p roduc tion .  Bcet and  su^ar  yiclds 
havc incrcased 111 the n o r th e rn  E uropean  countries  in 
the last scvcral ycars (Table I I I ) .  In the U n ited  States, 
yields havc  tiot changed  significantly  for ovcr  a de- 
cade. Stable suí^arbect yields o v c r  the last dccade in 
thc industria lizcd  nations w ith  intcnsivc agriculturc 
suggest  that a yicld plateau has bcen rcached w ith  the 
crop. L o n ^ - tc rm  trcnds for yield and  sucrose perccn t-  
asỊC to r  C a li íb rn ia  are dcpicted  in Fiẹ;. 5. T h c y  rcAcct 
the succcsscs and p rob lem s of m o d e rn ,  in tensivc c rop-  
p ing  throii£Ịhout thc 2()th cen tury .  C ư rly  top  virus 
was th e  fĩrst m a jo r  challenge tha t  s t ruck  thc industry  
in thc 1920s. Startinạ; w ith  the  decadc o f  the 1930s, 
yiclds b eg a n  to incrcase and rcached  a peak in the 
carly 1950s. Yields then  s tagnateđ  o r  declincd due to 
p ro b le m s  associatcd w ith  the  yc l low s virus com plex . 
W hen  thesc w ere  đ iagnosed  and a m a n a g e m e n t  p ro -  
iỊram bascd on  isolation was in t ro d u c ed  in thc  latc 
1960s, yielđs rosc oncc again as ovcrall m a n ag c m en t  
im p ro v e d ,  inpu t  use intcnsificd, and  supcrio r  varieties 
vvcre đ e v d o p e d  and plantcd. H o w c v e r ,  yields have 
rcm a ined  rclatively stablc d u r in g  the last tw o  decadcs.

T h c rc  is potentia l íor yields to  in ip ro v e  signirtcantly 
in son ie  rctỊÌons o f  che w orld .  T h o s e  achievcd in thc 
Sovict U n io n  are low er  than in lJo land  and  o thcr  
eastcrn E u ro p e an  countrics w ith  com parab le  climatcs, 
w hilc  thosc  o f  eastcrn E u rope  arc low er  than yields 
achicved in com parab le  rcgions o f  western  Europc .



YEAR

F IG U R E  5  T re n d s  to r  lo n g - te rm  s u g a rb ce t y ic ld  and  su cro se  pi.Tcent.ige in C a lito rn ia  (1 9 0 4 -1 9 9 0 ).

Likewise, yiclds in C h ina  are m uch  lo w er  than those 
o fJapan .  T hese  differcnces sutỊíỊest that thcre  is unđe-  
velopcd yield po tcn tia l in these large bce t-p roduc ing  
rcgions, as well as ro o m  for im p ro v e m e n t  in cxtrac- 
tion tcchnology .

Ju s t  as sugarbcet ow es  so m e th ing  o f  its n iodern  
deve lopm en t  to  in te rnational conAict, so its íu ture  
p r o d u c t i o n  m a y  d e p e n d  i n  p a r t  o n  t h e  n a t u r c  o t  i n t e r -  

national tradc a^rccm cnts .  A t times, thc w orld  has 
experienccd a sugar  surplus. In 1992, p roduction  is 
expcctcd to exceed d em an d  by app rox im ate ly  0.7% . 
S om e countries  are m o rc  d epcnden t on sugar produc-  
tion for thcir  tradc  than others ,  C u b a  (a sugarcane 
producer)  being the m o s t  s tr ik ing cxam ple .  While 
sugar p roduc t ion  is lcss im p o r ta n t  in natĩons that pro-  
duce sugarbeet,  the  crop has an im p o r ta n t  biological 
role in crop ro ta tions and an im p o r ta n t  econom ic  rolc 
in p rov id in g  incom e to  tarm ers .  T h is  is especially 
true  in the E uropcan  C o m m u n i ty .  Also, establishcd 
i n d u s t r i c s  r e p r e s e n t i n g  s i g n i í ì c a n t  C a p i t a l  i n v e s t m c n t  

have been dcvelopcd  to process the beets in to  suí^ar. 
Sugar is a basic c o m rn o d i ty  and som e nations w ou ld  
prefer Iiot to b ec o m e depcnden t  on  im p o r ts  for their  
entire  dom cstic  supplv . T h e  cost o f  grovving and Pro
cessing su^arbce t  in the industrialized w o r lđ  is h ighcr 
on average than cquivalen t costs for sugarcanc. This 
is due in part to differences in labor and o ther  costs, 
and  thc valuc o f  assets d cvo ted  to c rop  p roduction  in 
thc industrialized and developine; nations. It is unclear 
h o w  tradc issues aí ĩcc ting  sugarbcet p roduction  vvill 
be resolvcd in thc hiture.
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Glossary
B a g a s s e  P ibrous p lant residuc rcm a in ing  a t ter  tlic 
sugar-contaiii in tỊ  jLiicc is ex tractcd  by crushini; sugar-  
cunc throut>h niillinụ; un its
B r i x  PcrcditaiỊC by  w e ig h t  o f  soluble so lid s in a vva- 
ter solu tion
J u i c e  Sap cxprcsseđ  froni the sugarcanc s t a lk  t h a t  
contains d issolved sucrose  to rm cd  by the plant 
M a s s e c u i t e  S uspension  ot sugar crystals in thcir 
m o th c r  l iquor p ro d u cc d  d u r in g  the íĩrst stages ot vac- 
1111111 pan  crysta lliza tion
M olasses B y -p ro d u c t  rcmaininíỊ aíter crystallizcd 
sui>ar has bccn rcn ioveđ ,  by  centriíuíỊatioii,  t ro m  the 
m o th c r  l iquor o t c o n d e n s e d  sugarcanc ju icc  
R a t o o n  SuíỊarcanc p lant rcu;rowth f rom  íỊerm inaúon  
ot undcrsỊround  buds  fo l low ing  Harvest o f  the crop 
R a w  s u g a r  P ro đ u c t  o f c a n c  sugar  íactorics, in tc rm e-  
diate crystallinc p ro d u c t  o f  abou t 96%  sucrosc rc- 
sultiniỊ f rom  tlic rem o v a l  o f  im purit ics  and thc cvapo-  
ration o t  w a tc r  t ron i  su(;arcanc stalk juicc 
R e t ìn e d  s u g a r  P ro d u c t  o f  a sugar  re íìnery  vvhere 
ravv sutỊar is processed  to  r c m o v é  rcm a im n g  nonsiiỉỊar 
inipuritics to p rod ucc  a rans*e ot sugar  Products tor 
hum an  co n su m p t io n
R i p e n i n g  D cv c lo p m c n ta l  phasc o f  thc suíỊarcanc 
plant at the cnd  ot' the c ro p  cycle w hcn ,  ovvint; to 
c lim a tc ,  cu ltu ra l  pra c t iccs ,  H ow crintỊ ,  o r ^ r o v v t h  ĨCÍỊU- 
lators. the  c rop  rcaches m atu r i ty ,  slovvs accum ulation  
ot trcsh \vcit;ht, and  increascs tho accum ulatio ti  o f  
sucrosc

Sugar N o rm allv  tho disaccharidc sucrose bu t occa- 
s ionallv  thc invcrt m onosacchariđes  ựlucosc and 
tructosc.

S u g a r c a n e ,  o r  siiíỊar canc, is thc c o m m o n  natnc íỊÍven 
or ig inally  to the siicrose-storiniỊ species and novv to 
the in terspcciíìc  hvbrids  o f  thc  ÌỊCIIUS Sa c ĩh a rto n ,  
i>rown as the im proved  cultivars o f  co n tem p o rary  
SLiiỊarcanc production .  C ult iva ted  sugarcaiK' is a ro -  
bust, vciỊL-tativcly p ropagatcd  pcrcnnial i^rass that is 
lỊenerally limitcd to laritudes vvithin 30° ot thc equator  
o r  to  ocoan-w arined  Coastal areas (2()°C' nican air te m -  
pcra tu rc  iso therm ) lving ou ts ide  this bclt (Fig. 1). T he  
p ro lo n g cd  grovving scasons o f  thc tropics, couplcd 
w ith  thc  h igh p roduction  ctticicncy of sugarcanc, rc- 
sult ÍI1 cxtraordinarily  liiiíh  crop y ie ld s. A lth ou gh  
sunar tor food rcniains tlic inost i inpo r tan t  p roduc t 
ot suiỊarcanc, by -p roduc ts  arc a siiỊnitìcant part  o f  its 
cc onom ic  p roduction .  T h e  tcchnoloiỊÌes uscd w orld -  
w id c  in suựarcanc cultivation and Processing range 
trom thosc o f  lo w -in p »t  farniing, csscntially un- 
changcd  over  the last m illcnniuni,  to  thc h iiĩh-input,  
cxtcnsivcly  mcchanized, and sophistica tcd tcchnolo-  
ÍỊÌCS o f  m odcrn  corporatc íarm ing  and íactory  pro- 
ccssintỊ. IScc  S u g a rb e e t .  I

I. Taxonomy and Botany

A. Taxonomy
Sugarcane is a m c m b c r  o f  thc ÍỊC1 1US Sacchartim , vvhich 
bclongs to  the taniily Gra in incac o f  the o rđer  Poaccae 
and class M onoco tv lcdoneac .  T he  extensive prehis- 
toric d is t r ibu t ion  o f  swcct cancs by m ank ind ,  and the 
w idc hybrid iza tion  am o n g  thc various to rm s,  ob tus-  
catc ta x o n o m ic  relationships amont* this g roup .  At 
thc lovver hicrarchic levcls, thc ta x o n o m y  ot" Sac- 
charutn  and its rclationship to  in tc rcrossing gcnera rc-
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111.1111 controvcrs ia l .  C h a n tc tm s t i c s  o f  thc  ditTcrent 
spccics ot tlic tỊcmis arc prcscntcd  in T ab lc  1.

StìcchíìniD ì o ỷ ìá iia r iiiii L., typc spccics to r  the ÌỊCIIUS. 
is tlic onc  spccics wit!i co n t im io u s  acccptance sincc 
Linnaeiis '  1753 dcscr ip tion .  C lass i t icaúon  o f  o thc r  
spccics varics by au th o r i ty .  It is ẹenera l ly  considcred 
th a t  suga rcane  has tw o  w ild  spccies and th rcc  o r  tbur 
đo m c s t ic a tc d  oncs. T h e  vvild spccics S a c d n m m  sp o n ta -  
IICIIHI L. has a vvidc d is trib i it ion  th r o u g h o u t  thc tropics 
o f  Atrica, Asia, a n d  O ccania ,  w h erca s  Sacchariiiii IV- 
bnstiiin  B randes  and  Ịcsvvict ex Grassl arc rcstr ic tcd  to 
M elanesia  an d  parts  o f  Indonesia . Sa cciiarum  sinense  
R o x b . ,  the  su^arcane  o f  C h ina ,  and S a c iln m im  barberi 
Ịcsvv., the  sutỊarcane o f  India, are cons idcrcd  as onc 
spccics b y  so m e  áu thori t ies  bu t  tvvo bv  m o s t .  The  
d o m cs t ica ted  Scicchanm i cdtile H assk .,  g r o w n  as a gar- 
dcn vcíỊetablc to r  its abor t ivc  inAoresccncc, is rc- 
s tr ic tcd  p r im ari ly  to  M clancsia an d  is cons idercd  to 
be a p r o d u c t  ot in trog ress ion  o f  s. o ffiá n a r iitn  o r  s .  
r o ln is tu in  w i t h  o t h c r  l Ị c n c r a .

B. Botany
1. Plant Morphology
SuiỊarcane is a tall, robus t ,  c l u m p - tb r m in g  grass 

(FiíỊ. 2). C u lm s ,  usually  callcd stalks o r  s tcm s,  shcd 
thcir lo w c r  leavcs. Acrial stalks arc u n b ran c h ed ,  stout

TABLE I

Principal Characteristics of the Different Species of the Genus Saccharum  and Number of Clones in the World Collections of Sugarcane

S pccics
(c liro m o s o m c  n o .)

C o m m o n
Iiam c

S u c ro sc
c o n tc n t

(% )

F ib e r
c o n tc n t

(% )

S tcm
d ia m c te r
(cm ) A d a p tab ility

G c rm p la sm  
c o llc c tio n  (n o .)

U n ite d  S ta tes '1 In d ia1

s . N o b lc H iẹ h L o w T h ick T ro p ic a l 568 762
(2/1 -  HO) ì H -25 5 -1 5 an d  su b tro p ic a l

■S. sineuse C h in e se M e d iu n i H ig h M ed iu n i T ro p ic a l 3K 29
(2 II =  1 1 0 -1 2 0 ) 1 2 -1 5 1 0 -1 5 1 .4 -2 .2 am) su b tro p ic a l

.s. barberi In d ian M e d iu m H ig h M e d iu m T ro p ic a l 57 43
(2n =  8 2 -1 2 4 ) 1 3 -1 6 10—15 1 .7 -2 .1 an d  su b tro p ic a l

-S spoiỉtatiettni W ild V e ry  lo w V c ry  hitỊh s lc n d e r T ro p ic a l 450 724
í 2 11 =  4 0 -1 2 8 ) 1 -4 2 5 -4 0 0.5-0.9 an d  su b tru p ic a l

*s. robiismm W ild L o w V c ry  lng li M c d iu m T ro p ic a l 135 144
(2u = 60  a n d  80) 3 - 7 2 0 -3 5 1 .1 -1 .7 vvetlands

s. rdule E dib le L o w M e đ iu n i T ro p ic a l
12II -  6 0 -8 0 ) 3 - 8 1 1 -1 .8

Hruntluts R tla te d V c ry  lo w V o ry  hitíh T ro p ic a l 1%  201
iỉen u s an d  su b tro p ic a l

So:e. K an g e  v a lu e s  a re  th e  m c a n  ±  1 S D  o t d a ta  rc p o r tc d  on  íỊe rm p la s in  c o lle c tio n s . K e p o rts  s u m m ;in z c d  are: 1. S u g a rc a n e  ( ỉc n c tic  
R eso u rces. 1. Sacchamm spontaneum L. (1983). S u g a rc a n e  lirecd iiiiỊ  In s titu te , C o im b a to rc ,  Ind ia . 2. S u g a rc an e  G e n e tic  Resources. II. 
Sthklhim iỉi barberi, J e s w ic t;  Saccltarnm sinensr, R o x b . A m e n d  |c sw ie t; Síiícharuin robiisruin, B ran d es  c t Jes\v ic t cx  Cìrassl; Síicclhimm edulc, 
H assk  (1985). S a g a rc a n t ' B re cd in t; In s titiitc , C o in ih a to rc .  Indi.1 .
J Maincained by the USDA. AKS, Miami, FL.
h M .iin t.iined  b y  th o  S u g .ư can c  B rc cd in g  In s ti tu te ,  C o im b a to re .  Ind ia .

to slender, ditYeromutcđ into nodcs and in ternodes 
vvith p ro m in e n t ,  am uilar lc.it scars; adven ti t ious  roo t  
p r im o rd ia  Ì11 a scvcral-ticred band  at C.1 ch Iiode; an 
i n t c r c a l a r y  m c r i s t c n i  o r  y ; r o w t h  r in s Ị  n b o v c  c a c h  r o o t  

band; and an ovo id  o r  đelto id  axillary bud  p ro m in c n t  
in the ro o t  band. T he  latcral buds arc msertcd  altcr- 
natcly alontỊ thc stalk in the axil ot lcaves. Lcaves are 
diffcrcntia ted  in to  long  (1 to  2  m) bladcs and shortc r  
(0.5 m), cu lm -clasp ing  shcaths.

Each n od c  is capablc o f  lỊÍviniỊ risc to  a I1CW plant 
and is Iiscd for crop  propaiỊatioii. T h e  shoo t roots 
arise fron i iindcr£Ịroiind nodes, and thc axillarv buds 
locatcd at thesc nodcs iỊÍve risc to tillcrs. D epcnd ing  
o n  t h c  c l o n e  a n d  í Ị r o v v in u ;  c o n d i t i o n s ,  m o r e  t h a n  1 0 0  

stalks can bc p roducod  tro m  one  bud , b u t  on ly  5 to 
1 0  su rv ivc  the con ipe ti t ion  in denselv  p lanted  íielđ 
conditions.

Sugarcanc can bc propaEỊatcd th rouíỊh  scxual secd. 
T h e  sugarcane  inHorcscence is a large, op cn  panicle 
w ith  scvcral o rdcrs  o f  b ranch ing  u pon  vvhiđi arc pairs 
o t 'sp ikc lc ts  co m poscd  o f  shor t  setỊinents casily scpa- 
ratcd bv brittlc jo in ts .  Each spikelet ot'a pair is o b lo n g  
and contains  a sìhiịIc com ple te  Hovver w ith  long tuíts 
ot hair at its base, impartiiiiỊ  a general silky appcarancc 
to thc  en tirc  paniclc (Fiir. 2).

F o l low ing  fertilization and d c v e lo p m e n t  o f t h e  m a-  
turc sccd, thc paniclc disarticulates to scattcr the hair-



FIG U R E  2  S iiỊỊarcanc íỊroxvth h a b it and  dc ta ils  o f  s ta lk  se i;m em  u sed  as 3 p r o p a iỊu le .

covcrcd caryopses callcd “ fuzz .” Fuzz is p lanteđ in 
thc brccdint '  p rogram  to develop im proveđ  cultivars.

2. Physiology
Factors that maxim ize the am o u n t  o f  lit»ht absorbcd 

by thc crop arc op t in ium  leat'area pcr stalk and n u m -  
ber  o f  stalks per unit land arca. Thcsc íactors vary 
considcrably vvitli atỊc, cnv ironm cnt,  and cultivar. 
T h e  sin^le-sidcd lcat'blacỉe area tbr comnicrcial hy-  
brids is approx im atc ly  0.05 111 per leaf; a round  65 to 
HO thousand  stalks ha" 1 survivc to Harvest and consist 
of onc in tcrnodc prodnccd ovcry 7 to 10 tiays. T he 
lam inar lcaf b la d e  o f  suiỊiircane has stom ata  tor  gas 
exchanỉỊL' OII cacli sidc, and the pho tosynthctic  m eso -

phyll cells arc a rranged  in tlic typical C -4  K ranz  ana t-  
om y . V igorous  plants wi!I carry  1(1 to 14 ũilly tb rm c d  
leaves for a tvvo-sidcd leat arca o í 1 . 0  n r  per  stalk, 
p ro v id in ẹ  a leaf arca index o t  3 to 7.

Lcat area expansion  is couplcd with  rate ot lcat 
tb rm a tion  and stalk grovvth; all are closelv related to 
air tcm pera tu re .  A lth o u g h  sugarcane show s incrcas- 
ing rates o t  pho tosvn thes is  w ith  increasing solar radia- 
tion up to tull sun ligh t,  solar radiation is n o t  as l im - 
iting to  dcv e lo p m e n t  as is tem pera tu rc .  I Sec  
Ph o t o s y n t h e s i s . I

SuíỊarcanc was the plant w h ich  lcd to thc d iscovcry  
o f  C -4  pho tosyn thes is ,  and it is acclaimed as a lcading 
p e r tb rm c r  in ratcs o f  photosỵnthesis .  SiiíỊarcane is



reported to have carbon tìxation ratcs as high as
2.8 mtí C O i  ni 2 s c c " 1 (63 /im ol cm 2 scc” '). Undcr 
cxccptional circumstanccs, total dry matter produccđ 
by suẹ,arcanc may avcragc 40 g m  '  day 1 and excced 
150 t h a -1 year-1 , m ore  than half o f  which is parti- 
tioned into thc harvcsted stalk which contains 30% 
d rv  m atter composed o f  ap p roxim ately  cqual 
an iounts  ot sucrosc and fiber.

19. Distribution and Improvement

A. Origin and Development as a Wor!d Crop
T h e  origins o f  sutỊarcanc arc lost in tolklore and m y- 
tholoiỊy. Sugarcanc appcars in Indian inythology at 
abou t 1000 R.C., and sugar production is recordcd 
tron i the Orien t from  500 B.c:. Thcse facts support 
thc  hypothesis that suẹarcane originatcd in northcrn 
Iiidia (S . barberi) o r  Southern China (S . sinense). Hovv- 
evcr, archcological rccords indicatc that sugarcane 
( S .  o ffiánan im )  originated in N ew  Guinea as early as 
2500 B.C., and mytli cxtcnds this date to 6000 lí. c. 
Cytogenc tic  evidcncc supports the hypothcsis that s.  
oflìcinarnM , which is tbund only in cultivatcd settings, 
was domcsticatcd from  .s. robustum. Since numerous 
to rm s  o f  both thcsc spccies are concentratcd in Ncw 
Guinea and adjaccnt islands o f  Mclanesia, we assumc 
that domcstication o f  sugarcane occurrcd in this area. 
s .  o(ficiitanm  subsequcntly spread to Indochina and 
BeníỊal by 1000 B.c. (Fig. 1) to hybridizc with s .  
spontaneum  in India and China to produce the domcsti- 
cated s .  barberi and 5. sina ise.

Dispcrsal o f  s .  ữffiánarum  into Indonesia, Malay, 
Cliina, India, Micronesia, and Polyncsia apparcntly 
took  place during prehistoric times (Fig. I). The 
sprcad o f  s .  oỷìcinarnin  tro 111 Polynesia to Havvaii took 
place vvith  native m i g r a t i o n s  a r o u n d  5 0 0  A.D. a n d  
from Indonesia to Aírica about 400 A.D. Concur- 
rcntly, s .  barberi hybrids wcrc spread froni India to 
the Middle East, then eastward to thc Mcditerranean 
í rom  600 A.D. to 1400 A. D. ,  and íìnally to thc Nevv 
W orld beginniniỊ vvith the sccond voyagc ot C olưm - 
bus in 1493. Sngarcanc rapidly spread th roughout 
Central and South America during thc 15(K)s so that 
by 1600, Latin American cane suEỊar production was 
tlic niost im portan t in the world. Sugarcane fìrst 
reachcd the Continental United States (Louisiana) in 
1750.

s .  o fjìá iiíiriim , callcd “ noblc cancs,” w h i c h  vvere 
tirst obscrvcd hy Europeans on their explorations in 
the Pacitìc Ocean, werc híí^hcr in sucrose and lower

in fibcr than thc Inđian canes and wcrc qnickly sprcad 
th roughou t suíỊarcanc grow ing arcas. H ow cvcr, thcy 
wcrc more susccptiblc to discascs and insects and rc- 
quircd a program  o f  continuous rcplacemcnt o f  sus- 
ccptible cloncs.

B. Breeding and Selection
The im portance o f  cultivar dcvclopmcnt is related to 
the íacts that sugarcanc is grow n as a m onoculture , 
w ithou t crop rotation, and ụ/ithout fallow for tcns 
or hundrcds o f  years. This allovvs tinie for pcsts a n d  
pathogens to adapt and accumulatc to c rop-dam aging  
levcls. Steadily incrcasing yicld potential makes it ad- 
vantageous to repiacc cultivars about cvery 10 ycars.

Sugarcanc undcrvvcnt accelcratcd iỊdictic iniprovc- 
tnent following the observation in 1858 that it pro- 
duccd viablc sccd. Until this timc, it vvas not know n  
tliat sugarcane could rcproducc scxually. Folỉowing 
a particularly disastrous disease com plcx callcd Screh 
injava during thc latc I800s, the Dutch in 1888 cstab- 
lished an innovativc brccding and selcction proíỊrani. 
The carly stimulus for suí»arcanc brecdiniỊ vvas to 
incorporatc the discasc rcsistancc, hardincss, and til- 
lcring capacity o f  s. spoiitaneurn into the sugar- 
prođucing gcrmplasm o f  the noblc canes. A key cvcnt 
in this breeding ctìort was thc production in 1921 111 
Java o f  CVS. POJ 2725 and POJ 2878, the tìrst o f  thc 
so-calleđ nobilizcd cancs, which are present in thc 
pcdigrccs o f  ncarly all niodcrn SLiỉỊarcane cultivars.

Cytological studics o f  s. officinarwn  X s. spoiìta- 
neu tn  hyb r id s  rcvealcd a cưrious p h e n o rn e n o n  vvhich 
remains an cnigma to thc prcscnt day. The  production 
o f  nobilizcd cultivars rcsultcd from sclcction o f  prog- 
cny with higher chrom osom c numbcrs containins; thc 
somatic complemcnt (N N ) o f  thc noblc femalc parent 
(80 chroniosomcs) plus thc gametic n u m b cr  (S) o f  
the s. spontơneuni malc.

F,
N N  (80) X ss (%) -»  N N S  (80 +  48 = 128)

This behavior o f  restitution o f  thc fcmalc ch rom o- 
somes pcrsisted through anothcr backcross gcncration 
to the noble but not the third. Simĩlar ch rom osom e 
beh a v io r  is sccn \vhcn  s. barbcri/s. SÌIICIISC is crossed 
to the nobles, as was đonc in India to producc the 
“ C o ” clonc serics, which wcrecqually  in iportan t pro- 
ẹcnitors o f  today’s cultivars.

Today, parents are selected on thc basis o f  their 
yicld potcntial, disease and pcst resistancc, and prog- 
eny pcrtormancc. BrccdintỊ prognims havo been 1111- 
der wav long cnou^h in most producing arcas so that



uniquc, adapted germplasm lincs havc been developed 
for the various ccoloiíical nichcs in cach area. Crossing 
is conducted using paircd, known combinations, or 
multiplc combinations in a polycross. Gencrally, 
flowering stalks are exciscd in thc field and placed in 
an acid solution, which allows the stalk to live long 
cnough for cross-pollination and maturation o f  seed.

Selections from seedling populations take placc 
after 8 to 10 months o f  growth, are asexually propa- 
gated, and go through one or more additional visual 
stages o f  selection beíbre being placcd in field yield 
trials. It takcs 10 to 15 years from Crossing to release 
o f  a new cultivar. Yicld potcntial has increascd at 
about 1% pcr year over the last 50 years.

c. Germplasm Evaluation and Preservation
M odern commercial sugarcanc cultivars havc tỊcrm- 
plasm froni s .  oỊỊiciiiaruin, s .  spontaneum, s .  robustum , 
and s .  barberi/s . siiiense but arc vcry limited in gcnctic 
diversity. O ver 60% o f  thc w orld’s commercial culti- 
vars are dcrived from  only three cloncs ot' s .  of f ici -  

narum , possibly four đoncs o ĩ  s .  spontaneum  and s .  
h a rb er i/s . sinctisc, and two cloncs o f  S- robustum. This 
limited sarnpling o f  cloncs has sparked an interest in 
widcning the germplasm basc to incrcase yicld poten- 
tial and pcst rcsistancc. Hybrids o f  s .  spontaneum  ac- 
ccssions from southcast Asia havc shown promise for 
incrcasing yield potential unđer ccrtain conditions in 
Louisiana, Hawaii, Argentina, Australia, and South 
AtYica.

Since 1875, over 25 expeditions havc collccted Sac- 
charum  species and relatcd gencra in Indonesia (lrian 
Jaya, Kalimantan, Sulawesi, and Moluccas), Papua 
N cw  Guinea (including New Britain), India, China, 
Thailand, The Philippines, and Taiwan. Sampling 
t e c h n iq u e s  OI1 t h c s c  e x p e d i t io n s  c m p h a s iz e d  b r o a d  

sampling o f  clonal typcs to cnsure the collcctino; ot 
diverse gcnctic matcrial.

The  genera and specics ot'Saccharum, rclated genera, 
and numbers o f  cloncs in the world collcctions of 
sugarcanc art' listcd in Table I. To the degree possiblc, 
the tw o locations are duplicate clonal rcpositories. 
Sced tro 111 160clones o fS .  oịpcithưum, stored in liqmd 
Iiitrogen for lon^-tcrm prcscrvation, are in thc U.S. 
National Seed Repository at Fort Collins, Colorado.

Geographical arcas with ẽndangered a;ermplasm 
necdiníỊ íurther collcction arc in Pakistan, Burma, 
and Irianjaya. Classitìcation and characterization of 
thc collections are now under way to develop core 
collections o f  each ot thc lỊroups. co determine tỊcnetic

diversity and the bcst methods for prcserving and 
maintainine; thc gcrmplasm.

III. Yields and Crop Cycles

A. Regional Productivity and Yields
The 1990 cane sugar production of98 .2  million metric 
tons (Mmt) o f  sugar includcd 69.8 M m t ccntriíugal 
raw sugar, 12.8 M m t noncentrifugal raw sugar, and 
thc cquivalent o f  15.6 M m t sugar that was fermented 
into cthanol (Tablc II). Countries wíth the largest area 
utidcr cane cultivation are Brazil, India, China, and 
Cuba; collectively thesc four countries account tor 
59% o f  the area under cultivation and 67% o f  the 
canc sugar production worldwide.

The world averagc o f  61 t cane ha 1 and 5.82 t 
sugar ha 1 reprcsent írcsh wcight yiclds and product 
yiclds wcll abovc those for othcr crops. The highest 
fresh weiglit crop yiclds arc generally ascribed to tuber 
crops, c .g., potatocs averae;e 15.1 t h a -1; but this is 
only 25% o f  world  average canc production. The 
highest product yields are generally ascribcd to the 
cereal grains, e .g .,  3.70 t h a -1 maize grain, which is 
64% o f  thc processcd sugar yield o f  cane. Thereíorc, 
although thc total productivity o f  sugarcane ranks 
only about eighth am ong crops, this is primarily due 
to thc processcd character o f i ts  product, sucrose, and 
its snialler area under cultivation; on a dry vvcight 
basis, sugarcane yields are che highest aniong crops.

Factors that contribute to hia;h yields o f  sugarcane 
are its percnnial e;rowth habit and continuous accu- 
mulation o f  sucrosc in the vegetative plant structure. 
C rop  cyclcs vary from less than 10 m onths  in tempcr- 
ate arcas such as Pakistan and Louisiana, whcre killing 
frosts set rigid seasons, to 24 m onths  in Peru and 
South Africa, and sometimcs longcr in Hawaii (Tablc 
II). M ost o f  the sugarcanc in other parts o f  thc world 
is g row n  in 14-to 18-month plant crops and 12-month 
ratoons. C'rop cycles avcragcjust over 15 m onths tor 
thc hitỊhcst-producinẹ; countrics. SuíỊar yields are also 
affectcd by the lcngth o f  the harvcst and milling sea- 
son. In most countries, milling is limited Co the 5 or
6 m onths  in the coolest part of the year that produces 
thc ripcst cane. At thc other cxtremc are Haxvaii vvith 
a 10- to 12-month Harvest scason and Louisiana vvith 
a 3-m onth  harvcst scason.

B. Production Efficiency of Sugar Yield
The yiclds ot cane sutỊar per hectare can bc uscd tor 
comparinỉỊ the ctTicicncy o f  production amontỊ ditter-
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ent countrics and regions and for cvaluatintỊ tactors 
contributing to thcse ctYicicncics. The top-rankinỉỊ 
countries or regions in total efficiency o f  production 
are Hawaii, Swaziland, Australia, Peru, and Mcxico 
(Tablc II). Total eíĩĩciency o f  canc sugar production 
dcpends upon thc biomass produccd, which is  ex- 
presscd in tcrms o f  the yield o f  sutỊarcane pcr hcctare 
and the sue;ar recovery, i.e., the am ount o f  suạ;ar 
produced as a perccntas^e o f  the crushed cane. Sugar 
recovcry depcnds OI1 thc sugar mill recovery cfh- 
cicncy and thc quality (i.c., sugar vs nonsucrose im pu- 
ritv content) o f  the cane.

Biomass is the factor that contributcs most to pro- 
duction efficiency. The importance o f  biomass is re- 
vcaled in this data sct by comparĩng the cocíĩìcícnt 
o f  detcrmination bctwecn biomass and sugar yicld 
( r  =  0.87) vs sugar recovcry, dcíincd as tons sue;ar 
per ton o f  canc, and sugar yield ( r  =  0.33). Conse- 
quently, greatest productivity gains have been made 
throLigh efforts to increasc biomass. ISec  BiOMASS-l

IV. Cultural Practices

Su^arcanc is grovvn over a wiđc rangc of đirnatic, 
economic, and social environments. This results in 
diversc cultural practices, ranging from unmecha- 
nizcd, low material inputs and low yields o f  undevcl- 
opcd rogions to liitíhly mechanized crop cultivation 
with hif*h inputs o f  fcrtilizcrs, insccđcidcs, as w d l  
as irrigation and ũ;rowth regulators to achievc hic;h 
yields. This latter cropping system is covcrcd in the 
tollowintỊ discussion.

A. Plartting and Ratooning
Prcparation varies according to soil conditions and 
the mechanizcd capabilities o f  the ta rm . Soils includc 
the mạjor tropical and subtropical orders with ex- 
trenic diíYerences in organic mattcr and physical char- 
acteristics.

The siiíỊarcanc crop is planted hy machine or bv 
hand vvith vegctative stem cuttings callcd “ seed,” 
seedpieccs, or sctts somctimes trcatcđ with heat and 
a íungicide. The propagation matcrial is cut íroni secd 
hclds or, more Cvpicallv, from dcsiíỊiiated areas ot 
conimerda] ficlds. In arcas subject to freezinẹ or 
drought durũig ỄỊcrmination and carly e;rowth, long 
secd consistinu; o f  whole stalks with 10 to 15 buds 
may bc used. Under lcss scvcre condiđons, sccdcanc 
is CLit into smallcr scctions of' 0.3 to 0.6 111, vvhich 
includcs 3 or 4 bnds.

Su^arcane is plantcd at row  widths varying from
0.9 ni in areas having short cropping scasons to
1.8 111, depending OI1 mechanization and lcngth ot 
crop cyclc. An cxception to this occurs whcn sugar- 
cane is plantcd in alternatĩng wide (1.8 m) and nar- 
row (0.9 m) interrovvs to accommodate a single drip 
irrigation tubc betwcen the narrovv interrows.

Depth o f  planting is a com prom ise betvvcen shal- 
lowncss necded for a high pcrcentagc o f  eniergcnce 
from thc soi] and dcpth necded for avoiding frecze 
killing and dehydration and for ensuring adequate 
buds for good tillcring.

Sugarcane can bc germinated in a nursery and then 
transplanted to the ficld, but this tochniquc is gcner- 
ally too costly to be widcly uscd tor normal íield 
opcrations. It may bc used for rapid spreading o f  nevv 
cultivars or as a way o f  ccrtifying that the clone is 
tree o f  discases.

Multiplc ratoon crops o f  sugarcanc may be har- 
vcstcd from a singlc planting by regrowth from stub- 
blc. Ratoons originatc f'rom gcrmination o f  axillary 
buds on tlic short underground intcrnodes remạining 
after thc above-íỊround stalk is harvesteđ. The num bcr 
ơ f  ratoons possible from a sintỊlc planting is thc result 
o f  an interaction o f  the nuiltiplc tactors oí cultivar,  
soil typc, đepth o f  planting, discase incidencc, weed 
infcstation, and hovv badly thc stool was damaged by 
Harvest. It is com m on to s»row 2 or 3 ratoons; undcr 
idcal conditions the num ber can exceed 10.

Most sugarcanc crops are “ fircd” or “ burned” ci- 
thcr as a standing crop prior to harvcst or occasionally 
atter harvcst to removc the accumulated dcad lcaf 
trash. However, the crop may be harvested unburned, 
in vvhich case thc residual leaf trash may ređuce soil 
watcr loss, soil erosion, and wecd grow th  and im- 
provc establishmcnt o f  thc ratoon crop.

B. Fertilization
Nutricnts are supplicd from the rcsidue o f  the previ- 
ous crop, in irrigation watcr, and from applied fertil- 
izcr. SuíỊarcanc is an effxcient user ot nitrogcn (N) 
bascd on dry matter yielđ. M anagement o f  thc timiniỊ 
and placcment o f  N is critical for the production ot 
high vìelds o f  sugar; high levcls o f  N are rcquircd for 
the rapid early grow th o f  the crop, but plant N  lcvels 
must be low ncar timc o f  liarvest to prom otc  niaxi- 
niiiin sucrose storatỊC. Leaí bladc N 1S used as an indcx 
o f  n i t r o t ; c n  s t a t u s  o f  t h c  c r o p  to  o p t i n i i z c  f e r t i l i z c r  

a p p l i c a t io n s ,  c s p c c i a l l y  in l o n g - c v c l e  c r o p s .  [Spt’ F e r -  
TI1.I2KK M anac.kmknt AN1) T echnology. I



The requircnicnts of potassium (K) and phosphorus 
P) are highly variablc; soil analysis is uscd to dctcr- 

:ninc rcquiređ Applications. The rcquircincnt tor p is 
hie;h OI1 upland soils ovving to the adsorption or tìxa- 
rion o fP  undcr acidic conditions. A sa  rcsult, fcrtilizcr 
p  is usually applieđ in am ounts grcatlv in cxccss o f  
thc actual crop requircm cnt. ỊS íy S o il F ertii.ity; SotL 
T estinc;. I

SuiỊarcane g row n on acidic upland soils may bcnctìt 
from  liminụ; (application o f  calcium carbonate) to im- 
p r o v c  the availability o f  p  and to reduce the availabil- 
ity ot toxic conccntrations ot aluininuni and nianíỊa- 
ncse. Calcium silicatc is uscd as an am endm ent in 
m uck soils ot' rioricia and in amorphous sesquioxide 
soils o fH aw aii  and South Aírica.

Critical tissuc lcvcls and deíiciency sym ptom s for 
m ost elcmcnts arc wcll documented; ncvcrthcless, 1111- 
tricnts other than N. 1\ K, and Ca are rarely uscd 011 
a wide scalc. Spot applications o f  m inor elcmems are 
occasionally madc to corrcct local mineral nutriem 
dcticicndcs.

c. Water Requirement and Application
T he hiiíh quantity o f  biomass produced rcquircs a 
laríỊc am ount o f  vvuter. In Havvaii, areas vvitli less than 
200 cni o f  rain amnially rcccivc irrisỊation. A bout 60% 
o f  Hawaii’s cane land is irrigatcd, and 90% ot this is 
throuiỊh drip systcms. O thcr  m ethods o f  irriiỊation 
includc adjustment o f  the watcr tablc and watcr appli- 
cation by AoodiniỊ, fu rrow  irrigation, or sprinklcrs. 
T he  mcthod uscd depcnds on availability o f  vvater, 
labor, opcnưional energy, land slope, tcchnical skill 
o t  che tarnicr, yiclcỉ rcturn, and matcrial availability 
and costs. |ÒV(’ I h r i g a t i o n  E n c in h e rin g ,  Farm  P r a o  

T1CES, M e t h o d s ,  a n d  Sy ste m s. I

The most tcchnically difficult, but labor- and 
water-conservin(Ị system, is drip irriỉỊacion, which 
utilizes plastic tnbcs to Liniformly distributc watcr 
alontỊ the crop row. Because o f  thc low prcssure and 
small distribution orificcs, water entering thc drip 
irrigation systeni niust be trcc o f  suspended solids, 
vvliich arc rcmoved by screening and íĩltration. Chlo- 
rination rcduces biological íỊrovvth in the tubing; oth- 
crvvisc thc i*ro\vth w ould  plus; oriCccs and disrupt 
watcr distribution. Drip irrigation in Havvaii has 1111- 
provcd watcr distribution etTicicncy, increased yields, 
and rcduced labor costs coniparcd to the earlier fur- 
row  a n d  sprinkler systcms.

Under controlled conditions, suíỊarcane exhỉbits a 
lincar rclationship betvvcen total dry nuitter prođuc- 
tion and watcr consum ption  (7 to 9 ÍỊ l i ter-1). A IaríỊe

proportion  ot the vvorld production ot suiỊ.ircanc is 
n o t  i r n ^ a tc d  and is subịcctcd co altcriiatii ig \v e t / t r op i -  
cal and dry /subtropica l scasons. If thcrc are no pro- 
loníỊcd pcriods oi 'drousỊht durini; the \vct ẹ;rowiníỊ 
season, the crop vield potcntial is rouiíhlv 1 t canc 
stalks cm 1 evapotranspiration. Thoretorc, icis possi- 
blc to usc evaporation da ta and vvater budíỊct analysis 
to estimatc vields and to characterize tactors limiting 
this potential.

D. Pests
1. Diseases
Sugarcanc is susceptiblc to at ỉeast 8 bacterial, 152 

tunỉỊal, and 7 viral discascs; the major discascs vvorld- 
vvidc arc smut, rust, rcd rot, lcaf scald, ratoon stiun 
diseasc, and viral discases (Tablc III). M ost grovving 
areas imposc quarantinc to prcvcnt thc distribution 
ot disease pathoiỊcns, but discascs are tairly vvidely 
đistributed around the vvorld, reiỊuiriin* thc planting 
ot resistant cultivars to control thcm. ỊScc  P l a n t  P a -  
THOlOGY. ì

TA B LE III
M ajor Sugarcane Diseases of the W orld: Causal Organism , Com - 
mon Name, and Typs of lnfection

CausaỊ ornanisni CÀỈIÌIỈUOII nam c S yn ip ton r'

ỉỉactcriul ciisciises
( 'liĩưibiìctvr x y l i  subsp . x y l i U atoon  srunt s
l^euiỉomoihìs rnhriliiH\ìits Red Stripc L.s
Xanittotnonas iilbiliitCiỉiis Lcaỉ scald L s
Xiìnthotnontis ùnnpcstris CìumniiniỊ L.s

pv, ưasculoruni 
Funga! discases

bipoỉaris sacchưri t y e s p o t L
(Àriìtocystis Ịhmido.Xiì Pincapplc seỉt
Co ch ì iobolus steiiửspihis Brovvn stripc L
lnỳiirititn moniliỊorme P okkah bocntí, T
( ìlonierclhĩ fn(ttm<wcnsi< Red rot L,s
^ / ycovelíosiclla kữcpkã Ycllovv sp ot L
Pvronosclerospord Sdcchtưi D ovvn y  m ild c w L
Ptucinitĩ mcltmoccpltala R ust L
StatỊơnospora StUihari Lcat scorcli L
íktiiưiỊo sciỉiiminea S m u t s

Viral, viruslike, or 
n iycop lasn ia  d iscascs

C ỉilo r o tic  strcak L

F i j i  d i s e a s c L ,s
G r a s s y  s h o o t / L ,s

v v h i tc  l e a f L
Strcak
vSutỊar cane  
tnosaic

L

L. l c a l :  T , top  leat sp in d lc  and apcx; s .  sỵ stcn iic and stalk; sett .
s c e d  p i e c c .



Phytosanitary nieasures such as hcat thcrapy can 
temporarily control some ot the diseascs. The seed- 
picce rottinsỊ diseascs can be controlled with appro- 
priate tungicides, otherwisc no íungicides are uscd 
for control o f  suíỊarcanc diseases. [SíT Fu n g ic id e s .]

2. Weeds
Althouí^h sugarcane is a robust grass, it compctcs 

poorly vvith weeds owing to its relatively slow early 
grovvth rate and vvidc intcrrow spacúií*. Atter the 
canopy closes, thc crop can competc with most 
weeds. Perennial grasses and vines are the most scri- 
ous vveed problems. Nevertheless, many annual 
broacileat' and grass species also intcst the crop and 
reduce yiclds. Particular wccd specics tcnd to be rc- 
gionally important problcms. ISei’ Wf.ed S c ie n c e .]

Wced control techniqucs indude mechanical culti- 
vation and application o tp rc -  and postemergence her- 
bicides. InteíỊrated methods o f  control arc used vvith 
rcliance on cultivation and the use o f  herbicides just 
aftcr planting until canopy closure. Nonchcmical 
methods o f  control such as trash blanket culturc rc- 
sulting froni harvcst o f  unburned cane are being used 
in som c regions. [SíY Herbicidhs a n d  H e rb ic id e  IĨ.H- 

SlSTANCh. I

3. Insects
Insccts oí thc ordcrs Hoinoptera, Lcpidoptera, Col- 

coptera, and Hymenoptera can be serious pcsts ot 
thc sugarcane plant; termitcs o f  the taniily Isoptera 
sometimcs destroy setts, prcvcnting {'crmiuation; 
army worms, cutworms, and stalk borcrs may bc 
damaging to young crops. Am ong thc most destruc- 
tive insect pcsts to older plants arc the larvae o f  thc 
stalk-boring moths and beetles, the root grubs o f  bce- 
tles, and other locally important insccts. O ther insects 
such leaíhoppers cause little đirect damage and scrve 
as vcctors for the sprcađ o f  diseascs, espccially viral 
diseases such as Fiji discase.

Control o f  insects is bascd OI1 integration ot'cultural 
practices and use o f  host gcnetic rcsistancc, biological 
agents, and a small amount o f  chemicals. Most success 
has been experienced with host resistance and the 
introduction o f  biological control insects. In some 
areas o f  th e  w o r ld  inscctic idcs are  uscd  OI1 p a r t icu la r  
sugarcanc insect pests, but none are currcntly used in 
Hawaii. [ẮVt- I n t e g r a t e d  Pest M a n a g e m e n t ;  Pest  
M a n a g e m e n t : B i o l o g i c a l  C o n t r o l ; P e s t  M a n a g e 

m e n t : C h e m i c a l  C o n t r o l : P f.s t  M a n a g e m e n t : C u l -

TURAl. CONTROL. I

4. Nematodes
Nematodes are potentially a scrious threat to sugar- 

c a n e ,  e s p c c ia l ly  t o  c r o p s  g r o w n  OI1 s a n d y  so i ls .  T b e r e

is considerable genctic resistancc to ncmatodcs so that 
control can be achieved through an active brecdina; 
a n d  s e l e c t i o n  proíỊrani t'or t l ic se  pcsts. H o w c v e r ,  110-  
m a t ic id c s  a rc  u s e d  in  s o m c  a r c a s . N e m a t a c i d e s .  I

5. Rodents
Rats gnaw cane and may' be vcrv damaging primar- 

ily by attracting boring ínsects and íacilitating the 
cntry ot pathogenic microbes. In general, rodents pre- 
fcr soít, low-fiber cukivars of high sugar contcnt. 
Gnavved stalks soon tcrment and deplete sugar ovving 
to intcction by various or^anisms, the mạjor causc ot 
losscs. Control is by genetic resistance and poison 
baits. Susccptible cultivars w ithout control may expe- 
ricncc up to 80% o f  the stalks damaiỊcd by rats, and 
damagcd stalks niay causc a 50% reduction in yield.

E. Flower Prevention
Flowering, callcd tasseling or arrovviní;, can bc quite 
dctrimental to yiclds, cspccially vvhcn thc crop cycle 
extcnds months beyond ti 111 c o f  flowcring. Sincc 
Howcrs arc m onopodal, stalks cease production of 
new leaves and internodcs atter flowering, apical 
dominancc is broken, allovving the germination of 
axillary buds, thc stalks may bccom e pithy, reducing 
sugar contcnt and thus resulting in lower yiclds.

Sugarcane flowcring is initiated when the day 
lengths in au tum n shorten to about 12.5 h; paniclc 
emcrgence occurs 3 months latcr. Since induction o f  
flowering occurs only once annually during a 3-wcck 
period, trcatments can bc applied shortly bctore this 
period to prcvent it. Flowering can bc prevcnted by 
moisture strcss, by light intcrruption o f  thc night, 
a n d  most p r a c t i c a l l y  a n d  s u c c c s s í u l l y  b y  C h e m ic a l  in -  
hibition with herbiđdes or g row th  rcgulators, espc- 
cially with application ot" the grow th  rcgulator 
cthcphon 15 to 30 days prior to the induction period. 
In Hawaii, such treatments are used 011 heavily flow- 
crinẹ CLiltivars g row n  in heavily flowering environ- 
ments, rcsultintỊ in vicld increascs o f  around 0.5 t 
sugar ha""1.

F. Ripening
Cultivars diíTer during crop dcvclopment in the frac- 
tion ot’ dry weight growth partitioned into tìbcr to 
support incrcase in size and into storcd sucrose. Geii- 
crally, th roughou t thc crop cycle, the tissuc moisture 
pcrcentagc drops steadily trom  about 85% in very 
youna; canc to 7(1% in mature cane. Mcanvvhilc su- 
crosc riscs steadily from lcss than 10% to niore than 
45% o f  the dry wciu;ht. This t r e n d  ot đevelopment



rcsults in juicc vvith ,1 Brix o f  20 or morc, o f  \vhich 
m orc  tlinn 90%  issucrose.  This natunil trcnd o f  n u t u -  
ration is rctcrrcd to bv suựarcane growcrs as ripcninự. 
Uipcnint* can bc stinuilatcd by decreased vvatcr avail- 
.ibility. cool tcmpcraturc, lovv lcvcls ot nitroiỊcn. and 
lỊrovvth-retỊiilatim; chcmicals. lu many sugarcanc 
lỊrovvint; arcas, signitìcant levcls o f  natural ripcnins* 
OCCIII' durimỊ tho cool, dry vvintcr scason. Howcver, 
in arcas likc Havvaii, the đrv season coincides vvith 
rapid tỊrovvth durintỊ sunimcr and tlic vvct season is 
the time of cool, íỊrovvth-limitintỊ temperaturcs. 
Thcrctorc, in Havvaii, scasonal ripcniniỊ is not sutTi- 
cicnt tor op ti im l production. In addition, optimal 
economies ot cmployiníỊ labor and opcratiniỊ niiỉls 
and othcr spccialized cquipment ncccssitate harvest- 
iniỉ th roughout niost o f  the yoar. Consequently, altcr- 
nativcs to natural ripcniuự arc employcd. In Hawaii, 
a combination o f  limitiiin nitrotỊCH application to the 
earlv part o f  thc crop cycle, withholdi]iiỊ vvatcr at the 
cnd ot the crop cyclc, and application o f  íỊrovvth- 
rciỊiilatimỊ chcmicals arc Lised to ripcn thc suiỊarcant' 
crop. C om pouiids  with potential to enhance ripeiiintỊ 
arc i»lyphosatc, ethephon, and fluazifop. (ìlvphosate 
is the on ly  ripencr uscd c o m in e rđ a l ly  in Hawaii.

G. Harvesting
Most ot tho w orld ’s sugarcanc crop is harvcsted bv 
hand. Wherc labor is unavailablc or too costly, ma- 
chines ;ire useci. ilccausc o f  thc hiiỊh bimnass yiclds 
and varicd tcrrains unđcr cultivation, suiỊarcanc har- 
vcstinẹ cqiiipment is always heavy-duty. Custoni 
niainitacturcd suiỊarcane harvcstcrs are suitablc fbr 
annual crops having rclativcly low yiclds. Thcsc spe- 
cializcd harvcsting machincs arc usually cquipped 
with ground lcvcl knivcs and a topping mcchanisni 
to harvest the crop whilc removing thc im m aturc  top 
vvith its attached leavcs. Such equipm cm  is gencrally 
not suitablc tor high-yicldint? biciinial crops such as 
rhat grovvn in Hawaii.

Mechanization o f  harvcsting operations has in- 
creascd thc losses from  wct weathcr harvestiinỊ by 
incrcasing the quantity o f  extraneous material vvhich 
must bc handlcd hoth in transport and in the mill. 
Thcse losscs usually balance thc lowcr overhcad costs 
vvhcn cquipm ent and operation costs are spread over 
a loniỊ harvcstine; season.

V. Processing and Utỉlization

A. Milling and Raw Sugar Production
The prodiK tion ot centritugal canc sugar and Products 
trom ịuicc kTincntation is capital-intcnsivc as it 111-

volvcs complex tactory processint; (Fig. 3). The canc 
crop đelivLTed trom tho ticld 1S normally \vcit;hcd as 
it cntcrs thc tactorv \vliciL' it is cleancd and then prc- 
parcd by slircdding and crushintỊ. The preparcđ canc 
passcs throuíỊh a millinu; tandem \vhcrc vvatcr is addcd 
to ỉacilitatc extraction ot jtiicc, lcavintỊ the tì b ro 11 s 
residue, or ba-u;asse, as the hrst by-product. The cx- 
tractcd juicc typically contains about 12% solids, o f  
vvhich about 87% is sucrose. An altcrnativc to millinự 
is the dittusion proccss in which the canc is tìnely 
shređded and placcd in a tank whcrc the suiỊars are 
washcd out from the rupturcđ juicc storage cclls. Ba- 
ựassc attcr dcvvatcrintỊ is carried by convcyors to thc 
boilcr turnaccs or to storaiỊC.

The juicc trom the cxtraction unit is clanticd by 
linie or other aiỊcnts (c. iỊ., magncsiuni oxidc) and hcat 
to predpita te  soil and oru;anic mattcr. The clear juicc 
is cvaporatcd to thick syrup troni vvhich the suiỊar is 
crystallizcd. Final]y, thc massccuitc (mixture o f  sut^ar 
and impurities) is scparatcd in thc ccncritugals into 
r;iw sutỊar and the bv-product niolasscs.

In the đevelopim; countrics ot AtVica, Asia, and 
South America, a noncrystallinc sutỊar callcd jatỊtỊcry, 
s^ur, panclla, or khandsari is produced witlioi.it the 
cxtcnsivc and cxpciisivc scparation o f  crystalline su- 
crosc tor ccntritugal suiỊar production. Thesc nonccn- 
tritugnl sugars arc tor local markct consimiption in- 
stcad ot \vorld tratie. In proccssiniỊ nonccntrifugal 
suiỊars, the exprcssed ịuice may or may not bc claritĩcd 
prior to bcing conccntratcd. Attcr conccntrntion tho 
syrup is put into carthcnwarc pots or molds in vvhich 
the syrưp solidifics. Countrics vvitli hitỊh production 
ot noncentritugal sugar includc India, Pakistan, C o
lombia, and Thailand (Tablc II).

O n e  ton (1000 ksr) o f  processcd sugarcanc in Havvaii 
provides approximately 125 kg susỊar, 160 kíí bonc 
drv ba^asse, and 34 kíỊ molasscs. Because o f i t s  calo- 
ritic value, bagasse has bccn traditionally uscd as íuel 
in thc boiler turnaccs o f  thc sugar mills. One ton o f  
bonc dry  baeassc íìber has thc cncrưy equivalent o f  
2 bbl tucl oil

B. Refining
Raw sugar, vvhich is 96 to 99% sucrose, also con- 
tains hie;h- and low-niolecular-weight colorants that 
arc rcm ovcd durins; thc rcfming proccss. Retìning 
involves dissolving raw sugar and trcatmcnt with 
adsorbents such as bone char or (Ịranular carbon to 
reniovc thc colorants. This is tollovvcd by rccrystalli- 
zation and ccntriíuiỊation to form rcíìncd vvhitc 
sugar and rchncrs niolasscs. For the production o f  
liquid retìned suựar uscd in bevcragcs and canning,



FIGURE 3 S i n i p l i t ì e d  Hmv d i a g r a m  uf ccntrifugal canc sut>.ir t a c t o r y  p r o c c s s c s  a n d  p r i m c  P r o d u c t s .

the rccrystallization step is omitted. Brown sugar is 
produced by crystailization in massecuites containing 
molasscs and by addition o f  such molasses to the 
reíìneđ sugar.

c. By-products
The by-product uses to vvhich sucrose bagassc and 
molasses havc becn applicd arc varied and numerous 
(Table IV). Ba^asse is composcd o f  ccllulose, hemi- 
ccllulosc (pcntosans), and liirnỉn. Fibcr Products, pri- 
marily papcr, can be obtained trom the ccllulose whilc 
fnrfural and its dcrivarivcs arc obtained trom the pcn- 
tosans, and plastics arc potcntialìy derived from the 
lignin. Molasses solids consist o f  60% combined su- 
crosc and invert sugars and about 13% inoríỊ.mic salts, 
with the rcm.undcr beiiiíí or^anic nonsuiĩars. Bccause 
molasscs is rich in sue;ars it is used primarily as a fet’d 
supplcment, chemical raw rnaterial, and a nutricnt 
for microorganisms producinsỊ a numbcr o f  orqanic 
compounds such as cthanol, butanol, acetic acid, citric 
a c id , a n d  a;lutaniic a c id . The p r in c ip a l p r o d u c t  ot SUIỊ-

arcane, sucrosc, is primarily a food, but rescarch has 
shown that this also can bc used as a raw matcrial íor 
produccion o f  hiíỊhcr valuc products (Tablc IV).

VI. Contemporary Issues

A. Sugarcane Burning
Prior to Harvest, the sugarcane crop is burned in mosr 
hie;h production areas to rcducc tho am ount o t 'b io -  
mass trash transportcd to the niỉll. lỉurnintỊ gcnerally 
improvcs sue;ar recovery. Hovvever, if  burned cane 
is lcft in thc íield t'or extendcd pcriods, substantial 
dcíỊradation may occur. Loss ot sucrose is cspccially 
rapid \vhcn the air temperature is high. Environm en- 
tal objcctions to íìeld burnitig arc relatcd to the rciease 
ot particukue plant matcrial, C O i ,  and othcr gases. 
Although cane is routincly harvested unburned in 
some rcíỊÍons, notablv Qucensland, Australia, har- 
vcstini' is still m ore cíhcicnt íbllovving burniniỊ. SutỊ- 
arcanc trash resuiting trorn lỊrecn Harvest may be



T A B LE  IV
Actual and Potential By-products of the Cane Sugar Industry
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burned  aftcr Harvest to aid in cultivation for plantiníỊ 
the next crop.

Methods to separate lcaty biomass trom  millablc 
cano at the tactory niight allow im provcd rocovcry 
o f  sucrosc and tlius ncgate thc advantagc o f  burnint;. 
A highcr valtic for cogcnerated clectricity vvonld cn- 
courago i>rowcrs to rccovcr lcaty trash rather than 
burn  it in thc tìcld.

B. Soil Conservation and 
Groundwater Protection

Sugarcanc is an excellcnt soil conscrvation crop, cspe- 
cially vvherc multiplc ratoons are grow n and whcre 
the croppins; cyclc is lom*.

Rccent letỊÌslation in the U nited  States requircs 
urow crs  o f  annual crops and certain conunod ity  
crops, includiníí sugarcanc, to reduce soil crosion on 
lanđ classiíìed as highly erodiblc. A pproved  cropping 
practices vary according to thc soil crosion risk.

G roundw atcr  stcwardship is another environm en- 
tal issuc of concern. C ro p  protection chemicals, pri- 
marily hcrbicides, are being dctcctcd in grounchvater 
at the parts pcr billion lcve!. Steps undcr way to rcduce 
the levcl o f  contamination ìnclude rotation o f  hcrbi- 
cidcs, usc of lowcr rates with m ore  ctTcctivc timing, 
and rcplacinu; broadcast application with band appli- 
cation.

Surfacc run-otT water containing initricuts and pcs- 
ticides will rcquirc devclopmcnt o f  yicld response 
curves, more efficicnt application mcthods, and soil 
conservation rncthods to minimizc the potential for 
cnvironm cnt contamination.

c. Biomass and Cogeneration
Exccss bagassc can bc uscd to gcncratc electricity for 
salc to public Utilities. In Havvaii, 1.0 t proccsscd canc 
results in the salc o f  70 kW hr o f  elcctricity in excess 
o f  that required for thc mill and plantation use. The 
proportion  o f  clcctricity supplicd bv the plantations 
tor public usc can be sicỊniíìcant, especiallv in the less 
populatcd areas. Cogcncrated elcctricity from sutỊar- 
canc currcntly supplics about 20% o f  thc total cncrgy 
on three o f  the tbur suíỊar-producing ishinđs o f  the 
State o f  Havvaii. O ne coíỊcncration tactory is in placc 
in Florida; others arc obn in in g  pcrmits. Cogcncration 
trom sugarcane in Mauritius reportcdly supplics 20 
to 30% o f  that island nation’s clcctrical power. In 
addition, sonie countries, c.iỊ., T he  Philippincs, are 
show ing  increascd intcrcst 111 recoverimỊ crop lcaves 
and tops tor usc as coiỊencration fuel.

D. Fermentation Products
The fact that sugarcanc juitY could devclop intoxicat- 
ing qualitics was knovvn in ancicnt timcs; howcver, 
thc preparation ot suiỊarcanc rum  as a by-product 
trom molasscs bcí?an during tlic 17th ccntury with 
the devclopm cnt ot' thc sugar industry in thc Carib- 
bcati. In addition to potablc alcoholic products, vari- 
ous grades o f  ethyl alcohol trom molasscs arc pro- 
duced in sevcral countries.

The  greatcst cxpcriencc with sugarcanc íermcnta- 
tion has bccii in Brazil whcre about two-thircis o f  thc 
sugarcane crop is directly used tor ethanol production. 
Brazil began ethanol production in 1975 as a direct 
conscqucncc o f  thc 1973 vvurld oil crisis. The cthanol 
industry was dcvelopcd to lesscn Brazil’s dcpcndence 
on im ported  oil since Ít had a high capacity for suí^ar- 
cane production (Tablc II). Since thc beginning therc 
has bcen a draniatic incrcase in production, rcaching
1.3 X l()h m 3 anhydrous alcohol and 10.5 X ! (/’ in3 
hydratcd alcohol during thc 1990 milling scason. The 
total 11.9 X 10f* in3 ethanol is roughly equivalent to 
200,000 bbl per  day o f  Petro leum . P art o t ' th is  e thanol 
has bcen uscd as a solvent and for the production ot 
im portan t derivatives tor chcmical industries (Tablc 
IV). H ow evcr, the primary usc is tor autom otive fucl; 
in 1988, approximately 3.6 to 4.0 million vehicles



were running purely 011 hydratcd ethanol (30 to 33% 
of  the total Brazilian fleet). Low priccs o f  Petroleum 
and an excess o f  íỊasoline has forced thc Brazilian 
government to vvithhold subsidics for the ethanol I n 

dustries, reducing the num ber o f  ethanol-driven ca-rs. 
Future production capacity will be dctermined by the 
relationship betvvcen gasoline and sugar prices. The 
Brazilian expericnce has shown how  to implemcnt a 
largc bioenergy pro£*ram and the critical role played 
by Government support pro^rams.

E. increased Value Products
The gencral convcrsion o f  sucrose by chcmical pro- 
ccsses into Products ot grcater worth is íỊencrally 
tcrmed sucrochcmistry. Thcse products arc derived 
throưtỊh tcrmciitation, synthcsis, or degradation (Ta- 
ble IV).

F. Biotechnology
Sugarcane im provcm cnt throni^h traditional brceđiniỊ 
mcthođs has had a phcnomcnal success, but current 
ratcs o f  yicld incrcases are slow. The tools o f  biotcch- 
nology, inclnding ccll and tissue culture, gcnctic engi- 
neering, molecular biology, and genomc analysis, 
havc the potcntial for accelerating gcnctic gains.

Consiđerable success has bcen mct in learniniỊ how 
to manipulate foreign gencs for the im provem eut of 
sugarcane through gcnctic transíbrrnation. Most 
phascs o f  tissue culture have bccn dcvelopcd for sugar- 
canc. This has allovved transient transíòrmation ot 
sugarcane protoplasts through clcctroporation and 
stablc transíòrmation o f  cnibryogenic tissuc culturcs 
into plants transformed with selectable tnarkcr gcnes.

Native suíỊarcanc gcncs arc beinsỊ cloncd and used to 
transform sugarcane to confirm thc suspectcd tunc- 
tion ot thcsc gcncs.

IdentifyiniỊ and characterizing the gencs for manip- 
ulation are being done with molccular markcrs 
(RFLPs, rcstriction íragment lcngth polyniorphisnis; 
and RAPDs, random ampliíìed polym orphic  DNA). 
Molecular markers ha ve produccd the first genomic 
maps o f  sugarcane. Genome maps will bc uscd to 
direct brccding etTorts in a morc efficient manncr, 
assess gcnctic diversity, and dctect major ẹ;encs, as 
well as to dcvclop phylogenetic and cvolntionary rela- 
tionships among the Saccham m  species. Ultimately, a 
saturatcd genomc map will allow the usc o f  markcrs, 
based on thcir map position, to clone agronomically 
important íỊencs for subscquenc ưsc in transíbrmation.
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Sustaỉnable Agriculture
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I. Introduction
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V. The Goal of Sustainable Agricultural 

Development

Glossary
A g r o e c o lo g y  Agroccological approach to tho study 
and m anagement ot' agricultural systcnis 
A g ro eco sy stem  Agricultural systcm which cncom - 
passcs intcracting biological, technical, and socioeco- 
nom ic  factors, som c of which are undcr hum an con- 
trol, for the purposc o f  producing food and fibcr 
A g r o f o r e s t r y  Food production system which in- 
cludes multipurpose trces as part o f  the ecosystem 
B io d iv e r s i ty  Collection o f  animal, plant, and rni- 
crobial spccics which províde kcy ecoloí^ical scrvices 
to local agroecosystems
E c o s y s te m  System madc up o f  a com m unity  o f  
plants, animals, and other organisms and thcir interre- 
lated physical and chcmica! environm cnt 
In t e r c r o p p in g  Planting o f  two or rnore crops to- 
mcthcr in various coníìgurations o f  titnc and spacc 
M o n o c u l tu r e  Highly simplified cropping system 
which involvcs thc planting o f  only One crop in a 
scason
S h e l te rb e l ts  Barrier zone o f  trces, plants, or shrubs 
planted to protect crops, soil, etc. from  strong winds 
or to provide habitat for beneíìcial insccts and wildlifc

Susta inable  agriculturc refers to a m ode o f  farming 
that attcmpts to provide long-term sustained yields 
through  the use o f  ecologically sound manaẹem ent 
tcchnologies such as crop díversiíĩcation, or^anic soil

m anagcment, and biolơíỊÌcal pest control. The princi- 
plcs o f  agricultural sustainability are provided by 
aiỊroccoloe;y, a scientitìc m cthodo logy  which rei^ards 
agricultural systems as ecosystcms (hencc, the term 
agroccosystem) and, as such, tarminiỊ and rescarch 
are not conccrncd with high yields ot' a particular 
com m odity , but rather with the optimization o f  thc 
system as a wholc. Ít also requires us to look beyond 
production economics to considcr broadcr issues ot 
ccological stability, sustainability, social cquity, and 
cultural acccptabilitv. For this rcason, a wider dcfini- 
tion o f  agriculture as sustainablc means that it is

• ecologically sound: the quality of natural rcsources is 
maintained and/or  cnhanced;

• econoniically viable: tarmcrs can produce cnough tor 
self-sufficioncy and obtain adcquatc incoine by 
cmphasizing cffident tise ot'locally availablc rcsourccs;

• socially just: rcsources and power arc dístrĩbutcd in 
such a way that the basic nceds of all members ot' 
society arc mct, and their riglits to land usc, adequate 
C apital, m a r k c t  o p p o r t u n i t ie s ,  a n d  te c h n ic a l  a s s is ta n c e  

are assured;
• hutnanc: all torms ot lifc (plant,  a n im al, human) are 

respccted.
• adaptablc: rural comrnunitics arc capable of adịusting to 

the constantly changiniỊ farming conditions.

I. Introduction

In agricultural development, raising production is of- 
ten givcn prim ary attcntion, but therc is an uppcr 
limit to thc productivity  o f  agroecosystems. When 
this is exceeded, agroecosystenis m ay degrade and 
collapsc. For this reason in sustainablc agriculture thc 
performancc critcria to evaluatc agroccosystems 
must, in addition to productivity, bc broadened to 
includc properties o f  sustainability, cquíty, and sta- 
bility.



1. Susta inabil ity  relates to  the abili ty o f  an 
a g roecosys tem  to m ain  p ro d u c t io n  th ro u g h  time, in the  
face o f  l o n g - te rm  ecological constra in ts  and 
soc ĩoeconom ic  prcssurcs.  It also relates to  thc  resilicncy 
o f  an a g ro eco sy s tem ,  i.e .,  its abil i ty  to  recover  after 
bcing subjccted  to stress. P ro d u c t iv i ty  in agricultural 
sys tcm s canno t  be incrcased indefin i te ly .  A cciling is 
placcd OI1 potentia!  p ro d u c t iv i ty  by  th c  physiological 
limits o f  crops,  the  “ c ar ry ing  c apaci ty”  o f  thc  habita t,  
and the  ex ternal  costs incu rred  d u r in g  efforts to  increase 
p ro d u c tio n .  T h is  p o in t  is the  “ m a n a g e m e n t  e q u i l ib r iu m ” 
w h ere  the a g ro ec o sy s te m ,  considcred  to  be in 
c qu il ib r ium  w i th  e n v iro n m en ta l  and m an a g cm e n t  íactors ,  
p roduccs  a sus ta ined  yield. T h e  characteris tics o f  this 
balanced m a n a g e m e n t  will v a ry  w i th  ditTcrent crops,  
geographica l  areas,  and e n e rg y  in p u ts  and, thcre ío rc ,  will 
bc h ig h ly  “ sitc spec ií ìc .”

2. E q u i ty  is a m easu rc  o f  h o w  cvcn ly  thc  p ro đ u c ts  oí 
the ag ro eco sy s tem  (inconie,  p ro d u cc ,  etc .)  are d is t r ibu tcd  
a m o n g  the  local p ro d u cers  and co n su m ers .  Hovvcvcr, 
cqu ity  is n iu ch  m o re  than  s im p ly  a m a t tc r  o f  an adequa te  
incom e,  g o o d  n u t r i t io n ,  o r  a saú s ta c to ry  a m o u n t  of 
leisure. M a n y  aspects o f  e q u ity  are n o t  casily de íinab le  o r  
m casurable  in scicntific tc rm s.  T o  so m c ,  equ ity  is 
rcached w h cn  thc  d is t r ib u t io n  o f  o p p o r tu n i t ic s  or 
inco m es  w i th in  p ro d u c in g  c o m m u n i t i e s  really im p ro v es .  
Clcar ly ,  a l th o u g h  “ im p r o v e m e n t s ” m ay  be a scep to w a rd  
cqu ity ,  tliey d o  n o t  gua ran tcc  the  e s tab l ish m en t  of a 
m o re  " e q u i ta b le ” society. G encra l ly ,  this is d c p cn d en t  011 
the polit ical s t ru c tu rc  o f  each c o u n try .

3. Stability is the constancy of production undcr a 
givcn  sct o f  e n v iro n m en ta l ,  e co n o m ic ,  and manat»cnient 
cond it ions .  S o n ic  ecological p ressu res  are rìtỊÌd 
constra in ts  in the  sense tha t  the  fa rm c r  is v ir tually  unablt ' 
to m o d ify  th em .  In o th e r  cascs, the  fa rm er  can im p ro v c  
thc  biological s tabili ty  o f  the  sy s tem  by  choosing  m o rc  
suicable crops o r  dcv c lo p in g  m c th o d s  o f  cult ivat ion  that 
im p r o v c  yields. T h e  lanđ can be ir r iga ted ,  m u lchcd ,  
m a n u re d  o r  ro ta ted ,  o r  c rops  can bc grovvn in m ix tu re s  
to im p ro v e  the  resíliencc o f  the  sys tern .  T h e  fa rm er  can 
s u p p le m e n t  family  labor  t h ro u g h  thc  usc o f  either 
anim als  o r  m achines,  o r  by c m p lo y in g  o th c r  pcople 's  
labor  th r o u ẹ h  va r ious  m eans.  T h u s ,  thc  exact n a tu re  of 
the  response  docs n o t  d e p en d  solely on  thc e n v iro n m en t ,  
bu t  o n  o th c r  social tac tors  as well.  Fo r  this reason the 
concept of stability must be expandeđ to cmbracc 
socioeconomic and manaiỊcmcnt considcrations. Thrce 
o th c r  sources  o f  s tabilí ty  can be deíìneđ:

a. Management stabiliry. Derived from choosing the 
set o f  technolog ies  best adap ted  to  fa rm c rs ’ needs and 
resou ĩce  basc.  lnit ially, the  app licat ion  o f  industria l 
t e c h n o lo ^ y  usually  results in subs tan tia l  incrcases in 
yield, as less and  less land is lcft fa lIow  and soil, vvatcr. 
a n d  b io t ic  l im it a t iõ n s  a rc  b y p a s s c d . A t  the sa m c  t im e  
thcre  is a lw ays ;111 e lem en t  o f  instabil i ty  associatcd witli  
the  n e w  technoloíỊÌcs. T h e  ta rm crs  are keenly avvarc ot

this, and thcir  resistancc to c h an g c  of ten  has an 
ecological basis.

b. Economic stability. A ssoc ia ted  w i th  the  abil i ty  of 
the  ta rm cr  to  p red ic t  n ia rk c t  prices o f  in p u ts  and  o f  the  
product and to sustain farm incomc. Depcnding on the 
s o p h i s t i c a t i o n  o f  t h i s  k n o w l e d g e ,  t h e  f a r m e r  vv il l  m a k c  

t rade-offs  bcrvveen p r o d u c t io n  and  stabili ty .  T o  s tu d y  tlic 
d y n am ics  o f  c c o n o m ic  s tabili ty  in t rad i t iona l  agr icu ltu rc ,  
data  m u s t  be  o b ta in ed  on to ta l  p ro d u c t io n ,  yields o f  
itnportant commodities, cash flow. otT-íarm inconie, nct 
inconie ,  and  the íac t ion  o f  tota l  p r o d u c t io n  that tho 
í ã r m c r  s e l l s  o r  t r a d c s .

c. Ctilrtinil stability. Depcndent OI1 the maintcnancc 
o f  the  soc iocu ltu ral  o rg an iza t io n  and  c o n tc x t  that  has 
n u r tu rc d  trad i t iona l  a g ro ec o sy s te m s  th r o u g h  gcncra tions.  
Rural dcvclopmcnt cannot bc achievcd whcn isolatcd 
fr o m  th e  s o c ia l  c o n t c x t .  a n d  it n iu s t  b c  a n c h o r c d  to  th c  

t rad i t ions  ot local pcoplc.  In o rd c r  to fully  undcrstancỉ 
the concept of stability, an integrated analysis must bc 
a d o p tc d ,  s in c c  to ta l s ta b il i ty  r e s u lt s  f r o m  th c  in tc r p la y  o t‘ 
so many ditYcrent causal tactors.

4. P ro d u c t iv i ty  is a q u an t i ta t iv c  m casu rc  o f  thc  ratc  ot 
and  thc a m o u n t  o f  p ro d u c t io n  p e r  un it  o f  land o r  inpi.1t.
In ecological tc rm s,  p ro d u c tio i i  re tcrs to  the  a m o u n c  of 
yiclds o r  cnct p ro d u c t ,  and  p ro d u c t iv i ty  is the  p roccss  tor 
ach iev ing  tliat cnd  p ro d u c t .  In ccologica l  tcrm s,  
p ro d u c t io n  rctcrs to  the a m o u n t  o t  yiclds o r  end prod tic t .  
and p ro d u c t iv i ty  is the  process  fo r  ach iev ing  that cnd 
pruducr.  Yicld pc r  un i t  area can bt ' One ind ica to r  o t  the 
rate  and  co n s tan cy  o f  p ro d u c t io n ,  bu t  it can also be 
exprcsscd  in o th c r  w ays,  snch  as p c r  u n i t  o f  lab o r  inpu t  
o r  p c r  u n i t  o f  c a s h  i n v e s t m c n t  o r  ;IS c n c r g y  e t í ì c i c n c y  

ratios. Whcn pattcrns of production arc analyzcd using 
c n crg y  ra tios ,  it b e co m cs  clcar th a t  trad i t ional  sy s tc m s  
are excccdingly more etTicient than modern 
a g ro cco sy s tem s in the  use  o f  en e rg y .  A con im erc ia l  
ag r icu ltu ra l  sy s tcm  typica lly  c x h ib i ts  o u t p u t / i n p u t  ratios 
betwecn 1 and 3, whcrcas traditional farming systcms 
exhibit  ra tios f ron i  10 to 15. F a rm s  arc  b o th  e n c rg y -  
c o n su m in g  and c n c r g y - p r o d u c in í ’ sys tem s ,  b u t  tlicy also 
p ro v id e  to o d ,  ìn co m e ,  j o b s ,  and  a w a y  ot  life t o r  m an y  
aa;rarian societics. T h cse  are indexcs  tha t  sh o u ld  bc 
included in the overaì l  cvak ia t io n .

In analyzing production/stability  fcaturcs o f  agro- 
ecosystems, it m ust be recognizcd tliat tarmcrs havc 
a tìxcd quanticy o f  land, íamily labor, and Capital  
with vvhicli to nicet thcir subsistcnce EỊoals, p rom otc 
diversity o f  diet and incomc sourccs, rninimizc risks, 
maxiniize liarvcst sccurity, and optimizc returns un- 
dcr low lcvcls o f  cxtcrnal inputs.

When the above indicators o f  pertbrmancc arc uscd 
to cvaluatc the viability o f  m odcrn  agroecosystcms, 
it bccomcs apparent that altliouẹh, historicallv, the 
introduction o fn c w  tcchnoloiỊy has í^reatly incrcascd 
short-tcrm productivity, it has also in the loim; term



lo\vcrcd the stabilitv. siistainability, and ccỊiiity o f  tlic 

total 11 s; ri cu 1 tu rai systcm. T oday  tlicrc is grcnvinsỊ 
avvareness ot thc social and cnvironmcntal costs that 
are associateđ vvith laríỊe-scalc, spccializcd production  

systems. Conccrns include:

a. increascd cost ot, and dcpcndcncc on, cxternal inputs 
ot'clicmicals and cncrgy

b. dcilinc in soi! productivity trom soi) crosion and 
nutricnt loss

c. cont.imination of surtace and tỊroundvvatcr trom 
fcrcilizcrs and pcsticidcs

d. hazarcìs to human and animal Health and to food 
qunlity trom agrochcmicals

c. dcmisc of tainily hirnis and iocal markcts

Whcn comparcd vvith traditional tarniing systcms 
in dcvclopiniỊ countries, industrialized a^ricultural 
systcms appcar in the loníỊ-tcrm morc ecologically 
tr;iiỊÌlc and unsound (Fig. 1). In dcvclopintỊ countries, 
small íarmcrs place a liiíỊhcr valnc on rcducing risk 
than on maximizing production. T hrough  divcrsiíì-
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P IG U R E  1 L o n ỉ Ị - tc rm  trc iu is  o fcc o lo i Ị Ìca l  ŨKỈicators in rra ii it iona l 
versus  m o d c r n  a ^ ro c c o s y s tcn i s .

cation and rccycliniỊ, small tarmcrs are usually intcr- 
cstcd in optimizim* thc productivity  ot scarce tarin 
rcsources, not ncccssarily in incrcasing land or labor 
prođuctivity. Also, small tarmcrs choosc a particular 
production technology bascd on decisions niade for 
thc entirc íarming system and not only í'or a particular 
crop. I Sec  Fauminc; Sy ste m s.)

II. Requirements of a Sustainable 
Agricultural System

M odern agriculture today íaces the challeníỊC o f  pro- 
ducini; an cconomically viablc crop vvhilc prcscrviniỊ 
the intcgrity ofthclocal,  rcgional, and LỊ 1 oba] cnviron- 
nient. The opportunitics ỉic in the application of cco- 
loíỊÍcal thcory to farni m anagcmcnt. A gronom ists  
111 List consider  thc in te ractions o f  all im p o r ta n t  b io lo g -  
ical and physical com ponents o f  the cropping systcnis 
and nnist intcgratc this knovvledge at the coiiimuiiity 
lcvcl if  thcy are to mcct the tvvin challengcs ot cco- 
nom ic grovvth and cnvironnicntal sustainability. 
AtỊroccoloíỊy is Central to this integration o f  agron- 
om y and ecology. Agroccology proposcs that the ba- 
sic tenets o f  a sustainable agroccosystem are thc con- 
scrvation of' renevvable rcsourccs, adaptation of the 
crop to the cnvironmcnt, and maintenance o f  a m o d -  
crate but sustainablc lcvcl o f  productivity. The pro- 
duction systcm must: (1) rcducc cncriỊy and resource  

usc and rcgulatc the ovcrall cncriỊy input so that the 

o u t p u t : input ratio is high; (2) reducc nutricnt losses 
by ctTectivcly containing lcaching, run-ofF, and ero- 
sion and improvc nutrient rccycling th rough  the pro- 
motion ot' lcgumes, organic manures and compost, 
and othcr eíTectivc rccycling mechanisms; (3) encour- 
agc local production o f  food itcnis adaptcd to the 
natural and socioeconomic sctting; (4) sustain a de- 
sircd nct output by prcscrving thc natural rcsources 
(by minimizing soil dcgradation); and (5) rcducc costs 
and incrcasc the cíĩiciency and cconomic viability o f  
small and mcdium-sized tarms, thercby p rom oting  a 
divcrse, potcntially rcsilient agricultural systcm. Ta- 
blc I dcscribcs thc attributes o f  sustainable tarming 
systems which rely on intcrnal rcsources when com - 
parcd to convcndonal systcms that rcly mostly on 
rcsourccs external to the farm.

As shown in Fig. 2 from a m anagcm ent viewpoint, 
the basic components o f  a sustainable agroccosystem 
includc: (1) vcgetative cover as an cfFectivc soil- and 
vvater-conserving mcasurc, m ct th rough  thc use o f  
no-till practiccs, mulch farming, use o f  cover crops,



TABLE I
Comparison of Ecological Characteristics between Conventional (External Input-Dependent) and Alternative (Internal Input- 
Dependent) Agroecosystems

A ltcm ativc C o n v cn tio n a l

Sun M ain sourcc o f  encr^y E nergy useđ as “ cata lyst” t'or con version  ot’ tồssil
en crgy

W ater M aỉnly rain and sm all irritỊation sch em cs Incrcased use o t large d am s and ccntralized vvatcr
d istribu tion  sy stem s

N itrogen C ollected  írom  air by leíỊum cs and recy d ed Prim arily from  syn th etic  fertilizer
M inerals R clcased froin soil rcscrvcs and recy d cd M in ed , p rocessed , and im p orted
W eed and pest con troi B io log ica l and m echanical W itli pesticides
E nergy S on ic  lỊeneratcd and co llectcd  on  tarni D ep en d en ce  on  tossil fuel
Seed S on ic  produccd on -ĩarm . local varieties All purchased hybrids
M analỊem 0111 dccisions B v tarmer and com n iu n ity S o  m e p rovided  by  agribusiness
A nim als Produced svnergistically  on iarm Fced lo t prod u ction  at separatc location s
O roppiniỊ system R otations and d iversity  enhance va lu c o t ;ìll o t ab ovc M o n o cro p p in ẹ

com p on cn ts
Labor M ost w ork  d on e by the fam ỉlv  liv in g  on thc farm M o st w ork  d on c  by hircd labor
c 'apital Initial source is tan iily  and c o in m u n ity ; any Initial source is cxternal ind eb tedncss or equ itv , and

accum ulation  o f  w ealth  is rcinvestcd  locally any accu m ulation  flo w s  m ain ly  to  oucside
in vestn icn ts

etc.; (2) a regular supply o f  organic mattcr through thc 
regular addition oforganic  matter (manure, compost) 
and promotion o f  soi] biotic activity; (3) nutricnt re- 
cycling mechanisms through the use o tco rp  rotations, 
crop/livestock mixed systems, agroforcstry and in- 
tcrcropping systems based on legumes, ctc.; (4) pest 
regulation assured through cnhanced activity o f  bio- 
logical control agents, achievcd by introducing and/ 
or conserving natural encmics.

III. Restoring Biodiversity 
in Agroecosystems

M odcrn agriculturc implies the simplification of bio- 
diversity and reaches an extreme form in crop m ono- 
culturcs. The cnd rcsult is the production of'an artiíĩ- 
cial ecosystem requiring constant intervention. In 
most cases this intervention is in the form ot agro- 
chemical inputs vvhich, in addition to boosting yiclds, 
result in a number o f  undesirablc cnvironmental and 
social costs.

As a consequence, modern agroecosystcms arc un- 
stablc and breakđowns maniícst theniselves as rccur- 
rcnt pest problems such as soil dcíỊradation and pollu- 
tion o f  vvatcr systems. Worsening pest problems havc 
becn linked to the cxpansion o f  crop monocultures 
at thc expense o f  ve^ctation divcrsity which, more 
oftcn than not, provides kcy ecological services to 
ensurc crop production and protection. Therctorc a 
major conccrn in sustainablc agriculture is thc mainte-

nancc an d /o r  cnhanccmcnt o f  biodiversity and the 
role it can play in restoring the ccological balancc ot 
agroccosystems so that sustainablc production may be 
achicved. Biodivcrsity pertbrm s a variety o f  rcnewal 
proccsses and ecological services in agroecosystems 
(FÌ£». 3), when they are lost, thc costs can be sig- 
niíìcant.

A major stratcgy in sustainable agriculture is to 
rcstorc agricultural diversity in time and space 
through crop rotations, cover crops, intercropping, 
crop/lívestock inixtures, etc.

Some o f  the ecological features o f  thcse akernative 
cropping systems are:

a. Crop rotations, Temporal diversity incorporated into 
cropping systems, providing crop nutrients and brcakin^ 
the lifc cycles of several insect pests, diseascs, and vvceds.

b. Polỵcultures. Complex cropping sy ste m s in vvhich 
two or more crop species are planted vvithin suffìcient 
spatial proximity to result in competition or 
complcmentation, tlms inhibiting or enhaticing yiclds.

c. AỊroforestry systems. An at;ricultural system vvhere 
trees are grown togcthcr vvith annual crops and/or 
animals, rcsulting in cnhanced complementary relations 
between farm components and increased multiple use of 
thc landscapc.

d. Cover crops. The use ot‘ pure or mixed stanđs of 
lcgutnes or othcr annual plant spccies under truic trees 
íor the purpose of improving soil íertility, cnhancin^ 
biological control of pests, and moditying the orchard 
microcliniate.

e. Crop/ìivestock mixtnres. Aninial iritegration in 
agroecosystcms aids in achieving high biomass output
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F I G U R E  2  O b j e  c tivcs  a n d  p roccsscs  in thc  dcsi t Ịn  o f  a m o d c l  s u s ta ina b le  a t r roecosys tcm .

F I G U R E  3  T h e  in tcgration  o t  rcsourccs, corn poncnts, an d  fu n ction s fo r  m u l t ip l c  use  tarm ing systen is
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F IG U R E  4  D i v e r s i H c a t i o n  o p t i o n s  f o r  a n n u a l  o r  p e r e n n i . i l  ( .T o p - b a s c d  c r o p p i n g  Systems.

w ith in  a givcn ccological and  so c io eco n o m ic  scttini ' ,  
c o m p lc m c n t ĩn g  n u tr ien t  cycling, and  o p t im iz in g  
m an a g em e n t  o f  p a s tu re—crop  ro ta t ions .  As SCC11 in Fig. 4, 
d i í ĩc ren t  o p t io n s  to  d ivcrs iíy  c ro p p in g  sy s tcm s  arc 
availablc d e p en d in g  a n  w h c th c r  thc  cu r rc n t  m o n o c u l tu rc  
sysccm s to  bc m o d iíìcd  are bascd  OI1 an n u al o r  peronnial 
crops.  D ivcrs i í ìca t ion  can also takc placc ou ts idc  o f  the 
farm, in c r o p - f i c ld  bo u n đ a r ie s  w i th  vvindbrcaks, 
shcltcrbclts ,  and  liv ing  fences,  for  exam ple ,  w h ic h  can 
im p ro v c  the  hab ita t  for  wildlife  and  beneíĩcial insccts.  
p ro v id e  sourccs o f  w o o d  and  o rg an ic  m a t tc r ,  resources 
for po llina ting  bccs, and, in add it ion ,  m o d ify  w in d  spced 
and the  m ic roclim a te .

When biodiversity is restorcd to agroecosystcms a 
num ber ofcom plcx  intcractions bctween soils, plants, 
and animals arc established; the idca is to exploit corn- 
plementarv interactions and syncrgism that may re- 
sult in beneíicial rcsults such as enhanced pcst control, 
nutrient cycling, and soil conscrvation. When divcrsi- 
ficd croppino; systcms arc asscmbled thc possibilities 
o f  complementing interactions or “ synergisms” bc- 
twcen a^roccosystem componcnts arc cnhanccd (Fig. 
3), resultin^ in one or more o f  the followiníỊ cttects:
(a) continuous vegetation covcr for soil protcction,
(b) constant production o f  tood, cnsurin^ a varicd 
diet and sevcral marketing items, (c) closing o f  nutncnt 
cycles and ctĩective use o f  local rcsourccs, (d) soil and 
vvater conservation throuuh mnlching and wind protec- 
tion, (e) cnhanccd bioloiỊÌcal pcst control throu^h divcr-

sification, (f) increased multiplc use capacity o f  thc land- 
scapc, (í;) snstained crop production without thc use ot 
e n v ir o n r ú e n ta lly  dcgrading C h em ica l in p u ts .

IV. Biodiversity and Pest Management

Several studies have cxplorcd thc relationships bctween 
vegctationa] diversity and pcst reduction in divcrsified 
croppinc; systcms (Fig. 5). The literature is full o f  cxani- 
ples o f  expcriments documenting that diversification of 
cropping systcms oíten leads to reduced pest popula- 
tions. The studics suggest that the more diverse the 
agroccosystem and the longer this diversity rcmains 
undisturbed, thc rnore internal links develop to promote 
grcater insect stabilitv. It is clear, however, that the 
stability o f  the insect cornmunity depcnds not only 
on its trophic diversity, but 011 the actual dcnsity- 
dcpendcnce nature o f  the trophic levels. In other 
words, stability vvill depcnd OT1 the precision o f  thc 
rcsponsc o f  natural encmies (predators and parasites) 
to an increasc in thc population o f  hcrbivorous pests.

Although most cxperiments have đocumented 111- 
scct population trends in single versus complcx crop 
habitats, a few havc concentrateđ on clucidating the 
naturc and dynamics ot the trophic relationships bc- 
tvvecn herbivores and natural enemies in diversitied 
au;roecosystcnis. Scvcral lincs of study have bccn de- 
vclopcd:



Fruits, timber, firewood, 
torage, windbreaks

F I G U R E  5  C o m p l e m e n t a r y  in tc rac t ions  in d ive rs i t ìed  t r o p p i n g  s y s te m s  resul t in iỊ  in c n h a n c c đ  soil 
p r o t c r t i o n ,  soil tc r ti li tv ,  an d  b io logica l  c ro p  p ro te c t io n .

a. Crop-tceed-insect iiilenìClion ỉtmlies. Evidcnce 
indicates that wceds intìucncc thc divcrsity and 
abundance ofinsect hcrbivores and associated natural 
cnemies in crop systems. Ccrtain wccds (mostly 
Umbelliterac, Lcguminosae, and Compositae) play an 
iinportant ccological rolc by harboring and supportíng a 
complcx ot benctìcial arthropods tliat aid in supprcssint’ 
pcst populations.

b. ỉnseci dynamics in íiiimtnl polyailtnres. Overvvhelming 
evidencc suggcsts that polyculturcs support a lower 
hcrbivorc load than monocultures. One factor explaining 
this trend is that rclatively morc stablc natural encmy 
populations can pcrsist in polycultures duc to the morc 
continuous availabilitv ot food sources and microhabicacs. 
The othcr possibility is that specialized herbivores are 
niorc likcly to fmd and rcmain on purc crop stands, 
which provide concentratcd rcsourccs and monotonous 
pliysical conditions.

c. H etbivora in iomplưx peramìal crop systems. Most of 
tliesc studies have cxplored the ctTccts of the 
manipulacion of ground covcr vcgctatiun OI1 insect pcsts 
and associatcd enemies. The data indicatc that orchards 
with rĩch Horal undertỊrowth exhibit a lowcr incidcncc of' 
insect pests than clean cultivated orchards, mainly 
hctausc of an increaseđ abundance and cfficiency of 
pređators and parasitoids. In some cascs, lỊround cover 
directlv atìccts hcrbivore spedes which discrinrinatc 
.ìmoriiĩ trces with and vvitliout covcr beneath.

d. The cịfects ủị adịacvnt uetỊeiaiioiĩ. Thcsc studics havc 
đocumentcd the dynanúcs ot colưnizing insect pests th.it

invade crop ficlds from cdgc vegctation, cspecially vvhen 
the vcgetation is botanically rclatcd to the crop. A 
numbcr of studics docunicnt the importance of adịoining 
wild vcgetation in providing altcrnatc tbod and habitat to 
natural cncmies which move into Iiearby crops.

The available literature suggcsts that the design o f  
vegetation m anagem cnt strategies m ust include 
knowledge and considcration o f  (1) crop arrangement 
in tiirie and space, (2) the composition and abundancc 
of ĩioncrop vegctation within and around íìelds,
(3) the soil type, (4) the surrounding  cnvironm ent, 
and (5) thc typc and intensity o f  m anagemcnt. The 
response o f  insect populations to environmental ma- 
nipulations depends upon thcir degree o f  association 
with one or m ore o f  the vegetational com ponents 
o f  thc system. Extension o f  the cropping penod  or 
planning tcmporal or spatial cropping sequenccs may 
allow naturally occurring biological control agents to 
sustain highcr population levels on alternate host or 
prey and to persist in thc agricultural environm cnt 
throughout the year.

A classical examplc of' the eíTects o f  divcrsity on 
pcst populations is the role o f  thc native blackberry 
bush (Rubus sp.) in vineyards o f  the Central Valley 
of California in the control ot an im portan t  insect 
pest, thc ẹrape lcaíhoppcr Erythroneura eleạantula. 
LontỊ considcrcd thc kcy pest in m any grape agroeco-



systems, this foliage-fccding leaíhopper inAicts sevcre 
darnage 011 vines and great losses in fruit yield when 
present in large numbers. Insccticides have often failcd 
to give eíTective contro] o f  thc leafhopper or their usc 
has aggrevatcd other pest problems, such as spidcr 
mites. Entomologists had know n that the parasitic 
wasp, A naạrus epos, ovipositing in the eggs o f  the 
grape leaíhopper kept the pest under control in some 
vineyards, but not in others.

The riddle was solved when it was realized that the 
wasp spcnt its wintcrs parasitizing a different inscct 
on R ubus. Sincc the lcaves fall o ff  grapevines in the 
winter and the grape leaíhopper retreats to the cdge 
o f  the vineyard and becomes inactive, the nonhiber- 
nating parasitic wasp has no sheltcr, food, or means 
o f  survival in this environment. Nearby blackberry 
bushes, howcver, kcep thcir leaves during w in ter  and 
host their ow n cconomically un im portant lcaílioppcr 
species, D ikrella  cruentata, all year round. When cnto- 
mologists checked the cggs o f  this blackberry leaíhop- 
per, they íound considcrablc parasitism by Anagrns. 
Thus, the weedy blackberry patches wcre providing 
a vvinter hom e for this im portant natural encmy o f  
the kcy grapc pest. Accordingly, it was grovvers with 
blackbcrry bushes in thc vicinity o f  their vincyards 
who had the least grape lcaíhopper problems. A naạrus 
adults migrating back to the vineyards in the spring 
kcpt grape leaíhoppcr numbers at ]ow levcls from the 
beginning o f  the season. Since this discovcry, many 
growcrs have solvcd their maịor leaíhoppcr problems 
with the planting o f  blackbcrry b ush  refuges in shady 
arcas near their vineyards.

Recent studics in Caliíbrnia have shown that prune 
trces planted next to vineyards allow early-season 
buildup o f  A .  epos. After surviving the winter on an 
altcrnate host, the prune leaíhopper, A naạrus, moves 
into the vineyard in the spring, providing grape leaf- 
hopper control up to a m onth  earlier than in vineyards 
not near prune trees. Researchers now  recommend 
that prune trees should always be planted upwind 
from the vineyard (but managed as a typical com m er- 
cial prune orchard) and to plant as many trees as is 
cconomically íeasible, since the more trccs there are, 
the more productive the refugc is likely to be.

The bcneíĩcial effects o f  diversiíìcation arc also evi- 
dent in annual cropping systems. Strip cropping, a 
form o f  intercropping characterized by tw o  or more 
alternate rows o f  crops, is com m on in the United 
States for corn/soybean. In Caliíòmia, cotton-alfalfa 
strip cropping has been tcsted for L yạ u s  bug control 
with encouraging results. The eíTcct o f  this S y s te m  is 
that the alfalfa strips act as a trap crop when the invad-

ing Lytịus colonizc the cotton íìelds. Also, the strips 
serve as an insectary for natural enemies o f  othcr cot- 
ton pests. The natural enemies leave the alfalfa strip 
and enter the adjacent cotton to attack eggs and small 
larvae o f  the bollw orm , cabbage looper, and beet 
armyvvorm.

In the Coastal areas o f  N orthern  California, popula- 
tions o f  cabbage aphids (Brevicoryne brassicae) and flea 
beetles (Phyllotreta cmci/erae) can be signiíìcantly re- 
duccd in broccoli w hen this crop is grown inter- 
croppcd with fava beans, wild mustard, vetch, barley, 
or with living mulches o f  various clover species. 
There arc a num ber o f  other studies evaluating crop 
mixtures that exhibit reduced insect pcst incidence. 
This reduction may be the result o fan  increased preda- 
tor/parasitoid population, higher availability oí alter- 
natc food for natural enemies, dccreased colonization 
and reproduction  o f  pests, chem ical rcpellency, n iask-  
ing and /o r  feeding inhibition from nonhost plants, 
prevention o f  pcst m ovem ent, a n d /o r  cmigration and 
op tim um  synchrony between pcsts and natural cn- 
emies.

V. The G oal of Sustainable 
Agrỉcultural Development

Sustainable agriculture rcters to those íòrms o f  agri- 
culture that:

1. Seek to optimize the use of locally availablc 
rcsourccs by combining the diíTerent components of the 
farm system, i.e., plants, animals, soi], water, climatc, 
and peoplc, so that they complement each othcr and have 
the grcatest possible syneriỊctic effccts;

2. Seek ways of using extcrnal inputs only to the 
extent that they are needed to provide elements that are 
detìcicnt in the ecosystem and to enhance available 
biological, physical, and human rcsources. In using 
extcrnal inputs, attention is givcn mainly to inaximum 
recycling and minimum dctrimcntal impact on the 
environment.

The C entral goal in sustainable agriculture is no t to 
achieve m ax im um  yield, but long-term  stabilization. 
Sustaining agricultural productivity will require more 
than a simple mođiíĩcation o f  conventional manage- 
ment techniqucs. T he  devclopment o f  self-sufficient, 
divcrsiíìed, cconomically viable, small-scale agroeco- 
systems comes from novc! designs o f  cropping and/ 
or livestock systems managed with technologies 
adapted to the local environment that are within a 
farmcr’s resources. At thc farm, regional, and national



level, sustainable aựriculturc implies the nced for 
closelv m onitoring and carctullv managina; flo\vs o f  
imtrients, vvater, and energy in ordcr to achicve a 
balancc at a hi^h lcvcl o f  production. M anagement 
prinđples includc harvcsting vvatcr and nutricnts trom 
the vvatershcd, recycling nutrients within thc farm, 
managing nutricnt How from tarm to consumcrs and 
back again, USÌ11SỊ aquiícr watcr judiciously, cnhanc- 
ing biodivcrsity, and using renewable sources o t 'cn- 
ergy. As these flows arc not contìncd by farm bound- 
arics, sustainable agriculture requircs mana^ement 
not only at farm level but also at district, regional, 
national, and cvcn international lcvels.

Energy and resource conscrvation, cnvironmental 
qualitv, public hcalth, and cquitable socioeconomic 
dcvelopment should be considcred in making dcci- 
sions 011 crop specics, rotations, row  spacing, fcrtiliz- 
ìng, pest control, and harvesting. M any farmers vvill 
not shitt to altcrnativc systcms unless there is a good 
prospcct tor monetary gain, b rought about by eithcr 
increascd output or decreased production costs. Dit- 
tcrent attituđes will dcpcnd primarilv on tarm ers’ pcr- 
ccptions ot thc short-tcrm  and ncar-term ccononiic 
benefits o f  sustainablc agriculture.

It is crucial that scicntists involved in thc scarch 
tor sustainablc agricultural technologics bc conccrned 
about w ho will ultimately bcnefit from rhcm. This 
rcquires rccoíỊnizing that political detcrminants enter 
át the point when basic scicntiíìc questions are askcd 
and not only at the tinie when technologics are deliv-

crcd to socictv. Tlms, what is produccd, how  it is 
produced, and for vvhom it is produccd are kcy ques- 
tions that nccd to bc addressed if a socially equitablc 
agrícultiire is to cmcrgc. Whcn such questions arc 
examined, issues ot land tenurc, labor, appropriate 
technology, public Health, research policy, ctc. un- 
avoidably arise. Incrcasingly scientists interested in 
pronioting sustainable atỊriculturc will have to bc- 
come involved in meetiníỊ the adcquate policy scenar- 
ios that p rom ote  sustainability.
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Glossary
B a r r o w  Male castratcd hcíorc sexual maturity 
B o a r  Male swinc o f  any age
F in is h in g  p ig  Youiig swinc generally wcighing 
m orc  than 50 ki> but not yet hcavy cnoiigh tbr 
slaui»hter
G i l t  Fcnialc swinc ot any agc to sccond prcíỊiiancy 
G r o v v in g p ig  Young swĩnc attcr vveaning, generally 
wcighintỊ less than 70 kg
H o g  Swinc o f  cither sex, generally rcferring to im- 
m aturc  iỊÍlts, barrows, o r  boars 
M arket h o g s Finishcd hotỊS sold for slaughter 
P i g  In the United  States, refcrs to young svvine o f  
cither scx; in Europc, reters to all aiỊes and either sex 
S h o a t  Youniĩ wcaned svvinc o f  eithcr scx, generally 
vvcighing lcss than 50 kg
S la u g h te r  p ig  Youna; svvinc rcady for slauựhter, 
usuallv vveighing 90-130 ktỊ
S o w  Fcmale swinc liaving produceđ One or morc 
litters
S ta g  Male castratcd after rcaching sexual maturity 
S u ck lin g  p ig  Young swinc bctorc wcaning 
S w in e  Hoofed m am m als o f  thc family Suidac, ÍỊC1U1S 
S u s , spccics scroịa (idomesticus)
W ean lin g  p ig  Yoim g swinc aítcr vveanine;

S w i n e  production rctcrs to that portion o f  animal 
a tỊ r icL i l tu rc  d c v o t e d  t o  t h o  c o n v e r s i o n  o f  t c c d  r e -

sourccs to pork. The enterprisL' varics írom sniall 
“ backyard” ctTorts in which Household kitchcn wastes 
and locally grovvn fecdstutfs arc fcd to piiỊS to providc 
pork tor liome use to largc hi^lily specializcd pork 
productĨQn systems lỊcarcd tor lariỊL' commcrcial pro- 
duction. Pork production, rcgardlcss ot' the size ot 
the cntcrprise, rcpresents a »iajor human food rc- 
source and rcquircs inputs rclntcd to Capital, labor, 
fccd rcsources, physical íacilities, disease control, 
wastc management, markctintỊ, and product quality 
assurancc. The integration ot all inputs and outputs 
into pork  production systems at the farm, regional, 
national, and intcrnational level is an ontỊũing inter- 
disciplinary effort.

I. Trends in Swine Production

lJork  continucs to occupy an iniportant position as a 
tood sourcc in attìucnt socicties as wcll as in dcvel- 
opin^ countrics with slovvcr cconomic growth. The 
world  svvine population is ụ;rowing at a taster ratc 
than that o f  the huinan population; this is a rcAcction 
of thc sustaincd demand for pork in all parts o f  the 
world. Total world rneat consumption has continucd 
to incrcase during the past dccade to about 170 million 
tons in 1990 (32 kg/capita). Pork accounts t'or about 
40% ot 'to ta l  (70 million tons in 1990) and remains 
thc íìrst aniong all nicat sources in total consumption, 
followcd in descending ordcr by beef, poultry, shcep, 
and goats.

A. Regional Distribution in the United States
Swinc production Í11 the United States continues to 
bc conccntrated in thc M idwest whcre maize and grain 
sorghum  production arc concentratcd, cven though 
hum an population centers arc remotc írom these 
arcas. O f  thc approximately 80 million svvine slauc;h-



tcrcd annually in the United States, about 20 million 
arc produccd in the State of' lovva; the six states ot 
Iovva, Illinois, Minnesota, Indiana, Ncbraska, and 
North Carolina producc nearly tvvo-thirds o f  the tota! 
pork in the United States. O thcr statcs ranking in the 
top 10 in swine production arc Missouri, Ohio, South 
Dakota, and Kansas.

About three-fourths ot thc svvine markctcd in the 
United States arc produccd on tarms raisinn morc 
than 1(100 hcad annually. This trcnd acconipanics a 
steady reduction in the number of' tarms rcporting 
svvinc.

B. World Distribution
The vvorlđ swinc population lias incrcascd stcadily 
for many decades and in 1991 vvas approxíimtely 86(1 
million. China is the w orld’s lcađini' pork consumer 
and produccs 35% o f  the vvorld’s pork. DitTerences 
among regions in animal reproductive ratcs and ani- 
mal vveitỊhts at slauiỊliter rcsult in discrcpancics amonu; 
countrics betwccn census íìgurcs and annual pork pro- 
duction. Asia has about onc-half o f  the worId’s total 
swinc, but produccs about 40% o f  tho w orld ’s pork; 
Europc (includinq thc tbrmcr USSR) has about 30% 
of  the vvorld's SWÌI1C and produccs 42% o f  the w orld ’s 
pork; corrcsponding figures for othcr contincnts arc 
North and Central America, 12% and 14%; South 
America, 6% and 3%; Aírica, 1.3% and 0.7%; and 
Occania, 0.6% and 0.7%, rcspcctivcly.

II. Pork as Human Food

A. Nutrient Composition
Pork, along with othcr meats, providcs protein of 
highcr nutritivc valne and mincral clemcnts m orc  et- 
tlcicntly used by thc body than thosc present in most 
plants. Pork is an cxccllcnt sourcc o f  somc of the 
mincral elements and a poor sonrcc o f  othcrs. For 
examplc, it is hiííh in phosphorus, but alniost dcvoid 
o f  calnum; it is high in potassium, but lovv in sodium; 
it is an excdlent source o f  iron, and a good source ot 
zinc, manganese, and maiĩnesiuni. Also, pork is an 
cxccllcnt source o f  vitamins and, likc othcr animal 
Products, it contains vitamin Bp which is abscnt from 
plants. The nutricnr contcnt o f  pork and the pcrcent- 
aí*cs o f  the recommendcd dailv vitamin allovvance 
supplicd hv a 100 Sĩ (3 ouncc) scrving o f  cookcd pork 
loin are sunim arized  Í11 Tablc I. [SíY M in b r a ls ,  Roi.e  
IN H u m a n  N u t r i t i o n .Ị

TA B LE I
Nutrients Contained in Pork

N utricnt A m o u n t

Protcin 2(1.7%
Hat 6.9%
Watcr 71.5%
M incrals 11.9%
C alories 151 kC al o t tỊross cI1LTIỊV
T hiain iii 1.13 IIÌIĨ,nn(ì ỊT (70*í () o f  duil y adult rcqiiircnicnc)
RiboHcìvin 0 .3 3  1111»,n o n  ịr (14 ‘ỉ(» o f  dail V adnlt rcquircm cnt)
N iacin 6 .S  1111»/ ỉ IM) g (29% ot daily aciult requircnicnt)
V itam in 15,. 0 .5 0  m g / lo n  £ (25° <) o t dail V adult rcq u irc iiic iu )4
V itain in 1Ỉ|1 0 .9  /Ấii/ 100 g (20% o f  daily adult rcquircm ciit)

'' B.ìscd on ru\v Iresh  cut (about H5% ot cookcd  valuc).

The long-terni acceptancc o f  pork as a mạịor tood 
sourcc has bcen a rcsult ot its hiuh nutritivc value 
and the variecy ot prorcssina; and cooking mcthods 
availablc for its iiiclnsion in many culturcs. In many 
third \vorld ciiltiircs, pigs kcpt to supplcnicnt tamily 
inconic arc t"ed lartỊely houschold vvastc and tood 
lỊlcancd locally and, in turn, providc a valuablc sourco 
o f  protcin, vitamins, and othcr nutricnts to children 
and adults in an otlicrxvisc impovcrishcd CI1V1- 
ronnicnt.

B. Properties Affecting the Acceptability of Pork 
to Humans

1. Pork Quality Factors
The am ount o f  pork consumcd in rclation to altcr- 

nativc mcat sources is dcpendcnt OII cultural, rcli- 
G;ious, cconomic, and csthctic íactors. Econoinic and 
esthctic torccs, which arc gencrally ìndependent ot 
cultural and religious constraints, arc addrcsscd bricfly 
here. The sharc o í th e  total market tor animal products 
captured by pork is closely rclatcd to costs and supply 
o f  altcrnativc sourccs, i.e., beef, lamb, and poultry, 
the production o f  which in turn, is driven by many 
o f  thc samc torces that control cost o f  production and 
marketing ot' pork. As vvorld tradc ot tood animal 
Products has expanded, the economic tactors de- 
terminiiiE; thc ultiniate consumption o f  pork globally 
and in spcciíic rcỉỊÌons have bccomc m ore  complex. 
Esthctic aspects o f  pork  as a tood havc a major impact 
on its acceptance. Pork is less variable than bccf or 
lamb in recoạ;nized palatabilitv tactors (tendérness, 
ịuiciness, color, aroma, Havor) so that difFcrcnccs in 
age. brced, and environm em  have a rclativcly small 
cttcct on its quality. Color, tìrmncss, and vvatcr- 
holdiniĩ capacity are iududed  toíĩcther as a lỊcncral



ippr.iis.il ot pork q iulitv . ranu.inu; trom p.ilc. sott, 
oxikl.itivc (1'Sli) to đ.H'k. tìrm, lỉry pork. lỉetvvcon 
tlicsc extrcmcs is the most desinihle. r  11 c p.ik' color 
and cxi/cssive cxudation ot'PSE pork crcatcs mcrchan- 
di/intỉ problcms in the rct.úl storc. RecotỊiiition ol tlu' 
tact tliat 1’sr .  pork lias ;i (Tmctic basis lias pm n it tcd  
the imhistry to rectiKC its incidcncc drastically by sc- 
lcction ot a11 i111 a 1 s trcc ot tliis trait.

M uch rcmains unkiKHvn about all ot tho íactors 
involvcd in pork qualitv. the rclativc iniportancc ot 
cach tactor, and tlic dcgrcc to \vhich pork acceptabilitv 
can bc controllcd throuỉỊli husbanđry practices, mar- 
kctiniỊ and slauglitcrinií proceđures, and mcat pro- 
ccssinự and tcchnolouy. A maịor nuirkctinư con- 
straint on the sak- o f  pork ironi intact males is tho 
objct'tionablc odor and Havor pcrccivcd by somc iudi- 
vidiuls. Fat-solnblc m.ile horm one dcrivativcs sucli as 
5-a-nndrost-16 eiK'-3-one, rcsponsiblc tbr the “ boar 
o d o r ,"  arc dctcctcd in most m.ilcs by (> montlis of 
aiỊC. Since boars iỊro\v tastcr, rcquirc lcss tccd pcr nnit 
o t  w i ’iiỊỈit  iị;ỉìii, a n d  p r o d u c e  l c a u c r  p o r k  t h a n  c a s c ra tc d  
m.ilcs, tlicrc is ccoiioniic iiicciitivc for thcir p r o d u o  
t i o n .  In s o m c  r c iỊ Ío n s  C)t t h e  \v o r ld .  in t .ic t  m a lc s  a rc  

sold \vithuut pricc rcduction to takc advantaiỊC o tthe ir  
inorc cíĩicicnt p ro ihu tion . but in other rciỊĨons, sitcli 
as the United States, mc.1t troni intact malcs is dis- 
coimtcd at thc ìm rkctplacc and sold as a componcnt 
of sausiiiỊC.

2. Health Factors
a. Fat Content and Composition Advances Í11 

svvine brcediiiiỊ, tccdiníỊ and ìnanatỊcnicnt havc trans- 
turmcd tlic composition o f  pork in tlìc past 30 ycars 
to a rdativcly lovv-tat prođuct. The averaiỊC pcrcent- 
ai>c o f  fat in pork  in tlic United States is now  about 
7% o f  rctail carcass wcii»ht comparcd vvitli about 25% 
in thc l% 0 s .  T li is  translates to a 50% ređuction in 
caloric contcnt of' pork carcasses (300 kCnl/IOO IỊ in 
thc l%()s comparcd vvith a valuc o f  150 novv). Pork 
is rclativcly higli in unsaturatcd tatty acids and its 
tatty acid composition rcscmblcs that o f  the diet fcd 
to the animal. Tlnis, thc stcreotypic imagc o f  pork 
as a high-caloric food hiiĩh in saturatcd fatty acids is 
crroncous. T he cholestcrol contcnt o f  pork is about 
70 m g /1 0 0  1», a valuc similar to that o f  bect and lamb 
and lcss than that o f  butter. chcddar chccsc , CIỊIỊS, and 
many seaíoods. The digcstibility ot pork is liiiỊh and 
contrary to mytli. thcrc is no evidencc that pork fat 
(lard) diffcrs troiu that o f  othcr animals and plants in 
ditỊcstibil ity b y  hum an s .  I Sce  F a ts  a n d  C h o i . e s t e r o l ,  
Roi i: IN H u m a n  N u t r i t i o n . Ị

b. Disease organisms The parasite. Tricliiiiclhi 
sp iiv liỉ, may intoct s\vinc and cause trichinosis in liu-

mans 1‘oiisuminm impropcrly cookcd pork trom in— 
tccrcd a 11 i 111.11s. Whik' still a scrious potcntial health 
1'isk in niany rcỊỊÌons ot the \vorld, rcliablc methođs 
ot idcntitRMtion o f  intcctcd animals havc rcduccd thc 
inciđciKC o f  intcction in s\vinc to ncarly zcro in re- 
iịìohs \\hcrc  su inc production utilizcs modcrn tccli- 
noloiỊv. Satc motliods ot killintỊ tlic organism in in- 
tcctcd pork (licatiniỊ to I70°F. trccziniỊ tor 20 days at 
5°F. or subjcctiniỊ tlic pork to hitỊÌi-cncrtỊy radiation) 
liavc rcduccd the daniỊcr ot intcction drastically. Re- 
portcd hunian cascs o f  tridiinosis in tlic United States 
inimbcr lcss than 10(1 annually, and ctTcctive drugs 
arc no\v availablc tbr trcatnicnt.

O th c r  intcctious amcnts sucli as Salmonclla and 
Canipvlobactcr bactcria niav contaniinatc pork and 
othcr tood prođucts, but public axvarcncss o f  precau- 
tionary nicastircs and carctul practiccs ot inspcction 
and survcill .incc hy tcdcral and State atỊcncics and by  
thc mdustry  itsc lfofan im al and carcass handlinạ; and 
proccssinn C11 routc to the consuiiìcr providc a de- 
pcndablo supply ot satc and wliolesoinc pork.

c. Wholesale and Retail Cuts of Pork
The proportion  ot tlic livc aniinal that is available as 
cdiblc loan mcat is ottcn rcícrrcd to as “ percent lean 
cuts .” Thcso lcan cuts are thc shoulder (Boston butt 
plus picnic), loin, and ham. The lcan cuts constitutc 
40% or morc ot thc wciiỊht o f  typical rnarkct weight 
swine, bnt morc than 75% o f  the valuc undcr U.S. 
pricing conditions. The lard yicld trom a U.S. No.
1 market piíỊ is about 10% o f  tlic retail carcass wcight 
in pitỊS in thc United States HOVV, comparcd vvitli 35% 
íortv years aiỊO and 16% twcntv ycars ago. About 
50% o f  the weiiỊht o f  a 78-kíỊ carcass is madc up o f  
the wholcsalc cuts [ham, loin, shouldcr and side (spare 
ribs and cuređ bacon)]; thc rcmaindcr is skin, fat, iovvl, 
tail, tcct, and trimmings. Ị6Vc Animai. B y-P rod u cts  
FRC)M S la u g h t r h ;  M e a t  P r o c e s s in g . ]

Carcasscs also yield im portant organs such as brain, 
livcr, and kidncy. The wholcsalc cuts, showing thc 
location o f  cach coniponcnt on the carcass, are illus- 
tratcd in FiiỊ. 1. Mcthocỉs o f  carcass breakdovvn and 
nomenclaturc vary in diffcrcnt countries and rcgions, 
but the same ỉỊcncral approaches arc used in scparating 
and mcrchandizin£Ị the various cuts in all markets. 
RetỊÌons also vary Í11 the choice ot' cuts that are pro- 
ccsscd in to curcd Products, e.g., bacon in the United 
States is from thc bclly, vvhilc bacon in Canada and 
Europc is ottcn from the shoulder. In niany places 
within thc dcveloping countries, constraints on post- 
slaut;htcr handliiií; arc imposed by lack o f  niod- 
ern abattoirs and rcfrigcration and inadequate cỉis-



CARCASS BREAKDOWN
Retail Other Carcass
Pork* Products Total

Kg(Lbs) Kg(Lbs) Kg(Lbs)

Side, 16.9 kg (37.3 lbs)
Cured bacon 
Spareribs 
Trimmings 
Fat 

Total

8.6(19.0) 
3.1(6.8) 
4.3(9.6)

16.0(35.4)

Blade steaks 
Blade roast 
Cured butts 
Trimmings 
Total

0.9(2.1) 
0.6(1.3) 
3.6(0.8) 
0.4(0.8) 

5.5(12.2)
Picnic, 7.4 kg (16.4 lbs)
Arm roast 
Cured picnics 
Trimmings 
Skin, fat, bone 

Total

1.5(3.3) 
2.2(4.9) 
2.2(4.8)

5.9(13.0)

0.9(1.9) 
0.9(1.9)

Shoulder
Boston Butt, 5.5 kg (12.2 lbs)

16.9(37.3)

5.5(12.2)

1.5(3.4) 
1-5(3.4) 7.4(16.4)

Miscellaneous, 15.2 kg (33.4 lbs)
Jowls, feet, tail 
neckbones, etc. 4.1(9.0)

Trimings 4.2(9.3)
Fat, skin, bone 5.5(12.1)
Shrink and loss 1.4(3.0)
Total 8.3(13.8) 6.9(15.1) 15.2(33.4)

TOTAL 63.1(139.2) 14.9(32.8) 78.0(172.0)

* Retail cuts on semi-boneless basis. Fully boneless would
show lower retail weight

Ham , 18.4 kg (40.6 lbs)
Curédham 10.5(23.1)
Fresh ham 0.8(1.7)
Trimmings 2.3(5.1)
Skin, fat, bone 
Total 13.6(29.9)

4.8(10.7)
4.8(10.7) 18.4(40.6)

0 .8( 1.7)
0.8(1.7) 14.6(32.1)

Figures are averages taken from actual cutting tests.
Carcass data vary, depending on cutting method and 
type of hog.

Loỉn 14.6 kg (32.1 
. Blade roast 

f Center chops 
Sirloin roast 
Fat 
Total

Ibs)
3.3(7.4) 

7.3(16.0) 
3.2(7.0)

13.8(30.4)

F IG U R E  ì  W holesalc cuts o f  pork. IRcprinted, w ith  pcrq iission , tVom "M eat and Pou ltry Facts. 1 993 .” A m e r ic a n  M eat Institutc.]



tribution systcms. In thcsc arcas. mcat from trcshly 
killcd swinc is sold immcdiatcly, vvith littlc cfFort 
directcd toward idcntiíyintỊ and scparating convcn- 
tional wholesalc cnts.

III. Life Cycle and Physiological States

T h e  ('Ciieration interval in swine is about 1 year. The 
carly scxual maturity , prolitìcacy, and short gestation 
period o f  swinc compared with othcr food animals, 
and the associated higli heritability o f  thc traits in- 
volvcd, make possible rclatively rapid changes in 
tỊrovvth cffìcicncy and body composition. Fcmaies 
and malcs rcach puberty  at about 6 months o f  aíỊe 
and can be mateđ by 8 months o f  age to producc a 
litter at about 1 ycar o f  agc (gcstation is 114 days). 
Avcra^c num ber  o f  pigs born per littcr is 9 -1 2  and 
an averaíỊe o f  8 -1 0  pigs arc vveancd at 3 to 5 wccks 
o f  age. Attcr wcaning, pigs arc usually full fed a nutri- 
tionally complctc diet th roughou t the tỊrowiníỊ—fìn- 
ishing pcriod o f  about 4 nionths at which tinic they 
are markcted for pork o r  rctaincd as brceding animals 
(5 to 6 m onths o f  age). Lactating sows do not nor- 
mally ovulatc during thc suckling period, but within 
1 vveck aítcr thcir pigs are weaned, thcy will ovulatc 
and become rcceptivc to the malc. MatintỊ at tliis first 
postwcaning cstrus usually rcsults ÍI1 a prcgnancy, 
and a sccond littcr is born 3.9 inonths latcr. Thcreforc, 
it is conim on for one sow  to prođucc 2 -2 .5  litters ot' 
8 -1 0  markct wcight pigs ycarly, wcit;hiniỊ an averagc 
o f  230 pounds pcr pig (total ot 3680 pounds ot' livc 
weii*ht) at 5 to 6 m on ths  o f  ae;e.

A. Body Size and Grovvth
Eleven-đay-old em bryos begin to show signs o f  at- 
tachm ent to thc cndom ctrium . Howevcr, true im- 
plantation to form thc placenta docs not occur until 
about Day 18 (em bryo length o f 5 - 1 0  mni). By Day 
20 the c ro w n - ru m p  lcngth is about 10 m m  and thc 
fetus can bc used for gross laboratory study. From this 
stage o n w a rd ,  thc rate o f  fetal grovvth is trcmenđous.  
From a crow n—rum p leniỊth ot '2.5 cm and weia;ht o f
1.5 í* at 30 days, the íctus grow s to a c ro w » - ru m p  
lcniỊth ot 30 cm  (12 timcs thc 30-đay length) and a 
w eight o f  about 1200 g (800 times 30-day vveitỊht) at 
birth. T he  num bcr o f  developing íetuses is inversely 
relatcd to the wcight o f  individual tctuscs at term. 
Viablc young have been ktiovvn to vveigh as littlc as 
400 ÍỊ and niorc than 2000 at birth aftcr a nornial

ựcstation. The ncw born  piíỉ contains about 82% vva- 
ter, 12% protcin, 5% mincrals, and 1% fat.

T he  body weiíỊht during thc 4- to 5-week suckling 
pcriod doublcs during thc íìrst weck and is six to 
tcn times the birth w cight by 4 vveeks. Postwcaning 
í;rowtli is plotted in Fig. 2 and body protein accretion 
duriniỊ thc samc period (64 to 154 days o f  age) for 
tcmales, males, and malc castratcs is shovvn in FĨ£Ị.
3. Changcs in body com position ot genetically obese, 
lean, and contem porary swine from 10 vvccks to 24 
vvceks ot'age are depicted in Fig. 4. The stcady increasc 
in fat accretion is cvidcnt in animals o f  all threc geno- 
typcs. T he  greatcr protcin deposition o f  intact males 
than of' temales and o f  ícmales than o f  castrates era- 
phasizcs the eíĩect of scx horm ones on pattcrns o f  
2;rowth and ultimatc carcass value o f  svvinc. U nrc- 
solvcd problems with boar odor (see prcvious scction) 
in intact nialcs has prccludcd the widcsprcad capture 
o f  thcir incrcascd lean mcat production.

Aniinals arc marketcd at 5 to 6 m on ths  ot' age 
weighing 220 to 240 pounds. T hose  retained for 
brecding arc normally placed on limitcd feed intake to 
avoid excessivc iatncss. By brccding ago oí'H months, 
tcmalcs wcigh 260 to  300 pounds and males weigli 
280 to 320 pounds. Body weight and skclctal size 
continucs to incrcasc until 3 ycars o f  age o r  beyond, 
dcspite restricted fecd intakc aftcr m arkct WL‘iụ;ht is 
attained. Maturc femalcs often wt‘igh in cxcess o f  500 
pounds and mature boars m ay rcach 800 pounds or 
morc, depcnding on h o w  liberally they arc fed aftcr 
inaturity.

B. Reproduction and Lactation
A hit;h reproductivc rate is esscntial in a succcssíul 
svvine cnterprise. K now lcdgc o f  the ana tom y and 
physiology ot malc and temalc rcproductive tracts is 
im portan t  for maximization o f  reproductivc cffi- 
ciency. T he rcproductive tract and cndocrinc control 
o f  rcproduction o f  femalc and malc svvine sharc the 
same gcneral features as those o f  o thcr mammals. 
The íemalc rcproductivc tract includcs tw o  ovaries, 
tallopian tubes, utcrus (consisting o f  thc body  and 
tw o  uterinc horns), ccrvix, vagina, and vulva. T he 
uterinc horns arc long and tortuous to accom m odate 
numerous developing fetuscs. In thc maturc sovv, thcy 
may be 1 111 or more long whcn cxtcndcd. T h e  ovaries 
are lobnlar, owing to folliclcs in varying stages o f  
devclopment. Therc m ay bc 10 to 25 individual m a- 
turc íbllicies. Pubcrty (onsct ot cstrous cycle, i.c., 
first ovulation) occurs at about 6 montlis ot' age in 
most brccds, although in som e Chincsc brccds it oc- 
curs at lcss than 4 months. Pubcrty, vvhich coincidcs



FIGURE 2 K m pty body w c ig h t curvcs (live  b o ily  vveiiíht m inus iỊastroiutestinal rract con ten ts) ot 
contcm porary crossbred tVmale, m alc, and casrrarcJ nu k ' piiỊs trom  am- 64 to 154 days as generated  
b y  C o m p u te r  s im u la t io n .  Ị R c p r in te d  t r o m  P o m a r  (7 i i l . ,  ( 1 9 9 1 ) .  / .  A n im a l Science 69,

with first cstrus and sexual receptivity, is inAuenced 
by season of thc year, social cnvironment, and dcgrce 
o f  spacial confinemcnt. Rclocation or cxposure to a 
boar consistenđy advances puberty. The num bcr o f  
ova released pcr cstrus increascs gradually over the 
first sevcral estrous cycles. Thcre is a large range cven 
among normal animals kcpt under adcquate hus- 
bandry, partly due to breed differcnccs. Althouííh 
agc at pubcrty is several months, the num ber o f  ova 
availablc for relcase in the course o f  a liíetimc, deter- 
mined in prcnatal life as oogcncsis, is complete by 
Day 100 aíter conception. The estrous cycle lciitỊth 
(onsct o f  one cstrus to the onset of the ncxt) is im- 
portant from the standpoint o f  planning breediní; 
dates. Length o f  thc cyclc averagcs 21 days (ranẹ;e 
is about 18-24 days). During proestrus (1-3 days),
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FIGURE 3 ChantỊes in daily body protcin  M 
g c n e r a t c d  f r o m  C o m p u te r  s im u la t io n  s h o v v  th e  

o f  castratcs and the interm ediate p osition  o í ten  
Science 69, 1 4 6 8 -1 4 8 8 .1

temalcs arc alcrt to the approach o f  the boar, will 
m ount other íemales, and accept mouiìtinq by dies- 
trus íemalcs, but will not tolcratc mountinụ; by a 
boar. During estrus, thc svvollen vulva and vaginal 
discharge fìrst obscrved during latc procstrus arc ac- 
companied bv restlessness (fencc-walking, agitation), 
tnounting o f  other animals, and acceptance o f  the 
boar. The female in cstrus will inate for a period o f  
2 -3  days, and bccause ovulation lasts over scvcral 
hours, mating 011 tw o  successive days o f  cstrus oftcn 
rcsults in birth o f  largcr litters ovving to im provcd 
synchrony o f  contact betvveen nevvlv rclcascd ova and 
sperniatozoa. Sincc thc cstrous cyclc is undcr cndo- 
crine control, it can be altercd by exogenous hor-  
mones. Technoloe;y, including the use o f  prostaglan- 
đins in combination with rcproductivc horm ones and

x retio n  in ícn ia le , m alc, and m alc c.istratc pii*s as 
grcater lean tissué ựrcnvth rate o f  intact inalcs than  

lalcs. ỊReprinted troni Pomar ctiil. (1W1). /. Anitnal

Diet 
Irom  A

Change 
to B

c> -o Females 
A—* Castrates 
X — X  Males



10 weeks 17 vveeks 24 weeks

Contemp.

EBWT: 55.8 kg

Protein

Lean

7.6%

EBWT: 14.6 kg
EBWT: 42.5 kg

Obese

13.0%'

EBWT: 13.5 kg
ẼBWT: 39.7 kg

FIGURE 4 Changes in body composition with increasing age ÍII pigs of  diíTercnt gcnetic backgrounđ. 
Percentagcs shovvn arc for carcass lipids as a fraction o f  empty body wcight (EBWT). ỊReprinted, with 
permission, írom Pork Production Systems, (1991). Van Nostrand Rcinhold, N Y |

thcir derivatives, is available to apply thcse therapies 
in commcrcial swine prođuction, particularly as a 
nieans o f  using artiíìcial insem ination for genctic 
im provem ent and for tigh ter  control o f  rcproduc- 
tion schcdulcs in inđividual cnterprises. Artiíĩcial in- 
semination in concert w ith  estrous cycle synchro- 
nization has no t  been vvidely applied to datc in the 
swine industry ow ing  niore  to econom ic consider- 
ations than to technical limitations. [Sce A n i m a l  R e-  

PRCỈDUCTION, A n  OvEKVit:w OR THE R e p h o d u c t iv e

S y s t e m ; A n i m a i . R e p r o d u c t i o n , M a i .e ; A n i m a l  R e-  

PRODUCTION, N o n p r e g n a n t  F e m a l e ; A n i m a l . R ehro-  
DUCTION, P r EGNANCY.]

Males produce viable sperm by about 4 nionths o f  
age, but gcnerally are not used for brcediníỊ until they 
have attained larger size and m ature scxual behavior 
at 6 - 8  m onths  o f  agc. The niale reproductive tract o f  
swinc includcs all o f thc  typical accessory organs ot the 
m am m al. T he  testes migratc ou t o f  the body cavity to 
the scro tum  at about 100 days o f  prcnatal life. The



tail ot thc epiđidymis torms a cap over the dorsal cnd 
o f  the tcstis. In normal castration, the cpididymis and 
the attached tunica vaginalis are removed with the 
tcstes. Stored sperm leave the cpididymis via the 
vas deferens. The seminal vesicle, C o w p er’s (bul- 
bourethral) gland, and prostate ^land all contribute 
to semen volume, which may exceed 500 cc per ejacu- 
latc. Ten or more sows can be inseminated from a 
single ẹịaculate. Techniqucs for frcczin^ scmen tor 
use in artiíìcial insemination are availablc. Modern 
lỊenetic evaluation procedures are expccted to stimu- 
late the commercial use ot this technolotỊy. As supe- 
rior boars arc identiíìed, thc opportunity to extend 
thcir use to m ore sovvs and niorc herds will bc en- 
hanced bv artificial inscmination.

Prenatal deaths occur in 30—40% ot clcveloping 
young betvveen Davs 1 and 114 o f  gcstation. More 
than half o f  thcse losscs occur durĩng the first 25 days 
and most ot the rcmaindcr occur betore midgcstation. 
M ummified tetuscs rcprcscnt dcaths that occur after 
40 days and are diíYerentiatcd from stillborn pigs by 
partial resorption. The causcs o f  thcse large prenatal 
losscs are not fully undcrstood, but limited uterine 
capacity and hit^h ovulation ratc have bccn identificd 
as tw o  distinct but interrelated major components ot 
the problem. The transter o f  swinc cmbryos froni the 
utcrus o f  onc female to that o f  anothcr is a usetul 
tool as a mcans o f  increasing the num bcr o f  progeny 
obtaincd írom íỊCiietically superior animals. Another 
option with potential application is the manipulation 
o f  embryonic cells in o il tu re  which can then be cloned 
and inserted into the embryo. International transter 
o f  swine gcrmplasm by thesc approachcs offers ad- 
vantages ovcr traditional transportation systcms.

Lactation providcs thc means by which cssential 
nutrients and immunological protcction reach the ne- 
onate. The im m une  protection oí' colostrum (niam- 
mary sccrction đuring the first days o f  lactation) is 
more critical in swinc than in many other animals. 
Placental transícr o f  im m unc antibodics is almost ni], 
leaviniỊ colostrum as the prỉncipal sourcc o f  neonatal 
protection against pathogcnic agcnts. The normal du- 
ration o f  lactatĩon 1.1 swine is 6 -8  wecks, but nutri- 
tional nceds o f  tho rapidly grovvintỊ piỊ/r exceccỉ thosc 
provided in milk aftcr about 3 to 4 vveeks, becausc 
the pcak o f  lactation is rcachcd at about 4 vveeks. 
Therctore, pigs are usually vveaned at 3 to 5 vvceks 
and thc sow entcrs postvvcaninu; estrus vvithin a tew 
days and can be matcd to producc another litter. Milk 
production ctĩĩcicncy in swinc is vẹry hiíỊh and nutri- 
cnt yicld pcr unit body \veinht in hii2;lily productivc 
sows is í^rcatcr than that in dairy cattle (sow milk 
contains ncarly 20% dry matter comparcd vvith 12% 
111 c a t t lc ) .  IS c c  L a c i  a t i o n . I

Ncvvborn piglets begin suckling immediately and 
do so at hourly intcrvals over the 24-hr day and there- 
after throuiỊhout lactation. Daily milk yiclds o f  6 kg 
have bcen recorded ovcr an 8-vvcek lactation (288 kg 
total). Milk yields o f  5 to 10 kg daily vvith an energy 
concentration o f  1.2 kcal pcr kg are expecced in lactat- 
ing sows and are partly dependent on tho num ber of 
nursing piíỊS . This high level o f  production allows 
rapid t^rowth o f  piglets during the first few wceks ot 
postnatal life. Systems o f  carly weanin£Ị arc available 
in vvhich the pig is weaned at 1 or 2 days o f  age to 
a liquid íbrmula containing milk products. Growth 
approaching or cxceediníỊ that obtaìncd with sow- 
reared littermates can be achieved, but only if fre- 
quency o f  fecding and am ount consuined at each meal 
approximate sow-rearing conditions. Such carly- 
weaniníỊ programs allovv the possibility o f  rebrccding 
the sow carlier than normal to maximizc the total 
pigs produccd per calendar ycar. The economics ot 
such a protỊrani will bc atTectcd by thc relative priccs 
o f  sow feed vcrsus milk-replaccr tbrmula and diíTer- 
cnccs in the etTicicncy with which nutricnts arc parti- 
tioncd for milk production, maternal nutrient storcs, 
and piglet íỊrowth.

IV. Genetics and Breeding Systems

The genetic aspects ot' the swinc production system 
set both thc limits and potential íor pcrtbrmancc of  
the system. Brecdin^ stock sclcction systcms havc 
evolved as a nicans o f  accelcrating genetic improve- 
ment from the traditional visual appraisal approach 
to m odcrn  computer-based períormancc tcsting and 
gcnetic evaluation proccđures. The wide gcnetic di- 
vcrsity o f  swinc is evidcnccd by the large num ber ot 
brceds and tỊroupings in diíterent regions o f the  world 
ot' swine having unique characteristics and appear- 
ance. Thcrc arc currcntly probably 1 1 10 re than 100 
recognized breeds and more than twice as many ge- 
nctic groups o f  svvine \vith traits unlikc those o f  othcr 
groups. This vast num bcr oí' gene combinations pro- 
vidcs thc basis for animal breeđers to capitalize on thc 
plasticity o f  swine to improve biologic eíĩicicncy and 
animal vitỊor and to crcatc populations o f  swinc to 
mcet hum an nceds most ctTectively. Reprcscntative 
breeds and types o f  pigs are illustratcd in Fig. 5. Early 
brecdcrs o f  purebred SWU1C contributcd to changes in 
animal performancc and appearance throusỊh livcstock 
shows and tairs and advcrtisiniỊ. In this torm o f  brccd- 
insr, produccrs kcpt rcplaccmcnt tcmalcs trom youniỊ 
animals to rcplacc oldcr brcedinẹ; animals beiníỊ 
ciillcd. Rcplaccment boars vvcrc purchascd from othcr



brccdcrs as a means of introducing new genes. As the 
tncrits ot crossbreeding became cvidcnt as a means 
of im proving productiv ity  (the tcrni hctcrosis or “ hy- 
brid v igor” vvas introduccd to describc thc grcatcr 
than cxpccted im provem en t in a givcn pcrtormancc 
trait in the offspriiiíỊ o f  crossbrcd swine than in thosc 
o f  offsprin^ o f  swine ot' the same brceđ), thc swinc 
industry  ot the  U nited  States adapted the approach 
by thc producers o f  rotating two or morc breeds to 
providc rcplacement breeding stock. Various cross- 
brccding systems havc evolved from the original sys- 
tcms, c .g., rotational Crossing, tcrminal crossine;, 
rota-terminal crossintỊ, all aimed tow ard  improvcd 
brccdinụ; stock. Genetic im provem ent by selcction 
for spcciíìc hcritablc traits has been affected by the 
dcvelopment o f  períbrm ance testing programs (both 
Central and on -farm ). T h e  rate o f  genetic im p r o v e -  
m ent in any particular trait is dctermined by fòur 
factors: intcnsity o f  sclcction, accuracy o f  selcction, 
genetic variability for the trait, and generation inter- 
val. Progrcss can be rclativcly rapid for niost hcritablc 
traits in swinc because o f  the short gcncration intcrval 
(1 year) and the wide genctic variability in most o f  
the cconomically im portan t  traits, i.e., grovvth rate, 
body  leanness, and cfficicncy o f  fced utilization. Sig- 
nificant devclopment o f  statistical procedures has 
gone into m odcrn  gcnetic cvaluation o f  swinc brccd- 
ing stock. Proccdures such as thc swinc testing and 
genetic cvaluation system (STA(IES) arc used to assist 
purebred brccdcrs in evaluating their swine and in 
decisions relatcd to their individual brccding plans. 
As such systcms arc acccpted and uscd by the indus- 
try, the thcory o f  quantitative genctics finds valuable 
practical application. [See  Anim ai.  B r e e d in g  a n d  G e -
NETICS. I

Rapid advances in molecular biology havc created 
new opportunitics for genetic im provem cnt in swine. 
The functional basis for genetic variation in economi- 
cally im portant traits, such as g row th  and lactation, 
relates to horm ones, enzymes, and various intracellu- 
lar processcs. Progress is underw ay in elucidating the 
genetic code for directing synthesis o f  speciíìc pro- 
teins. It is possiblc to trace segregation o f  genctic 
íactors prcviously not observable as they are transmit- 
tcd between generations. Howcvcr, the complexity 
of thc proccsses complicates progress, bccause many 
D N A  combinations codc for many different proteins 
involved in the many body  proccsscs. The  locatiou 
and identihcation o f  simple gcnetic codes for mạjor 
proteins ultimately wi]] allow greater manipulation o f  
these major s^cnes. Recom binantly derivcd hormones 
and other metabolitcs are already used to enhance 
lean grovvtli and production. As an cxample, porcinc

somatotropin prođuccd tro 111 Esclicrichea coli bacteria 
is ctíective in incrcasimỊ leanncss and is sate tor usc 
in swine production. Transgcnic animals produccd 
by thesc transícr techniques have also becn produced,
c.g., transgcnic swinc w ith  high som ato trop in  pro- 
duction; hovvcvcr, associatcd chantỊes in other nieta- 
bolic proccsses in tlicse transgcnic animals havc dis- 
couragcd commcrcial application o f  the tcchnoloe;y 
to datc.

V. Nutrition and Feed Formulation

Feed represents 55-85%  o f  the total cost o f  com m cr-  
cial swine production, dcpending mainly on the rela- 
tivc costs o f  feed, labor, and housing in a particular 
casc. Thcrcíorc, the to rm ulation ot' mitritionally bal- 
anced diets must be bascd O I 1  sclcction o f  economical 
as well as initritious feed ingrcdicnts. Swinc have a 
digestive system with limitcd ability to utilize cellu- 
losic and othcr tìbrous fccds; thcreforc, they are in 
dircct competition vvith hum ans for availablc food 
supplics. The degrec o f  competition is rclatcd co cul- 
tural ditTcrenccs in tood prcíerenccs. For example, 
vvhcat and potatocs are not usually fcd to swine in thc 
United States, as thc dcm and for hum an  consum ption  
holds the price too hitíh, but in o ther parts o f  the 
world thcse crops arc com m only  fcd to swine. Similar 
relationships exist for o ther crops in o ther parts o f  
the w o rld . [SíT Feeds a n d  F e e u in g .|

A. Nutrient and Energy Requirements
Nutrient (deíincd as any chcmical entity rcquircd by 
thc animal to mect metabolic Iiecds) and encrgy rc- 
quircments for swine corrcspond closcly w ith  those 
required by humans. The  kn o w n  rcquirements o f  
swine follow:

Watcr.
Patty aáds. Linoleic and arachidunic acid arc requircd 
and somc fat (0.06% of dict) is needcd for absorption 
ot fat-soluble vitamins.
Proteitt. Proteins arc probably not required as such, 
except in nconates who receivc ininiune proteins intact 
trom milk; the ability to absorb these proteins from 
thc intestinal tract lunicn is lost during the tĩrst 2 days 
after birth. Of approximately 25 amino acids in nature, 
the fo!lowing are considered indispcnsablc for swinc 
bccause they arc not synthesized from othcr 
mctabolites in body tissues and therctore must be 
included in the dict: arginine (for í;rowth only), 
histidine, isolcucinc, leucine, lysinc, mcthioninc (50% 
rcplaceable by cystine), phenylalanine (30% replaceable
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Berkshire boar 1’ i c t r a i n  g i l t
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by ty ros inc) ,  th rco n in c ,  t rv p to p h a n ,  and  valinc. T h e  
remaininiỊ amino acids are consideređ dispcnsablc 
(noncsscntial) because they are synthesizcd in thc body 
t ro n i  n o n sp ec i t ic  sou rces  ot' n i t ro g e n  and  o th c r  
m ctabo li tes .  T h u s  tlic total  p ro te in  r e q u i r e m e n t  can be 
met by including adequatc amounts ofall õ f  the 
inđispensable amino acids plus suííicient nonspeđíìc 
s o u r c c s  o f  nitroiỊL ’ 11 in th e  d ie t  to  s y n t h e s iz e  th c  n o n -  
cssọnrial a m in o  acids.

Fíiiert>y (C a lo rie s). Ca lories  can be supplicd  by tat 
(9 C a l /g )  o r  c a rb o h y d ra te  (4 C a l /g )  o r  by  the 
brcakdovvn of protcin (5 Cal/g). 
túu. A l thouíỊh  the caloric  densi ty  oí fat is a b o u t  2.25 
t im cs  that  o f  ca rbohydra te s ,  m o s t  SWÌ11C’ tceds are h igh 
in ca rb o h y d ra te s  and !ow in tats.
Carbohydratc. T h e rc  is no  p ro o t  that  c a rb o h y d ra tc s  are 
rcq u ired  as a sourcc  o f  cncriỊv, b u t  sincc all natural 
tcedstur ts  con ta in  so m c  c a rb o h y d ra te ,  it b cco m es  an



acadcm ic  quest ion .  I f  a d ie ta ry  r e q u ire m e n t  exis ts ,  it is 
as glucosc.
Vitamins. T h e  fa t-so luble  v i tam in s  arc A, D ,  E, an d  K. 

T h e  w a tc r - so lu b lc  v i tam in s  are biotin ,  cholinc  
(rcplaccablc by  m eth io n in e ) ,  tolic aciđ, niacin (n icotinic  
acid), p a n to th e n ic  acid,  riboAavin, th iam in ,  v i ta m in  
B 6, v i tam in  B p ,  v i tam in  c  (ascorbic acid), inositol,  
and p a raa in in o b cn zo ic  acid (PA B A ).  B io tin  and  
v i tam in  K re q u irc m e n ts  are n o rm al ly  m c t  by  m ic rob ia l  
syn thesis  in  the  larẹ;e in test ine,  b u t  w h c n  c o p ro p h a g y  
is p revcn ted ,  as in sw in e  raised in c o n í ìn e m e n t  in 
sla tted f loor pens,  defic iencies havc bccn  reported .  
V i tam in  c  syn thes is  in thc  b o d y  n o rm a l ly  m eets  thc  
metabolic rcquirement for thc vitamin, except in 
y o u n g  pigs e x p o sed  to the  stress o f  early  vveaniniỊ. 
ỉnorganic Elements. Elements requircd in lar^c amounts 
(niajor elements) includc calcium, magncsiuni, 
p h o sp h o ru s ,  p o tass iu m ,  sod iun i ;  e lem en ts  r e q u ire d  in 
small ainounts (niinor clcincnts) include: chlorine, 
cobalt  (as a c o n s t i tu e m  o f  v i ta m in  B 12), co p p cr ,  iodinc,  
i ron ,  m anganesc ,  se lcn iưm , su l tu r  (as a c o n s t i tu e n t  of 
sultatc, and  o f  th iam in ,  m c th io n in e ,  cystine ,  and  
severa l o t l ic r  o rg a n ic  c o m p o u n d s ) ,  and  zinc.
I S e  í' A n i m a i .  N u t r i t i o n ,  N o n r u m i n a n t ;  A n i m a i .  

N u t r i t i o n ,  P r i n c i p i . e s .  I

B. Life-Cycle Feeding
The quantitative nutrient rcquirements ditTcr for each 
productivc tĩinction, i.e., growtli, pregnancy, lacta- 
tion, and maintcnance. The daily am ount o f  swine 
fced is adjusted to accomniodate thc spccial rcquirc- 
mcnts o f  each physiological stage, and the composi- 
tion o f  the diet is changed to match the physiological 
ĩieeds at cach stagc. The protein (amino acid) require- 
mcnt, cxpressed as a percent o f  the diet, is hi^hcst in 
the nconate and declines tỊradually with agc. Growiníí 
swine are normally fed ad libitum , so the protcin con- 
centration in thc diet is rcduced as body wei^ht in- 
creascs and concentrations ot' other nutrients are also 
adjusted dow nw ard  du rin g the growintỊ pcriod. Ex- 
pression o f  nutricnt rcquircments as a percent ot diet 
allows the tbrmulation o f  diets designed to mect all 
nutrient rcquiremcnts for g row th  w hen thc diet is 
offcred ad libituni. In mature animals, body weight 
must be controlled to avoid obesity by limiting daily 
fced allowance, exccpt in lactation. Lactating sows 
require lartỊC cnergy intake to accommodate adcquate 
milk production and are normally fed ad libiiuni.

Commercially preparcd diets are tormulated to 
mect spccihcally dctìned periods o f  the li te cycle: ^es- 
tation, lactation, prevveaning, g row ing períod (early 
postwéaninsỊ), íìnishing pcriod (latc postvveaning), 
and nonpregnant, nonlactatinm tcmales, and males.

c. Feedstuffs
A broad array otYeed resources is availablc worldvvide 
from which to formulate balanced diets for all stages 
o f  the life cyde. Feedstuffs can be classiíied broadly 
accordin^ to their mạịor contribution o f  nutrients to 
the total diet.

Energy sourccs. Carbohydrates are the most abundant 
fo r m  o f  e n e rg y  in plants and, as such, are the  m o s t  
w id e ly  available sources  o f  e n e rg y  for sw in e  fceding. 
G ra in s  and  their  b y -p ro d u c t s  are  thc  m o s t  im p o r ta n t  
sou rces  o f  c a rb o h y d ra te s .  Each o f  thcsc sources o f  
encrtỊy also supplícs  im p o r ta n t  a m o u n ts  o t  p ro te in ,  
v i tam ins ,  and  ino rgan ic  e lcm ents .  T he  m a jo r  grains 
used in sw in e  fecd ing  arc corn  (maize), so r g h u m  
(milo),  barlcy,  Oats, rye, w h ca t ,  triticalc, rice, and 
thcir  distil lcry a n d  m il l ing  b y -p ro d u c ts .  T h e  a m o u n ts  
o f  thcse  b y - p r o d u c t s  availablc in a particular  reg ion  arc 
governcd by the way in vvhich the respective crops are 
util izeđ  t o r  h u ra a n  c o n su m p t io n .  For exam p lc ,  rice, 
the  m o s t  im p o r t a n t  c rop  in Asia, is a staplc to o d  for 
billions of people, but a variety of by-products of the 
m ill ing  p rocess  supplies  large quan ti t ies  o í  ricc bran  
a n d  screen ings  fo r  sw in e  íecd ing .  Likcwise, w h c a t  bran  
and  o th c r  sccd coat  fractions are  av.iilablc as b y -  
p ro d u c ts  f ro m  the m il l ing  process  f’o r  sw in c  íecd iug  in 
th e  U n i te d  States. Uoots  and  tubers ,  i n d u d in g  cassava 
a nd  po ta tocs ,  as wcll  as bananas,  plantains, sugar  
bects,  and  their  P ro d u c ts  are m a jo r  sou rces  ot ' c nergy  
for sw in c  fceding in m a n y  rcg ions  and cane molasscs,  
citrus and citnis pulp, and many other high- 
c a rb o h y d ra te  p lan t  Iiiaterials are  uscd in sw ine  
p ro d u c t io n  th r o u g h o u t  the  w o r ld .  H o u seh o ld  k i tchen 
\vastes and  to o d  d iscardcd  f ro m  hotels, restauran ts ,  
and  in s t i tu t io n s  c o n t r ib u te  addit ional  a m o u n t s  OẾ 
e n e rg y  a n d  o t h e r  n u tr ie n ts  to svvinc productio i) .
Animal tats, including tallovv. lard, and fish oils as 
well  as v cgetab le  fats f ro m  such  plants as co co n u t ,  
so y b ean ,  co tto n seed ,  maize, satĩlovver, sesam e,  and 
o th c rs ,  a re  b y - p r o d u c t s  o f  o th e r  tood  and  industr ia l  
uscs and  are used  in sw ine  fecding.
Protein sources. N e x t  to  en erg y ,  p ro te in  is thc  nutrient 
class needcd  hy  sw in c  Ĩ11 the  largcst a m o u n t .  A vvidc 
v a r ic ty  o f  p r o te in  s o u r c c s  is available f r o m  b o th  p la n ts  
a nd  animals .
A n im a l proteins. B y -p ro d u c ts  o f  abat to irs  inc lude  m eat  
meal,  m ea t  and  b o n c  meal, b lo o d  meal, fish meal, 
s h r im p  mcal.  krill  nieal,  h a tch ery  vvaste, íca th e r  meal,  
a n d  an im al and  p o u l t ry  wastos, while  d r icd  w h e y  
c o m e s  f ro in  cheesc  plants. Atl are util ized in sw in e  
t*eeding.
Plant proteius. Oilsced meals are the most important 
p lan t  p ro tc ins  in sw in c  fecding. T hcse  meals arc b y -  
p ro d u c ts  o f  p lan t  oils ex trac ted  for h u m a n  
c o n su m p t io n .  Soy b can  niL-al is by  tar the  g rea tes t  
so u rc e  o f  p lan t  p ro te in  uscd in thc U n i ted  States and  in 
m a n v  parts  o f  the  w o r ld .  O t h e r  im p o r ta n t  plant



protcin supplemeiưs rcsultiriíỊ from fat cxtraction arc 
coconut nical, Cóttonseed nical, linsccd mcal. pcanut 
mcal, canola nieal, rubbcrsced meal, satHovvcr mcal, 
scsamc meal, and sunflower nical. Scveral grain 
legumes providc signitìcant amounts of protcin uscd in 
svvine production. These include whole soybcans, dry 
beans, kidney beans, muníỊ bean, lima bean, chick pea, 
cow pea. pitỊcon pea, and field pca; thcir use íor swinc 
is normally conhned to sources not meeting standards 
for human consutnption. Leẹumcs whose veẹetative 
parts arc used tor swinc tccding include alíalía and 
swect kipin.
SùiỊỊle ccll protein (SC P ). Single-cell protein sources,
i.e., ali»ae, bactcria, íungi, and ycast, are unđergoiniỊ 
th o ro u g l i  inves ti i ĩa t ion  tb r  n u t r i t io n a l  va luc  and satctv  
tor human and animal consumption. Sonic of these 
SCPs arc grovvn 011 such hydrocarbons asn-alkenes and 
mcthanol. Othcrs, e.g., ycast and fun(ỊĨ, are EỊrovvn 011 
sultĩte-vvaste liquor, a wastc product of the wood 
pulping inđustry. Bluc—green algac, Arthrospira 
platcnsis, can be grown succcsstully on swine effluent. 
All ot thesc SCP sources are liigh in vvell-b.ilanced 
protcin and can be produccđ in largc quantitics on 
waste matcrials or by-products of othcr proccsses. 
Syntlietic amino acids. For niany ycars the fcL‘d industry 
had purc lysine and methionine availablc from 
microbioloiỊÌca] p r o d u c t io n  at priccs c o m p c t i t iv c  íb r  
use in swine íecds in limitcd amouncs. Now, íĩcne- 
splicine; tecliniques are available to mass-producc thcse 
and othcr aniino acids microbiologically. These 
breakthroughs in biotechnology should providc the 
basis for greater usc of synthctic amino acíds and a 
rcduction in convcntional plant and animal protcin use 
in tuture svvinc production.
Inorạanic elemcnt and vitamin sources. Most cnergy and 
protein sourccs provide some vitamins and inorẹanic 
clements but usually it is nccessary to bala.nce the dict 
vvith specific sources of thẹsc csscntial miiior 
ingredicnts. Common salt is addcd to almost all swinc 
diets as a source of  sodiutn and chloride. Calcium and 
phosphorus sources incluđe bone tneal and products 
such as dicalcium phosphatc and rock phosphatc; 
oystcr shell, limestone, and gypsuni are common 
sourccs of calcium, but devoid of phosphorus. Most 
plant cncrgy and protcin sources arc marginal or 
deíìcient in calcium and thc phosphorus is present 
lar^cly as phytic acid phosphorus which is poorly 
utilized by svvinc. Thereíòre most swine dicts niust be 
suppleniciucd vvith both clements. Othcr inorganic 
elcments usually dcficient in coramon ingredients arc 
iodine, iron. selcnium, and zinc. Commercially 
tornmlatcđ svvinc tccds usually contain inorgamc salts 
ot thcse tracc clcments plus manganese and copper to 
ensure atỊainst dcficiency. Synthetic sources o f  vitamins 
provide the opportunity to supplcment svvinc dicts 
vvith purc vitamins to supplcment thosc provided in 
encrsỊỴ and protcin sourccs used iri che dict. Inclusion 
in the dict of a variety of fccdstuffs of plant and animal

origin madc it possiblc in earlier times to avoid scrious 
vitamin and inorganic elcmcnt dctìcicncics, bctorc the 
iden ti t ics  and m c tab o lic  ũ m c t io n s  ot thcsc  m itr icn ts  
werc rccot;nized. III lỊeneral, animal Products and 
(Ịreen íoratỊCS arc S ịo o đ  sourccs ot'vitamins and minor 
elements. As svvino production has movcd to 
conhnement rearin^, the opporcunity tor ingestion of 
these esscntial nutricnts from forages and soils has 
dccreascd, addintỊ to the importancc of dietary 
supplcmcntation with purc sourccs of  these nutricnts.

VI. Swine Diseases

M any intcctious, mctabolic, and nutritional discases 
atTcct swinc. Sonic o f  the iníectious diseascs, e.g., 
brucellosis, lcptospirosis, crysipclas, and tubcrculo- 
sis, are o f  particular siạ;nifìcance because the organ- 
istns arc pathoiỊcnic to humans. All o f  thesc zoonoscs 
are treatable in humans; thcir importancc in svvine 
production makcs their control o f  high priority. M et-  
abolic and nutritional diseases o f  swine, a lthough o f  
lcss im portance from  a public hcalth standpoint, rc- 
quirc continucd survcillance in hcrd healch programs.
Ị S c c  A n i m a i .  D i s e a s e s . Ị

A. lnfecỉious Diseases
The practicc of vctcrinary medicine has gradually 
evolved from a major ÍOCLIS on trcatm cnt o f  diseases 
in individual animals to emphasis on prevcntivc hcrd 
hcalth maintcnancc in whicli the vetcritiarian and 
swine producer w ork  togcther in applying m odern  
principles of' diseasc prevention and control. The 
com m on  infectious discases o f  swine are gencrally 
divided into bacterial, viral, and mycoplasmal dis- 
eases. lm portan t  bacterial diseases includc H aem ophi-  
lus infections, causing pleuropneum onia, polyscro- 
sitis, and arthritis; Pasteurella pncumonia; tìordctella 
infections, causing rcspiratory discascs, including 
atrophic rhinitis (whose ctioloíry may also involve 
Pasteurella and possibly othcr agcnts); tuberculosis; 
swine dysentcry; salmonellosis; colibacillosis; masti- 
tis; ervsipelas; leptospirosis; brucellosis; strcptococcal 
diseases; anthrax; and clostridial intections. lm portan t 
viral diseascs inckidc swinc influcnza, transmissiblc 
gastrocntcritis, pscudorabics (Aujoszky’s discase), 
hotỊ cholera, AtVican svvinc fever, sw ine pox, porcine 
adenovirus, porcinc cntcrovirus, porcine cytom ega- 
lovirus, too t-and -m ou th  discase (aftosa), swine 
vesicular disease, vesicular stomatitis. vcsicular 
cxanthcma, porcinc rotavirus; rabies, reovirus, con- 
t;enital trem ors, cncephalomyocarditis, porcine en-



dcmic diarrhea, Japanesc encephalitis, porcine parvo 
virus infcction, and swine iníertility and rcspiratory 
syndrome (SRIS). Important mycoplasmal diseases 
ínclude Mycoplasma pneumonia, Mycoplasma ar- 
thritis and Mycoplasma polyserositis.

Internal and external parasitcs impcde productivity 
in thc absence ofappropriate  control programs. Small 
intestinal parasites, Ascaris suuin (roundvvorm), Stron- 
ạyloides rattsoini (threadworm), and TrichineUa spiralis 
(trichina); largc intestinal parasitcs, Trichuris SIIIIIH 
(whipworm), Oesophaạostưmưm  spp. (nodular worni); 
and luntỊ {M etastrongylus specics) and liver (Fas.ciola 
hepaticà) parasites all advcrscly affcct svvine health. 
Thcy can bc controlled by judicious usc o f  anthelmin- 
tics and by íỊOod sanĩtation. C om m on  external para- 
sites arc Sarcoptcs scabiei (sarcoptic manĩỊC mite) and 
H aem atopinus siiís (lotise). These parasites are con- 
trolled by extcrnal application o f  insecticides or by 
systemic application ofiverm cctin  which also Controls 
internal parasiccs.

Irnprovemcnt o f  animal pertbrmance through ciis- 
casc control is increasịngly recognizcd as an important 
cơmponent o f  eíĩicient swinc production. Control 
and trcatmcnt by medication is costly. Acquircd im- 
munity is achieved for protection from many inícc- 
tious discases by vaccination and othcr forms ot im- 
rminization. N cw  approachcs to vaccinc production, 
such as vaccines produced bv recombinant D N A  
(gcnc splicỉng) technolotỊy, arc availablc, c.g., toot- 
anđ-moutli discase vaccine and pscudorabies vaccine, 
and others should be torthcoming.

Swine prođucers, particularly those involvcd in 
purcbrcd or seedstock production, routinely intro- 
duce new brccding animals into their hcrds. These 
introduced animals are potcntial sources ot inícctious 
discase. For ca ch spccific pathogen, choiccs must be 
niadc for thc best control proiĩram to prcscrvc herd 
hcalth. Matiy herds arc derived and maintained as SIJF 
(speđtìc pathoíỊCn-íree) entcrpriscs by removinq pigs 
from the rnother by surgery and raising thom in labo- 
ratory conditions bcíore thcir introducđon into the 
hcrd as tuturc brccding stock in ordcr to break thc 
infcction cyclc for many patho^cns. Brccdintĩ stock 
is not the source o f  all pathogcns; many pathogens 
arc transmitteđ by rodcnts, birds, pcople, and evcn by 
feed, dust particlcs, and aerosol suspensions. Tratíìc 
control even to thc point o f  requiring employees and 
visitors to shovver and chantỊc clothcs beforc entry 
into the facility is bccoming commonplace in large 
swinc production tacilitics.

B. Metabolic and Nutritional Diseases
Swinc arc atTcctcd bv a largc array o f  mctabolic disor- 
dcrs ot importancc in commcrcial pork production.

Some o f  these, includiníT gastric ulcers, osteoporo- 
sis, ostcochondrosis, photoscnsitization, and porcine 
stress syndrom e (PSS), havt' their counterpart in h u -  
mans and other animals, and rcsult in significant eco- 
nomic losses. Genetic and cnvironm cntal variables 
share in contributing to these disordcrs, and hus-  
bandry and íccdinụ; may modify their incidence and 
scverity. Marginal lcvcls ot onc or m ore nutrients are 
contained in most h o m eg ro w n  feedstuffs no t tortified 
with commercial sources o f  vitamins, mincral ele- 
ments, and protein. These marginal deíicicncies arc 
manitcstcd as reduced g ro w th  or efficicncy ot tecd 
utilization, oftcn so slight as to go unreco^nized.

Frank dcíiciencies o f  scveral speciíìc nutrients arc 
associatcd vvith spccific typical clinical signs, c.e;., zinc 
(parakeratosis), iron (baby pig anemia), sclenium, and 
vitamin E (hepatosis dictctica, m ulberry  heart dis- 
casc), calcium, phospliorưs, or  vitamin D (osteoporo- 
sis, rickets), calc iu tn-phosphorus ímbalance (fibrous 
ostcodystrophy), and niacin (necrotic enteritis). Tox ic  
effccts ofspecific nutrienrs arc o f  somc practical con- 
cern, c .g .,  skdctal abnormalities in new born  piglets 
from sow s tcd cxcess vìtaniin A duriníí early gesta- 
tion; calcification o f  soft tissues in pigs fed cxcess 
vitamin D  or dicts containing plants that contain ac- 
tive mctabolites o f  vitamin D; liver đamage and dcath 
in pigs fed cxccss coppcr com m only  fed to p rom ote  
grow th .

M ycotoxins (toxic mctabolites ofscvcral íungì that 
conim only  intcct grains and oilseeds) are a scrious 
thrcat to svvine rcproductivc tunction and grovvtli ot 
young  pitís. Contam inated feed can be fcd saícly onlv 
if dilutcd with uncontaminatcd fecd or by the inclu- 
sion in the diet o f  agents such as zeolitcs and othcr 
aluminosilicatc mincrals that may dccreasc thc ab- 
sorption o f  the toxins from the digestivc tract.

VII. Production Systems

Swine production has evolvcd to be a primary enter- 
prise on m any tarms as a nicans ot' converting pro- 
ccssed fecdstuffs and brccdin^ stock rcsourccs into 
m arkctablc pork products. T he  concept ot a “ systenis 
approach” analotỊơus to the production o f  goods in 
o ther industrics has become im portan t in commercial 
pork production. M odcrn production often occurs in 
cnvironmentally  controlled tacilitics vvith automated 
fced dclivery and manurc disposal (Fig. 6). This tech- 
nolot^y rcquires highly skillcd personnel and carcíul 
rccord kcepinc; and cost accountintĩ. The major con- 
trollable inputs arc the breeding systcm, thc breeding 
stock, thc tecdstutTs, and the tormulatcd diets. The 
ou tpu t  trom the production systcm dctermincs the



FIGURE 6 E n v iro n m en ta llv  co n tro llcđ  total a>iihiKMiu’nt u n it kccp s p igs ind uors chrou^hout tho litc cyclo . (Ueprintccỉ, w ith  p erm ission . 
í rom  S õ c n t it ìc  A n ieric .n l. M ay. 19N3.1



income to offset costs and possibly a marsỊÌn o f  proht 
for thc enterprise. Incomc is detcrrnined by num ber 
o f  animals niarkctcd, wci^ht ofeach animal, and valuc 
(price received) per unit weight. Thus, brieHy stated, 
the profitability o f  the enterprise is determined by the 
cfficiency o f  the production system in integrating the 
inputs and outputs to maximize cffidency and over- 
coming the effects o f  extraneous íactors such as cli- 
mate and diseasc. Environmentally controlled facili- 
ties and effective diseasc control proíỊrams have 
cvolvcd in response to the nced to minimize the im- 
pact o f  thcse variablcs on animal productivity.

Lite-cycle íeeđing systcms that addrcss the chane;ing 
nutritional rcquirements o f  swine during spccific 
stages o f g r o w t h ,  rcproduction, and lactation, couplcd  
vvith  lc a s t - c o s t  d ic t  íormulation b y  C o m p u te r , havc 
becn dcveloped. Also, the application ofgenctic princi- 
plcs to sclcct for cconomically important hcritablc 
traits, 0 . 1»., lean tissnc^rowth, fccdutilization, reduccd 
fat accrction, and rcprođuctivc efficicncy, has bccn in- 
tcgrated into the plan and đesign o f  pork production 
systems.

Management o f  the pork production systcm re- 
quires appropriate approachcs to the cxecution o f  thc 
plan (construction and adaptation o f  physical facilitics, 
financial arrangements, laborsupply, fccd íormulation 
and dclivery, manure disposal, genctically deíìned 
brccding stock, SWÌ!1C husbanciry, markct outlct); ad-  
iustmcnt to uníoresecn occurrcnces (changes in fccd 
supplies or costs, changcs in markct priccs or options, 
disease outbrcaks, availability of' ncw technolo^y); 
problem identification; and problcm rcsolution.

The accumulated knovvledge acquircd over niany 
ycars o f  research on thc rcproductivc and grow th  
bioloqy o f  thc piiỊ has providcd a data basc to allovv 
the collcction o f  the knowledgc in thc form o f  a sct 
o f  Computer protỊrams to simulate thc numerous al- 
ternativc courscs o f  action in pork production and 
predict the likely outcome. Thcse Computer sirnula- 
tion models, tOiỊcther with manacỊenient information 
systems, providc potential supporc to thc managcr’s 
dccision making. Such computcrized systems, tcrmcd 
integrated decision support systcms (IDSS), currently 
arc in use in several countrics in rescarch aimcd toward 
SỊUÌding pork production.

VIII. The Future of Swine Production

A. Consumer Demand for Pork
The deniand tor pork anionu; consumers in thc United 
States has incrcased in proportion to population

g row th  during the past 50 years; in 1992, 7.8 rnillion 
rnetric tons o f  pork werc produccd to meet the per 
capita demand for approximatcly 31 kg. A lthough 
the United States ranks third, behind Mainland China 
and the European C o m m u n ity  (which includes Bel- 
gium, Luxembourg, Denm ark, France, West Ger- 
tnany, Greece, Ireland, Italy, Nethcrlands, Portugal, 
Spain, and United Kingdom) in annual pork  produc- 
tion (Table II), imports ot pork in 1992 exceeded 
exports (29,300 and 185,000 metric tons, respec- 
tively). This importation put the United States third 
bchind only Wcst G erm any and the ío rm er  Sovict 
Union in total pork imported am ong countries o f  thc 
vvorld.

Pork consuniptiơn in other parts o f  the world con- 
tinucs to increase, particularly in developing countries 
where pcr capita incotnes arc im proving and stimulat- 
ing greater consumption o f  animal Products. Per cap- 
ita consumption ot pork in 1992 was highcst in Den- 
niark (f)5.8 kt»), followed by Swedcn, Poland, 
Gerniany, Spain, and H ungary, all with consum ption 
greatcr than 40 kg pcr capita; by Taiwan, H ong  Kong, 
Singapore, Francc, Canada, and the U nited  States, 
with valucs bctvveen 30 and 39 kg; and by thc United 
Kingdom, China, Japan, Korea, Australia, and the 
former Soviet U nion, with values ranging from 15.6 
to 18.5 ktỊ. Mexico and Brazil consưmed 9.5 and
6.9 kg pcr capita, respcctively, and all o thcr countries 
consumcd lcss. Prọịections by thc United Nations of 
hum an population g row th  indicatc that total popula- 
tion will, cxccpt for the most conscrvativc sccnario, 
equal or excced 10 billion by 2030.

Svvinc production is closely tied to grain consump- 
tion, which is by far the lars>est single com poncnt o f  
tỊlobal agriculturc. Global consumption o f  all grains

T A B LE II
Top 10 Pork-Producing Countries in Thousand Metric 
Tons, 1992°

1. C hina, M ainland 26 ,330
2 Europcan C o in m u n ity — 12* 13.735
3 U n ited  States 7 ,8 1 6
4 Form cr S ov ic t U n io n 4 .875
5. Poland 1,998
6. Japan 1 .430
7 Canada 1,20(1
8. Brazil 1 ,150
'). T aiw an 1,120

10. M ex ico 830

‘‘ Carcass svciiỉht equivalcnt. 
h Europcan C o in m u n ity — 12 in đ u d e s  B r lg iu tn -  
L n x cm b o u rsỊ ,  D c n m a r k ,  Francc,  ( ĩ e r m a n y ,  G reccc, 
I reland,  Italy, N eth erlan d s, Spain, U n ited  K in gd om , 
and PortUỊíal.



has i*rown at an annual rate o f  1.6% sincc 1979. It is 
Lissumed that this rate vvill continuc to 2030, resulting 
in a dotiblinị' o f  total consum ption o f  grains (human 
tbod  and animal fced) to 3.3 metric tons in 2030. Morc 
than  90%  of thc total grovvth in grain consum ption is 
p rạjec tcd  to bc in tho developing countrics, mostly 
in Asia. The  coarsc grains, e .ẹ .,  maizc, so r"hum , and 
niillct, are projccted to incrcase niorc rapidlv (3.2%) 
than the principal tood  grains, i.c., whcat (2.3%) and 
ricc (1.3%). The reason is thc hi^h income elastiđty 
o f  dem and for mcat and other animal Products, tor 
vvhich thc coarsc grains are Ếecdstutĩs. Incrcascd land 
area dcvotcd to coarsc and food grain production and 
increased yiclds per hcctarc will bc requircd to mcct 
thcse projcctcd nccds. Ultimatcly, thc loniỊ-term fu- 
ture  o f  swinc production  likcly will be dctermincd 
not only by the degree to which pork is prcíerrcd in 
the dict relative to altcrnative foods, but by constraints 
in iposcd by agronom ic, ecological, cconomic, and 
dcnioi;raphic forccs cxternal to bioloíỊÌcal cliaracteris- 
tics o f  the pig.

B. Animal Performance
For che torcsccablc íuturc, animal períorniancc will 
im prove  for most o f  the rclcvant traits ot' econoinic 
im portancc in pork  production. This secms prcdict- 
ablc, based on rapidly devcloping technology in all 
aspccts o íb io lo g y  and engineering, c.g., rcconibinant 
D N A  tcchnology for production o f  nutricnts, vac- 
cincs, and nictabolic modulators; íỊcnctic manipu- 
lation including a d v an ccd  m cthods in population  

iỊcnetics and in transgcnics; application ot nutrient 
repartitioning aiỊcnts such as porcinc somatotropin  
and f i  ađrenergic agonists to im proved grow th , lacta- 
tion, and rcproduction; ncw vaccincs and other dis- 
ease control procedurcs; reíìnements in dcsign and 
m anagcm cnt o f  pork production systems that max- 
imize production; and markcting ettìciency. As the 
knovvlcdge basc o f  nutritional rcquircments for each 
phasc o f  the lifc cyclc enlarges, íurthcr reíìnemcnts 
vvill be macic in tailoring nutrient intake to age, gen- 
der, tỊcnetic m akeup, and body composition.

The usc o f  rccom binant D N A  technology will has- 
ten thc cost-cfFective substitution o f  intiividual amino 
acids into the diet at appropriate levels and combina- 
tions to enliancc cfficiency o f  u;rowth and will save 
signifìcant am ounts  o f  traditional high-protein sup- 
plemcnts. R ecom binant i )N A  techniques also will 
find incrcascd application in thc prođuction o f  hor- 
moncs, digcstive enzymcs, grovvth tactors, and othcr 
mctabolitcs to bc administered in thc Ếeed or othcr 
dclivery systems, c.ẹ;., subcutaneous implants to im-

provc loan tissuc i»rowth. As the usc o f  nutricnt rcpar- 
titioning agcnts such as porcinc som ato trop in  and fi  
adrcncrgic aiíonists incrcases, thc rcsulting im provc- 
m cnt in lcan tissue accrction will stimulatc recvalua- 
tion o f  the nutricnt rcquircments ot these animals and 
may sie;nal a turthcr incrcment ot' im provcm ent in 
ovcrall pork production cíĩiciency. Females and malcs 
may be houscd separately during the fmishina; pcriod 
and dicts specially tailored to thcir diffcrint» nutrient 
Iiceds will bc fed. As tcchnology tor  supprcssinu; scc- 
onđary  scx charactcristics (objcctionable odor in the 
meat) o f  intact boars is refined, thc usc ot boars rather 
than castratcs for pork prođuction vvill bc com m on 
in the United States as it already is in m any othcr 
countries to capture thc innatc superiority of thc intact 
boar to che male castrate in g row th  ratc and lean tissuc 
production.

The devclopmcnt and use o f  nonconventional and 
nevvly idcntificd sources o f  energy and protein from 
plants and animals t'or usc in íecding svvine will 
continue, and su ch crops as grain amaranth, several 
sced lcgumes, and íorages may tìnd lỊrcatcr use. 
Blue—grcen algac, ycasts, and bacterial cells ^ row n 
Í11 culturc may bc gcnctically ernỊÌncered to produce 
fced resourccs w ith spccitìc desircd nutrítional co m - 
position. As the knovvledge ot' intcstinal microbial 
populations and largc intestine pliysiology in the pig 
cxpands, greatcr utilization ot'feedstufis high in ligno- 
ccllulosc and othcr fcrmentabk’ substrates may bc 
forthcom ing. The identification o f  new  niicrobes 
vvitli hitỊh ccllulose-splitting ability that thrivc and 
com pctc  wcll in tlic niilicu o f  thc largc intestinal 
cnvironm ent may creatc tlic opportun ity  tor new 
íeeding stratcgies 111 arcas vvhcrc convciitional high- 
conccntratc tcedstutYs arc scarce o r  cxpensive duc to 
their his^h dcm and for hum an consum ption.

c. Animal Well-being
Socictal concerns about the well-bcing ot' animals 
havc escalatcd in reccnt ycars and these concerns havc 
cngendered heightencd attention by food aninial pro- 
duccrs to the impact o f  production practices on their 
animals. Practices that have received the m ost atten- 
tion in animal a^riculture are those rclatcd to spacc 
and restricteđ m ovcm cnt. In svvinc production, the 
restraint o f  sows in gestation stalls and farrowing 
crates has bcen b rough t into question in this rcgard. 
Farrow ing crates first camc into usc as an efìfective 
means o f  protccting piiỊlcts from  injury and death 
caused by crushing or overlaying by the mothcr. This 
and m ost otlier husbandry pracciccs vvcre developed 
to reduce costs o f  production and im prove the com -



t o r t  a n d  p r o d u c t i v i t y  o t  th c  a n in m l .  l t  h a s  b c c o m c  
incrcasingly acccptcd by pork prođucers and othcrs 
associatcd vvith tlic industry tliat pií^s (and othcr tarni 
animals) arc scnticnt creatures with the capacitv to 
su t ĩc r ;  it f o l l o w s  th a t  t h o s e  \v o r k i i i íỊ  w it h  pitỊS h a v c  

a moral responsibility tor thcir \vcltarc, a concept 
accepted by most pork produccrs for niany ycars. 
The Farm Animal We!tart' Council ot thc United 
Kingdom in 1993 descnbeđ thc hvc trccdoms ot farm 
animals (inđudiní* pitỊs) as treedom trom  lHUHỊer, 
thirsr, and malnutrition; trccđom from discomtort; 
íreedom froni paiii, injury and diseasc; trccdom to 
cxprcss normal behavior; and treedmn trom tear and 
distrcss. Implicit in tliis dcscription is tho acccptancc 
o f  the moral rcsponsibility to provide piịTS with ;i 
rcasonablc quality of litc and a himiane đcath. Tliis 
implies obliirations for cnsuriniỊ vvdl-bciniỊ dunntí  all 
o t l i íe ,  includiníỊ; transit to slautỊlitcr and death itsclt.

It is clear that the sustainability ()f pork procluction, 
asidc troni rcsourcc-relatcd constraints, vvill in the lom; 
tcrm be determincd by coiisumer acceptance ot pork. 
The dcgree o f  acccptancc vvill bc dctcrmincd hy con- 
sumcr pcrccptions not only o f  thc product itsclt, but 
o í theconditions under which it vvas produccd, includ- 
ing an assurancc ot acccptable animal well-beiniĩ.

Limited knovvlcdiỊc conccriiing thc inipact ot the 
e n v ir o m n c n t  a n d  h u s b a n d r y  p r a c t ic c s  OI1 a n im a l  v v c ll-  
bcing has curtailed an eíTective rcsponsc by svvinc 
producers to the concerns raiscd by tliose w ho havc 
c h a l lc n g c d  t h e  a c c e p ta b il it y  OẾ c u r r e n t  p r o d u c t io n  
practiccs. Research runding to answcr biological qucs- 
tions ofanimal vvell-beine; is novv emcrginíỊ and scvcral 
im portant questions necd to bc addrcssed: What are the 
scientific measures o f  svvine wcll-beiniỊ? H ow  do thc 
behaviors o f  SWÌ11C vary in diff'crent environnients? 
Hovv are thcir rcsponses afft’Cted by gcnetic and envi- 
ronmental tactors? H ow  do animals utilize diíYcrcnt 
am ounts and kinds o f  space in rclationship to group 
sizc and composition? What are the appropriatc indica- 
tors o f  strcss, pain, and sutTeriniỊ, and how arc they 
measured? All o f  thcse and Iiiany more rcsearchablc 
qucstions must bc addresscd to provide adcquatc intor- 
mation for fair and iníbrmed legislative decisions and 
sound public education. Issucs o f  animal vvcll-beiniỊ 
will continue to rcceivc greatcr attcntion by rcscarch- 
crs, consumcrs, and producers as intcnsivc pork pro- 
duction systcms bccomc morc prevalcnt around thc 
world.

D. Environmentai Stability and 
Ecological Balance

Swine production, likc all o f  animal aụriculture, must 
be approached in such a vvay as to proniotc environ-

mcntal stability and ccolo^ic.i! balancc. Intcnsivc 
svvinc prodnction potentially may havc nciỊativc ct- 
tccts OII thc cnvironmcnt. O dors  produccd by svvine 
íormcrly vvcnt rclativcly unnoticcd, but cncroach- 
mcnt o f  atỊriciiltural areas by hunian activities, C.IỊ., 
residential expansion. has created conccrns about air 
pollution; pollution ot \vatcr by svvinc vvastc run-ott 
must bc controllcd bv appropriate đesign and placc- 
nient ot'intcnsivc s\vinc production tacilities. A major 
asỊricultural impact 011 water qualitv oritỊÌnatcs trom 
crop production vvliich requires fertilization ot soils 
vvitli inoru;anic and organic (mamire) materials and 
the usc o f  herbicides and pesticides. Broad a\vareiiL'ss 
ot these problcms has avvakcncd ctYorts to devise sys- 
tcms o f  swinc production th.1 t climinatc the ncíỊativc 
impact o f  tliese practiccs 011 tlic environment, C.ÍỊ., 
ctTorts to rcducc tlic 11SC ot dicmical pcsticidcs and 
hcrbicides by iỊcnctic nianipulation o f  planrs to ini- 
provc resistancc to inscct pcsts and discases, advanccd 
mcthods o f  niamirc manaiỊcmcnt, and Iiutricnt preser- 
vation to rcduce nitrates in the watcr supply. IScc  
A n im a i.  W a s t e  M a n a c k m e n t .  I 

Tillagc and irritỊation practiccs have contributcd to 
soil erosion and vvatcr pollution, and a contìict be- 
tvvccn aiỊricultiirc (incUidinĩỊ pork production) and 
the lnunan populntion for Lise o f  availablc watcr. Soil 
and watcr conservation proiỊrams and croppiníỊ prac- 
ticcs, C.ÍỊ., irrigation. cropping mcthods, and pasture 
and rantỊC nianatỊcmcnt, must bo tied closcly with 
svvine production mcthods, c.tỊ., wastc inanatỊcmcnt, 
tced rcsourcc allocation, and tacilities design. The 
nccds and LỊoals o f  swinc production nmst be adaptcd 
to fit on a local and global basis vvithin thc broad 
context o f  agricultnre, torestry, raii(;cland, and ani- 
mal ecoloiỊÍcal systems and must adapt to  đem o- 
graphic chan^es 111 tho hum an population. The intcr- 
rclationships am ong svvinc production, production o f  
otlier aninials and crops, and thc hunian population  
in compctin^ t'or available resources must bc tuned 
in the íuture. more than cvcr before, to the preserva- 
tion o f  environmental quality and ecological balance, 
The maintcnancc ot this delicate balance is attainablc 
it the research needcđ to improve s\vinc production 
systems and provide sound infonnation at all levels 
tor iníormcd decisions can be done and thc m torm a- 
tion can be etTectivcly transmittcd.
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Glossary
C o u n te r v a i l i n g  d u t y  TaritY iniposed by the im-
porting  country in rcsponsc to export dumpiiKỊ by 
exportcrs (i.c., the exportcr either sclls bclovv cost o f  
production or sclls abroad at a price bclow that 
charged in the hom c market)
L a r g e - c o u n t r y  t a r i f f  O ne  which can make thc im- 
porter better otT. Bccausc therc is a “ terms o f  tradc 
cfft 'ct,” the producer gain plus the govem m en t rcve- 
nuc effect is lariỊer than the consumcr cost in tlic casc 
ot an optimal tariff
O p t i m a l - r e v e n u e  t a r i f f  Sct by t h e  governm ent to  
maximizc governm ent ta r ií ĩ  revcnue from imports; 
this tariff  has the cffcct o f  restricting tradc evcn more 
than for the optimal Iarge-country tariff 
S m a l l - c o u n t r y  ta r i íT  O ne  vvhich makes the im- 
porting  country  vvorsc o f f  sincc the producer gain 
plus the govcrnm ent revenuc collected from the tariff 
is smaller than the consum cr cost o f  tlie taritT duc to 
h i^her priccs
T a r i f f  Policy instrum ent which drives a price wccit;e 
bctwecn what the exportcrs reccivc and what thc im- 
portcr pays

T a r i t f s  and Trade can bc đeíìned as a branch o f  
economics dcaliniỊ with thc thcory and measurcment 
of intcrnational protcction. The theory applics to 
m anutacturing as wcll as to agriculturc; however, thc 
cmpirica! contcnt o fth is  articlc applics only to agricul- 
turc. From  thcory, One can easily deduce why certain

producers and othcr spccial intcrest groups lobby for 
tariffs.

Alniost cvery nation protccts its I n d u s t r i e s  from 
íòreign competition. O ne  such protectionist instru- 
m ent is thc tariff. This is an instrument used by im- 
porters ot' a spcdfic commodity; it drives a wedge 
bctwccn cxport and im port priccs. For example, if a 
country imposes a dollar per pound ta r ií ĩ  on becf 
imports then, excluding all othcr íactors such as trans- 
portation costs, tlic pricc in the exporting nation is 
onc dollar bclow the price producers reccive in the 
importintỊ country. Oftcn thc term “ d u ty ” is useđ 
interchangeably with the conccpt o f  tariíY, and these 
tcrms will be uscd interchangcably in this discussion. 
First, wc explorc the thcory o f  taritTs and then exam- 
ÍIIC Sonic e m p ir ic a l  d a ta  r c la t in g  t o  their im p o r ta n c c .  
TaritTs arc widcsprcad. Espccially in agriculture, tar- 
iffs— along with certain nontariff  barricrs such as quo- 
tas— havc, for inany years, stalled global trađc negoti- 
ations under the General Agreement on Tariffs and 
Trade  (GATT).

I. Tariff Theory

There are many types o f  tariffs. Those o f  major im- 
portance are discusscd below and are: small-
country  tariffs, brt;e-country tariffs, optimal-revenue 
tariffs, gcneral equiỉibrium tariffs, countervailing 
duty, effcctive tariff rates, and scientiíìc tariffs.

A. Small-Country Tariffs
The following demonstration assumes that a small- 
country im portcr can iniposc a tar iffw ithout affecting 
the pricc chartỊcd by the cxporter. N orw ay , for exam- 
plc, can establish taritTs and quotas on applc imports 
without aíĩccting the prices chargcd for applcs by



exporting countries. The followin(Ị demonstration is 
bascd on this assumption. In Fig. 1 thc supply tor 
applcs is s  while the dcmand is D. At a wor)d trcc- 
tradc price o f  p„,, thc nation imports Q iQ t o f  apples; 
domestic production is Qi while consumption is Q 2.

Suppose the country imposcs a tariíT o f  size T .  
What arc the eíĩccts? (1) Price riscs in the irnporting 
country from p„, to p , . (2) Intcrnal production in- 
crcascs from Q, to Q , \  (3) Dcmand dccreascs from 
Q 2 to Q-)'. (4) Imports are rcduccd to Qị'Q-/.  As a 
result o f  the tariff, producers in the importine; country 
gain (measurcd by area P|Í)/)P„,), consumers losc (mea- 
sured by area Pịyit-P,,.), and thc governmcnt gains tariít 
rcvenuc (mcasurcd bv area R  or aa'lic). As measurcd 
in conventional economic tcrnis, there 1S a net cost 
trom the tariíĩ  o f  the two cross-hatched arcas 
{abc + a 'b 'd ) .

As with many o f  thc dcmonstrations to follow, 
tariffs bcncfit produccrs in importinq countries aloniỊ 
with thc aiỊra-business complcx that both sclls inputs 
to agriculture and markcts thc final product. This is 
why producers and the cntirc agra-business complcx 
lobby (and are usually quite succcssful) tor tariff pro- 
tection. [ÒVí’ M a c r ơ e c o n o m i c s  oh WoiíLi) A g r i -
CUl.TURE.]

B. Large-Country Tariffs
Largc countrics may atTect cxport prices vvhcn thcy 
imposc taritTs. For examplc, as a major importcr ot 
fresh grapes, the United States might vvell forcc dow n 
the cxport pricc o f  grapcs from Chile by incrcasing 
the tariff as dcmand in the United States falls. This 
can rcsult in net cconomic gains in the importiiiíỊ 
country. Consider FiíỊ. 2. Suppose a taritĩ ot í" is 
introduced. Unlike the small country casc, the export 
price is afFectcd by the taritT. The price íaciniỊ thc

F IGU R E 1 l a r i r t s  Í11 th o  s m a l l - c o u n t r v  C.ISC.

D

Q

F IG U R E  2  Tari tTs in  th e  la r t í e -c o u n t ry  casc.

importing consum cr incrcases, causing demand to 
drop; howevcr, it' thc pricc íaciniĩ thc exportcr re- 
maincd thc samc and the export supply vvas 1111- 
chantỊed, an export surplus vvould bc crcatcd. Bccausc 
tho exportcr’s exccss supply schedulc (which shows 
the am ount available tor cxport at various border 
prices) is npvvard sloping, thc price must drop to 
p *  to cquatc supply and dcmand in the exporting 
country. ỊStr Prices.]

Thcre arc cascs whcre a taritTcan result in nct eco- 
nomic gains. N ote  that the govcrnm cnt collccts the 
entirc cross-hatchcd area as taritTrevcnnc. It, plus the 
produccr gain, niorc than oíTscts the loss to consumcrs 
as a rcsult o f  thc tariff. Thus, taritTs result in a net 
cconomic or social welfarc íỊain in thc iniportinu; 
country.

An “optim al” tariff  is onc that maximizcs sơcial 
wclfarc (produccr gain plus tariff rcvenuc minus con- 
sumcr loss). This is achicvcd when the duty-paid pricc 
is the samc as thc pricc at thc intcrsection point ot 
the demand curvc D  with thc sum ot s  and thc m ar- 
ginal outlay curvc o f  the tbreign excess supply curve. 
This typc o f  ta r i t ĩ  can lcad to a welfarc gain bccause 
the importcr is excrting “ m o n o p so n y ” povvcr against 
thc cxporter.

O íten  taritTs arc variable in naturc. For cxample, 
instcad o f  the íìxed taritT t" in Fie,. 2, supposc the 
govcrnmcnt in the importint; country wantcd to 
maintain the intcrnal produccr pricc at p ,,but supplies 
in thc cxportintỊ country Auctuatcd bccausc ot 
vveather. In responsc, the im porter would  adjust the 
tariff lcvel (i.e.. it vvould usc a variable lcvy).

The abovc assumes that the cxporter docs not retali- 
atc cvcn thouí^li the cxporter is harmcd by the taritt 
(notc carlicr that cxport priccs tell as a rcsult ot the 
taritT). The im portan t situation which emcriỊCS with 
taritTs is that thc am ount vvhich the ìmporting  couiurv



sT.úns is lcss than w hat the exportimỊ countrv ioses. 
This is vvhy írom  a LỊỈobal perspective, vvhcrc both 
im portcrs  and cxportcrs arc takcn into account, frec 
tradc is optimal.

c. Optimal-Revenue Tariffs
G ovcrnm ents  do usc tariffs to advertently collcct rev- 
cnue trom  imports. The  tariff which maximizes Gov
ernm ent revenuc is gencrally no t  one o f  those show n 
carlicr. Conceptuallv this tariíT is set so thc govcrn- 
m cnt can exploit both cxporters and domestic  con- 
sumers. In Fig. 3 the excess supply curve is E S ,  while 
E D  is the excess dem and curvc for thc im porter. U n -  
dcr frcc tradc, the w orld  pricc is p„. and Q„, is im - 
portcd. The  optimal tariff rcferred to earlier is t" 
(vvhcrc the maririnal outlay curvc, M O , crosses the 
cxcess dcm and curve), which results in im ports  bcing 
rcduccd to Q". Hovvever, this is no t thc o p tirm l rcvc- 
nue tariír. It is P| — P-> per unit o f im p o r t  (determined 
by thc interscction o f  M O  and M tt  vvhere the lattcr 
is the marginal revenue schcdule to H D ) .  The  tariff 
rcvenue collectcd is P ialìP2. N o tc  that im ports  are 
Q *, vvhicli arc bclow those undcr the optimal tariíĩ.

D. General Equilibrium Tariffs
The etTects o f  taritTs can also be show n  for morc 
than onc country  (Fig. 4). T he  aggrcgatc production 
possibility for aíỊriculture and m anufacturing is repre- 
scnted by X |X 2. At rclativc priccs (terms o f  trade) 
represented by p |, thc ou tpu t o f  manutacturiníỊ is M ,  
vvhile A  o f  agriculture is produccd. This is undcr no 
tradc. At frec tradc, thc relativc price is P-). O u tp u t  
of agriculture incrcases to/1 bu t production  o f  m anu-
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facturing decrcases to M . Welfare is improved undcr 
free trade (C-> which indicates consumer welfare lies 
above C|).

A tariíT causcs production to fa.ll bctwecti the free- 
trade and no-trađc points. For examplc, for a tariff 
which changcs the terms o f  trade to P y  agricultural 
ou tpu t  is /4(1 and M it rcprescnts manuíacturing output. 
This tariíY is vvcltare im proving (C3 lies abovc Co).

In all the cascs whcre tariffs arc WL‘lfare improvine;, 
the im portant assumption is that the tradiníí partncr 
does not rctaliate. U nder cxtrcmc rctaliation, tariffs 
can be welfarc reducinụ; since, at thc extrcme, tariffs 
w ould  bccome trade prohibitivc.

E. Countervailing Duties
Border disputes often arise over accusations o f  uníair 
tradc. O ne  form is dum ping  where an cxporter sells 
to an importer at a price below the cost o f  production 
or sclls abroad at a ]ower price than it charges its 
domestic customers. For example, in Fig. 5, total 
supply in the exporting country is S q . The demand 
in thc exporting country is D j, while the demanđ in 
the im porting  country is D f. N o w , if  the exporter 
sells quantity Q *  at a price p *  in the hom c market 
and Q * *  at p * *  abroad, cxport dunipina; occurs. The 
im portcr  (vvhosc demand is D ị) can retaliate with a 
countervailing duty (e.g., D"). This will cause the 
cxporter not to pricc discriminatc, at which time thc 
im porter  will remove thc duty. The resulc will bc 
írcc tradc rcsulting in price p ' .  Less is shippcd abroad 
than beforc (Q"instead o fQ * * )  and m ore  is consumcd 
domestically.

E S

Q* Q °  Q w

F IG U R E  3 T h o  op t im . l l  rcvcnuc ' ta rif f.



FIGURE 5 E xport tlum ping and retaliation.

F. Effective TariH Rates
A distinction is usually madc betvveen “ nominal tar- 
iff” rates and “ effective ta r i t ĩ” rates. The above dis- 
cussion has focưsed OI1 nominal tariffs since only tar- 
it'fs 011 the íìnal product arc considered. Whcre inputs 
ýf!to production are tradcd and t;ưiffs are also levicd 
OI1 the importation o f  these inputs, thc tariff structurc 
for thc cntire industry has to be considcred. The ratc 
o f  protcction to the industry is callcd the “ effectivc 
protective ratc.”

The nominal tariff ratc can bc mislcading in cases 
wherc taritTs are imposcd on rclated raw matcrials 
or intermediate products. As a result, thc traditional 
nominal tariff rates may not give an accurate picturc 
o f  the extent o f  protcction aíĩbrdcd any given industry 
or thc hcight o f  the average tariff o f  a country.

G. The Scientiíic TariH
A scientiíìc tariff structure includes noneconomic ;ir- 
guments for protcction; however, it is difficult to 
reconcile thc conAicting objectives o f  protection in a 
singlc scientific tariff structure. TaritTs are used to 
promote noncconomic objcctives o f  various kinds 
through their ínAucnce on domcstic production and 
consumption o f  certain products. Examples o f  thc 
many taritts classiíìcd as scientific includc the tol— 
lowing:

1. A taritT to p ro m o tc  national self-sufficiency and 
independence.

2. A taritT to p ro in o tc  diversit ìcation and 
industriaIization o r  aiỊriculturaliz.it ion.

3. A cariíT to p ro m o te  a vvay ot litc.
4. A t a r i t ĩ t o  increase m ili tary  prcparcdness.

5. A b a rg a in in g  tarift.
6 . A taritT to p r o m o te  ío o d  sccuri ty .

Each o f  thcsc tariffs have associated costs and bene- 
fits. Considcr, íor example, a tariff to p rom ote  a way 
o f  life. This, along with other arguments, has been 
used to support high prices for farmers in the Euro- 
pean C o m m u n ity  (EC) and in Mexico. As Barkema 
noted,

T h e  M ex ican  g o v e r n m e n t  has a lo n g  trad i t ion  o f  safc- 
g u a rd in g  the  in tc res ts  o f  the  natiorTs largc n u m b c r  ot' 
small  fa rm ers .  A b o u t  a th i rd  o f  the  M cx ican  p o p u la t io n  
live in rural  areas,  a n d  a b o u t  3 ío u r th  are e m p lo y e d  in 
p ro d u c t io n  ag r icu ltu re .  T h e  p r im a r y  ob jec t ive  o f  M c x i-  
can ía rm  policy is co b o o s t  in co m e s  to sm all  tarm ers ,  
th c reb y  m in im iz in g  rural un rcs t  and  slovving the  pace ot 
m ig ra t io n  to  M e x ico  C i ty  and  o th e r  c ro w d e d  u rb an  
arcas. A n  im p o r t a n t  c o m p o n e n t  o f M e x i c a n  ta rm  policy  
is rc s tr ic ting  im p o r t s  o f  lo w  cost  fa rm  p ro d u c ts  f ro m  the 
U n i ted  States and  eisevvhere. B y  b lock ing  fa rm  im p o r t s  
at the b o rd c r ,  M e x ica n  farm  policy pushes u p  ta rm  prices 
and incom es.

Whilc farmers beneíit from tariffs, therc are some 
associated costs. O n e  such cost is an increasc in food 
prices paid by thc urban people. These costs, in part, 
motivatcđ M cxico’s entry into the G A T T  and N orth  
American Frcc Trade Agreement (NAFTA) negotia- 
tions.

Some o f  the tariffs listed under thc scientific tariff 
abovc actually fall into the earlier tariff categories. 
For example, a bargaining tariff could fit into the 
category o f  countcrvailing duties, sincc in essencc an 
im porting nation when it imposes a countcrvailing 
duty is retaliating o r  bar^aining witli an exporter to 
removc uníair trade practices.

O f  the tariffs listed, the most popular one appears 
to be the tariff that promotes food security and tồod 
self-sufficiency. Stronc; arguments for food security 
havc bcen made in vicw o f  world  famine and food 
shortages durin^ w ar time. As we wi!l show in the 
empirical section, the problem with such an argument 
is that a policv put in place to achieve food security 
generally ends up rcsulting in excess production. For 
example, food security was an argum ent íor introduc- 
ing a h i^h levcl o f  farm price supports in the European 
Economic C otnm unity .  O ver  timc, because o f  these 
hitỊh supports, thc EC bccame a major exporter of 
tood and found itself in a tood overproduction situa- 
tion, havint; to cxport at hií^hlv subsidizcd ratcs. In 
this example the EC achievcd much m orc than any 
reasonablc de^rec o f  food sccurity or sclt-suthcicncy. 
In other vvords, a food security, selt-sutTicicncv policy



cndcd up w ith  so m c  undcsirablc econom ic consc-  

quences. [ S a '  Woiu.D H u n g e r  AND F o o d  S e c u r i t y .]

II. How Important Are Tariffs?

A. United States and Mexico
For certain Products and countries, taritTs represent a 
signiỉìcant barrier to international trade. Recent U.S. 
agricultural cxport statistics are shown in Fig. 6. Japan 
is the largest im porter, fol]owcd by the EC, Canada, 
and Mcxico. For the 1990-1992 period, U.S. exports 
to  Japan were roughly  $8 billion. The United States 
has been in almost continual negotiation with each o f  
these major trading partners in attcmpts to improvc 
market access. In this scction we considcr the North  
American trade situation and, in thc following sec- 
tion, thc EC situation.

There havc been attcmpts at trade liberalization 
through  the Canadian and United States Trade 
Agrecm ent (C U ST A ) and with the proposed 
N A F T A . T he lattcr seeks to rcmove the numcrous 
barricrs tliat restrict agricultural trade in N orth  
America. T he  primary playcrs in the N A FT A  accord 
have been the United States and Mexico sincc, under 
C U S T A , m any tarm trade issucs between Canada 
and the United States vverc already addrcssed. A 
breakdovvn o f  U.S. farm tradc with Canada and M cx- 
ico is shown in Table 1. Fruits, ịuice, and vcgetablcs 
comprisc thc largest com ponent o f  U.S. cxports to 
Canada, vvhile livestock and Products are che lar^est 
com ponen t o f  exports trom Canada to the United 
States. U.S. cxports to Canada arc sliííhtly greatcr 
than U.S. im ports  from that country. Grains, oil- 
seeds, and products coniprise the largest component
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T A B L E I
U.S. Farm Trade with Canada and Mexico in 1990

U . S .  c x p o r t s

T o  C a n a d a T o  M e x ic o

S I  0 0 0 % $ 1 0 0 0 %

L iv e s t o c k  a n d  P r o d u c t s 8 0 2 ,2 1 6 19 6 6 2 .0 6 K 26

G r a in s ,  o i ls c e d s ,  a n d 8 4 8 .6 0 9 20 1 ,2 8 7 ,4 9 0 50
p r o d u c t s

F r u it s ,  ju ic e ,  a n d  v c g c t a b lo s 1 ,7 0 9 ,3 9 7 41 2 3 7 .0 2 0 9

O t h e r 8 3 7 ,1 9 3 2 0 3 6 7 .0 3 « 14

T o t a l 4 ,1 9 7 ,4 1 5 100 2 ,5 5 3 ,6 1 6 10(1

F r o m  C a n a d a F r o m  M e x ic o

U . S .  i n ip o r l s S1U 0U % SIO O O %

L i v c s t o c k  a n d  P r o d u c t s 1 ,4 9 1 ,8 2 2 47 4 6 6 ,1 9 9 18

C ỉ r a in s ,  o i l s e c d s ,  a n d 7 7 5 ,3 3 4 25 7 1 ,2 9 8 3

p r o d u c t s

F r u it s ,  ju ic o , a n d  v e s Ịc ta b lc s 2 0 8 ,2 1 1 9 1 ,3 4 6 ,3 6 0 52
O t h c r 6 0 5 ,0 1 8 19 7 2 6 ,8 5 1 2 8
T o t a l 3 ,1 5 2 ,3 8 5 100 2 ,6 1 0 .7 0 8 100

K c p r in t c d  w it h  p e r m is s io n  f r o m  A .  B a r k c m a  (1 9 9 2 ). N o r t h  A m e r i 

ca n  F r e e  T r a d c  A iỊr c iM iie n t ,  w li. 1 t is  a t s ta k e  t o r  U . S .  a g r ic u lt u r e ?  
Bcon. Rei’. ỉ't‘d. Reserve Bank Ktinsas City, 3 r d  Q u a r t e r ,  7.

o f  U .S . exports to Mexico, whereas íruits, juicc, and 
vcgetables arc chc largest com ponent o f  U.S. ìmports 
from Mexico. The value o f  U.S. iniports from M ex
ico roughly  equals the valuc o f  U.S. cxports to that 
country.

Mexico uscd an array o f  taritTand nontaritTbarricrs 
to protcct its many small farmcrs from íbreign com- 
pctition, while the United States rcstricted imports 
to protect the domestic horticultural industry and to 
ensurc the safety o f  food imports from Mexico (Table 
II). Mcxico restrictcd the imports o f  U .S. farm Prod
ucts with  im port license requirem cnts and tariffs rang- 
ing up to 15% for graỉn and oilseed products and 
up to 20% for various meat, dairy, and horticukural 
products. The average tariff on U.S. farm exports to 
M exico was in the neighborhood o f  5% in 1992. Note  
that liccnse requirements were also in place and acted 
to cníorce im port quotas. Even though tariffs have 
bccn reduced, licensc requirements remain and are a 
major rcstriction on many o f  the most important U.S. 
farm exports to Mcxico. For example, im port licenses 
tor corn and wheat are not tỊranted until the entire 
domestic  crop is used. Also, im port licenses for hord- 
cultural crops close the Mcxican border to U.S. im- 
ports durinẹ; the Mcxican harvcst season. A combina- 
tion ot' liccnse rcquirements with taritls restricts 
im ports  o f  U.S. poultry and dairy Products.



TA BLE II
Major Restrictions on Farm Trade between Mexico and the United 
States, 1992

Im port rcstrictions iin p osed  by

Products M exico U nited  States

L ivestock 20%  taritY o n  inost D airv and nieat quocas
products pork prođucis

10% tarirt' and liccnsc Tarirts OI1 inany liairy.
roquireincnt on m cat. and pou ltry
p oultry products Products

10-20%  taritT and 1.2% taritì" OI1 li ve
licensc requircm cnt 
on  n iost tiairy 
products

eattle

Sanitarv rcquirem cnts Sanit.ưy rciỊiũrem cm s
Cìrains and í ỉ—20%  tariíT on  n ìost So  m e smull ta ri ũ  s

oilsceds ựrains 
Seasonal 10% tariíVon  

soybcans  
Seasonal 15% ta r iffo n  

sortỊhuni 
Licensc req 11 ircm en ts

H ortia iltu ra l 10-20%  tarirt* Scasonal taritìs up to
products 25%  on  m any trcsh 

veiỊCtablcs
I.icense requircm ents 35%  cariỉĩ on liricd 

on ion s, garlic, 
cantaloupe, u ic lon s  

Pliytosanit.iry  
ro ỉỊu lacion s

Ueprinted w ith  perm ission froin A . Barkem a (IW 2). N ortli A m eri
can Free Trade AịỊroenieiit, w liat is .Ít stakc lor U .S . anriculturc?  
r.con. R a’. /Ví/. Rvscrvi’ liíink Kiitisas City, 3rd Q uartcr. H.

In terms o f  U.S. trade barriers, tariffs are inter- 
tvvincd \vitli stringent technical rcíỊulations 011 tood 
imports which tỊLiard the quality and saícty o f  the 
U.S. food supply. The averagc tariff íacing Mexican 
tarm exports to tlic United States is about 6%, which 
is slightly greater than the avera^e tariff facinEỊ U.S. 
farm cxports to Mexico. Hovvcver, there is one im- 
portant differcnce. Generally Mexican farm cxports 
to the United States are subjcct to rclativcly few quan- 
titative rcstrictions (i.c., quotas or iniport licensing 
schcmes). The U.S. horticultural industry reccives 
the highest protection, vvith an average 8% tariff on 
U.S. imports o f  horticultural products from Mcxico. 
Scasonal tariffs reach as high as 35% and arc asscsscd 
during the U.S. Harvest season.

To hÍ£Ịhlie;ht that taritĩs arc not the only mạjor 
barrier to trađe, quality, Health, and sanicary standards 
also play a promincnt role in rcgulating U.S. imports 
o f  horticultural and livcstock products trom Mexico. 
Tho United States, for example, regulatcs thc use of

farm chemicals on iinported horticultural crops. It 
also niaintains strict health and sanitary standards on 
livcstock product imports, and imports o f  trcsh citrus 
products arc qencrally restrictcd to thosc grovvn in a 
fc\v arcas o f  Mexico cliat havc bcen certiíìed “ tìy t'ree. ”

It is p o s s i b l e  t o  p u t  toEỊCther n u m b e r s  011 t a r i t T a n d  
nontarítT barriers bctwecn Canada and thc United 
States and to sho\v how  thcsc have changed duc to 
C U S T A . Likcvvisc, it is possiblc to tabulatc thc taritĩ 
and nomaritt  barricrs prescnt in atựicultural tradc be- 
twccn the E C  and the United States. As 1S the case 
bctvvcen Mexico and the United  States, tor certain 
p r o d u c t s  t l i c r e  a rc  s i t Ị n i t ì c a m  ta r i tT  b a r r i c r s  t o  t r a d c  
as  vvcll a s  sÌLỊi i ihcant  n o n c a r i i ĩ b a r r i e r s  s u c h  as q u o t a s  
and licensinu; schemes.

B. The United States and the EC
Barriers to agricultural tradc bctwecn thc United 
States and the EC have bcen at the hcart o f  the prob- 
lem to achicvc any resolution under the G A T T . Evcn 
thou^h thcrc have been sevcral years ot tradc ncgotia- 
tions undcr tlie auspices o f  G A T T , thcrc had bccn no 
resoiution as o f  january  1, 1993. T he  United States 
and the EC are inajor competitors in international 
agricultural markcts; they arc also m ajor tradintỊ part- 
ners. The EC accounts tor roughly One tòurth  ot u . s .  
agriculture exports. A sumniary o f  program  supports 
for agriculturc in both thc United States and the EC 
by mạịor commođities is presented in Tablc III. Note 
that tarirts play a role as an instrument tor supporting 
agriculture. For example in the United  States, tariíTs 
play a rolc in supporting the income o f  dairy íarmers 
and o f  livestock produccrs. In the EC, cantTs are im- 
portant for dairy, grains, livestock, and suạ;ar. The 
tcrm “ variablc im port levies” appears in Table III. 
This is simply a variable tariff which movcs up and 
dow u dcpending on markct supply and demand con- 
ditions.

The EC uses variablc levies on ìmports on U.S. 
bcef, vcal, and live animals. The actual levy has rangcd 
from 0 to 114% ot' the basic levy, dependine; on  the 
relation ot' the EC internal prices to what 1S called 
“ guide prices.”

Concerning đairy products in thc EC, buttcr and 
skim milk are purchased at fixcd intcrvention priccs. 
A thrcshold (minimum import) pricc for milk and 
dairy products is eníòrced by variable levics that are 
cqual to the ditYcrcncc betvveen the thresholđ and 
world priccs. Table IV is prcsented to show thc com - 
plcxity o f  agricưltural programs, includint? border 
protcction measurcs such as tariffs for One scctor— the
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TA B LE III
Summary of Program Supports for Agriculture, United States 
and EC

c lo m n in d itv U n ited  States LC

1 ).nrv Pricc supporcs Pricc supports
n u in tu in c ii hv maiMt.ỉincd bv
taritts. lịtiotas. and inỉervcntion
G overnm ent
purchascs.

purchascs.

Cirains 1 )c t ìõ c n c y  p aym cn ts. V ariahlc im p ort lcvics. 
R xport rclìincls. 
P roduction  quoras. 
c 'on su m p tio ii subsidics.

PỈK en titlc in en ts. Pricc supports  
maintainccl hy  
intcrvcntiim  
purchascs.

(.'XX' in vcn tory Variahlc levy.
op era tion s and 
c o n n n o d iiy  loans.

Export rcfunds.

I ivcsrock I3ccf: ta ri tì’ 1)110 ta Bcct pricc  snpports
(c o u n tiT c y c lk a l) . and m a in ta in c d  hy
purchascs (4/Hí>- intcrvcntion
4J/87). puriliascs.

O tlicr: i*L’iKTul Variuble iiuport ỉcv ies
(rcscarclì and and cxport rctuinls
d cv c lo p m cn t,
inspcction).

OI1 all p ro d u c ts .

( )ilseeds (X X ! in vcn tory  
op eration s and 
c o n in io c ỉity  loans.

1 )cfic icncy paym cnts.

Suirar Priit* Mipports. P ricc  su p p o rts  
m a in ta incci b y  
in tc rv c n tio n  
pu rc ỉiascs.

Im port lỊUOtas. V a riab lc  in ip o r t  lcvics. 
Kxport rc tu n d s . 
P ro d u c tio n  q u o ta s .

U eprinted \v ith  p erm ission  from  N c w m a n , M .. Fulton, 1 ., and 
(ìla scr , L. (1W 7). "A  C o m p ar ison  o f  Agriculturt.’ in the U n ited  
States and th e liu rop can  C o m m u n ity .’' E con om ic  Rcscarch Ser- 
v iiv .  U .S . D ep artm en t o f  A iỊriculturc. Forcign A nricultural E co- 
I iom ic  H eport N o . 233, p. 3K. W .ishinj>ton. ! ) ( ’.

ẹrain scctor tor the United States and the EC. Notc  
that the United States does not havc any border pro- 
tcction nieasures for ^rains with refcrencc to thc EC; 
hoxvevcr, thc EC uscs a thrcshold (minimum im port 
priccs) vvhich is cnforced by variablc lcvies which arc 
adjustcd daily to equal the ditTcrcncc bctwcen thrcsh- 
old and vvorld priccs. This  is also applied to thc grain 
contcnt ot processed products. Tablc IV also shows 
tho pricc support and thc production control mca- 
surcs, and the stock and surpkis đisposal nieasures 
uscd in both  countrics. The  EC has high pricc sup- 
ports and its policy docs not constrain atỊricultural

production, althounli rc tonns introduccd in 1992 
souựln to chantỊO this. O n the othor liand, in order tor 
a U.S. produccr to particípatc in tho tarni proi;ram, 
acreaiỊC sct asidcs arc rcqiiircd.

Concerninẹ our carlicr discussion, Iiote that to đis- 
p o s c  o t  s u r p l u s  s t o c k s  t h e  E C  u s e s  c x p o r t  s u b s i d i c s  
vvliich arc set \vccklv as the dittercncc bct\vcen EC 
and \vorld pricc chaniỊcs. For commodities such as 
vvlicat. the EC has movcd tròm a mạjor im portcr to 
a maịor cxportcr. lariỊcly throiiiỊh the maintcnancc of 
hií;h pricc supports usint; variablc iniport levies. This 
has allowcd £ C  tarmcrs to incrcase production sig- 
n i í i c a n t l y .  t h u s  t h e  E C  h as  b e c o m e  o n e  o t  t h c  lartỊỊCSt 
v v h ca t  c x p o r t c r s  in  t h e  \ v o r l d .  ỊòYe C r o p  S u b s i d i e s . ]

III. Case Studies

Thcrc is somc cvidcnce availablc which suíỊtỊCsts that 
ccrtain tariùs discusscd thcorctically lia ve been used.

A. EC Variable Levies
A major study by Carter and Schmitz tcstcd vvhethcr 
the EC vvas pursuintỊ an optimal tariíĩs trategy (m od- 
clcd prcviously in Fií>. 2), vvith its introduction o f th c  
v a r ia b lc  l e v y  Sy stem . It tb u n d  that this vvas an o p t im a l  

taritT stratciỊV, and then: vvcre si^nirtcant economic 
iỊiũns tro 111 sucli a policy. The rcsults arc shown in 
Table V. Howcvcr, thcsc results apply not only to 
thc EC, but to China and the C .I.S ., vvhich arc niaịor 
wheat iniporters as vvcll. As theory suggcsts, there is 
a loss in consunicr vveltare trom the ta r it ĩ  because o f  
liighcr prices; hoxvevcr, this is morc than offset by 
thc ^ain in producer revenuc and by thc gain in im port 
tariff revcnue. N otc  (from Tablc V) that thc gain 
in taritT revenue is lar^er than the gain in producer 
reveiHie. The nct lỊain trom pursuintỊ this stratcgy 
was roughly S3.8 billion.

As pointed out carlicr, taritTs maintained for a long 
pcriod o f  time cncourage ovcrproduction. This is es- 
sentially what happcncd in the European C oram on  
Markct (ECM) vvith rcspcct to wheat production. 
Whcn thc C o m m o n  Agricultural Policy (CAP) was 
introduced (thc early l%()s), the EC vvas a major 
i m p o r t c r ;  b y  th c  e a r l y  199ƠS th o  EC w a s  a m ạ ị o r  
cxportcr aloniỊ with thc United States and Canada. 
The EC leads both Argentina and Australia as a major 
wheat cxportcr. As a rcsult o f  thcsc dynamics, the 
optimal tariff strategy by the EC is no loníỊcr valid 
sincc the EC is now  a net exportcr.
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TABLE V
W elfare G ains to VVheat-lmporting Nations with the 
imposition o f the Optimal Import Tariff

N c t gain
w eltare crtcct s u . s .  m illions

1. L oss in consuniers* surplus - 9 4 3 9
1 G ain in p rod u cers’ surplus 597!
3. Im p ort taritT rcvenu e 7202
4. N e t gain  (3 +  2  -  1) 3734

Sonne. C alcu latcd . c. C arter and A . S ch m itz  (1979). 
Im p ort taritTs and price Ibrm ation  ĨI1 thc w o r lđ  w heat 
m a r k c t . "  Am. / .  A ịtìcuIi. llcữn. 61, 52(1.

B. Japanese Beef Imports
Considerablc  controversy has surrounded thc Japa- 
ncsc becf policy, which has bcen highly rcstrictive in 
a llow ing im ports  ínto the country from the United 
States and elscvvhere. For m any years, thc Japanese 
rcstricted bcef impơrts  th rough  the use o f  an import 
quota. P r io r to  April 1, 1990, the primary mechanism 
used to protcct the domestk ' bcef industry was “ on 
the quantity  of b cc f” which could bc importcd; but, 
on April 1, 1990, the quota vvas replaccd by a 70% 
tariíT. What was tliis t a r i t ĩ to  achicve?

First, the tariíT supports  beef produccrs’ incomcs 
in Ịapan. Second, Japanese bcet prices are much highcr 
than thosc in niany trading nations. Third, the tariíT 
allovvs thc japanesc  govcrnm ent to collect substantial 
incom e OI1 im ports  via caritT revcnucs. Wahl, Hayes, 
and Schmitz tcst thc cxtcnt to which the bccf ta r i í ĩ is  
optimal from  a society standpoint, or vvhcther it is 
used to maximizc the revenuc collecteci by  th e ja p a -  
ncse govcrm nen t troin thc tariff. Intercstingly, a taritT 
in the neighborhood o f  70% was found to maximize 
ẹo v e rn m cn t  revenue (Fig. 4), vvhile one o f  50% was 
closer to inaximizing social welfarc (Fig. 3). Thus, 
the japanese  proposal to lovver tariíĩs to 50% implies 
that they arc m oving  tow ard an optimal social welfare 
position. N o tc  that thc optiinal rcvcnuc taritTis highcr 
than the optimal welfarc tariff, as suggestcđ by 
thcory.

In tcrms o f thcjapancsc,  the ^ovcrnm en t’s bchavior 
is consistent with the hypothesis that thc Japanese 
govcrnm en t acts as a selí-intcrcsted miđdleman. As 
the theory  shows, an optimal revenuc tar i t í  is akin to 
a governm ent middleman, which essentially exerts 
m onopsony  pow er on sellers and m onopoly  povvcr
OI1 buyers. In tcrms o f  the Japancsc bceí taritTs, FitỊ-
7 shows the tarirt 'rcvcnuc as a íunction o f  taritYlcvels. 
As thc íỊraph indicates, thc tar i t ĩ  revenue is rous;hly
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FIGURE 7 Japan: B cet im p ort tariiT revenu es (1993). |W ah l, T., 
Hayes, D., and Schmicz, A. (1992). “T h e  Japanese beet'poỉicy: 
Polirica! prctercnce fu n ctio n M in A gricu lture and Trade in che Pa- 
cific  R im : T o w a rd  the T w cn ty -F irsr  C en tu ry ” (C o y le , w .  T .,  
H ayes, n . ,  and Y am aưchi, H ., ed s .) , p. 303. W estv iew  Press, 
B o u ld cr /S a n  Francisco. I

at a m ax im um  for tariíTs that range between 70% and 
100%.

c. Canadc-United States Potash Dispute
The tlicory o f  a countervailing duty and its impact, 
as discusscd prcviously, has been applied to several 
agricultural cascs, includiniỊ the potash dispute be- 
twecn Canada and the United States. Potash is a mạịor 
fcrtilizer com poncnt used in U.S. agriculturc, and 
Canada is a mạjor supplicr. O n  10 Fcbruary 1987, 
tw o American tìrms (Lundberg Industries o f  Dallas, 
T X , and N cw  Mcxico Potash Corp. o f  Mcniphis, 
T N ) filcd a lawsuit against several Canadian prođuc- 
crs for dum ping  potash 111 the United States at prices 
which were alleged to bt' 43% below the cost o f  pro- 
duction. In 1987 these tw o firms accounted for lcss 
than 15% o f  the potash consumcd in the United 
States. T he  suit was filcd th rough  the U.S. Depart
ment o f  C om m crcc  and the U .S. International Trade 
Com m issíon. The International Tradc Comrnission 
agrecd on  3 April 1987 that therc was uníair price 
discrimination and on 21 A ugust 1987 thc United 
States announced preliminary dutics on Canadian pot- 
ash. Canada did respond by raising prices by ovcr 
30% and adjustcd production accordingly. In re- 
sponse, the United States removed duties on potash 
entcring the U.S. markct. What were the etTccts?

The users o f  potash in the United States stood to 
losc becausc potash priccs were raised as a result ot' 
thc court action brou^ht by American potash produc- 
crs. O n  thc othcr hand, potash producers stood to



gain froin thcir legal pursuit. Ironically, the U.S. 
farmers in this case lost mu ch more from the lc^a) 
transaction than what the U.S. potash producers 
gained. This was because the U.S. produccrs essen- 
tially were rcceiving a subsidy íxom the Canadian 
Government on potash bcing produceđ in Canada and 
shipped into thc U .S. market. U.S. potash producers 
gaincd roughly S13 million, Canadian potash produc- 
ers gained roughly $108 million, and U.S. íarmers 
lost roughly $70 million (Table VI). The net eíTect 
from the countervailing duty was positivc-both  for 
Canada and the entire N or th  American markct (ap- 
proximately S51 million).

D. TariHs and Quotas
As the earlier tables suggcst, quotas arc used extcn- 
sivcly to rcstrict imports. In the United States, for 
example, these are com m on for sugar and peanuts. In 
Canada, they arc commonplace for supply-managed 
Products such as eggs and poultry. Quotas differ from 
tariffs in at lcast One im portant respect. U ndcr a tarifF, 
financial benefits flow to the govem m cnt 111 the form 
o f  tariff revcnues but, undcr im port quotas, the fi- 
nancial beneíits m ore often flow to exportcrs in the 
form ofh igher  prices. Therc arc exceptions, however. 
In the Japancse beef case, when quotas werc in placc 
prior to their replacement with tariffs, the Japanese 
collectcd thc quota rents, Hovvever, in the U.S. sugar 
case, the quota rent actually is retained by cxporters 
o f  sugar to the United States. In Canada, the importcr 
quota rcnts arc received by privatc importers such as 
retailers and food processors.

Therc has been a general move to replace quotas 
with tariffs, as has becn thc casc for Ịapancse beef. 
Table VII shows Canadian iinplicit tariffs (i.e., the 
cquivalent tariíT that wouId raise thc border price to 
the intcrnal quota price) on chicken imports. These 
cases are roughly equivalcnt to the protecdon aíTordcd 
by existing sugar quotas. At times the implicit tariff

TA B LE VI
Effects of U.S. Potash Countervailing Duties

U .S . potash producers + s  12.9 niilLion
Canadian potash producers +  S108.4  m iU ion
U .S . farm crs —s  7(1.4 m illion

N c t  e í ĩcc t  + s  50 .9  m i l l io n

Soune. P icketts, V. J., Schm itz . A ., and S c lim itỉ, 
T . G . (1991). Rcnt seeking: T h e potash d isputc be- 
tvveen Canada and the U n ited  States. Am. J. AiỊriiult. 
Econ. 7 3 , (2). 2 5 5 -2 6 5 .

TABLE VII
Canada: Chicken Prices and Implicit Tariffs in the 1980s

Year
C am d ian
priceJ

U .S .
price*1
c s / k g

T  ransport 
cost'

Im plicit 
tarứt (%)

1980 1.662 1.207 0.Ơ94 29.9
1981 2 .007 1.225 0 096 56.0
1982 1.955 1.193 0 .0 9 8 55.6
1983 2 092 1.340 0  098 48.8
1984 2 .286 1.594 0 .1 0 4 36.9
1985 2 .032 1.534 0.110 25.3
1986 2 .182 1.744 0 .111 18.8
1987 2 .082 1.390 0 .1 0 6 42.1
1988 2 .115 1 527 0 .0 9 8 32.1
1989 2 .478 1.535 0 .0 9 4 55.3

Smirce. M oscliin e, G ., and M cilke, K. D . (1991). TaritTication vvith 
supply  m anagem ent: T h e case o t the U .S .—C anada chicken tradc. 
Can. /. A^ricult. Econ. 3 9 , 61.
a W holesale price in O ntario . Source. A gricu ltu re  Canada.
* U .S . 12-city  w h o lesa le  price. Source. U S D A  (expressed  in C ana- 
dian currcncy). 
c Source. see tcxt.

exceeds 50%. If G A T T  is resolved in linc with currcnt 
proposals, Iiot only will “ tariffication” ot'quotas pro- 
cecd, but also tariffs will be lowercd ovcr time.

IV. Condusions

In conclusion, we prescnt some cmpirical cvidence 
on the eíTects o f  trade libcralization in agriculture. 
These results arc for removal o f  no t only tariff barricrs 
but also nontariff barriers, including quotas. Thus, 
thc results overstate the economic impacts o f  remov- 
ing tariff barriers. N um erous large-scale modcls have 
bccn developed to estimate thc impact o f  frec trade, 
and these models were devcloped largely in response 
to the G A T T  negotiations.

A. The Organization for Economic and 
Cooperation Development (OECD)

According to the O E C D , the world market etTects 
o f  trade libcralization by com m odity  are as fol]ows.

IVhcat T h e  price rises 18% and production increases 
0.5%. W o r l d  trade dcclines 1.5%.

Rice  T h e  pricc rises 21%  and  p ro d u c t io i i  increases 1%.
W o r ld  trade  increases 37 % . 

ĩ-eed í>rains T h e  price  rises 11% a n d  p ro d u c t io n  incrcases 
2 % .  W o r ld  trade  dcclincs 5% .

B ovine and ovine meat T h e  price rises 17% and  
p ro d u c t io n  increases 3 % .  W o r ld  trad e  j u m p s  35% .



D tìiry  T h e  pricc riscs 3 1 %  and p ro d u c t io n  increascs 
2% . W o r ld  tradc lịoes up  to  13%.

O ìlic r  ttnimứl p ro iiit ĩií T lic  priccs arc unchantỊcd  and 
p ro d u c t io n  riscs 1%. W orId  t rađ c  incrcascs 17%.

Pivtán /i■<•(/.( The pricc rises 13% and production 
increascs 2 % .  W o r ld  cradc riscs 5% .

B. The Tyers and Anderson Model (TA)
According to TA, thc w orld  pricc and trade effects 
o f  i n d u s t r ia l  m a r k c t  c c o n o m v  l i b c r a l i z a t i o n  o n l y  011 

agricultural markcts are:

ÍYIiCíĩt T h e  w o r ld  price riscs 2 %  and  tradc  dcclines 1%. 
Coiirií’ Ịrniiií The world pricc increases 1% vvhilc the 

trade riscs 19%.
R ia ' T h e  pricc rises 5 %  and  track' incrcascs 32 % .
Reẹl T h e  pricc increases 16%  vvhilc thc tradcd a m o u n t  

rises 195%.
Porli and /hVilrry T h e  price  rises 2 %  and t rade  incrcascs 

18%.
D iiirỵ  T h e  price  ju m p s  2 7 %  and  t rade  increases 9 5 % . 
S i i Ị i i r  T h e  price  increascs 5 %  a n d  tradc increases 2 % .

c. Food and Agricultural Policy Research 
Institute (FAPRI)

Gcnerally the FAPR1 resulcs are niuch higher with 
respect to trade libcra!ization than the rcsiilts from 
thc otlier studies. Signiíicant changes arc cxpected to 
occur vvitliin the EC itscir whcn it implements a 15% 
sct-asidc requirement and lowcrs intcrvcntion priccs. 
Undcr tliis C A P retorm alone, FAPRI cstimates that 
whcat priccs will increase som ewhcrc in the neiạ;hbor- 
hood o f  18%, com 11%, barlcy 8%, soybeans 12%, 
and soybean oil 23%. Hovvcver, only m inor changcs 
will occur in soybean meal, becf, pork, poultry, and 
dairy.

The impact o f  tradc libera]ization is signitìcant, es- 
pecially with respcct to world priccs for agricultural 
comrnodities. Sonic commodities are affcctcd more 
than othcrs; this is clcarly thc result o f  the levcl o f  
protection that currently is afforded various com m od- 
itics. Estimates o f  thc cfFccts o f  libcralizing trade dif- 
fer. This is not surprising, íỊÍven the complcxity o f  
international markcts and thc shitdng dynamics ot 
thcir intcraction. But almost all ot the estimatcs con-

cludc that cliiiiinatint; all taritTs and othcr trade barri- 
crs would im prove thc w or ld ’s cconomic condition. 
Howevcr, vvhcthcr produccrs wou!d ỉỊain from treer 
trade dcpcnds on the typc o f  prođuct produccd and 
th c  lev c l  o f  í Ị O v e r n m c n t  s u p p o r t  t h r o u ^ h  s u c h  m e a -  
surcs as dctìciciicy programs. In the United States, 
some tann  iỊroups would losc froni free trađc (if all 
tarm support measures wcre removed) because the 
positive pricc ìncrcase cttect (rom  liberalized tradc 
would be less than thc negative effect caused by thc 
reduction ÍI1 various torm s o f  nontarití  eovernm ent 
support.
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Glossary
H a r v e s t in g  in d e x  Ratio o f  cconomic yield and total 
biological yicld. The harvcsting indcx o f  tea plants 
varies according to the location, it gcnerally ranges 
between 7.5 and 14.7%, compared with 30% or more 
for otlicr crops
P lu c k a b lc  s h o o t  Tcrminal bud o f  the tca shoot that 
dcvelops to attain the pluckable maturity; plucking 
Standard o f  the  sh o o t  is determ in ed  accordirte; to  thc  
different kinds and građes oftca; shoots w ith  one bud 
and tw o  to three lcavcs arc generally pluckcd and 
ready for manufacture
T e a  p o ly p h e n o l  O ne  o f  the im portant componcnts 
constituting the tca quality; it is a mixturc o f  polyhy- 
droxy phcnolic com pounds existing in tca plants; 
main components include catcchins (Aavanols), fla- 
vones, Aavonols, anthocyanins, and phenolic acids

T c a  plant (CamcU ia sinensis) oríginated in the south- 
wcst part o f  China, and has been cultivatcd for morc 
than 3000 years. N o w , tea plants arc cultivated in 54 
countrics around the world. Nearly onc-half o f  the 
population in the world  consumes tea. Tea, coffce, 
and cocoa are the threc m ost popular beverages in the 
world.

I. Development of the Tea Industry

The discovcry and utilization o f  tea originated duriníí 
the “ S h en -N o n g ” cra o f  ancicnt China, arounđ 5000

to 6Ơ00 years aíỊO. Originally, tea was used as a medi- 
cine for various ills; it can bc traced back to the “ Xi- 
H a n ” era (200 B.C.). Tea production has been devel- 
o p c d  r a p id ly  s in c e  thc Tang d y n a s t y  (618-907 A .D .) , 
and has bccn acceptcd as a bcverage; howcver, tea 
has achicved popularity in other parts o f  the world 
only since the middlc o f  the 17th centưry. C o inm er- 
cial cultivation o f  tca gradually cxpanded to Indone
sia, India, and Sri Lanka until thc middlc o f  the 19th 
century. T he tca cultivation history in Atrica is rela- 
tively short. The first recorđ o f  cultivation in Africa 
is in 1850; hovvever, the tea indastry was devclopcd 
until the middlc o f  the 20th century. N ow , tea plants 
are distributcd worldwidc ranging from 42° N to 33° 
s. It is now  grow n commcrcially in tropical and sub- 
tropical regions o f  Asia, Atrica, and South America, 
and also in lirnited areas in N orth  America and Austra- 
lia. In 1990, the tea-growing area in the world 
am ountcd 2.45 million ha, total output am ounted 2.51 
million tons, and green tea comprised about 21% o f  
the total. The avcrage yield per unit area in the world 
is around 1004 kg /ha .  Eight major tea-producing 
countrics (India, China, Sri Lanka, Kenya, Turkey, 
Indonesia, íòrmcrly Sovict Union, and Japan) ac- 
counted for 86% o f  the world production. Virtually 
all tea produced in Japan and about 60% o f  that pro- 
duced in China is green tea. India is thc largest 
tea producer; nearly all o f  which is black tea. The 
world  total exports amounted 1.125 million ton in 
1990, and is about 40% o f  total tca production. The 
exported tea from Sri Lanka has surpasscd that o f  
India since 1990, and is the grcatest in the world 
(Tablc I).

II. Agrobotanical Characteristics

A lthough the toa plant is an ancient plant with a long 
history, the coníusion and modiíìcation in nomcncla-
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Tea Production in the Maịor Tea-Producing Countries
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turc havc contimicd f'or almust t\vo cvimirics. As earlv 
as 1753, Linnaeus described the toa plant as T h o i si- 
IICIÌSÌS, and Ít was moditìed to Ctìinclliii s in a is ii in Au- 
mist o f  same year. Since then, the LỊcnus nanic ot 
T h a i and ('lUiiclliíì has had a chcckcred history. In tlic 
sccond cđition o f  Spccies P latìianiin, Linnacus aban- 
doncd thc tormer nanie and describcd thc two species 
scparately: Thva bohea and T . ưiridis. Watt in India 
namcd (ùvncllia  ilica in 1907; Cohcn-Stuart Í11 Indone
sia useđ a 11CW naine ot' C ivncllúi tíìciỊcra. In 1950, a 
famous Chincse botanist, Qian ClioniỊslni, nomencla- 
turcci Cíiniclliii sinensis. Scaly in the U.K . (1958) also 
gave thc samc Iiamc and includcd tvvo varictics: var. 
sineiìsis (small-lcaf varicty) and var. assainica (lartỊC- 
k a f  varicty). Since that, dcspitc somc papers contrib- 
utintỊ to the botanical na nu* ot tca plant, unitbrmity 
lias bet'11 achievcd.

Botanically, tea bcloniỊS to the order Thcalcs, fam- 
ilv Theaccae, ỉỊenus C am eliia . All varictics and culti- 
vars o f  tca bclonẹ; to a sìiiiịIc spccies, Ctìiiicllia sinciisis. 
Tca plant is a pcrcnnial evcrgrcen; the aenal portion 
o f  tca plant is grovvn as trec, scnii-trcc, and shrub 
tiependins* on thc inAucncc o f  the external cnviron- 
ment. The China variety (var. sinensis) toa plant usu- 
ally íỊrovvs into a shrub  abou t 1 - 2  111 hitíh, charactcr-  
izcd by Iiiorc or less virtỊatc stems. Leavcs arc small. 
harci, dark-£Ịreen in color witli a dull surỉầcc. The 
Assiim  varictv (var. assamiítì) is dcscribcd as a crcct 
trce vvith many branches, 8—12 m hiíỊh. Lcavcs arc 
1 5 -2 0  cm lontỊ, liiíht-iỊrccn 111 color. vvith íịIossv  
surtace.

The ửcsh shoots arc the economic Harvest ot tca 
p la n t .  T h e  p h v i l o t a x v  o f  lc a v c s  011 t h e  s h o o t  is a l t e r -  
nate. The leafpo.se 011 the steni includcs crcct, scmi- 
crect, horizontal, and droopiniĩ accordini? to the vari- 
cry. Lcavcs arc leathcry in tcxturc, with silvcrv or 
l i i í h t - v c l k n v  c o l o r c d  l ia irs  o n  t h e  u n d c r s u r h K C  o t  
tcndcr lcavcs. Then: arc 7-15 pairs o f  veins 011 tlic

lcal. The lateral vcins curvc npxvard and conncct vvith 
the uppcr vcins, tonninií a closc transportintỊ nct- 
\vork, vvhich is điaracteristic ot the lcavcs o f  toa 
plants. Leavcs arc scrratcd at thc ìnartíin. The tìrst 
scvcral 11CW lcavcs at tlie fhisliini> pcriod ot thc toa 
shoot usually liavc a charactcristic siìiall sizc, bo i liu 
thick and brittlc vvith a blunt apcx; the pctiolc is widcr 
and Hat, and callcd íisli-leator in Indi.m tcrnnnology  
tlic liiiidiii. Its position on tho shoot is o f  the very 
íỊrcatcst iniportancc vvhon considcrini' standards ot 
pluckiniỊ. The tca manutactuređ with the hsli-lcat arc 
o t 'low  qualitv. Somotimcs the lcat pn inodú im  ditTcr- 
cntiatcs from the vctỊCtative bud ot toa plant ceasiiii* 
nro\vth prcinaturcly instc.id oí dcvdopina; into the 
no r im l lcaf. It is tcrmcd tlu- dorin.uit bud or in Indian 
tcrminoloỉỊy thc Bdiiịlú. N orm al tca shoots show  tho 
distinct pcriodicity of íỊrowtli. I.C.. attcr thc dcvclop- 
mcnt ot scvcral normal loavcs. the lian ịh i bnd torms, 
thus coniplcting a full pcriodic shoot iỊrovvth rhythm .

Tca Aovvcrs are bisexual with a sliíỉht tragrancc and 
arc vvhitc in color. Thcir diamctcr is 20-55 1 11111. The 
tnorpliolotĩy o f  thc flo\vcr is onc o f  the im portant 
indcxcs in the classiíìcation ot' the tca plant. The truit 
o f  the tea planc is íĩrccn in color, tlircc-cclled, thick- 
wallcd, and shinny at tìrst but then dullcr and sliiíhtly 
rouiíh latcr. Tea sccd is brovvn in color, thin-shcllcd, 
a b o u t  1 c n i  in d i a m c t c r ,  a n d  s c m i i í l o b o s c  in  s h a p c .

III. Nutrition and Cultivation

T e a  p l a n t s  can  b c  lỊrovvn o v e r  .1 c o n s i d c r a b l c  raniỊC 
ot'conditions from tcnipcratc d im atcs to hot, huinid 
s u b t r o p i c s  a n d  t r o p ic s .  H m v c v c r .  t l i L - o p t i n i u m  m e a n  
daily ambiont tcnipcratnrc tbr tca u;ro\\'th is rangcs 
bctwcen 2(1 and 3f)°c. Wlien thc nican ambicnt tcm- 
pcrarurc is hiựhcr than the tỊro\vtli o f  thc tca
plant is rctardcd. 1 lic tolenmci' ot tc;i plcim to thc
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m m im u m  tcmpcraturc varics with tho varicties. it 
iỊcncrally rani»es bctvvccn —3 and — 15°c. Tca plants 
rcquire not onlv ccrtain aniounts ot' raintall,
10()( 1-1700 m m  annually. but also raintall that is well- 
distributcd during the vvholc year, especially the 
lỊrovviniĩ scason.

Tca plants are no t ovcrcritical to soil. The rangc ot 
soil typcs on vvhich tca is iírovvn in thc major tca- 
p roducing  countrics in thc vvorld is remarkably vvide.
Tca plants arc very scnsitivc to the acidity o f  soil.
T hcy  cannot survivc in alkalinc soils. The  optirmim 
pH  of soi] to r  tea g row ing  ran^es bctwccn 4.5 and
6.5. Table II shows the pliysiochemical parameters ot' 
a high-yieldiniỊ tca í^ardcn in China. I See  SoiL, Acid.]

T he  tca ou tpn t per unit area is proportional to thc 
coverage in tea tỊardcn. For the purposc o f  obtaininu; 
the m axinnim  productivity  within short pcriod, a 
density ot m ore  than 12,(MK)—20,000 bushes pcr hcct- 
arc in lariỊO-lcaí varieties and 45,000-60,000 bushes 
(2(1,000 bushes X 3 rows) in small- to mcdiuni-leaí' 
varictics 1S recom m endeđ. The  econom ic age ot thc 
toa plant ĩs lỊcncrally arounđ 40 years. It is recom - 
menđed to pull out and rcplant thc nevv cloncs whcn 
the tea plants rcach this age. Hovvcvcr, such tcch- 
niques as collar-pruning and heavy-pruning  o f  old 
bushes arc adoptcd in China, Sri Lanka, and othcr 
countries in ordcr to obtain the beneíìts during the 
carly period.

T he  principlc ot' fcrtilization is to compcnsatc the 
nutricnts rcm ovcd by the crop and elutcd by the rain- 
tall ÍI1 a timcly manner. Ordinarilv , the schcdulc o f  
fcrtilization is dctcrmined accordme; to the nutritiona] 
status in the tca soil, the yicld lcvcl in the previous 
pruninạ; cycle, and the vield predicted by agrom eteor-

TABLE II
Main Physiochemical Parameters of High-Yielding Tea G arden in China

Physical characteristics Ch e ni ica 1 ch a r a c ter is t i cs

Ertectivc soil horizon > 80 crn Acidity Watcr cxtracts pH 4.0-5.5 
Salt cxtracts pH 3 .5-5.0

Plou^hing horizon >  20 cm Exchangeable AI Alu  1-4 tng/1(M) g
Soil tcxturc Sandv-loam to heavv loam Excliangcablc Ca Ca'~ <  4.0 mu;/100 n (C«iO <  0.1%)
Bulk dcnsity (lcxim) Suríace 1.0—1.2 ỄỊ/cm3 

Subsoil 1.2-1.45 g /c n r
DeíỊree o f  base saturation (loam) Ca2+ <  50%

around 10% 
K :  >  5%

Porosity Suríãce 50-60% 
Subsoil 45-50%

Tillage horizon Organic Matter >  1.5% 
Total N >  0.1 %

Ratio o f  threc phases Suríace Solid: 50
Liquid: 20 
Gas: 30 

Subsoil Solid: 55 
Liquid: 3* >
Gas: 15

W«itcr-permo.iblc coertìcicnt >  10” cm/sec

Available N >  1.00 mg/kiỊ 
Quick acting p >  11» mtỊ/kg 

(dilute HC1 Extracts) 
Quick-acting K >  80 mu;/kií 

(N H 4Ac extracts)

oloiỊÌail conditions. O n  tliis basis, thc lcvcl of nitro- 
£ỊCU application is coiitrollcd around 240-30(1 ka; pcr 
hectarc and halt 'amounts o f  potassúim are adđcd; the 
lcvcl ot phosphorus is hxed at am ounts o t '60—90 kt; 
P i 0 3 pcr  hectare and applied cvery  2 years. |.S í'í’ F er-  
TILIZER M a n a g e m e n t  S y s t e m s .I

The rcquircments for microelcments by tea plant 
arc tcw. lt is not iniportant in most ot' thc tca- 
produciní* arcas; hovvevcr, đeíiciencies wcrc to 1111 d in 
somc particular instanccs. For cxample, in arcas o f  
Malaxvi and Ịapan are copper đcíiđenđes, part o f  thc 
soil in Sri Lanka and cast Aírican countries are 2 Ì11C 
dctìcicnt, part o t ' thc  arcas in Indonesia, east Africa, 
and Zairc arc inagnesium dcficient. So, the application 
o f  microclcnicnt fertilizcr produccd si(Ịnificant ctTccts 
in sonic instanccs.

The dircct effect of shading is to modiíy the situa- 
tion o f  light, airflow, tcmperaturc, and humidity as 
wcll as to decrease the physical damage ot solar radia- 
tion; thc indircct ctTect is to minirnizc the cxccssivc 
evaporation ot watcr trom leavcs. Bcsidcs, che íàllcn 
lcaves ot the shading trec incrcase the source ot or- 
ganic mattcr; howevcr, shadinsỊ increases the ìnci- 
dcncc of tca blistcr bliííht (Exohasiditim  vexans) duc to 
the shade trcc minimizing the solar radiation. So, the 
beneíìt and risk analysis o f  shadiníỊ are a disputed 
issuc. possibly because o f  the wide gcographical dis- 
tnbu tion  and various climatc conditions. It is rciỊarded 
that shading is nccessary in tea areas with a maxinium 
tempcraturc hiíỊher than 35°c  and relative humidity 
lovvcr than 40%.

Although che total rainíall in a year may bc adequate 
for the production o f  green lcaves in m ost tea arcas 
in the vvorlđ, thc distribution o f  this rainíall m onth



by month is ottcn inadcquatc. This can be rcíỊiilatcd 
by irritỊation. Irrií^ation not only supplcments the wa- 
ter supply to tca bush, but also moditìcs both thc 
atmospheric and the soil environment. It vvas also 
proved tliat the shoots írom irrigated gardcns had 
highcr polyphcnol content. The optim um  timc for 
irriiỊation can only be decidcd accordine; to thc local 
s i t u a t i o n .  H o w c v c r ,  it is b c l i c v c d  t h a t  i r r i g a t i o n  is 
most bcneticial when it carricd out early in thc dry 
season bctore thc vvater detìciency is sevcrc.

Pruning is a “ ncccssary cvil” to the tca plant. The 
objccts o f  prunintĩ are to maintaỉn the plant pernia- 
n c n t l y  in  t h c  y o u n i Ị c r  p h a s e ,  t o  s t i m u l a t c  t h c  s ; r o w t h  
o f  shoots, and to build an rational heiiỊỈit o ffram c. In 
maturc tca íỊardcns, lisrht-pruniníỊ and hcavy-pruning 
shoulđ be donc altcrnatcly. The bcst timc for prunimỊ 
is durine; a dormant pcriod, bccausc this is thc timc 
that the carbohvdrates rcscrvcs within thc tea plant 
are at a hii»hcr levcl. Pruning during drought scason 
is not suitablc. The rational íor the plucking systcni 
is bascd on the tact that ccrtain aniounts o f  regrovvth 
lcavcs rcmain 011 thc pluckiniỊ table, thus lỊLiaranteeiniỊ 
to supply cnouiỊh carbohydratcs to thc tea shoots. 
Gcnerally, thc terminal bud is rernoved toíỊCther \vich 
onc to thrcc leavcs for manuhicture. The intcrval of 
thc plucking cyclc on the tca plant mainlv dcpends 
on the lỊrovvth ratc o f  the plant, tỊdicrally 5-14  days.
III most areas ot thc former USSR and Ịapan, plucking 
has bcen tully mechanizcđ; howevcr, most o f  the 
w orlđ ’s tca is pluckcd by hand.

Tca plant is a C3 plant vvith high photorcspiration; 
thc utilization ratio o f  the tca plant o f  solar rađiation 
energy is far lovver than that ofo thcr crops. According 
to a study in India, only 7% o f  thc photosynthcdc 
Products arc used in the growth o f  thc tca shoot, 
9%  in the formation o f  framc branclics, and 84% 
is exhausteđ during respiration and othcr mctabolic 
actions. H ow  to improve the harvestiniỊ index via thc 
breeđing route or throưgli cultivation is a problcm to 
bc solved in the iuture.

IV. Kinds of Tea and Manufacture

The tVesh lcavcs pluckcd tron) thc tca plant arc m anu- 
facturcd into various kinds o f  tea inclndintí black tea, 
green tca, OolotiíỊ tca, scentcd tca, etc., by means o f  
ditTcrent manuíacturinỉỊ methođs. Frcsli lcavcs treatcd 
w i t h  h i i ỉh  t e n i p e n n u r e  ( d e - o n z y m in c ;  o r  s t e a m i n n )  
at the bcỉỊÌnniiiíỊ ot manutacture, to dcactivatc thc 
polyphcnol oxidasc localizcd vvithin the cclls oHeavcs 
and to stop the tcrmcntatiớn, and to maintain the

oriíỊÌnal nrecn color, arc tcrmed mứermcntcd tea 
(íỊrecn tea). O n  the other hand, whcn the process 
bctỊĨns with dchydration and leaves are Iiot trcatcd 
with liigh tenipcrature, thc tca polyphcnols are oxi- 
dized complctcly by the cnzymc, and produce fcr- 
mented tca (black tca). When the enzvmcs in the tca 
lcaves arc no t complctcly dcactivatcd and thc tca pol- 
yphenols arc not o\idizcd tully, these products are 
the intcrniediatc ot' black tea and grccn tea, termcd 
semi-fermented tea (OolontỊ toa).

Black toa is the mạjor kind ot tea consumed in the 
vvorld. The kcy process in thc nianutacture o f  black 
tca is íernientation. Oonỉỉou black tca is mamifactiired 
by the most traditional proccsscs inckidiniỊ witherin£Ị. 
ro l l in t Ị ,  í c r m e n t a t i o n ,  a n d  d r y i n g .  F o r  t h e  c o n v c -  
niencc o f  brevving, the tca cutter vvas dcvcloped tirst 
ÍI1 india, and the rollinií proccss was chanỉỊcd to a 
rolling and wrintỊÌn£Ị proccsscs; thns, thc broken black 
tea product was produccd. This kind of manufacture 
makes niorc watcr-cxtracts with samc quantity oftca , 
thus im proving thc eíĩicicncy o f  the raw matcrial. 
Subscqucntly sornc altornativc manuíacturing m a- 
chincs and mcthods wcre devcloped succcssivcly in 
India, East Aírican countrics, and China, includc the 
Rotovane process, C T C  proccss (crushing, tcaring, 
curliniỊ), LT1’ proccss (Lauric tca proccssor). T he  pro- 
duetion o f  C'TC black tca was incrcased rapidly in 
the past 10 ycars.

The production of grcen tca is mainly concentrated 
in Cliina and Ịapan, vvith a small-scalc production in 
the íòrm er USSR, India, Indonesia, and Turkey. The 
basic manufactnring proccsscs oí' grccn tea include 
de-enzvmintỊ, rollina;, and drying. The dc-enzyming 
proccss compriscs pan-dc-cnzytning and steam-de- 
enzyming. The steamcd (Ịrccn tca is the major tca 
product consuincd in Japan. Due to the different ter- 
minal dryiníỊ process, it can be classified into roastcd 
and bakcd íỊrcen tca. The roastcd grecn tea is the major 
tca consumcd in China and thc Atrican countrics. The 
bakcd tỊrcen tca is thè raw material ot scentcd tea. 
The propcnsity o f  the tca adsorbina; Aavors is uscd in 
thc manufacturc o f  sccntcd tca. The baked grccn tca 
is mixcd with  dricd trcsh flowcrs to impact tragrance 
and aroma. The most popular flowers used in the 
scented tca arc Jasminc, Michelia, Zhulan, Dae-dae 
(C itn ií  lỉiirntittviiin var. aniara), ostnanthus, and rosc. 
OolonsỊ tea is a kind o f  scmi-fcrmcntcd tea. Its basic 
nianutacturintỊ process inducies Shai-QiníỊ (sunlia;ht 
withcrinvỊ), Z uo-Q ing  (litíht roìlinỵ), dc-enzyining, 
rolliníí, and drying. N ot only the special tea varicty 
a n d  s t r ic t  p lu c k in g  S ta n d a rd  arc  n c c c s s a r y .  but also 
the clabonưing mamitacturint; technique is rcquired.



The plucking requirenient for O o lo n g  tca is dittcrcnt 
trom  that ot o thcr kinds o f  tea. It is recornmenđed 
that shoots with  threc to four leaves bc pluckcd as 
thc raw  tnatcrial w h c n  the batìịlii is íb rm ed  011 thc  
terminal ot shoot. Due to the distinct characteristic 
o f  various tca varieties and dcgree o f  termentation 
process, dittercnt stylcs ot O o lo n g  tca arc produccd, 
such as “ puoch o n g ” (light ícrmentation), T ic -Q uan-  
Yin, and Shui-Xian (hcavy fcrmentation).

B lack-black tea ịs mainly produced  in China and 
also 011 a lirnited scalc in thc íb rm er USSR. The  tnanu- 
facturing processes include de-enzym ing, primary 
rolling, O u -D u i  (trcatmcnt o f  high tem pcrature  and 
humidity), secondary rolling, and drying. The  íresh 
leavcs used in thc m anuíacturc o f  b lack-black tca are 
rather coarse. O u -D u i  process is thc spccial process 
in the m anufacture o f  b lack-b lack  tca and the key 
prơccss in determ ining the quality o t b lack-black tca. 
T he  products include H ci-M ao-C ha  and Pu-Er. It is 
consum ed in the minority  nationality region ot China, 
southeast Asian countries, H o n g  K ong, and M ongo- 
lia, and thc ío rm cr USSR.

Besides thc abovc mentioned kinds o f  tea, thcrc arc 
m any kinđs o f  remanufactured tca madt’ using the 
above madc tea as the raw matcrial, such as instant tea, 
brick-tca, fruit-flavored tea, and health-protecting tea 
(m ixture  o f  tca and Chincse traditional mcdicine).

V. Consumption and Customs

There  are 125 countries and regions in the w orld  that 
im port  tea. The  im ported  am oun t by the íb rm cr 
USSR in 1990 was 231,000 tons; this was the first 
cime it surpassed the im ports  o f 'U .K .  and occupics 
the first placc in the vvorld. The  U nited  K ingdom  
was thc largcst tea im porting  coun try  for a historical 
penod . T he  im ports  am ountcd  141,900 tons in 1990, 
and occupicd thc seconđ place. Im ports  ot tea are 
listed succcssivcly in the following order: Pakistan, 
U nited  States, Egypt, Iran, Iraq, and Polanđ. Ireland 
has the highest average annual consum ption  o f  tca 
per capita, according to statistics from  1986-1988, 
(3.07 kg /year) ,  followcd by Iraq (2.95 kg), Qatar  
(2.91 kg), the U .K . (2.84 kg), and T u rk ey  (2.73 kg). 
The following charactcristics can be sum m arized 
about w orlđ  tea consum ption during  recent ycars:
(1) the consum ption  o f  the largest tca im porting  COLU1- 
try  (U .K .) historically showed a dccreasing tendency.
(2) T he  internal consum ption in the m ạịor tea- 
producing countries (India and China) increased rap- 
idly. (3) T he  proportion o f  im ports  from  the íb rm er

USSR and castcrn Europcan countries werc incroased 
troni 8 .7%  in 1980 to 24.4% in 1990; thosc ot Asian 
and ATrican countrics vverc incrcascd írom  35.5% 
in 1980 incrcascd to 43.7% in 1990. O n  the other 
hand, the imports of vvcstern Europcan countries 
were dccreascd froni 25.0% in 1980 to 21.7% in 1990.
(4) The proportion ot C T C  black tca in the total world 
black tea trade increàsed signitìcantly from 39% in 
19X0 to 47% in 1990. The proportion o f  tea basỊS and 
instant toa in the total tca trade increased.

T he custom o f  tca drinking in China and Japan 
niainly adopts the brevving form, and in India, Sri 
Lanka, and Europcan countries mainly adopts tho 
cooking style. People t'rom Asian and northcrn  Afri- 
can countries prcíer thc grccn tea, and the black tca 
is thc typc most consumcd by most parts o f th e  world. 
Períumcd tea is popular in South American countries 
and m int grccn tea is popular in northvvcst Atrican 
countries as well as buttercd tea, saltcd tea, and Rei- 
tca in thc border area o f  China. Instant tea, iceđ tea, 
liquid tea, and various tca bas;s which are simple and
fast were dcveloped vvith thc chantỊĨng litc styles.
Additionally, tea drinking with tea as the raw material 
was dcvclopcd popularity in thc m arke ts  o f  China, 
India, and Indonesia.

VI. Tea Biochemistry

The quality ot' various kinds o f  tea is bascd on che 
contcnts and constitutions of various chemical coni- 
ponents. Twcnty-eÌ£?ht elements were discovered in 
tca plants. Tca contains more potash, manganesc, 
Auorinc, a luminum, and selenium than othcr plants. 
Tca is also rich in vitaniins, cspecially vitamin c .  It 
was rcported that thc contcnt o f  vitamin c  in 100 g 
grcen tca is as high as 100 mg. Howcver, 90% o f  the 
vitamin c  contained in tea fresh lcaves is destroyed 
during the íermentation stages o f  black tca manufac- 
ture. The  content ot vitamin 13 group  in grccn tea 
and black tea is around 10 m g per 100 g made tea. 
They arc vvater soluble and hcnce 90-100%  is ex- 
tracted intơ thc infusion during brcwing. Vicamin E 
is cxists mainỉy in thc lipid íraction o f  madc tca, and 
the content is around 14-80 mtỊ pcr 100 g made tca.

Tw enty-five  amino acids are reportcdly contained 
in made tea. The total content in tca shoots is as high 
as 2 -4 % .  A m ong  those, theanine is the highest and 
rcpresents morc than 50% o f  thc total amino acids. 
It plays a spccial role not only in the nitrogen metabo- 
lism o f  the tea plant, but also in determining thc taste 
and quality o f  tea iníusion.
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Caffeine has bcen reported to be present in dry 
weight basis at 3 -4 % .  It is solublc in water. Its mild 
stimulation and astringent cíTccts are considcred to 
bc OI1C o f  thc rcasons for the popularity o f  tca.

The m ost important a n d  charactcristic componcnts 
in toa are the polyphcnols. The total content ot tca 
polyphcnols expresscd as pcrcentage o f  dry weie;ht 
lcaf is around 20-30% . They are the key compounđs 
that determine the tastc and color o f  intusion and havc 
provcd to have bencíìcial ctTects on hu man hcalth. 
The most important com pounds in tca polyphenols 
are the catechins. The content o f  catcchins in tea is 
around 12-24% and represents more than 50% ot' 
the total amounts ot' tea polyphcnols. Six kinds ot 
catechin compounds vvcre isolated troni tca. They are 
the various derivativcs ot catechins and íỊallic acid, 
includine; (i) catcchin (C), (ii) epi-catcchin (EC), (iii) 
gallocatechin (GC), (iv) epicatcchingallatc (ECG), (v) 
epiíỊallocatechin (EGC), and (vi) epitỊallocatechintỊal- 
late (EGCG). Gcnerally, the con ten t o f  the latter threc 
catechins arc rclativcly hi^h. Their structure is listed

in Fig. I . These catcchin com pounds condense to 
theaAavin and thcarubiíỊÌii đurine; thc manutacturing 
process o f  black toa. The íormation ot thcse corn- 
p o u n d s  niakes t h c  in f u s io n  o r a n íỊC -r c d  in  c o lo r .

A. Chemical Basis of Tea Tasting
The taste o f  tea is based on the tastc threshold value 
o f  chemical components in tea and the reaction ot 
sensory or^ans to these coniponents. The compounds 
vvhich play the nuýor role in taste are tea polyphcnols, 
amino acids, a n d  polysaccharides. T h e  m ost im- 
portant Standard tbr thc grccn tca is “ trcshness and 
tiillness.” The “ trcshncss” is a rcAection ot' amino 
acids, and the “ ũillness” is a rcAcction ot the suitablc 
r a t i o  o f  a r n i t i o  acids a n d  tea p o l y p h e n o l s .  The Stan
d a r d  o f  b l a c k  t e a  is “ s t ro i i i Ị .  t u l l n c s s ,  a n d  b r i s k n e s s . ”  
The catcchins and thcaAavin are the most important 
com pounds dctermininí; the tascing ot' black tca. 
“ S t r o n g ”  d c p e n d s  011 t h c  c o n  t e n  t  of" vva ter  e x t r a c t s .



Briskness and tullness of tastc mainly dcpcnd on thc 
suitable ratio o f  caffeine, thcaAavin, and amino acids. 
T he  conjugation o f  these com pounds and catĩeine cre- 
atcs thc astringcncy teeling and strong Caste.

B. Chemical Basis of Tea Color
Different kinds o f  tea havc distinct color. This in- 
cludcs the color o f  made tea and color o f  iníusion. 
The color is based on ccrtain chemical compounds. 
For example, thc color o f  grecn tea is mainly deter- 
mincd by the chlorophyll and sonie Aavone com - 
pounds, such as vitexin and isovitexin. Chlorophyll 
a is deep grcen in color and chlorophyll b is yellow- 
green in color. So, thc ditTercnt proportions o f  thcse 
tw o chlorophylls constitutc the different EỊrade o f  
grecn color. The  color o f  black tca is black in made 
tea and oram*e-red in iutusion. Thesc colors are 
formed by the theaAavin and thcarubigin which are 
polymerizcd by catechins. ThcaAavin is yellovv in 
color and thearubigin is red in color. DitTcrcnt ratios 
o f  thcse tw o  com pounds constitute the diíĩerent dc- 
grees o f  color. If the catechins arc overoxidized, the 
chcaAuvin (Auvin = brown) is íbrm ed which causes 
the inỉusion to be an unpleasant cỉark-brown color. 
Semifermented O olong  tea is generally dark 
grcen-brovvn color in made tea and yellovvish red 
c o lo r  in  i n f u s io n .  It is  d u e  t o  t h e  f c w e r  o x i d i z e d  P r o d 
ucts o f  polyphenols.

c. Chemical Basis of Tea Aroma
Tea aroma constitutes a group o f  Aavor compounds. 
According to thc cornbination o f  various Aavor com - 
pounđs, the aroma characteristic o f  various kinds o f  
tea is formed. U p  to now, morc than 500 Aavor com - 
pounds were idciuiíicd in tea, although thcy existed 
only a small am ount (0 .03-0.05%  in fresh leaves on 
dry basis, 0.005—0.01 % in green tea, and 0.01 —0.03% 
in b la c k  tea). Thesc compounds piay an im portant 
role in determining the quality o f  tea. Some o f  these 
Aavor com pounds e xist in the intact fresh leaves; how - 
evcr, m ost o f  them are form ed during the Processing  
process. Alcohols are the greatest Aavor com ponents 
in fresh leaves. Therc are more than 230 identified 
Aavor components in grcen tea with the alcohols and 
pyrazines in the greatest proportion. Alcohols are 
contained in the intact fresh leaves, bu t pyrazines arc 
íòrmcd during thc drvin^ proccss. Four hundred  four 
Aavor compoưnds vvere identiíĩed in black tca, which 
indude the alcohols, aldehydes, ketones, and ethers. 
With rc^ard to scmiíermented tca (such as Puo-chong

tca), the alcohols and kctones arc tlie niost abundant, 
especially geraniol, jasm one lactonc, ncrolidol, in- 
dolc, ctc. Thosc com pounds niake tho charactcristic 
Aoral Havor. There wcrc 48 Aavor com pounds identi- 
fied in O o long  tca. In the O o long  becausc o f  heavy 
íermentation, linalool and Ìts oxidative prođucts and 
thc bcnzyl alcohol are the m ost abundant.

VII. Tea and Human Health

In addition to thc best-know n effects o f  rclicving ía- 
tigue and sobering thc mind. it has been provcd by 
modcrn mcdical rcscarch that tea also possesscs the 
fo]lowin^ cffects:

Prcven tion  f ro m  too th-car ics :  Ic w as  p ro v e d  th a t  thc 
Huorine contained in tea arc an etTcctive anticary. A 
s tu d y  carricd out in Japan in w h ich  sub jccts  drank 100 
ml tca in íu s iu n  co n ta in in g  1 g m a d c  tea ( c o rre sp o n d in g  
to  0.35 ppm F) pe r  day. Results  shovved tha t  the  
pcrcentat<e of carics decreascd 1 9 .5 -2 1 .3 % .  Besides thc 
Auorine, tca po ly p h en o Js  (especially thc  theaAavin) 
inhibit  ac t iv ity  o f  g lucosy lt ransferascs  cxcre ted  by 
tee th -dccay ing  bactcria  (Streptococais mtttcms).
T h cre to re ,  the  t r a n s ío r m in g  process  t r o m  su c ro se  to  
n iu tan  w as  inh ib i tcd ,  th u s  n i in im iz in g  the  o p p o r tu n i ty  
ot adhens ion  o f  bactcria  o n  thc  su r íacc  o t  the  
too th -bed .

A nt im ic rob ia l  action: U se  o f  tea as an a n t i - in f la m m a to ry  
therapy  can be traccd  back to  ancicii t  C h in a .  G rc en  tca 
and black tca s h o w e d  broad bacter ios ta t ic  sp e c tru tn  in 
viiro  inc lud ing  thc  Salm onella paratỴphi, s .  ly p h i, Vibrio  
cholera, S liíỊỊc lla  dysenteriae, etc. Besiđes, it can also 
inhib it  o r  neutra lize  the  to x in  t o r m c d  by  bactcria ,  such 
as Cholera toxin. cholera hetnolysia, Staphyỉococctis aureus 
A toxin. Cìrecn tea showcd the rnost potent 
bacteriosta tic  act ion  a m o n g  the  va r io u s  k inds  o f  tea. 
T h e  activc c o m p o n e n t s  o f  this ac t iou  are catcchins,  
especially E G C G .

Hypertension and blood-glucose dcpressing action: lt was 
p ro v ed  that  E C G ,  E G C G ,  an d  theaAavin hav e  a 
no tab le  b lo o d  tens ion  dcprcss ing  effect. A n e w  typc  ot' 
tea (Cìabaron tea) w as  d e v e lo p ed  in J a p a n  by  anae rob ic  
t rea tm en t  o f  fresh lcaves and  it w as  tb u n d  that  thc tea 
eonta incd a largc a m o u n t  o f  ■y-aniinobutyric  acid. 
A ccord ing  to  thc  clinical c x p cr in ien t ,  it s h o w e d  a 
signiíicant h y p e r te n s io n  d epress ing  etTect.

H ig h  b lood-íỊ lucosc  is a b ío chem ica l  e x p ress io n  o f  
diabctic  patients .  A co m p le x  o f  tea E G C G  and 
a lu m in u m  h y d ro x id c  sh o w e d  a Iiotable b lo o d -g lu c o sc  
deprcssini;  ctTcct, w h ic h  is LOinparablc  to th a t  o f  
T o lb u ta m id e ,  a w e l l - k n o w n  b lo o d -g lu c o se  d cp rcss ing  
medicinc.  A m ix tu r e  o t  p o lysacchar ide  c o m p o u n d s  and



diphenylamine isolated tro 111 tca was proved cttccúve 
in the curing of diabetcs.

Effect 011 card iovascular  disordcr:  H ig h  lcvcl o t  b lo o d  
cholesterol inducL-s deposi t  ot  lipids on  vcssel walls and 
causes obstructed coronary arteries, ạtherosclerosis, 
and the tormation of thrombus. So, decrcasing the 
lcvcl ot blood lipid is the basis for controlling 
atherosclerosis and other cardiovascular disordcrs. 
Invcst iqa t ion  sh o w ed  that  ECỈCG and E C G  decrease 
the level of total cholcstcrol, frec cholestcrol, total 
lipid, and triglyceride in plasma and liver signiíicantly. 
Catcchin. thcaAavin, and thcarubigin possess the 
actions of anticoagulation ot blood platelet, anti- 
hemagiỊlutinatiou, and the promotion of íibriolysis.
The clinical experiment using the extract of Tu-cha, 
Oolong, and green tea shovveđ ctTectivencss in the 
prevcntion of athcrosderosis.

Anticarcinogenic and antinuitagcnic activity: Scicntists in 
various countrics have carried out niuch rcscarch on 
the anticarđnogenic and antinnitagcnic (.‘tTccts ot tea 
since the cnd of the 1970s. Subjects wcre administcred 
diíĩercnt tea materials (including frcsh leavcs extract, 
grccn tca extracts, EGCCì, ECG, tea polyphenols, etc.) 
orally and treated with various potent carcinogens 
simultancously. All tea matcrials showcd 
anticarcinogenic activity to various degrecs. Even

when a lovv concontration ot"0.05% tea polyphenols 
was orally adniinistered, signiíicant anticarcinogcnic 
activity was .ilso cxhibitcd. Thcse positivc results have 
bccn rcportcd on many kinds of cancer including skin 
cancer, livcr canccr, lung canccr, stomach canccr, 
intestine cancer, etc.

With regard to the mechanisni on the anticardnogenic 
and antimutagcnic activity of tea, it was proved that 
tca not only had a dismutagenic and bioantimutagenic 
activity, but also had inhibitory etTects OI1 both stages 
of initiation and promotion of carcinogcncsis.
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Glossary
C le a r - c u t t i n g  Removal o f  the cntire íbvest by log- 
tỊĨna; for the purposc o f  tim bcr procurement and re- 
lỊcnerating liiíht demanđiiii* spccies in the ncxt stand 
C l im a x  Final stage o r  end point ot succcssion rc- 
sulting in a self-perpetuating íorest conim unity  com- 
prised o f  íỊcncrally shadc-tolerant specics 
C r o w n  classes Vertical position o f  a trcc in thc torcst 
canopy, generally dassiíĩed as dominant, codomi- 
nant, intermcđiatc, or overtopped 
D c c id u o u s  Trccs that d rop thcir leavcs at thc encỉ o f  
ca ch g row ing  scason
F o re s t  e c o lo g y  Study o f  the interrclationships ot 
íorcst o rganism s to one anothcr and the cnvironm cnt 
F o re s t  t y p e  Unit o f  forest vegctation that is cssen- 
tially un iíbrm  in ẹeneral appcarancc and vegetation 
structure and composition
Gap-phase species Plant spccies vvhose succcssfi.ll 
rcgcncration or, in the casc oí trees, overstory rccruit- 
mcnt dcpcnds on periodic srnall-scalc disturbanccs 
that crcatc holes in the íòrcst canopy and incrcasc 
light to thc torcst floor
S uccess ion  Gradual change which o c c u r s  in v e g e t a -  
tion in an area over timc in which One seral staíỊC 
rcplaccs anothcr, leading to the cnd point o f  succes- 
sion o r  climax

Soil The  vvcathered supertìđal laycr o f  the earth’s 
crust w ith  \vhich is intermintỊled living or^anisms 
and the Products o f  dccay

In  the broadcst scnsc hardwoods includc all trcc spe- 
cics in the class ot' secd plants callcd AmỊÌospcrms, 
which havc sccds cncloscd in a devclopcd ovary or 
truit. T he  other major class o f  seed plants is the G ym - 
nospcrms which nicans “ nakcd sccds,” because thcy 
arc bornc on thc surtacc ot an appcndagc and not 
enclosed in a truit. G ym nospcrm s also includc many 
t r c c  s p c c ic s  s u c h  as p in c s ,  s p r u c c s ,  í ìr s ,  r c d w o o d s ,  
and cyprcss. Angiosperms arc divideđ into tw o subdi- 
visions— the dicotylcdons (two sccd leaves) and the 
inonocotylcdons (onc sccd lcat). M onocotylcdon 
families includc grasscs, orchids, and palnis and are 
i;cncrallv dcvoid o f  trcc spcdes, with thc cxccption 
ot certain palm spccics. Thus, dicotylcdonous Anííio- 
spcrms arc tlic subdivision with almost all o f the  hard- 
vvoođ trce spccics. Whilc niost rcsearch on this subjcct 
has been conducted with hardwoods in the tcmpcrate 
rcgions o f  tho northcrn hcmisphere, thcy actually oc- 
cur in m ost ree;ions ot thc world, includinẹ; the equa- 
torial r c g io n s ,  S o u th e r n  h e m is p h e r c ,  and, to a lcsser 
extcnt, aricỉ, descrt environmcnts. They  are a vcry 
diverse class ot trccs and can í» r o w  under a widc raiiíỊe 
ot temperature, litỊht, moisturc, and soil conditions. 
Within thc United States well ovcr 100 h;irdwood 
spccics havc important cconomic or social valuc. Such 
liiíĩhly valued spccics as walnut, cherry, oak, maple, 
and hickory are all hardwoods. Historically hard- 
wood forests ha ve represented the prim ary comnicr- 
cial natural rcsourcc in dcvelopine; countries.

I. Introduction

This articlc tocuses 011 hardvvood torcsts within the 
temperate rciỊÌon ot'the nortlicrn hcmispherc. In par-



ticular, vvc cm phasizc tho phytoiỊCOiỊraphy and ccol- 
ogy  o f  torcsts w ith in  eastern N o r th  A m erica,  includ- 
ing climatic, cdaphic, and physioíỊraphic tactors 
associatcd w ith  the m ạjo r  forcst types, bu t  also discuss 
h a rd w o o d  tbrcsts vvithin the \vestern U n i te d  States, 
Europc, and Asia. For castcrn N o r th  A m erica ,  pre-  
E uropean sc ttlcm cnt com posit ion  will be dcscribcd 
vvherc available, and the  cffects o f  d is tu rbancc  0 1 1  to r-  
cst com posit ion  and successiona! rcla tionshĩps arc dis- 
cussed for the n ia jor  vcgcta tion  tvpes.

T em p cra tc  hardvvood torcsts o f  thc eastcrn U n ited  
States do m in a te  thc rcíỊÌon f rom  east o f  the  95th  m e- 
ridian and betw een  28°N and 4X°N latitndcs. G eo-  
graphically, thcy strctch froni thc n o r th e m  tip o f  M in 
nesota cas tw ard  to  Central Mainc, so u th w a rd  to 
northcentra l Florida, and w es tw ard  in to  eastcrn 
Texas. Forcsts ot thc  reẹ;ion arc p r im arily  đec iduous,  
althougli co m te r -đ o m in a tcd  íorcsts occu r  in the 
northcastern ,  nor thcen tra l ,  and southcastcrn  po r t ions  
o f  thc b iom c. Eastern w oodland$ havc a vvealtli o f  
spccics duc to ditTerenccs in to p o g ra p h y .  climatc, 
soils, ^eological h is to ry ,  d is tu rbance rcg im es ,  and 
land utilization that vary  froni rciỊĨon to rctíion. For- 
csts typically cxpcriencc m odcra tc  avcratỊc annual 
tcm pera tu rcs  throLiỉỊhout four  distinct seasons. T hcsc  
areas expcricnce a varie ty  of  g rowin tỊ  scason lengths 
ranging íron i  less than 90 đays in n o r th c rn  W isconsin  
to 300 days in the  sou thcastcrn  Coasta l Plaín. D u e  to 
thc iinpacts o f  m an, h a rd w o o d  torcsts w ith in  the  last 
300 ycars have hcen altered to rlie po in t  w h cre  v irtư- 
ally none  o f  the original forcst renia ins und is tu rbed .  
DitTerent po r tions  o f  the landscapc havc been har-  
vcsted, b u rncd ,  and s tr ipped o f  topsoil  and nu tr icn t  
rcscrvcs. D uc  to  thcir  resiliency, l io u  evcr, n c w  hard -  
woocỉ torests have dcvelopeđ followiníỊ thc cata- 
s trophic  d isturbances, a l thou^h  specics c o m p o s i t io n  
m ay  be s igniíicantly  ditTerem than tha t in tho original 
torcsts.

M uch o f  the ìnitial n ứ o rm a t io n  conccrn ing  prc-  
se t t lem ent forest condit ions and p resen t-day  torcst 
compositioii in easteri) N o rth  A m erica  1S derived  

íroni the cxtcnsivc w o rk  o f  Dr. E. Lucy B raun .  East- 
ern h a rd w o o d  torests vvcrc orig ina lly  d iv ided  by 
Braun into ninc m a jo r  associations. For tho pu rpose  
o f  this articlc w e  havc dividcd tho to rest in to  six 
distinct associations bascd OI1 the d o m in a n t  spc- 
cics in ca ch location: nor thcrn  hardvvood—conitcr,  
m a p le - b c c c h - b a s s w o o d ,  m ix c d -m cso p h y t ic ,  o a k -  
h i c k o r y ,  o a k - p i n c ,  and S o u th e r n  everíĩreen (FiíỊ. 1).

T he  diffcrent torcst typcs prcscnt OII a particulạr  
sitc rcsult f'rom m a n y  íactors, althousíh d i n u t e ,  phvs-  
ioíỊraphv, and soil tvpc  arc tvpicallv  the m o s t  im -

por tan t .  Eastcrn torests  concain a varie ty  o f  soil types  
associatcd w ith  d i t ĩe ren t  p l ivs iographic  rcg ions (Fig.
2, T ab lc  I). Forests in tlie n o r theas t  and the Lakc States 
are typically co m posed  o f  y o u n g  acidic spodosols  and 
inceptisols to rm e d  tron i  ^lacial dcposits  u n d e r  cool,  
m o is t  conditions. M id -A tlan t ic  and  m id w e s te m  fo r-  
ests arc co m p o scd  o í  dccp altìsols and ultisols w h ich  
h av c  subsurtacc clay accum ula t ions .  W eạkly  d if fc ren-  
tia tcd inceptisols arc also c o m m o n  in these íorests.  
D eep ,  hiíỊhly w ea thered  ultisols d o m in a tc  thc  entirc  
sou thcastorn  rciỊÍon vvest\vard in to  Texas, a l though  
localized arcas ot' alhsols and inccptisols are p resen t 
aloniỊ tlic Mississippi Rivcr. T h esc  soil ditTerences, as 
wcl! as annual cl imatic d itìcrences,  inAuencc spccics 
o ccu rrence  and đ is tribu t ional  limits. Typically ,  cli- 
m a tc  becom es vvarmer t ro m  n o r th  to  South and m a rk -  
cdly dricr  from  cast to vvest vvithin thc eastern forest 
rctỊĨon (FitỊS. 3 an d  4).

II. Forest Associations of the Eastern 
United States

A. Northern Hardwood-Conifer
T h is  n o r th c rn  vcgc ta t ion  typc  is characterized by  di-  
vcrsc phys iog raphy ,  cold, s n o w y  win tcrs ,  and  glacial 
soils. It fo rm s  o nc  o f  the larger  torcst associations, 
cncom pass ing  m o s t  o f  the N c w  E ngland , A d iro n -  
đack, and Superior  U p land  p h y s io g rap h ic  p rovinces 
111  add i tion  to the  n o r th e rn  p o r t io n s  of the  C en tra l  
Lovvland and A ppalachúm  Platcau p rovinces (FiíỊ. 1). 
Scveral con i íc rous  species inc lud ing  eastern  hcm lo ck  
(Tsuga Ctimtdensiỉ), eastcrn w hitc pine (Pinus strobus), 
rcd pinc (P. rcsinosa),  and jack pine (P . banksiana)  
occ u p y  this transi t ion  zone b c tw e en  thc  con i íc r-  
d o m in a tc d  borcal íorests  to  the n o r th  and dec iđuous  
forests to  the South. D ec iduous  species such as sue;ar 
niaplc (Acersacc ltam iì i) ,  rcd m a p le  ( A .  rn b m ii i ) ,  n o r th -  
crn red oak ( Q m r a i s  n ibra) ,  A m erican  bcech (Faạus  
iỊrantiifbỉia), b a s sw o o d  (T i l i t i  am ericana),  and  ycl low  
b irch  (lìe ttt la allc^hniìicnsis)  íb r m  pu rc  h a r d w o o d  
stands o r  niixcd stands vvith coniters.  A m ix  o f  papcr 
h irch  (B .  papyri ịc rà ) .  b ig to o th  aspen (P o pu lusạrand ide t ĩ -  
tatà),  an d  Cịuakintĩ aspcn ụ ’, t rem ulo ides)  is also im -  
p o r tan t  th r o u ẹ h o u t  m uch  o t  thc Lake States.

HarcUvoods in this association qcnerally  inhabit  
mcsic sites consis ting  ot m odera te ly  vvcll-draincd to 
\vell-drainod soils ot m e d iu m  to  hcavv  tex tu re .  In 
addi tion  to  spodoso ls  and m ceptisols,  hardvvood spe- 
cics also inliabit sites c o m poscd  o t  altìsols in the  aspen- 
b irch  d o m in a tc d  po r t ions  o f  thc Lake States. Alfisols
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havc subsurtacc  horizons hit;h Í11 bascs and clay accu- 
n n i l a t i o n  a n d  t h e r e t b r e  a r e  m o r e  t c r t i l c  t h a n  s p o d o s o l s  

and inceptisols. H ard ,  im perm eable  subsurtacc  layers, 
o r  íragipans, arc also c o m m o n  in alíìsols th ro u g h o u t  
t h c  n o r t h e a s t ,  r c s u l t in ( Ị  in  p o o r c r  drainatỊC a n d  m o r c  

m csic  sitc eonditions. Excludin(Ị hem lock ,  conitcrs  
t e n d  t o  i n h a b i t  d r y ,  í ì r e - p r o n c  c n v i r o n m c n t s  s u c h  as

cskcrs. d ry  oiitvvash sands, and  rock ou tcrops.  Hovv- 
cvcr, w hitc  pinc can also bc tồ u n d  occupvintỊ svvamps 
and mcsic ravincs as well .1S to rm e r  old-tìeld sitcs 
throiiiỊhout Ncvv Entrland. Y o u n g  spodosols o r  in- 
ceptisols fo rm cd  f ro m  W isconsin-age glacial dcposits  
are typical soils in this typc. S imilar to spodosols ,  
inccptisols arc acidic in natnre ,  b u t  havc vveakly ditTcr-

TABLE I
Forest Associations, Physiographic Provinces, and M aịor Soil Orders within Eastern Hardw ood Forests°

P o r e s t  a s s o c i a t i o n P h v s i o n r a p h i c  p r o v i n c c ( s ) D o n i i n a n t  s o i l  o r d e r

N  o r t l i c r n  h a r đ  v v o o d s -  c o n i  f e r N c \ v  E n  1̂ 1 a n d ;  A d i r o n d a c k  C e n t r a l  L o x v la n d ;  A p p a l  

S u p c r i o r  U p l a n d

la c h i a n  P l a r c a u ; S p o i i o s o l s ;  I n c c p t i s o l s ;  A l t ì s o l s

M a p l c —b c c c l i - b a s s \ v o « d C e n t r a l  L o v v la n i ỉ A l t ì s o l s

M i x c c i - m c s o p h v t i c A p p a l a c h i a n  P l a t e a u :  I n t c r i o r  L o \ v  P l a t e a u A l t i s o l s ;  U l t i s t x s ;  I n c c p t i s o l s

O a k —h i c k o r y O z a r k  lM a tc a u ;  C e n t r a l  L o x v l .ỉ i ìd ;  A p p a l a c h i a n  P l a t e a u :  U i t i g c  a n d  

V a l ỉc v ;  B l u e  k i d n c

U l t i s o l s :  I n c c p t . s o l s

( \ i k - p i n r P i e d n i o n t  P l a t c a u ;  C o a s t a l  P l a in U l t i s o l s

S o u t h e r n  e v e r ỉ ỉ r e c n C o a s t a l  P la in U l t i s o l s ;  I n c c p t i s o l s

J A i ỉ ; t p t e d  t r o m  O n v i i Ị  a n d  A b r a m s  ( I W 3 ) .  I c m p L iM tc  t b r c s t s  o l  t h o  c . i s t c m  U n i t e d  S t . i t e s .  In " C ! o n s i ‘r v , i t i o n  .I iu l  R c s o u r c  M a n a ị Ị c m c n t  

(S . K .  M a ị u m d d r ,  E . w. M il lo r .  u .  H. B a k e r .  H . K . l ỉ r o v v n .  | .  l i .  1’ r a t t .  a n d  K . h  S c h i T u h .  c d s . ) .  p p .  '>7— 1 1 fi. I V n n s ' l v . m i . i  A c a d e n i y

o l  S c i c n c c .



FIGURE 3 N o r m a l  d a i ly  m c a n  \vm tcr  (A )  .m d s u n i im -r  (l i) tenipciMturcs  (“O  111 tlic c.i stcrn  U n i te d  
S tates  I A d . ip tc d  t ro m  C o t n v a v .  M . .  a n d  L is ton .  L. (1 TOI). " T h e  W c .u h e r  H . m d b o o k . "  C o n w , v  I )',r 
In c ., N o rc ro s s ,  G A | .
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cntiatcd horizons w ith  littlc accum ulation  o f  clay or  
iron.

B. Maple-6eech-Basswood
This  association includes both  thc beech-suíỊar m aplc 
and sugar m ap lc-bassw ood  regions describcd by 
Braun (1950, “ D eciduous Forests ot'  Eastern N ort l i  
A m erica .” H aíncr  Press, N e w  York). Located w ith in  
the Central Lovvland physiographic  provincc and the 
n o r the rn  íringes o f  the  Appalachian Plateau, m e so -  
phytic  íorests o f  this association arc strictlv lim ited  
to arcas o f  Wisconsin (Ịlaciation (Fìsị. 1). T he  climatc 
is humid Continental with summcrs bcintĩ ^enerally 
w arm e r  than thosc o f  the ncarby Iiorthcrn hardvvood 
íorcsts. Shadc-to lcrant suí»ar maplc is the p ro m in e n t  
species th ro u g h o u t  the rctỊÌon, as it sharcs o v c r -  
xvhelmint; overs to ry  dom inance  w ith  American becch 
OI1 thc tỊcntl.y rolIiníỊ cill plains o f  O h iơ  and [ndiana, 
and vvith A merican bassvvood (T. americana)  w ith in  
the l)riftlcss section locatcd in southvvcstcrn W iscon-

sin, n o r th w c s tc rn  Illinois, no r th ea s te rn  Iowa, and 
southeas tern  M inneso ta .  C o m n io n  associates o f  this 
association inc ludc n o r th c rn  red oak, s lippery  elm 
( ư l m u s  ru lì ra), A m erican  elm (Lĩ.  a m ericana), rcd m a- 
plc, tu lip  pop la r  [L ir iodendron tu l ip i fe ra ) ,  and ọccasion- 
ally w h itc  ash ( F ra x in u s  amcricaiìà), black cherry  (Pru-  
m is serotina), and eastern h em lock .  U n đ ers to ry  
vegeta tion  gcnerally  consists o f  seedlings and saplings 
o f  thc  d o m in a n t  o v ers to ry  trees and  associatcd spe- 
cies. Bccausc o f  thc ir  shade tolcrance, sp rou ts  o íb e ec h  
and bassxvood, a long  w ith  sugar  m ap le  seedlings can 
establish thẹnisclves  in the íorcst un d crs to ry .  Prior 
to spring  lcaf expansion ,  ephem era l  herb  spccics are 
locally abundan t ,  capturiiiiỊ the  carly  scason sunlight. 
Svvamp and  b o t to m la n d  íorests  th r o u g h o u t  m any 
no r th c rn  torcsts  are do m in a ted  by  A m erican  clm, sil- 
vcr  m aplc  (A c e r  saccịìariiunn), ye l low  birch, larch 
( L a r i x  l a r i á n a ) ,  a n d  n o r t h e r n  w h itc  c c d a r  ( T l i u ị a  Occi

denta l is).
M aplc—becch m ix tu rc s  inhabit  sites vvhich arc com - 

posed  p r i im r i lv  o f  mesic alhsols. T hesc  soils arc woll-



đra ined  to m o d c ra tc ly  vvcll-draincd, fertilc silt o r  clay 
loam s. Sitcs vvithin this associa tion  remaiii rnoist 
t h r o u g h o u t  thc urovvinq season as a result  o f  soi] 
te x tu re  and relativelv Hat to p o íỊ rap h y .  T h is  tavo rab lc  
climatc aids in tree í*rowth and rcduccs thc risk o f  

n atu ra l  and a n t lư o p o g c n ic  íires. M a p le - b a s s w o o d  
sites arc sligh tly  d ricr  and vary  t ro m  areas o f  fm e- 
texturcd glacial drif't in Central M in n e so ta  to nutrient- 

rich loess (vvind-dcpositcd  lo a m v  soils) sitcs in S o u t h 
ern  W isconsin.

c. Mixed-Mesophytic
T h is  1X 1*1011 was or ig ina lly  classihed separate ly  as 
m ix c d  and vvestern m eso p h v t ic  to rcsts  and  is charac-  
tcrizcd by  hiu;h s tructura l  co m p lcx i ty  and  spccies đi- 
vcrsity . T h e  veiỊCtation con ta ined  vvithin thc A ppala -  
chian Platcau and thc In ter io r  Lovv P lateau rcg ions  is 
One o f  thc m o s t  Aoristically rich collcctions o f  
o v c r s to ry  spccics in N o r t h  A m erica  . T h e  b ro a d  clas- 
s ií ica tion o f  this g ro u p  is req u ired  due  to  the  h ig h ly  
varicd d o m in a n c e  o f  111 any diíYercnt o v e r s to rv  spe-  
cies, c o m m o n ly  25 trce species o r  m o r c  pcr hcctarc. 
T h e  associa tion s trctchcs s o u th w a rd  t r o m  the  A ppala -  
chians o f  w cs tc rn  P ennsy lvan ia  and  ea s tc m  O h io  
throusỊh W cst V irginia and in to  the C u m b e r la n đ  
m o u n ta in s  o f  K cn tu ck y  and T ennessec  (Fig. 1). Y el-  
lovv buck c y c  (A cs c u lu s  octandra),  vvhite bassvvood 
( T i l i a  hc tcrop l iy l l i t ), and c u c u m b e r t re e  (MaiỊiio lú i  Iicnin- 
inata) arc charactoristic ind ica to r  spccics w h o sc  lim its  
help deíĩne the Southern and w cstcrn  boundaries o f  

this veẹ;ctation type. A dd it iona l  o v e r s to ry  associates 
inc lude A m erican  becch, tulip  pop la r ,  suga r  m aple, 
black chcrry ,  A m erican  bassvvood, n o r th c rn  ređ oak, 
w h ite  oak  (Q iicrcus  allni), w h i te  ash, and  castcrn  h e m -  
lock. S im ilar  to  the o v c rs to rv ,  a largc assem blage  
o f  spccics com prises  thc  u n d c r s to ry  layers includine; 
red b u d  (C erc is  canadcnsis), sourvvood  ( O x y ả e n d r o n  arb- 
o reum ),  doịívvood ( C o r n u s  f lorida), w itc h  hazel (H a m  (Ị- 
mclis  v irạù ìi im a) ,  h o r n b e a m  (O s tr y a  v irạ iii iana)  and 
ironvvood (C a r p in u s  carolin iana).

A var ie ty  o t  habitats  r a n g in g  f ro m  cx p o scd  ridíỊes 
and c o n v e x  slopcs, to p ro tec tcd  valleys and  m o u n ta in  
covcs íacilitatc the vvide array  o f  spccics tb u n d  in this 
association. P erhaps  m o r e  im p o r ta n t  arc the  long, 
w a rm  lírovviniỊ scasons an d  thc decp, m e lan ized  soils 
vvhich co m p risc  m a n y  o f  these forests. D ec iduous  
nnill lictcr co m p o so d  o f  a m ix tn rc  o f  o rg an ic  m a tte r  
and m incra l  soi] is a b u n d a n t  th rous íhou t  the  associa- 
tion. T h e  h u n i i is -d a rk en cd  soils are a collection  ot' 
inccptisols, alhsols, and ultisols and  arc cons idcred  to 
be so m c  o t  thc  m o s t  p ro d u c t iv c  soils on  thc  con tincn t .

T h e  deep altìsols in sou tl iw cstcrn  Pennsylvania and 
n o r th w c s tc rn  West Virginia contain a liitỊh base status 
because thcv have becn to rm e d  tro m  shalc, lim cstone, 
and  calcarcous shalc bcdrock . Local ultisols arc also 
dcep, n io is t  soils, a l though  thcy contain  a m uch  low cr  
basc status bccausc they  have becn dcrived  t ro m  acid 
sandstones ,  shalc, and pliyllitc. T hese  un^lacia ted  
soils also have thin subsuriace accum ula t ions  o f  clay 
and  w ea therab le  minerals.

D. Oak-Hickory
Im m ed ia te ly  east and  w cst  o f  the  m ixed  m csophy tic  
association lics the o a k - h ic k o r y  association. T h e  o r ig -  
inal o a k —hickory  and thc o a k - c h e s tn u t  reíỊÍons ot 
Braun  are includcd in this association, rm km e; it thc 
largest eastcrn ío res t  association (Fig. 1). F orm cr  
o a k - c h c s tn u t  íòrests are novv o a k - h ic k o ry  m ix tu res  
duc  to the eradication ot ov crs to ry  ches tnu t (C astanea  
dciìtata ) by  ches tnu t bliiỊht discase d u r ĩn g  the carly 
pa r t  o f  this cen tury .  By the early 1930s, the fungal 
parasite, H ndoth ìaparasi t ica ,  had killcd virtually  al) m a-  
tu re  chcs tnu t trecs th r o u g h o u t  n iost o f  its range. A 
largc, w cstcrn  p o r t ion  o f  this vce;etation typc cxtends 
tro  111 the Texas Coastal 1’lain north  th rou^h  thc O ua- 
chita and O za rk  Plateau p rovinces in to  the Central 
L ow land  P rovince (Fig. 1). O ak -h ic k o ry  tbrcsts m ay 
also bo íound  in po r t ions  o f  Southern M inneso ta ,  Wis- 
consin, and M ichigan . V egetation  íỊrovving in closc 
p ro x in i i ty  to the tall^rass prairic re iụon  m ay  to rm  a 
to rcs t—prairic transition  type  consis ting  o f  scattered, 
o p c n - g r o w n  oaks w ith  a grassy u n d ers to ry  in M is-  
souri, low a ,  and eastern N ebraska  and Kansas. East- 
ern por t ions  o f  thcsc íorcsts presently  stretch  t'rom 
the p rcviously  glaciated scctions o f  Southern N e w  

E ng land  southvvard a long  the R idge  and  Vallcy and 
Bluc RidtỊc phys iograph ic  p rovinccs in to  wcstern  
N o r th  C aro l ina  and eastern T ennessec  (Fig. 1).

W hite  oak  m ain ta ins  high, w idesp read  im por tancc  
th r o u g h o u t  the oak -h ick o ry  association. A varie ty  o f  
additional oak  spccics com prisc  o v c rs to ry  positions in 
d ifferent geograph ic  locations w ith in  this type. Wcll- 
dcve lopcd  o ak -h ic k o ry  torests d o m in a tc  the  m o re  xc- 
ric landscape locatcd west o f  the m ix e d -m cso p h y t ic  
association. In addition  to the ub iq u i to u s  w hite  and 
black (Q. veÌHtina) oaks, p ro m in e n t  S o u t h e r n  species 
in the O za rk  and O uach ita  p rovinccs includc post 
oak (Q. stellata), blackjack oak (Q. mariỉandica), and 
S h u m ard  oak  (Q. slntinardii). In the C en tra l  Lcnvland 
section, b u r  oak (Q. macrocarpa), n o r th e rn  pin oak 
(Q. ell ipsữidaỉis), and cliinkapin ơak (Q. nitiehlenbcrỊỊÌi) 
assum c greatcr  im portancc .  D o g w o o d  is a c o m m o n



un d c rs to ry  spccies along w ith pe rs im m on  (D io sp y ro s  
ư iiỵ in ia n a ) ,  rcdbud  (C. canadensis),  serviceberry  
(A m elanc li ier  spp.),  p a w p a w  (Asiiniiií ì  tri loba), and  rcd 
n iu lbe r ry  ( M o m s  rubrci). O ak  savannah w o o d lan d s  are 
c o m m o n  in thc  vvcstcrn Central Lowlands p rovince ,  
w here  xeric conditions prcclude thc ío rm a t io n  of 
closed forcsts.  T h e  m ost successful upland specics 
on thesc savannas includc d ro u g h t- to le ran t  pos t  oak, 
blackjack oak, bur  oak, black oak, w hitc  oak, and 
black h ickory  (C. texiuia).

Im p o r ta n t  overs to ry  spccics cast of the m ix c đ -  
m c so p h y tic  forcst type includc rẹd oak, black oak, 
chcstnu t oak (Q. prinns) ,  and scarlct oak (Q. coccinca). 
T u lip  poplar,  rcd maplc, and various hickorics inc lud-  
intỊ p i^ n u t  (C a ry a  (ỊÍabrà), m ockcrnu t  (C. tom cn tosa ), 
b i t tc rnu t  (C. cordifbrrnis), and shae;bark ( C .  ovatà)  
c o m m o n ly  sharc canopy dom inance w ith  oaks. C o m -  
m o n  undcrs to ry  trces includc doíỊvvood, sassaíras 
(SússtiỊrai tilbidinn), red maple, w itch hazel ( H .  ư itỵ in -  
iana), a n d  tupelo (N y ssa  sylvaticà).  In addition , sh o r t-  
livcd chcstnu t sprouts  arc still locally abu n d a n t  in 
m a n y  castcrn forcsts. Ericaccous shrubs such as I 'lU- 
c in iu m ,  Kalinit i,  and Rìto d o d m d ro n  spp. are also prcva-  
lcnt in o a k - h ic k o ry  understories on  acidic sitcs. Sincc 
elcvation is h ighly variahlc w ithin tliis association, 
vctỊctation c o m m o n  in m ixed -m csophy tic ,  m a-  
plc—b e c c h -b a s sw o o d ,  and no r thcrn  hardvvood íor-  
csts m a y  bc found in various a inounts  on  stccp slopcs, 
r idgcs, and m ounta in  covcs. Character is tic  b o t-  
to m la n d  associatcs o f th is  vcgeta tion typc include syc- 
am oro  (P la tam is  ocádciưalis), rivcr birch (Bctultỉ  tìigrà),  
b o x e ld e r  (A cer  inỵi indò) ,  red maple, and various wil- 
lo w s  (S d l i x  spp.).

C l im atic ,  topographic,  and cdaphic ditTcrcnccs ini- 
pact the  variety o f  specics observcd in d itĩc ren t  loca- 
tions witli in  this vegctation type. O a k - h ic k o r y  m ix -  
turcs o f  the westcrn O uach ita  and O za rk  provinces 
are com prised  prim arily  o f  ultisols, a l though  lim e- 
s tonc  and  do lom itc  arẹ also co m ra o n  soil constitucnts  
o f  thc platcau rcgions. Similar to no r thc rn  hardvvood 
sitcs, oak  forcsts o f  thc nor the rn  Centra l L ow lands 
contain  sandy í^lacial tills and outvvash plains. Eastcrn 
o ak —hickory  torcsts expcriencc n iorc precipitation 
than vvcstcrn portions ot the association and, there- 
tore, contain  inorc  mesic specics on uplanci sitcs. T he  
m a ịo r i ty  o f  eastcrn oak íbrcsts arc tbund  011  character-  
isticallv m ountair ,ous tcrrain raiitỊĨiiiỊ f rom  lỊcntlv 
slopiníỊ to  stcep sites com prised  ot inccptisols, ulti- 
sols, o r  a m ix tu rc  o f  both. M oist valley Hoor sitcs 
typicallv  contain limcstone-clcrived soils, vvhilc m anv  
o f  the  dry  ridgcs and upper slopcs contain soils oriííi-

nat ing  t ro m  hií*hly w ea thered ,  acidic sa n d s to n e  o r  
shale.

E. Oak-Pine
This  region could  bc considercd  an eastern ex tens ion  
o t ' thc  o a k - h ic k o ry  association, a l th o u g h  the  c o d o m i-  
nance o t  pinc specics characterizcs this associa tion. 
T h e  m ạ ịo r i ty  o f  this vegeta tion  typc rcsidcs w ith in  
thc  lỊcntly rolline; P ied m o n t  P lateau p ro v in cc  w h ich  
encom passes Virginia , the C aro l inas ,  and  p o r t io n s  ot'  
Georgia ,  as vvell as the C oasta l  Plain íorcsts  o f  A la- 
bam a  and Mississippi (Fig. I). C o m n io n  oak and 
h icko ry  spccies found  in castern o a k - h i c k o r v  íorests  
are the d o m in a n t  canopy associatcs along w i th  a m ix -  
tu re  o f  transitional,  even-aged  p ine torcsts  con ta in ing  
loblolly pinc (Pitìĩis tacda), sh o r t le a f  pinc (P . echinata),  
and ViríỊÌnia pinc (P. v i r ỹ n ú m a ) .  Specics such as vvil- 
low  oak (Q. phellos), sweetu;um {L iq t t id a m h a r  s tyra-  
ciỊìiKì), and tulip poplar  ob ta in  local im p o r ta n cc  
th ro u g h o u t  thc  rcgion, w hcrcas  long lca t 'p inc  (P. pa l-  
ustris) is locally im p o r ta n t  in A labam a. In add it ion  to 
thc abu u d a n t  đogvvood, c o m m o n  u n d c rs to ry  spccies 
includc sourvvood, tupclo, rcd inaplc, and A m erican  
holly. Similar oak-pinc mixtures arc also tound 
w ith in  Coasta l lMain tbrcsts o f  N c w jc r s e y ,  D elaw are ,  
and M ary lanđ .  Intcresting varian ts  o f  this  vcgc ta -  
tion typc  arc ío u n d  in thc  t ì rc -p rone  p inc  barrcns  o f  
N o w  Jcrscy, C ape  C o d ,  and L ong  Island w h ich  arc 
do in ina tcd  by pitch pinc (P. rĨỊỊÌda), and occas ion- 
ally sh o r t lc a f  pinc, in associa tion w ith  dense, sh o r t-  
sta tured  scrub oaks (Q. iliciịoiia  and  Q . prinoides) .

C lim atically ,  this association is ve ry  sim ilar  to  that 
ot'  thc Southern cvcrỉỊrecn asso d a t io n ,  cxpcr icnc ing  
rclativcly m ild  w intcrs,  ho t  s u m m c rs ,  and lonc; g r o w -  
iniỊ seasons o f  11 p to 240 days. T e m p c ra tu rc s ,  h o w -  
cvcr, arc Cvpically coolcr  in the  o a k - p in e  ty p c  (Fig. 
3). G entlc  slopes com prised  a lm os t  exclusively  o f  
vveathered ultisols prcvail t h r o u ẹ h o u t  this vcgc ta tion  
typc. T hcsc  soils arc p rc d o m in a n t ly  acidic, sandy 
loanis dcrivcd trom  crystalline and  m e ta m o rp h ic  rock 
parcnt niatcrials.

F. Southern Evergreen
T his  vcíỊCtation association is con t ìncd  to the rcla- 
tivcly younỉỊ Coastal Plain, cnconipassin iỊ  the cntirc 
soutlicast t ron i  ViríỊÌnia to  thc  G u lt  C'oastal areas ot 
Texas (Fiư;. 1). Loni^lcaf pm c is the  charactcristic spc- 
cics along vvith tlic cvcrtỊrccn an^ iospcrn is ,  live oak 
(Q. ưirịỊÌiiiaihi) and  cvcro;recn maa;nolia (MaiỊnolia  
ỊỊruiidiỊiorii). Spanish m oss (T i l l í ỉn d ỉi í ì  usneoides)  com -



m o n ly  blankets tlicsc torosts, acccntuatine; tlicir cvcr-  
lỊrocn charactcr.  Additioiial ovcrs to ry  constitucn ts  0 1 1  
m o rc  xcric sires inc ludc slash p inc  (P .  c l l io t i i ) ,  loblolly 
pinc, tu rkcy  oak (Q. I t ic r is ) ,  bluẹịack oak (Q. ii i i iVhi),  

hlackịack oak, and sand pos t  oak (Q. sicllí ĩt iì var. 
n in iỵ n r c t ta ) .  O n  n io re  nicsic sites, ha rd w o o d s  sucli as 
laurel oak (Q. lauriịbìia), sw cctiỊiun, Southern rcd oak, 
vvliire ash, bccch, and tu lip  poplar  becom c m o rc  
p ro m in c n t .  C o m  m o n  u n d e rs to ry  spccics includc 
A m crican  holly ,  dosỊvvoođ, i ro n w o o d ,  l io rnbeam , 
in k b c rry  ( I l c x  and sa w -p a lm e t to  (ScrciiOíi re-

p c n s ) .  Extensive svvamp and bo t to n i lan d  torcsts are 
also c o n im o n  in Southern tb rcsts  alonc; r ivcr flood- 
plains, vvlierc s\veet.ỉỊum attains its pcak abundancc 
and biomass. B aldcyprcss  ( T a x o d i i t i i i  l ỉ i í t ic h m i i) ,  

svvainp tupclo  ( N .  s y l v t i t i i a  var. bif lor t ỉ ) ,  vvatcr tupclo  
(iV. aquaticà),  black xvillovv (Stìl i .x  uiịỊrd), vvaterhickory  
(C, aq ua t icà )  and  o v c rc u p  oak  (Q. ly n i td )  tìourisli iii 
thesc frcqucntly  Aoodcd arcas. Adđitional variations 
oí tho sou thcas tcrn  evc rg recn  to rest includc saiul pinc 
scrub , d o m in a tc d  bv sand pine (P .  chuii í ỉ)  and 1 1 1 1 - 
đe rs to ry  scrub  oaks (Q. [Ịciuiii ti ld, Q .  in y i i i fo l i í ĩ ,  and 
Q .  clìiipintinii ), and sandhill vcuỊctation dominaccd 
by loiiííleat pinc, slash pinc, and  tu rkcy  oak vvith a 
wirct;rass (A r i i t id a  strictii) undcrs to ry .

S ou thern  cvcrg rccn  torests  cxpericncc a mild cli- 
m a te  witli ab im đ an t  p rcc ip ita t ion  ilistrilmted cvcnly 
th ro u g h o u t  tlic ycar. H u m id i t ie s  in cxccss o f  70%  arc 
0 0 1 1 1 1 ) 10 1 1  and lỊrovvina; scason lcngths m ay  exceed 
300 days. Cìcntle to po íỊ raphy  prcvails on tho ultisol- 
dcrivcd , sandy  up lands.  M a n y  sitcs arc scasonally 
Hoodcd and, thc re to re ,  soils typically  cxpcricncc m o t-  
tliniỊ. C lay  hardpans  arc also c o n in io n  in Southern 
ultisols, causiuụ; tu r th c r  sa tu ra t ion  by im p c d in ẹ  soil 
drainagc, X eric  sites are locatcd  on  sand liills s tem -  
miiií* tVom ancicnt shorelines  in por t ions  of the C a ro -  
linas, Georg ia ,  vvcstcrn Florida, and Southern A!a- 
bania and Mississippi. B road  b o t to m lan d  íòrests, 
includina; the alluvial plain of the  Mississippi River, 
arc c o m p o sc d  o t  youniỊcr  inccptisols.  T hcse  scason- 
ally vvet soils also expcr iencc  mottliní* and have an 
o rgan ic  surtacc horizon .

II ỉ. Presettlement Versus 
Present-Day Conditions

Forest spccies c o m p o s i t io n  is rarcly stablc to r  ex- 
tendcd lcniỊths ot tin ie  becausc o f  d is tu rbance tactors, 
climatic changes, and successional dynainics . P resent-  
dav co inpos it ion  m ay  s ign i t ìcan tly  diffcr f rom  torcsts

\vhich existcd pr ior  to the sc t t lcm ent ot E u ropean  
n u m  i n  t h e  1 7 t h  a n d  1 8 t h  c c n t u n c s .  H o v v e v c r ,  s i n c e  

tcvv trccs prescntly rcmaín tro 1 1 1  that tinie p c n o d ,  
past to rcs t  h is tory  is ot'tcn rcconstructed  t rom  \\Tittcn 
historica! accounts o f  land su rvcyors  and f rom  palv-  
n o lo u y ,  the s tudy  o fp o ! le n  scdimcnts.  OrisỊĨnal land 
su rvcy  rccords havc bccn nsed in no r theas tc rn  and 
m k h v e s te rn  statcs to rcconstruc t  torcst co m p o s i t io n  
ot thc  last scveral hund rcd  ycars. Surveyors  described 
v eg e ta ú o n  cncountc rcd  aloníỊ tovvnship b o u n d a ry  
lincs and  listcd the spccies ot each corncr  “ vvitness” 
o r  bearinc; tree. Past vegctaúonal com posir ion  has 
also bccn in te rprc tcd  tro  1 1 1  similar nic tcs and b o u n d s  
l a i i d  s u r v c y s ,  v v h i c h  w c r c  c o m m o n  in  S o u t h e r n  h m d -  

lỊrant statcs. Dcspitc  potcntial bias duc to su rv cy o r  
prctcrcnccs to r  certain trcc spccics, lústorical rccords 
aro still .111 accuratc tool for dctcnnininụ; p resc tt lcm cn t 
to rcst con iposit ion .  Prcscrvcd pollcn cx tracted  trorn 
lakc and  bon  sedim cnts has bccn uscd to  dctcrn iinc  
t h e  b r o a d - s c a l c  c l i m a t i c  c h a i i í Ị o s  a n d  a s s o c i a t c d  v o g c -  

ta ticnal chanu;cs o t  thc last scveral ccnturics, inc ludiní; 
shitts tron i  pinc and sprucc to oak -don iina tcd  tbrcsts  
th r o u g h o u t  n iost o t thc castcrn U nited  States. T ab lc  II 
d c s c r i b c s  p r c s c t t k - m c n t  f o r c s t  c o n d i t i o n s  w h i c h  w c r c  

cons truc tcd  from  land snrvcy  rccords and pollen data 
tro m  ditTcrcnt portions o f  castcrn hardwooci torcsts.

M « rc  rcccnt diansícs in torests liavc occurrcđ  pri-  
inarily duc  to  an thropoiỊcnic disturbances. T h c rc to re ,  
p rc-  and  postsc tt lcm cn t torcst com posit ion  m ay  
ditTcr m arkcd ly  from rcíỊÌon to region. A lth o u g h  
som c vvhitc p in c - h c m lo c k - n o r th c r n  hardvvood for-  
csts h av c  rcm aincd rclativcly unak e red  sincc Eu- 
ropcan  scttlcniont,  n iany  have undcrtỊonc dran ia tic  
chaiiíỊcs as a resuỉt ot' anthropoíỊcnic disturbanccs.  

Followinc; clear-cuttinịỊ and burniiitỊ,  íb rm e r  liern- 
lock—b irc h -n ia p lc  forcsts in W isconsin dcvc lopcd  
ovcrs to r ics  do tn ina tcd  p rim arĩly  by  red oak, a soecics 
of typically  low  im por tance  in p rese tt lem en t tồrcsts.  
S imilarly , rcd oak im por tancc  in M assachusctts  in- 
crcased txom 7%  in p rcse ttlcm cnt w h itc  pine forests 
to near ly  20%  in prescn t-day  torcsts  as a result o f  
clcaring and loíỊginíỊ. An additional strikiniỊ cxam ple  
o£ vegctational chaníỊC duc to logtỊÌng w as rccordcd  

in h c m lo c k -h a rd v v o o d  torcsts oí thc A lleựhcny Pla- 
tcau in Pennsylvania , vvhcrc black chcrry  and red n ia-  
plc pcrccn ta^es  ot 1 -5 %  in p resc ttlcn icn t torests in- 
creaseđ to  23 and 27% , rcspectivcly, in p rcscn t-day  
torcsts.

M ix c d -m cso p h y t ic  and o a k —hickorv  torcsts are 
currcn tly  dcvoid  o f  thc oncc -d o n iin an t  chcstnu t,  as 
on ly  r o o t  sprouts  of this b l igh t-in tec tcd  spccies rc- 
main  todav .  As m cn tioncd  previoưsly ,  tb rm c r  chcst-
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nu t torcsts vvcre replaced vvith a e;roup ot' spccies 
inc lud inẹ red oak, chestnut oak, black oak, rcd maple, 
svvcet b irch (B etu la  lcntíi) and pitỊnut h ickory .  In addi-  
tion, eastern o a k - h ic k o ry  íorcsts liavc underí*one re- 
peated loggintỊ and clearing since scttlc incnt,  result ing  
in m aintcnance o f  oak ìn som c torcsts and increases 
in oak in others,  incluđing ío rm c r  o a k - p in e  torcsts. 
Midvvestcrn o a k - h ic k o ry  torests also expericnccd  
shiíts in spccics com pos i t ion  du r ing  postse tt lem en t 
years as a result of ag r iru ltu re  and íire e x d u s io n .  O n ly  
2600 hectares o f  oak savanna curren tly  rem ain  ot the
11 — 13 million hcctarcs presen t at the t im e o f  scttle-  
ment. In Wisconsin. b u r  oak savannas becam e closcd 
vvhitc o a k -b la c k  oak íorcsts, while rolling prairies in 
Kansas cxpandcd  to  closcd cliinkapin o ak—b u r  oak 
gallcrv torcsts. N atura llv  occurriníỊ Southern

o a k - p in e  and  S o u t h e r n  ovcrgrccn torcsts p rescn tly  
contuin  lcss p ine  and m o re  oak and h icko ry  spccics 
than  during; p resc t t le m e n t  timcs. l iecause p inc spccies 
are relatively sh o r t- l iv e d  and tì re trcqucncy  has bcen 
rcduced , tho succession w ith o u t  d is turbancc m ưurally  
tavors  thc m o r e  shadc to lc ran t hardxvoods w h ich  be- 
con ic  es tablishcd in the  un d ers to ry .

IV. Disturbance Factors

Historical d is tu rbances  such as tì re, loíỊíỊinỄỊ, vvind, 
insects, diseasc, and  anim als  havc plavcd a m ạ jo r  role 
in shapini* the  s tru c tu re  o t  n ianv  torest coinm iinitics.  
Firc has been a natura lly  recurrin iỉ  torcc in the m a jo r -  
itv o t  tcn ipera tc  torests  ío r  thousands  of years. In 
N o r th  A m erica ,  p rese tt lem en t íires causcd by lií^ht- 
iiintỊ o r  Indian b u rn in g  oceurred  trcqiK‘ntlv  in the 
C e n tra l  Plains, m id-A tlan t ic ,  and southcastern  statcs. 
Fircs vvcrc less í req u c n t  but m o rc  catastrophical in 
tho u p p c r  Lake States and in trequcn t in nor theas te rn  
statcs. Indians uscd  fìre to r  a m yriad  ot tasks includiníỊ 
co o k ing ,  hcatiniỊ, l igh t ing ,  huntinọ; gam c, driv in iĩ  oft 
m o sq u i to s ,  c lcaring  underb rus li ,  and m a in ta in ing  
t^rasslands. A lth o u ííh  so m c  havc dcbatcd  the ex ten t 
o t  lnd ian  bu rn in ự ,  it ccrtainly atìectcd local torcst 
con ip o s i t io n .  F re q u en t  tìrcs d u r in g  p resc tt lem en t 
t im es p resun iab ly  aíTected m any  turests by e l im ina t-  
ing  later successional spccies such as bccch and ìm p le ,  
and tavorin tĩ  n io re  rcsistant oak specics. T h u s ,  tì re 
supp ress ion  sincc thc  bcginniiKỊ ot clic 2 0 th  cen tu ry  
has perm itted  shade-tolerant trccs to survivc and ÍI1- 
hab it  u n d c r s to ry  posit ions in n ianv  íorcsts.  [S íT  F o r -  
EST E c o l o g y ;  S i l v i c u l t u r e . Ị

W in d th r o w  is an o th c r  natural d is tu rbance  vvhich 
has in íìucnced  tb rcs t  s t ruc tu rc  for ccnturies .  W ind  
d is tu rbanccs  typically  cause scattcrcd b lo w d o w n s  ot 
m a tu re  trccs, crcating  canopy  gaps and a subsequcn t 
release of alrcady  cstablishcd indiv iduals o r  cs tablish- 
m e n t  ot I1CW spccies. This  “ g a p -p h a se” spccics re- 
p lacem ent is c o m m o n  in o lđ -g ro w th  h cm lo ck  tbrests, 
vvherc slitỊhtly less to le ran t sugar  m aple,  becch, and 
yc l low  b irch  inhab it  o vcrs to ry  hem lo ck  íỊaps. Al- 
th o u ^ h  w ind th rovv  typically occurs as small-scalc  lo- 
calizeđ cvcnts, less ử e q u e n t  catastrophic w in d th r o w  
has occu rred  h istorically  in íorcsts as a rcsult  o f  to rn a -  
does, hurr icanes ,  o r  hcavv localizcd th u n d c rs to rm s .  
Glaze, o r  icc s to rm s ,  and carly sn o w  p r io r  to  lca f  tall 
have sim ilarly  at ĩcc ted  tbrests by killint* or dam ag-  
insỊ m a n y  o v e r s to ry  trccs and stinnilannsỊ co m p o s i-  
t ional changes ,  inc lud ing  acceleratin^ succession bv 
rcleasiní* sha đ e- to le ra n t  unđers to ry  trccs.



Loguim; and land i'k\uinsỊ tor a^riculture ha\'C also 
a t t c c t c d  a lariỊC p r o p o r t i o n  o t  h a r t h v o o d  t o r c s t s .  R c -  

niaimnt; tracts ot land vvhich havc escapeđ loiỊiỊÌMỊ 
o r  clcariniỊ arc scattered  rc in n a n ts  tvpicnlly locatcd 
0 1 1  routỊli tcrrain. In addi t ion  to  the a to rc m e n t io n e d  
c o n i p o s i t i o n a l  c h .u i í Ị c s  th a t  o c c u r r e đ  f o l l o w i n c ;  Ioe ị-  

tỊÍiií;, a"i ịcultural a b a n d o n m e n t  tb lknviniỊ  land clcar- 
inư, of h a r d u o o d  tbrests  also lcd to  drastic  co n ip o s i-  
t ional cliaiiíỊos in various tbrcsc types. O ld  ficlds in 
N evv Enííland w crc typically invadcd by vvhitc pinc, 
w hilc abandoncd íiclds of the southeast vvcrc com -  
n io n ly  invaded  bv ViriỊÌnia, shortlcat '  o r  lohlolly  
pines. Dram atic iiKTeascs in carly succcssional conitcr 
tbrcsts resulted íroni thc lariỊc-scak' agricultural aban- 
d onn icn t in thc IHOOs and carly l ‘JO()s, mitúitinụ; tlic 
natura l  convcrs ion  to  o a k - p in c  and  evcntiuilly m ixcd  
oak torcsts secn today.

Considcrabk' chaníỊcs 11 1  íòrest structurc m ay arisc 
duc to patliotỊcns or insccts, vvhich can causc localizcd  
daniaíỊC and rnortality ot' trcc spccics or can totally  
clim inatc a spccies sitcli as chestnut. An additional 
trcc spccics w hich  vvas rcccntly cliniinatcd tVom the 
ovcrstory o f  m any castcrn low land  and m csic torcsts 
is American elm . D utcli d m  discasc, caused hy thc 
hmtỊus C c ra to cy itis  Iilnii, along w ith  phloem  nccrosis 
discasc, rcsultcd in tho d e in ise o fth is  donúnant spccics 
in the 40 ycars tollovvini' its in troduction in co O h io  
trom  Europc in 1930. C o m m o n  specics rcplacinm clm  
includc hackberry (C e lt is  ủccidcn ta lis), box  cldcr (A c e r  

Iieạttndo), black chcrry ,  black asli (P r i ix im is  íirựm), rcd 
m aplc, and y e llo w  birch. Am erican elm has n ot bccn 
clim inatcd from  unđerstory p ositions and should pcr- 
sist tbr ẹenerations by sh ort-livcd  individuals, as scen  
to a lesscr c.xtcnt in chcstm it. O ak w ilt (C era to cys tis  
ịa ạ a cca m m ), a vascular disease transm itted by sap- 
tccdiníỊ beetles, lias historically  causcd m o r ta l i ty  ot' 
rcd and black oaks and a subsequcnt incrcasc in black 
clicrry 111 m id w e s tc rn  and  n o r th -c c n t ra l  íorcsts .  In 
add it ion ,  bcech bark  discase (N cc tr ia  coccinca var. /Ậ(JĨ- 
Hiita ) has rcsulted in cx ten sivc m ortality  ot Am erican  
bccch in northern íorests over thc past fcw  dccades.

Pi.ANT P a t h o i .o g y .Ị

Hardvvood spccics arc also a t ĩec ted  by a varie ty  ot'  
insccts i n d u d in g  the des truc tivc  g y p sy  m o th  (L y m a t ì -  
trìa d isp a r), vvhìch deíòliated over 7 m illion acrcs o f  
northcastcrn dcciduous torcsts in 1990 alone. W ide- 
sprcad  deto lia tion  can result  in cons iderab le  oak m o r -  
tality and m av  possih ly alter  species c o m p o s i t io n .  A d-  
ditional mscct pcsts vvhich incur  hca v y  localizcd trcc 
d a m a t Ị c  i n c l u d e  t h o  h e m l o c k  w o o l l v  a d c l g i đ  ( A d e lạ c s  

rsiiịhii’), in northern h ard w ood —coHÌter forests, and

t h e  S o u t h e r n  p i n c  b c c t l c  (Dciidroctoiius Ị iv n id l is )  in  p i n c  

torcsts ot the soutlicnst and (iu lt Coastal Plain.
In m any northcrn torcsts, dccr havo bccn a 1 0 1 ) 1 1 1 1 0 1 1  

disturbancc tactor lim itini' stand đevelopm ent by 
rcmovinu; unđerstory vcíỊctation. Follo\vint» hcavy  
cuttỉnu; cỵcles in tho Lite 18()()s and carly 1900.S, 
vvhite-tailed dccr (O d o c o ila is  rirạ iiìidn tis) populations 
cxplodcd and scvorcly diniinishcd hcnilock and otlicr 
northcrn hnrdvvood rctỊcncration. C.'onscqucntly, .1 
shitt in spccios dom inancc occurrcd Í11 MichiíỊan tbr- 
csts trom hcm lock to sutỊar maplc, wlicreas in m any 
Pcm isylvania liardvvood stands that sutYcrcd total 
clim ination o f  undcrstory vctỊctation. arrested S11CCCS- 
sion froni tcrn and lỊrass spccies was the rcsult. It lias 
bccn cstim atcd Chat decr liavc bccn dircctly responsi- 
blc tor inorc than H5% ot rctỊcncration tailures vvitliin 
scvcral torcsts o í t l ic  A llcghenv Plateau.

V. Western Populus Forests

Fc\v ot the castcrn hnrdwood spccics pcrsist \vcst o f  
97° loniỊÌtiido, which is a n orth -sou tli boundary troni 
vvcstcrn M innesota throutỊỈi castcrn Texas. Eastern 
trcc spccics that iỊrow bcyond that point arc gencrally  
íoim d ÍI1 riparian (river and strcani) ccosystcm s. In 
these conin iunitics, eastern co ttom vood  (P o p u lu s  cicì- 
toidcs var. (leltoides) and plains co tton w ood  {P. dcìtoides 
var. ơcciíừiitalis) arc particularly im portant. T hcsc cot- 
tonvvood spccics oftcn i>row in assocìiition w ith  black 
(S a l ix  I i iy ú )  and pcachleat (S .  am yạda liúdcs) \villovvs, 
as w cll as hackbcrry, e;rcen ash, box clticr, rivcr birch 
and slippcry clm . In addition, trem bling aspcn (P. 
trem u lo id es) t;rows across thc cntire N ortli American  
contincnt, troni N ova Scotia to Alaska and occurs as 
a m osaic ot clonal (sprout origin) íorcsts throusỊhout 
thc w cstcrn United States. T licsc hiíỊhly valued torests 
grow  primarily along strcams and in vvct m cadow s, 
but can bc found in dry platcaus and m ountains. 
T rcm bling aspcn is intolcrant ot' shade or undcrstorv 
conditions and is perpctuatcd prim arily by root 
sprouting (callcd suckering) fol]owm iỊ pcriodic burn- 
ing or cuttini;. In thc absencc o f  such disturbances this 
short-livcd  spccics w ill be replaceđ by m ore shadc- 
tolcrant trecs such as sprucc and fư.

VI. Western O a k  Forests

As w c  discusscd earlicr oak species are onc  o t  the 
m ost im portant lỊenera in castcrn h.ựdvvood íorcsts. 
M any  d it tc rcn t  oak  spccics also occur  in thc w cstcrn



U n ite d  States, b u t  oftcn  u n d c r  s igniíìcantlv  d r ie r  con-  
ditions than  those  in the cast. Because ot thc  drier  
cond it ions  m any  w cstcrn  oak spccics cxist as shrubs ,  
ra thcr  than full-sized trccs. In the so u th w c s te rn  in te r -  
m o u n ta in  regicm, ỉỊamblc oak (Q uercus  ạúinbelii)  is the  
most c o n i ra o n  oak specics. It t»rows as a s h ru b  o r  
small trec  in dcnsc thickets on d ry  foothills, canyons ,  
and lo w cr  slopcs. It is s low  ẹrovvina;, b u t  its acorns 
and lcaves p rov ide  valuablc íbrage iò r  a var ic ty  ot'  
vvildlitc in the  region. O th c r  oak species in the  s o u th -  
vvcstcrn U n ite d  States arc M exican blue oak  (Q. ob- 
lon{ỊÌfòlia), A rizona w h itc  oak  (Q. a rizon ica ) ,  and  c m -  
o ry  oak  (Q. ciììoryi).

In con tra s t  to the  small s ta ture  o f  tlicsc sou th  w cs t -  
crn oaks, the  oak vvoodlanđs in thc W cst C o a s t  States 
contain  a varic ty o f  specics tha t ob ta in  ílill trce  sizc. 
O ak  w o o d la n d s  typically occur  in thc C en tra l  Valley 
and toothills  o f  Cnlitbrnia  and thc in tc rio r  vallcys o f  
O re g o n .  Tlicsc vvoodlands arc savanna-likc in naturc ,  
w ith  vvidely-spaccd trccs and a íỊrassy u n d c rs to ry .  
ĩ h e  d o m in a n t  dcc iduous  oak spccies in thcsc c o m n n i -  
nitics arc O rc g o n  w h itc  oak (Q. (Ịarryaiiá), b luc oak 
(Q. d o u i; la ú i) ,  Ca li íb rn ia  w hite  oak ( Q. lolnua), and 
EiitỊelmann oak (Q. cnỊỊclmannii).  T w o  everg reen  
oaks, coast li vo oak (Q. aạriịolià)  and in ter io r  livc oak  
(Q. w i s l i z a i i i ) ,  m ay  also be im p o r ta n t .  T yp ica l  o í o a k  
savannas in tho C en tra l  Plains States, these w cs tc rn  
oak  vvoodlands m ay be d cpcndcn t  011  fire for their  
surv iva l  and perpc tua tion .  O a k  spccics th r o u g h o u t  
tlic U n i te d  States are íỊcncrally l i"h t  d e m a n đ in g  and 
d o  n o t  rep ro d u ce  vvcll in the shade o f  thc ir  o w n  can- 
opy .  P er iod ic  u n d crs to ry  bu r i i ing  m ain ta ins  thc  open  
na tu rc  o f  these torcsts and  thc grassy  u n d e rs to ry  as 
vvcll as p revcn ts  the successional rcp laccm ent o f  oak 
spccics b y  the typical c l im ax o f  fir and  D ouglas -f ir .

VII. Forests of Europe

T e m p e r a te  hardvvood forests o f  E u ro p c  arc d a s s ih c d  
as n i ix e d  c o n i f e r - h a r d w o o d  and  arc n m ch  lcss spccics 
d ivcrsc  than ana logous íorests  in N o r th  A m erica  o r  
Asia. T h e  p r im a ry  h a r d w o o d  ecosystcm s are d o n i i-  
na ted  b y  bccch a n d / o r  oak. E uropean  bcech (FữịỊns 
sy lva t ica )  dom ina te s  in the  plains, lo w  plateaus, and 
lesser m o u n ta in  raníỊes ot"Central and w es te rn  Europc .  
T h csc  torests arc bcst dcvc lopcd  on slightly  acid 
b r o w n  soils, vvhcrc this spccics g ro w s  in association 
w i th  sv c am o rc  m aple  (A cc rp sc n d o p la ta m is )  and  linden 
trcc ( T i l i n  cordaía). Bccch trces tcnd to  bc tai] and 
sm all in d iam eter  and i»row in dcnsc tbrcsts. This  
m ay  rctìect the fact tha t trees arc o f  coppicc (sprout)

oriíỊÌn t r o m  t r cq u c n t  cuttiníỊ to r  charcoal o r  tuelvvood 
p ro d u c t io n  and tha t  bccch is a hiííhly shade- to lc ran t  
spccics. N onc the lc ss ,  like m a n y  species tha t grovv in 
latc successional íorcsts,  beech o í tcn  rcííencratcs m o s t  
prolií ìcally  in s inglc trec lỊaps tha t  te m p o ra r i ly  in -  
creascs l igh t  to  thc  to res t  tìoor. E p isodic  incrcases in 
ligh t  a ro u n d  cx is ting  beech trccs gcncrally  tr iggers  
the  p ro d u c t io n  o f  ro o t  sp rou ts ,  w h ich  rcprescn ts  an 
in ip o r ta n t  m o d c  o t  regcnera tion  for  this specics. 
Beech ío res t  can also occu r  on  leached o r  pođzol ic  
soils and  g r o w  w i th  oak  (Q i ie ra is  pctraca  and  Q . robnr).  
W h c n  sitcs are n o t  su itabk ' fo r  bcech due to  rocks, 
slopcs, cxposu rc ,  and drainagc,  it m ay  be replaced by 
f b r e s t s o f Q .  robnr , C a rp in t ts  betu lus,  C a s ta n ea  sa t iva ,  or 
P in u s  sy lvcs tr is .  In the Alps, Pyrenes,  and  C arp a th ian  
n io u n ta in  raniỊcs, bccch torests  g r o w  to an e levation 
o f  600 to  1300 m , a t tcr  w h ich  they  are rcplaccd by 
h i^ h e r  elevíition fir, sprucc, larch, and pine forcsts.

E u ro p c an  oak  torests  exist vvhen site cond it ions  
tacilitatc pcr iod ic  burnins* duc  to bc ing  dr ic r  and  hav- 
ing  dcnsc undcrs to r ics  and  p ro p c r  fuel conditions,  
thus  e l im ina ting  o th e r  tc m p cra tc  h a rd w o o d s  and  per- 
pc tua t ing  the  f ì rc -adaptcd  oak specics. N o t  surpris-  
ingly, mcditerrancan cco syste m s in Southern Europe  

tha t  b u rn  w i th  g rca t  rciỊiilarity arc d o m in a te d  by 
Q u t r c u s  ilc.x. T e m p e r a tc  oak torests  arc d o n i in a tc d  by 
Q. robur  to the n o r th  and east and cx tend  tro  111 South
ern  F inland to n o r th c rn  Scotland. Q u crcu s  pe traca  h.is 
a raniỊe s im ilar  to tha t  o f  E u ro p c an  bccch, w h ilc  Q. 
pubescens  íỊrovvs f ro m  the  M c d itc rrancan  to  N ancv , 
France, to thc  B ohcm ia  reiỊÌon o t Central Europe. 
Q n e rc u s  cerris occurs trom  thc Atlantic occan to Central 

and w estcrn Europe .
Forests o f  Entrland are dom inatcd by Q . ro b u r  01 1 

hcavy  lovvland soils, Q . petraca  OI1 sandy soils,  ar.d 
F<1(ỊUS sy lva t ica  on  calcareous soils. Associated  speciíS 
w i th  Q. robnr  inc lude F. syh n u ica ,  C a rp in u s  betulhS,  
T i i ia  cordata , and  T .  p l a ty p h y l lo s .  Querci is  pc traea  for- 
csts are m ix e d  w i th  Q . i l c x  (w hich  was in troduccd  
f ro m  Southern E uropc) ,  t ì c m la  ptibescens, and  B .  p c ì -  
duia.  C a lcareous  w o o d s  d o m in a te d  b y  bcech also con- 
taiii T i l ia ,  A c e r  cainpestris,  U l im ts  lịìahra, and F r a x i t w  
excelsor.  O th e r  trce gcncra  o r  specics im p o r ta n t  to  t:ie 
íorcsts  ot'  E ng la n d  inc lude P la ta n m ,  S a l i x ,  Juạlar,s ,  
A c e r  p la tano ìdcs ,  and  Popii lus .

VIII. Forests of Asia

B o th  Japan  and  Cliina conta in  a siiỊĩúiìcant a m o m t  
o f  land don iin a te d  by  co o l- tcn ipc ra tc  and w a r n -
tcm pcra tc ,  b road-lcavcd ,  dec iduous  h a r d w o o d  fcr-



osts. T h e  d o m in a n t  gcncra in thcse countrics  arc re- 
m ark a b lv  s im ilar  to that o f  castcrn  N o r th  America, 
in d u d in t ;  PứịỊus, Q u e rc u s , A cer ,  P r a x in u s , P o p u lu s ,  t íc-  
íi//(7, and PÍIIIIS. C o o l  tempcratc íorcsts o t 'Ja p a n  are 

d o m in a te d  by  beech ụ :aỊỊtis crenatữ and  ịapo tũca ) 
and thc oak, Q u e rc u s  crispulã. T h c re  are a large n u m b e r  
o f  spccics m ix e d  in thcse torcsts,  includina; m a n y  m a -  
plcs A c e r  1)10110, A .  Iiiicraiitliiiin, and A .  ịaponi-
cuiii), A c a n t h o p a n a x ,  hra .x inus latiuiỊÌnosa, T i l ia  ịapon-  
icn, and M atỊno lia  obovata. Forests o n  particu larly  w e t  
sites m a y  co n ta in  A csci i lu s , C e rc id ip h y l lu m ,  B c tu la , A l -  
IIIIS, and C o m u s .  W a rm - te m p e ra tc  hardvvood torcsts  
in Japan  arc d o m in a tc d  by m ixcd  oak species and 
Cíỉstdiiopsis. T h e  principnl oak spccies arc Q. (ỊÍlva, Q. 
Siil iáihi, Q. a cu ta , Q . iịianca, Q .  n iyrsinaefo l ia ,  and  Q. 
sessil ifo lúĩ. In s o m e  localitics evcrg rccn  conitcrs  m a y  
bc prcscnt,  inc lud ing  specics o ĩ A b i c s ,  7 ’\ií(jđ, Pủảocar-  
p n s ,  T o r rc ya ,  P icca , C ry to m e r ia ,  and  C h a m a ccyp a r is .  
Tlicsc spccics o ccu r  0 1 1  s toncy ,  stecp, m ơ u n ta in o u s  
hab i ta ts  and con ip r isc  small g ro u p s  o f  trccs w ith in  
thc  hardvvood forcsts. O n  d ry  hab ita ts  Q u ercn s  p h i l l y -  
rtĩcoitừs, vvith sm all leathery leavcs, m a y  bo part icu-  
larly im p o r ta n t .  Tliis oak spccics is the  Ịapancse ana- 
loguc  to  Q . ilc.x o f  S o u t h e r n  E uropc .

D cc iduous  liardvvood íorests  ot '  C h in a  can be 
d iv idcd  in to  to u r  d it íc rcn t  to rcst typcs: rn ixed- 
m csophy tic ,  m ix e d  n o r th c rn  h a r d w o o d ,  b ir c h -d o m i-  
nated, and tcn ipcra tc  dcc iduous  broad- leaved . 
M ix e đ -m e s o p h y tic  tbrcsts occur in Southern C hina  

and arc d o n i in a tc d  hy o v c r  50 spccics o f  A c e r  and 
nuilt ip lc  spccics o f  T i l in ,  t ìe tu la ,  C a rp im is ,  C e l t i s ,  
l :rn.\ ii i ii ỉ ,  Q n c r a i s ,  Ulniiis, and Phcìiodendron .  O v c r  60 
íỊcncra arc knovvti to cxist as ca n o p y  tree spccics in 
thcsc dívorsc torcsts ,  witli n o  o nc  spccies actiniỊ as 
a superc iom inan t.  M ixcd  n o r th e rn  hardvvood torcsts 
locatcd in n o r th e r n  C h ina  arc reprcscn tcd  by  m o rc  
than 20 trcc gcncra ,  the  n ios t  im p o r ta n t  be ing  A cer ,  
Bclula, Piiìits koraìensis, Qtierciis, Praximts, ỊiiịịIiuis, 
M a a c k ia ,  P hello d en d ro n ,  and Uliìius.  Birch forests  d o m -  
inatcd b y  t ìc tu ld  cniiani,  B .  costata, B .  dahuria ,  and 
B. p l i i typ l iy l ln  í o r m s  thc u p p c r  a ld tud ina l  rcachcs o f  
te m p era tc  d ec id u o u s  oak forests  and  m ix e d  n o r th c n i  
h a rd w o o d  forcsts  ncar  Siberia. A t h ig h c r  clevations, 
b e lo w  the  m o n ta n c  conife rous  zonc, b irch specics 
fo rm  ncarly  p u rc  stands exccpt to r  occasional P apn lus ,  
Sali .x , and S o rb u s  spccies. T c m p c ra tc  dcc iđuous 
b road - leavcd  lorcsts  cxist in che s u b h u m id  regions 
of Central C h in a  in bctw ccn  the m ix c d -m e s o p h y tic  

íorcsts  of the  South and the m ixcd  hardvvoođ íorcsts 
to thc  n o r th .  In iỊcncral, thesc to rcsts  are d o m in a tc d  
by the d cc id u o u s  oaks Q u c r a i s  lìioiiỊỊolica, Q . d m t a t a , 
Q. l idotimựcii í is ,  Q .  tii tii issima, Q. ưíVÌãhilis, and Q.

serrata and  the  evcríỊrecn oaks Q . baronii. Q. 'ịlaucạ,  
and Q. spinosd.  Lovver clcvation oak torests m a y  be 
n i ixcd  w ith  C elt is ,  F ra x in u s ,  Ịu ỵ h v is ,  P o p u li is , U ỉm t is ,  
C a r p im i s ,  and A cer .  M o s t  oak torests  havc the ir  can- 
opy  d o m in a te d  by a sinyle oak species, In dricr  hab i-  
ta ts Q .  Hiongolứa  and  Q. dcntata  fo rm  opcn ,  savanna 
likc stands.

IX. G lobal Change and Future Forests

As w e  have discusscd above, vcgcta tional changc  is 
a d y n a m ic  process a t tr ibu tab lc  to  m a n y  tactors in c lu d -  
ing  d is tu rbancc  rcc;imcs, sitc condit ions ,  and  prevail-  
inỉỊ c l im atic  condit ions .  C l im a tc  vvill p ro b ab lv  be  the  
n io s t  im p o r ta n t  tac to r  con tro l l ing  fu tu rc  vcgcta tional 
changc. A l th o u g h  d im a t ic  chaniỊOS ovcr  the  past sev- 
cral h u n d rc d  ycars liave bcen small,  it is p red ic tcd  
tha t  im prcccdcn tcd  cl iniatic changc m ay  o cc u r  o v c r  
thc  n cx t  fcw ccnturics. A tm o sp h c r ic  carbon  d iox ide  
( ( -O ,)  conccn tra t ions  havc  risen s teadily  and are p r o -  
jec tcd  to  ncarly  do u b lc  tro  111 thc alrcady inAated pres-  
cnt lcvcls b y  the  m id-21st  ccn tu ry .  Incrcascs in C 0 2 
and  o th e r  a tm o sp h c r ic  tracc ỄỊascs m a y  cause tỊlobal 
tcm pcra t i ircs  to  incrcasc scvcrnl dcgrccs (°C), vvhich 
cou ỉd  s iqniíicantly  altcr forcst s t ruc tu rc  and p r o d u c -  
tivity. Recciit prcdictions bascd OI1 prọịcctcd u;lobal 

te m p c ra tu rc  incrcascs p roposc  d e d in e s  o í  sp rucc  
and nor t l ic rn  pinc spccics. As g lobal tc m p era tu rc s  
incrcasc, a synerg is t ic  cffcct bctvvccn vciỊCtation, 
d r o u g h t ,  and firc m a y  o ccu r  as the p o ten tia l tb r  scverc 
íìres arc p rcd ic tcd  to  incrcasc, w h ich  in tu rn  m a y  lead 
to  increases in Vegetation w h ich  can to lerate  hÍE;h fire 
trequcncy .  T hcre fo re ,  oak and h ic k o ry  p o pu la t ions  
arc prcd ic tcd  to  cxpcr iencc an overa ll  cx p an s io n  in 
m o s t  tcm p cra tc  torcsts.

A tm o sp h e r ic  po llu tan ts  su ch as ozone , sư líu r  d io x -  
idc, and  n i t roqen  ox idc  m a y  also in lìucnce tu tu re  to r -  
cst c o m p o s i t io n .  T hesc  po llu tan ts  have  been h y p o th e -  
sized to contribute to íorcst dccline in m a n y  tcm pcrate  

to rcs ts  b y  inhibitiniỊ  p ho tosyn thes is ,  lcaching soil cat- 
ions, and  incrcasing soil a lu m in u m  toxicitics. D u e  to 
the  com plex i t ic s  o f  o u r  a tm o sp h e re  and the  m a n y  
intcractions prcscnt within and ainonsí ccosystcms, 
prcdictions about clim atic  trends  and associatcd VCỄỊC- 

ta tivc changes arc tc n u o u s  at bcst. P rcdic tivc  m ode ls  
w h ich  take ìn to  accoun t  species’ rcsponscs to  past 
en v i ro n m c n ta l  chaníỊes, po tcn tia l species’ núạ;ra tion  
rates, and possiblc cl imatic tccdbacks have bccn uti-  
lizcd to  s im ula te  fu tu rc  scenarios Í11 hardxvood torcsts .  
M o r c  in tb rm a t io n  concern ing  lo n ^ - te r m  a tm o sp h e r ic  
and cl imatic trcnds  as vvell as species. p o p u la t ion ,



and ecosystem  responscs to Auctuatin^ condit ions are 
neccssary to accuratcly predict the fu ture  com posit ion  
o f  tcniperate  íorcsts o f  thc n o r th e rn  hem isphcre ,  
[S c c  A i r  P o l l u t i o n :  P l a n t  G r o w t h  a n d  P r o d u c -
TTVITY. I
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Glossary
A s e p t i c  P r o c e s s i n g  Filling and herm etica lly  scaling 
a p rcv iously  hca t- t rca ted  co n im erc ia l ly  sterilc food 
in to  a scparate ly stcri]ízed packagc o r  Container u n d e r  
a stcrile e n v i ro n m c n t
C o m m erc ia l s ter iliza tio n  Relatively sevcre heat 
t r ea tm e n t  at tc m p era tu re s  ab o v e  1 0 ()°c to inactivatc 
hea t- res is tan t  bacterial spores  for l o n g - tc n n  p rese rva-  
t ion  o t to o d s  to  be s to red  at n o rm a l  n o n re í r ig c ra tc d  
conditions; lieat t r e a tm e n t  t im cs  and te m p e ra tu re s  cal- 
culatcd o n  the basis o f  ach icv ing  sutTicicnc bactcrial 
inactivation  in each food  Container to  c o m p ly  w ith  
public  hcalth s tandards  and  to  insure  tha t  thc  p ro b ab i l -  
ity o f  spoilage will be less than  so m e  m in im u m ;  Ếoocỉs 
arc rcndcred  safe b u t  n o t  “ ste ri lc” in th c  m edica l  sense 
in that th e y  are n o t  co m p le te ly  frcc o f  all possib le  
m ic ro o rg a n ism s  (all rcíerences to “ s te r i l iza tion” in 
this articlc im p ly  c o m m erc ia l  steriỉization)
C a n n i n g  M ethod o f  food  prcsc rva tion  w h ich  rcsults 
in herm ctically  sealcd con ta iners  o f  ío o đ  tha t  have  
been stcrilized by hea t so they  m ay  rem a in  sh c lf  stablc 
o vcr  long  per iods  o f s to r a g e  at n o rm a l  nonreír ie ;era ted  
s to rage  cond it ions ;  the  sever ity  o f  hca t  t r ca tm e n ts  
nccded  for this p u rp o sc  d epcnds  u p o n  vvhcther m ic ro -  
bia! activity  is tu r th c r  h in d e re d  by ]ow  p H  a n d / o r  
\vater ac tiv ity  o f  the  speciíìc food  p ro d u c t  
L e t h a l i t y  R e d u c t io n  in popu la t ion  o f  ta rg c t  m ic ro -  
o rgan ism s as a result  o f  ex p o s u re  to a lethal tc m p e ra -  
turc h is to ry ,  and expressed  as the n u m b e r  o f  loga-  
r i thm  cyclcs in p o p u la t io n  rcduc tion  
S low est h ea tin g  p o in t L ocation  w i t h i n  a C o n t a in e r  

o ffo o đ  that is last to respond to hcat that is penetrating  
invvard t ro m  all surtaces, usually  the g e o m e t r ic  ccn ter

o f  the Container íor solid-packed foods or food con -  
ta iners tha t  are co n t inuous ly  agitated  d u r in g  P ro 
cessing; for containers w ith  liquid p roduc ts  tha t  are 
held motionless durint; Processing, the slowest heat-  

ing  p o in t  m ay  lic so m c w h a t  bc low  the geo m etr ic  
cen te r  becausc o f  naturally  occu rr in g  convective  cu r-  
rcnts  tha t  arisc du r in g  hea ting  o f  the liquid con ten ts  
R e t o r t  Largc industria l-sized prcssure vessel or 
co o k c r  in w h ich  filled sealcd food containcrs arc ex -  
posed  to  pressurized s team  for  sterilization at te m p e r -  
a tures  above  1 0 0 ° c
P a s t e u r i z a t i o n  Relatively m ild  heat trea tm cn t  at 
tc m p era tu re s  bc low  1()0°C to  inactivatc heat-sensitivc 
bacterial cells for te m p o ra ry  prcse rva tion  o f  foods to  
bc s to ređ  undcr  rc ír igcra tion
S t e r i l i z i n g  v a l u e  T im e  in m inu tes  at a cons tan t rcf- 
e rcnce process te m p era tu re  tha t vvill p roducc  the sam c 
lc thality  as that dclivcred by  the  actual te m p era tu re  
h is to ry  expericnced at the s low est  heatinm po in t  in 
foođ  Container d u r in g  a re to r t  process, and is sy m b o l-  
izcd b y  F n
T h erm al process Spccifically, the heating o f foods 
in re to r ts  aítcr  thcy have been íilled and herm etically  
scaled in a ir t igh t containers for sufficient t im e and 
tcm peraturc to rcndcr the prođuct commcrcially ster- 
ile; gcnerally ,  any n ie thod  o f  hca ting  to  acconiplish  
thc p u rp o se  o f  heat steri 1 ization o r  pastcưrization

T h e r m a l Processing covers thc b road  area o f  tood  
p rcse rva t ion  techno logy  in w h ich  hcat t rea tm ents  are 
uscd to  inactivatc m ic ro o rg a n ism s  to  accom plish  ei- 
the r  com m erica l  s terilization o r  pasteurization . Stcril- 
ization proccsses arc uscd w ith  cann ing  to prescrvc 
the safe ty and w h o leso m en ess  o f  ready-to -ea t  toods 
o v e r  lo n g  te rm s o t  ex tended  s toraííe at n o rm a l  n o n re -  
frie;erated te m p era tu rc  w i th o u t  additives o r  p resc rva-  
tives, w hilc  pas tcurization  proccsscs arc used to  ex-  
tend  thc  rcfrigeratcd s to ragc  life o t  trcsh toods.



I. Technology Overvievv of 
Thermal Processing

A. Sterilization versus Pasteurization
lỉoth  sterilization and pasteurization are thcrmal pro- 
cesses which make use o f  hcat trcatments for the 
purpose ot' inactivating m icroorganism s in toods. 
H ow ever, they ditTer w idcly w ith respcct to the classi- 
íìcation or type or microorsỊanisms targetcd, and thus 
the range ot' tempcraturcs that m ust bc achicved, and 
the typc o f  equ ipm cn t systcm s capable o f  achicving 
such temperatures. Pasteurization is used to inactivatc 
vegctativc bactcrial cclls, food-bornc pathogcns 
which have a relativcly ]ow  heat rcsistancc. T hcsc  
o rganism s can be cffectively i n a c t iv a t c d  w h c n  ex-  
poscd to tempcratures in the ran^c o f  75-95°C , w hich  
is b d o w  t h e  b o i l i n g  p o i n t  o f  w a t c r  at S ta n d a r d  c o n d i -  

tions. Thcse arc also the organism s ot" conccrn w hcn  
attinnpting to proloní* thc safety and w holesom cness  
offresh  foods intcndcd for lim ited pcriods o f  reíriger- 
atcd storagc. The niore highly hcat-rcsistant bactcrial 
spores reniain unaíTcctcd by pasteurization, and w ill 
cvcntually spoil the food. Tlius, pasteurization is a 
relatively mild heat treatment used in corỹunction  
with reírigeratcd storage. [Sec Food M icrobiolugy. I 

In order to achicvc long-tcrm  microbial stability in 
foods, it is neccssary to inactivate the m orc h ighly  
hcat-rcsistant bacterial sporcs which rcquirc tcm pcra- 
turcs in the range o f  110-150°c. Thcsc tem pcra tu res  
arc well abovc thc boiling po in t o f  w a te r  at Standard  
conditions, and can only be achicved with the usc of 
watcr (or stcam) undcr pressure in specia]izcd equip- 
ment. Because o fth c  scvcrity o f  thcse heat trcatments, 
thcy also accom plish the objcctives o f  pasteurization, 
and are capablc o f  rcndering thc food com m ercially  
stcrilc. Thus, this type o f  heat treatment is k now n  
as steri]ization, and m uch  o f  the articlc will addrcss 
t h c r m a l  P r o c e s s i n g  applied to  s t e r i l i z a t i o n  of canncd 
íoods (canning).

B. Retort Processing
There arc tvvo tundam cntally diffcrcnt process n icth- 
ods by which cannins; is accom plisheđ in thc tood  
i n d u s t r y .  T h e s c  t v v o  m e t l i o d s  a r e  k n o v v n  a s  r e t o r t  

p ro c e s s in s*  a n d  a s e p t i c  P r o c e s s i n g .  In r e t o r t  p r o -  

ccssine;, toods to be stcrilized arc íìrst filled and hcr- 
metically sealed in cans, jars, o r  o ther  rctortable con- 
taỉners; thcy are then hcatcd in tlicir containers usinií 
hot steam or vvatcr undcr prcssurc so that heat pcne- 
tra tes  thc  p ro d u c t  t r o m  tlic Container \vall im v a rd ;

both product and C o n t a in e r  b ecom e sterilizcd to- 
gcther. In aseptic processiníỊ, a liquid food is hrst 
stcrilized outsidc the Container by pum ping it through  
heat cxchangcrs w hich  deliver very rapid heating and 
coolini* ratcs. T hen, the cool stcrilc product is íĩllcđ  
and sealcd in a separately stcrílized packa^e under a 
sterilc environm ent at room  tcmperaturc. Thus, rc- 
tort proccssint; can be thought ot as “in-container” 
s t c r i l i z a t i o n ,  a n d  a s c p t i c  P r o c e s s i n g  c a n  be t h o u g h t  

o f  as “ ou t-of-con ta incr” sterilization. Each o f  thcse 
canniniỊ m e th o d s  will bc descr ibcd  m o rc  tully.

In rctort Processing (in-containcr sterilization), thc 
food to bc sterilized is first iĩlled and herm ctically  
sealed in rií^id, Acxible, or scm irigid containers such 
as metal cans or trays, glass jars, retort pouches or 
plastic bovvls or trays vvhich arc then placed within  
larí^c stcam retorts (pressurc vcsscls that vvork like 
tỊĨant prcssurc cookers). O n cc the retorts arc tull oí 
containers to bc sterilized, the rctort doors arc closed  
tiơhtly and the air is rcplaced bv hot steam under 
prcssLirc to achicve tem pcraturcs abovc the atm o- 
sphcric boiliníí point o f  vvater. A com n ion  rctort tcn i- 
pcraturc tor steriliziniỊ canncd toods is 121°c (250°F), 
at approxim ately One atm ospherc o f  addcd intcrnal 
pressure. Aítcr the containcrs havc bcen exposed to 
the sterilizing tem perature for sufficicnt tim c to 
achieve thc dcsircd level ot' sterilization, tlic steam  is 
shut o f f  and coolinỉỊ watcr is introduced to cool the 
containers and rcduce thc prcssurc, thus enđing the 
proccss. O n c c  thc rctort pressurc  lias rc turncd  to at- 
m ospherc, the doors can be opened, and the proccssed  
containcrs rcm ovcd for labeliiiíỊ, case-packing, and 
warchousiníỊ to await distrìbution to the market placc.

As \voiild  be cxpected, considerablc tim c, ctĩort, 
and labor arc requircđ to rcpcatcdly unload and rcload 
thc rctorts aítcr cach rctort load or batch o f  containcrs 
has com plcted the sterilization cycle. This is knovvti 
as a batch rctort operation w hich  can bccom c vcry 
labor-intcnsive for lariĩc-scale production. M odern  
food  cannintỊ plants that producc largc vo lu incs ot 
canncd tbods opcratc vvich great effìciency bv using  
continuous rctort systcn is. In continuous rotarv rctort 
system s, filled and sealcd containcrs travcl in singlc 
hlc along autom ated con vey in g  tracks into a scries 
o f  continuous retorts. T hey cnter through a rotating  
pressurc-scal va lvc that w orks like a revolvine; door 
to inaintain the steam pressure insidc the retort w hile  
introduciníỊ C o n t a in e r  aíter  Container trom  the outs ide  
am iospliere at spceds approachintỉ 5l)() units per m i- 
nutc. O ncc insidc the continuous retort, the contain- 
crs travcl slcnvly alontỊ a rotatintỊ hclical path (much  
likc beiniỊ pushcd alonií by ridinsĩ vvithin the tỊroove



FIGURE 1 C o n tin u o u s ro tary  stcriỉizcr systen i. ỊC ourtcsy  o f  F M C  C o rp o ra tio n . K cprintctl vvith pcrm ission  froni T cixcira, A. (1992). 
riierm al p roccss G ilculations. lu  " F o o d  Em>inccrint* H a n d h o o k " .  (H c liim a n  and L im d, Ciis.). Ciliapt. II Fii>. 2H. p. 5W . C o p y r i g h t  co 
1 W 2  b v  M . i r i c l  I V k k c r ,  I n c . ,  N c \ v  Y o r k . Ị

o f  a rotatiiiiỊ scrcvv) until  th c y  exit  th c  o p p o s i tc  cnd 
o t  thc rc to r t  th r o u g h  a s im ila r  ro ta t in g  prcssurc-scal 
valvc (scc Fiu;s. 1 and 2). In a contiiiuoiis systcni ot' 
th is  type ,  th c  con ta iners  m o v c  d ircc tly  f rom  thc h igh  
p rcssu rc  s teani rc to r t  in to  a cooliniỊ rc tor t  whicli is 
íilled w ith  coolinu; vvater instcad  o f  h o t  s tcam  to  ac- 
co m p l ish  the cool-dovvn p o r t io n  o f  th e  proccss. T h e  
cool stcrilized containcrs  arc then  co n v cy cd  au to n ia t i -  
cally to  the  labclins*, casc pack ing ,  and  vvarehousiniỊ  
o p e ra t io n s  as describcd  carlier.

An al tcrnat ive  to  tho c o n t in u o u s  ro ta ry  re to r t  sys- 
tc m  descr ibcd  abovc  is thc  c o n t im io u s  h y d ro s ta t ic  
rc to r t  sys tcn i ,  w h ich  m akcs  usc ot' t\vo  U -sh a p e d  
c o lu m n s  o t  vvater o v c r  2 0  m  hitỊỈi separatcd  bv  a 
prcssurizcd stcani charnber in w h ic h  thc containcrs  

arc stcrilizcd. B oth  co lu m n s  of' vvatcr arc opcn  to 
tho a tm o sp h c rc  at thc top  and are open  to the s tcam  
ch a m b e r  at the b o t to m .  O n e  c o lu m n  scrvcs as tho 
cn trancc  vvatcr lcg vvhilc thc o th c r  scrvcs as thc exit 
Icíị. M c am v h i lc  a cha in l ink-d r ivcn  c o n v c y o r  travels 
co iu in u ou sly  throui;h thc System carrvim; cradlcs o f

incominm containcrs  up  aloniỊ the ou ts idc  wall to  the 
top  o f  the  inlc t vvater leg and  then  d o w n  the inlet vvatcr 
lcg inco the  stcani cham ber.  T h e  co n v e y o r  speed and 
lcniỊth ot'  its pa th  w ith in  thc s team  c h a m b c r  are de- 
s igned  so as to  dclivcr a su íĩ ìc icn tly  long  resiđcnce 
t im c  ot' ex p o su rc  to the ho t  s team  so the containcrs  
arc tu l ly  stcrilizcd bctb rc  they  are carried up  the  exit 
lcg and  d o w n  the o ther  sidc w h crc  thcy  au tom atica lly  
trans íe r  to  the  convcy ing  tracks that takc th e m  aw ay 
for labcliiiíí,  casc packiiiiỊ, and  vvarehousintỊ (see Figs. 
3 and  4).

c. Aseptic Processing
T h e  r c to r t  tc m p era tu rc s  and  tinics rcqu ircd  to  n iakc 
to o d  m icrobio log ica lly  sa t e m ay  also causc u n av o id -  
ablc quality  dcgradation .  For thcsc hcat-sensitive 
P ro d u c ts  sterilization tem pera tu re s  and tim es  are cho- 
SC11 w h ich  will p roducc  a conim crc ia l ly  sterile p ro d -  
uct, b u t  w ith  n i in im m n  quality  deiỊrađation. Bccause 
in a rctort the  Container is hcatcd  trom  thc outside,
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it  is  apparcn t th a t  t h e  food n e x t  to  t h c  C o n ta in e r  w a l l  

rcachcs the proccss ten ipcraturc  m uch  sooner  than 
thc material in thc ccntcr o f  the Container particularly  
w ith  solid foods that heat by  conduction .  As 3 result , 
thc m ạịo r  por tion  o f  the p roduc t  m ust  bc held at an 
elevated tem pera tu rc  m uch  longer  than is necessary 
to rcnder  it sterile while t im c is being uscd to assurc 
that sufficient stcrilization is reached at the slovvest 
h e a t i n g  poin t o f  t h e  C o n ta in e r .  O b v io u s ly  t h c  C o n 
ta in e r  size, thc p roduc t consistency, and its ability to  
conduc t heat exerts a very  rncasurablc etTcct on  the 
rcquircd  t im e—tcm pera tu re  rclationship. Lars^e con- 
tainers require much longer Processing times. T h u s,  
the quality o f  solid tbod  is generally poo rcr  in laríỊcr 
containers as com pared  to thc sam e tood  processed 
in small containers.

Follow ing  thc abovc ỈOíỊÌc tu r the r ,  it can be rea- 
soueđ that i f  thc tood  can be takcn out o f  the Container 
altogether, thc distance tồr heat pcnctra tion  can bc 
reduced by a m in im u m  i f  the food can m o v e  as a 
liquid th ro u g h  very  n a r ro w  tubes o r  channcls in hcat 
exchana;crs, o r  cxposed directly to ho t  steam  in a hnc 
spray or  thin liquid tìlm. This  is the concept behind 
ou t-o f-con ta iner  stcrilization o r  aseptic Processing 
m cntioncd  earlier. Aseptic Processing is esscntially

lim itcd  to l iquid foods tha t  can be p u m p e d  or spraycd  
throutrh heat cxchangers  vvhich arc capable o f  hea ting  
the p roduc t aln iost in s tan taneously  to thc stcrilizing 
tem pera tu re ,  and cool it d o w n  ju s t  as quickly. T h e  
exposurc  t im e tha t  is nee d ed  at the  sterilizing te m p cra -  
ture is achievcd by lc t t ing  the heated  p roduct flow 
throuíih  an insulated Holding tube  o f  suíĩicient leriíỊth 
bc to re  en ter ing  the coo l ing  section o t  thc heat cx -  
changer. T h e  main dravvback to  this Processing c o n -  
cept historically has becn thc d it ĩ icu l ty  in avo id ing  
recon tam ination  o f  the  cool stcrile p ro d u c t  t ro m  sub-  
sequent exposu re  to  the  a tm o sp h e re  o r  package w h e n  
a t tem p ting  to  package it for lo n g - te rm  scorage. T hese  
dravvbacks havc sincc' been o v e rc o m e  b y  the đeve lop -  
m e n t  o f  sopliisticatcd aseptic packag ing  and tìlling 
systems which  are capable o f  íò rm in g ,  íìlling, and  
sealing sterilc packages w ith  sterile liquid P roduc ts  
un d e r  contro llcd  sterilc en v ironm en ts .

D. Pasteurization Processes
Jus t  as w ith  re to r t  and  ascptic m e th o d s  ot canneđ 
tood  stcrilization, pas teurization  can be carried out 
by either in -con ta iner  o r  o ụ t-o f-c o n ta in e r  processes. 
T h e  niain ditĩerence f ro m  s te r i lừa tion  is that the  lovver
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te m p cra tu rc s  used to r  pas tcu r iza tion  do  n o t  rcqu irc  
thc  nccd fo r  op cra t in g  u n d e r  p ressure. T hư s ,  the 
c q u ip m c n t  sys tem s nccdcd for  pas tcur ization  are 
m u ch  s im p lc r  in design and  casicr to  o p e ra te  and 
n iaintain.

N o rm a l ly ,  l iquid íoods  w ith  dclica te  hea t-scns it ive  
quality  a t t r ibu tcs  likc m ilk  and  fru it  ịuiccs are p as tcu r-  
izcd o u t-o f -c o n ta in c r  using  hif»h te m p c ra tu rc -s h o r t  
t im c (H T S T )  hcat exchangers  to  pas tcurize  w ith  m in i-  
m u m  qual ity  d cg rada t ion  p r io r  to  í ìlling in clcan pack- 
agcs. T h e se  H T S T  pas teu r iza tion  sys tcm s  are sim ilar  
to  the aseptic  proccss sy s tem s  uscd in sterilizatio!i 
cxccpt tha t  they  o pera tc  at lo w c r  tc m p e ra tu re s  an d  at 
a tm o sp h e r ic  p rcssure, and  thev  d o  n o t  requ irc  riíỊÌd 
aseptic í ì l ling condit ions .  S o m e  liqu id  da i ry  p ro d u c ts ,  
such as đa iry  crcam  and  coffee w h itc n e r ,  are g ivcn  
a s tcrilization heat t r ea tm e n t  by  o p c ra t in g  thc heat 
ex ch an g c r  u n d c r  p rcssure  to achieve s teriliz ing te m -  
pera turcs ,  b u t  are íìlled in to  co n v c n t io n a l  san ita ry  
cartons vvithout ascptic íilling sys tcm s .  Such p ro đ u c ts  
are m a rk c ted  as “ u l t ra -p a s tcu r iz cd ” vvith m a rk e d ly  
longer s to rag c  life u n d e r  rc fr i^e ra tion .  [S ff  D a i r y  
P r o c e s s i n g  a n d  P r o d u c t s . ]

Less hca t-scns it ivc  to o d s  as vvcll as m o s t  n o n liq u id  
toods are pas teurized  in -co n ta in e r  n iuch  like th e  re to r t  
proccss to r  stcriIization, exccp t tha t  an op en  tank  ot'
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FIGURE 4 O p c ratinu; scheniatic o f  a  c o n t i n u o u s  h y d r o s t a t i c  s t c r -  
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ho t o r  ncar-boil in iỊ  w a te r  is suiTicicnt, and  thc rc  is no 
r e q u ire m e n t  to  use pressurc vessels like re to r ts  o r  
autoclavcs. A th ird  m e th o d  o f  pas teurization ,  k n o w n  
as “ h o t  fi l l ,” m akcs use o f  the h igh pas tcuriz ing  te m -  
pera tu rc  rcached by the p ro d u c t  in a batch  cank or 
m ix in g  kcttlc as part  o f  the p ro d u c t  p repara tion .  T h e  
clean c rn p ty  containers arc fĩllcd w ith  the  h o t  p ro d u c t  
and  scalcd. T h e y  are hcld u p r ig h t  for a t'cw m inu tes  
to  t ran s te r  suffìcient hcat to the Container walls and 
b o t to m ;  chey then  arc inverted  for an additional few 
m in u te s  Co com ple te  pas tcurization  o f  the Container 
lid and scal area using heat transferred  f ro m  the still 
ho t  p ro d u c t .  M o s t  canned fruits, íru it  preserves, 
and acidiíìed (picklcd) p roducts  are pas tcurizcd in 
this w ay .

N o tc  tha t  thc tood  exam ples  g iven above  ío r  the 
“ ho t t il l” m e th o d  o f  pas teurization  arc n o n re tr ig e r-  
atcd íò o d s  vvhich cn joy  lo n g - te rm  sto rage  at roorn  
te m p e ra tu rc  w i th o u t  the use o f  sterilization heac treat-  
m cn ts .  T h a t  is becausc they are hia;h-acid toods 
( p H < 4 .5 )  w hich  canno t su p p o r t  the i»rowth o f  heat-



resistant spore ío rm in g  pathogcns.  H igh-ac id  f'oods 
are subjcct to spoilage principally by yeasts and 
molds, which have !ow hcat resistancc and can bc 
inactivatcd bv pasteurization hcat trca tm ents ,  alone. 
Thcse are technically canncd foods, bu t  are csscntially 
processcd by the  use o f  pastcurization tcchno lo^y .  
T h a t  is w h y  it is im p o r ta n t  to  dist inguish  bctvvcen 
hie;h-acid and low -ac id  canncd foods in the con tex t 
o f  t h c r m a l  P r o c e s s i n g .

II. Scientific Principles of 
Thermal Processing

A. Important Interrelationships
An undcrs tand ing  o f  tw o  distinct bodies o f  knovvl- 
cdtỊC is rcquired to appreciate thc basic principles in- 
volvcd in thcrm al process calculation. T h e  íìrs t  ot 
these is an unders tand ing  o f  the thcrm al inactivation 
kinctics (heat rcsistance) o f  íood-spoilage-causing  o r-  
ganisms. T h e  second bo d y  o f  k n ow )cdge  is an u n d e r -  
standim* o f  thc hcat transfer considcrations tha t  g o v -  
crn the ten ipcraturc  proíìlcs achievcd w ith in  the tood  
Container ciuring thc process, c o m m o n ly  rcfcrrcd  to  
in the canning  industry  as licat penetration .

Figurc 5 conccptually  illustrates thc in tc rdcpcn-  
dcncc betvveen tlic thc rm al inactivation kinetics of

Co 
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bactcrial spores and the hcat transfer considerations 
in the food p roduc t.  T h e rm a l  inactivation of bactcria 
lỊencrally fo llow s t ì r s t -o rder  kinctics and can bc cỉc- 
scribed by a lo ^a r i th m ic  reduc tion  111 the  concentra-  
tion o f  bacterial spores  vvith t im e for any given lcthal 
tcm pcra tu rc ,  as s h o w n  in the  u p p c r  tam ily  ot' curvcs 
in FiíỊ. 5. T hese  arc k n o w n  as su rv ivo r  curvcs. The 
dccimal rcduc tion  tim e, D ,  is expressed  as the tim e 
in m inu tcs  to  achieve one  log  cycle o f  rcduction  in 
concen tra tion ,  c .  As suíỊ^ested by thc íamily  o f  
curvcs sh o w n ,  D  is te m p cra tu rc  dcpendcn t and varies 
loíỊarithmically  w i th  tem pera tu re ,  as sho\vn in the 
second curvc. T h is  is k n o w n  as a thc rm al-dea th - t im e  
(T D T ) ,  cu rvc  and is csscntially a straiíỊht linc o v cr  thc 
range  o f  tc m pcra tu rc s  em p lo y ed  in food stcrilization. 
T h e  slopc o f  the cu rv c  tha t dcscribes this rchcionship  
is cxpresscd as the te m p era tu re  dítTerencc, z ,  rcquircd  
for the  curve  to  travcrsc onc  log  cyclc (achicving a 
ten ío ld  cliani^c in D ) .  T h e  tem pera tu re  in the tood  
p ro d u c t ,  in turn , is a hm ction  o t ' t h e  rc tor t  tem pera -  
tu rc  (7 ’u), initial p ro d u c t  tc m p era tu rc  (Tị), location  
w i t h i n  t h c  C o n t a in e r  (.v), t h e r m a l  d i tT u s iv i ty  o f  t h e  

p ro d u c t  (a), and the  tim c (/), as shovvn by the  heat 
pcnctra t ion  curvcs at thc b o t to m  of Fig. 5.

T hus ,  the conccn tra t ion  ot' v iablc bactcrial sporcs 
d u r in í Ị  t h e r m a l  P r o c e s s i n g  d e c r c a s e s  as a t u n c t i o n  o f  

thc inactivation  kinetics, w h ich  arc a íunccioii o f  ten i-  
pcrature .  T h e  tem p em tu rc ,  in tu rn ,  is a tunction  o f  the 
heat transtcr  considcrations,  invo lv ing  time, spacc, 
thcrn ia l  p ropcr t ic s  o t  the p roduc t ,  and initial and 
b o u n d a rv  cond i t ions  ot' thc process. T h is  m terre la-  
tionship is illustrated by the tunctional exprcssions 
íỊÌvcn in FiiỊj. 5.

B. Microbiological Considerations
W hen  subjccted  to  a lethal tem pera tu re ,  a popula tion  
o f  viablc bactcrial sporcs will dccrcasc loíỊarithmically 
at a rate vvhich can bc  detìned  bv  the  decima] reduc tion  
t im c (D )  described  earlicr in reícrencc to  Fig. 5. As 
sh o w n  on the  second  curvc ot Fií*. 5, D  is tem pcra tu rc  
d ep cndcn t  and  will take o n  diffcrent valucs at d iffcrcnt 
te m pera tu res  in an cxponentia l rclationship, vvhich 
will appear  as a s tra i^h t  linc on  a scniilog p lot o f  D  
vcrsus tc m p era tu re .  This  is k n o w n  as a the rm al death 
t im c  (T D T )  curve ,  shovvn in m o re  detail in FÍ£Ị. 6 . 
T h e  slopc o í  this cu rve  rcAccts the tcm peraturc  dcpcn- 
dcncy  o f  D  and  is uscd to  rlcrivc thc tem pcra tu rc  
đependcncy  tac to r  z ,  \vhich is cxprcsscd ÌS thc  tc m -  
pera ture  ditTcrcncc (usually in dcgrccs Fahrcnhcit) re- 
qu ircd  to r  the cu rve  to  travcrsc One loi* cvclc, o r  thc
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FIGURE 6 T horm al  deaih tinie (T I )T )  c u r v e  shoNving tem pera-  
t u r c  d c p c n d e n c y  o f  D  v a l u e  ( d c c i n i a l  r c d u r t i o n  t i m e o f  m i c r o o r i Ị a n -  
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te m p c ra tu re  ditTcrcnco requ ired  for a 1()-fold change 
in the D  value.

O n c e  the  T D T  curve  has bcen  cs tablished for a 
lỊÍven m ic ro o rg a n ism ,  it can be useci to  calculate the 
t im e - tc m p e r a tu r e  rcq u irem cn ts  for any idealizcd 
the rm al process. For ex a m p le ,  assum e a proccss  is 
requ ired  tha t  vvill achieve a six-loạ;-cycle rcduc t ion  in 
thc  p o p u la t io n  o t bacteríal spores  w h o sc  k inetics are 
describcđ by  thc T D T  curve  in Fig. 6 , and  that a 
tc m p c ra tu rc  o f235°F  has been  choscn for the  process. 
T h e  T D T  curve  sh o w s  tha t  the  D  value at 235°F is
10 min. T h is  m cans that 10 m in  wi!l be requ ircd  for 
cach Iosị cyclc reduc tion  in p o pu la t ion  at tha t  te m p e ra -  
ture. I f  a s ix - log -cyc le  rcđuc t ion  is requ ired ,  a total 
o t '6 () m in  is requirod  Ếor th e  process. I f  a te m p e ra tu re  
ot 270°F h ad  becn choscn  for thc process, the D  value 
at that tc m p c ra tu re  is ap p ro x im a te ly  0 . 1  m in ,  and 
on ly  0 . 6  m in  (or 36 scc) vvould bc requ ired  at that 
tc n ip e ra tu rc  to  accom plish  thc san ie  s ix - lo^ -cyc le  re- 
duction .

c. Sterilization F  Value
T h e  cxa inp le  proccss calculations carried ou t using 
the T D T  cLirvc in Fi^. 6  sh o w c d  clearly liovv tw o  
w ide ly  ditTcrcnt processes (60 m in at 235°F and
0 . 6  m in  at 27Ơ°F) w erc  equivalen t  w ith  respect to 
the ir  ability to achicve a six-loe;-cycle rcduc tion  tor 
that organism . Thcretore, tor a EỊÍvcn z  value, the 

spccification o t any One po in t  on thc linc is sutíìcient 
to spccity  the stcrilizing value o t any  process com bina-  
tion o f  t im e  and  te m p era tu re  on that line. T h e  rcter-  
CI1CC p o i n t  t l ia t  h a s  b e c n  a d o p t e d  t o r  t h i s  p u r p o s o  is  

thc t im e  in m inu tcs  at the rcte rcnce te m p cra tu re  o t 
250°F, o r  the Sterilizint5 F  value for thc process. Since 
the F  valuc is exprcssed in m inu tes  at 250°F, the unit  
o f  lc thality  is 1 m in at 250°F. T h u s ,  if  a process is 
assigned an h' vakic o f  6 , it m cans that the in tcgrated  
le thality  achievcd by  vvhatcver t im e—te m p era tu re  his-  
to ry  is cm p lo y cd  by the process m u s t  be cquivalent 
to  the lcthality achicved by 6  m in  ot'  cx posu rc  to 
25()°F.

T o  illustratc, thc cxam plc  process calculation using  
the T D T  cưrvc in Fig. 6  will be rcpcated  by spcciíy ing 
the F  valuc for thc rcqu ircd  process. Recall froni that 
ex a m p le  that the process was requ ired  to  accom plish  
a s ix - log-cyclc  reduc tion  in sporc  popu la tion .  All that 
is requ ircd  to  spccity thc F  value is to de tc rm ine  h o w  
rnany  m inu tcs  at 250°F will bc rcqu ired  to achieve 
that lcvcl o í  log-cyclc rcduc tion .  T h e  D-)5n valuc is 
used t"or this pu rpose,  since it rcprcsents  the n u m b e r  
o f  m inu tcs  at 250°F to accom plish  onc log-cyclc re- 
duct ion .  T h u s ,  the F  valuc is cqual to D i5() m ult ip lied  
by thc n u m b e r  o f  log cyclcs requ ircđ  in popu la tion  
rcduc tion ,  o r

F  =  D 25ìi 0 ° g  a -  ' ° g  l>)’ ( ! )

w h c re  a is thc initial n u m b e r  o f  viable spores  and  b 
is thc final n u m b e r  o f  viable spores  (or survivors).

In this exam ple ,  D ị5() =  1.16 m in  as taken  t'rom 
thc T D T  curvc  in Fig. 6 , and  (log a — log b) =  6 . 
T h u s ,  F  =  1.16(6) =  7 m in,  and  the steriliziníỊ value 
for this proccss has bcen speciíìed as F  =  7 m in. This 
is n o rm a l ly  the w ay  in w h ich  a the rm al  proccss is 
spcciíied for subscquen t calculation o f  a process tim e 
at so m e  o th c r  tem pera tu re .  In this vvav in fo rm ation  
rcg a rd in ^  speciíic m ic ro o rg a n ism s  o r  n u m b e rs  o f  log 
cycles rcduc tion  can be replaced by  the F  value as a 
process  speciíìcation.

N o te  also that this F  value serves as the refcrence 
po in t  to spccity  thc cquivalcn t process curvc  discusscd 
carlier. By  p lo tt ing  a po in t  at 7 m in  on  thc vertical 
linc passing th ro u g h  25()°F in FĨ£Ị. 6 , and  dravving a



curvc parallel to  the T D T  curve th ro u g h  this po in t ,  
the line will pass throuíỊh thc two equivalent proccss 
points  that w ere  calculated earlicr (60 m in  at 235°F, 
and 0.6 min at 270°F). A ltcrnativcly, thc cqua tion  ot 
this straight linc can be used to  calculate the proccss 
tim e (f) at som e o the r  constan t tcm pera tu re  ( T ) w h en  
F  is specified.

F  =  1 0 '7' -  25ù/z|f- (2)

Equation (3) becom es im p o r ta n t  in thc  íỊencral case 
w hen  the p ro d u c t  te m p era tu re  varics w ith  t im e  d u r -  
ing a process, and the F  valuc delivercd by the process 
m ust  be integrated m athem atically , such as at the 
center o f  a Container o f  solid food. 

t

F  =  Ị 1 0 | T " 2 m z l dt- (3)

D. Heat Transíer Considerations
In traditional thcrm al Processing o f  canned íoods,  tho 
situation is quite  different f rom  the idcalized processes 
dcscribcd above. C on ta iners  are placed in steam  re- 
torts  w h ich  apply heat to  the  outside wall. T h e  p ro d -  
uct tem pcra tu re  cannot respond  instantancously , bu t  
will gradually  rise in an effort to  approach tho te m p c r -  
aturc at the wall fo llow ed by a gradual fall in rcsponse 
to cooling at thc wall. In this situation, the stcrilizing 
value delivcrcd by the  process will be the in tcgratcd  
result o f  the t im e - te m p e r a tu r e  h istory  cxpericnced  at 
the s l o w e s t  h e a t i n g  p o i n t  o f  t h e  C o n ta in e r ,  v v h ic h  is 

determ ined  by  heat pcnetra tion  tcsts. T h e  p r im a ry  
objectivc o f  hcat pcnetration  tests is to  obta in  an accu- 
rate record ing  o f  the p ro d u c t  tem pcra tu re  at the  s lo w -  
e s t  h e a t i n g  p o i n t  o f  t h e  C o n ta in e r  o v c r  t i m c  w h i l e  t h c  

C o n ta in e r  is  beinạ; h e a t e d  u n d e r  a c o n t r o l l e đ  s c t  o t  

rc to r t  P r o c e s s i n g  c o n d i t i o n s .  This is n o r m a l l y  accom - 
plished th rough  the  use o f  the rm ocoup les  inserted  
th r o u £ ;h  t h e  C o n t a in e r  w a l l  s o  as t o  h a v e  t h e  ju n c t io n  
located at the s low est  hcating point.  T h e rm o c o u p le  
lead w i r e s  pass th ro u g h  a packing gland in thc wall 
o f  the re to r t  for conncct ion  to an appropria tc  data 
acquisition system  in the  casc o f  a still cook  rctort .  
For agitating retorts, the the rm ocoup le  lead vvires are 
connectcd to a ro ta t ing  shaft for clectrical signal pick 
up f rom  the ro ta t ing  arm atu re  outsidc the re tort .

T h e  precise t e m p e ra tu re - t im e  profilc expcrienccd 
by the p roduc t at the  slow est hcating  po in t  will de- 
pend on the physical and therm al propcrties  o f  the 
p roduct,  size and shapc o f  the Container, and  rc tort  
operating  conditions. T hcre ío re ,  it is im pera tivc  that 
test containers o f  p ro d u c t  used in hcat penc tra tion

tcsts be tru ly  represen ta t ive  o t  the  com rncrcia l p ro d -  
uct w ith  respect to  ing red ien t  to rm u la t ion ,  irill w eigh t ,  
hcadspace, can sizc, and so on, and tha t  the labora to ry  
or  p ilo t  p lan t rc to r t  being  used is capable o f  accu- 
rately s im ulat ing  the  opera t ing  cond it ions  that will 
be experienced  d u r in g  co m m erc ia l  P r o c e s s i n g  on  thc 
p roduction-sca le  re to r t  sys tem s in tended  for the p ro d -  
uct. I f  this is n o t  possible, heat pene tra t ion  tests should  
be carried o u t  using thc actual p ro d u c t io n  re to r t  d u r -  
ing  schedu led  brcaks in p ro d u c t io n  opera tions.  [SíY 
F o o d  P r o c e s s  E n g in e e r in g :  H e a t  a n d  M a s s  

T ransfer.]

E. Process Calculations
N um erica l  in teg ra tion  o f  Eq. (3) is the m ost versatile 
m e th o d  o f  process calculation bccausc it is universally  
applicable to  essentially any ty p e  o f  the rm al Pro
cessing situation . It m akes direct use  ot the p ro d u c t  
tc m p era tu re  h is to ry  at the  s low cs t  heatinm p o in t  o f  
t h e  C o n t a in e r  o b t a i n c d  f r o m  a h c a t  p c n c t r a t i o n  test o r  
pred ic ted  b y  a c o m p ư te r  m ode l for  calculating the 
process steriliz ing value dclivercd by  a given tc m p era -  
tu re —tim c h is tory .

In fact, this m c th o d  is particu larly  usetul in tak ing  
m a x im u m  advan tage  o f  co m p u te r -b ase d  data logg ing  
sys tem s used in connect ion  w i th  heat pene tra t ion  
tcsts. Such systcn is  are capable o f  read ing  te m p era tu re  
signals receivcd d ircctly  f rom  thermocoLiples m o n i-  
to r in g  b o th  re to r t  and p ro d u c t  centcr  tem pcra tu re ,  
and proccssing thcsc siiỊnals throui^h the Computer. 
B o th  rc to r t  te m p e ra tu re  and p r o d u c t  center tc m p era -  
tu rc  are p lo tted  against t im e w i th o u t  any data trans-  
ío rm a tion .  This  al lows the o p e ra to r  to see w h a t  has 
actually  happencd  th r o u g h o u t  the  du ra tion  o f  the  p ro -  
cess test. A s  the data are being read by the Com puter,  
ađditional p r o g ra m m ứ ig  ins truc tions  call ío r  calcula- 
t ion  o f  the inc rem enta l  process sterilizing value at 
each tim e interval b e tw c cn  te m p era tu re  readings and 
s u m m in g  thesc o v e r  t im e  as the  process is u n d e r  w ay  
(num crical in tegration  ot'  Eq. (3)). As a rcsult, the  
accum ula ted  stcriliz ing F  value is k n o w n  at any  tim e 
đ u r in g  the  process and can be p lo tted  on the g raph  
a long  w ith  the  te m p e ra tu re  h istories to sh o w  the  final 
valuc  rcachcd at the  e n d  o t  the  process. A n exam ple  
o f  t h e  C o m p u t e r  p r i n t o u t  f r o n i  such a h e a t  pcne tra t ion  
tcst is sh o w n  in Fig. 7.

Ili. New Developments

T h erm al Processing has been in use as a predominant  
m c th o d  ot '  food prese rva tion  since thc m idd le  o t  the
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FIGURE 7 ( 'o m p u t e r - g e n e r a t e d  plot o f  mcasured rctort  tempcra- 
t u r e  a n d  c a l c u l a t c d  c e n t c r  t e m p e r a t u r c  a n d  a c c o m p l i s h e d  /• ',  f o r  a 

L ỊÌvcn  t h c r n i a l  p r o c e s s .  [ R c p r i n t c d  w i t h  p c r n ũ s s i o n  f r o i n  T c i x c i r a ,  

A .  ( 1 9 9 2 ) .  T h e r m a ỉ  p r o c e s s  c a l c u l a t i o n s .  Ịti * * F o o d  E n g in e tT Ì n i*  

H a n d b o o k ’* ( H c l đ n m i  and Lund, e d s . ) ,  C h a p t .  1 1, F: i i ỉ .  1 6 , p .  5 8 5 .  

C o p y r i n h t  ©  1 W 2  b y  M a r c c l  D c k k c r ,  I n c . ,  N c v v  Y o r k .  I

19th ccn tu ry .  T h u s ,  pcoplc  t h r o u g h o u t  the  vvorld 
havc b cco n ic  qui te tamiliar vvith canned fo o d s  packcd  
in traditional inctal cans and  glass jars. P e rhaps  lcss 
apparcn t is the im p o r ta n t  rolc tha t this te ch n o lo g y  
has had and  continues to  havc in p r o m o d n g  and  sus-  
taininiỊ tlic Health and w ell -bc ing  o f  po p u la t io n s  
tliroughoi.it the  w orld .  A lthoutỊh  thc  m ạjo r  p o r t io n  
ot canncd toods  p ro d u cc d  th r o u g h o u t  l i is tory  has 
been uscd to liclp feed tlic consum in i í  public ,  this 
tcchnoloi;y has also playcd a vcry stratcgic rolc in 
m ajor  w o r ld  events. T h e  ta m o u s  “ C ” -ra tions  w h ich  
su p p o r tc d  m il i ta ry  troops  th r o u Ẹ ĩh  tho íìrst and  second  
w orld  w ars  w crc  canned to o d  rations. T hcsc  ra tions 
rcm aincd  satc and vvholcsomc for co n s u m p t io n  after 
long  pcr iods o f  s to ragc  and h an d l in g  u n d c r  hit^hly 
strcssíul and  abusive conditions.

D ev e lo p m e n ts  in n c w  packaginíỊ  matcrials and re- 
to r t  sy s tem s havc b r o u ^ h t  a b o u t  a hos t  o f in n o v a t iv e  
n cw  canned  f'ood P roduc ts  tha t  arc o í ten  n o t  recog-  
Iiized as beine; canncd íoods .  By the  cnd o f  the  20th  
ccn tu ry  for exam ple ,  m o s t  canncd  food ra t ions  for 
the m ilita ry  consistcd off lcx ib le  r c to r t  pouches  to r  usc 
by inẾantry in co m b a t  because o f  the ir  convenicncc ,

c o m to r t  (sott). and linht \vcii*ht w h en  bciniỊ carried 
on m ancuvcrs .  For tccdinn lartỊt’ n u m b e rs  o f  niilitary 
tro o p s  Ĩ11 tìcld kitchcns, canncd toods cam e as tully 
prepa rcd  mcals in lariỊt' ins titutional-sizc rcctangular  
s tcam -tab lc  trays readv to  hcat and scrvc bv  the 
k itchen  statĩ.

Back on the hon ic  tron t,  the increasing populari ty  
of thc  microvvave oven d cm andcd  canncd toods in 
m ic ro w av ab lc  contam ers  tliat w erc  reađy to  " p o p  and 
z a p ."  T h is  has lcd to  thc increasing succcss ot c o m -  
pletc prepared  mcals in conven ien t  m ic row avab le  
lunch bow ls  or  d inncr  trays that can be placed directly 
in the  microvvave ovt ' 11 and then taken directly  to 
the d inne r  table as an attractive se rv ing  dish. Such 
p ro d u c ts  are hard ly  recognizable as traditional canned 
foods, bu t  thcy arc.

Pcrhaps least recoe;nizabk\ ho w cv e r ,  is chc im - 
p o r t a n t  u s e  th a t  t h e r m a l  P r o c e s s i n g  t e c h n o l o g y  h a s  

playcd in the pharmaceutical and hcalth carc industry .  
LartỊc quantities and varicties o f  sterile so lu t ions arc 
requ ircd  daily in various surgical and  pat icn t care p ro -  
ccdurcs .  Stcrile salinc Solutions, irriíỊation solutions, 
intravcnoLis solu tions w ith  d cx tro se  o r  glucosc, and 
dialysatc solutions, along w ith  a host  o f  o the r  large- 
vo lu m e  parentcral solu tions in glass, plastic, tìexible, 
and scmi-riịỊÌd containcrs arc sterilizcd in re to r t  sys- 
tcm s usiiiiỊ the tcchno logy  o f  canninụ; for food preser- 
vation . Such products ,  ot' course, are no t  th o u g h t  ot 
n o r  considercd  to be canned toods, but in íact rcprc- 
s c n t  a v c r y  i m p o r t a n t  u s c  o í  t h c r m a l  P r o c e s s i n g  t c c h -  

n o lo g y  th roiiíỊhout thc w orld .
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Tillage Systems
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the Goals
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Glossary
A g g r e g a t c  ( so i l )  U n i t  o f  soil s t ru c tu rc  co m p o se d  
of n ia n y  ind iv idual  soil particlcs, usually  to rm c d  by 
natiiral proccsses  rati ier than  by artificial proccsscs, 
and usually  lcss than  1 0  m m  in d iam ete r  
A rablc land Land so located that production ofcu lti- 
v a ted  crops is cconom ica l  and  practical 
C l e a n  t i l l a g e  P rocess  o í plovving and CLiltivation that 
inco rpo ra tcs  all c ro p  rcsiducs w ith  soi] and  prevcn ts  
the  í i ro w th  o f  all plants,  cxcep t those  oí' the  c rop  
b c ing  grovvn
C o n serv a tio n  tilla g e  Any tillagc sy stc m  for which  
thc  ob jec t  is to  co n se rv c  soil and  w atc r .  In practicc, 
it is any  til lagt’ o r  tillaíỊc and  p lan ting  sy s tcm  that 
rcsults  in at lcast 3 0 %  o f  the  suríacc be ing  covered  
w ith  c rop  rcsiducs to  co n tro l  erosion by  w a tc r  aftcr 
a c ro p  is p lan tcd .  T o  con tro l  erosion by  w ind ,  c rop  
residues cqu iva lcn t  to at lcast 1.1 M í^ /ha  o f  small 
grain  rcsidues rnus t  be re ta ined 0 11  the  soil suríace 
C o n v en tio n a l t i l l a g e  T il lage opera tions  n o rm a l ly  
p c r to r m e đ  in p rcparin íỊ  a seedbcd  for a g ivcn  crop  in 
a givcn gcog raph ica l  arca
E rosion  Dctachm ent a n d  m o v e m e n t  ot soil o r  rock 
by  w a te r ,  w in d ,  ice, o r  g rav ity .  For soil e ros ion  on 
land uscd  to r  c ro p  p ro d u c t io n ,  w a tc r  and w in d  are 
the  p r im e  erosivc  agents
N o - t i l l a g e  P ro c c d u re  w h e re b y  a c rop  is p lan ted  di-
rcctly in to  a soil w i th  1 10  p repa ra to ry  tillage since 
harves t  o t the  p re v io u s  crop ; usually, a special p lan ter  
is uscd to  p rep a rc  a n a r r o w ,  shallovv seedbed im m e d i-  
atcly su rroundinu , th e  sccd beiniỊ p lan tcd

S eed b ed  Soil zonc in to  w h ich  sced is p lanted

T illag c is d c h n e d  as the  m an ipu la tion ,  gcnerally  m e- 
chanical,  o f  soil to r  any  purposc ,  bu t,  in a^ricu ltu rc ,  
it is usually  rcstr ic ted  to m odify in tỊ  the  cond i t ion  ot' 
thc  u p p c r  soil layers for c rop  p ro d u c t io n .  Hencc, a 
tilltiiỊc sy s te m  is the  com b in a t io n  o f  t illage opera tions  
tha t is em p lo v ed  to  n iod ify  the soil cond i t ions  for 
c ro p  p ro d u c t io n  in a given situation.

Since anc icnt t im cs,  ta rm crs  havc  s o u g h t  w ays  to 
im p r o v c  soil cond it ions  for the c rops that p rov ìdeđ  
food  and  rtbcr for thcm se lves  and fced for thc ir  live- 
stock. Early ta rm ers  uscd sticks to  scra tch  thc  soil so 
tha t sccds could  bc covered ,  thus  p ro v id in g  bettcr  
co n d i t io n s  for seed iỊcrm ination  and  sccdling cstab- 
l i sh m cn t  than tha t vvhich occurred  w h e n  the  seeds 
w ere  s t rc w n  o n  the  soil suríacc. E ven  today ,  ta rm crs  
in parts  o f  thc w o r ld  still usc sticks to  p u n ch  holes in 
soil to  p lant thcir  sccds. In o th c r  cascs, the  h oe  is the 
c o m m o n  tillagc im p le m e n t  o f  the  farrner.

In dcvc lopcd  countries ,  soil m an ip u la t io n  for c rop  
p ro d u c t io n  has b e c o m e  a h igh ly  m cchan izcd  and so- 
ph is t ica ted  proccss. A largc array  o f  tillaíỊC e q u ip m e n t  
has bcen  deve loped  to  m an ipu la tc  soils in an  a t tc m p t  
to  p ro v id c  im p ro v e d  condit ions  for c rops .  For m a n y  
ycars and  in m a n y  cases, in tensií ica tion  o f  tillasỊe to 
achieve the  “ ideal” soi] co nd i t ion  w as  a t tcm p ted .  
W ith in  the last few  đecađes, h o w cv c r ,  e q u ip m en t ,  
labor, cnergy , and o th c r  c rop  p ro d u c t io n  costs have 
grea tly  increased. In add i t ion ,  a l tcrnate  pes t (v/ccd, 
insect, and  diseasc) con tro l  practiccs have  bcen devel-  
opcd . As a rcsult, critical asscssm ents  have  been m ade  
reg a rd in g  thc a m o u n t  o f  til lage requ ired  to achicvc 
sa tisfac tory  crop  yields u n d e r  a w id e  range  o f  cond i-  
tions. T h is  has lcd to thc usc o f  lcss in tcns ivc  tilla^e 
sv s tcm s  in m an y  s ituations. Increásed concern  rcga rd -  
ing  thc  e n v i ro n m e n t  has acccntua ted  the  necd to care- 
hilly assess the  intensities and  typcs o f  til la^e sys tem s



uscd for producing crops bccause intcnsive tillaỉỊC o f-  

tcn rcsults in incrcascd soil crosion by wind and vvater.

I. Types of Tillage Systems 
and Equipment

A. Clean (Conventional) Tillage
C onvcn tiona l tillage systems are thosc sequenccs o f  
opcrations normallv pcrformed t'or thc prođuction of 
a ÍỊÌVCII c r o p  f * r o w n  in a g i v c n  iỊCOiỊraphical arca .  

Ccrtain ly , w h a t  m ay be “ convcntiona]” in OI1 C arca 

may no t  be so in another.  Also, system  des i^nation  
as “ co tiven tional” clianges w ith  d eve lopm en t  and 
adoption  o f  new  practices. H o w cv cr ,  under  currcnt 
usagc, convcntional tillagc is đean tillaỉỊC in most  
situations, and that dcsic;nation vvill bc adhcrcd to in 
this report.

By dcfinition, clcan tillage (or clcan culturc, clcan 
cultivation) is the process o f  p low ing  and cưltivation 
that incorporates  all crop  rcsiducs and p rcvcnts  
í*rowth o f  all plants, cxcept the particular crop being 
g ro w n .  T h e  rcsidues usually arc covercd  by inversion- 
typc tillage carly in che interval between  crops. In 
som c systenis, hovvever, the first opcra tion  (as w ith  
disking) may only  partially mix the residucs w ith  soil, 
then further m ix  them  w ith  subscqucnt til lagc so that 
little o r  1 10  residucs rcmain on the surface w h en  the 
ncxt crop  is plantcd. U n w a n tc d  vcgcta tion hctw een  
crops is controllcd by various tillagc opcra tions 
(p low , disk. svvccp, ch isd ,  rod-w ccdcr ,  etc.). Wccds 
durintỊ  the c ro p s’ í*rowiní* season arc contro l leđ  by 
cnltivation, hoeing, o r  herbicides. A lthough  the  valuc 
o f  p low ing  has been qucstioncd for Iiiany years, clean 
cultivation is still vvidely practiccd undcr  m a n y  condi-  
tions. O n ly  w ith  thc in troduc tion  o f  conscrvation  
tillage systeins w ith in  the Iast 30 to  40 ycars has a 
trend  tovvarđ Iess plovviniỊ dcvelopcd.

B. Conservation Tillage
A widely acccpted deíìnition o f  conservation tillagc 
is any tilla^e sequcncc that rcsults in at least 30%  ot 
the  soil surface beiniỊ covcrcd w ith  crop  rcsidues aftcr 
the ncxt crop is planted to  contro l vvatcr crosion. T o  
control w in d  erosion, crop rcsiducs equivalent to  at 
least 1.1 M tí /h a  o f  small íỊrain rcsiducs m u s t  be prcs- 
cn t duriniỊ the m ạịo r  w in d  crosion period. Hovvevcr, 
m o re  residues may bc nceded to ctTcctivcly control 
erosion undcr  so me conditions and lcss undcr  others.

S tubb lc  m u l c h  t illaíỊC, r c đ u c e d  t i l la tỊc ,  a n d  n o -t i l la tỊ O  

arc types o f  conscrva tion  tillage.

1. Stubble Mulch Tillage
S tubblc  m u lc h  tillage \vas dcvelopcd  p r im ari ly  to  

help  c o n tro l  w in d  crosion  that was r a m p a n t  in the  
U .S .  G reat Plains durinẹ; the m a jo r  d ro u g l i t  o f  the  
1930s. T h e  valuc o t  tliis practicc t'or also contro llin iỊ  
w a tc r  eros ion  and  to r  conscrvintỊ  w a tc r  was SOOI1 
recoíỊnized. H ence ,  the stubblc m u lc h  tillage sy s tem  is 
n o\v  w id cly  uscd as a year-round System ot managint; 
c rop  residucs for ctTcctivc crosion con tro l  w hile ,  at the  
s am c tim c, con tro l l ing  w eeds  and  conscrv inq  vvatcr.

S tubblc  m u lc h  tillage is accom plished  witli svvccps 
o r  bladcs tha t Lindercut the  soil surtace to sevcr w eed  
roo ts  and p repa re  a sccdbcd whilc yet re ta in ing  adc- 
qưa tc  residucs on  the  soil suríacc to  con tro l  crosion. 
W atc r  conscrva tion  bcncíĩts arc dcrivcd  t ron i  con tro l -  
liníỊ vveeds tha t  coiild uso soil w atcr .  tVom surtacc 
rcsidues tliat enhancc  vvatcr inh lt ra t ion  and  supprcss  
w a tc r  cvapo ra tion ,  and, in so m c  cascs, t'rom dis- 
ru p t in g  soil suríace  crusts ,  w h ich  could  rcducc vvatcr 
in tì ltration.

In gcncral,  stubblc mulcli tillatỊC is bctter adapted to 
scm i-arid  o r  arid rcg ions than to  su b h u m id  o r  h iin iid  
rctỊÌons, bascd OI1 yiclds reportcd for crops in ditTcrent 
rccỊÍons. Possib lc rcasons for g o o d  rcsponscs to  s tu b -  
blo m u lch  tillagc in the dricr rcg ions includc lovvcr 
n itr if ication in soil, w h ich  p revents  ov c rs t im u la t io n  
o f  plant iỊrowth and, in com bination vvith grcatcr  

w atc r  infil tra tion , im proves  the  w a tc r -n u tr ic n t  bal- 
ancc for crops.  B c tte r  wced  con tro l  possib ly  is ano ther  
íac to r  bccausc w ccds  m ay  no t đie i f  rain occurs  soon 
after s tubblc  m u lc h  tillagc. lỉecausc rain probab il i ty  
is lovver in d ry  rcg ịons,  vvccđ con tro l  shou ld  be bctter.

2. Reduced Tiliage
C o n tro l l in g  w ecds  is a m ạ jo r  reason to r  tillage. 

T hcrc to rc ,  i f  \veeds can be contro lled  bv o th e r  means, 
the  nced for  tillage is rcduced, and onc  such rneans 
is the  use ot'  hcrbicides. In rcccnt ycars, a w idc  array 
o f  herbic idcs has bccn dcvcloped  for contro l l ing  
w ceds  in m a n y  crops, w h ich  has rcsulteđ  in the dcvcl-  
o p m c n t  o f  varioiis  rcduccd o r  m in im iim  tillaiỊc sys- 
tcm s. In thesc  sys tem s, hcrbicidcs usually  arc relied 
u p o n  to c o n tro l  vvccds durintỊ at lcast a part ot '  thc 
c rop  p ro d u c t io n  cyclc. Hovvcvcr. in con tra s t  to  no-  
cillaực. the  cn t irc  soil surtacc is d isrurbed  One or  m orc 
timcs bv tillaíỊC for scedbcd prcparatiou or crop plant- 

1 111». T h e  r e d u c t io n  in tillatỊe m a y  bc in inccnsitv or 
in t rcqucncy  o f  thc  opcration . Sonic cxanip lcs  o t  rc-



đuccd  tillatỊc systcm s tha t m a y  still m cet tho surhicc 
rcsiduc am o u n ts  rcquircd  for  conscrva t ion  tillatỊC arc:

1. Fiìll (luitumn) chisel, liclil mlriiuitc. Chiseling 
lo o s c n s  .1 soi l .  but rctains m o s t  rcs id ue s  OI1 the  surtacc.  
Ficld cultivating underruts the surhice, thus also retaining 
rcsiducs on the suríace.

2. Disk iiiuí phim. Disking incorporates about 50% of 
surtace rcsiducs at ca ch opcration. Hencc, diskintỊ can 
rctain adcquatc residues on  the surtace, i f  used sparinqly 
and if adcquatc amounts arc prescnt initiallv.

3. Til l -p lan l .  TillatỊC with sweeps o r  bladcs that 
unđercut thc surtacc at the timc o f  planting can rctain 
suítìđent residues 011 the suríacc to control erosion. Bv 
dclayinc; tillagc until plantiniỊ, the surtace can rcmain 
tully covcred with rcsidues đuring most o f  thc year.

4. Strip  t ì ì iaịc . Only a narrovv band of soil is tilled in 
a strip tillage S y s t e m ,  ottcn with a rotary tiller. By 
attaching a suitable planter. tillage and planting can be 
achieveđ in one operation. Rcsidues remaining on the 
surtacc betwcen the tillod strips provide continuing 
protcction aiỊainst erosion.

5. Herhicidc-tìUaụ' coiitbiihiiioiis. For thcse systems, 
hcrbicides arc relied upon to control wccds, at lcast 
duriníỊ a part ot’ the crop production cycle. In gencral. 
tillaiỊc is performed as needcd to control troublesome 
vvccds, to loosen the soi!, and ro producc a secđbcd. In 
some situations, tillai>e is performcd to rcduce surtace 
residuc amounts or to shiít suríace rcsidues to improvc 
conditions in tho row zone tbr crop planting. The lattcr 
may also be uscd to hasten soil warniing in the zone 
whcrc the crop is planted. ị.SVi' Hhhbicidhs and  
H e k h i c i u e  R e s i s t a n c e ; W e h d  S c i e n c e . I

3. No-Tillage
Witli the  no-tillage sys tem , c rops  are p lan tcd  di- 

rcctly in to  the soil w ith  no  p rcp a ra to ry  til lage since 
harvcst o f  the prcv ious crop. T h e  p lan t ing  usually  is 
accom plishcd  by  special p lan tcrs  tliat open  a n a r ro w  
slot o r  p unch  a hole 111 the  soil for sccd p lacem en t at 
the dcsircd đepth . T h e  crops usually  are n o t  cultivated 
and w ccds are contro l lcd  w i th  herbic ides. N o-t i l lagc  
is sy n o n y m o u s  w ith  no-til l ,  zero-ti l lage, s lo t  p lant-  
intỊ, ccoíallovv, sod p lan ting ,  chcm ical fa]]ow, and 
dircct drilling, w hich  arc tc rm s  treq u c n t ly  found  in 
thc literaturc.

All c rop  residues arc re ta ined  on  the  soil suríace 
w ith  a no-til lage System. H ence ,  no-til]agc is widely 
rccognizcd  and is bciníỊ p r o m o tc d  for its eros ion-  
con tro l  bencíits. W hen  ad cqua te  a m o u n ts  o f  residues 
are prescn t,  they hclp c o n tro l  w a tc r  e ro s ion  in thrce 
vvays. First, thcy pro tec t  soil surtaccs f ro m  the  bo in -  
ba rd ing  action o t  talliníỊ ra indrops ,  w h ich  can cỉis— 
lodíỊC soil particles t ro n i  the  soil mass and  rendcr

tliein subịcct to subscqucnt rem oval t ro m  thc land by 
f low ing  vvater. Sccond, residucs help m a in tam  ta vo I- 
ablc vvater in íiltration ratcs, w h ich  results in less vvater 
flow across the  surtace to t ranspor t  dislodiỊed soil 
particlcs from  the land. T h ird ,  surtace rcsidues rctard 
thc  rate o t 'w a te r  f low  across tlic surtacc, thus p rov iđ -  
ing  m o rc  tiinc t'or so m c  ot thc w a tc r  to  iiứ ìltrate in to  
thc  soil and m o rc  t im c t'or soil particlcs to settle from  
the  w ate r  bctorc  thcv  can bc t ran sp o r te d  t r o m  the 
land. For w ind  erosion  contro l ,  surtacc residues, 
w hen  adequate am o u n ts  arc prescnt,  reduce the w ind  
at the soil surtacc to  noneros ivc  velocities.

Besides the e ros ion-con tro l  benefits, o th e r  advan- 
taiỊCb ascribcd to  no-tillaíỊC systcm s as co m p a re d  vvith 
clean tilIatỊe o r  cvcn o thcr  conservation  til lagc systems 
includc im p ro v c d  w ate r  conservation  (ỉỊreater w a te r  
in tì l tration  and reduced  evaporation) ,  incrcascd use 
of land, equal o r  greater  crop yiclds, reduced  encrgy 
requ irem cnts ,  rcduced labor  rcqu irem cn ts ,  rcduced 
e q u ip m e n t  inventorics,  reduced w ear  and  tcar on farm 
cq u ip m cn t  (tractors, p lows, etc.), and grea ter  net re- 
tu rns  to the ta rm ing  cnterprisc. T h e  no-til lagc  systeni 
(Ịcncrally is wcll-su itcd  for use on  w ell-d ra incd  and 
m odera te ly  w ell-draineđ  soils.

Rcsults w ith  no-tillagc o íten  arc p o o r  on  poorly  
draincd soils and vvhcre wceds arc difficiilt to contro l 
w i th  herbicides. O th c r  d isadvantages o f  the  no-til lage 
sys tcm , at lcast u n d c r  Sonic conditions,  inckide dc- 
laycd plantinẹ; duc to lovvcr soil tc m pera tu re s  in cool 
climates, increased use o f  chemicals, shift in vvccd 
popula tions,  ca r ry -over  etTcct o f  herbic ides, advcrse 
cffects o f  hcrbicidcs on adịacent crops, hitỊh cost o f  
hcrbicides, greater  pcst p rob lcm s (insect, disease, ro -  
dcnt),  lack o f  adequatc  rcsiducs, í^rcater soil com pac-  
tion, and  a need for a ^ reater  levcl o f  m a n ag e m cn t  
by thc farm opera tor.

M a jo r  im p ro v e m cn ts  in plantine; c q u ip m c n t  for 1 1 0 - 
til lagc crop p ro d u c t io n  have been m a d c  in reccnt 
years. Thus ,  m ost  crops can n o w  be p lan tcd  by  the 
no-tillas;e m e thod .  Im p ro v e d  sprayers have  been de- 
veloped  also, w hich,  along  w ith  im p ro v c d  herbicides, 
pe rm it  cffective w eed  contro l in m o s t  cases. T here  
is, h o w cv er ,  concern  abou t tho greatcr  use o f  Chemi
cals in no-tillagc system s w ith  respcct to  the  cnv iron-  
m en t,  especially w ith  respect to w a tc r  qualitv . Som e 
chemicals (herbicides) rcadily m o v c  w ith  w ater ,  chus 
con tam ina tion  o f  b o th  surface and groundvvatcr  is 
possiblc. O th e r  chemicals are adsorbed  on  soil parti-  
clcs and arc lost f rom  fields vvhen erosion  occurs. 
Surtacc w atcr  con tam ination  should  bc lovver w ith  
no-til lage bccausc it usually rcduces runotT  (incrcascs 
iníìltration).  T h e  incrcased infi]tration, hovvcver. may



cause vvatcr conta in ing  soluble chcmicals to  m o v e  
decpcr in to  the soil, thus possibly contaniinatin tỊ  1111-  
cicrtỊround w atc r  supplies. T o  m in im izc surface and 
u n d c rg ro u n d  w ate r  contam ination ,  all chcmicals (hcr- 
bicidcs, insccticides, fcrtilizers) m us t  bc  applicd  at 
r ecom m enđed  ratcs and  times, and accordiiiíỊ to  cs tab-  
lished practiccs.

c. Ridge Tillage
RidiỊC tillae;e is a m c th o d  ot 'land prcparation  for crop 
production  that involvcs delibcratcly raisintỊ the  sccd- 
bcd lcvcl abovc that o f  thc su rround ing  soil. Rcasons 
for using rĩtitỊc tillage includc ìm p ro v in g  dra ina^e  in 
the sccd zone, aIlowini» im provcd  m anatỊcm ent of 
crop rcsidues in a til lagc systcm, and proviđini* tor 
im proved  soil conđitions throuíỊh cycliníỉ; o t crop  rcsi- 
dues in thc  plant ro o t  zonc. T o  initiate a r idge-til la^e 
systcm, ridgcs are built  at the last cultivation o t  the 
prcvious crop  or  as soon  as possible a í tcr  harvcs t  ot 
that crop. T h e  ridges arc built f rom  soil dcrivcd f rom  
tlic arcas bctw ecn  the  c rop  rows. Bcíorc  p lan ting  the 
ncxt crop, s tanding  rcsiducs may bc shrcddcd , thus 
m o v in g  so m c  rcsiducs in to  the fu rrow s. At planting , 
a onc-pass opcra tion  scrapes the ridtỊC tops to  m o v c  
rem ain ing  rcsiducs in to  thc fu rrow s and to  expose 
moist soil into  w h ich  seed is plantcd. T h e  r idgcs arc 
built again at thc last cultivation, which  begins the 
ncxt cyclc.

Ridgc tillagc tỊCiicrally is bettcr  than no-til lagc on 
poorly  draincd soils bccause it provides for im p ro v e d  
acration o f  the  p lan t roo t  zonc. O th e r  advantages o f  
ridge tillagc incluđe carly soil w arm -u p ,  thus allovving 
m ore  t im ely  crop  es tablishm ent; g ood  crosion contro l 
duc to residues remainine; on  thc suríacc for a m ạjor  
por t ion  o f  tlic year; m orc  tim cly p lan ting  than  vvherc 
m orc  intensive til lagc systcms arc used (under  wet 
soil conditions, p lan ting  can bc accom plished instead 
o f  first plovving to prepare a seedbcd); lo w cr  costs 
than  vvhere m o rc  in tcnsivc tillagc m e thods  are used; 
and thc potential for rcduccd soil com pac tion  because 
wheel- track  tratĩic can bc coníìncd to certain t 'urrows.

II. G oals of Tillage

A. Overall Goals
T h e  overall í^oals ot'  til lage arc (1) to  create soil condi-  
tions that vvill rcsult in crop  g ro w th  and yiclds at a 
satisíactory levcl, (2 ) to  hclp protcct the env ironm cn t ,  
and (3) to  p ro tec t  soi 1 rcsourccs so that an adcquate

a m o u n t  o f  arable land will bc available to fu tu re  g en c r-  
ations on w h ich  to iỉ;row their  to o d ,  tìbcr, and feed 
crops. T h e  first ot'  thesc goals usua lly  is ot'  p r im a ry  
concern  to r  p roducers ,  a n d  m ay  bt' o f  m a jo r  concern  
also for  policy  m ak ers  and  socicty  as a \vholc. T h e  
p ro d u c c rs ’ I^oals rc£Ịardiníí tillage ccn tcr  a ro u n d  crop  
p ro d u c t io n  at a sa tis íactory  lcvcl to  p rov idc  the  re -  
qu ired  p ro d u c ts  to r  sale and  poss ib ly  for thc  íam ilies’ 
food  and  fìber  nccds as well as feed for livestock. T h e  
tillage svstcm  c m p lo y c d  m u s t  resu lt  in p ro duc t ion  at a 
lcvcl that will p ro v id e  favorablc rc tu rn s  to p ro đ u c e rs ’ 
in v c s tm e n ts  so tha t  lo n g - te rm  cc o n o m ic  viability  can 
bc achievcd. C e r ta in ly ,  m a n y  p roduce rs  are con -  
ccrncd also ab o u t  thc  c n v i ro n m e n t  as well as m a in -  
ta in ing  the  p roduc t iv i ty  o f  the  land for fu tu re  gencra-  
tions.

C o n c c rn  abon t  the e n v i ro n m c m  has increascd 
g rca tly  in rcccnt years, and  will increasc in thc tu ture .  
TillaiỊO sys tcm s cm p lo y cd  m a y  artect the vvater, air, 
and  cs thctic  qual i ty  o f  thc  e n v i ro n m c n t .  Hcncc, to  
n icct the c n v iro n m cn ta l  s tandards  that rcgu la to ry  
aiỊcncics and  soc ie ty  as a vvholc havc set o r  expcct,  
tillagc systems arc being closcly scrutinizcd rcgarding 
thc ir  affect on  the  e n v iro n in cn t .

T h e  w o r ld ’s arca o f  arablc la n d  is íinite. All arablc 
land at p rescn t is n o t  availablc for  c rop  p roduction  
and  additional a m o u n ts  are b c in g  cons tan t ly  r em o v e d  
f ro m  cu ltiva tion  for  such p u rposcs  as transpo r ta t ion  
(h ig h w ay s  and airports) ,  com m erc ia l  vcn turcs  (fac- 
tories, bnsincsscs, and  vvarehouses), parks, and resi- 
dentia l arcas. Wi]l the re  bc en o u g h  arable land on 
w h ich  tli ture gene ra t ions  can i>row thcir  food, íiber, 
and  fccd crops? For thc near  f iitưre, adcquate  a m o u n ts  
are  available. Hovvevcr, thc  p ro d u c t iv i ty  o f  thc land 
m u s t  bc prcse rved  because tho w o r l d ’s h u m a n  p opu la -  
t ion  con tinues  to  increasc rap id ly ,  w h ich  is causing 
incrcased d cm an d s  for food  and  fiber. Even  at prescnt,  
arable lanđ is severely  l im itcd  in so m e  regions o f  the 
vvorld, w h ich  is co n tr ib u t in g  to  tam inc  in som e co u n -  
trics. Tilliigc sy s tem s cn ip lo v ed  m ay  cnhance, m a in -  
tain, o r  decrcasc soi] p ro d u c t iv i ty .  T h e y  also m ay  
rcsu lt  in soil dcíỊradation , vvhich m ay  rcndcr  th e m  
unsu itab lc  for c rop  p ro d u c t io n  in thc  tu ture . T h e re -  
forc. carctul se lection and eva lua tion  o f  tillage system s 
are esscntial fo r  m a in ta in ing  thc  lo n g - te rm  p ro d u c t iv -  
itv o f  soils su itable to r  crop  p roduc t ion .

B. Specific Goals
Spccitìc iỊoals for  til lagc arc varicd  and nu m e ro u s ,  
and  m a n y  ot' th c m  c o m p lc m c n t  One anothcr. T he
lỊoals inciudc scedbed  prcpara tion ,  w eed  control ,  w a-
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tcr conservation, crosion control,  plant rcsiduc 111— 

C orporation  (w h c n  cxccssivc an io u n ts  arc prcsent), 
fcrtilizer and pcs tic idc  incorpora t iõ ii ,  soil acration 
im p ro v e m c n t,  irritỊation land prcparation, inscct  

habitat đcstruction, and plant rootinạ; dcpth im -  

p ro ve m c n t.

1. Seedbed Preparation
Succcssful c ro p  p ro d u c t io n  1S I^reatly dcp cn d cn t  

u p o n  succcsstul sccd gcrm in atio n  and seedlintỊ estab-  

lishmcnt, vvhich rcly on bcíỊĨnning the crop g r o w th  

c ycle  w ith  a w c ll -p rc p a re d  secdbed. In a \vell- 

prcparcd secdbcd, viablc  (livc) sccds readily absorb  

w a tc r  w h c n  placcd and hrmcci in contact with moist  

soil. A vvcll-prcparcd sccdbed  also p rov ides  for adc- 
quate acration and soil temperatures tơr cimcly sccd 

g crm in ation  and seeđling cmcrsỊcnce and cstablish-  

nicn t.  T il la^e  is w i d d y  used  for seedbcd  prcpara tion ,  
but no-tillaụ;c crop production sy stcm s arc gaininiỊ 

acceptancc for s o m c  crops.

T h e  c ro p  to  be íírovvn has a m ạ ịo r  inAuence on  tlic 
ty p c  o t secdbed  rcqu ired .  C ro p s  haviníỊ small-size 
and hiííh-cost sccd, for cx am p lc,  soinc veiỊCtables, 

grasscs, alfalfa, and clovcrs ,  rcqu ire  a sccdbcd  o f  rela- 
tiv cly  sniall soil agẹ re ga tcs  to assure u niíbrm  planting  

dcpth and adcquatc sc e d -s o il  contact. In contrast, 
largcr-secded crops, for c x a m p lc ,  corn, soybcan,  

small grains, sorghurn, d r y  bean, and cotton, do not 

roquire a seedbed p rim arily  con ip oscd  o f  small ags^re- 
gates. T h e  im p lc m c n t  uscd  and  th e  dcp th  and  specd 
o f  its operation stro n g ly  inAuence the size distribution  

o f  ag^rcgates rcsultintỊ fro m  a tillage opcration OI1 a 

g ivcn  soil. Soil w a tc r  c o n tc n t  at the  t im c  o f  tillagc 
also inAuenccs ag g regate  sizc distribution. lm p le-  

m cnts that in vcrt thc p lo w  laycr  (m old b oard  and disk 

p lo w s)  often rcsult in a r o u g h  soil condition that rc-  

quircs additional tillage w ith  a disk or h a r r o w  to 

achicvc a sa tis fac to ry  sccdbcd . E ven  so, the  resultant 
scedbcd m a y  not bc as fine as that achicved b y  use o f  

im p lc m c n ts  (disk h a r r o w s and rotary tillcrs) that m ix  

the upper soil layers. R o ta ry  tillasỊC is cspecially suitcd 

for obtaining a íĩood seedbcd f'or sm all-seeded crops.

2. Weed Control
W eed co n tro l  is cssential for  successful c ro p  p ro -  

duction bccausc w c e d s  c o m p c t c  w ith  crop plants for 

w atc r ,  light ,  n u tr ie n ts ,  and  space. U nti l  thc deve lop -  
ment of hcrbicidcs, a p r im a r y  reason for tillat^e w a s  

to  con tro i vveeds. A l th o u g h  tillagc op cra t io n s  o íten  
achievcd both w c c d  control and scedbcd prcparation,  

íevver tillage opcrations w o u ld  h avc  bccn neccssarv  

it vveeds vverc n o t  a p ro b le rn  o r  i f  they  w ere  contro l led

b y  othcr mcans. Su ch  control bc c am c  possiblc vvhen 

herbic ides vvcrc đeve loped  to con tro l  vvccds in tnany  
c r o p s .  A t  p r c s c n t ,  tillatỊC is still u s c d  in  m a n y  cases, 

but proper usc ot appropriatc herhicides oítcn makcs  

tillage unnecessary tor vveed control.

3. Water Conservation
All c rop  plants requ ire  w atcr ,  bu t  co m p c t i t io n  to r  

\vater is increasing amoiiíỊ agricultural, rcsidcntial, 

industria l ,  and  rccrcational users. H cncc ,  vvatcr co n -  
servation is ot p rim c interest w h e re  w ater  supplies  

for aírriailture are limited because vvatcr deíìciencies 

can CỊreatly rcducc c rop  yiclds. W hile  deficiencics 
seeminẹ;ly are m o re com n ion , exccss w ater  also is 

dctrimental to crop production undcr s o m c  condi-  

tions. TillaiỊe sys tcm s can bc uscd to  conservc  vvater 
on or r c m o v c  cxcess vvatcr from  cropland, depenđiniỊ  

on such tactors as crop r o w  oricntation relative to 

soil slopc, surtace roughncss resultine; from  tillagc, 

a m o u n t  o f  c rop  residues r em a in in g  o n  the  surtacc  
attcr tillage, prescnce o f  soil surtacc crusts, and đegree  

ot disruption b y  tillage ot soil laycrs that im p ed c w a tc r  

n iovcm e n t.  In general, w a tcr  conservation is i m -  

p ro vc d  b y  r o w  oricntation across the slope (contour  

tillage), incrcascd surtace roiiíỊhncss, increased surtacc  

rcsiducs, and rcduccd suríace crustinm, either through  
ỉỊreatcr vvatcr hứìltration or b y  rcduccd soil w atcr  

evapora tion .  W ater  rcm o v a l  f ro m  lanđ is cnhanced  
by rovv oricntation w ith  thc slopc (up and dovvn thc 

slopc), sm ooth soil surtaccs, lo w  surtacc rcsiduc  

am ounts, and crustcd surtaccs. Disruption o t i m p e d -  

ing laycrs can cnhancc vvater conservation b v  allo w in g  

m o rc vvater to infiltratc a soil, but it can also enhance  

\vater rcm o val b v  al lo w in g  drainagc to depths b eyo n d  

thc reach o f  plants, tlnis avo id in g possiblc harmtul  

atTects o f  cxccss watcr.  [S('C Son. AND W a t e r  M a n 

agement AND CONSERVATION. ]

4. Erosion Control
T h e  tillagc sys tcm  uscd s t ro n ^ ly  inAuences the  p o -  

tcntial tor soil crosion, both b y  w a te r  and b y  w in d .  

W h creas clcan tillaíỊe oftcn rcsults in hiírhly crodiblc  

soil conditions, conscrvation tillagc system s are 

vvidcly rccoíỊnizcd for  the ir  e rosion  con tro l  bcnctìts  
becausc they arc dcs i^ncd  to  rc ta in  c rop  residuẹs on 
the soil surtace.

W atc r  c ros ion  con tro l  u n đ c r  cond it ions  vvhere su r-  
tace rcsiducs arc Iiot uscd can be achieved b y  tillage 

that liclps rctain vvater on thc land. T h e  sam c practices 

tha t hclp  conscrve w a te r  (sce Scction III. B .3) also help 
control crosion by vvater bccausc, i f  vvatcr is retained



OI1 the lanđ, it cannot transport soi] particles troni the 
land.

For w ind crosion control, surtacc residucs, w hcn  
adequate am ounts are prescnt, reduce the w ind at the 
soil surtacc to noncrosive  velocities. W herc  residues 
arc not available or prcsent in adcquate am ounts, vvind 
erosion control can bc enhanced by usiníỊ tillagc prac- 
tices that result in a rough, cloddy surtacc; bring non- 
crodiblc soil a^grcgates to the surtace and bury erod- 
ible soil materials; or providc riđges perpenđicular to 
the direction o f  prevailing winds.

5. Plant Residue Incorporation
With irri^ation and in high-precipitation rcgions, 

crops may producc morc residucs than nceded for 
controlling crosion and am ounts that intcríerc w ith  
tillage, pest control, planting, and other crop produc- 
tion operations. They also m ay adverscly affect seed- 
ling grow th  and, conscquently, crop yiclds. Largc 
am ounts o f  residue are o f  concern m ainly w hcrc an- 
nual cropping and doublc cropping (m ore than one 
crop ^rown annually) arc practiccd bccause o f  thc 
rclatively short timc betvvcen harvest o f  onc crop and 
planting o f  the ncxt crop. A lthough equipm ent is 
availablc íor planting crops under hiíịh-rcsidiic condi- 
cions, it may be desirable to incorporatc SOIIIC o f  the 
residucs, and various typcs o f  tillasỊC cqu ip m cn t are 
available f'or this purpose. Any tillagc operation rc- 
sults in som c residue incorporation. M oldboard and 
disk p low s rcsult in the greatcst, disks in intcrm cdiatc, 
and svvcep or blade plovvs in thc lcast am ounts ot' 
residue incorporation. Carctul sclcction o f  tillage sys-  
tem  is cssential for assurine; that adcquate residues 
w ill be retained on the land for erosion control w herc 
residues are relicd upon to help control erosion.

6. Fertilizer and Pesticide Incorporation
Fertilizcrs that m ovc readily with vvatcr such as 

som e nitrogenous materials can bc suríace-applied  
and still effcctively provide nutrients to crops, but 
anliydrous am m onia, a gaseous tbrm o f  n itrogcn ter- 
tilizer, niust be placed in soil to avoid si^niíìcant 
losses. Anhyđrous am monia is injcctcđ into soils UI1 -  
dcr pressure, usuallv throut*h chisel point opcncrs. 
Such opcncrs help loosen a soil, but do not ìnvert the 
surtace or havc a mạjor etYcct on surface residues. In 
contrast, othcr fertilizcrs such as phosphorus materials 
usually must be incorporatcd w ith soil eithcr in nar- 
row bands or over the entire tìcld to be cítccú ve. 
W herc linic is necdcd to allcviate acid-soil conditions 
(lovv soi] pH), it usually also must be incorporatcd  
to be etYectivc. Phosphate fertilizers and lim e can be

in co rpo ra tcd  w ith  a varictv o t tillaiỊe im plcn icn ts .  
D cp cn d in g  OI1 thc m echod  useđ and the resulcant dc- 
tỊree o f  rcsidue incorporation, rcmainintỊ am ounts ot 
rcsidues m ay be inadequate to achieve cttcctivc ero- 
sion control. ỊSí’(’ Fhriiiizek M anagement ANI5 
T e c h n o l o g y . ]

As for fertilizers, som c pestiđdes arc surtace- 
applied, others m ust be incorporated. Incorporatcd  
pesticides for w ced  and inscct control m ust bo m ixed  
unitorm ly across the cntire tield for m axim um  effec- 
tivcncss. Greatcr ctTectivcness ot'pesticides is achicved  
w ith  tillage im plcm ents such as disk harrows and 
rotarv tillcrs that m ix  the soil than w ith im plem ents 
that invert the soil (nioldboard or disk plovvs) or on ly  
loosen the soi] (chiscls and svvcep plovvs).

7. Soil Aeration Improvement
Propcr air supplies in the plant root zone are esscn- 

tial for í^ood plant grow th . W hile a crop such as rice 
can í>row in w ater,  o thcrs  m ust  have  tỊOod access to 
air (oxygen) that is supplied to plant roots through  
pores in thc soi]. C oarsc-texturcd soils (sandy soils) 
usually havc no acration problem s, but finc-textured  
soils (day  soils and som e silty soils) have tinc pores 
that restrict air m ovcm ent and, hence, may causc poor 
acration. Poor aeration can bc overcom e by tillage 
that loosens dense or com pacted soil zones. Hovvever, 
i f  the soil initially is in good physical condition, good  
aeration can be m aintained by use o f  conservation  
tillagc, especially no-tillagc, becausc it docs not dis- 
tnrb the channels resulting trom  dccaycd plant roots, 
burrowinỉỊ insccts, and carthvvorins.

Poor aeration can also be overcom c by pcrform ing  
tillat^e in a manner that results in drainage o f  excess 
vvater from  thc land. The drainaiỊC m ay occur as water 
flow s across the surface in furrow s or espccially de- 
si^ned channels (tcrraces, w atcrw ays), or througli an 
undcrground drainagc systeni (pipes, tilcs, e tc ., or a 
m ole-draín system ). The lattcr is installcd by pulling 
a bullet-shapcd cylindcr through the soil, thus torni- 
intỊ an unlined channel for \vater flow  to a suitable 
outlet.

8. Irrigation Land Preparation
Land suríact' prcparation is critical vvherc fiood or 

£Ịr;ided-furrow irriíỊation systcm s are uscd bccausc the 
^oal is to  achieve u n i tb rm  vvatcr application  o vcr  the 
entirc arca. For flood irritỊation, thc cntirc surtace is 
levelcd, usually in basins tliat retain the applicd vvatcr 
until it infiltrates into  thc soil. Special land-lcveling 
e q u ip m cn t ,  oftcn  in conjunction  vvith so m e  tvpe ot 
clean tilla^c to loosen the soil, is used to levcl the



land. Ị.SVí’ ỈRKICATION Enc;inf.eking: Fa rm  P r a c i k . k s ,  

M e t h o d s ,  a n d  S y ste m s.]

( ỉ raded-tu rrovv  irriiỊation is practiced « 1 1  land hav -  
iiiiỊ sliííht, rclativcly u n i to rm  slopes. T o  im p ro v e  uni-  
to r m i ty  in íìelds, so m c  land p laning (m ovin íí  soil 
f ro m  h igh  to  lo\v po in ts  in the tlcld) m ay  be rcquircđ .  
O n c c  thc dcsircd slopes have  been cstablished, r idge-  
and  turrovv-íbrm ins; tillage (listcr o r  đ isk -bcdđer)  is 
p e r to rm e d .  T hen  the  vvatcr is applied to  the  land  at 
thc  upslope  cnd and allovved to flow  d o w n s lo p e  to 
ir r igate  the  hcld. Land p repara tion  fbr  g ra d c d - fu r ro w  
ir r iga tion  gencrally  involvcs clean tillagc.

In n iany  cascs, n o  spccial land p rcpara tion  is used 
for  spr ink le r  irriiỊation bccausc cen te r-p ivo t  o r  lateral- 
m o v e  sys tcm s are capablc o f  travcrsiníỊ land  w ith  
u nevcn  slopcs. H o w e v c r ,  for system s that app ly  w a tc r  
at low  p rcssure  and  at a relatively h igh  rate, special 
small dcprcssions are oftcn  nceded 0 1 1  the land surtacc 
to  m in im ize  o r  p revcn t  w a te r  losses by  runoff .  C o n -  
s truc t ion  o f  thcsc depressions is accom plished  by us- 
in g  til lagc to  fo rm  ridgcs and  fu rrow s  aloniỊ the  ciirec- 
tion  o f  travcl o f  the spr ink le r  system , then  d ik in g  the 
turrovvs at sh o r t  d istances (about 3 m) vvith special 
tu rrovv-d ik ing  c q u ip m en t .  W ith  p ro p er ly  dcs igned  
sys tcm s, g rea ter  than  9 5 %  effìciencies o f  i r r iga tion  
w a tc r  applications havc bcen achieved.

9. Insect Habitat Destruction
C c rta in  insects su rv iv c  f ro m  o nc  c ro p  to  the  nex t 

in c rop  rcsiducs. T h u s ,  plowiniỊ u n d c r  o f  c rop  resi-  
ducs has lo n g  been p r o m o te d  as an c t ícc tive  m cans  
of controlliiiíỊ  such insccts. Insects con tro l led  o r  at 
lcast kep t in chcck by  p ]o w in g  un d c r  c ro p  residues 
inc ludc the Hessian fly for  wheat,  vvhcat j o in t w o r m ,  
E u ro p e a n  co rn  borer ,  e;rasshoppers, and  co t to n  boll 
wecvil  and pink b o l lw o rm .  In gcneral, clcan tillagc is 
m o r e  e í ĩec tive  than conscrva t ion  til lage for  d c s tro y in g  
insect habitats .  W here  surtace residuc rc ten t ion  is es- 
scntial to r  o th c r  p u rposes  (for exam ple ,  e ro s ion  co n -  
trol and vvater cotiservation), effcctive inscct con tro l  
in s o m e  cases can bc ach ievcd  by c ro p  ro ta t io n s  o r  
by  tim ely  applications o f  insecticides.

10. Plant Rooting Depth Improvement
Plants d cp e n d  on  the w a tc r  and nu tr icn ts  s to rcd  in 

soi] to  sustain them  bctvveen prcc ip ita tion  o r  i r r iga tion  
cvents  o r  n u t r ic n t  applications. W hen  p lan t  roo t  
g ro w th  is restricted by  dcnse, im p c rv io u s  layers in 
the  soil, the  vvater and  n u tr ie n ts  available to  p lants 
m ay  not be adequatc  to p ro v id c  for thc des iređ  lcvel 
o f  phim g r o w th .  H encc,  deeper  loosen ing  ot '  such

soil cou ld  result in m o rc  vvatcr and mitricnts  bcing 
availablc to the plants.

TillatỊC can be uscd to allcviate such naturally  oc- 
curr ing  o r  tratTic-induccd (tarmine; cqư ipn icn t  o r  ani- 
mal) zones, p rov idcd  thcy arc su tì ic iendy  ncar the 
surtace to  bc reached by  the tillage im p lem en t .  A 
varicty o f  im p lcm en ts  (p lows, disks, chisels, sweeps, 
subsoilcrs,  etc.) arc availablc tor soil loosenma;. T h e  
im p lc m c n t  sclectcd slionld be capable o í  reaching and 
ctYectively looscnintỊ thc rcstrictivc zone. C o m m o n  
im p lem en ts  (p]ows, swccps, chisels, etc.) usually are 
lim ited to  the upper  0.2U to 0.30 m  o f  a soil. D eeper  
loosen ing  is possible vvith spccial subsoilers.  U n d e r  
som c cond it ions ,  soils havc been loosencd to depths  
ot' 1.50 m  w ith  spccial equ ipm ent .

III. Effectiveness of Different Systems 
for Attaining the G oals

A. Clean Tillage
T h e  ovcrall and speciíìc ẹoals  ot tillagc discusscd 
above  can bc attaincd th ro u g h  p roper  use o f  clcan 
til lage u n d c r  m o s t  c rop  p ro d u c t io n  conditions.  Ex- 
ccptions arc on h igh ly  erodible soils w here  clcan till- 
age usually  rcsults in m a jo r  soil losscs by  w atc r  o r  
w inđ ,  cvcn  under  n o rm al  ra in s to rm  or  w in d  condi-  
tions. D u r ín g  m ajo r  ra ins to rm s o r  w in d s to rm s ,  dev-  
as tating soil losses m ay  occur  u n d c r  so m e  conditions 
w h cre  clcan tillaiỊc is uscd. Clcan tillagc m ay  also 
result  in less- than-des irablc vvater conservation  wliere 
w a te r  in íì l tra tion  is low , as OI1 slopiní> soils and unsta -  
blc soils fo r  w hich  a surtacc scal dcvclops d u r in g  w ater  
(rainíall o r  irrigation) application, and w h crc  w atc r  
losses by evapora tion  are high. E vap o ra t io n  is greater 
f rom  barc (clean tillcd) than f rom  residue-covered  
soils u n d c r  m o s t  conditions.

B. Conservation Tillage
T h e  overall and speciíìc goals fo r  til la^e can be at- 
ta incd by  using so m c  typc  o f  conserva tion  tillagc u n -  
dcr  m o s t  crop p ro d u c t io n  conditions.  S tubble  m ulch  
and reduccd  tillage gcncrally are as effective as clean 
tillage for  m o s t  goals, bu t  usually result in m o re  etTec- 
tive soil and w ate r  conservation  than  clean tillagc. 
P lant residuc inco rpora t ion  is n o t  a goal w ith  stubble 
m u lch  o r  reduccd  tillage. R a ther  surtacc residuc reten-  
tion usually  is thc £Ịoal and an advan tage  o f  using 
thcsc systcm s. lnsect habitat dcs truc tion  m ay  bc lcss 
than desirable w ith  s tubblc  m ulch  o r  reduced  tillage



than w ith  clcan tillagc undcr  som e conditions. T o  
prcparc land for irrigation, 11S b y  snrtace lcveling, a 
residuc-tree surtacc usually is nceded to achievc 11111-  
fo rm  and troubỉc-trcc  opcra tion  o f  thc equ ipm en t .  
T hcrefore ,  s tubble  m ulch  and rcduced tillagc vvould 
n o t bc satisíactory in n iost cases.

G o o d  crop  p roduction  1S achieved by  using 1)0 -  
tilla^c in m any  cascs, w h ich  suiỊiỊests that this system  
is etTectivc for at taining the ^oals to r  tillage. C e r-  
tainly, the no-til lagc system  is hiiỊhly ctTcctivc to r  
contro lling  erosion and conserv inq  w atc r  u n d e r  tnany  
conditions bccause o f  thc  greater  am o u n ts  o f  c rop  
residucs retaincd on  thc soil surfacc. Hovvever, jList 
as ccrtainly, rcsiducs, fertilizcrs, and p cs t iddes  canno t  
bc m corporated ; land cannot be prcparcd to r  irriíỊa- 
tion; inscct habitats cannot bc dcs troycd; and plant 
roo t ing  dcpth  cannot bc mechanically  incrcascd w h cre  
a uo-tillage systein is used. W herc thesc goals arc 
csscntial, thcy n ius t  bc p e r ío rm e đ  be ío rc  convertintỊ  
to a no—tillat^e systcm.

N o-til lagc is no t adaptablc to  soils in a dciỊraded 
condition ,  and such condit ion  m u s t  bc corrcc ted  be-  
fore using no-tillagc. H o w ev cr ,  no-tillaíỊC is capable 
o f  im p ro v in g  a soi] by  (!) reducing  erosion, (2 ) im -  
p rov ing  w ater  conservation  ío r  im p ro v c d  crop  p ro -  
duct ion  and, hcncc, m o re  rcsiduc p roduc t ion  for fur-  
thcr  im p ro v c m cn ts  in soil and vvater conscrvation ,  
(3) incrcasinơ plant rootiiiíỊ dcp th  by not d is tu rb ing  
channcls in soil that rcsult f rom  plant roo t  đecay, 
ca r thw orm s ,  and insects, and (4) p ro m o t in g  n iic robi-  
ological activity in soils, w hich  can result ĨI1 im p ro v e đ  
soil physical cond it ion  and, hence, an im p ro v e d  sceci- 
bcd for crop cstablishm cnt. O vcrall ,  no-tillage is the 
c ropp ing  systcm  m o s t  capable o f  sustain ing the lona;- 
tc rm  p roductiv ity  o f  soils under  m o s t  conditions.

c. Ridge Tillage
As for clcan and conserva tion  tillagc, the ovcrall and 
spccific goals can be attained by  using r idgc tillagc 
undcr  m o s t  conditions. An exception is land prepara -  
tion for irrigation, cspccially w herc  Iand surtacc shap- 
ing (for cxaniple , lcvcling) is needcd. W here such 
opera tion  is nccdcd, it n ius t  be pcr to r ined  bctore  
adop ting  a r idgc tillaíỊC systcm.

In gcncral, erosion contro l and vvatcr conscrvation  
should be bcttcr  vvith ridiỊt* tillagc than w ith  clcan 
tillagc, bu t  possibly no t  as g o o d  as \vith conservation  
tillatỊe, especially vvith no-tillage. No-tilla tỊe prov ides  
for con t inuous  surtacc pro tec tion  bv rcsidues, cvcn 
atter  crop plantinọ;. In contrast,  som c barc soil is ex-  
posed at plantiiiỉỊ w hcrc  ridi^c tillagc is used, and this

could  result in e ros ion  by  vvatcr or w in d  as vvcll as 
lcss vvater in h l t ra t io n  and grca ter  e v a p o ra t io n  un d e r  
so m c  conditions.  C lean  tillagc rcsults in bare  surfaces 
tồ r  p ro lonự ed  pcr iods ,  vvhich renders  soils subject to 
e ro s ion  and vvatcr losses un til  a c rop  b ec o m e s  well 
established, unless the tillatỊe systmn used  results in 
surfacc cond it ions  tha t  m in im iz e  or  p rc v e n t  soil and 
w a tc r  losses.

IV. Summary

F arm ers  have s o u g h t  ways to im p ro v c  soil condì t ions 
for c rop  p ro d u c t io n  since anc ien t  times. W hile  p r im i-  
t ivc im p lcm c n ts  arc still uscd in sonie  countr ics ,  soi] 
m an ipu la t ion  to r  crop p ro d u c t io n  has b ec o m c  a 
h ig h ly  m echan ized  and sophis t ica ted  process in devcl-  
o p cd  countries. M a n y  tillaiỊC im p lem en ts  havc  becn 
deve loped  to m a n ip u la te  soils in an a t te m p t  to  1 1 1 1- 
p ro v c  cond it ions  for crops.

T illagc  intcnsit ìca tion  to  achicve the “ idca l” soi] 
cond i t ion  was c o m m o n  Í11 m a n y  cases for m a n y  ycars. 
In reccnt dccadcs, h o w cv e r ,  a l tcrnatc  practices for 
c o n tro l l in g  pests (wccds, insects, discases), loníỊ  a m a-  
jor rcason for til la^c, have bcen devcloped. Such prac- 
ticcs along  w ith  increased concern  for the en v iro n -  
m c n t  and incrcasitii '  p ro d u c t io n  costs havc rcsuked  
in critical assessm ents  rega rd ing  the a n io u n t  o t 'til lage 
n ccd cd  to  achieve sa tis íac tory  Crop p ro d u c t io n  under  
m a n y  conditions.  As a result, clcan til lage, usually  an 
in tcnsive  to rn i  o t  tillaíỊC thar rcsults in c rop  residue 
in c o rp o ra t io n  w i th  soi], is be ing  rcplaccd in m any 
cascs by lcss in tens ivc  ío rm s  o f  tilla^e, for exam ple , 
conscrva t ion  an d  r idgc  tillage, that result  in c rop  rcsi- 
due  tnanaiỊcm ent on  thc  soil suríacc.

T h e  overall £*oals o f  tillago arc to  achieve satisfac- 
to ry  crop  p ro d u c t io n ,  hclp p ro tcc t  the en v iro n m cn t ,  
and  p reserve the  soil resources for use b v  tu tu re  gcner- 
ations. S p e d í ìc  íỊoals for tillatỊC include scedbed  prepa- 
ra tion ,  wct 'd  con tro l ,  w a tc r  conscrva tion ,  erosion 
con tro l ,  rcs idue in co rp o ra t io n .  fertilizer and  pcsticidc 
inco rpo ra t ion .  soil aeration im p ro v c m e n t ,  irrigation 
land p re p a ra ú o n ,  insect hab i ta t  des truc tion ,  and plant 
rootini* dcp th  im p ro v e m e n t .  Thesc  overall and  spe- 
c ihc  goals can be  at tained by  p ro p e r  use ot' any o f  the 
var ious tillagc sy s tem s in m o s t  cascs. H o w e v c r ,  the 
dc^ ree  o f  a tra inm en t varies w ith  the sys tem  used; 
o th c r  tỊoals are n o t  at tạinablc w ith  so m e system s.

In gencral, c ros ion  con tro l  and w a tc r  conscrvation  
arc grcạ ter  w i th  conscrva tion  tillaiỊC, especially no-  
tillaiỊC. than w i th  clcan tillatỊc; ridgc cillagc g ives inter- 
m ed ia te  rcsults. Becausc conscrva tion  and r idge  tíll-



atỊc invo lve  c rop  rcsiduc m anatỊcm éii t  OI) th c  soil sur- 
face, m ạ jo r  opcra t ions  such Lis land lcvclintỊ to  prcpnre 
land for irrigation  m u s t  bc d o n e  bc to rc  tliesc tillagc 
Systems arc adop tcd .  Also, fertilizer and pesticidc in- 
co rpo ra t ion  and  decp ly  loosenintỊ  a soi] m e chan -  
ically arc no t  possib lc  w ith  no-tillaiỊt ' in n io s t  cascs, 
b u t  thcy can bc accom plishcd  w ith  a rcduccd  tillagc 
systcm .

T illage  sys tcm s will co n t in u c  to  bc uscd to  obta in  
desirable cond i t ions  fo r  sa tisfac tory  c rop  p roduc t ion .  
A varic ty o f  sys tcm s  arc available, and the system 
selccted shou ld  be used p ro p c r ly  so tha t  the  ovcrall 
and  spcciíìc goals  tb r  til lage can be attaincd.
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Glossary
B u rley  to b a cco  Stalk-cut, air-curcd tobacco typc; 
cured leavcs arc reddish-brovvn in color, with lightcr 
b o d y ,  grcatcr a b s o rb e n c y  and  tìlling p o w c r ,  lo w er  
sugar contcnt, and highcr alkaloid contcnt than other
typcs
F ire-cu red  to b a cco  Stalk-cu t tobacco that is curcd 
in vvidcly vcntilated barns vvith opcn íìres under the 
tobacco ; the  fircs produce s m o k c  tha t is a l low cd  to 
contact the tobacco and is the only source o f  artiíìcial 
hcat; curcd leavcs o f  tĩrc-curcd tobacco arc light to 
dark brovvn in color w ith modcrate to hcavy body 
a n d  s t ro n g  Aavor
F lu e-cu red  to b a c c o  T o b a c c o  that is sequentially  
harvested as leavcs ripen; flue-curcd tobacco leaves 
arc curcd according to a prccise schedulc o f  heat and 
moisturc control; lcaves are lemon to oraníỊe-ycllovv 
in color, with a sw eet aroma and a slio;htly acidic 
taste, and with a relativcly high sugar content and 
relativcly lovv alkaloid contcnt 
L a y b y  Final c u h iv a t io n  o f  a tobacco  crop  in vvhich 
soil from the m iddle o f  the row is thrown Ltp against 
thc tobacco to form a large bed, which is needed for 
a;ood root system  devclopm ent for nutricnt uptakc 
an d  to  help  keep  m a tu r e  tob a cc o  plants upritỊh t 
N i c o t i n e  M o s t  a b u n d a n t  a lkalo id  in tobacco  and  onc  
o f  the primary leat' constituents dcsircd in tobacco 
products; nicotine con ten t is ẹenerally balanced with 
c a rb o h y d ra tc  and  suẹ;ar levels wichin curcd  tobacco  
leaves
O r d e r  C o n d i t io n  o f  ci ircd  tobacco  lcaves in vvhich 
thcir moisture contont is hiiỊh enough so that lcavcs

arc soft and malleable, bnt not so hitỊh as to bc pređis- 
poscd to molds and rots; also reterred to as “condi- 
tion” or “casc”
O rien ta l tob acco  Class o f  tobacco  traditionally 
íỊrovvn in Grcccc and T u rk e y ;  oricntal tobacco is coni- 
m only prinicd and air-cured to produce lem on- 
colorcd lcafthat posscsses a characteristic tìavor; curcd 
oriental lcaf has a rclativcly higli sugar contcnt and a 
rclativcly low  alkaloid content, with niany nonvola- 
tile acids and volatilc rtavor oils 
P r im in g  Rcnioval o f  tobacco lcaves from the stalk, 
traditionally períòrmcd by hand; lcaves are gcncrally 
harvestcd from the stalk as thcy ripcn, so that bottom  
leavcs (oftcn callcd “primings”) are rcnioved first and 
top leavcs last; in flue-curcd tobacco (the pređoniinant 
tobacco typc harvcstcd by priminíỊ) approximately 
thrcc to tìvc lcavcs are rcmovcd at each Harvest, 
“prim ing,” or “pulling’’
S ta lk -cu t to b a cco  T o b ac co  types tha t arc harvested 
by cutting the cntirc plant or stalk, and are usually 
air- or fire-curcd; burley tobacco is the predominant
stalk-cut tobacco typc
T o b a c c o  Nicotiana tabaami, a solanaceous plant spe- 
cics cultivated t'or its lcaves, vvhich arc sm okcd or 
chcwcd tor thcir contcnt ot' nicotine 
T o p p in g  R em ova l  o f  tho apical inAorescencc, usu-  
ally along with scvcral small tip lcavcs; vnost tobacco 
typcs are “topped” at or ncar the onsct o f  Hovvering 
to increasc the sizc, thickncss, body, and nicotine 
contcnt o f  lcaves

T o b a c c o  is a solanaccous plant vvhose lcaves are har- 
vcsted, curcd, and smoked. Although Christophcr 
C olum bus was the íìrst Europcan to record thc use o f  
tobacco, native Americans and, possibly, the Chincse 
had been cultivating and sm oking tobacco tor ccntu- 
rics bctore. Sincc C olum bus’ time, tobacco culturc 
has spread throughout the world. Tobacco scedlings



are s;cncrally i ;row n in o u td o o r  plant bcds bc ío rc  bc- 
inq transplanted  in íìelds. T obacco  helds arc tc r t i lừcd  
vvith n itrogcn, phospho rus ,  and po tassium  at o r  be- 
forc transplantiníỊ. T h e  crop  í*rows s low ly  durintỊ  the 
íĩrst m o n th  o f  the !Ịrowing season w h cn  helds arc 
cultivated. O n c c  cultiva tion  has bcen conip le ted ,  the 
crop g row s  very  quickly  and nm st bc p ro tec ted  f rom  
a n u m b e r  o f  pcsts and  diseases durinc; the í*rowini* 
scason. Grovvth o f  undesircd  lateral shoo ts  m u s t  also 
bc contro llcd  attcr rem oval o f  apical inAoresccnces. 
Sonic typcs o f  tobacco, such as burley , arc harvestcd  
by  cutting  thc  cntirc  p lant f rom  che roots. O th e r  
types, particularly  fluc-cured tobacco, are harvestcd  
bv sequentiallỵ rcm oviníỊ  lcaves f rom  tho stalk. T he  
tobacco C11 ri 11 £Ị process m anaựcs the m o is tu re  con tcn t 
and tcmperaturc o f  tobacco lcavcs to obtain the dc- 
sircd lcvcls o f  n icotine and rcducing sugars w ith in  the 
lcaf. ] )itTcrcnt tobacco p roducts  require varyinụ; lcvcls 
o f  thcsc constitucnts.  N c w  uses for tobacco arc cur-  
rcntly bcing cxplorcd .  N e w  technoloíỊÌcs n ian ipu la tc  
tobacco physiolotỊy to  p ro d u cc  industri.ll  chcniicals, 
tood  supplcm ents ,  antibiotics, and cnzyiiics.

I. Classiíication, Origin, and Histoi7 
of Tobacco

T h e  w o rd  “ tobacco” generally  refers to N iỉo t i i i ih ì  Itihíi- 
cum,  a l t liough Nicotiíì iìí ĩ n is t iù i  is useđ for similar pu r-  
poses in sonic  parts ot’ the w orld .  T h e  w o r d  tobacco 
is o f  Spanish origin. It m ay  have ariscn from  the nam c 
o f  Y-shapcd tubes o r  pipes used by native  A m ericans 
for smokiniỊ, f rom  the Tabasco  prov incc  o f  M cxico, 
o r  from  the Wcst Indian island o f  T o b a g o .  T h e  ^cnus  
nam c N ico t iana  and thc tc rm  nicotinc vvcre dcrived 
f rom  thc I i a r n c  o f  the Fren ch am bassador  to Portuga l ,  
Ịcan Nicot,  w h o  in troduced  tobacco to Francc in 1560. 
T h e  ÍỊCIIUS Nicữtidtia  is in thc taniily SoliViaccae  and  
contains 3 subtỊcncra, 14 sections, and 64 species. N i -  
cotiana is pr in iarily  a Ncvv W orld  gcnus, bu t  15 spccics 
are nativc to Australia. Nicoliú iia  tabaciun is a pcrcnnial 
allotetraploid w ith  24 ch ro m o so m cs .  A lthouiỊh  N .  
tabaatm  p robab ly  oritỊÌnatcd t ro m  a natural hybrid iza-  
tion  ot ' N .  sylưcstris  and N .  toniciitosi/onnis  in Brazil o r  
Centra l Am erica, it has never  been to u n d  in thc wild 
S ta te .

N ativc Aniericans cultivated N .  tahíUiini t h ro u ^ h -  
ou t the W estern  H ctn isphere  in p rc -C o lu m b ian  tinics. 
The  Chincsc m ay  also have ẹ;rown and used tobacco  
lons; bctbrc C o lu m b u s  landcd in thc B aham as in 14^2. 
Althouirh \ !koti iit ia  spccies arc not narivc to the east-

crn part o t  N o r th  America, native A m cricans  culti-  
vateđ  and uscd i \ ;. nisticiĩ. E uropean  cxp lo re rs  o b -  
scrvcd native  A m cr icans  chcwins* and sniíĩìrKỊ 
tobacco, as wcll as sniokiniỊ  it in pipes, rolline; Ít in to  
cigars, and pourin iỊ  it in to  “ ciíỊarcttes” m a d c  tron i  
pa lm  lcavcs.

T o b ac co  usc spread  rapidlv  th ro u g h  the vvorld to l-  
lovviníỊ C o lu n ib u s '  vovaẹes ,  m os t ly  sm o k c d  in ci- 
ựarlikc to rn is  o r  in pipcs. T obacco  cu ltu re  spread to  
Europe. Asia, and  A trica durniíỊ  the last h a i r  o f  the 
six tcenth  ccn tu rv .  T h e  lìrst c o n h rm e d  rc tc rencc to  a 
ciíỊarctte was m a d c  in 1518 in Mexico, bu t m o d c rn  
cigarcttcs m ay  havc  dcvclopcd  in Spain, w h c re  “ pa-  
pclctcs” w crc  uscd as carly  as 1635. Use o t  papcletes 
sprcad to  Francc, w h erc  sií*nitìcam im p ro v e m e n ts  
w cre  m ade, and  w h erc  the p roduc t was h rs t  callcd 
a “ ciiỊarettc.” C itỊarcttes rem aineđ  a n i ino r  to r m  ot 
tobacco usc until  latc in tho liSOOs. D e v e lo p m e n t  of 
hiiỊh-spccd d íỊa rc t tc -m a k im Ị  machines and the  in t ro -  
duction  o t  tlic " A m e r ic a n  blcndecl ciírarctte” revo lu -  
tionized the  to b a cc o  industry  and dram atically  in -  
creascd dcmanci for tobacco  leaf.

Because ìm n u ta c tu re r s  ot tobacco p ro d u c ts  requ irc  
spccitìc leat’ characteristics. tlicy tcnd to be very  COII- 

ccrncd tha t  specitìc prodiuinu; arcas co n t in u c  to p r o -  
duce consis ten t quantitics  ot the  type of tobacco  lcat 
tha t tliey necd. T h c re ío rc ,  tobacco p ro d u cc rs  tcnd  to 
cnjoy a m o re  stablc d cm and .  rcsultiníỊ in h ighcr  
priccs, fo r  thc ir  p ro d u c t  than tliat cxpcr icnced  to r  
m os t  o thc r  .ìiỊricultural com m oditics .  M o s t  classes oí 
tobacco  arc liií^lily suitcd  to  coa rsc - tcx tu rcd  soils ot 
low  inherctit ícrt i l i ty , w hich arc o íten  also poo r ly  
suitcd to r  p roductio ii  o f  altcrnativc crops.  T o b ac co  
p ro d u c t io n  lias tendcd  to  do m in a te  areas w h cre  it has 
bccom c cstablishcd.

T he  U n i te d  States D ep a r tm en t  o f  A gricu l tu rc  clas- 
sifics cultiva tcd  tobacco  into X classcs and 26 types, 
roAectiniỊ d ir tcrcnccs in plant lỊenetics, cu r in g  m e th -  
ods, fertilization and ìnanaơcm en t,  and soil and 
w ea thcr  charactcristics o f  the iỊcoíịraphic reg ions 
vvhcrc each is p ro d u cc d  (Tablc I). C u l t iv a tcd  tobacco  
is (Ịrovvn in m o s t  countries  o f  the vvorld. Pìue-cured  
tobacco is the n io s t  vvidely ẹ;rown tobacco  typc. T h e  
terni “ f luc -cu red” rcrtccts the heatinự sys tem s uscd 
in carly curiniỊ barns ,  w hcn  h o t  air was t ran sp o r te d  
into  the barns  via Hues. U nti l  nround  1875, f iue-curt'd 
tobacco was harves tcd  by cuttniỉĩ thc en t irc  stalk, and 
the reaũe r  the " p r im in ỉ í ” m c th o d  ot sequcntial harvcs t  
'bciỉan. In the U n i te d  States, it is p roduceđ  f ro m  S o u t h 
e r n  Vinrinia to  n o r th  Plorida. M ạ jo r  t ì u c - c u r c d  

to b a c c o -p ro d u c in g  countrics  i n d u d c  Brazil, C hina,  
India. thc  U n i te d  States, and z . im babw e.  F luc-curcd



TABLE I
Characteristics of Different Tobacco Types

c . ' l a s s / t y p c

o f  t o b a c c o S o i l s

N i t r o í * e n  

t c r t  i l i z a t i o n  

( k i í / h a )

L c a v e s  p o r  

p l a n t

H a r v e s t  

i n i t i a t i o n  

( w c c k s  . l t t lT  

t o p p i n p )

H a r v e s t

m e t h o d

C u r i n g

n i c t h o d

C À irc d  l c a t  

c o l o r

F l u c - c u r e d S a n d v  ỉ o a n i s 5 6 - 1 1 2 I H - 2 4 2 - 1 (1 P r i n i c d H c a t L e m o n  t o  o r a n ự c

F i r c - c u r e d S i l t  l o a m s 14« Í - Í 6 K 1 2 - U ) 4 - 6 S t a l k - c u t H c a t  +  s n i o k c L i g h t  t o  d a r k  b r c n v n
L i g h t  a i r - c u r c d  

B u r l c y S i l t  l o a m s 1 4 0 - 2 8 0 1 8 - 2 2 1 4- S ta lk - a i t A i r S t r a v v  to  b r o w n

M a r y l a n d S a n d v  l o a n i s 6 7 1 6 - 2 0 3 - 4 S t a l k - c u t A i r S h a d c s  o f  b r o v v n

D n r k  a i r - c u r c d S i l t  l o a m s 14« í - 1 6 8 15—1« 4 - í ) S t a l k - c u t A i r S h a d e s  o f  b r o \ v n
C i i» a r  t i l ỉ c r S i l t  ỉ o n m s 5 6 - 1 1 2 1 2 - 1 6 2 - 3 S t a l k - c u t A i r D a r k  b r o w n

C i g a r  b i n d c r S a n d y / s i l t / d a y  l o a n i s

riri 1 5 - 1 8 2 - 3 S ta lk -cu t A i r l . ) a r k  b r t n v n

C i g a r  v v r a p p c r S a n c ỉy  l o a m s 1 6 H - 2 3 5 1 5 - 3 0 N / A P r i m c d A i r L ifí;h t t a n  t o  n r a v  b r o \ v n

P c r i q u c S a n đ v  l o a n i s 1 4 1 ) -1 6 8 1 2 - 1 4 3 - 4 S t a l k - c u t A i r .  t h e n B la c k

O r i e n t a l W i d c  v a r i c t y 0 - 2 2 4 2 4 -3 1 1 N / A P rim c đ
i e r n i e n t e i ỉ

O p e n  a i r L c m o n  to  d a r k  b r o v v n

tobacco  is dcscribed as possessing t'ull b o d y  and bcing  
rich in a ro m a  and  Havơr. F ire-cured and  a ir-curcd 
tobaccos  arc ỉ t a ị k - a t t  tobacco types .  In co n tra s t  to tìuc- 
cu rcd  tobacco, h rc -cu red  and  a ir-curcd  tobaccos  arc 
ha rvcs ted  by  cuttiniỊ  thc  above iỊ round  p o r t io n  o f  thc 
p lan t near tỊround level. H arvcs tcd  p lan ts  arc tvpically 
spcarcd  o n to  a vvoodcn stick. O n c e  the lcavcs havc 
vviltcd, plants arc placcd in w o o d c n  curinsỊ barns. 
Lcaves rcm ain  011  the stalk du r in g  the curiiiiỊ proccss. 
T h e  cu r ing  proccss docs n o t  involvc any lieatintỊ, bu t  
is con tro l lcd  by  ad ịu s tm c iu s  in vcnt i la t ion .  C u rc d  
leaves arc “ s t r ip p e d ” f ron i thc stalk, scparatcd  into 
íỊrades, and  ticd o r  balcd for auction .  M o s t  Ịìre-curcd 
tohacco is g r o w n  in Virginia , K cn tucky ,  and  T en n e s -  
sce. It has a d is t inctivc  a ro rna  ob ta incd  by  “ s m o k i n g ” 
lcaves o v e r  op cn  fircs th a t  bu rn  harchvood ,  such as 
oak  o r  h ickory .

B urlcy  tobacco, m o s t  cigar tobacco  types, dark ,  
a i r-curcd ,  M ary land ,  and  V irginia su n -c u re d  tobacco  
types  arc all cxam ples  o f  air-curcd tobacco. B u r l c y  tobacco 
o r ig in a ted  tro  111 a ỉỊenetic m u ta t io n  d iscovercd  by M r. 
Geort»e W ebb  ot H ig ^ in s p o r t  in B r o w n  C o u n ty ,  
O h io ,  in 1864. M o s t  o f  the  bur lcy  tobacco  grovvn in 
thc U n i te d  States is p ro d u c e d  in K e n tu c k y ,  T en n c s-  
scc, Virginia, N o r t h  C aro l ina ,  a n d  O h io .  M uch  b u r-  
loy to b acco  is also p ro d u c c d  in Brazil, C h in a ,  Italy, 
and  M alaw i.  M a r y l a n d  tobacco is grovvn on  thc li^ht,  
sandy  loam  soils o f  S o u t h e r n  M ary land ,  \vhercas the 
d tu k  aìr-curcd tobơcco types  arc i>rown on  heavy  silt 
loam s in K cn tu c k y  and  Tenncssee  o r  on  sandy  loam  
soils vvith a hcavy  clay subsoil  Í11 Viriíinia. Ci<Ịiir tohac- 
cos arc  d iv idcd  in to  th ree  classcs: ciỉỊar tìller tobacco, 
ciỉỊar b indc r  tobacco .  and ciiỊar vvrappcr tobacco.

Shađe-tỊrovvn ciiỊar vvrappcr tobacco  is p roduccđ  in 
tìelđs encloscd by  cloth tcnts. T h e  artiíicial shađe and 
p ro tcc t ion  h o m  vvind m o v c m c n t  p ro v id cd  by  thc 
tents p roducc  thc th inncr,  lontỊcr, sm o o th e r ,  small- 
vcincd lcavcs tha t arc nccdcd to  w ra p  cigars. Shadc 
tcnts arc cons truc tcd  by ercctini* a w irc  t ram e  sup-  
por ted  by s tou t posts. T en ts  arc usually  33 fcct w ide 
and 125 feet loniỊ.

O ric iìtíil tobacco is p roduced  in Bulgaria, Greecc, 
T u rk c y ,  and YuiỊoslavia. Lcavcs arc m u c h  smallcr 
than  tliose p roduced  by  o th c r  tobacco  typcs. H ar-  
vestcd lcavcs are gathercd  in to  bund lcs ,  sevvn on to  
co t ton  tw ine ,  allovvcd to  w ilt  in the shadc for 24 hr, 
and then  placed in racks o r  tram cs in dircct sunlight.  
C u r in g  s tructurcs  n ius t  bc covcrcd  each n igh t  to pre- 
v cn t  fo rn ia tion  o f  d c w  on thc s t ru n g  lcavcs. Aftcr 
curint;,  leavcs arc tcm porar i ly  hiniíỊ in garlands, but 
are soki in bales.

lỉ. Commercial Production of Tobacco

A. Seedling Production

T h e  com m crc ia l  p ro d u c t io n  o f  tobacco  begins w ith  
thc g r o w in g  ot' secdlings to  be transp lan tcd  to  thc 
tìcld. M a n a g e m e n t  of transp lan t  p ro d u c t io n  systcm s 
is  particularly  im p o r ta n t  because thc grovver i s  depcn-  
d en t  on  the availability o f  hca lthy  transplants .  T o 
bacco secd has traditionallv  bccn startcd  in plant beds 
o r  sccdbcds ovving to  thc ditYiculty o f  direct-scedintỊ 
in tlie ticld. T h e  secd is rclativcly dclicate and is very 
sniall (ca. 1 1,000 to 12,000 seeds pcr i»ram). T h e  usc



o f  plant bcd tcchniqucs providcs the g ro w c r  with 
the  ability to  contro l env ironm cn ta l  cond it ions  and 
thcreby cnsure íavorable conditions for secd gcrm ina-  
tion and seedling £Ịrowth. T h e  tolloxvine; practices for 
p roducing  tobacco transplants arc gcneral p rocedures  
that hold for m os t  types o f  tobacco p roduced  in m os t  
arcas o f  the world.

1. Site Selection
Plant bcds should  bc locatcd on deep, tertilc, well-  

drained soils w ith  ỉỊood m ois ture-hold in iỊ  capacity. 
Plant bcd sites w ith  a -Southern or  sou thcastern  ex p o -  
surt’ and a vvindbreak on thc n o r th e rn  o r  w estcrn  sidcs 
will havc thc m os t  tavorablc local w ea ther  conditions. 
Surtace w ate r  drainaEỊC is vcrv im p o r ta n t ;  p lant bed 
sitcs should  have a gentle slope and m ay  includc dra in-  
atỊC ditches, i f  nccessary, to  climinate stạndiní* w a tc r  
in the bcds. P erm anen t plant bcd sitcs arc o ttcn  cstab- 
lishcd, a l though  ro tation ot' individual plant bcds 
w ith in  a p c rm ancn t  sitc is advisable. Plant bcds should  
be locatcd near a clcan w atcr  sourcc for irr igation  and 
ncar the g r o w c r ’s h o m c  to niake d a y - to -d ay  rnanagc- 
inent m orc  convenicnt.

2. Soil and Fertility Management
A cover crop should be g ro w n  un plant bcds be- 

tw ccn  tobacco grovving scasons to m ain ta in  thc physi-  
cal condition  o f  thc soi] and to m in in iĨ2 c w eed 
t»rowth. T obacco  plant bcds can bc cons truc tcd  to 
any size, bu t  are usually 2.7 to 4.6 m w ide  and o f  
variablc lcniỊth. T h e  sizc o f  a p lant bed, particularly  
vvidth, is gcnerally đe tcrm incd  by convenience in 
sccdins; and m ainta in ing the arca. All plant material 
o r  rcsidue m ust bc rcm o v e d  bcíòre  seeding. This  is 
oftcn accom plished by disking p lant bcd areas in tho 
fall and a l low ing  scveral m o n th s  for p lant residue to 
decom posc .  Ịust p r io r  to seedinq, plant bed arcas arc 
m o ld b o a rd -p lo w c d  or  d isked to w a rd  thc  ccntcr o f  
the bcd. This pattcrn o f  vvorkine; thc soil shou ld  leavc 
the center o f  the bed slightly h ighcr  than  the su r-  
roundinạ; arca. This “ c ro w n in g ” o f  the p lant bed itn- 
proves surfact’ drainage, a c o m m o n  plant bed p ro b -  
lcm. Aftcr the plant beds havc bcen plovvcđ, the soil 
should  bc ha r row ed  or  raked until it is w ell-pulverizcd 
and sn ioo th ,  and frcc o f  clods ( im por tan t  to r  adcquatc 
seed-to-soil contact and thus good  ^ern iina tion) .  T o  
rcduce soi! com paction ,  the use o í  trac tors and o thc r  
hcavy cqu ipm en t  dưcctly  in the beds should  be 
avoidcd tollovviníỊ íinal tillatỊC operations. lJlant bcds 
are tum i^ated ,  w ith  m ethyl b ron i idc  or a siniilar tu- 
m igant to contro l so il -hornc pathotỊcns and wccds.

P lan t  bcds arc fcrtilizcd \vith “ c o m p lc te ” or  m ixed  
fcrtilizcrs con ta in ing  n itro^en ,  p h o sp h o ru s ,  and  p o t -  
a s s i u m .  P rep lan t  fertilizcrs are w o rk c d  in to  the soil 
to a d c p th  o t '5  cm . A ltliouơh organ ic  fertilizers have  
bccn uscd on tobacco  plant bcds, m ineral fertilizers 
are novv íỊenerally rec o m m en d e d .  N i t r o ^ e n  is n o r -  
n ially  the  p rc d o m in a n t  ing red icn t  in tobacco  plant bed  
fcrtilizcrs, and th o u g h  n i t ro g e n  fertilizers can h ave  
several fo rm s ,  at lcast 35 to 50%  o f  the n i t rogen  in 
a p rcp la n t  p lant bcd  fertilizcr shou ld  be in the n itra tc  
fo rm ,  ra th c r  than  as a m m o n iu m .  A dditional fertilizer 
a p p l i c a t i o n s  a r e  usually  r e c o n i m c n d c d  o n l y  w h e n  11U- 

t r icn t  def ic iendes  are encoun te red .  T h e  m o s t  c o m -  
m o n  n u tr ic n t  deficiencies invo lve  n itrogen  and sultur.  
N i t r o g e n  dctìciencies can bc correc ted  b y  a p p ly in ^  a 
n i t ra tc -n i t ro g en  fcrtilizer. S u líu r  dcíìciencies arc u su -  
ally co rrcc ted  w i th  sultatc o f  po tash-m agncsia  o r  
m aiỊnes ium  siiltate.

3. Seeding
P lant bcds arc usually  sceded  60 to  65 days b c ío rc  

a g r o w c r  plans to  transp lan t  his or her crop. P lant 
bcds havc  traditionally  becn sccdcd bv  hand. T h e  seed 
is evcn ly  b roadcas t  o v er  thc  bcd by m ix in g  a small 
q u an t i ty  o f  seed w ith  a m u c h  largcr an io u n t  o f  an 
ine rt  m ateria l (sand, limc, ashcs, etc.) o r  fcrtilizer 
(n itrate  o f  soda). W h a tevcr  the  n ie thod , tobacco  seeđ 
sh o u ld  bc cvcnly  scattered  o v e r  the soil surfacc, rolled 
(w i th  a water-f il lcd  d ru m ),  and  li^htly  irrigatcd or 
ra incd up o n  to  cnsurc  g o o d  sc cd - 1 0 -soil contact.  Bcds 
are litỊhtly covered  vvith a layer  m ulch  ot s traw, pinc 
ncedles, o r  s im ilar  matcria l to  keep the  seed m o is t  
and  slightly  raise thc  cover  o f f  o f  the small secdlings. 
S ceding  ratc, the  n u m b e r  o f  secd per  un it  arca, is a 
v ery  n n p o r ta n t  p a ram cte r  because sccdling dcnsity  
l a r g d y  de tc rm ines  a n u m b c r  o f  very  im p o r ta n t  char-  
acteristics o f  tobacco  transplants .  Beds are generally  
scedcd at a ratc o f  1 ouncc  o t  seed to 600 to  800 squarc 
yards  o f  p lant bcd. Beds tha t  are too  dense will result 
in tall, sp ind ly  transplants ,  w hereas  too  fcw  plants 
will resu lt  in sh o r t  p lants w ith  lartỊC lcavcs. A desirablc 
transp lan t  has so n ie  s tem  elont^atioti (12 to 15 cni), 
tha t  is, a s t ro n ư  s tem  that is n o t  vvoody and is the 
a p p ro x im a tc  d ia m etc r  oí a vvooden pcnci].

4. Moisture Management
T o b a c c o  p lan t bcds nced to  be vvatercd vvhenevcr 

thc soil bcsỊÌns to  d rv  Irrigation  m ay  bc needed on ly  
in tc rm it te n t ly  in tem pcra te  rcgions such as the 
tobacco-c ;ro \v ing  arcas ot the  U n ited  States. In drier 
arcas o f  the w o r ld ,  ho w cv c r .  n iorc  extcnsive  irriíỊa- 
t ion  is neccssary. Soil type and thc ty p c  o f  plant bcd



covcr also inrtucncc hovv nnich and h o w  o t ten  plant 
beds m u s t  bo vvatercd. Irriỉíation is necđcd m o rc  t're- 
qu cn t lv  vvith sandy  soils and vvhcn m o rc  p o ro u s  cover 
materials arc nscd. Plant bcds shou ld  be w ate rcd  of- 
ccn. bu t  liiỊlitly d u r inơ  thc íìrst 3 w ceks  a t tc r  secdinc;. 
Plant bcds should  be irriiỊated vvith a g rca tcr  q uan t i tv  
o t  vvater lcss t requen tlv  oncc secd havc tỊcrminatcd. 
Plant bcds should  be irr iẹa tcd  slovvly, so tha t  w atc r  
can bc absorbcd  as it is applicd.

5. Cover Management
O n ce  thc plant bcds arc sccdcci, they  n ius t  be p ro -  

tccted by coveriniỊ w i th  One o f  scvcral types o f  m a te -  
rial, íỊcnerally m anufac tu rcd  o t 'c o t to n ,  ny lo n ,  po ly -  
c thy lenc  plastic, o r  spưn polycstcr.  In s o m e  arcas 
OLitside of the U n ited  States, plant bcds m ay be cov- 
ercd vvith thatchiiiíỊ e;rass, banana leavcs, o r  a choppcd  
lỉrass niulch. Plant bcd covcrs p ro tcc t  d ev e lo p m g  
plants aựainst cold and vvind and hclp m ain ta in  soi! 
m ois tu rc .  C au t ion  m u s t  b ccxerc iscd  w h cn  using  plas- 
tic covcrs as thcy m ay  p roducc  cxccssivcly hiííh te m -  
pcra tu res  it no t  manatỊcd  properly .  Grovvcrs usintỊ 
plascic covcrs p c r to ra tc  the covcr, Lisually w ith  a hand -  
drnvvn rollintỊ punch , in o rd er  to p ro v id c  addicional 
cooliiiiỊ uiider the  plastic covcrs. C o v c rs  shou ld  bc 
rcn iovcd  wlìen tc m p cra tu re s  ou ts ide  thc p lan t bcd 
reacli 3 0 ° c  for tvvo cõnsccutivc  days and  rcplaccd it 
niíỊhtlv low  tem pera tu re s  fall to be low  7°c.

6. Mechanization
M any  U .S . tobacco  p roducers  arc adoptin íỊ  a m im -  

b c r  of 11CW p ro duc t íon  practices for  tobacco  plant 
bcds, p r im arily  to  rcducc thc labor invo lvcd  in raisiniỊ 
tobacco  transplants .  Narrovver, raiscd p lan t  bcds 
(1 .2 -1 .8  111 vvide vs. 2.7 ni wide) arc being  uscd to 
íacilitatc usc o f  t r a c to r -m o u n tc d  ficld c q u ip m c n t  to 
m ain ta in  the bed and  to  rcducc suríace w a tc r  drainaỉỊC 
prob lem s.  Mechnnical o r  precision seeding usiniỊ pcl- 
lcted o r  coatcd seed is being  ưscd to  m o r e  closely 
app roach  op tim al plant popu la tions  w ith in  plant bcds 
and to  im p ro v c  the  sccdling u n i to rm i ty .  “ C l ip p in g ” 
o r  the rcm ova l o t  lcat tips ex tcnd ing  abovc  the  te rm i-  
n a l  b u d s  o f  s e e d l i n q s  h a s  b c c o m e  a S ta n d a r d  p r o d u c -  

tion practicc for m o s t  tỊrovvcrs in the  U n ite d  States. 
Rc£Ịular clipp ing  vvill incrcase transp lan t sizc and  uni-  
íò rm ity  and m ay  be uscđ to  delay transplantine; i f  
ticld conditions vvarrant. L aw n  movvers and  t rac to r-  
in o u m e d  rotary  m o w c rs  are often uscd for clippine; 
plant beds. T h e  increased seedling u n i íb r m i tv  m adc  
possiblc by thcsc n cw  practices allovvs grcnvers to 
r c m o v e  a lariỊcr p c rccn ta íỊ c  o f  th e  scedlniíỊS vvithin a 
plant hcd at any iỊÍven tinic, tlius incrcasiriíĩ thc  ettì-

cicncv ot the transplantiiiLỊ operation .  Furthcr  labor 
reductions can bc obta incd bv “ imdercuttins*" plant 
bcds, that is, by  pullintỊ a tractor-niounteci metal blade
throuiỊh the soil just belcnv sccdlins; roo t systcms.

7. Greenhouse Transplant Production
T h e  use o f  g reenhouse technoloiỊV is a reccnt altcr- 

nativc to  o u td o o r  tobacco plant beds. A lth o u ^ h  C ana-  
dinn lỊrovvers havc utilized lựeenhouse culturc tor 
m any  ycars, the  practicc has beconic  c o n im o n  in the 
U nited  States onlv sincc approx in ia te ly  1989. Grccn- 
house techno logy  providos thc c;rowcr vvith m orc  
contro l o f  EjrowiniỊ conditions, p roduces m o re  uni-  
fo rm  transplants ,  and climinates hand labor associated 
with  pulliiiíí transplants trom  a plant bed. T h e  princi-  
pa l  d i s a d v a n t a g c  is th o  Capital i n v c s t m c n t  in  t h e  s t r u c -  

turc, w h ich  is no t  ỉỊcncrally uscd to r  the production  
ot othcr crops or com moditics. |SíT H o r t i c u l t u r a l .  

G r e e n h o u s e  Engineeking.I

G rccnhousc  systcnis uscd for tobacco transplant 
p roduction  ditTcr prim arily  accordiniỊ to hovv the 
plants rcccivc vvater. In an ovcrhcad-vvatcrcd grcen- 
hoưsc, plastic trays arc tìlled w ith  soillcss mcdia and 
placed d o sc ly  totỊethcr on  thc (Ịreenhouse tìoor. W atcr 
is applicd vvith an ovcrhcad  irritỊation system . T rays 
niust be vvatcrcd írcqucntly  duriníí the day to ensure 
that thc media is no t  allovvcd to  dry . N u tr icn ts  are 
p rovided  vvith w atcr-so lub lc  fertilizcrs applicd in the 
irrigation vvatcr. Grovvth ot the sccdliniỊS m ay bc reg- 
ulated by  the an ioun t and trcquency  ot vvater and 
fertilizer application. Ovcrhcad-vvatorcd grcciihouscs 
arc direct-sccdcd usitiíí specially coatcd sccd that may 
be placcd individually  into cach ccll o f  thc trays. Gen- 
crally 1175 plants pcr squarc m eter  are tírown in 
overhead -w a tc rcd  tỉrecnhouses.

A second p roduction  system  is the grcenhousc  float 
svstcm , which  utilizcs S ty ro foam  trays o r  “ Aoats” 
that are íillcd w ith  soillcss media and Aoatcd in shal- 
low , water-filled bays. Floats m a y  ho ld  200 to 392 
plants, p ro d u c in g  884 to 1744 plants pcr squarc mcter, 
rcspcctively. Fertilizer is dissolvcd in thc w ate r  and 
thus cons tan t ly  available to the tobacco sccdlings. 
G ro w th  is regulated priniarily  throuírh  clippinc; ot' 
thc secdlings w ith  a ro tary  movver tha t is h u n g  trom  
a rail that passes ovcr the plants. ClippiniỊ is necessary 
to  incrcasc transp lan t u iiiforrnity in d irect-scedcd float 
or ovcrhead-vvater íỊreenhouscs. A lth o u g h  float 
g recnhouses are direct-seeded, small-scale float sys- 
tem s m ay  be used for hand transter  o t  purchascd  mini-  
p luẹs (com m ercia lly  ơ ro w n  sccdlintỊs) o r  sniall secd- 
lintỊS that g ro w c rs  m ay start thcmsclvcs. Float bcds 
used to r  miniplu iỊS  o r  sccdlii iíỊ t r a n s íe r  a rc  ẹen e ra l ly



very  small,  producine; ỉiniitcd acrcs o f  transp lan ts ,  
b u t  d o  n o t  rcquire  thc hea ting  system s necessary  to r  
g e rm in a t io n  o t 'd irec t-sccdcd  Aoats. T h e  d isađvan tage  
o t trans íc r  bcds is the labor rcquircd  for hand  t rans tcr  
of thc  y o u n g  seedlings. D ircc t-secded e;reenhouscs 
m a y  bc used to p roduce  as m uch  as 150 to 2 0 0  acrcs 
o f  transplants .

P ro p e r  m a n a g e m e n t  is very  im p o r ta n t  for success- 
tul t r ansp lan t  p roduc tion  in ei thcr  a g reenhouse  o r  
o u td o o r  float bcd. Sanitation is esscntial to  p rcven t  
pcst p ro b lem s ,  and  con tam ination  w ith  ficld soi] m u s t  
bc avo ided  to p rcven t the in troduc tion  o f  so il -bo rnc  
p a th o g cn s  in the ureenhouse; T rays  uscd for sccdlina; 
í*rowth and all e q u ip m en t  that m ay  com c in contac t 
w i th  plants shou ld  bc kep t d e a n  and sanitizcd to  pre-  
v cn t  th e  in trod tic t ion  and  spread o f  pa thogens .  P ro p c r  
g rcc n h o u sc  ventilation and  air m o v e m e n t  are ncces- 
sary  to  prevcn t h i^h  tcm pera tu rcs  that m a y  in jurc  or 
kill y o u n g  seedliníỊs. T h e  typical tỊrecnhousc uscd for 
tobacco  transp lan t p rodưction  has side curta ins that 
arc raised and low crcd  to allovv for p ro p c r  ventila tion . 
Air m ovem cn t in the ạreenhousc may be turther C1 1-  
hanccd  w ith  the usc o f  “ hori/.ontal a i rf low ” fans tha t  
arc su spendcd  f rom  the top  o f  thc g rcenhousc  to  p ro -  
vidc a circular pat tcrn  o f  air n io v e m cn t  th r o u g h o u t  
thc grcenhouse .  U n like  o u td o o r  plant beds, w atc r  
qual i ty  is an im p o r ta n t  consideration  o f  ^ reenhouse  
t ransp lan t  p roduction .  W atcr  analysis can be useđ to 
đ e te rm in e  thc m o s t  approp r ia tc  fertilizcr and w h c th c r  
vvatcr trca tm ciit  is necessary.

B. Leaf Production
1. Fundamenfal Soil Considerations
Soils best suitcd for tobacco p ro d u c t io n  tenđ  to 

havc  a vvcll-draincd, o p en - tc x tu red  topsoil w i th  goo d  
vvater-ho ld in^  capacity o vcr  a h eav ie r- tcx tu red ,  n io rc  
claycy subsoil. T o b ac co  p roduce rs  can m ain ta in  and  
im p r o v e  soil ti lth and  quality  by  rotatiniỊ tobacco  
vvith o th c r  crops, by  appropria tc  tillatỊC, and by using  
r c c o m m c n d c d  practiccs to rninimizc soil pcsts. T o 
bacco  is a hoavy user o f  soil nu tr ien ts  and thus co tn -  
m crc ia l  p ro d u c t io n  requires the a d d id o n  o f  rclatively 
h i " h  lcvcls ot' fcrtilízer. T h e  practice ot rc^u la r  soil 
samplins* and  analysis is im p o r ta n t  to  d c te rm in c  thc 
m o s t  ap p ro p r ia tc  and cconom ical fertilization p ro -  
íỊram, and  vvhcther thc addition  o f  lime is nccessary. 
Soils used for fluc-curcd tobacco arc gencrallv  intcrtilc 
and  thc  t*ro\ver rclies OI1 p ro p e r  tcrtilizcr sclcction 
and  prccisc application to p rov iđe  suítìcicnt a m o u n ts  
o t  necessary  nu tr ien ts  in the m o s t  approp r ia tc  to rm s.  
O t h c r  tobacco  tvpcs m a y  bc t»rown on m o rc  tcrtilc

soils, alth o u gh  thc addition o f  fertilizer is necessary  

to p ro v id c  sufficient Iiutricnt levels at the appropriate  

time fbr cro p  d e v e lo p m c n t.  ỊSec F e r t il iz e r  M a n a g e 

m e n t  AND T e c h n o l o g y . I

2. Fertilization
N it r o g e n  is th e  m o s t  im p o r ta n t  n u t r ie n t  in tobacco  

p ro d u c t io n .  Hovv vvell th e  c ro p  m a tu res  and  ripens 
dep cn d s  on  th e  a m o u n t  and  availabili ty  o f  n i t rogcn .  
N i t r o g e n  rates vary  f ron i  56 to  112 ku;/ha for flue- 
cured to b a cc o  to  140 to  280 ke;/lia tb r  bu r lcy  and 
dark  tobaccos  (see T a b lc  I). Althouí^h t^rccn m anurcs  
m ay be uscd w i th  m o s t  tobaccos,  thcir  usc m u s t  bc 
avo ided  vvith f lue-cured  tobacco  as nitrotỊcn availabil- 
ity is critical to r  p r o p c r  m a tu ra t io n  and  r ipcning. T o 
bacco is also a h ea v y  usc r  o t po tạss ium  o r  po tash  
(K iO )  w i th  n o r m a l  usc  ratcs ot'  112 to  168 ki*/ha. 
Soils c o m m o n ly  uscd for tobacco  arc inhc rcn tly  ]ow
111 p h o sp h o ru s .  H ovvcver,  ycars o f  tobacco  p ro d u c -  
t i o n  a n d  t h c  11SC o f  h i í Ị h - p h o s p h o r u s  f c r t i l i z c r s  h a v e  

rcsu ltcd  in a b u i ld u p  o f  soil p h o sp h o ru s  lcvcls in n ios t  
ficlds uscd  fo r  tobacco .  T h e  p h o s p h o ru s  r c c o m m c n -  
da t ion  for m o s t  to b a cc o  soils is 45 to 90 k tr /ha .

A cypical fcrti l iza tion  p r o iự a m  includcs tw o  appli— 
cations o ffc r t i l izc r .  U sua l ly  a com ple tc  tcrtilizer, con -  
ta in iog  n i t ro g e n ,  p h o sp h o ru s ,  and po ta ss ium , is ap- 
plicd e i thcr  beforc ,  at the  t im e  of, o r  shor tly  after 
tobacco  is t r a n sp la n tc đ  in the fìeld. Dcpcndiiií* on 
p h o sp h o ru s  soil tcst lcvcls, the analysis ratio  (N  : p  : K) 
o f  thc  c o m p lc tc  fertilizcr vvill be 1 : 1 : 3 ,  1 : 2 : 3 ,  o r  
1 : 3 : 3 .  A sc co n d  app lica tion  o f  nitroa;cn o r  n i t ro g e n  
and p o ta ss iu m  (d c p e n d in g  on  soil analysis) is m ade  
cỉuriníí an early  cu l t iva t ion  o f  thc crop. T h e  sidedress 
fm i] iz e r  analysis  ra t io  w ill  depcnd  on p o ta ss ium  soil 
test lcvcls and  m a y  bc  e i thc r  1 : 0 : 0 , 1 : õ : 1 , o r  1 : 0 :3. 
C a re  n u is t  be takcn  du r in tỊ  fertilizcr applica tions that 
to o  m u c h  fertilizer is n o t  applicd  at onc  t im e  o r  placed 
too  closely to  th c  ro o ts  o f y o u n g  plants. O th c rw isc ,  
ro o t  in ju ry  and  s tand  losscs m ay  occur  duc to hií^h 
t'ertilizer salts levcls.

A typical tobacco  c ro p  m a y  r e m o v e  a p p ro x im a te ly  
62 and  25 k í Ị /h a  o f  ca lc ium  and  m a g n es iu m ,  respec- 
tivcly. Fcrtil iza tion  specitĩcally tb r  these tw o  essential 
nu tr ic n ts  is íỊenerally n o t  nccessary as b o th  arc sup- 
plicd in c o m p le te  analysis  fcrtilizcrs uscd to r  tobacco, 
and f ro m  l im c  app l ied  to  m ain ta in  p ro p c r  soil pH .  T he  
pH  o f  to b a cc o  soils sh o u ld  lx' m a in ta m ed  betvvcen 5.6 
and 6 . 2  to  cn su rc  p r o p c r  m ic ro n u tr icn t  availability 
and to  rcm a in  c o m p a t ib lc  vvith o th e r  crops a;rowii in 
tobacco  ro ta t ions .  A l th o u g h  a n u m b e r  o t  m ic ro n u tr i -  
ent d e t ìđ e n c ic s  h avc  bccn o bse rvcd  in tobacco , their



occurrencc is n o t  co m  m o n ;  tl ierctorc , s p e õ t ìc  n iic ro-  
nu tr ien t  h 'rti l ization  is n o t  lỊcnorally rccỊiiircd.

3. Land Preparation and Cultivation
F idds in w h ich  tobacco  is to  be tí ro  w  11 arc prcparcd  

bv  plovving vvitli a n io ld b o a rd  o r  chiscl p lo w  and 
diskcd to  p rcpa rc  25 cni o f  loosc  soil and LỊood tilth 
w ith in  the top  12 U 1 1 . T h e  soil shou ld  bc  treo ot clods 
and  tĩnc cnout>h to allovv ( ìrm inư  o t  th c  soil a round  
thc transplant.  T o b a c c o  is í ịencrally  p lan tcd  into 
raiscd bcds o r  ridtỊCS to  p ro v id c  b e t te r  drainatỊC and 
aeration ot the soi] a ro u n d  thc plant. Hoxvevcr, not 
all tobacco is p lan tcd  in to  bcds owim* to  the  tiiiK' and 
expense ol thc  beddinẹ; o p c ra t io n  a n d  thc  potential 
for bcds to d ry  cx cc ssivc ly .  [S íY  T ii i.a g k  S y s t e m s . I

T obacco is usually cultivatcd tvvo to íbur times to 
control vvceds, to prcvent soil crustint’; (tlms increas- 
iiii* \vater p cnc tra t ion  and  in ip ro v in i Ị  soil acration) 
and  to placc soil a ro u n d  the basc ot' th e  plant. Each 
cultiva tĩon  is đ irec tcd  to  succcssivoly bu ild  up a row  
ridíỊC to im p r o v e  suríacc  d ram a g e  and  rcduce the 
chance ot p lan ts  drowniii£Ị in vvaterlogiỊed soils. T h e  
last cultivation  occurs  ncar  thc  p o in t  \vlicn the plants 
b cc o m c  too  tall to  pass u n d c r  thc c q u ip m c n t  uscd 
fbr cultiva tion  and is callcd thc “ la y b y ” a i l t iv a t io n .  
A pplication  o f  ccrtain licrbicides and  tunsỊÍcidcs to the 
soi] m ay  o ccu r  vvith thc layby  cu ltiva tion .

N o-t i l l  o r  reduced  til lagc has been rcscarcliod and 
cvaluatcd  for scvcral years as a w ay  o f  rcdiiciníỊ p o tcn -  
tial soil loss in tobacco  p ro d u c t io n .  T h e  yicld and 
qual i ty  o t sucli tobacco  arc usLially s l igh tly  lo w cr  than 
w i th  convcn tiona l ly  tỊ row n  tobacco .  H o w c v c r ,  the 
d e v e l o p m c n t  o t  b e t t c r  b r o a d l e a t  h c r b i c i d e s  tb r  t o -  

hacco proniiscs  to  alleviatc so m c  o f  th c  lim ita t ions  o f  
rcduccci tillaiỊc p ro d u c t io n .

4. Topping and Sucker Control
T h e  p ro d u c t io n  o f  tobacco  w ith  acccptablo  quality 

and  bií^h yiclds requires  the to p p in g  and  con tro l  o f  
suckcr  íỊ row th .  T o p p in g  is thc re m o v a l  o f  thc apical 
b u d  at the tin ie  o t  inAorcscencc b u d  cmcrsỊencc and 
d ev c lo p m c n t .  Allovving the  f low er  to  tu lly  develop  
d ivcrts  rcsourccs t rò m  lea f  p ro d u c t io n ,  thus rtĩducinq; 
thc yicld and  qual i ty  o f  the  curcd  tobacco .  T h e  hciglit 
o r  n u m b c r  of lcavcs per p lan t will v a ry  acco rd ing  to 
tobacco  typc  (scc T ab lc  1). T o  p ro d u c c  m a x im u m  
yicld, plants sh o u ld  bc toppeci as so o n  as thcy  reach 
thc dcsired staực.

T op p in íỊ  is lỊcnerally d o n c  by  hand ,  althouc;h som c 
H uc- tu rcđ  tobacco  u;rowers have  a d o p tc d  nicchanical 
toppiníỊ  m ach incs  to  rcduce  h a n d  labo r  rcquircm oius.  
R c m o v a l  of th c  “ t o p ” o r  inAorescencc breaks apical

do m in a n cc  \vichin tlic plant and al low s axillarv b u d s  
o r  “ su ckcrs” p rcsen t Í11 cach lcaf axial to  dcvc lop  and 
g ro w .  AllovviniỊ suckcrs to  lỊrovv \vill ređuce yicld 
and  is de t r ím en ta l  to  the quality  ot the ciircd tobacco . 
In early tobacco  culture, suckcrs vvcrc regu la rlỵ  re-  
m o v c d  by  hand  in a p ro ce d u re  caìlcd “ s u c k e r in g .” 
C hem ica l  grovvth rcgulators arc no \v  used to m in i -  
mizc thc t>rowth ot suckcrs and iỊreatlv rcducc thc 
hand  labor rcquircd .  T h e  usc o t thesc matcria ls  vvas 
tìrst đevc lopcd  in thc 1940s. T o d a y ,  chemical suckcr  
con tro l  usually involvcs the sequential app lica tion  o t 
One o r  m o rc  matcrials. C o n tac t  chemicals (fatty alco- 
hols) act up o n  youniỊ, actively e;ro\ving suckers  
th ro u ự h  dosiccation. Systcm ic  chemicals  act b y  p re -  
vcntiniỊ ccll divis ion cithcr  locallv (Aumetralin) o r  
th r o u g h o u t  the entire plant (malcic hvdrazidc).

5. Pest Control
Diseases, insccts, ncm atodes ,  and \vecds can se- 

vcrcly dam aíỊc tobacco  crops. AlthoutỊỈi discascs and  
n em a to d c s  arc o tten  considcrcd hiíỊgcr p rob lcn is  for 
tobacco  than insccts and  vvccds, v ir tually  all tobacco  
p ro d u cc rs  m u s t  in c l iK Ìc  insccts and \vccd con tro l  p rac -  
ticcs in thc ir  cobacco p ro d u c t io n  plans.

T ab lc  11 lists m a n y  o f  the m os t  im p o r ta n t  tobacco  
discascs. M an y  o f  thcsc sy iiú rom es  (c.u;., black shank) 
ki]] plants  by dcstroyinu; plant roots.  P lan t-parasitic  
nem a to d c s  arc m ic roscop ic  roundvvorins  that l ive  in 
soi] and tccd on  roots,  particularly  o f  Hue-curcd to -  
bacco. R o o t -k n o t  nen ia todes arc thc m o s t  im p o r ta n t  
n c in a to d c  pcsts o t tobacco. l iecausc lcaves arc the  pa r t  
o f  thc tobacco  plant that is harves ted  and  sold, to liar  
discascs can scvcrcly  rcducc tobacco  yield and  quality .  
FuníỊÍ and bactcria cause a n u m b c r  o f ] c a f s p o t  discases 
that arc im p o r ta n t  tobacco  p rob lcm s,  cspccially b luc  
m old .  A n u m b e r  o f  viruscs can also s tu n t  tobacco  
plants and  scverclv d is to rt  tobacco  lcavcs. V ar ious  
tunỉỊÌ cause n io ld s  o r  ro ts  tha t  damaiỊC cu rcd  tobacco  
lcavcs in storage. Parasitic plants can also in tect to -  
bacco plants: b ro o m ra p c  (specics o f  O robranche) ,  
w itc h w c c d  (S tr iga  ạcsneroides), and d o d d c r  (C n sc n ta  
campestris) can infcct thc s tem s o r  roo ts  o t tobacco  
plants and rem o v c  nu tr icn ts  that w o u ld  othervvise be 
used to  incrcasc tobacco  yicld and quality.

C r o p  ro ta t ion ,  carly des truc tion  ót' tobacco  debr is  
at tcr  harvest,  and  rcsistant varicties are the ío u n d a t io n  
of tobacco  discạse contro l .  G ro w c rs  arc h igh ly  cn-  
cou ragcd  to usc all ofthc.se practiccs togc thcr ,  ra th c r  
than rclyiniỊ on on ly  One m e th o d  to  con tro l  a discase 
p ro b lem .  H o w e v e r ,  pestìcides arc t requen t ly  n ccded  
ro con tro l  discases and ncm atodcs  in tobacco  tìclds 
cithcr because pa thogcn  pópu la tions  arc so largc tha t



TABLE II
Important Diseases of Tobacco

R o o t  a n d  s t e m  d i s c a s e s F o l i a r  d i s e .a s e s

C o m m o n

n a m e ( s ) C a u s a l  i i t íé n t ( s ) C o m  m o n  n a n ie ( s ) C a u s a l  a g c n t ( s )

F u n g i

B l a c k  r o o t ThitỂhn’iopsis basiíola ( B c r k .  &  B r . ) A n c h r a c n o s e c úỉletotrichum gheosporoidvs
r o t F c r r . ( I V i ư . )  P e n z .  &  S a c c .

B l a c k  s h a n k Phytoplìthorn pariỉỉitica D a s t .  v a r .  

nừotianac ( B .  d e  H a a n )  T u c k e r

B lu e  t n o l d Peronosporn ttỉbiiíitui A d a m

C h a r c o a ỉ Mtưrophomhhĩ phaseolina ( T a s s i ) B r o \ v n  s p o t Altenitiria lĩlteniiitii ( F r .  c x

r o t G o i d a n i c h F r . )  K ie s s e l .

C o l l a r  r o t Sỉlerotiiiht sclcroiiorum ( L ib . )  d e  B a r y F r o g e y e Cenoỹpohi niivtiiintH' ( E l l i s  &

E v e r h . )

D a n i p i n i Ị -

o tY

Pythium  s p p .

Rhiíoctoniiĩ solíĩiti K ú l i n

G r a v  m o l d  o r  d c a d  b l o s s o m  l c . i t  s p o t liotrytis ỉittervứ ỉ \ * r s . : F r .

H u s a r iu m

\v i l t

S o r e  s h i n  

S o u t h e r n

Fu$đrium oxysỊìornm c x  F r .  t .  s p .  

niiotiiỉnae ( Ị .  J o h n s o n )  w . c .  

S n y d c r  &  I I .  N .  H a u s .  

Rhi^oclonid ỉoìứỉii K ú h n  

Sdcroỉiỉttn rolỊsii S a c c .

R a g ^ c d  lc . i t '  s p o t Ascoihyỉíì niioliiìHtU' P a s s .

s t e m  r o t  

o r  b l i g h t

T  o b a c c o  

s t u n t

V e r t i c i l l i u m

(ìlomus lìUĩcrocarpttỉ ( T u i .  &' T u i . )  

a n d  Gíonms microcarpus ( T u l .  & 

T u l . )  C ìc rd .  &' T r a p p c .  

ỉ 'crtiiilliỉUH daliiiU' K lc b .

w i l t

Đ a c t e r i a

C ĩ r a n v i l l c  o r Pívtiíioinonas sohiiMcearutH ( S m i t h ) A i ì i Ị u h ư  l e a í ' s p o t  a n d  a n d  v v i ld í ì r e Psaulontothìs syrÌHịỊức p v .  titbaci
b a c t c r i a ) S n i i t h ( W o l f  &  H o s te r )  S t e v c n s

w i l t

H o l lo v v  

s t a l k  a n d

Linriniiĩ carotouora s u b s p .  íWi>fi>íW íỉ 

( Ị o n c s )  B e r g c y  et nl.
b l a c k  le iỊ

N e m a t o d e s V i r u s e s

B r o w n  r o o t  

r o t  o r  

l e s i o n

Pratyỉntchits s p p . A l í a l í a  m o s a i c  v i r u s  

b c e t  c u r l c y  t o p  v i r u s

c u c u m b c r  m o s a i c  v i r u s

R o o t - k n o t

S t e n i  h r c a k  

T o b a c c o  

c y s t

MeỊoidoiỊyne ùicoíỊHÌta ( K o t o i d  & 

W h i t e )  C h i t v v o o d ,  M . aretuưia 
( N e a l )  C h i t v v o o đ ,  M . ịaưanica 
( T r c u b )  C h i t v v o o d ,  M . hapla 
C h i tv v o o c ỉ

Ditylcnihus dipsdci ( K u h n )  F i l i p ị c v  

Globodera Iiìbacum s u b s p .  

soliĩHđceứruHi ( M i i l c r  &' C ỉa ry )  

B e h r e n s ,  (j . ỉ .  Itìhiictun 
( L o s v n s b e r y  &' L o w n s b e r y )  

B e l i r e n s ,  o r  G .t. riiỵinitU' ( M i l l e r  

Sì G r . iv )  B e h r e n s

p c a n u t  s t u n t  v i r u s  

p o t a t o  v i r u s  V  

t o b a c c o  e t c h  v i r u s  

t o b a c c o  l e a f  c u r l  v i r u s  

t o b a c c o  m o s a i c  v i r u s  

t o b a c c o  n c c r o s i s  v i r u s  

t o b a c c o  r a t t l c  v i r u s  

t o b a c c o  r i n t Ị s p o t  v i r u s  

t o b a c c o  s t r e a k  v i r u s  

t o b a c c o  s t u n t  v i r u s  

t o b a c c o  v c i n  m o t t l c  v i r u s  

t o m a t o  s p o t t c d  w i l t  v i r u s



they  o v c r w h đ m  tlie e t íec ts  o f  thcse cu l tu ra l  practiccs 
o r  bccausc so m c  o tlicr  íac to r  p rcvcn ts  crtcctivc use 
of onc  o r  m o re  o f  tlicsc cu l tu ral con tro l  m e thods .  
A lchout;h  hiniỊÌcidcs are c o m m o n ly  applied  to to -  
bacco  p lant beds, in o s t  tobacco  diseasc co n tro l  Chemi
cals arc applicd to  tìelds j u s t  b e tò re  t ransp lan tin^ .  
Pesticidcs to r  con tro l  o f  diseascs o r  n c m a to d e s  arc 
rarcly  applied d ircc tly  to to b acco  leavcs in the  field. 
[S íY  N e m a t i c i o e s ;  P e s t  M a n a g e m e n t :  C u l t u r a l  

CONTROL. I

A lth o u g h  a p rincipal c o n s t i tu c n t  o f  to b acco  leaves 
(n icotinc) is uscd to c o n t ro l  insccts on  o th e r  crops, 
inscct pcsts rcm a in  an im p o r ta n t  p ro b le m  in tobacco 
p ro d u c t io n .  Sonic  insects tha t  d a m a ^ e  to b acco  avoid  
n ico tinc  by  teedine; o n  p lan t tissues w i th  m in im al 
levels o t nicotine. vvhereas o thers  h avc  dcvc lopcd  
m ctabo l ic  pathvvays to  excrctc  o r  d e to x i íỳ  n ico tine  
b c to re  the  chemical can ex c r t  nega tive  cffccts u p o n  
t l iem . M o s t  o f  the  im p o r ta n t  inscct pes ts  o f  tobacco 
are listcd in Tab le  III.

Early des truc tion  o f  tobacco  roo ts  and  stalks aíter 
Harvest and carly to p p in g  and  cffcctive snckcr  contro l 
practices arc c n c o u rag ed  to  rcduce overvvin tcr ing  
po p u la t io n s  o f  inscct pests. E ar ly  to p p in t '  and im -  
p r o v e d  suckcr con tro i p racticcs  are also p r o m o te d  to 
i in p ro v c  contro l o f  aph ids  and  h o r n w o r m s .  T ra n s -  
p la n t in g  carlicr and  av o id in g  exccssive usc o f  fertiliz- 
crs are also r e c o m m e n d e d  to  im p ro v c  c o n t ro l  ot'  to -

TABLE III

Important Insect Pests of Tobacco

C o m m o n  n a in c ( s ) S c i c n t i í ĩ c  n a m c

I n s e c t s  t h i i t  d a m a g e r o o t s  a n d  s t e m s

C u t w o r m s Aqrotis, Feltia, Peridroma, a n d

Spodoptera s p p .

F l e a  b c c t l c s Epitrix hirtipennis ( M c l s h e i n i e r )

M o l c  c r i c k c t s Scaptcrisats s p p .

W h i t e  f r in ụ ;c  h c e t l e s  Graphoạnatlìus s p p .

W i r e w o r m s Couderus vespirtinus a n d  c .  falỉi
I n s c c t s  t h a t  d a m a ^ e I e a v c s  i n  t h e  f ic ld

A p h i d s M yzu s nicotianac B l a c k  m a n

B u c h v o r m s Heỉiothis virescetis ( P a b r i c i u s )

C a b b a t Ị e  l o o p e r s Trichoplusia ni ( H i i b n e r )

F l e a  b c e t l e s Epitrix hirtipemùs ( M e l s h c i m c r )

C ì r a s s h o p p e r s Meianoplỉts s p p .

H o r n v v o r m s Manduca  s p p .

J a p a n e s c  b c e t l c s Popillia ịapotiica ( N e w m a n )

P o t a t o  t u b c r w o r m s  Phthorimaea uperculellỉỉ ( Z c l l c r )

S t i n k  b u i^ s Acrostertium, tiesara, a n d  lìuscliisius s p p .

T h r ĩ p s Thrips tabaci a n d  Franliliỉìielỉa s p p .

W h i t c f l i e s Bemisia tabaci ( G e n n a d i u s )

I n s c c t s  t h a t  d a m a ^ c s t o r c d  c o b a c c o  l c a v e s

C i i Ị i i r e t t e  b c c t l e s Líĩsiodtrntit scrrừonic ( P a b r i c i u s )

T o b a c c o  n i o c h s Uphestia cỉutcllíỉ ( H i i b n e r )

bacco insccts.  Hovvcvcr, inscct con tro l  in tobacco  
rcm ains even  m o re  d cpcnden t  0 11  pesticick' use than  
con tro l  o t  discascs and ncm atodcs .  N o  inscct-rcsis tan t 
varicties are available, and  cultural m c th o d s  to  rcduce  
pcst incidence are usually insutTicicnt to p ro v id c  ac- 
ccptablc con tro l  by  thcm sclves.  Insccticidcs are u su -  
ally applied  to  tobacco  ficlds ju s t  beforc t ransp lan t ing  
to  con tro l  soil insects. Sonic  soil insecticides also c o n -  
trol sorat '  toliar ìnsect pcsts, bu t  insecticides are c o m -  
m o n ly  sp ravcd  on tobacco tìelds duriiiíỊ thc  g r o w in g  
season OI1 an as-needed basis. M a n y  tobacco  g ro w e rs  
in the  U n i te d  States n o w  usc h iocon tro l  (in the í b r m  
of a Baci l lu s  tlmriiKỊÌciisis bait) to  con tro l  budvvornis.

W eed con tro l  is an im p o r ta n t  part  o f  p ro d u c in g  a 
quality  tobacco  crop  becaưse w ccds c o m p c tc  vvith 
tobacco to r  fertilizcr, sun ligh t,  and  w atcr .  W ccds also 
incrcasc trash  in harves tcd  tobacco  and  p ro v id e  a l tcr-  
natc hosts  for tohacco pests and diseases. C r o p  ro ta -  
tion and p ro p c r ly  t im cd  and cxecu ted  tillagc and culti-  
vation  practices o í tc n  p ro v id c  s igniíicant w ecd  
contro l to r  tobacco. H a n d -h o e in g  o f  tobacco  p lan t  
bcds and tìclds rcnia ins an in ip o r ta n t  p a r t  o f  to b acco  
w ecd  con tro l ,  especially for small ta n n e rs .  H o w c v e r ,  
hcrbicidcs are c o m m o n ly  used w h ere  pcrsis tent w ee d  
prob lem s exist and  vvhcrc labor  costs for h a n d -h o e in g  
are proh ib it ive ,  particularly  for Hue-cured tobacco  in 
the U n i te d  States. M o s t  tobacco  w ecd  con tro l  p ro -  
lỊrams tocns on  m in im iz ing  vvecd popu la t ions  in p lan t 
beds and tìclcis until the  c rop  is large e n o u g h  to  shadc  
ou t w eed  seedliniỊS. A l th o u g h  m o s t  grasses can u su -  
ally bc con tro l led  in tobacco  fields, broadleat '  vveeđs 
can so m e t im es  chokc  vvholc tobacco íielcis, even  w h cn  
all availablc w ced  co n tro l  m e th o d s  have  been used. 
AU c u rren t ly  availablc tobacco  herbic ides act by  in h ib -  
itíng the g e rm in a t io n  o f  w ced  sced. C o n seq u cn t ly ,  
tobacco p lan t  beds are tun iiga tcd  vvith m e thy l  b ro -  
m ide  be ío re  seeding and  tobacco  tìelds are trca tcd  
\vith hcrbic idcs ju s t  be íò rc  transp lan ting .  H erb ic ides  
are also so m e tim cs  applicd to  tobacco  íìclds j u s t  after 
the íinal cultiva tion  to p ro v id c  full-season w eed  co n -  
crol. M in im al  w ce d  g ro w th  d u r in g  the  h a rvcs t  season 
is particularly  im p o r ta n t  vvhcn m echanica l hạrvesters  
are used. Ị W eed  S c i e n c e . I

6. Tobacco Harvesting Systems
T h e  t im in g  o f  tobacco  harvest is a critical fac tor  

in tobacco  p roduc t ion .  G ro w c rs  t ry  to  harves t  on ly  
“ r ipc” tobacco; “ m a tu r c ” tobacco  lcavcs have  reached  
their  tull size and opcra tc  at m a x im u m  ettecũveness .  
Ripc tobacco  leaves arc m atu re ,  bu t  are no  longc r  
opera ting  at peak eíĩĩciency. F arm crs  detect the onsc t  
o t this scnesccnce by a chlorosis  o r  yc l low ing  o f  to -



bacco leavcs that results from  the brcakdovvn o f  chlo-  
rophyll.  T h e  intcnsity ot these changcs varies to r  cach 
tobacco typc and m ay also be inAucnccd by  cn v iro n -  
mental conditions. T h is  ycllovving indicates that car- 
bohydra tc  and n itrogcnous  c o m p o u n d s  w ith in  the 
lcaves arc bciiií* convcr tcd  in to  m o rc  soluble, m obilc  
torm s. Tobacco  ripcncss is a physioloííical S ta te  oc- 
curriniỊ attcr this convcrsion has bcg u n  bu t beíore  the 
proccss has advanced to thc point that thcse c o m -  
pounds  have actually left the lcavcs.

Fluc-curcd, c igar-w rapper,  and oricntal tobaccos 
are sequcntially harvestcd o r  “ p r im c d ” because they  
nccd to have a rclativcly high sugar  conten t.  S equen-  
tial harvestiníỊ o f  individual leaves allows thcsc to -  
bacco typcs to continue convcrsion o f  ca rbohvdra tcs  
to rcducing  sutỊars for a longcr  pcriod o f  timc. D e-  
layed harvcstinỉỊ also tỊcncrally results in lo w er  levcls 
o t  n i tro^enous  co m p o u n d s  such as nicotinc. Lcavcs 
tovvard thc b o t to m  o f  the stalk usually ripen bctorc  
thosc to w ard  the top  o f  the plant. Several (three to 
tìvc) tìuc-cuređ tobacco lcavcs arc p rim ed at cach har-  
vest. P rim in ií  aids o r  “ ta x i- ty p e” harvestcrs w crc  in- 
t roduccd  in the 195()s tha t t ranspor ted  Harvest labor 
th ro n g h  H ue-aired  tobacco tìclds. M cchanical lcat- 
tyiníỊ machincs vvere devclopcd in C anada  and sprcad 
th ro u g h o u t  the U nited  States. A m achinc ío r  harves t-  
111U, Aue-cured tobacco was in troduceđ  in 1971. M o  
chanical harvestintỊ o f th ie -c u rc d  tobacco is becominíỊ  
m ore  c o n im o n  as labor costs continuc to  rise. O th c r  
tobacco types, sucli as air-cured tobaccos and burley, 
arc harvestcd by cuttiiiíỊ stalks ju s t  abovc the soii. 
H arvesteđ  plants are left in the tìeld until thcir  lcaves 
betụn to  wilt.  A íte r  vvilting, plants arc placed in curina; 
barns, w hcrc  lcaves are ciircci vvhile rcmainiiig  
attachcd to  plant stalks.

7. Curing Tobacco
CurĩníỊ  tobacco involves the use o f  ventilation and 

tcm pcra tu rc  to reduce the w ate r  conten t o f  harvcsted  
lcnvcs in ordcr  to  manatỊC the  cont inued  conversion  of 
ca rbohydra tes  vvithin tobaccc leaves to s im ple  sugars 
su ch as glucosc, tructosc, and sucrose. T h e  leniỊth ot 
t im c tha t tobacco is cured directly inAucnccs thc  suiỊar 
con tcn t  o f  the tìnal p roduct.  Farnicrs lcarncd to  sm o k c  
tobacco in the curing proccss to m in im izc ro ts and 
to preparc  the lcatTor storagt '  and t ransport  to  m arke t.  
Early Í11 the n inctccnth century , plantcrs in N o r th  
Carolina and VirẸỊĨnia bcỉỊan to usc heat in the curintĩ 
proccss to cure lcavcs to an cvcn liiỊhtcr color, a tỊoldcn 
yellow. T h e  11SC o t t ìu e s  to  supply  íireboxes trom  tucl 
ou ts ide  o f  the barn was patcntcd  by D r.  David  G .  
T uck  o f  Halitax, Virginia, in 1830. Hovvcvcr, rtuc-

curina; did n o t  becon ie  vvidesprcađ until a t te r  thc  Civil 
War. Flue-curinm o f  p r im c d  leaves w as  no t com plc te ly  
a dop tcđ  in the  U n i te d  States until a lm ost 1920. Flues 
w cre  ẹradually  replaced by  the rm osta t ica lly  con- 
trollcd burncrs  tha t  used oil o r  t?as. “ B u lk -c u r in g ” 
was tìrst uscd on a farm  in R obcson  C o u n tv ,  N o r th  
Carolina,  in 1960. T h is  new  curiniỊ m e th o đ  rcduccd 
harvesting  ỉabor  by  50%  c o m p a re d  to  usc o t  conven -  
tional barns tha t conta incd  lea f  tied o n to  vvoodcn 
sticks. A lm ost  all fluc-cured tobacco  grovvn in the 
U n ited  States is n o w  bu lk -cured .

F luc-curcd tobacco  is cured  to r  on ly  3 - 6  days, re- 
sultiiiỉ* in relativelv hiííh levcls o f  reducing sui^ars. 
Wct and  d ry  bu lb  th c rm o m c te r  readings are used to 
m anagc  airHovv, relative h u m id i tv ,  and tem pcra tu rc  
vvithin curiníỊ barns .  R. L. Raiíland o f  Viri;inia p ro -  
posed thc cu r ing  rcginie  for tìuc-curcd  tobacco that 
is still beiiiiỊ used today . His proccss includcd four 
d istinct sta^es: ( 1 ) yellovviníỊ ot the leat, (2 ) hxintỊ thc 
color  o f  thc lcat, (3) dryinụ; thc  leat, and (4) d ry ing  
thc lca f  stcms. In the  “ yellovving statỊC,” tans rccircu-  
late air throuọ;h thc' harvestcd  lcavcs to  m in im ize  
m olds  and rots w hilc  air tcn ipcra tu rcs  vvithin thc cur-  
iniỊ barns  arc raised very íỊradually. A lm ost all the 
starch in thc lcavcs is co n v e r ted  to sugars đ u r in g  this 
stagc. T h e  degrec o f  ca rb o h v d ra te - to -su g a r  conve r-  
sion is jucỉgcd based on the in tcnsity  o f  the changc in 
leat co lor  t ro in  íỊreen to ycllovv. O n c c  the  yc l low ing  
phasc has becn con ip lc tcd ,  chcniical changcs w ith in  
the leavcs ( indicatcd by leat color) arc “ t ixed” by 
incrcasinc; tc m p cra tu re s  and  the p ro p o r t io n  of am b i-  
cnt to  rccirculatcd air to  d rv  tlic leat lamina. T h e  
tinal "k i l l in í Ị -ou t” stagc o f  curintí fluc-curcd tobacco 
involvcs incrcasing air tem p cra tu re s  tu r th c r  to  re- 
n iove rcm a in ing  m o is tu rc  í ron i vvithin lcaf s tcm s to 
p reven t secpagc o f  w a te r  back in to  lea f lan i ina  and to 
m in im izc p ro b lcm s  w ith  s to ragc  ro ts and  tnolds.

S un -curcd  tobaccos  are cured for 2—4 w eeks,  vvith-- 
ou t any  prccisc Controls. Sonic  a ir-curcd  typcs, such 
as oricntal,  arc n o t  cured vvíthin a s truc tu re  b a t  dry 
o u t  on  racks in shady  areas vvith nú n im a l  p ro tcc tion  
t ro m  thc vveathcr. M ost  a ir-curcd  typcs, h o w cv e r ,  
arc cured vvithin ba rns  t'or 3 - 6  wceks. T h is  s low  and 
^ radual proccss n iin im izcs  the sngar  con ten t  ot thcsc 
typos o t  tobacco. T h e  am o im t  ot cn v iro n m en ta l  con- 
trol uscd durint; cu ri 11ỈỊ varics, bu :  the  walls and  roo ts  
o f  cu r ing  barns usually  al low  n ro w c rs  to  adjust air- 
flow th r o u ẹ h  the  b a rn s  to som c dciỊrec. Artihcial heat 
o r  tans arc uscd o n ly  in rarc cases o t  cxccssivcly m ois t 
conditiniis.

Fully curcd tobacco  leavcs aro d ry  and ĨOO brittle 
to  be liandlcd casily. T h is  condit ion  lim its  storage



prob lcm s ,  but m u s t  be corrcc tcd  to  m a rk c t  thc p ro d -  
nct. T h c rc to rc .  onc  ot tlic tìrst statỊt’s o t 'n ia rk c t  p repa-  
ration 1S o ttcn  to  “ c o n d i t io n ” o r  briniỊ thc  tobacco  
“ in o r d c r ” . U n đ e r  h m n id  cond it ions ,  curcd  lcavcs 
can absorb  cnoutỊh  a tm osplier ic  m o is tu rc  to  b cc o m e  
soft and im llcab le .  H o w c v c r ,  in so m c  tobacco  p ro -  
duct ion  areas, and  in so m c  ycars, cu rcd  lcaves m u s t  
bc s team ed  o r  m is tcd  p r io r  to bciniỊ sold.

8. Marketing Tobacco
C u rc d  lcat vvas oriíỊÌnally packcd  in to  hoiỊshcads 

and  sh ippcd  ovcrseas. Latcr, tobacco  vvas sold 
th r o u g h  inspect ion  vvarehouses, fo llow ed  by  sales “ at 
the  barn d o o r ” to  do m c s t ic  dcalers and m a n u ta c tu r -  
crs.  Loosc leat sales o t  r tuc-cured tobacco  vvcrc fìrst 
rcco rdcd  at N c c l ’s W archousc  in D anvil le ,  V irginia, 
in 1858, vvhere tobacco  w as sold in stacks o t 'h a n d -  
ticd bunđles ,  callcd “ h a n d s .” F luc-curcd  tobacco  was 
so ld  in pilcs of un ticd  tobacco  b cg in n in g  in tho 1970s. 
Burlcy m arke tin iỊ  svvitchcd to balcs ot un t icd  lcavcs 
in the lntc 1970s and carly 1980s. Inspec tion  and  usc 
o t  s tandard izcd  tcdcral lỊrades of  U .S .  tobacco  on 
w arch o u sc  rtoors w as initiatcd in 1929. Grovvers w cre  
rcqu ircd  to  predcsiiỊnatc vvareliouscs tb r  im rke t i i i í í  
thc ir  c rop  bcginnintỊ  in 1974.

C u rc d  tobacco  lcafis gcncrally  sold at auc tion .  Flue- 
cu red  tobacco  p ro d u ce rs  iii the U n ite d  States b u n d le  
Ioosl’ leat' in largc bu r lap  shccts. T h csc  bund lcs  are 
l i n c d  u p  OI1 t h e  t ì o o r  o f  an i n d c p e n d c n t l y  o w n c d  w a r c -  

housc .  Shccts arc un ticd  to  allovv G o vernm en t  íỊraders 
to  classify the  tobacco  accord ing  to  a sy s tcm  that 
a t tc m p ts  to  dcscribc leat sizc, color,  and physical c o n -  
d ition . T o b a c c o  is sold as auc tioncers  and  bnyers  
m o v e  a long  the  ro w s  ot '  shects ta kin y; bids on  each 
pile o f to b a c c o .  B urley  tobacco  is so ld  sim ilarly ,  w i th  
tlic cxccp t ion  that ta rm ers  sort bu r lcy  tobacco  lcavcs 
as thcy  s tr ip  thom  fron i p lant stalks, and  then prcss 
the  cured  lcavcs in to  bales. O th e r  tobacco  types  are 
still p repa red  for  m a rk c t  by ty ing  in to  “ h a n d s ” c o m -  
poscd  of scveral lcavcs rhat arc tw is tcd  o r  ticd to -  
gethcr .  T h c se  hands  arc placed in nca t pilcs to r  p rcscn -  
ta tion  at the  vvarehouse o r  salcs arca. D ark  a ir-cu rcd  
tobacco  in K cn tu c k y  is purchased  w hilc  still in the 
curinự  barn . In Brazil, individual tobacco  ta rm ers  
con trac t  w ith  a b u y e r  bc to rc  p lanting .  In s o m c  African 
coun tr ics ,  p ro d u c e r  coopcratives  p rocess  thc  tobacco  
and m a rk c t  the c rop  by  auction  o r  p r iva tc  contract .

T o b a c c o  p ro d u cc rs  arc no t  d irectly  idcntificd in 
auction  sy s tcm s  ío r  markctinu; tobacco  as codcs are 
nscd to  kccp  track ot a p ro d u cc r  s crop. Tliis p sc u d o -  
n n o n y m ity  holps prcsc rvc  the rÍLỊhts o f  b o th  huyers  
and scllcrs to  millitv a salc tor ap p ro p r ia tc  reasons.

In thc  U nited  States, tobacco p roducers  vvho do  n o t  
rcccivc an auction pricc cqual to  o r  hit;hcr than a 
“ su p p o r t  p r icc” can placc thcir tobacco  under  loan to 
a ỉỊOvcrnnicnt-administcred, p r o d u cc r-o w n cd  c o o p -  

cra tivc  for a designatcd “ su p p o r t  price. ” T h e  coopera-  
tivc proccsses and stores thc leat and a t tem p ts  to  sell 
it via a bidding systcm . This System \vas instituted  
to  stabilizc supp ly  and d em an d  for tobacco. T h e  sys- 
tcni also guaran tccs  a m in in iu m  pricc to r  U .S .  p ro -  
ducers.

III. Tobacco Propagation ỉor Research

All N ico t i im a  spccics p roduce  vcry  small sccds 
(1 0 ,5 0 0 /g  tor N .  tahacum) and dclicare sccdlintỊS. Secd 
sh o u ld  bc so w n  in a sterile ined iun ì such as ve rm icu -  
litc, a stcrilizcd sand : loam y  soil : peat m oss m ix turc ,  
o r  fum iga ted  soil. A l()-cni po t  shou ld  bc so w n  w ith  
40—50 sccd. Sccd shouid  bc covered w ith  a fm e laycr 
of n icd iun i after sowinu;, w hich  needs to  rem ain  nioist 
until cm crựcncc,  bu t should  no t be vvatercd t rom  
above . Sccdlings should  cmcrtỊc w ith in  5 - 7  days at 
a m b icn t  air tcm pcra tu rcs  b e tw ecn  21 and 2 7 °c .  Spc- 
cics o th e r  than N . tabam in  m ay  takc as long as 30 days 
to  íỊcrminatc. SccdlintỊs in verm icu li tc  should  bc fed 
vvith 150 m l o f  H o a g la n d ’s so lu t ion  1 and 2 w ccks aíter  
(Ịermination. Frcshly harvested  sccd m ay  be d o rm an t ,  
vvhich can Lisually bc ovc rc o m c  by placing sccd in 
a 2%  so d iu m  hypoch lo ri te  so lu tion  (2:3 solu tion  o f  
bleach and watcr) for 15-30  m in. T rea ted  sced should  
be r inscd vvith w a tc r  and placcd brieíìy in acetonc. 
Scedlings should  be transplanted  in to  5 -cm -d iam ctc r  
containcrs  w hcn  thcy  are abon t  4 cni tall. Plants 
s liould be fcd w eekly  w ith  H o a ^ la n d ’s solu tion ,  bu t 
care shou ld  bc excrciscd to avoid  ovcrw atcr im Ị.  N ico -  
t iana  spccies that p roducc  large m a tu rc  plants should  
bc transp ian tcd  a second tim e abou t  3—5 w eeks atter 
thc first transplanting .

M o s t  N i io t ia n a  spccies can bc asexually p ropagated ,  
a l th o u g h  w ith  vary ing  difficulty, usintỊ s tcm  cuttings, 
axillary shoo ts  (suckcrs), o r  leavcs. N ica t ia n a  species 
can also be íỊraftcd. H ap lo id  plants arc very  useful 
to r  research because they can be culturcd  in largc 
mimbcrs, scrcened tor any num bcr o f  inheritcd traits, 
and then  tran s to rm cd  back in to  a dip lo id  State .  Viable 
plants o ĩ N i c o t i a n a  species can be  ob ta ined  by cu ltu ring  
c i thcr  anthcrs o r  pollcn. T h e  p lo idy  status o f  haploid 
plants is usually confirm cd  (ottcn by ro o t  tip cy to l-  
os^y) be to rc  t rea tm c n t  to convcr t  them  back to  a dip- 
loid State. D ip lo id  plants m ay  bc ob ta incd  by  cu ltn r-  
inií m idvc in  scctions f rom  ina tu rc  leaves ot' diploid



plants o r  by  culturins; plants from  axillary buds 
trcated with  colchicine. VegetativeorgansofiVifc)fi<7iiíỉ 
spccies m ay  also bc culturcd  separately. R o o t  culturcs  
arc initiatcd by  íỊcrminating disinfccteđ secd and  then 
incubating thc  sccd on a sterile rootinq; m cd iun i.  
Shoot tip cu l tu re  involves rem o v in g  and surtace steri- 
lizint5 the apical 1 cni o f  a plant stcm, cuttiii íí the 
m cris tcm atic  tissuc f rom  the bud, and transferrintĩ 
the tissuc to  a stcrilc roo ting  m cd ium . Leaves can be 
culturcd  by transícrrinỉỊ m eris tcm atic  tissue o n to  a 
suitable nu tr ien t  m c d iu m  that does n o t  s tim ula te  roo t  
ío rm ation .  P lant rep roductive  ortỊans can also be  cul- 
turcd  for rcsearch purposes.

N icotiana  spccics werc  am oiig  the íìrst uscd 111 devel-  
op ing  plant tissue culturc m c thods  and arc a co m -  
m only  uscc) m odc l svstem  in basic plant rcscarch. 
Cells arc usually obta incd by aseptically transterriiiíí 
pith tissuc from within plant stcms onto a solid agar 
or  liquid í*rowth m cd ium . C u ltu rcs  arc incubatcd  in 
the dark u n d e r  m ois t  conditions for 3 - 5  vvccks. O n cc  
cstablished, callus tissucs need to be transtcrrcd  frc- 
qucntly  to  m aintain an un in te r rup ted  supp ly  ot 
healthy, con t inuously  grovvintỊ plant cclls. H o w ev cr ,  
thcsc tcchniqucs also havc a n u m b c r  o f  Ịimitations. 
W hcrcvcr  possiblc, therefore, tissuc cultures necd  to  
bc co m parcd  w ith  intact plants. C u ltu res  need to  be 
checkcd periodically against the spccific plant íroni 
whicli the original culturc was taken to verity  tha t  the 
culturc rctains sufficient rcscm blance to the orÌEỊÍnal 
explant.

IV. Tobacco Products

Tobacco  is curren tly  p roduced  by  ta rm ers  for thc 
com m erc ia l  m anufac tu re  o í 'p roduc ts  thac arc s m o k e d  
(cigars, cigarettes, and  pipc tobacco) or  chcvved 
(chcvvinỉỊ tobacco, snuff). O n cc  sold, tobacco  is 
lỊrouped by  purchascrs in to  hom oiỊcneous m ix tu rc s  ot 
lcavcs w ith  a similar “ s ty lc .” T hese  m ix turcs  posscss a 
spcciíic set o f  dcsired charactcristics that is described 
by  a classitìcation svstem that m ay bc un ique  to cach 
m anu íac tu rer .  T h e  m idribs  o f  leavcs arc chen scpa- 
ratcd from  leat'lamina in a proccss callcd “ s tcm niing .  ” 
Lamina and s tem s are then “ redr icd” scparatc ly and 
packcd to r  storatỊc. C u rc d  leat is s to rcd  u n d e r  con- 
ditions to m in im ize insect dam age, niolds , or loss 
o f  color. Lcat is oftcn stored  for up  to 18 m o n th s  be- 
forc usc.

T he  m o s t  c o m m o n ly  nscd type t)f cigarettc  is 
kn o w n  as the “ A m erican  b lcndcd” cigarctte. Ít is so 
kn o w n  bccause o t  thc ex trem e  dciỊrcc to  vvhich b u r -

lcy. Hue-curcd. M ary land ,  oriental,  and rcconsti tu tcd  
tobaccos arc niixed o r  b lcndcd  w ith  various additivcs 
to  rcsult in a lỊÌvcn taste and aron ia .  B lended  ciga- 
rcttes, vcrsus thosc m adc  tVom a siiiíỊle o r  lim ited 
n u m b c r  o f  tobacco tvpcs, o r ig ina tcd  111 thc  U n ited  
States. T h is  stylc o f  c igarettc  is increasing ly  rcplacing 
o thc r  tvpcs bccausc b lended  cigarcttes arc charactcris-  
tically mildcr.

C igare ttc  m a n u íac tu rc  initially involves  p ro -  
cessiniỊ leaf to obta in  a t h o r o u ẹ h  m ix tu re  o f  tobacco  
cut into small pieces, fo llow cd  bv  inscrt ing  this 
m ix tu re  in to  a paper  tưbc  to  to r m  a cigarettc. T h e  
manutacturinẹ; process rcquircs  prccisc contro l  o f  
the n io is tu rc  con tcn t  o f  the tobacco. For this and 
a nu n ib c r  ot ọ thc r  rcasons, cach ot the d it tc rcn t  
tobacco  typcs used in b lcndcd  cigarettcs is initially 
proccsscd scparatcly.

W hcn tobacco  is r c m o v e d  t r o m  storai^e t'or cigarctte  
m anufacturc ,  it is íirst “ c o n d i t io n c d ,” “ o r d c r c d ,” o r  
“ b ro u g h t  in to  casc” by add ing  moistLirc. F lavorings 
and o thcr  additivcs are also o ttcn  addcd  to leaf  lamina 
ot burley tobacco  at this stagc o f  Processing. “ C a s in g ” 
is thc proccss o f  adciing AavorintỊs and m odif ic rs  to  
tobacco by soaking, sprayintỊ, o r  d ipp ing  leaf  lamina 
betore  it is cut into n a r r o w  strips called “ r a g .” C ased  
tobacco  is “ toas tcd” at h igh  tcm p cra tu rc s  to  reduce 
harshncss, and then rcordcrcd .  SiiíỊars, herbs, b o ta m -  
cal oils, resins, and g u m s  are addcd to  tobacco  to  
in ip rovc  tastc and  a ro m a  and  to  im p ro v c  the 
m oisture-holdinỵ; capacity  ot the tobacco. T hcsc  ađdi-  
tivcs m ay bc applicd bcforc  (casintí) o r  aftcr cutting . 
Additives are also so m e tim cs  applied to  cigarettc 
packaging.

Lcaf stems arc p recond it ioned  w ith  vvater and then 
crushcd. In rnany countries ,  c rushcd  s tem s are cut, 
dried, and coolcci be to rc  use o r  storaíỊC. In the U n ited  
States, w atc r-so !ub lc  matcrials arc rem o v e d  f rom  
crushcd stcm s, m ixed  vvith additives, and then added 
back to  a h b ro u s  m a tr ix  to  to r in  “ rcconsti tu ted  
shce t .”

T h e  P r o c e s s i n g  lines for cach rype o f  tobacco  m e r^ c  
ịust bcíorc  the tobacco  is cut ịn to  ratỊ. T h is  cu t t ing  
opera tion  cuts thc tobacco  in to  n a r ro w  strips, thc 
vvidth o f  w h ich  inAuenccs sm okin tỊ  charactcristics, as 
well as thc  t ìrm ness  o t  the cigarcttc.  T h e  cut rag  is 
then  depositeđ  o n to  papcr  Ế'cd t ro m  large bobbins.  
M ost cigarcttc paper  is m adc t ro m  flax and m u s t  pos- 
sess a u n i to rm  and prccisc perm eab il i ty  to  allovv cit^a- 
rcttcs to  b u rn  p roper ly .  CiíỊarcttc papcr  also tends to 
hold citỊarcttc ash to g e th cr  to n iin im izc Aakint; ot hot 
ash outvvard durinỉỊ sm okiníỊ.  T h e  papcr  is rolled 
and g u n in ic d  a round  cu t tobacco  ratỊ to  form  a long



cy l indcr  tha t  is cut in to  ap p ro p r ia tc  IcntỊths. Filtcrs, 
i f  dcsircd, a re  placcd OI1 thc cu t  cigarettcs  by  a scparate 
n iach inc  tha t  is in teg ra ted  w i th  thc  ciíỊarette m aker.  
P ap er  o r  cc llulose acetatc í ìbers (called “ t o w ” ) vvithin 
Õ£>arcttc h ltc rs  r e m o v e  par t icu la te  m a t te r  f ro m  to -  
bacco sm o k e .  C a rb o n  is also so m c t im c s  uscd in ciga- 
rc t tc  íìlters to r c m o v c  certain gascs f ro m  inhaled to -  
bacco  sniokc .

CiíỊars m a y  be h an d - ro l lc d  o r  m a n u ía c tu re d  by m a-  
chinc. T h e y  arc c o m p o se d  o f  8 5%  “ tì l lcr ,” 10% 
“ b in d c r ,” and  5 %  “ w r a p p c r ” ty p c  tobaccos.  B inder  
and  vvrapper tobacco  arc often  m a d c  f ro m  reconsti tu -  
tcd  tobacco  slieet. Filler tobacco  is ro lled  in to  a cigar 
shapc  and w ra p p e d  in b in d c r  to b a cc o  to  p ro d u cc  a 
“ b u n c h .”  A w ra p p e r  leat is sp ira led  a ro u n d  th e  o u t-  
sidc ot' cach bu n ch ,  t 'rom th c  firc to  th e  head end, 
to  p rcvcn t the  ciiỊar í ro n i  unvv rapp ing  as it is being 
sm o k c d .

P ipc tobaccos  are b lcnded  and  co n d i t io n e d  s im ilarly  
to  cigarettc  m an u íac tu re ,  thoug li  the  tobacco  is n ia in-  
ta ined  at a hií»her m o is tu re  co n tcn t .  H cav ic r  stylcs o f  
b n r lcy  and Aiie-curcd tobacco  m a y  be b lenđed  w ith  
hea v y  su n -cu rcd ,  a i r -cu red ,  o r  f i rc -cu rcd  leaf. Pipc 
to b a cc o  is so m e t im c s  heavily  cascd. Small quantities 
o t  P criquc o r  Latakia tobacco  m a y  also bc includcd 
in b lcnđs o f  p ipe  tobacco .  T o b a c c o  rag  m a y  bc cut 
in v a ry ing  w id th s  for p ipc  tobacco  and  m a y  bc bakccỉ 
o r  prcssed.

T h e rc  arc four typcs  o f  c h e w in g  tobacco : loose  o r  
sc rap  lcat,  p lun ,  fm c-cu t ,  and  tw ist .  M o s t  ch c w in g  
tobacco  to d ay  is loose  lcaf, whicli  is m o s t ly  dark  air-  
cu red  tobacco  t ro n i  P ennsy lvan ia  and  W isconsin . 
Lcavcs arc s t c m m c d  and  cut and  m a y  o r  m a y  n o t  bc 
heavily  cased w ith  sw cc tcners .  P lưg  chevving tobacco  
is tho  orig ina l typc  o f  c h c w in g  tobacco . Lcavcs w erc  
soakcd  in h o n c y  and  “ p lu g g e d ” in to  g reen  h ic k o ry  
o r  m a p le  logs in K e n tu c k y  and  M issou r i ,  and  ru m  
and  licoricc vvcre f re q u en t ly  ad d e d  as wcll.  P lugs are 
n o w  m a n u fa c tu rc d  by  p ress ing  leavcs in  a m o ld  and 
vvrappinc; th c  p lug  w i th  t ìn e - tcx tu rc d ,  clastic lcaves, 
usually  f lue-cured  tobacco . F ine-cu t chevving tobacco  
is m a n u ía c tu re d  f ro m  a i r -cu red  and  f i re -cu red  tobacco  
p ro d u c e d  in K e n tu c k y ,  T ennessce ,  and  V irginia .  It is 
held  b e tw e e n  the  check a n d  g u m ,  ra the r  than  being 
chcw ed .  T w is t - ty p e  c h e w in g  tobacco  is co n ip o sed  o f  
bur ley ,  a i r-curcd ,  and  f lue-cured  tobacco  lcaves that 
arc tw is tcd  togc ther .

SnutTis m a n u ía c tu re d  í r o m  tĩrc -c u rc d  and  d ark  air-  
curcd tobacco . Leaves arc packcd  and  aiỊcd as for o thc r  
uscs, b u t  arc hcavily  r c c o n d it io n c d  and  repacked  to 
te rm e n t  for a b o u t  2 m o n th s .  F e rm c n te d  tobacco  is 
dried and  s;round in to  a tìnc p o w d c r  tha t  m a y  be

blendcd  vvith lìavorintỊs o r  sccnts o r  ]cft plain. D ry  
snutT is hcld betvveen the Iow er lip and  the g u m  ot 
thc uscr. Wet snuff, likc tìnc-cu t ch e w in g  tobacco , is 
hcld  betvvcen thc cheek and tỊiim. E u ropcans ,  h o w -  
cver,  inhale snufF th r o u g h  cach nostril.  S onic  N o r th  
A tricans cons im ic  a w e t  snutT m a d e  f rom  leaves ot 
N .  nisticiỉ.

V. Future Uses of Tobacco

T o b a c c o  is onc  o t  thc  p lan t spccies m o s t  w idc ly  used 
in basic aẹ ricu ltu ra l and botanical rcsearch. M a n y  call 
it the “ w h i te  m o u s e ” o r  the “ Esclierichia coli"  o f  thc 
p lan t k in tỊd o m . M u c h  research has also  bccn COI1- 

duc teđ  to idcn tiíy  uscs for tobacco  o th c r  than for 
h u m a n  c o n su m p tio n .  S onic  o f  thcsc uses have existed 
for m any ,  m a n y  ycars, and  o thc rs  invo lvc  techno lo^ i-  
cal innova t ions  on  the fo re fron t ofScience. M o s t  al ter-  
nativc  uses involvc us ing  various par ts  o t thc tobacco  
plant o r  rcquire  ex trac tion  o f  ccrtain specific c o m p o -  
ncn ts  tro  111 tobacco  leaves. N ico t in e  has been used 
for ccn turics  as a natura l insccticidc, and  tobacco  can 
also be  uscd as a fiber source  to p ro d u cc  paper. Re
search has also cvaluated  tobacco  for usc as pou l try  
fecd, anim al bedd ing ,  and  as a fcrtilizcr and  soil condi-  
t ioner . T h e  11SC o f  tobacco  s tcm s and stalks to retain 
an im o n ia  gas in p o u l t ry  n ia n u rc  has also been investi-  
gated.

M o s t  o f  thc exc iting  1 1C W  uses for  tobacco  involve  
manipulation o f  tobacco physiolotỊy to obtain Prod

ucts o th e r  than  nicotine. T o b ac co  leaves arc a chcmical 
tac to ry  that cou ld  be m an ipu la tcd  to p ro d u cc  indus-  
trial chemicals  and  food supp lem en ts .  H a l f o f th e  so lu-  
blc p ro tc in  in tobacco  is a typc o f  p ro te in  re íe rred  to 
as Fraction I p ro tc in ,  w h ich  is a tastelcss, odorless 
substance that can bc ex trac ted  f ro m  tobacco  in an 
ex t re m e ly  p u re  fo rm . It also has an a m in o  acid co m -  
posít ion  vcry  sim ilar to  tha t  o f  m ilk ,  g iv ing  it a spe- 
cific nu tr i t ive  valuc for h u m a n s  tha t  is m u c h  h igher  
than tha t  f ro m  soybeans, and even com p arab lc  to  that 
o f h u m a n  milk. T o b ac co  also p roduces  relatively large 
quantitics o f  Fraction II p ro te in ,  w h ich  has a sp e đ í ìc  
nu tr i t iv e  value on ly  slit^htly lo w e r  than  tha t  o f  Frac- 
tion  1 tvpcs. In addition , tobacco  plants have alrcady 
bcen dcvcloped , th r o u g h  thc use o f  b io tcchno logy ,  
that p ro d u cc  valuablc antib io tics and enzym es.  Re
search is continuiniỊ  to  dcve lop  practical and  c o m m c r -  
cially viablc tobacco  p ro d u c t io n  sy s tcm s  tocused on 
industria l p ro tc ins  and  cnzym cs ,  pharm accuticals ,  and 
antibiotics.
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Glossary

P h o t o m o r p h o g e n e s i s  InHuence o f l i i Ịh t  on the de- 
v e lo p m c n t  and  organiz ;u iona l s truc tu rc  o f  a plant 
P la n t fa c to ry  U lt im a tc  in controlled cnvironment 
agr icu l tu rc  vvliere all aspccts ot' the p ro d u c t io n  c y d c  
arc u n d e r  thc  con tro l  o f  the !Ịrowcr; this System is 
bascd  on  the bolict tha t  vve k n o w  cxactly  w h a t  thc 
p lan t  nccds and  vvhen it nccds it; thc d e v c lo p m e n t  o f  
such  a sys tem  w o u ld  a l low  a iỊrovvcr to  con troi and 
p rodic t p ro d u c t io n  n iuch  likc in a r.ictory, vvhcre the 
sy s tem  can bc m a d e  as c íĩìc icnt as possiblc 
P la n t g r o w t h  m o d e l B lueprin t f ron i  vvhich a 
íỊrovver can w o rk ;  such a m ođe l is bascd on  a basic 
undcrs tand in íỊ  o f  thc  c ro p  and hovv it will respond  to 
c n v i ro n m c n ta l  changcs at an y  t im c  duriiiíỊ its deve lop-  
m cn ta l  cycle
S o i l le s s  c u l t u r e  P ro d u c t io n  o f  plants in a m e d iu m  
o th e r  than natura l soil; this includcs the  use o fa  totally 
l iqu id  grovviní; m e d iu in  (hydropon ics)  o r  the usc o f  
an aggrcíỊatc such as pcat,  verm iculite ,  perlite, gravel, 
o r  sand cithcr a lonc or  in com bina t ion ;  the m c d iu m  
n u is t  bc stcrilc an d  bc ablc to  p ro v id c  tlic plant w ith 
nu tr ie n ts  and  air w i th o u t  releasing any  to x ic  material 
in to  the  n u tr ie n t  so lu t ion

T o n i a t o e s  are c o n s u m e d  w o rld w id c .  T h c y  arc p ro -  
duccd  p r im ari ly  in the  íìeld and  can bc sh ipped  to 
areas w h erc  e n v i ro n m e n ta l  condit ions  p rcvcn t field 
p ro đ u c t io n  in all o r  part o f  thc ycar. Gencrally , the 
p ro d u c t io n  o f  to m a to c s  milcs a n d / o r  đ.iys f rom  thc 
p o in t  a n d / o r  t i inc  ot salc will result in a p ro d u c t  w ith

rcd u ccd  quality . It is possible to  g r o w  to m a toes  year 
r o u n d  at a p o in t  close to co n su m p tio n  0 1 1  a co m n ie r -  
cial basis u n d e r  contro l lcd  cn v iro n m cn ta l  conditions 
(i.c.,  g reenhouses) .  T h ro u g h  a dcscrip tion  o f  thc 
m c th o d o lo g ic s  uscd to  g r o w  grecnhouse  tom atocs ,  
w c will  exp loro  the p ro đ u c t io n  o f  a qual ity  p ro d u c t  
by  accuratc  cn v iro n m en ta l  contro l and  m an ipu la tion .  
R c m c m b c r  thcrc  can be tw o  ways 11) w h ich  yield and 
qua l i ty  can be enhanced. O n e  is hy brccd ing  a nevv 
cn l t iva r  w ith  ccrtain dcsirablc charactcristics. T h e  sec- 
o n d ,  and  the OI1 C cxp lo rcd  herc, is th ro u g h  an u n đer-  
s ta n d in g  o f  h o w  tcm pcra tu rc ,  h u m id i ty ,  C O i  
and  nu tr i t io n  in teract to  cffect the p lan t d u r in g  ditTer- 
en t  stages o f  dcve lopm cn t .

I. Introduction

T o m a t o  fruit are p roduccd  and  c o n su m ed  w o r ld w id e  
(ovor 135,000,000 to n s /y ca r) .  T h e y  can p rov ide  be- 
tw ee n  20 and  40%  o f  an a d u l t ’s req u irem en t  for vita-  
n iins  A and  c bascd on  an averatỊC o f  100-125  íí o f  
to m a to  c o n su m ed  pcr avcrage salad. T ab le  I lists the 
nutr i t io t ia l  c o n tcn t  o f  a 100-ọ; to m a to .  T h e  popu la ri ty  
o f  th c  to m a to  rests n o t  on ly  on  its w id e  p ro duc t ion  
range  b u t  also o n  its u n iquc  tlavor. T h e  percep tion  
o f  Aavor is inAucnccd by m an y  chcmical constitucnts.  
P r im a ry  a m o n g  thcsc are sugars and acids that intcract 
to p ro v id c  svveetness, sourness , and  Aavor intensity. 
U sua l ly  h igh  sugars  and h igh acids are ncedcd to r  the 
bes t Aavor. In to m a to ,  íructosc  and  citric acid are ot" 
p r im a ry  im p o r ta n cc  in Aavor d evc lopm en t .  T he  
Aeshy par t  o f  th e  fruit contains sugar  bu t  n o t  m uch  
acid, w hcrcas  the  gel contains h igh  acid. U sually  fruit 
w ith  hií^h gcl con tcn t  and bo th  hií^h sugar  and acids 
are pcrccivcd  to  havc  be t te r  Aavor. T ab lc  II lisrs som e 
o t  th c  main  chemical cons ti tucn ts  in a ripe to m a to  
truit.

T h e  quality  o f  thc truit relics no t  ju s t  on the Aavor 
buc also on thc íìrm ncss,  shelt ]ife, and appcarance o f



TABLE I
Nutritional Iníormation for a 100-g Tomato

C a l o r i e s 2 3

W a te r 9 4 %

P r o t e i n 0 . 8  g

C a r b o h y d r a t c s

F a t 0 . 6  g

C h o l e s t e r o l 0

C r u d e  t ì b e r 0 . 6  g

M i n e r a l s  a n d  v i t a n i i n s

S o d i u m K m g

P o t a s s i u m 2 1  m g

V i t a m i n  A 1 1 0 0 I U  ( 2 2 %  R D A )

V i t a m i n  c 18  m g  ( 3 0 %  R D A )

T h i a m i n 0 . 0 5  m g  ( 3 %  R D A )

U ib o H a v in 0 .0 5  m g  ( 3 %  R D A )

N i a c i n 0 . 6  m g  ( 3 %  R D A )

I r o n 0 . 5  m g  ( 3 %  R D A )

F o l ic  a c id 0 .0 1  r n g  ( 2 .5 %  R D A )

Source: N u t r i t i v c  v a lu o  o f  1 'o o d s . Home and Garden  
liull. 7 2 ,  5 6 - 6 1 .  H u m a n  N u t r i t i o n  I n t o r m a t i o n  S c r -  

v i c c ,  U . S .  D e p a r t m e n t  o f  A g r i c u l t u r c .

the fruit. Gencrally  spcaking tlicsc latter íeatures are 
m o re  im p o r ta n t  than Aavor to m arketers  and d is t r ibu -  
tors. A ppcarancc refers to size, shape, color, and  de-  
fects. T o m a to e s  are often  pickcd at a “ g rcc n ” stagc 
(see Tablc III for ripeness classification) and sliipped 
great distances to m arke t .  T hesc  fruit ripcn in transit 
and can be treatcd w ith  e thylene gas to  p ro m o te  r ipen-  
ing. W ith this proccdurc ,  tom a tocs  w ith  good  appcar-  
ance can be m arkc tcd  m a n y  miles and sevcral days 
from  thc field. H o w ev er ,  the  Aavor m ay  sutTcr w hen  
fruit are harvested  pr ior  to  the “ b reakcr” stage w ith  
thc d ev e lo p m e n t  o f  off-flavors o r  lack o f  Aavor. Fruit 
harvested  at the “ b reaker” stagc and held at 2 0 ° c  
will deve lop  the bcst overall Aavor and appearance. 
“ M ature  g rec n ” fru it  can be sto red  for u p  to  7 vvceks

TABLE II
O rganic Chemical Content of Tomato Fruit as Per- 
centage of Dry Weight

P r o t e i n 8

G l u c o s e T>

F r u c t o s e 2 5

S u c r o s c 1

C i t r i c  a c id 9

M a l i c  a c id 4

M i n c r a l s 8

C e l l u l o s c fa
P e c t i n 7

Source: | .  G .  A t h c r t o n  a n d  | .  R u d i c h  ( e đ s , ) .  ( 1 9 8 6 ) .  

" T h e  T o m a t o  C r o p . "  C h a p tm n  &  H a l l ,  N e v v  Y o r k .

TABLE III
Ripening Stages

S t a g e D c s c r i p t i o n

G r e c n M . u u r c  s iz c ,  e m i r c l y  l i ^ h t  t o  d a r k  ( Ị r c e n

B r e a k c r F i r s t  a p p c a r a n c e  o f  p i n k ,  n o  m o r c  t h a n  1 0 %  o f

s u r t a c e

T u r n i n i ; M o r e  c h a n  1 0 %  b u t  le s s  t h a n  3 0 %  o t  t h e  s u r t a c e

is p i n k

P i n k M o r e  t h a n  3 0 %  b u t  le s s  c h a n  6 0 %  o f  s u r t a c e  is

p i n k

L i g h t - r c d M o r e  t h a n  6 0 %  b u t  l c s s  t h a n  9 1 )%  o f  t h c  s u r f a c e

is r c d

R e d O v e r  9 0 %  o t  t h e  s u r t a c e  is  r c d .  r ip c

Sứtine: R c t a i l  G u i d e .  ( 1 W 4 )  C a l i t o m u  T o m a t o  l ỉ o a r d ,  F r c s n o ,  C A .

at 4 %  O i ,  2 %  C O i ,  and  5%  co. T hcsc í ru it  can 
still a t tain  a m arkc tab lc  qual i ty  for an additional 1 - 2  
w eeks at 20°c. ho w ev e r ,  t ìavor  will suffcr.

T o m a to  qual i ty  dcpcnds  ou dcvc lop ing  the  p roper  
appcarance and Aavor d u r in g  bo th  thc preliarvest 
grovving pcriod  and the  postl iarves t hand ling  period. 
T h e  focus o f  this scction will bc thc  preharvcst “ g r o w -  
intỊ”  conditions.  In an evcn  m o r c  narrovv scnse wc 
will concen tra te  o n  the  e n v iro n m en ta l  cond it ions  ncc- 
cssary to  p ro d u ce  qual i ty  fruit . This will be cỉone 
w ith in  the f ra in cw o rk  o f  the  p roduc t ion  o f  tom a toes  
in p ro tcc ted  cultivation.

In places w liere the  natura l env ironm cn ta l  condi-  
tions p rcven t the  p ro d u c t io n  ot tom atoes  in the  field, 
fruit can be  p roduced  in contro l lcd  cnv ironm en ta l  
facilities, usua lly  grcenhouscs .  T hcse  tacilities arc used 
to  p ro d u c e  h ig h -q u a l i ty  fru it  at an incrcascd cost to the 
consum cr .  T h e  increascd rctail p r ice is  paid bccause o f  
the availabili ty  o f  quality  p ro d u c t  w hcn  n o rm a l ly  on ly  
poo rc r -q u a l i tv  fru it  t r an sp o r tc d  grcat distanccs are 
availablc. T h e  ability o f  the g rccnhouse  g r o w e r  to 
m anipu la te  the  c n v i ro n m e n t  has lcd to  rcsearch eluci- 
datinc; climatic inAuences on to n ia to  g r o w th  and de-  
v e lopm en t .  In addi t ion ,  u n ique  p roduc t ion  system s 
havc been dcvelopcd  tha t incorpora te  this k n o w led g e  
in a cos t-consc ious m an n e r .  Indeed, thc m o d e rn  co m -  
mercial ^ reenhouse  opera t ion  is m ak ing  a slovv bu t 
steady transition  f ron i a general f a m ú n g  opera tion  to 
a h igh ly  sophis tica tcd  p lant tac tory ,  a place w h ere  a 
C o m p u t e r  i s  a valuable  t o o l  i n  d a v - t o - d a y  opcra tions  
as vvcll as in lo n g - te rm  decision rnaking. T h e  ability 
to con tro l  thc g r o w in g  en v i ro n m e n t ,  coup led  w i th  a 
m o re  th o ro u g h  undcrstandin iỊ  o f  to m a to  grovvth, has 
providcd the impetus for this transition. ỊSec H o r t i -  

C U L T U R A L  G r E E N H O U S E  E n C I N E E R I N G .  ị

T h is  articlc will describc  w h a t  can bc d o n e  c n v iro n -  
m en ta l ly  in the g recnhouse  and  give so m e  cxam ples



ot p lant responscs  to  thesc m an ipu la t ions .  G iven that 
One lỊoal ot thc com nierc ia l  g r o w c r  is to m in im ize  
opcrational costs by reduciniỊ cncrgy inputs vvhile 
optin i iz ing  p ro íi ts  f ro m  thc bcst possib le  plant 
í*rowth, an u n d c rs ta n d in g  o f  p la n t—e n v i ro n m e n t  in- 
tcractions tha t lcad to  the  d e v e lo p m e n t  o f  plant 
í*rowth m odc ls  is necessary  to  accom plish  this goal.

T h e  co nccp t  o t  qrovving qual i ty  crops on  a p red ic t-  
ablc and con tro l lab lc  basis, th a t  is, in a p lan t  tactory, 
is b c c o m in g  a rcality. H o w e v c r ,  m u c h  w o rk  necds 
to  be done ,  particu larly  in the  area ot' p lan t  rcsponse 
to various tc m p cra tu re ,  lií^ht, C 0 2, h u m id i ty ,  and 
nu tr ien t  levels at d i í ĩe ren t  stagcs o f  p lan t  dcvc lop-  
rnent. A dd it iona lly ,  w c  will addrcss  so m e  o f  the  eco- 
n o m ic  cons idcra t ions  nccessary  to a viable busincss, 
as wt'll as so m c  o f  the  var ious  p ro d u c t io n  m e th o d s  
in usc to d a y  and so m c possibilities fo r  tom orrovv .

II. Environmental Control of 
Tomato Growth

A. Temperature

A lỊrcenhouse is tota lly  d e p c n d e n t  on  its heatintỊ and 
coo l ing  systenis.  E n e rg y  is used to  opcra tc  vents,  
fans, boilers ,  and p u m p s  in an a t te m p t  to  m ainta in  
tc m p era tu rc s  acceptablc for p lan t  grovvth. G reen -  
houscs  are in tcnsive co n s u m e rs  o f  en e rg y  and  energy  
costs arc a s i^n ií ìcan t par t  o f  the  opcra tiona l cxpcnscs. 
O n  the o th c r  hand ,  p ro d u c t iv i ty  in g reenhouses  can 
bc  ovcr  fou r  t im es í^rcatcr than  tha t  in thc sa m e  arca 
o f f ìc ld .  T h c rc ío rc ,  niLich cffort  has been expcndcd  to 
devc lop  hea t ing  and  coo l ing  sys tem s  tha t arc encrsĩy 
cfficient.  In co lder  climatcs, cn e rg y  conserva tion  
strategics, as wcll as a l te rna t ive  hea t ing  sys tem s,  have 
becn dcvclopcd .

Sevcral m a n a g c m e n t  practiccs h av e  p ro v e n  very  
bcneticial fo r  g ree n h o u se  to m a to  secdling (youne; to -  
m a to  p lants tha t havc  n o t  yct p ro d u ce d  visiblc f low - 
crs) g ro w e rs .  T w o  o f  thc m o s t  cffective appear  to be 
soil hca t ing  in co rýunc tion  w i th  en e rg y -sa v in g  thc r-  
mal b lankcts .  A p ro p c r ly  rnanaged  g rec n h o u sc  so 
cqu ip p cd  has rcsultcd  in nea r ly  60%  rcd u c t io n  in tucl
oil used per  year.

Soil hea t in g  o t  a to m a to  secdling crop ,  fo r  instance, 
speeds g e rm in a t io n  and  seed ling  d e v e lo p m c n t  and 
allows o n e  to  s ta r t  the c rop  la ter than  n o rm a l .  This 
e l iniinates 2 - 3  w ceks  o t  o p e ra t io n  duriní* thc  coldcst 
t im c ot' the year. Soil hea t ing  o f  lo w - g r o w in g  crops 
also a l low s the niiĩht air tc n ip e ra tu rc  to  be lovvered 
abou t 3°c o r  m o  re, íu r th c r  rcd u c in g  enertỊy rcquirc-

n ients .  In g reenhouses w ith  a floor hcat s to ragc sys- 
tcm , bccause the tìoor mass is so largc, there is a 
c;radua] decav in ơrcenhousc air te m p era tu re  th rou í íh -  
o u t  the  nitỊht rathcr  than the ab ru p t  change  that occurs 
in rnost ^ recnhouses at sundovvn. Iu com b in a t io n  
w ith  a therm al b lanket,  thc dcclinc o f  the nií^ht air 
t e m p cra tu re  is íu r the r  s lowed.

E x tre m e ly  exc iting  possibilities exist in com bininíỊ  
a f loor  hea ting  systcm  w ith  lo w - tc m p c ra tu rc  w atc r  
typically  rejccted as w astc  hcat t ro n i  industrial 
sourccs. This  sys tem  can be des igned  so tha t 34°c 
vvatcr can bc used effectively to  hea t  í^reenhouses. 
C o g e n e ra t io n  systems, tha t is, b u rn in g  One fuel (e.ữ,.,  
natu ra l  gas o r  m e thanc  f rom  landfills) to  p roduce  bo th  
hca t and electricity, also offer benefits  to the grcen-  
h o u se  opcrator.

F roni the s tandpo in t  ot the engineer,  system s can 
and have becn des i^ncd  to con tro l  tem pcra tu rc .  But 
m o s t  ot' o u r  in fo rm ation  deals w ith  heating , becausc 
m o s t  com m crc ia l  g rcenhouse  opcra tions  arc activc in 
arcas tha t  arc too  cold ra the r  than  to o  h o t  for field 
p ro duc t ion .  Hovvever, cooling and ventila ting  sys- 
tcm s  are a necessary and im p o r ta n t  par t  o f  the green-  
h o u sc  design. N onethc less ,  cooling in arcas OẾ high 
relative hurn id ity  and w a rm  outside  tem pera tu re s  is 
accom plisheđ only with prohibitivc e n crg y  and Capi
tal costs. M o s t  practical system s use shade, outsidc 
air m o v e m e n t  th ro u g h  thc g reenhouse,  and evapora-  
tion as the  principal m eans o f  reducintỊ cxcessive hcat 
in thc  grccnhouse.  Solar radia tion  m a y  causc the air 
tha t  is m o v in g  th ro u g h  a írrcenhouse to  raise l ơ ° c  o r  
rnore  as it travels f rom  inlet to  outle t.  Even  w ith  the 
use o f  a traditional evaporative  coo l ing  sys tcm  that 
consists  o f  a porous  pad d o w n  w h ich  w a te r  runs  and 
th r o u g h  w hich  the ou ts idc  air is dravvn, there  are 
signiíìcant tcm pcra tu re  građicnts  th ro u g h  a grecn- 
house .  A m o re  recent dev e lo p m e n t  has been  evapora-  
tive coolinc; using a h igh -p rcssu re  fog sys tem  that 
sprays finc w a te r  d rop lc ts  (0 . 0 2  cm  d iam eter)  evenly 
t h r o u g h o u t  the greenhouse.  T hese  drop lc ts  easily 
cvaporatc .  ryp ica lly ,  ont' nozzlt' is placcd every  5 m 2 
witli tem p era tu rc  reductions o f  2 - 7 ° C  dep e n d in g  on 
relativc hum id i ty .

T h e  cxistcnce o f  thesc hea ting  and coo l ing  systcm s 
w ith  the subsequent env ironm en ta l  con tro l  thcy p ro -  
v ide has p ro m p tc d  c o m m o n se n se  ques tions such as: 
W hat te m p cra tu re  is best for p lant g ro w th ?  Should 
the re  be a diffcrentia] d a y /n i í íh t  regim c? D o  all stages 
in the  t írow th  o f  a p lant respond  op t im ally  to  the 
sarne tcm pera tu re?  W hat abou t  the  e n v i ro n m e n t  o f  
the  ro o t  zone? T o  balance the  desirt'  for op tim al plant 
g r o w t h  w ith  the efficicnt use o f  energy ,  these so m e -



w h at  siniplc questions need to  bc accurately an-  
svvered.

It appears tha t  specific answers  to hea ting  and cool-  
intỊ nccds are com plex  and depcnd on  thc  gcnetic  
m akeup  o f  thc plant, its physiological agc, and p rev i-  
ous env ironm cnta l  h istory . S om c cxam plcs  o f  thc 
useíulness o f  ro o t  zonc heatinẹ; and thc in teract ion  of 
root zone and air tcm pcraturcs  on g ro w th  will illns- 
trate the com plex  naturc  o f  tem pera tu re  con tro l  and 
h o w  it can bc m anipula tcd  to  p rov ide  an op tim al 
p roduct.

In -dcpth  studies w ith  tom atoes  reveal a m a x im u m  
g ro w th  platcau that slopes u p w ard  f ro m  about 
16-30°c (Fig. 1). A bove  and be low  thcse po in ts ,  sig- 
nificant g r o w th  rctardation  occurs. T h is  g raph  illus- 
tratcs a íairly general p h en o m cn o n  tha t has lcd g r o w -  
crs to devclop  rules o f  th u m b  for thcir g rccnhousc  
env ironm cnta l  con troi. Althoiií^h thc platcau for roo t 
zone tcm pera tu re  is fairly broad, it is qu itc  obv ious  
that ccrtain tcm pera tu res  arc better  than o thers  for 
g ro w th  and that the cost o f  opera tion  rnust be bal- 
anced against this £;rowth rcsponse. H o w c v c r ,  the 
fact that precise in fo rm ation  is needed be íb re  such 
dccisions can bc m ađe is evident.  F u r th e rm o rc ,  an 
interaction  betvvcen air and roo t  zonc tc m p cra tu re  is 
sh o w n  in Figs. 2 and 3. Thesc  data suggest that in- 
crcases in plant g ro w th  associated w ith  ro o t  tem pera -  
ture increases m ay be due to som e effect o n  the  vcry 
carly g ro w th .  T h e  data sh o w  tha t the phasc bcíore  
rapid g ro w th  begins m ay bc shortcncd  by  so m c  in- 
crcases in roo t tem peratưre .  Data collccted d u r in g  the 
rapid g ro w th  phase indicate that roo t  te m p era tu re  
variation had little o r  no  inAucnce d u r in g  tha t  phase, 
vvhich suggests that roo t tem pera tu rc  has a significant
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F IG U R E  2 l J l a n t  d r y  v v o i i ịh t  a s  a tY e c te d  b y  g r o v v th  a t  1 l ° c  a ir  

t e m p c r a t u r e  a n d  r o o t  t c m p c r a t u r c s  o l  2 () a n d  32°c. | F r o n i  M .  

M e l l a c a  a n d  H .  w .  Ị a n c s .  ( I 'J |S 7 ) .  l i i t c r r c l a t i o n  o t  r o o t  a n d  s h o o t  

tcmpcratures on drv matter  .KCumukitioii and root grovvth in to- 
m a t o  s c e d l i n g .  I H on. S à .  6 2 ,  4 9 - 5 4 . 1

grovvth ctTcct early in crop  deve lopm en t.  O n c e  the  
roo t  sys tem  is establishcđ, air te m p era tu re  becom cs 
n io re  im p o r ta n t  for £Ịrowth.

M a x i in u m  íỊrovvth o f  to m a to  plants m ay be 
achicved on ly  by m ain ta in ing  air ccm pera ture at an 
op tim al lcvel. L ow  air tcm pera t i ire  limits lỊrovvth and 
g r o w th  rate cven w hcn  ro o t  tc m p era tu re  is no t low . 
Incrcascs in ro o t  tem pera tu re  do  no t  increase g ro w th  
rcsponsc to  an ex ten t  that can co tnpcnsa te  t'or reduc-  
t ions in ẹ;ro'Wth ratc at ]ow  air tcm pcra tu res .  R o o t  
zonc heating niav be usetul in optimizing iỊrovvth at 
a given air tem pera tu re ,  cspcciallv i f  applicd  d u r ing

(°C)

F IG U R E  1 T h e  etTect o f  r o o t  z o n c  h c a t i n g  f o r  2  w e e k s  o n  t h e  

l Ị r o v v t l i  o í t o m a t o  s e e d ỉ im Ị S .  |From ị. H u r c w i t z  a n d  H .  w. ị a n e s .  

( 1 9 8 3 ) .  E tY c c t o f  a l t c r i n ^  t h o  r o o t - z o n c  c e m p e r a t u r c  o n  g r o w t h ,  

translocation, carbon cxchaniỊc ratc, and lea f starch accuniulation  
111 t h c  r o i n a t o .  Phitn Phyùol. 7 3 ,  46- 50. 1
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F iG U R E  3 P l a . i t  t i r v  \v c i i» h t  a s  a t t c c t c d  bv í s r c n v c h  a t  16°c a i r  

t e m p e r a t u r e  a n d  r o o t  t e m p e r a t u r c s  o t '  2 0  a n d  32°c. |F r o m  M . 

M e l l a t a  a n d  H .  w. Ị a n c s .  ( 1 9 8 7 ) .  I n t c r r c l a t i o n  o f  r o o t  a n d  s h o o t  

t c m p c r a t u r c s  o n  d r y  m a t t c r  a c c u m u l a t i o n  a n d  r o o t  t Ị r o v v th  i n  t o -  

m a t o  s c é d l i n g .  / .  Horỉ. Sci. 6 2 ,  4 ^ —5 4 . 1



Days from Transplant

F I G U R E  4  T h e  c t í e c t  o f  r o o t  z o n c  h c a r i i i t*  OI1 t h e  a c c u n m l a t i o n  

o t  í r c s h  \ v e i n l n  b y  t o m a t o  p l a n t s  ù ) ! l o \v i n i »  t ì i n v e r i n g .  |From Ci. 

( ỉ i a c o m e l l i  a n d  H .  w .  Ị a n e s .  ( 1 9 8 6 ) .  T h o  n r o v v t h  (> f l Ị r c c n h o u s e  

t o n u t o e s  i n  n u t r i c n t  Ế ìlm  a t  v a r i o u s  n u t r i c n t  s o l u t i o n  t c m p e r a t u r e s .  

Soi Hess o  iltnrt' 2, 1 1-20.1

v erv  early  SỊrcnvth. H ig h  ro o t  tc m p e ra tu re ,  h o w cv e r ,  
m a y  ređuce g r o w t h  rato, adve rse ly  a t ĩec t ing  íỊrovvth. 
T h e  in tc r re la t ionsh ip  oí ro o t  and  s h o o t  ac tiv i ty  ulti-  
m a tc ly  d c te rm in c s  thc o u tc o m e  ot p lan t grovvth, so 
the  te m p e ra tu re  e n v i ro n m e n t  o f  cach c o m p o n e n t  is 
m ip o r ta n t .  A t  ex t rem cs  o f  h o t  o r  cold , e i thcr  m ay 
havc  a critical ctTect on  grovvth. Hovvcvcr, w h cn  nci- 
th c r  tc m p c ra tu rc  is limitinỉ*, s l ioo t  te m p e ra tu re  ra thcr  
than  ro o t  te n ip c ra tu rc  appcars  to  havc  the  d o m in a n t  
etTcct on p lan t tỊ row th .

W ith in  ccrtain lim its  o f  air cem pera tu re  (17—25°C), 
tlie op tỉn ia l ro o t  zonc te m p e ra tu re  for to m a to s c c d l in g  
grovvth is bctvveen 27 and  32°c. H o w e v e r ,  Fií*s. 4 
a n d  5 sh o w  tliat proloni»ed í Ị ro w th  at a r o o t  zone 
te m p c ra tu rc  o f  2 9°c  rcsults in cons idcrab le  decreases 
in b o th  grovvth and  c ro p  p ro d u c t iv i ty .  T h e r c  is a 
cons iderab le  d ir tc rcncc  in r csp o n sc  to  t c m p c ra tu rc  dc-  
pen d in g  on  the  aLỊC o f  tlie p lant,  its stai»e o f  ph y s io lo g i-

24°c 29°c 35°c

Nutrient Solution Temperature (°C)

P I G U R E 5  T h e  e t t e c t  o t  r o o t  z o n c  h e a t i i i i '  o n  . iv e r a i Ị C  m a r k c t a b l c  

y i o ld s  ( t r u i t  >  y o  ự )  o t  t o i n a t o .  |F r o m  G .  C ì i a c o i n c l l i  a n d  H .  J a n c s .  

(IM H 6 ). T h e  s Ị r o v v th  o t  l Ị r c c n h o u s t '  t o i m t o e s  in  n u t n c n t  t ì l m  a t  

v.irious mitricnt  so lu tion  tcmperarurcs .  Sứillas Ctillitrc 2, 11—2(1.1

ca] d cv c lo p m c n t ,  and the  dura tion  o f  a particular  tcn i-  
p c r a t u r c  t r c a t m e n t .  It is clcarly SCC11 b v  l o o k i n g  at ro o t  
m ctabo l is tn  (Fig. 6 a n d T a b le I V )  tha t  te m p e ra tu re h a s  
speciíìc sh o r t -  and  lo n g - tc rm  ertccts. T h o u g h  p ro -  
motinc; rcsp ira tion  and A T P ase  activity in the shor t  
tc rm  (30 m in), a sim ilar te m p era tu re  inhibics these 
proccsses o ver  the  long  te rm  (7 days).

T h e  air te m p cra tu re  is o f  p r im a ry  im p o r ta n cc  in 
thc  d e v c lo p m c n t  oí' f low crs  fo l low ing  initiation. In 
particular,  h ighcr  day te m p cra tu re  scem s to  be m o re  
eíTcctivc in p r o m o t in g  g r o w th  than h igher  n ig h t  te m -  
pcra ture .  Anthes is  (flowcring) can bc delayed up to 
18 days by g iv ing  tem pera tu res  o f  10 versus 15°c for 
14 days aftcr Horal inỉtiation. In the vvinter un d er  
cond i t ions  o f  lo w  irradiance, so m c  Aoral abor t ion  
m a y  o ccu r  u n d e r  w a rn i  air tcm pera tu re s  (e.g., 21°C). 
O n c c  thc f low cr has dcve lopcd ,  successíul fertilization 
n iu s t  o ccur  to p ro d u cc  tỊood-quality  t'ruit. T h e  lỊermi- 
na t ion  o f  tlic pollen g ra in  in to m a to  can also bc af- 
íccted  by  tcm pera tu re .  G enera lly  it takes loniỊcr to 
gc rm in a te  at lo w c r  te m p cra tu re  than at h ighc r  (5 hr 
at l()°c vs. 1 hrat25°C). Germination must takcplace 
b c tw c cn  10 and  35°c. In the su m m c r ,  sho r t  periods 
o f  t im c  at 40°c w ith o u t  adcquate  vcntila tion  will re- 
sult in thc íailure o f  the cgg  to  deve lop  p roperly .  
T e n ip c ra tu rc s  above  2 5 °c  at n i^ h t  and  abovc  4Ơ°C 
d u r in g  thc day o r  bc low  1()°c at n igh t  causc the m o s t  
d a inage  to g ree n h o u se -g ro w n  tom atocs .  It is rccom - 
ìn e n d ed  that n igh t  tem pera tu re s  be in the range  o f  
1 5 -2 0 °c  (Table V).

T h e  in ío rm a t io n  p rcsen ted  here suggcsts  that tc m -  
p e ra tu rc  regula tion  is a m u c h  m o re  co m p lcx  issue 
than  it appcars  to be o n  initial retìection. T h e  cfficient 
o p c ra t io n  o f  h ea ting  and coo l ing  sy s tem s requircs a 
t h o r o u g h  knovvlcđge o f  th e  plant matcria l and  che 
desired  cnd  product.

T A B L E  IV

Length, ATPase Activity, and Respiration Rate of Isolated Tomato 
Roots Grow n at Two Temperatures0

T e m p e r a t u r e L c n g t h

A T P a s c

( í i m o l c s

p r o t e i n / h r )

R e s p i r ạ t i o n  

( / x m o le s  O i / m i n /

(°Q (mm) m / g  d r y  vvt)

28 9 7 45.0 39
33 72 6.0 24

Source: H .  W . J a n e s ,  c .  C h i n ,  a n d j .  B a c h m a n s k y .  ( 1 9 8 8 ) .  G r o v v t h  

a n d  m e t a b o l i s m  o f  Co m a  t o  r o o t s  i ; r o w n  in  t i s s u c  c u l t u r e s  h c l đ  a t  

v a r i o u s  t c m p e r a t u r e s .  Hort Science 2 3 ,  7 7 3 .

lI R o o t s  w c r e  g r o v v n  f o r  7  d a y s  a t  t h e  t e m p e r a t u r e s  i n d i c a t c d  b u t  

A T F a .s c  a n d  r c s p i r a t i o n  m e a s u r e m c n t s  w c r e  n i a d e  a t  28°c. In  e a c h  

c o l u m n ,  m c a n s  a r e  s i g n i t ì c a n d y  d i íT e r e n c  b y  L S I )  =  ỉ % .
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F IG U R E  6 R c s p i r a t i o n  r a t c  a n d  K ' - s t ũ n u l a t e đ  A T P a s e  a c t i v i t y  a s  a í u n c t i o n  o f  a s s a y  t e m p e r a c u r e .  R o o t s  w c r e  Ị ĩr o v v n  t o r  7  d a y s  a t  

2 8 ° c  a n d  t h e  m e a s u r e m e n t s  w e r t ’ t n a d e  at v a r i o u s  t c m p c r a t u r e s  t o l l o v v in g  311 m in  o f  i n c u b a t i o n  o t  t h e  r o o t s  a t  t l i c s e  t e m p e r a t u r c s .  |F r o m

H .  w. J a i i e s ,  c. C h í n ,  a n d  J. B a c h m a n s k y .  (1 ‘M K ). C ỉ r o v v th  a n d  m c t a b o l i s m  o í ' t o m a t o  r o o t s  ? r o w n  111 t i s s u e  c u l t u r e  l ie ld  a t  v a r i u u s  

t c m p c r a t u r e s .  HortSrience 2 3 ,  7 7 3 . 1

TABLE V
Optimal Temperatures during Different Stages of To- 
mato Development

S t a g e T e m p e r a t u r c  ( ° C )

G e r m i n a t ỉ o n 1 6 - 2 9

S e e d l i n g  g r o w t h 2 1 - 2 4

F r u i t  s e t

N i g h t 1 4 - 1 7

D a y 1 9 - 2 4

R e d  c o l o r  d c v c l o p m c n t 2 0 - 2 4

Source: J .  G .  A t h c r t o n  a n d j .  K u d i c h  ( c d s . ) .  ( 1 9 8 6 ) .  

‘‘T h e  T o r n a t o  C r o p . "  C h a p m a n  &■ H a l l ,  N e w  Y o r k .

and January ,  w ith  the p ro d u c t io n  ti m e incrcasing 
from  6 to 1 0  w ccks and total yields dccreasing by 
50% . P roduẽ tion  o f  a rcp ro d u c t iv c  crop, su ch as thc 
to m  a to, is v irtually  arrcsted  (Fig. 7). H o w e v e r ,  sup- 
plcmcntal l ighting  in the  g reenhouse  can bc uscd  to 
in d u c c b o th  p h o topc r iođ ic  and p h o tosyn thc t ic  etTccts. 
P ho tosyn the t ic  liííhtinií can ease undesirable seasonal 
ctĩects such as reduccd  f low er p ro d u c t io n  in to m a to .  
Increases in f lower n u m b c r  in response to  bo th  hií*h 
intensities and long  dayleniỊths have becn d e m o n -  
strateđ. T h c rc  is a lincar rela tionship  be tw e en  total 
irradiance (400-700  n m )  and thc ratc o f  seedling

B. Light
L ow  w in tc r  light levcls rcpresent the single m o s t  lirn- 
iting factor p rcven ting  con t inuous  yea r -ro u n d  p ro -  
duct ion  o f  g reenhousc crops. L o w  light quan t i ty  is a 
m ajo r  l im iting  env ironm en ta l  factor Co plant iỊrcnvth 
for 6  m o n th s  o f  the year in the N o r th e rn  H cin isphcre .  
T h is  low  light effcct is exacerbated by a hÌ£*h incidence 
o f  cloud covcr a long Coastal rcgions. lncrcasine; íertil- 
ity and better  contro l o f  tcm peraturc ,  w atcr ,  o r  c o ,  
result in only  marginal im p ro v c m en ts  in plant g ro w th  
w hen  light is limiting.

Becausc w in te r  l i^h t  is inadequatc for p roduc t ion ,  
to m a to  g ro w e rs  are unablc to deviate  from  a 
sp r ing—fall croppina; strategy. U n d c r  vvinter 
on ly  limited vegeta tive grovvth is possiblc. T h e  p ro -  
duction o f  vcíỊCtative crops such as lettuce in the 

N o rth e rn  H em ispherc  is greatly rcduccd in D ccem ber

Month of Harvest

F I G U R E 7  C o  m p a r i s o n  o t  t h e  p r o đ u c t i o n  o t  t o m a t o  p l a n t s  ẹ r o v v n  

\ v i t h  a n d  \ v i t h o u c  s u p p l c m e n t a l  l i g h t .  H P S  Ỉ it rh t i ii ỉ*  is  u s c d  t o  s u p -  

p l e m c n t  t h e  n a t u r a l  r a đ i a ú o n .  |F r o n i  R. M c A v o y ,  H .  w .  J a n e s ,  

B. Godtriaux,  M. S e c k s ,  D. Duchai, and w. Wittman. (1989). 
T h e  c t ĩ e c t  o f  t o t a l  a v a i l a b l c  p h o t o s y n t h c t i c  p h o t o n  r tu x  o n  s in g l e  

t r u s s  t o m a t o  g r o v v th  a n d  p r o d u c t i o n .  Ị. Hort. S ii. 6 4 ,  3 3 1 - 3 3 8 .  Ị



t;ro\vtli in botli to m a to  and lottucc rcgardlcss o t l i g h t  
sourcc  in the vvinter.

It vvas to u n d  in thc 1 ‘MOs tha t  the  movvtli ratc and  
y i c l d  o t  c c r t a in  t o m a t o  v a r i c t i c s  i n c r c a s c d  a s  t l i e n u m -  

bcr  o f  hours ot lÌLỊhtint^ incrcascd. Hovvever, varictal 
đifterciK 'Cs a rc  h r o a d .  L o n i Ị c r  l i i Ịh t  p c r i o d s  m a y  a l lo s v  

thc gro\ver to lovver the grecnhouse niíỊht tempcraturc 
and savc tuel dollars. By incrcasiníỊ the  p h o to p c r io d  
to  16 lir thcrc is a siiỊn ihcant increasc in grovvth and 
yield o f  tom a toes  duriníT N o v e m b c r  and  D ccem bcr,  
and  16-hr p h o to p e r io d s  m ay  a l low  a ]o\vcrimr o f  the 
n igh t  tcm pera tu re ,  T h e  in tcnsity  ot' thc su p p lc m e n -  
tary  light is ex t rc m c ly  cricical. I f  th e  n o rm a l  davlio;ht 
is ex tendcd  w ith  h ig h - in tc n s i ty  liiỊht, the  grovvtlĩ and 
yicld o f  thc p lants arc cnhanccd . H o w c v c r ,  it io w -  
i n t c n s i t y  s u p p l c m e n t a l  l i tỊht  is  u s c d ,  t h e  t ìo v v e r i i i í Ị  c a n  

bc dclaycd.
T h e  s.une total l iạh t  in tcnsity  íỊÌven o v c r  8  o r  

16 hr can dram atica lly  altcr  to m a to  grovvth. A 16-hr 
day rcsults in an incrcascd nct assirnilation rate as 
vvell as h ighcr  ch lo rophy l l  lcvcls. H o w c v c r ,  flowers 
appcarcd One or tw o  tiodcs low cr 0 1 1  plants givcn  
on ly  8 -lir  days. T h e  taster g ro w tl i  ratcs u n d c r  16-lir 
days vvonld m o rc  than  balance o u t  the  tastcr Hovvering 
vvitli 8 -lir  days and  rcsult in h ig h c r  yields. In EntỊland 
in  n ú d v v in t e r ,  d a y  l c n g t h s  o f  lc s s  t h a n  6  h r  r c s u l t  in  

absolutely no  g r o w th  and tliat g r o w th  is p ropo rtional ,  
at this t im c o f  ycar, to  light intciis ity  o r  dura tion .

LiirluinìỊ durini* N o v c n ib c r  and  D e c e m b c r  will 
cause Hovvering to occu r  10—14 days earlier than  n o r -  
nial, vvhich translates into  an incrcasc o t '4 .7  tons ot 
tru it  per acrc ovcr  thc  li Te o f  the crop. F urthc rn io rc ,  
witli incrcascd l igh t ing  in thc w in te r ,  tho m im b c r  o f  
missliapen tru it  declines. Also, co lo r  dov c lo p m cn t  
and íruit quality , as m casured  by  taste pancls, arc 
cnhanccd  hy su p p le m e n ta ry  l ighting .

Research in this area can b c c o m e  e x trc m e ly  com pli-  
cated o w in g  to  the in tc rac t ion  b c tw e e n  liỉ*hting and 
various o th e r  c n v i ro n m e n ta l  and  physio log ica l  cond i-  
tions. An ex p c r im e n t  run  for 1 w cck  m a y  t^ivc you  
onc ansvver and  that to r  2  w eeks  a n o th c r  ansvvcr. 
Table  VI illustrates the p ro b lem .  I f  thc sam c amoLint 
of s iipplcm cntal l ight is g ivcn  to r  a 3 3 -day  period 
duriníí to m a to  sccdling  grovvth, w i th  h igh  l i^h t  bcing 
provided in OI1C o f  the thrce 11-day periods, thc end 
rcsult is qu itc  ditTcrcnt d cp c n d in g  on  vvhich pcriod 
rcceived thc hiíỊh liiỊht. V cgctat ivc  p lan t £Ịrowth rc -  
sponded ditTcrcntially to thc total light integral, de- 
pendinn  on vvhcn it w as applicd  đurinạ; the  í ; row th  
cycle. Hovvever, for the production o f  a tom ato  crop 
it ìs bcst to p rov ide  liííht carlier in đ e v e lo p m e n t  rathcr 
than latcr.

TABLE VI

The lnfluence of an 11-day High-Light Treatment Applied Differen- 
tially during Seedling Development on Vegetative Growth°

( i ro w th  
v a n a b lc

LÌỊiht
trc .ỉtm c n t

s .tm p l im í

I )ay  í» D a y  11 D a y  22 D a y  33

T o t.lI  d r y H L L O.OSb'’ c>.32b 3 .5 3 b H .2 7 a
\vcĨỊỉhr (u) L H L u.02j «». 12a 4 .4 7 b 13.92.1

L L H í).U2a 0.11.1 2 .3  la l ‘>.44b
l.c a t a rca H l.L U.lKib <>.32b 2 .4  Ib 3 .0 4 a

in d o x  ( u n : ) LI ỈL I>.(>3a u . lh a 2 .3 2 a b 2.95*
L L iỉ (1.03.1 0. l í u 1.82a 3 .3 8 a

LcaỀ aro;i ra tit  > III1 L 27f»i 2Vh 2 5 4 b 195b
LI1L 40Hb 3 5 6 b 188.1 192l>
L L H 44(>b 3()( >b 29 8 b 15Ha

P lam H L L 0 tì. 1 b 3 2 .7 b 7 5 .3 b
(cni) Í.H L II 4 .2 a 26 . Ha f >3.9.1

LI 1 ỉ (\ 4.1.1 2 9 .3 a b M». Ha

Sourư:  R . M c A v o y  a n d  H .  Ị a n e s .  (1 9 9 (1 ). C u m u l a t i v c  l i i Ị h t  o r t e c t s  

o n  i» r o \v t l i  a n d  r io v v c r in i ĩ  o t  t o m . i t o  s e e d l i n í ; s .  / .  Am . So ĩ. Hon. 
S à .  1 1 5 ,  11 y - 1 2 2 .

‘ê liach nu m b cr  is the inean ot  15 plants.
D a t a  t o l l o v v c d  b y  d i l ì c r c n t  l o t t c r s  i iK Ỉ ic a te  s i i> n i t ĩ c a n t  d i t t c r c n c e s  

b c u v e c n  l i n h t  t r c i i t m c n t s  OII .1 c c r t a i n  s a m p l i n n  d a t c  a t  t h e  5 %  l e v e l  

as dctermined hy  Duncan s ìmiltiple ram*e tcst.

A dditionally ,  the in tcraction betvveen supp lem en-  
tary l igh t ing  and seasonal charKỊes in n i^ h t  tcm pera -  
turcs deserves som c m cn tion .  B o th  lcat to rm a t io n  
and  iỊrovvth increase vvitli bo th  litỊht intcnsity  and 
ten ipcra tu rc .  Hovvcvcr, an increasc in te m p era tu rc  
also m c an t  an incrcascd n u m b c r  ot nodcs  p r io r  to 
tloral initiation. W h e thc r  incrcased iỊ row th  rates un-  
dc r  w arn ic r  tc m p cra tu rc  rcgim cs vvith su pp lem cn ta ry  
lií;liting will otTsct thc dclay in f low ering  rem ains to 
bc sccn. Th is  will play an im p o r ta n t  role in thc timintỊ 
o t  a crop.

T h e  cffects that liíỊlit has on  p lant í ' r o w th  are no t  
l im itcd  to  its in v o lv em en t  in thc p h o to sy n th e t ic  p ro -  
ccss. T h e rc  arc n u m c ro u s  exam ples o f  the action o f  
l igh t (d u rađon  and quality) on u;rowth, f lowering, 
and  plant ho rrn o n c  activity. It vvould bc a m is take to  
assiime that by  chang ing  the p h o to p c r io d  one was 
on ly  altcrinn  the ratc o f  sugar  fo rm a tion .  For tom a to ,  
the lcnsỊtli o f  thc light per iod  has little ctTect on  flow- 
er ing ,  tha t  is, tom a toes  arc day-neutra l  plants. H o w -  
cvcr, thcrc  is so m c  cvidcncc to  sugges t  that som e 
t o i m t o  cultivars arc quant i ta t ive  sh o r t -d ay  plants. By 
increasing the lcngth  o f  the day w ith  lovv levels o f  
incandcsccnt light, the n u m b e r  o f  lcavcs bclovv the 
first inAorcsccncc can bc increased, bu t  thc plant will 
still flowcr. A dditionally ,  d a y l ig h t - d a r k  cycles that 
dcviatcd  too  iỊreatly t ro m  a 24- lư  cyclc o f  12 h r  light 
and 1 2  hr darkness vvere inli ib itory  to  p lant í írow th .  
In a 48-hr pcriod if  all tlic plants rcceivcd the samc



TABLE V II

Grovvth of Tomato in Different Durations of Light vvith Equal 
Total Light°

LììịIu  renim e
Lcaf
arca

D ry
wci(;ht
lcaves

Frcsh
weiịỉht
stenis

D ry
vvciiỊht
stcm s

IH hr 2 (1(1 / iE /m ’/sec 100.0 1 0 0 .0 10 0 . 0 1 0 0 .0

6 lư dark (control) 
2 4  h r  15(1 ụ . H / m 2/ s c c 59. s 4 0 .1 6 6 .0 6 5 .  s

Sonirc: F . t i r a d l c y  a n d  H .  w .  Ị a n c s .  ( 1 9 8 5 ) .  C a r b o n  p a r t i t i o n i n u ;  

in  t o m a t o  l c a v e s  c x p o s e d  t o  c o n t i n u o u s  l i g h t .  Ả a a  ỉ  loriicnlíntiU' 
1 7 4 ,  2 9 3 - 3 0 2 .

11 In  e a c h  c o l u m n ,  v a lu c s  a r c  n o t  s i g n i t ì c a n t l y  d i íT c r e n t  a t  p  ^  0 .0 5 .  

V a l u e s  r e p r e s e n t  t h c  a v c r a g e  o f  t ì v e  p l a n t s  p c r  t r c a t m c n t ,  e x p r e s s e d  

a s  p e r c e n t a i Ị e  o t  c o n t r o l .

quality  and quan t i ty  o f  lit^ht in al tcrnating l i i Ịh t -d a rk  
cyclcs o f  6 , 12, o4 24 lư, the tom atoes  o ro w n  un d cr  
6 -  and 24-hr l ight rcgim es exhibited  g r o w th  inh ib i-  
tion. It is clcar that w ith  to m a to  sccdlings, cqual li^lit 
intcnsity lỊĨvcn ovcr  18 or  24 hr  rcsults in diffcrcnt 
plant g ro w th  rates (Table VII). |S(Y 1j h o t o s v n t h e s i s ;  

P l a n t  P h y s i o i .o g y . I

Photosyn thc tic  period has also becn found  to  affect 
carbon cx p o r t  in tom a to .  T rans location  and parti-  
tioniiig o f  ca rbohydra tc  was altcrcd by the dura tion  
o f  the photosyn thc tic  pcriod  or  possibly hy the dura-  
tion o f  thc dark period rather than the  absolute light 
in tcnsity. M o re  sugar  is translocatcd o u t  o f  the leavcs 
under  a 16-hr p lio topcriod  than under  an 8-lir  p l io to -  
period, evcn w hcn  the total an io u n t  o f  carbon  íìxed 
in photosynthesis  is thc samc (Table VIII).

T h e  interactions o f p h o to m o r p h o g c n ic  factors con- 
tro lling  sugar expo r t  and its par t i t ion ing  w ith in  the 
plant nced to  be scriously addrcsscd, as they  are di-  
rcctly rclatcd to  c rop  yicld. P ho tom orphogen ice íT ects

TABLE V III

The Light Period Effect on Carbohydrate Movement Out of the 
Leaf (Translocation)°

T o t a l T o t a l

L c n t Ị t l i  o f 1’h o t o s v n t h e t i c c a r b o h v d r a t c c a r b o h y d r a t c

l i g l i t  p c r i o d r a t e  (g  C H , 0 / t ì x e d  d a i l y t r a n s l o c a t c d  d a i l y

( h r ) i n  ’ / h r ) ( g / n i ' - )

8 ( l .7 4 b 5 . ‘J5 a 3 .4 6 a

16 0 .3 7 .1 5 .8 7 a 4 .8 K b

S iH irrr : s. L o g c n d r a  a n d  H .  w. J a n e s  (1 9 9 2 ) .  L ii^ h t d u r a t i o n  c t t c c t s  

OI1 c a r b o n  p a r t i t i o n i n ỵ  a n d  t r a n s lo c a t io n  in  t o m a t o .  Sĩiaiỉiiỉ Hortiũil- 
turae 5 2 ,  1 9 - 2 5 .

41 V alucs in cok im n s íollovvcd by the sam c lctter are n ot s in n iíican tly  
d i tY c re iì t  <u p  <  0 .0 5 .

arc knovvn to  n io d i tv  thc d is tn b u tio n  oí p h o to sy n th e -  
sis P roducts .  This  m a y  havc s ignihcancc fo r  artificial 
liíỊhting, as the  spectra) pattern  o f  certain p o p u la r  lie;ht 
sourccs is dctic ient in blue l ight and hcavy in the  near 
in trared rcq ion  rcla tivc to sunlight.  and so p h o to m o r -  
photỊenic chantỊcs arc probable.

Sclcction o f  a l ight source is not casy tỊÌvcn thc 
various typcs  available. O n e  o f  the n iost  c o m m o n  
l ight sourccs is the  Auorescent lamp; h o w cv e r ,  it is 
n o t  practical for co m m erc ia l  application. T h e  practical 
usc o f  the Auoresccnt sourcc  is lim ited bv its un w ic ld y  
sizc, its lovv-intensity discharỉỊc, and sa te ty  reiỊula- 
tions requ ir ing  m o is tu re  barriers  to p ro tcc t  thc bulb  
in the  w e t  g rccnhousc .  T h e  h igh -p rcssu rc  sod ium  
ÍHPS) l i^h t source is an at tractivc source to r  c o m m c r -  
cial usc. T h e  t ìx tu rc  is ta irly com pac t  and thc buìb  
has a life o f  up  to  20,000 hr. T h e  H P S  lam p  is the 
n iost cữ ìciciư, a í te r  the low -prcssu re  so d iu m  lanip, 
in tc rm s ot the pc rccn tagc  ot the  total inpu t  encrgy, 
\vhich is convc r tcd  to  visible lis^ht. Witli the  H PS  
lam p  25%  ot thc  total inpu t cnergy  is em it te d  as 
visiblc lie;ht. M etal halidcs range t ro m  12 to  20% ; 
Auorcscent lanips are 2 0 % cfficicnt in this convers ion .  
T h e  lo w -p rcssu rc  so d iu m  (LPS) lamp has a 27%  effĩ- 
ciency. T h e  LPS lam p, a m o n o c h ro m a t ic  l ight sourcc, 
has a sh o r t  bu lb  litc, and  the f ixture is also m u c h  
lar^er than  tha t o f  thc H P S  lamp. C o n s id c r in g  all 
factors— ballast and  í ix ture  sizc, saíety, cnc rgy  con-  
version cffìcicncy, spcctral d is tr ibution ,  and bulb  
life— thc H PS  la m p  is thc m o s t  c o m m e r đ a l ly  applica- 
blc o f  thc  availablc !ie;ht sourtTs for  supp lcm cn ta l  
l i^h ting  in the lỊreenhouse.

Spcctral d is t r ibu t ion  o f  any artiíicial l ight source is 
alvvays a concern  becausc thc  sunlight sp c c tru m  is 
ncvcr  com ple te ly  rep rođuced  by  any singlc light 
sourcc. T h e  d iscrepancy  be tw een  an artiíìcial l ight 
source  sp e c t ru m  and  the  solar spcctrum  is siíỊniíicant 
as lie;ht qualitv  has bcen sh o w n  to inAuence plant 
g r o w th  and  dev c lo p m c n t .  Tablc IX sh o w s  tha t  add-

TABLE IX

Light Quality Effect on Tomato Response to Continuous Light0

C o n t i m i o u s  l i ^ h t  

t r e a t m c n t

G h l o r o p h v l l

( m i Ị / i ; í w )

S t a r c h

( %  D W )

L ea t"  d c a t h  

( # / p I a n t )

F l u o r c s c c n t 0 . 2 2 4 .4 6 2 .8 3

F l u o r c s c c n : U .4 9 7 .1 7 1 .1 7

+  t a r - r e đ

Sữtưcv: s. G l o b i i ; ,  I . R o s c n ,  a n d  H .  w .  Ị a n e s .  ( Ị 9 9 4 ) .  C o n t i n u o u s  

l i t í h t  c f f c c t s  o n  p h o t o s y n t h c s i s  a n d  c a r b o n  n i c t a b o l i s m .  Aittĩ Horti- 
a t i ỉ u r ư c .

In Ciich co lum n, values arc no t  siiỊiiitìcantlv differcnt  at p  <  0 . 0 5 .



iniỊ tar-rcd  lii»ht (730 lim) to  Huorescent lií^lit p rov idcd  
to  tom atocs  on a con ti iu ious  basis can delay lcaf  dcath 
and  altcr starch lcvcls.

We also nccd to knovv thc o p t in m n i  ratio  o f  the 
var ious  w avc lcm Ịth  in tcrvals,  particu larly  in tho bluc, 
rcd, and ta r- rcd  rcg ions.  T h is  can be illustratcd by 
consideriniỊ  the response  o t 'flowerintỊ  in to m a to  undcr 
cool w hitc  Huorescent liiíhts or Huorcscent lights and 
incaiidcsccnt lam ps. In the  lattcr casc, thc p lan t  re- 
ccivcs m o rc  ta r- red  ligh t  an d  thc t im c  to  first rtovvcr 
openiní* is rcduced  by  2  days.

A caution nccds to  bc issucd hcre  rcsỊardiní* supplc-  
m en ta l  lĩt^htinc; to r  tom a toes .  C o n t in u o u s  ligh t  can 
rcsult in scvere d am ag e  vvith siíỊnitìcant dccreases in 
tí ro  w  ch and poss ib ly  dearh o f  thc p lan t (Tablc  VII). 
Ít is r e c o m m e n d c d  that at lcast a 6 - h r  da rk  pcriod  be 
p rov ided .  SccdliniỊS will bc m o re  qu ic k ly  affectcd by 
coiitinuoiis  light than o lder  plants. Also, reducine; the 
“ n iiỊh t” tc m p c ra tu rc  in co m p ar iso n  to  the  “ d a y ” will 
dclay thc in ju ry  appearance.  O ld c r  leavcs o f  in ịured 
p lants will lose ch lo rophy l l  and  tu rn  vcl low , and 
y o u n g  lcavcs vvill n o t  devclop  c h lo ro p h v l l  and  vvill 
appcar  vvhite. O b v io u s ly ,  pho to sy n th cs is  is decrcased 
and  a reduc tion  o f  g r o w t h  results. I f  thc  co n t inuous  
liiỊht is no t  s topped ,  the p lan t can dic.

c. Carbon Dioxide
Tli c usc ot C O i  e n r ic h m e n t  in the  g re e n h o u se  has 
takcn on addcd  s igniíìcancc 111 reccnt ycars. W íth  thc 
ad vcn t  o t  cncr tỊy -conscrv ing  tcchn iques  to  p rcven t 
hca t loss f ro m  g rcenhouscs ,  thcy  arc n o w  sealed hctter 
and  m u c h  t igh te r  to  o u ts ide  airAovv. AIthoue;h cnergy  
is savcd, the C O i  lcvcls can d ram atica lly  dccreasc 
w h e n  plants are  p h o to sy n th cs iz in g  in a closed grecn-  
house .  T h is  p ro b le m  is particu larly  acu te  d u r in g  clcar, 
cold days  w h e n  p h o to sy n th e t ic  levels m a y  be  high 
and air ex change  b e tw e en  the  in te r io r  o f  thc g rcen -  
housc  and o u ts idc  air is small.  Also, th c  usc o f  supple -  
m c n ta ry  lightim* at n ig h t  m akcs C O i  e n r ic h m en t  
evcn m o rc  necessary  as dep le tion  o f  th e  C 0 2 concen-  
t ra t ion  will result  in d ram a tic  dccrcases in p h o to sy n -  
thesis and  plan t íỊrovvth w hilc  vvastiniỊ the  cnergy  
spcnt on  ligh t ing .  lncrcascd levels o f  CO-), possibly 
as a conscqucnce  o f  p r o m o t in g  overall p lan t g ro w th ,  
will also spced up  the  datc for íirst f low cr ing  in to-  
m ato .  It is likcly tha t  increases in fruit p ro d u c t io n  to 
C O i  e n r ic h m c n t  in thc  w in tc r  arc larsỊcly th e  result 
o f  m o rc  f low crs  rcach ing  m a tu r i ty .

In to m a to ,  lcvcls o f  c o ,  betvveen 1 0 0 0  and 
1500 /U.1 / li tcr o f  air p ro v id e  adcquate  su bs t ra tc  to 
m ain ta in  h igh  p h o to sy n th e t ic  rates as well as increascd

transloca tion  of ca rbohydra tc  o u t  o f  the leaves, re- 
su lt ing  in incrcascd vvhole-plant lỊrovvth. H o w ev cr ,  
C O i  concen tra t ions  abovc  5000 /xl/ liter can be đan-  
iỊcrous tơ b o th  hun ians  and plants. T h o u q h  C O i  in- 
je c t io n  shou ld  be practiced, too  m u c h  o f  a ưood  th ing  
can causc troublc .  C O i  can bc addcd  to  thc tỊrecn- 
house  f ro m  a supp ly  o f  liquid CO-> that is d is t r ibu tcd  
th rou iỊhou t  the g rccnhouse  via a tan -tubc  systern. 
T h is  is the cleancst w ay  ot adding  c ơ 2. T h e  m ost 
p revalcn t w ay  o f  p ro d u c in g  C O i  is by suspenđ ing  
an open-f lam e b u rncr  in thc lỊrccnhouse; íỊcncralIy, 
p ro p an c  or  natural íỊas is bu rned .  T hese  bu rncrs  can be 
con tro l led  by com m erc ia l ly  available com pu tc r ized  
sys tcm s  tha t can m o n i to r  and rcvỊulatc C O i  levels. 
T h e  bu rners  have an ađvan tage  of add ing  Sonic heat 
to  the  g rcenhousc.  W hcn  using C O i  gencrated  by 
b u rn in g  p ropane  o r  o th e r  fucls in thc grccnhousc,  
hovvcver, it is possiblc tha t  p ro d u c t io n  o f  volatile 
po llu tan ts  such as e thylenc, p ropylcne ,  and oxides o f  
n i t ro g e n  and su lfur  m ay  occur. At tìrst glancc, c o ,  
cn r ic h m cn t  appears to bc a posit ive process that 
shou ld  bc practiced hy tỊrecnliouse opcra to rs ,  bccause 
i t  i s  c l c a r l y  a s s o c i a t c d  w i t h  increased r a t c s  OẾ p h o t o -  

synthcsis  and plant d ry  rnattcr accum ula t ion .  H o w -  
evcr, thcre  appear to bc lo n g - te rm  and sho r t- tc rn i  
eíĩects  o f  h igh C O i  conccn tra t ion  on  tom a toes ,  w ith  
incrcascd p h o to sy n th c t ic  rates n o t  persis ting ovcr  
long  t im e  pcriods (Fií*. 8 ).

T o  com plicatc  m attc rs  íu r the r ,  thc n i t ro ^en  ícrtil- 
izer sta tus o f  thc plant can iníìucnce thc a m o u n t  o f  
ca rb o h y d ra te  translocated  o u t  o f  thc leaf  fo llow ing 
cx p o su re  to h igh  C O ị  levels. Th is  po in ts  ou t  thc fact 
that,  as witli l igh t  and tcm pera tu rc ,  the  rcsponse to 
above  am bien t  C O i  lcvels for long  o r  sh o r t  periods 
o f  t im c  necds to bc s tudicd p r io r  to dcc id ing  ( 1 ) h o w  
to  m o s t  cfficiently apply this matcria l and (2 ) w h e th c r

Time (days)

FIGURE 8 The cffcct of high carbon dioxidc on photosynthesis 
ot whole tomato scedlinựs.



or not long  exposurc  to  c o ,  above am b ien t lcvcls is 
warrantcd .

Beíbrc concludini* our  discussion o f  c ơ 2, it shou lđ  
bc m en tioncd  that com panies  in E u ropc  are n iarkctiniỊ  
equ ipm en t  tha t  vvill add CO-, to  the irr igatìon  w ate r .  
T h ey  con tcnd  that CO-> beneíìts root g ro w th  as well 
as photosynthesis .  In to m a to  secdlings it w o u ld  ap- 
pear tha t sh o r t - te rm  cxposure  o f  the roo ts  (lcss than
1 2  hr) to  h igh  conccntra tions o f  c o ,  wi)l rcsult in 
increased vvhole-plant grovvth (Fig. 9), l iow evcr,  hie;h 
C O i  lcvels a n d / o r  long  ckirations can limit g ro w th .  
T hcsc  C O  , effects arc due n o t  to  incrcased p h o to sy n -  
thcsis, b u t  possibly to a niore spcciíìc cíĩect o f  C O i  
on nu tr icn t  up takc by the plant roots.

D. Humidity
T he am o u n t  o f  w atcr  in the  air plays a signiíìcant 
role in plant hcalth. T o o  m uch  w atcr  can lcad to  the 
proliíera tion  o f  disease-causim* o rgan ism s and  result 
in the inability o f  pollcn to  be rclcascd and m ovc  
to thc s tigm a. Hií*h h u m id i ty  is a concern in som e 
g rccnhouscs because measures taken to conscrvc hcat 
also serve to raisc thc relatíve hum id ity .  U n d c r  hiu;h 
light lcvcls, raising the relativc hun iid i ty  to  abou t 
90%  was shcnvn to actually incrcase lỊrovvth. T h e  
grovvth o f  youní* to m a to  seeđlings m ay bc accelerated 
by cnhanccd c o ,  assimilation rcsulting from the in- 
crcased n u m b c r  o f  open s tom ates  at h ighcr  h um id i ty .  
H ow cver ,  h u m id i ty  seems to  have m u c h  lcss ot' an 
effect on  to m a to  í>;rowth and devc lopm en t than do 
light, tem pcrature ,  c o , ,  o r  nutrients.  Additionally , 
the up take  and d is tribution  o f  certain nu tr icn ts  like

Carbon Dioxide
(%)

F I G U R E  9  T h e  c tY ect o K c a r b o n  d i o x i d c  c o n c c n t r a t i o n s  ( 0 .0 3 ,  0 .5 ,

1. 5, and  iu % )  OI1  th e  d ry  w cii»ln I^rovvth o í  to in a to  lcavcs. T h o  
r o o t  s y s t e m s  o f  5 - w e c k - o l d  t o n i a t o  p l a n t s  w c r c  c r c a t c d  t b r  12  l ư  

\ v i t h  C O ị .  | F r o m  Y i i r g a l e v i t c h  a n d  H. Ị a n e s .  ( 1 9 8 8 ) .  C a r b o n  đ i o x -  

i d c  e n r i c h m e n t  o f  c lio  r o o t  z o n e  o t  t o m a t o  s c e d l i im s .  Ị. H on. S ã . 
6 3 ,  2 6 5 - 2 7 0 . 1

calcium can be scriously  aítected by  thc  rela tivc h u -  
m id i ty  o t  the ỄỊrccnhousc. Y o u n g  lcavcs vvill have 
]ow ca lc ium  levels i f  the h u m id i ty  is h ig h  (95%), 
w hercas  t ru i t  vvill have  lo w  calc ium levcls i f  thc  n igh t 
h u m id i ty  is b e lo w  50% . T h is  is due  to  the  m e th o d  ot~ 
calcium tra n sp o r t  in to  thcse d iffe rent o rgans .  Leaves 
reccive calcium as a rcsult ot t ransp ira t ion  (cvapora -  
t ion  o f  w a tc r  f ro m  stom ates) ,  vvhcreas the  t ru it  relics
011  ro o t  pressurc  to  supp ly  calc ium . T h e  lack o f  cal- 
cium in thc o v a ry  and y o u n g  fru it  can result in a 
serious cond i t ion  called b lo sso m  end  rot. Fruit  w ith  
this physioloíỊÍcal d iso rd cr  arc unsalable.

E. Nutrition
In con tro l led  c n v i ro n m c n t  cu l tu rc ,  the com m erc ia l  
p ro d u c t io n  o f  to m a to e s  is d o n c  using  Sonic type o f  
soillcss tỊrovving m c th o d .  U sua l ly  ei thcr  a fo rm  o f  
h y d ro p o n ic  cu l tu rc  called tlic nutric iit íilm tcchn iquc  
(N F T ) o r  a nonsoil  íírowins; m cdia  is uscd. C u r rc n t  
popu la r  nonso il  m cdia  arc rockvvool and a m ix tu rc  
o f  peat m oss, verm icu li tc ,  and  perlite (refcrrcd to 
as a pcat- li te  niix). R o c k w o o l  1S m a n u íac tu rcd  from  
crushcd  rock hca tcd  to o v e r 6 0 0 ° c .  T h e  m o ltcn  m atc-  
rial is leng thcned  in to  s trands  tha t arc presscd and cut 
in to  a varie ty  o f  shapes and  sizcs. T hcse  sys tcm s  havc 
rcplaccd natural soil for sevcral rcasons, m o s t  sitỊiiifĩ- 
cant bcing  thc cxpcnd itu rcs  of cnergy , particularly  
the  labo r  cost needed  to  t r a n sp o r t  and stcrilizc soil. 
A ddit ionally ,  the  rep lacem ent o t  soìl w ith  soil o f  cqual 
qual i ty  is ditTicult. N F T ,  ro ck w o o l ,  and to som e ex
tern peat-lite  m ixes  p rov ide  a ẹrovver w i th  cons tan t  
qual i ty  ycar-in  and yca r-ou t  vvithout the  nccd to  ini-  
tiallv stcrilize to  r cm o v c  vveed seeds, fungi,  insects, 
and  bactcria. F u rt l ie rm orc ,  soil lcss culture  allovvs cas- 
ier m an ip u la t io n  o f  the e n v i ro n m e n t  and  the  ability 
to  p ro v id e  the  p ro p e r  nu tr icn ts  for hca lthy  to m a to  
grovvth.

A n  in -d ep th  discussion o f  to m a to  n u tr i t io n  vvill no t  
be gi von hcre. Hovvever, Tablcs  X  and  XI sh o w  thc 
nu tr ie n t  levcls rcc o m m c n d c d  tb r  to m a to  and  providc 
so m e  generalizcd dcscrip tions o t  dcfieicncy sy rnp-  
tom s .  T h e  readcr  is cau tíoned  tha t  p ro v id in g  fcrtilizcr 
abovc  o p t im u n i  levcls will rcsult  111 í*ro\A th inhibi-  
t ion. It should  also bc  a goal to  p ro v id e  thc plant 
w i th  n o  m o rc  than  nccessary, vvhich saves dollars on 
fcrtilizcr bu t  also pro tcc ts  the e n v i ro n m c iu .  F requent 
overwatcriníT o r  disposal ot'  nu tr icn t  so lu tion  in an 
N F T  sys tem  \Vi]] rcsult in lii íỉhcr fcrtilizer lcvels lcach- 
iniỊ m to  the ẹ round-vvatcr .  \vhich can lead to  the 
o v e rp ro đ u c t io n  o f  al^ac and o th c r  m icroorí ĩam sm s. 
Every  etTort shou ld  be inadc to  collcct and rccyclc



TABLE X

Optimd Nutrient Levels in the Fertilizer Solution for a 
Tomato Crop

E l c m c n t C i o n c c n t r a t i o n  ( p p m ) * J

N i t r a t c - n i t r o n c n  ( N O í - N )  1 5 0 —2 0 0

P h o s p h o r t u i s  (1*) 5 0

P o t a s s i u n i  (K ) 2 0 0 - 4 0 1 )  | P 2C>5 =  1 1 4 0 |

C ’a l ã u n i  ( C a ) 1 5 0 - 3 0 (1  | K : 0  =  2 4 0 - 4 8 0 1

M a u n o s i u m  (M u ;) 5t>

I r o n  ( F c ) 5

M i in t Ị i in e s c  ( M n ) 1

C o p p e r  ( C u ) (1.1

Z i n c  ( Z n ) (1.1

B o r o n  ( B ) 0 . 2

M o l v b d c m i n i  ( M o ) 11.05

Soitrcc: H .  M .  R e s h . ( 1 9 8 9 ) .  “ H y d r o p o n i c  F o o d  P r o d u c -

t i o n . "  W o o d h r id k Ị C  lJr c s s .  S a n t a  B a r b d r a ,  C 'A .

1 p p n i  =  1 02. p e r 7 S 0 0  u ;a l lo n s .

thc nu tr icn t  so lu t ion .  T h e  so lu tion  vvill nccd  to  be 
t requen tly  tcstcd to  m a k c  sure the  p ro p e r  n u tr ic n t  
levcls arc m ain ta incd .  A ddir ionally ,  the  p H  sh o u lđ  be 
m a in ta incd  betvvecn 5.5 and  6 .0 . P robab ly  the  ^ rcatest  
th rca t  íaccd by  the  g r o w e r  in rccycling  nu tr ic n ts  is 
the spreađ o f  disease. T h e  nưtr ien ts  uscd by  the p lant 
to r  g o o d  g r o w th  arc also thosc rcqu ircd  by  m a n v  
m ic ro o rg an ism s .  I f  y ou  add  to thc  so lu t ion  the  o r -

TABLE XI

Nutrient Deficiency Symptoms in Tomato

E l e n i e n t  S y m p t o m  d c s c r i p t i o n

N i t r o g e n  P l a n t s  àrc ỉ i g l u  g r c e n  ( lack . c h l o r o p h y l l ) ;  y o u n ^ c r

l c a v c s  m a y  r e n i a i n  ỉ> rc c n  l o n t ĩ e r

P o t a s s i u m  O l d e r  l c a v c s  d c v c l o p  s y m p t ơ m s  t ì r s t  a n d

b e c o m e  c h l o r o t i c  ( i . c . .  l o s e  t h c i r  n r c c i i  c o l o r )  

a n d  s -o o n  d c v e l o p  s c a t t c r e d  d e a d  s p o t s  

P h o s p l i o r o u s  L e a v c s  art* d a r k  n r e e n ;  p u r p l e  p i ^ m c n t a t i o n  m a v  

d c v e l o p ;  ỉ Ị r o v v th  r a  t e  s lo v v e d  a n d  t h c  p l a n t s  

a p p e a r  s t u n t e d  

S h o o t  t i p  g r o v v t h  s lo v v s  a n d  r o o t  t i p s  m a y  d i c ;  

y o u n g  l e a v e s  e x h i b i t  s c a t t e r c d  d e a d  s p o t s ;  

t h e s e  l e a v e s  a r c  g e n e r a l l y  s m a l l  v v i th  c v v is tc d  

t i p s

L e a v e s  b c c o n i c  c h l o r o t i c  b u t  t h e  v e i n s  r c n i a i n  

grccn  (in tcrvcin al ch lorosis); dead sp o ts  
d c v c l o p  o n  t h o  l c a v e s  w i t h  s o m e  l c a v c s  t a l l i n g  

t r o  111 t h e  p ỉ a n t  

O l d e r  l e a v e s  d e v c l o p  i n tc r v c in .a l  c h ỉ o r o s i s ;  lcat" 

m a r q i n s  m a y  c u r l  

I n t c r v e i n a l  c h l o r o s i s .  s i t n i l a r  t o  v v i tl i  m a g n c s i u i n  

d c t ì c i c n c y  e x c c p t  OI1 t h e  y o u n u e r  l c a v c s ;  ed iỊC S  

a n d  t h e  tip s- o f  l e a v e s  m a y  d i e

.Si>h»(í H .  \ 1  K o s ỉ ì  ( l ') X ‘i) “ H v đ r o p o n i c  P o o i i  P r o t - ỉ u c t i o n .

W oođbnđ í íe  Press, N.im.i Harb.ua.  CA.
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M * m t» a n e sc

M a g n e s i u n i  

I r o n

iỉanic niatcrial t ro m  plant dccay and cxuda tion ,  vou 
havc creatcd a media tor the nrovvth o f  inany  o rqan -  
isnis. T o d a y  1 10  cost-c tìcctivc and  to ta lly  sa tistactorv 
resterilization systcin  cxists. Hovvcver, m c thods  such 
as u ltnứ ìl tra t ion ,  ultrasonics, heat trca tn ien t ,  u  V ir ra- 
dia tion , and ozone  trea tm cn t  have been tricd, w ith  
thc la ttcr  tw o  sho\viníỊ thc n iost proniisc.

III. Tomato Cropping Systems

G reenhouse  tom ntocs  arc typically p roduced  on 
nu il t ip le -trusscd  vercical vines. In thcse svstem s. plant 
dcnsitics o f  abou t  1 0 , 0 0 0  - 1 2 , 0 0 0  p lan ts /ac rc  are c o m -  
m o n .  Plants arc placcd in doub le  ro w s  40 —Ỉ5 cm  apart 
w ith  p lants 3 0 -3 5  cm  apart w ith in  the row . Usually  
the plants are stage;ered in adjacent row s .  T on ia tocs  
can be traincd verticallv bv clampniíỊ  to  a s tr ing  h u n g  
t ro m  a vvire s trc tched  across the ỉỊreenhouse. T o m a -  
tocs are  alwavs p runed  to  a siniỊle s tem , w ith  latcral 
b ranches  bcina; constan t ly  rem oved .  W hen the plants 
start scttiniỊ truit on the th ird  clustcr, it is benctìcial 
to  s ta rt  rcniovinjỊ  thc lovver leaves to im p ro v e  acration 
and rc m o v c  possiblc matcrial t'or disease organ ism s 
to infcct.  Also the  trnit will n o t  sct vvithout pollina- 
tion. In the tỊrcenhonsc tliis is accom plisheđ  either 
by  m echanical v ib ra t ion  o f  the tìovver clustcr o r  by 
brin^iníỊ  bccs in to  the grccnhousc.

In thc U n ited  States and Canada , to m a to  p ro d u c-  
tion íollovvs a tvvo-crop pattern .  T h e  sp r ing  crop  is 
seeded bc tw cen  D ec cm b c r  1 and Jaiiuary  15 and har- 
ves ted  startinu; in late April th ro u g h  Ju ly .  T h e  fall 
crop is secđed bc tw ccn  |u ly  1 and 15 w ith  a harvest 
w in d o w  c o n im cn c in g  in O c to b e r  and cnd ing  in late 
D ecem b er .  P rim arily  because o f l o w  lia;ht levels, the 
yields in the fall are up  to 50%  less than those  in the 
sprintỊ. C r o p  p ro d u c t io n  ccascs d u r in g  the lo w -l ig h t  
w in tẹ r  m on ths ,  as the old crop  is tc rm ina tcd  and new  
plants take thcir placc.

M a rk e t  dem an d s  placc a p re m iu m  on thc con t inu -  
ous and  prcdic tablc  p ro duc t ion  o f  quality  fruit. H o w -  
cvcr, n n d e r  constan t ly  chan^ ing  e n v i ro n m en ta l  con- 
ditions, con t inuous  and prcdic table p ro đ u c t io n  o f  
to m a to  fruit is d i íí ìcu lt  to  accom plish . W hen  u n i ío rm  
tru it  quality  is dcsired. this task becom es cven m ore  
difficult to  achicve.

C o n t in u i ty  of p ro duc t ion  durine; the w in tc r  m o n th s  
is im p o r ta n t  becausc the potcntia l financial re turns  
arc higliest at this timc. W in ter  to m a to  p ro duc t ion  is 
c.xpensive. hcnvcver, and lo\v ]iụ;ht intensitics ccim- 
hined u i t h  short days drasticallv rcducc crop  per to r -  
rnance and  q u a l i tv . Supplom cntin t;  the naturally  avail-



able lii^lit with artitìcial liíỊht will allcviatc somc of 
thesc p rob lcm s but supplcm cntal lightiiiu; is cxpcn -  
sivc. T hcrc to rc ,  utỉlizins; this resourcc to  achicvc thc 
m axim um  beneíìt with a niinima] investnicnt is an 
im p o r ta n t  consiđcration . Addinií supplcm ental  liíỊht 
to a vcrtically i>rowi] to m a to  crop (the traditional 
cultural metliod) has tw o  disadvantatỊCs: ( 1 ) l igh t uni-  
fo rn ii ty  is ditĩ icult  to m ainta in and (2 ) it is im possib le  
to tailor the supplcm cntal lií^ht schcdulc to  a spccific 
staíỊC o f  crop dcvelopnien t.  Becausc m any  statỊcs o f  
plant I^rovvth and d cv c lo p m en t  occur sim ultaneously ,  
l ight can no t bc used ịudic iouslv to achicvc a specihc 
íỊrovvth L'ffect.

A sintíle-cluster to m a to  production  systcm  is capa- 
blc o f  con t inuous  ton ia to  p roduction .  Tliis systcni is 
not limited by thc disadvantages inherent to vertical 
axis croppiniỊ system s w h cn  supplcm cntal li^htiniỊ is 
used. The Basic com poncnts o f  the Rutíícrs vcrsion  
oftlie siiiííle-cluster production systcni includc sìiuịIc- 

cluster to m a to  plants, transportab lc  bcnchcs (tablcs 
upon  w hich  plants are nrovvn and transportcd),  h igh-  
prcssurc sod ium  lights, and a crop m a nagcm en t  strat-  
Círy bascd on  a p lant íỊrovvth modcl.

In this systcm  the to m a to  plant is p runed  to a sìiiíịIc 
f lowcr d u s tc r  and architecturcd  by soft p inch ing  thc 
apical m eris tem  One lca fabovc  the clustcr. HiíỊh plant 
popula tions,  43,000 p lan ts /acre  com parcd  to  m o rc  
conventional dcnsitics, are used to ensure m a x im u m  
yicld and to  ciihancc crop  un ifo rm ity .  T h e  higli plant 
popuhition conccntra tcs crop m a tu r i ty  into a n a r row  
t im ẹ pcriod, o r  p ro d u c t io n  w in d o w .  Scqucntial c rop -  
pinc; o f  discretc g ro u p s  o f  plants on a s taggcrcd tim c 
schcdulc results in con t inuous  p roduction .  T ra n s -  
por tab lc  tables increase spacc utilization and predispose 
thc c rop  to tu r th e r  au to m a t io n  and im p ro v c d  labor ef- 
ficicncy by facilitatins» the flow o f  matcrials in and ou t 
o f  the  p ro d u c t io n  house.

T o m a to c s  arc onc o f  thc  lcast au tom ated  of thc 
g rcenhouse  crops. C om nierc ia l  m cchanization  o t  the 
convcntional vcrtical axis ton ia to  crop has been lim itcd  
to  system s vvherc the m achinery  has becn adaptcd  to 
the crop. T h e  singlc-clustcr p roduc t ion  systcm adapts 
the to m a to  crop to  existiniỊ m ach incry  and n iarkc t rc- 
q u irem ents  by  m o đ i íy in g  cultural practices such as 
p lant dcnsitv  and plant architccture, as wcll as opera -  
tional p racticcssuch ascropacccssih il i tv ,  handling, and 
schcdulintỊ. Thus ,  prccision seeders, pottinm m a— 
chincs. soil m ixcrs, po t  tìliers, and pot transícr  n iccha-  
nism s that p la c c p o tso n  m ovablobcnchcs ,  convcn tion -  
ally uscd for sniall po t  c rop  p roduction  (e.iỊ., poinscttia

TABLE XII
G r e e n h o u s e  C o s t  A c c o u n t i n g

W a t» c s  a n d  D i r e c t

O v e r h e a đ  U t i l i t i e s s a la r ic s  c o s t s

D e p r e c i a t i o n  H c a t in e ;  f u c l C ìc n c ra l  S e c d s

I n t c r e s t  T e l e p h o n e f i c : a  P o t s

R e p a i r s  E l c c t r i c i t y U n c m p ỉ o y n i e n t  M c d ia

T a x c s  W a t c r i n s u r a n c c  F c r t i l i z e r

I n s u r a n c e W o r k m c n , s  T a tỊS

A d v c r t i s i n ụ c o m p c n s a t i o n  O t h e r s

O tV ic c  c x p c n s c s

P r o í e s s i o n a l  t c c

T r u c k  c x p c n s c

E q u i p m c n t  r c n t a l

D u e s

LỈ.UỈ d e h c s

M is c e l l a n c o u s

B u ild in g s  a n d  U tilitie s E q u i p m e n t

L a n đ H c a t i n i ĩ  s y s t c n i — P i p in t Ị

S i t c  ỉ Ị r a d in i Ị  a n d  r o a d s H o i l c r s — I»as. 2

S i tc  s c r v i c c s ,  U t i l i t i e s B o i l c r  C o n t r o l s

S e r v i c e  b u i ld i iu * .  s t m c t u r e H c a t i n i ĩ

S e r v i c e  h u i ld i iú » ,  i n to r n a l s y s t c n ì — i n s t a l ỉ a t i o n

C ỉ r c c n l i o u s c — s t r u o t u r e S u p p l c m c n t a l  l i n h t i n g

G r c c n h o u s c - — u i s r a lL i t i o n S u p p l c i n c n t a l  l i i ; ! i t in u ,

C o n c r c t c  p a t h s H l c c t r i c a l - i n t c r n a l

C o i i t i n n c n c y —  1 í )% £  l e c t  r ic a  1— s c  r  V i c c  

S h a d c  s y s t c m / r h c r m a l  

b l a n k o t s  

H L ic k o i i r  c u r t a i n s  

A i r  l u n d ỉ i n i ;

C l a r b ư n  đ i o x i d c  S y s t e m  

C 'r o p  s u p p o r t  s y s t e m  

( . ì m w in u :  s y s t c m  

N u t r i c n t  s y s t c m  

C À ì i ì i p u ỉ e r  C o n tro ls  
V c l ì i c lc s ,  t o o l s ,  c tc .  

C ì r a d in i Ị  a n d  p a c k a ị Ị Ì n g  

c q u i p m c n t

Sourcc: R .  B n i m t c l i ỉ ,  l \  N e l s o n ,  A .  C o u t u ,  l ) .  W i l l i t s ,  a n d  R . 
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a t c d  b y  S i z c  o t  F i r m  a n d  M a r k e t  C h a n n c l .  T e c h n i c a l  B u l l e t i n  2 6 9 .  

N o r t h  C a r o l i n a  A i Ị r i c u l t u r a l  R e s e a r c h  S e r v i c e .  R a l c i g h .

o r  n iu m  p ro d u c t io n ) ,  can bc applicd to  the to m a to  
crop. T h e  sintỊlc-clustcr to m a to  crop. likc the po t  crop, 
otTers a high deiịrcc o t  u n i to rm i ty  and is small, com -  
pact,  and casy to  handlc.

T h e  conccp t ot grovvini' sinnle-cluster tom atoes 
to r  tho pu rp o sc  o f  reduciniỉ labor and  developing a 
íactorvlikc  p ro d u c t io n  schem e is the aim o f  thc RutíỊ- 
crs s in t ĩ lc -đus tc r  p ro d u c t io n  system. By applyintỊ the 
in to rm atio ii  p rcscn tcd  herc for the con tro l  o f  tom a to



" r o w t h  h y  c n  vimnmcntLil m . in ipu laúon  it s e e in .s  p o s -  

siblc that a plant tactory production svstcm could 
bcc o m e  .1 rcalitv tb r  to m a to e s .

IV. Economic Considerations

In m a n y  cases, ỉ Ị rccnhousc p ro d u cc rs  o f to m a to c s  ovvt' 
tlicir succcss o r  hiilure to  tho nianagcrỉa l choiccs thcy 
m akc  as o p p o se d  to  tlic tcchnical choices. As w c  havc 
sccn, the technical choices  o f w h ic h  tcn ipcra tu re ,  ]iu;lit 
levcl, or lỊrovviniỊ nicdia to L1SC arc com plicatcd. T h e  

sam c can bc said to r  thc  m anaựcria l choi CCS. G rccn-  
liousc manaiỊcrs necđ to  knovv the ir  t ìxcd “ o v c rh c a d ” 
costs and their  costs o f  p rod iic t ion  to  ctTcctively ana- 
]yze a l ternativc  possibilitics,  im p lc m e n t  choiccs. and 
cvaluatc courses  o t ac tion.

N o  a t tc m p t  vvill bo n iade  licrc co p ro v id e  a m c tl iod -  
o Ioìịv to r  a det.iilcd e c o n o m ic  analysis o r  tcasibility 
o t  a í Ị reenhouse to m a r o  busincss. T ab lc  XII p rovidcs 
the  reađer vvith a lỊcncral idea o í vvhat mList be consid-  
crcd  w h c n  com putinu ; the  p ro tì tab il i ty  o f  a to m a to  
lỊreenhousc p ro d u c t io n  busỉncss.
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Transgenic Animals
DAVID B. BERKOWITZ, Food and Drug Administration, Rockville

I. Introduction
II. The Production of Transgenic Animals

III. Agricultural Applications of Transgenesis
IV. Food Saíety of Transgenic Animals

Glossary
C lo n in g  Process ot iso latin g and rcproducing the 
D N A  carrying a gene’s nuclcic acid sequcnce 
G e n e  Sequence o f  D N A  that specifies a unit o f  func- 
tion, including the structural iníormation for the gcne 
product as wcll as thc regulatory sequences control- 
ling cxpression
G ene exp ression  P roduction  o f  the product o f  a 
genc; gcnes exert their eíĩect th rough  products, usu- 
ally protcins; w ithou t expression, the organism 
w ould  look as thou g h  the gene vverc not present 
G enetic recom b ination  Classically, thc reassort- 
m ent o f  gcnetic traits during  íorm ation o f  the gametes 
in sexual reproduction; for example, crosscs betvveen 
hornless black cattle and horned  red cattlc m ight pro- 
duce the new  com bination  o f  traits, hornlcss red ani- 
mals; gcnes can n o w  be recombined chcmically in a 
process reícrred to as recom binant D N A  techniques 
or “ gcnetic engineering”
G enom e Entirc genetic com plem ent o f  an organism 
Transgene Cìene introduced into an o rg an ism  using  
rccom binant D N A  techniques

T r a n s g e n i c  animals are anim als w ith  a gene or a 
gcnetic sequcnce produced using recom binan t-D N A  
techniques. The gene m ay be in somatic tissues only 
or may becom e part o f  the gerni line. Transgenic 
animals arc useful for num crous scicntific purposes 
including the study o f  development, physioloẹy, ge- 
netics, and hum an  diseases. Aí^riculturally, they show 
promise for cnhancing animal productivity and food 
quality.

I. Introduction

A. Deíinition of Transgenic Animal

It is n o w  possible to introduce virtually any desired 
gcnctic sequcnce into thc genom e ot' an animal. The 
in troduccd sequencc or  transgene bccomes part o f  the 
gcrm  linc, and thc recipients o f  such sequences are 
called transgenic aniinals. Genes can also bc intro- 
duced into somatic tissues where they may or may 
not be integratcd into thc genome. Such animals arc 
also considcređ transgenic, although the transgene 
w ould  not be transmitted to progeny.

R ecom binant D N A  techniques or “ genetic cngi- 
neering” make the transfer o f  genes across traditional 
species lines possiblc. Gene transícrs can be made 
between animal spccics or trom  thc plant k íngdom  
into thc animal k ingdom , or a totally synthetic gene 
can bc introduced into an animal. H ow ever, 
transe;enic does not necessarily imp]y that the 
transgenc is from  a diffcrent genus.

B. How Transgenic Animals Are Made
In animals, gene transfer is accomplishcd by cloning 
thc desired gene, usually followed by injection o f  the 
cloned D N A  into a fcrtilizcd ovum  or zygote. This 
is illustratcd in Fig. 1. T he  round  structure show n in 
the center o f  the figure is a fertilized swine ovum. 
T h e  large pipctte at the right is attached to a vacuuni 
line to hold the ovum  in place. The  thin pipette in- 
serted at the left o f  the ovum  contains a solution o f  
thc cloned gene and is injecting copies ot the gene 
into a pronucleus o f  thc ovum . Both the paternal and 
maternal pronuclei are seen in the center o f  the ovum . 
The paternal and maternal genetic material will co- 
alesce, and in a small pcrcentage o f  the cases, a copy 
o f  the cloncd genc will become a part o f  the anim al’s 
genom e. Genes intc^rated into the genom e usually 
replicatc whenever the chrom osom e replicates, be-





h a v i n g  as a n v  o t h c r  í ;c n c  in  t h c  a n im a l .  In m o s t  cascs  
tho injcctcd 1ỊCI1C liocs not inte^rate into the rccipicnt 

ựcn.omc and is probably dcgradcci. For this and othcr 
rcasons, not m o r c  than I to 5 %  o f  the m ousc zvt;otcs  
i n ị c c t c d  d c v c l o p  in  Co t r a n s i Ị e t i i c  a n im a l s .  T h e  p r o d u c -  
tion of transgcnic agricultural aninials is even less 

e f t ì c i c n t ,  r a i i í Ị Ĩn g  t r o m  0.1 t o  a b o u t  0 . 5 %  o f  t l ic  in -  
ịcctcd zvi;otes.

c. Uses of Transgenic Animals

T he  applications o f  transÉỊCiiesis arc many, ranginiỊ 
tìorn the usc o f  short-uniquc D N A  scqucnccs as iden- 
titv markcrs in animal lines, to the introduction of 
transíỊcncs cxpcctcd to rcsult in morc eíĩicient animal 
p roductivity  as measurcd by a rcduction in the fccd 
to lỊain ratio or in taster t;rowth. Agricultural produc- 
tivitv may bc cnhanccd bv introducing gencs tor dis- 
casc resistance or tor thc cxtcnsion o f  the ecological 
ranu;c. For example, thc ccoloiỊÍcal rani»c may bc ex- 
t e n d c d  in to  c o l d c r  w a t e r  f o r  s o n i e  s p c c ic s  o f  f ish.  
M anv specics o f  fish produce antifrecze proteins th.1 t 
lcnver thcir treoziiiií points, allowint2; the fish to sur- 
vivc in coldcr vvatcr, bu t tho introduction ofantifrecze 
protcin tỊcnes into additional fish species will allovv 
thcsc íishcs to extend thcir ccological rangcs. N utri-  
tional enhanccments may be possible by the introduc- 
tiọn of tỊdics causinu;, c .g.. incrcascd proportions of 
unsaturatcd tatcy acids or decreased quantitics o f  total 
fat. The  agricultural applications o f  transíỊcncsis arc 
discussed in morc detail below.

Transgcncsis has .1 widc rangc o f  medical applica- 
tions. Scvcral o í  the traditional aiỊricultural specics 
arc beinc; nsed as “ pharm animais” to producc druíỊS. 
Bccause sonit' thcrapcutic agents are naturally oc- 
curring proteins or polypcptidcs, scientists can link 
the gcnes for thcsc drutỊS to a rcíỊulatory sequcnce 
spccifying exprcssion in a spccirtc tissuc such as the 
m am m ary  gland. The  milk then bccomes a source of 
a Iarge quantity ot d rug  which is rclativcly casy to 
isolatc. The  satety advantagc is even morc important 
than thc simpliíìed isolation. The harvesting oí druíỊS 
troni hum an  tissuc inhcrcntly brings with it thc dan- 
s*er o f  transmitting hum an diseascs through the drug. 
The transinission o f  AI]Ds to childrcn rcccivinẹ; 
blood-clottiní* tactors isolatcd from hum an serum is 
an cx.implc. The  isolation o f  hum an protcins from 
transgeiiic animals niakes the transmission o f  human 
intcctions tar less likely. Transgcnesis will also be 
used to prodưcc animal tissucs and organs suitablc 
for transplantation to humans. H uman ornans tor 
transplaination arc in vcry short supply. so the obịec-

t iv c  is t o  l ĩ c n c t i c a l lv  a l t c r  t l ic  a n im . l l  t i s s u e  t o  r c d u c c  
or cliniinatc rcjcction rcactiơns, incriMsiniĩ the avail- 
ability ot tissucs and oriỊiins suitahlc tor transplanta- 
tion. As w ũh  thc driiíỊs discusscd abovc, this would 
also reducc thc possibility ot discasc traiisniission 
trom transplants.

TraiiSiỊcnic animals are provins* to be vcry useíul 
as modcls o f  huinan diseascs. The “ Harvard inouse ,” 
the first transtỊcnic ammal to be patcntcci, is missini* 
a tu inor supprcssor ÍÍCI1C and develops tum ors. The 
niousc is usctul for studyinsỊ cancer. A sccond H ar-  
vard niou.se has rcccntly bcen patcnted and is usefi.ll 
tor studyintỊ bcnitỊii prostatic hypertrophy, a com - 
11)011 disease in older nialcs. The m ousc carrics a 
mrovvth tactor íỊenc with a controlliniỊ rcíỊÍon assuring 
that thc genc is cxprcsscd onlv 111 the prostate. This 
will bc usctul for detccting carcinoiỊcns and tor study- 
ing treatmcnts for prostatic hypcrtrophy.

In principlc, oncc a íỊcne for any hercditary hum an 
discasc is idcntiíìed, aniinal niodcls can bc gencratcd 
by introduciníỊ thc dctcctivc lỊcnc into an animal or 
simply bv usiniỉ gcnc targctintí (scc below) to disrupt 
the normal i;enc. The rocipicnt animal is sclectcd on 
the basis o f  a com prom isc bctvvccn thc casc o f  experi- 
mcntation and thc physiological similarity to hưinans 
tor thc purpose o f  studyiníỊ the proíỊ;rcssion ot and 
potcntinl trcatments tor the discasc. For instance, a 
lỊCiie for sicklc ccll ancmia has bccn introduccd in to 
a niousc, and thc mousc line is novv bcing used to 
coniparc altcrnativc trcatnicnts for tlic ancniia. T w o  
potential trcatmcnts are being cváluatcd. O n e  is to 
c o a t  t h e  r c d  c e l l s  w í t h  a c h c m i c a l  th a t  h c l p s  t h c m  

slip through blood clots. The  othcr is to induce the 
expression o f  thc fetal hemoglobin gcnc, a genc usu- 
ally turned o ff  aíter birth. Fetal hcmoc;lobin could 
carry oxygcn and dilutc out the sicklc hcmoglobin . 
Transgcnic animal models will be useíul for com par-  
ing the ctTcctivcncss o f  trcatmcnts.

In addition to treatintỊ discascs, transíỊenesis also 
otfers opportunitics for prcvcnting discasc. Scientists 
are attcinptiníỊ to introduce transgcnes that vvould 
prcvcnt parasitcs from entermg or m aturing  in intcr- 
mediate hosts, thus interrupting the ]ife cyclc o f  the 
parasitcs. World widc, malaria kills about a million 
children a ycar. Insecticides arc bccom ing less cttcc- 
tive aưainst the mosquito, the intermediatc host, so 
transgcnesis may offcr an iniportant altcrnative for 
controllin^ thc discasc by prcventiniỊ patho^cn pro- 
duction hy the mosquito. Siniilar cxpcriments arc 
bciniỊ conductcd on snails, intcrmcdiate hosts tor 
schistosoniiasis.



II. The Production of 
Transgenic Animals

The introduction o f  a new gcne into an animal re- 
quires a large am ount o f  the tỊene in pure form. This 
is achieved by cloning, the process of isolating and 
culturing a gene to producc the needed quantity in 
pure form. A briet’ovcrview o f  some pertinent princi- 
ples o f  molccular biology and cloning follows. The 
objcctivc is to explain somc basic principles with onlv 
enough technical details to make thc concepts clear. 
Additional details can be found in the materials refer- 
enccd.

A. Molecular Biology Background

The sequencc o f  nucleotide bases in D N A  contains 
thc gcnctic information. Each position in thc D N A  
is occupicd by One o ffo u r  bascs, adcninc (A), guanine 
(G), cytosinc (C), or thymine (T), and cach is chemi- 
cally linkcd to the prcvious and next basc in the strand 
by sugar-phosphate  bridgcs. (see gene segment in 
Fig. 2.) The two strands o f  thc D N A  đouble hclix 
arc held togethcr by hydrotỊen bonds betw een thc 
bascs. The geometry o f  thc hydrogcn-bonding 
groups in the bascs is such that adenine always pairs 
with thyminc, and guanine with cytosine, so the base 
sequcnce o f  thc initial strand automatically dctermines 
the sequetice o f  the complcmentary strand.

Most genes codc tor proteins, and protcins are 
uniquely determined by their amino acid sequcnces. 
Each scquence ot’thrce D N  A bases codes for an amino 
acid, so the sequcnce o f  nucleotide bases in D N A  
dictates the amino acid sequence in proteins. Some 
three-base sequences determine thc punctuation, cod- 
ing for starting or tcrminating thc formation o f  the 
protein chain.

D N A  is not “ translated” into protcin directly, but 
íirst produces a mcsseniỊer ribonucleic aciđ (m RNA) 
which leaves thc nucleus o f  the ccll and enters the 
cytoplasm where translation takcs placc. The m R N A  
has the same scqucnce as the codini* strand ot D N A , 
but uracil (U) replaces T. The íòrmation ot' m R N A  
is called transcription. The reading o f  thc messenger 
R N A  three bases at a time, translation, produccs the 
protcin specitìed by the »ene. Gene expression rctcrs 
to the production  o ft h c  gene product from  the ÍỊCIIC. 
The ra te o f  production o f  protein is retỊUỈatcd at the 
transcription. translation. and post-translational lev- 
els, but the nite o f  transcription is a direct assessmcnt 
o í t l ie  control o texpression at the iỊcne (1)NA) level.
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FIGURE 2 The ^enome seg m en t at the top ot the íìgu re sh o w s  
a D N A  d ou b le  h clix  w ith  its tvvo com p lem en tary  strands. T h e  
t w o  s t r a n d s  i ir e  h e lc l  t o g c t h c r  b y  h y d r o g e n  b o n d s  b e t w c c n  t h e  

con ip lem cn tary  base pairs. T h e  n u clc ic  acid bascs arc d csignatcd  
o n ly  ncar the restriction sites at thc en d s ot the seg m cn t, but cx ten d  
th rou gh  and b eyon d  the hypochctical sctím cnt sh o w n . T h e repre- 
sen tative restriction íragm en t vvoukl result trom  d igcstio n  o f  the 
^ e n o tn e  v v ith  a r c s t r ic t io n  e n z v m c  ca lle c i ISioR 1. LÌĨOÌU r e c o g n iz c s  

and cuts o n ly  betw een  the G and the A ot the seq u en ce  G A A T T C  
o f  the D N A  strand. Iỉccausc the seq ucnce cut is pa lindrom ic, the  
hases in th e tree s ingle-strandctỉ en d s com p lem en t o n c  anothcr, so  
thc ends can pair b y  h y đ rogcn  b on d in g . Such single-scranded etids 
arc called “ stick y” ends. Sticky ends allovv the D N A  íragm cn ts to  
be rcassem bled w ith  th ctnselves or w ith  D N A  ỉro in  oth cr sources  
cut by  the sam e rcstriction e n zy m c. A ftcr the tragm ents are assem -  
b led , a ligasc is used  co reíorm  the covalent b on d s cut b y  the 
rcstriction en zyn ies. T h e  stick y  cn d s can pair vvith the ends o f  
oth er  íragm ents or  can vvrap around and torm  a c lo sed  circle. T h e  
jo ỉn ts  can bc m ade cova len t by a ligasc. Bacterial plasm id s are 
cova lcn tlv  closed circular D N A  fra^m ents that are able to  rcplicate  
a u to n o m o u s ly  in th e  bacterial cell. W hen the p lasm id  is opened  
vvich BcoỉX 1, the s tick y  ends bond vvirh g e n o m e tVagm ents ío rm in g  
d o s e d  p lasm ids, each contain ing .1 g e n o m e tragm cnt. A fter treat- 
n ien t vvith a li^ase, the m od itìcd  plasm id s can be transíerred back 
in to  E.coìi b y  transtcction  and iạ;rown in larce am ou n ts. C o lo n ie s  
o f  bacteria carryinụ; the plasm ỉd w ith  the I»enc o f  interest can bc 
iso la ted  b y  v a rio u s  se lec tiv e  te c h n iq u es .

B. Cloning
ClonintỊ is the process o f  isolatina; and reproducing 
copies o f  thc 15NA carryine; a íỊcnc s nucleic acid 
sequence. The íỊenc must bc cloned so rhat the 
t r a n s í Ị e n c  is  a m a ị o r  c o m p o n c n t  o t  t h e  1D N A  i n j e c t c d  

into thc 2V ỊỊotc .  CloniniỊ is possible becaiise of two



kinds ot cnzymes that act on D N A , restriction C11- 
zyines and ligascs. Restriction cnzymcs cut D N A  
strands at specitìc sequences. M any cut at palỉndromic 
scqucnces, producino; unevcn cnds, as shovvn 111 Fig. 
2 tor a rcstriction cnzym c called trnR I. “ Sticky ends” 
a llow the l ) N A  íragm ents co be reassembled with 
thcmsclves or w ith  D N A  from other sourccs cut by 
the same restriction enzyme. Attcr the fraa;ments arc 
asscmblcd and hcld by basc pairing, a ligasc is used 
to re torm  the covalcnt bonds cut by the rcstrìction 
enzymes. This com bination o f  restriction enzymes 
and ligases makes it possible to disassemble a gcnom e 
and reassemble selectcd D N A  fragments as desired.

T o  clonc a mam m alian  gcnc, the D N A  rcpresenting 
the entire gcnom c o f  the animal can bc isolated from 
thc other cellular constituents and cut into restriction 
fragmcnts. (Fig. 2.) M any  restriction íragm ents o f  
varying lengths w ould  bc produced by the rcstriction 
enzymc. Ideally, each segm ent o f  the genom c w ould  
bc represented in thc restriction íragm ent rnixturc. 
T he  íragm cnt carrying the gcne to be cloned can be 
replicatcd using a plasmid that grow s in the com m on  
bacterium, Escherichia coli (E.coli). Plasmids are circu- 
lar pieccs o f  D N A  vvhich are able to rcplicate in E.coli  
indepenđently o f  the chrom osom e. Each E.coli cell 
can havc hundreds o f  copics o f  the plasmid pcr E.coìi  
chrom osom e. T h e  plasmid can easily be scparated 
from  thc ch ro m o so m e and can be clcaved w ith  thc 
restriction enzymcs. T he  resulting sticky ends can 
tom ! base pairs w ith  the sticky ends o f  the animal 
genom c ử agm en ts  produced  by thc same restriction 
cnzym c (Fig. 2). A ítcr  ligation, the rcsult is a group 
ot modiíìcđ  plasmiđs still able to replicate in E.coìi,  
but each plasmid carries a different scgm ent o f  the 
animal gcnome. T he  collection o f  plasniids can bc 
in troduccd into and g ro w n  in E.coli , increasing the 
nu m b er  o f  copies o f  cach o f  the animal chrom osom al 
fragmcnts. The collcction o f  plasmids is referred to 
as a gcne library. M any bacterial colonies m ust  bc 
tested to retrieve from  thc library at least onc colony 
carrying the plasmid w ith  the gene to be cloned.

T he  ử equency  ot plasmids in the library carrying 
the desired genc is low. I f  cach plasmid carries a piece 
o f  D N A  about the sízc o f  One gene, and thcre arc 
100,000 gcnes in the animal representing only 10% 
o f th e  D N A  (90% ot m am m alian  D N A  has no know n 
íunction), one w ould  ha ve to test at least a million 
plasmids to fìnd one carrying the ^enc being sought. 
This can be done by plating the bacteria carrying the 
plasmids onto  petri plates so individual colonies can 
be cxannned. Each colony contains p rogcny  trom  a 
single parcntal bacterium  carrying idcntical plasmid,

i.c., all of thc plasmids in a sìhíịịIc bactcrial cell arc 
idcntical, so cach colony rcpresents a sint;]e plasmid. 
Rapid techniqucs arc available to scrcen colonics a 
plate-tull at a time by lookina; for 1)N A that anneals to 
a radioactive or othcr suitably labclcd probc carrying 
a D N A  sequcnce complem entary  to the £Ịcne. The 
selection is usually dcsigncd so that the desired colo- 
nies arc a different color or are otherwisc clearly dis- 
tinguishablc írom  the overw hclm ing num ber ofback-  
ground  colonics. Whcn a colony carrying the gene is 
found, it can be g row n  in culturc, the plasrniđ D N A  
isolatcd, and the genc rcm ovcd troni the plasmid with 
the rcstriction cnzymc, and separated frotn the re- 
maining plasmid D N A . The result is a relatively large 
quantity  o f  the desircd gcne in pure Ếorm. This D N A  
can be used to produce a transiỊenic animal.

c. Introduction of the Transgene

At present, cm bryo  injection (FitỊ. 1) is widely uscd 
for in troducing D N A  into fertilized ova, but othcr 
altcrnatives otTer advantages. In chickens the fertilizcd 
ova are not readily available because the shelled eni- 
b ryo emergcs at a mu ch later stage o f  deveiopnicnt. 
Retroviruscs have bccn used to introduce D N A  into 
chickcn em bryos bccause these viruses infect m any 
o f  the em bryonic  cclls and intcgratc into thc host 
g cnom e carrying thc transgene. Likc the plasmid dis- 
cussed abovc, rctroviruscs can be m odihcd  to carry 
transgenes. Retroviruses integrate at nearly random  
singlc chrom osom al sites and insert a sintỊỈe copy o f  
thc transgene. Retroviruses niight be m ore  vvidcly 
used in agricultural animals, but the size o t 'the  D N A  
thcy can carry is relatively small and there are conccrns 
about the possiblc rcversion o f  the inactivated retrovi- 
rus producing iníective virus particles which may in- 
fect o ther  animals. A lthou^h such evcnts are ex- 
tremely rare, the usc o f  retroviruscs in food animals 
has not been wide]y pursucd.

The in troduction o f  rccombinant D N A  into ova as 
a h itchhiker stuck to the outside o f  spcrmatozoa has 
not been reproducible in m ammals, but does show  
promisc in fìsh. Fish sperrn wcre incubated w ith  
transgene D N A  and addcd to suspensions o f  eggs. 
The D N A  was incorporated into the genom c o fab o u t  
30% o f  thc treatcd cggs. The  authors o f  this study 
confirmed inte^ration into the genom e by dem onstra- 
ting transmission o f  the transgcne from  some ot' the 
fish th rough  tw o  gcncrations. This tcchnique is par- 
ticuiarly casy in fìsh bccause thc CÍ̂ ÍÍS are normally 
fertilizcd extcrnally. T he tcchnique will also be useíul



in land aniniạls if reproduciblc incthodoloiỊỴ can bo 
toimđ.

The introduction ot transíỊencs throusíh em bryonic 
stem cclls otters major advantaiỊes. Embryonic steni 
cells arc unditTcrcntiated cclls rcmovcd from vcry 
youniỊ cmbryos at a staỉỊC callcd tlic blastocyst. U ndit-  
tcrcntiatcd mcans the cells arc ablc to IỊĨVC risc to a 
completc embryo, i.c., thcy are totipotcnt. The stem 
cclls arc treatcd with tlic transgcne D N A  and propa- 
íỊíitcd in tissuc culture. SĩnlịIc transgcnic cells trom 
tho culturc can bc implantcđ back into yoiim* enibrvos 
by micromanipulation rcsultiniỊ in trans^enic animals 
with mosaic pattcrns ot cclls bccause only the cells 
derivcd tro 111 thc rcimplanted cells carrv thc 
t r a n s g c n c .  S tu d ic s  s l i o w  chat  th c  m i c r o m a n i p u l a t i o n  
rcquircd to inject cmbryonic stem cclls trcatcd with 
1)NA int.0 a blastocyst can bc dimiiuneđ hy ađdintỊ 
tlic treatcd stcm cclls to morula-staiỊC embryonic cclls 
in culture. The stem cclls attach to the outsidc ot 
the niorula, but as devclopment continucs, thcy bc- 
comc part o f  thc iimcr cell mass tron) which the 0111- 
bryo proper dcvclops. Tliis methođ simplitìcs the 
teclmiquc by climinatiiiỉỊ the nccd to manipulate 
blastoeyst-staiỊC cmbryos, vvliich arc morc diíĩicult to 
handlc. Both tcchniqucs produce mosaic aninials, 
but íỊcrm linc cells arc trcqucntly transtỊcnic, so tully 
t r a n s g e n i c  a n i m a l s  c a n  b e  o b t a i n c d  f r o m  s u b s c q u c n t  
iỊcncrations.

Otlier teđiniques applicablc to cdl culturcs can bc 
uscd \vith cmbryonic stcni cclls. The hulk tcđmiqucs 
uscd to introducc D N A  into cells in culture can bc 
uscd to introducc ]1NA into stcm cclls. These includc 
the usc o f  a D N A  calciiiii) phosphatc prccipitatc or 
DEAE-dextran  for prcscntiniỊ the D N A  to the cclls 
for uptake or electropomtion, thc usc o f  clcctric cur- 
rents. Gcnes can also bc introduccđ into cclls ballis- 
ticallv. Small particlcs coatcd vvith D N  A arc propelled 
trom  special jcts by air prcssurc or bv clcctropropul- 
sion and shot into cclls. This technique has becn 
vvidely used in plants, ;ind thc process has bccn pat- 
entcd for use in animals.

Cell selection can bc used to tnriỊCt a transtỊcnc to 
any locus in tho recipient lỊcnomc, a proccss callcd 
ạciii' taiỵctinạ. Cells w ith  the transẸỊCiie ÌHtCÉỊrated at 
a desired sitc OI1 the chromosome can bc selcctcd by 
dcsi^ning tho vector vvitli a "rcportcr lỊcne,” which is 
exprcssed only by cells in which thc desircd inscrtion 
cvcnt has occurrcd. Thus, it is possiblc to sclcct cells 
with spccitìc rccipicnt ÍỊCIICS that ha ve hccn intcr- 
rupteđ by transiỊene inscrcion. These spccirtcallv sc- 
lcctcd “ knockouts” can be uscd to determine the tunc- 
tion o f  a knó\vn ycnctic locus. Genes ot the rccipient

can also be replaceđ by homolotỊOUs transtỊcncs car- 
ryiiiiỊ small changes to study the etYcct ot minimal 
chantỊcs SLich as siniỊỈc base chantỊOS 011 gcne tunction .  
Knockouts and replacemcnts arc contríbutinq heavily 
to  the un d c rs ta n d m g  o f  dcve lop inen ta l  and physio -  
lotỊÍcal processcs.

Embryonic stem cells provide an avenue for the 
introduction o f  ycast arntìcial chromosomcs (YACs) 
into animal g c n n  lines, permittiníỊ the introduction 
ot vcry large picccs oftransgcne D N A .  In the plasmid 
clomníí describcd abovc, the size o f  the 1)NA inscrt 
has an uppcr limit ot about 10,000 base pairs. YACs 
can carry picccs o f  D N A  ovcr a million base pairs in 
lcntỊth. This is an im portant capability because Sonic 
e;cncs and their rcíỊuhitorv reiỊÌons arc verv ditTuse, 
and transícrriniỊ the 011 ti re reiỊĨon may be im portant to 
achicve appropriatc cxpression. YACs contain gcnctic 
clcmcnts tliat allovv them to bo roplicatcd in ycast as 
another ycast chroinosónic, hencc thcir namc. YAC 
] ) N A  can be scparated tro I1Ì the rcst o f th e  ycast l ) N A  
and injectcd into zygotes as abovc, but the largest 
picccs o f  D N A  arc ditTìcult to hanđle and are trans- 
tcrred by dircctly tusing yoast cclls containina; many 
copics o f  thc YA C vvith cmhrvonic stcm cclls. Very 
lartỊe picccs o f  D N A  arc incorpoiMtcd into thc cmbry-  
OI1ÍC stcm cclls and may bc transtcrrcd to protỊtny 
wlicn the stem cdls givc riso to the (»crm line cclls.

Surprisingly, gcncs can be cxpresscd aftcr thc dircct 
hypodermic irỹcction o t  l )N A  into somatic tissues. 
D N A  codintí for an enzyinc \vas exprcssed in niouse 
mụsclc cells surroundinạ; the iĩýection sitc. Exprcs- 
sion o f  tlie cnzymc pcrsistcd for at least 30 days attcr 
iiýcction. When the nicsscniỊcr RNA tor thc same 
enzymc vvas irỹected, cnzym e activity peakcd at 
18 hr and fell to about 3% ot' the peak Ievel bv 
60 hr. Although thc R N A  had a short half-lifc, the 
D N A  pcrsistcd in the cell and was cxpressed, but was 
not intctỊratcd into tlic chromosome. D N A  has also 
been inscrted into somatic tissues by particle bom - 
bardment tcchnology. In this Gxpcrimcnt D N A  was 
coatcci on the surtace ot tiny gold bcads so that 10,000 
copies o f  thc qcne werc present OI1 each particlc. The 
partides wcrc accelcratcd by clcctromotivc torcc iuto 
l i v e r ,  skin, a n d  n n i s c l e ,  ca ch ot' v v h ic h  s h o w e d  SÌ£Ị- 
niíìcant cxprcssion o f  thc gcne.

Dircct injection tcchniqucs hold i^reat promisc tor 
vaccincs. To vaccinatc, thc D N A  coding tor a viral 
protein can be injectcd into a musclc. The nuisclc 
cells take up thc I )N A and producc thc viral protcin 
vvhich is rccot!;]iizcd as toreiíín and stimulatcs an im-  
imine rcsponsc. Thcrc arc spccial advantaiỊcs tor vac-  
cincs against influcnza, bccanse thc influcnza sưrtacc



protcins diansiỊC rapidly as a rcsult ot imitations cn- 
abling viruses to cscapc the antibodics. The influcnza 
virus miclcoproteins do n o t  change, but the nuclco- 
protcins are not exposed 011 the viral surtacc and arc 
not accessibk' to antibodics. D N A  inịcction results in 
thc intracclhilar p roduction  ot tlic nucleoprotein, and 
this stimulatcs a ccllular in im une response to the vi- 
rus. The íbrciíỊn intracellular proteins stimulatc the 
rcsponsc to ìnícction by a subdass ot whitc blood 
cclls callcd the cytotoxic  T  cells. Sincc niost influcnza 
viruses have the sanie nuclcoprotcins, a nuclcoprotcin 
vaccinc should protcct against infection by a heterolo- 
gous virus, i.c., a virus w ith  a đifferent suríacc pro- 
tein. AlthouiỊh the niechanism is somevvhat specula- 
tivc, protcction aựainst a challentỊc by a heterologous 
influcnza virus has bccn domonstratcd in micc. An- 
o thcr  advamaiỊc o f  1)N A  vaccines is thcir lỊreatcr tem - 
peraturc stability. Whole ccll vaccines and protcins 
arc m orc  tcnipcrature scnsitive than D N A .

Intravenously injccted l ) N A  is also expressed in 
tissucs. The  D N A  was prcscntcd in liposomcs, artirt- 
cial n iem bnm e vcsicies, to prom otc  the entry o t ' l )N  A 
into oells. Attcr intravcnous injcction into micc, the 
ÍỊC11C was cxpressed in man y tissucs, includintỊ hcart, 
Kiiiiị, livcr, lympli nodcs, and othcrs. Expression con- 
cinued for at lcast 9 vvceks. 1)NA linkcd to molcculcs 
tliat bind speđíìc  cell rcccptors can be dircctcd to 
spccitìc tissiics. Thesc soniatic ccll techniques may be 
particularly usefi.ll as a diíĩercnt approach to g row th  
p rom otion  in animals. T he  introduction o f  a 
transgcnc cỉurniíT a late statỊc o f  grovvth rathcr than 
at thc embryonic  stam' may be less likclv to causc the 
kinds of Health problem s sccn in the transgcnic pigs 
(see bclovv). This tcchnology  opcns a new avcmic to 
lonỉỊ-actinỉỊ therapeutics.

D. The Control of Gene Expression

The introduction of a transiỊene is o f  no value unlcss 
thc tỊCiit’ is expressed (cxccpt for knockouts). Oncc 
intce;ration ot thc ÍỊC11C has beeii cstablishcd, expres- 
sion is lietermined by measuring the am ount o f  spc- 
cific messcnger R N A  o r  m ore  directly by mcasuriniỊ 
thc a inoun t of "cne produc t tbrnicd. Gcnc expression 
is rcíỊulatcd at thc transcriptional, translational, and 
post-translational levels, bn t the discussion here is 
limitcd to rec;ulation o f  thc production o f  m R N A . 
The regulation o f  tỊcne expression is biologically criti- 
cal. All thc tissues ot rhe body , c.g., musclc, and livcr, 
contain the samc tỊcnctic in torm aũon. DitTcrcnccs 111 
thc IỊCIICS cxprcsscd  in cach tissuc arc vvhat đistintíiúsh 

onc tissuo trom another. T h e  tissuc distinctions arc

mađe duriny; cnibryolotỊĨcal dcvclopmciit as the vari- 
ous tissucs ditterentiate. Oncc ditĩcrentiation lias 
takcn placc, thc pattcrn of cxpression usually rcmains 
constant, although lcvcls ot cxprcsscd i;cncs clian^e 
in responsc Co physioloiỊÍcal chaniỊcs. For example, 
vvhcn ơlucosc is prcscnt in the dict, insulin is rcleased, 
and insulin turns oft' thc production o f  a critical en- 
zym c rcsponsiblc tbr thc íbrmation ot' glucose tro  111 
amino acids, phosphoenolpvruvatc carboxykinasc 
(PEPCK). M any cnzyme levds chaniỊe in rcsponse 
to mctabolic shiíts. In u;cncral. rapid chantĩes arc ac- 
complishcd by activating preexisting cnzymcs by co- 
valent chaniỊcs or by structural chan^es induced by 
small moleculcs. The slower hour- to -hour  changcs 
are accomplishcd by chan^iniỊ the lcvel o f  gcnc e:<- 
prcssion. Physiological ba 1 a 11 cc or homcostasis is lab- 
yrinthine, and thc rciỊulation ot Ị*ene cxpression is an 
i m p o m n t  part o f  thc homcostatic systcm.

The complcxity ot transcription control is illus- 
tratcd by tw o  typcs ot rcgulatory regions, prom oters  
and cnhanccrs. 1’romotcrs arc locateđ just in tront o f  
thc beíỊinniiiỉT o f  thc codint; scqucnce o f  thc structural 
tỊcncs, and contain the binđintí sitc on rlic D N A  for 
the I^NA polymcrasc. Prom otcrs arc located ju s t  in 
íront o f  thc bc^inninií o f  the coding sequcncc ot thc 
structural gciics and contain thc binding sitc on the 
1)NA for the R N A  polvmerasc. Proniotcrs also have 
binding sitcs for trans-acting protcins produccd clse- 
whcrc Í11 the genorne that arc csscntial for thc activa- 
tion ot transcription. '/Víiiư-actiiuỊ protcins, also callcd 
transcription íactors, trcqucntly activatc transcription 
only in the prescncc ot hormoncs, grow'ili tactors, or 
o thcr inducers. For cxamplc, the g ro w th  h o rm onc  
pronio tcr  is activatcd by thyroxinc. Thcse kinds o f  
in tcrhorm onal interactions arc cssential tor m ain- 
tainino; the cndocrinological balance. T he  metallothi- 
oncin p rom otc r  is turned on only in thc presence ot 
zinc ion or othcr licavy mctals and has becn uscd to 
niakc transgenic animals vvith grovvth horm one  lcvcls 
tliat can be dcvatcd  by tccding zinc ion.

Enhancers also bind transcription íactors, but may 
bc located vvithin the ẹenc, or m uch íarther from  the 
gene than prom oters citlicr in front o f  or bcyond the 
tỊenc. Enhanccrs activate tỊcnc exprcssion and are also 
responsiblc for tissuc-spccific cxprcssion. Tlicy havc 
bccn uscd to direct thc expression o f  (Ịenes producing 
thcrapcutic aiỊcnts to thc m am m ary  qlands in 
transsỊenic animals.

T w o  kinds o f  control rciỊÌons possiblv relatcd to 
hiỉỊhcr-ordcr chroniosom c structurc are im portan t tor 
transiỊcnc cxprcssion. TransíỊcnic toundcr animals 
carryino; idcntical transtỊCiics vary vvidoly in thc lcvcls



o f  transgenc cxprcssion. Transgenes intcgratc by 1 1 0 1 1 - 
h om ologou s recom bination at random sites in the 
chrom osom e, írequcntly in tandcm  arrays (i.c ., m ul- 
tiplc repeats ot the sequence). DiíTerenccs in lcvels 
o f  cxpression do not correlatc w ith  thc num bcr o f  
gene copies in the tandem  arrays and havc becn as- 
cribed to the position o f  integration in the genom e. 
Locus control regions (LCRs) and matrix attach- 
m ent reiỊÌons (M ARs) stim ulate the transcription o f  
transgcncs, m aking transcription indcpcndent o f  the 
position o f  transgcnc insertion and proportional to 
the num ber o f  gcnc copies. The LCRs, w hich  arc 
speciíìc to the family o f /3 globin genes, contain m ulti- 
ple binding sitcs for gencral and sp cđ íĩc  transcription  
íactors and im prove tissuc specificity. M ARs, contain  
the sitcs at w hich the nuclear matrix or scaffold pro- 
tcins bind to the chrom osom cs. Both M A R s and 
LCRs may stabilize the open fo n n  o f  the ch rom osom c  
making it available to fnj(ii-acting tactors csscntial for 
cfficicnt position-indcpendent transcription. For cx- 
ample, whcn the whcy acidic protcin gene, a milk 
protein genc, was introduced into mice, thc lcvel ot 
cxprcssion varied w ith thc sitc o f  integration and did 
not behave as the endogenous tỊcne through thc lacta- 
tion cy đ e  and in responsc to horm oncs. W hen the 
samc sequence was introduced adịaccnt to a M AR, 
cxprcssion becam c position independcnt ot the site ot 
intcgration and, in m ost lincs, m ore closcly parallclcd 
the cxpression o f  the endoc;enous gcnc throutỊh the 
lactation cycle. Whatever tlic mcchanisms, LCRs and 
M A R s are likcly to be Iiseíul íồr controlling gene 
expression in transgcnic animals.

III. Agricultural Applications 
of Transgenesỉs

T he agricultural applications o f  transgenesis in ani- 
mals were stim ulatcd by the appearance o f  thc tvvice- 
norm al-size transgenic m ouse on the cover of Nature 
(London) in 1982 (FiíỊ. 3). The picturc cxcitcd the 
imaGỊÌnation o f  animal scientists, because it provcd  
that a íírowth horm onc gctit' from one species, a rat. 
could bc transferređ to another species, a m ouse, and 
produce the expccted phenotypic chansỊt" in the ani- 
mal. lt secmcd that g row th  horm onc and other gcncs 
could bo transíerred to farm animals to im prove pro- 
ductivity. Many íỊrovvth horm one tỊcncs havc becn 
transíerrcd into sw inc and shcep, but uníortimatel V 
the animals that expressed the gencs displavcd one or 
m orc scquelac w hich prccluded their use as productive

agricultural animals. T hcy displaycd pathological 
conditions w hich  occur naturally, but w ere o f  greater 
trcqucncy and intensity in the transgcnic anim als. T h e  
patholoíỊy included lam eness, gastric ulcers, k idney  
disease, and infertilitv. T he requirem ent tor general 
good  hcalth in productive animals apparently lim its  
the physioloíỊÌcal phenotypic extrem es attainable 
from  eithcr classical selcctivc breeding or from  trans- 
genesis. T he expression o f  a transiỊene m ust be tightly  
controllcđ to maintain the animal vvithin a p h y sio lo g i-  
cally acccptable rantỊC.

Data from  injccted grovvth h orm one indicate that 
in som e animals niilk production is increased, the 
meat is lcaner. and the feed ctYicicncy is enhanced. A 
w cll-regulated grow th  horm one transgcne could bc 
bcneficial, but attcm pts to rc^ulate the gcnc have not  
bcen successíul. In somc attcnipts the genc was linked 
to a metallothionein promoter, a p rom oter  that turns 
expression o f  thc gene on in response to elevated lcvels 
o f  zinc ion. Becausc the ettects ot' íỊrowth ho rm one  
are less dclctcrious during the later stagcs o f  grow th , 
thc idca w as to add zinc to the feed in a later stagc of 
grow th  and reap the bcnchts w ith ou t thc undesirablc 
cffccts. This worked well in mice, but piíỊS and shecp 
w cre less responsive to thc m ctallothioncin  prom oter. 
A fcw  cxpcrim ents have bccn done w ith  othcr C0 1 T1 - 
ponents o f  the g row th  horm one  systcm, g row th  
horm onc-releasiníỊ tactor (CỈRF) and insulin-likc  
growtli factor-l (ICÌF-1). (ÌRF is made in the hypo-  
tlialanius and stiniulatcs the rdcase o f  grow th  hor- 
m one from thc pituitary. The hum an GRF gcnc ex- 
pressed in pigs did not stim ulate e;rowth horm one  
lcvcls, probablv because three amino acids were 
cleaved from  thc amino-terminal cnd o f  the GRF. In 
shecp, s;rowtli horm one  levels wcre increascd and 
resulted in thc same eííects as g row th  horm one  
transgencs. IGF-1 is produced in livcr and other tis- 
sues in response to ẹ;rowth horm onc and is rcsponsible 
for m any o f  the horm otic’s ctTects. Unfortunately, 
not cnough data are available to make any conclusions 
about the effccts o f  IGF-1 transgene in tood  animals.

N aturallv occurnna; nuitations causc “double- 
m uscled” animals w ith , as the nam e im plics, nearly 
tw ice the norm al lcvcls o f  m uscle. T hesc arc som e-  
w hat likc w hat the animals grow th  h orm onc m ight 
iđeally producc, but bcrausc the increased m uscling  
bcíỊÍns during em bryonic d evelopm ent, thc lar^e íctus 
causes dclivery problem s. U nless the increased m uscle 
dcvclopm cnt can be dclayed until atter birth, thesc 
natural m utations vvill have littlc com m ercial value.

Transgenesis in fish show s ụ;rcat prom ise. Grovvth 
h orm onc £?enes ha ve bccn transterrcd into about 10



FIGURE 3 S h o u  s tvvo sibliniĩ malc micc. T h e  mousc on the lett carrics iì rat grovvth h o rm o iic  tĩCĩio fuscd ti) iì incu l lo th ionc in  control 
rcg io n . r h c  n iousc  vvith the tran sẹcn c  wcÌ£;hs 44 ỉ*. T h e  co n tro l siblinii w ciíĩh ts 29 ư. IThe pliotoi»rnph w as takcn  by u . L. B rinstcr. 
R c p r o d u c c d  w i th  p e r m i s s i o n  t ' ro m  P a ln i i tc r ,  R. L. D r in s tc r ,  u .  E. H a m m e r ,  M .  E. T r u m b a u e r .  M .  ( ì .  R o se n tc ld ,  N .  G . B irnber íỊ ,  and  
R. M . Evans. (1982). Nature 3 0 0 , 6 1 1 - 6 1 5 .1

điỉTerent spccics o f  íìsh. A salmon írrovvth horm onc  
genc linkcd to an antifrcezc protein p rom oter  pro- 
duccd transgcnic fish that wcrc six timcs larẹer than 
the control population at 26 m onths o f  age. Iníorma- 
tion is not yct availablc on thc cransmissibility o f  the 
ÍỊC11C or 011 the gcneral and rcproductivc Health o f  the 
fìsh. Nevcrtheless, the initial data arc proinising, and 
cxperiments vvith fish are far easier and less expensive 
than vvork vvith farm animals.

In tarm animals, enhancors specitying gcne cxpres- 
sion in speciíìc tissue have becn useful. For exam - 
plc, pharmaccutica] protcins such as clotting íactors 
and tissue plasminoe;en activator can be produced at 
very high concentrations in milk. Dircctcd cxprcssion 
can also be used to im prove  feed utilizatiou. The ex- 
prcssion oí the lỊenc tor the cnzymc cellulasc was 
directcd to the pancrcas in mice. T he  result was mice 
sccrctiniỉ cellulasc into tho intestinc alont; with the

norm al com plem ent o f  digestive enzymes. Monoíías- 
tric animals do not normally producc ccllulase and 
are unablc to digest ccllulosc in plant matcrials. With 
ccllulasc in thc digestivc ịuices, thc micc will makc 
m ore  etĩicicnt usc o f  plant Ếccds becausc they will be 
able to digest the cellulose com poncnt. T he ccllulase 
transgene m ight also im provc the teed efficiencv ot' 
svvine. Ruminants arc naturally ablc to diíỊest cellulose 
because ot' microorganisms in the rum en that contain 
ccllulase.

TargetiníỊ gcne exprcssion to spccific tissues will 
also be uscd to changc the composition o f  milk itsclf. 
Increasine; the casein content ot niilk w ould improvc 
its usc for the production o f  chcese. Accordin^ to a 
1990 cstimate, incrcasing the casein contcnt by 20% 
could savc thc dairy industry 190 million dollars. Be- 
cause h u m a n  m i l k  h a s  l o n s ;  hoen the s Ị o l d  S t a n d a r d  

tor intant tormula, produccrs arc attemptintỊ to makc



c o w ’s m i l k  m o r c  l ik e  h u m a n  m i l k .  C o w ' s  m i l k  c o n -  
t a i n s  v c r y  lovv c o n c c n t r a t i o n s  o f  t h e  p r o t c i n  l a c t o í c r -  
r in  c o m p a r c d  t o  t h e  a m o u n t  p r c s c n t  in h u m a n  m ilk .  
B y  i n t r o d u c i n i*  a  h u n i a n  l a c t o t e r r i n  í Ị en e  i n t o  c o w s  
w i t h  i ts  e x p r e s s i o n  d i r c c t e d  t o  t h e  u d đ e r ,  t h e  c o w ’s 
m i l k  w i l l  b c  m o r c  h u m a n  l ik e .  M i l k  f r o m  s u c h  h e r d s  
c o u l d  b e  u s c d  t o  p r o d u c e  i n f a n t  t b r m u l a .

A n  A u s t r a l i a n  g r o u p  is a t t e m p t ú i í Ị  t o  c n h a n c c  w o o l  
p r o d u c t i o n  b v  i n c re a s in ẹ ;  t h e  l c v e l  o f  t h e  a m i n o  a c id  
c y s t c i n c ,  w h i c h  is l i i n i t m g  f o r  w o o l  p r o d u c t i o n .  T h e y  
a r c  i n t r o d u c i n i Ị  i n t o  s h c e p  ÍỊCIICS t o r  b a c t c r i a i  e n z y n i c s  
f o r  t h e  b i o s y n t h e s i s  o f  c y s t d n c .  In  m a m m a l s  c y s t e i n c  
is s y n t h c s i z c d  f r o m  t h e  a m i n o  a c id  m e t h i o n i n e  w h i c h  
is r c q u i r c d  in t h e  d ic t .  B a c t e r i a  s y n t h e s i z e  c y s t e i n c  
f r o m  s e r i n c ,  a n  e i u i o g c n o i i s l y  s y n t h c s i z c d  r c a d i ly  
a v a i l a b l e  a m i n o  ac id .  B y  t r a n s t e r r i n g  t h c  t w o  n e c e s -  
s a r y  c n z y m c s  t r o m  b a c t c r i a  i n t o  s h c c p ,  c y s t c i n c  w i l l  
b c  i n c r c a s e d  a n d  m a y  in c r e a s c  w o o l  p r o d u c t i o n .

S c i c n t i s t s  a r c  a l s o  c x a m i n in e ;  a n u n i b c r  w a y s  to  
i m p r o v c  d i s c a s c  r e s i s t a n c c  in t a r n i  a n i m a l s .  O n e  
m c t h o d  is t o  i n s c r t  t r a n s ự c n e s  c o d i n g  f o r  v i ra l  c o a t  
p r o t c i n s  i n t o  t h e  t Ị c r m  l in c .  P r c s u m a b l y  t h e s c  c o a t  
p r o t c i n s  o c c u p y  t h e  v i r a l  r c c e p t o r s  o n  t h e  ccll s u r t a c e  
w h e r c  t h c  v i r u s  n o r m a l l v  a t t a c l i c s  t o  t h c  ccll  p r e -  
v e n t i n g  t h e  a t t a c h n i c n t  o f  rcal  v i r u s e s .  T h i s  h a s  b c c n  
s o m e v v h a t  s u c c c s s í u l  in p r e v e n t i n g  s o m e  d i s e a s e s  in 
c h i c k e n s .

S t r a t e q i c s  f o r  d i s e a s c  r e s i s t a n c e  h a v c  c v o l v c d  w i t h  
animals, as cxem plitìed by intcrfcrons and thc niousc  

M x l  ÍỊCI1C. [n niicc, thc expression ot a ” 01)0 called 
M x l  is i n d u c c d  b y  v i r a l  i n í c c t i o n  o r  b y  i n t c r í c r o i i .  
E x p r c s s i o n  o f  t l ie  q c n e  p r o d u c e s  r c s i s t a n c c  to  i n t c c -  
t i o n  b y  i n f lu e n z a  v i r u s .  T h e  i n o u s c  M x l  l Ịcnc  l in k e d  
t o  t h c  i n f l u e n z a - s e n s i t i v c  p r o m o t c r  h a s  b c c n  t r a n s -  
t c r r c d  i n t o  p ig s .  T h e  piiỊS h a v e  n o t  y e t  b c c n  challcnụ;cci 
w i t h  v i r u s  t o  t e s t  i m m u n i t y  t o  i i i f lu en z a .

B c c a u s c  i n t c r t c r o n  p r e v c n t s  v i r a l  i n f e c t i o n s ,  s c i c n -  
t i s t s  h a  v e  c o n s i d c r c d  in đ i i c i i i i í  d i s c a s c  r c s i s t a n c c  b y  
i n t r o d u c i i n Ị  a n  i n t c r t c r o n  g e n c  t h a t  is c o n s t i t u t i v c l y  
c x p r c s s c d ,  ( i . c . ,  c x p r c s s c d  in  t h c  a b s c n c c  o t ' a  s p e c i h c  
i n d u c c r ) .  U n t b r t u n a t e l v ,  i n t c r t c r o n  is t o o  t o x i c  t o  b c  
c o m p a t i b l c  w i t h  c o n s t i t u t i v c  c x p r e s s i o n .  H o w c v c r ,  
in  t h c  n i o u s e ,  h i i n i a n  i n t c r t c r o n  is les s  t o x ic ,  a n d  
t ransE Ịcn ic  i n ic c  c x p r c s s i n i Ị  a h u m a n  i n t c r t c r o n  g e n c  
w c r c  r e s i s t a n t  t o  i n t e c t i o n  h y  t h c  p s c u d o r a b i e s  v i r u s .  
This suiỊtỊcsts that the tox iđ ty  ot' Ị3 intcrtcron can be 
c o n t r o l l c d  b y  a i n i n o  a c id  s e q u e n c c  c h a i i í Ịc s ,  a n d  t li is  
w o u l d  b e  a i ĩ r i c i i l t u r a l l y  u s e t u l  it h u m a n  o r  i n t c r t c r o n s  
vv ith  o t h c r  a m i n o  a c id  ch a i i íỊeS  v v o r k  in  svv in e .

T l i c  u s e  o t t r a n s s Ị C i i e s i s  f o r  h e r d  i m p r o v c m c n t s  h a s  
n o t  p r o í Ị r c s s c d  as m p i đ l v  as O ne  m i i Ị h t  l i a v c  i i r u i Ị Í n e d  

in t h e  m i d  198()s. T h i s  is ũ i r  a m i m b c r  o f  r e a s o n s ,  o n e

o f  v v h ic h  1S t h a t  s e l e c t i v e  b r e c d i t i s ;  r e m a i n s  a p o w c r f u l  

c o m p c t i t o r .  E v e n  a f t e r  a t r a n s i ĩ c n i c  a n i m a l  w i t h  u s e f u l  
c h a r a c t e r i s t i c s  is p r o d u c c d ,  i t  w i l l  still  h a v e  t o  b e  b r e d  
t o  c x p a n d  t h e  l i n e  a n d  t o  b e  c e r t a i n  t h e  t r a i t  is s t a b ly  
e x p r e s s e d  in  i ts  n e w  b a c k í ^ r o u n d .  D o m e s t i c  a n i m a l s  
a r c  f a r  m o r e  l i c t c r o z y g o u s  t h a n  m o u s e  l in c s ,  s o  a n i -  
nial-to-animal ditTerenccs can be lare;e. It a trait can 
be enhanced by sclcctivc breeding, transtỊcnesis is not 
likcly to bc com petitive. [Set’ Animal. B r e e d in g  a n d  

G e n e t i c s .  I
The cost o t 'p ro d u c in ẹ  transiỊcnic animals is high. 

T h e  c o s t  o f  a s i n ^ l e  t r a n s g e n i c  c o w  w a s  c s t i m a t c d  a t  
onc-halt' million dollars in 1991. The costs arc associ- 
atcd with thc husbanđiniỊ ot the animals, inđuding  
the ova donors and aninials synchronizcd 111 thc estrus 
cyclc as rccipicnts for thc inịccted zye;otes. Bccausc 
intcíỊration o f  tlic transgene is random in cach zyiỊOte, 
m a n ỵ  a n i m a l s  n m s t  b e  p r o d u c c d  t o  t ì n d  a t  l c a s t  0110 
cxprcssinu; the ỉỊcnc at the ritrHc lcvcl. The costs tor 
cows arc cspccially high because they are uniparous. 
Hovvcver, costs arc less for shcep which trequently 
t w i n  a n d  s t i l l  less  t o r  p i g s  v v h ich  avoraíỊC  a b o u t  10  
otYsprintỊ pcr littcr.

TechnoloíỊÌcal dcvclopmcnts are rapidly overcom- 
ini* somc of these obstaclcs. Gcnc targetiníỊ and the 
use o f  M ARs or LCRs arc likelv to rcducc the variabil- 
i t y  w i t h  i n r c g r a t i o n  s i tc .  B o v i n c  o v a  c a n  b e  r e m o v e d  
t r o  111 c o w s  a t  s l a u g h t e r  a n d  m a t u r c d  in  ư itro , g r e a t l y  
reducintí the nunibcr o f  animals that have to be kcpt 
on hand to niaintain thc supply ot ova. The ability 
to produce somatic ccll transíỊenics mav tLirn out to 
be far e a s ie r  than producing and selccting germ  line 

transtỊcnics. The introduction o f  D N A  intravcnously 
m a y  b e  as  c o n v e n i c n t  as USÌIIÍỊ a l o n i Ị - a c t i n g  d r u í Ị ,  in  
t h i s  c a se  vvith  t h e  p e r i o d  o f  a c t i v i t y  n i e a s u r a b l e  in 
days or vvccks ratlicr than hours.

IV. Food Saíety of Transgenic Anỉmals

T h e  etYect o t  t r a n s g c n c s i s  o n  t o o d  s a t e t v  is a n  i n i -  
p o r t a n t  c o n s i d c r a t i o n ,  b c c a u s c  m o s t  aạ ;r icu l tu ra l  a n i -  

n ia l s  c o n t r i b u t c  t o  t h e  f o o d  s u p p l y .  T h e  b c n c h m a r k  
for thc cvaluation o f  thc tood sạtcty ot transgcnic 
animals is thc tood satety of traditionally bred ani— 

mals. Selcctivc brcedinc; tor dcsirable traits lias bccn 
uscd for ccnturies and is not knovvn to havc produced 
unsatc lincs ot animals. This discussion ot f'ood satctv 
t o c u s c s  o n  c h o sc  t a c c t s  o f  tn ins íỊC i ies is  t h a t  d i s t in u ;u ish  
it  t r o  111 t r a d i t i o n a l  b r c c d in i Ị .  T h r c c  u n i q u e  t c a t u r c s  o t  
t h o  t c c h n o l o t Ị V  a r c  r c l o v a n t ,  t h e  t r a n s g e n e  i t s c l í ,  t l i c  

transiỊcnc product, and socondary ctĩccts arisiiiíỊ as a



r e s u l t  o t  th o  i i i t e í Ị r a t io n  « f  t h e  t r a n s m / n c  i n t o  t h c  ự c -  

nom c ot thc animal. Tlic transiỊcnc 1)NA scqucncc 
is nót likclv to bc of eoncern unless it is intcctious. 
T he l )N A  ot all thc aninials and plants we cat is 
iniỊCSted and diỉỊcsted \vith impimity. Evcn human 
O N A  troni the cclls ot thc nasopharynx and the diíỊcs- 
tivc tract is diíỊCstcd vvith the tood. Hazards \vould 
only rcsult trom the D N A  if'thc transiỊCiK’ vvcrc intec- 
tious and could replicatc and inẾcct cells in tlic gastro- 
intcstinal track or clscvvhcrc in the body.

The transíỊenc prođuct can bc thouiỊht o f  as a drug, 
and thc tood satctv o f  thc rtcsh evaluated as it would 
bo for an animal trcated vvith tho đruiỊ. T he  primary 
qucstions vvould conccrn thc to x iđ ty  o t ' th e  protcin 
and the concentration ot the protein in cdiblc tissưcs. 
As vvitli drutỊs, secondary ctìccts of the IỊC11C product 
imist also be considcrcd. M ost protcins arc not orally 
activc, but sonic tỊOĩK' products increasc the lcvcls o f  
o ther animal componcnts sucli as stcroids vvhich arc 
orallv activc. Becau.se the hinction o f  the í»cnc product 
is know n bctorc thc gcnc is selocteđ for transíer, thc 
phvsioloiỊĨcal systcms atTcctcd arc likcly to  be know n, 
and the sccondary ctTects can be evaluateđ. The trans- 
fcr ot a ÍỊC11C tròm  J k n ow n  ãlleriỊcnic orqanism into 
another ortỊanism is possiblc witli rccombinant tecli- 
nology because ot the ability to transtcr IỊC11CS across 
specics lincs. Unless it can be show n thnt the gcnc 
transterrcđ h o m  a know n allergcnic sourcc docs not 
codc tor the allcrgcn, consumers nnist be intormed 
tli.1 t thc allcriỊcn may be present in an uiisuspectcd 
tood. T he potcntial alleriỊenicity o f  protcins new in 
thc tood supply miiĩht bc prcdictcd by structural simi- 
larities to known alleriỊcns, but thc scicncc is not đe- 
vclopcd well enoiiííh to bc hiiỊhly prcdictivc.

T he  ctYccts o f  the intctỊration o f  the transqcne arc 
thc most dittìcult teaturc o f  transgencsis to evaluate. 
Bccausc transgencs integratc into thc iỊcnomc ncarly 
random ly by nonhoniolotỊous rcconibination, they 
can intctỊratc into thc middlc ot’ a host gene stopping

its cxprcssion (a knockout) or m to a lỉcne in a \vay 
th.1t incrcascs or dccrcascs its lcvcl oí exoression by 
puttinỉỊ it undcr the con troi ot the tr.uisẹcnc pro- 
motcr. Bccausc thesc cvcnts arc random , the conse- 
quenccs are not prcdictablc. Howi'vcr. siinilar evetits 
do occur spontancouslv from delctions, inversions, 
inscrtions, and point niutations dunne; normal repro- 
duction, and yct unsaíc lincs o f  animals trom  safe 
parental lincs liavc no t  bccn described. Unlikc plants, 
the com m on tbod animals do not produce substanccs 
that arc toxic to liumans in the toođ, but innocuous 
to thc aninial. Incrcases in orally activc substances 
su ch as stcroids are likely to bc reAected in the Health 
of che animal. O nly  chantỊcs in vitamin lcvels o r  othcr 
nutritional parametcrs arc apt to tỊO unnoticcd ií af- 
íccted, but this is also truc ot traditionally brcd ani- 
mals. At the prescnt staiỊc o f  tcchnolotỊÌcal dcvclop- 
ment, the satcty considcrations tor transsỊenic aninials 
a r e  s i m i l a r  t o  t h o s c  t o r  t r a d i t i o n a l l y  b r e d  a n i m a l s  o r  
anĩmals adniinistcrcd druuỊS.
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Glossary

A u to n o m o u s  e lem en t Transposablc clcment with 
all the tunctions ncccssary to self-cxcise and rcinscrt 
at new sitcs (sec Fií*. 5A)
A u t o n o m o u s  m u t a b i l i t y  Mutability that is con- 
trollcd at the locus, and đoes not nccd a sccond tactor 
C h r o m o s o m e  b re a k a g e  Brcakage induccd by a 
transposablc clcincnt; in the A c - D s  systeni, it occurs 
at a special đoublc D s  (seo FitỊ. 2C)
Reporter allelc Genc with a defectivc transposable 
elemcnt inscrt that rcsponds to an active clcmcnt (scc 
Fig. 2A)
T a g g i n g  (g en e )  Using a cloned element probc to 
identity and isolate a genc with a transposablc clcment 
inscrt for molccular studies
T a r g e t  s i te  d u p l i c a t io n  (T S D )  Duplicate o f  a host 
sequence induced on inscrtion o f  a transposable elc- 
mcnt at a gcnom e sitc (see Fig. 2A)
T erm in a l in v erted  repeats (T IR ) Scquence at the 
terminal cnds o f  the clement that havc 3 charactcristic 
num bcr o f  nuclcotides that identitìes a systcm (sec 
Fig. 4)̂
T e r m i n a l  m o t i f s  Serics o f  characteristic sequenccs 
relatcd to thc T IR  and cxtending on each end o f  trans- 
posable clcments (sce Fig. 5A)
T ransposab le e lem en t (T E )/tra n sp o so n  D N A
segment containiiiíỊ tunctions that inducc cxcision and 
transposition

Transposase Protcin product o f  a transposon that 
induccs excision
T ran sp osition  M ovement ot an clcrncnt troni One 
sitc on thc chrom osom c to a new sitc 
V ariegation  Chimcric sectors OI1 plant parts

T ra n s p o s a b lc  clcnicnts arc D N A  scgmcnts vvith a 
distinct structurc and tunction(s) that allow theni to 
transposc throughout thc iỊtnome. Their phenotvpic 
exprcssion is derivcd from the insertion o f  thcsc ele- 
incnts into gcncs whose íunctions are often inter- 
ruptcd, that is, a null phenotype. This can be followeđ 
by the excision ot' thc transposon out o f  the gcne, 
which allows thc tunctionintí o f  the genc and oftcn 
lcads to a wilđ-type phcnotypic cxpression. This in- 
scrtĩon followcd by cxcision results in varicgation. 
Tliis variegation is a distinctive typc reprcscnting a 
rc turn o f  tunction oí the lỊcne and can bc scen in all 
plant tissưcs whcre this gcne is phcnotypically ob- 
served to íunction. Forms o f  this varicgation are illus- 
tratcd in Fig. 1.

I. Phenotypes, Variegation, 
and Components

Originally identiíìed in the lBƠOs as “ cversporting” 
varietics and rcported by early biologists, including 
Charles Darwin, H. Lecoq, and T. A. Kniíĩht, this 
type o f  varicgation was tinally clucidatcd when 
Barbara M cClintock observed and then described a 
tw o-un it  interaction that caused thc breakagc ot"chro- 
inosomes. From this original observation, the com - 
ponents o f  this tw o-un it  intcraction werc then found 
to be the same com poncnts controlling thc varicgation 
ot num crous genes. Bv rclatinc; the brcakagc phenom - 
enon and the varieiỊation phcnotype, it vvas íinally 
dctermined to be caused bv thesc samc units. In toi-



FIGURE 1 Varied Vi i r i c t> a t io n :  (A )  kernels of '/.va n i íi y s ,  lứiii; 
(B )  Pctiiniii hyhridtt, itml a llc lc ; ( C )  Dalilia, horticiiltur.ll v a r ic ty ;  
( I ) )  CÌ/yíiiH'  nuIX,  Y m - I H .  [F ro n \ p. A .  P ctcrso n . (1 9 8 7 ). M o b ilc  
e lem en rs  in p la iu s . C R C ' C rir . R a ’ . I ’I:IIII S á .  6 , 1 0 5 -2 0 8 .1

l o w i n ( Ị  t h e  g c n e t i c s  o t  t h c s c  u n i t s  c a u s i n g  brcaka tỊO ,  
M c C l i n t o c k  o b s e r v c d  t h a t  t l icy  c h a n g e d  p o s i t i o n .  
T h i s  w a s  c o n í i r m c d  b y  t h c  d e i n o n s t r a t i o n  o f  t h e  
t r a n s p o s i t i o n  o t  t h e  b r c a k a g c  p h e n o m c n o n ,  t h r o u g h  
g c n c t i c  m c a n s ,  f r o m  o n e  p o s i t i o n  o f  t h c  c h r o m o s o m e  
t o  a n o t h c r ,  a n d  í in a l ly  t h c  n i ạ v c i n c n t  o f  t l ic sc  c lc -  
m c n t s  i n t o  n u m e r o o s  g c n c s  lead ỉne;  t o  v a r i e g a t i o n .  It 
vvas t h c r e í o r c  r e a d i ly  a c c c p t a b l c  t o  c o n c l u d e  t h a t  t h e  
v a r i c g a t i o n  o t  ÍỊC11CS w a s  r c l a t e d  to  t h e  b rcak a iỊO  p l i c -  
n o m e n o n  a n d  t h a t  t h c s c  u n i t s  causínÍT v a r i e g a t i o n  
w c r e  m o b i l e .  W i t h  t h c s c  o b s e r v a t i o n s ,  t r a n s p o s a b l e  
e l e m c n t s  vvcre  i n t r o d u c c d  i n t o  t h e  g c n c t i c  l i t c r a t u r e  
in t l ie  c a r l y  1950s.

A. Origin

M o s t  o t ' t h c  v a r i c g a t e d  ÌỊCIICS t o u n d  b y  M c C l i n t o c k  
a r o s c  o u t  o f  s t r a in s  o f  ( Ịen e t ic  m a t e r i a l  w i t h  c l i r o m o -  
s o m c s  t h a t  i n c l n d e d  a n  i n v c r s c  d u p l i c a t i o n  o f  t h c  s h o r t  
a r m  o f  c h r o m o s o m e  9 in  m a i z c  a n d ,  w i t h  t h e  r c s u l t i n t Ị  
c r o s s o v c r s ,  t h a t  u n d c r w c n t  c y c lc s  o f  c h r o m o s o m c  
b r i d g e s  a n d  b r e a k a g c ,  f o l l o w e d  b y  f u s i o n  o t  t h e  b r o -  
k c n  c n d s .  It is h y p o t h e s i z c d  t h a t  t h is  b re a k a e ;e  o t  t h c  
b r i d ^ c d  c h r o m o s o m e s  r c p r c s c n t e d  a s t r e s s  c o n d i t i o n  
a t t e c ú n s Ị  " e n o m e  p h y s i o i o g y  t h a t  i n d u c e d  u n k n c n v n  
e t í e c t s  t h a t  c a u s e d  th e  m o b i l i t y  o f  t h c s e  e l e m c n t s .  
M o s t  l ik c ly ,  a c t i v e  t r a n s p o s a b l c  c l e t n c n t s  \ v e r e  a l -  
r e a d y  p r e s c n t  in  t h c  ơ c n o n K '  b u t  t h c  s t r e s s  c o n d i t i o n s

c i i h a n c c d  th e  n i o b i l i t y .  T l i i s  d o c s  n o t  i m p l y  t h a t  t h e  
o r i ^ i n a l  t r a n s p o s a b l c  e l e m e n t  a r o s c  u n d e r  t h e s e  c o n d i -  
t i o n s ,  in t h a t  t h e  s t r e s s  d id  n o t  c a u s c  t h e  o r i g i n  o t ’ th c  
c l c m c n t s  t h c m s c l v c s .  F o l lo \v i iu »  t h e  i n d u c t i o n  o f  t h c  
b r c a k a g c  o f  c h r o m o s o m c s ,  a c o n d i t i o n  w a s  lỊC ncrated  

b y  t h e  b rcak a iỊO  a c t i v i t y  t h a t  i n d u c c d  a c t i v e  e l c n i c n t s  
a l r c a d y  p r e s c n t  111 t h e  t Ị c n o m c  t o  b c c o n i c  m o b i l c  a n d  
b y  th is  m o b i l i t y  h c c o n i c  i n s e r t e d  i n t o  lỊcnes ,  c a u s i n g  
t h e  v a r i e ự a t i o n .  In a d d i t i o n  t o  t h i s  s t r c s s  i n d u c c d  b v  

t h e  b reak a tỊC  p h c n o m c n o n ,  v a r i c í Ị a t c d  p h c n o t y p e s  a p -  
p c a r c d  t 'o l]ow inu ;  i r r a d i a t i o n  su c l i  as in  t h e  B ik in i  a t o m  
b o n i b  t c s t s .  S u b s c q u c n t  t c s t s  s h o w c d  t h a t  t h e s e  p l i e -  
n o t v p e s  w c r c  c a s c s  o t  m o b i l e  e l c m e n t  in sc r t s .  Y c t  
v a r ic í Ị a t e d  p h e n o t y p c s  h a v c  b e e n  p r c s c n t  111 h o r t i c u l -  
tu r a l  p l a n t s  f o r  c e n t u r i c s .  T l i c i r  p c r v a s i v c n c s s  in  p l a n t  
t y p c s  w a s  l ik c ly  e n h a n c e d  b y  h o r t i c u l t u r i s t s  w h o  sc -  
lccted tlicm íbr thcir csthctic valuc as did nativc A m er
ican Indians am om; thcir com  cultures. What condi- 
tions prom otcd thcir prcscncc in ihcse cultivars are 
unknovvn, but ovcr a period ot timc, variable cnviron- 
n i c n t a l  c h a n í Ị t s  c o u ld  l iav e  I x v n  r c s p o n s i h l c .  H o w -  
c v e r ,  t h e i r  in i t i a l  o r i i Ị Ín  a n d  t l i c i r  c n t r y  inco t h c  IỊC- 
n o n i e s  o t  p l a n t s  is srill  a m y s r c r y .  T h e  h o m o l o g y  
ot thcir structure and critical sequcnccs across plant 
spccics and gcncra implies an ancicnt oriiỊÌn or a casc 
o t  h o r i z o n t a l  t r a n s t c r .  |.SVc P i . a n i  (ỈENETIC E n -  
HANCHMl-lNT. ]

B. Components
1. Autonomous Mutabilily
Froni carly studies at the bcgimiing o f  gcnctic inves- 

ti^ations on transposable elements, tw o kinds o f  he- 
reditary control o f  varicíỊation vvcrc know n that evcn- 
tually lcd to the dcscription ot tw o  kinds of  elements. 
From ạ;cnetic studics, it coulti bc seen that when the 
transmission ot a varietỊatintỊ ÌỊCIIC vvas inhcrited as a 
unit (i.c., thc iỊenc in qucstion w hcn  outcrossed was 
a l w a y s  i n h c r i t c d  w i t h  t h e  m u t a b i l i t y ) ,  th is  i n d i c a t e đ  
that thc activc coniponent causintỊ thc variogation was 
l o c a t e d  a t  t h e  g e n e .  T h i s  r c p r e s e n t e d  a n  “ a u t o n o m o u s  
mutablc locus.” In currcnt dialotỊue, this autonom ous 
unit at the gene in qucstion is thc autonom ous cle- 
ment. Carrying this Hirthcr, it is apparent that the 
autonom ous d c m c n t  has all the tunctions vvith the 
capacity to causc its o\vn cxcision and rcinsertion at 
a n c \v  s i tc .

2. Two-Unit Mutability
T h e  s e c o rn i  t y p e  o f  v a r i c g a t i o n  r e q u i r e d  tvvo  u n i t s .  

l t  c o u l d  b c  d c t c r n i i n c d  ( Ịc n c t ic a l ly  t h a t  t h e  a c t i v e  e l e -  
m c n t  w a s  i n i i c r i t c d  i n d c p c n d e n t l v  o t  t h e  i íene  s h o w -



intỊ varieiỊation. This v:ưicu;atiĩiíỊ qenc included a rc- 
ccptor elcmcnt (rcccptivc to transactivc siirnals trom 
tlic autonom ous elemcnt, novv idcntiheđ as a dctcctivc 
clcnicnt) that respondcd to tlic transactivc tunctions ot 
an activc elemcnt located elsc\vhcrc. In latcr molecular 
studics. this rcccptor elemcnt vvas tomid to be similar 
to tlic activc element bn t vvas dchciL-iit in a critical 
com poncnt oi tho activc d c m e m  (tho autonom ous 
clcmcnt), lackintr thc ncccssary íiinctions to sclf- 
cxcisc, thou£*h it did include most o f  the structural 
imenríty ot the clcment tliat alknved it to rcspond 
to the active clcmcnt by excisina; and transposine; to 
anothcr sitc.

Purtlicr study dctcrm incd thar tlicse dctectivc elc- 
mcnts arosc from dclctions o f  im portan t compononts 
ot the activc clemcnt. Thcir  structnrcs are iđcntical 
cxccpt tor variable niissintỊ parts that arc nccessarỵ 
fồr inducing cxcisions and rcsulting in transposition. 
This will bc đescribeđ in thc molccular dcscription o f  
clcrncnts. Tlnis tlie tw o  kinds o f  varicẹation control, 
namely, au tonom ous vs tvvo-componcnt, rcprescnt 
tlic oriíỊĨnal clcmcnt and a derivativc dctcctivc typc.

II. Genetic Determination 
and Resolution

A. Systems

With tlic cstablishmcnt o f  thcsc' tvvo-component sys- 
tcms, the dcícctive tbrm  (thc rcccptor) bccanie avail- 
ablc as a “ rcportcr” allclc. Wlicn a ncvv unstable allclc 
is discovcred in a íỊcnctic studv, Ít coultl bc tcstcd for 
its relationship to a prcviously dcscribcd System in 
a lỊcnctic cross. This is illustnned in the followinẹ; 
illustration vvhercby the rcporter allele could bc a D s  
(dissociator ot tlic A c —D s  systcm) that rcsponds by 
brcakini; thc c lưom osom e (phcnotypically, the loss 
o f  íỊenctic markcrs), and thc nevv variegation (Var) 
could come íroin a native population. O th c r  rcporter 
allcles arc indicatcd in Fií». 2A.

• T h e  A c  e lc m c n t  is th e  a u t o n o n io u s  c lc in e n t .
• The Ds clcment is thc nonautonomous elcmcm that 

rcsponds to thc autonuinous clcmcnt by excising, 
transposinG;.  and insert iniỊ  at  a I1CW site.

• T h u s ,  c  D s  is thc  t r p o r t e r  line to r  any  A ĩ .
• A cross  o f  c  /).'■ X ( A i  resu l ts  in loss o t ' c  and  is 

cxprcsscd as c  to c varieiỊacion.

T he cross imisr mckide a rcccssivc í' to exposc the 
loss o t ' C  in tho c  D í  arran^cmcnt.

• V a r  is a 1 1  c u  uiK'harac'tcrizcd m ut . ibk’ p h c n o ty p e .

• riu ' u n k n m v n  variega t ion  (V ar) ,  it to u n d  in a 
c o m m c r t i a l  lino, vvonld be 1 V a r .

• T h e  q u c s t io n  is \v h e t l ic r  V a r  is  r c la tc d  to  .4 1 .
• The c. /).« linc is crossed by í Var.
• It th c r c  is t io  v a r ic íỊ .u io n  o f  c  to  c, V a r  is u n r e la tc d  

t o  ,4 í \

• It v a r ie g a t io n  r c s u lt s ,  Var is e i th c r  r c la te d  to  .4 i o r  Var 
is carrying Ac  in the linc, but is not the cause ot Var 
varict»ation.

• A direct correlation ot Ai eíTect and Var expression in 
successive crosses vvoulđ provc the rclation of Var to 
the  A i  sy s tem .  that  ĩs, V a r  c x p rcss io n  is alvvays 
corrclatcd with Ac activity in an indepcndcnt tcst.

Thus whcn a ne\v form o f  variegation is uncovcrcd, 
t h c  v a r i c g a t i o n  i s  c r o s s c d  t o  t h c  I i u i n e r o u s  a n d  a v a i l -  

ablc transposable elemcnt systcm ’s rcportcr allclcs 
(Fig. 2A). The particular selcction o f  rcporter allele 
dcpcnds OI1 the íỊcnetic makcup o f  the linc vvhere the 
new variciỊation is tound. These rcportcr allclcs arc 
listcd in Fig. 2A. As a consequence, ninc systcms havc 
bccn identiíied; howcvcr, thcre arc, subconiponcnts 
ot these systcms that do not show reciprocity o f  activ- 
ity to tho rcsponsc to this activc transposablc elcnicnt. 
Thesc arc illustratcd in Fig. 213. O ther  clcmcnts have 
not bccn tỊcnctically dctìncd. For cxamplc, thc multi- 
tudc and divcrsity o ( citi clcments havc not bccn fol- 
lowcd gcnetically, and other undcfincd and uncharac- 
tcrized inscrts havc becn imcovcrcci as (Ịcnes havc 
been ìsolated. Thcir idcntity as transposable elcniciit 
inserts is dcrivcd tro 111 a charactcrístic terminal in- 
verted rcpcat (TIR) and target sitc dupliciition (TSD).

B. Specificity of Systems

A s  n e w  v a r i e t Ị a t i o n  w a s  f o u n d  a n d  t e s t e d  a g a i n s t  r e -  
p o r t c r  a l lc lc s ,  a p o s i t i v e  i n t e r a c t i o n  i n d i c a t e d  t h c  s a n i e  
systcm [FitỊ. 2B(A)|. When a test was ne^ative, m uta- 
b lc  a l l c lc s  fcll  i n t o  d i f f c r c n t  t a m i l i c s  o f  e l c m c n t s ,  
vvhich indicated that therc was a speciticity ot the 
au tonom ous elcnient on thc reporter allele. This spcc- 
i f i c i ty  a w a i t c d  m o l c c u l a r  fm d in í ỊS  t o r  an  e x p l a n a t i o n .  
Therc was a gcnetic cluc: the spccificity o f  interaction 
w i t h  t h c  s p c c i í l c  a u t o n o m o u s  c l c m c n t  w a s  r c l a t c d  t o  
the au tonom ous elcmcnt that prcviously “ visited” the 
locus. Prior to the molccular íindings, a critical ques- 
tion was: Hovv was the tỊcne “ contam inated” by the 
“ visit.” Transposablc element familics cvolve such 
that rcciprocity in intcraction is abscnt ỊFií*. 2B(B)]. 
Further chantỊes in a reporter allclc occnr vvhcn a 
“ helpcr" clcmcnt is nccdcd vvith an activc En  clemcnt 
tor transposition to occur (|Fiy;. 2B(C)|. In tliís latter



A  Transposable Element Systems
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FIGURE 2 (A) T ran sp osab lc  c lcm en t system s. R egu latory  e lem en ts  arc spccitìc  in their activation  ( +  ) o t'rcccp tor  c lcm tíits . T hcrc are
thrce cases o f  ovcrlap  in activity: Ac activates all Ds' s, but UíỊ activates o n ly  Ị h i ;  Fat activates nu  and k -r# 2 , but Spt is lim itcd  to R ’ 
r#2; Cy and M utR  appcar to  havc h o m o lo g o u s  activ ity . (B ) T y p cs  o f  cxccp tion s to  standardizccỉ transposab le  c le in en t sv itcm s. C asc A: 
Reíí I =  Ac; RctỊ 2 =  EtL R ec 1 =  Ds allele such as wx-m7; Uec 2 =  an /-con ta in in g  allclc such  as iĩl-in(r). Ca se B: R cg ! =  ,4í'; K eg 2 
=  i  Rec I =  a Standard Dỉ allcle; Rcc 2 =  a D sí allelc {wx-ntl). (l)istim *uishes A ĩ  from  UiỊ.) C ase  C: Rcỉ» I — ỉzn. Rcc I =  u’x-mH; 
Rcc 2 =  t:2~ìnHỈỈỊ()58Y. (D istin iỊu ishcs the tw o  diíYcrent K eccptors and un covers M cd iator.) T h e  basis tor  the spccitìc ity  ot svstcm s: +  — 
m utability; -  =  n o  m utability; \ h ’ti = M ediator. C asc A represents tvvo d ittcrciu  unrclatcd sy ste m s. W hen o n e  .luroiu m ou s elem ent  
transacrivatcs a rcporter allele, o n e  \vouId exp cct all a u to n o m o u s e lem en ts actinir OI1 relatcd rcportcr allclcs ro be part o f  the sa inc  
system . But as seen ĨI1 C ase B. thcre is n o  rccip rocity . T h e  sam e h o ld s tbr Cast1 c .  T h is  m ay relate to  the e vo lu tin n  I f  transposable  
clcm cnt systcm s. (C ) rhc D> on ch ro m o so m c 9. ỊM od itìcd  trom  1 \ A . l-ctcrson. (1993). T ran sp osab lc  e lcm cn ts 111 nu izc: Thcir rolc in 
creating plant íỊenetìc variabilitv. Ailv. Aạron. 51 , 7 9 -1 2 4 .1



casc, a chimcric reporter allele incorporatcd Sonic e;e- 
nomic sequences trom  thc hos.t genomc.

c. Transposition
1. Genetics
The gcnetics oí transposition was íìrst rcvealcd by 

McClintock in fol]owiniỊ thc D s  unit that was in a 
specific position OI1 chrom osom e 9 in maize. M cClin- 
tock had oriíỊÌnally idemiíìeđ this as the D s  locus, and 
spcciíically as a “ weakened po in t” in the chroniosom c 
(i.c., this point in the chrom osom e rcadily dissoci- 
atcd). The breakage phenom enon  obscrved in thc 
oritỊÌnal Ds position dcmanded that all the genes distal 
to the 11' i ixy  genc (Fig. 2C) w cre lost ovvinẹ to chro- 
niosome brcaka^c. Subsequently, this brcakage phc- 
nom enon included only the c  locus, which was distal 
to Itnixy. Bccause the original brcakagc phenom enon 
position and thc second position (ncar C )  were đepen- 
dent 011 thc prcscnce o f  Ac, it was concludcd thesc 
wcrc related cvents and that the D.S' locus had moved 
from a position proximal (toward the centromere) to 
w a x y  to a position proximal to thc c  locus (FitỊ. 2C). 
In a íurther discovcry, the c  locus became mutablc 
and because it rcspondcd to A c,  it could be concluded 
that this sanie unit (Ds)  was involvcd in mutability. 
The oriạ;in o f  the variegated c allele indicated a íurther 
movem cnt o f  the D ỉ  elemcnt.

The m ovcm ent o f  thcsc D s 's  deemed to havc come 
trom transposition could also be explaincd by the 
ori^ination o f  units alrcady prcsent at a ch rom osom e 
sitc that rcspond to A c  vvithout the nccessity o f  invok- 
ing a transposition phenom cnon. This was finally set- 
tled bv the study o f  variegated pcricarp in the origin 
o f  twin scctors (Fiỉ». 3A), which rcprcsented unam - 
biguous cvidence for transposition.

2. Mechanism
Plant transposable elemcnts transpose via a conser- 

vativc mechanism whcreby the m ovem en t o f  thc elc- 
tncnt bv cxcision from a donor  site is followed by 
rcinsertion at a recipicnt site via a so-called “ cut-and- 
paste” m cthod. Varicgated pericarp and the associated 
oriíỊÌn o f  tw in  sectors reprcscnted unam biguous cvi- 
dencc for transposition (Fig. 3A). T he  pcricarp locus 
(P)  conditions a dominant red coloration o f  the pcri- 
carp that envelopes the kernel and, thus, the aleuronc. 
Unstablc pericarp represcnts the chan^e o f  a colorless 
torm ot pericarp to a colored form  and the resulting 
varie^ation is featurcd as lon^itudinal stripcs from the 
base ot the kerncl to the crow n involving num erous 
Sectors. (Fie;. 3A). R. A. Brink and his students, tol-

međ

Ị twin 
red ỉ sector

g  Med=P-RR-Mp
DMn ^  PMp tr-MpPMp ■ 'ó ^ ịr - light

\trMp /
med var. nMn — CM-

PMp / /  \  p tr-Mp .

c
AHelic designation s Abbreviated terms Phenotypes

P-RR/P-W R RR/VVR Red

P-RR-M p/P-W R VV/W R M edium -variegated

P-RR-M p/P-W R +  tr-Mp VV /W r +  tr-Mp Light-variegated

F I G U R E  3  (A) M utab le p c r ic a r p  w ith  m e d i u m ,  lig h t ,  and  red
p h en o ty p es. (B) M echan ism  of'tra iisp osition  via rep licating ch ro - 
n io so m e . (C ) A llc lic  desitỊnation o f  m u tab le  pericarp. ịM o d itìed  
trom  I’ . A. Petcrson . (1987). M ob ile  e lem en ts  in plants. C R C C rii. 
Kev. IHmu Sá. 6 , 105-208. Ị

1owìhíị R. A. E m erson’s carly w ork  on variegated 
pcricarp, were able to dcmonstrate that One pattcrn 
ofpcricarp  varicgation, namcly, a mcdiurn typc, often 
changcd to a light type and this changc was proven 
to bc caused by thc inclusion o f  a transposed elcment 
(t r M p ) that reduced the variegation o f  the oriíỊÌna] 
mutablc pericarp to a light type o f  variegation. The 
clemcnt at the p  locus was designated M p  for modula- 
tor o f  pericarp and thc fmal designation was P -M p ( P -  
R R - M p ) (varicgated cob and pericarp) for  the P -v v  
allelc (Fig. 3C). The  excision o f  Adp from P - M p  results 
in a red coloration o f  thc maize cob and pcricarp. This 
appeared as large sectors on thc car because this was 
pcricarp variegation. Also appearing on the ear and 
covering scveral kcrncls were lÍÊịht varicgated sectors 
that in a later analysis wcre show n to be the ori^inal 
P -M p  plus a transposed M p  ( t rM p )  in the same clonal 
sector. The genctic studics readily showed that trM p  
was inherited in a linked or independent position t'rom 
thc p  locus. This M p  was evcntually show n to be 
homoloíỊous in s truc tureand  íunction to A c (Fig. 2A).

The  question remaincd regarding the origin and 
resulting insertion o f  the transposed M p .  The  íortu- 
natc observation o f  twinsectors o f  rcd coloration that 
was twinned with a light varieỉỊated coloration (Fig. 
3A) vvas the cluc needed to unravel the basis oí' the



origin and rcinsertion ot'the transposed M p .  It becamc 
apparcnt that the p  allclc arising from P -v v  resultod 
in a ređ scctor. Coincident with that was a twin lie;ht 
varicgated scctor. A singlc event was the basis o f  thc 
twins, the origin ot thc p  allele rcd sector, coincidcnt 
with the origin o f  the light variegated sector (Fiíí- 
3 A ) .  The subsequent finding that trM p  was located 
at thc idcntical chromosome sitcs in both scctors— thc 
gametes arising from the rcd sector and those arisinsỊ 
trom thc liíỊht sector— confirmcd thc singlc-cvcnt hy- 
pothesis. T he  cxcision o f  one M p  í rom  One P -vv  allelc 
was now  locatcd at tw o sites, onc that includcd thc 
P-containing chrom osom c yieldiníỊ a rcd sector and 
the othcr on the sister P-i'i '-containing chrom osom c 
yicldiiiiT a lis l̂ir phcnotype. This transposition event 
was shown to arisc by excision from a rcplicated 
strand to an unrcplicatcd strand during chrom osoine 
replication. This is illustratcd in Fíạ;. 3B, shovvintỊ 
trM p  replicatintỊ at thc new sitc. It could rcadily be 
concluded that the change in varicgation pattcrn (mc- 
diuin to rcd and to light) was associatcd with thc 
transposition o f  an element. This is an unarnbiguous 
dcm onstration o f  transposition, namcly, a “ loss and 
gain” observation. The allelic designations associatcd 
with these phcnotypes arc shown in Fig. 3C.

3. Localized Transposition Site
TransposintỊ clcments havc a high affinity to rcin- 

scrt at nearby chrom osom c sites. This is amply ticin- 
onstrated with the A c / M p  clement and with thc En  
clcment. T he explanation for this has not bcen clari- 
ficd, but the mechanism, as illustrated in Scction
I I , c , 2, suggests that thcre is an aíĩìnity for rcplicated 
strands and an excision trom  an unrcplicatcd strand. 
This was qucstioncd by latcr studies with thc E n  ele- 
m ent wherc thc most apparent typc o f  transposition 
is trom  a replicated strand to another replicated strand. 
This ditTers from the case with the p  elcment. H o w -  
cver, thc twin spots werc a phenotypic assay for trans- 
position and tliis demandcd that the clement must 
Cranspose from  an unreplicated strand to one that is 
rcplicated in order to provide the cxprcssion for the 
twin scctors. An explanation tor this transposition to 
nearby sitcs vvas provided by the Antirrhinuin  studics 
ot Coen and his group, whcrcby a modcl was SUIỊ- 
gcsted that the nornial transposition involves a pliysi- 
cal association betwecn the donor and thc recipient 
s i tc s .  T h i s  a l s o  i n ip l i e s  t h a t  a t r a n s p o s e d  c l e n i c n t  1S 
not HoatiniỊ trcc o f  any attachmcnt in niovinc; from 
a donor to a rccipicnt sitc. Accordinsí to thc Cocn 
modt'1, thcre is a prctercmial insertion to recipicnt 
sitcs that arc spatially in proxiniity to tlic donor site

t h a t  sh o v v s  S o n ic  h o m o l o m y  ( c .g . ,  a s m a l l  d u p l i c a t i o n )  
to allcnv an cxchangc. And if a chrom osonic  condidon 
(i.c., a rcplication mode) was also neccssary, the same 
chrom osom c would offer a m ore receptive sitc for 
insertion. The inability to find a free-floating elemeiit 
in molccular studies supports this m odcl’s assump- 
tions as wcll as tlie num erous studies that have dcmon- 
strated transposition to ncarby sites.

III. Molecular Description

A. Structure
Followintí thc ựcnctic discoveries o f  systcms and the 
mcchanism ot transposition, as wcll as thc spccihcity 
o f  systcms, the cluciđation o f  the A c  transposablc 
clcmcnt and its derivatives dissipated the niystcries 
rciỊardiníỊ thcse genctic teatures. This canic initially 
f r o m  s t u d i c s  o t  t h e  a u t o n o m o u s l v  n i u t a b l c  H'.v-/w9and 
its dcrivativc. T he  initial studies with thc U'.x-m9 allclc 
madc it possible to compare thc activc elcmcnt at thc 
Ii’.x-Iiì9 locus with thc U’.x-in9  rcceptor allclc, which 
was a dcrivativc nontlinctioniiiũ; clcincnt. Bv inaking 
a comparison ot thc 1)NA scqucncc and structurc 
o f  the tw o allcles, it was possible to clarity how an 
autonom ous clement could í^ivc risc to a two-eleincnt 
s y s t c n i .  T h i s  a l s o  i l l u s t r a t e d  h o w  t lie  wa.\y  a lle le  f i rs t  
“ visitcd” by thc autonom ous elcmcnt lcft behind a 
“ siư;nal” tliat allovvcd it to respond only rci that partic- 
ular element. It was tound that thc autonom ous A i  
clcmcnt was approxiniatcly 4500 nuclcotidcs long 
(F ig -  4).

Whcn the Ii’x -8 4 4  allclc was isolated in an isolation 
plot, it vvas then possible to dcscribe thc E n / S p m  
elemcnt. This clemcnt is 8.3 kb in lcngth and also 
contains a dcfinitivc structure. By examinin<Ị the full- 
size scqucncc o f  the elcment and comparing it to the 
recovercd cD N A , it \vas shovvn that therc vvcrc 11 
exons and 2 open-reading tramcs (Fig. 5A). In adđi- 
tion, thc detìnitive TIRs on the cnds ot the elenicnt 
and thc ideutitying scqucnces in tho host chrom o- 
some, thc TSD , vverc characterizcd. As opposcd to 
the case with Ác,  whcre the T lRs wcrc 11 in Ac, there 
werc 13 Í11 H n /S p in  and the T SD  was ÍS in .4í' and 3 
in E i i /S p m  (FitỊ. 4).

The structure o f  thc transposablc clement had a 
turthcr idcntitìable structurc (FitỊ. 5B). With the E l i /  
S p m ,  in addition to the charactcrized TSD  and T1R, 
thcrc vvere a scrics ot com m on motits (12 and 13 bp) 
m rlic tcrminal 200 basc pairs of thc elcmcnt. The 
latcr studics shovvcd that thcsc com mon motits vvcrc



Elcment Plant (kb) Tcrminal 

inverted 

repeal (bp)

Duplicaiion 

ol larget siie

Dsỉ nAu Zea mays L. 0.405 11 8

Ai-1 Au 7.CU mays L. 4.563 11 8

En ỉ Au Zea mays L. 8.287 13 3

Spm-18 nAu Zea mays L. 2.241 13 3

Muì-Muẵ nAu Zea mays L. +  200 9

Au Zeu mays L. 4.869 5 8

rbx nAu Zeu muys 1.. 5 8

rcy.Mii 7 nAu Zea mơys L. *> 1 + 200 9

Mu RI Zea mavs L. 4.0 +220 9

Tam ì Au Antirrhinum 17. 13 3

Tam 2 nAu Antirrhinum varies 13 3

FIGURE 4  M o lc n ila r  rharactcrisrics o f  s o m c  cxam p lcs  o lt r a n s -  
pos.iblc e lem em s. A u. a u ton om ou s; lì A u, n on au ton on u m s.

in .1 dctìncd orientation (ticad to head or tail to tai]) 
and this was vcry im portant in nia.\imizintr cxcisiou 
cttìciency.

Previous gcnetic studics showed that therc vvcrc 
tvvo tunctions of E t i /S p tn  with iđcntitĩablc phcnotypic 
ettects. Thcse included a M utator  tunction and a Su p-  
prcssor íunction. Vcry early in the dcscription o f  thc 
clcment, tw o  transcripts could be idcntificd in N o r th 
ern blots— a hcavy-staininíỊ 2.5-kb band and a lií^ht- 
stainiiiíỊ 6 .0-kb band. With thc aid o f  ccrtain mutants 
that had an impaired M  íunction, it could bc deter- 
mincd that thc 11 exons werc associatcd with the s  
function. With thc various mutants it vvas possiblc to 
show that thu Suppressor  íunction vvas allicd to thc 11 
exons. The M uta to r  function was assianed to tho tvvo 
opcn-rcading frames. A turther cierìnition ot thc opcn- 
rcading trames showcd that thc ORFI was most im- 
portant iii thc tull capacity ot the M utator  huiction. 
The middlc segment o f  O R F l was also allicd with 
consiđerable hom olo^y  to the Mutator  ílinction o f  the 
A ii t in l ì im im  transposon.

Bccausc ot thc uncertainty o f  how  the resiđua] E n 's 
\ v c r c  c o n t r i b u t i n i Ị  t o  s o m c  o f  t h e  t u n c t i o n s  l e a d i n g  
to tlic phenorypcs, invcstiỉỊators fo 1111(1 it im portant 
to  m . ik c  t r a n s g c n i c  p l a n t s  w i t h  t o b a c c o  vvith  c ach  
of the compoiicnts o f  the transposon. This includcd
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PIG URE 5  (A ) M olccu lar dcscripcion o f  thc Ĩìu/Spm  transposable  
e lem en t in m aizc. T h is 8237-b p  c lem cn t is characccrized b y  a h ost 
targct sứt* du plication  ( ( iT T )  and a 13-bp tcrm inal invcrted  rcpeat. 
T h e  lom* terniinal (2 0 0 +  bp) tliat incud cs c o n im o n  m o tits  is vari- 
.ìblc in leniỊth on  each cnd (the dark ciashcs) and th csc arc interruptcd  
b y  variab le seg m en ts  that reprcsent iỊcips bctNvcen tỉic c o m n io n  
m o tiỉs . (B ) Part (1): T N I JA , T N R D  ỉ-n/Spin  structurc. Part (2): 
The Ỉln/Spnt O I U s  and cx o n  d istr ibu tion . I\irt (3): Un2  has a 
d elction  o f  O U F 2 and part o f  O U F I . R irt (4): T ho ỉ- I02ịiiỉ-iníril 
allcle has ã i»ross dcletio tỉ ot bp. ỊM ưditìcd  íro iii p. A . I?e- 
tcrson . (1993). T rau sp osab lc  c lem e m s in m aize: T h c ir  role in crcat- 
ini; plant lĩcnctic variability . Aílr. AịỊron. 5 1 , 7M-124.Ị



transgenics with the 11-exon unit (thc Suppressor com - 
ponent T N P A  in Fig. 5A) and transgenics with the 
tw o  opcn-reading frames (the Mutalor  com ponent 
T N P D  in Fig. 5A). When cach o f  the transgcnics was 
individually grown, no excisions occurrcd. W hen the 
transgenics were combined in a cross, thcy showed 
transposition. This coníĩrmed the genetic studics il- 
lustrating the M utator  expression íunctioning only 
with the Suppressor activity. The use o f  mutants and 
derivatives made it possible to idcntify the tw o tran- 
scripts to Eli structure. From these sequences the 
tw o proteins, T N P A  and T N P D , could be identiíìed 
(Fig. 5B).

A model was prcsented bascd on thcse studies 
showing that thc most effective excision was made 
possible by the correct orientation o f  the tcrminal 
20()-bp motiís (Fig. 5A). The model showcd that thc 
Suppressor protcin (TNPA) enveloped the terminal 
200 bascs and was attached to them like a zipper and 
that thc M utator  íunction (T N PD ) was then ablc to 
cut out the element followiní» this very rigid align- 
ment. O f  course, thc TIRs without the transposasc 
are not in proximity to each othcr and the Sp  protcin 
must bring them togethcr to bcgin the proper align- 
mcnt. This was necessary to havc the full TlRs cut 
in a manner so that thcy vvould bc transposcd intact 
to the site.

1. Footprints
First, the sccond T SD  (Fig. 5A) represents ađdi- 

tional nucleotides in the genome, which becomes a 
resourcc for changcs in genome sequcnces. In most 
studies o f  transposable elements in plants, the exđsion 
process from the host T SD  is rarely pcrfect, which 
results in recognizable footprints that arc a clue that 
a transposon has been excised from the site. These 
footprints are recognized from thc duplications that 
occur in thc insertion o f  the elemcnt at a given site, 
which is illustrated with an example from the E n /  
S p m  element with the T G A  TGA sequence or in thc 
A c  systeni with a C A T G A T G C  C A T G A T G C  se- 
qucncc. This duplication occurs with the insertion o f  
the clcment and bccomes a rcsourcc for altcration 
following the excision o f  the clement. This alteration 
occurs during the excision proccss vvhereby frec D N  A 
strands are subject to cndonuclcasc dcgradation and 
some new nucleotide scquences arc generated. The 
latter was fìrst dcmonstratcd vvith the A t lh l  locus in 
maize and a num ber o f  revertant typcs that identiíied 
alterations fo!lowine; an excision. These alterations 
rcsult in changcd sequenccs that lcad to altcred pro- 
teins, somc o f  which can be recognized phenotypi-

cally. Sotne include trameshitt changes and the addi- 
tion o f  nuclcotides, which o í  coursc result in new 
phenotypcs, and othcrs includc changcs thac result in 
additional amino acids, lcading to altered protcins and 
some with a deíìciency ot' o thcr amino acids. With 
this correlation bctween change o f  nucleotide se- 
quencc and protein períorm ance, it is surprising that 
often no phcnotypic altcration is observed. In other 
cases, the alterations are phenotypically cvident. The 
M u i  elcmcnt gencrates gross deletions upon cxcision. 
It is likely that the absence o f  phenotypic alteration 
in some cxcisions m ay indicate that the change has 
littlc etTect on protein  períorm ance because o f  the 
protein domain that is affected. These tootprint 
chanẹes have also been im portan t in indicaũng the 
diíĩerent com ponents o f  the protcin.

IV. Methylation Effects

It is ottcn observcd that the elements becomc quies- 
cent (inactive). Furtherm ore , a num ber o f  inactive 
clements that rcsidc in the genom c become activated. 
This quicsccnce has been ascribcd to methylation. 
Gcnctic inactivation o f  the E n / S p m  clcmcnt is corre- 
latcd with thc sequcnces surrounding the e lem cnt’s 
transcription initiation site. N o t  only does methyla- 
tion occur, but it occurs at diíĩerent times in the repro- 
ductive cyclc o f  thc plant, and it increases during 
vcgetative g row th  deve lopm ent o f  the male and fe- 
malc inAorescences and thus is transniissible. It was 
turther shown that thc susceptibilitv o f  thc element 
to be inethylated and to subsequently change during 
devclopment correlates with the element’s phase o f  
activity. Thus, genetic stability associated with the 
spread ot’ the m cth y latio n  OẾ the e lcm cn t's  transcrip - 
tion inítiation sitc leads to an inactive phase for the 
element. It was concluded that thc methvlation o f  
rcsidues within specific regions o f  the clement is sig- 
nificant in maintaining the inactive phase o f  thc ele- 
ment and thus leads to the reẹulation o f  the expression 
o f  thc element during  plant development.

The heritability o f  these mcthylation problems in 
several studies strengthcns thc universality o f  this in 
causing the quiescence o f  elements. Furthermore, the 
element maintains its inactive phase over sevcral gen- 
crations o f  sclection. T hus  this cpigenetic mechanism 
is significant in dam pen ing  the effect ot the element 
in populations. Ít appears that the unstable form of 
the elcment is program m ablc , vvhich is heritable dur- 
inụ; the developmental cyclc. An mactive element does 
changc to an active One and this was tound to be



pronioted by cxposurc to an activc one. O r  in sonie 
cases, nametes originatinẹ; froni tillcrs ot'plants lcad to 
a heritable reactivation o f  the elemcnt. Furtlicr studics 
shovved that the correlation o f  thc clcmcnt's  gcnctic 
activity and its transcription activity was related to 
thc mcthylation ot c  residues at the transcription site 
ot thc clcmcnt.

When a reporter is introduced into a commercial 
com  varicty or inbred, sectors o f  mutabilitv are often 
obscrvcd and, i f  pursued, active elcments arc identi- 
ficd. Though these elements havc not been verificd 
as arising from m ethylation-suppressed clenients, it 
can be assumed that their quiescencc was so relateđ. 
Even though such studics have no t  been pursucd with 
many reportcr allelcs, it is vcry likcly t h a t  t h c  maizc 
íỊcnome does carry such suppressed clemcnts. O n  the 
o thcr hand, when successivt' generations o f  corn pop- 
ulations arc followed in a search o f  active mobile 
clcmcnts, elcments that are active e.g ., M rlì; see Fig. 
2A) in early gcncrations becom c extinguishcd in activ- 
ity in later generations, furthcr supporting  thc dam p- 
ening effect 011 elemcnts im posed by the í^enome.

V. Effects on Gene Expression

A. Phenotypic Changes
From early gcnctic studies, a n um ber  o f  derivatives 
o f  transposon-containing gencs show cd alteređ phe- 
notypcs, which indicatcd that the transposon induced 
heritablc changes at the gene. This was explained in 
later studics by the resiđual “ íoo tp r in ts” that lcave 
the T S D  duplications changcd, yieldinm an alterecỉ 
rcading írame lcading to an altered protein.

O n e  o f  the íìrst studics that uncovcred altcrcd phc- 
notypcs was thc D t  affcct on the A  locus that includcd 
an a ĩ - d t  allele. A num ber  o f  revertants werc uticovcred 
and they could be distinguished. T h o u g h  the mạịority 
were ot the S t a n d a r d  type that included the coníirmed 
rcd color pcricarp and thereby idcntical to the original 
A 1  allelc, two exceptions to the mạịority showed 
diíTcrcnt pericarp coloration. Furthcrm ore, thcre was 
a diffcrent level o f  dominance. This was thc first case 
o f  hcritable alterations induced by a transposon effect 
on a locus.

O t  coursc there is a bias in the lack ot' deíĩnition ot' 
the o thcr 27 rcvcrsions that did no t show  any alter- 
ation. Probably, givcn m orc  extensivc and scnsitivc 
cnzym c tests than arc n o w  possiblc, further alterations 
in thc protcin could be establishcd. With the conipu- 
tcrized simulated studics w ith  protcins with altered

amino acid distribution and content, diíìerent charges 
and domain ctíects could readily be identiíied.

B. Enzyme Changes
The íootprints from thc A d h - Í  locus harboring a 
transposon showcd differenccs. Therc were rcduced 
levels o f  m R N A  in Northern  blots o f  thc Di-induced 
change o f  the A d l ì - Ĩ F  and F n 3 3 5  alleles. It is likely 
that thc position ot the insert was im portan t in affcct- 
ÌI1ÍỊ this phcnotype in view o f  thc positioniníỊ o f  it at 
t h e  s t a r t  o f  t r a n s c r i p t i o n  a n d  t h e  P r o c e s s i n g  o f  t h c  
dehydrogcnasc message. Altered thermostability ot 
other alleles also could be shown. These sarae kinds 
of events atTccted the w x - m 8  allele. The derivatives 
w ould  show  altered aniino acid content, which would 
yield altercd protcins. Probably the most signitìcant 
changes werc tound with the enzyme color series in 
maize. This is also true with thc transposon-induccd 
derivatives o f  the A ntirrh inum  series as wcll as the 
petunia  mutability.

In one study in maize it was found that the C I - S  
a lle le  d i í ĩ c r s  f r o m  t h c  S t a n d a r d  C ỉ  a l le le  o r  c /  a lle lc  
by a change in box 2 o f  the prom oter. There  is a 
possibility that this alteration was caused by a transpo- 
son as there is a typical 5-bp transposon-induced foot- 
print in thc vicinity ot'this 3-bp change in box 2. The 
lattcr results in an overcxpression o f  thc C í  allclc.

O th e r  studies, such as a changc in the prom otcr  o f  
the N i v - 5 3 : : T a m - í  mutant, also gavc altcrations. In 
four derived mutant lines, the Tam -1  elcment was 
dcleted, leaving altercd Aanking scquenccs o f th e  chal- 
cone synthase promoter. In One casc, thc T A T A  box 
o f  the chalcone gene was rcmovcd and this resulted 
in an cxtremcly low expression o f  thc gene, which 
m andated a I1CW  initiation site for gene transcription. 
O thcr  mutants wcrc ovcrexpressed and others 
show ed lowcr levcls o f  exprcssion.

C om bin ing  thc presencc o f  íootprints and the phe- 
notypic changes, it is quite cvidcnt that transposons 
arc significant in altering protein structure and func- 
tion. This is clcarly evidcnt vvhethcr it affccts prom ot-  
crs or the structural component o f  the gene.

VI. Pervasiveness in Populations

A. Determination
With tlie available reporter allcles, it was possible to 
canvas populations tor thc presencc ot active transpos- 
able elcmcnts. Tliis was tìrst examined in the Iowa



Sútĩ-Stalk Synthctic (BSSS) maizc population. It was 
surprisinẹ to íìnd that thc Uq elcm ent was m ost sig -  
niíìcant throu^hout all thc im provcd 13SSS popula- 
tions. It was íurther toiind that there vvas a toundcr 
line that harborcd an activc Uq clcm ent that pervaded 
thc w holc population in subscquent selection pro- 
grams. Latcr studies shovvcd that the different pro- 
e;rams were sii*mhcant in thc sprcad o í the clem ent 
throu^hout thc population. In som e lines, it becam e 
a major coniponent o fa  population, whcrcas in other 
lines it was practically clim inatcd. The Mrli elem ent 
vvas also found in hií*h frcquency throughout thc pop- 
ulations.

It was also questioncd how  only thc ưq elem ent, 
w hich is h on io logou s to Ac, coiild bcconic pervasivc. 
The Uq elem cnt may be a dam pcncd-dow n elem ent 
as it is liinited in its activity, whcrcas Ac  vvoulđ bc 
too cxcessive in its íỊross cffccts 0 1 1  genes.

O thcr clem cnts arc present 111 the maizc gcnom e, 
and certainly thc á n  and tourist elements arc prcscnt 
in very high írequencv in an cxtrem cly heterogeneous  
form. What effcct this has 0 1 1  thc gen om e is not 
know n because only a fcw  lỊcnes have becn uncovcrcd  
that harbor thcse clcm ents, tliough án has been ìdenti- 
ficd in the com  protỊcnitor tcosintc.

B. Origin from Quiescent States
If a rcportcr allclc is availablc in a serics o f  lincs, a 
trequent observation is that o fsm a ll spots or scctors 
o f  spots. This w ould indicatc that thc rcportcr allelc 
is responding to an activc clcm ent and tliat the activc 
elcm cnt is changintỊ froni a quicsccnt to an activc 
State. This vvas first secn w ith the Uq clem ent in a 
survcy o f  maizc p o p u l a t i o n s .  A t u r th c r  scarch U11COV- 

ered gcrm inals o f  the Uq elcm cnt and these were 
found to be divcrse. This obscrvation, coupled with  
thc m ethylation o f  elcm cnts m cntioned carlier, indi- 
cates that thcre are activc clcm cnts in the m cthylated  
State and the dem ethylation is com m only  occurring. 
A lthough there has not bcen a grand survcy ot thcsc 
clcm cnts vvith rcporter alleles in thesc populations, 
this has n ow  been found w ith  the Uq and thc Mrli 
clcm cnts, which w ould indicatc that thc clcm cnts arc 
m a i n t a i n e d  111 a q u i e s c c n t  S t a t e  u n d c r  t h c s c  m c t h y l a -  

tion conditions and then they bcconic tully activc. 
And, if  a condition bccom es sie;nifìcant in changiníỊ 
thc physiolo^y o f  thc gcnoinc, this vvould cnhancc 
the activation o f  thcsc clem cnts.

Transposablc clcm ents are also tound 111 the maize 
p ro í ỊC i i i to r  t é o s in t c .  T h c s c  c l c m c n t s  in t c o s in t o  h i iv c  
characteristics o f  transposablc clcments and havc not

bccn studied in tcrm s o f  their activity, but thev do 
ha ve the charactcristics ot' transposablc clcm cnts with  
rctcrcncc to TIRs and T S D s.

VII. Plant Types Other Than Maize

T hou^h the m ost in tcnsive niolecular studies have 
bccn w ith  the tw o  d em cn ts in m aize, narnely, Ac  and 
E t ì /S p m ,  thc M u  clcment has also becn analyzed. In 
othcr plants, such as soybcans and Antirrhimiiu ,  therc 
have also bcen cxtensive m olecular studies. What is 
a;cnerally true is that thee lem cnts  in thcseothcr plants 
ha ve the sam c íỊcncral structure and, 1 11 thccase ot Antir- 
rliinttiìi, a liomoloEỊOus transposasc sequence as in Iiiaizc.

The Atitiựhiiiuin  studies havc been very signitìcant 
in providintỊ rcsourcc tools to analyzc tỊcnc structurc 
and tunction. T he num crous dcrivativc typcs arisimỊ 
trom the transposon effect at a locus havc g iven  rc- 
scarchers adcquatc alleles to t'ollow flow er organ de- 
vclopm ent and the interaction o f  the lỊene dom ains 
loading to Aovver dcvclopm cnt. O thcr studics vvith 
the Ta m -l oị'A iitirrhim iiìì have elucidated the paramu- 
tabilitv p henom cnon. W hen Stablc Whit(.' niv-44 is 
crossed with T a m - l , a large proportion  o f  thc F] prog- 
e n y  a r e  p a l c  OI1 t i i c s c  a n d  a r c  p a l e  i n  b i i b s c q u c n t  

sclíings. T he hcritablc cxpression o f  m utability is sim - 
ilar to that in thc m aize paraniutability studies.

N ot m any othcr rnntability pattcrns o f  plant typcs 
have bcen tollovvcd cxccpt tor thc mutable allclcs from 
Pctuniú hybrida and A ntirrh ìnum  im ịus .  T h e pctunin  U11- 
stablcs fo llo w  the m aizc unstables in sh ow ing both  
autonom ous and tw o-clcm en t interactions for control 
o f  m utability. Transposition patterns have becn fol- 
lowed in the ^enetics o íp e tu n ia .  T he  petunia  studies, 
as w ell as A iitin liinu iii studies, íurthcr strcngthcn the 
universality o f  transposons in a wide assortmcnt ot 
plants and also dcm onstrate that therc is a univcrsality  
in the structural com poncnts ot the transposons. Sim i- 
larly, thc transposons íbunđ in soybcans and thc can- 
dystripc locus in so rghum  further support thc prcva- 
Icncc o f  transposons am ong m any plants.

VIII. Exploiting Transposons

A. Tagging
In acìđition to thc cvolutionary rolc o f  transposons in 
H cncratin tỊ  v a r ia b i l i ty  a n d  th c i r  p oss ib lc  rolc 111 C0I11- 
nicrcial line dcvelopm cnt, thc other arca o f  intcnsivc  
studv has bccn the usc o f  transposons in tagging



iỊL-ncs, \vhich is the sourcc o f  most of the IỊCI1CS tli.1t 
havc bccn studicd in maize. This has bccn niost usctiil 
\vith the M u ,  ,4í‘, and H n / S p m  elcmcnts. M any rc- 
scarchcrs have cxploitcd thc M u  clcmcnt in botli iỊCii- 
cral studics and thc taựtỊĨng process. W ithout the use 
ot transposons in tagiỊÍn", the studies vvith niaize 
LỊCIICS \vould have bccn scriously hampered. From 
this proecss. lỊcne structurc lias bocn cliKÌđatcđ as vvoll 
as the n m v o rk  ot interactions, tor cxaniplc, as in the 
anthocyanin pathvvay, in dcmonstratinu; the kinds o f  
intcraction that takc place in inany o f  thcse plants. 
This taiỊginíỊ proccss was íĩrst exploited in Drosophila  
vvith thc p  elemcnts, bu t it vvas intensivelv uscd in 
thc maizc plants. Their  rcady availability in maize 
lincs has made thcir usc verv com m on. Furthcr, thcsc 
transposons havc becn put into transgenic plants and 
ha ve becn uscd in tagginiỊ in A ra b ù h p s i i ,  tobacco, 
tomato, and othcr plants. Tliis proccss has probablv 
bccn thc most utilitarian aspcct o f  transposons.

B. Protein Structure
Protcin structurc has bccn prcviously alludcd to. In 
tlic study ot tlic transposon-induced c /  mutants in 
maizc, tw o  tcaturcs o f  the acidic donuún, hclicity 
and cliargc, wcrc invcstigatcd. Sonic nnitants (pa lv -  
colorcd alcuronc) caused thc intcrrupcion ot tlie helix 
and thc introduction o f  onc positive chartỊO, vvhercas 
in another m utan t the chartĩc is rcduccd by a tactor

ot sevcn thouííh the phenotvpc is maintained 
It could hc concludcd that thc ability to torin an alpha 
hclix in tho c /  protcin is morc ìm portant than the 
charíỊc distribution within tho doniain. Thus the ex- 
prcssion o f  the protcius could be visualized by changcs 
induccd by transposons in causing footprint changcs, 
which arc cíTcctivc in causinc; the hníil phcnotvpc 
chaiiiỊO. Work will coiitinuc to progress in this area 
bccause ot the nuinerous sites vvliere the transposon 
insert can bc tound in a s;ene. Witli the currcnt simula- 
tion studies ot amino acíd chantỊcs rclated to protein 
contìtỊiiration, this will be a more lỊencrally uscd pro- 
cess in protcin studies.
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Tropical and Subtropical Fruit
CHRISTOPHER MENZEL, Queensland Department o f Primary Industries, Nambour

I. Tropical and Subtropical Fruit Production
II. Citrus

III. Banana
IV. Mango
V. Pineapple

VI. Papaya
VII. Avocado

Glossary

M editerranean Areas w ith cool wet winters and hot 
dry summcrs; cỉays in su m m cr  are above 30 °c  for 
sevcral weeks and vvater usc cxcceding 250 m m  
i n o n t h  1
S u b t ro p ic a l  Areas with w intcr m inim a of '5°-10°C  
and sum m er m axim um s of30°-35°C; írosts may limit 
tropical fruit production  CVC11 at low  elcvation and 
rainfa11 is gcnerally grcatcst in sum m er and least in 
w in ter  or sprin^
T r o p ic a l  Lovvlanđ arcas w ith  mcan temperaturcs 
above 25°c  tor m ost o f  the year or 8°-10°C coolcr 
at higher elevations up to 2500 m; frost may limit 
tropical fruit production above 1600 m and rainíall 
may be continuous or thcre may bc One or tw o  distinct 
wet seasons

T r o p i c a l  and subtropical fruit play a major role in 
the diet o f  m any peoplc and can bc tound as part o f  
subsistencc agriculture, as part o f  market gardens, 
and more rcccntly in cxtensive private and corporate 
plantations. Fruit were traditionally sold in local m ar-  
kets and eaten trcsh or cookcd. Howevcr, in reccnt 
years m any ot' these industries havc dev đ o p eđ  large 
P r o c e s s i n g  a n d  export c o m p o n e n t s  w h i c h  g e n e r a t e  

si^nihcant incomc.

I. Tropical and Subtropical 
Fruỉt Production

The mạịor tropical and subtropical fruit arc citrus 
(73 Mt), banana (71 Mt), m ango (15.7 Mt), pineapple 
(9.7 Mt), papaya (4.4 Mt), and avocado (1.5 Mt). 
C itrus include a divcrse range o f  fruit w ith  orange 
accounting for about 70% ot' the production. O ther 
nuýor species arc mandarin (12%), lemon and lime 
(9%), and grapeíruit and pum m elo (6%). Thcre arc 
no scparate statistics for the last tw o mentioned 
lỊroups, but it is estimated that 90% of'the total pro- 
duction comes íroin lemons, whíle grapeíruit also 
dominates o ver p u m m elo. | S « '  CiTRUS F r u it s . ]

Tropical and subtropical fruit are grow n over a 
wide rangc o f  environments from about 45° N  to 
35° s latitudc. The dim atcs  arc generally w arm  moist 
tropical, subtropical, or Meditcrranean (Fig.l). In 
true tropical lowland areas, mcan tempcratures are 
abovc 25°c for ìnost ot' thc year. Sorne fruit spccies 
can also be grovvn at higher elevation in the tropics 
up to 25(W) m where mcan tempcratures arc about 
8°-l()°C' lower. Thcrc  may be continuous rainfall or 
one o r  tw o  distinct wet seasons. Subtropical areas 
gcnerally ha ve vvinter m in im um s o f  5°-10°C and 
rnaxim um s in sum m cr o f  30°-35°C, depending on 
clevation and distance from Coastal inAuences. The 
occurrence and frcqncncy o f  frosts may limit tropical 
fruit production in these locations. Rainfall is gener- 
ally greatest in sum m cr and least in vvinter o r  spring. 
Mediterranean climates have cool wct winters and 
hot dry  sum m ers  with  day temperatures in sum m er 
o f  m ore  than 30°c íor scveral weeks and water use 
cxceeding 250 m m  m o n th -1.

Tropical íruit can bc scparated into ditTcrent groups 
according to thcir pattern o f  ơrow th  and flowering. 
Citrus, mango, and avocado are niultiple-branching 
trees with cyclic shoot growth, axillary (citrus) or
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tcrminal flowerimỊ, and low averagc yielđs o f  < 2 5 -  
30 t h a -1. VcíỊctative I^rovvth ottcn compctcs with 
rcproductivc í*rowth and a low proportion ot dry 
mattcr is diverted to the íruit. Best yields occur whcn 
irrovvtli is limitcd to certain timcs o f  the ycar. Flow- 
crintỊ tỊCiierally occurs aftcr a pcriod o f  temperaturcs 
bclow 25°c an d /o r  nioisturc stress. In contrast, the 
othcr major truit spccics arc singlc-stcmmcd with 
continuous leaf initiation at least until flowcr indưc- 
tion which is cither terminal (banana and pineapplc) 
or axillary (papaya). Yields arc high and Lisually 
greatcr than 40-140 t ha 1. Since there is no competi- 
tion bctween rcproductivc and vcgetative iỊrovvth, 
yield is oftcn proportional to the am ount ot lcat arca. 
A high proportion o f  dry mattcr is allocated to the 
fruit and best yields occur whcn vegctative g row th  
is cncouragcd. Flowerin£Ị is SỊencra l ly  not induccd b y  

cool or dry vvcather.

II. Citrus

A. Origin, Distributlon, and 
Commercial Importance

Citrus includes niany spccies and hybrids from the 
family Rutaceac. Most spccics originated in Southcast 
Asia and the Pacitìc, particularly from China and Inđia 
to N cw  Caledonia. The only cxccption is the í^rape- 
íruit from the Wcst lndies. Tlie most important spc- 
cies arc

C itm s  sinensis— swect orange 
Citrưs a tm m tiu m — sour orantỊC 
C iln is  rcticuliìta— mandarin

C itn is  Union— lcmon 
C itn is  íU ir c V ì t i fo l i t i— l i n i e  

C itn ts  X pavihiiỉi— lỊrapctruit 
C itru í  Diaxiino— pum m elo

In otììcial esúnuưes, oraniỊcs arc the most important 
citrus tollovvcd by m andann , lemons and !imcs, and 
lastly grapctnút and punimelo. Citrus havc a long 
historv in Southcast Asia \vith unottìcial rccords inđi- 
catintr cultivation in C h iiu  tor possibly 4000 ycars. 
T hcy  arc novv vviddy lĩrovvn th rou^hou t thc tropics 
and subtropics approxiniatclv betvvecn 44° N and 
35° s vvith production ot morc than 1.0 Mt in the 
United States, Mexico, Brazil, Argentina, Cliina, Ja- 
pan, India, Iran, Pakistan, Ei;vpt, Turkcv, Grccce, 
Morocco, Italy, and Spain. Citrus is the most vvidcly 
tỊrovvn tropical truit and siiỊnilìcant volumes ot fresh 
and processed Products arc tradcd.

B. Botanical Relations and Cultivars
T he  taxonom y ot citrus is complcx \vith many spe-
cies, hybrids, and cultivars. M any ot' the spccics are 
polycmbryonic.

c. Description of Plant (Fig. 2)

Citrus arc usuallv small trces arnicd \vith single axil- 
larv spincs. Lc;ives are lỊcncrally thin, cark tỊỈossy 
grccn vvith a stroniỊ aroma \vhen crushei. Flowers 
ure lỊLMierally borne siiiíỊutarly and are mostly bisex- 
ual. Fruit arc berrics with tỊrccn. vellovv. o r  orantỊe 
skin, thick leathcry rind, and a yellovv, orangc, or 
red inner laycr consistiniỊ ot scvcral sctỊrricnts tìlled



FIGURE 2 (.'iim.í sintnsiỉ (s\vcct or.mtỊL’ cuh ivar  Washiniỉton Navel). (A) V ciĩcu t ivc  shoot ( X 1/2). (B) Fruit in loniỊÌtudinal section ( X  

1/2). |R cdr;i\vii hy C-atliic M eim -I w ith  pem ussion  trom  P u r s o i ĩ lo v c .  |. w .  (1 *>(>S). "T ropical C ro p s— D ic o tlcy d o n s ,"  Fit». H3, p. 515. 
C o p y r ig h t ©  l% 8  hy L o n g n u n  Ciroup U .K ..  Harlovv. U .K .Ị

vvith pulp vcssels. Thesc vcsscls are firm o rso t t ,  tìllcd 
with svvoct, acid, or vcry acid juice vvith or w ithout 
disrinct oil droplcts. Frnit usually havc many sim]] 
to lartỊC sccds, iilthouẹ;h Sonic cultivars arc sccdlcss.

D. Growth and Development
M ost Cìlrtis are poỉyem bryonic  \vith scedlintỊS truc to 
type sincc the zygotic cnibryo is usually supprcsscd. 
Tlicre arc sonic cxccptions in d u d in g  thc pum m clo  
(C. im.xiina) \vhich arc m onocm bryonic . In subtropi- 
cal arcas vvith distinct dry or cool wintcrs, thc trccs 
usually Husli vcgctativcly in Sprint and ai;ain in sum - 
mcr. Flowers arc normally borne on the spring 
Hushes. In w arm  hum id arcas, Aushing may be m orc 
o r  less continuous and flowcrintỊ and hencc íruiting 
occur ovcr much o f  thc year. Fruit set is ^encrally 
vcry tiigh, but is accompanicd soon aftcr by OI1C or 
m ore pcriods o f  abscission. Fruit n iaturc aíter 7 to 8 
months. Dcpcnding on trcc vigour, trces may follow 
a cyclc ot “ o n ” and “ o f f” vcars. Yiclds may be so 
hcavy in Sonic species that part o f  or thc whole trec 
dics.

E. Ecological Adaptation

Citrus arc g row n  in tropical areas up to an clcvation 
o f  2100 m with no distinct cold pcriod (days bclow 
2(I°C) and onc or m orc  cxtcndcd wct seasons; sub trop- 
ical arcas vvith cool dry vvintcrs and w arm  wet sum - 
nicrs; and in Meditcrrancan areas vvith cool vvet 
wintcrs and dry hot summcrs. Croppint* occurs

th roughou t the ycar in the tropics but is normally 
rcstrictcd to latc sumrncr, autumn, or vvinter in the 
otlicr climatic zoncs. Frnit also niature 1 to 2 months 
carlier in the tropics. Cultivars selected íor One arca 
do not lỊcncrally pcrtorm as wcll in othcr locations. A 
dry pcriod promotcs rtoral inđuction in some spccics, 
although watcr requiremcnts gcncrally increasc from 
flowering and íruit set to íYuit fillina;. Estimates o f  
crop watcr usc indỉcate 100 m m  is requircd during a 
cool m on th  and 250 n im  during a hot month.

F. Uses of the Fruit
Citrus ha ve mainly bccn uscd as írcsh fruit, but sub- 
stantial quantitics arc now  processcd into juicc, jams, 
dairy products, and swects. Therc are very larqe I n 
d u s t r i e s  based on the export OẾ frozcn orangc concen- 
trate particularly from South America. The íruit can 
be used íbr Aavorina; m any dishes and scíỊments or 
picccs canncd. Citrus are also good sourccs ot pcctin, 
citric aciđ, and esscntial oils.

III. Banana

A. Origin, Distribution, and 
Commercial Importance

Bananas (Mtisa spp.) are thouíỊht to have oriiỊÌnatcd in 
Southcast Asia, possibly in thcarca betvveen Malaysia, 
Indonesia, and Papua N cw  Guinea. Howcvcr, their 
exact origin is not know n and therc is niuch contusion



on the anccstry o f  modern bananas. Cultivated ba- 
nanas vvcrc reported to be first taken to Europc in 
the lOth century and latcr to West Africa and South 
America. Banana now  dominates tropical fruit p ro- 
duction, along with citrus, and ranges from shiítins; 
cultivation, hom e gardens to cxtensive corporate 
plantings. In the tropics they are usually grow n at 
elevations below 1600 ni. Countries producing more 
than 2.0 Mt o f  M usa  are Rwanda, Tanzania, Uganda, 
Zaire, Brazil, Colombia, Ecuador, India, Indonesia, 
and the Philippincs. Many o f  thcsc countries produce 
m ore plantain (cooking banana) than banana, al- 
thouíỊh overall, about two-tliirds o f  the w orld ’s p ro- 
duction o f  Miisn comes from banana. Bananas, nota- 
bly Cavendish cultivars (AAA e;roup), arc important 
as an export carner for scvcral countries includintỊ 
the Philippincs, Malaysia, Honduras, Panama, Wcst 
Indies, Colombia, and Ecuador. Cultivars for cxport 
need a long green life beíbre ripcning betỊÌns. I Scc  
B a n a n a s . I

B. Botanical Relations and Cultivars
Banana gencrally refcrs to a num ber o f  specics and 
hybrids ot' M usa  in the family Musaccac. Most ediblc 
spccies o f  banana arc Musa aaimiiiata  or hybrids hc- 
tween M . acuminata and M . halbisiana, although no 
cciible íorms o f  the lattcr spccics havc bccn íbunđ. 
There arc various diploids, triploids, and tetraploids 
containing different proportions o f  M . acumìnaĩa (A) 
and M . balbisiana (B) such as AA, AAA, A A A A ,  and 
hybrids AB, AAB, ABB, and ABBB. Therc are also 
other spccics o f  M usa  which arc economically im- 
portant as ornamentals or íỊDod sources o f  tìber.

c. Description of Plant (Fig. 3)
The banana plant is a lar^e herbaceous evcrgreen nio-  
nocotylcdon from 2 to 9 m tall vvith a thick succulcnt 
pseudostcm which comprises a scries o f  ovcrlapping 
lcaf sheaths tightly wrappcd around each othcr to 
form a rigid bundle 20-25 cm in diamcter. N cw  leaves 
originate from thc í*rowing point at thc top ot the 
underground rhizomc and grow up through the cen- 
tcr o f  the pseudostcm. Leavcs arc íroni 2 to 4 111 long 
and 60 to 100 cm vvidc and iỊreen. Juvenilc lcavcs ot 
many cultivars havc maroon patches on thc uppcr 
surfacc and arc red-purple undcrncath. A major cx- 
ccption is the ABB group which is devoid ot 'purple  
pitỊinents. The inAorcscencc is a tenninal spike pro- 
duccd troni the tip ot tho steni aftcr about 25-5(1 
lcavcs havc appcared. The inHorcsccncc is initúilly a 
lartỊc tiglit, lonií-oval purplish bud (not in thc ABB

FIGURE 3 XlitSii AA13 nroup cv. M ysore  (hanan.i). (A ) Y ouniỉ 
plant (X  1/3(1). (B ) Hruit bu nch  (X  1/1(1). |K cd raw n b v  C athie  
M cn zcl w ith  p crm ission  trom  P u rsc^ lovc, |. w .  (1% S). “ T rop ical 
C r o p s— M cm ocotlcyd on s 2 ."  Fiií. 25 , p. 359. C o p y r ig h t ©  1972 
by LoniỊiiian Cìroup U .K ..  H arlọw . U .K .Ị

group) which latcr opcns to reveal slim nectar-rich 
tìovvers covcred by thick vvaxy bracts. 1 here are fc- 
male flowers at the proxinial end and male flowers at 
the distal end ot the inrtorcsccncc. Young fruit are 
iniúally slcndcr grccn íìngers. T he rtovvcr bracts arc 
SOOI1 shcd and fu]]y ỉỊrown truit in cach clustcr becomc 
a “ hand" o f  bananas. M aturc fruit are grccn, yellow. 
or  red, from 6 to 35 cm  lons* and 2 to 5 cm wide, 
and rantỊC grcatly in shape from oblontí, cylindrical, 
and blunt to triangular, curved, and hornlikc. Whcn 
fruit arc ripc, flesh is white, yellow, or ređ-ye]]ow, 
fĩrm or soft, and moist or dry. Plantains are normally 
dry evcn whcn ripe. Flavor is mild, sweet, o r  subacid. 
Cultivatcd varictics do not lỊcnerally have seeds.

D. Grovvth and Development
Under op tim um  conditions, vcgctative £Ịrowth is 
rapid vvith about 0110 leat emeríỊÌniỊ cvery weck. The 
sizc o f  succcssive Icaves increascs to a m axiinum 
shortly betorc Aovvering, \vhcn abont 30 lcaves have 
bccn produccd. The inrtorescence normally emerges 
8 to y m onths atter plantmtỊ. lonycr 111 the cool sub- 
tropics nr at hiiỉhcr clcv.ition in tlic tropics. Fruit 
aro normally harvcstod 3 to 5 nionths atter Hower 
opcninự. Sidc slioots or suckcrs cnicrtỊc trom  buds



on thc rhizome initially tbrm ing a ựood rhizomc and 
root system and then sitỊnihcant lcaf production aftcr 
flowering ot thc m othcr plant. Productivitv can bc 
maintaincd for 10 vcars or more in somc situations 
bctbrc yields start to decline.

E. Ecological Adaptation
Withm the latitudcs o f  30° N and 30° s  vvhcre bananas 
are exploitcd therc is a great rangc in cnvironmcntal 
conditions. Grovvth is best in the w arm  huniid low- 
land tropics with mean temperatures above 25°-27°C, 
but s*rowth slows at lower temperatures and thcre is 
a longcr production cyclc. M ost cultivars stop g row - 
ing at mean teniperaturcs below 13°c. Bananas are 
shallow-rooted and arc vcry sensitivc to water defì- 
cits. Yields arc highest in locations with hiíỊh average 
raintall of2(X) m m  rnonth~ ' unlcss f'requent irrigation 
is availablc. Yields also tend to be highest in locations 
w ith  high average hum idity  but no t associatcd with 
cxtcnded cloud covcr. In subtropical areas, lower 
raintall in wintcr is lcss o f  a concern, since í^rovvth is 
much slovvcr than in sum m er.

F. Uses of the Fruit
Ripe bananas can bc eaten fresh by thcmselves or used 
in fruit salads, mashcd and used in dairy or bread 
products, or evcn frozcn or dried. Thcy  can be sliced 
and cooked whole as a savory or dcssert. Plantains 
o r  cooking bananas tcaturc s tron^ly in the dicts o f  
many pcoplc in the tropics and subtropics. They are 
no t suitablc for eating out o f  hand but must be íried 
or bakcd wholc or m ixcd with othcr foods such as 
coconut milk. Thcy art' sometimes mashcd or used 
in soups and stevvs. Plantains can also be processed 
into flour.

IV. Mango

A. Origin, Distribution, and 
Commercial Importance

The mango, Man<ịifera indica, from thc íamily Anacar- 
diaccaẹ is native to Asia. There  is a primary centcr o f  
origin in the Indo-Burm a region o f  South Asia and 
a secondary ccnter in Southeast Asia. The other eco- 
Iiomically im portant m em ber o f  this iamily is the 
cashcvv. M an^o  has a lone; history in India svhere it 
has becn rcported to have bcen g row n for several 
thousand vears. It was distributcd to eastern Asia in

400—500 B.c. and to cast Africa and the Americas by 
thc end ot'the 18th century. The maniỊo is now  widcly 
e;rown 111 the tropics bclow 600 m and in thc subtrop- 
ics t ro m  iỊardcn trccs to small and large commercial 
plantings. Fruit are very popular whcn available. India 
produces 9.5 Mt, about 60% ot the w o r ld ’s crop. 
O th e r  im portant producers with more than 0.5 M t 
each arc Pakistan, Thailand, and Mexico.

T he  volum e o f  w orld  trade in fresh mango in 1985 
was about 90,000 t but is increasing rapidly. The 
m ajor markcts are H ong Kone;, Singapore, Japan, the 
U nited  States and Europe. Thailand and thc Philip- 
pincs are im portant suppliers into Asian markets. Sig- 
nificant quantities o f  processed m ango arc also ex- 
portcd cspecially from India, which accounts for 
about 60% ot' thc 30,000 t.

B. Botanical Relations and Cultivars
Therc  are hundreds ot cultivars and m uch coníusion 
about thcir names cvcn in India. Sclcction for hií^h 
quality has bcen carricd out in India for thousands 
ot years, althoutỊh clonal propagation has only been 
availablc for 400 ycars. M any hvbrids have becn de- 
vcloped in India and Plorida over che p a s t  20 years 
w ith  better fruit color, thicker flesh, superior Aavor, 
and m ore  regular production. M ost o f  the Indian cul- 
tivars are monocm bryonic  torm ing  seeds with a single 
zygotic em bryo  with the seedling not true to type. 
Southcast Asian cultivars arc generally polycm bry- 
onic to rm ing  seeds with several adventitious cmbryos 
in the nucellar tissues, which are true to typc as the 
zy^otic em bryo  is normally suppressed. In some 
countries, sniooth-Acshed cultivars are g row n for the 
trcsh market and othcr more tibrous cultivars for pro- 
ccssin^.

c. Description of the Plant (Fig. 4)
T he m ango is a large ercct evergreen tree up to 30 -  
40 m high in old spccimens. The  leavcs are borne in 
rosettes at thc tips o f  branches and are initially yellow, 
pink, or red bccoming dark-grccn and glossy above 
and lighter underneath. M aturc leaves are 8 -4 0  cm 
lon^ and 2 -1 0  cm wide. U p  to 4000 small green- 
ycllow fỉowers are borne on terminal panicles. The 
panicles have a variablc proportion o f  nialc and her- 
maphrodite  flowcrs depending on the cultivar and 
tcmperature. Fruit vary signiíìcantly in size, shapc, 
and color and may be round, oval, or kidticy-shaped 
and up to 4 kíỊ, although normally 300-800 The 
skin is leathery, thick, and dark-green, yellow, or-



FIGURE 4 M anxịlira inảitii (niaiiỊỊo). (A) Shoot with  truit 
( X  1 / 3 ) .  ( B )  F r u i t  i n  l o i i ị Ị Ì t u d i n a l  s e a i o n  ( X  1 / 2 ) .  | R c d n i w n  b y  

Cathic M c n z đ  with p m n i s ổ ô n  from Purscglovc,  [. w .  (1%8). 
" T r o p i c a l  C r o p s — D i c o t l e y đ o n s , "  Fií>. 2,  p .  2 7 .  C o p y r i g h t ®  1 % 8  

b y  L o i i g m u n  G r o u p  U . K . ,  H ; i r ] o w .  U . K . |

aniỊC, o r  r c d  a n d  t h c  f l esh  p a l e  y d l o w  t o  d c e p  o r a n g c ,  
smooth or íìbrous, acid, svvcct, musky and overpow - 
criníỊ, or bland. The better Aavorcd attractivc cultivars 
arc highly sought aftcr in thc market place.

D. Growth and Development
In  r n a t u r c  t r e e s ,  u p  t o  f o u r  l c a f  A u s h c s  m a y  o c c u r  
each year dcpcnding on cnvironmcntal concỉitions, 
trcc rnanaíỊcmcnt, and crop load, although not all the 
tcrminal branches may íìush at any onc time. M any 
cultivars will not Aovver s u c c c s s f u l l y  if  branchcs have 
Aushed recently. Panicle and flowcr dcvclopmcnt arc 
vcry rapid, normally takine; no m ore than 30-40 days 
espccially with day tcmperaturcs above 25°-30°C. 
Fruit sct is rathcr poor with l e s s  than 1 % ot herm aph- 
roditc flowcrs carryiníỊ a fruit to harvcst even with 
good diseasc and inscct control. Fruit ripen atter 3 to 
5 months. Biennial bearinẹ; is a problcm in many 
cultivars especially if tree managcmcnt is poor or it 
cool wcathcr tollovvs soon atter harvest.

E. Ecological Adaptation
M a n t Ị O  is i Ị r o w n  in â vvidc r an í Ịc  o f  c n v i r o n m e n t s  
v vh cr c  t c m p c r a t u r c s  a n d  t n o i s t u r e  s u p p l y  v a r y  c o n s i d -  
c r a b l y .  It p c r t o r m s  b c s t  in c l i m a t c s  vvi th d r v  p c r i o d s

during flowcring and fruit ontoíỊeny and rảin in sum - 
m er aftcr harvcst. N cw  íỊrowth is killcd b^ light trost 
w h i c h  l i m i t s  p l a n t i n g s  t o  Coasta l  a r c a s  i n c o o l  s u b t r o p -  
ical locations. Vegetativc g row th  is prom oted by 
w arm  tcmperature o f  25°-30°C and good nioisture 
supply. Cool winters below 2()°c are reporteđ to in- 
ducc flowcring in subtropical areas, although in the 
tropics m o i s t u r e  s t r c s s  1S though t t o  b c  r e s p o n s i b l e .  

Cool m^hts below 12°c around flowering rcduce pol- 
lination and inducc the production o f  sma]] unm arket-  
ablc fruit. Rainỉall ranges from 750 to 2500 m m  year~1 
in m ost maiiỉỊO areas. A lĩhough m ango 1S reported 
to survive drought conditions, the eíTects of moisture 
stress on fruit production arc not fully understood. 
Water strcss during carly íruit dcvelopnient incrcascs 
fruit drop. Strcss later during truit maturation dclays 
dry m atter accumulation and leađs to ripcnins; abnor- 
m a l i t i c s .

F. Uses of the Fruit
M angos are lỊcncrally Liscd as tresh fruit eithcr by 
thcm se lves  o r  in tru it  salads, a l th o u g h  significant 
quantitics arc proccssed into canncd íruit or used in 
ncctars, juiccs, jcllies, dairy products, and sweets. 
T hcy  can also bc successtully dricd. Mangos arc usu- 
ally catcn when fully ripe, but arc popular as green 
fruit in parts o f  Southeast Asia. Thcre is also a large 
rm rke t  for m ango picklcs or chutney (atchar), and in 
somc plantations ìnaniỊOS are harvcstcd green exclu- 
sively for pickling.

V. Pineapple

A. Origin, Distribution, and 
Commercial Importance

The pincapple, Atianas coinosus, is the inost im portan t 
ediblc incm bcr o f  thc tamily Bromcliaceac which has 
ovcr 2000 species, niostlv epiphytic and many attrac- 
tive and cconomically im portant ornamentals. Ít is 
I i a t i v e  to tropical South America, possiblv in the area 
between S o u t h e r n  Brazil and Paraguay, whcre it was 
domcsticatcd lone; bcforc the arrival ot the Spanish. 
It was introduced to Southcast Asm m the 15(X)s and 
soon after to much o f  the tropical world. Pineapples 
are now  wide]y grovvn up to 30° latitudc with produc- 
t i o n  o f  a t  le a s t  0 .5  M t  in  t h c  U n i t e d  S ta te s ,  M e x i c o ,  
Brazil, China, Indonesia, the Philippines. and Thai- 
l a n d .  P r o c e s s i n g  1S v c r y  i m p o r t a n t  w i t h  a b o u t  h a lf  
thc world;’s pineapplc production proccsscd.



T he pincapplc is no w  onc o f th e  lcađiiiiỊ conimcrcial 
truit crops ot the tropics witli siẹ;nific;iiit exports o f  
canncti and trcsh product. The volunic ot caiincđ íVuit 
is about 0.7 M t year The major supplicrs arc thc 
Philippines, Thailand, Taivvan, South Africa, Malay- 
sia, and niorc rccently Indonesia. Canncd pineapple 
juice cxports arc CVCI1 m ore  iniportant, but tlierc arc 
no reliable tlíỊurcs availablc. Frcsh fruit tradc is about
0.5 M t annually. LeadinsỊ playcrs in thc írcsh pineap- 
ple tradc arc Taiwan, thc Philippincs, Pucrto Rico, 
Mexico, Brazil, Guinea, Ivory Coast, South Aírica, 
and Martinique.

B. Botanical Relations and Cultivars
Pineappk’ cultivars varv íỊrcatly in yicld and fruit 
vvciíỊht as vvell as color and Havor o f  the flcsh. The 
main commercial varictics can be ỉỊrouped into four 
typcs. The Caycnnc (Ị ro 11 p ^ ro w n  mostly in Asia, 
Kenya, and the United States has lcaves with  spines 
only at the basc and top and cylindrical fruit vvciqhing 
about 2.5 kíỊ with palc ycllow to ycllow flcsh. The 
Q uccn  group mainly grovvn in Australia and South 
Atrica has spiny lcaves and fruit vveighing 0.9—1.3 kg 
vvith crisp golden flesh. Q ueen  types arc also ]ow in 
acid and hii*h in sugar. T he  Red Spanish g roup  is 
mainly g row n in Central and South America and Ma- 
laysia and has characteristics intermediate between 
thosc o f  Caycnnc and Quccn. Perolera is another im— 
portant group. While it is g row n  commcrcially only 
in South America, its maín use has bcen as a parent 
Í11 breeding progranis. Various hybrids betwecn the 
o thcr groups arc also exploitcd commercially.

c. Description of the Plant (Fig. 5)
T he pincapple is a percnnial or bìennia! hcrb ưsually 
about 0 .5 -1 .5  m in hcight, a lthough occasionally 
tallcr. Plants ha ve a short stocky stcm and a rosette 
o f  waxy tough leavcs 0.5—1.0 m  long. The inAores- 
ccncc is sliort with np to 200 bluish-purplc scssile 
flowcrs each subtended by a pointeđ bract. Aíter 
flowering, individual fruit jo in  together to form a 
conical-shaped com pound ju icy  Aeshy fruit up to 
20—30 cm long. The skin is toutĩh, vvaxy, and dark- 
grccn, yellow, o r  orangc-ycllow when thc fruit is ripc 
and thc flcsh white to ycllovv, ju icy  and acid, subaciđ, 
svvect, or bland dcpending on cultivar, scason, and 
m aturity . Fruit arc normally  sccdless duo to sclt- 
incompatibility Itnlcss thc flowers havc bccn cross- 
pollínated by hand with pollcn trom  a diHcrcnt i^roup.

F IG U R E  5 Antiiitìs Cữtnosus (p incapplc). (A ) Plant w ith  a youniỊ 
íruit (X  1 /1 0 ) .  (13) Fruit in lon^ itudinal section  (X  1 /4 ). |R ed ra\vn  
h y  c-iầthic M en zcl vvith p crm ission  tVom P u rscỉĩlovc, J. w. (1972). 
“ T rop iral C r o p s— M o n o c o tlc y d o n s  Ị .” Fii>. 10, p. 83. C o p y r ig h t  
©  1972 b y  L on gm an  (ir o u p  U .K .,  Harlovv. U .K .Ị

There arc gcncrally no natural pollinators in inost 
countrics that iỊrow pincapplcs.

D. Growth and Development
Pineapplcs arc normally  propagated by crovvns which 
a rc  r c m o v c d  prior t o  P r o c e s s i n g  or h y  v e g e t a t i v c  

shoots which arisc troni the base o f  the truit as it 
dcvclops (slips) or trom  thc base ot the plant (suckcrs).

Plants can produce up to One ]caf pcr week under 
idcal conditions. Atter Aoral induction thc stcm clon- 
ọ;ates a n d  enlariỊCS n c a r  t h c  g rovvinu ;  p o i n t  a n d  í o r m s  
a tight clustcr offlowcrs. The stem continues to grow  
at its apex and torm s a crovvn o f  compact lcavcs. The 
tìrst flowcr opcns about 50 days aíter induction and 
anthcsis continues for 20-40  days. Planting to harvest 
takes about 15-18 m onths in tropical arcas and 20-23 
m onths in subtropical arca with a distinct cool season. 
O n e  or m ore ratoon crops can bc prođuced from 
suckcrs at the basc o f  the plant thus reducine; planting 
costs and shortening the production cycle.

E. Ecological Adaptation
The pincapplc is gencrally grow n at low  clevations 
from 0° to 30° latitudc vvhcn day temperatures rangc 
tro 111 20°—35°c, although somc conunercial plantin^s 
arc found up to 2300 m in the tropics. The crop cycle 
is shorter in the lowland tropics, whilc in cool areas 
íruit may bc too acid for thc tresli inarket for much 
ot che ycar or be unmarkctable due to discoloration 
ot the Hcsh (cndoỉỊcnous browniniỊ). Sue;ạr lcvcls arc



l c s s  i m p o r t a n t  f o r  p r o c e s s e d  tr u i t  as  t h e y  c a n  b e  r c a d i l y  

adjusted in the íactory. In liot drv area thcrc can bc 
problcms with sunburn o f  fruit. Tlio plant is also 
s e n s i t i v e  t o  í r o s t  a l t h o u ự h  it wi]] t o l e r a t c  c o o l  n i í í h t s  
for a short period. Pineapples are tolerant to intermit- 
tent drouiỊht but arc susceptiblt’ to root rots. Thcv 
arc g row n in areas wich raintall from 650 to 
3 8 0 0  m m  y c a r "  T h i s  r a in t a l l  s h o u l d  id c a l lv  b e  s p r c a d  
throu^houc thc year, sincc most plantations arc not 
irri^ated. In coolcr subtropical areas, vvintcr rainhill 
becomes lcss im portan t because lower averauv tcm- 
peratures markcdly rcducc grovvth ratcs.

F. Uses of the Fruit
Pincapples arc oftcn used frt’sh particularly 111 tropical 
truit salads. Thcy can also bc processcd into ịuicc, 
jam s, yoiỊhiirt, icc crcam, or svvccts. A sit;nifìcant 
proportiơn o f  the crop is usuallv canned into sliccs, 
cubcs, or crush. Fruit slices can also hc succcsstully 
dricd.

VI. Papaya

A. Origin, Distribution, and 
Commercial Importance

Papaya, C arừa papaya,  is a m cm ber ot the tamily 
Caricaccac nativc' to tropical South America possibly 
in the area between Mexico and Central America. It 
was brought to the Caribbean and Southcast Asia 
during the lỏtli ccntury bv Spanish cxplorcrs and 
quickly spread to India, Oceania, and Atrica. Produc- 
tion ot' m ore than 0.2 M t occurs in Brazil. Mexico, 
Zaire, Thailand, Indonesia, and Inđia.

The fruit arc delicatc, are easily bruised, and suc- 
cuinb to prc- and postharvcst diseases, and thcretore 
lag bchind other species such as citrus, banana, and 
pineapple espccially in export markets. Processing is 
also less dcvclopcd. M uch o f  thc crop is g row n in 
hom c garđens vvhich are not includcd in otĩicial esti- 
mates o f  production. The  trec is also susccptible to a 
widc rangc o f  prcharvest pests and diseascs which 
rcducc fruit quality and the litc o f  a plantiniĩ. Oftcn 
o r c h a r d s  b c a r  well f o r  Oiily 2 t o  3 y c a r s .  The s h o r t  
li te o f  plantations rcduces averaíỊC yields and increascs 
grcnving costs. O ne advamaiỊc is that thc trcc is tast 
í*rowint* and bcars early. Papaya can thus be intcr- 
planted as a temporary crop in orchards vvith slovver 
sỊrovviníí lontỊer-lived truit trces such as manyo. Tlicre

can, ho\vcvcr. bc problcms vvith spray m a n a iỊ C in e n t  

in mixed plantiníỊS.

B. Botanical Relations and Cultivars
Therc is much variation in thc size, shape, and quality 
otTruit and prođuctivitv cvcn in commercial orchards 
becausc o f  outcrossing vvhich ẹ;ives hiạ;hly variablc 
sccdlinọ; populations. Fruit trom  hcnnaphroditc or 
bisexual Bovvcrs arc usually cylindrical or pvritorm 
witli a small seed cavity and thick tirni rtcsh vvhich 
transports wcll. In contrast, truit trom tcnialc tìovvers 
are nearly rounđ or oval-shaped vvith thin Hcsh. Sonic 
industrics have uscd hand pollination to maintain a 
selected strain particularly when matcrial trom ovcr- 
scas has bccn incorporatcd. Carc must be takcn to 
avoid cross-pollination from iiứcrior local material. 
SiiỊiiitĩcant brccdinụ; cftbrts liavc bccn made in 
Havvaii, Australia, Taivvan, Thailand, Malaysia, and 
the Philippines. Firm tìcsh and resistancc to soft rots 
have becn iniportant considcrations in these brccding 
progranis.

c. Description of the Plant (Fig. 6)
Papaya is a fast lỊrovving hcrb-likt* trce reáching up 
to 2 -10  111 in vigorous 3- to 5-year-old spccimens. It 
is usually unbranched unlcss the lựovving point is 
injurcd. T he  stcni is liollovv, qrccn, or  dcep purple 
with a thick basc. The  lcavcs cmcrgc đirectly from

FIGURE 6  Ciiiiiii ịhĩỊhìỴii (papava). (A ) T op  ot a tcn ialc plant 
(X  1, 8). (15) Fruit in lontĩitucỉinal section  ( y 1 /5). |U cd raw n  by  
C a th ie  M en zc l w ith  p e rm is s io n  tro m  P u ĩsc ịịIo v c . Ị. w. (I% S ). 
‘T ro p ic a l C ro p s— D ic o c lc y d o n s ,” Fig. 5. p. 47. C o p y r ig h t ũ  1968 
bv Loniĩinan G roup U .K ..  H urknv. U .K .|



the upper part o f  the stem with the petiole up to a 
metcr long and thc leaf bladc dccply divided intơ 5 - 1 1 
maiti setỊinents nsuallv about 25—75 cni in diamctcr. 
Botli thc stem and leaves contain a milky latex. The 
Hovvers are Hcshy, \vaxv, and íratỊrant and liave tìvc 
petals. Sonic plants bcar only tcniale o r  l icnnaphro- 
dite tìcnvers, othcrs onlv malc tìowcrs (dioccious 
plants). Thcre may also be monoccious plants bcarini; 
both malc and femalc Aovvers. Fruit arc melon likc, 
oval to nearly round, 7 -5 0  cm long, vvciíỊh up to 
9 -1 0  kíỊ, althou^h normally 1-3  ktỊ. The skin is w axy 
and thin, but toue;h. When thc íruit is ẹreen it is rich 
in vvliicc latex. Ripe truit havc a líght to dccp ycllow 
skin vvith sott ycllow, orange, pink, or red flcsh. 
There arc num erous small black sccds coated with a 
transparcnt gel attachcd to the flesh by vvhitc íibrous 
tissue.

D. Growth and Development

Papayas arc normally grown troni sc e d .  Cuttings arc 
somctimes cxploited and liave high early yiclds but 
are susceptible to wind damagc. With controllcd pol- 
lination thc ratio ot' otTsprinu; in sccdling popula- 
tions is prcdictablc: a temale X malc cross gives 
5 0 %  íemalc and 5 0 %  male; íbinale X h erm ap h ro -  

ditc givcs 50% female and 50% hermaphrođite; whilc 
hcrm aphroditc X malc gives onc-third femalc, on e-  

third hcrmaphrodite, and onc-third male. Grovvers 
nornially plant three to fivc secdlin^s pcr site and thin 
out plants once tlicy have flowcrcd. If a lierm aphro- 
ditc planting is desired, only the vigorous hcrm aphro-  
ditc plants arc rctaincd. For femalc plantings, a ratio 
o f  1 malciio  females is essential for satisfactory pro- 
duction. Thcrc arc a few industries partly based on 
clonal propagation b y  cuttiníỊS or tissuc culture.

Sccdling g row th  is initially rapid particularly undcr 
warm  moist conditions wíth up to tvvo leaves ap- 
pcaring each week. Oncc íruiting conimenccs, the 
rate o f  stem extcnsion and lcaf initiation slovvs. Yicld 
ìs related to thc num bcr o f  floweriní>; nodes and thc 
size o f  the supportin^ leaf area.

E. Ecological Adaptation
Papayas i>row in tropical and subtropical locations up 
to 32° latitude, wlicrc day tcmperatures rangc from 
20° to 35°c. In the tropics, they arc normally found 
up to 1600 m  clcvation, abovc which killing frosts 
may occur. Frost also r c s t r ic t s  production gcnerally 
to C oasta l  areas in subtropical locations. Fruiting is 
relatcd to  11CVV ^rowth; hence, m axim um  yiclds are

rccordcd in the vvarm tropics. In tliL' cool subtropics 
both lcat and truit iírowtli arc rcdnccd and the produc- 
tion cyclc is cxtcndcd. C.'ool wcather also reduces the 
su^ar and Havor coniponcnts ot the truit. Quality  is 
superior in thc cropics. Evcn distribution o f  rain o f  at 
least 1200-1500 111111 y ea r-1 is rcquircd tor op tinum i 
production, unlcss irritỊation is availablc. Cycles o f  
dry and cool weather followcd by vvarm wet weathcr 
whicli cncouras;e rapid i»ro\vth havc bcen associatcd 
with dieback or dccline in subtropical Australia.

F. Uses of the Fruit
Fresh papayas arc íỊỊciicrallv eaten with orange, lcmon, 
or limcjuicc or uscd in truit salads. Thcy  arc a íavorite 
brcakíast in many culturcs. Papaya can be used in 
drinks, janis, candics, and crystallizcd truit. C hunks 
arc Liscd in canncd truit salads, but do not retain the 
texturc and Aavor ot tresh truit. Firm truit can also 
be bakeđ. In some arcas, papava is íỊrown in sizcablc 
plantations for the cxtraction ot papaiti, an enzyme 
collected from thc latcx o fg rccn  íruit vvhich has scv- 
cral uscs in tho tbod, bcveraíỊC, and pharniaceutical 
industrics.

VII. Avocado

A. Origin, Distribution, and 
Corìímercial Importance

The avocado, Persctì iiincriíiViii, íroni the tamily Lau- 
raccac is bclicvcd to ha ve ori(ỊÌnated in Central 
America, possibly in che arca bctwcen Mexico, Guate
mala, and Honduras. It vvas cultivated in much o f  
Central and n orthem  South America lo n g bctorc the 
arrival o f  Europcans. Avocado was initially sent to 
the Wcst Indies in thc latc 16ƠOs and quickly spread 
to the rest o f  South America and then to Asia and 
Atrica. It is novv tound iỊrovvintỊ trom  the tropical 
lovvlands to cool subtropical areas, m any M editcrra- 
ncan zones, and cvt’ 11 Ĩ11 soine tem perate  locations. 
Mạịor prodnccrs with m orc  than 0 . 1 Mt are Mexico, 
the United States, Dom inican Republic, and Brazil. It 
is less popular in Southcast Asia, Oceania, and Atrica.

Signiíicant quantitics o f  trcsh fruit are exported 
from  Israel, Spain, South Atrica, and the United 
States into the U .K .,  Francc, and other E .c . coun- 
tries. Deniand for truit is stcadily incrcasing cspecially 
in Europc.

B. Botanical Relations and Cultivars

T h r c c  r a c e s  a r c  g e n e r a l l y  d i s t in t Ị U Ì s h e d  ÍI1 o r d c r  o f  
increasintỊ tropical adaptation: Mcxican, Guatemalan,



and West Indian. Wcst Indian tvpcs contain lcss oil 
in thc truit (3 -10%  vs 10-30% for the other tỊroups) 
and arc íỊencrally considercd inlerior in tastc and qual- 
ity, lacking the truc “ nu t ty "  Aavour o f  thc othcr 
iỊroups. Thcy  also havc a leathery, pliablc skin, and 
smooth flesh. Hovvcvcr. the West Indian typcs are 
more salt tolerant. Guatcmalan raccs have thin to very 
thick skin and granular flcsh. The Mexican i^roup has 
thin sott skin which cliniỊS to the tìcsh. The races 
hybridizc rcadily and hence a raníỊC ot cultivars 
adapted to cool, drv Mcditcrrancan climatcs up to 
warm  nioist tropical lowland conditions arc available. 
Various liybrids arc now  comrnercialized and clonally 
propagatcd. Tlic major cxport cultivars arc Hass and 
Fucrte.

c. Description of the Plant (Fig. 7)
Avocado may bc an crcct or sprcading everỉỊreen trcc 
Lip to 18-20 ni tall with thick sturdy branchcs and a 
lariỊL’ trunk. The  leaves arc dark-grecn and glossy on 
the upper surtace and whitish on the underside, and 
usually about 5 -40  cm long. Those o t ' th e  Mcxican 
racc havc a strong anisccd smcll whcn crushed. The 
sntall pale iỊrecn-ycllow Hovvcrs arc bornc on short 
panides on tcrminal branchcs. The fruit arc pear- 
shaped or ticarly round up to 20-35 cm loniỊ and 
15 cm widc. The skin may be thick or thin, smooth 
or rmitỊh, cling to or casily separatc from thc Hesh, 
and raiiíỊC Ếroni ydlow-ỉỊreen to maroon, purplc, and 
black. Fruit wcií*h up to 1 ki* but usually 300—5(M) iỊ.

FIGURE 7  1‘crsea amcrứaiM (avocuilo). (A) Leatv s lio o t ( X 1 /2 ). 
(li)  Frúi[ in loniỉituđim tl scction  ( X  1 /2). |K cd raw n by Cathio  
Monzcl \vith pcrmission trom Purscnlovc, I- w . " rrop if.ll
C ro p s— D ic o tle y d o n s .” Fiix. 2'ì. p. I‘̂ s. C op vriiíh t 'ủ hy
L onum an (ỉr o u p  U .K ..  H arlow , U .K .|

The tìcsli is yellovv-ơrcen, bu ttery  and nutty, som e- 
timcs tỊranular. or watcry and blanđ. The sizc o f  the 
ivory secd and hcncc flesh recovcry varics íỊrcatly 
with  the cultivar.

D. Growth and Development

Lcaf ưrowth in mature trees íỊỊenerallv occurs in syn- 
chronÍ2cd Aushes pronioted bv w arm  tcmperatures 
o f  25°-30°C and s^ood nioisturc supply. Lcaves have 
a short li te normally less than One ycar. Trees usually 
havc vcgctative Aushes in sprine; and summcr in the 
subtropics with  Horal induction occurring at the end 
o f  the sum m cr flush and truit set concurrent with the 
spring tìusli Í11 indeterniinate fiowerin£Ị branches. In 
dcterminate branches, shoot í»rowth cnds vvith flow- 
erinsí. In tropical locations, Hushintỉ is more trequent 
and Aoral induction can occur scvcral tiines duriníĩ 
any dornianc nonAushint; pcriod. Floral devclopment 
is rapid vvith induction to anthcsis normally taking 8 
to 10 vvccks, lcss in tropical climates. Anthcsis takes 
2 to 3 vvceks in w arm  areas and 2 to 3 months 111 the 
cool subtropics. Fruit sct is norm allv  verỵ lieavy but 
tw o pcriods ot absdssion occur 111 late spring and 
suinmcr. In subtropical locations cspccially at clcva- 
tion, truit set can bc very poor  in carly cultivars fỉow- 
ering dnring cool weatlier in spring. Tho intcrplay 
bctwecn thc qrovvth Aushes with production is com- 
plex. Young Hushcs compctc stroni^ly with the devcl- 
opiniỊ fruitlcts but high ratcs of carbon assimilation 
and hence a sizcablc lcat arca aic rcquircd to hll the 
fruit. Avocados take 6 -1 2  m onths to maturc and are 
a hcavy drain on thc treo due to the hii^h oil contcnt 
o f  the fruit. Ripcning only coniniences oncc íruit are 
harvested and thus a sìiiìịIc block o f  one cultivar in 

an orchard can be successíully m arkctcd over several 
vveeks. Fruit takc 7 to 10days to ripcn at room  temper- 
aturc. Ripening can bc delayed for scvcral wecks with 
storatỊc at 7°c .

E. Ecological Adaptation
The oritỊÌnal avocado trce vvas adapted to thc ramíbr- 
ests o f  thc hum id  tropics and subtropics o f  Central 
America. Com m ercial production, hovvever, h a snow  
sprcad to many othcr cnvironments. Wcst Indian 
typcs yicld bcst in pantropical areas \vith davs ot 
28°-36°C and high humidity cspecially around anthe- 
sis. Trccs may be damatỊed at 1°—2°c . The Guatcma- 
lan raccs ori^inatino; at hie;her clcvạtion in Central 
America arc successtul in coolcr arcas such as Coastal 
Calitornia. The Mexican raccs arc the m oit cold tolcr-



ant and \vill siirvivc short pcriods bclow frcczinu;. 
Day tempcraturcs ot 25°-3()°C and hit^h hum iditv  arc 
optiimim. The  Mcxican ra CCS wcrc the sourcc o f  
niany o f  thc earlier commcrcial varictics in the main 
avocado íỊrovvina; areas o f  Caliíbrnia, althouiỊh about 
90% of production is n ow  bascd on Hass (Guatema- 
lan). O thcr iniportant cultivars are Pinkcrton (mainly 
Guatcmalan) and Reeci (Guatemalan). Californian av- 
ocados arc niostlv e;raftcd on to  M cxican rootstocks.

Avocado cannot survivc exccssive soil m oisturc  or 
evcn tcmporary \vater-loiỊiỊÌniỊ cspccially whcn under 
pressure from root rot, Phytopthora ciniHiinomi. Hence, 
sitcs with  poor drainagc are best avoided for com m er-  
cial production. Water supply is particularly critical 
durinu; the flowcriniỊ and fruit set pcriod and up to 
tho sum m er drop. Trces arc sensitivo to cxccss salts. 
Watcr quality should be checkeđ beíbre planting.

F. Uses of the Fruit
T he  fruit has a long history in the điet o f  Central
Anicricans, bcing mainly uscd as an uncooked savory

mixcd vvitli licrbs and spiccs, bnr can also bc uscd to 
cnhancc thc presentation and consumption o f  niany 
toods. M orc rccentlv thc oil has bccn uscd Í11 cosmet- 
ics and soaps, but is (Ịcncrally too cxpcnsivc to be 
uscd as a cookinu; oil.
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Glossary

C o m m u n i t y  Asscmblage o f  organism s occupying a 
com m oti env ironm ent and interacting with each othcr 
Form ation M ajor unit o f  vcgctation representing 
chc natural potcntial o f  an arca under the ultimatc 
control of climate; tropical grasslands and tropical 
rain forests are examples 
H erbaceous N o n w o o d y
H e r b i v o r y  Process o f  feeding on plant herbage 
Landscape Ecological unit, such as a vvatersheđ or 
drainage basin, typically consisting o f  different com - 
munitics or cven formations which do not íunction 
indcpcndent o f  cach other
P a s to ra l i s t  Individual w h o  dcrivcs his living from 
grasslands th rough  grazing livestock; this term is typi- 
cally applied to thosc living in closc contact with thc 
grassland ecosystcm, such as thc pastoral nomads 
Rangeland Those  portions o f  thc grassland forma- 
tions which are managed as natural ecosystems: that 
is, using ccological principlcs rather than agronomic 
approachcs
S a v a n n a  Grassland with scattered trces or shrubs, in 
a distinctly scasonal climate o f  alternating wet and 
dry pcriods; the  term savanna has been used for a 
num ber o f  diíĩercnt plant com m unities and landscapes 
with various speciíìc deíìnitions in the líterature 
S u ccession  Process o f  change within communities 
which cvcntually leads to a somevvhat stable but dy-

namic com m unity  capable o f  maintaining itseirunder 
the prevailing conditions

T r o p ic a l  Grasslands arc detìned by vcgetation type 
and eithcr location or climatc. Tropical grasslands 
may bc dcíìned as plant communitics dominated by 
lỊrasses (plants o f  the family Gramineae) in the tropics. 
Thus, by dcíinition, tropical grasslands occur in thc 
tropics, the zone bctwccn the Tropic  o f  Canccr 
(23ị° N) and the Tropic  o f  Capricorn (23ị° S). Grass- 
lands at highcr latitudcs are excluded. Grasslands at 
high elevations within thc tropics, such as the ternper- 
atc and alpinc grasslands o f  the Andes mountains in 
Peru, arc considered tropical ^rasslands bascd OI1 this 
dcíìnition. Altcrnativcly, tropical grasslands may be 
đcíined as plant communities dominatcd by grasscs 
in rcgions with tropical cliniates (and may even be 
extendcd to regions with subtropical climates that 
support grassland communities characteristic o f  the 
tropics). In this case, the high clevation areas within 
the tropics which arc subjcctcd to temperatc or alpinc 
climatcs arc excludcd. The areas with tropical (and 
subtropical) climates, which typically extend to 
highcr latitudes in C oasta l  zones, are included. The 
choicc o f  definition dcpcnds on the purpose. For geo- 
graphical purposcs, thc form er definition could often 
be m ore useful. For agricultural purposcs, thc lattcr 
detĩnition would  often be m ost useíul.

I. Descriptỉon

Tropical grasslands include the native grass forma- 
tions which comprise the tropical rangclands and 
niuch smaller areas o íp lan ted  pasturc along with nat- 
urally occurring secondary grasslands including thosc 
com posed ot aggressivc, wccdy grass species which 
arc oftcn abandoncd and considered wastc lands. As



with other I»rasslands o í  the vvorld, a num bcr ot plant 
tamilics in addition to thc Gramincae arc typically 
included in thc plant communitics o f  tropical lỊrass- 
lands. As vvith other grasslands, the majority ot these 
non^rass plants arc herbaceous spccies. In contrast to 
the tcmperatc grasslands, which are characterized bv 
thc absence o f  trces on the extcnsive plains and prai- 
rics, tropical grasslands are typihcd by a landscapc ot' 
grass with scattered trccs. In tact, tropical grasslands 
includc a raiiiỊC in vegetation typcs íroni ẹ;rasslaiids 
with csscntially no woody plants through the com - 
plctc continuum ot'incrcascd vvoodiness to vvoodkuid 
conditions vvhcre an ovcrstory canopy o f  woody 
plants prcvents developincnt o f  a concinuous grass 
covcr.

Tropical grasslands vvhich occur in climatcs ot dis- 
tinct scasona) rainfall and incluđe rharactcristic vvoody 
spccics arc comnionly callcd savannas. in somc cases, 
competition for liniiccd moisturc maintains the bal- 
ancc bctwecn grasscs and vvoody spccics, vvith the 
extcnsive íìbrous roots ofgrasscs at an advantage with 
limited shallovv moisture and vvoody plants beilctìtintỊ 
trom decp moisturc. Fire, cithcr natural or anthropo-  
gcnic, otton liniits devclopmcnt o f  vvoody plants and 
niaintains the grass doniinancc. Sucli savannas occur 
ovcr a wide rantỊC o f  rainíall conditions and e,CQ- 
lỊraphic locations. The plant spccics prcsciư ditTer 
with both thc inoistưrc conditions and location. U n-  
der hií»h raintall conditions, cxtrenicly tall-grovvinỉ* 
íỊrasscs sucli as bam boo (subfamily lỉambuscac) and 
elcphantiỊrass (Pcnnisetiim purpnreum)  can torm  dcnse 
grass stands vvith interspersed rcmnant trccs where 
thc natural íbrcst has bccn disturbcd. As raintall de- 
creases, íỊrasscs o f  shorter stature doniinatc with 
hciíỊht o f  associatcd trccs also lcss. Dcnsity of' the 
^rass stand becomes less under scnii-arid conditions 
with shrubs comprisim* thc vvoody com ponent o f  
thcse dricr grasslands. The short, sparsc grasscs vvhcrc 
tropical grasslands meríỊe with deserts may appcar 
similar to the tcmpcrate short-grass prairic or stcppc. 
Tropical grasslands in similar rainfall zones have a 
similar ựcncral appearancc reíỊardless o f  location. 
H owcvcr, specics o fb o th  the £*rasses vvhich dominatc  
thesc iỊrasslands and the associatcd trces ditTcr vvith 
somevvhat similar appcariniỊ but distinct species in 
the extensivc cropical nrasslands o f  South America. 
Atrica, and Australia.

li. Distribution

Tropical ịỊrasslands occur naturally in the zo»e bc- 
twccn the tropical íorests and w irm  deserts. The

lanrcst cxpanse ot'tropical gnissland occurs in Atrica. 
This íỊrassland cxtends across West Atrica írom the 
Sahara Dcscrt southvvard to thc C ongo  torcst rcgion 
and east\vard to tho Ethiopian Hiẹhlands. It then cx- 
tends around thc castcrn extent ot the CcmíỊO torcst 
reiỊÌon near Lake Victoria and across S o u the rn  AtYica 
to the Kalahari Desert. Within this grassland rt'í*ioii 
are considerable arcas o f  woodland, particularlv an 
cxpansivc rcgion bctvvcen thc tall-í»rass savanna just  
South o f  thc C ongo  and the short-e;rass savanna im- 
mediatcly north  ot'the Kakihari. Much ot this Atrican 
i Ị r a s s l a n đ  i n c l u d e s  a r c a s  v v h e rc  c u l t i v i t c d  t ìc ld s ,  
woodlands, and iỊrassland tb rm  a mosaic pattern 
across thc landscapc. Adđitional cxtcnsive tropical 
trrasslands occur in \vestern Madagascar.

Exteiisivc ^rssslaml rcgions also occur both north 
and South a f  the Amazon tồrest o f  South America. 
Tropical íỊrasslands alsơ occur in Australia bctvvcen 
the northcrn tropical torest and the Central dcsert. 
Additional natural tropical grasslands occur in tropical 
Asi;i includiniỊ the Indian subcontinent, often as rela- 
tivcly small arcas within torcstcd and culúvated land- 
scapcs. Grasslands arc also íound intcrspersed within 
tbrested and cultivatcd landscapcs in Central America. 
As 111 Aírica, the South American and Australian 
lỊrasslanđs bordcr both tropical forest and othcr 
vvoodland zones. Thcsc othcr woodlands ditTer from 
forest in that, đcspitc dom inance by vvoody species, 
a d o scd  uppcr tree canopy does 1 10 1  devclop to excludc 
licrbaceous spccics inclndiniỊ sliadc-tolcrant grasses. 
Thus, there is not a distinct scparation bctween thcsc 
tropical vvoodlands and iỊrasslands, and the dom i- 
nancc ot' cither woody plants or a;rasscs, espccially in 
the transition zonc, is otten dctcrmincd by íactors 
o thcr than d im a tc  and soil, such as tìrc and biotic 
cffccts.

O nly  a portion o f  the existintỊ tropical grassland 
area (cstimatcd to total a round 30 million kni2) is 
SỊcnerally considered to rcpresent the pctential plant 
com m unity . This has been suíỊỉỊCsted to includc the 
r.iintall zone o f  about 200 to 600 m n i across Atrica 
below thc Sahara and edaphicallv dctcrmined grass- 
lands o f  distinct wct a n d /o r  dry conditions in Africa 
and South America. The existence o f  a tropical ẹrass- 
land climate has becn disputed. Pcrhaps gradations ot 
torest to w oodland to shrubland and íinally desert 
rcprcscnt the vctỊctation potcncial ot tropxal climates, 
vvith occurrcnce of stable t^rasslands depcndcnt upon 
edaphic, biotic, tìrc. or other constraints to devclop- 
mcnt o f  woody  plants.

Subtropical grasslancỉs arc tound betvvcen thc Aus- 
tralian Central dcser t  and th c  cast coast.  east  ot' the



Kal.ihiiri Dcscrt in S o u t h e r n  A ín t . 1, in the uestern  
p o r t i o n  o t  S o u t h e r n  M;kI;ii ị ;isc i\i \  c.ist  o t  t l i c  A n d c s  
in S o u t h e r n  South America, in Inđia, a n d  in N orth  
Amcrica extenđim; troni northcastcrn Mexico into 
t h c  s o u t l i e m - m o s t  p o r t i o n  o f  T e x a s  vvith  an  i s o l a t c d  
aroa in rlic Florida pcninsuỉa.

In th e  s u b t r o p i c s  a n d  a t  h i i í l i e r  c l c v .ư i o n s  111 t h c  
tropics vvlicrc a distinct cool scason occnrs, raintall 
primarilv rcstrictcd to the cool season hivors \voody, 
đcep-rooted plants over tlic \varm-season lỊrasses so 
tliat a zo»c o f  ụrasslanđ bctween tbrcst and dcsert 
cỉocs not occur vvithout prior disturbancc ot thc 
\voody plants. In sucli environmcnts, tho advantaực 
o t  o r t ì c i c n t  v v a tc r  u p t a k c  h y  t ì b r o u s - r o o t e d  l Ị ra s sc s  is 
lost bccansc thcy are oftcn dorm ant \vhcn moisturc 
is a v a i l a b l e .  In  t h c s e  s i t i u u i o n s ,  t h e  n a t u r a l  v c ig c ta t io n  
in the intLTinediate zone is tvpically briish coinpriscd 
of docrcasinu; dcnsity ot tliorny shnibs o f  decrcasimi; 
IicìiịIh  as raintall dccrcascs trom  tlic vvoodland zonc 
to dcscrt.

III. Additional Characteristics

In n đ d i t i o n  t o  t h e  e x p c c t e đ  ì n t c r m e d i a t e  a n n u a l  r a i n -  
tall lcvels bctVVCC11 thosc o f  tropical raintorcsts and 
dcscrts, scasonal rainhill đistribution is charactcristic 
ot tropical lỊrasslands. A distinct dry scason is a kcv 
aspect ot tìrc-iiKÌuceđ iỉrasslaiids. In cxtrcmc in- 
s t a n c c s ,  m o i s c u r c  c o n d i t i o n s  c a n  a l t c r n a t c  t r o  111 r t oo d  

to esscntially complctc loss ot nioisturc availablc 
v v i th in  t h c  r o o t i n t Ị  z o n e  o t  h e r b a c e o u s  p l a n t s  OI 1 an  
anmial basis. Tliis distribution. morc than avcraiỊO 
annual am ount, is a major hictor in dctcrmininií the 
raniỊc' o tn am ra l  qrasslancis in the tropies. Soils, as thcy 
atìcct moisturc conditions and plant root í*rowth, also 
are dctcrmininiỊ tactors in tho occurrence ot 'natural 
trrasslands. Unínvorablc soil chemistrv and lo\v tertil- 
i ty  c h a r a c t c r i z c  e x t e n s i v e  t r o p i c a l  l Ị r a s s l a n d s ,  e s p e -  
cially in South Amcrica, but vvlicthcr thcsc limitations 
or anthropoíỊenic cttects ultimatcly rcstrict w oody  
specics in h um id  cnvironnicnts is still not ccrtain.

T he  trnnsition troni iỊrassland to dcscrt «11 a rc- 
gional scalc corrcsponds đosely  vvith dccrcasiniỊ rain- 
tall. O n  a smallcr scalc \vithin the transition ZC)11C, 
soil and lierbivorv arc im portan t tactors. In such arid 
and semi-arid climates, salinc and sodic soils limit 
niany lỊrassland spccios and enhancc the etYects o f  
nioisturc limit.itions. Exccssivc hcrbivory in arid and 
sc n i h i n đ  c l i m a t c s  c o n t r ib u t c s  ro loss  ot' h c r b a c c o u s  
vcgct.ưion and ì" .111 contributc to the convcrsion ot 
lỊrasíiland to  dcscr t.

At the othcr cxtrcmc, moisturc limitations to the 
lĩrovvth o t ' \voody spcáes can bc dctcrminains ol the 
cxtcnsion ot natunil nr.isslands into the morc liumid 
tropical rctíion. AiỊ.iin. othor tactors includintĩ soil, 
i;coniorph(ilou;y, raintall distribution, and hcrbivory 
contribute to the dctL-rmiiiation o f  the stable voíỊCta- 
t i o n .  A s  a n n u a l  ra in ta  11 n m o u n t  i n c r c a s c s .  c x t c n t  of  
moisture  limitations duriniỊ tlic dry scason may bc .1 
limiting tactor to dcvclopmcnt o f  vvoodv vciỊctation. 
Soil tactors such as lovv nutricnt statns, lovv pH. hitíh 
alum inum  lcvcls, and impcdimcnts ot doop root dc- 
vclopm cnt can also liinit vvoody vciỊCtation and tron— 
tributc to the raiiíỊc ot tropical grasslands. Ettccts of 
herbivory dcpcnd OI1 \vhich plnnts arc dctbliated, as 
\vell as the treqiicncy, intcnsity, and scason ot detolia- 
t io n .  T h e  m o r e  ( . 'o n in io n ly  o b s c r v c d  c t t c c t  is a s c a -  
sonal ovcrutilizatioii o f  hcrbaccoiis vcííctation con- 
tributinu; to the opportun ity  tor cstablishment ot 
vvoodv specics in lỊrassland ocosystcms vvliich rcccivc 
suttìcicnt nioisturc to support vvoody plants. An op- 
positc ctìcct in the transition zonc bctvvccii iỊrassland 
a n d  t o r e s t  O I' \ v o o d l a n d  i s  p r o v i d c d  b y  t i r c .  B u r n i i i i í ,  

vvhcn suttìcicm tucl is providcd bỵ hcrbaccous vcgctá- 
tion, can prcvcnt establishmcnt of vvoody spccics and 
maintain the lỊnissland vcíỊctatimi.

IV. Anthropogenic Iníluences

l;rom an ccoloíỊÌcal vicu point. Ít is o f  considcrablc 
intercst to distintỊiiish bctvvccn thc zoncs ot potcntial 
iỊrnssland and those ot othcr tbrmations. The currcnt 
rãniỊC o f  thcsc iỊrasslands lias bccn í^rcatly attcctcd hv 
m a n .  G r a s s l a n d s  h a v e  b c e n  lo s t  t o  d c s c r t i f i c ; i t i o n  d u c  
to a ttcmpts at cultivation and ovcTỉỊraziniỊ in the morc 
arid iírasslands. Simil.il' activitics ot man havc dc- 
íỊractcd íỊrasslands in liiiĩlicr raintall rctỊÍons as crosion 
and brush cncroachnicnt liavc rcsiiltcd trom  overu;raz- 
iiiíí and inappropriati.’ cultivation attcmpts. O n  the 
otlicr hand, dcarintỉ ot torcsr and burniiiíỊ niaintaivi 
tỊrasslands in arcas vvhcrc íorcst naturally occurrcd. 
It is diítìcult to scparatc anthropotỊcnic cttccts trom 
natural development in somc situations \vhcrc grazintí 
and cultivation havc occnrrcd ovcr cxtcndcd historical 
pcriods. lt is CVC11 niorc ditTicult to distiiiíỊiiisli bc- 
tvvcen tlic natnral tìrc-maintaincđ savannas and some 
ot the tìrc-maintaincd savannas tliar arc duc to man.
IS c v  D e s e r t i m c a  i K)N OI- D i ỉ y i  ANDS.|

Sonic o f  the anthropoiỊcnic iỊrasslaiids arc rcadily 
distiiiLĩuishablc tVom thc natural vciỊctation \vhich 
cliar;ictcrizcs tỊrassland torniations. Sucli sccondary 
lỊrasslands, thosc dcvcloping on sitcs tolloNVÌmỊ dis-



turbance o f  the stable vcgctation, can occur naturally 
or in response to activities o f  man. The natural scc- 
ondary grasslanđs typically possess thc charactcristic 
o f  grcat diversity ot plant spccics and succession, or 
changc in plant populations over time, tow ard a di- 
versc, dynamic but stablc vegetation formation. Some 
disturbed sites in hum id to subhumid zones trom 
tropical Asia to subtropical America may be dom i- 
natcd by densc, pcrsistent monoculturcs ot thc wt'edy 
grass lmpcrata cyclindrica. Activitics o f  man have 
spread this grass and provided opportunities for its 
establishment and dominance by disturbing existing 
vcgctation. O n sliqhtly drier sitcs whcre productive 
grasslanđs have bcen continuously overgrazed by 
m an’s cxccssive concentration oHivestock, the ^raz- 
ing tolerant grass Bothriochloa pertusa has formed a 
đ e n s e  niOHOCulturc o f  r a t h e r  l o w  p r o d u c t i v i t y  in  v a r i -  

ous tropical locations. Althou^h such grassland areas 
are atypical, thesc cxamples illustrate how  unintended 
rcsponses to m an’s activitics can sometimes result in 
stands o f  less dcsirable species for cither livcstock 
production or environmcntal quality. Such degradcd 
sites offer opportunities for grassland im provcm ent 
to bcncfit agricultural productivity or othcr uses, and 
thcsc opportunities occur in some arcas wherc such 
im provem cnt is o f  greatest urgcncy.

Wherever tropical grasslands occur, it is unlikcly 
that chc currcnt extern corresponds with the area o f  
potential ẹ;rassland as dctermined by climatic and 
cdaphic conditions. Most o f  thc hum id tropical grass- 
lands are anthropogcnic in nature. Such areas as the 
tall-tỊrass savannas which occur at abrupt boundaries 
with tropical íorests are for thc most part an thropo- 
gcnic duc to the effects o f  such activitics as shiíting 
cultivation, harvcst o f  trees, and rcpeated bnrning 
which rcstrict redevclopment o f  forest or woodland 
communities.

Considcrable evidence indicates that grasslands prc- 
viously extendcd into present desert regions. While 
climatic change may be associated to a dcgree, it is 
cvident that disturbance o f  ^rasslands by continued 
overgrazing and attempts at cultivation on sites with 
inadequate moisturc have contributed to, or at least 
acccleratcd, the rate ofdesertifìcation in somc regions. 
In addition to loss o f  arid grasslands to cnvironmcntal 
dcgradation, in thc m ore hum id extent o f  the tropical 
grassland zone, extensive arcas have been converted 
to cropland.

V. Productivity

Productivity can be considered in thc scnse o f  primary 
production, tliat is the conversion o f  solar cncr^y ìnto

biomass by plants through the process o f  photosyn- 
thesis. This p r i m a r y  production over the extent o f  
tropical grasslands is detcrmined on a broad scale by 
moisture. In thc more hum id  range o f  tropical grass- 
lands, extremcly high production potcntials extend 
up to 2 k ẹ / m  o f  dry hcrbagc annually under thc most 
íavorablc conditions. O n  the othcr extreme, only a 
few gram s o f  biomass per square meter may be pro- 
duced in dry years in the dricr extension o f  tropical 
grasslands. Along with avcrage annual am ount o f  
moisture, Auctuations from year to year, distribution 
within the year, and soil factors affecting moisturc 
retention and availability to plants affect the botanical 
composition o f  grasslands. This botanical composi- 
tion, affected by previous m oisture  regime, affccts 
potcntial productivity. Moisture at a given time af- 
fects the attainment o f  this prcviously set potcntial 
productivity.

Within moisture regimes, soil tactors, especially 
fertility, further detcrmine production potential. 
Tropical soils in arcas o f  hi^h rainíall are oíten highly 
leachcd, resulting in low  fcrtility with associated 
chcmical imbalanccs. Extensivc grasslands in tropica) 
South America arc limited in productivity duc to 
highly leachcd, intcrtilc soils. ỊSee  SoiL F e r t i l i t y . |

A nother major determinant of productivity is de- 
gree ot"dcfoliation during the SỊrowing season. Ncw]y 
cxpanded grass leaves in the Iipper canopy arc the 
primary site o f  photosynthesis. As grass lcaves age, 
they sencscc and bccome less cffidcnt in the use o f  
solar energy for plant g row th. The upper, young 
leaves are typically the most palatable and nutritious 
to grazing animals, and thcse lcaves are normally re- 
moved first when a ^rassland is subjectcd to grazing. 
Thus, grazing can restrict p rim ary production to lev- 
els below the climatic and cdaphic potential. In some 
speciíìc situations grazing has been found to increase 
grass production through a stimulation o f  rapid re- 
g row th. Rcpcated over^razine; or selective grazing 
am ong plant spccies can changc the botanical com po- 
sition a n d /o r  plant dcnsity and rcduce the íuture  po- 
tential productivity.

A nother aspect ot ẹrassland productivity is thc sup- 
port or production o f  grazing animals. T he w o rld ’s 
major grasslands are im portant areas of livestock pro- 
duction. Tropical ^rasslands on fertile soils in hum id 
regions may support up to three to four mature  cows 
pcr hcctare during the £Ịrowin£Ị season. The less pro- 
ductive grasslands in dry regions may rcquire up to
10 hectarcs to support One covv tor an even shorter 
g row ing scason. Thus, ranching and e v c n  m orc inten- 
sive entcrpriscs oílivcstock tarming, involving annual 
íoratỊO crops t'or seasonal use, havc devclopcd in hu-



mid íỊrassl.inđ regions. In arid grasslands, the ancicnt 
n o n i a d i c  s y s t e i n s  a n d  r a t h c r  r c c c n t l y  c .x p a n d c d  t r a n s -  
huniinancc are still maịur mcans o f  Iit:i]izinií the re- 
source tor domestic livcstock production in somc rc-
ựions.

In Africa, primary production ot tỊrasslands is much 
m ore ettìcicntly harvestcd by nativc vvíldlitc popula- 
tions than it typically is by domcstic livestock. T w o  
to threc timcs as much animal biomass as typically 
produced bv domestic livcstock is siiíỊíỊested as thc 
potential tor native wildlife populations in some 
íỊrasslands. This is associatcd vvith the speđalized dicts 
o f  the divcrsc nativc hcrbivores w ith various hcrbs, 
Torbs, and w oody  spccics consumcd resultiníí in cffi- 
cicnt Harvest o f  the total tỊrassland production. Do- 
niestic livcstock gencrally consum e selectcd e;rasscs 
and associated plant spccics. [Sí'í’ T r o p i c a i .  P a s t u r e  

D e v elo p m en t.  I

VI. The Tropical Grasses

In ỉỊcneral, tropical grasslands are charactcrizcd by 
grasscs o f  the subtamily Panicoidcac in contrast to 
tempcrate grasslands whcre species o f  the subíamily 
Fcstucoideac prcdominate. At hií*h clcvations in thc 
tropics, grassland arcas abovc the trcc linc are oítcn 
sinnlar to temperate £Ịrasslands and consist primarily 
ot Festucoid specics. Occurrence o f  the Panicoid 
grass, Paìtiisetiiin clandcstiiium (kikuyu grass), along 
with Festucoid species is charactcristic o f  the hiẹ;h- 
dcvation  grasslands o f  Aírica. Thcse high-elcvation 
grasslands rcprescnt only a very small portion  o f  the 
arca o f  grasslands in the tropics, with an extended 
range in the Andcs o f  South America and isolated 
peaks in East Atrica and the Paciíìc islands.

While the subtamily Panicoideae predominates in 
tropical grasslands, the subíamily Eragrostoidcae also 
provides a substantial portion ot che tropical grassland 
species. In addition to gencrã such as C yn o do n  and 
Clìloris vvhich occur th roughou t a rangc o f  tropical 
raintall zones, thc num ber  ofspecies o f  ErasỊrostoideac 
and thcir dominancc incrcase with increasing aridity. 
This incrcasc in dominance o f  Eragrostoideae with 
incrcasing aridity occurs in tropical. subtropical, and 
w arm  tempcrate regions.

Both the Panicoidcae and EraíỊrostoideae subtanii- 
lics arc characterized by photosynthesis involving the 
0 4  photosynthetic pathvvav in contrast to tho C-3 
photosynthctic pathway o f  thc Festucoiđeae. Four- 
carbon com pounds, malic and aspartic acids, arc the 
initial products o f  the C -4  photosvnthetic  pathwav 
in contr.ist to the thrcc-carbon phospho^lyceric acid

from the C-3 photosynthctic path\vay. Additional an- 
a t o m ic a l  and p h ys io lo iỊ Ìca l  d i f fc r c n c c s  bctvvcen  p lants  
\vith thcsc contrastintỊ processes ot photosynthcsis 
contribưtc to substantially híghcr potential dry matter 
production tbr C-4 plants than for C-3 plants in vvarm 
climatcs \vliich rcccivc hi^h lcvels o f  solar radiation.

Within the more hnm id  tropical í^rasslands, where 
the subtamily Panicoidcac predominates. the tribes 
Paniceae and Anđropogoneae are ot' spccial signiíi- 
cancc. Sonic indiviđual specics ot the tribc Paniceac 
are particularly aiỊgressivc with high g row th  poten- 
tials and high nưtricnt rcquircments. Thesc include 
species o t th e  ỉỊcnera Brachiaria, DÌỊỊÌtaria, M elin is,  Paiì- 
icuni, Paspaltiin, Pcniiisctimi, and Setarid, which arc of- 
tcn amoníỊ the carly colonizers o f  disturbcd sitcs. As 
soil ícrtilitv dccrcases, which is characteristic o f  some 
tropical rcgions and cspeciallv o f  croded and leached 
sitcs arising from disturbed \voodlands and aban- 
doned íìclds, species o f  thc tribc Andropogeneac bc- 
íỊĨn to increasc. Thesc grasscs, includiní* spccics ot 
Andropoạon, Bothrioclìloa, D ichantium, Heniarthria, 
Heteropoqon, Hyparrhciìia, Sclìizachyritmi, Sorghitm, 
Thcm eda,  and Tripsaciiin, are typically ctTicicnt in the 
use ofsoil nitrogen. Thus, wliile thcy are not íỊcncrally 
as productive 011 ícrtilc sites as the Paniceac spccies, 
they m ay be more productive or at least niorc stable 
on intcrtile sites. The slovver ^roNvth ratcs, which 
ottcn corrcspond with incrcascd cell wall production, 
combinc with eíĩĩcicnt nitrogen use, which oftcn pro- 
vides low lierbagc nitroíỊcn concentrations, to pro- 
ducc a lcss digcstible, lowcr protcin herbage at plant 
m aturity. Thus, mature I^rasscs o f  the tribe A ndropo- 
goneae in the hum id tropics arc otten o f lo w e r  íbragc 
quality than thosc ot’ the tribe Paniceae. These charac- 
tcristics o f  tropical grasses, vvhich reflect soil tertility, 
arc m ajor deterniinants o f  the Iiutritive value o f  these 
(Ịrasslands for !2;razinạ; animals.

VII. Use and Management

T he m ạịor use o f  tropical grasslands throiiíỊhout the 
world  is for thc production o f  domestic livestock. 
The natural divcrsity typical o f  tropical grasslands 
provides sources o f  food and cover for a ẹrcat variety 
o f  wildlife in the various regions o f  thc world. C on- 
siderable areas in Africa arc devotcd primarily to pro- 
vision for wildlife populations.

M anagem ent ofnatural grassland typicallv involvcs 
lower inputs than required í'or planted pasturcs. Fire 
is otten a key aspcct o f  this extensive nianagement, 
with burning uscd to control vvoody plants, remove 
old herbage growth. and stimulatc new rc^rowth.



Dcvclopmcnt o f  watcrimỊ tacilitics for livcstock is 
oftcn a key aspcct in the iniprovcm cnt o f  grassland 
utilization cspccially in drier arcas or during thc dry 
season. Manipulation o f  i*raziníỊ throuiỊh control o f  
livcstock is often thc primary mcans ot extensivc 
grassland managcmcnt. Such intensivc practices as 
grass planting, fcrtilization, irrigation, and pcst con- 
trol arc generally not viable options on the natural 
íỊrasslands o f  the tropics due to cconomic and ecoloe;i- 
cal constraints. Exceptions include the control ot 
woody plants with hand labor, selcctivc hcrbicides, 
or mechanical mcans in specitlc situations.

Approaclics to the manipulation o f  í*razing live- 
stock to producc íựassland im provcm ent on tcm per- 
atc rangclands havc bccn cvaluated for mu ch ot this 
century. Similar evaluations ot responscs to a;razint;
011 tropical grasslands arc much morc rcccnt and less 
conclusivc. O n  the nativc tall-grass prairie o f  tcmpcr- 
atc N orth  America, effccts o f  grazim$ can bc rathcr 
rcliably prcdictcd. The season o f  graziníỊ, lcne;th ot 
thc grazing period, and lemỊth o f  timc protected trom 
g r a z in g ,  aloniỊ w i t h  a;razing pressu re  and  m i x  o f  the  
animal spccies (cattlc, shecp, an d /o r  í^oats) can attect 
botli productivity and botanical composition o f  thcse 
grasslands. The speciíic plants which arc tavored with 
various grazing schcmcs arc somevvhat predictablc, 
sincc thc grazing sclcctivity oflivcstock and rcsponscs 
ot individual plants to t*razing have bccn extensivcly 
studicd on thc N orth  American prairic. [Ắ'(T Rangk- 
I ANI1 (ỈRAZIN<;; R anghi a n d  Pi a n ts .Ị

A perhaps unique and íbrtuitous phenom enon o f  
thc N orth  American tall-grass prairic faci]itated carly 
approaches to iỊrazing manao;cmcnt. The stable grass- 
land com m unity  is comprised o f  productivc, palatablc 
grasscs, charactcrized bv upriííht tỊrovvth witli !>ro\v- 
ing points clcvatcd rclatively carly in thc dcvclopmcnt 
proccss. This m orphology and palatability contribute 
to vulnerability o f  these grasscs to stand loss trơm 
heavy í*razing prcssure. Thus, undcr cxccssive utiliza- 
tion, lcss palatablc and tỊcncrally ìess productivc 
grasscs incrcase, and the valuc o f  tlic ranịỊcland íor 
livcstock grazing decreases. Further continuation o f  
cxccssivc qrazing then lcads to cxtensivc loss ot most 
ot thc palatablc grasscs, rcsultiníỊ in a sparse covcr 
o f  iỊrasses, invasion by wcedy plants, incrcascd soil 
erosion, and lovv lcvcls o f  hcrbagc and livcstock pro- 
duction. Simplc surveys o f  the vcíỊctation ovcr tinic 
alltm trcnds in botanical composition, rcsultine; trom 
thc combination o f  í>razintĩ and environmental condi- 
tioniỉ, to bo detccteđ. Thus, undesirablc trcnds in con- 
dition o f  this rantỊcland can bc cietcctcd, and appro- 
priatc inodiíìcations in tỊrazi»£Ị (stockiníỊ ratc. scason

and írcqucncy o f  use, livcstock specics, etc.) can be 
madc to tavor thc desired grasses. [Sec R a n g e l a n d  
M a n a g e m e n t  a n d  P l a n n i n g . Ị

Simiiar approachcs to grazini>; m anagem ent o f  t iop-  
ical grasslands havc bcen widely prom otcd  in the past. 
T hey  havc ỉỊcnerally not been successtul. A num ber 
o f  factors are involved. A large part o f  thc currcnt 
tropical grasslands cxist whcrc the stablc vegetation 
íormation, w ithout manipulation by man, is w ood- 
land or íorest. Regardless of grazing managcmcnt, 
somc control o f  w oody  plants will be required to 
maintain tỊrassland on m any o f  these vvoodlanđ and 
torcst sites. Also, thc grasses vvhich comprisc the sta- 
blc plant conim unity  011 low-fertility tropical soils arc 
not necessarily the most nutritious or palatable plants. 
With rcleasc o f  nutrients trom  burning a n d /o r  in ani- 
mal wastc írom  initial heavy e;razing, thcv also may 
not bc tlic most productive. Tlnis, the stablc plant 
conununity  may not bc tlie m ost desirable for high 
herbagc production or nutritivc value. Howcver, 
short-term  benetìts ot' the m orc  productive, higher 
quality grasses may lcad to a dcíỊradcd condition for 
a much longcr timc if undcsirablc plants subsequently 
proliícratc as nutricnts are lost to lcaching, erosion, 
and volatilization. Since many of the grasscs which 
dominate the stablc plant com m unities in thcsc tropi- 
cal gntsslands are poor secd produccrs and seedling 
vií^or o f  thcse grasses is often not good, rccovery 
ot' dctỊradcd tropical (rrasslands cvcn with the most 
tavorablc £razing systcm may not occur within thc 
timc constraints rcquircd for m anagetnent decisions. 
Extensivc arcas o f  tropical srrasslands in arid and semi- 
arid reíỊÌons which havc bcen subjectcd to long pcri- 
ods of grazing and repcated drouíĩhts are now  dom i- 
natcd hy annual plants rathcr than the m ore stablc 
pcrcnnial í^rasses. Currcn t utilization o f  thcse grass- 
lands often cmphasizes the cffĩcicnt Harvest o f  avail- 
ablc herbagc by grazintí livestock rathcr than em pha- 
sizing the plant com m unity  and soil stability. Such 
cmphnsis 011 obtainini; available, imnicđiate benefits 
must be evaluatcd in comparison with any potential 
opportunitics tor improvcd ccosystcm stability.

Grazing nianagcment approachcs tor tropical grass- 
lands necd to be enhanced. Critical considerations 
includc thc invasion ot vvoody plants, thc lack of 
palatability and limitcd productivitv and nutritivc 
valuc ot'the stablc plant co inm unity  011 manv intertilc 
tropical ẹrasslands, the lack ot ìn to rm auon  on popula- 
tíon dynamics ot manv communitics, and thc lack of 
prcdictability o f  raintall in m ost tropical lỊrasslands. 
Ccrtainly thc iniportance ot intrcqucnt combinations 
ot cvents, such as appropriatc rai 11 ÍI1 One scason tor



sccd production ot a dcsirablc plant tollcnvcd hy fa- 
vorable conditions t'or lỊernìination and establishment 
in .1 subscquciit scason, m ust bc considcrcd in grass- 
lands with crratic rainíall patterns. Also, cspccially in 
scniiarid rCỄỊÍons, the loniỊ-tcrm naturc o f  any ini- 
p r o v e m c n t s  in v e íỊ c ta t io n  in c o m p a r i s o n  w i t h  the  p o -  
tential for rapid dctcrioration (Í11 such situations as 
cxcessivc e;razing prcssure durinq cxtcnded drought) 
niust be recognized. Such h-azards to stability o f  thcsc 
grasslands suggcst that plans nuist bc đcveloped and 
implementeti to adjust iỊrazintỊ prcssure as drought 
conditions are recoi*nized bctore cxccssive daniago to 
the plant com im m ity  has occurrcd. Rcduction o f  hcrd 
sizc prior to thc m ost advcrse eíĩects of scvcrc 
drouííht, rathcr than ìnitial short- term  supplcmcntal 
tecding of livcstock, may bc the lcast damaíỊÌnt; altcr- 
nativc in many situations. Sonic basis for the rcquircd 
anticipation o f  continuing drouiíht to trigí>;er implc- 
mcntation o f  droiií^ht manaiỊemcnt strategics may be 
proviđeđ by íiirtlier im provem ent oí rccent cttorts to 
modcl rciỊÌonal climatological pattcrns.

Livcstock needs must receive continuing considcr- 
ation, witli seasonal supplementation o f  minerals and 
protein often csscntial tbr cconomical livcstock pro- 
duction. Ettccts o f  sucli supplcments 011 thc total 
tỊrassland-bascd livcstock production systcm Iinist be 
considcrcd. Also the cxtrcm c scasonality o f  hcrbai*e 
prođuction, oftcn íurther complicatcd by erratic rain- 
tall, and the rapid dccrcasc in foragc qualĩty with plant 
maturity  arc trenieiidous constraints 011 the produc- 
tivity o f  livcstock in tropical ỉỊrasslands. Thcsc con- 
straints oítcn rcsult in low lcvcls o íb o th  rcproduction 
o f  m ature animals and thc e;rowth and m aturity  o f  
yoimg anỉnials. Substantially low cr livcstock produc- 
tion from tropical grasslands than that typical o f  tcm- 
pcratc livcstock production systcnis is currcntly thc 
casc. A small portion o f  the tropical grasslands con- 
sists ot'plantcd pastures. Some ofthesc  pasturcs, cspe- 
cially in more huniid areas, are inteiisivcly managed 
with livestock production lcvcls siniilar to those o f  
thc temperatc grasslands.

Rather short-tcrm cconom ic conditions an d /o r  
livcstock nccds rathcr than continuing productivity 
or stability ot the grassland arc sometimes primary 
considerations in manatỊcment ot somc tropical ẹrass- 
lands. Social and political tactors limit tlic options 
availablc íor use and manaíỊcnicnt o f  tropica! t;rass- 
lands in otlicr situations. Noncthelcss, productivc, 
stablc tropical grasslands and associatcd livestock cn- 
terprises arc lu rren tly  maintained across the rangc 
o f  tropic.il ịírasslaiui environm ents, cspccially where 
rather coiiSL-rvativc grazing prcssurcs arc maintained

to providc surplus hcrbaiỊL' as a buttcr durintí 
droiiiỊhts.

VIII. Current Environmental Concerns

Public awarcncss ot potential and prcscnt ựlobal envi- 
ronniental problcms has rcccntly incrcascd the sensi- 
tivity o t lỊovernmcnts and industry to some ot the 
long-tcrm  consequences o f  decisions regardinụ; tropi- 
cal lỊrasslands. Desertihcation in arid and semiarid 
regions can bc accelcratcd, espccially duriniĩ cxtended 
drouirht conditions ovcr scvcral ycars, hy develop- 
ments intended to improvc cominercial production 
or cvcn liviiiEỊ conditions tor peoplc under marginal 
conditions. Prilling ot watcr wells to allovv í^reatcr 
utilization oí such grasslanđs has bccn sutỊíỊcstcd to 
allovv dcgradation o f  these arcas th rou^h  overí*raziníỊ 
vvliich might not othcrvvisc' have becn possiblc due 
to lack o.f availablc vvatcr for livcstock. Likewisc, ini- 
provcments in animal Health, which arc not accompa- 
nicd by use or niarkctintỊ o f  tlic increascd aninial num - 
bcrs, can lead to hcrd ìncrcases in lỊood ycars and 
subscqucnt cxccssivc ovc‘rgrazint>; in dry ycars. Intro- 
duction o f  such tcchnology to ncw arcas irnist bc 
acconipanicd by contimiing cducational cítorts to rc- 
duce tho opportunity  fòr Iindcsirablc consequcnces. 
O ttcn  thc choicc may be bctwccn the maintenance o f  
a slitỊht bufFcr o f  a fcw cows by peoplc living under 
precarious subsistancc conditions versus avoidinu; the 
possibility o f  continuin^ lỊrassland detcrioration it 
rain docs not occur SOOI1.

A continuiníỊ incrcase in hum an populations in 
scmiarid grassland rcgions during rccent ycars is in- 
crcasina; pressurc on productivity  and sustainability 
o f  thcse systcms. Livcstock num bcrs have becn in- 
crcascd in some cxtrcmely fra<ỊÌlc environm ents to 
sustain thc incrcascd hum an populations. The c x -  
trcnic variability in hcrbagc production from ycar to 
ycar and the rccurring nature ot drouỉỊhts suggest that 
altcrnativcs and stratcgics bcvond thosc availablc to 
individual pastoralists must bc provided for stability 
ot thcsc cnvironments.

At the other cnd o f  thc nioisture extrcme, grass- 
lands arc maintained on lands capablc o f  producing 
forcst, thus contributine; to dctorcstation or at least 
preventiní* or slowiníỊ retbrestation. Cìrasslands tvpi- 
cally arc rclciỊatecl to lands which arc unsuitcd tor 
o thcr hiíỊhcr value uses lartỊcly due to various advcrsc 
soil conditions. Detorcstation is íỊcncrallv tor pur- 
poses other than íỊrassland devclopnient, although 
o n c e  d c p l c t c d  o f  n u t r i e n t s  a n d  p c r h a p s  CVC11 t o p s o i l ,



secondary grasslanđs oiten devclop. These may dc- 
velop or persist primarily through the assistance ot 
man utilizing livestock and burning. AíỊain, economic 
dccisions, sometimes at the subsistence lcvel, niav 
require contrast ot' immediate benefits with potential 
íìiture consequcnces.

Additional environmcntal modiíìcations involving 
the natural grasslands, which arc gencrally less dra- 
matic than dcsertiíication and deforestation include 
decreases in food and habitat available for wildlife and 
the change from natural to managcd cnvironments 
as livestock production increases in intensity. Such 
changes arc gcncrally necessary for increascs in live- 
stock productivity and sometimes for cconomic sur- 
vival of]ivcstock production enterprises. Appropriatc 
considcration o f  the additional ccological, rccre- 
ational, and esthetic valucs o f  tropical grasslands will 
bc providcd as cconomic valucs arc placed on thcse 
altcrnativc uscs and values.

A continuing dilcmma in managemcnt o f  most 
tropical grasslands concrasts che need tor high stock- 
intỊ ratcs to efficiently harvest herbagc production 
during wet seasons o f  the ycar and during hivorable 
ycars, whilc the herbage is of hi^h nutritive valuc, 
with the need to maintain (or at lcast avoid starvation 
of) livcstock during the dry season and sometimcs 
even for periods o f  years o f  drought. While stocking 
ratcs may currently be margmally higher than appro- 
priate in some arcas, dccrcased livcstock productivity 
rathcr than cxcessive environmental dcgradation is

oíten tho rccurriníỊ cíYect ot such marginally hiu;h 
stockiníí ratcs. H ow cver, throuí^hout the tropical 
rangeland areas vvhere recurring drought is a íactor, 
stockiní* rates are typically high enough to make livc- 
stock systems and their íỊrassland rcsourcc quite vul- 
ncrablc to dci*radation írom extendcd drought. This 
hazard suggests that altcrnative plans for grazing live- 
stock durin^ d rought are imperative and must be de- 
vclopcd 011 both individual and regional levels.
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Glossary

F orage Portions o f  herbaceous and w oody plants, 
othcr than harvcstcd grain, vvhich can bc consumcd 
b y  u n g u l a t c s
F orage q u a lity  Value ot particular torage tor main- 
tcnancc and productivity o f  spcciíìc classcs ot IIIIOỊII- 
latcs cncompassiníỊ the conccntration and availability 
o f  the various nutricnts, potential intake o f th e  toraíỊc, 
and any associated antiquality factors 
G e r m p la s m  Gcnetic resourccs including both natu- 
rally occurring species and ecotypes and uniquc geno- 
typcs derivcd from lỊcnctic manipulation 
G r a z in g  p ressu re  In gencral tcrms, thc impact o f  
^razing OI1  plants or plant communities; in a more 
spcciíìc scnsc, the num bcr  o f  animal units pcr am ount 
ot' availablc toragc at a speđíìc  time 
H e r b a g e  A bove-^round biomass o ĩ  herbaccous 
plants
L e g u m e  M cm ber o f  the plant fami]y LctỊuminosae 
(Fabaccac)
M o n o c u l tu r e  Cưltivation or production o f  a singlc 
crop o r  plant spccics on an arca to the cxclusion o f  
other potcntial crops or spccies 
S ow in g  Proccss o f  planting seed 
V e g e ta tiv e  p rop agation  I n c r e a s e  ( s p r c a d  or c s t a b -  
lishmcnt) ot plants by means othcr than sccd, tvpically 
involvintí cither rhizomcs or stolons

T  ropical pasture dcvclopmcnr is the deliberate alter- 
ation ot cxisting plant communitics involving thc in- 
troduction ot selectcd tropical íoratỊe plants to cn- 
hance the valuc o f  a sũc primarily tor the production 
ot torage for í>raziniỊ aninials. FcnciníỊ for control ot" 
L[razintỊ livcstock and dcvclopmcnt o f  watcr sources 
are also intcgral aspccts ot' pasturc dcvclopment.

I. Purpose and Scope

The purposc ofpasture  dcvclopmcnt in most instanccs 
is to incrcasc botli productivity and protìt potcntial 
ot domcstic livestock cntcrprises. O n  a broader re- 
íỊÍonal or  national scalc, the purposc o f  tropical pasturc 
d c v c l o p m c n t  is o í t e n  t o  c n h a n c c  t h e  c c o n o m y  
through incrcascd productivity, to incrcasc availabil- 
ity ot niilk or incat to im provc hum an dicts, an d /o r  
to  res tr u c tu r c  dc íỊradcd  la n d sca p es  in to  p r o d u c t iv c ,  
stable environments.

A gronom ic  rcquirements tor establishmcnt and 
m a n a i » e m e n t  o f  t r o p i c a l  foraỉỊC' p l a n t s  i n v o l v c  s i m i l a r  
principlcs ovcr the rangc o f  their area ot’ adaptation; 
thus, tropical pasturc đcvclopmcnt extends to the sub- 
tropical and scmi-ariđ cnvironments where tropical 
pasture species arc adaptcd. Pasturc developm cnt typ- 
ically occurs on sitcs which arc not suitable tor more 
intensive uscs such as crop produccion. Social and 
political structurcs which do not providc opportuni- 
ties for individual land managers to bcncfit from 
grassland im provem cnt or cven maintenance o f  ex- 
istiníí ^rasslands are otten limitations to tropical pas- 
ture development and contributing tactors to the dete- 
r i o r a t i o n  o f  g r a s s l a n d s .  | 5 e t ’ R a n g e l a n d  G r a s s  

1m p r o v f .m k n t ; R a n g h l a n d  G r a z i n g ; T r o p i c a l  

Cì r a s s l a n d s . I

Thcre arc subscantial contrasts bctvvecn approaches 
appropriatc tor dcvclopmcnt o f  tropical pastures in 
some rcgions and those typically uscd tor temperatc



pasturcs. While tlic high dcgree o f  succcss with tcm- 
pcratc pasturc dcvelopmcnt suggests that it could pro- 
vidc a modcl for the lcss extcnsively studied tropical 
countcrpart, several íactors must be considered. T e m -  
perate pasture dcvelopmcnt has succeedcd throuiỊh 
the selection and brccding ot'a vcry small Ìiumbcr o f  
s;rass and lcgume spccies which are primarily suitcd to 
humid cnvironments. While đevclopmcnt ofcultivars 
for specific environments has bcen a critical aspcct ot 
this success, continuing modification o f  thc cnviron- 
m c n t  to  fit th c  p lan ts  is a lso  an intciỊral part o f  t e m p c r -  
atc pasture technology. This modiíication oftcn 111- 
cludes the annual or m orc trequcnt application of 
fertilizcrs, drainagc ot' wet arcas, irrigation o f  dry 
areas, and rc^ular Application o f  hcrbicidcs and som e- 
times cvcn othcr pesticides. Also, complctc reestab- 
lishmcnt o f  the pasture system aíter a few ycars is 
sometimcs necessary. Whilc such intcnsivc systcms 
may be appropriatc in somc situations, tropical pas- 
tures oftcn must be inexpcnsive to cstablish, be CVC11 

lcss expensive to maintain, and be sustainablc for đc- 
cades rathcr than just  years. Costs o f  failurcs arc oíten 
measuređ in ccological tcrnis rather than simply in 
cconomic tcrms.

II. Climatic and Edaphic Considerations

Tropical d im atcs which providc uniíorm availability 
o f  adequatc amounts ot’ inoisturc can SLipport continu- 
ous í^rovvtli o f  thc most vigorously grovving tropical 
íoraiỊe plants. Such climates provide opportimity for 
thc hi^hest lcvcls o f  herbage production. Such moist 
tropical climatcs also are gcncrally suitablc for the 
production o f  many other crops incluđine; hitỊh-value 
tree crops, food crops for lniman consumption, and 
torestry. Thus, despitc the trcmcndous potcntial pro- 
ductivity o f  tropical grass pasturcs in moist climates, 
pasturc đevelopment is oftcn not thc highcst use o f  
thcse resources. M ost o f  the land in moist climates 
which is available for thc devclopmcnt of tropical 
pastures has limitcd value fbr niany other uses due to 
constraints such as steep slopes, poor drainagc, poor 
soil structurc, shallovv or stony soils, low tertility, or 
otlicr soil chcmical imbalances. Limitations such as 
inadcquate drainage and low fertility typicallv rcstrict 
the ranc;c ot’ suitablc tồragc plant spccics and their 
potcntial productivity but not the usc ot thcsc lands 
tor pasture developmcnt.

The điaracteristic scasonal distribution o f  rainhill 
in the zoncs bctvvccn equatorial retĩions and the sub- 
tropics grcatly aíTccts the potential aỉỊricultiiral uscs

ot land. Whcrc rain occurs ovcr a lontỊ cnough pcriod 
to producc crops, such crop production typically re- 
ceives priority over pasture developmcnt. Wherc soil 
tertilitv is rapidly dcpleted by crop production, pas- 
turc may bc a secondary use or pasturcs may comprise 
long-tcrni com ponents in crop rotation systems. 
Whcrc othcr cdaphic conditions limit production ot 
crops, they also are oftcn liinitations to the cstablish- 
mcnt o f  tropical pastures. Hovvcvcr, oncc established, 
pasturcs o f  adapted specics may be quite productive 
and sustamable under appropriatc manatỊement cvcn 
on stecp slopcs, vvet sitcs, soils ot poor tihh, etc.

As total amoimt ot' annual raintall or length ot thc 
rainy scason becomes iiKidcquatc tor crop production, 
pastưre oítcn beconics tho potcntial 11SC of hiỉỊhcst 
valuc. Hovvevcr. raintall Í11 sucli cnvironnicnts is otten 
unpredictable as vve]] as low  in anniuil amount. Evcn 
thouiỊli pasturcs ot sclectcd spccics may havc consid- 
crably hiỉỊhcr hcrbaiỊc production potcntia.s than thc 
existins* natural vcíỊctation, cstablishmcnt o f  intro- 
duced pasturc plants involves liit*h risk ot su n d  tailurc 
in the m orc advcrse environnients. Whcn the existing 
vegetation is disturbcd to providc a sccdbed for en- 
hanccd opportun ity  ot establislinient by sov/n specics, 
potcntial for soil crosion and invasion o f  undesirable 
plants as wcll as econom ic loss arc grcatlv increased 
111 erratic-raintall environnicnts.

Sclection ot tbrago plants adaptcd to, or tolcrant 
of, advcrsc soil tactors is the most promising approach 
for ovcrcoming such limitations to tropical pasture 
dcvelopmcnt. Altlioiiiĩli som e ađvanccs have bccn 
tnadc tovvarđ dcvclopm cnt o f  cultivars suited to spc- 
dfic  advcrsitics. a vvcalth o f  divcrse tropical e;erm- 
plasm is availablc for íu rther  progrcss. Intcnsive pas- 
turc managenient involving substantial inputs to 
overcome soil lunitations is not ncccssarily an inap- 
propriatc approach to  tropical pasturc developmcnt. 
Espccially in humid environm ents, such an approach 
can provide highly productive livestock systems. 
Hovvcvcr, ovcr extcnsivc areas o f  the tropi:s and sub- 
tropi.es, such systcms ;ưc difficult to sustain vvithin 
currciit rcstraints. [S tr  F o r a g e s . I

III. Tropical Grasses

Cỉrass cultivars currently availablc tor trop-.cal pasture 
devclopmcnt posscss som c ratlicr distinctive charac- 
terisiics. which áítcct bo th  thcir practical use and po- 
tcntial improvcnicnt. M any ot thc prod.ictive, 
g r o s s i v c  tropical t;rass cultivars do not praducc secd 
or at lcast do not producc seed in suttícicn: quantitics



for cstablishment ot'pasturcs by sowiniĩ secd. Extcn- 
s iv c  pas turc  areas l in ve  b c c n  e s ta b l i sh e d  tr o in  s t c m  
cuttiniỊs of tropical iỊrass cultivars ot the tỊcnera Cy- 
Iioi/on, DÌỊịitavid, and Hciinirihriti. Such vctỊCtativc 
propagation o f  thcsc stoloniícrous grasscs tvpically 
pmvides m orc  aiỊgressive, compctitivc stand es- 
tahlishmcnt than tliat obtained \vith so w in s  o f  seedc*
oí seed-propasỊated spccics. Vcgetative propatỊation 
maintains lỊcnctic intcỉỊrity of cultivars, bu t it also can 
rcsult in lack o f  lỊcnctic variability so that extcnsive 
arcas plantcd to  monocultures ot onc supcrior cultivar 
arc vulncrable to rapid. cxtcnsive damaíỊt' tro 111 insccts 
and discascs. Eỉther low-cost labor or hiỉ^h lcvcls o f  
niecha»ization liavc provcn to provide particularly 
suitablc conđitions tor sncccsstul plantimỊ ot cxtensivc 
arcas by vciỊctative mcans.

Wliile limited seed production has prccludcd sow - 
Ì11ỈỊ of secd ot sonie spccics ot the gcncra mentionecỉ 
abovc, suttìcient sccd production typically occurs to 
allow gcnctic im provem ent ot' qermplasm through 
plant brcediiiíỊ approachcs. Additional tropical ựrasscs 
vvhicli are cxccllcnt sccd produccrs havc providcd dis- 
tinct challcngcs to the use o f  plant brceding for lỊcnctic 
im provcment. Scvcral tropical grass specics which 
havc bccii vvidely uscd in pasturc im provem ent are 
capablc o f  apomictic rcprodưction. This m cthod  o f  
reproduction involvcs structures com m only  utilized 
in sexual rcprodnction but w ithout actual hision o f  
ìnalc and tcmak' gamctcs. Thus, attcmpts at Crossing 
plants, whicli reproduce apomictically, producc uni- 
form progcny idcntical to thc tcinalc parcnt. Apomic- 
tic sccd production is m orc  com m on in the tribes 
Paniccac and A ndropogoncac than in o thcr grass 
tribes. Idcntification ot sexually reproducirií* plants 
o f  some apomictic spccies lias alknvcd lỊcnctic im - 
provcm ent to bc ntadc by utilizinọ; scxually rcproduc- 
intỊ ícrnalc parcnts and selection o f  supcrior apomictic 
proíỊCiiy to securc the gcnctic advanccs into new uni- 
form cultivars. Exclusive planting o f  a supcrior indi- 
vidual apomictic cultivar, as witli vegctativcly propa- 
gatcd cultivars, can produce extensivc grasslands 
which do not possess tlic gcnetic divcrsity to adjust 
rcadily to plant pests. T he  various mcchanisms of' 
apomixis (apospory is typical o f  species o f  Panicum,  
Piispitltiin, and Caichrns  o f  the subtamily Panicoideac, 
vvlnle diplospory is thc tbrin  identiíieđ in che genus 
lù m Ịiv ít is  ot thc subtamily Eratĩrostoidcac) and extern 
o f  obliiỊatc and tacultativc exprcssion o t ih e  trait com - 
plicatc the proccss o f  tropical grass im provcm ent. !n 
Sonic cascs, considerablc basic cytosỉcnetic invcstiiỊa- 
tion is rcquircd tor advancement o f  LỊOnctic im prove-

mcnt and dcvclopnicnt ot iinprovcd cultivars ot apo- 
mictic spccies.

O n  the othcr hanđ, tropical pasturc nrasscs which 
rcproduce sexuallv and producc' ađequate sccd quanti- 
tics for scnvint; pasturcs arc not vvithout disadvan- 
tagcs. Evcn pcrennial ^rasscs, cspecially those which 
do not torm densc canopics or spread as^iỊressivclv by 
rhừ om cs  or stolons, typically are continually being 
rencwcd by developmcnt ot new sccdlmgs within the 
stand. HÍ£»lily hetcroíỊcncous cultivars and especially 
thosc coniposcd o f  compositcđ e;erinplasni can cxpc- 
ricncc chaníỊe in pasturt' composition over a period 
of ycars in rcsponse to natural sclection pressurc or 
grazing conditions. Genotypes vvhich dittcr in palat- 
ability can bc compositcd into a sintỊlc cultivar which 
m ay rcadily be transtbrmcd into a sward dominated 
by thc lcast palatable gcnotypc witliin a fcw years ot 
í>;razing.

Cỉrasscs for tropical pasturc dcvelopnicnt should be 
both productivc and sustainablc. The lartỊC num ber 
ot divcrse and otten advcrsc cnviromncnts rcpre- 
scntcd and the rcquirenient for plant pcrsistcncc with 
mininial inputs havc rcsultcd in the consideration ot 
a very laríỊL' mim bcr o f  plant species t'or potential 
use in tropical pasturc dcvelopnient. Tropical grass 
cultivars arc lariỊcly froni the subíamily Panicoideac, 
tribc Paniccae. Additional cultivars have also been 
dcvelopcd from individual íỊcncra of thc subfaniily 
Eraựrostoidcac, tribc C-hloridcac. The atỊgrcssivc 
charactcristics o f  sonie vvccdy and invadiníỊ specics 
havc contributed to devclopnient o f  cultivars o f  thesc 
spccics ablc to nicct the need tồr rapid cstablishmcnt. 
Hií^h lcvcls o f  hcrbagc production are also cliaractcris- 
tic of thcsc aggrcssivc grasscs. As vvith temperatc 
grass cultivars, thc asỊgrcssivc tropical ẹrass cultivars 
are often depcndcnt upon higli lcvcls o f  soil tertility 
for productivity and stand survival. Thus, declining 
productivity and cvcntual stand loss havc been prob- 
lcms with tropical pasture dcvelopment where regular 
fcrtilization has not been a viablc m anagem ent option.

Incrcased cmphasis on sustainability indícatcs that 
spccics o f  the grass subfami]y Panicoideae, tribc An- 
dropogoneac should rcceivc íurthcr attention. Wliilc 
use o f  Andropoạoii lỊayanus on iníertilc South American 
sites has apparcntly bccn succcsstul, eíTorts with spc- 
cies o f  Schizachyr ium  and Tripsactmi havc rcAccted the 
characteristic limitations o f  this tribc in secd produc- 
tion and quality. Cultivars o f  the gcnus Hcmarthria  
posscss hcrbaiỊO nitrotỊen concentrations low cnou^h 
to rcquirc protcin supplcmcntation for optinial pcr- 
tormancc ot somc dasses ot Hvestock cven during the 
grovving season. This is charactcristic o f  tlic nitro^en



use eíĩiciency o f  thc tribc. Thus, prescnt Paniceae and 
Chlorideae cultivars vvith aggrcssivc establishnient 
and herbagc production qualities and limitations in 
sustainability contrast vvith thc potentially niore sus- 
tainable tribc Andropo^oneac \vhich is typitìed bv 
limitations in establishmcnt and íoragc quality.

The major tropical grass cultivars are primarily ot 
Atrican qenera, including Brncliiaria, Cenclmis,  
Chloris, Cynodon, D iý ta r ia ,  Mclinis, Panicuni, Pcnni-  
setuin, and Setariơ. In íỊcncral, these grasscs are tolcrant 
ot grazing, as would be expected trom  devclopment 
under the most intcnsc grazinẹ conditions ofany trop- 
ical environment. They arc also generally ag^rcssivc 
and p r o d u c t iv e ,  partia llv  d u c  to  rcccn t  in tc n t io n a l  s e -  
lection for these qualitics, but pcrhaps also due to 
devclopmcnt undcr mar^inal conditions whcre rccur- 
ring forest đisturbance and nutrient relcasc providcd 
sclcction prcssure for such aggrcssivc colonization ot 
ncw areas. The lỊenus Paspalmn, vvhich has contrib- 
uted primarily in thc subtropics and warm  tcmpcrate 
rcgions, is the most widcly used tropical American 
grass gcnus. Evcn cultivars adapteđ to intcrtilc South 
American sites have primarily been dcvcloped from 
Aírican species s u c h  as AndropiHỊOn íỊayanus and H cm -  
arthria altissiina.

IV. Tropical Legumes

A potcntial solution to thc dilemma o f  maintaining 
adequate nitrogen lcvels to sustain thc Paniceac and 
Chlorideae grass cultivars is throua;h biological nitro- 
gcn íìxation o f  associateđ legumes, vvhich has rcccivcd 
considerable attcntion ovcr the past 30 years. Tropical 
legumcs are \videspread in the American tropics, 
where soil fertility in many situations has bccn low 
and provided a competitivc advanta£ỊC to thc lcgumes, 
Evcn though o f  tropical origin and adaptation, tropi- 
cal legumes utilizc the C-3 photosynthetic pathvvay 
typical o f  tempcrate grasses and legumes. Thus, in 
warm, fertile, high-sunlight tropical ciivironments, 
the tropical legumcs are at a competitivc disadvantagc 
to the tropical grasses with the more etĩicient and 
productive C-4 photosynthctic pathway. Various 
characteristics ot individual tropical legumes, such as 
climbiniỊ growth habit, adaptation to shadc, and an 
extcnded period ot' lỊrovvth atter í*rowth ot grasses 
has bccn slowcd at initiation o f  the dry season, hclp 
to offset this growth advanta^e o f  the ^rasses undcr 
pasturc conditions. Early ctYorts to select lcgumcs 
primarily for establishment abilitv and high yields 
resulted in đevelopment o f  some cultivars that rcquirc

specializcd managctnciit íor sustaincd stands. Recent 
tropical lcgume cultivars with increased tolcrance ot' 
tỊrazintỊ includc SOIIIC that are less palatablc than the 
íỊrasscs and othcrs with morpholoo;ical charactcristics 
such as \voody stcms or prostrate ẹ;rowth undcr graz- 
inẹ. Hovvever, combinations o f  grasscs and legumes 
for sustainablc, productive, lovv-input tropical pas- 
tures have not been developed tbr most situations.

The grcat diversity o f  tropical legumcs possessing 
dcsirablc characteristics Ếor pasturc usc indicates that 
advancements, though amazin^ly clusivc in thc past, 
should still be cxpccted. In environmcnts vvith dis- 
tinctly uníavorablc conditions occurring 011 a seasonal 
basis, eíĩorts to devclop leẹum c culúvars should capi- 
talize 0 1 1  the natural plant stratcgies tor avoiding such 
conditions. Thus, the annual leguincs should rcceivc 
^rcater attcntion in drastic environments vvhere pe- 
rcnnials do not rcliably survive an adversc season. 
Annual legumes also havc potcntial in dricr cnviron- 
ments whcrc grass g row th  is not so dcnst’ and compet- 
itivc that seedlings arc adversely attectcd by thc grass 
stand duriniỊ cstablishmcnt. Pasturcs bascd on annual 
leiỊumes are particularly vulncrablc to crratic rainíall 
carly in the grovving scason and cxcessive grazing late 
in the season whcn sccd is produced. This vulnerabil- 
ity can bc partially ovcrcom c by harđ-seedeđ lcgumes 
which can provide supplies o f  sced tor sevcral years 
troin a singlc good sced-production year.

As rainfall incrcascs to support a niorc dcnsc grass 
s t a n d  a n d  t h e  d r y  s c a s o n  1S m i l d  e n o u g h  t o  a l l o w  

survival o f  perennial lcguines, the advantages o f  an- 
nual lemimes arc greatly diminishcd coinparcd with 
thcir disadvantages. Hovvever, thc importancc o f  secd 
production, hard-sccdcdness, and establishment o f  
iiew legumc seedlings is not diminishcd gready. 
Many o f  thc hcrbaccous pcrennial legumes are rather 
short lived. Althoue;h complctc stand cstablishment 
is not required ca ch ycar, stanđ stability does require 
a continuous process o f  new seedling dcvelopment to 
otTsct plant mortality ot' m ost species. Whilc hard- 
secdcdness is an advanta^c to legumes in established 
pastures, it is often a trait which must bc ovcrcome, 
at least partially, for acccptable establishment \vith 
sovviníỊ o fn ew  pastures. Secd scariíìcation is a rcquire- 
ment tor acceptable germination ot some, though  not 
all, tropical lcgumes. Additional similar charactcris- 
tics ot secd-propagatcd legumes (and iỊrasses) which 
are ađvantae;es for existing stands and disadvantagcs 
for plant domcstication arc indeterminatc tìovvering 
and secd shattcring. For Harvest o f  sccd crops, uni- 
torm development and seed rctcntion arc hi^hly bcne- 
íìcial to harvest o f  hie;h proportions ot the sced pro-



duced. Thus, thedegreeofdoniestica tion  desired with 
íoragc plants oftcn is a comproniise between thc natu- 
ral advantages ot existing traits and the requirements 
for economical seed production and initĩal cstablish- 
ment o f  new pasturcs.

The vvoody legumes, such as the genera Acacia, 
A lb iz ia ,  Call iandra, D esm anthus ,  Gliricidia, Leucaena,  
and Sesbdiúa, havc reccntly been recognized as potcn- 
tially possessinẹ; ccological advantages for use in trop- 
ical environmcnts which are capable o f  supportina; 
woodland plant communities. Thcsc legumes may 
provide sustainablc systems whcre their decp roots 
utilize moisturc supplics that would  othcrvvise tavor 
invasion o f  pasturcs by o ther woody plants. Thcy 
could also sustain thc cycling ofnutr ients from  greater 
đepth and storc nutrients m orc  effectively than cither 
the grasses or thc herbaceous legumcs. While m uch 
of thc attcntion has been íocused on agroíorestry and 
associated production o f  food crops, m any o f  thc 
woody legumcs have potcntial value as pasture plants 
or at least as íodder crops. In addition to developm ent 
of sufficiently aggrcssive and adapted genotypcs for 
successtul use, particular caution must be used not to 
introducc exccssivcly compctitive types since brush 
problcms in m any grasslands are prcscnted by shrub 
lcgumc species.

Most o f th e  gencra providing cultivars o f th e  herba- 
ccous tropical legumes such as A eschynom ene,  
C aưrosem a, Desmodium, Macroptil ium, and Stylosanthes  
are o f  American origin. H ow ever, Asia and Aírica 
also havc bcen sources o í im p o r ta n t  tropical legumes, 
including the í^enera A lysú a rp u s ,  Neonotonia ,  and 
Vigtia. Tropical legume cultivars o f  American origin 
are primarily írom low-fcrtility, leached soils with 
limited grazing pressure. Rather recent cultivars o f  
Desmodium  from Asian germ plasm  and Viỹna  from  
Aírican origin indicate that despite large num bers  o f  
specìes and considerable diversity in American le- 
gumes, grazing tolerancc m ay be more vvidcly avail- 
able from  sourccs w ith a history o f  grazing pressure. 
Thus, current limitations to persistence o f  tropical 
legumes m ay be overcom e by use o f  herbaceous le- 
gurnes w ũ h  morphological adaptations w hich allow 
them to partially escape excessive deíòliation or  by 
ust' o f  vvoody legumes w hich  producc at least some 
íoliagc beyond grazing o r brovvsing height. Both  
thcse and other means o f  escaping a n d /o r  tolerating 
thc ctTccts ot'grazing defoliation will likely be ncces- 
sary to provide suitable legumes for the m any diverse 
tropical environments.

Unlikc the  tropical grasses which gcncrally are 
adaptcd ovcr rather broad areas encompassing ranges

in moisture and soil conditions, the tropical lesỊumcs 
respond to very subtle environmental ditĩerences. Of- 
ten only slight chantỊes in slope, soil texture, fertility, 
moisturc, and cspecially plant competition make thc 
ditTercncc between a ^ re s s iv e  ^ row th  and complete 
loss o f  tropical legume stands. With a few inđividual 
species, such as those o f  the genus Lotononis,  the rc- 
quircment for a spccific rhizobial inoculant can be a 
primary íactor. Hovvevcr, tor most tropical legumes, 
such rhizobial spcciíicity is not a factor as it typically 
is w ith temperate legumes. Thus, narrow  ranges ot 
adaptation o f  tropical forage legumes may be a charac- 
teristic which necessitates the dcvelopraent o f  culti- 
vars o f  a largc num ber ot ditĩerent spccies and pcrhaps 
even thc use o f  mixtures o f  legume spccics.

V. Germplasm Development

While rccognition o f  the potcntial ot' trcc and shrub 
legumes is perhaps thc most reccnt major advance in 
tropical pasturc developmcnt, the use o f  improved 
tropical forages in gcnera] is morc recent than that o f  
temperate forages and much m ore recent than cfforts 
to im prove the major tbod crops. Thus, experience 
with other crops indicates that tremendous potcntial 
cxists for gcnetic im provcm ent o f  tropical foragc 
plants. However, thc asset o f  trcm cndous quantities 
o f  hiiỊhly diversc germplasm, which provides the op- 
portunity  for rapid progress with genetic manipula- 
tion, is also the reason not to immediatcly and extcn- 
sively pursuc the genetic manipulation ot individual 
gcrmplasm for numcrous specific improvements. 
While in a fcw situations this may be the appropriate 
approach, in most tropical environments the availablc 
germplasm with potential value has no t  becn suffi- 
cicntly evaluated to even identiíy the m ost suited spc- 
cies. This is particularly the casc for the tropical le- 
gu m es. ỊSee PiANT G e n e t ic  R e s o u r c e s ;  P l a n t  
G e n e t i c  R e s o u r c e  C o n s e r v a t i o n  a n d  U t i l i -
ZATION.]

Tim ely  efforts to obtain and store extcnsive collec- 
tions o f  germplasm o f  tropical forage plants have 
been made during the past 15 years. Australian 
pasture scientists were leaders in bo th  the early 
development o f  tropical íorage technology and the 
recent collection and storage o f  existing germplasm. 
T hey  were joined on a large scale in germplasm 
collection and storage by thc system o f  international 
agricultural research centcrs with leadership from 
C cntro  Intemacional de Agricultura Tropical 
(C1AT) in Cali, Colombia. This location espccially 
tacilitated the collectíon o f  tropical legumes which



are more vvidcspread and diverse in the American 
tropics than anyvvhere else. This accunuilation oí 
germplasm has far outpaced efforts to characterize 
the gcrmplasm and determine the potential o f  vari- 
ous availablc genotypes in various environmcnts. 
Considcrablc advanccmcnt in tropical íòrage devel- 
opm ent will likely rcsult from idcntitlcation and 
use ot' the supcrior germplasm currcntly available.

VI. Economic and
Ecological Constraints

Costs, potcntial returns, and risk o f  tailurc require 
a combined evaluation o f  aspects o f  economics and 
ccology o f  tropical pasture developnient. Costs and 
risks o f  sitc detcrioration increasc with the degrcc 
ot modification o f  the cxisting vcgetation. Simply 
introducing seed o f  a desircd spccies into cxisting 
vegctation, referrcd to in Australia as auiỊincnting 
nativc pasture, minimizcs cost with perhaps a rathcr 
high risk o f  failure. In cnvironments with predictable 
rainíall pattcrns, risk ofcstablishment failurc can otten 
bc progrcssivcly reduccd with incrcasiníỊ degrecs ot 
seedbed preparation at increasing cost. Howevcr, in 
environrncnts with crratic rainfạ]l, risk ofs tand  tailurc 
may not be reduced enough to justify the incrcascd 
cost and risk ofsite detcrioration accompanyiníỊ inten- 
sivc sccdbcd preparation.

Whilc sustainability o f  tropical pasturcs is critical, 
inputs to cnhance stand lifc or evcn rcplace dcgradcd 
pastures m ay not be unrcasonable for high valuc 11SCS 

such as mìlk productiòn and íattening o f  slaughtcr 
animals on sites not subjcctcd to cxccssive degradation 
frorn pcriodic cultivation. Such hÌ£$h rcturn uscs ot 
tropical pastures, and CVCI1 lc s s  i n t e n s i v e  uscs in  p a r t i c -  

ular economic circurnstances, may result in advan- 
taiỊes for nitrogen fertilization o f  íỊrass pasturcs ovcr 
grass—legume mixtures. The rcsponsc of lỊrass to ni- 
trogen fcrti]ization in hum id and suhhumid environ- 
ments is often morc predictable and productive than 
d e p e n d e n c e  OI1 l e g u m c s  f o r  n i t r o g e n .  A s  i n t c n s i t y  cứ 
managcment and production potcntial dccreasc, the 
advanta^es o f  lcgume technology over iiitroiỊen tcrtil- 
izer gencrally incrcasc.

Invasion o f  plantcd pasturcs bv other plants is an 
cssentiallv universa] phenomenon. Pasture deteriora- 
tion o f  some extern rcsults. Intensivelv mana^ed pas- 
turcs may be routinely subjt*ctcd to treatmem with 
sclective herbicides or mechanical dctbliation to con- 
trol invadintỊ broadlcat vvecds or vvoodv specics.

Hand labor and tìre are also trequcntlv uscd options 
for control of w oody  plants. Fewer options are avail- 
ablc for control o f  wccdy grasses in introduced ^rass 
pastures. O ptions available for control o f  broadlcaí 
vveeds and \voody plants arc reduced when legumes 
are components o f  thc pasture, since m any herbicides 
which control thcsc wet'ds also dam age the pasture 
lcgumes. Since the pasture le^umcs are diítcrentially 
affected bv tirc, knovvledge ot'the response ofa partic- 
ular lcgumc cultivar to  fìre is a critical tactor in dccid- 
inií am ong options for controlling w oody  plants. In 
the lont; terin, dcvclopm cnt ot pasture cultivars bcttcr 
suited to speciíic cnvironm cnts, which are both pro- 
ductivc and capablc ot com pcting  with invỉding spe- 
cics, providc thc preterrcd option. A ppropnate  cxtent 
o t  h c r b a g c  u t i l i z a t i o n  a n d  11SC o f  k e v  p c r i o d s  o f  d c f c r -  

m ent trom i;razintĩ may also incrcasc the ccmpctitivc 
ability o f  introduced pasture plants.

VII. Animal Needs versus 
Available Herbage

Early durinụ; the scason ot' activc plant íỊrowth, the 
hcrbaiỊC availablc in tropical pastures is lỊcncrally at its 
highest nutritivc value for rum inant livestock. Young 
lcaves arc gencrally the plant parts highcst in protein 
and diiỊcstibility. As herbage accunnilates during the 
g r o v v in g  s c a so n ,  the  p r o p o r t i o n  o t  o ld c r  p lant  t issuc  
increascs while both digestibility and protein concen- 
tration decrease. M orphological devđopm en t also 
produces incrcasiiitr p roportions  o f  stcm. which is 
typically lovvcr in íb raẹe  quality than are leaves. In 
addition to thc biolos^ical íĩxation o f  atmosphcric ni- 
trogcn into tbrm s available tor plant use, pasturc le- 
gumes arc typically h igher in protcin than the grass 
availablc for grazint* throuííh  m ost o f  the year. Thus, 
sdected pasturc lctỊumes provide potcntial ĨO enhancc 
qualitv of' diets ot' grazing animals, oíten increasing 
in tak co f  the lovver quality iírassand turthcrenhancing 
a n i m a l  pcrtbrniancc even bcyond t h a t  duc t o  the I1U- 

trients contained in the lctỊumc herbagc itsclt'.
As the charactcristic dry season in the tropics and 

cool tcmpcratures o r  írosts  111 thc subtropics decrease 
o r  eviMi t e r m i n a t e  p l a n t  g r o v v t h ,  t h c  n u t r i t i o n a l  v a lu e  
o f  the remaininíT herbaiỊC otten dcteriorates rapidly. 
A large portion o f  the gains niade by íỊrazing animals 
durine; the tỊrovviiiiỊ scason are lost during the drv 
season in many tropical cnvironmcnts. Selcction ot 
tbratỊC plants for ability to rctain ẹreeiì leavcs, a char- 
actcristic ot somc dccp-rootcd lcíỊiimcs, o r  simply



to rctain highcr torage qualitv into tlic drv seasoi) 
providcs potcntial tor im provenicn t ot' aninial pro- 
đua io n .  Protection o f  siicli hcrbacc tro 111 utilization 
until the appropriatc scason bccomcs a manatỊcment 
considcration. This conccpt can be cxtendeđ to simply 
rcserving areas of cxisting lỊrasslanđ for dry-season 
usc so that minimal supplementation and availablc 
roughagc niay prevcnt exccssive vvcitỊht losses by 
grazing livcstock. Despite thc hiiỊhcr toraiỊe qualitv 
ot many tropical lcgunies, 011 infcrtilc tropical soils 
some lcíỊUines arc not hcavily utilized vvhilc the 
iỊrasses arc actively grovviny;. Such lcgumes providc 
naturally dcterrcd horbaiỊC for đry-season use,

Grazing nianae;emciit strategies can bc developed 
bcyond simple deíerm ent o f  iỊrazing t'or later usc to 
coinplcx grazintỊ systems whicli addrcss additional 
conccrns. Rapid rotation systcms havcbccn prom oted 
for enhancemcnt o f  pasture utilization and increascs 
in carrying capacity. Incrcascd hcrbaiỊc utilization in 
such systems can somctimcs bc attaincd w ithout dc- 
crcases in individual animal pertormance, as typically 
occurs on continuously grazed lỊrasslands, bccausc 
cattle arc m ovcd  through thc rotation rapidly so that 
rciírovvth o f  essentially all pasturc plants is young and 
nutritious whcn grazcd and cattlc remain 011 a pasturc 
only tor a short timc. Intcnsive í»razing systcms can 
;ilso be dcveloped primarily tro 111 the pcrspcctivc o f  
providing near ìnaxim uni individual aniim l períor- 
niancc, especially tkirins* tlie t*rowing season. Tlicsc 
systcms dittcr from thc rapid rotation systcms just 
m cntioncd primarily in cxtcnt ot' ^razintỊ pressure. 
Thesc lattcr systcms oftcn utilizc short graziii(Ị pcriods 
a n d  ]ÌE;ht s t o c k i n g  r a te s  co  m a i n t a i n  r e l a t i v c l y  h i ^ h  

availability ot' hiíỊh-quality forage. In some pasture 
types, cattlc utilizc primarily thc upper lcat canopy. 
Periods bctvveen G;razintỊ cyclcs are also short to allovv 
g r a z in t»  o t  r c g r o w t h  v v h i le  f o r a g e  q u a l i t y  is  s t i l l  h i g h .  

Livcstock responses to such systcms are grcatcst with 
youníỊ g row ing  animaỉs or in milk production sys- 
tcms. I lovvcvcr, prođuction responscs froni such in- 
tcnsivc systems are primarily rcstrictcd to the iỊrow- 
nití season; thus, thesc systems do not contribute 
dircctly during poriods o f  grcatcst nutrient dctìcit 
(such as cxtendcd dry scasons).

T he usc o f  stored hcrbage such as hay and silage 
tor dry-season tecdintỉ has not bcen widcly uscd in 
the tropics. As intcnsihcation o f  tropical livcstock 
production systems incrcascs, use o f  such technolo- 
LỊÌes to providc quality dry-season fccd vvill pcrhaps 
incrcasc. Potcmial production o f  sclcctcd tropical 
lỊrasses in tavorablc environm ents vvith such systems 
is trcm cndous. Wherc nrassland based livcstock sys-

tems arc inteíỊrated vvith crop production cntcrprises, 
considerable dry-season tced for livcstock can bc dc- 
rivcd troni crop residucs and cvcn production ot an- 
nual hcrbagc crops t'or dry-scason i*raziniỊ or íccdins;. 
By-products o f  the Processing o f  tropical crops pro- 
vidc anothcr dry-scason tecd source for t^rassland live- 
stock prodnction. The nutritive value and mcthods 
of most eíììcient Litilization o f  matiy o f  thcse tropical 
crop by-products have not becn thoroughly evalu- 
ated, even tliough thc availablc by-products are com- 
monlv used to sonie extent.

VIII. Additional Pasture
Management Considerations

GraziníỊ systems may be developeđ around the nccds 
ot thc pasturo plants rather than, or in addition to, the 
consideration o f  livestock necds. In some situations, 
requirements o f  plants for maintenance and produc- 
tivity arc not adcquately addrcsscd by prcvailing graz- 
ing nianaiỊcmciit. HiíỊhly palatablc plants, espccially 
whcn e;rown in mixed stands with lcss palatable spc- 
cies, may rcquire pcriods o f  defcrmcnt from iỊrazing 
tor survival. Tlicse dcícrmcnt pcriods may be satisíìcd 
simply by rotational grazing providintỊ rcgular recur- 
rinj» opportuiiities íbr rcgrowth. In o thcr instanccs, 
the season o f  dcfermcnt tro 111 grazing may becritical. 
Appropriatc scasons ot determent from (Ịrazinụ; can 
allovv heavily u;razed plants to rcgain vigor immedi- 
ately prior to stress periods. Plants may rcspond to 
such determcnt by storai^e o f  encrgy for subsequent 
use, by increased seed production, or through inimc- 
diatc increase in plant size and CVC11 vegctativc propa- 
gation. Annual lcỉỊuincs, as components o f  pcrennial 
tỊrass pastures, may require rcduccd grazing pressurc 
durins; the scason ofseed production, vvhilc bcneíiting 
trom  hcavicr utilization o f  the associatcd í^rass during 
thc pcriod o f  legunie establishment.

Nonstructural carbohydrates and other labilc plant 
com pounds can bc mobilizeđ and uscd in plant 
g row th . These components, priniarily total non- 
structural carbohydrates, have bcen cxtensively uscd 
to cvaluatc cíTccts o f  deíoliation OI1 vigor and re- 
í?rowth potential ot tcmpcratc foragc plants. The 
Hit^h ratcs o f  photosynthcsis o f  tropical grasses and 
less than complete leat' rcmoval by graziti^ detolia- 
tion sugíỊcst that storcd enertỊy may scldoni be a 
c o n t r o l l i n í Ị  t a c t o r  111 t h e  g r a z i n g  m a n a ^ c m c n t  o t  
t r o p i c a l  l Ị rasscs .  H o v v e v c r ,  e v e n  w i t h  t h c  t r o p i c a l  
i^rasses, initiation o f  ncvv leavcs followinụ; complcte



defoliation is dcpenđent upon existing energy 
sources. Thus, plant vio;or at onsct o f  the dry season 
or at the first frost in the subtropics can be critical 
to survival o f  somc plants. This becomes even more 
critical in erratic environments where intermittent 
light rain or warm tcmperatures permit repeatcd 
leaf initiation with subscqucnt deíòliation. Thus, 
while stored energy mav not bc a factor in grow th 
o f  most tropical foragc plants during the season o f  
activc s;rowth, energy availablc for leaf initiation 
followin^ complete deíoliation by drought or  frost 
can be critical in some situations.

IX. Global and Societal Concerns

The growing problem o f  desertification and its 
effccts on pastoral societies and beyond suggest that 
technoloíỊÌcal developments to rcstore stable and 
productivc vegetation should bc a priority in arid 
and semi-arid grassland research. Idcntification o f  
sites with grcatest potcndal for revcgctation coulcỉ 
provide enhanccd opportunities for successíul small- 
scale plantings. Innovative means o f  sitc enhance- 
ment for plant cstablishment and selection o f  plants 
with superior establishment ability for use as pioneer 
species may be critical for greater success. Reíìne- 
mcnt o f  the prcdiction o f  global weathcr patterns 
and cnhanced undcrstanding o f  the processes o f  
natural revegetation during íavorable ycars may 
allow rcsceding at tinies with grcatest opportunity  
tbr succcss. Such intcnsive practiccs as sitc modiíì- 
cation and planting may be uscd on a limitcd scalc 
along with stratcgics to enhance opportunity  for 
turther spreacỉ and colonization on these extensive, 
minimally productive grasslands.

While tropical pasturcs are generally less intcnsively 
managcd than most other agricultural lands (that is, 
they typically receive lowcr input lcvels), potential 
effects o f  chemical fertilizcrs and pcsticides on the 
total ecosystem must be considered. Less stringent or 
even complete lack o f  governm ent regulations regard- 
ing the use o f  hazardous chemicals in m any tropical 
locations necessitatcs a greater individual responsibil- 
ity in use o f  such materials.

Seedbed prcparation with subsequent stand íailure 
provides opportunity  for soil erosion and site dcteri- 
oration. Inappropriatc choicc o f  pasture species may 
rcsult in short-tcrm stand lifc followed by site 
dctcrioration. Relatively low-cost land in m any trop- 
ical locations can bc a considerablc incentivc to 
investment and development dcspite high risk. In-

crcased availability o f  intormacion regarding appro- 
priate lcvels o f  developm cnt íbr spcciíic sites, suit- 
able spccies for sustainablc use, and risks involved 
could rcduce thc failures and resulting enviromnental 
damage due to inappropriate approaches to tropical 
pasture đevelopment.

Concerns exist in som e affluent, highly developed 
societies that livestock m ay bc detrimental to the envi- 
ronment. Livestock production does tvpically result 
in changcs in ecosystems. Often  increasing improve- 
mcnts tor livcstock production result in decreasing 
suitability for m any wildlife species. Addítional con- 
cerns include the release o f  carbon into the atmo- 
sphere, Ếrom storage in h igh quantities in torest bio- 
mass, as hum id pasture devclopm ent occurs. Rccent 
iníormation inđicatcs that carbon storage in forest, 
although greater than in grassland, may r.ot bc as 
much greater as prcviously thought, since grassland 
has bccn tound to have a m uch highcr proportion 
o f  be]ow-tTromid biomass than torest typically has. 
Agriculturalists m ust be m orc  avvare o f  opportunities 
to minimizc adversc effects o f  pasturc development 
on other values and uses o f  land. However, the im m e- 
diatc needs o f  local people m ust be recogmzed, and 
appropriate conipensation for altcrnative uses of~ ex- 
isting and potential pasturelands may serve all inter- 
csts. Continuing increases in population require in- 
crcases in food production. Sincc tropical tỉrasslands 
arc thc least intensivcly m anaged terrestrial food pro- 
duction rcsource, thcy m ay provide the most respon- 
sive opportunity  for incrcased food prođuction during 
the next dccade or  twơ. Thus , the trcmcndous oppor-  
tunity for incrcascd production  o f  livcstock to mcet 
human nutritional nceds through  pasture dcvelop- 
m ent in many tropical regions m ust be careíully eval- 
uated with due considcration to thc environmcntal 
and economic costs and risks.
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Glossary
A lb e d o  Ratio ot rcAccted solar radiation to the 111-
Corning solar radiation, b o th  intci^ratcd ovcr  all w ave-  
lcntỊths ÍI1 solar radiacion
A tm o s p h e r i c  h u m i d i t y  d c íìc i t  DitTcrcncc betwccn 
thc conccntration ot' vvater vapor in tho air at air tcni- 
pcrature, which is saturated witli watcr vapor, and thc 
actual concentration o f  water vapor in the atmosphcrc 
C o n d u c ta n c e  Rcciprocal o f  rcsistancc 
G C M  c ìcncral circulation modcl, a mimericál Com
p u t e r  m o d e l  w h i c h  p r c d i c t s  t h e  S ta te  a n d  n i o v c n i e n t  
o f  thc atniospherc ovcr thc entirc globc 
In te r c e p tio n  lo ss  Raintall w hich  is intcrccptcd by a 
plant canopy and cvaporated dircctly back into the 
atmosphcre vvithout reaching the soil durintỊ rainíall 
and shortly after
R u n o f f  Transport  o f  watcr from a cntchnicnt 
S to m a ta  Small openintỊS in the leavcs o f  plants 
through vvhich watcr vapor escapcs and carbon diox- 
idc is takcn Lip
Surface, or bu lk  sto m a ta l, resistance Total ctTcct 
ot alỉ thc individual stomatal rcsistanccs, considered 
to occur at One lcvel in che canopy 
T r a n s p i r a t i o n  Process bv vvhich vvater, which is 
taken up by plants th r o u ^ h  thc roots,  is cvapo ra tcd  
into thc atmosphere th rough  the stomatal opcnins;s 
on thcir lcavcs

T r o p i c a l  rain to rcst is thc cl imax veiỊctation o f  thc 
humid tropics. This íorcst is at lcast partly everiỊreen

and is typiíicd by a dcnsc, divcrsc canopy which is 
continuous írom  the ground surtacc to 30 m or highcr 
and which completely covers thc ground  (Fig. 1). 
The  torcst grow s in arcas with an average annual 
rainíall ẹreater than about 1500 m m  and whcre the 
annual dry scason is short or noncxistent. A lthough 
íorests in these areas o f  tho tropics are com nionly 
callcd rain íơrcst, moist tropical forcst is a more ap- 
propriate scicntific description. Annual evaporation 
is bctwccn 1000 and 1500 nim and compriscs a transpi- 
ratinn com ponen t and evaporation o f  raintall inter- 
ccptcd by thc canopy. The atmospheric moisture gen- 
cratcd by these processes interacts with  thc wcathcr 
systems to maintain the hum iđ, tropical climate.

I. The Hydrological Cycle

Most o f  the rain faỉling on the íorcst canopy is inter- 
ceptod by the lcavcs (Fig. 2), the rem ainder talls 
throuíỊh gaps dircctly to thc ground. W hen thc canopy 
is saturatcd, m ost of the water then drips to the 
íỊrounđ to replenish the soi] m oisturc  store. Similarly, 
some watcr rcachcs the ground  by flowintỊ dow n thc 
outsidc ot the branchcs and trunks o f  the trccs. Sonic 
of the vvater interceptcd by thc canopy evapo- 
ratcs directly back to the atmosphcre; watcr which 
reaches thc soil may bc re turncd latcr through 
thc roots and leaves (transpiration) or may percolate 
d o w n  to deepcr layers, cventually contributing via 
tlirone;hHow to the river discharge. In undisturbcd 
torcst, H ortom an ovcrland flow trom  the surfacc is 
íỊcnerally no t observcd.

Clouds arc íorm cd by moist air rising to a levcl 
wherc the air tcmpcrature is suíĩicicntly cold to cause 
thc water vapor to condcnsc. Rain then torms when 
thc cloud droplcts coalesce. The actual rainíall dc- 
pends on tho am oưnt o f  prccipitablc moisturc and the 
spccd at which the rising air reaches thc condensation



FIGURE 1 1’hotOiỊraph o f  tropical rain íbrest in K cserva Jaru. J 1’araná, R ondonia, A m azonia  (P h o to  b y  J. H. c. Cìash.).

level. The amoưnt of prccipitable moisturc is dcter- 
mincd by both the evaporation from the suríace and 
the largc scale w ca thcr  pattcrns, í tnpo r t ing  m o is tu rc  
into a rcẹion. For instance, for the Amazon basin 
it is estimated that 50 to 60% o f  the prccipitation 
orie;inatcs from vvatcr vvhich vvas evaporatcd by the 
forest. The remainiiig 40 to 50% o f  the moisturc is 
transportcd inland from the ocean by thc N orthern  
Hcmisphcre trađe winds (Fií». 3). The rain íbrests 
in the Aniazon thus play an csscntial role in main- 
taininiỊ the wet, humid climatc on which they arc 
đepcndent. |5fí '  M e tf .o r o i .o g y .  ]

II. Interception of Rainíall

The canopy o f  a tropical forest has a large lcaf arca 
vvhich interccpts most o f  the rainíall íalling 011 to it. 
The acrodynamically rough íorcst surtacc íỊenerates 
a hit^hly turbulent air flow which provides an cfficient 
mcchanism tor transtcrriiiíỊ vvater vapor trom the wet 
leavcs to the atmosphcrc; this rcsults in hiỉ^h evapora- 
tion ratcs duriiHỊ and aítcr raintall. Estimates ot this 
intcrception loss are usually obtained by mcasuring 
thc rain rcaching the íỊround surtace (throughtall)

with a set o f  raintall iỊaugos randonily placcd bencath 
thc canopy. This presents a mcasurcnient problem 
in rain torest vvhcre the mteiTcption loss is a small 
differcncc bctwccn tvvo lariỊe numbcrs: raintall and 
throughtall. T he  problcm is exacerbatcd by the hcter- 
ogeneity of thc  Torest canopy vvhich lỊÌves great spatial 
variability in throughíall. As a rcsult there have bcen 
fcw reliable studics o f  intcrccption loss tron: tropical 
íbrest, btit those that therc ha ve becn shovv that some 
10 to 15% ot thc raintall is evaporated in chis vvay, 
i.c., for a rainf.ll] o f  2000 m m , 200 to 300 m m  are 
evaporateđ dircctly, w ithout reaching the soi]. In tem- 
perate íbrest intorccprion losses ot'30% are m ore C01H- 
mon, but storms in the rropics are gcncrally of high 
intensity and short duration, gi vin 1» little timc tbr 
cvaporation during storms. In addition thc tropical 
íorcst canopy appears to shcd vvater easily, many spe- 
cics havinir shiny lcaves w ith  drip points. A saturated 
canopy holds the equivalcnt ot only about 0.7 mm 
o f  raiiitall, which is evaporatcd at thc cnd o f  a storm. 
In contrast to íorest, agriciiltural crops and pasturc arc 
less acrodynamicallv roue;li. havc lower evaporation 
rates durinẹ; storms, and consci|ucntly have low inter- 
c c p t i o n  lo sse s .  O n e  o t ' t ! u '  i n i m c d i a t e  ctTects o t đ e í b r -  
estation is to rem ovc this com poncnt trom  thc watcr



FIG URE 2  T h e  h yd ro lo g ica l cyclc Ĩ1 I  a tropical rain torest. |R e-  
Jraw n vvith p crm issỉon  írom  Bruijnzeel, L. A. (1990). “ H yd ro lon y  
o l M oist ỉ ropical Forcsts and E lìects  o t C on version : A State o f  
K now ledi»e Kovicvv.** U n c sc o , Paris and Frcc U n iv crsity  A m - 
stcrđ .im . I

balance. This puts m orc watcr in thc soil, but less 
w a tcr into the atmosphere. IScc M i c r o c i . im a t e .I

III. Transpiratỉon

Transpiration ís the process vvhcrcby \vater is taken 
up from thc soil by thc root system, transportcd 
th rouẹh  thc trunk and evaporated through thc sto- 
mata in the leaves. A typical valuc for lowland tropical 
toresc is 1000 111111 pcr ycar, while transpiration from 
montanc torest is usually lower, but niorc variable. 
Transpirađon can be cstimatcđ by micrometeorologi- 
cal t c c h n iq u c s  w h ic h  m e a s u re  w a te r  v a p o r  as it ITIOVCS 
throiiíỊh the turbulent atmosphcric boundary layer 
abo vc thc íorest. Thcsc techniqucs ÍỊÌVC measurcmcnts 
at a time scalc of an hour ơr lcss which is uscfi.ll for 
ìntcrpixtinu; the response ot thc ve^etation to cnviron- 
m c n t a l  C o n t r o l s .  L o n ẹ e r  t c r n i  c x t r a p o l a t i o n  o f  th e s c

FIG URE 3  Schom atic diasỊrani ot the \vater cyclc  in thc A im z o n  
basin.  E  is to ta l 1‘v a p o ra t io n  ( in tc rccp t ion  an d  t ra n s p i ra t io n ) .  p  is 
precip ita tion , /•’, rcprcscm s che amoLint o t ino istu rc  ontcring the 
resỊÌon, F a r c p rc s en t s  thi '  a m o i m t  ot n io i s tu rc  lcavin iỉ  ihc  rcn ion ,  
and K is thc rivcr How o f  the A m azun  in to  tlic A tlan tic  O ccan. 
T he Huxcs, dcnotcđ  bv urrosvs, ,irc in nnits ot 1(1 m '  v ca r -1. 
|R ed raw n  w ith  p erm ission  ot Kluvver A cad em ic  1’ublishcrs trom  
Salati, E .. and N o b re . c .  A. (1991). 1’ossililt' í lim a tic  im pacts ot' 
tropicul d etorcstation . CUiìiì. CliiiiitỊt' Ỉ9 , 1 7 7 -1 % . I

rcsults can bc obtaincd by running a wcll-calibratcd 
micromctcoroloiỊĨcal model for the rcquired time 
s c a le .  It is  l i k e l y  thíit  t h i s  c o m b i n a t i o n  o f  p h y s i c a l l y  

bascd modclinụ; and ìneasurement provides a good 
estiniatL' for the loniỊ-term watcr balance o f  tropical 
forcst. Whcn this techniquc was applicd to a tropical 
rain torcst in C entra l Amazonia it gavc an estimated 
1020 111111 pcr ycar bcing lost to the soil through tran- 
spiration. This can be compared vvith estimatcs o f  
transpiracion for a typical mid-latitude íorcst o f  
around 300-350 m m  pcr ycar. In the A m azon stuđv 
90% o f th e  incoming radiant encrgy was uscd to cvap- 
oratc about 50% o f  thc precipitation back to the a tm o- 
sphcre.

IV. Runoff

Water, which reachcs the soil layer and vvhich is not 
used b v  the roots for transpiration, fills up the unsatu-  

rntcd moisture reservoir and pcrcolates into thc satu- 
ratcd zonc, eventually lcaving the forest as runoff, or 
riverflow. Due to thc highly pcrmeable soils, quick 
runott (Hortonian ovcrland flow) is hardly ever ob- 
scrved in undisturbcd íorest. RunotY gencration in 
ẸỊCiieral and íor tropical forcst in particular is poorly  

imdcrstood. It is ditíĩcult to gcneralize individual 
catchmcnt or watcr balancc studics, as total ru n o t ĩ  
dcpends on the interplay bctw ecn precipitation. soil 

hydraulic charactcristics, and hmd m orphology. For 
the Am azon basin as a whole it is estimated that 40% 
ot thc incom intỊ  p rcc ip ita tion  leaves thc basin as rivcr 
discharưe.

I CfQwn dnp I



V. Micrometeorology of Tropical 
Rain Forest

Tropical rain forests are generally tallcr than com para- 
ble tcmperatc torcsts and contain a far s;rcatcr variety 
ot tree spccies. Likc tcmperate íorest thcy are dcnsc, 
cxtensivc, and perennial. Thesc aspccts largcly deter- 
minc thc intcraction of thc  íorest with the atmosphcrc.

The dccp canopv and extcnsive lcaf arca o f  tropical 
rain íbrest arc very cfficicnt at capturing thc incoming 
solar radiation. The lcaf area o f  a forest canopy (FiíỊ. 
4), and the spcctral propcrties, shape, sizc, and oricn- 
tation ot the leaves all affect thc transmission and 
reAection o f  radiation through and from thc canopy. 
The albedo (the proportion o f  the solar radiation 
which is reAcctcd) oftropical rain forcst is lo w — about 
12% vvith somctinics a slight scasonal variation in the 
range 1-3% . In contrast, albeđo valucs for trơpical 
grass or tropical savannah arc niuch hiíỊhor, typically 
in the rangc 18-25% . Dcforestation may result in a 
dccreasc o f  thc amount o f  cncrgy absorbcd by the 
surface o f  up to 10%. The dcnse tropical rain forest 
canopy also results 111 only  a small a m o u n t  o f  radia tion  
rcachine; thesoil surface. Typically 2 -5 %  o f  the rađia- 
tion at tho top o f  thc canopy rcachcs the ground. In

Leaf area density (m2m '3)

FIGURE 4 Distribiưion o f  leaf area dcnsitv vvith h c i i ĩ h t  tor a 
terra íirm c min torcst near M anaus, A m azonia . |R cd raw n  vvith 
perm ission  troni M cW illiam  ctiil. (1993). L caf arca in đ cx  and ab ove  
grounđ biom ass ot* terra tìrnie rain tbrest and adịaccnt clearini' in 
Amazonia. ỉừol. 7, 312-317.1

total, thc combined etTcct ot retìection and transmis- 
sion rcsults in a capture o f  about 85% o f  the incoming 
solar radiation by the torest canopy.

T he  tropical torest, bccause of its heiíỊht and 
am ount o f  lcat arca, cxcrts a rclativcly largc drae; on 
the air. This results in an environm ent ju s t  above the 
íorcst vvhìch is markedly m orc  turbulent than that 
over s;rass. The air at the top ot the canopy is thercíore 
well mixed and the tem pcrature  o f  the vegetation at 
the top o f  thc canopy is closc to air temperature. 
C om pared  to the climatc above short vegetation the 
climate above the forest changcs rclativcly little đur- 
intỊ the day and has a low er m ax im um  and higher 
m in im um  temperaturc. At the forest floor thc air is 
sia;nificantly decoupled íro in  abovc, with lowcr tem- 
peratures and hi^hcr humidities than those above. 
This ÍỊÌVCS hÌ£>;h relative humidities, which rombincd 
vvith the low windspecds tỊÌvc thc torcst its character- 
istic hurnid climate.

Froni the insidc o f  the substomatal cavity, vvhcrc 
the air is saturateđ with w ater vapor, the watcr escapcs 
th rough the stomatal openine; bv molccular diíTusion 
(Fig. 5). The diffusion through thc stomatal opcn- 
intỊ prcscnts a rcsistance— in analogy vvith 0 1 im ’s 
)aw— to vvater vapor transport which is called the 
stomatal rcsistancc. The bulk ìntcgratcd, stomatal re- 
sistance is the SLirtacc resistance of thc forcst. Values 
for m axim um  stomatal conductanco (the rcciprocal 
ot rcsistancc) ot leaves vary by a tactor scven, de- 
pcnding 011 species and position ot the leavcs 111 the

FIGURE 5 Schematic dia^rani o f  thc molecular diff.ision process 
o f  vvarcr tlirouiíh the stoinatal apcrturc  o f  dry  lcavvs. Air inside 
the stoimtal cavity is saturated (t\ (T J  is saturatcd vvatcr vapor 
pressure .u thc tem p en itu re o f  th c leat and the w atcr vapor d ittuses  
th rou nh the stoniatal o p em n iỉ to  thc a tm osp h crc  at vvater vapor 
prcssure, aiỊainst a stun iatal resistance, I \ .  |R ed raw r vvith perm is- 
sion  trom  S h u ttlcw orth , w .  1. (I9K8). L v.iporation n o J e ls  in H y - 
d ro lo iịv . ỉn “ Land Surtầcc E vap oration . M casurcm cn: and Harame- 
tcrization" (T .J . S c lim u g e c  and |-C  A ndrẽ, e d s .). Spnní>or-Verlag, 
Novv York.Ị
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canopy. Tall, cnicrgcnt trccs havc hiiỊhcr conduc- 
tanccs than vcgctation closc to the íỊround. The diur- 
nal pattcrn ot thc conđuctances also depcnds 011 the 
position of tlic lcaí in thc canopv. lu the uppcr part 
o f  the canopv tlic daily m axim um  o f  conductance 
appears in thc m id-m orning , whilc the m axim um  
bcconics lcss pronounccd dccper dovvn in the canopy. 
At the torest Hoor thc daily variation is virtually ab- 
sent. Stomatal conductancc usually increases with so- 
lar radiation and dccrcases w ith atmosphcric hum idity  
deficit. The tact that both  the microclimatc and the 
stomatal conductancc vary w ithin the canopy makes it 
ditYicult to use a sìiiíịIc valuc to calculate cvaporation. 
Adcquatc schcmcs, to intcíỊratc thc ctTcct o f  variation 
th rou^h  thc canopy, or niultilaycr cvaporation m ođ-  
cls arc nccessary to calculace evaporation from a 
knowlcdẹ;c o f  stomatal conductance and wcathcr.

The bulk stomatal or surface conductance o f  a rain 
torcst can bc obtained by inverting an evaporation 
cquation such as the P enm an -M o n tc i th  cquation. 
Very fcw studies havc had the data to do this. For 
the Amazon forcst ncar Manaus a maxiưuim value 
o f  conductancc oí 20.8 m in sec 1 was íound from 
cvaporation mcasurcments obtained by thc eddy cor- 
relation tcchnique. Althoiií^li the surfacc conđuctancc 
shows a diurnal response to solar radiation, tcmpera- 
turc, and hum idity  deficit, a clear rcsponse to soil 
moisturc dcíìcit has not yct been obscrvcd. This is a 
rcsult o f  the deep roots bcing ablc to acccss a suffi- 
cicntly largc am ount o f  soil water to continuc transpi— 
ration tlirough dry pcriods lasting up to at least several 
vvccks. T he  com m on  conccption o f  rain íorest trees 
hav ing  on ly  a dense  m at o f  ro o ts  close to the surface is 
not correct. T hey  do have th is— mainly for extracting 
nutricnts— but they also have dccp roots íỊoing at 
lcast 4 -5  m into the soil enabling them to survivc 
periods w ithont rain.

VI. Effects of Deíorestation

U ndcrstanding o f  the effects o f  đcíorestation on cli- 
matc and hydrology can be obtained by analyzing 
obscrvational records or by using numcrical general 
circulation mođels (GCMs) o t thc atmosphere to pre- 
dict the hydroloc;ical and dimatological rcsponsc to 
a hypothctical dcforestation. Observation cvidence 
íor a relationship between raintall and deíbrestation 
is  scarcc, duc to thc điffícultics in obtaining reliable 
lontỊ-tcrm rccords and the inhcrcnt variability o f  rain- 
tall. Thcrc  is a vvealth o f  circumstantial cvidcnce 
pointing to dccrcased raintall as a rcsult ot deíoresta-

tion, but, untbrumately, most ot tlicsc studics do 
I io t  i n c c t  t h e  S t a n d a r d  o f  s c i c n t i t ì c  s c r u t i n y .  S o - c a l l c d  
paircd catchnicnt cxpcriments in thc humid tropics 
have shovvn that removal ot torcscs niav incrcasc vva- 
tcr yield by up to 800 m m  per ycar. The highest 
incrcascs arc found 1 ycar aftcr trcatment (i.e., dctbr- 
estation, logging). The response attcr the tìrst year 
dcpcnds on the typc o f  vegctation which establishes 
i t s c l í ' a í t c r  d c f o r e s t a t i o n  a n d  t h e  e x t C i i t  o f  c a n o p y  c l o -  

sure. Evidcnce from controllcd cxperiments also sug- 
gests that thc largest increases in strcaniflow occur 
vvith the delayed flow component, which is niost 
m arked in the dry scason. Evidcnce relatmtỊ iucrcased 
storm fiow to lotỊtỊÌna; practices is still controversial. 
This ĩs partly causcd by the fact that cxperimental 
basins do not ncccssarily retìcct current loiỊging prac- 
tices.

G C M s attcmpt to model thc three-dimensional pat- 
tcrns o f  raỉníall, tempcraturc, vvindspeeđ, and hum id- 
ity ot the carth’s atmosphcre. Using G C M s has the 
advantage that insights can be obtained in the intcrac- 
tion bctwccn thc land surtace and the atrnosphere. 
The G C M s arc bascd on physical laws, and sensitivity 
studies with thcse modcls allovv identiíìcation o f  criti- 
cal paramctcrs in thc surfacc cnergy and vvatcr bud- 
I?cts. Uníortunatcly, prcdictions with G C M s are lim- 
itcd by thc resolution o f  the modcl grid, typically 
scvcral hundrcds o f  kilometcrs, thc physical parame- 
tcrizations used, and the spccificiation ot’ the input 
paramctcrs. G C M  cxperiments have improveđ tho 
dcscription o f  the forest atmosphcre intcraction by 
incorporation o f  morc physically rcalistic models for 
thc torest and the rcplacemcnt vegetation.

T o  predict thc impact o f  deforestation on climatc 
and hydro logy  a control run is macỉc w ith the suríace 
parameterizations describing the existing tropical rain 
forest. In experiments the land surface paramcters 
have been derived from measurements o f  evapora- 
tion, heat, and monien tum  flux obtained by microme- 
tcorolotrical tcchniques (Fis*. 6). T he  “ contro l” is then 
com pared with observations so as to assess its capabil- 
ity to rcpresent the current climate accuratcly. For 
thc deforestation run, the forcst is replaced by another 
vegetation (tropical grass or savannah) and the results 
compared with thc “ control” run.

In FiiỊ. 7 the changcs in rainíall and surtace tempera- 
ture are shown for an Amazon deforestation experi- 
mcnt. Most G C M  experiments havc predictcd that 
dcforestation leads to a reduction in rainíall. This re- 
duction in raintall is caused bv both a reduction in 
cvaporation and changes in atmosphcric circulation 
pattcrn for thc dctorestation run. The reduction in
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FIGURE 6  Schem atic diagram  o f  a land surface m od el (S ili) used  
in general circu lation  m od els. T h e  transfer pathw ays for latetit. 
\E ,  and sen sib lc  heat Hux, H, are sh o w n  on the lcft and rig lit side  
o f  the diagram , respectivcly. Fluxcs arc proportỉonal to  d iifcrcnces  
in tem pcrature, T, vvater vapor pressure, e ((’.  is saturated watt-r 
vapor prcssure), or w ater potential, <(/, d iv ided  by thc appropriatc  
resistance, r. T h e  subscrip t r rctcrs to  reference height, a to  can op y  
space, b to can op y  e lem en t boundary layer, g to  ground , I to  lcat. 
d to air space betvvcen canopy and ground , c to  canopy , s to  so il. 
and st to  stom atal. R esistances are s lio w n  in term s o f  an ana logou s  
electrical Circuit. I R edraw n w ith  perm ission  o f  the A m erican M cte -  
oro log ica l S oc icty  from  Sellcrs, p. ) ., M intz, Y ., Sud, Y . c . .  and 
D alcher, A. (1986). A sim p le  b iosph cre m od cl (SiB) for usc w ith in  
general circu lation  m od éls. ]. Atmos. Sci. 43 , 5 0 5 -5 3 1 .]

evaporation is a rcsult ofdifFerences in albedo, acrody- 
namic roughncss, roo ting  dcpth, and interccption 
storagc betwccn the forest and the replacement vege- 
tation. Increascd albedo leads to less solar radiation 
and less cncrgy bcing availablc for evaporation. Acro- 
dynamic roughness will havc an effect on cvaporation 
only vvhen the canopy is wct (in d rv  conditions the 
suríace resistance dom inates the transíer process). 
H ow cver  the aerodynam ic roughness is also an im - 
portant parameter in determ ining  the large-scale cir- 
culation pattcrns. T h e  rooting depth specifies the 
am ount o f  soil moisture available to the vegetation 
for transpiration. Deforestation is usually accompa- 
nicd by changes in soil properties and the newly estab- 
lishcd vegctation cannot access w ater  as deep in thc 
soil as the íorest. It is h o w e v c r  ex trem oly  difficult to 
estimate the exact valuc o f  rooting dcpth to be used 
in land suríace modcls, as this quantitv is hard to 
measure. The interception storage capacity o f  a forcst 
is rcduced when thc area is dcíorestcd. This combined 
with ạ rcduced aerodynam ic roughncss leads to a de- 
creasc in thc am ount o f  water lost by the ncw vegeta- 
tion through cvaporation o f  interccptcd water.

Changcs in atmosphcric circulation as a rcsult o f  
dcforestation are conscquences ot highly complex in- 
tcractions and vary bo th  spatially and tcmporally. 
Although the area-avcragc rcsult o f  dctorestation is 
often a rcduction in rainfall, thc spatial patterns can 
bc highly variable w ith  even local increascs in rainíall 
in ccrtain regions. Figurc 7 prcdicts tliat the impact

FIGURE 7  Ditìcrences b m v ce n  the 12-month  m eans { l .imi.ưy-DcccnibtT) o f  dctbrcstat ion  and con tro l (intact 
torest) o f  3 CỈCM expcrim ent. T he diíTerenccs arc s lio \v n  as dctbrcstcd m in us con tro l. (A ) Surtace tem pcrature  
(K). (B) Precipitation (m n i). |R cd raw n vvith p crn n ssio ii o f  che Am erican M etco ro lo g ica l S oc io ty  tron i N ob rc  et 
ai. (1991). A niazonian  dctbrestation and rẹĩỊÌonal d im .itc  ch.m gc. /. Cliii 4 , 'J57-9HH. Ị



o f  lieíorcstation may also bc tclt in reiỊÍons tar outside 
thc dctorcstcd arca and this is clcarly ofim portancc  tbr 
agriculturc in the ncighborin^, low rainíall, savannah 
regions. An incrcase in surtace temperature as ob- 
scrvcd in m ost studics is cơnsistcnt \vith a reduction 
in evaporation (lcss cooling at the surtacc).

An im portan t qucstion relatina; to possible changes 
in climatc followinsỊ dcíorcstation is vvhcthcr thc new 
climatc w ould  íavor a veíỊetation diíTercnt than that 
of trop ica l  rain torcsts, for instance, tropical savannah. 
As OI1C of the results of deforestation may bc more 
prolontỊed dry seasons, it is likely that soil moisture 
plays an im portan t  rolc in dcterm ining w hat type o f  
vea;etation m ay be established after dcíorestation. For 
thc Amazon basin it vvas calculated that to a sis;nificant 
extern topical đeíòrestation w ould  be irreversible,
i.c., thc resulting soil moísture conditions vvould fa- 
vor anothcr vcgctation typc, savannah (called cer- 
rado), in tlie Southern part o f  thc Amazonia.

Tlu' results discussed so far relate mainly to thc 
ctTect of deíorestation o f th c  Am azon basin. A lthough 
this is thc w o r l d ’s single larí*est tract o f  tropical rain 
íorcst, it is relcvant to ask w hat thc ctTects o f  dctores- 
tation in Asia and Atrica m ight bc. It is likely that 
thc microclimatic cíTects o f  dcíorestation will also 
happcn in these continents, but that the decreasc Í11 
rainfall is less likcly, cspecially for South East Asia, 
vvhere raintall patterns arc dom inatcd  by ]art;e-scale 
fcaturcs and thc surface tempcratures o f  thc oceans. 
In Equatorial Aírica large-scale deforcstation may be 
accompanicd by rcduction in rainíall similar to those 
found in Amazonia. Both in South America and Af- 
rica thcsc etTccts may sometimes bc niasked by varia- 
tions caused by cxternal effects such as that rcsulting 
from changcs in the surface temperaturcs o f  the Paciíic 
and Atlantic Occans.

VII. Conclusion

The tropical rain torest prcscnts a uniquc biome, both 
in tcrms o f  spccics composition and in microclimate.

Substantial advanccs in our Iindcrstandinẹ o f  thc hy- 
drolosỊy and climatolomy ot thesc torcsts havc been 
í^aincd in thc past 2 dccadcs. Parallcl development in 
measurement tcchniques and nunicrical modeling has 
incrcascd our knovvlcdgc o f  the role o f  rain íorest in 
t h e  rcgional and global climatc. H ow evcr our knovvl- 
cd^e and understanding ot thc interaction bctwcen 
this im portant biome and the climatc is still meager. 
Becausc o f  their sizc and cquatorial position the rain 
Ếbrcsts o f  the w orld  are a mạjor heat and moisture 
source for the e;lobal circulation o f  the atmospherc. 
The potential regional and global impacts o f  large- 
scale deíòrestation in thc tropics require concerted 
intcrnational etTorts both to improvc our understand- 
inạ: o f  this biomc and to safeiỊuard its íuture against 
larẹ;e-scalc dcvastation.
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Glossary

A rii í ic ia l  t u r f  Synthetic surfacc (i.c., carpet-likc) 
that sinmlates a tnrt
C o o l-sea so n  turfgrasses Turtgrasscs (e.g., Kcn- 
tucky bluetỊrass, crecping bentgrass, and tall fcscnc) 
that g row  most activcly in the spring and tall 
M o w in g  h c ig h t  H cight o fc u t  abovc thc soil surfacc; 
a fundanicntal practicc o f  turfgrass culturc 
T u r f  C loscly  m ow cd  ground covcr, usually con i-  
priscd o f  grasscs
T urfgrass b lend Turtgrass com nnm ity involving a 
conibination o f  tw o  or m orc  cultivars o f  a species 
T u r f g r a s s  c o m m u n i t y  C om positc  o f  individual
turfí^rass plants that arc mutually intcractivc with 
thcir cnvironment
T u r f g r a s s  c u l tu r e  C om posite  o f  primary and scc- 
ondary  cultural practiccs involvcd in e;rowing turf- 
grasses for thcir intcndcd purposc, such as lawn, golt' 
coursc iỊreens, sports tnrt, or o thcr purposes 
T u r f g r a s s  m i x t u r e  Turígrass com m unity  com- 
priscd o f  tvvo or m ore  specics
T u r f g r a s s  q u a l i ty  A sscssm ent oí uniíbrmity, den- 
sity, texture, íírovvth habit, smoothness, and color o f  
a turt'
W arm -season  turfgrasses Turfgrasscs (c.g ., ber- 
mudagrass, zoysiagrass, and buffaloe;rass) that í;row 
best Ĩ11 the vvarm portions o f  the year; thcy are usually 
d o rm a n t chirinơ the w in tcr  and their adaptation is 

liniitcd by lovv-temperaturc injury

T u r tu r a s s c s  .irc an integral part o f  our daily livcs. 
Turts  providc aesthetic and tiinctional valuc to our

landscapcs. Thcy contribute to our psychological, 
physical, and environmental well-bciniỊ. The cool, 
clean, and plcasiniỊ lỊrccn cnvironm ent turts providc 
inakt’ a plcasaut place tor w ork  and lcisurc, but turts 
p r o v i d e  m o r c  t h a n  a c s th c t i c s .  T u r í s  đ i s s i p a t e  h e a t ,  
reducc írlarc, abate noisc, minimize soil crosion, elim- 
inate dust and nniđ, cnhancc air quality, and contrib- 
utc to incrcascd propcrty  vakic. Manv ou tdoor rccre- 
ational and sports activitics, such as bascball, croquct, 
íootball, tỊolt', lawn bovvling, rugby, socccr, softball, 
and vollcyball usc turt as thcir íunctional surtace. 
Turís  scrvc as a satety tactor on hiíílivvay rights-ot- 
way, airtìclds, and corrcctional tacility surrounds.

I. Turfgrass Industry

The turtÌỊrass industry is broadcr and niore coniplcx 
t h a n  t ìr s t  p t T c e i v c d  b y  t h c  c a s u a l  o b s e r v c r .  It i n v o l v c s  

individuals and orí*anizations sharinỉỊ a conim on ÍI1— 
terest in the production, maintenance, and use o f  
grecn spaccs for acsthctic and íunctional purposes. In 
the United States, a niimber ot surveys havc contrib- 
uted to the bcttcr umicrstaiidinir o f  thc sizc and scope 
ot 'the turfgrass industry in various statcs. This intbr- 
mation has becn uscd to estimatc thc overall value o f  
thc turlÌỊrass maintcnancc industry in the United 
States as contribntitig $25 to 30 billion annually to 
thc ccononiy .  H ow ever,  thc true value o f  thc industry 
comcs from thc contributions o f  all typcs o f  EỊrccn 
arcas to quality  o f  li te.

Grasses and garcicns arc íound in biblical reíercncc. 
Lawns werc a part o f  Persian and Arabian (Ịardcns, 
and tho Rom ans adapted the Pcrsian íỊarden conccpt 
to thcir culturc. Mcdicval En^lish litcraturc makcs 
retercnce to lavvns, which wcrc mixturcs of low- 
m r o w in s ;  i Ị r a s s e s  a n d  w i l d f l o w c r s .  D u r i n í Ị  t h e  16 t h  

a n d  1 7 t h  c c n t u r i e s ,  l a v v n s  b e c a m c  m o r e  c o n i m o n  111 
citics located in (ìreat Britain and northern Europc.



Many citics had a com m on iỊrecn arca that scrvcd as 
a mccting place tor civic and leisurc activities.

There is somc unccrtainty about \vhen the ca re ot 
turfa;rass tacilitics or the manutacture o f  specitìc P ro d 
ucts for turtgrass maintenance began. It has becn ad- 
vocatcd that the turtgrass cquipment manuíacturing 
industry began when Etkvin Budding; invented and 
patented the rccl-type lavvn niovvcr in 1830. O thers  
felt it began  in 1618, w h en  the ícathered I^olt ball w as 
invcnted. Regardless ot this unccrtainty, í*olt course 
development and maintcnance has sct the liistoric 
baselinc for the turfgrass industry.

TechnolotỊÍcal advances for the turt's;rass ìndustry 
havc been lar^clv due to devclopment, distribution, 
and scrvicc o f  products for the maintenance o f  go]f 
courscs. In rccent ycars, maintcnance of residential 
and commcrcial lawns has hađ the most í»rowth of 
any scgment o f  the industry and has had considerablc 
inAuence 011 products manuíacturcd to support its 
needs. Sports fields use both natural and artiiĩcial turí 
surtaces. Artihcial tu r f  evolved as a dcvclopm cnt of 
the plastics industry. It is com m only used on sports 
íìclds, such as indoor and intensively uscd íacilitics. 
Maintenance ot' natural tu r f  sports íìelds has bccome 
m ore tcchnical as extrcmcly expensivc and multi-use 
íacilities have ìncorporated thc usc ot' natural turts 
into thcir systems. Management o f  sports turí is a 
g row ing  part o f  the turfgrass industry. Millions ot 
individuals w orldw idc participate in sports and rccrc- 
ational activitics, such as soítball and soccer, tliat in- 
volve turígrass surtaces.

II. Turfgrasses

A basic understanding o f  turfgrasses and thc turtgrass 
plant is needed to ensurc their propcr maintenance, 
culture, and use. The  geographic distribution and use 
o f  turfgrasses are inAucnccd by the spccics adaptation 
to temperature and precipitation patterns. Turfgrasses 
that originatcd and continuc to persist in a particular 
rcgion are oilled native species, vvhile those that are 
introduced to a region and become permancntly es- 
tablishcd arc called ađaptcd or  naturalized species. 
Turígrass species com m only uscd todaV evolved f rom 
relatively few locations, but have become widcly dis- 
tributed throư^hout the world. In most cases, the 
turfgrasses are no t native, but are adapted specics.

A. Cool-Season Species
Turtgrass species with g row th  optim um s at soil tem- 
peraturcs o f  15 to 24° c arc called cool-season turf-

lỊrasses. Most o f  these spccics had their oriíỊÌn in 
northern Europc and vvcrc torcst marcỊÍn specics. 
Thcsc tỊrassos arc used vvidoly throuiỊhout thc cool- 
humid, cool-subhumid, and cool-scmúưid portions 
o f  the vvorld.

Cool-season turtgrasses ựrow bcst in the sprintỊ 
and fall, and their iỊrovvth and development slovvs 
considerably during thc sum m cr. Thcrc are over 20 
spccies includcd in this catctỊorỵ ot turfe;rasscs (Tablc 
I), but only 7 o f  these specics are used cxtcnsively as 
turfs.

Kentucky bluee;rass is the m ost widely lỊrovvn cool- 
scason turt^rass. It is adaptecỉ to a vvide clnnatic re- 
tíion. Kcntucky bluee;rass forms a densc, mcdium

T A B LE I
Cool-Season (A) and W arm -Season (B) Grass Species Commonly 
Used as Turfs throughout the W orld

A . C o o l - s e a s o n  s p c c i e s  

Poii p ii ỉ ỉa is is  L .  
p .  íom pressa  L .  
p ,  atiniiiì Viĩr. (HitiHit L . 
p .  tinnud  I'iir. rcptiiiiỷ (H iì-tsskn .)

T iin m .

A g ro s tis  p a lu s tr is  H tu is.

A .  te n u is  S ib th .
A. ũinina L.
A . úlbii L. 
hcstỉiiii ntbra L.
/ ’. ru lm ĩ var. iom tĩiu ltìitì (n ỉiiíi.

Ị :. ovitia L.
/•'. oưithĩ tun. durisatltì (Ị. Ị Koclỉ 
l :. antHtiintìcea Schreb 
Lolintn muỉtitìorutn Liìin.
L. pctrnnc L.
B ro m u s  it ien n is  L eyss .
AịỊropyron cristattitn (L .)  Gíiertti.

Pnccinelỉis dístaus (L. ) Pãrỉ.
B. W arm -season  sp c aes

C 'o m m o n C ytỉodotỉ dac tyhn  ( L . ) Ptrs.
b e r m u d a g r a s s

F | h y b r i d  L x 'n n u d a g r a s s c.  d. X  c.  transvaalcttsis Burtt-D avy
K o r e a n  l a w n u ; r a s s Zoy$ùi ịaponừa Steuii
M aniỉa^rass z .  matreUa (L .)  \íerr.
Mascarene^rass z .  renniỊolitĩ ỈVillíi.
St. Au^uscỉncgrass Stenoraphrnm seatiidatunỉ (ỈViilt.)

K tu ìtse
CentipcdcỉỊrass Bremochioiĩ o p h h t r o id e s  (!-íunro .) Hack
Carpeti^rass Axotiopus iìỊỊĩtiis Chase
B a h i a g r a s s Paspơluin notatum I
K i k u y u i Ị r a s s Peninsetuin ciiimiesỉiiìUín Hochsỉ. cx

C h io v .
B u tT a lo g r a s s Bỉựhioe dtictyloiiies (S u t i  ) EtigehH.
B l u e  G r a  n ia Bouteloiuì grtĩậìis (H .B .y . ị Liĩg. r .v .

Stettd.
S cash o re  P asp a lu m Paspdhim ư a ỳ n a t m n  Siưúrtỉ.

K c n tu c k y  bluci?rass 
C a n a d a  b lu c g ra ss  
A n n u a l b lu cg ra ss

C r c c p in ỉ *  b e n t g r a s s  

C o lo n ia l b c n tg ra ss  
V c l v c t  b e n tu , r a s s  

K ed to p  
Red ỉescuc  
C h e w i n g s  t c s c u e  

S h e cp  iescuc  
H a rd  tescuc  
T a l l  t c scu c  

A n n u a l ry eg rass  
P e r e n n i a l  r y e g r a s s  

S n i o o t h  b r o m e í Ị r a s s  

Fairw -ay c rested  
w h c a t^ ra s s  

A lk a lỉ^ ra ss



texturcd, high-quality turt vvhcn grcnvn in opeti SU11- 
light. Ít is variablc in texturc, color, shoot dcnsity, 
nrovvth habit, discasc resistance, adaptation, and cul- 
tural practicc requirements. It is this variability that 
lcads to Ịrs vvidespread acccptancc and use. Periods 
o f  drou^ht and high tcmpcraturc stress can seriously 
da im ge Kentucky bluegrass stands by impairing 
grow th and devdopm cnt.  Damage is particularly bad 
vvhen thc turt is not adequately hardcncd to vvithstanđ 
such environmental stress. A propcrly conditioncd 
Kcntucky bluciỊrass turt can survive an extendcd 
drouíỊht and recover by initiating grow th  trorn crown 
tissucs and nodcs locatcd 011 rhizomes. Kentucky 
bluegrass is vvidcly uscd tồr mediuni- to high- 
niaintenancc lawns, sports íields, parks, golt' coursc 
íairvvays and tces, and ccmcteries. It is often plantcd 
as a blend or as a mixture.

Annual bluegrass is a complex spccies, which is 
comprised ot annual and short-livcd, pcrcnnial bio- 
typcs. It is about cqually accepted as a wecd or turf- 
í^rass spccies. It is rarcly includcd as a com ponent o f  
Curtgrass seed mixtures. It often invades and becomcs 
a đoininant coniponent o f  closely mowed, intenscly 
fertilizcd, and frequently irrigated turís. It fbrms a 
fìne-textured, densc tu r f  o f  high quality unđer propcr 
soil, environmcntal, and cultural conditions. It grows 
w d l  in compactcd soils, but is hii^hly susccptible to 
high- and low-tem pcrature  stress.

Creeping red, Chewings, sheep, and hard arc fine- 
leavcd tescues that form a dense, unitbrm turf. The 
finc-leaved íescues havc very íìne, almost needle-like 
lcaves. They should not be coníused with thc turf- 
type tall íescues. Red fescue and Chevvings fescue are 
the most com m only  Lised o f  these specics. Thcy  are 
often used in sccd mixtures with Kentucky bluegrass 
to cnhancc shadc adaptation. As a group, they are 
best adapted to wcll-drained, inícrtile soils. They  are 
not tolerant o f  liigli temperatures, but they are very 
drought rcsistant.

Tall fcscue has undergonc considerable im provc- 
mcnt in recent years with the development o f  turf- 
type cultivars. Prior to thcir developmcnt, the spccies 
would have been describeđ as forming a coursc tex- 
tured, low-density, bunch-type turf. Recent cultivar 
releases arc darker green and finer textured than the 
oldcr, foragc-tvpe cultivars. Tall fescue is very tolcr- 
ant o f  high ceniperatures and is quite drought resis- 
tant. It 1S also very wear tolerant, but lacks tolerance 
to compacted soil conditions.

Perennial rycgrass is a bunch-type ^rass w ith  me- 
dium texture and m edium to high shoot density. It 
is sirnilar to Kcntucky bluegrass in appearance and is

ottcn includcd in sced mixturcs vvitli ir. Pcrennial 
rycíỊrass has the most rapid sccdling cstablishment 
ratc o f  anv o f  thc cool-season turtgrasses. It is often 
includcd in sccd niixturcs vvhen rapid establishnicnt 
is nccdcd. Pcrennial rycc;rasscs have exccỊlent wear 
resistancc and are highly tolerant ot compacted soi] 
conditions. Thcy are vcrv d rough t avoidant due to 
t h c i r  a b i l i ty  t o  f o r m  a d e e p ,  c x t c n s i v e  r o o t  s y s t c m ,  
but thcy arc only moderately đrouíỊht tolcrant due to 
thcir bunch-typc g row th . Pcrennial rycgrasses rcquire 
m cdium  to hií^h intensity o f  culturc to maintain dc- 
sired turfgrass quality.

Crecping bentgrass is uscd primarily tor go lf  
tỊrccns, tces, and fairways, but is also used for bowling 
grecns, grasscd tcnnis courts, and crochet turỉs. It 
forms a very finc-texturcd, high-quality tu r f  that tol- 
eratcs closc mowinỉT. It is a long-lived pcrcnnial with 
cxcellcnt low-tcm perature  hardiness. Crecping bent- 
grass tolcrates a wide raníỊe o f  soil typcs and condi- 
tions, but prcfers tcrtile, slie;htly aciđ, fine-textured 
soils. lt is susccptiblc to a nunibcr o f  turígrass diseases 
and requires carcfi.ll m anagcm ent to maintain a quality 
turf.

Several other bentgrass spccies are uscd in spcciíìc 
tu r f  situations. Velvet bentgrass forms a vcry fìne- 
texturcd, hi^h-quality tu r f  under close m ow ing . It is 
not as aggressive as creeping bentgrass, but it is suitcd 
íor go]f  or bowỉing greens, croquct turfs, and elite 
lawns. Colonial bentgrass is similar to creeping bent- 
ẹrass cxccpt it is not a vigorous, crccping rype. It is 
often uscd in mixtures with othcr cool-scason turf- 
grass spccies for fairways, tees, and íỉne textured 
lawns. Redtop forms an opcn tu r f  o t ' lo w  shoot den- 
sity. It was once vvidely uscd in turfgrass mixtures, 
but is now  considered to be a wecd in quality turfs.

O ther  cool-season turígrass spccics, such as annual 
rvegrass, alkaligrass, and fairway crested wheatgrass 
are used to mcet special needs. Annual ryegrass is 
used in low-cost turígrass mixcures, for tem porary  
turfs, and as species in overseeding do rm an t  w arm - 
season turfs. ‘Fults’ alkaligrass was selected for use 
on sitcs where alkaline soils limit g row th . Fairway 
crested wheatgrass is well-adapted to cool, serni-arid 
rcgions. It has excellent d rou^h t resistance and is used 
for revegetation o f  low  rainíall sites.

B. Warm-Season Species
Turígrass species w ith  íỊrowth op tim um s at soil tem - 
peraturcs O Ĩ2 1  to 35° c  are called warm -scason turf- 
grasses. Warm-scason turfgrasses arc used th rough-  
out the w arm -hum id , subhum id, semiarid, and arid



TURFGRASSES

regions of the vvorld. They í>row best durinií thc 
w arm  sum m cr m onths and íỊcncrally cease g row th  
and bcconic dormant vvith the onset of wintcr. 111 
somc cascs, dorm ant vvarm-season species arc spraycd 
with a colorant to maintain a green appcarancc, or 
arc overscedcd vvith cool-season spccies to providc 
improved appcarancc, playing conditiơns, and usc.

Thirteen vvarm-scason turfí*rass spccics arc com - 
monlv uscd as turts in thcir zoncs o f  adaptation (Tablc 
I). Thcse spccies have vvidesprcad ccnters ot 01 'igin, 
which can bc traced to Atrica, Asia, or South 
America. Buíìalograss and bluc ợ a m a  iỊrass arc nativc 
to the Great Plains o f  N orth  America. The đistribu- 
tion and use oí vvarm-scason turíiĩrasses is stroni*ly 
intìuenced by the spccies’ ability to tolcratc subopti- 
mal tcmperaturcs. Warni-scason turff*rasses do not 
grow vvcll in rciỊÍons that com m only have early tall 
or latc spriníỊ freezes or rctỊÍons vvitli sevcrc wintcrs.

Relative comparisons bctvvccn \varm- and cool- 
scason turt^rasses rcvcal that warm-scason spccics arc 
rnore hcat, ilrought, and tratTic tolcrant than cơol- 
scason spccies. Warm-scason turtgrasscs have dccpor, 
morc cxtensive root svstcms than cool scason. Cool- 
scason turfgrasses are more ]ow-temperaturc tolcrant 
and arc lcss likcly to discolor and beconie dorm ant 
than thcir vvarm-scason countcrparts. Cool-scason 
species are niost conimonly cstablishcd trom  sccd, 
vvhilc warm-scason turtu;rasscs are ottcii establislicd 
from sod, spriíỊS, or plutỊS. Sincc thcsc are rclativc 
comparisons, it is iniportant to note that exceptions 
to thesc charactcristics do occur in both spccics.

C o m m o n  bermuđa^rass is tounđ th rou^hout most 
o f  thc tropical, subtropical, and vvarm-huniid regions 
o f  the world. It has a vitỊorous and aggrcssive g row th  
habit, spreadinE; both by stolons and rhizomes. It 
torms a deiisc turf, but not as íìne and dcnsc as that 
o f  the F, hvbrid or improvcd bcrmudag-rasscs. Both 
spccics torm  dcnse sods, with dccp, extciisivc root 
systems. Bermudagrasses arc quite variablc in color, 
shoot density, lcaf tcxturc, and adaptation. Spccics 
and cultivars ditter Í11 thcir adaptation to low  tcmpera- 
tures. BcrmuđaíỊrass discolors and beconies dorm ant 
under lovv tcmpcraturcs and hií*h light intcnsity con- 
ditions, BcrmudatỊrasscs with lovv-tcmpcraturc har- 
dincss and adaptation to cooler reiỊÌons bccomc dor- 
niant nioro quickly than tliosc that arc considercd to 
be lcss hardy.

Bcrmuđa^rasses arc vvidcly Iiscđ for niedium- to 
liiiỊh-maiiitcnancc turtiỊMss arcas, su ch as lawns, 
parks, sports turfs, fiũrways. toes, and lỊreens. C o m -  
n io u  bertmidatỊrass 1S nscd in lovv-niaiiucnaiicc arcas, 
like roadsides and utility turts. 13ermudaí»rasscs tol-

crate close mowiniỊ and require m cdium - to hitỊh- 
intensity culture. T hcy  are very tolerant o f  intense 
trartìc, cspecially vvhcn they are actively growing. 
The bcrmudagrasscs have poor shade tolerancc.

The zoysiạí*rasses are tound prcdominantlv in the 
vvarm -hum id  and transition reạ;ions o f  the vvorld. 
There  arc three spccies that are com m only  used for 
turfs (Table I). Thcsc spccics arc native to thc tropical 
portions ot eastcrn Asia. Zoysiaí*rasses torni dcnse, 
low-growiníỊ turts o f  high quality. They sprcad by 
rhizomcs and stolons, form a cight sod, but havc a 
slow establishment rate. The stems and leaves of zov- 
sia spccies arc stití and íìbrous. They have exccllent 
wcar tolcrance, but their slow grow th ratc results in 
a poor recupcrativc ratc atter injury.

The tlircc zoysiaiírass spccics diffcr in their charac- 
teristics and adaptation. Korean lavvniỊrass is the niost 
cold tolcrant ot the thrcc spccics, \vhile masca- 
reneiỊrass is the least tolcrant. Mascarenegrass has a 
í»rowth habit that is m orc  diminutivc and slovver than 
thc othcr species. Zoysiagrasses arc morc shadc tolcr- 
ant than niost vvarm-season turf£Ịrasscs. Manilat^rass 
is morc shadc tolcrant than thc other spccies. Zoy-  
siatỊrasscs are used in high-quality  lawns, i»olf coursc 
tccs and tairvvays, sports  tnrts, and general lỊrounds. 
Mascarcncgrass is used tor íịoH and bovvline; íỊrccns 
in sorne arcas o f  thc world . Zoysiaụ;rasscs rcquirc low 
to medium intcnsity o f  culturc, oncc thcy arc wcll- 
cstablishcd.

Biittaloi^rass is a vvarm-scason turtÌỊrass that is na— 
tivc to thc Great 1’lains reiỊÍon ot N orth  America. It 
was onc o f  thc prim ary spccics o f  thc shortgrass prai- 
rics. Pionccrs settling on the Great Plains used sod o f  
this spccics to construct thcir sod hoincs. ButTalograss 
is vvell-adapted to vvarm, scmiarid, and subhum id 
arcas. Prior to the incrcascd IISC ot irritĩation on turt- 
s^rass sitcs, buttaloíỊrass vvas the niost com m only  used 
warm-scason spccies in the scmiarid area. Its use de- 
clincd, with incrcased use o f  irriíĩatcd bcrmudagrass 
for high-quality turfs. Hovvcvcr, in the mid 198ƠS, 
devclopment o f  tu rt- typc  burtalotỊrasscs renewed in- 
tcrcst in their use. Tvvo vc^ctatively propagatcd, turf- 
typc cultivars ot' buttaloíỊrass havc rcccntly bccn re- 
leased, and secdcd cultivars arc soon to bc released. 
Turt- typc  butìalotỊrasscs sprcad hy stolons to torm 
a dcnsi.', finc-tcxturcd turt. similar in appcaraacc to 
uiiprovcd bernniđai;rasscs. ButìaloiỊrass has excellent 
drouiỊht rcsistancc, hut has poor shadc tolcrancc. Buf- 
falourass rcquưcs a lovv intcnsity o f  culture. It is 
adapted tbr usc on lawns, lỊolt coursc tairvvays and 
roiiiỉhs. and tỊcncral turft;rass sitcs.



St. AiuỊiistinciỊrass is a warm-scason tỊrass that is 
nativc to the Wcst Indies. It to rm s a coarse-texturcd, 
low -grow ing  tu rf  that sprcads by stolons. It has a 
vigorous, sprcadinc; grovvth habit, vvith a m eđium  
cstablishment rate. It is less tolcrant o f  traffic than 
eithcr bermuđaíỊrass or zoysiagrass, but it recovcrs 
vvell troni vvear injury. St. Augustincgrass has poor 
low-tem perature  tolerancc. It has a hiíỊh watcr  use 
ratc and only tair d rou^h t rcsistance. St. Augustine- 
nrass has tho bcst shade tolerancc o f  thc warm -scason 
turfgrasses. St. Aue;ustine^rass rcquircs m ed ium - to 
lovv-intensity m anagem ent and is used in lawns and 
gcncral turfgrass areas in w arm -h u m id  regions. It is 
gencrally not used on sports turfs or othcr intenscly 
traffickcd arcas.

Bahiagrass, ccntipcdegrass, carpctgrass and k ikuy- 
ugrass are other w ann-season  turfgrass spccics that 
are used OI1 a limỉted basis o r  for very specific tu r f  
conditions. Bahiagrass is wcll suited for g ro w th  
in w arm -hum id  regions, and turfs rcccivintỊ low - 
intensity culture. It is used cxtcnsively on roadsidcs 
in thc Southern part o f  the United States. C cnti-  
pcdegrass is native to Southern China. It spreads hy 
short, thick stolons and íorms a rclatively dcnse turf. 
CentipeđeiỊrass requircs similar intcnsity o f  culturc as 
bahiagrass. Ít is best suited tồr use on lavvns and low 
traffic sitcs. It is adapteđ to Coastal areas in thc w arm cr 
parts o f  the w arm -hum id  rcgions o f  the world. C ar-  
petgrass is nativc to South Central America, lt íorm s 
a coarsc, low-growiníỊ turf. It has vcry poor  low - 
tcnipcraturc tolcrancc. Carpetgrass rcquircs a lovv in- 
tcnsity o f  culture and is uscd for lawns and othcr 
tu r f  sites that receive tninitnal traffic. K ikuyugrass is 
native to east Africa and is uscd for Iawns and go lf  
coursc fairways and roughs. It has a very aggrcssive 
g row th  habit, spreading by rhizomcs and stolons. It 
can becomc an undesirable, weed spccics, w hen it 
contaminatcs a quality turf. Kikuyugrass is very traf- 
fic tolerant, but has poor ]ow-tem peraturc  tolerance. 
Its use is limited to the w arm er parts o f  thc w arm - 
hum id rcgions o t 'thc  world.

c . Turfgrass Communities

It is im portan t to have an understanđinq o f  turtgrasses 
and t h e i r  adaptation. O n ly  adaptcd turfgrass specics 
will supplv a quality, perm anent turf. Beíbre estab- 
lishintỊ a turh considcration should be given to select- 
ing species and cultivars that arc suited to thc climatc, 
cnvironm cnt, usc, and intensity o f  culturc vvhere they 
will bc uscd. Turtgrass stands are com m unitics o f

plants that chaniỊC coniposition in rcsponsc to thesc 
conditions.

C om m unitics  may bc monostands or polystands. 
M onostands arc cornprised ot' a simỊlc cultivar ot a 
species. A monostand is limited in its abilitv to chantỊC 
in response to chantỊÌng conditions. Polystands are 
comprised o f  tvvo or more spccics, cultivars, o r  botli. 
A  s t a n d  vvith  t w o  o r  n i o r e  s p e c ic s  is t e r m e d  a m i x t u r c ,  
while those compriscd o f  two or more cultivars arc 
callcd blends. Mixturcs and blends providc turfgrass 
communitics with a widcr gcnetic basc and bettcr 
adaptacion to changine; cnvironmcnt, usc, and culture 
than monostands. Mixtures and blcnds enhance the 
p o t e n t i a l  f o r  m a i n t a i n i n g  t u r f i Ị r a s s  q u a l i t y  b y  m i n -  
imizing pcst problems which increasc with time.

III. Turfgrass Establishment

Turtgrasses play an important rolc in minimizing soil 
loss f rom  wind and water crosion. This is particularly 
trnc durintỊ their establishmcnt phasc. The  longer the 
establishmcnt pcriod, thc grcatcr thc potcntial for 
wind and water erosion. Poor cstablishment may also 
result in a thin, ơpen tu rf  that is casily invadcd by 
weeds. The  cstablishmcnt phase is im portant to thc 
final turfgrass quality and its long-term maintenance. 
Turfgrasses can bc cstablishcd vcgctativcly or from 
seed. In cither case, propcr soil prcparation, weed 
control, f'crtilizing, watcring, and post-sccd gcrmina- 
tion or plantinc; carc arc neccicd.

A. Seeding

Seeding is thc most com m on means used for turfgrass 
establishment, espccially for cool-season turígrass 
species. Propcr steps should be followcd to success- 
fully cstablish a turf, ensure rapid stand dcvclopment, 
enhance soil stabilization, and attain dcsired turígrass 
quality. Thcse steps include controlling wceds that 
m ay pcrsist after establishmcnt; gradine; the soi] to 
cnsurc propcr surface and subsurtacc drainage; modi- 
fying soil with organic mattcr, lime, or sand as 
needed; fertilizina; bascd on soil test rccom m enda- 
tions; and hnalizing soil preparation for a firm sccd- 
bcd. Advanced planning is requircd for propcr timing 
and coordination o f  these procedures. The same prep- 
aration steps arc required whcther the turt is seeded 
or vegetativcly established.

Succcsstul cstablishmcnt trom seed requíres selecr- 
ing an adapted turtgrass mixturc or blend; using qual- 
ity sced; plantint? at thc propcr ratc, datc, and time;



ensuring good seed soil contact; using propcr 
mulching procedures; and following appropriate 
postgcrniination care. Secd can be spread by broadcast 
and drill-typc sprcađers or by hydrosccdmg. H y- 
droseeding involvcs disbursine; sced and a cellulose 
fiber mulch w ith a pressurized stream o f  water. U n -  
likc drill sceding, hydroseedinẹ; does not cnsure good 
sced soi] contact. It is best used in rcgions with uni- 
form rainfall during the cstablishment phasc.

B. Vegetative
Turfgrasscs can bc established vegetatively by sprig- 
ging, stolonizing, plugging, or sodding. Planting 
turfgrass stolons, rhizomes, or both in sha]]ow fur- 
rows or spaceđ holes is callcd sprigging. Sprigs are 
covered to a depth o f  15 to 25 m m , and thc soil is 
íĩrmed to enhance contact with the vegetative materi- 
als. Sprigging requircs less plant material than stolon- 
izing. Improvcd bcrmudagrasses are often established 
vegetativcly hy sprigging. Stolonizing involvcs 
broadcasting stolons ovcr a prcparcd soilbed, cov- 
ering them with topdrcssing, and rolling to ensure 
good soil contact with the stolons. Stolons can also 
be applied by hydroplanting, which is basically the 
samc procedure used for hydrosccding. Creeping 
bentgrass and improvcd bernmdagrasscs arc some- 
times established by stolonizing. Plugging dcscribes 
thc use o f  small sod pieces to establish a turf. Plugs 
have a bettcr survival rate, but a poorer establishment 
ratc, than cíther sprige;iniị or stolonizing. Z oy-  
siagrass, St. AutỊustine^rass, and buffaloo;rass are of- 
tcn established froni plugs.

Harvesting mature turf, including roots, stolons, 
rhizomes, and soi], and transplanting it to a new site 
is tcrmcd sodding. Sod provides a rapid m ethod o f  
establishment. Sodded turfs are esscntially rcady for 
immediate usc. Soil preparation for sodding is similar 
to the procedures used for seeding a turf. Kcntucky 
bluee;rass and bermuda^rass are turígrass species that 
arc widely used in the sod industry.

IV. Turfgrass Cultural Practices

A. Primary Cultural Practices

MovvintỊ, fertilizinẹ, and irrigating are primary cul- 
tural practices that directly affcct leaf, shoot, and root 
g row th  and thc overall turfí»rass quality and pcríor- 
mancc.

M ow ing  is fundamcntal to all turtgrass culture. 
Turfẹrasses spccies and cultivars difter in thcir ability 
to tolerate close m ow ing. Turfgrasses with spreading, 
low-íỊrowth habits tend to tolerate lower cutting 
hcighcs than those with erect tỊrovvth habits. Crecping 
bentgrass and annual bluci^rass can tolerate movving 
heights o f  less than 6 m m . Tall tescue, bahiaẹ;rass, 
and St. Augustinegrass prcfcr m ow in g  heights o f  38 
to 76 m m . Turt^rasses have an op tim um  m ow ing  
height range. As the movving height is lovvercd below 
the op tim um , tolerancc to environmenta] stress, such 
as high tempcrature and drought, decreascs.

M ow ing  trcquency inAuences turígrass quality, 
strcss tolerance, and tunction. G o lf  coursc greens are 
movvcd close and írcqucntly to enhance their quality 
and playability. It is no t  u n com m on  to m ow  a creep- 
ing bentgrass green five to seven times per week at
3.5 to 4.0 mm . Frequcnt m ow ing  reduces vertical 
elongation o f th c  turígrass leaves and shoots, increases 
shoot density, and reduces water usc ratc by cnhanc- 
ing canopy resistance. Mowinụ; trequency should be 
dictatcd by the g row th  ratc ot' the turfgrass. Rapid- 
ẹrovving turfs require írequent m ow in^ . It is gcner- 
ally recom m endcd  that no m ore than one-third o f  the 
turígrass topgrow th  be rernoved wíth any mowing. 
For example, a Kcntucky blucgrass tu rf  maintained 
at 50 m n i should be m ow ed  whcn it reaches a height 
o f  75 m m . It 1S not neccssary to rem ove clippings on 
honic lawns and general turígrass sitcs if the appro- 
priato m ow in g  frequcncy is maintaincd. Turfgrass 
clippings contribute very little to thatch accumula- 
tion, but do recycle nitrogen, phosphorus, potassium, 
and o ther plant nutrients as thcy d ccom pose in the 
turfgrass canopy. Clippings are rem ovcd íroni a turf, 
likc go lf  course greens, if  they disrupt its íunction.

Rotary and recl-type mowcrs are the most com m on 
turfgrass mowers. Rotary m ow ers cut with a hori- 
zontal blade that is rotating at a hic;h speed. Rotary 
m ow crs arc uscd extensively on h o m e  lawns and gen- 
cral turígrass areas. Rcel m ow ers providc the highest 
quality o f  cut. Thcy cut with a scissor-like action. 
The recl catchcs the turfgrass leaf blades and brings 
thcm in contact with a sharp, cutting cdge called the 
bcdkniíc. Rccl m ow ers arc com m only  used on golf 
coursc and sports turfs, vvhere a hi^h-qaality  o f  cut 
is desired. M ow er  operation and m ow ing patterns 
also inAuencc turfe;rass quality. It is recommended 
to changc direction with cach niowing. Changing 
m ow ing  patterns minimizes compaction stress and 
reduces turtgrass grain development. M owcrs should 
bc kcpt sharp and in good operatiníỊ condition.



Turfi»rasscs require adcquate nu tn tion  to pcrtbrm  
up to its potential. TurttỊrass mitrition inAucnccs 
íỊrowth ratc, leat area, dcpth, and cxtcnt ot rooting 
a n d  v v a t c r  u s c  o t  t u r t s .  T u r f i ; r a s s e s  d c r i v c  m o s t  o f  

thcir nutrients trom thc soil, but supplcmcntal íbrtil- 
ization is tvpically necdcd sincc soils arc otten detìcicnt 
in one or m orc  ot the csscntial d em en ts  nccdeđ for 
turftỊrass í*rowth and đevelopment. Turtgrass íertil- 
ization should be bascd 011 soil test rccommendations. 
NitrotỊcn, phosphorus, potassium, calcium, magne- 
sium, and sultur arc requircd in rclativcly large 
aniounts, vvhilc micronutrients, such as iron, manga- 
11CSC, zinc, coppcr, m ọlybdenum , boron, and chlo- 
ride, arc nccded in tracc am ounts  (c.a;., 111 ÍT litcr"1). 
TuríÌỊrasses arc quite rcsponsivc to nitroíỊen, in ternis 
ot color and ^ row th  rate. This rcsponsivencss can 
lcad to problems, sincc exccss nitrogcn fcrtilization 
encourages toptrrovvth at thc expcnsc of root o;rowth 
and reduccs turíÌỊrass strcss tolcrancc.

Ít is im portan t to mcet and not cxcccd the nutri-  
tional nccds o f  turfi*rasses. N utr ien t  rcquircmcnts 
vary by spccics and cultivar, lcniỊth o f  íỊrovving sca- 
s o n ,  i n t e n s i t y  o t  c u l t u r e ,  a n d  DSC. N u t r i c n t  a v a i l a b i l i t y  

is iníhienced by a num bcr o f  Tactors, such as soil 
tcxturc, ortỊanic matter content, soil rcaction, soil mi— 
croorganisms, and soil moisture. A thorouíịh under- 
standing o f  thcsc tactors and thcir interactions is 
ncedcd to devclop an adcquatc nutritional p rogram  
and sclect thc appropriatc fcrtilizcr matcrials to mcct 
the mitritional nccds o f  the turígrass plant.

In m any areas, natural prccipitation musc bc supplc- 
mcntcd with irrigation to provide dcsircd turfgrass 
quality and íunction. Irrigation should bc supplicd 
as the plant needs water. Sonic soil drying betwccn 
irrigations is desirablc. IrritỊatintỊ too frequently can 
rcsulc in reduced turí^rass vigor and quality. Turf-  
íỊrass specics and cultivars varv in their watcr usc 
ratcs. St. AuEỊiistinc^rass and tall tcscue can usc in 
cxcess o f  12 m n i  o f  water per day. Buffalograss, zoy- 
siagrass, bermudagrass, and Kentucky bluegrass havc 
show n prom isc for water conscrvation th rough  rc- 
duced watcr use rates. Turígrass water  usc ratcs can be 
altcrcd by chansỊcs in environm ent, soil watcr content, 
cultural practices, and pcst damagt'.

The turígrass irrigation industry is rclatively new, 
whcn com pared to the field crops industry. Its evolu- 
tion to automatcd, underground  system with a high 
dce;rcc o f  sophistication has becn fairly rapid. Perma- 
nent, undcrground  systcms arc prcterred tor  most 
turtgrass sitcs. These systcms do not disrupt the 
movving, function, and appcarance o f  thc site. Sod 
production requires thc usc o f  aboveiỊroiind systems

đue to sod Harvest conccrns. It is important to con- 
s i d c r  t l ic  t y p c  o í  i r r i i Ị a t io n  S y s t e m ,  q u a n t i t y  a n d  q u a l -  

ity oí vvatcr availablc, sourcc ot vvatcr, and trequency 
ot irriíỊation, as vvcll as the turtgrass spccics and culti- 
vars, soil typc. topoiỊraphy, lcnsỊth ot'íỊrovvnií* sea- 
son, intensity ot culturc. and 11SC, betorc initiatiniỊ an 
irrigation proíỊram. Turti^rasscs should bc irrigated 
bascd on their water IISL' ratcs and not on a set schcd- 
ule. It is bcst to irrií*ate in the carly morniiig (0400 
to 0800 hr), whcn cvaporation ratcs arc low and wind 
docs not disrupt irrĨEỊation pattcrn uniformity.

B. Secondary Cultural Practices
Soil cultivation, topdressing, thatch removal, and 
vcrtical inowini» or (Ịroomine; arc cultural practiccs 
that arc employcd 011 an as nccdcd basis. They  play 
an im portan t role in maintaininir turtgrass quality and 
íimction. Sccondary cultural practices arc ottcn intcr- 
activc w ith  primary practices in inHuencing thc ovcrall 
quality of the turt.

TurtÌỊrass soil cultivation includcs thc practiccs o f  
coring, sliciniỊ, and spiking. Tliese practiccs arc uscd 
to minimizc the negative ctTects o f  soil compaction, 
im provc soil acration, and enhance watcr infiltration 
ratcs. C oring  is the most com m only  uscd practice. 
T urt 's i tcs ,  that rcccivc intensc traffĩc or arc i>rown 
on hígh d a y  contcnt soils rcquirc annual coring to 
maintain a quality turf. Slicinu; and spiking are used 
mostly on I^olt and bovvliniỊ grecns, or sports turf, 
since thcy can be practiced morc trcquently than cor- 
ing and with minimal disrnption to the playing 
surtacc.

Topdrcssing is thc cỉistribution o f  a light layer of 
prcparcd soil m edium  ovcr a turígrass area. Topdress- 
i n g  is m o s t  c o i n m o n l y  p r a c t i c c d  OII g o l t '  c o u r s e  
greens, bovvlina; grccns, and sports turfs to sm ooth  
the playing surfacc, rcducc thatch, cover sprigs and 
stolons in establishment, modiíy  soil, and providc 
wintcr protection. The topdrcssiniỊ matcrial should 
match thc unđcrlying soìl mcdium as closcly as tcasi- 
blc. Frequency o f  topdrcssing is dictatcd by thc 
ị r r o w t h  r a t c  o f  t h e  t u r t '  a n d  t h e  I ieed  t o  m a i n t a i n  a 
srnooth, unitb rm  playiníỊ suríàce.

Thatch is a tightly interminiỊlcd laycr ot living and 
dead plant material located betwccn thc soil surtacc 
and thc turf^rass canopy. It has dctrimental effccts 
on turfgrass quality and pcrtormancc, w hcn it accu- 
mulates to excessivc amounts. O n  hom c lawns an 
accumulation o f  13 m m  or niore is considcrcd to 
bc excessivc. Sonic problcms associatod witli cxcess 
thatch accumulation indude  rcduccd heat, cold, and



drounht rcsistancc; rcduccd vvcar tolcrance; incrcascd 
diseasc and inscct problcms; susccptibility to scalpintỊ 
i n j u r y  a n d  lo c a l i z c d  d r y  sp o cs ;  a n d  lo s s  o f  p l a y i n g  
surtacc unitbrmitv due to fooc printiniỊ eíĩects. Thatcli 
is bcst controlled throuiỊh sound cultural practiccs 
and approaches tliat cncoura^e biolotỊÍcal brcakdovvn. 
Topđrcssini* and corc cultivation arc bcnctìcial cul- 
tu r a l  p r a c t i c e s  u s c d  to  i m i n a g c  t h a t c h  a c c u m u l a t i o n .  
Powcr rakina; hclps rcducc thatch vvhen it accuniulates 
to cxccssivc levcls.

Vcrtical mowiiiỉỊ is uscd for thatch rcmoval (c.c;., 
p o v v e r  ra k im r ) ,  r e n o v a t i o n ,  a n d  o v c r s c c d i n g  a n d  c o n -  

trol ot turfu;rass grain in íỊolt' coursc and bovvliniỊ 
iỊrccns. Vcrtical minviim; is also rctcrrcd to as íỊroom- 
iniĩ, particularly wlicn uscd 011 SỊolf lỊrecns to cnhancc 
puttiní* surtacc unitorniity.

c. Pest Management

lnsccts, discascs, vveeds, ncmatodcs, and cortain vcr- 
tcbrate pests can causc considcrable damatỊC to turís 
and rcdvicc turtgrass quality and hinction. Usc ot 
adapted turígrass species and sound cultural practice 
systems tavor thc competitive ndvantagc ot the turt 
ovcr pcsts and rcduccs their ability to inrtuencc stand 
quality and composition. Wccds disrupt thc unitor- 
mity ot turft»rass stands. Their appcarance in a turf' 
is ottcn an indicator o f  poor cultural practiccs, unfa- 
vorable enviromncntal coiulitions, discasc, iiisect 
daim gc, or a combination o f  thcsc tactors.

1’c s t s  m a y  i n c v i t a b l v  b c c o i m '  a p a r t  o f t h e  c u r t í Ị ra s s  
ccosystcm vvitli tinic. Kccpinií tlicsc pcsts bclovv dam- 
aiỊÚiiỊ; lcvcls becomes a part o f  management throuíỊh 
the usc o f  cultural practiccs, pcsticides, and biological 
C o n t r o l s  in  a s y s t e m s  a p p r o a c l i .  T h c r c  is a iỊroxvinsỊ 
i n t e r c s t  in  t h c  u sc  o t  i n te i Ị r a t e d  p c s t  m a n a g e m e n t  a p -  
proađies to rcducc thc nci;ativc impacts o f  pcsts on 
turfi»rass quality and timction. Kmnvintr thc turt- 
(Ịrasses bciníỊ íỊrovvn and tlieir potcntial pcst problcnis 
a n d  u n đ c r s t a n đ i n g  t h e  b io la i Ị Í c a l  a n d  c n v i r o n m c n t a l  
tactors that iiiAucncc both the tu rf  and pests arc essen- 
tial approaches in prevcntiníỊ pests troni rcachiniỊ 1111- 
acccptablc lcvcls. |.S'(T In t e g r a rr-D P est  M a n a g k -  
MKNT. I

V. Future Trends and Developments

TurŨỊrasses have bccn commercially reéọgnizL’đ sincc 
bctorc World War II, bu t the industry’s tỊrovvth and 
development accclerated attcr thc vvar. This íỊrovvth 
has continued into the nineties. It is cstimatcd that 
thc turfíỊrass industry contributes Ĩ11 excess ot S25 to 
30 billion amuiallv to the U nited  States cconomy. 
The groxvth o f  thc tnrttỊrass industry in thc United 
States is due to societal dcniands, incrcascd lcisurc 
timc, and lỊrcatcr discrctionary incomc. Thcsc trcnds 
are continuiiiíỊ and arc incrcasing 011 a vvorldvviđc 
basis. Thcrc is particular intcrcst in thi? iỊ;ime o f  i»olf, 
vvith a íỊrovviiiíỊ nunibcr ot lỊolt courscs beintí devel- 
opcd 111 Europcan and Asian-Rim countrics.

The  turtÌỊrass industry in the United States is unđer- 
iịoìhỉ; chaniỊC. G oltcourse  dẹyelopmcnt has bccn rela- 
tivoly stable since the early scventies, hut dcnicind tbr 
the Ljamc continucs to cxcccd the development o fn c w  
tacilities. Tho lavvn carc scrvicc cxpcricnccd trcnicn- 
dous tỊrowth and dcvclopmcnt throutỊli tliL' latc sixtics 
and mid scventics, but this iỊrovvth sccms to havc 
pcaked ii) rcccnt vears. Sports turf niaintcnancc is a 
(ỊrowiníỊ scgincnt ot thc inđustrv at tho prcscnt tinic. 
Environmental concerns arc paranioiuit th roughou t 
the indnstry. Thcrc is an incrcasintĩ cmphasis OM tlic 
usc ot' intciỊratcd pcst iiiiinatỊcincnt and vvater and 
cncrtỊy couscrvation practiccs. Thcsc trcnds arc likcly 
to continuc tor thc ncar tuturc.
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Glossary
B io te c h n o lo g y  Sct o f  tools (induding tedmiques 
C)f rccombinant D N A , tissuo culrure, gciic transter, 
e m b r y o  m a n i p u l a t i o n ,  a n d  b i o p r o c e s s  e n q i n e e n m r )  
that allovvs scicntists to undcrstaml and nianipulate 
lifc processes at the molecular levcl 
C o o p era tiv e  a g reem en t Research contract bc- 
tvvccn U S D A  and othcr cntitics for rcsearch sup- 
p o r t c d  h n a n c i a l l y  b y  b o t h  p a r t i e s  f o r  t h c i r  m u t u a l  
beneíìt
F orm u la  fu n d in g  Appropriateđ bv CoiiiỊrcss, ad- 
ministcrcd by U SD A , and distributed to thc states 
bascd 011 thc statc’s portion o f  thc United Statc’s rural 
and  tarm popu la t ion ;  State matchiiìíỊ  o t ' ío rnn ik i  f'und- 
in« 011 a dollar-for-dollar basis is requircd; thc Hatch 
Act proiỊram tiindiniỊ the State a^ricultural cxpcri- 
m cnt statious and the M clntirc-Stcnnis Cooperativc 
Forestrv Research ProiỊram arc tw o  o f  thc tòrnnila- 
tundcd program s
G ene m a p p in g  Determination ot' the relative loca- 
tions o f  IỊCI1CS on a ch rom osom c 
G en etic  en g in eer in g  Steps required tor idenũtyiníỊ, 
isolatiníỊ, and transfcrring a desiređ ỉỊenc from one
organism to anothcr; co m m o n ly  involvcs transíiT 
t r o  111 o n c  s p c c i c s  t o  a n o t h e r

LEWIS, Rutgers University

G e n o m e  C o m p k te  íỊcnetic code íor any individual 
ortỊanism; tlic íỊenetic sum o f i t s  l )N A  
In te l le c tu a l  p r o p e r t y  Products dcvelopcd through 
i n t e l l e c t u a l  r a t h c r  t h a n  m a n u í a c t u r i n g  p r o c c s s c s ;  it 
includes novcl conceptual, pliysical, or compositional 
proccsscs resultiniỊ in unique products that may be 
patcntcd or copyrighted (c.íỊ., U niquc plants, ani- 
mals, and microbcs devclopcd tlưough the use ot' 
g e n e t i c  e n í í i n e e r in i ; ;  c o i n p u t c r  p r o u x a m s ;  m u s i c a l  
compositions; and books and manuscripts)
P ee r  r e v ie w  Rcvicvv o f  rcscarch proposals in a par- 
ticular sđcntitìc  area by a panol o f  expcrts in tliat area; 
tor examplc, a projcct rcqucstiinỊ tcderal tunding is 
“ p e e r  rcv io N v ed ” a n d  r c c o m m c n d e d  b y  a s e i e n t i í i c  
pancl prior to tho a\vardiniỊ ot any tunds 
P r e c o m m e r c ia l  Rctcrs to the latc staiỊes in the re- 
scarch proccss prior to thc dcvelQpment o f  any poten- 
tial cotnmercial application
Spec ia l re sea rch  g ra n ts  Funds appropriated by 
ConíỊrcss and distnbutcd by U SD A  to cxpcnm cnt 
stations or other rcsearch institutions for spcciíic rc- 
scarch projccts at specitìc locations 
S t r a te g ic  p la n n in g  dcrivcd from the military usc 
o t  t h e  w o r d  “ s t r a t e u ; y , ”  it i n c l u d c s  t h e  d e t ì n i t i o n  o f  
mission and obịcctivcs— how  thc com pany or public 
institution sees its purpose and wherc it vvants to 
í*o— and detertnination o f  thc bcst mcans to achieve 
those t^oals at a broad lcvcl
V a lu e -a d d e d  Econom ic idea that trạces the final 
valuc o t purchascd  t;oods and serviccs to  SCO vvhcrc 
thc valuc was created or incrcascd; in a prim ary indus- 
try such as atỊriculuire, addcd valuc otten comcs trom 
proccssintỊ harvcstcd Products (e.íỊ., convertinq corn 
in to  c t h y l  a l c o h o l  tu c l ;  u s in i Ị  s t a r c h  t r o n i  p o t a t o c s  t o  
r n a k c  b i o d c g r a d a h l c  p la s t i c s )



F o r  morc than 100 years, the U.S. Department o f  
Agriculturc (USDA) has been thc initiator, the incu- 
bator, and the launch pad for a national systcm o f  
agricultural rcscarch and devclopment. The reason is 
simplc. It takes coopcration to addrcss thc complex 
problems o f  real lifc. The  USDA research programs, 
both thosc conducted by Department employecs (in- 
house rcsearchcrs) and thosc done outside thc D epart
ment (extramural researchers), arc part o f  a complcx 
mosaic that togethcr with other íederal, university, 
and private research proí^rams form  a national System 
o f  agricultural rescarch and đevelopment that cooper- 
atively addrcsses problems in the areas o f  agriculture 
production, food, fiber, fuel, and protcction o f  thc 
environment. The strcntỊth o f  the U.S. auricultural 
research system lics in the tight, productivc coopcra- 
tion among govcrnmcnt, the univcrsities, and indus- 
try, according to a Washini*ton Post cditorial in 1992. 
The cditorial noted that over the past century, this 
combined cffort has lcd to possibly “ thc most success- 
ful rescarch and development program in thc coun- 
t ry ’s h istory .”

I. Background of USDA- 
Supported Research

The development o f  publicly supporccd agricultural 
research is an exciting and succcssful chaptcr in 
U.S. history. N o  othcr arca o f  state-fedcral relations 
has bcen more effectivcly integrated over the years. 
Historians notc that thc íbrces o f  policy and research 
joincd program devclopment in making agriculturc 
onc o f  the most productive sectors in the country.

A. Land-Grant Colleges Created

There have bccn scveral key actions that set the stae;e 
íor the creation o f  land-grant colleges. By the time 
the Constitutional Convention convcned in Philadcl- 
phia in 1787, there had been collegcs and seminaries 
dcdicateđ to classical studies for more than 150 years. 
But it was not until thc 184ƠS when Jonathan Baldvvin 
Turner o f  Illinois proposed establishing colleges dedi- 
cated to agriculture and the mcchanic arts that the 
id e a  o f  a p p ly i i i í Ị  a c a d e m i c  Sc ience  t o  the r e s o l u t i o n  o f  
real world problems was born. Tliis was a ncw con- 
ccpt in education. [SíT E d u c a t i o n : U n d e r g r a d u a t e  
AND G k a d u a t e  U n iv e r s it y .Ị

Despitc a rai^ing Civil War. this proposal evcntuallv 
was passcd by both Houscs ot ConíỊress and siíỊncd

into law bv President Abraham  Lincoln 011 July 2, 
1862. T he  law became know n  as tho Land Grant Act 
ot' 1862 o r the First Morrill Act, nam ed for U.S. 
Rcprcscntative Jưstin Smith Morrill o f  Vermont.

To financc this endeavor, the Act providcd for the 
salc o f  public land. T h e  m oney from  the sales was 
invested as an endow m ent to fmance the establish- 
m e n t  o f  at l c a s t  O n e  c o l l e g e  in  each S ta te  to t c a c h  
a^riculture and mechanic arts vvithout abandoning 
other scientific and classical stưdies. This combination 
o f  liberal arts and practical education bccamc k n o w n  

as the land-grant colletíc idcal.

B. Congress Creates Agriculture Department
Concom itan tly  with thc establishinent o f  land-grant 
collcges, ConiỊress cstablished a governm cnt agcncy 
to look aítcr thc intcrests o f  íarmers. This idca had 
bccn a persistent one since G eorge W ashington’s days 
as prcsident. But Congrcss turned dow n Washing- 
to n ’s proposal and even whcn it íìnally establishcd 
the U.S. D epartm ent o f  A gricukure in 1862, th c n c w  
departm cnt vvas not SỊÌVCII cabinet status. That came 
after a later battle. T he  đepartm ent’s original mission 
was to educatc and invcstiiỊate in areas connected with 
agriculturc. ISee  G o v e r n m e n i  A g r i c u l t u r a l  P o l -  
ICY, U n i t e d  S t a t e s . ]

Today , U SD A , as a cabinet-level dopartment, not 
only operates fedcral rcsearch laboratories whilc sup- 
porting uiiiversity-bascd research, but also operates 
tw o ot' thc co u n try ’s largest social servicc programs. 
It administers the nation's largest public recreation 
proiỊram throuí^h the Forest Service and the gigantic 
foođ stamp and com m odity  programs.

In the 1860s, Amcricans were undertToing a period 
o f  intcllectual awakening that advanccd the cause o f  
education, particularly practical education for an 
agrarian, but rapidly industrializing youne; country. 
And together the nevvly created land-e;rant univcrsi- 
ties and thc D epartm ent o f  Agriculture mct thc de- 
mand vvith vigor.

c. Historically Black Land-Grant 
Colleges Created

W i t h  t i m c  it  b c c a m e  c lc a r  t h a t  i n  s o m c  S ta te s  s o m e  
Americans vvere excludcd trorn the land-grant institu- 
tions. Ịustin Smith Morrill, au thor ot'thc First Morrill 
Act and bv then a senator, sct about correctin^ that 
oversight. A lthough allowing Ếor dual cducational 
systcnis that scparated institutions 011 che basis ofrace, 
the Morrill Act o f  1890 provided the basis tbr a sccond



set ot land-srram institutions latcr rcícrrcd to as thc 
liistorically black land-iỊrant institutions or tho 1890 
institutions.

This Sccond Mornll Act coditìcd the principles o f  
the rtrst piccc ot lcíỊÍslation, but addcd thc principle 
o f  equal acccss to all citizens. T he  1S9U institutions 
ịoincd by Tuskcgcc University turncd out to princi- 
pally scrvc tho Atrican American studcms o t th e  South 
and the East.

D. Agricultural Experiment Station 
System Created

The iđea ot institutions o f  highcr learnintỊ dcdicatcd 
to mcetinỉỊ thc neeđs o f  the com m on man was an 
cxcellcnt idea, imique to this country, but it \vas not 
ncarly cnouííh. The country  nccdcd institutions that 
cngagcd in the tỊcncsis o f  ncw kncnvledge, and trans- 
mittcd th.1 t knowleds?e to every com m unity  in 
America. This nced lcd to the establishment o f  State 
aiỊricultural cxpcrimcnt stations (SAES). Tho first 
tw o  vvere cstablished in the statcs o f  Connecticut and 
Ca]ifornia in 1875, to be eventually followed by sta- 
tions in all othcr states and tcrritorics in subsequent 
years. The statiotis vvcre dcdicatcd to hclping thc 
tarmcrs, ranchers, homcstcadcrs, and citizens in gen- 
cral makc the bcst use o f  food, íĩber, fuel, and torcst 
resouroes, and to increase land prodưctivity in pro- 
ducing such rcsourccs. |S(T A g r i c u l t u r a i . E x p e r i- 
MENT S t A riONS. I

Individual stations wcre a c;ood idca, but an ore;a- 
nizcd national System was needcd. U.S. Rcprcsenta- 
tive William H. Hatch of Missouri, then chairman o f  
thc Housc Agriculturc C om m ittee ,  authorcd an act 
in 1887 to establish in coiýunction with the land- 
grant colleqes and umvcrsitics, a national system o f  
fcdcrated y e t  indcpendent S tate  a g r i c u l t u r a l  experi- 
m cnt stations. This action crcatcd a system o f  national 
íundine; for these stations.

E. USDA Creates Agency to Work with
the States

In 1888, USDA crcated an office to íederal
obligations undcr rhc Hatch Act. A lthou^h it has un- 
dergone scveral reoriỊ;anizations, codav that office 
w orks c l o s c l y  with a System o f  59 expcrimcnt stations 
in the 50 statcs and scveral U.S. territoritics. This 
atỊcncy ạdministers U S D A ’s cxtramural research 
ựrants proụrams for rcsearch carricd out hy 11011- 
U SD A  scicntists. It also vvorks vvith non-land-grant 
colleiĩcs and univcrsitics as well as privatc mdustry.

F. Cooperative Extension Service Created

O vcr the ycars, disciplincs ot ho me economics, for- 
cstry, vctcrinary medicine, and many othcr areas have 
bccomc intciỊral parts ot thc expcrimcnt station sys- 
teni. But the ncw knowlcdi>;e did not do much iíood 
sitting on ạ shclt'. It had to be transinitted to the pcople 
who could usc it. This nccd lcd to the idea ot literally 
placing an cxtension of thc land-íỊrant univcrsity in 
every county in thc United States. That idea was 
codiíicd in thc Sm ith-Lever Act o f  1914 which created 
thc Cooperativc Extension Service systcm. The pro- 
s^ram is a cooperative ctTort o f  statcs, counties, and 
the USDA. Ị5 ( r  C o o p e r a t iv e  E xt k n sio n  S e r v i c e .]

Uníbrtunately, the 1890 Institutions esscntiallv 
vvcrc leít out of' tlic orÌỄỊÌnal tunding tor research and 
extcnsion. It was not Iintil the 1 %0s that a meager 
am ount o f  funds was allocateci tor their use. This 
support for thc 1890 Institutions was strensỊthened by 
thc passa^c ot' the Evans-Allcn Act, vvhich íbr the 
first timc brought siíỊniíĩcant amounts ot money to 
the 1890 rescarch proíỊrams. The program  was turther 
strcngthened in Farm Bills passcd bv Congress begin- 
nins* in 1977.

II. Organizations and Missions

Therc arc a num bcr o f  organizations focusing on ag- 
ricultural rcsearch including privatc laboratories opcr- 
atcd by cndovvments, grants, o ro th c r  íunding mecha- 
nisins; USD A  laboratorics; n on -U S D A  íederal 
laboratories; and the laboratories ot univcrsities and 
industry. O ne  o f  thc most im portant tasks in devel- 
opinỉỊ a national systcm o f  agricultural rcsearch is 
matching these organizations and missions to the 
idcntificd nccds. This is discussed turther in Section
II.E.

A. USDA Laboratories
While USD A  has f'or m ore than a hundred ycars been 
in the busincss of supportinsr university-based re- 
scarch, it also has been operating its ow n research 
facilities,

Bv directly ent;aginíỊ in research throuựh these “ in- 
house” laboratories, rcscarch studies can be conductcd 
that address national and rcgional issues, including 
thosc rcspondiníT to the nccds o f  the U SD A  regula- 
to ry  agencies such as the Food Satcty Inspection Ser
vice and the Animal and Plant Health Inspcction 
Service.



This plural systcm allows cnormous Acxibilitv in 
adcircssintỊ nmltiple auricultural nccds.

B. University Laboratories
The sccond form o f  rescarch supported by U SD A  
involves university-based laboratorics cngatỊcd in a 
Fcdcral-Statc partnership rcsearch ctTort. In this ar- 
raníỊCinent, tederal tundiníỊ tor rcscarch troni U SD A  
is ỉỊcncrally matchcd with State appropriations to sup- 
port aiỊricultural rcsearch at State agricultural experi- 
mcnt stations, torestry schools, vcterinary colletỊcs, 
and homc econoniics collegcs, locatcd mostly at the 
nation’s land-tỊrant Iinivcrsitics, as wcll as tho 189(1 
institutions. The USD A  adniinistcrs thcsc cxtraniural 
rescarch ẹrants progr.ims.

With tliis arrangcment, another dinieiision— thc 
State pcrspcctivc— is added to tlic national systcin  tor 
agricultunil rcscarch. ToiỊether, thcsc cfforts prom otc  
n a t i o n a l ,  rc í Ị Ìo n a l .  a n d  Sta te  p e r s p e c t i v e s  w i t h i n  t h e  
national rcscarcli sysccm vvhilc also creatiiiiĩ a dircct 
affiliation o f  the rescarch System w ith  underiỊrachiate 
and í^raduate cducạtion.

Scholars o f  rcscarch administration point out chat 
this rcscarch-cđucation hybrid is virtually Iiniquc to 
the U.S. systcm, and is one o f  the primarv rcasons 
A m e r i c a n  a tỊr icL iltura l  t c c h n o lo t Ị V  h a s  b e e n  so  p r o -  
ductivc.

c. Private Laboratories
USD A  laboratorics and the Federal—State rcscarch 
partncrship art' not the only playcrs in the success 
o f  aiỊricultural production. Private laboratories also 
conduct rcscarch, either directly witliin corporations 
or th rouẹh  sponsorship from divcrsc sourccs ot tund- 
Ĩ11 LỊ (c.ẹ;., philanthropic tbundations, íỊrants, and con- 
tracts for rcscarch).

A notable cxamplc o f  privatc laboratorics is the 
Boyce Thom pson Research Institutc in Ithaca, N cw  
York, which operatcs as an indepenđcnt, privatc rc- 
scarch laboratory tunded tlirousĩh an enđovvmcnt and 
c x tc r n a l  í Ị ran rs .

Otlier privatc laboratorics includc those mạjor cor- 
porations conductintỊ proprietarv-imerest rcscarch 
(e.g., Monsanto, DuPont, Pioneer Sccd Co.). Thesc 
private laboratorics also sometimes cmỊat;c in co- 
opcrativc rcscarch vvith US1) A laboratorics and 
univcrsity-bascd laboratorics.

D. Non-USDA Federal Laboratories
In addition to USDA laboratorics, other tcdcral labo- 
ratorics niakc sitỊnitĩcant contributions to tho body ot

knovvlcdũỊC in atỊricultural Science. T he Environnien- 
tal Protcction Anency, thc Departm ent o f  Intcrior, 
and thc Departm ent o f  Energy arc tcderal agcncics 
with  laboratories conductintỊ research w ith  agricul- 
tural applications. O th e r  fedcral sponsors ot research 
rclating to agriculturc includc institutions such as the 
National Science Foundation, thc National Institutcs 
o f  Health, and the Agency for International Devclop- 
ment. Thesc federal aíỊencics providc grants to rc- 
search scicntists to conduct rcsearch both dircctly and 
indircctly rclatcd to atỊriculture.

E. Cooperative Planning
With so niaiiy diíTcrcnt agricultural research partncrs, 
onc of tlic íỊreat diallentỊCS o f  a^riculture adniinistra- 
tion is matcb.ing activities to institutioiial mission. 
Thcre is the constant nccd to guard against duplication 
and rcdundancy so that rcsources arc not wastcd. 
Thcre also is a nced to  maintain constant vigil to 
makc surc that knovvledgc gaps do not appcar through 
inattention to cmerginiỊ problcms.

Consequently, comniunication among the rcscarch 
systcnTs com poncnts is param ount in identifying 
stratcgic issucs and dcveloping plans appropriatc to 
individual inissions, resources, and necd. Sonic o f  
thc oversight for this is provided at thc tcderal levcl 
throuíílì the National Science and Technology C oun- 
cil, vvhich is adniinistcrcd tlirough tho Wliite H ousc’s 
Otìice o f  Science and Tccl)iioloi>y 1’olicy. This C O U I1-  

cil uscs w orking  g ronps to identify ncw areas o f  re- 
scarch and to provide íỊovermncnt-vvide initiativcs for 
arcas in neeđ o f  additional national cniphasis.

At the nonfcdcral institutional levcl, considcrablc 
attcntion is íocuscd on policy coordination through 
the Expcrimcnt Station C om m ittee  011 Organization 
and Policy (ESCO P), an arni o f  thc National Associa- 
tion o f  State Universitics and Lanđ-Grant CollcíỊcs. 
T he E S C O P  planninẹ; and buda;ct proccss annually 
addrcsscs proiỊram priorities and íunding nccds, all 
in collnboration with thc U.S. D epartm ent o f  Agri- 
culturc.

Individual U S D A  atỊcncics also cntỊaiỊc in strategic 
planning and prioritv scttintỊ. The intranuiral rcscarch 
arm ot the U S D A  is notcd tor its elaboratc, 6-vcar, 
rollintỊ plan and thc hcavy involvcmcnt of its National 
Pro^ram  StatT in coordinatimỊ thc asj;cncy's rescarch 
activitics at muitiple levels. As a conscqucncc, policy, 
bndtỊCts, and proi»rams arc continuouslv revievvcd 
vvithin and bctvvccn agcncics, across aiỊcncics, and 
withm rciỊÍons to derivc appropriatc plans.



F. Stakeholders Get a Voice in 
Agricultural Policy

As J coumcrcheck to this System, the Department 
of AiỊriculuire uses thc Ịoint Council on Food and 
AiỊricultural Sciences and the Uscrs Advisory Board 
to  í^athcr in to rm a t io n  'from thc  “ s takcho lders"  in ag- 
ricultural rcscarch to assurc that rcal world priorities 
and nccds arc bcing nict and that rcsourccs arc allo- 
catcd appropriatcly. Rcccntly the USDA established 
the Agricultural Scicncc and Technology Revievv 
Board authorizcd in thc 1990 Farni lìill to provide 
turther ụuidance to thc D cpar tm cn t’s scttiniỊ of' thc 
rcsearch aiỊCiida. Additional chccks arc provided 
through revicvv o f  RctỊĨonal Research plans and alloca- 
tions hy the C om m ittee  of Ninc, an advisory body 
cstablishcd through the Research and M arketing Act 
ot' 1946 to rccom m end rcgional projccts vvorthy o f  
rccciviniỊ íundiniỊ. U SD A  nlso uscs scientihc pccr- 
rcv icw  pancls to assurc thc qual i ty  o f  the  Science bcine; 
proposed by individual investigators.

As a consequence o f  tliis constant oversiiíht, the 
D epartment o f  Ae;riculturc can assurc ConiỊrcss and 
thc public ot the quality o f  rescarch proi»rams and 
that rcsourccs arc bcing directed to rcal necds.

III. USDA Research Programs

USD A -supportcd  rcscarch program s scck to providc 
teclmolo^y appropriatc to thc cntire spcctrimi o f  pro- 
duction and use o f  food, tibcr, and fccd. For this 
rcason, U S D A ’s rcscarch program s focus on:

• Plant and aninial systcms ot íntcrcst to production 
agriculture

• Human usc ot thc Products, of' agriculturc
• Appropriatc use o f  natural resourccs and the protcction 

o f  thc cnvironmciit as it rclates to agriculturc
• Ncw products and proccsscs for the harvestcd products 

o f  agriculturc in ways that would cnhancc value-addcd 
and utỉlization

• Econoniics ot markets, tradc, and policy to proviđc an 
economically stablc and protìtable a^ricultural System

Each o f  thesc arcas o f  invcstigation arc studicd, in 
varyint; degrecs, by in-house U S D A  laboratories and 
universitv-bascd laboratorics iu the Federal-State 
partncrship.

A. Plant Systems Program
The contimious iniprovcnient o f  crop and torcst spc- 
cies tor anricultural production rcquires a Basic undcr-

standiniỊ ot the bioloiỊv oltlu- plants, the opportunitics 
for the application o t 'new  kncnvlcđiỊc. and problcm - 
solviniỊ rescarch thnt can deal with sitc-spcciíic prob- 
lcnis such as crop \vceds, inscct pcsts and discascs, 
c l i m a t c  v a r m b l e s ,  a n d  d i t í e r e n c e s  in c r o p  p r o đ u c t i v i t y  
attributed to soil.

O f  primary intercst in to d a v s  aíỊricultural research 
aiỊenda is the application o f  the 11CW tools o t  m olecu lar  
biology to undcrstandintỊ ot the plant genom e struc- 
ture and to devclop thc tools to precisđy m ove genetic 
traits betvveen spccics throuííh usc o f  I^cnetic eníỊÌ- 
n c c r i n g .  G e n o m i c  m a p p i n g  a n d  ẸỊcnetic c n i Ị Í n c e r in i Ị  
ottcr new  approaches to com plemcnt niorc conven- 
tional researcli methods intcndcd tor tho im prove- 
m cnt and CLiltivation ot' aíĩriculturally im portant 
plants. As a conscquence, the spcctrum ot U S D A - 
sponsorcd pliint systcni rescarch activitics ranges troni 
timdaniental studics at thc molccular lcvcl to very 
applied problem solving at the tarni levcl.

B. Animal Systems Program
Aninial aiỊriculturc vvill continuc to be an iniportant 
com poncnr ot' U.S. aiỊricultural production. H ow - 
cvcr, the intcrcsts o f  consumcrs and the naturc o f  the 
problems o f  auimal production systcms concinue to 
evolve, as food prctcrcnccs sliiù and kno\vlcd^c is 
nainctl by consunicrs on dcsirable diẹrary habits.

Considerablc rcsearch attention is n ow  bcing fo- 
cuscd OI1 the application ot thc tools of biotechnology 
to animal in iprovcm cnt and vvcll-beini*. Fundamental 
research investitỊations into lỊcnctic transformatioii 
systcms, the usc o f  hormones to rcgulatc grovvth, and 
the íỊenctic ernỊÌncering o f  animal vaccines to control 
animal discasc are somc examples o f  today s animal 
S c ien c e  r c s c a r c h  t h a t  is l o o k in a ;  t o  b c t t c r  p r o v i d c  fo r  
consum cr necds and animal production requirements. 
Physical rcsourccs for conducting such rcsearch in- 
clude tacilitics at SAES and maịor U SD A  laboratories 
that havc specialized aninial research tacilities.

c. Nutrition, Diet, and Health Program
The consum ption and use ot the products ot agricul- 
turc dircctly atYect the nutritional status o f  the con- 
suminỉỊ public. The tỊrowintỊ American interest in 
íìtncss and proper dictary practices has em erged as a 
dcfminiỊ torcc in the markctplace and in daily mdivid- 
ual behavior. To  mcct thesc consumcr cxpcctations, 
agricnltural rescarch is dcvotiniỊ considcrable attcn- 
tion to hunian nutrition and to diet and Health rcla- 
tionships to bcttcr scrvc public cxpcctacions.



The quantity and quality ot tood consum ed, the 
prcsencc or abscncc o f  contam inants, postharvest 
treatmcnts, and the preparation o f  toods arc som c ot' 
the typcs ot' rcsearch supportcd by the D epartm ent 
o f  AíỊriculturc through its five human nutrition labo- 
ratories and thc Fcdcral—State partnership. The spec- 
trum oí' thcse rcsearch activities cxtends from  tunda- 
mental investi(?ations to very practical studies aimed  
at briníỊÍne; thc trontiers ot Science to solutions ot rcal 
problem s.

D. Natural Resources and the 
Environment Program

The D epartm ent o f  Agricultiire’s researcli intcrests 
includc stewardship o f  natural rcsources and protec- 
tion o fth e  environm cnt. Research into the sustainabil- 
ity o f  agricultural production system s, the m anagc- 
m ent ot' forests, and the maintenancc o f  watcr, soil, 
and air quality arc all aspects o f  U SD A -supportcd  
agricultural rescarch.

E. New Products and Processes Program
U S D A  is also intcrestcd in rcsearch that w ould  place 
higher valuc 0 1 1  harvestcd products throiigh nranuíac- 
t u r i n g  a n d  P r o c e s s i n g  to  m a k c  11CW o r  a l t e r c d  Prod
ucts. The production o f  biodeíỊradable p olym crs troni 
cornstarch, pulp paper madc from kenaf, thc dcvelop- 
m ent o f  bioíuels, and similar advanccd tcchnolotỊÍes 
continuc to reccivc concerted rescarch attention trom  
U S D A .

F. Markets, Trade, and Policy Program
The devclopm ent ot' agricultur.il product markcts 
(both đom cstic and intcrnational), the tostcring o f  
tradc, and the im pact o f  policics that atTcct U .S . com - 
petitiveness in a global cconom y are also topics re- 
searched by U S D A  through its cxtendcd nctvvork. 
Thesc rescarch activities arc considered im portant 
com ponents in establishine; U .S . agricultural product 
com pctitiveness.

IV. USDA Funding Mechanisms

U S D A  funds outsidc rcsearch in sevcral ditTerent 
w ays. The base tunded protỊrams arc those pro^rams 
tunded  by Coní*ress to r  State experim ent station and 
land-grant univcrsitv support. Thcse program s 1 1 1-  
cludc thc Hatch Act Programs, the M clntirc—Stcnnis

C oopcrative Forcstrv proiỊram, the E van s-A llcn  pro- 
^ram tor the 1890 institutions, and a proiỊram o f  ani- 
mal health and diseasc research. T hesc protỊrams usc 
tederal dollars ,  in c o m b in a t io n  w i t h  State tund ing ,  to 
crcatc a basic levcl o f  support tor program s ađdressitiíỊ 
Sta te  a n d  lo c a l  n c c d s .  T h e y  a llovv f o r  s t a r t - u p  r e s e a r c h  
ctYorts by n ew  scientists as vvell as tor collaborativc 
rciỊĨonal rescarch vcnturcs. Fundin£Ị tor scvcral ot' 
t h e s e  p r o g r a m s  1S d i s t r i b u t c d  011  a t o r m u l a  b a s i s  t i c d  

to the statc's rural and íarm  population.
TarỉỊctcd spccial i^rants program s are aim eđ at spc- 

cific rcsearch problems in a íỊÌven part o f  thc country, 
whilc compctitively avvardcd grants íund thc bcst aíỊ- 
r icu l tu ra l  Science as judu;cci bv  p c c r  rcvicvv, rc íỊardlcss  
ot' institution, location, or speciíic area ot' scientitìc 
in vcstiiỊation.

U S D A , particularly thc in -house rcscarch pro- 
lỊranis. also uses coopcrativc agrecnicnts to support 
both scicncc and scientists in m utuallỵ advantatỊcous 
arraníỊcnicnts with universitics or other institutions.

V. Reporting Accomplishments

U S D A  m aỉntains a num bcr ot' public intorm ation  
protỊrams aim cd at intbrm iinỊ both tlic uscrs o f  ag- 
r i c u l t u r a l  S c i e n c e  i n t b r m a t i o n  a n d  t h c  c o n s u m e r s  o f  

atíricultural products about thc scientiíìc brcak- 
throughs gencrated throut^h its in -house laboratorics 
and throiii2;h its cxtramural lỊrants program s. The uni- 
vcrsity system  also reports rcscarch acconiplishm ciits 
on a rciỊular basis.

Publications, audio and vidcotape program s, and 
othcr m cthods are uscd to providc iníbrm ation to 
spcciíìc íỊroups as wcll as the news media. In addition, 
U S D A  maintains a n un ibe r  ot O n l in e  Computer data- 
bascs that provide in tbrm ation directly to subscribing 
groups. The C om puterizcd  In tb nm rion  D clivcry  
Service (C ID ) operatcd by the U S D A  o t í ìc c  o f  G ov
ernm ent and Public AíYairs delivers m ore than a m il- 
lion lines ot data m on th ly  directly to subscribcrs rang- 
iiiíỊ from  new s media outlcts to State farm burcaus, 
p r i v a t c  c o r p o r a t i o n s ,  c o n s u m c r  groups a n d  o t l i c r  On

line databasc scrvices. T h e  Research Results Databasc, 
availablc throutỊh the U S D A  C ooperative Extension  
Service, providcs m onth ly  updatcs on recent r e s e a r c h  

rcsults tro 1 11 the Agricultural Research Service and 
thc E conom ic Research Service.

O n e o f  thc largest rescarch databascs is the Current 
Research Iníbrm ation System  (CRIS), maintaincd bv 
the C ooperative State Research Service. The system  
m aintains intbrm ation on m orc than 30,1)00 on go in g



and rcccntly complcted aiỊricultural and torcstry rc- 
scarch projccts in thc United States. T he  research 
doscrihcd in thc databasc inđưdes proịects conductcd 
or sponsorcđ by U SD A  s rescarch agcncies, the State 
a^ricultural cxpcrinient stations, State torcstry 
schools, lanđ-grant colleiỊcs ot' 1890, U.S. schools ot 
vctcrinary mcdicinc, and participants in tho D epart
m en t^  competitive lỊrants program . Data arc avail- 
able throuiỊh direct rctricvạl serviccs to scicntists at 
CRIS-participatiinỊ institutions and to the public 
throut;h c o m m e rđ a l  Online tĩlcs. In ío rm ad o n  on lat- 

est advanccs in U SD A  research is availablc throuí*h 
T E K T R A N  (TechnolotỊy Transtcr Autoniatcd Rc- 
trieval System). This systcm vvas espccially cỉesigned 
tor dircct acccss to rescarch discoveries by aíỊribusi- 
11CSS tĩrms.

VI. Program Planning for the Future

U SD A  s Vision for the hiture takcs into account the 
necd to constaiitly involvc the stakcholder. For aíỊri- 
culturc, the stakeholders rcprcsent ditYcrent scctors, 
ranging from farm and ranch com 1111111Í tics to the 
consumers of both raw and proccsscd aiỊricultural 
p r o d u c t s .  T h e r e  a l s o  a r c  a n u m b e r  o f  a g r i c i i l t u r a l  Ser
v i c e  s e c t o r s  t l ia t  p r o v i d e  i n p u t  i n t o  a i Ị r i c u l t u r a l  p r o -  
duction. Thcse vicws rcprcsent a critical pcrspcctivc 
nccessary tor devclopinẹ; U S I )A ’s agricultural rc- 
search aa;enda.

Each scctor has its ow n  pcrspective, particular 
nocds, and prioritics. Involvitit* thesc “ users” in thc 
planning process providcs a mcchanism to r  continual 
adjustment in the U S D A ’s rescarch prosỊram.

In addition to sampling the stakcholders’ perspcc- 
tivc, considerạblc com m unication is ncedcd vvith the 
U S D A ’s partncrs in o thcr tcdcral agencies to hclp 
selcct thc prioritics. The  D epartm en t does this 
through  a varicty o f  mechanisms, including intcr- 
atỊency committccs, scicntific meetings, and dialogue 
\vith profcssional societies to provide necded Commu
nications.

VII. System Effectiveness

From its oriiụns as a m inor  agcncy advocating Science 
and protỊrcss for tarmcrs in 1862, the U S D A  iỊrevv 
to cabinct lcvcl status surrounded  by an cxtensive 
nctvvork ot State and c o u n ty  agricultural prou;ram 

protessionals. Farmers at the ựrassroots levcl pres- 
surcd tor cabinet status bccausc the carly  w o r k  ot'

USDA in partnership \vith the land íỊrant collctỊcs 
and State aiỊricultural exp e r im en t  stations, plus the 
!Ịrowiní>; iinportancc o f  intcrnational trade, hclpcd 
transforni the a^ricultural sector.

O v cr  the past 100 ycars, thc farm population has 
contmucd to dcclinc as a pcrcentage o f  the íỊeneral 
population. This means that tarni intercsts niust C011-  

tinuc to be rcconciled with the interests o í a n  increas- 

1111*1V urbanizcd nation. Tliese alliances oíten mean 
that T1CW partncrs do not ncccssarily undcrstand agri- 
culturc’s liistoric, public sector mission.

In addition, tho asỊricultural establishmcnt has 
addcd siẹ;nifìcantlv to its social agcnda, but thc rc- 
sultmg ncw allianccs bctvveen traditional farm inter- 
csts and thc new partners w ho ha ve í*ained a voicc 
Í11 agricultural policy are ottcn shaky. Conipctition  is 
ottcn íìcrcc tor scarcc tcdcral dollars am ong environ- 
mentalists, consumcrs, the poor, rctailers, agribusi- 
ness, tarmers, univcrsity and tedcral researchcrs, 
com m odity  groups, and others.

O n  the road to modcrnization, tarm politics has 
dehed broader traditions o f  limitcd governm cnt in an 
csscntially laissez-faire, or markct-oricntcd, cconomy 
bv callinỉỊ tor interventionist public policy. But suc- 
ccsscs in aựricultural dcvelopment havc otten been 
niatchcd by a harsh measure o f  tnilure. Problems o f  
com m odity  surplus occur and vvith thom lovv prices 
persistently return to drive lcss successíul producers 
from the scctor lcading to loud cries trom  íarm policy 
critics.

N ow , Sonic critics cliariỊe, the system ot organiza- 
tion originally nccdcđ to reach and cstablish direcc 
rclationships with tarmers creates problems in trans- 
acting new  busincss. The reason, accordiníí to Thco- 
dore Schultz, Nobcl Laureate in cconomics, is thc 
large num ber  o f  intcrtvvincd agricultural orí*aniza- 
tions crisscrossing America troni the m ost rcmote 
connty  seat to Washington, DC. Each layer, hc said, 
adds costs and regulation to the action ot doin^ 
busincss.

A 1991 General Accounting Office (GAO) report 
to the Secretary o f  A^riculturc seems to back up 
some o f  Dr. Schultz’s asscssmcnt. That rcport said, 
“ U SÍ0A ’s ora;anizational structure— essentially un- 
changcd since the 1930s-— is not rcsponsive to the new 
challeiiỉỊcs facing the D epartm ent."

Am ong thc primary challenges o f  the 1990s is thc 
dcvelopm ent ot new industrial uscs for traditional 
agricultural Products, many analysts say. Turning 
com  into tucl and potato starch into plastic substitutes 
arc just thc bciỊÌnnintỊ. But critics charíỊc those new 
challcngcs will not bc mct unlcss there arc corrcspond-



intỊ changes in rulcs, policics, practices, proccdures, 
and organization.

Sonic changes sccm inevitable. Evcn before thc 
G A O  report vvas rcleased, U SD A  had crnbarkcd on 
an intcrnal rcvievv o f  its oríỊanization and structurc. 
The results o f  that asscssmcnt and other assessments 
probably will bring many changcs in the 1990s. Al- 
thou^h the public atỊricưltural entcrprise has been 
cnormously successful in the past, critics char^c that 
it also must become a morc cqual partncr with indus- 
try in the development o f  I1CW ideas. For cvery dollar 
spcnt in the laboratory 011 rcscarch, it takes 10 dollars 
to dcvelop the research, and 100 dollars to briní* pro- 
duction ot' the product on line. Smce thesc preproduc- 
tion tasks can takc 10 to 15 years to complete, a pri- 
vate—public partncrship is esscntial, acivocates chari*e.

Sonic advocatcs tor agricultural policy chantỊCs say 
O n e o f  t h e  biỉỊjỊCSt n e c d s  is  f o r  a n  i n s t i t u t i o n a l  m c a n s  

o f  splittiníỊ thc costs o f  product devclopnicnt bctwccn 
Government and the private scctor, cspcdally non- 
farm, small businesses. A sccond major tactor is the 
num ber ot'rcgulatory aiỊencies scrutiniziníỊ cach prod- 
uct bctorc it goes on the niarkct. And tìnally, there 
must be a complete asscssmcnt ot thc dctỊrcc ot'COÌ1- 
sunier and environmcntal risk that can bc associated 
vvith any product.

The variety o f  íunding mcchanisms, the coopera- 
tivc planniiuỊ elTorts by USDA, and thc working 
relationships bctwecn various public and private labo- 
ratories includiniỊ in-housc USDA laboratorics, uni- 
versity laboratorics, and private and non-U S D A  ted- 
cral laboratorics seem to otícr rcal solutions to those 
scientiíĩc and policy dilcmmas.

A. Policy Changes Affecting Research
The cmcrỉỊĨníỊ national recoiỊnition that public and 
privatc rcscarch in thc United States have functioncd 
ditTerently has led to the conclusĩon that public institu- 
tions, such as the USDA and univcrsities, should be 
patcnting liviníỊ material to be licensed to private in- 
dustry. The intcntion o f  such patents vvould be to 
provide bettcr linkagc bctvvecn the public and privatc 
scctor aiỊricultural rcscarcli comiminities, and thus 
niect one o í th c  stated objectivcs o í  U.S. a^ricultural 
rcscarch: to íỊct rcscarch rcsults into use.

In the past, a distinction was made between pre- 
com m erđal and commercial agricultural research. 
Public laboratorics primarilv íòcuscd OII prc- 
com niLTC ial  investiíỊations, allovvine;  a n y  scicntihc 
discovcries to then " transter” to private entities for 
c o m n i e r c i a l  d e v e l o p n i e n t .  T h i s  p r o c e s s  o t  “ t e c h n o l -

ogy transfcr” has n o w  comc under question as thc 
United States reexamincs its competitivc standins; in 
global tradc.

The previous opcn system o f  public rcscarch pro- 
vidcs no assurancc that primarily U .S. companios vvill 
nccessarily bcnefit from  the rcscarch paid t'or by 
American taxdollars. Increasinc;ly, public iustitutions 
m ay focus o.n areas leadine; to commcrcial dcvclop- 
mcnt. The Patent and T radem ark  Act ot 1980 tỊavc 
universities thc rights to inventions dcvclopcd under 
fcderal íỊrants and contracts. Federal scientists also 
arc ablc to securt’ patents tor {Ịovernment-sponsored 
work.

Recent lciỊal dccisions íỊÍvine; “ inveiitors” the riííht 
to patcnt livintỊ on?anisms also have causcd complica- 
tions. Prospects tor patentiiií* plants and ar.iimls has 
causcd somc institutions (e.LỊ., univcrsities to movc 
conceptually closcr to coniincrcial applications. The 
patcntiniỊ o f  living matcrial liniits acccss for other 
scicntists. As a rcsnlt, the sharint; ot intbrir.ation and 
bioloíỊÌcal matcrials may be disrupted. Thisis a major 
conccrn tor much o f  the scicntiíic commun:tv. vvhich 
remains uncasy ovcr the sdcntihc  consequeiices ot 
thesc ethical and lctỊal choices rcgardiníỊ patLMitiniỊ 
plants and aninials.

B. USDA's Roie
T he U SD A  vvill undoubtecỉly play a major role in 
ectablishinu; the tìnal balancc bctwccn an opcn scien- 
tihc System in thc public scctor and thc intcnded bcnc- 
fits ot’ patenting living niatcrial. This proccss vvill 
likcly take place th rough discussions am one the stake- 
holdcr scctors, the scientific comniunity , thc privatc 
sector, and other scicncc-rclated disciplines that con- 
tributc to agriculture’s rescarcli ctYort (c.g., ecoloe;y, 
hum an medicine. bioloiỊÍcal sciences). The  tìnal rcso- 
lution should rcprcscnt a combination of choices that 
vvill providc societal bencfits that outweigh the nei*a- 
tive consequcnccs.

In the dynamics ot an cvcr-cvolviiiíỊ sysrcm ot aíỊ- 
ricultural S c ie n c e ,  U SD A  vvill play a Central rolc as a 
dircct participant and as a íacilitator ot actions bv 
other institutions. Each ot thc partners in tl.is national 
agriculcural rcsearch System vvill contributc cquallv 
to  thc cornucopia that tccds not only Amcricans, but 
also a considerablc portion of the vvorld.

Bibliography

Brovvne, w .  p.. 0 ’Coiincll , I’.. McLauiỉlilin, E. w . ,  and
Handy, c .  "OvcrcomiutỊ Obstadcs to ChantỊC



USDA: A NATIONAL SYSTEM OF AGRICULTURAL RESEARCH 
-------------------------------------------------------------------------------------429

i n  A m c r i c . i l )  A i Ị r i a t l t u r c . ”  U n p u b l i s h c d  p a p c r ,  U . S .  I ) i >  

p . i r t n i c n t  o f  A í Ị r i c u l t u r e .

Ki.Tr. N . A. (1987). " T h e  LctỊ.icv: A (x n tc n n i . i l  I l is to ry  ot 
the  State Agricultur .l l  E .xpcrim ent S ta tions  1 X 87-1987 .” 
U n iv c rs i ty  of M issouri  AtỊricultural E x p c r im c in  Sta tion ,  
C o lu m h iu .

E x p c r im e n t  Sta tion  C o m m i t t c c o n  O r n a n iz j t i o n  and  Policy  
(1990). " R c p o r t  ot  ihc P lann inn  and BudiỊct  S u b c o m m i t -  
tcc. Roscarch AiỊcnda to r  the 199lls: A Stra tc iỉic  H a n  
to r  T h e  Sta te  AiỊriciiltural E x p c r im e n t  S t a t i o n s .” T ex as  
Agrifu l tu r . i l  E x p e r im c n t  Statioti,  CollciỊc S ta t ion ,  T X .

E x p c r im c n t  S tntion C o m m i t t e e  on  O r iỊan iza t ion  and  Policy  
and  thc C o o p e ra t iv c  Sta te  Research Service ,  U .S .  D e 
p a r t m e n t  o f  A i Ị r i c u l tu r e  ( 1989) .  P ro c c c d in t Ị s  o f a  S y m p o -  
s iu m  on  AiỊriciiltural Research: Mcctiiii í  thc  CliallcniỊi'  
o t  thc  lW()s.  W ash in iỊ ton ,  D C ,  |u n c  13-16 .

(ìcn c ra l  A i r o u n t in i ;  OtTicc (1W1). R cp o r t  to th e  Sec rc ta ry  
ot Aiỉr icul turc .  U .S .  D e p a r tm e n t  o f  A n r ic u l tu rc  lm -

p ro v c d  M a n a g e m e n t  ot C ro s s -C u t t in i ỉ  Issucs in AiỊricul- 
turc. CiAO/Rccd-91-41. ( tcikt.i1 Accouncim; Otíìcc, 
W ashin tỊ ton ,  I X ' .  M arch  1991.

N a t io n a l  A c ad c m y  o f  Sciciicc (1W<>). B oard  OII A g n c u l tu r e  
R cp o r t .  Invostiniĩ  in Uescarch: A Proposa l  to S tm i i Ị th c n  
the  A iỊricultural.  H io d ,  and  E n v i r o n m c n t  Sys tem . N a 
t ional A c ad c m v  Press, W ash in tỊ ton .  I )C .

o t t i c c  of TcchnoloíỊỴ A ssessm cnt,  C oniỊress  o f  thc U n i ted  
Sta tes (1991). O T A  R cp o r t .  Fcderallv F u n d c d  Research: 
D ccis ions to r  a Dccade. G o v e r n m e n t  PrintiiHỊ o t ì ì c c .  
W as h m g to n ,  I ) C ,  M ay  1991.

U .S .  D e p a r tm e n t  o f  A tỊr iculturc  (1986). Y c a rb o o k  o í A g r i -  
cu l tu re ,  1986. G o v e r n m e n t  PrintinsỊ o t ì ì c e .  W ashinu;ton.
n e .

U .S .  D e p a r tm e n t  o f  AiỊricul turc  (1992). Y ca rb o o k  ot AiỊri-  
cu l tu re .  1992. G o v e r n m e n t  PrintiniỊ o t t i c c ,  W ashĩne;ton, 
1 ) C .

W ash in t í ton  Post (1992). Editorial ,  AuiỊiis t 16. 1992.





U.S. Farms: Changing Size and Structure
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Glossary
F a r m  Establishment that sells or vvould norm ally  sell 
$1000 or m orc  o f  agricultural Products annually 
N e t  cash  f a r i n  i n c o m e  Receipts trom  sales o f  ag- 
ricultural Products plus governm ent paym ents re- 
ceived less cash costs o f  production 
N e t  w o r t h  T otal asscts m inus total liabilities, also 
somctimes called “ equity”
O ff-fa rm  in c o m e  Income generated by farm opera- 
tors or their family m cm bers  in activities vvhich are 
not related to the production o f  agricultural products 
R e t u r n  o n  assets (R O A )  N et farm income plus in- 
terest expenses minus a charge for unpaid labor, ali 
divided by total farm assets; it is a percentagc return 
to assets used in agriculture
R eturn  on  eq u ity  (R O E ) N et farm incom e minus 
a chargc for unpaid labor divided by total farm net 
w orth  or cquity; it is a perceruage returti to the money 
investcd by owners o f  aẹ;ricultural assets 
V ertica l in teg ra tio n  Process o f  combining tw o or 
m ore stages o f  production under thc control o f  a single 
fìrm

v^>hange has bcen an im portan t feature o i 'U .S . farms 
sincc the days o f  the homesteaders. As the West was 
settled, farm numbers expandcd rapidly while in re- 
cent decades the num ber  o f  farms has p lum m eted  
and tarrn size has increased. Ovvnership patterns also 
continuc to change, although privatc ow nership  o f

land has rcmaineđ a guiding principa]. T he financial 
performance o ffa rm  firms has also changcd over timc 
and ncw patterns continue to emcrge. N ow here  is 
changc in agriculturc more evident than in the g row - 
ing integration o f  production, marketing, and distri- 
bution ot agricultural products. This article focuses on 
thc changing nature o f  U.S. agriculturc and explorcs 
possiblc íuture dircctions in farm size and structurc.

I. Changes in Farm Size and Number 
of Farms

T he U.S. Departm ent o f  Agriculture currcntly de- 
fincs a farm as a place that sells $1000 o r more o f  
agricultural products annually. From 1975 through 
1990, morc than 375,000 farms went out o f  business 
w ith most o f  thc land and other assets being absorbed 
into largcr farnis (Table I). Although this dccline in 
the num ber o f  farms is significant, the rate o f  decline 
is m uch  lower than in earlier years. Land in íarms is 
also decreasing, but at a slower pace than thc num ber 
o f  farm s—-the net result is an increase in average size 
o f  farms.

In addition to an increase in acreagc, many farms 
have increascd the volum e o f  ou tpu t  through im - 
provecỉ production practiccs and more intensive opcr- 
ations. Another way o f  measuring farm sizes is 
th rough  the volume o f  annual sales or “ economic 
classes” (Table II). The tw o  largest economic classes 
(gross sales o f  over S100,000 per year) account for 
less than 15% o f  the farms, but nearly 50% o f  the 
land íarmed. O n  the other cnd o f  the spectrum, the 
tw o  smallest economic classes (gross sales o f  less than 
S5000 per year) account for about 40% o f  the farms, 
but less than 7% o f  the land farmed. O v e r  time, therc 
has been a grow ing proportion o f  farms in the largcr 
economic classes. However, part o f  that trend is due 
to inflation in prices, since economic classes have not



TA BLE i
Farms: Number, Land in Farms, and Average Size of Farm, United 
States, 197 5 -1 9 9 0

F a r m s J L a n d  in  f a r m s A v c r a g c  s iz e

Y c a r ( n u n i h e r ) ( 1 0 0 0  a c re s ) o f  l a r m  ( a c r e s )

1 9 7 5 2 ,5 2 1 ,4 2 ( 1 1 ,0 5 9 ,4 2 0 4 2 0

1 9 7 6 2 ,4 9 7 ,2 7 1 ) 1 ,0 5 4 ,0 7 5 4 2 2

1 9 7 7 2 . 4 5 5 .8 3 0 1 .(1 4 7 ,7 8 5 427
1 9 7 8 2 , 4 3 6 ,2 5 0 1 ,0 4 4 ,7 9 0 429
1 9 7 9 2 .4 3 7 ,3 0 0 1 ,0 4 2 ,0 1 5 4 2 8

1 9 8 0 2 , 4 3 9 ,5 1 0 1 .(1 3 8 ,8 8 5 4 2 6

1981 2 , 4 3 9 ,9 2 0 1 ,0 3 4 ,1 9 0 4 2 4

19X2 2 ,4 0 6 ,5 5 (1 1 ,0 2 7 ,7 9 5 4 2 7

1 9 8 3 2 , 3 7 8 ,6 2 0 1 ,0 2 3 ,4 2 5 4 3 0

1 9 8 4 2 . 3 3 3 ,8 1 0 1 ,0 1 7 ,8 0 3 4 3 6

19H5 2 . 2 9 2 .5 3 0 1 ,0 1 2 ,0 7 3 441

1 9 8 6 2 , 2 4 9 ,8 2 0 1 .0 0 5 ,3 3 3 4 4 7

I9 K 7 2 .2 1 2  9 6 0 45 1

1 9 8 8 2 .1 9 7 .1 4 0 ‘« 4 , 5 4 3 4 5 3

1 9 8 9 2 .1 7 0 ,5 2 0 w  1 ,1 5 3 4 5 7

1 990* 2 , 1 4 3 ,1 5 0 9 8 7 ,7 2 1 4f>1

Sonrci!•: U . S .  D e p a r t m e n t  o i A g r i c u l t u r c  (1 9 9 1 ) . ‘‘A g r i c u l t u r a l  S t a -

t i s t i c s , 1 9 9 0 . "  W a s h i n ( Ị t o n , D C .

ễl A  f a r n i  is  a n  c s t a b l i s h m e n t t h a t  as  o f J u n c  1 s o ld o r  w ould  I i o r m . i l l y

h a v c
i.

so ld  S I0(1(1 or m ore ot a g r i c u l t u r a l  p r o d u c t s  t l u r i n n  t l i c  y e a r .

been adjustcd to maintain a constant purchasing 
p o w c r .  | S í ’í’ P r o d u c t i o n  E c o n o m i c s . I

Changes in the location and type o f  agricultural 
production arc also comrnon although the balanco 
between livcstock and crop production has remained 
fairly stablc ovcr timc (Table III). Since 1945, livc- 
stock and livestock products have continucd to ac-

TA B LE  III
Gross Cash Income from Farm Sources, by M ajor Component, 
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count tbr approximately 50% of total farm market- 
ìngs. While thcrc has bccn some shitt in consumer 
prctcrcnces avvay from beeí tovvarđ turkcy and broil- 
crs, sales oflivestock as a percentaiỊe of total farm sales 
havc not chan^ed m uch since 1945. The geographic 
location o f  various production activities, particularly 
tbr some typcs o f  livcstock, has shitted over timc.

The distribution o f  crop and livestock farms by 
cnterpri.sc type and net casli inconie, is show n in Tablc
IV. The most co m m o n  tầrm type is rcđ meat, but 
in co me pcr tarm is niuch highcr on m ost other farm 
typcs. A relatively high perccntatỊe o f  íarms in the 
rcd meat category arc snu ll  part-time cattlc tarms.

A myriad o f  social, political, and economic torces 
have gcncratcd changcs in thc num hcr  and sizc of

TA BLE II
Percentage of Farms, Land in Farms, and Average Size, by Economic Class, United States, June 1, 1985 and 1990
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TA BLE IV
Distribution of Farms by Enterprise Type and Net Cash Income, 
1990
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l Ị r o u p .

tanns. Sonic o t the m ore im portant factors atTectine; 
the num bcr and size o f  tarms are govcrnnicnt tarni 
prograins, grovvth in labor-saving technology, and 
rclative incomes ot farm vcrsus noníarm  rcsidents. A 
later scction on tìnancial pcrformance will addrcss thc 
issuc of rclativc incomcs niore fully.

u .  s. govcrnm ent farm and food policies liave gen- 
erally a ttcm ptcd to balance public concerns over an 
adcquate and stablc supply of high-quality, reason- 
ably priced tood vvith concerns o fincom cs toraiỊricul- 
tural prođucers. While thcrc is considcrablc debate 
over the long-tc rm  ctTccts o f  com niodity  price sup- 
port program s, m ost analysts agrcc that such efforts 
have slowed the adjustment proccss in agriculture. 
This has rcsulted in morc tarnis and smaller ta rin s 
than vvould likely exist in thc abscnce o f  such price 
support proẹ;rams. [St'c C r o p  Subsidihs; G o v e r n 

m en t A g r i c u l t u r a l  P o l i c y ,  U n i t e d  S t a t e s . I  

Disastcr assistance and credit program s o f  the Fcd- 
cral govcrnnicn t have also been used to assist tìnan- 
cially distrcssed producers. Aẹ;ain, the long-tcrm  cf- 
fcct appears to be one o f  slovving the transition to 
fewcr and largcr farms.

O ne  ot thc priraary rcasons for a m ovem ent to 
fcwcr and lare;er tarms has been the trem endous 
í*rowth in n c w  te ch n o lo g y  w h ich  is oftcn Capital in- 
tcnsivc, but labor-saviní*. Productivity per vvorker 
has i ;row n sharply (Tablc V) and C apita l  employed 
in a^riculturt’ has cxpanded, vvhile the num bcr o f  
tarms has dcclincd. M anv factors contributc  to this 
t*ro\vth in tcchnoloiỊv incluđiniz; pub lidy  supportcd 
rcsearch and outreach activitics vvhich liave made

T A B LE  V
Index of Farm Labor Productivity per Hour, Selected 
Yeors (1967 =  100)
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adoption o f  new tcchnologies virtually manđatory tor 
íìrni survival. |Scí’ E n e r g y  U t i l i z a t i o n ;  L a b o r .Ị

Whilc the abovc mentioncd factors will continuc 
to inAucnce thc num bcr and sizc o f  farms, other fac— 
tors may be particularly inAuential in determining the 
tuciirc dircctions in the num ber  and sizc ot' íarms. 
First, thcre now  appears to be a concerted eíĩbrt to 
rcducc thc largc subsidies associated with agricultural 
production in m any oí the developed countrics o f  the 
world. This m ovcm cnt tow ard lowcr subsidies in 
agrĩculturc will create a strong impctus tow ard “ sur- 
vival o f  thc h ttcs t .” The ]owest cost/highest proíìt 
farms have tcnded to bc larger scale operations. Thus, 
the trond to fewcr and larger íarms is likely to con- 
tinuc.

A second factor inHuencing thc futurc size and 
structurc o f  atỊriculture is the aging farm population. 
T he  avera tỊC  aẹ;e o f  íarmcrs has stcadily incrcascd in 
rcccnt ycars creáting considcrable conccrn ovcr w ho  
vvill serve as the next gcneration o f  farmers. As the 
oldcr gcncration o f  íarmers rctire or scalc back their 
operations, thc potential for consolidating farms into 
larger morc effĩcicnt units will likely increase. fSfe 
R u r a i  S o c i o l o g y . ]

Changing consumers pretcrcnces, both in terms of 
choicc o f  geographic arcas in which to live and in 
tcrms o f  food consumption pattcrns, wil] also influ- 
encc thc sizc and type o f  farms. Economic diversiílca- 
tion, better C o m m u n i c a t i o n s  systems, and improved 
road systcms all contributc to increased íìnancial via- 
bility tor sniall part-timc farms that rely heavily on 
ott-tarni incomes. Changes in consum ption patterns, 
primarily resulting from health conccrns, have al- 
rcady creaced a shift am ong livestock products and 
incrcascd che demand for ÍTUÍts and vegctables. Fur- 
thcr chaniỊes ot this naturc can bc expected as the 
population o f  thc United States grows older, and in



the process becomcs more concerned with healthíul 
diets.

II. Farm Structure and Ownership

There is somc concern that U.S. agriculture is bcing 
taken over bv largc-scale corporatc farms and that 
such actions are likely to lead to higher food prices. 
T o  explorc this issuc, it is useful to examinc how  
the owncrship and structure o f  U.S. a^riculture havc 
changed over time and hovv they might continue to 
cvolvc in the future.

Tablc VI illustratcs the proportion o f  farms, acrc- 
age, and e;ross salcs by type oforganization. As shown 
in Table VI, sole proprictors account for 87% o f  all 
farms, 65% o f  the acrcs farmcd, and 56% of the total 
farm sales. Partnerships are the second m ost com mon 
form o f  business organization accounting for 10% o f  
all tarms. Corporations account for only 3% ot all 
farms, but most ofthese arc family-held corporations. 
N oníam ily  farm corporations account for less than
0.5% o f  a]] farms, but thcy do account for 6% o f  
gross salcs. Notice also that noníamily farm corpora- 
tions tend to rent a much smallcr proportion o f  the 
land thcy operate than do íamily ow ned busincsses.

It is evident from Table VI that rcnted land is a 
very signiíicant com ponent o f  the opcration o f  many 
tarms. Tablc VII identifies thc am ount o í land  in farms 
and thc proportion which is rcntcd. From 1940 
through  1%4, the proportion o f  land rcnted tended 
to decline; since 1969 the proportion o f  rented land 
has tended to increase. Overall, the percentage o f  land 
rented has not changcd dramatically in the last 40 
ycars. What has changed significantly is thc propor- 
tion o f  “ tcnant operatcd ta rm s,” defined as farms in

which the operator íarms only land rented from oth- 
crs. While nearly 39% ot'all  farmers in 1940 rented 
all o f  the land thev operated, this fell to only 11.5% 
by 1987. This is due in part to the demise o f  share- 
crop farmers in the south and because farm opcrators 
have bccome m ore interested and m ore able co own 
at lcast some portion o t the land they operate.

To evaluate the íuture  changcs in farm ownership 
patterns, it is usetul to exam ine rccent data on who 
is buying and w ho  is selling íarmland (Table VIII). 
While significant regional variation is apparent, 
the mạjority ot' buycrs for all íarmland are owner- 
operators. N on ía rm er buyers are also im portant and 
in some regions account for over 50% o f  the pur- 
chases. The majority o t sellers o f  íarm land tend to be 
active íarmers w ho  either remain in farming atter the 
sale or retire. N ote  that noníarm ers  are also significant 
sellers o f  íarmland, but in recent years they have pur- 
chased more than they have sold. Thcse noníarmer 
owners then contribute to the am oun t o f  land which 
is otĩercd for rcnc.

In examining thc pattcrns o f  landowncrship and 
use, it is im portan t to recognize that from 1940 until 
1980, tarmland valucs increased virtually every year. 
And during the decade o f  thc 197ƠS, farmland value 
increases exceeded the ratc ofinflation by a substantial 
margin. This history o f  Capital gains ^encratcd con- 
siderable incentive fbr the ow nership  o f  land and may 
explain, at least in part, the rcasons tor thc signiíìcant 
decline in tenant opcratcd farms duritig this time 
period.

The crash in íarm land values during the early to 
miđ-1980s starkly reminded ow ners  that farmland can 
also dccrcase in value. T he  dccrcase in land values, 
c o m b i n e d  w i t h  m o r e  m o d c s t  r a te s  o t '  C ap ita l  e;ains 
after the mid-1980s, has signiíìcantly altered the eco-

TA B LE VI
Selected Farm Characteristics by Type of Organization, 1987
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TABLE VII
Lond Rented by Tenants and Part Ovvners, 1940—1987
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U n i t e d  S t a t e s ,  1 9 8 7 , "  E R S - U S D A ,  A G E S  9 1 3 0 .  J u n c  1 9 9 1 .

nomics ot land ovvncrship. M any farmers today be- 
lievc that rcturns from the rental o f  land m ay cqual 
or excced the returns from ow ning  land, cspecially if 
debt tìnancing is rcquired to acquire land. Conse- 
qưently, cquity  ownership o f land ,  particularly from 
nonfarmers and institutional invcstors has becomc 
m ore popular in reccnt times. The net effect should 
bc an increasc in thc nonfarm  owncrship o f  íarmland 
com bincd with a higher proportion  o f  farmland bcing 
rentcd by farm opcrators.

III. Farm Financial Períormance by Size 
and Structure

T he tìnancial position and pcríormance o f  íarms vary 
grcatly by size and structure. Past changes and future 
directions in size and structurc are dictated in large 
part by  íìnancial pcrformance. Iíla rge  farms gencrate 
niore operator income and greater rcturns on equity 
Capital, then ch an ges in  d irection  o f  iarger farm s are 
likcly to continue. Likewise, i f  corporatc tarms can 
generate a better fmancial períorm ance than sole pro- 
prietorships, m ovcm ent tovvard corporate íarm ing is 
likcly to occur. In this section, the íìnancial perfor- 
mancc ot farms is examined with the underlying ob- 
ịcctivc o f  trying to discern how  that may im pact fu- 
turc chantỊCS in  the size and structure ot" farm s.

Tablc IX illustrates the balance shcct for farms clas- 
siíìcd by the valuc o f  annual sales. For thc largest size 
farms (over SI million in annual salcs) total farm assets 
avcraíỊe nearly $5.3 million w ith a net w orth  ot" over 
S 4 .1 niillion. In contrast, íarms with less than S20,000

in annual sales havc an average o f  $229,000 o f  assets 
and a net worth  o f  $209,000. Notice that the debt- 
to-asset ratio tends to risc as size ot' farm increases.

Estimates o f  net cash farm income for íarms classi- 
ficd by annual sales show that farnis in thc largest 
sizc category averagcd well over SI million in net 
cash income while farms in thc lowest sizc cate^ory 
had a negative nct cash incomc on averagc (Table X). 
N et cash f a r m  incomes vary vvidcly by size o f  farm 
and generalizations about low incomc in agriculture 
are oíten too simplistic to be o f  m uch  value in as- 
sessing how  the scctor is likely to changc in the future.

Off-farm income is also an im portan t source o f  
income for farm families, oftcn accounting for more 
o f  their total income than farm sourccs (Table XI). 
In recent years, thc lowest off-farm income was 
achicved by farms in the middlc size salcs class while 
thc farms in the smallest sizc sales class had thc largest 
otf-farm income. Thus, economic forccs are creating 
tw o divergent types o f  farm firms: large farms which 
rely almost tocally on farm sources ot' income, and 
small part-timc farms which rely almost entirely on 
off-farm income.

Overall, financial pcríormance o f  thc farm sector 
can also bc juđged  in the context o f  rates o f  rcturn 
on assets (ROA) and return on equity (ROE) (Table 
XII). R O A  measures a pcrcentage return to all Capital 
invested in agriculture— the C a p i t a l  providcd by the 
ovvners as w e ll as the Capital p rov id ed  by  lenders. 
R O E  measures a percentage return only to the equity 
that owners have investcd in the busincss. Ideally, 
R O E  should exceed RO A  so that borrow ed íunds 
are íỊenerating a return hi^her than the intercst cost
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OI) tliosc borrow cd tunds. R O E  did cxcccd ROA 
throuííhout the dccađc ot the 1970s (Tablc XII). D ur- 
ing the dccadc ot the 1980s, hovvevcr, R O A  cxcecdcd 
R O E  in niost years. This rclatively poor tìnancial 
p c r t b r m a n c c  o t  t h e  t l i r n i  s c c t o r  i s  l i k c l v  t o  t o r c e  C 01 1 -  

tinuccỉ adjustments and chansỊcs in tho scctor. Farms 
with thc poorest íinanđal pcrtbrm ancc vvill contmuc 
to be torccd out, whilc tho m ore  succcssfi.ll tarms vvill 
likcly absorb thc assets into larger, m ore  ctYicient, 
and morc protìtablc units.

IV. Emerging Trends in Size and 
Structure of Farms

ChaníỊe vvill continuc to shapc thc sizc and structure 
of U.S. fhrms. Several cmcríỊÍntỊ trcnds arc likely

T A B LE  IX
Farm Sector Balance Sheet (Induding O perator Households), by Value of Sales Class, December 31, 1990

S l , («10 .00(1 S 2 5 0 .0 IK ) s  100,000 S 4 0 .0 0 0 S 2 0 ,0 (K I L e s s

a n d to t o tc) t o t o t h a n

I t c m OVLT S 4 > w .< w 8 2 4 9 ,9 9 9 Ỉ W , 9 9 9 5 3 9 .9 9 9 S 2 0 ,0 U 0

M i l l i o n  d o l l a r s
l o t . l l

l a r m  a s s c t s 8 2 ,1 0 5 6 2 .5 4 6 8<;,X7H 1 9 5 .4 6 3 1 7 5 ,1 6 0 1 0 3 .3 1 2 2 8 7 ,6 9 4
U c .ll  c s t a t c 5 0 .5 8 6 4 0 ,0 4 7 5 7 .0 1 1 1 3 2 ,7 8 7 1 2 2  2 4 9 7 rí, 1 7 6 2 2 4 ,1 2 3
L i v c s t o c k  a n d  p o i i l t r v 1 3 .4 0 4 5 .4 5 8 7 .1 )4 7 1 3 ,4 7 3 1 1 ,5 3 '; 6 .2 H 7 1 1 ,8 8 4
M a c h i n e r y  a n d  m o t o r  v c h i d e s Í),K « 4 5 .3 4 5 V 4M> 2 1 ,3 9 1 18 6 0 5 9 , 3 3 9 2 0 ,6 7 7

c . r o p s  s t o r c d '1 2 , 1 0 9 2 .3 2 0 3 .7 V 8 7 . 3 7 3 3 ,6 3 3 1.34(1 1 .8 5 2
P u r c h a s c d  i n p u t s 4 4 6 4 1 5 5< 19 7 0 8 4 1 5 1 3 6 2 1 3
i l o u s c h o k ỉ  i^ o o d s 3 , 3 3 5 2.6411 3 .7 9 8 8 ,7 5 5 8 ,0 6 0 4 ,9 5 7 1 4 .7 7 7
l u v c s t m o n t s  in  c o o p c r a t i v c s 3 ,4 2 9 4 .8 1 1 5 ,1 7 1 5 .9 4 5 4 ,2 8 6 I .5 4 K 2 ,4 6 1

O t l u T  h i i i iu c i a l 1 .9 1 2 1 .5 1 0 2 ,4 8 2 5 . 0 3 2 6 ,3 7 4 4 ,5 2 9 1 1 .7 0 8

D c b t 1 7 ,2 8 (1 1 2 .9 5 6 1 8 .7 5 (1 3 3 ,4 2 5 2 5 , 4 3 7 1 1 ,6 1 8 2 5 ,6 0 1

R c a l  t s t a t e * 5 .5 H 7 5 .9 7 4 8 . 8 5 5 1 7 ,5 8 6 1 4 ,0 5 4 7 . 4 7 9 1 8 .8 6 3
N o n r c a l  c s t a t c 1 1 ,6 9 3 6 .9 8 2 9 .H 9 5 1 5 ,8 3 9 1 1 ,3 8 3 4 .1 3 9 6 , 7 3 8

E q u i t y 6 4 ,8 2 5 49,5911 7 1 . 1 2 8 1 6 2 ,0 3 8

P e r c e n t a g e

1 4 9 ,7 2 3 9 1 . 6 9 4 2 6 2 ,0 9 3

D c b t - t o - a s s e t  r a t i o 2 1 .0 2 0 .7 2 0 . 9 1 7 .1 1 4 .5 1 1 .2 8 .9

T h o u s a n d  d o l l a r s
I V r  h t r m :

F a r m  a s s c t s 5 , 2 % 2 ,2 9 ] 1 .4 0 0 9 1 3 5 7 2 3 9 9 9 2 9

R e a l  c s t a t c 3 . 2 6 3 1 .4 6 7 « 9 7 6 2 0 3 9 9 2 9 0 1 7 9

L i v c s t o c k  a n d  p o u l t r y 8 6 5 2 0 0 1 10 6 3 3 8 2 4 9

M a c h i n e r y  a n d  m o t o r  v e h i d e s 4 4 4 1 % 1 4 7 1 0 0 61 3 6 16
C r o p s  s t o r c d " 1 3 6 8 5 5>j 3 4 12 5 1

P u r c h a s e d  i n p u t s 2‘) 15 8 3 1 I 1)

H o u s e h o l d  n o o d s 2 1 5 9 7 5 9 41 2 6 19 12

h i v c s t n i c n t s  in  c o o p e r a t i v c s 221 1 7 6 H I 2 8 14 6 1

O t h c r 1 2 3 5 5 y> 2 4 21 17 9

I ) c b t 1 .1 1 5 4 7 4 2V2 1 5 6 8 3 4 5 2 0

R c a l  e s ta t e * 3611 2 1 9 1 3 » « 2 4 6 2 9 15

N o n r c a l  c s t . i t c 7 5 4 2 5 6 1 5 4 7 4 3 7 16 5
H q u ú v 4 . 1 8 2 I .H 1 6 1.1118 7 5 7 4 8 9 3 5 4 2 0 9

Siutnr:  t c o n o m i c  Indicacors ot the 1Rirni Scceor, N a t io iu l  l i iu n n . i l  S im i im rv .  IV90, EC-'1FS lo-] . E R S-U SD A . N o v c m b c r 1WI.
1 N o n - t  ( X ' t rops licld OI1 ỉ.trins pl 11S v.iluc . ìb o v i -  l o .n i r.itv tor crops lield iniilcr c c c
1 liKÌuđcs c'C 'C ' storam' and drvinn taciliúcs loans.

to plav a maịor rolc in tliis proccss. In this section, 
tour interrelated trcnds are idcntitìcd and their po- 
tcntial impact on the size and structurc o f  farms is 
cxplored.

A. Vertical Integration
Vcrtical integration is thc process w hereby various 
sta^cs o f  production arc brouqht undcr the control 
ot a singlc cntity or a closcly linkcd group o f  entities. 
It n o w  appcars likcly that vertical inte^ration will 
continuc to grow  and expand in agriculture.

There arc already num crous examples o f  vertical 
integration vvithin the agricultural sector. For exam- 
plc, som c largc cattle fecding opcrations n ow  have 
slaughteriníỊ plants as a part o f  their combined opcra- 
tions. Sonic truit and vcgetable packiníT and canning



T A B LE X
Number of Farms, and Net Cash Farm Income, by Value of Sales class, 1990

S l ,000,000 S500,0()0 $250,1)0(1 Sl00,ODO S40.000 S20.01KI Less
and tơ to to to to than

Item over 8999,999 S499.999 £249,999 529,999 S39.999 S20.000

T h o u san d s
Number ot tarms 16 27 64 214 306 259 1,254

M illion  do lla rs
Total:

Gross cash income 57,4% 21,234 25,779 39.370 24,047 9,000 9,051
Cash receipts trom marketinsỊs 56,231 19,872 23,125 34.830 21,004 7,759 7.166

Direct Government payment
commodities 2.7«) 3,145 5,288 9.115 5,250 1,794 1,008

Price-support-onlv commodities 5,634 3,801 5,737 11,456 7,229 2,030 1,329
Nonsupported commodities 47, «37 12,926 12.100 14,259 8,525 3,934 4,829

G o v e r n m e n t  p a y m e n t s 436 985 2,130 5 ~'~>2 1,760 524 241
Farm-relatcd income 829 377 525 1,318 1,283 717 1.644

Cash expenses 38,203 13,780 15.(117 24,3(16 16,119 6,619 9.515
Nct cash inconie 19.293 7,454 10,163 15,064

D ollars
7,928 2,381 - 4 6 4

Per farm operadon"
Gross cash income 3,708,945 777,624 4 0 1 ,4 6 8 183,937 78,565 34,749 7,216

Casli receipts froin marketings 3,627.349 727,763 360,125 162,726 68.623 29.958 5,713
Direct Government payment

commodities 178,029 115,158 82,351 42.5H5 17,151 6,928 804
Pricc-support-only commodities 363,458 139,212 89,344 53,523 23,619 7.840 1,059
Nonsupported commoditics 3,085,862 473,393 188,430 66,618 27.853 15.191 3,850

tìovem mem  payments 28,096 36,056 33,174 15,055 5,749 2,024 192
Farm-relatcd intomc 53,501 13,804 8,168 6.156 4,193 2,767 1.311

Cash expenses 2,464,395 504,645 243,201 113,559 52,664 25,557 7,586
Nct cash income 1,244,550 272,978 158,267 70,378 25,901 9,192 - 3 7 0

Source: E c o n o n i i c  I n d i c a t o r s  ot t h c  F a r m  S e c t o r .  N a t i o n a l  H nancial S u m m a r y ,  1 9 9 0 ,  £ C I F S  1 0 - 1 ,  E R S - U S D A ,  N o v e m b e r  1 9 9 1 .

F a r m  o p c r a t i o n s  m a y  h a v e  s e v e r a l  h u u s c h o l d s  s l i a r i n g  in  t h e  e a r n i n g s  o f  t h e  b u s i n c s s  ( t o r  e x a n i p l e ,  p a r t n c r s  o r  s h a r e h o l d e r s  in  f a r m  

c o r p o r a t i o n s ) .  T h e  n u m b e r  o f  h o u s e h o l d s  p e r  t a r m  t e n d s  t o  i n c r e a s c  a s  t a r m  s a lc s  i n c r c a s e .

plants now  ow n a significant portion o f  the land uscd 
to supply their raw materials. O ther  cxamplcs can 
also be citeđ.

The primary objective o f  vertical integration is to 
a s s u r e  a I ĩ io re  u n i í o r m  s u p p l y  o f  p r o d u c t s  a n d  a m o r e

tightly controlled quality o f  final products. T o  the 
extent that vertical intcgration succeeds in accomp- 
lishing thcse objcctivcs, the intcgrated firm m ay face 
significant cost advantagcs over those íìrms w ho  sepa- 
rate the various stages o f  production.

TA B LE XI
Off-farm Cash Income of the Principal Farm Operator and Family, by Value of Sales Class

Y e a r

í  1 , (X )0 ,0 0 0

a n d

o v e r

$ 5 0 0 ,0 1  X) 

t o

S 9 9 9 .9 9 9

$ 2 5 0 ,0 0 0

t o

$ 4 9 9 ,9 9 9

$ 1 0 0 ,0 0 0

to

5 2 4 9 ,9 9 9

$ 4 0 ,0 0 0

to

5 2 9 ,9 9 9

$ 2 0 , 0 0 0

t o

S 3 9 .9 9 9

L e s s

t h a n

$ 2 0 ,0 0 0

T o t a l

1 9 9 0 44 1 7 0 8

M illio n  d o llars

1 ,7 7 4  3 ,8 7 3 7 ,7 5 4 8 . 2 6 6 4 4 ,1 5 9

P e r  f a m i ! y  

1 9 9 0 2 8 ,4 7 2 2 5 ,9 1 6 2 7 ,6 2 9

D o lla rs

1 8 ,0 9 6 2 5 ,3 3 5 3 1 , 9 1 6 3 5 , 2 0 6

Source: E c o n o m i c  I n d i c a t o r s  o f  t h e  F a r m  S c c t o r ,  N a t i o n a l  P i n a n c i a l  S u m m a r y ,  1 9 9 0 ,  E C I F S  1 0 - 1 ,  E R S -  

U S D A ,  N o v c m b e r  1 9 9 1 .



TA B LE XII
Rates of Return on Farm Assets and Equity (Excluding Operator Households), 197 0 -1 9 9 0 °

H .ito o trc c u m  OM l.irm asbcts Ratcs ot rcturn  on tarni cquitv

Ycar
C u rrcn t
incom c

Kcal Capital
íỊâins Totul

C u rren t
incom e

Real iapit.ll 
gains Tot.ll

iy?l) 3.0 -  0,6
P erccn tage

1 } 1 1 11.2 2 ..
1971 3.0 2V 5.V 2.3 4.4 6.'
1972 4.2 7.5 1 1.7 3.7 y.H 13.1
ITO 7.7 1(1.2 17.') 7.9 13. M 21.1
1V74 4.5 - 2.1 2.4 4.0 - 0 . 9 3.
1 <>75 3.6 7.5 I I . 1 2.8 10.2 13.1
1976 2.1 9.7 11.8 1 .1) 12.5 13.1
1977 1.8 3.(1 5.4 0.5 5.5 6 1
1>J7X 2.4 H.5 10.9 1.2 11.7 12.'
I W 2.5 4.9 7.4 1.2 7.6 x.ì
1980 1.2 - 0 . 5 0.7 - 0.Í) 1.3 0.'
1981 2.3 - 5 . 7 0.4 - 8.0 -7.1
1982 2 2 - 8.1) - 5 . 8 0.1) -H .6 - 8.1
1983 1 3 - 2.6 - 1 2 -  1.1 - 3 . .
1984 3.0 -  12 9 -  y.y 0.9 -  15.4 -  14.!
1985 3.6 -  12 3 -K .7 1.9 -  15.0 -  13.
1986 3.8 - 7 .6 1 bc 2.1 -9 .1 - 6.'
1 ‘>87 4.H 2 8 7.6 3 6 4.6 8.:
1988 4.5 1.3 5.H 3 3 2.4
I9H‘J 5.5 - 2 .3 3.2 4 5 - 1 . 9 2.1
199(1 5.2 - 2.6 2.5 4.2 _ 1  1 2.1

Sotim : íiconomic Indicators ot the Farni Sector, National Rnancial Summary, 1W(I, ECIFS 10- 
1, ERS-USDA, Novcmbcr 1W1.
‘‘ Katcs o f  return are estimated usintỉ the currciu cost (markct valuc) o f  assets and cquity, Iiot
historic cost.

Vcrtical intcgration normally rcquircs fairly large- 
scalc operatĩons to í^encrate cconomically viablc units. 
For example, a small-scalc hog  opcration cannot cffec- 
tively start its ovvn fccd rnanuíacturing or mcat pro- 
cessing facilitics. Consequently, a movc tow ard verti- 
cally integrated production is likely to briníỉ; with  it 
a m ovc to fewer and largcr farms. Thcse integrated 
unics arc also likcly to itivolvc m ore  partnerships and 
corporatc forms o f  business. Thcse units are also very 
profit oriented and arc thus unlikely to remain in ]ow 
profit venturcs simply to maintain a “ way o f  lite.”

B. Contract Production
Closcly relatcd to vcrtical ìntegration, contract pro- 
duction involves legal linkages bctween produccrs 
a n d  e i t h e r  i n p u t  s u p p l v  o r ,  m o r c  com m only , P r o 

cessing or distribution firms. Unlikc vcrtical integra- 
tion. owncrship ot the various staíỊes o f  production 
remains vvith separate parties.

The  variety ot production contracts now  bcing of- 
ícred to niỊriailtural produccrs is so nunierous and

varied that it is not casy to give a simple yct compre- 
hensive classiíìcation schcme. Howcver, thc method 
ot' classifying contracts developcd by Mighell and 
Jones almost 30 years ago is still quite uscíu l.1 They 
dividcd production contracts into threc basic cate- 
gories:

(1 ) M arke t-spec ií ica t ion  con trac ts
(2) Produccion-managcmcnt concracts
(3) R csource -p rov iđ ins ĩ  con tracts .

The characteristics o f  thcse types o f  production con- 
tracts are íurther explained in Table XIII. M any o f  
the contracts offered in grain and specialty crops are 
market-specification contracts. Contracts for vegeta- 
blcs and seed production tend to be oricnted tovvard 
production-m anagcm ent contracts wíth some tak- 
ing on thc charactcristics o f  rcsource-providing con- 
tracts. Contracts for livestock prođuction tend to 
be resource-providine; contracts or production-

^Mi^hcll. konalđ L. and Lawrctice A. Jones. I 'erỉicíĩl Coordinatiou 
iti A ỉ Ị r ia i /n m '.  Agriculturc E c o n o m i c s  Rcport No. 19. Washington, 
D.C.:  Hconomic Research Service, USDA. 1963



TABLE XIII
Characteristics of Agricultural Production Contracts

T y p c s  o f  c o n t r a c t u a l  a r r a n g e m e n t s

C h a r a c t e r i s t i c s M  a r k c t - s p c c i  t ì  c a  t i o n P r o đ i i c t i o n - m a n a g c n i c n t R e s o n  r c c - p  r o  V i d  i n  {Ị

I n v o l v c m e n t  b v  c o n t r a c t i n t Ị

t i r m L o v v M e đ i u m H i g h

L e v c l  o f  p r o d u c e r * s

ỉ n d c p c n d c n c e H ìeịIi M c đ i i i m Low
C o n t r a c t o r  o v v n e r s h i p  o í  i n p u t s

o r  r e s o u r c c s N o n e S o n i c M a n y

Q u a l i t v  Standard M e d i u m H i g h H i g l í

( 'o n t r a r t i n t r  f ì r m vs

m a n a ^ c m c n t  i n p u t L o v v M c d i u  m H i g h

C o n t r a c t i n e ;  f i r m 's  o v v n c r s h i p

o f  t ì  n a i  p r o d u c t N o P o s s i b l v M a ị o r i t v  o f  t h e  t i m e

M a r k e t in s r  c h a n n c l  t o r

p r o d u c e r ( ì u a r a n t c c d S a  111 c S a m c

P r i c i n g  o f  p r o d u c t s F i x c d  p r i c c  s p e c i t i c d  in  c o n t r a c t F i x c d  p r i c c  is  n o r m a l l y O x v n e r s h i p  o t r c n  r o c a in c d

o r  t i e d  t u  o p c n  n i a r k c t  p r i c c s s p c ir i t ì c d  in  t h e b y  c o n t r a c t o r  s o  p a y n i c n t

p l u s  a  p r e m i u m l O n t r a c t is  for s e r v i c c s  r e n d e r c d  

n o t  t o r  t h e  c o n i m o d i t y

O v c r a l l  p r o d u c e r  r i s k H i g l i M e d i t i m L o v v

O v c r a l l  c o n t r a c t o r  r i s k L o w M c d i u m 1 l ig l l

A d a p t e đ  ( 'r o m  C o a l d r a k c ,  K . ( 1 9 9 2 ) .  “ C o n t r a c t u a l  A r r a n i ĩ c m c n t s  in  t h e  P r o đ u c t i o n  o f  H i i í h - V a l n e  C r o p s  in  E a s t  C c n t r . l l  I l l i n o i s :  C o n t r a c t

T y p e s .  P r o d u c c r  C h a r a c t e r i s t i c s  and 1 ' r o d u i v r  A c t i t u d e s ,  ”  U n i v e r s i t y  o t  I l l in o i s ,

management contracts with relativcly tcw bcing 
markct-specitìcation typc contracts.

Contract production is certainly not 11CVV to agricul- 
turc. Examplcs ot contract production abonnd in 
sccd, vegetables, íruit, and broilers. Lcss com m on has 
becn contract production in hoíỊs, cattlc, and various 
types o f  food and tccd grains. Howcver, as tartns 
have become largcr and morc specializcd, protìt mar- 
^ i n s  h a v e  n a r r o w c d .  T h e s e  l o w c r  p r o t ì t s  m a r g i n s  OI1 
largcr-scale units have lcft producers hií*hly vulncra- 
blc to clianiỊes in yiclds and com m odity  priccs. In 
response, a growing num ber of produccrs havc found 
contract production a desirablc alternativc. Livestock 
production, cspecially in hogs, now  appcars tơ bc 
lieadcd morc and more toward contract production. 
In contrast, fccd and tood grains have not yet sccn 
dramatic increascs in the use o f  contract production. 
Yct thesc tìrms íace risks similar to thosc o f  livcstock 
produccrs. Continucd m ovcm cnt in the direction o f  
contract production secms likclv.

The trcnd tovvard contract prodnction has intcrest- 
ing raniifications 011 the size and structurc o f  tarms. 
Farr.is produóntỊ undcr contract otten tace much dií- 
tercnt risks than those vviio opcrate in the opcn mar- 
kct. The primary sourcc o f  risk tor contracting pro- 
duccrs is thc tìnancial stability o f  the intetỊrator 
providin^ the contract. In somc cascs. tlic intciỊrator

will offcr sorne form oi loan iỊUarantcc to lcndcrs 
providins> loans to produccrs Iinder contract. The nct 
eiTect is an ability 011 thc part o f  the contracting pro- 
duccr to undertake a largcr sizc operation than would 
bc the case withont the contract. The usc o f  contract 
production appcars to liavc rclativcly minor inipacts 
on farm organizational structurc. Most íarms entering 
into such contracts arc sole proprictors. The ability 
to contract may generatc a lart;cr scale ot' operation 
and thercby crcatc a s trouqer incentive í o r  partnership 
arrangements with children or  othcr relatcd parties.

Production and marketing coordination are often 
provided throutỊli thc etTorts ot' producer coopera- 
tives and bargaỉnin^ associations. These ctTorts at 
production-markecing coordination are particularlv 
strontí in dairy, and truit and vctỊctablc production. 
O thc r  a^ricultural products may become inore closcly 
linkcd to this process as the beneíìts o f  a coordinatcd 
production-markcting strategy become more clearly 
docum ented and dcmonstratcd.

c. Debt vs Equity Capital
Capital uscd in atỊriculturc can be brokcn ir.to t\vo 
major classes; dcbt Capita l  providcd by l e n d e r s ,  a n d  

c q u i t y  Capi ta l  providcd by ovvners. O ne can turther 
ciistĩntỊLiish cquity Capital accordiiiiỊ to vvhethcr it is



providcd by ovvner-operators or vvhother it is p ro- 
vidcd bv "cxtcrnal” sourccs. O ne  o f  the cm crging 
trends in agriculture is the grow ing  importance o f  
“ cxtcrnal" cquity Capital for the owncrship o f  farm- 
land. Extcrnal equity Capital has been attractcd to 

tarmland in recent years for t w o  major reasons: thc 

hitỊh cost ot borrow cd funds rclativc to the cxpccted 
returns from land, and the attractivcness o f  returns 
011 farmland rclativc to o ther investmcnc options.

O w ncrs  o f  tarmlanđ obtain rcturns from tw o  
s o u r c e s ,  income r e t u r n s  a n d  C apita l  g a in s  ( lo s s e s ) .  The 
latcr rcturns arc realizcd only whcn the land is sold. 
lníọrm ation in Tablc XII rcvealcd that thc income 
rcturn to farm asscts is rclativcly low. But if  OI1C ow ns 
the land and rents it out, it is not uncom m on  to 
obtain cash rcnts in the range ot' 4—6% per year. If 
onc conibines this with inAationary expcctations fbr 
íarmland valucs which arc n o w  in thc range o f  2 -4 %  
by inost estiinatcs, the total rcturn to the ow ncrship  
o í la n đ  is cxpcctcd to be 6 -1 0 %  annually. H ow evcr, 
thc cost ot borrow ing  m oney to buy land is in thc 
range ot 8 -1 0 %  crcating littlc economic incentivc for 
farm opcrators to borrow  m oney  to buy land.

Hovvever, pcoplc w ho inherit land from relativcs, 
o r  invcstors \vho havc substantial asscts to invest may 
find an 8 -1 0 %  return rclativcly attractive in to day ’s 
tìnancial environment. Conscquently , investment in 
íarmland tliat is cquity íinanccd may appear to be a 
relativcly sound investmcnt. T he net rcsult o f  thesc 
cconomic circumstanccs shơuld propcl the farm sector 
tow ard  more abscntee ow ncrship  o f  land, and conse- 
qucntly a highcr proportion  o f  rentcd land than in 
the past.

D. Agricultural Trade Liberalization and 
Export Subsidies

T he current etĩorts to liberalize tradc is most cvident 
in the current negơtiations bcing conducted under the 
auspices o f  the General A greem ent on Tariffs and 
Tradc  (GATT). The G A T T  negotiations have the 
u;oal ot rcducing trade distorting tariffs and subsidies 
on agricultural commoditics. M any o f  the developed 
nations includine; the U nited  States, the European 
C om m unity ,  and Japan support agricultural prices 
through a complex sct o f  tariffs, im port restrictions, 
and cxport subsidies. In contrast, many developing 
nations use implicit or cxplicit cxport taxcs to set thcir 
aí»ricultural priccs wcll below  world market-clcaring 
lcvels. Tho net eKect is overproduction in dcvcloped 
couiitrics and too littlc production in đeveloping 
econ om ics. IScc  Tarí^hs a n d  T r a d e .  I

Whilc G A T T  nciỊotiations havc encouiueređ many 
roadblocks, thc ctTorts to lower subsidies and encour- 
age agricultural tradc are clearly receiving consider- 
ablc attention. To thc cxtcnt that such trade libcraliza- 
tion policies occur, domcstic producers could face 
stiíì compctition írom  toreign sourccs. Rcduced price 
supports could result in a turthcr loss o f  some o f  
the lcss efficient producers and could casily spccd the 
changt' in typcs o f  Products which are produced.

O th c r  examples ot movem cnts tovvard liberalized 
tradc includc thc C an ad a-U .S .  Trade Agreement 
(C U STA ) and the N orth  American Free Trade 
Agreement (NAFTA) which is currently being nego- 
tiatcd. The impact o f  such trade agrecments will vary 
b y  typ e ot farm and by EỊCOíỊraphíc location. H o w - 
cvcr, the nct effect will bc to requirc íìrms to competc 
on a m orc íỊlobal scalc. Production activities in which 
thc United States has a comparative advantage will 
Aourish, while protectcd segmcnts o f  agriculturc may 
diminish.

V. Summary and Conclusions

Changc has continually rcshaped the sizc and structure 
o f  U.S. íarms. In earlicr decades, this change was 
driven by the availability o f  land as the nation cx- 
pandcd westward. This pcriod cntailed a rather sub- 
stantial g row th  in the num ber and size o f  farms.

Changes in production tcchnologics, beginning as 
c a r l y  a s  t h e  d e c a d e  o f  t h e  192ƠS, s t a r t e d  t o  a l t e r  t h e  
econotnics o f  tartn production. Largcr m ore efficicnt 
production units began to replace the smaller less cf- 
ficient operations. Smallcr and lcss efficicnt farms be- 
gan to rely on ofF-farm incomc as a m ore  important 
source o f  livclihood. These changes created a more 
d ichotom ous agricultural structure: large efficient 
farms that obtain most o f  thcir incomc from  tarmin^ 
opcrations, and small part-time íarms that obtain 
most o f  thcir income íroin off-farm sources.

The size and structure o f  farms will continue to 
changc in thc futurc. However, these changes will 
likely bc drivcn by a somevvhat different set o f  forces 
than existed in the past. O ne form o f  changc has 
involved a greater linkagc o f  the various stages o f  
agricultural production. Continued  m ovem ent to- 
ward vertically mtegrated an d /o r  contract production 
is likely to significantly alter the structure o f  agricul- 
ture. Likevvisc, a grow ing com m itrnent to  liberaliza- 
tion ofagriciiltural trade and the subsequent reduction 
ot agricultural subsidies is likcly to crcatc torces tor 
change that are linked to a Global cconomy. O n bal-



ance, it appcars that thcsc cmerging trends will crcatc 
an cconomic climate conducivc to fewer, largcr, and 
more cffìcicnt íarming operations. At the same timc, 
these íorces should continue to gcneratc an abundant 
supply o f  food at reasonablc priccs.
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Glossary
B earin g  w o o d  Scctions ot cane posscssing the buds  

tliat producc the fruit—bcarintỊ shoots 
C a n e  M ature portion o f  a shoot 
C o r d o n  Branches trom  the íỊrapevine trunk, usually 
liorizontally positioncd
C o u lu re  PhysioloỉỊÌcal d i s o r d c r  showinịT cxcessivc 
truit drop shortlv attcr pollination 
In A orescence  Flower cluster and associated support-  
i]]g s t r u c t u r e s
Iso th erm  (annual) Line connecting locations on a 
rnap posscssing the samc averaíỊC ycarly tcmpcrature 
R o o ts to c k  Cultivar to vvhich m ost comnicrcial 
lỊrapcvine varicties arc graítcd to provide the root 
systcm
S c io n  Shoot- and íriiit-bearing portion  o f  a SỊraíted 
(Ịrapcvinc
T r a in in g  sy s te m  Form  ot the shoot system dcvcl- 
opcd to position thc truit tor optim.il fruit yicld and
quality
V é ra iso n  Pcriod vvlien the truit beíỊÍns to lose its 
íịrcen coloration and commcnces its last ựrcnvth phast’

V i t i c u l tu r c  dcals vvith tho cultivation o f  vvinc, tablc, 
and raisin íírapcs. Becausc cach usc involvcs irs ovvn

set o f  dcsirablc fruit characteristics, it is uncomiĩion 
for individual cultivars to bc íỊrovvn tbr morc than 
one purpose. Vineyard climatc and soil characteristics 
ìmposc limits on cultivar suitability, as much as culti- 
var choice places limits OI1 site appropriatcness. Viti- 
cultural practiccs that can inAuencc cultivar—sitc coni- 
patibility involvc training systeni and rootstock use 
as vvell as thc typc and dcgrce o f  fcrtilization, irriga- 
tion, and discase/pcst managemcnt. Harvest method 
and timing dcpend priniarily on cultivar charactcris- 
tics and iỊrapc usc.

I. Introduction

When and whcrc hunians first bcgan to cultivatc 
e;rapcs will probably ncver be knovvn. Abscncc o f  
a conim on root vvord for t^rapc in Indo-Europcan 
laniỊiiagcs suíỊíỊCsts that the discovcry o f  grape edibil- 
ity occurrcd indcpcndcntly th roughout Europe. The 
ancestral raniỊC’ o f  the European grapc (V iris vinìịcra) 
extendcd around thc Mcditerrancan coast, westward 
from Algeria around to Syria, up into Central Europc, 
and east to bctvvccn thc Black and Caspian scas. Most 
rescarchers bclicvc that thc origin ot' v iticulture oc- 
currcd within the Anatolian retỊÍon o f  northcrn  T ur-  
kcy or adjaccnt Transcaucasia. This zone includcs the 
rcgions in vvhich thc distribution o f  vvild V . viniịera  
e;rapevincs most closcly approaches thc origins oí 
Western agriculture in the Ncar East.

C urrcn t cvidencc suggcsts that grapes and viticul- 
turc were introduccd to Palestinc and EiỊypt from 
the Caucasus about 4000 B.c. Bce;inning about 
1000 li.ọ., grape culture sprcad th roughout most o f  
t h e  M c d i t c r r a n c a n  B a s in ;  s p r e a d  c o n t i n u c d  i n t o  Cen
tral Europe durinEỊ thc Roman period. Viticulture 
subsequcntly sprcad into Asia and íinally throuiỊhout 
nuich ot the \vorld in the past few ccnturics.

M ost comincrcial viticulturc is rcstrictcd to rcgions 
locatcd betvvccn tlic 10 and 2()°C' annual isothcrms in



the N orthern  and Southern Hemispheres. Whcre local 
conditions or  vincyard practices conipcnsatc, viticul- 
ture is possible in vvarmer subtropical retỊĨons and in 
colder temperate zoncs. In moist subtropical rcgions, 
discase problcms becomc incrcasingly limitine; and 
sevcrc pruninẹ; is rcquired to prom otc bud burst for 
continucd í*rowth. In cold rcỉỊÌons, winter survival 
m a y  r c q u i r c  t h e  w h o l c  s h o o t  S y s te m  to  b c  la id  o n  th c  
íỊround for burial cach fall.

II. Economic Importance

Grapes are the w o r ld ’s most important Acshy íruit 
crop. Global production in 1992 was about 60.6 inil- 
lion metric tons. In comparison, global production 
o f  orangcs, bananas, and applcs, accordiní* to data 
trom the United Nations Food and AíỊriculture O rga- 
nization (FAO), was 57, 49.6, and 43.1 million metric 
rons, rcspectively. Although viticulture has spread 
aroimd tlic globc, the main ccntcrs o f  grape culturc 
rcmain in Meditcrrancan Europc (Tablcs I and II). 
Aboi.1t 68% o f  the w orld ’s vincyard hcctaragc occurs 
in Europc, o f  which 40% o f  the world total is located 
in Spain, ltaly, and Francc. Global grapc usage varics 
considcrably from region to rcgion and country to 
country  (Tablcs I and II). For example, most Frcnch 
grapcs are useđ in wine production whereas most 
Turkish  íỊrapes arc grovvn for raisin production or 
for use as a frcsh truit crop.

III. Grape Species and Cultivars

The m ost im portan t grapevine specics is V . ưini/erti, 
thc doininant or only grapcvinc specics grown in most 
o f  the vvorld, with  the exception o f  the Pacihc nortli-

western and castern rcgions o f  N orth  America, Brazil, 
Uruguay, Japan, and northern China. In thc lattcr 
rcgions, most vines are cultivars o f  or hybrids 
bctwcen tw o or niore N orth  American Vìtis 
species (American hybrids) or complex hybrids 
betwcen N orth  American species and V . vinìfera  
(French—American hvbrids). In American hybrids, 
the primary spccics involved are V. iabm sca , V . aesti- 
ưalis, I riparia, and V. cinerea, whcrcas in 
Frcnch—American hybrids the main N orth  American 
specics arc I . rnpcstris, V . riparia , and V . aestivalis. 
The latter species were uscd as sources o f  discase and 
pcst resistancc. Sevcral newer V . ưinifera hybrids are 
bcinu; produced nsing V. amurciisis trom Manchuria 
to provide cold tolorancc, and using several spccics 
I ia t iv c  to the Southern United States, Mexico, Central 
America, and S o u t h e r n  China to cnhance adaptation 
to warni hum id climates. In the southeastcrn regions 
ot' the United States, most cultivars are dcrivatives o f
V. rounidiịbiìa , thc muscadine grapc.

N orth  American l 'itis specics have bcen used al- 
niost cxclusively in thc dcvclopmcnt o f  rootstocks 
tor (ỊrattintỊ I rin iịcn i cultivars. Rootstocks can
(1) providc resistance or tolerance to various root 
pcsts, includinií phylloxera and neniatodes, as wcll 
as to scvcral soilbornc víral patliogens; (2) đonate 
increascd tolcrance to high-calcium soils, salt, and 
drought; and (3) regulatc vcgctativc vigor. Grape- 
vines in inost commercial viticultura] rciỊÌons must 
b c  t Ị r a f t c d  o n t o  a p p r o p r i a t c  r o o t s t o c k s .

Therc arc about 15,000 namcd grape varicties, most 
o f  which arc winc grapes, reAecting thc major use o f  
the fruit. T he  m ost vvidely í*ro\vn cultivars are a few 
varietics grow n cxtensively in Spain, the former So- 
viet Union, and South America. Because wines from 
these cultivars arc rarely seen in world channels, and 
typically do not carry a varietal dcsie;nation, the names

TABLE I
W orld Regional Statistics for Vineyard Coverage and Total Grape, Wine, Table Grape, and Raisin Production in 1992°

R c i Ị Ì o n

V i n e v a r d  a r c a

I o t a l  

e r a p e  p r o d u c t i o n W i n e  p r o d u c t i o n T a b l c i Ị r a p e s R a i s in s

l ( l '  h a % l t l 6 k g % 1(1'' l i t c r % lo1’ kg % 1U{' k g %

A í r i c a 351 4.2 2732 4.5 1 1 4 « 3.H 64V 7.8 4f> 4.5
A m c r i c a s 784 9.5 10,27« 17.(1 41 Ifi4 1 3 .5 1664 20.0 338 32.6
Asia 14(17 17.1 lM( 12 15.5 483 1.6 17H2 21.4 4H9 47.2
H u r o p c 5626 68. ỉ 37.132 (,1.3 23.H57 79.4 4142 4') .7 MI 7 .8

O c c a n i a f)7 11.8 11141 1.7 5tM 1 1.7 94 1.1 «2 7.9
T  otal S235 ()U.585 30,051) 83311 11 ).v>

J Data ÍTdm Tinlot and Rousseau (1W3). The State o f  vitiviniculture in the vvorlđ and the statistical intornution in 1992. 
línllcỉiti íic r o ff i ì i ' Ịtnmiíitioiiiilc (le hỉ I 'i ị Ịn c  Cỉ lỉu I 'in 66,
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ot thcsc cultivars are untamiliar to most \vinc con.sum- 
crs. Examples arc Aircn, Rkátsitcli, Trcbbiano, 
Garnacha, Carignan, and País (Criolla). In contrast, 
niost \vel]-known grapevinc cultivars coiistitutc only 
a sniall fraction o f  the vincs grmvn, even in tlic conn- 
try o f  oriỉỊĨn. The comparativolv small vineyard arca 
givcn ovcr to tamous cultivars partially rctìccts tho 
morc dcmanding conditions requircd co dcvclop thcir 
unique varietal charactcr. Sonic ot" thc most hiiỊhly 
prized wine cultivars are Cabcrnct SauvitỊiion, Char-  
donnay, Pinot noir, Rieslins* and Syrah (Shiraz).

For winc gnipcs, it is dcsirablc to have rchưivclv 
small bcrrics, providiníỊ a hitỊli skin-surhice to ịuice- 
volumc ratio. The skin and the immeđiately undcrly- 
iniỊ; tissucs possess the piiỊDicnts ot ređ lỊrapcs and 
niost varictally distinctive aroina conipounds. Ir is 
a ls o  p r e t e r a b l e  t h a t  t h e  i n tc r n a l  t i s su e s  o t  t h e  t r u i t  
hydrolyzc durine; ripcniniỊ. TTiis proccss lỊrcatly eases 
juicc cxtraction and limits the development of  
pectin-induced cloudiness ii) \vinc. I ligh siiíỊar con- 
tcnts (22-25%) and comparativcly acidic juicc (pH 
3.1-3 .5 , 0.55-0.85 íĩ;/ litcr titrat.iblc acidity) art' dcsir- 
able at maturity. Better culiivars possess a distinctive 
subtlc aroma suíĩìcient to gencrato but not mask thc 
devclopnicnt o f  a complex vvinc trau; ran co.

Tablc tỊrapes are thought to be the most ancicnt o f  
grapevinc cultivars because ot tlicir cxtensivc accumu- 
lation o f  mutations. Most tablc grapc varietics are 
u n p i g n r e n t c d  ( p r o d u c e  110 a n t h o c y a n i n s ) ,  p a r t i a l l y  to  
rompletclv seedless, largc truiteil, lcnv in acidity 
(0.3-0.6 e;/litcr), and modcratc in siiíỊ.ir accuinulation 
(18-20%). Additional dcsirahlc traits include rctcn- 
cion o f  a pulpy flcsh and the .ibilitv to be storcd íor 
scvcral months (to extend the shippino; pcriod ot the 
crop). Most long-establishcd tablc íỊrapc varicties are 
thous*ht to havc ori(ỊÌnatcd in Central Asia or the Ncar 
East, and arc adaptcd to hot arid clirnatcs. Scvcral 
hundrcd tablc grapc varictics arc grovvn worldwidc. 
Sonic o f  thc morc important cultivars arc Almeria, 
Calmcria, Datticr, Empcror. Malaựa, Perlcttc, Ribicr 
(Alphonse Lavallcc), Flamc Tokay. and Thom pson  
Secdlcss (Sultana).

Thcoretically, anv cultivar can bc uscd tor raisin 
production; in practicc, only a few arc. T hom pson  
Sccdlcss (Sultana) is tho niost cxtensivcly Liscd cultivar 
111 alniost cvcry raisin-producint; rctỊĨon of the vỊlobe. 
Hovvcver, Muscat o f  Alcxandria is the dom inant rai- 
sin cultivar in a tcvv countrics. For eurnmt production, 
Black Corinth (Zante Currant) is !*ro\vn almost exclu- 
s iv e ly .

IV. Yearly Growth Cycle

In i t iu c io n  o t '  í í r a p c v i n c  t ì ; r o w th  in t h c  S p r in t ;  c o n i -  
mcnccs when conditions permit sutYicient physioloíỊÌ- 
cal activity for the sap to tìow. This occurs vhen  
t e m p e n i t u r e s  vvarm,  vit ic cclls h a v c  los t  thei r  :o ld  
acclimation, and cxposure to cold has revcrscd bud 
dormancy. The impending rcactivation oíten is indi- 
catcd b v  sap  b lccdint Ị  t r o in  t h e  cut  en d s  o f  last  yca r ’s 
s*rowth. The ra te ot bud sxvcllins; and ccll íỊrcvvth 
dcpcnds on thc ambient tempcrature. AlthouíỊh this 
1S a var i cta l  trai t ,  m o s t  cu l t i va r s  s h o w  r ap id  r e s u m p -  
tion ot í*ro\vtli \vhen the avcraẹ;c daily tcmpcraturc 
rcaches about l()°c.

Reactivation ot lỊrovvth tcnds to bciỊĨn in the most 
tcrmina] buds and to proíỊrcss dovvnvvard. Rcactiva- 
tion initiallv involves thc dissolution ot the caỉlose 
inclusions tliat plutí the sicvc cclls in thc tall. Subsc- 
quently, thc vascular canibium bccomes activc, pro- 
(ỉuciiic; nevv xylem and phlocm cclls mternal and CN- 
ternal to the cambium, respcctively.

As buds swcll, cclls in the primary (main) bud of 
tho overwinterinií com pounđ  bud bcíỊÍu to grovv and 
dividc. The clontỊatint; cm bryonic  shoot and cniartỊ- 
ing lcaves force thc bud scalcs apart. The tw o cnibry- 
onic inHorcsccnces typically tound in oach tcrtile 
(flower-bearing) bud also reconimencc thcir devclop- 
ment. The  otlicr tvvo buds (sccondary and tcrtiary) ot 
thc ovcrwintcriníỊ biid usually rcmain inactivc. (7)nly 
whcn the primary bud is killcd or sevcrdy damagcd 
docs thc sccondary hud become activc. Tcrtiary buds 
may dcvclop and burst if botli primary and secondary 
buds arc killcd.

O ncc reactivatcd, shoot íỊrovvth rapidly reaches its 
maxiniuni within a t'cw vvccks. Subscqucntly, shoot 
(Ịrowth slows and cssentially stops about 100 days 
after bud  burst. U nlike most tenipcratc perennial 
plants, ^rapevincs do not show dctcrniinatc t;rowth, 
that is, the tbnnation  ot'terminal dorm ant buds at the 
shoot apcx. l f  considcrable vciỊetativc g row th  occurs 
th rou^hou t the sum m er, it typicallv rcsults from lat- 
cral hud activation. All lcavcs produce compounđ 
buds at che leaf base, whcrc thc pctiolc joins tlic shoot 
(axil). The  ncvvly to rm ed  com poim đ bud posscsscs 
four buds, tho outerniost and most maturc ot v/hich 
is callcd the latcral bud. It the latcral bud heconics 
activc and produccs a shoot (callcd a latcral), the bud 
docs so in the scason o f  its production. The ìnncr 
thrcc buds (primary, sccondnry, and tcrtiarv) rcmain 
dorm ant, and potentiallv bcconio activconlv in subse-



quent ycars. C onipou nd  buds torm cd in the lcaf axils 
o f  latcral shoots m ay bccom e activc and produce a 
third sct o f  vegetativc shoots in a sinẹle season. Each 
shoot systcm  has thc potential to  produce its o w n  
fruit crop.

T he potcntial o f  íỊrapcvines to produce threc shoot 
systcm s in any one season providcs the plant w ith  an 
incrcdible ability to adjust to changing environmental 
conditions and stresses. L im iting this vcgctative po- 
tcntial is one ot' the m aịor tasks o f  the grapc grow er. 
T he encrgy o f  thc v ine needs to bc shitted from  con -  
tinued vegetative í*rowth tow ard  increased produc- 
tion o f  fully ripened fruit, preparing thc plant for 
vvintcr, and sustainiiiEỊ long-term  vinc hcalth. Exces- 
sive vegetativc grow th  draws Iiutricnts away from  
devclop in g  buds and produccs shadinir that reduccs 
inAorescencc initiation tor the subsequent scason ’s 
crop. C ontinucd sh oot and leaf production also lim its 
nutrient availability for berry developm ent. In ađdi- 
tion, late vegetativc grovvth and shadina; retard bud 
and canc m aturation, and can rcsult in increaseđ w in -  
tcr injury. Finally, because m ost shoot íỊrowth is rc- 
m ovcd  (pruncd) at thc end o f  thc season, excessivc  
sh oo t production can result in the associated loss o f  
considerable storcd nutricnts and can retard subse- 
quent canopy production.

T h e initiation o f  sign iíicant root grow tl) in the 
spring usually starts vvhen sh oot grovvth has bcgun  
to slow . R oot cxtcnsion  usually reaches its m axim u m  
and starts to dcclinc betw cen flow ering and the last 
phasc o f  bcrry cỉcvclopnicnt. In som c rcgions, a scc- 
ond root grow th  pcriod occurs in thc fall.

As the shoot cxtends and the lcaves untold, the 
cm bryonic  inAorcscences begin to clongate and the 
flowcrs mature. Typically, tvvo inAorcscences are pro- 
duced per shoot, located oppositc thc third and íourth, 
fourth and or fifth and sixth leaves. F lowering 
gencrally occurs when the avcrage daily tempcraturc 
approaches 20°c. Self-pollination usually results 
whcn the fused pctals (calyptra) separate from  the 
base o f  the flowcr, shaking pollen from thc anthers 
on to  the stigma. W arm sunny condicions encoura^e 
the rapid flowering and fertilization that p rom ote  uni- 
form fruit ripcning. Pollination is essential for íruit 
initiation, evcn in “seedless” varicties. In seeded culti- 
vars, thc num ber  o f  seeds per berry (m axim um  4) 
inAuenccs the sizeof the fruit. Typically, onc fertilized 
seed pcr berry is necessary to producc the horm ones 
rcquired to maintain fruit development. Dehiscence 
o f  fruit w ith  tcw  or no fertile secds (shatter) occurs 
shortly atter fl«w ering. T he scnsitivity o f  som c culti-

vars to cxcessive shattcr is calleđ couhirc. In scedless 
varietics, timing o f  sced abortion intìưenccs the tnaxi- 
1 1 1 1 1 1 1 1  sizc ot the íruit. SprayiníỊ w ith natural or artitì- 
cial plant horm ones can com pcnsatc tor a d eíìđ en cy  
and prom ote increascd truit size.

Induction o f  the tw o  inAorescenccs typically found  
in tcrtilc buds for thc subscquent year’s fruit produc- 
tion is scparatcd by scvcral w eeks. The induction and 
initial ditTercntiation ot' cheir developm cnt typically  
occur, rcspectively, durinc; b loon iing  and the initial 
phase o f  truit enlargem ent o f  the current year’s crop.

Bcrry developm cnt is com m on ly  divided into four 
phases. Phase I rcfers to the initial grovvth period  
during vvhich m ost ccll division occurs. Phase II is a 
lcss w cll dcílned periocỉ duriní^ vvhich fruit enlarge- 
nient is m inim al and m ost sccd d evelopm en t occurs. 
Phase III is thc second bcrry a;rowth period, w hen  
m ost increase in fruit sizc results from  cell enlargc- 
m ent, cspccially in thc flesh. T he initiation o f  Phase 
III is termcd véraison. From this point onward, the 
bcrry bcgins to takc on its maturc coloration and 
shovvs marked sugar accum ulation, its acidity dc- 
clincs, and varictal Aavors arc gcnerated. Transport 
o f  vvater and inorganic nutricnts froin the xy lem  and 
subsequcntly water, inorganic, and organic nutricnts 
from  thc phlocm  eventually ceases. By the end o f  
Phase III, all vascular connections w ith  the fruit arc 
broken or sealcd. In Phase IV, postm aturation  
changcs include continued truit so íten ing and acidity  
dcdinc, dcgradation or m odihcation  o f  aromatic 
compounds, and Progressive đrying.

Becausc clim atc and soil conditions can sign iíì-  
cantly inAucnce e;rapcvine í>rowth and bcrry niatura- 
tion, m ost vineyard activities are designed to dim inish  
undcsirablc cffects and p rom ote favorablc inAuences. 
A ssum ing that water, nutrient, pcst, and pathogen  
stresses are adequately controllcd, thc primary factors 
affecting íruit ripening are thc solar and temperature 
conditions around thc vinc and fruit. In cooler re- 
gion s, m axim al exposure o f  thc fruit to the sun is 
usually preterrcd, whercas in hot arid clim ates, sotne  
shading ot thc truit is usually beneficial.

Solar radiation has both direct and indirect cffects 
on berry d cvelopm ent. Becausc bcrry photosynthesis  
is lim ited and occurs on ly  during thc prc-véraison peri- 
ods, the primary dircct cffcct o f  sun exposure is 
through its grcater proportion o f  red and ultraviolet 
radiation. In contrast, shade light has a higher propor- 
tion o f  bluc w avelengths, because ot the absorption  
o f  rcd and ultraviolet radiation by thc leaf canopy, 
and thc blue enrichm ent o f  skylight. The higher pro-



portion o f  rcd radiation in dĩrect-bcam sunlight can 
enhance the activation o f  ccrtain enzymcs such as 
thosc promotiníỊ malic aciđ rcspiration. Dircct SU11 
exposure is also important in the dcvelopment o t 'm a- 
ture berry coloration, aroma devclopment, and sugar 
accumulation. Ultraviolet radiation favors cuticular 
devclopment o f  the tVuit and lcavcs, and thus tcnds 
to rcducc discase incidencc. Indircctly, solar radiation 
causes fruit heatưiíí and enhances the rate and extent 
ot the decline in fruit acidity. In addition, heatintỊ 
cnhanccs transpiration and the accumulation o f  nutri- 
ents transported in the xylcm and phloem. Sun and 
wind exposurc also spced the drying o f  truit and leat 
surtaccs, thus limiting inícction by a vvidc rangc ot 
pathogcns.

V. Vineyard Site Selection

Selection o f  a vincyard sitc and appropriatc cultivars 
involves botli sitc-cultivar compatibility and antici- 
patcd financial rcturns. The most widely uscd indica- 
tor o f  sitc-cultivar suitability is the heat summation 
(degree-day) system dcvclopcd by Winklcr and A m - 
erinc tor Caliíbrnia. In most locations, howevcr, heat 
summation data must be complcmented with relcvant 
soil and vineyard climatc details. Important m odi- 
fying meso- and microcliinatic conditions include fac- 
tors such as m inim um  winter tcmperaturcs, t'rc- 
qucncy o f  carly fall and latc spring írosts, rclative 
humidity, solar exposure, and soil drainage. The 
more closely regional conditions approach the limits 
o f  a proposcd cultivar’s cliniatic suitability, thc more 
signiíìcant bcconic the nicso- and microclimatic fac- 
tors o f  the site. For cxample, sloped vincyard sites 
become progressivcly morc valuable the highcr the 
latitude. Slopes can increasc solar exposure, cspecially 
valuable in the sprinẹ and fall; can enhancc drainaa;e, 
permitting earlier soil vvarminẹ; and vine activation; 
and can dircct cool air avvay íroni the vines, poten- 
tially cxtending the frost-frec ^rowing season by sev- 
cral wccks. A porous rocky soil can be valuable in 
rapid soil vvarminũ; durinẹ; tho day and heat radiation 
to the vines đurinq the nií*ht. Dark soils can turther 
incrcase the absorption o f  solar radiation and m oder- 
ate the microclimate aroimd the vines.

In dry climates, where irriỉỊation water is unavail- 
ablc or prohibitcd, deep soils may pcrmit íỊrapc cul- 
turc by lettintỊ roots reach deep sourccs ot'y;roundvva- 
tcr. In ccrtain reíỊĨons such as the shcrry rcíỊÍon ot 
Spain, developnient o f  a hard, noncrackintỊ, chalk 
crust in thc sum m cr can liniit watcr cvaporation troni

the soil. Soil tcxturc can also signitìcantly inAucnce 
the upvvard capillary m ovem en t o f  water in the soil, 
supplyiníỊ surtace roots with moisture under drv C011- 
ditions.

VI. Vineyard Establishment

Establishment ot a vineyard involves even m orc  Capi
ta l  investmcnt than is usually required to start an 
orchard o f  cquìvalent sizc. In comparison, however, 
fruit production approaches typical valucs sooner in 
vineyards. Commercial production is oíten reached 
within 4 - 5  yr OI1 ícrtile soils, whercas on drier low- 
n u t r ie m  hillsidc sites Standard yiclds m a y  n o t  bc 
reached for 6—7 yr. N o  crop is produced for thc first 
3 vr and production is Lisually prevcntcd by inAores- 
ccnce rcmoval until thc fourth year. T he  first 3-yr 
iỊrovvth is dircctcd to cstablishing the grapcvinc’s 
\voody structures and initiating its training systcm.

The planting o f  new vincyards, or the inscrtion 
o f  replacement vincs, nonna lly  involves the use o f  
gratted cuttinỉỊs. Youns* vincs are obtained by gratdng 
short  canc scctions o r  buds from  the desired scion 
variety on to  a rootstock posscssiní; appropriate resis- 
tancc and aí^ronomic traits. C hoosing the appropriatc 
rootstock or combinatíon ot rootstocks for a vineyarđ 
is crucial, sincc an crro r  at this point may requirc 
uprootiiií* and rcplanting years in advance o f th c  usual 
productivc life-span o f  a grapevine (40-50 yr).

Rootstock cancs may bc induced to root bcfore or 
aftcr (rrafting thc scion, dcpendintỊ on the ease with 
which rooting occurs. All buds are rem oved from thc 
rootstock canc bcforc graíting the scion. It is im- 
portant that the cambial tissucs o f  the scion and root- 
stock be contiguous and protccted trom dryiníỊ. In 
sevcral countries, graíteđ vincs are produced bv spc- 
cialist nurscrics and arc purchased on contract for 
direct p l a n t i n g  in thc vincyard.

The tvpc and degree o t prcparatory vineyard vvork 
dcpcnds on vvhether the location is viríỊÍn land or has 
bcen previously cultivated. For a new vincyard, deep 
tillintỊ m ay be cssential to cnsurc íỊơod drainage. De- 
pending on vvhether irrigation is ncccssary, and the 
type to be installed, laying pipes or g round  leveling 
may be necessary, and is prctcrably períorm ed bcíore 
plantiniỊ. If thc tìcld is contaminated with noxious 
weeds, nematodes, or othcr soil-inhabiting pcsts, use 
o f  eradicativc herbicides or soil sterilization is casier 
and sater betore plantini*.

In plantiinỊ, it is crucial to provide adequatt ' vvatcr 
t o  p r o n i o t c  c a r l y  r o o t  S y s t e m  d c v e l o p m c n t  and to



easc root penetration into the surrounding  soil. Soil 
penctration is turthcr  facilitated it thc holc has loosc, 
uncven, aniỊled sides and is backtìlled vvitli soil o f  the 
samc typc and tcxturc as thc vincyard. Both tcaturcs 
reducc the likelihood o f  root grovvth bcing coníined 
within thc planting holc. Plastic mulchcs are uscfi.ll 
in p rom oting  early and cxtensivc root £Ịrowth as vvcll 
as controlling vvced g row th  aroimd thc younẹ; grape- 
vines.

P u r in g  thc tìrst scason, veGỊCtative g row th  is pcr- 
mitted to develop esscntially at will. WatcriníỊ usually 
is stopped aítcr the cnd o f  July to slow vc^etative 
^ row th  and to p rom otc  canc m aturation. In late fall 
or vvintcr, aítcr ]caf drop, the vinc may be pruned 
back to thc strongest shoot. T he  latter is ticd Lipright 
to a stake to bccome the trunk o f  the devcloping 
lỊrapevinc. This canc may bc pruned back to the four 
m ost maturc buds. Durine; thc sccond ycar, p runing 
is conđucted consistent vvith che training systcm dc- 
sired. T he third ycar’s iírovvth further establishes the 
training system and initiatcs tlic inAoresccnccs for the 
subscqucnt ycar’s crop. Grapevine productiv ity  L1SU- 
ally reachcs its m ax im um  witliin 7 -1 0  vr.

VII. Training Systems and Pruning

Probably scvcral hundrcd nained training systcm.i cx- 
ist worldwidc, vvith ncw  forms continually bein^ dc- 
vclopcd and oldcr systcnis bciniỊ rcfmcd. Each system 
attcmpts to dircct niost o f  thc vine’s encrgy into pro- 
duciníỊ maturc truit and maintaininm the lontỊ-term 
Health o f  the vine. Most systems havc devclopcd in 
particular regions in responsc to the prevailing climatc 
and soil conditions and thc nceds o f  local grapc culti- 
vars. N ew er systcms such as the Geneva D oublc  C ur-  
tain (GDC), Lyre (U), Ruakura T w in  T w o  Tier 
(RT2T), and Scott Henry Trcllis (SH) arc divided- 
canopy systcms. In othcr words, thc shoots Corning 
froin a variously branchcd cordon systcm are posi- 
tioncd to minimize lcaf and fruit shading. Thus, thc 
traininíỊ systcm providcs conditions that can dircct 
thc potentially excessive vií^or ofstrontỊ, healthy vines 
into incrcased yicld and im provcd fruit quality. Vines 
trecd trom  svstcmic viral and bacterial pathogens, on 
moist tcrtilc soi], w ith  vvccd, íungal, and othcr pest 
problcms adcquately rcEỊulated tend to bc excessively 
vigorous vvhcn traditional training systcms are em - 
plovcd. 1 hc lattcr otten vvere devẹlopcd t'or vincs 
unknoNvingly intcsted vvith scvcral svstemic patho- 
1ỊC11S and vverc cultivated on rclativclv poor soils undcr 
đrylanđ conditions. Tlicsc conditions, associatcd \vith

scvcrc prunintỊ, rcstrictcd vinc í^rovvth and pronioted 
truit matnrity.

c .anopv division physicallv scparatcs and directs 
the largcr num ber o f  primary shoots adcquatcly sup- 
portcd by strone; vines to Iiiaximize solar exposurc. 
The incrcased num ber ot grapc clusters produced 
placcs an carly nutricnt drain on the viiic, limiting 
thc activation o f  latcral shoots. Physical placcmcnt o f  
thc shoots ovcr a vvidc arca mmimizes canopy and 
fruit shadina;. Limited shadins; and a m orc open can- 
opy specd dryiiiií o f  the toliatíC and fruit, lielp mini- 
mizc discasc incidence, and íacilitate tlic application 
o f  chcmical spravs it rcquircd.

T r a i n i n ơ  S y s t e m s  a rc  o í t e n  c la s s i í ì e đ  r e l a t i v c  t o  th c  
lciiíỊth ot the bcarins; w ood rctaincd at the end o f  the 
u;rowiniỊ scason. Short cancs vvith two to tour buds 
arc callcd spurs, whereas longcr scctions posscssing 
upw ard  o f  12 buds arc termed cancs. Most training 
svstenis also may bc EỊroupcd as head traincd, with 
b c a r i i i í Ị  w o o d  ar is in iỊ  t r o  111 a Central c r o v v n  ( h c a d ) ,  

or cordon  traincd, witli bcarinỉỊ vvood located along 
o n e o r  more branchcs oftlic  trunk (cordons). Training 
systems also may be í^roupcd bascd OII shoot position- 
iníỊ (vertically Liprit^ht or downvvard, pcndulous, or 
h o r i z o n t a l ) ,  c a n o p y  h c i g h t  ( l o w ,  S ta n d a r d ,  o r  h i g h ) ,  

or t runk  iHimber. Scvcral trunks may be developed 
per vinc vvhcn the ìncìdence o f  crown gall is high.

An old but expensivc System o f  rcíỊulating vine 
vigor, still popular 111 somc parts o f  Europe, is high 
dcnsity planting. This m cthod involvcs sonic 
4000-5000 vincs/ha, in contrast to the 1100 to 1600 
vincs/ha com mon outside Europc. High density 
planting limits root cxtcnsion, whilc promoting carly 
Ẹ;rapevinc productivity, increased yield per hectare, 
and tull fruit maturation. Modcrn dividcd-canopy 
systems achicve many ot' thc samc t;oals (increased 
yicld o f  high quality fruit) at lovvcr initial costs. Pur- 
chasing grafted vines is onc o f  the major expenscs o f  
cstablishing a vincyard. M odcrn training systems also 
use w ide row  spacinẹ;, and thus are compatiblc with 
niost currcntlv used vincyard cquipment in the N cw  
World.

Bccausc o f  shiíts 111 consumer dcmand, it may be 
desirable to convert somc or all ot an cxistintỊ vineyard 
to anothcr varicty. Graíting ovcr is much lcss expen- 
sive and morc rapid than tcaring out the existing vincs 
and replanting. In a;rafting ovcr, the head ot thc íỊrapc- 
vinc is rcmovcd and sevcral eanes or buds o f  the 
desired scion varietv arc £»raftcd onto thc trunk. The 
shoots derivcd from thc ựrattcd scion arc traincd into 
thc ncvv íruitintỊ portion o f  thc vinc. Ncarly tull p ro-



ductivity may be reestablished within about 2 yr. [SíT 
P l a n t  P r o p a g a t i o n . ]

Betwccn Icaf fall and the start o f  g row th in the 
spring, most o f  the shoot í*rowth (—90%) is pruned 
away. Pruning has several purposes. O ne  o f  the pri- 
mary íunctions is to regulatc fruit production by re- 
moving exccss íertile buds. Thus, dependìnq on thc 
capacity o f  the vine, a cultivar-speciíic num ber o f  
buds is rctained. Byjudicious selcction o f th e  bearing 
wood, the grape grovvcr can both direct the initial 
grovvth o f  the shoots and choosc their position on the 
vine. Both features arc important in providiníT thc 
shoots with thc bcst solar exposure for í*rọwth and 
íruit ripcnintỊ. Prunine; is also csscntial to maintainirnỊ 
thc training system.

In the majority o f  training systems, it is im portant 
to neithcr ovcrprune nor undcrprunc. O verprun ing  
tcnds to prom ote lateral bud activation, bcrry shad- 
ing, and delayeđ fruit ripening. U nderpruning  can 
result in cxccssivc truit production, dclayed matura- 
tion, and poor bcrry quality. In a few years, however, 
unpruned vincs may adjust by producing smaller 
grape clustcrs on thin shoots, whose cxtremitics sclf- 
dchiscc. Consequently, íruit quality improvcs to thc 
point where it approximates that o f  many o f  thc bcttcr 
trainim; systems. This obscrvation has led to the de- 
velopment o f  the minimal-pruning traininụ; system. 
In minimal pruning, the vinc is initially trained to 
a bilateral cordon, aftcr which pruning is primarily 
limited to skirtintỊ (the rcmoval o f  shoots that trai] 
dow n to the ground). Minimal pruning provides con- 
sidcrablc cost savings while producing incrcascd 
yiclds o f  good quality fruit that is easily harvestcd 
mechanically. Minimal pruning has proven popular 
in many o f  the drier rcs;ions o f  Australia.

Most pruning is conducted in thc latc fall or w inter 
months, because choosing the cane w ood and count- 
ing the num ber o f  buds to retain is easier when thc 
vine is dcfoliated. Hovvever, in somc situations addi- 
tional sum m er pruning is desirable. Removing vari- 
ous leiiỄỊths o f  shoot g row th is tcrmcd trimming. 
T rim m ing  the terminal few ccntimeters o f  the g row - 
ing shoots du rin tí; flowcring can enhancc fruit set in 
varicties sensitive to coulure. Later rcmoval o f  lonẹer 
shoot scgments may be employcd in windy climates 
to producc m ore sturdy shoots, to limit cxccssivc leat’ 
and fruit shadiní*, or to ease movcment o f  machinery 
through thc vineyard. Howevcr, tr im m ing m ust bc 
done judicious]y sincc it can induce lateral bud activa- 
tion, producing a carbohydrate drain that can rctard 
fruit ripcninq; and cane maturation.

O ther  forms of sum m er p runin^  include flower- 
and fruit-cluster thinning. These proccdures may be 
used to limit vield whcn m ore  tertile buds survive 
the winter than expected. In cold climatic regions 
it is usual to leave m ore buds than “ ideal,” in the 
cxpectation that a portion will no t  survive the vvinter.

An increasingly popular sum m er  pruning tech- 
niquc is basal leaf removal, which involves rcmoving 
the lcaves ađjacent to, and ìmmediately abovc and 
below, fruit clusters. This m e thod  improves the light 
and hum idity  microclimate around the berry cluster, 
and thưs prom otes fruit quality and health. Basal leaf 
removal also pcrmits the m ore  efficient application 
o f  pcst control chcmicals.

VIII. Fertilization

Grapevines are one o f  thc few mạịor crops with m od- 
est ycarly nutrient demands. This characteristic par- 
tially explains w hy  viticulture historically could bc 
relegateđ to poor hillsidc soils, or vines trained up 
trces on the edges o f  fields and roadsides. The deeply 
pcnetrating root systcm ot' grapcvines allowed them 
to gain access to w ater and nutrients bcyond the reach 
o f  annual food crops.

T he potential o f  thc vine to obtain nutricnts deep 
in the soil, and the extensive storage o f  nutrients in 
thc w oody  structures o f th c  vine, severely complicates 
asscssing the valuc o f  inost fertilizer applications. This 
problcni is iniportant since cxcess fcrtilization is eco- 
nomically wastcful, can lead to groundw atcr  pollu- 
tion, and can disrupt the uptake o f  other nutrients. 
For example, í^rapcs arc seldom deíìcient in phospho- 
rus and its addition can interfere with potassium up- 
take. A lthough m ost inorganic nutrients are nontoxic 
at highcr than typical soil concentrations, incrcasing 
the availability o f  several micronutrients such as bo- 
ron and zinc rapidly leads to toxicity.

M any factors affect nu tricnt availability and uptake 
by the vinc, líiost o f  which arc not rcadily inAuenced 
by the grapc grower. Where thc soil is relatively low 
in organic content, adjustment o f  the pH  upw ard  or 
dow nw ard  may be achieved by the addition o f  
crushcd liinestone or clemental sulfur, respcctively. 
Altcrnativcly, rootstocks ablc to derive the requisite 
inorganic nutrients trom  acidic or alkaline soil may 
be employed.

Where soils are deíicient in particular nutrients, op- 
timal application requires thcir addition at appropriate 
ratcs and timcs, and in appropriate manners. For ex- 
amplc, addition ofan iinonia  should be conducted suf-



í ì c i e n t l y  in  a d v .m c e  o t  p c a k  n i t r o i Ị c n - d e m a n d  h y  the 
grapcvinc, providing time for soil bactcria to convcrt 
thc aminonia mtroiỊcn into the m orc  rcadily absorbed 
and mobilc nirratc torm. Becausc most positivcly 
chari;ed mineral nutricnts su ch as potassiuni do not 
niiiỊratc ctĩcctivcly th rough  the soil, it is important 
tor etYcctivc uptakc that they bc applicd throughout 
thc root zonc. For micronutrients, dcíĩciency often 
can be treatcd by toliar application.

Aítcr bcing out o f  favor for m any ycars, thc usc 
ot manures has rcceivcd rcnewcd interest. In addition 
to the slovv reiease o f  inorganic nutricnts, manures 
liboratc organic chclators that help rctain inorganic 
nutricnts in reađilv available forms. Chelators and 
otlicr hum ic components o f  m anure  also prom ote the 
dcvclopmcnt and maintenance o f  the soil’s a^tỊretỊatc 
structure and triability. T he  latter teaturcs im provc 
soil porosity, tacilitating watcr and air penetration, 
and minimizc soi! erosion.

IX. Irrigation

In sonie rcíỊÌons, notably Europc, irrigation is prohib- 
ited for winc lỊrapes. A lthough excessive irritỊation 
can rcsult in incrcased yield and reduccd truit quality, 
propcr application can regulatc vinc vigor and pro- 
m otc  íruit ripcning and quality. In addition, in many 
scmiaríd and arid rcgions, viticulture would not bc 
commercially viablc w ithou t  irrỉgation.

Grapevines arc particularly sensitivc to vvater stress 
in thc first tcw wecks following Aovverin^. Water 
strcss durini* this period can result in pcrniancnt re- 
striction in m axim um  fruit sizc. Althous;h normally 
undesirablc, rcstricting bcrry enlargement by limiting 
watcr availability has occasionally bccn done to avoid 
íruit-clustcr compactness and to diminish thc inci- 
dence o f  Botrytis bunch rot. Early \vatcr stress also 
can ncgatively affect inAorescence induction and fruit 
set. Aíter véraỉson , limited w atcr dcíicit can bc bencíi- 
cial in restricting additional vegctative growth, pro- 
m oting  cane maturation, and cnhancing berry ripcn- 
ing. Whcn water deficiency dcvelops slowly, the vine 
often tcmporarily countcracts its effects by incrcasing 
root grovvth, dccreasing root osm otic  potcntial (to 
tãvor vvater uptakc), and m odify ing  stomatal response 
(to redure vvatcr loss by transpiration).

Becausc thc physiological effects ot water stress 
may last for scvcral days following tho restoration o f  
turgor, prediction ot the dcvelopm ent o f  a water 
d c t ìd t  is iinportant in t im inẹ  irri^ation. Rcccntly, the 
use ot hand-licld intrarcd therm om cters  has becomc

popular in asscssimỊ impendim? watcr stross. As watcr 
strcss dcvclops, stomatal closure rcsults in a sharp risc 
111 leat'tcmperature abov.c ambieiH tcmpcraturc, as thc 
coolini' cttcct ot transpiration decrcases.

Thrce main irrigation techniques arc used in viticul- 
turc: furrow, spritiklcr, and drip systems. Thcir re- 
spcctivc usc dcpcnds partiallv 011 the cost, availability, 
and quality o f  thc vvatcr, and on installation cost, 
vineyard topograpliy, and auxiliary uses. ỊStr Ikriga- 
TION E n g in e e r in g :  F a h m  P r a c t i c e s ,  M e t h o d s ,  a n d  

S y ste m s; W a t e r :  C o n t r o l  a n d  U se. I

Whcre vvatcr is incxpcnsive and ot amplc supply, 
the relatively inot'ficicnc use ot vvatcr by furrow  irriga- 
tion may not bc an im portant tactor. Furrow irriga- 
tion has the lovvcst installation cost o f  any irrigation 
system, bu t is applicablc only oti relatively lcvel ter- 
rain. Carc must bc uscd on heavy soils, whcre disrup- 
tion o f  soil agíỊrcgatc structure rcsults in clay particlc 
migration, plu^ging ot soil pores, and decreasing 
iníìltration ratcs.

In coolcr regions, whcrc protection from late- 
spring or car]y-fall frosts is trcquently nccessary, 
sprinklcr irriíỊation has a distinct ndvantagc. Undcr 
trost conditions, the relcase o f  hcat as irri^ation water 
freczcs 011 the vine limits thc íbrm ation o f  ice crystals 
in plant tissucs. Sprinkling must bc coiitiiiucd ụntil 
atmospheric conditions warm suíĩiciently to m d t  the 
ice coating. Othervvisc, heat to nielt thc ice is extracted 
trom  vine tissues and írost damatỊe can dcvclop. 
Sprinklcr irrigation has lcss tendcncy to disrupt the 
soil’s atỊgrcgatc structurc bccausc nozzlc opcning and 
application ratcs can bc chosen to limit soil puddling. 
When thc salt contcnt o f  the watcr is hi^her than 
idcal, irrigation may necd to bc limited to evcnings 
or cloudy days to minimize toxic salt build-up on the 
íruit and íoliagc duc to cvaporation.

Althouqh sprinklcr irrigation is suitablc for sloped 
tcrrain, drip irrigation is oíten preterred. D rip  irriga- 
tion has many advanta^es including maximal effi- 
ciency o f  watcr usc, opportun ity  to apply fertilizer 
and nematicidcs jointly , avoidancc o f  erosion and soil 
compaction, restricted a;rowth of' aỉl but d rought-  
tolerant vveeds, and applicability on shallow soils or 
terrain whcrc saline water is close to thc soil suríace. 
H ow cvcr, because root production occurs prcdomi- 
Iiantly around the cmittcrs, watcr stress can develop 
rapidly if vvater is not applicd ửequently.

X. Pest Control

Tvvo trends arc CLirrently changini^ establishcd mcans 
ot discase, pcst, and wced control. O ne  is organic



viticulturc, in w hich L1SC of synthctic chcmicals is re-  

strictcd or prohibitcd. The other trcnd is intetỊratcd 
pest manaỉỊcment (IPM), in vvhich control nieasurcs 
f'or all discases, pcsts, and vvccds o f  a crop arc intc-  
gratcd and coordinatcd. ỊS tr  I n t e g r a t e d  P e s t  M a n 
agem ent. I

In organic viticulture, scveral íỊrape pcsts can be 
adcquately controllcd by prcdatory or parasitic 
agents, but thcir usc otten rcquircs maintainintỊ ovcr- 
wintcriniỊ sitcs for the bioloe;ical control atỊL’nt(s). 
H owcver, control o f  other pcsts and pathogcns ottcn 
rcquircs clcmcntal or inoriỊanic chcmical pcsticidcs 
such as sultur or coppcr sultatc, rcspcctivcly; oríỊanic 
chcniicals su ch as soaps and oils; or bioloiỊÍcally ucncr- 
ated toxins such as tliat produccd by the bacterium 
Biicilltis llturiiiạiensis. Usc ot oro;anic fcrtilizcrs such as 
mnmirc can inđirectly aid disc.isc and pcst control by 
slowiiĩí>; mitricnt rdcase to the vine and minimizinu; 
thc production o f  succulcnt tissucs íavored bv most 
pcsts and pathoiỊens.

IIJM has bccomc increasiniỊly popular as a nicans 
o f  prcscrviníỊ and incrcasiniỊ thc effcctivcncss ot 
chcmical control measures in the facc o f  lỊrovvim* pcst 
and pathotỊcn rcsistancc, and opposition to pcsticidc 
usc by cnvironmcntalists and lỊovcrnmcnts. IPM may 
cniploy all thc methods uscd Í11 ort;anic viticiilturc but 
docs not cxcludc tho use o f  synthctic control aiỊcnts.

Viticulture providcs onc of the oldest and bcst cx- 
amples ot bioloiỊÌcal control, thc usc o f  resistant roo t-  
stocks in rcíỊulating the ravatỊes o f  thc pliylloxcra root 
lousc (Daktiilosphtùrtì ưitiỊoliiU’). Without íỊrattiiií* to a 
rcsistant rootstock, cui tu re o f  I ưinifcnì varietics 
would be essentially impossiblc in m ost parts o f  thc 
w orld. AlthouíỊh bioloíỊĨcal Controls h avc p rovcn  lcss 

applicablcin tho con tro! offun^al, bactcrial, viral, and 
vvccd problcms, detailcd knovvlcdiỊC ot tlic biology o f  
thesc aíỊcnts can incrcasc thc cfficiency and rcducc thc 
numbcr o f  Applications o f  chcniical control atỊcnts. 
[Sec Pest M a n a g e m e n t ,  B i o l o c i c a l  C o n t k o i .  I

BrccdintỊ was uscd most cxtcnsivcly in the latc 
lHOOs to incorporatc rcsistancc to various pcsts and 
discascs, and lỊavc risc to the Frcnch—American hy- 
brids. H owcvcr, chantỊcs in truit tìavor limitcd their 
acccptance, especially in Europc, vvhcrc lavvs havc 
been passcd to restrict or prohibit tlicir cultivation. 
Tluis, devclopin^ 11C\V resistant varicties is not .1 prior- 
ity item in m ost countrics, althoue;h rootstock đevel- 
opm cnt continucs, sincc thcy do not .ìltcr the tìavor 
characteristics ot' the scion cultivar.

C u l t u r a l  C o n t r o l s  i n c l u d c  t h c t o r s  s n c l i  a s  n i i n i m i z -  

Ì11ÍỊ dustv conditions tor spidcr niitc control. basal 
leat rcmoval tor limitint; liotrvtis bunch rot, and ap-

proprintc tiininsĩ o f  suitable levcls ot am m om a tcr- 
tilizcr to rcduce the production ot scnsitivc suc- 
c u l c n t  t i s s u e s .  IS c c  P est M a n a g e m e n t ,  C u i t u r a i .  
CONTROL-Ì

The cfficicncy o f  chemical control aíỊdits can be 
incrcased by the application ot scvcral 11CW conccpts 
and tcchnical advanccs. Thesc include avoiding thc 
mixintỊ ot incompatible com pounds, prcícrcntial usc 
of nonspecitìc clicmical aẹents (to which pest resis- 
tancc dcvelops slowly), rcstrictcd use o f  curativc 
aíỊCiits (to \vhich resistance may devclop quicklv), 
alternate use o f  dirterent chcmical aỉỊcnts (to liniit 
speciíìc pcsticidc/tiingicidc build-up and rcducc thc 
likclihood o f  rcsistance development), usc o f  climatic 
conditions in disease torecastinu; (to minimize unncc- 
cssary chcmical applications), and use tít nozz]cs \vitli 
an appropriatcly narrow raiiiỊc of droplct sizcs (to 
rcducc dritt and iniprovc crtcctivc impact and surface 
covcrat»c). | S i r  PrsI M a n a c ;h m e n t,  O i k m i c a l  ( Ì ) N -
I KOI.. I

The incidencc and importancc ot particular discascs 
and pcsts varics trom  ycar to ycar and rciỊÌon to rc- 
c;ion. For cxamplc, dovvny mildcvv (Plíisinoparn 
cọìà) ís a minor problem 111 ìmich o f  Calitồrnia, but 
a mạjor pathoQ;cn in the morc hum id  parts ot N orth  
A m er ica  and most o f  E u ro p e. III contrast, povvdcry  
mildcvv ( ( ỉiiciiuiLi nvcator) and Botrytis bunch rot (Bo- 
try/is cinerea) arc iniportant patliotícns in almost cvery 
viticultural rciỊÍon. Iiow dcry  mildcvv oếten is morc 
serious in dricr years, whcrcas bunch rot is especially 
proniinent during vvct years.

Most viral discascs snch as tanlcat dctỊcncration and 
lcatroll arc íỊloballv scrious problcms. T hcir  almost 
imivcrsal distribution may bo duc to the vviđcspread 
dispcrsal oí unknovvintrly intcctcd rootstock in thc 
control ot phylloxera. T he  m ost vvidcly disperscd o f  
bactcrial íỊrapcvinc pathoiỊcns is A ịỊro b iK tcriu in  tum cịa- 
ácns, thc Ciíusal aiỊcnt o f  crovvn lỊall. This pathogcn 
is particularly dam aging in cool climatic rce;ions.

The mạịor roundw orm  pathogens ot iỊrapevines 
are the roo t-kno t  ncmatodcs (M eỉoidoạyne  spp.) and 
datỊiỊcr Iicniatodcs (X iph iiicm n  spp.). The latter arc 
important vectors o f  thc I^rapevine íanlcat' virus. Ma-  
jor inscct pcsts inclucic sevcral tvpes ot' lcaíhoppers  
and various tortricid inoths (c .g . .  scvcral íỊrapc bcrry  
motlis, the om nivorous leatroll. and the oraniỊc tor- 
trix). Scvcral spider initcs also can cause considcrablc 
damat;c.

The inaịor air pollutant c:uising scrious tỊrapcvinc 
damaíĩc is ozone. Sevcre pliysiolotỊÍcal disordcrs in 
ccrtain ÌCÍỊÌOIIS, and vvith particular cultivars. arc (■(>/(/- 
m r  (inHorcsccncc nccrosis) and tlcỉỉcchcnicni ắc la raịìv



( b u n c h - s t e m  n c c r o s i s ) .  T h e  m o s t  n o t a b l c  n u t r i c m  d c -  
tìcicncy syndromc, cspccially 011 calcarcous (alkaline) 
soils, is iron chlorosis.

XI. Harvesting

Sclccting thc Harvest datc is onc o f  thí.' most critical 
dccisions in the viticultural calendar. This choicc cs- 
tablishes the maxirnum quality of thc fruit and thc 
winc potcntially niadc from  it. Correspondine;ly, 
t h c r e  is ì n u c l i  c o n c e r n  in  c o r r c c t l y  p r c c i i c t i n g  t h e  o p t i -  
mal datc ot 'fruit rnaturity. Beíbrc the availabilitv o f  
analytical chcmical indicators, color, texture. and 
tastc vvcrc the onlv mcans o f  asscssintỊ íỊrape ripcncss. 
Currcntly , mcasurcment o f  the sugar content or thc 
siiiỊar—acid ratio is the primary means by which iỊrapc 
m atnrity is assesscd and thc prọjcctcd harvest 
datc set.

For vvinc grapes, additional indicators o f  maturity  
may includc the measurement o f  sdected  phenolic 
conipounds such as anthocvanins, « r  arom a constit- 
ncnts and thcir precursors. The m orc  the chcmical 
nature o f  a íỊrapc’s varietal aroma is know n, tlic m orc 
uscíul its measurcment may bccome in detcrminimỊ 
thc optimal harvest datc for vvinc grapcs. Where per- 
mitted, adjustmcnt o f thc  sutỊar and acid content o f th e  
ịuicc or wine is easier, and meets with morc consum er 
a c c c p t a n c c ,  t h a n  a r t i í ìc ia l  a d j u s t m e n t  o t '  t h e  a r o m a .  
Arom a adịustnicnt is permissible only in sclcctcd íor- 
titìcđ wincs (c.g., vcrm outh  or marsala) or in w inc- 
bascd bcvcragcs sucli as winc coolcrs. Examplcs o f  
grapc components potcntially or actually bcing uscd 
in detcrmininiỊ íỊrapc harvest arc monoterpenes, m e- 
thoxypyrazincs, and norisoprcnoid precursors.

Choice bctwcen manual and mcchanical harvestiníT 
ottcn depcnds as much on e;rape use, varicty, and 
t r a i n i n i Ị  s y s t e m  as 011 l a b o r  c o s t  a n d  a v a i l a b i l i t y .  T o -  
poí*raphy, notably sceep slopes, or vincyard layout, 
such as narrovv rows, may requirc manual harvcstina;. 
In addition, use as tablc grapcs or in thc production o f  
certain vviiies (vvhite sparklinạ; wines from  rcd íỊrapcs) 
essentially makcs manual harvcsting oblieịatory. 
Whcrc othcr conditions permit, varietal suitability 
and training systcm are the main nonnionctary  Ếactors 
aí'fcctiniỊ the choicc o f  manual versus mechanical har- 
vcstinu;. Varietal suitability for mcchanical harvcsting 
đepcnds on thc casc vvith which individual grapcs or 
c l u s t c r s  s c p a r a t e  t r o n i  th o  v i n e ,  a n d  t h e  r c s i s t a n c c  o f  
the skin to riipturc duriiiiỊ scparation. T he truit clus- 
tcrs ot cultivars such as Cabernet Sauvignon and Flora

s c p a r a t c  c a s i ly ,  vvith l i t t lc  t r u i t  r u p t u r c ,  vvhc rcas  t h e  
clustcrs ot othcr varictics sucli as Zinfandcl and Mus- 
cat Canclli scparatc with dittìculty and sho\v niedium 
to hcavy juicc rclcase.

Whcrc applicable, mcchanical harvcstint; has sev- 
cral distinct bcnctìts, notably pickintỊ speed and con- 
timious operation under most cliinatic conditions. 
With cultivars suitablc tor mcchanical harvesting, dif- 
t c r c n t i . ư i o n  is r a r c ly  p o s s ib l e  b e tv v e cn  vvìncs m a d c  
f rom íỊrapes harvested mcchanically or manuallv trom 
similar vines.

Harvesting machincs usually dctach the fruit by 
s h a k i n g  t h c  v in c  t r u n k ,  b v  s t r i k in í Ị  t h c  s h o o t s ,  o r  b y  
a combination ot both actions. Tlicir etTcctivcncss 
dcpcnds primarily on the trainiiiiỊ systcm and on how  
close or distant tho fruit is from thc trunk. Shaker 
t y p e s  a rc  g c n c r a l l y  b e t t c r  vvith s p u r  p r u n c d  v in c s ,  
vvhcrcas striker typcs arc morc ettcctivc vvitli canc 
prưned vines.
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Waste Management 
Engineering
VVILLIAM F. RITTER, University o f Delaware

I. Waste Characteristics
II. Livestock Waste Management

III. Food Processing Waste Management

Glossary

A cration  Proccss torcinu; intimate contact betvveen 
air and a liquid by onc or m orc o f  the íbllowinự 
methods: sprayintỊ the liquid in thc air, bubbling air 
through the liquid, and agitaring tlic liquid to prom otc 
absorption of oxygcn through thc air-liquid intcrfacc 
A gricu ltu ra l w astes Wastes normally associatcd 
witli thc productiơn and Processing o f  food and tìhcr 
on íarnis, tccdlots, ranches, raniĩes, and íorcsts that 
may include animal tnanurc, crop rcsiducs, and dcad 
aninials; also agricultural chemicals and their rcsiducs 
and containcrs, vvhich may contributc contaminants 
to surtace and subsuríace watcr 
B io ch em ica l o x y g e n  d em an d  (B O D ) Quantity o f  
oxytỊcn uscd in the biochcmical oxidation o f  oriỊanic 
niatter in a specihed tinie and at a specitìed tempcra- 
ture and conditions; norm ally  5 days at 20°c  unless 
o thcrwisc stated
B io lo g ic a l w astew ater  trea tm en t Forms o f  
wastewater trcatment in which bacterial or bio- 
chemical action is managcd to stabilize or oxidizc 
the unstablc organic m atter present; oxidation ditches, 
acratcd lagoons, aerobic lagoons, anaerobic laiỊoous, 
anacrobic diíỊestcrs, and acrobic di^csters arc ex- 
amplcs
C h em ica l o x y g e n  d em an d  (C O D ) Mcasurc o f  thc 
oxytỊcn-consumina; capacity o íinoríỊam c and organic 
mattcr prescnt in vvatcr or wastewatcr, cxprcssed as 
the amount ot oxytỊcn consum cd by a chcmical oxi- 
dant in a spedíied tcst; it docs not differcntiatc be- 
tv v ccn  s t . ib le  a n d  Ị i n s t a b l e  o r i Ị a n i c  n i a t t e r  a n d  t h u s  
docs not ncccssanlv corrclatc \vith biochcmical oxy- 
t Ị d i  đ e m . i iu l

D ig e s t io n  Usually rctcrs to the breakdovvn o f  or- 
ỉ*anic matter in a watcr solution or suspension into 
simpler or morc bio]oe;ical]y stable com pounds, or 
both; in anaerobic diiỊCStion, organic mattcr niav bc 
dccomposed to solublc organic acids or alcohols and 
subsequently convcrtcd to gases such as methane and 
carbon dioxidc
E ffluent Wastcwatcr or o ther liquid treated or un- 
trcatcd thac is đischarged
M a n u r c  Fecal a n d  u r i n a r y  excretion o f  livcstock a n d  
poultry, oíten rcícrrcd to as livestock wastc; this ma- 
terial m ay contain hcdding, spillcd feed, water, or 
soil, as well as vvastes not associatcd with livestock 
excreta, such as milkiníỊ center wastcwatcr, contami- 
natcd milk, hair, fcathcrs, or other dcbris 
S o lids  c o n te n t  (1) Sum o f  the dissolvcd and sus- 
pended constitucnts in water or wastewatcr; (2) resi- 
duc rcmainimỊ aftcr a samplc o f  vvater, wastcwatcr, 
or semisolid material is cvaporated and the rcsidue is 
dricd at a speciíìcd tcmpcrature (usuallv 103°c fbr 
24 hr); usually statcd in milli^rams pcr liter or pcrccnt 
solids

a s tc  m a n a g c m e n t  as  r c l a t c d  t o  a g r i c u l t u r a l  sc i -  
enccs dcals with thc collcction, transport, storagc, 
treatment, and disposal or rcusc o f  wastes associated 
vvith livcstock and poultry prođuction systcms. It also 
cncompasses thc managcment, treatment, and dis- 
posal or reuse o f  wastcwatcr, sludge, and solids gener- 
atcd from thc Processing oí ravv agricultural products, 
namely, fruits, vcgctablcs, meat, poultry, fish, and 
dairv products. Sdection o f  vvaste managcm ent sys- 
t c m s  is b a sc t i  011 c c o n o n i i c s ,  e n g in e e r i r n Ị ,  p u b l i c  r c a c -  
tions, and rcíỊulations. Federal, State, and local rctỊula- 
tions attcmpt to minimizc or climinate pollution 
throiií^h thc dcv d o p m en t  ot vvastc managem cnt sys- 
tcm by ovvners and opcrators.
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I. Waste Characteristics

A. Livestock Manure Characteristics

L i v e s t o c k  n u u m r c  p r o d u c t i o n  a n d  c h a r a c t c r i s t i c s  a rc  
in iportant in the plannintỊ, dcsiqn, and operation o f  
livestock \vastc manaiỊcment systcms. The descriptive 
data in Tablc I for livcstock manurc are drawn from 
a widc ba.se of published intormation. When sitc- 
spccitĩc data or actual sample analyscs can be pcr- 
torined, thosc data shoưld be used tor the plannine;, 
dcsign, and opcration ot livcstock wastc manatỊemcnt 
systcm s in lieu o f  thc data in T a b lc  I. ị5'í’Ế’ Animai,  

W a s t e  M a n a g k m k n t .]

B. Food Processing Wastewater Characteristics

Food P r o c e s s i n g  can rcsult in considerable quantitics 
o f  solid waste and wastcwatcr. Many o f  the vvastcs 
can bc uscd in by-product rccovcrv proccdurcs. Solid 
w astc  t ro m  íood  Processing m ay conta in  a hie;h per-  
CditaiỊC o f  raw  p ro d u c t  and m ay  exhib it  charactcristics 
o f  tlic raw product. Wastewatcr, 011 tho othcr liand, 
is a dilute material that may contain low conccntra- 
tions o f  som e ot thc co m p o n e n ts  o f  the raw  product.

Dairy food Processing wastc charactcristics arc pre- 
scntcd in Table II, and meat and vcíỊetabk' wastcwatcr 
charactcristics arc prcsentcd in Tablcs III and IV. The 
charactcristics o f  solid frụit and vce;etablc vvastcs arc 
presentcd in Tablc V. Ị.Scc Daiuy P k o c e s s in c ; a n d  
P r o d u c t s ;  M e a t  P r o c e s s i n g .  I

TABLE II
Dairy Food Processing Wastewater Characteristics

W a s t c w a t i T

P r o đ u c t / o p c r a t i o n

M a s s

( k í » / k g

m i l k  p r o c c s s c d )

B O D 5

( k g / l ( ) 0 l )  k g  

m i l k  r c c e i v e đ )

l ì n l k  m i l k  h a n đ l i n g 6 .1 1 .0

M i l k  p r o a - s s i n g 4 . 9 5 .2

L iu t t c r 4 .8 5 l.4 í>

C h e c s c 2.110. l .H

C o n đ e n s e d  n i i l k 1 .8 5 4 .5

M i l k  p o v v d c r 2 .H 3 . 9

M i l k .  i c c  c r c a m ,  a n d 2 . 5 2 6 .3 7

c o t t a n c  1‘h c e s c  

( - o t t . i Ị í i 1 i l ic o s c 6 . 0 34.11

Ic c  t r c a m 2 .8 5 .7 Í)

M i l k  n u l  c o t t a t r c  c h c c s e l . « 4 3 .4 7

M i x c d  p r o d u c | f 1 .8 2  5

II. Livestock Waste Management

A livcstock vvnstc Iiiaiiaiỉcincnt systein mav consist 
ot collcction, storagc, trcatment, transtcr, and utili- 
zation.

A. Collection
Collcction retcrs to the initial capture and gathering 
ot the waste from the point o f  oriíỊÌn o r  deposition 
to a collcction point. Livcstock and poultry  manure 
c o l l e c t i o n  o t t e n  d c p c n d s  011 t h e  đ e g r e e  o t  t r e e d o m  
that is allowed thc animal. If animals art' allowed to 
move trccly in a ựiven spacc, thc m anure  vvill be 
dcpositcd randomly. C om ponents ot' m anure  collec- 
tion may Ìiicludc pavcd allcys, lỊUttcrs, and slotted 
tìoors, as well as associated mẹchanical and hydraulic 
cquipmcnt to transtcr thc m am ưc to storage.

Allcys arc pavcd areas whcrc thc animals vvalk and 
may have a solid floor ơr a sloctcd floor. O n  slotted 
Aoors, aninml hoofs vvork the nianurc throut»h thc 
slots into thc allcys belovv. Paved allcys arc uscd for 
bccf, swinc, and dairy and may bc uscd bclow cagcd 
laycrs in poultry operations. The n ianurc is collectcd 
bv Hushiui' or scrapiní* thc allcvs. Mcchanical scrapcrs 
arc propcled by an elcctrical driver attachcd by cablcs 
or chains, and tractor scrapcrs arc uscd in irrcgưlar- 
shapcd alleys and opcn arcas whcre mcchanical scrap- 
ers cannot hmction propcrly. A tractor scrapcr can 
be a bladc attachcd to citlicr thc tront or  rcar end o f  a 
tractor or a skid-stcer tractor that has a fron t-m ounted  
buckct. Scrapc allcy widths (Ịcncrally vary from 2.5 
to 4.3 m  tbr dairy and bect and from 1.0 to 2.5 m  
for poultry and swinc.

Alk-ys can also be cleancd by Aushing. Slope is 
critical and gencrally varics from 1.25 to 5% . T he 
length and vvidth are also im portan t tactors in flush 
allcys, vvhich sliould lỊciicrally bc less than 60 m loníỊ 
and vary 111 vvidth from 1.0 to 3.0 111 đcpendiniỊ on 
the animal typc. A num ber ot m cchanisms arc used 
tor AushiníỊ alleys, the most conim on being the em p- 
tying oflaríỊC tanks ofw ater  or thc use ofhic;h-volum e 
pumps.

Guttcrs arc narro\v trenchcs usect to collect animal 
vvastes and arc cmplovcd in conhnem ent stall o r  stan- 
chion dairy barns and in somc swine facilities. Deep, 
narrow  guttcrs with Y, u, V, or rectangular cross- 
sectional shapes that drain by i^ravity m ay be used in 
swinc facilities. N arrow  lỊuttcrs can also be cleaned 
bv tìushiníỊ. Scrapc u;uttcrs arc tVcqucntly used 111



TABLE III
Meat Processing Wastewater Characteristics

C o n i p o n c n t U n i t s S l a u n l i t o r

R e d  m c .1t 

P a c k in i í P r o c e s s i n g 1' P o u l t r y " B r o i l e r 1’

V o l u n i e L i t c r s / 1001) ke;' 4 0 6 6 1 0 7 3 7 1 4 5 8

M o i s t u r e % 9 5 . 0

T S %  w . b . 4 . 9

k i * / 100(1 k ỉ ĩ ' 4 . 7 8 .7 2 .7 6 . 0

v s k e , /1 0 0 0  ki»' 4 . 3 0

F S k g / 1 0 0 ( )  k ị í ' 0 . 6 5

b o d 3 k i ; /  J0 D 0  k í* ‘ 5.8 12.1 5.7 8.5
N k y / 100(1 k g ‘ ( ( .3 0

p k g / l o n o  k g ' 0 . 0 8 4

K k g / 1 0 0 0  k g ' 0 . 0 1 2

‘‘ Q u a n t i t i c s  p e r  1 0 0 0 - k í ĩ  p r o d u c t .  

h A 11 v a lu c s  %  v v .b .

P c r  K ID O -k t; l ĩ v e  m a s s  k i l l c đ .

confined-stall dairy barns. The gutters arc 41 to
61 cm widc and 30 to 41 cm decp with no bottom 
slope.

B. Storage
Storagc is thc tcmporary containment ot the vvaste. 
The lcngth o f  storage dcpcnds on the vvcathcr, crop, 
grovvintỊ scason, cquipmcnt availability, soil, soi) COI1- 
ditions, labor requiremcnts, and managcmcnt Hcxi- 
bility. Manurc can bc stored as a soliđ, semisolid, 
slurry, or liquid.

Waste storagc structures can bc used tor maiìLirc 
that will stack and can bc handlcd by equipmcnt de- 
signed for solid manure. The structurcs can be opcn 
or rooíed to control cxccss moisturc. Sccpage and 
runotT must be controllcd from open stacks. The 
structures often havc wooden, reinforccd concrete, 
or concrctc block sidewalls. In some instances, m a- 
nure may be stored in open stacks in fields. The 
am ount o f  bcđding material often dictates whcthcr 
or not manure can be handled as a solid.

Waste storage ponds can bc used to store solid and 
scmisolid manurc. They are earthcn im poundm cnts 
uscd to rctain inanure, bedding, and runotT liquid. 
The nianurc vvill likely bc rcnioved as a liquid unless 
prccipitation is lovv or a mcans ot draining the liquid 
is available. T he ponds may have to bc lined w ith  
compactcd clay soil or artĩíĩcial lincrs to prcvcnt secp- 
age and {Troundvvater coiitamination.

Liquid and slurry manure can be stored in vvaste 
storage ponds or in abovcground or bclow ground 
tanks. Earthen storagc is lỊcnerally thc lcast cxpensive 
type ofstorage. Storage ponds are gcnerallv rectangu- 
lar but may bc circular or any othcr shapc that is 
practical. M anurc storage tanks can be constructed o f  
metal, concretc, or wood. Belovvground tanks can be 
loaded using slotted Aoors, p u sh -o t ĩ  ramps, gravity 
pipes, guttcrs, o rpum ps. Above£Ịround tanks are typ- 
ically loadcd by a pum p m oving the manure from a 
rcception pit. Tank loading can be írom  thc top or 
bottoni o f  the tank. Waste storaẹe ponds m ust p ro- 
vidc not only volume to store wastcwater and ma- 
nure, but also storage capacity for normal precipita-

TABLE IV
Vegetable Processing Wastewater Characteristics

C o m p o n c n t U n i t s C u t  b e a n F r e n c h  s t y l e  L iean P c a P o c a to T o m a t o

T S k g /1 0 ( ) ( )  k g J 15 4 3 3 9 53* 13 4

v s k g /H I ( ) ( )  k g J y 2 9 21) 50*

F S k g / 1 0 0 0  k g J 6 14 19 3 k

C O I ) k g  / 1 0 0 0  k g " 14 3 5 3 7 71 %

B O D , k g /K K K I  k g J 7 17 21 3 2 5 5

11 k i í / lO O O - k n  r a w  p r o d u c t .  

’ T o t a l  s u s p c n d e d  s o l i d s .  

P e r c e n t a s Ị e  o l  T S S .



TABLE V
Fruit and Vegetable Solid VVaste Characteristics (Percent W et Mass Basis)

F r u i t / v c Ị Ị c t a b l e

M o i s t u r e

c o n c c n t

T o t a l

s o l i l i s

V o l a t i l c

s o l i d s

F i x c d

s o l i d s N 1> K

l i a n a n . i ,  1 'rcsli 8 4 .0 1 6 .0 1 3 .9 2 .1 11.53
U r o c c o l i ,  l c a t H 6 .5 1 3 .5 (1 .3 0
C a b b a g c .  lo .it V 0 .4 ').(> 8 .6 1 .0 0 . 1 4 0 .0 3 4

C a b b a i Ị C .  c o r c « y  7 1 0 .3 0 .3 8

C a r r o t ,  t o p « 4 .0 1 6 .0 1 3 .6 2 . 4 0 . 4 2 (1 .03
c . i r r o t ,  r o ọ t « 7 .4 1 2 .6 1 1 .3 1 .3 11.25 0 .0 4

C a s s a v a ,  r o o t 6 7 . 6 3 2 .4 3 1 .1 1 .3 1 .6 8 0  (.139

C o m ,  s w e e t ,  t o p 7 9  8 2 0 .2 i y . i l 1 .2 0 .6 7

K a l e .  t o p HH .4 1 1 .6 y .7 1 .9 0 . 2 2 0 .1 )6

L c t t u c c ,  t o p ‘M.(> 5 .4 4 .5 (1 .9 0 .0 5 0 .0 2 7

O n i o n ,  t o p ,  m a t u r e 8  6 9 1 .4 8 4 .7 6 .7 1 .3 7 0 .(12

O r a n i ĩ c .  t ì e s h 8 7 .2 1 2 .« 1 2 .2 IJ.fl 0 .2 6

O r a n g c .  p u l p 8 4 . 0 1 6 .0 1 5 .0 1 .0 0 . 2 4

1’a r s n i p ,  r o o t 7 6 .3 2 3 .7 0 .4 7

1’o t . i t o .  t o p .  n u u u r e 12. K 8 7 .2 7 1 .5 1 5 .7 1 .2 2

P o t ạ r o ,  t o p ,  t u b c r 1 .6 0 11.25 1 .9

P u m p k i n ,  H csli 9 1 .3 8 . 7 7 . 9 O.H 0 .1 2 0 .0 3 7
R l i u b a r b .  Ic .ư ’ 8 8 .6 1 1 .4 0 .2 (1

R u t a b a g a ,  t o p 91) 0 10.(1 0  3 5
R u t a b a g a ,  r o o t 8 9 .5 1(1.5 0 . 2 0

S p i n a c h .  s t c m s 9 3 .5 6 .5 11.065
T o m a t o ,  t r o s h ‘M .2 5 .8 5 .2 0 . 6 0  15 0 .0 3 0 .3(1

T o m a t o ,  s o l í đ  v v a s tc 8 H .9 I I . 1 1 0 .2 0 . 9 0 .2 2 0 .0 4 4 1) I)« y

T u r i i í p ,  t o p (p  1 7 . 8 0 .2 0

T u r n i p ,  r o o t * J 1 7 0 . 3 4

tion and runotT (less cvaporation) during the storagc 
pcriod. Storage volume rcqnircmcnts tor tanks arc 
che sanic as thosc for ponds exccpt that in most cascs 
outsidc runott is excludcd from  thc wastc storagc 
tanks becausc oí 'tho relative high cost o f  storage.

c. Treatment
Treatm cnt is any íiinction that reduces thc pollution 
potcntial o f  the waste, including physical, chemical, 
and bioloí»ical treatment. It also includcs activities that 
are classified as pretreatment, such as thc separation 
ot' solids. T reatment methods uscd for agricultural 
wastcs includc thc use o f  lagoons, oxidation ditches, 
and composting; thcse processcs reducc nutricnts, de- 
stroy pathogens, and rcducc solids.

Anaerobic lagoons are vvidely uscd to treat animal 
wastes and are designed on the basis o f  thc volatilc 
solids loading rate. The  rate o f  solids dccomposition 
is a tunction o f  t c m p c r a t u r c ,  thcrctbre thc dcsiiỊU load- 
iiiíỊ ratc varies trom  One Iocation to another. LaíỊoons 
should bc constructed to avoid leakage and potcntial 
ựrouiHÌNvatcr pollution. If an anacrobic lagoon is man- 
atỊed and desÌGỊiied properly it will rcducé animal

waste odors. Anacrobic lagoons gcncrally rangc in 
dcpth trom  2 to 6 m.

Acrohic lìigoons can be used it mininiizing odors 
is critical. Thcsc lagoons operate within a depth range 
o f  0.6 to 1.5 m to allow for the oxyiỊcn cntrainment 
that is necessary for the aerobic bactcria. Aerobic la- 
qoons are designed on thc basis o f  the biochemical 
oxygcn dem and addcd per day and thcy should ncvcr 
bc ovcrloadcd or they vvill become anaerobic. Suríace 
area rcquiremcnts are rnuch larger for aerobic lagoons 
than tbr anacrobic lciíỊoons.

Acratcd lagoons operatc aerobically and are depen- 
dent on mcchanical aeration co supply thc oxygen to 
treat the waste and mininiizt’ odors. This typc o f  
131*0011 conibincs the small surtace arca íeature o f  an 
anaerobic lagoon and thc relative odor-frec operation 
ot an acrobic lagoon. The main disadvantages o fae r-  
atcd lagoons are the energy requirements and cost to 
operate the mechanical aerators and the hií*h lcvcl o f  
m a n a g c m e n t  requiređ. Suríace aerators that float OI1 
thc surtace o f  the lagoon or ditTused-air systems may 
bc used, the torm er beine; gcncrally m ore  cconomical 
to opcratc.

Oxidation ditches may be uscd for trcating animal 
vvastes in situations whcre thcrc is not sutTicient space



availablc for a lagoon and odors arc critical. The slial- 
low., continuous ditch gcncrally has an oval layout. 
It has a special acrator spanning the channel, and the 
action o f  the acrator nioves the liquid waste around 
thc channel and kccps the solids in suspcnsion. Oxida- 
tion ditchcs can be expensive to opcratc and take COI1- 
sidcrable mana^ement.

Com posting  is che acrobic bioloíỊÌcal dccomposi- 
tion o f  organic mattcr, usually in solid and senii-solid 
form. Gcnerally organic waste is mixed with other 
ingredients such as straw, w ood chips, or com cobs 
in a prescribed manner to acccleratc the proccss. It 
convcrts an organic vvaste into a stable organic prod- 
uct by converting nitroiỊen from the unstable aninio- 
nia torm  to a morc stable organic form. The end rcsult 
is a product that is safcr to use than ravv organic 
material. Compostine; also rcduccs thc bulk o torganic  
material, improvcs its handling properties, rcduccs 
odor, tìy, and other vector problcms, and can destroy 
vvccd sccds and pathogens. The thrce basie mctliods 
of composting are w indrow , static pile, and in-vessel.

The w indrow  mcthod involvcs the arranging ot 
compost niix in long, narrow piles o r  windrows. 
T o  maintain acrobic conditions, thc compost mixturc 
must be pcriodically turncd. The miniimim turniniỊ 
írequency varics from 2 to 10 days dcpcnding 011 the 
typc o í  mix, volurnc, and ambicnt tcmperaturc. As 
the compost ages, thc frequency oftumiiiỉỊ is reduced. 
W indrows are generally 1.2 to 1.8 m dccp and 1.8 to 
3.0 m widc.

The scatic pilc m ethod consists o f  niixiniỊ che coni- 
post matcrial and then stacking the mix on pcrtoratcd 
plastic pipe through which air is drawn or íorced. 
The compost mixturc heiẹht gcncrally ranges tro 111
2.4 to 4.6 m and the vvidth is usually twicc thc dcpth.

The in-vessel composting process involvcs placinsỊ 
the compost in a Container w h ere it is continuously 
or periodically stirred. It is not as popular as thc wind- 
row  or static pilc mcthods, primarily duc to cost and 
greater mechanical complexity.

M anure contains products that can be ređaim ed by 
mechanical separation for tced or bcddiniỊ. Solids in 
dairy manure can be rcmovcd and proccsscd tor use 
as a bcdding material. Mcchanical separators are also 
used to rcmove solids to rcducc the volatile (oriỊLinic) 
solids loadiiitỊ and in somc cascs the requiređ volumes 
of storage íacilitics and ot lagoons. Screcns and ccntri- 
íủgcs are com m only used to scparate solids; scrccns 
arc statically inclined or in continuous motion to aid 
in separation. Solids must bc processcd betorc thcy 
can bc uscd tor fced or beđdiniỊ. ít thcv are intendcd 
for bedding, thc material should bc compostcd or 
dricd; if che solids arc uscd tor tccd, thcy may nccd 
to be mixcd vvith otlicr fccd iriiỊrcdicnts and cnsiled.

In m any instances it is bcncficial to rcmove manure, 
solids, and soil t rom  the runotTfrom  livestock opera- 
tions. The inost com m on  devicc to acconiplish this 
is tho settling basin, which is a shallovv pond desitỊned 
tor low velocitics and the accumulation ot solids. [t 
is positioncd betwcen the wastewatcr sourcc and stor- 
agc or treatment ílicilitics.

D. Transíer
Transtcr rcfcrs to the m ovem ent and transportation 
o f  thc wastc th roughou t the system, includin^ the 
transtcr o f  vvastc from thc collcction point to thc stor- 
agc tacilitv, to the treatmcnt tacility, and to the utiliza- 
tion sitc. The vvaste may rcquirc transter as a solid, 
liquid, or slurry dcpending on the total solids concen- 
tration.

Liquid and slurrv m anure  can bc movcd by e;ravity 
if suffìcicnt clevation dittcrenccs are prcscnt. For 
slurry manurc a n n n im u m  of 1.2 m clcvation is re- 
quired bctwccn the top  o f  thc collection pit and the 
suríacc o f  thc manurc in storage. Cìravity-flow slurry 
m anure systcms typically L1SC 46- to 76-cni-diameter 
pipc.

M anurc scrapcd trom  opcn lots can bo loaded into 
maiiurc sprcadcrs o r  stora^e or trcatnieiỉt íacilitics 
using push-otT ramps or docks. A ramp !S a paved 
structurc lcadiiiiỊ to a m anure storage that can be levcl 
or  inclined, whcrcas a dock is a levcl ranip that pro- 
jects into thc storagc o r  treatmcnt facilities.

Eitlier displaccnicut or ccntritui;al pimips arc uscd 
to transport or asỊÌtatc nianure. Piston and air-pressure 
transfer displaccmcnt pum ps arc used tbr transícrring 
nianure, vvhereas diaphra^m  and P rogressive cavity 
displaccmcnt pum ps are uscd t'or agitating, transtcr- 
riníỊ, and irriíỊatiiiíT mamire, as arc ccntrifugal pumps.

E. Utilization
Utilization is the tunction for vvhich thc manurc and 
wastcwatcr (cfflucnt) is uscd for a benctìcial purpose. 
T he tvpical m cthod  is to apply animal nianure to 
cropland, pasturc, and hayland as a sourcc ofnutrients 
for plant u;rowth and o f  oríỊanic mattcr to improvc 
soil tilth. Manure and wastcwatcr should be applicd 
at ratcs at vvhich the nutrient rcquiremcnts of  the crop 
arc mct. In many instanccs, nitrosỊcn is the element 
that ìs nscd to dctcrminc the am ount o f  manure to 
be applicd. When nitrogcn is used as thc limiting 
nutrient, exccssivc phosphorus vvill be ipplied for 
m ost crops and manures. Today thcre is concern for 
the buildup ot cxccssivc phosphorus lcv;]s in soils



wlierc munurc is applícd. In som c arcas or vvatcrshcds, 
phosphorus is bciỊÌnniiiíỊ to bc used as thc limitiiiiỊ 
mitricnt tor manure application.

Manurc m ay also bc utilized fbr cncríỊỴ. Liquid 
inanure conhncd  in an airtií?ht vcsscl dcconiposes and 
produces mcthanc, carbon dioxidc, hyđroiỊCii sulhdc, 
and water vapor as íỊascous by-products in a process 
knovvn as anaerobic điẹestion. BioiỊas, thc product 
ot anacrobic ditỊcstion, is typically composed o f  55 
to 65% methane, 35 to 45% carbon dioxidc, and 
traccs o f  am m onia and hydrogcn sulhdc. Bioạ;as can 
be burned in boilcrs to producc hot water, in ontỊÌncs 
to povvcr clcctrical gẹncrators, and in absorption cool- 
crs to producc reírigeration. The hydroíỊcn sultìdc 
prcscnt in biotỊas may cause thc gas to havc an odor 
sim ilar to that o f  rottcn CÍỊÌỊS. HydroíỊCii su lí ìde  m ixc d  
vvith vvatcr vapor can torm sulturic acid, vvhich is 
his^hly corrosivc. The niost frcqucnt probleni with 
anaorobic diiỊcstion is related to thc cconomical usc 
o f  tho bioe;as.

III. Food Processing 
Waste Management

Tho food Processing  industry has thrcc possibilities 
for trcatinsỊ their wastcwatcrs: (1) thcy may bc treated 
separately in an industrial wastewatcr trcatmcnt plant;
(2) raw wastewatcrs may be dischariỊcd to a municipal 
trcatmcnt plant for coniplctc treatmcnt; o r  (3) the 
wastcwatcr may be prctrcatcd at the site prior to dis- 
chargc  to a municipal wastcwatcr treatmcnt plant. 
Trcatcd wastcwatcr may bc đisposcd o f  by strcam 
dischargc or applicd to land. Fcderal and State regula- 
tions dctcrmine the m in im u m  lcvcl o f  cíHucnt quality 
that must be obtained tor strcam dischargc and land 
application.

A. Pretreatment
M o s t  í o o d  P r o c e s s i n g  p l a n t s  t h a t  d i s c h a r g e  t o  m u n i c i -  
pal wastcwatcr treatmcnt plants usc somc tbrm  o f  
prctreatment. Prctreatment proccsscs may includc 
both physical and chcmical trcatmcnt proccsscs, in- 
dudiiií* scrccnintỊ, scdimentation, Aotation, and floc- 
culation.

ScrceniníỊ is onc ot tlie initial prctreatment steps in 
wastc treatnient and tour typcs ot screens arc com - 
m only used in thc tood P r o c e s s i n g  industry . T he most 
com mon scrccns arc 840-420 niicrons, and finc 
SCTLVIIS (lcss than 74 microns) can also be uscđ. The 
m ost com mon typc o f  scrccn is the static scrccn. fo 1 -

lovvcd by the vibrating or oscillating screcn; other 
typcs arc tlic rotary druni scrccn, taiiíỊential scrccn, 
and rotatini; d rum  ccntritugal screcn. Sclcction o f  thc 
typc ot scrccn to use vvill dcpcnd 011 initial cost, op- 
cratiniỊ and maintenance costs, spacc rcquired, hv- 
draulic capacity, and percentagc ot solids captured.

T he scdimeiuation proccss is used to removc set- 
tleablc or^anic and inorẹ;anic solíds suspenđed in the 
inAucnt. Scdimentation tanks or claritìcrs, as they are 
sometimes callcd, arc rectangular or circular. Solids 
arc rcmovcd by gravity or by skim m ing in the case 
ot tìoatablcs. Wastcwatcr movcs through the sedi- 
mcntation tank very slowly, líiving thc settleable sol- 
ids an opportunity  to sink to the botton i o f  thc tank. 
Scdimcntation tanks should be at least 3.0 ni đecp.

Dissolvcd-air Hotation is a treatmcnt process that 
rcnioves suspcnded solids in the tòrm  o f  AoatintỊ 
sludtrc. Air Hotation involves thc atmospheric prcs- 
surizing o f  the wastcwatcr strcam and the inịcction 
o fa i r  into tlic stream. Then as this mixture is rclcased 
into an open tank, tlic air relcases from the bulk fluid 
as small bubbles. The rcmoval o f  suspcndcd solids 
depends on tlic attachnient ot' fine air bubbles to each 
suspcndcd solid particlc. These bubbles im provc the 
buoyancy o f  the suspended particlc, causing it to rtoat 
to thc snrtacc vvhcrc it is rcinoved by mcchanical 
mcans. Air Hotation has an advantagc over gravity 
scdimcntation vvhcn uscd t'or the removal o f  oils, finc 
particulatc matter, and fat, which are not rcadily amc- 
nabk' to seđimentation. Dissolvcd-air tìotation is par- 
ticularly usctul in the trcatment of poultry and ineat 
packinẹ or Processing wastcwatcr.

In somc cases difficultícs are encountered in the 
rcmoval o f  suspcndcd solids bccausc o f  the size and 
dcnsity o f  thc particles. T o  aid in the removal o f  these 
suspcndcd solids, AocculatiniỊ agents are used, which 
hclp to physically entrap thc suspended particles 
through clcctrostatic intcractions and adsorption. The 
cntrapm cnt rcsults in the íbrm ation o f  laríỊer and more 
dense particlcs that become amcnablc to scdimcnta- 
tion. Flocculatin^ aiỊents com m only  used arc lime, 
tcrric chloridc, íerrous sulfatc, a luniinum suliate, and 
orc;aniè polymers. Organic polymers arc generally 
used in conjunction with inorganic Aocculatina; 
atỊents.

B. Biological Treatment
Biolos;ical trcatment systems arc “ living” systems 
that rcly on mixcd biological cultures to break down 
vvastc onỊanics and rcm ovc oriỊanic mattcr from solu- 
tion. BiolotỊÍcal treatmcnt is the m ost im portant step 
in \vastewater trcatment. Gencrally sedinicntation



will only rernovc 35 to 50% o f  the B O D . Activatcd 
sludge, trickling íìlters, rotating bioloíỊÌcal con- 
tactors, and lagoons arc com m on acrobic biological 
trcatmcnt processes used in the food proccssing indus- 
try. Some cmcrginíỊ technologies that havc reccntly 
bccn used in the foođ Processing industry includc 
sequencing batch rcactors and fhiidized beds. Sonic 
anaerobic trcatment processes are also uscd to treat 
f o o d  P r o c e s s i n g  w a s t e w a t c r ,  a n d  t h e s e  m a y  b c  u s e d  
in combination with aerobic processcs.

The activated sludgc S y s t e m  is a process in which 
a mixturc o f  wastcwatcr and activated sludiỊe is com- 
bined, agitatcd, and acratcd. The activatcd sludge is a 
floc o f  biologically active material composed o f  viablc 
microorganisms and suspended solids that havc bccn 
developed from dcfincd aíTÍtatẹd and acration condi- 
tions. The mixturc o f  activatcd sludqc solids and raw 
wastewater is rcíerred to as the mixed liquor sus- 
pendcd solids. Aíter a spccitìc acration timc, the 
mixed liquor suspcnded solids enter a settliní; basin, 
vvhere the solids arc allowcd to settle out and rcturncd 
to the head o f  thc aeration tank. Exccss solids arc 
removed from thc settling basin as sludge and thick- 
cncd and treated. Air or oxytỊcn is supplicd to thc 
activated sludge process by mcchanical mcans. Thcrc 
arc a nuniber o f  variations o f  the activatcd sludgc 
process. C om m on  proccsscs used in the food Pro
cessing industry arc conventional activated slud^c, 
contact stabilization extcndcd aeration, and thc oxida- 
tion ditch. Usc o f  sequencing batch reactors in which 
aeration and settlini* arc done in thc samc tank is a 
ncw modiíication o f  the activatcd sludgc process.

In comparison to thc activated sludge process, other 
íorms o f  biological treatment use contact surtaccs 
cotitaining íixcd biological material that extracts the 
pollutants from the wastcwater strcam. C o m m o n  
surtacc contact systcms are trickling tìltcrs, rotating 
biological contactors, fluidized beds, and bioíilter ac- 
tivatcd sludge proccsses.

In the trickling filter systcm, wastcwatcr is distrib- 
utcd over a bcd o f  media. Modern trickling íìlters use 
synthetic media whereas older trickling íìlters have 
crushcd rock. Wastewater flows throui^h the media 
to which the microoríỊanisins are attachcd. As the 
biomass builds up on the media, at some point it will 
bc sloughed off  from thc suríacc and fall to the bottom  
o f  the bcd, wherc it is carricd \vith thc vvastevvater to 
a scttling tank, where it is settlcd out and rcturned to 
thc hcad o f  the svstcm and scttled out in a primary 
clariíìer. Trickline; íìlter depths may raniỊt’ anyvvherc 
íroin 1.5 to 6.1 m.

In the rotating bioloe;ical contactor, the ortỊanic 
wastc is cxtractcd from the \vaste strcam by biota

film attached to rotatine; contact suríacc disks. The 
disks are usually 3.7 m  in diameter and madc of light- 
wcight plastic. Approxim ately  halt ot' the disk is im- 
mersed in a trou^h containiin* the wastewatcr. The 
disk rotates slo\vlv to allow proper film contact with 
the wastewater, and brings an adsorbed film o f  vvastc- 
water into thc air whcre the tìlm absorbs the available 
oxygen. The adsorbcd biota í ilm  continues to grow 
and is ultimatclv sloughed otT by thc shear forcc of 
thc rotating d ỉsc .  The sloughcd solids flow out with 
thc treatcd wastewater to a fmal settling tank, where 
they arc scttled out. The rotating biologìcal contactor 
discs vvill generally bc placcd in a series.

In a fluidized bcd reactor, the vvastevvater to 
bc treated passcs upw ard  th rough a bed o f  fme- 
granulatcd material, such as sand, at sutTicient vẹlocity 
to suspend the media. T he  reactor rcquires relatively 
littlc space to operatc. The  biofilter activatcd s l u d g c  
proccss has a trickling filtcr tollowcd by an aeration 
tank. Rcturn activated sludgc is recycled to thc trick- 
ling tìltcr.

O ne o f  the most co m m o n  trcatment proccsses in 
t h e  t o o d  P r o c e s s i n g  i n d u s t r y  is  t h e  u s e  o f  l a g o o n s ,  
which are relativcly maintenance free and gencrally 
locatcd in rural areas whcrc land is availablc. The 
types o f  aerobic systems uscd are aerated lagoons, 
tertiary ponds, and facultative stabilization ponds. 
The lattcr depends on a symbiosis rclacionship within 
thc aquatic ccosystem and on wind disturbances for 
physical incorporation of' dissolvcd oxygcn into the 
watcr. Gcncrally the upper depths ot' the pond arc 
aerobic whcrcas the b o ttom  o f  the pond is anaerobic. 
The design dcpth varies íroni 1.0 to 2.0 m.

Tertiary ponds are less than 1 m in depth and havc 
a low B O D  loading. The principal usc o f  a tertiary 
pond is to reduce the rcsidual B O D  and suspcnded 
solids in the wastewatcr that has bccn treated by an- 
other biological systcm such as activated sludgc or 
trickliníT filter. The tertiary pond  is also used to re- 
tnove nitroíỊen and phosphorus f rom  the wastcwatcr. 
They  arc also rcíerred to as polishing ponds.

The acrated lagoon incorporatcs thc use o f  mcchan- 
ical agitation and acration to providt’ a complcte- 
mixing acrated aquatic cnvironment. These lagoons 
are com m only acrated with Aoatina; or p latíorm- 
m ountcd mechanical acration units. Aerated lagoons 
are generally 2.4 to 3.7 m deep.

The m im bcr and tvpc o f  anaerobic treatment sys- 
t c m s  bcmg uscd in t h e  foođ P r o c e s s i n g  i n d u s t r y  have 
í^rovvn r a p i d l v  s in c e  t h c  l a t e  197ŨS a n d  c a r l y  1980s.  
Prior to that, only anaerobic lagoons and a fcw anaer- 
obic conract process systcms were used.

Anaerobic las;oons are íícncrally siniỊle collcd and 
arc the oldest and most trequcntly used anaerobic



technology in thc food proccssing industry. T hcy  
lỊcnerally range trom 3.0 to 6.0 m deep and have 
anaerobic conditions throuỉỊhout thc lagoon bccausc 
o f  the relativcly hio;h B O D  loading rate. T hcy  arc 
used primarily in the meat and poultry industrics. A 
more recent devclopment involvcs placing synthctic 
covers ovcr anaerobic lagoons, for covered lagoons 
have hi^hcr B O D  removal ratcs, and odors and biogas 
arc captured.

The anaerobic contact process is analoíỊous to thc 
acrobic activatcd sludgc proccss and relies on a com - 
plctely mixcd reactor to maximizc biomass and food 
contact. The key components o f  thc contact process 
arc the completely mixcd reactor, the biomass đegass- 
ing unit, and the solids separation devicc. Scttlcd sol- 
ids arc returncd from the clariíĩer to thc mixed rcactor. 
The anacrobic contact proccss has been applied to 
mcat P r o c e s s i n g  wastewaters since the latc 1950s.

T\vo new technologies that arc bcing used arc the 
upflow anacrobic sludge blanket (UASB) process and 
the anaerobic íiltcr. T he U A SB  process cmploys a 
singlc reactor containing a bed o f  active granular an- 
acrobic sludge covercd by a blanket o f  Aocculcnt, less 
densc sludge. InAucnt wastcwatcr is cvenly đistrib- 
uted bcncath the bed and flows upward th rough  the 
tw o  zones ot biomass, cach 1 to 2 m in depth. A 
three-phase separator is cmployed at the top o f  the 
reactor to separatc biogas and solids from the liquid.

Anaerobic filters em ploy fixed mcdia within a rcac- 
tor to support the developm ent o f  high conccntrations 
ot'activc biomass. Mcdia can rangc from rock to pall 
rings to rcticulated polystyrene. The systems can bc 
operated in either the upflow or downflow mode.

c. Disiníection
The purpose o f  disinfection o f  any wastewater is to 
protect the public health from thc spread o f  disease 
by controlling thc point-sourcc discharge. T h e  prac- 
tice o f  disinfection is carried out whcre wastcwater 
treated for feccs has been treated and discharged to 
a stream. Some S ta te  regulatory agencies require all 
point-sourcc dischargcs to be disinfccted. T he m eth- 
ods usc chlorine, ozone, and ultraviolet light, w ith 
chlorination being the m ost  widely Iiscd disinfection 
practicc.

D. Sludge Treatment and Disposal
SludíỊL' í rom  biological treatment processes and from  
the pretreatmcnt processcs o f  scdimentation and 
dissolvcd-air tìotation must bc stabilized. In some

cascs sludgc is thickcned betore it is stabilized to in- 
crcase the solids contcnt. Sluđge may be thickened 
by scdinientation or dissolvcd-air Aotation.

Sludgc is stabilized beíore ultimate disposal to stabi- 
lize and reducc the solids and rcduce odors. The most 
co m m o n  methods o f  stabilization arc anaerobic diges- 
tion and aerobic diíiestion, thc ío rm er consistine; o f  
tw o  distinct stages that occur simultaneously in a di- 
gester. The first stagc consists o f  hydrolysis o f  thc 
high-m olecular-weight ortỊanic com pounds and con- 
version to organic acids by acid-forming bactcria; thc 
second stagc is gasiíìcation o f  thc organic acids to 
m ethanc and carbon dioxide by the methane-form ing 
bacteria. Anaerobic digcstcrs are closed structures 
w ith either Aoating or fixed roo f  covcrs. The digestcrs 
may be One or tw o  stage.

Aerobic digesters are operatcd under aerobic condi- 
tions. Sludgc is aerated in open basins for an aeration 
timc o f  10 to 20 days. Organic solids rcduction can 
run as high as 40%.

Sludge can be íurthcr st;ibilizcd after digestion by 
com posting. The objectivcs o f  composting arc to bio- 
logically stabilize the organics, destroy pathogenic 
organisnis, and rcducc the volum e o f  the sludge. The 
op t im u m  moisturc contcnt for a compost mixturc is 
50 to 60%. Dcwatcrcd sludgt' is mixed with either 
an organic am endm ent likc dried manure, stravv, or 
sawdust or a recovcrable bulking agent like w ood 
chips. C om posting  may bc pcríorm ed in an cncloseđ 
vesscl, w herc thc compost mixturc is slowly agitated, 
or in w indrow s or static piles with torccd acration. 
T he w indrow s havc to be turned periodically.

After sludgc is aerobically or anaerobically digcsted 
it m ay be devvatercd if it is not to be applicd to land 
as a liquici. Digesteđ sludge may be dewatcrcd with 
open sand drying bcds or by vacuum filtration, pres- 
sure íĩltration, or centrifugation. Pressure íìltration 
dewatcring is donc using either a bclt filter press or 
a p]ate-and-frame filter prcss. Vacuum filtcrs require 
considerable cnergy so they are bcĩng replaced by belt 
íìlter presses, which are more economical to operate 
and prođucc a drier sludge cakc. M odern sand drying 
beds have paved arcas with watertight vvalls sloping 
to drainagc trenches fiỉled with a coarse sand bed 
supported on a gravcl íìlter w ith  a perforatcd pipe 
underdrain. Sludge is applied to a depth o f  30 cm  or 
m ore and may be pum ped from the digester. Superna- 
tant (sludgc liquid) is drawn off  aíter the solids settle 
and the solids are left to dry. T he solids are removed 
from  the dryins; fed by a front-end loader.

Sludges may bc disposed o f  on land or 111 landíìlls, 
or m ay be incincerated. Sludí^es are applicd to crop- 
land, íorcstland, or disturbed lands undergoing land



TABLE VI
Comparison of Design Features of Alternative Land Treatment Systems

F c a tu r c S lo v v  ra  to  ( t y p c  1) S l o w  r a t c  ( t y p e  2 ) R a p i d  i n f i l t r a t i o n O v c r l a n d  f l o w

A p p l i c a t i o n  t e c h n i q u e s S p r i n k l e r  o r  s u r t a c c s p r i n k l c r  o r  s u r ỉ a c e U s u a l l y  s u r ỉ a c c s p r i n k l c r  o r

s u r ỉ a c c

A n n u a l  h y d r a u l i o l o a d i n i Ị 1 . 7 - 6 . 1 0 . 6 - 2 . 0 6 . 1 - 9 1 . 5 7 . 3 - 5 6 . 7

r a t c ,  m e t c r s /  y c a r

M i n i m u n i  p r e a p p l i c a t i o n P r i m a r v  s e d i m e n t a t i o n P r i m a r v  s c d i n i c n t a t i o n P r i m a r y  s c d i m c n t a t i o n S c r e c n i n i Ị

t r e a t m e n t  p r o v i d e d

D i s p o s i t i o n  o f  a p p l i e d E v a p o t r a n s p i r a t i o n  a n d E v a p o t r a n s p ỉ r a t i o n  a n d M a i n l y  p c r c o ỉ a t i o n S u r t a c e  r u n o t ĩ  a n d

w a s t e w a t c r p e r c o l a t i o t i p c r c o l a t i o n c v a p o r a t i o n  v v ith  

s o m c  p e r c o l a t i o n

N e e d  í b r  v e ^ c t a t ỉ o n R c q u i r e d H e q u ỉ r c d O p t i o n a l R c q u i r c d

rcclamation. Com postcd  sludgcs may be uscd as a 
pottinạ; soil incdium or sold as a soil amcndmcnt.

E. Land Application
Land treatment methods can be classiíĩcd into thrcc 
main í*roups: slow rate, rapiđ iníiltration, and over- 
land flow. Thcse altcrnativcs điíĩer considerably with 
rcspect to both treatmcnt objectives and sitc charactcr- 
istics. Comparison o f  dcsign features for thc diffcrcnt 
typcs o f  land treatment systems is prcscnted in Ta- 
blê VI.

The slow rate system is thc most vvidcly used trcat- 
mcnt process. Wastewatcr is applied to vegetated land 
by sprinkler irrigation or by surtace irrigation mctliods 
such as í^radcd bordcr or turrovv irri^ation. The vvater 
applicd is either consumcd throut^h cvapotranspiration 
or pcrcolates vertically or horizontally throue;h thc soil 
profile where treatment occurs. There are typically 
two types o f  slovv rate systems. The system listcd as 
type 1 inTable Vl£Ịencrallyhasahie;herhydraulicload- 
ing rate. Its design objective is wastewater trẹatmcnt 
and the limiting design parametcr is usually soil pcrme- 
ability or constituent loadmg. The tvpc 2 systcm has 
thc dcsií^n objective o f  watcr reuse through crop pro- 
duction or landscape irrigation.

Rapid ìníìltration systcms have rclativelỵ high ap- 
plication ratcs compared to those oíslovv ratc systcms. 
Wastewatcr is applied 011 an intermittent schcdulc 
usuallv to shallow iníiltration or spreadiniỊ basins. In 
somc cases high-rate sprinklers arc uscd. Vcgctation 
is not used in inỉìltration basins but is rcquired with 
high-ratc sprinklcrs. In a rapid iníìltration systcm the 
wastcwater that is applied may bc allowcd to rcchargc

groundvvater and help autỊinent vvatcr supplies or prc- 
vcnt saltwatcr intrusion or  mav bc recovcred using 
undcrdrains or pum ped  withdravval. The treatment 
potcntial o f  rapid iníìltration systcms is somevvhat 
lcss than that o f  slow ratc systcms.

Ovcrland f lowsystcm s utilizc thevegctativecoveras 
a treatment com ponent and consist ot a series o f  graded 
slopes and terraces. Slopcs are gcncrally 2 to 5% and 
thc length of the  slopcs m ay be trom  46 to 76m. Waste- 
w ater is appliecỉ at thc top ot thc slopc or approximately 
one-third ot the distancc dow n the slopt by high- 
pressurc sprinklcrs, low-prcssurc sprays, or suríace 
mcthods such as íỊatcd pipe. The am ount ot thc waste 
vvater lost will dcpcnd on the timc o fy e a r  and local 
climatc. In many systcms, over 60% ot'the applicd wa- 
tcr is collected as riinoff on an nntiual hasis.
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Glossary
A q u ife r  Water-bearing íbrmatioii bcneath thc land 
suríacc that providcs a good  vvater reservoir; a torina- 
tion, group  ot' tormations, or part o f a  íòrmation that 
contains suttìcicnt permeable material to be capablc 
of yielding siíỊnihcant quantitics o f  vvatcr to wclls and 
springs
G r o u n d  w a t e r  That part o f  thc subsurtace water 
that is in the saturated zonc or, m ore tỊcncrally, all
water which occurs bclovv the land surtaci.' as distinct 
t r o m  s u r t a c c  vvatcr

H ectare Mctric unit o f  area equal to 10,000 squarc 
metcrs (approximatcly 2.5 acres)
H y d r o l o g i c  cy c le  C ontinuous process vvhcrcby 
vvater w hich talls as precipitation from thea tm ospherc  
cvaporatcs tròm  land and water surfaces and, aftcr 
condensation in the atmosphcre, is dcposited again 
on carth as prccipitation
P e r m e a b le  Condition o f  a geologic material that 
rcndcrs it capable ot' transm itting a signiíicant quan- 
tity ot w ater  vvithout im pairm ent o f  the structure o f
thc íịco1og;ìc imtcrial
S u r fa c e  su b s id e n c e  Lovvering ot' the land surtacc 
abovc a ground watcr aquiíer resultiniỊ from a consoli- 
dation ot thc aquifer material produccd by dewatcring 
all or part o f  thc aquifcr by pum ping  or other drainage 
proccdures
S u rfa c e  w a t e r  All fresh w ater vvhich occurs on thc 
earth 's surtacc, inđudiní* ovcrland flow, strcam and 
rivor flows, lakes, and surtace ponds and reservoirs 
T o n n e  Metric unit ot vveight cqual to 1000 kilo^rams 
(approxiniatcly 2200 pounds)

W a te r  d e m a n d  Q uantity  o f  water required during a 
particular time intcrval tor a particular usc or purpose

w a t e r  is essential to lifc, grovvth, and rpproduction. 
O n  a íỊlobal scale, vvatcr is che cnergy regulator of 
the heat budíỊet ot 'the earth. W ithout the evaporation 
o f  watcr, litc on carth would bc impossible. As an 
cncriỊy carricr, Ít niakcs possiblc vvatcr power, steam 
powcr, and spacc heatine;. lt is a pcrvasive solvcnt 
tor such divcrsc processcs as industrial production 
and for thc 11SC o f  soil nutricnts by plants. Watcr is 
cssential for plant photosynthcsis and fbr all animal 
life, includine; human. Finally, water providcs a 
means ot transport— for navigation, tor drainagc ca- 
nals, for rccrcation, and tbr wastc water. Accord- 
ingly, provision o f  an adcquatc supply o f  water is a 
mạjor íỊoal throuiíhout the vvorld.

I. Introduction

This articlc dcals with the problcm o f  matchiní? the 
watcr demands o f  society to available water supplies. 
For the globc as a whole, therc arc adequate supplies 
ot watcr. Hovvcver, thc temporal and spatial distribu- 
tions o f  thcsc supplics frequcntly do no t  match with 
thc demands o f  socictv. In tnany places watcr short- 
ages limit agricultural production, industrial output, 
and the capacity to support increasinq; populations. 
T o  the extcnt possiblc demands íòr water are met by 
the dcvclopmcnt o f  control systems which consist o f  
physical tacilities to collect, store, and redistribute 
watcr in accordance with the spatial and temporal 
rcquirem ents o f  society. [,S’(T W atf.r R e s o u r c e s .)

Redistribution o f  vvatcr requires that changcs be 
broutrht about in the naturally occurriní* physical sys- 
tem. Thcsc changes ottcn dcplcte both the quantity 
and qualitv ot the watcr in parts oí the natural hydro-



Iogịìc system  and thus produce negative  im pacts. It is 
important that these potential negative impacts bc 
carcfully evaluated, and to thc extent possiblc, miti- 
gated, for all watcr resource dcvelopment prọịccts.

A. The Global Supply of Water
O f  the vast quantities o f  water on the earth— about
1.4 billion cubic kilomctcrs— 97.4% is in the occans. 
The remaining 2 .6 % — about 36 million cubic kilome- 
ters— is fresh water, and o f  this, 77% is íbund in 
polar icecaps, icebcrgs, and glaciers. Nearly 90% oí 
thc remaining fresh water is found in ground vvater. 
The rcst o f  thc írcsh water is íound  in rivers, lakcs, 
animals and plants, and thc atmosphere. It is clear 
that thc usablc water OI1 the land suríaccs o f  the earth 
(often tcrmed the rcnevval vvatcr supply), OII which 
most terrestrial lifc and our cntire cconom y are depen- 
dent, constitutes only a minute íraction ot the total 
water o f  the earth. H ow cvcr, this tiny ỉraction ot thc 
w or ld ’s vvatcr is vital to life on the planet, and humans 
depend on it for such uses as water supply, food, 
transportation, and recreation.

B. The Distribution of the Global Supply
A s  stated above, for the glo bc  as a w h o lc ,  chere is IIO 
shortage o f  watcr. Hovvever, thc distribution o f  the 
g lobal supply in both thc spatial and temporal dimen- 
sions is oíten not consistent with needs as evidcnced 
by the fact that there are sevcre shortages ot watcr, 
as wcll as severe Aoods, in many parts o f  the world. 
Stron^ natural and m anm ade íactors cornbinc to re- 
duce thc water availablc to specific regions and locali- 
ties in thc right amount, at thc right time, and o f  thc 
rcquircd quality.

The most im portant natural íorce involvcd in the 
distribution o f  water on the Earth’s surface is the 
dynamic charactcr o f  the biosphcrc. Part o f  the water 
supply is in a continuous process o f  change trom  thc 
solid (snow and ice) and liquid íorm s t o  t h e  vapor 
State and then back again as precipitation. This part 
o f  thc supplv evaporates from vvater and land suríaces 
and, aítcr condensation in the atmosphere, is dcpos- 
ited again on earth. Through  the precipitation pro- 
ccss, cvaporation and runoff  water from  land and 
w a t c r  suríaces are replaced as frcsh w a t e r .  This circu- 
lation pattern is termed thc ItydroloiỊÌc cyclc. It is, in 
effect, a gigantic still.

c. Surface and Ground Water Supplies
Watcr for usc by humans is drawn from rwo 
sourccs— surface watcr and qround watcr. Surtacc

water is tound in streams, rivers, rescrvoirs, and lakes. 
G round  vvatcr is d raw n tròm  aquifers or underground 
reservoirs. For the globe as a whole, and in most 
localities, suríacc water is at present the m ost im- 
portant sourcc. In the U nited  States, for example, 
about 80% ot the w atcr uscd (exclusive o f  hy- 
dropow cr generation) is w ithdraw n from surtace wa- 
ter. Hovvever, ground water ĩs a major sourcc in many 
parts o f  the world. The grcat Ogallala aquiíer in the 
United States is the largest knovvn aquiter in the 
vvorld, and it supplies water to lar^e parts ot the 
Miđwest, particularly to C olorado, Kansas, Ne- 
braska, N ew  Mexico, O klahom a, and Texas. O thcr 
large aquiters are found in India, China, Iraq, Syria, 
Russia, and Egypt. I See  G r o u n d  W a te r . ]

M uch ot' thc water in aquifers is millions ot' years 
old, and lcss than 1% o f  the w ater content ofaquifcrs 
is replcnishcd cach ycar. Whcn ground water with- 
drawals cxcced rcplenishments, thc aquiíer is said to 
bc “ m incd .” In many parts o f  the \vorld today, 
g round water that has accumulated ovcr millions o f  
ycars is being rapidly mincd to mcct demands rc- 
sulting trom  population g row th  and expanded energy 
and agricultural uscs.

Wh.en ground watcr levcls rcccde because o f  ovcr- 
d r a t t ,  i n c r c a s e d  e n c r g y  and C apita l  e q u i p m e n t  are  

needed to meet demands. Eventually the costs oflif t-  
ing water can exceed thc beneíưs, and the existing 
uses, such as for irrigation, havc to be abandoncd. 
This situation has alrcady come about in many rcgions 
o f  Texas and Arizona. Clearly, there can be environ- 
mcntal and energy beneíìts to puniping aquifers at 
thc same rate as the annual recharge instead o f  mining 
ground water. It should be emphasizeđ that sustained 
ground water miníng can cause aquifer consolidation 
and thus a permancnt loss o f  aquifer storagc capacity 
and surface subsidence.

II. Water Control

A. Water Distribution Systems
As prcviously stated, hum an  activity 1S an important 
clemcnt affecting the íỊlobal distribution ot' water. 
Some hum an actions atYect the distribution ot water 
adverscly. For example, tìoods arc a scourge that con- 
tinue to plague many parts o f  the world, particularly 
poor countries that lack thc resoưrces and infrastruc- 
turc to cope with them. O ttcn  Aoods dovvnstream are 
causcd by human activity upstream. A well-known 
exarnplc is thc upstream detorestation in Nepal and 
India that causcs dovvnstream Aoodiníí in Bangladesh.



O ther human activitics degrade the quality ot vvater. 
The pollution o f  im portant rivcrs and strcams 111 the 
United States bv municipal and industrial wastes dur- 
intỊ thc first half o f  this ccntury is an obvious casc in 
point.

However, many hum an activities aíTect the sLipply 
of'watcr constructivcly. An imm cnse sct o f  manm ade 
physical tacilitics exists to incrcast' the local supply o f  
water, to control potentially destructive forccs, and 
to enhance the quality o f  water. An examplc is the 
Central Utah Prcỹcct, which collccts watcr from che 
strcams on the South slopcs o f  the Uintah mountain 
range, stores it in reservoirs, and transports it through 
the Wasatch mountain rana;c to be uscd for irrigation, 
for municipal and industrial purposes, and to generate 
electrical cnertỊy. Another im portan t cxample is the 
hugc inultipurpose project involving the waters o f  
the Nile Rivcr in Egypt. Thcse physical facilities are 
the componcnts o f  local and regional supply sys- 
tcms— reservoirs, wells, pum ps, pipelines, aquc- 
ducts, and canals. The hum an resourccs includc farm- 
crs, tcchnicians. cngineers, and managers. The 
institutional rcsources include corporations, íinancial 
institutions, a fram ework o f  customs, laws, agree- 
mcnts, opcrating rules, govcrnmcntal agcncics, non-  
govcrnmental organizations, and educational insti- 
tutions. Thcsc facilitics and institutions convert the 
raw watcr in strcams and aquifers into a developed 
resource— watcr that can be supplied for either w ith- 
d r a v v a l  or for instream uscs on a reliablc basis.

B. Agricultural Distribution Systems
O ncc water has been controllcd by a dam, diversion, 
or ground vvatcr well, it can bc conveycd and distrib- 
utcd to croplands for use. If this distribution is well 
planned, designed, opcratcd, and maintaineđ, it will 
deliver vvatcr at a ratc, írcquency, and duration chat 
optimize crop production. If  it is not, it will limit 
crop production, exaccrbatt' watcrlogging problems, 
and dce;radc the quality o f  ncarby streams, lakes, res- 
crvoirs, and /o r  ground w atcr  basins. [See Ir r ig a t io n  
E n g ĩn e e r i n g : F a r m  P r a c t i c e s , M e t h o d s , a n d  
S y s t e m s .]

The distribution system begins at the headw orks, 
which arc structures or conibinations o f  structures 
locatcd ncar the controlled source o f  watcr which 
w ithdraw  watcr ìnto the distribution system. Head- 
works consist o f  intake structures, scrcens and debris- 
r e m o v a l  d e v ic c s ,  a n d  watcr-m easurcm cnt structurcs. 
From the headworks vvatcr flows through thc convey- 
ancc nctirork  tovvard turttouts where it is delivered to 
i r r i i Ị a t o r s .  T h e  cotiveyattce n ftw o r k  is c o m p o s e d  o ỉ c a -

nals or  pipelines. Contro l and managcm cnt o f  water 
ÍI1 the conveyance nctw ork rcquires a largc num ber  ot 
structurcs to req;ulatc water levels and flow, dissipatc 
energy, and m onitor  flow rates. Conveyance Iict- 
works generally branch into succcssively smaller ca- 
nals a n d /o r  pipes to direct the vvatcr over an area 
vvherc crops are being grow n. It is com m on  to namc 
the various canal or pipeline branchcs in order to 
descnbc the com poncn t o f  thc distribution system  to 
which one is reíerring. For example, the terms “ main 
canal,” “ branch canal,” “ distributary canal,” and 
“ m inor canal” arc uscd to represent first-, second-, 
third-, and fourth-order canal segments. T he  main 
canal supplics water to the branch canal which in turn 
supplies thc distributary, and so on.

The s t r u c t u r a l  elements o f  the distribution system 
are visiblc and im portan t because they determine thc 
cost o f  the system and how  it will impact the environ- 
ment around it. H ow ever, the m ost im portan t aspcct 
o f  distribution systerns is how  they are operatcd, be- 
cause this dctermines how  vvell thesc systcms meet 
thcir goals o f  providin^ irrigation watcr at a rate, 
írcquency, and duration that will optímize crop pro- 
duction. T he  operation o f  a distribution system is 
deíìncd by restrictions on the water supply (such as 
watcr rights), the nature o f  the agcncy actually rc- 
sponsible for opcrating the system (governm cnt or 
privatc ori$anization), and ho w  irrigators use vvatcr 
at thc farm level (grovving rice as opposed to grovving 
wheat, for cxample). M ost oítcn the operation o f  
thc distribution system can be classiíied as demand, 
rotation, or continuous flow . A dem and-based operation 
is controlled by the nccds o f  the croplands which are 
communicated to the distribution system operators 
by the irrigators. Rotation systcms are m ore  struc- 
tured and allocate time am ong  the irrigators according 
to relatively fixcd rules for sharin^ the water. C ontin-  
uous flow occurs when the vvater supply is not regu- 
latcd but is dclivcred to the irrigators continually. The 
choicc o f  operating scheme has trem endous impact 
on the use o f  vvater at the farni level. D cm and  systems 
are Aexible and productive but are harder to achieve 
and thus require a greater level o f  skill and training. 
Rotation and continuous flow schemes arc simpler to 
operate but at the same time provide a less useíul 
water supply at thc farm where it is used.

III. Uses of Water

A. Offstream Uses
Offstream uses include domestic and commcrcial con- 
sumption, m anufactunng , a^riculture, eneriỊy pro-



duction (primarily cooling and vvater tor steam- 
powered gencration o f  electricity), and the minerals 
industry. Total iỊlobal consuniptivc demand for off- 
stream uses is expected to continuc to risc. Rural 
consumptivc demand for domestic uses is expccted 
to remain íairly constant at less than 2% o f  the total 
vvhereas urban consumptive requirements for đomes- 
tic purposes are cxpected to risc sliíỊhtly but remain 
at approximately 13% o f  the total. Industrial require- 
ments, at 15% o f  the total, approximatcly equal do- 
mestic uscs.

A tu 11 70% o f  all offstream vvatcr is uscd for irriga- 
tion. This water is vitally im portant to the mainte- 
nancc and expansion o f  agricultural production. The 
major focus o f  this articlc is on thc tunctions ot irriga- 
tion and on the problcms facing the usc ot wati'r tor 
a^ricultural production.

B. Instream Uses
This form o f  water use is oftcn reíerrcd to as inslream- 
flow  neeđs; that ís, the am ount o f  water flowing 
through a natural stream channel nccdcd to sustain 
instrcam valucs at acceptable lcvels. Valucs o f  in- 
stream flow relatc to uses made o f  vvater in the strcam 
channel, incluđing fish and wildlifc population main- 
tenance, ou tdoor recreation activities, naviỉỊation, hy- 
droelectric generation, pollution control, conveyancc 
to downstrcam points o f  diversion, and ecosystem 
maintenance (including frcshwater rcquiremcnts o f  
cstuarics, riparian vegetation, and flood-p]ain wet- 
lands). Streamflow sufficient to mect all o f  these 
rcquircments establishes the acceptable level tor 
instream-flow uses. Understandably, at a given loca- 
tion in a particular streani system, only certain uses 
may be applicable.

c. Growth of the Demand for Water
During the 20th century the demand tor water has 
increased rapidly for tw o  rcasons. First, population 
g row th  alone has generatcd additional nceds for wa- 
tcr. Second, per capita dcmand has risen with global 
economic grow th and urbanization. As a consc- 
qucnce, “ í>;lobal vvatcr use doublcd betwecn 1940 and 
1980, and is cxpectcd to doublc again by the ycar 
2000. T w o  thirds o f  the projectcd List' will go into 
a^riculture. Yct 20 countries with 40 pcrcent o f  the 
w or ld ’s population alrcady suffer water shorta£>e.” 
(Postel, 1984).

This increase in consumption, lcadintí in many 
countrics to competition for thc scarcc rcsourcc, is

a major tactor generating needs tor ctTcctivc water 
managcincnt. The shortagcs lcad to competition and 
confrontation no t  only internally but betwecn coun- 
trics as well.

D. Focus on the Agricultural Uses of Water
1. Food Production Using 

Irrigated Agriculture
Watcr is thc m ạịor limiting tactor t'or aẹricultural 

production worldwide. C rops rcquirc and transpire 
massive am ounts ot water. For example, a com  crop 
that produces 6500 kg o f  grain pcr hectarc will take 
up and transpire about 4.2 million liters ot \vatcr dur- 
ing the grow ing  scason. IrriíỊatcd crop production 
requừes largc quantities o f  vvatcr. For inscance, thc 
production o f  1 kí  ̂ o f  thc fo]]owiníỊ food and fiber 
products undcr irrigation requires on thc average: 
1400 litcrs for com , 190U litcrs for sugar, 4700 liters 
for ricc, and 17,000 litcrs f'or cotton. T he am ount o f  
water requircd to produce  1 kg ot grain-fcd mcat 
ranges from 4200 to 8300 liters when thc watcr re- 
quirem cnt for irri^ated graiu is included.

T he Iise o f  water by crơps is the primc reason that 
agriculturc rcturns a relatively small portion of the 
w ater applicd in irrigation. Approximately 60% o f  
thc watcr applied in irrigation is consumed and docs 
not rcturn to strcams Ếbr rcusc. In contrasr, only about 
5% o f  the water pum pcd  for public supplics is con- 
sumed.

Irri^ation has been uscd to incrcasc agricultural pro- 
duction sincc thc daw n o f  agriculturc. Hovvevcr, until 
about the beginning ot' the 19th ccnturv, irrigation 
systems were small, and most eventually íailed be- 
cause they did not providc  t'or salinity coatrol. The 
estimatcd area o f  irrigated land Ĩ11 the vvorld in 1880 
was about 8 million hcctarcs (Gulhate, 1958). This 
figure rcachcd about 40 million hectares by 1900. As 
experiencc was gained in planning, constructing, and 
opcrating irrigation projccts, the í>]obal irrigatcd area 
expanđeđ rapidly. By 1985, o t ' thc  approximatcly 1.5 
billion hectares o f  cultivated land in the world, about 
271 million hectarcs, or 18%, vvere irrigatcd 
( W orìdwatch Institu te , 1987, p. 125).

Irrigation produces special pollution problems 
when stream watcr is dctỊradcd by the iddition of 
salts in returning draina$Ịe watcrs. For cxample, when 
irrigation vvatcr is w ithdra\vn troni the Colorado 
Rivcr in tho Grand Valley at Grand ịunction, Colo- 
rado, and latcr rc turned to tlic river, an esđmated 18 
tonncs pcr hcctarc ot salts arc lcachcd trom che irri- 
gatcd land and addcd to the rivcr \vater At timcs



diirins; thc sunimcr, thc Red Rivcr in Texas and O kla-  
h o i n a  is m o r c  s a l in c  t h a n  s e a w a t e r ,  m a i n l y  d u c  to  
irritỊation use and normal evaporatiou.

W h e r c a s  t h e  o v e r a l l  c o n t r i b u t i o n  o t '  i r r i g a t i o n  t o  
atỊricultural production is clear, thc prccisc contri- 
hution varies vvidely around thc world. IrriiỊation 
may bc applicd to the desert, whcrc rainíall rarcly 
occurs, such as in Eu;vpt o r  Southern Iraq. It may 
rcplace or supplement rainíall agriculture, as in d ry -  
tarming regions of thc United  States; it may make 
p o s s i b l c  n u i l t i p l e - c r o p p i n g  in  a r e a s  w h e r c  only s i n g l c -  
croppiniỊ is othervvisc possible because o f  w et and 
d r y  s c a s o n s ,  a,s in  B e n ^ a l  o r  S e n e g a l ;  o r  it m a y  s c r v e  
as insurance atỊainst damaging, short-term  drouíỊhts, 
as in the eastern United States. The uscs ot irriíỊation 
includc sporadic sprcadiniỊ o f  meager Sprint; flood 
vvaters in the dcscrts o f  thc Midtilc East, sprouting a 
t h in  e r o p  o t  w h e a t ,  a n d  c a r c í u l l y  c o n t r o l l c d ,  o p t i m a l  
applications Iinder tlic sophistícatcd tcchnology uscd 
in t h c  s o u t l n v e s t c r n  U n i t e d  S t a te s .  fS(T D r y i . a n i ỉ  
F a r m i n í ;. I

2. Irrigation Systems
When water is diverted th rough  a tu rnout from  thc 

distribution system it cnters the C011 troi o f  the on- 
tarm com ponent o f  agriculturc, or the irriịỊiition sys- 
tcin. There  are throc basic types o f  irrigation systems:
(1) surtacc ĩrriíỊation systems, (2) sprinklc irrigation 
systcms, and (3) drip irrigation systcms, Each o f  
thesc has inany coníìgurations. Surfacc irrigation, 
for cxamplc, is of'tcn describcd by thc terms “ fur- 
row  ìrr igation ,” “ bordcr irr iga tion ,” or “basin irriga- 
t io n .” Sprinkle irrigatioii has individual m em bers likc  
“ c c n t c r - p i v o t s , ”  “ s i d e - r o l l ”  o r  “ w h c c l - l i n e , ”  “ b i g  
g u n ,” and others. Drip irriíỊation is also k n ow n  
as “ tricklc irriíỊation" and has spccia! coníìgura- 
tions as do surtace and sprinklc irriíỊation systems.

Siirtacc irriíỊation systems distribute watcr ovcr a 
held using SỊravity. Flow is introduced to the íìeld at 
onc point, then moves over thc land surface, wetting 
thc soil as it protỊresses. Surface irrigation has been 
practiccd tor thousands o f  ycars and today comprises 
m ore than 90% ot irrigation worldwide. Sonic coun- 
trics, such as thc United  States, havc about 55% sur- 
tacc irrigation and some, such as Israel, have very 
little, but thesc are cxccptions rather than rulcs. Sur- 
face irrigation is relatively incxpensivc to implemcnt, 
but unlcss carc is ĩỊÍven to propcr đcsign and manaiỊe- 
ment, applicacion cíĩiciencies will bc as low as 40 to 
50%. M odern  land-levcling cquipment and com pu- 
terized design methodologies havc helpcd to imple- 
m en t surfacc irriíỊation systcms with efficiencies as 
liiu;h as  9 0 % .  r h e  m a ị o r  a d v a n t a g c s  o t  s u r t a c c  i r r i t»a -

tion includc low cost, lovv eneriỊy rcqiiircnicnts, and. 
vvhere vvatcr is plcntiíiil. low irriiỊator skill. The mạjor 
disádvantages includc potcntially lovv cttìcicncics and 
the l a n d  l e v d i n e ;  r e q u i r e m c n t .

Sprinklc irriíỊation svstenis distributc \vater usintỊ 
an oriíice to convert pipcline prcssure into thc kinetic 
eneriịỊV ot a je t  issuing troin thc oriíìce. As the je t  
cmcrẹ;cs trom  the oriíìce, it brcaks iiĩto individual 
droplcts. U nder  ideal conditions, the droplcts vvould 
bc distributed unitbrmly ovcr an area around the ori- 
íice. In practicc, however, it is impossible to construct 
an oritìce which achieves pcríect unitbrm ity, and the 
d r o p l e t  p a t t c r n s  o f  scveral s p r i n k l e r s  a r e  o v e r l a p p e đ  
to approximatc unitorm covcragc. Sprinkle irrigation 
systcms arc rccommcndcd and used on practically all 
types ot soil, topoi^raphy, and crops. It is a Aexible 
and efficicnt systcni ot irriíỊation. T he main disadvan- 
tatỊcs ot sprinkle systcms arc that thcy have a ỉiií^h 
initial cost, thcy typically usc substantially more en- 
crgy than suríace irri^ation, they are accompanicd 
by higher cvaporation losscs, and thcy require more 
mamtenance than surtacc irrigation systcms. Land 
lcvcling is not required and application efficiencies of 
6 0 %  a r c  con im on. Unlike s u r f a c c  a n d  d r i p  systcms, 
sprinklc systcms may bc used tor othcr reasons, such 
as tcmperaturc control, cvaporativc waste disposal, 
and sced germination.

D rip  irriiỊation systcms also use an oriíĩce to convcrt 
pipeline prcssure into thc kinetic cncr^y o f  orifice 
discharíỊe, but do so dift'crcntly. In a drip irrigation 
systeni tho orihcc is designcd to dissipatc ncarly all 
of thc kinctic cncriĩy in thc tìow so that when it 
cnicrtỊcs from the orificc it movcs slowly. Drip sys- 
tcms, thcrctbrc, irrigate a small area around each ori- 
ficc, which is gcncrally called an cmitter. Drip systems 
usually irrigate widcly spaced or row crops where an 
iiidividual pipclinc can be locatcd nearby to provide 
one o r  morc eniittcrs to each plant. T he  slow flows 
and thc individual plant locations give drip irrigation 
vcry prccisc water control which translatcs into appli- 
cation cơiciencies ot 90% or greater. Since only a 
small surtace arca is vvetted, cvaporation losses arc 
negligible. Drip systems apply irrigation water to 
crops much morc often than cither suríace or sprinkle 
systems. This hiạ;h-frcqucncy irrigation regime has 
bccn show n co incrcasc crop yields. T he  disadvantages 
of drip systcms includc hi^h cost, the nccessity o f  
watcr supply tĩltration and treatmcnt, and in some 
cascs, the buildup o f  salts in the soils. Drip irriíỊation 
does not reprcscnt a largc percentage ot irrigation 
w o r l d w i d e ,  b u t  it  is an  i m p o r t a n t  t e c h n o l o g y  f o r  s p e -  
cial applications.



IV. Water Management

In many parts o f  the world, the food supply dcpcnds 
upon extcnsive irrigation development. For example, 
on che Indian subcontinent, which has one-fifth of 
the population o f  the world, water supply seriously 
limits agricultural production on 65% o f  the arable 
land and prevents ycar-round production on an adđi- 
tional 29%. T he  Green Revolution, while providing a 
potential for im portan t food supply incrcascs, cannot 
rcach that potential w ithout substantial and sustained 
im provem cnt in the m anagem ent o f  available water 
and soil rcsources, espccially in arid and subhumid 
areas. These rcgions comprise approximately one- 
sixth o f  the total land surtace and a substantially 
greatcr portion o f  thc w or]d ’s potential for agricul- 
tural production. Virtually all irritỊatcd or potcntially 
irrigable portions of the globe face serious manage- 
ment problcms involving water, soil, and crop pro- 
duction systems.

A. Water Management Needs
A num bcr o f  powerfiil íactors act to force conscious 
m anagcm ent o f  watcr resourccs th roughou t the 
worlđ. These íactors operate in all societies, political 
systems, and stages ofdcvclopm ent.  The political and 
administrative adaptations designed to dcal with them 
vary widcly, but the fundamental íorces do not diíìer.

O ften  the re is not enough water to mect unlimitcd 
competiníỊ demands, and means o f  mediating among 
the various potcntial uscs m ust be devised. The kinds 
o f  uses typically continue to increase, and means of  
meeting these ncw  needs m ust be found. T he  manage- 
ment nccds inclu.de flood mitigation, land drainage, 
scwer systems, culvcrt design, water supply, irriga- 
tion, hydroclcctric pow cr generation, and navigation. 
Dernands O I1 a single water sourcc may includc with- 
drawals for use on irrigated land, in factories, or in 
towns and cities; falling water for hydropow er; im- 
poundm ents for recrcational lakcs or for tìood control; 
flow o f  streams for carrying wastes or for navigation; 
and maintcnance o f  wetlands for watcrfowL If' up- 
strcam uscrs discharge large quantities o f  wastcs into 
a river, the supply o f  usable vvater available to dow n- 
stream users ĩs diminishcd. In some withdrawal uses 
(snch as hycỉropovver gencration), m ost o f  the water 
is returncd to the strcam in e;ood condition. In othcrs, 
notably irrigation, much o f  the watcr is lost through 
consumptivc use, and thc returning drainagc waters 
usually carry increased salt levels.

Each ot' these uses has its peculiar rcquirements 
in terms o f  quamity, q u a l i t v ,  location, and timing, 
and thesc oftcn conAict. Watcr resource develop- 
m ent projects— canals, wells, dams, impoundments, 
p u m p s ,  a n d  s o  f o r t h — g e n e r a l l y  r e q u i r e  l a r g e  Capital 
investments, and it takes time to construct them. 
Years elapse bctween authorization, planning, and 
construction to opcration. Additionally, the installa- 
tions arc durablc and thus “ freeze” the pattern o f  
watcr managem ent o f  a region for generations, influ- 
encing ratcs o f  cconomic grow th, lcvels o f  health, 
and amenities ot' living. Taking an intelligent long 
view is an im portant aspect o f  successful water man- 
agement.

Until tairly recently thc major concern vvas to de- 
vclop the physical, economic, and institutional con- 
trol procedures nccessary to make watcr available for 
a specĩfic purposc. N o w ,  hovvcvcr, watcr systems 
generally involve multiplc-purpose projccts. In addi- 
tion, it is necessary to manage water rcsoarccs in 
thc contcxt o f  the total environment. Thus, water 
rcsource planning and m anagem ent need to be inte- 
gratcd w ith  comprehensive planning and manage- 
m ent plans for cntire rivcr basins or  rcgions.

Water managcm ent is íurther complicatcd by the 
fact that the problem is seldom One o f  simply how  
much water but rather o f h o w  much watcr o fa  partic- 
ular quality is acccptable or ncedcd íor a givcn use at 
a given time. Pollution is a primc cxample o f  the 
problem o f  quality. Pollution reduces the utility o f  
water for municipal and irrigation purposes and 
threatens acsthetic values.

B. Administrative Structures for Management
Bccause o f  the powcrful compcting interests in- 
volved, administrative structures havc been devel- 
opcd to control the distribution ot'vvatcr. The íormali- 
ties and complexities o f  t h c s e  structures vary widely, 
depending upon need and cultural backíỊround. For 
someprojects, typically the smaller oncs, thcadm inis- 
trativc mechanisms can be quitc iníormal and simple. 
Howevcr, for largc and extensive projects, such as 
chose vvhich exist in Calitomia, complcx administra- 
tive structurcs for matiaging water resources are nec- 
essary.

In the more complcx systcms, there arc water- 
source coiitrollers, producers o f  vvater, transmitters 
o f  watcr, users ot water, and reclaimers o f  water. 
The  first three levcls are usually, but not always, 
institutions. Users trcqucntly are individual farmers. 
Reclaimcrs may be individuals, but because there are



aspects o t 'ređam ation  that can be controlled only by 
conmiuiiity action, this tunction genenillv is most 
satistactorily impleniented bv an institution vvitli acỉe- 
quate control authority.

The authority to make dccisions in such complcx 
systems is virtually always dcccntra]ized. Each man- 
aiỊcmcnt lcvcl usually has its ow n authority for deci- 
sion makiniỊ, subjcct to physical, legal, and indircct 
social constraints o f  tlic public at lartỊC and o f  other 
interacting lcvcls. Such a striicture is a hicrarchical 
multilevcl decision-makim* System vvith multiplc 
goals and objectives that are oftcn not com m cnsura- 
blc. Eacli lcvel is optimized at the stage at which it 
occurs in thc system, subject to constraints imposcd 
bv both highcr and lovvcr decision-makiinỊ lcvcls. 
Idcally, all levcls are then subjectcd to an ovcrall analy— 
sis tor optimality o f  the tradc-oíTs amoiiĩ; various 
compatible and noncompatible obịcctives ạt all levels. 
Etĩìcient and ctĩcctivc vvater rcsourcc managem ent 
can bc achicved only by considtTÍntỊ all tacets— cn- 
ííincorinẹ;, social, political, and economic. Sometimes 
chís situation cxists, but oíten it does not.

c. Special Management Needs 
for Irrigated Agriculture

The basic dem ents  o f  irrigation watcr manat;cinent 
systems consist o f  (1) water supplics, indud ing  stor- 
age and distribution works; (2) crop production sub- 
systcms as thcy arc aíTectcd by irrigation, leaching, 
and drainagc; (3) imđerlyinỉỊ lỊround vvater storagc 
areas that interact with the crop production systcm; 
and (4) social and institutionạl subsystems within 
which production is accomplished, rcsources are 
rnade availablc, and various levels o f  policy are estab- 
lished and implcmentcd. Thcsc processes are strongly 
intcrrclatcd. They constituite a dynamic and continu- 
ous system, with each coniponent o f  thc system in- 
Aucncing, and, in turn, bcing inlìucnced by, othcr 
componcnts. Applying irri^ation water to a íicld, for 
example, rnight satisty the soi] nioisture requirements 
o f  the crop, but Ếailurc to recognize thc nceđ for drain- 
age niight lcad to cstablishment o f  an unđesirably 
hi(*h w ater tablc a n d /o r  salinitv conditions vvithin thc 
soil protìlc.

As is truc o f  all water raanagemcnt, cffective irriga- 
tion w atcr  managemcnt systcms must be designed 
and opcrated to fit within a broad social-political— 
bioloiỊÌcal environment. For instance, in the early 
days ot irritỊation in the vvestern United States, physi- 
cal facilitics vvcrc built to transport vvatcr to the land, 
hut tlic ta 1111 rc to rcco^nize thc nccd for etTcctivc

social-political—cconomical instituđons at tho uscr 
level rcsultcd in the bankruptcỵ and collapse o tm a n v  
of thcsc carlv dcvelopnicnts.

V. Conclusions

Watcr is controlled and regulatcd to serve a wide 
variety o f  purposcs includiniỊ flood mitiíỊation, irriga- 
tion, supplies for culinary and industrial purposcs, 
transportation, the gencration ot clectrical eners^y, 
wildlifc prcscrvation and culturc, aesthetics, and rec- 
reation. Flood detention rcscrvoirs, s to rm  drains, and 
dikes arc examples o f  the typcs o f  structures used to 
control watcr so that it will not cause exccssive đam - 
agc to propcrty, public inconvenicncc, or loss o f  life. 
Irrigation projccts, hydroelcctric pow er đams, m u- 
nicipal watcr supply works, and navi(Ịation im prove- 
ments arc exaniples ot thc usc o f  w ater for beneíìcĩal 
purposcs.

Bccause o f  its in iportant role in íỊlobal fbođ produc- 
tion and becausc it uscs a largc proportion  o f  our 
availablc tresli water supplics, irrigation is ^iven spe- 
cial consideration in this article. Irrisratíon is the appli- 
c a t i o n  o t  W íitcr  t o  s o i l  t o  s u p p l e m e n t  d c t ì c i e n t  r a in ía l l  

to providc adequate vvater for plant tỊrovvth. It has 
bccn practiccd for centurics. Sonic o f  the works built 
in thc Nilc Rivcr Valley aronnd 3000 B.c. still play an 
important part in Egyptian atỊricultural production.
1 Iowever, as che nced íor tood continues to escalate 
and othcr conAicting uses cnter thc picture more 
strongly, therc is an evcr-increasinsỊ necd for the effì- 
cient control and usc o f  irrigation water.

As hum an demands on available land and vvater 
rcsourccs havc increased, thcrc has been a corrcspond- 
ing incrcasc in the need to m ore  carefully control and 
regulatc the use ot' thcsc rcsources. Physical íacilities 
must bc planncd and im plcm cnted in the context of  
multiple, dynamic, and ottcn conHicting social nceds 
and dcmands. Includcd in thcsc proccsses arc the com - 
plcx and increasing environm ental issues and con- 
cerns. Thus, both well-dcsigned physical tacilities and 
etíectivc m anagcm cnt institutions and policies are es- 
scntial to the etĩìcient control and use o f  the earth’s 
limitcd supply o f  available tresh water.
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Water Resources
S U N  F. SH IH , University o f  Florida

I. Hydrologic Cycle
II. Land-Use Classiíication

III. Precipitation
IV. Soil Moisture Monitoring
V. Evapotranspiration Estimation

VI. Groundwater
VII. Agricultural Water Quality

VIII. Irrigation
IX. Drainage
X. Agricultural Runoff Prediction

Glossary
A p p lica tio n  satellites Satcllitc-bascd sensor sys- 
tems beine; uscd in vvater resourccs are primarilv tw o
basic tvpcs. (1) Eartìi resourccs sntcllitcs include the 
Landsat (USA), S P O T  (French), M eteor-priroda 
(USSR), ERS-1 (European), and J-ERS-1 (Japan). 
T he Landsat remotc-sensing systcni was tìrst 
launchcd in 1972 and has been applied vvidely around 
thc world tor studying water resources. T he type o f  
sensor, band designation, spatial sensitivity rant^e, 
and spatial resolution used in thc Landsat systcm arc 
listcd in Tablc I. As Tablc I shows, the cxisting Land- 
sat systcm has tw o im portan t sensors, i.e., thematic 
niappcr (TM) and multispcctral scanncr (MSS). Re- 
cently, thc S P O T  systcm has also been used. T he 
S P O T  has high-resolution visiblc (HRV) imagery 
vvhich includes thrcc bands (0.5-0.6, 0.6—0.7, and
0 .78 -0 .9  jU.ni) with 20-m resolution color mode, and 
10-111 resolution panchromatic m ode (0.51-0.73 /u.m).
(2) IVcdthcr satcllites include N O A A -T IR O S  (USA), 
G O E S  (U .S.),  Mctcor-2 (USSR), Metcosat (Euro- 
pean). G M S ( Ịapan), and Fcng-Yun (China). M ost 
wcathcr satcllitcs includc both visible and thcrmal 
iiìtraređ scnsors.
G eograp h ic  in ío rm a tio n  sy stem  (GIS) C o m p u te r

systcni dcsitỊiicd spccitically to managc largc volumcs 
ot geococỉcd spatial data derivcd trom  a variety o f  
sources. Thi: capabilities ot'a GIS systcm are to accept 
input data; to servc as a clcaringhouse íor data; to 
storc, retricve, manipulatc, analyze, ovcrlay, and dis- 
play thesc data based on the requircmcnts ot the user; 
and to create both tabular and cartographic output 
which retìcct these requirenicnts. 
G round-penetrating radar Radar system, which 
currently opcratcs in the írcquency raiiíỊe o f  80 MHz 
to 1 GHz, has been designcd spcdfically to pene- 
tratc carthcn matcrials. It radiatcs repetitive, short- 
duration, clectromagnctic pulses into the soil from a 
broad-band-width  antenna. T ow ing  the antenna 
aloníỊ tlic lỊround produccs a continuous proíile o f  
subsuríacc conditions on the tịraphic recordcr.
Land u sc /la n d  cover  Land use/land cover iníorma- 
tion lias always becn and continucs to bc an im portant 
clcment in the integration, planning, and rnanage- 
ment o f  vvater rcsources, agricultural resourccs, land 
resourccs, environm cnt protection, economy, and 
landscape. A land-use classiíìcation systcm used bv 
thc United States Gcological Survcy (USGS) empha- 
sizcs rem otc  sensing as thc primary data source. This 
classification system as shown in Table II reprcsents 
onlv thc niore generalizcd íìrst and second classifica- 
tion lcvcls. The approach to land use/land cover clas- 
sification is “rcsource oriented,” providing íírcatcr 
Aexibility when separating data into distinguishable 
classcs.
R em ote sensing Gathering o f  iníbrm ation about an
object w ithout using an instrument in physical contact 
with thc objcct. H um ans’ cars, eyes, and nose are 
typical natural scnsors vvith limited capabilities. T o 
day, bascd on scicntitĩc research and development, 
thc remote-sensing tcchniqucs are being dcveloped 
into íỊround-bascd, airplanc-bascd, and satcllite-based 
scnsor systems.
Satellite  im age  Processing Satellitc-sensed images



TA B LE I
Comparisons of Type of Sensor, Band Designation, Spectral Sensitivity Range, and Spatial Resoỉution 
Used in Landsat Remote Sensing Systems

T y p c  o f  
sensor  

(1)

Band (N A S A  
dcsit;nation) 
(2) '

Spectral scnsit ivity range 

W aveleni5tli
(ụ. 1 1 1 ) Color
(3) (4)

Spatial
reso lu tion  (ni)
(5)

(a ) L a n d s a t 1 a n d  2J
R B V 1’ Band 1 0 .4 7 5 -0 .5 7 5 B lue-green 76

l ỉand 2 0.580-11.68(1 Y cllovv-rcd 76
Baud 3 0.6911-0. «30 Rcd-intrarcd 76

M SS H.uui 4 0.5-11.6 Green 7f)
Band 5 0 .6 - 0 .7 Red 76
lỉan d  6 0 .7 - 0 .8 Nc.tr inlrarcd 76
BanJ 7 n .K - l . l Nc.ir intr.ired 76

(b) L a n d sa t 3“
RI?V‘ T w o  cnmcras 11.505-0 .750 (PaiuhronKitic) 40
MSS' Band 4 0 .5 - 0 .  í) G rivn 76

Band 5 0 .6 - 0 .7 Red 76
Band 6 (1.7—II.H N ear intr.ircd 76
Band 7 (I.H -1.1 Nc.ir intrarcd 76
lỉam l H 11) 4 -1 2 .6 rhcrni.ll intrarcd 234

(c )  L a n d sa t 4 a n d  Ỉ J
T M - Uand 1 0 .45-11.52 Bluc 30

15and 2 0 .5 3 -0 .6 1 cìrocti 30
Band 3 0 .6 2 -0 .6 9 Red 31)
Band 4 0  7H -U .yi Nc.ir intrarcd 30
li.m d 5 1 .5 7 -1 .7 8 liìti/rnu'di;m' intrared 3(1

Band 6 1 0 .4 2 -1 1 .6 6 Tlicrm al intrarod 120
Band 7 2 .0 8 -2 .3 5 M id intr.ircd 30

M S S ‘ B and 1 (1 .5 -0 .6 ( ìrccn 76

Band 2 0 .6 - 0 .7 Red 7f>
Band 3 0 .7 - 0 .8 N car intrared 76
Band 4 (1 .8 -1 .1 N ear intrarcd 76

lỉ L au n c h  d a tes: L andsat 1: 7 /2 3 /7 2 ,  o p c ra tio n  e n d eđ  1 /6 /7 8 . L andsar 2: 1 /2 2 /7 5 . o p e ra tio n  cn d cd  
2 /2 5 /8 2 .  L andsat 3: 3 / 5 /7 8 ,  o p e ra tio n  en d e d  3 /3 1 /8 3 .  L an d sa t 4: 7 /1 6 /8 2 .  L an d sa t 5: 3 /1 /8 4 .  

R c tu rn  b e am  v id ic o n  cam era .
M u ltis p e e tra l  sca n n e r.

1 T h e m a tic  n ia p p e r .

provide data to the Computer \vhich are digitally corn- 
p a t i b l c  w i t h  C o m p u t e r  s o f t w a r e  d e v e l o p c d  f o r  i n t e r -  
preting physicạ] meaninq; on the carth surtace. A pub- 
l ic  d o m a i n  c o m p u t e r i z e d  i m a t Ị e  P r o c e s s i n g  p r o g r a m  
uscd in  the United States is the Earth Resources Labo- 
ratorv Application Softwarc (ELAS). ELAS is a 
soft\vare packaẹc dcbiựned and maintaincđ by the 
National Aeronautical and Space Administration 
(NASA) to provide analysis and processintỊ capahili- 
t ie s  t h a t  c n a b l e  t h e  c o n s t r u c t i o n  a n d  m a n i p u l a t i o n  o f  
v a r i o u s  (ỊeotỊraphical data hlt's.

ater resources rank anionẹ; the most important 
rencvvablc natural resources 011 the carth in all ot 
their thrce phases (ì.e., liquid, solid, or vapor), and 
are otic o f  thc m ost íư ndam en ta l  requ ircm cnts  for 
a^ricultural production. The  \vater rcsourccs most 
available tor usc in aíỊriculture arc đerived from 
precipitation (i.e., rainíal! and snovvtall), rivcrs, lakes, 
r c s c r v o i r s ,  a n d  g r o u n đ x v a t e r .  W a t c r  r c s o u r c c s  r c -  

searcli tor aiỊriculture conccntratcs on the collcc- 
tion ot sutYicicm basic hydroloiỊÌc cyclc-rclatcd data 
tor berter planniiiíỊ and manatỊcmcnt o f  thcsc re-
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sources tor a^riculcural production on a sustainable
basis.

I. Hydrologic Cycle

T h e  endlcss recirculation ot vvatcr in the a tm o sp h o re— 
hydrospluTC—lithosphcrc is kncnvn as thc hydro lo ííic

cycle. The cyclc is thc principal mcchanism ỉỊovcrning 
th e  d i s t r i b u t i o n  o f  v v a t c r  o v c r  th e  c a r t h ,  b a l a n c i n g  

tìows bctween the sca, the contincnt, and the atm o-  
sphere. The principal tactor driving this cndlcss recir- 
culation  is solar activ itv  vvhich Controls thc thermal 
re^imc ot the carth and the a tmosphere circulation. 
The hydroloíỊÍc cyclc can be studicd according to the 
particular scale o f  rctcrcncc, i.c., tỊlobal scale, basin 
scalc, ctc. From  thc asỊricuhural point o f  view, the 
basin-scale hydrolo^ic  cyclc is cmphasized. The 
basin-scalc cycle is considcred to bc a continuous cir- 
culation o f  water from water vapor to prccipitation, 
s t r e a m  f lo \v .  l a k e s ,  r c s c r v o i r s ,  so i l  n i o i s t u r c ,  g r o u n d -  
vvatcr, and out o f  basin transícr, to the return to vvatcr 
vapor throim;h evaporation and Cranspiration. Within 
a basin, tlic dvnam ics  o f  the hydroloí^ic proccsscs are 
CỊOverned m ain ly  by the  te m p o ra l  and  spatial charac-  
teristics ot inputs and outputs, the land usc /land  cover 
conditions, the slopes, the soils, thc underlying geol- 
ogy, and the iinplcnientations o f  irrigation and 
drainatỊC.

II. Land-Use Classiíication

A. Conventional Techniques
In gcncral, the conventional land-use classification 
methods have relicd 011 ỉỊround observation and acrial 
photography, resulting United States D epartm ent o f  
Agriculturc-Soil Conservation Service (U SD A -SCS) 
soil surveys, USGS topot*raphic maps, USGS land 
use/land covcr maps, and other such rcsources. The 
USCiS S t a n d a r d  topographic quadrangle maps cover
7.5 min o f  latitude and longitudc and are published 
at the scale o f  1 : 24,000. These m aps show  m an-m ade 
featurcs, water ícatures, road classiíìcations, urban 
arcas, U.S. land lincs, and woodland. T he smallest 
mapping unit o f  the USGS land use/land covcr maps 
for urban, watcr, mines, quarries, e;ravcl pits, and 
ccrtain agricultural land is four hcctares in contrast to 
16 hectares for the othcr categorics. [ S « ’ L a n d  U se 
P l a n n i n g  in A c . r i c u i . tu re ;  S o i l  a n d  L a n d  U se  
SuRVEYS. I

B. Satellite Methods
The land use/land cover classification based OII satcl- 
litc imagcs can be accomplished by tw o  iỊencral meth- 
odoIoỊỊÌos. O ne  mctliod is a supcrvised elassihcation 
teclmique in which thc opcrator classiíìcs an arca ot 
pixcls (picture elements, i.e., scnsor spatial rcsolu-



tions) that beloníỊ to onc or morc speciíìc categories 
o f  land usc/land cover. The Com puter then uses OI1C 
o f  many classifying alíỊorithms to group pixcls ot 
similar spectral rcsponsc, The othcr classiíication 
m ethod is an unsupcrvised classification technique. 
In this mcthod, the satellitc imagcs arc loaded into thc 
C o m p u t e r  as m e n t i o n c d  in  the supcrvised c l a s s i í ì c a t i o n  
technique. The opcrator then determincs h o w  manv 
diíTerent c lasscs  arc d cs irab le  a n d  the  C o m p u te r  c la ss i -  
fies cach pixcl into Q11C o f  the statistically crcatcd 
classcs. The Com puter uscs a sophisticatcd sct o f  altỊO- 
rithnis to determine which pixcl belongs to which 
class. The diíTerent classcs arc then relatcd to individ- 
ual land use/land cover complex rcprcsentcd by a 
c o l o r  w h i c h  c an  b e  v i e w e d  o n  t h c  C o m p u t e r  m o n i t o r .  
The looition and spatial pattcrn arc notcd and com- 
parcd vvith quadran<Ịlc rnaps and throuíỊh cxtensive 
ground-truthintỊ. Finally, thc cstablishcd classcs are 
groupcd into similar land uscs to form thc đesircd 
classcs which can bc stored in a GIS databasc.

III. Precipitation

A. Raintall Estimation
1. Conventional Methods
The primary conventional mcthod used in rainíall 

cstimation is the raingauge mcasurcment. The  larqc 
spatial and tcmporal variability o f  rainíall distribution 
rcquircs a densc rain^auge nctvvork it acceptable accu- 
racy o f  rainfall estimation is to bc achicvcd. Howcvcr, 
thcrc is a nonlinear relationship bctwccn the incrcasc 
in nunibcr ot' íỊauges and the irnprovcment in accu- 
racy, and thc im provem ent is mainly for reducing thc 
ternporal variation. A dense netvvork is also costly to 
maintain and operate. Furthermore, mcasurement o f  
rainfall by gauEỊCs is aíĩccted in particular by the inter- 
rclated factors o f  topography, sitc, wind, and gauge 
dcsign. The gaugc catch may bc represcntativc of a 
small or large area dependintr upon rainfall cvent, 
slopc, aspect, elevation, and location in relation to 
hills and ridgcs. Because o f  thcsc inherent limitations 
o f  thc raingauge desiíỊn for rainfall measuremcnts, 
p o i n t  d a ta  c o u l d  c o n t a i n  a m b i g u i t i c s  p r o d u c m g  an  

i n c r e a s e  in u n c c r t a i n t y  o f  r c g i o n a l  c s t i m a t e s .  [5 ( ' f  M e -  

TEOROLOGY. I

2. Remote-Sensing Methods

a. Cloud-lndexing Approach Using s a t c l l i t e -  

bascd visiblc and thermal-inírarcd data to characterizc

thc cloud typc or tem peraturc  for corrclation with 
rainfall via cmpirical rclationships is thc basic concept 
o f  thc c loud-indcxing approach. This approach is 
time-independent, identiíics different typcs o f  rain 
clouds, and estimates thc rainíall froni thc num ber 
and duration o f  clouds.

b. Threshoiding Approach This approach is 
based on satcllitc derivcd tcmperaturc thrcsholding 
and clond brightncss to identity potential rain clouds. 
This approach considers all clouds with low uppcr 
surtace tcmperatures to bc rain clouds.

c. Life-History Approach This approach is 
bascd on thc premiscs that si^nificant rainíall comes 
mostly troni convcctivc ciouds, and that convective 
clouds can be distiiiỉỊuishcd from  othcr clouds in satcl- 
lite imagcs. This approach is time-dependent and con- 
siders thc ratcs o f  changc in individual convective 
clouds or  in clusters o f  convcctive clouds.

d. Pattern-Classiíication Approach This ap- 
proach uses a statistical pattern-ciassihcation tcch- 
nique to  assign rainfall to One o f  sevcral classcs ac- 
cording to  such parameters as coldcst cloud-top 
ternpcrature, averagc c loud-top tcnipcrature, and av- 
cragc cloud-top tempcrature diffcrcncc betwccn two 
consccutivc images.

e. Integration Approach This approach corrc- 
latcs a small-coverage (e.g., raingauge), high-rcsolu- 
tion scnsor with a large-coveragc (e.g., satcllite), 
lovv-rcsolution sensor, and then uscs the large-covcr- 
age scnsor to cstimate the regional rainfall in a given 
arca which is not covercd by the small-coverage 
sensor.

f. Microwave Radiometry Microvvave tech- 
niques otĩcr a great potential for measuring rainfall 
bccausc at some microwave írequcncies clouds are 
cssentially transparcnt, and the measured microwave 
radiation is dircctly relatcd to the prcscnce o f  rain 
drops themselves. M icrowave radiometrv or  passive 
m icrow ave tcchniques rcact to rain in two fundaincn- 
tal wavs: by em ission/absorption and bv scattering.

g. Radar Raindrop and snow  crystals can cause 
a backscatte r  o f  r ad io  vvavcs tha t could  bc  dctcc tcd  
th rou^h  radar. Thus, attempts havc bcen made to 
transíbrm  radar echoes into quantitative rainíall mea- 
surements using a reAectivíty mcthod. O n e im p o r tan t  
step involved in this niethod is to properly choosc



tho paramctcrs uscd in thc radar rcHcctivity tactor 
(Z)-ra infall  ratc (R ) relation which is usuallv callcd 
a Z - R  rehtion cquation. This relation involves t\vo 
calibration parameters callcd lí and b vvhich vary with 
raintall types, scasonal vcgctation condition, and the 
sitc of intcrcst.

h. L igh tn ing  F la s h e s  Raintall has bccn t l iough t  
to play a major rolc in scparating thc clcctric ehariỊC 
in thunderstorms, and in initiatine; li^htninE; dis- 
charge. A state-of-the-art lightning dctective nct- 
w ork, the National Lightninẹ; Dctection Nctvvork 
(N L P N ) ,  has opcratcd vvith full covcragc ot the con- 
tiựưous United States sincc 1989. The N L D N  pro- 
vidcs liirhtniiur flash occurrence timc, location, polar- 
ity, s trokc count, and reiỊÌonal amplitude in near 
rcal-timẽ. Thcse lightniniỊ Aashcs arc beiiií* used to 
prcdict storni m ovem cnt and rainfall ratc.

B. Effective Raintall
EtTcctive rainfall is dcíìned as a rainíall which is tcm - 
porarily storcd 011 thc soil surtace or in tho soil w ithou t 
causinir runo íĩ  or seepage to the groundvvater. Effec- 
tivc raintall is ,111 im portant factor uscct to estimatc 
the agricultưra] watcrshed runotT, the supplcnicntal 
irrigation rcquiremcnt, and the quantity o f  đrainagc. 
Sincc thc water-tablc depth is invcrsely relatcd to thc 
soil m oisture  contcnt aloniỊ the soil profile above thc 
watcr tablc, a dccpcr water tablc indicates a lowcr 
nioisturc contcnt in tlic soil. T ha t  in turn, can incrcasc 
thc cffective raintall. A study o f  cffcctive rainíall 
show s that about 3.4 cm o f  raintall is storcd in an 
organic soil for cach 100 cm increment o f  vvater-table 
depth.

c. Snow Measurement
1. Conventional Methods
A popular techniquc o f  S!)0W measurcment is to 

mcasure 24-hr snowfall with  a ruler, and to cstimatc 
the precipitation am ount based on the assuniption ot 
the 10% o f  snovv volumc, i.e., using 10 cm o f  snow 
as equivalent to 1 cm o f  vvater. The  snow íỊauge is also 
oítcn uscd. Either ruler or snow -gauge mcasurements 
arc madc at several points to cstimate snovv covcr.

2. Remote-Sensing Methods

a. y  Radiation Method This mcthođ takes ad- 
vantagc ot the natural cmission o f lo w  lcvcl y  radiation 
from the soil. An aircraít passcs ovcr the same Hight

l in c  b c t o r c  and attcr  s n o \v  c o v c r  and  m c a su r e s  the  
attcnuation rcsultiiitỊ tVom thc snow laycr wliich is 
cmpiricallv rda ted  to an avcragc snovv watcr cquiva- 
lcnt tor the sitc.

b. Visible/Near Inírared Method SnoYY can 
rcadily be identificd and niapped with the visible
bands o f  satcllitc imagcry bccause o f  Ìts high re- 
Aectancc in coniparison to non-snow-covcrcd arcas. 
Generally this mcans sclecting data trom  the National 
Occanic and Atmospheric Administration (N O A A ) 
weathcr satcllite Advanced Very Hit;li Resolution Ra- 
diotnctcr (A VHRR) visible batid, Landsat MSS bands 
4 or 5, SPO T, or L.andsat TM  bands 2 and 4. The 
contrast bctvveen clouds and snow is grcatcr in the 
near infrarcd (i.e., Landsat T M  Band 5) and this servcs 
as a usctul điscriminator betwecn clouds and snow.

c. Thermal Inírared Method Thermal data can 
be uscfi.ll tor helping idcntiíy sn o w /n o n sn o w  bound- 
arics and discriminatiníỊ bctvveen d o u d s  and snow 
with thc N O A A  wcathcr satellitc A V H R R  data.

d. R a d a r  The techniquc o f  using radar to mea- 
sure snowtall is similar to thc onc uscd in rainíall 
mcasurcment cxcept that thc calibration paramcters 
arc chosen diffcrently.

IV. Soil Moisture Monitoring

A. Conventional Approaches

Soil moisturc con ten t information is an im portant 
paramctcr for studying soíl vvatcr m ovem ent, evapo- 
transpiration, irrigation schcduling, crop waterstress, 
crop managcm ent, and hyđrologic modelinẹ;. C on-  
ventional methods o f  measuriníỊ soil moisture content 
includc tensiomctcr, neutron probés, gravimetric soi] 
samplinạ;, soil lysimetry, chemical method, and soil 
electrical rcsistance. Thesc nicthods provide data for 
a point rathcr than lar^c-scale arcal measurements 
and arc timc consuming. An altcrnative tcchnique for 
measuring soil moisturc contcnt tor large-scale areas 
needs to bc developcd. ỊS «’ Soil-W ater R elation-  
SHIPS. I

B. Remote-Sensing Approaches
1. Visible/Near Inírared Method
In tỊcncral, wet surtaccs have lcss rcAcctancc values 

in both vísiblc and ncar intrarcd than do dry surtaccs.



Hovvcvcr, the rcAccted solar radiation is dopendent 
not onlv upon thc soil moisturc condition but also on 
coníòundinq; íactors such as ortỊanic matter, structure, 
rouí*hness, tcxturc, mincral contcnt, illumination ÍỊC- 
onictry, anglc ot iiicidcnce, color, and plant covcr. 
In othcr words, it is possiblc to develop a unique 
rclationship bctwccn spectral rcAectance and soil 
moisturc for a speciíìc site whcrc the contbundiniĩ 
íactors arc knovvn or can be balanced out.

2. Mid-lnfrared Method
Mid-infraređ (MIR) rcAcctancc is inversely related 

to the suríacc soil moisture content. Thus, thc MIR 
data o f  thc Landsat T M  band 7 can bc used to as- 
sess regiona) soil moisture condicions. This high- 
resolution asscssmcnt (i.e., 30 m) o f  regional soi] 
moisturc in íormation vvould result in morc cfficicnt 
direction o f  ground-bascd invcstiu;ators to arcas with 
the most extremc (wet or dry) conditions.

3. Thermal lnfrared Method
The thcrmal inírared (TIR) method is based on the 

observation that soil suríace tcrnperaturc is primarily 
dependent upon thc thermal inertia o f  the soil. The 
thermal inertia, in turn, is dependent upon both the 
thermal conductivity and volumetric heat capacity. 
The inertia is an indication o f  soi] rcsistance to the 
diurnal suríace tcmperature Auctuation. A soi] vvith 
a high thermal inertia (due to a high soil moisturc 
content) will have a lower diurnal rangc o f  surtace 
tempcrature. Temperature-bascd soil moisturc esti- 
mation has been based on the use o f  tempcraturc infor- 
mation collected in thc form o f  TIR data using 
ground-based devices, airbornc instruments, or satel- 
lites. The applicability o f  the ground-based and air- 
bornc TIR Instruments has been limited to rclatively 
small (field) scales o f  operation usin^ eithcr diurnal 
(m ax im um -m in im um ) tempcrature diíĩerence or 
surface-air temperature diffcrcnce tcchniques. Al- 
t h o u g h  t h e  w e a t h e r  s a te l l i t e s  c a n  p r o v i d e  h a l f - h o u r ] y  
(GOES satellitc) or several times daily (TIROS satel- 
lite) coverage o f  a large area, their applicabilitv to 
soil moisture estimation is limited by thc low spatial 
resolution (1-8  km) o f  thcir TIR imagery. Hovvever, 
the current Landsat satellites (4 and 5) havc a TIR 
data band in the T M  sensor (i.c., band 6) system 
which has a high (120 m) resolution. This sin^le daily 
surface Cemperature data set trom the Landsat TIR 
imagery can provide useful information tor periođic 
(8 to 16 days) m onitoring o f  the spatial distribution ot 
soil moisture conditions mainly because the daytimc 
temperature is inversely related to the soil moisture

content. Theretore, Landsat T M  TIR data havc sig- 
nihcant potential tor the dctcction o f  the soil moisture 
condition o f  various land-use cateiỊories. The rcsults 
mie;ht bc im plcmentcd in such vvavs as land-use evalu- 
ation, land-use plannine;, prcplanting soil moisture 
mapping, d rouẹh t  area asscssmcnt, and drainage zone 
identification.

4. Microwave Sensing Method
Both passive (radiomctric) and activc (radar) micro- 

vvave systcm s can bc used to m casure soil m ois ture .  
The thcorctical basis o í  this tnicrowave sensing 
mcthod  consists o f  the dielcctric propcrtics o f  a soil, 
vvhich are liighly corrclated witli the soil moisture 
contcnt.

V. Evapotranspiration Estimation

A. Conventional Approaches
Evapotranspiration (ET) is an im portant process in 
both hyđrologic cyclc and agricultural watershed 
mana^cment. N um erous  tcchniques can bc used to 
estimatc ET using conventional approachcs, such as 
mass (water vapor) transíer, eneriỊy budget, water 
budíỊCt, g rounđw ater  Huctuations, cvaporation pan, 
empirical formulae, and combination (ot cnergy bud- 
í^et and mass transter) nicthods. Most o f  thesc arc 
bascd on thc rclationship betwccn free-water cvapora- 
tion (or the transpiration o f  a íreely transpiring crop 
suríace) and the climatological parameters, mainly net 
radiation flux, tcmperature, w ind  specd, and relativc 
hum iđity  o f  the air. A varicty o f  techniqucs have been 
dcveloped partly in response to the availability or lack 
o f  certain data for ET cstimation. Factors such as 
data availability, the intended use, and the time scale 
requircd by thc problem nntst be considered whcn 
choosing the ET calculation technique. The combina- 
tion m ethod 1S k n o w n  as the Penman m ethod, which  
is supcrior to most empirical m ethods for ET  estima- 
tion. H owevcr, the Penman m ethod  requires a variety 
o f  climatological data, such as m axiraum  and mini- 
m u m  air tempcraturcs, relative humidity , solar radia- 
tion, and wind speed. If  sonie ot thcse data are not 
available, altcrnative m ethods must be used for ET 
estimation. In choosing an alternadve technique, one 
should minimizc the input climatological data as 
much as possiblc w ithou t affecting thc accuracy oí 
estimation, so that the multicollinearity problem 
am ong the data can be eliminatcd and the data avail-



a h i l ity  can bc  i m p r o v c d .  [.SYr ImmiATiON E n g i -  
NHHRING, EvAPOTNANSPIRATION.]

B. Data-Short Environment

E T  cstim atcs  arc n o t  availablc to r  certain parts o f  thc 
v v o r ld ,  b e c a u s c  s o m e  B a s ic  c l i n i a t o l o í Ị Í c a l  d a t a  a n d  

vvatcr budgct data are not availablc for L1SC in conven- 
tional methods. O ne  altcrnative is to adopt the avaíl- 
ablc ET  cs tim atcs  d irectly  f ro m  o th e r  arcas vvhcrc 
crop and climatic conditions arc similar. An approach 
u s c d  to  d ia i Ịn o se  th e  s im i la r i ty  bc tv v ccn  t w o  arcas is 
thc K oppen  cliniatc c]assification w hich  is bascd on 
the  vegc ta tion  zones, tcm pera tu rc ,  rainíall, and sea- 
sonal charactcristics. This alternative ET estimation 
m cthod is good for an area lackinm rcliablc climatic 
data. A n o th e r  a l tcrnat ive  is to genera tc  syn thc tic  cli- 
matic data to bc uscd 111 convcntional approaches o f  
E T  es t im ation .  T h is  al tcrnativc m c th o d  1 S usctul for 
an area that has somc climatic data availablc that can 
bc used as a basis for data íỊCneration.

c. Water-Use Efficiency Index
A watcr-usc cfficicncy indcx (W U E I) is dcfincd as 
the additional crop yield pcr unit ET. T he  W U EI can 
be grouped into hitỊh, medium, and low  catcqorics. 
H igh  W UEI values indicatc that lcss water 1S used for 
producing per unit of additional crop yicld. For dry- 
b io m a s s  p r o d u c t i o n ,  t h e  W U EI v a r ie s  t r o  IU  t Ị r c a t c r  

than 35 kg h a ” l /m m  for the Hii^h cates^ory, to hc- 
tween 15 and 35 kg h a _1/m m  for thc m edium  catc- 
gory, and to less than 15 kg h a - l /m m  for ]ow catc- 
gory. For grain production, thc W U EI is about 5 kg 
h a _1/m m  less than that for dry-biomass production 
in each category. T he  C 4 plants (i.c., plants whose 
fĩrst carbon com pound  in photosynthesis consists o f  
a tour-carbon  atom chain) are mostly classified into 
the high W U E I  catcgory and C 3 plants (i.e., plants 
w hose íĩrst carbon conipound in photosyntbesis is 
com poseđ o f  a threc-carbon atom  chain) into the me- 
d ium  and low  W U EI categories. If a regional crop 
yield is know n , the W U EI inform ation can be uscd 
to estimate rcgional ET. This W U E I in íorm ation can 
be used as a potential tool to dcvelop critcria o f  water 
allocation for crop production.

D. Remote-Sensing Approach

Remotc-sensing techniques cannot measurc cvapora- 
tion or E T  directly. Howcvcr, remotely sensed data 
support  m ethods for extending empirical relation-

ships bascd on cithcr vciỊctation mappintị or climatic 
t a c t o r s  ( s u c l i  a s  t c m p c r a t u r c  a n d  s o la r  r a d i a t io n )  

w hich  arc uscd 1 1 1  ET  cs tim ation.  T h e  Landsat M SS 
d a t a  h a v c  b c e n  u s e d  to  n ia p  t h c  l i t t o r a l  z o n e  v e i Ịe t a t io n  

ot lakcs to adịust thc ettcctive surtace arca to account 
tor ET and nnp rove  thc total vvater budiỊct com puta- 
tion o t lakcs. W atcr  surhice tcm pcrat t irc  has bcon m ea-  
sured usintỊ thc T IR O S  gatcllitc data to cstimate the 
lakc surtace cvaporation. Estimatcs ot the net radia- 
tion t ro m  G O E S  satcllitc data can bc uscd to estim ate  
ET. The rcsultine; moisture flux is then uscd to de- 
v c l o p  a w a t e r  b a la n c e  n i o d c l  t o r  p r e d ic t in e ;  c r o p  

yiclds.

VI. Groundwater

A. Water Table Investigation

Water tablc iníorniation, as a part o f  the shallow 
a;roundwatcr aquiíer, is ìm portant to m onitor  roots 
rcachinEỊ the capillary íringc o f  the vvatcr tablc, 
chantỊcs in vcgetation typcs and pattern, potential ET, 
cffcctivc raintall, soil moisture, irrigation, drainage, 
and runotì. The establishcd approach tor measuring 
watcr table dcpth has been the observation o f  water 
levcls in m onitor  wclls. This m ethod is reliable and 
provides detailed iníormation about the vvater table 
at a specific location. However, most investigations 
requirc ground\vatcr iníormation over the entire re- 
gion o f  interest, with đata indicating both depth and 
distribution o f  the water table. Unless sufficient m on- 
itor wells are installed, necessary iníormation on re- 
^ional water table depth is incomplete and interpreta- 
tions must be inferred from a limited n um ber o f  
widely spaced observation wells. Errors often arise as 
a result o í th e  incompletencss ofsampling. Alternative 
approaches usiníỊ statc-of-the-art geophysical tech- 
niques are availablc. Many o f  thcse tcchniques provide 
continuous spatỉal mcasurcments that can ìmprovc 
watcr table interpretations signiíicantly and help alle- 
viatc some o f  the problems inhercnt in point-sampling 
methods. T ho u g h  still in the developmental phase, 
the ground-penetratin^ radar (GPR) is designed spe- 
ciíically as a readily available tool for shallow, subsur- 
face sitc ìnvestigations. In earthen materials, the GPR 
has provided contm uous data ofsubsurface conditions 
frotn depths o f  less than 1 m to more than 30 m. 
Landsat MSS data bands 4, 5, and 7 have also been 
used in conjunction with aerial photographs to assess 
perched water tables. Furthermore, aerial photo^raph  
interpretation and satellite data analysis can provide



the location ot' aquiters tro 111 suríace tcaturcs which  
should precedc lỊrounđ survcys and fìeldw ork. T cm -  
pcraturc ditTercnce tcchniques as m entioned in the soil 
moisturc scction can also bc uscd to infcr or identity 
shallow groundw atcr and springs or sccps. Synthctic 
apcrture radar (SAR) and side-lookin^ radar (SLAR) 
data havc a great potential tor groundw atcr cxplora- 
tion, espccially in arid and hyperarid regions. ISee 
G ro u n d  W a ter .]

B. Flowing Well Assessment
The artesian wclls flowina; uncontrolled in inany 
parts o f  thc vvorld havc caused a scrious saline- 
contamination problcm. Locating thcsc wclls by 
ground search is madc diiĩicult by thc urbanized 01" 
reíorestcd condition oíTormer aqricultural land. Both 
lỊroưnđ-bascd color inírarcd (GCIR) and acrial color  
inf'rarcd (ACIR) photographs taken for analysis of 
tlic spcctral reílcctance o f  ]and-stirfacc teatures can 
providc information for dctcction oí' Aovving wells. 
Both GCIR and ACIR showed similar pattcrus o f  
spcctral rcAcctance tor thc sarne com ponent class ot 
land-surface fcaturcs. W ell-sitc soi] has a higher spec- 
tral reAectancc than similar soi] not associatcd w ith  a 
w cll. Wcll watcr has a highcr spcctral rcAcctancc than 
natural pond. Most vegetation typés liave ditYcrenccs 
in spectral rcAcctancc mauỊnitude. The scatter diagram 
o f  green and red channcls ot spcctral rcHcctance video- 
di^itizcd froni ACIR photoi*rapliy appcars to be 11SC- 
ful for classifying land-covcr types and distinguishinỉỊ 
flow ing w cll sitcs. Both Landsat and S P O T  satellitc 
data have becn used to identity íormer agricultural 
land and providing clucs for w ell asscssm ent.

VII. Agricultural Water Quality

A. Water Quality Determination
Rem ote sensing has an im portant rolc in watcr quality  
cvaluation and management strategy. Sources of pol- 
lution are oíten easy to idcntify, especially when thcre 
art' pipcs or open channcls discharging ìnto a lake 
or rivcr. N onpoint sourcc pollution can pcrhaps bc 
cvaluated bcst by rcmote scnsing. M onitoring lar^c 
arcas on a frequent basis can only be achieved econ om -  
ically with rcmotc-scnsine; tecliniques. In the mean- 
tinic, remote sciising is limitctl primarilv to surtacc 
mcasurcmcnts o f  tưrbidity, suspcndcd scdiment, 
chlorophyll, cutrophication, and tempcraturc. H ow - 
cvcr, these charactcristics ot vvatcr qualicy can bc uscd

as indicators o ím o r c  specific pollution  problenis. B e- 
causc the intensity and w avclcngth  o f  rctìccted li^ht 
are m odiíĩcd  bv the vo lu m c o f  water and its contam i- 
nants, an cmpirical relationship can be established be- 
twcen the rcAcctance nieasurcm cnts and certain water 
quality variablcs.

B. Wetland Assessment
Wctlands are o f  interost to water resource manage- 
m cnt as a natural vegetation  filtcr for im proving water 
quality in fresh watcr m arshes. T he studies have em -  
phasized thc form o f  nutricnt uptake by wetland 
plants, dctcntĩon tim e ot w ater in thc w edand, and 
bcst-nianagcmcnt practices. Landsat data have becn 
uscd to make cstimatcs ot wetlands water volumes 
on a m onth ly  basis hy conibininíỊ dcptli stagc rela- 
tionships with surtacc w ater arca. The scatter diagram  
o f  band 4 and banđ 5 from  Landsat MSS data can 
bc uscd most cfficicntly to identity thc v,etland. An 
additional aspcct o f  vvetlands managemcnt involves 
the cxtcnt oí drcdging, lagoons, drainagc, and other 
m a n -in d u ced  chaniỊCS tha t  have  an im pact 011 the natư-  
ral environment. Rcmote sensing is wcll suited to 
m onitor  thcse chaniỊCs and to make prcliminary esti- 
m ates o f  thc cnvironm cntal impact. The tem poral 
aspect o f  Landsat and S P O T  data allow s changes to 
be observed ovcr cinic and, in som e cases, predevclop- 
m ent bascline data to bc obtaincd from earlier satcllitc 
scencs. \Sec wETI.ANI)S AND Riparian Arkas: E c o -
NO M IC S A ND  P o L IC Y . ]

VIII. Irrigation

A. Irrigation in VVater Resources
In SỊCiieral, irrigation can be dcfined as the quantity 
o f  watcr relcascd íroni an extcrnal source to ade- 
quatcly w et the crop root zone, Watcr source avail- 
ability varies w ith  space and tim e, and different crop 
root zones also havc spatial and tem poral charactcris- 
tics w hich are cxtrem ely ditTicult to measure by con- 
vcntional methods, su ch as íỊround-survey, but this 
intorm ation 1S vcry iniportant to wattr resources 
planniniỊ and manaí2;emcnt. The alternativc ot using 
r e m o t e  scnsine; in g r o im c h v a te r  a s s e s sm c n t ,  m c n -  
tioned abovc, can be also uscd to asscss surtace vvater 
source, crop idcntification, and crop spatial covcrage. 
ị S c c  ỈK R IG A T IO N  E n c i n e e k i n c K  F a r m  P r a c t i c e s ,  

M k ih o d s, AiNI) System s.!



B. Surface Water Source Assessment
1. Water Suríace
Since land /w atcr  contrast is very srronií in thc near 

infrarcd band. Landsat and S P O T  data can bc used to 
dclincate thc \vatcr surtacc area trom the surrounding  
land. As an example, the dcnsity sliciniỊ íroin Landsat 
MSS band 7 (i.c., ncar intrarcd) and the scattcr dia- 
g ram  o f  bands 5 and 7 can be used to assess the water- 
suríacc area.

2. Water Volume
A techniquc is bcing developed to usc a Iiumbcr o f  

Landsat data scts covering the lakcs o f  intcrest to 
correspond vvith a vvidc rangc o f  know n lakc staíỊcs. 
An averagc vvatcr surtace area betwccn tw o  stau;cs 
can bc dcrivcd from thc Landsat data. The changc in 
lakc volumc is estimated from thc change in stages 
multiplicd by the corresponding average \vater 
surfacc.

3. Water Depth
T w o  mcthods have becn used to rcmotely es ti ma te 

the vvater depth o f  a lake. The  íĩrst m ethod  is based 
on the measurcd water depth at control points as the 
đependent variablc and satellite data as indepcndent 
variablcs used to dcvelop a regrcssion model for 
vvater-depth estimation for arcas othcr than the COI1- 
trol points. The second m ethod  is bascd on a concept 
o f  the major vcgctation associations in the littoral 
zonc o f  a lakc vvhich arc linkcd to elcvation through  
the hydropcriod. The littoral zone vegetation map 
w hich can bc dcrived from thc satellite data is used 
to estimatc g round  elevation. The watcr depth is then 
estimated bascd on thc dcviation bctween the re- 
corđcd lakc water stagc and the satellite-derived 
g round  elevation.

c . Crop Identiíication

M ost vegetation types havc their o w n  pattcrn o f  spec- 
tral respon.se in thc range t rom  0.36 to 1.11 /^.m. 
H ow cvcr, a gcneral pattern o f  spectral rcsponse for 
live vegetation has a m in im um  responsc o f  approxi- 
matcly 0.68 /Am, and thrce pcaks occurring around 
the rcíỊĨons o f  0 .54-0 .56, 0 .75-0 .90, and 0 .9 5 -
1.05 fJim. These peak regions could bc applied  to 
design satcllitc-based crop identification systems. As 
an examplc, the first peak o f  spectral rcsponse falls 
w ithm  thc Landsat MSS band 4 and T M  band 2; the 
second and third pcaks fall within MSS band 7 and 
T M  band 4. Therctbre, thc scattcr diagrams o f  band

4 vcrsus band 7 in MSS and band 2 vcrsus band 4 in 
T M  could bc used t'or crop idcntitìcatioii. Further- 
morc, thc etTcct ot a citrus canopy on SlJO T  imatỊC 
spcctral responsc has bccn studicd. Researchers tound 
that thc red and ựrcen bands are liis^hly corrclated 
with the citrus canopv. Thcrctbre, it will bc advanta- 
£ỊOOUS to inciudc data from thesc tvvo bands in any 
agricưltural ]and-use classification schcmc iti arcas 
vvherc citrus crops art’ sii;nihcant.

D. Crop Spatial Coverage
An ìrrigatcd crop has a hií^her spcctral rcsponsc in 
the ncar intrarcd retỊÍon than thc nonirrigated crop. 
T he  inteíỊration o f  historical satcllite data with a GIS 
can providc not only thc spatial distribution o f  irri-
gated crop covcraiỊL' changcs but also the expansion 
o f  agriculturc into prcviously uncultivatcd arcas.

IX. Drainage

A. Drainage in Water Resources
Agricultural drainage refcrs to thc rcmoval o f  excess 
ticld watcr which interíeres with land forminẹ, land 
prcparation, tillagc, crop grow th, fcrtilizer applica- 
tion, wccd control, inscct and discasc problcrns, field 
cultivation, and harvest opcrations. In general, this 
draincd watcr typically has a watcr quality problem 
causcd by im propcr insccticide, hcrbicide, and fertil- 
izcr applications. This íicld drainagc water can influ- 
cnce rcgional water rcsources planning and manage- 
ment. T w o  major problem areas involved in 
agriciiltural drainagc are identiíĩcation o f  areas with 
drainagc problems and the design ofadcquate  systems 
for thc drainage o f  excess íĩelcỉ watcr. In some localit- 
ies drainagc problems are difficult to identify using 
the convcntional ground-survey mcthod. The  aỉter- 
nativc o f  using remote-sensing technique should be 
considered. Drainagc-basin parameters such as phys- 
iographic ícaturcs, topoc;raphic maps, vegctation 
State, d ra inagc density ,  and drainaíỊe pa t te rn  arc im -  
portant in íorm ation to have not only for designing a 
new drainagc system but also for cvaluating the ex- 
istintỊ drainage system. Using convcntional ^round- 
survcy mcthods to obtain thcsc basin parameters is 
expensive and difficult. The  possibility o f  utilizing 
rcrnotely scnsed data should be encouratỊed. Further- 
morc, inadequate draina^e is associatcd with and con- 
tributcs to the scverity o f  saline accumulation condi- 
tions which interferc with thc g row th  o f  most crops.



Again, assessment o f  saline-affected arcas is ditíicult 
to accompiish by conventional ground-survev meth- 
ods. Thercfore, the possibility o f  usins; remote- 
sensing technique shoulcỉ be investi^ated. [St’í' SoiL 
D r a i n a g e .]

B. Drainage Problem Identiíication
1. Perched Water Table
The Landsat and SPO T  data in conjunction vvith 

acrial ph o to g rap h s  can p rov idc  a potentia l m c th o d o l-  
oe;y for identiíying perchcd vvatcr tables.

2. Soil Color
The salinc-aíTected arca offcr dcpicts a snowy halo 

o f  salt on  top  o f  the soi] duc to the evapora tion  o f  
surface or near-surfacc w a t e r  from pcrched water- 
tablc accumulation. The organic matter accumulated 
undcr  a poorly  drained condition  also can causc a 
darker  soil color than that under  a well d raincd condi-  
tion. These contrasts o f  soi] colors can be identiíìcd 
using satellite visible imagcs.

3. Plant Response
For trec crops growing in poorly drained soil, the 

íìrst sym ptom  is light grcen or yellow lcaves which 
arc sparser and smaller than normal. Detoliation fol- 
]ows, lcaving a bare, dcad framcwork of branches. 
Thcse plant-rcsponse sym ptom s can be detectcd by 
visiblc and inírarcd images from the Landsat and 
SPO T  satellites.

4. Drainage-Water Collection
The satellite data can be used to evaluate the sca- 

sonal variation o f  drainage water accumulation which 
can provide a clue for identifying some drainage prob- 
lems. As an cxample, in Saudi Arabia, there is an old 
concept that the collected drainage watcr remains in 
lakes to cvaporate during the whole ycar. However, 
the Landsat data showed that the drainage water flows 
to the sca in thc wintcr season and diminishes during 
the sum m er season.

c. Drainage-Basin Parameters
1. Physiographic Features
The usual physio^raphic ícatures such as basin 

shapc, circularity, and strcam orders can be disccrncd 
by satellite ima^es.

2. Topographic Maps
Rccent usc O ÍS P O T  ìmaíỊerv and Ìts s tc reographic  

capabilities have dcmonstratcd its potcntial 111 topo- 
c;raphic mapping.

3. Vegetation State
Ve^etation Sta te  is an im portan t parametcr to be 

considered in drainage studies. The satellite visible 
red band is good for separating vegetation types and 
for delincating nonvegetateđ areas.

4. Drainage Density
The drainage density is deíìned as a ratio between 

the length o f  each channel segment in a basin and the 
drainagc area o f  the basin. B oth  segment length and 
drainaẹe area o f  the basin can be estimated through 
the use o f  Landsat and S P O T  data.

5. Drainage Pattern
The draina^e pattern which includes drainagc nct- 

work, stream length, and the location o f  ponds and 
lakes 1S rcadily obtained trom  satellite imagery. The 
visiblc rcd band is best for showing channel networks. 
The SLAR can penctrate thc dense vegetation and 
produce an imagc that dcpicts drainage patterns.

D. Salinity Assessment
Satellite data havc hccn uscd to detect salinc soils with 
high water tables. It has becn found that satellite data 
can be used to determinc w hcther a soil is undergoing 
a sa]inization or a desalinization process. Rccently, 
the GPR has been uscd to dclineate thc saline-affectcd 
area.

X. Agricultural Runoff Prediction

A. Conventional Method
The impact o f  land use changes on the basinwide 
runoff  is o f  intcrest to many vvater resources planners 
and managers. Therc  is a conventional technique 
callcd thc U S D A -S C S  curvc num ber m ethod which 
is widely used to estimate the peak discharge for a 
drainage basin. This m cthođ utilizes an ìm portant 
parameter called run o ff  curve num ber (CN). The C N  
is an index o f  runoff  potential and is a íunction o f  
soil type, the land-use condition, and the antecedent 
soil moisture. Thus, recently this method has been 
uscd as an indcx to assess the land-use change effect 
on basinwide runoff  for threc reasons. First, the soi] 
type within a basin docs noc ctíectively change with 
time. Second, the antecedcnt soi] moisture affectcd 
by weather conditions is assumcd to bc stable for 
lone;-tcrm avera^e conditions. Third, the basinwidc 
runoff  is a sum m ation  ot subbasin runoffs and the 
m axim um  potential ditícrence between rainíall and



runott is linearly relatcd to thc C N . Thcrcíorc, thc 
basinw idc runo tì  indcx  cou ld  bc cs tim atcd  í ro n i  a 
weiựhtcd C N  which can be obtaincd from cithcr the 
overall land-use classiíĩcation o r  fro in  thc subbasins. 
T hus ,  thc prinic variablc in thc bas inw idc  runotT indcx  
es tim ation  is land-usc  change w ith  timc. In add i t ion ,  
a hydrologic soi] groupíng  establishcd by thc s c s  
labcls soils as A, B, c ,  and D. Thcsc groups are 
determined by inhltration rate and soil pcrmcability. 
Group A soils are wcll draincd, coarsc sandy soils 
haviníỊ the lowest runoíT potential. Group D soils 
consist  o t hcavy clays, are thc m o s t  poo r ly  dra incd, 
and havc the highcst runoff  potential. Groups B and 
c  arc ranked approximately bctwccn thcsc extrcmes. 
Thcse soil hydrologic groups in combination with  
the land u sc / la n d  cover  in to rm a t io n  are used to select 
the appropriate C N  from a chart. In the past C N s  
have bcen calculated using a wealth o f  ground-survcy 
land usc/land cover iníbrmation. Howevcr, as m cn- 
tioncd above in the land-usc c]assification, thc land- 
usc chanụ;e data íỊathercd by thc convcntional m cthod  
arc cxpcnsive and difficult. An altcrnativc to be inves- 
tigatcd is thc usc of satcllitc imagcry to assess land- 
usc changcs.

B. Remote-Sensing Method

The role of rcmote sensing in ru n o í ĩ  pređictions is 
tỊcnerally to provide a source o f  input data or as an 
aid to cstimating cquation coefficients and model pa- 
ramctcrs. Therc arc thrcc general areas wherc rem ote-  
sensing data arc currently being uscd as input data 
for a rimoff mvcstigation. First, thcse remotely scnsed 
data arc vcry uscful for obtaining information on wa- 
tershcd lỊcometry, drainagc netvvork, and other m ap- 
typc information. Sccond, rem ote scnsors produce 
input daca for an investigation o f  empirical flood 
peaks, annual runoff, or low  flow equations. Thcse

tvvo applications use satcllito iniatỊcrv in the sanic way 
that aerial photographv has beL'11 useđ. Third, runott 
m odels  (c.íỊ., s c s  curvc n u m b c r  m e thod)  th;it arc 
bascd 011 a land-usc com poncnt havc bccn moditìed 
to  usc land-use  classcs trom  satcllitc imasỊC classitì— 
cation.
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Glossary
A lle lo p a th y  Production o f  phytotoxins or chcmical 
grovvth retardants by a plant which stunts the grovvth 
o f  or kills com peting  plants
B io c o n tr o l Usc o f o t h c r  organisms (c.g., microbcs,  
insects, o r  ncmatodcs) to manage wccds 
C om p ctition  Rcduction o f  a p lant’s supply of'Sonic 
ncccssary tactor for u;rowtli and survival by anotlicr 
plant
H erb ic id e  m o d e  o f  a c tio n  Physiological and bio- 
chcmical mcchanism through which a herbicide in- 
hibits g row th  o r  kills a plant
H erb ic id e-resistan t crop  Crop madc rcsistant to a 
hcrbicidc through biotechnological mcthods 
I n te r f e r e n c e  N egative intcractions betwccn tvvo 
plant spccics (generally a crop and a weed); intcrfer- 
ence consists o f  bo th  com pctition a n d /o r  allclopathy 
M y co h erb ic id e  Pun^al plant pathogen uscd to nian- 
agc w ccds
S afen e r  C o m p o u n d  uscd to protcct a crop troni her- 
bicìdcs
W e e d  Plant in a plact' and at a timc when it is 1111- 
w antcd  by  h u m a n k in d

eẹd Science is thc scicntific study o f  all aspccts of' 
vvecds and thoir manaiỊemcnt. It is an edectic  disci- 
plinc that incorporatcs cxpcrtisc trom tnanv othcr 
scicnccs, inc lud ing  b o ta n y ,  chem is trv ,  b iơ chcm is try .

ae;ronomy, plant physiolo^y, plant pathology, plant 
íỊcnctics, soil scicncc, ecologv, and economics. A 
lars^c proportion ot vvccd Science rcscarch has đealt 
vvith the Science o f  herbicidcs; thcir synthcsis, tlicir 
usc, thcir physiological and biochcniical niodes o f  
actions, and thcir behavior Ì11 the environment.

I. Background and Economics

Wceds arc ubiquitous and continually chan^ing pests 
Í11 agricultural and othcr scttinírs. Bctorc the 20th 
ccntury, vvlien most o f  hutnankinđ werc subsistcnrc 
íiirmers, peoplc dcalt vvith wccds primarily through 
brutc forcc. Thcy used labor-intensive, mechanical 
methods su ch as hoeiiiíí, hand pulling, and cultivation 
vvitli animal-drawn iniplcmcnts. Cultural methođs, 
such as rotating crops or sclccting a competitive crop 
varicty, wcro also usefi.ll in rcducing wecd pressures. 
The origin ot' vvccd Science as a scparatc sđentiíìc 
disciplinc can be traced to the nccci for lcss labor- 
intensivc mcthods o f  vveed manaiỊement with the 
m ovcm cnt from aíỊrarian to mctropolitan socicties ÍI1 
dcvclopcd countries.

lỉeíbre World War II, thcrc wcrc agronomists and 
other scicntists w ho specializcd in wccds and tlieir 
manatỊenient; hovvevcr, vvccd scicncc did not exist as 
a scparatc discipline. T he  discovcry o f  m odcrn  hcrbi- 
cidcs during World War II and thc advent o f  their 
commercial availability aftcr the war spurred thc or- 
e;anization o f  wecd control specialists to tormalizc 
weed Science as specihc scicntitìc disciplinc. Just as 
plant patholoíỊÌsts and cntomologists are driven pri- 
marily by the nccd to control and manage plant patho- 
gens and insects that are aiịricultural pcsts, the ulti- 
niate objcctivc ot niost vveed Science rcscarch is to 
reduce the costs, cnvironmcntal damage, and toxico- 
loiỊÌcal eíìbcts o f  vvceds through im provcd nianagc- 
m c n t stratctỊÌcs and m e thods .



Weeds cause multibillion dollar economic losscs 
cvery year; pcrhaps S20 to S3i) billion in the United 
States alonc. To determine thc entirc cost o f  \veeds, 
thc costs o f  control measurcs and thc economic dam- 
as*e o f  uncontrollcd vvccds must bc computcd. Fur- 
thermorc, wccds poison peoplc, pets, and livcstock, 
reduce the esthctic value ot propcrty, provide alter- 
natc hosts for undcsirablc insects and plant pathogcns, 
block waterways and irrigation channcls, and ad- 
vcrsely aíĩect watcr quality in aquaculture and recre- 
ational pursuits. N o  part ot our tood or naturaỉ íĩber 
supply is immune trom  thc ne^ative effccts ot \vccds. 
The need for cost-effcctive and environmentallv satc 
wecci management is great, and the need increascs in 
dcvelopcd and dcvcloping countrics as the tarm labor 
supply shrinks.

II. Weed Biology and Ecology

A. Biological and Physiological Attributes 
of Weeds

At tĩrst glancc, wccds and crops appear to be quitc 
similar. They are both usually fast-growing, determi- 
natc higher plants. Weed scientists havc attemptcd to 
discover the bioloiỊÌcal and physiological traits which 
miglit distinguish particularly troublcsome vveeds 
from crops and other plants. Scvcral gcneralizations 
can be made. First, weeds ottcn grow better than 
crops under stressful environments such as drọught, 
Aooding, low light, or tcmpcraturc cxtrcmcs. Thus, 
niost wccds arc at a compctitivc advantagc over crops 
under such conditions, Sccond, unlike most othcr 
noncrop plant spccies, the life cvclc, biolotỊy, and 
physioloqy o f  vvceds is usually \vell-adapted to arcas 
o f  đisturbance, such as tillcd ficlds, lawns, and ditchcs. 
Third, most of'the mạjor wceds ÍI1 agricuhural ecosys- 
tems arc rcproductivcly prolific hy either seed proditc- 
tion and /o r  asexual mcans (tubcrs, rhizomes, stolons, 
ctc.). There are many exceptions to various aspects 
o f  these generalizations becausc o f  the diverse and 
changing ecological niches that can be filled by weeds 
in agricultural and other settin^s. For examplc, para- 
sitic wceds such as dodder (Cnscuta spp.) and 
witchwecd (StrÍỊỊữ spp.) are most succcsstul undcr cn- 
vironmental conditions that normally íavor the crop. 
However, they are similar to o the r  \vccds in that they 
arc rcproductively prolihc.

Unlikc crops, weeds arc nor introduccd into thc 
cnvironment by plantintỊ at the bcíỊÌnning ot tavorable 
growiiiiỊ conditions. Thcrctore. in most climatcs,

weeds m ust pcrsist in che environm ent during unfa- 
vorable conditions (c.g., \vintcr or dry scasons). An- 
nual vveeds ovcrcomc untavorable climate with dor- 
mant sccds, and perennial weeds usc a variety o f  
stratcgics, including do rm an t  sceds, buds, rhizomes, 
tubers, ctc. W hether annual or pcrennial, these hardy 
propagules m ust have precise regulation o f  dormancy 
so that loss ot 'dormancy docs not occur at unfavorable 
times or placcs. For example, seedlings from very 
small wccd secds will not survive if the seed germi- 
natcs at a soil depth too grcat for the seedling to 
emerge. Thcrefore, weed propagules are particularly 
well equipped to scnsc both  quantity and quality o f  
light. tcmperaturc, a tmospheric gases, and other envi- 
ronnicntal signals for breaking dormancy at the 
propcr tinie, in the appropriatc microcnvironment.

In cultivatcd crops, the wced secd bank is an im- 
portant dcterminant ot weed populations. When 
weeds arc not etĩectively controlled, high numbers 
o f  weed seed are produced and cultivated into thc 
soil. In many wecd spccics, the seecl can remain dor- 
mant for many ycars. Evcry year, cultivation brings 
a ccrtain ửaction of seed from  the seed bank closc 
cnough to the soil suríacc to bc cxposcd to dormancy- 
breaking conditions. Thus, One year o f  poor weed 
control can rcsult in vveed problem s for years into thc 
future.

In most cases, crops havc had poisonous secondary 
com pounds brcd out o f  them. For example, the wild 
spccies from which tom atocs and potatoes originated 
have high levcls o f  poisonous alkaloids. In many 
cases, wecds contain high levels o f  exotic, poisonous 
compounds. A lthough the exact íunction o f  most o f  
these com pounds is u nknow n , the mạjority o f  evi- 
dence indicates that they play a vital role in protection 
o f  weeds íroni pathogens, insects, ncmatodes, and 
herbivores. It is com nion  to find very healthy wecds 
in íìelds o f  crops that have been ravaged by One or 
more microbial or animal pests. Thus, in thc absence 
o f  insccticidcs, ncmatocides, and fungicides, weeds 
are usnally more sccurc ử o m  these pests than thc 
crop.

Significant physiological or biochemical differcnces 
between crops and weeds can be the basis fbr herbicide 
đesign. If an in iportant biochemical site is more im- 
portant to the vvccd than the crop, it may bc an ideal 
herbicide tars;et. Hovvever, thcre are no sites that arc 
com m on to all \vccds, but not to crops. There are 
herbicides that attack biochemical sites in monocots 
that are resistant in dicots (e.g., thc aryloxyphenoxy 
propionates), and therc are those to v v h ich  dicots are 
extremely susceprible, but havc littlc effcct on m ono-



cots (c.g., 2,4-])). M any hiiỊhly successfi.il \vccds hav.e 
C 4 carbon tìxation, vvhereas only a handtul ot crops 
havc tliis typc ot carbon assimilation. Hovvcver, dc- 
spitc signitìcant cttort, this súc has not bet’ 11 succcss- 
tully exploitcd by thc hcrbicidc industrv.

B. Weed-Crop Interíerence
The dcnsity ot vveeds in a ficld rcquired to rcducc 
crop yicld can bc surprisingly small. This is partlv 
becausc wecds are generally good competitors for 
watcr, lĨEỊht, and nutricnts. Furthermore, in addition 
to rcđucing abiotic sustcnance that the crop could use, 
vvccds also can introducc undcsirable, ncw tactors to 
thc ficld such as allclochcniicals. Sonic wecd spccics 
produce suíĩiciently phyto tox ic  allelochemicals to 
stimt thc grovvth of com pcting plant spccics* includ- 
intỊ both thc crop and other vveeds. Such ctTccts arc 
oítcn subtlc and difficult to provc.

Undcrstanding the etYects o f  ditTercnt lcvcls o f in -  
tcríercnce is im portant in determining potcntial crop 
lossẹs and economic thresholds o f  vvccds. The eco- 
noniic thrcshold can bc dcfined as thc vveed dcnsity 
at which thc cconomic loss ịustiíìcs the cxpcnse o f  
a vvced manaíỊcmcnt option (c.g., cultivation or a 
hcrbicide trcatmcnt). The decision is complicated bv 
thc tact that evcn a fcw vveeds left in a field will 
gcncratc largc num bcrs  o f  wecd seed o r  o thcr propa- 
gulcs that may causc problcms Í11 íuturc crops. Thus, 
prcscnt and tuture interícrence must bc predicted for 
thc most cffcctivc wccd m anagcm cnt dccisions. Fur- 
t l i c r m o r e ,  th e  e f f c c t  o f  wecds o n  t h c  q u a l i t y  o f  h a r -  

vcstcd crops is a n  almost unstudicd aspcct ot' weed 
S c ie n c e  t h a t  s h o u ld  b c  u n d e r s t o o d  in  o r d c r  t o  a c c u -  

ratcly dctcrniine economic thrcsholds.

c. Population Genetics and Ecology of Weeds
Com parcd to major crops and evcn sonie vvild plants 
with  no siiỊniíĩcant economic value, little is know n 
o f  tlic genetics of weeds which causc the ỄỊreatest 
cconomic damaỉỊC. Within a givcn geographic area, 
thc geiH' pool o f  m ost wecd spccics is generally morc 
varied than that o f  crops. ConsidcriníỊ the w eed’s 
enornions rcproductivc capacity, this may give thc 
wccd population an advatitage undcr a range o f  etivi- 
romncnta] and biotic stresses. For example, m ore than  
200 vvccd spccics ha ve evolvcd rcsistance to One or 
more hcrbicides. In Sonic cascs, resistance becomes 
p rcdom inant vvithin threc or tour íỊenerations o f  
vvccds cxposcd to thc herbicidc. Sonic species become 
rcsistam to ccrtain hcrbicidcs across vvidc, Sĩcoiỉraphi-

cally isolatcd arcas, cicmoiistratintỊ  that tliesc spocies 
arc prcdisposcii to beconie rcsistant to particular her- 
bicidcs. For cxamplc horsewccd (C o u y za  spp.) has 
bccomc rcsistant to paraquat in the British isles, Israel, 
N orth  America, Enropc, japan, and Australia. The 
interactions ot plant biochemistry, physioloí^y, and 
lỊcnctics vvhich prcdisposc ccrtain species to bccomc 
rcsistant to particular hcrbicidcs arc not undcrstood 
Ĩ11 any ot the num erous cxaniplcs o f  this phcnomenon. 
Similarly, whcn biocontrol mcthods o f  weed control 
become m ore vvidely utilized, the population lỊenctics 
o f  targct vvccds will play an im portant rolc 111 de- 
terminin^ ho\v soon resistance will occur.

The succcss ot a v.ecd spccics in any environm ent is 
duc to a myriad o f  factors. In agricultural ccosystems 
consistinẹ; ot a crop m onoculture  and associated 
wccds, predicting the success ot particular wced spe- 
cies or understanding thc shiíts in predom inant weed 
spccics is diíĩicult. Factors such as compctitive abil- 
ity, strcss tolcrancc, ỉỊcnctic divcrsity, rcproductive 
modes, and susccptibility to weed managcm cnt tech- 
niqucs all plav rolcs. H ow  chcsc tactors comparc to 
the crop and compcting wccd spccics determines the 
success o f  a wced. The lare;c num bcr ot 'wecd species, 
each with  widc but varyinẹ t;cnctic diversity, insures 
that successtiil wccd managcmcnt agents or strategies 
arc gcncrally only tcmporary, lasting until a new weed 
spccics írìlls thc voidcd atỊroccosystcrn nichc or until 
thc nianaged weed cvolvcs to cope with thc manage- 
nicnt systeni.

III. Nonchemical Methods of 
Weed Management

A. Cultural Methods
Beíore thc advent ot hcrbicidcs, cultural methods 
wcre the only techniques availablc for wecd ưianage- 
mcnt. Wccds can be managed by manual cukivation 
(e .s ,., hoeing or pullme;), by animal-drawn cultiva- 
tors, or by mcchanizcd mcans. Manual cultivation is 
not scvcrcly limitcd bv weathcr conditions, is highly 
prccisc, and does not rcquire skilled labor. Hovvever, 
in most ot' the developcd world it is too expensive 
for economic agricultural production ot~ agronomic 
crops. Mechanized cultivation tor vvced managcm ent 
is niuch m ore  cost-cffective. It may bc madc bcforc, 
durinẹ, a n d /o r  aftcr crop developmcnt. Problems as- 
sociatcd vvith mechanizcd cultivation include soil 
compaction hy hcavy tarm cquipmcnt, soil loss trom  
wind and watcr, inability to cultivate during lont; vvct



pcriods, and highly efficient transportation o f  wced 
propagulcs to microenvironments suitable for dor- 
m an cy  loss and seedling es tablishm ent.  [Sí'e P est 
M anagement , C ultural C ontroi ..]

In lawns and íìelds, m ow ing  can effectively manaẹc 
or eliminatc unwanted vegetation o f  m any wccd spc- 
cics. Mcchanical m ow ing or cutting with largcr im - 
plcments can bc used to rcduce undcrstory wcedy 
brush and vegetation from orchards, pastures, and 
othcr locations.

Therc is currently a trend to minimizc cultivation 
in ordcr to conservc soil and íbssil fucl. Mulchcs are 
a cultural altcrnativc to cultivation. In agronomic 
crops, only plam mulchcs are cconomically tcasiblc. 
Covcr vegetation used as mulch may bc living or dcad 
during crop production. For example, in tcmpcrate 
zones, winter ryeíỊrass may bc sown aftcr crop har- 
vcst. In the Spring, it is gcnerally killcd with a herbi- 
cidc before or during crop planting. Effective plantini' 
into untillcd soil usually rcquircs specializcd cquip- 
mcnt. Sincc no tillage is uscd, no ncw wccd propa- 
gulcs arc brought to the soi] suríace, and the dense 
m ulch  o f  living or  dcad veiỊCtation supprcsscs or prc-  
vcnts thc cstablishment o f  weeds from the propagules 
that miqht cxist 011 the soil suríacc. Furthcnnorc, 
survival o f  wccd propagules on the soil suríacc, whcrc 
thcy arc exposcd to climatic extremes and hcrbi vorous 
animais, is signiíìcantly less than that in thc soil. Sonic 
mulch specics havc allelopathic effects upon certain 
vvceds, turthcr cnhancing their vveed-suppressiníí ac- 
tivity.

In high valuc crops, such as rnany horticultural 
crops, plastic mulches have been uscd to cconomically 
suppress wceds. Plastic mulchcs supprcss weeds by 
several mcchanisms, including (1) providing a mc- 
chanical barrier; (2) preventing acccss to propcr litĩht 
quantity an d /o r  quality; (3) creation o f  an unsuitablc 
mascous environment for scedling cstablishmcnt;
(4) enhancement o f  wced pathogcn activity; and
(5) raising the temperature to levels that kill wecds. 
Light transmittancc (both quantity and quality), í^as 
permeability, and mechanical strength o f  thc mulche 
inAucncc cach o f  thcse mechanisms. T he lattcr mecha- 
nism is tcrmcd solarization and is consiđeređ the most 
important mcans o f  wccd supprcssion by plastic 
mulches.

The geometry o f  plantintỊ can grcatly inAucncc 
weed management. For éxamplc, when crop rows 
are planted closer totỊether a n d /o r  more crop plants 
are pl.mtcd pcr unit arca, the crop will more rapidlv 
competc ctTcctivđy vvith weeds for sunliiíht than in 
vvidely spaccd rows. Crops plantcd in elcvated rovvs

(ridíỊCs) can be cultivated (ridgc tillae;c) niore etTec- 
tivcly under  some circumstances.

Crop  rotation lỊencrally aids in reducing weed 
problems. The vveeds associated with diíĩerent crops 
ditTer duc to niany íactors. Thus, crop rotation re- 
duces the soil seed bank o f  particular weed specics 
during the years that a crop with which the weeds 
are incompatible is g row n.

Fire can be useđ to managc wccds. Burning crop 
stubble aíter harvcstinsí can reduce weed populations 
and destroy secd of som c wccd spccics. However, 
this m cthod  is illcgal in som e U.S. statcs. Hand-hcld 
o r  mechanized dcvices fòr directing Aames to weeds 
havt’ becn used succcssfully in somc settin^s for 
wced control. Elcctrocution o f  vveeds with tractor- 
mounted elcctrodes has bccn researched, but not 
adopted commercial 1 y .

B. Biocontrol
Wccds liavc natural insect, pathogen, ncmatodc, and 
hcrbivorc pcsts, just  as do crops. Those organisms 
that arc spccitic tbr wecds can bc turned against theni. 
This approach can bc divided into “ classical” and 
“ inundativc” biocontrol m ethods. The classical ap- 
proach is to introduce an cxotic wccd pathogcn or 
insect that will propatỊate itsclt vvithin the cnviron- 
ment atcer it is unleashed. This stratcgy has bccn most 
successtul vvhen insccts t rom  outsidc the rangc o f  thc 
weed arc rclcascd. In cascs in vvhich the wceđ has not 
evolvcd dctenscs to thc insect or pathogen and the 
biocontrol agcnt has no local cnemics, thcrc is an 
enhanccd chancc o f  succcss wich this Iiicthod. The 
classical approach is particularly appealing in settings 
in which the usc o f  herbicides is prohibited by either 
economics or cnvironmcntal concerns. For cxample, 
the O ptin tia  spp. cactus, a particularly oncrous wccd 
in the ran^elands o f  Australia, was effcctive]y rc- 
moved as a siíỊniíicánt p roblem  by the introduction 
o f  the Cactoblastns moth. There  havc been similar suc- 
cesses w ith  thc classical approach in the rangelands 
and watcrways o f  the United  States. The classical 
approach has gcnerally bcen a public sector cffort, in 
that once the biocontrol agent is releascd, it is self- 
propagating and therc is no  opportunitv  for rcpeat 
sales o f  the biocontrol product. This approach is gen- 
crallv too slow for use in annual crops in v/hich wecds 
tnust b e  r a p i d l v  a n d  u n i t b r m l v  suppressed. [ S e t ’ P e s t  

M a n a gem ent , B iological  C o n t r o l . I
The inundativc approacli involves augmentation o f  

thc population ot' a natural enemy o f  a vveed to num - 
bers th.1 t can ctTcctivoly nuina^c it. Because thcsc arc



iiidiíỊcnous ortỊanisms, thcy gcncrally have natural 
cncmics and the tariỊct wccd has some tolcrancc to 
thcni. Thus, thcy usually dissipatc with time, requir- 
intỊ rcapplication cvcry ycar. Microbial biocontrol 
ae;ents lend theniselves to this mcthod, in that they 
can be produced, stored, and applied to vveeds, m uch 
likc chemicals. Three commcrcial m ycoherb iđdcs 
have bccn markctcd in N orth  America and scveral 
others are under developm ent (Table I). Mycoherbic- 
ides may bc applied as cither mycclial prcparations to 
thc soil or sporcs to the soil or foliage.

T he m ost com m on  liniitations to inundative m icro- 
bial biocontrol assents arc cost, short shclf-life. unpre- 
dictable eíticacy, limited host rangc, and requirements 
tor specialized application equipment. A lthough morc 
than 200 potential mycoherbicidcs havc bccn discov- 
crcd, only tour afc commcrcially available, and thcre 
is littlc prospect that m any m ore  will be bccome avail- 
able in the ncxt decade. Furthcr research 011 inicrobc 
strain selcction and manipulation, storaiỊC íbrm ula- 
tion and stabilization, application íbrmulation, appli- 
cation tcchnology, and liost rangc manipulation vvill 
be required bcíore niicrobial herbicidcs can bc ex- 
pcctcd to play a signiíìcant role in wccd control.

Grazing and íoraging animals (e.g., goats, ựccsc, 
and piíỊs) havc sometimes bccn uscíiil in the biocon- 
troỉ o f  wccds. Goats, in particular, will rem ovc m uch 
o f  the unw antcd  vcgctation from catde and shccp 
pasturcs. In Australia, rotatiiií' shccp with vvhcat is

TABLE I

Mycoherbicides Thai Have Been Commercially Available during 
the Past D ecade or Have Been or Are under Development

O rgan isn i T rade n am c T arget vvecd

C o m m e r c ia l ly  a v a i la b lc
Coỉlciotriilitim ColletỊO N orth ern  jo in tv e tc h

ịflocosporiodcs‘‘ (Aeschynomene
ưiỉỵinica)

Phytopthora pabtiiưora D cV in c Stranglervine (Morrctiia
odorata)

Colìctotriclmni L uboa-2 D od d cr  (Cnsintiì sp p .)
ạlocosporiodcs

CoỊỉetotriiimm ttiom al R ou n d -leavcd  m a llo w
ỉỊỈocosporoides (MtĩliHi pnsillạ)

U n d e r  d e v e lo p m e n t
Altcrihĩriiì Cttssiíĩi’ C asst S ick lcp od  (Ciĩssiii

obtusi Ịoliũ)
ColỊctotriilmm truiỉũĩỉum C oltru H cm p  scsbania

{Sesbaniíi exaltíưa)
Coílctotrichnni ancoíừs VelíỊO V e lv e t lc a í {Ahitiiloti

thcophrasti)

li DitYcrcnt str.iins o f  c .  \ỊÌoeoỉporoiths ha ve  đ istin ctly  đ it ìe m u  h ost 
sp ccih cities.

an im portan t com ponent o f  vveed control Í11 both 
wheat and pasturc. PiịịS havc bccn useđ to reniove 
thc tubcrs and rhizomes ot pcrcnnial wceds tro 111 aíỊ- 
ricultural land.

ỈV. Herbicides and Their Use in 
Weed Management

A. Herbicides and Their Modes of Action
Sincc the first synthctic, organic hcrbicidc, 2,4-D, 
was introduccd commercially attcr World War II, 
thousauds o f  hcrbicidcs havc hoen patented and hun- 
dreds havc becn markctcd. The hcrbicidc market is 
highly compctitive, with continual ìmprovem ents in 
sclcctivitv, satety, and cttìcacy. T he approval, rcgis- 
tration, and usc ot herbicidcs is a liitỊhlV regulated 
activity. The most dcsirablc selcctivity is for the herbi- 
cidc to ha ve no ciTcct on crops, with a useíul lcvcl o f  
phytotoxicity  on all o f  thc mạjor wccds in those crops. 
Thcrc  is a trend toward dcvclopment o f  herbicidcs 
w ith m orc biological activity pcr unit mass. These 
low usc-ratc com pounđs gencrally have ono vcry spc- 
đ fìc  niolecular sitc o f  action that is uniquc to plants. 
|Sí’(’ H erbiciues  a n d  H erb ic ide  Rhsistance; Pest 
M a n a c e m h n t , C h e m i c a l  C o n t u o l .Ị

Herbicidcs can be classed by chcmical tamily or 
by thcir inodt' o f  action (Tablc II). Ic has become 
increasiniỊly important to undcrstand the biochcmical 
mcchanism o f  hcrbicides. This iníbrniation can be 
im portan t in predicting toxicolo^ical ctTccts, in de- 
signing m orc cffective and selectivc hcrbicides, and in 
p ro d u đ m Ị hcrbicidc-rcsistant crops bv biotechnology 
(see latcr).

Thcrc  are thousands o f  potcntial biochemical sitcs 
in plants that could bc targeted by a hcrbicide. Scveral 
million com pounds havc probably becn screencđ for 
hcrbicidal activity, and, ot thcse, scveral hundred have 
becn commercialized, althou^h m any o f  thesc P r o d 
ucts are no loníỊer on the markct. The molecular sites 
o f  action o í th e  majority ofcom m crcialÌ2ed herbicides 
arc know n. Lcss than 20 molecular sites o f  action arc 
reprcscntcd. Thus, ot thc thousands o f  potential sites 
o f  action, only a small traction are rcpresentcd by 
comniercially successíul hcrbicides. This may be be- 
causc only a few sites ot action havc thc ưniquc charac- 
tcristics rcquircd tor a good herbicidc Carget or bc- 
cause orgamc chemists w ho  havc synthesized thc 
majority  ot the com pounds scrceneđ by thc herbicide 
industry havc generatcd a less điversc spectrum o f



TA BLE II
Modes of Action of Several Major Herbicide Classes

M od e o f  action  
(m olecular si te)

C h em ica l d a ss  
o f  herbicide

U .S . trađenam e exan ip les  
o f  h crb icidc class

D ecad e  o f  íìrst 
in trođ uction

A u x in -typ e  activ itv
Si te o f  accion un k n o\vn 1J h en o  X y  p ro pan oi c a ci ds 2 ,4 -D 1940S

Inhib iũon ot am in o  aciđ synthesis
A cetolactatc synthasc S u lỉbnylureas Glcati 1980$

Im iđazolin cs Sccpter 1980S
E n olp vru vylsh ik in iatc  phosphatc S’yrnthasc G lyp h osa te R ound up I970S
G lutam atc synthasc (ìlu fo s in a te I^nice 1990S

Inhibition o f  carotcn oid  b iosvn th csis
P h ytocnc dcsaturase P vrid azin oncs Z orial 19705
E xact site unknovvn Isoxalid in on cs C o m m a n d 1980s

Inhibition o f  p h o to sv stem  II
D - l ,  qu inone-binđini* protcin T  riazines A trazinc I95D S

N itr ilcs Buctril l% l)s
S u bstitu ted  ureas L orox 1 9 5 0 S

A nilidcs s  ta 111 1% ()S

Intcrtcrcnce \v ith  m icrotuhuỉcs
T  ubulin D in itroan ilin es Trerìan l%Us
Exact sitc u n k n o w n D ith io p v r D im en sio n 1 99 0 S

ln h ib i t io n  o f  p o r p h y r in  s y n t h c s i s

p r o t o p o  rp h y ri n o g c n  oX  id a s e /;-N itr o d ip h en y l cthers Blazer 1%()S
ỉnhibicion o f  lip id  synthcsis

A cetyl C o A  carboxylasc C yclo liứ xan cd iou cs Poast 19K0S
A ry lo x y p h cn o x y p ro p a n o a tes H o c lo n 1971 )s

U n k n o w n À cetaniỉidcs Lasso 1%()S
lnh ibition  o f  ío latc  synthcsis

D ihyd rop teroarc synthasc A su lam A su lox l% 0s
Inhib ition o f  ccllu lo sc  synthcsis

Exact n io lccu lar sitc unknovvn D ich lob cn il C asoron l% Us
G eneratỉon o f  supcroxicỉt* radical

P h otosystcn i I D ip yrid iliu m s C ìram oxonc 1 %Us

compounds tlian rcquired to discovcr othcr effective 
sites of action. This question remains to bc answcrcd.

Although most successíul herbicidcs arc the result 
o f  randoin scrccning o f  compounds for hcrbicidal ac- 
t i v i t y ,  t h i s  d i s c o v c r y  s t r a t e g y  is in a S ta te  o t  r a p i đ l v  
diminishing returns. T w o  ncw strategies are becom - 
ing morc important: biorational đesign and using nat- 
ural phytotoxins as tcmplatcs for ncw hcrbicides. Bi- 
orational dcsign is the process ot targcting a speciíĩc 
molccular target in the \veed. For cxample, inhibitors 
o f  a particular enzymc in the weed can be dcsigned, 
baseđ 011 dctailcd knowledgc o f  the enzvme structure, 
substrate(s), product(s), an d /o r  coíactors. Succcss o f  
this strategy is partiallv dependent on adcquate 
knoxvlcdge ot'the physiology and biochemistrv ot the 
vvecd. Natnral phytotoxins offer new and unusual 
chemicals with proven herbicidal activity. Using 
these chemicals without modiíication or as templates 
for structurc-activity manipulations that miẹ;ht im- 
prove thcir characteristics has bccome an im portant 
herbicidc discovery strate^v.

B. Herbicide Use
By unit mass, herbicidos constitute 60 to 70% o f  all 
pesticidcs used in agriculture. In đeveloped countries, 
morc than 90% ot thc land on which all major crops 
are g row n is treated w ith  a herbicide at least yearly. 
Thus, hcrbicides havc becom e the mạjor tool for wced 
management in agriculture.

Herbicides are applicd in several diíTercnt ways. 
Beíòre or  during planting o f  a crop, they can be ap- 
plicd dircctly onto  or incorporatcd into thc soil. These 
practiecs can allcviate weed pressure during establish- 
ment o f  thc crop stand. Latcr, herbicides can be ap- 
plicd dircctly over the emeriỊed crop or bctween crop 
rows if the crop is susceptible to thc herbicide (post- 
cnicryence application). Postmergence applications 
can be mađe vvith m any  ditTcrent typcs o f  spray 
systcms (hand-held, tractor-mountcd, or aircraít- 
m ounted) or bv rubbing  thc hcrbicidc onto  the wced 
toliagc from a wax bar o r  ropc vvick imprcgnatcd with 
herbicide. Hcrbicides can also be applicd in irrigation



Water (chữmigation). in arcas ot liitĩh \vecd prcssure, 
m o rc  than onc of thesc m e th o d s .  cach \vith a ditTcrent 
hcrbicide, is tỊcncrally utilizcd.

In many situations, hcrbiciđes arc sprayed in mix- 
turcs ot tw o or m orc pesticides in ordcr to minimizc 
thc num bcr ot trips ovcr the tìcld with m echanứed  or 
acrial spray equipmcm. Otlicr hcrbicidcs or pcsticidcs 
can dccrcasc or increase the activity of a herbiciđe, 
dependinq 011 many factors. W ithout knovvledge o f  
potential interactions, cither in the nnxing cank or on 
or in the plant, tank inixing pcsticidcs can rcsult in 
poor  pcrtorniance ot agrochemicals. M arketing prc- 
inixed combinations o f  compatible or svneriỊÍstic her- 
bicidcs is a ỉỊrowintỊ trend.

Formulation o f  hcrbicidcs can also strontỊly influ- 
CI1CC thcir vveed-killing capacity. Adjuvants used with 
herbicides lỊcncrally incrcase droplct sprcading and 
decrease thc ratc o f  droplet ciryinẹ; 011 leaf surỉaccs. 
These ctYccts, as well as others, havc bccn implicatcd 
in their iniprovement o f  hcrb iđdc activity. The 
propcr íonmilation tor a herbiciđc is a tunction o f  thc 
tartỊct wccd spccics, thc agc o f th e  vvecd, the hcrbicidc, 
and climatic coiuiitions. N o t  cnouu.li is knovvn o f  how 
thcsc íactors intcract in order to custom  íbrmưlate a 
hcrbicidc tor a parcicular set o f  conditions. Sucli opti- 
nial íòrmulations could iỊreatly reduce the an iount o f  
herhicidc nceded for effcctivc vvced manaiỊcmciit.

Chemical satencrs arc Iiseđ with somc crops to pro- 
tcct thcm írom hcrbicidcs that ordinarily could not 
bc uscd vvith thc crop. Most satcners act by enhancing 
tlic nictabolic dciỊradation of t l ic  hcrbicidc in the crop. 
In alniost all cascs in which crops are naturally tolcrant 
to a hcrbiddẹ, thc crop is tolcrant through rapid meta- 
bolic dcíỊradation o f  thc hcrbicidc rathcr than due to 
rcsistance at the molccular targct sitc.

In somc cascs, reduccd tillage rcsults in increaseđ 
dopcndcncy 011 herbicidcs. W ithout tillaiỊc, herbicides 
can bc the mạjor alternative f'or wecd managcment. 
Evcn with vegctativc mulches g row n during the fal- 
low  season, herbicides are ottcn uscd to kill the mulch 
vcgctation betbrc or during planting o f  the crop.

c. Herbicide Resistance
Resistance to hcrbicides has cvolvcd morc slovvly than 
insect rcsistnncc to insccticides íor scvcral reasons. 
Thesc indudc  the rela tivdy lont; (Ịencration time o f  
wccds. thc long-livcd soil secd bank, and tlic oftcn 
intcrmittcnt naturc o f  the selcction prcssure. Ncvcr- 
theless, Tiiorc than 200 wced spccics havc evolved 
rcsistancc to various hcrbicidcs and the problcm  is 
grmvint; ^coinctricallv. Iti Sonic cascs the vvccd is

rcsistant on ly  to thc herhicides th.1 t havc bccii used 
on thc tìclds in vvhich it oritỊÍnatcd. In othcr cascs, 
r c s i s t a n c c  c x t e n d s  t o  o t h c r  h c r b i c i d e s  w i t h  t l ic  s a m e  
mcchanism o f  action, evcn thou^h  the wet'd popula- 
tion may not have been cxposed to thcse hcrbicides 
(cross-rcsistancc). Occasionally, resistancc is tound to 
an array ot herbicidcs vvith diversc mechanisms ot 
action (niultiplc rcsistance). It the wccd population 
has bccn cxposcd to all o f  thcse hcrbicides, rnultiple 
rcsistancc can be thc result ot' multiple mechanisnis 
o f  resistance. If not, cnhanced capacity to degradc or 
scqucstcr a vvidc rangc ot xenobiotics may cxplain 
multiple rcsistance.

D. Environmental and Toxicological Aspects of 
Herbicide Use

In dcvclopcd countries, the largest volunie ot' pcsti- 
cides introduccd into the cnvironm ent is compriscd 
o f  hcrbicidcs. Furthcrmore, many o f  thesc cotn- 
pounds arc placcd directly into thc soil whcrc thcy 
are readily mobile. It is not surprising tliat hcrbicides 
and herbicide brcakdow n products rcprcsent a niajor 
íraction o f  pesticidcs and pcsticide-rclatcd com pounds 
found in groundwatcr. Postcmergencc, íoliarly ap- 
plicd hcrbicidcs can be lcachcd into soil or into suríace 
watcr. Hcrbicidc sprays (particularly aerially applied) 
can cỉritt onto nontargct crops and into nonagricul- 
tural areas (recrcational, rcsidcntial, etc.). Volatile 
herbicides bccome part ot thc atniosphcre imtil suffì- 
cicntly dc^radcd. Any herbicidc uscd Í11 agriculture 
has tlic potcntial to contaminate food (cither human 
or for animal fccd) in the applicd form a n d /o r  as 
dcgradation Products. Considering the large atnount 
o f  hcrbicidcs used w orldw idf, the potenđal for cnvi- 
ronmcntal contamination is signiíìcant if  usc rcstric- 
tions are not careíully followed. The toxicological 
and cnvironmcntal etTects o f  current levcls o f  contam- 
ination are a point o f  controvcrsy.

Herbicide rcgistration (approval for commercial 
use) and directions for use are hitỊhly rcgulatcd in thc 
United States and most othcr developcd countries. In 
gencral, thc trcnd is tovvard m ore stringent registra- 
tion and usc restrictions. Tolcrance levels (allowable 
conccntrations) in food and watcr are set by the U.S. 
Environmental Protection Aí^ency (EPA) for each 
hcrbicide. An allowable daily intake is also set tor 
each hcrbicide and its đegradation products. These 
levels arc based on toxicology data, with a largc safety 
tactor built in. Ncverthclcss, lartỊc am ounts o f  herbi- 
cidcs arc uscd, and improving analytical capacities 
arc niakint; it possiblc to detect minute quantities ot



hcrbiđdcs in our food and watcr. Thcse prcviously  
undctectablc lcvels o f  herbicides causc concern in 
som c quartcrs, even thoua;h thcy are well bclow  saícty 
standards cstablished by EPA.

Herbicidc rcsiducs consumed by the averatỊC person  
1 1 1  food and w a tc r  arc thouiỊh t by  n iany scicntists to 
constitutc a small fraction o f  thc carcinoí^cns in the 
food and water supply. At any lcvcl, probably only  
a small traccion of hcrbicidcs and their  residucs arc 
carcinogemc. Othcr carcinogcns-such as natural pes-  
ticidcs from plants, com pounds from sniokcd, 
charrcd, or seared tồods; toxins trom spoilage mi-  
crobes, nitratcs, nitrites, and nitrosam ines,  and etha- 
nol—are thought by many to play a niorc important 
rolc in discasc dcvclopnicnt in hunians. H owcvcr,  
this is a controvcrsial area in \vhich absolute proot ot 
cansc and effcct is cxtremcly diííìcult.

Most o f  the data availablc indicate that hcrbicidc 
rcsidues havc no dircct lont^—lastintỊ cttccts upon soil 
microAora. VciỊctation chaniỊcs causcd by the hcrbi- 
cide arc inorc ìnAuential in indircctly attectintỊ soil 
biotica.

Current trends in herbicide usc and rci>;ulation will 
mitigatc future cnvironmcntal effects o f  hcrbicidc usc. 
M ost newer hcrbicides rcgistcred ari' low-rate usc 
com pounds that arc lcss mobile in soil. Furthcrmore,  
thcy {Ịcncrally have short cnvironmcntal halt-livcs. 
Sonic older, higher use rate hcrbicidcs will SOOI1 disap- 
pcar from thc markct because of competition and/or  
incrcascd rcỉỊulatory pressures.

V. Weed Science in Integrated 
Pest Management

Likc all ccosystcms, aíỊroccosystcms arc compriscd  
o f  v a r io u s  b i o t i c  a n d  a b io t i c  c o m p o n c n t s  i n v o l v e d  

in complex intcractions. Intcí^ratcd pest nianaíỊcnicnt 
may bc dcfincd as pcst manaiỊcment stratCíỊÍes vvhich 
a re  d c s ig n e đ  w it h  s o m c  k n o w l e d í Ị C  o t  t h c s c  in t o r -  

actions in ordcr to minimizc cost, both ccononnc  
a n d  c n v i r o n m e n t a l .  [SíT I n t k g r a t k d  P e s t  M a n 

a g e m e n t .  I

For examplc , rotat ion  o f  crops is hclptul 1 1 1  con tro l 
ot all crop pcsts bccausc lontỊ-standin^  m o n ocu ltu rcs  
allow thc buildup ot populations ot ncmatodcs, 
wecds, insccts, and pathoíỊcns that arc injurious to 
the crop. C ons idcra t ion  o f  thc etĩects o f  pes t iddcs  on 
Iiontar^ct ortỊanisms is im p o r ta n t  in intctỊratcd pest 
m anagem ent .  For cxam plc , hcrbicidcs can siiỊnih- 
c a n t ly  in t ìu e n c e  s u s c c p t i b i l i t y  o f  c r o p s  to  p la n t  p a t h o -

ÍỊCMS. In som c cascs, thc crops arc made niorc resistant 
to pathoqcns and in othors thcir rcsistancc is rcduccđ. 
For cxample, s^lyphosate has been íound to increase 
thc  susceptibility  o f  s o m c  plant spccies to certain 
pathoíỊens undcr som c conditions by blockinẹ; the 
plant’s biosynthctic machinerv which prodnces ạnti- 
microbial com pounds.

Wccds can be altcrnatc hosts for crop-đamaiỊÍni* 
nematodes or insccts. Convcrscly, wccds can bc 
hosts or habitats tor benehcial insccts. Little is 
knovvn o f  such rclationships and thcir rolc in crop 
production.

VI. Future Trends in Weed Management

A. Biotechnology and Weed Management

All crops are natura lly  resis tant to Sonic hcrbicidcs. 
Hovvcvcr, thcy  arc n o t  alvvays rcsistanc to  hcrbiciđes 
that could ot'fcr valuablc wccd manaiỊcmcnt tools tor 
the crops. Plant brecdcrs havc spent littlc cffort in 
dcvclopinỉỊ cultivars rcsistant to ncvv hcrbicidcs bc-  
cause o f  limited variability in crop germplasni and 
t h e  p o s s i b i l i t y  t h a t ,  a í t e r  a l o n í '  a n d  l a b o r i o u s  b r c c d m ẹ  
cffort, the hcrbicide will disappcar tro 111 the ever-  
chant^mti; hcrbicidc markct. With motỉern biotcchnol-  
oi»y, any crop can be mađe rcsistant to any hcrbicidc 
relatively quickly.

The m ethođolo^y has consisted priniarily ot' oell 
sclcccion o r  gene t ran s te r  tcchniqucs, Trcatinẹ; crop  
ccll cultures with herbicides to sclcct for natural muta-  
tions conferring rcsistancc has rcsultcd in scvcral 
herbicide-resistant crops. This mcthod docs not re- 
quirc a biochcmical k n ow lcd ge  ot' m ođe ot'action or 
doirradation o f  the  herbic ide. An alternativc n ic th o d  
is lỊenctic m od it ìca t ion  o f  the c rop  bv íỊcnctic cng i-  
neerinạ;. Forcign genes can contcr hcrbicidc resistance 
by introdudn^ rcsistant sites ot' action or cnzym cs  
tha t deíỊradc the hcrbic idc. Exam ples  o t  each n io thod  
arc providcd in Tablc III. An cxamplc of a hcrbicide- 
rcsistant crop 1S depicted in Fìo;. 1.

C ontrovcrsy  exists rcí^ardm^ the cnvironmcntal 
in ipact o f  hcrb ic idc-res is tan t  crops producod by b io-  
tcchnoloíỊV. H ow cvcr , 1 11 m ost cascs the hcrbicides 
to \vhich thcsc crops arc bcing dcveloped ottcr morc  
cnvironnicntally bcniơn choiccs than currcntlv cxist. 
Purthermorc, they will providc managcmtnt optíons  
r o  t a r m c r s  t h a t  c a n  b e  u s e đ  w i t h  r c d u c c d  r i l la ir e  a n d  

no-tillasíc aíỊricnlturc, thus, coiiservim; so:l and tncl. 
T h c v  also o t tc r  one  o f  thc  te\v hopcs  tor copinc; vvith
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TA B LE III
Herbicide-Resistant Crops A vailable or Currently under Devel- 
opment
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parasitic vvecđs which drastìcally rcducc crop yiclds 
in Africa. ỊSí“(’ Plant B ioteciinơlogy: Fo o d  S ahety

A N I )  E n V IR O N M E N T A L  IS S U E S . I

Genctic modihcation o f  microbial wced control 
aiỊcnts bv biotcchnoloiỊy could solvc sonie o f  the 
problcms in d e v d o p m en t  ofctTcctivc microbial hcrbi- 
cidcs. Such nianipulation could allow the develop- 
m cnt o f  mycoherbicidcs and bacterial herbicides with 
m ore desirablc host rangcs and irnprove virulcncc. 
Hovvcver, vvithout proper saícguards, such moditìcd 
plant pathogcns could cause harin to crops or o thcr 
im portan t plant spccics.

Ultimately, molccular biology vvill be used to make 
crops m ore  competitivc with weeds. H ow ever, this 
will bc a ditĩìcult task in that compcritivc ability is 
a complex, multigcnic trait, and impartinq ccrtain 
aspccts oí compctitiveness may conAict vvith othcr 
desirablc traits such as crop yicld.

B. Weed Management in Organic Farming

Oríĩanically-u;rơwn foods are íỊenerally detìned as 
tbods produccd vvichout usinụ; synthctic fertilizers or 
pestiđdes. r h i s  climinates thc usc o f  synthetic herbi- 
cidcs tor m anaẹem cnt, leaving only natural h c r -  
b ic id c s .  h i o c o n t r o l ,  and  CLiltural m e t l i o d s  to r  vvccd  
control.

F IG U R E  1 T h e responsc ot a n on sc lcctcd  linc (lctt) and tw o  com  
lines (m id d lc  and ri^ln) sclcctcd  tor resistancc to  se th o x y đ im , a 
mrassy vvccd lìcrbicidc, at 0 .4 4  kp; sc th o x v d im /h a . T h ese  plants  
vvcrc renencrated troni scth o x y d im -resista n t or n on sc lectcd  callus  
culturcs. T h e  p lìoto^rap lìs vvcrc takcn app rox im atc ly  lO d a v s aíter  
trcatincnt \v ith  thc herbiddc*. (C o u rtesy  o f  D avid  A. S om ers, D e 
partm en t o t A tỊron om y and Plant G enctics, U n iv ersity  o f M in 
n esota .)

Natural com pounds are intrinsically no more safe 
than synthctic ones. The most potcnt toxins know n 
arc natural compounđs. Nevcrtheless, by somc 
detìnúions, ortỊanic toods can be prodnced vvith thc 
usc oí' natural toxins as pestiddes. T w o  toxicologi- 
cally satc natural compounds, bialaphos and phos- 
phinothricin, are commercially available as herbi- 
cidcs. Bialaphos is a fermentation product o f  
Strcptoinyces i>iridochroinoỊỊCues that is cffective on a 
broad spcctrưm of vveeds. Ít is currentlv available 
only in Ịapan and othcr Asian markcts. To  be 
hcrbicidally eíTcctivc, bialaphos must be broken 
dow n in the plant to phosphinothricin. Phosphi- 
nothricin is synthctícally produced and soid through- 
out most oí' the vvorld as the hcrbicide gluíòsinate. 
Althouẹ;h synthesizcd í*lufosinate is chemically iden- 
tical to the natural product phosphinothricin, it 
miíỊht no t be consiđcrcd as a com ponent o f  or^anic 
farmint' by orẹ;anic farming purists.

c. New Technology and Weed Management
Empirical models or “ cxpcrt systems” arc undcr de- 
v c l o p m c n t  as a id s  í b r  t a n n c r s  in  m a k i n g  d c c i s i o n s  
afFcctiniỊ wccd managcment. With thc papcr data in- 
put (e.e;., wccd spccics, vvccd density, vvecd and crop 
dcvelopmcnt stage, climatic conditions, expected 
pricc o f  the harvcstcd crop. and herbicide priccs) the 
Computer modcl produces a rantỊC ot vvced control 
options vvith cstimatcd rcturn 011 tlic invcstnicnt. 
Whcn pcrtected, sucli m anagcmcnt tools will allovv



maximal cfficicncy and minimal cnvironmcnt impact 
ot'weed managenicnt actions.

Only a small amount o f  hcrbicidcs spraycd into the 
environment reach targct vvced species. This is due to 
a numbcr o f  factors, including drift o f  spray particlcs 
away from the target and the fact tliat the spray equip-  
ment cannot diíTerentiate betwcen targct spccics and 
othcr plant spccics or bare i*round. spray equipment  
has bcen reccntly devclopcd which will diffcrcntiate 
bctvvcen vegetation and barc ground, spraying only  
when ve^etation is dctcctcd. If  a íield is 25% covered 
by wceds beíorc planting, this spray systcm can po- 
tentially reduce the amount o f  herbicidc needeđ by 
75%. This equipment can be uscd to trcat weeds bc-  
twecn crop rows with nonselective herbicides or to 
spray all ot' the vegetation in a ficld with crops that 
arc rcsistant to tlic herbicide.

It is technically teasible for a miniature telcvision  
carnera to capture. thc im age o f  a plant, for a Computer 
to analyze the image and idcntity the specics, and 
for the com putor to actuatc a spray system to trcat 
idcntificd weeds with thc appropriatc herbicidc. Sucli 
a system could grcatly increasc weed  managcmcnt  
cfficicncy and safety by í^reatly reducing thc amount  
o f  herbicide needed for a high level o f  wet‘d control. 
The low  spccd, insufficicnt reliability, and hitỊh cost 
ot such a system would bc unacceptablc at prcsent. 
H ow cvcr, rapid advances in electronics and cngi-  
neering wi]l probably niakc such a systern practical 
within the ncxt decade.

D. Potential Impacts of Global Climate 
and Atmospheric Changes on 
Weed Management

Global climatc change will aíTect agriculturc, as crop 
production is intrinsically linkcd to climate. As m en-  
tioncd earlier, wccds í^enerally tolerate climatic stress 
bettcr than the crops with which they associate them-  
sclves. In som c geoe;raphic arcas, climatic change in 
the form o f  incrcased drought strcss, ultraviolet radia- 
tion, and tcinpcratures will give weeđs an advantage 
ovcrcrops. A irpollution (SO-,, ozonc, ctc.) isharnitul 
to both crops and vvceds. Little is knovvn o f  rclative 
tolcrancc o f  crops and associated wceds to thcsc 
strcsses. |S t r  A ir P o l l u t i o n :  P l a n t  G r o w t h  a n d  
P r o d u c t i v i t y . Ị

The carbon dioxide cnrichment o f  the atmosphere 
that has óccụrrcd đuriníỊ thc past century enhances 
the growth o f  all plants. Hovvcvcr, it tavors C3 plants 
(gcnerally dicots) morc than C 4 plants (íỊenerallv rao- 
nocots such as ẹrasses). This trcnd should favor many

dicot vvccds (c .g ..  velvetlcat') over C 4 m onocot crops 
such as corn. C onvcrscly , C 4 w eeds in c 5 crops (c.g.,  
johnson£Ịrass in soybeans) should bccom e lcss co m -  
petitivc.

As climatc and thc atmosphere change, shitts in 
predominant vvccd species an d /o r  ecotypes o ísp ec ic s  
can bc expectcd. Just as therc are varicties of most  
niạịor crops that can be £Ịrown in a wide rant^e o f  
climates, thcre are w ced  species that are most  
adap ted  to  cach clim ate. In Sonic areas there havc 
been protound chan^es Í11 the vvccd spccies with  
certain crops durinẹ this century. Thesc chantỊcs 
can be linked to use o f  ccrtain hcrbicides in sorne 
cases; hovvevcr, 111 othcrs, thcrc is no clcar reason 
for thc shiít in vcííctation. Whether thc climate or 
âtmosphcric chaniỊCS that have alrcady occurred are 
involved is unknown.

E. Weed Control in a More Stringent
Regulatory Environment

In most countries thc toxicolotíica] and environmcntal 
rcgulations govcrning pcsticỉdes are becom inẹ 1 11- 
creasingly strin^cnt. This is leading to safer hcrbi- 
cidcs, but is cscalating costs ot'commcrcializiníỊ ncw  
Products. Fewer companios are engaging in herbicidc 
developm cnt and few er 11CW herbicides are beinẹ; in- 
troduced. In chc United  States, older pesticidcs that 
vvere rcgistcred for use at a tiinc whcn rcgulatory 
rcquirements werc less strict are in the process o f  
bcing rc-rcgistered, using currcnt rcgulatory require- 
ments. This process will  lead to the loss o f  availability 
o f  many oldcr herbicides.

In mạjor crops, therc is little likclihood that thcse 
trends will drastically impact chcmical weed control  
in the nexc dccade. Hovvever. they havc already 
greatly limitcd thc availabilitv o f  inexpcnsive chcmi-  
cal w ecd  control in m inor crops. many ot which  are 
horticultural crops. T h e herbicide industry can no  
longer afford thc cost o f  registration or re-registration 
o f  som e herbicides for niany m inor crops. Wecd con-  
trol in such crops is n o w  gcncrally niuch more cxpen-  
sive than in major agronom ic crops.
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Glossary

C ir c u la r  39 w e t la n d s  Classification dcvcloped by 
thc U.S. Fish and Wildlife Service in 1954 that đistin- 
gu ishes bctvvccn Coastal and  inland areas o f  fresh and 
saline wetlands, deriving 20 vvetland typcs on the basis 
o f  vvater dcpth and vegetation within these four broad 
catcgories
C o w a rd in  sy stem  w etlan d s Nam cd aítcr its dc- 
vclopcr, this classiíication includes both wctlands 
and dccpwatcr habitats groupcd in a hierarchical 
structurc 011 the basis of hydrologic, tỊeomorpho- 
logic, chcmical, and biological tactors; five major 
systems (marine, estuarine, rivcrine, lacustrinc, and 
p a l u s t r i n c )  f o r n i  t h e  f i r s t  l e v e l  in  t h e  h i c r a r c h y ,  
íu rther  subdivideđ into subsystems based on the 
degrce o f  inundation and dominancc o f  vcíỊetative 
typcs
E x te r n a l i t i e s  Unavoidablc jo in t  product o f  an eco- 
noniic production process that may produce í^oods 
o r  evils, enjoyt’d by, or inAictcd on, society at larí»c 
F a r m e d  w e t l a n d s  Wctlanđs that have been dearcd, 
drained, o r  othcrwisc manipulated to make cropping 
possible, bu t  still meet jurisdictional wetland dcíini- 
tions
H y d r i c  soils  Soils that arc sa tu ra ted ,  Aoodcd, or 
pondcd long enough during the g row ing  scason to 
dcvclop anaerobic conditions that favor the grovvth 
and reiỊcneration o f  hydrophytic  vegetation; hydro- 
m orpholo ĩỊy  charactcristic o f  hvdric soils inclndes de- 
ve lopm cnt o f  nray mottlcs or niatrix, organic streak-

ing, and mangancse or iron oxide nođulcs or
concretions
H ydrophytic vegetation  Vegetation that is 
adaptcd for g row th  in saturated soil conditions; biolo- 
íỊÍsts dividc hydrophytic  vegetation into several 
classcs, including obligate, facultative-wet, and tacul- 
tativc spccics that always, primarily, or equallv often 
appear in vvetlands
Jurisdictional w etland Wctlands dcíincd and đelin-
eatcd according to One or anothcr o f  Agcncy or Intcr- 
agcncy Manuals tbr Identiíication and Delincation ot' 
Wetlands issucd in 1987, 1989, or 1991 for the purposc 
o í  administcring Section 404 o f  the Clcan Watcr Act 
or the so-callcd swam pbuster provision o f  the 1985 
Food Sccurity Act
Wetlands farm ed under natural conditions Open 
vvctland that dries out adequately in norm al years to 
plant and Harvest a crop

w  ctlands and riparian areas are arcas intermediate 
bctvvccn land and watcr. Sincc 1977, thc Federal gov- 
ernm cnt has used a three-part deíinition involving 
hydric soils, hydrophytic  vegetation, and hydroloíỊy. 
Accordĩng to the U .S. A rm y Corps o f  Engineers 
(COE), vvhich administcrs Scction 404, wetlands are 
“ areas that are inundated or saturated by suríace or 
g round  water at a írequency and duration sufficient 
to support, and that under normal circumstances do 
support, a prevalcnce o f  vegetation typically adapted 
for Iife in saturated soil conditions.” The  phrase “ un- 
der norm al circumstances” has been interpreted to 
mcan that an arca with vvctland hydro logy  and hydric 
soils is still a vvetland, cvcn whcn adaptcd vcgctation 
has bccn rem oved to make arcas suitable for tarminẹ;. 
DclincatiinỊ wetlands has bccn controversial because 
ot conAicts betwecn landowners w ho  w ant to use and 
develop thcsc areas and environmentalists w ho want 
to prcscrvc thcni.



I. Deíinition and Delineation

Controversy ovcr wetland definitions has a long his- 
tory, parallcled by cvolving views on the necd tor 
govem m ent rcgulation o f  wetlands. Farmland does 
not correspond wíth the general public’s iniage o f  
vvetlands, but may be trcatcd as wetlands by the two 
proỉỊrams that m ost dircctly affect privatc landovvn- 
crs: The Clean Water Act’s (CWA) Section 404 pcrmit 
proíỊram and the Food Security Act’s (FSA) svvamp- 
bustcr provision. The U.S. Fish and Wildlifc Scrvicc 
(FWS) developcd the first íederally applicd wctland 
delineation m ethođ that considered vcgctation and 
hydrology in 1979. In 1987, USDA, C O E , and EPA 
dcvcloped manuals using a three-part wetland dctìni- 
tion thac considered soils, vegetation, and hydrology 
for their programs.

Concern that important wetlands were not covcred 
under Scction 404 and that all four Fcderal agcncies 
with vvetland programs wcre usinq; differcnt wetland 
delineation proccdurcs led to development o f  thc Fcd- 
cral Interagency Manual for Idcntification and Delin- 
cation o f  Wetlands in 1989. While some critics o f  thc 
1989 manual claimed that it expanđed the area under 
Section 404 jurisdiction, thcrc is no clcar evidencc 
that an cxpansion occurred because thc area defined 
as vvetland under varying deíìnitions has never bccn 
estimated.

Before 1989, C O E  did not considcr areas prc- 
viously deared for crop production as vvetlands sub- 
jcct to permit rcquircments. The 1989 Manual dcline- 
ated as vvetlanđ farm fields that had hydric soi] if  thcy 
had sufĩìcicnt wetland hyđrology to support hydro- 
phytic ve^etation if  left undisturbcd. C O E  reintcr- 
preted the “ normal circumstances” languagc o f  their 
definition to incluđe situations vvhere wctland vegeta- 
tion, including trees, had bcen đeared for agricultural 
production. The 1989 manual also delineated as wet- 
lands land whose soils are saturated within 18 in. of' 
the surface ío ron ly  7 days dtưiní* the grovving season. 
Thesc intcrpretations created problems with a variety 
ot drier altered, artiíicial, or managed wetlands, and 
were at odds with the general public’s imagc o f  a 
wctland.

An impression that wetland arca had been expandcd 
could havc rcsulted from maps ot hydric soils used 
to show areas that coulđ potentiallv bc wetlanđs Pres- 
ence o f  hydric soils is đeíìnitc cvidcnce that an arca 
developed undcr saturatcd conditions. Hovvcver, 
drainage t'or íarming or other developmcnt alters thc 
hydrology o f  a sitc with hydric soils, rcmoving it

from any wetland delineation. The 1989 manual re- 
quircd that an arca have hydric soils and wetland 
hydrology.

A backlash against thc 1989 manual developed as 
arcas previously not considered wetlands became sub- 
jcct to permit requirements. Attacks by a coalition 
o f  farm, dcvelopmcnt, and utility com panv interests 
resulted in legislation introduced in the House to re- 
form werland regulation by changing the 1989 deíìni- 
tion. Undcr this pressurc, a rcviscd wctland đelinca- 
tion manual was proposcd in A ugust 1991. Important 
differences bctvvccn the 1989 and 1991 manuals arc 
oudined in Tablc I. T he  1991 manual requires that all 
thrce critcria bc present at least som c time in the ycar 
in ordcr tbr a site to bc a vvctland. Hovv many days 
and to what degree a site must be Aoodcd to be a 
vvetland arc particular points ot dittcrencc between 
the 1989 and 1991 manuals. Indicators ot \vetland 
hydrology arc restricted and sccondary indicanors rc- 
quire corroborating evidence. Thcre arc diffcrences 
in the way the growini^ scason is dctìned in the two 
manuals, as wcll as differences in the mcthods that 
can bc uscd to detcrm inc presence o f  hydrophytic 
vcgctation. Special proccdures are outlincd for sites 
that have been disturbcd, including tarrned wetlands. 
O thcr proccdures arc Liscd for “ difficult-to-identify” 
wetlands that focus 011 which o f  the thrcc criteria is 
diííìcult to decermine. Pinally, because ot'the grovving 
controversy, the 1991 nianual got tar greater public 
notice and public co m m cn t  than thc 1989 manual.

Ficld tests o f th e  1991 and 1989 manuals bv Federal, 
jo in t Fcdcral and State, and State rtcld teams under a 
variety o f  conditions indicatcd that 30 to 80% o f  land 
delineatcd as wetlands in thc 1989 manual were ex- 
cluded by the 1991 manual. Areas that vvould have 
been excludcd include co ttonw ood  and willow wet- 
lands in riparian areas o t  the Rocky Mountains and 
Southwcst, most bogs in the N ortheast and Midwest, 
and many prairie potholcs in the Dakotas. Also ex- 
cluded w ould bc high Coastal marsh aloní^ thc Pacific 
coast, some o f  the Floriđa EveríỊlades in thc National 
Park and retnaining on privatc land, and as much as 
80% o f  the Great Dism al Sw am p in Vir^inia and 
N orth  Carolina.

Bv January 1992, the 1991 đclineation manual re- 
ceived more than 80,000 tbrmal com m cnts. Attempts 
to revise thc manual to  account for the diverging 
views bog^ed down. Funding t'or a National Acad- 
emy o f  Science (N AS) study o f  the delineation ques- 
tion was ìncluded in EPA appropriations in 1993 that 
delayed any decision on dclincation tor 18 months. 
In chc intcrim, C O E  and EFA have returned to use



T A B L E I

Comparison of 1989 and 1991 VVetland Delineation Manuals

Iteni 1989 M anual 1991 M .mual

E v id cn ce  ot tlircL' param eters: hydric
so iỉs , h y d ro p h y tic  v e ee ta tio n , and 
w ctlan d  h y d ro lo g y

D u ration  ot inu ndation  or saturation

D ep th  o f  so il saturation

A ccep tab le  ind icators

D ctin it io n  o f  g r o w in g  season

H y d ro p h y tic  veg eta tio n  criterion

P u blic  input

H y d r o lo g y  cou ld  be assum ed  from  
vCiỊctalion and soils; vegeta tion  
cou ld  bc assum cd from  so ils  and  
h y d ro lo g y

S cvcn  or m ore d ays d u rin g  the 
grow im > scason

Saturatcd w ith in  6 - 1 8  in. o f  the
surtace, depenđina; on  so il typc

Lists ítr o n g  and vvcak ind icators o f  
liyd ro lotỊy , inclu d ing  presencc ot 
hyd ric  so ils

B aseđ  on grovving scason  inaps 
delin cated  by soi! tem perature
regim es

U n d er  norm al circu m stanccs, 
based on  co m p o sitio n  or a 
prevalence frcqucncy an.ilysis 

N o tic e  and pu blic c o tn m en t  
ru lcm aking  n o t required

lndependem indicators o f  all 
three required un less sitc is 
disturbed or a playa lake, 
prairie p oth ole , vernal p oo l, 
p ocosin , or oth er spcđal 
vvetland 

Inundated 15 or m ore  
co n secu tiv e  days or saturated  
to the surtace 21 or niorc 
con secu tive  d ays durini> the  
nrovvint; season  

Saturated to  the surtace as 
indicated by w atcr that can be 
squeezed  íro m  suríace soil 

Lists prim ary and second ary  
indicators o f  h y d ro lo g y ; on ly  
prim ary indicators can bc 
used vvithout corrob orative  
in form ad on ; c lím in ates  
presence ot’ hyd ric  soil as an 
indicator ot h y d ro lo g y  

Based OI1 local weathor data 
indicating 3 weeks bcfore last 
spring k illing  frost and 3 
w cek s after last fall k ílling  
frost

U ndcr norm al circum stances, 
bascd o n ly  011 a prevalence  
ữ e q u e n c y  analysis  

F orm ally proposcd  in the Federal 
RetỊÌster; pu blic c o m m en t n ot 
requircd, buc so lic itcd

o f  the 1987 delineation manual. Prcsident C l in ton ’s 
August 1993 wetland policy statemcnt atTirmcd usc 
o f  thc 1987 delineation manual pcnding completion 
o f  the N A S  study. The President’s s tatement also 
gavc U S D A  rcsponsibility for all vvetland dclineation 
on aíỊricultural lands, bu t dctails about h o w  this ar- 
rangem ent will bc worked  out within existing C O E  
and EPA authorities remain to be speciíìed. U SD A  
never formally  adoptcd the 1989 manual and is still 
running thc sw am pbuster  program  under regulations 
tìrst issued in 1987.

II. Current Extent

A. VVetlands

While no cstiniates o f  wetland extent using jurisdic- 
tional dehnitions havc becn made, various cstimates

and inventories using scientiíic deíìnitions have been 
made over thc ycars. According to thc 1987 National 
Resources Inventory (NR[) there were 83.2 million 
acrcs o f  rural nonfederal wetlands in 1982. These are 
wctlands dcfmed by the oldcr C ow ard in  vvctland 
definition based primarily on hydrology and uscd by 
the FWS. This definitioii cxcludes m any acres o f  
íarmcd wetlands includcd in current jurisdictiona] 
defmitions. Eighty-three percent o f  nonfederal wet- 
lands inventoried were privately owncd, with the re- 
mainder in State (13%) and local (2%) governm ent 
ownership or on  Indian tribal lands (2%). “ Wetland” 
is neither a land use nor a land cover, but a condition 
prevailing in many rural land uses. M ore than half o f  
all nonfcderal wetlands wcre forested. The second 
largest land covcr category (20.9%) was “ other 
lands,” a residual catee;ory. A bout 17% o f  vvctlands 
were in pasturc and rangc. O nly  5.6% o f  wetlands 
was in crops. N o t  inventoried in the NRI wcre an



cstimatcd 12.5 million acres o f  wctlands on Federal 
land, excludiníỊ Alaska.

Both íarmed wetlands and wetlands íarmed undcr 
natural conditions, as well as undisturbed natural wet- 
lands, arc subject to swampbuster provisions. C rop- 
land on hydric soil that was once wetland but had bccn 
convcrted beforc 1985 is termed “ prior convertcd” 
wetland and is cxempt from swampbuster provisions. 
An example o f  tarmcd wetland is cleared bottom land 
ficlds in the lowcr Mississippi alluvial plain that flood 
over winter but are dry in timc for spring plantings 
o f  soybeans or other crops. An cxample ot wetlands 
farmed undcr natural conditions is thc prairie potholcs 
ot thc N orthern  Plains, shallow depressions of' í^lacial 
ori^in that collect snowmelt and spring runoff but 
are dry enough to plant whcat in niost years. A land- 
ovvner cannot further drain or otherwise alter the hy- 
drology o f  these vvetlands to plant a crop vvithout 
losing farm program bcnefits. Farmed vvetlands and 
wctlands íarmcd undcr natural conditions are not pris- 
tinc natural ecosystems, but they do continuc to per- 
íorm valuable natural functions. For example, prairic 
potholc wetlands providc important watcrfowl feecỉ- 
in^ and nesting areas and bottomland wctlands pro- 
vidc waterfowl wintering arcas and nursery areas íor 
fìsh and invcrtebrates whicli fish feed upon.

Thcrc is no reliablc estimatc o f  the total íarmland 
acrcagc subjcct to swampbustcr and Section 404, but 
availablc data indicate somc realistic limits. All 83.2 
million acres o f  wetland inventoried in the NRI is 
subject to swampbuster provisions, but only 7% (5.7 
million acrcs) was rated by U SD A  Soil Conscrvation 
Scrvicc tcchnicians as having high or m edium  poten- 
tial for conversion to cropland and thus has some 
likelihood o f  creating a violation. In addition to land 
invcntoried as wetland, 53 million acres o f  nonvvet- 
land cropland on hydric soils can be identiíìed from 
thc NRI. M ore than half o f  this land (30 million acres) 
had no drainage. H alf o f  that (17.9 million acres) 
necded drainaíỊe or other conservation practiccs for 
improved crop production. The rcmaining land was 
drained to some degree, but 4.5 million acres was not 
adequately drained for best crop production. Thcse 
53 million acrcs o f  cropland converted prior to 1985 
are excluded from swampbuster provisions and C O E  
agreeđ to exempt them from Section 404 permit re- 
quiremcnts in 1990, a dccision coníirmed by regula- 
tion as part o f  President C lin ton’s wetland plan in 
1993 (Tablc II).

Whcn thc 1989 interagency dclineation manual was 
first introduced, some C O E  íìeld staff did not distin- 
íỊiiish betvvcen prior converted vvetlands, farmed wct-

lands, and wetlanđs íarm ed undcr natural conditions. 
Complaints from farmers prom pted  the C O E  leader- 
ship to clarify the m anual's  threc-part deíìnition, 
stressing that a site . . effectively and legally 
drained to the extent that it no longer mccts the regu- 
latory wctlands hydro logy  criteria . . . ” is not subject 
to Section 404. Staff w ere cautioned not to determine 
hydrology solely on hydric soil characteristics. In a 
m cm orandum  issued in July 1990, the C O E  reiteratcd 
that normal practices are exem pt from Section 404 
(see below). Notc , hovvever, that substantial chan^es 
in land use, eithcr to a m ore  intensive ae;ricultural use 
or to a dcveloped usc, are not considcrcd normal 
practicc. Coincident with  President Clintoi]’s wctland 
policy statement in 1993, the C Q E  and EPA íormal- 
izcd gLiidance cxem pting  53 million acres o f  prior 
converted agricultural land from Section 4(4 jurisdic- 
tion. Thcse actions completcd a moveinent toward 
niorc consistent Fcderal wetland policy because both 
swampbustcr and Scction 404 vverc now using very 
similar vvetland deíĩnitions.

N o rm a l Farniin£> A ctiv itics  Are Exemp* 
from  S ectìon  404 Perm ir R eq u ircm en ts o f  the Clcan W atcr A ct

C'crtain activ itics c o n d u ctcd  by ỉarm ers in agriculturil \vctlan ds  
arc cx cm p t from  S cction  404  req u ircm cn ts, and d o  noc requirc  
notiíica tion  or app lication  to  thc C orp s o f  Engineers for a 
Section  4 04  pcrm it. T h e se  includc:

lJlo w in g
S ccd in g

H arvestin g
C u lt iv a tin ẹ

T h ese  activ itics can be c o n d u cted  o n  prior convertcd w ctlan d s, 
farnied w ctlan d s, and unalteređ  w ctlan d s undcr naturaỉ 
con d ition s. T h e  activ ities  m u st bc part o f  an ongointr tarm in^  
opcration , and cannot bc assoc ia tcd  vvith bringing a w etlan d  
iiu o  agricultural p ro đ u ctìo n  or c o n v crtin g  an a^ricultural 
w etland  to  a nonvvctland use.

O th cr activ ities are cx em p t, p ro v id in g  w o o d y  v tg c ta tio n  is 
n o t rem o v ed  and e x is t in g  d ra inage is n o t m od itìed . T h cse  
includc:

D rainagc systcm  m ain tenance

C on stru ction  o f  
Farm p on d s  
lrrigation ditches  
Farm roads

C ro p p in g  hay or 
pastured w etland  íielcỉs 
M aintenan ce OẾ 
Farm  ponds  
Irrigation ditchcs  
Farm roads

Spccific ex en ip tio n s w ere  d e v e lo p ed  for troub leson  e, locaỉỉy  
occurring practices, su ch  as con stru ction  o f  rice levees in crop  
rotations.

6. Riparian Areas
Riparian areas are transition zoncs between aquatic 
and upland ecosystems with scvcral characteristics



TA B LE II
W etlands and Hydric Cropland, United States, 1982

I lumsaiKÌ .icres
1’crccnt.iiỊC 
o t w etlands

Rural, non íed cral w etl,ìnđs 83 ,212 100
P otciu ia l tồr crop land 78 .516 94

N o  con vcrsion  potcnti.ll 42 Í.39 51
U n lik e ly  and other 30 .177 36
H ìiịIi or m cd iu m  potcn tia l 57011 7

C rop lan d 4696 ()
Percentage ot 
hyd ric  cropland

C ropland  on h yd ric  soil 5.3,137 100
N o t  draincd 3 0 ,2 4 4 57

N e ed s  drainagc for tarm inn 17,888 34
D raincd 22 ,892 34

N cit adequately  draincd 4468 8

Somre: 1982 and 1(J87 N a tio n a l R esources InviMitories.

th;it distiniỊuish thcm trom  adjacent uplands. Natural 
riparian vegetation is adapted to high soil moisture. 
Riparian areas require high water tables or pcriodic 
Aoodint' to maintain thcir natural vcgetation. There 
is also a hií^h deqrcc of exchangc between thc aquatic 
and tcrrcstrial systems: Aooding from the strcams 
briníỊs nutricnts to thc terrcstrial vcgetation, whilc 
dcbris froni the tcrrcstrial vcgetation is a food source 
tor aquatic spccics. Riparian areas arc generally m orc 
productive than upland areas, producing m orc  bio- 
niass and maintaining a greater diversity o f  plant and 
aniiml specics. Vegetativc productivity and divcrsity 
makc riparian areas exccllcnt habitat for fĩsh and wild- 
life species, and highly valued for livestock grazing.

Because ot their proxim ity  to vvatcr, riparian arcas 
havc been attractivc sitcs for agricultural, residential, 
commcrcial, and industrial dcvclopment. As a rcsult, 
tlicy havc undcrgone dramatic altcrations from thcir 
original S ta te .  Loss and altcration o f  r i p a r i a n  arcas 
havc occurrcd because of dam construction, channel- 
ization, and aẹricultural devclopment. Livestock 
grazing is a major factor impaccing m any riparian 
arcns.

While riparian arcas scrvc im portant agricultural 
and ecoloiỊÌcal íunctions, there are surprisingly little 
data availablc dcscribing their extcnt and location. 
The  tcrm “ riparian” is used in scvcral different con- 
texts, rangintỊ (xom all land in the flood plain to s p o  
citìc w oodland habitats along streambanks. The  tcrni 
“ riparian” has no official or rcgulatory meaning. O ne 
uscfi.ll dctìnition o f  riparian areas is land within the 
|()0-ycar riood plain plus land along natural strcani- 
banks as riparian land. Data on land usè or vegetation

within riparian areas, which is o t 'key importancc tor 
assessing agricultural and wilđlife values, are less 
availablc than iníorm ation on total arca. Bascd on 
potcncial vcgetation types, the original cxtent o ír ipar-  
ian torcst ecosystems has bcen estimatcd at 67 rnillion 
acrcs. Including narrowcr cold watcr strcani valleys 
and intermittcnt streams, increascs the original extern 
to a range o t '75  to 100 million acrcs, o f  vvhich only 
23 million acres remained in torcstcd riparian ecosys- 
tcnis, cxcluding Alaska, by 1970. The  1977 and 1982 
NRI inventorics, respectively, cstimatcd 52 million 
acrcs and 55 million acres o f  nonfcdcral, íorcstcd, 
flood prone land. However, much o f  this land is in 
pine plantations and other altered torest habitats. As 
much as 70 -9 0 %  o f  all original íòrested riparian cco- 
systems in thc U nited  States have been eliminated 
through land usc changc.

1. Federal Riparian Land
Data on ícdcrally ow ned riparian land are sparsc 

and o f  dubious reliability. Of' the 175 million acrcs 
o f  public land in the Bureau o f  Land M anagem cnt’s 
(BLM) cotcrm inousjurisdiction in 1985, only 903,000 
acrcs (0.5%) was estimated to bc riparian land. Ripar- 
ian acrcagc incrcased 73% from 523,000 acrcs in 1977, 
when thcsc estimates wcrc tìrst publishcd, but had 
bcen as high as 941,000 acres in 1984. Thesc changes 
arc possibly duc to changing Aoodplain deỉìnitions 
and retìect im provcnients  in BLM reporting proce- 
durcs, O v er  thc samc pcriod, cstimated miles o f  fish- 
ablc streams remaincd relativcly constant at about
20,000 milcs. O regon  has the lart»est am ount ot BLM 
riparian arca and the most stream milcs, but Montana



and W yoming ha ve riparian acrcages almost as large, 
with proportionally fewer strcam miles.

The Forest Scrvicc C o n t ro ls  187 million acres in the 
National Forcst System. O f  this, it is estimated that 
2.3 million acrcs are riparian lands and vvetlands, with
84,000 miles o f  íisheries strcams. Only  65,000 acrcs 
o f  BLM riparian habitat was being managcd in hscal 
year 1977, and more than 440,000 acrcs werc identi- 
fied as being in unsatisfactory condition. Little iníor- 
mation beyond these bare statistics is available for 
fcderally owncd riparian areas. While public land 
managcrs have been vvorking to improve conditions 
on many sections o f  fcdcral riparian rangeland, suc- 
cessful prọịccts represcnt only a small portion o f  such 
land in poor condition.

2. Noníederal Riparian Land
A total o f  56 million acrcs o f  frequently Aoodcd 

land, a useíul proxy for riparian land, was cstimatcd 
in thc 1982 NRI. Lands with a Aooding class o f  “ tre- 
quent” are deíĩned as having more than a 50% chance 
o f  Aooding in any ycar, or more than 50 timcs in 100 
years. Almost 92% o f  rural nonfederal riparian lands 
were privatcly owned, while about 7% were con- 
t r o l l c d  by Sta te  a n d  local g o v c r n m e n t s .  Private ripar- 
ian arcas were predominantly forestcd (46%) with the 
rcmainder about cqually divided between croplanđ, 
pasture and rangeland, and other uscs. About 60% 
o f  state-owned riparian areas wcrc in other nonagri- 
cultural uscs, with the reniainder split between forest

and agricultural covers. E iẹh ty%  o f  Indian-owned 
riparian areas wcre rangeland or barren.

AíTricultural uses accounted tor almost 40% ot~rural 
noníederal riparian land in 1982 (Table III). Almost 
all cropland was used tor crop production. Livestock 
grazing accountcd for 86% o f  pasture land and 94% 
o f  range in riparian zones. M ost o f  the rcmainder 
was idlc, but 2% was used to r  wildlife or recreation 
purposes, m ost ly  in State o r  local g o v e m m e n t  ovvner- 
ship. W ood prođuction was thc principal use tồr 94% 
o f  íorcsted riparian arcas, but only part o f  this was 
actively managed íor t im ber production. Almost 3% 
o f  íorcsted riparian areas were set aside for wilderness, 
wilđlife, or recreation uses. T he  cover on more than 1 
million acrcs o t 'o ther  nonagricụltural land in riparian 
areas that vvas designatcd for wildlife and recrcation 
uses cannot bc determ ined from  the NRI cate^ories, 
but may also have bcen in natural or rclatively undis- 
turbed vc^etation. Ovcrall, protected uses such as 
State or locally controlled wildlife sanctuaries, wilder- 
ness areas, and recreation arcas made up 4% o f  rural 
noníederal riparian zones.

Dcveloped uses were a small (less than onc percent) 
part o f  riparian areas, but m ost devcloped uses in 
flood prone and natural s treambank areas were ex- 
cluded from the N RI because they wcre located in 
urban areas. Land that was idlc or whose use could 
not be determined constituted 15% ofruralnonfederal 
riparian area, reAecting the residual nature o f  much 
riparian land.

TABLE III

Lond Cover and Land Use of Rural Nonfederal Riparian Areas, United States, 1982

Land use
C rop
land

Pasture
land

R ange
land

Forest
land

O th er
land'' T ota l

T housand acres

A gricu lture 7753 6108 7026 699 0 2 1 ,5 8 6
C rops 7680 0 0 0 0 7680
G razing 73 6108 7026 699 0 13 ,906

W ood  produ ction 0 0 0 2 3 ,563 0 2 3 ,563
D ev elo p ed  uses" 3 31 5 9 115 162
W ild areas* 19 123 178 728 1196 2 ,2 4 4
Idlc' 251 804 270 129 7022 8476
Total'' 8033 7067 7480 2 5 ,127 8333 5 6 ,0 4 0

Source: 1982 N ation a l R esources Invcntory .
' Includes residential, com m ercia l, industrial, in stitu tion al, tran sm ission , w a stc  d is- 
posal, transportation, m ilitary, and research uses.
b Includes d esignated  w ilderness, designated  vvĩldlite, design ated  w ilđ life  s tu d y , and
designatcd  recreation uses.
' Includes idle land and lanđ for w h ich  no  use could  bc determ ined.
J D etail m ay n ot add to  totals due to roundin^ .



3. Riparian Wetlands
kiparian arcas aro sometimcs trcatcd as svnony- 

nious  \víth vvctlands, p.irticularlv in arid parts  o f ' th e  
West. W hilc tlicrc is ovcrlap ,  r iparian arcas arc m o rc  
extensive than riparian vvctlands. Uiparian vvetlands 
arc listcd amont; thc 10 niost critical \vctland problcm 
arcas by the U.S. Fish and Wildlifc Servicc. Threats 
to thesc \vctland svstcms includc convcrsion to crop- 
land, ovcri;razim», dam construction, and ẹroundvva- 
tcr p u n ip in ”; tha t lovvcrs vv.ưcr tablcs and tlrys up 
riparian wctland arcas.

The 1982 NIU invcntoricd 144,001)nonfcdoral acrcs 
iđcntitìed as rivcrinc wctland systcms aeross thc 
United States, almost all o f  vvhich arc incluđcd vvithin 
riparian land (Table IV). Riparian lands accountcd t'or 
about 37% o f  rural nontcdcral vvetlands invcntoricd 
in tlic 1982 NRI. In addition to the riverinc vvctlands, 
alniost all cscuarinc wctlands, about one-third o f  pal- 
ustriiK’ (upland) vvctlands and l / l ( ) th  o f  lácustrine 
(lakc shorc) vvctlands wcrc located ÍI1 riparian zoncs. 
Howcvcr, 48% ot trcqucntly Aoodcd lands vverc not 
vvetlands as classiíicd by the FW S’s Covvardin system. 
Thus, a substantial upland coniponcnt o f  riparian 
arcas should be considcrcd tor managem ent in addi- 
tion to that arca dasscd as vvetlanđ.

Eighty pcrccnt o f  thc wctland riparian arca was 
classcd palustrine, a slightly snu ller  proportion than 
for all wctlands. Morc than 60% o f  all wctlands in 
riparian 2011CS were torestcd and this land covcr ac- 
counted tor about three-tourths o f  riparian palustrinc 
wctlands. M ost oi  the other wetlanđ types, including 
rivcrinc wctlands, wcrc invcntoricd in otlier nonagri-  
cultural land covcrs. For examplc, land cover on  all 
riverine wctlands was barren land in the “ o thcr” cate- 
mory. O niy  about 20% o f  riparian pasture and rans^e-

land \vas \vetland, cl.isscd prcđomin.intlv as palus- 
trinc.

III. Wetland Values

Perceived valucs o f  vvetlands in N orth  America ha ve 
incrcascd rapic.ily ovcr the past tw o decades. Iinrinsic 
Yvetland charactcristics w crc  o tten  unrecoqnized  or 
undcrvalucd rclative to values trom conversion o f  
vvetlands to other land uscs. For most o f  our history, 
wc did not appređate  the benctìts produccd by \vet- 
lands because wc did not understand cnouiỊh ccolotỊỴ, 
biolotỊy, and hyđrolotỊV. O u r  forcfathers pcrccivcd 
onlv disease, foul odors, and wild animals in svvamps 
and marshcs and soui?ht to “ reclaim” them. Scicntists 
today, rccoỉỊnizine; how  m any dittcrent specics and 
functions dcpcnd on wetlands, strivc to incrcasc our 
avvarencss o f  thcir ecoloíỊÌcal and cnvironmcntal im- 
portance. Wctlands arc the sitc ot'processes that pro- 
duce social vaiucs: íish and wildlife values, like spawn- 
intỊ areas for fish and duck breeđing habitat; ecological 
scrviccs, likc water quality im provem ent and Bood 
pcak storagc; and cconomic valucs, including market- 
ablc commodities, likc turs or wild ricc, and nonm ar- 
ket goods, likc rccrcation (Tablc V).

T he tablc below illustrates some o f thc  bioeconomic 
link.ai?cs íbund in wctlands. T o  start, a wetland gcncr- 
ates a íìmction that produces a good or supports a 
Service. Tcchniques are nceded for cstimating thc eco- 
nom ic valuc ot wetland scrvices which account tor 
complex biocconomic linkagcs. For cxamplc, thc 
vvctland may bc a physical niedium for tree grow th  
that supports a scrvicc, such as commercial tree har- 
vest. That Service has an economic value, in this casc

TABLE IV

Land Cover and Wetland Status of Rural Noníederal Riparian Areas, United 
States.. 1982

Land ust'
C rop
land

Pasture
land

R ange
land

Foresc
land

O ther
landJ T ot.ll

T h ou san d acres
N o t  vvctland 7255 5372 6120 7475 1160 2 7 ,382
Palustrine 1TÌ 1694 979 17,652 183*J ->1 CJ4 1

H stuarine 0 0 381 0 5005 5386
Lacustrine 0 0 0 0 173 173
R ivcrine 0 0 0 0 136 136
M arinc 0 0 0 0 21 21

Subtotal 799 1694 1360 17,652 7173 2 8 ,658
Total* 8033 7067 7480 25 ,127 8333 5 6 ,040

Soim r: 1982 N ation al R esources ỉn v en to ry .
‘‘ D ctail m ay n ot add to  totals đ u e to  roundiniĩ.



TABLE V

lllustrative Wetland Functions and Estimated Values

Function State and vvetlanđ ty p e  V aluc pcr acre

D ollars pcr acre
Fish and \v ild lifc

M am m al/reptiU? Louisiana Coasta l 12
F ish /sh clltìsh  Louisiana Coasta l 3 2 -6 6
W atcrtow l M assachusetts C o a sta l m arsh 167
G eneral M ichinan C o a s ta l m arshes 843

EcoloiỊÍcal serviccs  
Scdim cnc accrction G eo rẹia  rivcr 3
F lood control M assachusctts rivcr 362
W ater qu ality  CìeoriỊÌa rívcr 1108
W astc assim ilation  ViriỊÍnia tidal niarsh 0225
Lite support CỉeoriỊia rivor 10.333

M a r k c t  S e r v ic e s

Fisli produ ction  V irninia tidal m arsh 269
T im b cr  p rodu ctio ii CìcorvỊÍa rivcr 161)5
A qiiaciilturc V iriĩim a tidal m arsh K 72-2241

N on m ark ct Services
E ducation /research  L ouisiana C o a s t a l  6
W ;iterfow l h u iitin g  M issĩssip p i b otton ilan d s 12—17
K ccrcation M assachusetts rivcr 38
R ccreation L ouisiana Coastal vvetlands 45
U ecrcation H orida estiuưy 76
H istoric  a n d  L o u is ia n a  C o a s ta l 3 2 3

arch eological

thc nct value o f  the timber. Forcstcrs can mođel and 
valuc linkagcs bctwcen sice charactcristics and trcc 
growth, dctcrmininíỊ the typcs o f  trees that will t^row 
on a sitc and the associated boardfcct o f  tim ber that 
can be produccd. Next, the good or scrvicc must 
bc valued in cconomic tcrms. Forcst economists usc 
markct valuation tcchniques which consider comrncr- 
cial prices o f  timbcr, transportation costs, production 
costs, and othcr factors to cstimatc the net economic 
valuc o f  thc timbcr produced.

W ctland Forestry Fisherics R ecreation

T ree Fish W ild ỉife
Function habitat habitat habitat

C om m crcia l C om m ercia ỉ Rccreacional
Service tim bcr íish w a ter fo w l

harvest Harvest Harvest

N e t c co n o m ic N c t c co n o m ic N et cc o n o m ic
V alue value o f value o f va lu c  o t

tỉm ber com niercia l
tìsh

hu ntin ií
success

In thc cxample o f  commercial íìshins;, the linkau;cs 
are less dcar, particularly thc relationsliip betwecn

tìsh habitat and commcrcial hsh Harvest. A wctland 
area íunctions as a nursery g round  for young fish, 
and as a m cdium  for íu rther grovvth. The tonnagc o f  
fìsh and shellíìsh that can be harvcstcd in an cstuary, 
o r  otTshorc from  thc cstuary, is related to this wetland 
habitat tunction, amonẹ; othcr thiníỊs. The economic 
valuc linkagc is the relationship o f  the commcrcial 
fish harvest to the net valuc ot' thc commercial fish 
species. That is, once the tonnage harvcsted is know n, 
an economist can com bine dock prices vvith cstimatcs 
o f  production and harvesting costs to cstimate the net 
economic value o f  thc Harvest.

Finally, the linka^es that are least clear are those 
involving nonm arket valuation. For cxample, thc 
wetland function could be wildlife habitat that p ro- 
vidcs a Service ot'rccreational watcrfowl bag for hunt-  
crs. Estimating thc relationship betvveen wildlife habi- 
tat and waterfowl bag is an cxtrenicly coniplicatcd 
process. The economic valuation linkage 1S the rela- 
tionship bctvvccn recreational waterfowl tag  and thc 
nct economic value o f  hunting  succcss. Nonm arkct 
valuation techniques, such as the continíỊCr.t valuation 
nicthod, thc travcl cost m cthod, or hedor.ic pricing, 
can be uscd to establish the linkage betvvccn the Service 
and wctland values. The rclationships bet .veen wild-



Iifc, vvildlite populations, \vaterfowl bag, and cco- 
nomic values involvc bioloiỊÍcal, rccrcational, socio- 
loiỊÌcal, and cconomic considcrations.

Whilc somo o f  thc valucs illustrated Ĩ11 Tablc V arc 
impressivc, m ost of thcm havc beon arrivcd at by 
cconom ists using nonmarkct valuation tcchniqucs.  
Evcn thc markct lỊoods, such as fish production, tim- 
bcr production, and aquaculture, are not e;cncrally 
produced directly in thc vvctland, but indirectly be- 
causc thc wetland exists. Wetlands arc typical oí' an 
economic phcnom cnon callcd cxtcrnalities. Services 
produceđ by a vvetland, such as vvildlite habitat and 
flood control, arc available to everyone in its vicinity, 
rcíỊardless ot such concepts as propcrty rights. But 
wctlands SỊÍve lcast to their lcgal owner. T he  paradox 
ot' prodigious wctland o u tpu t  is that thc wetland 
ow ncr  has vcry little ability to chargc othcrs for thc 
scrvices the vvctland produces. T he ow ner cannot gain 
from thc wetland except by dcstroying it to accom- 
m odatc  sonie otlicr usc o f  the land.

IV. Wetland Conversion for Agriculture

A. Trends in Wetland Conversion
Dcspitc controversy over wctland delineation, several 
scts o f  m orc or less reliablc data providc insight into 
overall trends. The carliost wetland invcntories 
treatcd all vvetlanđs thc same, đcscribing thcm  with 
such tcrms as “ swainp and ovcrflowed lands.” Thesc 
terms werc adcquatc whcn the objcct o f  thc invcnto- 
rics was to quantiíy how  niuch land was unfit for 
crop production w ithout drainagc efforts. As wildlifc 
managcm ent became an object o f  wetland invctito- 
ries, a management-bascd c]assification was adopted 
by thc FWS and publishcd in their Circular 39. For 
thc National Wetland Status and Trends Analysis, 
FWS commissioned thc C ow ard in  system, a ncw  clas- 
siíication systcm desi^ned to capturc ccologically im - 
portan t  differcnces and segregate dissimilar wildlife 
habitats that arc geographically separatcd. N cither o f  
thc systems used for m anagem cnt or scientiíìc w ct-  
land invcntories precisely matches any o f  thc jurisdic- 
tional wetland definitions used in regulatory pro- 
grams. Thus. there is no  accurate, comprehensive 
accounting ot' wctlands sưbjcct to Section 404 or thc 
sw am pbustcr  provisions.

The FWS ostirnates that in 1780 there were 392 
million acrcs o f  wetlands in what now  constitutc the 
5(1 U nited  States, and 221 million acrcs o f  wetlands

in thc lowcr 48 States. 13V 1980, only 274 million 
acrcs remained, with only 104 million acrcs in thc 
lovver 48 States. This amounts co a 53% loss ovcr 200 
ycars, or an average annual loss o f  585,000 acres.

U SD A  conducted drainage invcntorics to idcntity 
lands suitable tor drainaiỊC and assess the agricultural 
potential of remaining vvetlands. In 1906, 79 million 
svvanipland acres (cxcluding Alaska) were thought to 
have farm potcntial, but two-thirds o f  this was not 
fit tor cultivation unlcss drained and clearcd. A more 
coniprchcnsivc inventory in 1919 showed 91.5 mil- 
lion acres uníìt tor crops vvithout drainagc, but judged 
that only 75 million acrcs could cvcr be developed 
tor agriculturc. T he  American Society o f  Agricultural 
En^ineers conductcd a similar drainagc survey in 
1946—1948 that identiíìcd 97 million acrcs o f  wet, 
svvampy, or overflow lands. H ow cvcr, thcy judí?cd 
only 20 million acres could bc drained for tarming at 
rcasonablc cost. A rclatcd 1948 estimate by the Soil 
Conservation Service shovved 20.7 million acrcs phys- 
ically teasiblc to drain and develop for agriculturc.

Tho FWS, cooperating w ith State fish and game 
đepartments, conducted the invcntory published as 
Circular 39 in 1954. For the íìrst ti me, this inventory 
íocuscd on ìnanaging vvetlands, rathcr chan climinat- 
ing thcm. It counted a total o f  74.4 million acres in the 
20 wctland types listed in Circular 39. T he  National 
Wetland Status and Trends Analysis was conducted 
by thc FWS in 1979 to not only idcntiíy current wet- 
lands according to the C ow ardm  systcm, but estimate 
changcs f rom  the mid-1950s to thc mid-1970s. Using 
aerial phototỊraphic techniques on 3629 4-square mile 
units, this study estimated a drop in public and private 
\vetland acrcagc o f  13.8 million acres, from 108.1 to
99.0 million acres in the lowcr 48 States. The most 
recent FWS cstimates show a 2.6 million acre drop 
in wctlands in the lower 48 States, from  105.9 million 
acres in the mid-1970s to 103.3 million acres by thc 
mid-1980s. The mid-1970s cstimate was adjusted up 
from the previous study because o f  better classifica- 
tion on  im proved color infrared aerial photography.

U S D A ’s Soil Conscrvation Service conducted the 
1958 Conscrvation Needs Inventory, w hich identified
73.5 million acres o f  rural, noníedcral land needing 
treatmcnt for exccss water. M ore than 80% o f  this 
land was cropland. Somc 172.5 million acres wcre 
judged  to have drainage problcms. Similar statistical 
spatial sampling methods were used in the 1975 Po- 
tential Cropland Survey to r e c o r d  21.4 million acres 
o f  high and m edium potential cropland suffcring from 
wetness, but only 181,300 acres were identiíied as



vvetlanđ tvpcs 3 -20  in thc Circular 39 c]assification. 
The 1977 NRI identificd 41.5 million acrcs o f  wctland 
typcs 3-20. The 1982 NRI invcntoried all rural, non- 
federal wctlands accorđinsỊ to both the oldcr Circular 
39 and later Cowardin classifications. It found 78.4 
million acres o f  wetlands. The 1987 NRI reclassified 
some o f  the saniple points oriíỊÍnally visited in 1982 
to incrcasc 1982 rural nonfederal wetlands to 83.2 
million acres. A loss o f  1.2 million acrcs was estimated 
to occur bctweén 1982 and 1987, resulting in only 82 
million wctland acrcs by thc lattcr datc.

AvcraíỊc annual rates ot vvetland conversion havc 
gcncrally bcen íalling since the fìrst rcliable scientific 
wctland inventorics were taken in the mid-1950s (Ta- 
blc VI). FWS cstiniatcd the nct ratcofvvetland convcr- 
sion betwccn thc mid-1950s and mid-1970s at 455,000 
acres pcr year, mostly from inland (palustrine) wct- 
lands. Ei^hty-sevcn pcrcent ot' the 13.8 million acres 
o f  wctlands convcrted wcrc to aiỊricultural uses and 
8% wcrc to urban uses. A morc rccent stưdy by FWS 
u s i n g  s i m i l a r  m c t h o d s  r e c o r d s  a d e c l in e  in a v e r a t ỊC  

wctland convcrsion to 288,900 acrcs pcr yeár for thc 
rnid-1970s to mid-1980s. Conversions to agricultural 
use accountcd for a smaller 56% of' average annual 
losses. Howcvcr, much o f  the 41 % converted to other 
uses was clcarcd and drained, possibly intcnded for

airricultural usc, but had not vet bccn put to an idcnti- 
fiablc usc at the cnd o f  the penod . Urban uses vvcrc 
3% o f  losscs. Bascd on chaníỊes at NRI sample points 
bctwecn 1982 and 1987, the rate o f  conversion 
droppcd to 130,800 acres per year. Agriculture ac- 
counted for 38% o f  vvetlands convcrtcd. A spcciíic 
invcntory ot' vvetland NRI points donc in 1991 pro- 
vided an estimate o f  107,750 acres of \vetland lost 
annually betvvcen 1987 and 1991, o t 'w h ich  aẹricul- 
tural convcrsion accounted tor only 27%.

B. Economics of Conversion for Agriculture
A^ricultural convcrsion has historically been a tar 
more vvidesprcad cause o f  vvctland conversion than 
urban uses. Factors that atYcct the ecónomics o f a g -  
ricultural v m lan d  convcrsion are teclmology, effec- 
tivc crop prices, tarm program  consiđcrations, tax 
effects, and land values. TechnoloíỊÌca] chanỉỊO can 
alter thc profitability o f  wctland convcrsion by reduc- 
intỊ thc cost o f  conversion. An example is thc intro- 
duction o f  plastic subsurtace drain tilc continuously 
ìnstalled using drainage plovvs. Toclinological ad- 
vances such as continuous corrugatcd plastic tubing, 
im proved m anutacturing m ethods and materials, ad- 
vances in field installation techniques and machmcry,

TA B LE VI
Extent and Ch angeỉ in Wetlands, 1954 to 1991

N ation al W etland Status and Trenđs'’ N ation a l R esources Invetitory

1954 1 954-1974  1974 197 4 -1 9 8 3 1983 1982 1 9 8 2 -1 9 8 7 1987 1987-1991

M illion  acres
W etlands in vcntoried 108.1 105.y 103.3  8 3 .2  

(99 0) (78 .4 )
8 2 .0

Averat»e A nnual T h ou san d  acres pcr ycar
N c t chan^c1 455 .0 288 .9 124.(1 na
C on version  to

A gricu lture 600 .0 237.5 5 0 .0 29 .3
U r b a n /d cv d o p m e n t 55 .0 14.1 56.(1 58 .3
O th er 35 .0 171.7 2 4 .8 20 .3

Tot.lI 690 .0 423 .2
Percentaịĩc o t total co n vcrsion

1311.8 107.8

C on version  to
A ^riculture «7 56 38 27
U r b a n /d cv d o p m e tu 8 3 43 54
O th cr 5 41 l ‘J 19

T otal 10(1 101) 1(1(1 KHI

.SiiHírrc: J U .S . Fish and W ild lifc Service, N ation al W etland Starus and T rends A n alysis . m iđ -1950*  to m i d - l ‘/7(>s and m id -1970s to  n ũ d - 
198()s. E xcludes Alaska and Havvaii. T h e  1974 vvctland extern \vas increased bccausc o f  bcttcr  p lio to  intcrpretation  L I S Ì 1 1 4  co lo r  intrarcd  
photou;raphy not availablc earliiT. h Soil C on servation  Service. U S D A . N ation al R esources In vcn tories, 1982. and 1991 W ctlands
u p d a tc . In đ u d es o n ly  rural. nontctlcral land. E xcỉudcs Alaska. W etland extern n o t cstim accd in |W 1.
‘ C on vcrsion  o f  vvetland to  nom vetlạnd  uses, p lus incrcases in \vetlands d iic  to  rcstoration . ab an d on m cn t ancỉ Hooiliniỉ.



and im provcm ents in dcsÍLỊn and cne;ineerinỉỊ, such 
as lascr íỊtiidancc. rcduced the real cost ot surtacc 
draina^c íroni a hitỊh o f  $225 pcr acre 111 1900 to $14(1 
per acrc in 1985 (1985 constant dollars). Subsurtace 
drainaíỊC costs have declined m orc dramaticallv, halv- 
intr betwcen 1965 and 1985 to a cost o f  S415 pcr acrc.

The principal way in vvhicli the agricultura] busi- 
11CSS cycic affects vvetland conve rs ion  cconom ics  is 
throuiỊh thc eftective price o f  the com m oditv  beiniỊ 
produced. Whcn market priccs for commoditics in- 
creasc, as thcy did durinẹ; the l97Us and carly 1980s, 
e;ross revcmics and nct rcturns from crop production 
incrcasc. If thcsc conditions are expected to prevail 
tor a sutìicicntly long pcriod ot' time, it' increascs in 
crop production alonE; the intensive margin (i.c., 
greater use ot nonland inputs), and ifo ther opportun i-  
tics to devclop new cropland at lowcr cost are limitcd 
or cxhaustcd, produccrs will tavorably consider in- 
vcstments in vvetland conversion. Regardless o f  any 
vvetland protcction policies, m uch o f  the inccntivc for 
n e w  w ctland  convcrsion  vvas u n d c rc u t  in the m id -  
1980s as crop priccs fcll and othcr tax and subsidy 
inccntivcs vvcrc climinated.

In ae;ricultiire, no lcss than other  cconomic sectors, 
incomc tax trcatment o f  investments and expenses 
affccts thcir protìtability. Beíore thc 1986 tax rc torm  
act, wctland conversion investments wcrc tavorcd in 
thc Intcrnal Rcvemic C odc in a num ber  o f  ways. First, 
cxpcnscs for la mi clearing, drainage, and land shaping 
could bc deducted troni farm incomc. D cducting 
thcsc cxpenses instcad of capitalizing tliem dccrcases 
thc taxablc basis ot thc im proved land, rcsultintỊ in 
laríỊCr Capital tỊains w hcn  the land is sold. D ed u c t io n s  
werc also available tor dcprcciation o f  machinery used 
in wctland convcrsion under the accelerated cost re- 
covcry S y s t e m  and for interest payments on debt fi- 
nancing convcrsion investments. An investinent tax 
crcdit cqual to  10% o f  the deprcciable invcstnients 
associatcd w ith  convcrsion was also available. Finally, 
tip to  60% ot' lo n g - tc rm  Capital íỊains rcalized f ro m  
thc salc o f  improved íarmland could bc cxcludeti from 
o r d in a r v  i n c o m e  and ta x c d  at pr e íc re n t ia l  Capital ư a ins  
ratcs. In addition to farm income, all ot' thcsc tax 
rcducing provisions were availablc Co shclter nontarm  
income and could casily be applied to incomes of 
passive invcstors. The effcct o f  these provisions was 
to rcduce thc cost ot wctland convcrsion, providing 
an artitìcial incentivc t'or tu rther convcrsion activity.

Pricir to 1985, U.S. farm pricc and income support 
p ronram s vvcre anothcr im portan t tactor in vvetland 
com  orsion economics in t\vo ways. Bctorc niarkct 
pricL'S for crops rose in the m iđ-l970s and aftcr they

tcll in tho niid-198l)s, loan rates and targct priccs in thc 
farm proíỊrams sct ctVcctivc priccs tor commoditics 
hiíĩhcr than prcvailinụ; niarkct priccs. Basic cligibility 
tor pricc and income support programs is dctermined 
by crop aereaiỊC bases and voluntary compliancc vvith 
farm proíỊram set asidc provisions dcsigncd to control 
supplies o f  crops produccd. The producer’s payment 
is bascd on the crop acreaa;e basc, less the sct aside 
requiremcnt, tinics thc prograni yicld, times the defì- 
cicncy paymcnt. Convcrting wetlands and other 
kinds o f  land t'or crop production in hitrh-price peri- 
ods insures a hiiỊhcr íỊross subsidy in low-price years 
when the programs opcrate. Further, to the cxtent 
that convertcd wetlands arc not completcly drained, 
these may be the least prodụctive croplands that can 
be idlcd to meet sct aside requirements. Tluis, U.S. 
price and income support programs crcated an artiíì- 
cial inccntivc to convcrt vvetlands, as well as othcr 
land.

The final cconomic íiictor in vvetland convcrsion is 
land values. The income thcory o f  valuc says that 
the valuc o f  land or any productive assct cquals the 
capitalizcd nct prescnt value o f  the cxpccted stream 
o f  earnings possiblc with that asset. In the case o f  
tarmland, currcnt valucs should bc no grcatcr than 
expected net rcturns from farming. However, therc 
is a de^ree o f  speculacion in all assct valuation bccause 
o f  differing cxpectations o f  íuturc changes in priccs, 
costs, or othcr factors affecting rcturns. Becausc o f  
thc rnpid incrcasc in farm priccs during the 1970s, 
expectations oí continucd price incrcases caused farm- 
land valucs to cxcecd values bascd on current nct 
rcturns. Such “ spcculativc bubblcs” aíĩect investment 
decisions, including the decision to convert vvetlanđs, 
and inevitably burst. High expcctations concerning 
cvcntual values o f  cropland convertcd Ế’rom  wetlands 
in the later 1970s vverc subsequently show n to bc ill 
conceived as supplv respondcci and com m odity  priccs 
dropped. Many wetlands converted to agriculture 
durinc; this pcriod have sincc bcen abandoncd.

c. Proíitability of Conversion
The cconomics o f  vvetlanđ conversion are identical to 
any other economic investment. The rational decision 
to undertakc draina^c, drcdíỊÍng, íìlling, or othcr 
physical incans ot convcrsion dcpends on the expected 
strcani ot future revenues, ịncluding any increase in 
revcnues that can bc carneđ on the convertcd vvetland, 
minus the cost ot convcrsion and the expectcd stream 
o f  tuturc production costs, all discounted to present 
value terms. Ít'the expcctcd revcnucs cxcced thc cx-



pected costs, and the pcrccnta^e return on assets in- 
vestcd in the convcrsion cxcecds that ot altcrnative 
investment opportunities, the rational pcrson would 
convcrt thc wetland.

Thcrc are a nuinbcr oí ways in which convcrting 
a vvetland can be proíìtablc for a landovvner. Sonic 
wctlands arc attractive sites relative to alternative sitcs 
and producc  h ighcr  revenues bccause the w e tland  C011- 
fcrs sotne particularly dcsirable teaturc on the land. 
Examplcs includc access to recreational waters in the 
case o f  niarina devclopmcnt and the íỊreat natural fer- 
tility o f  bottom land soils that arc continuously cn- 
richcd by fresh deposits o f  silt.

O thcr wctlands arc a nuisance chat increascs thc 
cost o f  production unless converteđ. An cxamplc is 
prairie potholc vvetlanđs within tar 111 tìclds that re- 
quirc more turns tor machinery and torm point rows 
and dcad rows that cannot be planted or harvested. 
Wctlands within íiclds can also restrict machincry 
choiccs to smaller, lighter, lcss cconomical sizes. An- 
othcr example is isolatcd wetlands in housing devcl- 
opmcnts that reduce the num ber o f  buildable lots, 
incrcasing the cost o f  ca ch remaining lot.

Still otber vvctlands arc converted incidcntal to eco- 
nomic activity. Flood control measurcs may not bi' 
intendcd to convert wctlands at all, but can rcstrict 
the cyclical inundation that naturally occurs in bot-  
tomland hardw ood wctlands. C onstm ction o f  dug- 
outs as catchnicnts for irrigation watcr, a com nion 
practice for ccntcr pivot irrigation in Nebraska, can 
lower vvater tablcs and iiicidcntally dcstroy adjaccnt 
wetlands.

Finally, somc wetlands arc converted for thc invest- 
ment or speculative gain to bc had. This accrucs from 
the ditTcrcnce bctvvecn raw land costs for unconvcrtcd 
vvetlands and developcd valucs f'or buildable or farm- 
able lanđ, including conversion costs. This diẾTcrcncc 
can often providc enough motivc for much vvetland 
conversion.

ChaniỊes in cconomic conditions alonc betwcen the 
mid-1970s and late 198()s havc inade tmich, if not all, 
a^ricultural drainage unprofitable. Reduccd priccs for 
agricultural commodities and incrcased priccs for crop 
inputs liave sqưcczcd proíìts, generally making in- 
vestments in wctland conversion less desirablc. T he 
etTccts ot the svvampbuster and incomc tax retbrrn 
provisions ovcr the past dccadc gencrally rctluced 
wctland coiivcrsion proíĩtability. These retorms, 
combincd with reduced proíìtability due to markct 
conditions, made alniost all aiỊricultural vvctland con- 
version unprotìtablc in thc latc 1980s and carly 1990s. 
As long as aiỊricultural com m oditv prices remain lovv

and dependence OI1 farm proíỊram participation to 
supplcment tarm incomcs remains, there will be littlc 
economic incentivc for agricultural vvctland conver- 
sion. Therc may still be inccntives for cnhanced drain- 
age on íarmed wetlands and the motivation for elimi- 
nating “ nuisancc” wetlands remains, as long as 
sw a m p b u s tc r  sanctions can be avoided. [.Sce P hices .]

V. Policy Development

A. w hat is "No Net Loss?"
The tỊOal o f  “no net loss” o f  wetlands came to p rom i- 
nencc in then-Vicc-President Bush's election cam- 
paign as part o f  his proniise to bc the “ cnvironmcntal 
President.” President Bush nevcr backed away from 
that goal, and Prcsidcnt Clinton 's wetland plan p rom - 
iscs to embrace “ no net loss” through a ncw Executivc 
Order. The origin o f  the ‘‘no nct loss” i^oa] goes back 
to FW S’s mission to protcct waterfowl, and to certain 
privatc initiativcs, such as Ducks Unlimited w ork  to 
conserve and rcstorc watcrfowl habitat. As early as 
1954, FWS associated \vatcrtowl conservation with 
wetland habitat. T he  National Wetland Priority C on-  
servation Plan, required undcr the Emergency Wct- 
land Resources Act o f  1986, cmphasizes conserving 
and restoring vvetlands. The N orth  American W atcr- 
fowl M anagem ent Flan, a jo in t aẹreement and trcaty 
bctween thc U nited  States and Canada, ălso calls for 
rcstoring tbrnicr watcrfow] habitat. The N orth  
American Wctlands Conscrvation Act cstablishes a 
Wctland Trust Fund, authorizes appropriations of$15 
million annually over 1991 — 1994, and establishcs thc 
N orth  American Wctlands Conservation Council to 
approve wetland restoration projects. Anothcr step 
on the road to “ no net loss” occurrcd in N o r th  Da- 
kota. T he Garrison Diversion projecc was the subject 
o f  a com prom ise between the State o f  N orth  Dakota, 
thc C O E , and environmcntal íỊroups that had been 
delaying the prọịect. Thesc partics agrced to a reduced 
project it' N o r th  Dakota, am ong  other conditions, 
adoptcd a “ no net loss” o f  wetlands program.

The dircct antcccdent o f  “ no nct loss” at the Fedcral 
lcvcl was thc National Wetland Policy Forum. Q u o t-  
ing from thcir report:

A lth o u tỊ h  c a llin iỊ  fo r  a s ta b lc  a n d  c v c n tu a ! ly  in c r e a s in g  

inventory of vvetlands, thc goal does not iir.ply that indi- 
v id u a l  w c t la n d s  vvill in  e v e r y  in s ia n c c  b c  m í o u c h a b l e  o r  
th a t th c  n o - n c t - lo s s  S tan d ard  s h o u ld  b c  A p p lied  OI1 an  

inđividiiLil pcrniit basis— onlv that the nation’s o v e r a l l  
w c t la n d s  b a s c  rea ch  c q u il ib r iu m  b c t \v c c n  lo i s e s  a n d  g a i l is



in  th e  s h o r t  ru n  a n d  in c r e a s c  111 th e  lo n g  tc r m . T h e  p u b lic

m u s t  s lia r c  vvith  th c  p r iv a tc  s c c to r  th c  c o s t  o f  r e s t o r i n i ;
a n d  c r c a t in i' v v c t la n d s  to  a c h ic v c  t li is  lỊoa l.

The “ no net loss” goal mcans rcstrictinẹ; landovvn- 
crs’ propcrty rights to protcct a continucd strcam o f  
public goods trom  the resources. A tundamental issue 
raiscd by a no nct loss policy is thc appropriate balance 
betwccn thc retỊulatory and conipensatory mcasurcs. 
The public belicves hindanicntal propcrty ri^hts are 
im portant and also values the public a;oods produccd 
by natural resourccs in private ovvnership. Socicty 
necds to balance thcsc conAicting valucs and choosc 
bctwecn or com binc regulation and compcnsation to 
achicvc that balancc.

T hcrc is also an issue ot conscrvation vcrsus rcstora- 
tion. Should society put rclativcly morc cttort into 
conscrvine; L-xisting wetland rcsourccs than rcstoriiiíT 
vvetlands that liavc prcviouslv been converted? On a 
purc etíìciency basis, conscrvation avoids addine; the 
cost of restoration 011 top o f  thc oriiỊÍnal costs o f  
convcrting the vvetland. The National Wctland Policy 
Forum  and President Bush stated cliat conservation 
will not be cnough. Unavoidable vvctlands losses VVi 1 ] 
occur for ovcrriding public purposcs. Hovv do wc 
niakc up tor thosc unavoidablc losscs? The only way 
is soinc form o f  a vvetland rcstoration or crcation 
program . In the United States, vvetlanđ conservation 
and restoration havc been accomplishcd voluntarily, 
in rcsponse to a grovving array o f  positive inccntives 
providcd by conservation protỊrams, and undcr re- 
quiremcnts ot rcgulatory and quasi-rcgulatory pro- 
grams. Policics atTccting agricưltural wctlands havc 
been cvolving for m orc  than 200 ycars.

B. Evolution of Agricultural Wetland Policy
For thc tìrst 200 years o f  U .S. history, thc Fcdcral 
G overnm ent approved ot' and assisted with wctland 
drainagc to tu r ther  public Health and cconomic dcvcl- 
op m cn t  lỊoals. Bctwccn 1849 and 1860, the Sw am p- 
land Acts (Ịrantcd 64.9 million acres o f  w edands to 
15 States. Grants wcre madc on the condition that 
procccds ot wctlands sold to indiviđuals be uscd for 
rcclamation projects. For thc first 70 years o f  this 
ccntury, U S D A  had a policy OẺ dircct íìnancial and 
tcchnical assistance to thc farm com inunity  for \vet- 
land dra im ge. Flood control, navi^atioii, stream 
channclizatiơn, and highvvay prọịccts also contributcd 
to atỊricultural drainaiỊc bv providing dnùnagc outlets. 
W hilc  Feđcral aid was no t sololy rcsponsiblc  tb r  w et-  
land drainaiĩc, it did provide positive economic incen- 
tives.

Most direct inccntivcs endeii in tlic ] 97 Os tor a 
varicty ot rcasons, culminatỉiiiỊ in Exccutivc O rdcr  
11990 issucd in 1977. This ordercd aiỊcncies o f  the 
Fcdcral G overnm ent to . . niinimizc the dcstruc- 
tion, loss or đegradation o f  wctlands . . and to 

. . a v o id  d ircc t  and  in d irec t  su p p o r t  o t  11CW c o n -  
struction in vvetlanđs whcrcver tlicrc is a practicablc 
alternative . . Indircct Fcdcral assistance tor w ct- 
land convcrsion in au;riculture was eliminated by the 
so-called “ sw am pbustcr” provision ot thc 1985 FSA 
and changes in thc 1986 Tax Retbrm Act. The svvamp- 
buster provision was a quasi-regulatory policy that 
niade a farm opcrator incligiblc for price support pay- 
ments, tarm stora^e facilitv loans, crop insurance, 
disastcr payments, and insurcd or guaranteed loans 
for any year in which an annual crop was plantcd on 
converted wetlands. Tax rctbrm  restrictcd or elimi- 
natcd mnny provisions that indirectly subsidized ag- 
ricultural wctland convcrsion. A m ong  thcse were de- 
ductions for land clearing cxpcnscs, dcductions for 
soil and vvater conservation cxpcnses, and preferential 
t r ca tm e n t  of Capital gains, includintỊ Capital gains rcal- 
izcd trom  draining vvctlands.

Further changes to atỊriciiltural wetland policy werc 
also iiHÌudcd in thc 1990 Food, Agriculturc, Conscr- 
vation, and Tradc Act (FACTA). O n e  im portant 
chans*e closcd a loopholc in the sw am pbuster  provi- 
sion. Aíter 1985, produccrs w ho convcrtcd a wctland 
and plantcd an acỊricultural com m odity  lost farm pro- 
lỊram bcnctìrs OII thcir ciitirc operation. Hovvever, 
cligibility tor beneíits was retained tor any year in 
vvhich 110 crop requiriníỊ annual tillage was planted 
dcspítc wetland destruction. The 1990 FA CTA  cx- 
pands the svvampbustcr “ triggcr” to include conver- 
sion of a vvetland to makc production possible. C o n -  
verting a wctland to make production possible 
invokes loss ofbeneíits and benefits cannot be restored 
until thc convcrted wctland is restored.

In rcturn for this change, coinm odity  interests ob- 
taincd somc conccssions on svvampbuster. The ìnini- 
mal effcct clause, vvhich exempts conversions that are 
detcrmined to have minimal effect on thc hydroloíỊÍcal 
and biological propcrtics o f  the wctland, was cx- 
panded to allow mitiỉỊation. Miti^ation is thc term 
tor wetland restoration or crcation at anothcr sitc to 
rcplace wctlands lost to dcvelopmcnt. In thc changcs 
to swanipbustcr, a íarmer can drain a vvetland vvithout 
losinẹ; tarm  proiỊram bcnctìts i f  anothcr prior con- 
vcrtcd vvctland som cwhcrc else on thc farm or in the 
local arca is restorcd.

Farm lỊroups also convinccd C ongrtss  to chantỊC 
the so-calleci "d rop  dcad” penalty in the swam pbuster



provision, The prcvious pcnalty mcant loss ofall tarni 
program bcnehts, cven for smaỉl wctland convcr- 
sions. The new  graduatcd pcnalty provision allovvs 
an operator to violate swampbustcr once in 10 years 
if the wetland is restored and if the conversion oc- 
curred  in g o o d  íaith. The pcnalty  raniỊCS t ro m  $750 
to SI0,000, depcnding on the scvcrity o f  wetland de- 
struction. While substantial, these fìnes arc lcss than 
tarm program benefits which may run to scveral hun- 
drcd thousand dollars. The opcrator remains incliíỊÍ- 
blc for farni program bcncfits until the converted 
wetland is either restored or mitigatcd.

Agricultural vvctland policy has turned from subsi- 
dizint* conversion o f  vvetlanđs for agricultural L1SC to 
elimination oí direct and indirect subsidics íor conver- 
sion. The next step in the evolution o f  policy is tovvard 
positivc incentives for wctland protcction and rcstora- 
tion, somc o f  which wcre passcd in the 1990 FACTA.

c. Federal Wetland Regulation
Historically, Congrcss crcatcd financial inccntivcs in 
agricultural programs to compensate tarincrs tor 
changes in the bundle o f  propcrty rights that they can 
cxcrcisc OI1 their lancỉ. Sonic vicw thc swampbustcr 
provision as regulatory. In fact, it is a cundition OI1 
receipt o f  beneíìts in a voluntary program, albeit onc 
that many íarmers vicw as neccssary to their economic 
survival. Many States have wctlanci rcụ;ulations that 
liniit vvhat can bc done to drain or aỉter thesc lands. 
The only Fcdcral program  regulating wetland convcr- 
sion was and remains Section 404 drcdgc and fĩll per- 
mit requiremcnts cnactcd in the 1972 Fcderal Pollu- 
tion Control Act amendments. Section 404 evolved 
to deal primarily with marine and estuarine wetlands 
associated with navigablc vvaters. The C O E  adminis- 
tcrs Section 404 with ovcrsight by EPA. Scction 404 
pcrmits are justified undcr thc lcgal authority to lim.it 
discharge o f  dredge and fill material into navigable 
waters. This justification is dcrived from a loníỊ- 
recognizcd Fcdcral jurisdiction over navigation. 
However, Section 404’s bark is worsc than its bitc. 
In 1990, o f  morc than 15,000 individual permits, 67% 
were approved, 30% were withdravvn by applicants 
or processcd as general pcrmits, and only 3% , or 500 
pcrmits, were dcnicd. An cstimated 75,000 activitics 
were also allovved undcr One o f  37 C O E  retỊÍonal or 
nationwidc general permits, includiruỊ most a^ricul- 
tural activitics.

In the past, drainagc vvas cxcludcd troni Scction 
404 requircments. Thus, the protỊram has not atìectcd 
agriculture to any cxtcnt because most 011-tarm con-

version involvcs draina^e rathcr than dredẹe and fill. 
In addition, “ N orm al ag;riculcural and silvicultural 
practiccs . . . SLich as I iia intcnancc ot'  drainaiỊC 
ditchcs and lcvccs, have bccn cxempt trom  Section 
404 perniit rcquiremcms. Section 404 rcgulations ex- 
em pt m ost routinc agricultural practices. Bctvveen 
1972 and 1987, these exem ptions and a general reluc- 
tance by the C O E  to trcat land clcared for a^ricultural 
production as wetlands mcant that Section 404 had 
littlc iinpact on atỊriculture except \vhere extensive 
n ew  convcrsion was occurrintỊ.

Hovvever, aftcr the “ no net loss” goal and the 1989 
manual, opposition to niorc aggressivc tìeld imple- 
m entation o f  Fedcral vvetlaiids policies by farmers, 
dcvelopcrs, and sniall landholdcrs was being cx- 
presscd to ConíỊrcss and at hitỊỈicr levels in the Bush 
Administration. An E P A /C O E  rctỊulatory guidance 
lctter and niorc rcccnt rcíỊularions issucd in 1993 tur- 
thcr cxcmptcd tarm land convertcd prior to 1985, con- 
sistcnt with thc scopc o f  U S l)A 's  swam pbustcr pro- 
gram. Nevcrthclcss, chaníỊes in levees, dikes, and 
drainaíỊC on a larger am oim t o f  tarmland still classiíied 
as \vctlands and previously ignored 110W come under 
Section 404’s purvievv. M ost normal agricultural ac- 
tivitics arc allowcd to continuc under 404 scrutiny, 
but conversion o f  wetlands to atỊricultural usc and 
conversion ot \vctlands uscđ tor atỊricultural produc- 
tion to m ore dcveloped uscs requires a Section 4Ơ4 
pcrmit.

N onc o f  thesc ctTorts to m odcrate thc new policies 
occurred soon cnoiit^h or w cnt tar enout;h to heađ o tf  
rapidly coalcscing opposition. Bolstercd by succcsstul 
cases in the Claims C ourt  o f  thc United States and 
the prospcct ot a conservative majority in the Supreme 
C ourt,  p roperty  rights interests targetcd wetland reg- 
ulation as an opening vvedẹc in rollinc; back all kinds 
o f  rca;ulation designed to protnotc  the gcncral welfare, 
unlcss compcnsation is provided to landowners. Wet- 
land retỊulation vvas attacked as a “ taking” w ithout 
compensation, proscribed under the Fitth A m end- 
nient to the Constitution.

Reprcsentatives Hayes and Ridge introduced regu- 
latory rc torm  lcgislation which addrcsscd vvctland de- 
lineation, ditĩcrcntial re^ulatory  rcsponscs for differ- 
ent categories o f  vvetlands, and compensation for 
wctlands m ost sevcrcly rcgulatcd. Environmcntalists 
responded w ith  the Edwards Bill (Table VII). Aftcr 
protractcd internal bickcriniỊ, the Bush Administra- 
tion responded with a plan ỉ'or accclcrated regulatory 
retorm issucd on Au^ust 9, 1991, follo\ved shortly 
by the proposcd 1991 intcratỊcncy vvctland delineation 
manual. a substantial revision ot the 1989 manual.



Little prơgress \vas mađe in implementing the Bush 
plan prior to thc 1992 Presidential clcction.

The Clinton Ađministration m ovcd quicklv, desie;- 
natiniỊ an intcraíỊcncy task torce led bv the new Whitc 
Housc DtTicc on Environm ental Policy to cratt 
thcir ovvn wctland rciỊulatory retbrm packagc. On 
Auu;ust 24, 1993, thc Administration rclcascd a plan 
that proposcd thc followiníỊ. First, the Clinton Ad- 
ministration promiscd to cmbracc the 1988 National 
Wetland Policy F o ru m ’s I^oal o f  no nct loss o f  wct- 
lands bv issuing an Exccutive Ordcr. Second, thc 
tairness, Aexibility, and spccd o f  thc Section 404 per- 
mit proccss would be incrcascd by cstablishing a 
90-day deadline tor most permit issuances, issuing 
tỊuidance to subjcct lcss valuable wctlands with lcss 
vitỊorous permit rcvievv for small prọịccts and limited 
impacts, and establishinụ; an ađministrative appeals 
proccss for C O E  pcrmit dccisions. Third, ditTcrences 
over wctland dclincation vvere resolved by coníìrming 
ust' of the 1987 dclincation manual pcnding complc- 
tion and review of the NA S study, giviníí U S D A ’s 
Soil Conservation Service lcacỉ rcsponsibility for iden- 
t i íy ing  w ctlands on  aiỊricultural land, and  exemptinụ; 
53 million acrcs o f  prior convertcd cropland from 
both swam pbustcr and Scction 404 rcquirements. Ad- 
ditional wctland protcction was promised by closing 
a loopholc that allowed wetland destruction through 
drainaíỊC and cxcavation  tha t  d id  n o t  involvc drcdgc  
and fill. Inccntives wcre promised íor State, tribal, and 
local íỊovernments to engage in watershcd planning 
to avoid contìicts bctween vvetland protection and 
developmcnt. Finally, thc Administration promiscd 
to support wctland restoration by incrcasing funding  
for USDA Wctland Rcservc Program  (WRP), sup- 
porting voluntary, nonregulatory  rcstoration pro- 
grams, and cndorsing use o f  mitiíỊation banks.

The Clinton wctland plan consists of a mix o f  im- 
mcdiatc and long-term  admimstrative actions and lcg- 
islativc proposals. The C O E  and EPA issued tĩnal 
regulations cxcmptiniỊ prior convcrted cropland and 
extenđintĩ the scope o f  rcgulated activities to include 
drainaiỊC and excavation , rcqu ired  as part o f th e  settlc- 
m c n t  o f  a succcsstul law su it  by  the N ational  Wildlife 
Fcderation. They also issucd re^ulatory guidancc on 
Acxibilitv in pcrmit revicw and joined with U SD A  
and Interior on a statement o f  principles regarding 
vvctland delmcation on agricultural lands. A 11CW Ex- 
ccutivc O rd c r  cmbracing the no net loss goal, adm in- 
istrativc appeals, permit deadlincs, and mitigation 
banking will rcquire turther w ork. Much o f  thc Ad- 
m inistration's plan is cncompasscd in Scnate Bill 1304, 
m troduccd by Senators Baucus and Chatce as part o f

w ork  on reauthorization ot’ the Clean Watcr Act and 
incorporatcd into Scnatc Bill 1114.

AíỊcncics dealiniỊ vvith vvetlands arc tnorc optimistic 
that problems surrounding; Fcdcnil wctland protec- 
tion havc bccn successtully addrcssed by the Clinton 
A dm inistra tion’s plan than at any time in thc reccnt 
past. After stymiciní* proíỊrcss on Clcan Watcr Act 
rcauthorization in the 102nd ConíỊrcss, compromises 
also secm vvithin rcach in the 103rd Congress.

D. Positive Conservation Programs
Whilc rcgulatory and quasi-rcgulatory agricultural 
wctlanđ protection policics wcrc evolving, thcrc wcrc 
program s đesigned to gi vu posứive incentives to con- 
serve wetlands on private lands. U S D A ’s Water Bank 
proụram  was authorizcd in 1970 and amcndcd a dc- 
cade latcr. In rcturn for annual pcr-acre payments, 
landowncrs agrce not to burn, drain, hll or otherwise 
dcstroy the character ot enrolleđ wetland areas for 10 
years. Additional cost-shariní* payments arc available 
tor installation ot conscrvation practices designcd to 
maintam vcgctativc covcr, control crosion, iniprovc 
habitat, conscrvc surfacc water, or nianagc bot- 
tom land hardwoods.

Agreemcnts have becn effectcd in 15 states, but 
thc program has concentratcd in the Prairie Pothole 
rcgion. Sonic 4,400 agrecments have been contracted 
covering almost 500,000 acrcs o f  land at an avcragc 
rcntal cost OÍS15 pcr acrc. O nly  onc-third o f  the land 
under Water Bank aqrccments is wctland, whilc the 
remaining two-thirds is ađjacent upland area on which 
agricultural usc is rcstricted to protect wetland valucs, 
such as waterfowl nesting.

In 1989, Conscrvation Reservc Program (CRP) eli- 
e;ibility was expanded to include wetland that had 
bccn cropped for at least 2 years betvveen 1981 and 
1985, but had not bccn draincd. A bout 410,000 acrcs 
wcre enrolled in 1989, most in the Prairie Pothole 
rcgion o f  N orth  Dakota, South Dakota, and M in
nesota.

U nđer the Small Wetland Acquisition program, 
FWS can cither purchase a wetland and the sur- 
rounding upland acreagc outright, or cnter into a per- 
m anent easemcnt aỉỊrccment rcstricting wctland use. 
Com pcnsation is made on a one-time basis with  the 
paym cnt varyiníỊ accordine; to land values in the im- 
mcdiatc arca and thc dcvclopment potcntial o f  thc 
wctlands. Pcrmancnt cascmcnts on about 126,000 
acrcs ot wctlands and ađịacent areas inciuded in N a
tional Watcrtowl Production Arcas and retiiges be-
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tween 1981 and 1988 avcragcd $279 pcr acre, whilc 
purchases avcratỊcd $800 pcr acrc.

An agricultural wctland reservc was established as 
part o f  thc 1990 FACTA. The Act callcd for rcstora- 
tion o f  onc million acrcs o f  cropland to wctlands. 
The W RF rcquires pcrmanent or long-tcrm easemcnts 
with thc landowner to restrict agricultural usc o f  re- 
stored vvetlanđ. Eli^ibility cxtcnds to cxisting 
croppcd wetlands, restorablc wetlands, other non- 
cropped wctlands (such as Watcr Bank lands), riparian 
corridors, and critical vvildlitc habitat. Adjacent crop- 
land tliat may be used as a buffer zonc or is tunction- 
ally relatcd to thc restorcd wctland is also cligiblc. 
Economic uscs o f  thc rcstored wctlands can be in- 
cludcd in thc rcstoration plan that will hclp rcducc 
the cost of acquiring cascments, if  those uscs arc not 
incompatiblc with thc Basic objective o f  preservine; 
thc wctland. Costs ot such a rcscrve arc to ìnclude 
the cascmcnt valuc, which cannot excccd thc market 
valuc oí thc land, and rcstoration cost sharing for 
the actual rcstoration of up to 100% for pcrmancnt 
cascnicnts. A total o f5 5 .6  million acres o f  cropland 
convcrtcd from formcr wetlands is elit^ible for WRP, 
which should make the 1-million acre tar^et casy to 
achievc.

Initial WR1J cnrollmcnts in 1992 vvere restricted to 
nine pilot states. Ovvners o f  more than 462,000 acres 
cxprcssed interest in WRF and almost 250,000 acres 
were offered íor enrollment by produccrs, from 
which U SDA selected 49,888 acres at a cost for ease- 
ments and rcstoration o f  $46.4 million. Despite the 
largc rcsponse to the pilot WRP program, Congress 
provided 110 additional funding toward thc 1 million 
acre goal in FY 1993, prom pting fears that the pro- 
gram would not bc pursucd. Howcver, S67 million 
was providcd for 1994 to cnroll an additional 75,000 
acrcs. In addition, moncy from thc 860 million pro- 
videcỉ for cmcrgcncy flood rclief in thc Midwcst can 
be uscd to cnroll land in WRF vvhen thc cost o f  rc- 
building lcvccs and ditches is too I^reat. Presidcnt 
Clinton s 1995 budget contains $283 rmllion for WRP.

A niorc comprehensivc vvctland restoration effort 
is envisioncd 111 thc 1992 rcport o f  an NAS pancl oti 
restoration of aquatic ccosystems. Considcring the 
scienđíìc and technical tcasibility o f  wctland restora- 
tion, thc NAS pancl rccommcndcd an ambitious goal 
of rc^tonng wetlands at a rate that offscts tuturc losscs 
and rcsults in a net I*ain o f  10 million acrcs o f  w etlands

by 2010, an am ount cqual Co ]()% oflosses since 1780. 
The report contains num erous rccommendations to 
ìmplcnient this goal, including an interagency, inter- 
governmental plannitiíỊ process tor a national aquatic 
ecosystcm restoration strategy, a unified agency to 
carry out the plan, enhanccment o f  cxisting Federal 
programs to facilitate rcstoration, and establishment 
o f  a National Aquatic Ecosystem Restoration Trust 
Fund.

A final sourcc oíincreased wctland restoration 1S the 
mitiíỊation bankiní^ provision in the 1990 Intermodal 
Surfacc Transportation EtTicicncy Act (ISTEA). 
Whilc State h ighway departm cnts prcviously estab- 
lishcd nnti^ation banks to compensatc for unavoid- 
ablc wctland conversion in thc path o fn c w  highways, 
this provision is the íìrst to allow Federal hií^hway 
monics to fuiad miti£;ation banks earlv in thc design 
phasc. If carctully iniplcmentcd, this provision will 
lct wetlands be restoređ, crcated, or cnhanced long 
in advance to m orc than offset projccted losscs, re- 
sulting in net gains o f  wetlanđ acrcage, oíten on for- 
mcr agricultural land. speciíìc wctland restoracion 
projccts, like the dechannelization of Florida’s Kis- 
simmcc Rivcr, are also included in new  authoritics o f  
the C O E  contained 111 the Water Resources Devclop- 
mcnt Act o f  1990.
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Glossary
C u l t iv a r  Currcntly  or prcviously cultivatcd (corn- 
mercially i;rown) variety
F„ F is an abbreviation for tìlial generation which is 
any generation aftcr the parcnt gcneration and “ti” is 
the num her of lỊenerations attcr the parent gencration 
(e.g., Ft is the sccond generation aftcr the parent gcn- 
eration)
G e n o m e  Basic (tnonoploid) set o f  chrom osom es in 
a progcnitor specics; polyploid spccies have multíple 
gcnomes
G e n o ty p e  Tocal genetic constitution o f  an organism 
Phenotype Total obscrvable charactcristics o f  an or- 
ganism

icat breeding can be dcscribed as human-made 
cvolution of whcat to serve hum anity . Wheat breed- 
i n g  is  b o t h  t h c  S c ie n c e  a n d  a r t  o f g e n e t i c a l l y  i m p r o v i n g  

vvheat by creating genetic variation, inbreeding to 
create variants, selection o f  superior variants, and 
evaluating the selections undcr natural conditions. Its 
íỊoal is new  cultivars chat are superior to existing culti- 
vars tor at least one im portan t trait.

I. The Biology and Uses of Wheat

The GỊcnetics and breeding ot any crop arc detcrmined 
by its bioloííy. Cultivated whcats arc predom inantly

tw o species, namely, bread or com m on whcat ( T riti- 
cum acstivum  L.) and duruni vvheat ( T .  durum  L.). 
C o m m o n  wheat is the more predom inant wheat and 
is classiíìed by its physical characteristics and end uses. 
Hard com m on wheats arc used to make brcads and 
rolls. Soft com nion  vvheats are used to makc cookies, 
cakcs, and crackers. D urum  whcat is used mainly to 
rnakc pasta and scmolina products. Hard, soft, and 
đurum  wheats can bc harvcstcd for íorage and their 
stravv used tor animal fced or bcdding. Hence, wheat 
can be developcd for sophisticated baking processes 
o r  for total biomass as is required in a productive 
forage crop. [See Whi-:at P ro cess in g  a n d  U t i l i -  
z a t io n . j

Both cultivated wheat species are allopolyploids. 
C o m m o n  whcat is a hcxaploid (2n = 6 x  =  42 chro- 
mosomcs) and has three genomes (designatcd 
AABBI^)D). D urum  vvhcat is a tetraploid (2n =  
4x =  28 chromosomes) and has tw o  genomes (desig- 
natcd AABB). Diploid (2II = 2 x  =  14 chrom o- 
somcs) Triticum  relativcs are rarcly g row n com m er- 
cially.

Hexaploid and tctraploid whcats evolved by two 
evolutionary processcs. The original progenitor spe- 
cies is not know n, but was a diploid. By divergent 
evolution, it evolvcd into num crous diploid species 
including T . monococcum, T . tauschii, barlcy (H ordeum  
vulgarè), and rye (Secaìe cereale). The second evolu- 
tionary process was convergent evolution in which by 
natural hybridization and spontaneous chrom osom e 
doubling, polyploid spccies wcrc formed. For exam- 
ple, T . monococcum  (thc A genome donor) hybridizcd 
w ith  an unknovvn Triticum  species (the B genom e 
donor) to form T . dicoccoides, the proíỊenitor o f  durum  
wheat, gcnomic constitution AABB. A second hy- 
bridization occurred betwccn T . dicoccoides and T .  
tauschii (the D genom e donor) to form com m on 
whcat, gcnomic constitution A A B B D D

T he tw o cvolutionary proccsses havc tw o  notable 
effects. First, diver^ent evolution grcatly increased
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thc mcnetic divcrsity within vvhcat and its rclativcs. 
As discusscd latcr, gcnctic diversity is critical tor plant 
b r c c d i n g .  A l s o ,  t h c  c f f c c t i v c  11SC o f  g e n c t íc  d i v c r s i t y  

h a s  m a d c  v v h c a t  t h c  m o s t  w i d c ] y  í Ị r o v v n  c c r c a l  in  t h c  

world and it has the highcst total íỊrain production. 
Second, convergent cvolution iỊreatly increascd iỊC- 
nctic redundancy (havinỉí mưltiplc iỊenescodc tor sim- 
ílar proteins or nucleic acid polymers th.1 t arc involvcd 
in a process) within wheat. As discussed later, gcnctic 
rcdundancy allovvs chromosomai manipulations and 
brceding stratcgics that are not possible in diploid 
c r o p s .  E v o i . u t i o n  o i  D o m e s t i c a t k d  P l a n t s . Ị  

Uoth com m on and durum  vvhcat aro naturally self- 
pollinatiniỊ. T w o  other propaí*ation mecliaiiisms arc 
c o m m o n  in plants, cross-pollination  and ascxual re- 
production. The mcchanism o f  rcproduction is im- 
portant bccausc it lariỊcly determines thc breediniĩ 
nictliođs that arc uscd. In sclf-pollinatcd crops, it is 
ottcn đifficult CO make a cross betwccn tw o different 
plants, but it is very easy to all«w the plants to inbrccd 
by selíìng. Sclf-po]linatcd crops arc usually markctcd 
as purc-lines (synonymous with inbrcd linc). In cross- 
pollitiatcd crops (e.g., corn), it is very casy to makc 
a cross, but then can bc very laborious to inbreed thc 
progcny. Cross-pollinatcd crops arc usually markcted 
as hybrids or opcn pollinatcd populations or synthct- 
ics (the parents arc sclcctcd and allovvcd to random 
matc, the progeny sccd is sold as thc synthctic). Thcrc 
art’ many torms o f  ascxual reproduction includini' 
fraiỊinentation (c.íỊ., cuttinụ;s, tubcrs) and apomixis, 
but all are a tồrm o f  cloninu; (makiníỊ an idcntical 
copy o í  thc original plant). In clonintỊ, it is difficult 
to introducc 11CVV traits, but i t  is vcry casy to maintain 
thc cxisting plant and its traits.

II. Phases of a Wheat 
Breeding Program

All breeding proíỊrams ha ve lì ve main pliascs: (1) dc- 
íìning the problcm and scttiniỊ the objective, (2) iden- 
tifyina; and inco rpora t ing  usctul lỊcnctic varia tion,
(3) inbrccdiiiíí and selection anioní* thc resultant vari- 
ants, (4) cvaluation ot sclectcd clite lincs, and (5) culti- 
var release. Evcry phase is critical to thc ovcrall S1 1 C- 
ccss o f  thc brccdinLỊ cffort. W hcat is i>rown in vvidclv 
dilĩcrinạ; cnvironments vvith ditTcrent discases and in— 
scct pests and has a multitudc ot uses. Hencc, idcnti- 
tv ing the p rob lem  and setrintỊ thc objectivc is the 
startiiiiỊ point tbr all \vheat brccding ctTorts. It donc 
poorly, the brccdinu; ctYort vvill incvitably be U11SUC-

cessti.ll. Witli thc divcrsity ot wheat tỊrowintỊ environ- 
mcnts and uscs, Ít should be o f  littlc surprise that 
the tỊcrmplasm uscd, brecding m ethods, and rclcasc 
proccdures  vvill also d i t ĩc r  iỊrcatly. ịảVí’ C ultivar D e- 
vhlopment ; P i a n t  G hnetic  E n h a n c e m e n t . I

III. Identifying and Incorporating 
Useful Germplasm

Once the brecdinsỊ objcctivc is determined, thc ncxt 
stcp is to tìnd iỊcrmplasm that has the trait o f  intcrcst 
and dctcrniinc how  it is inherited. For our purposcs, 
inlieritance can bc dcíĩncd as how  closcly do thc prog- 
eny resemble the parents. Thcre are thrce typcs o f  
phcnotypic traits. Traits that havc discrcte classcs arc 
knovvn as qualitativc traits. Examplcs ot' qualitativc 
traits include sccd color and most discasc and pcst 
rcsistances. Qnalitativc traits arc controllcd by rcla- 
tively tevv mạjor genes (genes that have distinguish- 
ablc ctfccts). Traits vvithout distinct classcs, but hav- 
ing cominuous variation, are k n ow n  as quantitative 
traits. Examplcs ot a quantitative trait arc grain and 
forage yielđ. Quanticativc traits are controllcd by 
niany IỊCI1CS, havc cuniulative (but not distinguish- 
ablc) ctTccts that arc otten grcatly modified by the 
enviroiinicnt. The tinal class o t traits arc those that 
rcscmblc quantitativc traits in that they exhibit contin- 
uous variation but in this casc thc variation is đue to 
thc environm ent and not duc to gcnctics. For thesc 
traits thcre is no useful iỊenetic variation or all o f  
the know n gcnetic variation has alrcady been uscd to 
improvc whcat. An cxam ple o f  a trait vvith littlc uscíul 
(Ịcnctic variation is resistancc to wheat streak mosaic 
virus. An cxamplc o f  a trait whcrc most or all ot the 
íỊcnctic variation has already becn used to improve 
whcat is vvinterharđincss, the abilicy ot wintcr vvheat 
to survivc the wmter. Atter initial gains in winterhar- 
diness, littlc proiỊrcss has bcen made. Fortunately, thc 
last lỊroup ot traịts is rarc. Wherc thcrc is 110 useíul 
gcnctic variation or all o f  thc genctic variation has 
bcen previously used, whcat brceding w;ll be ineíTec- 
tivc. Ị.Sff P lant  G enetic  R esources; P lant G enetic  
R e s o u r c e  C o n s e r v a t i o n  a n d  U t i l i z a h o n . |

In vvhcat, thc niain m cthod  o f  introducing gcnctic 
variation is by scxual hybridization (crossinẹ; tw o  or 
niorc ditĩercnt iỊdiotypcs). Bccausc w heit  is naturally 
sclt-pollinated, the tcmalc plant is hand ernasculatcd 
and subscqucntlv tcrtilizod by pollcn tr )in thc malc 
plant. Most crosses are bctxvccn piirc-Imcs (S X  T, 
\\ herc s and T  arc piirc-lines, the cross is knovvn as



a singlc cross) o r  betvveen thc F,s o f  pure-lines |(S 
X T) X u ,  whcrc u  is also a pure-linc, the cross is 

know n as a thrcc-way cross; or (S X T) X (U X V) 
vvherc V is also a purc-linc, thc cross is kno\vn as 
a four-way or doublc crossỊ. Whcn purc-lines arc 
crosscd, all thc íỊametes from s  will bc identical to 
cach other, as will the gametes tro 111 T. Hence, each 
F, sccd ot thc singlc cross should bc gcnctically ìđenti- 
cal. If the purc-lines are no t completcly purc  (how 
this can occur vvill be discusscd later), care m ust be 
takcn to cross a num ber  ot' ranđom  plants vvithin s 
to a nunibcr oí lincs within T  to accurately rcpresent 
s  and T. The  situation becomes considerably niorc 
complex in thrcc-way and doublc crosscs. Using the 
threc-way cross as an examplc, the í>amctes from  (S 

X T) vvill scgregate for the traits thát s  and T  ditTer. 
The  gamctcs from u  should all bc idcntical. Hencc, 
to accuratcly rcprescnt the thrcc-way cross. (S X T) 

X u ,  cnough thrcc-way cross Fị sccd should be 
madc to rcprcsent tlic variation bctwccn s  and T. 
Obviously, cvcn m orc F| seed is rcquircd in doublc 
crosses vvhcrc the sccd must reprcscnt the vanation 
betwccn s  and T, and betvvecn u  and V, and with 
the cross combination. For this reason, m ost whcat 
brccdcrs usc single or thrce-way crosscs.

Wich thc rđatively reccnt discoverics o f  tỊcnctic 
malc stcrility and o f  chcmicals that causc male stcrility 
by damaging thc pollcn in wheat anthers, it is possiblc 
to dcvelop in whoat populations similar to those in 
cross-pollinatcd crops. Hovvever, ncithcr gcnctically 
or chemically induced nialc stcrilitv is vvidcly uscd 
and it rcniains to bc sccn if  population im provctnent 
will bc' succcssful in whcat.

If sexual hybridization is the predom inant m cthod  
o f  increasing genctic variation within brecding popu-  
lations, thc critical qucstion is h o w  to sclcct parents 
having thc dcsircd traits. Thcre  arc thrcc im portan t 
ÍỊCMC pools available to wheat brccdcrs. T h e  most 
important and com m only  used tỊcnc pool iucludes 
lincs from thc brccding p rogram  or from other brced- 
iiiíỊ program s in arcas o f  similar climate, diseases, 
insccts, and with similar cnd use. This gcne pool vvill 
includc vvhcat lines from neighboring areas, bu t will 
also include lincs from similar climatic regions that 
may bc separatcd by large distanccs. For example, 
the wheats of Turkcy  and the countries to its nortli 
havc provided thc genctic foundation for whcat in 
thc u .  s. Great Plains. Even today, whcats arc ex- 
chaníỊcd and readily uscd in breedinií p ro^ram s in 
both r c í Ị Ío n s .  The reason for conccntratiniĩ on this 
u;enc pool is that plant breedintỊ requircs the accunuila- 
tion ot Iiiany lỊcnes tor ndaptation, diseasc and pcst

rcsistiincc. and cnd usc quality. By crossiníỊ lincs th. 1 t 
have sinnlar traíts or characteristics, the likclihood 1S 
increased that 111 any ot thc important ÍỊC11CS art' alrcadv 
idcntical or similar betwccn thc tvvo lincs; hencc, thcrc 
\vi]] bc less sciỊrctỊation anioní; the progeny. While it 
may sound contradictory to makc a cross to increase 
the gcnctic variation within a breeding population 
and  then  use as parcnts  lines that m ay  havc m an y  SỊCI1CS 
in com m on, the diỉTicult task taciiiií whcat brecdcrs is 
to im prove vvhcat tor some traits w ithout reducinẹ; 
thc valuc ot 'the other traits. This goal rcquircs build- 
iníí tipon thc alrcady accumulated basc ot beneficia] 
tỊcnes. Also it there is too much variation vvithin the 
breeding population, it becomcs vcry ditTicult to idcn- 
tify supcrior lines amoniỊ avcrage lincs. Exccpt for 
vcry specilĩc traits, vvheat brceders have akvays madc 
m orc  pro^ress by crossiniỊ good lines to good lincs 
than  by  Crossing g ood  lines to p o o r  lincs. In thc latter 
crosscs the lỊenetic variation m ay bc SỊreater, b u t  the 
population mcan is lọvvcr so that thc rcsultiiiiỊ sclcctcd 
lines arc íỊOiicrally poorcr.

The  sccond mạịor gcne pool is thosc lines that arc 
adaptcd Co otlier rcgions, havc discasc or inscct resis- 
tances that may not bc ncccssary to meet the breeding 
objcctivc, or havc ditTcrent cnd use quality. Thcse 
lincs arc highly improved lines, but w ould be consid- 
cred as bcing partially adaptcd or imadaptcd to thc 
targctcd arca tbr the brccding objectivc. Howcvcr, 
these lincs vvill probablv still havc soinc íỊcnes in com- 
nion \vith the adaptcd germplasm; hencc, vvhile intro- 
duciniỊ morc ẹcnctic variation than if  only lin.es from 
thc tìrst í* d u '  pool were uscd, the total variation often 
vvill still be managcable. The population mean vvill 
bc reduced, but the incrcased variation may allow the 
sclcction of supcrior lincs. To  etTectively usc tliis gene 
pool, thret’-way or multiple crosscs are almost cxclu- 
sivcly uscd. The linc from the sccondary íỊcnc pool 
vvill be crossed to an adapted parent and then crosscd 
to the same adaptcd parent or to anothcr adapted 
parcnt. In this way, the thrce-way cross will havc 
thrce-fourths ot its genes from thc adaptcd vvheats and 
only onc-fourth írom an unadaptcd or poor quality 
parent. Additional crosses to adaptcd wheats may bc 
nccded to increase the proportion ot adapted lỊcnes 
in thc proịỊcny ot thc cross.

The  tlnal gcne pool includcs the pro^enitor  spccies 
ot' whcat and thcir relativcs. Bccause conim on and 
duruni wheat arc polyploids and m any o f  the progcni- 
tor species and thcir rclatives arc diploids or polv- 
ploids that inckidc gcnomcs not tbund in cultivatcd 
\vheat, tcw applicd plant brecdcrs work dircctly \vith 
this tỊcnc pool. Hovvcvcr, vvhcat cytoiỊcneticists, sci-



cntists highly skillcd in chromosorne and genom e 
analysis, have made trcmendous contributions to 
wheat improvem ent by transíerring genes from  thc 
wild relatives and incorporatine; thcm into cultivatcd 
whcat. Usually the transferred genes control qualita- 
tive traits because o f  the diffìculties involved in identi- 
fying and maintaining the genetic exprcssion o f  the 
trait in crosses. Fortunatfc']y, becausc wheat is a poly- 
ploid, it is able to tcmporarily tolerate under the ap- 
propriatc conditions, aneuploidy (chromosomc loss 
or gain) and genome loss or gain. O nce  thc genc 
has been incorporated into wheat (usually through 
rcpetitive crosscs ot' the vvhcat relative and its cross 
progeny to adapted wheat parents), brecdcrs can m a- 
nipulate the trait as they vvould any other trait in 
whcat.

Occasionally, increasing genetic variation by in- 
ducing mutations has been attcmptcd, though with 
only moderatc success. Mutation breeding is m orc 
difficult in wheat than in other crops bccause whcat 
is a polyploid; hencc, there are multiple copics o f  
many important gencs. Also somc traits are controlled 
by genc íamilies consisting o f  multiple genes closcly 
linked together. A mutation in onc o f  the gencs will 
not affect the linked genes or genes at other loci, and 
hcncc m ay  no t affect the p lant phcno type .  [See P lant  
G ene M apping ; T ransposable E lements in P lants . |

IV. Inbreeding and Selection

Oncc the obịective has been determined and the cross 
madc, whcat breeders m ust choosc which inbrccding 
and sclcction system (often referrcd to as brecding 
mcthod) they will use. Inbreeding is im portant be- 
causc it lcads to homozygous (purc) lines from a het- 
crozygous cross. Selection is im portant because only 
a very fcw o f  thc honiozygous lines will be supcrior 
and must be sclcctcd. The great majority o f  lines will 
be iníerior and will ncecỉ to be discardcd.

Therc are tw o types o f  selection: natural sclection 
and artificial selection. Natural selecdon is done by 
“nature” and plants that arc not adaptcd to the i»row- 
ing cnvironment pertorm poorly and may bc lost 
from the population. Every whcat breeder chooscs 
the selcction nursery sitc to have an cnvironm ent that 
will incrcase thc bcneficial and minimize the ncgative 
aspects o f  natural selcction. For examplc in vvinter 
whcat breedinsỊ, ứ is com m on that thc selection nurs- 
cry bc in an cnvironment that will cause winter-tender 
lines to die. Artitìcial selecũon is selection done by 
thc whcat breedcr. An cxample ot'artihcial selection

is the breedcr selecting for plant maturitv. Again thc 
wheat breedcr will choose a selection nursery site 
that incrcases his or hcr ability to select. Hovvever, 
artiíicial selection is m ore  tim e and labor consuming 
than natural selection; hencc, wheat breeders try to 
use natural sclection to rid their populations o f  poor 
plant types (culling sclcction) and artiíìcial selection 
to choose the bctter plant types (positivc selection).

The com m on breeding mcthods f'or wheat are:
(1) mass selection, (2) purc-linc breediníỊ, (3) pedigree 
breeding, (4) bulk breeding, (5) single seed descent 
or doubled haploid breedinẹ (thc tw o methods have 
similar objcctivcs and will be discussed together), and
(6) backcross brecdins;. Each inbreeding and selection 
mcthod is dcscribcd in grcat detail in the reíerences 
given in the biblioc;raphy at the end of this articlc. 
In general, thc breeđing m ethods ditter in hovv the 
population inbrecds and how  selection is done. In 
this brief dcscription ot" wheat brecding. the General 
outline o f  each breeding m ethod  will be given. The 
differences betwcen thc m ethods will bc discusscd to 
illustratc why one brccding nicthod is chosen over 
anothcr one. H ow ever, it rmist bc recognized that in 
the hands o f  a skilled whcat breeder, evcry breeding 
m ethod can successíully lead to ncw whcat cultivars. 
Finally, it is rare that any breeding mcthod is used in 
its pure form. In practice, the advantagcs o f  different 
breeding mcthods o íten  are combined.

The mass selection m ethod  was com m only used 
when vvheat was first in troduccd into a new area. The 
procedurc involves í*rowiniỊ a population o f  vvheat 
and sclecting a large nurnber of plants that are pheno- 
typically similar (conversely, discarding a small nuni-  
ber o f  plants that are phenotypically díssimilar from 
the majority o f  plants). The mass sclected population 
is very sitnilar to thc origina] population w ith  the 
cxception o f  the plants that vvere rcmoved and usually 
requires less ficld testing to verify its performance 
which should bc very similar to tbat of the original 
population. O ne  o f  thc best examples of mass selec- 
tion was the in troduction o f  Turkey wheat from T u r-  
key and Crim ea to the Great Plains. o t ĩ - ty p e  plants 
werc discarded and the Grcat Plains Turkey wheat 
was formcd. As wheat is g row n  wide]y :n the world, 
the iniportancc o f  introduced cultivars that are im - 
proved by mass selection has lessencd.

Mass selection currcntly is used when a popular 
cultivar is íỊrovvn in an area on the cdge DÍits adapta- 
tion zone. For cxample, Siouxland. a p tpu la r  winter 
whcat cultivar developed in Nebraska, v/as g ro w n  in 
Texas. Hovvever, in Texas, Siouxland WÌS discovered 
to havc tw o plant types; One requiring a short vernal-
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ization pcriod and one rcquirimỊ a loniỊcr vernalization 
period. In Ncbraska, tlic wintcrs arc sutTicicntlv lon Lí 
that both typcs \vould vernalÌ2e. Howcver, in thc 
mildcr \vintcrs o f  Texas, occasionallv only the plant 
typc requiring a shorter vcrnalization period would 
veriia]izc. The Texas wheat breedcrs sclcctcd, usinụ; 
niass sclection, tlic plant typcs neciiiníỊ a short vernal- 
ization period and rcleascd Siouxland 89 vvhich \vas 
better adaptcd to Texas growiníỊ conditions than thc 
oriiỊÌnal Siouxland. Probably thc grcatcst use o f  mass 
sclcction is to rem ovc variants (off-typc plants) troni 
a rclcased cultivar, thus niaintaininíỊ its puritv.

A second brccdiniỊ method  is the pure-line breeding 
nicthod. In this m cthod, a num ber  ofindivi:dual plants 
wcrc sclcctcd from an iiitroduced cultivar. The  proi*- 
eny ot the individual plants arc £Ịrown in rcnvs and 
the bcst rows sclected. Finallv the bcst row s vvould 
be íỊrovvn in replicatcd yicld trials to deternnne vvhich 
sclcction is bcst. As opposed to mass sclection which 
maintains mnny o f  the attributcs o f  thc original popu- 
lation, a pure-linc dcrived trom  an introduced cultivar 
is dcrived trom a sintĩlc plant, and hcncc can be ditTer- 
cnt trom  tlic cultivar. Purc-linos reqưirc hcld testing 
to vcrity their períormancc. As mentioued pre- 
viously, tho importance o f  introduced cultivars has 
lesscncd and witli it the im portance ot' the pure-line 
brccdiniỊ mcthod. It is currently used as an alternativc 
to niass sclcction for im proving  an exisciiiíỊ cultivar. 
As vvill bc discusscd later, m any m odcrn  CLiltivars are 
hetero^eneous (variablc) for some traits. T o  im prove 
the miitbrmity o f  the cultivar, plant brecdcrs can usc 
cithcr mass sclcction or pure-linc brccdiiitỊ mctliods 
depcndiniỊ upon w hcther they wish to kccp som e ot 
o r  rem ove the hetcrogcneitv.

Both mass selection and pure-line breeding involve 
selection within cxisting populations, usually culti- 
vars. Hovvcver, populations m ust be creatcd for new 
brecdinẹ; progrcss to occur. Four brccding m ethods 
(pcđigree, bulk, single secd descent and cỉoublcd hap- 
loidy, and backcrossiníỊ) begin vvith thc proíỊeny o f  
a cross (thc new population). The four m ethods ditTer 
predoniinantly  on the typc o f  selcction and w hcn it 
occurs, thoutỊh backcrossing involvcs a different 
Crossing procedure.

In the pcdigree rnethod, thc whcat breeder selects 
plants in the populations and thc progenv (the next 
S Ịc n c ra t io n )  ot that plant arc ợ o w n  in a progeny row  
(the pro^eny row  is also kn o w n  as a “ family” ). In 
the next iỊeneration, plants a^ain arc sclcctcd from 
thc berter proQỊCiiy rows and thcir sced is planted 
tho tollinvinu. season as pro tỊd iy  rows. This proccss 
(solcct pl.mts. plant seed as prosỊcny rows, and sclect

bcst plants in bcst ro\vs) of artihcial and natural selcc- 
tion cominues until tlicrc is littlc st’t;rcgation vvithin 
the proíỊdiy rovv and selection niust bc made solcly 
am ong rows. Tlic am ount ot segregation within a 
row  depends upon how  ìnany tỊcncrations of inbrced- 
intỊ have occurrcd and hovv succcsstul the brceder has 
becn in sclcctintỊ for plicnotypic uniformity. Usually 
hvc to six tỊcncrations ot soltìnỉỊ and selection are 
ncedcd to obtain uniform lines. In cvery selcctcd line 
thcrc will bc some heterozygosity vvhich vvith íurthcr 
inbrceding will beconie heteroqeneity within the line. 
The earlier sclcction cnds, the greater thc heterozy- 
lỊOSity and eventual hctcro^eneity. Because selection 
occurs cvcry season and carefi.ll records must be taken 
on the sclcctcd proe;cnv rovvs and the plants, thc pcdi- 
tỊrce methođ is resource and labor intcnsivc. The main 
advantaiỊC o f  the method is the intormation obtained 
by consecutivc selcction and notetakina;. The progeny 
row  vvill indicatc the íỊcnctic basis o f  the traits that 
are bciníỊ sclcctcd.

Also in naturc, it is rare that all o f  the traits that a 
brccdcr vvishcs to observe occur in the samc scason. 
For cxaniple, niany diseases requirc high humidity 
or rain for inícction. However, sclcction for drought 
tolerance requires low humidity and low rainíall. 
Hcnce, it would bc very diíĩìcult to sclcct for disease 
rcsistance and droiight tolerance concurrcntly using 
the sa me brccding sitc. O f  coursc thc vvhcat breeder 
could separatc the sced and plant the progeny in 
discase- and drought-pronc cnvironmcnts, but this 
w ould đouble the size o f  the breeding nurserics and 
bc evcn niore labor and resource intcnsivc. If one 
maĩn brecding nursery is used for selection, it is possi- 
ble that duriní; the eourse o f  a cultivar selcction at 
that sitc, that some seasons may be suitable for high 
diseasc infection allovving selection for rcsistance 
vvhilc othcr seasons may be suitable for sclecting for 
d rought tolerance. Cumulatively the vvheat breeder 
can deterniinc a cultivar’s discasc rcsistance and 
drought tolerance. The pedigrec m cthod  is still very 
c om m on  today tor wheat breeding, though it was 
probably m orc popular w hcn vvheat breeding was less 
mcchanized and morc labor intensive.

In the bulk breedinq method, the wheat breeder 
plants the progcny o f  a cross in bulk at the selection 
mirsery. The bulk is harvested and a portion o f  the 
bulk seed is plantcd thc following year. This proccss 
(plantiníỊ and harvesting as a bulk) is rcpeatcd until 
thc population is considered to contain a mixture o f  
prcdominantlv hom ozygous lincs. While the plants 
arc grovviní* ' n a bulk, natural sclection and plant to 
plant competition occur which are normally beneíì-



cial. Whcn sem i-dwarf wheats (thc grccn rcvolution 
whcats) wcrc first developcd there was a concern with 
the bulk brccding methods that the tall whcat progeny 
o f  a tall w h ca t  X s e m i-d w a r f  w hea t  cross vvould bc 
morc competitive and shadc the sein i-dwarf proíỊeny. 
Whilc this may occur, the relatively few gencrations 
o f  planting and harvestiiiíT as a bulk did not eliniinatc 
sem i-dw arf  plants from the population. Hcncc, vvheat 
brecders wcre able to sclcct scm i-dw arf  vvheats trom 
thc population evcn if  they vverc at a lower perccntagc 
than might havc bcen expected if no sclection or com- 
pctition occurrcd. As in the pcdigrce brecdiniỊ 
method, thc num bcr o f  gencrations ot sclfin&; it re- 
quires to obtain a mixturc o f  prcdominantly liomozy- 
gous plants dcpcnds on thc num bcr o f  íỊcnes sec;n_'í?at- 
ing in thc cross and the dcsircd lcvel o f  phenotypic 
unitormity. Usually hve to six ỄỊcnerations ot sclhntr 
arc considcrcd amplc. T he kcy to thc bulk brccding 
mcthod is that whcat plants arc sclf-pollinatcd so even 
plants that g row  ncar cach othcr gencrally do not 
outcross (lcss than 6% and usually lcss than 1%). 
Whcn the population consists o f  predoniinantly ho-  
rnozygous plants, thc wheat brceder sclccts the plants 
and sows thcir progcny as progeny rovvs. Selcction 
is usually donc am ong rows as the parcnt plants werc 
predominantly homozyí!;oiis so there sliould be littlc 
variation within the row. If  variation within thc proiỊ- 
cny row is founđ, che brccdcr can discard thc row  or 
sclcct plants vvithin thc ro w  and p lant 11CW p ro ^ c n y  
rows which should be more un ifo rm . The inain dif- 
ícrcnccs betwccn the bulk and peđigrcc brceding 
mcthods arc (1) thc bulk rclies almost cxclusively on 
natural sclcction in the early generations ot' selíinẹ, 
and (2) the bulk rcquires very littlc rccord kecping 
(simply the parcnts o f  the cross and the generation o f  
sclfing). With thc case o f  plot planting and mcchanical 
harvcst, thc bulk m ethod is very popular, particularly 
in wintcr whcat brceding whcre thcrc is usually only 
one  gencration pcr ycar.

Singlc seed dcscent and doublcd haploidy are vcry 
similar to each othcr, but vcry different from the other 
brceding methods. Single secd descent and doubled 
haploidy both attcmpt to rapidly inbrccd vvithout nat- 
Liral or artiíicial selcction. Sin^lc secd desccnt brecding 
is done by startiiiíỊ vvith a largc num ber o f  F2 plants 
and harvcstiiHỊ a sirií^lc sced from  cach plant. T he 
sccd is plantcd and at maturity ae;ain a single sccd is 
harvcsted from thc plant. Tliis proccss (harvesting 
and plantiníỊ single secd f rom  each plaut)  continues 
until plants that arc prcdoininantlv homozytỊous arc 
d c v c lo p e d  (u su a l ly  t ĩv c  to  s ix  g e n e r a t io n s  o f  se lt ĩn íỊ) .  
In this proccdurc, no sdection is normallv donc,

thouíỊh the original plants may be selectcd for im - 
portant qualitative traits betore beginning the proccss.

In doubled haploid breedine;, the gamcte from a 
hcterozye;ous plant is manipulated to form  a haploid 
plant. In whcat, the m ost com m on  m ethod is anther 
culture. In anthcr culturc, thc anthcrs o f  a wheat plant 
are culturcd 011 mcdia that allow the im m ature  pollen 
íỊrain (knovvn as a microspore) to form a haploid 
plant. T he chrom osom es ot the haploid plant are dou- 
blcd spontancouslv or throưsỊh the usc o f  chcmicals 
such as colchicinc which inhibit spindlc íormation. 
The doublcd haploid plant is complctely hom ozygous 
and a pure-line. In both siníỊle seed descent and dou- 
blcd haploid brccdine; thc sccd trom the predom i- 
nantly or totally hom ozygous plants are harvcsted 
and íỊrovvn in progenv rows. T he selection will bc 
am ong rows as there will bc vcrv little w ith in-row  
variation.

The advantage ot both singlc sccd dcscent and dou- 
blcd haploid brccding is the speed vvith which hom o- 
zygous lines are dcvcloped. Bccausc tliere is littlc or 
no sclection, plants can be íírown in unrcpresentativc 
conditions such as f»reenhouse-s or tỊrowth chambers. 
By usiníỊ thesc í»rowiníỊ environments, singlc sccd 
desccnt can producc predominantly hom ozygous 
spring wheat lincs w ithin 2 years (six generations; 
approximately 4 m onths  pcr tỊCiieration). Wintcr 
whcats arc m ore  ditVicult to use in single seed desccnt 
bccausc they requirc vcrnalization which adds an addi- 
tional 6 vveeks pcr íỊcncration. Donbled haploids can 
produce hom ozygous lines vvithin a ycar. As thc dou- 
blcd haploid process is complcted in onc generation, 
it is less scnsitivc to vernalization requiremcnts and 
more attractivc to vvintcr wheat brecdcrs. T hough 
selcction is critical to successtul wheat brceding, the 
abilíty to producc lincs in the absence o í  selection can 
also bc bcneficial. Largc international wheat breeding 
ctTorts, such as thosc at the international centers, have 
thc responsibilitv o f  breedinụ; for divcrsc ecogeo- 
srraphic arcas. The main brccding center m ay not rcp- 
resent the tare;etcd arcas elsewhere in the world; 
hencệ, it w ould  be better to dcvelop lines w ithout 
selcction than to devclop lincs that \vcre selectcd in a 
nontarẹcted arca.

The tìnal brecdintỊ m cthod  is know n as backcross 
breedintỊ m ethod  and in m any ways is One typc o f  a 
crossinsỊ p roccdurc .  B ackcross  brecdine; is used  w h en  
an adaptcd vvhcat cultivar needs to be improved in 
OI1C or a í'ew traits. Atter a nermplasm line is ìdentiíìed 
that has the desircd trait or traits. the lỊCrniplasm linc 
(knowi) as the donor parcnt) is crossed to the adapted 
parcnt (knovvn as thc recurrcnt parcnt). T he  Fj sced
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is p lantcd  and  the plants arc crosscd  atỊaĩn to the  recur-  
rcnt parcnt to produce backcross seed. The Crossing 
proccss contimics vvhere thc cross progeny arc crosscd 
to thc rccurrcnt parcnt. The cross proiỊcny are 
screcned to r  thc trait or traits and only those having 
thc trait or traits are used in thc íollowintỊ crosscs. 
Tliis procedure maintains the trait(s) ot ìntcrest whilc 
graciually rcmoving thc o thcr traits o f  the donor  par- 
cnt. The cnd result o f  the backcross brceding method 
is an improvcci cultivar that is very similar to thc 
rccurrent parent bu t vvith the extra desircd trait or 
traits troni thc donor parcnt. Backcrossin^ is One ot 
the most predictable brecding methods. This is both 
an advantai^e and a disadvantagc. The advantaiỊt' is 
thc predictability vvhich is unusual in plant breeding. 
The disađvantage is thc conservative naturc o f  the 
proccdure in that it oíten rcquircs hve to six cross 
gcncrations, scrcening at most backcross gcnerations, 
and at thc ctid of the process the dcsircd trait may bc 
linkcd to a dclctcrious trait or the rccurrent parcnt 
may no longer be an im portant cultivar due to niore 
reccnt relcases. O ne  o f  the rcasons \vhv thcre is littlc 
im provcm ent for whcat streak niosaic virus resistance 
is that thc (Ịcncs incorporated from wild vvheat rela- 
tivcs arc linkcd to đeleterious genes that rcduce the 
yicld or quality o f  the crop m ore  than the diseasc. 
Backcrossing is used cxtensively vvhcn the đ onor  par- 
ent is from the unadapted o r  wild rdativc  genc pool. 
It is also cxtensively used whcn a break through  in 
yicld is made and additỉonal traits 111 List be added to 
incrcmcntally im prove the whcat cultivar.

w hca t  breedcrs chosc their brecding m cthod  by 
their breediniỊ objectivc. For cxamplc i f  only onc or 
a fcw traits need im provcm cnt, backcrossing can be 
uscd. If a num bcr  ot traits nced to be im proved  and 
labor is inexpcnsive, then the peđi^ree m ethod  may 
bc chosen. If a num ber  o f  traits need to be im proved, 
labor is expcnsivc, but mechanical plantcrs and har- 
vcstcrs arc availablc, thc bulk m ethod  may bc chosen. 
When vvorking with crosses involvini* vcry high 
yieldiniỊ lincs where carly gcneration selection may 
be ineffectivc, then it may be better to rapidly inbrecd 
using sintĩlc secd descent o r  doublcd haploidy and 
then select am ong the pure lines.

As mcntioncd prcviously, it is rarc that a singlc 
brccdini; mcthod is uscd exclusivcly in the develop- 
m cnt ot a wheat cultivar. For cxample, a spring wheat 
brccdcr m ây make a cross and then use the peđigrce 
brccding mcthod for tw o  or three gencrations to  sclcct 
tor casilv measured traits (for example maturity, dis- 
case or itisecr rcsistancc, plant heiiỊht). M orc điíĩicult 
to  m casurc  traits arc m o re  challeniỊÌnụ to sclcct tồr

in early íỊcnerations. Hcncc, a sprini' whcat brccdcr 
may advance the sclcctcd lincs by single sccd dcsccnt 
tor tw o  gencnuions durinu; the otYscason (the season 
vvhen thc crop is normally not grow n in thc tìeld in 
his or hcr tariỊet arca) and then evaluatc thc hom ozy-  
í*ous lincs for thesc traits (yield, cnd use quality) in 
thc followiniỊ brcedintỊ season. By usmự both  thc 
pedi^rcc and single secd dcsccnt method, thc whcat 
brecdcr vvas ablc to selcct the mạjor genes carly in 
tho proíỊram, rapidly move throuẹ;h the gencrations 
vvhere selcction vvould be less ctTcctivc, and then thor- 
oughly evaluate thc homozyíỊous lines. In winter 
whcat, thc brceder m iqht grow  his F7 and F, genera- 
cions in bulk at a location that usually has a harsh 
winter, thns letting naturc kill the w inter tender types. 
lt is bcst to use natural sclcction for winter survival 
becausc it is very diftìcult to simulate a harsh vvinter 
in a controllcd environment. Also, cvcry w intcr is 
ditTcrcnt; hciicc, multiplc selcction cnvironm cnts are 
prcícrrcd. Wintcrhardiness is controllcd by recessive 
o;cncs; hence, sclcction can quickly and eíìectively 
rcm ove thc vvinter-tender types. The  brccder may 
then use peđiiỊrec selection for One or tw o  additional 
gcnerations to selcct for mạjor gcncs.

In this briet' discussion o f  inbrccding and selection 
mcthods, the traits being sclccted havc not been dis- 
cussed in detail. Therc is a pattcrn or hicrarchy to 
sclcction. ín carly gcncrations, wlicat breeders selcct 
for craits tliat are highly hcritable and distinguishable. 
The traits vvould incluđe discase and inscct rcsistances, 
plant hcii*ht and morpholoíỊy, plant maturity , and 
p la n t  ụ ;row th  hab it  ( sp r in g  o r  vvintcr fo r  w i n t c r  w h c a t ,  
vvintcr survival). Duc to the num ber  ot lincs in a 
typical whcat breeding program, most ot thc carly 
EỊenenition sclcctions arc đone visually 111 environ- 
mcnts that havc high incidences, naturally or with 
artiíìcial inoculation, ot discases or insects, ctc., that 
allow the brcedcr to sclect thc plants having thc traits 
o f  intercst. In thc early generations, a whcat brccdcr 
may have 2,000,000 or more plants and can sclcct 
am ong 40,000 to 100,000 progeny rows.

As inbrceding incrcases and the lincs become more 
hom ozy^ous, the breeder is ablc to bctter see what 
thc hnished cultivar could bc. At this time, the wheat 
brccdor has many fewer lincs and begins co select 
fòr quantitativc traits or traits that are ditTicult or 
expensive to assay. Obviously  the m ost im portant 
quantitative trait is grain yield or for arcas where 
vvhcat is used as a íoraiỊe. toragc yicld. Howcver, 
otlicr im portan t traits includc end-usc quality and 
other tỊrain characteristics. In addition, many qualita- 
tivc traits are modificd by m inor t»cncs that arc niost



casily selected in latcr generations. Whcat brccders 
would select hrst for grain yield and once thcy havc 
selected thc acceptable g ro u p  o f  lines, w o u ld  then 
begin the evaluation for end-use qualitv vvhich is a 
more cxpensive and limiting assav.

Sclcction for cnd-usc qualitv is extremely im- 
portant for wheat bcing uscd as a food grain. Each 
end use has its 0W11 charactcristics and nccds, and 
hence its ow n selection techniqucs. The tcchniques 
will vary with thc am ount o ísced  available, the 1111111- 
bcr oflincs that nccd to bc tcstcd, and the importancc 
o f  the lines. For cxamplc, ÍI1 hard whcats useđ for 
brcad, the first quality tcst could bc determining pro- 
tein content to climinatc lincs that are too low in 
protein (less than 12.5%) to producc a tỊOođ loat' ot 
bread. Thousands o f  lines can be assayed inexpen- 
sively tor protcin content. As the num ber o f  lincs are 
rcduccd, the lincs could be rated using a mixograph 
vvhich mcasurcs somc o f  thc bread douí*h propcrties 
and estimates protcin quality (as opposcd to protcin 
quantity). The mixograph assay rcquires 1(J g offlour; 
hencc, each sample must be micromilled betbre it can 
be assayed. As the micromilling and mixograph assay 
both require more time and grain than the protein 
content assay, they are usually donc only 011 more 
advanced lincs. After íurthcr selection, fcwcr ad- 
vanccd l in e s  will be milled and bakcd into loavcs o f  
bread. For this rating procedurc, ottcn 1000 g o f  grain 
is needed and tw o loaves arc bakcd. Most brceding 
protỉỊrams đo not have 1000 s* ofgrain  o tbreeding  lines 
until later íỊcnerations and would usually evaluate by 
baking a lo a fo f  bread only for 100-200 highly sclccted 
lines. As a line is considered for relcase, it may be 
cvaluated by commcrcial niillcrs and bakcrs to see 
how  it performs in their various baking proccsses. 
Often fewer than 20 lines pcr year arc cvaluatcd com- 
mercially prior to release as commcrcial whcat cul- 
tivars.

Similar to thc hierarchy o f  end-use quality assays, 
there is onc for most other traits. For examplc, in 
early generations it may be casy to artitìđally inocu- 
late wheat plants for leaf (Puccinia recondita), stripe (P. 
striiỷormis), or stem (P. ạramìnis) rust vvhich can be 
readily cvaluatcd visually. In later gcnerations when 
thcre arc fcwer lincs, diseases that are more diíTicult 
to cvaluatc, such as root rots or  som c viral discases, 
may be undertakcn.

From the above description, it should be clcar that 
m ost wheat breeding programs be^in with litcrally 
thousands oflincs. By selection, the lincs arc ^radually 
rcduceđ to very fcw that may be released. In the initial 
stages oí selcction, most lines arc sclected visually or

by using vcry inexpcnsive and quick assavs. As the 
num bcr ot lines arc rcduced and niore is know n about 
them, m ore  complicated and expensive assays are 
u s e d  ( i . c . ,  r ep l ic a te d  y i e ld  tr ials,  d i se a sc  and  in sec t  
screening, end-usc quality). T he  very best breeding 
programs may release one new  cultivar a ycar.

V. Evaluation

The tìnal proccss ot selcction is extensive evaluation 
ot promisiníỊ cxpcrimental lines. The purposc ot cval- 
uation nurseries is to dcterm ine the areas ot adaptation 
o t 'a  new line. Whcat is che m ost widcly grown crop 
in the \vorld and it is im portan t  that produccrs know  
wherc new  cultivars should  and should not bc grovvn. 
Hencc, thc cvaluation nurseries should represent the 
diverse g row ìng  cọnditiotis tliat may be tound witliin 
the region tor which thc whcat brccdiniỊ prograni is 
attempting to produce new  cultivars. As cpposed to 
selection nurscries which a t tem pt to magnify ditYer- 
enccs am on^ lines so as to m ake selection easicr, eval- 
uation nurscries a ttem pt co vcry accurately and pre- 
cisely dctermine how  a line will pcrtorm under 
normal conditions.

The evaluation trials will ìnvolve replicated ficld 
trials and ottcn c o m p lcx  statistics to dctcrmine which 
lincs arc similar and which are dirterent. The nurserics 
will use Standard p roccdu rcs  o r  chose that are believed 
to bc possible in the íuture  tor land preparation, plant- 
ing, and harvesting. As it is unlikely that all ot thc 
possible environm ents will be represented in one year, 
wheat brccders otten collaborate in testing advanccd 
lines in rcgional or internatiotial yicld trials. For exam - 
ple, wheat experimental lities devclopcd in Texas may 
be tested in Ncbraska to niore tully evaluate thcir 
wintcrhardiness or lines devclopcd in Nebraska may 
be tested in Kansas wherc thcre is greater incidencc 
o f  soil bornc viruses and leaf rust than in Ncbraska.

By the time an experimenta] line is released, it is 
not unusual tor it to  be evaluateđ t'or more than 6 
years Í11 multiplc locations in a region and have data 
trom  over 100 replicated breeding trials. Even with  
all ot these data, it is co m m o n  for new ir.tormation 
to be obtaineđ aftcr che cultivar is released.

VI. The Decision to Release a 
Wheat Cultivar

The íỊcneral practicc for dctcrm ining whe:her an ex- 
perimental linc should bc rcleased is that it m ust be



supcrior  to  alrcadv rclcased cultivars tor ar least onc  
important trair. Otten thc supcriority is tor vicld as 
that is thc p r im a ry  d e tc rm in a n t  ot crop valuc. H o w -  
cvcr, im p ro v e d  discasc or inscct rcsistancc or  supc r io r  
stress to lerancc o r  end-use  quality  also m ay  bc thc 
dccidinu; tactors for rclcasine; a cultivar.

In so m c  countrics ,  particularly  E uropean  countrics ,  
therc arc national cultivar relcasc boards tha t de te r -  
mine i f  an cxpcnm cntal li ne should bc relcascd. This  
is o t tcn  bascd on  national yield trials and end-use  
quality  cvaluation . In the U n i te d  States, the niain 
vvhcat brecdinu; protỊrams arc at land-íỊrant universi-  
tics and comnicrcial companics. The land-grant U11Í- 
vcrsitics havc iỊencrally acccptcd proccdurcs  for culti-  
var rclcasc and cach un ivers i ty  wi]] dccide i f  an 
experimental litic dcvclopcd by thc university should 
be rclcased. For com m ercia]  brccd ing  pros^rams, thc 
dccision to rclcase a cultivar will bc madc jo in tly  bv 
thcir rescarch and marketinụ; tcams. Thcrc is no na- 
tional w hca t board  in thc  U n i te d  States tha t  dc tc r -  
niincs if  an cxpcrimenta] linc can be rclcascd as a 
cultivar.

As thcrc  arc íỊreat dilTerences am oniỊ  coun tr ics  for 
relcasc procedures, thcrc arc also vvidcly diíterina; laws 
retỊulating the sale and shipment o f  secd. The strictcst 
lavvs for sccd sales arc in Europc whcrc niost whcat 
brccdcrs arc citTiliated w ith  conim crcia l com pan ie s  and  
whcrc nevv sccd is purchascd annually hy the grovvers. 
In the  U n ited  States, vvhcat cultivars m a y  be p ro tec ted  
by thc Plant Variety Protection Act. This law is im - 
po r tan t  bccausc it allovvs thc vvheat b rccdcr  and his 
or her brccdins? insdtution to rcquirc that the sccd bc 
sold by  n am c  and as a class o f  ccrtificd secd. T h e  
ccrtificd sced classes arc íounda t ion ,  rcgis tcred ,  and 
ccrtiíied seed.

VII. Wheat Seed in the Marketplace

Grain  is thc c o m m o n  tc rm  for w hcat sccd tha t  1 S sold 
for making Products or feedinsỊ to animals. T h e tcrm 
whcat sced is usually used only for sced that will bẹ 
plantcd . W hcn  a w hea t  b rceder  dc tcrm ines  tha t  an 
advanced line has potcntia l to  be relcased as a cultivar,  
hc or  shc beiỊÍns increasiniỊ the secd. T h is  sced 1S 
k n o w n  as b r e e d c r s  s c c d  a nd  1S u s u a l ly  le s s  than  
100 kíỊ. Brecdcr secd should be thc purest sced. 
T h e  b rccdcr sccd is uscd to p ro d u ce  fou n d a t io n  
secd. Foundation sccd is the purcst com m ercial secd  
and is used to  p roduce  reiỊÍstered sccd. R egiste ređ  
sccd 1S used to p ro d u cc  cc r t ihed  sccd w h ich  1S the  
c o n m io n ly  so ld  secd purcliascd hy thc ta rm cr .  Each

tn n c  the sccd is planteđ, be tw ccn  40 and 6U tinios 
n io rc  sced is harvostcd. Hencc, tron i thc 100 ktỊ ot 
b rccdcr  sccd, 4000 to 6000 kt!, o f  foundation  sced can 
bc p ro d u ced  vvhich in turn can p roducc  16U,(.)()() to
360.000 kí* o f  reiĩistcrcd secd which in turn can pro- 
ducc 6,400,000 to 21,600,000 kí; of certihed  sced. T h e
21.600.000 kt; o f  sccd took  4 ycars to p roduce  and 
\Vi 1 ] plant bctxvcen 200,000 and 400,000 ha vvhich 
vvould represent 15 to 30% o f  the w hca t hcctarae;c in 
N cbraska .  Hcncc, no t only  docs it take 7 o r  m o re  
vcars to đevelop a sprin^  w hea t cultivar and 10 to 12 
years to devclop a w in te r  vvheat cultivar, it takes 4 
years to p roducc  cnouẹ;h secd to havc a com m crcia l  
im pact.  T o  shor tcn  this timc, n ios t  brecders incrcasc 
a n u m b e r  o f  lines every  year in hopcs that One vvill 
be cventually  relcased.

VIII. The Future of Wheat Breeding

As describcd, vvhcat brcedina; has fivc phascs: ctetìniníỊ 
an objective, iđentiíyimỊ and inco rpo ra t ing  useíul gc- 
netic variation, inbrcediniỊ and sclccting amonẹ; the 
variants, evaluatiniỊ the selected lines, and rcleasing a 
new  cultivar. N e w  tcchnoloiỊÍcs will changc w hca t  
brecdinụ; i f  they can atìect OI1C ot thcsc hve  proccsses. 
G enctic  engm cering , the transícr  o f  a gcnc(s) from  OI1C 
oriỊanism  to ano ther  o r  the same o rgan ism  w ith o u t  
haviniỊ sc.xual hybrid ization ,  has thc potcntial to 
lỊreatly cxpand  the gern ip lasm  availablc to w hca t 
brccdcrs. Litcrally the com plc tc  b iosphcre  bccom es 
the qenc pool tor w hca t brccding. Similarly, thc abil- 
ity to  m od ify  lỊcncs, changc h o w  they arc reíỊulated, 
or  changc  the a m o u n t  o f  p ro d u c t  they  m akc  will ex-  
pand  the gcnc pool.

Sclection will bc aidcd by  ìm p ro v c d  gcnetic assays 
such as rcstriction f ragm cn t length  p o ly m o rp h ism s  
or  isozyrncs that are tigh t ly  linkcd to  the tỊencs of 
intcrcst. Already, a very  quick  isozym e assay 1S used 
to  iden tiíy  a rcsistance genc for a roo t  rottino; íungus.  
T es t ing  plants for resistance to thc íungus  is very  
im prccisc as wcll ;is being  very  t im e and  labor con-  
sum ing .  Selection will also be aided by  im p ro v c d  
statistical tcchniqucs to de tc rm ine  diftercnces and 
similaritics am o n g  lincs and by  bct ter  abilities to s tore 
and retricvc prcv ious in to rm a tio n .  Statistics is One 
o f  the  ĩounda tions  ot' p lant b rccd in^  and m ip ro v e đ  
co m p u te rs  and sof tw arc  will greatly  im p ro v c  b reed-  
ìng eff iđency . T h e  alrcady m c n tioncd  doub led  hap -  
loid m c th o d s  havc p rom isc  in speeđine; the ìnb rced inẹ  
proccss. H o w cv cr ,  cvaluation  procedurcs  and the đe- 
cision proccss to rclcase a cultivar  will p robab ly  no t



chantỊC. To d eterm inc  h o w  an advanccd lmc p e r ío rm s  
in a rcíỊÍon, it must bo adequately testcd Í11 that rcíỊÌon 
bctore it can bc relcascd as a ncvv cultivar.
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Wheat Processing and Utilization
Y. P O M E R A N Z, Washington State University

I. Wheat Milling
II. Breadmaking

III. Soft Wheat Products
IV. Extrusion Products
V. Industrial Uses

Glossary
B r e a d m a k i n g  Conversion o f  vvhcat flour into ycast-  
lcavcncd brcad in a straight douiỊli, spon^c and 
dous^h, or liquid fermentation proccss 
E x t r u s io n  p rocess  Process o f  convcrsion o f  cercal 
Products into pasta, instant and intant toods, brcakfast 
toods. pet toods, fceds, and ccrcals for industrial uscs 
F lo u r  f r a c t io n a t io n  Scparation o f  vvheat Hoiir 
into protxin-rich and starch-rich íractions by air- 
classiíìcation IbllovviniỊ pin milliniỊ 
In d u s t r ia l  p r o d u c t s  Usc o f  ccrcal íỊrains or tlicir 
tractions into materials tbr chcmical base matcrials, 
m odihed  products, or encrqy sourccs  
W h e a t  m i l l i n g  Proccss o f  convcrtiníỊ whcat into 
niillcd products: flour, shorts, bran, and £Ịcrm

T his articlc revievvs various aspccts o f  vvhcat pro- 
cessini* and utilization: Includcd arc whcat milling  
(rollcr niillĩnẹ,; sclcction, blendinu;, and clcaning; con-  
ditionme;: brcakiniỊ, sicvinsr, and puriíìcation; reduc- 
tion milliníí; fiour íỊradcs and yiclds, and íraction-  
ation); brcadmaki»£Ị (thc rolc o f  flour; additives and 
ternicntation); soft vvheat products (cookies and 
crackers; cakes; and douíỊhnuts); cxtrusion Products 
(pasta and cxtrusion cookiníỊ); and ìndustrial uscs.

I. Wheat Milling

M o s t  h .11 v c s r c d  v v h c a t  is  p r o c e s s e d  t o r  t o o d .  T h e  m a in  

usc út \vlie.u to r  tood is thc m a n u tac tu re  ot Hour for

makinỉỊ brcad, biscuits, pastrv products, andscmolina  
and tarina for alimcntary pastes. A small portion is 
convcrted into breaktast ccrcals. Industrial uscs o f  
vvheat includc the manuíacturc o f  malt, potable spir- 
Ìts, starch, í^lutcn, pastcs, and core binders. Some  
vvheat flour (niainly low-tỊrade clcars) is used to inan-  
utacturc whcat starch as a by-product o f  viablc (tunc-  
tionally 111 bread makina;) ẹ;lutcn. The glutcn is uscd  
to supplcnicnt Hour protcins in spccialty bakcd e;oođs 
(hambur^ei- buns, hot-dog  buns, hearth-type brcads, 
spccialty breads, etc.) and as a raw matcrial íor the 
nianufat:ture ot m onosod iuni glutamatc, which is 
uscd to acccntuatc the Havors ot toods. Som e lo w -  
lỊradc Aours are used in the manuíacture of pastcs for 
bookbindinu; and paper han^ing, in the manuhicture 
ot p ly w o o d  adhcsivcs, and in iron toundrics as a core 
b i n d e r  111 t h e  p r e p a r a t i o n  o f  rnolds for casti iiíỊS.

In whcat and flour teclmolotỊy, the terni "quality” 
dcnotcs the suitability o f  thc matcrial for som c partic- 
ular end usc. It has no rctcrencc to nutritional attri- 
butcs. Thus, the high-protcm hard vvhcat flour 1S of 
íỊoođ brcad-makintỊ quality but 1S infcrior to soft 
whcat Aours tor chemically lcavened products such 
as biscuits, cakcs, and pastry.

T he millcr dcsires a whcat that mills easily and 
ST1VCS a his;h flour yícld. Whcat kerncls should bc 
plump and uniíòrm lv largc for ready scparation o f  
forcii»n matcrials w ithout unduc loss o f  millablc 
wheat. The vvheat should produce a hiíỊh yield of 
flour vvith im x im u m  and clcan separation troni the 
bran and tỊertn w ithout excessivc consum ption of 
power. [SíT W iie a t  G ene tic s  a n d  Bkehding.Ị

A. Roller Milling—General

In the production o f  white flour, the objective 1S to 
separatc the starchy cndospcrm ot the íỊrain tròm thc 
b r a n  a n d  t Ị c r i n .  T h e  s e p a r a t e d  e n d o s p c r m  1S p u l v e r -  

izcd. A partial scparation ot thc starchy enđosperm



1S possiblc because its phvsical propcrties ditTer trom 
those o f  thc íìbrous pericarp and oilv germ. Bran is 
tough bccause o í i t s  high fiber content, but the starchy 
endospcrm is íriablc. The íỊerm, becausc ot its hitỊh 
oil content, Aakcs when passcd betvvccn sm ooth  rolls. 
In addition, thc partides froni various parts ot thc 
wheat kcrnel diffcr 111 dcnsitv. This makes thcir sepa- 
ration possible by using air currents. The ditfercnces 
111 triability o f  thc bran and thc starchy cndospcrm  
arc cnhanccd by wheat conđitionine;, vvhich involvcs  
addine; watcr bcíore vvheat is millcd. The addition o f  
water toughens the bran and mcllcnvs the endospcrm. 
The milling process compriscs a íỊradual rcduction in 
particle sizc, first betwecn corruíỊated brcak rolls and 
later betwecn sm ooth  rcduction rolls. The scparation 
is cmpirical and not quantitativc. The milliiiíí process 
results in the production o f  niany strcams o f  flour 
and oítals that can be conibincd in dittcrcnt vvays to 
produce đifferent í^rades o f  flour.

Wheat flour production involvcs vvheat sclcction 
and blendino;, cleanmg, conditioninẹ;, brcaking, bolt-  
m s,  or sieviniỊ, purification, reduction, and trcatment  
(bleaching, cnrichment, supplementation). An out-  
line o f  the whcat millini' proccss 1S shovvn in Fiy;. 1.

B. Selection, Blending, and Cleaning
The miller inust producc a flour with dchnite charao  
teristics and mcet ccrtain speđíications for a particular 
market. The most critical requircmcnt is maintainina; 
a unitorm product from a product (wheat) that mav  
sh ow  a widc range o f  characteristics and composition.  
Consequently, selection o f  whcats and binniníí ac- 
cording to quality fbr proper blending are cssential 
phases o f  modern millinẹ;.

Wheat contains many impurities that can bc re- 
m oved by specialized machines. Preliminary đeaning  
involves the use o f  sieves, air blasts, and disc separa- 
tors. This is followed by dry scouring in which the 
vvhcat is forccd against a perforated iron castinsỊ by  
beaters fixed to a rapidlv revolving drum. This re- 
m oves foreií*n materials in thc crease o f  the kerncl 
and in the brush hairs. A tew mills arc cquippcd with  
vvashcrs in vvhich thc whcat is scrubbed under a flow-  
i n g  strcam o f  vvater.

c. Conditioning
In this proccss watcr is addeđ and allovved to stand 
to r  up to 24 hr  to secure m a x im u m  touiỊhcninẹ; of 
the bran vvith optim um  mellovviníĩ of the starchv 
cndosperm . T h e  qnan ti ty  of addcd vvatcr incrcases

w ith  dccrcasintỊ moisturc content ot thc wheat, with  
increasiníT v itreousness, and vvith m crcasing p lu m p -  
11CSS. Gcncrally , hard  vvhcats arc te m p c re d  to 15—16% 
moisturc and soft whcats to 14-15%  moisture. In the 
customary conditioninẹ;, the vvheat is scourcd again, 
after it has bccn hcld in the temperina; bins for several 
hours. A second small addition ot'0.5% watcr is made 
about 2 0 -6 0  min bcfore the whcat íỊoes to thc rolls.

D. Breaking
The íirst part o f  thc e;rindin£ process is carried out  
on corruí^ated rolls (break rolls), usually 2 4 - 3 0  in. 
long  and 9 1 1 1 . in diametcr. Each stand has two pairs o f  
rolls, which turn in opposite  dircctions at a ditterential 
spccd ofabot. 1 t 2.5:1. In the hrst brcak rolls therc are 
usually 10-12 corrutỊations per mch. This numbcr  
increases to 2 6 -2 8  corriiíỊations « 1 1  the íitth brcak roll. 
The tìrst brcak rolls are spaceđ so that thc whcat is 
crushed and only 3 sniall quantity o f  vvhitc flour is 
prodnccd. Attcr sieving, the coarsest Iiiatcrial is con-  
vcyed to thc second brcak rolls. The sccond break 
rolls are set a little closcr than the tìrst break rolls so  
that the matcrial is crushcd finer and more cndosperm  
particles arc rclcased. This process ot grinding and 
sittiniỊ is repeated up to six times. The material going  
to cach succeediniỊ brcak contains less and less endo-  
spcrm.

E. Sieving and Purification
AẾtcr cach lỊrindinẹ; step, the crushcd material is con-  
vcycd to a siítcr fittcd with a serics o f  sloping S1CVCS. 
The proccss results in separation o f  thrce classcs o f  
material: (1) coarse fragmcnts, vvhich are fed to the 
next break until on ly  bran remains; (2) flour, or fine 
particlcs, which pass throuí^h the hncst (tiour) sieve; 
and (3) intermcdiate Sịranular particlcs, which arc 
callcd niiddlintỊs.

The miđdlings consist o f  fragments of tndospcrm, 
small picccs ot bran, and releascd embryos. The bran- 
rich matcrial is rem oveđ from thc niiddlings in puri- 
ficrs. Puriticrs also produce a turthcr classification oi  
middlings according to sizc and complcte the work  
o f  thc sittcrs. An upward aư current through the sicve 
draws oft liíỊht material to dust collectors and holds 
hran particlcs on the surtace o f  the m oving middlings  
so that they drift ovcr to the tail ot the s.cvc.

F. Reduction
The puriíìed and classiíìed niiddliiiỉỊs are ííradually 
pulverizcd to tioưr betwccn sm ooth  rcduction rolls.
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F IG U R E  1 M illin^  process o f  fkmr. ịSonrci': W hcat Flour Institute, C hicatỊo.)

which rcvolve at a differential o f  about 1.5:1. The  
spacc bctwcen the rolls is adjusted to thc granulation  
o f  tbc middlings. The endosperm íragmcnts passing 
through thc rolls are reduccd to fincr midđlings and 
flour. The remaininiỊ íĩbrous íragments o f  bran arc 
Aaked or Aattened. Aítcr each reduction step, the rc- 
sulting stock is siíted. These steps are repeated until 
m ost o f  the cndosperm has been converted to flour 
and m ost o f  the bran has bcen rcmovcd as offal by 
thc rcduction sifters.

The em bryos are largcly releascd by the break sys-  
tem and appear as ]cm on-ycl low  particles in som e  
of the coarser middling strcams. The em bryos are 
scparated as flak.es during sievinẹ. Gcrm may be scpa- 
ratcd by gravity also. Previously, all the gcrm was 
nnxcd with the shorts as tccd. Sonic special uses o f  
ỉỊcrm in toods and as a sourcc o f  pharmaceuticals havc 
been developcd.

G. Flour Grades and Yields of Mill Products
Each grindintỊ and sieving operation produccs flour. 
W ith each successive reduction, the flour contains 
m orc pulvcrizcd bran and germ. The flour from the 
last reduction, called “rcd d o g ,” is dark in color and 
high in com ponents originating from the bran and 
e;erm, such as ash, hber, pentosans, lipids, sugars, 
and vitamins. Such flour is m ostly  sold as feed flour.

In a large mill thcrc may be 30 or morc strcams 
that vary wiđely in com position. If all the streams 
arc combined, the product is called straight flour. A 
straight flour cxtraction mcans, gcnerally, a 75%  
flour, because wheat milling yields about 75% white  
flour and about 25% feed products. Frequently, the 
w h itc  streams arc taken o f f  and sold separatcly as 
patent Aours; the remaining streams, vvhich contain  
som e bran and ^erm, are called clear Aours. A diagram  
of Aours and milled teed Products is íỊÍven in Fig. 2.
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Sonic lightcr, clcar Aours arc uscd in blcnds with  
ryc and/or w holc whcat Aours in thc production o f  
spccialty breads. The darker gradcs o f  clear Aours arc 
uscd in thc manutacture o f  ịíluten, starch, rnonoso-  
dium glutamatc, and pct toods.

The plump whcat lỊrain consists o f  about 83% CI1-  

dospcrm, 15% bran, and 2.5% gerni. Thcse thrcc 
structurcs are not scparatcd completely, howcvcr ,  111 
the milling proccss. The yicld o f  total flour rantỊcs 
trom 72 to 75%, and the Aoiir contains littlc bran and 
gcrm. In ordinary míllínẹ; proccsses only about 0.25%  
of th c  gcrin is rccovercd. Bran ranqes from 12 to 16% 
ot thc whcat millcd. The remaining by-products arc 
shorts.

H. Flour Fractionation

Whcat flour produced by conventional rollcr milliníỊ 
contains particles o f  diỉTerent sizes (from 1 to 150 /U,m) 
(Fig. 3). The tìour can be tỊround, pin-milled to avoid  
cxcessive starch damage, to finc particlcs in which  
thc protein is trccd írom thc starch. The pin-millcd  
flour is then passcd throuíỊh an air classificr. A fìne 
traction, madc up o f  partiđes about 40 /um and 
smallcr, ís rem o v eđ  and passcd throuiỊh  a second  air 
classifier. Particlcs ot about 20 jum and smallcr arc 
scparatcd; thcy comprise about 10% o f  the original 
flour and contain Lip to about tw icc thc pro tc in  oí the 
un trac tionateđ  flour. This  hitỊh-protcin  íìour is uscd 
to tortity lovv-protcm brcad Aours or tbr enrichrncnt 
in the production o f  spccialty bakcd ÍỊOOCÌS. A com pa-

rable fraction containing about halí'the protein con-  
tcnt o f  the uníractionateđ flour is also obuinable.

I. Soft Wheat Milling
Soft wheats arc niillcd by thc mcthod oí í^radual re- 
duction, similar to thc m cthod for milliníỊ hard bread 
wheats. Patcnt rtours contaming 7 - 9 %  protcin, 
milled from soft red vvintcr wheats, arc suitable for 
chemically lcavcncd biscuits and hot breadi. Mixturcs  
o f  soft vvheats are uscd to makc Hours for usc in cookic  
and cake making; such Aours usually contam 8% pro-  
tcin or lcss and arc millcd to vcry short patents (about  
30%). Trcatmcnt with heavy dosagcs of  chlorine 
low cr the pH to about 5 .1 —5.3, vvcaken thc íỊluten, 
and íacilitatc the production o f  short pastry.

J. Durum VVheat Milling
In durum  millinạ;, the objectivc is the prc-duction o f  
;i m axim um  yicld o íhiíỊhly purihcd semolina. D u ru m  
whcat milliniỊ involves cleanina; and conditioning oí 
the íỊrain, ]ia;ht grinđine;,  and  extcnsive puriíìcation. 
The clcaning, breakinq;, sizintỊ, and puritying systcms 
arc much more claboratc and cxtensive than in flour 
mills. On thc other hand, thc reduction System is 
shortcr in durum mills, becausc the primarv product  
is rcmovcd and fmished 111 the e;ranular condition.  
The brcak svstem is extcnsivc to pcrmit !iịrhter and 
m o r c  ọ;radual i^rindin íỊ  t h a n  in  H ou r  Iii il*s. D u r u m  

whcat o f  i*ood milling qualitv normally v:clds about  
62% semolina, 16% clear tìour, and 22% tceds.
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NOTES 1 S ch e m a tic  d ra w in g s  of ílo u r a re  a p p ro x im o íe ly  100 tim es a ctu a l s ize  • w h ite  a re a s  in c irc le s ind icate  starch gronules
1 Flour p a rt id e s  m e a su re d  IÍ1 m icrons -  1 m ic ro n = l 2 5 ,0 0 0  o í on inch • Block portiorts in scbêmoMcs in d ico ỉe  protem

RtGULAR M IU E D  fL 0 U R

Flour is a mixture 
o( endosperm  (h u n k ỉ
o( YOrÌOUS MBS
(sto rch  g r a n u le s  h eld  
in  a  p ro te in  m o t r ix ) ,  
fre e  storch granules  
ond f fe e  p ro te in  
p o rt i t le v  Particles  
ronge in s i ỉe  írom  
1 »0 1 SO m iu o n s .

— —
— Fine —
— Grinder —

- —

REGRŨUNO FL0UR

R e g ro u n d  í la u r  i ỉ  0 m ix t u í í  
of to o rs í  e n d o ip e rm  (hunks ,  
in te rm e d ia te  i i ĩ í  íra g m e n ts  
and "fines." ĩhis ílour is 
na w  ready  ío r  sep oro tion

ÍN D O SPE R M  (H U H K S

(o o r s e  th u n k s  o re  se p o ro te d  
from rhe "firsl fines." ĩhe 
p r o le ín  c o n íe n t  o f  th e se  
ih u n k s  is  n e o f  th a i o f th e  
orig in o l Hour. ĩh ís  po rtion  
i ỉ  aboul 6 5 S  o f the  lo to l  f lo u t  
w e ig h t an d  m a y  be re g ro u n d  
or used for VOIÍOUS purposcs.

INTERMEOIATE NttơiON
The p ro te in  (o n le n i of th is  
s lo r t h y  ír o c t io n  i ỉ  w e ll b e lo w  
tho t ol th e  o rig in o l ílo u r.
Th ệ in le r m e d iã t e  í r o c l io n  is  
obout 2 0% to  30%  of th e  lo to l  
flo u r  w e igh i ond hos som e us eí 
in a p p lk a t io n ỉ w ilh  
low  p ro te in  re q o ire m e n li.

F IN f F Ỉ * C Ĩ I0 N

The second ữỡ-clossifie f 
s e p a r o te s  p a r li c le s  a b o u l  
2 0  microns and sm aller  
colled rhe ‘lines"—or íine 
ír o c t io n . Th is fra c tio n  h o s 
0 h ig h  p ro te in  c o n le n l—  
ra n g in g  fro m  I  s %  lo  2 2 S .  
Th e w e ig h t is  í r o m  155» to  
5 %  r e s p e r t iv e ly  o f  Ih e  
o n g in o !  í lo u r .

Th ĩs h ig h  p r o te ỉn  í lo u r  
is used fo r  forTífy ing ond  
b le n d in g  w ith  o lh e r  l lo u rs .

FIGURE 3  H o w  Hour is Knutionated. (Source: W hcut 1'lour Institutc, C hiaiiỊO .)

Proximate chcmical com posit ion  o f  a commercial  
mill niix ot hard rcd sprim* whcat and its principal 
millcd Products is íỊÌven in Tablc I. Tablc II shows  
thc averagc nu tr i t iona l  value o f  100-íỊ millcd  Products 
in West Gcrmany.

II. B r e a d m a k i n g

The production ot bakcd goods comprises thc fo llow -  
ing stcps: (1) preparation o f  raw matcrials (sdcction, 
prcparation, and scaling o f  iníỊredicnts); (2) dough  
tormation and devclopmcnt; (3) dough proccssing  
(tcrmentation and lcavcniníỊ, dividing, m olding, and 
shapintỊ); (4) bakinir; and (5) manuíacture to finish 
P r o d u c t s  ( i n c lu d in i*  m c a s u r c s  t o  r e t a in  q u a l i t y ,  s l i c -  

inq, packatỊÍng, sterilization, ctc.).

A. Flour
Althouiỉh bread has bcen produccd from mcals and 
Aours millcd trom m ost cereal grains, thc type o f  
hread acceptcd bv tho customer in thc Wcstern world  
is Iiorm.illy prcparcd tròm vvheat mcal or ttour or

from whcat-typc mcals or Hours. Flour uscd in brcad 
making is gcncrally millcd from com inon  (or so-  
called vulgarc) vvheat. Flour trom durum wheat is 
used in som c parts ot the w orld  (mainly the Middle  
East) to makc flat bread. In the Western world, durum  
is used mainly to makc semolina for pasta production.  
Brcad-makine; quality o f  a flour depends 0 1 1  the qual-  
ity and quantity o f  the flour proteins. Proteins ot 
Aours milled írom com m on  wheat posscss the unique  
and distinctivc propcrty o í  íbrminíỊ ^lutcn when vvet- 
ted and m ixcd with watcr. It 1S glutcn íbrmation, 
rathcr than any distinctivc nutritive property, that 
^ives wheat its prominence in the dìet.

Whcn water is added to whcat flour and mixed,  
the watcr-insoluble protcins hydratc and torm glutcn,  
a com plcx  and cohcrent mass in which starch, addcd  
yeast, and other doua;h com ponents are imbedded. 
Thus, the gluten is, in reality, the skeleton or írame-  
w ork o f  whcat-flour doue;h and is responsible for gas 
rctcntion, which makcs production o f  lit^hc leavcned  
p r o d u c t s  p o s s ib lc .  Ị S í v  F o o d  B i o c h e m i s t r y :  P r o -  

T K I N S ,  E n z y m e s ,  a n d  E n z y m e  I n h i b i t o r s . ]

O n thc basis o f  their suitability to producc ycast- 
lcavcncd brcad, vvhcats and Aours are classitĩed



TA BLE I
Proximate Chemical Composition0 of a Commercial Mill Mix of Hard Red Spring W heat and Its Principal 
Mill Products

Product

Proportion 
o f wheat
(% )

Protein1,
c%)

Fat
(%)

Ash
{%)

Starch
(%)

Pentosans
(%)

Tota l sugars1 
(%)

Wheat 100.0 15.3 1.9 1.85 53.0 5.2 2.6
Patei.1t flour 65.3 14.2 0.9 0.42 66.7 1.6 1.2
First-clear flour 5.2 15.2 1.4 U.65 63.1 2.0 1.4
Second-clear íiour 3.2 18.1 2.4 1.41 56.3 2.6 2.1
Red dog flour 1.3 18.5 3,8 2.71 41.4 4.5 4.6
Shorts 8.4 18.5 5.2 5.00 19.3 13.8 6.7
Bran 16.4 16.7 4.6 6.50 1 1.7 18.1 5.5
Germ 0.2 30.9 12.6 4.30 10.(1 3.7 16.6

s ource: U S D A  niimeographed publication A C E -189 ( 1942). 
11 13.5%  moisturc basis.

Nitrogen X  5.7.
' Expressed as gliicọstí.

broadly into tw o  groups, strong and weak. Strong 
Aours contain a relatively hií^h percentage ot protcìns 
that form a tcnacious, elastic gluten o f  good gas- 
rctaining propcrtics and arc capablc o f  being baked 
into wcll-riscn, shapcly loaves that posscss í*oođ 
crumb grain and tcxturc. Thcy rcquirc considcrable 
watcr to rnake a dough o f  propcr consistency to givc 
a high yield ofbread. The doughs havc good handling 
propcrties and are not critical in thcir mixing and 
íermentation requirements. They yield good bread 
over a wide range ofbaking  conditions and havc good 
fermentation tolerance.

In contrast, weak Aours have a relatively low pro- 
tein content and form weak gluten o f  low elasticity 
and poor í*as-retaining properties. Thcy have rela- 
tively low water-absorbing capacity, yield doughs 
o f  infcrior handling quality, and have mixing and 
fcrmcntation rcquircments that rendcr them more 
likcly to fail in baking. Wcak Aours rcquirc less mixing

TA B LE II
Average Nutritional Value of 100-g Milled Products

M illcd product 
and typc

M ain nutrients (a;) Energy Mineral s/n ig V itan in s

Protcins Fat Carbohydratcs
Calorics
(kcal)

Joules
(kj) K c;a p Fe

B,
(Mg) (Mg

N iacin
(mg)

Whcat ílour, 550 10.6 1.1 74.0 348 1480 126 16 95 1.1 110 80 0.5
Wbc.1t flour, 1050 12.1 1.8 71,2 349 1485 203 14 2.8 330 100 2.0
WheJt mcal, 1700 12.1 2.1 69.4 345 1465 290 41 372 3.3 360 170 5.0
R y c  flour, 997 7.4 1.1 75.6 342 1453 24Ơ 31 180 2.3 190 110 0.8
R yc incal, ỉ 800 10.8 1.5 70.1 337 1432 439 23 362 3.3 300 140 2,9

and tcrmentation than strong Aours to iỊÍvc optim um  
baking rcsults.

B. Other Ingredients
T he am ount o f  watcr added durinẹ; dough mixing 
depcnds on vvatcr absorption o f  the tìour, the m ethod  
and equipment used to makc and proccss thc dough, 
and the charactcristics desircd in the baked brcad. 
Water is added to binđ dough ingredients ìnto a cohcr- 
ent mass, to dissolvc ccrtain ingrcdicnts (i.e., sugars, 
soluble proteins, and pentosans), for devclopment o f  
yeast a n d /o r  sour dough  microorganisms. and for 
leavcning action at the baking stage.

Salt 1S added (about 1.5% o f  flour vveight) for taste 
and to im prove dou^h  handling. Salt slovvs dovvn 
watcr imbibition and swelling offlour protems, short- 
cns thc glutcn, rcduces dou^h  extensibility, and im - 
proves gas rctention, bread crum b grain, and slicing

Rcproduccd with pcrnússion (courtcsv, A ID , M inistry o f N utrition. A gria iltu re , and Forcstrv, Bonn. 1977).



propertics. The am ount o f  yeast is about 2% (rtour 
basis) in ìrguiar vvhite bread; for rolls, largcr amounts 
o f  ycast arc used. Bakcrs’ yeast tcrments the available 
suiỊars (in tìour or added) to yicld carbon dioxidc 
(and alcohol) to provide lií*ht, porous, veast-leavened 
products.

Bread can be produced from  flour, water, salt, and 
ycast a n d /o r  sour dough. O ptional ingredients in- 
clude tats or oils, sugars, milk povvder or mixtures o f  
vcgetable (i.e., soy flour) proteins and whey protcins, 
oxidants, cnzymic supplcments, dough conditioners, 
dough soíteners, and others.

FiiỊurc 4 compares the loaf volumes o f  brcads Iĩiadc  
from good- and poor-quality vvhcat Aours and very 
lcan to optimized íormulations.

c. Fermentation

SponiỊc iind tlotiỵli proccíỉ .  lỉrcad dough is prcpared in tvvo 
stagcs (sec Fig. 5).

Liqti id  Ịcnnciil proỉcsí.  A l iq u id  í c r m c n t  c o n t a m s  th e  
csscntial iniỊrcdicnts tor ycast f»ro\vth (with or without 
svhcat flour) and aftcr fcrmentation constitutes all or 
part o f  the dough liquor.

In proccsses em ploying mcchanical dough develop- 
ment, traditional bulk íermcntation can be rcplaced 
by intense mcchanical encrgy input to a dough.

III. Soft Wheat Products

Low  cxtraction, low protcin soft whc.1 t Aours arc 
uniquely suited íor the production o f  cookies (bis- 
cuits), most cakes, vvaters, cake doughnuts, and simi- 
lar baked Products.

Bread-making processes can bc divided into thosc 
that depend 011 bioloEỊÍcal and those that dcpcnd on 
mcchanical dough dcvelopment. In proccsses that eni- 
ploy a bioloíỊÌcal dough developmcnt in production 
o f  wheat brcads, the cffect o f  ycast dcvelopmcnt is 
critical. The rnain biological processes include the fol- 
lowinạ;.

StriiÌỊht ilotiạh. The dough is preparcd by incorporating 
all ingredients in a singlc stage, and íermentation is 
carried out in bulk.
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F IG U R E  4 Lo.tf v o lu m es  ot breads m adc trom g o o d -  and p o o r- 
qu ality  w h eat riours ( 1(K) ỉ») and very  lean to  optim izecỉ form u lations  
( in d u d iim  su y  riour and ad d itivc  tor o x id a tio n  o f  s u lth y d rv l-S H -  
Lĩroups). I Ftom  Pinney, K. F. (1978). lìì “ C creals 78: B etter N u tr i-  
tion  tor Ví orld s M illio n s .” (Y . P on ieran z, cá.). A m . A ssoc . Cereal 
('lu -m ists . St. Paul. M N .|

A. Cookies and Crackers
A high ratio o f  sprcad to thickness (W /T )  is used as 
critcrion o f  adcquacy o f  cookie flour. Whercas wcak, 
lovv-protcin soft whcat Bours have a W / T  ratio o f  
8 .5—10.0, strong, high-protein, hard whcat Aours
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od s [Frorn T ip p lcs, K. H . (1967). Bakers DiiỊest 41(3), 1 8 -2 0 .1



have a ratio o f  6 .5-8 .0 . The main types o f  cookies, 
dcpendinẹ; OI1 thcir production methods, are wirc cut, 
rotary, and dcposit.

6. Cakes
M ost cakes are prepared from batters rathcr than 
douí^hs. The distinguishing differenccs bctwecn thc 
tw o arc summarized in Table I I I .  High-quality cakcs 
should have a laríỊc volume, fme grain, and a moist, 
tender crumb. The flour uscd for their production is 
milled from low-protein soft whcats. Chlorine treat- 
mcnt makes it possible to produce spongc cakcs with 
more even crum b texture, increased volumc, and 
greater symmetry. Chlorinated Aours arc uscd in 
layer, genocse, ycllow, madeira, and íruit cakcs rnadc 
with grcatcr proportions ofsue;ar and liquor (so-callcd 
“ high-ratio” cakcs).

c. Doughnuts
Production o f  cake doughnuts is one o f  the most 
critical baking processcs. The cakc doughnut 1S the 
only item produced in the bakcry that docs not have 
some mechanical means o f  íorming the dough piece 
into the desired prođuct. The fluid-viscous batter is 
đepositeđ into the frying fat. It dcpcnds on thc flow 
and characteristics o f  this battcr in thc fluid medium 
to flow, fry and set in the dcsircd sizc and shape.

In gcncral, a doughnut mix contains 55—65% íiour 
(mix vveight basis) o f  9 -10%  protcin to yield the 
proper tenderness-structuring profilc. Sugar in the

TA B LE III
Distinguishing Characteristics of Doughs and Batters

Characterỉstics D o u g h Batter

B asic ingredients Flour, suíỊar, fat Sugar, e g g s , fat,
in recipe flour

P rocessing K neadin^, m ix in ẹ B eatin g , stirring,
tn ix in g , short
heating

R aỉsing B iolo^ ical, C h em ica l, physical
chem ical, physical

Factors atícctin^ W heat í* lu ten, E ggs, fat, sugar,
bindintỊ o t vvater pcntosans, dam a^ed starch.
or con sisten cy datnaged starch. and in part vvheat

svvellinií a^ents g lu ten  and
sw c llin g  a^ents

C on sisten cv Eỉastic to  plastic F oam y, so ft-p lastic .
pastelike to
sem iAuid

vSoíỉrũ’: M enìỊer and B retsđ in eid er, 1972.

raniỊC o f  22—30%  1S addcd  to svvceten, tenđerize, aid 
moisture retention, acccleratc crust tormacion, and 
cffcct sprcading in thc fryer. Some shortcniníỊ, 3 -9 % ,  
is also inc luded  to  aid tenderncss ,  incrcase she lf  life, 
and lubricate the protein structure tor propcr flour 
pcrformance. Dried egg yolks (0.5-3.0%) provide 
richness and tenderness, and 3 -5 %  nonfat milk solids 
act as a binđer and structure buildcr and contribute to 
crust color, shelflife, gas retention, and “crow ning .” 
Lcavencrs (1.75—3%) arc usually blends o f  íast-acting 
sodium pyrophosphatc  and slowcr-actinị sodium 
alum inum  phosphatc, monocalcium phosphate, and 
sodium bicarbonate. Som ctim es, glucono-ô-lactone  
may be uscd.

IV. Extrusion Products

Cercals can be processed into toođs by extru- 
sion. Regular cxtrusion is used priimrilv tor the pro- 
duction o f  alimentary pastes. More rccently, high- 
temperaturc, short- t im c (HTST) cxtrusion is used to 
producc instant and infant toods, cxpanded pct foods, 
feeds, and cercals for industrial uscs.

A. Pasta
The basic raw matcrial for thc production o f  high- 
quality pasta products is scmolina trom durum wheat. 
Hard du rum  wheat has a tougli, liorny endosperm. 
Scmolina from du ru m  whcat rcquircs lcss watcr to 
form a dough and produccs a transluccnt pasta prod- 
uct o f  acceptablc cookĨTiỄỊ and cating propcrtics. A 
varicty o f  pasta products can, hovvcvcr, be manutac- 
turcd from  a wide range o f  whcats millcd to various 
granulations.

Com m crcial semolina should pass through a U.S. 
No. 20 sieve and should contain a maximum o f  3% 
flour (passinạ: th rough a N o. 100 sicvc). A uniform  
fmc particle size is speciíĩed. Accordinu; to PDA stan- 
dards o f  identity, cíỊg noodles and ctỊg spachetti must 
contain 5.5% egg solids, by wei^ht, in the rinal p rod- 
uct. O ptional ingredicnts (in spccific m axim um  
amounts) includc scasonmgs, cnrichment (minerals 
and vitamins), soy flour and soy protein, vegetablcs, 
and £*lutcn. In commcrcial practicc, alimenrary pastcs 
are íornicd bv cxtrusion on largc automatic machincs  
(capacities up to 1500 !b per hour) that perícrm sevcral 
opcrations. Material flow in thc proccssir.s* o f  pasta 
P roducts  is dep ic tcd  in FitỊ. 6. W atcr is ad led (alont; 
with othcr inẹ;rcdicnts) to makc a stitt d )Uí*h with



WHEAT PROCESSING A N D  U TILIM TIO N

dryer 
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FIGURE 6 M atcrial f l o w  in rlìC P r o c e s s i n g  o í pasta p rodu cts. I Fronì ỈTaasc, R. (» ., W alsh, 1). E ., and 
A n d crson . I). E. (1V74). Au analysis o t the ccon ư n iic  tcasib ility  o f  processini* pasta p rod u cts in N orth  
D ak ota . Station  ỉỉu ll.  N I ) Ai»ric. Hpt. N o .  4 9 6 .1

about 31 % vvater. The doutỊh is íorccd undcr prcssurc 
through dies oKan cxtrusion au^er.

Pasta products niarkctcci in Europc and the vvcstern 
licmisphcrc mcludc spaiỊhctti— small diamctcr, so l id  
rods; macaroni— liollovv tubcs; noodlcs— Hat strips 
o r  e x t r u d c d  o v a l  s t r i p s ;  a n d  m i s c c l l a n c o u s  P r o d 
u c t s — c u t  by r e v o l v i n g  o r  bladc c u t t e r s .  The v a r io u s  
pasta shapes are illustratcd in Fig. 7.

B. Extrusion Cooking

An cxtrusion cooker may be considercd as a continu- 
ous reactor capablc ot' simultaneous transporting, 
mixing, shcariníỊ, and formine; ot food matcrials 1111- 
der clevatcd tcmpcrature and prcssure at short rcsis- 
tancc timcs.

The basic componcnts o f  an H T S T  cxtrusion cook- 
iniỊ system includc (1) continuous, unitbrm , and con- 
trollcd tccdíiiíỊ ot' Processing matcrials to thc cxtrudcr;
(2) equipment to precondition thc matcrials vvith 
stcam at controllcd tenipcraturcs; (3) uniforni applica- 
tion ofs team  a n d /o r  watcr; (4) an extrusion assembly 
tor process inatcrials; (5) tcnipcraturc control durintỊ 
the vvholc proccss; (6) control o f  rcsidencc timc in 
rlic cxtrudcr to optimize tcinperature, shcar, and atỊĨ- 
tation; (7) Control ot cxndatc shapc and sizc; and 
(8) av.ulubility of equipm ent to dry. cool, size, and

troat the prođuct through the addition ot Havors, vita- 
mins, f'ats, ctc. A typical arraniỊcmcnt is shown in 
Fig. 8. Extrusion can be used for production o f  foods, 
fccds (c.íỊ., pet toods, tìsli feed, and ỉỊclatinized ccrcals 
for ruminants), and products to r  industrial purposes 
(e.£Ị., prciỊclatinized or modiíìcd starches and tlours). 
The cxtruded toods includc breakíast cereals and 
snacks; fortified cercal cxtrudatcs; instant or quick- 
cooking noodlcs or pasta; alimcntary pastcs from 1)011- 
wlicat Aours; crackcrs, wafcrs, crisp-bread Products; 
extruded flour for bakiniỊ; and misccllancous toods.

V. Industrial Uses

Traditionally, ccrcals arc considered íood and tced 
ẹrains. Hovvever, large and widcsprcad production 
beyond the demanđs ot the principal markets havc 
cncouragcd exploration o f  industrial uses o f  cercals. 
Ccrcal grains, millcd products, and by-products  o f  
millina; arc Íindiní* incrcasinq use in a variety ot non- 
food applications.

About 1 ton ot vvheat straw is producod alonií vvith 
1 ton o t 'w hca t  lỊrain. Total production o f  straw pulp 
on a w orldw ide  basis is about 14 million inetric tons. 
13y usintí bcttcr collcction mcthođs, the straw poten- 
tial coulđ be incrcased to 1 billion nictric tons. Only
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10% o f  the w orld ’s straw used for pulp production 
vvould be about 30 million tons o f  pulp. Rcsidues 
and by-products o f  cereals are exccllcnt sources o f  
furfural, a basic raw material in m any industrial tech- 
nologics.

Ccrcal biotnass can be pyrolyzed to producc sugar, 
oleíinic compounds, charcoal, and ẹ;aseous fuel. Car- 
bohydratcs can bc hydro]yzeđ to fermentablc sugars 
to make ethanol and then converted into ethylenc 
and butadiene. Biomass can be dií^ested by anaerobic 
bacteria to produce mcthane. Biomass can be reacted 
with carbon monoxiđe, using hcat, prcssure, and a 
catalyst to produce an oi]. Lií^nin can be used to make 
phenol in bcnzene production.

Cercal polymcrs (carbohydrates and protcins) can 
bc convertcd into monomers, which can providc thc 
ravv material and Aexibility as basic raw materials. 
Equally promising arc novel uses oí' undes>radeđ 
polymers.

Most industrial uscs o f  ccreals depend on thc prop- 
erties o f  tlic main component, starch, which ranks 
in many developed countries as a mạjor industrial

chemical. Raw materials and tcclmology exist tor ba- 
sing a portion o f  the chernical industry on four fer- 
mentation products: ethanol, isopropanol, n-butanol, 
and 2,3-butanediol. Industrial uses constitute an eco- 
nomic market for grain ethanol, in which the product 
is compctitive with ethanol derivcd from Petroleum 
and natural-gas liquids.

Wheat or ]ow-grade wheat Aours can be separated 
into niany products that fmd wide applications.

Wheal Ịìours. In paper sizinẹ; and coatine;; as adiesive or 
laminating mixtures in corru^atcd box boards, paper 
bonding, plywood industry, decorative wocds and 
veneers, detergent tormulations.

Starch . In p a p e r  s iz iní J  a n d  c o a t i n g ,  t i bcr  o r  tcxt i l e  

finishing, printintỊ mixtures, paper bonding. adhesives, 
plyxvood industry, alcohol production.

G luteii. In paper manuĩacturc, suríace-active agents, 
adhesives, monosodium glutamate and (ỊỈuumic acid, 
cdiblc and/or soluble packaẹiniỊ tabrics, coaũngs, 
gums. sausage casings.

IV Iieat Ịc r in . In p r o d u c tio n  o f  antibiotics, vitarr.ins, 
pharmaceuticals, skin conditioners.
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IVIiCiit btìin. In production ot’ turũirnl, in the production
a n d / o r  c a r r i c r s  o t  c n z y m c s ,  a n t i b i o t k s ,  íind v i t a m i n s .

Residues remaininiỊ aftcr the harvcst o f  crops have 
bccn proposcd as an cncr^y sourcc. Whcat cropping 
typically producos 2.5 tons of residue pcr acrc. The 
benctìts arc limited by hiu;h L-ncr^y costs to collecc, 
transport, and process thc rcsidues. The cncrtỊv to 
collcct I ton ot vvheat straw is 50,500 kcal.

T h e  c o n v c r s i o n  o t  s ị I ucosc  t o  e t h a n o l  is r e p r c s e n t e d  
by thc tbrnnila :

C „II ; .() ,  >2(.:,H;OH + 2 C o 2.
180 g 92 g

673 kcal 655 kcal
12.88 Ib 1 gai (84,356 B T U )

The  production o f  alcohol as ;1 sourcc o f  fue] has 
been thc subjcct o f  many investi^ations. Sonic sur- 
vcys concludcd tliat etlianol production L1SCS morc 
cnergy than it produces. DitTcrences o f  opinion OI1 
the cnergy balance dcrive mainly troni variations 111 
interpretation.

The rcsult dcpcnds strontỊlv on assumptions about 
use of crop rcsiducs for tiiel and the ratinỉ; ot I^asohol 
(a 90:10 m ixturc  ot tucl and alcohol). In tcrms o íto ta l  
nonrciK'W;ihlc cncrtỊy, ỉỊaSohol is closc to thc eneriỊy 
break-cvcn  point .  O n  the o the r  hand, in ternis ot

P e t r o l e u m  o r  p c t r o l c u m  s u í t a b l c  c n e r g y ,  “ í Ị a s o h o l ”

IS an cncriỊy producer ,  as m ost  cncriỊV inputs  into  the
process can bc supplieđ by nonpetroleum sources likc
coal.

Bibliography
Matz, s. A. (1991). " The Chcmistry and Technology of  

Ccreals as Food and Pccd,” 2nd cả.  Van Nostnind Rcin- 
liold, N cvv York.

Morton,  I. I). (cd.) (1987). “ Ccreals in a Europcan Con- 
tcxt .” VCH,  Ncvv York.

IJomcranz, Y. (ed.) (1972-1990). “ Advances in Cereal Sci
ence and Tcchnoloiíy,” 10 Vols. Am. Assoc. Ccreal 
Chem. ,  St. Paul, MN.

Pomcranz, Y. (1987). “ Modern Ccreal Science and Tech
nology. VCH, Ncw York. Uapanesc Translation, PAN, 
Tokyo,  1989|

Ponieránz, Y. (éd.) (1988). “ Wheat Chcmistry and Tech
nology* 3rd cd.. 2 Vols. Am. Assoc. Ccrcal Chem.,  
St. Paul, MN.

Pomeranz, Y. (cd.) (1989). “ Whcat is Uniquc.” Am. Assoc. 
Ccrcal Chem. , St. Paul, MN.

Pomcranz, Y. (1991). “ Punctional Propcrtics ot Food Com-  
poncnts,” 2nd cd. Acadeinic Press, San D ìcìịo, CA.

Pomcranz, Y., and Mcloan, c .  E. (1994). “ Food Analysis: 
Tlieory and Practicc." 3rd cd. chapman  and Hall, Ncw 
York.





Wildlife Management
JAMES A. BAILEY, Colorado State University

I. Wildlife Values
II. Wildlife Biology

III. Types of Wildlife
IV. Population Dynamics
V. Management Practices

VI. Wildlife Policy and Administration

Glossary
C lim a x -a d a p ted  species Spccies adaptcd to, and 
dependent upon, linbitat rcsourccs occurring vvithin 
a climax biotic commimity
C l i m a x  b io t i c  c o m m u n i t y  Terminal, relatively 
stablc biotic conm nm ity  that rcsults froni Progressive 
developm cnt o f  vctíctation and soils fbllowint' land 
disturbance
D e n s ity  d cp en d en t Corrclatcd with population 
dcnsity, tliis nsuallv applics to populatioi) charactcris- 
tics, cspccially ratcs o f  rcproduction and mortality; 
lĩencrally, rcprodnction declincs and mortality in- 
crcascs w ith  incrcased density 
D e n s ity  in d ep en d en t N o t  correlatcd with popula-  
tion dcnsity, cspccially population charactcristics; in 
particular, wcatlicr evcnts and sudden degradation o f  
habitat may causc thcsc stochastic population chaniỊes 
H ab itat resource Any o f  the food, covcr, or othcr 
characteristics of a habitat that are uscd and ncedcd 
by a vvildlite population
L i m i t i n g  re s o u rc e  Habitat rcsourcc  that is inade-  
quate, in quantity  or quality, for thc nccds o fa  wildlife 
popiih tion; the lack o f  this resource thus limits the 
sizc. prođucti vũy, or quality o f  thc populatiọn 
P o p u la tio n  d en sity  Num ber ofanim als in a popula- 
tion rclativc to  the am oim t o f  available habitat, or ot' 
liabitat rcsources
Sp ecies o f  d ev e lo p m en ta l stages Spccics adaptcd 
to, and dcpcnđcnt npon, habitat rcsources occurrinụ; 
\vithin tcmporarv stagcs o f  biotic succcssion tliat tol- 
lo\v l.md disturbancc

ildliíc nianaíỊcmcnt is practiccd to attain the goals 
ot wildlife conscrvation, vvhich is thc wisc use o f  wild 
lands, plants, and animals. Wildlifc m anagem cnt is 
the art ot imkiniỊ land produce valuable populations 
o f  wildli fc in rclat ivcly natural  biot ic communi t i c s .  
Vcrtcbratc animals arc usually emphasized in wildlife 
managemcnt; but it is clcar that niaintaining suitable 
cnvironm cnts tor wild vcrtebrates alvvavs requires 
somc cmphasis on plancs and invcrtcbrates as well.

I. W ildlife Values

wildliíe  are maiKĩi^ed to enhancc their positivc valucs 
to m ankind and to minimize thcir nogativc values. 
Positivc valucs includc commercial, rccrcational, bi- 
otic, scicntifìc, acsthctic, and social valucs. Ncqativc 
valucs arc thc damau.es causcd by vvildliíc to privatc 
and public propcrtics and the costs for controlling 
thosc damagcs.

The  commercial valuc o f  wildlife includes the value 
ot' wild animals and their parts (hides, antlers, etc.) 
to subsistcnce uscrs and as articlcs for tradt' or salc. 
In addition, divcrsc entrcprcncurs realize protìts by 
providing cquipment, lodging, food, transportation, 
and various serviccs to pcople w ho pursue wildlifc, 
usually f'or rccrcational purposes. M any rural econo- 
mics depend upon subsistence and othcr cornmercial 
valucs from  wildlifc. The valut' o f  wi)dlife parts, and 
the value ot income to wildlife-relatcd business, may 
bc calculatcd in dollars to measure commercial value 
o f  wildlife.

The rccrcacional value ot' vvildliíc consists o f  thc 
enjoy 1110111, and thc physical and mental well-being, 
that are rcalizcd vvhcn pcople hunt, fish, view, or 
studv wildlife. This valuc may be measured by thcse 
rccrcators’ "vvillintíncss to pay” for wildlifc-related 
expericnccs. In countrics vvlicrc vvildlite is a publicly 
ow ncd resource, actual expenses o f  rccrcators almost



always underestimate vvillingness to pay. Economists 
h a v c  dcvcloped indirect methods for estimating un- 
testcd willingncss to pay and providc a dollar-bascd 
mcasure o f  recreational value ot wildlifc tor compari- 
sons with other resources.

The contributions o f  wildlife to maintainin^ valu- 
ablc ccosystems constitute a biotic value. Wildlife ac- 
tivitics includiníỊ prcdation, scavenging, sccd đis- 
pcrsal, pollination, and soil tillage contribute to 
maintaining the divcrsity ofspccies in ecosystems and 
may prcvcnt some populations from cxtirpation or 
from becoming detrimentally lar^e.

Populations o f  wild animals arc uscd to study pro- 
ccsses including natural sclcction and evolution, pop- 
ulation dynamics, competition, epidcmiology, and 
zoo£Ịeoí*raphy. The  resulting knowleđe;e is applicd to 
practical problcms and cnhanccs Science, education, 
philosophy, and even religion.

The social valuc o f  wildlife consists ot benefits ac- 
cruing to communitics. As pcoplc rcalizc cconomic 
and other values from wildlife, thcy may bccome 
morc satisíicd, productivc, and coopcrativc mcmbcrs 
ofsocicty. Morcovcr, communitics oíícring abundant 
wildlife experiences will attract proíessionals, incluđ- 
ing doctors, lawyers, and cnginecrs, w ho would o th- 
crwise practice in m ore dcveloped and lucrative cities.

The acsthetic value o f  wildlift' is most personal and 
diverse. It includcs thc contribution o f  vvilđlitc to 
litcrature, music, and art, as well as the bcauty in 
seeiníỊ or hcaring wild aninials. In addition, as pcoplc 
study and undcrstand wildlifc, their aesthetic apprcci- 
ation is expanded. There is beauty that meets, Iiot 
only the eyc and car, but also the educated mind.

Wildlifc may create problems for mankind. Thcy 
may consumc or damage agricultural crops, destroy 
livestock, carry disease to livcstock or to humans, 
deface or damagc buildin^s, am ong other problems. 
Direct and indirect mcthods íor controlling these 
damages may be costly. Wild]ife causing such damae;c 
are labclcd “ overabundant” .

Sincc wildlife values are so divcrsc, and may not 
be mcasurcd in any One scalc, such as dollars, the 
total valuc o f  a species population, or o f  a wildlifc 
community, is difficult to measure for comparing tlic 
value o f  wildlife managcmcnt against other activities. 
Replaccment costs may be uscd to mcasurc total vvilđ- 
litc valuc. Thus, the costs of gaininíỊ control of, and 
mana^in^, suffìcient habitat to recreatc a wildlife re- 
sourcc vvould be the total valuc o f  thc wildlifc re- 
sourcc.

II. Wildlife Biology

Successtul wildlifc management dcpends upon knowl- 
cdírc o f  the biolo^y, cspecially ecoloiíy, ot \viidlife 
spccies.

A. Habitat Requirements, Limiting Factors
A suitable habitat is the most basic need o f  cvery 
wildlifc species. Each spccies has evolved a unique 
set o f  anatomical, bchavioral, and physiological adap- 
tations that determine the habitat resources it may 
exploit and also will rcquire. Moreover, the sexes and 
age classes o f  animals may cxploit habitat diffcrently, 
and habitat nceds may vary scasonally. Conscqucntly, 
habitat rcquircnients arc uniqnc and nunierous for 
cverv spccics. Hcnvcvcr, all spccics necd toođs includ- 
ing watcr, covcr rcsourccs, and a suitabk geographic 
distribution o f  these habitat resources.

Food and covcr rcsources niust be suirably jux ta -  
posed on the landscapc to allow a spccics to usc thosc 
resourccs. M;iny spccics arc liighly mob:lc and may 
migratc scasonally, so that sonie habitit rcsources 
may be far apart. O thc r  spccics are sedcntary, rcquir- 
iiii* that tlicir habitat resourccs occur vvitl.in a liniited 
area. In aiỉdition, proxim ity  ot resourccs may bencíit 
a population by allovving rcsonrcẹ c\plo:tation with 
niinimal cncriỊy cxpcnsc o r  minimal exposurc to pre- 
dation.

Whilc a wildlite spccics population will rcquirc scv- 
eral ditĩcrent habitat resources, che qualitv o f  animals, 
and productivity and nuinber oíaninials, will usually 
bc limitcd by an insuíHciency o f  only One or a few 
o f  thosc resources. Most habitat resources will not bc 
limitiniỊ. Lands containing limitiní* habitat rcsourccs 
arc tcrmcd “ critical arcas." Impacts that diminish rc- 
sources 011 critical arcas will diminish a population 
ovcr a mu ch larger arca. Also, manatỊement to im- 
provc a population’s habirat inust enhancc those habi- 
tat resoiưccs tliat limit thc population. Enhanccmcnt 
o f  nonlimitina; rcsources is vvasted mana^ement.

B. Biotic Succession
Vcgetation, an im portan t componcnt ot \\ildlife habi- 
tats, niav chaniỊC stcadily ovcr many vcars— alterini; 
habit.it conditions for vvildlitc. This natural proccss 
of vegctativc đ ev d o p m en t  tollovvs ca ch cpisodc o f  
land disturbancc. Disturbaiicc may bc r.atural (fire, 
vvindstorm, flood) or lumiaii-caused (lotgintỊ, land-



clearing, overgraziiu>;, prcscribcd tìrc). Follo\vintỊ dis- 
turbancc, the spccies composition and structurc ot 
vcc;ctation đianiỊes imtil a plant com m unity  of rela- 
tivcly stablc specics composition is attained. This 
comiminity  is termcd climax vcíỊctation. Sincc wild 
animals dcpenđ (indirectly in thc casc o f  carnivores) 
upon vcgetation, the specics conipositions o f  wildlifc 
communitics also chanqc during vetỊCtativc succcs- 
sion tovvarđ a climax biotic com m unity .

Wildlífc that dcpcnd upon carly stagcs o f  vegetative 
succcssion arc “ disturbance-adaptcd species.” Main- 
tenance ot their habitat rcquires periodic distụrbance 
to niaintain early stagcs o f  plant succession. Wildlifc 
dcpendant upon climax vegctation are “ climax- 
adapted.” Thcir habitats rcquire protcction íroni Iiat- 
ưral or hm m n-causeđ  disturbance. Still other wildlifc 
spccics rcquirc a mixture o f  vcgetativc States. En- 
hancing thcir habitat may requirc disturbance or pro- 
tcction, dcpcndiniỊ upon vvhich nccded stage o f  veiỊc- 
tation is m ost scarcc at a particular time and location 
and thcretore is limiting the specics population.

c. Reproduction
Succcsstul rcproduction is critical for (1) offsctting 
natural mortality and maintaining wildlifc popula- 
tions, and (2) prodưcing annual surpluscs o f  those 
species tliat arc harvcsted. SoiTK’ vvildlitc spccics have 
adaptcd to their normally high rates ofnatural mortal- 
ity by havintỊ hie;h rcproductivc potentials. Thcsc spc- 
cics, tcrmcd r-selected (sclected tor a hiiỊh rate o f  
population incrẽase), may havc large litters or clutches 
and may breed at an early agc and more than oncc 
pcr year. M ost are small animals, such as rodcnts, 
squirrcls, and most birds. Populations o f  r-sclcctcd 
species usually contain a prcponderancc o f  younẹ; ani- 
mals bccause indíviduals arc rcplaced rapidly. (There 
is a hii^h turnover ratc.) Populations o f  r-selectcd spe- 
cics may cxpand rapidly to utilize teniporary habitats, 
such as thosc occurring followinẹ; vcgetation distur- 
bancc. O thcr wildlife species have adapted to more 
stablc cnvironments bv havinẹ; ]ow reproductive po- 
tentials coimnensurate with normally ]ow ràtcs o f  
tiatiiral mortality. Thesc arc term eđ K-selccted specics 
(sclcctcd bv conditions existing whcn a population 
persisrs Iicar the carrviniỊ capacity, K , o f  thc environ- 
mcnt). Tlicv small litters or đutchcs and may 
hrecd infrci]ucntly and latc in lifc. Thcy arc mostly 
1 are,e hirds and nia imnals .  Populat ions  o f  /C-selectcd 
spccics nonn. i l lv  m n t a i n  mos t ly  old animals  and arc 
rclntivcly st.iblc troiiì ycar to vear. The cateíỊorics ot

r- and /C-sclcctcd species arc uscfi.ll, but not discrete, 
as wildlifc specics cxhibit a continiuim trom  verv r- 
selectcd (i.e., rabbits) to very K-selcctcd (i.c., íírizzlv 
bcars).

Rcproductive success oftcn declines as popula- 
tion sizc increases (density-depehticnt reproduction, 
wherc dcnsity =  the num bcr o f  animals per unit o f  
habitat). Density depcndencc may result from compc- 
tition aniont' brceders tor habitat rcsources or trom 
phvsioloíỊỊÌcal responses to stresscs o f  crovvdin^ and 
compctition. Reproductivc success may also be influ- 
C11CCCỈ by density-inđcpendent íactors, espccially 
vveathcr that may atYcct the availabilities o f  habitat 
rcsourccs or the survival o f  nconates. Density- 
independent tactors prcdominatcly inAucncc rcproduc- 
tive success in r-selectcd species; dcnsity-dependent 
íactors are m orc im portant in R'-sclected species.

D. Mortality
Wild animals arc lost from populations by starvation 
or malnutrition, natural or human-causeđ accidents, 
prcdation, cxposurc, discascs, and harvest by  man. 
Mortality ratcs arc somctimcs density dependent (a 
greatcr p roportion  o f  thc population dics w hen  the 
population is lar^cr). Also, density-independent m or- 
tality occurs duc to stochastic events such as severc 
vvcatlicr, outbrcaks o f  some discascs, or suddcn dc- 
struction o f  habitat. Prcdation rates may be density 
independent or may be either positively or ncgativcly 
correlatcd wíth prey dcnsity, dependma; on habitat 
conditions and on the ratio oí predator abundancc to 
prcy abundancc.

Dcnsity dcpendence results trom  habitat carrying 
capacity. As a population incrcases toward the maxi- 
11111111 num bcr  of animals that habitat rcsourccs can 
sustain, an incrcasintỊ p roportion  o f  thc population 
becomes vulncrable to most forms o f  mortality. Par- 
ticularly in r-selected spccies, a “ doom cd surplus” 
o f  vulnerablc animals is produccd anmially. Various 
typcs o f  morralitv will internet to rcmovc thcsc vul- 
nerablc aniinals. Sucli niortality factors are compcnsa- 
torv, in that a decline (or incrcasc) o f  One type o f  
Iiiortality vvill produce an incrcasc (or decline) o fo thcr  
typcs ot mortality, so that total mortality  is un- 
chaiiíícd. When harvcst by man is com pensatory, it 
is term ed “ rcplacivc,” in that harvest rcplaccs, and 
docs not adđ to, natural mortality. Harvest is most 
apt to bc rcplacive tor i-sclccted wildlife with  hiía;h 
iKitur.ll ra tc s  o t  p o p u la t io n  tu r n o v c r .



For K-selcctcd spccics, such as large mammals, hu- 
man harvest may bc uscd to limit population size and 
achicvc high ratcs o f  (dcnsity-dcpcndent) rcproduc- 
tion. Such harvest is morc additivc than replacivc, 
although the intcnded limitation oí' population sizc 
may also achicvc lovvered rates o f  (density-depcndent) 
natural mortality in the long tcrm.

III. Types of Wildlife

A. Categories Based on Biology
Some wildlifc spccies have evolvcd anatomical, physi- 
ological, and bchavioral characteristics for livine; in 
umque cnvironmcnts. Thcsc sp ecia lized  species arc 
adapted, bnt also limited, to a narrow range of envi- 
ronmental conditions. Tliey arc quickly rcduccd or 
eliininated by altcration ot' habitat. O thcr wildlifc arc 
g e n e ra l iz e d  species. Thcy liave largc ỉỊcoiỊraphic 
raníỊCS, exist in a variety o f  habitats, and have divcrsc 
tood habits. Gcncralizcd species adapt rcadily to most 
habitat changes.

C lim ax-ad ap ted  species are spccializcd for lívintỊ 
in climax veiỊCtation. They are climinatcd by distur- 
bancc o f  thc d im ax. O ther  wildlifc arc adaptcd 
for liviníỊ in the ve^etation o f  disturbed sites. 
D isturbance-adapted  species dccline as vcgctation 
dcvclops coward điinax. M anagement o f  habitat for 
thcse species is dcscribed abovc.

H a b i t a t - i n t c r io r  species do not compctc wcll 
with the ìnany othcr spccics that livc ncar thc cdgcs 
o f  patchcs o f  hom ogencous vcạ;ctation. Thcy only 
prosper decp within thesé patches, and lartỊc patcli 
sizc is a habitat necd. In contrast, e d g e  species pros- 
pcr with simultancous acccss to the habitat rcsourccs 
o f  tw o or more vciỊetation patches. Environmcnts 
with numerous, small or narrovv patchcs o f  vegetation 
tavor cdgc-adapted spccies.

R e l ic t  p o p u la t io n s  o f  wildlifc occupy isolated, 
small arcas o f  suitablc habitat, ottcn far from thc main 
ranm* o f  thcir spccics. Tlicy may be part o f  a local 
tamia and flora reprcsentiiiíỊ past climatỉc conditions. 
Rclict populations usually are small and verv scnsitivc 
to habitat chanỉỊt' or to sliíỊht incrcases in mortalitv 
rates. As with all small, isolated populations, they 
may lose iỊenctic divcrsity throuí»h random selcction 
and may cxperiencc deprcsscd rcproduction or sur- 
vival duc to inbrccdiniỊ.

B. Categories Based on Status or Habitat
A sharp risc in cxtinctions, coincident \vith expansion 
ot industrializcd man, is đeplctinu; thc carth s biotic

rcsources. Revcrsing this trcnd will requirc a system 
o f  habitat rcscrvcs in each o f  the planct s biotic re- 
gions. Sonic rarc, h i^h-proíìle  spccies arc lcgally rec- 
ognized as th reatened  by, or in immediate danger 
of, cxtinction. In the United  States, classitìcation as 
en dangered  currently (1994) requires that a rare spc- 
cics be fully protcctcd and that priority be given to 
its habitat needs in land managemcnt.

In contrast, somc wildlifc thrivc in habìtats creatcd 
by man. These populations are overabundant if  they 
damagc agricultural crops and other property, kill 
livestock, or spread diseascs to doniestic animals or 
humans. Wildlife dam age is controlled by direct re- 
duction o f  offcnding animals, by barricrs and rcpel- 
lcnts, and hy manipulatiiiịí habitat to remove critical 
needs o f  overabundant wildlifc.

Wildlifc used and cnjoycd by pcople mav bc cm pha- 
sized in land managem cnt. Thesc featured species 
includc those harvestcd tor recreation or subsistence 
and thosc cspecially sought tồr vicwing bv rccreators. 
The takc o f  harvcstcd spccics usuallv is reiỊulatcd to 
maintain a base population and a sust.úncd harvestable 
surplus. Pcaturcd spccies arc also cnhanctd indircctly 
by habitat manipulation o r  liabitat protection.

Gcncralizcd spccies, primarily, liavc adaptcd to 
íarms and urban arcas. Most farm  w ild life  dcpend 
upon limited arcas o f  imused habitat such as w ind- 
breaks, hcdgcrows, roadsides, ditchbanks. and rctircd 
acres. Extcnsivc m onocultures of cropland, often 
trcatcd with harmful pesticides, produce littlc vvild- 
life. Likewisc urban w ild life  đepcnd upoii vcgctatcd 
yards, ccnietcrics, scmi-vvild parks, and unuscd 
Aoodplains. In contrast, raiiiỊclands and torcsts sustain 
a grcatcr varicty o f  wildlifo. R angeland  w iỉd lifc  arc 
cnhanced by good  rangc m anagcmcnt including dc- 
velopment o f  water sourccs, prcvcntion of ovcrgraz- 
ing, and protcction o f  riparian sitcs. The variety o f  
forest w ild life  in commercial torcsts '.vill dcpcnd 
upon thc intcnsity ofsilviculturc. Extcnsive m onocul-  
turcs ot' cvcn-aiỊcd trces sustain fcw \vilc specics. In 
multiplc use íorcstry, tim bcr harvcsts may be useđ 
to devclop forcst types, stand aỉỊCS, and patch sizes that 
vvill providc habitats for m any disturbancc-adaptcd 
spccics or may optimizc habitat tor 011 c o r  a fcw 
t e a t u r c d ,  d i s t u r b a n c c - a d a p t c d  s p c c i c s .  | S f f  P o r e s t  

E c o i .o c y ; R a n g e i .a n o  M a n a g e m e n i  a n l  P l a n n i n g ;

SlLVICULTURH. I

M any spccics o f  vvildlito liave bccn transplanted 
bctwccn contincnts or bctvvccii mạjor b iitic  remions 
ot contincnts. Sưcccsstul transplants arc considcrcd 
c x o t ic  species. Exotic \vildlitc liavc cÌLinagcd and 
dcstrovcd na ti vo Aoras and taunas. cspcciilly on oce-



anic islands and in the Australian rcgion, wliich havc 
hcen isolatcd trom  compctition and cvolution 011 thc 
major contincnts. Elscvvhcre, transplants ot' exotic 
vvildlite havc b rough t íailurcs, successcs, and Sonic 
problcms. o í m a n y  ganie birds transplanted into the 
United States, only three persist; and only one, the 
ring-neckcd pheasant, is truly succcssíul. In contrast, 
many transplants ot large hoovcd m ammals into thc 
United  States havc succecdcd. Many o f  thesc exotic 
mam m als  havc modcst rantỊCs, as thcy are controllcđ 
by hunting; but thc num ber o f  exotic hoovcd m im -  
mal spccies excccds the nunibcr o f  nativc hooved 
niammals in the United States.

IV. Population Dynamics

A wildlifc popula tion’s rate o f  increasc, r, is detcr- 
mineđ by thc com poncn t rates o f  reproduction, m or-  
tality, im m igration, and emigration. In small popula- 
tions vvithin large, idcal habitats, r approaches the 
specics’ m ax im um  biotic potential. As a population 
grow s tow ard  limits sct by habitat carrying capacity, 
r usually dcclincs in a dcnsity-dcpcndcnt manncr. 
H ow cver, stochastic cvcnts m ay causc small or largc 
variation o f  r. Dcnsity  dcpcndcnce usually prcdomi- 
natcs in larqc, honicothcrm ic wildlife in good habi- 
tats. Density indepcndence is m orc  com m on in popu- 
lations o f  small, cspecially hctcrothermic, vcrtcbratcs 
and in populations in poor habitats or iicar the cdgcs 
ot thcir meoiỊraphic rangcs. Density dcpcndcnce o f  
r may bc delayed (corrclatcd with past, rather than 
current, density). Delayed dcnsity dependcncc occurs 
w hen characteristics o f  the population, or its cnviron- 
ment, result trom  population density, but pcrsist tcm - 
porarily following a changc in dcnsĩty. Delayed den- 
sity dependence causcs populations to Auctuatc in 
altcrnating periods o f  abundance and scarcity. In a 
tcw populations, these Auctuations arc rcgular and 
tcrm cd “ cyclic. ”

Wildlifc popnlations and habitats are monitored to 
(1) detcct unacceptable changes in abundancc, popula- 
tion quality, or habitat condition, and (2) cvaluate 
the ctíìcacies of m anagcm cnt practices. M onitorcd 
population cliaractcristics include rcproduction, ani- 
mal condicion, pupulation sex -age  composition, and 
population sizc and trend. M onitorcd habitat charac- 
teristics include abundancc, distribution, and utiliza- 
tion of habitat rosourccs. Obta in ing  unbiascd and suit- 
ably prccisc estimates o f  thcsc charactcristics rcquircs 
mctliods and s.unpling proccdures adaptcd to local

conciitions. A iỊrcat variety o f  cstimacion mcthods has 
bccn dcvclopcd.

V. Management Practices

A. Habitat Management
Habitạt manat;cmcnt includcs protection or m anipu- 
lation o f  habicat, depcndin^ upon ơoals and upon 
the I i e e d s  o f  targctcd wildlife species. K n o w l e d g e  o f  

species’ habitat rcquirements, ot local limitiniỊ factors, 
and of succcssional atTinitics ot species, citcd abovc, 
is nccessary for ctTective managcmcnt. Habitat m an- 
ageincnt may be uscd to incrcasc or to decrcasc popu- 
lations o f  targctcd spccics. Where a small num ber  o f  
spccies is targctcd, many other vvildlite species will 
also be atTccted. Sonie will bc cnhanced; Sonic rc- 
duced; and some prccludcd. Whcrc biodivcrsity is a 
primary goal, manaỉỊcment must dcvclop and main- 
tain a diversity ot vciỊetation types, successional 
statỊcs, and patch sizcs. Whcrc wildlife production is 
secondary to othcr lanđ uscs, such as agriculture or 
torestry, priniary land uscs may be mođiíìed or lim- 
itcd to sustain rnoderate populations o f  íeaturcd vvild- 
lifc spccies.

B. Population Management
Mosc harvcst tor commcrcial or recreational purposcs 
is rcgula tcd  by State or tcdcral agencics to assurc main- 
tcnancc o f  suitablc base populations. T im ing  and 
length o f  thc harvestinsĩ scason, daily and seasonal 
limits, mcthođs o f  taking, and the species, sex, or 
agcs o f  animals taken may bc manipulated to achieve

FIGURE 1 Ycarly cydc ()f a population (.V) hiiving largc rccruit- 
incnt and turnovcr .ìnnually (solitỉ linc). Harvest may bo applicd 
as rcpladvc niortalitv vvithmit viù'cctij)g thc b.isc popuhìtion in a 
siibsecỊucnt brccdiniĩ scason (dottcd linc).
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FIGURE 2 Eííect of a d e n s i t y - d e p e n d e n t  rate ot rccriiitment 
(r = R / \ :) upon the number of anỉmaỉs recruited (R) to a population 
( S ) .  In p o p u l a t i o n s  vvitl i  srrotii* d e n s i t y  d c p e n d e n c c ,  h a r v c s t  m a y  

bé applied as an additivc morrality to maintain Xat thc base popukì- 
tion producinẹ the maximum R and nidximum harvcstablc surplus.

Harvest i^oals. Wildli te arc also cxploi tcd to control  
ovc rab un dan t  popukit ions.

For popu la úo ns  o f  r-selectcd spccics (usuallỵ small 
ganie),  in vvhich thc detc rminan ts  of I' arc laru;cly 
dcnsity indepcndcnt ,  therc arc variable but  usually 
laru;c annual  snrpluscs o f  animals.  Harvest s usually 
are conscrvat ivc,  tcnd to be r cp la đve  mor ta l i tv ,  and 
rarcly at ìcct basc populat ion  size (Fig. 1). For  popu la -  
t ions in which r  is n iorc prccisclv dcnsi ty dcpendcn t  
(usually big tỊame), harvcsts arc m o r c  apt  to be addi-  
tivc mor ta l i ty  and ma y  be used to rcíỊiilatc basc p o p u -  
lation sizc. Wi th  a dcns i ty -dcpcndcnt  r, maintainint ;  
a basc popu la t ion  somcvvhat  hclow the carryinẹ; ca- 
pacity o f  the habi tat  will max imizc the sustaincd yicld 
ot animals per  ycar (Fig. 2).

Wildlife arc t r ansplanted to cstablish populat ions 
in unoccupicd bur  suitablc ranges and to auí Ịmcnt  
the gcnctic điversi t ici  o f  small,  isolatcd populat ions.  
Rarely,  discases o fcsp có a l ly  valuable \vildlitc arc con-  
trollcd by captur ing and vaccinatinq animals o r  bv 
tceding or  iiýectiníỊ druiỊS to contro l discascs or para-  
sitcs.

VI. Wildlife Policy and Administration

Chvncrship and manai Ịemcnt  of \vildlitc varies grcatlv 
amoniỊ  nat ions.  In the Unit ed States, vvildlitc arc che

col lcctivc p rop cr t y  ot  all the  peoplc.  G o v e r n m e n t  
aiỊencies, as publ ic trustecs,  manai^e and protect  wi lđ-  
life. H ow e v c r ,  m uc h  vvildlifc habi tat  is pr ivatcly 
o w n c d  and con trol lcd,  crcatine; conriicts bctwecn  
public and pr ivatc a;oals.

States have rctained responsibi l i t ies tor manaiỊÌni* 
niost  wildli fc popu la t ions  wi th in  thcir boundaries.  
State asĩcncics arc h igh lv  variable,  bu t  usually includc 
p r o ^ r a m s  tor  rcíỊiilatini? r ecrcat ional  and commercial  
harvests ,  eníbrcine; wi ldl i tc  lavvs, moni tor int Ị  popula -  
t ions,  mo n i t o r i nự  and  advisiníỊ  on impacts ot land 
uscs u p on  vvildlite, publ ic  cducat ion,  and ađvisms* 
lanđovvners on  habi tat  man a i Ị em ent  and 0 1 1  con trol -  
lintỊ \vildlife daimí»e.  Policics tor  mos t  State \vildlite 
aiỊencies arc to rniu la t ed bv  appo in ted  comniiss ions.  
M o s t  tund ing  o f  State p r o ạ r a m s  1S dcrivcd t r o m  sales 
o f  hunt int í  and h s h m g  liccnses and t rom taxcs on 
purchascs  o f  huntinu; and  tishintỊ cqu ipmcnt .

Several tcdcral a i Ịcnđes  ma nag c  wildlifc habi tats 
on  tcđeral lands and are r espons ible tor certain \vildlifc 
populat ions .  In part icular ,  th rea tencd  and enđangercđ  
spccics, mi t Ị r atorỹ wa tc r fo \v l ,  and ma ri Hè hshes and 
m a m m a ls  are ma n ag e d  by chc tcdcral Government ,  
w i th  coopcrat ion  tVom tho statcs.  Fcdcr.il nianatỊC- 
mcn t  aiỊCncies includc the Fish and Wildlife Service,  
Nat ional  Park Service,  and  Burcau ot Indian AtTairs 
within thc D e p a r t m e n t  o t  inter ior;  the í orcst Service,  
Soil Consc rv a t i on  Service,  and che Ani iml  and Plant 
Inspect ion Service vvithin the  D ep a r t m en t  o f  Agricul -  
ture; and  thc Na t iona l  M a r in c  Fishcries Scrvicc \vithin 
the D e p a r t m e n t  ot  C o m m e r c e .
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Glossary
A lien ation  o f  land Privatizing land and m aking it 
available for sale
D iv is io n  o f  l a b o r  Whcn prođuctive activitics are 
điviđeđ by the charactcristics o f  thc vvorkcrs. In thc 
social division o f  labor, sonic pcoplc prodncc onc 
lỊOOci or Service and othcr  p c o p le  anothcr. In the task 
division o f  labor, the production proccss is brokcn 
đow n into its com poncnt tasks, which arc assigncd 
to diíTcrcnt types o f  w orkcrs
H a c ie n d a  Extensivc agriculturc production systcm 
M e s t iz o  liulividual o f  mixed ancestry; in Latin 
America, ottcn the progcny o f  indigenous groups 
with colonừxrs
R o le  Sct of expectations governing thc behavior o f  
pcrsons hoklinu; particular positions in society 
R o lc  c o m p l e m e n t a r i t y  W hen the activities and re- 
sponsibilitics ot m en and vvomen vvork togethcr to- 
ward com m on ÉỊoals vvithout hierarchical implica- 
tions tbr thc dittcrcnces

w o m e n  liavc a h v a y s  bccn activc in a^riculturo. 
Early .Itrhcolosĩical data sutỊgest vvomen wcrc the tìrst 
to ilonu-stiaue plants, brintỊÌng tlic sccds they had 
ì;.uIktciI IK'.U' to th t ir  tiwelliníỊS to be plantcd and 
raiscil on I svstiMnatk' basis to ensurc tood supply.

Furthcr, it is sug^cstcd that vvomen were crucial in the 
domestication o f  animals, \vhich in turn  contributed 
tow ard creating agricultural surplus through the usc 
o f  animal traction and nianurc ro increase productiv- 
ity, as well as the products ot niilk, tĩber, and mcat 
providcd by the aninials thcmsclves. W o m en ’s actual 
agricultural activities have chan^cd draniatically over 
time, yct w o m e n ’s contributions to agricultural pro- 
duction continuc to be of importance. Incrcased ag- 
ricultural productivity allovved for the social đivision 
o f  labor and more and more individuals to be treed 
t ron i  the dc m an d s  o f  íoođ p roduct ion ,  thus crcat ing 
ruling and warrior classes. Witliin agriculture, divi- 
sion o f  labor also occurrcd.

I. Traditional Division of Labor

Historical accounts o f  Europc, Atrica, Asia, and Latin 
Amcrica all sugiỊcst thc importancc o f  w om en in ag- 
ricultural production. Wc havc evidence troni draw - 
Í11EỊS and farm records o f  w o m cn ’s com plementary 
activities within the teudal systcni as well as in m ore 
independcnt farming systcms and political structures.

A. Role Complementarity
C ontcm porary  anthropological accounts also stress 
the role complcmcntarity o f  vvomcn in traditional 
agriculture. In most aiỊriculturally bascd households, 
it was crucial that cvcryone work, youniỊ, old, male, 
and tcmalc. The đivision ot labor was based, in part, 
upon the physical abilitics ot' the individuals, so that 
thc old vvcre sparcd from extremelv hcavy w ork  as 
were thc vcrv vount;. In lariỊC mcasurc what vvork 
vvas done bv .11*0 and íỊcndcr vvas culturally deter- 
mined. What \vas mcn's vvork in Ơ1K’ ciilturc, such 
as. for ex.implc, the carc ot milk covvs, \vas w on ien ’s 
w ork in another culturc. Almost ahv.ivs laiui (.iearintí



and plowin£Ị, vvhich wcre viewcd as heavy work, vvas 
a malc-dominateđ activity, but there arc cultures 
in which vvomen engaged in these activitics as 
well.

Rolcs in agriculture wcre learncd throuu;h apprcn- 
ticeship, which was oíten gendcr specitĩc. There  werc 
w o m e n ’s knovvlcdgc streams and m cn’s knovvled^c 
strcams. W om en, for cxample, would kn o w  how  to 
choose thc bcst sced to save over the hun ẹrv  scason 
to bc planted again for thc ncxt harvest, as well as 
the way to care tor small aiúmals to cnsure survival 
o f  che hcalthicst when íood supply was límitcd. In 
Honduras, in an area o f  recurrent d rouẹh t whcre íecd 
is limitcd, the practice in hog rearing is to ]et shoats 
sucklc froni the sow for thc first m onth . Natural 
sclcction occurs,  and tw o-th irds o f  the shoats die. The 
shoats that survivc the tìrst few m onths then receivc 
supplcmcntal tccd and care. Given the limited re- 
sourccs available, the high shoat mortalitv is not a 
problcm and, in íact, helps assure that thosc shoats 
in which the tamily production systcm invcsts wilJ 
then survive to adulthood and scrvc as a source o f  
savings for the tamily. Animal husbandry and the 
local knowledge to maximizc local rcsoưrccs is oftcn 
in w o m en ’s hands.

Furthcr, w om en often gather herbs and mcdicincs 
from íorested arcas. C urrcnt studies in a variety of  
arcas suggest that w om en arc ablc to idcntify ncarly 
siX times as m any diíYcrcnt specics ot' indigcnous 
plants than arc men. This is an im portant part 
ot maintaining gcnetic divcrsity within the bio- 
spherc. ISee Labor.]

B. Community Interdependence
In more traditional communitics, m uch o f  agriculture 
was bascd on a com m unity  division o f  labor, not 
just on a tamily division o f  labor. Complicateđ labor 
cxchanges were ncíỊOtiatcd by men and by womcn, 
often with members o f  the same sex. Such exchan^es 
involved dircct exchangcs o f  labor at times o f  particu- 
lar high labor demand, as wcll as simple gifts, particu- 
larly ot tood, sced, and plant cuttiniỊS, that could bẹ 
utilized to maintain agricultural productivity. Very 
ottcn vvomcn wcre in chargc o f  the lcss-tormal cx- 
chaniỊe relationships that \vere vital in maintaining 
communitics and protecting theni trom  the necessity 
oí bccoming totallv depcndcnt OI1 the salc ot labor. 
Such intornial exchaniỊes helped maintain small- 
holder agricultural production.

II. Integration into the World System

A. Impacts of Changes in Labor Use
Traditional communitics werc bascd on subsistencc 
production with very little for sale. As thesc com m u- 
nitics werc penetratcd by vvorld markcts, the division 
o f  labor in agriculture changed dramatically. In much 
o f  the colonizcd world, particularlv Africa and Latin 
America, the fxrst impact 011 traditional tarming sys- 
tcms vvas the rem oval ot niale labor to work in sea- 
sonal plantation agriculture. M en werc netdcd for the 
sugar Harvest and the banana harvest. A few wom cn 
followed to providc thc necessary domcstic functions 
o f  food and laundry. But lỊcncrally, women remained 
at honic in charge o f  tlie subsistence production plots 
and animal production activities.

That disruption in traditional tarming systcms in- 
tcnsitìcd as harvcsts ot' export crops such as cotTcc 
and cotton utilized entire tamilies as laborers. Perhaps 
thc most disruption to the complementary division 
o f  labor by gender occurred in those areas in Africa, 
Latin America, and parts o f  Asia where malc labor 
was pulled into m ining activitics. Whercas in the sea- 
sonal plantation crops, mcn could rcturn hom c tor 
plowing and land clearing, vvhen thcy workcd in the 
mines thcy wcrc oítcn gonc for years at a time, which 
lett wonicn in chargc o f  thosc tarming systems. Par- 
ticularly, in parts o f  Southern  Aírica, whcrc strict rules 
regulatcd thc m ovem ent o f  people across national 
boundarics, agriculturc becamc an almost cntircly fc- 
malc phenomenon.

Integration into a world  economic systein changeđ 
land use— from subsistcnce crops and thosc dcstined 
tồr domcstic markets to cxport crops. In m uch  o f  
Latin Amcrica, for example, large arcas of vcry good 
latid had bcen givcn out as Spanish or Portuguese land 
grants and were tarmcd cxtcnsively with livcstock, 
prcdominatcly cattlc. Indigcnous peoples and m estizos  
had usc rights to land, 011 which they raised subsis- 
tence crops in exchan^e for the labor they providcd 
to the haceuảado.

B. Impacts on the Shift to Export Crops
DiiTerent areas o f  Latin America entercd the export 
crop niarket at different times. For example, the is- 
lands o f  thc Caribbean were scttled bv colonists from 
scveral nations primarily because ot'thcir primc condi- 
tions for sugar production. Those arcas v.crc almost 
always export oriented. As a result on those islands,



part icularly 1 1 1  the Eti i Ịl ish-spcakinỆ Car ibbcan ,  
w o n ie n  p roduce  niost  ot  the too d  crops.  Malc  labor  
is uscd tor  thc Harvest of the plantat ion crops,  par t i cu-  
larly sutỊarcanc.

In o thc r  arcas ot  Latin Amer ica,  t cw cxpor t  crops 
werc  plantcd unt i l  the cra o f  land rcform,  beíỊÌnniníỊ 
1 1 1  thc early 1960s. M o s t  land rc tb rms  p ro pag a t ed  
durintỊ  that  pcr iod  was mtend eđ  to makc  land m o r e  
product ivc,  no t  rcdis t ributc land.  U n d c r  the threat  ot 
expropr ia t ion ,  inany  lartỊC l a ndowncrs  shit tcd t r om  
c x t e ns iv c  at Ị r icul tura l  sy s t c m s  t o  n io r c  i n t cns ivc  ones ,  
i n c l u d i n í Ị  s o y b e a n s ,  c o t t o n ,  CVC11 m o r e  s u í Ị a r -  
canc— all crops a imed for foreiũ;n markets .  As a result ,  
local populat ions ,  w h o  had farnicd thc land as par t  
o t t h e i r  usu truct  r i^hts,  werc  displaced.  M a n y  n iovcd  
t o  t h e  ci t i cs ,  v v h e rc as  o t h c r s  m o v c d  t o  l e s s - d c s i r a b l e  
hií^hland arcas whcrc  they to u n d  that  thc t radi t ional  
practiccs that  w o rk c d  wcll on  flat íỊround t endcd  to 
c rodc  badly hillsiđe lands. O th e r s  m o v e d  to jun g ]e  
and rain íorest  arcas, w i th  cqưal lv disastrous results.

In m o r c  nuưí*inalizcd hillside populat ions,  incn 
con t inued  to p rov idc  labor  for thc cxpor t  crops,  al- 
thouiỊh increasm^ly,  as in placcs ]ikc Brazil,  vvomen 
havc d onc  so as well. In the ncvv croppini '  svs t cms  
that  cmer ged  in the tnisỊÌle h igh land  areas, thcre vvas 
a n ia rkcd divis ion betwcen  his crops and  hcr  crops.  
Shc raised vegetables and trcc crops a roun d  the housc,  
and hc raiscd r o w  crops and comnicrcia]  trcc crops 
íu r thc r  away t ron i  the Household living area. T hc rc  
was also an increasc 1 1 1  the divis ion o f  labor  1 1 1  animal  
raisiniỊ. varvintỊ bv area. Tradi t ional ly mcn  arc in 
c hary;c  o t  lartỊC a n i m a l s ,  w h i c h  r c q u i r c d  a c c r t a i n  Capi 
tal  i n v e s t m e n t .  a n d  w o m c n  m a i n t a i n  t h c  p r o d u c t i o n  
ot small  animals,  usiniỊ thcm for  both  houscho ld  con-  
s u m p t i o n  a n d  sa lc  in t i m c s  o f  c c o n o m i c  s t r c s s .

c. Impacts of Alienation of Land
A thi rd im po r ta n t  t rcnd that  has at ĩccted the divis ion 
ot  labor  by gender  w o r l d w id c  has bccn the m o v c m e n t  
tovvard thc al icnation o f l a n d .  In tradi t ional  aíỊricul- 
tural com nn mi t i c s ,  m u c h  land vvas cont rol led 1 1 1  c o m -  
nion vvith villa^e leađers assiirninq land usc on a ycar  
bv  vear  basis. In this systom,  vvonien had acccss to 
]and tliroue;li t radi t ional  U.SC rií^hts. As land becanic 
titled and latcr sold,  it was a lmost  a lways  ti t led in che 
na m ẹ  oi thc ma n  in the houscl iold rathcr  than the 
man  and vvonian, T h e  1 1 CVV prìvatc plots in the re- 
to r m c đ  arcas and  in ncvv colonizat ion and t r ansmií Ịni -  
tioiỊ .1I'C;1S hivorcđ nicn s crops.  r l ierc was  se lđom 
lanđ lctt tor tho \ \ 'onicn's  <f;irdcns, uiì icl i  \verc ot ton

vital for Household nu tr i t ion  and cven survival .  W o m -  
e n ’s col lcctivc p r oduc t ion  ct tor ts  w crc  ol iminatcd cn-  
tircly. o t t c n  thc animals  that  \vo me n  vvould pasturc,  
sucli as small  runiman t s ,  also vvcrc no t  al located land 
for í*razinfỊ.

Thcsc  three t r ends  havc t endcd to brcak d o w n  thc 
rolc co m p le m en ta r i tv  prcv ious ly  prcsent  in t radi -  
tional a^r icul tural  systems.  O n e  can no  loniỊer a s sumc 
vvh.1 t mcn  will do  o r  vvomcn vvill do  in iigriculture.  
A lot  dcpcnds  OI1 thc ditYcrential íactor  markc t s  by 
genđer .  For  cxample,  if thcrc is a place w hc re  ma le  
labor pays morc ,  thc mc n  m a y  niiạ;rate. O n  thc othe r  
hand ,  i f  vvomen will  w o r k  tor  lcss, o t ten  lar^e ex-  
por tcr s  will hirc pr imar i ly vvomen to do  the field 
wo rk .  Thu s ,  thcrc have bccn e n o r m o u s  shifts and 
b r c a k d o w n s  in the subsi s t ence-or i en ted íannly  and 
comi i iun i ty -based  atỊricultural  p r od uc t io n  systcm.

III. Current Characteristics of Women in 
Agriculture Worldwide

N o t  on ly  has thcrc becn tniđi t ional  divis ions o f  labor  
by LỊCnder in aiỊricultural prodnction, which have var- 
ied en o r m o n s l y  over  t ime and  spacc,  thcre has also 
bcen e n o r m o u s  var iat ion o i '  i nc om e  s t rcams  wi th in  
honscholds .  DitTerent m c m b c r s  o f  t a rm in g  house -  
holds havc ditTercnt sonrccs o f  income ,  and those 
sources o f  inco me  ha ve ditTcrent uses dependiní* on 
the nenđer. In prc-W orld W;ir II American aựricul- 
turc,  w o n i c n  vcry ot tcn had thc cgo; and but t c r  m o n e y  
carncd by  raisine; chickcns or  milk ing  the cows  and 
n ia rke t ing  thc p r o du c t  1 1 1  local im rk e t s .

W o m c n ' s  p rodu c t i on  vvas used ci thcr  to ba r t e r  for 
othc r  kinds  o f  food the hnn i ly necdccỉ, sucli as coffcc 
o r  salt at the local storc,  o r  to r  cash w h en  nccessary for 
othe r  t amilv ncccssitics.  Vcry  o ttcn such cash could  bc 
uscd for spccial i tcms oi house ho ld  co n s u m p t i o n  or  
cvcn savintỊS tòr  chi ld rcn’s schooline;.  Male  in co me  
w o u ld  bc m o r c  likclv to bc r cinvcstcd in the t a rm 
itsclf.

A. Income Streams by Gender
In dcvclopint Ị  coun tr i es  w e  hn d  a vvidc var ia t ion in 
tlic in t r ahouscho ld  inco mc  s t r cams.  In somo arcas 
Household incomc 1S poolcd .  In o thc r  arcas. \ vome n  
lend their  hnsbands  n i one v  at intcrcst.  T h e  snle or 
h o m e  USL' o f  di t tcrcnr  crops is decided bv d iừc rcn t  
m c m h c r s  ot  tho himilv.



Income  that  íỊoes dircctly to w o m e n  in agricul tural  
househo lds is m o  re likcly to bc used for  househo ld  
necessities, par t icularly chi ldren’s food,  clothing,  and 
schooling.  M c n ’s incomc  1 S oftcn used for a var iety 
o f  male b o nd in g  activitics, such as dr inking,  that  m a y  
cont r ibu te  to c o m m u n i t y  solidari ty bu t  no t  to house -  
hold wcl l -bcing.  As a result  o f  these different  inc om c  
flows, ìncreasing a f arm fami ly’s inc ome  docs n o t  
equally beneí ì t  all fami]y me mbcrs .  T h e  cxistence o f  
pat riarchy,  that  is to say, the dom ina nce  o f  the oldest  
male in thc houschold,  tcnds to me an  unequal  and 
somet imcs  arbi t rary d i s t r ibut ion o f  income  wi th in  
any part icular  household .

B. Resource Access by Gender
T h e  impac t  o f  uncqưal  acccss to rcsources com bin ed  
w ú h  hcavy w o r k  loads for all househo ld  m e m b e r s  
can bc j u d g c d  by lookinẹ; at the sex ratio in rural  
farm arcas. T h c r e  arc ^eneral ly m a n y  mor c  me n  than 
w o m c n ,  despi te the overall  t cndency o f  w o m e n  to 
o u t n u m b e r  m e n  as adults.  W o m c n  arc m o r c  likely to 
lcavc farm areas, as thcy fccl thc hard w or k  that  thcy 
put  1 1 1  on  a f arm,  part icularly in livcstock operat ions  
such as dairy,  is not  w o r t h  the l imited rcturn in cash 
and respect  that  they rcccivc. Thus ,  the constraints  
to par t icipat ion in agricultural  p roduct ion  for rnany  
w o m c n  in advanccd industrial  societies corae f r o m  a 
relatively h igh labor  dcmand ,  little chance o f  leisure, 
and little cont ro l  over  rcsourccs for product ion .  Al-  
th o u g h  í ìgurcs for m a n y  dcve loped countries s h o w  
w o m e n  as ma j o r  1andowners ,  this gives a d i s tor ted 
picture.  W o m e n  w h o  o w n  land are very often w i d o w s  
w h o  are s imply  ovvning land as placeholders for their  
sons,  w h o  take OI1  thc mạ jo r  decision makins; and 
cont ro l  o f  the agricul tural  p roduc t ion  practices.

IV. Technology and Women

Agricul tural  tcclmology has been deve loped to m a ke  
bo th  labor and land p r oduce  m or e  per  unit .  H ow c v c r ,  
xnost of that t cchno logy has becn channelcd to w a r d  
mcn.  For cxamplc ,  w h cn  chickcn p roduc t ion bccame  
highly technical and markc t  or icnted,  the t echno logy  
w as b rou g h t  by thc cxtcnsion Service to the males o f  
the family,  and vvomen lost their  source o f  separate 
incomcs,  a l thou^h  they w o u ld  oftcn do  the w or k .  
Access to thc crcđit  nccded to cxpand  the chickcn 
p roduct ion  in the hiiỊh-technoloíỊy bui ldings wi th  the 
othc r  h igh- technoloiỊy inputs vverc a imcd at men.  In 
addi t ion,  thc tcchnical assistancc that  came either f ro m

the agr icul tural  ex tens ion  Service or, later, the pou ltry  
integrator s  (large mu l t ina t iona l  corporat ions w h o  
purchased thc chickens),  was  also a lmost  ent irely 
aimed at males.  A n d  the mi lk check,  the chicken 
check,  o r  the cgg; check  w o u l d  be wri t ten in the na m e  
o f  the male hcad o f  hous eh o ld .

In the  deve lop ing  w o r l d  as well,  technological  in- 
nova t ion  has t ended to d i sadvan tage vvomen c o m -  
parcd to men.  T h e  fact tha t  w o m e n ’s income  st reams 
wcre  n o t  r ecognized o í t e n  m e a n t  that  income  m o v e d  
f rom female hands  to ma le  hands  as more  official 
mark e t ing  channels  w c r e  p u t  in to  place, such as mi lk 
p roduc t io n  in the a l t i p l a n o  o f  Bolivia.  Further ,  the 
labor that  w o m c n  did that  gave the m their inc ome  
strcams,  such as rice hu l l ing  in parts o í  Africa and 
Asia, was,  w h e n  mechan ized ,  taken over  by men,  
leaving w o m c n  w i t h o u t  the  hard wor k ,  but  also vvith- 
out  thc im p o r ta n t  i n c o m e  that  it íỊencratcd.

A n u m b e r  o f  studics in di f fcrcnt  parts o f  the wor l d  
have s h o w n  tha t  f arm w o m e n  p roducc  as m u c h  as 
farm m e n  w h c n  thcy  havc  access to similar resources.  
Thi s  includcs educa t ion,  access to markets,  acccss to 
crcdit,  and access to  technica]  assistance. N e w  inputs  
and m a rke t in g  channel s o f  agr icul ture arc gcndered ,  
and they arc biased a l m o s t  always  toward  me n  and 
away  f ro m  w o m c n .

V. Gendered Patterns of Production

Despi te  the íỊ cndcr ing o f  the  hictor  markcts necessary 
for p ro d u c t io n ,  in c lu d in g  land,  labor, and Capital m a r-  
kets,  a n u m b c r  o f  di f ferent  gender  pat terns in agr icul-  
turc havc  e m cr g cd  and are p resen t  in diĩTerent arcas 
and in dif ferent  p r op o r t i on s .  T h e  fìrst 1S separate,  
different  agr icul tural  cntcrpri ses .  This occurs m os t  
of ten in Aír ica b u t  also in parts  o f  Latin Amcr ica  and 
thc Caribbean,  w h c r c  m c n  will  have part icular  crops 
for  par t icular  m ark e t s  and  w o m c n  wi]] have  qui te 
diffcrcnt  crops wi th  qui te  different  markets.

T h e  sccond  pat t crn  is scparatc,  similar agr icul tural  
enterprises.  For  example ,  b o t h  ma y  raist  vcgctables.  
In the Car ibbean ,  m e n  rnav raise vcgctables for  a 
vvorld marke t ,  whercas  w o m e n  mav  raiss vcgetables  
for the local mark e t .  T h e  first pat tern has impl icat ions 
for agr icul tural  r csearch and extcnsion in that  thcrc 
is a t endcncy to tocus  o n l y  on thc crops males raise. 
T h e  second  pat t ern has  impl icat ions for agr icul tural  
rcscarch and cxtens ion  in that ,  par t i cularh in the í ruits 
and veqctables,  t hosc  tor  a local mark í t  can have 
d i t t ercnt  character ist ics than  thosc for m t r k c t s  wh crc



extcns ive  shippiní? is r equircd.  Th us ,  they will use 
di t ĩ crcn t  varictics ot  the  same  specics.

A th i rd pat tern involves scparate tasks wi thin  the 
same cntcrprisc.  Thi s  o í tcn occurs in dcvc lopcd  co u n -  
trics, as wcll as in dcvclopint Ị  count ri cs ,  w h cr c  m en  
will be in diaríỊC of p lowing ,  vvomen 1 1 1  cha rgc  o f  
secd sdec t ion ,  bo th  do  plantinẹ;,  bo t h  do  harvest ing,  
m e n  do  and w o m e n  do  pos tha rvcst  p ro -
cessiníỊ.

A tour th  pat tern,  m u c h  less c o m m o n ,  is sha red 
tasks in the same entcrprisc.  A l th ou g h  such u n g c n -  
dercd task shar ing is occurrine; in Canada ,  the U ni t e d  
States, and  Europe ,  this pat t ern has actual ly decrcased 
as incrcasintr strcss 0 1 1  t a rm  inco mcs  has forccd m en  
and w o m c n  o t f  the f arm to seck outs idc incomc .  Intcr -  
cs t in^ly cnough ,  in m a n y  rural  areas, w o m c n  havc 
an advantaíỊC in t c rms  o fo f f - f a rm  c m p lo y m e n t .  Th us ,  
m en  take ovcr  m a n y  o f  t h c j o b s  that  they once sha red 
w i th  thcir  wivcs.

T h e  fmal pat tcrn,  vvhich is incrcasing in m a n y  dc-  
vc lop ing  count ri es  and in certain parts  o f  thc deve l-  
o p cd  w orld ,  are tem ale - ru n  entcrpriscs that are b o th  
thc dc facto (the entcrprise has a malc head o f  house- 
hold but  thc w o m e n  actually runs it bccausc the  ma lc  
is íỊone for all or most o f  thc ycar) and thc dc ju rc  
t cmale-headed  enterpriscs  ( the land and resourccs  are 
lc^ally in thc w o m a n ’s name) .  D c j u r c  fcmalc f arms 
are much less com m on. They  tend to be prcsent in 
deve loped  count ri es  w hcrc  thc rc  is an increasing n u m -  
ber of vvomen choosint* to engaiỊe in agriculturc on  
tlicir own.

VI. Implications for 
Agricultural Change

T h e  rcco^ni t ion  o f  the role o f  w o m e n  in agr icul ture,  
as l andowncrs ,  agr icul tural  managers ,  and agr icul -  
tural  vvorkers,  is ex t rc mely  i rnpor tan t  in un de rs t a n d -  
ing h o w  aqr icul ture will change  ov cr  t imc.  For  cxa tn -  
ple, w o m c n  agr icul tural  w o rk c r s  arc very  preva lent  
in e x p or t  crops p rodu c t io n  in m a n y  deve lop ing  c ou n-  
trics, espccially in ha rves t ing  and im m ed ia tc  pos tha r -  
vcst  Processing. W o m c n  t end to be used because they 
arc a chcaper,  m o r c  docile i abor  force than m e n  for 
a var ie ty o t  rcasons due  to seqmen ta t io n  o f  the  labor  
markc t .  In m a n y  devcloped count ri cs ,  on  the  o the r  
hand ,  ma lc  migran t  laborers  serve the same  funct ion  
and m a y  displacc í emalc local vvorkers.

Asĩricul tural  research will be different  i f  Ít r ecog-  
nizcs the rok'  ()f w o m e n .  It m a y  change  the types o f

crops or  animal  cntcrpriscs  that  are r c s c a r c h e d ,  and 
it n i i ^h t  changc thc charactcristics that  arc b rcd for 
or  thc typc o f  f a rn n ng  practiccs that  arc developcd,  
depcnd ing  on rccogni t ion  ot  the dit tcrcntial  nccds ot 
ditTcrcnt typcs o f  p roducers .

Agricul tura l  cxtens ion vvould chan^e if there was 
recoíỊni t ion o f  thc types ot  aiỊricultural w o r k  that  
w o m c n  actually do  and the fact that  “ trickle ac ross” 
does no t  wo rk .  It vvomcn carry ou t  thc tasks, then 
w o m e n  nccd to be dircctly t rained to do  thcm.

Agricul tura l  m ark e t ing  w o ul d  also chan^c i f  there 
vvas an awareness  ot  w h a t  w o m e n  actually do in a^r i -  
cul turc.  For  cxamplc,  i f  vvomcn do  the w o rk ,  agricul-  
tural  m ark c t in^  tha t  a] lows them to receive the cash 
for thc p ro du c t  w o u l d  lcad to incrcascd and niore 
cfficicnt p roduc t ion .  Utilizin£Ị w o m c n ’s g r ou ps  for 
ma rk e t in g  o r  includina; vvomcn in cxis t ing agricul-  
tural  markct iní Ị  cooperat ives  as a spccií ic pol icy m igh t  
be very  ìm p o r ta n t  in a n u m b e r  ot  si tuations.

In valuc-addcd agricul ture,  under s t a nd in g  w h o  
docs w h a t  w h cn  can bc cx t rcmcly  ìm por tan t .  Value-  
addcd practiccs,  such as chcesemaking in a n u m b e r  
o f  arcas, of tcn takcs away  t r o m  w h a t  w o m e n  tradi -  
tionally did to earn incomc by mcchamzing the pro- 
ccss and tu r n ing  it ove r  to mcn.  O 1 1  thc o thc r  hand,  
a n u m b e r  o f  ar t i sanry or  rustic dcv c lo p mc n t  projccts  
w hic h  havc w o m e n  usc vc ry  t radi t ional  mcans  to 
proccss  food after it is p rodu ce d  m ay  add to w o m e n ’s 
w o rk ,  bu t  no t  to their  incomcs.  Th us ,  value-added 
s tratcgics n ius t  includc awarcncss  ot'  no t  on ly  w h o  
docs  what ,  bu t  w h o  has cont ro l  ove r  w hic h  resources 
in agr icul tural  p roduc t ion.

Finally, recognizing the role of w om en  in agricul-  
turc  has c n o r m o u s  impl icat ions tor  h o w  agricul tural  
c o m m un i t i e s  arc organized.  It is im p o r ta n t  to r ecog-  
nizc w o m c n ’s role as w a g e  laborers and  their  need for 
thc  kinds o f  services that  íacilitate their  par t i cipat ion in 
thc labor  forcc,  such as hcal th care and  chi ld care as 
wcll  as o rgan iz ing  agr icul tural  conimuni t i e s ,  par t i cu-  
larly r cga rd ing natural  resource ma na gc me n t .  It is 
vc ry  ìm p o r ta n t  to includc vvomen 1 1 1  natural  r esource 
m a n a g c m e n t ,  as they often havc par t icular  intcrcsts 
in c o m  m o n  p ro pe r t y  as well as in individual  propcr ty .

VII. Sustainable Agriculture and Women

Sustainablc agr icul turc cont r ibutes  to the survival  o f  
f a rm familics on thc land,  mamta ins  and  impro ves  
en v i ro nm en ta l  qual i ty,  and ma inta ins  and  impro ves  
agr iculrural  co m m u ní t i e s  and the qual i ty o f  life for 
individuals  in the m,  as well  as 1 1 1  u rban  areas. Agricu l-



ture, as part of rnany watersheds, is also iniportant 
tor maintaininiỊ a sate watcr supply, as wcll as a safe 
tood supply.

Sustainablc aiỊriculture oftcn uscs a w ide  var ie ty o f  
11CW tcchnologies in new ways. To be succcssíul, it 
m u st  be aw arc  o f th c  gendcred  division o f la b o r ,  as vvcll 
as control over resources by íỊcnder. Sustainable aíỊri- 
culturc dcmands a com m unity  com m itm ent as well as 
anind iv idua l  com mi tm en t tovvardsoc ia l  changc.  Local 
knowledc;e o f  both men and w om en is im portan t  in 
devdoping  a morc sustainablc agriculturc. W o m c n ’s 
knowlede;e o f  biodiversứy as well as practices that sus- 
tain the soil and maintain thc vvater supply will bc cru- 
cial in this, [SíT S u s t a i n a b l e  A g r i c u l t u r e .  ]

Ecotcminism states that women havc a particular 
conccrn and linkatỊC to the soil and aninials and, thus, 
an inbred desirc to sustain and protect theni. Thosc 
who arc anticssentialists in vicwing w om cn and the 
land point out that there are cultural reasons why 
w om cn would be morc concerned about sustainablc 
agriculture than would men, who oftcn ha ve a shorter 
timc framc in sccking profits. Certainly, wc can attri- 
bute mu ch oí the dcíỊradation of]and to malc aiỊricul- 
tural practices, such as thc suitcase íarming that went 
on in the wcstern United States that hclped set up thc 
dust bowl. But this may bc because men had control 
ovcr the land, not because men arc inhercntly less 
sustainabiiity oricntcd than womcn.

VIII. Conclusions

W omcn havc bccn, and continue to be, active in agri- 
culture as workers, owners, and managers o f  both

cotnnion aẹ;ricultural land and indiviđually hcld aạ- 
ricultural rcsourccs. U ndcrstanding thc speciíicity o f  
w o m e n ’s activities can Help m a k e  aqriculture m o re  
cfficicnt and cffective as resources are developed and 
targeted to the part o f  the population that can bcst 
use it. But because gender is a social phenom enon, it 
must bc undcrstood in contcxt. Therc is littlc wc can 
gcncralize about w om en  in agriculture worldwide, 
cxccpt that it is im portant to take w hat thcy do into 
account.
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Wood Properties
JE R R O L D  E. W IN A N D Y , USDA-Forest Service, Forest Products Laborơtory,’ Wisconsin

I. Wood Structure
II. Physical Properties

III. Mechanical Properties
IV. Factors Affecting Properties of Wood
V. Properties and Grades of Sawn Lumber

Glossary
A llo w a b le  p rop erty  Value o f  a property  normally 
publishcd tor design use; allovvablc properties arc 
identified vvith íỊrade dcscriptions and standards, and 
they rcrtcct the orthotropic  structure o f  w o o d  and 
anticipatcd end uscs
A n i s o t r o p i c  Exhibiting cỉiíTcrent propertics alonir 
diffcrent axes; in gcncral, íìbrous materials su ch as 
w ood  are anisotropic
A n n u a l  g r o w t h  r in g  Laycr o f  w ood g row th  pu t on 
a trcc durinsỊ a singlc grow ing  season. In the tcmpcratc 
zonc, the annual t;rowth rings o f  many species (e.g., 
oaks and pines) arc readily distinguished bccause of' 
diffcrences in thc cclls formcd during the early and 
late parts ot the season; in som e tempcrate zonc spccics 
(c.g., black gum  and sweets;um) and many tropical 
species, annual g row th  rings are not easily rccot;nizcd 
D i f f u s e - p o r o u s  w o o d  Certain hardvvoods in vvhich 
thc porcs tcnd to be uniform]y sized and distributcd 
throughout ca ch annual ring or to dccrease in sizt’ 
slightly and i>;radual]y tow ard  the outer bordcr of 
the rim;
E a r l y w o o d  Portion o f  the annual s;rowth ring that 
is fo n n cd  durine; the carly part o f th c  tỊrowintf season; 
it is usuallv lcss dcnse and mechanically weaker than 
latcvvood
H a r d w o o d s  General botanical lỊroup o f  trecs that 
has broad lcaves in contrast to the coniíers or soft-

 ̂ I hc  F o re s t  P ro d u c ts  L a h o ra to rv  is m ain ta ineci in  c o o p e ra t io n  
\v ith  tlìc  U n iv c rs i ty  o f  W isco n s in . T h is  a rtic lc  w as  w r i t t c n  and  
p re p .irc d  b v  U .S . G o v e rn m e n t c n ip lo v c c s  1)11 o rtìc ia l t im e , a n d  it 
is th c rc to rc  m rhc public doinain  and Iiot su h ịc rt to  Copyright.

vvoods; tcrm has no retcrence to the actual hardness 
o f  thc vvood
L a te w o o d  Portion o f  thc annual t^rovvth ring that is 
torm cd aftcr the carlywood íorm ation  has ceascd; it 
is usually denscr and mechanically stronger than ear- 
lywood
L u m b e r  Product o f  thc saw and planing mill m anu- 
facturcd from a ]og through the proccss o f  sawing, 
resawing to width, passing lena;thwise through a Stan
dard planine; machinc, and crosscuttinc; to length 
O rth o tro p ic  Havina; unique and independent prop- 
erties iu threc mutually orthosỊonal (perpcndicular) 
planes o f sy m m e try ;  a spccial case o t 'anisotropy 
R in g - p o r o u s  w o o d s  Group o fh a rd w o o d s  in which 
the pores arc comparatively largc at the beginning o f  
ẹach annual ring and decrcasc in sizc more or less 
abruptly toward the outer portion o f  the ring, thus 
rorming a distinct inncr zonc o f  porcs, the carly wood, 
and an outcr  zone with smallcr porcs, thc latevvood 
S o f tw o o d s  General botanical ^ roup  o f  trecs that in 
most cases has nccdlclike or scalclike leaves (thc coni- 
tcrs); term has no reícrence to the actual hardncss o f  
the w ood

W o o d  is an cxtremcly vcrsatilc material vvith a vvide 
range o f  physical and mcchanical propcrtics am ong 
the many spccies o f  wood. It ĩs also a renevvable re- 
sourcc with an cxceptional strcne;th-to-weight ratio. 
Wood is a desirable construction material because the 
energy requiremcnts o t 'w o o d  tor  producing a usable 
end-product arc m uch lower than those o f  competi- 
tivc materials, such as Steel, concrcte, or plastic.

I. VVood Structure

A. Microstructure
The prim ary structural buildinỉỊ block o f  w ood  is thc 
trachcid or tìber ccll. Cclls varv from 16 to 42 /J.m in



diamctcr and from 87(1 to 4000 /Lim long. Thus, a 
cubic ccntimeter o f  wood could contain more than 
1.5 million wood cclls. When packcd togcthcr they 
form a stroníỊ compositc. Each individual w ood  ccll 
is cvcn morc structurally advanced because it is actu- 
ally a multilayercd, filament-reinfbrccd, closcd-cnd 
tubc (Fi^. 1) rather than jus t  a homogencous-walled, 
nonreiníòrced straw. Each individual ccl] has toưr 
distinct cell wall layers (Primary, S[, S2, and S3). Each 
laycr is composcd o f  a combination o f  threc chemical 
polymcrs: ccllulosc, hcmiccllulosc, and lignin (Fig. 
1). The ccllulose and hemicellulosc arc lincar poly- 
saccharidcs (i.c., hyđrophilic multiple-sugars), and 
thc lignin is an amorphous phenolic (i.c., a three- 
dimensĩonal hydrophobic adhesive). Ccllulosc torm s 
lont; unbranched chains, and hemicellulose forms 
short branchcd chains. Lií^nin cncrusts and stiíTcns 
thcsc polymers.

Bccause carbohyđrate and phenolic com poncnts ot 
w ood are asseniblcd in a layercd tubular or ccllular 
manner with a large cell cavity, specific gravity o f  
wood can vary immcnscly. W ood cxccls as a viablc 
building material because the layered tubular structurc 
providcs a largc volume o f  voids (void volume), it 
has an advantagcous s trength-to-wcight ratio, and 
it has other inherent advantages, such as corrosion 
rcsistance, fatiguc rcsistance, low cost, and easc-of- 
modification át th e jo b  site.

B. Macrostructure
The cross-section o f  a trcc is dividcd into three broad 
cate^ories consisting o f  the bark, vvoođ, and cambium

OveraH chemlcal comDosltlon 
Ugnin 28.0
cẽllulose 40.3
Hemicellulose 28.7

FIGURE 1 M ic ro tìb r i!  o r ic n ta tio n  for each  cell wall lay c r o f  
S co tch  p in e  w ith  c liem ical c o m p o s itio n  as p c rc cn tag c  o f  to ta l 
w eii*ht. C cll wall lay e rs  aro primary (P), Sị, S i, and Sv

(Fig. 2). Bark is the outer layer and is composed o f  
a dcad outcr phloem  o f  drv  corkv matcrial and a thin 
inner phlocm o f  living cclls. Its priinary functions 
are protection and nutricnt conduction. The thickness 
and appearancc o t 'bark  vary substantiallv depending 
OI) the species and age ot the  tree.

W ood, or xylem, is com posed  o f  thc inner sections 
o f  the trunk. The p r im ary  íunctions o f  w ood  are 
support and nutrient conduction and storagc. W ood 
can be divided into tw o  a;eneral classes: sapvvood and 
heartvvood. Sapwood is located next to the cambium. 
It íunctions primarily in food storage and the mechan- 
ical transport o fsap . T he  radial thickncss o fsap w o o d  
is com m only  35 to 50 m m  but may be 75 to 150 m m  
for somc spccics. Heartvvood consists ot an inner core 
o f  wood cells that ha ve changed, both chcmically and 
physically, from the cells ot' the outer sapvvood. The 
cell cavitics o f  hcar tw ood  may also contain dcposits 
o f  various materials that írcqucntly givc hcartwood a 
much darker color. Extractive deposits íormed during 
the convcrsion o f  living sapw ood to dcad hcartvvood 
often niake the hcartw ood o f  some species m ore dura- 
ble in conditions that may inđucc decay.

The cambium is a continuous rintỊ o f  reproductive 
tissue locatcd bctwccn the sapwood and the inner 
laycr o f  the bark. Usually, it is 1 to 10 cclls widc 
dcpcnding on the season. All w ood and bark cells 
arc aligncd or stacked rađially becausc each cell in a 
radial line originated from  the same cambial cell.

1. Grovvth
G row th  in trees is atTecteđ by thc soi! and environ- 

mcntal conditions w ith which the trce must exist and

FIGURE 2 Elemcnts ot'macrostructure norm.illy visible \vithouc 
ma^nihcation.



con tcnd .  Gro \vth  is acconipl ishcd by cell divis ion.  As 
ne\v cclls torni ,  thcy arc pushcd  ci thcr  to thc msidc 
to b cc om e  vvood cclls o r  to the oursick'  to b cc o me  
bark cells. As the d iameter  ot thc trcc mcrcnses,  nc\\ '  
cells arc also occasionally r cta incd in the can i lmim to 
account  tor  incrcasinu; cambial  c i r cuni te ra i cc .  Also.  
as the tree d iameter  incrcascs,  addi t ional  ba rk  cclls 
circ pushcd  outvvard,  and the ou te r  sur tacc becon ics 
crackeđ  and ridqed,  tormini Ị  tlic bark pat terns  charac-  
teristic o f  cacli spccics.

T h e  tvpc  and ratc ot c; rowth varv be twc cn  car-  
lyvvood and latcxvood cells. Ear lyvvood cells have rel- 
at ivcly lariỊC cavities and thin walls,  whercas  latevvood 
cclls havc smaller  cavitics and rhicker  walls.  Bccausc 
vo id  vokmiL* is rclatcd to dcnsi tv and dens i tv  is rclatcd 
to lu m b c r  streniỊth,  latcvvood is somct imcs  used to 
j uds j ; c  t l i e  q u a l i t y  o r  s t r c n s Ị t h  o t  S o n i c  . s p c c i e s .  E a r -  

l yvvood 1S lii»htcr in wciu;ht and  color,  soí ter ,  and 
w ca kc r  than latcvvood; it shr inks  lcss across thc í*rain 
and  m o r c  leniỊthvvise alonsỊ tlic lỊnim than does 
l a t cwood .

2. Growth Rings
Grovvth rin^s vary ìn vvidth dependintỊ  on  spccics 

and site condi t ions.  RiníỊS fo rn ied  đurine; shor t  o r  dry 
sCcisons arc thinner  than thosc  tò rm e d  w h cn  c; rowing 
condi t ions  arc m o r e  íavorable.  Also,  r inqs íb r tne đ  in 
shady condi t ions are usiuilly th inncr  than those  
f o rm c d  by thc samc spccics in sunny  condi t ions .  It is 
c o m m o n l y  bcl icvcd that  the aụ;e o f  a t rec m a y  be 
d c tc r m in c d  by coimtiniỊ  thcsc rin^s.  H o w c v c r ,  this 
m c t h o d  can lcad to cr rors  bccausc ab no rm a l  env i -  
ronn icn ta l  condi t ions can cause a trcc to p r o du ce  
mul t ip le -í*rowth inc rement s  o r  cven p rcvcnt  í»rowth 
ont i rely for a pcriod.

3. Knots
As a trcc a;rows, b ranches  dcve lop latcrally f ro m 

thc t runk .  Tliesc b ranches  p r od uce  í^ross dev ia t ions  
in the no rmal  íỊrain of the  t r u n k  and rcsult  1 1 1  kno t s  
w h c n  the Ioíị 1S sa wn  into lu m b c r  o r  t imber .  Kno t s  
arc ciassificd in t w o  catco;orics: intcr^rovvn kno t s  and  
cncascd or  loosc knots .  In tcn*rown kno ts  arc íb r m c d  
by liviní* branchcs.  Encased kno ts  occur  wher) 
branches  die and thc w o u n d  is su r ro und cd  bv  thc 
iỊrovvintỊ t runk.  K no t s  rcsul t  in ỉ^rain deviat ions,  
w h ich  is sÌLỊtiitĩcaiit bccausc s t raight- i Ịraincd vvoođ is 
appr ox imatc ly  10 to 20 t imes  s t roniỊcr  parallcl to grain 
than perpcndicu la r  to iỊram. Accordin^ lv ,  k n o t  S1 ZC 
is a ma jo r  p rcd ic to r  o f s a w n - t i m b e r  streni í th.

4. Reaction Wood
UcLicúon w ood  1S thc r esponsc  ot  treo to ab no rm a l  

C1 1 \ ironiiiciit.il or physical  strcsscs associatcd vvith

leanine; trecs and c rookcd  l imbs.  It is íỊcncrallv bc-  
lievcd to be an a t t em pt  by thc trcc to r eturn thc t runk  
or  l imbs to LI mo rc  natural  posit ion.  In sottvvoods,  
rcaction \vood is callcd compression  w o o d  and results 
in thc p roduc t ion  o f  \vood cells rich 1 1 1 phenol ic  l ignin 
a n d  p o o r  ĨI1 cn rb o hv d r a t e s .  It 1S t o u n d  on  t he  lovver 
side o f  the l imb or  i n đ in e d  t runk  and ct tcctivcly re- 
sults in a h ighcr  cell \vall packiní? dcnsi ty and liigh 
comprcss ion  strcntỊth.  M a n y  ot  the anatomical ,  
chcniical ,  phvsical ,  and mechanical  proper t ies  of reac- 
t ion vvoođ di t ter  dist inct lv f rom thosc of no rmal  
vvood. T h e  spccific ^ravi ty  ot comprcss ion  vvood is 
t r cqucnt ly  30 to 40% greater  than that  of nor mal  
\vood,  but  the tcnsilc strcntỊth is m a n y  t imes !owcr.  
Thi s  is \vhv all íỊradinsỊ rulcs rcstrict  comprcssion  
w o o d  in any fo rm f r o m  gradcd  so f t w oo d  lum be r  and 
t inibcr.

II. Physical Properties

Physical  proper t ics  arc thc quant i ta t ivc character is-  
tics o f  vvood and its bchavior  to cxtcrnal  inAuences 
o thc r  than appl ied forccs. Includcd hcre are dircc-  
tional proper t ics,  mois tu rc  contcnt ,  d imcns iona l  sta- 
bili ty,  t hc rmal  and pyrolyt ic  (fire) propcr t ics ,  dcns-  
i ty, an d  clcctrical, chcmical ,  and decay resistancc.  
Famil iar i ty with  physical  proper t ics  1S im p o r t a n t  
bccausc thcy can si í Ịnihcantly inAuence thc pe r tor -  
mancc  and strcníỊCh ot w o o d  uscd in st ructural  ap-  
plícations.

T h e  physical  proper t ics  o f  w o o d  m o s t  rclcvant  to 
s t ructural  dcsiụ;n and pe r t b r ma nce  are discusscd in this 
scction.  T h e  ctTccts that  var iat ions Í1 1 these proper t ics  
havc on the s t r cng th  o f  w o o d  are m o r c  íully discussed 
in Sect ion IV.

A. Directional Properties
W o o d  is 311 o r th o t ro p ic  and ani sot ropic  material .  Be- 
causc o f  thc oricntation o f  thc w ood íìbers and the 
m a n n c r  in which  a trce incrcascs in d iamctc r  as it 
s;rows, propcr t ies  vary alonẹ; thrcc mutua l ly  pc rpen-  
dicular  axcs: loniỊÌtudinal,  radial,  and tangent ial  (Fig. 
3). The loníỊÍtudinal axis is parallcl to thc fibcr (grain) 
direct ion,  the radial axis is perpendicu la r  to thc grain 
dircct ion and n or ma l  to the í^rowth r ings,  and the 
tanmcntial axis is perpcndicular to the gram direction 
and t angcn t  to the g r o w t h  rmgs.  A l t h o u g h  mos t  
vvood propcr t ies  ditTcr in cach o f  thcsc thrce axis đirec- 
t ions,  ditTcrcncés bctvvccn the raciial and tangcnt ial  
axcs arc rehưivcly m in o r  \vhcn con ipa rcd  to di t ter-  
011CCS bctxvccn tho radial or tantỊcntial axis and the



FIGURE 3 Th rce p rin c ip a ỉ axcs  o f  wood with rcspcct to grain 
direction and growth rings.

longitudinal axis. Property valucs tabulated for struc- 
tural applications are often ÍỊÌVCII only for axis direc- 
tions parallcl to grain (lonụitudinal) and pcrpcndicular 
to grain (radial or taníỊcntial).

B. Moisture Content
T he moisture contcnt o f  wood is dcfined as thc vveight 
of watcr in wood givcn as a pcrccntagc o f  ovcndry 
vvciiỊht. In cquation tồrm, moisture content (MC) is 
cxpresscd as tbllovvs:

M C  -  - ° i s - w ĩ ' ' ‘: . : . . ĩ y wclsl1‘ X (1)dry wei£Ịht

Watcr is rcquircd for the grow th  and dcvclopmcnt 
o f  livinẹ; trccs and constitutcs a mạjor portion o f  green 
w ood anatomy. In liviníỊ trecs, inoisturc contcnt de- 
pends on thc spccics and the typc o f  wood, and may 
range from approximatcly 25% to morc than 250% 
(two and a half timcs the vvcight o f  thc dry w ood  
material). In most spccics, thc moisturc content of  
sapwood is highcr than that o f  heartvvood.

Water cxists in wood cithcr as bound water (in thc 
ccll vvall) or frcc vvatcr (in thc cell cavity). As bound 
watcr, it is bondcd (via sccondarv or hydrogen bonds) 
withm the w ood cell walls. As free vvatcr, it 1S simply 
prcscnt ÍI1 the ccll cavities. When wood drics, most 
trcc watcr scparatcs at a taster ra te than bound water 
bccause o f  acccssibility and the abscncc o f  sccondary 
bondiníỊ. The moisturc content at which the cell walls 
are stĩìl saturatcd btn virtually no watcr cxists in the 
ccll cavities is callcd thc tìber saturation point. The 
tibcr saturation point usually varies bctwccn 21 
and 28%.

Wood is a hygroscopic  material that absorbs mois- 
turc in a hum id  cnvironm cnt and loscs moisture in a 
dry cnvironment. As a result, the m oisture  content 
o f  w ood is a function o f  atmospheric conditions and 
dcpends on the relative hum idity  and temperature o f  
the surrounding air. U nder  constant conditions o f  
tcmperature and hum idity , w o o d  rcaches an equilib- 
rium moisture content (EM C) at which it is ncither 
gaining nor losinq; moisture. T he EMC' rcprescnts a 
b a l a n c c  p o i n t  v v h e r e  t h e  w o o d  1S i n  e q u i l i b r i u m  w i t h  
its environment.

In structural applications, the moisture  content o f  
w o o d  is almost a l w a y s  u nd e r í ỊOÍ n ẹ ;  s o m e  changcs as 
tcmperaturc and hum idity  conditions vary. These 
changcs arc usually gradual and short- tcrm  Huctua- 
tions that inAuencc only the surface o f  the wood. The 
timc rcquircd for w o o d  to reach the E M C  dcpends 
OI1 t h e  size and perm eabili ty  o f  thc m e m b e r ,  t h e  t e m -  

pcrature, and the difference between the moisturc 
content o f  the m em ber  and the E M C  potential o f  that 
cnvironment. Changes in moisture content cannot be 
cntircly stoppcd but can be rctarded by coatings or 
trcatmcnts applied to the w ood  suríace.

c. Dimensional Stability
Abovc the fiber saturation point, w ood  will not shrink 
or svvell írom  changcs in moisture content becausc 
frcc watcr is found only in thc ccll cavity and is not 
associated within thc cell walls. Hovvevcr, w ood 
chantỊcs in dimcnsion as moisture content varics be- 
low thc fiber saturation point. W ood shrinks as it 
loses moisture bclow thc fibcr saturation point and 
swells as it gains m oisture  up to the fìber saturation 
point. These dimensional chaníỊes may rcsult in split- 
tinẹ;, checking, and warping. T he phenom ena o f  di- 
mensional stability and E M C  m ust be understood, 
rccognizcd, and considered in good timber design.

Dimensional stability o f  w ood is onc o f  the few 
propertics that signiíìcantly differs in cach o f  the three 
axis dircctions. Dimensional changes in the longitudi- 
nal dircction between the fiber saturation point and 
ovendry arc bctw een 0.1 and 0 .2%  and are o f  no 
practical sígniíìcancc; howcvcr, in rcaction or juvcnilc 
wood, thcsc perccntaẹcs may bc signihcantly highcr. 
The com bincd effccts o f  shrinkagc in the tanẹ;ential 
and radial axes can distort the shape ot w ood pieces 
bccausc o f  the diffcrcnce in shrinkatỊe and the curva- 
t u r c  o f  t h e  a n n u a l  r iniỊS ( FÌ£Ị. 4) .  Gencrally, t an i ^c nt i a l  
shnnkaa;c (varyinsr from  4.4 to 7 .8%  đepending on 
spccies) is twicc that o f  radial shrinkatỊe (íroni 2.2 to 
5.6%).
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FIGURE 4 C h a ra c te r is t ic  s h r in k a g e  a n d  d is to r t io n  o f  w o o d  as 
a ỉT cctcd  b y  d irc c tio n  o t  i^rovvth r in g s . S uclì d is to r t io n  can  rc su lt 
in  w a rp ,  g e n era lly  c la ss iỉìcd  as b o w , tw is t ,  c ro o k , a n d  cup .

D. Thermal Expansion
T hcrm al expansion o f  dry w ood  is positive in all 
dircctions; w ood cxpands when heatcd and contracts 
w hcn  cooled. W ood that contains moisturc rcacts to 
tem perature  changes ditTcrcntly than dry wood.

T h e  linear expansion cocfficiciits o f  dry w ood  par- 
allcl to grain arc gencrally indcpendent o f  spccific 
í^ravity and species and range from approximatcly
3 X 10“ fito 4 .5  X 10 pcr °c . The linear expansion  
coeíTicicnts across the graĩn (tangential and radial) arc 
in proportion  to density and rangc from approxi- 
mately 5 to 10 tiincs greater than parallel to grain 
coefficients.

W hcn moist w ood  is heated, it tcnds to expand 
becausc o f  normal thermal cxpansion and shrink bc- 
causc o f  moisturc loss froin increascd tcmperature. 
Unlcss the initial nioisturc contcnt o f  thc w o o d  is 
vcry lovv (3 to 4%), the net dimcnsional changc on 
hcating is neiỊativc. W ood at intermediate m oisture  
contcnts ot approximately 8 to 20% will expand w hen  
first heatcd, thon ẹradually shrink to a volum e smallcr 
than the mitial volum c as m oisture  is lost in thc heateđ 
condition.

E. Pyrolytic Properties
U n d er  appropriatc conditions, wood w ill undcrgo 
thermal deiỊradation or pyrolysis. The  by-prođucts

o f  pyrolysis may burn. and it cnough heat is lỊenerated 
and rctaincd by the wood, thc w ood  can bc set on 
firc. In the prcscncc ot' a pilot Aanie (independent 
s o u r c c  o f  i í Ị n i t i o n ) ,  t h e  n i i n i m u m  r a t e  o f  h c a t i n g  n e c -  

essary for ignition is o f  the order o f  0.3 calorie per 
squarc ccntinieter. In the abscnce o f  a pilot Aatne, the 
m in im um  rate o f  heađnt* ncccssary for ignition is ot 
the order o f  0.6 caloric pcr square centimeter, nearly 
double thc ratc o f  thc pilot flamc situation.

Still, heavy timber construction deserves an ex- 
tremcly tavorablc fĩre-insurance ratint* because it will 
tỊcnerally not produce sufficient heat energy to main- 
tain combustion unless an external hcat source is pres- 
cnt. T im bcr  will gradually produce a char layer trom  
the rcsiduc o f  w ood combustion. 1'his char acts as a 
thermal insulator. O n  hcavy timbers, this char layer 
vvill evcntually inhibit combustion by establishing a 
thermal barricr bctween the uncharred w ood (interior 
to char) and the heat o f  thc fire (exterior to char). 
Heavy timbcr is virtually  sclf-extinguishing, but Steel, 
which has a thermal conductivity 100 times that ot 
w ood, will absorb heat until it reaches a tcmpcrature 
at which it yields under structural load w ithout actu- 
ally burning.

F. Density and Specific Gravity
The density o f  ;1 material is the mass pcr unit volume 
at somc specitìed condition. For a hygroscopic rnatc- 
rial such as wood, density depcnds on tw o tactors: the 
weight o f  thc w ood  structure and moisturc retaincd in 
the w ood. W ood density at various moisture contents 
can vary significantly and inust be given relative to 
a speciíic condition to have practical meaning.

spccific e;ravity providcs a relative measure o f  the 
am oun t o f  w ood substance containeđ in a sample ot' 
wood. It is a dimcnsionless ratio o f  the weight o f  an 
ovendry  volum e ot’\vood to the weiiỊht o f  an identical 
volum c o f  water. In research activities, specific grav- 
ity m ay bc rcporteđ on the basis o f  both weight and 
volum c ovendry. For m any engineering applications, 
thc basis for specitlc e;ravity is generally the ovcndry 
wcight and volurnc at a moisturc content o f  12%. 
For cxample, a volum e o f  w o o d  at sotnc spcciíicd 
inoisture content with a speciíìc gravity ot'0.50 would 
have a density o f  500 k g / m \

G. Electrical Resistance
W ood is a good electrical insulator. Howcver, sig- 
nitìcant variations in conductivity do exist. These 
variatiơns in electrical resistancc can be relatcd to vari-



ations in ẹ;rain oricntation, tenipcraturc, and moisture 
content. The conductivitv o f  w ood in the lonũ;itudinal 
axis is approximately twice that in the radial or tan- 
gential axes. The clectrical conduc tivi ty  ot  w o o d  ÍỊC1 1 - 
erally doubles for each l()°c mcrcase 111 temperature. 
Gcncrally, variations in conductivity rclatcd to w ood 
dcnsity and spccics arc considcrcd niinor.

The correlation betvveen elcctrical rcsistivứy and 
m o i s t u r c  c o n t c n t  1S che b a s i s  t o r  e l c c t r i c a l  r c s i s t a n c c -  
type moisture mctcrs that estimate moisture content 
by mcasuring thc rcsistancc ot the vvood betvvcen two 
d c c t r o d e s .  M o i s t u r e  c o n t e n t  n i e t c r s ,  as t h c s c  I n s t r u 
ments arc com m only callcd, nced to be calibrated for 
tcmpcraturc and spccics and arc ettcctive only tor 
moisture contcnt raníỊes o f  5 to 25%. Thcy are íỊcncr- 
ally unrcliablc tor high resistivities at moisture con- 
tcnts b d o w  5 or 6%, for cstiinating thc moisturc 
content ot green timbcr, or Ếor estimatm^ moisture 
contcnt o f  treated timbers (most trcatmcnts altcr con- 
ductivity).

H. Decay Resistance
W ood dccay fungi and vvood-đestroying oriỊanisms 
requirc oxygcn, appropriatc tcmperature, moisturc, 
and a íbod sourcc. Wood will not dccay if kept dry 
(moisture content less than 20%). O n the other ex- 
trcmc, if continuously submertỊcd in watcr at sutTi- 
cient dcpths, w ood will usuallv not decay. Whcnevcr 
wood is intermeđiary to cithcr ofthc.sc two extremcs, 
problems with wood decay can result. To  avoid prob- 
lcms with decay whcrc moisturc cannot be controllcd, 
the engineer or designer can use either naturally ciura- 
ble spccics or trcatcd timber.

The natural durability o f  wood to the mechanisms 
and processcs o f  dctcrioration 1S rclatcd to thc anatom - 
ical characteristics and spccies o f  wood. In general, 
the outcr zonc o r  sapwood o f  all specics has littlc 
resistance to deterioration and tails rapidly in adverse 
cnvironmcnts. For hcartwood, natural durability dc- 
pcnds on specics. Heartvvood torms as the liviní* sap- 
wood cclls gradually die. In sonie species, the sugars 
prcsent in the cells are convcrtcd to highly toxic ex- 
tractivcs that arc depositcd in the w ood cell wall. 
Many species produce durablc hcartwood, including 
wcstern red cedar, ređwood, and black locust; how - 
cvcr, durability varics within a trcc and bctwcen trccs 
ot a ỄỊÍven species. Tơ enhance durabilitv, wood can 
be treatcd with an EPA-registeređ, toxic preservative 
chemical trcatment.

I. Chemical Resistance
W ood is hitỊhly resistant to many chemicals, which 
iỊÌves it a siíỊnihcant advantatỊC over IMIIV altcrnativc

buildiníỊ m atenals .  W o o d  1S o ítc n  considered supcrior  
t o  a l t e r n a t i v c  n i a t c r i a l s ,  s u c h  as c o n c r c t c  a n d  Steel,  
partlv bccause o fits  resistancc to mild acids (pH morc 
than 2.0), acidic salt solutions, and corrosivc agcnts. 
Generally, iron holds up better on exposurc to alkalinc 
solution than does w oođ, bu t w ood can bc treated 
with m any o f  the com m on  w ood  prescrvativcs (e.g., 
c r c o s o t e )  t o  t ^ r c a t l y  e n h a n c c  i t s  p e r í o r n i a n c c  in t h i s  

respect.
H eartw ood 1S far m ore durable than sapwood to 

chemical attack because hcartwood is more resistant 
to pcnetration by liqnids. M any prcscrvativc treat- 
ments, such as crcọsotc or pentachlorcphcnol in 
hcavv oil, can also siiỊiiihcantlv increasc the ability ot 
w ood to rcsist liquid or chcmical pcnctration, or both. 
Chemical solutions mav inđuce two tỊencral typcs o f  
action: normal rcversible svvelline; bv a liquid and 
ir reversiblc chcniical  dci Ịradat ion.  Wi th the to rmer ,  
removal o f  thc liquid vvill rcturn wood to :ts original 
condition. With the latter, pcrmancnt chantỊCS occur 
within the w ood  structurc f'rom hydrolysis, oxida- 
tion, or delignification.

III. Mechanical Properties

Mcchanical propcrtics are the characteristics o f  a ma- 
terial in rcsponse to extcrnally applicd torccs. Thcy 
mclude clastic propcrties, which characterize resis- 
tancc to detbrmation and distortion, and strcnị^th 
propcrties, which charactcrize resistance to applied 
loads. Mechanical propcrty  valucs arc ẹ;iven in tcrms 
o f  stress (íorce pcr unit area) and strain (deformation 
rcsultintỊ from the applied strcss). The mcchanicaỉ 
propcrty values ot w ood are obtamed from laboratory 
tcsts of lumber o f  straiạ;ht-e;raincd clear wood samplcs 
(without natural deíects that vvould rcducc strcngth, 
such as knots, chccks, splits, ctc.).

A. Elastic Properties
Elastic propcrtics rclate thc resistance o f  a matcrial to 
deíormation utuler an applicd strcss to the ability o f  
the material to regain its oriiỊÌnal dimcnsions when 
the stress is removed. For a material \vith idcal elastic 
propcrties loaded bclow the proportiom l (elastic) 
limit, all dctbrmation is recoverable and the bodv 
r eturns  to Ìts or iginal  shape w h e n  thc strcss is rc- 
move d .  W o o d  is no t  ideallv clastic iii that  some de to r -  
mation írorn loadinẹ; is not iinmcdiately rccovcred 
vvhen the load is rcmovcd; hovvevcr, rcsidual defor- 
mations are gcncrally recoverablc ovxr a period of 
timc. AlthouíỊh tcchnicallv considered a viscoclastic



m a t e r i a l ,  \ v o o d  1S u s u a l l y  a s s u n i c d  t o  b c h a v c  as an  
elasnc matcrial tor most eii^inccring applications.

For an ìsotropic material vvith cqual propcrty values 
1 ]] all đirect ions.  clastic propcr t ics  arc measuređ by 
three elastic constants: modulus of clasticity (E), mod- 
nlus ot riiỊÌditỵ (G), and Poisson’s ratio (/U,). The fol- 
lovvnii' equation shows the rclationship:

= E (2)

whcrc i, ị, and k rcprcscnt thc three principal axcs. 
Because w o o d  is o r thot rop ic ,  12 constants arc re- 
quircd to measurc elastic behavior: thrce moduli o f  
clasticity, tiirce moduli o f  ri^iditv, and six Poisson’s 
ratios.

1. Modulus of Elasticity
M odulus ot 'e lastia tv  rclatcs thc strcss applicd aloniỊ 

One axis to the strain occurring on thc samc axís. The 
thrce moduli ot'elasticity for wood arc denotcd E[, 
E|(, and E j to rcAcct the clastic moduli in thc loníỊĨtu- 
dinal, radial, and tantỊcntial directions, rcspcctivcly. 
For cxamplc, Ej rclatcs the strcss in thc lontỊÌtudinal 
dircction to thi' strain in the lon^itudmal dircction.

Elastic constants varv within and bctvvccn spccics 
and with moisturc  content and speciíìc gravity. The 
only constant. that has bcen cxtensivcly derivcd tròm 
tcst data is Eị_. O thcr  constants may be availablc f'rom 
limited test data but arc most írcqucntly dcvclopcd 
trom matcrial rclationships or by regrcssion cquations 
that prcdict bchavior as a hinction o f  dcnsity. Rclativc 
values ot elastic constants for đearvvood ot several 
com mon vvood spccics are íỊÌvcn in Table I.

2. Shear Modulus
Shear m odulus rclatcs shear stress to shear strain. 

The thrcc shear moduli for wood are denoted 
Gị R, G l t , and G RT tor the loníỊÌtudinal-radial, 
lontỊÌtudinal-tanỉỊcntial, and radial-tanẹ;ential plancs, 
respectivelv. For exampìe, G UJ is the modulus of'r i- 
gidity bascd on the shear strain in the LR planc and 
the shear strcss in thc LT and R T  plancs. The tnodulus 
o f  ri^idity tor scveral w ood spccics and for each planc 
arc givcn in Tablc I.

3. Poisson's Ratio
Poisson’s ratio rclates thc strain parallel to an ap- 

plicd stress to the aixompanyiiiiỊ strain occurring lat— 
crally. For w ood, the S1X Poisson’s ratios arc denotcd 
I^IM' MLT’ Miu ’ Mkt* Mtl- and /XTR- The l̂rst subscript 
retcrs to the direction o f  applicd stress; thc sccond 
subscript rcters to the dircction ot thc .uvonụv.m  im; 
latcral strain. For example, /LtUi is the Poisson’s ratio 
tor strcss alono; tlic loiiiiỊÌtudinal axis and strain alontỊ

thc radial axis. Estiniatcs o f  1’oisson’s ratios for several 
vvood species and tor cach oricntation are líiven 111 
Tablc I.

B. Strength Properties
Stren^th propcrtics arc the ultimatc rcsistancc oí a 
material to applied loads. With wood, streniựh varics 
si^nificantly depcndinc; on species, loadinc; condition, 
load duration, and a num bcr ot assortcd material and 
cnvironmental tactors.

Because vvood 1S anisotropic, mechanical properties 
also vary in thc thrcc pnncipal axes. Propcrty valucs in 
the lontỊÌtudinal axis are íỊcncrallv signiíìcantly hieher 
than thosc in the tantỊCiitial or radial axes. Strcngth- 
rclated propcrtics 111 thc lonqituđinal axis arc usually 
rctcrred to as paral lel -to-grain propcr t ies .  For  m os t  
cntỊÍncering dcs ign purposes ,  s imply dif ferent iat ing 
betvvecn parallcl- and pcrpendicular -to- íỊ ra in p ro per -  
t i c s  i s  s u t T i c i c n t  b c c a u s e  c h e  r e l a t i v e  t a n g c n t i a l  a n d  

radial đircctions arc randomizcd by the primary saw- 
ine; proccss (i.e.. convcrs ion  f ro m  loí^s to boards) .

1. Compression
When a coniprcssion load 1S applicd parallcl to 

íỊrain, it produccs strcss that deíbrms (shortens) wood 
cells along their longituđinal axis. Whcn w ood is 
s t r e s s e d  in c o m p r c s s i o n  p a r a l l c l  t o  q r a m ,  t a i l u r c  ì n i -  
ti.illy begins as thc microíibnls bcgin to fold vvithin 
thc ccll wall, thcrcby creatinị* plancs o f  wcakness or 
instability within thc ccll wall. As stress in compres- 
sion parallcl to grain continues to increase, the w ood-  
cells thcmselvcs fold into s  shapes, íò rm ing  visible 
wrinklcs on thc suríace. Lare;e detormations occur 
from the intcrnal crushing o f  the complex cellular 
structurc. The averaiỊC strength o f  green clear w ood 
spccimcns o f  Douẹlas-íĩr  and loblolly pine in com - 
prcssion parallcl to e;rain is approximately 26.1 and 
24.2 MPa, rcspcctivcly.

Whcn a compression load is applied perpendicular 
to G;rain, it produces stress that dctorm s the w ood 
cclls perpcndicular to thcir lcngth. Oncc thc hollow 
cell cavities are collapscd, w ood  is quite strong bc- 
cause no void space exists. In practicc, comprcssive 
strcngth o f  w ood perpendicular to ^rain is usually 
assumed to be exccedcd when detb rm adon  exceeds 
4% o f  thc proportional limit strcss. UsintỊ this con- 
vcntion, thc avcragc strength o f  green clear wood 
spccimcns o f  Douạ;las-hr and loblolly pine in com - 
prcssion pcrpendicular to grain is approximatclv 4.8 
and 4.6 MPa, rcspectivclý*

Coinpression applied ar an ana;]e to the grain pro- 
dnces stresses that act both parallel and perpcndicular
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to t^rain.  T l i c  strciiíỊth at any i n t c r m e d i a t c  anglc 1S 

ìnte rmediate to  valucs ot  coniprcss ion parallcl and 
pcrpcndicula r  to g ram and is dctcrni incd usint; Han-  
km son’s íormula.

2. Tension
Parallcl to its lỊrain, vvood is very stronir in tcnsion.  

Failurc occurs bv a complcx combination o f  two 
mođcs: cell-to-cell slippage and cell wall failurc. Slip- 
paỉỊC occurs  w h cr c  t w o  adịaccnt  cells slidc past onc 
anothcr .  Ccll  w;ill tai lure mvolv es  rưp tu rc within  the 
ccl l  \val l  w i t h  l i t t l c  o r  n o  v i s i b l e  d e í o r m a t i o n  p r i o r  t o  
completc  hiilurc. Tensi le  st rcníỊ th parallcl to í*rain for 
clcar wood has bcen historically ditìĩcult to obtain; it 
i s  o t t c n  c o n s c r v a t i v c l y  e s t i m a t c đ  t r o n i  b c n d i n e ;  t c s t  

valucs becausc clear w o o d  no rm al ly  cxhibi ts  initial 
íailurc 0 1 1  the hice strcsscd in tcnsion.

In contrast to tension parallcl to iỊrain, w ood is 
rclativcly weak whcn loadcd in tension perpcndicular 
to íỊrain. Strcsscs in this direction act perpcndicular 
to thc cell lcngths and producc splittmg or đeavage 
a long the lỊrain, wh ich  can havc  a sií»nificant cffcct 
on st ructura l  intcí*rity. D c tb r m a t i o n s  arc usually low 
pr ior  to tailure becausc o f  thc  í Ịeometry and  structurc 
ot  the ccll wall  cross-scct ion.  St rcng th  in tension 
pcrpcndicular to grain for clcar íỊrcen samplcs 
ot I )cniiỊlas-fìr and loblolly pine average 2.1 and 
l.H MPa, rcspcctively. Hovvcver, bccause o f  thc ex- 
ccssivc variability associatcd with ultiinate stress in 
tcnsion perpcndicular to grain, dcsign situations that 
inducc this strcss should bc avoidcđ.

3. Bending
Flcxural (bctiding) propertics arc critical. BcndintỊ 

strcsses are induccd vvhcn a material is uscd as a bcam, 
su ch as in a Ploor or raíter systcm. The bcnding 
strcntỊth OẾ clcar Dou^las-íĩr  and loblolly pinc avcr- 
atỊcs 52.6 and 50.3 MlJa, respcctivcly, whilc thc m od- 
ulus o f  clasticity avcragcs 10.7 and 9.7 GPa, rcspec- 
tivcly. Bccause tcnsilc and comprcssive strcngths 
parallel to a;rain are differcnt from cach other, thc 
strensựh in bcndintỊ is less than in tension but morc 
than in comprcssion.

4. Shear
When uscd as a bcam, w ood  is exposcd to compres- 

sion strcss on onc surtace ot the beam and tensile 
stress on thc other. This opposition o f  strcss results 
111 a shcarinu; action throuíĩh thc section o f  thc beam. 
Tliis piirallcl-to—graĩii shcarino; action is termcd hori- 
zontiil shcar. The horizontal shear streniỊth o f  clcar 
I )i'tiiiius iii and loblollv pinc ;ivcratỊcs 6.2 and

5.9 MPa, rcspcctivcly. Converscly, when strcss is 
applicd perpendicular to thc ccll lcnEỊth in a planc 
parallcl to grnin, this action is tcrm cd rollin^ shcar. 
RolliniỊ shcar stresses product’ a tendcncy for thc 
w ood  cclls to roll ovcr One another. In a;eneral, rolline; 
shcar strenqth values íor clcar spccimcns average 18 
to 28% o f  thc parallcl-to-ẹ;rain shear valucs.

5. Energy Absorption Resistance
Energy absorption or shock resistance is a tunction 

o f  thc abĩlity o f  a material to quickly absorb and then 
dissipatc encrgy Via dcformation. W ood is remark- 
ably resiHent in this respcct and is oíten a preferrcd 
material for sbock loadin^. Scvcral parameters are 
used to dcscribc cncrgy absorption depending 011 thc 
evcntual critcria o f  íailurc considered. W ork to pro- 
portional lirnit, \vork to m ax im u m  load, and work 
to total tailurc (i.e., touiỊhncss) dcscribc the cnergy 
absorption o f  vvood matcrials at progrcssivclv more 
scvcrc tailurc criteria.

6. Fatigue
The tatiiỊue resistance o f  w ood  is sornctimes an 

im portant consideration. Wood, like m any hbrous 
rnaterials, is quitc resistant to fatigue (i.e., the effects 
of rcpeatcd loađine;). In m any crystalline metals, re- 
peated ioadintỊS ot 1 to 10 million cycles at stress 
lcvcls ot 10 to 15% o f  ultimate can induce fatigue- 
type íailures. At comparable stress lcvels, the íatiguc 
strcníỊth o f  w oođ is oftcn scvcral times that o f  most 
mctals.

7. Hardness
Hardness rcprcsents the resistance ot w ood  to in- 

dentation and marrintỊ. Hardncss is comparatively 
measurcd by torce rcquired to cm bed a 11.3-mm ball 
one-halt ìts diamctcr in to the w ood.

IV. Factors Affecting Properties 
of Wood

T o  this point, our discussions ot w ood  properties 
havc mostly bccn bascd on tests o f  straia;ht-^rained 
spccimens o f  clcar vvood. Clcar w o o d  properties arc 
important, but by no mcans do they totally rcprcscnt 
thc enqineering períormance o f  solid-sawn lumbcr, 
timber, or glulam (mlueđ-laminated timber) con- 
taininỉỊ knots, slopc ot 2;rain, and other streníỊth- 
reducinu; charactcristics. T o  undcrstand the properties 
ot thcsc cnd-usc products, the uscr must appreciate
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thc impacts o f  scvcral anatomical and proccssing- 
related factors. The Liser must also apprcciate thc I n

teractive naturc ofcnvironm ental íactors. This scction 
will attcmpt to brieíly relatc the importance o f  Iiiany 
o f  these factors independently and in aggregate.

A. Anatomical Factors
The mcchanical propertics o f  w ood vary bctwccn spe- 
cies; thcy are often compared via species avcraqcs (Ta- 
ble II). However, because mechanical properties vary 
within a species, it is incorrect to think that all matcrial 
o f  Species A is stronger than material o f  Specics B if, 
for example, averaqe valucs are 10 to 15% ditTcrcnt.

1. Speciíic Gravity and Density
The propcrty values o f  w ood  incrcase vvith incrcas- 

ing spcciíìc gravity (SG). While dcnsity is a mcasure o f  
wcight pcr unit volumc often reported with kilograms 
per cubic meter, SG is a dimensionless ratio o f  the 
dcnsity o f  wood at a speciíĩcd moisturc contcnt to 
thc dcnsity o f  water. Becausc changes in moisturc 
contents rcsult in dimensional changes, SG and den- 
sity should be compared at the same moisturc content. 
Spcciíic gravity is an index o f  mcchanical property 
values o f  w ood free from deíects; the lĩií*her thc SG, 
thc higher the appropriate property  vaiue. Hovvever, 
SG and dcnsity values for lum ber are also aíTected by 
thc prescnce o f  gums, resins, and extractives, which 
contribute little to mechanical propertics.

2. Knots
A knot is that portion o f  a branch that has become 

incorporated in the bole o f  the tree. The inAuence o f  
a knot on mechanical properties o f  a w ood m em ber 
is duc to the interruption o f  continuity and change in 
dircction o f  w ood fibers associated with a knot. The 
inAuence o f  a knot depends on its size, its location, its 
shapc, its soundness, and the type ofstrcss measured.

M ost mechanical property valucs arc lowcr at sec- 
tions containing knots. Knots generally havc a íỊreatcr 
cffcct on tensile strcngth than on comprcssive 
strength. For this rcason, knots havc thcir ejreatcst 
inAuence in the tension zonc whcn cxposcd to bcndiníỊ 
stress. The cffects o f  knoc sizc, typc, and locatioti 
are specifically addrcsscd by the grading rules that 
spcciíy limits for each commercially marketcd 
specics-size-grade combination.

3. Slope of Grain
The mechanical propertics ot' vvood arc quitc 

sensitive to íìbcr and ring oricntation. For cxamplc,

parallcl-to-ẹ;rain tensilc or compressive strength 
p r o p e r t v  v a l u e s  a r e  g e n c r a l l y  10 t o  2 0  t i m e s  g r e a t c r  
than those perpendicular to grain. Deviations from 
straight grain in a typical board are termed slopc o f  
e;rain or cross-grain. T he tcrms relate the hber direc- 
tion to the ede;cs o f  thc piece. Any form o f  cross- 
íỊrain can have dctrimcntal effects on mechanical 
properties.

4. Juvenile Wood
D uring  the first 5 to 20 ycars o f  í^rowth, thc im m a- 

ture cainbial tissue produccs w ood  cells with distinct 
variations in microíìbril oricntation throughout thc 
im portan t S2 layer o f  thc ccll wall. This wood is re- 
ferred to as juvenile  vvoođ. Juvenile wood exhibits 
cxcessive warpa^c because o f  anatomical differenccs 
within this Si layer o f  the ccll wall. It alỉo cxhibits 
lowcr strcngth propertícs and bccomưs a problcm 
within thc w ood  industry because o f  the trend toward 
Processing y o m ig c r ,  sm allc r  d iam ctcr  trccs as thc 
largcr diamcter, old-grovvth stock bccomcs morc dif- 
ficult to obtain.

5. Creep
W o o đ  is a viscoelast ic matcrial .  Initially, it vvill act 

elastically, expcriencing nearly full recovery o f]o ad -  
induccd dcíormacion upon  s t r c s s  removal. Howcver, 
w ood  wi]] experiencc nonrecovcrable deíormation 
upon extendcd loading. This deíbrmation is know n 
as creep. For example, the magm tudc of additional 
crccp-rcbtcd  deíorm ation  aftcr a 10-year loading will 
roughly equal thc initial detormation caused by that 
load. T he ra te o f  creep increascs with incrcasing tcm - 
pcraturc and m oisturc  content.

B. Environmental
1. Moisture Content
Mcchanical p r o p c r ty  valucs o f  w ood  incrcasc as 

w ood  drics from  the íìber saturation point to 10 to 
15% moisturc contcnt. For clcar wood, mcchanical 
p roperty  values continuc to increase as \vood dries 
bclow 10 to 15% moiscurc content. For lumber, stud- 
ics have show n that mechanical property values reach 
a m ax im um  at about 10 to 15% moisture content, 
then bcí2;in to dccrcasc vvith dccreasintỊ mcisturc con- 
tcnt belo\v 10 to  15%. For either product. the effects 
o f  m o i s t u r c  c o n t c n t  a r c  c o n s i d c r e d  t o  b e  r e v c r s i b l e  i n  

the abscncc ot decay.

2. Temperature
Strcngth and stitTncss decreasc vvhen wood is hcatcd 

and incrcasc vvhen coolcd. The temperature cffect is



immediatc and, for the most part, reversiblc tor short 
heat ing durat ions .  Hovvcvcr,  i f  w o o d  1S cxposcd to 
clcvatcd temperatures tor an extcndcd timc, strcniựh 
is pcr im nently  rcduccd bccausc o f  wood substancc 
de^rada t ion  and a corrcspondins* loss 1 1 1 weit ;ht.  T h e  
m a^nitudc o f  these pcrm ancnt d ĩec ts  depcnds on 
m ois tu re  contcn t ,  hcatinẹ; n i c d iu m,  temperatu re ,  ex-  
posure pcriod, and to a lesser extcnt, specics and spcci- 
nien size. As a lỊctieral rule, w ood should not be 
cxposcd to tempcratures above 65°c. The immediate 
effcct o f  tcmperature intcracts with  the ctĩcct o f  mois- 
turc con ten t  so that  nci thcr  cffcct can bc complete ly  
undcrstood w ithout consideration o f  the other.

3. Decay and Insect Damage
W ood is conđucive to dccay and inscct damagc in 

moist, w arm  conditions. Dccav within a structure 
cannot bc tolcrated bccausc strcngth is rapidly reduccd 
in cvcn the carly stagcs o f  dccay. It has bcen csti- 
matcd that a 5% vveiạlit loss froin decay can rcsult 
in strcntỊth losscs as hi^h as 50%. If  the warm, moist 
conditions rcquưcd for dccay cannot bc controlleđ, 
then the use o f  naturally decay resistant wood species 
or chcmical trcatmcnts are required to ìmpede dccay. 
Insects, sưch as tcrmites and certain typcs o f  bcetles, 
can bc just  as damaging to mcchanical pcríormance. 
Inscct inícstation can be controlled via mcchanical 
barriers, naturally durable specics, or chemical trcat- 
mcnts.

V. Properties and G rades of 
Sawn Lumber

At tìrst, the highcst quality levcl o f  sawn lumbcr 
m igh t secin dcsirablc for all uses, and indccd it is 
nccdcd fbr scvcral uses. H ow evcr,  in most situations, 
such matcrial would bc prohibitivcly expcnsivc and 
a wastcful usc of our tim ber resource. In practice, 
thc quality level needed for a íunction can bc easily 
spcciíìcd bccausc lumber and timbcr arc graded in an 
orđcrly systern developed to serve thc intcrests o f  the 
users and thc producers.

T he  grading svstem is actually several systems, each 
desiíỊiied tor speciíìc products. Harđvvoođ lumber 1S 
mostly lỊrađed for rcmanufacture, w ith  only small 
am ounts  graded for construction. Softwood is also 
ụraded tor bo th  rcmanufacture and construction, but 
primarilv tbr construction.

In practice, an orderlv, voluntary but circuitous 
svstcni ot responsibilities has evolved in the United

States tor thc dcvelopmcnt, manưtacturc, and mcr- 
chandisinc; ot most stress-íỊrađcd lumbcr and tim- 
bcr. In General,  stress-gradinc;  principlcs arc de-  
velopcd trom  rcscarch findings and engineering 
conccpts, otten vvithin committees and subcom m it- 
tecs o f  thc American Society íor Testing and M ate
rials.

For lunibcr, the National Institute for Standards 
and Technology cooperates with  produccrs, dis- 
tributors, users, and rcgional íỊrade-rules-writing 
agencics th rough  the American Lum ber Standard 
C om m ittce  (ALSC). The ALSC nas assenibled a vol- 
un ta ry  softw ood Standard o f  m anufac tu re ,  called the 
American Softwood Lumber Standard. The Ameri
can Softwood Lum bcr Standard and its rclated N a 
tional Grading Rulc prcscribc thc ways in vvhich 
stress-grading principlcs can be used to formulate 
íỊrading rules for dimension lumber (nominal 2 to
4 in. thick). This lum ber  Standard is the basis t'or 
commercially marketintỊ structural lumber in the 
United States.

For timbers (more than 5 in. nominal), the National 
Gradinạ; Rule docs Iiot apply. Thus, each regional 
ỉỊradc-rules-writing aíỊcncy publishes grade rulcs for 
tinibcrs to llow m g the gcncral principlcs o f  thc N a 
tional Gradine; Rulc, but cach ditĩcrs slightly in CVCI1-  
tual gradc requircmcnts and namcs. For íurthcr spc- 
cihcs on the various charactcristics tor thc individual 
species-gradc combinations, contact the ìndividual 
íỊrađe-rules-vvritiniỊ organizations directly. In N or th  
America, those agencies are National Lumber Grades 
Authority  (Vancouver. BC, Canada), Northeastern 
Lumber Manuíacturers Association (Cumberlancỉ, 
ME), R edw ood Inspection Service (Mill Valley, CA), 
Southern Pine Inspection Bureau (Pensacola, FL), 
West Coast Lum ber Inspcction Bureau (Portland, 
OR), and Westcrn W ood Products Association (Port- 
l a n d ,  OR). [ S e e  F o r e s t  T r e e ,  G e n e t i c  I m p r o v e m e n t . ]
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Glossary
Fiber U nit  o f  mattcr characterizcd by Acxibility,
fincncss, and hÍÊỊh ratio oflcníỊth to thickness typically
capable o f  being spun into yarn
Grade Fineness o f  wool and mohair fibers
H a i r  Usually straight, relatívely brittle, and lustrous;
stronger, smoother, and coarser than wool and gcner-
ally lacks t e l t i n í Ị  properties
W ool and m o h a ir  ad jectives íỊrcase: íìber taken 
froni the living sheep or Angora goat which has not 
bccn commcrcially scoured; pullcd: tìber taken from 
the pelt ot a slauu;htcrcd animal which lias not been 
commerciallv scọurcd (synonym: slipe); n iw : íibcr in

the greasc, pulled, or scoured State; recycled: íìber that 
has been reclaimeđ írom  w oven, knitted, or felted 
structures w hethcr or not it was used by the ultimate 
consumer; scoured: íibcr from which the bulk o í im p u -  
rities has bcen rcmoved by an aqueous or solvent 
washing proccss; ưirạin: new wool fibcrs that have 
not becn reclaimed from any spun, vvoven, knitted, 
braided or othcrwisc manutacturcd product 
W oolen  and w o rsted  system s T w o distinct sys- 
tcms for producing yarns with wool and mohair; 
w oolen-spun yarns tcnd to be bulky with low twist 
and íìbers lying in random  directions; in contrast, 
vvorsted yarns are compact and hiqhly twisted con- 
taining rclativcly long íìbers that arc niorc or less 
parallcl to the longitudinal axis o f  thc yarn; m ost short 
íĩbers arc rcm oved in a combing process

I n  the restricted context oi' this article, wool is deíìned 
as thc íĩbrous coverin^ ot'thc sheep, O v is  species, and 
m ohair  is the fiber harvcstcd from Angora goats, OI1C 
breed within the Caprơ  specics. Thus, the term wool 
is m uch broader, encompassing íìbers from all shecp 
brceds. In contrast, mohair is g row n  by a single breed 
o f  goat. Production and Process in g  refer, rcspec- 
cively, to the quantities o f  íibers g row n  by these ani- 
mals th rou^hou t thc world and their conversion from 
a raw, agricultural com m odity  to a íìnished íabric 
w hether it be a bolt o f  suit cloth or the covering 
material for a paint roller. In a broader sense, produc- 
tion encompasscs all the genetic and cnvironmental 
factors that inAuencc thc am ount o f  fiber grown.

I. O rigịns of Domestic Sheep 
and Goats

A. Sheep
The domestication ot shccp and goats was probably 
complctc niorc than 11,000 ycars ago. At that time,



íibers produced by wild shccp and goats bore little 
resemblance to modern, white finewools or mohair. 
Sheep were covered with coarsc, medullatcd, colored 
hair with a trace o f  an undcrcoat o f  rclatively fine, soft 
fibcrs o f  lighter shade. In all líkclihood, the íìbrous 
coverings o f  sheep and goats wcrc probably similar in 
tcxturc and appearance to many other species. Thus, it 
was not the íìber attributcs that led to domcstication 
but rather the convenicncc o f  accessible supplics o f  
meat, skins, fat, bone, horn, and Í2jut. The  natural 
herding instincts o f  sheep and goats coupled with 
their abundancc and their relativcly docile naturc no 
doubt recommended thesc species abovc all othcrs to 
ancicnt man.

Froni skclctal rcmains, it is known that shccp had 
bccn domcsticatcd as early as 9000 B.c. in the Zagras 
mountaiiis vvhcrc Iraq now bordcrs Iran. In prehis- 
tory, pcoplc learned that wool could bc td tc d  to pro- 
duce fabrics tliat could be tailored. They  also learned 
to spin yarns and weave fabrics. Sometime lonií atỊo, 
the observation was madc that imparting twist to a 
strand o f  fibers imparts strength. From this obscrva- 
tion evolvcd the art and Science o f  yarn m a k in g  and 
subsequently íabric making by mcthods that include, 
am ong others, weaving and knitting. Dcvelopment 
o f  the shecp Aeece through sclcctivc brceding is highly 
correlated with the development o f  spinning and 
vveaving from a craft to currcnt industrial practices. 
Much of the selcctivc brecding is totally undocu- 
mented. It is known tliat thc coarsc, colored Aecces 
ot ancicnt sheep wcrc shcd oncc ạ ycar unlikc the 
vvhite, fine Aeeces o f  modcrn shccp brcẹds. Sonic o f  
thc old-world brceds persistcd to the present time 
and arc representeđ by the MouAon (of Corsica and 
Sardinia), the Bighorn Shccp (of the United States), 
Soay (St. Kilda, Scotland), and some ot'the hair breeds 
o f  India and Africa. Much o f  vvhat vve know  about 
thc early dcvelopment ofshccp has been deduced from 
ancicnt depictions o f  shccp in sculpturc, reliet, and 
paintings. Samples o f  wool íabric are availablc from 
about 1500 B.c. Sonic conclusions have also been 
dravvn from ancient parchmcnts madc from sheep- 
skin. In particular, the evolution ot thc shcep as a 
fìber produccr has bcen followed to som c dcựrcc by 
stuđyiníỊ the primary and secondary tollicles in the 
prcscrvcd skin. In ancient Aceccs, the ratio o f  primary 
to sccondary tolliclcs vvas in the order o f  1 : 3. Primary 
tồlliclcs produccd coarsc, mcđulhited íìbers. Second- 
ary folHclcs, \vhen activc, produccd tìnc, undercoat 
tìbcrs. As sliccp \vcrc sclccted for wool production, 
the ratio o f  priniarv to sccondary tollicles increased 
ro 1 :5 tor prescnt day medium \vool sheep and as

high as 1 :25 for f inewool-producing merino sheep. 
D uring this pcriod o f  sclcction, primary follicles havc 
bccome smaller and sccondaries somewhat larger so 
that in today ’s finc\vool sheep, both  types o f  folliclc 
arc producing tìbers o f  comparable size. Further, the 
density of'íolliclcs in the skin has been increased froni 
less than 10 m m ' 2 to as miich as 80 m m ~ 2 in very 
productive finewool sheep.

Wool-containmg tcxtile remains from Roman 
times are quitt' num crous. Generally, thcse havc been 
show n to be com poscd ot fìnewools (in remnants of 
do th ing),  m edium wools (in blankets and ruíỊs), and 
wools ot' intermeđiate fineness (in hosicrv and knit- 
wcar). T rue  f inew oo l-p rodudng  shecp are thought 
to havc becn dcvcloped fưst in thc Middlc East which 
was, consequently, the site ot early advanccs in textile 
technoloíỊy. The products  o f  this technoloíỊy wcrc 
distributed th roughou t the Mediterranean region and 
bcyond by Grcek and Phocnician sea-going traders. 
Cìreck legend conccrning the golden fleeceof Colchis 
datcs to about 700 B.c. and this has been linked to the 
cxistcnce ot' fìnc wool sincc antiquitv. The Komans 
c o n q u c r c d  Grcat B r i t a i n  in 55 B . c .  a n d  i n t r o d u c c d  thc 
craft o f  wool textile manufacturing chcrc and 
tliroughout Europe. D evclopm cnt of thiĩ art forni 
and the subscquent wool industry was ultuiiately rc- 
sponsiblc for p roducing much ot the wt'ỉlth which 
rcsulted in the acquisition o f  thc British Empirc. Ro- 
mans also introduced sheep to Spain v.hich thcy 
considercd to havc an idcal climate for wooI pro- 
ductioi). Follovving thc tall ot thc Roman Empire 
about 600 A . D . ,  written Europcan history became al- 
most nonexistcnt. O n ly  vvith thc advcnt or thc Enro- 
pcan Renaissance in the 13th century can thc devclop- 
m cnt o f  sheep and vvool production bc followed. By 
this time, invadcrs ot' Arab orÌGỊÍn had brought truly 
finewool shcep into Spain and, followine expulsion 
o f  thc Islaniic M oors from  Spain in 1491, devclop- 
mcnt o f  thc Merino brced is quite wcll dccumentcd. 
Mcrinos did not lcave Spain until the lh l i  ccntnry 
at which time num crous Europcan countrics bccame 
rccipients ot' this supcrior vvọol-producini; brecd. In 
the meantime, m any other distinctivc shecp brccds 
had bccn developcd in Europe. All of  thes-í produced 
vvoot that was coarscr bnt invariably lonper than the 
merinos. Ncvcrthdcss, the wool of many brecds vvas 
hne cnouiỊh to make clothmg. Mcat fr3ỉn sheep. 
vvool, and \vool tcxtilcs were extrcmelv in p o r tan t  to 
Europeaii econoniies. Grear Hrirain intrcduccd tìne 
wool shecp in its South Atrican and Australian colo- 
nics witli a V1C\V to turthcr incrcasing rcv.iuics tVom 
\vool. The tìrst im portation  ot mcrino shci-ri into Aus-



tralia occurrcd in 1793. Hovvever, the best docu- 
nicntcd importation occurrcd 111 1797 trom South Af- 
rica. Proe;rcss in selectivc breeding can be assessed in 
terms of wool production o f  the shecp. D uring the 
mid 18()0s, Aecce weights for shcep producine; 20 /Am 
wool w crca round  1 kg. Today, merinosheep produc- 
iniỊ the samc íỊrade vvould be grow ing  more than
5 kg pcr ycar. This incrcasc was achieved primarily 
by selccting for m ore dcnsc and longcr Accces.

Domesticated shccp arrived in thc N ew  World with 
the íìrst Spanish explorers and settlers. Most o f  thcse 
shccp werc o f  the “ churra” variety though some were 
mcrinos. Early D utch  settlcrs probably brought the 
first sheep to the east coast region o f  the United States 
but thc policy o f  the English monarchs was to sup- 
press production in the American colonics. This single 
policy was undoubtedly  a m ạjor contributing causc 
o f  the American Rcvolution. After the Revolution, a 
conccrted effort was made to im provc thc quality of' 
wool produced in the United States. Finewool rams 
vvcrc im portcd  primarily f rom  Spain and France. As 
che pioneers n ioved westward, shocp trailcd along 
with thcm  scrving a similar purposc to their torbearcrs 
on o ther continents 10,000 ycars earlicr. Shccp num - 
bcrs had incrcased to 53 million hcad by 1844 and 
peaked in 1942 w hen  the population vvas 56 million. 
Sincc that timc, num bcrs havc dcclined to thcir prcs- 
ent lcvcl o f  11.2 million, tw o-th irds  o f  which arc in 
the vvestern states and Texas. Nationally, shecp arc 
o f  m inor  importance com parcd co cattle and hogs. 
H ow cvcr, shecp arc still an im portant part o f  thc 
agricultural econom y in Texas, W yoming, Calitbr- 
nia, Montana, South Dakota, and sevcral other states 
mainly because thcsc ruminants (and íỊoats) can con- 
stitute a proíìtablc opcration on land that is too  poor 
to support cattlc alone.

B. Angora Goats
M ohair  is produccd by a singlc breed o f  í^oat, the 
A ngora, which was nam ed after a Turkish provincc. 
T he  historìcal origin o f  the breed is still something 
o fa  mystery. O n e  thcory is that Angora goats evolvcd 
in the gcographic region o f  prescnt-đay Turkcy. 
H ow evcr,  the absencc o f  any đescription o f  this type 
o f  goat by classical Rom an or Greek authors would 
secm to  undcrm ine such a theory . A more likely hy- 
pothcsis is that AníỊora goats arrived in Turkey  with 
migratim* pastoral tribes đuring the 1 lth ccntury hav- 
ini; oriíỊÌnatcd in Central Asia. Perhaps derivcd tro 111 
wild goats of Central Asia. c .^ .,  C apra ịalconeri, An- 
lỊoras vverc hrst đescribcd in Europe by Father Belon

in 1554 attcr his Cravels through Asia Minor, including 
the provincc ot 'Angora. Raw mohair rcached Europc 
from Turkey  in 1820. The expertise for produciní? 
pure m ohair textiles was generated ovcr time using 
che worstcd system as a basis. As the demand for 
Iiiohair increased, Angora goats wcre eventually re- 
leased troni Turkey. South Atrica received its tirst 
im portation  in 1838 and by 1893 a major industry 
involvinạ; ncarly 3 million goats had been established. 
In 1848, thc íìrst A n^ora goats werc im ported  into 
the United States. Here, the grovvth o f  the industry 
was m uch slower than in South Aírica. By 1900, less 
than 0.25 million Ans;ora goats werc present in the 
U nited  States. With the niajor producers being T u r-  
kcy, South Africa, and thc United States in this cen- 
tury, m ohair  production has Auctuatcd widely, 
n i a i n l y  a s  a r e s u l t  o f  f a s h i o n  c h a n g e s .  ỊS«’ G o a t  P r o -  

D U C T I O N . ]

II. Distribution of Sheep and Angora  
Goats throughout the World

The vvorlđ population o f  woolcd sheep in 1991 was 
1160.4 million. The  num bcrs o f  sheep in the major 
p roducing regions are show n in Table I. Australia 
leads with 166.2 million fo]lowcd by the íorm er So- 
vict U nion (134.6 million), China (115.2 million), 
and N cw  Zealand (55.2 million). D uring this period, 
the United States rcported 11.2 million.

The  world population o f  Angora goats was approx- 
imately 5.4 million in 1991. Table II shows the popu- 
lation and production in seven countries. South Africa 
is thc leadíng producer followed closely by the United 
States with ovcr 90% o f  the mohair production being 
in Texas.

III. Production and Consumption of 
Wool and Mohair

A. Wool
In the pcriod 1991-1992, world wool production was
3.01 million tonnes (metric tons) grcasy wool which 
is equivalent to approximately 1.74 million tonncs 
ot' clean wool. In general terms, this am ount was 
composed ot 52.9% merino wool, 23.3% cross-bred 
wool, and 23.8% carpct-type wool. Production by 
country  is summarizcd in Table I. The  w o rld ’s largest 
production and thc niain source o f  apparcl wools en- 
tering intcrnational tradc channels is trom  Australia.



TABLE I

World W ooled Sheep Population and W ool Production (1990-1991)°

C o u n try
Sh eep  p o p u la tio n  
(m illio n )

R a\v  vvool p ro d u c tio u  
(1000 to n n e s , g re a sy )

W o o l p ro d u c tio n
(1001) to n n e s , c lean  e q u iv .)

A lban ia 1.6 3 1
A rg e n tin a 2 6 .9 136 82
A u stra lia 166.2 1066 699
B razil 20.1 27 19

B u lgaria 7.1 26 11
C an a d a 0 .8 2 1
Chile 5 ,3 20 12
C h in a 115.2 240 120

C ze c h o slo v ak ia 1.0 5 3

F a lk land  IslaiKỈs (1.7 3
F rance 11.1 23 13

G c rm a n y 3 .2 21 11
Greece 1 0 . 2 10 b
H u n g a ry 1.9 7 3
India 4(1.0 35 21
Iran 34.11 32 14
Iraq 7 .8 17 7

Irísh Ilepublic 9.1 17 i 1
Italy 10.8 14 6
L eso th o 1.5 3 1
M ơ n g o lia 14.3 20 1 1

M o rro c o 16.2 35 14
N a m ib ia 6 .7 1 1
N n v  Z e a lan d 55 .2 305 228
P ak is tan 30.2 63 26
P eru 12 3 10 7
P o ian d 3 .9 15 8
P o rtu g a l 3 4 9 5
R o m an ia 14.1 33 15
S o u th  A fr ic a í> 2 5 .0 106 6 3
F o n n cr Soviet U nion 134.6 471 212

Spain 24 .0 42 19
T urk ey 47 .5 83 42
U nited  KÌih;c1oih 4 3 .9 72 48
U n ite d  S ta tes  o f  A m erica 11.2 41 ~>7

Uruguay 25 .9 94 62
Y ugoslavia 7.4 10 5
O tlie r  A tric an  c o u n tr ic s ' 126.9 I U 51
O th c r  A m e ric a n  c o u n tr ie s J 25.1 2~> 11
O th e r  Asian c o u n tr ie s ' 5 1 . 7 68 34
O th e r  W este rn  E u ro p e a n  c o u n tr ie ị’* 6 .4 12 7

World t o ta l 116(1.4 3330 1934

tl Soune: In te rn a tio n a l W oo l T e x ti le  O rt> an isa tion . 
ft I n d u d e s  estin iaced  B an tu  p ro d u c tio n .
* O th c r  A tric an  c o u n tr ic s  in c lu d c : A lge ria . B o ts \v a n a , t g y p t ,  E th io p ia , K e n y a . L ib y a . M ali, M o za n ib iq u c . S u d a n .
S w az ilan d , T a n z a n ia . T u n is ia . Z a m b ia , an d  Z in ib ab v v c .
'! O th e r  A m erican  c o u n tr ic s  inc ỉude : B o liv ia , C o k m ib ia ,  E c u a d o r, ( ìr e c n la n d , M e x ic o , P a ra g u a y , a n d  V cnczuela .
* O th c r  A sian  c o u n tr ic s  includo : A ỉì^han is tan . B an g lad e sh . B h u tan . C y p ru s ,  (»a7.i, In d o n e s ia , Israel. Ịo rd an . K u u a i t .  
L cb an o n . M acao , M alav sia . M y a n m a r , N e p a l,  S aud i A rab ia , S yria , T h a ila n il.  a n d  Y e m e n .
1 Other Western European countrics inclucỉc: Austria. lỉelgium, Denmark, Finland. Iceland. Luxembourg. Malta. Ncther- 
lancỉs. N o r \v a v , Svvctlcn, an d  S \v itzc rlan ti.



TA BLE II
World Angora G oat Population and M ohair Production by Main 
Producing Countries (1991)

c Ịinm try

AniỊDra Ị^oat
p o p u lac io n
(1000’s)

M o h a ir  p ro d u c tio n  
(^ rea sv , m k n )

A rtỊcntiíìii IS3 0 .6
A u s tra  lia IS3 <U)
L eso th o 152 0 .5
N e w  Z cala tu i 91 0 .3
T u rk c y 3f)5 1.2
S o u th  A írica 2284 7 .5
U n ite d  S tates 2071 6.H

o t A m crica
O tlic r  co im tric s f)l 0 .2

lo ta l 53^(» 17.7

Sourú': lntcni. it ion.i l M o l u i r  A s s o i i a t i o n  and  M o h .n r  CoLUMÍl ot 
Amcric.ì .

Austrnl ia’s p rodu c t io n  tcll 17% 1 1 1 1991-1992 to its 
lowcs t  lcvcl sincc 1985-1986.  Reduc t ion in sbeep 
n um bc rs  and \vool p rodu c t ion  arc at t r ibutcđ to rcla- 
t ivcly l o n  tin.mcia] rcturns  tbr  vvool and inove mcnt  
o f  p roduccr s  to o thc r  ai ír icultural  entcrprises.  Wool  
p roduc t ion  also tcll in Argent ina ,  UruiỊiKiy, the for- 
nicr  Sovict  Un ion ,  South Atrica,  and Nevv Zc;iland. 
In contmst ,  vvool p rodu c t io n  in Ch ina ,  Pakistan,  the 
Uni t ed  K i ng d om ,  and the U n i t e d  States vvas rcla- 
t ivcly statĩc. T h e  carrỵ torvvarđ of unsold  vvool stocks 
into 1991-1992 t r o m  Anstralin,  Ncvv Zcalai)d,  South 
AtVica, Argent ina ,  U ru g u a y ,  a n d  tho U.K .  was a rc- 
cord 71^,000 tonnes  (đcan equivalent ) .

C o n s u m p t i o n  of vir^in wool  is shovvn in ĩ ab le  
III. Followiup; t \vo successive vcars  o t  đeđ inc ,  vvool 
c o n s um pt io n  incrcascd bv 6 %  in thc calendar vcar 
1991 to abou t  1.63 mil l ion tonncs  đean .  Stroni;  
í*rowth in cons imipt ion  vvas not iccd pr inmri lv in 
C h i m  ( +  51)%) and also in S ou th  Korca ( +  24%),  
Taivvan ( + 1 3 9 (ỵn')1 Italv ( + 1 3 % ) .  and the Uni ted 
States ( +  22%).  For  the íirst t im c  on record,  China 
bccamc  thc \vor ld ’s hiriícst uscr  ot  woo l .  C o n s u m p -  
t ion Í11 the to rnic r  Sovict  U n i o n  and  in Eastern Europc 
dccl incd bv 7 and 2(151), rcspcct ivclv,  p robab lv  as a 
rcsult  o f  tlic pulitical turmoi l  ÍI1 these arcas. With 
vvool b c ạ ỉ i n i n g  m or c  compc t i t ivc ly  priccd comparcd  
to synthe t ic  tibcrs,  \vơol co n s u m p t i o n  is expecteđ to 
ÌIKTC.LSC đunitíỉ; tlic ncxt  te\v vears.  Ít r emains to be 
SCCI1 it this t rcnđ \vill be s troni ĩ  eno ug h  to cause a 
tun  n r o u n d  1 11 sliccp n u m b c rs  aml wdo1 pmđuc t ion .  
1 V u i U i h t  in S o n i c  DÍ thc  I1K1ỊOI' vvoìOl ụ ; rowi im;  arcas  

ai i í l  1m\\ r c t u n i s  m l l-W2 l l ĩ d  I 111.1 \' p c r s u  RỈC s o m c  

L T i > \ \ v ; t u  s t . i v  o u t  ot  t l ic  buMiiCNN p c r m d n c n r l  V.

B. Mohair
In rcccnt  ycars,  wor ld  moha i r  p roduc t ion  pcakcd in 
1988 vvhen 25.95 mil l ion kiloíỊrams (nikẹ;) \V.1S p ro -  
duccd.  Sincc that  t imc,  a r cduct ion in vvorld d cm an d  
tor  m o h a i r  coupled \vith a p ro longcd  d r o u g h t  1 1 1  
South A fnca  have rcsultcd 1 1 1  a decline in p roduc t ion  
\vhich is cs t ima ted  to be 16.85 m k í  Í11 1992. Tablc  II 
sh ow s  \vor ld moha i r  p roduc t ion  tor  the calendar  year 
1991. Sou th  Atrica has bccn thc ma jo r  prođuciní* 
co un t ry  since 1976. Prior  to that  vcar,  the Uni t ed  
States and Sou th  Atrica al tcrnatcd the leađ. In 1992, 
the Uni t ed  States aiỊain becanie thc vvorliTs leadina; 
mo ha i r  p roducer .  In contrast ,  p rodu c t ion  in T ur ke v ,  
thc historical  h o m e  o f  mohai r ,  has becn đecl inin^ 
stcadily tbr  m an y  ycars \vhile the relat ively small 
a m o u n t s  ot  p rodu c t ion  in Argent ina and Lesotho have 
bccn hur ly constant .  Austral ia and Ncvv Zca land imti-  
ateđ inoha i r  p rod uc t i on  in the early 1980s, rcport int í
0.5 and  0.05 mkíí ,  rcspcctively,  in 1984. 1’roduc t ion 
incrcascd for a íevv vcars and remaincd cons tant  at 1.0 
and (1.5 1 1 1  kí; be twce» 1988 and 1990 betore  dcclininíỊ 
quite đrastÍGilly in 1991. Accurate  records o t  vvorld- 
wide niohnir  con sun ip t ion  by cou n t ry  arc no t  avail- 
able. Tablc  IV shovvs thc countr ícs  to w hi ch  U.S.  
moh a i r  was cxpor tcd  in 1991.

Lar«e Auctuat ions in the d em an d  tbr  moh a i r  and 
conscqucnt ly  priccs paid arc accepccd p h c n o m c n a  in 
the m oh a i r  busincss.  Despi te  p ron io t iona l  cfforts by 
the Internat ional  M o h a i r  Associat ion ( IMA) ,  these 
dramatic chaniỉ;es Í11 deniaiid, production, and prices 
SCC111 t o  b c  p c r n i a n c n t  f i x t u r c s  b c c a u s c  m o h a i r  is, t ì r s t  
and torcmos t ,  a tashion tìber.  Wh en  dcsiíỊners utilize 
lus t rous  fabrics with  a brushcd ,  hai ry appcarancc tor  
a par t icular  fa]] or  win tc r  scason,  thc o u t l oo k  to r  1T1 0 - 
hair is bria;lit. T h e  p rin ia ry  chal lcngc to the 1MA and 
othc rs  vvitli i nvcstnients  in the m oh a i r  m d u s t ry  is to 
đeve lop  p rod uc t s  witli yca r - round ,  lons^-tcrm appcal.  
Wi th such Products ,  the ot t inics dcvastat iníỊ  cffects 
ot  cyclical den iand,  with  p rodu c t ion  lagí^iníỊ 2 or  3 
ỵcars bchind.  ìniiỊht be ovcrcomc.

IV. M ajor Wool Producing 
Sheep Breeds

T h e  posi t ion of  shccp ainoniỊ aninial  vcr tcbratcs  is 
shovvii bclow:

C l a s s  M é M i i n a l i t i  ( n i a i n m a l s .  t h o s c  \ y h i c h
Sncklc thcir VBurìg)

O r d c r  ( ' iH Ịu l i i tcdc  ( h o o t c d  m a m m a l s )



TABLE III
Consumption of Virgin W ool by the W ool Textile Industry at the Spinning Stage (1991)

C o u n t r y
W o o l  c o n s u m p t i o n  
(1000 to n n c s -c lo an  basis) C o u n t r y

W o o l  c o n s u m p t i o n  
(1000 to n n e s -c l ca n  basis)

A íg h a n is t a n 11.250 K orca  (S ou th ) 60.145
A lgeria 21.500 Libyit 1.6511
A r g e n t in a 29.535 M ac ao 2.001)
A ust ra l ia 16.871 M alays ia 1.924
Aust r ia 6 .438 M au r i t iu s 2.23(1
Bclg iu rn 33.800 M ex ic o 6 .700
Boliv ia 4 .940 M orígo l ia 9.1211

Brazil 5.300 M o r o c c o 18.25(1

B ulga r ia 10.594 N e p a l 9.20(1

C an a d a 4.707 N e t l i c r la n d s 4 .800

C h i le 6.962 N c w  Z c a la n d 17.06(1

C h ỉn a 250.424 N o r w a y 2.2911

C o l u m b i a 3 .455 Pak is tan 28.855
C z e c h o s lo v ak ia 16.348 Peru 4.40(1
D e n m a r k 2 .995 Poland 1 1.130

E c u a d o r 1.(100 Por tu íía l 14.321
E g y p t 4 .460 R o n i a n i l 13.413

Finland 0 .550 Saudi  A ra b ia 1.400
Francc 23.777 S o u th  A tr ica 4 .446

G e r m a n y 59.073 F o r m e r  S o v ic t  U n i o n 234.9011
Greecc 12.435 Spam 2 2 .8 8 ?
H o n g  K o n g 5 .973 Svvcdcn 0.413
H u n g a r y 2 .658 Switzc-rland 11.626

Iceland 0 .498 Syria 11.5(10
India 33 .000 Ta i  w a n 30 .399

Iran ->l -Ị->2 T u r k c y 62 .499

Iraq 4 .480 U n i t e d  K in đ í Ịo m 71.268
Ir ish R ep u b l ic 8 .168 U n i t e d  Sta tes 62 .638
Israel 0 .720 U r u g u a y 6 .348
Italy 155.090 V c n c z u d a 0 .800
Jap a n 116.719 Y u g o s l a v i i 14.71')

J o r d o n 1.000
K enya 1.224 T ota l 1621.008

Source: In te rn a t io n a l  W o o l  T e x t i l c  O rí Ị an isa t ion  an d  In te rn a t io n a l  W o o l  Scc re ta r ia t .

Suborder Artiodactyla  (even-toed ungulates)
Section Pectora (typical ruminants)
Family B ovidac (hollow-horned ruminants)
Subíamily C aprinac (sheep and íỊơats)
Gcnus O vis  (shccp)
Spccics O vis  aríes (domcsticatcd shcep)

O ưis ammoìì (Are;ali)
O vis  canadcnsis (N orth  American Bií^- 
horn)
O vis  oricntalis (Urial)
O vis  ìaristanica (Urial)
O i ' i s  m u s i i n o n  (MouíHon)
O vis  trciỊỊclaphus (N orth  A tri can Aou- 
dad)
O vís  VÍỊỊIỈCÌ (Asiatic Urial)

Brccds that belone; to thc spccies Oưi s  avics num bcr

ovcr 500 but can be catec;orized into tìve ;roups by 
thc type o f  wool thcy producc. Thcse are: inc-wool, 
mcdium-vvoo], ]on^-wool, crossbrcd-vool, and 
carpct-wool typc o f  sheep. Within spccics thcrc are 
also substantial variations 111 other traits, e .g., size 
and shapc, color o f  wool, horns, and typi ot tai].

A brced can bc dctìned as a ẹroup o f  sh-ep vvith a 
com m on oriíỊin and ccrtain physical chaacteristics 
that arc rcadily distm^uishablc. Wool chaactcristics 
o f  scveral im portan t breeds are prcscntcd 11 Tablc V.

V. Fiber Composition and Growh

In its raw S ta t e ,  the kcratin ot sheep and Aigora goat 
íìbers is coatcd vvith variable amounts o wax and



TA6LE IV
United States Exports of Greasy M o hair (1991)

C 'o u n trv %  o f  to ta l

U n ite d  K in tỊilo m 55
India 16
T a iw a n 12
B d iỊÌu n i 9
Italv 4
H oiiii K o n iĩ 1
C ìerm anv 1
O th c rs 2

Soune: M o li.n r ( 'o u n c i l  o t A m e ric a , l'W 2.

suint vvhich in turn arc contnminatcd to varyiniỊ dc- 
íỊrecs vvith dirt, plant parts, urinc, fcces, and othcr 
miscellancous materials. Tlic am ounts o f  wax and 
suint are somevvhat genetically controlled while the 
contaminants arc almost totally inAucnccd by the cn- 
vironmcnt. T he  vvaxcs vvliich protcct thc fibcrs 
atỊainst watcr and sunlight damagc arc composed o f  
a mixturc ot cstcrs and constitutc 2 -3 0 %  ofthe  weight 
o f  lỊreasy fibers. Thcsc cstcrs arc condensation Prod
ucts o f  vvater-insohible alcohols (23) and higher íatty 
acids (36). T h e  complex cheniical charactcristics o f  
vvool vvax liavc bccn dcscribed. T he  puritìcd tbrm of 
wool wax is k n o w n  as lanolin. T he  tcrni “ yolk” rcícrs 
to tlic coinbination o f  wax plus suint. Lỉy convciition, 
suint is deíĩneđ as thc portion o f  thc yolk that is soluble 
in cold vvatcr. lt consists prĩmarily o f  a mixturc o f  
potassium salts ot tatty acids (C5- C 1(1) and is prcscnt 
in amounts varying íroni 2 to 15% o f  thc grcasy 
Acccc. Suint is cornposed o f 30—K)% inorẹ;anic mattcr 
and 60 -70%  ore;anic matcrial. O th e r  mctal ions pres- 
ent in suint ìncluđe sodium, calcium, and mae;nesium. 
Inorganic anions prcsent in suint ash include carbonatc 
(primarily), chloridc, sulíatc, pliosphate, and silicate.

N o t  inđuđiniỊ the 0.5% o r s o  ofinoríỊanic matcrial, 
clcanscd wool and mohair have the following approx- 
iniatc analysis: carbon, 50%; oxygen, 22-25% ; nitro- 
1*011, 16-17% ; hydrogen, 7% ; and sulíur, 3—ị% .

T h e  basic clicmical building blocks o f  vvool and 
mohair  arc 1*-* aniino acids. Tlicse compounds are 
carricd to the point o f  fibcr synthcsis in tolliclcs in 
blood, at vvhich point thc amino acids arc polvmerizcd 
to tbrm  a complcx mixture o f  polypeptidcs vvhich is 
callcci keratin. Individual polypcptidc moleculcs arc 
composed ot many amino acid molcculcs attached 
end to cnd throiiỊỉh pcptidc bonds. Frcc amíno and 
carboxylic acid trroups at thc end and alontỊ thc lcnựth 
ot 111 CSC lonii molceules contribute to thc dycini* bc-
h.ivior ot \vool and moliair. Individua] nìolecules arc

covalcntly attachcd to o thcr polypcptide chains Via 

disulíìdc bonds containcd in the atnino acid cystine. 
In adciition, adịaccnt molecules are bondcd together 
through ionic, hyđroEỊen, and Van der Waals attrac- 
tions. All thesc bond typcs contribute to the strenqth 
and elasticity oí wool and m ohair fibcrs. At the molec- 
úlar lcvcl, polypcptide molcculcs are arranged in the 
torm ot a-helices. Stretchiníí a wool or mohair íĩber 
bclovv che point at vvhich it will brcak results in thc 
breakinc; o f  many hydroíỊCU and Van der Waals bonds 
and thc hclix form changes to /3. When the fibers 
are releascd from extension, contraction to orie;inal 
lcngth is accompanied by a rcturn to the a-helix  struc- 
turc. The abilitv o f  vvool and mohair tcxtilcs to return 
to their original dimensions attcr physical distortion 
is a direct conscqucnce o f  thc physical changes that 
can occur in the a-hclix  structurc. At the molecular 
lcvcl, arcas o f  molecular organization (crystalline re- 
íỊÍons) and disarray (am orphous regions) have been 
obscrved usinc; X -ray tcchniqucs.

In wool and mohair íibers, the protcin keratin is 
containcd in tw o tvpcs o f  cell that constitute the 1111- 
crostructurc. These arc callcd cu tide  and cortical cclls. 
Cuticle cclls arc readily observed through  thc light 
microscope and appear as platelikc scalcs on thc fibcr 
surfacc tliat are laid dow n in an ovcrlapping tashion. 
Much variability exists in scale size and shapc aniona; 
íibcrs o f  varyiniỊ điameter and betvvcen specics. N ev- 
erthclcss, the topography  o f  thcsc animal íibers is 
unniistakable and has nevcr been artiíĩcially synthc- 
sizcd. In vcry íĩne vvool tìbers, individual cuticlc cells 
ovcrlap each othcr and form a complete ring around 
thc circumtcrencc o f  a tìbcr like a stack o f  crowns 
(“ coronal” arrangcment). In coarser fibcrs, ovcrlap- 
ping o f  corticle cclls is still apparent but sevcral cclls 
circumscribc the tìhcr (“ imbricate” arranqcmcnt). In 
coarse wool and mohair, cuticle cells appcar to be 
arranged in a tnosaic (“ reticulate” arrangcmcnt) with 
minimal overlappinẹ; o f  individual cells bcing appar- 
ent. This arraniỊcment o f  cuticlc cells is rcsponsible 
for the increased luster obscrvcd in m ohair and some 
coarsc vvools (Lincoln and Lcicester, for example) 
comparcd to fmewools. Thrcc distinct rciỊỊÌons (cpi-, 
exo-, and cndocuticlc) have been isolateđ and defined 
in the cuticlc.

Cortical cclls com pose the cortex o f  the íìbcr and 
arc mucli lontỊcr (80—100 /um) than they arc wide 
(3-5 /im). Thcsc ciíỊar-shaped cclls arc themselves 
coniposed o f  rnacrotìbrils \vhich in turn arc madc 
up ot microtìbrils. lt has hccii postulated that the 
microt ìbr i ls  contain 11 p ro tot ìbr i l s  and that  each pro-  
tơhbril is composeđ ot tlirce polypcptidc moleculcs
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TABLE V
Breed Classiíication by Fiber Diameter, W ool Production, and Staple Length

R.msỉt' o t avcratịc 
d ia tncter (jU.ni)

G rease íicccc wt. 
rantỊC, cw cs (kg)

KaniỊC of
staple lcng th  (m m )

Finew ool breeds
Supcrtm c A ustralian m erino < 18 3 -4 7 5 -9 0
Finc A iistralian m crino 19-20 3 -5 8 0 -100
M edium  A ustralian m erino 21 —2° 4 -6 90-1(10
StroniỊ A ustralian m erino 23 -2 6 5 -7 100-130
C o rm o 19-23 4 -5 .5 100-130
R am bouillct 19-24 4 -7 6 0 -1 0 0
D cbouillct 18-22 4 -7 75-125

M cdium  w ool brccds
D orsct (horned and pollcd) 26 -3 2 2 -3 .5 75—100
Finnsheep (Finnish Landrace) 24-31 2 -3 .5 7 5 -100
H am pshire 25 -3 3 2 .5 -4 .5 6()-1 (l()
O x to rd 28-3 4 3 -4 .5 7 5 -130
R onianov 28-33 2 .5 -6 100-125
Rycland 26-3 2 2 -4 75—100.
Shropshire 2 5 -3 3 2 -4 .5 80-100
Southcìow n 23-2 9 2 -3 .5 50 -7 5
SulTolk 26-35 2 .5 -3 .5 75-10(1
Tcxcl 28 -33 3 -4 .5 70-UK)
W iltshirc H orn 40-8(1 1 20-3(1

Lont; w ool breeds
B order Leicester 3 0 -40 4 .5 -í) 150-250
C hevio t 2 6 -33 2 -3 7 5 -130
C oopw ortli 3 5 -3 9 5 -7 150-250
Cotsvvold 3 3-4 0 5 .5 -7 200-300
Hntrlish Lciccstcr 37 -40 5 -6 150-280
Lincoln 39-48 5 .5 -9 25(1-30(1
R om ncy M arsh 3 2 -3 9 4 .5 -8 125-221)

C rossbreed w ool type breeđs
C olum bia 23 -3 0 5 .5 -7 .5 100-150
Corricd.ik’ 25 -33 4 .5 -7 10(1-180
M ontadale 25 -3 0 3 -5 75-125
Panam a 25-30 6 -7 75-125
Perendalc 28-35 3 -6 100-1 Mí
Polw arth 23-26 4 -5 .5 75-110
Polypay 24-31 3 -4 .5 75-125
T arghee 21 -2 5 4 .5 -6 .5 75-125

C arpet vvool brccds
D rysdalc 35 -45 5 -7  (6 m onth) KHI-150 (6 m onth)
K arakul 25 -36 2 -4 .5 150-300
N av ạ jo -C h u rro  (U ndercoat) 91_24 2 -3 .5 14(1-150

(O utercoat) 37 -47 (botli coats) 200-35(1
Scottish Blacktacc 28-3 8 2 -3 250-350
Also, num erous Asiatic types inc ludm t; tat-tai) and ũit--rum p shccp

in an a -hc l ix  arransỊcment  (Fi^. 1). In thc micros t ruc -  
ture,  cortical cclls are ditTcrcntiatcd by physical  and 
chemical  proper t ies into o r tho  and para cclls. In 
c r impeđ  fine wool ,  the or tho  cortical cells are conccn-  
t ratcd 0 1 1  the outs ide o f  cach curvc,  para cclls beintỊ on 
thc insidc. In ordcr  to acc om m od a t e  this arranu;cnicnt 
aloníỊ thc leni»th o f  a fibcr, the s t ructurc mus t  cont inu-  
ouslv  twist  (Fig. 2). In coarse vvool and mohai r ,  o r th o

cells tcnd to bc su r r o u n d c d  by  para cells. Thus ,  thc 
dis t r ibut ion o f  o r th o  and para cclls in vvool and moha i r  
is associatcd vvith the presence (or abbcnce) and type 
o í t i b e r  cr imp.

C r i m p  in w o o l  and \vaviness in mo h a i r  arc rcadilv 
obscrvable 1 1 1 the  niacros t ructurc.  U s m g  a l i^ht  nii- 
croscopc,  th rcc  đ i s tmc t  rctỊÌDiis cai 1 be reađily dist in- 
tỊuishcd 1 1 1 fibcrs that  have never  bccn sh or n  and vvcrc



Possibiy eleven 
protofibrils~ 
nine oround the 
outside ond two 
Ifì Ihe cenire

P ro to tib n l possibly 
com prism g three 
m olẽcu lar chains 
(c* -  helices) tw is led 
toge ther

Nuclear rem nanl

M ic ro tib ril

M ocrofit>nl

Porocortex

Endocuticle

Exocuticle

C uticulor scole
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FIG U R E 1 P o ssib l c  s t ru c tu re  o f  vvool. [A íte r  R y d e r . M . L., a n d  
S tc p h c n se n , s. K- (1 % 8 ). “ W o o l G r o w t l ì . ”  A c ad c m ic  P ress, 
L o n d o n . I

phicked out ot thc skin rather than shorn. These re- 
gions are rctcrrcd to as “ t ip ,” “ shaft,” and “ ro o t .” 
Aftcr the first shearing, tips no longcr cxist. Thus, 
íìbcrs shorn aftcr thc fìrst shcaring arc composcd en- 
tirely ot' shatt sincc the root portion is left in the 
aninial. Evcn in these íibers, variatíons in diameter 
cxist alontỊ the lene;th o íind iv idua l  tìbcrs, thesc being 
relatcd to nutrition and health íactors during the pe- 
riod o f  íìbcr production.

Major r

axis V
M inor
a x js Black = orthocortex

White = paracortex

FIGURE 2 c r i m p e d  vvool tìb e r s l i t n v i n s í  ty p ica l coil íb rm a tio n . 
|A ccr liockin. M 1’.. Ficld, R A-. and Ịohnson. c. Lị (14H8). 
"S lic c p  J iiđ  \X'ool: S cicncc, P ro đ u c tio n , an d  M a n a i íc n ic n t ." 
1’rontK V -H .ill. hiiỊĩk-vvood CMitYs. N | . |

O ne íurtlicr com poncnt that is readily obscrvablc 
in the cortex ot somc tihcrs is the mcdulla. This por- 
tion ot tlic tìhcr consists of a netvvork o f  liolknv, air- 
hlled cclls in vvhich the coll walls may havc collapscd 
to form a partially or coinplctcly hollow, strawlikc 
fibcr. Mcdullatcd fibcrs arc co m m on  and ottcn desir- 
ablc in coarse wool but arc considered a scrious fault 
in mohair. Mediillatcd fibcrs in which thc medulla 
diamcter constitntcs niorc than 60% o f  the tìber diam- 
ctcr are termcd “ k cn ip .” Kcmp íibcrs appear not to 
accept dycstutT and are thus casily distinguishcd as 
white, chalky tìbers in dycd tabrics. At least thrcc 
types o f  mcdullation arc distinguished: ửagm ented, 
intcrrupted, and continuous (FiíỊ. 3).

Skin tunctions as a siniỊlc organ althou^h it contains 
cclls arranged 111 multiplc tissucs (blood vcssels, con- 
nective tissue, cpidcrmis, tbllicle, (ỊỈands, and muscle) 
and composiníỊ intcrccllular matcrial (e.g., lym ph and 
conncctivc íibrous niatcrial). Since Aceces from diffcr- 
cnt shccp breeds and Angora goats ditTer in so many 
respects, it follows that the dimensions and composi- 
tion o f  fibcr-producintỊ organs in these animals also 
exhibit rnarked ditTcrcnccs. The study o f  thc structurc 
ofthesc  tissues is tcrrncd, “ skin h is to logỵ .” A simplí- 
ficd, thrcc-dimcnsional rcprescntation o f  fibcr- 
producing cells in the skin appcars in Fig. 4. The 
various zones o f  the tollidc concerncd with the func- 
tional stagcs o f  fiber íorm ation arc show n in Fig. 5. 
Blood supply to thc papilla provides nutricnts for 
íìber tbrmation. The follicle bulb is One o f  thc most 
activc dividing tissucs in the body. The proteins that 
compose keratin arc formed in the keratogenous zonc 
and art' keratinized in thc final hardening zonc. The 
sebaccous e;land and the swcat (or suderiferous) e;land 
excrete w ax  and swcat, rcspcctively, which diffuse 
ovcr thc fiber suríacc in thc pilary canal. Coarse- 
w oolcd sheep and A nẹora goats produce less vvax 
than fine-wooled shccp (c.g., karakul, 2.35%; me- 
rino, 14.3-16.1%). The arrcctor muscle has an inac- 
tive role in shcep but may inAuence crimp.

T w o  types o f  tolliclc have been distintỊUÌshed in 
histological studics, primary and secondary. A pri- 
mary íolliclc is shown in Fig. 5. Sccondary tolliclcs 
are similar in appearance but do not have swcat e;lands 
or arrcctor pili musclcs. The developm cnt o f  folliclcs 
has been studied for sheep and Angora goats. In me- 
rino sheep, tollicles arc distinguishablc in 60-day-old 
tctuscs. All primarv tolliclcs produce a keratinized 
fibcr by 108-110 days o f  fetal developnient. Some 
secondaries produce fibcr by 120-145 days o f  dcvcl- 
opm ent. Post-natal dcvclopmcnt o f  thc rcmaining 
sccondary tolliclcs is rapid concluding about 6 months
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FIGURE 3 lypcs  aiKÌ dỂỆrccs o f  m c đ u lL ư io n  in \v oo l  a n d  m o h . i i r  t ihcrs .

attcr birth. The ratc o f  devclopment and num bcr ot 
secondary tolliclcs to rmcd  durmiỊ  this t imc can bc 
I^rcatly at lcctcd bv availablc nur r i t ion . Evcn und cr  
o p t i m u m  c o n d i t i o n s  o f  n u t r i t i o n ,  ;1 s m a l l  p e r c e n t . i í Ị C  

ot the secondary tolliclcs may nevcr hillv devclop. 
In íỊcneral, tìbcrs produced bv primarv íbllicles are 
coarser  than those p roduced  in sccondarics.  T h e  dit-  
terence in averaiỊC diameter bctwecn tìbers produccd 
111 secondary .coiĩiparcd to primary folliclcs is niinimal 
íor  f inewool  hrccds and substantial tor  coarsc wo ol  
brceds and Angora í^oats.

Folliclcs lic at an acutc antỊlc in the skin suríacc.  
( ìcncrally  iỊroups o f  threc p r i im r y  follicles (“ the 
t r ío” ) arc associatcd wi th a speciíic nu n i hc r  ot sccond-  
arv tol l iđcs ,  tliis n u m b e r  bciiiiỊ vcrv variablc anioníỊ  
brccds and betvvccn spccics. Wi thin a brecd,  thc rat io 
o f  sccondary (S) to primarv (P) folliclcs is somevvhat 
variablc with higli s  : p ratios beine; associated with 
higli wool or mohíiir production o f  rclativcly fmc 
íìber and vicc vcrsa.

VI. Breeding and Selection for Wool 
and Mohair

tliult in white fmcwool shcep appears to bc inheritcd 
and 1S most coninionly  cxplaincd by the cxistencc of 
a pair o f  rcccssivc tỊcnes. M a n y  variat ions 1 1 1  color  
are prescnt 111 the shecp population and. w ith  few 
cxccptions, arc duc to ditYcrenccs in gcnetic makeup 
rathcr  than env i r o n m en ta l  inAucnces.  Even in hne -  
vvool shccp brccds, Sonic lambs arc born with hairy 
tìceces. The hair is usually shcd bctorc weaning. The 
p rc s c n c c  ot h a ir  m  th e  Aeccc, p a r t ic u la r ly  in th c  r c g io n  
o f  thc britđ i is a tault and is consiđerctl to bc highly 
heritable by m ost sheep brccdcrs. In Rambouillct and 
othcr fincwool brccds, thc appearancc ot wool g row n 
OI1 t h e  b c l l y  is q u i t e  d i t ĩ c r e n t  f r o m  t h a t  g r o w n  e l s e -  
\vhcrc in the Acccc. Belly w oo l  is typically shor tcr ,  
lower ỵicldiní*, and contains differcnt criinp than 
vvool in the bulk of the Acecc. When this tvpc o f  wool 
cxtcnds beyonđ the belly, it is consiđercd to be a fault 
smce ovcrall Acccc weiíỉ;ht is reduccd. This trait is 
c o n s i d c r c d  t o  h a v e  m c d i u m  h c r i t a b i l i t y .  [.Scc A n i m a i .  
B r e e d i n g  a n d  G e n e t i c s . Ị

Flcecc traits correlatc w ith each othcr to varying 
dcíỊrccs. M ost o f  thc traits arc positivcly corrclatcd. 
Thus, sclection for incrcased Aeece wcight is expccted 
to also result in incrcascd íibcr length, for cxamplc.

A. Sheep
In shecp,  Accce traits arc r e l a t ivdv  hit*h in hcri tabil i tv 
comparod to rcproductivc and grow th traits. Staplc 
leniựh and hbe r  d iamctcr  arc both hiqhly hcri tablc 
(Tablc VI) vvhereas mcasurcs  of rtcccc vvciíỊht, yield,  
crimp. and luster fall in the mcdiuin or lo\v to m edium 
her iub i l i ty  catctỊories. Occasional ly,  a black larnb oc-  
curs in a whit c  flock. Mor c  con imonlv ,  n p r e đ o m i -  
nant ly w hi t f  lanib is bo rn  witli a black spot  1 1 1  its 
Aeece or  on its cyelid, car, lcíỊ, o r  toot .  This  ìm po r t a n t

TABLE VI
Heritability Estimates for Sheep Fleece Traits

T r a i t  E s t i i m t c d  ransỊC ot h c r i t íb i l i ty  (% )

(ĩrci ise tìcecc w c i t íh t 3 0 - 4 0
C lean  rìcccc weÌỊ»ht 3 0 - 4 0
Yic ld  o t c l c a n  w o o l 3 0 - 4 0
Stap lc  k-ngth 4 0 - 5 0
Piber  d ia m c tc r 3( 1-50
C r i r n p 2 0 - 3 0
Lus tc r 2 0 - 3 0



FIGURE 4 A sinipliíieđ thrcc-dimcnsioiial dra\vini> ot thc sm utnre  ot iidult shccp skiĩi. [Aftcr 
Ryder, M. L., and Stcphcnson, s. K. (1968). “ Wool ( ỉrowth."  Ar.idcmic Press, Londoi].|

U i ứ o r t u n a t d y ,  the posí t ive cor rcla t ions  ot  o thc r  traits 
w i t h  h b c r  d n i m c t c r  m c a n  c ha t  s e l e c t i n g  t b r  o n e  t raic 
will rcsult in an increasc in avcragc fiber diamcter, 
this bcmtỊ particularly undcsirablc in íìnevvool brecds. 
Convcrscly, sclecting tor tìncr w ool will bi' cxpcctcd 
to rcsult in rcduced Aeece wcight. A knovvlcdgc o f  
corrclations bctwecn Acccc traits is a kcy factor in 
siKccsstul sclcction tor  m o r c  p ro du c t i ve  shccp.  T h e  
s i tuat ion is tur ther  com pl ica ted  wlien traits no t  con-  
cc rncđ wi th vvool arc takcn into consideni t ion,  par t ic-  
ukirly 1 11 the so-callcd du a l -p ur po sc  brecds vvhcrc 
mc.it pro<Jiu~Uon is also a im jo r  kictor. Sdection tbr

vvool traits can bc countcrproductive tor mcat traits 
and V1CC vcrsa.

Tradi t ional lv and in ma ny  Hocks todav,  shecp are 
sclcctcd tor  woo l  traits usinu; subjcct ivc mc thods ,
i.e., usinu; thc senses ot siiỊht and touch.  Since 
object ive m e th ođ s  are m o r c  accumte,  proi^rcss can 
bc accelcratcd by  usintí mc asu rem cnt s  ma de  wi th  
ins t rumcnts .  In lariỊC Hocks, this m a y  no t  bc eco- 
nomical ly  tcasible so selection emphasi s  is placcd 
p r imar i ly  « 1 1  the potential  malc s tnd aninials that  
arc subscquent ly  uscd to b rccd ma n y  cwcs.  Supcr ior  
youngị niales ,irc ottcn ìđcntihcđ usinư pertormance
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E n g lan d , A rm id a le .Ị

tcsts. Sincc wool traits are not perfectly heritablc, 
dcsircd changcs arc rarcly achieved in one gencra- 
tion. Change in a particular trait that can be expected 
betvveen generations may bc prcdictcd by multi- 
plyintỊ selection diflferential by heritability. Whcn 
avcragc change in a particular trait for a ewe tlock 
is b eing  considered, then generation leiiEỊth n iust  
also be taken into account. Obviouslv, if evvcs are 
being retaincd in a flock for 8 ycars, progress vvill 
bc slowcr than if the íỊLMicration interval werc 3 or
4 years. Selection is not onlv practiccd to altcr or

improve traits but 1S necessary to maintain optimized 
production traits.

B. Angora Goats
Angora iỊoats arc raised primarily for thcir mohair. 
Production o f  nicat from older animals or young cull 
goats is o f  sccondary importance. Thus, the cmphasis 
in sclection is almost cntirely on mohair production 
and quality. Hovvevcr, som e attcntion niust be paid 
to body conformation in order to retain tunctional,



productive animals capabk’ of surviviníỊ undcr harsh 
ranẹ;e conditions.

As with shecp, the am ount of mohair g row n in 
unit time is positively correlatcd vvith animal weia;ht 
and t ìbcr  d iameter .  Sclcction for  larger  ani inals is đe-  
sirablc for sevcral rcasons. The  grcater skin area pro- 
vidcs m ore  sitcs for mohair production and largcr size 
is positively associated with easc of kidding, ícrtilitv, 
and num bcr ot' kids born and raised. How ever, size 
OẾ goa t  niust  be balanccd w i th  fincness o f  mo ha i r  
p r o d u c e d  since on ly  a small  m a rk e t  cxists for  cxccs- 
sivcly coarse moha i r .  In add i t ion  to thesc factors,  
increased staplc length,  luster,  style (n u m bc r  ot' tvvists 
pcr  un i t  lcníỊth in staple),  and charactcr  (n u m b c r  o f  
vvaves pcr unit length in staplc) o f  mohair are traits 
asscsscd and sclccted tor in Angora íỊoats. Since me- 
dul la tcd hbcr s  cons t i tu tc  a ser ious  íault,  thcir  prcscncc 
in m ohair  is vií>orously sclccted aqainst Lisina; visual 
and objcctive tcchniques.

VII. Central Períormance Tests

Sinct’ some nicat production and wool traits arc nega- 
tivcly correlated and since m ost vvool and mohair 
traits requirc objective measurcm ent for efficient se- 
lection, it is difficult for m any shccp and AniỊora t^oat 
producers to properly identiíy potential stuđ animals. 
Central pcrtormance tests for sheep brecds in which 
wool production is im portant arc typically conductcd 
during the tall and vvinter nionths. Rams born the 
previous spríng or fall are entcred into thcse tests since 
tcsting animals that are younger than this does not 
give an accurate indication o f  futurc wool production 
or quality. Typically, body íỊrovvth rate as well as 
wool traits arc mcasured over a 4- to 6-m onth  pcriod 
whilc all the animals bcing tested arc maintaincd under 
un i t o r m  condi rions.  Thus, Central pe r f o rm anc e  tests 
may be used as a basis for w ith in- and between-flock 
selection ot' sircs. Since the cost ot tcstiníT animals is 
quite hi^h, most cooperators in these ccntral tests arc 
purc brccdcrs. H owever, thc positivc eíĩbcts o f  thc 
pertormancc tcsts are also shared Co some degrce with 
commercial producers w ho  purchasc thcir replacc- 
m cnt rams and billic goats from thc purc-brcd 
brecdcrs.

Ranking ot animals in períòrm ance tests is normally 
accomplishcd using an index equation sincc several 
traits, rather than a siriííle trait, arc bciníỊ considered. 
For hnevvool, dual-purposc brceds such as thc Ram- 
bouillct, thc indcx contains such íactors as daily body

weií*ht íỊain and íinal bodv weiíỊht in addition to the 
vvool traits. Each trait is weighted in the index ac- 
cordmg to heritability, economic ìmportance, and de- 
sircd sclcction prcssurc.

Incrcascd vvool or niohair production may be 
achieved by selectine; tor incrcascd íiber diametcr, 
tìber length, a n d /o r  total num ber ot hbers coverinẹ; 
the body surtace. This latter trait 1S most com m only 
csrimated by measurmg fiber dcnsity (or producing 
t b l l i c l c s  p c r  u n i t  a r ca )  a n d  e s t i m a t i n g  b o d y  s u r í a c e  
arca. Incrcascs in fibcr lcngth, density, or bodv surtace 
rcsult in proportionatc increases in clcan wool produc- 
tion. Sincc volum e 1S proportional to thc squarc o f  
í iber diameter ,  and vveight is dircctly p ropor t iona l  to 
volume, it follows that doublinq fibcr diamctcr rcsults 
in a fourfold increase in clcan tìber production. Be- 
causc o f  thc pricc structure ,  it is no t  ahvays  ec on om i-  
cally ađvisable to incrcase mohair or wool production 
by sclcction for increased íìbcr diamcter evcn thout^h 
this is the inost cfficicnt way to do it.

The selection indcx equations uscd 111 the Texas 
Aí*ricultura] Expcrimcnt Station períormance tcsts 
arc as follows. For finewool ranis:

Index valuc =  60 X [daily body weií*ht gain in 
po imdsỊ  +  4 X Ịstaplc lcníỊth in inchcs w i t h  no 
credit above 5.5 in . I + 4 X Ị12 m onths clean Acece 
vveitíht in pounds adjustcd for initial body 
w e ig h tỊ  — 3 X ịtace co vcr  scorc | — 4 X [skin fold  
scorc] vvith ±  fìber diamcter and variability points 
according to the t'ollowing schcdulc. Fibcr diamcter 
on thc sidc; —3 for  cach mic r on  (fMm) or  t ractional  
valuc abovc 22.9 ju,m and + 3  tor each or 
íractional value bclow 22.0 ixm . Variability 
between side and britch diametcr; —2.5 for cach 
fjim  the britch is coarscr than the side with no 
advantaiỊe if the britch is íiner than the sidc wool.

For Angora billic goats the equation is

Index valuc =  4 X Ịclcan Accce w e i gh t  in po un ds  
adjustcd íor initìal weií>;ht] +  25 X ịaveragc daily 
body  vveight gain in pounds] + 0.12 X [íinal 
vvciẹht in pounds] + 3 X [straightened lock length 
in inchcs] — 1.5 X [average hb er  d iamete r  in 
/U,m| — 3 X Ịface covcr scorc] +  2.5 X [character 
scorc] +  1.5 X [ncck cover  scorcỊ.

Similar ìndices are beinụ; used in all the major wool 
and mohair production areas th roughou t the world 
to assist producers in sclcctini* the m ost productive 
sircs.
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VIII. Environmental and Health 
Management Aspects of 
Fiber Production

A. Nutrition
Nutricnt requirements ot sheep and AiiiỊora íỊoats are 
mct primarily by nativc or improvcd raniỊCs, helđs, 
pastures, and crop rcsiducs. Hovvcvcr, \vlion thcse are 
not available or vvhen it is dcsirablc (e.tỊ., tattcning 
lambs for the nieat markct) diets arc formulated and 
ted to support desircd production lcvcls. [n tlic United  
States, excellent sourccs o f  dctailcd nutritional intor-  
mation tor sliccp and AniỊora íỊoats arc the National 
Research C o u n d ]’s (N R C ) bulletins 011 reconim endcđ  
nutricnt alknvances. Speciíìc intormation is prcsented  
OI1 cncriỊỴ (total diựostiblc nutrients, diiỊCStible 011- 
ertỊy, and mctabolizablc cncríỊy), crude protcin, m in-  
cral, and vitamin requirements for many ditVerent 
cateíỊorics o f  sliccp and AiiẸỊora goats. In addition, 
thcsc bullctins list dctailcd com positions tor sliccp  
and u;oat tccds. Thcsc includc: for;iiỊcs and roughages;  
pasturc, raniỊC phmts, and torages ted lỊreen; silaiỊCs; 
ciKTiỊy tceds, protcin, and niincral supplcmcnts. I Sei' 
Animai N u t r i t i o n ,  Rum inant; Fkkds an d  Pkhdinc. I 

The physical dinicnsions and hencc the amoimt ot 
vvool and niohair produccd by sheep and AntỊora 
goats arc depenđent upon thc nutrition status ot thc 
animal. Generally, as clic quality and quantity ot avail-  
ablc ìmtrition dcclincs, tìber diainetcr and íìber lcngth  
decrcasc rcsulting 111 lowcr w ool and mohair produc-  
tion. The etĩects ofshort-term  dctìcicncics in mitrition 
that may exist toward the end o f  prc^nancy, whcn  
thc íetus has a hiqli demand on available nutricnts, 
can havc a substantial ciTcct on w ool íìber diamcter 
and staple strcngth. The dcmands on a cw c  during  
the last staiỊes o i' gcstation and during lactation are 
oftcn so íTreat that nutricnts availablc for wool pro- 
duction becom c inadequatc. At such timcs, the điam e-  
tcr ot the íìber being produccd can be rcduccd so 
dramatically as to cause a tcndcr spot or “ brcak” that 
affccts the vvholc Aeece. This dctcct in wool can 
grcatly undermine its value particưlarlv whcn a brcak 
cxists closc to thc ccnter o f  the staplc, causing thc 
brokcn halvcs to be too short for worstcd proccssinẹ;. 
Whcn a break occurs d o sc  to OIIC cnd, this conscitutcs 
a lcss serious fault, bnt imich short vvool will bc lost  
in cardinẹ; and combiiitỊ. The constitution ot a tcrnale 
Ani^ora goat (doc) is qiútc ditTcrcnt íroni m ost cwcs.  
When sliortatỊcs o f  iHitrition cxist, the docs tcnd to 
continiie mohair production at rates closo to optimal.  
Bctore tiber production is rcduccd sitỊiiiticantly, the

doe is morc likely to abort hcr tetus. Htncc, tender 
mohair, or mohair with brcaks in the staplc, is very 
unusual. h  should bc notcd tliat diseasc and illness 
can álso causo drastic diaiiEỊCs in tìber diamcter and 
production and that nutrition madequacies arc not  
alvvays thc cause o f  these problcms in vvool or mohair. 
Weak poiíits in aninial rtbers are sonietiniL-s associated 
with radical chaniỊcs in diet {c.e,., tron, pasturc to 
tccdlot) or intỊcstion o f  poisonous plants. Even undcr 
optimal production conditions, tme\vool cwcs raising 
a lamb will shear 1(1-20% less vvooỉ than onc that is 
“ đrv." Simihưly, ew es  raisimĩ twin lambs will shear 
at lcast 5% less wool than e\ves raising sniíỊle lainbs. 
Thcsc numbers arc variable am ong brecds.

If a evvc or đoe is imđem ourisheđ điưii.ir latc prcg- 
nancy or lactation, thcrc is littlc chance that hcr ott- 
sprintỊ wi11 cvcr ùiltìll its m ax im um  potcntial tor tìber 
production. O n lv  limited initiation and maturation 
o f  primary and sccondary tollicles occur .11 an unđcr- 
nourishcd íetus, lamb, or kid. N o amour.t ot' íeeding 
at tcr  the íirst tc\v n ion ths  ot  tlic animals ’if'c can co r-  
rcct  this si tuation.

In rclation to thcirsizc, AniỊora íỊoats producc ìnorc 
tìber than Rambouillet shecp. Eùicicncy of tìbcr pro- 
duction is almost twicc as hitỊỈi tor the ÁntỊora t>;oat 
comparcd to tlic Ranibouillct sheep. Spccitìc in tbnna-  
tion is availablo in tlic tcclinical literature C11 thc ctTects 
ot' nutrition on vvool and mohair prodiiction. Thcre  
is a greater maiỊiiitudc of w o o l  data than n.ohair in íồr-  
mation. Ncverthelcss, kno\ving the brced (c;cnetic 
backiỊround) ot sliccp and lỊoats, tlicir agciiid  wcit?ht, 
conditions under which tlic animals are maintained, 
and Health status and havintỊ spccitìc kr.owlcdge o f  
the type and quantitv o f  tbod ingestcd, che amount  
and averaiỊC diametcr of' tibers produced can bc pre- 
dictcd with tair accuracy.

B. Flock Management
Several othcr aspccts of cnvironmental n an ag cm en t  
inAuencc the quality o f  vvool and mohair production. 
Improperlv desitỊiied teedinc; systcms cm result in 
Hccces contaminatcd with hay, pellets, and other tecci- 
stutTs. Impropcr pasturc L1SC rcsults in tic:ccs heavily  
intcstcd with plant seeds and parts. Idíally, shcep 
and í^oats are renioved tro 111 contaminatinọ; pastures 
du ri 111» thc period \vhcn tỊrass and pliiit sccds are fall- 
iniỊ and attcmpts arc madc to rcm oyc th: objection-  
able plant spccics trom thc raniỊC. This is ichievcd by 
usintĩ combinations o f  chemical, mechan.cal, and hre 
trcatmcnts in addition to stratciỊic iỊraziniỉ Soinetimes 
tho problcm o f  Hoccc contamination wi:h vciỊctablc



m a t tc r  can hc avoíded  bv  liOávy i;razintỉ o f  plants 
bc to rc  secds mature.

C o lo rcd  tiLxr con tan i inat ion  is a serious p rob lcm 
1 1 1 vvhitc \vool and moha ir .  Th i s  p rob lcm Can be 
inmimizcd  bv shcari i ip o f f  all u r ine-  and íecal- 
con tamina tcd  í ibers son ie t ime  betorc  slicarint; 
p ropcr .  This  nianat íement  practicc.  k n o w n  as “ tas*- 
u;iní».” is qnitc con in ion  in thc sheep bu t  no t  in the 
Angịòra e;oat indust ry.  M o s t  p rodu cc r s  n iakc an ctTort 
to r em ov c  colored hbcr s  at sliearint* tinic.  Co nn e c t ed  
wi th  tliis issuc is r emova l  o f  bclly í ibcrs f rom thc 
ttcocc. It has been shovvn that  r em ov a l  ot  bclly wo o l  
t r o m  hnevvool shccp tìccces siiỊii itìcantlv rcduccs col-  
o rcd  hhcr  count s in P roduc ts  m a d c  t roni  thc wool .  
Fihcrs í rom othc r  aninial spccics p ro bab ly  con t r ibute  
to co lo rcd-hber  content  ot  thc bcl ly vvool. Scparat ion 
ot  “ bclly m o h a i r ” is no t  a c o m i n o n  practice in the 
U n i t e d  States.

Otlier Acccc contamiiKints that thc tcxtilc industry 
has tocused OI1 in recent ycars includc po lvpr op y lc nc  
and b rand ing  paint.  Po ly pro pv l cnc  hns niany âíỊricul- 
tural  uscs. Po lypropv lene  t w m c  is used to tic hay 
bales and polypropv lcnc  and po l yc thy lene  r ibbon ;irc 
usod in thc ìmn uh ic tu re  o f  sonie  b rands  ot feed sacks. 
Uníbrtunatcly, it íinds its vvay into wool and niohair 
Aeeccs. Wi th thc character ist ic o f  t ìbri l lat ing w he n  
proccssed mcchanical ly,  it is inva ri ably apparen t  1 1 1  
the  final p roduct  w hcre  it cons t i tu t cs  a serious hiult. 
P rodnccr s  can cl iminate thc p o l yp r o p y l e ne  con t am i -  
nat ion  p roblem by rcmovin tỊ  all knovvn sources o f  
tlns con taminan t  f rom arcas w h c r c  shccp and íỊoats 
are u;razcd, penned,  and shcarcd.  In soinc  count ri cs  
and locations within thc United States, paint brandini* 
of shecp is r cquircd by  law.  T o  avoid  pc rm a n cn t  
d i s c o l o r a t i o n  o f  t h c  v v o o l ,  p r o d u c c r s  s h o u l d  u s c  o n l y  

thc  r cconnnct idcd brands o f  “ tul lv- scourab lc” paint.  
Failure to do so rcsults in r cduccd valuc o f  thc fibcr.

T l i e om ic a l l y ,  shearina; shccp and  goats bc torc  
k m ib in ” and kiddintỊ,  par t icularlv w h cn  the animals  
are m ovc d  indoors  to i^ivc bi r th ,  rcsults in cleancr,  
lcss contaminated Accces. M a n y  shcep p roduccr s  arc 
n o t  prcparcd to fol low this pructicc,  ma in lv  for envi -  
ron men ta l  rcasons.  H o w c v c r ,  this is no rmal  pract icc 
for  A n g o m  tỊOats. H o w ev er ,  sheariniỊ  should  bc closc 
to parturi t ioi i  since oftcn the associatcd fcver causcs 
a t e mp o ra ry  ccssation o f  kcrat in  p r od uc t io n  which  
mani tests  itselí as a wcak po in t  in thc  fihcr.  T h e  closcr 
this \veak point  1S to thc basc o r  tip o f  thc fibcr,  the 
rnorc value it vvill rctain.

Whcn  accontpanicd by  vvind, hcavy  rain in im cd i -  
atclv at tcr shcaring can lcad to disas t rous  l ivcstock 
losscs. Higli conduc t ion  heat- loss  can atTcct aninials

\vithin 30 1 1 1 1 1 1 . T he  rapiđ chillint; puts the treshlv 
sl iorn aninial into iiTcversiblc sliock. Aniíora lỊoats 
arc m o r c  susceptiblc to tliis p rohlcni  than sheep.  
Hovvevcr,  it can bc serious for botli  spccies. This  
p r ob lc m  can bc avoidcd  bv p rovid im;  sheltcr to ani- 
mals ìm m ed uu e ly  after shcariruỊ \vhcn \vcather  condi -  
t ions arc unhivorable.

c. Health Management
Intcrnnl and extcrnal  parasi tc intcstat ion has bccn 
s h o w n  to rcduce vvool and nioha ir  p roduct ion .  Even  
moderate populations of cxternal parasitcs undermine 
the qual i tỵ and appcarancc ot  woo l  and mo ha i r  sinct'  
animal s tend to cntaniỊlc thcir rtccccs as thcy rub to 
r e d u c e s k m  i r r i t a t ion . G o o d  ì m n a ^ e r s  cnsurc min imal  
iníestat ion throuí íh  rcỉỊular and strateíỊÍc drenchim;  
and sprayiniỊ  wi th  anthclni int icá and pcsticidcs.  Since 
aimnal  healtli tỊcncrally at tects wool  and  nioha ir  p ro -  
duc t ion and qual i ty,  succcsstul inan igc r s  also makc  
conscrvat ivc  usc ot vaccincs and ant ibiotics in thcir 
cost-ef tect ivc Health prot;ranis.  Cỉrcat var iat ion exists 
amoni ;  thc hcalth manaí Ịcmcnt  practiccs ot  índividual  
produccrs .  O n  onc cx t rcm c  is thc individual  w h o  has 
nrcat  conccrn for thc wc]l-bemt;  o f  the animals.  At  
the o the r  cnd of the spc c t rum  is tlic p r odu cc r  w h o  
rciỊards thc animals s imply as cco no mic  units.

O t h e r  Health p ro b lem s  that  havc a dircct  effcct 0 1 1  
fihcr qual i tv and qmmt i ty  are diseascs o f  the skin. 
T hcsc  can occur  vvhcn the skin is daniatỊcd,  c. lỊ . , at 
shcarini;  or  by plant-sccd puncturc,  and bccomcs  in- 
tcctcd.  Sincc t r ca tmcn t  is not  of tcn teasiblc tor  indi-  
vidual  animals  in larsỊC Aocks, the unt rea ted  intcct ion 
can cvcntual lv  cause death,  m o r e  often t h r o u ^ h  dehy-  
drat ion,  since a vcry sick animal  m ay  no t  walk t'ar to 
watcr .  M yc o t i c  dermat i t i s  is an iníect ion o f  Aeece- 
zone skin that  w hcn  lcft unt reatcd,  rcsults in “ l u m p y ” 
wo ol  and  possible dcath.  Ant ibiot ics  can be used to 
trcat  tliis diseasc. |Sí’í> A n i m a l  Dishases.Ị

A n o th c r  skiti discasc that  ariscs w h c n  shcep and 
tỊoats r cniain wc t  for sevcral davs is causcd bv the 
bactcr iuni  P s a i do n ìo t i ú s  nennỊ Ìnos t ì .  U n d e r  w ar m ,  wc t  
condi t ions ,  thc bactcria mul t ip lv r apidly and g i v e  rise 
to a cond i t ion  k n o w n  as Aeecc rot.  T h e  wool  and 
m o h a i r  arc usually colorcd ẹ; recn/blue duc to depos i-  
t ion o f  thc p ig m c n t  pyocyaninc .  This  piiỊinent is no t  
casily scoured and const i tutes a serious tault.  In addi-  
t ion,  atTcctcd Accccs smell  badly and this at tracts b low 
tìics. Th us ,  ticcce rot  1 S o ttcn the cause ot  a flv strike. 
T he  larvac teeđ 0, 1 1 the wct  vvool adjacent to the skm,  
Causmg tiber to detach.  AtTcctcd animals arc shorn



complctcly and affcctcd arcas arc treatcd w ith oint- 
ments, sprays, or powdcrs.

Skin iníections oftcn result in abscesses in lytnph 
IIOCỈCS. Caseous lym phadenitis prođuces green pus in 
thcsc abscesses. Although these do not usually ad- 
verscly affect íìber production, their presence can 
cause carcasses for meat to be condemned.

Scab (scabies or mange) affects shecp and goats. 
Several typcs o f  minute mites are responsiblc for this 
condition. The mites live 011 tissue serum and causc 
intcnsc itching. Thus, thc \vool or mohair is typically 
rubbed off by the irritated animal and scaly lesions 
appcar. Aítected animals become emaciatcd and ane- 
tnic. specific miticides are recommended by vetcri- 
narians.

IX. Physical Properties 
and Characterization

Flcccc and fibcr characteristics o f  white wool and m o- 
hair that arc o f  p r irm ry  importance to the worsted 
industry are: yield, including quantity and type o f  
vcgctable matter; average fiber diamctcr; average sta- 
plc lcngth; staple strength and position o f  break; color; 
and proportion o f  colored fibers. In the case o f  m o- 
hair, thc proportion o f  medullated fiber and the 
am ount o f  luster arc also o f  primary importance. 
Traits o f  sccondary importance include: variability o f  
íibcr diameter, variability of staple length; p roportion  
o f  mattcd íibcrs (cots); and resistance to compression. 
O thcr value-dctermininíỊ characteristics includc: pres- 
ence/abscnce o f  weathered tips; age /b reed /type; 
stylc; charactcr; and bandle. Most o f  these propcrties 
can bc mcasured with Instruments which makes the 
mcasurements “ objective.” Some properties can only 
be asscsscd using human judgm ent, which is “ subjec- 
tivc” mcasurement. Individual batches o f  wool and 
mohair are variable in all o f  the properties listed. Vari- 
ability cxists in individual staples and even within 
single íìbers. Thus, methods were dcvclopcd to sam- 
plc wool and mohair to obtain representativc samples. 
These methods fall into tw o catcqorics, corc sampling 
and grab sampling, the latter being used whcn staple 
length must be preserved. Packages o f  ẹ;reasv or 
scoured fiber arc typically corc-sampled with tubcs 
measuring 2.2 cm (s in.) or, in thc United States,
5.1 cni (2 in.) in diameter. Thcse samples are used to 
measure all the listed characteristics exccpt for length.

Standard test methods and practices o f  the Interna
tional Wool Tcxtile Organisation (IW TO) and the

International Mohair Association (IMA) arc used 
throue;hout the world  to characterize thc physical 
propcrtics o f  wool and mohair. In addition, most 
producing and manufacturing countries maintain 
their ow n national test m cthods. In the United States, 
these m ethods are under the jurisdiction of  the A m eri
can Society for Testing and Materials (ASTM).

Wool and m ohair íìbers arc hygroscopic, mcaning 
they are capablc o f  absorbing moisture and losing it 
when thc hum idity  or tem perature  o f  the surrounding 
atmosphcrc changcs. Despite this property, which 
relies on ẹaseous adsorption and desorption o f  water 
vapor, the íĩbers themselves are measurably water 
repellant due to the lipophilic surface o f  the epicuticle. 
T he ability o f  wool and m ohair  to retain moisturc 
w ithou t  íeeling wet is responsible for many o f  the 
associated comfort propcrtics. It also makcs it neces- 
sary to spcciíy thc temperature and humidity at which 
fibcrs are tested since tem pcrature  and moisture con- 
tent affect most physical propcrtics. Standard condi- 
tions o f  testing for wool and niohair are 20°c and 
65% RH throughout the world. When wool and m o- 
hair are equilibratcd under these conditions aíter bcing 
“ bone” dried, the fibers contain less moisture than 
w hen  they are conditioned from  the wet sidc. C on- 
vention requires, thereíore, that íibers be dried prior 
to testing, yield testing being thc exception.

The Standard test m ethods for yield have changccỉ 
little since their introduction. Basically, the m ethods 
involve scouring greasy samplcs in hot, soapy water 
foliowed by determination o f  residual grease, inor- 
ganic ash, and ve^etable content o f  thc dried and 
scoured íĩber. Wool or m ohair  “ base” can be calcu- 
lated from these data. Various factors may be applied 
to the base yield to incorporate Standard am ounts  o f  
moisture and permitted tolerance lcvels o f  ash and 
grease. These methods are accurate but tedious. Near 
m írared reAectance spectroscopy is being investigated 
as a potential replacement.

Aíter yield, average diameter is thc most ìm portan t 
value-determining factor o f  wool and mohair w ithin 
a speciíic length category. Fiber diameter and length 
dcterminc the finencss o f  yarn that can bc spun from  
a particular batch o f  fibcrs. In fact, old subjective 
rriethods for exprcssing íineness o f  wool and m ohair  
use a system composed ot yarn sizes to ìndicate fiber 
íìneness (e.^. ,  30 ’s to 8 0 ’s for  w oo l  and 18’s to  4 0 ’s 
for m ohair) .  T he n u m b e rs  refer to  the n u m b e r  O Í560  
yard hanks in one pound of the fincst varn that can 
be spun trom that fibcr. Incrcased speed of Processing 
and worstcd spinning arc inakine; these values obso- 
lete and thc numbcrs have only thcoreticíl value now.



Internationally, microprojcction tcchniqucs for đe- 
tcrmining tìbcr hnencss and distribution (in 
microns =  one millionth o f  a mctcr) havc becn the 
Standard íor manv ycars. A lthouẹh  accuratc, these 
methods arc slow and tedious and have bcen rcplaced 
in many tcsting íacilitics by air-flow instruments. Air- 
f l o w  is rclatively f as t  a n d  a c c u r a t e  b u t  1S n o t  capablc 
ot mcasurintỊ distribution o f  fmeness. M odcrn tcch- 
no lo^y  (c.g., computcrs, lasers, and automatic imagc 
analysis) is currently beiníỊ evaluatcd to provide rapid 
mcasurcs ot thcse im portant fibcr diamcter traits. Sta- 
plc length determines primarily which systcm will be 
used to spin the fibcrs, i.e., worsted, woolen, or short 
staplc. A highly signiíìcant linear relationship exists 
betwcen staple length o f  sound íỊreasy tlbers and avcr- 
aiỊC hbcr lcngth in top. This, in turn, has a mạjor 
mAuence OI1 spinning capabilities. Traditionally, 
manual means have becn used to quantiíy lcnẹth and 
lcngth distribution. Howcvcr, scmi-automated, pho- 
toclectric m ethođs are now  availablc to dcterminc this 
charactcristic rnore rapidly. Staplc strength is a major 
d c t e r m i n a n t  o f  y a r n  s t r c n g t h .  Scveral I n s t r u m e n t s  
vverc developed for mcasuring the strentỊth o f  inđivid- 
Lial, grcasy staplcs and cvcn íìbers. C urrent state-of- 
the-art instrumcntation for measuring staplc length 
and s trength is thc Automatic Tester for Lcngth and 
Strcngth (ATLAS). This instrum ent is bcintỊ used 
commercially to provide presale staple length and 
s trcnụth data for Australian wools.

The  color ot grcasy wool and mohair is not stronựly 
corrclated with clcan wool color or vvhitcness. Thus, 
wool and m ohair are washed beforc this characteristic 
1S detcrmincd. The prcscncc o f  colorcd (yellow, 
b row n, and black) fibers in whitc wool and m ohair  
constitutes a serious fault and grcatly undermines 
value sincc thc fibers are no longcr suitable for use in 
white or pastcl textiles. Bccausc colorcd íibers are 
usually in very low concentration and not un iíbrm ly  
distributed throuiỊhout accumulations o f  wool or m o -  
hair, testing for their prcsencc in grcasy samples does 
not usually produce an accuratc ansvver. After 
scouring and mechanical Processing, all the homoí^e- 
nizing that takcs placc up to top production provides 
a structure (thc top) in which colored íìbcr content 
can bc determ ined with accuracy. This is norm ally  
detcrm incd by counting the n um ber  o f  colored fibcrs 
in unit w cight o f  top. Image analysis techniques are 
being invcstigated to provide an objectivc measure- 
m cnt of this undesirablc trait. Bccause o f  difficulties 
involved in obtaininẹ; a representative sample, Ít is 
doubttu l that an obịective rncthod o f  measuring dark 
tìbcrs in uro.tsy wool or mohair can bc developed.

Visual appraisal o f  crimp írcqucncy and deíinition 
in wool has bccn used to cstimate averaííc hber diame- 
ter and rcsistancc to comprcssion. Instruments are 
availablc for more accuratc detcrminations. Rcsis- 
tancc to comprcssion providcs a measurc o f th c  bulki- 
ncss o f  wool which is vcry Ìtnportant to manuíactur- 
crs ot svvcaters, carpets, and íutons.

There is currentlv no objective nieasure ot' luster 
in wool or mohair. However, luster visually assessed 
in the clcan portion at thc t^reasy staple basc providcs 
a rcasonablc cs t imatc o f  thc deẹ;rcc o H u s t c r  that  vvill 
be present after scourine;. Mcdullation, particularly in 
carpct wools and mohair, is an im portant nicasurable 
charactcristic. In carpct wools, međullation 1S a desir- 
ablc trait. In rnohair, kem p fibers (medulkưion i^reater 
than 60% o f  fiber diameter) represent a serious tault. 
An instrum ent was dcvclopcd tor measuring total 
mcdullation in wool and mohair (the Mcdullamctcr) 
but it is incapablc o f  diíYerentiating bctvvecn mcd (nie- 
dullation less than 60% o f  fibcr diamctcr) and kemp 
fibcrs, thc latter bein^ much morc undcsirable than 
thc tornier. Thus, the basis for most mcdullatcd fìber 
mcasurcments is still thc projection microscope, al- 
though again, an imagc analysis techniquc is being 
dcvelopeđ to provide a fastcr result.

In tnohair terminology, style and character ofgreasy 
staplcs refer to the twist (rin^lets) per unit length and 
the num bcr o fw aves per unit lcngth, respectively. Al- 
thoutỊh thcse traits are normally assesscd subjcctively, 
they can be painstakin^ly measurcd vvith a ruler. The 
am ount of style a n d /o r  charactcr in mohair is thought 
to be indicativc o f  thc lcníỊth and length variability that 
can be obtamed 111 top aftcr mechanical Processing. 
These rclationships have no t bcen quantified.

M any physical propcrtics o f  w ool and mohair are 
usually invariablc and thercíore, not measured rou- 
tinely on individual lots. Such properties include elas- 
ticity, conductivity ofhcat, Aammability, íclting pro- 
pcnsity, durability, soítncss, rcsistance to soiling, and 
drape. Kcratin íìbers arc notcd for thcir ability to 
recovcr from stretching, a propcrty that is attributable 
to the ccll structurc and chemistry o f  the íibcrs. Elas- 
ticity is important for the com íort  and ease o f  care 
(including shape retention and crease shedding) o f  
garmcnts madc from  wool and mohair. Wool and 
m ohair do not readily conduct heat. Thus, when knit- 
ted or w oven into clothes, the tiny pockets o f  air 
formed in the fabric structurc serve to keep the body at 
a rcasonably constant tempcraturc in both cxcessivcly 
hot or cold climates. Wool and mohair do not burn 
rcadily when exposed to a Hanic and arc selt- 
cxtinguishin^ when the hcat source is removcd. Thus,
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wool and moliair arc idcal hbers 111 end-uscs that re- 
quirc Hamc rctardance such as ch i ld rcn’s s lccpwcar ,  
vvallcoverinsỊs, carpets,  and uphols t erý.  T h e  natural  
flamc rctardancc ot wool  and moha i r  alone o r  in 
blcnds wi th natural  and synthct ic  hbcr s can bc en-  
hanccd by appl icat ion ot ' chemicals .

Whcn  subjccted to mtc rm i t t cn t  prcssure and heat  
in the p rese nce o t  mois turc ,  hibrics com poscd  ot vvool 
ma t  or  fclt to varving  de^rccs.  This  p roper ty  1 S a 
dircct rcsult o f  thc scalc s tructurc  in the cuticle which  
1ỊÍVCS risc to thc “ ditYerencial ír ictional e t tcc t” and 
vvhich is no t  so apparent  in the relativcly s m o o t h  
moha i r  tìbers. Ỉ 11 addi t ion to conmicrcial  fclts, k'ltiĩiíỊ 
is cssential to obtain the r cquircd ctTcct in a b road 
spcct rum ơt woo l  tabrics rnmrinu; t ro m minimal  telt- 
intỊ 1 1 1 \vorsted suưiniỊS to a siiỊiiitìcant am o im t  in 
b rushed \\ 0 0 . 0 1 1  coatĩntỊ matcrials.

Wool  and n ioha ir  arc ext reniely durablc.  P rotected 
t r o m  motl i ,  chemical ,  and mcchanical  dainatỊC, tcx-  
tiles con iposed of thcsc hbcr s are loniỊlastim*. T h e  
lonu;evity ot moha i r  upho ls t erỵ pilc ínbncs uscd m 
public t r anspor ta t ion is lcíTcnd. General ly,  thc coarser  
the íiber, the loniỊer the p rod uc t  vvill rcsist wear.  
Coarse r  hbers  arc nornial ly  rcstrictcd to usc in carpots,  
uphols t cry,  and mitervvear vvhereas the hner ,  sot t er  
I^radcs nrc used 1 1 1  LỊLirmcnts that  arc vvorn ncxt  to 
thc skm.  Sottness is part icularly in ipor t an t  1 1 1  tcxtilcs 
com po scd  o f  \voolen y;irns íor Ịvliich nianv users 
ha ve an expcctancy tor  con i to r t  and sottness.  In snch 
end-uses,  m .my synthet ic  íibers and the coarser  typcs 
of vvool and moha i r  s imply a m n o t  p c r to n n .  Unl ikc 
ny lon and polvcstcr,  woo l  and moha i r  do not  pc r mi t  
bui ld -up  o f  static clcctricity cxcept  und cr  vcry dry 
condi t ions.  T h e  anti-stat ic propcr t ics  also con t r ibutc  
to thc resistancc to soiliniỊ ot vvool and moha i r  tcxtiles.  
Purther,  thc brií^ht colors of dycd  wo ol  and n ioha ir  
tabrics can easily be r cturncd  t roni  soilcd tcxtilcs by 
eitluT aqueous  or  solvent  clcanma;, 1 louTver ,  carc 
mus t  be takcn Í11 thc case of' vvool to avoid matt ini Ị  
or  te l tmg shrinkaíỊC.

Th e  tcrin “ d r apc "  reters to tho way  a tabric haniỊS 
t roin o r  a rou nd  thc obịcct  it is covcrini; .  Wool  and 
niohair  tabrics are considcrcd to havc exccl lcnt  d rape 
when  nscd in a r a n o f  p roduct s  t rom hiiỊh qual i ty  
suitiniỊS, to đrapcs,  to oi i t crwoar  gar inents .  T h e  d rapc 
and tỊrace exhibi ted by wool  and niohair  1 1 1  wcl l -  
t.ìilơrcd suits ctrc seldoni surpassed usiiiiỊ hibrics c o m -  
poscd o í s y n t h e t i c  tìbcrs.

X. Specialty Wool and Mohair

An increascd đc m an d  íot' coloređ \vool has rcsultcd 
t rom tlic rc-cmcriỊCiicc, ^ro \v th ,  and popu la r i tv  ot

handcrat ts  includint;  handspinmni í ,  \vcaviníỊ, and 
knitt iníỊ.  Spccializcd marke t s  cxist  throus^hout thc 
vvorld, bu t  par t icularlv in E uro pe  and the Uni t ed 
States,  t'or propcr lv p rcpa rcd  colorcd tlccccs that  cx- 
hibi t  the at t r ibutcs dcsircd bv handspinncrs .  Mo re  
rcccntlv,  a d e m a n đ  has also bccn creatcd tor natural ly 
colorcd rnohair .  Althouiĩ l i  ựoat  gcncticists ni iqht  
dcnv  the cxistcncc ot  a colorcd genc in purebred An- 
íỊora goats,  t he  tact r cmains  that  a te\v colored tỊoats 
arc born,  CVC11 in tikỊhtlv' cont rol led Ant^ora tỊoat 
rtocks. Tlnis.  in thc Uni t ed  States and Australia,  sniall 
rtocks o f  thcse colorcd AníỊora ệoa ts  ha v t  been cstab- 
l ishcd and arc bcmíT mainta incd  and bred specihcally 
for thc l iandcrat t  trade.  T h e  raniỊC ot availablc colors 
in moliair ,  vvhich includc black,  bro\vn.  taupc,  and 
iỊray. is tar lcss than tlic b r oad  speét rum availablc in 
woo l .  Bcsidcs color,  orhcr  desirablc te.ìtures ot  tìeeccs 
int cndcd for thc liandspinninc;  marke t  :ncludc adc- 
quatc l cn^th ( >  10 cni),  s t rucrural  soundiiess ot  hbcr s 
(no hrcaks),  and I reedom t roni  stnins and vegctablc 
ma t t c r  dcícct.  Flccces coarscr  than 25 /U, 1 1 1  .vith dist inct  
c r i m p  and lustcr sccm to bc n ios t  popular  w ú h  hand-  
spinncrs.

A n o t hc r  torn i  u f  special tv vvool is tho so-callcd 
“ supcr t ìnc” \vool  cu rrcn tlv bcmt* produccd in Aust ra -  
lia und cr  thc auspiccs lứ thc Sharlea Sodcty .  Shccp 
in r.iniỊC Hocks ạrc sclcctcd tb r  thcir abilitv to p roducẹ  
vvool fmcr than 18 /xm and loniỊCr than 85 m m .  Thcse  
shccp arc shcarcd,  íi t tcd wi th  protcct ivc coats,  and 
kept  indoors catintỊ carctnlly cont rol led diets. T he  
woo l  p roduccd  is cx t rcmcly  hne,  clcan, s t rong,  and 
u n i t o r m  and c o m ni an ds  hiụ;h priccs at auction.  Ab ou t  
50,000 kiỊ vvcrc p r oduccd  in 1990 wi th  ịapanesc tcxtilc 
í ĩ rms  bcinsí the  ma ịo r  buyers.  This  type of w o o l  is 
used to p r odu cc  suitinỉỊS and  k m:\vc.ir or thc hiu;hest 
qual i ty.  C)n a sinallcr scalc, N c w  Z c a h n d  also has 
cnterpriscs with coatcd shccp, but 111 tliat countrv the 
shecp arc inamtaincd OII pasturc.

Ccrta in  brccds o f  shccp i>row vvool that is n o t  oí ten 
u s c d  1 1 1  t l ic m a m s t r c a i n  o f  t c x t i l c s  o r  c o i H t i t u t c s  o n l y  
a small  p ro p o r t i on  o f  the \vhole.  AlthoutỊh thcsc 
vvools are not  nccessari ly cxpcnsivc ,  they arc r c^ardcd  
as spccialty p roduct s .  Fur thcr ,  mode rn  ma rke t ing  
m c th od s  Hlivc donc nn ich to cnhance the r cputa t ion 
ot  cr stwlnlc o rd in a rv  \vools,  C.IỊ.. British wool s ,  to 
thc point  vvherc tliey ;irc no\v sold as specialtv wools .  
Similar  m a rk c r i n”: m c th o ds  are bcinu; practiccd in 
count ri cs  ot or iựin to cnhancc thc reputarions ot rno-  
hair. “ T exas '’ and “ C ap e” mohair. Thus, It is 
so mc \vh a t  di t t ìcuh to di t t crent iatc bet \vcjn a t r u c sp e -  
cialty p r od u c t  and .1 i>;ood markc t ing  ploy. T h e  spc-  
c i t ì c  a t t r i b u t c s  o t  \ v o o l  p r o d u c e d  h v  d i : t c r c n c  s h c c p  

brcct ls  \ \ c r c  d i s cus sed  p rcvions lV.



I lis toncal 1V. m oliair  \Yith cxccllcnt st vlc (i. c . . r intị— 
lct stiiplcs) lus  bccil  carctullv li.md s a u ư c d  and đ n eđ  
to p roducc “ liair" tor dolls. Al thou ỉ ĩb  tlns husmcss 
is iclutivclv small .  it does cxist. O n lv  lonu;, clcan. 
\vlntc, l u s tmus Staples may  hc used in tliis p rodnct .

Lastlv, SOI ne of thu most special]/cd wools comc 
t rom shccp that have bccn sclcctcd and brcd specih-  
1/ally toi' i \ ì rpet - \vool  prođuct ion .  Su đ i  brccds inciudc 
the Drvsdalc,  Tukiđa lc ,  Elliotđale-. and C a r p c n m s t c r  
tliat p rođuce  st rai^ln,  heavily incdnl la tcd (>2(1%) 
\V(H)I in a rointỊc arơimd 40 /X1 1 1 . Th esc  \vools.  t h ou ^h  
cxrcllcnt 111 carpcts, Ikivc littlc or no utilitv outsidc 
ot thcsc p rơduc ts  and arc p roduccd  pr inuir i ly in Nc\v  
Zc;iland but also in the liigli ramtall  arcas ot Australia.

XI. Shearing, Preparation, and Classing

Most  shccp .ìrc shorn  once .1 vcar tluis providinu; vvool 
ot . idcquatc lengtli tor p roccssmn on  thc vvorstcd sys- 
tem.  Sonic brccds of shecp (c.t;., Drysđale)  and An-  
gora uoats í>rmv \vool and mohair so tast that Ít is 
shorn  at 6 - m o n t h  intcrvals and still has ađcquatc 
lcniỊtli tor u o r s t c đ  proccssiiii*. In hot  cl imatcs \vhcre 
hiu;h atmosphcric temper.mưcs arc tluni^ht to inipair 
lamb prođuction, SOIIK’ shccp ;irc sliorn t\vicc or CVC11 
tlircc t imcs a vear,  tlnis p roducmsỊ  sliort \vool \vliich 
ìs suitablc sonly toi' processim; on the \voolcn,  cot ton,  
or short-stapk’ systcms.

Mcth ođs  ot r em o v i n^  \vool and mo ha i r  t roni  the 
aniiiKils varv anionu; countrics,  T h e  shcarine, m c th o d  
tliat lias cvol vcd tor  shccp 11 1  Austral ia and othc r  ma ịo r  
vvool p roducmt ;  countr ics ìnvolvcs  maneu vc nn i Ị  the 
an i iml  th ro u ^ h  a scqucncc o t ' pos i t ions  11 1  \vliich it is 
comki r t ab lc  b m  csscntinlly ìmniob i l c .  In this vvay, 
the skĩn 1S kcpt tis_íht \vhile thc nniịoritv ot the tìcecc 
is r em o v e d  in onc  piccc nsim; elcctric sliears or  clip- 
pcrs.  In count ri cs  int ìuenccd bv Spanish ciilturc, 1 1 1 - 
cludint;  thc U ni t ed  States, tollovvini!; reinoval  ot belly 
and so mc  ]cg \vool.  thc letỊS of shccp and Antĩor.i 
miats arc ticd toiỊCther betorc the bnlk ot tlic Hcccc is 
r cm ovc d .  In Sou th  Africa, m a n y  Aiií ịora lỊOiits are 
still s l iom \vitli liand shears. Research into chcmical  
a n d  r o b o ũ c  s he ar i nu ;  o i  s h c c p  luis b c c n  Li i ul cr t akcn 
lơr vcars.  1 o datc.  1 1 0  economical  she.innu; m c th ođ  
has bccn dcviscd to rcplncc manpo \ \ ' cr .

Pacilitics tor  sheãritỊg shccp and ụciats vary consid-  
crablv anionu; and \vithin countr ics .  In thc niaịor  
\vơol -p roduc inu  ạuin t r i c s .  inost  ranchcs.  Stations, 
.iihI t arms havc p cnn an c i u  tacilirics, t vpicalh  con-  
sistmtỉ ol .1 complcx  ar ran | íc incnf  ot pcns and a sub-  
s i . m l i a l  h i i i l d ỉ i i ậ  (1' iiỉ, .  (ì) c o n t . u n m g  m o r c  p c n s ,  a 

sỈK'.innụ Hooi , , inJ r ị iom to s o n  and p.n kaiíC 1 1 lị.;

\vool or nlHhair.  shccp  aiul 11 1  o thc r  to im tnos ,
mcliKlniiỊ m an y  locatums in thc Uni t ed  States,  aic 
shorn 111 tcmporarv sl:ca: :uụ tacilitics or buildiníP 
th. 1 t arc uscd tor otlicr purposcs  dnriiiLĩ the r cm.i indcr  
ot thc vcar. Whate\'Ci'  thc phvsical pLmt, shcar inu is 
usually con tractcd bv thc producci '  sincc Ít is ,1 hinhly 
skilled protcssion. Pennancnt dama.ỉĩC can hc done to 
the animal  and thc hber s ií un t ramcd  shcarcrs are 
uscd. III thc U n i t e à  States,  shcariiig t.u iliucs span thc 
\vholc spcct run i  t roni  tcnts or  tarps  sct up OII the 
open r.niLỊC, to dirt tìoors in the corncr ot barns, to 
cus tomizcd  shcnnntỊ  trailcrs,  to Austral ian-style 
shcLir ing t ac i l i t ĩ cs .  W l i a t e y e r  t h c  t ac i l i t i cs ,  SOIIK’ p r ẹ -  
cnutions are usuallv íollovvcd bctorc  sheariiii* and are 
gcncral lv tlic p r od i i c t r  s rcsponsibi l i tv.  Shcep and 
m>ats arc hcld in clcan. d ry  pcns or  sniall pas tures  
(traps) vvitliout tecd and vvatcr tor  I 2 hr  pr io r  t(.) shcar-  
Í1 1 LỊ. I hc animal s arc no t  bedđcd  do\vn  on s t raw 0 1 ’ 
liay íặincc this cuntaminatcs  thc tĩbcrs.  Tlic p r od ucc r  
prov idcs  cnoiiiíh l abmcrs  to dcl ivcr  thc animals  to 
the shcarcrs and to handlc thc tlccccs and slicep OI' 
iỊ0 Jts atrcr slicarint ' .  HowL‘vcr, m a n y  shcarinií  COI1 1 - 
panics o t tc r  a tu rn -kcv  job and p rox idc  this labór.  
tahlcs tbr  skirtiniỊ.  skirtcrs,  classcrs,  and \vool  halcrs.  
It is to the p r o d u c c r ’s yđvnntage to ó rg an i / c  all rhcsc 
dctails p n o r  to tho day ot  shcnrint;.

I r a d i t i o n a l l y ,  w ọ o l  a n d  n i o h a i r  \ \  e r c  s l i o r n  a n d  t h c  
vvholc Hcccc \vas placcd into somc  kind ot rcccptacle 
(c.y.,  a lartỵ; |utc  bag | ,  parkagt'cl,  anđ so lđ .  T h c d i t í c r -  
cnt  qualit ics or  gradcs  ot hb c r  in a sint;k‘ packatỊC 
vvcrc not  scpar;itctl LMUil it a r r n  cd .11 a textilc niill or  
cus toin sortins* íaci l i ty. Ho\vcvcr .  add i ng  valuc to 
thcsc t ìbrous c o m m o d i t i e i  is no\v an objcctivíĩ  ot  mos t  
vvool and m oh a i r  p roducer s  in the vvorld. Thus ,  vvool 
and m o h a i r  tìccccs are ot tcn skir tcd and classcd pr ior  
to packntỊÍníỊ and markctiii iỊ .  SkirtiiiiỊ is thc practicc 
ot scparat ing all intcr ior  Aeccc por t ions  sncli as bcllv 
fibcr, ur inc-sta incd,  and í eo i l - con tamina teđ tibcrs 
f rom thc bulk  ot  thc tìcccc i innicdiatcly aftcr sliCcinng 
( Fiư;. 7). The products o f  skirtmu; wool arc ccrmcd 
“ skir tcd w o o l ” and “ skirts.  ” T h er c  arc scvcral catciỊO- 
rics ot  skir ts  separatcd for thcir  ditYercnt compos i t ions  
and Viiiucs. T h e  tcrni  m o r c  c o m m o n l y  uscil \vhcn 
appl ied to mol i ai r  is “ p rcpa ra t ion ” bu t  impl ics  CSSC11- 
tially siniilar  t rca tnicnt  ot thc Hcccc. At tc r  the d i t t crcnt  
c o m p o n c n t s  liavc becn separatcd,  thc bulk ot the tìeccc 
1 S classed. Th i s  mcans that  skir tcd tìecccs arc LỊronpcd 
accord in^  to  (visuallv asscsscd) tmencss,  vicld.  vet;c- 
table n ia t t cr  con tcn t  and typc.  stciplc lcníịth,  strcníỊth,  
and color.  In thc Uni t ed  States,  the t c rm "uradmo;"  
Dicans n roup in i ;  flccc.cs accordmi;  tị) j\'craiỊL' hhtír 
dianictcr.  I Imvcvcr .  SOI11C con tusion cxists and the 
t crms “ grndiiiLi;" and ‘Ylassmu" arc uscd mtcrchant íc-  
a b l v  ( b u i  i ] H ' n r r c c t ] \  ) h y  111 a n \  p c o p l e .  W1 ) C 1 1  cl . i ss i : J Ịg
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FIGURE 6 A three-stand Australian stvle shearing shcd design. IAdapted trom Wool Harvesting Noces, Wool 
Research Trust Fund. Sydney. 1982. Plan N o.  43 1 0 .1

is pe r í o rm e d  at a brokeraịTC f irm or  tcxtile mill  by 
hiiỊhlv traincd pcrsonncl ,  the process is callcd “ sor t -
iníỊ .” LoníT-term exper íence 1 1 1  Austral ia,  N c w  
Zcaland,  and South Aírica toíỊcthcr wi th  reccnt  re- 
scarch studies and actual use 1 1 1  the Uni t ed  States,  havc 
s h o w n  that  skirtiníỊ and classine; of wool  immedia tc lv  
ai tcr  shcarinc; aro indced valuc-addintỊ  proccdures  tor

the p roducer .  T h e  same  canno t  bc said for moha i r ,  
a l t h o u í Ị h  p r e p a r a t i o n  a n d  c las s in í Ị  a r e  S t a n d a r d  p r o c e -  
dures throue;hout  Sou th  Aírica.  In Texas ,  m u c h  ot 
t h c  m o h a i r  1S p a c k a g c d  d i r e c t l y  w i t h o u t  s k i r t i n g  b u t  
s imply í Ịroupiníĩ  Aeeces bv  animal  age,  c .g. ,  kid, 
ỹounsr £oat ,  adul t .  F]ceces packaged in this w ay  arc 
k n o v v n  in  t h c  t r a d e  as “ o r i ^ i n a l  bae;”  m o h a i r .
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th ro u i Ịh  p re p a ra t io n  and  n ia rk e t in i Ị . "  S I D  lics. /. 5,  2 . |

ln the niajor vvool-producine; countries, wool 1S 
packagcd in balcs. Flecces placed ÍII oldcr typcs o f  
balinạ; machines are manually prcssed through a sys- 
tem o f  mcchanical lcvcrs vvhereas thc newer versions 
arc drivcn by clcctric or gasolinc m otors that hydrau- 
lically prcss the wool. Both systctns arc capable o f  
producitiíỊ balcs o f  uniíbrm  size and wcight (200 kg). 
Elsevvherc in thc world, m any othcr forms o f  packag- 
ing exist. In thc United States, for many years thc 
Standard fo rm  of  p a ck ag in g  has been burlap sacks  
mcasurinsĩ betwccn 1.8 and 2.5 m in lentỊth. Thcsc 
sacks arc capable ot bcing manually or mcchanically 
packcd. How evcr, the density o f th e  resulting packagc 
is niuch lower than a bale. Sincc wool bags are awk- 
ward to stack and cannot be eíTicicntly packaíỊcd in 
s h i p p i n e ;  c o n t a i n e r s ,  í ì v c  o r  s ix  b a g s  a r e  t y p i c a l l y  b a l e d  
toEỊCthor 111 the warehouse prior to shipmcnt. Progres
sive produccrs and warehouscs in thc United States 
are novv usinsỊ Australian-stylc balers. In South Af- 
rica, the \vholc mohair clip is halcd. In contrast, most 
o trh c  U.S. clip is packaged in ju tebags. Traditionally, 
balintỊ matcri.ll has also been composcd ofju te . H o w -  
evcr.  po lyc thylenc  and p o lv pr op y le ne  balc cover s arc 
novv bciiiiỊ used siticc thcv arc considcrcd to rcsult in 
less contani ina t ion o f  the w o o l  wi th in  the balc. T he  
issne ot ịutc vcrsus h yd r oc a rb on  divides thc wool

industry at this time sincc advantaíỊcs and disadvan- 
taiỊCS cxist tor both  hbcr đasses. Whatevcr thc form, 
thc outsidc o f  the packagc is usually inscribed with 
enough m íorm ation to identitv thc sourcc o í th e  wool 
or inohair, the type or class o ff ibcr , classer (itused), 
and thc num bcr ot the sack or balc.

XII. Marketing of Wool and Mohair

In this contcxt ,  marketini* is considcred to bc the 
aíỊiỊrcgatc o f  funct ions involved 1 1 1  movinẹ;  the í ĩbrous 
r aw  niatcrials f ro m pr oducer  to tcxtile manufacturer .  
Thus, mcthod o f  sellitiíỊ 1S just One part ot the overall 
market ina;  s t r at cẹy.  F o r b o t h  vvool and  moha i r ,  b road  
spcctra o f  market im* mc th od s  exist,  even vvithin a 
smglc countrv. It is beyond the scopc o f  this articlc 
to covcr all know n markctinỉỊ mcthods for vvool and 
mohair. Rather, some o f  thc simplcst and somc o f  
thc m orc  innovativc will bc considcred. In thc United 
States, a proportion o f  all wool and mohair is prepared 
for sale simply by shcaring it from thc animal, packag- 
ing wholc Aecces in jutc bags, and transportintỊ the 
baíỊS to warchouscs or cooperatives. Such packaa;ed 
products, know n as “ original bag ,” are made avail- 
ablc for inspectíon to buyers w ho purchase the íìber 
aíter makintỊ subjective assessments. In contrast, an 
increasing proportion o f  U.S. wool and mohair is 
skirtcd and classed on the farm or ranch during shear- 
ing. Balcs containintỊ singlc classcs o f  wool are deliv- 
ered to warehouscs whcrc thcy arc corc-samplcd p n o r  
to storiníỊ. Typically, the cort' samplcs are tcstcđ for 
clean yield and averasỊC tiber diameter, and this iníor- 
m ation is made availablc to potcntial buyers at thc 
time o f  sale. This mcthod o f  marketing wool (and 
mohair) in discrete classes and with  objcctive mea- 
surements is modclled on mcthods dcveloped in Aus- 
tralia. South Africa and N cw  Zealand also market 
their wool and mohair in a similar manner.

Until reccntly, Australia and N cw  Zcaland both 
used íloor-price schcmcs 111 an attcm pt to stabilize 
wool priccs. A pcriod o f  qood demand and high priccs 
for w ool was followed by ovcrproduction and de- 
crcased demand which culminated in early 1991 in 
thc collapse o f  these schemes in Australia and N ew  
Zealand, but not in South Aírica. Wool and mohair 
in that country is still purchased bv Iiational marketing 
boards whcn auction prices íall bclow prcdetermined 
levels. Howevcr, thc mạjor w ool-producin 2; coun- 
tries (and thc United States) now  havc “ frcc” markets 
vvhich once again are subịcct to rapid Auctuations 111 
pricc.
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M.iịor scctors ot the Australiai) \vool indust rv  arc 
thc tỊrovvcrs, brokcrs,  buycrs,  testers. “ d u m p e r s . "  
proccssors,  and thc Australian Wool  Corpor a t ion  
(AWC) .  Th e  íỊrcnvcrs raisc the shecp and havc them 
shcarcd bv somc  ot the 13.000 unionizcd shcarcrs.  
Shorn wool  1 S classcd bv somc 35,000 re^istercđ 
vvoolclassers, tho major i tv ot  w h o m  arc traincd pro-  
duccrs w h o  pretcr  to class thcir o\vn \vool.  The  di t tcr-  
ent lincs arc then pnckcd into bales and dcl ivcrcd to 
the broker .  Woolbrokcrs  act as aíỊCDts tbr thc i ;ro\vers 
in the sa]c ot thcir wool .  Then.'  arc ahout  3(1 brokcr s  
1 1 1 Australia handlintỊ the m;ijority ot Austral ian \vool 
that  is sold hv auctíon.  In ađdi t ion to warehousiiiL!; 
thc grovvcr’s wool ,  thc b rokcr  obtaìns rcpresentat ivc 
s*rab and core saniples tbr  display usc and tbr tcstinu; 
of coro and iỊrab smnplcs hy tlic Australinn Wool  
TcstiiiLi; Au thor i tv  (AWTA) .  The tcst i iứorm. i t ion is 
nuiđc availablc to huycrs  pr ior  to the t ime ot sa 1 c . 
T he  b roker  is also rcsponsible for ®nj;anizinỉ'  and ad- 
vcrt ising auctions,  ẹọnduc t ing thc tìnanci.il t ransac— 
tions, and aminu;int» tor  tlic physical dcl ivery of the 
wool .  O t h c r  optional  scrviccs availablc to thc ợ o w c r  
includc bulk chissinn and reckissiiiL!,. blcndiná; of lots, 
;1IKÌ s ạ m p l i n u ;  o t  \ v o o l  n o t  s o l d  u n d c r  t h e  s a l e  h y  

snniplc schemc.
Woo]-buvins» h rm s  purchasc vvool th rough  the auc- 

tion System tor  individual  ovcrscas niills, a varictv ot 
ciidits,  Austral ian tcxtilc companies .  and s p m i l a -  
tivcly for then- o\vn accounts.  In additioii ,  pr ivạtc 
buyers  tr.ivcl tho count ry purchasina; vvool clircctly 
t rom i*ro\vers. Lcss tlian 20 % ot Australian vvool is 
sold outsidc thc auction svstcni via privatc trcatv.

The  A W T A  providcs  accurate,  inipartial tcst ing 
Services in an attcmpt to “ inaximize nct inconic to 
thc Australian wool  indust ry by encouniíí iniỉ  thc opt i-  
m u m  Application o fobjcc t ivc  measurement s  by wo ol -  
£»rowcrs, hrokcrs,  buycrs  and p roccssors .”

T he  vvool du mp im í  scction of the indust rv COIII- 
presses thc tnrm balcs into mo re  conipact  bales. 11SU- 
a 11V jus t  pr ior  to shipnicnt ,  therebv 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 ”: 
tYei^lư costs.

The  A W C  was incorporateđ in 1973 haviníí r c spon-  
sibilitics associatcd \vith niarkctiiitỊ and domcst ic  p ro -  
mot ion ot the Austr.ilian clip. Funds arc proviđeđ  
bv ạ lcvy OI1 prcìCeecls t rom WQ()1 salcs. Th e  A W C  
participatcs in and makcs rccommcndations tor \vool 
rcscarch conduc tcd hy Australian and imcrnat ional  
.I^cncics. In addi t ion,  the A W C  is Lìlso chartícd with 
ma inta ining the quality of ciip prcp.ir.ưion. Thi s  1 S 
achieveđ throu^li thc operation ot LI voluntarv, \vool- 
classcr retỊÌstnition sđ iemc.  a đ i p  inspect ion Service. 
Lind qcncral cxtcnsion \vork.

In Great  Bt itain,  m a rk c t i ng  techniques arc quitc 
ditTcrcnt. Ncarly  all the tìeece vvool is sold throutỊh 
thc p rođucer -operated Britisli Wool  Markctinỉ* Board  
(BWMB) \vhich \vas cstablishcd in 1950. The Board 
arrantỊCs tor \\oo l rcccivcd trom the tarmcr to bc 
classcd at a Central locat ion and then sclls it to the 
trađe at auction.  T h e  Board  is also rcsponsiblc for 
tìeece in i p r ov cm en t  and vvool prcparat ion prot Ịr ams  
and policies and p r onn) t ion  o f  w oo l  salcs. T h e  Board 
sponsors \vool rescarch and product devclopmcnt. 
Without tlic L3WMB, the vast maịority of produccrs 
scllinií individnallỵ could no t  hopc  to obtain full m a r -  
kct vakic tor tlicir small ,  variablc clips. Th e  System 
appcars to bc \\ o rk in g  \vcll sincc, tor its tvpc,  British 
wool  rcmil.irly có n i n ia nds  the hiiỊhcst pricc in thc 
workl.

E.u li ycar. thc n o v c n m i c n t  cstablishcs a lỊuarantced 
pricc tor  Brit ish \vocils at ter  consultat ion witli  thc 
iarincrs '  unions.  Th e  Board  then cst imatei  its mar kc t -  
iniỊ costs and deduct s  tliis t roni  thc ovcrall tỊuarantccd 
pncẹ.  A sclicdulc of max in n in i  priccs tor all gr.uics 
is then prcparcd and niadc availablc to p roduccrs  in 
April,  pr ior  to siìcarJ; 1 i•; t imc.  Th is  schcdule o f  priccs 
rctìccts channcs ii) thc rclat ivc markc t  priccs oí  differ- 
cnt gratlcs f rom the p rev ious  ycar and rcsults 1 1 1  the 
pavn icn t  ói'  an avcraực price to all p roduccrs  ot'  a 
p.irticul.ư ^radc w h «  prcscnt  thcir  wool  in the r c co m -  
mcnđed  mamicr .  T h e  ct ĩcct  ot  tliis pricinụ; mcclianisni  
1S to el iminatc s l io r t - tc rm pricc Auctuations to p r odn c-  
crs vvliilc passinn 1 ) 1 1  kiníỊ- tcr in markc t  ditìcrcntials.  
Wlicn thc procccds ot  the Boarci’s vvool auctions cx-  
cccd tho an ioun t  paid to p roduccr s  1 1 1 aiiv onc  ycar,  
the excess i^ocs into a rcservc account .  Whcn  thc si tua- 
tion is rcverscd, nioncy is w ithdraw n from thc rcscrvc 
or b om nved  trom the iỊovornmcnt. Spccial arrangc- 
nicnts arc made with thc tỊovcrnmcnt to avoid exccs- 
sive accumulat ions  of dcbt s  or  credit balances.

In the Uni t ed  States,  m o s t  vvool and moha ir  is soỉd 
throui íh conimiss ion warchouscs ,  cooperat ivcs,  and 
\vool pools.  Sonic wiio) and moha ir  1 S still sold di— 
rcctly by p roduccr s  to o rd c r  buycrs,  i ndcpcndcnt  
vvarcliouscs, or  rcprcscntnt ivcs  ot  tcxtilc tirnis. In re- 
ccnt ycars, thcrc has hccii a trcnd  111 botli thc w o o l  
and moha i r  sectors tor  markctinsỊ  or i íanizat ionỊ  to 
b a n d  t o g c t l i c r  t o  o t t c r  l i i r i í c r  a c c u m u h u i o n s  o f  c l a s s c d  

vvool and moh a i r  ìiKitchinns. For  w oo„  thc  U .S .  
Wool M. i rketm^  Associat ion is lcadiiiỉị thc w a y  1 1 1  
innova t ivc  I i iarkctimỉ vvhilc the U.S.  Moha i r  M a rk e t -  
intỉ  B o a r t l  is s c rv i i i i Ị  a s i n i i l a r  rt)]c fọr  n i o h a i r .  P u b l i c  
auction,  thou^ h  popn la r  tor  livcstock,  is no t  a c o m -  
mo n  nietl iod ot scllmi; \vool  and nioliair ir. the Un i t ed  
States. Despi te rcccnt  at tenipt s to use thi '  m c th o d  o f



salc, scalcd bid, direct, privạtc trcatv, and tonvarđ  
contract reniain thc prcdom m ant mctliods ot salc.

XIII. The National Wool Act in the 
United States

RecoiỊiminu; wool as an esscntml and stratciỊÌc com - 
inodity, thc Consrress o f  thc United States cstablisheđ 
thc National Wool Act in 1954 to proviđe vvool and 
m ohair  produccrs with pricc stability and tìnanáal 
inccntives to kccp prodncinu; and iniprovinu; thc qual- 
ity of thcir products. Today, niorc than 125,00(1 íami- 
lics consider that raisiniỊ shcep and goats is an im- 
portan t part oí thcir ranchinu;/tarminiỊ npcnitions. 
Smcc low-cost wool imports continuc to threatcn rhc 
livclihoođs ot thcsc pcoplc and many morc thousands 
o f  U .S . textilc vvorkers. the existencc o f  the Wool 
Act is still of vital importiincc ro tlicni. The prot^ram 
also has a sclt-hclp aspect. Prođucers li.ivc thc option 
to iịìvc Lip a portion of thcir ínccntivc p.iymcnt to 
huid prom otional and market dcvclopmcnt proi^nuns 
tor wool, mohair, and lainb, openưions Ệvhich are 
n ow  coordinatL-d by the American Sheep Industry 
Association (ASI) and the M ohair Council o í  America 
(M CA). The  incentivc proíỊram is tundcd by taritYs 
011 im portcd wool and mohair, both ra\v materials 
and tcxtilcs. l;or exaniple, in 1988, $435 million was 
collcctcd in vvool taritfs. Producers rcccivcd $86.4 
miilion in incentive payments and $348.6 nnllion re- 
niamcd in thc U .S. Trcasury. The National Wool Act 
makes Ít cconomically possihlc to produce wool and 
m ohair  in the United States today. It is surprisino, 
cvcn to othcr at^ricultural com m odity  groups, that 
thc protỊrani is ablc to tunction \vithout any direct cost 
to thc U.S. taxpayer. O n  thecontrary , thc mcchanism 
put into place to tund thc inccntivc progr.im in- 
variably produccs cxccss timds availablc for otlier 
taxpaycr-supportcd proe;rams.

Accordins* to thc Act, a certain pricc 1S sct each 
ìm rk e t in g  ye;ư to encouraiỊe incrcased prođuction 
and iniproved quality. This national support lcvcl is 
set hy the Sccretary ot Agriciilcurc. A sccond tornmla' 
bascd on the historical valuc o f  vvool production o f  
lambs is nscd to deterniinc thc avcraíỊL' price to bc paid 
for thè vveinlu ó í  wool oti unshorn l.tmbs niarkctcd. 
Shccp and Ịjó>u raiscrs that participate in this proưnim 
nuist tilc salus rcceipts ,ư their local Asíricultural Stabi- 
lization ,1111.1 ( ".onsõrvation Service oíticc for all thcir 
\vool .iikI moh.iir salcs within a spccitìc calcnd.ir ycar.
1 lns pc rmi t s  I . ikul i t t ion of ci ikition.il aven me  price

to r  \vool and moha ir .  Subscqucnt l  V, tlic n.itional 1 1 1 - 
ccntivo lcvcls arc calcul.itcd.

For cxamplc, it thc natioiKil support lcvcl is set at 
S I . H l / l b  a n d  t h c  a c t u a l  u e i ự h t e đ  a v e r a s Ị C  p n c c  o f  

U.S. wool is S0.!S7/lb, then the national mcentive 
lcvcl \vill bc 1087(1 (i.e., SI.HI — s o . 87 =  s o . 94; 
(S0.lM -ỉ- S(l. 87) X 100 =  108%).  T hu s ,  a p r oducer  
sclliiiLỊ liis wQ.pl tor SI .uo/lb w 1 ]] also rcceivc an mccn- 
tivc paynicnt ot S I .(18 (lcss ASI dcdiictions). The 
nreater tlic pricc rcccivcd for vvool, thc tỊroatcr incen- 
tivc paynicnt, up to a ìiniit ot tour times thc national 
avcrai^c pricc. Tlms, the Act proviđcs rcal inccntive 
tor tlic production ()f niorc and hit;hcr qualitv \vool. 
The moliair pro^ram \vorks in a similar manncr. 
Hoxvcvcr, the actnal support lcvcl sct for inoliair is 
invariably differcnt (and hiu;her} than that cstablishcd 
tor wool. I licrc is no inccntivc paynionr on unshorn 
AntỊora noats.

In 1993, the U.S. Government dccidcd to phasc out 
this inccntivc prógr.ini over a 3-ycar pcriod. This 
action is expcctcd to li.ivc .1 s h o r t - t c n n  ncí^ativc ctVcct 
1)11 t he  viabi l i tv  o t  t hc  shccp  a n d  iỊOiit i ndust r i es .

XIV. Scouring

Wool and niohair in balcs or balccỉ batỊS arc allovvcd 
t o  “ h l o o n ) "  ( r c c o v c r  t r o m  liii^li  c o m p r c s s i o n )  b c t o r c  

opcninu;. opcninu; is á incchanical clcanini>; proccss 
in \vhich comprcssed tìeeccs nrc transíormcd into indi- 
vidii.ll staplcs. A sitỊiiiticant amoimt ot ioosc dirt and 
vcíỊctablc niatcrial is rcniovcd in rhis proccss. Wool 
and mohair are scourcd (washcd) bctoro turthcr nic- 
chamcal proccssintỊ to rcniovc as niuch ot tho nonkc- 
ratinous HKitcnal as possiblc with mininKil cntantỊle- 
mcnt o f  the tìbers. Suint, bcintỊ solublc 111 watcr, is 
casilv rcniovcd. Wool and mohair vvaxcs arc cmulsi- 
h c d  111 a q u c o u s  S o l u t i o n s  at  t c m p c r a t u r c s  a b o v c  t h e  

nicltintỊ pomt ot thc vvaxcs (>50°C). Traditionally, 
S o l u t i o n s  ó t  s o a p  a n d  s o d i u m  c a r b o n a t c  v v c r c  u s c d  t o  

cmulsitv vvaxes troni natural hbcrs and to stabilizc 
t h c  r c s u l t a n t  e m u l s i o n s .  C ' , o m m e r c i a l l y , s o a p s  h a v c  

bccn rcplaced hy morc ctììcicnt nonionic dctcriỊcnts. 
ClcansintỊ o f  the tìbcrs is achieved as thc tìbcrs arc 
rakcd slovvly throu^h a sequcnce ot tour to six 
scourintí baths. Intermcdiatc st]ucczintỊ betvveen HitỊh— 
prcssurc rollcrs mininiizcs tontamiiKition troni One 
bath into tho ncxt. (Ircasc lcvcls arc rcduccd to belovv 
17(1 ậypicallv  u .4 -0 .s% )  in thc scourinư; procoss, and 
r c s i d u a l  d c t c r ^ c n t  1S n n s c d  Qi i t  111 t h c  l a s t  s c o u r i n í Ị  

hath, tliis hciníỉ cumposcd C)f clcan, \varni vvatcronly. 
The slov\ ,u tion ot tlic rakcs, csscntial to avoid feltmg
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or mattinq of wool, bclics the largc throughput 
of scouring trains. Modern, 2-m -wide minibowl 
scourinẹ; trains arc capablc ot cleansiniỊ inorc than 
1400 kg o f  íỊreasy wool pcr hour (=  >  1000 k g /h r  
o f  N ew  Zealand crossbred vvool). Mohair is lcss sus- 
ccptible to cntanglcmcnt in scourmg and, since it 1111- 
tially contains lovvcr levels ot wax than most wools, 
it can bc scourcđ at a fastcr ratc. Waxcs rcmovcd in 
the scouring proccss arc rcclaimcd from thc cíHuent 
o f  scourintỊ plants. Partially reíìned waxes are used as 
industrial í^reascs, particularly in appHcations whcrc 
watcr rcsistance is rcquircd. Wool and mohair wax 
is íurther rcíined to producc lanolin which is uscd 
in cosmctics and ointmcnts. Traditional scouriníỊ « f  
wool and mohair 1S novv considcrcd to bc quite vvastc- 
tul in terms o f  cncr^y and water usatỊC. Modcrn tcch- 
noloqy has drastically rcduccd thc amounts o f  water 
and cncr^y rcquircd to cleansc the í^rcasy products. 
An added bonus o f  this tcchnology is that efflucnt 
can be trcatcd more ctTicicntly, thus ređucina; the cost 
o f  wax removal and the cost o f  makiniỊ; the effluent 
cnvironmcntally acccptablc. A combination o f  high 
etAuent trcatment and shippiníỊ costs has rcsultcd in 
t h c  r c l o c a t i o n  o f  m a n y  s c o u r i n g  p l a n t s  f r o m  t h c  c o u n -  
tries whcrc wool and mohair are manufactured to thc 
locations vvhcre thc íĩbers are prođuced. This trcnd 
is expcctcd to continue into the 21st ccntury.

Only small amounts o f  ccrtain typcs o f  vcgctablc 
material are rcmoved in scouring. Furthcr mechanical 
Processing (cardint;, íỊÌlline;, and co m b in g )  is n cccs-  
sary to removc thc rcst. In cascs wherc the vcgctable 
content is dccmed too high for mechanical rcmoval 
alonc, thc tradc rcsorts to a proccss know n as “ car- 
bonizing.” In this proccss, scoured wool or mohair 
is imprcgnatcd with a dilutc solution (6%) o f  sulíuric 
acid. The impregnated fiber is then squcezed to pro- 
ducc a spccitìc uptakc o f  acid and the íìbers arc then 
dricd and subjected to tempcratures around ]Q5°C for 
a short timc. The combincd cffcct o f  hcat and acid 
converts thc cellulosic, vctỊetable impuritics to car- 
bon. The carbon residue is subsequently crushed and 
shakcn ou t  of thc  í ìbrous mass.  Ncutraliziní* thc hber s  
in a dilute solution o f  sodium carbonate followed 
bv a turthcr rinsc in a very dilute dctera;cnt solution 
complctcs the carbonizing proccss. The Ếlbers arc then 
rcdried. In ađdition to rcmovinẹ; plant parts and othcr 
vcíỊctablc matcrial, carbonization can rcducc thc 
strength ot'the vvool and mohair and cause thc tĩbcrs 
to be more brittle and harsher to the touch. Evcn 
undcr optirnum conditions, thc proccss causcs the 
lustcr of mohair to be diminishcd.

A num bcr ot chemical proccsses can be carried out 
in the scouriní? train once thc majority ot dirt and 
grease has been rcmoved. These includc blcachinm 
(with bisultìtc o rh y d ro g en  pcroxiđe), m othproohng, 
applymg bactcriostatic tĩnishes, and dveiní* (includintỊ 
application o f  optical brighteners).

XV. Mechanical Processing

Fibers cxiting thc drycr atter scourinc; arc cntaníỊlcd 
to varymíỊ degrecs. Generally, fmcr íibers are morc 
matted than coarser tìbers as a result ot thc scouring 
and dryiníỊ proccsscs. Typically, scourcd batches o f  
vvool or niohair arc blended in various mcthods using 
vast machines desiiỊned for the purpose. Blendin^ at 
this stasĩe assurcs homoíỊcncitv ot the hnished Prod
ucts. Blcndcd íìbers are then carđed to discntan^le 
the wool or mohair, to rem ove veiỊctabk' matcrial, 
and producc a íibcr w cb o r sliver tor turthcr Pro
cessing. In carding, fibcrs are csscntiallv separated and 
individualizcd by thc action o f  metallic card wires or 
clothintỊ which arc attachcd to the suríace o f  largc 
and small rotatiniỊ d rum s. In the “ w ooltn  systcm ” 
the’ card vvcb is fed th rough  a condenser m which it 
is split into continuous, narrow  (1.2 cm) strips along 
its length. Falsc tvvist is applicd to cach of the strips 
which are then vvound on to  a spool. The rcsulting 
product, know  as “ ro v in g ,” “ rop ing ,” or “ slub- 
biniỊ,” becomes thc feed stock for a vvooltn spinning 
tramc. In this Iiiachine, íibcrs in the roving are dravvn 
out and twisted to producc the desired S1ZC (weight 
pcr unit length) and type o f  yarn. Woolcn yarns are 
normally composed o f  rclatively short íibers loosely 
spun to form a bulky yarn, such as those uscd in 
sweaters, twceds, and blankets. Worstcd yarns are 
composcd o f  longer fibers and are unitbrm, sm ooth , 
lcan, and relatively strong. Fabrics composed ot w or-  
stcd varns such as tĩne dress tabrics and suitings are 
typically tiíỊhtly w oven and have extremely sm ooth  
suríaces. Worstcd yarns rcquire several more Pro
cessing stcps than w oolen varns. In thc vvorsted pro- 
cess, fiber cxitinẹ; the w orsted  card is condensed mto 
a slivcr. Scvcral card slivers bccome the feed stock 
t'or “ gillins;” o r  “ pin d r a t t in g . ” In thcsc processcs,  
multiplc slivers arc draw n dow n  bctwecn c\vo scts o f  
r o l l e r s  v v h i l e  t h c  í ĩ b e r  m o v e m e n t  is c o m r o l l e d  b e -  

tvvccn r o w s  of pins. T h e  resultine; slivcr is m o r c  uni-  
torm  (in ternis o f  vvciiỊht pcr unit leniỊth) and contains 
íìbers that arc m ore parallel in the longitudinal đirec- 
tion than thc tccdstock. Slivers contaimn^ parallelizcd 
tìbers are mcchanically com bed to remove ihort íibers



(ììoils). T h e  recti l inear or  Frcnch con ih  p redomina tcs  
in today\ s  \vor stcd indust ry.  H o w c v e r ,  ci rcular  Nob le  
com hs  are still t unc non in í '  in so m c  co m b in g  plants.  
Th e  rcsult iniỊ c o m b c d  slivcr is 1 1 0  lontỊcr un i t o r m  in 
tcrnis o f  vvei^ht per  uni t  lentỊth so it 1S subjccted to 
at lcast onc  but  usually scveral n iorc LỊÍlling processcs 
betbrc  bcine; w o u n d  into balls p r io r  to sh i pm ent  to a 
\vor stcd spinniní* plant.  T h e  p r odu c t  at tcr combint* 
and í inishcr  1S k n o w n  in the t rade as “ t o p . ”
T o p  is p r o du cc d  by í i rms that  call t hemse lves  top-  
makcrs  or  co m be rs  and is sold in the internat ional  
t radc to coinpan ics that  rctcr to thcmsclvcs  as wors ted  
spinners .  UsiniỊ  p in-dra f t ing,  drawine;,  a n d / o r  rovinụ; 
machincs ,  spinnina; companics  at tcnuatc top to a 
s t ruc ture r ctcrrcd to as roviní*. Wors ted  rovintỊ  vvhich 
contains  so m c  twis t  then beco me s  tccdstock for the 
vvorsted spinnina; t r ame  w he r c  w ors ted  yarns  are fi- 
nal ly p roduccd .  Ruií* spimnna; is by hư  thc mo s t  im-  
po r t an t  process uscd to p rodu ce  w ors tcd  yarns.  H o w -  
cvcr,  SOITK' yarns  arc still p r odu ce d  by the old flycr 
and cap spiiinini? systems.  N c w  o p m - c n đ  and Rcpco 
spinniníỊ  systcms  are used to p rodu cc  specialty yarns. 
At  lcast onc  h i r the r  proccss after spinning is r cquircd 
to w in d  tho yarn t r o m  thc small  spinnini* bobbins  
o n t o  l a r g e  p ack a t^ c s  s u i t a b l e  f o r  d yc in ẹ ; ,  vveavi nt Ị ,  o r  
knittmg. Additionally, individual yarns may be 
tvvisted tog e thc r  to fo rm  t w o -  (or  rnore) ply yarns 
using a mach inc  k n o w n  as a twister .

XVI. Woven and Knitted Fabrics, 
Carpets, and Felts

W o v c n  tabrics co m p o sc d  o f  w ors tcd  or  w oo lcn  yarns 
arc constructed on loonis by intcrlacing yarns that 
intcrsect  cach o the r  at r ight  aníỊlcs. T h e  yarns  in thc 
longi tud inal  dircct ion of the tabric arc rcíerrcd to as 
“ w a r p ” whi le  those  that  run across thc wid th  are 
called “ t ì l l ing” or  “ w c f t . ” Typical ly ,  vvorsted íabrics 
arc liiỊht and  đurab le  wi t h  individual  yarns  bcing  visi- 
ble. W ovcn vvorstcd tabrics arc stronger, smoother, 
and of tcn m or c  cxpcnsive than woo len  tabrics.  It is 
not u n co m m o n  tor a hnished woolcn tabric to have 
a complc tc ly  d i í t cren t  appearancc than the loom-s ta t c  
p ro du c t .  Finishíng for m o s t  w o v c n  w o rs tc d  íabrics 
cntails removal ot surtacc íìber cnds to crcate a clear, 
flat fmish.  In contrast ,  tìnishinq; o f  w oo le n  tabrics 
r equircs  var ious degrecs o f  tdt ina;  and usual ly raising 
o f  surfacc hairs.  These  processcs arc dcscr ibed in morc  
detai l  in the nex t  scction.

Wcavini Ị  is thc niost  widc lv used tabric cons truc -  
t ion t cchnique.  M a n v  ditTcrcnt interlađnk; pat terns

(vveavcs) cxist  wh ich  p roducc  vvidc var iat ion in ap-  
peanince and util ity. T h e  siniplest  and m o s t  c o m m o n  
dcsitín is the plain weạvc.  O t h c r  c o n i m o n  cons t rue -  
t ions includc txvilỊ satin, crcpc,  and pilc ( loopeđ and 
cut) vvcaves. M a n y  p cn nu ta t i o n s  exist  vvithin a part ic-  
ular wcavc  type.  Spccific vvcavcs can bc íu r the r  al tcred 
1 1 1  appearance by chanỉỊÌntỊ varn typcs and  sizes an d /  
or  the nu n ib c r  o f  w ar p  and wct t  thrcads pcr  uni t  arca.

M o s t  o f  thc dcsia;ns that  arc cons tructed today  on  
co m plc x  m o d c r n  loonis  wcre  also conccivcd and con-  
structed by early, primitive wcavcrs. H ow cvcr, cvo- 
lut ion o f  thc loo m has pc rmi t t ed  mass p rodu c t ion  
o f  w oven tabrics o f  uniform, hií>;h quality. In the 
tradi t ional  type o f  loom,  thc shut t le carries the íilling 
yarn t h r o u g h  thc separatcd w ar p  yarns.  O n c e  1 1 1  place, 
tlic íìl ling yarn 1 S pushed mt o  place usiníỊ a rccd. At  
this point ,  thc posi t ions o f  thc warp  yarns are changed  
and the nex t  wcf t  threađ is inscrted.  T h e  m o s t  visible 
changcs  that  havc occur rcd in loon i  technolos;y con-  
ccrn thc  m e th o d  uscd to insert  thc vvetc thrcad.  T o  
p rodu cc  tastcr and quictcr  looms ,  the shut t lc has been 
replaced by num erous mcchanisnis which include the 
watc r  jct ,  air jet ,  and rapicr.  N c w  m et ho ds  havc also 
bcen dcvi scd for control l iníỊ  littiniỊ ot  the w arp  
thrcads.  Th cse  are n o w  so sophis t icated that  pictures 
can be w o v e n  in to cloth to p rodu ce  t apes t ry  effects. 
Sonic o f  thesc inodcrn  dcvices are interhìceđ to c o m -  
puters  to íacilitatc changinẹ; and monitorinụ;  of the 
proccss.

Pabrics co m p o s c d  of wo o l  and m oh a i r  arc also con-  
s t ructcd usini> the kn i t t ing proccss.  In kni t t ing,  One 
or  m o r e  yarns arc dircctcd into a series o f  int er locking 
loops. H and knittinạ; with tw o or morc needles is in 
c o m n i o n  usc throuo;hout  the world .  H o w e v e r ,  nu -  
m cro us  typcs o f  kni t t ing  machincs cxist  w h ic h  are 
capablc o f  prođuciníỊ tabric at íiister rates than weav- 
ing. As with weaviniJ, num crous dcsigns are used, 
the m o  re com m on bcing the plain, rib, and purl typcs 
w hic h  arc cons t ruc ted  on wef t  kn i t t ing  machines .  Dif-  
tcrent  k m t t ed  íabrics arc const ruc ted us ing  the so-  
callcd w a r p  knitt iníỊ  technique.  W ar p  knit t iníỊ  1 S 
s o m c w h a t  unique  in that  it was  đeve loped  as a ma -  
chinc t echniquc and  does no t  have a hand-c on s t ru c ted  
coun tcrpar t .  T h e  fưs t  w ar p  kni t  fabric was p r od uce d  
on  a t r icot  machine.  W ar p  kn i t t ing  evo lved into the 
íastcst m c t h o d  o f  makinẹ; cloth ou t  o f  yarns,  che rnost 
c o m m o n  const ruct ion  beiniỊ the plain t r icot  jersey.  
O t h e r  types o f  knits are p rod uced  on  Raschel  warp  
knit t intỊ  maehines  which  art' capablc o f  handl ing  
coarscr,  spun  varns.  A rclat ivcly 1 1 CW concep t  in kni t -  
tine; tcchnoloíỊV 1S thc so-callcd knit-vveave tcchn iquc
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\vhich conibincs thc principles oT k n i t t i n a n d  \vcav- 
iiiií to producc a unique typc ot tabric.

Carpcts are constructcd usiniỊ several distinct tech- 
niques. Thesc mclude weavin.g, tuítint?, íusion bond- 
ing, knittim*, needlins;, and knottim*. Sonic Aoorcov- 
crincỊS arc composed o f  truc and ncedlc-punched tclts. 
Whatcvcr the nieans ot construction, carpcts, mats, 
and niiỊS usually contain thc coarscr grades ot vvool 
and mohair ( > 3 4 /im). Thcsc tìbers arc idcal for carpct 
construction due to their exccllcnt appcarancc rctcn- 
tion. abrasion rcsístancc, resilience, anti-soiling, anti- 
stainin^, and anti-static propcrties. Natural Hamc 
rcsistancc also cnhanccs their usc in institutional, air- 
cratt, and honic carpets vvhere rcsistancc to burnintỊ is 
,1 prerequisite. As for ơtlier tcxtilcs, nylon, polycster. 
acrylic, polypropvlenc, cotton, and rayon conipctc 
vvith wool and mohair tồr use in carpets. The ap- 
proach takcn by most mamifactiircrs o f  \vool carpcts 
is to producc a product ot vcry liiiỊh quality. Thus, 
the wovcn Axniinstcr and Wilton carpcts madc with 
vvorsted yarns, tníted carpcts coniposcd ot vvoolcn or 
scmi-vvorstcd yarns, and thc hand-knottcd. sculptcd 
carpcts made in the Oricnt, arc csthctically and tcchni- 
cally amoiHỊ thc bcst carpcts produced in thc world 
today.

Wilton and Axminster (namcs o f tow ns in EntỊland) 
carpcts are vvoven on vcry specialized looms. Wiltons 
a rc  p r o d u c c d  OI) Ị a c q u a r đ  l o o m s  c a p a b l c  o f  p r o d u c i n g  
loop, CIU pile, combination loop and cut pilc, lcvcl, 
multilcvcl, inulticolored. or solid colorcd carpcts. 
Axminster looms are evcn more vcrsatilc and arc ca- 
pablc o f  using an almost unlimited combination ot 
colors and dcsiíỊiis. Machinc-tufted carpets, beiiiíỊ 
somevvhat lcss cxpcnsive to producc, arc tbrnicd in 
tvvo distinct opcrations. First, yarn is ncedled throuẹ;h 
a primary backintỊ (coniposed o f  polypropylenc, tor 
example) to produce the tufts. Then the reversc sidc 
ot the carpct is coatcd Yvitli a hcavy latex, which 
atter bakiniỊ, holds thc tiiíts pcrniancntly in placc. 
Concurrently, a seconđ backing (tvpicallv composed 
ofju te) is attachcd to the priniary backiniỊ and 1S also 
hcld in place by thc latex. Since its introduction, the 
tuttiniỊ technique has progressively permitteđ iĩreater 
vcrsatility. Todav, tuítcd carpcts can be constructed 
\vith CLit or uncut pilc (or combination ctTccts), lcvcl 
or multilevcl, solid or multicolored. PrintiiiiỊ ot car- 
pets has added a turthcr đimension to tlu' production 
ot color ctTccts. Tuttcd carpcts can bc piccc dycd 
immediately attcr tuttimí. bctbrc application ot the 
latc.x. Tlie tcchnoloiỊỴ (PTO) also cxists to dyc \vool 
,uid niohair  carpcts cominuous ly .  OitTerentKil sh.ides 
can bc obtaincd hy usinu; yarn mixturcs composcd ot

rcíỊiilar and shrinkproofed wool, tòrexample. Tưùcd  
carpcts usually rcquire briet' tĩnishintỊ processes 
(steamini*, brushing, and shcarintỊ, for cxample) to 
turthcr enhance tlicir appearance. Wool and mohair  
carpets constructcd usitiíỊ other tcchnolotỊÍcs represent 
smallcr proportions o f  the ovcrall carpet markct. 
Howcver, somc ot the most beautitul (and ,'xpensive) 
carpcts constructed todav arc produccd by artisans 
under relativcly primitĩve conditions and many ot 
thcsc products arc purchased as investmcnc itcms by 
collectors. BeinỉỊ composed of wool and Iiiohair, 
rtoorcovcrinsís arc snsceptible co insect (clothcs-moth 
larva, for cxample) đamaíỊc and must be trcatcd to 
avoid this problem.

Wool tclt is arguably the \vorlđ's óldest tcxtilc 
structurc. Fclt is đetìncd (bv ASTM) as a textile struc- 
turc characterized by intcrlockinií and consolidation 
ofits  constitucnt tibcrs adiicvcd by the intcraction o fa  
suitablc combination o f  mechanical cneríỊv, chcmical 
action, moisturc, and heat but vvithout :hc use ot 
wcaviniỊ, knittintỊ, stitchiiiií, thermal bondinu;, or ad- 
liesivcs. As thc Ìiamc implics, part-wool tel:s arc coni- 
poscd o f  vvool niixcd with OI1C or more synthctic, 
cclkilosic, or otlicr animal tìbcr. The conb incd  ac- 
tions o f  comprossion, licat, and moistnrc arc uscd to 
manuíacturo tclts starting with cardcd battì ot'rtbors. 
The tcltiniỊ propcnsity of wool dcpcnds upón its sur- 
facc strncturc. It tho fiber scales arc removed or cov- 
crcd, wool will not tclt. Production ot tclts :s achicvcd 
in liardcninií, tcltintí, and millinu; machiiicrv. Fclts are 
produced in a broad rantỊc ot thicknesscs an .1 dcnsitics. 
Felts trom 1 to 25 m m  in thickncss arc produccd in 
roll tbrni. Thickcr tchs (up to 76 nim) arc supplicd 
in shcets. A broad rangc ot tclt dcnsitics :s availablc 
tròm soft (0.2 íị/ciiv') to cxtra hard (0.7 i í / : m ’). Fclts 
arc used in a vcry widc raniỊC ot' applications \vhich 
arc still cxpandint;. T o  produce this w id: ranực o f  
íelts, m any  ditYcrcnt ỉỊradcs o f  vvool (19-32 yU.ni) and  
o th e r  tibcrs arc uscd in thc n ianutacturiiig  proccss. 
The rangc o f  íìber lcntỊth uscd is rclativi.lv narrovv 
(2 .5-5  cni). Sdcction ot the correct \vool tbr a particu- 
lar enđ-usc rclics hcavily on the skill and ,’xpcricncc 
o f  the ícltmakcr. DitTcrcnces in thc origin, avera^e 
tìbcr diamcter, crimp, and dciỊrcc ot vvcathcriniỊ can 
producc nuijor dittcrcnces iti tcltim; bđiavior.

A rclativcly rcccnt innovation has bccn the intro- 
duction ot ícltcd varns. The bulk ot this produccioĩi 
ÍỊOCS into  carpcts. but s ign ih can t prodncticn  has been  
used in upholstcry, craft, and hand knittinịí to maiiu- 
hu tu r e  p roduct s  vvitli mi iquc pcrforni,. in:c and ap-  
pearance charactcristics.



1'L'hlikc p róducrs  arc also p r odu ce d  usintỊ \vcavini;,  
kt)ÌỊtiii«, st i tchinự,  b o n d m g ,  and needle-punchint>; 
tcchmi-|ues. o t t e n ,  dísscction is r cqnircd to establish 
hmv a par t i cular  p rođ uc t  \vas ìiKinuhicturcd.

XVII. Wet Processing and Finishing

In Ihc b roadcst  scnsc, the tcrni  “ hnisliini*” rctcrs to 
an\  proccss ca rncd  ou t  OI1 l oo tn -  o r  knitt iniỊ  mach ine -  
statc tabric diirmu: iCs convcrs ion into hni shcd tabric. 
Sonic \vct proccsscs appl icd to í ibcrs in loosc-s tock,  
slivcr, or  yarn torni  liavc n ia rkcd  ctTccts 1 ) 1 1  thc tìn- 
ishod tabric (c.i;., dycinsỊ) and are reíerređ to in this 
sccrion. [mp or tan t  c o m p o nc n t s  o t  tabric qunli ty that 
arc mHiieiued in hnishínt ;  incluđc:  color,  covcr .  crcaso 
rcsistancc, dmicnsional  stcibility, drapc,  case ot tabri- 
c.uion, easy ca re propcrt ies,  elast icity,  handlc,  surtacc 
smoothness .  and lustcr.

Pimshint!, o f  \vool and mohnir tabrics usiKilly in- 
volvcs at least thrcc dist inct  objcct ivcs.  First, tlic tabric 
is cle.msed. Seconđ,  .1 spccihc hnish is đevelopeđ,  
and thirđ, spcci.ilized tcxturcs arc crcatcd. Pinisliint' 
is điviđeđ in lo t w o  b road  ai tcu;ones;  wct  tìnisliinu; 
and drv timsliiiii;. l ) ry  t ìnishiiig inclndcs the tlryintỊ 
process itsclt and we t  tĩnisliintỊ is typical ly init iatcd 
vvitli scouriiiLĩ (not to be conhi set l  w ith  scoitrinụ; of 
tlic raw m.itcrials to rcinovc nrcasc, suint. and dirt).

\x/hen pcrtorminí* nny wc t  t r ea tmcn t  on  wool  or 
nioliair,  the t.ibrics mav  bc proccsscđ in open vviđth 
or  ropc to r m.  WashiniỊ in opcn  vvidth is bcst suited 
to \vorstcds and othc r  kibrics vvlicrc .1 clcar tĩnish is 
r cquircd.  When  tabrics arc processeđ in ropc  to rm,  
spccial p rccaut ions  and care arc taken to cnsurc  that  
the posi t ions ot crc;iscs .tre chantỊcd ot tcn 1 1 1 o rde r  to 
■ivoid pcrn iancn t  markim* o f  the tabríc.  Th i s  1S vcry 
in ipor t ant  tiiirintỊ t ahr i r  dycinu;.

Scourinu; romovcs  a var ic tv o f  no n t ìb ro u s  materials 
t l i at  l i a v c  b e e n  i n t r o d u c e d  i n a d v c r t c n t l y  o r  f o r  v a r i o u s  
rcasons. Thcsc mcludc spinniuu; additives, warp sizes 
a n d  l u b r i a i n t s ,  n i i s c d l . m c o u s  o i l  s t a i n s ,  d u s t ,  a n d  d i r t .  
Pahrics arc scoured in open w id th  and in ropc form,  
tlic to r m and tvpc o f  mac h ine  Lised hav ing  a ma jo r  
int ìucnce on thc tìnal tabric propcr t ics .  Scouring  a 1 so 
rcsulrs in rclax.it ion of tcnsions  in t roduced  durinu; 
the m.unitactunni í ;  proccsses.  All this is achicvcd by 
innncrs inq  and \vorkiut? thc  tabrics in hot ,  soft  (or 
sot tcneđ)  \vatcr containiníỊ  adcqua tc  soap.  sotki ash, 
a n đ / o r  svnthc t ic  dctcTLỊCnts tor  .1 specihc lcniỊth ot 
tinic. [ lic t imc.  t cmpen i tu re ,  and conccntr. i tKins ot 
(. ' imilsitviiíỊỉ ạgen t s  a r c  d c p c n d c i i t  UỊ1D11 t y p c  d t  gC3t)ds, 
k vcls rtl ìmpii i i t ics,  and tyịic ot sconrimỊ  inacliiiic.

Rinsnii ĩ  tol lmvs sct)unnii; to niininiỊZc thc concent ra-  
t ion (ifrcsidu. i l  clicmicals.

A largc p r opo r t i on  ( ~ 9 ()°Ái) o t '  \vool  and niohair  
tabrics are tìnislicd and dycd  in thcir  natu ia l  color  
\v i thout  blc.ichint;. H o w c \ c r ,  w h cn  ;i b r inht  vvhitc 
or  a vvlnte basc tor  pastcl shadcs is r equired.  blcadiinu; 
becomcs  ci nccessity.  T he  tvvo main  aiỊcnts uscd to 
blcach \vool arc sultl ir  d ioxidc (rcduct ivc blcach) and 
hvdroiỊcn pc rox idc  Ịọxidat ivc blcacli). Solut ions ot 
hypoch lor i te s .  so c om n io n ly  uscd 1 1 1  the h o m c  to 
bleach ccllulosics,  c. innot be used bccausc they causc 
protcin t ibcrs to yelloxv and degrade.  Tradứiona l ly ,  
sul íur  d iox idc obta ined hy b u r n in ^  sul tur  was used 
to trcat dnnip íabrics ovcrni i íht  in a scalcd Container 
or  ro o m  (stoving).  Tlic proccss is qui te s low and 
the \\ 'hi tcncss ob ta incd 1 S no t  aKvays pcrni . incnt .  A 
yclk>w color  dcvclops  dur ing  the Htetinic of the whi t e  
tcxtilc p rcs um ab ly  diic to rcoxidat ion ot  thc rcduced 
pii ;nicnts.  M a n v  o thc r  mcans  havc been dcvi scd to 
trc. 1 t \vool vvith solut ions ot su l turons  acid. Wo o l  can 
he bleachcd \vith l ivdrogcn pe rox idc  at scvcral  stngcs 
ot Processing incluđinsỉ loosc stock,  sliver.  ỵarn,  or  
in tabric to r m.  Acid .uid mi ldly nlkalmc condi t ions  
arc uscd to obta in thc desired dctỊrec o f  whitcncs.s.

l:abrics containin-u; \vool ;i]]d \v o o l / mo ha i r  blcnds 
a r c  s u b ị c c t c d  t o  m i l l i n i Ị  ( o r  í i i l l i n g )  111 o r d c r  t o  b c  

Consolidated in botli \varp and wcft  (leniỊth and vvidth 
in the casc ot ' kni ts)  direẹt ions and to devc lop  a tabric 
sur tacc thar is feltod to thc dcsircd đctỊree. Mil l ing 
and scou r ing  arc often con ib incd .  As discusscd pre-  
viously,  thc abili ty ot vvợol to telt is a dư c c t  conse-  
qucncc o f  its clast icitv and scalc st ructurc .  Tvvo fac- 
tors,  mo is tu r c  and compross ivc  dc to rn ia t ion tolloxved 
hy  relaxat ion,  mu s t  bc prcsent  to p rodu ce  tcltiníỊ in 
vvool. Industr ial ly,  telriníí is achicvcd in the mil l ing 
proccss w,hich involvcs squcczint;  the tabric in rope 
tồrni  betvveen h i^h-p rcssn rc  rollcrs and then into a 
spout ,  thus  coinprcssint Ị  the tabric h rs t  in t w o  dirncn-  
sions (widt l i  and thickncss) tollovvcd bv c om prc ss i on  
in thc lcntỊth dircct íon.  Milliníí  is achievcd in mildly 
alkalinc o r  s t rong lv  acidic condi t ions  in the prcscnce 
o f  millinsr lubr icants  and dctcrt ĩcnts (or soap).

T h e  pu rp osc  ot'  carboniziní í  tabrics co inp oscd  oí 
\vool and  niohai r  is to r cm ov ẹ  vcí íctable inat tcr  snch 
as burrs ,  secd, cot ton,  r ayon,  or  jute .  T h e  principlc 
1 S ìdentical  to thac dcscr ibcd for scoưrcd hbcrs .  Fabrics 
a r e  i m p r e í í i i a t c đ  \ v i t h  d i l u t c  s u l ũ i r i c  a c i d ,  t h e n  đ r i e d  

and bakcd  ( 1 4<>°C'-) tor  a shor t  \vhilc. A t t c r  bakiiíg,  
tlic t raoi lc dcl ivdrưccl lulosc is r cm o v c d  mcchanical lv  
bv tìrst crushiiiỉỉ; and tlicn beatiiiiỉ the cloth.  Rcsidual 
,H'id is r e m o v c d  hv iK'iitralizmu witli di lutc alkali tol- 
loxvcci hy copious  nns inu .  Spcci;ilizcd .icuiÌEÌitì*. 1 1 0 1 1 -



tralừinsỊ, and đrying equipmcnt is uscd to carbonize 
íabrics.

Raisina; is a dry íinishing process for modifying 
the appearance and soítcning the handle ot' íabrics by 
increạsing the num ber and lcn^th o f  sưrtacc íìbcrs. 
O ne  or both sidcs o f  íabric can be raiscd as in the 
production o f  blankets, Aeecy tabrics, and velours. 
Sincé wool and mohair are most pliable when damp, 
fabrics are usually raised in a wet condition. Concen- 
tration o f  raising assistants, type o f  machinery, m a- 
chine scttings, and duration o f  process all inAucncc 
the fĩnal result. A similar process can be pertbrm ed 
on yarns to obtain brushed yarns. This is particularly 
com m on for strai^ht and looped mohair yarns spun 
for the swcater trade. Traditionally, woolcn íabrics 
wcre raised using natural tcazlcs. Except for spccial 
qualitics o f  tabric, tcazlcs have bccn rcplaced by vvirc 
c lothinẹ in doublc-action raising machincs, for exam - 
ple. Brushing and napping machines are uscd to ob- 
tain similar cffccts but to lesser degrees.

Tentcring involves íastcning the tw o cdíỊcs ot'fabric 
using clips or pins to a párallcl set o f  chains and 
strctching thc íabric to the đesired (i.c., designed) 
width. Rclaxation in the leniỊth dircction can bc 
achicvcd by overfeeding the íabric onto the chains. 
While the íabric is held to width it is dried in the tenter 
oven in a continuous process. Since temperatures o f  
110—140°c arc typical, í^reat carc is uscd not to ov- 
erdry or singc thc íabric. Mohair is particularly sus- 
ceptiblc to overdrying, vvitli yellowin^ and loss ot 
lustcr bcing the highly visible rcsults.

The objcctives o f  shearing depend upon thc typc 
o f  íabric bcing considcred. When a clear finish is re- 
quired, shearing is used to cornpletely remove all sur- 
face íĩbers (i.c., as for pool table cloth). However, 
shearing is also uscd to control the height o f  the íiber 
ends above the suríacc o f  raised íabrics (i.e., as in 
melton typc fabrics). Shearing machinery typically 
consists ofscvcral sets o f  brushes, a sheariní* bed, and 
the shearing unit itseir  which has a fixcd ledger bladc 
and a rapidly rotating shearing cylindcr with 14-20 
helical bladcs.

Pressmg o f  fabrics is required to improve the ap- 
pearancc and luster. Pressing also affccts thc handlc 
o f  íabrics. Pressing is achieved through jo in t applica- 
Cion o f  beat and pressure in the presence o f  moisture. 
Traditionallv, hydraulic presscs in which the tabric 
vvas pressed between smooth layers o f  heavv card- 
board (“ papers” ) vvcrc used in batch processes 
throug;hout the world. M odcrn mills arc rnore likelv 
to use continuous paper presscs and rotary presses 
tor highcr productivity. Uníòrtunatclv, the eíTects

obtaincd by pressing are not usually pcrmancnt and 
dccatising is nccessary to stabilize the luster, handle, 
and íỊcncral appearancc achievcd up to this stage of  
íìnishing. Decatising, vvhich also improves thc creasc 
resistance o f  wool and m ohair fabrics, :s achievcd 
by winding tabric under controlled open w idth  and 
tension onto a pcrtorated decatising roller. Lavers ot' 
tabrics m ay be separated bv fabrics composcd o f  cot- 
ton or cotton/polvcster.  O nce  on the roller, the íabric 
is cxposed to the action o f  hcat and watcr. The de^ree 
o f  settino; obtained in the fabric is dcpendcnt upon 
the leníỊth o f  thc heating period, thc moisturc content 
and tempcratures o f  thc fabric, and the cooling pcriod 
on thc rollcr. Scvcral typcs o f  dccatising machincry 
are in com nion  use in the vvool fĩnishing industry. 
Wet decatising (boiliiiií and crabbiniỊ) machines utilizc 
hot watcr and stcam. Dry decatisintỊ (autoclavc and 
luster decatisina; machincs) use alternating stcam and 
vacuum cycles to apply succcssive hot and cold treat- 
mcnts rcsulting in high dcgrces ot íabric set and stabil- 
ity. M odcrn machincs are availablc to períorm the 
dccatising proccss continuously.

A typical tĩnishmg sequcncc tor yarn-dyed, fancy 
worstcd menswcar suiting niight includc the follow- 
ine; stcps: inspcct, burl (dc-knot), and n.end; scour 
and mill in ropc f'orm, crab, cool overnight on the 
beam; hydroextract, tcntcr, and dry; steam and brush 
rcverse sidc; shcar, oncc on rcvcrse sidt, twicc on 
face; rotary press; decatise t'or luster, final inspection.

Wool and m ohair arc dycd in all o f  the following 
torms: loosestock, slivcr, yarn (in hanks orpackages), 
tabrics, and garments. Spccialized machinery exists 
for dyein^ in each o f  these íorms and in the casc o f  
tabrics, in open w id th  and rope f'orm. as well as batch 
and continuous. Discussion o f  thcsc machincs is be- 
yond the scopt' ot this articlc. Protein tibcrs can be 
dyed with  basic, acid, direct, mordant, va:, and rcac- 
tive dyc classes. N e w  developments in dycing and 
wet fmishing arc being inAucnccd primarily by cnvi- 
ronmental rathcr than cost-cffĩciency considerations. 
Thus, thcre is a trcnd to scour and dye in shorter 
liquor to o;oods ratios and to replace chlcrination in 
shrink rcsist fmishes w ith more acccptab.c chemical 
reactions. Similarly, concerns about diỉcharge o f  
heavy metals will result in reduced usc ot' chrom e 
dyeing.

Printing is another m ethod  ot applyír.ẹ; color to 
wool and m ohair but only about 1.5% of thc total 
world M crino production and vcry littk mohair is 
printcd (this compares to about 4(1% tor cotton). 
Sliver and tabrics com posed o f  wool or mohair can 
bc printeđ bv a varictv o f  mcthods. Usuílly, tabrics



are p rct r ca ted using an alkalmc scour,  c rabbing,  desiz- 
imỊ, o r  chlor inat ing  to r ender  the surtacc m o r c  h yd ro -  
philic.  Trad i t ional  p r in t—d r y —st cam —dcve lop  nic th-  
ods o f  scrcen pr int ìng arc uscd to achievc cxccllcnt 
color  vields and clarity. Dischargc,  rcsist, an d  sub l im-  
inat ion t ransfer  p r int ing  have also been appl ied to 
w o o l  tabrics.

C h lo r in a t io n / rc s in  appl icat ion t r ea tmen t s  are im-  
por t an t  for producina;  tul ly ma ch i nc -washab le  w oo l  
tcxtilcs.  T hes e  processcs are typical ly carricd out  con-  
t inuously  with  the wool  in top  fo rm,  a l tho ugh  fabrics 
and y;arments can be treated.  T h e  resin em p lo y cd  
m o s t  c o m m o n l y  is a wa te r  soluble,  cat ionic polya -  
m idc—epichlorhydrin polym cr (Hcrcose t t  125). T h e  
co m b in cd  effcct o f  chlor inat ion  fo l lowed  by rcsin 
t r c a tm c n t  1S to cl iminatc the diffcrential fr ictional cf- 
fect by  partial  dcs truc t ion  and coat ing o f  thc fibcr 
scalcs. M o r e  rcccntly,  po lyurethane,  si l iconc-bascd 
po l ymcrs ,  plasma,  and potass ium tert iary b u to x id c  
t r ca tmcn t s  have been de m ons t r a t c d  to p rodu ce  effec- 
t ivc shr ink resistance o f  w o o l  fabrics.

W o o l  and mo ha i r  tabrics arc protcc ted aỉỊainst d a m -  
agc by  c lo th es -moth  larvae and o thc r  insects.  N u m c r -  
ous o rgan ic  c o m p o u n d s  havc been used to niakc the 
fibcrs ci ther  unpalatablc o r  po isonous  to the m o t h  
g rubs .  T h e  tìrst wa tc r- so lub lc  p r od u c t  cornmerc ia l ly  
appl icd to woo l  for  this purpo sc  was  Eulan N  
fo l lowcđ  latcr by  Mit in  FF. B o t h  o f  these P r o 

duc t s  arc chlor inated aromat ics .  T h e  last im po r ta n t  
chlo rphcny l id -based  p roduc t s  to bc devc loped  (Eulan 
W A  N c w / U 3 3  and Mit in  LP) arc no  lontỊcr available.  
In thc  latc 1970s, synthe t ic  pyre thro ids  w c r e  devcl-  
oped for mothproofing. Permethrin SOOI1 bccame the 
m o s t  po pu la r  p r odu c t  but  it 1S n o w  being banned  in 
scveral  E ur op ca n  count ri es  fo l lowing the realization 
tha t  it is ve ry  toxic to aquat ic  o rgan i sms .  Mi t in  LF 
is still available.  Pyrc th ro ids  w i t h  lo w er  toxic i ty  (e.g.,  
cyc lopro th r in)  are likcly to bc used in the future.  Still, 
t hc  m o s t  etTcctivc w ay  to cl iminate m o t h  d am age  
a l togcthc r  is to m ak c  thc tcxti lc inaccessiblc to moths .  
T h u s ,  w o o l  and m o h a i r  ga rm en t s  shou ld  be s torcd 
in po l ye thy lenc  bags o r  w o o d c n  chcsts cons t ruc tcd  
fo r  the purpose.  O f  course,  this is no t  practical  for 
p rotec t ing  uphol s t e ry ,  wall ,  o r  f loor cover ings  in 
w hic h  casc chemicals m u s t  be used.  Followin^ che 
rcalization tha t  m a n y  respi ra tory  p r ob lem s  in h u m a n s  
are causcd by  the debris  left by  dus t  mites,  mi te repel-  
lcnts arc n o w  being fo rmula ted  for appl icat ion to 
w o o l  and mo ha i r  textiles.

Wi th  rcspcct  to Hammabi l i ty ,  w oo l  and n ioha i r  arc 
reqardcd as saíc ílbers. Animal fibers isỊnite whcn 
subjcct  to ,1 sufficiently po wer fu l  heat  source.  H o w -

cver,  they usuallv do  not  suppor t  com bu s t ion .  Wh en  
the heat  source 1S rcmov ed ,  w oo l  and m oh a i r  cont inue 
to bur n  and sm olde r  only for a short  t ime.  Natu ra l  
protc in tìbcrs havc a hit^h iíỊnition t cmpcratu rc ,  a h igh 
limitme; o x y gc n  indcx,  a low heat  o f  cornbus t ion ,  and 
a low flamc t c mpera tu re  comparcd to other c o m m o n  
textile íibers.  In addi t ion,  w oo l  and m o h a i r  do  no t  
me l t  and dr ip w h c n  ignited,  unl ikc m a n y  synthet ic  
fibers.  Hovvever,  so mc  cnd-uses ,  C.EỊ., textile fu rmsh-  
ing in aircraft ,  require  a hisrhcr dcgree  ot  f lamc resis- 
tance than that  w h ic h  is natura l ly  presenc.  Co n s e -  
qucnt ly ,  Aame-resistant  finishcs were  developed 
spccifically for  íabrics co m p o sc d  of woo l ,  moha ir ,  
and their  blenđs wi th  cot ton and synthe t ic  fibers. 
N o n p e r m a n e n t  finishcs uscd solut ions o í ' b o r a x  and 
bori c acid w hic h  had Co be replaccd after the fabrics 
wcre  clcancđ. O n e  o f  the early p c r m a n en t  íìnishes 
was bascd on tctra-kis h y d r o x y m e t h y l  p h o s p h o n i u m  
chloridc b o u n d  in a p o ly m c r  p rodu ced  by the  reaction 
o f  urea with  mclarnii ic fo rmaldchyde .  Th i s  process 
was expensive  and was superscdcd by  s imple r  and  
lcss expensive  techniqucs bascd on  complexes  oí  t i ta-  
nium  or zirconium vvith Auoridc, citrates, or other 
ca rboxy li c o r  hy dr ox y -ca rb o x y l i c  acids. These  are 
appl icd by  a var iety o f  me th o ds  to w oo l  and wo ol - r i ch  
blcnds.  M o r c  recently,  an advance in Aamc-rc tarding  
w o o l  has bccn achieved by  co rnbining the cstabl ishcd 
Z i r p ro  proccss and t e t r ab romophtha l l i c  acid. Thi s  
t r ca t mc n t  p roduces  ve ry  shor t  after-f lar ing t imes in 
w o o l  tabrics and provides  h igh levcls o f  durabi l i ty  to 
machine washin(7.

XVIII. End-Uses of Wool and Mohair

The suitability o f  wool and mohair for specific end- 
uses is determined primarily by averagc fiber diameter 
and lcngth. Ranges o f  fiber diamctcr uscd in the main 
wool and mohair product categorics are show n in 
Figs. 8, 9, and 10. The shaded areas indicatc thc rela- 
tively narrow  rangc from which the bulk o f  products 
are composcd. Table VII shows consumption o f  Vir
g in  w o o l  in S1X m a jo r  categories. W o m e n sw c a r  (ou t-  
erwear, drcsscs, skirts, suits, trousers, coats, andjack- 
ets), other apparel, and carpets (woven and tufted) 
each compose 19% o f  total wool consumption fol- 
lowed in decreasing ordcr by menswear (outerwear, 
suits, trouscrs, jackets, and coats), knitwear (adults,’ 
m e n ’s sweatcrs, and w o m e n ’s swcatcrs), and other 
intcrior tcxtilcs. Gcnerally, grades o f  wool used in 
u n d c r w c a r  a n d  o n c  s e g m e n t  o f  k m t w e a r  a r c  f i n e r  
than those rcqui red  for w o m e n ’s w o v e n  ou te rwear .



Superíine Merino Fine Medium strong
19/ym & 2ũụm- Crossbred Crossbred Wool

finer 24//m 25/ym-28//m 29/vm-32//m 33/7ITI & 
stronger

Men s VVoven Outerwear 

VVomen s WovenOutervvear _________ ______________________________

Kmtwear

Underwear

Socks

Hand Kmtting Yarn

FIGURE 8 W ool điumerer r a n i > c s  tor jpp;)rd pnKlucts. |.SimjY(\' I m e m a r i o m i ỉ  Wool SccTcUrhU.

Superíine Merino Fine Medium strong
19//m & 20ụm- Crossbred Crossbred Wool

finer 24//m 25/ym-28//m 29//m-32/ym 33//m & 
stronger

Pressed Felts 

Quilt Fillings 

Furnishings 

Carpets

Mattress Fillings

Blankets

FIGURE 9 W ool diamcter ranu;cs tor noiiapparcl prcxỉuccs. ISourií1: l n tc r iu t i o n . i l  w ool SciTcunat

Super Avg Fine Avg. Fine Avg. Low
Fine Fine Kid Young Young Adult Adult Adult
Kid Goat Goat

22 24 26 28 30 32 34 36 38 40

Handknitting yarns (65%)

MerTs suits (15%)
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(12%) _________ ________________________ _____________
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velours carpets

FIGURE 10 M o h . i i r  đ u m c t L ’ !' r a n i ^ e s  t o r  m , ) j o r  p r u đ u a v  Ị . S t u n v r :  M o h . ì i r  (  A H i ĩ K i l  o ỉ  A h k t k . i  . u u l  ỉ . O t i i c s b v  W o o l  . u i d  

M o h a i r .  I n c .  I



TABLE VII

Consumption of Virgin W ool (%)

App.i rc l prcKliu ts N o n a p p a r c l  p ro d u c t s

M cn s \v c a r 17 C.arpcts 19
W ó n i t ‘ns\vc, ir 19 O t l i e r  in tc r io r  tcx ti lc s lll
Knitvvo.ir lí)
OtỈKT apparc l ! 9

1'ot.íl 71 T o t a l 2{)

Soitiic: In tc rna t ion . i i  W onl  Sc trcra ri .i t.

W o m e n ’s outcrvvcai'  tends to be manu ta c t u r eđ  wi th 
tìncr tìbers than m c i ủ  <Hitcr\vcar and socks.  T he  hulk 
of handkni t t ini Ị  yarns arc c o m p o s c d  of cven coarscr 
tibers. Exccpt  for some  blankcts  and telts, niost  n o n — 
apparcl  \vool p roduc ts  arc hibr icated \vith coarser 
vvools than app.ircl prođucts .

Wool  pressccl telts havc surpasscd all o thc r  to rms  
o f  tcxtilc 1 1 1 the n u m b c r  ,md divcrsi ty ot  thci r  Applica
tion.  lndust r ial ly,  tclts ;irc uscd toi' .seiilint*, lubricat-  
1I1S>, \vipmt|, filtcrinu;, polĩshinụ;, and insulation 
a^.iinst v ibnn ion .  S u per hnc  íclts are used for displav 
purposcs ,  par t icularly exh ibi t ion  and shop  vvmdovv 
tìt t ings,  soft  toys,  and ÍI1 the Hat trade.  Th ic kc r  tclts 
arc uscd tbr  sađdlc blankcts  nnd inne r  soles íor  boots,  
shoes,  and \vaders.  Usc o f  felt 1 1 1  clothintỊ  has hecn 
qmtc  small and đonn . i n t  in reccnt t imes.  Althouu;h 
\vool telts havc bccn uscd in Hoor covcrintỊS and fur- 
nishiniís,  ị u r r e n t  usc is at a ]o\v lcvcl. Versat i l i ty o f  
k‘lt, the r esu rgence ot mtcrcs t  in natural  pruducts ,  
and a nc\v ^encra t ion  ot  art ist ic desiỉỊners vvho arc 
interestcd in vvorkinụ; with  \vool  tclts, arc all cxpcctcd 
to rcsult  in g rca ter  acceptance and usc ot  w oo l  íclts 
in thc hi ture.

Histor ical ly,  n ioha i r  was  uscd in tcxtilcs that  wcrc 
r equired to bc hiiíhly durablc.  T h u s ,  the stercotypical  
molinir  p ro du c t  was a heavỵwcit*ht ,  upho ls t c ry  pilc 
tahric c o m i n o n l y  uscd in publ ic  tn m s p o m i t i o n  vehi-  
cles. Chaii í ícs ove r  t imc havc rcsnl tcd in mohii ir  lx ‘- 
coniintỊ  r c^ardcd  as a luxnr y  tashion hbcr .  Cons c -  
qncnt lv  its IISC in bns and train upho l s t e ry  has dcclincd 
vvhilc uscs 1 1 1  l uxury  Ìtcnis havc  mcreased.  Majo r  end-  
uscs ot Pioh.iir are listcd in Fig,  10. In blends vvith 
\vool,  t incr iỊradcs of n ioha i r  arc nsed to produce 
]ÍL!,ht\vei^hc (tropical) m c n ’s suitiníỊS-. Sincc niohair  
lias the capahi l i tv ot  bcinií dy ed  to vc rv  bri íỊht  shades 
\vlnlc rctaininạ; its natural  lnstcr,  thcse at t r ibutes  are 
uscd to p r od uce  at t ract ive drcss nuitcrials.  shawls,  
stnlos. plushes,  ãs trakhans ,  and var ious tvpcs  ot \vo- 
mcns\ve.ir  t í m n n ^ s  co m p o sc đ  t \  p 1 ca 11V ot vclour  tah- 
rú's hiu .ilso novcl tv t ahncs  COI It:i i 11 in tí houclés  ,ìnd

\vorstcd yarns.  Moha i r  is also uscd to p rođuce  
smo ot h ,  hitỊli qual i ty linings tor  suits, curtains.  
drapes,  and tahle cover ings.  A sniall a m o im t  ot n io-  
h a i r  is u s c d  t o  p r o d u c e  h i g h l y  r c s i l i e n t  Cỉirpcts, ruiỊS,  
and paint rollcrs.

T h e  majo r  1 1 SC for mo ha i r  is in hand-kni t t ina;  varns  
in \vhich thc natural  lustcr and b rinhtness  ot mo ha i r  
com bin cd  with  its sn ioo th  handlc,  \ va rmth,  and ten-  
dcncv to resist dirt ,  crcasini;,  and tcltinu; p rov idc  dis- 
tinct advantaiỊCS ovcr  synthc t ic  hbcr s and cven wool .  
T h e  bulk ot thcsc yarns arc kni t t cd into swcatcrs  and 
o the r  ladicswcar  acccssorics.  Brushcd  varns and  tab- 
rics co m p o sc d  o f  adul t  niohair  and  moha i r - r i ch  blends 
o f t e n  d o n i i n a t c  r h c  s w c a t i ' r  n i a r k e t  v v h c n  i t  b c c o m e s  

tashionablc.

XIX. Sheepskins

At tc r  a shcep is killed tbr  its mcat ,  the skin 1 S re m ov e d  
at the skuitỊhterhouse.  All a d h c n n g  fat and niusclc 
tissuc is r cm ov cd  to avoid p rob lems  in tu r the r  P ro 
cessing.  Wool  m ay  bc r cm ov ed  í ron i  skins by te]]— 
montỊeriniỊ .  In this proccss,  fibcr rcnioval  is achieveđ 
throiiiỊh bactcrinl action (“ svvcatiniỊ"),  o r  wi th  the 
assistance o í  a dcpi l atory  au;ent f ‘p a i n t m g ”! snch as 
sod iu m sultidc.  Botli rcactions rcsult  1 1 1  slipe vvool 
(unscoured)  and pelts (dcvvoolcd skm).  Scourcd  slipe 
vvool is rctcrrcd to as skin vvool bv tho trade.  Pclts 
arc normal ly  picklcd in a solut ion containiniỊ  sulturic 
acid, sod iu m chloridc,  and a t u n g iđ d e .  Subscqucnt ly,  
thcy can bc split,  dcí^rcased, and cvcntual lỵ  tamied 
usinvỊ OIIC o f  scvcral me tho ds ,  ve^etablc,
chronic ,  oil, o r  tb rmaldchvdc .  Ho\vcver ,  no t  all skins 
aro handlcd  in this manner .  Soon  at tcr r cmova l ,  skins 
can be t e mpora r í ly  prcservcd to pe rmi t  ex por t  or  ship-  
pinií to o thc r  locations.  Thi s  is achieved by dryinc; 
(air o r  control lcd)  or  salcint;. Thi s  lat tcr  proccss is 
usual ly achicvcd in a d r u m  vvhich is ro ta t cd  to dist rib-  
utc sodiun i  chloride (and othe r  chcniicals) th rou i íhou t  
the " g r e e n ” skins.  Ma nv  skins arc t anned  with  the 
wool  intact.  Thcse  w ool skm s  arc uscd to p rođuce  
shcepskin íỊoods.
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Glossary
D e v e lo p e d  cou n tries Deíincd g c o g r a p h i c i l l y  as thc 
c o u n t r i e s  o t  N o r t h  A m e r i c a ,  E u r o p e ,  E a s t  A s i a ,  A u s -  

tra lia , a n d  a f e w  o th c r  a rcas  in w h ic h  a g r ic u l tu r e  is 
h i g h l y  p r o d u c t i v e  b u t  s m a l l  c o m p a r c d  t o  n o n a g r i c u l -  

t u r e  a n d  i n c o m e s  p r o v i d e  a d i v e r s e  a n d  h i g h  lev e l  o f  
c o n s u m p t i o n

D e v e l o p i n g  c o u n t r i e s  D c f i n e d  g c o g r a p h i c a l l y  as 
t h e  c o u n t r i c s  o f  A s i a ,  A í r i c a ,  L a t i n  A m e r i c a ,  a n d  v a r i -  

ous  islands,  do m in a te d  b y  agr icul ture as a sourcc  o f  
i n c o m e  a n d  e m p l o y m e n t  a n d  i n  w h i c h  i n c o m c s  f o r  

t h e  b u l k  o f  t h e  p o p u l a t i o n  a r e  i n a d c q u a t e  t o  p r o v i d c  

a m o d e r n  l c v e l  o f  l i v m g

F o o d  s e c u r i t y  Assurance o f  adequate food for a 
h e a l t h y  a n d  a c t i v e  l i fe

H u n g e r  Insufficient food intakc to allow an active 
a n d  h c a l t h y  l i f c

M a r k e t  p r ic es  Prices d c tc rm in e d  by supply and de-  
m a n d  i n  f r e c l y  í u n c t i o n i n g  m a r k e t s  

S a f e t y  n e t  L e g i s l a t e d  a n d  e f f e c t i v e ly  a d m i n i s t e r e d  
m i n i m u m  q u a n t i t y  o f g o o d s  a n d  s e r v i c e s ,  p a r t i c u l a r l y  

o f  f o o d ,  n i a d e  a v a i l a b l e  t o  c n s u r e  a m i n i m u m  lc v c l  
o f  l iv inẹ ;  f o r  t h e  p o o r

F o o d  sccurity  is  a State in w h ich  all p e o p le  arc cnsured 
a d c q u a t e  t o o d  t o r  a h e a l t h y  a n d  a c t i v e  l i fe .  T h e  d e v e l -

o p c d  c o u n t r i e s  h a v e  l a r g c l y  a c h i c v e d  f o o d  s e c u r i t y .  

T h e  b u l k  o f  t h e  c o u n t n e s  111 A f r i c a ,  A s i a ,  a n d  L a t i n  

A m e r i c a  h a v e  n o t .  M a r k e t  p r o c e s s e s  p l a c e  t h e  b u l k  

o f  a d j u s t m e n t s  t o  a d e c l i n e  i n  t h e  f o o đ  s u p p l y  o n  t h e  

p o o r  w h o  a r c  c o n s c q u e n t l y  f o o d  i n s e c u r e .  T h u s ,  i n  

f o o d  i n s c c u r c  c o u n t r i c s  g o v e r n m c n t s  n o r m a l l y  i n t e r -  

v e n c  i n  t i m e s  o f  í o o d  s h o r t a g e  t o  p r o t c c t  t h e  p o o r .  

F o o d  s e c u r i t y  i s  a c h i e v e d  b y  a c o m p l e x  p r o c e s s  o f  

a g r i c u l t u r a l  d c v e l o p m c n t  in  w h i c h  t h e  b u l k  o f  t h e  

r u r a l  p e o p l e  p a r t i c i p a t c .  T e c h n o l o g i c a l  i m p r o v e m c n t  

o f  c r o p  v a r i e t i e s  ( u s u a l l y  i n  c o m b i n a t i o n  w i t h  i n -  

c r e a s e d  u s e  o f p ư r c h a s e d  i n p u t s  s u c h  as  c h e m i c a l  f e r t i l -  

i z e r s )  i s  i m p o r t a n t  t o  a c h i e v i n g  f o o d  s e c u r i t y ,  a s  i s 

m a s s i v e  i n v c s t m e n t  i n  r o a d s  a n d  e đ u c a t i o n .  C o n c u r -  

r e n t  p r o g r a m s  f o r  h e a l t h  a n d  í a m i l y  p l a n n i n g  r e d u c e  

p o p u l a t i o n  g r o w t h  r a t e s  a n d  f u r t h e r  e n c h a n c e  t h e  p e r  

c a p i t a  a v a i l a b i l i t y  o f  f o o d  a n d  o t h e r  e l e m e n t s  o f  i m -  

p r o v e d  w e l l - b e i n g .  T h e  s c i e n t i í ĩ c a l l y  a d v a n c e d  a n d  

w e a l t h y  c o u n t r i e s  c a n  b e  i m m c n s c l y  h e l p í u l  i n  a s -  

s i s t i n g  t h c  t r a n s i t i o n  o f  p o o r  c o u n t r i c s  t o  a State  o f  

f o o d  s e c u r i t y .

I. Introduction

T h e  a g r i c u l t u r a l  a n d  i n d u s t r i a l  r e v o l u t i o n s  o f  t h e  1 8 t h  

c e n t u r y  m a d e  i t  p o s s i b l c  f o r  n a t i o n s  t o  s u f f ì c i e n t l y  

i m p r o v e  t h e i r  m a t e r i a l  w e l l - b c i n g  t o  e n s u r e  t h e i r  p e o -  

p l e  a h e a l t h y  d i e t  f o r  a n  a c t i v e  l i fc .  G r e a t l y  i n c r e a s e d  

v v e a l t h ,  a n d  t h e  p a r t i c i p a t i o n  o f  t h e  e n t i r e  p o p u l a t i o n  

i n  p r o d u c i n g  a n d  c o n s u m i n g  t h a t  w e a l t h ,  p r o v i d e d  

t h e  e c o n o m i c  m a r q i n  f o r  t o o d  s e c u r i t y .  I t  d i d  s o  i n  

t h e  f a c c  o f  v a g a r i e s  o f  w e a t h e r ,  w h i c h  c o n t i n u e d  t o  

c a u s e  l a r ^ c  A u c t u a t i o n s  i n  l o c a l  f o o d  p r o d u c t i o n .

B y  t h e  m i d - p o i n t  o f  t h i s  c c n t u r y ,  f o o d  s e c u r i t y  f o r  

t h c  t o t a l  p o p u l a t i o n s  h a d  b e e n  l a r g e l y  a c h i e v e d  b y  

t h e  w e l l - t o - d o  d e v e l o p e d  c o u n t r i e s .  N o w  i t  i s  o n l y  

d e s t r u c t i o n  o t  e c o n o m i e s  b y  m a n - m a d e  w a r  a n d  c i v i l  

u n r e s t ,  n o t  n a t u r a l  p h c n o m e n a ,  t h a t  c a n  b r i n a ;  i n a d e -



q u a t t '  t o o d  ì n t a k e  a n d  í a m i n c  t o  s u b s t a n t i a l  n u m b c r s  

o f  t h e  p c o p l c  i n  t h o s c  n a t i o n s .  H o w e v e r ,  f o o d  s c c u r i t y  

a s  t h c  b a s i c  c o n d i t i o n  o f  a t a i r  a n d  j u s t  s o c i c t y  s t i l l  

h a s  n o t  b c e n  a c h i e v e d  b y  c o u n t r i e s  c o n t a i n i n q  a  1113- 

j o r i t y  o f  m a n k i n d .  B r i n í Ị Í n g  f o o d  s c c u r i t y  t o  a l l  i s  t h e  

a c h i e v a b l e  c h a l l e n g c  o t  o u r  t i m c s .

F i í t v  y c a r s  a g o ,  t h c  b u l k  o f  h u m a n i t v ,  i n c l u d i n o ;  

c s s c n t i a l ly  all  t h c  p c o p l c  o f  A í r i c a  a n d  A s ia ,  c x c lu d in s Ị  
J a p a n ,  l i v c d  i n  a c ò l o n i a l  r e ẹ ; i m c .  E v c n  t h c  b u l k  o í  

L a t i n  A m e r i c a  w a s  i n  a s t r o n c ; l y  d e p e n d e n t  c i r c u m -  

s t a n c e .  U n d e r  c o l o n i a l i s m ,  t h e  c o n d i t i o n s  t o r  g r o s s  
t o o d  i n s e c u r i t y  a n d  f o r  p e r i o d i c  t a n n n c  w c r e  e n d e m i c .  
M ạ ị o r  c o l o n i a l  p o w c r s ,  s u c h  as  t h c  B r i t i s h ,  d c v c l o p c d  

m t r i c a t c  t a m i n c  c o d c s  d e l i n c a t in i Ị  t h c  b u r c a u c r a t i c  
p r o c c d u r c s  f o r  a m e l i o r a t i n s Ị  t h c  e tTc c t s  o f  f a m i n c .  13ut  

thc sheer cxistencc ot thosc codes indicates that taniinc 
w a s  th c  o r d c r  o f  t h e  d a y .  F a m i n e  w a s  i n e v i t a b l c  g i v e n  
t h e  l ovv i n c o m e s  a n d  l a c k  o f  p a r t i c i p a t i o n  i n  d e v e l o p -  

m e n t  o f  t h e  b u l k  o f  t h e  p o p u l a t i o n .
W o r ] d  W a r  II b r o u í ^ h t  t h e  b e ỉ Ị Ì n n i n í Ị  o f  t h e  e n d  o f  

c o l o n i a l i s m ,  a n  c n d  w h i c h  c a m c  r a p i d l y  t h r o u g h  

m u c h  o f  A s m ,  a n d  m o r c  s l o w l y  i n  A í r i c a .  C o n c u r -  

r e n t l y ,  t h o s c  c o u n t r i e s  o f  A s i a ,  A f r i c a ,  a n d  L a t i n  

A m e r i c a ,  w h i c h  h a d  n o t  b c e n  c o l o n i e s ,  m o v e d  t o  a 

s t a t u s  o f  m u c h  l c s s  d e p e n d e n c c .

C o m c i d c n t  w i t h  t h e  d c p a r t u r e  o f  c o l o m a l i s m ,  w c  

f i n d  t h a t  t a m i n c s ,  t h c  m o s t  v i r u l c n t  m a n i f c s t a t i o n  o f  

t o o d  i n s e c u r i t y ,  d e c l i n c d  í Ị r c a t l y  i n  i n c i d c n c c  a n d  

c h a n i Ị e d  r a d i c a l l y  i n  c a u s a l  t b r c c .  T h r o u g h o u t  h u m a n  

h i s t o r y ,  i n c l c i n c n t  w e a t h e r  h a s  b e c n  a p r i m a r y  c a u s c  

o t  t a m i n c .  L a r g c  n u m b c r s  o t  p o o r  p c o p l c  o b t a i n i n i Ị  

b a r e l y  s u í h c i c n t  f o o d  i n  n o r m a l  w c a t h c r  f i n d  a l e t h a l  

i n s u t f i c i e n c v  w h c n  a s e q u c n c e  o f  b a d  y c a r s  o c c u r s .

T h e  m e c h a n i s m  b y  w h i c h  u n í a v o r a b l e  w e a t h e r  

c a u s c d  t a m i n c  v a r i c d  f r o m  p e r s o n  t o  p c r s o n .  I n  s o n i e  

c a s e s ,  i t  w a s  s i m p l y  a l a c k  o f  p r o d u c t i o n  f r o m  o n e ’s 

o w n  l a n d .  L a c k  o f  i n c o m c  a n d  l a c k  o f  f o o d  w e r e  

c o t e r m i n o u s .  I n  o t h e r  c a s e s ,  d e c l i n c  i n  a g r i c u l t u r a l  

o u t p u t  d i r e c t l y  r e d u c e d  t h c  c m p l o y m e n t  a n d  i n c o r n e  

d e r i v e d  b y  t h e  l a n d l e s s  í r o m  h a r v c s t i n í Ị  a n d  o t h e r  

t a r m  p r o d u c t i o n  a c t i v i t i c s .  I t  a l s o  r c d u c c d  t h c  s p c n d -  

i ni Ị  o f  l a n d - o v v n i n c ;  p e o p l c  w i t h  c o n s c q u c n t  f u r t h c r  

r c d u c t i o n  i n  c m p l o y m c n t  i n  r u r a l  n o n a g r i c u l t u r a l  

í ^ o o d s  a n d  s c r v i c c  a c t i v i t i c s .  T h e  r c d u c c d  c m p l o y -  

m c n t  a n d  i n c o m c s  o f  t h e  p o o r ,  c a u s c d  b y  l o w c r  a ẹ -  

r i c u l t u r a l  p r o đ u c t i o n ,  w o u l d  i n  t u r n  l c a d  t o  t h e  c o n -  

t r a d i c t i o n  o t  s t a r v a t i o n  c o n c u r r e n t  w i t h  a p p a r e n t l v  

a d e q u a t c  s u p p l i e s  o f  t o o d .

In  t h c  p o s t c o l o n i a l  p c r i o d ,  t a m i n c s  h a v c  i n d c c d  o c -  

c u r r e d ,  a l t h o u í Ị h  g e n c r a l l y  ạ t  l e s s c r  i n t c r v a l s  a n d  w ú h  

l c s s c r  s c v c r i t v  t h a n  i n  t h e  p a s t .  P o s t c o l o n i a l  p c r i o d  

t a m i n c s  h a v c  b c c n  c a u s c d ,  i n  s ; c n c r a l ,  n o t  b y  t h e  

\ v e a t h e r  b u t  b v  c i v i l  s t r i í c  t h a t  n o t  o n l y  d i s r u p t s  t r a n s -

p o r t  o t  t o o d  t r o m  t a v o r c d  a r c a s  t o  n o n t a v o r c d  a r c a s ,  

o f t e n  b y  i n t c n t ,  b u t  v v h i c h  a l s o  s t a n d s  i n  t h e  \ v a v  o t  

i n f o r m a t i o n  t r a n s m i t t a l  a n d  p o l i t i c a l  m o b i l i z a t i o n  t o  

s u p p o r t  t h c  f a m i n c - h i t  a r c a s .  T h e  n i a s s i v c  t a m i n c  in  

C h i n a ,  f o l l o w i n í Ị  t h c  “ í ^ r ca t  l c a p  f o r \ v a r d "  o f  t h c  l a t c  

ìy.SOs,  vvas  s o m e w h a t  d i f f c r e n t  t h a n  o t h c r  m o d c r n  

t a m i n e s .  C h i n a ’s b r u t a l  C en tra l  c o n t r o l  o t  t h e  e c o n -  

o m y  a n d  a l l o c a t i o n  o f  l a b o r  c a u s e d  m a s s i v c  d i s l o c a -  

t i o n  o f  t o o d  p r o d u c t i o n  a n d  i t s  d i s t r i b u t i o n  a n d  c o n -  

t r o l  o f  c o m m u n i c a t i o n  h i d  t h e  s i z c  o f  t h e  t a m i n e  t r o m  

t h e  o u t s i d c  \ v o r l d .

W h i l c  i t  is t r u c  t h a t  m o d c r n  c o m m u n i c a t i o n  a n d  
t r a n s p o r t a t i o n  a n d  t h c  m o b i l i z a t i o n  o t  a s s i s t a n c c  t r o m  

t h e  h i g h - m c o n i c  d c v e l o p e d  c o u n t r i c s  has v i r t u a l ly  
c l i m i n a t c d  f a m i n c  t r o m  o p c n ,  p e a c c íu l  c o u n t r ic s ;  

c h r o n i c  fo o d  in s c c u r i ty  c o n t in u e s  in n iassive p r o p o r -  
t i o n s ,  t h r o u í Ị h  ự o o d  v e a r s  a n d  b a d .  A s  c o u n c r i c s  b r i n g  
an enđ to chronic food insecurity, thcv wili hnvc suf- 
f i c i c n t  n a t i o n a l  i n c o m c  t o  e n s u r c  t h e m s e l v e s  a iỊa inst  

t h e  t r a n s i t o r y  f o o d  i n s c c u r i t y  o f  b a d  c r o p  y e a r s .

W e  h a v c  d c s c r i b c d  t h e  c i r c u m s t a n c c  o t  d c c o l o m z a -  

t i o n ,  o f  b u i l d i n g  11CVV p o l i t i c a l  a n d  c c o n o m i c  s y s t c m s ,  

as a t im e - c o n s u m in a ;  a n d  p a in t u l  p r o c c s s ,  ’.v h ic h  la y s  

thc íỊroundwork for accelcratcd cconomic grovvth and 
t h c  a c h i c v e n i c n t  o t ~ t o o d  s c c u r i t y  f o r  al l .  A  ícvv COU11-  

trics com ple ted  thosc  foi indat ion- laynig t ìsks rathcr  
qu ick ly  and have surged  in to  núdd lc -incom e status, 
s u c h  t h a t  t h e  t l i o u t ịh t  o f  t a m i n c  o r  c v c n  o t ' f b o d  i n s c c u -  
r i t y  f o r  e v c n  s m a l l  c l e m c n t s  o f  t h e i r  p o p u l a t i o n  1S 

u n t h i n k a b l c .  T a i w a n  is t h e  s t r i k in í Ị  e x a m p l c ,  b u t  w c  
a l s o  h n d  M a l a y s i a  a n d  T h a i l a n d  m o v i n i ĩ  q u i c k l y  m t o  

t h a t  s t a t u s .

It  is in t h e  n c x t  5 0  v c a r s  t h a t  w c  m a v  c x p c c t  co see 
t h e  í ò u n d a t i o n - l a y i n s ;  s t a g c  p a s s c d  a n d  c o u n t r i e s  O n e  

a f t e r  a n o t h c r  t h r o u g h o u t  A s i a ,  a n d  t h e n  m c r c a s m s Ị l y  

i n  A f r i c a ,  i n o v i n E Ị  i n  t o  t h e  s t a g c  o f  a c c c l e r a t e d  e c o -  

n o m i c  g r o w t h ,  r i s i n g  i n c o m e s ,  a n d  t h e  a c n i e v c m c n t  

o f  f o o d  s e c u r i t v .

T h i s  a r t i c l c  f i r s t  d e s c r i b c s  t h c  c u r r e n t  s t i t e  o í ' f o o d  

i n s e c u r i t y  i n  t h c  w o r ] ( j ,  d e l i n e a t e s  a c o n c c p t u a l  t r a m c -  

w o r k  f o r  p r o c e s s e s  t o  c n s u r e  f o o d  s e c u r i t v ,  a n d  p r e -  

s c n t s  p r o ẹ ; r a n i s  f o r  d e a l i n g  w i t h  t r a n s i t o r y  f o o d  i n s e -  

c u r i t y ,  as  vvel l  as  t h e  b a s i c  p r o c e s s e s  f o r  i m p r o v i n g  o r  

r e m o v i n ^  c h r o n i c  t o o d  m s e c u r i t y .  T h e  a r r i c l c  c l o s c s  

w i t h  d i s c u s s i o n  o t  t h e  S ta te  o f  í o o đ  s e c u r i t v  c x p c c t c d  
i n  t h e  21 s t  c e n t u r v  a n d  t h c  b r o a d  p o l i c \  n e c d s  t o  

c n s u r c  a n  c n d  t o  t o o d  i n s c c u r i t v .

II. The Present Status of Food Security

F o o d  s c c u r i t y  1 S s e e n  b v  v i r t u a l l y  all d c v e l o p m c n t  

o r i c n t c d  o r g a n ư a t i o n s  as  a n i a ị o r  a t A i c t i o n .  M o s t  111-



s t i t u t i o n s ,  c .u ; . ,  t h c  W o r l đ  B a n k .  T h e  F o o d  a n d  A i Ị r i -  

c u l t u r c  O i L ; a n i z a t i o i i  o f t h e  U n i t e d  N a t i o n s ,  t h c  I n t e r 

n a t i o n a l  F u n đ  t o r  A i g t i c u l t u r a l  I ) c v e l o p m c n t ,  d c h n c  

toođ sccunty as a circumstancc in \\ hich all pcoplc at 
all t i m c s  h a v e  s u t h c i e n t  t o o đ  t o  lcađ  h c a l t l i y  a n d  a c t iv c  
1 iYL‘S. S u c h  . 1  b r o a d ,  b u t  p c n v e r i u l  đ c h m t i o n ,  COIIVL'- 

n i c n t l y  đ i v i d c s  i t s e l t  in  t o  c h r o n i c  a s p c c t s  o t T o o d  s c c u -  

rity and transitory aspccts.
(,’lưonic toođ insecurity đescnbes thc situation ot 

t l iơ s c  p c o p l c  \ v l i o  at  l cas t  t o r  s i í Ị n i h c a n t  p c n o d s  o f  
ca ch ycar arc toođ insccure on a dav-to-day basis. 
S uc l i  t o o d  i n s c c u r i t y  HKini tcs ts  i t sc l t  111 t h e  s i i Ị n i hc . i n t  
s t u n t i n y ;  o t  c h i l d r c n .  F o r  e x a m p l e ,  t l ic c h i l đ r e n  o f  t h e  
poor in poor countrics. duc to tood insecunty, are 
t v p i a i l l y  s c v c r a l  i n c h e s  s h o r t c r  t h a n  t h c  c h i k l r c n  o t  
thc urban miđđles classcs 1 1 1  thc samc country at thc 
samc ;1LỊC. People who in 11K1I1V, or CVCI1 most, ytars 
arc tood sccurc, but \vho bccomc íood insccurc 1 1 1  
s p c c i t ì c  v c a r s  o t  u m i s u a l l y  u n t a v o r a b l e  v v c a t h e r  o r  
civil stnte, arc said to bc victims o f  transitory food 
insccunty,

A. The Numbers and Geographic Locations of 
the Food Insecure

In roLind nunibers, about 700 million pcoplc ,ưc 111 a 
State ot chronĩc tood Í11SCCL1 ritV in this thc last decadc 
dí' tlic 20th ccnturv. Food insccLirity is cndcinic in 
South Asia \vhcrc «11 thc ordcr o ío n e - th ird  to 1)110- 
lialt ot the popu hu io n  arc Ĩ1I a foođ insecure State and 
coniprisc roughlv luilt ot the tood msccurc o f  the 
w orld  (Table I). About onc-tìtth o f  thc w o r ld ’s food 
i nsecurc nrc in Aírica,  \vhcre the p rop or t ion  o f  the 
population in tbod insecuritv is similar to that ot 
South Asia. Hovvcver, íooil insecurity cithcr has bccn 
d c d i n i i i í *  o r  is 111 a n  i n c i p i c n t  Sta te  o f  d c c l i n c  111 S o u t h  
Asia, vvhile it has becn incrcasinu; 111 Africa. Thus, 
\vithin a decadc thcrc im y  vvcll be more pcople in 
chronic tood insccurity in Atrica than in Asia. An- 
o t he r  10% of thc tood  insccurc arc in China,  pr imari ly 
111 t h e  l o w  p r o d u c t i o n  p o t c n t i a l  a r cas .  T h e  p r o p o r t i o n  
ot thc total population in a tood insecure S t a t e  is about 
h a l t  t h a t  o t  S o u t h  A s i a .  T h e  r c n i a i n i n i Ị  í i í t h  o f  t h e  

t o o d  i n s e c u r c  ;irc l a r ^ c l v  s c a t t c r c d  in L a t m  A m e r i c a ,  
N o r t h  A t r i c a ,  a n d  t h e  M i d d l c  E a s t .

In addition to the 700 million peoplc 111 chronic 
t o o d  i n s c c u r i t y ,  a n  a d d i t i o n a l  3 0 0  m i l l i o n  p c o p l c  a r e  
d o s c  e n o u i í h  t o  t h e  iiuiriỊÌii  o t  c h r o n i c  t o o đ  i n s c c u r i t y  
that tìuctuations in \vcatlicr Cánsc chem to move back 
and tortli across that lmc. Thus, \vc may spcak of the 
tor.ll num bcr ot pcnplc 1 1 1  tnoil insccurity as about 
o n c  h i l l i o n .

TA BLE I
G eo gra ph ic  D istribution o f Poverly and Consequent Food Insecu- 
rity, 1990°

A ^ r u ’
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Ucnion "lot.ll U r b a n Iiui.ll l ì ì ị ị Ii L o\ \

(n i i l l ions  o t  pcop lc)
A t ri ca 137 14 123 0 (11(51 lj
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tiast Asia } \  5 2f) 6(25) 211(75)
Lurin A m c r ic a 72 43 11 (25) 32(75)
N c a r  Hast 34 1(1 24 «(33) 16(67)
c !hina l u  {)'• 7(1 25(33) 51(67)
T o t a l 7(10 128 572 252 320
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With siich massivc dimcnsions to food insccurity, 
it sccms unlikcly that thc morc vvcll-to-do pcoplc 111 
the relativelv prospcrous countrics would, year-attcr- 
ycar,  p r ov ide  thc Cranstcr paynicn ts  to lifc so ma nv  
pcoplc to tood sccurity on a loniỊ-tcrm basis. The 
obvcrsc 1S th.it the solution to thc tood insecuritv 
problcm niust conic troni brintỊÌtiíỊ; the mass o f  thc 
tood insccurc into thc developmcnt process. Incomes 
must be raiscd throuiíh broad proccsscs o f  dcvclop- 
mcnt, based on aíỊricultural e;rowth and the stimulus 
to nonasỊricultural sj;rowth that comcs íVom rising 
tarm mcomcs. The kcv to those processes 1S ìmproved 
a^ricultural tcchnoloíỊỹ arisina; from modern atỊricul- 
tural rescarch systcms.

The ccntrality ot broad participation in economic 
iỊrowth to tood sccurity is cxplicitly rccoí>;nizcd bv 
the World Bank, the Footi and AiỊricultural Organiza- 
tion o f  thc United Nations, and the Internationa] Fund 
tor Agricultural Devclopment. Scvcral of the bilateral 
toreiíỊn assistancc a^enaes  havc also donc position 
papers that rccoiỊnizc this rclationship betvvcen 
u;rowtli and tood sccuntv. With that pcrccption, the 
c t tor t  to r cducc tood insccuri tv ]art;c]v takes the to r m 
ot hroad dcvclopmcnt ctTorts rathcr than spccitìc toođ 
sccuri tv projccts.  IS c c  I n t e r n a t i o n a l  A c r i c u l t u h a l  
U k s k a i u : i i . I



It should bc clcar that food insecurity and povcrty  
are tw o  sides o f  the same coin. Peoplc w h o  are not  
poor allocate their incom e in such a manner as to be 
fbod secure. They  may, o f  course, not do so very 
efficiently, and they may suffer som e malnutrition  
from a poor allocation o f  thcir food budget. But they 
do have adequate calorics for an active and hcalthy  
life. The food insecurc are those w h o  have inadequate 
incom c to com m and adequate quantities ot food.

There has been som e controversy as to whethcr  
food insecurity is a problem o f  inadequate supplies 
ot food or inadequate incom e for com m anding  the 
food. As w c  will sce later, this is an unproductivc  
and divcrting argumcnt. O f  coursc, the poor, being  
poor, do not havc the purchasing pow cr to obtain 
adequate food. H ow ever, ic is thc proccsses ofincrcas-  
ing agricultural production and various dircct and 
indirect effects o f  increased agricultural production  
which provide the increased incomes and purchasing  
power that lift the poor to tood sccurity.

B. The Rural Nature of Food Insecurity
The poor arc primarily in rural arcas. In Aírica, 
roughly 90% o f  thosc w h o  arc so poor as to bc íood  
insccurc arc locatcd in ruraỉ arcas; in Asia, the propor-  
tion is about 80%; and in Latiii America, with much  
higher i n c o m c s  and more điffcrcntiatcd cconom ics,  
the proportion o f  thc poor in rural areas is much lowcr  
but still on thc ordcr o f  60% (Tablc I). Many o f  the 
urban food ìnsecure havc flcd the countrysidc because  
o f  endemic food insecurity. Thus, thc basic solution  
to food insccurity lics in the rural arcas o f  thc poor  
c o u n tr i e s .  [See R u r a l  D e v e l o p m e n t , In t e r n a t i o n a l .!

The distribưtion o f  the poor within rural arcas re- 
lates to the lcvcl o f  dcvelopm ent and instructs us as 
to the strategy for providing food security. In thc very 
poorcst countries, the poor arc located with greater 
density in the rural arcas w ith  substantial agricultural 
production potcntial (Table I). Examplcs arc the 
denscly populatcd, but agriculturally rich arcas o f  the 
Gangetic and Brahmaputra basins o f  South Asia, the 
volcanic soils o f  Java, and the upland íarming arcas 
of western Kenya. In each case, both the overall rural 
population density and the density o f  the foođ insc- 
cure poor are very high.

Rcducing poverty and incrcasiniỊ tood secur-  
ity is a straightforward proccss in such aqricultural, 
tcchnology-responsivc areas. N o t  only does acceler- 
atcd ẹ;rowth in agricultural production create many  
more jobs directly in agricultural production, but also 
the expenditure o f  higher agricultural incomes creatcs

substantial growth in em ploym ent,  in the cxpanding  
provision o f  nonagricultural goods and scrvices. The  
high rural population densities reduce the cost per 
capita o f  provision o f  the physical inírastructure ot 
all-weather roads, electriíìcation, and telephones  
which are so essential to rapid growth in rural nonag-  
ricultural em ploym ent.  Thus, w e fmd that in middle-  
incom e developing countries, the poor are virtually  
not to be found in the g o o d  ae;ricultural arcas and 
instead are found larg;ely concentrated in the poorer 
agricultural areas. In those countries, developm ent  
has liíted pcoplc in the m ore productive areas out ot 
the absolute povcrty which brings food insecurity. 
Thus, in highcr incom e Thailand, there is essentially  
no povcrty or food insecurity on thc rich soils o f  the 
Central Plain. Such poverty  is largely concentrated 
in the much poorcr arcas o f  thc Northeast. In contrast 
111 thc poor countrics o f  India and Bangladesh, we  
find a substantial proportion, perhaps on the order o f  
6 0 -7 0 % , o f  the food  insecure concentrated in the 
rich alluvial arcas o f  the mạjor river systcms and in 
t h e  C oasta l  a rcas .

We can draw a conclusion, wliich w e will cxpand  
u p o n  ÍI1 l a t e r  s c c t i o n s ,  t h a t  in t h e  p o o r  c o u n t r i e s  it 

makes scnsc to conccntratc first 0 1 1  litting pcople out 
o íp o v c r ty  and into íood  security in the richcr agricul-  
tural arcas. Whcn thosc easier problems have bcen  
solved, One can then m o v e  to the more intractablc 
problcms o f  dcaling with  those on thc poorer soil 
areas.

c. Children and Women
Children, in particular, and to a lcsscr extent w o m e n  
as well,  are disproportionatcly reprcsented a m on g  thc 
absolute poor and the food  insecure. The dispropor-  
tionate represcntation o f  w o m e n  arises partly from  
che general problem o f  maintaining adequatc incom es  
in singlc-family headed h om es but also from discrimi-  
nation against vvomen, particularly as societies 
modernize and as vvomen are restrained frorn taking 
full advantage o f  the modern institutions such as 
credit, and purchased inputs, vvhich play such an 
important role in lifting people out o f  rural 
poverty.

Childrcn arc disproportionately rcpresented 
am ongst thc tood  insccure because thc poor tend to 
havc lartỊer numbers o f  childrcn than the m ore well 
to do and because lare;c nunibcrs ot depcndents bring 
íỊrcatcr povcrty, at least in the short run. The problem  
o f  food insecurc children has tw o  taces. First, there 
1S the cxtraordinary humanitarian problem  ot small



d e t c n s e l e s s  p c o p l e  t ac i nu ;  c h r o n i c  l i u n í Ị e r  vv i th  i t s  d e -  

h i l i t a t i n ẹ ;  c íYcct  1)11 t h c i r  p h v s i c a l  a n d  m c n t a l  đ e v e l o p -  

mcnt. The other tacc is the crcation ot' .1 new tỊcncra- 
t i o n  o t  p e o p l e  v v h o  a r c  v u l n c r a b l e  t o  i l l - h e a l t h ,  a n d  

h a v c  n o t  c x p c r i e n c e d  t h e  m e n t a l  ù c v c l o p m e n t  \ v h ic h  
should occur vvith incrcased schooliiii*.

III. The Conceptual Framework for 
Increascd Food Security

Solution to the ìm ss ive  problem o f  food insccuritv 
requires a combination o f  market-oricnted develop-  
mcnt activitics, a pubỉic satety Iict involviiiỉ* redistri- 
bution ot ìncomc, and a com plcx m ix o f  public and 
individual action. The com plexity  is simplified by 
M el]or’s Food Sccurity Pyramiđ, đepicted in FitỊ. 1.

T he currcnt diincnsions o f  tood sccurity arc de- 
p i c t c d  b y  t h c  b r o a d  b a s e  o f  t h c  p y r a n i i d ,  r e p r e s e n t i n g  
the 750 million pcopk' in chromc food deíicit and the 
3 0 0  m i l l i o n  w h o  o c c a s i o n a l l y  b c c o m e  f o o d  d e t ì c i t  in 

periods ot untavorablc vveathcr or othcr natural disasr 
tcr. T he aspiration o f  a íood sccure íuture ìs rcpre- 
s c n t c d  b y  la tc ra l  a n d  v e r t i c a l  c o n t r a c t i o n  o f  t h c  p y r a -  
m i d  t o  t h c  p o i n t  o f  t h e  p y r a n i i d  a t  v vh ich  t i m c  f o o d  
i n s c c u r i t y  h a s  b e e n  c l i m i n a t e d .

The tront tacc ot tho pyramid dcpicts, in horizontal 
bands, thc actions to achicve tood sccuritv. The vcrti-  
cal dimension coniprises tvvo sesỊments rcprcscntinẹ 
chronic and transitorv tood msccurity. Each o f  thosc  
is tu rther divided into thc com poncnts ro be treated 
bv accclerated lỊrovvth achicved th rou^h  the operation 
o f  privatc cnterprisc and free markets in cooperation 
with complonicntary public activitics and the com p o-  
n c n t s  r c q u ir in í Ị  d i r e c t  p u b l i c  a c t i o n  t o  p r o v i d e  a s a í e t y  

nct ot incom e trnnsíers. The side taces of the pvramid  
dcsií^natc thc contm uum  ot' action froni thc Interna
tional arcna throuí^h various levels of national org;ani- 
zations, both public and private, rcachintỊ the ultimate 
o b j c c t i v e  o f  t h c  ĩ a m i l y  a n d  th c  i n d i v i d u a l  c h i ld ,  
w o m a n  a n d  m a n  w i t h i n  t h e  í a m i l y .

B e c a u s e  o f  h u m a n  d i s a b i l i t y  a n d  m i s f o r t u n e ,  i t  1S 
u n l i k c l y  t h a t  thc u l t i n u i t e  o b j c c t i v c  o f  c o n t r a c t i n g  t h e  
pyramid to the point o f  univcrsal food sccurity will bc 
a c h i c v c d  c n t i r c l y  b y  m a r k c t  p r o c e s s e s .  H e n c e ,  s p c đ í ì c  
public proiỊrams wi]] continuc to be neccssary. But  
the objective ot' moviniỊ đose  to that point on the 
basis o f  developm ent and iỊrowth, supplemented by 
p u b l i c  m c o m e  t r a n s í c r s  is a t t a i n a b l c .  T h e  r e m a i n d e r  
ot tliis articlc treats the ranqe o f  approaches needed  
t o  a c h i c v c  t h a t  o b j c c t i v c .

IV. Actions to Achieve Food Security

The nunibcrs o f  thc food insecure arc so lartỊC that 
lỊrovvth must bc thc primary instrumcnt o f íb o d  sccu- 
rity. Thus, the bulk ot thc width of the pyramid, for 
both chronic and transitory food insecurity, com -  
priscs market-oriented growth activities. Th ose  activ- 
ities arc much lartỊcr in total than what is depicted on 
the tood sccurity pyramid. The pyramiđ only includes  
the speciíìc orientation o f  those etTorts toward food  
security. Thus, as the pyramid compresses, the sizc 
o f  those activitics speciíically orientcd toward food  
security may decline, vvhile the general activity in- 
creases. Within the context o f  market-oriented  
i^rovvth, speciíic Government protỊrams will provide  
incom c transícrs to reducc food insecurity.

Manv typcs o f  ctYort contribute to mcreased food  
sccurity. Sonic ctìorts have a direct eítcct while  oth-  
ers, no lcss important in their impact, arc inđircct. 
Classcs o fsu c h  etYort arc depictcd as horizontal bands 
on thc pyramid with those having the m ost direct 
etTect ncar the top o f  thc pvramid and thosc havine; 
the m ost ìndirect eíYcct near the base. Each o f  those 
activitics is pursucd throuí^h internatíonal and na- 
tional collcctivitics, as vvcll as by tainily and individual



600 -----------------------------------------------------------------------

ettort, and so thcy slicc across thc pyramid in each 
dưcction.

A. Chronic Food Insecurity
1. Markets and Grovvth
A dcvclopment strateiỊỊy that accelerates i>rowth 111 

thc iiỊricultural scctor is kev to radical rcduction in 
povcrtv and hcnce in tood ìnsecuritv. Thus, in India, 
the hvc statcs vvith the tastest £Ịrowth ratcs ot thc 
agricultural scctor rcduccd thc proportion o f  the rural 
population in absolutc poverty by over halíin  the 20- 
vcar pcriod, 1963-1983. That was a penod marked 
bv similar vveather at the bctỊÍnninu; and the end ot 
the pcriod and hence, thc trcnd is not biascd bv ditĩcr- 
cnccs in vvcathcr. The statcs that did poorlv 111 aiỊricul- 
tural iỊrowth actually cxpericnced an incrcasc in thc 
proportion ot thcir rural population 111 povcrty. 
Conntrics that havc donc vvcll in asỊricultural devclop- 
mcnt, su ch as Indonesia, Thailand, Malaysia, and Tai- 
wan, have all cxpericnccd radical dcclinc 111 absolutc 
poverty and hcncc in tood iiisccurity in pnrallcl with 
thc aíỊricultural tírovvth.

T h e  t o o d  s e c n r i t y  p v n n n i d  d r a \ v s  a t t c n t io n  n o t  o n l y  

to thc importance ot a broad proccss of đtỊricnltural 
ụ ;r o w t h , b u t  a ls o  f o r  th e  n c c d  to  SCO th a t  t h c  p r o c c s s  

plays its role 111 rcducint; tbođ insecurity. Tlnis, cacli 
activity needs to be monitored from that point ot 
V1CW. D o e s  t h e  t o o d  d i s t r i b u t i o n  s v s t c n i  vv o rk  e t ĩ e c -  

tivcly in arcas vvhere the poor are concentrated? Is 
intervention nccdcd to cnsurc compctitioi). lovv cost, 
and widc access? Are all-vveather roads introduccd in 
all food insccurc arcas? Docs cducation includc not 
only basic skills but nutrition education to improve 
allocation o f  resourccs for the poor to achicve food 
security? Is the atỊricultural tcchnoloơy System adc- 
quatcly oricnted to the crops and livestock iniportant 
to food sccurity becausc ot" their importancc in con- 
suniption or in generatms; incomc for the poor?

2. The Food Distribution System
It is t h e  í o o d  d i s t r i b u t i o n  s y s t e m  w h i c h  1S, o f  

course, closcst and thcrctorc most dircct in briniỊÌní* 
tood sccurity to thc poor and imiatclv insecurc. An 
c í t c c t i v e  t o o d  d i s t r i b u t i o n  S y s t e m  w i l l  b e  lar iỊc ly  o p e r -  

ated in thc privatc sector. The scalc econoniies arc 
not lars;c, and thc advantages of compctition are grcat.

The primarv role ot sTOvcrnnicnt in the tood distri- 
bution systcm is to cnsurc compctition in the private 
scctor. O t coursc, thc bcttcr thc systcni o f physical 
intmstructurc, cducation, and technoloiỊV, tlic morc 
competitive vvill bc the private scctor.

The public sector also has a role 111 dcalinạ; \vith 
thc problcms ot market tailure and, niorc im porunt,  
v i c t i n n z a t i o n  b y  t h c  m a r k e t .  T h e  l a t to r  is p c r h a p s  bcst  
m a d c  c le a r  b y  p o in t in ụ ;  o u t  hovv  t h e  m a r k e t  a l lo ca tcs  
a rcduction in tood supplies. It does so throuíỊh pricc 
a n d  t h c  r c l e v a n t  i n c o m c  c la s t ic i t i e s  o f  d c m a n d .  W h e n  
thc supply is rcduccd duc to poor vvcather or other 
torces, priccs ÍỊO up. H ow  much thcy go Lip 1S a 
h m c t i o n  o f  t h e  e la s t ic i t i e s  w h i c h  rcA cc t  t h c  rc s i s ta n c c  
o f  a particular incomc class to rcduce their consurnp- 
tion in the tace of ;] decrcasc in supplies and rúiniỊ 
priccs.

The rcsistancc ot thc consumer to rcduced tood 
consumption 1S a tunction ot how hiũ;h is the mcomc 
o f  t h c  c o n s u m e r .  In c o u n t r i c s  w i t h  v e r v  s u b s ta n t ia l  
populations ot poor pcoplc, priccs only havc to rise 
a small aniount 111 ordcr to brint; supply and dcmand 
into balancc. That is bccausc very poor pcople spcnd 
t h c  b u l k  o f  t h c i r  i n c o m c  o n  f o o d  a n d  s o  a p r i c c  m cri-ase  
brmiỊS a b o u t  a dra s t i c  r ed u c t i o n  in rcal i n c o m c  and 
hence a reduction in purchases. We can rcHcct th:s in 
t h c  i n c o m e  c la s t i c i t i c s  a n d  m a k e  r c l e v a n t  c a lc u la t io n s .

Thosc calculations show that 111 a very poor country 
whcrc thc bo ttom  20—4-0% o f  thc population has 
h a r c l y  c n o u í Ị h  i n c o m c  t o  p r o v i d c  t h e  m i n i m u m  ca lo -  
rics for a hcalthy activc lite, with a decreasc 111 national 
t o o d  s u p p l y ,  t h c  l o w e r  2 0 %  in  t h e  i n c o n i c  d i s t r i b ụ đ o n  
r e d u c e  t h c i r  t o o d  c o n s u m p t i o n  b y  10  t i m e s  as n n ic h  
as do the top 5% o f  the income distnbution. \Vith 
h i i Ị h c r  p r i c c s  t h e  p o o r  s i m p l y  c a n n o t  a t t o r d  as ni 11 ch  
t o o d  as b e t b r e .  T h a t  is, t h o s c  vvlio a r c  l i u n ^ r y  h a v c  
to rcducc consumption í^rcatly, whilc thosc vvho arc 
n o t  h u n í Ị r y  r c d u c c  t h c i r  c o n s u m p t i o n  v c r v  l i t t lc  w h c n  
s u p p l i c s  d c c lm c .  W c  c o n s i d e r  t h a t  i n c q u i t a b l e  a n d  all 
societics attcmpt to takc action to prcvcnt the working 
o f  markcts under thosc circumstanccs.

T h u s ,  w c  f in d  in  t h c  casc  o f  t r a n s i t o r v  t o o d  i n s c c u -  
r i ty ,  t h a t  m a r k c t s  d o  I io t  m c c t  s o c i c t i e s ’ o b je c t iv c s  
a n d  t h c r e  m u s t  b c  ì n t e r t c r e n c e .  T h a t  i n t e r t e r e n c e ,  
h o w c v c r ,  m a y  i n v o l v e  s i m p l y  takm g; s u p p l i c s  t r o tn  
public stock and putting thcni on the markct to rcduce 
price incrcases, or usitiEỊ torciíỊH exchantỊO to purcnase 
intcrnationally traded commodities to have thc samc 
ctTect.

3. All-Weather Roads
Without all-wcathor roads, tood sccunty is a tunc- 

tion o f  local tood production-consuniption balarccs. 
W h c r c a s  t o o d  p r o d u c t i o n  111 a s m a l l  rca ; ion  m a y  t ìuc -  
tuatc as much as 50% írom One ycar to another, cind 
111 v i r t u a l l y  all r c t Ị Ío n s  is s u b j e c t  to  a t  lca s t  5 - ' . 0 %  
Auctuation, thc total production ot tơod 111 the vvorld



r a r c l v  t ì u c t u a t e s  as I11U ch  as 5 %  h o m  o n c  y c a r  to  
aaothcr. Bad vveathiT in DHL' placc is halanccd by iỊootỉ 
v v c a th e r  e l s c \ v h c r e .  T l u i s ,  m a i n t a i n i m '  s t a b le  s u p p l i c s  
a n d  p r i c c s  of  t o o d  is i m i c h  c a s ic r  w i t h  a n  i n t e n r a t e d  
I^lobal m a r k c t .  P r o v i s i o n  of t r a n s p o r t  a n d  o t h c r  i n t r a -  
s t m c t u r c  t o  t u l l v  i n tc í Ị r a t c  n i a r k e t s  í» lo b a l lv  is a n  i m — 
p o r t a n t  t o r i n  o t  t o o d  s e c u r i t y  i n v e s t m c n t .  It is a lso  a 
k c y  c l e m c n t  in  r u r a l  d c v c l o p n i c n t .

In A s ia ,  t y p i c a l l y  o n e - t h i r d  o t  t h e  r u r a l  p o p u l a t i o n  
is n o t  s c r v c d  b y  a l l - w e a t h e r  r o a d s .  In A t r i c a ,  t y p i c a l l y  
9(1% o t  t h e  r u r a l  p o p u l a t i o n  is n o t  s c r v e d  b y  a l l -  
v v e a th e r  r o a d s .  B u i ld i n t Ị  r o a d s  i n  d e v c l o p i n i Ị  c o u n t r i c s  
1S a v c r y  l a b o r - i n t e n s i v c  p r o c c s s  a n d  t h n s  r o a d  c o n -  
s t r u c t i o n  p r o v i d c s  a h i r t h e r  b e n c h t  t o  t o o d  s c c u r i t y  
b v  in c r c a s i i i ỉ Ị  t h c  p u r c h a s m g  p o w c r  o i ' t h e  p o o r .  In 

t h i s  c o n t c x t ,  t b o d  a id  c an  b e  a n  c f fec t iv c '  m e a n s  o f  
i n c r c a s i n t ;  b o t h  c h r o n i c  a n d  t r a n s i t o r y  f o o d  s c c u r i t y .

4. Education
A l t h o i i ỉ í h  t h e  r e l a t i o n  b e tv v c c n  c d u c n t i o n  a n d  t o o d  

s e c u r i t v  is n u i c h  lcss  d i r c c t  t h a n  f o r  a l l - w e a t h c r  r o a d s  
a n d  t h e  t o o d  d i s t r i b u t i o n  s y s t c m ,  it  is n e v e r t h e l e s s  
i n i p o r t a n t ,  E d u a i t i o n  1S a c r i t i c a l  e l c m c n t  f o r  t h c  r c l i e t  
o i  c h r o n i c  t o o d  m s e c u r i t y  t h r o u í* h  its  c íTcct o n  d e v e l -  
o p m e n t .

O v e r  t ì n i e ,  k n o v v le d í Ị e  w h i c h  is s o  c s s e n t i a l  to  
p r o í Ị r e s s ,  b c c o m c s  m o r c  a n d  m o r e  c o i n p l e x ,  r c q u i r -  
i n h i t r h c r  a n d  h i í^ h cr  l cv e ls  o f  e d u e n t i o n .  T l i i s  is 
p a r t i c u l a r l v  t r u c  ít  c n v i r o n m e n t a l  d a m a g e  is t o  b e  
avoided.

E d u c a t i o n  is a l s o  i m p o r t a n t  in  d c a l in i Ị  vvitli c h r o n i c  
t o o d  i n s c c u r i t y  Í11 t h e  lo n íỊ  r u n ,  b e c a u s c  o f  i ts  c lo sc  
r e l a t i o n s h i p  t o  t a r n i l y  p l a n n i n g  a n d  p o p u l a t i o n  c o n -  
t r o l .  T h u s ,  incKiciintỉ; v v o n ic n  111 c d u c a t i o n  is p a r t i c u -  
l a r l v  i i n p o r t a n t .  R c i n f o r đ m *  t h e  n c c d  f o r  c d u c a t i o n  
o f  w o m c n  is t h c  i n c r e a s e d  p o t e n t i a l  t o  i m p r o v e  t h c  
c í t c c t  o t  h i i Ị h c r  i n c o m c s  o n  t o o d  c o n s u n i p t i o n  a n d  
H e a l th .  A t  v e r v  l o w  i n c o m c s  t h e  c h o ic c s  f o r  f o o d  
c x p c n d i t u r c  a r c  v c r y  l i m i t c d .  R i s i n g  i n c o m c s  i n c r e a s c  
t h o s c  c h o i c c s  a n d  h e n c c  i n c r c a s c  t h e  r c t u r n  t o  c d u c a -  
t i o n  a n d  p a r t i c u l a r l y  t h c  c d u c a t i o n  o f  w o m c n .

5. Technology and the Environment
T h e  b a s i s  t o r  i n c r c a s c d  i n c o n i e s  in  all e c o n o m i e s  h a s  

b c c n  p r i m a r i l y  t h r o u í Ị h  t e c h n o l o g i c a l  i m p r o v c m c n t .  
T h e  vvav w c  i n c r e a s e  i n c o m c s  is n o t  b y  i n c r e a s i n g  t h c  
s u p p l v  o t  t h c  f a c t o r s  o f  p r o d u c t i o n  so  m u c h  as b y  
m a k i n t Ị  t h o s c  t a c t o r s  o f  p r o d u c t i o n  n i o r c  c íTcc tivc .  
T h u s ,  t c c h n o l o í Ị Ì c a l  chaniỊL' a n d  Ìts c o r o l l a r i c s  o f  r e -  
s e a r c h ,  i n c r c a s c d  i n p u t  ì n t c n s i t y ,  a n d  i m p r o v c m c n t  
o t  m a r k c r in i *  c h a n n c l s  a r c  c r u c i a l  t o  t h e  d c v e l o p m c n t  
r o u t c  to  m c r c a s e d  t o o d  s c c u r i t y .

M e a s u r c s  t o  ẹ i i s u r c  t h a t  t h c  p o o r c s t  a n d  i n o s t  t o o d  
i n s e c u r c  b e n e t i t  t r o m  i m p r o v c d  t c c h n o l o g y  s t a r t  vvith  
rcscarch cniphasizint!; Commoditios and conditions 
which arc particularlv m iportant to the poor. There 
inav also be an cniphasis OII increasinu; the productiv- 
Ìty  o í l a n d  a n d  Capita l  vvhicl)  t h c  p o o r  h a  v e  l i t t l c  c o m -  

n i a n d  of ,  a n d  \ v i t h  lcs s  e m p h á s i s  o n  i n c r e a s i n g  l a b o r  
productivitv throu£*h 11SC of more land and Capital.

It is n o t a b l c  t h a t  i m p r o v c d  t c c h n o l o g y  r c q u i r c s  Cap
i ta l  a n d  vvill t c n d  t o  b e  lcs s  a c c e s s ib lc  t o  t h e  p o o r  
b e c a u s e  o f  t h c  h i i Ị h c r  c o s t  a n d  í» rea te r  r i s k s  in  p r o v i d -  
iníỊ t h c m  vvith  c r c d i t .  T h u s ,  a t o o d  s e c u n t y  p r o g r a m  
w i l l  c m p h a s i z e  g iv in í Ị  t h e  p o o r  a cc c s s  t o  i m p r o v e d  
t c c h n o l o i ĩ i c s  b y  o p e n in i*  t o  t h c n i  t h e  i n p u t  d i s t r i b u -  
t i o n  S y s t e m s ,  t h c  m a r k e t i n e ;  s v s t e n i s .  a n d  in  p a r t i c u l a r  
t h c  c r e d i t  S y s t e m s .

M o d c r n  y i c l d  m c r e a s i n g  t e c h n o l o g y  h a s  ^ e n c r a l l y  
h a d  t a v o r a b l e  c í t c c t s  o n  t h e  e n v i r o n m e n t .  T h e  n i o s t  
ì m p o r t a n t  í a v o r a b l c  c t l c c t  a r is c s  t r o n i  r a i s in t í  p r o d u c -  
t i v i t y  o t  t h e  b e t t c r  l a n d  t o  m a k c  it  ư n n e c e s s a r y  t o r  
t h e  p o o r  t o  p u s h  o u c  OII t h c  c x t c n s i v c  m a r ẹ ; in  o f  f o o d  
p r o d u c t i o n .  T h e  m o s t  s t r i k in í Ị  c x a m p l c s  o f  s u c h  d c -  
s t r u c t i v c  p u s h i n t Ị  b a c k  o f  t h e  m arcỊÌ tis  f o r  a r a b l c  t b o d  
c r o p  p r o d u c t i o n  lic  in  t h c  h u n n d  t r o p i c a l  t o r c s t s  a n d  
the scmi-arid íỊrasslands. In cach case the environrncn- 
t a l ly  s o u n d  a t Ị r i c u l t u r e  is b a s c d  o n  p e r c n n i a l  c r o p s  
( t Ị rasscs  in  t h c  o n c  c a s e  a n d  t r e e s  111 t h c  o t h e r ) .  P o v c r t y  
p u s h c s  t h e  p o o r  t o  svv i tch  t o  a r a b l e ,  a n n u a l  c r o p s  w i t h  
c o n s c q n c n t  c x p o s u r c  o t  t ra t Ị Í lc  so i l s  t o  t h e  d c s t r u c t i o n  
o f  su n l i i ĩ l i t ,  vva te r ,  a n d  vv ind ,  t h e r e b y  a c c c l c r a t in í Ị  
t l i c i r  b r c a k d c n v n  a n d  c r o s i o n .

T h e  h i í Ị h c r  p r o d u c t i v i t y  a s s o c i a t c d  w i t h  ì m p r o v e d  
t c c h n o l o ^ ỹ  a l s o  i n c r c a s c s  t h c  a v a i l a b i l i t y  o t  n o n t a r m  
j o b s  t h r o u g h  t h c  e x p e n d i t u r c  o í '  t h c  h i t Ị h c r  i n c o m e s  
o f  f a r n i c r s  a n d  n i a k e s  f o o d  ]css  c x p c n s i v c  t o  t h e  p o o r  
vvho  m o v c  o f f  m a r i Ị Ì n a l  l a n d s ,  l c t t in t Ị  t h c m  r e v c r t  to  
m o r c  a p p r o p r i a t e  u se s ,  a n d  m o v c  t o  n o n f a r m  j o b s .  
T h c s c  f a v o r a b l c  c f fe c ts  o f  m o d e r n  y i e l d  incrcas in íT  
t c c h n o l o t Ị y  a rc  r e s c u i n g  l a r q c  a r c a s  o f  f r a g i l c  l a n d s  
e v e n  as a s Ị r i c u l tu r a l  p r o d u c t i o n  c o n c e n t r a t c s  o n  th e  
m o r e  r o b u s t  l a n d s .

T h e  i n c r e a s c d  i n t e n s i t y  o f  H igh  y i e ld  a g r i c u l t u r e  
r c q u i r c s  a h i í Ịh  l e v e l  o f  e d u c a t i o n  o f  t a r m e r s ,  a n d  
c x t e n s i v c  p u b l i c  s u p p o r t  s y s t e m s  i f  t h e  e n v i r o n m e n t a l  
a d v a n t a s ; c s  a r c  n o t  t o  b c  p a r t i a l l y  n u l l i f i e d  b y  p o l l u -  
t io n .  In p o o r  a s Ị r i c u l tu r e ,  Ít is d c g r a d a t i o n  o t  so i l s  
t h r o u g h  c r o s i o n  a n d  d c p l e t i o n  t h a t  r c p r c s e n t s  t h c  m a -  
j o r  e n v i r o n m c n t a l  h a z a r d .  In h i e ; h - i n c o m c  c o u n t r i e s ,  
it  is p o l l u t i o n  t h a t  m o v e s  t o  t h e  f o r e f r o n t .  H o v v c v c r ,  
n o  í a r m c r  v v an ts  t o  p o l l u t c .  C h e m i c a l s  a re  a p p l i e d  to  
b e n e í i t  p l a n t s  a n d  t h o s c  t h a t  l e a c h  i n t o  ự r o u n d w a t e r  
o r  a r c  o t h c r w i s c  c n v i r o n m c n t a l l y  d c s t r u c t i v c  d o  n o t



bcncíit anyone. The farmer rcquires support o f  soil 
tcsting, so he or she applics the amount o f  chemicals  
neeđeđ, and research to advisc on the timing o f  the 
application to maximizc the effect on crops and m ini-  
mize the uníavorable cffccts on the cnvironment. This  
requires expandcd public soil testing, rescarch, and 
extcnsion as wcll as the education o f  farmers. It may  
also require legislation to cnforcc needed environm en-  
tal practices. But, cven in thc facc o f  thesc problems  
ot modern agriculture no mistakc should be made in 
prefercnce for thc much more destructive system s o f  
poor people facing povcrty and population grow th  
on resources that are not mcant for arable agriculture 
and w h i c h  c a n  b e  d i s p l a c e d  o n l y  b y  niodern S c ie n c e  

and its application.

6. Saíety Net and Income Transíers
Each o f  thc slices o f  the pyramid has scope for 

spccial cxpenditurc to ensure access o f  thc poor. 
Through inisíortune, som e people will always lack 
thc capability to provide self-sustaining food sccurity 
to thcmselves. The extent to which that is the casc 
will form a gradation, which offcrs scopc for pro-  
grams that range írom  dcvelopmcntal to rcdistribu-  
tivc. For examplc, tood distribution programs can 
provide free food to the poor and destitutc; cducation  
programs can include school lunch programs which  
hclp bring children to school and relicvc food insccu-  
rity dircctly; and road-building programs can cm ploy  
thc food insecure and pay them with  cithcr food or 
cash for purchasing food, dependina; on circumstancc.

B. Transitory Food Insecurity
1. Markets and Development
Treatment o f  even transitory food insccurity can, 

with adcquate planning, have a developmental aspect. 
The private sector can bc facilitatcd in providing dis- 
tributional services. Plans can bc madc to tool up 
public vvorks projects that build roads and school  
lunch programs can be enlargcd. O n -go in g  devclop-  
mental protỊrams providc the Basic administrative 
structure to respond to short-term emergcncies and 
should be dcsigncd to fulfill that purposc.

2. Saíety Net and Transíers
Transitory food insecurity also has a clcar saícty 

net or distributional aspcct. In time o f  agricultural 
tailurc, Iarẹe-scale distribution o f  both incom e and 
food may be necessary to mcet the needs o f  destitute  
people.

V. Public Action and the Individual

The ultimatc objcctivc o f  food security lies with thc 
íamily and thc individual within the Ếamily. Each o f  
the slices of the pyramid has an international, a na- 
tional, a local governmental, a private orgamzation, 
and a family and individual aspect. In each casc, thc 
p r o í Ị r a m  must be carried through to the individual 
with emphasis on conform ing to the specific needs 
o f  individual children, w o m e n ,  and men.

A. International
International programs o f  food  security are important 
because o f  the lesser Auctuations in global íood  pro- 
duction relative to those o f  small re^ions. It is cxpcn-  
sive to ensure food  security throua;h stocks 1 1 1 small 
regions or nations. Because the vveather is highly ran- 
dom , in any one arca there can be substantial sc- 
qucnces o f  í^ood or bad weather, and the conscquent 
size o f  rcquircd food security stocks is immcnsc. 
H ow cvcr ,  by the very nature o f  the randomncss o f  
weather, it 1S unlikcly that poor weathcr will bc gcn-  
cral, throughout the world , at any onc time. Thus,  
poor wcathcr in onc placc ís balanced by g ood  wcather 
clsewhcrc. Shipmcnt o f  food froni areas o f  good  crop 
to arcas o f  poor crop 1S a less expensive substitute for 
storagc, to convcy  íood  from good  ycars to poor 
ycars.

Thus, there is m uch to be said for đealmg with thc 
food insccurity problcm at thc intcmational lcvel with  
financcs rather than stocks. H ow evcr ,  poor countries 
suffcr from problems similar to thosc o f  poor peo-  
p l c — t h c y  h a v c  d i f f i c u l t y  i n  s a v i n g  a n d  p r o v i d i n g  f o r  
diffìcult íuturc circumstanccs. If poor countrics can 
bc guaranteed finances for importing food, thcy can 
bid that food away írom  thc richer people w h o  will 
respond by reducinc; their livestock consumption and 
hcnce thc heavy drain o f  cercals into livestock fecd.

In the 1980s, the International Monetary Fund set 
up the IMF Cereal Facility to fulfi]l this nccd. U n for-  
tunately, thcre was not sufficient undcrstanding o f  
the spccial nature o f  food  as a com m odity ,  and hencc 
the nceđ for a specia]ized íacility. Consequently the 
IMF Cereal Facility was substantially integrated with  
other foreia;n exchan^e mechanisms. The result o f  
that and other restrictions was that Ít vvas not fre- 
qucntly uscd, and cvcntually becamc redundant. An 
important and ctíicicnt instrument of international 
contribution to food sccurity was thcrcby lost.

The World Food ProíỊram, as a major I n t e r n a t i o n a l  

a^ency, is able to providc phvsical supplies o f  food



in t i m e s  o t  e n i e r g e n c y .  It a l s o  u s e s  f o o d  a id  t o  d ca l  
w i t h  c h r o n i c  t o o d  m s e c u r i t y ,  vvliilc a t  t h c  s a m c  t i i n c  
t i i r t h c r in u ;  t h e  d c v c l o p m o n t  p r o c e s s ,  p a r t i c u l a r l y  
throuc;li thc Food for Works ProíỊram. This pro^ram  
providcs tood as partial conipcnsation to those w h o  
l ic lp  t o  b u i l d  r o a d s .  It is n o t a b l e  t h a t  a n u m b c r  o t '  
bilatcral dcmors o f  tood aid, particularly tht' United  
S ta te s ,  u s e  h n a n c i n i Ị  t o r  t h c i r  t o o d  a id  as a m e a n s  o f  
d e a l in t Ị  w i t h  i m p o r t a n t  t r a n s i t o r y  p r o b l e m s  a n d  m a y  
be looked upon as part o f  the intcrnatioiial system  
f o r  t b o d  s e c u r i t y .

Bccausc ot thc importance ot' íìnancing and the 
tuniỊÌbility o f  finances, the World Bank has plavcd 
an important role in íoođ  sccurity. When countrics 
cxpcricnce suddcn tinancial crisis, thc World Bank  
can cmphasize quick dispersiniỊ loans which in cffect 
provide rcady torei^n exchangc for importintí food  
undcr thosc circumstance.

O n e  o t  t h e  o b j e c t i v c s  o f  t h e  i n t c r n a t i o n a l  t r a d c  n e -  
g o t i a t i o n s  o í  t h c  1 990s  is t o  r c d u c c  t h e  p r o d u c t i o n  o f  
surplus agricultural com m odities  in thc h igh-incom c  
countries. O ne rcsult will be reduction in the size o f  
f o o d  s t o c k s  t h a t  h i ẹ ; h - i n c o m e  c o u n t r i e s  p r o v i d e  to  
dcvcloping  countrics, through administration o f  thcir 
n a t i o n a l  p o l ic i c s .  T h a t ,  in  t u r n ,  w i l l  i n c r e a s e  t h e  i n s t a -  
bility o f  intcrnational priccs and the supplies o f  tood  
a v a i l a b l c  o n  a c o n c e s s i o n a r y  b a s i s  t o  p o o r  c o u n t r i e s .  
In t h a t  c o n t c x t ,  i n c r c a s c d  a c t c n t i o n  n e c d s  t o  b e  g i v c n  
to imernational mechanisms t'or protccting poor peo-  
p l c  i n  p o o r  c o u n t r i c s  f r o n i  A u c t u a t i o n s  i n  f o o d  a v a i l -  

ability and supplícs.

B. National

National {Ịovernmcnts are crucial to reducintĩ food  
insecurity. National stockiníT policy must ensurc sup-  
plies until a transitory food insecurity situation is 
propcrly dia^nosed, ordcrs placcd for food abroad, 
and tim e providcd for the food to arrivc. T h e less 
developed  a country and che poorcr its informational 
and transportation system , the largcr thosc stocks 
miLSt be. Sonic countrics nced as much as a 4-m onth  
supply. But for countries with more sophisticated  
physical and institutional system s for food sccurity, 
a m onth  or tw o  w ould  bc adequate.

Food sccuríty requircs a national food price policy.  
That is becausc it is cfficient to turn to international 
supplies at timcs o f  transitory tood insecurity. It is 
dctendine; a price level dcrived from national policv  
\vhich providcs thc operatiniỊ rules as to whcn toocl 
should be imported, stocks built, and stocks dcpletcd.

And ot coursc, national govcrnm cnts are verv im -  
portant to aỉỊricultural dcvclopm cnt. Becausc farmintĩ 
is most ctTiciently carricd out on sniall units, govern-  
mcnts play an important rolc in providing research 
tor im proved  tcchnology, hclping íarmers orgạnize 
various activitics and providing physical and insti-  
tutional inírastructure, includinọ; rural roads and 
schools.

c. Local Government
Local govcrnm ent is the m ost cíTective means by 
vvhich international and national programs arc linked  
to the taniily and individual. Small areas differ in 
niany rcspects rclevant to food sccurity, such as food  
habits and the qualitv o f  the food distribution system.  
T h e m ore h ighly developed local governm ent is, thc 
niore food security efforts can be finc tuned to the 
local situation. Non^overnm ental organizations also 
play an important and crucial rolc in finc tuning o f  
food sccurity programs. Thcy can organize the poor  
to represent thcir intcrcsts, and thcy can stand as an 
intermcdiary bctvvccn poor groups and various levels 
o f  national and intcrnational governm ents.

D. Family and Individual
T h e tamily unit is the fìnal objectivc o f  food sccurity. 
lt is notcd that som ctim cs food is incquitably distrib- 
nted vvithin thc tamily. H ow cvcr , such incquity is 
almost a lways a product o f  poverty. As incom cs rise, 
the inequity o f  allocations within the family dccline.

The íam ily may maintain stocks o f  both cash for 
purchasing food  and actual physical stocks o f  grain. 
H ow ever ,  the poorcr the family, thc smaller are such 
stocks. Indeed, it is the hoarđing action o f  the m ore  
w ell-to -do  which titrhtcns food supplies in times o f  
scarcity and increases the burden OI1  the poor. Poorly  
developed in íorm ation  systcm s and poor inírastruc-  
ture com p oun d  the problem. Thus, food security for 
the poor in poor countries requires public stocks and 
the capacitv for public intervention in food markets.

VI. Population Grovvth and per Capita  
Food Availability

Whcn Japan cntcrcd thc initial pcriod o f  accelerated 
econom ic  grow th  in the late 19th century, an agricul- 
tural grow th  rate o f  around 2% pcr year allovvcd per 
capita agricultural output to grow  at ovcr 1% per



year. That £*rowth ratc made an important contribu- 
tion Iiot only to íncrcasing food sccurity but also to 
supportine; rapid g row th  o f  the nonagricultural scctor 
and the cventual transformation o f  the econom y to 
its current modern, wealthy, industrialized status.

Modern medicine has sharply reduccd death rates 
even among vcry poor populations. A combination 
o f  lcss radical scientific advance in birth control and 
more complex social proccsscs has ]eft birth ratcs at 
hi^h levels. Thus, population growth rates in m odern  
dcvclopmc; countries are threc timcs the levcls in 19th 
century Japan. Ae;riculturc must grow  at somc 4% 
per year to make as large a contribution to achieving 
tood sccurity and to overall economic grow th as was 
achicvcd in Japan.

Fortunate]y, the application o f  modcrn  S cien ce , rc- 
intorced by the beneíìts o f  trade, allovvs a catchina; 
up íỊrovvth ratc o f  4% or so 111 thc initially backward 
aiỊriculturc o f  developins* countries. But such ratcs 
cannot be maintained indcíìnitcly. Eventually popula- 
tion grow th ratcs must be brouí^ht down.

Economic growth itsclfbrings education, changc in 
values rcgarding invcstmcnt in cducation o f  children, 
and how carly children commencc adult w ork, all o f  
which Help reduce birth ratcs. But qcneral cducation, 
intcgration into the lars^er society throuíịh im provcd 
C o m m u n i c a t i o n s ,  a n d  p r o v i s i o n  o f  d c s i r c d  i n í b r m a -  

tion about birth control speed that process. K now l- 
CCỈÍỊC a n d  c f f i c i c n c y  arc  i n c r c a s i n g  in all t h e  com po- 
ncnts of birth rate reduction and so each succeedinẹ 
gcncration o f  fast í*rowth countrics brings its popula- 
tion e;rowth rates dow n more rapidly the precedins; 
i»eneration.

Hovvever, a tew countries in Asia and most coun- 
tries in Aírica arc lagging in thcsc processcs, arc cxpc- 
riencing unprecedented rates o f  population íỊrowth, 
and must givc spccial attention to thc social, eco- 
nomic, and technical proccsses involved in reducinẹ; 
birth rates. Othcrwisc an intolcrablc burden is placed 
OI1 atỊricultural s^rtnvth alone to brintỊ food security. 
Although economic s;rowth and reduction o f  birth 
rates arc hií^hly complemcntary and í*o hand in hand, 
ít is still notable that a pcrcentaẹ;e point reduction in 
the population £Ịrowth ratc is as valuablc as a pcrccnt- 
a^e point addition to the a^ricultural g row th rate in 
climinatiniỊ InmtỊer and achievintỊ tood sccurity.

VII. Progression and Phases toward 
Food Security

The srlob.ll task of univcrsal food security can be 
achicved by thc carly decades o f  thc 21 st ccnturv. To

do so will requirc concerted action and attcntion. In 
understandinẹ; global proa;rcss tow ard  food security, 
it is useful to deíine three quite different phases. The 
p h a s c s  d i f f e r  in  t h e i r  Central tendency , b u t  r e p r e s e n t  
a continuum  o f  change.

A. Phase I
In Phase I, countries are very poor, the level o f  pcr 
capita production o f  food is well below that needed 
for an adcquatc diet, and the level o f  cffective demand 
(that is chc food which pcoplc can afford to buy) is 
rouííhly the same as the am ount which is produced 
because producing food is the principal source o f  in- 
come. There is little trade. O n  the order o f  half  the 
p o p u l a t i o n  1S f o o d  i n s e c u r e .  N o w a d a v s ,  p o p u l a t i o n  

£ ; r o w t h  in  th i s  p h a s e  is r a p i d ,  i n c r e a s i n g  t h e  f o o d  
security and huniỊcr problcm, since modern  develop- 
m ent is not yet occurring and thercíore food produc- 
tion is ạ;rowing vcry slowly.

B. Phase II
In Phase II, technological im provem ent occurs at an 
mcreasing rate in the agricultural sector, and thcre 
b c g i n s  t o  b c  a c c c l e r a t i o n  in  t h e  p r o d u c t i o n  o f  f o o d .  
If the cconomic processes are workiníỊ well, the ìn- 
crcased incomcs from the food production will be 
substantially spcnt by the food producers, eithcr to 
purchase that food itself (that is to rctain it on the 
farrn and to consume it) or to purchase relativcly 
labor-intcnsively produccd íỊơods and scrviccs from 
the local com m unity . The lattcr increases thc incomcs 
o f  the landlcss and hcncc their purchasing pow er for 
a d d i t i o n a l  f o o d .  B e c a u s c  t h e  n o n a g r i c u l t u r a l  s e c t o r  1S 

initially small, wc can show  tnathematically that in 
the first part o f  Phasc II therc will bc m odest dccline in 
food prices and quitc possibly the supply will increasc 
som ew hat more rapidly than thc cffectivc dcmand, 
crcatinẹ; somc cxportable surplus. It is im portant that 
population ẹ ro w th  rates begin the decline.

As the dcvelopment process qets undcr vvay, a sec- 
ond part o f  Phasc II emertỊes with rising real food 
priccs or risintỊ im ports  of food. The ratc o f  g row th  
o f  f o o d  p r o d u c t i o n  w i l l  f u r t h c r  a c c e l c r a t c  a n d  t h e r c  
will be a better work ing  proccss for incrcasing in- 
comes in the nonagricultural sector, at first substan- 
tially stimulatcd by s*rowth in ae;ricultural incomes 
and then grovvinẹ; on the basis of Ìts ow n income 
ơ c n c r a t i o n .  T h e  c í t e c t  is i * r o w t h  in  t h e  c f f e c t i v e  d e -  
mand for food which is considerablv niore rapid than 
t h c  í ^ r o w t h  in  s u p p l y ,  r e s u l t i n í Ị  in  r a p i d l y  i n c r c a s i n g



ìmports. This supply—dcmand balance is vcry hcavily 
drivcn hy the rapid incrcasc in the consumption o f  
livcstock conim oditics and hcncc imicli o f  thc ìmport  
of food \v 111 bc for livcstock íecd. Ai*ain, it is essential 
that the proccsscs tor rcducinu; birth ratcs bc well 
undcr w av in this phasc.

Wc notc this phenoinenon particularlv markedly  
111 Taiwan, which went from beinu; a m odcst nct ex-  
portcr ot tood in the early 1950s to becomintỊ a mas- 
sive iniportcr of tood 1 11 the 1970s and subscqucntlv, 
with livcstock fecd drivine; those imports. During  
that period, the íỊrcnvth rarc o f th c  agrirultunil scctor 
was rapid.

Untavorable m acro-cconom ic policics (c.íỊ., an 
over-valued exchaniỊL’ ratc; allocation o f  thc nations 
Capital  t o  l o w  e m p l o y m e n t  i n d u s t r i e s  in t h e  Capita l  
city) may intcrccpt the tavorable niultiplicrs from tho 
aiỊricultural scctor. The Philippmcs is an cxamplc. For 
a considorablc pcriod in the 1%0s, 1970s, and 1980s, 
thc ai^ricultural ẹ;rowth rate was rapid, but grovvth 
in nonaụricultural em p loym ent vvas s low , thc rcal 
wagc ratc declined, and cttcctive dcmnnd for tood 
nrcvv lcss rapidly than thc snpply. But that is not 
thc Iiormal sct ot rclationships undcr morc tlivorablc 
macro-policy reÉỊÌmes. In fact the Philippines is the 
lonc cxample o f  agricultura! grovvth not driving non-  
ai^ricultural grovvth.

W ccan in akcsom c protound statcmcnts about food 
sccurity in the contcxt o f  thcse t;rowth phases. Most  
importantlv, the production o f  tbod pcr capita ợ o w s  
rapidly as w c  n iovc  into Phasc II . That incrcases tood  
sccurity by allowing pcoplc to consunie m orc per 
capita than betore, and thus thcy arc ablc to sustain 
a substantial tcmporary drop in pcr capita supplies duc 
to bad weather w ithout rcducing thcir consumption  
bclovv thc carlicr lcvcls. At thc very lcast, thcy havc 
im provcd their food sccurity.

We notc íurther that as livestock consumption in- 
crcascs, thcrc is a turther sourcc o f  stability in con-  
sumption of tood by humans. If thcrc is a shortaqe  
ot íood, an incrcasc in grain priccs squeezcs the mar-  
gins ot livestock producers w h o  will then incrcasc 
thcir marketmgs o f  livestock. That has tw o  cffects: 
an immediatc increasc in livestock supplics and hcnce  
consumption; and less tccd consum ption by livcstock. 
Sincc livcstock consum c from 3 to 10 calories for each 
calorie produccd, thc mcrease 111 supplics for human  
consuniption is large.

c. Phase III
In PliLisc III. instítutionalized technoloiỊÍail changc 
contiinics to providc a siiỊnihcant g fo w th  ratc in toođ

production, bnt iỊrowth in per capita tood consum p- 
tion lcvcls ott. Pcople’s desirc tor additional tood has 
bccn lartỊclv satiated and thev arc tood sccure. Evcn 
thoutĩh the prodnction t*ro\vth ratc may decline sonie-  
vvhat duriniỊ this pcriod, it still incrcascs siíỊnificantly 
hister than consumption, ựenerating surpluscs.

Novv, whcn so much oí thc Third World 1S cntcrine; 
Phase II of tood sccuritv, Ít is tortunate indccd that 
w c havc a substantial proportion o f  thc world's popu-  
lation in Phase III, iỊcneratina; tood surpluses. H o w -  
cvcr, thc world nccds to sh ow  niore intclliíỊence 111 
secin" that thesc tood supplics eítectivelv facilitate the 
dcvelopm cnt ot poor countrics that providcs the lone; 
run lỊuarantee o f  tood security.

The major burdcn OII t^lobal tood supplies will 
com e as massivc countrics, such as thc collcctivity in 
South Asia and China, m ove  clearly ìnto the sccoiid 
part o f  Phase II o f  tood security. S u p ply-d em and  
projections for India sh ow  that 111 10 ycars o f  rapid 
incom e íỊrowth; net imports o f  ccreals will increase 
to about 10 million tons. Thosc ìmports vvill be pri- 
marily in the form o f  coarse íỊrains, reflcctiníỊ the 
rapid iỊrovvth in livcstock consuniption and teeding; 
which is just com m encing.

The trcmendous íỊrowth in demand for livestock  
íccci docs not occur immediatcly vvith thc onsct o f  
econom ic grovvth. The base o f l ivestock  consumption  
1S initially small so CVC11 a hiu;h pcrcLMitaíỊe grow th  
rate still docs not have a signiíìcant acỊiíreíỊate etíect. 
In addition, livcstock fccd in carly stagcs ot í'rowth  
com cs largely tVom waste and by-products. H o w -  
cver, thc supply o f  those com m oditics  is relatively 
inclastic. As the base o f  livestock consum ption  iti- 
crcascs, thc by-products supply is soon tully utilized. 
Then, w hen  thc base o f  livestock consum ption is 
lari^c, by-product tccds arc tully utilizcd, and rapid 
grow th  in incom c continucs, cxplosivc grow th  in the 
usc o f  ccrcals for fccd ís reAccted in rapidly increasinụ; 
imports.

The phascs o f  food sccurity arc parallclcd by phascs 
o f  population qrowth. In the earlv phase, population  
grovvth has traditionally bccn m odcst with death ratcs 
a littlc low cr than birth ratcs. As dcvelopm ent occurs,  
the dcath ratcs com c dow n  sharply, providing explo-  
s iv c  i n c r e a s c  in p o p u l a t i o n .  M o d c r n  m c d i c i n c  is p u s h -  
Ĩ11ÍỊ this cxplosive íỊrovvth in population in Phase II. 
In the next phase, birth rates begm to dcceleratc and 
the dccline 111 dcath ratcs slackens, and the tw o  begin  
to close in, slowimỊ the rate ot population growth.

1. Food Security in Phase III
In Phase III, countries rcturn to scU-sutficiency or 

cvcn incrcạsc cxports ot the basic tood staplcs such
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as w h e a t  a n d  r i c e  t h a t  a r c  d i r c c t l y  u s c d  t o r  h u m a n  
c o n s u m p t i o n .  T h c r c  m a y  b e ,  d c p c n d i n e ;  o n  t h c  ai*- 
ricultural resourcc basc, substantial import o f  horti-  
cultural com m odities and eithcr livestock products or 
the fecd for producing livestock products. Ensurinẹ; 
t h e  c c r t a i n t y  o f s u c h  a h i i* h - le v e l  d i c t  f o r  Hií^h p o p u l a -  
t i o n  d c n s i ty ,  h i ^ h - i n c o m c  c o u n t r i c s  r c q u i r e s  e a r m n g  
foreÌ£Ịn cxchangc to purchase food from abroad as 
nccdcd. Supplics o f  food arc produced in suftìciently 
politically and ecologically, diverse rcỉỊĨons that food  
sccurity is virtually cntircly a rnattcr ot havinq the 
cconom ic streneỊth to bc able to export u;oods in pay-  
ment for food. With food sccurity cnsurcd by tradc 
p o l i c y  th e  c o n c e r n  f o r  d o m e s t i c  a í Ị r i c u l t u r c  ch an ẹ ;e s  
t r o m  i s s u c s  o f  a ụ ;r ic u l tu r c ’s r o l c  in  c c o n o r n i c  i* r o \v th  

and food sccurity to issucs o f  farm incomes, rural 
lifc stylc and indecd the life style o f  the nation, and 
environniental conccrns includiníỊ its hcalth and es- 
thetic aspects.

2. Environmental Issues in Phase III
Bccause food security is assurcd in Phase III by a 

combination o f  domestic production and tradc, and 
b e c a u s e  e n v i r o n m c n t a l  p r o b l e m s  h a v e  i n c r c a s c d  b y  
t h e  v e r y  n a t u r c  o f  d c v e l o p i n c n t ,  c n v i r o n n i e n t a l  i s s u c s  
r e c e iv e  a d i tT c rc n t  w e i i Ị h t  c o m p a r e d  t o  t h e  f o o d  i n s e -  
c u r e  p h a s e s  o f  d c v e l o p m c n t .  It  b e c o m e s  e c o n o m i c a l l y  
s o u n d  to  c r r  OI1 t h e  s id e  o f  c o n t r o l  o f  p c s t i c i d e s  a n d  
fcrtilizer use in order to prcservc human hcalth and the 
groundvvater tablc. In addition, with dicts satiated, 
consumption rising littlc or not at all, and technology  
incrcasing the productivity o f  a^ricultural resources 
i t  m a k c s  c c o n o m i c  s c n s e  t o  t a k e  s o m e  o f  t h o s e  b e n c h t s  
bv withdrawing rcsources from aẹricultural in tavor 
o í  e n v i r o n m c n t a l l y  s o u n đ  p r a c t i c e s .  In s o m e  c o u n -  
tries, that may wcll procccd to the point o f  requirin^ 
incrcascd imports o f  food. The latter can be tìnanced 
bccausc o f  thc high ovcrall levcl o f  productivity in 
thc cconom y.

VIII. Policy Requisites for G lobal 
Food Secũrity

The vision prcscnted ot achicving virtually unívcrsal 
tood security over the next few decadcs rcquircs scnsi-  
ble policy. That polìcy has six elements.

First, all dcvelopint; countries must pursue vitỊor- 
ous tcchnological chantỊL' in their a^riculcural sectors 
through rescarch and Ìts application and briní* all peo-  
ple into au exchange econ om y through íỊQod rural

intrastructurc and univcrsal eđucation at least throiii2;h 
the secondarv school lcvel. Foreií>n tcchnical and 
hnancial assistance can iỊrcatlv specd those pro- 
ccsscs.

Sccond, tcchnical, social, and econoinic policies 
nccd to be pursucđ to brins; dow n high rates ot popu-  
lation i*rowth.

Third, an intcrnational mechanism is nceded to hclp 
the poorer countrics íinancc food flows to cnsure 
aỉỊainst transitory tood ínsecurity.

Fourth, opcn-trading rcíỊÌmes are essential. Thev  
tacilitatc increased incom cs to developinụ; countrics 
as they specializc in com m odities to vvhich their re- 
sourccs arc best suitcd.

Fitth, as wc approach í^lobal tood sccurity, w c  can 
attach incrcascd vvcight to approachcs to agriculturc 
which may increase the cost o f  production but prc- 
serve and cnhancc the phvsical and esthctic qualitics 
o f  thc envưonmcnt.

Sixth, as cach nation approachcs a Sta te  of 
tood sccurity it must pursuc policies vvhich maintain 
Acxibility to adịust agriculture to staíỊnating de-  
inand in thc facc o f  continued technoloiỊÌcal ìmprove-  
ment.

Tlie iỊreatest dangcrs to the hope o f  univcrsal food  
s e c u r i t y  a rc  ( 1 ) t h a t  t h e  d e v e l o p i n g  c o u n t r i c s  will n o t  
givc the centrality to agricultural developmcnt that is 
essential to broadly participatory econom ic dcvclop-  
r n e n t ,  a n d  (2 ) t l ia t  t h c  d c v c l o p e d  c o u n t r i c s  will n o t  
usc thcir food surpluscs to foster the short-term trans- 
fers and the lonạ-tirrm incrcasc in rural intrastructure 
and education that can bc accclcrated bv the thoui^ht- 
ful use o f  food aid.

Thus, with scnsiblc policy at thc national and 
International levcls, w c  can obtain virtually cornpletc 
food security over the next tew decades. Wúh  
judicious intcrnational policy, providiníỊ toreign as- 
sistance for both lontỊ-run devclopmcnt ot the poor 
countries and short-run utilization ot thc surplus 
food o f  devclopcd countrics, w c  could achievc a 
close approximation o f  global tood sccurity within  
a dccadc. That is a granđ prospcct. In the coursc 
ot' only a few hundrcd years the vvholc vvorld will 
havc m ovcd tro 111 a State o f  virtually universal tood  
insecurity to a S t a t e  o f  virtuallv universal food  
securitv.
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A P P E N D IX  A
U nited States C olleges and U niversities 
O ffering A cadem ic Program s in A griculture

Alabama

Ai.ahama Ac.ricui t u r a i .  & Mm 1IANK AI Univeksity 
School o f  A g r icu ltu re  and  H o m e  E co n o m ic s  
N o rm a l ,  AL 25762 
(205) 851-5783

A uburn  University 
C ollcgc  of Agriculcure  
Auburn,  AL 36849-5401 
(205) 844-2345

T uskf.cf.e U nivkrsity
School o t  A g r icu l tu rc  and H o m e  E c o n o m ícs  
Tu sk cg ce ,  AL 36088 
(205) 727-8327 o r  727-8157

A la s k a

U nivrrsity of A i.aska, Fairbanks
School o f  A g r icu ltu rc  an d  Land R esources  M a n a g e m e n t  
172 A H R B
Fairbanks ,  AK 99775-0100 
(907) 474-7083

Arizona

Arizona State U niversity
School o f  A gr ibus incss  an d  E n v i ro n m c n ta l  R esources  
T c m p c ,  A Z  85287-3306 
(602) 965-3585

N o r th h rn  Arizona University  
School o f  Forcs try  
I'. o .  B ox  15018 
Flagstaff,  AZ 86011 
(602) 523-6638

Univkrsity or Arizona 
ColletỊc ot AiỊricul ture  
T u sc o n ,  A Z  S5~’2I 
(602) 621-3613

Arkansas

Arkansas S ta te  Univkhsity 
Colle iỊc  o f  A g r icu ltu rc  
I>. o .  B o x  1080 
State  U n iv c rs i ty ,  A R  72467 
(501) 972-2085

A rkansas  Tech University 
D e p a r tm e n t  ot ' A g r ic u l tu rc  
Russcllvil lc, A R  72801 
(501) 968-0625

S o u th e rn  Akkansas University  
D e p a r tm e n t  o f  A g r icu ltu re  
l\  o .  Box 1343 SAU 
M ag n o l ia ,  A R  71753 
(501) 235-4341

Univehsity ar Arkansas
C o lle íỊC  o f  Aẹ;riculture and H o m e  E co n o m ic s
Fayctteville,  A R  72701
(501) 575-2252

U niversity or Arkansas, M onticello
A g r ic u l tu rc
p. o .  B ox  3508
M o n ticc l lo ,  A R  71656-3508
(501) 460-1033 o r  543-8132

Univeksity of Arkansas, 1J1NE B lu i t  
S chool o f  A g r icu ltu rc  and H o m e  E c o n o m ics  
Pinc B lu tĩ ,  AR 71601
(501) 543-8131 o r  543-8132

Caliíbrnia

C aliporn ia  S ta te  Poi.ytkchnic U niversity  
C o l lc g e  o f  A g r icu ltu re  
San Luis O b isp o ,  C A  93407
(805) 756-2161

C auporn ia  S ta te  P o ly tkchn ic  U niversity  
C o lleg e  of A e;ncu ltu rc  
3801 w .  T cn ip l t ’ A v en u c



Porn o n a ,  C A  91768 
(909) 869-2204

C alii-ornia State U niversity, C hico
Scliool o f  AiỊricul ture  and  H u m a n  E n v i ro n m e n ta l
Sciences
317 P lum as  Hall 
C h ico ,  C A  95929-0440

C a lifo rn ia  Statf. University, Fke.sno 
School o f  Asrricultural Sciences and  T e c h n o lo íỊV  
Frcsno, C A  93740-0079 
(209) 278-2061

University  of C a lifo rn ia ,  Berkeley 
C o IIc í ịc  of N a tu ra l Re so u rce s 
101 G iannin i  Hall 
Berkeley ,  C A  94720 
(415) 642-0542

U nivehsity or C a u k )rnia, D avis
C ollegc  o t  A gricu ltu ra l  and E n v i ro n m e n ta l  Sciences
228 M rak  Hall
Davis,  C A  95616-8571
(916) 752-6971

University  of C a lifo rn ia ,  RivERSinn 
C ollcgc  o f  N a tu ra l  and A g r icu ltu ra l  Sciences 
R ivcrs idc ,  C A  92521 
(909) 787-7289

C olorado

C o lo r a d o  S ta te  University 
C ollcge  o t  A g n c u l tu ra l  Sciences 
Fort  Collins ,  c o  80523
(303) 491-6274

C onnecticut

U niversity or C onnecticut
C ollcge  o f  A g r icu ltu rc  and  N a tu ra l  Resources
Storrs ,  C T  06269
(203) 486-2919 or  486-2920

Delaw are

D elaware State C oli.ege
D e p a r tm e n t  o t  Ai^riculturc  and  N a tu ra l  R esources  
D o v e r ,  D E  19901 
(302) 739-4929

U niversity of D f.i.awarf.
C oIIcíịc o f  A ẹ r icu l tu ra l  Scicnccs 
Ncvvàrk, D E  19717-1303 
(302) 831-2508

Florida

Florida A & M U niversity
C olle^c  o t '  EníỊÍneering Sciences, T e c h n o lo g y ,  and
A g r icu l tu re
Tallahasscc,  FL 32307
(904) 599-3383

University  of F lorida  
ColletỊC o t  A gr icu ltu re  
Gainesville,  FL 32611 
(904) 392-1961

Georgia

T he Fort Vai.i.ey State C oli.ec;e
School o f  A ẹr icu l tu re ,  H o m e  Econon i ics ,  and Allied
Promrams
Fort Vallcy.  G A  31030
(912) 825-6344

U nivehsity of Geokgia
C ollcgc  o f  A gricu ltu ra l  and  E n v i ro n m c n ta l  Sciences 
Athcns,  G A  30602 
(706) 542-1611

Guam

U niversity or G uam
C ollegc  of A g r icu ltu re  and Lite Sciences
U O G  S ta t ion
MantỊĨlao, G u a m  96923
(671)' 734-2506

Hawaii

U niversity of H awaii
C ollegc  o f  T rop ica l  and Hưmatì Resources
3050 M ailc  W ay
H o n o lu lu ,  HI 96822
(808) 956-6997

ỉdaho

U niversity of Idaho
C o l l e g c  o t  A t Ị r i c u l tu r e
[d d in ^ s  A g r i c u l t u r a l  Scicnccs  l ỉu i ld in t ị
Moscoxv, ID 83843
(208) 885-6446

Illinois

Illinois S ta te  University 
D e p a r tm e n t  o t  AiỊriculturc



N o rm a l ,  IL 617f> 1 
(309) 438-5654

S outhern  Illinois University 
G ollege  o f  AtỊricul turc  
C a rb o n d a lc ,  IL 62901 
(618) 453-2469

W estf.rn Illinois U nivhrsity
A pplied  Sc iences /  A g r ic u l tu re  D e p a r tm e n t
503 C u r rcn s  Hall
M a c o m b ,  IL 61455
(309) 298-1080

Univprsity of I llinois 
C o l leg e  o f  A g r icu ltu rc  
1301 Wcst G r e g o r y  D riv c  
U rb a n a ,  IL 61801 
(217) 333-3380

Indiana

PURDUE U nIVI-RSITY
S choo l  o f  A g r ic u l tu rc
1140 A g r icu ltu ra l  A d m in is t r a t io n  B ui ld ing
W cs t  Lafayettc, IN  47907-1140
(317) 494-8472

Iow a

1()WA S ta te  University  
C o l lcg e  o f  A g r icu ltu rc  
A m es ,  IA 50011 
(515) 294-6614

Kansas

F o r t  Hays S t a t e  University  
C o l lcg c  o f  A g r ic u l tu rc
600 Park  Street 
H ay s ,  KS 67601 
(913) 628-4364

Kansas S ta te  University  
C o l le g c  oi ' A g r icu ltu re  
M a n h a t ta n ,  KS 66506-4015
(913) 532-6151

K entucky

Eastern  K en tucky  University  
D e p a r tm e n t  of A ^ r ic u l tu re  
R ic h m o n d ,  K Y  40475-3110 
(606) 622-2228

University  Oi K en tucky  
C o l le ẹ c  o f  A g r icu ltu re  
L ex in íỊ ton ,  KY 40546
(606) 257-3468

M okf.hf.ad State U niversity
D e p a r tm e n t  o f  A ^ r ic u l tu re  an d  N a tu r a l  R esources
U P O  702
M o re h c a d ,  K Y  40351
(502) 762-6930

M u r ra y  S ta te  University  
D e p a r t m e n t  o t  A t ; r icu l tu re  
M u r r a y ,  KY 42071
(502) 762-6930

Wi-:stf.rn K kntucky U niversity  
D e p a r tm e n t  o f  A g r icu ltư rc  
BoNvling G rcen ,  KY 42101
(502) 745-3151

Louisiana

Louisiana S ta te  University  
C o l lc g e  o f  A g r icu ltu re  
B a to n  R o u g e ,  LA 70803 
(504) 388-2362

Louisiana Tech University  
Agricultur .i l  Sciences, T e c h n o lo g y  a n d  E d u ca tio n  
R u s to n ,  LA 71272 
(318) 257-3275

McNeksk S ta te  University  
D e p a r t m e n t  o f  A g r ic u l tu rc  
Lake  C h a r le s ,  LA 70601 
(318) 475-5691

N ic h o l l s  S ta te  University  
D e p a r t m e n t  o f  A g r ic u l tu re  
T h ib o d a u x ,  LA 70310 
(504) 488-4870

N o r t h e a s t  Louisiana U n iv rrs i ty  
D e p a r tm e n t  of' A g r ic u l tu re  
M o n r o e ,  LA 71209-0510 
(318) 342-1766

N o rth w f .s te rn  S ta te  University  
C o o p c r a t iv c  P r o g r a m s  and  A g r ic u l tu rc  
N a tch i to c h e s ,  LA 71497 
(318) 357-4565

SOUTHEASTERN LOUISIANA UnIVERSITY 
C o l le ^ e  o f  A rts  a n d  Sciences 
S .L .V  B o x  469 
H a m m o n d ,  LA 70402 
(504) 549-2050

Southern U niversity & Agriculturai. and 
M echantcai. C oi.lf.ce
Colle tỊc  o f  A g r ic u l tu rc  an d  H o m e  E c o n o m ic s



S o u th e rn  B ranch  Post  o t ĩ i c e  
Uaton R ougc .  LA 70813 
(504) 771-3660

U n iv e rs i ty  o r  SouthWESTHRN Louisiana
C o lleg c  of App l ied  Lite Sciences
B o x  44492
Lafaycttc, LA 70504
(318) 231-6643

Maine

U nivehsity oh M aine
C o ỉleg e  o f  N a tu ra l  Resources,  Forcstrv  and A g r ic u l tu re  
O r o n o ,  M E  04469 
(207) 581-3206

Maryland

Univp.hsity of Mahyland 
C o lleg e  of AíỊriculture 
C o l leg e  Hark, M I )  20742 
(301) 405-2078

Univkrsity op Mahyi.and, Eastp.rn Shokk 
School o f  AtỊricultural Scicnccs 
Princess A nnc ,  M I )  21853 
(410) 651-6075

Massachusetts

U nivrrs i ty  or Massaciiusp.tts 
C o llcg e  ot Food  and N a tu ra l  Resources 
S to ck b r id g c  Hall 
A m h c rs t ,  M A  01003 
(413) 545-4204

M ichigan

M ichigan Statp U nivehsity
C ollegc  o f  A gr icu ltu ral  and N a tu ra l  Resources
East Lansing, MI 48824-1039
(517) 355-0234

Lake Supkrioh S ta te  Univiỉrsity 
B iology  and C h e n n s t r y  D e p a r tm e n t  
Sault Stc. M aric ,  M I 49783 
(906) 632-6841

Minnesota

S()UTHWI:ST State Univhhsity 
D e p a r tm e n t  ot A ^r icu l tu rc  
M arsha ll ,  M N  56258 
(507) 537-6223

Univhusity of M inneso ta  
ColletỊC o t  A íỊr icu l tu re  
277 CotTcy Hall  
1420 Eckles A v en u c  
St. Paul, M N  55108 
(612) 624-4212

M ississippi

Alcorn State U niversity
Div is ion  o f  A g n c u l tu r e  R esearch  and A p p l ied  Science 
p. o .  B ox 750 
L o n n a i i ,  M S 39096 
(601) 877-6523

M issíssippi Statk U niversity
C o l le g e  o f  A g r ic u l tu re  and  H o m e  Ecoiioinícs
Miss issippi State,  M S  39762
(601) 325-8579

Missouri

C hntra i  Missouri S ta te  U niv lrs i ty  
D e p a r tm e n t  of A g r ic u l tu rc  
G r ins tcad  137 
W a r m i b u r g ,  M O  64039 
(816) 543-4240

Lincoln U niversity
D e p a r tm e n t  o f  A g r ic u k u re ,  N a tu ra l  Resources and  H o m e  
Eco n o in ics
Jeffcrson  C 'i ty , M O  65101 
(314) 681-6120

Missouri W estern  S ta te  Coi.i.egk 
4525 D o w n s  D r iv e  
St. Joscpli ,  M O  64507 
(816) 271-4405

N o r th e a s t  Missouri S ta th  Univkrsity 
D e p a r tm e n t  of A g r ic u l tu rc  
156 B a rn e t t  Hall 
Kirksvillc ,  M O  63501 
(816) 785-4111

Nouthvvest Missouri S ta te  University  
D e p a r tm e n t  o f  A g r ic u l tu rc  
800 U n iv c rs i ty  A v c n u c  
M aryvillc ,  M O  64468-6001

Southeast M issouri State U nivf.rsity
D e p a r tm e n t  of A gr icu ltu rc
109 Magcll  Hall
C a p e  G ira rdeau ,  M O  63701
(314) 651-2106

SouthWF.ST Missouri S ta te  Univhhsity 
D e p a r tm e n t  ot A íỊr icul turc

m  i  1  m  1  i  m  1 1 1  m  ỉ  i  m  I



901 S o u th  N a t io n a l  
Sp r ing í ìc ld ,  M O  f>5602 
(417) 836-5638

U n i v e r s h  y o f  M is so u i ì i  
C o l lc g e  o f  A iỊricul turc  
C o lu m b ia ,  M O  65211 
(314) 882-3846

M ontana

M o n ta n a  S ta te  University  
C o l lc g e  o f  A g r icu l tu re  
B o z c m a n ,  M T  59717 
(4(16) 994-5744

Nebraska

U niversity ()F N ebrASka, K iìakney
D e p a r t m e n t  of E c o n o m ic s /  A t ỉ r i-B us incss  a nd  T ec h n o lo g y
S ch o o l  o f  Business an d  T e c h n o lo g y
Wi;st C e n tc r  BuildiníỊ
K e arn c y ,  N E  68849
(308) 234-8530

U niveksity of N i:bkaska, Lincoln
C o l lc g e  o f  A g r icu l tu ra l  Sciences and  N a tu ra l  Ucsources
L inco ln ,  N E  68583-0702
(402) 472-2201

Nevada

Univiíhsity oi Nkvada 
C o l lc g c  o f  A g r icu l tu rc  
R eno ,  N V  89557-0004
(702) 784-1095

N ew  H am pshire

U n i v e r s i t y  o f  N l w  H a m p s h i h h  

C o l lc g e  o f  Lifc Sciences a n d  A g r ic u l tu rc  
T a y l o r  Halĩ  
D u r h a m ,  N U  03824 
(603) 862-1451

N ew  Jersey

Rutcìers S tati :  U ntversity  
C o o k  C o l le ^ c
N c w  B ru n s \v ick ,  NJ 08903-0231 
(908) 932-9465 o r  932-9024

N ew  M exico

Las C ru ces ,  N M  88003 
(5(15) (>46-1807

Eastekn N ew Mhxico Statk U nivkrsity
D e p a r tm e n t  o f  A qrieu ltu rc
Scation # 1  E N M U
Porta lcs ,  N M  88130
(5( >5) 562-2517

N ew  York

S t a t e  U n ív k rs i ty  o f  N kw  Y o rk ,  C ob b le sk iu  
Di Vision o f  AiỊricultural and N a tu ra l  Resources 
C obb lesk il l ,  N Y  12034 
(518) 234-5323

CoiiNhl.L UnIVERSITY
CollcgL' o f  A g r icu ltu rc  and  Lite Sciences
l th .u a ,  N  Y 14853
(607) 255-3081

N orth  Carolina

N orth C auoi.ina Ackicultukai. and T echnicai. State
U niversity

Schoo l  o f  Aiịr icul turc
G rc c n s b o ro ,  N C  27411
(919) 334-7979 o r  334-7665

N o r t h  C a r o u n a  S ta te  University 
C o l le g e  of AíỊricul ture  and  Lite Sciences 
C a m p u s  B o x  7642 
Rale igh,  NC: 27695-7642 
(919) 515-2614

N orth  Dakota

N o r t h  D a k o ta  S ta te  Univhusity 
C o l lc g e  o f  A g r icu ltu re  
B ox  5435
Sta te  U n iv c rs i ty  S ta tion 
Fargo ,  N D  58105 
(701) 237-7654

O hio

O m o  S.TATF. UnIVKHSITY 
C o l lc g c  o f  A g r icu ltu rc  
R o o m  100 
2120 Fyffe R oad  
C o lu m b u s ,  O H  43210
(614) 292-6891 o r  292-5490

O klahom a

N kw M exico S ta te  Univeusity
C o IIl-íịc ot' A g r icu ltu rc  and  H o n u -  E c o n o m ic s

C am eron  Univhrsity 
D e p a r tm e n t  o f  A g r icu ltu rc



Lavvton, O K  73501 
(405) 581-2275

Langston University 
D e p a r tm e n t  ot A ^ n c u l tu re  
L angs ton ,  O K  73050 
(405) 466-2231, ext.  3365

N o r th w e s te rn  O klahom a S ta te  University  
A g ricu ltu rc  D e p a r tm e n t  
AI va, O K  73717 
(405) 327-1700

O klahoma State U niversity
D ivis ion  ot Agricu ltu ra]  Sciences and N a tu ra l  R csourccs  
S tillwatcr ,  O K  74078 
(405) 744-5395

Panhandi.e State U nivhrsity
A gricu ltu rc
B o x  430
G o o d w c l l ,  O K  73939 
(405) 349-2611, c-xt. 262

O regon

O regon  S ta te  Univeksity 
C ollcge  o t  A gricu ltu ra l  Sciences 
C orva ll is ,  O R  97331-2202
(503) 737-2211

Pennsylvania

Pf.nnsy[.vania S ta te  University  
C ollege  o f  A gr icu ltu ra l  Sciences 
U n iv c rs i ty  1’ark,  PA 16802 
(814) 865-2541

Puerto R ỉco

University oh P uh rto  Rico 
C ollegc  o f  A gricu ltu ra l  Sciences 
M a y a g u cz  C a m p u s  
M ayagucz ,  PR  00708 
(809) 265-3850 o r  832-4040 cxt.  2181

R hode ỉsland

UnIVERSITY OF R h O D E  lSLAND 

C ollegc  o f  R esource  D e v c lo p m e n t  
K in g s to n ,  RI 02881-0804 
(401) 792-2474

South Carolina

Clemson Univprsity  
C o l leg e  o f  A g r icu ltu ra l  Sciences 
R o o m  102, B arre  Hall 
B o x  340303
C le m so n ,  s c  29634-0303
(803) 656-3013

South D akota

S o u th  D a k o ta  S t a t é  U niversity  
C o l lcg e  o f  A g r ic u l tu re  and B io log ical  Sciences 
B ro o k in g s ,  SD 57006 
(605) 688-5133

Tennessee

Austin Phay S ta te  Univkksity 
D e p a r tm e n t  of A tỊricul ture  
A P S U  B o x  4607 
C larksv il le ,  T N  37044 
(615) 648-7267

M iddle  Tennessee S ta te  U nivkrsity  
D e p a r tm e n t  o f  A g r ib u s in css  and  A grisc ience  
M u r í r c c s b o r o ,  T N  37132 
(615) 898-2523

T ennesshe State U niversity
S th o o l  o f  A g r ic u l tu re  and H o m e  H conom ics
N ashv i l lc ,  T N  37203
(615) 320-3718

Tennessee Technoi.ogicai. U niversity  
C o l leg c  o f  A g r ic u l tu rc  and H o m e  E co n o m ics  
B o x  5165
C o o k ev il lc ,  T N  38505 
(615) 372-3019

U niversity of T ennesee
C o l leg c  o f  A g r ic u l tu re  Sciences a n d  N a tu ra l  R esources  
K no x v i l lc ,  T N  37901
(615) 974-7303

U niversity ơf T ennessee, M artin
School o f  A g r ic u l tu rc  Sciences and  H o m e  E co n o m ics
M a r t in ,  T N  38238
(901) 587-7010

Texas

Angelo State U nivehsity

A g r icu l tu rc
P. O .  B o x  10888
San A n g c lo ,  T X  76909
(915) 942-2027



tiAST Thxas Sta tk  Univpksitv 
D e p a r tm e n t  of A ^ r ic i i l tn ra l  Scicnccs 
C o m m c r c c ,  T X  75429-301 1 
(903) 886-5350

C a n y o n ,  T X  790!(■)-()()()! 
(«()()) 656-2550 cxt.  2556

Utah

U ta h  S ta te  Univhksity 
CollcsỊc of AíỊriculture  
I.Ott.it:. U T  84322-4800
(801) 750-2267

V erm ont

PiiAiKiE Vif.w A & M U n iv e rs i ty  
D e p a r tm e n t  o t  A íỊricul turc  
\>. o .  B ox  486 
Prairic  Vievv. T X  77446-486 
(4(19) 857-2812

Praikie View A & M University, Kingsvili.e 
Collc tíc  of A íỊ r icu l tu rc  and  H o m e  E co n o n i ics  
C a m p u s  B o x  156 
Kingsvillc ,  T X  78363 
(512) 595-3712

Sam H ouston Statk U nlvhrsity
D ivision  o t  A tỊr icu l tu ra l  Scicnccs and Vocat iona l  E duca tion
p. o .  Box 2(188
H untsv i l lc ,  T X  77340-2088 
(409) 294-1214

SouthWEST Texas Statp. Univhrsity 
A p p l i e d  A r t s  a n d  T c c h n o lo e iy  
D e p a r tm e n t  o t  A ^ r ic u l tu re
601 U n i v c r s i t y  A v e n u c  
San M a r c o s ,  T X  78666-4616 
(512) 245-213(1

Sthvi-n F. A ustin  S ta te  University 
D c p a r tn ie in  of A g r ic u l tu rc  
p. C). Box 13000, SFA Station  
N a c o g d o c h c s ,  T X  75962 
(409) 568-3705

Sui. Ross S t a t e  University  
C c n t c r  of  R a n g c  An i ma l  S c ie n c e  
p. o . Box c - ì  10 
Alpinc,  T X  79832 
(915) 837-8200

Tari .e ton  S tatf .  Univkhsity 
C olk-gc  o t  A g r ic u l tu re  and  T e c h n o lo g y  
B o x  T I  119 T a r le to n  S ta tion  
Stephcnvil lc ,  T X  76401 
(817) 968-9227

Texas A & M University  
CollcíỊe of A iỊr icu l tu rt’ and  Life Sciences 
C o l lcựe  S ta t ion ,  T X  77843-2142 
(409) 845-3716

T hxas T ech U niversity
Collc iỊc  o t A g r ic u l tu ra l  Sciences and  N a tu ra l  Resources 
Box 42123
L u b b o c k ,  T X  7 9 4 0 9 -2 1 2 3
(806) 742-2808

Wf.st Texas A &■ M University  
n iv i s io n  o f  AiỊr icu l tu rc  
W T A M U  B o x  998

U niveksity OI V ermont
CoIIciịc o f  A iỊriculturc  an d  Lite Sciences
B url in t Ị ton ,  V T  05405
(802) 656-2981

V irgin  Islands

UNIVRRS1TY Ol: THK VlKGIN ISLANDS
St. C ro ix ,  U S V I 00850
(809) 776-920»

V irgin  ia

Virginia Poi.ythchnic: In s t i tu te  a n d  S ta te  University  
C o IIciịc o t  A tỊr icu l tu re  and  Lite Sciences 
B lack sb u rg ,  V A  24061-0334 
(703) 231-6503

V ikginia State U nivkrsity
Schoo l  o f  Ae;riculture and A pp l ied  Sciences
C a m p u s  B ox 4070
P e tc rsb u rg ,  VA 23803
(804) 524-5631

W ashington

W ashinc;ton State U niversĩty
Colle íỊe  o f  A g r icu ltu rc  an d  H o m e  E co n o m ics
P u l lm an ,  W A  99164-6242
(509) 335-4562

West V irginia

W est Vircinia U nivrrs i ty  
C o I Ic ì ị c  o f  AíỊr icu ltu rc  a n d  Fores try  
M orự an to v v n ,  w v  26506-6108
(304) 293-2691



Wisconsin

UNIVKKSITY OH WlSCONSIN,  P i .ATTHVILLH

ColleiỊC of AíỊriculturc  
1 U n iv c rs i ty  Plaza 
Plattcvillc,  WI 53818 
(608) 342-1393

U n iv e rs i ty  o f  W isconsin, River Fai.i.s 
C o l l c ự c  of A i Ị r i c u l tu r e  
210 Ae; Science Buildine;
Rivcr i a l l s ,  WI 54022 
(715) 425-3535

U n i v e h s i t y  OF w I S C O N S Ỉ N

CollciỊL’ o t  A íỊ r icu l tu ra ]  a n d  L ite  S c ícnccs
M adison ,  WI 53706
(608) 262-3003

W yom ing

U nivi:rsity Oi W yomin(;
CollctỊC o f  Aẹ;ricultiirc 
U n iv c rs i tv  Statioi),  I’ . o .  l ỉox  3354 
Laramie,  W Y  82071 
(307) 766-4133

W ashington DC

A cen cy  roiỉ I n t e r n a t i o n a l  Di:vi;[ oi’mi:nt R ik  I) C hntek  
( B I P A D E C )
Rooni 9(1(1 SA-3K, Department ot' State

W ashin tỊ ton ,  D C  20523
(703) 816-0291

A merican Association of State C oi .i.egf.s and U nivf.r-
S1TIES

S u i tc  700, D u p o n t  C i r c l c ,  N . w .
W ash in ỉỊ ton .  D C  20036-1192 
(202) 293-7070 cxt.  3232

C ouncii IOR Agkicui.turai. R f.sfarc:h, DC Extension 
AND T e a c h in g  (CARET)
Washinụ;ton , D C  2025»

N a t i o n a l  A sso c ia t io n  o f  S ta t f .  Univf.rsities a n d  Land 
CÌRANT C o i.LEG ES ( N A S U L G C )
Suitc 710, O n e  D u p o n t  Circlc  N . w .
W ashin jỊ ton .  D C  20036-1191 
(202) 778-0822

St.iKNCE AN1) E d u c a t i o n ,  CSRS, U SDA  
Hiỉ*her Educacion 1’ro í í ram s

P o l ic v  a n d  E v n lu a c io n  M i i n a u v m c n t  S ta t t  
R o o n i  350A, A d m in is t r a t io n  BuildiniỊ 
14th and In dcpondcncc  A v cn u c ,  s . w .
W ash iu g to n .  D C  20250-2200 
(202) 720-7854

G r a n t  P r o g r a m s  S ta f f
R o o m  310-E ,  A crospacc  C e n tc r
14th and  ln d cp c n d cn c c  A v en u c ,  s . w .
W ashii i ị í ton ,  Í ) C  20250-2200 
(202) 401-1790

U niveusi ty  ()F thi;  D is t r ic . t  OI' Coi.umhia 
CollciỊt'  o f  Lite Sciences 
W ash in g to n ,  D C  20008 
(202) 282-73K6



A P P E N D I X  B
U nited  N ations Agricultural and Other 
Related O rganizations

C p .n tr o  I n t e r n a c i o n a l  d e  A g r i c u l t u r a  T h o p i c a l  
(C IA T )
A p a r ta d o  A c reo  6713 
Cali ,  C o lu m b ia  
(57-23) 675050

C e n t e r  f o r  I n t e r n a t i o n a l  F o r e s t r y  R e s e a r c h  
(C IF O R )
Ja lan  G u n u n g  B a tu  5 
B o g o r  16001, Indonesia  
M a i l in g  Address :  
1\ o .  B ox 6596 

JK1JW B  Ja k a r ta  10065 

62 (251) 31-9423, 32-4032, 31-4581, o r  32-6458

CtiNTRO I n t k h n a c i o n a i .  d e  M e j o r a m i e n t o  d e  M a i z  y 
T higo ( C I M M Y T )
Lisboa  27 
p.  o .  B o x  6-641 
06600  M e x ico ,  D. F. M cx ico  
(52-5) 726-9091 o r  (52-595) 421-00 

C f n t r o  In tern a c io n a l  de  la Papa  (CIP)  
A p a r t a đ o  5969 
L im a  
Peru  
(51-14) 366920

C o n s u l t a t i v e  G r o u p  o n  I n t e r n a t i o n a l  A g r i c u l t u r a l  
R e s e a r c h  (C G IA R )
T h e  W o r ld  B ank  
1818 H Street,  N W  
W ash i t ig to n .  D C  20433 
U n i t e d  States 
(1-202) 473-8951

F o o d  a n d  A g r i c u l t u r a l  O r c ; a n i z a t i o n  o f  t h f .  U n i t e d  
N a t i o n s  (F A O )
Via D c llc  T e r m e  di C aracaila  
00100 R o m c  Italy 
(39-6) 52251

I n t e r n a t i o n a l  A t o m i c  E n e r g y  A g e n c y  ( IA E A )
W a g ra m e rs t r a s se  5
A -1 4 0 0  V ienna
A us tr ia
(43-1) 23600

I n t e r n a t i o n a l  C e n t e r  fơ h  A g r i c u l t u u a i .  R e s e a r c h  in  
THE D ry A reas ( I C A R D A )  
p. o .  B o x  5466 
A lcp p o
Syrian  A rab  R epub lic
(963-21) 225012, 225112, o r  234890

I n t e r n a t i o n a l  C e n t e r  i:o r  L iv in g  A q u a t i c  R e s o u r c e s  
M a n a g e m l n t  (1 C L A R M )
M C  p .  o .  B o x  2631, M a k a t i  C e n tra l  P o s t  o t t i c c  
0718 M aka ti  
M c t ro  M anila  
Ph il ipp incs
(63-2) 817-5255 o r  817-5163

I n t e r n a t i o n a l  C e n t r e  K)R R e s e a r c h  in AGROK)Ri£STRY 
( IC R A F )
U n i te d  N a t io n s  A v cn u e  
p. o .  Box 30677 
N a iro b i ,  K enya  
(254-2) 521450

In t e r n a t io n a l  C rops  R f.sf.a r c h  In s t it u t e  for t h e  S emi -  
Arid Tropics (ICRISAT)
P a tan c h e ru  P .O .  
A n d h ra  P radesh  502 324 
India 
(91-40) 224016

I n t e r n a t i o n a l  F o o n  P o l i c y  R e s e a r c h  I n s t i t u t e  
( IFPRI)
1200 17th Street,  N W  
W a s h in g to n ,  D C  20036-3006 
(1-202) 862-5600

In t e r n a t io n a l  Fu n d  for A c r ic u l t u r a l  D e v el o p m ẹ n t  
( I F A D )
Via del Seraíìco  107 
00142 R o m e  
Italy
(39-6) 54591

In t e k n a t io n a l  Irr ig a tion  M a n a g e m e n t  In st it u t e  
(II M I)
127 Sunil Mavvatha 
Pelavvacte via C o l o m b o  
Sri Lanka



M ailing  Address :  
p. o .  B ox  2075 
C o lo m b o ,  Sri Lanka 
(94-1) 867404

I n t e r n a t i o n a l  I n s t i t u t e  O f  T ro p ic a l  A g h icu i . tu re  
(IITA)
P M B  5320
Ibadan
Nigeria
(234-22) 400300-318 
In terna tiona l  M ailing  Addrcss :
IITA, Ibadan 
Nigeria
c /o  L. w .  L a m b o u rn  & C o m p a n y
C a ro ly n  H o u se
26 DinfỊwal] R oad
C r o y d o n  C R 9  3E E
U n i ted  K in g d o m
(44-81) 686-9031

International Labor O rganization (ILO)
4 ro u tc  des M o ri l lo n s  
C H -1211  G encva  22 
Sw itzcr land  
(41-22) 7996111

ỈNIT.H NATIONAL LlVESTOCK Cl-NTRP H)8 AhKICA
( ILCA)
p. o .  B o x  5689 
Add is  A baba  
E thiopia  
(251-1) 613215

Internationai. Laboratory TOR R kskakch on  A nĩmal

D iseases ( I L R A D )
p. o . B o x  30709
N a iro b i
K enya
(254-2) 632311

Internationai. N f.tw ork  for the Impbovement of 
B anana and  P lantain (INIBAP)
Parc Scienti í ique  A g ro p o l i s  - Bât 7 
B d  dc la L írondc  
34980 M o n tfe r r ie r - su r -L cz  
Francc
(33) 67611302 
M ail ing  Ađdress:
Parc Scientifiquc A g ro p o l i s  
34397 M o n tp e l l ie r  C e d c x  5 
Francc

I n t e r n a t io n a l  P l a n t  Gf.nf.tic R esources  I n s t i t u t e  
(IPG R I)
c / o  Food  and  A g r icu l tu re  O rgan izac ion  o f  the  U n i ted  
N a t io n s
Via đelle Sctte  C hicsc  142

1)0145 R o m c  
Italy
(39-6) 518921

International R ice R esearch Institute (IRRI)
p. o .  B o x  933
M anila
Phil ippines
(63-2) 818-1926 o r  812-7686

I n t e r n a t i o n a l  Service pok N a t io n a i .  A g r ic u i . tu r a l  
R e s e a r c h  ( I S N A R )
Laan van  N i c u w  Oosc  In d ic  133
2593 B M  T h e  Haiịuc
T h e  N c th c r la n d s
(31-70) 3496100
Mailíntỉ; A ddrcss :
p.  o .  B o x  93375
2509 AJ T h e  H a g u c
T h e  N e th c r lan d s

U nited N ations D kvri.opment  Pkogram (U N D P )
1 U n i te d  N a t io n s  p]aza  
N e w  Y o rk ,  N Y  10017 
U n i t e d  States 
(1-212) 906-5856

U n i th d  N a t io n s  E d u c a t i o n a l ,  SclHNTltìc:, AND 
C ui .t u r a i . O r g a n i z a t i o n  ( U N E S C O )
7, place dc F o n te n o y  
75700 Paris 
France
(33-1) 45681000

U n i t r d  N a t i o n s  ENVIIÌONMI.NT 1’ltOUỈAMMU U N E P )
p. o .  B o x  30552
N a i ro b i
K enya
(254-2) 333930

U n i te d  N a t i o n s  I n s t i t u t k  i o r  T ra in in g  an d  R esea rch  
( U N Í T A R )
801 U n i t e d  N a t io n s  I’lazg 
N e w  Y o rk ,  N Y  10017 
U n i te d  States 
(1-212) 963-8637

U n i t e d  N a t i o n s  U nivehsi ty  ( U N U )
T o h o  Seimci BuildintỊ 
15-1 S h ib u y a  2 -c h o m c  
T o k y o  150 
Japan
(81-3) 499-2811

Wf.st Ai-rica Ric;ẹ D kvk lopm ent A sso c ia t io n  
( W A R D A )
01 B. p. 2551, B o u ak c  1)1 
C ô te  d l v o i r e
(225) 632396, 633242, o r  634514



W o k i  L> Fo o i)  C o u n c i i  (W F C ) 
Via Dellc  T c r m c  di C araca l l .1 
001 1)0 R o  111 c 
Italy
(39-6) 5 2 2 5 7 9 7 1

W()HI.I) F()(1I) P r o c r a m m e  (W FP) 
Via C r i s to to r o  C o lo in b o .  426 
00145 R o m c

Italy
(39-6) 52257971

WoKLl> lN T F .l l E C T U A I.  1 'r o P K H T Y  O r C . A N I Z A T I O N

( W IPC '))
34 clu-min dcs C o lo m b c t te s  
1211 Cìencva 20 
Sw itze r lan đ  
(41-22) 7309111





CONTRIBUTORS

M a r c  D .  A b r a m s  T emperate  H a u d w o o d s

School o f  Forcs t  R esources ,  Pcnn sy lv an ia  Sta te  U n iv e r -  
sity.  U n iv e rs i ty  1’ark ,  P cnnsy lvan ia  16802

P e r r y  L .  A d k i s s o n  P est M a n a g e m e n t , C ui .t u h a i . C o n -
TROI.

D e p a r tm e n t  o t E n to m o lo g y ,  T ex as  A & M  U n iv o rs i ty ,  
C o IIciịc S ta tion ,  T ex a s  77843

G e o r g e  N .  A g r i o s  P i.a n i  P a t iio i .ogy

D e p a r tm e n t  o f  P lant  1’a th o lo g y ,  UnivcTSÍty o t 'F lo r id a ,  
Gainesvil lc, Plorida 32611

James L. Ahlrichs SoiL, A cid
D e p a r tm e n t  o f  A g r o n o m y ,  P u rd u e  U n iv c rs i ty ,  W cst  
Laíaycttc ,  Ind iana  47907

R .  M i c h a e l  A k e r s  L a c t a t i o n

1 ) e p a r tm c n t  o t  D a i ry  Science, V irg in ia  1’o ly te c h n ic  Insti-  
tu te  and  S ta te  U n iv c r s i tv ,  B lacksburg ,  V irg in ia  24061

Louis D . A lbright Sthuctures
D e p a r tm e n t  o f  AiỊricul tura l  an d  BioIotỊĨcal Enginccrin íỊ ,  
C o rn c ll  U n iv c rs i ty ,  I thaca,  N c w  Y o rk  14850

David M. Alm Plant Ecoi.ogy
P h n to sy n th e s is  Research  U n i t ,  U S D A - A g r ic u l tu r a l  Re
search Service,  U rb a n a ,  Il linois 61801

M i g u e l  A .  A l t i e r i  R u r a i . D evki.o p m e n t , In t e r n a t i o n a l ;
SuSTAINABLE ACRICUITUKE

L ab o ra to ry  o t Hiological  C o n t r o l ,  and  D e p a r tm e n t  o f  
N a tu ra l  Science,  Policy,  and M a n a g e m e n t ,  U n iv c rs i ty  
o f  C a l i to rn ia ,  Berkclcy ,  A lbany ,  C a lĩ fo rn ia  94706

A .  A m o o z e g a r  S o n .  D r ain agr

D e p a r tm e n t  o f  Soil Science, N o r t h  C a ro l in a  State U n i -
vcrsity ,  Raleigh , N o r t h  c .a ro lina  27695

M a d h u  A n ẹ ị a  C o c o a

D e p a r tm e n t  o f  P lan t  Science, Rutííc rs  U n iv c r s i ty ,  N e w  
B ru n sw ic k ,  N c w  Jc rscy  08903

R u d i  A p p e l s  Pi.ANT G enetic  E n h a n c e m e n t

D iv is ion  o f  Plant In d u s t ry ,  C S I R O ,  C a n b c r r a  A C T  
2601, Austra l ía

T e t s u o  A s a k u r a  SiLK P r o d u c t i o n  a n d  P r o c e s s i n g  
D e p a r tm e n t  o f  B io tc c h n o lo g y ,  Facultv  o f  T e c h n o lo g y ,  
T o k y o  U n iv e r s i ty  o f  A g r ic u l tu re  a n d  T e c h n o lo g y ,  K o -  
tỊanei, T o k y o  184, Jap an

K .  H .  A s a y  R a n g e l a n d  G rass Im p hov hm e n t

U S D A -A íỊ r ic u I tu ra l  R esearch  Service, U ta h  State  U n i -  
versity ,  L ogan ,  U ta h  84322

D a v id  A tk in s o n  O hchakd M anagement: So iI E nviron-
MENT AND Resources

T h e  Sco t t ish  A tỊricultural ColletỊC, E d in b u r^ h  E H 9 3JCi, 
Sco t land

p .  s .  B a e n z i g e r  W he at  B keeding  a n d  G enetics

D e p a r tm e n t  o t  A g r o n o m y ,  U n iv c rs i ty  o t  N e b rask a ,  
L inco ln ,  L incoln ,  N c b ra sk a  68583

J a m e s  A .  B a i l c y  W ii.olife M a n a c iỉm e n t

D e p a r t m e n t  o f  F ishery  and W ildlifc  B io logy ,  C o lo r a d o  
Sta te  U n iv e rs i ty ,  Fort  C o llins ,  C o lo r a d o  8(1524, and 
Ncvv M e x ic o  D e p a r tm e n t  o f  Cìamc an d  Fish, Santa Fe, 
N e w  M e x ico  87504

J o h n  B a l d w i n  P e a n u t s

C o l le g e  of A íỊr icukurc ,  U n iv e rs i ty  o f  G eorg ia  C o o p c r a -  
t ivc  E x tc n s io n  Service .  T i t t o n ,  G eo rg ia  31793

Donald M. Ball PORAGIÍS
D e p a r tm e n t  o f  A g r o n o m y  and  Soils, A u b u rn  U n iv c r -  
si ty ,  A u b u rn ,  A la b am a  36849

Moshe Bar-Joseph CiTRUS Fruits
D e p a r t m e n t  o f  P o s th a rv c s t  Science, A g r icu ltu ra l  R e
search  O rg a n iz a t io n ,  T h e  Volcani  C c m c r ,  Bct D a g an  
50250. Israel

Hugh Barrett Rangei.and Watershed Management 
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N a t io n a l  Science F o u n d a t io n ,  2 :5 8 1 -5 8 2  
n o n - U S D A  tcdcral  labora to r ics ,  4 :424 
p r io r it ies  for a ỉỊr icultural rescarch  sy s tcm s ,  2:589 
p r iv a tc  labora tor ics ,  4 :424 
privat t '  scctor,  2:582 
Research  on  N a t io n a l  N ecd s ,  2 :5 8 1 -5 8 2  
un ivers it ies ,  2 :580 
u n iv e rs i ty  labora to r ics ,  4 :423—424 
U .S .  D e p a r tm e n t  of A g r icu l tu rc ,  .«'(■ U .S .  D e p a r tm e n t  

o f  A g r icu l tu rc  
U S A I D - t u n đ e đ ,  2 :5 8 3 -5 8 5  

A iỊr icu ltu ra l  Research  C o u n c i]  (U K ) ,  1:304 
A íỊricultural R esearch  Service  ( U S D A )  

o v c rv ie w  of, 2:581 
social sc iences ncg lec ted  by,  2:581 

A g r ic u l tu ra l  Satellite C o r p o r a t i o n  (A G * S A T ) ,  2 : 3 5 - 3 6  
A g r ic u lt u r a l  S c ie n ce , s o c io lo n y  o í,  SCI' S o c io lo g y  o f  

a t Ị r i c u l tu r a l  Science 
A g r icu l tu ra l  Science and  T c c h n o lo q y  R c v ic w  B o a rd  

(U S D A ) ,  4:425 
A g r icu l tu ra l  Stabil iza t ion  and C o n s e r v a t io n  Service,

1:529
Aí^ricultural s t ruc tu rc s ,  sec S t ru c tu re s ,  agr icu ltu ra l  
A g r icu l tu ra l  t radc,  in tc n ia t io n a l ,  sct' T rad e ,  in tc rna t iona l  
AsỊricuIture, sus ta inablc ,  sec also A g ro c c o s y s tc m s ;  

Sus ta inab il i ty  
a iỊ roecosystcm s,  3:271 
de t incd ,  4 :239
đ c v c lo p m e n ta l  goal,  4 :2 4 6 -2 4 7  
en c rg y  analysis pe rspcc t ivc ,  2 :7 5 —76 
h o r t ic u l tu ra l  e n to m o lo í Ịy  pc rspcc t ive ,  2:82 
re q u i r c m e n ts  of, 4 :2 4 1 -2 4 2  
rural socioloíỊÌcal rcsearch,  3 :663—664 
social scienccs pe rspcc t ive ,  3 :663—664 
w o m e n ’s role in, 4:548 

AiỊr icul ture ,  U n i te d  States 
c ro p  ccnsus,  U S D A ,  1 :3 6 -3 7  
currcnc s ta tus,  3 :1 6 9 -1 7 0  
w o r ld w id c  d e m a n đ s ,  3 :1 6 9 -1 7 0  

AíỊrohactcrúim  radioưactcr b io c o n t ro l  agen t ,  3:163 
Aỵrobaỉtcrium  tumeịaciem, d a in a g e  to  g rap es ,  4 :452



A iỊro c co lo tỊV
applicat ion  to  rural d c v e lo p m e n t  p ro g ra m s ,  3:649 
a p proach  to  t c c h n o lo ẹy  d c v c lo p m cn t ,  3:649

A g ro eco sv s tem s,  SCI' also A gr icu ltu rc ,  sustainable;
Susta inability  

a lte rna t ivc  vs. co nvcn t iona l ,  4:242 
b iod ivers i ty  res to rat ion ,  4 :2 4 2 -2 4 4  
c o m p le m e n ta ry  in tcract ions ,  4 :2 4 4 -2 4 5  
c o m p o n e n ts ,  2:571 
cultural  stabili ty, 4:240 
d efm cd ,  4:239
d ivcrs ií ìca tion  op t ions ,  4:244 
and ecological econom ics ,  3:271 
e c o n o m ic  stabili ty, 4:240 
e qu ity  of, 4:240
i n t c g r a t c d  p c s t  m a n a t Ị c n i c n t ,  ỆCC I n t e g r a t c d  p e s t  

n ian ag c in cn t  
l o n g - tc rm  trends ,  4:241 
m an a g e m e n t ,  4:240 
m od ií ica t ions ,  2:571 
pcst m a n a g c m c n t ,  4 :2 4 4 -2 4 6  
p l a n t - p c s t  m odcls ,  2:572 
p r o d u c đ v ù y ,  4:240 
s im u la t io n  m odcls ,  2:572 
stabili ty  of, 4:240 
strateiỊÌc rnodcls , 2:572 
susta inable ,  3:271 
tactical m odcls ,  2:572

A iịroecosys tcm s,  t raditional 
applicat ions ,  3 :650-651 
c o m m u n i ty  in te rdcpendencc  in, 4:544 
d c v e lo p m en t ,  3 :6 4 9 -6 5 0  
im pac ts  o f  vvorld rnarkcts,  4 :5 4 4 -5 4 5  
prcserva t ion ,  3:651
and rural d c v c lo p m e n t  s t ra tcgy ,  3 :6 5 2 -6 5 3  
s t ru c tu ra l / íu n c t io n a l  íca turcs ,  3:650 
w o m e n ’s rolc in, 4 :5 4 3 -5 4 4

A g ro íò rc s t ry
allcy c ro p p in g ,  1:18 
concepts ,  1 :1 4 -1 5  
and c rop  cco logy ,  3:269 
d c t ìn c d ,  1 :13 ,  3:269 
h is to ry ,  1 :1 3 -1 4  
h o m eg a rd en s ,  1:19
Interna tiona l  C c n te r  to r  Research in A iỊ ro ío res t ry  

1:409
percnnial-crop sys tem s,  1:19
p lan ta t io n -c ro p  c o m b in a t io n s ,  1:19
rescarch. 1 :2 0 -2 2
shiftina; cult ivat ion .  1 :1 6 -1 7
for soíl c o n sc rv a t io n / rc c lam a t io n .  1:19
spc c ic s ,  1 :20
tauní»va, 1:18
t c m p c r a t e - z o n c  sys tcm s,  1:15—16, 1 :2 2 -2 3  
tradit ional  basis of, 3:650 
t r o p ic a l  sys tcm s,  1:15

A G * S A T  (AiỊricultural Sa td li tc  C o r p o r a t i o n ) ,
2 :3 5 -3 6  

A hipa ,  3:641 
A h o r izo n ,  soil,  4:103 
A i rb o rn c  c o n ta m in a n ts .  in foođ, 2:317 
A ir  chill ing, o f  p o u l t ry ,  3:437 
A ir -cu re d  tobacco ,  4:325, see aho T o b a c c o  
Air  p o l lu tan ts ,  sec also spcá lĩc polìiitan l: A tn io sp h c r ic  

po l lu tan ts  
a ssessm cnt,  1:28—30 
de íined ,  1:27
cffects o n  r u n n n a n ts ,  1 :13 3 -1 3 4  
ín te rac t ions ,  1 :3 4 -3 5  
p r in ia rv ,  1:27 
s e co n d arv ,  1:27 

A ir  p o l lu tan ts ,  p lan t  rc sponsc
b i o l o i Ị Ĩ c a l  t a c t o r s  a f f c c t i n i ' ,  1 :3 3 -3 4  
chem ica l  p ro tec t io n ,  1:34 
d o s e - c r o p  rcsponsc  m odcls ,  1 :3 7 -3 8  
c n v i ro n m c n ta l  íac tors ,  1:34 
gcnctic  íac tors ,  1 :3 2 -3 3  
in ipac t  a sscssm cnt,  1 :3 6 -3 8  
injurics,  3:322
p o l lu ta n t  in tc rac t ions ,  1 :3 4 -3 5  
tox ic i ty ,  1:28 
u p takc ,  1 :3 5 -3 6  
v cge ta t ion ,  1:30—31 

Air po l lu t ío n
t r o m  c o t to n  gins,  1:505
N a t io n a l  C r o p  L o ss  A s s c s s in c n t  N ctvvork ,  1 :3 6 -3 9  
sy s tc m  m o d d ,  1 :2 8 -3 0  

Air  p ressu rc  po ten t ia l ,  dc tincd ,  4 :153 
A ir  quali ty

efíccts OI1 fo rcs t  e cosvs tem s ,  2:428 
E P A  databasc,  1:37
N a t io n a l  A m b ic n t  A ir  Q u a l i ty  S ta n d a rd  for Part icula tc  

M a tte r ,  1:505 
N C L A N  O ,  da tabase ,  1:37 
p lan t  im p r o v c m c n t s  to. 2:95 

A lb cd o  
d c tincd ,  3:53 
rain forcst ,  4:408, 4:410 
snovv covcr ,  3:54 
soil, 3:54 

A ld icarb
in to x ica t io n ,  2:400 
nem atic ida l  p ro p c rn c s ,  3:93 

Alfalfa.  pcst  n iana tỊcm ent .  3 :1 8 2 -1 8 3  
Algac

b lue-g rccn ,  3:200, 4:128 
tox ic  subs tanccs  p ro d u c cd  by, 2 :41)0 

AltỊÍcidcs 
dc tincd ,  3:173 
usc of, 3:173 

Ale;inates, b io ch c m is try ,  2:22f>. 2:228 
A lk a l i i Ị r a s s ,  4 : 4 1 4 - 4 1 5 ,  tilso T u r t i ỉ r a s s c s



A lk a lo id s  
p la n t ,  3 :2 0 8  
in y a m s .  3 :6 4 5  

A l lc rL icn ic i ty , b io e m > in e e r e d  p r o t e i n s ,  3 :2 1 6 .  4:361 
A l lc r^ ic s .  t o o d

I.cll-nicdiatcd, 2:402 
IíỊE-mcdi.itcd.  2:402 

Allcv croppiusỊ 
dc tincd ,  1:13
in tropical a i Ị ro to rcs t ry  sy s tem s ,  1:18 

Allcys, to r  an im al w a s tc  co llect ion ,  4:457 
Allic in, a n t im ic ro b ia l  ac t iv i ty ,  2:353 
A ltcn h iriii h rdssiá ioh i, in colcs, 1:332 
A llcn it ir id  ỉo la n i, in p o ta to e s ,  3:426 
A l tc rn a tiv e  t g n c u l t u r e ,  A iỊr icu ltu re ,  susta inable;

A iỊ roecosys tcm s 
A l to c u m u lu s  c louds ,  3:46 
A l to s t ra tu s  c louds ,  3:46 
Ali im iii i in i

builđins^ m atcria ls ,  4 :206  
ion stuđies ,  chissical, 4 :76  
lcacliinụ;, 2 :616, 4:137 
soil acid itv  ÌTOIII, 4:33 
tox ic i tv  to  p lants,  4:36,  4 :144  

Alvcoli ,  m a m m a r y ,  d e v c lo p m e n t ,  2 :6 3 5 -6 3 6  
A m a d a ,  3:640
Ama/on basin, SCI- a l s o  Tropical rain íorcsts 

d c ĩo rc s ta t io n  crtccts, 4 :4 0 9 -4 1  1 
A inh lyo iìinu ì ưdricịĩaluin ( trop ical  b o n t  tick),  2:659, 2:666 
AiiKTÍcan D cscr t  P ro v in c e  sh rubs ,  3 :576 
A m e r ic an  clni,  d isappoarancc  ot,  4 :299  
A m e r ic an  Phy topa tho lo iỊ Íca l  Socicty ,  3:317 
A m e r ic an  Socicty  of A g r icu l tu ra l  Eng ineers ,  4:117 
A m e r ic an  Socictv o f  A i Ị ro n o m y ,  4 :117 
A m e r ic an  V oca t io n a l  A ssoc ia t ions  (A V A ),  2:23 
A m id in c s ,  spccií ĩci ty  an d  pcrsis tcncc,  2:89 
A n i in o  acid c o m p o s i t io n  

food, 2:278 
l ives tock  tccds, 2:166 
p lan t ,  3:206 
p ro tc in s ,  2:251 
s i lkvvorm  silk h b ro in s ,  4:3  
spicÌL-r silk t ib ro ins ,  4:1 1 
tèa, 4:285
\vild silkxvorm silk t ìb ro in s ,  4 : 8 - 9  

A m in o  acids 
b iosyn t l ic s is  inh ib i to rs ,  2 :5 0 7 -5 0 8  
csscntial ,  to r  insects, 2 :5 6 5 -5 6 6  
as to o d  s\vcetcncrs ,  2 :2 3 6 -2 3 7  
n o n r u m i m n t  rc q u ir e m e n ts ,  1 :9 4 -9 5  
S t rcck e r  dc iỊradation ,  2 :238 
s t ru c tu rc s ,  2 :250-251  

A m i t r o l c
chcm ica l  s t ruc ru rc .  2 :506 
m c c h an ism  ot act ion , 2 :506  

A m m o n i a ,  v o h ư i l i z a t i o n  f r o m  a n i i m l  t c c c s ,  3 : 1 0 4

A m m o n iu m
h x a t i o n  in c lays ,  3 :1 0 3  
ni tr i í ica t ion  in soils, 4 :136 

A m m o n i u m  sultatc ,  tcrtilizcr. 4 :1 3 6 -1 3 7  
A niv lasc  inh ib i to rs ,  b io ch e m is try ,  2 :2 7 8 -2 7 9  
A m y lo iỊ ra p h s ,  ricc Hours, 3:619. 3:621 
A m y lo p cc t in  

s t ru c tu re ,  2:224 
s v n th c s i s  in p la n t s ,  3 :205  

A niy lsc  inh ib i to rs .  b io ch c m is t ry ,  2 :2 6 2 -2 6 3  
A nnbciiã , n i tro iỊcn  t ìxa t ion  bv, 4:128 
Analytical  p ro i í ra m m in i í ,  charac tc riza t ion ,  3:479 
A nap lasm os is ,  2:658, 2:663 
A n a to m y  

avian  diiỊCstivt: System, 1 :8 9 -9 0  
diiỊcst ivc, rubbits ,  3:487 
c q u in e  diiỊcstivc svs tcn i ,  1:90-91 
m a k ’ r e p r o d u c t i v c  S y s te m ,  1 : 1 5 1 - 1 5 5  
nonruminant mammal điiỊcstivc System, 1:9(1-91 
p lan t  SL’L'd, 3:348 
r a b b i t  d i ^ c s t i v c  S y s te m ,  1 :9 0 -9 1  
r c p ro đ u c t iv c ,  n o n p r c n n a n t  tem ale  an im al,  1 :1 6 1 -1 6 3  
r c p ro d u c t iv c ,  rabbits,  3:482 
SWÍIK- ditỊcstive sys tcm ,  1 :90-91 

A n c m ia ,  m incra l  dcfic icncy-rcln tcd , 3:67 
A n e m o m c tc r ,  Sonic, 3:59 
A n c ro h cs ,  d e n i t r i í i a n io n  hy. 4:127 
A n c ro b ic  diiícstion, m an u rc ,  4:461 
A n c ro b ic  t ìl ter proccss ,  for  wastes ,  4 :463 
AiiiịIc o f  rcposc,  cxprcss ion  tbr, 2 :3 7 6 -3 7 7  
AnsỊora  tỊoatSi, st'1' also M o h a i r

brccdiniỊ  and  sclcction,  4 :5 7 2 -5 7 4  
tìbcr c o m p o s i t io n  and  lựovvth,  4 :5 6 8 -5 7 2  
Acccc con tam in . in ts ,  4 :5 7 7 -5 7 8  
Acecc ro t ,  4 :578 
Health n ian;ií;cnicnt,  4 :5 7 8 -5 7 9  
h is torical o r ig in ,  4:565 
in itr icn t  r c q u ire m e n ts ,  4 :5 7 7 -5 7 8  
p e r ío rm a n c e  tcstine;, 4 :5 7 5 -5 7 6  
selectíon in d cx  cquat ions ,  4:576 
skin  h is to lo íỊy ,  4 :5 7 1 -5 7 3  
w o r ld  d is t r ib u ú o n ,  4 :5 6 5 -5 6 7  
vvorld p ro d u c t io n ,  2 :460—+61 

A n g o ra  rabb its ,  3:481, 3:489 
Anilazinc,  tuníỊÌ toxici ty ,  2 :447—148 
A n im a l  b ch av io r ,  scc also Etholoi»y 

a b n o rm a l ,  1 :4 3 -4 4  
an im al c o n im u n ic a t io n ,  1 :4 2 -4 3  
bchav io ra l  d c v c lo p m c n t ,  1:43 
categorics ,  1:43 
cvcles, 1 :44—ị 5
d o m cs t ic a t io n  ot ta rm  anim als ,  1 :41—42
t c c d i n i Ị ,  1 :4 4 -4 5
h is to ry .  1:42
lca rn in í Ị ,  1 : 4 6 — \1

n ia tc rn a l -y o u n u ; .  1:46



A nim al  b c h av io r  (continued) 
sexual,  1:45—46 
social, 1:44 
subdiscip lines,  1:41 
t ra in ing,  1 :4 6 -4 7  
vvclíarc Science, 1:47 

A n im a l  b re ed in g
add it ive  genetíc  var ia tion ,  1 :50 -51  
B io te c h n o lo g y  and  B io log ical  Scicnces Research  

C o u n c il  (U K )  ach ievem cn ts ,  1 :3 0 7 -3 0 8  
c o m p o s i te  popu la t io n s ,  1 :5 3 -5 4  
c ro ssb reed in g  sys tem s,  1 :5 2 -5 4  
e n v i ro n m e n ta l  values, 1:50 
e s t im a ted  p r o g e n v  differences,  1:52 
g en cra t io n  in terval ,  1:51 
gcnetic  im p ro v e m e n ts ,  1 :5 1 -5 2  
g c n o m c  niaps,  1:54 
g c n o ty p ic  valucs, 1:50 
he terosis ,  1:51 
inbrced in i í  đepress ion ,  1:51 
n o n a d d i t iv c  genetic  va r ia tion ,  1:51 
p h c n o ty p c ,  de tìned ,  1:50 
princip lcs  o f  inher i tance,  1:50 
q ua li ta t ivc  traits,  1:50 
q u an ti ta t iv c  traits ,  1:50 
ra te  o f  lịcnctic  change ,  1:51 
ro ta t iona l  Crossing Systems, 1 :5 2 -5 3  
selection,  D N A  m arker-ass is ted ,  1:54 
static term inal sire Crossing systcm s, 1:52 
tc rm ina l  c ross ings ,  1:54 

A n im al  diseases, sec Diseascs, animal 
Ati im al íeeds, see tiiso C o n c cn t ra tc s ;  Forages; Silages 

aíla toxins in, 2:323 
a m ín o  aciđ con ten ts ,  2:166 
b y -p ro đ u c t s ,  1:104 
for draft  an im als ,  1 :6 1 9 -6 2 0  
cncrtỊỴ, d igestible,  1:94, 2:157 
enersỊy. í^ross, 1:94, 2:157 
energ y ,  m ctabolizab le ,  1:94, 2:157, 2:167 
encru y ,  nc t,  1:94, 2:157 
e n e rg y  availabili ty ,  2:168 
e n crg y  valucs. 2 :160-161  
fiber concent,  2 :160-2 :161  
to rn u ila t io n s .  1:104
to rn m la t io n s ,  c o m p u tc r-a ss is ted ,  1:392
lĩcncral c o m p o s i t io n .  2 :1 5 5 -1 5 6
grains.  1:10 3—104
iỉrains c o n su m cd ,  totals for, 2:156
linolcic  acid con tcn t ,  2 :160-2 :161
lipid con tcn t ,  2 :159-161
m incral  availabili ty .  2:169
m incral  con ten t ,  1:104, 2:159. 2 :1 6 2 -2 :1 6 3
n c a r- in tra rcd  fced analysis. 2:167
n u t r ie n r  availabili ty,  2 :1 6 8 -1 6 9
m itr icn ts  in, 2 :1 5 7 -1 5 9
p ou l try .  3 :447—+48

pro te in  availabili ty, 2 :1 6 8 -1 6 9  
p ro te in  con tcn t .  1:104, 2 :158-2:161 
pro te in  eneriỊy vahics. 2:161 
silages, 2 :4 1 7 -4 1 8  
for sw ine .  4 :260-261  
tons  c o n su m ed .  2 :1 5 5 -1 5 6  
toxic  substances in. 2 :1 7 5 -1 7 6  
United States— Canadian Tables o f  Feed Com position , 

2 :1 6 0 -1 6 6  
v i tam in  availabili ty, 2:169 
v i tam in  con ten t ,  1:104, 2:159, 2 :1 6 4 -1 6 5  

A nim al  housinẹ;, see íìiso S truc tures ,  agr icu ltu ra l  
b o d y  heat calcula tion , 4:207 
buildinạ; m ateria ls ,  4 :204  
cold bu ild ings ,  4:209 
fans uscd in, 4:208 
FLEX housing .  4:210 
lo w c r  critical t em p e ra tu re ,  4:207 
m a n u re  in an a g cm e n t ,  4:209 
m o d it ìed  e n v i r o n m c n t  builđintỊS, 4:209 
fo r  rabbits ,  3 :4 8 5 -4 8 7  
space req u ircm cn ts ,  4:205 
t cm p c ra tu re  con tro l .  4 :2 0 7 -2 0 8  
th c rm o n eu t ra l i ty  c ond it ions ,  4:207 
t rends  in, 4:206
u p p c r  critical te in p e rạ tu re ,  4:207 
vcnti lacion sys tem s,  nicchanical,  4 :2 0 6 -2 0 8  
vcnti lat ion  sys tem s,  na tura l,  4 :2 0 9 -2 1 0  
w a rm  housing ,  4 :2 0 6 -2 0 7  

A nim al n u tr i t ion ,  n o n r u m in a n t  
a m in o  acid re q u iren icn ts ,  1 :9 4 -9 5  
c a rb o h y d ra te  diíỊestion, 1 :1  10
tac to rs  attcctiniĩ req u ire m e n ts ,  1:97, 1 :9 9 -1 0 0 ,  1:103 
feed to rm u la t io n s ,  1 :1 0 4 -1 0 6  
tccdiníỊ  m a n a g c m e m ,  1 :1 04-105  
n iac rom incra l  rc q u irem en ts .  1 :9 5 -9 6  
m incral  rcq u ircm cn ts ,  1 :9 5 -9 6  
p ro te in  rc q u irem en ts ,  1 :9 4 -9 5  
tracc m ineral  req u ire m e n ts ,  1:96 
v i tam in  req u iren icn ts ,  1:96—97 
vvatcr rcq u ircm en ts ,  1:97 

A nim al nu tr i t ion ,  p r in đ p lc s  
c a rbohydra tc s ,  1 :109-111 
lipids,  1 : 1 1 1 - 1 1 2  
m incrals ,  1 :1 1 3 -1 1 9  
p ro te ins ,  1 :1 1 2 -1 1 3  
v ì tam ins ,  1 :1 1 9 -1 2 2  

Animal n u tr i t ion .  ru in in a n t  
c a rb o h y d ra tc  d igcs t ion ,  1 :1 1 0  
c a rb o h v d ra tc  ut i l iza t ion , 1:129 
criúcal pcriods ,  1:1.34—135 
d ie ta ry  n u t r ien t  req u ire m e n ts .  1:124 
cncriỊv rc q u irem en ts .  1:129-131) 
íat util ization, 1 :1 2 9 -1 3 0  
fccd addit ivcs,  1:133 
í ỉ r o u t h  n iodit icrs ,  1:133



lite-cycle , 1:135
m a c ro m in c ra l  req u ire m e n ts ,  1:132 
m ctabo lic  d y s íu n c t io n s ,  1:134 
n o n p ro te in  n i t ro g e n  req u irc m e n ts ,  1 :13 0 -1 3 2  
n u t r ie n t  rcq u ire m c n ts ,  1 :1 2 7 -1 2 8  
p ro te in  rcq u ire m e n ts ,  1 :1 30-132 ,  2 :1 5 8 -1 5 9  
s tan d ard s  for,  1:126 
t issue  n u t r ie n t  req u ire m e n ts ,  1:124 
t race  m in e ra l  req u ire m e n ts ,  1 :1 3 2 -1 3 3  
v i ta m in  req u ire m e n ts ,  1:133 

A nim al  r igh ts  and  welfare  
bchav io ra l  stud ies ,  1:47 
ho rse  in d u s t ry ,  2:530 
p h i lo so p h ie s  of, 1:47, 2 :1 1 4 -1 1 5  

A nim als  
d raft ,  see D ra f t  an im als  
l ab o ra to ry ,  e m b r y o  t rans íc r  tcchn iqucs ,  2:60 
s la u g h te r  b y -p ro d u c t s ,  see B y -p ro d u c ts ,  f ro m  animal 

s lau g h te r  
spccics b oundar ics ,  2:116 

A n im al  w aste ,  see W astc ,  anim al;  W aste  m an a g em e n t ,  
an im al

A n n u a l  b luegrass ,  4 :4 1 4 -4 1 5 ,  see also T u rfg ra sses  
A n n u a l  g rass lands  ccosys tcm s  

characteris tics ,  3:494 
vcgcta t ion ,  3:494 

A nnua l  p lant ,  de íined ,  3:341 
Aniiual  rycgrass ,  4 :4 1 4 -4 1 5 ,  also T u r íg ra sses  
A no plìcles  m o sq u i to e s ,  2:663 
A n tc lo p c  b i t te rb ru sh

Lassen g c rm p la s m ,  3:583 
n u t r ic n t  c o n ten t ,  3:577 

A n th c r ,  cu l tu r in g ,  3:379 
A n th o c y an in s  

as fo o d  co lo ran t ,  2 :230 
s t ru c tu re  an d  fu n c tio n ,  2 :230-231  
syn thes is ,  2:230 

A n th ra cn o se  
in pccans,  2:8 
in w a ln u ts ,  2:15 

A n th ra x ,  t r an sm iss io n  by  taban ids ,  2:663 
A n t h r o p o g e n ic  d is tu rbance  

h a r d w o o d  torests ,  4 :2 9 7 -2 9 9  
t ro p ica l  grasslanđs, 4:389-390 

A ntib ios is ,  in soybeans ,  4:188 
A n t ib o d ic s ,  fo r  im m u n o A u o rc sc en c e  m ic ro sco p v ,  

3 :2 2 9 -2 3 1
Antibrovvnins* agcnts,  2 :3 4 2 -3 4 3 ,  see also E n zy m a t ic  

b r o w n i n g  
A n t ic o d o n ,  o f  p lan t  m R N A ,  3:199 
A n t im ic ro b ia ls

acctic  ac id /ace ta tes ,  2:346 
bcn zo ic  ac iđ /b en z o a te s ,  2 :3 4 6 -3 4 7  
bioloiỊÍcally  dcrivcd,  2 :3 5 0 -3 5 2  
d im e th y l  d ica rb o n a te ,  2:350 
/ i i ỉM -h y d ro x y b en zo ic  acid esters ,  2:349

lactic  acid bac ter ia - re la ted ,  2 :3 5 1 -3 5 2  
lactic  ac id / lac ta te s ,  2:347 
n a ta m y c in ,  2:351 
na tu ra l ly  o c cu r r in g ,  2 :3 5 2 -3 5 4  
nisin ,  2 :350-351  
nitr i tes ,  2:348 
p arabens ,  2:349 
p H  effects , 2 :346 
p ro p io n ic  a c id /p ro p ío n a te s ,  2 :347 
so d iu m  ch lo r ide ,  2 :350 
so rb ic  a c id / so rb a te s ,  2 :3 4 7 -3 4 8  
sulíĩtes,  2 :3 4 8 -3 4 9  

A n t io x id a n t s
b u ty la te d  h y d ro x y a n is o le  (B H A ) ,  2 :344
b u ty la te d  h y d r o x y to lu e n e  ( B H T ) ,  2 :344
c o m b in a t io n s ,  2:344
ditTerences b e tw e e n ,  2:344
for  e levated  p lasm a  cho les tero l ,  2 :149
m e c h a n i sm  o f  act ion ,  2:343
na tu ra l ,  2:270, 2:345
phcno lic ,  2 :3 4 4 -3 4 5
p ro p y l  gallate , 2 :3 4 4 —345
sy n e rg i sm s ,  2:345
sy n th e tic ,  2 :270
te r t ia ry  b u ty lh y d r o q u in o n e ,  2 :3 4 4 -3 4 5  
to co p h e ro ls ,  2 :3 4 4 -3 4 5  
uscd in foods ,  2:270 

A n tirrh in u u m  maịtis, t ran sp o sa b le  e le m en ts ,  4 :372 
Antisoc ia l  b c h av io r ,  ĩ inks to  c a r b o h y d r a te  c o n s u m p t io n ,  

1:342
A n t ix en o s is ,  in so y b e a n s ,  4:188
Aiì, 3:642
A p h id s

d a m a g e  to colc caused  by ,  1:334 
p o ta to  d a m a g e  causcd  by ,  3 :4 2 4 -4 2 5  

A p ic u l tu re ,  see aìso Bcc  hives; B eek eep in g ;  H o n e y  bees; 
Po l l ina t ion  

co lo n y  d e v e lo p m e n t ,  1:207—208 
co lo n y  s t ru c tu re ,  1 :2 0 4 -2 0 7  
de ílned ,  1:203
d is t r ib u t io n  o f  bees, 1 :2 0 3 -2 0 4  

A p io ,  3:640
A p is  m ellifera, see H o n e v  bees 
A p o m ix is

g enc  t ran s fe r  an d  e x p rcss io n ,  3 :2 8 6 —287 
nuce l la r  e m b r y o n y ,  fo r  c ítrus ,  1 :3 5 9 -3 6 0  

A p o p la s t ic  m o v e m e n t ,  o t 'su t ;a r s ,  3 :30 
A p p le  o rc h a rd  discases, m ac h in e  l ea rn in g  sy s te m s ,  1:394 
A q u ifc rs

b o u n d a r y  c o n d i t io n s ,  2:492 
c ro s s -c o n ta m in a t io n ,  2:495 
D a r c y ’s L aw  for, 2:491 
d r a w n - d o w n ,  p u m p in ỉ Ị - re la te d ,  2:493 
initial c o n d it io n s ,  2:492 
niass  c o n se rv a t io n  c q u a t io n ,  2:492 
m in c d ,  4 :466



A quiíc rs  { continned)
Ogalla la,  4:466 
p um pinẹ ;  cffccts, 2 :4 9 1 -4 9 2  
usc for i r r iga t ion ,  2:615 

A raclìis hypotỊaea L., Ềec Pcanut  
A rb o rc tu in s ,  ecoloiỊĨcal p e rspecùve ,  3:272 
A rb u scu la r  m y co r rh iza ,  in ocu la t ions  agam st,  3:122 
Arctic  t u n d ra  ccosystem s 

charactcris tics ,  3:495 
vegeta t ion ,  3:495 

Ar^as idae,  see T icks  
A r id i ty  index ,  1:627 
Arid  zones

livcstock p ro d u c t io n  o n  rangehinds,  3:545 
ru b b e r  p ro d u c t io n ,  sce G uayu lc  

Aro ids  
acrid tactors ,  3:645 
edible, 3:639 

A ro m a
to o d ,  b iochem ica l  hasis, 2 :2 3 3 -2 3 4 .  2:240 
tca, 4:287 

A rrachacha ,  3:640
A rrh en iu s  re la tionsh ip ,  to r  tem p c ra tu re  cffccts on flow, 

2:372 
A r ro w h e a d ,  3:642 
A r ro w in g ,  suiỊarcane, 4:234 
A rro w k \i f ,  3:642 
Arrovvroo t ,  3:640 

East Indian,  3:640, 3:642 
Havvaiian, 3:642 
Q u e en s lan d ,  3:640 
St. V incent ,  3:641 

ARS, set' A gr icu ltu ra l  Research Service 
Arsen ic  p o iso n in g ,  3:70 
A r th ro p o d s ,  hor t icu l tu ra l  

insccticide  resistance, 2:78 
novcl  pcsts, 2:78 
soil insects, 2:78 
t rad it ional  pests,  2:78 

A r th ro p o d s ,  ve te r ina rv  
d a m a g c  to  livestock causcd bv, 2 :8 7 -8 8  
discasc transm iss ion ,  1:82. 2 :8 8 - 8 9  
frce-l iv ing  d e v e lo p m en t ,  2:87 
ho s t  fm d in g  stagc, 2:87 
host  resistance, 2:90 
K -se lected  species, 2:86 
inana íỊem en t  strateẹ;ies, 2 :9 1 -9 2  
pest iciđc usc,  2 : 8 9 - 9 0  
po p u la t io n  reẹu la t ion ,  2:86 
rc p ro d u c t io n  stratemies, 2:87 
r-selcctcd species, 2:86 
shccp, 4:578
sterilc inscct  rclcase m c t h o d ,  2:91 
surv iva l  strateíỊÌes, 2:87 
t r a p p m tỊ ,  2:90-91  

Arútìcial  fat, 2:261

Artitìcial  h y b r id iza t io n ,  to r  cu lt ivar  d c v c lo p m c n t ,  1:536 
Artificíal in scm in a tio n ,  1 :4 5 - 4 6  

charactcrizat ion ,  1 :1 7 3 -1 7 4  
da iry  cattlc, 1:58, 1 :5 5 0 -5 5 1  
c m b r y o  transfcr ,  3 :483 
in vitro f e r t i l iz a t io n -e m b ry o  t rans tc r ,  1:175 
p o u l t ry ,  3 :4 4 9 -4 5 0  
rabbits ,  3:483 

Art i íìc ia l  turf ,  2 :1 0 2 -1 0 3  
A scorba tcs ,  a n t io x id an t  actions,  2 :345 
A scorb ic  acid

a s  a n t i b r o w n i ] M Ị  a g e n t ,  2 :3 4 2 -3 4 3  
sy n c rg ism  w i th  an t io x id an ts ,  2:345 

A scpt ic  P rocessing
charactcrizat ion ,  4 :3 0 4 -3 0 5  
đ ra w b ac k s ,  4 :306 

Ascxual  p ro p a g a t io n  
by  d iv is ion ,  3:351 
by  laycrìng ,  3 :3 5 1 -3 5 2  
m ic ro p ro p a ^ a t io n  t ech n iq u cs .  3 :3 5 5 -3 5 8  
by separa t ion ,  3:351 
vs. sexual  p r o p a g a t io n ,  3:351 
tobacco ,  4 :3 3 3 -3 3 4  
w h c a t ,  4:516 

Ash c o n tc n t  
eggs,  2:43
foođs,  varíous ,  2:276, 2:279 
m ilk ,  1:560 

A sp a r tam c
as food  sw ee tencr ,  2 :2 3 6 - 2 3 7  
s t ru c tu rc ,  2:237 

A spcn  torcsts ,  4:299 
Assis tance  p r o g r a m s  

d isaster ,  c ttccts OI1 f a rm  s t ru c tu rc ,  4:433 
to o d ,  2 :3 1 1 -3 1 2  

A s th m a ,  su l í i tc - in d u ccd ,  2 :403 
AstratỊalus mollissitnus T o r r .  ( loco\vccd),  3:571, 3:573 
A su lam

chem ica l  s t ruc tu re ,  2 :510 
m cc h a n ism  o f  act ion .  2 :509 

A thcrosc lc ro t ic  p laq u c  
defined, 2:146 
in it ia t ion ,  2 :1 4 7 -1 4 8  
p ro g rcs s io n ,  2 :148 
risk factors, 2 :148
rolc of d ie ta ry  fat an d  cho lcs te ro l ,  2 :1 4 8 -1 4 9  
th ro m b o s is ,  2 :148 

A tm o sp h c re ,  SC I’ also M e teo ro lo t Ịv ;  W ea thcr  
ca rb o n  d iox idc  c o n c c n tra t io n s ,  3:4(1, 3:42 
c o n đ i t i o m l  instab i l i ty ,  3 :44  
i;as b chav io r ,  3 : 4 2 - 4 3  
hciiỊht rciỊÍons, t c m p e ra tu re - r e la tc d ,  3:40 
invcrs ions ,  3:44 
m cth an c ,  3:40 
a z o n c ,  3:40
stabili ty ,  p a ram c te r iz a t io n ,  3:57



stable , 3 :44
Standard a t m o s p h c r c ,  d e í in c d .  3:42 
su p c rad iab a t ic  lavers, 3:44 
t e m p e n m m 1 s t ru c tu rc ,  3 :4 0 -4 1  
unstablc .  3:44
vcrtical t c m p c ra tu r c  p ro t ilc ,  3 :40  
\vatcr  v a p o r  c o n tc n t ,  3:40, 3 : 4 3 - 4 4  

A tm o s p h c r ic  c ircu la t ion  
B u v s - B a l lo t s  law . 3:47 
C o ro l is  to rcc .  3:47
d c to rc s ta t io n  ctTccts in trop íca l  rain tòrests ,  4 : 5 - 7  
e x t ra - t ro p ic a l  cyclones ,  3 : 4 8 - 5 0  
lỊeneral, 3 :48  
lỊCostrophy, 3:47 
tropical  cyc lones ,  3:50 
vvcstcrlies, 3 :4 8 - 5 0  

A tm o s p h c r ic  d e p o s i t io n ,  m t r o g c n ,  2:496, 3:98 
A c m o sp h e r ic  po l lu tan ts ,  SCI’ also A ir  po l lu tan ts  

c ttccts o n  h a r d w o o d  ío res ts ,  4 :3 0 1 -3 0 2  
tossil  fue l-re la ted .  3:40 
soil a c id if icat ion  caused  b v ,  4 : 3 0 - 3 2  
and  w e c d  m a n a g e m e n t ,  4 :494  

A to m ic  to rce  m ic ro sc o p y ,  ap p lica t ions  in soil c h cm is t ry ,  
4:81 

A traz inc
chem ica l  s t ru c tu rc ,  2:505 
m c c h a n ism  o f  act ion ,  2 :5 0 5 -5 0 6  

A t i r s ia ,  íb ll icu lar ,  1:167 
Austra lin ,  đ e s e r t i í k a t io n  proccsscs ,  1:594 
A us tra l ian  W o o l  Testinụ; A u th o r i ty ,  4:584 
A u t o m a t i o n ,  p lan t  tissuL' cu l tu r ín g ,  3:379 
A u to x iđ a t io n  

toods ,  2 :2 4 2 - 2 4 3  
lipids,  2 :343  
stcps in, 2 :343  

A u x in s
an tiau x in  hc rb ic ides ,  2:507, 4 :490  
b io ch cm ica l  id cn t ih ca tio n  and  charac tc r iza t ion ,  3 :209 
charac te r iza t ion ,  3 :173 
c ttccts  o n  p lan t  m ic ro tu b u le s ,  3 :252 
p h ys io log ica l  roles, 3:173, 3 :209, 3:342 
usc as p lan t  g r o w t h  r c ẹu la to r ,  3:173 

A u x o c h r o m i ’ dycs,  3:228
A V A ,  sec A m e r ic a n  V oca t io n a l  A ssoc ia t ions  (A V A ) 
A vailab le  vvater, de t ìned ,  4 :164  
A v c rn icc t in s ,  specit ìci ty  and  pers is tence,  2:89 
A vic idcs

m o d c  o f  ac t ion ,  3:)  73 
use ot,  3 :173  

A vid in ,  a n t im ic ro b ia l  a c t iv i ty ,  2 :3 5 2 -3 5 3  
A v o c a d o

hotanical  re la tions ,  4 : 3 8 3 - 3 8 4  
c o m m e rc ia l  im p o r ta n cc ,  4 :383  
cu lt ivars ,  4 :383 
d c v c lo p m c n t ,  4:384 
đ i s t r ib u t io n ,  4:383

ccological ad ap ta t ion ,  4 :3 8 4 -3 8 5  
g r o w th ,  4:384 
or ig in ,  4:383 
p lan t  desc rip t ion ,  4:384 
uscs, 4:385

B
B a b rah a m  Ins t i tu te  (B B S R C ) ,  1:311 
B ab y  to o d s ,  rice-based,  3 :631—633 
B acillu s subtilis, m ic rob ia l  dca th ,  2 :389 
Bacillus tliuriniỊÌetisis 

b io logical  insccticidcs u s ing ,  2 :7 9 - 8 0
S -e n d o to x in ,  inscct rcsistancc,  3 :2 1 8 -2 1 9  
tỊcnctic eng incer in t ; ,  3 :1 6 3 -1 6 4  
resistance to, 2:81
stra in  for scạrabeid  bcctlc  larvae,  3:162 

B ackcross ing  
genct ic  c n h an c cm c n t  w i th ,  3 :286 
soybcans ,  4:189 
vvhcat, 4 :520-521  

Bactcria
a irbo rnc ,  fo o d  spo i la^e  caused  by, 2 :317 
c o l ĩ íb rm ,  in raw  niilk, 1:561 
fe r tn cn ted  m ilk  Produc ts ,  1:567 
to o đ -b o rn c ,  i r rad ia t ion  c íỉects ,  2 :2 9 8 -2 9 9  
g r o w t h  o n  proccsscd  m ca ts ,  3 :20—21 
ice -nucleat ing ,  2:115 
in l ivcstock hidc, 2:317 
pathotỊcnic ,  in raw  milk ,  1:561 
pa th o g en ic ,  p o u l t ry  carcasses, 3 :4 3 7 -4 3 9  
in p o u l t ry  tcathcrs,  2:317 
in r a w  m ilk ,  1 :560-561  
th c rn io p h i l ic ,  in r a w  m ilk ,  1:561 
tox ic ,  in l ivcs tock  feeds.  2 : 1 7 5 - 1 7 6  

B actcria ,  in soil
activit ies, 4 :1 2 2 -1 2 3  
c h c m o a u to ro p h ic ,  3:101 
d is t r ib u t io n ,  4 :120-121  
g r o w t h  and  surv iva l,  4 :1 2 1 -1 2 2  
k inds ,  4 :1 2 0 -1 2 1  
n i tro g e n - í ìx in g ,  3 :9 8 -9 9  
n u m b c rs  of, 4 :1 2 2 -1 2 3  

Bacterial discases, an im al,  1 :7 7 -7 8  
an g o ra  goa ts ,  4 :578 
p o u l t ry ,  3:448 
rabbits ,  3 :485 
sheep ,  4 :578 
svvine, 4:261
transm iss ib le  to  m an ,  1:86 

Bacterial  discases. p lan t  
bananas,  1 :2 2 6 -2 2 7  
barley ,  1:249 
c rops ,  var ious ,  3:171 
g rapev ines ,  4:452 
m c c h an ism  o f in f e c t i a n ,  3:328 
oat,  3 : 1 1 I



Bacterial  díscases, p lan t  (continued) 
p a th o g e n ic  bactcria ,  3 :3 2 4 -3 2 5  
p o ta to ,  3 :4 2 6 -4 2 7  
soybeans ,  4 :187 
sugarcane ,  4 :233  
s y m p t o m s ,  3:325 
tob acco ,  4 :3 2 9 -3 3 0  
and  v irus  t ran sm iss io n ,  3 :3 9 3 -3 9 4  
vvalnuts,  2:15 

Bacterial  p l igh t ,  rice resis tance  to, 3 :6 1 2 -6 1 3 ,  3:615 
Bacterial  so í t  ro t ,  in coles, 1:332 
Bacteria l  spoilage ,  si'f aiso F o o d  m ic ro b io lo g y ;  F o o d  

spoilage  
d a iry  P ro d u c ts ,  2:320 
to o d  m o is tu re  c o n te n t  effects, 2:285 
m eats ,  2:321 
vegctab les ,  2 :320  

Bacterial  vvilt 
p o ta to ,  3:427 
tob acco ,  4 :330 

Bags (packag ing) ,  m a n u ía c tu r in g  processes ,  2:337 
Bahiagrass,  2:101, 4:417, see also T u r íg ra s s c s  
B akcd  g o o d s  

sof t  w h e a t  P ro d u c ts ,  4 :5 3 1 —532 
so r í Ịh u m -b ased ,  4:178 

Balanced P a rm in g  P r o g r a m  (M issouri) ,  2 :133 
B aling

c h r is tm a s  trees, 1 :3 5 4 -3 5 5  
c o t to n ,  1:504 
w o o l ,  4 :583 

B anana  b u n c h y  to p  disease, 1 :226—227 
B ananas 

b u n c h ,  1 :2 1 8 -2 2 0  
classií ìcation,  1 :2 2 0 -2 2 1  
c o m m e rc ia l  im p o r ta n c e ,  4 :3 7 7 -3 7 8  
c o rm ,  1 :2 1 5 -2 1 7  
cult ivars ,  1:223 
diseases, 1 :2 2 6 -2 2 7  
d is t r ib u t io n ,  1 :220—221, 4 :3 7 7 -3 7 8  
ccological  ad ap ta t io n s ,  4 :379  
f lo w e r in g ,  4 :3 7 8 -3 7 9  
g lobal  p ro d u c t io n ,  1 :2 2 1 -2 2 2  
grovvth,  4 :3 7 8 -3 7 9  
inAorescencc,  1 :2 1 8 -2 2 0
In terna tiona l  N e t w o r k  for  th e  I t n p r o v e m e n t  o f  B anana  

and  P lan ta in ,  1 :4 0 9 -1 :4 1 0  
m o r p h o lo ^ y ,  1 :2 1 5 -2 2 0  
n u t r i t io n a l  value,  1 :2 2 2  
or ig in ,  1 :2 2 0 -2 2 1 ,  4 :3 7 7 -3 7 8  
pests, 1 :2 2 6 -2 2 7  
p lan t  d e sc r ip t ion ,  4:378 
p sc u d o s te m ,  1 :2 1 7 -2 1 8  
uses, 4 :379 

B ananas ,  h u s b a n d ry
b io tc c h n o lo g y  applica t ions ,  1 :2 2 9 -2 3 0  
b reed in g ,  1:228—229

clim ate ,  1:2 2 2  
cu lt ivar  sclection,  1:223 
fert i l ization,  1 :2 2 4 -2 2 5  
íie ld p rep ara t io n ,  1:223 
h a rves t ing ,  1:226 
in te rc ro p p in g ,  1:225—226 
p lan t ing ,  1:224
p lan t  materia l  p rep a ra t io n ,  1 :223-224  
p o s th a rv es t  practices, 1:226 
p ro p p in g ,  1:226
s h o o t - t ip  cu ltu re  tech n iq u e ,  1 :2 2 9 -2 3 2  
site se lection, 1 :2 2 2 -2 2 3  
spac ing,  1:223 
w c ed  c o n tro l ,  1:225 

B anana  s treak  disease, 1:227
Banks, c o m m erc ia l ,  co n so l id a t io n  activicies, 2:196 
B a rc - ro o t  p lan t ings ,  in s i lv icu ltu ra l  opera t ions ,

4:19
B ark  beetle, m a n a g e m e n t ,  3:1K2 
Barley 

b recd ing ,  1:250
c h r o m o s o m e  n u m b e r  var ian ts ,  1 :2 41-245  
c h r o n io s o m e  s t ru c tu rc ,  1 :2 4 5 -2 4 6  
collections,  1 :2 3 5 -2 3 6  
cytogcnetics, 1:240-246 
diseases affccting, 1 :2 4 9 -2 5 0  
d is t r ib u t io n ,  1:234 
genetic  e n h a n c em e n t ,  3:285 
genct ic  l inkage  m aps ,  1:246 
genetics,  1 :2 4 0 -2 4 6  
g e n o m c  charac te riza t ion ,  1:246 
h ybr ids ,  1 :2 3 8 -2 4 0  
kcrnel  c o in p o s i t io n ,  1 :2 4 6 -2 4 7  
m al ted ,  fo r  b rc w in g ,  1 :3 1 7 -3 1 8  
m o r p h o lo g y ,  1 :2 3 4 -2 3 5  
o r ig ins ,  1 :2 3 3 -2 3 4  
r c p ro d u c t io n ,  1 :2 3 4 -2 3 5  
research, 1:250 
species,  1 :2 3 6 -2 3 8  
uses,  1 :2 4 7 -2 4 9  
variabili ty ,  1 :2 3 5 -2 3 6  
vvhcat-barley  h y b r id s ,  1 :2 3 8 -2 3 9  

B arley  s tr ipc  m osa ic  h o rd e iv i ru s ,  3:395 
Barlcy  ye llow  d w a r f  v irus,  3:111 
B A R R ,  see B o a rd  o f  A g r ic u l tu rc  and Rcnevvable 

R esources 
B asm at i  rice, 3:615 
B atte rs ,  fo r  cakes, 4:532
B B S R C ,  see t í io t e c h n o lo g y  and Hiological Scicnces 

Research  C o u n c i l  (U K )
Bcans,  see also speciịĩc bean 

c y an o g en ic  g lycos ides in, 2:400 
lcctins in, 2 :400 

BcariníỊ
a ltcrnate,  o f  fruit  t rees,  1:580-581 
irretỊular,  o t 'p e rc n n ia l s ,  1:580



B ciiiircriti hassiưim fungus ,  3:162
Beccli-suíỊar m ap lc  to rcs t  a ssoc ia t ion ,  4 :2 9 4 -2 9 5
Bect'

ap p arcn t  spec ií ic  heat  d u r in g  freeziníỊ, 2:392 
en th a lp y  d u r in iỊ  freezing, 2:392 
(Ịround, 3:23
im p o r ts ,  b y j a p a n ,  4 :2 7 0 -2 7 2  
p ackag ing ,  2:329 
p rc co o k e d ,  3:23 

Bcct cattlc  
b rcak cv en  pricc.  1:261 
breeds,  1:256, 1:259 
c o w - c a l f  p ro d u c t io n ,  1 :256-261  
c o w  costs,  1 :260-261  
desirabil i ty ,  1:263 
cx p o r ts ,  1:255 
tccdcrs ,  1:263 
im p o r ts ,  1:255 
m a n u re  p ro d u c t io n ,  1:188 
m a n u re  p ro p c rt ie s ,  1:191 
m a rk e t  pricc,  1:261 
m ark c t  spec ií ìca tions,  1:258 
pastures ,  2:414 
ro b o t ic s  app lica t ions ,  1:398 
U .S .  p ro d u c t io n ,  1 :2 5 5 -2 5 6  
U .S .  rangc lands ,  3 :4 9 6 -4 9 8  
vveaning w e ig h t ,  1 :2 5 9 -2 6 0  
w o r ld  p r o d u c t io n  and  tradc,  1 :2 5 3 -2 5 5  
y c a r l y - s t o c k c r  p ro d u c t io n .  1 :2 6 1 -2 6 3  

B cef  catt lc  brcediiiíỊ 
c o m p o s i te  p o p u la t io n s ,  1 :5 9 -6 0  
c rossb reed in tỊ  sy s tem s ,  1 :5 9 -6 0  
g e rm p la s m  basc, 1:58 
he tcros is .  1 :5 8 - 5 9
in te rg en e ra t io n a l  var ia t ion  red u c t io n ,  1:59 
p ro g ra n i s ,  1:256 
p u re b re d  b rccders ,  1:256 
sccdstock  b recdcrs ,  1:256 
sc lcc tion  w i th in  breeds,  1:58—59 
var ia t ion  a m ó n ẹ  breeds,  1:59 

B e e f  p r o d u c t io n ,  sec B e e f  cattle  
Bcct P ro d u c ts

cho le s te ro l  con ten ts ,  3:438 
fat c o n te n ts ,  3:438 

Bce hives ,  see also A p icu ltu re  
c o n s t ru c t io n ,  1:208 
m itcs  a ffec ting ,  1 :2 1 3 -2 1 4  
nest  s t ru c tu re ,  1:207 
seasonal cycle,  1:207 
d u r in g  w in te r ,  1:207—208 

B eekcep ing ,  sec also A p icu ltu rc  
c q u ip m e n t ,  1:209 
h is to ry ,  1 :2 0 8 -2 0 9  
h o n e y  harvestiiKỊ, 1 :2 1 1  
h o n e y  p r o d u c t io n .  1 :2 1 0 - 2 1 1 
parasi t ic  m itcs ,  1:213—214

sta r t in g ,  1 :2 0 9 -2 1 0  
ty p e s  o f ,  1 :210  

Bccr,  see lìlso  B re w in g  
dra f t ,  1:325 
d ry .  1 :3 2 4 -3 2 5  
Aavor,  1:325 
l ig ln ,  1:324 
low  a lcohol ,  1:324 
f r o m  m a l ted  s o r g h u m ,  4 :1 7 7 -4 :1 7 8  
m ic r o b io lo g y ,  1 :3 2 5 -3 2 6  
packaging, 1:326, 2:332 
q u a l i ty  assurance ,  1:325 

Bees
A fr ican izcd ,  1:214 
h o n e y ,  sẹe H o n e y  bees 

Beetles 
tìea, 1:334 
stnall black, 1:334 

Beets
ra n g c  o f  p ro d u c t io n ,  3:643 
s t ru c tu ra l  characteris tics ,  3:639 
table  o f  p r im a r y  i n íb r m a t io n ,  3:638 

B e g u n g ,  3:640
B e h av io r ,  m a tc rn a l ,  sec M a tc rn a l  b c h av io r  
B e n d in g  p ro p e rt ie s ,  o f  w o o d ,  4:557 
B en tazo n  

ch en i ica l  s t ru c tu rc ,  2:505 
m c c h a n i s m  o f  ac t ion ,  2 : 5 0 5 - 5 0 6  

Bcncgrass specics, 2:101, 4:414-415, se e ai so 
T u r íg ra s s e s  

I3enzim idazo le  tung ic idcs  
mechanism o f  action, 2:448 
t a rg e t  sitc, 2:449 
uses, 2:449

Bcnzoates, antimicrobial accions, 2:346—347 
B cnzo ic  acid 

a n t im ic ro b ia l  act ions,  2 :3 4 6 -3 4 7  
s t ru c tu re ,  2:346 

B c n z o q u in o n c ,  d e r iv a t iv e s  in p lan ts ,  3:207 
Bcrmudagrasscs, 2:101, 4:416, see also Turfẹ;rasses 
Bcrr ics ,  see aìso B lackberr ie s ;  B lueberr ies ;  B ra m b lc s ;

C ra n b e r r i e s ;  E ld e rb crr ie s ;  G o o seb e r r ie s ;  R asp b e rr íe s  
d iv e rs i ty  of , 1:185, 1:265 
g r o w t h  hab its ,  1 :1 8 5 -1 8 6 ,  1 :2 6 5 -2 6 6  
m in o r  c rops ,  1:207, 1:287 

Best m a n a g e m e n t  pract ices
in h o r t ic u l tu ra l  e n to m o l o g y ,  2 : 8 0 - 8 2  
fo r  n i t r o g e n  fert i]izcr use, 2:184 

B c ta cy a n in s ,  s t ru c tu re  an d  íu n c t io n ,  2 :2 3 0 -2 3 1  
B eta la ins,  as t o o d  c o lo ran t ,  2 :230 
Beta 1’iiltỊíiris L., see Beets; Su g a rb ee t  
B cvcragcs ,  p a ck a g in g ,  2:332 
B H A ,  see B u ty la ted  h y d ro x y a n is o le  
B h o r i z o n ,  soi], 4:104 
B H T ,  see B u ty la te d  h y d r o x y to lu e n c  
B ienn ia l  p lan t ,  đ e í ĩn ed ,  3:341



BiíỊ sa^ebrush  
cultivars ,  3:583
digcs tib i l i ty ,  3 :5 7 9 -5 8 0 ,  3:582 
ío ragc  valuc, 3 :580-581 
G o rd o n  C rcck  W y o m in g ,  3 :5 8 1 -5 8 2  
H o b b lc  C rc ck  M o u n ta in ,  3 :580-581 
n u t r ic n t  con tcn t ,  3:577 
subspecics ,  3:579
w in tc r  n u t n c n t  c o n tcn t ,  3 :5 7 9 -5 8 0  
w in tc r  n u tr i t iv e  valuc, 3 :580-581 

Biii íỊham Plastic m odcl ,  o f  fluid flow, 2 :3 7 1 -3 7 2  
Bins,  SCI' also H o p p c r s  

dcsign, 2 :3 7 5 -3 7 6 ,  2:379 
flow tactor,  2:379 
for solids s to rage,  2:375 

Bins, sto ragc,  scc S to ra^e  bins 
B iochcm ical  cycliniỊ, in íb rcs t  ccosystem s,  2:425 
B iochcmical oxyu;cn d en ian d ,  anim al \vaste,

1 :1 8 9 -1 9 0
B iochcm is try ,  to o d ,  SCI’ Fo o d  b io ch cm is try  
B io c l im a to lo g y ,  charactcrizat ion ,  3:268 
B iocontro ls ,  sec  Pcst m an a íỊcm cn t ,  biolotỊÍcal C o n t r o l s  

Biocosniecics, w i th  t ìb ro in  p o w d c rs ,  4:8 
Biocycling ,  rolc ĩ 11 soíl gcncsis , 4:102 
Biodivcrsi ty,  SCI' also G c n eb a n ks ,  plant;  Gcnet ic  

rcsources,  p lant 
bencíìts ,  3:267 
dcíĩned, 3:267 
genctic  vu lncrab il i ty ,  3:297 
loss of, 3:297
and pcst manaf»eme»t,  4 :2 4 4 -2 4 6  
plant  c o m m u n i t ie s ,  3 :267 
and p lant cv o lu t io n ,  3:297 
rcs to ra t ion  in a g ro cco sy s tem s ,  4 :2 4 2 -2 4 4  
in sced lỊcncbanks, 3:311 
tradit ional  tarmiiiỊT svs tcm s ,  3:650 
t rad it iona l  knowlcde;c  of, 3:313 

Bioíi l te r  act ivated  s lu d g c  proccss,  for  vvastcs, 4:462 
B iofungic iđes 

com m erc ia l ,  list of, 3:161 
to r  p lan t  discascs, 3:162 
to r  skc lc ton  w ced ,  3:159 

Biogas,  p ro d u c t io u ,  4:461
B iogcochcm ica l  cyclcs, in ccosystcn i  enerẹc t ics ,  3:269 
B iohcrb ic idcs

c o m m e rđ a l ,  list of, 3:161 
satcty conccrns,  3:163 
to r  w ccd  con tro l ,  3:162 

Bioinsecticidcs,  com m erci;i l ,  list of, 3:161 
lỉiolisticsi  deĩ ined,  3:381 
Biological clock, plant,  3:345 
BioloiỊÍcal con tro l  o t  pcsts, scc Pcst n ianaiỊcnicnt,  

biolo tỊÌca l  C o n tro ls  
Biological cyclina;, 111 to rcs t  ecosystem s,  2 :423—ị25 
lỉioloíỊÌcal t r ca tm cn t,  ot'  tb o d  proccssiiiíỊ vvastcs, 

4 :46 1 -4 6 3

B íom ass 
ca rb o h  vdra tcs ,  1 :296—297 
con sc rv a t io n ,  1:300 
đ e h n e d ,  1:289 
d i r cc t  c o m b u s t i o n ,  1 : 2 9 4  
and  cncriỊy balance,  1 :300-301  
cncriỊy f ro m ,  1 :2 9 4 -2 9 5  
cstcri í icd  oils, 1:295 
e s t i m a t i o n ,  1 :289  
c thanol p ro d u c t io n ,  1 :2 9 4 -2 9 5  
í i bc r s ,  1 :299  
f low resourccs,  1:300 
as to o d  en crg y ,  1:300 
as íu c l /ch e m ic a l  cncriỊy ,  1:300 
íỊasit ìcation, 1:294 
iden ti í ica t ion  o t  p lan ts ,  1:291 
l ignocc llu losic  nuưerials ,  1 :2 9 5 -2 9 6  
niatcrials in plants,  1:291 
m edic ine ,  1:297 
n i c t ha nc  conv cr s i on ,  1:294 
natural  p o ly m c rs ,  1:299-3(11)
p ro d u c t io n ,  and  c n v i r o n m e n ta l  p ro tcc t io n ,  1:300 
p ro d u c t io n ,  by  area, 1 :2 9 1 -2 9 2  
p ro d u c t io n ,  e m p l o y m c n t  o p p o r tu n i t i e s ,  1:301 
pyro lys is ,  1:294 
starchcs,  1 :2 9 6 -2 9 7  
stock  resources,  1:300 
susta inabil i ty ,  1:293, 1:300 
trad i t iona l  c rops,  1:291 
uti]jzation, 1 :2 9 3 -3 0 0  
v cgctab lc  oils, 1 :297—299 

B iom ass ,  m icrob ial ,  d e tc r m in a t io n ,  4:123 
B iom ctr ica l  analyscs,  c o rn ,  1 :459—+60 
Biopestic ides

tor  inscct co n tro l ,  3 :1 6 0 -1 6 2  
for  p lan t  disease c o n tro l ,  3:162 
fo r  w c cd  con troi,  3 :162  

B iopsy ,  vatỊÌnal, 1:181 
B iorcíỊu lation , íỊuayule,  3 :8 1 - 8 2  
B io rcm c d ia t io n ,  m ic ro o re ;an ism s  u scd  in, 4:131 
B i o s c n s o r s ,  í ị I u c o s c  o x i d a s c - i m m o b i l i z e d  s i l k  í i b r o i n  

filnis,  4:8
Bi o t cc h no lo g y ,  scc aìso Ge nc t ic  enc; ineerimĩ;  Cìcnc 

t rans íc r  t cc h no l og y ;  P l an t  b iotcchnoloi ỊỴ 
cthical issucs, 2 :1 1 5 -1 1 6  
i d en t i ty - pr csc rvcd ,  3:665 
social Science pcrspcctivL',  3:663 
in soil m ic r o b i o l o g y ,  4:132 

Bi otechnolomy a nd  BioloiỊÍcal  Scienccs Research Counci l
(U K )

aiỊrochcm ica l  đ c v e lo p m c n t ,  1:307 
carccr  d c v e lo p m c u t  p r o n r a m s .  1:31 1 
c o m m i t m e n t s  to rcscarch,  1:309 
in dcvclop in íỊ  co u n tr ic s ,  1:310 
E u ro p can  t ram cxvork .  1:310 
t a r m ma ch i nc ry  đ e v e l o p m e n t s ,  1:308



tund in í í ,  1:312
f'u tu  re d i rec t io n s  and  policics ,  l :3 ( iy—31 I 
h is to ry .  1 :303—3(16
im pro v cm c-n t  o t  c ro p  varic tics ,  1:306-31)7 
in tc rn a t io n a l  reco g n i t io n ,  1 :308—309 
l ivestock  p ro d u c t io n  a ch iev c m cn ts ,  1 :3 0 7 -3 0 8  
o u t p u t  mcM sures, 1 :306  
p u b l ic  avvarcncss pursu irs ,  1 :3 10-31  1 
Q u c e n s  Avvarđs for T cc h n o lo g ic a l  and E n v i ro n m c n ta l  

A c l i icvcm en ts ,  1:308 
rcscarch institutcs, 1:311 
rcsca rch  p r o g r a m s ,  1 :3 1 2 -3 1 3  
s đ c n t i í i c  areas, 1:312 
tcclmolocỊỴ in tc rac t ion ,  1 :3 0 9 -3 1 0  
t ra in in g  pro iỊ ram s ,  1:31 I 
t r an sg cn ic  tech n o lo g ic s ,  1 :3 0 7 -3 0 8  

Biotic succcssion, wildlifc, 4:538-539  
B io tin ,  r c q u í r e m e n ts  fo r  n o n r u in ĩn a n t s ,  1:97
1,5 - B ip h o s p h a t c  ca rb o x y la se  o x y g c n as c  

m o d i í i c a t io n  tor e n h a n c c d  c o ,  t ìxa t ion ,  3:211  
ro k '  in c ,  c a rb o n  r e d u c t io n  cyclc,  3 :1 9 2 -1 9 3  
ro lc  in p h o to sy n th cs is ,  3 :100  

B ire ír in iỊcnce  e n d - p o in t  t c m p e n n u r e .  ricc í ìour ,  3:617, 
3 :619

l ỉ i su lh te  ion.  a n t i - c n z y m a t ic  b r o w n i n n  addit ivc ,
2:245

l ỉ i t in g  flies, diseases sp rcad  by ,  2 :658  
B ix in ,  fo o d  c o lo ran t ,  2 :230 
BLickbcrrics

cn l tu rc  and m a n a g e m e n t ,  1 :2 7 5 -2 7 8  
harvcsting and postharvcst ca re, 1:277-278 
m o rp l io lo i Ịy ,  1:274 
pcsts ,  1 :2 7 8 -2 7 9  
priming, 1:276-277 
trcllis systcms, 1:277 
typcs ,  1:275 

l ỉ la ck -b lack  tca, 4:285 
B lack  b o d y ,  de t ìncd ,  3:52 
Black fly, damasỊC to  l ivcs tock ,  2 :6 6 3 -6 6 4  
B lack  letỊ 

colcs, 1:333 
potato, 3:426 
tobacco, 4:330 

B lack l inc  discasc, w a ln u ts ,  2 :16  
Black ro o t  rot n e m a to d c ,  to b ac co ,  4:330 
Black rot. colcs, 1:332 
Black satỊebrush  

tbraiỊc  value.  3:582 
P inc  Vallcy R idge ,  3 :582 

Black siiỊatoka discasc, 1 :2 2 6 -2 2 7  
B lack  sp o t  discasc, c it rus ,  1 :3 6 4 -3 6 5  
Black tca 

c o lo r  basis,  4:287 
Hiivor c o m p o u n d s ,  4:287 
n ia n u ta c tu r in í Ị  process ,  4:2K4 
tastc.  c licm ica l  basis.  4:2X6-2K7

Blanchiniĩ  
app lica t ions  in to o đ  in d u s t ry ,  2:383 
vegctables ,  2 :2 3 2 -2 3 3  

Blast, ricc resistancc to, 3 :6 1 2 -6 1 3 ,  3:í)15 
BlcachiniỊ,  co t to n  tahrics ,  1:522 
Blcaching, w o o l ,  4:589 
B lẹạch ing  hcrbic idcs,  2 :50()-507 
B light,  c itrus.  1:367 
Dlistcr staiỊC, co rn .  1:446 
B loat,  ru m in a n t .  1:125 
B lood ,  b y - p r o d u c t s  de r iv ed  t ro n i ,  1:73 
B lo o d —tcstis barric r ,  1:157 
B loom in tỊ ,  bccí,  3:19 
B lo w  1111)1 d 1111* 

co n v cn t io n a l ,  2:338 
c x tru s io n ,  2:338 
in jcc tion  strc tch ,  2:338 

B luc  b ab y  discasc, 4:148 
B lucbcrrics ,  seẹ also Bcrrics 

charactcris tics ,  1:280 
c u ltu re  and  im n a i Ị c m e n t ,  1 :2 8 0 -2 8 3  
discascs, 1:279, 1:285 
harvest in i ; ,  1:283 
h is to ry ,  1:280 
m o rp h o lo i Ịy ,  1:281 
pcsts, 1:284 
p ru n in g ,  1:283 

B lu cb u n c h  wlicatt»rass
gcnctic  in tro iỊrcssion , 3 :5 3 1 -5 3 2  
N ev v H y  a i l t iv a r ,  3 :5 3 1 -5 3 2  

Lỉlue g ram u  íỊrass. 4:416, sec lìlso T u r tg ra sse s  
Bluc g rccn  aliỊac, n i tro g c n  t ìxa t ion  by, 4:128 
Boardint* stablcs, c c o n o m ics  o t ,  2 :529 
B o a rd  o f  A íỊr icu l tu re  a n d  R cne\vab le  R csourccs ,  

2 :5 8 1 -5 8 2  
B o d y  tem p c ra tu re ,  inscct, 2:564 
B o i l in g ,  w o r t ,  1:321
B oiling  p o in t  c lcvation ,  calcula tion , 2:384
13oltzmann t r a n s tb rm a t io n ,  fo r  u n sa tu ra ted  f low, 4 :159
H om hyx m ori, sec Silkvvorm
B o n d in g  b ch av ío r ,  1:183
Bonc,  b y - p r o d u c t s  de r iv cd  t ro  111, 1:73
Boophilns  t icks, 2 :6 5 8 -6 5 9 ,  2:666
B o rd c au x  m ix tu rc s  (tuniỊÍcides), 2:446
B o rd c r  i r r iga t ion  sys tem s,  2:602
B o ro n

to r in  taken  u p  b y  p lants,  4:95 
re q u irc m e n ts  for  p c a n u t  crops,  3 :149 

B o ro n  de í ic iency  
p lant ,  s y m p t o m s ,  4:95 
in soils, testinẹ; for. 4 :1 4 7 -1 4 8  

Uocanical g a rd cn s ,  ecological pcrspcc t ive ,  3:272 
B otan ica l  n o m cn c la tu re ,  In terna tiona l  C o d c  of, 3:560 
B o trytìi b u n c h  rot

đam aí ỉc  to  lỊrapes. 4:452 
\vatcr  availabi li tv  etĩects,  4:451



B o tu lism ,  see íilso C lo ỉ t r id iu m  botuliimm  
histo ry ,  2 :3 2 2 -3 2 3  
n cu ro to x in s ,  2:323 

B oundarics
in energ y  analysis,  2:65 
species, 2:116 

B o w c n  ra tio
calculation, 3:60
to r  e v apo transp ira t ion  m easu rem en t ,  2:593 

B o y  Scouts ot A m erica ,  a ẹr icu ltu ra l  educa tion  p ro g ram s ,  
2 :2 5 -2 6

B ozoisky-se lec t  cult ivar (Russian  vvildrye), 3:530 
B radyrh izob ium  bactcria 

n i tro g en  í ixa t ion ,  4:130 
soybean  n i tro g c n  t ìxat ion , 4:196 

B ram bles ,  see also Berrics 
characteristics, 1 :272-275  
cu ltu re  and m a n a g cm e n t ,  1 :275-278  
diseascs, 1:279 
g r o w th  habit ,  1 :272-275  
harves t ing  and p os tha rves t  care, 1 :2 7 7 -2 7 8  
h is to ry ,  1 :271-272  
p ru n in g ,  1 :2 7 6 -2 7 7  
trcllis sys tem s,  1:277 

B ran ,  wheat ,  industr ia l  uses, 4:535 
Brassica sp.

catiola, 1 :3 2 9 -3 3 0  
genctic  e n h an cem en t,  3 :290-291 
rape, 1 :3 2 9 -3 3 0  

B readm akin tr
b io ch em is try ,  2:260 
ingredients ,  4 :530-531 
p ro d u c t io n  c o m p o n c n ts ,  4:529 
s t ro n g  vs. w cak  Hours for, 4 :5 2 9 -5 3 0  
w hcat  p ro tc in  changcs durinẹ;, 2:260 

Brcads,  see also Bakcd goods  
packag ing ,  2:332 
rice flour, 3 :6 2 1 -6 2 2  
so rg h u m -d c r iv c d ,  4 :1 7 6 -1 7 7  
w hcat  Aours used in, 4 :5 2 9 -5 3 0  

B re a k th ro u g h  curves,  for  io n -ex ch an g c  m odels ,  4:68 
BrccdintỊ,  see A n im al  breed ing ;  Plant b rccd in ẹ  
Breeds

bcet cattlc, 1:256, 1:259 
chickcns, 3:443 
da iry  cattlc, U .S . ,  1:57 
pou l try ,  3:443 
rabbits,  3 :4 8 1 -4 8 2  
svvinc, 4 :2 5 8 -2 5 9  
tu rkcvs ,  3:443 

B rc t to n  W o o d s  C o n v e n t io n s ,  3:4 
Brevicorym ' bniisiciU', d a m a g c  to cole causcd by.

1:334
Brevvini?

adjuncts,  1 :318-1 :319  
barlcy usaiỊC, 1:248

tc rm cn ta t io n ,  1 :3 2 2 -1 :3 2 4  
Aavor cv a lua t ion ,  1:325 
hops for, 1:319 
lautering ,  1 :320-321  
m alteđ  b a r ley  tor ,  1 :3 1 7 -3 1 8  
malt  p rcp ro cess in ^ ,  1:319 
m ash ing ,  1 :3 1 9 -3 2 0  
n n c r o b io lo g y  of, 1 :3 2 5 -3 2 6  
p ack a g in ^  opcra t ions ,  1:323 
pas teur íza t ion ,  1 :3 2 3 -3 2 4  
storagc, 1:323 
w a ter  for, 1 :3 1 5 -3 1 6  
w o r t  m a n u ta c tu re ,  1 :3 1 9 -3 2 1  
ycasts. 1 :3 2 1 -3 2 2  

B r igh t  heli i m ic ro sc o p y ,  tech n iq u es ,  3:226 
British W o o l  M a rk c t in g  B o a rd ,  4:584 
Broilcrs

brcedintỊ s tock ,  3:444 
in d u s try ,  3:444 
n u t r i t io n ,  3:447 

B ro m o x y n i l
chem ical  s t ruc tu rc ,  2:505 
m e c h an ism  ot action ,  2 :5 0 5 - 5 0 6  

B ro o d in g  b eh av io r ,  p o u l t r y ,  3:450 
H ro w n in g ,  n o n e n z y m a t ic  (M ailla rd  reaction),  2 :2 3 2 -2 3 3  
B ro w n  p lan t  h o p p e r ,  ricc rcsis tancc to, 3 :612-613 ,

3:615
Brovvn r o o t  ro t  n e m a to d e ,  to b acco ,  4:330 
B r o w n  s te in  rot,  so y b ean ,  4:187 
H ro w se  valuc, r a n g e lan d  p lants ,  3:572 
B ru sh  co n tro l

c o n tro l led  b u rn s .  3:545 
on  raii iỊclands, 3:545, 3:556 

Brusscl sp ro u ts
characteris tics ,  1:329 
diseascs of, 1 :3 3 2 -3 3 3  
insccc d a m a g e  to, 1 :3 3 3 -3 3 4  

Buddina;, p ropa íỊa t ion  t cc h n iq u es ,  3:352 
B uds,  d o r m a n c y ,  1 :5 9 9 -6 0 5  
Butĩa lo  

draft ,  see D ra í t  an im als  
vvorld m ca t  p ro d u c t io n ,  1 :2 5 3 -2 5 4  

B ut ta lo  tỊnats, d a m a g e  to  l ives tock ,  2 :6 6 3 -6 6 4  
ButYaloíỊrass, see also Turfạ;rasses 

charactcris tics ,  4:416 
B u t ĩe n n i Ị ,  soils, 4 :3 3 - 3 4 ,  4:137 
B u i ld in ẹ  m atcria ls ,  ío r  an im a l  h o u s in g ,  4 :2 0 4 -2 0 6  
Bulbs,  p lant

p seu d o b u lb s ,  3:351 
scpara t ion ,  to r  p ro p a g a t io n .  3:351 

Bulk brccdiníỊ  m c th o d  
sc lf-po ll inated  c rops ,  1:540 
\vheat,  4:519

B ulk  coctVicicnt m c th o d ,  fo r  flux m ea su rc m e n t ,  3:60 
Bullc t in  b o a rd  sys tcm s ,  1 :3 9 4 -3 9 5  
l ỉunch ,  banana ,  1 :2 1 8 -2 2 0



B u n c h g ras s  s tcp p c  c co sy s tem s  
characteris tics ,  3 :4 9 2 -4 9 3  
v eg e ta t io n ,  3 :4 9 2 —493 

B u n d le -sh ea th  cells, C 4 p lan ts ,  3:195, 3:202 
B ureau  o f  A g r ic u l tu ra l  E co n o m ics ,  2:581 
B urcau  o f  L and  M a n a g e m e n t  

ran g e lan d  c o n d i t io n ,  3:512 
ripar ian  lands  m a n a g e d  by ,  4 :5 0 1 -5 0 2  

B u r ley  to b acco ,  4:325, see also T o b a c c o  
B u rn in g ,  see also Fire 

b ru sh  c o n tro l  m e th o d ,  3:545 
effects OI1 rangeland soíls, 3:591, 3:595 
r a n g c  m a n a g c m e n t  techn ique ,  3 :545 
in s i lv icu l tu re  o p e ra t io n s ,  4:20 
fo r  w e c d  m a n a g e m e n t ,  4 :488 

B u s i n g e r - D y e r  f o rm u la ,  3:57 
B u t te r ,  see also D a i ry  P roduc ts  

c o n s u m p t i o n  p e r  capita,  w o r ld w id e ,  1:563 
m a n u ta c tu re ,  1 :5 6 9 -5 7 0  
p ack a g in g ,  2:331 
spoilage,  2:321 

B u t te r n u t  canker ,  in vvalnuts, 2 :16  
B u ty la tcd  h y d r o x y a n i s o le  (B H A )  

a n tio x id a n t  p ro p e r t ie s ,  2 :344 
s t ru c tu rc ,  2 :344 

B u ty la tcd  h y d r o x y t o lu e n e  ( B H T )  
a n tio x id a n t  p ro p e r t ie s ,  2 :344 
s t ru c tu re ,  2 :344 

B u y s—Ballots law ,  3:47 
B y - p r o d u c ts ,  f r o m  an im al  s la u g h te r  

classification, 1:66 
dcfined ,  1:65 
cd íb le ,  1 :66 -71  
inedible ,  1:68, 1 :7 1 - 7 3  
m ed ic ina ls ,  1 :68—69, 1:73 
p h a rm a ce u t ic a ls ,  1 :6 8 -6 9 ,  1:73 
sausage  cas ings ,  1 :70 -71  
variety mcats, 1:67-70

c
C a b b a g e

characteris tics ,  1 :3 2 7 -3 2 8  
C h in csc ,  see C h in es e  cabbage  
diseascs of ,  1 :3 3 2 -3 3 3  
insec t  d a m a g e  to ,  1 :3 3 3 -3 3 4  
n o in e n c la tu r e  for, 1:327 
ty p es ,  1 :3 2 7 -3 2 8  

C a b b a g e  m a g g o t ,  1:334
C a b in c t  d ry c rs ,  fo r  í o o d  đ e h y d ra t io n ,  2 :2 8 8 -2 8 9  
C a b r e e  cu lt iv a r  (R ussian  w ild ry e) ,  3:530 
C a d m i u m ,  soil c o n ce n tra t io n  of,  4 :134  
C affe ine ,  in tea, 4 :285
C a h a b a  W h itc  V e tch ,  nem a t ic ida l  resistance,  3:94 
C a k e s

b a t te rs ,  4 :532  
e x t r u d e d  rice, 3 :634

h ig h - ra t iõ ,  4 :532 
pack ag in g ,  2:332 
rice flour,  3:622 
rice snack  toods ,  3 :6 3 3 -6 3 4  
w h e a t  flour, 4:532 

C a lc iu m
b lo o d ,  1:114
fo rm  tak en  u p  b y  plants,  4:95 
func tions ,  1:114 
leaching, 4:35 
n e rv e  co n tro l  by ,  1:114 
o r c h a r d  re q u ire m e n ts ,  3:115 
re q u i r e m e n ts  fo r  n o n r u m in a n t s ,  1:95 
re q u i r e m e n ts  for  p c a n u t  c rops,  3:149 

C a lc iu m  dcfic iency 
in an im als ,  1:114 
diseases, h u m a n ,  3:65 
in h u m a n s ,  3:65 
in n o n r u m in a n t s ,  1:95 
in p lan ts ,  4:95 

C a lc iu m  p a n to th c n a te
dertc iency s y m p t o m s ,  in an im als ,  1 :1 2 2  
fu n c tio n s ,  1 :1 2 2  

C a l f h u t c h e s ,  4 :209 
C a li tb rn ia ,  State  o f

A g r ic u l tu ra l  L ab o r  R e la t ions  A ct,  2 :6 2 9 -6 3 0  
farm  lab o r  ío rce  c o m p o s i t io n ,  2:632 
P ro p o s i t io n  13, 2:650 

C a l i tb rn ia  C h a p a r ra l  P ro v in ce  scrubs,  3:576 
Ca llu s  cells, cu l tu r in g ,  3 :3 7 7 -3 7 8  
C a lv in  cycle, in plants ,  3 :2 0 2 -2 0 3 ,  3 :3 3 9 -3 4 0  
C a m p h o r ,  s t ru c tu re ,  2:239 
C A M  plan ts ,  C O i  f ixa t ion  in, 3 :2 0 3 -2 0 4  
Cam pylobacter jc ju n i 

g as tro cn tc r i t is  caused  by, 2:324 
in m ilk ,  1:561, 2 :324 

C a n a d a - U . s .  T r a d e  A g re e m e n t  
effects o n  U .S .  fa rm s ,  4:441 
princip les ,  4 :2 6 8 -2 6 9  

C a n ce r ,  h u m a n
d ie ta ry  aspects,  2 :149 
m e c h a n i sm ,  2 :150 
risk factors,  2 :1 4 9 -1 5 0  
rolc o f  d ie ta ry  fat and  cho lestero l ,  2 :150 

C a n d y ,  pack ag in g ,  2:332 
C ane ,  de f incd ,  1:265 
C a n n a ,  s t ru c tu ra l  charactcris tics ,  3:639 
C a n n in g ,  ío o d s  

aseptic  Processing, 4 :3 0 5 -3 0 6  
d c fm ed ,  4:304 
d c v e lo p m c n ts  in, 4:311 
F  va lues ,  4 :3 0 9 -3 1 0  
hcat p cn e t ra t io n  tests ,  4:308, 4:31 (J 
p rocess  calcu la tions,  4 :31 0 -3 1 1  
re to r t  P rocess ing ,  4 :3 0 4 -3 0 5  
rice, 3 :6 2 7 -6 2 8



Canninẹ;, foods  (continucd)
therm al  death  t in ie  curve,  4:309 
thern ia l  inac t iva tion  kinetics, 4 :3 0 8 -3 0 9  
t im e - tc m p e ra tu re  rcq u ircm en ts ,  4 :3 0 8 -3 0 9  

C an o la  oil, 1:298, 1:330 
C a n o p y ,  p lant

m clo n ,  ciTects on  sucrose  m e ta b o l i sm ,  3:36 
m ic ro c l im a te ,  3 :60-61  
n u t r ie n t  cycl ing  th ro u g h ,  2:424 
rain  ío res t ,  4 :4 0 6 -4 0 7  

C ans ,  m eta l,  fabricat ion  m ateria ls  and processes, 
2 :3 3 3 -3 3 4  

C a n t i lev e r - ty p e  p lan t in g  sys tem ,  3:142 
Gapac i ta t ion ,  sp e rm ato zo a ,  1:174 
C apil lary  f low 

de íìned ,  2 :364
in solid t o o đ  matcrials ,  2:364 

Capra  liirưs, SCI' G o a t  p ro đ u c t io n  
Capsa ic in ,  s t ru c tu rc ,  2:239 
C a p ta n ,  fu n g i tox ic i ty ,  2 :4 4 7 -4 4 8  
C a rb a m a te  rcsponsc ,  3:89 
C a r b a m a tc - ty p c  nem atic iđes,  3:89 
C a rb o fu ra n ,  nematic ida l  p ropert ies ,  3:93 
C a r b o h y d r a t e  co n ten t  

eggs,  2:43 
ton ia toes ,  4:338 
var ious toods ,  2 :2 7 6 -2 7 7  

C a rb o h y d ra tc s
a b n o rm a l  m e ta b o l i sm ,  1 : 1 1 1  
b io ch e m is t ry ,  2 :2 1 9 -2 3 0  
b iocn g in ccrcd  plants, safcty of, 3:216 
catabo lism , 1 : 1 1 0 -1 1 1  
Chemical rcac tio n s durinu; to o d  proccssin iỊ 

and storaiỊC, 2 :2 6 8 -2 6 9  
co n v crs io n  to  anin ia l  b o d y  fat, 1 :1 1 2  
digestion ,  1 :1 1 0  
íunctions, 1:110
as industr ia l  r a w  matcria l,  1 :2 9 6 -2 9 7  
m cta b o l i sm  in plants,  3 :2 0 4 -2 0 5  
m onosacchar ides ,  2:221  -2 2 2  
oligosaccarides .  2:222  
polysaccharides,  2 :2 2 2 -2 2 3  
reservcs in ío rage  c rops.  2 :410-411  
sin ip le  sugars ,  2 :2 2 1 -2 2 2  
typcs, 1 :1 1 0
util iza t ion  b v  ru m in a n ts ,  1:129 

C a rb o h y d ra te s ,  d ie ta ry  
bchav io ra l  ctTects, 1:342 
and  card iovascu la r  diseasc. 1 :340-341 
and  diabctcs,  1:341 
as cncriỊy  sourcc ,  1 :33 7 -3 3 8  
fiber in, 1 :3 4 3 -3 4 4  
g lyccm ic  index ,  1:341 
and l iypog lycem ia ,  1 :342-343  
m e tab o lism -re la ted  discases. 1:338 
and  obcsi ty ,  1 :34 1 -3 4 2

C a r b o n
to r m  takcn  u p  by  p lan ts ,  4:95 
m e ta b o l i sm  in C 4 p h o to rc s p i r a t io n ,  3 :2 0 3 - 2 0 4  
o x id a t io n  cycle  in C-) p h o to rc s p i r a t io n ,  3 :193 
red u c t io n  cyclc in C 3 p h o to sy n th cs is ,  3 :1 9 2 -1 9 3  

C a r b o n  b isu lh d c ,  n cm a t ic id a l  p ro p c rt ie s ,  3 : 9 1 - 3 :9 3  
C a r b o n  datine;, d o n ic s t ic a ted  p lan ts ,  2:119 
C a r b o n  d io x id e

a n tim ic ro b ia l  act ions,  2:354 
co n ce n tra t io n s  fo r  c ro p  s to ragc ,  2:484 
e n r ic h m c n t  to r  t o m a t o  cu lt iva t ion ,  4 :3 4 5 -3 4 6  
in te rg ran u la r ,  in s t o r c d  e;rains, 2:483 
soi! m ic ro b e - re la ted ,  m e a s u re m e n t ,  4 :123 

C a r b o n  d iox ídc ,  a tm o sp h c r ic
C-. p h o t o r c s p i r a to r y  ca rb o n  o x id a t io n  cycle, 3:193 
c ,  p h o to s y n th c t i c  c a rb o n  re d u c t io n  cyclc, 3 :1 9 2 -1 9 3  
C 4 p h o t o r e s p i r a to r y  ca rb o n  m c ta b o l i sm ,  3 :2 0 3 -2 0 4  
C 4 p h o to s y n th c t i c  c a rb o n  m e ta b o l i sm ,  3 :1 9 3 -1 9 5  
increases in, 3:40, 3 :42  
soil acid i íìca t ion  cau scđ  by. 4:31 

C a r b o n  d io x id e  í ix a t io n  
C A M  plants ,  3 :340
e n h a n c e m e n t  w i th  gcnctica lly  m o d i í i e d  R u b isco ,  3:211 
p ineapplc .  3 :340 
suirarcanc. 4 : 2 2 8 - 2 2 9  

C a r b o n  disul tìdc ,  n em a t ic id a l  p ro p e rt ie s ,  3 :91—92 
C a rb o n iz a t io n ,  w o o l  tabrics ,  4 :589 
C a r b o n  m e ta b o l i sm ,  in C 4 p h o to sy n th es is ,  3 :1 9 3 -1 9 5  
C a r b o n  red u c t io n  cyclc  

c ,  plants, 3:192-193 
ch lo rop las t ,  3:191 
m cc h an ism ,  3 :1 9 2 -1 9 3  

C a r b o x in i id c  funi;ic ides 
m c c h a n ism  o f  act ion ,  2:448 
ta rg c t  site, 2 :449 
uses, 2:449 

'C a rcinogenic ity  
aAatoxins, 2:400 
to o d  addit ives ,  2:401 
í u n g iđ d e s ,  2 :4 5 2 -4 5 3  
m c th o d s  in fo o d  to x ic o lo g y ,  2:398 

C a r d in g  m ach inc ,  c o t to n ,  1:516 
C á rd io v a sc u la r  disease 

a n tiox idan ts ,  2 :149 
dcsc rip t ion ,  2:146
and d ic ta ry  c . i rb o h y d ra tcs ,  1 :34 0 -3 4 1  
d ie ta ry  tat  an d  ch o le s tc ro l  r e c o m m e n d a t io n s ,  

2 :1 4 8 -1 4 9  
d ru g  therapv ,  2:149 
m ec h an ism s ,  2 :1 4 1 - 1 4 2  
ni ineral  de t ìc icn cy -re la teđ ,  3:66 
risk tac tors .  2 :1 4 6 - 1 4 7  

C a r ib o u ,  011 U .S .  ra n g c lan d s ,  3:498 
Ctiricữ papaya, sec 1’apaya
C ario iỊen ic ity .  d ic ta ry  c a r b o h y d ra tc s .  1 :3 3 9 -3 4 0  
Cim ieạ iea  tỊÌỊiinreii ( s a g u a ro  cactus) ,  3:572



/3-C’arotenc
as to o d  co lo ran t .  2:230 
tuncrion ,  2 :230-231  
st ruc tu rc ,  2:220. 2 :230-231  
svnthcsis,  2:230 

C a ro tc n o id s
b io ch em is try ,  2 :2 1 8 -2 1 9  
biosyn thes is  inh ib ito rs ,  2 :5 0 6 -5 0 7 ,  4:490 
food  co loran ts ,  2:230 
ío rm s ,  3:189
íunct ion ,  2 :2 3 0 -2 3 1 ,  3 :2 0 7 -2 0 8  
s t ruc tu re ,  2 :2 3 0 -2 3 1 ,  3 :2 0 7 -2 0 8  
syn thesis ,  2:230 

C a ro tcn o s is ,  2:230 
C a rp c t ,  w o o l ,  4 :5 8 7 -5 8 8  
CarpctsỊrass,  2:101, 4:417, sec also T u r íg ra s s e s  
C a r rag c en a n ,  b io ch e m is t ry ,  2 :2 2 6 -2 2 8  
C a r ro ts

rangc  o f  p ro d u c t io n ,  3:643 
s t ruc tu ra l  characteris tics ,  3:639 
tablc  o f  p r im a r y  m fo r rn a t io n .  3 :638 

C a r to n s ,  paperbo . ird ,  2:333 
c .arya cdthaycnsií ,  sec C h i n c s c  h i c k o r y  
Cciry (1 illinoineiìsis, see P e c a n  
C ase ins

b io ch e m is try ,  2:258 
de í incđ ,  2:639 
n iạ jo r  typcs ,  2:639 

C a sh g o ra  
de t ìncd ,  2:462
w o r ld  p ro d u c t io n ,  2:460, 2:462 

C a sh n ic rc
characteris tics ,  2:461 
p r o d u c t io n  ccntcrs ,  2 :4 6 1 -4 6 2  

CasiníỊ,  natural,  to r  sausasỊC, 1 :70-71  
Cassava

cyanoiỊen ic  (*lucosides in, 3:645 
ran g c  of p ro d u c t io n ,  3:643 
s ta rch ,  3:645
s tru c tu ra l  charactcris tics ,  3:639 
tablc  o f  p r im a r y  in fo rm a t io n ,  3 :638 

C assava  m ea ly  b u g ,  1:412, 3:159 
C a ta b o l is m ,  c a rb o b v d ra tc s ,  1 :110—111 
C a tech in s ,  in tca, 4:286
C a tccho lam it ic s ,  in anim al rc p ro d u c t io n ,  1:145 
C a t i o n  e x c h a n i íc ,  see aỉso So i ls ,  s o l u t c  r e t e n t i o n  

capac i ty  of soils, 4:68, 4:145 
in d a y ,  4:69 
se lectivities, 4 :6 8 -6 9  

C a t io n ic  sur íac tan ts ,  fu ng i tox ic i ty ,  2 :448 
C a ts

co m  m o n  discases, 1:84 
in ỉcc tious  diseascs, 1 :7 7 -8 2  
no n in tc c t io u s  discases, 1:76 

C a tt lc
b cc t '  c o n s u t n e r  p r o d u c t s ,  see Bcc t’ c a t t lc

c m b r y o  t r .m stcr  techn iques ,  E m b r v o  trans te r  
t ree m a r t in ism ,  1:177 
se i io m c  niaps, 1:54 
in tec tious discascs, 1 :7 7 -8 2  
inscct đamaiỊC to, SCI' Pcsts,  livestock 
no n in tc c t io u s  diseases, 1:76 
raiiiỊC sui tabil ity ,  3 :540-541  
scx p rcd e tc rn i in a t io n ,  1:3(17 

C a t t lc  n ru b  ( Hypodcntid  spp .) ,  dam.itỊc causcd bv, 2:658,
2:664

C a t t l c  sc ab  m í t c  (P ĩo r o p la  hoưii),  l i te  cyc le ,  2 :6 6 6  
C au li f lo w er

characteris tics .  1 :3 2 8 -3 2 9  
điscases of, 1 :3 3 2 -3 3 3  
inscct đamaoỊC to, 1:333-334 
typcs,  1 :3 2 8 -3 2 9  

C avit ies ,  dcn ta l ,  see Dcnta l  carics 
C e c u m ,  untỊiilatc,  3:540 
C e lc ry ,  hie;h-psoralcn, 3:218 
C e lc ry  ro o t ,  raníỊc of p ro d u c t io n ,  3:643 
C d ú i c  discasc, 2:402 
Ccllu losc

b io ch c m is try ,  2:223, 2:225 
b iosvnthes is ,  3:205 
b iosyn thes is  inh ib i to rs ,  2:509, 4:490 
s t r u â n  re, 2:223, 2:225 

C e ll  vvall, p lant
ccllulosc b io ch cn i is try ,  2:223, 2:225 
charactcris tics ,  3:200 
d ing ram  of, 3:201 
p a t te rn in g ,  and c ro p  u til i ty ,  3:256 
p a t tc rn in g ,  m ic ro tu b u le  rolc, 3:250 

C E N E T  System, 1:394 
C c n su s ,  see also Statist ical m c th o d s  

crop ,  1 :3 6 -3 7  
C c n tc r  for In terna t iona l  A gricu ltu ra l  Research 

(Australia), 2:583. 2:585 
C c n tc r  for In te rna tiona l  C o o p e ra t io n  in A tỊ ro n o m ic  

Research (Francc),  2 :5 8 5 -5 8 6  
C c n te r  for  In te rna t iona l  Forcs t ry  Rescarch , 1:409, 4:617 
C cn tim o rụ ;an  (cM) unit ,  dc tincd ,  3:276 
Cciuipedca;rass ,  2:101, 4:417, Si'í also T u r tg ra ssc s  
C e n tra l  leadcr p lan t in g  sys tcm , 3 :1 3 8 -1 3 9  
C e n tra l  U ta h  Prọịect ,  4:467
C e n t r o  In te rn a đ o n a l  dc A gr icu ltu ra  T ro p ica l ,  1:405,

4:399, 4:617, 1:408, 4:399, 4:617 
C e n t r o  In ternacional  dc la Papa, 1:406, 1:408, 2:126,

4:617
C e n t r o  In ternacional  dc M ẹ ịo ra m ic n to  dc  Maíz y 

T n g o ,  1:404, 1:408, 2:126, 3:299, 3:312, 4:165,
4:617

C e n i r o c y i í i ỉ  I il in i funt;us, 4:299 
Ccrcospora heticola lea tspot .  suựarbeet ,  4:221 
Ccrcospora k ik itc lù i, soybcan  resistance, 4 :1 8 7 -1 8 8  
Cerca ls

arcas of oriiỊÍn, 2 :12 0



Ccrcals  ịcontinued) 
industr ia l  uscs,  4:535 
ir radia t ion ,  2:297, 2 :300-301  
packaging ,  2 :3 3 1 -3 3 2  
rice, b reak ías t ,  3:631 
so rg h u m ,  b rcak ías t ,  4:178 

C E R E S - M a iz c  c rop  s im ula t ion  m odel ,  2:616 
C e r ta in ty  a ssu m p t io n ,  in lincar p r o g r a m m in g ,  3 :478—479 
C erv ix ,  a n a to m v ,  1 :1 6 2 -1 6 3
C es ium -137 ,  radionuclídes,  for food írradiat ion ,  2:294 
C es to d e  infections,  3:448
C G IA R ,  see ConsLiltativc G r o u p  OI1 In terna tional  

A gr icu ltu ra l  Research 
C h an n c l  c u tt ing ,  in rangeland  watersheds ,  3:601 
C harcoa l  rot,  in tobacco, 4:330 
C h av ar ,  3:641 
Chccsc  

b iochcrn is try ,  2 :2 5 8 -2 6 0  
c o n su m p t io n  pc.*r capita, w o r ld w id f ,  1:563 
curds, 1 :568-569 ,  2:259 
m a n u fa c tu rm g  processes, 1 :568-569  
rcnnet  usc, 2:259 
spoilagc, 2:321 
varietics,  1:568 

C h em ica l  cycling, in forcst ccosystcm s,  2 :4 2 3 -4 2 5  
C hem ica l  í ĩxa t ion ,  for c lectron  m ic ro sco p y ,  3 :2 3 5 -2 3 6  
C h em ica l  o x y g c n  d c m a n d ,  animal vvaste, 1:189, 1:191 
C hem ica l  potcntia l ,  foođ,  2:382 
C hem ica l  prcscrva tives,  use on  s to red  grain,  2:484 
C h em ica l  p ro tcc tan ts ,  against O 3 and  S O ị  1:34 
C hem ica ls ,  industr ia l ,  st'e Industrìal  chemicals 
C h c m o a u to r ro p h s  

bacteria, 3 :1 0 1 -1 0 2  
sulfur ox ida t ion ,  4:127 

C h c m o d en i tr i f ic a t io n ,  3:102 
Chcrcl le  wilt,  cocoa. 1:384 
C h c s tn u t  b l ig h t  discasc, 4:295
C.hcwings ícscuc, characteristics, 4 :4 1 4 -4 1 5  
Chevving tobacco ,  m anufac tu rc ,  4:335 
C h ic k e n s , SCI’ aìío B ro ile rs ; E g g  p ro d u ctio n ; P o u ltry  

brccd ing  p ro g ran is ,  1:55 
breeds,  3:443
dictary n n t r ie n t  rcqu ircm en ts ,  1:98 
diet exam plcs ,  1:105 
digcstivc  sys tem , a n a to m y ,  1 :8 9 -9 0  
d igcs tivc  System, p h y s io logy ,  1:92 
tceds, 3 :4 4 7 -4 4 8
heritablc  c co n o m ic  traits,  1 :5 4 -5 5  
laycrs,  nu tr i t ion ,  3:447 
n ianurc  cttccts 011 soil p ropcrt ics ,  4:113 

C h ih u ah u a n  D cscr t  P rov incc  shrubs ,  3:576 
C h i ld ren ,  tood  insecurc, 4 :5 9 8 -5 9 9  
ChillintỊ

d c c id u o u s  í r u i t  t rces ,  1 : 5 8 3 - 5 8 4  
h i r k o r i c s ,  2 :6
im m ers io n ,  o t  po u l trv ,  3:437

injurics to  citrus fruits ,  1 :3 7 3 -3 7 4  
pecans,  2:6 
po u l t ry ,  3:437 

C h in a ,  e c o n o m ic  r e íb rm s ,  3:9 
C h in ese  cabbage

diseases of , 1 :3 3 2 -3 3 3  
ev o lu t io n ,  1:329 
insect d a m a g e  to, 1 :3 3 3 - 3 3 4  
var ia tions in, 1:329 

C h in ese  h ick o ry
clim atic  typcs su i tab le  fo r  g r o w in g ,  2:6 
diseases, 2:8
geo graph ica l  d is t r ib u t io n ,  2 : 3 - 4  
g r o w in g  season, 2:5 
insects affecting, 2 :6 -8  
m ites affcctinẹ ,  2 :6 -8  
natura l  habita t ,  2:4 
pests, 2 :6 -8
p ro d u c t io n  barriers,  2:8 
ro o t s to c k  m ateria ls ,  2:5 
salinity tolcrancc, 2:6 
sc ion cultivars .  2 :4—5 
te m p e ra tu re  e ttects, 2:5 
w a te r  re la tionships ,  2:6 

c h i p s  (food  p ro d u c t) ,  p a ck a g in g ,  2:332 
C h i t in a se -p ro đ u c in g  m ic ro b es ,  ncm a tic id a l  effccts, 3:94 
C h lo r in iu r o n - c th y l

chem ica l  s t ruc tu re ,  2:508 
m e c h an ism  o f  act ion ,  2:508 

C h lo rm a t io n
w as tew atc rs ,  4:463 
w h ea t  f lour, 4:532
w o o l  and m o h a i r  p ro d u c ts ,  4 :590-591  

c h l o r i n e
f o rm  takcn  up  by  plants ,  4:95 
fưnctions ,  1:116 
h ig h  levels,  1 : 1 16
re q u ire m e n ts  fo r  n o n r u m in a n t s ,  1:95 
tox ic i tv ,  1:116 

C h lo r in e  de tĩc iency 
in anim als ,  1:116 
in n o n r u m in a n t s ,  1:95 
in plants,  4:95 

C h lo r o p h y l l
as fo o d  p ig m e n t ,  2 :2 3 0 -2 3 1  
tb rm s ,  3:189 
íu n c t io n s ,  2 :230-231  
st ru c tu rc s ,  3:189 
syn thesis  inh ib i to rs ,  2 :5U 6-507  

C h lo ro p ic r in ,  nem at ic ida l  p ro p e rt ic s ,  3:92 
C h lo ro p la s t

charac tc riza t ion ,  3:200 
dia iỊram  of, 3:201 
clcctron  t rans tcr ,  3 :1 9 0 -1 9 2  
g c n o m c ,  3:188 
light  ab so rp t io n ,  3 :1 8 9 - 1 9 0



m o rp h o lo i íy ,  3 :1 8 7 -1 S 8  
o r ig in ,  3 :1 8 8 -1 8 9  
p ro te in  synthesis,  3 : IBS 
p r o to n  transfer,  3 :1 9 0 -1 9 2  
schcm atic ,  3:191 
s t ru c tu re ,  3 :1 8 7 -1 8 8  

C h lo ro th a lo n i l ,  fun(ỊĨtoxic ity ,  2 :4 4 7 -4 4 8  
C h o c o la t c  m an u ía c tu rc  

con ch in g ,  1 :3 8 7 -3 8 8  
c ons is tcncy  index ,  2 :372  
cLiring, 1 :3 8 6 -3 8 7  
f low  bchav ior ,  2 :372 
f lo w  diasỊram for, 1:386 
g r in d in g ,  1:387 
packaginí*.  2:332 
roastinií ,  1:387 
tem p e r in g ,  1 :3 8 7 -3 8 8  
w in n o w in g ,  1:387 

C h o le s te ro l
b io c h c m is t ry  of, 2 :219 
bioloc;icaI íu n c t io n s ,  2 : 1 4 1 - 1 4 3  
and  canccr, 2 :1 4 9 -1 5 0  
a n d  card iovascu la r  d isease,  2 :1 4 6 -1 4 9  
d cr iva tivcs ,  2:219 
and  d iabctcs,  2 :1 5 0 -1 5 1  
d ie ta ry  r e c o m m e n d a t io n s ,  2 :1 4 5 -1 4 6  
csscntia l ity  in dict,  2 :145  
a n d  im m u n e  sy s te m  d iso rd e rs ,  2:151 
and  n cu ro m u sc i i la r  d iso rd e rs ,  2 :1 5 2 -1 5 3  
an d  obesi ty ,  2:150 
an d  renal discase, 2 : 1 5 1 - 1 5 2  
risk íactors ,  2 :1 4 6 -1 5 2  
s t ru c tu re ,  2:142, 2 :219—2:220  
t ran sp o r t  and s to rag e  111 h u m a n  b o d y ,  2 :1 4 3 -1 4 5  

C h o lc s tc ro l  con tcn t  
bcef, 3:438
c o n im o n  toods .  2 :1 4 5 - 1 4 6  
p o u l t ry ,  3:438 
to m a to es ,  4:338 

C h o l in c
dc tĩc icncy  in n o n r u m in a n t s .  1:97 
r e q u i re m e n ts  for  n o n r u n ú n a n t s ,  1:97 

C h o r d o t o n a l  ore;an, insect,  2 :558  
C liorioptes hot'i, sa ' Manu;e m itc s  
c  h o r izo n ,  soi], 4:104 
C h o r le v s v o o d  process ,  1:306 
C h o r o p h y l l .  as fo o d  p ig m e n t ,  2:281 
C h o u p o n s ,  cocoa, 1:38(1 
C h r i s tm a s  trec  in d u s t ry

acivantages of growinụ; trccs, 1 :3 4 6 -3 4 7
b.iliiiií practiccs, 1 :3 5 4 -3 5 5
coloriniỊ o f  trces.  1:354
dctccts  classification, 1 :356
fc rt i l iz j t ion ,  1:351 - 3 5 2
i Ị rad in iỊ .  1:356
t»ro\vcrs, 1:346

h a rv cs t in g  practices,  1 :354-355  
m ark e t in t ' ,  1 :355—356 
pest  c o n tro l ,  1 :3 5 2 -3 5 3  
p lan ta t ions .  1 :3 4 7 -3 4 9  
shcar ine ,  1:352 
sizc of, 1:345
spccies sc lection, 1 :3 4 8 -3 4 9  
tree  p lan t in g ,  1 :3 4 9 -3 5 0  
tree q u a li ty  assessm ent,  1:354 
vveed c o n tro l ,  1:350-351 

C h r o m o p h o r e  dyes,  3:228
C h r o m o s o m a l  r e a r ra n g em en ts ,  e v o lu t io n a ry  rolc, 2:1 18 
C h r o m o s o m c  breakaíỊe, t ransposab le  e le m en t- in d u c e d ,  

4 :3 6 3 -3 6 4 ,  4:367 
C h r o m o s o m c  d o u b l in ẹ ,  intc rspccĩt ìc  h y b r id iz a t io n  o f  

rani»c grasses, 3 :532 
C h r o m o s o m c  n u m b e r ,  barlcy,  1 :2 4 1 -2 4 5  

a l lopo lyp lo ids ,  1:243 
a n eu p lo id y ,  1 :2 4 4 -2 4 5  
au to te t rap lo id s ,  1:243 
hap lo ids ,  1 :2 4 1 -2 4 3  
tr ip lo ids,  1 :2 4 3 -2 4 4  
var ia t ion ,  1 :2 4 1 -2 4 5  

C h r o m o s o m e s
atTectĩng an im al  rc p ro d u c t io n ,  1 :1 7 6 -1 7 8  
rcsci tu t ion  in sugarcane ,  4:229 
ricc spccies, 3 :608—610 

C h r o m o s o m c  s t ru c tu re ,  barley ,  1 :2 4 5 -2 4 6  
dup l ica t ions ,  1 :2 4 5 -2 4 6  
trans loca t ions ,  1:246 
va r ia tions ,  1 :2 4 5 -2 4 6  

ch ufa , 3:640
C h m ĩo  (p o ta to  varic ty),  3:429 
C I D  (C o m p u te r iz c d  I n t b r m a đ o n  D e l iv e ry  Service) 

da tabase  (U S D A ) ,  4 :426 
C ig arc t te s ,  n ian u ía c tu rc ,  4:334, sec also T o b a c c o  
C ig ars ,  see aìso T o b a c c o

n ian u fa c tu r in g  proccsses,  4:335 
to b ac co  uscd in, 4:327 

C in n a m ic  a ldehyde ,  an tim ic ro b ia l  act iv ity ,  2:353 
C ircad ian  r h v th in ,  insects, 2:565 
Circulatory systcm, inscct, 2:561, 2:564 
C ir r o c u m u lu s  c louds ,  3:46 
C i r ro s t r a tu s  c louds ,  3:46 
C i r ru s  c louds ,  3:46 
C i t r ic  acicỉ

an t im ic ro b ia l  actions,  2:348 
as to o d  Aavoring, 2 :2 4 1 -2 4 2  
s y n e r tụ sm  w i th  an tio x id an ts ,  2:345 

C i t ru s  cankcr ,  1:364
C i t ru s  ex o co r t is  v iro id  (exocort is  discasc), 1:366 
C i t ru s  tru its

bactcria l  diseascs, 1 :3 6 4 -3 6 5  
b io loẹ ica l  co n tro l  against t ru it  dccay, 1:376 
b u tan ical  r đ a t io n s ,  4:376 
b rc ed in g ,  1 :3 5 9 -3 6 0



C i tru s  í ru its  (continucd) 
chillintỊ i» juries,  1 :3 7 3 -3 7 4  
c l im atic  c o n d i t io n s  íav o ra b lc  to, 1:362 
c o m m e rc ia l  si iỊnit ìcance, 4:376 
cult ivars ,  4:376 
c u ltu rc ,  1 :360-361  
de^recn in íỊ ,  1:372 
d e te r io ra t io n ,  1 :3 7 0 -3 7 2  
d e v e lo p m c n t ,  4 :3 7 6 -3 7 7  
d is t r ib u t io n ,  1:358, 4:376 
ecological  a d ap ta t io n ,  4 :3 7 6 -3 7 7  
tu n g a l  diseases, 1 :3 6 4 -3 6 5  
í u n g iđ d e - r e s is ta n t  pa tho iỊcns ,  1:375 
fungicides ,  1:375 
g lobal  s ign iíìcance,  1:358 
grovvth,  4 :3 7 6 -3 7 7  
hcat trcatnicnts, 1:375—376 
h c sp c r id iu m  s t ru c tu re ,  1:357 
h is to ry ,  1:358 
insecc c o n tro l ,  1 :3 6 9 -3 7 0  
insccts affcc ting ,  1 :3 6 8 -3 6 9  
ju ice ,  chcm ica l  c o n ip o s i t io n ,  1:363 
liíe cyclc, 1 :% 4
m ilk w c c d  vine  b io co n t ro l  agen t ,  3:162
m is h a n d l in g  eíTccts, 1:371
m ite  co n tro l ,  1 :3 6 9 -3 7 0
m ite s  aíTecting, 1 :3 6 8 -3 6 9
n c m a to d e  infcscattons, 1 :3 6 7 -3 6 8
orig ins ,  1:358, 4:376
p a ck in g  h o u sc  t rea tm e n ts ,  1 :3 7 2 -3 7 3
p a th o g e n  rcsistance,  1:376
pccl, chem ica l  c o m p o s i t io n ,  1:363
pests,  b io log ical  C ontrols, 3:158
p o ly e m b r y o n ic  sccds, 1 :3 5 9 -3 6 0
p o s th a rv es t  ch an g es  in c o m p o s i t io n ,  1 :3 7 0 -3 7 2
p o s th a rv es t  discases, 1 :3 7 4 -3 7 6
p roccss in g ,  1 :3 7 6 -3 7 7
p ro p a g a t io n ,  1 :3 5 9 -3 6 0
q u a ran t in c  rcgu la t ions ,  1:373
resis tance to p a th o g e n s ,  1:376
ro b o t ic s  app lica t ions ,  1:398
r o o t  an d  s h o o t  grovvth,  1 :3 6 2 -3 6 3
sc ions,  1:360
sea l-packag ing ,  1 :3 7 2 -3 7 3  
soils for, 1 :360-361  
spccics,  1 :3 5 8 -3 5 9 ,  4:376 
s to rage ,  1:372, 1:374 
t a x o n o m y ,  1 :3 5 8 -3 5 9 ,  4 :376 
trcc desc r ip t io n ,  4 :3 7 6 -3 7 7  
tree  size m ain ten a n ce ,  1:36] 
uscs,  4 :3 7 6 -3 7 7
v c r teb ra te - re la te d  damatỊc ,  1:368 
vừa! discases. 1 :3 6 5 -3 6 7  
w a x in g ,  1:372, 3:417 
vveeds atYecúng, 1:368 

C i t ru s  r in g sp o t  v irus,  1:366

C i tru s  scab, 1:365 
C i t ru s  tris tl’za virus,  1:365—360 
C i t ru s  v a r ia Ị a te d  chloros is ,  1:367 
C laddiniỊ ,  c o n d u c t io n  losscs at, 2 :538 
C lassi t ìca t ion ,  see also T a x o n o n i i c  classií ication 

anim al s la u g h te r  b y - p ro d u c t s ,  1:66 
anim al social b eh av io r ,  1:44 
bananas,  1 :220—221 
chr is tm as  trce detects,  1:356 
climate,  K o p p c n  sy s tem ,  4:479 
d o r m a n c y ,  1:598 
e n zy m es ,  2:261 
fatty acids, 2:14(1 
fluid f low, 2:371
to o d s  based o n  \va te r  t r an sp o r t ,  2:364 
in tores t  ecoloe;y, 2 :432—+33 
q rccnhouses ,  4 :210—21 I 
hcrbic ides,  2 :5 0 2 -5 0 3 ,  4:490
In terna tiona l  C o d o  o f  Botanical  N o m e n c la tu re ,  3:560 
life to rm s ,  H o ld r ig c  sỵs ten i ,  3:269 
litc tb rm s ,  R a u n k iae r  sys tem ,  3:269 
m incrals ,  bioloiỊÌcal, 3 :6 4 -6 5  
m inerals ,  chcmicnl,  3 :6 3 - 6 4  
pcsticides, 3 :1 7 2 -1 7 3  
p lan t  c o m m u n i t i c s ,  3 :2 6 5 -2 6 6  
p lan t  g lobal  ccolotỊV, 3 :2 6 9 -2 7 0  
plants, R a u n k iac r  sys tcn i ,  1:610 
p o w d e r  Howability ,  2 :3 7 8 -3 7 9  
proccsscd  m cats ,  3 :2 2 - 2 3  
rangeland  plants, 3 :5 5 9 -5 6 0  
raniỊcland soils, 3 :5 9 3 -5 9 4  
s i lk w o rm ,  4 :10 
soil, SCI' Soil classít ìcation 
sugarbee t ,  4 :2 1 5 -2 1 6  
tea, 4 :2 8 2 -2 8 4  
to rn a to  r ipeness,  4:338 

Cỉavibacter michiạanense spp . ,  r in g ro t  disease, 3:426 
Clanibacter x y l i  spp.  cynodontis, (Ịcnetic en g in ce r in g ,  3 :164 
c l a y  m inerals

a m o r p h o u s  ínor t;an ic  c o m p o n c n ts ,  4:77 
c o m p o s i t io n ,  4 :7 7 - 7 8  
in tcrgratic ,  4:77 
s t ruc tu rc ,  4 :7 7 - 7 8  
table o t,  4:78 

C lays
acidity ,  4:32
cation  exchaníỊc  in, 4:69, 4:145 
in soil, m c a su rc m c n t ,  4 :1 4 2 -1 4 3  

C lean  Air  Act (1970), 1:191 
C lcan  A ir  Act (1990), 1:191 
C lcan  tillage 

đc tìned ,  4 :3 1 3 -3 1 4  
ctĩect iveness,  4:319 
teatures ,  4:314 

t : ic an  W ater  Act  (1977), 1:191 
C lean  W atcr  Act, Scction  404, 4:498, 4:500, 4:510



C k a r -cn t t i i i i ỉ
cttccts 011 h a r d u o o d  to rcs t  c o m p o s i t io n .  4 :2 97-298  
si lvicultural app licat ions ,  4:25 

Clim .ưc,  icc  iìlío  M c té ữ ro lo g y  
citrus trcc r e q u ire m c n ts ,  1:362 
for co rn  p ro d u c t io n ,  1:447 
dc to rc s ta t ion  ctYccts, 4 :4 0 9 -4 1  ! 
d ry lan d  ta rm in ^ - su i t a b lc ,  1 :6 2 6 -6 2 8  
lỊdieral c irc ii lation  n iodcls ,  4 :409—ị 1 1 
h u m id ,  d c t ìn cd .  2:612 
K oppcn  c lassit ìca tion sy s tcm ,  4:479 
ran^cland  eco sy s tem s ,  3 :5 1 8 -5 1 9  
tropical,  rain to rcs t  c o n t r ib n t io n  to, 4 :4 0 5 -4 0 7  
tropical rain torcs ts ,  T ro p ic a l  rain forcsts 

C l i n u t e  changc ,  global
and t ìo r icu l tu re  in d u s t rv ,  2 :2 0 7 -2 0 9  
and liardvvood torcsts ,  4 :3 0 1 -3 0 2  
and hcavy  m cta l  n io b i l i ty  in  soils, 4 :1 3 7 -1 3 8  
and o rc h a rd  m a n a g e m ẹ n t ,  3:128 
and w eed  m an a í Ịc m en t ,  4:494 

Cliin.it ic ad ap tab i l i ty  
hickories .  2:5 
insccts,  2 :5 6 4 -5 6 5  
pcGins, 2:5 

C linu ix  c o m in u n i ty ,  r an g c lan d ,  3 :5 0 4 -5 0 5  
C L 1M E X  Computer p r o g r a m ,  2:84 
ClogiỊÍng , i r r i^ a t io n  e m i t te rs ,  2:605 
C lo m a z o n e

chcmical s t ru c tu rc ,  2:506 
n icchan ism  o f  actioti,  2 :506 

Clon.l l to rcs try ,  2:441, .«-<■ aìsó Fo res t  trccs,  gcnetic  
improviM nent 

c lo n . i l ly  p r o p a g a tc d  crops,  sc lcction  m ct l iods ,  1:543 
c lo n i n g  

c m b ry o s ,  2:61 
mamni.i li . tn  genes,  4:355 
plastnids uscd in, 4:355 

Clo sirid iim i bữtiiliimni 
in ícc tions,  cascs rc p o r te d ,  2:323 
in tcctions,  sy n ip to m s ,  2:323
niicrobial d c a th ,  reac tiọn  ra te  c o n s tan ts  and activation 

e n e rg y  to r ,  2:389 
I icuro tox in  o f,  2:323
rad ia tion  ef'fccts, 2 :2 9 7 -2 :2 9 8  
usc o f  n i tr i tes  against,  2 :348 

c l o u d  indexiniỊ ,  t'or rainfall e s t im a t io n ,  4:476 
C lo u d s

classif ication, 3:46 
c o m p o s i t io n ,  3 :4 6 -4 7  
clìccts in h u m id  rctỊÍons, 2:612 
and toiỊ. 3:46 
to rm a t io n .  3:45 

C lu b  root .  in colcs. 1:333 
c 'oal rcscrvcs,  o n  rantỊclands. 3 :4 9 8 —199
C.'oal-tar dycs.  3:228 
Coastal  Z o n c  Acts (1972, 1W(I), 1:1 'J1

c .oa t  co lo r .  rabb it .  3 :4 8 4 —ị85 
C o b a l t

d e tìc iency  in n o n r u m in a n t s ,  1:96 
d c tìc iency  s y m p to n is ,  in anim nls ,  1:117 
tu n c t io n s ,  1:117
re q u ir e m e n ts  for n o n r u n i in a n t s ,  1:96 

C o b a l t - 6(> 
halt-l ife .  2:293
rad io n u c lid e s  to r  t o o d  i r rad ia t io n .  2 :2 9 4 -2 9 5  

C o b b lc .  đe í ìned ,  4:142 
C c c lilio in y ia  lio iìiiiiirorứ .x, scc S c r e w w o r m  
C o co a

abscis ic  acid levels, 1:380
C herc l lc  \vilt . 1:384
choco la te ,  scc C h o c o k u c  m a n u ta c tu r e
c h o u p o n s ,  1:380
criollo ,  1:379
cultivation, 1:381
ík n v e r  s t ru c tu rc ,  1:381
flush cyclcs, 1:380
to res te ro ,  1:379
h a n d  p o l l ina t ion .  1 :3 8 2 -3 8 3
j o r q u c t t c  fo rm ac ion ,  1:380
m o is tu r e  re q u irem e i i ts ,  1:380
natural pollination , 1 :3 8 1 -3 8 2
p H  ra n g e  for, 1 :380-381
p n m in t ; ,  1:381
se l t- in c o m p a t ib i l i ty ,  1 :383
shadc  re q u ire m c n ts ,  1:384
te m p c ra tu rc  r e q u i rc m e n ts ,  1:380
tissue cu ltu rc ,  1 :3 8 5 -3 8 6
trcc i>ro\vth, 1 :3 7 9 -3 8 1
tr in i tar io ,  1:379
v egcta t ive  p ro p a g a t io n ,  1 :3 8 4 -3 8 5  
vvcxđ m a n a g c m c n t ,  1:381 

C o c o a  sw o llen  s h o o t  b .idnav irus ,  3:395 
C o c o o n ,  s ilkvvorm, 4:2, 4 :6
C o d e x  G en era l  S ta n d a rd  fo r  Ir rad ia tcd  Foods ,  2:302 
C o d o n ,  o f  p lan t  r r iR N A .  3 :199  
C o t ỉc n c ra t io n  o f  c lcctr ic i ty ,  t r o m  siUỊarcanc bagasse,  

" 4 :237
C o h c s io n  th eo ry ,  o f  sap ascent ,  3 :3 3 6 -3 3 7  
C o ld  h u i ld in ^s ,  to r  anin ia l  h o u s in g ,  4:209 
C o ld  ha rd incss ,  m ic r o tu b u le  ro le  in, 3:256 
C o ld  injurics,  to p lan ts ,  3:322 
C o ld  t rea tm e n ts ,  fo r  c i t rus  q u a ran t in e s ,  1:373 
C o lc  c rops

brcedintí;. 1 :3 3 1 -3 3 2  
brocco l i ,  1:328 
brusscl sp ro u ts .  1:329 
cab h a^e ,  1 :3 2 7 -3 2 8  
C a n o la  brassicas,  1 :3 2 9 -3 3 0  
cauliHcnver, 1 :3 2 8 -3 2 9  
c h i n e s e  cabbatỊO, 1:329 
cy tos tc r i le  sv s tem ,  1:327 
disc.ises. 1 :3 3 2 -3 3 3



Colc  c rops  (coniinued) 
d ivers itv  of, 1:327 
insects of, 1 :3 3 2 -3 3 3  
kale,  1:329
rnorpho log ica l  varia tion ,  1 :327-331  
n u tr i t iona l  value, 1:331 
p ro đ u c t io n ,  1:335 
radish, 1:329 
r a p e  brassicas, 1 : 3 2 9 - 3 3 0  
rap id  cycling, 1:330-331 
seed p ro d u c t io n ,  1 :3 3 4 -3 3 5  
tu rn ip ,  1:329 
w eed y  crucifers, 1:330 

C o l i fo r in  bacteria ,  in rnilk, 1:561 
C o l lab o ra t iv c  Research  S u p p o r t  P r o g ra m ,  2:585 
C o l lagen

b io ch em is t ry ,  2 :2 5 6 -2 5 7  
co n v crs io n  to  gcla tin , 3:19 

C o l lcc t ion  sys tem s,  an im al wastc,  1 :192-195 ,
4:457

C ollec tive  ba rg a in in g  
in agribusiness ,  2:629 
in C a li ío rn ia ,  2 :6 2 9 -6 3 0  
in Havvaii, 2:630 

Colleges,  see also A gricu ltu ra l  cduca tion ;  U n ivcrs i t ic s  
lan d -g ran t ,  see L an d -g ra n t  colleges 
o ffcr ing  dcgrec  p ro g ra m s  in agricu ltu ra l  Science, 

4 :6 0 9 -6 1 6
C olliga t ivc  p ropert ics ,  o f  foods,  2 :3 8 2 -3 8 7  
Coìocasia esculenta, see T a ro  
C o lon ia l  bcn tg rass ,  charactcris tics ,  4 :4 ) 4 - 4 1 5  
C o lo r ,  see also C o a t  co lor  

d isc e rn m en t  b y  insects,  2:557 
f lowcrs,  3:207 
soil, 4:105
tea, c h e m ic a l  bas is ,  4:287 

C o lo r a d o  Plateau P rov ince  sh rubs ,  3:576 
C o lo r a d o  p o ta to  beetle, 3:161, 3:424, 3:431 
C o lo r in g ,  ch r is tm as  trees,  1:354 
C o lo s t ru m ,  íò rm a t io n ,  2:638 
C o m b e r  m ach ine ,  for  c o t to n ,  1:516 
C o m b in c d  t ra in ing  and e v en t in g  (equine),  2:528 
C o m b u s t io n ,  b io m a ss -d e r iv cd  encrgy ,  1:294 
C o m m c n sa l i s m ,  in p lant c o m m u n i t ie s ,  3:263 
C o m in o d i t y  C red i t  C o rp o ra t io n ,  1:529 
C o m m o d i t y  fu tures

characteris tics ,  3 :4 5 4 -4 5 5  
h ed g in g ,  3:454 

C o m m o d i t y  subsec to r  analysis, 3:663 
C o m m o n  agricu ltu ra l  policy  (E E C ),  4:270 

costs,  1:533
im pac t  o n  íò o d  priccs,  1:533 
objectives,  1:532
price s u p p o r t  m ech an ism ,  1 :5 3 2 -5 3 3  

C o m m o n  b errnudagrass ,  4:416, see also T urfg rasses  
C o m m o n  scab, po ta to ,  3:426

C o m m u n i c a t i o n
aẹr icu l tu ra l ,  c o m p u te r -a s s is te d ,  1 :3 9 4 -3 9 5  
an im al,  1 :4 2 -4 3  

C o m m u n i t i e s
characteris tics ,  tu rfg rasses ,  4 :416 
fo res t  e co sy s tem s,  2:431 

C o m m u n i t y  d e v e lo p m e n t ,  C o o p e ra t iv e  E x te n s io n  
Service  p ro g ra m s ,  1:429 

C o m m u n i t y  e co logy ,  p lan t  
c lassií ica tion ,  3:265 
c o m m e n sa l i sm ,  3 :263 
c o m p e t i to r s ,  3:265 
d iv e rs i ty  d e te rm in a t io n ,  3:267 
ecological  n iche,  3 :2 6 4 -2 6 5  
hab ita ts ,  3 :2 6 4 -2 6 5  
h e rb iv o ry ,  3:263 
m u tu a l i s m ,  3:263 
paras i t i sm , 3:263 
rudera ls ,  3:265 
species r ichness,  3 :267 
st rcss to le ra to rs ,  3 :265 
t r ia n g u la r  c lassif ication sc h cm c ,  3 :2 6 5 -2 6 6  

C o m p a c t io n ,  soil, d c se r t i í ic a t io n  causcd by, 
1 :5 8 9 -5 9 0

C o rn p a r tm e n ta Ị iz a t io n ,  p lan t  cells, 3 :200-201  
C o m p o s t ,  n em a t ic id a l  valuc,  3:94 
C o m p o s t in g

an im a l  w as tc ,  1:194, 4 :460 
in-vesse l,  4 :460 
sta tic  pile, 4:460 
w i n d r o w  m e th o d ,  4 :460  

C o m p o u n d  eye, insect,  2 :5 5 6 -5 5 8  
C o m p u ta t io n a l  m a th e m a t ic a l  p r o g r a m m i n g ,  in 

o p e ra t io n s  research ,  3:479 
C o m p u t e r  app lica t ions

acous t ic  m e a su re m e n ts ,  1:400
fo r  agricu ltu ra l  C o m m u n ic a t io n s ,  1 :3 9 4 -3 9 5
b io sen so rs ,  1:400
databases ,  1 :3 8 9 -3 9 2 ,  1 :394—395
d ecis ion  aids, 1 :3 9 2 -3 9 4
e lec tron ic  id en t i í ic a t io n  sys tem s ,  1 :3 9 5 -3 9 6
e x p e r t  sy s tcm s ,  1 :3 9 3 -3 9 4
feed ing  sy s tem s ,  1:395
ferti l izer  analysis,  1 :392
financial app lica t ions ,  1 :390-391
g eo t; raph ica l  i n to r m a t io n  sy s tem s ,  1:401
in te g ra te d  sy s tem s ,  1 :4 0 1 -4 0 2
in te rface  tech n o lo g ie s ,  1:394
k n o w le d g e - b a s e d  sy s tem s ,  1 :3 9 3 -3 9 4
m ac h in e  lea rn ing  sy s tem s ,  1:394
m ac h in e  v is ion ,  1 :400-401
m ilk in g  e q u ip n ie n t ,  1 :3 9 6 -4 0 0
near  i n ử a r e d  sp e c t ro sco p v ,  1:400
o b je c t -o r ie n te d  s im u la t io n  sy s tem s ,  1:394
physical  a c t iv ity  m c a su rc m e n ts ,  1:395
ph y s io lo g ica l  m e a su re m e n ts ,  1:395



r a t i o n  b a la n c in t Ị ,  1:392 
reco rd  kccpini;,  1 :3 8 9 -3 9 2  
r c m o tc  sensin t ' ,  1 :4 0 1 -4 0 2  
ro b o t ic s ,  1 :3 9 7 -4 0 0  

C o m p u t e r  te chno lo ííy ,  in p rccis ion  tarminiỊ ,  4:116 
C o n a lb u m i n ,  a n t im ic ro b ia l  act iv ity ,  2 :352—353 
C o n c e n t r a tc s

an im al  o r ig in ,  2:156 
to r  horscs ,  1:106 
p lan t  ori tỊÍn, 2:156 
P r o c e ss in g ,  2 :1 7 4 -1 7 5  
to x ic  subs tances  fo u n d  in. 2 :176 

C o n c c n t r a t i o n ,  ctTects OI1 t ìo w  b ch av io r ,  2 :3 7 2 -3 7 3  
C o n c c n t r a t i o n - ju m p  m c th o d ,  in soil ch em is try ,

4 :80
C o n c h in g ,  choco late ,  1 :3 8 7 -3 8 8  
C o n d c n s a t i o n  nuclei,  to rm a t io n ,  3:45 
C o n d e n s e d  m ilk ,  1:572 
C o n đ i m e n t s ,  t r o m  r o o t  crops,  3 :639 
C o n d u c t i o n ,  in  g reen h o u ses ,  2:535, 2 :5 3 7 -5 3 8  
C o n đ u c t i v e  hca t  f]ux, at g r o u n d  sur íace ,  3 :5 8 - 5 9  
C o n d u c t i v e  hea t in g ,  o f  so lid  foods,  2 :3 5 8 -3 5 9  
C o n d u c t iv i ty

clcctrical,  in soil, 4 :145 
vvater, d u r in g  freczing, 2:393 

C o n i íc r o u s  forcsts
ca s te rn  U .S . ,  4 :2 9 0 -2 9 4  
e co s y s tem  characteris tics ,  3:495 
E u r o p e a n ,  4:300 
ran iỊc land  sh rubs ,  3:575 
v e g e ta t io n ,  3:495 

C o n s e r v a t io n
na tu ra l  resources ,  C G I A R  focus,  1:410 
soil,  see Soil  c o n sc rv a t io n  

C o n s c r v a t io n  N e ed s  In v e n to ry  ( U S D A  Soil 
C o n s e r v a t io n  Scrvicc), 4 :505 

C o n s e r v a t io n  R eserve  P r o g r a m ,  4:511 
C o n s e r v a t i o n  tillagc 

de f jn cd ,  4 :314 
cffec tivcness,  4 :3 1 9 -3 2 0  
in u lc h  til lage, 4:57 
no - t i l lag e ,  4:315
rc d u c e d  tillage, 4 :5 7 -5 8 ,  4 :3 1 4 -3 1 5  
r i d E Ị C  ti l lagc,  4:58 
soil g u id e  to r ,  4 :5 8 - 5 9  
s tu b b lc  m u lch ,  4:314 

C o n s i s t e n c y  index ,  fluid foods ,  2 :3 7 1 -3 7 2  
C o n so l id a t i o n  stress, of p o w d e r s ,  2 :378 
C o n s u l t a t i v c  G r o u p  o n  In te rn a t io n a l  A g r icu l tu ra l  

R esearch ,  2:583, 3 :314 
ad d rcss  for ,  4:617 
characteris tics ,  1 :410-411  
c rea t io n ,  1:405 
íìnanc ia l  su p p o r t ,  1 :410
íocus  OI1 sus ta inab le  d c v c lo p m c n t  na tu ra l  resources 

1:410

k i tu rc  challcnt;cs, 1:413
In terna tiona l  A ^ r icu l tu ra l  Rescarch C en tc rs ,  1:403,

1 :405-406 ,  3:314 
orí*anizational s t ru c tu rc .  1:405 
rescarch  a llocat ions ,  1:41 1 
r o o t  and  tu b e r  c ro p  research, 3:645 
sponsors ,  1:405
T cchnica l  A d v iso ry  C o m m i t te e ,  1:41 1 

C o n s u m c r s ,  in r a n g e lan d  ccosys tcm s ,  3 :520 
C o n ta in e rs ,  see also Fo o d  packasỊÌng 

riíỊÍd, Ii ianufac turc ,  2 :3 3 7 -3 3 8  
C o n ta m in a t io n ,  food ,  sec Fo o d  m ic ro b io lo g y ;  Food  

spoilairc; San i ta rv  s tandards  
C o n t in e n ta l  drift,  and  p lan t  cvo lu t io n ,  2:118 
C o n t in u i ty ,  o f  farmine; sys tcm s,  2:130 
C o n t in u i ty  a s su m p t io n ,  in linear p ro s Ị ra m m in g ,  3:479 
C o n t in u i ty  eq u a t io n ,  and Laplacc’s c q u a t io n ,  4:158 
C o n t in u o u s  cu lt iva t ion

effects on  soil o rg a n ic  rnattcr ,  4 :9 7 -9 8 ,  4:124 
no-t i l lagc  p ro d u c t io n  sys tcm s ,  4 :9 7 -9 8  

C o n t o u r  fa rm ing ,  to r  r u n o t t  m a n a g c m e n t ,  4 :5 8 - 5 9  
C o n t r a c t  p ro d u c t io n ,  effccts o n  U .S .  t a rm  st ruc tu re ,

4 :4 3 9 -4 4 0
C o n t ro l l c d  a tm o sp h e re  storaiỊc, 2:484, 3 :4 1 5 -4 1 6 ,

4 :2 1 2 -2 1 3  
C o n t r o l l e d  b u rn s

eííects on  r a n g c lan d  soils, 3:591, 3:595 
in rangc  m a n a g e m e n t ,  3:545 

C o n t ro l l c d  d ra in ag c  ư r ig a t io n  sys tem s,  2 :6 0 6 -6 0 7  
C o n t ro l l c d  e n v i r o n m e n ts ,  st't' aìso G reen h o u scs  

for Aoriculture,  2:207 
C o n v e c t io n ,  in g reen h o u ses ,  2:535 
C o n v e c t iv c  c louds ,  3:46
C o n v c n ie n c c  s tores ,  2:309, see also F o o d  m ark e t in g  

sys tem s
C o n v e n t io n  011 B io log ical  D iv e rs i ty  (Rio:1992),  3:314 
C o n v e r s io n  cữ ìc iency ,  ecosys tem ,  3 :5 1 7 -5 1 8  
C o n v e y o r  d ry e rs ,  for  fo o d  d e h y d ra t io n ,  2:289 
C o o k ie s

p ackag ing ,  2 :332  
spread  to  th ickness  ratio, 4:531 

C o o l m g  sys tem s,  see aiso V en t i la t ion  sy s tem s  
for í Ị reenhouse  to m a to cs ,  4 :3 3 9 -3 4 2  
g re c n h o u se  to m a to es ,  4 :3 3 9 -3 4 2  

C o o p e ra t iv e  E x te n s io n  Service
ag ricu ltu ra l  c x p c r im e n t  s ta tions,  1 :9 - 1 0  
c o m m u n i ty  d e v e lo p m e n t  p r o g r a m s ,  1:429 
crea tion ,  1 :4 1 5 -4 1 6 ,  4:423 
cu r rc n t  init iatives,  1:421 
d e m o n s t r a t io n s ,  m e th o d s ,  1:417 
d e m o n s t r a t io n s ,  o n - fa rm ,  1:423 
cduca tiona l  p ro g ra m s ,  2 :2 4 -2 5  
ev a lu a t io n  proccsses ,  1:421 
Fam ily  C o m m u n i t y  E d u ca tio n ,  1 :4 2 7 -4 2 9  
4 - H  p ro iỊ ram ,  1 :4 2 4 -4 2 7  
h is to ry ,  1 :4 1 6 -4 1 7



C o o p e ra t iv e  E x tcn s io n  Service  (iotitiim a l) 
h o m c  e co n o m ics  p r o g ra m s ,  1:427—1-29 
in teg ra ted  pest m an a i Ịcm en t  p r o g ra m s ,  2:577 
in tc rag en cy  links, 1 :4 2 9 -4 3 0  
issues p r o g r a m m i n g ,  1:421 
m ass m edia ,  1:423 
m as tc r  v o lu n te e r  ap p ro ach ,  1:423 
mission of, 1:417—ị18 
objcc tivcs of , 1 :4 1 7 -4 1 8  
o rgan iza t io n  s t ru c tu re ,  1:418 
ovcrvicvv, 1:416
p ro g ra m  d c v c lo p m en t ,  1:420-421 
staffing, 1 :4 1 8 -4 2 0  
statT t ra in ing  and  d e v c lo p m e n t ,  1:420 
Stra te^ic  P lan n in g  C o u n c i l ,  1:421 
teach ing  m c th o d s ,  1 :4 2 1 -4 2 4  
verif ication  trials, 1:423 
vo lun tce rs ,  1:429
w o m e n s ’ cd uca tiona l  p ro g ram s ,  1 :427—Í29 

C o o p e ra t iv e  E x tc n s io n  Sys tem , national,  1:415 
C o o p e ra t iv e s

e c o n o m ic  th co ry ,  1 :4 3 7 -4 3 9  
eq u ity  su bsc r ip t ion ,  1 :4 3 5 -4 3 6  
h is to ry ,  1:434
vs. in v e s to r -o w n e d  firms, 1 :4 3 2 -4 3 3  
m an a g e m c n t ,  1 :43 4 -4 3 7  
m ult ip lc -dcc is ỉon  entit ics, 1 :43 8 -4 3 9  
net average  re v en u c  p ro d u c t ,  1:438 
ne t  m arg ina l  re v en u e  p ro d u c t ,  1:438 
nct n iarg in  íu n c t io n ,  1:437 
o p e ra t io n  at cost,  1:432 
p a tro n a g c  basis, 1 :4 3 2 -4 3 5  
poo l ing ,  1 :4 3 4 -4 3 5  
pricing, 1 :4 3 4 -4 3 5  
principles ,  1 :4 3 1 -4 3 2  
r a w  p r o d u c t  pric ing ,  1 :43 4 -4 3 5  
r e t i rem e n t  plans, 1 :4 3 5 -4 3 6  
share  o f  ag r icu ltu ra l  business,  1:435 
single-decision  entit ies,  1 :437-438  
s t rcn g th s  and  weaknesses ,  1 :4 3 9 -4 4 0  
taxa tion ,  1 :4 3 6 -4 3 7  
typcs ,  1 :4 3 3 -4 3 4  

C o o p e ra t iv e  States R esearch  Service (U S D A ) .
2 :5 8 0 -5 8 2

C o p p e r
fo rm  taken up  by plants,  4:95 
func tions,  1:118
re q u ircm en ts  fo r  n o n ru m in a n t s ,  1:96 
role in fo o d  instab il i ty ,  2 :2 4 6 -2 4 7  
soil c o n cen tra t io n  of, 4:134 
toxic i ty ,  1:118 

C o p p e r -c o n ta in in g  íung ic ides  
rnechan ism  o t 'a c t io n ,  2:446 
uses, 2 :4 4 7 -4 4 8  

C o p p e r  deíĩc iency 
in animals ,  1:118

diseases, h u m a n ,  3 : 6 7 - 6 8  
in h u i m n s ,  3 :0 7 - 6 8  
in n o n r u m in a n t s ,  1:96 
in plants ,  4 :95 
in soils, tcs t ing  to r ,  4 :148 

C o p p ic e  I i ie thods 
silvicultural,  4:26 
vegeta t ive  rc iỊenera t ion ,  4:26 

C oppicinsỊ ,  a ro u n d  s h r u b  canop ies ,  3:593  
C o -p ro d u c ts ,  t r o m  a n im a l  s la u g h te r ,  see B y -p ro d u c ts ,  

f ron i  an im al s la u g h te r  
C o p u la t io n ,  in te rspccies  va r ia t ion ,  1:172 
C orio l is  force,  3:47 
C o r m

asexual p ro p a g a t io n  t ech n iq u es ,  3:351 
banana. 1 :2 1 5 -2 1 7  

C o m ,  see also M aizc
addit ivc  genetic  elTects, 1:460
a lka li-cooked ,  1:473
b iom ctr ical  analysis ,  1 :4 5 9 -4 6 0
c om posic ion ,  1 :470-471
d c v e lo p m en t .  1:455
e thano l  p ro d u c e d  f r o m ,  1 :4 8 1 -4 8 2
genes atTccting, 1 :4 5 6 -4 5 9
g e n o ty p ic  effects, 1 :4 5 9 -4 6 0
g e rm p lasm ,  3:312
heritability ,  1:460
hc tc ro t ic  ctTects, 2 :5 1 8 - 5 2 0
historical im p o r ta n c e ,  1 :469—470
In terna tiona l  C c n te r  fo r  C o m  a n d  W hc.1t

I m p r o v e m c n t ,  1:404, 1:408, 2:126, 3:299, 3:312, 
4:165

kernel s t ruc tu re ,  1 :4 7 1 -4 7 2  
l ivestock feeds f ro m ,  1 :4 7 2 -4 7 3  
o r ig in ,  1:455 
p lan t  m o r p h o lo g v ,  1:457 
p o p c o rn ,  1:474 
subsidies,  see C r o p  subsid ies  
svvcet, 1 :4 7 3 -4 7 4  
sy rup ,  1:480, 1 :4 8 2 -4 8 3  
typcs,  1:470-471 
uses, 1:441 

C o m  breed ing
cu lũ v a r  se lection, 1 :4 6 4 -4 6 5  
g e rm p la s m  d e v e lo p m e n t ,  1 :460 
g c rm p la s m  e n h a n c e m c n t ,  1 :466—Í67 
g e rm p la s m  resources ,  1 :4 6 3 -1 :4 6 4  
hcterosis,  1:442
hyb r id iza t ío n ,  1:442. 1 :461—162, 2 :518—520 
h y b r id  v i^o r ,  1:442 
inb rced ing ,  1 :464—465 
pure-l ine ,  1 :4 6 1 -4 6 2  
sclection, 1 :4 6 4 -4 6 5  
stages, 1 :460-461 
tcs ting , 1 :4 6 5 -4 6 6  

C o m  lethal necrosis  disease,  3:395



C o m  p ro d u c t io n
C E R E S - M a i z e  c ro p  s im u la t io n  m o d c l .  2:616 
clim atcs to r ,  1:447 
c ro p  ro ta t io n s .  1:449-45(1 
dctassclintỊ ,  2 :519 
d c v e lo p m e n t  stages,  1 :442—1-47 
d ry  m il l ing .  1 :475—176 
fert i l izer re q u ir c m e n ts ,  1 :4 5 1 -4 5 3  
fert ilizers, 2:72 
A ooding  pract iccs ,  1:451 
genet ic  d iv c rs i ty  m a in tcn a n ce ,  1:448 
l»rowing season, 1 :4 4 2 -4 4 3  
g r o w t h  characteris tics ,  1 :4 4 2 -4 4 7  
h a n đ  p o l l ina t ion  m e th o d s ,  1:456, 1:458 
li is tory ,  1 :4 4 1 -4 4 2  
h v b r id  cho icc ,  1 :447—ị48 
indus tr ia l  chem ica ls  t r o m ,  1 :4 8 0 -4 8 3  
i r r ig a t io n ,  1 :4 5 0 -4 5 1 ,  2 :7 2 - 7 3  
m a t h i n e r y  a n d  p o w e r ,  2 :7 1 - 7 2  
malc sterility factor systcms, 2:519 
n i t ra tc  a c c u m u la t io n ,  1:453 
n u t r ic n t  r c q u ire m c n ts ,  1 :4 5 1 -4 5 3  
oil e x t ra c t io n  an d  rc t in in g ,  1:479 
p e r to r rn a n c e  indica tors ,  2:66 
p c r  hectare ,  2:70 
pcst ic ides ,  2:72 
p h c n o ty p ic  variabil i tv ,  1 :460 
r o b o t ic s  app lica t ions ,  1:398 
sa l in i ty  e íĩccts ,  1:447, 1:451 
seed b cd  p rcp ara t io n ,  1 :448—449 
soil analyses,  1:452 
soils for,  1:447 
t e n ip e ra tu r c  cfFects, 1 :447 
v a r ie ty  d e v e lo p m e n t ,  see C u l t iv a r s  
w a te r  use, 1 :450—4 5 1 
w a tc r  use  e íĩ ìciency, 2 : 6 1 3 - 2 :6 1 4  

C o m  sta rch  
c o n v e r s io n  to  co rn  sw ee ten e r ,  1:480, 1:482 
in d u s t r ia l  uses, 1 :4 8 0 -4 8 3  
m o d i í ì c a t io n ,  1 :4 7 9 -4 8 0  

C o r p o r a t io n s ,  agricu ltu ra l ,  2 :193 
C o r p u s  lu te u m

p h y s io lo g y ,  1 :1 6 9 -1 7 0  
rescue, 1 :1 7 9 -1 8 0  

C o r t is o l ,  ro lc  in an im al r e p ro d u c t io n ,  1 :1 4 3 -1 4 5  
Corynebacterium  boưis, m as ti t is  d u e  to, 1:554 
C o sm c t ic s ,  vvith í ìb ro in  p o w d e r s ,  4:8 
Cosm opolites sordidus, banana  in fec t ions ,  1:227 
C o s t :b e n e f ì t  ra tio ,  fo r  soil c o n se rv a t io n ,  1:592 
C o s t  tu n c t io n s ,  c s t im a t io n ,  3 :466  
C o - s u p p r e s s io n ,  and  he te ros is ,  2 :518 
C o t t o n  

co lo r ,  1:507, 1 :5 1 1 -5 1 2  
cu lt ivars ,  1:487 
d e tb l ia t io n ,  1 :4 9 2 -4 9 3  
diseases affecting, 1:491

gradcs,  1 :5 0 7 -5 0 8
h i^ h -v o lu n ie  ìn s t ru m e n t  S y ste m  tor,  1 :5 0 9 -5 1 2
lincar densi ty ,  1:511
m ic ronaire  read ing ,  1 :5 0 8 -5 0 9
p rep ara t io n ,  1 :5 0 7 -5 0 8
reportiniỊ,  1:512
sampliiiíỊ, 1:506
staple  lens>th, 1:508, 1:511
trash con ten t ,  1:507, 1:512
typcs, 1:487
U niversa l  C o t to n  S tan d arđ s  A g re e m e n t ,  1:506 
U .S .  g rade  d is t r ib u t io n ,  1:508 

C o t to n ,  tabric  m a n u fa c tu r in g  
bleaching, 1:522 
denirn ,  1:523 
desizing, 1:522 
d y e in g  processes ,  1 :5 2 2 -5 2 3  
casy care í ìnishes,  1:523 
t ìn ish inẹ ,  1:522 
kn i t t ing ,  1 :5 2 0 -5 2 2  
m ercer iza t ion ,  1:522 
p ly in g  o f  yarns,  1:519 
printing processes, 1 :5 2 2 -5 2 3  
ro tp ro o t ìn g ,  1:523 
sanforiz ing  process ,  1:523 
scouring ,  1:522 
w a te rp ro o f ìn g ,  1:523 
w eav in g  tec h n o lo g y ,  1 :5 1 9 -5 2 0  
w et Processing, 1:522 
vvinders, 1:519 

C o t to n ,  ya rn  m an u fa c tu r in g  
air jet  sp inn ing ,  1:519 
b lcnd ing ,  1 :5 1 2 -5 1 6  
card ing  m ach inc ,  1:516 
c lcaning, 1 :5 1 2 -5 1 6  
coarse  yarns,  1:512 
co lor  chart ,  1:513 
c o m b ers ,  1:516 
core  spun  sys tem s,  1 :5 1 8 -5 1 9  
d o u b l in g  process ,  1:517 
dravving, l :51í>-517 
fiber va r ia t ion ,  1 :5 1 2 -5 1 3  
l a y d o w n  m ixes ,  1:512 
n i ix ing ,  1 :5 1 2 -5 1 6  
m o n o f i l a m e n t  w raps ,  1:519 
o p e n in g  process ,  1:515 
p ly ing ,  1:519 
propert ies  o f  yarns,  1:518 
r ing  sp inn ing ,  1 :5 1 7 -5 1 8  
r o to r  sp in n ín g ,  1:518 
ro v in g ,  1 :5 1 6 -5 1 7  
sizes o f  ya rns ,  1:512 
tw istless ya rns ,  1:519 

C o t to n  íìbers
ap paren t  s t re n g th ,  1:498 
í ib ro g ra m s ,  1:511



Cotton tibers (contimted)
length classiíìcation, 1:508, 1:511 
linear đcnsity, 1:511
niicronaire, 1:485, 1:488, 1:51)6, 1:508-509 
neps, 1:508 
strengch, 1:511 
strength classiíìcation, 1:511 
unit of trade íbr, 1:497 
variations in, 1:512-513 

Cotton productíon
air pollution and safcty regulations, 1:505 
bale packaging, 1:504 
deaning processes, 1:497-499 
combination bur and stick machines, 1:499 
conditioning, 1:497-499 
crop development, 1:485-487 
cultivar selection, 1:487
cultural programs for pcst management, 3:180
cyclonc collectors, 1:504-505
diseases atĩccting, 1:491
drying systems, 1:498
tbreign matter removal, 1:498-499
ginning systcm, reconimendcd, 1:498-499
gin stands, 1:500
GOSSYM/COMAX systcm, 1:393-394, 1:401 
growth rcgulators, 1:492 
harvestint; practiccs, 1:492-493, 1:495-497 
hoppers, 1:497 
insect pests, 1:491 
irrigation, 1:489 
lint cleaning, 1:501-502 
mcchanization, 3:660 
mincral nutrition, 1:490 
modules, 1:496-497 
moisturc contents, 1:4%, 1:498 
moisture control, 1:496 
nematode damạge, 1:491-492 
overwintering pest control, 3:179-180  
pest management, 1:490-492, 3:182-183 
p e s ts ,  b io lo g ic a l  C o n tro ls , 3 :1 5 8  

pink bollworin control, 3:179-180 
planting datc, 1:487-488 
ratooning, 3:180 
roller ginning, 1:500-501 
saw ginning, 1:500 
seeding rate. 1:488 
scparators, 1:497 
simulations, 1:394 
stick machincs, 1:498-499 
storability, 1:497 
storage, 1:496-497  
strip harvesting, 3:182-183 
suction unloading systcms, 1:497 
tillage systcms, 1:488-489 
t ransgen ic  tcc h n o lo g y  for discase resistance, 

3:289

wastc handling, 1:504-505 
weeds aííecting, 1:490-491 

Cottonwood íorests, w e s tc rn  U.S., 4:299 
Cottony cushion scale, bioloíỊÍcal control, 3:159 
Coupled transíers 

deíined, 2:470
effects on U.S. economy, 2:471 
rolc in cnvironmental degrađation, 2:470—ị71 

Courtship behavior, 1:171 — 172 
Couscous, sorghum flour-based, 4:175-176 
Cover, rangeland 

basal. 3:551 
canopy, 3:551 
classcs, 3:551 
composition, 3:552 
point sampling, 3:551-552 
surveying, 3:551-552 

Cover crops
in crop rotations, 4:115 
negative ctTccts, 4:115 
for orchards, 3:125-126 
in soil management, 4:114-115 
and watcr quality, 4:115 

C ow -calf production, see Beef cattlc 
Cowpea trypsin inhibitor gene, 3:164 
Cows

for draft purposes, 1:621 
iníectious discases, 1:77-82 
noninfectious discases, 1:76

c ,  plants
carbon reduction cyclc, 3:192-193 
photosynthesis in, 3:202-204 

C4 plants
bundle-sheath cells, 3:195, 3:202-203 
photosynthesis in, 3:202—204 
photosynthetic metabolism, 3:193-195 

c 2 plants, photorespiratory carbon oxidation cycle, 
3:193

Cracking, soil, irrigation-related, 2:608 
Cranbcrries, see also Berries

culture and management, 1:283-284 
history, 1:283 
pests, 1:284 

Crassulacean acid metabolisrn 
characterization, 3:202 
C 0 2 íĩxation, 3:203-204, 3:340 

Credit scoring models, 2:194-195 
Crccp deíormation, o f wood, 4:558-559 
Creeping bentgrass, 4:414-415, see also Turfgrasscs 
Creeping red fescue, 4:414—ịl5 , see also Turtgrasses 
Cresol, antimicrobial activity, 2:354 
Crested wheatgrass

brecding programs, 3:532-533 
interspecitĩc hybridization. 3:532-533 

Cretor’s Mctric Wei(Ịht Volumc Tester, tor popcorti 
3:403



CRIS (Current Research Iníòrmation System) databasc 
(USDA), 4:426-427 

Critical temperature, ot animal housing, 4:207 
Crop coefficients, for water use, 2:594 
Crop ccology

and agrotorestry, 3:269 
characterization, 3:268-269 
defined, 3:268-269 

Crop grovvth
ozone effects, 1:31 
remote sensing techniques, 4:41 
sulfur dioxide effects, 1:31 

Crop losses
to diseases, insects, and vveeđs, 3:320 
mạịor pests, 3:170-171 
sociological effects, 3:319-320 

Crop managerncnt
decision sampling, 2:576 
íor natural enemy development. 2:575 
samplings, 2:576 

Cropping systems
dryland farming, 1:634 
grecnhouse tomatoes, 4:347-348 
stríp cropping, 4:60 
traditional, international, 3:649-650 

Crop plants 
deíĩned, 2:123
dryland farming regions, 1:634 
food, arcas of origin, 2:120-121
gcnetic engineering for insecticidal proteins, 3:164-165 
identiíication, rcmote sensing techniques, 4:481 
irrigation systems, 2:607 
reference, 2:504 
traditional, bioniass, 1:291 
transgenic, 3:164 

Crop production
changes in croplands, 2:646 
stress responses, 3:367 
without tillage, 4:113 

Crop residues
for fuel production, 4:535 
incorporation by tilling, 4:317-318 

Crop rotation 
corn, 1:449-450, 3:181 
cover crops, 4:115 
deciduous fruit trees, 1:584—585 
integrated pest managemcnt approach, 2:573 
with oat forage, 3:110 
peanut, 3:147-148 
pest management usinẹ, 3:181 
positive effects OI1 soil structure, 4:113 
s o y b e a n s ,  4 : 1 9 5 - 1 9 6  

for wccd management, 4:488 
Crop storage, see aỉso Grain storage; Oilsecd storage; 

Storage systems 
chemical treatments, 2:484

controllcd atmosphere, 2:484 
detcrioration processes, 2:478-479 
health hazards, 2:485 
importance of, 2:477-478 
nceđ for, 2:477-478 
pest management, 2:484-485 
treatment methods, 2:484-485 

Crop subsidies, see also Common a^ricultural policy 
( E E C ) ;  P r ic e  s u p p o r t s  

Agricultural Adjustment Act of 1933, 1:527 
Agricultural Stabilization and Conservation Service,

1:529
Commodity Credit Corporation, 1:529 
deíiciency payments, 1:529-531 
defmed, 1:525
export enhancement programs, 1:531 
Farm Bill of 1985, 1:528-529 
Farm Bill of 1990, 1:531-532 
history, 1:526-528 
parity concept, 1:527, 3:455 
payment-in-kind programs, 1:527-528 
trade restrictions, 1:531 
triple base concept, 1:532
Uruguay Round of thc General Agreement on Tariff 

and Tradc (GATT), 1:531, 1:533 
Crop yield

and heterosis, 2:514-515 
in humid regions, 2:613-2:614 
ozone cffccts, 1:31 
reductions, O r related, 1:38-39 
root and tubcr crops, 3:643-644 
soil testing for, 4:99 
sulíiư dioxide eíĩects, 1:31 

Crossbreeding, animal 
beef cattle, 1:59-60 
choice of systcm, 1:52 
cornplementarity, 1:52 
composite populations, 1:53-54 
dairy cattle, 1:58 
heterosis effects, 1:52 
rotational systcms, 1:52-53 
static tcrininal sire systems, 1:52 
swine, 1:56-57 
tcrminal Crossing, 1:54 

Cross-fertilization, com, 1:461-465 
Cross-hybridization, extraneous gene introductions by,

3:217 
Cross-pollination 

cultivar development 
hybrid cultivars, 1:542-543 
population improvement, 1:542 
synthetic cultivars, 1:542 

wheat, 4:516 
Cross protection, against plant viruses,

3:394-395 
Crown fires, 4:20



Crown SỊall discasc
biocontrol Products, 3:162
(Ịenctically enginccred biocontrol Products, 3:161 
walnuts, 2:15 

Crovvn rot, in walnuts, 2:15 
Crucifers

cole, see Cole crops 
weedy, 1:330 

CrustiníỊ, soil, đescrtiíication causcd by, 1:589-590 
Cryofixation, high-prcssurc, 3:236-237 
Cryopreservation

enibryos, 2:56-57, 2:59 
plant tissue, 3:300, 3:310 

Cryoprotectants, for plant tissuc, 3:310 
Cryptogannc crusts, rangeland, 3:591-592 
Crystallinity

silkworni silk, 4:4, 4:6 
spidcr draglinc silk, 4:11 

Crystallization
applications in tood industry, 2:383 
tbrmula for, 2:384 
maturation oficc crystals, 2:387 

Cucumber niosaic virus, in bananas, 1:227 
Cttcumis mclo  L., sec Melons 
CU FA N  system, 1:394 
C u l e x  mosquitocs, 2:663 
Cii l icữ ides  spp.

đamage to livcstock, 2:664 
habitat, 2:664 

C u lic o id e s  v a r i i p en n is ,  2:659 
Cultivars

artiíìcial hybridization, 1:536 
cross-pollination, 1:538-539 
development objcctivcs, 1:535-536 
gcnctic variability, 1:536 
hybrid, 1:542-543 
molccular EỊcnctic techniques, 1:537 
mutaíỊenesis techniques, 1:537 
nichc markcting, 3:133 
novcl, 1:544 
nucellar, 1:360 
for orchards, 3:132-133 
qualitativc inhcritancc, 1:537 
quantitativc inheritancc, 1:537-538 
secd production, 1:544 
sclf-pollination, 1:538 
svnthctic, 1:542 

Cultivar sclcction
clonally propaíỊatcd crops, 1:543 
cross-pollinated crops, 1:542-543 
intctỊrated pest manaỂỊỂtnent approach, 2:574 
sclf-pollinatcd crops, 1:539-542 
supcrior types, 1:537-538 
tcsting, 1:543-544 

Cultivation 
cocoa, 1:381

continuous, cftects OI1 soil organic matter, 4:97-98 
and đomesđcated plant evolution, 2:119, 2:122 
no-tillaiỊC production systcms, 4:97-98 
orchard, 3:125 
shiíting, 1:16-17 
tea plants, 4:282-284 
for weed managemem, 4:487-488 

Culturing techniques, cítrus trces, 1:360-361 
Cumuliíòrm clouds, 3:46 
Cumulonimbus clouds, 3:46 
Cumulus clouds, 3:46 
C u p r i c  ion, in tun^icides, 2:446 
Curcumin, structure, 2:231 
Curcd  mcats,  3:20-22, s e e  a l s o  Mcat Processing 
Curing

citrus fruits, 1:376 
đry-curing, 3:22 
by (Ịrindin^/chopping, 3:22 
ingrcdicnts for, 3:21-22 
iryection-curing, 3:22 
tobacco, 4:332-333 

Curly top disease, sutỊarbcet, 4:221 
Currants

culturc and manaiỊcment, 1:286 
history, 1:285-286 

C urricu lum , s ee  a l s o  Agricultural cducation 
graduatc degrec proiỊrams, 2:33 
unđergraduate dciỊrce protỊrams, 2:31-32 

Cuticle, insect, 2:551-553 
C u ú n g  cvcnts (cquine), 2:528 
CuttintỊS, stem

asexual propagation with, 3:352-355 
growth reiỊulator applications, 3:353-354 
typcs, 3:352-353 

Cyanide-resistant pathvvays, in plants, 3:340-341 
Cyanobactcria, evolution, 3:200 
Cyclamate

as food swcctencr. 2:237 
structure, 2:237 

Cycles, in aninial bchavior, 1:44-45 
Cyclone

anticylonc, 3:48 
dctined, 3:48 
tropical, 3:50 

Cyclone collectors, for cotton  wastc, 1:504-505 
Cvst nematodes 

sovbcan, 4:199-200 
sugarbeet, 4:221 

Cytochrome, as food colorant, 2:231 
Cvtochrome b,,f complex, 3:191 
CytoiỊenetic mappíng, planr gencs, 3:280-281 
CvtoíỊcnctics,  barlev, 1:240-245 
Cytokines, in animal reproduction , 1:146 
Cvtokinins

biochemical ìdentitìc.ưion and chanicceriz.nion, 
3:209



physiolonic.ll rolcs, 3:173, 3:2(19. 3:342 
use as plant grovvth rcgulator. 3:173 

Cytological tcchiiiqncs
briulit tìcld microscopy, 3:226 
C o m p u te r imaiỊÌng deviccs, 3:228 
clcctron microscopy, 3:235-237 
Auorcscence mĩcroscopy, 3:226 
íícnc-fusion markcrs, 3:232-233 
hybridization ÍII s im ,  3:231-232 
inimuno-clcctron microscopy, 3:237 
imnninotìuorescencc microscopy, 3:229-231 
intertcrence-contrast microscopy, 3:226 
intcrpretations, 3:225-226 
light microscopy, 3:226-235 
phase-contrast microscopy, 3:226 
polarization microscopy, 3:226 
scatminẹ contocal laser microscopy, 3:226-228 
stainini; procedures, 3:228-229 
tissue prinũntí, 3:233-235 
transmission clectron microscopy, 3:235 

Cytoplasm, planc 
characteristics, 3:200 
diaiỊram of, 3:201 

Cytoplasmit' malc sterility, sorghum, 4:173-174 
Cytoplasmic strcaniiniỊ, plant cclls, 3:254 
Cytoskeleton, plant

vs. animal cytoskclcton, 3:242 
and cold hardiness, 3:256 
and crop value, 3:256 
deíined, 3:241
function, con troi mechanisms, 3:257 
intcrmediatc íìlaments, 3:256 
microhlamcnts, .«•(’ Microtìlaments, plant 
microtubules, see Microtubules, plant 

Cytosol, plant
characteristics, 3:200 
diagram of, 3:201 

Cytosterile systenis, for coles, 1:327

D
2,4—D (2,4—dichlorophenoxyacetic acid) 

chemical structure, 2:507 
mechanism o f  action, 2:507

1,3-D  (3-dichloropropcnc), 3:87, 3:92-93 
Daggcr ncmatode, grapevine, 4:452 
Dairy cattle breeding

artiíicial inscniination, 1:550-551 
calt' hutchs, 4:209 
crossbreeding, 1:58
Diary Hcrd Improvement Associations, 1:58 
genetic evaluation, 1:550-552 
lỊcnctic iniprovement, 1:550 
licritablc ccononúc traits, 1:57-58 
inđcxes tor mi]k/fat/protein traits, 1:551 
inajor brceđs, 1:57, 1:548-549

National Coopcrativc Dairy Hcrd Improvement 
Pronrani, 1:550 

prcdictcd transmittiniỊ abilities, 1:550-551 
p ro íỊ ram s ,  1:58
reproductive manaiỊcment. 1:552—553 
type classitìcatioil scorcs, 1:57 

D a i r y  cattle p r o d u c t i o n

diet formulations, 2:171-172 
diseascs aítectin^, 1:553 
drv matter intakc, 1:554 
expert systoms, 1:394 
FLEX housing, 4:210 
toragcs, 1:554-1:555 
global statistics, 1:547-550 
housing, 4:209
management practiccs in higli-produciniỊ hcrds, 1:555 
manurc production, 1:188 
inamire propcrties, 1:191 
mastitis con troi. 1:554-555 
nurrỉcnt requirements, 1:553-554 
totally niixcd rations, 1:553-554 
United States statistics, 1:547-550 

Dairy P ro d u c ts  
buttcr, see Buttcr
changcs in pcr capita consuniption (U.S.), 1:550 
chccse manuíacture, 1:567-569 
concentrated, 1:572-573 
consumcr prcíerences, 1:549-550 
consumption, vvorldvvide, 1:563 
termentcđ milks, 1:566—567 
frozcn dcsscrts, 1:570-571 
future challenges, 1:573 
niilktat-bascd, 1:569-571 
packagint;, 2:330 
pasteurization, 2:330 
powders, 1:572-573 
povver law paramctcrs tor flow, 2:372 
production, worldwide, 1:563 
production staùstĩcs, 1:562—563 
sales, U.S., 1:564 
storage, 3 -A  Standards tor, 2:370 

Daniping-ofif disease 
biofungicides tor, 3:162 
sugarbcet, 4:220 
tobacco, 4:330 

Darcy-Buckingham la\v, 4:159 
Darcy’s Law 

dcfincd, 4:157 
for groundwater, 2:491 
for saturated flow, 4:157 
for unsaturated flow, 4:158 
tor water movement in soils, 4:85 

Darcy velocity, deíĩned, 4:157 
Data analysis, farm production, 3:464—4-66 
Databases 

C.ENET, 1:394



Databases ịcontinued)
CID (Computcrized Iníormation Delívery Service 

[USDA]), 4:426 
CRIS (Current Research Intormation System 

[USDA]), 4:426-427 
CUFAN, 1:394 
PenPages, 1:394
p e r s o n a l  C o m p u t e r  a c c e s s  to, 1:394-395 
Research Results (USDA Cooperative Extension), 

4:426
SAROAD (Storage and Retricval o f  Aerometric Data 

[EPA]), 1:37 
SOTER (world Soils and Tcrrain), 4:49 

Daucus carota L., sec Carrots 
DDT, spccificity and persistence, 2:89 
Dcbt C a p i t a l

operating vs. tcrm, 2:194 
providers, 2:195-197 
trends in, 4:440-441 

Dccav, woođ, 4:559 
Dcciduous íorests 

Asian, 4:300-301 
castern U.S., 4:290-294 
Europcan, 4:300 
ratigclanđ shrubs, 3:575-576 

Dcciduous truit production, sev Fruit trees, đeciduous 
Decimal rcduction dosc, dcíincd, 2:297 
Decreascr plants, rangcland, 3:505, 3:539 
Deductibility, Federal tax code provisions, 2:652 
Deep bark cankcr, on walnuts, 2:15 
Dcer

as disturbancc íactor in hardwood forests, 4:299 
on U.S. rangclands, 3:497-498 

Dcer fly (Tabanid), damage to livestock, 2:663 
Dcíicicncy payments 

calculation, 2:465, 2:469 
eligibility for, 2:469 
tactors affecting, 2:469 
limits per farm, 2:470 
undcr U.S. f;ưm policy, 1:529-531 

Deíìcit irrigation manatỊemcnt, 2:597 
Deíoliants

mode of  action, 3:172 
usc of. 3:172 

Dcíoliation 
cotton, 1:492-493 
pastures, by !*razing animals, 2:414 
tropical grasslands during íỊrowing season, 4:390 

Deíbrestation 
effects, íỊcncral circulation models for,

4:409-411 
tropical grasslands, 4:393-394 
tropical rain torcscs, 4:409-41 1 
vciỊL-tation dittcrences after, 4:411 

Dcgradation
land, -'Tí' Desertification

microbial, fungicides, 2:452 
vegctation, descrtification caused by, 1:588 

Degrecning, citrus íruits, 1:372 
Dehydration

applications in tood industry, 2:383 
liquid eggs, 2:47-48
solute effects on plant hydration equilibria, 3:362 
tolerance in plants, 3:361-362 
vegetables, hygienization by irradiation, 2:302 

Dehydrins, synthesis, 3:366 
Delia ịìoralis, damage to cole caused by, 1:334 
D eỉia  pỉatura, damage to cole caused by, 1:334 
Demographics, and tood marketing, 2:312-313 
Demography

growth effects on agricultural productivity, 2:73-74 
seasonal farm workers, 2:631-632 

Dcnaturation, proteins, 2:260, 2:276 
Denim

ball-warp dycing, 1:523 
dyeing, 1:523 
special finishcs, 1:523 
s tonc  washing, 1:523 

Denitrification, 3:102 
in desert soils, 3:104 
by lacultative anerobes, 4:127 
negative aspects, 4:127 
nitrogen, 4:96 
positive aspects, 4:127 
rcduction stcps in, 4:127 

Density
drainage, estimation with satellite data, 4:482 
rnilk, 1:561 
orchard t r e e s ,  3:136 
water, during frcczing, 2:393 
wood, 4:553-554, 4:558 

Dcntal caries, and dietary carbohydratcs, 1:339-340 
Dental discase, mineral deíìciency-rclated, 3:65 
Dent stage, corn, 1:446 
Dcoxyribonucleic acid, plant 

site of, 3:199 
structure, 3:199 

Deposition
atmospheric nitrogen, 3:98 
soil, role in soil íỊenesis, 4:102 

Dermatitis, minoral đetìcicncy-relatcđ, 3:66 
Descriptors, soil, 3:589, 3:593 
Dcsert grassland eco sy s tcm s 

characteristics, 3:492 
vegctation, 3:492 

Desertiíìcation
in Atrica, 1:593-594 
in Asia, 1:594
charactcristic proccsscs, 1:587-588 
control, 1:592-593 
detĩncd, 1:587
and desert encroachment, 1:593



in Europc, 1:594 
lỊlobal occurrencc, 1:593—595 
irriiỊatcd latids, 1:5911 
manaíỊcincnt practiccs, 1:592 
mining-relateđ, 1:591 
111 North Amcrica, 1:595 
otY-sitc damaiíc, 1:593 
raintcd croplands, 1:590-591 
rangelaiids, 1:591 
rcversibility, 1:592—593 
by salinization, 1:589 
soi] compaction-relatcđ, 1:589-590 
soil crustiníỊ-related, 1:589-590 
tropical grasslands, 4:393-394 
bv vcge-tation degradation, 1:588 
by water erosion, 1:588-589 
by vvater logiỊÍng, 1:589 
by wind erosion, 1:589 

Desert shrublands 
charaeteristics, 3:536 
ccosystem characteristics, 3:493-494 
vegetation, 3:493-494 

Desert soils, đenitriíìcation processes, 3:104 
Dcsiccants

niode of action, 3:172 
usc of, 3:172 

Dcsired futurc condition (rangcland), 3:504 
Dcsired plant community, rangcland, 3:504 
Dcsizing, cotton tabrics, 1:522 
Dctasselin^, com, 2:519
1 Xtoxitìcation, physiological, toodbornc chemicals, 

2:402
Dctrital tood chains, 3:516-517 
Developing countries, see also specilic country 

Biotcchnology and Biologícal Scicnccs Research 
Council (UK) activitics, 1:310 

national agricultural rescarch systcms, 2:587, 2:589 
storage systems in, 2:478 
U.S. agricultural policy, 2:472 

Developmcnt, plant seed, 3:348 
Dcw point tcnipcrature, defined, 3:43 
Diabctes mellitus

and carbohydrate consumption, 1:341 
causes, 1:111
Typc I, role of dietary fat and cholesterol, 2:150-151 
Type II, rolc of dietary fat and cholesterol,

2:150-151
Diapause

insect, 2:564—565 
use in pest managenient, 3:179 

Diaporthc—Phoniopsis complex, in soybeans, 4:187 
Diary Herd Improvement Associations, 1:58 
Diazotrophs, nitrogen-fixing, 3:98-99
1.2-l)ibrom o-3-chloropropane, neniaticidal propcrtics, 

3:93
1.2-Dibromoethanc, ncmaticial properties, 3:92-93

Dicamba 
chcniical structurc, 2:507 
mcchanisni of action, 2:507 

] )icarboximiđe íungicidcs 
tnechanisni of action, 2:448 
target sitc, 2:449 
uscs, 2:449 

Dichlobenil 
chcmical structure, 2:509 
mechanism of action, 2:509 

Dichlone, íungitoxicity, 2:447-448 
2,6—Dichloroisonicotinic acid 

mechanism of action, 2:450 
uses, 2:450

2,4-Dichlorophenoxyacetic acid 
chemical structure, 2:507 
mechanism of action, 2:507

1,3—Dichloropropenc, nematicial properties, 3:92-93 
Diclcctric constant, water during freezini>, 2:393 
Diclectric heating, food Products, 2:388 
Diesel fuels 

biodicscl, 1:295 
production, 1:295 

Dicl and Health—Implications for RedtuùiỊỊ Chronic Diseasc 
Risk, 2:313 

Dict forniulations
for avian spccics, 1:104 
for chickens, 1:105 
for dairy cows, 2:171-172 
cncrgy dcnsitv aspects, 2:169 
for horses, 1:104, 1:106 
Ieast-cost, 2:172-173 
for nonruminants, 1:104 
tor rabbits, 1:106, 3:487 
for silkworms, 4:2-3 
for swine, 1:105, 2:169-171 

2-Diethylaminocthyl-3,4-dichlorophenylcthcr, 
bioregulation of guayulc, 3:81-82 

Dietliylstilbcstrol, residucs in food, 2:400-401 
Diíĩerentiation, animal 

duriag embryogenesis, 1:176—177 
sexual, 1:176-178 

Diffusion, sce íìlso Molecular diffusion 
apparent, solutes in soils, 4:65 
coefficients for, 2:391 
Fick’s Laws of, 3:13 
permcability value, 2:391 

Diffusion resistance, volumetric 
calculation, 3:13-14 
plant microoxygcn, 3:13 

Diffusivity, detincd, 4:159 
Diẹcstion

acrobic, sludge, 4:463-464 
anacrobic, manure, 4:461 

Digestive systcm, sce also Gastrointcstinal tract 
avian, anatomy, 1:89—90



Digestive system (coniiiiued) 
avian, physioloíỊy, 1:92 
íỊrazing animals, 3:539-540 
monogastric, 1:110
nonruminant mammals, anatomv, 1:90-91 
nonruminant mammals, physioloe;y, 1:92-93 
ruminant, 1:110-113 

Dihydrocapsaicin, structure, 2:239 
Dihydroxyacctonc, structurc, 2:221 
Dimensional stability, o f  wood, 4:552-553 
Dimethyl dicarbonatc, antimicrobial actions, 2:350 
DinoAagellates, toxic substanccs produccd by, 2:400 
Dinoseb 

chemical structurc, 2:505 
mcchanism of action, 2:505-506 

Dioscorea sp., sec Yam 
Diplodia  ẹummosis, 1:365 
Dips, insccticidc, 2:660 
Disc permeamctcr, usc of, 4:162 
Discasc rcsistancc 

CGIAR acconiplishmcnts, 1:412 
DNA transíormation tcchniqucs, 3:289 
millct, gcnctic cnhanccment, 3:288-289 
ricc, brccding techmqucs, 3:615 
rice, íịcnes, 3:609 
soybcảns, 4:187-188 
transíỊcne applications in animals, 4:360 
vvheat, gcnctic enhanccment, 3:287-288 

D i s c a s e s ,  a n i m a l ,  SÍT ữlso s p e c if ic  d isea se  

acanthocephalan-related, 1:82 
anthropod-rclated, 1:82 
bactcrial, 1:77-78 
behavior, 1:83-84 
chemical agetits causing, 1:76 
control, 1:84-88 
dairy cattle, 1:553-554 
draft animals, 1:620-621 
flukc infections, 1:82 
hereditary, 1:76 
iníectious, 1:75-83 
laboratory animals, 1:87 
mycoplasmal, 1:80 
nonintcctious, 1:75-76 
nutritioml dcficiencíes, 1:76 
physical agents causing, 1:76 
physioloiỊĨc, 1:76 
prevention, 1:84-88 
protozoal, 1:80 
transmissible to man, 1:86 
viral, 1:78-80 

Diseascs, plant
carbohydratc metabolism-relatcd, 1:338 
cotton crops, 1:491 
ẹ;]ycoiỊcn storaíỊe. 1:338 
hickorics, 2:8 
pccans, 2:8

sugarbects, 4:220-221 
walnuts, 2:15-16 

Diseasc trianiịle
for tungal iníections, 2:446 
for plant intections, 3:331 

Disiníection, tood P r o c e s s i n g  vvastes, 4:463 
Dispersal

plant populations. 3:263 
seeds, 3:263 

Dissemination, plant genetic rcsources, 3:302 
Dissolved-air Aotation process, for waste, 4:461 
Distance education, 2:35-36 
Distillation, applications in food industry, 2:383 
Disturbance íactors, see also Anthropogenic disturbance 

hardvvood íbrcsts, 4:298—299 
Dithiocarbamatc-based tun^icides, 2:447-448, 3:173 
Diuron

chcmical structurc, 2:505 
mcchanism ot action, 2:505-506 

DNA íingcrprinting, ccolotụcal uscs, 3:271 
D NA  niarkcrs

agriculturally important characters mappcd vvith, 3:279 
charactcrization, 3:276-277 
linkage mapping with, 3:278-279 
parallel genome mapping, 3:280 
for quantitative trait loci, 3:280 
random ampliíìed polymorphic DNA, 3:277 
rcstriction traiỊnicnt lcngth polymorphisms, 3:277 
targctiniỊ ot speciíìc genomic regions with, 3:279-280 

D NA transfer, Genc transfcr tcchnology 
Documcntation, plant genetic resources, 3:302,

3:311-312 
Dodine, íungitoxicity, 2:447-448 
Doffinẹ, cotton lint, 1:500, 1:502 
Dogs

common diseases, 1:83 
infectious discases, 1:77-82 
noninfectious diseases, 1:76 

Domain of attraction model, for ranẹ;e condition, 
3:510-511 

Domesticated plants
adaptive potcntial, 2:122-123 
carbon dating, 2:119 
ccntcrs of, 2:119
crop-wild-wecd complcx, 2:123-124
fcrtility, 2:123
gene flow, 2:123—124
gcnc pools, 2:123-124
genetic-morpholoíĩical chani>cs, 2:122-123
harvcst role in domestication, 2:119, 6
mạjor crops, 2:125
minor crops, 2:125-126
nonshattcring sccds and ửuits, 2:122-123
postdomestication chan^cs, 2:123
prcdornesdcation practices IcadiniỊ to, 2:119, 2:122
svnchronized maturity, 2:122-123



t . i x o n o m v ,  2 : 1 2 4 - 1 2 5  
u n ito rm  n rm v th . 2 :1 2 2 -1 2 3  

I )omestication, tarni animals, 1:41-42 
Domcstic scicncc associations, 1:417 
I ) o r m a n c y  

classitìcation, 1:598 
dcciduous trnit trccs, 1:583-584 
dehncd, 1:597—598 
enđodormancy. 1:597-598 
and í»rowtli rhythniicity, 1:603—605 
liormonal inHuenccs, 1:602-603 
lincar conccpt o f ,  1:598-600, 1:609 
lon" distancc inrtuenccs, 1:601, 1:605, 1:610 
morphogenctic rolc, 1:610 
oat secd, 3:108 
onsct in buds, 1:600-601 
plant seed, 3:348—349 
sced. 1:607—609
short distancc inHuences, 1:601, 1:610 
sink eíTccc, parenchymal, 1:606 
tcmpcrature cff'ccts OI1 buds, 1:601-602  
in tubcrs, 1:605-607 
typcs, 1:597-598 
unihcd conccpt of, 1:609-611 

D o s c  rate , p c s t ic id c s ,  2 :661 
Dosimetry, in food irradiation, 2:295-2% 
Doublcd haploìdy

tbr brecdint’ selt-pollinated crops, 1:541 
in vvhcat, 4:520 

Doughnuts, vvheat Acnir, 4:532 
DouiỊh statỊC, com, 1:446 
])ownburst, detìncd, 3:45 
Dovvney mildew 

in colcs. 1:332-333 
ĨI1 ựrapcs, 4:452 

Draft animals
body condition ctTccts, 1:620 
bodv weight effccts, 1:620 
choice o f spccies, 1:616 
covv use, 1:621 
decreasing usc of, 1:614 
diseases, 1:620-621 
efficiency increascs, 1:621-623 
eíYiciency of vvorking, 1:617 
cnvironmcnt of, 1:616-617 
tactors atĩecting, 1:616-617 
fcedstufFs, 1:619-620 
harnesses, 1:621-622 
heat stress effccts, 1:620 
horses, 2:528
implements for, 1:616-617, 1:622-623
importance of, 1:613-614
manae;cment, 1:623
mincral nutrient requirements, 1:619
ner cncrgy costs, 1:617
nutritional requirements, 1:617—619

oporators of. 1:616-617 
OLitput constraints. 1:619-621 
performanct’ in various cnvironmcnts, 1:618 
pcrtorniancc paramctcrs, 1:616 
usc incrcasc, 1:614-615 
vvorld usaííc. 1:615-616 
yolks, 1:621-622 

Drainablc porosity, dctíncd, 4:86 
Drainagc, I<’f Aiỉriciiltural draina^e; Soi 1 drainatỊC 
DRAINM OD soil đrainatỊC Iiiodel, 4:91 
Drawing, in cotton mantifacture. 1:516-517 
Drcssage cvcnts (equine), 2:527 
Driers, ^rain

C o m p u te r n io d e ls  to r , 2:483 
dryins* íront, 2:483 
hiiỊh-tempcraturc air. 2:482 
near-ambient air, 2:482-483 
principlcs, 2:481—482 
tcmpcraturc front, 2:483 

Driít, ủgricultural chcmicals, 3:185-186 
Drip irrií>ation, see also lrrÚỊation; Microirri^ation 

systcms: Trickle irrigation 
advantaíỊCS, 4:55, 4:469 
application ctYíciency, 4:469 
characteristics, 2:605 
citrus orchards, 1:361 
disadvantages, 4:55, 4:469 
sugarcanc. 4:233 
vincyarđs, 4:451 

Driving cvcnts (equine), 2:528 
Drizzle, characteristics, 3:47 
Drought ctĩccts 

on Ị>razinn in tropical grasslands, 4:394 
injuries to plants, 3:322 
OI1 range íòraẹe production, 3:545 
on soil-water rclationships, 4:165-166 

Drought resistance 
avoidancc, 3:527 
escape, 3:527
ranu;cland ^rasses, 3:526-528 
screening for, 3:527-528 
sorghuni tolerance, 4:172-173 
tolerance. 3:527 

Drowsiness, links to carbohyđrate consumption, 1:342 
Drugs, veterinary, residues in food, 2:400-401 
Drug therapy, for elevated plasma cholesterol, 2:149 
Drum dryers, tbr food dehydration, 2:290-291 
Drupclet, defmed, 1:265 
Dry adiabatic lapsc rate, 3:43 
Dry bulb temperaturc, detìncd, 2:286 
Dry dcposition, atmospheric nitrogen, 3:98 
Drying 

cotton, 1:498
drum, applications in food industry, 2:383 
treezc drying, sec Frcczc drying 
liquids in spray torrn, 2:366



D r y i n í Ị  ( c o i i t i i i u c d )

microvvavc hcat 11SC 111, 2:367 
moisturc transícr, 2:365-367 
parboiled ricc, 3:624 
slah shapcd solids, 2:365-366 
solids, 2:365 

Drying front, in grain dricrs, 2:483 
Dryland farming 

ariđity indcx, 1:627 
climatcs of, 1:626-628 
crops and croppinẹ systems, 1:634 
detìned, 1:625 
history, 1:625-626 
nutricnt cycling, 1:629-630 
rescarch ccntcrs, intcmational, 4:165 
residuc manaiỊcmcnt, 1:631-632 
soil charactcristics, 1:629-630 
soil ícrtìlity, 1:629—630 
soil sustainabilitv, 1:629 
summer tallovv, 1:633-634 
systcm componcnts, 1:625 
tillagc svstems, 1:632-633 
water usc eíììcicncy, 1:630-631 
world rcgions, 1:626 

Drylands, dcsertiíicưion, Dcscrtitĩcation 
Drv matter intakc, dairy cattlc, 1:554 
D r y  mi l l ini Ị

com, 1:475-476 
soriĩhum, 4:177 

Duck
ditỊcstivc systcni, anatomy, 1:89-90 
diiỊestivc S y s t e m ,  physiology, 1:92 

Duck potato, 3:642 
Duct

mammary, dcvclopincnt, 2:635-636 
system in malc reproductive tract, 1:153 

DumpiniỊ, cxports. 4:266-267 
Durbin-Watson test f'or autocorrclation, 3:475 
Durum vvheat, sce 1 ì/so Wheat 

millina;, 4:528—529 
pasta productíon, 4:532-533 

Dusts
i n c r t ,  f o r  g r a i n  s t o r a i Ị C ,  2:484-485 
road, management. 3:185-186 

Dutch elm diseasc, 4:299 
Dutics, trade. ícc  Taritĩs 
D-valuc 

calculation, 2:387 
tor mícrobíal dcath kmetics, 2:387 

Dycing
ball-\varp, o f  denim. 1:523 
cotton íabrics, 1:522-523 
vvool and mohair products, 4:590 

Dycs
for cotton tabrics, 1:522-523 
tood, 2:232

Dyes. for ]ii*ht microscopv 
auxochromes, 3:228 
chromophores, 3:228 
coal-tar, 3:228 
defined, 3:228 
natural, 3:228 
polvchromatic, 3:229 

Dynamic programmintỊ 
charactcrìzation, 3:479 
farm production, 3:468

E
Earlv generation tcstiniỊ, soybeans, 4:189 
Earth Resources Laboratory Application Softwarc 

(ELAS), 4:474 
Earthworms

in soil managoment schemcs, 4:113, 4:116 
and solute movement through soils, 4:117 
tillage eíìccts, 4:117 

E-3-A  Standard.?, íor egg P r o c e s s i n g ,  2:370-371 
East Coast Fever, cattlc, 1:412 
East Indian arrowroot, 3:642 
Easy care íìnishes, cotton íabrics, 1:523 
EBDC fungicide, SCI' Ethylenc bisdithiocarbamate 

tungicidc 
Ebro planting systcm. 3:141 
Ecdysont' synthcsis, insect, 2:553-554 
Eco-fallow tillagc, 4:57 
Ecoteminism, 4:548 
Ecological cconomics 

dchncd, 3:271
suscainablc agroccosystcms, 3:271 

EcoloiỊÍcal succcssion 
climax model, 3:267 
deíìned, 3:267 

Econometric cstimation 
assumptions, common, 3:472 
assumptions, violation of, 3:474-476 
.lutocorrclation ot rcsiduals, 3:475 
Box-Jcnkins rnodcls, 3:477 
Durbin-W atson tcst for autocorrelation, 3:475 
cconomctric ĩdentitìcation problcm, 3:475 
cmpirical estimation, 3:473-474 
error tcrni charactcristics, 3:472 
estimators, cornmonly used, 3:473-474 
estimators, dcsirable propertics, 3:473 
tìxed regrcssors, 3:472, 3:475-476 
tunctional torm, 3:476
f»cneralized lcast-squares cstiniation, 3:474-475 
hcteroskcdastic crrors, 3:472, 3:474 
homoskedastic errors, 3:472, 3:474 
instrumental variable method, 3:475-476 
Lagrane;e multiplicr tcst, 3:474 
likclihood ratio, 3:474 
limited dcpendcnt variable mođels, 3:476 
m axim um  likelihood cstimator, 3:475



models, common, 3:472 
multicollinearity, 3:476 
qualitativc choicc models, 3:476 
statistical inference, 3:474 
stochastic regrcssors, 3:475-476 
timc scrics modcls, 3:477 
two-stagc least squares, 3:476 
Wald test, 3:474 

Economic-injury lcvcl, in ìntcgrated pest inanagemcnt, 
2:57]

Economic Research Service (USDA), 2:580-2:581 
Economics, sec also Macroeconomics; Markets and 

marketiníỊ 
ecological, 3:271 
econometrics, 3:472-477 
home, see Home economics 
opcrations rcsearch techniqucs, 3:477-479 
ozone effects OI1 agriculture, 1:39 
p o ta to  valuc, 3 :4 2 2 -4 2 3  
quantitative methods, 3:472-479 
rangc management practiccs, 3:556-557 
thcory of coopcratives, 1:437-439 

Economic threshold, in integrated pest managcmcnt, 
2:571

Economy, national, increascd opcnncss of, 3:2-3 
Ecophysiology, plant, 3:268, sêé also Plant physiology 
Ecosystcms

attributes, 2:422 
concept of, 2:422
ccological (conversion) cfficicncies, 3:517-518 
cncrgy flow in, 3:516-518 
food chains, 3:516-517 
forcst, sec Forest ccosystcms 
nitrogcn inpucs, 3:98-100 
nitrogcn outputs, 3:104 
nutrient cycling, 3:518 
rantỊC, s e e  R an g c lan d  e co sy s tem s 
structural organization, 3:515-516 

Ectoparasitcs 
control principlcs, 2:659-660 
dcfincd, 2:657 
poultry, 3:448 
vaccines, 2:660 

Ectothcrmv, insect, 2:564 
Edaphic com ponent, rangcland ccosystcms,

3:518-519  
Eddy correlation 

defincd, 2:612
cvapotranspiration nicasuremcnt with, 2:592-593 

Eddy correlation method, tor flux measurements, 3:59 
Education, sec Agricultural cducation 
EEC, see European Economic Com munity 
Effcctivc diíỉusivity value, deíĩncd, 2:390 
EtTiciency, ecolo^ical, 3:517-518
Egg

insect, irradiation ctĩccts, 2:297

parasites, for biological control, 3:160 
parasitoids, as biopcsticidc, 3:157 

Egg albumen 
ash contcnt, 2:43 
carbohydrate content, 2:43 
dried, 2:47 
lipid content, 2:43 
]ysozyme, 2:43, 2:49 
pasteurization, 2:46 
protein content, 2:43 
quality standarđs, 2:45 

E g g  Process ing ,  l iqu id  e^iỊs 
dehydration processes, 2:47-48 
dried albumen, 2:47 
dried whole egg, 2:47 
drìed yolk, 2:47 
packaging, 2:47-48 
pastcurizatìon, 2:46-47 
scramblcd CiỊgs, 2:48 

E g g  Process ing ,  shell cggs 
clcaning, 2:43 
íỊrading, 2:44 
packaging, 2:44-45 
quality standards, 2:45 
sanitary standards, 2:370-371 
sizing, 2:44 
washing, 2:43-44 
weights, 2:44-45 

Egg production 
brcedcr—layer rations, 2:42 
brceders, 2:40 
cage operations, 2:41 
egg coniposition, 2:43 
f loor  pcns,  2:41 
hatcheries, 2:40 
industry overview, 2:39-40 
layer nutrition, 2:41-43, 3:447 
poultry teeds, 2:41-43 
pullet growers, 2:40 
range opcrations, 2:41 
supporting Industries, 2:40-41 

Egg products
albumcn rings, 2:49 
consumption, U.S., 3:442 
dried cggs, 2:48 
drinks, 2:49 
cgg subscitutes, 2:49 
fried products, 2:49 
frozcn cg tỊS ,  2:48 
hard-cooked, 2:48-49 
lysozymc contcnt, 2:49 
specialty, 2:48
storage, 3—A Standards íor, 2:370 

Egg yolk 
ash content, 2:43 
carbohydrate contcnt, 2:43



EgíỊ yolk (coiitimtcil) 
color, 2:43 
dricd, 2:47 
IgY extraction, 2:49 
lipid contcnt, 2:43 
pasteunzation, 2:46— VI 
protcin contcnt, 2:43 
qualitv standarđs, 2:45 

E horizon, soil, 4:104
Eicosanoids, in animal reproduction, 1:144-145 
Ekalaka Rangcland HyđroloEỊV and Yield modcl, 3:596 
ELAS (Earth Resources Laboratory Application 

Softwarc), 4:474 
Elastic propcrtics, wood, 4:555-556 
Elastin, biochcmistry, 2:257-258 
Elderberrics, sa ' íilío Berrics

culturc and manasỊcnicnt, 1:286-287 
history, 1:286 

Electrical conductivitv, soil, 4:145 
Electrical povvcr, Ếbr irrigation purposes, 2:599 
Elcctrical rcsistancc, vvood, 4:554 
Electric ticld pulsc methods, in soil chcmistry, 4:80 
Electron microscopy

chcmical fixations, 3:235-236 
classical techniqucs, 3:235-236 
metal stains, 3:236
rapid frcczintỊ-frcczc substitution, 3:23(1-237 

Electron paramai»nctic rcsonancc, Applications in soil 
chcmistry, 4:80-81 

Elcctron transport
in chloroplasts, 3:190-192 
photosynthetic, 3:202 

Electrophoresis, physical mappint; ot’ plant genes, 3:281 
Electroporation, protoplasts, 3:380-381 
Elcphant yatn, 3:639

tablc ot primary iníormation, 3:640 
ELISA, SCI’ Enzymc-linkcd imnnmosorbent assay 
Elk, on U.S. rangclands, 3:497-498 
n l y m u s  (wild rycgrass), barlcy-i;7}'wi« hybrids. 1:239 
Embryo 

cloniníỊ, 2:61 
implantation, 1:176
injection, tor transgcne imroduction, 4:355 
in vi tro fertilization-cmbryo transíer, 1:175 
migrarion, 1:175
nuccllar, for citrus propagation, 1:359-360 
scxing, 2:61
sperm/embryo scxiníỊ, 1:177-178 
splittingị 1:178 

Embryogenesis, animal 
đitTerentiations, 1:176-177 
embryo splitting, 1:178 
lỊenc transtcr, 1:178 
inditterent stasỊL', 1:176 
intcrscxualitv, 1:177 
spcrm/cmbryo scxin^, 1:177-178

E m b r y o i Ị C u c s i s .  p l a n t

micropropasỊ.nion tcchniqucs, 3:357-358 
somatic, 3:378 

Embrvo rcscuc tcchnique, rice hybrids, 3:615 
Embryo transtcr 

advantaiỊcs, 2:52-53 
culturiniỊ ot cmbrvos, 2:55-56 
đisease prcvcntion, 2:58-59 
donor selection, 2:53-54 
cmcriỊÌnụ; technoloiỊĨes, 2:60-62 
evaluation of cmbrvos, 2:55 
1 11 c.xotic anmials, 2:60 
treezinạ: ot cmbryos, 2:56-57 
in goars, 2:59-60 
in horscs, 2:59 
inscniination, 2:54
international niarketing aspccts, 2:58-5(J 
by in ưilro fertilizacion, 2:61 
in lab animals, 2:60 
limitations, 2:52-53 
M O E T  brecdinạ; protỊrams, 2:53 
in piiỊS, 2:60 
procedurc, 2:57-58 
in rahbits, 3:483 
rccipicnt sclcction, 2:57 
rccord kceping for, 2:59 
rccovety of cinbryos, 2:54-55 
sanitation durini;, 2:58-59 
in shecp, 2:59-60 
splittiníỊ of cmbryos, 2:57 
storagc ot'embrvos, 2:56-57 
succcss ratcs, 2:58 
superovulation, 2:54 
synchronization, 2:57 

Emergcncy Wetlanđ Resources Act (1986), 4:508 
Emittcrs, for micro-irrií^ation, 2:605 
Emphysema, ruminant, 1:134 
EmptyiníỊ, bin, structural loads causcd by. 2:486 
Emulsion 

defmcd, 2:216
Products, ot processcd mcats, 3:22 
use 111 nieat Processing, 3:19 

Encroachmcnt, dcscrt, 1:593, SCI’ also Desertitìcation 
Endangcrcd spccies, 4:540 
Endocrmc systcm

male rcproductivc, 1:155-156 
rolc in lactation, 2:641 

Enđodormancy, defmed, 1:597-598 
Endoparasitcs, poultry, 3:448 
Endoplasmic reticulum, plant CL-11, 3:200-201 
Endosperm, popcorn, 3:403 
Enđothermy, inscct, 2:564 
Endzonc, nematiciđal propcrtics, 3:93 
EncríỊCtics, ecosystem, 3:269 
Energy

caloric, carbohvdrates, 1:337-338
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di-nsity. livcstock dicts, 2:\(ì') 
ilinostiblc. t:V4, 2:157 
tccdstock, availabilitv, 2:168 
lỊross. ot tl-cds, 1:94, 2:157 
l o s s e s  d u r i n t '  d i i ỊC S t io n  a n d  m c t a b o l i s m ,  2 : 1 5 8  

nictabulizablo, 1:‘M, 2:157. 2:167 
net, ot tccds. 1:94, 2:157 

Energy absorption rcsistancc. wood, 4:557 
Energy analysis 

aiỊricultural usaiỊc vs. total usaiỊc ĨI1 U.S. tood systcm, 
2:70-71 

aiỊro-food systcms. 2:68-69 
bcneíìts ot aiỊriculture, 2:63—65 
boundaries, 2:65
chaníỊcs in U.S. agricultiirc. 2:70-71 
tor corn production, 2:71-73 
costs ot agriculturc, 2:63-0)5 
tbr crop production (various), 2:73 
(ỉcfinitions, 2:63—65 
dcmoi;raphic prcssures, 2:73-74 
ccoloiỊÌcal pcrspective, 2:64 
cconotnic pcrspcctive, 2:64-65 
cmbodicd encrny, 2:65 
cncriỊy throuiíhput, dctìncd, 2:68 
eneriỊy throughput, maximiz;ition, 2:69 
cnvironmcmal perspecti ve, 2:64 
foođ systcm cyclc, 2:67-68 
in iinhistiial societies, 2:69—70 
limits to productivity incrcascs, 2:74-75 
for livcstock production, 2:73 
optimization stratciỊĨcs, 2:65-66 
prcdictcd cncrgy usc, 2:75-76 
in prcindustrial soeicũcs, 2:69 
and sustainability of'production, 2:74-76 
trcnds in agricultural períbrmance, 2:73-74 

Enerny balance 
and biomass, 1:300—301 
global, 3:41
and greenhousc ctTect, 3:42 
mechanical, cquation for, 2:374 

Energy cquation, for heat transter, 2:356 
Energy exchange, in grccnhouses, 2:536-537 
Energy flo\v, in ccosystems, 3:516-518 
Energy rcquircmcnts 

draft aninials, 1:617-618 
nonruminant tnammals, 1:94 
ruminants, 1:129-130 

Energy transtcr, in ^recnhouses, 2:535-536 
5-Enolpyruvyl-shikimate-3-phosphatc, herbiciđe 

inhibitors, 2:508 
Ensiling process, 2:417-418 
Euterotoxeinia, in rabbits, 3:485 
Enthalpy

bcet, durint> freczinự, 2:392
dctìncd, 2:287
in tooct dchydration, 2:287

Entulcmcms. in land usc. 2:649-65(1 
Entomoloiỉy, horticnltur.il

Biìálliis ilutriiHỊÌaiíis Products. 2:79-80 
bcst managcmcnt practices, 2:80-82 
inscct scx pheroniones, 2:7ft 
intcgrated pest manaiỉcmcnt, 2:S0-81 
IR-4 proiỊram. 2:79 
pesticide registrations. 2:79 
soil insects, 2:78 
and sustainable .urriculture, 2:82 

EmonioloíỊỴ, vetcrinary, see iilso Arthropods, veterinary 
abundance dctermination, 2:86-87 
CLIMEX model. 2:84 
control mcthods, 2:89-91 
damage causcđ by arthropods. 2:88 
discasc transniission modcs. 2:88-89 
ccolosỊÌcal principlcs, 2:84-87 
cducational aspects, 2:92 
cradication protỊrams, 2:91-92 
trcc-liviniỊ parasitcs, 2:87 
Gcot;raphica] lníormation Systems (GIS), 2:84 
host-scckiniỊ parasitcs, 2:87 
limitiniỊ tactors conccpt, 2:84-86 
quarantinc pro^rams, 2:91 
rcproduction stratcgics, 2:87 
sterik' inscct rclease method (SIRM), 2:91-92 
survival stratOiỊÍcs, 2:87 
taxonomic íỊroups in, 2:83-84 

Entrapmcnt, in tỊrain bnlks, 2:485 
En viromncnt 

biotcchnoloi»y-rclatccl chaniỊcs to, 3:218-222 
and plant discasc, 3:327—328 

Environmcntal impact 
gơvernmental agricultural poliđes, 2:470-471 
hcrbicide usc, 4:491—ị92 

Environmcntal quality 
inimobile nutrients, 2:184-185 
role of soil microorganisms, 4:131 

Environmental soil chcmistry, see Soil chemistry, 
cnvironmental 

Environmental strcss 
amelioration, soi! microbiological principles, 4:131 
ctTccts on ruminants, 1:133 

Enzymatic browning 
antibrovvning agents, 2:342-343 
biochcmical reactions, 2:244-245 
mechanism of, 2:342 
prcvention, 2:245 

Enzymatic peroxidation, o f toođs, 2:243-244 
Enzymc-linkcd immunosorbent assay 

for plant virus detcction, 3:392 
tor prcgnancy diagnosis, 1:181 

Enzymes
aíTecting hctcrosis, 2:517-518 
biocheniistry of, 2:261-262, 2:277-278 
catalysis by, 2:261



Enzymes (continued) 
classification, 2:261, 2:277 
classihcation and nomenclature, 2:261 
digestive, in avian species, 1:92 
digestive, in nonruminant mammals, 1:92-93 
in foods, 2:280
important in food S c i e n c e ,  2:261-262, 2:277-278 
inactivation, reaction rate constants and activation 

energy, 2:389 
Epidinocarsis ỉopezi parasitoid, 3:159 
Epithelial cells. mammary, development, 2:635-637 
EPTC

chemical structure, 2:509 
mechanism of action, 2:509 

Equilibrium eíTects, of agricultural development, 3:3-4 
Equilibrium moisture contcnt 

food, 2:286 
wood, 4:552 

Equilibrium pricc, 3:451-452 
Equilibrium properties, of foods, 2:382-387 
Equilibrium rclativc humidity, calculation, 2:285-286 
Equine Civil Liability Act, SB 90-84 (Colorado), 2:530 
Equipmcnt, lcasing, 2:193 
Equity, in cooperatives, 1:435-436 
Equity  Capital 

excernal, 4:441 
sources, 2:193 
trends in, 4:441 

Eradication programs 
plant viruses, 3:395 
vctcrinary arthropods, 2:91 

Ergot, toxicity, 2:176 
Ergotism, history of, 3:317-318
Erosion, see Soil erosion; Water crosion; Wind erosion 
ERS, see Economic Research Service 
Erucic acid 

structurc, 2:215 
toxicity, 3:216 
uses, 1:298 

Eructation, ruminant, 1:125 
Envinia carotovora

blacklcg potato disease, 3:426 
in coles, 1:332 

Hscherichia coli 
/3-glucuronidase gcnc, 3:233
microbial death, reaction rate constants and activation 

encrgy, 2:389 
Escherichia íoli, strain 0157:H7 

cytotoxicity, 2:324 
in tnilk, 1:561
symptoms of inícction, 2:324 

Estcriílcation, uscs of, 1:295 
Estimatcd progcny ditTerences (EPDs) 

beef cattlc, 1:58-59 
calculation, 1:52 
sheep, 1:61

Estradiol, rolc in animal reproduction, 1:143-145 
Ethanol

corn-derived, 1:481-482 
production, 1:294-295 
sugarcane-derived, 4:237-238 

Ethics, agricultural 
analytical, 2:108 
ammal rights, 2:114-115 
biotechnology issues, 2:115-116 
burdens of proot, 2:110-111 
conduct, 2:112-113 
ethical reductionism, 2:112 
green revolution prograrns, 2:111-112 
history, 2:108-109 
informed consent, 2:110 
market failurc, 2:111 
rcscarch, 2:113-114 
rights-baseđ stratcgies, 2:109-110 
scientific rcductionism, 2:112 
substantive, 2:108
unintcnded conscqucnces, 2:109-111 
ưtilitarianism, 2:109-110 

Ethnobotany, traditional tarmers’ knowledgc of, 
3:650 

Ethnoscicnce 
detìncd, 3:647
in traditional tarmin^ systcms, 3:650 

Ethology, ice aìso Animal behavior 
abnormal bchaviors, 1:43 
anirrial communication, 1:42-43 
behavioral development, 1:43 
history, 1:42
uncominon bchaviors, 1:43 

Ethoprop, nematicidal propcrtics, 3:93-94 
Ethylene

diíĩerential response o f íruits, 3:408-409 
cffccts on plant microtubules, 3:250-251 
physiological role, 3:342 
physiological role in plants, 3:173, 3:208-209 
in plant stress response, 3:360, 3:364-365 
use as plant growth regưlator, 3:173 

Ethylene bisdithiocarbamate tungicide, 2:447-448, 
3:173

Ethylcncdiaminc tetraacetic acid, antioxidant actions, 
2:345

Ethylenc dibromide, nematicial properties, 3:92-93 
Eugcnol, antimicrobia] activity, 2:353 
Eurocurrency niarkct, 3:2 
Eurodollar markct, 3:2 
European com borcr, 3:401-402 
European Economic Cominunity (EEC) 

common agricultural policy, 4:270 
food sccurity aìms, 4:267 
grain program supports, 4:271 
tariíT structure, 4:269-270 
variable lcvy System, 4:270



lùitrophication 
nitratc-relatcd, 4:127, 4:148 
phosphatc-rclated, 4:149 

Evaporated milk, 1:572 
Evaporation

applications in food industry, 2:383 
concentrárión cffccts, 2:372-373 
dcfined, 2:591
tìuiđ dairy Products, 1:572-573 
phase changc hcat transter during, 2:363 
tcmpcrature cíYccts, 2:372-373 

Evapotranspiration 
com crops, 1:450-451 
in data-short environments, 4:479 
dctìncd, 2:591
dctcrmination for land cvaluation, 4:44 
cstimation, 2:593-594 
cstimation with water-usc ctĩiđcncv indcx, 

4:479 
lysimcters for, 2:592 
measuremcnt, 2:592-593 
Penman cstimation method, 4:478 
Pcnman-Montcith cquation, 3:60 
potcntial, 1:627, 2:616 
rctcrencc crops, 2:594 
rcmotẹ sensing mcthods, 4:41, 4:479 
tropical rain torcst, íỊcneral circulation modcls, 

4:409-411 
vvacer-use etĩiciency index, 4:479 

Evisccration, poultry, 3:436 
Evolution

cyanobacteria, 3:200 
plant viruscs, 3:390 
plasticity in, 2:1 19 
vvctlands policy, 4:509-510 

Evolution, plant
and biodiversity, 3:297 
chinest’ cabbage, 1:329 
chromosomal rearrangements in, 2:118 
and Continental drift, 2:118 
CLiltivation role in dom estication, 2:119, 2:122 
forcst ecosystems, 2:425-426 
glacial cítects, 2:118 
group contríbutions, 2:117-118 
and harvest practices, 2:119, 2:122 
hybridization in, 2:1)8 
major events, 2:118 
mutation etĩects, 2:1 18 
plant viruses. 3:390 
plasticity in, 2:119 
polyploidy role, 2:1 18 
processes íỊoverning, 2:1 18-119 
vvheat, 4:515-516 

Exchange rates
b>lot-floatiniỊ systems, 3:5 
choice ot regiines, 3:5

tixcd, 3:4 
Aexiblc, 3:7

Exclusion strategies, plant vưal pathogens, 3:395 
Excrction 

insect. 2:566
urinarv, o f toodbome chemĩcals, 2:402 

Exocortis discase, o f citrus. 1:366 
Exotic spccics

embryo transter, 2:60
torest trecs, genctic improvement, 2:439-440 
wíld]ife, su'Cfcessful transplants, 4:540-541 

Exotoxins. in foods, 2:322 
Expansíon

popcorn, 3:403 
thermal, o f wood, 4:553 

Expcriment stations, see Agrĩcultural experiment stations 
Expert systems

for cotton production, 1:393-394 
tbr dairy cattlc, 1:394 
GOSSYM /COM AX, 1:393-394, 1:401 
for grain storatỊC and manasỊcment, 2:486-487 
for weed management, 4:493-494 

Export Enhancement Program, 1:531 
Exports, see also Trade, intcrnational; Tradc policy 

dumpiníỊ, 4:266-267 
tood, 2:311 

Exports, U.S. 
horse mcat, 2:528-529 
horses, 2:528-529 
tradc liberalization cttects, 195:11 

Extractants, used in soil testing, 4:98-99, 4:146 
Extraction processcs, in food industry, 2:383 
Extrusion 

applications in food industry, 2:383 
blow molding food packaging process, 2:338 
cooking of pasta and noodles, 4:533 
hi^h-tcmpcrature short-time, 4:533 
l am in a t io n  p a ck a g in g  applicat ions ,  2:337 
putTcd rice, 3:631
slot-die food packaginí* proccss, 2:335 

Eye, insect, 2:556-558

Face fly (Musca autumnalis)
damage to livcstock, 2:658, 2:662-663 
developmcnt, 2:662 
^eoíỊraphic distribution, 2:662 

Facultative apomixis, citrus, 1:359-360 
Fair Labor Standards Act, 2:626-627 
Fair\vay crested whcatíJrass, see also Turfgrasses 

characteristics, 4:414-415 
Fallopian tubes, anatomv. 1:162-163 
Fallows, in shiĩting cultivation, 1:16-17 
False yam, 3:641
Family Community Education proíỊrams (Extension 

Service), 1:427-429



Fanlcat dcgencration, in íỊrapcs, 4:452 
Fans, for animal housiiiíỊ, 4:208 
Farm animals, see ()/.'•(’ Animal bchavior; Livcstock 

domcstication, 1:41-42 
íĩvc trccdoms of, 4:266 
transẹcnic, disease rcsistancc, 4:360 

Farni Animal Wclfare Council ot the United KintỊcioni, 
The, 4:266 

Farm Bill of 1985, 1:528-529 
Farm Bill of 1990, 1:531-532
Farm commodities, fcdcral policy impacts on at;ricultural 

íinance, 2:202 
Farm Credit Administration, 2:196-197 
Farm Credit System, 2:195-196 
Farmer Mac, 2:196-197 
Farmer participatory rcscarch, 2:137-138 
Farmer's Home Administration, 2:197 
Farmcrs’ Lung Syndronic, 2:485 
Farm inromc

income strcams by gcndcr, 4:545-546 
net cash, 4:435, 4:438 
off-farm cash incotnc, 4:435, 4:438 

Farming systcms 
boundaries, 2:130 
componcnts, 2:130 
continuity, 2:130 
dcíincd, 2:129-130
tamily, sociological pcrspcctivc, 3:664 
farmcr participatory research, 2:137-138 
FSR/E, sce Farming systcms rcscarch/extcnsion 
global typcs, 2:132-133 
goals, 2:130
history of rcscarch, 2:133-134 
intcractions. 2:130
participatory rural analysis, 2:137-138 
rcgional types, 2:132 
subsystems, 2:130-131 

Farming systems, traditional 
biodiversity in, 3:650 
and cthnobotanica) knovvledge, 3:650 
cthnoscience, 3:650 
Honduran, 3:651, 4:544 
land cntitlemcnts, 4:545 
Peruvian, 3:650
and shift to export crops, 4:544-545 
women’s rolc in, 4:543-544 

Farmini» svstenis rcsearch/extension (FSR/E) 
charactcristics, 2:134-135 
dcsign, 2:135 
diagnosis, 2:135 
cxtension, 2:136-137 
minimalist approach, 2:136-137 
mixed linear modcls, 2:136 
modiíĩcd stability analysis, 2:136 
orÌEỊÌns. 2:134 
testiníỊ, 2:135-136

Farmland protcction 
activitics exempt trom Section 404 requircmcnts, 4:500 
aiỊricultural districts, 2:654 
dcductibility provisions, 2:652 
cxcmption tcaturcs, 2:652 
Farmland Protcction Policy Act, 2:651 
Farms for the Futurc Act, 2:652 
tcdcral role, 2:651-652
Intcrnal Rcvcnue Codc Section 170(h), 2:651-652 
and land use rcíỊulations, 2:654 
local proiỊrams, 2:652-654 
lock-in effcct, 2:652
purchase of developincnt rights, 2:653-654 
nght-to-íarm laws, 2:654 
roll-back provisions, 2:652—653 
S ta te  p r o g r a m s ,  2 : 6 5 2 —6 5 4  

use value assessmcnt, 2:652—653 
zonintỊ laws, 2:654 

Farmland Protection Policy Act o f  1981, 2:65]
Farm manaiỊcmcnt, and irritỊkition nianaíỊcmcnt, 2:597, 

2:599
Farms for the Futurc Act, 2:652 
Farm sizc, U.S.

consumer prcterences cttccts, 4:433 
cơntract production cítects, 4:439-440 
economic torccs attccting, 4:432-433 
and ímancial pcrtbrmancc, 4:435-437 
minimum eíticient scale, 3:469 
political forccs affecting, 4:432-433 
price support ctTects, 4:433 
returns to scalc, 3:469 
social torccs aff'ccting, 4:432—133 
trmds in, 4:437-441 
verũcal intcẹ;ration ctĩects, 4:437-439 

Farm structure, U.S., scc also Production cconomics 
abscntec ovvnership, 4:441 
aging of  farm population cíTects, 4:433 
buyers and sellcrs, 4:434-435 
consumcr prefcrcnccs effects, 4:433 
distribution by typc and net cash incomc, 4:432—433 
economic forccs affectinsỊ, 4:432-433 
e x te r n a l  e q u i ty  Capital , 4 :441 
tamily corporations, 4:434-435
financial pertormance, see Financial pcrformancc, U.S. 

farms
gendered patterns of production, 4:546-547 
income streams by íỊcndcr, 4:545-546 
institutional ownership, 4:434-435 
investnients in, 4:441 
leascs, 2:193
Iioníaniily corporations, 4:434—135 
partncrships, 4:434—+35 
political torces aítecting, 4:432—+33 
pricc support cffects. 4:433 
production contracts, 4:439—140 
rented lands, 4:434-435



resource acccss by iỊcnder, 4:546 
social tbrccs aữccting, 4:432-433 
sole proprietorships, 4:434 
trends in, 4:437-441 
vcrtical integration, 4:437—139 

Farm workcrs, see aiso Labor 
doniestic, 2:624
Fair Labor Standards Act, 2:626-627 
tcderal pro^rams, 2:626-629 
Forni 1-9, 2:627 
hired, annual carnings, 2:631
Immigration Rctorm and Control Act of 1986, 2:627, 

2:630
impact ot laws and reiỊulations, 2:628-629 
migrant, 2:624
Mininnim Wage Law, 2:626-627 
Occupational Safety and Health Act, 2:628 
Replenishment Agricultural Workcr program, 2:627 
social security program, 2:626 
Special AíỊricultural Worker program, 2:627 
unđocumcnted, 2:624 
unemployment insurancc program, 2:627 
wage rate trcnds, 2:631 
vvorkers' compensation programs, 2:628 

Fat contcnt
common foods, 2:145-146 
fcrmcntcd milk Products, 1:567 
tomatoes, 4:338 

Fatiguc rcsistancc, wood, 4:557 
Fats

animal, by-products dcrived trorn, 1:67-68, 1:73 
artificial, 2:261 
bcef, 3:438
biochcmístry, 2:216-218
biological tunctions, 2:142-143
and cancer, 2:149-150
and cardiovascular disease, 2:146-149
composition, 1:111
dcíìned, 2:139-140
and diabetes, 2:150-151
dictary recommcndations, 2:145-146
digestion, 1:111-112
essentiality in dict, 2:145
t u n c c io n s ,  1 :112
and immunc system disordcrs, 2:151
interesteriíìcation, 2:216
in milk, 2:640-641
monounsaturated, 2:276-279
natural, composition, 2:276
and neuromuscular disorders, 2:152-153
and obesity, 2:150
plant, 3:205-206
polyunsaturated, 2:276-279
pork, 3:438
poultry, 3:438
propcrtics, 1:111

and rcnal discase, 2:151-152 
saturatcd, 2:276-279 
storagc, 1:112 
synthctic, 2:217
transport and storaiỊL’ in human body, 2:143-145 
ucilization by ruminants, 1:129-130 
ycgetablc, bioengineered, 3:216 

Fatty acids
abbrcviated nomcnclature for, 2:215 
autoxidation, 2:343 
in Canola brassicas, 1:329—330 
cholestcrol, 2:141-142 
classiíications, 2:140 
composition, 1:111 
contenc of foods, 2:275-279 
deíìncd, 2:140 
digcstion, 1:111 — 112 
esters, antimicrobial propcrtics, 2:354 
in foođ fats, 2:140 
íunctions, 1:112 
hydroxy, 1:297-298 
nionosaturatcd, 2:140 
ncmaticidal value, 3:94 
phospholipids, 2:141 
polyunsaturated, 2:140 
propcrties, 1:111 
in rape brassicas, 1:329-330 
saturated, 2:140, 3:205-206 
short-chain, 1:298-299 
in sorghum, 4:175 
storage, 1:112, 2:215 
synthesis in chloroplasts, 3:188 
triacylglycerols, 2:141 
unsaturated, 2:140, 3:205—206 
vegetablc, bioengineered, 3:216 

Feathcrs, poultry 
bacteria in, 2:317 
removal, 3:435-436 

Featured specics, 4:540 
Fecal contamination, poultry, 3:437, 3:446 
Fcces, ammonia volatilization, 3:104 
Federal AỉỊricultural Mort^age Corporation, 2:196-197 
Fcderal Food, Drug, and Cosmetic Act, 3:176 
Federal Insecticide, Fungicide, and Rodenticide Act, 2:79, 

3:176
Federal Interagency Manual for ldentifìcation and 

Delincation of Wetlands 
1989 version, 4:498 
1992 version, 4:498 

Federal Land Policy and Management Act of 1976, 3:496 
Federal Watcr Pollution Control Act (1972), 1:191 
Feeđ crops, barley, 1:247-248 
Feeding behavior, animal 

characteristics, 1:44-45 
nonruminant mammals, 1:92-93 
ruminants, 1:125



Fccdlots, bcef cattle, 1:263
Fceds, see Animal feeds; Forat?cs; Livcstock feeds; Poultry 

feeds; Sĩlages 
Fcedstuffs, for swine, 4:260-261 
Fclđspars

occurrencc in soils, 4:77 
structure, 4:77 

Fclt, wool, 4:588 
Fcnces, for rangelands, 3:555 
Fcrmentation 

in brewing process, 1:322-1:324 
corn, industrial chcmicals from, 1:482-483 
high gravity, 1:324 
microbial, ruminant, 1:128-129 
sugarcane, 4:237-238 
very high ^ravity, 1:324 

Fermented milk Products, 1:566-567 
Ferrets, diseascs affcctinjỊ, 1:87 
Fcrtility, animal, postpartum, 1:183 
Fertility, soil 

in dryland íarming regions, 1:629-630  
testing, see Soil tcsts and tcsting 

Fertilization, animal 
acrosomal rcaction, 1:174-175 
capacitation, 1:174
in ưitro fertilization-embryo transfcr, 1:175 
spcrmatozoa-ovum (Ãision, 1:175 
zona rcaction, 1:175 

Fertilization, crop, see also Nutrient requircmcnts, plant 
bananas, 1:224-225 
christmas trees, 1:351-352 
citrus orchards, 1:361 
íorages, 2:176, 2:406-409 
íorest trces, 4:18 
grapevines, 4:450-451 
guáyulc, 3:79, 3:81 
in humid regions, 2:619 
location-speciíìc íarming, 4:116 
optimum rate determination, 4:99 
overfertiIization of garden soils, 4:135 
peanut crops, 3:220 
precision farming, 4:116 
in silviculture, 4:18 
toa plants, 4:283-284 
tobacco, 4:328
variablc ratc technology, 4:99 

Fertilizcr management
best managcmcnt practiccs, 2:184 
computer-assisted analyses, 1:392 
defined, 2:179
economic beneíìts, 2:179-180 
environmentally sensitive landscapes, 2:183-184 
tìeld sainples, analysis, 2:181-182 
íìeld samples, collcction, 2:181 
tìcld samples, interpretation, 2:182 
immobile nutricnts, 2:184-185

mobile nutricnts, and proíĩtability. 2:185-186 
mobile nutricnts, placcment, 2:186-188 
mobile nutricnts, soil tests, 2:182-183 
nutrient nceds, analyscs, 2:183 
nutricnt nccds, prcdiction, 2:180-183 
nutrient nccds, sampling, 2:383 
placement, and profitability, 2:186-187 
placement, precision problems, 2:187-188 
for sustaincd farm proíìtability, 2:185 

Fertilizers
ammonia-releasing, ncmaticidal value, 3:93 
band applications, 4:99 
broadcast applications, 4:99 
chemical, for orchards, 3:124
commcrcial, as ciiergy input into crop production, 

2:72
tor com crops, 1:451-453 
incorporation bv tilling, 4:318 
intcgratcd pest managcmcnt approach, 2:573 
for iron dchcicncics, 4:99 
for nitrogen dcficicncy, 4:99 
for orchards, 3:120—121 
organic nianures, for orchards, 3:124 
and soil acidiíication, 4:136-137 
in soil management systcms, 4:115-116 
sprays. for orchards, 3:124 
for sugarcane, 4:232-233 
tcchnology of, 2:179 
tomato, optimal nutrient levels, 4:347 

Fcrtilizers, nitrogen
bcst managcmcnt practices, 2:184 
for corn, 1:452 
economic benctìts, 2:180 
effects on grounđwatcr, 2:496-497 
ctTects on soybeans, 4:196-197 
for foragcs, 2:407 
soil acidiíĩcation caused by, 4:31 
for suẹarbeets, 4:217-218 
tor sugarcane, 4:232 
for tobacco, 4:328 

Fertilizers, phosphorus 
for corn, 1:452-453 
for íorages, 2:407 
solubility in acid soils, 4:35 
for sutỊarcane, 4:232 
for tobacco, 4:328 

Fertilizers, potassium 
for corn, 1:452-453 
tor toragcs. 2:407 
for sugarcanc, 4:232 
tor tobacco, 4:328 

Fcscue grasscs, see cilso Turti;rasscs 
characteristics, 4:414-415 

Fescuc toxicity, 2:176 
Fibcr content 

dictary, 1:343-344



livestock fecds, 2:160-161 
tomatoes, 4:338 
various foods, 2:276-278 

Fibcr crops, areas of origin, 2:121 
Fibroins, silk

amino acid composition, 4:3 
biocosmetics with, 4:3 
biosensors using, 4:8 
tibers, 4:6 
tìlms, 4:6
genes encoding, 4:6-7 

Fick’s Laws ot Diíĩusion, 3:13 
Field capacity 

defined, 4:164
111 humiđ regions, 2:615, 94:5 

Finance
accounting practiccs, 2:194-195
aggregạte invcstmcnt behavior, 2:199—200
Capital budgeting tcchniqucs, 2:192
under certainty, 2:190-192
certainty-equivalent criterion, 2:192-193
certainty equivalents, 2:191-192
coetTicicnt of variation critcrion, 2:192-193
concavc utility functions, 2:191-192
and contract production, 2:193-194
d e b t  Capital providcrs, 2:195-197
deíìned, 2:189-190
domcstic intcrface, 2:200-201
expected present value criterion, 2:192-193
farm commodity policy impacts, 2:202
Farrn Crcdit System, 2:195-197
Farmer Mac, 2:196—197
farm íìnancing behavior modcling, 2:200
tarm invcstment behavior modeling, 2:199-200
Fisher Separation theorem, 2:191
international intcrface, 2:201
investment thcory, 2:190-193
macro issues, detìncd, 2:189-190
maximin dccision criterion, 2:192
micro issues, deíined, 2:189-190
nontraditional lcndcrs, 2:196
overvievv, 2:190
policy impacts, macro-economic, 2:201-203 
rcsource acquisition, 2:193-194 
resource policy impacts, 2:202 
risk adjustments, 2:192-193 
risk premiums, 2:191-192 
scctor economic accountinẹ;, 2:197-199 
short-run effects of policy actions, 2:202 
tradc policy impacts, 2:202-203 
transitions in government-sponsored lcnding, 2:197 
under uncertainty, 2:191 

Fmancial applications, computer-aided, 1:390-391 
Financial períormance, U.S. farms 

balancc shect, 4:437 
net cash farm income, 4:435, 4:438

ọff-farm cash income, 4:435, 4:438 
rates ot return on assets and equity, 4:435, 4:439 
variation by size and structure, 4:435 

Fire, see aịso Burning 
crown, 4:20
in íorest ecosystems, 2:430 
ground, 4:20
in hardwood forests, 4:298 
plant coping mechanisms, 3:262, 3:265 
silvicultural uses, 4:14, 4:18, 4:20 
suríace, 4:20
in tropical grasslands, 4:391-392 
usc by Native Americans, 4:298 
for weed managemcnt, 4:488 

Fire-cured tobacco, 4:325, see also Tobacco 
Fiscal policy, in open international systems, 3:5-7 
Fish, see also Seaíood 

diseases of, 1:86
naturally occurring toxins in, 2:400 
packaging requirements, 2:329 
transgenesis in, 4:358-359 
on U.S. rangclands, 3:496 

Fisheries, bioeconomic linkages, 4:504 
Flake, popcorn, 3:402-403 
Flaming, see Burning
Flash dryers, for food dchydration, 2:291-292 
Flatworm infcctions, animal, table of, 1:81 
Flavonoids, structurc and function, 3:207 
Flavor, food

beer, see Brcwing 
biochemistry of, 2:230 
components, 2:281 
cnhancers, 2:230 
poteutiators, 2:242 
tomatoes, 4:337 

Flea beetles, damage to cole caused by, 1:334 
Fleece rot, 4:578
FLEX housing, for livcstock, 4:210 
Flexography, packaging applications, 2:335, 2:337 
Flics, see speáỊìc fly\ Arthropods, veterinary 
Flocculation processes, in wastc trcatrncnt, 4:461 
Flooding 

corn crops, 1:451
soil-water relationship during, 4:165-166 

Floodplains, in rangeland watershcds, 3:599 
Floors, slotteđ, for animal waste collcction, 4:457 
Floriculture, see also Horticulture, environmental 

biocontrol mcasures, 2:210 
biotechnology applications, 2:211 
blemish-free crops, 2:209-210 
controlled environtnetits, 2:207 
crop modeling techniques, 2:207 
crop values, 2:94-95, 2:206 
cut and potted íoliagc, 2:99-100 
cnvironmental concerns, 2:209 
exports, 2:211



Floriculture (ioutitmed)
Aovver-inducini* compounds, 2:207
flowering regulators, 2:207
trcsh and potteđ Hovvcrs, 2:206-207. 4-7
íVesh cut flowcrs, 2:96-99, 2:206-207
lỊenctic entỊÍncering applications, 2:207
íỊcnctic improvcnicnts, 2:207
geoíỊraphy/distribution, 2:97-98
and í^lobal climate chansỊc, 2:207-209
greenhouse, 2:96-97
growing mcdia, 2:207
í*rowth rcgulators, 2:207
historv, 2:206
integratcd pest mana^ement tcchniques, 2:210 
nutricnt media, 2:207 
pcsticidc use, 2:210
postproduction pcrformancc, 2:207, 2:210 
qualíty considcrations, 2:209-211 
rcscarch issues, 2:206-209 
unusual torms or flowcr colors, 2:207

Flow bchavior indc.x, fluid toods, 2:371-372
Flowcrs, see alio F]oriculture 

banana, 4:378-379 
citrus, dcvelopment, 1:363 
cocoa, 1:381 
color, 3:207
dcciduous fruit trccs, 1:579-580 
torbs, 3:564 
grasses, 3:563—3:564 
grasslike plants, 3:564 
hickory, 2:2
per capita consumption, 2:104 
pollination, by bccs, 1:211-212 
postharvcst physiology, 3:408, 3:413 
succulents, 3:564 
sugarcane, prcvention, 4:234 
tempcraturc effccts, postharvcst, 3:412

Flow profiles
for agitatcd batch heating o f  liquids, 2:360 
for conventional heatint; of liquids, 2:359-360 
for nonagitatcđ batch hcatinẹ of  liquids, 

2:360-361
Fluc-cured tobacco, 4:327, sce alio Tobacco
Fluid flo

classitìcation, 2:371 
conccntration cffects, 2:372—373 
consistcncy indcx, 2:371-372 
Fanning íriction tactor, 2:374 
flow bchavior indcx, 2:371—372 
triction losscs, 2:374 
isothcrmal, in tubcs, 2:373-374 
laminar, 2:373
mechanical energy balance equation, 2:374 
models, 2:371-372 
Nevvtonian Auids, 2:371 
non-Newtonian Auids, 2:371

powcr law parametcrs, 2:371-372 
pseudoplastic toods. 2:371 
rheopectic, 2:371 
tcmperature cítects, 2:372-374 
thixotropic, 2:371 
velocitv protiles, 2:373-374 
volumetric flow rates, 2:373-374 
yield stress, 2:371 

Fluidized bcd drycrs, tor food dehydration, 2:291 
Fluidizcd bcd reactors, for vvastcs, 4:462 
Flukc infcctions, 1:82
Fluorescencc microscopy, tcchniqucs in plant cvtologỹ., 

3:226 
Fluorinc

dcíìciency symptoms, in animals, 1:119 
tunctions, 1:119 
toxicity, 1:119 

Fluridone
Chem ica l  s t r u c t u r c ,  2 :5 0 6  
mechanism of action, 2:506 

Flux dcnsity, dctincd, 4:157 
Fot;, typcs, 3:46 
Folacin

dcíìcicncv in nonruniinants, 1:97 
requiremcnts for nonruminants, 1:97 

Folatc synthcsis, hcrbicide inhibitors, 2:509, 4:490 
Foliagc plants, scc li/so Floriculturc; Horticulturc, 

cnvironmenta] 
marketing, 2:100 
per capita consumption, 2:104 
production, 2:99
production distribution, 2:99-100 
propagation, 2:99 
shippin^, 2:100 
storagc, 2:100 

Folic acid
biosvnthcsìs inhìbitors, 2:509 
deíĩciency in nonruminants, 1:97 
requirements for nonruminaiưs, 1:97 

Follide-stimulating hornionc
in animal reproduction, 1:141-143, 1:145 
for supcrovulation, 2:54, 2:60—61 

Foođ, Agriculture, Conscrvation, and Trade Act (1990), 
4:509

Food, Agriculture, Trade, and Conscrvation Act o f  1990, 
1:531-532 

Food, Drui>, and Cosmetic Act 
cnforcement, 2:399 
t'ood additivcs ainenđmcnt, 2:324 

Food additivcs
advcrse rcactions to, 2:401
antioxiđants, 2:244
carcinogenicity, 2:401
Food Additives Amendment (1958), 2:324
generally rccoiỊiiizcd as satc. 2:401
prcmarket approval, 2:399



Food and AtỊriculturc Organiz;]tion (United Nations), 
2:583, 2:586 

.ukiress tor, 4:617
International Board tor Plant Genetics Resources, 

3:314
International Codc ot Conduct tor Plant Gcrmplasm 

Collectinự and Transter, 3:308 
International Undcrtaking on Plant Gcnctic Resources.

3:302. 3:314 
United Nations, 2:586 

Food and Drutí; Administration 
tood additivcs approval, 2:399 
food toxicant rcgulations, 2:399 

Food Bank program, 2:312 
Food biochcmistry

acyl glyccrols, 2:216-218 
agár, 2:225. 2:228 
algmates, 2:228 
amino acids, 2:250-251 
amvlase inhibitors, 2:262 
artitìcial tats, 2:261 
c.irotenoids, 2:218-219 
c;ưraạ;eenan, 2:228-230 
cascins, 2:258
ccl 1 strnctiưc ovtrvicvv, 2:214
cellulose, 2:225
c-holcstcrol, 2:219
eollagen, 2:256-257
clastin, 2:257-258
cnzynics, 2:261
fats’ 2:216-217
tatty acids, 2:214-216
globular solưblc protcins, 2:251-253
íĩlycosidascs, 2:262
hydrolascs, 2:261-262
lcctins. 2:263
lipascs, 2:262
lipids, 2:214-219
monosaccharides, 2:221-222
musclc protcins, 2:252-254
nonsapon]fiable lipids, 2:218-219
nuclcic acids, 2:230
oils, 2:216-217
oligosaccharicks, 2:222
pcctin, 2:225
phospholipids, 2:217-218 
polysaccharidcs, 2:222-223 
proteasc inhibitors, 2:262 
proteins, tunctional propcrties, 2:260-261 
sìmplc sugars, 2:221-222 
stabilizers, 2:230 
starch, 2:223-225 
synthctic tats, 2:217 
thickcncrs, 2:226-227 
whc,ư protcins, 2:260 

Food hrokcrs, 2:308

Foođ chain 
detrital. 3:516-017 
,111(1 ecosvstem cncrtỊctiẹs, 3:269 
gKtèinn, 3:516-517 

Food chcmistry
constitucnts ot tood, 2:266 
d c s i r a b l c  c h e m i c a l  c h a n í Ị c s .  2:266-267 
tood analysis tcchniqucs, 2:266 
history, 2:265-266 
Maillard rcaction, 2:268-269 
nonczymatic brcnvning, 2:268-269 
preservation mcthods, 2:268 
rcaction typcs, 2:266-270 
rcsponsibilities o f  chcmists, 2:270 
undcsirablc chcmical changcs, 2:267-268 

Food color, 2:232, |ff' also PÌGỊments, toocỉ 
added to íbod, 2:232 
additives, 2:232
amine dcterioration-rclated, 2:242 
antioxidant additivcs, 2:244 
blanchintỊ-rclatcd, 2:232 
browninsr of nieat, 2:232-233 
changes in. 2:242-245 
enzvmatic brovvning. 2:244-245 
instability, rolc o f  vitamins and rnincrals, 2:24:1-247 
occurrint? in íood, 2:229-232 
photosensitized oxidation, 2:243 
protcin dctcrioration-relatcd, 2:242 
u n d c s i r a b l e  c h a n g e s  in ,  2 :2 6 8  

Food coniposition 
additives, 2:281-282 
aniino acids, 2:278 
ash, 2:279
caloric values, 2:279 
carbohydratcs, 2:277 
data sourccs, 2:274, 2:283 
detcrminants, 2:281-283 
cncrtỊy values, 2:279 
enzymcs, 2:280 
íiber, 2:277-279 
tìavor components, 2:281 
irradiation cffects, 2:299 
lipids, 2:275-277 
macrocomponents, 2:273-279 
major constitucnts, 2:266 
microcomponcnts, 2:279-281 
minerals, 2:279 
piẹmeiưs, scc Pií»mcnts, tood 
proteins, 2:275 
uscs of, 2:283-284 
vitamins, 2:278, 2:280 
water, 2:275 

Food contamination, see Food microbiolo^y 
Food dehydranon 

adiabatic proccsscs, 2:287 
batch proccsscs, 2:287



Food dehydration (contìnued) 
cabinet/tray dryers, 2:288-289 
constant rate processes, 2:287 
continuous processes, 2:287 
conveyor dryers, 2:289 
drum dryers, 2:290-291 
dryer selection, 2:287-288 
equilibrium relative humidìty, 2:285-286 
f a l l i n g  r a t e  P r o c e s s i n g ,  2 : 2 8 7  

flash dryers, 2:291-292 
fluidized bed dryers, 2:291 
food moisture concepts, 2:285-286 
freeze dryers, 2:290 
microwave dryers, 2:292 
psychrometric properties, 2:286-287 
spouted bed dryers, 2:291-292 
spray dryers, 2:289-290 
sun dryers, 2:288 
tunnel dryers, 2:289 
turbo dryers, 2:288-289 

Food Aavor
aroma compounds, 2:233-234, 2:240 
antoxidation-related changes, 2:242-243 
compounds responsible for, 2:240 
decomposition of lípid hydropcroxides, 2:244 
enhancers, 2:242
enzymatic peroxidation, 2:243-244 
hydrolytic rancidity, 2:244
instability, role of vitamins and minerals, 2:245—247 
off-flavors, 2:242-245 
rancidity, 2:242
Sweeteners, see Food swcetencrs 
taste, 2:233-234 

Food for Works Program, 4:602-603 
Food handlers, see Food workers 
Food insecurity

among children, 4:598-599 
among women, 4:598-599 
chronic, 4:597, 4:600-602 
measures to decrease, 4:600-602 
rural nature, 4:598
statistics and geographic locations, 4:597-598 
transitory, 4:602 

Food irradiation 
approval of, 2:325
Codex General Standard for Irradiated Foods, 2:302
cotisumer response, 2:325
đeđmal reduction dose, 2:297
dose rate effects, 2:296
D u 1 values of food, 2:297
elcctron accelerators, 2:295
fresh produce, 3:417
ionizing radiations, 2:294
machinc sources, 2:295
meat, 2:302
poultry, 2:302

practical applications, 2:299-302 
process control, 2:295-296 
radappertization, 2:293, 2:297 
radicidation, 2:293, 2:297 
radionuclide sources, 2:294-295 
radurưation, 2:293, 2:297
Recommended International Code of Practice for thc 

Operation of Irradiation Faci]ities, 2:302 
regulation, 2:302-303 

Food marketing systcms, see also Markets and marketing 
assìstance programs, 2:311-312 
brokers, 2:307-308 
demographic ĩactors, 2:312-313 
exports, 2:311 
food Service oưtlets, 2:311 
íunctions of distribution sector, 2:306-307 
imports, 2:311 
and ]ifestyles, 2:313-314 
manufacturers, 2:307 
private labels, 2:309 
retailers, 2:308-309 
size of distribution sector, 2:306-307 
supermarkets, 2:309-311 
trends, 2:312-313 
vvholesalers, 2:307-2:308 

Food microbiology, see also Bacteria; Food Processing;
Food spoilagc; Fungi; Molds 

E. coli Ũ157:H7 infections, 2:324 
foodborne infections, 2:323-324 
foodborne intoxications, 2:322-323 
Hazard Analysis and Critical Control Points,

2:325 
history, 2:316
irradiatcd food safety, 2:298-299  
microbial growth in íoods, 2:318-319 
microorganisms in foods, 2:316-319 
milk quality, 1:560-561 
poultry product quality, 3:438-439 
raw milk, 1:560-561 
Saìmonella iníections, 2:324 
spoilage, 2:319-321 
Staphylococcus aureus occurrence, 2:322 

Food packaging 
applications, 2:383 
aseptic, 2:324, 2:330 
beef, 2:329 
beveragcs, 2:332 
butter, 2:331 
candv, 2:332 
canned foods, 2:330-331 
cereal products, 2:331-332 
conmiercially sterile Products, 2:324—325 
controlled atmosphere packaging (CAP), 2:319 
dairy Products, 2:330 
dry íoods, 2:331 
D  values, 2:324-325



tats, 2:331 
frozcn toods, 2:331 
lipids, 2:331 
iTi.irgarine, 2:331
matcrials, irradiation cffects, 2:297 
matcrials used for, 2:319 
nicats, cured, 2:329
moditìcđ atmosphere packaginẹ (MAP), 2:319 
oils, 2:331
permeabilừy values, 2:391 
pork, 2:329 
poultry, 2:329 
retortin^, 2:324-325 
salty snacks, 2:332 
SOIIS v id e  process, 2:325 
vacuum, of nieats, 2:319, 2:321 

Food packaging, matcrials 
cocxtruded íìlms, 2:337 
Aexiblc packages, 2:337 
glass, 2:334-335
hiiĩh-density polyethylenc, 2:335 
lincar low-density polycthylcnc, 2:335 
low-dcnsity polycthylcnc, 2:335 
mctal cans, 2:333-334 
paper, 2:333 
plastics, 2:335-337 
polyester, 2:336 
polypropylenc, 2:335-336 
polystyrene, 2:336 
polyvinyl chloride, 2:336 
polyvinylidene chloride, 2:336 
rigid containcrs, 2:337-338 

Food packaging, processcs 
blovvn cxtrusion, 2:335 
cxtrusion blow molding, 2:338 
extrusion lamination, 2:337 
for Aexible packages, 2:337 
Hexography, 2:335, 2:337 
form/fìll/seal machines, 2:337 
irýection niolding, 2:337-338 
iiíjection stretch blow moldinẹ;, 2:338 
for metal cans, 2:333—334 
prcss and blow opcrations, 2:335 
for rigid containers, 2:337-338 
rotogravure, 2:335, 2:337 
slot-die extrusion, 2:335 
steam-chest expansion, 2:338 
stcrilization, 2:330-331 
thermoíbrming, 2:338 
web offset printing, 2:337 

Food pasteurization, see Pasteurization 
Food preservatives, see also Additivcs, food 

antibrowning agents, 2:342-343 
antimicrobials, see Antimicrobials 
antioxidants, see Antioxidants 
gcnerally recognized as safe (GRAS), 2:341-342

Food prices. common agricultural policy (Europcan 
Community) ctTccts. 1:533 

Food proccss cntỊÌnccring, see  a lso  FreeziniỊ technologv 
activity cocfficient o f food, 2:382 
boiling point elevation, 2:384 
chcmical potcntial o f food, 2:382 
collitỊative properties of foods, 2:382-387 
crysta]lization processcs, 2:384-385 
equilibrium propcrtics of foods, 2:382-387 
food unit opcrations in, 2:381-384 
t'reezing point depression, 2:384 
gas-liquid equilibrium, 2:386 
^as-solid equilibrium, 2:386-387 
mass transport propertics, 2:390—391 
osniotic pressure calculation, 2:385—386 
phase transition effects, 2:391-393 
reaction kinetics, 2:387-388 
thermal transport properties, 2:390 
thermodynamics, internal hcat gcneration-related,

2:388-390 
vapor-liquid cquilibrium, 2:386 
vvater activity o f  food, 2:382-385 

Food P ro cess in g , see also Food m ic ro b io lo g y ;  Food 
preservatives; Food proccss engineering; Food 
storage

chemical reactions during, 2:266-270 
cornmcrcially sterile products, 2:316-317 
evaporation, 2:363 
frcczing, 2:361-363 
tuture directions in, 2:367 
heat transfer, 2:357-361 
niass transfcr, 2:363-367 
niicrobial contamination during, 2:317-318 
for microorganism reduction, 2:317 
waste characteristics, 4:457-459 
w a stc  management, see W aste management, food 

P ro cessin g  
Food quality 

milk, 1:560-561
thermally proccssed foods, 2:357 

Foods
assistance programs, 2:311—312 
cholcsterol content, 2:145-146 
dry, packaging, 2:331 
fat concent, 2:145-146 
frozen, see Frozen foods 
high-acid, canning, 4:308 
moisture contcnt, 2:285-286 
rangcland plant sources of, 3:572-573 
shelf life, additives prolonging, 2:324 
as wage goods, 3:3 

Foods, fluid
rheoloííy and flow, see Fluid flow 
storagc in plants, 2:369-371 

Foods, irradiated
Codex General Standard f'or Irradiatcd Foods, 2:302



Foods, irradiatcd (c o n t in n c d )  

consumer rcsponsc to, 2:303 
dccimal rcduction dosc, 2:297 
detecđon systcms, 2:299 
D II) valucs, 2:297 
niicrobiologica] safcty, 2:298-299 
nutritional adequacy, 2:299 
radiological safetv, 2:298
Rccommended International Code of Practicc for thc 

Opcration of Irradiation Facilities, 2:302 
toxicoloiỊÍcal safety, 2:298 

Food satcty, see itỉsữ Food microbioloẹy 
bioengineered toods, 3:215-218 
transgenesis effects on, 4:360-361 

Food sccurity
and all-vvcathcr roads, 4:600-601
conccptual íramcwork tor incrcasiníỊ, 4:599
and conscrvation of plant gcnetic rcsourccs, 3:296
currcnt status, 4:596-599
dchncd, 4:595
education role in, 4:601
tamily unit role in, 4:603
food distribution systcm rolc, 4:600
ẹlobal progress tovvarđs, 4:604-606
and growth in agricultural sector, 4:600
I n t e r n a t i o n a l  programs, 4:602-603
local programs, 4:603
national programs, 4:603
and population growth, 4:603-604
pyratnid of, 4:599-600
safety nets, 4:602
and tcchnology improvcmcnts, 4:601-602 

Food Security Act, 2:468, 2:471 
swampbuster provision, 4:498, 4:500, 4:509 

F o o d  Service ou tle ts ,  2:311 
Food spoilagc, see also Bacterial spoilagc; Food 

microbiology 
biocontrol, 2:325 
componcnts, 2:320 
dairy products, 2:320 
deterioration, dcfmed, 2:319
Hazard Analysis and Critical Control Points, 2:325 
irradiation methods, see Food irradiation 
meats, 2:321
microbiology of, 2:319-321 
natural coverings and, 2:319 
nonbiolo^ical occurrences causing, 2:319 
raw milk, 2:320 
scafood, 2:321 
vcgetables, 2:320 

Food storage, see also Storagc, crop 
angle of i n t e r n a l  triction, 2:377 
atmosphcric gas composition for, 2:319 
chemical rcactions duríng, 2:266-270 
Huid toods 111 plants, 2:369-371 
frictíon phcnomena, 2:376-377

frozen foods, 2:388-389
irradiation effccts, 2:297
pcst elimination by irradiation, 2:300-301
povvđers, 2:377-379
solid foods in plants, 2:375-379
standards, 3-A , 2:370-371
standarđs, E-3-A, 2:370-371
standards, sanitarv, 2:370-371
tank dcsign, 2:375
tcniperaturc ctYccts on stability, 2:319 

Food svvcctencrs
aniino acids, 2:236-237 
cyclamate, 2:237 
fructose, 2:235 
i^lucose, 2:235 
lactosc, 2:236 
liquid sugars, 2:235-236 
nonnutritive, 2:237 
peptides, 2:236-237 
proteins, 2:236-237 
saccharinc, 2:237 
sucrosc, 2:235 
sugar alcohols, 2:236 
swcctncss sensation, 2:234 

Food toxicants 
additives, 2:401
agricultural residues, 2:41)0—401 
catcgories of, 2:399 
comparative lethalities, 2:397 
cnvironmcntal contaminants, 2:400 
industrial contaminants, 2:400 
localized, 2:396
mechanisms of action, 2:401-402 
naturally occurring, 2:399-400 
shellfish-related, 2:400 
systemic, 2:396 
tissue sites of action, 2:401 

Food toxicology
acceptable dai]y ìntake measuremcnts, 2:398 
acute exposure and effects, 2:396 
animal bioassays, 2:397 
antagonistic effects, 2:396—397 
assessment methods, 2:397-398 
carcinogencity scudies, 2:398 
chronic exposurc and etĩccts, 2:396 
cornparative toxicity, 2:395-397 
decision-tree methodology in, 2:397-398 
dehncd, 2:395 
degrees of risk, 2:396 
dctoxiíìcation mechanisms, 2:402 
dose, 2:396
duration of exposurc, 2:396 
epidemiological studies, 2:397 
food allergies, 2:402 
food laws and regulations, 2:398-399 
írequency ot cxposurc, 2:396



idiosyiHT.uic rcạttions, 2:403 
in I'itro assays, 2:398 
irrcvcrsiblc' crtccts, 2:3%
Ll)„, 2:397
mctabolic food disordcrs. 2:402 
no-observed-adverse-etìect measurements, 2:398 
poisons, 2:396 
rcvcrsiblc cítects, 2:396 
risk manatỊcmcnt, 2:398 
syncrgistic etTects, 2:396 
urinarv cxcretion role, 2:402 

Food workcrs, toodbornc bacterium carried by, 2:322 
Porage kochia, Immif»rant germplasm, 3:583-584 
Forages, see aha $pecific ịímiỊỊC, Animal fceds; Hay;

Livestock fccds; Pastures; Silagcs 
bcnetìts, 2:418—419 
biological control agciits, 3:158-159 
carbohydrate reserves, 2:41(1—HI 
c:3 plants, 2:410 
C4 plants. 2:410 
crop physiology, 2:409—tl 1 
for dairy cattle, 1:554-555 
digcstiblc protcin, 2:413-414 
drought ctTccts, 3:545 
encri*y valucs, 2:160 
cnery values, 2:413 
fertilization, 2:176, 2:406-409 
íìber contcnt, 2:160
grasses, adaptation characteristics, 2:408
grasses, raniỊcland, 3:529
iniportance of, 2:405
lcgumc inoculations, 2:409
lcgumes, adaptation characteristics, 2:408
light rcquirements, 2:410
liming, 2:406—409
lino le ic  acid  c o n te n ts , 2:160
livestock, drouiỊht ctTects, 3:545
livestock, shrubs, 3:577
mineral contcnt, 2:162
non-tillatỊC systcms, 2:413
oversccding winter annuals, 2:413
plants, rangcland, 3:572
P r o c e s s in g ,  2:175
protcin content, 2:160, 2:413-414
quality, and atiimal pcrtbrmance, 2:413-414
recommendations tor tilled seedbcd plantings, 2:412
resource value rating, 3:504
seed quality, 2:409
selection, 2:406
sclcction by range ungulates, 3:540 
sodsccdint', 2:411-412 
soil pH valucs, 2:407 
specics. ovcrvicvv, 2:406 
tcmperature requircments, 2:410 
tcst wcit»ht of sced, 2:409 
tillagc, 2:411

t o x i c  s u b s t a n c c s  t o u n d  in ,  2 : 1 7 5 - 1 7 6  

11SCS, 2 : 4 0 5 —406  

vitamin contcnt. 2:l()4 
vvatcr rcquirements, 2:410 
vvintcr, 3:580-583 

Forbs. 3:566 
digcstibility, 3:580 
n u t r i t i v e  v a l u c s ,  3 : 5 7 7 ,  3 : 5 8 0  

rangcland, 3:568-569 
Ford Foundation. role in agricultural rcsearch,

1:404-405, 2:583-584 
Forest ccoloiỊy 

classitìcation and mappini', 2:432—ị33 
dctìned, 2:421 
ccotypcs, 2:426
history and development, 2:421-422 
management modcls, 2:433 
and sustainability, 2:433 

Forest ccosystems 
adaptation in, 2:425-426 
air quality ctTccts, 2:428 
cornmunity structurc and íunctiou, 2:431 
cncrgy flow in. 2:422-423 
evolution in, 2:425-426 
fìre ctTccts, 2:430 
hiunan intcractions, 2:421 
nutrient cycling, 2:423-425 
soil componcnt, 2:428-430 
solar radiation eíTects, 2:426-427 
species abundance and dynamics in, 2:430-431 
succcssion in, 2:431-432 
temperature effects, 2:427 
water componcnt, 2:427 
wind ettects. 2:428 

Forest Reserve Act of 1891, 3:496 
Forestry, Centcr for International Forestry Research,

1:409
Forcsts, see also Coniíerous íorests; Deciduous íorests;

Hardwood forests 
changcs in, 2:646 
raiigeland in, 3:536-537 
uses, 2:646 

Forest trees, (Ịcnctic iniprovement 
acceleration ot breeding cyclcs, 2:443 
biotechnology applications, 2:443-444 
cloning techniques, 2:441 
eíĩects on torest opcrations, 2:444 
cxotic species, 2:439-440 
genctic engineering techniques, 2:443 
gradìng systenis, 2:436 
hybridization, 2:440-441 
interrcgional tree exchanges, 2:440 
in vi tro propagation techniques, 2:443-444 
marker aidcd selection, 2:443 
provenance tests, 2:438-439 
seed orchard approach, sce Seed orchards



ForesC trccs, gcnctic improvcment (coutinued) 
traits ot cconomic importance, 2:439 
wood propertics, traits affecting, 2:441-443 
wood quality ìmprovement, 2:441-443 

Formaldehyde, antimicrobial activity, 2:354 
Form/fill/seal packaging machines, 2:337 
Fortification, rice ccreals, 3:631 
Fosetyl-Al

methanism of action, 2:450 
uses, 2:450

Fossi] fuels, and atmospheric pollution. 3:40 
Fosthiazate

basipccal translocation, 3:89 
comparativc pcríormance, 3:91 

4-H  programs, 1:424-427, 2:25 
Fourwing saltbush, Rincon í>ermplasm, 3:583 
Fractionation, flour, 4:528-529 
Pragaria spp., see Strawbcrrics 
Frankia, vvasteđ tìxed nitroíỊen in red alder, 3:100 
Frccmartinism, 1:177 
Free radicals 

m foods, 2:343 
formation, 2:343 

Frecze drying 
estimatcd drying time, 2:367 
moisture transtcr, 2:366-367 
moisture transícr during, 2:366-367 
product quality after, 2:290 
rice, 3:629

Freeze substitution, for clectron microscopy, 3:237 
Freezing

crystal growth, 2:387 
maturation, 2:387 
nuclcation, 2:387 
Planck’s solution, 2:388 
water property changes during, 2:392-393 

Freezing point
deprcssion, calculation, 2:384 
milk, 1:561 

Freezing rain, characteristics, 3:47
Frcczing technology, sce also Food proccss engineering;

Frozen foods 
applications in tood industry, 2:383 
postfreczc thawing, 2:362 
pure liquids, 2:361, 2:387 
rice, 3:629 
solutions, 2:361 
supercooling, 2:387 
tinie cstimation, 2:362 
tissue systems, 2:361-362 

Friction 
deíìned, 2:376 
tactors aíĩecting, 2:376 
Fanning friction factor, 2:374 
Auids in pipcs, losscs duc to, 2:374 
rolling resistance of materials, 2:376

Friction vclocity, dctìned, 3:56 
Frontal toa;, dcíìncd, 3:46 
Frozen toods, SCI’ also Frcezini' tcchnologv 

dairy dcsserts, 1:570-571 
egg products, 2:48 
packaging, 2:331 
storagc, 2:362-363 

Fructan, synthesis in plants, 3:205 
Fructosc

as food svveetener, 2:235 
structure and tunction, 2:235 

Fruits
abscission layers, 3:410 
aggregate, dcíĩned, 1:265 
anẹle of reposc, 2:376-377 
arcas of origin, 2:121 
Aavor, postharvcst, 3:409 
irradiated, scnscsccncc dclay, 2:300 
irradiatcd, shclt' lite cxtensioii, 2:301-302 
packaginiỊ rcquircmcnts, 2:329 
pigmentation, 3:208 
postharvest coniposition, 3:411-412 
postharvcst physiology, 3:413-414 
powcr law paramctcrs for flow, 2:372 
ripeness characteristícs, 3:409 
rolling rcsistancc, 2:376 
spoilage, 2:320 
s t o r a g c ,  r f f c r c n c ; e s  f o r ,  2 : 3 7 5  

tcmperature etTccts, postharvcst, 3:413-414 
tcxturc, postharvest, 3:410 

Fruit svvectening, see also Sugar accumulation
enhancement with gcnctic cngincering techniques, 3:34 
environmental tactors atYecting, 3:36-37 
rolc of compartmentation, 3:35 
starch to sưgar conversion mcchanisni, 3:34-35 

Fruit crecs
citrus, sce Citrus fruits 
rootstocks, see Rootstocks 

Frưit trees, deciduous, SÍ'C also Pecan; Walnuts 
alternatc bearing, 1:580-581  
chilling requirements, 1:583—584 
dormancy, 1:583-584 
hardiness, 1:583-584 
harvest mechanization, 1:585 
i r r i g a t i o n  m e t h o d s ,  1 : 5 8 1 - 5 8 2  

marketing aspects, 1:585—586 
orchard developmcnt costs, 1:577 
pest control, 1:584-585 
reproductive cycle, 1:576-577 
rootstocks, 1:577-578 
rotation, 1:584-585 
senescence, 1:582-583 
space requirements, 1:578-579 
t h in n in t Ị ,  1 : 5 7 9 - 5 8 0  
time of flowering, 1:579 
vegetative cyclc, 1:576-577



ve^etative propagation, 1:577-578 
water requircments, 1:581-582 

FSR/E, see Farming systems research/extension 
Fucls, biomass, íỊuayule bagassc, 3:84-85 
Fu]]ing, wool, 4:589 
Fults alkaligrass, see aiso Turtgrasses 

characteristics, 4:414—415 
Fumaric acid

cstcrs, anđmicrobial actions, 2:348 
structurc, 2:346 

Fumigants
for grain storage, 2:484 
preplant, nematicidal performance, 3:89-90 

Fungal diseascs, plant, see aìso Fungicides 
common, 3:171 
disease triangle, 2:446 
Dutch elm discase, 4:299 
grapevines, 4:452 
mechanism of infection, 3:328 
oat, 3:111 
orchards, 3:122
pathogenic fungi, 2:445-446, 3:325 
peanuts, 3:151 
pecans, 2:8
physiological actions, 2:446 
potato, 3:426 
soybean resistance, 4:187 
sugarbeet, 4:221 
sugarcane, 4:233 
symptoms, 3:325 
tobacco, 4:329-330 
and virus transtnission, 3:393-394 
vvalnuts, 2:15-16 

Fungi
food spoílage causcd by, 2:317 
inoculation of rooting systems with, 4:116 
most troublesomc, 3:171 
pathogenic to insects, 3:162 
respiration products in stored grain, 2:483 
in stored crops, 2:478 
toxic to livestock, 2:176 

Fungiciđes, see also specific fun^icide 
carcinogenicity, 2:452-453 
for citrus ửuits, 1:375 
deíined, 3:172 
degradation, 2:452 
dietary exposure, 2:452 
disposal methods, 2:452 
dithiocarbamates, 3:173 
environmental impact, 2:451-452 
Hederal Insecticide, Fungicide, and Rodenticide Act, 

2:79, 3:176 
fun^al resistance, 2:451 
íungal species, overvicw, 2:445-446 
inorganic, 2:446, 3:173 
integrated pest managcment approach, 2:452

maximum tolerated dose, 2:452-453 
mode of action, 3:173 
nonfungitoxic, 2:449-450 
nontarget effects, 2:452-453 
organic. 2:447-448, 3:173 
residues in food, 2:400-401  
and soil ecosystems, 2:452 
stcrol biosynthesis-inhibitina;, 2:449-450 
suríace protectants, 2:446-448 
systemic acquired resistance, 2:450 
toxicity, 2:452-453 
toxicology, 2:400-401 
uses, 3:172—173 

Fungus ro o t, see Mycorrhizae 
Furadan, nematicidal properties, 3:93 
Furrow irrigation 

systems of, 2:602 
vincyards, 4:451 

Fusarium vvilt
bananas, 1:226-227 
tobacco, 4:330 

Futures market, SCI’ Commodity futurcs 
F valuc, sterilization, 4:309-310

G
Galactinol synthase, ìmrnunocytochemical localization, 

3:29-30
Galactopoiesis, requirements, 2:641 
/3-Galactosidase, and lactose intolcrancc, 2:403 
Galangal, 3:640
Gall mĩdgc, rice resistance to, 3:612-613 
Gallstoncs, by-products derived from, 1:73 
Game ranching, potential of, 3:541 
Gamma radiation method, for snow measurement, 

4:477 
Gamma rays

foođ applications, see Food irradiation 
half-life, 2:293-294 
irradiation íacilities, 2:294-295 

Garlic
aroma/Aavor biochemistry, 2:238-241 
Aavor components, 2:353-354 

Gases
diffusion coefficient, 2:391 
gas-solid equilibrium, 2:386-387 
permeability values, 2:391 

Gasohol, production, 4:535 
Gasterophilus spp., see Horse bot fly 
Gastroenteritis, contaminated food-related, 2:322-324 
Gastrointestinal tract, see aìso Digestive system 

avian, 1:89-90
nonruminant mammals, 1:90-91 

Gcese, digestive system 
anatomy, 1:89-90 
physiology, 1:92 

Gelatin, íormation during meat P r o c e s s i n g ,  3:19



Gelation 
phasc transitions, 2:391 

Gellation
agar, 2:225-226, 2:228 
alginates, 2:226, 2:228 
carragccnan, 2:226-228 

Gelling agcnts, for plant tissuc cultures, 3:371, 3:374 
Genebanks, plant, sce also Biodivcrsity; Gcnetic 

resources, plant; Gcrniplasm, plant 
íield, 3:309
global survey of, 3:299 
in vilro, 3:309-310 
seed, 3:308-309
tropical forage plants, 4:399-400 

Genc expression
genoíusion markcrs, 3:232-233 
transgcncs, transcription control, 4:357-358 
transposon-containing gcnes, 4:371 

Gene flow, in crop-wild-weed complcxcs, 2:123-124 
Gcnc-tusion markers, for gcne cxpression studics, 

3:232-233 
Gcnc mapping, plant

algorithms used in, 3:276
centimorgan unit for, 3:276
cytogcnetic analysis, 3:280-281
distancc measurenients, 3:276
linkagc mapping, 3:275-276, 3:278-279
parallcl genome mapping, 3:280
physical, with pulscd íicld gcl dectrophorcsis, 3:281
quantitativc trait loci, 3:280
sugarcane, 4:238
targcting ot genomic regions, 3:279-280 
theoretical basis, 3:275-276 

Gcnc pools, plant
domcsticated plants, 2:123-124 
primary, 3:284-285 
secondary, 3:284, 4 
tertiary, 3:284, 3:288-290 

General Agrcement OI) TaritTs and Tradc (CỈATT), S e e  

íilso Uruguay Rounđ ot' the General Agrecment on 
Tariffs and Tradc 

obstacles to, 4:264, 4:269 
General circulation niodcls 

deíìned, 4:409 
limitations, 4:409
predictions of dctorcstation cttects usiiiiỊ,

4:409-411
General equilibríum cttects, on devclopment. 3:3—1 
General cquilibrium tariffs, 4:266 
Generalizcd least-squarcs estimation, 3:474—ị75 
Cìencs 

bluc (pctunia), 2:207 
rcportcr, 4:356 

(ìenc ta£ỊSỊÌni* 
ricc, 3:610
vvitli transposons, 4:372-373

Gcnc tari;etins*. in animals, 4:356, 4:360 
Genctic cniỊÌncering, see also Biotechnology; Genc 

transfer tcchnology; Molccular biology 
biocontrol organisms, 3:163-164 
nonsilk proteins trom silkworms, 4:7 

Genetic engineeriniị, plant, se* also Biotcchnologv; 
Genetic cnhanccmcnt, plant; Gene transtcr 
technology, plant; Plant biotcchnology 

crestcd whcatí>rass, 3:533 
crop plants, 3:164-165 
enhancemcnt of fruỉt sweetening, 3:34 
genc transíer technology, 3:210 
microinjcction tcchnolony, 3:210 
oil quality improvemcnt, 3:211 
purposes of, 3:210 
rangc grasses, 3:523
rice, for disease and inscct resistancc. 3:615 
seed prọtcin cnrichment, 3:210-211 
tbr viral resistance, 3:396-397 

Gonctic enhancement, plant, see also Gcnctic í.-nginccrim', 
plant; Molccular biology: lMant breediniỊ 

anciscnsc RNA method, 3:289-290 
apomixis transter and cxprcssiori, 3:286-287 
Arabidepsis gene source, 3:290-291 
with Biưillns thurinỵiciìsis insecticiđal protcin, 3:289 
backcrossing, 3:286 
bulk scgrcgant analvsis, 3:292 
DNA hybridizatíon tcchniqnc, 3:291 
DNA marker-assisted, 3:291-292 
DNA transíorniation, 3:288-29(1 
molecular markcrs, 3:291-293 
oilseed tìrassicas, 3:290—291 
polynicrasc chain rcaction technique, 3:291 
primary gene pool, 3:284-3:285 
RAPD-bascd ínarkcrs, 3:291-292 
rcstrictioti leníỊth íra^ment polymorphism-bascd 

markcrs, 3:291 
secondary íỊene pool, 3:284, 3:286 
tertiary genc pool, 3:284, 3:288-290 

Gcnetic introgrcssion, see also Hybridization, interspecihc 
deíincd, 3:531
NcwHy cultivar, 3:531-532 
raiige grasses, 3:531-532 

Gcnctic linkage maps 
barley, 1:246
DNA markers. 3:278-279 

Gcnetic nialc stcrility, in vvheat brccdiniỊ, 4:517 
Gcnctic markers

nakcd eye polymorphisms, 3:276 
protein-bascd (isozymc), 3:276 
random amplitìed polvmorphic DNA, 3:277 
rcstriction íragmcnt lcniỊth polvmorphisms, 3:277 
scqucnce taiỊSỊcd sitcs. 3:277 

Ccnctic rcsourccs, plant, -'W also Biodivcrsity;
Gencbanks, plant 

acquisicion proccsscs. 3:297-298



active collections, 3:31)7 
asscssmcnt ot divcrsity. 3:306 
ccntcrs ot divcrsitv, 3:306 
cx;iAU accomplishnicnts, 1:412 
ch;ir;K'tcrization, 3:3<11 
collcctinn stratctỊÌes, 3:307-308 
dchncd, 3:295 
dircctions tor, 3:304
dircctorics ot lỊermplasm collcctions, 3:312
dissemination, 3:302
docunicntation, 3:302, 3:311-312
cvakuition. 3:301
<’.v í i ln  collcctions, 3:3117
i’.\ siitt conscrvation, 3:299-300, 3:307
tìcld collccúntỊ tcchniqucs, 3:298
and tood sccurưv, 3:296
tílobal survcy of collections, 3:298-299
iu i i in  conserv.ưion, 3:30(1, 3:307, 3:312-313
in ritro cultures, 3:300
in rilro íỊcncbanks, 3:309-310
m.úntenancc of divcrsity, 3:31 1
modihcations to, 3:295-296
on-kirm tonscrvation, 3:313
pollcn storage, 3:310-311
sceđ lỊcncbanks, 3:308-309
systcms, ỊỊỈobal, 3:300-301
t i s s u e  r r y o p r c s c r v a t i o n  t c c h n i q u c s ,  3 : 3 0 0 ,

3:310
traditional knowled(ỊC of, 3:313 
undcrusc of, 3:303 
usc ot, 3:302-303 
vulncr.ibilitv, 3:297 
\vorkinu, collcctions, 3:307 
and \vorld cconomv. 3:302-303

Cìenetic Rusourccs Action International, 3:314
Gcnctic vari.uìon 

additivc, 1:50-51
in cultivar dcvđoptncnt, 1:536-537
cnvironmcnt.il, 1:50
hctcrosis, SCI' Hctcrosis
nonndditivc, 1:51
ratc of gẹnetic chantỊc, 1:51
sourccs, 1:50

Gcne tr.instcr ti-chnolo^y, aninial, src tìlio Biotcchnolony;
TraiiSíỊcnic animals 

dircct ínịcction. 4:356-357 
cttìcicncv. 4:353 
cnibryo inịcction. 4:355 
cmbrvonic stcm cclls, 4:356 
iịciic cloniny, 4:354—355 
ỈỊC11C tariỊctinu;, 4:35fi 
locus control rCLỊions, 4:358 
m.itrix attachment rcíỊÌons, 4:358 
molccuLir biolotỊỴ of, 4:354 
rctroviruscs, 4:355 
111 s\vine prsđuctĩon. 4:257

transiịcnc cxpression, 4:357-358 
vcast artitĩcial chromosomcs, 4:356 

Cicnc tr.instcr tcchnoloiỊV, plant. seé alỉO Plant 
biotechnology; Tr,inse,enic plants 

amino acid cnrichmcnt ot sccd protcins, 3:210 
DNA microinjection, 3:208 
liposomc-mediatcd DNA transtcr, 3:210 
microinjcction techniquc, 3:210 
potato, 3:430
ria.', for disease and insect resistance, 3:615 
risk tactors, 3:214-215 
tissué cultures. 3:381 
viral-mediated. 3:210 

Genomc. rice, 3:608—609 
Genonic mappini; 

cattle, 1:54 
parallcl (plant), 3:280 
svvinc, 1:54 

Genotypes, orchard rootstocks, 3:128 
Geochemic.il cycliníỊ, in torest ccosvstems, 2:423-425 
Gcographical Intormation Systems (GIS), 2:84 

i n t c t Ị r a t io n  w i t h  r c m o t c  scnsiiiỊg, 1:41)1 
raníỊclanđ uscs, 3:550-551 
in soil and land usc survevs, 4:46-49 

(3coloi;ical proccsscs
cvcliiiỊỊ in forest ccosvstcms, 2:423 

GeoloiỊÌc proccsscs
in ransỊcland vvatcrshcds, 3:601 

Gcolotíic tinic scalc, rangeland \vatersheds, 3:603-604 
CìcomorpholotỊy, effects on drainatỊC, 4:87 
Goostrophy, dcímed, 3:47 
Gcraniol, structurc, 2:239 
Gemiination

discascs attcctina;, 3:350-35! 
torcst trcc retỊcncration by, 4:15-17 
oat sccd, 3:108 
plant sccds, 3:350-351 

Germplasm, animal, bect cattlc, 1:58 
Gcrmplasni, plant, sec úlso specific pltỉiit', Gcncbanks; 

Genctic rcsourccs, plant 
acccss to collcctions, 3:312 
corc collcctions, 2:126, 3:312 
com, rcsovirccs. 1:463—KS4 
directorics, 3:312 
doeumciitanoii, 3:311-312 
domesticated plants. 2:126-127
International Codc of Conduct tor Plant Gcrmplasm 

Collectine; and Transtcr, 3:308 
National Plant Germplasm System, 3:525 
rani;eland LỊrasses, 3:524-525 
standardized descriptors. 3:311-312 
tor tropical pasturc dcvclopmcnt, 4:399—ịoo 
usc ot collcctions. 3:312 

Gestation, mammarv iỊrovvth durintỊ, 2:636 
(iiant taro

dcscription, 3:639



Cìiaiit taro (c o n lim tc d l

protcinase inhibitors in. 3:645 
tablc of primary iníormation. 3:(i40 

Gibbercllins
biochemical idcntitìcation and charactcnzation, 3:209 
cttccts on plant niicrotubulcs, 3:250 
physioloiỊÌcal rolcs, 3:173, 3:209-210, 3:342 
usc as pl.mt grovvth rctỊiilator, 3:173 

Gillinụ;. vvool, 4:586 
Ginsĩerol, structurc, 2:239 
Ginnine;, cotton, alỉO Cotton production 

rollcr-type. 1:500-501 
sa\v-typc, 1:500 

CìirdliniỊ, trccs, 4:19 
Glacicrs, and plant cvolution, 2:1 18 
CÌLASSOP (Cìlobal Assessmcnt ot Soil DciỊradation), 

4:4')
Glass-rubbcr transition, 2'.y>2 
Cìlass transition, propcrtics, 2:391-392 
(ìlazing, íỊrccnliouscs, 2:539 
( ì l io ĩ l í i i l iu m  1'imií-hased bìotmiiỊÌcide, 3:1(i2 
Global Asscssmcnt ot Soil ] )egrađ.uion (GLASSOD), 

4 :4 9
G lo b a l  c l im n tc  c h a n g e ,  SC I '  c l i m a t e  cl ianiỊe , g lo b a l  
Global ecoloiỊỴ, pl.mt

clnssitìcation systcms, 3:269-270 
climrue ch.innL' liypothcsis. 3:270 

( ilobotlcra spp. (potato cvst neniatocle), 3:425 
( ìlucose

,1S food s\\ cctcncr, 2:235 
mctaholism in silkuorms, 4:3 
striictnrc and íunction, 2:235 

Cỉlucosidcs, in cassava, 3:645
/ 3 - i Ị l u a i r o n id a s c  pt-Mic, n u i r k c r  t o r  geiK' e x p r e s s io n ,  3 :2 3 3  
CìliR' stock, 1:73 
( ìlutosinatc

chcmical structurc, 2:5(18 
m e c h a n i s m  o f  i ic t ion. 2 :50S  

Glutamate synthasc, rcactions cat;ilvzcd by. 3:206 
Glut.imine svnthasc. rcactions cntalyzcd by, 3:206 
Cìlutaminc svnthct.ise. hcrbicidc inhibitors, 2:508 
(ìlutclins, in sornlnmi, 4:175 
Gluten

p r o t c i n s  in,  2 :2 6 0  
inbstitutcs in rice brcad, 3:622 

Glvcemic indcx, ot 'toods. 1:341 
Glyccraldchyđe, structurc, 2:221 
Ctlvccridcs, composition. 2:276 
G ly C L T o p h o s p h o l ĩp iđ s  

charLictcristics, 2:141 
s t r u c t u r c .  2:141 

Cilvcoìipids
plant liiosyiithcsis. 3:2(15-206 
thvlakoid nicmbr.iiH', 3:1 ss  

cllycoKsis. pl.mt. 3:204 
( ì l v c o s i d a s c s .  b i o c h c m i s t r y , 2 : 2 6 2

Glycosides, cyanoiỊcnic, in lima beans, 2:400 
Glvcycryl monostcaratc, in ricc Aonrs, 3:621-622 
Glyoxvsomcs, plant 

charactcristics, 3:200 
diaíỊram of. 3:201 

Glyphosatc
chcmical s t r u c t u r c ,  2:508 
mcchanism otaction, 2:508 

Goat production, see also Cashmere; Mohair 
an iỊo ra ,  S C I '  A n t ;o r a  lỊoats 
commercialization, 2:457, 2:463—ị64 
containmcnt and protcction, 2:464 
domcstication, 2:455—156 
embryo transter tcchniqucs, 2:59 
h b c r  p r o d u c t i o n ,  2 :457 ,  2 : 4 6 0 - 4 6 2  
tiber products, 2:460-462 
rtockintí instinct. 2:457 
and toraiỊc rcsources, 2:463 
lỊcnetic líroupintỊS, 2:462—463 
I*razinf* on public domain, 2:457 
hcalth manaiỊcmcnt, 4:578-579 
markct development, 2:464 
mcat Products, 2:459-460 
niilk Products, 2:458-459 
multi-spcđes gniziniỊ proí*rams, 2:4f)3 
oriiỊÍn, 2:455-456 
productivity improvcments, 2:464 
raníỊL’ suitahility, 3:540 
skin intcctions, 4:579 
skin (lcather) Products, 2:462 
tcmpcrature tolcranccs, 2:456—ị57 
OI1 U.S. raniỊelands, 3:496—+98 
watcr rcquiremcnts, 2:456—ị57 
world numbcrs and distribution. 2:456 

GOES satcllitc
cvapotranspiration support ctata tro 1 1 1 , 4:479 
soil moisturc monitorinií, 4:478 

Goitcr, 3:66, 3:70 
CioltỊÌ apparatus. plant 

charactcristics, 3:200 
diagrnm ot, 3:201 

Cìonadal protcins, in animal reproduction, 1:141 — 143, 
1:143

Gonadotropin-rcleasini; hormone, in animal 
rcprodurtion, 1:141-143, 1:145 

Cìonadotropins
in animal reproduction, 1:141-143. 1:145 
surạ;e durint; tcmalc reproductivc cyclc, 1:163-166 

Gooscbcrrics. S C I '  also Birries 
culture and manaíịctiiciu, 1:286 
historv, 1:285—286 

Gordon Creck Wyoming biiỊ saiĩchrush, 3:5S1-5H2 
G O SSY M /C O M A X . 1-393-394. 1:401 
Gradins*

christmas trecs, 1:356 
poultrv, 3:436—+37



S.|\VI1 limihcr. 4:55lJ—5f)2 
shcll CiỊíỊs, 2:44 

CiradiKitc education. .'(■(' Anricultur.il cduc.ition, lỊraduatc 
(irattiiiiỊ, pmp.mation t(.'clinic.|ucs. 3:352 
( irains

moisture  sorpúon, 2:479 
rcspiracion priKvsses. 2:478 
s to r a ợ e ,  ivtciviHYs tb r ,  2 :3 7 5  

(irain storaiỊC, • i l fo  C ro p  storaiịc: StoraiỊC systcms 
acratcd. 2:4iSI
controllcđ atmosphcrc. 2:4M4 
dricrs tor, ««'(■ Dricrs, nrain 
(.lynamic kuđằ 011 hins, 2:486 
cxpcrt systenis tbr. 2:48(i—ịS7 
tumiií.mts tor, 2:484 
HmiỊal dcconiposers, 2:478 
hc.ilth h az; ircls, 2:4íS5 
licat movcmciư. 2 : 4 7 ' )—ị8() 
insccts attcLtini*, 2:47^
intciỊratcd manaiỊi.-moiit tcchniqucs, 2:-W(>—IK7 
mitcs atTcctiiiíỉ. 2:479
moisturc contcnt etYects OI) \vall prcssurc,

2:4«f)
moistnrc equilibrium. 2:47V 
moisture monitorinu;, 2:483 
moisturc movcmcnt. 2:47(J—ISO 
moisturc sorption, 2 :47 ')  

monitorim;. 2:4K3 
pesticides tor, 2:4S4 
rotlcnt daniam’ to. 2:479 
static loads on hins, 2:4H5—M6 
UI1 vcntihitcd. 2:4X(I—4NI 

(Ir.in.i st.k ks, thyl.ikoiđ, 3:ISH 
(ir.mola sn.uk toods. with ricc. 3:634 
(ỉranulosis virus, tbr in sa t  control, 3:162 
Cìranvillc vvilt, tobíicco. 4:330 
Grapes, i c c  íilso  Viticulture 

•lir pollution cítccts, 4:452 
bactcrial disc.iscs, 4:452 
hcrry devclopment, 4:447-448 
cconomic importaiuc, 4:444 
ímiual dise.iscs, 4:452 
globnl production, 4:444 
manual harvcstiniỊ, 4:453 
maturity iiidicators. 4:453 
mcchanical liarvcstiniỊ, 4:453 
ncm.Uodc ink-ctions. 4:452 
O/OIIC ctYccts, 4:452 
priininiỊ, 4:4-W—ị5(l 
r.iisins, 4:44í>
spcács and cultivars. 4:444— > 
i.iMi-. 4:44f»
top  III pmđiHÌnn coimtrics,  4:445 
v.iriiT.il lỉL'S1 ỊL* 11,11ions. 4:444. 4:44(>
VI! ,IỈ iIÌh Mm V 4: 432
'A ÍIK'. 4:44(|

( ĩ rasho t num bcr. 2:536 
( ì r a s s c s

toruiỊC. ad.iptation char,K'UTÌstu'S. 2:41)8 
r.ingdaiKÌ. .<('(■ R.ilii^cl.ind lỊrasscs 
sports tìelds, ÍIT Turt^r.isses 
tropical. 4:3(JI. 4:.VJí>—3’M 
turt, ÍCC TurŨỊr.isses 

( I r a s s l i o p p c r s ,  b i o c o n t r o l  .ILỊCIUS. 3 : l ( i 2  
Grassl.mds, .<(•(' lí/.ú' RrmiỊclanđs 

ch.ir.icterisrics. 3:53() 
t r o p i c a l .  S C I '  T r o p i c . l l  t Ị r a s s l a n d s  

(ìrasslikc plants, rniiiỊciand. 3:566-568 
Cirass tctany. 3:529-3:53(1
Cìrassy stunt. ricc resi.st.mce to. 3:612—f> 13, 3:615 
(ir.ivcl. dctìncd. 4:142 
(iravit .uion.il potcnti.il, dehned, 4:153 
( i r . i v i t r o p i s m .  3 : 3 4 3 - 3 4 4  
Cìrav (Gy), SI imic, 2:2‘J3 
(ìr;izini; animals 

broxvscrs. 3:540 
diiícstivc Systems, 3:539-541) 
tồraiỊc sclcction bv, 3:541)
IỊO.KS, 2:456—158. 2:463
Iỉr.izcrs, 3:540
i n t c r m c d i a t c  t c c d c r s ,  3 : 5 4 0

livcstock ctTccts 1)11 rantỊc pl.mts. 3:538
suitahility tor nmiỊcs. 3:540
typcs, 3:53lJ-540
1)11 U.S. r.mgcl.mds, 3:496—ị9S
as wced Liiocontrol .Iiicnts, 4:48')

Cirazintí capacity. clctcriiiinatịoii, 3:541—542 
CìrazintỊ tooit chains. 3 :516-517 
( ìr;izitii> s y s t c m s

1'ommoiMiso raniỊclands. 3:541
1'ontimious grazing, 3:542-543
c o n t i i u i o u s  s t o c k i n t ' .  2 :41 . ĩ

crccp lírnzinu;. 2:415
dctcrrcd graziniỊ, 2:415
đetcrređ-ror.uion. 3:543
i;razimỉ capadtv dcterniination, 3:541-542
limit nraziiiL;. 2 :415
ovcrstockintỊ ctk-cts, 3:544-545
rcst-rotation. 3:543
rotational,  3:554
rotational stockintỊ. 2:415
Savory m cthod, 3:543
short-duration, 3:543, 3:554
stockini; ratc ctTccts. 3:554
stockpilinỊỊ, 2:415
strip nrazini',  2:415
tropical lỊr.isslaiKÌs. manniỊcmcnt. 4:392-394 
t r o p i c a l  p . i s t u r c s .  m . t n . i u c m c n t .  4 : 4 ( I I ) - 4 D |  

t v v o - p a s t u n . 1 s w i t c h b . u  k .  3 : 5 3 4  

( i r iM sy  s p o t  ilÌMMSi'. I : . ì í õ
( ì r c c n - A m p t  s.'L'|ij.itiun. t o r  tat i l t iMHMn. 4 : I Í | I I - 1 M
( irccnlnuiM' ctll'1. 1 , ilcKmcil. 3:42



Grcenhouses
boiler capacity, 2:537-538
đassitìcation, 4:210-211
conduction in, 2:535
control of State varìables, 2:546
convection in, 2:535
cooling, 4:212
dcsign, 2:546—547, 4:210
Dutch Venlo structure, 2:546
cnergy exchange, thcoretical, 2:536-537
eneriỊV sources, 2:535
cncrgy transĩer, 2:535-536
float system, for tobacco, 4:327
Aoriculture índustry, 2:96-97
heatcr requiremcnts, 2:538
heat loss, 2:537-538
history, 2:534
insulation, 2:539
latent heat, 2:536
location-orientation, 2:546-547, 4:212 
multiplc glazin£, 2:539 
nutricnt film tcchnology, 2:546 
optimal control, 2:544-546 
pest biocontrol agcnts, 3:158 
pollution problems, 4:210 
radiation, 2:536
sitc planning, 2:546-547, 4:210 
tcmperature control, 2:546, 4:211-4:212 
thermal interactions, 2:537 
therm.ll performance, 2:535-539 
for tobacco transplant prođuction, 4:327-328, 4:333 
traditional, 2:534, 2:546 
vcntilation, 2:538-539, 4:212 

Greenhouses, light transmission 
extendeđ inteíỊral conccpt, 2:541 
loss, structure-related, 2:542 
modeling, 2:540-541 
photosynthetically active radiation, 4:211 
single beam penetration, 2:542-543 
skylight analysis, 2:540 
supplemcntal lighting, 4:21] 
into tall crops, 2:542 
total irradiancc, 2:543-544 

Greening citrus disease, 1:367
Green leaf hoppcr, rice resistancc to, 3:612-613, 3:615 
Green revolution

CGIAR accomplishments, 1:412 
critiques of, 3:661 
in ricc, 1:403—404, 1:412, 3:303 
and water managcmcnt, 4:470 
in vvheat, 1:403-404, 1:412, 3:303 

Green tea
color basis, 4:287 
Aavor compounds, 4:287 
manutacturinsỊ proccss, 4:284 
tastc, chemical basis, 4:286-287

Cìrid survevs, usc ot, 4:40 
Gnnding, cocoa bcans, 1:387 
Grits, sorghum, 4:177 
Grooming, turft»rasses, 4:420 
Ground pcnetratiniỊ radar, detined, 4:473 
Groundwater, see also Water 

Darcy's La\v, 2:491 
flow equations, 2:490-491 
hydraulic conductivity, 2:491 
hydraulic head, 2:491 
hydraulic potential, 2:491 
importance in atỊriculturc, 2:489-490 
potable vvater from, 2:490 
pumping cffects, 2:492-493 
vvatcr-tablc investiẹation, 4:479-480 
wcll asscssmciu, 4:480 
vvcll hydraulics, 2:492-493 

Groundwater quality
advcction processcs, 2:495 
cross-contamination of aquiters, 2:495 
draínage eítccts, 2:497 
èconomic impact of  contaniination, 2:494 
hydrodynamic dispcrsion, 2:495 
industrial contamination, 2:493 
and irrigation practices, 2:498 
lifctinie hcalth advisory Lcvel, 2:493 
management practices, 2:498 
maximum contaminant level, 2:493 
microbiology, 2:497-498 
microorganism conccntrations, 2:497-498 
and municipal sluđge, 2:497 
nitrates, 2:496-497 
pesticide contaminants, 2:495-496 
pcsticidc contarnination, 2:493, 3:175 
point sourcc polluúon, 2:494 
salinity control, 2:497 
sođicitv control, 2:497 
solutc transport processes, 2:494—495 
viral contaminants, 2:497-498 
vulnerability, 2:496 

Growing scason
dryland farming regions, 1:626-628, 1:634 
pecans, 2:5 

Growth
dormancv in plants, see Dormancy 
insect, 2:550-551 
poultry, rate of, 3:549 
tree, 4:551

Grovvth factors, in animal rcproduction, 1:146 
Growth hormonc, cffccts on niilk production, 4:358 
Growth hormone-releasing factor, transgenc Applications 

in farm animals, 4:358 
Growth modifiers, in ruminant nutrilion, 1:133 
Growch promotcrs

residucs in toods, 2:400—ị()l 
toxicology, 2:400-401



Grovvth rcgulation
floriailtur.il practices, 2:207 
hcrbicidc altcrations, 2:507 

Cỉrowth regulators, see also Phytohormones 
cotton, 1:492 
herbicidcs, 2:507 
inseit, 2:660 
modc o f  action, 3:173 
tor plant tissue culture, 3:371 
for stem cuttings, 3:353-354 
usc of, 3:173 

Growth rintỊS, 4:551
Cìuar gum, biochemical characteristics, 2:227 
Guayule

agromanagcment, 3:78—82 
bagassc, 3:84-85 
bioregulators, 3:81-82 
botany, 3:75-76 
by-products, 3:84-85 
canopy, 3:7(i
environmental factors affecting, 3:78
fertilization, 3:79, 3:81
Aotation process, 3:84
germplasm improvement, 3:82-84
harvesting, 3:82
irrigation, 3:79, 3:81
native habitat, 3:75-76
pollination, 3:78
P ro cessin g , 3:84-85
rcsin, 3:84
rubber biosynthesis control, 3:77-78 
rubber biosynthcsis stages, 3:76 
rubber ]ocalization, 3:76-77 
rubber quality, 3:78 
sccd yield, 3:78-79 
sequential extraction process, 3:84 
sitnultaneous extraction process, 3:84 
soil and íìeld cstablishment, 3:80-81 
transplants, 3:80-81 
vegetative propagation, 3:79-80 
water use etTiciency, 3:81 

Guayulin A, 3:84
Guinea pigs, diseases atTccting, 1:87 
Gulf Coast prairie ecosystems 

characteristics, 3:492 
vegctation, 3:492 

Gum arabic, biochemical characteristics, 2:227 
Gum tragacanth, biochemical characteristics, 2:227 
Gust tront, deíìned, 3:45 
Gutters, for waste collection, 4:457 
Gymkhana events, equine, 2:528

H
Habitat

animals on U.S. rangelands, 3:496-498 
deíìned, 3:265

and Iiiche, 3:265 
wildlitc, see Wildlifc habitat 

Hadley cells, dctìncd, 3:48 
Haematobia irrilans, set' Hom fly 
Haematopinus suis (liotỊ lice), 2:659 
HaíỊen—Pouseuille lavv, tor flow through pores, 4:162 
Hai], characteristics, 3:47 
Hair, animal, by-products dcrivcd trom, 1:73 
Hairballs, animal-derived, 1:73 
Half-life 

cobalt-60, 2:293 
isotopc, 2:293-294 

Halothaiie gcne, in svvine, 1:57 
Hamstcrs, diseascs affecting, 1:87 
Hantush-Jacob torniula, for í»roundwater, 2:492 
Harbors, ocean, iron sultìde íbrmation in, 4:32 
Hard fcscue, 4:414-415, see aìso Turtgrasses 
Hardness, wood, 4:558 
Harckvood forests 

Asian, 4:300-301 
class inclusions, 4:289
condition, present-day vs. presettlement, 4:297—298
disturbance tactors, 4:298-299
diversity of, 4:289
European, 4:300
tungal diseases of, 4:299
lịap-phasc spccies, 4:298
global change in, 4:301-302
inscct đamagc to, 4:299
land clcaring effects, 4:299
loiỊging effects, 4:299
major associations, 4:290
map!e-beach-basswood, 4:294-295
mixcd-mcsophytic, 4:295
northern hartlwood-coniter, 4:290-294
oak-hickory, 4:295-296
oak-pine, 4:296
phvsiographic provinces, 4:292 
response to atmospheric pollutants, 4:301-302 
Southern evergreen, 4:296-297 
typcs, 4:290 
western oak, 4:299-300 
vvestern Populus, 4:299 

Harness, draft animals, 1:621-622 
Harvest index, ricc, 3:610, 3:615 
Harvest practices

christmas trees, 1:354-355
cotton, 1:492—493, 1:495-497
deciduous fruit tree products, 1:585
and domesticated plant evolution, 2:119, 2:122
grapes, 4:452-453
oat fora^e, 3:1 lơ
peanuts, see Peanuts, harvesting
popcorn, 3:405
rcplacive, of wildlife, 4:539
selective harvcsting, 3:182



Harvest practices (ũvii i i iua í)  
silk\vorm cocoons, 4:6 
sod. 2:101-102 
SQybeaiis, 4:200 
strip harviisting, 3:182— 1 <S3 
tobacco, 4:331-332 
turtnrasscs. .««•<’ Turtnrasses 
U.S. production, 4:200-21)1 

Hatch Act o f  1 887. 1:2. 1:4lí). 2:4M>. 2:580. 4:423 
Hatclicrics, cã*|fj 2:40 
Hatdi tỊcrmplasm. \vintcrhư. 3:583 
Hatđi-Stack patlivvay, ot photosynrhetic (X).  tìxation.

3:2(13-204 
Hausa potato, 3:f)42
Haxvaii, State ot, collcctivc bargaininií in suu;ar industry 

2:f).Vl
H.nvaiian .ìrnnvroot, 3:642 
Hay

crudc protcin, 2 :4 lí) 
tceđiniỊ, 2:41 7 
liarvcstintỊ, 2 :4 lí) 
losscs iiii: inụ tccdint;, 2:417 
production, 2:415 
stor,vg:ẹ, 2:415—4U>
tutal digcstibk' nutricnt conccnt, 2:416 

H áíard Analvsis and c -ririC.1 i Control Points. 2:325 
I l.ưards, hcalth, crop stnraiỊC systcms, 2:4SS 
HI5L.S, Hii*h dcnsity lipoprotcins (HDLs)
I lcaltli h azai 'ds

crop storaựe-.issoci.ucil, 2:485 
pcsriddc risk tu tood workcrs, 3:175 

Hca n
hv-prinlucts trom, 1:(>7 
insect, 2:563-564 

I Icat balancv. .Ít I^rouiid surfacc. 3:5‘J 
Hc.1t budí»ct analvsis. 3:59 
Mc.1 t cramps, mincral dehciency-relatcd, 3:65 
Hcat riux

conductivc, at íỊrtìund surtacc, 3:5<s—3*J 
latcnt, 3:5<S-60 
scnsiblc, 3:5<s
various toods, propcrties. 2:39(1 

[ ỉ ca tin tỉ, rcquircmcnts 
nrccnhouscs. 2:537-53S 
t;rccnhợusc tom.itocs, 4:33(J-342 

Hc.1 t strcss
cttccts OII đr.ưt l:í)2(l
plant copinu mech.misms, 3:2f)l-2f)2 

I lc.u n\instcr
Loiulikti vitics lor v.iriiuiN Usstls, 2:.Víu
(.lctmcđ. 2:355
CIILTLÍV c q u a t i o n .  2 : 3 5 ( |

c v . i p o t M t i v c  p r i H Y s M n u .  2 : 3 ' ò

I MIC' 111, 2:35(i
UMDsnoit II! nr.llll J!hl mkriAl >!nrrs.

2:4?') - IS(»

Hc.it transtcr, trcczc proccssinu; 
estinution ot frcczintĩ timc, 2:362 
psgttrcczc storatỊc, 2:362-363 
purc liquids. 2:3()l 
solutions, 2:361 
thmvinậ, 2:362 
tissue Systems, 2:3() 1-362 

Hcat transtcr, tlicrmal processinn 
chantỊcs in toods, 2:356-357 
conductivc hcatcd toods, 2:358-359 
foods, 4:310-312 
liquids, aựitatcd batchcs, 2:36(1 
liquids, continuous hcatiniỊ, 2:359-360 
liquiđs, non.ìíýutcd hdtchcs. 2:3611-361 
quality of. 2:357-358 

Hc.1 t trciitmcnts
citrns íVnits. 1:375-376 
poultrv prođucts, 3:438 

Hcavy mctals
mobility in soil, climatc clian-ỊỊẹ cttccts, 4:137-138 
soil tcstintí tor, 4:149 

HcdiỊÌnn, 111 tuturcs Inarkcts. 3:454 
Hcniiccllulosc. hiosvntliesis, 3:205 
Hcinoirlobin, as ÙKXÌ colonint, 2:231 
I lemolymph, insect, 2:561-562 
Hcmprotcins 

as tood coloram, 2:231-232 
striicturc and t'um'tion, 2:231-232 

1 lerbage wcit>ht, ningpll.ind 
trcqucncỵ samplina;, 3:553 
sampliiii' proccdurcs, 3:552-553 
sampliiHỊ tinic, 3:552 
and stockint; r.itc. 3:SS3
\vcii;ht-cstim.ưc samplinsỊ mcthođ. 3:552-553 

Hcrbicidc rcsistancc
biocniỊÌnccrcd, 4:492—193 
ĩactors atìcctinií. 2:51 1-512 
gcnctic cnninccriniỊ ot. 3:221-222 
history, 2:51 I
multiple rcsist.mcc, 2:51 I. 4:491 
rotations, 2:512
use of herbii/KÌe-rcsist.mt crops, 2:512 
wccd populstions. 4:4') 1 

f lcrbicidcs
adịuvants. 4:49]
amino acid biiisyỉulicsis mliihirors. 2:507-5118. 4:4‘)H 
.mtuiuxm. 2:507, 4:4ụ<I 
applic.ition nictliođs, 4:491) 
band trc.itnicnts, 2:51 >2
bcnctirs. 2:5(11 - 5 tđ
hlcaclim^. 2:.')iih-SU7
h r o . u l c a s t  i r c . U n i c n t s .  2 : 5 ( 1 -2

i ' . i n i t i n o K Ỉ  b i i > \ \ n t h e - : N  1 1 1 11 1 l ' i t i i r s .

. d l u l n M -  i ị ị Iị c M ’'  ! n  1 n  1 i ; 1 . 2 : 3 ( 1 ' )

1 Ỉ1L'! i 11 > !Ỉ • 11 i h ĩ í : !111
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chcinistry of, 2:503 
cl.issirtcation, 2:502-503, 4:490 
cođe namcs, 2:503, 4:49(1 
contact-typc, 2:5(12
dcpcndcncc. roduced tillatĩc—relatcd, 4:491
ditìcrcntial applicàtions, 4:116
dircctcd sprays, 2:502
cffccts on r.iniỉd.ind soils, 3:595
cnvironnicntal aspccts, 4:491—ị92
íolatc synthcsis inhibitors. 2:509, )
grovvth rcíỊiilators. 2:507
inorganic, 2:503
in irrigation vvatcr, 4:490
lipid synthcsis inhibitors, 2:508—509, 4:49(1
niechanisms o f action, 2:503-504, 4:490
m em brane cỉisrupters, 2:505—506
mccabolisni in hitỉhor plants, 2:510
n i i iT o tu b u lc  i n t c r t e r e n c c  b y .  4 : 4 9 0
mitosis disrupcers, 2:507
molccular tartỊct sites, 2:504. 4:486, 4:490
inycoherbindes, 4:489
tor orchards, 3:126
orgiinic, 2:503
photosynthctH' inhihitors, 2:504—505, 4:4^0 
un rangelands, 3:556 
rt/gistration, 4:494 
regulaúons. 4:491, 4:494 
residucs in tbod, 2:400—401, 4:491—492 
risk tactors. 2:501-502, 4:491 
selcctivity, 2:502, 2:509-511 
in silvicultural operations, 4:19 
tbr soylx-.iiis, 4:198-199 
spot treatments, 2:502 
sprays, 4 :493-494 
tolcrancc lcvcls, 2:511, 4:491 
toxicologic.ll aspects, 2 :400-401, 4:491—t92 
tradc nanics. 2:503, 4:490 
translocatcd, 2:502-503 
triazincs, 3:19(1, 4:490 
usc, 3:172. 4:490-492 
tồr vveeds, 4:489-491 

Hcrbivory. in plant eommunities, 3:263 
I ỉcrbs, hygienization by irradiation, 2:3(12 
Heređitary discascs, ot animals. 1:76 
Heritabilitv of traits, SCI' Inhcritance, qualỉtativc;

Inheritance. quantitative 
Herschel-Bulkley  niođcl, ot Huid flow, 2:371-372 
Hespcridium, citrus, 1:357 
I lctcrosis

bect cattlc, 1:59
biochcmical mechaiiisms. 2:517—51H 
ch;iractcrization, 2:514-515 
and co-supprcssion. 2:518 
đetìncd. 2:513
cnzymcs attcctinsỊ. 2:517—518 
cquation tbr. 2:514

tuturc prospccts, 2:52(1 
iỊcnetic mcchaiúsnis, 1:51. 2:515-516 
and hetcrozygosity, 1:51, 2:514—515 
I i i c a s u r c n i c n t s ,  2 : 5 1 3 - 5 1 4  
molecular meelianisms, 2:518 
physiological mcchanisms. 2:516-517 
and quantitativc traits. 2:514-515  
s\vinc, crossbrcd. 4:257 
uses, 2:51S—521) 
and yicld, 2:514 

Hctcroskedasticity 
dcíincd, 3:472 
crrors of, 3:474 

HctcrozyíỊositv, and hctcrosis, 1:51. 2:514-515 
H crtti brứsilensis, 3:73 
Hcxitols, tor plant tissuc culturc. 3:371 
Hexosc monophosphatc shunt. in plants, 3:204—2(15 
Hickories, sre tilío Chincsc hickorv; lVcan 

b o tan ica l o n » an iza tio n , 2:1 
c l i m a t i c  t y p c s  s u i t a b l e  to r  t Ị r o w im » ,  2 :6  
composition, 2:3 
discases, 2:8 
flowLTÌnt», 2:2 
as food crop, 2:2—3 
íruit, 2:2 
pcsts, 2:6-8 
production, 2:1-2 
production barriors, 2:8 
specics, origins, and Aavor, 2:2 
trcc form and lỊrcnvtli. 2:1 
usagc, 2:3 

Hidc
animal, by-products dcrivcd (rom, 1:71-72 
livestock, bactcria in, 2:317 

High dcnsity lipoprotcins (HOLs) 
dctined, 2:143 
nictabolism, 2:145 
source in human plasma. 2:144 

Hi^h-dciisity polyethylenc 
coextruded íilms, 2:335, 2:337 
pnck.iirint* applications, 2:335 

High-nradiníí, o f torcst stands, 4:21, 4:26 
Hiiỉli school aiỊriculturc proiỊrams, see Aiĩricultural 

cducation
High tcmperature-short tinic extrusion products, vvheat,

4:532—533
High tcm pcrature-short  tim c hcat exchantỊers, 4:307 
H ìsịIi tem perature  short timc Processing, o f  milk,

1:565-566
Miiĩh-volumc Instrumcnt systcms, tor cotton, 1:509—512 
Histaiiiinc. in animal reproduction. 1:145 
Hobble Creek Mountain bic; saiỊebrush. 3:580-581 
Hom licc. 2:659
HoldriiỊc system, litc-torm classihcation, 3:269 
Hollinv stalk, tobacco, 4:330 
Home dcmonstration clubs. 1:427



Home Development Program (Kcntucky), 2:133 
Home economics

and auxicultural experiment s t a t io n s ,  1:4 
Cooperativc Extcnsion Service proíỊrams, 1:427-429 

Homesrardcns 
deíìncd, 1:13
in tropical aẹroíorcstry Systems, 1:19 

Honioe;enization, milk, 1:566 
Homoskedasticity 

deíined, 3:472 
errors of, 3:472 

Honduras, see also South America 
hillsidc tarmine;, 3:651 
hog rcaring, 4:544 

Honcy, <cc lỉlso Bce hivcs; BeekeepinsỊ 
apiancs, 1:210-211 
production, 1:210-211 

H o n c y  b c c s ,  SCI' ữ l s o  A p i c u l t u r c ;  B c c k c c p i n í Ị  
Atricanizcd, 1:214 
colony dcvclopment, 1:207-208 
colony structure, 1:204-207 
dronc coníịrcíỊation areas, 1:206 
droncs, 1:206-207 
tỊlobal distribution, 1:203-204 
nest structurc, 1:207 
qucons, 1:204-205 
scasonal cycle, 1:207 
species, 1:203
stinging bchavior, 1:213-214 
swarminiỊ, 1:207 
vvorkers, 1:205-206 

Honcy niesquitc, 3:568, 3:571-572 
H o p p c r s ,  .'ÍT nlso Bins 

dcsign, 2:379 
flow tactor, 2:379 

Hops, for brcvving, 1:318-319 
Hordcìtm  L., see Barlcy
Horizons, soil, 4:103-104 
Horizontal momentum lìux, 3:56 
Hormoncs 

insi-ct, 2:553-554
intracellular roccptor model, 1:148-149 
mcchamsni o f  action, 1:146-149 
mcmbranc rcccptor modcl, 1:146-148 
protcin, rolc in rcproduction, 1:141-143 
stcroid, rolc in rcproduction, 1:143 

Hom flv (H t ìc m a to b ia  ir ri taní)

đamasỊe to livcstock, 2:658, 2:662 
developmont, 2:662 
ỊỊOOgraphic distribution. 2:662 

Horns, by-products dcrivcd from, 1:73 
Horsc bot fly (Gíisìcropliiliis spp.) 

daniaiỊc- causcđ hy, 2:665 
livc cvclc, 2:6(i5 

Horsc brccdiniỊ
hrccdiiití; tarms, 2:529

brccd rcgistrations, 1960-1991, 2:526 
brceds listed bv size and íunction, 1:61 
horsc tarms, 2:529 
for racing perforinance, 1:62 

Horsc flv (Tabanidae) 
brccding habits, 2:663 
damage to livestock, 2:658, 2:663 

Horsc industrv
anitnal riíỊhts and welfare issues, 2:53(1 
carcers in, 2:530 
concerns of, 2:530 
cyclic nature of, 2:529 
economic impact, 2:525-527 
Equinc Civil Liability Act, SB 90-84 (Colorado), 

2:530
equinc usagc trcnds, 2:527-528
cstimatcd U.S. horse population, 2:524
exports, 2:528-529
history, 2:524
imports, 2:528-529
land usc rcstrictions, 2:530
and liability insurance, 2:530
liability insurancc cffects, 2:530
membcrships in rclated organizations, 2:527
North American Free Tradc At?rcomcnt ctTccts, 2:529
ovvncr proíìles, 2:525
racinẹ; evcnts, 2:527
slaughtcr plants, 2:528-529
sporting events, 2:527
strengths and weaknesses, 2:529-530
support businesses, 2:525-527, 2:529
taxes on, 2:530
Tax Rcíbrm Act o f  1986, 2:524 
trail rcsourccs, 2:530 
workm en’s compcnsatioti costs, 2:530 

Horsc racing, economic impact, 2:527 
Horscradish, 3:640 

Japancse, 3:641 
Horscs

as agricultural livestock, 2:530 
athlctic, 2:527-528
brccdinẹ rcgistration tìe;urt.'s, 1960-1991, 2:526
d ic t a r v  requiremems, 1:102
diet cxamplcs, 1:106
diíỊcstive anatomy. 1:90-91
dia;cstivc physiologv, 1:92-93
draft, 2:528
cnibryo transtcr ttchniqucs, 2:59 
cstiniatcd population, U.S., 2:524 
intcctious diseases. 1:77-82 
manurc production, 1:188 
nonintcctious điscases, 1:76 
nutricnt requireincnts. 1:11)1 
ou n c r  protìlcs, 2:525 
pasturc ựrasscs. 2:414
reS;ístcred stock and brccd assocutions. 2:524



U.S. raniỊclands, 3:496—498 
usanc trcnds, 2:527-528 

Horse shows, cconomic inipact, 2:527 
Horticultural cntomolotỊV, .'(•<’ EntomolotỊy, horticukural 
Horticulture, cnvironmental, set’ iilso Floriculturc 

and .lir quality, 2:95 
carccrs in, 2:103
chantỊCs to microclimatc by, 2:95
commercia] intcrior landscapiniỊ, 2:95
crop niarkct valucs, 2:94-95
cnvironmcntal issucs affectinsỊ, 2:104
tresh cut flowcrs, 2:96-99
tu tu re challcniỊcs, 2:103
^lobal production and markctint;, 2:103-104
harvcstinsĩ practices, 2:98
history. 2:93-94
industrv statistics, 2:94-95
intciỊratcd pest manae;einent, 2:102
markctiniỊ aspccts, 2:98
nativc plant us<_\ 2:96
pcr capitạ consumption o f  flowcrs and foliaíỊC, 2:104 
pcsticidc usc, 2:104 
plant USL-S, 2:95-96 
pottcd flowcrs, 2:96-99 
rcscarch, 2:104-105 
shippiniỊ practices, 2:98 
storasỊe practiccs, 2:98 
turtựrasscs, sce Turf^rass(_‘s 
woody ornamcntal landscape plants, 2:100-101 

Horton equation, for watcr iníiltration, 4:160 
Host—pathogen intcractioiis, íungiciđes artcctiniỊ, 

2:449-450 
Host rcsistancc, to parasitcs, 2:90 
Housc fly (Musca ảomestica) 

đamagc to livestock, 2:663 
dcvelopmcnt, 2:663 
distribution, 2:663 

Housing, see Animal housiní*; Grcenhouses; Storagc 
systems; Structures, agricultural 

Hull Scrape mcthod, for peanut maturitv determination, 
3:152

Human chorionic iỊonadotropin, 1:141-143, 1:145 
Humic acid, composition, 4:78 
H umidity 

absolute, 3:43
control, in crop storage systems, 3:415 
ctTects OI1 c itrus fru i t  s to rag e ,  1:374 
cfFccts on food spoilage, 2:319 
equilibriuin, in food, 2:285-286 
rclativc, 3:43
requircments tor grecnhouse tomatoes, 4:346 
requircments for root tbrmation, 3:355 

Humuloncs, antimicrobial activity, 2:354 
Humithts ìiipuliis, see Hops 
Hutnus, sec also Soil ortỊanic matter 

aciditv, 4:32

Huntcr iumpingị 2:528 
Hybridization 

bcnctìts, 2:521) 
disadvantagcs, 2:52(1 
evolutiomry rolc, 2:118 
torcst trccs, 2:440—(-41 
and hctcrosis, 2:518-519 
intcrspcciíic, rangelanđ lỊrasses, 3:530-533 
sorghum, 4:173-174 

Hvbridization, intcrspeciíic 
as brccdiniỊ tool. 3:531 
with chromosomc doubliníỊ, 3:532 
crested vvhcatíỊrass, 3:532-533 
g c n c t i c  i n t ro i Ị r c s s io n ,  3:531 
Hycrest culcivar, 3:533 
wứhout chromosomc doubliníỊ, 3:531-532 

Hybridization in s im  

autoradiographv, 3:231 
nonradioactive probcs tor, 3:231-232 
nuclcic acid probcs, 3:231 
posthybriđization vvashcs, 3:231 
prchybridization trcatmcnts, 3:231 
radiolabelcd probes tor, 3:231 

Hybrids
barlcy, 1:238-240 
barley-rye, 1:239 
barley-whcat, 1:238-239 
com, 1:447-448, 1:461-462 
popcorn, 3:402 
ricc, 3:615 
silkvvorm, 4:7-8 
sorỊỊhum, 4:173-174, 4:179 
trce cone orchards, 3:140 

H y b r i d  v í i Ị O r

becf cattlc, 1:59 
corn, 1:442 

Hycrest cultivar, 3:533 
Hydraulic conductivity 

dctincd, 4:157
and groundvvater flow, 2:491 
and intrinsic pcrmeability, 4:157-158 
in natural fìeld soil, 4:158 
saturatcd, 4:85 
and soil drainage, 4:85-86 
soil managemcnt ctTects, 4:162 
unsaturated, 4:85 

Hydraulic gradient 
detìned, 2:491, 4:157 
detcrmination, 2:491 
cffects on watcr flow, 4:85 

Hydraulic hcad
deíìned, 2:491, 4:154 
detcrmination, 2:491, 4:85 
matric potcntial energy expression, 4:154 

Hydraulic potential, deíìncd, 2:491 
Hydric soils, 4:497-498



Hvdrodynaniic đispersion, iỊroundwatcr, 2:495 
HydroipỊÌtìcation, manurc, 1:1 
H v d r o t Ị c n  i o n ,  SCI' a l s o  p H ,  s o i l  

ctìccts on plant íĩrowth, 4:35 
torm takcn np bv plants, 4:95 
sourccs, 4:136-137 

Hyđrogen phosphidc, for lỊrain fumii>ation, 2:484 
Hvdrolases, biochcniistry, 2:261-262 
Hyđrolonical cyclc

dcíorcstation etĩccts in tropical rain íorests, 4:409—ị 11 
in tropical rain tbrcsts, 4:405—Ịl)6 
in watcrshcds. 3:597-599 

Hvdroponics
tmncral nutricnrs tồr, 3:338-334 
tomato culturimỊ techmques, 4:346-347 

Hvdrostatk' prcssure potcntial, detìned, 4:153 
Hydroxyanisolc, butvhtcil (BHA), 2:344 
/)iiní-Hydroxvbenzoie áậ đ  cstcrs 

ạntimicrobial actions, 2:34l) 
structurcs, 2:349 

Hydroxvcinnamic acid, antimicrobial activity. 2:354 
Hydroxyl radical, íonnation  durint; pl.mt Strcss, 3:365 
Hydroxytolucnc. butylatcd (BHT), 2:344 
H yle inyd  brasiiciìc, daniaiỊC to colc auised by, 1:334 
I Iypcractivitv, links to carbohydnue consumption, 1:342 
I 1 vpcralimcntation 

iodiíK', 3:70 
sođium, 3:69-71)

1 lypcrmarki/ts, 2:310 
Hypob.ưic staragc o tcrops, 3:417 
Hypotlcniid  spp., .«!•(■ c ' ;1 r11 e i^rub 
Hypot>lyccmia, links with liietary earbohydrates, 

1:342-343 
Hypopotassemia, 3:65 
Hypothalamus, organization, 1:138-139 
ỉ lystercsis 

soil adsorption/đesorption, 4:68, 4:85 
and vvater tablc tìuctuation, 4:155-156

I

lcc crcam
composition, 1:570 
nuiniihicturc, 1:571 
packagitii’, 2:330 

Icc-miclc.ưinLỊ bactcria, 2:115 
lcc pcllcts. 3:47
1 ti CI1 ti tl ca ti on systcins, computcr-assisted, l :3 cJ5-3l/7
ll)Ls, ice  Intcrniediatc density lipoprotcins (II)Ls)
IlịE, it 'f  ImnuinoỊílobulin E
IllciỊal alicns. Farm \vorkcrs, undocumcntcđ
[llness, toodbornc. ÍIT í p c à l ì ĩ  illiicỉỉ: Food microbiolotỊv;

Food spoilatp 
Iliuviation, liorizon ọt, 4:104 
lnuizctlkipvr

chcmical structurc, 2:508 
mcchanism of action. 2:5U|S

immcrsion chillinsỉ. ot poultry, 3:437 
InimitỊrant lỊcnnplasm, toragc kochia, 3:583-584 
ImmiiỊration Rcíorm and Control Act o f  1986 

impact on labor oru;anizing, 2:630 
provisions, 2:627 

lmmobilization
fertilizer nitroíỊcn, 4:96 
microor^anism role in, 4:125-126 

Immunc system disorders. role o f  dictarv tat and 
cholesterol, 2:151 
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K c n tu c k y  bluctỊrass, 2 :101, Sí‘f  a l í o  Turtl^rasscs 

characteristics, 4:414—415 
Kcrncl, corn, -<(’(’ Corn 
Kcshan discasc, 3:69

Kctosis
causes, 1:111 
ruminant, 1:134 

Kidncy 
bv-prođucts trom, 1:67
diseasc st.ites, rolc ot dictary t.ư and cholestcrol,

2:151-152 
Kidncv bcans, lcctins in, 2:400 
Kikuvuựrass, >•<’<• tilío TurtiỊrasses 

charactcristics, 4:417 
Kinctin, svnthcsis and charactcriz.)tion, 3:209 
KnittiniỊ; tcchnolony 

cotton tabrĩcs. 1:520-522 
vvool and mohair kibrics, 4:587 

Knots, in vvood. 4:551 
KnowlcdiỊL'-bascci Systems 

availability, 1:393 
for cotton production, 1:393-394 
íor dairy cattle, 1:394 
deíineđ, 1:389
reniotc sensins* integration, 1:401 

Knudscn dittusion, 2:391 
Konịak, 3:640
Koppcn climatc ckissitìc.ition, 4:479 
Korcan l.nvn^rass, scc also Turti^rasscs 

characttTÍstics, 4:416 
Krcbs cvclc, in plants, 3:204, 3:340 
Kudzu, 3:641

Labor, iCi' dlso Farm \vorkcrs; Food \vorkers 
collcctivc barií.úning, 2:62^-630 
contract, 2:627-628
division bv í;aidcr, \vorldwidc, 4:544-545 
hcalth and satctv issucs. 3:175 
hired, 2:623-624
i n t c r m t i o n a l  m i í Ị r a t o r v  f l o w S i  3 :7
locational adịustments ot production, 2:625-626
miiỊrant, 2:624
National Labor Relations Act, 2:629 
productivitv, 2:625, 4:433 
seasonality, 2:623, 2:630-631 
unpaid tamilv, 2:623-624 
Wagncr Act o f  1935, 2:629 

Labor (parturition)
shccp modcl, 1:181-182 
stagcs, 1:181 

Laboratories, SCI' als0 A^ricultural rcscarch 
tedcral, non-USDA, 4:424 
privatc, 4:424
univcrsúy-athliated, 4:423—124 
USD A-aí:Tìliateđ, 4:423-424 

Laboratory animals 
diseascs atTcctinu;, 1:87 
cnibryo transícr techmqueS, 2:60 

a-Lactalbumin. in milk, 2:639



Lactatcs, anrimicrobial actions, 2:347 
Lactation 

colostruni íomiation, 2:638 
endocrinc S y s t e m  rolc, 2:641 
íỊalactopoicsis, 2:641 
lactosc biosynthcsis, 2:640 
lĩpid biosynthesis, 2:640-641 
local tissuc rcgulators, 2:641-642 
Iiiilk composition, 2:638-639 
nervous svstcni rolc, 2:641 
physioloíỊÍcal dcmands, 2:637 
protcin biosynthcsis, 2:639-640 
swinc, 4:256
in trausgenic animals, 2:642-643 

Lactic acid 
antimicrobial actions, 2:347 
as tood Aavorinẹ, 2:241-242 

Lactic acidosis, causcs, 1 :1 1 1 
Lactotcrrin, antimicrobial activity, 2:352-353 
Lactogcncsis 

dchncd, 2:641
endocrmc systcm rolc, 2:641 
nervous systcm rok', 2:641 

/3-Lactoglobin, 111 milk, 2:639 
Lactopcroxidasc systcm, antimicrobial activity, 

2:352-353 
Lactose 

as food svveetener, 2:236 
inammary biosynthesis, 2:641) 
in raw milk, 1:560 
structurc, 2:224 
structure and tunction, 2:236 

Lactose intolcrance, 2:403 
Lagoons

aerobic, 4:459, 4:462-463 
ancrobic, 4:459, 4:463 
for animal waste trcatmcnt, 1:194, 4:459 
íor food Processing wastcs, 4:462-463 

Lakcs, food, 2:232 
Lamination, extrusion, 2:337 
Land deíịradation, see Desertitĩcaúon 
Land Grant Act, scc Morrill Act 
Land-grant collcges, see alsii Agricultural cducation 

agricultural cxpcrimcnt stations, 1:6, 1:9-10 
crcation of, 4:422-423 
Aoricultural training, 2:211 
historically black, 1:3, 4:422-423 
links with Coopcrativc Extcnsion Service, 1:415-416 

1:429-430 
rescarch supportcd by, 2:580 

Landrum-Grittcn amendments (WaiỊncr Act), 2:629 
Landsat multispectral scanncr 

band dcsignations, 4:474 
crop ìdcntiíicatìon with, 4:481 
draimge dcusity estimations. 4:482 
evapotranspiration support data trom, 4:479

plant rcsponse đctection. 4:482 
snovv mcasurcmcnts, 4:477 
soil nioisture monitoring, 4:478 
spatial rcsolution, 4:474 
spcctral sensitivity rangc, 4:474 
surtace watcr sourcc assessmctits, 4:480—1-81 
tvpcs of sensors, 4:474 
watcr-table invcstigations, 4:479 
vvctlands assessment, 4:480 

Landsat thcmatic mappcr 
band đcsignations, 4:474 
crop idcntification with, 4:481 
land covcr mapping with, 4:42— 
snovv nieasurcments, 4:477 
soil moisturc monitoriniỊ, 4:478 
spatial rcsolution, 4:474 
spcctral sensitivity raniỊC, 4:474 
types of scnsors, 4:474 

L a n đ s c a p in í Ị .  SCI’ also H o r t i c u l t u r c ,  c n v i r o n m c n t a l  
interior, 2:96
lawn covcrs, sec TurtiỊrasscs 
usc o f  rangeland shrubs in, 3:578 

Land usc, SCI’ also Farrnland protcction 
chani;cs in, 2:647-648 
classification, con VL-ntional, 4:475 
classiíìcation, satellite methods, 4:475—ị76 
cropland, 2:646 
cconomic contcxt, 2:648-650 
cntitlement problcms, 2:649-650 
forcst land, 2:646 
intensity detcrmination, 2:133 
legal context, 2:648-650 
local rciỊulations, 2:654 
pasturc, 2:646
planning objcctives, 2:650-651 
rangeland, 2:646
reíỊulations, impact on horse industry, 2:530 
remote sensing methods, 4:475-476 
rural to urban convcrsion, 2:648 
urban land, 2:646 

Land use survcys
acrial photoíỊraphy in, 4:42
complcxùy of, 4:41
dynamic analysis requirements, 4:44
Gcographic Intbrmađon Systems, 4:46—Ỉ9
Global Assessment of Soil DcíỊradation, 4:49
land cover mapping, 4:42
land degradation, 4:46
land evaluation, 4:42, 4:44
Landsat thematic mappcr data, 4:42—Ị3
land utilizatíon typcs, 4:41
moisturc stored in rootmiỊ zoncs. 4:44
remote sensmg inechods. 4:41—ị2
soil-lanđ use tnatching, 4:42—ị4
Soils and Terrain digital database. 4:49
watcr vapor losscs from rooted surtacc soil, 4:44



LantỊuas, 3:()40
Laplacc equation, tor nrouĩuhv.ucr motion. 4:158 
Larkspur, toxicity manaiỊcmcnt. 3:54(i 
Larvac, inscct. irradiation cttccts. 2:297 
Larvi 1'iđes, usc of, 3:172 
Lasscn mcrmplasm, antelopc bittcrbush, 3:583 
Late bliiíht, potato 

causcs, 3:426 
history of, 3:318-319 
rcsistancc to, 3:428 

Latcnt eiieriỊY of vaporizatiou, 3:44 
Latcnt hcat flu\

charactcrmtion, 3:58 
lỊreenhouse, 2:536
measurcrncnt and estimation, 3:59—60 

LauterimỊ proccss, in wort manufacture, 1:320-321 
Lawn lỊrasscs, Ị'í'í' Turtgrasses 
Lavv ot onc pricc, 3:456—ị57 
Layer clouds, 3:46
Layering, ascxual plant propagation by, 3:351-352 
LDLs, see Lovv density lipoprọtcins (Ll)Ls) 
Leachins> 

aluminum, 2:616, 4:137 
anions, 4:35 
boron, 4:147 
calcium, 4:35 
cations, 4:35
covcr crop protection, 4:115 
long-terni, 4:35 
mágnesiuin, 4:35 
manganese, 4:35 
nitratcs, 2:618-2:619 
nitroiỊỊcn, 4:96, 4:127 
potassium, 4:35 
and soil goncsis, 4:103 
solublc salts, 4:145 
zinc, 4:35 

Leaching fraction, defined, 4:89 
Lcacỉiing requircment 

dcíìncd, 4:89 
determination, 4:89-90 

Lcad, soil concentration of, 4:134 
Lcad poisoning, 3:70
Lcaf cuttiníỊs, asexual propagation vvith, 3:353 
Leaf markings, a ir p o llu ta n t- re la tc d , 1:30-31 
Lcatroll, grapes, 4:452 
Lcaf scorch, in pecans, 2:8 
Leat spot discascs, ofbananas, 1:226-227 
Leakage, grcenhouses, 2:538—539 
LcarnintỊ, animal, 1:46-47 
Leases, farm, 2:193 
Least-squares estiniation 

generalizeđ, 3:474-475 
in production economics, 3:465—166 
tvvo-stáíỊC. 3:476 

Leather Products, from goat skin, 2:462

Lcavcs 
clcctroiức, 3:355 
tbrbs, 3:564 
í^rass, 3:564 
lỊrasslike plants, 3:5f)4 
shrubs. 3:564 
succulcnt, 3:564 

Lectins, biochcmistry, 2:263 
LeiỊiimc/R lúícbiiiìii symbĩosis 

intcction proccss, 4:130 
soil aciditĩcation causcd bv, 4:31 
in soil Hianagcment, 4:116 

Legumcs
arcas of origín. 2:120 
foraiỊe, adaptation characteristics, 2:408 
raniỊcland, poisonous, 3:569 
tropical, for pasturc use. 4:398-399 

Lckir, 3:640
Lcnions, SCI' Citrus truits
LEPA systems, see Low Energy Pređsion Application 

irriíỊation svstcms 
Lepidopterous pests, to cole crops, 1:333-334 
Lcpúnotarsa dcceniliiieatci (Colorado potato bcctlc), 3:424, 

3:431
Lettuce niosaic potyvirus, 3:395 
Lcwis cquation, for vvater infiltration, 4:160 
Liability insurancc, ctTccts OI1 horsc industry, 2:530 
Licc 

cattlc, 2:658 
hoe;, 2:659 
poultry, 3:448 

Lite cycle
plant viruses, 3:388-390 
silkworm, 4:1—2 

Liícstyle, and tood niarketing strategics, 2:313-314 
Lifctinic hcalth advisory Levcl, groundwatcr, 2:493 
Litted indcx, for weathcr tbrccasting, 3:44 
LitỊht

absorption in photosvnthcsis, 3:189-190 
plant copinÍỊ mechanisnis, 3:261 
requiremcnts tor root íòrniation, 3:354 
rcquircments of toraiỊC crops, 2:410 
supplemental, in greenhouse tomato production, 

4:342-345 
Litrhting 

dart lcaders, 3:45 
occurrencc, 3:45 
return stroke, 3:45 
stepped leaders, 3:45 

Lightning
flash data, tor raintall prediction, 4:477 
National Lighming Dctection Network, 4:477

Light transmission. in greenhouscs, 2:539-544 
cxtended intcgral concept, 2:541 
losscs, structure-rclated, 2:542 
modcling, 2:540-541



Liglư transmission (Cừniiimed) 
sinqle bcams, 2:542-543 
into tall crops, 2:542 
total irradiance, 2:543-544 

Lignins
ettccts on nĩtrotỊcn mineralization, 3:101 
structure and ũmction, 3:207 

Lignocellulosic matcrials, uscs, 1:295-2%
Lima beans, cyanoiỊcnic glycosidcs in. 2:4(10 
Lime, scc Citrus truits 
Limestone 

addition to soils, 4:37, 4:144 
povvdcrcd. 4:144 

Liniing
acid soils, 2:407, 2:409, 4:36-37 
toragcs, 2:406—409 

Limited depcnđcnt variạblc modcls (cconomctrics), 3:476 
Linalool, structurc, 2:239 
Lincoln canopy-typc orchards, 3:140-141 
Lincar Imv-dcnsity polyethvlcnc, cocxtrudcd tìlms, 2:337 
Linear-plateau method, for critical soil analysis, 4:99-100 
Lincar progranmiing

ađđitivity assumption, 3:478 
upplications. 3:477-478 
appropriate objcctivc tunction, 3:479 
ccrtainty assumption, 3:478—\1'> 
continuity assumption, 3:479 
tar 111 production, 3:467 
in operations researcli, 3:477 
proportionality assumption, 3:478 
quadratic tcchniquc, 3:478 

Linccrossins', poultry, 1:56 
Linkas>e e;roups, ricc lỊcncs, 3:610 
Linoleic acid 

in livestock tccds, 2:160-161 
structure, 2:215 

Lim, cotton 
clcaniníỊ, 1:501-502 
đotYmg, 1:500, 1:502 

Lint đeaniiiíỉ, cotton, 1:501-502 
Lipascs, biochemistry, 2:262 
Lipid content, cgíỊS, 2:43
Lipids, see Iilso Fats; Fatty acids; Oils; Phospliolipids 

biosynthesis, 2:640-641
chcmical reactions durini' food proccssiniỊ and storasic, 

2:269-270 
composition, 1:111 
content o f toods, 2:275-276 
detìncd, 3:198 
dÌEỊCStion,  1 : 1 1 1 - 1 1 2  

in tceds, 2:159-161 
tlmctions, 1:112 
importance in toods, 2:214 
mctabolism, jbnorni.ll, 1:112 
metabolism, plant, 3:205-206 
in milk, 2:640-641

nonsaponitìablc, 2:218—219
occurrence in foods, 2:214
oxidative dcgradaúon, 2:242, 2:343
raw niilk, 1:559—560
sor^hum. 4:175
storaẹc, 1:112
structure. 2:276
synthesis inhibitors, 2:508-509, 4:490 
tissue typcs, 2:140 

Lipoproteins 
high density (HI)Ls), 2:143-145 
intermeđiate dcnsitv (IDLs), 2:143-145 
low density (LDLs), 2:143-145 
plasma, coniposition, 2:144 
very low density (VLDLs), 2:143-145 

Liquids 
dittusion coefficicnts. 2:391 
freezinfi;, -<('(' FreezimỊ 
I»as—liquid cquilibrium, 2:386 
pure. freezini», 2:387 

Liquids, chcrmal processinií; 
agitatcd batclics, 2:386 
continuous heatiiiíỊ, 2:359-361, 2:385 
continuoas steriilừation, 2:385 
nonatỊĨtatcti batches, 2:386 

Listeria monocytOỊenrs. toodborne intcctions cạ-uscd by, 
2:323

Littc blucstcm, 3:560—561
Littcrtall, nutricnt cycline; through, 2:424—ị25
Liver

by-products troni, 1:67 
dctoxitication of toodborne dicmicals, 2:402 
USDA lnstitution.il Mcat 1’urchasi; Spccitìcations, 

1:68-70
Livestock, see íilso Becf cattlc; c.utle; Dairy cattle 

breeđiniỊ; Pairy cattlc production; Farni animals; 
Goat production; CirazintT animals; Horses; 
Ruminants; Shcep 

hide rcmoval. 2:317 
losses due to poisonous plants. 3:546 
nutricnt requirements, 2:167-168 
pcrcent o f total tarni marketings, 4:432 
pcsts, see Pests, livcstock 
production on ariđ vs. huniid ranges, 3:545 
suitability tor ditTcrent raiiíỉcs, 3:540 
United States—Canadian Ttiblcs ữ f Fecd Composition, 

2:160-166 
an U.S. ranqclands, 3:496—W8 
wastc characteristics. 4:456
vvastc inaiiaiỊeincnt, str WastL' manat>emcnt, animal 
waste production, 1:188-190 
waste propcrtics. 1 :188-19( I 

Livestock k-eds, SIT íilso Aninui teeds. ForatỊL‘s: SilatỊCs 
additives for mminants, 1:133 
amino acid composition, 2:166 
dairy cattlc. 1:553-554



cncrny availabilirv, 2': 168 
ciKTgy dcnsitv. 2 :1lì') 
torniulacions, computcr-assistcđ, 1:392 
hay. 2:417
mincral av.iil.ibilitv, 2:169 
protcin av.iilabilitv. 2:168-16',)
SĨI.UỊOS, 2:417—ị 1 s 
toxins in. 2:175-17(>
tri.ll and error mcthod ot dict tonmilation, 2:171-172 
vit.iniin ỊỊvailability, 2:169 

Loc.ưion-spcđtk' hưniiniỉ, fcrtilizcr usc in. 4:1 lí)
Lock-ín ctfcit, 2:652 
Locovvcvd. 3:571, 3:573
Lotus con troi rc^ions, tor transqeiu' cxprcssion, 4:358 
Locust boan iỊum, bioclicmic.il charactcristics, 2:227 
Locusts, biocontrol aiĩdits, 3 :1<)2 
Lotmvv.ivc r.idiation, rolc in microclimatc, 3:54 
Lotus, 3:641 
Louisinnan Iris, 3:272 
Linv dcnsity lipoprotcins (Ll)Ls) 

tlctmcd, 2:143 
mctabolism, 2:145 
sourcc in human plasm.1 , 2:144 

Lo\v dcnsity polyctlivlcnc, cooxtruđcd tìlms. 2:337 
Low Encrny 1’rccision Application irrigation systcms. 

2:6(15
L o \ v  ỉỊrad icnt  b a s in  irr i iỊ i i t ion ,  2 :f)0 2 —6 0 .Ì 
Lo\v trcllis hcdcỊcrow-type orđiards, 3:140 
Lnmbcr, lỊradcs and propertics, 4:559-562 
Lupuloncs, antimicrobi.il activity, 2:354 
Lutini/int' hormonc, in animal rcproduction. 1:141-143, 

1:14.=)
Lvccryl monolauratc, antiniicTobial propcrties. 2:354
LyiĩUS butỊ, manaiỊciiUMU' 3 :182-183
Lysimctcrs, tor cvapotranspiration mcasumiients. 2:592
Lysozymc

a n t i n n c T o b i . l l  activity, 2:352-353
C0 .ÍĨ, albumcn. 2:43
trom  cíỊt; .ilbunien, uses. 2:49

M
Mac.1

Rinực ot prodnction, 3:643 
tablc ot primary ii)formation. 3:641

MiUMrcncịỊrass, 4:416, S C I ’  (tho Turígrasses 
M.ichinc' learnini; systcms, 1:394 
Mac hiĩicry

as cncriỊy input into crop produccion, 2:71-72 
lc.isinLỊ. 2:193 

Macrocconomics
blot-rtoatiiiíT exchange rạtc systcms, 3:5 
tìscal policy in opcn systcnis, 3:5-7 
íixcd cxchaniỊc rate systcnis, 3:4 
(iATT ncgotiations, 3:8 
íỊcneral ciỊuilibrium etVects, 3:3-4 
monct.irv policy in opcn systcms, 3:5-?

opcnncss ol International economy, 3:2-3 
Uruguay kound. 3:X 

Macroporositv 
dctincd, 4:lf)2
cartlnvomi-induced, solutc movcmcnts attcctcd by. 

4:117
and hvdraulie condui tivity. 4:162 
and niatrix porosity. 4:162 

Mae;!*OtS
c.ibbage. 1:334 
turnip, 1:334 

MaiỊncsium
torni t.ikcn up hy plants, 4:95 
tunctions, 1:115 
ion leachiiitỊ, 4:35 
orchard requirements, 3:115 
rcquircments tor nonruminants. l : lJ5 

MaiỊiicsiuni dctìricncv 
in animals. 1:1 15 
discascs. himian, 3:66 
in humans, 3:66 
in nonruininants. 1:95 
in plants, 4:95 

Maillard rcaction. 2:232 
charactcrization, 2:268-269 
control mcasurcs, 2:269 

Maizc, sec 1 )/.'(> Com 
gcrniplasm collection, 3:312
International Maizt' and WliL'.u Improvcmciit Ccntcr, 

3:299
lovva Stirt—Stalk Synthetic, 4:371-372 
transposablc clcnicnts. scv Transposable clcnicnts, plant 

Maizc chlorotic mottlc virus, 3:395 
Major consolidation strcss, ot powdcrs, 2:378 
Malathion. trcatmcnt of storcd ẹrain vvith. 2:484 
Male sterility tactor 

for com. 2:519 
production. 2:519-520 

Malignaiit hypcrthermia. porcine, 1:57 
Malt

bark-y, 1:248, 1:317-318 
sorglíum. 4:177-178 

M a m m a ry -d e r iv e d  a ;row th  in liib ito r , ro le  in m a m m a ry  
rcgulation, 2:642 

Mammary gland 
as biorcactor, 2:642 
biotcchnoloeiỵ applications, 2:642—643 
rcíỊLilators, 2:641-642 

Mammary iỊlanđ, dcvelopmcnt 
alveolar formation, 2:635-636 
cell intcractions, 2:636-637 
ductular tormation, 2:635-636 
i^rovvth itihibitors, 2:642 
tỊrovvth stimulators, 2:642 
prolitcration vs product íbrmation, 2:641 
s c c r c to r v  CL'11 d i f f e r e n t i a t i o n ,  2 : 6 3 7 - 6 3 8



Mammary gland, dcvclopmcnt (còntinned)  
study  techniqucs, 2:637 
tissue interactions, 2:636-637 

Man and Biospherc Program (UNESCO), 3:313 
Maneb, hmgitoxicity, 2:447-448 
Mangancsc

form takcn up bv plants, 4:95 
íunctions, 1:117 
leaching, 4:35
rcquircments for nonruminants, 1:96 
requirements tbr peanut crops, 3:149 
toxicity to plants, 4:36 

Mangancsc deíiciency 
in animals, 1:117 
in humans, 3:68-69 
in nonruminants, 1:96 
in plants, 4:95 
ÍII soíls, tcstintỊ for, 4:148 

Manganese porphyrins, in plants, 3:208 
Mangc mites

damaẹc to Hvcstock, 2:658, 2:666 
lifc cyclc, 2:666 
in sheep, 4:579 

Mango
botanical rclations, 4:379 
comnicrcial importance, 4:379 
cultivars, 4:379 
dcvcloprnent, 4:380 
distribution, 4:379 
ecologica! ađaptation, 4:380 
growth, 4:380 
origin, 4:379
plant descríption, 4:379-380 
uses, 4:380 

Mango ginqer, 3:640 
Manihot esculenta, see Cassava 
Manilagrass, séc also Turtgrasscs 

charactcristics, 4:416 
Mankota cultivar (Russian wíldryc), 3:530 
Mannitol, as food svveetcner, 2:236 
M a n u ía c tu r in g  tcch n o lo g y ,  in n ica t  Process ing ,  3 :23 
Manurc, see ứlso Waste management, animal 

anaerobic diíỊestion, 4:461 
11 1 animal housing, 4:209 
biogas production trom, 4:461 
characteristics, 4:456
environmentallv acceptable stratesỊÍes, 4:114 
tuel potential, 1:199 
hydrogasiíìcation, 1:199 
nematicidal value, 3:94 
pelletizcd, 1:199
production pcr 1000-kiỊ animal, 1:188, 4:456
pumps, 4:460
samplinu;, 1:189
slurrics, storasỊC, 4:458
solids separation, 4:460

transtcr methods, 4:460 
transport, 4:460 
treatment, 4:459-460 
utilization, 4:460—461 
for vineyards, 4:451-4:452 

Maple-bcech-basswood forest assođation, 4:294-295 
Maps

gcnetic linkatỊc, see Gcnetic linkaíỊe inaps 
soi], 3:588-589, 4:41 

Marek’s diseasc, vaccinations for poultry, 3:448 
Margarine, packaging, 2:331 
Marigolds, nematicidal propcrties, 3:94 
Markets and marketing, sce aìso Economics; Food 

marketing s y s t e m s ;  Tradc, In te rna tiona l  
Aí*ricultural Markcting Act o f  1929, 1:527 
christmas trecs, 1:355-356 
cultivars, 3:133
dcciduous truit trccs, 1:585-586 
toliaiỊc plants, 2:100-101 
íuturcs, 3:454-455 
mohair, 4:583-584 
mchc, o f  cultivars, 3:133 
poultry Products, 3:439 
price functions, 3:453-454 
rabbit and rabbit Products, 3:489 
tobacco products, 4:333 
wool products, 4:583-584 

Marl, for acid soils, 4:37 
Marshcs, ìron sultìdc tbrmation in, 4:32 
Maryland tobacco, 4:325, sre also Tobacco 
Mas secco diseasc, 1:364-365 
Mass selection brctding, o f  vvheat, 4:518-519 
Mass transfer

capillary flow, 2:364
in capillary porous vs porous materials, 2:364 
in hyiỊroscopic vs. nonhygroscopic niaterials, 2:364 
modes of, 2:363-364 
moisturc, see Moisturc transtcr 
molccular diffusion, 2:363-364 
specics mass conservation equation, 2:364-365 
throuí^h mcmbranes, 2:365 

Mass transport
ditíusion coefficicnt, 2:391 
effective diffusivity value, 2:390 
modes ot', 2:390 

Mastication, nonruminant maminals, 1:92 
Mastitis, dairy cattlc, 1:554-555 
Maternal behavior 

bonding, 1:46, 1:183 
cross-íostering, 1:46 
matcrnal rcsponsivencss, 1:182-183 
periparturicnt, 1:46 
postparturicnt, 1:46 

Mathematical proiỊrammine; 
analvtical, 3:479 
computational. 3:479



dynanúc, 3:479
linear programinint', 3:477—

Matint’ behavior 
copulation, 1:172 
courtship, 1:171-172 
disruption, as pest control strategy, 2:78 
neuroendocrine factors, 1:172 
scasonal cữccts, 1:172-173 
social interactions, 1:172 

Matric potential energy 
dcfincd. 4:152 
in heađ units, 4:85, 4:154 

Macrix attachment regions, for transgene expressioti, 
4:358

Matrix porosity, defined, 4:162
Maturation, icc crystals, 2:387
Maximutn contaminant level, groundwater, 2:493
Maximuni tolcrated dose, íungicides, 2:452-453
Mcalv bug, cassava, 1:412
Meat

brovvning-rclatcd color changes, 2:232-233 
canned, 3:22-23 
cured, packaging, 2:329 
curing, 3:21-22 
Maillarđ reaction, 2:232 
off-odors, 2:321 
packaging requirements, 2:329 
parasitc irradiation, 2:301 
power law parameters for flow, 2:372 
proccsscd, see Meat Processing; Meat Products 
radiation Processing, 2:302 
vacuum packaging, 2:321 

Meat P rocessing , see aiso Musclc meats 
classification of meats, 3:22-23 
curing and cmulsion tcchnology, 3:21-22 
deíined, 3:17 
cmulsion Products, 3:22 
Hazard Analysis Critical Control Points, 3:21 
history, 3:17
manufacturing procedures, 3:23 
microbiology of, 3:20-21 
muscle structural factors, 3:19 
nitrite-treated meats, 3:22 
nonmcat additives, 3:23 
packaginc;, 3:23 
preservation methods, 3:20—21 
sanitation methods, 3:21 

Mcat products, see  aiso Muscle meats 
li. coli 0157:H7-infectcd, 2:324 
luncheon meats, 3:22 
packaging, rcquirements, 2:329 
packaging, vacuum, 2:319 
Salmoneỉla infections, 2:324 
spoilage, 2:321
Stapliylococuts aureus occurrence in, 2:322 
variety, 1:67-70

Mcchanical encrgv balancc equation  
exprcssion tor. 2:374 
triction losses tor power-law Huids, 2:374 
kinetic cnergy losses, 2:374—375 

Mechanically deboned poultry, 3:44(1 
Mechanical propcrtíes, see also speãfic property 

silkworm silk, 4:4—5 
woocỉ, 4:554-558, 4:560-561 

Mechanization
cotton production, 3:66(J 
fruit tree harvest, 1:585 
tobacco production, 4:327 

Medicinals
trom animal slaughter by-products, 1:68-69, 1:73, 

1:297
biomass sources, 1:297 
ran^cland plant properties, 3:572-573 

Mcditcrranean fruit flv, biolo^ical control stratcíỊÍes, 
1:370

Medullation, wool fibers, 4:571 
Melanin

biosynthesis inhibitors, 2:449—450 
structure and function, 3:207 

M elo idoạyiie  spp. (root knot nematode), 3:425 
Melons 

botany of, 3:26
canopy—fruit intcractions, 3:35-37 
digcstion, 3:27
environmental tactors affecting, 3:36—37 
grading standards, 3:26 
pedicular catabolism of stachyose, 3:31 
phloem loading, 3:30 
photosynthesis in, 3:27-28 
quality determination, 3:26-27 
quality variation, 3:27 
stachyose biosynthesis enzymes, 3:28-30 
stachyosc biosynthesis regulation, 3:30—31 
sucrosc synthesis enzymcs, 3:32 
sucrose synthesis regulation, 3:32—34 
sugar concentration cnhancement, 3:34 
varieties, 3:26 

Mclting, phase transitions, 2:391 
Membranes, mass transfer through, 2:365 
Mcmbrane separation processes, fluid dairy products, 

1:572-573 
Mcnkec’s kinky hair syndrome, 3:67 
Menthol, structurc, 2:239 
Mercerizađon, cotton íabrics, 1:522 
Mcrcury, food contaminations causcd by, 2:400 
Mercury poisoning, 3:70-71 
Meristem culturc technique, bananas, 1:229-232 
Meristems

cultures, 3:377
multiplication in pitro, 3:357-358 

Mesopore, deíìned, 4:162 
Mesosphere, temperature profile, 3:40



Messenger RNA 
localization by tissuc printintỉ, 3:233-235 
plant, 3:199

Mctal cans, fabrication matcri.ils and proccsscs, 
2:333-334

Metalloporphyrin dcrivativcs, in plants. 3:208 
\feiarhizium  miisopliac tungus. 3:162 
Metcorologv, SCI’ dlso Atmosphcrc; Cliniatc; Weatlicr 

adiahatic proccsscs, 3:42—43 
atmospheric Btability/instability. 3:44 
Buys-Ballots hnv, 3:47 
cloud classitìcation, 3:46 
condensation proccsses, 3:45 
Coriolis torce, 3:47 
cycloncs. cxtra-tropical, 3:48-50 
cyclones, tropical, 3:50 
deíĩned. 3:39
dry adiabatic lapsc ratc, 3:43 
gas hnvs, 3:42—43 
geostrophy, 3:47 
Hadlcy cclls, 3:48 
hydrostatic balancc, 3:42 
intertropícal convergence 70111', 3:4K 
isobars, 3:47
nioist adiabacỉc proccsscs. 3:43—M 
precipitation proccsscs and types, 3:46-47 
radiation proccsses. 3:41—t2 
radius ctTcct, 3:45 
Rossby vvaves, 3:48 
saturatcd adiabatic proccsscs, 3:43-44 
sevcrc wcather plienomcna. 3:44—45 
solution cíTcct, 3:45 
subtropif.il pressurc rcginns. 3:48 
tcmperature lapsc ra te, 3:43 
tradc winds, 3:48 
tropical cyclones, 3:50 
vorticity, 3:48-49 

Mcthanc, gcncration, 1:294 
Mcthemo^lobincmia, causcs, 4:148 
McthodolotỊÌcal indiviđualism, 2:112 
Mcthylation, ctTccts on transposablc clcments.

4:370 
Mcthyl-bromide 

characteristics, 3:90 
đclivery system. 3:88 
neniaticidal propcrtics, 3:92 

Mcthyl-isothiocyanate libcrators 
mechanism of action, 3:88 
propcrtics and usc, 3:93 

Mcthyhncrcury poisonintỊ, 3:71 
Mctolachlor

clicniical structurc, 2:5(W 
mechanism otaction. 2:509 

M ctr ibuz in ,  Chemical s truc ture ,  2:505 
Mcxican Hi^hland Shrub Stcppc ProviiKc shrubs, 3:576 
Mexico. North American Frcc Tradc Aiĩrccmcnt. 4:268

MIA (Miưrunibidt;cc Irrination Arca) pl.mtiniỉ svstcm, 
3:141-142 

Micas
occurrence in soils. 4:77 
structurc. 4:77 

Mice, laboratory. discases atTecring. 1:87 
Microbial termentation. ruminant, 1:128-129 
MicrobiolosỊV, iCt' ứlso Food microbioloíỉy; Soil 

microbiolotỊV 
ot brexving, 1:325-326 
thermal dcath timc (TDT) turve. 4:308-309 

Microclimatologv
conductivc hcat tìux at nround surkice. 3:58-59 
cítects of plants, 2:95 
licat balance at tỊrouuđ surtace. 3:59 
latcnt licat tìux. 3:5N 
momentum rtux. 3:56—58 
radiation balancc at tỊround surtacc. 3:54—55 
radiation la\vs, 3:52-53 
scnsiblc hcat rtux. charactcristies. 3:58 
scnsibk' hcat rtux. nK'.isurcmcnt, 3:59-60 
solar radiation. 3:53-54 
tcrrcstrial radiation, 3:54 
turbulcnt tìux mechanisms, 3:55-56 
vvatcr vapor rtux, measuretiKiu, 3:59—60 
wind protìlc, 3:5()-58 

Microiulturcs, plant rissucs. >'('(' Tissuc culturcs, plant 
Microtìlamcnts, plant 

actin, 3:252-254 
actin bindini' protcins, 3:254 
in cytophismic scrcamintỊ, 3:254 
distribution, 3:252 
clcctron microi>raph of, 3:253 
Auoresccnt linht microc;raph of, 3:253 
tunction. 3:254—256
microtubule—microíilamcnt intcractions, 3:254-256
morpholoíỊy. 3:252
protcin chemistry. 3:252-254

MicroAora
food-bornc, irradiation effects, 2:297-299 
raiu;clanci, 3:591-592 

Microinjcctions 
plant, tor genc transtcrs. 3:210 
spcrm, 2:61

Microirri^ation svstems, 2:605, sce also Drip irrigation 
Micrdmeteoroloiíy, tropical rain torcsts, 4:407—K)9 
Micronaire. cotton tibcrs. 1:506. 1:508-509 
Micronutrients

tbr com crops, 1:451—+53 
tor corton crops, 1:490 
plant, 4:94
in soils. tostiniỊ for, 4:147-148 

MicrooriỊanisms 
dctìncd, 2:317 
in tood. 2:317-319 
in lỊroundvvatcr. 2:4l)7—



SUBJECT INDEX

in.ictivation, rcaction ratc constants and activation 
oneriỊÌcs. 2:389 

pachogcnic, in ravv milk, 1:561 
in stored crops, 2:47(S 

MicroortỊanisms, soi 1 
activitics, 4:122-123 
dctcrminaúon methođs, 4:122-123 
distribution, 4:120-121 
enumcration, 4:122-123 
íỊrovvth and survival, 4:121-122 
kinds, 4:120-121
múicralizacion/ininiobilization proccsscs, 4:125-126 
P r o d u c t s  o t ,  4:123 

MicrooxyiỊcn, plant 
calibration points, 3:13 
Fick's Lavvs of DitTusion, 3:13 
in sim electrodc anatomy, 3:12—13 
path-electrotk’ intcríace modcl, 3:14 
patcerns ot supply and dcmand, 3:15 
potential measurcmcnt. 3:11-12 
potcntial—oxytỊcn dcmand rclation, 3:14-15 
reference clcctrodc, 3:12
space-timc analysis of sink-sourcc patli, 3:13-14 
vulumctric dittusion rcsistance, 3:13 

Microporosity 
dctìneđ, 4:162 
soil porcs, 4:162 

MicropropaiỊation. plant 
dchncd, 3:355 
cmbryoíỊcncsis, 3:357-358 
cquipment tor, 3:356-357 
oriỊanoiỊcncsis, 3:357-358 
procedurcs, 3:35(1-357 
shoot multiplicatiun. 3:357-358 
tissue culturc mcdia, 3:357 

Microscopic.il tcchniques. tor soil chemical kinctics.
4:80-81

Microscopical techniques, plant cvtolof*y 
bri^lH tìcld microscopy, 3:226 
electron microscopy, 3:235-237 
Auorcsccncc microscopy, 3:226 
imnuinolluorcsccnce microscopv, 3:229-231 
in sim liybridization, 3:231-232 
phasc-contrast microscopy, 3:226 
poỉariz;ition microscopy, 3:226 
Scanninn contbcal lascr microscopy, 3:226—228 
staining procedures, 3:228-229 
tissue printing, 3:233-235 

Microtubulc-associated protcins, plant. 3:246-247 
Microtubulc oriỊanizing centers, plant. 3:248-249 
Microtubulcs, plant 

in cell d iv i s io n ,  3 : 2 4 9 - 2 5 0  
distribution, 3:242-245 
dcctron miiroiỊraph of, 3:243 
hcrbicidcs tartỊCted at, 4:490 
hctcrOiỊcncity, 3:247-248

hoinoloiỊỴ with animal protcins, 3:245 
liormoiK' ctTccts. 3:250-251 
immunoHuoresccnce lisrht micro^raph ot, 3:244 
microtĩlament-microtubule interactions, 3:254-256 
microtubule-associated proteins, 3:246-247 
microtubule ore;anizimr ccntcrs. 3:248-249 
morpholoiỊỴ, 3:242-245 
multitubulin hypothcsis, 3:246 
onranizatioii. 3:248—249 
polynierization, 3:248-249 
rolc in cell expansion, 3:256-257 
tubulins, 3:245-246 
in wall patterniniỊ, 3:250 

Microvvave heating
drying Applications, 2:292, 2:367 
liquids, 2:359-360 
popcorn prcparation, 3:402 
solid toods, 2:358 
thawin£Ị by, 2:388 

Microvvave radiometry, tor raintall cstimation,
4:476

MiíỊrant labor, see also Labor 
international flow of, 3:7 

Milk, scc also Dairy products 
acidophilus. 1:567 
condenscd, 1:572 
evaporatcd, 1:572 
tcrmentcd Products, 1:566-567 
ựoat, 2:458-459 
noníat dry, 1:572-573 
raw, 1:557-562, 2:320 

Milk composition and properties 
acidity, 1:561 
ash component, 1:560 
Campylohacter ịeịuni in, 1:561, 2:324 
dcnsity, 1:561 
frcezintĩ point. 1:561 
gross composition, 1:557 
Health significance, 1:573 
lactose contcnt, 1:560, 2:640 
lipids, 1:559-560, 2:640-641 
microbiological quality, 1:560-561 
nutrient content, 1:562 
pathogenic microara;anisms, 1:561 
pH range, 1:561 
physical propcritcs, 1:561-562 
protein content, 2:639-640 
proteins, 1:557-559 
proximate analysis, 1:557 
quality, deíìned, 1:555 
ravv milk, 2:320 
recombinant proteins, 2:642 
ropincss. 2:320
spoilaiỊC microoríỊanisms, 1:560—561 
trom transiỊcnic animals. 4:359-360
various species, 2:638-639



Milk composition and properties ịcontinued) 
vìscosity, 1:561 
whey íraction, 2:639 

Milkfat
biochcmistry, 2:218 
dairy foods bascd on, 1:569-571 
homogenization, 1:566 

Milk Processing
future challcnges, 1:573 
high temperature short ti me, 1:565-566 
homogenization, 1:566 
milking cquipment, robotic, 1:397-400 
pasteurization, 1:565-566, 2:320 
sanitary standards, 1:561, 2:370-371 
standards, U.S., 1:564 
storage tanks, 3-A  Standards for, 2:370 
ultra-high-tempcrature, 1:565—566 

Milk production, sec also Dairy cattlc production 
í*rowth hormone effects, 4:358 
mascitis control, 1:554-555 
per cow, global, 1:549, 1:563 
per cow, U.S. a v e r a g e ,  1:547-548, 1:563 
trends in, 1:563 

Milkweed vine, in citrus, 3:162 
Millct, genetic enhanccmcnt, 3:285, 3:288-289 
Milling, see also Dry milling; Wct niilling

Biotechnology and Biological Sciences Research 
Council (UK) achievements, 1:306 

com, 1:475-479 
parboiled ricc, 3:624 
sorghum, 4:176 

Milliní', whcat 
componcnts, 4:525-526 
durum wheats, 4:528-529 
roller process, 4:525-527 
soft whcats, 4:528 
yields, 4:527-528 

Minamata disease, 3:71 
Mineral deficiency, aiiimal 

calcium, 1:114 
chlorine, 1:116 
cobalt, 1:117 
Auorine, 1:119 
iodine, 1:117-118 
iron, 1:116-117 
magnesium, 1:115 
manganese, 1:117 
nonruminants, 1:95-96 
phosphorus, 1:115 
potassium, 1:115-116 
selenium, 1:118-119 
sodium, 1:116 
ánc, 1:118 

Míneral dctìcicncy, human
acrodermatitis entcropathica, 3:66 
anemia, 3:67

calcium-relatcd, 3:65-66 
and cardiovascular disease, 3:66 
copper-rclatcd, 3:67-68 
dcntal, 3:65 
dcrmatitis, 3:66 
goiter, 3:66 
heat cranips, 3:65 
hypopotasscmia, 3:65 
iodine-related, 3:66 
Keshan disease, 3:69 
magnesium-related, 3:66 
manganese-related, 3:68-69 
Menkee's kinky hair syndrome, 3:67 
osteoporosis, 3:65 
potassium-related, 3:65 
selenium-related, 3:69 
sodium-rclated, 3:65 
taste blindncss, 3:67 
zinc-rdateđ, 3:66—67 

Mineral deficicncy, plant, sre lìlso Mincral nutricnts, phmt 
rcquircments 

cotton, 1:490
irýuries to plants caused by, 3:322 
plant coping mechanisms, 3:262 

Mineralization
microorganism role in, 4:125-126 
nitrogcn, 3:101, 4:%

Mincral nutrients, anirnal requirements, S ÍT  atso 
Micronutrients; Nutrient requircnients, animal 

calcium, 1:114 
chlorine, 1:116 
cobalt, 1:117 
coppcr, 1:118 
in feeds, 2:159, 2:162-163 
Auorine, 1:119 
i o d i ne ,  1 : 1 1 7 - 1 1 8  
iron, 1:116 
magncsium, 1:115 
mangancsc, 1:117 
nonruminants, 1:95-96 
phosphorus, 1:114-115 
potassium, 1:115-116 
sclenium, 1:118-119 
sodium, 1:116 
zinc, 1:118

Mineral nutrients, plant requirements, see a l iO  Mincral 
deíiciency, plant; Nutricnts, plant; Nutritíonal
deílciency, plant 

cotton, 1:490
in hydroponics, 3:338-339 
soybeans, 4:1%-197 

Mineralogy, soils, 4:144 
Minerals, see also speciỊìc miiieral 

biological classification, 3:64-65 
chcmical classiíĩcation, 3:63-64 
content of toods, 2:277, 2:279



detìnition, 3:63
css c n t i . l l  v s .  n o n c s s c n t i . i l .  3 : 6 4  

niajor vs. tracc, 3:64 
mctals vs. nonmetals, 3:63 
rcmovcd from ranqelands. 3:499 
role in tồod instability. 2:246-247 
supplemcnts in íbeds, 1:104 
111 tea, 4:285 
in vegetable colcs, 1:331 

Minerals. poisonings, 3:69-71 
arsenic, 3:70 
cađmium, 3:71
iodinc hyperalimentation, 3:70 
lcad, 3:70 
mcrcury, 3:70
sodiuni hypcralimcntation, 3:69-70 

Minimum dĩicicnt scale, U.S. íarms, 9 
Minimum Wagc Law, 2:626-627 
Minini;

dcscrtificacion caused by, 1:591 
surface, on rangelands, 3:498-499 

Ministry ot’ Agriculturc, Pishcries, and Food (UK), 
1:304—305 

Miraculin, swcctncss of, 2:237 
Mist systenis

electronic controllcrs, 3:355 
irritỊation, 2:605 

Mites, .«’<• also Arthropods, veterinary 
in bee colonies, 1:213-214 
cattlc scab, 2:666 
in citrus orchards, 1:368-370 
damncỊc to livcstock, 2:658, 2:666 
l Ịo a t s ,  4 :5 7 9  

itch, 2:666
listed on insecticide product labels, 3:171 
parasitic, 1:213-214 
and pccan yicld, 2:6-8 
poultry, 3:448 
sheep, 4:579 
sheep scab, 2:666 
in storcd crops, 2:478—t79 
and walnut yicld, 2:14 

Miticidcs, 3:172, scc íilso Insecticides 
MIT libcrators, sec Mcthyl-isothiocyanate liberators 
Mitochondrion, plant 

characteristics, 3:200 
điaựram ot, 3:201 

Mixosis. disruption by herbiđdes, 2:507 
Mixcd grass prairic ccosystems 

characteristics, 3:492 
rantỊcland slirubs, 3:576 
vciíctation. 3:492 

Mixcd lincar modcls, on-tarm trials, 2:1.V)
Mi \od-mesophytii' torest association, 4:295 
Mí.'Cáp, ncinaticid.il propcrtics, 3:(J3-‘M 

'ditĩcd-.itmosplicrc storaiỊc. 3:416—ị17

M odiíied environtnent builđintỊS, for animals housing 
4:209

Mođitìcd stahility analysis, on-farm trials, 2:136 
Modulcs, cotton. 1:496—497 
Modulus of elasticity, wood, 4:555-556 
M OET (Multiplc Ovulation. Embryo Transfer) 

progranis, 2:53 
Mohair. see also AnsỊora goats

Automatic Tcster íbr LcntỊth and Strcngth, 4:580 
balc packaging, 4:583 
carbonization, 4:589
chantỊCS in demand, production, and price, 4:567 
chlorination/rcsin treatments, 4:590—591 
colored. 4:581 
dveintỊ. 4:590 
L-nd uses, 2:461, 4:593 
tìber characteristics, 4:579-581 
tiber composition and growth, 4:568-572 
tìber physical propcrties, 4:579-581 
Hcccc contaminants. 4:577-578 
flock managcment. 4:577—578 
knittcd íabrics, 4:587 
niarkcting practices, 4:583-584 
nicchanical proccssiníỊ, 4:586-587 
mcdullation in tĩbcrs, 4:571-572 
inillim», 4:589 
mothproofing. 4:591 
pin draíting, 4:586 
prcssing of tabrics, 4:590 
P rocess ing  ccntcrs ,  2:461 
raisíng. 4:589-590 
roviniỊ, 4:586-4:587 
scourins>, 4:585-586, 4:589 
selcction indcx equations. 4:576 
spinning systems, 4:5H7 
tentcring, 4:590 
vvashing, 4:589 
waviness, 4:570—571 
vvorld prođuction, 2:460-461 
woven tabrics, 4:587 

Moĩst adiabatic lapsc rate, đeíined, 3:44 
Moisture content

equilibrium moisturc content, 2:286
equilibriutn relative humidity, 2:285-286
and food spoilage, 2:285
and food stabilicy. 2:318
grain, 2:479, 2:486
oílseeds, 2:479
secd cotton, 1:496, 1:498
silaiỊe. 2:418
soil, characteristics, 4:155 
wood, 4:552, 4:559 

Moisturc transtcr
dry bulb temperaturc, 2:286-287 
in dryinsỊ o f  slab shapcd solids, 2:365-366 
in dryiniỊ ofspr.lv liquids, 2:366



Moisture transíer (coìitinucả) 
in drynitỊ proccsscs, 2:365 
enthalpv, 2:287
in tood dchydration, 2:286-287 
modes, 2:364
rclativc humiditv, 2:286-287 

Moko discasc, bananas, 1:227 
Molasscs

sori^hum, 4:177 
sugarcanc, 4:235-236 

Molds
aííectinẹ meat products, 3:21 
ưradiation effccts, 2:297 
in niìlk, 1:561 
spoilatỊe of fruits, 2:32(1 
spores causiní; tood spoilatỊc, 2:317 
toxic chcniicals produccd by, 2:400 
toxin-producing, in food products, 2:323 

Molecular biology, SCI' dlso Genetic cntỊÌncLTÍniỊ; Cìcnctic 
cnhanccmcnt, plant 

DNA transíòrmation, 3:288-290 
genctic tcchniqucs for cultivar đcvclopmmt, 1:537 
s;ene transters, 4:354
markcr-assisted genctic enhancenient, 3:291-293 
techniques for plant ecologists, 3:271 
tcchniqucs in plant breeđing. 3:213-214 

Molccular diffusion
mass transícr, 2:363-364 
moisturc in lỊrain stores, 2:479-480 
solutc transport in soils, 4:65 
stomatal, in tropical rain tồrcsts, 4:4UH 

Mollicutcs, plant diseases caused by, 3:323-324, 3:328 
Mollusciđdes, detìned, 3:173
MoltintỊ

eíĩects on cgg production. 3:450 
inscct, 2:551-553 

Molybdenum, form taken up by plants, 4:95 
Molvbdcnum dcfìcicncy. plant, syniptoms, 4:95 
Monellin, sweetncss of, 2:236-237 
Monctary policy, in opcn intemational systems, 3:5-7 
Monitorins* dcvices, for íỊrain/oilsecd storaiỊC, 2:483 
Monkcys, điseases atĩcctinq, 1:87 
Monoclonal antibodics, usc in plant virus detcction, 

3:392 
Monosaccharidcs 

biochemistry, 2:221-222 
dctìned, 3:198 
plant, 3:198 

Monosatur.itcd tatry ạcids 
đetìned, 2:140 
structurcs, 2:215 

Monosođium iỊlutaniatc, in toođ, 2:242 
Monotcrpcnes, in plants, 3:21 ì7 
Monounsatunucd hìts

contcnt in toods, 2:276-279 
structure. 2:276

Monsoons, characteristics, 3:48
Moose, OI1 U.S. rangelands, 3:497-498
Morrill Act of1862, 1:2-3. 1:416, 2:466, 2:580, 4:422
Morrill Act o í  1890, 1:3, 4:422
Mortalitv, \vildlifc populations, 4:539
Mortgagcs, farm

comnicrcial bank activities, 2:196 
dcbt  Capital sou rc cs ,  2 : 1 9 5 - 1 9 7  
Farni Crcdit System, 2:195-196 
Farmcr Mac, 2:196-197 
Farmer's Home Adniinistration. 2:197 
nontraditional lcnders, 2:196 
secondary niarkct for, 2:196-197 

Mosquitocs, sce ặlso Arthropods, vctcrinary 
Aedes,  2:663 
A i i o p h c l c i ,  2:6í>3 
Culc.x ,  2:663
damai>c to livcstock, 2:663 
litc cyclc, 2:663 

MothprooíìiHỊ, wool and mohair products, 4:591 
Moths

daniac;c to colc c.uised by, 1:333-334 
damaiỊc to ẹrapcvincs, 4:452 

Motor neuron, inscct, 2:554-559 
Mcnving, turfi»rassos, 4:418 
Mulbcrrv lcavcs, silkworni consumption, 4:2-3 
Mulch

plastic, 4:488 
rcAcctivc, 3:394 
tillasỊẽ systems, 4:57 
usc in orchards, 3:123 
\vccd-suppressint', 4:488 

Mtilcs. on U.S. rangelands, 3:49()—498 
Mullcrian-inhibitiniB hormonc, 11 1 animal rcproduction, 

1:141-143, 1:145 
Multicollincaritv, cconomctric, 3:476 
Multiple Ovưlation, Em brvo Transtcr (MOET) 

proiỊrams, 2:53 
Multiple usc manaíỊemcnt 

conAicts in, 3:500 
rani;clands, 3:499-500 

Multispcctra! scannintỊ, tor soil/latid-usc survcys, 4:41 
MurrumbidiỊCC Irriu;ation Area (MIA) plantinự svstem, 

3:141-142 
M i i s n  a a t n i i i i ã t ã ,  í c e  B a n a n a s  
Mttsa bữlhisiaihỉ, see BanamS 
M u ĩ c a  a i i tu m t iứ l i s , _-.fi’ Facc Hy 
M i i s m  ĩ i o m c s t i ĩ i ì , SCO H o u s c  f lv

Musclc mcats, ỈCC lìlso Mcat pmccssiniỊ; Mc.1 t Products 
bloominiỊ, 3:19 
cardiac, 3:18 
color, 3:19 
hLimcnts in, 3: i H 
nitrosoniyãỆlobin pii;ment. 3:20 
quality. 3:1 
skclctal musclc, 3:18



sniooth musck\ 3:1 s 
s t n K t u i ì l  I l u r . u  tc-TÌMÌcs. 3 :  IV 
u>ui;h iRSN. 3 : 1' )  

u .itcr bindiiin. 3:21)
MusiLil.ir systcm. inscct, 2:55‘>-5íii)
Musk oxcn, OII U.S. r.inuvlaiuls. 3:498 
Mut.mcncsis, tcclmiqucs for cultivar lìcvclopmcnt.

1:537
iVUiunons. plant. f t r  tilỉữ 1’l.mt hiotochnolotĩY 

bidtcchnõlõtỉỵ-rclatcd. 3:217 
role in platit evolution, 2:1 18 
tei/hniqucs tor cultiv.ir đcvclopment. 1:537 

Mutualism, in plant Lomnuinitics, 3:263 
Mya>lu'rbick1cs 

av.úl.ibility. 4:4<S1-I 
tiiriỊCtcd vvecds. 4:4S‘>

Mycopl.isiikil discases 
otaiiim.ils, 1:80 
o f  suiỊarcanc, 4:233 
svvinc, 4:2f)]

M\Toi'rhiz.K'
abscncc ot. 4: ] 2') 
bcnctìts, 4:13(1 
L'ctoinycorrliiz,K', 4:129-130 
endom ycorrhì/ac. 4 : 131) 
vcsiiul.tr árhusculiir, 4:130 

Mycotoxicoscs, 3:3 IS 
Mycotoxins 

atVcctiinỊ s\vinc rcproduction, 4:262 
in f'ced coiKcntr.itcs, 2:I7() 
irr.uli.ưion cHects. 2:297 
rcỊ>ulation 11 1 tood pmc.luc.ts, 2:323 
in storcd nr.iin. 2:4X5. 3 :3IX 

Myi.isis. ria-s causiniỉ. 2:(|(>4 
Myoiỉlohin 

as tood piiỊinont. 2:231. 2:280 
mc.1 t piiỊniciư, 3:1 lJ 

Myrccnc. smicturc, 2:239 
. \ l y : i i i  pcríicitc, damaiíc to colc caused liy. 1:334

N
NAFT A. .«■(■ Nortli Amcrican Frce Traiie Agrccmait 
N.ikcd cyc polymorphism sỊcnctk markcrs, 3:27f) 
N.iptluhalcncacotH' aciđ. for stcm cuttiniíS, 3:353 
NAS. >•(•<• National Acadcmy ot Scicncc 
NASAC. SCI National Associnciou ot Supcrvisors ot 

Aiiricultur.il p.ducatioii (NASAE)
NASS, National Anriciiltur.il Statistii.il Scrvicc 
N.it.miycin, .mtiniicrobial .ictions, 2:351 
Niti'>iul Ac.idi.niy ol SÓHKV. 2:5K1-5N2. 4:4*>K— 
N.ition.il Agrituhur.il St.itistH'.il Ncr\kv (USI)A),

2:^X11-2 :5 N I
N.iti ’iu l  Ambient A ir  Q u.i l itv  Standard loi l\trtiail. itc 

M ÍIUT 1:SfIS
N  I! Ị ' n .11 A i ị i i . i i K  I 1 1 - l e m  I ’ c s t <  ■] I I I I I I I  I I U M  1 m u i .

( ■ -. ! 1

N.uion.il Assodation <>t State Univcrsities and L.md- 
(ìr.int CollcíỊes, 1:6. 1:10-11 

N.uional Assodation ot Snpcrvisors ot Agricultural 
Eđucation (NASAE). 2:23 

National Cooperative Dairy Hcrd lmprovement 
1 ' r o i ỉ r a m ,  1 : 5 5 0  

National Coopcrative Soil Survcy 
map unit dcscriptions, 3:589 
soi 1 dcscriptions. 3:589 
soil interpretations. 3:589-59(1 
soil maps. 3:588-589 

National Crop Loss Asscssmcnt Nct\vork (NCLAN),
1:36-39

National Environmetttal Policy Act ot'1969. 3:496 
National FAA Organization, 2:21 
Nation.il LitỊlitnitii; Detection Nctvvork. 4:477 
National Occanic and Atmosphcric Adininistration 

\vcatliLT satcllitc. N O AA  vvcathcr satcllitc 
National 1’l.int Genetic Resources System, 3:301 
National Plant (ìcrmplasm System. 3:525 
National Research Initiativc. 2:581-582 
National Resources lnventory 

cxtcnt and chaiiíỊCS in vvctlands, 1954-1991, 4:506 
nouùxlcral riparian land. 4:502 
riparian \vctl.inds. 4:503 
\vctland dctìnition used hy. 4:4')')  
svetland cxtcnt cstiniatcs. 4:499 

National Scliool Lunch ProiỊrani. 2:312 
National Science Foundation, 2:581-582 
National Vocational Agriailture Tcaclicrs Association 

(NVATA), 2:23 
N . ư i o n a l  W ccI.u k ) 1’r i o r i t y  C o n s c r v a t i o n  H a n ,  4:5(18 
N . i i ì o ik i I W c t l ,u id  S t a tu s  a n d  T r c n d s  A n a ly s i s ,

4:505-4:506 
National Wool Act. 4:584-5X5 
Nativc Anicricans 

com production, 1:441—ị42 
tirc usc, 4:298 

Natur.ll rcsourccs, scc itlso Cìenetic rcsources, plant; Soil 
conservation; Watcr rcsourccs 

C-G1AR tocus, 1:410 
rural sociolDgical pcrspcctivc, 3:659 
satcllitc inonitorini>. 4:473 
USDA protỊrams, 4:426 

Nacural sclection, see lĩlso Sclection 
donicsticatcd plants, 2:119-120 
in tbrcst ccosystcms. 2:425—126 
in \vhcat brccding. 4:518 

Natur.ll variatiun, in torcst trcc brccdiniĩ, 2:43H—ị39 
N.itnri.' t'onscrvancy. The, 3:273
NC'LAN. S C I ’ National Crop Loss Asscssincnt Nct\vork 
Ncar-intrarcd spcctroscopv. in lỊrass brcediniỊ proíĩrams,

3:52‘J
Ncm.Kiir. ncm.iticid.ll propcrtics. 3:93 
NiMii.itiódcs

uTiipi.-t.il t r . M i s l o t a t o r s .  3 :S ' )



Nematicidcs (contimicd) 
carbamatc-type, 3:89 
dcfmcd, 3:87' 3:173 
dircct lcthal cffccts, 3:90-91 
history, 3:87-88 
increascd growth response, 3:89 
less volatile agcnts, 3:88 
less-volatile agents, 3:93 
lethality, 3:88 
mode of action, 3:173 
n o n v o la t i lc  agents ,  3:93  
otf-targct contamination, 3:87-88 
organophosphates, 3:89 
postplant, comparative períbrmance, 3:91 
preplant, comparative períormance, 3:89-90 
preplant, long-tcrm períormance, 3:90 
root protectants, 3:89, 3:94 
sublcthal eíTects, 3:91 
systcmic agents, 3:88-89 
volatile agents, 3:88, 3:91-93 

Neniatode infcctions, aninial 
poultry, 3:448 
table of, 1:81 

Nematode inícctions, plant 
bananas, 1:227-228 
citrus, 1:367-368 
cotton, 1:491-492 
diseascs, 3:171
mechanism of infection, 3:328 
oat forage, 3:111 
orchards, 3:122 
pathogenic species, 3:325-326 
pcanut crops, 3:151 
potato, 3:425 
potato cyst, 3:285, 3:425 
root-knot, 3:425 
soybcan resistancc, 4:188 
soybeans, 4:900 
sugarcane, 4:234 
symptoms, 3:326 
tobacco, 4:329-330 
and virus transmission, 3:393-394 

Ncmatodcs, used in biological control, 3:162 
Nervous system 

ìnsect, 2:554-559 
role in lactation, 2:641 

Nests, bees
structure, 1:207 
during winter, 1:207-208 

Net average revenue product, of cooperatives, 
1:438

Net margin, of cooperatives, 1:437
Nct marginal rcvenue, of coopcratives, 1:438
Net radiation, đcíined, 3:54
Networks, C o m p u te r ,  a g r i c u l tu r a l  i n f o r n i a t i o n  o n ,  

1:394-395

Neuroendocrinoloẹy
maternal responsiveness, 1:182-183 
matinc; behaviors, 1:172 

Neurohormones
in animal reproduction, 1:141-143, 1:145 
inscct, biosynthesis, 2:554
inscct, gencticallv en^inccrcd virus producing, 3:164 

Neuromuscular disordcrs, rolc of dictary fat and 
cholcsterol, 2:152-153 

Neurotoxins
Clostridium botitlinum, 2:323 
mold-rclatcd, 2:400 

Nevvcastle diseasc, vaccinations, 3:448 
NewHy cultivar, 3:531-532 
New Zealand, dcsertification processcs, 1:594 
Niacin

adverse ctfects, 2:401 
íunctions, 1:121-122 
requiremcnts tor nonruminants, 1:97 
supplements for ruminants, 1:133 

Niacin dcíìcicncy 
in animals, 1:122 
in nonruminants, 1:97 

Niche 
dehncd, 3:264 
ccological, 3:264-265 
and habitat, 3:265 
markctinẹ, of cultivars, 3:133 

Nickel, soil concentration of, 4:134 
Nícotiana tabacum, see Tobacco 
Nimbostratus clouds, 3:46 
Nisin, antimicrobia] actions, 2:350-351 
Nitrate reductasc

hcterotic cffects, 2:517 
N O j“ conversion in plants, 3:100 

Nitrates
eutrophication caused by, 4:148 
leaching in humid regions, 2:618-2:619 
metabolism in animals, 4:148 
methemoglobinemia caused by, 4:148 
in plants, 2:176
toxicity in water supplies, 2:175 

Nitrate toxicosis, rumĩnant, 1:134 
Nitriíication

acidification caused by, 4:127 
ammonium to nitrate in soils, 4:126, 4:136 
autotrophic, 3:101-102 
heterotrophic, 3:101 
inhibitors, 4:127 

Nitrites, antimicrobial actions, 2:348 
Nitrite-treated proccssed mcats, 3:22 
Nitrobacter, nitrìíìcation proccsscs, 4:126 
Nitrobenzcne, fungitoxicity, 2:447-448 
Nitrogen

atmospheric deposition, 2:496, 3:98 
chemodenitrification, 3:102



clay-tixcđ, 3:Hi3
critic.il carhon»nitrom.'ii ratio, 3:101
đenitritìcation, 3:102
torni takcn up by plants, 4:95
nlobal sourees, 3:97-98
licterotrophic nptakc, 3:101
inputs to ccrrcstrial ecọsystems, 3:98-100
lcacliintỊ, cover crops tor, 4:115
liquid, plant cryoprescrvation vvith, 3:310
loss pathways, 3:104
metabolism in plants, 3:206-207
mincralization, 3:101
mulcireaction and transport model, 4:71-72 
nitrihcation. 3:101-102
nonprotein. runúnant requiremcnts, 1:130-132 
orchard requircmcnts, 3:115 
outputs frơm terrestríal ccosystems, 3:104 
oxidation by microoriỊamstns, 4:126-127 
plant uptakc, 3:100 
reactions with ortịanic mattcr, 3:103 
rice rcsponsivcness, 3:610-611 
soil, competition for, 3:102-103 
soil, tests for, 4:98 
soil, wastc matcrial-rclatcd, 4:131 
sources for plants, 3:206 
tcrrcstri.ll sources, 3:98 
uses in plants, 3:100 

Nitrogen cyclc 
dcnitriíìcation processcs, 4:96 
fatc of inorganic N in soils, 4:98 
gascous plant losses, 4:96 
immobilization proccsscs, 4:96 
leachins* Processing, 4:96 
in native pr.úric soils, 4:96 
for plant-soil relationships, 4:97 
and soi] tests, 4:146 
sourccs of available nitrogcn, 4:96 
volatilization processes, 4:96 

Nitroiịcn dcficicncy, plant 
coping mechanisms, 3:262 
fertilizcrs for, 4:99 
sytnptoms, 4:95 

Nitrogcn fcrtilizcrs, see Fertilizers, nitrogen 
Nitrogen fixation 

abiotic, 3:98 
biotic, 3:98-100 
costs, 3:99
lcgunie/R hiỉobium  symbiosis, 4:130 
microorganisms rcsponsible for, 4:128 
ncgative feedback mechanisms, 3:99-100 
nonsymbiotic, 4:128 
symbiotic, 4:128, 4:130—131 
wasted nitrogcn, 3:100 

Nitrogeii oxides, soil aciditication by, 4:31 
Nitrogen use etTicicncy, sugarbeet, 4:217 
Nitrosamines. íormation, 2:497

NOAA \vcathcr satellitc, snow measurements, 4:477 
Nomenđaturc 

botanical, 3:560 
enzvmes, 2:261 
tatcy acids, 2:215 
structurc, 2:215 

Nonezyniatic browning (Maillard reaction),
2:268-269 

Nontat dry inilk. 1:572-573 
Nonlim itin^ water raníỊC, detincd, 4:164 
Non-Newtonian fluid flow, sec Fluid flow 
Nonnutritive tood sweetencrs, 2:237 
Nonpoint source pollutỉon 

discharge regulations, 2:598 
groundwater, 2:494 

Nonprotein nitrogen
ruminant metabolism of, 2:158 
ruminant rcquirements, 1:130-132 

Norflurazon 
chemical structure, 2:506 
mcchanism of action, 2:506 

North American Free Trade Agrccmcnt, 2:201-203 
effects 011 horse industry, 2:529 
effccts on U.S. tarms, 4:441 
principlcs, 4:268-269 

North American Wetlands Conservation Act, 4:508 
Northern hardwood íorests, castcrn U.S., 4:290—294 
Northern joint-vctch, biohcrbicidc tor, 3:162 
Nosema lomstae parasite, 3:162 
Nostoc, nitrogen íixation by, 4:128 
No-tillagc crop management, 4:97-98, 4:116-117, 

4:488
NRI, sec National Research Initiative 
NSF, see National Science Foundation 
Nuccllar enibryony, citrus seed, 1:359-360 
Nuclear rmgnetic resonance, usc in soil chemistry, 

4:80-81
Nucleation, during freezing, 2:387 
Nuclci, condensation, 3:45
Nucleic acid hybridization, use in plant virus detection, 

3:393 
Nucleic acids 

characterization, 3:199 
common structurc, 2:229 
foods rich in, 2:230 
metabolism, 2:230 
plant viruses, 3:387-388 
virus-speciíĩc, dctection methods, 3:392-393 

Nucleolus, plant 
characteristics, 3:200 
diagram of, 3:201 

Nuclcopolyhedrosis virus, for insect control, 3:162 
Nucleotides

formation, 3:206 
purine, 3:206 
pyrimidinc, 3:206



Nurscries, SCI' iiho Floriculturc; Horticulturc. 
cnvironmental 

tor raniỊdand lỊrasscs, 3:525-526 
\voody ornamcntal plants, 2:]()()-101 

Nurscry stock, torcst trccs, 4:18-19 
Nussclt numbcr, dctìncd, 2:536 
Nutricnt availabilitv, in tccds 

L-nert;y, 2:168 
mìnenils, 2:169 
protciu, 2:168-169 
vitamins, 2:169 

Nutricnt budsỊcts, orchards, 3:115, 3:123-124 
Nutricnt contcnt 

bananas, 1:222
ranqelanđ plants, 3:577-3:578 
soru;hiim, 4: ] 78 
tomatocs, 4:338 

Nutricnt ọyclinu;
in dryland tarniinsỊ retỊÍons, l:í)29-()30 
in ccosystcms, 3:518 
in toirst ccosvstems, 2:423—ị2S 
by soil micmoriỊiinisnis, 4:125-128 

Nutricnt tìlm teclmology 
tor tỊrecnhouses, 2:546 
iíreenhousL' tomatocs, 4:346-347 

Nutricnt rcquircmcnts, animal, iir  l ìliế Mincral nutricnts, 
.mini.il rcquiremcnts 

SỊiiỊOr.i lỊoats, 4:577 
broilcr chickcns, 3:447 
chickcns, 1:(JS 
dairy cattle, 1:553-554 
horscs, 1:101-102 
livcsrock. 2:1 ()7-1 f)8 
poultry, 2:167-168 
rabbit, 3:487 
rabbits, 1:103 
silkvvorm. 4:2-3
svvinc, 1:99-100. 4:257-260, 4:265 
\vool-producing sliccp, 4:577 

Nutricnt rcquircmcnts, inscct. 2:5í)5-566 
N u t r i c n t  r c q u i r c m c n t s .  p l a n t .  S CI '  l ì l í o  F c r t i l i z a t i o n ,  c r o p ;  

Mincral detìciencv, pl.int; Mincr.ll iHitricnts, plant 
rcquircmcnts 

asscssnicnt for orchard soils, 3:123-124 
com. 1:451-453 
i ; rapcs ,  4:4511—1ÕI 
oat. 3 :10 9 - 1 10 
soriỊhum crops. 4:172 
su g a r c a n e ,  4 : 2 3 2 - 2 3 3  
tcà, 4:2<S2-2X4 
toluccơ crops, 4:32S 
tonnuocs, sỊrivnhousc, 4:346-34? 
turtiỊr.isscs. 4:41 

N u m c n t s
III jn im . i l  ti-cav. « r  Aniiii .l l tciAỈs
m l h H K m ì ;  n i k r n h i . l l  tn lout l s .  2 : 3 1 ^ - , ' ] ' )

immobilc, and cnviromiicnt.il qu.ility, 2:184-185 
mobilc, tcrtilizei' nianaiỊcmont tor. 2:185-186 
soi! tcstinn tor, 2:182-183 

Nutrients, plant, í i c  also  Mincral nutrients, plant 
rcquircniciHs 

accumukưion bv shrubs, 3:578 
acid soil cttccts, 4:35-36 
in colcs, 1:331 
esscntial, 4:94-95 
cxcẹss. advcrsc cttccts, 4:131 
micronutrients, 4:94
orchard, cttectắ OI1 truit and truiring, 3:124-125 
primary, 4:94 
secondarv. 4:‘M
suthđcncy lcvcl ot available nutricnts, 4:94 

Nutritional dcticieiKV. animal, S CI '  iilìo Mincral 
dehciencv, aninul; Vitamin dehcioncv 

protcin, indicutors of, 1:113 
svvinc, 4:262 
vitaniin A, l:7í) 
vicaniin c ,  l:7f)

Nutritional detìdeniy, plant, ÍCC dlso Mincral nutricnts, 
plant rcquiremcnts 

corn crops, 1:452—453 
grapcvinc, 4:452 
inịurics causeđ by, 3:322 
svmptoms, 4:(J5 
tomato, 4:347

Nuts, cdihlc, SCI' I lickorics; Fcc.il); Wnlnut 
NVATA, ÍLT National Vocational Agricuhure Teachcrs 

Association (NVATA)

o
Oak íorcsts

Europcan. 4:300
oak-chcstiuit torcst association, 4:295-296 
oak-hickorv tbrcst association, 4 :295-2%  
oak-pinc tbrcst association. 4:296 
\vcsterii U.S., 4:3(10 

Oak root tuníỊus, in \valnuts, 2:15-16 
Oak wilt discasc, 4:299 
Oat

common, cultivatcd, 3:107 
cultural practici-s, 3:1IW-I 10 
diseases, 3:111 
dormaiicy, 3:10S 
ccọnoniic importancc. 3:11% 
s*ermination, 3 :10S 
grovviniỊ sc.ison. 3:1 lo 
i;ro\vth, 3 :11 18- 1111) 
harvestinn tcchniqucs. 3:11(1 
history. 3:1115- K#í 
inseci pcsts, 3:1 111 
iiitLTcruppini;. 3:1 111 
ncnutodc inkALitionv 3:1 1 I
min itHMi.ll IV. I unv m.'nrs. 3 : 11 —} I ( I



oriuin, 3:105-106 
pliotosyntliesis, 3: Kw 
as rotational crop, 3:1 10 
seed, 3:107
spcács điaractcristics, 3:106-11)7 
transpiration, 3:11)9 
watcr rcquircnicnts, 3:110 
vvecds attcctim;, 3:11 I 

Obcsitv
and carbohvdrate consuniption. 1:341-342 
discasc description, 2:150 
niechanisms, 2:150 
risk tartors, 2:150
rolc of dictary fat and cholesterol, 2:150 

Objective hinction. in lincar proíỊrammintĩ, 3:479 
Oca, 3:641
Occupational Salety and Health Act. 2:62K 
Octanol vvatcr partitioii coetĩìcicm 

dctìncd, 4:137-138 
uses. 4:138 

Oertli hypotliL-sis, 3:362 
Ocsinis ori>, íct' Shccp bot fiy 
OtT-farm cash inconic, U.S. íarms, 4:435, 4:438 
Ottìcc ot Development Assistancc (United Kinmiom), 

2:585
otticc ot Management and Budgct, point turccasts tor 

cxponditures, 2:470 
OtTstream vvatcr usc, 4:467—ị68 
Ogallala aquiter, 4:466 
Ohniic licatintỊ, of'foods, 2:388 
o  horizon, soil, 4:103 
Oils, .'<'<■ aìso VciỊOtablc oils 

biodicmistry, 2:216-218 
cstcriheđ, 1:295 
ncnetic cntỊÌnccriiiu;, 3:211 
interesteriíĩcation, 2:216 
plant, 3:205-206 
sccd storaiỊL', 3:205—206 

Oilsecd
arc.is ot oritỊÌn, 2:121 
ỉìrasskas, íỊcnetic cnhancemcnt, 3:290-291 
ronsumcd, totals, 2:156 
moisturc sorption, 2:479 
rcspiration processes, 2:478 

Oilsccd mcals, kxdstock 
cncrgy valucs, 2:161 
tìbcr contcnts. 2:161 
linoleic acid contcnts, 2:161 
protein valucs, 2:161 
tons consumed, 2:156 

Oilseed storage, SÍT also Crop storaẹc; StoraiỊC syscems 
acratcd. 2:481
contmlled atmospherc, 2:484
Health h.izards, 2:485
lieat movcniciit, 2:479-480
intciỊratcd mauatỊcmcnt tcchniques, 2:486—187

moisturo inovcmcm, 2:479—tHO 
structur.ll loads on bins, 2:485— 
unvcntilatéd, 2:480-481 

Oloit' acid 
structurc, 2:215 
uscs, 1:299 

OlikỊosaccaridcs, biochcmistry, 2:222 
Onions

aroma/tìavor biochemistry, 2:238-241 
tia vo r componcnts, 2:353-354 

Onion thrips, daniagc to colc causcd by, 1:334 
Ooẹencsis, physioloẹy, 1:168-169 
Oolong tca

color basis, 4:287 
Aavor compounds, 4:287 
manuíacturiniỊ proccss. 4:284-285 
scmi-Kermentation. 4:284 
stylcs, 4:2X5 

Qperations reséarch 
additivity assumption, 3:47H 
analytical prosỊramming, 3:479 
npplications, 3:479-480 
appropriate objective tunction, 3:479 
ccrtainty assumption, 3:478—ị79 
computational mathematical programming, 3:479 
continuity assumptioii, 3:479 
lincar protỊraniminiỊ, 3:477-479 
mathcmatical programming, 3:477-479 
proportionality assumption, 3:478 
quadratic proiỊramming, 3:478 
simulation modcls, 3:47V 

Opiatcs, endogcnous. in animal reproduction. 1:145-146 
Optimal-rcvcnue taritTs, 4:266 
Optimization

energy, tỉlobal strateiỊÍcs, 2:65-66 
grccnhousL' control, 2:544-546 

Optintid poìycantịia Haw. (pricklypear), 3:569, 3:572 
Orani;es, sec Citrus íruits 
Orchard mana^ement 

cnvironmental ímpacts, 3:128 
futurc trends, 3:128-129 
nutricnt budiỊets. 3:1)5 
pest biocontrols, 3:158 
water budiỊcts, 3:115-116 

Orcharđ managenicnt, soils 
controllcd watcr stress, 3:127 
covcr cropping, 3:125-126 
cultivation, mechanical, 3:125 
fertilizers ibr, 3:124 
fcrtilizcr usage, 3:120-121 
tìoor nianatỊcment, 3:125-126 
lỊrovvth rctỊulation cffccts, 3:122 
hcrbicide usc, 3:126
intcgratcd pcst manae;ement, 3:127-128 
irrigation mctliods. 3:121, 3:127 
irrii»;ition neéđs, 3:126-127



Orchard nianagemiMit, soils Ịcontimicd)  
microbial orgnnism manae;emciit, 3:122 
mulchcs, 3:123
nutricnt demand asscssmcnt, 3:123-124
nutnent status dTects, 3:124-125
for oríỊanic truit production, 3:121-122
rcplant discase, 3:123
rcsources, 3:116-117
sitc selcction, 3:132
trce root Systems, see Root systcms, trcc 
vvater needs, 3:126-127 
weed control, 3:121 

Orchard management. svstcms 
components, 3:131-132 
cultivars, 3:132-133 
cconomic íhctors, 3:132 
ettects on rcsourcc demand, 3:1 17 
niarkcts, 3:132 
pruning, 3:137
pvramidal-shaped, 3:138-141) 
rootstock intcractions. 3:134-136 
rootstocks, 3:133-134 
sicc selcction, 3:132 
t a i l o r i n g  t o r  s p c c i f i c  I i e c d s ,  3 : 1 4 2  

training, 3:137-138 
trcc arranf»ement, 3:136 
trec dcnsity, 3:136 
trcc quality, 3:137 
trcc sizc rcduction, 3:135-136 
trec supports, 3:1 3S 
trcllis, 3:140-142 

Ordinancc Rclating to Pollutants in Soil íSwiss Fcdcral 
o tíìce  of Environnient, Forcsts and Lamlscapc). 
4:135-136 

Organic farmint?
íruit production, 3:121-122 
nutricnt cycling in, 4:114 
prospcrts, 3:128 
viticulturc, 4:452 
weed managcmcnt, 4:493 

Organic soil pollutants
anthropoíỊenic sourccs, 4:133-134 
testinẹ; tor, 4:149 
tvpcs, 4:149 

OríỊanizatioii tor Kconomic and Gpoperation 
Development, 4:274 

OriỊanization tor Economic Cooperation and 
Devclopmem, 2:471 

Oriranochlorins, spccitìcitv and pcrsistencc. 2:Sy 
Orsíaii0 i;cncsis

plant niicropropagation tcchniqucs, 3:357-358 
in plant tissuc ailturcs, 3:37S 

C ì r t Ị a n o p l i o s p h n t c s .  t o r  i n s c c t  c o i i t r o l ,  2 : í i 6 0  

OriỊanotin. ũimỊÌtoxicity, 2:447 
Ornaincnt.il horticulturc, .'('(■ 1 lorticulturc. 

cnvironmental

Osmoreííuhtion, plant ccll curíỊor maintcnance,
3:361 -362 

Osmosis. physioloiỊv of. 3:334-335 
Osmotic prcssure, calculation, 2:385-386 
Ostcoporosis, 3:()5 
Ovarv, mammalian 

anatomv. 1:161 — 162 
brain—ovarian interactioiis, 1:164 
corpus lutcurn. 1:169-170 
cstrous cyclc, 1:166 
estrus svnchronizatíon, 1:166-167 
íollicular atresia, 1:167 
oogL-nesis. 1:168-169 
ova transport, 1:173-174 
ovulation. 1:167-168 
pscuđohermaphroditism, 1:177 

Ovcrburden potmtial, dctìncd, 4:153-154 
Overland flo\v svstcm, for wastcwater application, 

4:464
Overproduction trap, 3:469-470
Ovcrsceding* cool scason iỊrasscs/lcc;unK-s, 2:413
Ovicidcs, use of, 3:172
Oviduct, anatomy, 1:162-163
Ovulation

ova transport, 1:173 
phvsiology, 1:167-168 

Ovvncrship, abscntcc, of U.S. hirms, 4:441 
O\adiazon

chemical structurc, 2:506 
nicchanism ot action, 2:506 

Oxamyl, ncmaticidal propcrtics. 3:93 
Oxen, dratt, SCI' Dratt animals 
Oxidation

inoriỊanics bv soil microorạ;anisnis, 4:126—127 
photoscnsitizcd, o f  f'oods, 2:243 

Oxidation ditches, tor animal wastc, 1:194,
4:459-460

Oxidation-ređucùon potcntial, eíTccts on food stability, 
2:318

Oxidativc pcntoscphosphatc pathvvav, in plants, 
3:204-205 

Oxyeen
consumption hy draít animals, 1:617 
tbrm takcn up by plants, 4:95 
plant supply and dcmand, svc Microoxviỉcn, plant 
rcduction, 11 1 £Ịraín: Stores. ỈCC Priers, íỊrain 

Oxytocin
in nnim.ll rcproduction, 1:141-143, 1:145 
rolc in manimary đcvelopmcnt, 2:63í>

Oyster plant, 3:642
Oystcrs, robotics applications, 1:39K. 1:400—ịol 
O z ọ n c

c r o p  yicld  r c đ u c t i o n s .  1 —3' J
d . ima i íc  to  ^ r . i pc v i n cs ,  4 : 452  
e c o n o m i c  c t t ec t s .  1:39  
E P A  d a t a  basc .  1:37



liiiỊh-altitudc, 3:41) 
importancc in mctcoroloíỊy, 3:41) 
inịuries to vci;ctation cnused by. 1:30—31 
piiotosyntlietic rcsponsc to, 1:36 

Ozone rcsistance, 1:32—33 

p
P.ick.iiỊÌntỊ

brevvcry products, 1:323. 1:326 
l i q u i d  CIỊIỊS. 2 : 4 7 — 18 

poultry, 3:437—43X 
of proccssed mcats, 3:2(1 
processcd mc.its, 3:23 
ricc Products. 3:628, 3:633 
shcll CÍỊÍỊS, 2:44-45 

PaedoíỊenesis, inscct, 2:550 
Palmctte-typc orcharđs, 3:140 
Palpation, rcctal, tor prcgnancv dias;nosis. 1:180 
Panana discasc, bananas, 1:226-227 
Pantothcnic acid 

detìciency in nonruminants, 1:97 
rcquiremcnts for nonruminants, 1:97 

1’apaya 
botanical rdations, 4:382 
comniercial importance, 4:382 
cultivars, 4:382 
dcvclopmcnt, 4:383 
distribucion, 4:382 
ecoloiỉical adnptation. 4:383 
gíọvvth, 4:383 
oriiỊÌn, 4:382
plant destTÌption, 4:382-383 
uscs, 4:383 

Paper, packaíỊÌnsr applications, 2:333 
Parabens 

antimicrobial actions, 2:349-350 
structures, 2:349 

Paralysis, tick bite-relatecí, 2:065 
1’araquat 

ehcmical structurc. 2:505 
mcchanism of action, 2:505-506 

Parasitcs, SCI' dlso A rthropod s, vctcrinary  
aniỊora goats. 4:578 
host rcsistancc, 2:90 
in tL -srin .il, ot s\vinc, 4:262 
in moat. climination by irradiation, 2:301 
sliccp, 4:57N 

l’.i r.isitism
in plant conimunities, 3:263 
p l a n t  OI1 p l a n t ,  3 :3 2 7  
tobacco intections, 3:327 

1’arasitoids
c.issav.1 mealvbusỊ. 3:159 
commcrci.il, 3:li>H 
cgu. 3:1611
Rhođes ÌỊIMSS me.ilyhuíỊ. 3:159

RưboiliniỊ, ricc 
batch operations, 3:625 
clcaniníỊ, 3:623 
color sortinn. 3:624-625 
driers tồr. 3:624 
dryitig, 3:624 
gradins*, 3:623 
niillin^, 3:624 
steaminí’;, 3:623-624 
stecpiiiíỊ, 3:623 
tcmpcrinií, 3:624 

Paritỵ, of tarm products, 1:527, 3:455 
Parsnip, 3:641
Piìrtheniiim arạciitcinnn Cray, SCI' Guayule 
Participatory rural analysis, 2:137-138 
Partnerships. types of. 2:193 
Parturition

modcl (shccp), 1:181-182 
postpartum tcrtility resumption, 1:183 
stagcs, 1:181 

Pascal (SI nnit), 4:153 
Pashmina, scc Cashmere 
Pasta

cxtrusion cooking, 4:533 
production mcthods, 4:532-533 
shapcs, 4:534 

Pastcurcllosis, among rabbits, 3:485 
Pasteurization

applications, 2:383 
brc\very Products, 1:323-324 
dairy products, 2:320, 2:330 
dehncd, 4:304
hiíỉh tcmpcraturc-sliort tinie heat exchangcrs, 4:307 
liinh- vs. low-aciđ toods. 4:308 
hot-tìll metliođ, 4:307-308 
in-container proccssiníỊ, 4:307-3(18
liquid e^gs, 2:46-47 
milk, 1:565-566
out-of-container proccssing, 4:307 
process dcscription, 2:325 
tcmpcrature ctTccts on flow. 2:372 

Pascures, SCI’ í i l ỉ0 Foragcs 
for bcct cattle, 2:414 
đctoliaũon, 2:414 
qrasses for horses, 2:414 
grazintr ctTects. 2:414 
for horscs, 2:414 
nuiltiplc species, 2:411-412 
productiọn. 2:414—ịl 5 
tropical. sec Tropical pasture development 
tvvo-pasturc s\vitchback grazinE> systcms, 3:554 
uiuk'ru;razim'. 2:414 
utilization. 2:414—H5 

Patcnts
animals, 2:115-116
livint; m.ucrial. USDA position, 4:428



PathcMỊcn-derived rcsiscancc, in potatocs, 3:430-431 
Patho^cns, set’ also speáỊĩc pathoqen; Bactcrial spoilagc; 

Fooci microbiology; Food spoilage; Microoriranisms 
poultry processing-relatcđ, 3:437 

PatronaiỊL', in coopcratives, 1:432—135 
Pattem classification stacistical tcchniquc, for raintall, 

4:476
paymcnt-in-kind programs, 1:527-528 
PBBs, SI’C Polybrominatcd biphcnyls 
IJCBs, see Polychlorinatcd biphenyls 
Peanuts

developmcntal stages, 3:145-147 
Hovver structure, 3:146-147 
market tvpes, 3:144 
Runner-typc, 3:144 
seedliníỊ development, 3:145 
seed structurc, 3:145 
Spanish-type, 3:144 
Valcncia-typc, 3:144 
VircỊÌnia-type, 3:144 

Peanuts, harvcstiní' 
combiuing, 3:153 
digịíing, 3:152-153 
maturity detcrmination, 3:152 
quality concerns, 3:153-154 
Total Sound Mature Kcrncl građc, 3:153 

Peanuts, production
crop rotađons, 3:147-148 
fcrtilization, 3:220
intciỊratcd pest mana^ement programs, 3:150—151 
land prcparations, 3:148 
maturíty determination, 3:152 
pests aíĩccting, 3:150-151 
planting practiccs, 3:148-149 
quality dcterminatioíi, 3:153-154 
Rhisobiuni infections, 3:149-150 
secd selection, 3:148-149 
Total Sound Mature Kernel gradc, 3:153 
U.S. production, 3:144 
vvater requirements, 3:150 
vvecds aíĩccting, 3:151-152 
worldwide production, 3:143-144 

Pecan
ciimatic types suitable for, 2:6
diseases. 2:8
gcographical distribution, 2:3-4 
i;rowiníĩ season, 2:5 
insects artcctinc;, 2:6-8 
mitcs artectintỊ, 2:6-8 
natural habitat, 2:4 
production barricrs, 2:8 
rootstock matmals. 2:5 
salinity tolcrance, 2:6 
scion cultivars, 2:4-5 
tempenuurc ctTects, 2:5 
\vatcr relationships, 2:6

Pccan scab, 2:H 
Pectin

biochemistry, 2:225 
biosynthesis, 3:205 
esteriíication, 2:225 
extraction, 2:225 
high-mechoxv, 2:225 
low-methoxy, 2:225 

Pcd (soil unit), 4:143 
PediiỊree breeding 

selt-pollinateđ crops, 1:539-540 
wheat, 4:519 

Pediocin A, antìmicrobial actions, 2:351 
Pediocin AcH, anrimicrobial actions, 2:352 
Pcdiocin PA-1, antimicrobial actions, 2:352 
Pedometers, use ot, 1:395 
Penis, anatomy, 1:153 
Pennian—Monteith equation

for bulk stomatal conductance in a rain forest, 4:409 
for cvapotranspiration, 3:60 

PenPages intbrmation system, 1:394 
Peptides, as food svveeteners, 2:236-237 
Pcrcolation, soi! vvatcr. 4:144 
Perennial plant, dcfincd, 3:341 
Pcrennial ryegrass, 4:414—ị 15, see alỉO Turfgrasses 
Permeability, intrinsic, 4:157-158 
Pcrmcameter, disc, 4:162-163 
Peroíispora parasitica, in colcs, 1:332-333 
lVroxidation, enzymatic, o f toods, 2:243-244 
Peroxisonics, plant 

characteristits, 3:200 
diagram of, 3:201 

Persea americana, SCI' Avocađo 
Persĩon walnut, see Walnuts 
Persistcnce, pesticides, 2:89, 2:661 
Peru, see íilso South America

cultural Controls for pcsts, 3:180, 3:184 
traditional ía rm ing  system s, 3:650 

1’csticidcs, see also Fungicidcs; Insecticidcs 
adịuvants, 3:174 
aleicides, 3:173 
avicidcs, 3:173 
chcmical, 2:89-90 
classcs, 2:575 
classiíìcation, 3:172-173 
cost/benefìt analysis, 3:174 
detoliants, 3:172 
delivcry systenis, 2:9U 
dcsiccants. 3:172 
dosagc, 2:576 
dose ratc reductions, 3:174 
dose ratc variations, 2:661 
drift. 3:185-186 
cconomic thrcshold, 2:661 
as encrgy input into crop production, 2:72 
cnvironmental concerns, 3:174-175



EIJA rot;ulatioH. 3:175-176 
cxports, 3:173-174 
íỊroundvvatcr contamination by, 3:175 
herbicides, 3:172 
human applicators, 3:175 
incorporation by tillinií, 4:318 
kirvicides, 3:172
manutacturiiiíỊ trcnds, 3:173-174 
microbial, comnicrci.il, 3:161 
microbial, modc o f  ạction, 3:160 
microbial, salcs tìiỊurcs, 3:157 
miticides, 3:172 
mollusdcidcs, 3:173 
natural. 2:89-90 
organochlorinc, 4:134 
oviđdcs, 3:172
persistencc, 2:89, 2:496, 2:661
pest resistance to, 2:90
rcsidual, 3:175, 4:149
rcsiđual contact, for grain storagc, 2:484
rcsiducs in tood, 2:399-401
rcsistance, development, 2:661
rođetitiđdes, 3:173
salcs trends, 3:173-174
sc lcc tio n , 2:576
soil testing tor, 4:149
specitìcity, 2:89
synthctic, 2:89-90
tiniing o f  application, 2:576
tolcrancc liinits, EPA-rclatcd, 2:399
toxicology, 2:400-401
usc in inteiỊratcd pcst manaiỊcnicnt, 3:171-172 

IVst manaiỊonicnt. .«'<• íì/.iủ Inregratcd pcst manaiỊcnicnc 
in agroecosystcms, 4:244-246 
cotton crops, 1:490—W2 
in crop stores, 2:484—185 
dcciduous truit trees, 1:584-585 
sugarbeet crops, 4:220-221 
tobacco production, 4:329-331 

Pcst nianagemcnt, biolotỊÍcal Controls ,  sec tilso 
Bioherbicidcs; Biopcsticidcs 

benetìcial specics, 3:158-159 
beneíits, 3:165 
citrus orchards, 1:369-370 
classical approach, 4:488 
cole crops, 1:333-334 
constraints on, 3:162—163 
current signihcance, 3:157-158 
dctincd. 3:155
c c o l o i Ị Ĩ c a l  p r i n c í p l c s ,  3:155-156  
economic assessmcnt, 3:159-3:160 
cnhanced ìutural con troi, 3:165 
Horiculturc industry, 2:210 
tor food spoilagỊC, 2:325 
lỊcnctic cniỊÌneeriniỊ applicuions, 3:IM-lf>5 
insccts, 2:í)()0

and inteiỊraccd pcst nuinaiỊcnicnc. 3:I.SK 
inundativc approacli, 4:488—489 
TIUUIIIÌỊ l i isrup tion ,  2:7H 
imcoherbiđđes, 4:488—+89 
plant discascs, 3:331-332 
postharvcst citrus truit decaỵ, 1:376 
practica l approac lics, 3 :1 5 6 -1 5 7  
risks, 3 :165 
satety concerns, 3:163 
silvicultural systcms, 4:23 
soil niicrooriỊanisnis for, 4:131 
success ratcs, 3:159-160 
viticultural systems. 4:452 
\vccds .  4 : 4 8 8 - 4 8 9  
worldwide extent ot, 3:158 

IVs t  m a n a i Ị o m e n t ,  c h e m i c a l  Cont ro l s  
chcmical dritt, 3:185-186 
silvicultural systems, 4:23 
sprays, 3:185-186 
viticultural svstems, 4:452 

Pest management,  cultural Controls 
bchavior/habitat targcts, 3:178 
crop rotation, 2:573, 3:181 
crop sclcction, 2:574 
date o f planting, 2:574 
fallowing, 2:573 
fertilization etTccts, 2:573-574 
habitac diversiíication, 3:183-184 
harvest schedulint;, 3:181-182 
host-trcc scasons, 3:180 
individual vs. comnuinity adaptations, 3:178 
lifc cydc taríỊets, 3:178 
íbr overvvintcriníỊ pcsts, 3:179—180 
pl.mting timc, 3:184-185 
plowing, 3:185 
postharvest sanitatỉon, 2:574 
premỉsc of, 2:573-574 
rcsistance to, 3:178 
sclcctivc harvesting, 3:182 
strip harvcstiiiií, 3:182 
tillagc, 2:573, 3:185 
in viticultura) systenis, 4:452 
vvatcr managcment, 2:574 

Pcst rcsistance
cultural Controls, see Pcst manaiỊcmcnt, cultural 

Controls
integrated pcst managcmcnt approach, 2:574 
mcchanisms, 2:574 

Pcsts, livcstock 
cattlc iỊrub. 2:664 
control prindples, 2:659-660 
c u l i c o i d e s ;  2 : 6 6 4  

d a m a iỊ e  d o n c  b y ,  2:657-658 
tacc Hy, 2:6fi2—663 
h o r i )  t ìv .  2 : 6 6 2  

h o r s c  h o t  rìy, 2 : 6 6 5



Pcsts. livestock (con tiiiued ) 

house fly, 2:663 
introduccd spccics, 2:666 
niites, 2:665-666 
mosquitocs, 2:663 
production losscs duc to, 2:658-659 
resistance management, 2:660-662 
screwworms, 2:664 
sheep bot (iy, 2:664-665 
simulium, 2:663-664 
stable fly, 2:662 
tabaniđs, 2:732 
ticks, 2:665-666 

Pests, plant
bramblc, 1:278-279 
christmas trecs, 1:352-353, 1:355 
crop storaíỊe, irradiation, 2:300-301 
natural enemies, development, 2:575 
natural encmies, importation, 2:575 
strawbcrries, 1:270-271 

Pctrodollars, 3:2 
Pctunia

blue gcne, 2:207
transposablc elements in p . hỵb rida , 4:372 

pH
L'ffects on antimicrobials, 2:346 
elTects on food stability, 2:318 
muscle meats, 3:20 
plant tissuc culturcs, 3:373 
plaque, 1:339-340 
raw milk, 1:561 

pH, soil
acid rain efFects, 4:34
buffcring, 4:33-34, 4:137
classical studics, 4:76
effccts on biological environmcnt, 4:117
for forages, 2:407
importance in soil testing, 4:98
measurement, 4:32, 4:34-35
plant tolcrance variabilitv, 4:37
profiles, 4:30
rangeland, 3:592-593
scale of, 4:30
and soil productivity, 4:114 
soil solutions, 4:34-35 
suspcnsion eíĩect, 4:76 
total soil acidity, 4:35 

Pharmaccuticals 
from animal slaughter bv-products, 1:68-69,

1:73
biomass sources, 1:297 

Phase-contrast microscopy, tcchniqucs in plant cytology, 
3:226

Phase transitions, in íòods 
freezing, see Frcczing 
gelađon, 2:391

glass transition, 2:391-392 
mclting, 2:391 

Phenamiphos
comparativc pertbrmance, 3:91 
nematicidal properties, 3:93 

Phenmedipham
c h c m i c a l  structure, 2 : 5 0 5  
mcchanism of action, 2:505-506 

Phenol, antimicrobial activity, 2:354 
Phenolic acids, antimicrobial activity, 2:354 
Phenolic antioxidants

mechanism of action, 2:344-345 
solubility, 2:345 
structure, 2:344 

Phcnolic rcsidues, in plants, 3:207 
Phenylalanine, structure, 2:251 
Phenylamide fungicides 

mechanism of action. 2:448 
target site, 2:449 
uses, 2:449 

Pheromones, inscct, 2:78 
Philip equation, for water infiltration, 4:161 
Phloeni loading 

melons, 3:30
physiology of, 3:337-338 

Phoma linga m , in colcs, 1:333 
Phosphates 

eutrophication causcd by, 4:149 
soil testing for, 4:149 
superphosphate fcrtilizers, 4:136-137 

Phospholipascs, biochemistry, 2:262 
Phospholipids

biochemistry, 2:217-218 
biosynthesis, 3:205-206 
characterization, 3:198 
fatty acids in, 2:218 
structure, 2:141. 2:218 

Phosphorus
íorm taken up by plants, 4:95 
fu n c t io n s , 1 :1 1 4 —115 

mctabolism, 1:115
rnultireaction and transport modcl, 4:70-71 
orchard requiremcnts, 3:115 
requirements for nonruminants, 1:95 
soil adsorption, 4:66—67 
soil tests, 4:146, 4:149 
solubility in soils, 4:35, 4:146 

Phosphorus deficicncv 
in animals, 1:115 
in nonruminants, 1:95 
in plants, 4:95 

Phosphorylation, plant proteins, 3:362-363 
Photomorphogenesis, grecnhouse tomatocs, 4:343-345 
Photopcríodism 

in plants, 3:345 
in poultry reproduction, 3:450



Photophosphorylation 
dctìned, 3:202 
clectron transport in, 3:202 

1’hotorcspiration
Ci carbon oxidation cyclc, 3:193 
c ,  carbon reduction cyclc, 3:192-193 
mcchanistn of, 3:193 
Rubisco ctTects, 3:193 

Photorespíratory carbon oxidation cycle, 3:193 
Photosynthcsis 

ATP tormation, 3:192
1,5-biphosphate carboxylase oxygenase role, 3:1Ọ0 
C-) plants, 3:193
c ,  plants, 3:192-193, 3:202, 3:340 
c 4 plants, 3:193-195. 3:202-203, 3:340 
and Calvin cycle, 3:339-340 
CAM plants, 3:202-204, 3:340 
citrus trees, 1:362 
coordination o f reactions in. 3:193 
deíineđ, 3:187 
clectron transfer, 3:190-192 
clectron transport in, 3:202 
herbicide inhibitors, 2:504—505, 4:490 
Hill rcaction, 3:202 
light absorption in, 3:190 
oat plant, 3:109 
ozone efFects, 1:36 
photosystcms I and II, 3:202 
physiological characterization, 3:339-340 
pigm ent assemblies, 3:202 
proton transfcr, 3:190-191 
rubisco role, 3:339 
tomatoes, ẹreenhouse, 4:342-345  

Photosynthetically activc radiation, in grecnhouses, 4:211 
Photosynthetic reduction cycle, o f  C-Ị plants, 3:202-203 
Photosystem  I

energetic transíbrmations in, 3:190—191 
herbicide interference with, 4:490 

Photosystem II 
energetic transformations in, 3:190-191 
herbicide inhibitors, 4:490 

Phthalamidc, íungitoxicity, 2:447-448 
P húìo rim aea ppercule lla  (Potato tuber moth), 3:424, 3:431 
Phylloxera root louse, 4:452 
Physical mapping, plant gcncs, 3:280-3:281 
Physiologic diseases, o f animals, 1:76 
Physiology

computer-assisted measurements, 1:395-396 
ovarian, 1:167-170 
plant, see Plant physiology 
reproductive. rabbits, 3:482 

Phytochrome 
amd phototropism, 3:344 
far-rcd-absorbing form, 3:344 

Phytohormones, see aỉso speciỷĩc ph y toho rm on e  

biochemistry, 3:208-210

mcchanisms of actíon, 3:342 
physiological rolcs. 3:342 

Phytopitíhoro palmirora,  b i o h c r b ì c i d e  b a s e d  o n ,

3:162 
Phytophthora  sp.

iniections oí citrus trces, 1:364-365 
phytophthora root in wa!nuts, 2:15 
p o t a t o  la te  b l i iỊh t  (P .  iiì/estans), 3 : 4 2 6  

Picloram
chemical structure, 2:507 
mechamsm ot' action, 2:507 

Piezometric potential, defined, 4:153 
Pigments

loss, rcaction rate constants and activation energies,
2:390

nitrosomyoíỊlobin, 3:20 
in thylakoid mcmbranes, 3:189 

Pigmcnts, food
anthocyanins, 2:230
carotcnoíds, 2:230
chlorophylls, 2:230-231, 2:281
color changes, processing-related, 2:232-233
fat-soluble, 2:281
fruit, 3:208
hernoproteins, 2:231-232 
myoglobin, 2:280 
watcr-soluble, 2:280-281 
xanthophylls, 2:230 

Pígs, see Pork; Swine production 
Pin dratting, wool, 4:586 
Pineapplc

botanical relations, 4:381 
commercial importance, 4:380-381 
cultivars, 4:381 
developmcnt, 4:381 
đistribution, 4:380-381 
ecological ađaptation, 4:381-382 
grovvth, 4:381 
origin, 4:380-381 
plant description, 4:381 
uses, 4:382 

Pine bectle, management, 3:182 
Pine íbrests

oak-pine association, 4:296 
S o u t h e r n  evergreen fo rc s t s ,  4:296-297 

a-Pinenc, structure, 2:239 
Pine Valley Ridge black sagcbrush, 3:582 
Pink bollworm , cultural Controls, 3:179-180 
Pinning, poultry, 3:436 
P inyon-juniper ecosystems 

characteristics, 3:494 
vegetation, 3:494 

Piperanine, structure, 2:239 
Piperine, structure, 2:239 
Pipe tobacco, 4:335
Pituitary gland, organization, 1:139-140



Placenta 
anatomy, 1:178 
hormones, 1:178 
macroscopic classification, 1:179 
microscopic classiíication, 1:180 

Planck’s cquanon, for frcczing timc. 2:388 
Plank’s Distribution Lavv. 3:52
Plantain, International Network tor the Improvement ot 

Banana and 1’lantain, 1:410 
Plant analyses, for nutrient necds, 2:183 
Plant biochcmistry, see itlso Gcnctic cntỊĨnccrintỊ. plant 

abscisic acid, 3:210 
auxins, 3:209
carbohydratc metabolism, 3:204-205 
ce l l  c o n s t i t u e n t s ,  3 : 1 9 8 - 1 9 9  
cell structure, 3:199-200 
chcm ical bond cncrtỊy, 3 :1 ' ) 1 - 198 
cytokinins, 3:209 
c t h y l c n c ,  3 : 2 0 8 - 2 0 9  
gibbcrtllins, 3:209-210 
i*rowth rciỊulators. 3:208-211) 
liormoncs, 3:208-210 
Krcbs cyclc, 3:204 
lipid rnctabolism, 3:205-206 
nitroíỊCii mctabolism, 3:206-207 
n i t r o g e n o u s  c o n i p o u n d s ,  3 : 2 0 8  

phenolics, 3:207
photosynthcsis, SCI’ Miotosynthcsis 
tcrpcncs, 3:207-208 
ccrpcnoids, 3:207-208 

P la n t  b i o t c c h n o l o g y ,  íce ItIso G c n e t i c  e i ig in c c r i i i i Ị ,  p lan t;  
Mutations, plant 

bananas, 1:229-230 
cnvironmcntal issucs, 3:218-222 
íòod satctv issues, 3:215-218 
herbicide rcsistancc, 3:221-222 
kananiycin resistance, 3:222 
mutations introduccd by, 3:217-218 
pesticidc rcsistance, 3:218-219 
plant tissuc culturcs, 3:381 
potato plants, 3:429-431 
sprcad o f moltcularly introduccd traits, 3:218 
sugarcane, 4:23K 
unintendcd cttects, 3:216-218 
viral resistancc, 3:219-220 

Plant brccdinsỊ, -'Tí' í t l s o  Gcnctic enhancLMiiont. plant: 
Hybridization; Sclcction 

barley, 1:250
Biotechnolony and Bioloiỉica] Sciences Research 

Council (UK) achicvcments, l:30f> 
citrus trccs. 1:359—36!) 
co le crops, 1:331-332 
cross-pollination. 1:53H-53‘J 
cttects  o f  poll in.ic ion m c c h a n ìsm s ,  1:538  
torcst  trcc sccds  st .mds. 2:438  
h c t c r o s i s  p r u d i R t i o n .  2 :5 I X

inteiỊrateđ pest manasỊemcnt approach, 2:574 
molecular biological tcchniqucs, 3:213-214 
rangcland grasses, 3:524-528 
selt-pollination, 1:538 
soybeans, sce Soybcans, brceding 

lJlant Brccdiní' lnstitute (Cambridge Univ.), 1:306 
1’lant ccll, see also Cytoloẹical techniques; Cytoskclcton, 

plant
compartmcntaliz.ition o f  metabolic proccsscs, 3:200 
constitucnts, 3:198-199 
diaiỊram of, 3:201
expansion, niicrotubule role, 3:256-257 
intermcdiatc filaincnts. 3:256 
m c n i b r a n c  d i s r u p t c r s ,  h e r b i c i d c ,  2 : 5 0 5 —5 0 6  
microtìlaments, SCI' Microtìlaments, plant 
microtubulcs, SCI' Microtubules, plant 
streaming, 3:254 
structure? 3:199-200, 3:407-408 

P lan t  c y to s k c l e to n ,  scự  C v t o s k e l e t o n ,  p lan t  
Plant discascs, sce íìlsc speáịic diỉcasr, Bactcrial discascs, 

planc; FuntỊal d i s e a s e s ,  p la n t :  N e m a t o d e  i n í c c t i o n s ,  

plan t;  P la n t  p a t h o l o g y ;  V ir a l  d i s c a s c s ,  p la n t  
b i o p c s t i c i d c s  for ,  3 : 1 6 2  
biocic vs. abiotic, 3:321 
causes, 3:320-322 
diagnosis, 3:322
economic impcmance, 3:317-320  
environmcntal tactors causing, 3:322 
cpidemics, 3:330-331 
lỊcnctic đeterminants, 3:329-330  
mochanisms of, 3:327—328 
mollicute-relatcd, 3:323-324, 3:328 
parasitic hiiỊhcr plants, 3:327 
protozoan-relateđ, 3:326-327 
social importancc, 3:317-320  

Plant diseases, control, see iìlso Herbicidcs; Insecticidcs; 
IntctỊratcd pcst managemcnt; Nematiciđes; 
Pesticidcs; Pcst manae;cment 

biological, 3:331-332 
economic and social costs, 3:320 
molccular tcchniques, 3:331-332 
resistance enhancement, 3:332 

Plant ccoloíỊy 
aựrotorestry, 3:268—269 
aniinal—plant intcractions, 3:2(Y7 
applied, 3:271-274 
biođimatolosỊy, 3:2()8 
bioiỊeochenúcal cycles, 3:269 
comnnmity ecoloiỊY, 3:263—267 
crop ecoloíỊy. 3:268-269 
detincd, 3:259 
(.•cophvsioloiỉy. 3:268 
ccosystctn oneriỊCtics. 3:269 
ccosystcm prcscrvcs. 3:271-272 
ccosystcm processes, 3:2í)7-2()‘J 
cvolution.ư V. 3:2711-271



tuiKtional biology, 3:260-261 
global ccolotỊy, 3:269-270 
history. 3:259-260 
molecular, 3:270-271 
physiological biology, 3:260-261 
population ccology, 3:262-263 
rcscarch methods, 3:260, 3:274 
and sociopolitical climaté, 3:273-274 
strcss tactors, 3:261-262 
systcmatics, 3:271 
systcms c c o l o g y ,  3:267-269 

Plantcđ tallovv tillage, 4:57 
Planting systcms, orchard 

cantilcvcr, 3:142 
Central Ieader, 3:138-139 
Ebro, 3:141
hybrid trec  conc, 3:140 
Lincoln canopy, 3:140-141 
low trcllis hedgerovv, 3:140 
MIA (M urrumbidẹee Irrigation Area), 3:141-142 
Palmctte, 3:140 
pyramidal-shapcd, 3:138-140 
slendcr pyramiđ, 3:139 
slcndcr spindlc, 3:139-140 
sol.m, 3:140 
Tatura trcllis, 3:141 
trellis tbrms, 3:140-142 
vcrtìcal axis, 3:139 

Hanting techníqucs 
for cotton, 1:487—488
intcgratcđ pest management approach, 2:574 
sccds, 3:350
for weed managcment, 4:488 

Plant pathologists 
academic crcdentials of, 3:315-316 
employment of, 3:316-317 

Plant patholoB;y
biological control o f pathotỊcns, 2:575 
dcJ3ary’s contribution, 3:319 
development o f  epidemics, 3:330-331 
disease tontrol stratcgies, 3:331-332 
disease triangle, 3:331
genetic factors in disease resistance, 3:329-330 
scientiíic díscipline of, 3:315, 3:317 

l-Mant physiology 
ascent o f sap, 3:336-337
assimilatc movement through sieve tubes, 3:337-338 
biological clocks, 3:345 
cavitation, 3:336 
cell structure, 3:334
co hcsion  t h c o r y  (sap a scen t), 3 :3 3 6 -3 3 7  
cyanidc-resistant pathways, 3:340-341 
đrug biosynthesis, 3:341 
e th y lcn c  p ro d u c tio n , 3:343 
(Ịravitropism, 3:343-344 
í^ravity perception bv plants, 3:344

íỊrovvth and dcvelopment, 3:341 
hydroponics, 3:338-339 
Krcbs cycle, 3:340 
niineral nutrition, 3:338-339 
osmosis, 3:334-335
phloem loadin^ and unloading, 3:337-338 
photoperiodism , 3:345 
photosynthesis, 3:339-340 
phototropisin, 3:343-344 
phytochronic, 3:344 
phytohorm ones, 3:341-343 
prechilling o f secds/buds, 3:344 
rcproductive development, 3:341 
respiration, 3:340-341 
S c ie n c e  of, 3:334
solute transport across m em branes, 3:335-336 
sourcc to sink m ovem ents, 3:337-338 
strcss cffects, 3:3.45-346 
stress proteins, 3:346 
tem pcrature responscs, 3:344—345 
translocation, 3:337 
vegctative grow th, 3:341 
verná]ization, 3:345 
water rclations, 3:334-335 

Plant physiology, postharvest 
com position changes, 3:411—412 
flowcrs, 3:408, 3:413 
íruits, 3:408-410, 3:413-414 
storage, see Storage, crop 
tem perature cíTccts, 3:412-414 
vegctablcs, 3:410-411, 3:414 

Plants 
acid-loving, 4:144 
classification, Raunkiaer’s, 1:610 
dormancy, sec Dorm ancy
genetic cngincering, sec Genctic engineeríng, plant 
genctic rcsources, see Genetic resources, plant 
rnycorrhizal, 4:130 
nitrogcn allocation, 3:100-101 
nỉtrogcn uptake, 3:100 
Iiitrogeii uses, 3:100 
pottcd, Aoriculture industry, 2:96-99 
responsc in poorly draincd soils, rem ote detection, 

4:482
rubbcr producing, 3:73-75 
sorption zoncs. 4:94-95 
species on U.S. ransịelands, 3:491-495, 3:501 

Plant stress 
abscisic acid production, 3:360, 3:364 
adaptive strategies, 3:361 
earbon allocation during, 3:365-366 
coping niechanisms, 3:261-262 
detined. 3:359-360 
dehvđration tolerancc, 3:361-362 
dehvdrin synthcsis, 3:366 
cnzyme activation responses, 3:366-367



Plant strcss (iửiiiinued) 
ethylcnc production, 3:360, 3:364-365 
gene activatioii rcsponses, 3:366-367 
interrelationships among stressors, 3:265 
list o f stressors, 3:261-262 
metabolic responscs, 3:363-367 
osm oregulatory aspccts, 3:361-362 
physiological responscs, 3:367 
and protcin phosphorylation, 3:362-363 
solutc potcntial, 3:362 
stress proteins, 3:346 
syndrom e characteristics, 3:360-361 
triangular classiíication schcmc based on, 3:265 
turgor niaintenance, 3:361-362 
turgor-scnsing mechanisni, 3:362-363 
and w a tc r  p o t c n t i a l ,  3:361-362 

Plant tissuc 
aercoplasts, 3:12-13
analysis, for orchard nutrients, 3:123-124 
cu ltu res ,  SCI' Tissue cu ltu rcs ,  plant  
frcczc substitution, 3:237 
rapid freezing, 3:236-237 

1'lant viruses, SC I' also Viral discases, plant; Viruscs 
chcmical nature, 3:386-387 
conserved gcncs, 3:390 
diseovcry, 3:386 
evolution, 3:390 
gcnc expression, 3:390-391 
gene organization, 3:390 
genetic ora;anization, 3:388-390 
liYc cycle, 3:388-390 
niulticom poncnt, 3:388 
nonstriictural movcmcnt protcins, 3:389 
nucleic acids. 3:387-388 
origin, 3:390
physical naturc, 3:386—387 
polyproteins, 3:389-390 
simple, 3:388
structurc and tunction, 3:387 
vcctor rclationships, 3:388-390, 3:393-394 

Plaque, pH ot', 1:339-340 
IMasnia, lipoprotein composition. 2:144 
Plasmids, used in gene cloning, 4:355 
Plasmodcsma, cell wall, 3:200-201 
Plasmodiopltora brassicac, in coles, 1:333 
lMastic builiiint' materials, for animal housini?, 4:206 
Plasticity, trce root systenis, 3:1 19-120 
Plastoquinonc. in plants, 3:207 
Platyhelminth intcctions, 1:81 
I’]owins;

tor pcst manatỊement. 3:185 
in silviculture. 4:1 s 

Plyiniĩ. cotton. 1:519 
Pod corii. 1:472 
Poikilothermy. insect, 2:564 
Point source pollution, nrounthvatcr, 2:494

Poisons, see íilío Food toxicoloÉ;y 
dctìncd. 2:3% 
shellíìsh-rclated, 2:400 

Poisson’s ratio, for wood, 4:555
Polarization rnicroscopy, techniques in plant cytologv, 

3:226
Policy, S C I ' Agricultural policv, United States; Trade 

policy
Political-economic resourcc transactions (P E R T ) 

dcfined, 2:465, 2:469 
vs PEST interventions, 2:473—475 
trcnd reversals, 2:473—ị75 

Political-economic seekintỊ transters (PEST) 
deíined, 2:465, 2:469 
vs PERT imerventions, 2:473-475 
trend revcrsals, 2:475 

Pollen, storatỊC, 3:310-311
Pollination, see , 1  ho  Cross-pollination; Selt-pollination 

by bees. 1 :2 1 1 - 2 1 2  
cocoa, 1:381-383 
com, 1:456, 1:458
ctĩects on brcedini; procedures, 1:538 
guayulc, 3:78 
planned, 1:212-213 

Pollutants, air, sec Air pollutants 
Pollutants, atmospheric, sei' Atmospheric pollutants 
P o l l u t i o n ,  ỈCC A i r  p o l l u t i o n ;  A t m o s p h e r i c  p o l l u t a n t s ;  SoiI  

pollution; Water pollution 
Polo, 2:528
Polyamines, in plant stress response, 3:365 
Polybrominated biphenyls, tood contaminations caused 

by, 2:400 
Polyđilorinated biphcnyls 

anthropogcnic sources, 4:134 
food contaminations causcd by, 2:400 
transfcr from into plants and animals, 4:137-138 

Polychlorinatcd dibenzodioxins 
anthropogenic sources, 4:133-134 
soil content increase, 4:135 
transtcr into plants a n d  animals. 4:137-138 

Polychlorinated dibenzofurans 
anthropoẹenic sources, 4:133-134 
soi! content mcrcasc. 4:135 
transfer into plants and aninials, 4:137—138 

Polychromatic dycs, 3:229
Polydonal antibodics, use in plant virus detection, 3:392 
Polyester, packa^iiiíỊ applications, 2:336 
Polymcrasc chain rcaction. usc in plant virus detection, 

3:393
Po]ymerization, plant niicrotuhulcs, 3:248-249 
Polymers 

tĩlass transition, 2:392 
natural. 1:299-3(10 

Polynuđcar aromatic hydrocarbons 
anthropoiỊcnic sources. 4:133-134 
soil contcnt iiHTease. 4:135



soi 1 pollucion in urban cnvironincnts. 4:135 
transtcr trom into plants and animals, 4:137-138 

Polyphenol oxidasc, rolc ÌI1 brownintỊ, 2:244-245 
Polyphcnols, in tca. 4:286
Polvpliosphate compounds, aiitiniicrobial actions, 2:354 
Polyploidy, cvolutionarv  rolc, 2:118 
Polypropylenc 

coextruded tìlms, 2:337 
packaging applications, 2:335-336 

Polyprotein, viral, 3:390 
Polysaccharidcs, biochcmistry, 2:222-223 
Polystyrene, packaging applications, 2:336 
Polvunsaturated fats 

con ten t in toods, 2:276—279 
structure, 2:276 

Polyunsaturatcd fatty acids 
dcíincd, 2:140 
structurcs, 2:215 

Polyvinylidcne chloride, packagins* applications, 2:336 
p.onds, for animal waste storage, 4:458 
Pooling, in coopcratives, 1:434-435 
Popcorn, 1:472

buttcrrty hybrids, 3:402 
com m erđal measurements, 3:403 
commercial production, 3:404-405 
C rctor’s Mctric Weight Volume Tcstcr, 3:403 
cxpansion, 3:403 
cxports, 3:406 
flakc tormacion, 3:403 
flake size, 3:403 
flakc types, 3:402 
iỊCnes controlling, 3:403 
Harvest practiccs, 3:405 
history, 3:399 
hot-air popping, 3:404 
kcrnel sizc, 3:402 
kcrnel structure, 3:401 —402 
microvvave popping, 3:402, 3:404 
mushroom hybrids, 3:402 
oi] popping, 3:404 
pearl shapcs, 3:401-402 
pests, 3:401 —402 
plant structurc, 3:399-401 
Popcorn Institute activities, 3:405 
popping phenomena, 3:403 
popping volume, 3:403 
ricc shapcs, 3:401-402 
types, 3:401-402 

PopeẠỊust production function, 3:465 
Popillia ịaponica, biocontrol agents, 3:161 
Population dynamics, wildlifc, 4:541 
Population ecology, plant 

c o m p e tit io n , 3:263 
density dependencc, 3:263 
dispersal, 3:262-3:263 
dynamics, 3:262-263

tecunditv. 3:262-263 
interterence. 3:263 
mortalitv, 3:262-263 
population modcl, 3:262 
structurc. 3:263 

Population gro\vth 
desertiíìcation causcd by, 1:5^1 
and food availabilitv, 4:603-604 

Population im provem ent, cross-pollinated crops, 1:542 
Populus íbrcsts, westcrn U .S ., 4:299 
Porcine stress syndrom e, 1:57 
Pores, soil

capillary. 4:104 
classitìcation, 4:162
condicions in Auctuatin^ water tablcs, 4:155-156 
Darcy’s law, 4:157 
deíìncd, 4:104 
drainablc pore space, 4:86 
HaíỊcn-Poisuille la\v, 4:162 
hystcresis, 4:155-156 
macroporosity, 4:162-163 
niatrix porosity, 4:162 
m oisture characteristics, 4:155 
saturatcd flo\v, 4:157-158 
size distribution, 4:85 
surface tcnsion eíTects, 4:154-155 
tillage effects, 4:162 
unsaturated flow, 4:158-159 
vvater hcight o f  risc in capillary tubes, 4:155 
wettcd porosity, 4:157 

Pork, see also S w i n e  production 
carcass breakdown, 4:251-252 
consumer dem and for, 4:264-265 
disease organisms in, 4:251 
fat contcnt, 4:251 
nutricnt composition, 4:250 
packaging, 2:329 
quality, 4:250-251 
retail cuts, 4:251-252 
vvholesale cuts, 4:251-252 

Pork P ro d u c ts
cholesterol contcnts, 3:438 
fat contcnts, 3:438 

Porosity, see also Porcs, soil 
drainablc, deíined, 4:86 
rnatrix, 4:162 
total, 4:84-85 
wetted, 4:157 

Porphyrins 
hcrbicidc ínhibitors, 4:490 
iron, in plants, 3:208 
manganese, in plants, 3:208 
m etalloporphyrin derivatives, 3:208 

Porttblio model, in linear program m ing, 3:478-479 
Postnatal bonding, 1:183 
Potash, C an ad a -U .s . disputc, 4:272



Potassium
torm taken up by plants, 4:95 
tunctions, 1:115 
ion leaching, 4:35
multireaction and transport model, 4:71 
nonruminant rcquiremencs, 1:95-96 
orchard rcquircmcnts, 3:115 

Potassium dcficicncy 
in animals, 1:115—116 
in humans, 3:65 
in nonruminants, 1:96 
in plants, 4:95 
soi], testing for, 4:146-147  

Potassiuni nitritc, antimicrobial actions, 2:348 
Potato chips, packaging, 2:332 
Pocato cyst ncmatode, 3:285, 3:425 
Potato carly bli^ht (target spot), 3:426 
Potatoes

agronomy, 3:420-421 
arca o f oritỊÌn, 2:121 
bactcrial intcctions, 3:426-427 
bli^hts, 3:426 
brccding prof>rams, 3:430 
crop production, 3:420-421 
crop valuc, 3:422-423 
cultivars, worldwidc, 3:429 
duck, 3:642
fungal infcctions, 3:426 
g c n e t i c  c n h a n c c m e n t ,  3 : 2 8 5  

g e n e t i c  i m p r o v c m e n t ,  3 : 4 2 9 - 4 3 1  

germplasni, 3:427-429 
grovvth, 3:421-422 
Hausa, 3:642 
h i g h - s o l a n i n e ,  3 : 2 1 7 - 2 1 8  

inbreeding deprcssion, 3:430 
inscct pcsts, 3:424-425 
International Potato Ccntcr, 3:429 
nematodc inícstations, 3:425-426 
nutritional aspccts, 3:423-424 
pathogen-dcrivcd rcsistancc, 3:430-431 
r a n g e  o f  p r o d u c t i o n ,  3 : 6 4 3  

seedstock, pathogcn-free, 3:421 
so lan in c  contcnt, 3:645 
South American varietics, 3:429 
storage, 3:423
tablt' of primary inforniation, 3:638 
taxononncal classification, 3:419-420 
tubcrs, 3:420, 3:422, 3:639 
utilization, 3:422-423 
viral iuícctions, 3:427 

Potato late blight, 3:318-319, 3:426 
Potato lcaíroll virus, 3:427 
Potato mosaic disease, 3:395 
Potato tubcr moth, 3:424, 3:431 
Potato virus X, 3:395, 3:427 
Potato virus Y, 3:394-3:395, 3:427

Potenùal cvapotranspiration, 1:627, 2:616 
Potentially extractable soil \vatcr, 2:615-2:617 
Potential natural commumty, ransỊeland, 3:503, 

3:505-506 
Potential temperature, đeíined, 3:43 
Potted plants, Aoriculture industry, 2:96-99  
Poultry

bacterial discascs, 3:448 
brecds, 3:443 
diseascs of, 1:85 
domestication, 3:442—443 
ectoparasites, 3:448 
cndoparasites, 3:448 
environmcntal diseascs, 3:448 
fcather removablc, 2:317 
man 11 re composition, 1:189-190 
manure production, 1:188 
manurc properties, 1:191 
nonintcctious discascs, 1:76 
nutricnt rcquiremcnts, 2:167-168 
origin ot spccics, 3:442-443 
packagina; requirements, 2:329 
protozoan discases, 3:448 
radiation Processing, 2:302 
Sứlmonclla occurrence in, 2:324 
spoilage, 2:321
Staphylococcus anreus occurrence in, 2:322 
vaccinations, 3:448 
viral discascs, 3:448 

Poultry breedinẹ;
a n t a g o n i s n i s  a n i o n g  d c s i r e d  traits, 1 :55  

genctic potcntial evaluation, 1:55 
heritablc ccotiomic traíts, 1:54-55 
linecrossiníỊ, 1:56 
períormance rccording, 1:55-56 
programs, 1:55-56 

Poultry feeds
brccdcr—laycr rations, 2:42 
for chickens, 2:41-43, 3:447-448 
Iiiinerals, 2:169
nutricnt availability, 2:168-169 
protein composition, 2:168-169 
toxins in, 2:175-176
U nited S ta tes-C a n a d ia n  T a b k s  of Feed C om posiiion , 

2:160-166 
vitamins, 2:169 

Poultry Processing 
a îna;, 3:437 
air chillint;, 3:437 
catchiníỊ birds, 3:434-435 
chill-packagint*, 3:437-438 
evisceration, 3:436 
íeather rcmoval, 3:435-436 
fccal contamination, 3:446 
tecal contamination đuring chillmg, 3:437 
fccd vvithdravval, 3:434-435



gradiiiíí, 3:436—437 
ice-packagintỉ, 3:437 
immcrsion chillintỊ, 3:437 
inspcction, 3:436—137 
mÚTobial qualitv  o t'carcasscs, 3:437 
picking, 3:435—t36 
robotics applications, 1:398 
scalding, 3:435-436 
schcduling operations, 3:435 
slaughtL-r, 3:435 
transportation, 3 :4 3 4 -4 3 5  
vvholesomeness requiremcnts, 3:436—>37 

Poultrv production 
boilcr industry, 3:444 
caginiỊ, 3:446 
commercial laycrs, 3:445 
Cí̂ g consumption, 3:442 
housing, 3:446 
mcal consumption, 3:442 
nutrition, 3:446-447 
turkey industry, 3:444-445 
United States, 3:441-442 
worldwidc, 3:441 

Poultry products 
chcmical composition, 3:438 
cholestcrol contents, 3:438 
cmulsitìed, 3:439-440 
cxtrudcd snacks, 3:440 
fat contcnts, 3:438 
formed, 3:439 
licat treatnients, 3:438 
markctĩng, 3:439 
mechanically dcboncd, 3:440 
microbioloíỊÌc.il quality, 3:438-439 
tcndcrncss, 3:438 

Poultry reproduction 
artificial inscminatioii, 3:449-450 
brooding behavior, 3:450 
controlling, 3:450 
cgg components, 3:449 
tcmale, 3:449 
growth rate, 3:450 
m ale, 3:449 
molting cffccts, 3:450 
photoperiodic control, 3:450 

Povvders 
agglomeration, 2:377 
cakiníỊ problem, 2:377-378 
classiíication based on flowability, 2:378-379 
tohcsion, 2:378 
dctisity, 2:375 
flowabilitv, 2:377-379 
frec-flowing, 2:377 
interparticle íòrces, 2:378 
Jcnikc’s flow ũmction, 2:378-379 
steady-statc Hovv, 2:379

uncotứìncd yicld stress, 2:378 
W,irron Sprint' cquatioii. 2:378 

Povvdery mildevv 
in iỊrapos, 4:452 
in sugarbeets, 4:221 

Power, clectrical. see Electrical power 
Po\ver-la\v model, tor tìovv, 2:371-372 
Prairic Brusliland Province shrubs. 3:576 
Prairie ccosystcms 

Gult Coast, 3:492 
mixcd s*rass, 3:492, 3:576 
Northern mixed ^rass, 3:492 
shortíỊrass, 3:492 
soil nitrotỊen cyclc, 4:96 
Southern mixcd grass, 3:492 
tallí^rass, 3:491, 4:392 
\vildflowi.’rs, 3:568-569 

Prandtl numbcr, dctìned, 2:536 
PrcchilliniỊ, sccd, 3:344-345 
Precipitation 

etYects OI1 ranựeland vvatersheds, 3:600—601 
in torest ccosystcms, 2:427 
frozcn, 3:47
metcorological processes and types, 3:46—47 

Prccision, in fcrtilizer placement, 2:187-188  
P r e c is io t i  í a r m i n g ,  f c r t i l i z c r  u s c  in ,  4 : 1 1 6  

Prcdictcd transmittinẹ abilitics, dairy cattlc, 1:550-551,
1:555

Pretercntial Hovv, water through soil, 4 :162-163  
Prcgnancy

antcrior pituitarv/ovarian requirements, 1:180
diagnosis, 1:179-180
cmbryogcncsis, 1:175-177
embryo mie;ration, 1:175—176
cudocrinology of, 1:178-179
fcrtilization. 1:174-175
íỊamete transport. 1:173-174
immunology of, 1:177-178
iniplantation, 1:175
labor, 1:180-181
niatcmal-neonatal bchavior, 1:181-182 
niating, see Mating behavior 
parturition, 1:180-181 
placenta formation, 1:177 
postpartum íertility, 1:182 
rescue o f corpus luteum, 1:179-180 

Preẹnant marc serum gonadotropin, 1:141-143, 1:145,
2:54. 2:60-61 

Prehension
in avian spccies, 1:92 
in nonruminant mammals, 1:92 

Prcservation, meat, 3:20—21, sec ahữ  Meat Processing 
Prcservation, plant ecosystems, 3:271—272 
Preservatives, chemical, for stored grain, 2:484 
Prcssint;, wool and mohair Products, 4:590 
Pressure-jump rclaxation mcthod, in soil chcmistry, 4:80



Prcssurc potentia l  
air, 4 :153  
hydrostatic, 4:153 
t cn s io in ctcr ,  4 :153  

Pretzels, packasỊÌng, 2 :332  
Price

in agricultural markets ,  3 : 4 5 3 - 4 5 4  
in ccntrally  p lanned  e c o n o m ie s ,  3 :453  
ceteris paribus conditions, 3:452 
c o in tegra tc d ,  3 :457  
d eí in eđ ,  3:451  
cfficient,  3 : 4 5 6 - 4 5 7  
c q u ation  o f  c x c h a n g e ,  3 :458  
c q u il ibr iu m , 3 : 4 5 1 - 4 5 2  
íorms of m a r k e t  etTicicncy, 3:456-457 
tunct ions ,  3:451 
íutures n iarkets,  3 : 4 5 4 - 4 5 5  
g o v c r n m e n t  reẹu la t ion s ,  3 : 4 5 5 - 4 5 6  
lcvcl  of, 3 : 4 5 7 - 4 5 8  
One, kivv of ,  3 : 4 5 6 - 4 5 7  
parity, 1:527, 3 :455  
p lan nin g ,  3 :453  

Pricc* supports, Me also l)cficicncy paymcnts 
d cí in cd ,  2 :465
cffects  on  f;irm sizc and structure, 4 :433  
u nder E nropcan  C o m m u n i t y ’s c o m  m o n  aiỊricultural  

p o l ic y .  1 : 5 3 2 - 5 3 3  
Food Sccunty Act of 1985, 2:467-468 
h istory ,  2 : 4 6 7 - 4 6 8  
s u r p lu s e s  due t o ,  2 : 4 6 7  

t c ch n o lo g ic a l  ch a n g e  cffects ,  3:469  
trade liberalization e l ĩec ts ,  4:441  
and w e t la n d  c o n v e r s io n ,  4 :507  

Pricing, in cooperatives, 1:434-435 
P rick ly  pcar cactus, b io lo g ica l  co n tro l ,  3 :159  
Prick lypcar plant, 3 :569 ,  3 :572  
Primates,  discascs a ffcc ting,  1:87  
Printin^, w o o l  and m o h a ir  prod u cts ,  4 :590  
P r iv a t e  la n d ,  U . S . ,  r a n g e l a n d  c o n d i t i o n ,  3 : 5 1 2  

P rob en azo le
m e c h a n ism  o f  action, 2 :450  
uses ,  2 :450  

Probes, for in situ hybridization, 3:231-232 
P ro b o sc is  rcsponse ,  insect, 2 : 5 5 8 - 5 5 9  
Proccssed m cats ,  see M e a t  P r o c e s s i n g  

P rocutic lc ,  inscct,  2:551
Producers,  UI rangeland ccosystcms, 3:519-520 
Produccr  su b s id y  eq u iva len t  ratio,  2 : 4 7 2 - 4 7 3  
P r o d u c t io n  contracts  

characteristics , 4 :440  
trends in, 4 :440  
varictics of ,  4 :439  

P io d u c t io n  e c o n o m ic s ,  5 ÍT a ìso  Farin structurc, U . S .  
and aẹricultural po l icv ,  3 : 4 6 8 - 4 6 9  
cost  minimization, 3:462 
data co l lec t ion  and analvsis , 3 : 4 6 4 - 4 6 6  
divisiori  o f l a b o r ,  lỊender-bascd, 4 : 5 4 4 - 5 4 5

d u a l i ty ,  3 :463
e s t im a t io n  o f  co s t  Ếunctions, 3 :4 6 6
c x tr a p o la t io n ,  3 :466
farm sizc, 3:469
H o t e l l i n g ’s l e m m a ,  3 :463
input intcnsity, 3:467
leas t-sq u arcs  e s t im a t io n ,  3 : 4 6 5 - 4 6 6
m u lt ic r o p  p r o d u c t io n  íu n c t io n s ,  3 :465
m u lt ip r o d u c t  n io d e l ,  3 : 4 6 3 - 4 6 4
o v e r p r o d u c t io n  trap, 3 : 4 6 9 - 4 7 0
P o p e /J u s t  p r o d u c t io n  f u n c t io n ,  3 :465
p r e d ic t io n ,  3 :466
p r o d u ct io t i  íu n c t io n s ,  3 : 4 6 1 - 4 6 2
prof it  m a x ir m z a t io n ,  3 : 4 6 2 - 4 6 3
r eg io n a l  m o d c ls ,  3 :4 6 8
risk, 3 :4 6 3
S h e p a r d ’s l e m m a ,  3 :4 6 3  
statistical tech n iq u es .  3 : 4 6 4 - 4 6 6  
su p p ly  fun ct io n ,  3 :4 6 6  
technological chantỊcs crtccts, 3:469 
wholc-farm modcls and planning, 3:467-468 

P r o d u c t iv i ty
labor,  in U . S .  agricu lturc ,  2 :6 2 5 .  4 :433  
so i l ,  a g r o fo r e s tr y  pract ices ,  1 :20  

P ro í ĩtab i l i ty ,  tarni, s e c  a ls o  F inancial  p er ío rm a n ce ,  U .S .  
tarms

fcrtil izer m a n a g c m c n t  íor,  2 : 1 8 5 - 1 8 8  
P ro iỊcn y  test in g

a d v a n c c d  gencration, 2:438 
forcst  tree sced  orchards ,  2 : 4 3 7 - 4 3 8  

P r o g e s te r o n e
r c c e p t o r  in c r c a s c s  d u n n i Ị  m a m n i o g e n c s i s ,  2 : 6 3 6  

role in animal reproduction, 1:143-145 
Prolactin ,  in an im al  r e p r o d u c t io n ,  1 : 1 4 1 - 1 4 3 ,  1:145  
Prolamines, in so rghum , 4:175 
P r o n a m íđ e  

c h e m ic a l  s tructure ,  2 :507  
m e c h a n i s m  o f  act ion ,  2 :507  

P r o n g h o m  a n te lo p e ,  o n  U . S .  rangc lanđs,  3 : 4 9 7 - 4 9 8  
P r o p a g a t io n ,  plant

ascxual, s e e  Asexual propa^ation; Ve^etativc 
p ro p a g a t io n  

citrus trecs, 1:359-360 
r o b o t ic s  ap p l ica t ion s ,  1:398  
scxual, see Scxual propaiỊation, plant 
t o b a c c o ,  4 : 3 3 3 - 3 3 4  

Propanil
c h e m ic a l  s tructure ,  2 :505  
m c c h a n i s m  o f  a ct ion ,  2 : 5 0 5 - 5 0 6  

P r o p h a m
chemical structure, 2:507 
m e c h a n i s m  o f  a ct ion ,  2 :507  

P r o p io m c  acid, structurc ,  2 :346  
P r o p o r t io n a l i tv  a s s u m p t io n ,  in  linear p r o g r a m m in g ,  

3 :478
Proposition 13 (Calif.), 2:650
P ro p v l  gallatc ,  a n t io x id a n t  p ro p cr t ie s ,  2 : 3 4 4 - 3 4 5



Proiopis ựhìiutnlosa (honey mesquite), 3:56K, 3:571-572 
Prote.ise inhibitors, biochcmistry. 2:262-263 
Protcctants, clicniical, againKt O j and SO 3 1:34 
Protcctionisni, economic, iỊlobal etĩccts. 3:8 
Protcction stratctỊÍcs, against plant viral pathogens,

3:394
Protcin-bascd gcnctic markcrs, 3:276 
Protcin contcnt 

Ĉ IỊS. 2:43
foods, various, 2:275-276 
livcstock feeds, 2:158-161 
milk, 2:639-640  
soriỊhum, 4:174-175 
soybean secd. 4:186-187 
tomatoes. 4:338 

Hrotcin horm ones
m cm brane receptor model, 1:146-148 
role  in r e p r o d u c t io n ,  1:141 — 143 

lVotein requirements, see tỉlso N ưtrient requircments 
dratt animals, 1:619 
nonrum inants, 1:94-95 
ruininants, 1:130-132, 2:158-159 

1’rotcins, see alíí) speáỊic protcin 
ae;ựreu;ation Ì11 protcinaceous foods, 2:270 
in animal tecds, 1:104 
biocn«ỊÌneered, satety, 3:215-216 
chemica) rcactions during tbod proccssing and storagc, 

2:268-270 
conversion to anim al body fat, 1 : 1 1 2  
dctìned, 1 : 1 1 2  
dcnaturation, 2:260 
diiỊestible, in íoratỊes, 2:413-414 
as tood svveeteners, 2:236-237 
nlobular soluble, 2:251-253 
in hay, 2:416
in mcat and bonc, 2:253-258 
mctabolism, 1:113 
muscle, 2:255-256 
non-protein-nitrogcn, 1 : 1 1 2  
nutritional deíìciency, 1:113 
physiological íunctions, 1:113 
ra vv  milk, 1:557-559 
recombinant, lactation-produccd, 2:642 
rum en-đegrađed, 2:158 
rnm en-undegradcd, 2:158 
strcss, plant, 3:345 

Protcins, plant 
biological activity, 3:198 
characterization, 3:198 
folding, 3:198 
in livestock teeds, 1:104 

Protcin synthesis
in chloroplasts, 3:188 
in heterosis, 2:517 
in plants, 3:206-207 

Prothoracicotropic hornione, 2:553 
1’roton transter. 111 chloroplasts, 3:190-192

Protoplasts
cliaracterĩstics, 3:201) 
culturinụ; mcthods, 3:380 
diatỊram ot, 3:2(11 

Protozoal discascs, animal, 1:80 
poultry, 3:448 

Protozoal diseases, plant, 3:327 
Provcnancc tests, íbrest trccs, 2:438-439 
P ruti intỊ .  SCI’ also T h i n n i n i Ị  

cocoa trces, 1:381 
deciduous fruit trees, 1:581 
grapcs, 4:449-450 
o r c h a r d  t r c e s ,  3 : 1 3 7  
tca plants, 4:284 
tom ato plants, 4:348 

PruniníỊ, forest stands, 4:21-22 
Prussic acid. toxicity, 2:176 
Pseudoherm aphrođitism , 1:177 
Pscudomonas thiorescens, genctic enginecring, 3:164 
Pseudomotms solanaceanim, bacterial vvilt causcd by, 3:427 
Pseudostem, banana, 1:217-218 
Psoroples bovỉs, see Cattlc scab mite 
Psoroptes 01'/.«, see shccp scab mite 
Psorosis, o f  citrus trecs, 1:366 
Psychrotropic bactcria, in milk, 1:560-561 
Public Law PL480, 2:472
Public schools, agricultural curriculum, see AtỊricultural 

cducation 
Public storage 

history, 2:467 
justitìcations for, 2:472 

Puddings, rice, 3:628, 3:635 
Puffed rice, 3:630-631 
Pulegol, structurc, 2:239 
Pulm onary cdema, ruminant, 1:134 
Pumps, for tnanure transport, 4:460 
Puparium, insect, 2:552-553 
Purchase o f development rights, 2:653-654 
Pure-line brecding, o f  wheat, 4:519 
5’-Purine nucleoside phosphates, in foods, 2:242 
Purple seed stain, soybcan resistance, 4:187-188 
Pyramidal-shaped planting systems, for orchards,

3:138-140 
Pyrethroid insecticides, 2:660, 3:172 
Pyridoxines

deficiencv in nonrum inants, 1:97 
requirements for nonruminants, 1:97 

Pyrolysis
biomass products, 1:294 
deíìned, 1:294 
manure, 1:199, 1:279 

Pyrolytic propertics, vvood, 4:553

Q
Quackẹrass

genctic introgrcssion, 3:531-532 
N ew H y cultivar, 3:531-532



Q u a d r a t i c  f u n c t i o n s ,  f o r  c r i t ic . l l  so i l  a n a l v s i s ,  4 : 9 9 - 1 0 0  

Q u a d r a t i c  p r o g r a m m i n g ,  f a r m  p r o d u c t i o n ,  3 : 4 6 7 - 4 6 8  

Q u a l i t y  a s s u r a n c c

b r c w c r y  P r o d u c t s ,  1 :3 2 5  
s h c l l  c g g s ,  2 : 4 5  

Q u a n t i t a t i v e  m c t h o d s  

ec o n o m e tr ìc ,  SCI' E c o n o m c tr ic  cs t im ation  
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t y p c s ,  3 : 4 8 1 - 4 8 2  
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n c t ,  3 : 5 4  

s h o r t w a v e ,  3 : 5 2
s o l a r ,  2 : 4 2 6 - 4 2 7 ,  3 : 4 1 - 4 2 ,  3 : 5 3 - 5 4  

terrcstrial, 3:41-42, 3:54 
R a d i a t i o n  t o g ,  d c t i n c d ,  3 : 4 6  

R a d i c i d a t i o n  

d e í i n e d ,  2 : 2 9 3  
o f  t o o d s ,  2 : 2 9 7  

R a d i o í Ị r a p h y ,  f o r  p r c i Ị i i a n c y  d i a g n o s i s ,  1 :1 8 1  

R a d i o i m m u n o a s s a y s ,  f o r  p r c ẹ n a n c v  d i a g n o s i s ,  1 :1 8 1  
R a d i o m c t r y ,  t o r  r a i n f a l l  c s t i m a t i o n ,  4 : 4 7 6  

R a d i o s e n s i t i v i t y ,  o f  f o o d  c o n s t i t u c n t s .  2 : 2 9 6 - 2 9 7  

R a d i s h

c h a r a c t e r i s t i c s ,  1 : 3 2 9  

d i s e a s e s  o t ,  1 : 3 3 2 - 3 3 3  
i n s c c t  d a m a t Ị e  t o ,  1 : 3 3 3 - 3 3 4  

s t r u c t u r a l  c h a r a c t c r i s t i c s ,  3 : 6 3 9  

t a b l c  o f  p r i m a r y  i n t b r m a t i o n ,  3 : 6 3 8  

R a d i u s  c f f e c t ,  in  m e t e o r o l o í Ị Ỵ ,  3 : 4 5  

K a d u r i z a t i o n  

d c t ì n c d ,  2 : 2 9 3  

o f  f o o d s ,  2 : 2 9 7  

R a i n f a l l  

d e íìn cd , 3:47 
c f f e c t i v c ,  d e í ì n c d ,  4 : 4 7 7  

ctTect OII m clo n  svveetem inỊ, 3:36  
c f í c c t s  o n  h e a v y  m c t a l  m o b i l i t v  in  s o i l s .  4 : 1 3 7  

c s t i m a t i o n ,  c o n v c n t i o n a l  m e t h o d s ,  4 : 4 7 6  

cstimation, remote scnsinẹ niethods, 4:476-477 
i n t c r c c p t í o n  i n  t r o p i c a l  r a i n  f o r e s t s ,  4 : 4 0 6 - 4 0 7  

r c d u c t i o n ,  d c f o r c s t a t i o n - r e l a t c d .  4 : 4 0 9 - 4 1 1  

t y p e s ,  3 : 4 6 - 4 7  

v c l l o w ,  i n s e c t - r c l a t e d ,  2 : 5 6 6  

R a i n  f o r e s t ,  t r o p i c a l ,  set' T r o p i c a l  r a i n  f o r c s t s  

R a in in t ;  e v c n t s  ( e q u i n c ) ,  2 : 5 2 8  

R a i s in í Ị ,  w o o l  í a b r i c s ,  4 : 5 8 9 - 5 9 0

R a m a n  s p e c t r o s c o p y ,  a p p l i c a t i o n s  in  s o i l  c h e m i s t r y ,  4 :8 1  

R a n c i d i t y  

h y d r o l y t i c ,  2 : 2 4 4  

o x i d a t i v e ,  2 : 2 4 2  

R a n d o n i  a m p l i í ì e d  p o l y n i o r p h i c  D N A  

f o r  p l a n t  ẹ e n e  m a p p i n n .  3 : 2 7 7  

s u g a r c a n e .  4 : 2 3 8  

RaiiÉỊC c o n d i t i o n

B L M  r a n n e l a n đ s ,  3 : 5 1 2  

c l a s s c s ,  3 : 5 0 5

c u r r e n t  m o d c l ,  3 : 5 0 7 - 5 0 9 ,  3 :5 1 1

đ e h n i t i o n s ,  3 : 5 0 4

d e s i r c d  t u t u r c  c o n d i t i o n ,  3 : 5 0 4



dcsircd plant com niunity, 3:504 
dctcrmination, 3:506 
doinain o f attraction niodcl, 3:510-511 
and ecological status, 3:505-506 
cvaluation, 3:539
Forest Service rangelands, 3:512-513 
iníorm ation nceds, 3:503-504 
invader plants, 3:505, 3:539 
methods for dcscribiníỊ, 3:505 
potential natural com m unity, 3:503, 3:505-506 
privatc rangelands, 3:503-512 
rcsource valuc ratings, 3:504 
statc-and-transition modcl, 3:509-510 
traditional conccpts, 3:504-505 
U.S. rangelands, 3:511-512 

Rans>eland ecosystcms 
abỉotic com ponent, 3:518-519 
agricultural pcrspcctive, 3:520-521 
annual grasslands, 3:494 
Arctic tundra, 3:495 
bunchgrass stcppc, 3:492-493 
climatic com poncnt, 3:518-519 
cliinax com m unity, 3:504-505, 3:539 
eoniferous íorcst, 3:495 
consumer com ponent, 3:520 
decrcascr plants, 3:505, 3:539 
dcscrt grasslancỉ, 3:492 
descrt shrub, 3:493-494 
cdaphic coinponent, 3:518-519 
enrichim-nt by shrubs, 3:578-579 
Pcdcra! Land Policy and M anagem ent Act o f 1976, 

3:4%
Porcst Reservc Act ot' 1891, 3:4%  
fundainental challenge to, 3:521 
Cìult Coast prairie, 3:492 
high-altitude wet mcadovvs, 3:495 
increaser plants, 3:505. 3:539 
managemcnt, 3:521-522 
mixed grass prairie, 3:492
National Environmental Policy Act o f  1969, 3:496 
pinyon-juniper, 3:494 
prim ary productivity, 3:519
produccr com poncnt, 3:519-520 
riparian arcas, 3:495 
secondary productivity, 3:520 
shortgrass prairie, 3:492 
simulations, 1:394 
sustainability, 3:539 
tallgrass prairie, 3:491 
Taylor Grazing Act o f 1934, 3:496 
topographic com ponent, 3:518-519 
Wildcrness Act o f 1964, 3:496 

Rangcland grasses, see also Rangeland shrubs 
breeding mcthods, 3:524-528 
cultivar relcase, 3:526 
diựcstibility, 3:580

drouiỉht resistant. 3:526-528 
cxperimental strains, 3:526 
tìowcrini», 3:563-564 
foragc quality, 3:529 
gcnetic cngineering rescarch, 3:524 
genctic introgrcssion, 3:531-532 
gcrniplasm basc, 3:524-525 
for grazing during fall and wintcr, 3:528-529 
I*razing effects, 3:538 
grouping bv height, 3:565-566 
intìorcscencc types, 3:563-564 
interspccihc hybridization, 3:530—531 
molecular biolo^y research, 3:524 
native vs. introđuccd species, 3:533 
nutritive value, 3:577, 3:580 
progeny tests, 3:526 
replicated clonal cvaluation trials, 3:526 
reproduction, 3:565 
retrogrcssion, 3:538 
Russian vvildrye cultivars, 3:529-530 
sourcc nurseries, 3:525-526 
structure, 3:562-566 
water use etỉiciency, 3:528 

Rangeland management 
b a s ic  c o n c e p t  o f ,  3 : 5 3 7 - 5 3 8  

break-cvcn point calculations, 3:557 
brush control, 3:545, 3:556 
controlled burns, 3:545 
cover characteristics, 3:551-552 
droughc eílccts on torai>c production, 3:545 
cconomic analyses, 3:556-557 
íencing, 3:555 
íuturc directions, 3:546
Geographic Information Systems for, 3:550-551
ẹ;razing capacity, 3:541-542
i»r;izing systems, 3:554
hcrbagc weight, 3:552-553
history of, 3:537
livestock distribution managcment, 3:542 
monitoring, 3:5%  
multi-ustr objectivcs, 3:549 
objcctivcs, 3:541 
oudine for, 3:550 
ovcrstocking ctĩects, 3:544-545 
rate o f rcturn calculations, 3:556-557 
scopc of, 3:537
soils iníbrm ation applications, 3:594-596 
stockine; rates, 3:1054 
vegctational manipulations, 3:555-556 
vcgetational mapping, 3:550 
water distance eíĩects, 3:542 
vvaterina; taciliđes, 3:555 
wild]ife habitats, 3:554-555 

Rangeland plants
annual grassland, 3:494 
annuals, 3:562



Rani»cland plants (coíitinucd)
Arctic tundra, 3:495 
binomial nomenclaturc for, 3:560 
bunchiỊrass stcppc, 3:492-493 
classihcation, 3:559-560 
common names, 3:560-562  
coniícrous forest, 3:495 
conscrvation valut' of, 3:572 
descrt grassland, 3:492 
dcscrt shrub, 3:493-494 
csthetìc value, 3:573 
food valuc, 3:572-573 
torage value, 3:572 
íorbs, 3:568-569 
grasses, sec Rangeland grasscs 
grasslikc plants, 3:566-568 
grazing cffccts, 3:538 
groupiníỊS. 3:562, 3:564 
GuirCoast prairic, 3:492 
h i ỉ Ị h - a l t i t u d c  w c t  m e a d o v v s ,  3 : 4 9 5  

lifc span, 3:562
medicinal propcrtics, 3:572-573 
microtiora, 3:591-592 
N orthern niixed iỊrass prairic, 3:492 
nutritivc valuc, comparative, 3:580 
perennials, 3:562 
pinyon—junipcr, 3:494 
poisonous, 3:546, 3:569, 3:573 
retrogrcssion, 3:538 
r i p a r i a n  a r e a s ,  3 : 4 9 5  

season o f  grovvth, 3:562 
shortgrass prairie, 3:492 
a n d  s o i l  c h e m i s t r y ,  3 : 5 9 2 - 5 9 3  

soil environmcnts creatcd bv, 3:593 
soil íactors affecting, 3:590-594 
Southern mixed grass prairie, 3:492 
succulents, 3:572 
tallgrass prairic, 3:491 
units o f vcgctation, 3:559 
wildlite habitats, 3:572 
w oođy plants, 3:569-572 

Rane;elands, sec íìlso Grasslands 
arid, livestock production, 3:545 
changcs in, 2:646 
characteristics, 3:535-536 
climax conim unity, 3:504-505, 3:539 
descrt shrublands, 3:536 
esthetic valuc, 3:499 
torests, 3:536-537 
grasslands, 3:536 
grazini* uses, 3:496-498 
habitats, 3:496-498 
huniid, livestock production, 3:545 
multiplc usc m ana^em ent, 3:499-500 
pnvatc, 3:537 
productivity, 3:537-538

public, 3:537 
rccrcational uscs, 3:499 
savannah woodlands, 3:536 
s o i l s ,  sec R a n t Ị c l a n d  s o i l s  

tunđra, 3:537
U .S., condition trends, 3:513 
uscs, 2:646, 3:535-3:537  
watcr usage, 3:498 

Rangeland shrubs
antelopc bitterbush, Lasscn íỊcrmplasm, 3:583
attitudcs tovvards, 3:582
big saíỊcbrush cultivars, 3:583
as carbon sinks, 3:579
distribution, United States, 3:575-576
ecosystem cnrichm ent bv. 3:578—579
as tood tor animals, 3:577
fora iỊc  k o c h i a ,  I m m i í Ị r a n t  t Ị c r m p l a s m ,  3:583-584 
to u r v v in í '  s a l t b u s h ,  R i n c o n  t Ị e r i n p l a s m ,  3 : 5 8 3  

C io r d o t i  C r c e k  W y o m i n e ;  bia; s a t Ị c b r u s h ,  3 : 5 8 1 - 5 8 2  

habitats tor wildlite, 3:578
Hobblc Crcek Mountain big satỊcbrush, 3:580-581
improvement, 3:579
morphology, 3:577
nutrient content, 3:577
Pinc Vallcy UidtỊC black saựebrush, 3:582
provinccs, Western United States, 3:576
relcases of tcsted germplasm, 3:584
structurc, 3:566
tundra, 3:575
uses, 3:577-579
wimerfat, Hatch germplasm, 3:583 

Rangcland soils
chemical relationships in, 3:592-593
đassiíìcations, 3:593-594
control o f  unwanted plant spccics, 3:595
cryptoiramic crusts, 3:591-592
đatabases, 3:590
đctìned, 3:587
tì re etĩects, 3:591, 3:595
^eneral characteristics, 3:587-588
herbicide etĩects, 3:595
intbrmation available in the United States, 3:588-590
management actions, 3:594-595
tnap unit descriptions, 3:589
microbial activity within, 3:593
moisture reginics, 3:591
morphology, 3:591-592
National Coopcrativc Soil Survey, 3:588
pH, 3:592-593
physical propertics, 3:591-592
prcsent and desircd conđitions, 3:594
salimty, 3:592-593
sodicitv, 3:592-593
soil-đimate relationships, 3:590-591
soil dcscriptions, 3:589
soil interpretations, 3:589-590



soi] inaps, 3:588-5X9 
soil survey publications, 3:588-59(1 
Soil Taxonom y catciỊorics, 3:593 
suitabilitv tor seedini*, 3:595-596 
surỉace characteristics, 3:591-592 
tcinperature rcgimcs, 3:591 
vciỊctation potcntial, 3:591 
veỉỊetation—soil rclationships, 3:590-594 
in vvatcrshcds, 3:601-602 

R a n ^ c la n d  vvatcrsheds, SCI’ i ĩ l s o  W atc rs lie d s  
aiỊgradation proccsses, 3:601 
channcl cu t ti 1 1 3 ' 3:601 
climatic proccsscs in, 3:600—601 
erosion in, 3:601 
iaunal coniponcnt, 3:602-603 
íioodplains, 3:599 
tỊcolotỊĨc proccsscs in, 3:601 
precipitation ctTccts, 3:600-601 
riparian zoncs, 3:599-600, 3:603 
soil charactcristics, 3:601—602 
tcm peratiirc cíTccts, 3:601 
ti me scalcs in, 3:603-604 
topoqraphic ctTccts, 3:601 
uplands, 3:599 
vc^ctation, 3:602
vegetativc and littcr covcrs, 3:604—605 
vvatcr flow in, 3:597-599 

K a n g e la n d  w a te r s h e d s , n ia n a g e m c n t  
concept of, 3:604 
currcnt, 3:603 
drought anticipation, 3:604 
history of, 3:603 
restorarion nicasurcs, 3:605—606 
soil integrity protcction, 3:604—605 
vegetation, 3:605 
watcr quantity and quality, 3:605 

Range trend 
dctìncd, 3:503, 3:506 
cxclosures for, 3:539 
íactors affccting, 3 :506-507  
ratc o f  changc, 3:506-507 
soil survevs tor, 3:596 
U.S. rangeland, 3:513 

Rapeseed oils 
characteristics, 1:329-330 
íatty acid com position, 1:330 

Raphanus satiưus, see Radish
Rapid freezint> techmque, íor electron microscopy, 

3:236-237
Rapid infiltration systcm, tor w astew atcr application, 

4:464
Rapid Rural A dịustm ent Program , Tcnnessce Valley 

Reẹion, 2:133 
Rapid ru rai appraisal m cthods, 2:135 
kaspberrics, see íìlso Berrics 

culture and managcm cnt, 1:275-278

harvestini* and postharvcst ca re, 1:277-278 
m orphology, 1:273 
pcsts, 1:278—27^ 
pruning, 1:276-277 
trellis systcnis, 1:277 
typcs, 1:275 

Rates o f  rcturn on assets 
deíìned' 4:435
U.S. íarm pcríbrm ance assessmcnt, 4:435, 4:437, 4:439 

R a te s  o f  re tu rn  OI1 c q u ir v  
dcfincd, 4:435
U.S. íarni pertorm ance asscssmcnt, 4:435, 4:437, 4:439 

Ratoonini* 
cotton, 3:180 
sugarcane, 4:232-233 

Rats, discases atTectinẹ;, 1:87 
Raunkiacr system, litc-tbrm  classitìcation, 3:269 
Ravv sugar, see aỉso Sugarcane production 

production, 4:235 
Rcaction kinctics, in food Processing 

ordcr o f  rcactions, 2:387
tcm pcraturc ctTects on ratc constant, 2:387-388 

Rcaction vvood, 4:551 
Reccptaclc, plant, defincd, 1:265 
Rcclamation, soil, see Soil rcclamation 
Recombinant bovine í*rowth horm one, social Science 

pcrspcctivc, 3:663 
Recombinant D N A  tcchnology, ethical issucs, 2:115-116 
Recombinant protcins, in niilk, production by transgeiiic 

animals, 2:642 
Rccombination, transgenic pỉants, 3:220 
Kccommcndcd International Code o t' Practicc Ếor the 

Opcration o f  Irradiation Facilities, 2:302 
Reconstruction, tallgrass prairic, 3:272-273 
Record kcepinẹ

for crnbryo transícrs, 2:59 
in poultry brccding, 1:55—56 
in rabbit brccding, 3:488 

Rccreation, desertiíication causcd by, 1:591 
Recrcational uses, rangelands, 3:499 
Rectal palpation, tbr pregnancy diagnosis, 1:180 
Recurrcnt selection brecding 

self-pollinated crops, 1:541—542 
soybeans, 4:189-190 

Red tescue, 2:101
Redistribution, water th rou^h  soil aíter raintall or 

irrigation, 4:161-162 
Redox potcntial

hydroniorphic soils, 4:137 
and pH declinc, 4:137 
soil, ccological signiíicancc, 4:137 

Reductionism 
cthical, 2 : 1 1 2  
scicntiíic, 2 : 1 1 2  

Reíercnce crops, 2:594 
Rcíìnine;, raw sugar, 4:235-236



Rcíractometers, melon ẹradỉng, 3:26 
Rcírigeration, applications, 2:383 
Rcgeneration, storcd sccds, 3:300 
Ucgistration 

IR-4 project, 2:79 
pesticide, 2:79 

Rclativc hum idity 
deíìned, 2:286
equilibrium, in food, 2:285-286 

Relaxin, in aninial rcproduction, 1:141-143, 1:145 
Remote sensing 

agricultural water qua li ty, 4:480 
crop idcntiíications, 4:481 
dcíìned, 4:473
drainage problcms, 4:481-482 
cvapotranspiration, 4:479 
groundw atcr, 4:479-480
integration with geographical iníorm ation systems, 

1:401
in knowleđge-bascd systerns, 1:401 
rainíall estimation, 4:476-477 
runoff prcdiction, 4:483 
snow  incasuremcnts, 4:477 
soil nioisture m onitoring, 4:477-478 
for soil surveys, 4:41-42 
suríace water sources, 4:480-481 

Renal diseasc, rolc o f  dictary fat and cholcsterol, 
2:151-152 

Rcnnct, 2:259
Rcovirus, vaccinations for poultry, 3:448 
Replacivc harvest, o f  w iỉdlift\ 4:539 
Replant disease, in orchards, 3:123 
Replenishment AỉỊricultural W orker program , 2:627 
Rcportcr allelcs, 4:365-366 
Reporter gcnes, 4:356 
Reproduction, animal 

catecholamincs, 1:145 
cytokincs, 1:146
dairy cattle, discascs affccting, 1:554 
dairy cattlc, management, 1:552-553 
eicosanoids, 1:144-145 
cndogcnous opiatcs, 1:145-146 
grovvth íactors, 1:146 
histamine, 1:145 
horm onal actions, 1:146-149 
horm ones govcrning, list of, 1:145 
hypothalam ic-pituitary axis, 1:138-140 
K -sclected wildlife, 4:539 
portal systeni, 1:140 
protcin hormones, 1:141-143 
r-sclected vvildlitc, 4:539 
steroid hormoncs, 1:143-144 
swine, 4:253-256 

Reproduction, animal, malc 
accessory glantis, 1:153-155 
brain-testicular intcractions, 1:155

duct system, 1:153 
cndocrinology, 1:155—156 
pcnis, 1:153
spermatoe;enesis, 1 : 1 5 6 - 1 58 
sperm  cells, 1:151-153 
stcroidogencsis, tcsticular, 1:155 
tcstis, 1:151
testostcrone m ctabolism , 1:155-156 

Reproduction, animal, nonprcí>nant fcmale 
anatom y, 1:161-163 
brain-ovarian  interactions, 1:164 
corpus lutcurn, 1:169-170 
endocrinology, 1:163-167 
estrous cyclc, 1:166 
estrus synchronization, 1:166-167 
tbllicular g row th, 1:167 
hornional rclationships, 1:164-166 
oogcnesis, 1: i 68-169 
ovarian íưnction, 1:161 — 162 
ovarian physioloq;y, 1:167-170 
ovulation physiology, 1:167—168 
spontaneous ovulation, 1:163—166 
tubular organs, 1:162-163 

Rcproduction, insect, 2:566-567 
Reproduction, plant, see also Propagation, plant 

ascxual, see Asexual propagation 
barley, 1:234-235 
deciduous íVuit trees, 1:576-577 
scxual, see Sexual propagation, plant 

Rcproduction, pregnancy, SCO Pregnancv 
Research, see Agricultural research 
Research on National Ncecỉs, 2:581-582 
Residues, agricultural, scc speciịic resicỉitc 
Residues, crop, in dryỉand íarniing rcgions, 1:631-632 
Rcsilin, in insect w ing hingcs, 2:552 
Rcsourcc policies, íederal, im pact OI1 agricultural fmancc, 

2:202
Rcsourcc value rating, rangcland, 3:504 
Respiration 

funẹal, in grain stores, 2:483 
insect, in grain stores, 2:483 

Rcspiration, plant 
cỉeíĩned, 3:198 
grains and oilsceds, 2:478 
physiology, 3:340-341 

Respirativc heating, tood products, 2:388, 2:390 
Respiratory diseases, o f  grain íarm crs, 2:485 
Rcspiratory systcm, insect, 2:560-561 
Rcstoration, plant specics. 3:271-272 
Rcstriction íragm cnt length polym orphism s 

barley maps, 1:246 
ccological uses, 3:271 
for plant gcnc niapping, 3:277 
ricc markers, 3:610 
sugarcane, 4:238 

Rctailers, food, 2:308-309



Retireinent plans. in cooperatives, 1:435-436 
Rctort P ro c e ss in g

batoh opcrations, 4:304 
characterization, 4:304 
continuous rotary  svstcm s, 4:304-305 
ricc. 3:617, 3:628 

Uctrogrcssion, ran^c plants, 3:538 
Rcturns to scale, U .S . tarm s, 9 
Revcrsc osmosis, use in food industry, 2:365 
Reynolds stress, 3:56 
R h izo b h im  inícctions, pcanuts, 3:149-150 
R lìizob ium  inoculation, legum c sccd, 2:409 
RhizoiỊCiiesis, in plant tissuc cultures, 3:378 
Rhizomania discasc, sugarbeet, 4:221 
Rhizomcs 

ascxual propaỉ»ation techniques, 3:351 
cdible crops producint>, 3:639  

Rhizospherc
bacterial num bcrs, various plants, 4:129 
m icrooriỊanism activity, 4:128 

Rhodcs "rass mealvbuíỊ, biological control, 3:159 
R horizon, soil, 4:104
Rhythm icity, shoot í*rowth in w oody plants, 1:603-605 
Ribes spp., scv C urrants; Goosebcrrics 
UiboAavin 

dcíicicncy in animals, 1 : 1 2 1  
deficiency in nonrum inants, 1:97 
as food colorant, 2:232 
íunctions, 1 : 1 2 1
rcquirem cnts for nonrum inants, 1:97 
role in tbod instabiỉity, 2:245-246 

Uibonuclcic acid, plant 
location, 3:199 
mcsscnt^cr, 3:199 
ribosom al, 3:199 
structurc, 3:199 
transícr, 3:199 

Ribosomc, plant 
charactcristics, 3:200 
diagram of, 3:201 

Ribulose biphosphate carboxylase, hcterotic eíĩccts, 2:517 
Rice

babv íoods, 3:631—633 
Basmati, 3:615 
bran, 3:624
breakíast cercals, 3:629-631 
cakcs, 3:633-634 
in canned soups, 3:628 
canning, 3:627—628 
cytoplasm ic pollen sterility, 3:303 
divcrsity, 3:608 
extrusion-puỉTcd' 3:631 
Aoating varicty, 3:608 
torm s consum ed, 3:618 
fortification, 3:631 
frcczing, 3:628-629

tries, 3:634-635 
ÉỊroups, 3:608 
ẹun-putYcd, 3:63()-631 
hybrid, 3:615
importancc as food, 3:607, 3:618 
morphological form s, 3:608 
ori^in, 3:608 
oven-pưtTcd, 3:630 
packaging, 3:628. 3:633 
parboiled, 3:622—625 
pest-resistant, 1:412 
plant typcs, 3:611 
poỉishinq, 3:624 
puddinụ:s, 3:628, 3:635 
quick-cookin^, 3:625-627 
rainíed íovvland variety, 3:608 
in retort pouches, 3:617, 3:628 
shreddcd cereals, 3:631 
snack foods, 3:633-635 
tidal wetland varicty, 3:608 
upỉand varictv, 3:608 
utilization, 3:618—619 
vvorìd tradc in, 3:618 
w orldwidc production, 3:614 

Rice, breedin^
abiotic strcss tolerancc, 3:612
aroniatic varictics, 3:615
challengcs, 3:614—616
đcsirable traits, 3:612-613
cm bryo rcscuc technique, 3:615
u;cnetic enginecring, 3:615
germ plasm , 3:299, 3:312, 3:615-616
ỉỊcrmpỉasm collcction, 3:299, 3:312
I*ermplasni for uníavorablc cnvironm cnts, 3:615—616
grain quality im provem cnts, 3:612
green revolution, 1:404, 1:412, 3:303, 3:610-613
harvcst index im provcm ent, 3:615
hybrids, 3:615
im pact ot, 3:613—614
International Rice Research Institute role, 3:610-611 
multiplc diseasc and ỉnsect resistancc, 3:612 
short duration varietics, 3:611-612 
transgenic studies, 3:615 
yicld potcntial, 3:610-611, 3:614—615 
yielđ stabilitv, 3:615 

Ricc, ỉỊcnctics 
alien addition lines, 3:610 
đisease rcsistance, 3:609 
^cne tag^ing, 3:610 
genom ic varietics, 3:608-609 
insect rcsỉstancc, 3:609 
isozymc loci, 3:609 
linkage ẹroups, 3:609-610 
molecular markers, 3:610 
niorphological traits, 3:609 
physiological traits, 3:609



R i c e ,  g e n e t i c s  (co itlim ted) 
p r i m a r y  t r i s o m i c s ,  3 : 6 1 0  

r e s t r i c t i o n  l c n g t h  p o l y m o r p h i s m  m a r k c r s ,
3 : 6 1 0  

R i c c  f l o u r

a t n y l o g r a p h  p a s t i n g  c u r v c s ,  3 : 6 1 9 ,  3 :6 2 1  

b i r c í r i n g c n c c  e n d - p o i n t  t c m p c r a t u r c ,  3 : 6 1 7 ,  

3 : 6 1 9  

b r e a d s ,  3 : 6 2 1 - 6 2 2  

c a k e s ,  3 : 6 2 2

g l u t e n  s u b s t i t u t e s  u s e d  w i t h ,  3 : 6 2 1 - 6 2 2
p r o p e r t i c s ,  3 : 6 1 9
s t a r c h ,  3 : 6 2 1

t y p e s ,  3 : 6 1 9

w a x y - r i c e ,  3 : 6 2 0

w h e a t - r i c e  c o m p o s i t c s ,  3 : 6 2 0 - 6 2 1  

R i c t '  o i l

n u t r i t i o n a l  q u a l i t i c s ,  3 : 6 1 8  
u s e  o f ,  3 : 6 1 8  

R i c h a r d ’s e q u a t i o n ,  f o r  u n s a t u r a t e d  f l o w ,  4 : 1 5 9  

R i c i n o l e i c  a c i d ,  u s e s  o f ,  1 : 2 9 7 - 2 9 8  

R i c k e t t s i a l  d i s c a s c ,  1 :81  

R i d g e  t i l l a g e

a d v a n t a g e s ,  4 : 3 1 6  

d c f i n e d ,  4 : 3 1 5  

effectiveness, 4:320 
fcaturcs, 4:316 

Riding lessons (horsc), dcm anđ for, 2:529  
Rights, of a n i m a l s ,  see Animal r i g h t s  and wclfarc 
R ight-to-farm  laws, 2:654 
Rincon germ phsm , íburwinm saltbush, 3:583 
Uingrot disease, potato, 3:426 
R i p a r i a n  a r e a s ,  sec íiìso  W c t l a n d s  

current extent, 4:500—501 
deíĩnitions, 4:500-501 
federal land, 4:501-502 
nonfederal lands, 4:502 
rangeland ccosysterns, 3:495 
rangeland watersheds, 3:599-600, 3:603 
wetlands, 4:502-503 

R i p e n e s s  

íruit, 3:409
t o m a t o e s ,  s t a g c s  o f ,  4 : 3 3 8  

R i s k  a s s e s s m e n t ,  f u n g i c i d e s ,  2 : 4 5 2 - 4 5 3  

R i s k  f a c t o r s

e n v i r o n m e n t a l ,  o f  p l a n t  b i o t c c h n o l o g y ,  
3 : 2 1 8 - 2 2 2  

h e r b i c i d c  u s e ,  2 : 5 0 1 - 5 0 2  

p l a n t  i n t c r s p e c i e s  g c n e  t r a n s í e r ,  3 : 2 1 4 - 2 1 5  

R i s k  m a n a g c m e n t ,  i n  f o o d  t o x i c o l o g y ,  2 : 3 9 6 ,  

2 : 3 9 8  "

R N N ,  see R e s e a r c h  o n  N a t i o n a l  N e e d s  

R o a d  d u s t ,  i n a n a t ; c m e i i t ,  3 : 1 8 5 - 1 8 6  

R o a s t i n g ,  c o c o a  b e a n s ,  1 : 3 8 7  

R o b o t i c  S y s t e m s

a p p l i c a t i o n s .  c a t a l o g  o f ,  1 : 3 9 8

milkiiiiỊ cquipment, 1 : 3 9 7 - 4 0 0  

f o r  p l a n t  t i s s u e  c u l t u r i m ; ,  3 : 3 7 9  
r c s c a r c h  a n d  d e v e lo p m c n t ,  1 : 3 9 7  

R o c k c f e l l c r  F o u n d a t i o n ,  r o l c  in  a ^ r i c u l t u r a l  r c s c a r c h ,  
1 : 4 0 4 - 4 0 5 ,  2 : 5 8 3  

R o d e n t i c i d e s

F e d e r a l  I n s e c t i c i d e ,  F u n g i c i d e ,  a n d  R o d c n t i c i d c  A c t ,  
2 : 7 9 ,  3 : 1 7 6  

m o d c  o f  a c t i o n ,  3 : 1 7 3  

u s c  o f ,  3:17 3  

R o d c n t s

c o n t r o l ,  in  s t o r a g e  t a c i l i t i e s ,  2 : 4 7 9  

d a m a í Ị e  t o  s t o r e d  c r o p s ,  2 : 4 7 9  

d a m a g e  t o  s u g a r c a n c ,  4 : 2 3 4  

R o d o lia  ca rd ìn a lis  b i o c o n t r o l  a g e n t ,  3 : 1 5 9  

R o ^ u i n í ị ,  f o r c s t  t r e e  s e e d  o r c h a r d s ,  2 : 4 3 7 - 4 3 8  

R o l e  c o m p l c m e n t a r i t y ,  w o m c n  in  t r a d i t i o n a l  a g r i c u l t u r c ,  
4 : 5 4 3 - 5 4 4  

R o l l - b a c k  p r o v i s i o n s ,  2 : 6 5 2 - 6 5 3  

R o l l e r  m i l l i n g ,  w h e a t ,  4 : 5 2 6  

R o l l i n g  r e s i s t a n c e ,  e x p r c s s i o n  t o r ,  2 : 3 7 6  

R o o t  a n d  t u b e r  c r o p s  

c o n d i m c n t s  f r o m ,  3 : 6 3 9  

c o n s u m e r s ,  3 : 6 3 9 - 6 4 0  

c r o p  m a t u r i t y ,  3 : 6 4 3  

d o m e s t i c a t i o n ,  3 : 6 3 9  

d o r r n a n c y  p c r i o d ,  3 : 6 4 4  

in  h i g h  a l t i t u d e  t r o p i c s ,  3 : 6 4 3  

i n  h u m i d  t r o p i c s ,  3 : 6 4 3  

m a i n  l Ị r o u p s ,  3 : 6 3 7  

m a j o r ,  t a b l e ,  3 : 6 3 8  

m i n o r ,  t a b l c ,  3 : 6 4 0 - 6 4 2  
n u t r i t i o n a l  q u a l i t i c s ,  3 : 6 4 4 - 6 4 5  

o r i g i n s ,  3 : 6 3 9  

p r o d u c c r s ,  3 : 6 3 9  

r c s e a r c h  c c n t e r s ,  3 : 6 4 5  

s t o r a g e ,  3 : 6 4 4

in  t e m p c r a t e  c l i m a t e s ,  3 : 6 4 3  

t r a d c  in ,  3 : 6 3 9 ,  3 : 6 4 3  

u s e s ,  3 : 6 4 5

v c g e t a t i v c  p r o p a g a t i o n ,  3 : 6 4 4  

y i e l d ,  3 : 6 4 3 - 6 4 4  

R o o t i n g  d c p t h

in  h u m i d  r e e ; i o n s ,  2 : 6 1 5 - 2 : 6 1 6  

ìm provem ent b y  tillmẹ;, 4:319 
in  t r o p i c a l  r a i n  f o r e s t s ,  4 : 4 0 9 - 4 : 4 1 0  

R o o t  k n o t  n c m a t o d e ,  3 : 4 2 5  

g r a p e v i n e ,  4 : 4 5 2  

o a t ,  3 :1 1 1

s o y b e a n  r c s i s t a n c e ,  4 : 1 8 8  

suíỊarbect, 4 :2 2 1  

t o b a c c o ,  4 : 3 3 0  

Root l o u s e ,  íỊrapc, 4 : 4 5 2  

R o o t  p r o t c c t a n t s  

c h a r a c t e r i s t i c s ,  3 : 8 9  

c h i t i n a s c - p r o d u c i n ẹ  n i i c r o b c s ,  3 : 9 4



fattv acids, 3:94 
nicchanism of action, 3:89 
Iiaturally occurriiiỉ? substanccs, 3:94 

Roots
distribution, soil w atcr ctYects, 4:166-168 
tuberous, 3:351, 3:639 

Roots. advcntitious 
environm cntal íactors aíĩecting, 3:354 
£row th  regulators for, 3:353-354 
hum idity rcquirem ents, 3:355 
light-tcm peraturc relationships, 3:354 
mist systems, 3:355 
Nvoundinẹ etTccts, 3:354 

Rootstocks 
budding tcchniques, 3:352 
gratting tcchmqucs, 3:352 
M .7, 3:134 
M .9, 3:134 
M .26, 3:134 
M 27, 3:134 
M M .106, 3:133-134 
M M .l l l ,  3:133 
pccan, 2:5 
seedlini;, 3:133 
\valnuts, 2:14 

Root systems, tree 
dcvelopm ent, 3:118 
dynamics, 3 :118
forrn-function rclationships, 3:119 
m orphology variations, 3:1 í 8—119 
plasticity, 3:119-120 

Rootvvorm, com , 3:181 
Ropiness, milk, 2:320 
Roping, wool, 4:586 
Roslin Institute (BBSRC), 1:307, 1:311 
Rossby wavcs, propagation, 3:48 
Rotating biological contractors, for wastcs, 4:462 
Rotation, crop, see C rop rotation 
Rotogravure, packaging applications, 2:335,

2:337
R otprooíing, cotton íabrics, 1:523 
R oundw orm  iníections, 1:81 

grapcvines, 4:452 
Roving 

cotton, 1:516-517 
wool, 4:586—4:587 

Rubber, natural 
history, 1:299-300 
uscs, 1:299-300 

Rubber producing plants 
arid and semiarid zones, 3:73-75 
guayule, see Guayule 

Rubisco, see 117:1,1.17:5—Biphosphate carboxylase 
oxygenase 

Rubits idaeus L., see Brambles 
Rỉibtts occidetỉtiĩlis L., see Bramblcs

Ru men 
characteristics, 1:124 
dcvelopmcnt, 1:125-127 
metabolic dysíunctions, 1:134 
uni^ulate, 3:539—540 

Ruminants, see aỉso Livestock 
acidosis, 1:134 
bloat, 1:125
digestivc systcm , 3:539-540 
dry m atter intakc, 1:125 
cating behavior, 1:125 
em physcm a, 1:134 
cructation, 1:125 
fccd intake, 1:125 
íorages, 2:414 
iníectious discases, 1:77-82 
ketosis, 1:134
microbial ferm cntation, 1:128—129 
mineral nutrient rcquirem ents, 1:132—134 
nitrate toxicosis, 1:134 
noninícctious diseases, 1:76 
nonprotein nitrogcn metabolism , 2:158 
nutrition, see Animal nutrition , rum inant 
pulnionary edema, 1:134 
rumen dcvelopm ent, 1:125-126 
rum ination, 1:125 
urca toxicosis, 1:134 

Runner peanuts, 3:144 
R unoff

collection o f  excess watcr, 4:61 
contour barricrs, 4:60 
contour farm ing, 4 :58-60 
conventional prediction m cthods, 4 :482-483  
diversion channels, 4:60-61 
engineering structurcs, 4:59, 4:61 
m anagcm ent strategics, 4:58-61 
recycling o f  w ater, 4:61 
remote scnsing techniques, 4:483 
ru n o íĩ curve num ber, 4:482 
slope m anagem ent for, 4:60 
strip cropping, 4:60 
from tropical rain íorests, 4:407 
tropical rain íorests, 4:407 
U SDA-SCS curvc num ber, 4:482 
vcgetativc hcdges, 4:60 
water resources, prediction, 4:482-483 
waterways for, 4:60 

R unoff curvc num ber, 4:482 
Rural Advanccm ent Foundation International,

3:314
Rural developm ent, international, see also Rural sociology 

access to resources, 3:653 
agroccosystem approach, 3:649 
goal of, 3:652-653 
Honduran hillside íarm ing, 3:651 
institutional policy constraints on, 3:651



Rural developmcnt, intcrnational (coỉitinneíi) 
mismatches bctween nccds and technolo^ies,

3:648-649
nonẾood biomass production opportunitics, 1:301 
Pcruvian w aru-w arust 3:650 
proccss requirenients, 3:649 
sociocconomic aspects, 3:651-652 
sustainablc agcndas, 3:651-652 
traditional knowledge rescue and applications, 

3:649-651 
Rural land

decrcases in, 2:647-648 
protection, see Farmland protection 
rural to urban conversion, 2:648 
uses, 2:646-647 

Rural sociology, sev aiso Rural devclopmcnt, intcrnationa] 
adoption-ditTusion o f  technology pcrspccrive, 

3:660-661 
and aẹrarian politics, 3:656 
biotechnology studics, 3:663 
branches of, 3:658
Bureau o f  Agricuitural Economics prot*ram, 3:657 
tiassical roots, 3:655-656 
com m odity subsector analysis, 3:663 
comniLinity studics, 3:658 
C ountry Lite M ovement, 3:657 
dcvelopm entalist/m odernizationist tradition, 3:659 
ex  (ìỉỉte agricultural tcchnology asscssmcnt, 3:661 
tamily farm persistcncc, 3:664 
intcrnational cíTorts, 3:658—3:659 
in laiid-grant colleges, 3:657, 3:663 
natural resources and cnvironm cnt analyses, 3:659 
ncw, 3:662
N ew  Deal period, 3:656 
population studies, 3:658 
Populism inAuences, 3:656-657 
recombinant bovine í»rowth horm one studies,

3:663
Rural Socioloẹical Socicty, 3:657 
rural-urban continuuĩn theorv, 3:656 
social íorccs threatening, 3:659-660 
social movements aíTecting, 3:661 
social stratification anạỉyses, 3:659 
and sociology o f  agricultural Science, 3:660,

3:663
sustainable agriculturc research, 3:663-664 
technological chan^e ctTccts, 3:664-665 
trcadmill o f  tcchnologv theorv, 3:662 

Russian wildrye 
characteristics, 3:529 
cultivars, 3:529-530 
grass tctany, 3:530 
ẹrass tctany condition, 3:529 
tctraploid cultivars, 3:530 

Russian vvilđrye cultivars. 3:530 
Rust, oat, 3:1 i 1

Rutabaga
ranẹc o f  production, 3:643 
tablc o f  prim ary iníbrm ation, 3:640 

Ryanodine rcceptor t^cne, in swine, 1:57 
Rye

barley-ryc hybrids, 1:239 
ergot tungus, 3:317-319 

Ryegrass species, 4:414-415, sce also Turígrasses

Saccharinc 
as food swcctener, 2:237 
structure, 2:237 

Sacchamm o(ficiauarum  L., see Suẹarcane 
Saícty, íood, sec Food saíety 
Saícty, food supply, 3:175 
Sagcbrush 

rangcland, 3:570-571 
scgrcgation by soil-climate, 3:590-591 

Saguaro cactus, raniỊeland, 3:572 
Sakacin A, antimicrobial actions, 2:352 
Sales tax, effccts on horse industry, 2:530 
Salination, plant coping mechanisms, 3:262 
Salinity, grounclwatcr, 2:497 
Salinity, soil 

assessinent using satellite data, 4:482 
and corn production, 1:447, 1:451 
dcscrtiíìcation-rclatcd, 1:589 
drainagc Controls, 4:89 
elTects on irriẹation m anagcm ent. 2:608 
rangelands, 3:592-593 
rcdam ation, 4:53-54 

Salinity tolcrancc 
hickories, 2 : 6  
pecan trees, 2 : 6  

Salmonclla poisoning 
annual cascs of, 2:323-324 
sym ptom s, 2:324 

Salsiíy, 3:642
Salt, solublc, see also Sodium 

accumulation in soils, 4:84, 4:89, 4: ỉ 45 
plant toỉerance, 4:145 
soil drainagc cffects, 4:89 
toxicity in watcr supplics, 2:175 

Salt, table
as food Aavorỉng. 2:241 
risks íactors, 2:241 
structurc, 2:241 

Saltbushcs, rangeland, 3:570 
Salvinia, biological control, 3:159 
Sambucus catĩadensis, sec Elderberries 
Sampling 

íor crop inana^em ent, 2:576 
decision-based, in crop m anagem ent, 2:576 
fertilizers. 2:181-2:182 
in intcqratcd pest m anagem ent, 2:576



mauure, 1:189 
to r  n u trien t needS' 2:383 
raiiiíclancỉ covcr, 3:551—552 
rangcland herbaẹe vveiẹht, 3:552-3:553 
for soil tcsts and testing, 2:181 

Sand
com ponent o f  soils, 4:142-143 
in soil. m easurem ent, 4:142 

Sanforizing' cotton tabrics, 1:523 
Sanitarv standards 

to r em bryo transter, 2:58-59 
for fluid food storage, 2:370-371 
for íood storatỊe, 2:370-371 
nieat P ro c e ss in g  industry, 3:21 
in milk processinẹ;, 1:561, 2:370-371 
for postharvcst pcst m anagcm cnt, 2:574 
shcll cggs, 2:370-371 

Sap, asccnt in plants, 3:336-337 
Saponius, in yams, 3:645 
Sarcoptes scabiei, see I t c h  m i CCS
SA R O A D  (Stora^e and Rctrieval o f  A erometric Data) 

databasc (EPA), 1:37 
Satcllites, sưiả also speàỊìc sateílite; Rcmote scnsing 

for earth resources, 4:473 
\vcathcr, 4:473 

Saturatcđ fats
content in toods, 2:276—279 
structurc, 2:276
vcgetablc, bioengineered, 3:216 

Saturatcd fatty acids 
deíined, 2:140 
structurcs, 2:215 

Saturation vapor prcssure, detincd, 3:43 
Sausage, sec íìỊso Mcat P ro c e ss in g ; Mcat Products 

catcgorics oí, 3:22 
natural casings, 1:70-71 

Savannah vvoodlands, characteristics, 3:536 
Sawki cultivar (Russian wildryc),  3:530 
Scabies

goat inícstations, 4:579 
shccp iníestations, 4:579 
swinc inícstations, 2:659 

Scab mitcs 
cattle, 2 : 6 6 6  
sheep, 2 : 6 6 6  

Scanncrs, in superm arkcts, 2:310 
Scanning coníocal laser m icroscopy, techniques in plant 

cytology, 3:226-228 
Scannin^ tunncling m icroscopy, applications in soiỉ 

chcm istry, 4:81 
Scarabeiđ beetỉe larvae, D. tỉmringiensis strain for, 3:162 
Scariíication, soil, silvicultural use, 4:18 
Sclieđuling 

Harvest, for pest m anagcm ent, 3:181-182 
irri^ation, see Irri^ation schcduling 
poultry  proccssing operations, 3:435

Sih izai'hyriunỉ scopariỉtm (littlc bluestcm), 3:560—561
School Lunch Proẹram , 2:312
Scions

budding techniques, 3:352 
í^ratting techniques, 3:352 

Scỉerotinia sclerotiornm, in coles, 1:333 
Scourine; 

cotton íabrics, 1:522 
vvool, 4:585—586, 4:589 

Screcninẹ, in waste treatm cnt, 4:461 
Screw w orm  (Coclĩỉiomyicĩ homitiivorax) 

damagc causcd by, 2:658 
đam aẹe to livestock, 2:664 
distribution, 2:664 
species ot, 2:664 

Scatood, see aỉso Fish 
off-odors, 2:321 
packaging requirem ents, 2:329 
spoilage, 2:321 

Sealine;, suríacc, o f  soil, 2:608 
Seal-packaíỊĨng, citrus fruits, 1:372—373 
Scasonal cycles, bcc colonies, 1:207 
Seasonality 

animal matinq bchaviors, 1:172-173 
draỉnage vvater variations, rem ote satellite cvaỉuation, 

4:482
labor, 2:623, 2:630-631 

Sccrctory cclls, m am m ary gland,
2:637-638

Sedimcntation, waste treatm ent by, 4:461 
Sced, plant 

anatom y, 3:348 
breeders, for wheat, 4:523 
developm ent, 3:348 
dorm ancy, 1:607-611, 3:348-349 
em bryos, culturing, 3:379-380 
handling, 3:349-350 
inoculations, 4:116-117 
oat, 3:107-108 
oil froni, 3:205-206 
peanut, structurc, 3:145 
physiology, 3:349 
planting techniqucs, 3:350 
proteins, am ino acid enrichm ent, 3:210 
reírigerated storagc, 3:296 
sow ing tcchniques, 3:350 
test weight, 2:409 

Secd gcnebanks, 3:308-309 
ecoloẹical perspcctive, 3:272 
sced longcvity in, 3:309 
sced viability, 3:309 

Seeding 
cotton crops, 1:488 
direct, íorest stands, 4:18 
rangeland soils, 3:595-596 
secdbed preparation, 4:316-317



Seeding (eontimted) 
tobacco crops, 4:326 
turtgrasscs, 4:417—418 

Scedlings
nurscry stock for forest stands, 4:18-19 
rootstock, 3:133 

Sced orchards, íorest trees 
brccding groups, 2:438 
deíined, 2:435-436 
desirable characteristics, 2:436 
effects on íorest operations, 2:444 
establishmcnt, 2:437 
genetic base for, 2:436-437 
genetic tcsting, 2:437-438 
index sclcction, 2:438 
manaẹement, 2:437-438 
progeny testing, 2:437-438 
rogưing, 2:437-438 
seed usc effìciency, 2:444 
sublincs, 2:438 
tree gradin^, 2:436 
typcs, 2:437 

Seed production 
colc crops, 1:334-335 
novel cultivars, 1:544 
turígrasses, 2 : 1 0 1 - 1 0 2  

Seed shadow, defined, 3:263 
Seedstock

bccf cattle, 1:256 
plant, virus-trce, 3:394 
potatocs, pathogcn-frec, 3:421 

Seed-tree cutting, silvicultural applications, 4:25-26 
Sclection, see also Na tu rai selection

advanced generation (progeny testing), 2:438 
in beef cattle breeding, 1:58—59 
clonally propagated crops, 1:543 
in co ra breeding, 1:464-466 
D N A  marker-assistcd, in animal brecding, 1:54 
in vitro, plant tissuc cultures, 3:381 
marker aided, íorest trces, 2:443 
mass, for wheat, 4:518—519 
predomesticated plants, 2:119-120 
recurrent, self-pollinated crops, 1:541-542 
recurrent, soybeans, 4:189-190 
sugarcane, 4:229-230 
in wheat breeđing, 4:518-522 

Selection niethod o f  cutting, in silviculture, 4:26 
Selcnium 

íunctions, 1:119
rcquireincnts for nonrum inants, 1:96 
toxicity, 1:119 

Selenium deficiency 
in animals, 1:119 
in humans, 3:68-69 
in nonruniinants, 1:96 

Self-incompatibility, cocoa, 1:383

Sclt-pollination 
bụlk, 1:540
citrus cultivars, 1:363-364 
com , 1:461-465
cultivar developm ent, 1:538-542 
doubled-haploid, 1:541 
na tu re of, 1:539 
pediẹree, 1:539-540 
rccurrent selection, 1:541-542 
single-sccd descent, 1:540-541 
wheat, 4:516 

Scmi-arid zones
International C rops Research Institutc ío r thc Scnii 

Arid Tropics, 1:408, 2:126, 3:299, 4:165 
rubber production, see Guayulc 

Semolina, pasta production, 4:532-533 
Senescence, dcciduous fruit trees, 1:582-583 
Scnsiblc heat flux 

charactcrization, 3:58 
mcasurcm cnt and estimation, 3:59-60 

Sensors
agrícultural applications, 1:400 
bioscnsors, 1:400 
ma chi ne Vision, 1:400-401 
near-infrared spectroscopy, 1:400 
remote, see Remotc sensing 
robotic, SCI' Robotic systenis 

Scqucncc taggcd sites, for plant gcnt' mappinẹ;, 3:277 
Scricin, silk, 4:2, 4:6 
Sericulturc, see Silk, silkworm  
Scsame chaff, nematicidal propcrties, 3:89, 3:94 
Sesquiterpcnes, in plants, 3:207 
Sethoxyđim  

chemical structurc, 2:509 
mcchanism o f  action, 2:509 

Sex chrom osom c, chimcrism, 1:177 
Scxing

o f em bryos, 2:61 
sperm /em bryo , 1:177-178 

Scx pherom ones, insect, 2:78 
Scxual behavior, animal, 1:45-46 
Scxual propagation, plant

vs. asexual propagation, 3:351 
deíincd, 3:347 
phvsiology, 3:341 
root and tuber crops, 3:644 
seed anatoiny, 3:348 
seed deveỉopm ent, 3:348 
seed dorm ancy, 3:348-349 

Shearing, christmas trees, 1:352 
Shcar modulus, w ọod, 4:555 
Shear strength, w ood, 4:557 
Sneath blight, rice resistance to, 3:612-613, 3:615 
Shcep 

breed, deíined, 4:568 
domestication history, 4:563—565



tìbcr composition and a;ro\vth, 4:568-572 
intcctious diseascs, 1:77—82 
m anurc production, 1:188 
nonintcctious discascs, 1:76 
parasites. 4:578
Pseỉidomonas aerttgiỉìosa infcctions, 4:578 
ranchin^, proíìtability, 3:541 
range suitabilitv, 3:540-541 
robotics applications, 1:398 
skin histology, 4:571-573 
skin inícctions, 4:579 
'transgenic, 1:307-308 
on U.S. rangđands, 3:496-498 
w ool, SCI' Wool production 
\vool-producing brceds, 4:567-568, 4:570 
w ool structurc, 4:571 
w orld distribution, 4:565-567 

Shcep bot fiy (Ocstrus oưis), dam aẹe to livestock, 2:659, 
2:664-665 

Shccp breeding 
dual-purpose brceds, 4:572—573 
crnbryo transícr tcchniques, 2:59-60 
gcnetic cvaluation program s, 1:60-61 
pro^ram s, 1:60—61 
traits ot econoniic im portance, 1:60 
V a ria 1 1011 am ong breccỉs, 1:60 

Shcep tcscuc, sec aiso Turígrassẽs 
characteristics, 4:414-415 

Shccp scab niitc (Psoroptcs oưis) 
lia ma 3 c caused by, 2 : 6 6 6  
lifc cycle, 2 : 66 6  

Shcepskin, proccssin^, 4:593 
Shellhsh, n atura lỊy  occurrine; toxins in, 2:400 
Shell fìsh poisoning, 2:400 
Shcltcrvvood cutting, 4:26 
Shiíting cultivation, 1:16-17 
Shikimatc pathvvay, in plants, 3:207 
Shpe;aol, structure, 2:239 
Shoots, multiplication ifi ĩsi tro, 3:357-358 
Shoot-tip  culturc tcchniquc, bananas, 1:229-232 
Short^rass prairic ecosystcms 

charactenstics, 3:492 
vcgctation, 3:492 

Shoti. 3:640 
Show jurnpÌMỊ, 2:528 
Shrubs, ran^clanđ, 5 ÍT Rangcland shrubs 
Side-looking airborne racỉar, for soil/land-use survcys, 

4:41
Si^atoka dỉscases, o f  bananas, 1:226-227 
Silagcs, H'C (ỉIso Animal teeds; Foragcs; Hay; Livcstock 

tceds 
chop length, 2:418 
c o n i p o s i t i o n ,  2 
crops, 2:417 
cncr^y values, 2:160 
cnsilini* proccss. 2:417-418

teedine;, 2:418 
hbcr content, 2:160 
linoleic acid contcnts, 2:160 
mincral contcnt, 2:162 
protcin contcnt, 2:160 
quality, 2:418 
silos, 2:418
vi ta m in con ten t. 2:164 

Silk, silkworm
for biocosmẹtics, 4:8 
dcguinm ing, 4:5 
đcsericinization, 4:5 
íìbers, 4:6
íibroin amino acid com position, 4:3 
íỉbroin production in vitro, 4:2 
íỉbroin structure, 4:4 
hlms, 4:6
^encral charactcristics, 4:1, 4:4 
gcnẹ regulation, 4:7 
gcnes encodinụ;, 4 :6-7  
gcnetic engineering, 4:7 
hybrids, 4:7-8 
life cycle, 4:1-2
mechanical propertics, 4 :4-5 , 4:9 
P ro cessin g , 4:5-6 , 4:9 
sericin com ponent, 4:2 
tcxtilc applications, 4 :7-8  
from vvilcỉ silkworm  varieties, 4:8—9 

Silk, spidcr 
dragline, 4:11 
fibroin composition, 4:11 
Processing, 4:11
protcin polymers and their íunctions, 4:11 
structural propcrties, 4:9, 4:11 
structure, 4:9 

Silkworm  
classiíìcation, 4:1.0 
nutrition and ciict, 4 :2-3  
silk-producing glands, 4:2 
silk protein synthesis, 4:2 

Silos, 2:418
Silsoe Research Institute (BBSRC), 1:308, 1:311 
Silt, com ponent ot soils, 4:142—143 
Silviculturc

age-cỉass structure oí torest stands, 4:14—15, 4:23—24
artiíìcial regeneration, 4:18-19
biodiversitv maintenance, 4:24
burning opcrations, 4:20
clcạnings, 4:19
clcar-cutting, 4:25
còn troi o f  damaging agcncics. 4:23
coppice mcthods, 4:26
coppice-with-standards m ethod, 4:26
crovvn classcs, 4:20-21
detìncd, 4:13
economic/fmancial strate^ies, 4:24—25



Silviculturc (am tinued)
cstablishmcnt ecolotỊV, 4:15-16  
fertilization trcatnients, 4:18 
fire uscs, 4:14, 4:18, 4:20 
gcrmination and establishment, 4:15-16  
germination ecology, 4:15-16  
girdling opcrations, 4:19 
growing spacc, 4:14 
herbicidc use, 4:19 
intcrmediated cuttinEỊS, 4:19 
irregular shelterwood cuttina;, 4:26 
liberation operations, 4:19 
natural processes simulatcd by, 4:13-14 
operational etTicíency, 4:25 
ownership objectivcs, 4:23 
pruning opcrations, 4:21-22 
purposes, 4:13
regeneration methods, 4:25-26  
regcncration sourccs, 4:17 
releasing opcrations, 4:19 
seed-tree cuttinịí, 4:25-26  
selcction mcthod o f cuttiniỊ, 4:26 
shelterwood cutting, 4:26 
sức preparation tor rcgencratioti, 4:17-18 
sustaincd yicld obịcctivcs, 4:23-24  
chinning operations, 4:2(1-21 
vacancy crcation, 4:14 
vegetative rcgcneration, 4:17, 4:26 

Simulation niodels
objcct-oriented knovvledge-based systems, 1:394 
in operations rcscarch, 3:479 

Simulation o f Production and Ucilization model, 3:596 
Sim u liu in  spp., đamage to livestock, 2:664 
Sincocin

comparative pcrtormance, 3:91 
ncmaticidal cffccts, 3:94 

SìngerintỊ, poultry, 3:436 
Single seed descent brecding 

sclf-pollinatcd crops, 1:540-541 
wheat, 4:520

Singlet oxy^cn, tormation durinc; plant strcss, 3:365 
Síte planning, vineyards, 4:448 
Sizina; 

cggs, 2:44 
shell cggs, 2:44 

Skeleton wecd, bioloíỊÌcal control, 3:159 
Skin, íỊoat, Products froni, 2:462 
SkírtintỊ, shccp, 4:576, 4:582
Slaughter by-products, scc By-products, íroni animal 

slaughtcr
Slaughtcr plants, tor horscs, 2:528-529 
Slcnder pyramid plantinsỊ sỹstcm, 3:139 
Slcndcr spindle plantiniỊ svstem, 3:139-140 
SlippaiỊc

calculation, 2:465 
dctìncd, 2:469

Slubbing, wool, 4:586 
Sludgc

activatcd systcm for, 4:462 
sewagc, 2:497-498 
treatmcnt and disposal, 4:463-464 

Small Ruminant CRSP, 2:583 
Small W eđand Acquisition proiỊram, 4:511 
Smith-Hughcs Act of 1917, 2:18 
Smith-Lever Act o f  1914, 1:2-3, 1:415, 1:417, 2:466, 

2:580
Smoking, o f foods, antìmicrobial actions, 2:354 
Smut, oat, 3:111 
Snack foods, rice, 3:633-635 
Snow measurement

conventional methods, 4:477 
rcmote sensine; methods. 4:477 

Snuff, manutacture, 4:335 
Social behavior, animal 

charactcristics, 1:45 
classiíication, 1:44 

Social interactions, cffects on mating beh.ivior, 1:172 
Social sciences, rural, in U.S. universitics, 2:580 
Social Security program, farm workcrs, 2:626 
Sociology of agricultural S c ie n c e ,  3:660, 3:663, sei' also 

Rural sociology 
Sodicity

cíTccts on irrígation management, 2:608 
groundwater, 2:497 
ran^eland soils, 3:592-593 

Sodium, see aho  Salt, solublc 
forni taken up by plants, 4:95 
íunctions, 1:116 
high levels, 1:116 
and irrigation managcment, 2:608 
rcquirements for nonruminants, 1:95 
toxicity, 1:116 

Sodium acid pyrophosphatc, antimicrobial actions,
2:354

Sodiuni bisultìđc, as antibrovvning agent. 2:342-343  
Sodium chlorìde

antimicrobial actions, 2:350 
tolerance in microortỊanisms, 2:350 

Sodium dehciencv 
in animals, 1:116 
discascs, human, 3:65 
in humatis, 3:65 
in nonruminants, 1:95 
in plants, 4:95 

Sodium hyperaliinentation, 3:69-70 
Sodiuni mctabisulfite, as antibrovvniníỊ aa;em, 2:342-343 
Sodium Metham, nematiciđal propcrtics, 3:93 
Sodium nitritc, antimicrobial actions, 2:348 
Sodium sultitc, as antibrovvniiiíỊ agent, 2:342-343 
Sodium tctrapolyphosphatc, antimicrobial actions, 2:354 
Sodium texametaphosphate. antimicrobial actions, 2:354 
Sodium tripolyphosphate, antimicrobial actions, 2:354



SođsccdiniỊ 
to  rai; c crops, 2:41 1—+12 
till.iiỊL' svstcm. 4:57 

Sotc drinks, packiiíỊÍng, 2:332 
Soil

nlbeđo, 3:54
tor citrus crops, 1:360-361
compaction, dcsertihcation causcd by, 1:589-590
cracking, inigation-relateđ, 2:608
crusnniỊ, đesertiíkation causcd by, 1:589-590
dcnitiíĩcation, 3:11)4
dcscrt, 3:104
in dryland íarming rcgions, 1:628-629 
ctĩeits o f  trces, 1:21
H-rtilitv in drylund hirminEí rcíỊions, 1:629-630 
food contaminants 1 1 1 , 2:317 
111 íorcst ccosystcms. 2:428-430 
intìltration, cttccts on irriiỊation systcms, 2:607 
mininsỊ, by tarmcrs, 2:471 
nitrogen incorporation, 3:103-104 
ranccland, ÍCC RmiiỊeland soils 
saliniz;ưion, descrũíìcation-rdated, 1 
snrf.K'c scaling, 2:608
sust.iin.ibility in dryland tanning rciỊÚms, 1:629 
swcllinu;, irrisỊation-relateđ, 2:608 

Soil ađditìcation
tròm atmosplKTÍc pollucants, 4:30-32 
buttcriní' rcactions, 4:137 
cirbon dioxidc-rclatcd, 4:31 
internal proccsses Eausing, 4:136 
from ìc ệ u n ie /R liiĩo h in m  symbiosis, 4:31 
in natural soils, 4:136-137 
by nitriíication of animonium, 4:136 
nitrogcn fernlừer-rdated, 4:31, 4:136 
nitroiỊcn oxidc-rclatcd, 4:31, 4:136 
sultur dioxidc-rclatcd, 4:31-32, 4:136 

Soil adsorption coetĩicient, tor pcsricides, 2:495-496 
Soil acration, tilling improvcments, 4:318 
Soil analysis

chcinical morpholoí>y, 4:105 
critical, 4:99-100 
for orchard nutricnts, 3:123-124 
total, 4:98

Soil and Watcr Conscrvation Socicty, 4:1 17 
Soil chemistry

acid rain ctTccts on pH, 4:34 
acid soils, 4:32-34 
aluminum ion, 4:33 
batch mcthods, 4:79 
branchcs, 4:75
b u f f c r in í Ị  S y s t e m s ,  4:33-34, 4:137 
color, satcllite imaiỊcry, 4:482 
cmphasis, classic vs. niodern, 4:76-77 
onvironmcntal. 4:76-77, 4:80 
tìo\v mcthods. 4:79 
lulvic acid, 4:7H

yas—\vatcr reactions. 4:78 
history, 4:75-77  
humic substances, 4:77-78  
inner-sphcre reactions, 4:78 
inortỊanic minerals, 4:77 
ion-cxchaiiiỊC reactions, 4:78 
kinctic analyscs, 4:79—80 
lispnđ exchaníỊC rcactions, 4:7S 
limitations o f equilibrium studics. 4:79 
mincral-solution rcactions, 4:78 
inodern, 4:78
outcr-sphcrc complcxation rcactions. 4:78
pcrmanent chariỊC, 4:78
reccnt advanccs in, 4:80
rclaxation mcthods, 4:80
sorption reactions, 4:78
s u r t a c c  chariỊOS, 4 : 7 8
surtace microscopic/spectroscopic tcchniqucs, 4:80-81 
suspcnsion cffcct, 4:76 
ri 111 c scales in, 4:79 
varíablc chartỊC, 4:78 

Soil classitlcation
altcrnative tcchnical systcms, 4:107 
dctmcd, 4:101 
pores, 4:162
Soi] Tuxonomy, 4:106-107  
U N E SC O /FA O  World Soil Map, 4:105-106  

Soil conservation, iilso Soil-watcr manai>cmcnt 
aiỊroíbrcstry practices, 1:19 
drainatỊC problcitis, 4:53-54  
drainatỊt- tcchnoloíỊÌes, 4:54-55  
crosion mana^cmcnt techniques, 4:56—57 
irriự;ation techniques, 4:55 
rcclamation o f salt-artccted soils, 4:53-54  
soil»bencfit ratio, 1:592 
soil surtace mana^cmcnt, 4:57 
tillaíỊC systcms, 4:57-59  
traditional knowlcde;c ot, 3:650-651 
valuc ot rangelanđ plants, 3:572 

Soil Conservation Service (USDA), 4:117 
Conscrvation Nccds Invcntory, 4:505 
nmgt' condition classcs uscd by, 3:505 
soil survcy databasc, 3:590 
soil survey publications, 3:588-590  

Soil cracks, flow throu^h, 4:162-163  
Soil cultivation, for turííỊrasses, 4:419 
Soil drainaíỊC, see tìlso Agricultural drainai»e 

artificial, 4:88-90  
buricd drains, 4:90 
Darcy's lavv, 4:85 
đrainable pore spacc, 4:86 
drainable porosity, 4:86
dra in a tĩC -b asin  p a ra m e tc rs . r e m o tc  sensin tỊ, 4:482 
DR AINM O D simuiation, 4:91 
tmal outlcts. 4:89 
íỉcomorpholoỊTy cttccts, 4:87



Soil đrainage (conúmted)
hydraulic conductivity, 4:85-86 
hysteresis behavior, 4:85 
landscape position effects, 4:87 
lateral drains, 4:90-91 
layout pattern, 4:90 
leachintỊ íraction, 4:89 
and nutrient loss, 4:144 
open drains, 4:90 
percolation, 4:144 
purposes, 4:83-84 
rate of, 4:85-86
and salinity control, 4:54-55, 4:89 
simulation modcls, 4:91 
sloping arcas, 4:90 
soil water potential eíĩects, 4:85 
subirrigation/drainage system, 4:91 
subsurface, 4:54, 4:84 
suríace, 4:54, 4:84 
technological options, 4:53 
types o f  drains, 4:90
water content distribution w ith depth, 4:86 
w aterlogging, 4:144 
water m ovem ent, 4:85-86 
and water quality, 4:91-92 

Soil ecosystems, íungicide effects, 2:452 
Soil erosion, see also W ater crosion; W ind crosion 

accelerated, U .S ., 4:56-57 
engineering structures for, 4:59, 4:61 
irrigađon effects in hum id regions, 2:619 
in rangeland vvatcrsheds, 3:601 
reduction w ith íòrage crops, 2:418 
runoff m anagem ent tcchniques, 4:58-60 
slope m anagem ent techniques, 4:60-61 
and soil gencsis, 4:102
soil surface m anagem ent techniques, 4:57-58 
t i l l a g c  C o n t r o l s ,  4 : 3 1 7  

water-related, 1:588-589, 4:57 
w inđ-related, 1:589, 4:57 

Soi] fertility
fertilizer application m ethods, 4:99 
fertilizer sources, 4:99 
history, 4:93 
m icronutrients, 4:94-95 
nitrogen cycle, see N itrogen cycle 
nutrient deíiciencies, 4:94-95 
organic m atter m anagcm ent, 4:97-98 
prim ary plant nutrients, 4:94-95 
rem ote sensing techniques, 4:41 
secondary plant nutricnts, 4:94-95 
so il-p lan t relationships, 4:93-94 
sorption zones for plants, 4:94-95 
soybean requirem ents, 4:196—197 
sutTiciency level o f  available nutrients, 4:94 
testing, see Soil tests and testing 

Soi] torm ation, see Soil genesis

Soil genesis
biocyclintỊ, 4:1 0 2
deíìned, 4:101
deposition processes, 4:102
energy exchange in, 4:102
erosion processes, 4:102
intrasoi] transform ations/translocations,

4:102-103 
lateral gaíns/losses, 4:103 
leaching losses, 4:103 
open systcm concept, 4:101-102 
State factor conccpt, 4:101 
water exchange in, 4:102 
vveathering contribution, 4:103 

Soil irrigađon, see Irrigation 
Soil managcment

agroforestry practices, 1 : 2 0  
biological manipulations, 4:116-117 
chemical amendments, 4:113 
chemical conditions, 4:113-116 
Conservation Tillagc lnforrnation Center, 4:117 
cover crops, 4:114
effects on hydraulic conductivity, 4:162 
fertilizer use, 4:115-116 
iníorm ation sources, 4:117 
manure use, 4:114 
no-tillage systcms, 4:116-117 
nutrient supply conditions, 4:113-116 
organic amcndmcnts, 4:114 
pH modifications, 4:114, 4:117 
physical conditions, 4:111-113 
seed inoculations, 4:116-117 
tillagc cffects, 4:112-113 
T ilth Index, 4:112 
in tobacco production, 4:326, 4:328 
turnover o f soil organic m attcr, 4:124—125 

Soi! Map o f  the World, 4:41 
Soil m icrobiology, see aỉso M icrobiology 

activities o f organisms, 4:122-123 
biocontrols, 4:131 
bioremcdíation, 4:131 
biotechnoloíỊy utilization, 4:132 
denitrification processes, 4:127 
distribution o f  organism s in soils, 4:120-121 
enum eration o f organisms, 4:122-123 
grow th and survival o f  microorganisms, 4:121-122 
kinđs o f organism s in soils, 4:120-121 
microbial biomass determ ination, 4:123 
mineralization/im m obilization processes, 4:125-126 
mycorrhizal assocíations, 4:128-130 
nitriíĩcation processes, 4:126-127 
n itrogen  íĩxation  processes, 4 :127 -128 , 4 :130-131 
nutrient cycling, 4:125-128 
organic matter, see Soil organic m atter 
plant interactions, 4:128-131 
rhizosphere environm ent, 4:128



soi! phascs supporting microbial grovvth, 4:119-120 
\vatcr relations, 4:120 

Soil moisture
convcntional m casurem ent m ethođs, 4:477 
rangelanđ soils, 3:591
romote s e n s in g  tcchniques, 4:41-42, 4:477-478 
shrub ctTucts, 3:578 

Soil m orphology 
chcmical, 4:105 
color-related properties, 4:105 
đetìneđ, 4:101 
horizons, 4:103-104 
particle size distribution, 4:104 
rangcland soils, 3:591-592 
scructural tactors, 4:1 (.14 

Soil organic matter 
cưmposition, 4:124
continuous cultivation cffccts, 4:97-98 
cultivation ctTects, 4:97-98, 4:124-125 
tbrrnation, 4:124, 4:126 
hmctional pool approach, 4:124 
m anagement tcchniques, 4:124-125 
m icrobiology, 4:123-125 
and pesticidc adsorption, 2:496 
tillai»e crtects, 4:124-125 
turnovcr, 4:124-125 
unitying principlc of, 4:123-124 

Soil pollutants 
inorganic, anthropogcnic sources, 4:134 
Ordinance Relating to Pollutants in Soil (Svviss Fedcral 

Officc ot Environm ent, Forests and Landscape), 
4:135-136

organic, anthropogcnic sourccs, 4:133-134 
sourccs, 4:134-135 

Soil pollution
anthropogcnic sourccs, 4:133-134 
hcavy metal m obility increases due to, 4:137 
in industrializeđ countries, 4:135 
preventivc mcasures, 4:138-139 
rcdox potential changcs, 4:137 
root uptake and retention o f  pollutants, 4:138 
and soil pH, 4:136—137 

Soil rcclamation
agroíbrestry practices, 1:19 
salt-affccted soils, 4 :53-54 

Soils
aeration, 4:143-144
biological txansíormations in, 3:101-103 
cation exchange capacity, 4:68, 4:145 
chemical propcrties, 4:144-145 
chcmodenitrification proccsscs, 3:102 
colloiđal íraction, 4:119-120 
for corn production, 1:447 
denitrification processes, 3: K>2 
drainage, see Soil drainage 
elcctrical conductivity, 4:145

garden, ovcrfcrtilization, 4:135 
ẹ;aseous phase. 4:120 
hcated, tor qrcenhouse tomatoes, 4:339 
hydric, 4:497-498
in maple-beech-bassvvood torcsts, 4:294-295
m in e r a l o a ; y ,  4 : 1 4 4

in mixed-niesophytic torests, 4:295
nitriíĩcation proccsses, 3:101-102
nitrogen content, com petition t'or, 3:102-103
nitroỉ»en contcnt, vvaste material-rclated, 4:131
nitrogcn mineralization, 3:101
nonbiological transform ations in, 3:103-104
northern hardw ood-conifer tbrests, 4:290-294
nutrient deíĩciencies, see Soil tests and testing
oak-hickory forests, 4:295-296
oak-pine forests, 4:296
ped units, 4:143
physical properties, 4:142-144
poised, 4:137
porosity, 4:84-85
productivity, agrotorestry practices, 1 : 2 0  
salinity, and com  production, 1:447, 1:451 
salinity, drainagc eítccts, 4:89 
sets (Soil Map o f  the World), 4:41 
solid phase, 4:119 
soluble salts in, 4:145 
Southern evcrgreen íòrests, 4:297 
structure, 4:143 
sultur sourccs, 4:147 
surveys, see Soil surveys 
textural classes, 4:142-143 
tcxture cstimation, 4:142 
types in eastern hardw ood forests, 4:292 
watcrlotỊging, 4:84 
vvater m ovem cnt in, 4:85—86 

Soils, acid
alum inum -related, 4:33 
am elioration techniqucs, 4:36-37 
buffcring, 4:33-34, 4:137 
chemistry of, 4:32-34 
classical scudies, 4:76 
d ay , 4:32
climatic occurrence, 4:29-30
control o f pH-sensitive disease organism s with, 4:35
decrcasing, 4:36 
deíĩned, 4:144
effects on plant grow th, 4:35-36 
geographic location, 4:29-30 
hum us, 4:32 
im provem ent, 4:144 
incrcasing, 4:36
leachmg of cations and anions, 4:35 
limestone treatm ents, 4:37 
liming, 4:36-37 
marl treatmcnts, 4:37 
measurem ent, 4:34-35



Soils, acid (contimied) 
mineral soils, 4:32 
neutralization tcchniques, 4:144 
nitriíication-rclated, 4:127 
organic soils, 4:32 
pH, 4:30, 4:32 
phosphorus availability, 4:35 
soil solutions, 4:34-35 
sources, 4:30-32 
sources o f  acidity, 4:30-32 
strongly acidic, 4:144 
taxonom ic classification, 4:30 
tolerant plant spccics, 4:37 
total, 4:35
toxicity to plants, 4:36

Soils, solutc rctcntion, see also Soil-w ater relationships 
hrst-orđcr kinctics, 4:66-67 
hysteresis bchavior, 4:68, 4:85 
instantancous equilibrium, 4:66 
kinctic ion exchange behavior, 4:68-69 
Langm uir kinetics, 4:67 
nonlinear behavior, 4:67 
sccond-order kinetics, 4:67 
single reaction models, 4:66—68 
soil watcr charactcristic, 4:85 
soil w ater retention curvc, 4:85

Soils, solute transport, see also Soil-vvatcr rclationships 
apparent ditTusion, 4:65 
boundary conditions, 4:66 
cation exchange selectivities, 4:68-69 
convcctivc-dispersive cquation, 4:65-66 
cquacion ot' mass conservation o f  solutes, 4:64-65 
Fick’s law o f  đitTusion, 4:65 
kinctic ion exchange bchavior, 4:68-69 
longitudinal dispersion, 4:65 
molccular ditĩusion, 4:65 
m ultireaction models, 4:70-72 
noncquilibrium behavior modcls, 4:72-73 
prcícrcntial flow, 4:162-163 
transvcrsc dispersion, 4:65 
tw o-rcgion (mobile-immobilc) niodel, 4:72-73 
tvvo-sitc reaction modcl, 4:70

Soil surveys
aerial photographs, 4:40 
cultural soil bodies, 4:39 
íìeld survcys, 4:40
Gcographic Intorm ation Systems, 4:46—ị9
Global Assessment o f Soil DetỊradation, 4:49
lỊrid systcms. 4:40
interpretation maps, 4:40
lanđ đetỊrađation, 4:46
natural soil bodies, 4:39
physiotỊiaphic approach, 4:40
rcmotc sensiní* dcviccs, 4:41—ị2
satcllitc iinaiỊcry, 4:40
and soil analyses, 4:40—ịl

soil-land usc matching, 4:42—14 
Soils a n d  Terrain diiĩital database, 4:49 

Soil taxonom y
í a r n i l y  c a t c g o r y ,  4 : 1 0 7

hierarchical classiíication in, 3:593, 4:106-107 
keys to, 4:106
m o istu re /tem p e ra tu re  reiỊÌmes in, 3:591 
series category, 4:107 
in soi] survey descriptions, 3:589 

Soil tests and tcstine; 
applications, 4:99 
for boron. 4:147 
tor copper, 4:148
critical lcvcls determination, 4:99-100
and crop yield, 4:99
data interpretation, 2:182
extractants, 4:98-99, 4:14f)
heavy metals, 4:149
iron, 4:147-148
laboratory analysis, 2:181-182
manganese, 4:148
m icronutrients, 4:147-148
for niobile nutricnts, 2:182-183
nitratcs. 4:148-149
nitrosỊen, 4:9K, 4:146
for nutrient needs, 2:180-183
objectives, 4:98
optim um  fertilizer ratc determination, 4:99 
pH im portancc in, 4:98 
phosphorus, 4:146, 4:149 
pH role in, 4:98 
potassium, 4:146 
samplc collcction, 2:181 
stages of, 4:99 
statistical mcthods, 4:99 
sulíur, 4:147 
total soil analvsis, 4:98 
toxic organic com pounds. 4:149 
zinc, 4:148 

Soi] water, see iilso Groundvvatcr; Watcr 
charactcristic, dcíìned, 4:85 
content, detìned, 4:152 
đistribution, and drainablc porositv, 4:86-87 
distribution \vith dcpth, 4:86 
eíĩects OI1 đrainaqc, 4:86-86 
estiniation. 2:598 
íĩeld capacity, 2:615 
holdiní* capacity, 2:607 
in sim  conservation, 4:55-56 
and irriíỊation capacitv, 2:596 
m easurem ent vvitli timc domain rertcctomctrv, 

4:167
potemiallv exiractablc. 2;()15-2:6I7 
pressurc potcntial, 2:615 
retcntion curvc. 4:85 
scnsors, 2:598



Soil-vvater manaiỊcmcnt, .((•(' tilso Soil conscrvation; Soil 
water; W;itcr manatỊcnient 

charactcristics o f  soil rcsourccs. 4:51-52 
goals of, 4:51
in silu conservation, 4:55—56 

Soil-w ater relationshíps, sce also Soils, solutc retention; 
Soils. solutc transport 

air pressurc potential, 4:153 
in capillarics, 4:155 
D arcy’s law, 4:157 
Darcy vclocity, 4:157 
deíìned, 4:151 
diffusivity, 4:159 
drainage, sẹc Soi] drainagc 
drought conditions, 4:165-156 
for dynam ic water, 4:157-159 
equation o f  continuity. 4:158 
Aoocl conditions, 4:165-166 
flux density, 4:157 
íbrcc pcr unit area, 4:152 
gravitational potential, 4:153 
hydraulic conductivíty, 4:85-86, 4:157-158 
hydraulic gradicnt, 4:85, 4:157 
hydraulic head, 2:491, 4:154 
hvdrostatic pressure potcntial, 4:153 
hystcrcsis, 4:85, 4:155-156 
iníìltration, 4:144, 4:159-162 
laminar flow, 4:158 
Laplace cquation, 4:158 
m acropore flo\v, 4:162—163 
niatric (capillary) potcntial, 4:85, 4:152-153 
nioisturc characteristics, 4:155 
nonliniiting w atcr range, 4:164 
overburden potential, 4:153-154 
percolatión, 4:144 
piczonu‘tric potcntial, 4:153 
prcferential flow, 4:162-163 
prcssure potential, 4:153 
Richard’s cquation, 4:159 
and root distribucion, 4:166-168 
saturatcd flow, 4:157-158 
in soil genesis, 4:102 
solutc potcntiaỉ, 4:153 
static water, 4:154-156 
suríaec tension cocfficient, 4:154-155 
tensiom eter pressure potcntial, 4:153 
turbulcnt flow, 4:158 
unsaturated flo\v, 4:158-159 
w atcr content, 4:152 
w atcr potential, see Water potential 
Vvater storage. 4:144 
w ettcd porosity, 4:157 

Solaninc, in potatot-s, 3:645 
Solan-type planting system, 3:140 
Solanum  tuberosuìii L., S C I '  Potatoes 
Solar constant, 3:41, 3:53

Solar radiatiun. 3:41-42 
albeđo, 3:53-54
atnĩQsplicric transm issivity, 3:53 
BoiirgUL’r's Law, 3:53 
ditTuse, 3:53 
direct, 3:53
effects 011 grape bcrrv devclopm ent, 4:447-448 
flu \ characteristics, 3:53-54 
rolc in tbrcst ccosystems, 2:426-427 

Solids
ditTusion coetTicicnts, 2:390—391 
gas-solid equilibrium , 2:386 

Solubility 
phenolic. antioxidants, 2:345 
phosphorus in acid soils, 4:35 
phosphorus in soils, 4:146 

Solutc potcntìal, detincd, 3:362, 4:153 
Somatic embryogencsis 

charactcrization, 3:378 
tcchniquc applicatíons, 3:378 

Somatic hybridization, characterization, 3:380 
Sorbatc, antiniicrobial actions, 2:347-348 
Sorbic acid 

antimicrobial actions, 2:347-348 
strncturc, 2:347 

Sorbitol 
adverse cíTccts, 2:401 
as food sweetener, 2:236 

Sorc shin, tobacco, 4:330 
Sorghum  

animals tccds from, 4:178-179 
beverages from , 4:177-4:178 
brow n, 4 :175-176 
in ccrcals, 4:178 
classes, 4:175-176 
cornposition, 4:174-175 
decorticated, 4:176-177 
development, 4:17ơ 
d ro u g h t tolerance, 4 :172 -173  
dry m attcr accumulation, 4:173 
dry milling, 4:177 
fatty acids, 4:175 
flour, 4:176-178 
flowering, 4:171-172 
food uses, 4:176-177 
gcnetic enhancemcnt, 3:285 
gcnetics, 4:170-171 
glutelins, 4:175 
grain color, 4:171 
grain properties, 4:174 
grain structure, 4:174 
grain types, 4:170 
grovvth. 4:170 
height, 4:170 
high-lysine, 4:175 
hybrids, 4:173-174, 4:179



SortỊhum (coutiììucả) 
im provem cnt, 4:179 
inAorcscencc, 4:171-172 
lipids, 4:175 
malting, 4:177-178  
m aturity, 4:170 
milling, 4:176 
molasses, 4:177 
morpholoíTy, 4:171 
nutrìcnt rcquirem ents, 4:172 
nutritional value, 4:178 
physiology, 4:172-173 
prolamines, 4:175 
protein diíỊestibility, 4:178 
in snack foods, 4:178 
species divcrsitv, 4:170 
starch, 4:174-175, 4:177 
swcet, 4:177 
tannin, 4:175-176  
tropical conversion proi^ram, 4:172 
water usc, 4:172 
wctt milliníỊ, 4:177 
world production, 4:169 
yíeld, 4:170-171 

Sorption zoncs, plant, 4:94-95 
Sorptivity tnbc, 4:162
SOTER (World Soils and Terrain) ditỊÌtal databasí.', 4:49 
Sour crcam

culture bactcna t'or, 1:567 
fat contenc, 1:567 

Sons vitic process, 2:325 
South America

desertihcation proccsscs, 1:595 
Honduran hillsidc farmin(Ị, 3:651 
Honduran hog rcaring, 4:544 
Pcruvian traditiona] íarminự systcms, 3:650 
potatocs varietics in, 3:429 

Southern C o a s ta l  plains, shrubs in, 3:576 
Southern evergrccn torests, charactcrization, 4:296-297 
Southern stcm rot (blií*ht), tobacco, 4:330 
Sovict Union, economic rcforms, 3:9 
Stnvinẹ; , plant se cd s ,  3 :3 5 0 ,  SCI' tì lsp  ScediniỊ  
Soybcan cyst ncmatode, rcsistant cultivars, 4:188 
Soybcan rust, 4:187 
Sovbcans 

disease rcsistancc, 4:195 
tuns;al discascs. 4:187 
gennplasm. 4:182, 4:184-185, 4:190 
Maturity Groups, 4:194 
ncmatodc intestations, 4:188 
seed quality, 4:195 
soybcan cyst ncmatodc. 4:188 
viral discascs. 4:187 

Soybc.ms, brccdiiiíỊ 
antixcnosis, 4:188 
backcrossiní', 4:189

bactcrial rcsistancc, 4:187
brccder seed, 4:190
ccrtified secd, 4:190-191
disease rcsistancc, 4:187-188
carlv gencration testini;, 4:189
tbundation sced, 4:191
funíja] resistance, 4:187
íỊermplasm pcrlormance tcsting, 4:190
Hartwig cultivar, 4:188
history, 4:182
inscct resistance, 4:188
Lincoln cultivar, 4:182
logint' rcsistance, 4:186
ncmatode resistancc, 4:188
pediíỊree niethod, 4:188
plant hci^ht, 4:185—186
plant maturity, 4:185
rccurrent selcction, 4:189-190
registered seed, 4:191
sced  oil  c o n tc n t ,  4 :1 8 6
secd protein content, 4:186-187
seed sizc, 4:1H6
secd yield, 4:185
single-seeđ descent method, 4:18S-1H9 
viral resistancc, 4:187 

Sovbcans, tỊcnctics 
additivc effccts, 4:183 
gcncs with qualitatívc dĩects, 4:182-183 
(ìenetic Type Collection, 4:182 
gcnctic variability, 4:184-185 
íỊermplasm collection, 4:184-185 
heritability o f  traits, 4:1S3 
history, 4:182 
Kunitz cultivar, 4:183 
lovv linolenic acid cultivars, 4 :1 83 
pathogcn resistance, 4:182-183 
rcs;istcrcd cultivars and ecrmplasm, 4:185 
rcstriction íragment lcngth polymorphisms, 4:1X2 
trait interrclationships, 4:183-184 
transgenic plants, 4:185 

Soybeans, production
allelopathic cíTccts, 4:195-196 
canopy covcrs, 4:198 
c h c m i c a l  C o n t r o l s ,  4 : l W - 2 ( ) 0  

crop rotations, 4:195-196 
cvst nematodes, 4:199-200 
datc o f scedinỉỊ, 4:197
discasc  d ia g n o s i s .  in a c h in e  l c a m i n g  Systems. 1:394
discascs, 4:199-200
H a r v e s t  p r a c t i c c s ,  4 : 2 0 0

herbiđdcs, 4: ] V8
h is to rv .  4 : 1 9 3 - 1 9 4
inscirt p r o b le m s .  4:199:
m cal.  c o n s u m p t i o n ,  4 :2 0 2
mmcral nutrition. 4:1%
oi 1. c o n s u m p t io n ,  4 :2 0 2



oil, proccssini*, 4:201-202 
pest managemcnt, 4:198-200 
plant dcnsities, 4:198 
plant rovv spacc, 4:197-198 
Processing, 4:201-202 
protein-oiỉ separations, 4:201-202 
scouting tìclds for pests, 4:200 
seedbccỉ prcparation, 4:196 
soil tcrtility. 4:196 
soil pH valucs, 4:196-197 
variety sclcction, 4:194-195 
wecd control, 4:198-199 
world produccrs, 4:194 

Spanish peanuts, 3:144 
spccial Agricultural W orker program , 2:627 
Spccial Prograni for Aírican Agricultural Research, 2:583 
Spccial Supplemcntal Food Program for Women, Iníants, 

and Childrcn (W IC), 2:312 
Spccies 

agroíorcstrv, 1 : 2 0  
dctìncd (plant taxa), 2:124 
for draft povver, 1:616 

Spccics abundancc, in íorcst ccosystems, 2:430-431 
Spccics divcrsity, sorghum , 4:170 
Spccies richness, plant coniniunitics, 3:267 
spccitic gravity, w ood, 2:442-443, 4:553-554, 4:558 
Spcctroscopic tcchniqucs, suríacc, Ếor soil chemical 

kinetics, 4:80-81 
Spcrni, m icroinịection, 2:61 
Spermatogenesis

blood—testis barrier, 1:157 
horm onal rcgulation, 1:157 
spermatocytogencsis, 1:156 
spermiation, 1:158 
spcrmiogenesis, 1:156-157 
tem pcrature cffects, 1:157—158 

Spermatozoa
acrosomal reaction, 1:174—175 
capacitation, 1:174 
fcrtilization, 1:174—175 
íusion with ovuin, 1:175 
m aturation, 1:158 
m orphology, 1:151-153 
spcrmatocytogenesis, 1:156 
sperm /em bryo sexing, 1:177-178 
spermiation, 1:158 
spermiogencsis, 1:156-157 
transport, 1:173 
zona reaction, 1:175 

sperniiation, 1:158 
Spcrmioẹenesis, 1:156-157 
Spherosomcs 

charactcristics, 3:200 
diagram of, 3:201 

Spiccs
antibacterial effects, 2:319

antiíun^al effects, 2:319
antimicrobial actions, 2:346-347
antimicrobial activity, 2:353
rtavor and aroma, com pounds responsible for,

2:240
hy^ienization by irradiation, 2:297, 2:302 

spidcr, silk, tibroin com position, 4:3, 4:11 
spider niitcs, dam aạc to grapes, 4:452 
spindle harvesters, for cotton, 1:496 
Spinnin^, cottọn, see iìlso C otton, varn m anuíacturing 

air-jet, 1:519
corc spun systems, 1:518-519 
ring, 1:517-518 
rotor, 1:518 
tvvistless yarns, 1:519 

Spirop ỉastm  m n-rclated stubborn discasc, 1:366-367 
Sport tu r f  I^rasscs, see Turí^rasscs 
SPO T satcllite System

crop identiíication w ith, 4:481 
draina^c density estim ations, 4:482 
plant rcsponse detection, 4:482 
snow m easurem ents, 4:477 
suríace w atcr source assessments, 4:480—481 
for topographic m apping, 4:482 
wctlands asscssment, 4:480 

spouted  bed dryers, for tood dchydration, 2:291-292 
spray adjuvants, for pcsticides, 3:174 
spray dryers, for íood dehvdration, 2:289-290 
spray drying, o f  liquids, 2:366 
spray fertilizers, for orchards, 3:124 
spray irrigation system s, 2:605 
Sprays

herbicide, 4:491, 4:493-494 
insectỉcide, 2:660 

Spread to thickness ratio, for cookie Aours, 4:531-532 
Sprinkler irrigation, see aỉso Irrigation 

advantages, 4:55 
application effìciency, 4:469 
com crops, 1:451 
disadvantages, 4:55, 4:469 
in hum id  regions, 2:615 
m oving systems, 2:603-605 
set systems, 2:603 
vineyards, 4:451 
of w astew ater, 4:464 

Sprouts, vegctable, inhibition by irradiation,
2:299-300

St. Augustinegrass, 2:101, 4:417, see also Turígrasses 
St. V inccnt arrow root, 3:641 
Stability, atm ospheric, 3:57
Stabiỉization, sludge from  biological treatm cnt proccsses,

4:463
Stable fly (S to m o xys calcitratìs) 

dam agc to livcstock, 2:658, 2:662 
developm ent, 2:662 
í^cographic distríbution, 2:662



Stachyose biơsynthesis 
enzym.es, 3:28-30 
regulation, 3:30-31 

Stachyose synthase, im m unocytochem ical localization, 
3:29-30

STAGES (swine testing and genetic evaluation system), 
4:257 

Stains
countcrstains, 3:228-229 
for elcctron microscopy, 3:236 
ío r líght microscopv, 3:228-229 

Stalk-cut tobacco, 4:325, see aỉso Tobacco 
Stalk-rotting organisms, popcorn, 3:401-402 
Stands, gin, 1:500-501 
Staphylỡcoccus aureus

inícction sym ptom s, 2:322 
mastitis duc to, 1:554
microbial dcath, rcaction rate constants and activation 

cncrgy, 2:389 
transniission durine; food handling, 2:322 

Starch
biochemistry, 2:223-225 
cassava, 3:645
as industrial raw material, 1:296—297 
ricc, 3:621
sorghum , 4:174-175, 4:177 
synthesis in plants, 3:205 
whcat, industrial L1SCS, 4:535 

Statc-and-transition niodel, for rangc condition,
3:509-510 

State íactor, in soil gcncsis, 4:101 
Static pilc com posting mcthod, 4:460 
Statistical mcthods 

iníerence, in econometrics, 3:474 
in production economics, 3:466-468 
in soil tcsting, 4:99 

Steam-chest cxpansion, packaging matcrials, 2:338 
Steel building materials, for animal housing, 4:204, 4:206 
S tefan-Boltzm an law, for black body radiation, 2:536 
Steni, plant

cuttings, adventitious root íorm ation, 3:353-354 
cuttings, grow th regulators, 3:353-354 
cuttinẹs, propagation with, 3:352-355 
cuttings, types, 3:352-353 
íorbs, 3:564 
grasses, 3:564 
grasslike plants, 3:564 
shrub, 3:564 
succulents, 3:564 

Stem borer, ricc resistancc to, 3:612-613, 3:615 
Stem break, tobacco, 4:330 
Stem cankcr, soybcan, 4:187 
s  te 111 cells 

cloning with, 2:61—62
cm bryonic, transgcne introduction with, 4:356 

Steni nematodc, oat, 3:111

Sterile insect rclease m ethod (SIRM), 2:91-92 
Stcrility, commercially stenlc food products, 2:316—317 
Sterilization

applications, 2:383 
ascptic Processing , 4:305-306 
canned íoods, 2:330—331 

Steroid horm oncs
intraccllular receptor model, 1:148-149 
role in reproduction, 1:143 

Stcroidogenesis 
overvicw, 1:144 
testicular, 1:155 

Sterol biosynthesis, íungal, inhibitors, 2:449—450 
Stigmastcrol, structure, 2:220 
Stinging behavior, honey bces, 1:213-214 
Stockins; rates

dcsired rcsidue guideline, 3:553 
vs. graziiiẾỊ system, 3:544-545 
and herbage availability, 3:553 
overstocking effccts, 3:544—545 
percentage utilization guiđeỉine, 3:553 
for rangelands, 3:553—554 
range reconnaissance m cthod, 3:553 

Stomatal conductance, tropical rain íorcst, 4:408-409 
Stomataỉ resistance, tropical rain íorcst, 4:408 
S to m o xys cạicitrans, see Stable fly 
Stọrage, crop, see aíso Food storage 

chemical treatm ents, 3:417 
drying rcquirem cnts, 4:212 
íungicidc use, 3:417 
governm cnt program s, 3:455 
hypobaric, 3:417 
irradiation treatm ents, 3:417 
physical treatm ents, 3:417 
vacuum -cooling, 3:415-416 

Storage bins
em ptying, dynam ic loads, 2:486 
íunncl cm ptying, 2:486 
scatic loads, 2:485-486 
wall pressurc o f  m oist grains, 2:486 

Storagc systems, see aỉso Grain storagc 
anirnal waste, 1:192—195, 4:457—459 
brcw ery prodưcts, 1:323 
cỉtrus íruits, 1:372, 18-20
controlled atm osphcre storage, 2:484, 3:415-416, 

4:212-213 
detcrioration processcs, 2:478-479 
in developing countrics, 2:478 
driers, see D ricrs, grain 
ccosystcm characteristics, 2:478 
expcrt svstems for, 2:486-487 
global differences, 2:477-478 
Health hazards, 2:485 
hum idity control, 1:374, 3:415 
m anagement objectivcs, 2:478, 2:486-487 
m odified-atm ospherc storagc, 3:416-417



potatoes, 3:423 
t c m p c r a t u r c  C o n t r o l s ,  3 : 4 1 5  

tem pcraturc ctYects, 1:374 
vcntilation rcquircm ents, 1:374 

Storm , tropical, 3:50 
Stratiíbrm  clouds, 3:46 
Stratocum ulus clouds, 3:46 
Stratosphere, tcnìpcraturc protìlc, 3:40 
Stratus clouds, 3:46 
Stravvberries, see also Berrics 

charactcristics, 1:266-268 
culturc and m anagem ent, 1:268-270 
day-neutral, 1:268 
diseascs, 1:272 
ẹrovvth habit, 1:266—268 
history, 1:266 
m orphology, 1:267 
pcsts, 1:270—271 
production systems, 1:269-270 
short-day, 1:268 

Strcckcr dcgradation, oí ainino acids, 2:238 
Streptococcus agaỉaetiii, mastitis-causing, 1:554 
Streptococctts (ỉysqaỊdơia, mastitis-causing, 1:554 
Streptococcus lactis, niicrobial dcath, 2:389 
Streptontyces Siiìbics (potato com mon scab), 3:426 
Strcss

etĩccts on nicat quality, 3:20 
cnvironm cntal, eíTects on ruminants, 1:133 
plant, see Plant strcss 

Strcss protcins, plant, 3:345 
Strcss tolerancc, plant, sec (ĩỉso Plant strcss 

and hcterosis, 2:514-515 
rcgulation in Aoriculture industry, 2:207 

Strip cropping, tor dccrcasitig runotY, 4:60 
Strip harvcsting, 3:182-183 
Stripper harvcstcrs, for cotton, 1:496 
Strom a lamcllac, thylakoid, 3:188 
Structurcs, agricultural, see aỉso Animal housing;

Grccnhouscs; Storagc systems 
aluminum matcrials, 4:206 
aninial wastc, 4:457-459 
concrctc matcrials, 4:206 
draìnage rcquirenicnts, 4:205 
history, 4:204
minimal requirem ents, 4:203-204 
necd for, 4:204—205 
plastic materials tor, 4:206 
for n in o tĩ rcduction, 4:59, 4:61 
sitc planning, 4:205 
spacc requirenients, 4:205 
S tee l  m a t c r i a l s ,  4 : 2 0 4 ,  4 : 2 0 6  

w ood materials. 4:205-206 
Stubblc mulch tiỉlaiíc System, 4:57 
Stubborn discasc, ot citrus, 1:366—367 
Subirrigation

in lìumid rcgions. 2:615

subsurface drainagc systcni tor. 4:91 
systems, 2:606 

Subracc (plant taxa), dchned, 2:125 
Subsoil, dcíined, 4:104 
Subspccics (plant taxa), đetincd, 2:124 
Subtropical truits, see alsữ speciỊĩc Ịrtiit 

avocado, 4:383—385 
banana, 4:377-379 
citrus, 4:376-377 
grouping, 4:375-376 
nrovving cnvironm cnts, 4:375 
niango, 4:379-380 
papaya, 4:382-383 
pineapple, 4:380-382 
vct^etative grovvth, 4:376 

Subtropical prcssurc retỊÌons, 3:48 
Succcssion. in forcst ecosystems, 2:431-432 
Sucrochemistry, su^arcane-rcỉated, 4:237-238 
Sucrose 

as íood svvcctencr, 2:235 
íunction, 2:235 
structure, 2:224, 2:235 
synthesis by mclons, 3:32-34 
synthcsis ÌI1 plants, 3:205 

Sudden dcath syndrom e, soybcan, 4:187 
SuỉTocation, in i»rain bưlks, 2:485 
Sugar

apopỉastic movement, 3:30 
biochemistry, 2:219-222 
liquid, as food swcctcncr, 2:235-236 
raw, production, 4:235 
scparation with reversc osmosis, 2:365 
sympỉastic m ovem em , 3:30 

Suu;ar accumulation 
111 bananas, 3:34—35
com partm cntation role in fruit swcctcniniỊ, 3:35 
in íruits, cnvironm cntal tactors, 3:36-37 
in melons, 3:32-34, 3:36 
in stravvberries, 3:35 

Sugar alcohols
biochemistry, 2:219-222 
as tood svvcctcners, 2:236 

Su^arbeet 
adaptation, 4:215—216 
bolting, 4:219 
cỉassiíication, 4 :215 -2 ì 6 
damping-otY diseasc, 4:220 
tìisease control, 4:220—221 
dry rnatter accumulation, 4:217 
fertilizer usc, 4:217-218, 4:220 
grovvth and devclopnicnt, 4:217-220 
industry organization, 4:216-217 
irriqation rcquirenicnts, 4:220 
m onogerm  hybrids, 4:219-220 
nitroiỊcn usc ctìiciency. 4:217 
oriiỊÌn, 4:215—216



SutỊarbeẹt (amtim icd) 
pcst control, 4:220-221 
planting, 4:220 
row spacing, 4:220 
scedling rots, 4:220 
seed produccion, 4:216—217 
trade issues alTecting, 4:221-222 
varieties, 4:219-220 
variety irnprovement, 4:216-217 
water use ctTiciency, 4:217 
world production, 4:215-216 
yield trcnds, 4:221 

SutỊarbeẹt yellow discasc, 4:221 
Sugarcanc 

bactcrial discascs, 4:233 
brceding, 4:229-230 
carbon íìxation, 4:228-229 
distribution, i»lobal, 4:226 
tunnal diseases, 4:233 
genetic improvement, 4:229-230 
gennplasm , 4:230 
morphology, 4:227-228 
mycoplasma discascs, 4:233 
oriíỊÌn, 4:229 
physiology, 4:228-229 
restitution o f  female chromosome, 4:229 
sclcction, 4:229-230 
species characteristics, 4:227 
taxonomy, 4:225-227 
viral diseases, 4:233 

Sugarcane production
biotechnological manipulations, 4:238
burning, preharvest, 4:236-237
by-products, 4:236-237
cogcneration from, 4:237
crop burning, 4:236-237
crop yields, 4:230
diseascs affecting, 4:233
effĩciency o f  sugar yield, 4:230-231
cthanol from, 4:237-238
tcrmentation products, 4:237-238
fcrt0izer usage, 4:232-233
flowering prevention, 4:234
and groundwater protcction, 4:237
harvest practiccs, 4:235
insect control, 4:234
milling, 4:235
nematodes affecting, 4:234
noticrystallinc varictics, 4:235
planting, 4:232
ratooning, 4:232
raw sugar production, 4:235
refining, 4:235-236
regional productivitv, 4:230
ripcmnc;, 4:234—235
rodent damagc, 4:234

soil conservation issues, 4:237 
statistics, global, 4:231 
sucrochcmistry, 4:238 
watcr requirements, 4:232 
weed control, 4:234 

Sugar maple-basswood forest association. 4:294—295 
Sultamethazine, residues in food, 2:400-401 
Sulíìtes

antimicrobial actions, 2:348-349 
asthma induced bv, 2:403 
reacúons to, 2:403 

Sultur
additions to soils, 4:147 
form taken up by plants, 4:95 
oxidation by chem oautotrophs, 4:127 
oxidation by microor^anisms, 4:126-127 
requirem ents for nonruminancs, 1:96 
and soil acidity, 4:36 

Sulfur-ba'scd íungicides 
ạllerẹic rcactions, 2:452 
mcchanism o f  action, 2:446 

Sultur detìciency 
in nonrum inants, 1 :%
111 plants, 4:95 
in soils, testing for, 4:147 

Suliur dioxide 
as antibrowning agcnt, 2:342-343 
antimicrobial actions, 2:348-349 
equilibrium forms in vvatcr, 2:348 
injuries to vcgetation caused by, 1:31 
soil acidiíication caused by, 4:31-32 
tolerance to, 1:33-34 

Sum m cr fallow, in đrylanđ tarm ing, 1:633-634 
Sun đryers, for food dehydration, 2:288 
Supcrcooling, 2:387
Supermarkets, see ữlso Food m arketinẹ systems 

m arketing philosophy, 2:310 
origins, 2:309-310 
types, 2:310
Universal Product Codes, 2:310 

Supcrovulation, induction methods, 2:54, 2:60-61 
Superoxide radicals, hcrbicide-generated, 6 
Supcrphosphatc fcrtilizers, and soil aciditìcation, 

4:136-137 
Superstores, 2:310 
Supply tunctions, cstiniation, 3:466 
Supports, for orchard trecds, 3:138 
Surtace charge, soil, and butĩeriníỊ capacity, 4:33-34 
Surtace crust, rangeland, 3:591-592 
Surtacc irrigatiou 

advantages, 4:469 
application ct'ficicncy, 4:469 
characteristics, 2:602-603 
đisađvantaẹes, 4:469 
o f  wastewaters, 4:464 

Surtace mining, on rangelands, 3:498-499



Surtace tcnsion 
detìned, 4:154—155 
hcight o f  risc in capillary tubcs, 4:155 

Surtacc watcr
assessment usinẹ; rem otc sensinỉỊ tcchniqucs, 4:480-481 
surỉacc tcnsion coctVicicnr, 4:154-155 

Sỉtrgeons G a ic ra l’s Report 01! NiỉtrừUvi and H ealth , T h e , and 
íood markctimr, 2:313 

Surveys* see aỉso Rem ote sensins* 
soil, see Soil surveys 
vcgctational, tồ r rangelands, 3:550 

Suspcnsion cultures, SCI' aỉso Tissuc cultures, plant 
plant tissucs, 3:377-378 

Suspcnsion effcct, in soils, 4:76 
Sustainability, s tr  also AỉỊriculture, suscainablc; 

Agroccosystcm s 
CGIAR íocus, 1:410 
forest ccosystems, 2:433 
forcst production, 4:23-24 
lỊoals, 3:170
incegrated pcst m anagcm cnt svstcms, 2:578 
soil in cỉryland íarm ing rcgions, 1:629 

Swam pbuster provision, 4:498, 4:500, 4:509 
Swam pland Acts, 4:509 
Swam p taro 

dcscription, 3:639 
proteinasc inhibitors in, 3:645 
rangc o f  production, 3:643 
table o f  prim ary iníorm ation, 3:641 

Swarm ing, honcy bees, 1:207 
Swcctbrcads, 1:67 
Svveet com  root, 3:640 
Swcctcners, food, sce Food svveeteners 
Swcet potato 

protcinase inhibitors in, 3:645 
range o f production, 3:643 
structural characteristics, 3:639 
tablc o f  priinary iníorm ation, 3:638 

Svvelling, soil, irrigation-related, 2:608 
Swift cultivar (Russian wildryc), 3:530 
Swine

daily nutricnt requirem cnts, 1:99 
dietary nutrient concentrations, 1 : 1 0 0  
diet examples, 1:105 
digcstive system, anatom y, 1:90-91 
digestivc system, physiology, 1:92-93 
genom e maps, 1:54 
iníectious diseases, 1:77-82 
lice and mitcs affecting, 2:659 
m anurc production, 1:188 
m anure propertics, 1:191 
noninícctious diseascs, 1:76 

Swine breeding 
crossbreeding systems, 1:56-57, 4:257 
genetic im provem cnt programs, 1:56 
genetic im provem ent rate, 4:257

heritable economic traits, 1:56 
hctcrosis, 4:257 
m ali^nant hypertherm ia, 1:57 
molecular bioỉoqicaỉ approachcs, 4:257 
pertorm ancc testing programs, 4:257 
porcinc scrcss syncỉrome, 1:57 
STAGES (swine testinạ; and Qcnctic cvaluation 

systcm), 4:257 
transgenic animals, 4:257 

Swinc production 
aniinal pertbrm ance, 4:265 
aninial well-being, 4:265-266 
bođv size and grow th, 4:253 
breedinạ systcms, 4:256-257 
diet íorm ulation, 2:169-171 
disease controỉ, 4:262 
earlỵ-weaning programs, 4:256 
and ecological balance, 4:266 
cm bryo  transíer techniqucs, 2:60 
cncrgy requirem ents, 4:257-260 
cnvironm entallv controllcd íacilitics for, 4:262—263 
and environm ental stability, 4:266 
gcnetics, 4:256-257 
iníectious discases, 4:261-262 
intcnsivc, 4:266 
lactation, 4:256
lite-cydc íccding systems, 4:260, 4:264 
m anagem ent approaches, 4:264 
metabolic discases, 4:262 
nutricnt requirem ents, 4:257-260, 4:265 
nutritional discascs, 4:262 
parasitcs atYccting, 4:262 
recom binately derivcd horm oncs used in, 9 
regional distribution, 4:249-250 
reprcsentative brecds, 4:258-259 
reproduction, 4:253-256 
robotics applications, 1:398 
systems approach to, 4:262 
transgenic animals, 4:257 
w orld  distribution, 4:250 

Symplastic m ovcm cnt, o f  sugars, 3:30 
Synergism , viral gcnes in transgenic plants, 3:220 
Synthetic fats, 2:217 
Syrup

corn-dcrivcd, 1:480, 1:482—483 
írom  sorghum , 4:177 

Svstematics, in plant ecology, 3:271 
System ic acquired resistance, to íungi, 2:450 
Systemic insecticides, 2:660 
Systems ecology 

deíined, 3:267 
and process ccology, 3:267

T
Tabanids (Tabanidae) 

breeđing habits, 2:663



Tabaniđs (Tabanidae) (contimied) 
đamat;e to livcstock, 2:663 
typcs, 2:663 

Tacnea solittm, elimination by irradiation, 2:301 
Taft-Harley Amcndmcnts (WatỊiicr Act), 2:629 
Tai] bv-prođucts, 1:67 
Tall tcscuc, 4:414-415, sce also Turfgrasses 
Tallgrass prairic 

ecosystcms, 3:491 
rcconstruction, 3:272—273 
vcgctation, 3:491 

Tankagc, by-products dcrivcd tVom, 1:73 
Tannia

raniỊC ot production, 3:643 
structural charactcristics, 3:639 
tablc of primary intbrmation, 3:638 

Tanning, inscct cuticlc, 2:552 
Tannins

antímicrobial activity, 2:354 
in sorghum, 4:175-176 
structure and íunction, 3:207 
in yams, 3:645 

Tansy ragvvort, biological control, 3:159 
Tapcworms

symptoms, 1:81 
tablc of, 1:81 

Tariffs, see also Tradc, international; Tradc policy 
ệountcrvailing dutics, 4:266-267 
cffective protection rate, 4:267 
etTcctivc ratcs, 4:267 
lỊcncral equilibrium, 4:266 
Japanesc bccf imports, 4:270-272 
lartỊC-CGuntrỵ, 4:265 
nominal rates, 4:267 
optimal-rcvenuc, 4:266 
and quotas, 4:272-273 
scienùíic, 4:267 
small-country, 4:264—265
U .s.-Europcan Economic Community, 4:269-270 
U .s.-M cx ico , 4:267-269 

Ta ro
dcscription, 3:639 
rangc o f production, 3:643 
tablc ot primary intormation, 3:638 

Tartaric acid, as tood Havorini',
2:241-242 

Tassclini;, su^arcanc, 4:234 
Taste

disordcrs, niincr.ll detìciency-rclated,
3:67

ot'tbod, 2:233-234 
tea, chcmical basis, 4:286-287 

Taturã trdlis-tvpe orchards, 3:141 
T.iuụgýa, 1:18
ĩ a \ ,  salcs,  ị íttccts OI1 hnr.sc in đ u s t iy ,  2 :5 3 0  
T a x a t io n .  bt c o o p e r a t iv o s .  1 :4 3 6 —0 7

Tax code, Fedcral
dcductibility ot dcbt intcrest payments. 2:652 
scction 170(h), 2:651-652 

Taxol, 1:297
Taxonomic classiíication, see also Classification 

acid soils, 4:30
hierarchical s y s t e m  for soils, 3 : 5 9 3  

potatoes, 3:419-420  
Tax Reform Act o f 1986. etìccts on horsc industry, 

2:524
Taylor Grazint» Act o f 1934, 3:496 
Tca, see ữlso Black tea; Grccn Cca; O o l o n g  tca 

atỊrobotanical characteristics, 4:2K 1-282 
aroma, chemical basis, 4:287 
biochemistrv, 4:285-287  
black-black, 4:285 
catechin compounds in, 4:286 
color, chcmical basis, 4:287 
consumpũon stiitistics, 4:285 
cultivation, 4:282-284 
customs, 4:285 
Aavor compounds, 4:287 
hcalth cíTccts, 4:287-288  
industry devclopmcnt, 4:281-282 
kinds, 4:284—285
manufacturing proccsscs, 4:284-285 
plant nutrition, 4:282-284 
polvplienols in, 4:286 
t a s t c ,  chemical basis, 4:286-287 

Tcar^as, nematicidal propcrtics, 3:92 
Technology Transtcr Automatcd Rctricval System 

(TEKTRAN), 4:427 
TEKTUAN (TechnolosỊy Transter Automatcd Rctricv.ll 

Svstcm), 4:427 
Temperate zonc, agroíòrcstry 

constraints in, 1:22-23 
opportunitics in, 1:22—23 
systcms, 1:15-16 

Tcmpcraturc
atmosphcric structurc, 3:40-41 
critical, íor animal housing, 4:207 
dcw point, 3:43
t o r  i Ị r c c n h o u s e  t o m a t o  p r o d u c t i o n ,  4 : 3 3 9 - 3 4 2  

insect body, 2:564 
lapse ra tổ1, 3:43
nioist adiabatic lapsc ratL-, 3:44 
plant copintỊ mcchanisms, 3:261 
potcntial. detìncd, 3:43 
raiiiỊcs tor toraíĩe crops, 2:410 
rcsponscs ot ranu;elanđ plants, 3:562 
for rooc tormation, 3:354 
storcd ựrains, con troi nicthods, 2:480—ị81 
s to rcd  lỊrains, n io n ito r in i ; ,  2 :4 8 3

1 cmpcraturc tontrol
anim.l l  h ou s in t ; .  4:21)7—20S  

in an im ai  housinư;, 4:21)7-2(1®



tor crop storatỊe, 3:415 
grecnhouses, 2:546, 4:211-212 

Tcm perature cffects
Arrhenius relationship, tor flow, 2:372 
011 Chinesc hickory grovvth, 2:5 
on citrus truit storage, 1:374 
on corn production, 1:447 
on flow bchavior, 2:372—373 
on rtuid flow, 2:372 
OI1 torcst ecosystems, 2:427 
on heavy metal m obility in soils, 4:137 
011 mclon fruit SNVeetcniniỊ, 3:36 
on pecan grovvth, 2:5 
on plant dorm ancy, 1:601-602 
un postharvest plant physĩolo^y, 3:412-414 
on postharvcst vegetablcs, 3:414 
011 reaction ra te constants, 2:387-388 
011 sperm atoẹenesis, 1:157—158 
on vvatershcd functions, 3:601 
on wood propcrtics, 4:559 

Tem peraturc front, in íỊrain dricrs, 2:483 
Tem perature-jum p rclaxation mcthod, in soil chcmistry, 

4:80
Tem pcraturc tolerancc, tea, 4:282-283 
Tem pering

chocolatc, 1:387-388 
parboiled rice, 3:624 

Tem plate sw itching, transgcnic plants, 3:220 
Tenderness, poultry  meat, 3:438 
Tensile strcngth, w ood, 4:557 
Tensiom eter prcssure potential, deíined. 4:153 
Tension, surtacc, 4:154-155 
Tension iníìltrom etcrs, 4:162 
Tentering, wool and m ohair products, 4:590 
Tcrbacil

chemical structurc, 2:505 
tnechanism o f action, 2:505-506 

Terpene, antimicrobial activity, 2:353 
Terpenes

biosynthesis, 3:207-208 
structurc and function, 3:207-208 

Terpenoids
biosynthesis, 3:208 
structure and íunction, 3:207-208 

Terrestrial radiation, 3:41-42
Tertiary butylhydroquinonc, antioxidant properties, 

2:344-345 
Testis 

anatom y, 1:151
pscudoherm aphroditism , 1:177 
steroidogenesis, 1:155 

Tcstostcronc
nietabolism, 1:155— 156 
rolc in animal rcproduction, 1:143-145 

Tctrapyrrolcs, structure, 2:251-252 
Tetrasodium  pyrophosphate, antimicrobial actions, 2:354

Texas catrle fcvcr tick. 2:658-659  
T e x t i l e s

cotton  fabrics, see C o t to n ,  tabric  m anu tac tu r ing  
silk, 4 :7 -8  

Texture, soi], 4:142-143 
Thatch, turtgrass, 4:419-420 
Thaurnatins, sweetness of, 2:237 
Thavvina;

characterization, 2:388 
by microvvave, 2:388 

Thcis m cthod, for groundw ater, 2:492 
Theobroma cacao L., see Cocoa 
Thcrm al death tim c (TDT) curve, 4:308-309 
Therm al cxpansion, w ood, 4:553 
Therm al infrạred rcm ote sensiníỊ 

snow measurcm cnts, 4:477 
soil moisture mcasurcm ents, 4:478 

Therm al P r o c e s s i n g
asceptic P r o c e s s i n g ,  4:305-306 
developm ents in, 4:311 
heat pcnctration tcsts, 4:310 
hcat transíer, 4:310 
pastcurization, 4:304, 4:306-308 
process calculations, 4:310-311 
products, 4:334-335 
retort proccssiniỊ, 4:304-305 
sterilization, 4:304 
sterilization F  valuc, 4:309-310 
therm al death tim e (TD T) curve, 4:308-309 
therm al inactivation kinetics, 4:308-309 
uses, 4:311 

Therm odynam ic propcrties, o f toods 
dielectric hcating, 2:388 
ohm ic heating, 2:388 
respirative heatiniỊ, 2:388, 2:390 
various toods, 2:390 

Therm odynam ics
heat transíer, see Heat transfer 
law o f  energy conservation, 2:356 

T herm oíorm inẹ, rie;id containers, 2:337—338 
T herm oneutrality, in animal housing, 4:207 
Thcrm ophilic bactcria, in milk, 1:561 
Therm oplasty, packaging applications, 2:337 
Therm osphcre, tem perature profile, 3:40 
Therm otherapy, defmed, 1:357 
Thiam in

deíĩciency in nonrum inants, 1:96 
deficiency sym ptom s, in animals, 1 : 1 2 1  
functions, 1 : 1 2 1
requìrem ents for nonrum inants, 1:96 

Thickeners
biochem istry, 2:228-230 
tood, 2:226-227, 2:230 

T hinning, see also Pruning
deciduous íruit trecs, 1:579—580 
grapcvines, 4:450



Thinning, forest stands, sec also Silviculturc 
commercial, 4:21 
crown, 4:21 
trec, 4:21
hi^h-grading, 4:21, 4:26 
low, 4:21 
mechanical, 4:21 
precommcrcial, 4:21 
selection, 4:21 

Thiobttcilliis, sulíur oxidation by, 4:127 
Thiocarbamates

chemical structurc, 2:509 
mechanism of action, 2:508 

Thiopropanal-S-oxide, antimicrobial activity, 2:353 
Thiram, íungitoxicity, 2:447-448 
Thrcatcncd species, 4:540 
3—A Standards, for Auids storage, 2:370-371 
Thresholdini*, satellite-deri vcd tempcraturcs, 4:476 
Thrĩfty Food Plan (USDA), 2:312 
Thrips tabacii, damasịc to colc caused by, 1:334 
Thundcrstorms 

air mass, 3:44 
scvere, 3:44-45 

Thyiakoid membrane 
grana stacks, 3:188 
pigments, 3:189 
stroma lamcllac, 3:188 
structure, 3:188 

Thymol, antimicrobial activity, 2:353 
Tichinella spiralis, swine inícctions, 4:251 
Ticks, see also Arthropods, veterinary 

damagc to livestock, 2:658 
diseascs transmittcd by, 2:89-90 
hard, 2:665 
one-host, 2:665 
soft, 2:665 
species, 2:666 
three-host, 2:665 
tropical bont, 2:666 
two-host, 2:665 

TillatỊe
Conservation Tillage Information Centcr, 4:117
decp, 4:113
eco-fallow, 4:57
etíccts on earthworms, 4:117
ctfccts on pore size, 4:162
cttects on soil organic matter, 4:124-125
erosion control with, 4:317
fcrtilizcr incorporation by, 4:318
torage crops, 2:411
for inscct habitat dcstruction, 4:319
irrigation land prcparation, 4:318-319
muich, 4:57
pcsricide incorporation by, 4:318 
plant rcsiduc incorporation by, 4:317-318 
plant rootini; dcpth improvenient, 4:319

and rcsidue cover, 4:112 
seedbcd preparatíon by, 4:316-317 
sod secding, 4:57 
soil acration improvements, 4:318 
watcr conservation with, 4:317 

Tillagc systcms
conservation, 4:57-59, 4:314-315 
conventional, 4:112, 4:116-117, 4:313-314 
for cotton crops, 1:488-489 
for dryland tarming, 1:632-633 
goals, 4:316
intetỊrated pest management approach, 2:573 
long-term detrimental eíìects, 4:113 
no-tillage, 4:116-117, 4:315 
for pest managcment, 3:185, 4:319 
reduced, 4:57, 4:314-315, 4:491 
ridge, 4:58, 4:315-316 
soil guide for, 4:58 
stubblc mulch, 4:314 
watcr erosion control, 4:317 
wced control with, 4:113, 4:317 

Tilth Index, usc of, 4:112
Time domain reAectometry, soil water measurement 

with, 4:167 
Time serics modcls, econometric, 3:477 
Tin-organic com pounds, anthropogenic sources, 4:134 
Tip burn, in coles, 1:333 
TIROS satellite 

evapotranspiration support data trom, 4:479 
soil moisturc monitoring, 4:478 

Tissue cultures, plant 
applications, 3:383-384 
aseptic mcthods, 3:374-376 
autom ation/robotic systems, 3:379 
biotechnology applications, 3:381 
biotcchnology methods, 3:381 
callus induction, 3:377-378 
cocoa, 1:385-386 
commercia] methods, 3:376-379 
electroporation techniques, 3:380-381 
ernbrvo cultures, 3:379-380 
em bryo rescuc, 3:379-380 
expcrimental evaluation, 3:382-383 
tacílitics íor, 3:374-376 
gelling agents, 3:371, 3:374 
gel strength, 3:374 
gene transíer systems, 3:381 
gcnc transfer technology, 3:381 
^row th reíỊulators, 3:371 
haploid cultures, 3:379 
hexitols in, 3:371 
iiì ưitro sclection, 3:381 
in ui tro to ex r i tro transition, 3:378 
lightini?, 3:372-373 
mass cultivation, 3:379 
mcdia composition, 3:370-372



media for, 3:357
media pH , 3:372
meristcms, 3:377
microỉ*rafting, 3:377
micropropai*ation technique. 3:376-377
ore;ano^cnesis, 3:378
períbrm ance m casurem ents, 3:382-383
pH for, 3:373
production methods, 3:376-379 
protoplasts, 3:380 
research niethods, 3:381-382 
rhizogcncsis, 3:378 
sccondary m ctabolitcs Ế rom , 3:382 
som atic cm bryogenesis, 3:378 
somatic hybridization, 3:380 
suspcnsion cultures, 3:377-378 
tobacco, 4:334 
vcsscl dcsii^n, 3:373-374 
vessel hcadspace chem istry, 3:372 
vcsscl hcadspacc tcm pcrature, 3:372 

Tissue printỉng
m R N A  localization vvith, 3:234 
techniques, 3:233-234 
11SCS, 3:234-235 

Tobacco
chcwing, 4:335
classes and types, 4:324—325
Fractions I & II protcins, 4:335
íuture uses, 4:335
history, 4:324
oriẹin, 4:324
pipc, 4:335
propagation, 4:333-334 
snutT, 4:335 

Tobacco cyst, 4:330 
Tobacco mosaic virus, 3:386-387 
Tobacco production 

đ ipp ing  practice, 4:327 
covcr management, 4:327 
cultivation techniques, 4:329 
cultural pro^ram  to r pest manaẹcm cnt, 3:179-180 
curin^ processcs, 4:332-333 
diseases aííecting, 4:329-331 
tcrtility m anagem ent, 4:326 
fcrtilization, 4:328
grccnhoưse systems for transplants, 4:327—328
harvcsting systems, 4:331-332
insect pests, 3:179-180, 4:331
land preparation, 4:329
m arketing practices, 4:333
mechanization, 4:327
seedỉings, 4:325-326
sitc planning, 4:326
soil aspccts, 4:328
soil management, 4:326
sucker control, 4:329

topping, 4:329 
wccd control, 4:331 

Tobacco stunt, 4:330
Tocophcrols, antioxidant propcrties, 2:344 
Tom atocs 

tìavor, 4:337
nenctic cnginecring tor viral resistancc, 3:395-3%  
genctic enhanccment, 3:286 
nutricnt content, 4:338 
or^anic chcmical content, 4:338 
quality, 4:337-338 
ripeness classiíication, 4:338 
ripcniníỊ delay, genctic tcchniques, 3:289 
robotics applications, 1:398 
w orldw ide production, 4:337 

Toinatoes, grcenhousc 
carbon dioxidc cnrichnient, 4:345-346 
cropping systcms, 4:347-348 
ccononiic mana^em cnt, 4:348-349 
hum idity, 4:346 
light C ontrols, 4:342-345 
nutricnt deíìciency sym ptom s, 4:347 
nutrition, 4:346-347 
tem pcrature control, 4:339-342 
w inter prociuction, 4:347-348 

Tom ato spottcd wilt virus, 3:3%
TontỊue, by-products from, 1:67 
Tonoplast

charactcristics, 3:200 
diagram of, 3:201 

T ooth dccay, dictary carbohyđrate-related, 1:339-340 
T op, w ool, 4:586 
Topdressing, turígrasscs, 4:419 
Topce tambo, 3:640
Topoiíraphic com ponent, rangcland ccosystems,

3:518-519
Topoi^raphic m apping, SPO T ím agery tor, 4:482
Topography, effects on irrigation system sclcction, 2:607
Topping, tobacco, 4:329
Topsoil, dcíined, 4:104
Tourisni, desertiíìcation causcd by, 1:591
Toxicity

com pounds in root crops, 3:644-645 
in concentrates, 2:176 
íoragc-relatcd substances, 2:175-176 
íungicidcs, 2:452-453 
hcrbicides, 4:491-492 
nitrate, 2:175 
salt, 2:175 

Toxic Organic D ust syndrom c, 2:485 
Toxicosis, tick-related, 2:665 
Toxins, plant, biotechnology-related, 3:217 
Toxopỉasm a iỊotidii, elimination by irradiation, 2:301 
Trace minerals

for com  fertilization, 1:451-452 
list of, 3:64



Trace minerals (am tiiiued) 
for poultry féeds, 2:42 
requirem ents tor nonrum inants, 1:96 
requirements for ruminants, 1:132—133 

Trade, International, see dlso C anada-U .s. Trade 
Agreement; General Agrecmcnt on TaritTs and 
Trade (GATT); Markets and marketing; North 
American Free Tradc Agrecment; TaritTs 

and centrally planncd cconomies, 3:9 
decline in external terms of, 3 :3-4  
Eurocurrency markct, 3:2 
Eurodollar markct, 3:2 
globa] liberalization, 3 :7-9  
increased opcness in, 3 :2-3  
libera!ization, 4:441 
petrodollars, 3:2 
post-W orld War II, 3:2 
and protectionist policics, 3:8 
and specialization o f production, 3 :8-9  
and sugarbcct production, 4:221-222 

Trade policy, sec itlso TariíTs
impacts on aẹricultural tìnance, 2:202-203 
Japanese bcef im ports, 4:270-272 
liberalization ctĩccts on agriculture, 4:441 
and sugarbeet production, 4:221-222 

Trade winds, dcíincd, 3:48 
Traditional knovvledge

plant diversity and usc, 3:313 
w orncn’s role, 4:543-544 

Trail riding (equine) 
com petitivc, 2:528 
endurance, 2:528 

Training
animal, 1:46-47 
orchard trecs, 3:137-138 

Transaminascs, rcactions catalyzed by, 3:206 
Transcapsidation, in virus-rcsistant transgcnic plants, 

3:220
trans fatty acids, structure, 2:215 
Trans^eiiesis

agricultural applications, 4:353 
Biotechnology and Biological Sciences Research 

Council (UK) achievements, 1:307-308 
Transgenic animals, see aỉso Biotechnology; Genetic 

e n g i n e e r i n g ;  C ìe n e  transíer t e c h n o l o g y ,  a n i r n a l  

agricultural applications, 4:358-360 
cost o f produciníỊ, 4:360 
dctined, 4:351 
discase rcsistancc, 4:360 
and food satety, 4:360-361 
u;eiic transícr technique, 4:351-353 
herd im provem ents, 4:360 
lactation Products. 2:642-643 
medical Applications, 4:353 
as niođels of hum an discasc, 4:353 
swinc, 4:257

Transgenic plants, sce alio Genctic engincering, plant;
Gene transter technolo^y, plant; Plant biotechnology 

with pcsticidal propcrties, 1 0 - 1 1  
rccombination, 3:220 
rice, 3:164, 3:615 
soybean, 3:164, 4:185 

Transition metals, solubility in acid soils, 4:35 
Translocation, assimilates, 3:337
Transmission electron microscopy, techniques, 3:235-236 
Transmissivity, atmospheric, 3:53 
Transpiration 

defmed, 2:591 
measuremcnt, 2:593 
oat plant, 3:109 
tropical rain íorests, 4:407 

Transplants, torcst trecs, 4:18 
Transportation, poultry, 3:434-435 
Transposable clements, plant 

in A n tin h in u u m , 4:372 
autonom ous mutability, 4:364-365 
eíĩccts on gcne exprcssion, 4:371 
footprints, 4:370 
gcnc tagging with, 4:372-373 
mcthylation eíĩects, 4:370-371 
molccular structure, 4:368-370 
origins, 4:364 
pcrvasiveness, 4:371-372 
in petunia, 4:372 
in protein studies, 4:373 
rcporter alleles, 4:365 
in soybeans, 4:372 
speciíicity, 4:365 
systems of, 4:365 
transposition genctics, 4:367 
transposition mechanism, 4:367-368 
transposition site, 4:368 
tw o-unit mutability, 4:365 
and variegation, 4:363-364 

Trappin^, ot vcterinary arthropods, 2:90-91 
Traps, inscct, mechanical, 2:659 
Tray drycrs, for food dchydration, 2:288-289 
Trees

as biomass source, 1:299 
effects oti soil, 1 : 2 1  

Trehalose, in insect hem olym ph, 2:561 
Trellis forms, for orchards, 3:140-142 
T riacvlglycerols

mclting points, 2:217 
structure, 2:141, 2:216 

Triazine
fungitoxicítv, 2:447-448 
herbicidcs, mode o f action, 3:190 

Tricarboxylic acid cycle, plant, 3:204 
Tridiinella spiralis, climination b v  irradiation, 2:301 
T ric k le  i r r i g a t i o n ,  1 : 3 6 1 ,  ice iilso D r i p  ir r ig .ư io n ;

Frriạ;ation 
charactcristics. 2:605



citrus orchards. 1:.%I 
and !írounđwatcr quality, 2:498 

Tricklinn filter systL'111 , for wastcs, 4:462 
Tricydazole

m cdianism  o f action, 2:450 
uscs, 2:450 

TriAuratin
cheniical structurc, 2:507 
mevhanism of action, 2:507 

Tripc. 1:67
Triphenylin, tiingứoxicitỵ, 2:447 
Trisomics, ricc genes, 3:610
Trìticiiiuii tansíhii, genctic enhanccmcnt o f whe.1 t with, 

3:287-288 
Tropical bont tick, 2:666 
Tropical cycloncs, 3:50 
Tropical depression, characteristics, 3:50 
T r o p i c a l  t r u i t s ,  see I i ls o  s p c c i f i c  frtiit 

avocado, 4:383-385 
banaiKi, 4:377-379 
citrus, 4:376-377 
lỊroupintỊ, 4:375-376 
growiní>; environm ents, 4:375 
mango, 4:379-380 
papaya, 4:382-383 
pincapplc, 4:380-382 
vcíỊCtativc (Ịrovvth, 4:376 

Tropical tỊrasslanđs
anthropogcnic disturbances, 4:389-390 
comparative, 4:388 
đeíìncd, 4:387
dctoliation duriniỊ grow ing scason, 4:390 
deíorcstatìon proccsscs, 4:393-394 
đcsertiíĩcation processes, 4:393 
during drought years, 4:394 
tìrc management OI1 , 4:391-392 
global distribution, 4:388-389 
í»rass taxononiy, 4:391 
t>razing animals, 4:390-391 
t;razing managemcnt, 4:392—393 
managemcnt. 4:391 -393 
nioisture determinarựs, 4:390 
productivity, 4:390-391 
transition zoncs, 4:389 
uscs, 4:391-393 
watering íacilities on, 4:392 
wildlife habitat on, 4:394 

Tropical pasture development 
.idverse ciĩects, 4:402 
climatic taetors, 4:396 
deícrmcnts from grazing, 4:401-402 
đetoliation etTects Ũ11 plant vií^or, 4:401-402 
ccolo^ical constraints, 4:400 
cconomic constraints, 4:400 
cdaphic íactors, 4:396 
cnviromnental risks, 4:402

ío ragc íỊcrm plasni d cve lopm cn t, 4:399—ịuo
nrass cultivars for, 4:396-398
grazing manatỊcmcnt strateiỊÍes, 4:4(10—ịol
hcrbagc usaực, 4:4(10—401
potential productivity, 4:402
purpose, 4:395—396.
regulations on fertilizer/pesúciđe use, 4:402 
scopc of. 4:395-396 
tropical legumes for, 4:398-399 

Tropical rain forests
bulk surtacc conductance calculation, 4:409 
contribution to tropical climatc, 4:405—107 
đeíined, 4:405
dcforestation ctTccts, 4:409-411 
hydrological cyclc, 4:405-406 
m icrom etcorology, 4:408-409 
rainíall interception, 4:406-407 
root depths in, 4:409 
transpiration, 4:407 
water runotT, 4:407 

Tropical storm , charactcristics, 3:50 
T ropopausc 

detìned, 3:41 
tcm perature proíile, 3:41 

Troposphcrc, tcm penuure profile, 3:40 
T rvptophan, structure, 2:251 
Tubcrclcs, ascxual propa^ation with, 3:351 
Tuberization

and dorniancy, 1:605-607 
long đistance inHucnces, 1:605 

Tubers
ascxual propa^ation w ith, 3:351 
đorm ancy, 1:605—607 
parcnchymal sink ctYcct, 1:606 
potato, 3:420, 3:422 

Tuber soft rot, potato. 3:426-427 
Tubulin

herbicide interfcrencc, 4:490 
m ultitubulin hypothesis, 3:246 
in plant microtubules, 3:245—246 

T um or necrosis factor. in m am m ary lỊỈand developm cnt,
2:642

Tundra
raníỊeland in, 3:537 
rangeland shrubs, 3:575 

TuntỊro, ricc rcsistance to, 3 :6)2-613 , 3:615 
Tunnel dryers, for food dehydration, 2:289 
T urbo  dryers, tor food dehydration, 2:288-289 
Turbulent flux

mechanisrn, 3:55-56 
parameterization, 3:56 

Turbulent transfer coefficient, tor m om entum ,
3:56

Turtiírasscs, see also specitic ựrtìss 
adapteđ spccics, 4:414 
artificial, 2:102-103



TurtiỊrasses (coìiliimcii) 
blcnds, 4:417 
common, tablc, 4:414 
cool-scason spccics, 4:414-415 
dcvclopments, 4:420 
tunctions, 4:413 
íỊroominẹ, 4:420 
history, 4:413-414 
industrv charactcrisùcs, 4:413-414 
industry ovcrvicw, 2:101 
industrv trcnđs, 4:420 
irritỊation, 4:419 
m a j o r ,  2:101 
niixturcs, 4:417
monostand communitics, 4:417 
mowing, 4:418 
nativc spccies, 4:414 
Iiaturalizcd species, 4:414 
nutrient requiremcnts, 4:419 
pcst management, 4:420 
polystand comnnmities, 4:417 
sccdintỊ, 4:417-418
sccd production and harvcstiniỊ, 2:101-102
sod production, 2:101-102
soil cultívatìon, 4:419
thatch control, 4:419-420
topdressiniỊ, 4:419
trcnds, 4:420
uscs, 2:96
vegetiitive establishmcnt, 4:418 
vertical movving, 4:420 
vvarin-season specics, 4:415-417 
weed control, 4:420 
and \vcll-beinq;. 4:413 

Turt;or, plant
maintenancc, 3:361-362 
and protein phosphorylation, 3:362-363 
scnsitiíỊ mcchanisms, 3:362-363 

Turkcy (Ịnats, damagc to livcstock, 2:663-664 
Turkcys, S C I '  also Poultry 

breeding, 1:55, 3:444-445 
brceds, 3:443
digcstivc System anatom y, 1:89-90 
digestive systcm physioloiỊy, 1:92 
feeds, 3:447-448 
industry, 3:444 
nutrition, 3:447 

Turmeric, table o f primary informaũon, 3:640 
Turnip m a í ĩ g o t ,  1:334 
Turnips

charactcristics. 1:329 
discascs of, 1:332-333 
iuscct damaíỊC to, 1:333-334 
structural characteristics, 3:639 
tablc ot primary information, 3:640 

T\vistless yarns, 1:512

Tycrs-Andcrson modcl, trade liberalization eữccts on 
aỉỊricultural markets, 4:274 

Tympanal oriỊan, msect, 2:558 
Tvphoons, characteristics, 3:50 
Tvrosme, structure, 2:251

u
Ubiquinone, in plants, 3:207 
Ullucu, 3:642 
Ultraíìltration 

defined, 2:365 
use in food industry, 2:365 

Ultra-high-tempcraturc milk P r o c e s s i n g ,  1:565-566 
Ultrapastcurization 

liquid ctỊíỊS, 2:47 
milk, 1:565-566 

Ultrasound, for prcsỊiiancv diagnosĩs, 1:181 
Unconhncd yield strcss, o f powders, 2:378 
Undcr^rađuate education, sct' AtỊricultural cducation, 

undcrgraduatc 
Unemploymcnt Insurance, for farm workcrs, 2:627 
UNESCO  

Man and Biospherc Program, 3:313 
World Soil Map, 4:105-106 

UniỊulates 
diẹ;estivc system, 3:539-540 
rangc, toragc sclcction, 3:540 

United Nations 
Contercnce on the Environment and Dcvelopment 

(Rio:1992), 1:410, 3:314 
Development Proẹram (U N D P), 2:583, 4:618 
Educational, Scientific, and Cultural Organization, see 

UNESCO
Food and Agriculturc Organization, see Food and 

Agriculture Organization (United Nations) 
Institute for Training and Research, 4:618 

United States—Canadìan Tablcs o f  Feed Composition, 
2 :160-166 

Universal dcnsity bale, for cotton, 1:504 
Universal Product Code, 2:310
Universities, sce aìso Agrícultural education; Collcges 

land-grant, see Land-grant colleges 
non-land-grant schools, 2:580 
o t t e r in í Ị  d e g r c c  p r o g r a m s  in  a g r i c u l t u r a l  Science, 

4:609-616
University laboratories, see iilso  Agricultural education; 

Agricultural rescarch; Laboratories 
USDA-affiliatcd, 4:423-424 

Unsaturatcd fattv acids, deíìncd, 2:140 
UPC, see Universal Product Code 
Upflow anerobic sludíỊe blankct process, for wastcs, 

4:463 
Urban land 

changes in, 2:646 
uses, 2:646 

Urban wildlitc, 4:540



U r c a  t o x i c o s i s ,  r m n i n a n t s ,  1 : 1 3 4  

Ureid synthesis. in plants, 3:208 
UriiK', toođbome chcmicals in, 2:402 
Urimuav Rouiui ot thc General AíỊreement OI1 TaritYs 

and T ra de (GATT). 1:531, 1:533, 2:21)3 
l i n i i t . i t i o n s ,  3 : 8  

obstaclcs, 2:471-472 
politically robust rctorm s in, 2:475 

U.S. Army Corps of Engineers, vvetlands definition uscd 
hy, 4:497 

U.S. D epartm ent ot Agriculturc
aiỊricultural experinient stations, sec Agricultural 

cxpcrinicnt stations 
Aẹricultural Scicncc and Technology Revicvv Board, 

4:425
Anricultural Stabilization and Conservation Service, 

1:529
animal systcms proẹram , 4:425 
C om m odity C rcdit Corporation, 1:529 
Coniputerized Iiiíormation Dclivcry Service (CID) 

database, 4:426 
Cooperative States Research Service, 2:580-581 
countcrchecks and balances, 4:424-425 
crcation of, 4:422 
crop CCI1SUS, 1 :36-37  
crop subsidics, sce C rop subsidics 
Current Research Iníbrm ation System (CKIS) 

databasc, 4:426-427 
dictary rccom m cndations for tats and cholcsterol, 

2:145-146 
Economic Research Service, 2:580 
ctTcctivcncss, 4:427-428 
Export Enhancement Program , 1:531 
Farm Costs and Rcturns Survey, 3:464 
Food, Agriculture, Trađe, and Conservation Act o f 

1990, 1:531-532 
Food and N utrition Service, 2:312 
food com position tablcs, 2:276-279, 2:283 
tood lavvs and regulations, 2:398-399 
íunđing mechanisms, 4:426 
Gcnetic Resources Iníorm ation Netvvork, 3:383 
Institutional Mcat Purchase Speciíìcations for Ediblc 

By-Products, 1:68-70 
intramural rescarch arm activities, 4:424 
Ịoint Council on Food and Agricụltura] Sciences, 4:425 
laboratories, 4:423
markets, trade, and policy program , 4:426 
National Agricultura] Statistical Service, 2:580 
nacural resourccs/environm ent program , 4:426 
new products and processcs proa;ram, 4:426 
non-USD A  tederal laboratories, 4:424 
nutrition. diet, and health proẹram , 4:425-426 
patcnt issues, 4:428 
plant systems program , 4:425 
policy changcs affecting, 4:428 
private laboratories, 4:424

public iníorm ation proựram s, 4:426—427 
research protỊrams, 4:425-426 
Research Rcsults databasc, 4:426 
role in aiỊricultural rescarch, 2:580—581 
Soil Conscrvation Service, 3:588-590, 4:117 
streniỊth ot", 4:422 
TEK TR A N  acccss to, 4:427 
Thrifty Food Plan, 2:312 
university laboratories, 4:423—124 
Uscrs Advisory Board, 4:425 
Vision tor thc futurc, 4:427 
W a t c r  Bank p r o t Ị r a m ,  4:511 

U.S. Environmental Protection Agcncy 
Fcdcral Food, D rug, and Cosm etic Act, 3:176 
Fcdcral Insecticide, Fungicide, and Rodcnticide Act, 

3:176
SAROAD (Storage and Rctricval o f  A eronietric Data) 

data base, 1:37 
tolcrance liinics OI1 pcstÌGÍdcs, 2:399 

U.S. Food and D rug A đm inistration, see Food and D rug 
Adm inistration 

U.S. Forcst Scrvicc, ran^cland condition, 3:512-513 
USAID, research tunđcd by, 2:583-585 
U SD A -SC S curvc nunibcr niethod, for ninotT, 4:482 
U tcrus, anatom y, 1:162-163 
Utilitarianism, in agricultural ethics, 2:109—110

Vaccines
l)N A  inịections, 4:356—357 
for cctoparasites, 2:660 
for poultry, 3:448 

V aưinintn lorynibosum, SCI' B lu eb e rric s  
V acànìum  inacrocarpon Ait., see Cranbcrries 
Vacuum metallừatior), oriented polypropylene fìlm, 

2:336
Vacuum packaging, o f  processed meats, 3:20 
Vagina 

anatomy, 1:162-163 
biopsy, 1:181 

Valcncia peanuts, 3:144 
Vaporization, latcnt encrgy of, 3:44 
Vapor pressure 

deíined, 3:43
liqu id-vapor equilibrium , 2:386 
saturation, 3:43 

Variability, genetic, in cultivar developm ent, 1:536-537 
Varie^ation, see aỉso Transposable elemcnts, plant 

autonom ous control, 4:364 
sources, 4:363—364 
transmission, 4:364—365 
tw o-com ponent contro], 4:364-365 

Varroa ịacọbsoni, 1:213-214 
VeiỊetablc crops

angle o f  repose, 2:376-377 
areas o f origin, 2 : 1 2 0 —1 2 1



VcíỊctable crops (contimied)
blanchinsỊ-related color chaniỊcs, 2:232-233 
dehydratcd, hygicnization by irradiation, 2:302 
irradiatcd, sprout inhibition, 2:299-3(10 
packaíỊÌng requircnients, 2:329 
rolling rcsistancc, 2:376 
spoilaẹc, 2:320
Sỉapliylococais ãitrcitỉ occurrcncc in, 2:322 

Vegctablc oils
bioentỊÌnccrcd, 3:216 
Canola, 1:298
commcrcial uscs, 1:297-299 
corn, 1:479
crucic acid, 1:298, 3:216 
hydroxy fatty acids, 1:297-298 
liquid vvaxes, 1:298 
olcic acid, 1:299 
packagini;, 2:331
short-chain fatty acids, 1:298-299 
soybcan, 4:186, 4:201-202 

VciỊctablcs
postharvcst physioloíỊy, 3:411-412, 3:414 
temperature cíĩccts, poscharvcst, 3:414 

Vcgctatíon
air pollution effccts, 1:30-1:31 
đcgradation, dcsertiíìcation caused by, 1:588 
raniỊcland watershcds, 3:602, 3:605 
riparian, 3:599-600
survcys, for raníỊC manatịcmcnt, 3:550 
typcs, rernote satcllitc scparations, 4:482 
U.S. rangelands, 3:491-495, 3:501 

Vcgctativc propagation, sec also Asexual propaíỊation 
cocoa, 1:384-385 
guayule, 3:79-80 
physiolo^y of, 3:341 
root and tuber crops, 3:644 

Vegetative rcgcneration 
íòrest stands, 4:17, 4:26 
turfgrasscs, 4:418 

Vclocity proíilcs, for fluid flo\v, 2:373-374 
Vcntilation systems, see ứlso Cooling systcms 

aninial housiníỊ, 4:206-210 
citrus ửu it, 1:374 
^reenhouses, 2:538-539, 4:212 

Vernalization 
defined, 3:345 
trcatm ents, 3:345 

Vcrtical axis-type plantiniỊ Systems, 3:139 
Vcrtical integration, U.S. tarms, 4:437-438 
Vcrtical niowin£Ị, turtíỊrasscs, 4:420 
Vtrticillinm  daliliae, potato iníections, 3:426 
Verticillium vvilt, tobacco, 4:330 
Vcry low dcnsity lipoprotcins (VLDLs), 2:143-145 

đcíìned, 2:143 
inctabolism, 2:145 
sourcc in human plasma, 2:144

Vesicular arbuscular mycorrhizac 
beneíìts, 4:130 
microscopic featurcs, 4:130 

Vcterinary drutỊs, see DruíỊS, Vetcrinary 
Vinall cultivar (Russian vvildryc), 3:530 
Vincgar, as food Aavoring, 2:241 
Vincvards, see Viticulture 
Viral diseascs, animal, 1:78-80 

poultry, 3:448 
svvinc, 4:261
transmissiblc to man, 1 : 8 6  

Viral diseases, plant 
bananas, 1:227 
barley, 1:249 
cocoa, 3:395 
control, 3:394-395 
com, 3:395 
crop-rclated, 3:171 
cross protcction, 3:394-395 
diaiỊnosis, 3:392-393 
direct observation dctcction niethods, 

3:392
cradicađon stratctỊÍcs, 3:395 
exclusion stratcgv, 3:395 
(Ịcnetic enginccring rcsearch, 3:395-397 
grapcvincs, 4:452
maịor virus groups, sunim ary, 3:389 
mechanism o f infection, 3:328 
niixed intections, 3:395 
oat, 3:111
pathogenic viruscs, 3:323 
pcanuts, 3:151 
potato, 3:394-3:395, 3:427 
protcction strategies, 3:394-395 
resistancc cnhanccment, 3:394 
soybean resistance, 4:187 
sugarbcet, 4:221 
su^arcane, 4:233 
sym ptonis, 3:323 
therapies, 3:394 
tobacco, 4:329-330 
transmission, 3:394-395 
vvalnuts, 2:16 
vvhcat, 3:388 

Viral resistance 
detìned, 3:394
genetic cnginecring for, 3:396-397 
and im m unity, 3:394 
rccombination, 3:220 
template switching, 3:220 
to tobacco mosaic virus, 3:394 
and tolcrance, 3:394 
transcapsidation, 3:220 
transíer of, 3:220-221 
and viral mutations, 3:394 

Virga, characteristics, 3:47



Virgina peanuts. 3:144 
Viroids 

damage to crops, 3:323 
deíĩned, 3:323 

Viruses, see also Plant viruses 
alphaviruscs, 3:390-391 
coat proteins, 3:388 
DNA-containiní*, 3:388 
fanúlies, 3:384 
foodborne, 2:317-318
genetically engineered, for biological control, 

3:163-3:164 
in grounđxvater, 2:497-498 
groups, 3:389
insccticidal attributes, 3:162 
irradiation effccts, 2:297 
in ineat Products, 3:21 
picrornaviruses, 3:390-391 
RN A -containing, 3:388 
soil, distribution, 4:120-121 
soil, kinds, 4:120-121 

Viscosity, milk, 1:561 
Vision, inscct, 2:556—558 
Vitamin A

dchciency in iinimals, 1 : 1 2 1  
deíìcicncy in nonrum inants, 1:96 
íunctìons, 1 : 1 2 0
requirem ents for nonrum inants, 1:96 
requirem ents for ruminants, 1:126, 1:133 
sourccs, 1 : 1 2 1  

Vitamin B-12 
đeíiciency in animals, 1 : 1 2 2  
íiinctions, 1 : 1 2 2  

Vitamin Bi see Ribottavin 
Vitarnin B, see Niacin 
Vitam in B(,

deficiency in nonruniinants, 1:97 
requirem ents for nonrum inants, 1:97 

Vitam in B p
đcíĩciency in nonruminants. 1:97 
requirem ents for nonrum inants, 1:97 

Vitam in c  
deíicicncy in nonrum inants, 1:97 
requirem ents for nonruminants, 1:97 
role in food instability, 2:246 

Vitamin D
deíiciency in nonruminants, 1:96 
deíiciency sym ptom s, in animals, 1 : 1 2 0  
íunctions, 1 : 1 2 0  
provitam ins, 1 : 1 2 0  
requirem ents for nonrum inants, 1:96 
rcquirem ents for ruminants, 1:126, 1:133 

V itam in deíiciency, see also speáfic vitaminx N utrient 
rcquirements; N utritional dcficiency 

in anìmals, 1:76, 1:120-1:122 
in nonrum inants, 1:96-97

Vitamin E
detìciency in atiimals, 1 : 1 2 0 - 1 2 1  
deíìcicncy in nonrum inants, 1:96 
functions, 1 : 1 2 0
requirem cnts for nonrum inants, 1:96 
requirem cnts tbr rum inants, 1:126, 1:133 

Vi tam in K
deíiciency in animals, 1 : 1 2 1  
detìciencv in nonrum inants, 1:96 
íunctions, 1 : 1 2 1
requirem ents tor nonruminants, 1:96 

Vitamins, see also speáfic ưilamin
in carbohydratc-containintỊ foods, 1:342 
content o f  foods, 2:278 
in feeds, 2:159, 2:164-165 
f'ortification o f  rice cereals, 3:631 
loss, reaccion rate constants and activacion energies, 

2:389-390 
nonrum inant rcquirem ents, 1:96-97 
for plant tissuc culture, 3:371 
for poultry feeds, 2:42 
requirem ents for rum inants, 1:133 
requirem ents o f  draft animals, 1:619 
role in food instability, 2:245-246 
supplcments in feeds, 1:104 
in tea, 4:285 
toxicity, in svvine, 4:262 
in vegetablc coles, 1:331 

Viticulture, see also Grapes
đ im ate conditions affecting, 4:447 
control o f  vegctativc grow th, 4:447 
dividcd-canopy systems, 4:449 
graíted cuttings, 4:448 
growch cycles, 4:446-448 
habitat diversiíìcation, 3:183-184 
high dcnsity plantings, 4:449 
history, 4:443—444 
integratcd pcst m anagem ent, 4:452 
irrigation needs, 4:451 
organic, 4:452
pcst m anagem ent, 4:451-452 
pruning, 4:449-450 
rootstocks, 4:444, 4:448 
soil conditions affecting, 4:447 
solar radiation cffccts on berry developm ent, 

4:447-448 
rraining systems, 4:449—450 
vineyard establishment, 4:448—449 
vineyard site selection, 4:448 

VLDLs, see Very low density l ipoprotcins (VLDLs) 
Vocational Education Act ot' 1963, 2:19 
Volatilization, n itro^en by plants, 4:96 
Volum etric diffusion rcsistance, calculation, 3:13-14 
Volumetric flow rate, determ ination, 2:373-374 
V om itoxin, in concentrates, 2:176 
Von Karman constant, 3:56



Vorticity
anticycionic, 3:49 
cyclonic, 3:49 
mctcoroloc;ical unit, 3:48 

Vyđate. ncmaticidal propcrtics, 3:93

w
W a iỊ L ' s ,  f a r m  v v o r k c r s  

annual earniiiíỊs, 2:631 
dcmographic changcs, 2:631-632 
Minimum WaiỊC' Law, 2:626-627 
trcnds, 2:631 

Wa£ner Act o f  1935, 2:629 
Walni.1t blight, 2:15 
Walnut bunch discasc, 2:16 
Walnuts 

bactcrial discascs, 2:15 
bca: im; habit, 2:10 
botanical ora;anizatioii. 2:9 
cultivation dynaniics, 2:H) 
discascs, 2 :1 5 -1 6  
Aavor, 2:11 
Aovvcring, 2:9-10  
as tbod crop, 2:11-12 
tungal discascs, 2:15-16 
fỊc‘Oi*raphical distribution, 2:12-13 
insccts atĩccting, 2:14 
kcrncl quality, 2:11 
k e r n e l  w e i t ; h t  a n d  p er cd ita íỊ C ,  2 : 1 0  
m i t c s  a r t c c t i n i Ị ,  2 : 1 4

mycoplasmaliki-organisms atTecúng, 2:16 
natural habitat, 2:13-14 
Iiut sizc and wciglu, 2:10 
oil t r o m ,  2:11 
rootstock matcrials, 2:14 
scion cultivar, 2:14 
scion cultivars, 2:14 
shcll streniỊth and scal. 2 : 10-11 
specics, 2:9-10  
trcc form and tỊrovvth, 2:9 
types. 2:9 
viral diseascs, 2:16 
\vorld production, 2:11-12 

Warehouse storcs, 2:310 
Wasabi, 3:641
Waste, animal, sec also Manurc 

bioíỊas prođuction, 1:199, 4:461 
chemical properties, 1:190 
coniposition, 1:189-190 
encrgy gencration trom, 1:199 
environm ental concerns. 1:190-192 
physical propcrtics, 1:190 
pollution potcntial, 1:1S9 
pyrolysis, 1:199 
rc-tecding operations, 1:199 
typcs, 1:186

Wastc, plant. cotton gin, 1:504—505
Wastc management, animal, S C I '  ữls0  Manure 

alternativc products trom, 1:198-199 
collection, 1:192—195. 4:457 
detìncd, 1:186, 4:455
disposal vs. bencficial usc dilcmma, 1:186-188 
Fcderal Water Pollution Control Act (1987), 1:192 
inscct control, 2:659 
land application proiỊrams, 1:195-198 
National Pollutant DischariỊC Elimination System, 

1:192 
rabbit caíỊcs, 3:486 
rc^ulatíons, 1:190-192 
storagc, 1:192-195, 4:457-459  
transícr, 4:460
trcatmcnt, 1:192-195, 4:459-460 
utilization, 1:195-199, 4:460-461

Wastc managcment, t'ood proccssintỊ 
activated sludiỊL’ Systems, 4:462 
aerated híỊoons tor, 4:462-463 
anerobic íìlter proccss, 4:463 
ancrobic laiỊOons tor, 4:463 
biotìlter activated sluđge proccss, 4:462 
biolotỊÍcal P ro cessin g , 4:461—+63 
chlorination, 4:463 
detĩncd, 4:455 
disintcction, 4:463
disso]vt'd-air Hotiition process, 4:461
Aocculation processes, 4:461
fluidizcd bcd rcactors, 4:462
land application, 4:464
prctreatments, 4:461
rotatint  ̂ biolotỊÍcal contractors, 4:462
screeninẹ, 4:461
sedimentation proccss, 4:461
sludíỊC treatment, 4:463-464
surtace contact processes, 4:462
trickliníỊ filtcr svstem, 4:462
upflow anaerobic sludiỊc blanket proccss, 4:463

Wastc\vater, troin food processine;, charactcristics, 
4:457-459

Water, see tĩlso Groundwater; Irri^ation vvatcr; Soil watcr 
activity o f tood, 2:382-385 
additive to processcd meats, 3:23 
availablc, defmcd. 4:164 
binding by nmscle meats, 3:20 
binding in foods, 2:285-286 
tor brcwiníỊ, 1:315—316 
capcurc by vvatershcds, 3:597-598 
conductivity changcs durins; freczing, 2:393 
contcnt ot toods, 2:275-276 
dcpth in lakcs, remotc scnsini', 4:481 
dielcctric constant chanơcs during trcczintỊ, 2:393 
đittusion coethcicnt, 2:391 
cxccss, plant copinạ; mcchanisms, 3:261 
in torest ccosystcnis, 2:427



lỊỈob.il snpply. 4:4í)f) 
hydrologic cyclc. 3:598 
loss posth.ivcst. in citrus, 1:370-371 
nonruniinant rcquircm cnts, 1:97 
nutnent valuc tor nonrum inants, 1:97 
radiolytic products, 2:296-297 
rclcasc trom vv.itcrshcds, 3:598-599 
requirem cnts o f  dratt animals, 1:619 
spcciíic heat docrcasc durini; freczinn, 2:392 
stagnant, durintỊ soi] solutc transport. 4:72 
storaiỊe by vvatersheds, 3:598 
stonigc in soil, 4 :144 
volumc in lakcs, remotc scnsintỊ. 4:481 

Watcr application eíĩiciency 
dctìncd, 2:595 
drip irriiỊ.ưion, 4:469 
irrigation systems, 2:609 
sprinklcr irriíỊation, 4:46(J 
surtace irriiỊation, 4:469 

W;itcr budget
availablc watcr, 4:l(yị 
dctineđ, 4:H>3 
ticld capacity, 4:164 
orcharđs, 3:115—116, 3:126 
soi!, 4:163-164 
wilting point, 4:164 

Watcr chestmit, 3:641 
Watcr chiiiquapin, 3:641 
Watcr conservation

Soi) and Watcr Conservation Socicty, 4:117 
by tillinịT, 4:317 

Watcr control
aiỊriailtural distribution systcms, 4:467 
continuous riovv operations. 4:4f)7 
convcyancc nm vorks, 4:467 
đeíĩning factors, 4:467 
dcniand-bascd opcrations, 4:467 
distribution systcms, 4:466-467 
hcacKvorks, 4:467 
physical íacilities for, 4:467 
rotation-based opcrations, 4:467 
tum outs. 4:467 

Watcr cycle, scc Hydrological cycle 
W atcr deíicit, plant coping mech.anisnis,

3:261
W atcr erosion, see aho  Soil erosion; Wind crosion 

đcsertiíicarion caused by, 1:588-589 
tillage Controls, 4:317 

W atcr fiow, in rangeland watersheds, 3:601 
W ater holding capacity, soi!, and irrigation systems, 

2:607
Water hyacinth, biological control, 3:159 
Watcring íacilitics, OI1 rangđands, 3:555 
W aterlogging 

desertiíicarion causcd by, 1:589 
soil, 4:84

Watcr m anagcment
admimstrative structures tor. 4:470—t7l 
decision-makiní' auchoricy, 4:471 
intctỊrative, 4:470 
lontỊ-tcrm aspccts, 4:470 
nccds, for irrigatcd a^ricultưre, 4:471 
Iiccds, gcncral, 4:470 

Watcr nut. 3:641
Watcr pollution, sec iììso Watcr quality

Federal Watcr Pollution Control Act (1972), 1:191 
Federal Watcr Pollution C ontrol Act (1987). 1:192 
tood contaniinanrs, 2:317 
Iionpoint sourcé, 2:494, 2:598 
point sourcc, 2:494 
toxic substanccs, 2:175 

w.itcr potential 
dctìneđ, 3:359, 3:361, 4:152 
cffccts on soil drainagc, 4:85 
in osmoretĩiilation, 3:361-362 
and osmosis, 3:334 
total, đctìned, 4:152 
watcr potcntial diffcrencc, 4:154 
watcr potctitial lỊradient, 4:154 

W aterproofniiỊ, cotton tabrics, 1:523 
Water qualíty, see also Water pollution 

deccrniination, 4:480 
im provem cnt vvith covcr crops, 4:115 
im provcnicnt w ith íorage crops, 2:418 
and irriíỊation managemcnt, 2:599 
nonpoint sourcc pollution dctection, 4:480 
pcsticidc m igration ctTocts, 3:175 
rangcland vvatersheds, 3:605 
rem otc scnsing tcchniques, 4:480 
soil draina^c crtects, 4:91-92 

Watcr requirem cnts, scc also Irrigation 
Chinese hickory, 2:6 
dcciduous fruit trees. 1:581-582 
forat»e crops, 2:410 
oat foraạ;c, 3:110 
pecans, 2 : 6  

Water resources
drainage problem  idcntiíìcation, 4:481-482 
effective raintall, 4:477 
evapotranspiration estimarion, 4:478-479 
flowing well assessmcnt, 4:480 
ạ;rounđwater, 4:479—480 
irrigation, 4:480—ị81 
rainíall estim ation, 4:476-477 
rem otc sensing, see Rcniote sensing 
snow measurcm cnt, 4:477 
soil m oisture m onitoring, 4:477-478 
suríace w ater sourcc assessmcnt, 4:480-481 
wctland assessmcnt, 4:48U 

Watcrsheds, see also Rangeland watersheds 
annual cycles, 3:604 
drought cycles, 3:603-604



w atershcds ( c o iư iim e t l)

geologic time framc, 3:603-604 
water capturẹ, 3:597-598 
vvatcr release, 3:598-599 
water storage, 3:598 

Water stress
controllcd, in orchards, 3:127 
grapcvines, 4:451 

W ater table
Auctuation, and hystercsis, 4:85, 4:155-156 
hydraulically restrictivc layers, 4:87 
pércheđ, 4:87, 4:479, 4:481-482 
seasonal high, 4:87 

Water table management, see alsp Irrigation systems 
with artificial drainage, 4:88-89 
with irrígation systems, 2:606-607 

Water transport
in capillary porous vs porous materials, 2:364 
food classification based on, 2:364 
in hygroscopic vs. nonhygroscopi<r materials. 2:364 

Water use
corn crops, 1:450-451 
crop coeíììcient for, 2:594 
in foođ production, 4:468-469 
global increase, 4:468 
instream-flow needs, 4:468 
intensity determination, 2:133 
offstream, 4:467-468 
from ran^elands, 3:498 

Water use efficiency 
dcfmed, 2:595, 4:479 
dryland farming regions, 1:630-631 
guayule, 3:81
in humid rcgions, 2:613-2:614 
irrigation systems, 2:595, 2:609 
rangeland grasses, 3:528
for rcgional evapotranspiration cstimates, 4:479 
sugarbeet, 4:217 

Water vapor
absolute hum idity, 3:43 
dew point tcmpcrature, 3:43 
im portance in meteorology, 3:40 
latent ener^y ot vaporization, 3:44 
mixing ratio, 3:43 
moist adiabatic lapse rate, 3:44 
partíal pressurc, 2:286 
permeability values, 2:391 
phase changes, 3:43-44 
relative huniiđity, 3:43 
saturation, 3:43 
saturation lapse rate. 3:44 
saturation vapor pressurc, 3:43 
vapor prcssure, 3:43 

Water vapor tlux
charactcrization, 3:58 
measurement and cstimation. 3:59-60

Watery soft rot, in coles, 1:333 
W a x c s

biosynthcsis, 3:205-206 
liquid, uses, 1:298 

Waxing, citrus íruits, 1:372, 3:417 
Wavaka yam bean, 3:641 
Weasand, by-product, 1:67 
Weather, see also M etcoroloẹy

activity, and atmosphcric structure, 3:41 
downbursts, 3:45
cffects on melon svveetening, 3:36-37 
fronts, 3:50 
gust íronts, 3:45 
Liftcd Index, for forecasts, 3:44 
lighting, see LightiníỊ 
scvcrc thunderstorm s, 3:44 

Weathering, role in soi] genesis, 4:103 
Weaving technologv

cotton íabrics, 1:519—520 
wool tabrics, 4:587 

Web offset printing, packaging materials, 2:337 
wccd con troi, see Weed management 
Wecd management, see also Bioherbicides; Herbicides 

atmosphcric change effccts, 4:494 
b i o l o g i c a l  C o n t r o l s ,  4:488-489 
with biopesticidcs, 3:162 
biotechnology applications, 4:492-493 
christmas tree industry, 1:350—351 
in citrus orchards, 1:368 
cocoa, 1:381
Colletotrichum ỊỊloesporioides bioherbicide, 3:162
tor cotton crops, 1:490-491
cultural Controls, 4:487-488
expcrt systcms for, 4:493-494
global climate change eíTccts, 4:494
herbicidc resìstancc, 2:511-512, 4:491
history of, 4:485-486
in integrated pcst management, 4:492
in orchards, 3:121
in organic farming, 4:493
for peanut production, 3:151
preventive, 2:502
remedial, 2:502
for soybean production, 4:198—199 
spray equipmcnt advances, 4:493-494 
tillage systems, 4:113, 4:317 
for tobacco production, 4:331 
turtgrasscs, 4:420 

Weeds
biological attributes, 4:486-487 
crop interference bv, 4:487 
dcíìncd, 2:123 
écology, 4:487
economic losscs caused by. 4:486 
most troublesorne, 3:170 
persistence, 4:486



physiolo-gica! a ttr ib u tc s , 4 :4 8 6 -4 8 7  
population lỉcnctics, 4:487 
sccd bnnk, 4:486 

W elfare . a u im a l, Science ạ f ,  1:47 
Well-beinsỊ 

animal, 2:114-115 
svvine, 4:265—266 

Wcll hydraulics, 2:491-493
Wcst Atrica Ricc Dcvclopment Association, 1:406, 1:409.

4:618 
Wcsterlies 

dcfm ed , 3 :48
and cxtra-tropical cyclones, 3:48-5(1 

Western pine bectle, 3:182 
W ct đ e p o s itio n , a tm o sp h c r ic  n itro o c n , 3:98 
Wetlands, SCI’ Iilso Kiparian areas

assessmcnt \vith rem ote scnsint; tcchniqucs, 4:480 
biocconomic linkagcs, 4:503-505 
Circular 39, 4:505
conscrvation program s, 4:511, 4:513 
Cow ardin dchnition, 4:499 
currcnt cxtcnt, 4:499-500 
dctìnitions ot, 4:497-499 
dclincation manuals, 4:498-499 
and cconomic externalities, 4:505 
íarmed, 4:500
tarmcd under natural conditions, 4:500 
Food, Agriculturc, Conservation, and Tradc Act 

(1990), 4:509 
National Resources Invcntory, 4:499, 4:502 
nonm arket valuation techniqucs, 4:504 
P a r a d o x  o t  p r o d i í Ị Ío u s  o n t p u t ,  4:505 
prior convcrted, 4:500 
riparian, 4:502-503 
tidal, ricc varicty in, 3:608 
valucs, perccived and calculatcd, 4:503-505 

Wctlands convcrsion 
agricultural. 4:506-507
Conservation Nccds Inventory (Soil Conservation 

Service), 4:505 
drainagc survcys, 4:505 
íederal rcgulation, 4:51(1-511
National W ctland Status and Trends Analysìs, 4:505 
Potcntial Cropland Survcy, 4:505 
proíitabilíty, 4:507-508 
trcnds, 4:505—506 

Wctlands policy
comparison o f  regulatory proposals, 4:512-513 
evolution, 4:509-510 
federal, 4:510-511 
no net loss goal of. 4:508-509 
positive conservation program s, 4:511, 4:513 
sw am pbuster provision, 4:498, 4:500, 4:509 

Wctlands restoration
Clinton plan, 4:498, 4:510-513 
Conservation Reserve Program , 4:511

c o n se rv a tio n  vs re s to ra tio n . 4 :509  
Intermodal Surt.ice Transportation Etticicncv Act 

(1990), 4:514 
National Acadcmy o f  Science pancl on aquatic 

ecosystcms, 4:514 
National Aquatic Ecosystcm Rcstoration Trust Fund,

4 : 5 1 4

National W etland Priority Conscrvation Plan, 4:508 
N orth  American W ftlands Conscrvation Act, 4:508 
Scnate Bill 350, 4:510, 4:512 
Scnate Bill 1304. 4:511-513 
Small Wctland Acquisition program , 4:511 
W ater Bank program  (USDA), 4:511 

Wct millíng
com , 1:476-479 
soriỊhum, 4:177 

Wct processiní*. cotton tabrics, 1:522 
Wct P r o c e s s in g ,  w o o l  a n d  m o h a ir  íabrics, 4:588-591 
Wheat, see also D urum  vvheat 

barley-vvheat hybrids, 1:238—239 
com m on, 4:515
discase re-sistance, lỊcnetic cnhanccment, 3:287-288
evolutionary processes, 4:515-516
íỊcnctic enhanccnient, 3:287-288
gcnctics, 4:515-516
germ plasm , 3:312
germ plasm  collection, 3:312
grcen revolution, 1:404, 1:412, 3:303
International C enter íor C om  and Wheat

Iniprovcm cnt, 1:404, 1:408, 2:126, 3:299, 3:312,
4:165

protein biochem istry, 2:260 
subsidics, seẹ C rop subsidies 
uses, 4:515-516 

w heat bran, industrial uses, 4:535 
Whcat brceding 

artiíìcial vs. natural selecđons, 4:518 
backcross tnethods, 4:520—521 
breeders seed, 4:523 
bulk m ethod, 4:519 
cultivar rclcase, 4:522—523 
doublc crosses, 4:516 
doublcd haploidy m cthod, 4:520 
end-use quality, 4:521-522 
cvaluation trials, 4:522 
íucurc of, 4:523 
gene pools for, 4:517-518 
gcnctic rnalc sterility in, 4:517 
germ plasm  identitìcation, 4:516-518 
herítable traits, 4:521 
hybridization m ethods, 4:516-518 
mass selection, 4:518-519 
m ultiple m ethods, 4:521 
pedigrce m ethod, 4:519 
propagation mechanisms, 4:516 
pure-line, 4:519



Wheat breedin^ (contimied) 
qualitative traits, 4:521 
quantitativc traits, 4:521 
single crosscs, 4:516 
single sccd descent method, 4:520 
three-way crosses, 4:516 
variety developm ent, see Cultivars 

Wheat flour
chlorination, 4:532 
conditioning, 4:526-527 
íractionation, 4:528-529 
grades, 4:527-528 
im purity removal, 4:526 
industrial uses, 4:535 
puriíìcation, 4:526 
reduction, 4:526-527 
ricc-wheat composites, 3:620-621 
sicving, 4:526
wheat selectioii and blending, 4:526 

w hcat germ , industrial uscs, 4:535 
Whcat milling 

com ponents, 4:525-526 
durum  wheats, 4:528-529 
rollcr process, 4:525-527 
soft wheats, 4:528 

w hcat mosaic virus, 3:388 
Whey, milk, 2:639 
Wholesalcrs, food 

cooperative, 2:308 
voluntary, 2:308 

Wholesomcncss, poultry Products, 3:436-437 
W ien’s Displacement Law, 3:52 
Wilderness Act o f 1964, 3:496 
Wild Aooding m ethod, for suríace irrigation, 

2:602-603 
Wildflowers, prairie, 3:568-569 
Wildlife 

aesthetic valuc, 4:538 
climax-adapteđ species, 4:540 
commercial value, 4:537 
disturbance-adapted species, 4:540 
doom ed surpluscs, 4:539 
ed^e specics, 4:540 
generalized spccics, 4:540 
habitat-based categories, 4:540-541 
habitat-interior spccies, 4:540 
K-selected species, 4:539 
mortality, 4:539-540 
overabundant, 4:538 
population dynamics, 4:541 
rangeland, 4:540 
recreational valuc, 4:537-538 
relict populations, 4:540 
replacivc harvesting, 4:539 
reproduction, successful, 4:539 
r-selectcd species, 4:539

social value, 4:538 
specialized spccics, 4:540 
status-bascd categories, 4:540-541 

Wilđlife habitat
biotic succession, 4:538-539 
carrying capacitv, 4:539 
in forage crops, 2:419 
limitiníỊ íactors, 4:538 
managemcnt, 4:541 
rangcland, 3:554-555 
rangcland plants, 3:572 
rangeland shrubs, 3:578 
requirements, 4:538 
role o f silviculturc, 4:13, 4:24 
simulations, 1:394
species categorics based on, 4:540-541 

Wildlife managcmcnt
fcdcral agencics for, 4:542 
habitat manaíỊement, 4:541 
population management, 4:541-542 
stage agencics tor, 4:542 

W illiam -Landcl-Ferry equation, 2:392 
Wilting point, detìncd, 4:164 
Wind

eíĩects in torest ccosystems, 2:428 
flux measurcments, 3:56-58 

Wind crosion 
desertification causcd by, 1:589 
rcduction bv shrubs, 3:578 
tillage Controls, 4:317 

W indrow composting method, 4:460 
W indthrow  disturbanccs, in hardvvood íbrests, 4:298 
W innowing, chocolatc, 1:387 
W interfat, Hatch gcrmplasm, 3:583 
W omen 

and agricultural chanẹc, 4:547 
and breakdown of' traditional agricultural svstems, 

4:544-545
Cooperative Extension Service program s for, 

1:427-429 
tood insecure, 4:598-599 
gendercd pattcrns o f  production, 4:546-547 
in co me strcam, 4:545-546 
resource acccss, 4:546
role com plem en tarity  in traditional agriculture, 

4:543-544 
sustainable agriculture and, 4:547—548 
technological innovation effects on, 4:546 

Wood buildiníỊ materials 
advantages of, 4:550 
for animal housing, 4:204-206 
lum bcr gradcs and propertics, 4 :559-562  

Wood properties 
anatomical tactors atTecúng, 4:558-559 
chcmical resistance, 4:554 
comprcssive strengtli, 4:555, 4:557



creep detorniation, 4:558-559
dccap resistance. 4:554
dccay etĩects, 4:559
dcnsity, 2:442—443, 4:553-554, 4:558
dimcnsional stability, 4:552-553
dircctional, 4:551-552
clasticity, 4:555-556
electrical resistance, 4:554
enerẹy absorption rcsistance, 4:557
cnvironmental tactors atTecting, 4:559
íatiíỊuc. 4:557
Acxural, 4:557
genetic im provem ent, 2:441-443 
hardness, 4:558 
inscct daniagc etTccts, 4:559 
mcchanical, 4:554-558 
modulus o f elasticity, 4:555-556 
moisture contcnt. 4:552 
inoisture ctĩccts, 4:559 
pyrolvtic, 4:553
quality determ inants, 2:441—442 
shear, 4:557
spcciíĩc gravity, 2:442—443, 4:553-554, 4:558 
strcngth propertics, 4:555-557 
tem perature ctTects, 4:559 
tensilc strength, 4:557 
thcrmal expansion, 4:553 

W ood structure 
grain slope, 4:558 
grovvth, 4:551 
grovvth rings, 4:551 
juvcnilc wood, 4:558 
knots, 4:551, 4:558 
microstructure, 4:549-550 
reaction wood, 4:551 

W oođy plants
ornamental, nurscry industry, 2 : 1 0 0 - 1 0 1  
rangeland, 3:569-572 

W oolly locowecd, 3:571, 3:573 
Wool production

Australian W ool Tcsting Authority, 4:584
A utom atic Tester for Lcngth and Strenẹth, 4:580
bale packagintr, 4:583
bleachin^, 4:589
breeds for, 4:567-568, 4:570
British Wool M arketing Board, 4:584
by-products, 1:73
carbonizadon. 4:589
carpet construction, 4:587-588
chlorination/resin treatm ents, 4:590-591
classing vs. grading, 4:583
crimp, 4:570-571
dual-purpose breeds, 4:572-573
dycing, 4:590
end uscs, 4:591-593
cnhancement with transgenes, 4:360

tbltinn, 4:581
tìbcr characteristics, 4:579-581
tìbcr com position and grovvth, 4:568—572
íĩbcr physical properties, 4:579-581
Acecc contam inants, 4:577—578
tìeece rot, 4:578
flock manatỊement, 4:577-578
gilling, 4:586
handspinning market, 4:581
heritability estimates for Aeece traits, 4:576
knitted fabrics, 4:587
mạjor breeds for, 4:567-568, 4:570
marketing practices, 4:583-584
mcchanical Process ing ,  4:586-587
medullation in fibers, 4:571-572
miiling, 4:589
m othprooíiniỊ, 4:591
National W ool Act (U .S.), 4:584-585
nutrient rcquirem ents, 4:577
pertormance tcsting, 4:575-576
pin draítiníỊ, 4:586
prcssing o f íabrics, 4:590
raising, 4:589-590
roving, 4:586-4:587
scouring, 4:585-586, 4:589
selcction index cquations, 4:576
shearing, 4:582-583
sheep breeding and selection, 4:572-574 
sheepskin uses, 4:593 
skirting, 4:576, 4:582-4:582 
slipe wool, 4:593 
specialty wools, 4:581-582 
spinning systems, 4:587 
supertìnc \vool, 4:581 
tcntering, 4:590 
top (product type), 4:586 
vvashing, 4:589 
worldwide, 4:565-567 
vvoven fabrics, 4:587 

W orkers’ com pensation program s, 2:628 
W orking cow horses, 2:528
W orkm cn’s com pensation, effects on horse industry, 

2:530
W orld Bank, role in agricultural research, 2:586
W orld Conservation M onitoring Center, 3:314
W orld Conservation U nion, 3:314
W orld Food Council, 4:619
World Food Program m e, 4:602-603, 4:619
W orld Intellectual Property O rganization, 4:619
World Soil Map (U N E S C O /F A O ), 4:105-106
World Soils and Tcrrain (SOTER) digital database, 4:49
W orldwide Fund for N ature, 3:314
W ort

adjunct preprocessing, 1:319 
boiling, 1:321 
c!arification, 1:321



Wort (continued) 
cooling, 1:321
lautering process, 1:320-321 
malt preproccssins*, 1:319 
mashing, 1:319-320 

Wyoming Basin Province shrubs, 3:576

X
Xanthan gum, biochemical charactcristics,

2:227 
Xanthophylls 

as food colorants, 2:230 
and oxygen toxicity, 3:365-366 
structure and function, 2:230-231 
synthesis, 2:230 

Xanthosoma spp., S C I '  Tannỉa 
X-ray absorption fine structurc spcctroscopy, 

applications in soil chcmistry. 4:81 
X ravs

tood applications, see Foođ irradiation
machine sources, 2:294 

Xylitol, as food sweetcner, 2:236

Yacon, 3:641
Y am am oto-B runt tbrmula, 3:54
Yain bean, 3:641-642
Yams

antinutricional tactors in, 3:645 
false, 3:641
range o f production, 3:643 
structural cliaracteristics, 3:639 
tablc o f  primary iníbrm ation, 3:638 
tubers, 3:639 

Yarn, cotton, see Cotton, yarn manuíacturing 
Ycast artiíícial chroniosomes, introductỉon into animal 

germ lines, 4:356 
Yeasts

affecting tncat Products, 3:21 
for brewing, 1:321-322 
ưradiation eíĩccts, 2:297

in milk, 1:561
spoilage o f fruits, 2:320 

Ycllow nut grass, 3:640 
Yellovv rain, 2:566 
Ycllows disease, in coles, 1:332 
Yellovv sigatoka disease, 1:226-227 
Yicld potential, rice, 3:610-611, 3:614-615 
Yicld stress 

Aiiids, 2:371 
powders, 2:378 

Y ogurt
biochemistrv, 2:258-260 
culture bacteria for, 1:567 
íat content, 1:567 
and lactose intolerance, 1:567 
spoilage, 2:321 
starter cultures, 2:259 

Yolk, draft animals, 1:621-622 
Ysaõ, 3:642

z
Zca  nmys L., see Com  
Zeatin, characterization. 3:209 
Zeaxanthin, structure, 2:220 
Zeđoary, 3:640 
Zinc

form takcn up by plants, 4:95 
tunctions, 1:118 
leaching, 4:35
rcquirem cnts t'or nonrum inants, 1:96 
soi] concentration, 4:134 
toxicity to peanuts, 3:149 

Zinc deíĩciency 
in animals, 1:118 
in humans, 3:66-67 
in nonrum inants, 1:96 
in plants, 4:95 
soi], tcsting for, 4:148 

Zincb, fungitoxicity, 2:447 
Zona reaction (block), 1:175 
Zoning laws, 2:654
Zoysiagrasses, 4:416, see also Turfgrasscs 
Z o ysia  spccies, 2:101
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