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Edible Tree Nuts: Pecan and 
Other Hickories
BRUCE W. W OOD, USDA-Agricultural Research Service> Georgia

I. General Crop Characteristics of Hickories
II. Geographic Distribution of Pecan and Chinese 

Hickory
III. Natural Habitat
IV. Genetic Resources
V. Climatic Adaptability
VI. Principal Pests
VII. Barriers to the Expansion of Hickory Cultivation

Glossary

C u ltiv a r  Any plant type doomed worthy o f  cultiva
tion and given a non-Latin name 
H ic k o ry  Any member o f the genus O /ryj o f the 
Juglandaceae (walnut) family
R o o ts to ck  Rooted plant on which a scion is grafted 
Scion Detached plant part grafted or budded onto a 
rootstock

E d ib le  nuts are produced by the many hickory spe
cies that are natural components of much o f  the hard
wood forests ot central North America and eastern 
Asia. As one o f the 20 known hickory species, pecan 
|G iryrf illitwinewiis (Wangenh.) K . Koch| is regarded 
throughout much o f the world as a major tree-nut 
cr >p. Chinese H ickory (Carya catluiycnsis Sarg.) is the 
sc:ond most important crop ot this group and is a 
popular nut in southeastern Asia.

I. G eneral Crop Characteristics 
of Hickories

A Botanical Organization

T ie  hickories are the sole genus o f the Hicoreae tribe 
ol the Juglandaceae family and are native to the hard

wood forests o f  the eastern half o f North America 
and eastern Asia. This group comprises 20 species 
(Table I) subdivided into the sections of Apoearya 
(pecan hickories; 10 species), (JYiryii (true hickories; 9 
species), and Rlhimphouiryti (1 species). A ll species o f 
the pecan hickories are diploid (two sets o f chromo
somes or 16 total), whereas the species o f the true 
hickories include both diploids (32 chromosomes) and 
tetraploids.

B. Tree Form and Growth

All Cnryd (hickory) species are long-lived deciduous 
upright forest-type trees. M ost are capable o f growing 
to substantial heights (10-50 m), thus exhibiting ex
cellent tree form. G row th  on adapted sites ranges 
from slow to moderate, depending on the species. 
G row th  is such that most o f the energy goes into 
vegetative rather than into reproductive structures.

C. Production

Hickories typically produce fewer nuts per volume 
o f canopy than do most other major tree-nut crops 
(such as Persian walnut, almond, or pistachio). Be 
cause o f their vegetative growth strategy and the high 
oil content o f  nuts, hickories typically exhibit strong 
cycling in fruit production. These cycles are such that 
little or no fruit production occurs for periods ranging 
from alternate to as many as 5 years. Trees growing 
under near optimal conditions for fruiting usually ex
hibit at least a moderate biennial tendency. This char
acteristic causes major problems tor commercial pro
ducers o f pecan. Maxim um  sustained “ in-shell" (nut 
meat and shells) commercial production o f United 
States pecan ranges 1700-2300 kg/ha, depending on 
cultivar, location, and management practice. There

E u yt'lopeditj o f  A gricultural Science, l olum e 2
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TABLE I

W orld Hickories (Carya spp.), Origin, and Flavor of Nut Meats

Scientific- name tCommon name Botanical section O rig in Ha vor

(I. aquiUit'ii (M ichx.) Nutt. Water hickory .-A/n>t N . America B ife r
C. niwlinii-svptaitrioihilis (Ashe) Engl, and (trachn. Southern shaghark hickory ( ,'a ryti N. America Sw jet
C. nitluiyaisis Sari*. C hinese hickory Apoiiiry,! Asia Bitter
( '.  Lordifoniis (Wangenh.) Koch Biiternut hickory Apoiiiryii N. America B ife r
C. floridiWii Sarg. Scrub hickory ( \iryrf N. America Sw.-et
C. glalmi (M ill.) Sweet Pignut hickory (Jaryti N. America Sw.-et
(,. huHiimiisis Cheng and R. Cheng Hunan hickory ( ,\ii)\i Asia Bitrer
(.. illoiiii'iisisJ (Wangenh.) Koch Pecan A/hUiiryj N . America Sw :et

L'U’fiihon’cnsis Kuang and Lu ( iiiizhou inckorv Apoitiiyii Asia Bitter
(.. Licifiiosti (M ichx.) Shellbark hickorv C-*»■)'«/ N . America Sw jet
(]. Mprisfiii/omiis (M ichx.) Nutt. Nutmeg hickory Apounyii N . America B ife r

ot hi I is (Wangenh.) Sarg. Ked hickorv ( AilJM N  America Sw jet
ot’iird (M ill.) Koch Shagbark hickorv ( ,'wr)'t/ N . America Sw jet

(.. fhillniii (Ashe) L.ngl. and (iraebn. Sand hickorv (../» )'</ N . America Sw jet
ptilnwii Manning Mexican hickorv Ap\'iiii)\i N. America B ife r
poiLwci ( ( ihev.) le rov Poilanes hickorv Aponiryii Asia B ife r

(.. simtisis Dodc Beak-like hickorv Rihiinpliouii )\i Asia B ife r
h'Xitihl Buckley Black hickory ( An }’ii N. America Sw jet

C  rowaitosit (Poir) Nutt. Mockernut Inckorv ( Anya N . America Sw jet
C. ronkincnsis Lecomte Vietnam hickorv Apoitiryj Asia B ife r

' A nonotticial spelling is (. illnnwnsis

is no Commercial cu ltivation of the other N orth  
Am erican hickories.

D. Flowering

N u t m aturity varies greatly w ith in  and am ong species 
but is generally from  August to N o vem b er in the 
N orthern  Hem isphere. M ature  trees produce male 
and female Bow ers at different locations on the shoot, 
w ith  the period ot relative maturation d iffering on 
the same tree (d ichogam y) and w ith  the order o f  ma
turity ot male and temale Bow ers differing am ong 
trees (heterod ichogam y). This results in some trees 
shedding pollen before female flowers are receptive 
(term ed protandrous or T yp e  I) whereas others pres
ent m ature pistillate flowers prior to pollen shed 
(termed protogynous o r T vp e  II) .  It is therefore neces
sary to plant com plem entary cultivars to insure ade
quate fertilization and fruit set. Female flowers are 
borne on florets produced on current season shoots 
and consist o f  1-8 + fruit per cluster. Pollen is w ind  
disseminated trom  clusters ot catkins that droop trom
1-year-old shoots.

E. Fruit

I he h ickory fruit is a nut consisting o f a hard tom- 
valved shell encasing m  edible kernel. Nuts produced

from all 20 species are major food sources for several 
wildlite species. Although the nut meats o f all hickory 
species are edible, only those within the section CVjryj 
and one in Apouiryd are nonastringent (sweet) as raw 
nuts, although all species can be made sweet tasting 
w ith proper processing. The best tasting nuts ot the 
group are pecan, shellbark hickory, and the two shag- 
bark hickories. Chinese 1 lickory is the only astringent 
species that is ot much economic importance. The 
other hickories are o f little or no economic importance 
as human food because ot the follow ing characteris
tics: strong astringencv, low  kernel content, exces
sively thick and hard shells, and difficulty of ex
tracting the kernel due to its convolution w ithin the 
shell. ‘

F. Status as Food Crop

four species of hickories merit crop status. Chit.esc 
1 lickory is grown largely in the southeastern prov
inces of The People s Republic of China (P .R .C .)  and 
is ot only regional interest. Beak-like H ickory and 
Hunan H ickory receive a slight degree ot cultivation 
in portions ot ! aiwan (Republic ot China) and H m an 
(P.R .C !.), respectively. Pecan is by far the most im
portant and w idely grown crop ot the Hicoreae with 
“ tann-gate" value ot production (ca. S3 in million) 
in the United States exceeding that ot Persian walnut
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(ca. $280 million), hazelnut (ca. S19 m illion), macada- 
mia (ca. S45 million), and pistachio (ca. S 140 billion), 
hut being about one-halt that o f almond (ca. 86(H) 
million).

Pecan is one ot the relatively few food crops indige
nous to North America. It is also the only tree crop 
indigenous to the continent that is cultivated beyond 
North America. Pecan was historically a favorite food 
ot many tribes ot Native Americans from the south
central United States. In fact, the name “ pecan" is 
an Algonquin Indian word used to designate “ nuts 
requiring a stone to crack.”  This nut was used by 
some Indians to produce a fermented intoxicating 
drink termed “ Pow coh icora," from which was de
rived the term “ h ickory." Pecan's popularity among 
Indians later spread to colonists and settlers who be
gan its cultivation and development as a food crop.

G. Usage and Composition

The kernel, or nut meat, o f pecan and the other hicko
ries is generally consumed as a dessert item. Nut meats 
are eaten raw, roasted, or salted and are commonly 
used in baked goods, icecream, liqueurs, mixed nuts, 
meats, vegetables, salads, and flavorings. Market out
lets tor United States shelters o f pecan are such that 
about 25%  goes to bakers, 2 2%  to retail grocers, 14% 
to wholesale distributors, 12% to confectioners, 10% 
to the gift pack trade, 7 %  to ice cream manufactures, 
and 4 %  to tood services.

Kernels are highly nutritious, being sweet and oily; 
aic composed ot about 74%  tat, 13% protein; and 
are an excellent source of phosphorus and potassium. 
T he tats are tricvglycerols and are composed primar
ily of oleic (55-83%), linoleic (14-38%), and linolenic 
(3 -7% ) fatty acids. O ils from the hickories are consid
ered to be healthier than those ot most other oil crops. 
Kernels are semiperishable; their high oil content 
causes rancidity after 3-6 mo at room temperature; 
however, flavor can be retained indefinitely it stored 
frozen.

II. G eo g rap h ical Distribution of Pecan 
and Chinese Hickory

A. Native Range

Pecan is indigenous to the Hoodplains o f many o f 
the rivers and streams in east-central North  America. 
Forest trees are common along much o f the length 
ot the Mississippi, Ohio, Red, and Missouri Rivers 
and manv ot the associated rivers and streams from

the ( iillt ot Mexico in Louisiana to northern Iowa,
l arge pecan forests are also found along the rivers 
and streams ot central and eastern Texas (for example, 
Brazos, Nueces, Colorado, Guadalupe, Neches, 
T rin ity, and Sabine). The native range extends from 
latitude +43° near Bellevue, Iowa, to about +28° 
in south-central Texas. M any isolated and possibly 
native populations occur throughout M exico and ex
tend at least as far south as + 17° at Zaachila, Oaxaca, 
Mexico.

O f  the three cultivated Asian hickories, Chinese 
H ickory is indigenous to the mountain slopes o f the 
Tian M u mountains at elevations o f 400-1200 m in 
Zhejiang and Anhui Provinces ot the P .R .C . Hunan 
H ickory is indigenous to the river valleys o f the cen
tral portion o f the Nan Ling mountain range (Hunan, 
Guizhou, Guangxi, and Yunnan Provinces ot the 
P .R .C '.). T hese regions are around 29-31° north lati
tude. “ Beak-like H icko ry " occurs in valleys and 
lower slopes ot the mountains in northern Vietnam 
and in the Guizhou, Guanxi, and Yunnan Provinces 
in the P.R.C!.

B. Location of Cultivated Production

Nuts from pecan are classified as “ im proved" (from 
cultivars) or “ seedling" | from wild (often termed “ na
tive") or feral trees from obscure cultivars). The vast 
majority ot the w orldw ide commercial pecan nut pro
duction is from the United States ( — 130,000 t), M ex
ico (—40,000 t), and Australia ( — 5,000 t). Token pro
duction (a total ot less than 7,000 t) originates from 
Brazil, Israel, South Africa, Argentina, P .R .C '., 
Egypt. Peru, and Uruguay. M ostof the United States 
crop is produced from the southeastern quadrant ot 
the country; southwestern Georgia is the area ot pri
mary production (Table II). Although the United 
States “ Pecan B e lt"  spans from North Carolina to 
California, production ot “ im proved" nuts is concen
trated in the general areas ot Albany (Georgia). HI 
Paso (Texas). Las Cruces (N ew  Mexico), Tucson (A r
izona). and Visalia (California), whereas production 
of “ seedling" nuts (about one-third o f the United 
States total) is mostly from east central Texas, eastern 
Oklahoma, and northern Louisiana.

The Mexican and Australian “ Pecan Be lts" produce 
almost entirely “ im proved" nuts from relatively 
young trees. Mexican production is expected to soon 
rival “ im proved" production from the United States. 
This production is mostly in the desert regions o f the 
northern states ot Chihuahua, Durango, Coahuila, 
and Sonora. Centers ot production are in the vicinity 
ot the cities o f limenez, Torreon, Chihuahua and Her-



EDIBLE TREE NUTS: PECAN AND OTHER HICKORIES

TABLE II

In-Shell Nuts Produced from States within the United States "Pecan Belt"0

State
Improved 
eultiv.irs (t )’

Natives and 
seedlings (t) A ll it)

Percentage 
ot total (” «.)

Alabama 34< i.S 2S3S < >242 5
Arizona SI 72 ii S172 /
Arkansas n )•> 414 S23 1
( 'aliforni.i h >.v> ii H>5(> 1
Honda 12‘M *JS? 22s 1 ■>

( icori'i.i 33.7ns "151 4H.SS() 33
Louisiana I24S (nS3 7831
Mississippi 21 Vi M if»? 32*»1
Now Mexico 1 i> 1 3.3'>3 1 1
North (. Carolina 7S3 » 1373 1
C )klahoma Mil Sl)32 ■J533 s
South C !arohna '>i is <i24 1532 1
1 ex.is 1 5.2< >'* 1 I. If.4 2f ».< .72 ) 1

In-shell lweight ot nut meats aiul shells) prodm tion avera^e Irom ISS I — I ‘>'iI lrn i.il 
production originates from Kentm kv. Illinois. Missouri. K.ms.is. Nebraska. Iowa. 
Utah. V irg in .i. hull.in.i. .mil I emiessee.
' Metric tons.

mosillo. Australian production is tonccntrated at 
Moree in N ew  South Wales.

T he Asian hickories are cultivated in portions ot 
southeastern P  R.C l. and T a iw an . The  P .R .C .  has 
about 19,000 ha ot cultivated C .Innese I licko ry . M ost 
ot this production is from  L ilian  county (Zhejiang  
Province ) and accounts tor about 6 0 %  ot the country 's 
cultivated production. M ax im u m  in-shell nut pro
duction is about 2,400 kg/ha; how ever, yields ot 
(S00- 1,000 kg are tvpical.

III. N atural Habitat

A. Biotic Environment

Pecan naturally grows in a riverine environment rich 
in Hora. Light competition is therefore severe, re
sulting in a growth habit that produces a fast growing 
tree that is a dominant component o f overstory can
opy. Pecan is moderately shade tolerant as a young 
tree but rather intolerant as an older tree. Associated 
forest tvpcs are “ svcamore/pecan/American elm. 
“ cottonwood, “ swectgum /mitral oak1 w illow  oak. 
“ sugarberry/American elm/green ash." and “ black- 
w illo w ."

B. Abiotic Environment

Pecan naturally grows in a relatively humid climate 
throughout most o f its narural range. Rainfall typ i
cally ranges 75-210 cm per annum with most tailing 
during spring and earlv summer. Native trees s*row

in regions ranging from 160 to about 365 continuous 
tree/e-tree days. The summer months are generally 
warm and frequently dry.

The soils of the pecan's native habitat are usually 
stratified and deep alluvials. The water table is typ i
cally high during the late winter and early spring and 
low  during the rest ot the year. Trees grow best on 
riverfront ridges and on well-drained Hats, but grow 
slow ly on heavy clay soils.

IV. G enetic Resources

A. Scion Cultivars
Most pecan orchards are composed o f compound 
trees consisting ot a root system (stock or rootstock) 
ot one genetic type and a crown (scion) ot another 
tvpe. There are over 1.000 scion cultivars. How ever, 
most commercial production originates from about 
30 cultivars; the remainder are essentially obsolete or 
untested (Table III). About 7 5%  o f  the orchard land 
w ith in the United States Pecan Belt is composed of 
the following nine cultivars: ‘Stuart' (2 2 % ). ‘Western 
Schley' (1 5 % ), ‘Desirable' (1 1 % ), ‘W ichita ' (1 0 % ). 
'Sch ley ' (5 % ), ’Cheyenne' (5 % ),  “Success' (2 % ), 
*( ape Lear' (2 % ). and ‘M oneym aker' (2 % ). I  he scion 
cultivars grown m the Mexican Pecan Belt and m 
Australia are predominantly W ich ita ' and ‘Western 
Schlev. I he primary cultivars grown in other coun
tries are largely ‘Hester’ (South Africa), ‘M aha if (B ra 
zil and Peru}. Delmas' (Israel), ‘Curtis ' (Egypt), and 
Stuart (U ruguay). 1 he following cultivars have po-
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TABLE III

The Most Common Pecan Scion Cultivars and Their Characteristis

1 lowering Uipcinnn Nuts Percent
( llltiv.ir type date per ki; kernel

Alle\ I _ ! <>5 5n
Hnrkctt II - 112 54
( apt K  ir 1 1 54
t hevenne 1 1 17 55
C IIItis II 1S7 54
1 Mm.is II - - ins 4(»
1 Vsii able 1 104 52
Elliott II 4 U>3 53
1 II lev II - - 132 53
lu rk irt II 4 1U4 f>2
Uc.il II --- 152 57
K io\\ .i II - |0(, 5s
M. ill. in II --- IDS 54
Maramec II 4 ‘>7 5S
Mobile 1 - - 145 3S
Mohawk II - - Sf» 5S
M o ik  n lll.lklT II 4 \ 145 (>4
P.IWIICC 1 4 t 4 ms 57

lik  y II 4 143 5S
Siii.ui II 115 47
Sumner II - - |(tfi 54
1 f] .is II 14N 54
V.i i i 1 )c‘in.iii II 4 4- 132 42
Western Schley 1 4- 141 57
Wichita II 4- I2<> f»u

* 1 >.itc o! mil maturity relative to ‘Sm art’ cv. Stuart’ is the most
common m ltivar in the southeastern United States. 1 >a\ s before
( * ) ami after ( ): 1-5 days, - or 4 ; (i- |(l. - - or i i : 11-15.

or t ♦ t .

tcntial m sped alized commercial operations: ‘Suni-
ner/ ‘M ohawk ;/  ‘Sioux, ' ‘Pawnee/ ‘Oconee■/ Ki-
ow a/ ‘C hoctaw / ‘Shawnee,* ‘Shoshoni, ‘Apache,' 
‘Tcjas/ ‘Curtis/ ‘Ideal,' ‘E llio tt,’ ‘Caddo/ ‘Forkcrt/ 
’O w ens,' and ‘Maram ec/ Cultivars most suitable for 
cold climates are *Cwiles,* ‘Pawnee/ ‘Osage/ ‘Pcr- 
uc|uc/ ‘C o lb y/  ‘Starking I lardy CJiant/ ‘Caddo/ and 
‘M ajor/ The current most popular cultivars in the 
United States are ‘Desirable/ ‘Cape Fear/ ‘Western 
Schley/ ‘W ich ita/ and ‘Stuart/

There are a hundred or more scion cultivars of' 
Chinese H ickory. About l)0 %  o f the cultivated pro
duction originating from cultivars comes from ‘Yuan- 
guo' and ‘Bianguo/ [.Sec O r c h a r d  M a n a g f m h n i  
Svs 11 MS. I

B. Rootstock Materials

Rootstocks (stocks) are open pollinated seed originat
ing trom one o f a variety o f scion cultivars or from 
seedling or native trees. The preferred rootstock 
source varies w ith geographical region. The most

common stocks tor acidic soils are ‘Curtis/ ‘E llio tt/ 
‘Waukcenah/ and ‘Ow ens' whereas ‘Riverside/ 
Apache, and ‘Burkett* are typically used in alkaline 

soils. Stocks from local wild trees and trom ‘Giles/ 
‘Peraquc/ and ‘C o lb y ' are best tor scions grown in 
the cold climate typical o f the northern portion ot the 
natural range.

The scion cultivars o f Chinese H ickory and other 
Asian and North American hickories are typically 
grown on rootstocks composed ot open-pollinated 
seed from wild trees. There are no clonal rootstocks 
for these species.

V. Clim atic Adaptability

A. Length of Growing Season

Most pecan cultivars require 180-210 freeze-free days 
to mature their nuts, although cultivars exist that re
quire as little as 1 10-120 days. Those with the shortest 
fruit development periods are usually the most cold 
hardy and the best adapted to the northern extreme o f 
the natural range, and have the smallest nuts (180-330 
nuts/kg).

B. Temperatures

Pecan can grow  well in hot, warm, or cold climates. 
Productivity is, however, very sensitive to “ heat 
units" received during the growing season. 1 leat units 
are calculated by the equation i//(///t), where // is the 
number o f days in growing season, m is the mean daily 
temperature during the growing season, and l is the 
m inimum growth temperature for pecan (about 10°C). 
Most commercial cultivars perform poorly it the 
growing season is below about 4000 units, even it the 
growing season is long (in excess ot 220 treeze-tree 
days). In tact, most production areas in the United 
States and Mexico exhibit units ranging from 5000 to 
7000. Most cultivars perform best in areas w ith a long 
growing season having hot days and warm  nights. En 
vironments with low  heat unit levels facilitate excellent 
vegetative growth but little reproductive growth. At 
the lower latitudes ot Mexico, pecan produces well at 
elevations up to at least 2000 m. Low  heat units during 
the growing season apparently can be partially offset it 
sunlight levels are high. Com m ercial orchards in sunny 
environments are more productive than those in envi
ronments with much cloud cover.

C. Water Relationships

Pecan is a relatively heavy user ot water and good 
yields require good water availability. Sufficient w a
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ter is nearly always the most important factor tor 
inducing rapid tree growth and tor realizing early 
economic returns in orchards. Even in the southeast
ern United States, where annual rainfall is in excess 
o f 125 cm. orchards with no supplemental irrigation 
usually suffer substantial yield losses. A large tree 
w ith a canopy diameter o f  24 m can require as much 
as 1777 liters o f water on a typical Ju ly  day. A rule 
o f  thumb for estimating water use by pecan orchards 
is that they have at least 140 ha-cm (55 acre-inches) 
per growing season (usually about 210-225 days) or 
about 5 cm per week. Commercial operations supply 
water via one of several irrigation methods: Hood, 
drip, sprinkler, or microsprinkler. Flood irrigation is 
most com monly used in arid climates such as the 
southwestern United States and Mexico whereas 
sprinkler and drip are most com monly used in the 
southeastern United States. (Ncc I r r k . a i i o n  E n (; i-  
n k iu in c ; :  F a r m  P ra<  nci.s, M i i i i o d s ,  a n d  S v s i i  .ms. |

A deficiency o f water has profound effects on pro
duction, nut quality, return fruiting, and pest toler
ance. For example, a deficiency during the later stages 
of fruit enlargement (Ju ly-August) greatly reduces 
nut size whereas a deficiency during the period of fruit 
tilling (September-early October) suppresses kernel 
development and can cause a severe yield loss. Water 
deficiencies (or excessive water) during late August 
and September predispose trees to being especially 
susceptible to defoliation bv black aphids and fungal 
pathogens (causing leaf scorch). Excessively dry con
ditions at the time of fruit ripening (shuck split) w ill 
prevent the shuck from opening and can cause major 
harvesting problems.

D. Salinity Tolerance

Salinity problems are the most prevalent causes o f 
poor tree performance in orchards in arid climates. 
Salinity causes poor vigor, small leaves, stunted trees, 
and marginal leaf burn on older leaves during the latter 
portion of the growing season. Pecan is susceptible to 
damage by chlorine, boron, and sodium and is much 
less tolerant to salts than is cotton, but is more tolerant 
than are salt-sensitive vegetable crops such as peppers 
and carrots. Pecan is less tolerant to sodium than is 
alfalfa, but is comparatively more sensitive to saline 
conditions.

Problems can be avoided bv not planting on clay, 
silty clay, or sillv clay loam so ils  or on so ils  with 
clay substrata near the ground surface. For surface 
irrigation o f cl.i\ or silty clay soils, salinity of water 
exceeding 0.50-0.75 mmho/cm is considered unsafe, 
whereas values up to 2.0 mmho cm «.an likely be

safely used on sandy soils. Boron levels of irrigation 
water should not exceed 1-2 ppm and sodium should 
not exceed a “ sodium absorption ratio " (mm ol Na/ 
mmol Ca + mmol M g) of 3-5. \Scc O r c h a r d  M a n -  
A (;i m i.n  i : S o i l  E n v i r o n m i .n i  a n d  R h s o u r c e s .  |

E. Chilling Requirements

Pecan typically requires about 700 hr o f  cold tempera
tures between 0 and 7°C’ during dorm ancy for uni
form vegetative budbreak and flowering; however, 
some cultivars require less than 300 hr. The amount 
of heat received after the chilling requirement also 
determines the time and uniform ity o f  fruit ripening. 
Pecan and most hickories are usually the latest species 
to break bud in the spring because o f their high heat 
requirement. Extended cool spring temperatures can 
disrupt pollination and cropping. Pecan can be grown 
m areas with insufficient chilling by using hydrogen 
cyanamide to induce and accelerate budbreak.

F. Climatic Types Suitable for Growing Pecan

Pecan is a highly adaptable crop capable of being 
productive in a variety of environments. These in
clude the cool uplands o f tropical savannah, tropical 
and subtropical steppe. Mediterranean (or dry sum
mer tropics), and humid subtropical (where pecan 
probably evolved) climate types. Some cold hardy 
cultivars can be cropped in humid continental climates 
with hot summers. Fruiting problems can be encoun
tered in the dry desert regions because of the rapid 
d iv ing  of the stigma of female flowers by strong 
warm  dry winds during the pollination period. The 
best locations for commercial production are proba
bly warm sunny arid sites where plenty o f water can 
be economically supplied.

G. Climate Types for Other Hickories

The genus Caryti is composed o f species adapted to 
climates ranging from very dry (Scrub H ickory) to 
very wet (W ater H ickory) and from very warm 
(Beak-like H ickory) to very cold (Shagbark and Pig
nut Hickories). This variation results in some mem
bers o f the genus being adapted to almost any climate 
on the planet.

VI. Principal Pests

A. Insects and Mites

Most, pests of commercial and yard pecan trees have 
coevolved with pecan (Table IV ) .  When introduced
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TABLE IV

The Most Important Insect, Mite, and Disease Pests of Pecan Grown in the United States

Name Scientific name

Lev
economic

( icncraP

el ot
importance

Potential'’

Insects and mites
Black pecan aphid Mchmoitillis niryiuloli.ic (l)avis) + + 4  + 4 4  + +
Black-margined aphid Monelliti laryella (Pitch) 4 4 4  4 4 4 4  4
Brow n stinklnig liiisihistus saris  (Say) 4 4  4 4 + + +
1 Histv stinkbug liusihisms rrisft\’mns (Sav) 4 4 4 +
Hall webworm HyphtWiriti atiteo (D rury) 4 4 4
(ireen stinkbug Airosii’nnim hihtre (Sav) 4 4 4
1 lickorv shuck worm (-)'<//«/ niryana (Fitch) 4 4  4 4 4  4 +
H ickory shoot curculio C'onoiraihclns iinifns (ierm ar 4 4 +
Leal-tooted bugs Lcpto^lossns phyllopns (Linnaeus) + + 4 4  +
Nut curculio ('onotrailielus hitoiitn School 4  4 4 4  4
Northern leaMooted bug Lcptotflossns oppositns Say 4 4 4 4 4  4  4
Pecan bud moth ('Mrchlnini bollhiihi (Shngerland) 4 + 4
Pecan nut casebearer Airoluisi.< imxrorelLi Neunzig 4 4 4 4 4 4 + +
Pecan phylloxera Phylloxera ila ’astrix Pergande 4 4 4 + + +
Pecan leat phylloxera Phylloxera nohihilis Pergande 4 4 +
IV ian  leat casebearer Airohasis uiryii’orclLi LeBaron 4 4 + + 4 4
Pecan cigar casebearer ('olephoi’ti liitiiornclhi ('lenient 4 4 4
Pecan nursery casebearer Airobasis niryii’orelLi Uagonot 4 4 4
Pecan leaf scorch mite l-otcituiihyus hiioriiit (Mc(»regor) 4 4 4 4 4 4 4
Pecan spittlobug C'histopii'io iuhiituui German 4 4 4 4 4
Pecan weevil (sUrculio iiiryae (Horn) 4  4  4  4 4 4  4  4
Shoot curculio ( 'onotiiulielus nn yac 4 + 4 4
Southern pecan leaf‘ phylloxera Phylloxera nisselLte Stoet/el 4 4 4
Southern green stinkbug W ei ini ri rid u Lt Linnaeus 4 4  4 4 4  4 4
Serpentine leafminer Stiynn llii juxLiiiililoliellii (Clemens) 4 4 + + 4
Walnut caterpillar Diitiiihi intc^crrima (io re & Kobinson + 4 4 4 + + +
Yellow pecan aphid Monclliopsis pcniiii> Bisscll 4 4 4 4 + + +

1 )iseases
Anthracnose ( ilonuirllii iinfill,it,i (Ston.) Spauld. and Schrenk 4 4 4 4 4 4
t otton root rot Phyiiiiitottiihopsis omnifont (Duggar) Hennebert 4 4  4 4 + + +
1 eal scorch Probably (»lomerclla liti^nliihi (Ston.) Spauld. and Schrenk and/or + 4 4 4 4 + + +

Phomopsis spp.
Pecan scab Chulosporittm utryt^ennm ( H11. et Lang) (iottwald + + + + 4 + + 4
Shuck and kernel rot Phytophlhora nutornm (Lebert. and C 'ohn) Schroetcr 4 4 4 4  4 4
Slmck dieback Unknown 4  4 4 4 4 4 4
Sootv mold dapnoilinm spp. 4  4  4 4 4 4  4  4
Stem-end blight Probably ('•lometellit tin^nlata (Ston.) Spauld. and Schrenk, 4 4 4- -I 4- + + 4

Phomopsis spp.. and/or liotryosphania spp.
/onatc leaf spot ( 'iiiomoniit toryae Waterman and Marshall 4- 4 4 + 4  +

Approximate le\cl of general economic importance- to the United States pecan industry: 4 .  essentially none; + + .  slight; 4  + 4 .  
moderate: 4 4  + 4 .  great.

Approximate level of potential economic importance to individual orchards: + .  essentially none: 4  + . slight; + + + . moderate; 
t + + 4- . great.

as an exotic crop to other countries, natural pests 
such as the pecan aphids have sometimes been co
introduced and have subsequently become major 
pests. Pests endemic to areas outside the native range 
have transferred to pecan when cultivated in nonna
tive regions and can cause major problems. The most

severe o f these are usually root-boring insects that 
attack roots or stems. |See E n t o m o i  o<;v. H o r t i c u l 
t u r a l .  |

The relative importance ot the various insect and 
mite pests varies greatly with orchard location; how 
ever, from an overall industry perspective the pests o f
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m ost im portance arc probab ly (in decreasing order) 
black pecan aphid, pecan w eevil, h ickory shuckw orin . 
ye llo w  aphids, pecan nut cascbcarcr. stinkbugs, and 
phylloxeras. T h e  aphids, pecan w eevil, and stinkbugs 
are especially destructive in the southeastern U n ited  
States whereas in the southwestern U n ited  States, 
M ex ico , Australia, South A frica , and Israel the aphids 
are usually ot most econom ic im portance. M ost insect 
pests can be contro lled  by insecticides or partially con
tro lled using other p redatory and parasitic insects. | See 
P i s i M.\NA(;» \u n i , U io i <k;k;ai C o n tk o i : Pi-.s i M an -  
a c i mi n i , C 'iii m icai C o n  i hoi . |

B. Diseases

Severa l coevo lved  disease pests (Tab le  IV )  can cause 
severe pecan yield losses. M o st ot these are fungal 
diseases. T h e  pests ot p rim ary  econom ic im portance, 
especially in the hum id  southeastern U n ited  States, 
are pecan scab, anthracnosc, and leat scorch. A ll three 
can greatly inHucncc tree p roductiv ity , nut quality, 
and return b loom . O rchards g row n  in arid climates 
do not exhib it significant problem s w ith  foliage or 
nut diseases; h ow ever, they can exhibit substantial 
tree losses due to cotton root rot. File other diseases 
ot pecan can cause severe crop losses at some locations 
in som e years but are not generally w idespread prob
lems. Diseases in com m ercia l orchards are currently 
o n ly  contro llab le  by choice ot cu ltivar and cultural 
practices, and use ot chem ical fungicides. |.S<r I i jn (; i- 
< im .s : P i s  r M a n a c i  m in  i , C i i r i ' U A i  ( o n i r o i ;
P l  a n  i l\ v \ h o i  o c v . |

V II. Barriers to the Expansion of 
Hickory Cultivation

Because o f  the d ifficu lty  ot rem oving  kernels, low  
nut production per area ot land, com petition from

other m ajor nut crops, and in some cases astringent 
taste, all h ickory  species except pecan have little possi- 
b ilitv  ot increasing in relative im portance as trce-nut 
crops. Pecan is like ly to continue increasing in relative 
im portance because of its excellent tood characteris
tics and increasing popularity am ong consumers in 
industrialized societies. T h e  p rim ary barriers to the 
expansion o f  the popu larity  o f  pecan is its short shelf 
life at room  tem perature, its cyc lic  production, the 
lo w  vicld  per hectare, the high production costs, the 
high w ater requirem ents, the susceptib ility to pecan 
aphids and pecan scab, the lack ot early season ripen
ing o f  cu ltivars w ith  excellent nut quality, and the 
absence ot organized m arketing.
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Glossary

C u ltiv a r  Plant worthy o f cultivation without a Latin 
name
R o o ts to c k  Plant onto which a scion is grafted 
S cio n  Plant part grafted or budded onto a stock

A n  Ju\>hniS' 21 species, produce edible nuts from 
hardwood trees native to Central Asia, the Andean 
mountains, and parts o f North America. The Persian 
or English walnut. /. Res'Ll, is the best known mem
ber. Its edible nuts are cultivated and sold in many 
areas ot the world.

I. G eneral Crop Characteristics 
of W alnuts

A. Botanical Organization

The walnuts are the sole genus o f the tribe Juglandeae 
ot the family Juglandaceae ( fable 1). The genus in
cludes 21 species divided into four sections: (1) JutfLws 
M ann., Persian walnuts (1 species), consists solely o f 
the commercially valuable Persian or English walnut, 
JttgLins nyiii L. Persian walnuts are native to the moun
tains ot Central Asia. The edible nut is four-celled, 
smooth, and thin shelled, having a husk that dehisces 
from the shell at maturity. (2) Rliysoairyoii Dode (16 
species) are “ B lack" walnuts native to North and 
South America, having a four-chambered nut with

an indehiscent husk. (3) C imiioiiiryon Dode (3 species) 
are Black walnuts native to eastern Asia, have heav
ily “ ridged”  nuts with two chambers and indehis
cent husks, and are borne in racemes o f 5-25 nuts.
(4) liihliyuiryon  Dode ex. Mann. (1 species) is the 
“ Butternut", /. tiinrvti L.., also referred to as the 
“ W hite W alnu t" or “ O il N u t ,"  native to north 
America. It has a heavily ridged nut w ith tw o cham
bers and an indehiscent husk. It is o f  little commercial 
value. A ll species contain 32 diploid chrom o
somes and many species readily hybridize w ith each 
other. |See En im i T r i i  N u t s :  P k c a n  a n d  O t iu r  
I I k  k o u i i  s. |

B. Tree Form and Growth

All littfLins species are large shrubs or moderately sized 
deciduous to almost evergreen trees grow ing from 
between In and M • m in height. These are torcst trees, 
and, as such, generally exhibit good tree torm. W oods 
ot the species vary in durability, w ith most species 
being highly regarded for their timber. Som e Black 
walnuts, with extremely hard and fine-grained wood, 
are excellent for fine furniture and wood products. 
Most luqhws have softer wood not suitable tor such 
purposes.

C. Flowering

All walnut species are monoecious, bearing catkins 
(male staminate flowers) and female pistillate flowers 
(nutlets) separately on the same tree. Catkins are 
borne on the previous season's shoot or spur growth, 
whereas pistillate flowers occur on the current sea
son's growth, being differentiated w ith in a mixed 
bud that contains both vegetative and reproductive 
initials.

Some level ot Jicho^iiiny, that is, inconsistent over
lap o f bloom between male and female flowers, usu-

Iutcyclopedia o f  Agricultural Science, Volume 2 Copyright c 1994 by Academic Press, Inc. All rights of reproduction in any form reserved.
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TABLE I

List of Species of Juglandeae

S U B F A M IL Y  II. JU G L A N D O ID E A E  
T R IB E  A. JU G L A N D E A E  
2. Iu^hiiis L. 21 spp.
Sea. .i. Iu^liins

/. regia L.

subsp. turconitwiiii Popov 
subsp. Jiilhix (I)ixle) 

Popov
Sect. b. Rhysoiiiryon Dodo 

/. dusihilis Griscb.
/. bolii’iiUhi (C . DC!.) Dode 
/. iiilifomini S. Wals.
/. himlsii (Jcps.) Rehdcr 
/. hirsutii Mann.
I jtiHMuensis C. DC'.
/. major ( I *>rr. ex Sitsi»r.) 

Heller 
var. major

var. glabrata Mann.
/. miirocarpa Berl. 

var. mitroiarpa

var. stcwart ii (Johnston) 
Mann.

/. molis Enuelm. ex Hemsl.
I nculropiia Diels 
I nigra L.
/. olaiu liana Standi. & L. C) 

Williams 
var. olaiiihana 
var. standhyi Mann.

/ pyrijormis Liebm.
/. soraiensis Mann.
/. slcyermarL'ii Mann.
/. venezuelvnsis Mann.

Sect. c. (lardioiaryon Dode 
/. atlantifolia Carr, 

var. atlanli folia 
var. corJifomtis (Makino) 

Relid.
I iathaycnsis Dode 
/. mainlshnriia Maxim.

Sect. d. I itichyniryon Dode ex 
Mann.
I tinerea L.

Southeastern Europe. Iran to 
Himalayas, and China

Argentina
Western South America
California
California
Northeastern Mexico 
West Indies

Southwestern United States.
Northwestern Mexico 

South-central Mexico

Southwestern United States.
northwestern Mexico 

Northern Mexico

Central Mexico 
Northwestern South America 
Eastern United States

( Guatemala
Southwestern Mexico 
Southeastern Mexico 
Bolivia 
Guatemala 
Venezuela

Japan
Japan

Eastern China. I aiwan 
Manchuria, northeastern 

China. Korea

Eastern United States

ally occurs. Overlap ranges from complete (hoiiio^- 
amy) to nonexistent (complete dichogamy) between 
walnut cultivars and many times between seasons. 
Walnut cultivars are also intcriulicln\\’auic<tis: some shed 
pollen before all female flowers are receptive, that 
is, protaiulrous cultivars. whereas proto^yiioits cultivars 
shed pollen following female flower receptivity. For 
commercial walnut production, a small percentage o f

a pollinizing cultivar should be included in the plant
ing for optimal production.

Pistillate walnut inflorescences usually contain a 
maximum o f three flowers. Singles and doubles are 
also common. Some Persian cultivars can contain four 
or five pistillate flowers depending on the climate 
where they are grown. In China and Middle Eastern 
countries, "cluster”  or “ grape-type" flowering has 
been reported in some Persian seedlings.

D. Bearing Habit
Walnuts are borne on the current season’s shoot 
growth. Persian walnut cultivars include those that 
bear a portion o f their crop on shoots that emerge 
from both lateral and terminal buds. These are termed 
lateral-hearing cultivars. Tcniiiiial-bcarin^ cultivars are 
those that bear the crop only on the shoot emerging 
from the terminal bud. Lateral bud fruitfulness is an 
important trait for the Persian walnut; it relates di- 
rectlv to precocity and the earliest economic bearing 
in commercial plantings (Table II includes the lateral 
fruitfulness ot Persian cultivars).

E. Fruit
1. Nut, Kernel Weight, and Percentage Kernel
D ry nut weight varies with shell thickness, kernel 

fill, and degree o f drying during processing (Table 
11). Cultivar has a strong influence over kernel weight 
and percentage, which is further effected by cultural 
practices such as water and harvest management. 
High kernel percentages are desirable. However, once 
more than ()()%  kernel occurs, shell thickness is re
duced to the point where hulling and drying following 
harvest results in kernel damage. Also, shipping and 
handling damage the in-shell product.

2. Nut Size
Potential nut size is strongly influenced by cultivar. 

W ithin any given year and cultivar, ultimate nut size 
is a function o f nut load on the tree, that is. a high 
nut load has an adverse influence on nut size. Nut 
size is not necessarily related to percentage ot kernel. 
Some cultivars with large nuts (e.g., the Carpathian 
tvpes o f Persian walnut. "C a rm e lo ," "W ilson  W on
der." etc.) have low kernel percentage.

3. Shell Strength and Seal
Shell thickness is highly cultivar dependent. Thick 

shells often preclude kernel extraction whereas thin
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TABLE II

Comparison of Old and N ew  Walnut Cultivars0

Percentage 1 mie nt l ateral buds Average
nursery leating producing kernel Average Percentage Shell Harvest
sales (days alter pistillate weight kernel light seal I  rop date

Variety (I9H2-I9H3) I’.iync) Howers (%)'■ (S) percent kernels grade estimate' (19H2)

O ld  cultivars
Payne IS II Nil 5.2 4S 5o 2.0 3.0 9/20
Hartley 35 16 5 5.9 45 90 "> T 2.4 9/21
Franqucttc 3 31 II 5.2 46 7o 2.0 2.0 10/6

N ew  cultivars
Serr 5 - 1 5(1 7.6 5H 60 ■> ^ 2.1 9/1H
Ashley 1 - 1 90 5.3 50 5o 2.0 2.7 9/20
Sunland i 2 Hll 9.9 5H 60 I.K 2.7 10/2
( 'luco 4 9(1 5.(1 47 70 2.0 3.H 9/ IK
Vina 12 1 90 5.6 4H 60 2.3 3.2 9/19

Tehama 1 11 HO 6.7 5(1 70 "> T 1.6 9/19
Amigo <1 12 HO 6.(1 52 90 2.0 3.3 9/19
Howard <1 15 HO 6.5 50 90 *> i 3.6 9/19
I’edro <1 IS HO 6.5 4H 5o 2.4 2.3 9/19
Chandler 15 19 HO 6.3 49 90 2.6 3.3 9/23
UC6H-I04 13 HO 6.6 56 HO 2.7 9/21
Tulare 2d HO 7.3 54 HO 2.4 3.1 9/24
UC66-I7H 31 HO 6.6 47 60 2.0 1.2 10/6

'At the orchard .it University ot California. Davis. Five-year averages based on 10-nut or 4-tree sample each year 
’Percentage most olten observed. May vary considerably Iroin year to ve.ir.
Shell seal: 1. very well sealed; 2. well sealed; .V moderately well sealed; 4, poor; and .S. very poor.
'Crop estimate: I. poor; 2. fair; .V good; 4. heavy; and 5, very heavy.

shells promote it. Nuts with extremely thin shells are 
not suitable tor shipping as in-shell product.

4. Kernel Quality
Light-colored kernels are considered the highest 

quality. Although ability to produce light-colored 
kernels is highly cultivar dependent, the climate 
where the cultivar is grown also effects it; extremes 
in weather conditions, particularly heat during the 
kernel development period, darken kernels. Improper 
cultural management, such as irrigation management 
and harvest timing, also affects kernel color.

5. Flavor and Oil
Some walnut cultivars have distinctly differing fla

vors, especially those originating in different coun
tries. However, only subtle differences exist between 
those Persian cultivars grown commercially in Cali
fornia.

F. Status as a Food Crop

Both Persian and some Black walnuts are used as an 
edible food source; Persian walnuts comprise the vast 
majority ot walnuts cultivated tor food production.

The United States is, by far, the number one commer
cial producer. China, Turkey, Chile, and France also 
have Persian walnut production (Table III).  W ithin 
the United States, essentially all Persian walnuts are 
commercially grown in California; a small acreage 
exists in the state o f Oregon.

Two-thirds o f the U .S . shipments are to the domes
tic market, and one-third is exported (Table IV ). The 
domestic market is prim arily a “ shelled product”  
market, whereas those exported are “ in-shell.”  W al
nuts are generally used as a dessert item eaten dry, 
either alone or included in confectionery items such 
as candies, cookies, pies, and ice creams. In some 
countries, mature, wet walnuts are consumed, as are 
immature walnuts that are pickled prior to shell hard
ening, and the liquor is used to flavor ice creams and 
other confections. An alcoholic walnut liquor can also 
be made.

Walnuts are a high-energy food rich in oil, vita
mins, and minerals and are an excellent source ot 
nutrition (Table V ). A 50-g serving is an excellent 
source o f copper and a significant source ot protein, 
magnesium, phosphorous, zinc, and vitamin B6. 
They are also quite low  in sodium. A diet containing 
walnuts has also been shown to lower serum choles-
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TABLE III

W orld Persian Walnut Production (Metric Tons)0

( l o u n t r y I ' O T - I ' W I I 0 S 0 1 ')*)!) l ' ) ‘ ) l

W o r l d 7 S S . 4 0 7 033.M21 S 0 0 . 7 0 4 S O S . ') 1 3
A  t r i e . i

M o r o c c o 54(.7 (.21 m r .3 i in ( i4 (  h i

N o r t h  A i n e n e . i

M e x i c o 2550 3(.( ll i 3(ii ii i 3 7 0 0

U n i t e d  S t a t e s IOo.51 1 2< >7,7< M i 20.5.0ihi 227.1 Hio
S o u t h  A m e r i c a

A r g e n t i n a ‘>233 7 5 i  in 7  S i ll i S I  II >11
B o l i v i a 11 S 3 1 0 4 5 2 i i i  » i 2 i  ii i i i

C h i l e 524S 7 i I2 i l 7 7 ( )7 S 5 i  i i i

A s i a

A f g h a n i s t a n 54(.7 4 5 i  I I I 5  1 I li ) 5 i il ii i

( I l i i i i a 1 o 5 . ( . ( . 7 Kill.1154 1 4 ' ) . 5 S ( i 1 5 3 . 0 0 0

I  A p r i l s I S O 1 SC I 1 S i  1 I S O

I n d i a 1 7 . 3 3 3 17.01111 2 i i . i  i i h i 1 7.1 H I I I

I r a n 7 3 3 3 f .4 ,1  II >0 4 3 . i  i i in 4 4 .1  H H i

l r a i | 24(>7 235ii 24i ii i 2 i i i i i i

J o r d a n 0 15 15 15

L e b a n o n 7 t i l ) 1.1 h i ( o n 5 o o

P a k i s t a n 1 5 .1 7 4 2i i. 5i ii i 2  l . m  HI 2 1 . 0 0 0

1 u r k e v 1 3 1 . 3 3 3 1 I3 .<  II H I 1 1 5.1 II H I 1 1 5 . 0 0 0

Y e m e n 4 ■. i ■> ■> 2 3

P . u r o p e

A u s t r i a 7 S 5 ( . 7 5 5 7 12.34S I 0 .1  II I I I

l i t i l g a r i a I 0 . S 0 3 33.34(i 25,4ii(. 2 3 .  ( A )
( / e c h o s l o v a k i a 0 5 0 0 1 1 . W 5 | n . 7 ' ) ' ) 1 0 ,2 7 4

1 ranee 2 5 . S 0 7 25.S45 24,1.01) 1 3 .0 1  in

W e s t  ( i e m i a n v SfSlS.S I I . S i l l 1 2 .2 1 7 5 i i 7 l

h a s t  ( i e m i a n v 1 1 II II 1 12 i H i 1 i i i i i i 11 H I I )

C i reeee 2 3 .4 2 1 2 5 .  m u 24.2S4 2 2 . 0 0 0

1 l u n g a r v 13.305 S | I K . S473 S 5 I I 0

Italy 44,1.17 l(>.0'lll 1 5 .2 1 )0 1 1 . 4 0 0

Portugal ( o  1 3 7 3 i  i( i (.2nd S I  I I I I 1

Romania 37.32K 24.401) 2 ( . , o i i o 2 s.ni h i

Spam 0707 0 3 2  0 ' J IH H I 01I I I I I

Switzerland 4333 3 7 2 1 1 271 HI 1225
Y  ugosl.ivi.i 2 3 , t « l ( . 35. (.|o 3 0 .0 3 1 M i.ooo

O c e a n i a

A u s t r a l i a 7 3 (i(i ■)2 0 4

N e w  Z e a l a n d H if. S O so S O

F o r m e r  U S S R 51  3 . 7 '>11.111 I I I '>5.000 'X i . O O I I

D e v e l o p e d ,  a l l 4 7 0 . X O O 51'>.52') 5( )').33o 5' if i. 2 0 4

N o r t h  A m e r i c a 1 0 0 .5 1  1 2 o 7 . 7 ( H ) 2 i i5.')oo 2 2 7 . 0 0 0

lairope 2 3 4 .0 4 1 2 2 1 . ( . S ' ) 2 0 S . 2 5 S I S I . I 2 0

Oceania 1S 1 I 4 U 1 7 2 1 7 4

H o r n i e r  U S S R 3 I . 2 ( . 7 <>> l . l  II M 1 V 5 . I  H H 1 ')(■ .( ll ii i

D e v e l o p i n g ,  all 3 1 1 3 n s 4I4.2')2 3 0 1 1.4  U 3 ‘ >2. M s

Africa 541.7 ( i 2 n n (.51 I I I ( . 4 0 0

L a t i n  A m e r i c a I S . 2 2 4 2ii.ii(.5 2 1 . 1 0 7 2 2 . 2 0 0

N e a r  l  a s t 1 4 7 . 4 0 0 I S 4 . ( , 7 ( . 1 ( i ( i . 3 ( i 7 | ( . ( . , 7 I S

F a r  1 .is t 1 4 0 . 3 1 ' ) 2 i 13.351 I ' ) ( i . I i ( iO I 0 7 . . V  lo

■ S .- ii i.< I A O  P r o d u c t i o n  Y e a r b o o k  I S .  l o o d  a n d  A j < u l l m v  l  > i- 

g . i n i z a t i o n  o f ' t h e  U n i t e d  N a t i o n s .  U o m e .  I t . i l v  ; l o o n )

TABLE IV

Primary California Walnut Markets for Crop Years 1992 and 1993°

In-shell w alnut markets Shelled w alnut markets

C a  Hint I V In-shell pounds C 'oiintry Shelled Pounds

( iermanv 27.0(i7.0ii(, United States I04.S04.I2S
United States 25.')(.(1.045 lap.in S.002.405
Spain 23.13<>, 5S5 ( iermanv 3.H05.77(i
Italv 1I.704.32S C \in.ida 1,7l(i. 17o
Netherlands 2.I.S2.7S4 Israel 1.(.(.7,230

St'nitt W.limit Industrv I act Sheet. W.iliuit Marketing Hoard. 
Sacramento. C \ilitorina (1003).

tcrol; dailv consumption ot 28 g ot Persian walnuts 
can decrease serum levels ot total and LI )L  cholesterol 
bv 4 and (>% respectively. Walnuts are a good source 
ot dietary fiber, potassium, essential tatty acids (in
cluding "omega-3" linolenic acid), and many micro
nutrients.

Black w alnuts are highly prized as a confectionery 
and are sold tor high prices. They are only available 
m limited quantities and mainly from seedling trees. 
There is little intense commercial production ot Black 
walnut; its low productivity usually makes it a poor 
choice tor "best use" ot land capable ot producing 
other crops.

II. G eographical Distribution of Walnut

A. Native Range

linil,iiis spp. are native to Central Asia, the Andean 
Mountains ot South America, and parts ot North 
America. fugUvis irqiti, the commercial Persian wal
nut, is native to the mountainous regions o f Central 
Asia, extending from Xinjiang Province o f western 
China, parts o f Kazakhistan. Uzbekistan, and south
ern Kirghizia in the previously Central Asian U SSR , 
and from the mountains ot Nepal. T ibet, northern 
India, and Pakistan west through Afghanistan. Tu rk 
menia. and Iran to portions o f Azerbaijan, Armenia, 
(ieorgia, and eastern Turkey.

B. Cultivated Range

Black walnuts tor tood purposes are rarely produced 
m cultivated plantings. Sonic small area* o f cultiva
tion exist in the midwestern sections ot the United 
States, but the ultimate objective o f these plantings
i.N for timber purposes: the nuts are collected as a
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TABLE V

Composition of Persian Walnuts0

Walnuts \\ .limit oil

Amount in Amount m Imi-i^
Nutrients edible portion Nutrients I'ltiblc portion

1 ood energy fi.iO.OO ki.ll 1 1 pitls
Proximate

Protein I4.H) u 1 .IttV .li III'., toi.il (.1 .2  i; 1 Inn"..)
I ot.il 11pul 1 t.ll ) (»S. 1 H 1 l* S.itur.itiil. tnt.il ?.(> ^ ( 1 2 " , I
( iarhohydrate ( tot.il) -V2 U n I’.iltmtu 1( . : ii 5 .4 i;
1 >ietary fiber 7i i u StL.iru IS : II 2.2 s; (4 % )
Ash 1 .So ^ Ar.u Imlii 2(1: il I l l s ; (■ I"..)
Water .v 2i •

Minerals Mono-uiis.itur.itiil. tola) 1 1.0  Vi (IS".,.)
C '.iKmm X‘).m  mi* O k u 1S : 1 In.S l’ ( I S " „ )
Copper 1 .3<» nm ( t.lllolcll 2<i: 1 ii. 2 n (• 1"..)
Iron 2.4d mt»
Magnesium 113.on inj. I'o lyiiiis.ilnr.itc-il. lol l] ♦ J  r. ,n (7li"..)
Manganese 2 .|o nm 1 inoti'U 1S J  3 S .J t- (5S"„)
Phosphorus .V4S.no mi. t.moK'nu 1S : .1 7.4 t; (12"/..)
Potassium .V)|.oo mir
Sodium lo.oo mj» ( 1 loll'Sl iTl'l o.it 11114

/am 2 .*Jn nil*
V itanuns
Aseorbie aeid OSS nil*

1 Ilia nun 11.311 niŝ
Kihoriavm n. |n nil*
N iaiin o.s2 mu
Pantorhenu and o.4S n i»4
Vitamin 1J(> o.44 im»
I oLk  in Sf*.oo fj.^
Vitamin A l-|(i.mi IU

’Sotmv. Walnut Marketing Hoard 1 > Nutrition Study. W.ilnut M.irki'iiiii; llo.int. S.u r.miento. 1 .ililorni.i (l'JS(i).

sideline to the timber operation. In areas where seed
ling trees exist, nuts are often collected when prices 
.ire high enough to make the venture economical. 
Approximately IK.(1(1(1 metric tons are collected annu
ally in the United States, about 10% ot the Persian 
walnut production.

Persian walnuts have been introduced from their 
native range into a number ot countries and districts 
tor commercial cultivation. Areas o f western Hurope. 
North and South Africa, China. North America (pri
marily California). South America. Australia. N ew  
/calami, and Japan now cultivate Persian walnuts for 
food purposes (see Table III).

III. Natural Habitat

A. Environment

Native Indians species grow in widely diverse envi
ronments. Thev are forest trees or large shrubs and

almost all grow in riparian, well-drained soils proxi
mal to water courses. ln^Lins spp. are relatively intol
erant of continually saturated soils.

Species native to mountainous regions go through 
an annual dormancy period and are completely decid
uous. being tolerant to cold winter temperatures. Sev
eral species are native to more tropical districts where 
subtree/mg temperatures rarely occur. These latter 
species can be essentially noil-dormant and nearly 
“ evergreen.''

Most Persian walnuts cannot be cultivated under 
extremely adverse weather conditions. Karlv fall and 
late spring frost kills new vegetative growth and ex
cessively cold winter temperatures can kill older wood 
ot some species. I he exceptions are /. riy/.i selections 
that originated from the former U S S R  and the Car
pathian Mountains of Poland. These can tolerate w in 
ter temperatures as low as — 40°C. California cultivars 
cannot tolerate winter temperatures lower than 
- I0"C. Persian walnuts require a dormancy period
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of at least 800 hr o f winter temperatures below 7°C 
to leaf out and bloom normally. A growing season 
from leaf-out until nut maturation o f 175-200 frost- 
free days is required, depending on the cultivar. Ex 
cessive heat m summer (>40°C) sunburns kernels, 
thus reducing quality.

IV. Genetic Resources

A. Scion Cultivars

Cultivated walnut trees include a scion cultivar 
grafted or budded onto a seedling "rootstock." There 
arc only a few Black walnut cultivars identified with 
superior nut characteristics for cultivation. Those o f 
note include Thomas, Elm er Myers, Ohio, Snyder, 
Sterling, and Bowser. In very limited circumstances 
these have been grafted onto Black walnut seedling 
rootstocks tor orchard planting.

Persian walnut cultivars have been selected from 
native stocks or from breeding programs. Selection 
has been reported since the first century and breeding 
tor genetic excellence began in the late 1‘MOs. Breed
ing programs are actively in progress now.

Although numerous cultivars o f Persian walnut ex
ist, most acreage comprises only those few that pos
sess excellent production and quality traits. For exam
ple, the California acreage is essentially comprosed o f 
only nine cultivars: Hartley, 3(1%; Serr, 13%; Payne. 
12%; Franquette, 10%; Vina, 6 % ; Ashley, (>%; Eu 
reka, 5 % ; Chandler, 4 % ; and Tehama, 3 %  (see Table
II for Persian walnut characteristics). In France, Lara 
and Franquette are the predominant cultivars. Current 
breeding programs are incorporating insect and dis
ease resistance w ith production and quality parame
ters into new cultivars.

B. Rootstock Materials

Rootstock materials are grown from open-pollinated 
seeds. Seed sources are selected that promote disease 
resistance, tolerance to marginal soils, tolerance to 
salinity, and that enhance vigor. Although clonal 
propagation is being w idely researched, there is no 
current commercially acceptable method.

Selected cultivars o f Black walnut are grown on 
Black walnut seedlings, usually those species that 
grow locally. Persian walnut cultivars are grown on 
Black walnut seedlings of/. Iiiiuisu t frpsl, the north
ern California Black walnut; /. nigra L... the eastern 
Black walnut; and /. calijornica S. Wats, the southern

California Black walnut. A hybrid rootstock, /. 
himlsii x /. regia, is popular as it enhances vigor and 
is more tolerant o f marginal walnut soils than the 
Black species. A ll o f these rootstocks are more toler
ant o f salts and diseases than /. regia. Jnglans regia 
seedlings are used as rootstock in areas where Black- 
line virus occurs because these seedlings tolerate 
the virus. Jnglans regia seedlings are intolerant o f 
salinity and the phytophthora crown and root rot 
fungus.

V. Principal Pests

A. Insects and Mites

Concern for insect and mite pests occurs only where 
walnuts, primarily Persian walnuts, are cultivated tor 
food purposes and profit is reduced by their influence 
on production and/or quality.

A number o f insect and mite pests cause economic 
damage to Persian walnuts (Table V I). Pest manage
ment programs have been developed that integrate 
less disruptive insecticides and miticides, cultural 
practices, and introduced or native predators and par
asites tor the control of these pests. Conventional 
insecticide/niiticide programs are also available.

TABLE VI

Insect and Mite Pests of Persian Walnuts

Common name Latin name

Insect Pests
Lepidoptcrous pests 

(,'odlini’ moth 
Navel orangevvorm 
Fail webworm  
Red-humped caterpillar 

Aphid and scale pests 
Walnut aphid 
Dusky-veined aphid 
Walnut scale 
Fruited scale/ European 

fruit laianium  
San Jose scale 

( )ther insects
Pacific Hat headed borer 
Walnut liuskHy

Mite pests
Web-spinning mites 

1 wospoited mite 
Pacific mite 
European red mite

(.'yi/iii pontoin’ILi 
Anicylois tnmsitclLi 
Hyplhinttui tm/ei/
Shi?uni iuihiim<i

( 'hronuiphis jutfhifitiiiohi 
dtillnphis jn\>hui(iis 
Qiuuiraspiiliotits 
l.cuimum pruinosnm/Parthmo 

IchwiutH (oriii 
(^tuidriispiiiiolus pcrnn iosns

i'lirysobothris nuili 
Rhtigolctis loniplviti

l\'lhinyihu> uttiiiic 
ivtrauyihuy ptiiifuu> 
l\ifiotiychn< ulmi
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B. Diseases

Bacterial. fungal. viral, anci mycoplasmalikc organ
ism diseases can sc economic damage to walnuts. Most 
concern is with Persian walnut, as disease problems 
influence orchard profitability.

1. Bacterial Diseases
a. Walnut Blight Walnut blight causes major 

damage to nuts and foliage o f Persian walnut trees. 
It is caused by the bacterium Xanilioinoiitii tiimpcsnis 
pv. jiH’ltiiiihs (Pierce) Dowson. The bacteria overw in
ter in dormant buds and are spread to emerging leaves, 
shoots, and nuts with spring rains. Cultivars that leaf 
out early in spring are most commonly infected as 
their tissue emergence is coincident with spring rain
fall and heavy dew. In growing districts with inter
mittent rainfall during the growing season, walnut 
blight is a major factor in yield reduction.

The disease is controlled with frequent, topical ap
plications ot saftcned copper. In districts where wal
nut blight is prevalent, the causal bacterium has built 
up considerable resistance to copper, making the dis
ease difficult to control. Walnut breeding and selec
tion programs are currently searching for cultivars 
that will be resistant to this disease.

b. Deep Bark Canker Peep bark canker is 
caused by the bacterium lirwiuia nibriliuiais Wilson 
et al. The causal bacteria is systemic in the tree and 
infects the outer phloem and cambial cells, resulting 
in large quantities o f bacterial exudate oozing from 
limbs and branches. It is usually not lethal blit vascular 
damage weakens the tree, making limbs and branches 
more susceptible to sunburn and other insect and dis
ease damage. The mechanical shaker, birds, and in
sects spread the bacteria from tree to tree.

This disease is most prevalent and virulent in the 
Persian cultivar “ Hartley.”  Although other cultivars 
are often infected, damage is minimal. Management 
of deep bark canker requires attention to maintaining 
optimal conditions for best tree vigor. Any stress 
predisposes the tree to infection.

c. Crown Gall Crow n gall, caused by the soil- 
borne bacterium Af’robiutcrimii tuwcfaciriis (Smith and 
l own) Conn., causes galls to develop at the point o f 
infection. As these grow the infected organ is girdled 
and then becomes weakened and dies. The bacterium 
requires an opening or wound to gain entry into the 
tree; commonly hoeing to eliminate weeds around 
the base ot the tree injures the tree, resulting in infec
tion. It also infects nursery trees as roots are cut when 
they are "dug”  from the growing grounds. The Para

dox hvbrid rootstock is extremely susceptible to 
crown gall. C row n gall is best managed by preventing 
injury to the tree. When infection takes place, topical 
application o f Callex to the gall kills the infected 
tissue.

2. Fungal Diseases
a. Phytophthora Root and Crown Rot At least 

13 species o f the water mold fungus I ’hyiophthoiii de 
Bary cause tree death or decline by killing roots and 
crowns ot walnut trees. It is the most important dis
ease o f cultivated walnuts, and the fungus is primarily 
spread by farm implements and water. Infection is 
dependent on soil moisture and temperature and root
stock genotype; the Black walnuts are quite sensitive 
to infection, whereas the Paradox hybrid is more tol
erant. Persian walnut seedlings are very sensitive to 
I ’liytoplitltoiti spp. infection.

/’i/y/ii/i/iz/wrij-infectcd trees initially have chlorotic, 
thin foliage and poor vigor. Root and crown symp
toms include dead roots and cankers on bark tissue. 
Tree death ultimately occurs. Water management and 
rootstock choice are the only reliable methods ot pre
venting infections from some, but not all, Phytophth- 
oni spp.

b. Anthracnose Anthracnose is a foliar disease 
caused by the fungus (',notnoniii leptostyla ( I t .) Ces & 
de N . that has an asexual stage. \Umsonimi jin ’Liiuiis 
(Lib.) Magn. The fungus overwinters in leaf debris 
and infects developing leaves 111 cool, wet weather in 
spring. T his infection serves as .1 source ot inoculum 
for subsequent infection o f nuts during the growing 
season. It has been reported in the eastern United 
States, Canada, Kuropc. and South Africa 011 both 
Black and Persian walnut. It has never been reported 
in California. Copper fungicides are recommended 
for control o f this disease.

c. Oak Root Fungus Oak root fungus is caused 
by the fungus Anuillcriii nicllci) (Va lil ex Fr.). This 
fungus infects the root system under conditions o f 
high soil moisture, being more prevalent along river 
courses. It reduces tree vigor as the root system 
becomes increasingly damaged, and the tree ulti
mately dies. Symptoms include white mycelial 
“ fans”  between the bark and wood of the root and 
crown area o f the tree, a distinct "m ushroom ”  smell 
from infected tissue, “ honey-colored" chimps o f 
mushrooms at the base of infected trees, and rhizo- 
morphs 011 the bark surface. Differential sensitivity 
exists; Persian walnut, Paradox hybrid, and Black
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walnut arc ranked in increasing order ot toler
ance.

d. Butternut Canker Butternut canker is a dis
ease ot Butternut caused by tile fungus SiiViOuiis 
iliiri^ii;iiniri-iiii;liiii(/ihCiiriiiii Nair et al. The disease, 
which decimates native stands ot Butternut, is charac
terized by dying branches, discolored bark, and tw ig, 
branch, and trunk canker. When cankers grow and 
join together, death ot the portion terminal to infec
tion occurs. Butternut canker has not been found in 
commercial Persian walnut producing areas.

3. Viral Diseases
a. Blackline Disease Blacklinc disease is a lethal 

graft union disorder ot Persian walnut caused by the 
walnut strain ot the cherry leaf roll virus. I he virus 
is spread by infected pollen and moves slow lv down 
the tree to the graft union. Persian walnuts are tolerant 
ot the virus but when grafted onto a hypersensitive 
rootstock species, such as /. himlsii. necrosis occurs 
at the union, resulting in death o f the scion cultivar. 
In areas where the Blackline virus is prevalent. Persian 
walnuts should be grafted onto Persian walnut stoik 
to avoid the hypersensitive reaction.

4. Mycoplasmalike Organisms
a. Walnut Bunch Disease Walnut bunch disease 

is caused by a mvcoplasmalike organism that causes 
bunching ot the twigs ("w itches broom ") on trees 
and limbs. The disease is widespread in the eastern 
and central United States, but has not been reported 
elsewhere. Removal o f infected limbs is recom
mended for control.

VI. Dynam ics of W alnut Cultivation

Black walnut cultivation w ill continue to have mini
mal importance. Econom ic constraints ot low pro
ductivity and difficulty in processing will limit com
mercial growth. Static production ot Black walnut is 
expected.

Persian walnut cultivation w ill continue to increase 
worldwide. Substantial acreage is being planted in 
China. Turkey, anti Ch ile  and that production will 
contribute significantly to the world supply. In Cali
fornia. currently the leader in world production, 
slight increases in acreage are expected; high costs ot 
developing expensive land, urbanization, and alterna
tive crop choices w ill preclude dramatic increases in 
Persian walnut acreage.
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Education: Children and Youth
GARY E. M OORE, North Carolina State University

I. Public School Education in Agriculture
II. Postsecondary Education in Agriculture
III. Cooperative Extension Service
IV. Other Agricultural Programs for Youth and 

Adults

Glossary

Agribusiness E d u catio n  Term  used to describe 
high school programs ot'agriculture during the mid- 
I9(i()s through the 1 ‘J7()s: still in use today but not as 
popular
A g ricu ltu ral E d u ca tio n  Term  used to globally de
fine all programs ot education in agriculture tor youth 
and adults; also commonly used in describing high 
school programs ot agriculture todav 
A griscien ce Integration ot' scientific principles and 
theories into the curriculum and teaching ot agri
culture
C o o p erativ e  exten sion  service Education agency 
that conducts educational programs in agriculture and 
natural resources, home economics, community de
velopment. and youth development; this agency was 
created by the Sm ith-Lever Act ot 1914 and is a coop
erative venture ot federal, state, and local govern
ments
4-H  Youth organization ot children from ') to 19 
years ot age; this organization is operated bv the C o 
operative Extension Service
FFA  The student organization tor students enrolled 
in high school agriculture courses 
S m ith -H u g h cs A ct o f  1917 Federal legislation that 
provided federal funds to support the teaching ofagri- 
iiilture in the public schools
Supervised ag ricu ltu ral exp erien ce  (S A E ) p ro 
gram s I l.mds-on learning activities participated in 
by high school agriculture students outside o f  normal

class hours; in the past this involved growing crops 
or raising livestock but the scope ot S A E  programs 
now includes conducting agricultural experiments 
and working in agricultural firms 
V o catio n al a g ricu ltu re  Term  used to describe high 
school agricultural programs when job  training was 
the primary emphasis; this term is not com monly 
used today
V o catio n al E d u catio n  A ct o f  1963 Federal legisla
tion that broadened the scope of high school agricul
ture programs to include all areas ot agriculture, not 
just farming

A g r icu ltu ra l education is a far-reaching, multifac
eted endeavor providing education in agriculture tor 
children and adults. Agricultural education programs 
are offered by a variety ot groups such as the public 
schools, comnninitv and technical colleges, universi
ties, the Cooperative Extension Service, farm organi
zations. and vouth programs such as 4-1 I and Scout
ing. Educational programs ottered by these groups 
range from highly structured and formal programs to 
loosely structured and fragmentary programs. W hile 
there is little formal coordination between the various 
groups offering educational programs for youth and 
adults in agriculture they have all contributed to im 
proving agriculture.

I. Public School Education in Agriculture

In the United States, structured programs ot agricul
tural education are offered in about II 1,0(10 public 
schools by some 12,<*<><) teachers. The objectives of 
these school-based agricultural education programs 
are to acquaint students with agriculture and to pre
pare students for careers or further education in agri

lincyclopediii of Agricultural Science, I'olutne 2 Copyright c 1994 by Academic Press, Inc. All rights of reproduction in any form reserved.
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culture. The majority ot agricultural education 
courses are ottered in comprehensive high schools but 
there are agricultural programs in elementary schools, 
junior high/middle schools, area vocational schools, 
and specialized agricultural high schools.

The term “ vocational agriculture”  has commonly 
been used to describe the public school educational 
program in agriculture. However, during the 1960s 
and 1970s “ agribusiness education" was used to de
scribe the program because the scope ot what was 
taught expanded to include agricultural areas other 
than just farming. During the 1980s the term agricul
tural education was used to describe the high school 
program because there was a change in the scope ot 
the program, content ot the curriculum, and program 
objectives. The objective ot preparing students to en
ter an agricultural career immediately alter high 
school remained, but additional importance was 
placed on teaching agricultural literacy, emphasizing 
the scientific principles involved in agriculture, and 
preparing students for further education in agricul
ture. Thus, the broader term ot agricultural education 
is now typically used instead ot vocational agriculture 
or agribusiness education.

A. The Development of Agricultural Education 
in the Public Schools

At the end o f the 19th century and the start ot the 
20th century, there was widespread criticism ot public 
education. The critics charged that education was out 
ot touch with the common person. Both the subjects 
being taught and the teaching methods used were 
under scrutiny. The teaching methods ot lecturing, 
rote memorization, and verbatim recitations were 
widely used and abused. The classical subjects being 
studied such as Latin and Greek were viewed as largely 
irrelevant to an agrarian nation. Editors ot farm publi
cations. administrators ot agricultural colleges, and 
other leading agriculturists and educators called for 
the inclusion o f practical subjects such as agriculture 
in the public school curriculum.

The movement to teach agriculture in the public 
schools started slowly at the turn o f the century but 
quickly gained momentum. Starting as early as 1903 
legislators in Georgia and Louisiana required agricul
ture to be taught in the common schools In the 1908 
to 1913 era numerous states passed laws establishing 
the teaching o f agriculture in the public schools. By 
1915 agriculture was being taught across the nation 
m 4665 schools ro 90,(KMI students The agricultural 
subjects taught and the quality ot the instructional

program varied widely from community to commu
nity and state to state.

As the teaching ot agriculture in the public schools 
became established, there was a national movement 
to pass federal legislation to provide federal support 
for the teaching ot agriculture and other vocational 
subjects. This movement culminated in the passage 
o f the Smith-Hughes Act in 1917. This legislation 
provided federal funds to support the teaching o f 
home economics, trades and industry, and agriculture 
in the public schools and provided funds for the train
ing and supervision ot teachers. The Smith-Hughes 
Act also created a Federal Board for Vocational Edu
cation. The Federal Board established national stan
dards o f uniformity tor agricultural programs, veri
fied that agricultural programs were meeting the 
provisions ot the Smith-Hughes Act. and provided 
national leadership tor the program.

B. The High School Agricultural Curriculum

At one time, the high school program in agriculture 
could have been nicknamed the “ sow, cow, p low " 
program. The Smith-Hughes Act o f 1917 stated the 
purpose ot vocational agriculture was to train people 
"w h o  have entered upon or who are preparing to 
enter upon the work o f the farm .”  Thus, the early 
curriculum concentrated on preparing students to be
come farmers. The early vocational agriculture pro
grams were found primarily in rural high schools and 
the students were typically boys. A traditional 4-year 
curriculum consisted of Agriculture I, II, 111, and IV . 
In Agriculture I the boys were introduced to Animal 
Science, Soils. Plant Science, Record Keeping, and 
Agricultural Mechanics. In the first year they learned 
about the different breeds o f livestock and how to 
select them, were taught basic soil science, were intro
duced to crop production, and learned how to use 
hand tools found on the farm. They also had instruc
tion in leadership skills such as parliamentary proce
dure and public speaking. In subsequent years, the 
different areas o f agriculture were studied in more 
depth. Considerable time was spent on livestock 
health, feeds and feeding, crop production, livestock 
housing, and farm mechanics. Economics and farm 
management were emphasized in the latter years. 
These agricultural classes were offered just like any 
other school subject, one period a day for the school 
vear. The "sow. cow. p low " description ot agricul
tural education was fairly consistent until 1963

In 1963. there was a major change m the agricultural 
education curriculum due to new federal legislation.
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The Vocational Education Act ot I ‘>63 stated that 
"an y  amounts allotted. . . tor agriculture may he used 
tor vocational education in any occupation involving 
knowledge and skills in agricultural subjects, whether 
or not such occupation involves work on the farm ." 
As a result of this new federal legislation, the curricu
lum in agricultural education was expanded to include 
new courses in areas such as horticulture, forestry and 
natural resources, agricultural sales and services, food 
processing, small animal care, and agricultural me
chanics. N o  longer was agricultural education just 
tor farming. These nonfarm agricultural courses were 
well received in suburban and urban school districts. 
These new courses were typically one period in length 
and lasted for a semester or for a year. Production 
agriculture (farming) was still taught in many schools, 
especially in rural areas. M ore female students started 
enrolling in high school agriculture because o f the 
changing curriculum and the emphasis on civil rights 
and equity during the 1960s.

The authority of the federal government in pre
scribing how to operate agricultural education pro
grams was limited by the Vocational Education Act 
of 1963. States were given considerable latitude in 
determining program requirements and curricular 
issues.

The Vocational Education Act o f 1963 also pro
vided funding for the development o f area vocational 
schools. One county or several counties would jointly 
build a centrally located school where a comprehen
sive array of vocational education courses would be 
ottered. Jun ior and senior students in local high 
schools who desired specialized vocational training 
would be transported to this centrally located facility 
where they would spend a halfday immersed in the 
study ot a particular vocation. Specialized horticulture 
and agricultural mechanics programs were often 
found in these vocational schools. Depending upon 
the needs ot the com munity, other specialized agricul
tural programs such as forestry, horse care and train
ing, farm management, small animal care, and meat 
processing could be found at the vocational schools. 
M any area vocational schools established during the 
1960s are still in operation today with a variety o f 
specialized agricultural subjects being taught.

One by-product o f the area vocational school idea 
was the establishment o f specialized agricultural high 
schools. The Saul H igh School o f Agriculture in Phil
adelphia. the Chicago High School o f Agricultural 
Sciences, and the East Environmental Science and 
Agri-business Magnet School in Kansas C ity are three 
examples. These magnet high schools offer a wide

array o f agricultural courses in addition to academic 
subjects. Students come to these high schools for in
depth study o f various agricultural disciplines.

1 )uring the 198()s the agricultural education curricu
lum evolved even further. The educational reform 
movement starting with the publication of .4 W it ion 
tit Risk in 1983 followed by new vocational education 
legislation (Carl Perkins Act of 1984) and a 1988 N a
tional Research Council study of high school agricul
tural education (I'liderstiinding Agriculture Slew Direc
tions for liduciition) all combined to cause additional 
curriculum changes in agricultural education. These 
changes resulted in greater emphasis on biotechnol
ogy and the scientific principles involved in agricul
ture. In a number o f states science credit was awarded 
for completion o f agricultural courses. High school 
agricultural students conducted experiments in plant 
growth, genetic engineering, and tissue culture. In 
addition to making the curriculum more scientific, 
new areas o f study such as aquaculture and global 
agriculture were added to the curriculum. There was 
also a trend toward changing agricultural classes from 
year-long courses to semester-length courses.

Today the high school agricultural education cur
riculum varies greatly from state to state. In some 
states, such as Texas, there are 27 different semester- 
length agriscience and technology courses that can be 
offered. In other states, such as North Carolina, there 
are a smaller number o f year-long agriculture courses 
that are taught. Regardless o f the length of the course, 
there is typically an introductory course to agriculture 
titled "Introduction to Agriscience" or something 
similar. The introductory course provides a survey 
o f agriculture with an emphasis on the scientific basis 
o f agriculture. After the introductory course, the stu
dent may select from a variety o f agricultural classes. 
A wide variety o f courses may be taught such as 
biotechnology, horticulture, aquaculture, animal 
physiology, agricultural research, animal science, 
horse production, natural resources, crop science, for
estry, agricultural sales, farm management, and ag
ricultural mechanics. The actual courses taught in a 
school depend upon the size o f the school and number 
o f agriculture teachers, agricultural needs o f  the local 
community, and state curriculum guidelines. In some 
agrarian states, there is still a strong emphasis on 
production agriculture (farming) courses. There is a 
greater emphasis on horticulture and natural resources 
in the more urban states. Regardless o f the type of 
state, there has been a marked increase on emphasizing 
biotechnology and agriscience in recent years. The 
curriculum in agricultural education today is far dit-
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11’rent trom that called tor 111 the Snuth-I lushes Act 
o f  I Ml 7.

C. Supervised Agricultural Experience Programs
One ot the unique components ot high school agricul
tural education programs is the Supervised Agricul
tural Experience (SA E ) program. Students in the ag
ricultural education program are expected to conduct 
a hands-on experiential learning program outside ot 
the classroom. This program is supervised by the 
agriculture teacher and provides the student with the 
opportunity to apply skills and knowledge learned in 
the classroom to real world situations.

I he supervised experience concept originated in 
WUX w ith Rutus Stimson. I Erector ot Smith's Ag
ricultural School in Northampton, Massachusetts. 
Students in his school were required to grow tarm 
crops or raise livestock on their home tarm using 
practices taught to them in the agriculture classes. The 
agriculture teacher visited the students and supervised 
the program. When the results obtained In the stu
dents using improved tanning methods were com
pared with standard tanning practices ot the day the 
value ot the agricultural instruction was readily appar
ent. Based upon the success ot the tanning projects 
in Massachusetts, the authors ot the Smith-Hughes 
Act included language in their bill requiring all agri
culture students to have this "supervised practice." 
O ver the years tins concept has been know as a tann
ing project, a supervised tanning program, and a su
pervised occupational experience piogiam Ongi- 
nally, students grew crops or raised livestock.

Today there are a variety ot ways in which students 
may conduct SAH programs. Placement programs 
involve the placement o f students on farms and 
ranches, in agricultural businesses, in school labora
tories, or in community facilities to provide a 'learn
ing by doing" environment. This is done outside ot 
normal classroom hours and may be paid or nonpaid. 
Students keep records as to hours worked, type of 
work activities performed, and wages. Examples of 
placement S A E  include working after school at a farm 
supply store, placement in a Horist shop, working on 
Saturdays at a riding stable, and working in the school 
greenhouse after school and on weekends. A written 
agreement and training plan identify what is to be 
learned during the placement period

Students may participate in exploratory activities, 
especially if  they are fust ve.ir students Students 
spend short amounts ot time working with, observ
ing. or interviewing agricultural workers to learn

about the type ot activities they do. Students could 
also explore various agricultural opportunities by par
ticipating in field days, collecting materials, and en
gaging m similar exploratory activities. This type ot 
S A E  is appropriate for beginning agricultural students 
but is not restricted just to beginning students. T his 
S A E  activity is designed primarily to help students 
become literate in agriculture and/or become aware 
o f possible careers in agriculture. Examples o f explor
atory S A E  activities might include observing and/or 
assisting a Horist. interviewing an agricultural loan 
officer in a bank, preparing a scrapbook on the work 
o f a veterinarian, growing plants in a milk jug "green
house,'' assisting on a horse farm for a day. or at
tending an agricultural career day at the university.

In entrepreneurship S A E  programs the student 
plans, implements, operates, and assumes financial 
risks in a farming activity or agricultural business. 
The students own the materials and other required 
inputs and keep financial records to determine return 
to investments. An S A E  entrepreneurship program 
provides students the opportunity to develop the nec
essary skills to become established in their own busi
ness or gain employment. Examples ot entrepreneur
ship activities include growing corn, operating a 
Christmas tree farm, growing bedding plants in the 
school greenhouse, raising pigs, and owning and op
erating a lawn care service. M any students have be
come established in tanning through their entrepre
neurial S A E  programs.

An experimental S A I. activity is where the student 
plans and conducts a major agricultural experiment 
using the scientific process. The purpose o f the experi
ment is to provide students "hands-on" experience 
in verifying, learning, or demonstrating scientific 
principles in agriculture, discovering new knowledge 
or using the scientific process. In conducting an exper
imental S A E  the student follows the scientific process. 
Examples o f experimental S A E  activities include 
comparing the effect ot various planting media on 
plant growth, determining the impact ot different 
levels of protein on fish growth, and comparing root
ing hormones on plant root development.

Students who choose an analytical S A E  must iden
tify .in agricultural problem that is not amenable to 
experimentation and design a plan to investigate and 
analy/e the problem. The student gathers and evalu
ates data from a variety ot sources and then produces 
some type ot finished product. 1 he product could be 
,\ marketing display or marketing plan tor an agricul
tural commodity, a series ot newspaper articles, a land 
use plan tor a tarm. a detailed landscape design tor a
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com munity facility. an advertising campaign tor .in 
agribusiness. .mi,! so torch.

D. FFA— The Youth Organization

One component ot the Agricultural education pro
gram that is synonymous in the minds o f many people 
w ith agricultural education is the I LA . The FLA  is 
an organization composed ot students who are en
rolled in agricultural education. Orig inally the letters 
FLA  stood tor Future Farmers ot America. Hut since 
agricultural education has evolved into an educational 
program much broader than just tanning, the organi
zation changed its official name in 1 t o  the National 
FFA  Organization.

The FFA  was started in IM2S and was patterned 
after the Future Farmers of Virginia. The purpose o f 
the organization is to provide an avenue for students 
to develop abilities in leadership, citizenship, and co
operation. Local I FA  chapters, working through a 
committee structure, develop an annual program of 
activities they follow. This plan includes monthly 
meetings, often using agriculturists in the community 
as speakers. A typical plan ot activities includes com
munity service projects, recreational and social activi
ties, and fund raising, and culminates in an awards 
banquet at the end o f the school year.

The FFA  has .111 incentives and awards program that 
ties in with classroom instruction and the supervised 
agricultural experience program. There are four de
grees ot membership; greenhand, chapter, state, and 
American. To  advance to higher degrees the student 
must participate in FFA  activities, demonstrate leader
ship skills, and conduct a quality SAFI program. Pro
ficiency awards, based on the students' S A E program, 
are presented at the local, stale, and national levels. 
Students who have outstanding SAL! programs in 
areas such as agricultural mechanics, livestock pro
duction, and placement in sales and services compete 
tor these awards. I here are more than 35 different 
categories ot proficiency awards.

Along with degrees and proficiency awards, the 
FF A sponsors competitive events in areas such as par
liamentary procedure, livestock judging, agriscience 
student ot the year, public speaking, marketing, and 
farm management. FFA  activities are conducted 011 

the local and regional level within a state, and at the 
state and national levels. The top level o f competition 
occurs at the National FFA  convention which is held 
every y ear in Novem ber in Kansas C.’ity. Missouri.

I Tie colors of the FFA  are national blue and corn 
gold. When schools in the South were segregated

there was a parallel organization tor black vocational 
agriculture students, the N ew  Farmers ot America 
(N LA ). I he I FA and N L A  merged 111 l ‘Jf>5. T he con
stitution ot the IT  A was amended in IW J  to allow 
girls to join. In 1̂ 71 a national FFA  Alumni organiza
tion was formed. T he Alumni organization has local 
and state affiliates and provides support to the FFA. 
For more information about the FFA  or the FLA 
alumni organization, contact the National FFA  Orga
nization (5032 Mt. Vernon Memorial I lighway. A l
exandria. V A  223tW). |.Sec W om in  in A c iu c r i icrk . |

E. Adult Education

Since the inception ot agricultural education, many 
high school agriculture teachers have also taught night 
courses for adults in the community. The wording ot 
the Smith-I Iuglics Act o f I ') 17 stated that agricultural 
education was tor those "w h o  have entered upon or 
who are preparing to enter upon the work ot the 
farm.”  I lie phrase those "w h o  have entered upon” 
was interpreted to mean adults and out-of-school 
youth who may have dropped out ot school to farm. 
During the I ‘>2<)s and I I s  it was common tor an 
agriculture teacher to offer instruction to three distinct 
groups o f students. T he first group ot students were 
those enrolled 111 high school and were called the all- 
dav students. Instruction ot this group occurred dur
ing the normal school day. The second group ot stu
dents were called part-time students and were young 
men from If) to 25 years ot age who might not have 
completed high school or had not been enrolled in 
agriculture while in high school. Fliey met immedi
ately after school was out tor the day or at night. The 
third group were the adult tanners in the community 
and they were enrolled in the evening program.

Agriculture teachers took two primary approaches 
in teaching the evening program. One approach was 
to offer a course that contained .1 variety ot topics. 
One week the lesson might be 011 dairy production, 
the next week 011 corn varieties, and the following 
week on tractors. An advisory group o f farmers 
helped the agriculture teacher choose the topics to 
be studied. I he teacher either taught the lesson or 
arranged to have a guest speaker.

File second approach to teaching in the evening 
program w as to offer a more systematic course con
centrating on one topic such as dairying. Each meet
ing would concentrate 011 some aspect ot dairying 
such as disease control, feeding, or facilities. The agri
culture teacher taught most ot these classes.
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Classes tor adults were tvpicallv taught during the 
late tall and winter months when activity 011 the farm 
was not as intense. There would he I (I-I 5 class ses
sions. During the 1930-1950 era. over halt ot the 
agriculture teachers in the United States ottered adult 
classes.

The pattern for teaching adults established in the 
early days is still in operation today. Today, about 
1200 agriculture teachers in different communities and 
states offer educational program tor adults. 1 lowever. 
the subject matter has changed, especially m the more 
urban areas. The agriculture teacher m.iv teach 
courses on landscaping, Horiculture. or gardening. 
The courses may be o f a vocational or avocational 
nature. In the more agrarian regions ot the country, 
the emphasis is still oil production agriculture. Both 
general courses and specialized courses arc taught.

In many school districts, especially the rural school 
districts, a special adult education program is orga
nized just tor young tanners. The educational and 
social needs ot those getting established m tanning is 
different from those who have already become estab
lished in farming. T he educational program con
ducted tor these IS to 35 year olds has several unique 
characteristics. Both the husband and wite are gener
ally involved in the educational program. I he classes 
may meet in the school but often are conducted in 
the home of the young farmers on a rotating basis. 
Social events such as pot-hick suppers, volleyball 
games, and parties are an important component of 
the program. T he young farmers play an active role 
m determining the topics to be covered in class and 
often help arrange for speakers. I he agriculture 
teacher may teach some ot the classes but often serves 
more as an advisor to the group. In some Midwestern 
states such as Indiana, it is not uncommon for a high 
school to have two or three different young farmer 
groups.

In 21 states (A L , C A , C O , C T . G A . IA. 1L. IN . 
K Y . KS , M O , N E . O H . O K , I'A . SC. IX .  U T , 
V A . W A , W Y )  statewide young farmer associations 
exist. These associations have annual conventions 
where they have educational and social functions and 
compete in various activities such as debates, public 
speaking, and chapter competition. These 21 state 
associations comprise the National Young Farmer 
Educational Association. The National Association 
provides assistance to state and local affiliates, con
ducts an annual convention, anil sponsors an incen
tives and awards program tor members The address 
of the National Young Farmer Educational Associa

tion is 5632 M t. Vernon M em oria l H ig h w ay , A lexan
dria. V irginia 2230').

A third tvpe ot school-based adult education m 
agriculture is found in a number o f midwestern and 
western states. Besides having the typical adult classes 
and voting farmer programs mentioned previously, 
some school systems hire teachers whose sole respon
sibility is to teach adults. These teachers visit adult 
farmers during the day and provide consultation and 
assistance to the tanners. N ight classes are also con
ducted. The primary emphasis o f these adult pro
grams is farm management. While some ot the spe
cialized adult teachers may be hired by local school 
systems as is the case in Minnesota and Ohio, the 
majority ot the adult farm management teachers oper
ate through the community or technical college sys
tem ot the state. In the United States there are about 
4ihi adult farm management teachers (found in N E . 
C O . S I).  N l) .  ID. W A . O K . A/.. N M . U T . W l. 
M O . O l 1. and M N ).

Special adult programs in agriculture were offered 
alter World War II and the Korean War for veterans 
under the provisions ot the C l Bill. The objective was 
to prepare the returning serviceman tor the farm.
I li gli school agriculture teachers would teach veterans 
3 -4 nights a week. I lie veterans received money for 
attending the classes and the teachers were paid extra.

I hiring the late 1950s and 1960s several events com
bined that resulted in less emphasis being placed on 
school-based adult education in agriculture. The high 
school curriculum m agriculture changed from just 
farming to include other areas ot agriculture such 
as food processing, forestry, and natural resources. 
Different types ot students (and parents) were associ
ated with the high school agriculture program. This 
group had not experienced adult education in the past 
and the need for adult education in some of the new 
curriculum areas was not as evident as that in farming. 
In many states, schools in rural areas were consoli
dated. Instead o f having readily identifiable commu
nity schools, one or two schools might serve the entire 
county. There was a loss o f community identity and 
adults lost the feeling that the local school was “ their 
school." Also, television and other forms o f commu
nication emerged during this era to compete tor the 
attention o f the adults. Today evening classes, young 
farmer programs, and specialized adult teachers soil 
operate in the pubic schools, but the availability, ex
tent. and type ot adult education programs ottered 
vary greatly from community to community and 
trom state to state.
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F. Middle School Programs of 
Agricultural Education

Agricultural instruction is provided in sonic middle 
schools. The purpose of the instruction is to provided 
a general overview  of agriculture and to acquaint stu
dents with the types of"careers available in agriculture. 
Students are enrolled in the agricultural class for one 
or two grading periods and then rotate 011 to other 
courses such as art, industrial arts, or home eco
nomics.

G. The Teacher of Agriculture

T he minimum requirement to be a high school teacher 
of agriculture is to have a baccalaureate degree in 
agricultural education. There are approximately Mil 
universities in the United States with teacher training 
programs in agriculture. Teacher education programs 
are found in land-grant colleges and in some regional 
universities. In order to offer a degree in agricultural 
education a university must offer courses in both edu
cation and agriculture. Students preparing to be agri
culture teachers complete a variety o f courses in both 
ot these areas plus general education courses. Masters 
degrees in agricultural education are offered in most 
universities that have baccalaureate programs. Doc
toral degrees in agricultural education are offered in 
about 10 land-grant universities.

H. The Governance of Agricultural Education

Each state has one or more individuals in the state 
department of education who have supervisory and 
administrative responsibilities for agricultural educa
tion. These individuals are called supervisors or con
sultants and they provide guidance and direction to 
the agricultural programs within their states. W ork 
ing cooperatively w ith the teachers, they determine 
the curriculum and program standards, and help coor
dinate FFA  activities.

At the national level, two agricultural education 
specialists are located in the United States Department 
ot Education. These specialists interact with state ag
ricultural education officials, serve 111 a liaison position 
with other educational and agricultural groups at the 
national level, and work with the FFA . Prior to the 
passage ot the Vocational Education Act o f 1963 there 
were 10-12 agricultural education specialists at the 
federal level. They ascertained that the provisions of 
the Smith-Hughes Act were being followed in the 
various states and provided leadership in areas such
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as adult education, firm  mechanics, and curriculum 
development on a national level.

I11 the early 19<S0s the various constituent groups 
(teachers, supervisors, teacher educators, young 
farmers, alumni, etc.) invoked in public school edu
cation 111 agriculture saw the need to dev elop a national 
organization to prov ide leadership and serve .is a voice 
tor the agricultural education profession. Accord
ingly. the National Council for Agricultural Educa
tion was established 111 1984. Representatives o f the 
various groups involved in public school education 
in agriculture comprise the Council. The Council 
serves as a think tank and advocate for agricultural 
education at the national level.

I. Professional Organizations in
Agricultural Education

I ligli school, post-secondary, and middle school agri
culture teachers belong to the National Vocational 
Agriculture Teachers Association (N V A T A ).  State 
supervisors belong to the National Association o f Su
pervisors of Agricultural Education (N A S A E ).
Teacher educators belong to the American Associa
tion for Agricultural Education (A A A E ). Most teach
ers. supervisors, and teacher educators also belong 
to the American Vocational Association (A V A ). The 
three agricultural education organizations hold their 
annual meetings in conjunction with the annual meet
ing o f the American Vocational Association. Adult 
farm management instructors belong to the National 
Farm and Ranch Business Management Education 
Association. They may also belong to the N V A T A .

II. Postsecondary Education 
in Agriculture

Education in agriculture for youth and adults is not 
limited to the public high schools and middle schools. 
Com m unity and technical colleges offer a variety o f 
courses in agriculture. Also 4-year agricultural col
leges offer short courses and 2-year associate degree 
programs in agriculture. Baccalaureate and graduate 
programs in agriculture are described in another arti
cle. (Sec E d u c a t i o n :  U n d i k c k a d u a t k  a n d  G r a d u -
A I H U .N IVhKSI I Y. |

In the United States between 500 and 000 commu
nity and technical colleges offer agricultural courses. 
These courses can be taken as stand along single 
courses, be part of a 1-year certificate program or 2-
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year associate degree program. .uni in some cases be 
transfer courses to .1 4-vear college. Students I'.m en
roll in .1 single course just to le.irn more about .1 specific 
.1gricultur.1l topic or they can enroll in program tor 
career preparation purposes. Courses .uni curricula 
exist m .1 variety ot agricultural areas such .is agricul
tural mechanics, floriculture, swine management, ag
ricultural sales, veterinarian technology, nursery 
management, horse production and care, farm man
agement. and greenhouse production.

I he national Postsecondarv Agricultural Student 
(PA S ) association is .1 student organization tor agricul
tural students 111 the community and technical col
leges. It was formed in 1M79 and is looselv patterned 
after the 1TA.

Several universities have special educational pro
grams in agriculture tor adults. One example is the 
winter short course at Purdue University 111 Indiana.
1 cn to tw elve courses focusing 011 animal agriculture, 
plant agriculture, and general agriculture are taught.
I he courses are ottered during an K-week span start
ing 111 )anuary and extending through March. I he 
courses are taught 011 the main campus In university 
faculty members but the courses do not cans aca
demic credit. The structure ot the program is like a 
miniature semester; students enroll 111 several ditterent 
courses, do homework, and have exams. I he empha
sis ol the short course is 011 practical application ol 
the latest technology and research. Young tanners 
and adults enroll in the winter school. A similar pro
gram is ottered at the University ot Wisconsin.

North Carolina State University offers a 2-vear 
program called the Agricultural Institute. I lie Insti
tute is .1 2-year, terminal academic program that pro
vides education and training in food science, agricul
ture. horticulture, tint grass management, and 
agribusiness. Students in this program enroll in spe
cialized courses in agriculture that emphasize applica
tion and hands-on activities. The courses are taught
011 the main campus ot the university bv university 
faculty members. These courses do not transfer to 
a 4-year program. Virginia I'eili. the University of 
Maryland, and the University ot Massachusetts have 
similar programs.

1 he (.)hio State University otters .1 program similar 
to that o f Nin th C iarolina State but the program has its 
own campus and faculty. I he Agricultural i echnical 
Institute (A T I) is located 111 Wooster. O h io .  Special
ized 2-vear courses of study are ottered 111 .1 wide 
variety ot agricultural fields. However. .1 number ot 
the courses at the A I 1 tan be translencd to !-\ear 
agricultural colleges.

Some universities otter 2-vear associate degrees in 
agriculture but the courses are primarily the same 
as those taken by 4-vcar students. After 2 years the 
students may take their associate degree and enter 
the labor market or they may transfer into a 4-year 
academic program. Some o f the universities with this 
type ot program are the Pennsylvania State Univer
sity. Michigan State University. University ot M in 
nesota. Ohio State University. Purdue University, 
and the University o f  N ew  Hampshire.

III. Cooperative Extension Service

The organization that has the largest agricultural edu
cational program 111 the world is the C .ooperative I n 
tension Service (C I S). I he Cooperative Extension 
Service is a cooperative venture ot tcdcral. state, and 
local governments. |Ncc Cooim u.vi ivi E x i i n s i o n  
S i.k v k  1 . |

In the early I'Wills America was predominately an 
agrarian nation anil farmers needed help in improving 
their fanning practices. I he findings o f the agricul
tural research being conducted at the land-grant col
leges was not readily available to the farmers. A 
method lor transferring agricultural research findings 
and scientific know ledge about farming from the uni
versities to the tanner was needed. In many states 
various activities such as traveling railroad car exhib
its. demonstration tarms, farmers institutes, agricul
tural lairs, and meetings o f agricultural societies were 
sponsored bv universities, federal and state depart
ments of agriculture, and private citizens in an attempt 
to disseminate agricultural knowledge. In 1914 the 
federal government passed the Smith-Lever Act 
which established a nationwide extension system that 
operates at the state and county level. The purpose 
of the extension service w as to transmit information 
from the agricultural colleges to the people. Today, 
the cooperative extension service still transmits infor
mation to people but the type tit information dissem
inated and the people served have been expanded.

I he Cooperative Extension Service is found in 
nearly every countv m the United States. The county 
extension office is staffed by one or more extension 
agents. A common model i s  to find .111 agricultural 
agent, a home economics agent, and a 4-H agent. In 
more populous counties there could be several addi
tional agents such as community development agents 
ami horticuliur.il agents. In l e s s  populous counties, 
there 111.1v not hi a 4-1 I agent. I he agricultural agent 
and home economics agent would then handle 4-11
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activities. I lie tvpe .mil number ot agents employed 
m a county depend upon the needs o f the county.

The educational programs and services ottered In 
the extension service at the county level are varied.
I he extension service publishes .1 large number of 

educational brochures 011 .1 variety o f topics that are 
available to the public. Classes and meetings are held 
111 local communities. Examples ot meetings could 
be lawn care, nutrition, raising children, handling 
agricultural wastes, pesticide safety, anil rural zoning. 
Advisory committees in each county provide advice 
as to the type ot education programs needed. Exten
sion agents are also available for individual consulta
tion. It .1 farmer or homeowner was having .1 disease 
or insect problem, the agricultural agent would visit 
the farmer or homeowner, identify the problem, and 
provide suggestions tor solving the problem.

County extension agents are supported by .1 state 
extension statt. The state extension staff is located at 
the land-grant college in each state. Besides per
forming administrative and leadership functions, the 
state staff develops the educational publications used 
at the county level and develops educational aids such 
as slide programs and displays. The state staff also 
includes subject matter specialists who assist county 
agents in conducting education programs and 111 solv
ing problems.

A widely recognized component o f the extension 
service is the 4-H program. The 4-11 program is .111 

educational and leadership development program tor 
young people between the ages of and !'•>. The 4- 
H members are generally organized into clubs. The 
clubs may be community based or can be composed 
ot individuals from throughout a county who have 
common interests such as a horse club or beef cattle 
club. The clubs meet regularly, have educational pro
grams, plan and conduct service activities, and hold 
social functions.

IV. Other Agricultural Programs for 
Youth and Adults

A. Ag in the Classroom

I lie United States Department o f Agriculture 
(U S D A ) provides leadership fora program called Ag 
in the Classroom. This is .111 educational program that 
operates in the elementary schools. The objective of 
this program is to acquaint elementary students with 
agriculture. While the U S D A  provides leadership for

the program, the implementation of the program var
ies from state to state.

Typically, sets ot instructional materials are pro
vided to elementary teachers. I heinstruction.il mate
rials include lesson plans, student activities, and visual 
aids. The lessons are on agricultural topics but are 
integrated with the state curriculum guides for each 
grade level. For example, it .1 unit on plant growth 
is to be taught at a certain elementary grade, the Ag 
111 the Classroom materials would contain all the in
formation that would normally be taught about plant 
growth but the illustrations and examples would be 
on agricultural crops grow n 111 that state. Agricultural 
coloring books, agricultural videos, and an agricul
tural newspaper similar to the “ Weekly Reader" are 
also used. I rips to agricultural colleges and commu
nity agricultural expositions may be conducted.

Workshops are held in the summer tor elementary 
teachers to teach them how to use the materials. In 
some states, such as Idaho, special "hands-on”  pro
grams are held for elementary teachers at the state 
agricultural college. Teachers actually perform ag
ricultural tasks.

The administration and funding ot the Agriculture 
in the Classroom program varies from state to state. 
I11 Iowa, the state department ot agriculture coordi
nates the program. In North Carolina, the Farm Bu 
reau operates the program with financial support from 
other agricultural industries. I11 Idaho, an educational 
foundation has been established to operate the Ag in 
the Classroom program ami funds are provided by 
private donations and the state legislature.

B. Boy Scouts of America

W hile the Boy Scouts are not thought ot as an agricul
tural education program, they do otter several merit 
badges related to agriculture. It a scout desires to 
work on an agricultural merit badge, he obtains a 
merit badge booklet that contains information about 
the subject. He studies this information and then com
pletes a number ot required projects or activities re
lated to the merit badge. All ot this is done under 
the supervision of an adult who has expertise 111 the 
agricultural field being studied. Boy scout merit 
badges are available in agribusiness, animal science, 
bee keeping, botany, farm mechanics, forestry, gar
dening, horsemanship, landscape architecture, plant 
science, rabbit raising, soil and water conservation, 
and veterinary science.

Historically, agricultural education programs in the 
high school and educational programs conducted by
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the Cooperative Extension Service were the primary 
sources o f education in agriculture for youth and 
adults. These two groups are still vitally involved in 
this task, but the scope and content o f what they teach 
have expanded. Other groups have also joined in the 
educational effort.
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Glossary

A g ricu ltu re  Knowledge base that is a composite ot 
disciplines that broadly link basic sciences, natural 
systems, economics, business, and human resources 
to the more traditional production agriculture and 
food enterprises; it encompasses the production o f 
tood, fiber, wood products, horticultural crops, and 
other plant and animal products; and includes the 
financing, processing, marketing, and distribution o f 
agricultural products; farm production supply and 
service industries; health, nutrition, and food con
sumption; and use and conservation o f land and water 
resources; development and maintenance o f recre
ational resources; and related economic sociological, 
political, environmental, and cultural characteristics 
of the food and liber system; educational programs 
in food, agriculture, and natural resources tend to be 
interlinked.
C ultural d iv ersity  Involvement o f individuals o f 
different or varied backgrounds relating to ethnicity, 
gender, location, and inherited ideas, beliefs, values, 
and knowledge as students, faculty, and staff 
D istance ed u catio n  Process o f conducting educa
tional programs within states and across state lines 
through the use o f correspondence and telephone and 
satellite communications to reach people who ire un
able to participate at the location where the instruction 
originates
G raduate ed u catio n , ag ricu ltu re  Postgraduate ed
ucation in a specialized discipline o f agriculture usu- 
alh leading to a Master of Arts. Master o f Science, or

Doctor o f  Philosophy Degree from a comprehensive 
university; study at the Masters level prepares stu
dents as researchers and/or professionals within their 
disciplines; the doctoral degree is awarded tor original 
research within one’s specialized field 
U n d erg rad u ate  ag ricu ltu ral ed u catio n , associate  
degree level Educational programs offered in a 2- 
year postsecondary vocational-technical schools, in 
junior and community colleges, as 2-year programs 
within agricultural colleges and universities, and in 
technical schools with either a vocational or technical 
education emphasis or a more general education de
signed for transfer to a 4-year university 
U n d erg rad u ate  ag ricu ltu ral ed u cation , b acca 
laureate level General and professional education in 
agriculture o f at least 4 years providing content, con
text, and practice for undergraduate liberal study 
within the context ot a comprehensive college or uni
versity which lays a foundation tor understanding 
professional life in the discipline

T h is  article examines general and professional edu
cation in ,1 broad range ot food, environmental, and 
agricultural specialties, including agricultural business 
and management, natural resources, agricultural edu
cation and/or communication, animal science, ento
mology. plant and/or soil science, agricultural engi
neering and/or mechanization, tood science and/or 
human nutrition, horticulture, plant pathology, rural 
sociology, general agricultural studies, and related bi
ological and/or physical sciences within the context 
o f a comprehensive college or university, a 2-year 
postsecondary vocational-technical school, or a ju 
nior or community college at associate degree, bacca
laureate degree, and graduate degree levels.

I. Introduction

The concept o f "education as a public service," initi
ated with the M orrill Act o f 1862, marked a unique
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U .S . contribution to higher education. While the 
teaching ot agriculture was given primary emphasis 
when the act was initiated, research and extension 
missions and funding were added later. Every state 
established at least one agricultural college under the 
act. funded from both federal and state sources. These 
colleges have contributed to an adequate and high- 
quality food supply for the American public.

As the nation changed from ail agricultural soci
ety to an industrial society, and more recently to a 
knowledged-bascd professional society, questions 
have been raised about the public need tor the agricul
tural college system. The population has shitted trom 
rural to urban areas. The economy is no longer na
tional but international in character, and agriculture 
is no longer the strong social or political (actor that 
it once w as. However, most ol the land, water, and 
natural resources in the United States continue to be 
devoted to the production of agricultural commodi
ties. Natural resources of soil. land, and water support 
not only the tarin. but also nontarm uses, and call 
forth a complex set ot problems and political issues 
that transcend agriculture, and require a high degree 
i)l knowledge in both natural and social sciences.
I here have been major changes in the societal setting: 
a decrease in the number ot tanners, a migration ot 
rural America to the cities, and voicing ot major pub
lic concerns tor the nutritive value ot food and the 
quality ot the environment. |.S'cc Uuit.u Sc x ioi <h ;y . |

The traditional mission ot agricultural colleges has 
been expanding. I ’lie focus has been broadened trom 
agriculture to agricultural systems. Included are most 
aspects ot food and fiber production, food safety and 
human health, environmental quality, and conserva
tion and use ot natural resources. As the focus ot 
agricultural colleges has been changing, students and 
curricula have also been in a state ot transition. Efforts 
have been made to diversify the student body and 
prepare students as more generally educated profes
sionals with less emphasis on technical specialization.

An understanding o f the broadened mission of agri
culture within the American society, of undergradu
ate education at the associate degree and baccalaureate 
degree levels, and ot graduate education provides a 
basis tor a treatise on the topic ot education: under
graduate and graduate university.

A. Agriculture

As one considers the field ot agriculture, one must 
be cognizant ot the changes taking pl.u e w ithin the 
environment in which agriculture operate*, and how

these changes might influence agricultural systems. 
Five key anticipated characteristics o f agriculture in 
the year 2(K)2 identified by an Agricultural Strategic 
Planning Task Force (1992) follow:

1. Siicnlitiiiilly iii/r.i/iivi/. Throughout the 2dth century 
agriculture has been buffeted by scientific advances. New  
advances over the next Id years will require even more 
scientific expertise on the part ot agribusiness operators. 
Moreover, agribusiness operators will need to express 
their scientific literacy in ways which reassure the public 
of the safety and quality ot their products. Successful 
agribusiness operators will he ambassadors, not just 
users, of science.

2. (.',’iisiinur (Irirtii. Agribusiness operators, w hether 
they be input suppliers, farm producers, or output 
processors and merchandisers, will he attuned to the 
needs of consumers. I radition.il commodity markets 
increasingly will he relegated to export markets in less 
developed countries, and bulk processing markets in the 
United States. Specialized products, most aimed at small 
markets, will be engineered to meet the diverse life style 
needs ot economically well-off consumers in the United 
States and other developed countries. I hese specialized 
products will service both food and nonfood markets.

3. l-iiriionmcnuilly ihiOiiiihiblt The public no longer 
perceives that agriculture is unique and thus warrants 
special treatment with respect to environmental 
regulation and utilization ot natural resources. Therefore, 
irrespective ot'its wishes, agriculture will he accountable 
for its impact on the quality ot life in surrounding 
communities, (iiven tins inevitability, agriculture may 
become proactive in developing a good neighbor policy.

4. liinin<ilioiuil. Agncultuie currently sells products 
into worldwide markets, but m Id years international 
dimensions also w ill influence agriculture's scope and 
ownership as well as its managerial perspectives and 
attitudes. I he role of national boundaries as determinants 
of policy will diminish as multinational restrictions on 
policy alternatives grow. These changes will place new 
strains and challenges upon the market-oriented change 
process confronting agriculture.

5. D)')M ink .(//)' iiiiK/.ii.'i'i/. Successful agribusiness 
operators will: (a) efficiently use resources, (b) capture 
the advantages ot change, and tc) focus energy oil being 
good neighbors hv minimizing the nuisances associated 
with their business. Management ot the external 
environment will be as important to a firm's long-term 
success as management ot its internal environment. 
Management ot the internal environment will he more 
about managing change than efficiently using resources.

On many campuses, colleges ot agriculture and 
related disciplines arc undergoing programmatic 
changes and. more important, are reexamining the 
philosophy underlying their missions. They are dc-
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vcloping .1 unique know ledge base th.ii is much 
broader th.m is generally perceived— a knowledge 
base tli.it is .1 composite ot disciplines tli.it hro.ullv link 
basic sciences, n.itur.il systems, economics. business, 
•iiul hum.in resources to the more tr.iilition.il produc
tion agriculture .mil tood enterprises.

A definition developed by the Committee on Ag
ricultural Education in Secondary Schools recognizes 
the changing nature ot agricultural systems:

Agriculture encompasses the production ot agricultural 
commodities, including tood. tiber. wood products, hor
ticultural crops, and other plant and animal products. 
Agriculture also includes the financing, processing, mar
keting. and distribution ot agricultural products: (arm 
production suppk and service industries: health, nutri
tion. and tood consumption: and use and conservation 
ot land and water resources; development and mainte
nance ot recreational resources: and related economic 
sociological, political, environmental, and cultural char
acteristics ot the tood and tiber system. ( 1VSS. p. vi)

B. Education, Undergraduate

Undergraduate education m agriculture has been ot
tered at both the associate degree and baccalaureate 
degree levels. Iliese programs have offered both gen
eral education and occupational preparation in a broad 
range ot agricultural specialties in a variety o f institu
tional settings.

1. Associate Degree Level
Associate degree programs in agriculture have in

cluded those with a vocational education emphasis, 
those w ith a technical education emphasis, and those 
emphasizing transfer to a 4-year university. One sig
nificant variant in determining the type o f program 
lias been the number ot credits or courses in general 
education (mathematics, science, communications, 
human relations, etc.) versus the number o f credits 
or courses in a technical specialty in agriculture that 
have been required. I he range o f offerings in agricul
ture in these 2-year programs has paralleled programs 
at 4-year universities. These programs have been ot
tered in 2-ycar postsecondary vocational-technical 
schools, m junior and community colleges, as 2-vcar 
programs within agricultural colleges and universi
ties, and m technical institutes.

2. Baccalaureate Level
Undergraduate general and professional education 

in agriculture provides content, context, and practice 
tor undergraduate liberal study. It lays a foundation

tor understanding professional htc in .1 broadly de
fined agricultural environment. Preparation ot agri
culturalists at this level occurs within the context ot 
a comprehensive college or university. A minimum 
o f 4 years ot study beyond the secondary level is 
usually required to complete a curriculum of study at 
this level. Majors vary by institution, but are generally 
available in the areas o f agricultural business and man
agement. natural resources, agricultural education 
and or communication, animal science, plant and/or 
soil science, agricultural engineering and/or mechani
zation, food science and/or human nutrition, general 
agriculture, related biological and/or physical sci
ences. and other areas.

C. Education, Graduate

( ir.iduate education m agriculture has been available at 
both the masters and doctoral levels. These programs 
have been designed to fit within the requirements ot 
the graduate schools o f the colleges and universities 
where they are found. (Ir.iduate education in agricul
ture has ottered the opportunity tor students to de
velop a greater degree ot specialization than is nor
mally possible at the undergraduate level. Students 
usually specialize within one ot the disciplines within 
agriculture, supplementing their education with 
courses which provide professional support to the 
agricultural specialty.

1. Doctoral
A doctorate is the highest academic degree in any 

field ot knowledge. In agriculture doctorates are usu
ally awarded for study in such fields as agricultural 
economics, agricultural education, agricultural engi
neering. agronomy, animal science, food science, 
horticulture, natural resources, and rural sociology. 
The Doctor o f Philosophy is the doctoral degree 
awarded for original research within one’s specialized 
field.

2. Masters
A Master o f Arts or Master ot Science degree is 

awarded for graduate study beyond the baccalaureate 
but at less than the doctoral level. In agriculture the 
Master o f Science degree is the usual one offered at 
this level. Helds o f study are similar to those offered 
for doctoral work. At most colleges and universities 
this degree is offered tor students pursuing one ot 
two options. The first option prepares the student as 
a researcher in the discipline. The major emphasis is 
often considered to be preparation for study at the
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doctoral level in the same iIim ipim> i Ik second op
tion is intended to prepare the student is .1 professional 
in the discipline. In the second option .1 thesis mav 
not he required.

II. Education at the Associate 
Degree Level

Two-year postsecondary education in agriculture de
veloped rapidly in the 1%Ms and I ‘>7ik. I'wo-year 
educational programs provided a w .1 \ tor students 
to prepare for agricultural occupations at the mid
management and technician levels without complet
ing a 4-year college degree.

A. Nature of Programs

There has been a great deal ot variance trom institu
tion to institution in the nature ot the program ot
tered. Some institutions have emphasized transfer 
programs, providing the basic courses 111 general sub
jects required tor transfer to a 4-year college or univer
sity. Other institutions have emphasized the prepara
tion ot students for entry into specialized, technical 
or mid-management positions in agricultural business 
and industry. Some ot the programs at less than the 
baccalaureate level which have been ottered in the 
vocational—technical institutes and centers have not 
been Associate Degree programs but instead have 
provided certificates or diplomas. In ilicse programs 
the emphasis has been on technical skills rather than 
general education. These differing outcomes have re
sulted in differing curricula. Regardless of these differ
ences. there have been some commonalities in the 
curricula provided by these 2-war institutions.

B. Enrollment Trends

There have been no solid data on enrollments at the
2-year or Associate Degree level 111 agriculture. The 
data that are available indicate a decline 111 enrollment 
during the I'M ls. The general impression is that en
rollments have stabilized in the carlv |9()iK. Very few 
ot the students at this level have been enrolled 111 2- 
year programs within 4-year universities. O n lv 4621 
students were enrolled 111 the National Association <•* 
State Universities and Land (ir.int (,'ollcgcs .uni the 
American Association ot State Colleges o f Agricul
ture and Renewable Resources colleges. 1 he compa
rable enrollment I w ar earlier w.is 4442 students. The

vast majority o f enrollments have been in comnum- 
uv and technical colleges, including area vo
cational-technical institutes and centers. These in
stitutions have not been involved in the reporting ot 
statistics relating to their agricultural student en
rollment.

C. Curriculum and Instruction

Curriculum and Instruction in 2-year postsecondary 
institutions may be characterized as more practical 
and applied than curriculum and instruction at the 
baccalaureate level. Industry advisory committees 
usually have provided strong input concerning curric
ula and program decisions; practice and “ hands-on" 
instruction usually has been provided 111 laboratories 
and on internships in industry; and faculty usually 
have possessed strong industry experience, often at 
the expense o f having had degrees at the doctoral 
level.

The 2-war and the 4-year curricula have been inte
grated 111 some states but maintained as separate enti
ties 111 others. The articulation of' 2-year and 4-year 
programs has been a continuing issue in many states, 
but some progress has been evident. The problem has 
been that 2-year programs have attempted to serve 
multiple purposes, involving preparation for immedi
ate employment as well as preparation for further 
education. Persons making academic decisions in 4- 
ycar universities have sometimes been reluctant to 
accept credits from 2-year institutions because the 
purpose for and level of the instruction has been 
viewed as different than that offered at the baccalaure
ate level.

III. Education at the 
Baccalaureate Level

Undergraduate education in agriculture may be essen
tial to anv strategy o f meeting the new forces in world 
competition and should be a key factor in harnessing 
inventive genius in the marketplace. Undergraduate 
education serves the multiple roles o f preparing gener
ally well-educated people, professionals who are gen
eral agriculturalists, professionals in specific disci
plines within agriculture, and preparatory education 
for graduate education in agriculture and related disci
plines,

A. Nature of Programs

I lirough a variety ot programs, colleges ot agricul
ture haw  been drawiim 011 the wealth o f their sciences
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to address tin.- general issues facing society. contribut
ing special expertise to other curricula in the univer
sity. and providing .1 general education to students in 
colleges other than colleges ot agriculture.

B. Enrollment Trends

I here were 12.7(>2 baccalaureate degrees in agricul
ture awarded in 1970-1971. 23.74S 111 1983-1984. and 
17.030 in 1991-1992. The grow th that has occurred 
has been mainly in majors linked with high technol
ogy, including disciplines such as agricultural and 
food engineering, biotechnology, agricultural eco
nomics, agribusiness, and environmental sciences.

A trend that probably w ill continue is the fact that 
more students choosing agricultural careers w ill come 
from suburban and urban backgrounds. Enrollment 
trom these populations have been increasing at a much 
taster rate than enrollment from rural populations. 
The pool o f rural youth who traditionally have gone 
into agriculture w ill not be sufficient to supply the 
work force needed.

1 hiring the past 10 years, U .S . college ot agriculture 
and natural resources undergraduate enrollments fell 
by 9 % . Since 1979. the annual number o f U .S . high 
school graduates, who serve as the potential enrollees 
111 colleges ot agriculture, declined by more than 20%.
1 low ever, the number ot high school graduates is 
expected to increase by 20%  in the next decade.

More than 55%  of the total student enrollment 
growth in colleges ot agriculture during 1987-1991 
was in natural resources curricula, which accounted 
tor only 17% ot the undergraduate enrollment. This 
growth in natural resources curricula may be due to 
interest by students in the environment, safe food and 
water, land use planning, and other related concerns.

IJyler reported findings from a studs o f undergrad
uate agricultural students 111 Tennessee universities: 
( I )  female and minority enrollment was low. (2) de
clining numbers ot students had agricultural back
ground or experience, (3) parents heavily influenced 
students' choice o f major, and (4) students needed 
current and accurate information about career oppor
tunities 111 agriculture.

Christmas reported factors students considered im 
portant in their choice o f an agricultural major 111 

college: agricultural experiences, perceived opportu
nities in agriculture, interest 111 agriculture, involve
ment in the secondary agriculture program, and .1 

feeling ot usefulness. Parents were the most influential 
persons in the students' choice ot .1 course ot studv.

Other influential factors included students' secondary 
programs and participation in 4-1 1 clubs.

Decreasing student enrollment in seven California 
4-vcar agricultural schools was reported by Thom p
son. He discussed the loss ot student interest 111 rela
tion to agriculture s negative image and the national 
agricultural economic crisis. Increased enrollment 
was noted 111 some agriculturally related fields.

C. Curriculum and Instruction

The curriculum should provide tor the needs ot indus
try in .1 changing world. Graduates with agricultural 
degrees should think globally, act creatively, value 
diversity, behave responsibly, respond flexibly, and 
interact cooperatively.

In the food, agricultural, and 11.1t11r.il resource sciences, 
curriculum revitalization is essential to the survival of 
higher education as we know it. Over the years, our 
curricula have undergone significant changes. Ironi the 
pre-1 *J7(Is emphasis on production agriculture to .1 strong 
business approach in the 1970s. This was followed by 
greater attention to the underlying sciences ot agru ulture 
in the 1‘Wlls. . . and in the 19911s. we find ourselves 
in a new wave ot transformation that emphasizes the 
educated person and .1 broader and more philosophical 
approach to preparing people tor life. In colleges of agri
culture and natural resources, we are now giving greater 
attention to the global perspective: systems models, 
problem-solving techniques, environmental ethics, social 
issues, and the critical area of oral and written communi
cations. (I less. 1992. p. 21).

/.iiiinierinan indicated that many college campuses 
are responding to the need to improve the communi
cation and thinking skills ot graduates by implement
ing a "wntmg-across-the-curriciilum" program. This 
program is based on the concept that all teachers 
should both require students to use a variety ot w rit
ing techniques and help teach writing. The program 
emphasizes writing as a process and puts it at the 
center o f the curriculum.

Expected levels o f learning tor undergraduate stu
dents 111 agriculture were identified by Ellington and 
Hartung as follows:

1. Sciaiiith liia.uy. Literate 111 the agricultural, 
physical, biological, and mathematical sciences

2. (.'ominiiiiic,ilion.<. Competent in written com
munications. literate competent in oral communi
cations literate in interpersonal communications. »nd 
aware/literate 111 graphic communications

3. Appreciiirion <unl comprehension. Literate in social and 
behavioral sciences and aware/literate 111 arts and 
humanities
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4. /.//t li'H  ̂>L’llI.* C ainipitiii solving and
literati' m reasoning and limit. ' : ii.inagi'inent.
synthesis. anil information svs:( i ,

5 . liioiioiniis tiiiil husinc<> p ri'iiij i >;• d' in 
e c o n o m i c s  a n i l  b u s i n e s s  p n n i i i ' l e -

<>. A p p r f d a i U w  i ' l  u ’o r h l w i t h  h i  !  ■ . .  I  i t e r a t e  i n

a g r i c u l t u r e  a n d  a w a r e / l i t e r a t e  : n  m u --. i \

Goecker suggested I<) tilings which must be done 
by colleges o f agriculture: il provuk agricultural, 
food, and environmental literal v. -1 otter a more 
flexible undergraduate program. i mentor students 
more effectively. (4) toeus .11 pro!:<in solving.
(5) package instruction m crcatr. e wav-. ((>) achieve 
a more diverse student bod\. - upd.iK it least l<>% 
ot each course each vear. (K) build m \ eiiucational 
teams. (9) change the taiult\ mcciip.e structure 
to give greater reward to etleitive '■ idling. and 
(H i) take tune to assess and retie't upon ccomplish- 
nients.

A desired outcome tor college oj agm ulture gradu
ates is a broad understanding ot the agricultural indus
try. Eleven areas ot study identified in i study hv 
Frick. Kahler. and M iller wi re agru tilttii important 
relationship with the environment, the processing ot 
agricultural products, public agriculmial policies, 
agriculture's important relationship with natural re
sources. production ot animal pinduits "cietal sig
nificance of agriculture. production of pi mt products, 
economic impact of agi icu ltun. and mai keting of 
agricultural products, the distribution oi a. ricultural 
products, and the global sigiutu anu ot r. multure.

The principal international thrusts in ind,-i graduate 
education today are foreign language stu Jvs. the in
clusion ot international content in cotirsis. study 
abroad opportunities, and the implimen it:.-n o f area 
studies programs. However, progress in these areas 
has been inconsistent. Most institutions ii ■ not de
termined what the optimum level of in .. ntational 
competence should be. While some inst;u:t!"iis have 
provided opportunity for some student'- to study in
ternational issues in depth, the tvptcal u id. raduate 
in colleges ot agriculture is given little !i ! his oi
lier understanding o f the impact o f trade !• •'( il envi
ronmental impacts, and the nature ot’ in:•• national 
agricultural research.

I lerttord and 1 lartlev reported the di • r tent ot
12 new international courses and 1 1 osv-i. : siniti-
l.itions undertaken bv (look ( olies;,- tli tlusnl
and environmental unit of Uutgi is. j h • - : niver-
sitv ot N ew  |ersev. Reasons for intern m ’gram
activities were identified is program cn t. the
selt-imerest ot the umversitv. and hum lism.

IV. Education at the G raduate Level

Students who desire a career as an agricultural scientist 
or who wish to work at a professional level which 
requires a graduate degree may specialize w ithin one 
or more of the agricultural disciplines. Graduate edu
cation has been provided by universities in the agricul
tural sciences at both the masters and doctoral levels.

(ielinas advocated that agricultural colleges should 
focus less on the undergraduate program and more 
on the graduate program. Emphasis on the graduate 
program would allow faculty members to specialize 
within their disciplines and keep the tocus ot agricul
tural colleges on agriculture. Others have argued that 
efforts to expand the breadth ot undergraduate offer
ings has kept agricultural colleges relevant, and that 
graduate programs can only be built on a strong foun
dation o f undergraduate studies.

A. Nature of Programs

Graduate majors are generally ottered in specializa
tions similar to those ot the baccalaureate degree pro
grams. Programs m most majors use professional sup
port courses outside o f agriculture to supplement and 
enhance the curriculum. Areas o f  professional support 
include the biological, physical, and mathematical sci
ences. economics, and education.

B. Enrollment Trends

(ioecker has indicated that during the past in years, 
graduate student enrollments declined by 10%, but 
this finding has been somewhat difficult to interpret. 
Enrollments were low in the early 1970s and increased 
m the late 1970s and early 19«S0s before the more 
recent decline. The number ot graduate degrees at 
the masters level awarded in 1970-1971 was 2457; in 
19X3—1984 the number awarded was 5478; and in 
1991-1992 the number awarded was 4119. At the 
doctoral level the number awarded m 1970-1971 w as 
1086; m 1983—1984 the number awarded was 1981; 
and in 1991 — 1992 the number awarded was 1827 
Graduate enrollment is expected to remain (airly sta
ble over the next decade.

C. Curriculum and Instruction

E\en though graduate piograms have prepared stu
dents to meet the demand tor agricultural scientists, 
some v oices have been asking that programs be reto-
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i used in various wavs, ( ioecker has suggested that 
doctoral degree programs be refocused to better pre
pare graduates tor professions outside o f academe.
I less lias suggested that graduate students be prepared 
lor their probable future role as (acuity in colleges 
and universities.

( iraduate students' education in any discipline should not 
merely he a time to develop research skills and produce 
a dissertation. I hey should have the opportunity to teach 
and to learn the skills ot instruction to ensure the perpetu
ation ot effective instruction in colleges and universities, 
(p. 22)

Steele reported graduate student curriculum recom
mendations from a conference ot foreign students as 
follows: the development o f documentation to ex
plain the role and activities o f participant training 
contractors; creation ot small research award pro
grams to support early professional development in 
home countries; internationalization o f United States 
universities' curricula in agriculture, incorporating 
relevance ot agricultural education to home country 
situations: and the development ot a central clearing
house to provide relevant information and resources 
tor international student advising.

Francis and Youngquist suggested that graduate 
students desiring a career in international agriculture 
plan tor that eventuality as they structure their gradu
ate programs. Technical competence, language capa
bility. cultural sensitivity, awareness o f gender roles, 
and broad knowledge o f geography, history, political 
science, and economics were suggested as essential 
for a well-prepared scientist. It was indicated that 
young scientists abroad often have administrative and 
program organization challenges that would come 
much later in a domestic career.

V. Problems and Issues

Major problems and issues facing colleges ot agricul
ture in the preparation o f undergraduate and graduate 
students tor agricultural careers related to preparation 
tor college, student recruitment, cultural diversity, 
social/ethical responsibility, global educational con
text, educational delivery systems, and the balance o f 
teaching, research, and service.

A. Preparation for College

M any states and universities have been prescribing a 
set college-preparatory curriculum tor students w ho

plan to matriculate in college. This curriculum has 
upgraded the preparation ot students in foreign lan
guage. science, mathematics, and communication.
I lowevcr. it has made it more difficult for students 
to enroll in agricultural science or other agricultural 
education courses in high school and still meet the 
expectations ot the college-preparatory curriculum. 
Agricultural science in high school has served effec
tively for many years as a means of encouraging stu
dents to maintain their interest in agriculture and en
roll for advanced work in a college ot agriculture.

Kunkcl identified three aspects ot precollege educa
tion m agriculture. First was the program ot voca
tional agriculture, which has been in the process o f 
being updated with an agricultural science emphasis. 
A related program is the 4-H clubs and youth pro
grams o f the Cooperative Extension Service. The sec
ond precollege preparation, one that may be receiving 
additional attention, has been the science programs in 
secondary schools. T he third precollege preparation, 
which may be the most important in the long run, is 
the recent emphasis on the integration ot agriculture 
into the elementary school curriculum to provide ag
ricultural literacy for all students. |.S<r C o o p e r a rive 
E x t e n s io n  S e rv ic e :; E d u c a t i o n :  C i i i i  u r e n  a n d  
You rn. |

Riesenbcrg and Lancaster found 110 difference be
tween secondary agricultural program completers and 
noncompleters in high school grade point average, 
class rank, college entrance examination scores, col
lege grade point average, and graduation rate. It was 
concluded that high school agricultural education 
graduates were well prepared for college and that 
agricultural credits should be accepted for admission 
to colleges.

Raven and Warmbrod reported that the vast major
ity ot freshmen who completed 3 to 4 years ot voca
tional agriculture indicated that vocational agriculture 
enrollment did not affect their ability to complete 
college preparatory requirements.

B. Student Recruitment

In the past decade undergraduate education in agricul
ture has experienced some stress. Fewer students have 
graduated from secondary schools nationally, and the 
decline 111 the number of students graduating has been 
most pronounced in rural areas, a traditional source of 
students entering colleges o f agriculture. In addition, 
agricultural positions have been filled, not only by 2- 
year and 4-year graduates in agriculture, but also by 
people prepared in other disciplines and by people
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who hold a graduate degree. Some o f this stress is 
expected to disappear due to a projected increase in 
the number o f secondary school graduates in the next 
decade and a stronger employment market for stu
dents prepared in agricultural disciplines.

Efforts given to recruitment o f minorities and 
women have proved to be successful. Current trends 
w ill need to continue. Between 1986 and 1992, enroll
ment o f women increased by 1 1.9 %  at the baccalaure
ate level and by 14.4% at the graduate level. During 
the same time period, enrollment o f minorities in
creased by 44.2% at the baccalaureate level and by 
25.8% at the graduate level. [See W om in  in Ac;ri- 
CULTURK. I

The impressions from the media about the farm 
crises ot recent years have not encouraged prospective 
students to consider careers in agriculture. 1 lowever, 
there is expected to be a shortage o f graduates to till 
the number ot positions available for employment.

A study was conducted at the University of Idaho 
by Lancaster and Riesenberg to assess the perceptions 
ot students concerning agriculture and careers in agri
culture. A large majority of the students perceived 
agriculture as concerned only with production and did 
not indicate they knew the breadth o f the agricultural 
industry and associated careers. It was suggested that 
if university students enrolled in majors in colleges 
other than agriculture become the recruitment target 
population, colleges ot agriculture will have some 
major information hurdles to overcome. Information 
would need to overcome negative or false perceptions 
of the image ot agriculture and ot agricultural careers.

There are at least three ways to enhance enrollments 
in colleges o f agriculture. First, expand the range ot 
course of ferings, especially in those disciplines that are 
part o f the agricultural system but that are pertinent to 
other elements o f society, such as business manage
ment. personal enterprise, communications, engi
neering, and the biological, biomedical, and environ
mental sciences. Second, the student body should be 
expanded to include those other than the typical en- 
rollees, including those at an age above the age o f the 
usual undergraduate. Third, the attraction o f minority 
students to colleges o f agriculture must be enhanced. 
While the percentage increases in minority enrollment 
have been impressive, the proportion o f minorities 
remains small compared to minority percentages in 
the population at large.

A 2-year agricultural technical institute reported 
nine activities used to increase enrollment: college 
night programs, direct mail, telemarketing, individu
alized campus visits, specialized print and video mate

rials. computerized student follow-up, special events, 
alumni network, and periodic evaluation and reviews.

Some agricultural colleges have attempted to build 
their 4-year undergraduate enrollment by recruiting 
transfer students from 2-year programs. Research has 
indicated that significant differences exist between 
students beginning their collegiate career at 2-year 
institutions and those initially enrolling at 4-vear insti
tutions. Two-year college transfer students generally 
have lower achievement test scores and quality point 
averages than students beginning college at 4-year 
institutions. In addition, research has indicated that 
once enrolled in a senior college, transfer students are 
less likely to complete a baccalaureate degree than are 
students who initially enroll at 4-year institutions. 
Finally, students transferring to 4-year institutions 
and earning a baccalaureate degree require a longer 
period o f time to complete the degree requirements. 
Johnson, Taylor, and Kohler reported that, in a study 
o f Mississippi State University agricultural students, 
those initially enrolling as freshmen, rather than as 
transfers, had a stronger academic record prior to 
attending the university. However, native and trans
fer students were equal in academic performance at 
Mississippi State University. Native students were 
more likely to persist and complete a degree than 
were transfer students.

Hoover and Houser reported a 5-week intensive 
program for academically outstanding high school 
sophomores and juniors who had demonstrated ex
ceptional ability in the sciences or who had a high 
interest in some phase ot agriculture. This Pennsylva
nia Governor's School tor the Agricultural Sciences 
(PG SA S ) involved over 300 students in a residential 
agricultural enrichment program at the University 
Park campus o f the Pennsylvania State University. 
Fhe PCtS A S  program appeared to reinforce students 
aspirations to pursue agricultural careers and slightly 
increase their knowledge base about agricultural ca
reers. It was concluded that the program lacked effi
ciency as a way to inform all students about agricul
tural careers.

C. Cultural Diversity

Demographers predict that by the year 2nill). women, 
minorities, and immigrants will account tor 8 0%  ot the 
growth in the U .S . labor force. . . The changing eth
nic, racial, and social composition of the U .S. work force, 
coupled with the need tor food, agricultural, and natural 
resource professionals to work with, people trom different
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laiuls .mil different iiiltures. requires tli.it students .mil 
t.u itlty become sensitive to tin issues ofcultur.il diversity. 
Closely linked to this is the importance ot m.irkedlv 
increasing recruiting efforts. with scholarship support tor 
ethnic and racial minorities needing financial assistance. 
(I less m Board on Agriculture, p. 23)

Ot the 17,1130 baccalaureate" degrees awarded in 
1991-1992, 11.739 went to males and 5291 went to 
females; 905 went to m inority students. The number 
ot degrees at the graduate level in 1991-1992 awarded 
to males was 4225 and to females was 1721. There 
were 371 degrees awarded to minority students.

Hvtche recommended that colleges o f agriculture 
develop and implement early intervention programs, 
reaching m inority students even before high school 
and continuing with them through college. The 
programs might include: special skill sessions, Sat
urday academy, motivational sessions, an adopt 
a high school program, research apprenticeships, 
summer scholars programs, summer internships, re
evaluation ot entrance requirements, high-profile 
recruitment and marketing initiatives, creation o f ag
ricultural high schools, more relevant curricula, effec
tive mentoring, financial assistance, liaison relation
ships, and post-baccalaureate programs.

Jaschik reported that the traditionally black land- 
grant colleges were being forced to reevaluate their 
missions, develop new student recruitment strategies, 
and forge new relationships with predominantly 
white colleges and state legislatures in an effort to 
survive and to serve their clientele.

D. Social/Ethical Responsibility

In recent years, agricultural and natural resources tech
nology has been labeled as suspect bv many in the media 
and the general populace. We are viewed by some as 
having little or no concern tor the environment, health, 
salcty. or conservation. It is imperative that we change 
these negative perceptions by providing students at our 
colleges and universities with ethical decision-making 
tools tor addressing those issues. We must ensure that 
our graduates, many ot whom will become scientists and 
leaders, acquire an appropriate sensitivity and perspec
tive. (Hess in Hoard on Agriculture. 1")‘J2. p. 23) |.SYc 
M i l ll< s. I

E. Globa! Educationul Context

The world economy is becoming ever more closely 
linked, and agriculture in the United States o f 
America, which already is a significant player in world

markets, will continue to feed and educate a devel
oping, expanding, and needy world population. The 
challenge to agricultural educators in the United 
States is how to prepare students tor future competi
tion in the global economy brought about by complex 
changes in the global agricultural system. M cCracken 
and Magisos recommended that a well-educated stu
dent should have an understanding o f (1) geographi
cal, political, and economic factors influencing agri
culture, (2) agricultural production and consumption 
areas o f the world, (3) trends in the production and 
consumption o f food and fiber, (4) agricultural prac
tices in different countries, (5) agricultural trade and 
banking practices, (6) communications, transporta
tion. and other technological development influenc
ing agriculture, and (7) cultural and religious differ
ences with implications tor agriculture.

F. Distance Education

The Agricultural Satellite Corporation (A C * S A T ) 
was formed by 27 land-grant universities in October 
o f 1989. Shared programs among the universities be
gan in the fall o f 1990. Since that time more than 120 
extension programs and 13 college credit courses have 
been shared nationally (Downlink, 1992). In 1992 
A C *S A T  included 40 land-grant universities and two 
government agencies joined to share agricultural edu
cation programming via satellite and other technolo
gies. A G *SA  I provided the mechanism for interstate 
programming and distance education in agriculture. 
In the future, video and audio telephone communica
tion is expected to surpass satellite communication as 
a viable technology for distance education.

Distance education is expected to increase access to 
unique educational programming, unique educational 
resources, and cutting edge research and other devel
opments in a timely fashion. It should maximize opti
mal use o f available resources among participating 
institutions by providing an economy ot scale and 
sharing faculty and staff resources. Distance education 
via A ( i* S A T  has provided for cooperative funding, 
national and international visibility, and extension ot 
centers o f excellence. The future ot the A C * S A T  sys
tem will require administrative support, faculty de
velopment and support, learner support, technical 
support and equipment, course development, and 
funding, hven though this type o f instruction limits 
personal interaction between teachers and their stu
dents and restricts the ability o f instructors to provide 
relevant local examples relating to instructional con
tent, (ioecker believes it is likely that significantly
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more courses will be shared bv sev eral universities in 
the future to utilize the available faculty resources 
more effectively.

G. Balance of Teaching, Research, and Service

Relevant curricula, a good learning environment, ex
cellent student advising, and faculty interest in teach
ing are required to attract the brightest and best under
graduate students from both urban and rural 
communities. The major problem is how to reward 
(acuity interest as the key resource for preparing 
broadly educated undergraduates with sufficient pro
fessional competence. There has been a shortage ot 
rigorous generalists compared to specialists among 
the faculty. T he current reward system and the com
petition ot research may be working against achiev
ing an appropriate balance ot mission and discipline- 
oriented research, teaching, and extension programs. 
I caching and extension have been moving toward a 
broader, more comprehensive approach tor agricul
ture; however, researchers in agriculture have been 
moving toward a more narrow and specialized view 
ot agriculture.

I.ichtenberg wrote that faculty mentors and depart
ment heads have been reported to counsel against 
spending time on textbook authorship, portraying it 
as something ot "no  academic value" that may even 
work against success 111 promotion and tenure. These 
attitudes, which favor the creation o f specialized new 
knowledge that benefits other specialists over the syn
thesis of .1 discipline tor a larger audience o f learners, 
has become a factor in higher education's "teaching 
versus research" debate. The low regard for textbook 
authorship is seen as further evidence of the devaluing 
o f teaching itself.

Colleges o f agriculture have a reputation for placing 
more value on teaching than other colleges within 
major universities; however, even within agricultural 
disciplines the trend has been toward valuing research 
above teaching. Newcom b, however, argued that 
universities are giving renewed emphasis to the teach
ing function because o f public pressure for increased 
attention to the education of undergraduates and the 
need to treat students as consumers. |.SYc Ackii.i't- 
I l RAI tx i'I KIMTM S I A 11( >NS. |

VI. Conclusion

Educators m higher education in agriculture w ill need 
to respond to the majoi changes in the societal setting.

such as the significant decrease in the number ot farms 
and farmers, the migration o f rural American to the 
cities, the highly visible public concerns for the nutri
tive value o f food, and the quality o f the environment. 
I f  the colleges whose roots are in agriculture are able 
to bring about structural, organizational, and pro
grammatic changes to meet the concerns that are 
likely to become critical in the future, they will con
tinue to have an essential role in educating undergrad
uate and graduate students as professionals and schol
ars influencing the future o f food, fibre, and renewable 
natural resources in the United States.
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Egg Production, Processing, 
and Products
WILLIAM J. STADELMAN, Purdue University

I. The Egg Industry
II. Egg Production
III. Egg Processing
IV. Egg Products
V. Summary

Glossary

A lb u m en  White ot'the egg
A lb u m in  One ot the principal proteins ot albumen 
B lo o d  spot Bright red drop ot blood usually on the 
yolk surface or in the chalaza 
C ages Confinement areas tor one or more hens 
C halaza Layer o f albumen closest to the yolk and 
mucin fibers extending from it to the other albumen 
layers
C rack  Shell is broken with the shell membranes still 
intact
D ub Rem ove tips ot points on single comb birds to 
prevent freezing in cold climates 
E g g  p ro du cts Liquid, frozen, or dried whole egg, 
yolk or albumen
P ullets Immature female chickens 
L eak er Shell and shell membranes are broken so the 
liquid contents o f the egg are exposed or leaking from 
the opening
M eat spot Inclusion o f mucous tissue from the ovi
duct or a denatured blood clot 
Shell eggs Eggs in the shells
Y o lk  Yellow  portion o f the egg

E g g s  are the temale gamete in reproduction. As used 
in this discussion eggs o f chickens ((',alius ilonicsticus) 
w ill be considered. In some cultures eggs o f other 
species are eaten including eggs from ducks, guinea, 
quail, goose, and turkey hens. Production, pro
cessing, and products o f eggs from these species may

vary significantly from material presented tor chicken

I. The Egg Industry

Eggs are eaten throughout the world. Therefore, an 
egg industry is present in all countries. China has the 
largest industry with a reported production o f over 
158 thousand million eggs in 1990. By  comparison, 
production 111 the United States was almost 68 thou
sand million and United Kingdom was only 12 thou
sand million. In 1W0 over 550,(MM) thousand million 
eggs were produced in countries with production 
records. This amounts to an average ot about 100 
eggs per person.

Production practices vary widely from the large 
units with over .1 million laying hens 011 each farm 
as found in the United States and some other countries 
to small Hocks o f only a few hens. W ith the layer 
commercial units hens are usually kept in cages. For 
the small Hocks. Hoor pens and outside runways are 
often used. The breeds and strains ot chickens grown 
vary with areas o f the world. In most countries, Leg
horn type hens are used. These hens produce white- 
shelled eggs. Depending 011 environment, manage
ment, and feeding practices, these hens will produce 
over 270 eggs each per year. In parts ot the world 
brown-shelled eggs are preferred, so breeds o f hens 
that produce brown eggs are utilized.

The industry is divided into primary breeders, mul
tiplying breeders, hatcheries, feed manufacturers, 
pullet growers, commercial laying Hocks, and egg 
marketing groups. W ith some organizations, several 
o f these divisions are under a single manager. The 
marketing groups may be limited to shell egg han
dling but can include conversion ot eggs into a num
ber ot products.

The success o f the egg industry is dependent 011 a 
number ot segments each working to do its part in
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h a v in g  .1 h e a lth y  lion  kep t m an e n v iro n m e n t  that is 
least stre ssfu l so  that the  hen  can  p e r fo r in  to  m ost 
near] v m a x im iz e  h e r g e n e tic  p o te n tia l to r  eg g  p ro d u c 
tio n  o f  h ig h - q u a lity  eggs. |.SYc I 'o i ' i  n n  I ’m x  i s s im g

AND P k o DI ' CIS ;  P<) L' I NO I’ KOIH'C ll()N.|

A. Breeders

W hile  the total number o f  hens kept for egg produc
tion lias increased significantly during the last half
century. the number ot breeders has decreased. I he 
modern breeder must keep a number ot pure lines 
each selected tor one or more desirable characteristic.
I hese birds are the great grandparents ot com m ercial 
layers. I hese pure lines must be maintained and these 
are crossed to find com binations which w ill impart as 
m ain ot the desired characteristics as possible. These 
crosses make up the grandparent stock trom which 
relatively large numbers ot parent stock can be pro
duced. The parent stock is distributed to m ultiplier 
breeders to produce the chicks that w ill make up the 
laying Hock.

Breeders have been successful in achieving small 
im provem ents in livab ilitv. teed conversion, egg pro
duction. egg quality factors, and temperament ot the 
hens so that during the last 5lI vcars average egg pro
duction lias increased about 1 CM I eggs per hen. The 
percentage o f  marketable eggs ot all eggs laid has 
also increased because o f  im provem ents in egg shell 
quality and reduction in numbers ot eggs w ith  inclu
sions such as blood spots or meal spots. W ith  ilns. 
the feed required to produce a dozen eggs has been 
reduced from about 4.5 to 3.5 pounds.

B. Hatcheries

Most hatcheries are operated b\ the m ultip lier 
breeder. The  hatchery receives fertile eggs trom the 
breeders and incubates them tor 21 days to produce a 
chick. Im provem ents in hatchery management during 
the last 5 0  vcars have resulted in the hatcherv being 
able to get a quality chick trom most ot the fertile 
eggs. Hatchery personnel then segregate the chicks 
into male and female group bv either the lapanese 
method ot cloaca examination or the most used 
method o f  examining development of prim ary flight 
feathers on the w ing ot the day-old chick. Breeders 
have developed strains ot birds in w inch then is an 
easilv disccrnahle difference in feather developm ent 
between the sexes. The hatcherv also vaccinates, i lips 
toe, clips beak. and dub com b it the customer desires 
these services.

C. Pullet Growers

1 lie objective of the pullet g row er is to convert the 
dav-old female chick into a healthy pullet at an age 
o f  about IS  weeks so that it can be sold to the egg 
producer. A  good pullet g row er w ill be able to market 
over 95".i ot all chicks purchased. In addition to caring 
for the feed, water, heat, and other necessities of the 
chicks, the pullet g row er w ill vaccinate the birds and 
trim  beaks as needed during the grow ing  period. The 
major costs of pullet production are teed, chick, and 
labor. I lousing and medications costs can also be sig
nificant factors. N o  program  ot reducing grow ing  
costs should im pair the quality o f  the mature bird. 
The productiv ity  of the hen in the house or cage is 

due in great part to the quality o f  the pullet at the 
time she reaches sexual m aturity.

I ’ullet g row ers adapt their operations to meet the 
needs ot their customers, the egg producers. Tor this 
reason there are tour com binations ot brood
ing-grow ing  management w ith  respect to type ot 
door. I hese are:

I. W ire  b rood ing  (to (> w eeks), litter g ro w in g .
2 1 Hter b rood ing  (to (> w eeks), w ire  g ro w in g , 
v I w o  house, w ire b rood ing  and g ro w in g .
4. B rood ing-g row  ing continuous cage.

Pullets to be kept in cages are usually g row n  oil litter.

D. Supporting Industries

Tor all segments ot the egg industry there arc support
ing industries. Tw o ot the more im portant ones are 
the feed manufacturers and the equipm ent suppliers.

The feed manufacturers form ulate feeds to meet 
the specific needs of the birds being fed. T h e  nutritive 
requirements o f  the chicken at all stages of life are 
well know n . Teed m ill operators produce special feeds 
for starting the chicks, for developm ent o f  the pullets, 
and for the hens m the laying house w ith  variations 
depending on the age ot the hens and even the temper
ature. They also produce feed especially for the 
breeder liens. Generally the protein requirement ot 
the chick is higher than tor older chickens. Tor laying 
hens the calcium  content is ot great im portance. For 
breeder hen feeds it is essential that there is adequate 
vitam ins, especially 15 to support good hatchabihtv 
o f all fertile eggs. | .See A m  m m  N u i hi i io n . N o n u u .m i-
NAN i . I I 1 MS ANli Tl I DIM;, j

1 he equipment suppliers have designed special 
equipment tor handling the feeding and watering 
needs o f  birds of all ages. They have also mechanized 
m am  ol the operations in management so that one
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person frequently cares for .ill needs ot loo.tMM) laying 
liens and even more chicks or growing pullets. I Ins 
group has also developed housing so that complete 
environment control is possible. I here are also .1 num
ber ot other possible applications with .1 lesser degree 
ot e11vir0111nent.il control such as tans, lights, and 
evaporative coolers.

II. Egg Production

Laying liens have been increasing annual production 
rates at a rather steady pace over the last 5(1 years 
trom .111 av erage ot about 150 eggs to about 251) eggs 
per hen per year in the United States. I'lie increase 
111 productivity has been the result of improvements 
m breeding and selection, nutrition, housing, and 
management. I11 many developing countries the rates 
ot lay are still near the low end ot this scale.

Ihe management ot layers involves maintaining 
the environment in the house so as to minimize any 
stress ini the hens trom lack ot fresh air. heat or cold, 
or availability o f feed and water. Space requirements 
tor layers vary with the strain ot bird being used for 
egg production and housing arrangement. The trend 
lias been toward housing commercial layers in cages, 
but there is still a good percentage ot commercial 
layers kept 011 a floor ot litter, slats, or wire. This is 
particularly true in the lesser-developed countries.

A. Cage Operations

O ver 90% ot all layers in the United States are kept 
111 cages. I he dimensions ot the cages varv depending 
011 numbers ot hens per cage. When cages were first 
used, almost all were single bird units. I11 more recent 
times, the multiple hen cages have become more pop
ular. Each cage has .1 sloped floor so that eggs laid 
w ill roll, usually to the front o f the cage, onto an egg 
collection system. Each cage has adequate water and 
feeder space to allow hens room to eat and drink 
sufficient for maximum egg production.

( 'ages are generally arranged 111 tiers so as to max
imize hen density per unit of floor space. The cages 
are frequently offset so that droppings from top tiers 
tall into deep pits below the floor level o f the building. 
Other cages are built with belts between tiers for 
removal o f droppings 011 a regular basis.

Ventilation 111 these houses is maintained by high— 
volume tans. A ir movement is directed to keep fresh 
air tor the hens and to dry manure in the deep pit 
houses. Temperature is maintained at near optimal.

about 21 C, In the use ot evaporative coolers during 
hot weather and regulated ventilation during cold 
weather periods.

B. Floor and Range Operations

There are still a few floor pen operations used 111 egg 
production. For breeding flocks to produce eggs tor 
replacement pullets, floor pens are the usual opera
tion. M any o f these houses will have feeders, water- 
ers. and roosts over dropping pits with about 30%  
o f  the total floor space devoted to litter. Depending 
011 location geographically, the litter may be straw, 
wood shavings, bagasse, peanut hulls, rice hulls, or 
other similar materials that are locally available.

floor pens with range area are still used in many 
areas for growing replacement pullets to about 18 to 
20 weeks o f age when they are moved to cages or 
layer house floor pens. When range areas are used 
they should be well drained soil to eliminate muddy 
spots around watcrers. It such birds are moved to 
cages the move should be made at 16 to 17 weeks ot 
age to allow the pullets to adapt to wire floors before 
onset ot egg production.

There is a niche market tor eggs from hens kept in 
floor pens with outside range areas. The size o f this 
market in different localities varies widely. Some per
sons believe such eggs are more nutritious and others 
buy them as they believe the hens are treated more 
humanely. I11 Switzerland keeping ot hens 111 cages 
has been banned. The cost o f producing eggs in floor 
pens is greater than 111 cages.

C. Layer Nutrition

Poultry nutrition has been extensively researched so 
the nutritive requirement ot laying hens is well 
known. T he degree ot sophistication is such that dif
ferent strains o f laying liens have feeds formulated to 
meet their specific requirements. The basic require
ments are tor protein, carbohydrates, tats, vitamins, 
and minerals. The protein requirement is met by in
cluding soybean meal, corn gluten meal, meat and 
bone meal, low-fat fish meal, and other protein rich 
ingredients. Carbohydrates are supplied by cereal 
grains most readily available 111 the locality. The fat 
content o f laying rations is usually limited to the oils 
111 the cereal grains. For some niche markets, low  
levels o f omega-3-rich fish oils are included in the 
laying hens diet to produce omega-3 enriched eggs. 
I11 all laying hen rations a significant amount ot miner
als is needed, especially calcium to meet the needs of
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TABLE I

Breeder—Layer Rations

IMiase V: Phase 2h: Phase 3:
5 %  production 30 to 52 weeks to
30 weeks 52 weeks end ot cycle

— -Percentage——

Ingredient
(iround yellow corn 00.75 7o.2o 70.50
Soybean meal (48"..) I5.0(i 14.05 13.70
Corn gluten meal tOO':,,) 3.1 HI 2.80 2.25
Meat and bone nie.il (50% ) 2.50 2.5o 2.50
Limestone 7.50 S.50 0.40
1 )icalcium phosphate 1.2o D.95 0.(6
Salt 0.35 0.35 0.35
Vitamin mix (1 able I I ) (i.5o (». 5<) 0.50
Trace mineral mix ( I able III) n. Id 0. 1(1 0. 10
Methionine. P I (i. lo 0.05 o.o5

|l)ll. mi 1 nu. no 1 00.110
C alculated analysis

Metab. energy (kcal'kg) 15 2015 2803
Protein (pet.) 10 15.5 15
Hat (pet.) 3 3.1 3.2
Fiber (pet.) 2.5 2.5 2.4
Calcium (pet.) 3.4 3.7 4
Available phosphorus (pet.) o.45 0.4 0.35
Total phosphorus ipet.) n.04 u.58 0.53
Ash (pet.) 1 1.8 13.4 13 1

'' I )o not go it* Phase 2 while egg production exceeds 85%.
 ̂ I )o not 1*0 f<> Phase 3 while* egg production exceeds 8(1%.

1 A course* or granulated limestone or oyster shell is recommended tor amounts 
in excess ot I*111 lbs (45.3 kg).

the lien in forming egg shells. The rations .ire also 
supplemented with premixes containing vitamins and 
trace minerals. An example o f layer rations fed at 
various stages o f production is given in T able I. Fre
quently for layers, not breeders, the meat and bone 
meal w ill be omitted. Table II gives the vitamin mix

TABLE II

The Vitamin Mix

Vitamin
Amount per 
pound ot mix

Amount per 
kilogram t*i* mix

Vitamin A 000.000 IU 1.080.000 IU
Vitamin I)* 150 .0 00  IC U 33o.turn l e u
Vitamin L 750 1U l.(»5d IU
( iholine 50.ni 10 mg 1 oi.ooo mg
Niacin 3.000 mg 0.000 lug
Pantothenic acid 75(i mg lf»5o mg
Riboriavm 4(Mi mg SSO mg
Thiamine 2‘H» mg 440 nig
Vitamin K onsb) 2oo m g 44" mg
Folic acid 4(» mg 88 nig
Biotm lo mg 22 n:g
Vitamin li ; Sou meg 1 .~oo meg

and T able III the trace mineral mix indicated in Table 
I. I he rations shown in Table 1 were developed for 
farms in .1 corn and soybean production area. The 
principle sources o f carbohydrates and proteins w ill 
vary with locality based on ingredient costs.

An important consideration in layer feed formula
tion is the availability o f nutrients from different in
gredients. Methionine is included 111 the formulations 
listed in Table I as it is the limiting amino acid in 
soybean meal.

Often, with very small Hocks allowed an outside 
range area, .1 much less complete diet is supplied 111

TABLE III

The Trace Mineral Mix

M l l H T . l l

Percentage per 
pound of mix

Amount per 
kilogram ot mix

\laiiL'.me>e 28.48 mg o2 of> mg
/me 28.48 nil! o2.oo mg
Iron 13 04 mg 30.011 mi*
Copper 1.30 mg 3.oo mg
Iodine 0.202 mg 11 58 mg
Selenium •uil.5 mu 0 000 mu

Menadione sodium bisulfite
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the teed. Such hens obtain a number o f nutrients from 
insects, green plants, and the soil.

D. Egg Composition

The fresh shell egg and the components albumen and 
yolk have composition as shown in Table IV . The 
proteins of the egg have all o f the essential amino 
acids needed by humans in almost perfect alignment 
with requirements. For this reason egg proteins are 
often used as the reference standard against which 
other proteins are evaluated.

The extremely low level o f lipid material in the 
albumen makes egg albumen a valuable protein source 
tor special diet formulation. There are 12 separate 
proteins in egg albumen with ovalbumin being the 
predominant one. Several o f the proteins are effective 
111 inhibiting bacterial growth. Lysozyme actually di
gests the cell wall o f  microorganisms. Ovotransferrin 
chelates multivalcnt metallic ions making them un
available for bacterial use. Avidin binds biotin so this 
vitamin is not available for bacterial growth. Ovofla- 
voprotein binds riboflavin so it, also is not available. 
Upon cooking all ot the binding ot these nutrients is 
destroyed so the cooked egg furnishes the minerals 
and vitamins for nutritional needs.

The yolk consists o f about one-third lipid material. 
There are natural antioxidants in the yolk to keep the 
polyunsaturated fatty acids present from becoming 
rancid due to oxidation. The fatty acid composition 
o f the yolk lipids can be changed significantly by 
modifying the fatty acids in the hen’s diet. Vitam in 
and mineral content o f the egg can be modified by 
raising or lowering the content o f the nutrient in the 
hen’s diet.

Color o f the egg yolk in determined by the level 
ot caratcnoid pigments in the feed. It is possible to 
produce eggs with a variety o f colors by feeding hens 
feeds with nontoxic fat-soluble dyes.

III. Egg Processing

The consumers o f eggs expect to purchase eggs free 
o f defects, clean, and packaged to protect the egg

from damage. To market such eggs it is necessary to 
put each shell egg through several operations. For 
liquid egg products shell eggs must have all shell and 
shell membranes removed. The edible contents are 
then given various treatments to assure the user a 
wholesome product.

A. Shell Eggs

Eggs as produced by a flock o f hens vary in size, 
shape, shell quality, interior quality, and freedom 
from defects. Commercial egg farms in the United 
States produce over 90%  o f all eggs. These are flocks 
o f 30,000 hens or more.

The first operation is the gathering o f eggs. In most 
cage operations there is an egg gathering belt in front 
o f the cages arranged so the eggs shortly after produc
tion w ill roll onto the belt. At intervals the belt is 
activated to move eggs to a central gathering station. 
A typical egg production facility is located in close 
proximity to the egg processing areas so that egg 
gathering and transport to the processing area is all 
on conveying belts. Such a production facility is called 
an “ in-line”  operation. In other facilities eggs are con
veyed to a packing area where eggs are placed on 
filler flats to be taken to a remote egg processing plant. 
These units are referred to as “ off-line.”

In those few units without mechanical egg-gather
ing equipment egg collections is a hand operation. 
Usually eggs are gathered and placed on filler flats 
but in some instances wire baskets are used. These are 
usually found only in relatively small egg production 
facilities.

1. Cleaning Shell Eggs
Eggs coming from a production facility are usually 

clean but some few eggs will have wire marks from 
cage floors, adhering dirt, or, if  an egg is broken in 
the cage or on the collection system, egg yolk on the 
shells. In most countries o f the world these egg shells 
are cleansed by washing. In those tew countries where 
washing is banned by regulations, eggs are cleaned 
by using dry abrasive techniques. The rationale for

TABLE IV

Composition of Liquid W ho le Egg, Albumen, and Yolk

Hgg Component %  W.itcr %  I’rotem %  Lipid '%> Carbohydrate %  Ash

Whole egg
Albumen
Yolk

74.5
88.5 
4().0

1 2 .S-13.4 lt i.5 - 1 I S  l l.3 - l. l l
>>.7— Kl.f) II.D3 0.4—n.y

15.7-16.6 31.8-35.5 11.2—1.u

0.8-1.0 
0.5-0.6 
1.1
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banning washing is the dry shells are less likelv to aid 
bacterial invasion o f the egg contents.

In the United States almost all eggs are washed 
using detergents, and antibacterial agents stich as chlo
rine or iodine compounds are used to sanitize the 
eggs. W ith the use of proper procedures washing o f 
eggs results in eggs with smaller bacterial populations 
than dry cleaning. The wash water should alw ays be 
at least I0 °C  warmer than the eggs with a minimum 
water temperature ot 40°(!. All eggs should be dried 
in warm air as soon as possible after washing.

2. Grading Shell Eggs
( trading ot eggs is accomplished by a process called 

candling. This consists ot passing the egg in front ot 
a bright light so as to illuminate the interior as well 
as the surface o f the egg. In this way the condition 
o f the shell, the albumen, and the yolk can be deter
mined. Equipment manulacturers have developed 
handling equipment so that one person is able to grade 
eggs at rates lip to 251) cases per hour with each case 
holding 30 dozen eggs.

(Irade standards tor eggs have been established in 
most countries. The standards are based on shell 
cleanliness, shape, smoothness, and freedom from de
tects such as calcium nodules and cracks. Also consid
ered are interior quality including viscousness ot the 
albumen, yolk mobility, yolk color, and freedom 
from defects such as mottled yolks, blood, or meat 
spots. The terminology tor different grades may differ 
in various countries and emphasis placed on the vari
ous external and internal quality characteristics will 
vary but two or more grades ot eggs are usually 
found.

In the United States consumer grades o f eggs are 
A A . A. and 11. For A A  quality the shell must be clean, 
unbroken, and practically normal. The air cell must 
not exceed J in. (3.175 mm) in depth, may show 
unlimited movement, and may be tree or bubbly. 
The white must be clear and firm so that the yolk is 
only slightly defined when the egg is twirled before 
the candling light. The yolk must be practically tree 
from apparent defects.

fo r A quality, the shell must be clean, unbroken, 
and practically normal. The air cell must not exceed 
rfi in. (4.7fS mm) in depth, may show unlimited move
ment. and may be free or bubblv. The white must 
be clear and at least reasonably firm so that the yolk 
outline is only fairly well defined when the egg is 
twirled before the candling light. The yolk must be 
piacticallv free from apparent detects.

fo r B quality, the shell must be unbroken, may 
be abnormal, and may have slightly stained areas. 
Moderately stained areas are permitted if they do not 
cover more than o ft  he shell surface if localized, or 
it; o f  the shell surface it scattered. Eggs having shells 
with prominent stains or adhering dirt are not per
mitted. T he air cell may be over fl; in. (4.76 111111) in 
depth, may show unlimited movement, and may be 
free or bubbly. The white may be weak and watery, 
so that the yolk outline is plainly visible when the 
egg is twirled before the candling light. The yolk may 
appear dark, enlarged, and flattened, and may show 
dearlv visible germ development but 110 blood due 
to such development. It may show other serious de
fects that do not render the egg inedible. Small blood 
spots or meat spots (aggregating not more than I in. 
(3.175 111111 in diameter) may be present.

(trading of eggs is done by visually checking each 
egg. I he egg is rotated in front ot .111 intense light so 
that internal as well as external quality factors can be 
evaluated. In modern egg grading rooms mechanical 
equipment is utilized so a person can effectively grade 
up to 72.000 eggs per hour. Such equipment uses 
computers and electronics to assist the visual grading 
o f eggs. A summary o f grading standards used in the 
United States is given in T able V.

3. Egg Sizing
Sizing ot eggs is .1 mechanical operation in a modern 

shell egg processing facility. The eggs are generally 
moved over a series o f scales set so that the largest 
eggs are removed first 011 through the several sizes 
to the smallest. The size categories used in United 
States market channels tor consumer grades ot eggs 
are given 111 T able V I. Term inology used in the trade 
in describing weights o f eggs is in ounces per dozen, 
dram s per average egg are included. Weight toler
ances are allowed as eggs lose weights over item in 
storage or in market channels. Sizing ot eggs so that 
there is uniformity in a package aids in packaging. The 
package has better appearance and can be designed to 
give greater protection to the eggs.

4. Packaging Shell Eggs
The standard 30 dozen egg case is used 111 the United 

States, fo r domestic trading fiber board cases are gen
erally used. There is some handling (it eggs in dozen- 
cartens packed in plastic or w ;re frames holding 15 
dozen. The carton used tor egg distribution is usually 
.1 2 x (1 design. There is still some usage ot 3 x 4  
cartons but these are limited to small operations where 
eggs are hand packed.
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TABLE V

Summary of U.S. Standards for Quality of Individual Shell Eggs: Specifications for Each Quality 
Factor

Oualit\ tailor A A Ouahtv A Ouahtv B (.Quality

Shell ( lean, pr.u tu all v Clean, practically C Mean to slmluK
normal normal stained 

Unbroken, abnormal
An cell s 111. or less in depth ii. in. or less in depth (. )ver 1!; in ilepth

Unlimited movement Unlimited movement Unlimited movement
and tree or bubbly and tree or bubble and tree or bubble

White Clear, hr 111 C lear. reasonable firm Small blood and meat 
spots present'

Yolk ( Outline. slightly Outline, tank well Outline, plainly
defined: practically defined: practically visible
tree from detects free from defects l.nlargcd and flattened 

( 'learlv visible germ 
development but 110 

blooil 
C >ther serious defects

'' Moderately stained areas permitted (Vs of surface, it localized, or n;. it scattered).
It thev are m ii all (aggregating not more than i  inch 111 diameter).

\ i > f t  . l or eggs 
qualities. 1 hese 
1 >irtv

with dirty or broken shells, the standards ol quality 
are:

( 1 letk

provide two additional

■Unbroken. Adhering dirt or foreign material. Broken or cracked shell, but membranes 111- 
promincnt strains. strains. moderate tact, not leaking 
stained areas in excess of 15 quality 

' 1 eaker has broken or cracked shell and membranes, and contents leaking or tree to leak.

T he 2 X (> carton varies in size w ith  .1 oversized 
carton tor |unibo sized eggs, the st. inel. ircl carton tor 
large anti extr.1-l.1rge sizes. and a reduced si/e carton 
tor the smaller sized eggs. W hen  onlv tew m edium  
sized eggs are being produced, these eggs are fre
quently packed 111 the standard si/e ot carton. W hen 
pullets first st.iri laying eggs, sizes are in the sm aller 
si/e bracket. W ith  most com m ercial egg producing 
strains ot hens the egg si/e increases qu ick ly  so that 
a tew weeks after production commences most eggs 
produced are large si/e. The  size ot eggs then increases 
slow ly so th.it alter months o f  production extra-large 
eugs may be the norm al size.

Eggs after sizing are usually mechanically packed 
into dozen carton tor retail sales, fo r  some markets 
eggs per carton may be varied. An IK egg carton is 
quite popular. In European markets carton sizes vary 
from 2 eggs to K) eggs in most countries, fo r  com 
mercial trade eggs are packaged 111 30-egg filler—Hats 
or trays and then into either half-case, 13 dozen, or 
case, 30 dozen, tiber-board cases. W ooden cases are 
frequently used tor export trading of eggs.

T he interior quality o f the egg is at its m axim um  
at the tim e ot production. From  that point 0 11 the 
quality w ill deteriorate. T he rate of quality loss is 
affected by the temperature ot the egg. hum id ity of

TABLE VI

Minimum Weights of Eggs in Consumer Grades Sold in the United States

Si/e category ( )uiue/do/en Cirams egg Bounds 3l I dozen case

|umbo 3ii 7(1. «> M..2S
Lxtra large 27
1 arge 24 .Vi. 7 45.on
Medium 21 4'M> y>.=>2
Small IS 42.5 .VV7.5
Pee wee IS .VS. 4 2S. 13
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the atmosphere, shell texture ot the egg. .uul handling 
conditions. As the solids content ot the volk is over 
50%  and the albumen is only about 13% at the time 
ot lay. there is a great osmotic pressure difference 
across the vitelline membrane •.urroimding the yolk. 
Due to the pressure difference there is a slow migra
tion ot water from the albumen to the yolk. This 
water distends the yolk membrane so that it breaks 
more easily in an old egg. The shell contains a large 
number ot pores o f various size as respiration ot the 
embryo during incubation requires available oxygen. 
In infertile eggs these pores allow the passage ot gases 
including water vapor so that as the egg ages the total 
liquid content o f the egg decreases resulting in an 
enlarged air cell. I landling conditions aftect egg qual
ity in two ways. Rough handling will usually result 
m some cracked shells and in extreme conditions even 
broken shell membranes. W ith less rough handling 
the shells may remain intact but the structure ot the 
albumen is disrupted so that when broken 011 a Hat 
surface the white runs covering a considerable area. 
A high-quality egg should have a high percentage of 
thick albumen which remains around the yolk when 
the egg is broken 011 a Hat surface.

I11 order to minimize rate o f interior quality loss as 
well as moisture loss with a resultant increase in air cell 
size eggs are frequently sprayed with .1 light coating ot 
edible mineral oil just prior to carton closing. After 
packaging all eggs should be handled at temperatures 
o f 45°F (7°C) or less to maintain internal quality and 
retard growth rate of most microorganisms.

B. Liquid Egg

All eggs are washed and sanitized and excess water 
is blown from the shell surfaces. The eggs are then 
candled prior to breaking o f the eggs to remove dirty 
eggs or eggs with interior defects.

1. Breaking
Equipment is available that is capable o f breaking 

and separating shells, albumen, and volks at rates in 
excess ot 75,000 eggs per hour. Individual eggs are 
picked up by grips holding the egg so the long axis 
is parallel to the direction in which the equipment is 
arranged. The grips are attached to a moving chain 
which is moving synchronously with a series ot small 
cups moving on a chain below the grips. The egg is 
broken with the yolk dropping 011 a small cup. The 
albumen drains from the yolk giving a separation ot 
the two distinct edible portions. The shells are 
dropped onto .1 belt or into an auger system tor re

moval from the breaking unit. In this way the liquid 
products ot albumen, yolk, and whole egg can be 
produced. The processing ot each ot these is some
what different.

2. Pasteurization
For albumen, the product is pumped through a 

strainer to remove bits o f shell and heavy chalaza. 
This process also helps to mix thick and thin white 
portions ot the albumen. The next step in processing 
is pasteurization. This is accomplished by passing the 
albumen through a heat exchanger and into holding 
tubes. Albumen is heated to 134° to 13X°F. (57° to 
5l/JC). This temperature is maintained for at least
3.5 min. The exact temperature used varies with pH 
o f the albumen. O lder eggs, with higher pH albumen, 
can be pasteurized at lower temperatures. Immedi
ately following pasteurization the albumen is cooled 
to about 40°F (4.5°C).

As the pasteurization temperatures are sufficient to 
cause coagulation o f some proteins ot the albumen, 
processes to reduce the denaturation have been devel
oped. Most proteins o f the albumen are most heat 
stable at near neutral pH. However, conalbumin is 
most labile. The conalbumin can be stabilized by add
ing aluminum sultate and lactic acid to the product 
prior to pasteurization. The stabilized albumen can 
be pasteurized with temperatures o f I40°F ((>0°C) for
3.5 111111 with minimal heat damage.

Following pasteurization and cooling the albumen 
may be homogenized. This is an optional procedure. 
The liquid is then packaged and frozen or shipped in 
refrigerated transport.

For egg yolks the processing steps are similar but 
conditions are changed. The strainer for yolks assures 
that all vitelline membranes are broken. Pasteuriza
tion temperatures are higher with a minimum of 
141.8°F (6 l°C ) for 3.5 mill for plain yolk. Salt is fre
quently added to yolk so the frozen-thawed yolk w ill 
be more fluid than plain frozen-thawed yolk. For 
salted yolks .1 temperature o f 145.4°F (63°C) is re
quired 111 the United States. The yolks must be ho
mogenized to maintain a stable product as some albu
men is included. Flomogenization blends the albumen 
and yolk so they w ill not separate when held as a 
refrigerated product. O ther handling is similar to liq
uid or frozen albumen.

W ith whole eggs or various blends ot albumen and 
yolk the only variation from yolk processing is in the 
temperature required for pasteurization. A minimum 
temperature o f I40‘T  (60cC ) tor 3.5 111111 is required
111 the United States. W ith  blends o f albumen and
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yolk or when more than 2 %  ot non-egg ingredients 
are added the required temperature tor pasteurization 
is I4 W -T  (f.2°C:).

3. Ultrapasteurization
Extended refrigerated shelf—lit'c whole egg products 

were marketed first in 1991) in the United States. Pas
teurization times and temperatures tor these products 
are greater than tor products with no guaranteed shelt- 
lite. To be effective the extended shelt—life products 
must be processed under the best manufacturing pro
cedures possible. The quality ot eggs used, particu
larly with respect to bacterial quality, must be very 
high.

All liquid egg products should be maintained at 
temperatures of less than 4°C.' at all times after pasteur
ization. The liquid product may be distributed to users 
in refrigerated, frozen, or dehydrated form.

4. Dehydration
Most dried products are manufactured using spray 

drying equipment. There are, however, some dryers 
using pan drying, belt drying, freeze drying, and 
modifications of these procedures. Spray dried egg 
products are prepared by atomizing o f the eggs into 
a warm air How so that moisture is quickly removed. 
A ir temperature to be used for different products are 
specified by the various equipment manufacturers. 
The spray dried products are frequently instantized 
tor quick rehydration. The process tor instantizing is 
known as agglomeration and is the same as used for 
dry milk products. This is done by adding back mois
ture under controlled conditions to get hue particles 
to stick together, loosely, and is then redried.

W ith all dried egg products the drying must be 
done at low enough temperatures to prevent cooking 
or rapidly enough at high temperatures to minimize 
heat damage to any of the functional properties o f the 
egg product.

a. Dried Whole Egg T he products include stan
dard whole egg, stabilized whole egg (glucose free), 
and free-flowing whole egg. Spray drying is the com
mon method of dehydration. A modified belt drying 
having a loam drying in a Huidized bed has also been 
used successfully. For stabilized whole egg the glucose 
is removed trom the liquid whole egg by bacterial 
fermentation, yeast fermentation, or the addition o f 
glucose oxidase. For tree-flowing whole egg either 
2 %  silicoaluminate or 1%  silicon dioxide is added to 
the whole egg. There are also dried whole egg prod
ucts with carbohydrates added. These include whole

egg plus sucrose, whole egg plus corn syrup, and a 
whole egg plus volk blend plus corn syrup. Any ot 
the whole egg products should be dried to a moisture 
content o f less than 5 %  water. Reducing moisture 
levels below 2 %  results in a dry whole egg with 
superior storage shelt—life.

There is a small volume ot whole egg products 
dehydrated by freeze drying. The advantage o f this 
process is ease ot rehydration but costs ot equipment 
and its operation are tar higher than for spray drying.

b. Dried Yolk Dried yolk products include stan
dard egg yolk, stabilized egg yolk (glucose free), free- 
flowing egg yolk, and egg yolk plus corn syrup. While 
salted yolk is the most common form ot frozen yolk 
there is very little salt yolk dried. Yolk tor drying is, 
therefore, usually from the raw product. The various 
yolk products are processed under conditions similar 
to those for dried whole egg products.

c. Dried Albumen Albumen is more heat sensi
tive than whole egg or yolk, and so requires special 
handling. The majority ot albumen is spray dried. 
The glucose in albumen must be removed prior to 
drying to prevent a reaction between free amino acids 
and the reducing sugar. Bacterial or yeast fermenta
tion and the addition o f glucose oxidase are the meth
ods ot preference for glucose removal.

The most important types o f dried egg white prod
ucts include spray dried egg white, whipping type; 
spray dried egg white, nonwhipping type, pan dried 
egg white; and instant dissolving egg white.

The whipping type o f dried egg white has a whip
ping agent such as sodium lauryl sulfate added. For 
the nonwhipping type the whipping agent is not 
added. Pan dried egg white comes in three forms 
(a) flakes, (b) powder, or (c) granules. To  use flaked 
pan dried egg white it is recommended that the flakes 
be soaked overnight for convenience. Instant egg 
white is an agglomerated product.

5. Packaging
Packaging o f liquid or frozen egg products varies 

depending on the market. For the retail trade the 
container sizes vary from about 2 ounces to a quart. 
For institutional users containers trom 4 to 30 pounds 
are used. For the food manufacturer many eggs are 
distributed in insulated liquid tankers.

Packaging o f dry egg products requires as nearly 
moisture proof materials as possible as the dry egg 
products are very hygroscopic. A common package 
for commercial handling ot dried egg products is a
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fiber drum with a polyethylene !in. r. In ilns p.i ckagc 
the rate o f moisture transfer through tin liner is slow 
and there is little moisture pickup when the product 
is stored. The humidity in the packaging area should 
be kept very low.

Alter packaging the dried whole egg. products 
should be stored at refrigerated temperatures it they 
are to be held for more than .Vi da vs. I lie tats in the 
whole egg will undergo oxidative changes to produce 
oft flavors and odors.

IV. Egg Products

A. Conventional Products

T he egg products of commerce un hide shell eggs, 
liquid and frozen eggs, and egg solids or dried eggs.
I he shell eggs and liquid and tro/en products have 
been discussed. I he dried egg prodiu ts take all forms 
ot liquid egg and remove the moisiiue to produce the 
desired product.

B. Specialty Egg Products

Specialty products come as shell stable, icti igcrated. 
frozen, and dried products. 1 his i lass ot products is 
prepared so as to be more convenient lor the usei 
Many o f the products are lor institutional use as w ell 
as for the retail trade. I he products tilling this cate
gory vary widely depending on lornnilation ot egg 
products for different ethnic populations. A tew ot 
the products now in the market in the United States 
are listed with an attempt to include some from other 
cultures.

1. Scrambled Eggs
Scrambled egg mixes are packaged in frozen and 

dried forms. Additionally, precooked scrambled eggs 
are sold as frozen and freeze dried products.

A scrambled egg mix consists ot w hole egg and 
milk with seasonings added. The raw frozen product 
is packaged in cartons varying m size troin two egg 
equivalent tor the retail market to iboiit 2-kg cartons 
tor the institutional trade Another packaging torm 
tor the institutional user is a flexible film, sir h as 
Cry-O-Vac. a product of \X U (ira rc  o f Duncaii. 
South Carolina, that w ill maintain strength m the 
freezer and also in water temperatures to l«i"C. T his 
product is cooked in the bag m i water bu ll at tior.i 
K.v to 9ti C. l or the institution il user }\i< k.me sizes 
containing .’>(> or 72 scrvinus .n av.uiahh With this

package the problem of washing cooking utensils is 
eliminated.

Tor dry mixes, dried standard whole egg is mixed 
with nonfat dry milk. The freeze dried precooked 
scrambled egg is taken from the grill where it was 
cooked to the freezer and then lyophilized under high 
vacuum. This product has found a market in some 
military rations, as well as for campers. It is reconsti
tuted merely bv pouring a measured amount o f hot 
water oyer the dry product. The frozen precooked 
scrambled egg is used in warm-and-serve retail meal 
packages.

2. Hard-Cooked Egg Products
I lie starting material tor these products is clean, 

sound-shelled eggs that have been aged tor from 24 
to 72 hr until the albumen pH is at least K.M. and are 
then cooked in the shell either in steam or in hot water 
at about ‘JH' to M5’C  for about 15 nun.

I he cooked eggs are cooled slightly and the shells 
are then removed. In main plants this is all hand labor 
but m others there is some degree ot mechanization 
tor shell removal. I he peeled eggs may be packed in 
a dilute citric acid, less than 2 % , w itli a small amount 
ol II. I %  benzoic acid solution. Such eggs are sold 
to institutional feeding establishments. 1 he eggs may 
also be used in pickled eggs, deviled eggs. Scotch 
eggs, diced eggs, or ground eggs.

Pickled eggs are produced by packing hard cooked 
peeled eggs in a 5 %  acetic acid solution, vinegar. For 
variations it is possible to add a variety o f seasonings 
or red beet juice tor color to the pickled egg.

Deviled eggs are hard cooked eggs cut in halt with 
the yolks removed. The yolks are then mixed with 
salad dressing or cream cheese along w ith seasoning. 
Tins mixture is then placed in the open pocket in the 
half o f egg albumen. It is sold to caterers for special 
parties as a hors-d’oeuvres item.

Scotch eggs are prepared by wrapping a hard- 
cooked peeled egg in a thin layer o f sausage. A turkey 
sausage is preferred to pork sausage because of the 
lower tat content. The wrapped product is then 
cooked for about 4 min in deep fat to a temperature 
ot about 1 (>()°C.

I )iced eggs or ground eggs are hard-cooked eggs, 
frequently imperfect in peeling, that are diced or 
ground to be used m egg salads or as an item on salad 
bars.

Another form ot hard cooked egg is the "long egg." 
I ins is an egg product prepared from egg yolk hard- 
cooked as a center core surrounded by albumen 
cooked over the \olk core. Preparation equipment is
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available. I-.it'll slice ot the product looks like .1 (.enter 
cut ot .1 whole hard cooked egg. 1 he market tor this 
product is cither caterers or top quality restaurants 
w here the slices ot egg are used to decorate salads.

3. Fried Eggs
It is possible to precook tried eggs and freeze them 

tor sale 111 warm and serve meals. The tried egg must 
be prepared 111 a containing ring to minimize very 
thick layers ot albumen which could burn on reheat
ing the egg. Freezing requires cryogenic procedures.

4. Omelets, Frittatas, Quiches, and Souffles
This group ot' products are prepared as frozen 

mixes, dry mixes and as precooked frozen items. 
They are sold to institutional feeders and the retail 
market. The formula for each is similar to that used 
tor individual preparations.

5. Egg Drinks
For quick nutrition in .1 drink, liquid whole egg 

can be added to orange juice, apple juice, or cranberry 
juice. It is preferable to use pasteurized liquid egg 
rather than fresh shell egg for these drinks.

6. Egg Substitutes
The desire tor the quality proteins o f the egg w ith

out the high level ot cholesterol has led to a number 
ot formulations based on egg albumen as the primary 
ingredient. O ther constituents ot egg substitutes may 
be vegetable oil, starches, coloring agent, and vi
tamins.

7. Other Products
Egg-rich products that are also being marketed in

clude French toast, pancakes, waffles all as warm- 
and-serve frozen items. Albumen rings have been 
cooked 111 a mold then battered, breaded, and deep 
fat tried to cook the coating. This is a high-protein 
snack tood.

C. Eggs as a Source of Complex Chemicals

Egg albumen is a relatively rich source o f lysozvmc. 
Extraction proceedings have been developed to re
move lvsozyme trom egg white leaving the remaining

albumen in an edible form. Lyso/ym c has found a 
market as an antimicrobial agent 111 food processing 
and in the pharmaceutical industry. T w o  other egg 
components are being extracted 011 .1 commercial ba
sis. aviden from albumen and lecithin from the volk.

Still 111 a developmental state, lgY  an anti-diarrheal 
compound, has been extracted trom egg yolk without 
affecting the potential use ot the remaining yolk for 
tood.

V. Summary

Egg production and marketing are commercial enter
prises throughout the world. In addition to food uses 
eggs have an important place in the history o f art and 
religion. While originally the hen produced only a 
tew eggs during the spring months each year, through 
improvements in breeding, feeding, and care the 
flocks o f the United States average over 250 eggs per 
hen per year. M any individual flocks average over 
300 eggs per hen each year. The production ot eggs 
is now quite uniform throughout the year.

The egg is one of the most versatile o f all food 
products. Its functional properties include coagula
tion. foaming, emulsifying, contributing nutrients, 
and minimizing sugar crystallization in candies. The 
egg is truly an incredible, edible product.
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Glossary

Artificial insem ination (A I)  Deposition ot' pre
served semen by catheter into the female reproductive 
organs
Blastocyst Stage in early development when the em
bryo has developed a cavity and has differentiated into 
an outer layer (trophectoderm) which w ill become the 
placenta and the inner cell mass which w ill become 
the fetus
Corpus lu tcum  (C L )  Endocrine gland which se
cretes progesterone that is essential for maintaining
pregnancy
E m b r y o  transfer ( E T )  In simplest terms it is the 
transfer o f an embryo from one source (donor) to a 
recipient
Estrous cy cle  Reproductive cycle o f female domes
tic animals in which ovulation and sexual receptivity 
(estrus) recur on a regular basis
In vitro fertilization ( I V F )  Fertilization o f an oo
cyte in a “ test tube”
M orula Early embryo forming a ball o f cells as a 
result ot several cleavage divisions 
O o c y te  Female gamete yet to be fertilized by a sperm 
cell; otten reterred to as an egg
SuperovulEtion Induction o f a large number o f fol
licles to develop and ovulate oocytes more or less in 
synchrony
Z o n a  pellucida Tough coat surrounding the oocyte 
which protects the oocyte and plays an important

role o f usually allowing only one sperm in to cause 
fertilization

E m b ry o  transfer heralded a new era for animal 
breeding with the potential tor identification, selec
tion. and transfer ot naturally produced or engineered 
special or superior genotypes. While embryo transfer 
simply signifies the transfer o f one or more embryos 
from donor females to suitable recipients, the tech
nique provides an opportunity to apply many biotech
nologies resulting ultimately in the transfer o f 
embryos produced. These include the following: 
(1) embryo splitting to increase the number o f prog
eny per original embryo available; (2) embryo freez
ing; (3) embryo sexing; (4) in vitro fertilization; (5) 
sperm microinjection; (6) cloning production o f 
transgenic animals; (7) preservation o f endangered 
species; and (8) development ot new genetic selection 
programs, such as velogenics, whereby oocytes are 
obtained from prcubcral animals, fertilized in vitro, 
and cultured with genetic markers to prescreen the 
embryo for genetic potential. All techniques ulti
mately require embryo transfer to produce new off
spring and this overview incorporates these devel
oping technologies.

I. Introduction

In domestic animals embryo transfer (E T ) is most 
successful and widely used in cattle. This stems from 
the fact that a substantial body o f knowledge and 
repertoire o f techniques relative to artificial insemina
tion (A I), synchronization ot estrus with control of 
ovulation, essential for successful embryo transfer, 
were previously established in cattle on a practical 
basis. Artificial breeding in cattle has proven to be of 
great economic importance because ot its impact upon
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both genetic improvement .mil control ot many seri
ous infectious diseases. One great sire can easily have 
more than 1(1(1,000 progeny through Al. .md this is 
important to recognize in considering the application 
ot em bryo transfer.

Em bryo transfer, per se. is not as powerful .1 genetic 
tool as A I because the intensity ot donor selection is 
much less with the limited number of embryos avail
able per donor female and less is known about the 
genetics ot the female than progeny tested sires. 1 low - 
ever, emerging biotechnologies which permit oo
cytes, zygotes, embryos, and possibly stem cells to be 
modified in various wavs to produce highly valuable 
embryos for ET w ith superior progeny, are exciting.
1 iighly selected naturallv produced or engineered em
bryos could bring major changes 111 one generation.

I lie potential power to direct rapid genetic change 
brings .1 special challenge to scientists and prac
titioners o f the art to apply principles ot ethics ,md 
wisdom as fully as is humanly possible. I'his is not 
different, in principle, from the past where the quality 
ot life achieved in any society stemmed trom knowl
edge and its proper application. Now the potential 
rapidity ot change requires that benefits and risks be 
carefully scrutinized before new programs are widely 
applied. |.See E l mcs. |

II. Historical Perspective

The first reported successful E T  was by Walter 1 fcapc 
111 Cambridge in 1891. when he produced young in 
rabbits. Successful rat and mouse E T  was reported 
in 1933 and 1942. respectively. Laboratory animals 
have served as models for similar domestic animal 
research. T he first cattle eggs were seen in 1931 .md 
the first call was produced following E T  111 1951. 
Another 20 years passed before the first commercial 
F.T organization was established in 1971 Sheep and 
goats were used successfully for I T in 1934. Horse 
eggs were seen in 1939 and the first successful transfer 
w as in 1974 Successful pig E T  was reported in 1951. 
Along the way. ferret, baboon, cat. ami dog have 
been used in E T  studies. T he list is expanding rapidly, 
particularly in exotic species o f mammals.

The technique ot ET has tar more ramifications 
than the simple transfer ot embryos from one donor 
female to multiple female recipients. It is ,m essential 
component ot .1 varictv ot biotechnology—genetic en
gineering techniques that result 111 an cmbrvo w hkii 
must be transferred to a sexually mature recipient 
female 111 mammals to develop into young.

Prior to 197(1 nearly all o f the embryo transfers 
were experimental to study various aspects of fertility 
and embryo mortality. When European breeds ot 
dual-purpose cattle became a wanted item in North 
America, especially, the limited pool o f cattle and 
the international health restrictions caused money to 
become available commercially to multiply Siinmen- 
tal. Limousin, and other breeds by ET . The selection 
emphasis was on famous pedigrees rather than on 
individual performance. During the 197(ls exotic 
breed demand decreased, and the introduction ot 11011- 
surgical transfer procedures from Japan simplified 
ET , especially 111 cattle, during early lactation. B y  far 
the largest application ot E T  to any breed has been 
with I lolstein cattle and several hundred thousand 
progcnv have been produced. The availability of pros
taglandin F,ct and several analogs to synchronize es- 
trus and development ot nonsurgical collection and 
transfer techniques reduced the cost, increased the 
convenience, and made on farm E T  practical. Also, 
in the 1980s, freezing o f cattle embryos was perfected 
so that high-quality embryos gave good pregnancy 
rates after freezing and thawing them before transfer. 
Hie first calf born trom a frozen embryo was in 1974. 
Scxing. twining by splitting embryos, in rinv  fertil
ization (1V I ). development ot probes as genetic mark
ers in embryos, and the hope for improved cloning 
with stem cells have continued to keep the commercial 
cattle industry involved w ith ET . Because o f its cost 
E T  will continue to be a procedure with special appli
cations. in contrast to A l. until true cloning ot stem 
cells 011 a repeatable and efficient basis is accom
plished

III. Advantages and Limitations

Some of the potential advantages o f E T  for cattle and 
most other species follow:

I Obtain more progeny from selected females, tluis 
increasing the opportunity lor more intensive selection
011 the female side ot the pedigree.

2. Obtain progcnv trom outstanding old cows no 
longer able to sustain .1 pregnancy.

3. Provide .111 opportunity to introduce new genotypes 
into anv countr\ without the cost and other problems of 
shipping live animals.

4. Better control o! disease when earelully washed 
embrvos rather than ainmais are transported.

5. Provide opportunities lor special generic testing 
•aich .is for .1 bull suspected ot being 1 carrier ot an 
undesirable trait controlled bv one pair ot genes.
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h Establish  co n tro lled  tw in n in g  in beet cattle  1111 . :
transfer ot tw o  c m b rs o s  o r on e tr.Ulster plus .1 11.m in i 
co iiccp tu s to m ere.ise the n in nb ei' ot p ro g em  .11 uI pom ; U 
11I 111e.1t produ ced  pel beet cow per scar.

7.  I’ossibls' obt.iin progem trom prepnber.il female-- i n  

decrease the generation interval required to get milk 
production information. Also, with in.iiiv progens one 
1 mild progem test lem.iles.

X. I )evise new schemes ot multiple ovulation .ind 
enihrvo transfer (M O E  I ) to .iceeler.ite genetic gain 
through more accurate appraisal ot individual .inun.ils 
•iiui with .1 reduced generation interval. This includes 
prepuberal superovul.ition and the use of' genetii m a r k e r s  

to detect genetic potential ot the embryo.
'). Store a diversity ol gerniplasin frozen in liquid 

nitrogen.
I I I .  F a c i l i t a t e  r e s e a r c h  o n  r e p r o d u c t i o n  s u c h  . i s  

f e r t i l i z a t i o n ,  c m b r v o n i c  d e a t h  a n d  a g i n g .

11. Provide opportunities to modify the oocyte or 
/vgotc genetically so that new or unusual types ol 
individuals might be synthesized or reproduced w ith tlu 
tormation ol clones, chimeras, or transgenic stem cells 
and animals ot the desired scn and other characteristics.

1 2 .  P r e s e r v a t i o n  o l  e x o t i c  o r  e n d a n g e r e d  s p e c i e s  

t h r o u g h  IV F . e n i h r v o  c u l t u r e ,  c r v o p r c s e r v . i t i o n .  a n d  

t i n . i l k  I .  1

l.i. A llo w  racin g  m ares to p ro du ce em h rv os 1h.1t can 
be transferred  to a recip ien t, a llo w in g  the m are to 
co n tin u e  to race.

I lie list ot .ulv.images ot F I is impressive. I loss - 
ever, it is .1 costly program , despite the tact that im 
provem ents in procedures described 111 this ch.iptci 
have reduced the costs trom  a lew thousand doll. 11 s 
per em bryo  to a few hundred dollars. It w ill become 
clear, as the procedures required tor successful I I 
are described, that drugs, labor, travel, animals, and 
animal transportation, given the variability 111 re
sponse ot donor cows, make this process expensive 
com pared to artificial insem ination. Unless one has a 
m arket tor specific animals, such as bulls produced 
tor artificial insem ination or selected dams that have 
unusually appealing pedigrees or type that a few indi
viduals w ill pay large prem ium s tor, F T  usually does 
not pay tor the com m ercial dairym an. M on ey  in
vested in the program  w ill not be repaid by the milk 
check.

Th is technique has made possible the development 
ot new types ot breeding program s referred to as 
M O L l ’ (m ultip le ovulation, em bryo transfer). In 
such ,1 program  em bryos from  the best bull x dam 
com binations are produced and brought into a central 
breeding establishment tor transfer, bulls produced 
in this system can be proven more rapidly than in

the usual progem  test system and cows can obtain a 
progem ' test. B y  com bining m ultiple types and 
sources of inform ation 111 this system superior bulls 
can be detected and placed into service w ith  a reduced 
generation 111terv.1l and superior females sold to 
b reeders.

I he m any advantages ot F T  must be weighed 
against the cost. Ih e  successful application ot F I  
procedures has generated interest 111 m any related 
areas ot gamete b io logy w ith a know ledge explosion 
w hich w ou ld  not have occurred otherwise. Th is has 
led to splitting, scxing. and cloning of em bryos. 
Fvcn tua llv . it may lead to developm ent o f h ighly 
tested superior lines ot stem cells.

IV. Current Embryo Transfer Practices 
in Cattle

An F T  program  invo lves the fo llow ing  components: 
(1) selection of healthy donor cows possessing the 
desired characteristics, (2) superovulation ot the do
nor, (3) insem ination ol the donor at the proper time, 
(4) collection ot em bryos. (5) em bryo  evaluation, 
((>) em bryo  culture, freezing, or transfer. (7) selection 
ol healthy recipients at the right stage ot their estrous 
cycle tor transfer ot em bryos synchronized 111 devel
opm ent w ith  this stage, and (!~i) pregnancy checking. 
O b v io u s ly  a high degree ot planning and management 
and technical skills are required to have donors and 
iccipients coordinated reproductive!v it high preg
nanes rates are to be achieved. The  principles outlined 
here tor cattle also apply to other species. Details 
sarv to accom m odate the differences 111 reproductive 
anatom y and physio logy am ong species.

A. Selection of Donors

D onor cows should be rcp roductively norm al w ith  a 
history o f good fertility, except w hen F T  is used to 
overcom e certain in fertility problems. Facli donor 
should be examined carefully bv palpation of the re
productive organs and should have norm al estrous 
cycles o f  around 21 days to qualify. M ilk  production 
should be the p rim ary genetic trait selected tor 111 dairy 
cattle. Lactatm g cows should not be superovulated 
ss itiiin the first (i<i days after calving, as the best cows 
are producing so much m ilk during this time that 
tlics are 111 .1 negative energy balance and em bryo 
yields and quality may be reduced. It Holstein heifers 
with outstanding pedigrees are used they should
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w eigh  at least 350 kg and he cycling norm.ilk. Beet 
cow s are selected on a variety ot traits as there is a 
great diversity ot opinion 111 the beet cattle industry 
regarding the relative importance ot different traits. 
A ll donors should be well ted and managed and tree 
trom  known diseases. They should be observed daily.

B. Superovulation

It is very important to release as many oocvtes (eggs) 
as possible at one time. Donors should receive a series 
of subcutaneous injections ot follicle stimulating hor
mone (FSH ) starting about midcycle (Days 9-13 of 
the cstrous cycle). The cycle can be a naturally oc
curring one or one induced by the use ot prostaglandin 
F,a, or an analog, to regress the corpus luteuni (C L ) 
and start a new cycle. The LSI I is administered at 
12-lir intervals tor 4 days to induce supertollicular 
growth. On the last day prostaglandin is given to 
functionally destroy the animal's C L  so it will conic 
into estrus and be inseminated. I he dosage varies 
depending upon the FS11 preparation used. A  typical 
schedule would he to inject subcutaneous]v a total ot 
35 mg of F S II  given as eight injections, starting with 
5 mg and gradually reducing the dosage to 3 mg on 
the fourth day. Prostaglandin L .tv or an analog at the 
seventh FSH  injection is administered to regress the 
C L . A single injection o f long-acting pregnant mare's 
serum gonadotrophin (l'M S (r) has been used to stim
ulate follicular growth, but the superovulatory re
sponse has been a little higher with LSI L An antibody 
to P M S G  given along with the prostaglandin inhibits 
further stimulation by the long-acting PM  SC I. This 
part ot the program can be all done on the farm where 
donors are kept and embryos can he recovered.

C. Insemination

Anim als should be observed several times daily for 
estrus. Estrus should occur about 30 to 48 hr after 
the prostaglandin injection. Skilled observers should 
be assigned to this important job. Cow s are insem i
nated as soon as thev are seen in estrus with frozen 
semen from the desired bull. T o  insure highest fertil
ization rates insem ination should be repeated at 12- 
lir intervals until animals go out ot estrus to cover 
the range ot times that oocvtes are ovulated. Semen 
should be ot high quality. Sperm are not transported 
to the site ot fertilization after insemination ot a super
ovulated cow  as readily as in a natural K w ithout 
exogenous hormones. W ith  trozen semen it is desir
able to have at least 211 m illion sperm pel insemina

tion, with a high proportion of sperm being motile. 
I.S'cc A n i m a i  R k i ’ k o d u c i i o n .  N o n p r h g n a n i  F k .m a i f ; 

A n i .m a i  R i . i ’ k o d u c : t i o n . P k k c . n a n c y . |

D. Embryo Recovery

In the early days bovine embryos were collected trom 
the oviducts by surgical procedures about 3 days after 
insemination and transferred surgically to the ovi
ducts o f recipients. W ith nonsurgical transfer, the em
bryos are in a later stage ot development (morula and 
blastocyst. Fig. 1) and usually are collected 6 to 8 days 
after insemination. The animal is held in a convenient 
restraining stall and given an epidural block to relax 
the reproductive tract area. The external genitalia is 
thoroughly washed prior to recovering the embryos.

A special cannula (Foley catheter) is inserted into 
the vagina through the cervix into the horn o f  the 
uterus. A balloon is inflated to fit firm ly in the uterine 
lumen to block any exit from the uterus. Through 
another channel in the catheter a compatible warm 
flushing medium, such as phosphate-buffered saline 
containing bovine serum albumin, is injected by sy
ringe or gravity How until the uterine horn is filled. 
The How is shut off and an outflow channel opened.
I lie uterus ;s massaged gently and the recovered fluid 
filtered to retain embryos. About 50 ml per time with 
(> to 10 replications per horn are done to insure that 
every possible embryo is recovered.

The opposite uterine horn also is flushed in a similar 
manner. The balloon is deflated, the catheter is witli-

2 - cel I 4 - c e ll  8 - c e l l  1 6 - c e ll M oru la

E a r ly  En larged  H a tch in g  H a tch e d
b la s to cys t b la s to cys t b la s to cys t b la s to cys t

F IG U R E  1 S t a g e s  i n  e a r l y  e m b r y o  d e v e l o p m e n t .  I lit-* o n e - c e l l  

f e r t i l i z e d  e g g  o r  z y g o t e  ( n o t  s h o w n )  d i v i d e s  t h r o u g h  a  s e r i e s  o t  

c l e . u  a g e  d i v i s i o n . - ,  t o  t o ;  n i  a  b a l l  o t ' c e l l s ,  t h e  m o r u l a .  T h i s  d i f f e r e n t i 

a t e s  i n t o  a  b l a s t o c y s t  w h i c h  is  c o m p o s e d  o t  a n  i n n e r  c e l l  m a s s  

( K M * ,  t r o p l i e c t o d e r m  ( I K )  a n d  a  b l a s t o c o e l e  c a v i t y  ( I K ! ) .  

T h r o u g h  a l l  t h e s e  i n i t i a l  s t a g e s  t h e  e m b r y o  s u r r o u n d e d  b y  a  

p r o t e c t i v e  c o a t ,  t h e  z o n a  p e i l u c i d a  ( / V )  T h e  r a b b i t  e m b r y o  s h o w n  

h e r e  a l s o  i s  s u r r o u n d e d  b v  a  m u c i n  c o a t  ( M C . )
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drawn slightly and placed forward in the other uterine 
horn. I lie process tor e'lnbrvo recovery is repeated.

The donor is infused with an antibiotic .is insurance 
against possible infection and with a luteolytic injec
tion ot a prostaglandin to eliminate C'L's, so that the 
cow  does not have multiple pregnancies should some 
embryos be retained after Hushing.

The next step is searching for tiny embryos in the 
Huid and uterine mucus and tissue debris. This is also 
critical. Personnel experienced with embryo identifi
cation and handling are essential. B y  carefully manipu
lating the debris with needles, while viewing the field 
using a dissecting microscope, the embryos can be lo
cated, aspirated with a pipet, and moved to a new dish 
ot sterile culture medium. Care should be taken to 
avoid evaporation ofthe culture medium and tempera
ture shock (cooling trom body temperature to the labo
ratory temperature of20—25°(- is satisfactory).

E. Embryo Evaluation

Technicians highly experienced in examining em
bryos within .1 species can rather accurately estimate 
their quality subjectively. These estimates are posi
tively correlated with pregnancies achieved and sur
vival ot embryos when frozen. A good quality micro
scope also is essential for this morphological 
evaluation. This evaluation is based upon (a) develop
ment ot each embryo in comparison with the expected 
stage of normal development on the day o f embryo 
recovery, (b) the uniformity o f blastomeres, (c) the 
distinctness ot membranes, (d) the presence o f vesi
cles. (e) clear signs ot embryo degeneration and disso
lution, and (t) any damage to the zona pellucida. 
Cleavage patterns for bovine embryos obtained from 
healthy cows have been carefully analyzed and these 
serve as a guide. An advantage o f employing these 
criteria is that they can be performed rapidly without 
damage to the embryo. The final test o f embryo qual
ity is its ability to develop into a normal young.

M any other tests have been employed such as
(1) dye exclusion, (2) live-dead stain, (3) glucose utili
zation, and (4) measurement o f enzymes. These and 
other tests are more suited for research where the 
treated embryo w ill not be transferred to produce a 
pregnancy.

F. Embryo Culture

Embryos used tor transfer are seldom cultured, but 
they may be held while waiting for recipients to be 
prepared or to check embryo appearance after being

frozen and thawed. Em bryo culture is a major compo
nent ot research studies where zygotes are produced 
by various procedures and study o f development in 
rinv is very important. T he usual precautions o f han
dling any delicate material are followed. These include 
gentle handling, proper media, appropriate gas envi
ronment, avoidance of drying of media, sterility of 
all materials, and avoidance ot temperature shock.

During early development in rivo the embryo un
dergoes several cleavage divisions in the oviduct. The 
oviduct contains a complex Huid, but presumably 
many components are not essential tor the embryo.
I hiring this time the embryo has a substantial store o f 
ingredients that are utilized during the early divisions. 
Extensive studies have been done on culture require
ments o f embryos o f many species. There are species 
differences. Also, within a species the need for meta
bolic substrates changes as the embryo develops. D ur
ing the first few cleavage divisions control o f develop
ment shifts from maternal to embryonic genome 
control and there is considerable protein synthesis as 
the embryo develops into a blastocyst. Follow ing is 
a list o f factors known to influence embryo develop
ment in culture.

1. 1'ein/ieriiture. Incubation .it the same temperature as 
the physiological temperature ofthe species, about 39°C 
for cattle.

2. Sterility. Avoid any microbiological contamination.
3. I l ’itfiT i j i i t i l i t y .  Media should be prepared with 

deionized water ofthe highest quality, as it is the major 
component ot anv medium.

4. Ions. Provide a balance ot the major inorganic ions 
as N a ' , K , .C :a ’ <.a n d M g - ‘ .

3. Osmohirity. Total concentration ot ingredients 
should not exceed physiological levels as measured bv 
osmometry and the response ot the embryo.

6. />//. T his should be neutral or a little higher. The 
intracellular pH ot bovine embryos is not known.

7. HiuirboihUc, CO., it ml ( ) .  levels, bicarbonate is a 
precursor of components in the energy transport system 
and so plays a role in addition to pH control. The 
bicarbonate-C'Oj, ratio affects pH, but plays a role not 
duplicated bv adjusting pH. Oxygen tension in oviduct 
Huid is less than 1(1%, The gaseous environment in 
culture should be around 5 to 111% CO>. 3 %  CT, and the 
remainder N,.

8. C.arbohydrate energy substrates. As the embryo 
develops trom a one-cell zygote to .111 expanding 
blastocyst it utilizes pyruvate and lactate and finally 
ghicjsc. Glucose car. inhibit development of the early 
embryo of some species. Intra-enibrvonic stores ot 
substrate undoubtedly are used initially.

9. lew amino acids lire needed initially. Glutamine, 
glycine, and taurine appear to be most important. 
Glutamine is also used as an energy source.
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In. S i i i l c i ,  , i t i i l  Adequate intracellular stores
appear to hi' available initially.

11. (iii>ii'//i /./i/i’i' .11/1/ fii,iiiiin.<. As knowledge ot 
growth factors and their receptors unfolds these 
subst.iiues appear to be important in normal 
development.

12. Ili'iinoih s. ( ion.idotrophii hormones can stimulate 
embryo dev elopment in cumulus cell coculturc studies.
I he effect 1n.1v result from an interaction between the 
coculturc and the cmbrvo.

I.i. A/i/in>iiic>/ii'///i,>. Serum 111 large quantities, bovine 
serum albumin, or polvvinvl alcohol usu.illv has been 
beneficial 111 culture media However, with the optimal 
balance ol all ingredients it is quite possible to promote 
good cmbrvo development without them.

I here are dozens ot ma|or formulations and minor 
modifications w hich have been published on culture 
media. One need only consult the current literature 
in tile field. ( Catalogs of suppliers give details ol many 
media such as Whittens. I U M  1W , I lams 11(1. C./. 15. 
.mil KSC )M . ami nianv others. M ain  supplements to 
basic media are available.

Em bryos of many species could not be cultured in 
vino a tew years ago without blocking at some stage 
of development. In cattle this was at the N- to l(>-cell 
stage which is a transitional stage ot development 
between maternal and embryonic genome control of 
development. I Ins block can be overcome by cultur
ing the embryos with oviduct cells, cumulus cells, or 
media conditioned by these cells. Also, defined media 
providing amino acids are included, having been de
veloped to culture zygotes to the blastocyst stage, but 
the percentage success is low. T he best pregnancy 
rates are obtained by coculture of embryos w ith ov i
duct cells, or other cocultures.

G. Embryo Storage and Freezing

Em bryos can be stored in culture up to the blastocyst 
stage, but any long-time storage is accomplished b\ 
freezing and storage in liquid nitrogen. Mouse c 111 - 
brvos have been stored tor 2d years w ithout a detect
able decrease 111 viability. Pregnancy rates ot high- 
quality frozen—thawed bovine embrvos are about 
K '%  lower than comparable embryos that are trans
ferred fresh. Freezing of embrvos has had 1 tremen
dous impact upon the cattle I. I industry A majority 
ot the transfers today arc done w ith trozen-thaw eil 
embryos. Because ot the importance of cr\ ^preserved 
embrvos, it is important to consider advantages and 
procedures. Among the advantages are.

1. A herd ot svnchrom/cd recipients is not needed. 
Surplus embrvos collected on any occasion can be 
preserved and not wasted.

2. A bank ot embrvos ot desired types can be 
accumulated to be delivered at the desired time and 
place.

,V In beet cattle, embryos could be collected during 
seasons when beet cattle usually are not bred and used in 
a short breeding season to synchronize calving.

4. F I would be done 111 the whole herd when it is 
most economic to produce .1 calf crop.

5 I he holding of crvopreserved embryos permits 
various health checks to be completed 011 the donors so 
that worldw ide shipments can be done cheaply and with 
the assurance that the embrvos will pass a battery ot 
specific health checks.

(>. Freezing also permits the banking of selected types 
of germplasm. I Ins would provide diploid material of 
wide genetic diversity to he maintained while intensive 
breeding and selection programs are conducted.

7. Controls tor genetic experiments would be 
available. File |ackson Laboratories are an example ot 
this as several hundred strains ot mice are preserved as 
frozen embryos in liquid nitrogen tanks, without the cost 
and hazards of maintaining all stocks as live animals.

C ritical principles to be observed 111 freezing and 
thawing are to avoid thermal and osmotic shock. O s
motic changes induced bv the crvoprotcctants 111- 
clude shrinkage and swelling ot the embryo. The lat
ter can be especially lethal it the embryo swells to the 
bursting point. I lie details ot many procedures are 
described in general texts 011 the subject. T he embryos 
are treated with glycerol in .1 medium such as Dulbec- 
co s phosphate-buttered saline containing serum or 
bovine serum albumin. Em bryos are placed in 0.25
mi straws, scaled, and cooled moderately slowly from 
room temperature to about —5° to — 7°C’. They are 
held and seeded (indication o f ice formation) at that 
temperature to avoid damage due to supercooling. 
After further cooling to -3(1° to — 40°('. the straws 
containing the embryos are transferred to liquid nitro
gen at — 1W>°(! for storage or transport.

Other methods, as vitrification, are successful 111 

some species. W ith a high concentration ot cryopro- 
tcct.mt and serum the embryos are plunged into liquid 
nitrogen. Under these conditions the glassy state pre
vails and no damaging intracellular ice should be 
formed.

I h.ivving ot fro/eii-crvoprotccted embrvos is criti
cal as they can swell I his is due to water rushing in 
bct.iusc ol the an uniiii.uion ot cryopi otectant and 
other substances inside the embryo during freezing. 
Sucrose often is included 111 the straw as .1 separate
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component. Embryos .ire impermeable to suc rose so 
swelling is reduced .is the embryo is mixed with the 
siu rose solution during thawing.

H. Embryo Splitting

Embryos harvested .it the morula or blastocyst stage 
can be cut in half with a microsurgical blade. The 
morula can be cut in any direction into two equal 
halves. 1 lowever. the blastocyst is organized into an 
inner cell mass that will become the fetus and the 
trophectoderm which will become the placenta (see 
Fig. I). Thus, it is necessary to divide a blastocyst 
into equal left and right halves. When this is done the 
two halves can be placed in two zona pellucidae (one 
in the original and one in a zona pellucida saved from 
an unfertilized egg or even in a foreign zona pellucida 
such as from a pig). Under some conditions, demi- 
embryos can be transferred directly without placing 
them back into a protective zona pellucida. The zona 
pellucida reduces the chance that cells become loose 
and lost from the demi-embryo, which would reduce 
the probability ot survival. It embryos are to be cryo- 
preserved, best results are obtained when the whole 
embryo is frozen and then split after thawing. The 
pregnancy rate per transfer is reduced about 10% by 
splitting, but as the total number o f potential transfers 
is doubled, the number o f progeny may be increased 
by at least two-thirds.

Because splitting is relatively easy to do, once a 
person has the training, it has economic advantages 
when costs per embryo are high. For research the 
use ot identical twins also has substantial value in 
decreasing the number o f replicates per two-treatment 
experiment needed to detect differences at a predeter
mined probability.

I. Recipient Selection and Synchronization

A high-quality embryo w ill only develop into a viable 
newborn animal it it is provided with a good environ
ment to develop in. Selection o f healthy recipients 
is essential. It the E l  plan is to use fresh embryos 
transferred directly to recipients, synchronization o f 
donors and recipients is essential. This requires careful 
planning to have a large pool o f healthy recipients 
synchronized to ovulate at the same time as the do
nors. or a day later, so tiiat the reproductive systems 
ot the two groups w ill be undergoing nature’s pro
gram ot reproductive cyclicity in synchrony. This is 
expensive because a substantial number o f recipients 
may be wasted it the yield o f good embryos is much

less than expected. F reezing ot embryos has grcatlv 
simplified this problem. Either all the embryos may 
be frozen tor transfer at some other time and/ or place 
or embryos equal to the number ot good recipients 
can be transferred fresh and the rest frozen. Those 
frozen embryos then are available tor transfer when 
the owner has suitable recipients or, if  highly valuable, 
they may be marketed.

Synchronization ot recipients and donor estrous cy
cles is required to provide a pool ot recipients of 
adequate size. Too  tew recipients would be available 
from animals cycling naturally to match the donor 
unless a huge recipient herd was available. T w o  gen
eral procedures are available to provide synchrony. 
The donor schedule is planned, based on natural cycles 
and detected estrus or estrus is induced by .111 injection 
o f prostaglandin F\« or analogue. Then recipients can 
be programmed. Recipients with .1 good C L  can be 
given a progestin, such as Synchro-Mate L5 (a proges
tagen) to extend the estrous cycle, or prostaglandin 
at the appropriate time (between Days 6 and 16 o f 
the recipients’ cycle) to induce estrus and ovulation 
in synchrony with the donor. Injection o f slightly 
asynchronous recipients by giving progesterone, 
starting with estrus. also can be used. W ith frozen 
embryos, the required number ot recipients is pre
pared in the same way.

J. Transfer of Embryos

In early work with cattle oviductal collections and 
transfers were the standard procedure. All transfers 
were done surgically with the animal under general 
anesthesia. Later some em bryo transfer specialists 
used local anesthesia and transferred later stage em
bryos (a morula or blastocyst) to the uterine horn 
adjacent to the corpus luteum through .1 Hank incision 
011 the same side.

Today essentially all cattle transfers are made by a 
modification o f the procedure for inseminating 
sperm. A "7-day”  blastocyst would be transferred to 
a recipient 7 days after estrus. The “ French gun" 
for holding 0.25-nil straws, in which the embryo is 
placed, or special equipment tor inserting the straw 
into the uterus, may be used.

Epidural anesthesia to relax the rectal musculature, 
the same as for embryo collection, is recommended. 
T he external genitalia ot the cow  should be cleaned 
and the "g u n " inserted so as not to touch any external 
skin or tissue. It is extremely important to be aseptic 
as the animal’s resistance to infection is less at this 
stage than during estrus. Also the "g u n " must be



worked through the cervical •n.il mt<• i!u uterine 
horn adjacent to the corpus luteum to deposit the 
embryo. This contrasts with insemination ot sperm 
just barely past the cervix. Also, the cervix is more 
rigid and dry at this stage than when the female is 
m estrus, making passage o f the "gun " through the 
cervical canal more difficult.

The embryo should be gentlv expelled into the 
uterus. If  the “ gun”  has been properly loaded with a 
small volume o f fluid and air behind the emhrvo it 
should be expelled from the "gun" every time. The 
“ gun”  should be checked upon withdrawal to he sure 
that all fluid was expelled.

Animals should be watched carefully tor recurring 
estrus about 2 weeks after transfer. It no estrus occurs 
this is a preliminary sign that a prcgnancv was estab
lished. Experts with ultrasound equipment can check 
for pregnancy soon after this. I lowever, because some 
early embryonic death occurs in cattle under good 
management conditions, a filial pregnancy check by 
palpation o f the reproductive organs per rectum about 
(>0 days after embryo transfer is standard practice. 
Animals pregnant at that stage almost always produce 
young under normal circumstances. Surveys ot the 
E T  industry indicate that progeny and the sex ratio 
are normal.

K. Success Rates
Success for the total process from superovulation to 
transfer o f the embryo varies greatly, depending upon 
the quality ot the animals, embryos, environmental 
conditions, and especially the careful planning and 
skill o f the people involved. An example o f the results 
o f Hushing Holstein cows under good conditions is 
given in Table I. Not all cows selected .is embryo 
donors have normal estrous cycles and not all respond 
to hormones to superovulate. Perhaps MO out of 10(1 
cows w ill respond. The nonresponders should not be 
flushed for embryo recovery. The number is further 
reduced to about 75%  which yield embryos (14% ot 
the healthy cows in Table 1 did not yield embryos). 
For subfertile cows the results are lower ( Fable I). If  
one could select only high-quality semen ,i fertiliza
tion rate o f 85 to 90% is possible. However, with 
semen from the bulls breeders select for commercial 
ET . only 66%  o f the eggs collected are fertilized (Ta
bic i). Tiie variability o f individual donors ;s great, 
ranging m large studies from 0 to -40 m a or embryos 
per donor.

High-quality embryos represent about <■»> to 70% 
o f the embryos collected under these good c>. uiditions
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TABLE I

Summary of Results Obtained in a Large-Scale Embryo 
Transfer Program

Item

Reproductive
status

Healthy plus 
infertile1 leal thy Infertile

Animals, number (>(>(, 3is 984
1 ot.il eggs, number t>828 l<M3 8771
Mean eggs donor 111.3 f» 1 8.9
Mean fertilized eggs (i.7 2.6 5.4

donor
Mean embryos/donor (>.4 2.4 5.1
tggs fertilized. % <,(, 42 61
1 Imior with no eggs. % 4 21 1(1
1 lonor with no 14 SI 26

embryos. %
l.mhrvos transferred. 37117 til 14 4311

no.
I’regnani recipients, % (>H 58 67

Sihiiu Adapted with permission from H.islcr. | F.. McCauley. 
A I) .. Schermerhom. L. C . and 1 oote. K. H (1W3). Superovula- 
toiv response ot' I lolstem cows, 'rhcrii'wnolotfy 19, 83—W.

versus 50%  under poorer conditions. Such embryos 
can yield a pregnancy rate in excess ot 70% . The fair 
and poor quality embryos yield around 60 and 40% 
pregnancies, respectively. Under adverse conditions 
the values given here should be reduced by at least 
10% .

L. Sanitation, Diseases, and 
International Marketing

The importance of using sterile equipment and aseptic 
techniques is obvious. Contamination could kill the 
embryo and/or promote disease transmission. At the 
same time sterilization o f equipment must be done 
bv procedures which leave no harmful residues. It is 
a good practice to rinse all equipment which will 
come in contact with the embryo with sterile medium 
before use. The disease status o f prospective donor 
cows should be carefully determined. All countries 
have specific requirements relative to health checks 
on the donor animal. Fortunately the embryo is sur
rounded by a protective barrier, the zona pellucida 
(Fig. 1). Pathogens in the reproductive tract seldom 
penetrate this barrier. It they adhere to the surface 
most pathogens can be removed by repeated washing 
with a 0.25% trypsin solution.

It is possible that sperm could serve as a vector 
to carry pathogens into the embryo. All the major 
artificial breeding studs 111 North America and many
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other countries have stringent health test require
ments. Their hulls are free ot known pathogens and 
all semen collected is tested for a host o f pathogens. 
Freezing of sperm allows regular tests to he completed 
and certified to he negative before sperm are used for 
insemination.

Shipment ot cryopreservcd embryos is worldwide. 
The procedures provide a means ot distributing new 
genetic material throughout the world where it is 
needed and technology is available to use it without 
the threat ot disease introduction.

M. Record Keeping

Detailed accurate record keeping is essential to main
tain the integrity o f the data, identification o f genetic 
material, and records o f  procedures used. W ith mod
ern computer technology such inventory and proce
dural records can be analyzed easily as a means of 
quality control and retrospective analysis o f factors 
associated with high success rates or failures.

V. Synopsis of Embryo Transfer in 
Other Species

The principles described for cattle have been modified 
tor use with other domestic species, exotic species, 
and laboratory animals. The nonsurgical procedure 
for embryo collection and transfer in the horse is very 
similar to the procedure used for cattle. All smaller 
species require surgical procedures where palpation 
ot the reproductive system per rectum is not possible 
because of smaller size.

Much less is known about the culture requirements 
ot embryos of most species. Exceptions arc sheep and 
laboratory animals, such as the mouse and rabbit. 
Because the rabbit is being used as a laboratory model 
tor domestic animals a few details w ill be given 
for it.

This field is rapidly advancing. In a few years it is 
likely that successful culture systems w ill have been 
identified for most species ot interest and where suffi
cient material is available. This is important for hu
man reproduction to provide knowledge to clinics 
assisting couples with reproductive problems, where 
the technologies described here could he helpful.

A. Horse

The ovary  ot the mare, w ith  on ly one small area 
0 11 the surface through w h ich  ovulation can occur

(ovulation fossa), cannot he superovulated to any ma
jor extent. Therefore, only one embryo usually is 
available per attempted collection. The careful selec
tion o f donors and recipients and flushing and transfer 
techniques are similar to those used for cattle. In the 
mare it is easier to insert a catheter into the uterus 
because the cervix is much more open and the channel 
larger than in the cow.

Because mares do not superovulate well, no FSH  
is given. Donors and recipients are synchronized by 
the use o f prostaglandin F:a  or analogs. T w o  injec
tions 14 to 15 days apart are given to both groups. 
Also, synchronization o f ovulation in the donor mare 
is improved by administering .111 ovulating hormone 
preparation, human chorionic gonadotropin. Syn
chronization o f donors and recipients within ±2 days 
gives good results. A band ot recipient mares also 
can serve as recipients bv ovariectomizing them and 
injecting them with progesterone at the appropriate 
time to simulate development o f the C L .

The horse em bryo can be seen using ultrasound as 
earlv as the 12th day of pregnancy, and ultrasound 
by 20 days (2 weeks after transfer ot the em bryo) 
frequently is used to test for pregnancy. A pictorial 
record also can be made at that time. Pregnancy rates 
range from 50 to 7 0 % , using the nonsurgical proce
dure. Because one em bryo is recovered on ly about 
6 0 %  o f  the tim e and 6 0 %  ot those transferred produce 
pregnancies, approxim ately three attempts are re
quired per pregnancy. An  average ot five attempts is 
needed per pregnancy when infertile donor marcs arc 
used.

Some breeds o f horses do not allow progeny re
sulting from embryo transfer (or even A l) to be regis
tered. Where this is allowed, E T  is useful not only 
to obtain progeny from racing donor mares that can 
then continue to race, but also to obtain progeny from 
injured or older infertile mares. Experiments can also 
be performed to increase understanding ot reproduc
tion and enhance man's ability to manage animals 
so as to maintain normal function. An example o f 
experimental ET . with human implications for mis
carriages, is the study o f immune reactions and differ
ences in leukocytic infiltration ot the placenta when 
donkey, mule, and horse embryos are transferred to 
heterologous recipients.

B. Sheep and Goats

EarK ’ workers utilized sheep, goats, and embryo 
transfer to study species hybrids and placentation. 
The cost o f the procedure relative to the value o f each
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female lias limited conuncrci.il application. Bcc.mse 
ot the small size ot these animals and difficult cervices 
to pass catheters, surgical recovery and surgical FT  
are necessary. Both species can he superovulated with 
eight injections o f F S I1 or .1 single injection ot'l’MSCI. 
F S I I  gives a higher ovulation (If) vs I I  in one study) 
in goats, hut similar averages o f IS  per ewe with either 
gonadotrophin were obtained 111 sheep. Individual do
nors vary greatly in response, as is true with all spe
cies. Recovery rates o f 75 to 80% are typical when 
the number ot embryos recovered is compared with 
ovulation rates. Fertilization ot oocytes is about N()%. 
depending 011 the time after cstrus embryos are recov
ered. location ot the embryos Hushed, and many envi
ronmental and management factors. A pregnancy rate 
ot 60%  can be expected when two embrvos are trans
ferred to .1 recipient with two or three C Ts. With onlv 
one C l .  inadequate progesterone may be produced 
and tctal survival is reduced.

Pregnancies and voting were achieved more than 
30 years ago alter embryo transfer by sheep embrvos 
that had been shipped in oviducts ot live rabbits. C !on- 
sider.ible effort has been made to develop simple de
fined media tor culturing sheep zygotes 10 blastocysts. 
Sheep embrvos tolerate a considerable range m media 
composition, but tvpic.il sheep culture media contain
10 to 2<>°/i» serum. Alternatively embryos may be co
cultured with oviduct cells plus serum or BSA  and 
tihronectin. Recent studies indicate that lymphocyte 
inhibiting factor may promote development of more 
functional embryos in culture. Transfer ot embryos 
to tightly synchronized recipients or recipients I dav 
behind gives the best results in sheep.

C. Pigs
Flic natural high prohticacv ot this species limits the 
commercial application ot F T  except to produce spe
cific pathogen-free herds. F I  has been used to studv 
em bryo migration and crowding and in the produc
tion ot transgenic pigs. Fmbryo culture lias been stud
ied successfully. Incubating pig zygotes in organ cul
ture (mouse oviducts) or coculture with oviduct cells 
results in embryos passing the so-called 4-cell devel
opment block 111 pigs. Taurine, hvpotaurine. and glu
tamine included in complex media all stimulate devel
opment ot embryos 111 culture into blastocysts. 
I i.instcr ot embryos is done stirgicalh Svnclironv 
between embryo age and recipient is important.

D. Laboratory Animals

I lie rabbit has been useful as .1 model tor studying 
domestic animals because sperm can be evaluated.

females inseminated, and all phases ot F F in domestic 
animals tested 111 the rabbit. Superovulated oocytes 
have the same fertilization potential as naturally ovu
lated oocytes and development of embryos 111 culture 
and following transfer to recipients gives equivalent 
results. Rabbits are superovulated by injecting FSF1 
at 12-hr intervals for 4 days followed by .111 injection 
o f LI I. Superovulation occurs about 10—15 hr later. 
All cmbrvo recoveries and transfers must be done 
surgically.

Fmbrvo culture w ith complex media and various 
cocultures have led to a defined inacromolecule-tree 
medium simpler tlui TC1M IW . This medium pro
motes nearly 10(1% ot the zygotes cultured to develop 
into blastocysts. Clell numbers (rate ot mitosis) are 
increased when the oxygen level tor culture is reduced 
from 2o to 5 %  and (X)-, is increased to 10%.

E. Exotic Animals
Various aspects ot the superovulation and E l proce
dures have been attempted with w ild animals 111 zoos. 
Superovulation has been successful 111 several species 
ot antelope and different members ot the cat family, 
including domestic cats as a model. White-tailed deer 
have been tested in a complete F T  program, demon
strating feasibility as a model tor endangered deer 
species. However, limited resource material has re
sulted m sporadic attempts in zoo animals. Increased 
emphasis is being placed on obtaining ovaries to in
crease the number o f oocytes which possibly can be 
matured, then fertilized in rinv, cultured, and trans
ferred. Limited successes with primates (other than
111.111) alst) are encouraging, but it is premature to 
attempt to codify results to date.

VI. Emerging Technologies and 
Research Using ET

A. Improving Superovulation

1 he use o f pregnant marc serum gonadotropin 
( l’M S (i) .  .1 follicle stimulating hormone, was used 
extensively in the development ot E T  as only one 
injection was required. However, there was consider
able batch to batch variation in purity and potency 
as well as some problems ot obtaining a good syn
chronized superox ul.uion with the long biological 
halt-life of I’MSCi. However, this problem can be 
surmounted In  idmimstcring .111 antiserum against 
I’M S d  4 to 5 da vs after injecting IW/1SO to induce .1
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rapid elei reasc in available l’M S (l. O ther researchers 
are- attempting to regulate' the' cnelogenous release' ot 
I SI 1 by immunizing animals with inhibin. Flic latter 
normally suppresses release o f I SI I anel it the inhibin 
cftc'et eoulel be blocked the individual potentiallv 
could release enough FS1 1 to cause superovulation.

Improvement in the repeatability ofsuperovillation 
when treating animals with I;SH  is possible through 
greater purification ot IS I  I. Products are available 
toelay with most ot the contaminating L H  removeel. 
Then a small amount o f LH  ean be aeleled back to the 
I SI I to provide a standard FSI l-l I I  proeluet.

B. Sexing Embryos

Development ot Y chromosome specific probes and 
the polymerase chain reaction have made it possible 
to sex .i tew cells remov eel trom a blastocyst bv micro
surgery. File* embryo is not damaged and mav be 
transferred or used tor other studies such as cloning. 
With proper controls the sexing is essentially 100%  
accurate. I he extra cost of sexing under special test 
situations is worth it as onlv female embrvos in a 
dairy here! or male embryos to produce bulls tor Al 
would be transferred, for example.

C. In Vitro Fertilization (IVF)

Several organizations are ottering commercial service 
to produce embryos by IV F . Superior cows which 
tail to superovulate can have ovarian oocytes aspirated 
by ultrasound guided probes. Oocytes can be fertil
ized in I'inv and some embryos (currently about 40% ) 
will develop into blastocvsts during culture. At this 
point they are ready tor transfer. Another advantage 
ot this system is that tew sperm are rce]uired for IV F  
and an expensive straw with semen tor routine insem
ination e>t one cow can be divided among main dishes 
ot oocytes tor IV F  W ith repeated ovarian aspirations 
every tew days a single donor may produce main 
offspring. Another approach is to obtain slaughter
house ovaries. Oocytes bv the hundreds can be re
moveel trom dozens ot ovaries anel fertilized in rilro by 
sperm from the most highly selectee) sires. Fmbryos 
produced would be less expensive than other types 
and could be used to upgrade native cattle in devel
oping countries. Improved technie]ties for IV F, such 
as oocyte maturation, a 1 so are useful m producing 
oocvtcs tor nuclear transfer.

Oocytes can be recovered trom superovulated pre- 
puhcral (sexually immature) females and fertilized in 
i'inv. I lie'sc zygotes produced can be cultured and

transferred to mature recipients, thus reducing the 
generation interval. Also various genetic markers may 
be used to provide a basis tor selecting embryos on 
the basis ot their genetic potential. C )nl\ a tew markers 
are currently available, but this field is progressing 
rapielly.

Procedures developed with cattle and other domes
tic animals could have direct application with zoo 
animals on the endangered species list. Females ot 
am endangered species could have oocytes removed 
periodically trom their ovaries. These could be ma
tured and fertilized in rilro, cultured to some em bry
onic stage suitable for transfer, and transferred or 
frozen. Successful techniques for many species await 
development.

D. Sperm Microinjection

Under normal circumstances the sperm is capable of 
penetrating oocytes. It a situation arose where this 
dul not happen or sperm numbers were low and oo
cvtcs were not penetrated, sperm could be microin- 
jecteel. O n ly  one sperm is required per oocyte. W hile 
such technie]ucs may have limited commercial appli
cation. if  sperm could be sexed. even very ineffi
ciently, oocytes could be inseminated with sperm ot 
the desired sex, thus producing embryos with the 
desired sex. The tcchnie|uc is being used to overcome 
some forms o f male infertility in humans. The tech
nique also serves as a powerful research tool to deter
mine the effect a specific type ot sperm has on early 
embryo development.

E. Cloning

More details are presentee! elsewhere in this hook. It 
is important to note here that any embryos produced 
bv cloning or genetic engineering must be transferred 
into recipients to finally establish viability and eco
nomic benefits. |.SVc T k a n s i .i n k  A m m a i s .|

M ain cattle clones have been produced. It is expen
sive anel the overall procedure is inefficient. Also, 
giant calves have been produced, requiring surgical 
intervention at parturition. This provides an in
triguing model to study maternal cytoplasmic com
ponents as they interact with the nucleus.

Stem cell lines could provide unlimited cloning ot 
‘'animals" of the desired sex anel other traits. These 
stem cell lines are lines ot cells that can be cultured 
to provide millions o f genetically identical cells in the 
undifferentiated state, frozen, and still maintain their 
totipotency to produce identical sexed progeny when
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placed in ,1 suitable environment tor euluire after 
thawing. This procedure also could serve .is .1 vector 
tor reproducing .1 single high valuable transgenic ani
mal and multiply the progeny. At the present time 
only a tew isolated cases have been reported that cul
tured stem cells were prepared which maintained their 
totipotency to form multiple new identical individu
als. These studies need to be repeated and results veri
fied. I Iowever. the technique would be ot great value, 
if  an efficient procedure can be developed.

VII. Current Status of ET 
and Conclusions

Cattle and to some extent horses are the only species 
in which F T  is established 011 .1 commercial basis. 
Studies are being pursued in the rabbit because in 
some countries, such as France and Italy, rabbit meat 
production is a substantial tood item. Also, embrvo 
transfer techniques are available tor sheep, goats, pigs, 
and many exotic species. Nonsurgical procedures are 
useful in large animals, but surgical procedures are 
required 111 small animals.

The technique of E T  to simply transfer .111 embrvo 
from one animal to another has limited value. It does 
not pay the commercial cattle farmer to do this. Use 
ot A I is the most cost-effective biotechnology for 
cattle improvement. I Iowever, as the various biotech
nologies are perfected their application depends upon 
the final step o f FIT. Collectively, these new techno
logies provide a basis tor posing questions, formulat
ing hypotheses, and designing experiments to test the 
hypotheses. The resulting studies. 111 turn, are bound 
to lead to discoveries which already have the potential

o f revolutionizing the breeding ot some species ot 
economically important or rare animals. The use ot 
IV F  and F  I . including use o f sexed sperm to prevent 
male specific genetic lethal diseases, is a major medical 
industry used to overcome selected medical problems.
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I. Basic Concepts of Energy Analysis Applied to 
Agriculture

II. Current Pattern of Energy Use in Agriculture
III. Future Energy Use in Agriculture in Relation to 

Sustainability

Glossary

A g ro -eco sy stem  Human-managed ecosystem in 
which crops .tin) domesticated animals arc dominant 
populations ot the biotic community; this altered con- 
tigur.ition is stabilized because ot a continuous How 
ot applied power from humans which prevents the 
return ot the system toward a more natural occurrence 
ot populations
Direct energy inputs Flow  o f energy direc tly con
sumed by the tanner in the management o f the agro- 
ccos\stcm (such as gasoline consumed bv tractors or 
by irrigation pumps)
End osom atic  energy  o r  p o w e r  Energy converted 
into power within the human body (or more in partic
ular. within the muscles); alternatively called "m eta
b o lic ' energy or power ("endosom atic" means inside 
the human body)
E xosoniatic  energy o r  pow er Supplementary 
source ot power tor human work ("exosoniatic" 
means outside the body); in developed societies, exo- 
somatic energy is converted into power via mechanic 
devices, such as engines and machines, and is gener
al].’ referred to as commercial energy 
Indirect energy  inputs Flow  o f energy sequestered 
(embodied) in the inputs used by the farmer to sustain 
agricultural activities, such as the energy spent in the 
m.iiii tactin mg ot fertilizers, pesticides, tools, and me— 
chani.' devices
N onrenew able (fossil) en erg y  Flows ofenergy de
rived trom the depletion of stocks; fossil fuels are 
liihitcd in their stock dimension (we w ill run out of

them) but virtually unlimited in their How dimension 
(the How o f power obtained from fossil fuels can be 
increased further and further, by simply increasing 
the level o f technological capital)
R enew able energy Flows o f energy generated at a 
constant rate by natural processes (such as solar energy 
driving biomass production, wind, photovoltaics). 
Renewable energy can be assumed to be unlimited in 
its stock dimension (it w ill be available tor a very 
long period o f time), but limited in its How dimension 
(the density at which this energy can be concentrated 
and transformed into a How o f useful power is subject 
to biophysical constraints)
Sustainable agricultural produ ction  Agricultural 
production that, in the long term, maintains biodiver
sity at the regional scale, preserves soil productivity, 
does not obtain its water supply from the mining o f
ground water, does not cause pollution to the sur
rounding ecosystems, and has a reduced dependancc 
i)ii tossil energy

T h i s  article provides ( I )  basic concepts ot Energy 
analysis and its ability to describe agriculture as an 
interface between economic and biological processes;
(2) numerical examples, mainly taken from U .S . agri
culture, to illustrate the pattern ot energy use in ag
ricultural production in relation to the technological 
development o f society ; (3) a discussion, from an en
ergetic perspective, o f the historical trends in agricul
tural performance and population in relation to future 
changes and sustainability.

I. Basic Concepts of Energy Analysis 
Applied to Agriculture

A. Definition of Agriculture and Related 
"Costs" and "Benefits"

Agriculture can be defined as the alteration ot biota, 
to obtain crop plants and/or livestock at densities

Eticyclvpi'diii o fAgricu ltu ra l Science, I'nlutne 2 Copyright c 1994 by Academ ic Press, Inc. A ll rights of reproduction in any form reserved.
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different from those th.it a.c ;>u i • .»ws-
tems. This alteration of'n.itur.i. ■ i o-.  ̂ •. n, rcasc 
harvestable biomass requires .1 How ot a p p l ie d  power 
from humans, that during the \ <. .11 \ jtl.i m ■■ era I inter
ventions prevents the svstem irom ivmiiiuio loward 
a more natural occurrence ot popul.mon. e e . b\ 
tilling the soil, weeding, applying pcstn ides, tcrtiliz- 
ers, irrigating). Thus, agrienltural maii.iL'cmcni costs 
human society in terms ot labor, m.iehmei \ . atul fossil 
energv tor irrigation, fertilizers, pesticides,, ete. In 
principle, the greater the change uenet l11.1 in the natu
ral svstem to increase the vield ot ct ops and in estock. 
the greater the How ot power total enerev id pm con
sumed) that must be applied be hum.nis t I ables I 
and II).

On the other hand, managing a: r 1 ■ ultur.il ciosys- 
tents can be considered a "benetit Motn the human 
point of view, because the manipulation ot natural 
biota and the physical, cheniu al etr. 11 onutent pro
vides a larger percentage of harvestable biomass for 
food, fuel, and shelter compared with the wild situ
ation.

It should be noted that these “ costs and “ benefits" 
o f agriculture relate only to the human perfective 
and are therefore not the only parameters 1h.1t should 
be considered in optimizing the management of ag-

TABLE I

Energy Inputs and Output per Hectare for U.S. Corn Production 
(1985)

Item * Hi mhi v ii.; In kc.«

I abor Mh
Machinery ■S'* k ’ (il|S
(lasoline •*.l 1 Il II1
I )iesel 1 s -s
I lectru it v !00 ] 11 K 11 |mi
Nit rô i'ii 13:  k - q.n
Phosphorus ■>S k :• n
Potassium 7r> k-’ is"
Lime O. ki: 1 i4
Seeds :i kL- SJl 1
Insecticides U (I kg f.i 1
1 lerbicides 3  ̂kg 1
Irrigation Is
1 )ry mi» iSI 'M k . -,.n
1 ransport e : kt: V‘

I ota! inputs ii’AT.l
Yield -..pii: I,. 11 a ,i 11'

l.nerg\ input , kg ot > urn i.v-j k,.,!

Soniii': Pimentel. I> .
” Agroecologv: Reseai 
Agriculture'* (S. (ilies 
Nov York.

! )a/hoi!ii. 
v lung the 
sill.in. ed.

\V . .-id ( .:
i -v » \y K 1! 1
rp V*-. * "

■ 1 i

TABLE II

Energy Inputs and Output per Hectare for Swidden Agriculture
(Corn) in Mexico

1 m il Q u ant ity  h.i Id ' keal/li.i

1 .ihor 1144 h 5NlA2
A \e and hoe 16.6  In '  ke.il 16 .(i
Seeds in .4 ki> 3 6 .6

1 ot.il llipills 642 .3
Yield l ‘M4 ku 6'J(I].2

1 nei us input ke ot o  >rn 2N5 ke.il ku

s ,•!/)«( K e p m ite d  w ith  p e rm iss io n  tro m  P im e n te l.  I ) .  ( I ‘M 4 ). B 11- 
n : \  How 111 I lie to o d  sys tem  In  ' l o o d  .nut H n eri'V  R e s o u rc e s "  
| i  P im e n ie l .uivf ( W  I I.ill. ed s .l, pp. 1- 24 . A c a d e m ic  I ’ rcss.

\l'U * M k

ricultural ecosystems. A dilferent set ot costs and ben
efits referring to agricultural activities can be defined 
In adopting an environmental perspective: a dramatic 
increase 111 the How o f harvested biomass can result 
111 a deterioration ol the natural processes sustaining 
the environment, such as soil erosion, loss ot biodi
versity. pollution, etc.; these ecological costs can 
eventually lead to a decrease 111 the productivity ot 
the managed agro-ecosystem 111 the long-term and 
other costs to society due to the deterioration ot envi
ronmental services.

Lncrgv analysis can provide an enlargement ot the 
perspective 011 the assessment o f agricultural pro
duction, since it can describe and quantify constraints 
and performances related to both the ecological 
( -; biophysical) and economic (=  human) side ot 
agro-ecosystem management.

On the ecological side, energy analysis can be used 
to deal with (i) physical boundary conditions limiting 
productivity, such as the availability o f natural inputs 
(e.g.. solar energy, rainfall, useful biota, and soil char
acteristics); (ii) physical constraints limiting agricul
tural activities, generally represented by bottlenecks 
m the supply o f power tor agro-ecosystem manage
ment. such as the availability of human and machine 
power, availability o f fertilizers, pesticides, and limits 
to the expansion o f irrigation: and (iii) the assessment 
of the ecological impact o f agricultural production, 
since energetic indicators can be used to describe the 
alteration of the pattern ot energy flow ing in biophysi
cal systems (e.g.. the transformation of a forest into 
.1 corn field reduces the ability of that ecosystem to use 
solar energy to maintain biomass on a yearly basis).

O 11 the economic side, energy analysis can be used
lo assess the Hows which determine the return ot 
agricultural activities, that depends on the value ot
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inputs consumed and outputs obtained. The value ot 
the output produced (e.g.. kilograms ot crops and/ 
or livestock) can be compared to the costs related to 
tlie requirement ot land, hours ot human labor, and 
investment in technological capital.

Clearly, energy analysis does riot represent an alter
native to economic or ecological analvses. but is a 
useful tool to integrate findings derived from eco
nomic and ecological analyses. Moreover, it can be 
used to examine biophysical constraints affecting the 
feasibility of technical changes that are not normally 
considered by either o f these two disciplines. |.Scc 
B io m a ss ; L a b o r ; Q u a n iit a t iv i M il l io n s  in A c- 
h ic i ' i i uua i E c o n o m ic s . |

B. Boundaries and Embodied Energy

Land, water, labor, energy, genetic resources, and 
technological capital are often needed to generate the 
inputs used by the farmer; therefore, they can be con
sidered embodied in the How o f inputs such as animal 
feed, fertilizers, pesticides, etc., used in farming sys
tems. I he decision to take into account embodied 
requirements can significantly affect the assessment 
of a production system. For example, the land area 
requirement tor the production of milk can be calcu
lated considering only the area of the dairy farm where 
the cows are kept, or it can be calculated including 
also the area needed to produce the feed imported by 
the dairy farm.

Although the economic boundaries for a farm are 
easily defined, the ecological boundaries are more dif
ficult to assess, fo r example, agricultural yields are 
calculated on the basis o f hectares o f cultivated land, 
despite the tact that a farm is not a self-sustained 
ecosystem. The flows ot nutrients through the ag
ricultural ecosystem are related to biogeochemical cy
cles (Cl. O . N , I’. K. 11,0. etc.) that are onlv in 
part sustained by the agro-ecosystem under analysis. 
Agriculture, to be sustainable, must leave a part ot the 
ecosystem in w ild configuration, in order to maintain 
biological diversity and stability o f biogeochemical 
cycles. However, theoretical ecology has not devel
oped sufficiently to define the minimum size o f land
scape that is required tor community equilibrium. 
Therefore, data referring to the production actually 
achieved on .1 particular plot (kg/ha) can be quite 
different trom data assessing the level o f production 
(kg/ha) that can be sustained in steady state by farm
ing (as ,1 regional value) without losing soil fertility 
or decreasing the genetic diversity o f the managed 
and natural ecosystems.

C. Farmers around the World Adopt Different 
Optimization Strategies

Since agriculture is an interface between processes 
operating in natural ecosystems (the ecological side) 
and processes operating 111 human societies (the eco
nomic side) (Fig. 1). it is subject to different, and 
sometimes contrasting, optimizing strategies. Thus, 
the farmer's final choice of which optimizing strategy 
to adopt depends 011 the characteristics o f the society 
in which the farming system is operating, as well as 
the characteristics ot the ecosystem that is altered to 
produce crops and/or livestock. For example, in af
fluent societies with temperate ecosystems the main 
farming strategy is aimed at the maximization o f the 
return o f human investment by increasing the yield 
per hour o f labor and/or the yield per hectare. In 
these societies the individual life ot farmers is pro
tected against boundary fluctuations (drought, floods, 
and other possible natural catastrophes 011 the bio
physical side and severe consequences of market ad
versities on the economic side), and technical activities 
are regulated by economic mechanisms. However, 
this strategy aimed at a high labor productivity ot 
farmers with heavy use ot technology also implies 
that the number of farmers be limited; tor example, 
ill the United States tanners currently comprise only 
2 %  o f the working force, compared to 8( 1% around 
the year 1850.

O n the other hand, farming strategies in tropical 
or fragile ecosystems (usually concerning societies in 
developing countries) are generally aimed at max
imizing the stability and sustainability ot the agro
ecosystem. Here, the tanner is still concerned with 
the verv survival ot his family (minimization of risk), 
and the incomplete monetarization ot farming sys
tems makes the total regulation ot agricultural activi
ties via economic mechanisms impossible. As already 
noted, the maximization ot human return is a strategy 
different than and often contrasting with the maximi
zation o f the stability ot the farming system in re
sponse to fluctuations ot boundary conditions.

Farming systems within developed countries, such 
as the United States, tend to save human labor and 
minimize the use of land. Table 111 shows that the 
amount o f corn produced per hour ot labor has in
creased 343-told compared to swiddcn agriculture, 
and the yield per hectare has increased 3.(>-told. H o w 
ever. this increase in yield is due to large injections 
o f fossil cncrgv and machine power (the flow ot exo- 
somatic power input in U .S . agriculture— I3‘J2 kcal/ 
kg o f crop— is 5U times higher than in swiddcn agri
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FIG U R E 1 Parameters describing a system ot agricultural production. Agriculture as an interlace between economy 
and ecology.

culture— 27 kcal/kg ot c rop) and implic's a suhst.mti.il 
reduction ot the output/input ratio (,i 4.3-told de
crease in the U .S . system). This solution therefore 
requires that in developed societies fossil fuel and tech
nology are inputs relatively inexpensive and abundant 
compared to human labor and space. Ill is tvpe ot 
production strategy results in a low energy efficiency 
for agriculture (output-input ratios can often result 
lower than I tor nongrain crops).

Moreover, agricultural production is just the first 
step to guarantee food security to the population;

TABLE III

Indicators of Performance of Corn Production for Different Agricul
tural Systems

Un ited  States'
i m s )

Sw iddcn 
agriculture1' 
(M ex ico )

(. Inna'

V ick i 1 1 1  kg ha 74« 11 > H44 27< m :
Yie ld  'h r ot labor (kg hr) 740 \ r .VS
HxoNomaric energy input 1 }')2 •>“ <S2S

(kcal kg)
Ratio energy output 2.'i \2 r> ,v<>

input

1 hum 1 ,ihk- I 
U s in ^  n u n p o v .c t  u n lv . t rom  I .ihk- II 
i I nine'll c ' iu im \ .  I Ii-iIomuji.lul; I ’ rm n it  t- I >.u.i I :,  in 1 

\V . ind I ’n iK ’nu-l. I > : 11 >S1 j i.ncru\  use in 1 1 ■ >p s \ M i n i ' in n* • 11h-
i-.ivtcrn < ‘hin.i. In "i'Oiul .inJ Hnornv Ri’mhiivc.." ■ I 1 I’miciiff] .uni 
( . I l.ili. i. pp V]- i 2n At .uiciuk IVi/sv Ni w ViM'k

tood securitv means guaranteeing a flow ot food 
that matches the demand o f the population in time 
and in space in terms o f both quantity and quality of 
nutrients (in rich countries this includes .111 acceptable 
level of accessibility (convenience) ot tood products), 
food processing, packaging, distribution, and home 
preparation are supplementary activities required 111 

the food system, implying that the overall perfor
mance ol the food system in developed countries 
is characterized by an energy output/input ratio 
below I (Table IV ). Put another way, in the U .S . 
food system more energy input is consumed 111 the 
form of fossil energy than is provided to the final 
U .S . consumers in the form ot food calories (the 
ratio is about Id kcal o f exosomatic energy per 
food kcal). As noted earlier, m developed societies 
characteristics o f food products other than the meta
bolic energy content (e.g., improvements in conve
nience and food safety) are responsible tor this 
increase 111 energy cost |.Sec W o u ld  H u n g ir  and 
Food S f c l ’k ity. |

On the contrary, 111 developing countries fossil 
energy and technology are scarce I hcrctore. these 
societies are predominantly based 011 biological pro
cesses. and tend to apply less power in agricultural 
activities, fins implies .1 more extensive use ot the 
land area, with an associated lower yield per hectare, 
and human time ( fable III). In terms ot energy, this 
results 111 a higher return tor agricultural activities 
(measured as Ionics ot harvested biomass per joule
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TABLE IV

Energy Use in Agriculture as Percentage of Total Energy Use in the U.S. Food System

1 '>511 1 *>0l 1 197i 1 1‘>K2

in ke.il 111 - k eal "n in'- keal % III1’ keal %

Agriculture 1.1 27 374 2(> 32r> 24 (>N7 24
Rest ot toiul system 5M 73 11 if>f> 74 1 f)4f> 7(> 22.33 l( i

1 processing. packaging. transportation.
distribution anil home preparation)

1 ot.il tood system 1 134 mu 144(1 Inn 2172 lllil 20411 11)1)
F.nergy use 111 agriculture as ot total U S 3.(1 3.4 3.1 3.X

energy use
Hncrgv use 111 tood system as o f total 13.1! 13.1 13.1) Ui.5

U S  energy use

Niiimr: I ‘Ait I. I 'M ) ,  .nul l')7n d.it.i trom  11.ill ci , il. ( l'M(»). "tm .T i’v .mil Resource Q u a lity  —The heo logv ot the lieonom ie Process." W ile y . 
N ew  Y o rk  I ‘W2 il.it.i Iri>in I Im k (l 'W 2 ) ‘T .neri’y in W o rld  A g ricu ltu re ." Vo l. (i. LK e v ie i. Am sterdam ; .mil Pim entel. 1).. .mil Hall. 

W. (eils.) (1W 4). "Fo o d  .11 kI tinergy Uesoiirevs."  Academ ic Press. Ness York .

ol energy input), blit a relatively low standard ot 
living tor the society (low  energy return per hour 
ot labor). In tact, the low  density ol energy output 
obtained by these societies in the form ot harvested 
biomass per year per hectare (measured as H ’/nr), 
can support only a limited population densitv at 
a limited per capita energy expenditure (clearly, 
“ lim ited" refers to a comparison with values and 
standards typical ot developed countries). |.SYr P ro
d u c t io n  E c o n o m ic s . |

D. Agricultural Production as a Part of the 
Food System

As agriculture relates human society to the natural 
ecosystem, it follows that the performance ot a partic
ular form ot agricultural management should be as
sessed by considering the constraints imposed by the 
structure and organization ot human society as well .is 
by those of the natural ecosystem that was displaced, 
f  ollowing the inputs and outputs o f the agricultural 
sector in its interaction with the ecosystem and society 
it is possible to describe the whole food system cy
cle within which agricultural production takes place 
( Fig, 2).

The density ot flows (the speed at which resources 
How through ,i single step) in the food svstem cycle 
emerges as a fundamental parameter in defining the 
terms of reference of agricultural processes. In fact, 
tour related activities are required to sustain food secu
rity (fig . 2): ( I )  food production (food = energy and 
matter compatible with human metabolism): (2) mak
ing the food accessible to the consumers (accessible 
tood = meals ready to be consumed according to a

defined pattern ot consumption); (3) generation o f 
wastes (wastes = energy and matter no longer com
patible with human needs); and (4) recycling o f wastes 
into the form ot agricultural inputs (agricultural 
inputs = energy and matter compatible with the ag
ricultural process).

The major problems faced 111 the exploitation o f 
agroecosystems can be seen in terms o f lack o f har
mony among Hows within the cycle. In fact, if

FI • 14 there is depiction of biophysical capital (e.g., 
soil degradation);

F2 • 13 there is a failure in tood security (malnutrition);
12 • 13 there is mismanagement (stress ot natural

ecosystems to produce useless surplus);
14 '•FI there is pollution (the Mow ot waste is too dense 

to be receded).

figure 2 also emphasizes three points concerning 
the concept ot'efficiency in agriculture:

(i) It could be misleading to tocus only on the effi
ciency of a single step ot the cycle. Since all steps are 
interconnected, the definition ot a How as an input, 
available resource, accessible resource, or waste is of
ten arbitrary, depending on the point o f view  from 
which the system is analyzed (i.e.. .111 increase in 
cvapotr,inspiration due to the introduction o f trees 
can be considered negative in terms ot less accessible 
water in the soil, but at the same time positive in 
terms of more water vapor in the atmosphere that 
can generate rain clouds);

(ii) The efficiency must be related to the system’s 
level o f energy throughput (= the speed at which 
energy Hows through the system). The more the ag
ricultural Hows differ in densitv from the natural ones.
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the more energy input is required 111 the agricultural 
production (e.g.. comparing I ablcs I .nul II we can 
see th.ir .1 3.8-fold increase in agricultural yields per 
hectare implies a I'M o ld  increase in energy inputs 
per hectare). Hunter—gatherers need 110 lossil energy 
subsidies to produce their tood and can be considered 
to have a vcrv "efficient" agricultural system it the 
energy output/input ratio is considered. I )n the other 
hand, a Inmtcr-gathcrcr system can support only a 
society with a limited population density (i.e.. 111 the 
range ot hundreds to thousands o f ha per capita) at a 
low standard o f living, which compromises the 
chance ot technical development ot such .1 society. 
The per capita energy expenditure ofpreagricitltnr.il 
societies can be estimated to be lowei than 'Jut 10 kca 1 / 
day. implying a ratio exosomatic energy/endoso- 
matic energy o f 3/1 (in these societies exosomatic 
energy is obtained by the use ot biomass tor tire, 
clothes, and shelter). To have a fair comparison be
tween the energy efficiencies o f different agricultural 
svstcms. we have ro compare human societies op
erating at similar levels ot energy throughput (111 the 
United States the per capita energy expenditure is 
higher than 23(1,I I I  id kcal 'day; that means .1 ratio cxo- 
somatic'endosoniatic energy ot about 1 ■ I !).

(lit) Hows have to be anak/ed not onh in let ms 
ot average values 111 steady state but also in terms 
ot stability (resilience ot the system 111 the case ot 
perturbations); tor example. 111 order to define how 
much food surplus is useless, we have to assess first

how reliable the tood supply is tor a given system in 
the case ot droughts, pest outbreaks, or man-made 
perturbations.

E. Energy Throughput (Power Level) in Society 
and the Meaning of Agro-Food Systems

I11 subsistence societies where the level ot exosomatic 
power is low (cxosomatic/cndosoniatic energy 
ratio 5/1). production and consumption activities 
referring to the economic process are based on the 
physiological conversion o f biomass energy input into 
work, via human and/or animal muscles. This means 
that 111 preindustrial societies both the How ot energy 
input used ro sustain societal activities and the How 
o f power used to manage the ecosystem are driven 
bv the agro-food system. This implies that the perfor
mance o f agricultural activities is basically concerned 
with increasing the energy return ot the process. I11 

terms o f energy output/input ratio, agriculture must 
therefore have a positive return to society (the energy 
output provided b\ agriculture has to be greater than 
the energ\ input consumed).

In contrast, in developed countries the bulk ot soci
etal activities is made possible because ot a How of 
fossil energy input and the use ot cxosonntie. me
chanical dev ices—-e.g., thermic engines. Hxosomatic 
power i s  responsible tor the economic activities ot 
production and consumption. 111 tact. 111 developed 
countries the ratio cxo endo i s  always higher than



ENERGY UTILIZATION

30/ | (about 3l • to 5( 1 1 hi Western l.urope. ,itkl .tbout 
90/1 in the United States and C ’anada). I Ins means 
that in these societies hum.ms c.111 apply power tor .1 

particular task at .1 level that is a thousand times higher 
than that provided by their muscles. A farmer who 
drives a 1(1(1 H I ’ tractor is delivering 1(1111) times more 
power than a farmer working manuallv in the held 
(the average power delivered bv manual w orkers in 
agriculture is (I. I 1 IP).

I his change 111 the mechanism ot power generation 
due to industrialization dramatically reverses the rela
tionship between the densities ot energy Hows con
sumed by society and the densities o f food and bio
mass obtained by agricultural production, fo r 
example, in Japan the density ot energy use (energy 
consumption ot the country divided by its surface) 
amounts to 2.1 I I ’/n r, while in Tanzania the average 
density ot cncrgv consumption is only 0.02 ll /nr. 
These values can be compared with the energy How 
obtainable by traditional agricultural production (rice 
under intense cultivation, but without heavy fossil 
energy subsidies) which can supply a How in the order 
of 0.1 11V111 ’ (=  yield of 195(1 kg/lia/yr). Farming 
rice in Tanzania can be considered an activity making 
available a “ high density energy How" for the rest of 
society, whereas 111 developed countries the picture is 
completely different. When technological develop
ment increases the speed ot energy throughput in a 
society and the cxosomatic/endosoiiiatic energv ra
tio, more energy and power are spent 111 the food 
system than are obtained. In these societies tossil fuel, 
technology and other imported resources are used to 
offset the deficiency.

F. From the Maximization of the Output/Input 
Ratio (Preindustrial Agriculture) to the 
Maximization of Energy Throughput 
(Industrial Agriculture)

I lie development ot technology in agricultural pro
duction can be related to changes in the tvpe ot interac
tion between human society and ecosystem. The in
dustrial revolution has led to a nearly unlimited How 
ot exosomatic pow er available to power society's ac
tivities, which is therefore constrained only by a na
tion's ability to buy more oil and further develop 
technology. ( ,’learly. the dramatic change 111 the speed 
ot economic processes has changed the perception of 
costs and benefits related to agricultural activities. 
This is illustrated bv the striking difference between 
pre-industrial and industrial agriculture.

1. Agriculture of Preindustrial Societies 
Maximizes the Energy Output/Input Ratio

In preindustrial societies the "tuel used to sustain 
societal activities consists mainly ot food calories pro
duced by agriculture, as well as the "energv convert
ers" o f the economic system are workers and draft 
animals, w hich are sustained because ot the nutrients 
made available by agriculture. Since in these societies 
agricultural activity supplies the energy input and 
maintains the "converters" ot energy into power, the 
more output is obtained trom the energy invested in 
agriculture, the better oft w ill be the rest ot society, 
in terms ot both stability and complexity. In preindus
trial societies the energy surplus provided by agricul
ture is practically the only energy available for devel
oping a service sector and im proving the standard o f 
living. Since this energy surplus is generally low 111 

preindustrial agriculture, it is clear why preindustrial 
societies have a limited service sector.

2. Agriculture in Industrial Societies 
Maximizes the Speed of Energy Throughput

Industrial societies are no longer driven by human 
or animal labor, they are mainly fueled by tossil en
ergy. lixosomatic energy Hows, fed by tossil energy 
and driven by engines, represent the major compo
nent ot society’s energy budget. Alternatively, we can 
consider the total U .S . consumption ot commercial 
energy per capita as an "expanded metabolism" ot 
U .S . citizens, which, due to the use ot exosomatic 
energy, amounts today to 90 times the human metab
olism. A high ratio ot exosomatic to endosomatic 
energy means that the opportunity cost ot human 
time is high 111 industrial societies. We w ill illustrate 
this by a calculation ot the opportunity cost ot human 
labor in the United States.

In the United States only 51%  of the population is 
economically active, and this value is further reduced 
to 47% because o f actual unemployment. The average 
U .S . labor charge amounts to I SOI I hr/yr (based 011 

.1 36 hr work-wcek. and 50 weeks ot work a year); 
however, this value is reduced to 175(1 hr/yr because 
ot work-days lost tor various reasons (e.g.. illness, 
strikes, etc.). This means that a worker works tor 
only about 2(1% of the total time 111 a year. Thus, 
considering the total population, less than 10% o f the 
average human time (20%  o f the 47% ) 111 the United 
States is spent working, while more than 90%  is spent 
in nonworking activities. As the per capita energy 
consumption in the United States is 230,000 kcal/ 
day = 9600 kcal/hr (referring to the total population, 
both working and nonworking), one hour ot labor
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has to maintain also the consumption ot '> hr ol nun- 
working human time, that is. one hour ot labor, as 
average, gives back to societv about lull.m>0 kcal!

This huge "energv opporrunitv cost ot human 
time can explain the apparently bizarre evolution ot 
agricultural performance. That is, technical evolution 
implies a continuous increase in the energy cost ot .1 

calorie ot food produced. Since in the United States 
1500 liters o f oil equivalents are utilized per person 
to supply food for one vear 14 1111, kc.il vr per 
capita), the energy cost ot the diet is approximately 
38,000 kcal/day per capita (about a gallon ol oil equiv
alent). Considering that 3500 kcal/day per capita ot 
food are currently available tor consumption 111 the 
United States, this means that more than In kcal ot 
oil is spent tor each kcal ot food. Comparison ot tins 
energy cost with the productivity ot human labor 
shows that this quantity ot tossil energy is nude avail
able by about 2(1 mm of labor. Making .1 similar cak il
lation for the diet o f subsistence societies, reveals that 
the total energy cost o f the daily diet 111 subsistence 
societies is certainly much lower in absolute 
terms— approximately 7000 kcal/day per capita, as-

TABLE V

7 0 --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Trends in Energy Inputs and Output per Hectare for U.S. Corn Production

In' ke.il ha

Item l‘M0 I*J.5m l ‘i*i4 1 ‘>S‘> l ‘>(»4 l*)7o 1 ‘JH5

M.kllilHTV VH f,4S 777 *;o7 ‘>n7 l.D IS
1 )ratt animals SS(> N 1 ) ND 11 0 0 0
( lasolinc 11 1 . V5< • | S( M 1 1. 5.5i 1 1. 25* • 1 . 2« H 1 400

1 >iescl (1 275 '42 .VW 741 •M2 H7S
Llectricity ND If. 24 3(> ftO so 101)
Nitrogen 0 VS 7 f»3i i 1..S5S 2.47S 3 . 1(>2
Phosphorus <) S2 115 227 454 M >5
Potassium (1 2K 5<1 is 5 7<> 170 1S7
Lime 3 (.1 V) 5o f>4 134
Seeds 44 *22 421 47o 52o 52o 520
Insecticides 11 7 13 2f) 27 4(i 00
\ lerbicides 11 % 7 2i 1 4<» 2( Ml 35o
Irrigation ND 125 25' > 575 (>25 1.125 2.250
1 )rving (1 in 1 5 54 145 37o 7f)0
I ranspon 25 5.x 7‘J W) «S4 S‘>

1 otal inputs 
Labor input1

1.23<> 3.23*. 4,u:ss 4.»j*»4 5, ‘.Pn S.M 5 10.31 >3

(hours ha) 12«» 44 42 '5 27 lo
Yield 7.52o '>.532 ; (1 2ss 13.54s I7 .omi 2o.32»» 2‘U»< )0

.Vim • 1 )at i .ire taken !t<<ni Pnm ! 1 f 11. 1 > . I \\ . .m.i ( ii.iinp;cti«>. M . |'>‘JO) ' Auro.vologv:
Kescanlung the hcoiogu.i! IV 
Verlag. New York 
■W’fi N 1 ). no dat.i
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<1 I abor inputs j 
the time span i«

ire expresses! 
Mis.dert J.,

ip hi>urs hei i 1re .is the >1 ;'<• T111:n e o s t  of human time dilters widelv m

sinning ,1 level o f embodied energy of 3/1 tor a per 
capita food supply o f 200(1 to 2500 kcal/day— blit, 
because o f the much lower productivity o f human 
labor, this quantity o f energy is made available by 
more than 3 hr ot human labor (calculated as average 
energetic productivity ot societal labor). This example 
stresses the importance to put in perspective any as
sessment o f agricultural performance to include the 
interface with the economic process o f the society in 
which the farmer is operating.

II. Current Pattern of Energy Use 
in Agriculture

A. Changes in Energy Use in U. S. Agriculture 
and Comparison with Agriculture in 
Other Countries

Table V show s the trend o f tossil energy use in the 
United States. Exosomatic power, fueled by tossil 
energv, has increased while human labor inputs have 
been reduced dramatically. Whereas in 1950 only
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54 kg ot corn was produced per hour o f Libor, in 
l'>85 tins had increased to 740 kg per hr! In the 
United States only HI hr ot human labor is required 
per hectare tor corn production. Whereas in labor
intensive Chinese agriculture about 700 hr ot human 
labor is required per hectare (Table II I) .  Again the 
low density ot the energy throughput in the Chinese 
society (in China the ratio exo/endo is about 8/1, 
almost l/IO th that in the United States) implies that 
the opportunity cost o f human time is much lower 
m this system.

The population density— the availability o f  arable 
land per capita— ot the society in which the farming 
system is operating also determines the optimizing 
strategy in allocating energy in agricultural produc
tion. This is illustrated by comparing the performance 
o f agricultural systems in the United States and West
ern Europe, in both ot which the energy throughput 
is maximized by heavy fossil energy subsidies (Table 
V I ). 1 he quantity ot energy yield per hour o f labor in 
Western Europe is almost twenty times higher than in 
China or Africa, but less than one fourteenth o f that 
in the United States. 1 lowever, the difference in land 
availability per farmer between the United States and 
Western Europe (almost 15-fold) implies that Euro
pean agriculture uses twice as much energy as U .S . 
agriculture, while getting a much lower productivity 
of labor. Land constraints can explain the high con
sumption ot fossil energy per hectare in China (in the 
same order ot magnitude as in the United States), this 
high use ot fossil energy subsidies is due to the need of 
boosting the yield per hectare and does not generate a

dramatic increase in farmers' income, as indicated bv 
the low productivity per hour o f labor. In general, 
where the population density is high, fossil energy- 
based inputs are used in higher quantity to save land- 
area by increasing the yield per hectare. In Europe, the 
economic return ot saved land area pushes for the use 
o f more fossil energy, while in the United States the 
use o f fossil energy is mainly driven by the effort to 
keep high the productivity o f labor.

Finally it should be noted that the data o f Table V I 
are from a different author and refer to the consump
tion o f commercial energy. These assessments do not 
include the energy sequestered in machinery and other 
facilities, and therefore the ratios between output and 
input ot energy calculated on these data can result 
different than the ones presented in the previous ta
bles. This example should make the reader aware o f 
a general problem concerning data found in the energy 
analysis literature. Since a generally accepted method
ology for measuring energy balances is not available, 
assessments o f energy Hows and quantities are always 
affected by the assumptions made by the author (in 
particular, the decision ot what is considered embod
ied in the Hows o f energy accounted for). This does 
not mean that data reporting different assessments arc 
wrong, but simply that it is possible to describe the 
same system adopting different boundaries. Data pro
vided by a single author are meaningful and can be 
used to study the performance of .111 agricultural sys
tem, but the methodology used to obtain data has to 
be always carefully checked before comparing them 
with data from different authors.

TABLE VI

Current Pattern of Energy Use in Different Agricultural Systems Producing Cereals

United Stales Africa China West Lurope

Hncrgy t hroughput 111 society (ratio exo/endo) ')li. I j  1 H 1 ~ 411/1
Arable land (11 a/worker) 'J j . li 1.4 (1.4 (>. 1
(iere.il yield (kg/worker) 3411.31 III 13i II1 13(" 1 23.3UII
CIere.il yield (k g ; I1.1) 3.7( in VIII1 33i H1 3.m in
Cereal yield (Id " kcal/ha)1' 12 3 1 1 13
C ereal yield (keal hr labor)'1' 1)23. (ii in 241 hi 241H1 42.7UII
Cereal yield (kcal/keal commercial energy 4.2 I S . v 3.H 1.7

input)
Commercial energy input (10'’ kc.il/worker per 2< .7.5 (1.3 1.1 45.5

year)
Commercial energy input (In' kcal/ha per year) 2.y (1.2 2.V 7.4
Commercial energy input (keal h o u r  l a b o r ) 1 l4 V .m ii l? ( i M l 25.3(i(i
Commercial energy input (keal kg cereal) 7S4 2II.S X72 1 .V57

.Stillin’: D.it.i troni hudlcy. L. W . (IW 2 ). 1 .ik ti’y in I arm production. In " la ic rg y  in World Agriculture." 
(U. C. I luck, ed.). Vol. fi. pp. 1-12. tdsevier. Amsterdam.
" Assuming 33(111 kcal/kg cereal.

Assuming INtitl hr year tor agricultural workers
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B. Energy Inputs for Crops Production

This suction discusses the energy inputs ot agricultural 
production. Data referring to U .S . corn production 
are used as examples. |.SYc C ohn I’u o ih c  i io n . |

1. Machinery and Power
The tremendous difference made by engine power 

can be illustrated by analyzing the manpow er equiva
lent ot a gallon o f fuel. One gallon (3.79 liters) ot fuel 
fed to a small gasoline engine will convert 20% ot 
the energy input into power. 1 hat is. 38.0(10 kcal (the 
energv m a gallon ot gasoline) can be transformed 
into 8.8 kWhr. T hus. I gallon ot gasoline can pro
vide about 3 weeks ot human work equivalents (hu
man work output in agriculture is assumed to be 
U. I I I I ’ =--- 11.1174 kW . and the labor charge is assumed 
to lie 4ll hr/week).

Interestingly, the total amount ot fuel consumed 
has declined from about I »liters/ha in 195(1 to about 
12(1 liters/ha in 19X5. I he reason for the decline has 
been improved engine performance, and changes 
from gasoline to diesel fuel. Another reason tor the 
reduced fuel consumption per hectare has been the 
use o f large farm equipment that allows more opera
tions to be performed over less time. I he weight ot 
the machinery per hour ot labor, tor example, has 
grown from about 0.4 kg in 195(1 to about 5.5 kg in 
1985— about a 14-told increase. Hence, w here liquid 
fuel inputs (direct energy consumption) have de
clined, tossil energy input for producing machinery 
(indirect energy consumption) has risen dramatically .

Initially in corn production, the principal fuel used 
m tractors was gasoline (85%), w hereas diesel counted 
for only 15% of the fuel. W ith time, there w as a shift 
tow ard diesel, and today at least 65%  ot tractor fuel 
is diesel. Diesel can provide 2d to 25% more power 
per gallon or greater efficiency per unit ot tossil 
energy.

2. Commercial Fertilizers
In early slash and burn agriculture, vegetation w as 

cut and burned to release the nutrients to the soil. 
Usually, the land had to lay tallow tor about 2<> years 
before sufficient nutrients would accumulate in the 
soil. The land could then be tilled and planted to crops 
tor 2 years out ot 22.

l.ariv U .S . agriculture was primarily organic, that 
is. nutrients tor crop production were provided 
mostly b\ livestock manure and green manures. In 
most cases, the farming system required 2 ha ot land 
to produce I ha ot crop, to r example. : ha would be

planted to a legume crop, such as clover or vetch, 
and the follow ing year this legume would be plowed 
under and planted to corn. This 2-yr rotation system 
did provide an adequate amount ot nitrogen tor the 
corn crop: however, the soils were slowly depleted 
o f phosphorous, potassium, and calcium.

In 1945. onlv 8 kg/ha ot nitrogen and phosphorous 
and 6 kg ha o f potassium were applied. B y 1985. 
nitrogen rates had reached a high o f 152 kg/ha, this 
was nearly a 2()-told increase. Note that in 1985 the 
energy input for nitrogen alone was greater than the 
total energy inputs tor all items combined in corn 
production in 1945. 1 his is a clear example ot a change 
in energy use in agriculture related to change in tech
nologies.

During this 40-vr period a 30% improvement in 
efficiency ot producing nitrogen fertilizers was re
ported. Although the amounts ot phosphorous and 
potassium applied per hectare rose significantly trom 
1945 to 1985, these quantities dearly did not grow as 
rapidly as occurred w ith nitrogen, and both potassium 
and phosphorous require significantly less energy per 
kilogram to produce. |Sec F'lkiuizi-u M an a m m in i
AM) h  ( UNO! 0(,Y. |

I lie quantity ot lime applied to agricultural land 
also rose about three-told from 1945 to 1985. but lime 
is. m the United States, the least costly in terms ot 
energy ot the fertilizers that are used in corn pro
duction.

3. Pesticides
Little or no pesticide was used in corn production 

m 1945. The quantity ot insecticide applied to corn 
rose from 0.1 kg/ha in 1950 to 3 kg/ha by 1985. The 
insecticides used m the early 1950s and 1960s were 
primarily chlorinated insecticides. Starting w ith the 
ban o f some chlorinated insecticides in the early 1970s. 
there was a gradual shift to carbamate and phosphate 
insecticides. W ith this change in the chemical makeup 
ot insecticides, the energy inputs per kilogram ot pes
ticide produced increased about 50%. and the total 
inputs for chemical insect control rose 45-told. |.Scc 
I ’ l S I  M a n  A t . IM I  N I . C l l h M K  Al C O N T K O I  . |

Changes in herbicide use also occurred in corn pro
duction starting in 1950. The first herbicide used in 
corn production was 2.4-1). a phenoxy herbicide that 
was relatively efficient to produce in terms ot energy 
input per kilogram. 1 lie newer triazincs and other 
herbicides that were added during the 1960s and later 
were 5()*'.j more energy costly to produce. 1 he total 
input for chemical weed control increased 267-fold 
from 19.50 to date. Hence, changes affecting the re-
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ijiiircmcm ot energy input occurred not only m the 
quantities ot pesticides applied, but also in the kinds 
ot insecticides and herbicides used. |.S<r I I k h h ic id is
A M )  I l l  l ( l ) l (  11)1 R l  S I S  I A M  I . |

4. Irrigation
The application ot irrigation water tor corn produc

tion has increased steadily over the years. Irrigation 
ot corn acreage has increased trom less than 1% in 
1 ‘>45 to an estimated 1<S% today. Water applied per 
irrigated hectare has increased trom l.S  million liters 
to about 3 million liters today. The energy input tor 
irrigation water during the period 1945 to 1985 rose 
nearly 2(l-fold. [.Sec Ikhk .at io n  E n c in k i r in i;: F aiim  
I’UAt IK I s. M l lllODS, AND SVSII MS.]

C. Different Crop Production

1. Other Crops and Feed Crops
Until now we focused mainly on corn production 

to illustrate the general trend of changes in energv use 
and the methodological approach of energy analysis. 
Data for the energy input and output for different 
crops (other grains, legumes, vegetables, and fruits) 
are presented in Table V II tor those who are interested 
to study in detail the performance ofother techniques 
ot production. Because o f limited space, we only pro
vide an overview  ot the range of values (energy input

TABLE VII

Energy Input and Return per Hectare for Various U.S. Crop Production Systems

Yield in Yield m ( 'onimcrcul kc.il looil-lceti
protein lood eneri'V energy input 1 abor kc.il C0 imiKTCi.il

C rops (tood and teed) Yield (ki*) (kj») (1 o'‘ kcal) (in' kc ll) (hr) energy input

C orn (U .S . averai»e) 7.1 H Ml f>3o 24.5 <>.') 12 3.3
Wheat (North 1 ).tkot.i) 2.022 283 0.7 2 . 3 (, (i.O
( (Minnesota) 2.80'J 423 |o.‘> 2.1 3 .3. 1
Uice (Arkansas) 4.742 •>7 ■> 14.0 12. 3 30 1.1
Sorghum (K .iiis .is ) 1.840 2o2 o.o 1 3 3 4.0
Alfalfa (Minnesota) 1 1,801 •(dry) 1X45 47.2 3.(i 12 13. 1
I'aiiK* hay (New York) 2.53‘J(drv) loo 3. 5 u.fi 7 8.(i
Corn Silage (Northeast) ‘MOO(drv) 753 2'). 1 3.2 13 3.(i
Soybean (Illinois) 2 .0( )0 8S5 in .3 2 . i X 4.3
lleans. dry (Mulligan) 1,1 lu 285 4. 1 3.1 10 1.3
Peanuts ( ( ieori»ia). 3.720 2̂o 13.3 10. 'J lo 1.4
Potato (New York) 54.408 s.v> 21.1 13.3 33 1.4
l.ettnee (CCalifornia) 31.595 284 4 1 10.7 171 0.2
i om ato ( ( .'aliforma) 4‘M>2o 4*;o ') ') ! (i.fi U*3 0.(i

C abbage (New York) 53.01 n \ 1«ioi i 12.7 If .S 280 0.8
Apples (Last) 41,546 83 23.3 2(>.2 170 0.0
( 'ranges (Honda) 40.370 4( »4 r>.s 1 l .S 2 lo 1.7

Neifivi: Adapted from P iiik ntel. 1). (P>84). :iu rev How in lo o it system . 111 “ f Oiui .nui Lncr^v R e s o u rc e s "  l l ) .  P im e n te l
and C \V. 1 fa ll. ed s .). pp. 1-24. Academic Press. New York.

requirement, hours o f labor, and return o f the cultiva
tion) that can be found in U .S . agriculture for different 
types of crops.

D. Livestock Production

1. Livestock
1 he amount ot energy expended in livestock pro

duction systems depends not only on the animal but 
also on the type ot teed. Animals vary in the efficiency 
with which they convert plant energy and protein 
into animal protein. In addition, they vary in their 
ability to utilize different plant foods. Table V III 
shows energy inputs and returns per hectare tor vari
ous livestock production systems in the United States.

III. Future Energy Use in Agriculture in 
Relation to Sustainability

A. Trends in Agricultural Performance and 
Demographic Pressure

In the early phase ot human evolution the population 
si/e was so small that, practically, the planet was void 
ot human civilization and new frontiers were available 
all around. The problem ot feeding more people was
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TABLE VIII

Energy Input and Return per Hectare for Various U.S. Livestock Production Systems

Livestock
Yield
(kg)

Yield in 
protein
(kg)

I’rotem as 
lood energv
(In'  ke.il)

C .'ommercial 
energv input 
( ln ‘ kc.il)

Labor
(hr)

kcal p r o t e i n /  

kcal commercial 
energy input

Broilers 2.1 li in IK<> 74ii 7.3<)() l).H 0.14
Lggs Mill 1114 4I(> 7.4i m I7.S ().()5
I’ork 4‘>ll 35 I4U fi.INIO 42.‘J o.ou

Sheep (grass-fed) 7 n.2 n.H 71) S7.5 5
Dairy 3.27U 114 457 5.4i Hi 11.8 o.o2
licet' fill !i 24 {>1 M 1 25.0 o.5
Dairy (grass-tcd) 3.2MI 1 14 457 S. 41 Hi 7.2 o.(i2
Meet (grass-led) 54 5 2<i 5< M 1 25. o o,5
c :.ittish 2.7H3 3S4 I.5.V, 52.5< in 34.2 o.o2

.S'i'imr: Adapted trom I’itiicntel IV . .nui Hall. W  (IMK4). "Lood  and Lnergy lii'MHIKYV ' Academic 
I’rcss. Now York

solved by simply putting more land under agricultural 
production.

After the introduction ot fossil energy and ma
chines. humans grew fast, terms o f both 111 population 
size and in per capita resource consumption. The con
sequent demographic and economic growth saturated 
the available land and pushed agricultural production 
techniques toward higher densities o f withdrawal o f 
net primary productivity per unit ot land.

The increasing use o f fossil energy to augment 
yields implied a decreasing return per unit ot input. 
Moreover, the more saturated the land, the more mar
ginal areas, less suitable for agricultural production, 
were put in production, further exacerbating the ctteci 
ot decreasing returns. However, despite the continu
ous increase in the energetic cost ot production, the 
trend toward increasing productivity per unit o f land 
is forced by the continuous decrease in arable land 
per capita, induced by demographic growth.

When the stress induced by human activity 011 natu
ral and managed ecosystems becomes excessive, envi
ronmental degradation can appear as an unwanted 
side effect. This occurs when too little energy is left 
in the natural compartment to sustain those processes 
that have no economic return, but that nevertheless 
are required to maintain the ecosystems" structure and 
functions.

B. Limits to the Intensification of Agriculture

Stable ecosystems have the ability to use solar energy 
to sustain their own process ot sclt-organization. 
Agriculture has an impact on the pattern ot energy 
tlows in ecosystems, and in general reduces the capa- 
bilit\ ot a defined ecosvstem ot using solar energv tor

evapotranspiration. gross primary production, and 
recycling nutrients. In fact, human alteration is aimed 
at increasing the fraction o f useful biomass produced 
and harvested per year, and the "side”  effect is a 
reduction ot the flow o f solar energy that a biological 
community uses to stabilize its structure and func
tions. In spite ot the fact that this "ecological cost" 
o f agriculture has been systematically overlooked by 
modern economic analysis, the long-term productiv
ity of agro-ecosystems depends on the stability ot 
natural systems (biological, soil, and water resources). 
In order to be sustainable agriculture should not dis
rupt the natural processes that maintain a stable supply 
o f those inputs.

Therefore, there exists an upper limit to the increase 
in productivity provided by the (in)stability o f the 
agroecosystem (land degradation, loss ottopsoil. pol
lution from agriculture, groundwater mining). We 
should care about the quality and productivity o f  our 
agroecosystems since their productivity is finite. In 
this century, technological development basically en
abled us to convert fossil fuel into food, but we must 
be aware that technology has not lowered our depen
dence oil fossil fuels nor our dependence 011 natural 
services to obtain our food supply.

Natural factors are still fundamental for the sus
tainability o f food production and all are deeply 
related to the energetics o f agricultural production: 
( I . )  biodiversity, more species means more ability to 
use solar energy Kir environmental services and a 
widei range o f inologic.il functions which could result 
indispensable to human survival in the future. At the 
ecological level, all species are useful and once they 
are lost, they are lost forever. (2.) Soil fertility deter
mines the ability o f soil to retain nutrients, water.
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and to support plant activity. Agricultural soil is a 
very valuable capital which can be lost when humans 
intensity too much agricultural production. Today, 
top soil is lost at a rate ot 40-70 tons/ha per year in 
China and India, and at an annual rate ot 16 tons/ha 
in the United States. The level o f sustainable loss 
is estimated at about 1 ton/ha per year, since 500 
years are required to replace 2.5 cm ot lost topsoil 
(2.5 cm = 1 in.; 1 hectare-inch ot topsoil weighs 400 
tons). (3.) Water supply: the requirement o f fresh 
water tor agricultural production is huge in the United 
States. In total, U .S . agriculture uses 400 1012 liters 
water/year (=  85%  o f the total consumption o f fresh 
water = 1.6 million liters per capita/year ~  4000 li
ters per capita/day). In many areas, more water is 
used than is naturally supplied. Pumping groundwa
ter is used to offset the difference and, again, fossil 
energy and mechanical power are used to overcome 
the limitation provided by natural cycles. G roundwa
ter resources are renewed, but at an extremely slow 
rate (about 1%  per year). However, in the United 
States the average overdraft is 25%  higher than the 
replacement, and in some locations like the Ogallala 
aquifer, overdraft amounts to 130 to 160% over the 
replacement. Finally, agriculture can negatively affect 
the supply ot fresh water to society, by polluting the 
water table with residues o f fertilizers and/or pesti
cides.

In many cases, technological solutions exist to in
crease productivity while preserving the essential cap
ital ot nature, but this requires that future trends in 
energy use in agriculture should be directed not only 
toward increased rates ofharvest (optimization ofeco- 
nomic variables), but also toward the sustainability 
ot vital agricultural and ecological processes (optim i
zation ot the stability o f natural processes and the 
environment). However, it should be noted that, in 
spite ot any technological evolution, environmental 
concerns push toward a slow down o f the speed o f 
energy flows, which clashes with the economic per
spective ot pushing toward higher returns for agricul
tural activities.

C. Future Energy Use in Agriculture?

The adoption o f the economic point o f view aiming 
at an illim itcd growth explains the current heavy use 
o f  energy inputs in agriculture (high energy intensity 
ot cultivation). O n the other hand, concern for sus
tainability seems to question this “ growth-mania." 
Agriculture, being at the interface between two sys
tems (economic and ecological) going at increasingly

different speeds, is experiencing the resulting increas
ing friction.

When the economic perspective is the only parame
ter considered tor optimization (with the goal: more 
goods and services have to be produced and consumed 
to achieve a higher standard o f living) the role o f 
agriculture is to increase the population density. Be
cause o f the multiplicative effect that exosomatic en
ergy has on human labor, increasing the number o f 
people means the possibility to expand the activity o f 
the economic process; in ultimate analysis the food 
supply has as effect to enable the society to pump oil 
out o f the ground and transform it in useful work for 
humankind at a faster rate.

When the ecological side is considered we can see 
the reverse of the medallion o f this pattern o f techno
logical evolution: human expansion means a decrease 
o f the energy used by natural systems (loss o f biodi
versity, desertification, loss ot fertility, soil erosion, 
reduction ot biomass present on a yearly basis, reduc
tion ofcvapotranspiration per unit ot area); and indus
trial agriculture becomes a dangerous tool for altering 
as much as possible what is left o f the original endow
ment o f natural ecosystems around the world.

The issue ofsustainability in agricultural production 
implies that the aspiration toward economic growth 
should be balanced by a concern for the stability o f nat
ural processes that guarantee environmental equilibria. 
In this perspective a reduction o f energy intensity in 
agriculture should be searched tor in many areas o f the 
world. However, the saved energy should not be used 
tor further boosting the productivity (at continuously 
decreasing return) o f the already overstressed agroeco
system. but rather forenhancing natural capital, restor
ing the areas where the human impact generated major 
damages. This should and we hope w ill be the future 
trend in energy use in agriculture.

Unfortunately, the actual trend o f demographic 
growth (doubling o f the population every 40 to 45 
years) and the consequent shrinking o f land availabil
ity (0.28 ha o f arable land per capita with 5.5 billion 
people, will become 0.15 ha/capita with a population 
o f 8 to 10 billion) makes a reduction o f the intensity 
in agricultural production unlikely. The threat pro
vided by population growth is further stressed by the 
following considerations: (i) most countries o f the 
world are now dependent on imports to match their 
food demand. The world grain supply is basically 
maintained by a few countries with low population 
density (United States, Canada, Australia, and Argen
tina); what w ill happen when an increase in population 
within these countries w ill consume the current sur
plus available for export? (ii) M any developing coun
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trios use more fertilizer per heel u\- rli.in the United 
States; this is not tor boosting income lutt lor surviv.il. 
just tor producing more tood on .1 shrinking area 
per capita. What would a future restriction ofthe oil 
supply mean to the agriculture o f these countries?

The dilemma o f human return versus environmen
tal stability can no longer be ignored bv the public: 
continuous population growth, increasing depen
dency o f our food supply on rapidly depleting stocks 
o f oil. and degradation ot the productivity ot agro
ecosystems will force us to tocus again and it is hoped 
under new. more holistic perspectives on agriculture 
and on its fundamental role in sustaining human de
velopment.

Bibliography
Ciiampietro. M.. Cerrctelli. (■.. .uni Pimentel. I>

Energy analysis ot agricultural ecosystem management:

luiman return and sustainability. A\;ii<iilt. lUosystans lin- 
nivii. 38, 2PJ-244.

(iiampietro. M .. C'erretelli. Cl.. and l’imentel. I). ( l lW2). 
Assessment of different agricultural practices. Anibio 
21(7). 451-45‘J.

I lall. C .A .S .. Cleveland. C'.J.. and K.uitmann. K. (1986). 
"Energy and Resource Quality— The Ecology o f the 
Economic Process." Chap. 6. pp. I I S-142. W iley, New 
York.

Pimentel. I), (ed.) (I'ASll). "Handbook ot Energy Utiliza
tion in Agriculture." C R C  Press. Hoea Raton. EL.

Pimentel. 1).. Da/hong. W .. and Ciiampietro M. (1W0). 
1 echnoIogic.il changes 111 energy use 111 U S Agricultural 
production. In "Agroecologv: Researching the Ecologi
cal Basis tor Sustainable Agriculture" (S. (iliessman. ed.). 
pp. 305-321. Springer Vcrlag. New York.

Pimentel, IT . and I lall. I'.. W . (cds.) (I*J84). "Food and 
Energy Resources." Academic Press. New York.

Stout. 15. A. (Editor-in-Clnel). "Energy 111 World Agricul
ture." Vols. 1 —f>. Elsevier. Amsterdam.



Entom ology, Horticultural
KENNETH A. SORENSEN, North Carolina State University

I. New and Old Insect Pests
II. Insect Sex Pheromones
III. Minor Use Registration and Pesticide 

Reregistration
IV. Bacillus thuringiensis: A Wave of Biological 

Insecticides
V. Best Management Practices
VI. Conclusion

Glossary

B iological  co n tro l  Pest control strategy that em
ploys methods such as conservation, introduction, 
augmentation, and mass release ot parasites, preda
tors. and disease organisms
Bacillus thuringiensis ( B T )  Bacterium that causes 
disease 111 many insects; in the past. 15 1 lias been 
directed toward certain l.epidopterous plant feeders; 
now B I lias effectiveness against beetles and Hies, 
with a great deal of'specificity
G oo d  labo ra to ry  practices (G LPs)  Specific ac
tions in the conduct ot a research study that allow 
assurances about the integrity of the data; involving 
written documentation ot standard operating proce
dures. uses, master schedules, and quality assurance 
Insect sex p h c ro m o n c  Chemicals emitted by one 
sex ot a species (usually a female) to call a mate (usually 
a male) to it tor mating and propagation; these intra
specific communication compounds attract insects of 
the opposite sex tor the purpose o f mating and repro
duction
Integrated  pest m a n a g e m e n t  (IP M ) Economic, 
ecological, environmental, and social strategy that fo
cuses on long-tcim prevention or suppression of pest 
problems through a combination ot techniques such 
as encouraging biological control, use o f resistant va
rieties. or adaption ot alternative cultivating, pruning.

or fertilizing practices or modification of habitat to 
make it incompatible with pest development; pesti
cides are used based on trap monitoring and field 
scouting and on need according to pre-established 
guidelines or thresholds
IR-4 Federally sponsored interregional research pro
gram to support registrations and obtain residue toler
ances fur minor use pesticides and biorationals on 
major crops and on minor crops such as most vegeta
bles. fruits, nuts, herbs, ornamentals, trees, and turf; 
this program also includes registration ot animal 
health drugs
M ating disruption Technique o f insect control 
based on the premise that males are unable to locate 
females when the environment around the females is 
permeated w ith ,1 sex phcromonc; this is a preventive 
measure that has been successful only when insect 
populations are relatively low and mated females do 
not migrate
M icrobial insecticides Insecticides that contain mi
croorganisms or their by-products and comprise 
microscopic living organisms (viruses, bacteria, 
lungi. protozoa, or nematodes); they arc safe, 
since their toxicity to nontarget animals and humans 
is extremely low
R eregistration  All pesticides registered before N o 
vember 1. IMN4. are to be reregistered by 1997; this 
process has five phases and involves industry, grow 
ers. and governmental agencies
Resistance m a n a g e m e n t  Strategy to overcome or 
retard the ability of species, races, or biotypes to w ith
stand normally lethal doses ot pesticides due to genetic 
or behavioral selection
S em io ch em ica ls  Chemicals that mediate interac
tions between organisms ot the same or different spe
cies; pheromones are the type that excite or stimulate 
an organism o f the same species 
Sustainable a g ricu ltu re  System o f production agri
culture that employs any and all techniques that are
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environmentally compatible and usually involves low 
input renewable resources; this system is often associ
ated with organic gardening
T o m a t o  spotted wilt virus ( T S W V ) Virus disease 
of plants that has a wide host range and variable symp
toms; T S W V  is spread by an insect vector, usually 
the Western flower thrips

H o rticu ltu ra l entomology is that specialized area in 
entomology that deals with insects and related arthro
pods associated with horticultural crops. These crops 
include the general areas ot pomology (truits). oleri
culture (vegetables), floriculture (flowers), herbs, 
nuts, shade trees, ornamentals, and tint. The rural 
and urban audience consists ot commercial producers, 
homeowners, greenhouse growers, garden center op
erators, agribusiness, and various practitioners. D i
versity. intensity, specialty, and complexity are realis
tic attributes ot horticultural entomology programs.

I. New and O ld  Insect Pests

A. Traditional Pests

Such traditional arthropod pests as corn earvvorm, 
European corn borer, cabbage looper. armyworm 
species, cutworm species, Ieatminer, flea beetle, vege
table weevil, and mites continue to plague growers 
o f horticultural crops. However, some ot" the older 
pests have resurged. These include aphids (new bio
types) , whitefly (greenhouse and sweetpotato). Diii- 
brotica (rootworm) species, wireworms. and white 
grubs. |.Sec Pi.ant Pa th o lo g y . |

B. New Pests

Some new pests of economic concern to growers ot 
horticultural crops are the strain 13 (silverleat whitefly) 
whitefly and the western flower tlirips. Both these 
pests are small, have a wide host range, complete a 
generation in a short time, are usually grouped with 
a common species, have adapted to changes in cultural 
practices and pesticides, and cause direct and indirect 
damage. I lie direc t damage is feeding on plant tissue, 
whereas the indirect damage is associated with plant 
viruses (tomato spotted w ilt viruses and others). In
creased movement o f plants has favored the spread 
o f whitefly and tlirips. |.SYr P ia n i  V iko i <h .i  . |

C. Soil Insects
Soil insects in general are on the increase. W ireworm s, 
white grubs, whitctringcd beetle, and the sweetpotato 
weevil all cause chronic damage to plants by feeding 
on seed, seedlings, tubers, or roots. The loss ot the 
persistent chlorinated hydrocarbon insecticides, the 
setting aside o f land not in production, and the move
ment to no-till or minimum tillage are some reasons 
for the resurgence ot soil insects.

0. Pests Resistant to Insecticide

T w o  other pests, the Colorado potato beetle and the 
diamondback moth, have established themselves as 
pests of the first order. Not only are they destructive, 
but through the development ot resistance to insecti
cides tlies have become most difficult to control.

II. Insect Sex Pheromones

A. Monitoring and Mating Disruption

Insect behavioral studies have contributed a novel ap
proach to pest control. Through studies ot insects 
searching for mates, chemists have identified, synthe
sized, field tested, and commercialized semiochemi- 
cals. One type ot semiochemic.il that is useful is de
termining where, when, and how many insects ot a 
single species are present is called an insect sex pliero- 
nione. Males locate a mate by following a sex attr.it t— 
ant called a pheromone.

Insect sex pheromones, once synthesized, undergo 
extensive laboratory and field studies to determine 
their purity, the type of slow release medium to use, 
the dosage, and the trap type. W ith  commercializa
tion, the attractant lure and trap are selected and pro
moted Presently, about 100 insect pheromones arc 
available; several companies produce and distribute 
insect sex pheromones.

B. Uses of Insect Sex Pheromones

T w o  uses of sex pheromone are detection and control. 
Detection is easy, since the approach is. for the most 
part, specific. The control approach is further divided 
into mass trapping and mating disruption. Mass trap
ping as a control tactic has not been effective. H o w 
ever. the mating disruption approach has been more 
successful. Some programs in various stages ot devel
opment target tom no pimvorm, codling moth, tutted
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apple bud moth. Oriental fruit moth, cranberry gir- 
dler, pink bollworm . and gypsv moth.

III. Minor Use Registration and 
Pesticide Reregistration

A. The IR-4 Program

M inor crops such as most vegetables, fruits, nuts, 
herbs, ornamentals, and trees and minor uses such as 
the use of a biorational material on stored grain do 
not have the volume o f "pesticide use" required to 
economically justify registration through traditional 
and expensive manufacturer procedures as mandated 
by the Environmental Protection Agency (E PA ).
I fence, needs by a commercial enterprise at anv level 
exists, so some assistance is required in conducting 
field and laboratory studies to obtain residue toler
ances and efficacy data, and to document any adverse 
affects to the crop, the applicator, or the environment.

The Interregional Research Project No. 4 (IR-4 
project) was established in 1963 by directors o f the 
State Agricultural Experiment Stations, located at 
land grant universities throughout the United States, 
to obtain residue tolerances tor minor-use pesticides 
on food and feed crops. In 1977, the program was 
expanded to include registrations of pesticides needed 
for the protection o f nursery and Horal crops, forestry 
seedlings, and turf grass. T lie program was further 
expanded in 1982 to include the registration o f animal 
health drugs, antibiotics, and anthelminthics for m i
nor animal species. Another addition to the program 
m 1982 was the inclusion of an initiative to register 
biorationals tor agricultural pest control. These sub
stances include microbial and biochemical pest control 
agents that can be an important adjunct to integrated 
pest management ( IP M ) systems.

IR-4 cooperates with state and federal research sci
entists, growers, and agricultural chemical and bio
technology companies to register pest control agents 
tor use m pest management programs on minor crops 
and tor minor uses on major crops. Since 1964, IR-4 
has worked to register pesticide uses for minor crops; 
some 3500 pesticides and biorationals had been regis
tered by 1992. W ith Centers this program will assess 
local needs, prioritize limited resources, and. with 
good laboratory practices, help provide the efficacy 
and residue data needed to support registrations.

B. Pesticide Reregistration

In October 1988, Congress amended the Federal In 
secticide. Fungicide, and Rodenticide Act (F IFR A 8 8 ).

As amended. F IF R A  requires that .ill pesticides and 
their uses registered before Novem ber 1984 be rereg
istered, complying with certain human health and 
environmental risk standards by the end ot 1997. This 
requires that some 1(1 ,3 0 0  tolerances be obtained; o f 
these, some 8.000 would involve minor uses. This 
legislation has most serious implications tor minor 
crops (nuts, fruits, vegetables, ornamentals, flowers, 
trees, and tin t grass) since minor crops are o f major 
importance 111 the United States. Agrichemical com
panies w ill decide about reregistering the pesticides 
they manufacture after considering the market poten
tial, the cost o f supporting reregistration, and the 
potential adverse effects 011 public health and the envi
ronment. As a result, the availability o f pesticides 
used i)n minor crops w ill be greatly reduced, and their 
loss will jeopardize the American farmer’s ability to 
grow and market these very important crops. The 
1990 Farm B ill also addresses pesticides and food 
safety, and includes worker safety standards, IP M , 
and sustainable agriculture.

IV. Bacillus thuringiensis: A  W ave of 
Biological Insecticides

A. What Is It?

Hihillits ihiiriiif>icnsis (B T ) is a naturally occurring bac
terium commonly found in the soil. First identified 
in the early 1900s, BTs did not develop commercially 
until the 1940s. Their use in the 1950s and 1960s was 
directed at cabbage looper, imported cabbageworm, 
and other Lepidopterous larvae ot crucifers. Limited 
knowledge o f B T  genetics and mode o f action inhib
ited their development. A 11 improved B T  strain, B T  
kiirstdki, was discovered in the late 1960s that was 
consistently active against caterpillars and was easier 
to produce. Expanded use 011 vegetables and against 
gypsy moth resulted in increased markets. More re
cently, many companies have identified and increased 
B T  potency against targeted insects using genetic ma
nipulation. IP M . organic farming, and sustainable 
agriculture otter additional markets. B T  specificity 
and effectiveness against such resistant insect pests as 
Colorado potato beetle and diamondback moth have 
further synergized B T  development and use around 
the world (see Table I).

B T  products, for the most part, are exempt from 
residue tolerances and, as such, pose 110 hazard or risk 
to humans and the environment. Also, there are no 
time limitations to harvest or re-entry restrictions.
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TABLE I

Available Bacillus Ihurmgiensis products

Str.un Name : form ulation ' IV m controlled Manufacturers

k'ur.-iiiki liiobit 1 ( AVP 1 epulopterous larvae 1 )upont
I >ipel 2 X .4 L .W \> I epulopterous larvae Abbott
|.ivclin \V(. 1 epulopterous larvae Santloz
C Titlass W T I epulopterous larvae, e-p. Jianioiulback moth kcogen
Foil L. esp. Jiamoiulh.uk modi. C olor.ulo po(a(o beetle, some l.uropean 

torn borer
l.cogen

M V P 1 1 ) i.m iio irH\u k moih Mycogen
>iin ilii'^o M- 1 rak I ( olorado potato beetle M y cogen
hnihbiiom> 1 rulent II 1 ( nlor.ulo potato beetle Saiulo7

Novodor K ( olorado potato beetle N ovo N orJisk
.ii'.nr.ii Xentari \V I)(, 1 )i.»mondb.u k 11itx 11 Abbott

Agree \\\> 1 )iamoiulb.ii k moth C aba-( ieigy
I'hlt/tlhl-' C inatrol 1 1 i i i iuus gnats Abbott

1C . How.ihlc m iiuMir.iii'. W I ’, wetuhle p* »\\ iKt . 1 \  J-; oiueiiti .iu-; 41 t-lt.|iiul: W t i. weluh le m.imiles. 1. Ik ]Uk (: VC'IK., water
dispersible granule.
1 1( I pnnliu ts mac .ilsn luve relative etiei nvetiess .lu.cnsi otliet pests sm !i as a11n\ w nrms. . t iiw o iitiv  uebworuis. hurnwornis, earworiii. 
puklewonu. ami leal rollers. Ik  sure to ehtvk label tor crop .nul pests e»nurolleil. is well .is iniiversitc specialists and an ility  extrusion 
agents tor speiitii recommendations Other li I products m.iv In- available and include h.tctospene. I .irvo, .uul Ihuruide. Still other 
tortmil.itioiis ni.tv exist or will he .iv.iil.ihle in the ne.tr Inane.

I liese products .in.- .ilsi) sale on such bciieticials as 
honey bees, predaceous and parasitic insects (Ncu- 
roptera. Coleoptera, Hiptera. I lynienopiera). and 
predaceous mites and spiders. |.SVe l’i a m  B i o i k  i i- 
n o k m .v : Fool) S am iv an d  I.n vih o n m i m  ai Isst i s. |

B. Mode of Action

B I products act as stomach poisons and must be 
ingested by larvae to be effective. Also. 15 I products 
are most effective against small larvae. B  I products 
contain spores and active protein crystals, produced 
by the naturallv occurring bacterium. In some cases. 
B ’T are conjugated or encapsulated to attoi d effective
ness and stability. On ingestion bv an insect larva, 
spores and protein crystals enter the midgut where 
they are dissolved and toxins are released. This event 
causes a disruption ot the membranes and cell walls. 
Feeding stops within hours and larval mortality oc
curs over a 2- to 5-day period. F.n/vine and pi 1 .u tiv- 
ity are critical because these activities dissolve the 
crvstals. Several protoxins ma\ be converted ,nid 
bound to specialized receptor molecules in the insect 
gut lining.

C. In the Future
B is  have a definite market niche. Companies, .in
directing attention to those markets in w hu ll eftu at v 
ot B1 products :s as good as or superior to that ot 
other products Vi, lu re no alternatives exist, or w lien

insecticide resistance is a major concern. B I products 
offer a new chemistry anil a new approach. The issue 
ot safctv opens new areas, new audiences, and new 
crops. A s  a result, specialty c rop areas such as potato 
tor Colorado potato beetle and collards tor diamond- 
back moth have received and will continue to receive 
much attention.

I he t'utlire of B I s w ill extend well beyond the year 
21 Kid. In fact, with over 20()() strains ot B I available 
and with genetic engineering, the combinations and 
permutations are m ain. N ew  formulation technol
ogy. increased understanding of mode ot action, cus
tom design o f B 1 toxins in transgenic plants (potatoes 
with BT  could be available in 1W5) or m other organ
isms (cell cap technology), and the integration o f cul
tural. biological, natural, and chemical control meth
ods will bring B i s  to the forefront in Il’M  and 
sustainable agriculture.

V. Best M anagement Practices

Best management practices comprise am and all strat
egies and tactics employed w ith a plant or animal to 
help optimize production and marketing efficiency, 
hi horticultural and field crops, this system may be 
reterred to as Integrated C top Management (1CM).

A. Integrated Pest Management

I I 'M  emerged in the I ‘M 's  and lM7(>s and is an eco
nomic . ecological, ein iroumeiital. and social strategy
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(li.it Ionises on long-term prevention or suppression 
ot pest problems through .1 combination ot tech
niques. IP M  seeks maximum use ot naturally oc
curring pest controls including weather, disease 
agents, predators, and parasites. In addition, I I’M uti
lizes various biological, physical, and chemical con
trol and habitat modification techniques. Artificial 
controls are imposed only as required to keep .1 pest 
trom exceeding predetermined and periodic assess
ments o f population levels. This all-inclusive 
decision-making approach strives tor pest control 
while minimizing hazards to human health and the 
environment. |S ir  In th gka itd  Pi.sr Manaokmhm . |

Various levels o f II’M  are utilized for horticultural 
crops grown in the field, greenhouse, and garden. 
The more successful programs employ pest monitor
ing and field scouting by professional consultants, 
whose sole purpose is to provide timely advice based 
tin economic and action thresholds. Every state and 
most countries have specific programs and such re
sources as training manuals, sources ot monitoring 
traps and natural enemies, and slides and videotapes. 
These resources are available through local county 
extension offices. State University specialists, and 
various state agencies.

B. Resistance Management

The development o f resistance to insecticides is com
mon among pests ot horticultural crops. Historical 
records document the wide variety ot insects that have 
developed resistance to insecticides. Insects and mites 
on the list include corn carworm, tall armyworm, 
cabbage looper, diamondback moth, tomato pin- 
worm. aphids, whitcflics, lcafmincrs, spider mites, 
Colorado potato beetle, and various soil insects. The 
list ot insecticides to which resistance has developed 
includes Sevm, " malathion, Lannate,s Furadan,1*' 
Cm hion. " parathion, Vydate,* Hdcillns thuriiigiciisis, 
diazinon. Cygon ,®  Ambush, " Pounce,* Asana,*  and 
Kelih.ine.“ Resistance to 151 by diamondback moth, 
Colorado potato beetle and gypsy moth has been re
ported.

What can be done to slow, prevent, or manage 
insecticide resistance? First is a recognition that insects 
may already be resistant to specific insecticides. Next 
is an understanding ot how insects develop resistance 
to insecticides. Finally, the steps that can be taken to 
address the problem constitute resistance man
agement.

A good indication ot insecticide resistance is control 
failure with an insecticide that has worked previously. 
However, improper mixing or poor application

methods are common reasons tor failure ot insect 
control. On-farm tests with different insecticides, in
sect counts, and damage assessment w ill confirm re
sistance. Verification procedures consist of using a 
bioassav that compares a known susceptible insect 
colony to a “ suspect colony”  using dosage response 
curves. The method is leaf discs, slide dips, vials, 
traps or direct topical application ot insecticides to 
the target insect. M ortality is checked usually after 
24 or 48 hr. LI ) Sll values (dosage necessary to kill 50% 
ofthe insect population) are determined. When these 
values from susceptible and suspect insect populations 
are compared, the relative degree o f resistance is deter
mined.

Insects develop resistance Irom exposure to insecti
cides over time by ,1 combination o f physiological 
and genetic means. The insect metabolizes the toxi
cant and. thus, renders a dose sublethal. Hence, the 
next insect generation can be resistant to .111 insecticide 
it has never contacted directly. Sim ilarly, with “ cross 
resistance," once resistance to an insecticide occurs, 
that insect population may possess resistance to other 
insecticides in the same or different chemical classes. 
Hencc, pesticide users need to know what insecticides 
are carbamates, organophosphates, pyrethroids, and 
so on. This resistance can develop on a single farm 
in a single year. Insects introduced into an area from 
areas further south also are likely to be resistant be
cause o f previous and frequent exposure to insecti
cides.

Managing insect resistance with BTs  must be con
sidered. BTs are ideal for controlling insects that are 
resistant to chemical insecticides, because they offer 
new chemistry and a unique mode ot action. H o w 
ever, when used wrongly or overused, resistance to 
B T  toxins has resulted. A 11 approach to resistance 
management consists o f minimizing the development 
o f B T  resistance by alternating or rotating 13T prod
ucts that have different toxins, using B T s  when resis
tance to other chemicals exists, and using BTs in 
alternating programs with different classes ot insecti
cides to prevent development o f resistance. O b v i
ously, rotation ot crops, the use ot high pressure 
sprayers, the timely use ot BTs and other insecticides, 
and resistance monitoring (in field scouting and re
cords) w ill aid 111 pest and pesticide management.

W iiat can be done to manage insecticide resistance? 
A few suggestions tor consideration follow.

1. Practice crop rotation within season and between 
years.

2. Do not grow small plants next to older plants over a 
long period of time.
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3. Isolate plantings.
4. Use insect-resistant varieties.
5. Plant insect-free transplants.
6. Rotate chemical classes ot insecticides 

(organophosphates, carbamates, biological*, etc.).
7. Follow good horticultural practices to reduce plant 

stress.
8. Monitor tor insects and spray only when needed.
9. Avoid low rates and long spray intervals.

1(1. Use tank mixes.
11. Use a synergist such as piperonyl butoxide.
12. Obtain good coverage to help insure good control.
13. Monitor tor insecticide resistance (on-tarm 

comparisons).
14. Contract to have dose-response curves developed.
15. Use biological control and IPM  practices.
1(>. Keep good records.

C. Sustainable Agriculture

Sustainable agriculture is a system o f production agri
culture that has gained popularity and support at all 
levels in recent years. This system employs any and 
all techniques that are environmentally compatible 
and usually includes low input renewable resources 
and, as such, has been associated with organic garden
ing. Strict interpretation and practices in sustainable 
agriculture avoid all synthetic fertilizers, pesticides, 
and chemicals and many natural materials that are not 
environmentally friendly. I bis practice relies exclu
sively on natural amendments, green manures, com
posting, and cultural and natural control methods that 
maintain soil structure, manage pests, and produce 
horticultural crops in a sustainable manner. |.S'<v Sus- 
T A IN A B I  K A i ' . R IC U J  T U R K .  |

Low  input and environmental compatibility are im
portant elements in sustainable agriculture. The 1 WO 
Farm Hill specifically directs resources to research and 
development in this arena. Other attention is being 
directed at the state level to the development, imple
mentation, and inspection requirements that will 
allow for organically certified crops and animals.

VI. Conclusion

The fields ot horticultural entomology and crops face 
several challenging issues in the decade ahead. First 
is the delicate task ot maintaining agricultural compet
itiveness in global marketing with declining re
sources. The North American Free Trade Agreement

(N A F T A ) and General Agreement on Tariffs and 
Trade (G A T T ) w ill have significant impacts on fruit 
and vegetable producers. I )o\vnsizing in government, 
landgrant universities, county extension offices, and 
agribusiness w ill restrict free How o f capital, research 
development, and transfer o f technology. Second is 
the production ot a stable, economical, and sate food 
supply. W ith instability in weather, pests, and gov
ernments, any shift in horticultural production and 
markets will influence the supply and demand o f raw 
and processed products. Increased regulations and 
public pressure will affect produce at the farm gate. 
New  or revised legislation on pesticides and worker 
safety standards will impact growers and consumers 
alike. Interpretation ot the Delaney Amendment and 
its application will have implications tor processed 
foods and raw agricultural products. O u r collective 
task m the future will center on our continuous ability 
to research, understand, and apply scientifically based 
knowledge to improve the quality ot life tor all and 
to sustain the environment.
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Glossary

D ensity  dependent m echan ism s Influences which 
have ail effect 011 the fecundity or mortality rates o f 
a species that varies with the density o f the population 
E n d e m ic  Permanent occupation by a parasite or
disease
E q u ilib riu m  population  density 1 )ensity to which 
.1 population tends to return following perturbation 
E x p e r t  system  Com puter software based on artifi
cial intelligence and used to provide easy access to 
advice on diagnosis or management o f a problem 
H ost resistance Acquired partial im m unity to a par
asite
IP M  Integrated pest management 
M o d eratio n  M inim um  possible use o f pesticides 
Myiasis Infestation with a disease caused by fly 
maggots
Pest risk analysis Process o f defining risk o f intro
duction and establishment o f an exotic pest or out
break ot an endemic pest
P o p u la tio n  regulation  Process by which popula
tions return to equilibrium in response to negative 
fe e d b a c k mechanisms.
S aturation  Use o f pesticides at concentrations high 
enough to kill heterozygous resistance strains

T h e  taxonomy, ecology, behavior, damage, and 
vector roles ot veterinary arthropods are described

together with control methods and management 
strategies to reduce the impacts ot those arthropods 
011 livestock and domestic pets. Other aspects o f vet
erinary entomology such as insect physiology and 
structure are not considered. [.Sec I n s e c t  P h y s i-  
0 1  <k;y. I

I. Introduction

Veterinary entomology is mainly concerned with the 
management o f arthropods, including insects, ticks, 
and mites, which attack livestock, domestic pets, or 
wildlife. Some o f these arthropods also act as vectors 
o f disease or cause problems by breeding in animal 
waste. Most are parasites, but some, such as house
flies. cause .1 nuisance without parasitizing their host. 
Damaging species o f arthropods are found through
out tlie world, either alone or together with other 
species 011 the same host, and are more prevalent in 
the tropics. They affect almost every type o f wild 
and domesticated animal. The control o f veterinary 
arthropod pests involves a variety o f  techniques based 
011 chemical pesticides, vaccination, natural enemies, 
animal breeding, grazing management, trapping, re
lease o f sterilized populations o f pests, and other 
methods. The frequent presence o f mixed infestations 
ot parasites means that it is desirable to adopt an 
integrated pest management ( IP M ) approach. In IP M , 
a combination o f measures is used to attack the com
plex o f pests present while emphasising the need to 
be compatible with overall management o f the ag
ricultural enterprise. Quarantine measures are used to 
protect against the spread o f pests around the w'orld 
and eradication measures are applied under special 
circumstances. [See I n t e g r a  te d  P e s t  M a n a g e m e n t .  |

II. Taxonomic Groups

Veterinary entomology covers a large number o f tax
onomic groups, including several insect genera and

Encyclopedia o f  Agricultural Science, Volume 2 Copyright c 1994 by Academic Press, Inc. All rights of reproduction in any form reserved.
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TABLE I

Taxonomic Groups Considered in Veterinary Entomology 

1 )iptcra
Muscidae (house fly. stable fly. horn Hy. buttalo Hv) 
t ialliphoridae (myiasis Hies, srrewwurm Hy. and sheep 

blowfly)
Cleratopogomdac (biting midges)
C Tilicidac (mosquitoes)
Cilossinidae (tsetse fly)
Hemiptera (bugs)
Hippoboscidae (keds. louse Hies)
Oestridae. Hypodermatidae. (iastcrophilidae. C utcrcbridae 

(bot. nasal, warble flics)
Psychodidae (sandflies)
Simuliidae (black flics)
1 abanidac (horse, deer, or March flics)

Phthiraptcra [sucking (Anoplura) and chcwmg (Mallophaga) 
lice |

Siphonaptcra (fleas)
Acari (mange and blood-sucking mites)
Ixodida

Argasidac (soft ticks)
Ixodidac (hard ticks)

acarines. A summary o f these groups is given in T a
ble I.

Most species can lie separated by traditional taxo
nomic keys based on morphological characters that 
are visible under a light microscope, especially when 
supported by information on the geographical distri
bution, host range, and behavior ot each species. 
M ore sophisticated methods involving electron mi
croscopy or molecular biology are sometimes applied 
to distinguish between morphologically indistin
guishable species.

III. Ecological Principles

Arthropods need energy, water, tood, and shelter 
from their environment. Their hosts may supply 
some or most ot these needs. The individual needs 
o f each species vary widely and determine its geo
graphical distribution, the animals 011 which it is 
found, and its relative abundance. W ithin the field ot 
veterinary entomology the whole range o f variation 
is to be found. While many arthropods such as biting 
or myiasis Hies attack a wide range of hosts, others 
such as lice and some ticks and mites teed 011K 011 a 
single host species. Some arthropods are cosmopoli
tan while others have very limited geographical distri
butions. Important species such as screw worm Hies 
are quite rare but very damaging to their host while 
others such as mosquitoes are abundant and can cause

distress simply by their numbers. Some are highly 
mobile w hile others are sedentary and rely 011 hosts 
contacting them. Ecologists need appropriate tools to 
study each o f these extremes. This is only possible it 
they have sound ecological principles on which to 
base their studies.

A. Geographical Distribution— Concept of 
Limiting Factors

An arthropod's first requirement is a suitable climate. 
Each species has characteristic requirements for 
daylength. temperature, and available moisture which 
is the balance ot rainfall and evaporation. In any one 
location a species w ill be subjected to periods ot vary
ing duration o f favorable and unfavorable conditions 
each year. The balance ot these conditions determines 
the relative abundance ot a species in each location, 
other things being equal.

The essential requirements ot each species can be 
captured using computer programs such as the 
G L IM  E X  model. It integrates the response ofa species 
to weekly temperatures and moisture into an “ Ecocli- 
matic Index”  which is a measure o f the favorableness 
ot that location tor the relative abundance and perma
nent persistence o f the species. An example o f a 
G L IM  EX-generated global projection is given in Fig. 
1, using the N ew  W orld screwworm  Hy, Cochlioinyia 
Iwmiiiii'ora.x, as an example. It shows the fly ’s present 
geographical distribution and the relative favorable
ness o f representative locations around the world for 
the species, and so provides a measure o f vulnerability 
o f each area to colonization by the Hy. Similar maps 
can be produced to indicate the nature o f the effects 
limiting the range o f a species 111 a given region and 
the seasonal limits for species which annually migrate 
into warm er areas as the season progresses. The 
weekly temperature and population “ Growth Indi
ces" for the screwworm fly in Austin, Texas, are 
show'ii 111 hig. 2. They reveal the season during w'hich 
the fly is able to multiply.

Naturally, arthropods need more than a suitable 
climate in which to live. They need an adequate sup
ply o f hosts 011 which to feed and appropriate shelter 
in which to rest. In the case ot the N ew  World screw
worm fly, fairly dense thickets o f bushes or trees are 
essential and a supply o f livestock or wildlife must 
always be present. These conditions can be mapped 
using modern computer packages, called Geographi
cal Information Systems or G1S. Overlays o f each 
environmental component can be built up into a com-



TABLE V
Diseases of Poultry

1 disease Clause Nature

Aspergillosis, thrush Asper^Ulu,< fiimigatus A respiratory disease o f  chickens, turkeys, and sometimes wild birds with signs 
ot respiratory distress

Blackhead, lustomoniasis Protozoan, A serious disease ot liver ot turkeys transmitted by a worm ot the turkey's
I listomona> species caecum; causes weakness, diarrhea, and death

Clhlamydiosis Chlamydia psittaci Acute or chronic infection o f  domestic or wild birds with diarrhea, weakness, 
and inflammation ot respiratory organs; man is susceptible

C loccidiosis Protozoan, limieria Very serious and common disease o f  poultry with blood in the caecum and
species droppings of young birds and decreased growth and egg production o f  older 

birds
Clolibacillosis lischerichia coli Strains o f  the organism cause acute to chronic entcritic disease
1 )uck plague A herpesvirus An acute, severe, and fatal disease o f  ducks, geese, and swans characterized by 

hemorrhages and sudden deaths
Eastern encephalitis Specific virus An acute disease o f  pheasants and other birds with staggering and paralysis
Encephalomyelitis Not clearly shown A viral disease ot chickens, quail, and turkeys manifested by tremors o f  the 

neck and limbs and paralysis
Erysipelas lirysipelothrix An acute disease o f  turkeys with diffuse, multiple hemorrhages in the large

rhusiopathiae muscles
Fowl cholera l\isicurella multocida An acute to chronic disease o f  domestic and wild birds; strains o f  the organism 

from nonavian hosts do not infect birds
Fowl pox Specific virus A slow-spreading infection o f  chickens and turkeys manifested by blisters on the 

skin that progress to heavy scabs
Infectious bronchitis Specific virus An acute, rapidly spreading, respiratory disease with coughing, sneezing, and 

decreased egg production
Infectious coryza / lemophilus gallinanim An acute respiratory disease o f  chickens manifested by signs o f  respiratory 

distress
Infectious

laryngotracheitis
Specific virus An acute disease o f  chickens causing severe respiratory distress

InHuenza, fowl plague Strains o f  influenza Wide range of responses from none to very high mortality; fowl plague is an
virus eradicable disease in the United States

Listeriosis Listeria monocytogenes An acute or chronic disease o f  chickens and turkeys; often sporadic in adult 
birds with necrosis ot liver and muscles ot heart

Lymphoid leukosis A specific retrovirus Infection may be congenital; causes diffuse or nodular lymphoid tumors in liver, 
spleen, and elsewhere

Marek's disease A specific Very widespread infection manifested by depression, paralysis, and death with
herpesvirus lymphoid tumors o f  nerves and organs

Mycoplasmosis Mycoplasma 
gal li sept icuni

A chronic respiratory disease o f  chickens

Mycoplasma
meleagridis

A venereal disease o f  turkeys with inflammation o f  the air sacs

Mycoplasma synoviae Acute to chronic disease o f  chickens and turkeys with inflammation o f  tendons 
and the respiratory tract

My cotoxicosis Ariatoxin Ingestion o f  the toxin produced by aspergillus species growing in feeds
Newcastle disease Specific virus An acute, rapidly spreading disease o f  domestic poultry and other birds with 

nervous and respiratory signs
Necrotic dermatitis Clostridium sept itton Clauses acute necrosis o f  the skin
Necrotic enteritis C7/ostridium perfringens An acute, explosive, enterotoxem ic disease with necrosis o f  intestines and 

organs
Salmonelloses Salmonella pullorum Clauses pullorum disease, an acute, fatal disease o f  young chickens and turkeys; 

now controlled
Salmonella gal I inarum Clauses fowl typhoid, a chronic disease o f  adult birds
Salmonella a m  on a Clauses paracolon or arizona disease, an indistinct infection o f  turkey flocks
Salmonella species Indistinct infection ot all domestic birds; mortality varies

Spirochetosis Borrelia an serin a An acute to chronic disease o f  all birds with fever, weakness, and diarrhea
Tuberculosis Mycobacterium arium A chronic, slowly spreading disease o f  chickens and captive wild birds with 

emaciation and weakness
Viral hepatitis o f  ducks A picornavirus An acute, very contagious disease o f  young waterfowl
Viral hepatitis o f  geese A parvovirus An acute, highly fatal infection o f  young geese
Viral hepatitis o f  turkeys An adenovirus Acute or subclinical infection o f  turkeys with inHanimation o f  the liver and 

pancreas
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FIGURE 2 The weekly lemperature ( I I) and (irow th ((il) in
dices, generated by C!L1ML:X. tor the New World screwworin.
( 'oihliomyid hoiniiiii’orii.x, at Austin. Texas. The indices are measures 
ot the tavorableness ot the temperature and temperature combined 
with moisture, respectively, tor population growth ot the species.

prehensive picture of the resources available to a spe
cies in different locations.

B. Abundance
Populations of animals usually fluctuate about a long
term average density in any given set of circum
stances. This number can be thought of as the carrying 
capacity of that environment for that species, hollow
ing perturbation, a population will return to its “ equi
librium population density”  in response to negative 
feedback mechanisms. The extent to which the popu
lation fluctuates or tends to return to the equilibrium 
density depends both on the inherent properties o f 
the species and on the constancy o f the outside envi
ronment. Some species have evolved a “ boom or 
bust”  strategy by which they rapidly exploit new 
resources after migrating into a new locality or after 
a change in the state o f their environment. These are 
called r selected species. Screvvworm flies, some ticks, 
horn flies, and lice tall into this category. The species 
usually have high reproductive rates and short genera
tion times. The other strategy, referred to as K  se
lected. relies on steady growth rates and longer gen
eration times with much smaller fluctuations >n num
bers. The tsetse fly m Africa is a good example of a 
^-selected species. It produces only one offspring at 
a time and its numbers vary little over long periods.

The size of fluctuations in population density is 
dampened to varying degrees by a variety ot negative-

feedback mechanisms in different species. These 
mechanisms work by decreasing population growth 
rates at high population densities and increasing them 
at low densities. This can come about through re
duced fecundity or increased mortality. Some exam
ples o f such density-dependent mechanisms are the 
increased immunological or behavioral responses o f 
animals to feeding by the parasite. For example, cattle 
express their immunologically based resistance to tick 
feeding more strongly when larger numbers ot ticks 
attach to them, and they respond to an increased fre
quency o f feeding attempts of biting flies by increasing 
their defensive reactions. Cattle detect and avoid areas 
o f pasture with large clusters ot tick larvae on them. 
The result o f these mechanisms is to slow population 
growth rates when the density is high and to increase 
the chances o f success o f each individual when the 
population density is very low. The process is termed 
population rcgiihuion. Where populations are regulated 
the equilibrium population density will be equivalent 
to the long-term average population density. In the 
case o f some chaotic populations whose sizes vary in 
response to the dynamics o f their internal population 
processes, the equilibrium density can vary greatly 
over time.

At anv one time there is usually a small proportion 
o f hosts m a given herd or flock which is more heavily 
infested than the other animals. This is a characteristic 
feature ot parasitism and can result from unequal 
numbers o f parasites attacking each animal as a result 
ot aggregation ot parasites in the environment or, 
more often, from varying susceptibility of the host. 
This phenomenon has important consequences for 
both host and parasite populations. When parasite 
numbers increase to high levels, a small proportion 
of hosts, usually about 15-20% with lower resistance, 
die first. The resultant impact on the parasite popula
tion is much greater, with up to 50%  o f the parasites 
commonly being removed with those hosts. The av
erage resistance level o f the surviving hosts is conse
quently increased. This is another negative feedback 
mechanism which is triggered when the earlier ones 
tail to suppress population growth rates sufficiently.

In searching for unifying themes in parasite ecology 
we need to concentrate on the ecological processes 
rather than on the individual variations observed in 
die life cycles o f different species. While there is a 
vast array o f different lite-cycle patterns exhibited by 
different veterinary arthropods, there are only three 
underlying processes to consider. These are free- 
living development, host finding, and survival and 
reproduction ot parasitic stages.
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The usual concern ot humans with parasites affect- 
111 their stock distracts us from the tact that for most 
parasites, most ot the time is spent away from the host 
in a tree-living state I hiring this period the parasite is 
subject to the effects ot climate and is prone to preda
tion. There is a wide range o f suitable habitats for 
different species. Morn Hies lay their eggs in the freshly 
dropped dung ot their cattle host, ticks lay their eggs 
in pastures, and lice and myiasis Hies lay their eggs 
011 the coat ot their host. In each case the eggs must 
develop through to the infective or host-finding stage 
in very different environments.

The host-seeking stages in the life cycle have to 
find a host. Their success in doing so depends on how 
long they can survive while awaiting a host and how 
many hosts are within their range. Some species like 
screwworm Hies are highly mobile and have very 
sensitive host-seeking behavior as they cue into odors 
from long distances. Other species, like ticks and Heas, 
await more or less passively until a suitable host ap
proaches when they respond to short range cues like 
exhaled breath or vibration and attach to the animal.

Once the parasite has found a host it adopts a strat
egy which again varies w idely depending 011 the spe
cies concerned. Biting Hies, such as horse or March 
Hies (Tabanidae) and tsetse Hies, make Heeting visits 
to their hosts and take rapid and large blood meals. 
O il the other hand, horn Hies remain 011 their host 
for the duration o f their lite as adults feeding up to 
IS times a day, with female Hies leaving only to lay 
eggs 111 their host’s freshly deposited dung. Ticks, 
lice, keds, and Heas also remain 011 their host for the 
whole ot their feeding period. The choice o f feeding 
site on the host varies with the species and often ap
pears to be an adaptation, either to avoid the host's 
grooming behavior, excessive heat from direct sun
light. or to minimize competition and interference 
with other species. Different species o f horse Hies feed 
on different parts ot the body, at different times of 
the day or in different seasons. Ticks in Africa show 
similar sharing ot resources between species, where 
up to five species may often be found 011 a host at 
any one place. Some ticks teed within the ear canal 
ot bovines, others attach inside the nostrils o f camels, 
or around the anus or 011 the hooves o f antelope. 
Myiasis Hies show temporal separation with primary 
species initiating strikes, secondary species following, 
and tertiary species only arriving when the host is 
almost dead. Where temporal or spatial separation is 
inadequate to segregate closely related species, repro
ductive interference may occur and result in one or 
other species being excluded, such as in a hybrid zone.

The success ot .111 arthropod in feeding depends 011 

its ability to circumvent the host's immunological and 
behavioral defences. Typically, hosts become sensi
tized to the feeding o f the arthropod and mount im 
mune responses o f varying effectiveness against them. 
The response often involves an immediate hypersensi
tivity reaction and is expressed in various grooming 
behaviors and immune reactions at the feeding sire. 
A 11 understanding ot the host-parasite relationship is 
vital to any attempt to control parasite populations 
by means which rely 011 altering the host’s resistance 
to attack.

Once the life cycle o f .111 arthropod has been defined, 
the behavior o f field populations needs to be investi
gated. Once again we aie faced with a variety ot 
strategies used by the arthropods to survive in differ
ent circumstances. Some species such as horn Hies can 
undergo one generation in 2 weeks, while temperate 
species o f ticks require 1 to 3 years to complete a 
single generation. It is common to observe a single 
generation each year, with or without a diapause 
or dormant stage being involved to assist over
wintering. On the other hand, some species such as 
lice are more successful under cold conditions. Natu
rally, the shorter the generation time the faster the 
species can respond to change and the quicker it w ill 
reach equilibrium 111 a new set of circumstances. W e 
will see later how the generation time is so important 
in determining the useful life ot pesticides.

In the face o f this great diversity o f life styles it is 
essential to refocus on the ecological processes them
selves and address the problem of what veterinary 
arthropods do. Ways to interfere with those behaviors 
tor the purpose ot control are then easier to devise in 
order to control pests.

IV. Dam age

Veterinary arthropods directly affect livestock, do
mestic animals, and wildlife in a variety o f ways, with 
results that conflict w ith the objectives set by humans 
for the use o f those animals. The effects, summarized 
in Table II, vary from disturbance o f milking cows 
by houseflies to death from excessive infestations o f 
ticks or blackflies (Sim ulium ). In addition to these 
direct effects, many arthropods also act as vectors o f 
diseases, as described 111 the next section. Effects not 
listed in Table II include the disruption to animal 
movements that are necessary to avoid the spread o f 
veterinary arthropods from farm to farm or country 
to country. In order to move animals, it is common to
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TABLE II
Some Types of Damage Caused by Veterinary Arthropods to Domestic Pets and Livestock

Arthropod

Effect

Disturbance Anemia
Reduced
growth

Reduced
milk

1 )a in aged 
wool/hides Allergy Paralysis Death

Lite chewing + + +
Lice sucking + + + + +
Biting Hies + + + + + +
Mviasis flies + + + + +
Nuisance Hies +
Fleas f + + +
Soft ticks + + t
Hard ticks + + -i + + + + +
Mites + t + +

have to undergo quarantine treatments which involve 
expensive delays, feeding, and chemical treatment 
facilities, in order to prevent the spread of the para
sites.

Veterinary arthropods have enormous social im
pacts around the world. They affect human health 
and our ability to keep the very limited number ot 
different types o f livestock that we usually maintain 
in every environment, viz., sheep, cattle, .mil horses. 
Some o f the most spectacular impacts have been 
caused by the New  World screwworm fly. In the 
southern United States deer populations were kept 
low  by the high mortality caused by attacks by the 
screwworm fly. They have increased dramatically 
since the eradication o f the fly in the IM7()s and are 
now rated as a very important economic resource. 
W hile beneficial to farmers in the short term the in
crease in deer numbers now threatens the ability o f 
that area to maintain its eradication o f the cattle ticks, 
Boophilus microplus and Hoophilus ■ viiiiihvus, which teed 
on both cattle and deer. The ticks had been eradicated 
while deer were rare but are continuously being rein
troduced from Mexico. Local eradication was feasible 
when deer were rare but that is now becoming much 
more difficult. Another example o f the impact o f the 
screwworm fly is illustrated by the result o f a survey 
o f villagers in Mexico who were asked to rank im
provements in their life styles resulting from techno
logical development. They rated the eradication ot 
the flv as one ot the most significant. I ’he interaction 
between the control o f screwworm flies and ticks in 
the United States highlights the need to take .1 holistic 
view o f  veterinary entomological problems. Control 
o f one species mav not improve the situ.m< >11 foi farm
ers if  they still have to treat their animals for other 
species

V. Disease Transmission

Frequently the need to study a veterinary arthropod 
arises not from any direct detrimental effect o f  the 
species on .111 animal, but from the role that the arthro
pod plays 111 transmitting disease between domesti
cated animals or from animals to humans. The arthro
pod is studied in order to provide options apart from 
treatment o f the pathogen, to control the disease. We 
often forget that many pathogens live in hosts other 
than the animals we are interested in. They can have 
detrimental effects 011 these intermediate hosts as well. 
Conversely, some potential vectors are refractory to 
infection by the pathogens which are unable to survive 
in them, and some have been shown to develop im 
mune reactions to the pathogens in a manner more 
com monly associated with mammals. As we have 
alreadv seen in relation to other attributes o f veteri
nary arthropods, a wide range o f pathogen groups 
are transmitted by these vectors, and examples o f the 
most important ones are listed with their vectors in 
Table III. |.SYr A n im a i  1 )ish ases . |

The rate at which vectors transmit diseases depends
011 the infection rate in the vector, the success o f the 
vector in finding a host, the suitability o f the host for 
multiplication o f the pathogen,and the ability o f the 
pathogen to infect another vector.

Vector-borne diseases greatly limit the productivity 
o f livestock in every country. In Africa in particular 
trypanosomiasis transmitted by the tsetse fly and East 
Coast fever transmitted by the tick Rliipicephalus ap- 
patJifnl,:tUi have prevented the widespread introduc
tion o f more productive but less well-adapted breeds 
o f cattle. Mosquitoes transmit debilitating equine en
cephalitis virus 111 the United States. In Europe, Asia, 
and Australia the vector-borne diseases ot most sig-
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TABLE III
Vector-Borne Diseases and Their Arthropod Vectors

Pathogen Vectors

1 rypanosonuasis
A merit/.is 1 riatomid bugs
Africa Tsetse Hy
Asia Stomoxys (mechanical*

Babesia (tattle*, dogs) I leks
1 heileria (cattle) I icks
liorrelia— Lym e disease licks
Letshmania Sandfies (Phlcbotoimis)
Ru kettsia

C!oxiella. Rickettsia licks
Anaplasma (cattle) l icks, biting Hies
C '.owdria—  1 leartwater I icks
Sweating sickness I icks

Viruses
I.i|inne encephalitis (U .S .) licks
1 phemeral fever, hltictnni*ue Midges (C iilicoides)
African swine fever Soft ticks

nificance arc transmitted by ticks. In South America 
Hcmipteran bugs transmit protozoan parasites, such 
as trypanosomes causing anemia in horses, while ticks 
transmit B,ihesi,i and AiuipLisnui spp between cattle.

VI. Control Methods

I Inmans control veterinary arthropods to minimize 
the impacts on livestock production, pets, or humans 
themselves. In the former case, decisions are usually 
made using economic criteria but in the latter cases 
cost often takes second place to emotional issues. 
Considerations in relation to livestock include the 
costs of chemicals, vaccinations, traps, or other 
management practices used to reduce arthropod or 
arthropod-borne diseases. There are also less obvious 
costs associated w ith use ot capital and labor, and the 
side effects 011 public health and the environment. 
There is also a cost associated with the loss o f chemi
cals due to the development of resistant strains of 
arthropods. Each control method has a unique mix
ture ot benefits, constraints, and adverse conse
quences. For example, chemical pesticides are often 
a health and environmental hazard, breeding livestock 
lor parasite resistance is usually at the cost o f other 
productive attributes, traps mav need more effort 
trom ’iK'nagenn'ir.. ;:nd use ot sterilized insects is lim
ited to situations where the insect population is al
ready at low levels and is being eradicated. O n  the 
positive side, pesticides usually work almost in
stantly, breeding tor resistance minimizes other de

mands 011 management, traps avoid problems o f resis
tance and pollution but some types may have adverse 
effects on nontarget insects, and sterilized insects offer 
advantages when dealing with large heterogeneous 
areas containing low  population densities ofotherwise 
inaccessible pests.

O ver the past halt century there have been a succes
sion ot natural and synthetic chemical pesticides de
veloped for use 011 livestock or domestic animals. The 
main chemical groups have been based on arsenic, 
natural pyrethrum. organochlorins, organophos- 
phatcs, carbamates, amidines, synthetic pyrethroids, 
avermcctms, and arthropod growth regulators. | See 
P is r  M anagem ent, Chi.mk.ai C o n tro l.  |

Each o f the chemical groups has characteristic 
strengths and weaknesses. The attributes o f most sig
nificance arc the degree ot specificity ot the chemical 
and its persistence after application. Specificity refers 
to the extent to which the chemical's effects are re
stricted to a target group ot arthropods. Chemicals 
such as 1 )I)T , an organochlorin, were hailed as mira
cle solutions to many arthropod problems because 
they had a broad spectrum o f activity and very long 
persistence 111 the environment after application. Ex 
perience showed that these advantages were not in 
fact long lasting and led to severe, adverse side effects, 
such as the rapid emergence ot resistant strains o f 
insects, accumulation in other animals which fed 011 

treated insects, and persistent chemical residues which 
accumulated 111 the soil and water. The .ivermectin 
group ot chemicals has similarities to the organochlor- 
111s in having a broad spectrum ot activity and persis
tence for long periods 111 the soil or in animal manure. 
A vermcctins are extremely active compounds and kill 
arthropods and helminths at very low concentrations 
while having, low toxicity to mammals. At the other 
extreme, amidines are very selective and kill only 
acarincs such as ticks and mites, and do not persist 
long after use, although weight tor weight they are 
much more .active than organochlorins.

Chemical pesticides have many different modes o f 
action. Som e chemicals such as D D T  and some or- 
ganophosphaitcs are contact poisons and are applied 
topically to the animal. Others such as the avermectins 
have systemi c effects which means that they work by 
circulating 111 the body fluids ot the host animal and are 
taken up by the arthropod during feeding. Residues o f 
.ivermectin remain in animal manure where they can 
be used to control dung breeding flies such as Hacma- 
tohia spp. U  nfortunately they also affect beneficial 
insects such as dung burying beetles and so should
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be used only when side effects can be avoided, such 
as in seasons when dung beetles are not active.

The range ot pesticide delivery systems include: 
hand spraying, mechanical spraying in “ spray races," 
timed space sprays in dairy sheds, immersing live
stock in dipping vats, pouring small amounts o f con
centrate mixed with various oils onto an animal's back 
and letting it spread through affinity o f the mixture 
with the animal's skin oils using the pour-on method, 
automatic chemical dispensing devices such as back- 
rubbers for use in control of horn fly, impregnated 
ear-tags. injections, and sustained-release boluses im 
pregnated with pesticide and implanted into the stom
ach ot an animal where the chemical is released at a 
fixed slow rate.

Chemical pesticides have one major advantage over 
other control methods— they often act almost instan
taneously. This means that they are invaluable for 
treating livestock prior to movement in order to pre
sent the spread of the pests to new places or countries. 
As usual there is a down side to this in that residues 
ot the chemicals often remain in the body tissues of 
livestock for some days after use and can contaminate 
animal products such as meat or milk. Regulations 
usually define the length o f the so-called with-holding 
period needed after treatment before livestock can be 
slaughtered.

Apart from the disadvantages caused by chemical 
residues, the main problem with relying only on 
chemical pesticides tor control ot arthropods is the 
rapidity with which many pests are able to develop 
resistance to each new product. Resistant pests emerge 
as a result of initially rare individuals with lower sensi
tiv ity to the chemical becoming more frequent in de
population as their more susceptible siblings are killed 
by the pesticide. When their frequency reaches about 
5 %  a decline in efficiency o f control starts to become 
apparent and the pesticide has to be replaced with a 
different type o f chemical. The time from the intro
duction ot a new product until resistance develops 
depends on the genetic nature ot the resistance 
gene— whether it is dominant or recessive— and on 
many ecological and operational factors. Ecological 
factors include the number ot generations that the 
species undergoes each year; the extent to which 
treated and untreated populations intermix; and the 
number o f individuals sheltered from exposure to the 
chemical by being in a state ot “ retugia" away from 
the treated hosts. Operational factors include the con
centration ot the pesticide, the frequency ot its use, 
and the extent to which the concentration on the ani
mal is allowed to decline between treatments. A strat

egy o f moderation in the use o f pesticides applied at 
saturation concentrations has been advocated to delay 
the development ot resistance. However, the neces
sary price for delaying resistance is to accept greater 
levels o f damage or to rely on integration o f  pesticides 
with other methods o f control. The cost ot pesticides 
has to take into account the long-term value ot pesti
cide susceptibility which, once lost, is lost forever. In 
this sense a pesticide should be seen as a nonrenewable 
resource to be carefully husbanded, preferably by re
stricting its use to situations where other options are 
not available, for cleansing livestock ot pests prior to 
movement, and where possible to win permanent 
gains by eradication ot the pest.

Control methods which exploit the natural abilities 
o f animals to defend themselves against arthropods 
have many advantages. T w o  such approaches are first 
to select and breed genetically resistant animals and 
second to vaccinate animals against arthropod parasite 
antigens. Host resistance is defined as the ability ot 
an animal to reduce the fecundity or increase the mor
tality o f the parasite. Various mechanisms exist to 
damage parasites, but the most frequent is based on 
immediate hypersensitivity which triggers reactions 
such as grooming or blister-like lesions which displace 
the arthropod. The ability of an animal to resist para
sites is affected bv its physiological state and is reduced 
during lactation and by nutritional and other stresses. 
Vaccination against ticks and some biting flies has 
been shown to be possible using genetically engi
neered antigens from body tissues to immunize the 
host. When ingested in blood, host antibodies attack 
the tissues o f the arthropod. N o  practical use has yet 
been made ot the technology.

Host resistance has been used to control parasites 
o f domestic animals. Reliance on host resistance mini
mizes the need tor management or tor use ot pesti
cides. The average level ot resistance ot a herd or 
flock can be increased by either culling or segregating 
animals with low resistance in order to w in immediate 
but short-lived benefits, or more effectively by long
term breeding programs. The best practical example 
o f such an approach is given by the control of' the 
cattle tick li. initivplns in Australia. It has resulted m 
a change o f cattle breeds away from European breeds 
toward zebu breeds in tropical areas with large reduc
tions m the use o f acaricides. Unfortunately cat- 
tleowners still spray their cattle for control o f rhe 
buffalo fl\ so reducing the benefits gained from the 
use o f tick resistant cattle.

Trapping is becoming a more popular means ot 
control o f veterinary arthropods in order to reduce
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the use ol pesticides. I lie design ot each tvpe ot trap 
depends greatly 011 the behavior ot the species con
cerned In Africa, traps baited with eattle urine and 
placed in a grid pattern across large grazing areas have 
led to the suppression ot the tsetse Hy. Attempts were 
made to control the horn fly in North America using 
darkened boxes tilled with curiains through which 
the cattle walked. Acceptance ot these "B ru ce ”  traps 
has been low and the traps have not been very effec
tive. Recently much more effective traps have been 
developed in Australia using the principle o f curtains 
borrowed from the Bruce trap but employing an op
posite concept m relation to light. Instead o f a dark
ened box which inhibits the entry o f both the Hies and 
the cattle, the Australian trap is based 011 a transparent 
tunnel. The trap is being used to control the closely 
related buffalo Hy on dairv cattle in Australia. It has 
been proven to work on horn Hy so there are good 
prospects tor reducing the amount o f pesticide used 
to control /LwiiuVobia 011 cattle. The next step will 
be to find alternatives tor control of the other Hies 
pestering dairy and teed lot cattle, especially houseflies 
and the stable Hy Stoinoxys uilcitnms. The first priority 
is to address hygiene deficiencies to reduce the oppor
tunities for Hy breeding.

Some ot the most dramatic successes in the control 
ot veterinary arthropods have been achieved using 
the sterile insect release method, known as SI KM . 
Male N ew  W orld  screwworin flies ( ’. Iwwinivorax 
were bred using artificial diets in massive numbers in 
factories in north America, sterilized with low levels 
ot irradiation, and then released from aircraft into 
the wild to mate with wild females. The number of 
sterilized males was designed to greatly outnumber 
the wild males and so prevent them from mating with 
female Hies which only mate once. If  the ratio o f 
sterilized to wild flies is sufficiently high, eradication 
is possible and has been achieved over the southern 
United States and Mexico and more recently 111 Libya 
following an accidental introduction o f Hies with live 
sheep imports. Economic analyses have shown bene
fits ot up to S300 tor every dollar spent in the program.

V II. M anagement Strategies

Sustainable management strategies for control o f vet
erinary arthropods rely on successful integration into 
normal agricultural practices. Control strategies 
which require major changes w ill not be widely 
adopted unless either they can be fitted into current 
practices or there is 110 acceptable alternative and the

pest is verv severe. Such constraints demand that vet
erinary entomologists adopt a holistic v iew  ot each 
problem and define the industry and w ider context 
o f the problem before recommending solutions. A  
major contribution to widespread adoption and sus
tainability' is provided by biological methods o f con
trol. |See P is  i M a n a c h m i  n t .  B i o i o g i c a i  C o n t r o l ;  
Res 1 M a n a ( ;k m f .n t ,  C i i i t u r a i  C o n t r o i ;  S u s t a in -  
AHI l: A C R IC U I I URI-. |

Management strategies are adopted at the national 
level through quarantine services or through eradica
tion programs. A t the farm level the need is tor inte
grated pest management approaches which make the 
best use o f  all available methods and adopt a holistic 
view to cover all pests present, taking into account 
the specific needs, resources, and constraints o f the 
individual tanner.

Quarantine is the first line ot defence for any coun
try. It has traditionally been based 011 a concept o f 
minimum risk but the trend is currently toward adop
tion o f  the concept o f acceptable risk in order to facili
tate free trade. Risks are evaluated using procedures 
known as pest risk analyses. In such a study the coun
try ot origin, mode ot transport, and destination of 
a com modity is examined to define risks associated 
with proposed importations. The trend is toward 
quantifying the risks where possible and involving 
wide consultation with all com m unity groups that 
are likely to be affected. A variety o f computer-based 
techniques are being adopted including expert sys
tems, geographic information systems, databases, 
climate-matching models such as that used to produce 
figs. 1 and 2, and elaborate simulation models. Inter
national efforts are being made to develop the concept 
ot global harmonization ot quarantine pest risk assess
ment procedures.

Eradication o f very expensive pests is an option in 
situations where special circumstances warrant the 
vast expense involved. Both cattle ticks and screw- 
worm Hies have been eradicated from the United 
States and North America, respectively. Success with 
the former species depended on adequate funds, staff, 
motivation, and legislation. It was achieved using 
very inefficient chemicals compared with modern 
pesticides and was only possible because ot the relative 
rarity o f alternative hosts for the ticks. Ironically, 
the later successful eradication ot the screwworin fly 
using tiie sterile insect release method (S1RM ) enabled 
populations of white-tailed deer to build up to num
bers which would make eradication ot cattle ticks 
impracticable. The inability o f the United States to 
secure its border w ith M exico is a major weakness in
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the tick eradication approach as it requires continuous 
surveillance and eradication ot local outbreaks o f ticks 
associated w ith movement o f cattle from Mexico to 
the United States. In Africa attempts have been made 
to eradicate tsetse fly from many areas with mixed 
success. The development o f cheap and efficient traps 
otters improved prospects ot success but raises the 
whole question ot the value and sustainability o f wild 
animal populations which could be displaced by cattle 
and sheep once tsetse flies have been removed. A 
possible future candidate for eradication is the warble 
fly which is very susceptible to systemic pesticides.

The costs and risks associated with eradication are 
very high and the benefits need to be large to warrant 
eradication rather than an IPM-based approach. T w o  
of the benefits are the preservation ot pesticide suscep
tibility tor future generations and the avoidance ot 
long-term exposure ot consumers to pesticide res
idues.

At the farm level it is rarely possible to maintain 
an arthropod-free status and management strategies 
have to be employed to minimize the economic im 
pact ot the pest on the farm. The most popularly 
espoused, but rarely implemented, approach is inte
grated pest management ( IP M ).  Biological, cultural, 
and chemical methods are employed in combination 
to suppress pests. Ideally, control programs which 
address all pests simultaneously are preferred. C om 
patibility of recommendations with the other man
agement requirements ot the farmer is an important 
consideration.

V III. Education

The role ot veterinary entomologists means that they 
have to understand not only entomology but also the 
livestock or domestic animals that are attacked by the 
arthropods. Entomologists have been in the forefront 
ot moves to adopt holistic approachs to pest manage
ment. Their education should reflect that need by 
being based on the systems approach to pest manage
ment. which emphasizes the inter-relatedness o f each 
component of the host-parasite-environment sys
tem. N ew  approaches to education will relv more 
and more on computer-based training where the taxo
nomic, ecological, management, and economic skills 
are learned trom computer software programs. Sim u
lation models and expert systems w ill guide students

through exercises and games to let them learn by 
experience how best to manage veterinary pests while 
at the same time integrating their practices into the 
total farm management system.

IX. Future Directions

The future trends in the practice ot veterinary ento
mology w ill be driven largely by regulations in rela
tion to the use o f pesticides and the availability ot 
such chemicals. The development ot resistant strains 
o f arthropods poses an immediate threat. Low er toler
ance levels are very likely for synthetic chemicals in 
livestock products. Further spread ot some severe 
pests w ill occur and the status ot existing pests is 
likely to change with changing knowledge and market 
conditions. Biological control methods, including 
biotechnology products, and cultural practices are 
likely to increase in popularity. In order to adapt to 
such changes there is a need tor continuous alertness 
and the maintenance o f a capacity to respond to new 
situations. The future developments in veterinary en
tomology in theory and practice w ill depend heavily 
on the type ot education that is given to the next 
generation o f students and farmers. N ew  teaching 
tools based 011 computers can play an important part 
in teaching taxonomy, diagnosis, ecological princi
ples, control strategies, and management of environ
mental impacts. Suitable tools include expert systems 
and simulation models as well as simple graphics 
packages.
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Glossary

C u ltiv ar  Man-made plant variety; trom the words 
“ cultivated”  and "varie ty ”
F lo ricu ltu re  Science and practice of growing, har
vesting, storing, designing, marketing, and exporting 
ot cut foliage or container-grown foliage and dow
ering plants, ornamental bulb crops, and bedding 
plants
Landscape h orticu ltu re  Science and practice o f 
growing, harvesting, storing, designing, marketing, 
and exporting shrubs, trees, and turfgrass for exterior 
landscapes
Turfgrass  science Production and use o f turfgrasses 
for residential and commercial landscapes, sports 
fields, roadsides, parks, and gardens

En v iro n m en ta l horticulture, also known as orna
mental horticulture, is the science and art o f growing 
and using plants to enhance the environment, both 
indoors and out, by applying traditional methods and 
advanced technology. The field includes floriculture, 
landscape horticulture, turfgrass science, and thera
peutic and recreational horticulture. G row n for their 
aesthetic value, ornamental plants include flowers, 
foliage, landscape plants, and turfgrasses.

I. Introduction/Historical Overview

The earliest recorded civilizations cultivated plants for 
food and medicinal value, and soon began to seek and 
tend plants valued for their flowers or foliage. In the 
time o f the ancient Egyptians, elaborate plantings of 
trees and flowers attest to the importance ot ornamen
tal plants in that culture. The lotus, a sacred flower 
in Egypt, is incorporated into much o f the art and 
architecture o f the period.

But it is Imperial Rom e which is credited as the 
true birthplace o f “ ornamental horticulture."  Gardens 
created purely for pleasure appeared tor the first time 
in Italy sometime prior to the first century A .l) .  In 
62 A .n . Pliny described gardens containing sycamore, 
tig, mulberry, cypress and pine trees, shrubs such as 
boxwood, laurel, and myrtle, groundcovers such as 
ivy, rosemary, and fern, blooming vines and a host 
o f flowering plants including 12 varieties of' roses, 
bulbs (hyacinths, lilies, narcissi, crocuses), violets, 
irises, anemones, poppies, and oleanders.

Specimen plants and flowers were included among 
the commodities acquired by early explorers ventur
ing into new lands. Comm ercial trade in plants and 
flowers began soon after. B y  the 17th century, people 
were paying enormous prices tor a single tulip bulb. 
Wealthy homeowners began converting orangeries to 
houses for the maintenance ot ornamental plants, such 
as laurel and myrtle. In the late 1700s and early 1800s, 
European botanic gardens introduced people to 
"n e w ”  plants from throughout the world. Around 
1830, commercial nurseries were born and replaced 
botanic gardens as the source ot plant material. As the 
Victorian period began in England, large greenhouse 
conservatories at botanic gardens educated citizens 
about plan's acquired trom various climatic areas of 
the world.

The first American colonists cultivated plants only 
for food and medicine. But bv the mid-1600s, survival

Encyclopedia o f  Agricultural Science, I'olume 2 Copyright c 1994 by Academic Press, Inc. All rights of reproduction in any form reserved.
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became more certain in the larger settlements, and, 
strongly influenced by memories ot gardens in their 
native lands, colonists began to incorporate flower 
beds around their dwellings and among their herbs 
and vegetable plots. The Dutch who settled in 
America brought with them considerable horticul
tural experience, and by 1700, shipments from Europe 
included bulbs, seeds, dwarf box. and garden tools, 
among the other necessities imported by the colonies.

II. Production

A. Market Value and Plants Produced

Ornamental horticulture crops are produced in every 
state in the United States, and were the most rapidly 
expanding segment ot crop agriculture from 1976 to
1991, with total wholesale value increasing from S2 
billion in 1976 to S8.7 billion in 1991. In 1991, the 
environmental horticulture industries reptesented 
nearly 11% ot crop agriculture in the United States 
and was the sixth largest agriculture commodity after 
cattle and calves, dairy products, corn. hogs, and 
soybeans (Fit;. I). Twenty-one states had a whole

sale value over Slot) million in ornamental horticul
ture, w ith three states— California, Florida, and 
Texas— exceeding S500 million in grower cash re
ceipts (F ig. 2). In 1990, average net farm income for 
green industry farm enterprises was 553,589, the 
highest among all farm production specialties.

The ornamental horticulture industry in the United 
States comprises more than 50,0(1(1 small busi
nesses— growers, wholesalers, and retailers. Orna
mental plants include cut flowers and fresh foliage, 
potted foliage and flowering plants, bedding plants 
(annuals and perennials), woody ornamental land
scape plants (trees, shrubs, and ground covers), and 
turfgrass (seed and sod). |Sec F loricu i.tuhh; Turh- 
(.k a ss i s. |

Americans buy flowers and plants as gifts, to deco
rate home and work areas, and to create attractive 
landscapes outside homes, apartments, institutions, 
and commercial buildings. A recent study revealed 
that during a 3-month period, 25%  ot American 
households purchased flowers or plants. Consumer 
purchases and utilization of flowers and plants vary 
widelv throughout the world. Per capita consumption 
of flowers and foliage plants ranged from S I8.52 in
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Czech Republic to SI2ft.75 in N orw ay (Tabic I). Con
sumers in Norw ay, Switzerland, Sweden, and Den
mark purchased more potted plants than cut flowers, 
while cut flowers were more popular in other parts 
ot the world.

III. Plant Use

Whether in a city apartment windowbox or a subur
ban garden, flowers and plants enhance the aesthetic 
quality of the environments where people live, work, 
and relax in and out o f doors. Exposure to living 
plants has been shown to have positive human psy
chological and physiological benefits. For instance, 
patients assigned to hospital rooms with w indow 
views facing natural scenes had shorter postoperative 
hospital stays and took less pai’i .indication than 
matched patients facing a wall. Other studies have 
pointed to the positive role ofplants in reducing stress.

Plants are beneficial in maintaining the environ
ment by reducing energy consumption and preserv
ing natural resources. Plants are the most economical 
way to modify the microclimate around structures.

TABLE I

Per Capita Consumption of Flowers and Foliage 
Plants (U.S. Dollars)

Country Flowers I’lants Total

Norw ay S58.09 S68.(>(i SI26.75
Switzorl.UK) S55.45 S63.37 S I 18.83
Sweden S4D.67 S62.85 SI 03.51
I Xnm .irk S33.27 S68. 13 SUM.4d
Italy S67.U7 S26.93 S 94.(M
Germany 54=1.95 S43.83 S 89.78
Japan sr>4.29 SI S. 37 S 82.66
Austria S35.38 S33.HI I S 69.18
Netherlands S40.67 S25.35 S 60. (12
Belgium S3 l.lt. S29.57 S 60.73
France S26.93 S24.2'J S 51.23
United States S23.77 S I 9.54 S 43.31
United Kingdom S20.60 S 7.39 S 27.99
Spain SI 2.15 S 8.98 S 21.12
Czech Republic S 18.52

• S o u rc e : R e p r i n t e d  w i t h  p e r m i s s i o n  f r o m  “ K e y  F a c t s  

a b o u t  t h e  W o r l d  o f  F l o r i c u l t u r e  P r o d u c t i o n ”  ( l  9 9 3 ) .  

F l o r i c u l t u r e  I n t e r n a t i o n a l ,  B a t a v i a .  I L .
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Proper placement ot trees, shrubs, and ground covers 
around homes and buildings can lower heating and 
cooling costs by managing the influence o f sun and 
wind. Tree shade can decrease the amount o f elec
tricity required to operate air conditioners by 10
50% , thereby reducing subsequent carbon dioxide 
emission.

Preliminary studies have demonstrated that foliage 
plants properly placed and maintained in buildings 
and homes can also improve indoor-air quality by 
reducing pollutants. In addition, trees absorb pollut
ants from smog.

Gardening has been recognized as the nation's tore- 
most hobby. N ew  plant species are more durable and 
pest resistant, making it easier than ever before to 
be successful in growing plants for personal enjoy
ment. The individual satisfaction gained from car
ing for living plants has led to the development 
o f horticultural therapy activities for those who are 
wheelchair-confined, emotionally and physically 
challenged, injured, terminally ill, and imprisoned. 
Horticultural therapy provides exercise, fresh air. cre
ative outlets, stress reduction, and boredom relief.

Interior plants are common elements m the design 
o f homes, offices, shops, shopping malls, and restau
rants. Lush green foliage and flowers help to create 
an appealing setting. Indoor plants are used as art. 
to accent other objects, as traffic channelers, noise 
buffers, privacy screens, and space fillers. The bur
geoning interest in the effective uses o f indoor plants 
has led to the establishment o f a new horticultural 
specialty area— commercial interior landscaping. 
Also called interiorscaping, interior plantscaping, 
or plantscaping, this discipline has emerged as a 
multibillion-dollar industry, which encompasses inte
rior design, plant rental, and maintenance in public 
and commercial areas.

Another fast-growing segment o f ornamental hor
ticulture involves the incorporation o f native plants 
into landscapes. Most widely utilized in Florida and 
California, these new plant specialists work to incor
porate existing native plant materials into landscape 
designs, so that these plants are preserved through 
the site development and construction process. Native 
plants are advantageous because they are adapted to 
local pests, diseases, and weather, and are often con
sidered more drought tolerant than nonnarive plants. 
The cultivation and production o f native plants for 
sale has led to the development of nurseries which 
specialize in indigenous plant materials.

Developers, mining companies, zoos, aquaria, and 
tourist attractions are using native plants for restora

tion and reclamation ofupland areas, wildlife habitats, 
and retention ponds. Native plants have been ap
pearing around governmental buildings and parks tor 
quite some time because many city, county, and state 
ordinances require that landscapes include native 
plants. Due to increased awareness, more hom eown
ers are also planting natives.

W ith more than 5(1 million lawns and over 14,000 
golf courses in America, turfgrass production, use, 
and maintenance are a major agricultural industry. 
Three-quarters o f all turfgrass is in lawns. Other uses 
include recreational and athletic fields, along roads 
and airport runways, cemeteries, parks, and around 
commercial and institutional buildings. Turfgrass is 
attractive, durable, decorative, stabilizes soil, absorbs 
many toxic vehicle emissions, and reduces dust. A n 
other important benefit o f turfgrass is that it provides 
optimum footing for athletes and a relatively soft 
cushion for falls onto field surfaces.

IV. Fresh and Potted Flowers

A. Production

Fresh cut and potted flowers and bedding plants arc- 
grown and marketed based on their aesthetic value 
and consumer appeal indoors and in landscapes rather 
than their foliage plants. Total value o f floriculture 
crops m the United States was nearly equally divided 
between flowering and foliage plants, bedding plants 
and cut foliage, and greens in 1987 (Fig. 3). Econom ic 
value o f U .S . produced cut flowers was greatest for 
roses, followed by carnation, chrysanthemum, and 
gladiolus. The most valuable flowering potted plants 
in the United States are poinsettia, chrysanthemums, 
azaleas, lilies, and african violets. Prim arily grown

3,000

F IG U R E  3 V a l u e  o t  f l o r i c u l t u r e  c r o p s  m  t h e  U n i t e d  S t a t e s .  

( S o n n e :  M i l l e r ,  M . .  ( l e o r g e  J .  B a l l  C o  . W .  C h i c a g o ,  a n d  U . S .  

C e n s u s . )
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in greenhouses, these crops may also be cultivated 
outdoors year-round in the U .S . sunbelt states (F lo r
ida, Hawaii, California, and Texas) and elsewhere 
during the summer months. Outdoor production in 
modified shadehouses or greenhouses is common 
year-round in areas o f Central and South America, 
Southern Europe, and Asia. Production o f flowering 
bulbs (geophytes) is an important segment o f the in
dustry in The Netherlands, United States, United 
Kingdom, and France. In the United States, annual 
sales ot flowering bulbs exceeded the value o f potted 
chrysanthemums in 1987. Production o f bulb flowers 
tor cut and potted plants is common in Europe and 
the United States and other locations throughout the 
world (Fig. 4).

Floriculture is competitive, highly technical, and 
requires knowledge, skill, and large amounts o f capi
tal. Greenhouse floriculture is, in many respects, the 
most sophisticated kind o f plant agriculture because 
it is very specialized by crop. Grow'ers must provide 
precise environmental control and constantly strive 
for pest- and blemish-free crops. Also, exact produc
tion scheduling is a must because most floral crops 
arc subject to seasonal demand. Because these prod
ucts are perishable, market channels must function 
smoothly to avoid losses.

To achieve precise environmental control, flowers 
are grown in greenhouses that incorporate glass, plas
tic, lath, or shade cloth, and artificial heating and 
cooling. As a result, energy costs represent a signifi
cant portion ot production costs m greenhouse grown 
crops.

Water quantity and quality concerns have necessi
tated major changes m the way water is supplied to 
ornamental potted plants. Fueling these changes have 
been mandates by regulatory agencies requiring either 
all or portions o f the drainage o f water be retained 
on the producer’s property and to prevent it from 
leaching through the soil and into the groundwater. 
The major concern with drainage and irrigation run
off exists with the fertilizer salts that may be in the 
water and could potentially move into the groundwa
ter supplies, rivers, and lakes. Drip-tube systems, 
ebb-and-flow benches, flood floors, trough systems, 
and capillary-mat watering systems can conserve, re
tain, and reuse irrigation water.

Flowering plants are propagated primarily by cut
tings, seeds, or tissue culture (plant propagation from 
nearly microscopic portions ot parent plants). G ro w 
ing media comprise a variety o f ingredients, including 
peat moss, perlite, vcrmiculite, styrofoam beads, and 
calcined clay and arc sterilized to control weeds, dis
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ease organisms, insects, and nematodes. Soil fertility 
and pH  are precisely controlled with appropriate fer
tilizer amendments. |See P l a n t  P r o p a g a t i o n ;  P i  a n t  
T is s u k  C u l t u r e .  |

(ireenhouse atmospheres are enriched w ith carbon 
dioxide and watering is automatically regulated. 
Temperatures are also regulated by steam heating and 
evaporative cooling with mist and fan-and-pad. Day 
length is controlled by combining shade cloth and 
illumination to extend the day or interrupt a dark 
period. Computers control irrigation and the environ
ment in some greenhouses. (Sec 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 g in e e r in g .  |

Insect control practices have changed from routine 
use of pesticides to integrated pest management ( 1 P M )  
in which sprays are employed only when insects are 
present, with pesticides specifically designed and ap
proved for controlling a specific insect. Biological 
controls, such as insect growth regulators and natu
rally occurring bacteria lethal to insects, are playing 
a bigger role in pest control. Natural predators are 
particularly effective in greenhouses devoted to a sin
gle crop. |.Sec I n t e g r a t e d  P e s t  M a n a g e m e n t ;  P e s t  
M a n a g e m e n t ,  B i o i o g i c a i  C o n t r o l .  |

B. Geography/Distribution
O ver the last St) years, the floriculture industry has 
relocated from eastern urban areas in the United States 
to locations in the western and southern United States 
and Latin America, which offer lower tax rates, larger 
rural labor pools, and more favorable climates. A ir 
freight has allowed for the rapid movement of flowers 
from production sites around the world to markets 
in the United States, Europe, and Asia. Domestic 
production o f fresh flowers has declined dramatically 
in the last two decades as imports from Central and 
South America, Europe, and Israel have increased. 
Today three out ot every four carnations and chrysan
themums, and slightly more than half the roses sold 
in the United States are grown in other countries.

C. Harvesting/Shipping/Storage

The quality o f f resh and potted flowers is affected by 
harvesting practices, because they remain alive after 
harvest and can deteriorate quickly. Harvesting must 
occur w ithin a narrowly defined time frame to assure 
peak quality. T im ing factors include: optimal equip
ment and labor use, an orderly marketing sequence, 
and ultimate product quality, and appearance. Actual 
harvest date depends on cultivar, planting or flow

ering date, and environmental factors present during 
the growing season.

For many high-value floricultural crops, hand har
vesting is still the only practical method although 
mechanized and semi-mechanized harvesting can 
sometimes be used. After harvest, most floricultural 
crops require special preparation, such as leaf strip
ping and refrigeration to prolong flower life. Ethylene 
is a colorless, odorless gas produced by plants and 
decaying fruits and vegetables. Ethylene acts to accel
erate aging in leaves and flowers. Exposure to ethyl
ene during shipping and holding periods adversely 
affects many flowers and plants. Leaf and bud drop, 
premature aging, and leaf yellowing are typical symp
toms o f ethylene injury. The extent of injury depends 
on ethylene concentration, temperature during expo
sure, exposure duration, and cultivar. Proper temper
ature control and use o f anti-ethylene solutions can 
minimize damage on some susceptible plants.

Proper treatment o f flowers after harvest is neces
sary to maximize flower longevity. Pulsing freshly 
harvested flowers with supplemental sugar, hydra
tion, anti-bacteria, and/or anti-ethylene solutions is 
effective in extending fresh flower longevity. Re
frigeration o f fresh flowers after treatment reduces 
metabolism and respiration, minimizes transpiration, 
and reduces the detrimental effects of ethylene.

Providing supplemental sugars to flowering potted 
plants during flowering is not possible. These plants 
produce carbohydrates naturally through photosyn
thesis in the greenhouses but light levels are generally 
so low  in most interiors that photosynthesis does not 
take place, and stored carbohydrate reserves arc de
pleted. Carbohydrates also can be depleted through 
respiration during shipping, the rate o f depletion be
ing directly proportional to shipping temperature, 
with higher temperatures increasing both respiration 
rate and carbohydrate depletion.

Proper packaging is important and necessary to 
assure safe transport. Flowers and plants are placed 
in paper, plastic, or mesh sleeves and boxed to prevent 
bruising and mechanical damage to leaves, flowers, 
and bracts during shipping. Proper transport temper
ature is dependent on plant species with some flowers 
and plants requiring cool temperatures (35-40°F, 
2-5c'C) and tropical flowers and plants requiring tem
peratures ot 55-6()°F (13—1 (>°C). Sleeves are removed 
at the retail market, and ideally, fresh flower stems 
are recut and placed into a sugar-based preservative. 
Potted plants should be removed from the box and 
sleeves removed.
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D. Marketing

Fresh flowers arc marketed through full-service retail 
Horists and mass markets such as supermarkets, shop
ping malls, airports, and large discount stores. Almost 
3fi,(H)() American florists otter flower arrangements, 
plants, and greenery and related products: rihbons. 
pots, and accessories. Flower shop purchases are pri
marily tor weddings, funerals, hospitalizations, and 
holidays. Computers and toll-free numbers enable 
florists to provide national and international flower 
delivery.

Floral mass markets focus 011 high-volume business 
and spontaneous purchases. It is not uncommon for 
larger supermarkets to offer mixed bouquets o f cut 
flowers, floral arrangements, potted flowering plants, 
and delivery in and out o f state.

Flowering-plant sales occur through retail florists 
and mass market outlets year-round. Sales peak 
around holiday seasons, although routine purchases 
tor personal use and gifts are increasing.

E. Competition

Flower production is becoming more and more com
petitive because the industry now spans the globe. 
The American public receives flowers and plants from 
worldw ide growers. Colombia, the Netherlands, 
Mexico, Ecuador, and Costa Rica together export 
over $350 million worth o f floral products to the 
United States annually. While imports continue to 
increase, domestic producers are developing new 
ways to compete in the world market. The passage 
ot the North American Free Trade Agreement may 
encourage the production o f fresh flowers in Mexico, 
while relaxation o f Quarantine 37, which restricts 
the importation o f  plants in soil, is necessary before 
flowering potted plants can be imported from Europe 
or other parts o f the world.

V. Cut and Potted Foliage

A. Background

7 ropical 111 origin, toliage plants are grown prim arily 
for their overall appearance and use in interior decora
tion or landscaping. Potted foliage plant popularity 
increased dramatically in the 1970s in the United 
States as their use in homes and offices became com
monplace. Use ot foliage plants in commercial interi- 
orscapes has increased the use o f foliage plants sig
nificantly.

Prominent groups o f foliage plants, some o f which 
are in constant demand because ot attractive new culti
vars. are aglaonema. diettenbachia. dracaena, fern, 
ficus, palm, philodendron, schetflera, palm, and pep- 
eromia. Cut foliage, such as leatherleat fern, is used 
to complement fresh flowers in arrangements and 
bouquets. In 1990. potted foliage plant production 
exceeded one-half million dollars in the United States, 
while cut foliage was valued at S I 10 million. Ninety- 
six percent o f the cut foliage production was in Florida 
(8 5 % ) and California (I 1% ). Leatherleat'fern produc
tion represented 66%  o f the value o f cut foliage pro
duced.

B. Production

Potted and cut foliage plants need a mild climate and 
high temperature, humidity, and light conditions. 
Potted foliage plants are usually produced in green
houses in nontropical regions, and in shade houses 
or outdoors in tropical/semi-tropical areas. A wide 
range o f potted foliage plant sizes are grown. Small 
container plants (less than 2 in. in diameter) are grown 
for incorporation into decorative containers while 
large trees are produced for use in interiorscapes o f 
malls and offices. Large trees cannot be produced 
economically in greenhouses, and are generally 
grown outdoors in the southernmost areas o f the 
United States, primarily in Florida or California. In 
Europe, some large foliage plants are produced in the 
Netherlands or in southern France or Spain while 
other plants are imported from the United States. Cut 
foliage is grown in shade houses or outdoors under 
tree canopies.

Foliage plants are propagated from cuttings, seed, 
air layers, spores, division, rhizomes, and tissue cul
ture. The most common propagation system tor pot
ted foliage involves a mist area where unrooted cut
tings are stuck in a cell-pak or tray system on a bench. 
Atter rooting, cuttings are pulled and potted. Trans
planting is done as soon as possible atter root develop
ment to minimize root damage. M any growers are 
now placing cuttings directly into the pots in which 
they w ill be sold (direct-stick), a procedure that re
duces total production time and labor required for 
transplant. Com m on in southern areas where plant 
growth is rapid, direct-stick propagation is dependent 
on a high rooting percentage and large area equipped 
with misting and irrigation systems. Sanitary condi
tions are necessary to avoid disease contamination and 
the spread o f insects. The most common propagation
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mixes contain sphagnum peat moss amended with 
dolomite for proper pH adjustment.

Interrelationships among environmental condi
tions, fertilization, and irrigation practices must be 
effectively managed in order to produce a marketable 
crop which w ill perform satisfactorily under indoor 
home and office conditions. O ver the last 20 years, 
research has demonstrated that foliage plants can be 
“ acclimatized" to interior conditions by subjecting 
them to a period ot reduced fertilizer and water, and 
low light levels prior to sale. Such plants lose fewer 
leaves when moved indoors, and w ill survive longer 
under interior conditions.

Mechanization and computerization have been in
corporated into modern foliage plant production facil
ities. Crop scheduling and inventory control, nursery 
design and organization, materials How. and organi
zation o f labor and equipment to meet production 
plans are used to increase the efficiency and profitabil
ity ot foliage plant operations.

C. Geography/Distribution

fTorida, California, and T exas produce over 7(1% of 
the potted foliage plants in the United States, includ
ing large tropical plants and trees found in shopping 
malls and commercial and institutional buildings. Sec
ondary production areas include the C lull ( ioast states, 
Hawaii, the Northeast and Midwest. Currently, fed
eral regulations prohibit importation o f crops grown 
in soil into the United States to prevent introduction 
of harmful pathogens and insects. So, finished plants 
are not imported, but foliage plant cuttings are often 
produced in the Caribbean or Latin and Central 
America, and then shipped to the United States or 
Europe for propagation and production.

Foliage plants are distributed primarily by truck for 
domestic markets and shipped by boat to international 
markets. Cut foliage may be shipped by airplane or 
boat to international markets.

D. Shipping and Storage

Plant quality and performance are significantly af
fected by environmental conditions during transport 
and/or storage. Plant preparation begins during the 
production period, by systematically reducing light 
and fertilizer ievels.

Plants grown under high light will not ship as well 
as those grown under low light, and may exhibit 
excessive leaf drop or other quality loss. Plants grown 
in high light and warm temperatures are not as likely

to tolerate cool shipping temperatures w ithout sus
taining chilling injury. Plants grown with higher- 
than-recommended nutritional regimes are also likely 
to drop leaves once moved indoors.

Shipping temperatures are often in the range ot 
55-65°F, but w ill vary w ith plant species, shipping 
duration, and season o f the year. Shipping tempera
tures are generally lower in w inter than in summer. 
Duration o f exposure to a specific temperature can 
also affect plant quality. A temperature that might be 
optimum for 2-week shipments might cause damage 
when plants are exposed for 3—1 weeks.

Plants should have adequate soil moisture at ship
ping time. Too much moisture can cause leaf drop, 
whereas too little increases plant-tissue desiccation 
and increases leaf drop and injury potential. Foliage 
plants shipped or stored for long durations need a 
relative humidity level around 85-90% tor mainte
nance.

Ethylene is probably the only contaminant that can 
occur in containers during shipping unless there is 
pollution from an outside source. Foliage plants, 
however, are somewhat tolerant of ethylene and re
quire fairly high levels (1-2 ppm) at relatively high 
temperatures (1H°C or higher) for long durations be
fore causing damage. Ethylene does not seem to be 
a major problem when plants are shipped at cooler 
(U)°C. or lower) temperatures.

E. Marketing/Competition

The foliage plant market has expanded throughout 
the world because o f the demand for tropical plants. 
Ecological awareness, more apartment dwellers, in
creased plant availability, commercial applications, 
and new cultivars have spurred interest in foliage 
plants.

Once available only through retail florists, cut and 
potted foliage are now marketed through distributors, 
interstate greenhouse operators, wholesale florists, lo
cal growers, supermarkets, retail florists, department 
and plant stores, garden centers, brokers, and plant- 
scaping services.

VI. W oody Ornam ental 
Landscape Plants

A. Nurseries/Geography

W oody ornamental plants include evergreen and de
ciduous trees and shrubs most commonly used tor
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permanent planting in landscapes. More than 15.000 
independent U .S . nurseries produced over S4 billion 
worth ot nursery plants in 19K7. The nursery industry 
comprises propagators, growers, and distributors.

The nursery industry is concentrated in Florida. 
California, the Great Lakes and M iddle Atlantic states. 
Nursery sales tor home and commercial landscapes 
represent nearly 40%  ot the horticulture retail trade. 
Nurseries are equally divided among the production 
ot coniferous evergreens (yew. jumper, spruce, pine), 
broad-leaved evergreens (rhododendron, camellia, 
holly, boxwood), deciduous plants ( l :orsytliiii, I'ihur- 
iiiini, barberries, privets, lilacs, dowering vines), 
roses, and ornamental trees.

In some cases, temperature tolerances ot woody 
ornamental plants lim it production to certain geo
graphical regions. For instance, yews w ill not tolerate 
warm production conditions in the south and ever
green azaleas will not survive cold northern winters.

B. Production/Market Preparation/Storage

Ornamental shrub nurseries can be specialized. Some 
produce “ lining ou t" stock— seedlings and rooted 
cuttings for use in production o f finished plants. Also, 
these nurseries sell bare-root liners— small plants 
started in propagation Hats or containers— and small 
grafted plants ot expensive and/or rare cultivars. 
Lining-out stock eliminates the need for every grower 
to have propagation facilities.

Nursery growers may only produce plants tor 
wholesale sales. In most cases, plants are produced 
outdoors, although overwintering structures may be 
used in the mid-western United States to protect 
plants from temperature extremes and wind injury. 
U ntil plants reach a marketable size, they are watered 
and fertilized, treated for insect and disease pests, and 
pruned to develop proper form. Production time may 
be as short as 9-12 months tor plants sold in a one- 
gallon container.

I lie last 2(> years has seen a move from plants grown 
in native soils in the field to plants grown in containers 
tilled with organic soilless substrates. Production o f 
containerized plants allow s growers to select growing 
medium and to control fertilizer and water to the 
plant more accurately. Also, digging ot field grown 
plants (often a manual operation) is eliminated.

Mechanization has reduced manual labor require
ments for tilling containers and tor watering and fer
tilizing plants. More growers are also using herbicides 
to control weeds and using transplanting equipment 
and conveyors to reduce labor costs.

Plants such as hollies and junipers may be grown 
to maturity in southern nurseries or propagated and 
grown for one year in a warm climate before being 
transported to northern nurseries tor finishing. This 
arrangement takes advantage o f the optimum south
ern conditions tor propagation and early growth, with 
good finishing conditions ot northern climates. Also, 
shipping costs tor prefinished plants are less than tor 
finished plants.

C. Marketing

Garden centers, nurseries, and mass market outlets 
sell trees, shrubs, and ground covers. Today's retail 
nursery manager is likely to have a broad range o f 
skills invok ing merchandising and landscape services 
in addition to horticultural expertise. Diversified gar
den centers sell many different kinds o f horticultural 
products and maintain display areas for trees, shrubs, 
and roses, many ot which come from wholesale 
growers. Many o f these businesses also have landscap
ing services, which offer advice, installation, and/or 
maintenance serv ices to homeowners.

VII. Turfgrass

A. Industry Overview

Turfgrass is the primary ornamental plant in land
scapes. The turfgrass industry is a muitibillion-dollar 
business in the United States and Canada, including 
the production o f sod and seed and utilization. Sod 
production in the United States 111 I*><S7 was valued 
at S.W2 billion from slightly more than 1400 farms.

Rapid expansion ot the housing market since 1950 
and increased numbers ot parks, recreational/sports 
facilities, and go lf courses have increased the demand 
for turfgrasses. Commercial lawn maintenance firms 
ottering turfgrass maintenance, pest control, and 
landscape design have emerged as a major service- 
oriented industry associated with turfgrass.

B. Geography

Seed and sod are the two basic commodities o f the 
turfgrass industry. Kentucky bluegrass (Pi>.i /mi- 
tvnsis). red fescue (Irstiiui rulmi), and bentgrass 
(Aifivstis species) are the major turfgrasses grown 
in the northern two-thirds o f the United States. 
Grass species adapted to the south are bermudagrass 
(C.yiunlon ihntylou), bahiagrass (Paspiilum notation).
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carpctgrass (A.xonopus compressiis). ccntipedegrass 
(lircmochloii ophiinvidi's). Zoy.<i,i specie's, and St. Au- 
gustinegrass (Stciioutphnnn scaiiuhunw).

With climates ideal tor seed production, Washing
ton. Oregon, Idaho, and western Canada produce 
most cool-season grasses. Florida. Texas, and Arizona 
have a large number of sod producers tor warm- 
season turtgrasses.

C. Seed Production/Harvesting

Established in either the spring or tall, seeds are 
planted very lightly in weed-free rows 16 in. apart. 
Seed rows are covered with a band ot activated char
coal and sprayed with a pre-emergence herbicide to 
control weeds. The charcoal absorbs the herbicide 
near the seed and protects the seedling trom injury. 
A more traditional method involves tilling the field in 
the tall, letting it lie fallow over the winter, applying a 
herbicide treatment, and planting in the spring. V ig 
orous postplanting weed control ensures that only the 
desired cultivar’s seeds are harvested.

In late |une or early |uly harvesting begins when 
upper stems are mowed and windrowed (arranged 
for drying). Large combines pick up and thresh the 
seeds after they have dried in the field tor several 
days. Then the seed is shipped to seed companies for 
cleaning, testing, and packaging. Seed cleaning is as 
important as field production. Equipment such as vi
brating screens, shakers, and air jets remove chatt. 
soil, weed seeds, and other impurities.

Burning fields after harvesting results in much 
greater seed production in subsequent years. Burning 
destroys straw left from harvesting, reduces insect, 
disease, weed, and thatch problems, and increases 
tillering (production o f stems that develop at the par
ent plant’s crown and grow upward within the parent 
plant’s leat sheath). Seed fields are only in production 
tor 5 years or less.

D. Sod Production/Harvesting

In recent years, because o f the popularity o f "instant" 
turt, sod production has increased steadily. Farms that 
produce sod (pieces or strips o f live grass and adhering 
soil used tor vegetative planting) must be located near 
prospective markets because sod should be installed 
within 48 hr o f harvest. Successful sod production 
requires deep soil and a good water supply. The best 
soils are organic muck because they are lighter than 
mineral soils. Sod grown on muck soils do not have 
to be as well knit and can be harvested in a shorter

time. The most satisfactory mineral soils are well- 
drained sandy loam, silt loam, or loam.

Profits increase as the time between planting and 
harvesting is shortened. Harvesting cannot occur, 
however, until sod is strong enough to hold together 
well when handled. Species and cultivars producing 
aggressive rhizomes (spreading underground stems 
that produce new shoots and roots at nodes) and sto
lons (surface spreading stems that produce new shoots 
and roots at nodes) are preferred. Species with limited 
spreading ability, like fine fescue, knit sod together 
slowly and are less desirable.

Sod production usually takes IS  to 24 months al
though sod produced in netted seedbeds may be har
vested m IUO days or less. Netting helps reinforce sod 
strength during harvesting and installation. Another 
way to speed up strengthening is to grow sod over 
plastic.

Producing quality sod quickly requires intensive 
maintenance. Adequate fertilization, constant irriga
tion. and correct mowing are essential. Pesticides keep 
the sod totally free ot weeds, insects, and diseases. 
Sodded turtgrasses should have vigorous spreading 
abilitv. be attractive, resist diseases, and perform un
der local conditions.

Large harvesting machines cut sod. Some ot these 
machines cut. roll, and stack sod on pallets in one 
operation. Sod pieces ot cool-season grasses are gener
ally 12-18 in. wide and 4-(> feet long. Sod pieces ot 
warm-season grasses are generally H> by 24 m. in 
si/e. Big roll technology has now made it possible to 
harvest both cool- and warm-season grasses in itrips 
4 by 45 feet in size. To minimize soil loss, make the 
sod lighter and easier to handle, and encourage rapid 
rooting, sod is cut as thin as possible.

E. Environmental Issues

Turfgrass requires water to survive and grow. I'urf- 
grasses also need fertilization, pesticides, fungicides, 
nematicidcs, insecticides, and regular mowing t> sus
tain quality. Such chemicals are energy-intensive, us
ing nonrenewable fossil fuels (coal, petroleum, < r nat
ural gas) in production, packaging, distribution, and 
application. However, turtgrasses can filter fertilizers 
and pesticides from underground aquifers, prc vidcd 
maintenance procedures prevent runoft from the site. 
Increasingly, turt managers are now applying inte
grated pest management (1PM) techniques. B y  com
bining all pest-control methods, rather than r.-lying 
solelv on pesticides, pest populations can be rut need 
below injury levels. Grow ing healthy grass is the
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found.mon ot I PM . because healthy grass is less sus
ceptible to diseases, insects, and weeds. Proper fertil
ization. mowing, and watering contribute to success
ful IP M . IP M  decreases reliance 011 pesticides and 
ensures that they are applied correctly when no other 
alternatives exist.

F. Artificial Turf

Introduced and installed at a number o f major U .S . 
sports stadiums in the l% (ls , artificial tu rf is made of 
nylon fibers. This man-made grass became popular 
because it provided a permanent, uniform playing 
surface that was relatively maintenance free. A foam 
pad underneath the grass cushions the impact of a 
fall; an asphalt layer is under the pad. Vacuuming and 
water-removal machines are the primary maintenance 
equipment.

Experience over the years has revealed serious 
drawbacks to the use o f artificial tu rf During the 
l ‘>7l)s oil prices rose sharply, and the cost o f artificial 
turf increased since nylon is a petroleum derivative. 
Injuries are more prevalent and surface temperatures 
are extremely high during hot weather. The nylon is 
not permanent; it can be damaged by oil leaking from 
equipment, cigarette burns, and other accidents. C o l
ors fade. Cleaning and repair costs were considerably 
higher than originally anticipated. Artificial turf is, 
however, still used in covered stadiums and for heav- 
ilv used fields.

VIII. Student Opportunities in 
Environmental Horticulture

A. Education

Environmental horticulture students are given the 
skills, abilities, and experiences to prepare them for 
competitive, viable job markets, productive citizen
ship, and lifelong learning as it impacts food/agricul
tural suppliers, natural resources, and communities. 
Leading undergraduate programs include interna
tional and multi-cultural dimensions that produce 
graduates who understand and are able to participate 
meaningfully in a global industry.

Graduates have skills in technical, oral, and written 
communication; computer applications, personnel 
management, professional ethics, international stud
ies, and leadership development. Curricula include 
the study ot safety, health, and environmental impact 
issues, as well as technical courses.

Qualitv academic programs emphasize the integra
tion o f the physical, biological, social, and business 
sciences. Internships and other hands-on experiences 
enable students to apply what they have learned.

B. Environmental Horticulture Careers

The environmental horticulture field employs thou
sands o f people in hundreds ot job specialties. Land
scape horticulture employs growers, designers, main
tenance personnel, researchers, garden center staff, 
and retail and wholesale salespersons. Nonproduction 
industry careers include those in botanical gardens, 
arboretums, municipal park and street tree programs, 
and utility companies.

Career opportunities in turfgrass include sod pro
ducers and seed specialists, institutional and commer
cial grounds supervisors, golf course, cemetery, high
way, athletic and recreational fields, and lawn 
maintenance personnel. Turfgrass equipment, irriga
tion supply, fertilizer, and seed and pesticide compa
nies also hire professionals as researchers, writers, 
evaluators, marketers, and advertisers.

Floriculture employs growers, researchers, sales
people, and wholesale, retail, and mass-market flo
rists, such as those who work in the floral sections of 
supermarkets. The commercial interiorscaping field 
requires professionals to be horticulturists and de
signers.

I lorticultural therapists use gardening in substance 
abuse and mental health recovery programs, with ac
tive and sedentary senior citizens, the terminally ill, 
high-achieving and troubled children, those individu
als with temporary or permanent injuries, and prison
ers. Several colleges and universities now offer pro
grams in horticultural therapy.

Federal and state cooperative extension services hire 
environmental horticulture specialists as researchers, 
writers, and agents who share the latest information 
with the public and the industry. Vocational agricul
tural teachers in middle and high schools introduce 
students to horticulture. College and university fac
ulty educate undergraduate and graduate students, 
and conduct basic and specialized research.

IX. The Future

A. Vision of the Future Required

Environmental horticulture w ill increasingly focus 011 

the issues o f global production and marketing, prod-
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net quality and diversity, environmental issues like 
water and pesticides, more basic and specialized re
search. and educational programs which teach stu
dents to become competent and environmentally sen
sitive professionals.

Producers, distributors, and retailers attempting to 
capitalize on expanded consumer demand for plants 
and flowers w ill face new challenges as the 21 sc cen- 
turv nears: global marketing competition, increased 
federal and state regulations on natural resources, and 
emphasis on environmental preservation. The pres
sure to remain competitive will continue in the 1991 Is 
but external forces may have a much greater impact 
than previously seen by the environmental horticul
ture industries. Benefits to the consumer (user), the 
economy (money), and the environment (shared habi
tat) w ill drive the decisions ot policy makers as to 
where public funds will be allocated.

B. Global Production and Marketing
Global production and marketing ot ornamental 
plants and flowers w ill increase in the 1991 Is as produc
tion and labor costs and environmental regulations 
play a more dominant role in site selection for produc
tion Imports of numerous ornamental plants may 
increase, but the countries producing these plants and 
flowers w ill probably change during the next decade, 
l or instance, flower growers have expanded into 
Costa Rica, Peru, and Mexico as a result ot political 
instability in Colombia. Production areas may also 
slntt in response to international trade agreements that 
reduce or eliminate tariffs on flowers. Potted plant 
and nursery plant importation will continue to be 
conducted by domestic producers if  Quarantine 37 
restrictions are maintained.

As American green industries compete in the global 
market, they are restrained by more expensive labor, 
environmental standards that will become even more 
stringent, and pesticide limitations. Nevertheless, the 
U . S. floral and environmental horticulture industry 
will work to identify effective marketing strategies 
to increase domestic sales. Also, domestic growers 
must pursue opportunities to export domestically 
grown plants. Opportunities tor domestic growers 
to expand sales w ill be realized only it growers use 
new production technology and market their prod
ucts aggressively domestically and globally.

C. Product Quality, Diversity, and New Crops
The “ Green Industry”  should tocus greater attention 
on product quality md consumer satisfaction, so lo

cally grown products may be favored over imported 
crops which are subject to mishandling during ship
ping and storage. Increasingly, consumers are de
manding a selection ot plants and flowers ottering 
diversity in flower color, leafcolor. texture, and form, 
as well as good performance in an interior environ
ment or exterior landscapes. Impulse sales w ill con
tinue, but plants that do not provide lasting customer 
satisfaction will not sell. Growers and distribution 
facilities will face increased pressure to produce and 
handle flowers and plants properly.

Potted plant growers will attempt to select and 
grow high-performance, long-lasting varieties and al
ter production conditions to maximize interior lon
gevity. Industry standards defining “ quality" w ill 
change to include optimum product performance tor 
the consumer and physical dimensions and character
istics at sale.

D. Environmental Issues
Water is in limited supply and concerns over contami
nation ot drinking water supplies are increasing. In the 
next decade, expanding flower, foliage, and woody 
ornamental plant production and the turtgrass indus
try m many parts ot the United States may be limited 
by federal, state, and local environmental restrictions. 
These regulations will limit water amounts and used- 
water disposal procedures to prevent runoff prob
lems. Maintaining sufficient quantities ot good qual
ity water to meet basic human needs and agricultural 
requirements, therefore, is a primary global concern.

The environmental horticulture industry must ad
dress the water issue from three perspectives— quality 
o f water used, conservation o f applied water, and 
reduction o f the amount o f impure water leaving the 
production facility and contaminating the remaining 
water supply.

Because o f concerns about the effect of pesticides 
and other chemicals on water quality and worker 
safety, growers need to rethink traditional insect and 
disease control methods. Weekly preventive pesticide 
applications should be eliminated or significantly re
duced and replaced with integrated pest management 
and biological control practices. Nonchemical mea
sures are likely to become the norm as governmental 
agencies remove pesticides from the market and regis
tration requirements for new pesticides become more 
difficult.

E. Research
To meet the technological challenges ot the future, the 
environment.il-horticulture industry must join with
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government. universities, and associations to support 
research and development.

Research priorities tor the "(irecn  Industry" arc:
(1) pest management and marketing/consumerism;
(2) crop production, resource management, and post
production; (3) biotechnology and recvcling/cnvi- 
ronment; (4) new plants/germplasm; and (5) peo
ple—plant interactions. Focusing on these priorities 
w ill further the competitiveness, environmental sensi
tivity. and sustainability ot the U .S . green industries 
and associated services. The research objectives link 
societal issues to science, technology, and community 
development advances that can occur through basic 
and multi-disciplinary research o f plant production 
systems and their influences and impacts on the envi
ronment.
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Ethics
Paul B. Thompson, Texas A & M  University

I. History of Agricultural Ethics
II. Unintended Consequences
III. The Structure of Agriculture
IV. Conduct and Professional Ethics
V. Research Ethics in Agricultural Science
VI. Animal Well-Being
VII. Agricultural Biotechnology

Glossary

A nalytical ag ricu ltu ral  ethics Review  ami investi
gation of concepts, arguments, and implicit norms as 
they are deployed in developing an understanding ot 
agricultural practice
Burdens o f  p r o o f  Criteria that must he met in order 
tor a particular ethical judgment to be made or re
versed
Ethical rc d u c tio n ism  Reduction o f ethical concepts 
and phenomena to statements about individual and 
subjective experiences; it promotes a strong division 
between tact and value
In fo rm ed  consent Burden o f proof often applied to 
risk issues: When parties that must bear risks volunta
rily agree to do so under conditions o f full disclosure, 
risks may be found acceptable without regard to risk 
benefit ratios; when informed consent is lacking, even 
low level beneficial risks may be rejected 
R cd u ctio n ism  Reduction of a complex system or 
set of phenomena to a formal set o f interrelated rules 
R ights lustified or enforceable claims that mav be 
made on behalf ot right-holding parties; tvpicallv 
thought to provide absolute protection o f individual 
interests against social benefits
Scientific rc d u c tio n ism  Reduction o f a svstem or 
complex set ot phenomena to a set of rules solely 
based on scientific principles; tor example, one could 
reduce the functioning ot the human organism to 
chemical principles and completely disregard psycho
logical principles

Substantive agricultural ethics Prescribes specific 
action plans, practices, and policies for persons and 
organizations involved in agricultural issues; the aim 
ot substantive ethics is to present arguments tor or 
against a proposed course ot action that apply those 
concepts, rules, and standards with clarity, rigor, and 
logical coherence
U tilitarianism  Nineteenth century approach to eth
ics which has greatly influenced 2<>th century public 
policy, particularly in the arena ot cost benefit and 
risk benefit management; the term was first used by 
Jerem y Bentham and then by John Stuart M ill; the 
Utilitarian maxim states that the correct action is the 
one which produces the greatest amount ot good for 
the greatest number ot people

T h e  word ethics is often used interchangeably with 
the word morality to indicate goals, norms, and val
ues that are taken to guide human action. A common, 
but far trom universal, distinction is to detine ethics 
as the systematic study ot moral codes, particularly 
with regard to the criticism, justification, and accept
ability of social norms. Since critical evaluation of 
moral norms itself implies the application ot norms, 
scholarly work on ethics has perennially been accused 
ot circularity, dogma, relativism, and begging pre
cisely the question lr attempts to answer. Scholarly 
study of morality has, nevertheless, made it possible 
to provide considerably more explicit, logically co
herent, and rigorous arguments on goals, norms, and 
values than are typically found in ordinary life.

Agricultural ethics is the criticism, analysis, and 
justification of systematic moral codes and the accept
ability of social norms that exist or are applied to 
practices o f food and fiber production, distribution, 
and consumption. T w o  methodological approaches 
are common in agricultural ethics. Analytic agricultural 
allies undertakes review and investigation of concepts,
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arguments, am) implicit norms as tliev are employed 
in developing an understanding ot agricultural prac
tice. its goals, and the secondary social and environ
mental consequences ot food and fiber networks. An
alytic ethics aims to improve understanding ot 
concepts, rules, and standards that are commonly 
used to frame and defend moral judgments and pre
scriptions for action. Substitutive agricultural allies pre
scribes specific action plans, practices, and policies 
for persons and organizations involved in agricultural 
issues. The aim ot substantive ethics is to present 
arguments tor or against .1 proposed course ot action 
that apply those concepts, rules, and standards with 
claritv. rigor, and logical coherence.

(liven this definition, agricultural ethics can be un
derstood as an interdisciplinary research and educa
tion area. Research and teaching on ethics take place 
to some degree in all disciplines ot the social sciences 
and humanities, though some practitioners ot these 
disciplines have disavowed work 011 ethics. I he most 
typical disciplinary home for work 111 ethics has been 
philosophy, though departments o f theology, reli
gious studies, and political science also typically have 
specialists in ethics. Recent work 111 agricultural ethics 
emphasizes ( I )  unintended health, safety, and envi
ronmental impacts ot agricultural technologv; (2) the 
structure ol agriculture, including distribution o f ben
efits trom agricultural production: and (3) questions 
ot conduct, character, and professional ethics. In addi
tion, special attention has been given to the moral 
standing ot agricultural animals, and to ethics as it 
relates to agricultural biotechnology.

I. History of Agricultural Ethics

Normative or ethical implications o f agriculture were 
a common topic for scholars ot philosophy, society, 
and biology for most o f the 3000-vear history of West
ern thought. Aristotle discussed the configuration ot 
agriculture he thought necessary for fulfilling human 
promise. More recently. Thomas |effcrson was both 
a scientifically informed practitioner of agriculture at 
his Monticello plantation and a philosopher o f agricul
ture who contributed enduring analysis o f how farm 
structure is related to problems o f governance in a 
democracy.

Ethical reflection on agriculture carried over into 
the 2<<th ccnturv through the efforts of scientists and 
agricultural leaders such as Liberty Hyde Hailey and 
I lenry Wallace, but the systematic discussion of agri
culture was virtually ibsent 111 the writings ot late

19th and early 2< >th century philosophers and moral
ists. The last generation o f philosophers to discuss 
agriculture as .1 philosophical topic is the one that 
included John Stuart M ill. Ralph W aldo Emerson, 
and Karl Marx. Each o f these three wrote extensively
011 agriculture, but 110 one recognized as a leading 
contributor to philosophical or religious ethics since 
them has done so.

After World W ar 11. agricultural scientists and lead
ers gave little systematic attention to ethical issues. 
Agricultural ethics was not included in the curriculum 
o f agricultural colleges. Ethics became increasingly 
marginalized through the 1950s and 1900s, with only 
.1 handful ot' social scientists undertaking normative 
evaluation o f agriculture. Even in these studies, the 
role o f ethics was largely implicit 111 that the norms 
or values 011 which evaluations had been based were 
seldom stated and almost never defended 011 philo
sophical grounds. Significant exceptions to this rule 
can be found in the work ot agricultural economists 
|ohn Brewster, 1 larold Brcim yer. and (IlennJohnson 
These works were almost totally ignored by profes
sionals in liberal arts disciplines such as philosophy, 
religious studies, and political science. Indeed, the 
decline o f attention to ethics in agriculture reflects a 
general decline 111 attention to ethics throughout all 
departments ot the university 111 the decades following 
World W ar 11.

In |9(>2. Rachel Carson published Silent Spring. 
While not in itself .1 philosophical book, Carson s 
critique o f agricultural chemicals was arguably the 
first in .1 series ot criticisms ot the agricultural practices 
that had emerged follow ing W orld  W ar II. Frances 
Moore Lappe's Diet fora Sum 11 Phutet, Jim  I lightow- 
cr's. liau i Tomatoes, Hard Times, Wendell Berry's The 
( 'nsettliitg ol America, and the republication of Walter 
(ioldschmidt's 1947 study .4.'' Vi>h Sow. were among 
the most influential and most enduring o f critical 
works published before 1980. Books by critics o f agri
culture have since proliferated, with at least a dozen 
published every year in the decade between 1982 and
1992. While these books seldom present rigorous em
pirical or philosophical arguments for their conclu
sions. they typically make an explicit statement ot the 
goals, values, and norms 011 which their evaluations 
o f agriculture depend. They have in this way provided 
the source material tor a resurgence ol interest in 
careful scholarly attention to the philosophical foun
dations o f agricultural practice.

As public criticism and mistrust ot agricultural 
practices grew under the influence ot these critics, 
agricultural institutions showed a renewed interest in
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the suuly ot .igi u iiltur.il ethics. Courses w ere offered 
m some .igrieultur.il colleges, .mil .1 limited amount 
ot research by philosophers and social scientists has 
been undertaken. Ethics and values issues have also 
become topics tor symposia at disciplinary meetings 
ot agricultural scientists and at consensus conferences 
intended to establish priorities for research and for 
policy change. Attempts to extend work 011 ethics to 
producer groups have thus far been limited. While 
agricultural ethics remains somewhat marginal in the 
agricultural disciplines, the role o f ethics in curricu
lum, research, and public policy has been increasingly 
accepted.

II. Unintended Consequences

M any criticisms ot modern agriculture have noted 
unwanted and unintended consequences o f agricul
tural chemicals. Pesticides have had documented ef
fects upon wildlife populations, and some are known 
carcinogens. N itrogen fertilizers can pollute ground- 
and surtacewater. M any agricultural chemicals have 
long been known to have toxic effects when improp
erly handled, stored, or applied. It is clear that neither 
manufacturers nor producers intended or wanted 
these consequences, and both groups have made ef
forts to mitigate and control unintended conse
quences. Nevertheless, unintended consequences of 
agricultural chemicals pose ethical problems in that 
it is impossible to eliminate the risk o f an unw anted 
event entirely. Furthermore, there is often disagree
ment about the degree ot risk associated with agricul
tural chemicals. Some individuals express far greater 
concern about exposure to pesticides than do others. 
Producers, scientists, and chemical manufacturers 
thus face the problem of managing concern for un
wanted effects, even when the empirical evidence for 
such effects is scant, controversial, and even nonexis
tent. Whether real or imagined, unwanted conse
quences of chemicals have significantly affected the 
reception of many agricultural technologies, includ
ing mechanization and biotechnology, among pro
ducers and food consumers since 1%2.

An analysis ot ethical issues associated with unin
tended consequences surveys the assumptions and im 
plicit norms that have guided action contributing to 
the unintended outcomes. Public claims expressing a 
rationale or justification o f such action are scrutinized, 
and the pattern ot reasoning is exposed. In many 
cases, disagreement over agricultural practices can be 
traced to incommensurable assumptions in the wav

that antagonists view the world and the relation ot 
moral norms to human action. This is a disagreement 
that is both more subtle and more longlasting than 
simple disagreement over values. Alternative ap
proaches to the problem ot unintended consequences 
provide an example. Many people, especially those 
associated with the agricultural sciences, exhibit be
havior and speech that is most consistent with a utili
tarian approach to ethics. Environmentalist, agrarian, 
and consumer critics have rejected this basic approach, 
sometimes assuming a pattern ot thought more con
sistent with rights.

The utilitarian strategy adopts an ethical norm 
which requires decision makers to anticipate the con
sequences ot their actions and policies to the fullest 
extent possible, and to weigh the costs associated with 
unintended consequences against the acknowledged 
benefits o f technology accruing in the form o f in
creased food availability, increased profitability ot 
tanning, and decreased consumer food cost. This 
strategy presents .1 series ot methodological and philo
sophical problems, 111 that unwanted costs are often 
difficult to quantify, and in that there are philosophical 
disagreements over when to accept trade-offs. A se
vere distributive inequality, for example, might pro
vide a reason to reject technologies that clearly pro
duce more aggregate benefits than harms. The 
strategy has been called utilitarian, because it shares 
key philosophical features with the ideas ot utilitarian 
philosophers |eremy Bentham and John Stuart M ill.

The alternative strategy assumes that individuals 
may be accountable for predictable, though unin
tended. consequences of their action. Rights provide 
criteria tor accountability because acts that do not 
interfere with others' rights w ill be judged ethically 
permissible. When individuals and organizations act 
within their rights, their actions are ethically accept
able without regard to whether they optimize the 
trade-offs ol cost and benefit. However, virtually all 
o f the unintended consequences associated with agri
culture constitute interference in some form. A strict 
application o f rights constraints implies that all such 
actions should be prohibited. A more adequate deter
mination of accountability requires one to see that 
many individuals have acted 111 ways that collectively 
produce the unintended consequence. As such, the 
accountability o f individuals and groups depends 
upon how their activity is related to the activity o f 
others who may share or wholly assume responsibil
ity for consequences.

In application, the rights approach to agricultural 
ethics often establishes burdens of proof that must be
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satisfied before an action is undertaken, rather than 
absolute constraints. A burden o f proof is a criterion 
that establishes which party can be held accountable 
for consequences. A key burden o f proof in evaluating 
unintended consequences is informed consent. Individu
als who use an agricultural technology or product 
under conditions o f informed consent can be under
stood to have accepted responsibility for the conse
quences of use. Scientists, extension agents, and pri
vate sector firms that introduce technology under 
conditions that secure the informed consent o f af
fected parties satisfy ethical norms, and may not be 
held accountable for unintended consequences. The 
criterion ot consent transfers accountability to the af
fected parties. Consent criteria present a series o f phil
osophical problems not unlike utilitarian approaches, 
in that the conditions tor expression ot consent are 
complex. Consent implies that people have meaning
ful options, that there are commonly recognized prac
tices that imply consent, and that those giving consent 
have full knowledge of the unintended consequences 
that might ensue. Since such criteria are seldom ful
filled completely, burdens ot proof are often satisfied 
in the same idealized fashion that utilitarians perform 
optimizing calculations.

Although both strategies are idealizations, each es
tablishes a general conceptual approach to problems 
in agricultural ethics at cross purposes with the other, 
t he utilitarian strategy begins with an assessment ot 
the likely consequences associated with an agricultural 
technology or practice. In the case o f a chemical pesti
cide. the consequences would include risks to the 
health o f farm labor and to food consumers, as well 
as benefits to producers in the form o f increased 
profitability. If  a proposed activity will have a signifi
cant impact upon consumer food prices, it w ill also 
be important to anticipate indirect effects upon the 
availability o f food for the poor. When all the relevant 
consequences have been assessed, the proposed activ
ity can be compared to one or more alternatives. At 
a minimum, alternatives include simply using and not 
using the proposed pesticide, but the array of possible 
strategies for use is always complex, include licensing 
tor restricted vs general use. notification, rules that 
may or may not be included, etc. I he comparison 
allows one to make a fairly- sophisticated judgment 
about the trade-otfs between two choices.

Trade-offs ihcnisckes can be complex. A simple- 
minded decision rule tor utilitarian ethics is to allow 
an action \\ hcncvcr benefits outweigh costs, but there 
may be alternatives that produce a more attractive 
ratio ot benefit to cost. One mav also face a choice

between one option that has a high benefit to cost 
ratio, vet returns few total benefits, and another with 
a less attractive ratio ot benefit to cost that produces 
more benefits (at higher cost). Distributive issues also 
make trade-offs difficult to compare. For example, 
one chemical may pose a low-level risk ot cancer to 
many food consumers, while another may pose little 
or 110 risk to consumers, but may be tar more danger
ous to handle in the field. One may thus be comparing 
a low-level risk to all food consumers against a high 
level risk to a small group ot agricultural laborers. A 
question o f fairness arises, particularly if  the laborers 
are comparatively less well off as a group than are 
food consumers. I lere. costs (in the form ot risk) are 
not comparably distributed by each option.

The alternative strategy tor dealing with unin
tended consequences would approach the decision to 
use .111 agricultural chemical bv examining a series ot 
burdens ot proof. I lere, the beginning assumption is 
that agents are responsible tor unintended conse
quences o f their action. However, a manufacturer ot 
a chemical may shift responsibility to the actual users 
o f the chemical, provided that criteria for informed 
consent have been met. Sim ilarly, a producer may 
shift responsibility for unintended consequences to 
employees or consumers when these groups are in
formed ot the potential consequences, and when they 
have meaningful opportunities to make alternative 
choices. On this view, the food residue o f agricultural 
chemicals poses no ethical problem as long as consum
ers have both a reasonable opportunity to get informa
tion about unintended consequences and an alterna
tive choice in the form of organic foods. It these 
conditions are met. then it is reasonable to conclude 
that consumers have consented to risk the possibility 
that there may be chemical residues, and to bear the 
responsibility for any consequences for their choice 
ot foods.

The burdens o f proof that must be met in devel
oping and promoting an agricultural technology may 
seem heavy when described abstractly. In practice, 
tliev are consistent with the general structure ot a tree 
market economy, provided that two conditions arc 
met. Sellers must provide full information, and sell
ers' economic power must not become so concen
trated that buyers are effectively denied a meaningful 
opportunity to choose alternatives. It is important to 
note that consent ciiteria do not necessarily produce 
a socially optimal outcome from a utilitarian perspec
tive. One reason it ma\ not is that buyers may have 
taultv preferences. 1 liev may. tor example, choose 
foods that are unhealthy, or they may place too much
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emphasis upon immediate gratification. M.inv econo
mists assume th.it consumers' .ictu.il preferences con
stitute the norm tor determining .1 social optimum.
It immediate gratification and consumption ot un
healthy tood are defined as a benefit in virtue o fthe  
tact that such activities satisfy consumer preferences, 
there will be less divergence between utilitarian and 
consent criteria than would be the case when costs 
and benefits are defined according to criteria that arc 
independent trom existing preferences.

1 he economic concept of marker failure is .list) .111 

instance where consent and utilitarian criteria diverge. 
Resource economics identifies a number o f situations 
in which buyers and sellers making voluntary ex
changes will leach outcomes that all would regard as 
snbnptim.il. The American dust bowl has frequently 
been analyzed as an instance o f market failure. Under 
utilitarian criteria, market failure provides a justifica
tion tor regulation, the coercive application o f state 
power to ensure that individuals and organizations 
do not engage 111 practices that produce the unwanted 
outcome. Such state actions can come into direct con
flict with ethical criteria associated with property 
rights. I he result is .1 philosophically based political 
conflict between those who advocate government 
regulation ot unintended consequences based upon 
utilitarian analysis, and those who evaluate such ac
tion on the part of government as a violation o f con
sent criteria implied by common notions o f property 
rights.

III. The Structure of Agriculture

lLcliic.il issues associated with the structure o f agri
culture overlap with those o f unintended conse
quences to the extent that changes in the size distribu
tion or number ot farms can be understood as an 
unwanted consequence o f technological change. The 
general relationship between means o f agricultural 
production and norms tor land entitlement and prop
erty rights has been an enduring philosophical ques
tion. however. As noted above. Aristotle thought 
that achievement o f moral virtue 111 the elite o f society 
depended upon a release from labor o f agricultural 
production that could only be provided through .1 

system ot agricultural production based upon human 
slavery. In the ISth century. |o!m Locke defended 
the enclosure movement that removed English lands 
trom common pastoral use and converted them to 
privately controlled croplands on the grounds that 
enclosure returned far more benefits in the form of

increased tood availability. At about the same time. 
Jean lacqucs Rousseau argued that the primary impact 
ot privatization ot agricultural lands was to crcarc scar
city. by creating a privileged class ot land-holding 
aristocrats.

This pattern o f divergent philosophical views has 
continued. Some, such as economist Luther Tweeten, 
evaluate changes 111 the distribution ot farms by size 
and by type o f ownership 111 terms ot criteria that 
stress efficiency and aggregate benefits ot farm pro
duction. Others, such as sociologist lack Kloppcn- 
hurg, stress how changes in agricultural practice have 
favored the interests ot a few influential individuals, 
generally working behind the scenes.

The dispute is particularly relevant tor planning and 
evaluation ot agricultural development. Agricultural 
development programs such as the Green Revolution 
have been based on the view that carefully managed 
increases in .1gric11lt11r.il productivity are a necessary 
condition for improved conditions 111 the developing 
world. On the opposing view, dependency theorists 
have argued that underdevelopment has been caused 
bv exploitative encouragement ot sugar, tobacco, cof
fee. tea. ami other stimulant production in developing 
countries, as well as " lu x u ry ,"  crops such as fruits, 
oilseeds, and spices. T his group sees little hope tor 
development until the developing world's cycle ot 
dependency upon developed countries (first for pro
duction technology and expertise, then tor export 
markets) is broken.

One way to analyze the contrast between the two 
philosophies is to return to the distinction between 
utilitarian and rights-bascd ethics. On a utilitarian 
view, changes in farm structure create costs in the 
torm ot financial and emotional consequences for 
those who exit farming. There may also be more 
abstract costs 111 the form of esthetic and historical 
values associated that link a given farm structure to 
broader patterns of culture. The key question is 
whether production efficiencies achieved through 
new technology and the resulting farm structure pro
duce benefits that outweigh these costs. For a rights 
theorist, the comparison of cost and benefits is largely 
irrelevant. The key question is whether affected par
ties were adequately involved 111 the events that cause a 
change in structure. Dependency theory, for example, 
may be interpreted as resting on the claim that affected 
parties in the developing world have been denied any 
meaningful opportunity to reject the otter ot Green 
Revolution technology. As such, the resulting 
changes 111 farm structure do not satisfy burdens of
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proof that relate to the participation, representation, 
and consent o f affected parties.

It is likely that those who defend the record ot 
change in farm structure would he willing to accept 
a utilitarian characterization o f their ethical rationale. 
Luther Tweeten has done so explicitly. W hile some 
critics would base their objections on rights claims, 
others diagnose a more fundamental problem. Like 
utilitarians, critics such as Kloppenburg or Wendell 
Berry (discussed below) would concentrate 011 the 
consequences ot tarm structural change. They would, 
however, argue that the relevant consequences are tar 
more comprehensive and systematic than utilitarian 
defenders have recognized. This form ot criticism has 
emphasized the mltiitiiviisiii implicit in the defense ot 
the status quo, ,1 tendency to evaluate action in terms 
ot criteria that fail to account for holistic or systematic 
effects.

Redtictionism is seldom defined precisely in critics' 
writings. Two themes that recur are siiciiiifn minc- 
tionisiu and ctliiuil rciliiiiioiii.<iu. Scientific reductionism 
is the belief that obtaining knowledge is an additive 
process. The building blocks of this process are spe
cific facts or observations that are localized in time 
and space. Scientific theories consist 111 generalizations 
or laws that aggregate data. Critics argue that this 
approach to knowledge can never capture the system
atic interrelationships ot natural and social phenom
ena, and hence will tend to overlook important envi
ronmental and social consequences. Spokesmen for 
the status quo often attempt to meet these criticisms 
by arguing that the critics’ claims are not adequately 
supported by data. A vicious circle of claim and coun
terclaim ensues. Scientific reduction is also associated 
with the philosophical view that science is value-free. 
The claim is asserted in two district senses. One is 
that the process o f conducting research and establish
ing facts through experiment is not influenced by 
values. The second is that data and theoretical general
izations produced scientifically do not, 111 themselves, 
entail value judgments. In application, the alleged 
valuc-tree nature ot science functions very much like 
an ethical norm, instructing scientists to avoid overt 
expressions o f valuejudgments in their scientific prac
tice. It is in such applications that scientific reduc
tionism has tended to stifle research, teaching, and 
public discussion ol agricultural ethicv

IilliiCiil lalttnionism (sometimes called methodologi
cal individualism) is the belief that .ill ethical signifi
cance derives from impact upon or action ot individu
als. Costs, benefits, and rights violations alike ire. 
tor the reductionist, significant on!\ when they affect 
individuals, rather than groups, or. more abstractly.

culture as a whole. Critics argue that changes in farm 
structure can produce broad cultural patterns that 
transform the values and world view  ot future genera
tions. These changing world views may lead future 
individuals to evaluate farm structure very differently. 
The ethical individualist does not find the change sig
nificant. precisely because individuals living in the 
future culture are unlikely to perceive themselves as 
victims. From the reductionist perspective, it 110 one 
complains, nothing is wrong. Ethical reduction is in
fluential because many rural social scientists assume 
th.tt value is a function o f individual preferences. One 
o f the most effective criticisms (unrelated to agricul
ture) is Aldous H ux ley ’s novel Hnii’c X a r  World, in 
which citizens o f the future are totally content with 
lives in which they have been genetically, chemically, 
and behaviorally conditioned to take pleasure in cir
cumstances that present generations would find to
tally devoid ot meaning and morally intolerable.

Scientific reductionism is relevant to ethical analysis 
o f changes in farm structure because some critics be
lieve that changes 111 tarm structure which produce 
broad scale environmental, social, and cultural 
changes are not amenable to analysis and identification 
by the methods ot reductionist science. It choices or 
policies cannot be justified scientifically, the reduc
tionist concludes that they cannot be justified at all. 
Ethical reductionism is relevant because, to the extent 
that these changes affect culture and the transmission 
o f values from one generation to another, it may be 
difficult to identify harms or rights violations that 
apply to specific individuals. This theme in the criti
cism of farm structure overlaps with the next area, 
conduct and professional ethics.

IV. Conduct and Professional Ethics

The third area o f concentration in agricultural ethics 
has to do with conduct. Agricultural producers and 
those employed 111 agribusiness should adhere to stan
dards o f professional conduct, and the standards ot 
conduct for agricultural research form a related cate
gory. Critics and representatives ot the agricultural 
establishment alike have raised concern over the con
duct o f those invok  ed in pesticide sales and in certi
fying the safety and efficacy ot input chemicals and 
agricultural products. Professional conduct is, per
haps. the most obvious area o f relevance tor agricul
tural ethics, and one where violations ot legal and 
ethical norms can stir significant public attention. 
Philosophical questions arise 111 determining the pre
u s e  role responsibilities ol agricultural professionals.
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Init m general, these etlueal issues are tar less conten
tious than those that arise in the first two categories. 
While the enforcement ot norms tor good professional 
conduct can he a difficult practical problem, there 
is often a broad consensus of opinion even among 
practitioners on what the norms are.

The writings ot Wendell Berry  and his followers 
provide one exception to the generally noncontrover- 
sial nature of issues involving ethical conduct. Berry 
has argued that changes 111 farming practice and in 
rural communities have produced a situation in which 
all persons are less able to engage in virtuous conduct. 
Specialization in food production and distribution 
has, in Berry's view, fractured the integrity o f family- 
based production and consumption, and has made it 
difficult to perceive social responsibilities to family 
members and to others in the community. Similarly, 
this specialization has made it difficult to perceive 
human dependency upon nature and upon natural 
cycles tor restoring the environment and replenishing 
the resource base. Berry thus argues that industrial
ized agriculture necessitates unethical conduct, not 
only on the part ot agricultural producers, but on the 
part ot society at large. Berry's concerns with personal 
conduct, thus, overlap with the criticism of reduc- 
tionism discussed above.

Be rry ’s sweeping claims aside, the most serious 
problems arise in constructing procedures for enforc
ing what would com m only be regarded as acceptable 
norms tor professional conduct. Farmers may have 
incentives to abuse chemicals, to adulterate products 
(spraying water into a grain truck to increase weight 
is a well-known abuse), or to cheat 011 Federal pro
grams. Sim ilarly, agribusiness firms producing inputs 
may have incentives to misrepresent the safety and 
effectiveness ot their products, and food processing 
firms may have incentives to pass contaminated or 
adulterated products on to consumers. Finally, public 
officials, including research scientists, may have in
centives to favor special interests, including industry 
and producers, over the public good. Philosophical 
questions arise in how government should regulate 
such activities, and when penalties should be applied 
for noncompliance. This area o f  agricultural ethics 
becomes closely involved with agricultural law.

V. Research Ethics in 
Agricultural Science

The conduct and professional ethics o f agricultural 
scientists deserves special attention. Whether basic or

applied, science is an activ ity dedicated to the produc
tion ot knowledge. Scientists have long recognized 
that the success ot this enterprise depends upon strict 
adherence to the norms of honesty 111 reporting re
sults. and openness 111 being willing to consider alter
native hypotheses. First order issues in research ethics 
stress the importance ot these norms to the research 
enterprise, and decry the occurrence ot fraud, deceit, 
and coercion in science. These norms can be described 
as an element o f professional ethics for the scientist. 
The doctrine o f academic freedom was advanced in 
the 1 ‘Jth century to protect the openness o f scientific 
enquiry, and to protect scientists from reprisal when 
they reported unpopular results. Historically, scien
tific organizations have relied upon a process o f social
ization to enforce norms o f honesty. During recent 
years, however, it has become clear that scientists can 
advance their careers, as well as commercial products, 
through fraud and deceit, and new concerns have been 
raised about the integrity ot the scientific community.

Recent work in the philosophy ot science by Steve 
Fuller and in the sociology of science by Bruno Latour 
has established the basis for understanding second 
order issues in research ethics. These authors have 
shown how scientists are taught to believe that science 
is founded 011 value-free objective procedures, while 
ethical norms are based 011 emotion or mere opinion. 
Belief in the value-free nature ot science is often ex
pressed as scientific and ethical reductionism, dis
cussed above. Belief 111 the value-free nature (e.g., 
objectivity) ot science does not strictly entail that ethi
cal questions about the choice ot a scientific research 
project, or about the unintended consequences o f a 
scientific finding, are inimical to the methods and 
practice ot science. Nevertheless, practices in many 
agricultural research organizations discourage delib
eration o f ethical issues as unscientific. Although these 
beliefs represent value judgments themselves, they 
have allowed scientists to project a public image o f 
being neutral parties, committed only to the facts, 
and unmotivated by value judgments or norms.

When the belief that science should always produce 
more knowledge is combined with a belief that 
applying ethical standards to research choice is inim i
cal to science, scientists and scientific organizations 
become may become committed to a goal o f always 
increasing knowledge, while rejecting the legitimacy 
ot other interests that may oppose the creation ot 
new knowledge (or may feel that resources are better 
invested in other goals). Scientists who adopt this 
posture pursue funding and freedom to conduct re
search, but refuse to participate in debate over the 
goals or value o f research 011 the grounds that doing
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so w ill compromise objectivity. In tins situation, sci
entists are an interest group whose interests depend 
upon being thought to have no interests. The situation 
creates incentives tor duplicity and self-deception 
within the scientific enterprise, and may ultimately 
erode scientists’ commitment to the norms o f honesty 
and openness. The alternative is to reject either the 
norm o f advancing knowledge or the belief that sci
ence is value-free. Either way, scientists have a re
sponsibility to review and defend the value of their 
research programs, and to at least consider the sig
nificance ot unintended consequences. The conclusion 
is that second order ethical deliberation should be 
accepted as an intrinsic element ot scientific practice.

VI. Animal W ell-Being

The legal and ethical protection ot animals has long 
standing 111 the United States. Anticruelty statutes 
were enacted in some colonies before the Revolution
ary War. More recently, animal protectionists have 
noted concern tor the well-being of tarm animals in 
confinement settings, especially since the publication 
ot Ruth Harrison’s Animal Maehines in 1%6. H o w 
ever. the principal focus o f the recent animal rights 
movement lias been to oppose the use ot animals in 
product testing and biomedical research. The biomed
ical debate lias become quite acrimonious, with some 
parties on both sides taking extreme positions. Few 
in agriculture would deny that caregivers have ethical 
responsibilities to assure the well-being o f farm and 
food animals.

Farmers and ranchers have traditionally thought to 
be especially respectful ot the well-being o f food and 
farm animals. They have been thought to possess 
personal moral concern for animals. Also, animal 
health and well-being have been thought to corre
spond closely to a producer's interest in efficiency 
and marketability of animal products. The correlation 
between producer and animal interests tails to obtain 
when any one ot three conditions obtains. First, some 
products, such as foie gras or pale veal, mav require 
production methods contrary to animal well-being. 
Second, some elements ot animal well-being may be 
realizable only under ideal conditions seldom realized 
m either wild or domesticated settings. Third, with 
large operations or high stocking rates, the manage
ment cost ot attending to the needs ot a tew individual 
animals will not always be matched by returns based 
on average or aggregated sales o f animal products. 
Animal protection organizations have criticized ag

ricultural producers on each ot these three points. The 
political rhetoric o f the animal experimentation debate 
influences criticisms o f agriculture and ambiguous ter
minology presents a barrier to any clear presentation 
o f ethical issues. Multiple uses tor the terms animal 
welfare and animal rights are especially contusing. For 
some, the term "animal rights”  implies an extreme 
reformist position, while "animal welfare," is taken 
to imply an attitude favoring moderate or no reform 
in animal agriculture. Popular use suggests that those 
who express support tor animal rights merely feel 
that individual animals’ interests deserve consider
ation. and do not propose radical change in animal 
agriculture. More formal uses of these terms have 
been introduced into the literature by two influential 
philosophers, Peter Singer and Tom  Regan.

Peter Singer advocates an animal welfare philoso
phy in a series ot articles and in his book Animal 
Liberation. Singer is a utilitarian philosopher who be
lieves that the morality o f an action is to be evaluated 
by assessing its consequences. The key to the animal 
welfare philosophy is the belief that comparable inter
ests deserve equal consideration without regard to 
species. This means that comparable experience ot 
physical pain, tor example, would be given equal 
consideration without regard to whether the pain is 
experienced by a pig. a monkey, or a human being. 
Singer explicitly notes that many interests do not 
admit ot meaningful cross-species comparisons, and 
that the complex cognitive interests ot human beings 
establish bases tor evaluating consequences to luimans 
in a manner that is unparalleled tor other species. 
Hence. Singer's view  admits o f many opportunities 
in principle where human interests w ill be favored 
over animals', and even where animal pain or suffer
ing may be justified by compensating benefits to hu
mans. However, Singer is also of the opinion that 
animals 111 confinement settings suffer to a degree that 
makes it impossible to justify human consumption of 
food animals. As such, he is com monly associated 
with the so-called animal rights group advocating 
radical change.

Tom  Regan has made numerous public appearances 
on behalf of animal interests, especially since publica
tion o f his book The Case for Animal Rights in 19S3. 
Regan advocates .111 animal rights philosophy that is 
opposed to the animal welfare philosophy ot Singer. 
In summary, Regan's view states that Singer's utilitar
ian position does not provide adequate reason for 
protecting the interests o f individual animals. Aggre
gation of costs and benefits to human and nonhuman 
animals leaves open the possibility that significant
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h.irms to a tew individual animals can be compensated 
by relatively insignificant benefits to a large number 
ot human beings. This argument has been especially 
relevant to the cases ot product testing and scientific 
research. According to Regan, animals are "subjects 
ot a life ." Accordingly, humans must respect their 
interests. W hile  Regan’s view would allow priority to 
comparable human interests (e.g., one might sacrifice 
animal lives to save human lives) his animal rights 
philosophy prohibits the aggregation o f relatively low 
level interests (such as gustatory pleasure) to compen
sate tor harms ot an ethically fundamental sort.

Although the writings of Singer and Regan repre
sent the philosophical distinction betw een animal wel
fare and animal rights, both have advocated vegetari
anism. For Singer, vegetarianism is .1 specific response 
to the use of confinement systems and high stocking 
rates. For Regan, vegetarianism is a general moral 
responsibility that would apply at all times and places. 
Since both Singer and Regan are sharply critical of 
animal agriculture, the more moderate views o f Ber
nard Rollin have had more influence within animal 
science and veterinary medicine. Rollin has written 
several influential works such as his IM87 book The 
I ’nliccdcti ('.ry, but a paper entitled "An im al Welfare, 
Animal Rights and Agriculture,”  provides a particu
larly concise statement o f his view s. For Rollin, the 
idea ot animal rights represents the consensus judg
ment ot society that the interests o f individual animals 
matter, and that producers may be required to sacri
fice financial gains 111 order to assure that vital interests 
are met. Rollin thinks that this idea is generally consis
tent with traditional notions o f animal husbandry, 
but that emphasis upon narrow scientific or economic 
measures ot productivity and animal health have 
caused an erosion ot moral concern tor tood animals. 
Rollin urges animal rights as a philosophy that is. 
111 effect. .1 return to more humane and responsive 
practices ot traditional husbandry.

VII. Agricultural Biotechnology

Ihe  rapid growth o f recombinant D N A  transfer tech
niques and their application to agricultural science has 
created a situation in which agricultural biotechnolo
gies present excellent case studies for many of the ethi
cal issues discussed above, Unintended consequences 
ot agricultural biotechnology have stimulated the 
most acrimonious debate. In the early 1980s, Jeremy 
Rifkin's Foundation for Economic Trends filed law 
suits designed to ensure that those undertaking re

search and development ot agricultural biotechnology 
assume responsibility tor all social and environmental 
consequences. The first round ot debate focused 011 

ice-nucleating bacteria that could provide crop protec
tion against freezing temperatures as low as 3 ( l ° F  
(- l°C ). Rifkin delayed experiments with these bacteria 
by raising questions about whether scientists had un
dertaken adequate review of potential environmental 
consequences. |.SYc P l a n t  B i o i k c i i n o i ot;v: F o o d  
Sai I TV AND E n V IR O N M LN T A I IS S U IS ; T K A N SG LN IC  An- 
IM AI.S. I

The second round ot debate has focused on recom
binant bovine somatotropin (B S T ), a genetically engi
neered version o f the hormone that can be used to 
stimulate milk production 111 dairy cows. The unin
tended consequences that raised concern with B S T  
stressed social impact upon the structure of the U .S . 
dairy industry. Economic analysis predicted that the 
technology would accelerate a shift from small to 
large dairies, and from the Northeast to the South and 
Southwest as principal production regions. Concern 
over the impact on the health o f dairy cows has been 
raised, largely associated with mastitis problems asso
ciated with the increased volume ot milk production. 
Finally, consumer groups expressed reluctance to ac
cept milk produced using recombinant B ST . despite 
scientific evidence documenting safety and quality. 
[.Sec D a i r y  C a j  i l l . P r o d u c t i o n . |

In addition to these problems associated with un
wanted consequences, recombinant techniques have 
been associated with ethical questions about property 
rights and about the religious and metaphysical impli
cations ot biotechnology. Property rights issues con
cern the question ot whether newly discovered or 
assembled segments of genetic code quality as patent
able or ow uable material. The issues have been most 
hotly debated tor animal patents. On the side of ani
mal patents is the incentive effect o f property lights 
tor potential producers o f recombinant technologies. 
Against animal patents are the claims that genetic 
sequences are "nature's handiwork," and that bio
technologies should be regarded as scientific discover
ies (which are traditionally not patentable) rather than 
as inventions. Religious and metaphysical considera
tions enter the discussion of property rights when 
people express the view that life forms should not be 
owned or, perhaps, manipulated. In this regard, the 
emergence of biotechnology has apparently brought 
longstanding practices ot genetic manipulation and 
breeding into the public consciousness tor the first 
time.
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Biotechnology is religiously significant because for 
some people, at least, the ability to move genetic 
material from one animal to another raises questions 
about the ethical significance o f species boundaries. 
These questions are o f two sorts. First, theologies 
that propose a difference in kind between human and 
nonhuman animals are challenged by the new molecu
lar biology. Second, some religious views interpret 
the existing distribution ot species as God's handi
work, and interpret genetic modification as a violation 
ot absolute constraints on human action. Religiously 
based concerns often enter debates indirectly, being 
expressed along with secular ethical concerns about 
property rights or unwanted consequences. The 
U .S . tradition o f separating church and state may 
make religiously based arguments seem less legitimate 
in the public policy context.
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Glossary

C ro p  plant A plant genetically modified by human 
practices, grows in disturbed habitats, and depends
on the grower tor its survival
G ene pools Ciroups ot species and populations that 
include the crop, its wild ancestral species and weedy 
torm, and various related species; gene pools are 
grouped into three categories according to their de
gree ot interfertility with the crop from fertile to 
sterile
G erm plasm  resources Plant material potentially 
useful tor the improvement ot the crop; it may come 
from its various cultivars. the weedy biotvpes. the 
direct and indirect ancestors, or other closely or dis
tantly related species
P lan t d om estication  Genetic fixation o f characters 
in wild plant populations that results in morphologi
cal-,iiiatoniic.il alterations suitable for agricultural 
pi actices
W eedy plant Plant that grows in disturbed habitats 
but maintains its natural means o f dispersal and relies 
on humans only for maintaining habitat disturbance

l^lant domestication is the genetic fixation o f charac
ters in wild plant populations that results in morpho
logical-anatomical alterations suitable for agricultural

practices. Domestication ot w ild plants may result 
from repeated cycles ot harvesting and sowing accom
panied by cultivation o f  the field. During these prac
tices. automatic (natural) selection and intentional (ar
tificial, human imposed) selection operate 011 the 
population, resulting 111 the introduction lit traits that 
mark domesticated plants. The morphological-ge
netic traits that accompany domestication include 
changes from shattering (breaking oft ot fruits and 
seeds) to nonshattering, indeterminate (continuous) 
to determinate growth, nonuniform to uniform mat
uration at the individual plant and population levels, 
and dormant to nondormant seeds, as well as increase 
111 size, texture, shape, and changes in chemical con
tents.

I. Plant Evolution

A. Plant Groups and Their Contribution 
to Domestication

Organisms that are traditionally considered as plants 
are divided now among three kingdoms: Protista (in
cludes Algae). Fungi (different types ot fungi), and 
Plantac (includes bryophvtcs, seedless vascular plants 
called Ptcridophytes, and seed plants ot both Gynmo- 
sperms and Angiospcrms classes). Algae includes 
plants that range from the microscopic diatoms to the 
giant kelps; fungi encompasses hetcrotrophic plants ot 
various structural complexities such as the unicellular 
yeasts and mushrooms; bryophvtcs encompasses .1 

diverse group o f plants such as mosses and liverworts; 
ptcridophytes consists ot the prim itive, seedless land 
plants with vascular tissue (conductive tissue of xylem 
and phloem) such as ferns, horsetails, and club 
mosses; gymnosperms includes nonflowering seed 
plants such as pines, hemlocks, ephedra, and bold 
cypress; and angiospcrms encompasses flowering
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plants such as petunias, legumes, roses, grasses, mag
nolia, and oak trees.

Plants ot economic importance (whether domesti
cated or not) come trom these various plant groups. 
However, plant domestication is more widely spread 
in flowering plants. T w o  reasons may account tor the 
widespread domestication o f flowering plants. One. 
they are the most diverse, widely spread, and domi
nant species in terrestrial biological communities on 
earth. Tw o . they are the only plants that produce 
fruits, and only gynmosperms share, with them, the 
seed production trait (thus called seed plants).

B. Major Events in Plant Evolution

It is commonlv believed that plants evolved and first 
diversified in aquatic habitats. Thus, the movement 
ot plants trom an aquatic to terrestrial habitat was 
one of the major evolutionary events. I he terrestrial 
habitat required and enforced a number o f structural 
and physiological modifications, such as the produc
tion ot a covering layer (cuticle), development ot a 
well-structured vascular system tor the conduction ot 
raw material (xylem tissue) and food (phloem tissue), 
establishment o f roots well specialized for absorption 
ot raw supplies and tor anchoring the plant, and leaves 
specialized in harvesting the sun's energy for photo
synthesis and in transpiration to help cool the plant 
and to assist in the movement of material in the vascu
lar tissue. (.See Pho iom  m i i i  sis; I ’ i a n i  P i i y s i o i c h ;y . |

Another major event in plant evolution involved 
the evolution o f the flower, fruit, and seed. The flower 
enhanced various aspects ot reproduction including 
plant-pollinator interaction and varying degrees ot 
selt- and cross-fertilities. The fruit and seed allowed 
tor wider dispersal o f the reproductive propagules via 
physical means ot dispersal, such as wings and hooks. 
They also contributed to the physical protection ot 
the embryo, and provided nutrition and control ot 
germination, resulting in the seed dormancy phenom
enon. I he latter gave the seed a longer opportunity 
and more efficient methods for dispersal. |.SVr D o r 
m a n c y . |

Current information trom fossils and molecular 
studies point to the origin o f flowering plants at the 
Cretaceous period (about 12l I million years ago) or 
earlier. I lie area ot origin ot flowering plants is be
lieved to be the seasonal tropics. From that area, 
flowering plants invaded new regions m different di
rections by adaptive radiation, whore new evolution
ary lines emerged as a response to the new environ
ments. T w o  major environmental events, continental

drift and the recent glaciers, enhanced and signifi
cantly contributed to the diversity and dominance 
o f flowering plants. Continental drift, the process ot 
separation o f the continental land masses, started 
around 110 million years ago during the middle Creta
ceous period, which is the time marking the first 
appearance o f flowering plants in fossil records. This 
drift o f continents, which continued tor about 30 mil
lion years, resulted in physical separation between 
plant species and produced changes in the environ
ment as the continents moved away. The combined 
isolation and changes in the environment enhanced 
the rate o f plant evolution from the species to the 
community levels.

The glaciers pushed the ranges ot distribution ot 
plant species and communities to new ranges, and 
resulted in bringing together species that had been 
physically isolated. In addition, glaciers disturbed the 
physical characteristics ot the environment, generat
ing new habitats. As consequences of the glaciers, 
hybridization, polyploidy (doubling ot part or the 
whole chromosome set in an organism), and weedi
ness in plants were enhanced. T he first two are major 
factors in plant evolution while the third is a prime 
contributor to the process ot plant domestication. It 
is believed that the progenitors ot domesticated plants 
were aggressive colonizers ot new and disturbed hab
itats

C. Major Processes Governing Plant Evolution

One of the first points to raise here is that plants 
should be treated somewhat differently from animals 
in terms o f their responses to the processes governing 
evolution. They are structurally different from ani
mals (perhaps simpler), reproduce differently, more 
apt to accommodate genetic phenomena such as poly
ploidy and hybridization, and stationary in the com
munity. Plants evolve via mutations that occur at the 
gene level (point mutation), chromosomal re
arrangement. doubling ot part or the whole genome 
complement (polyploidy), and hybridization. Unlike 
most animal species, polyploidy is a prominent factor 
in flowering plant evolution, with the frequency ot 
polyploidy estimated to be around 80%. Hybridiza
tion between closely and distantly related species is 
also a widespread phenomenon in plants. Polyploidy 
and hybridization, when combined with various asex
ual means ot reproduction, result in considerable 
amounts o f genetic diversity at the population and 
higher taxonomic levels. These two processes have 
been important in the postdomestication evolution of
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domesticated plants, providing further diversity a ml 
various means ot breeding. Plasticity 111 plants is also 
a prominent feature where a genetic type (genotype) 
can be expressed as different physical or physiological 
forms under different environments. This is an adap
tive trait in widespread species against environmental 
changes, and for the exploitation of different niches. 
Studies have also shown that some simple genetic 
changes in plants, such as single gene mutations, can 
result in an amplified effect in the morphology. This 
attribute makes plants capable o f evolving at faster 
rates than animals, and was perhaps one o f the factors 
that contributed to the success o f plant domestication. 
The evolution of corn from the wild ancestor teosinte 
represents a classic example o f the effect o f single gene 
mutations in crop evolution, where a few single-genes 
mutations can account for the major morphological 
changes from the wild ancestor teosinte to the domes
ticated corn.

II. Domestication of Plants

A. Time of Domestication

I hinting and gathering o f wild species had been the 
prominent tood acquiring practice throughout the 
majority ot human history. Remains o f domesticated 
plants in the O ld  W orld  did not appear 111 the archaeo
logical record until around KM Ml b . c . The oldest record 
ot a domesticated plant comes from the M iddle Hast. 
In the N ew  W orld  (the Americas), archaeological 
records ot plant domestication were dated to about 
N7IH) b . c . Excavations o f  historic settlements world
wide continue to take place and an earlier date for 
plant domestication might yet be uncovered. The pro
cedure tor dating plant remains follows the estimation 
ot the ratio 1 'C'/ 1 *C' in plant remains. Both 1'C  and 
MC  are found at a constant ratio in the atmosphere 
and in plants. Once plants die, " C  starts decaying, 
presumably at constant rate, into nitrogen. Since the 
halt time ot the UC  isotope is known (about 5730 
years), the age ot the plant remains can be calculated 
by using a special formula. I bis procedure can be 
used for intact plant remains as well as charred or 
cooked remains, but reliable dating can only be pro
vided tor plants that are no older than 50,OIK) years.

6. Centers of Domestication

The domestication o f plants was not diffused uni
form ly throughout the world. There were centers for

domestication on some continents, but others such 
as Australia and North America, have tew records 
ot crop domestication, fo r instance, sunflower and 
artichoke were the only major crops domesticated in 
North America. The Russian geneticist N. I. Vavilov 
studied the patterns ot variation in crops to determine 
their areas o f origin. When he mapped the geographic 
distribution ot the areas ot crop origin, he found that 
eight centers and tour subcenters could be recognized 
m Asia, Africa, Europe, and the Americas, and called 
them Centers o f Origin. Vavilov also recognized that 
the area o f highest diversity tor a crop is not necessar
ily the area o f origin, and thus he proposed the concept 
o f "Secondary Center" o f diversity. J.  R. Harlan fur
ther refined V av ilo v ’s idea by making distinctions 
between well-defined centers and larger geographic 
regions with diffused areas o f crop domestication. 
He called the former "centers" and the latter 
"noncenters" o f plant domestication. Three centers 
(Near East, North China, and Mesoamerica) and 
three noncenters (Africa, South Pacific, and South 
America) were recognized by Harlan. The major, and 
some minor, tood crops domesticated in these regions 
are listed in Table I.

The geography ot plant domestication was further 
examined by I larlan in the context ot ecological set
tings. O f  the II) climatic regions compared, the M ed i
terranean woodlands and the tropical savannas were 
the formations that have provided most ot our crops, 
including many ot the 30 crops that feed the world 
(big. I). T hese two climatic regions are characterized 
by long dry seasons that constituted ecological set
tings promoting annual growth which is characteristic 
o f the major crop plants that nourish the human race.

C. Practices and Processes That Led 
to Domestication

The practices and processes that led to the evolution 
o f a domesticated plant from a wild or weedy ancestor 
require the introduction ot a suit of genetic changes 
that are manifested in morphological modifications. 
The changes must satisfy the requirements ot efficient 
harvesting and high yield. The essence ot the practices 
and manipulations by humans ot these wild plant 
populations is not well known, but it is believed that 
the practices of repeated cycles ot harvesting and sow 
ing harvested seeds, cultivation ot fields, and the pro
cesses o f natural and artificial selection pressures on 
plants could have led to their domestication, at least 
in the Middle East. Successive cycles ot harvesting 
and sowing o f the population are believed to have
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TABLE I

M ajor and Some Minor Food Crops and Their Areas of Origin Following Harlan (1992)

Scientific hamc Common name and area ot origin

C !erea Is
I'litiiHin acslivuin L. Bread wheat: Lranscaucasia-Caspian
/. liinUiinn Schr.mk I.miner. Near hast
/'. HIOIIOiOnUIII I . L.mkorn; Iurkey
7 . limoplitcvi Zhuk. Very minor wheat; Soviet Georgia
/ lurgiduin L. letraploid wheat: derived from emmcr. Near Last
Zxa may> L. Indian corn; Mesoameriea
Oiycw saliva L. Kice; S. China to India
()ry :a  glabcrnma Steud. Atruan rue: \V. Africa savanna
Sl'ullf HTt’ilIc I.. Uye: Anatolian plateau-N. Lurope
HorJaim vttlgair L. Barley: Near Last
Sorghum bicolor (L .) Mocneh Sorghum: savanna /ones Sudan-Chad
l\ imi>clum glaiuum (1.) R. Br. IVarl millet; dry savanna Sudan to Senegal
lihusiiiv toraiana L. 1 iin;er millet; 1 hulilands. l.lluopia-U^anda
l:ragro>lis tel 1 r* >t t. let: l.thiopia
Digiiaria f.\ih> (Kipp.) St apt 1 omo; W . Africa. Nigeria to Senegal
lira»liiaria ilclhwa (Schuni.) 1 lubb. (iiunea millet: Guinea highlands
I }auicum miliaiium 1 . I'roso. hrooimorn millet; N. China
I*aiiiium mil urn [ .mi. Slender millet: Himalayas-Upper Burma
Sciaria italiia (L . ) Beav. Italian, foxtail millet: N. China
luhiiiiuhloii Immmiana Link. Japanese millet: L. C lima
I}aspalum ycrobiculanun L A millet: Nilgiris ot S. India

v Luhryma-iobi 1 lobs tears, adlav; Indochina—Philippines
INeudocereals

Ainaranlhus species Am.ir.intli. the Americas
( iln'iiopoilium species 1 luao/ontle: the Amerieas

I ei»umes (pulses)
(./nr anciinum 1 Chickpea: Near Last
l.rns c.'tulciihi Moencli 1 entil; Near Hast
I ’lsum sativum 1 . Garden pea; Near Last with addition trom the Mediterranean
I it hi faba L. liro.idhe.in. lava beans; Near Last
1 igna unguiiiilaia (I..) Walp. Cowpea. VC' Africa
Ai\u Ins hypogacti I Peanut. South America
l ,liascolu< vulgaris L. Common bean: South America
IVhisi'olu* aiuliloliu> A. (irav 1 epary bean; Mesoameriea and North America
I'liasiolus lunaius L. I una bean; Mesoameriea
1 igna ratliata (L .) Wilc/ek Muni; bean; India or S. China
1 oamhria subimama (L .) Bambara groundnut; W . African savanna

I'houars
(«lycinc max (L ) Merill Soybean; N .H . China
('ajanus iajan (L .) MilKp. Pigeonpea from Aiylosia India
( .'yamopsis tctiagonolobus ( iuar: India

( i . )  i k :
l*sophoi arpu> ictragonolobu> Winged Bean. ako has tubers; New Guinea

(I ) DC
Vegetable i mps

Allium species (.>111011. garlic, leak: Mediterranean
Allium baL'f i Kei»el (. !lnnese shallot: ( Inna
lira<>na ii/n.iiVii I Cabbage. cauliflower. brussels sprouts, kale, kohlrabi, broccoli. Near l ast, .icdition 

trom W . Lurope
l.a.luca saliva I Lettuce: Mediterranean
lUiroulimim >,inviim Hollui. 1 *arslc\: Mediterranean
l)auiu> iaroia I C arrot; Mediterranean
Raphanu.' anvu- I Radish; Near 1 ast. China, wild and weed races widespread
lit fa vnlgan.' L Beet: Mediterranean. W  l urope
Hi a. <it a rapa I I urmp: Mediterranean (also maybe China!
(!ap>hum species Pepper. Mesoameriea and South America

1 c o  : f  M i l k ' s  •
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TABLE I

M ajor and Some M inor Food Crops and Their Areas of Origin Following Harlan (1992)

Si icntific name C o m m o n  name and area ot origin

( .Hi mhihi nui.xiithi 1 .mi. Squash; South Am erica
(iiuurhilti /»<•/»»» L. Squash-pum pkin : Meso.unenc.i
C.munih >ijf11'f<> L. Cucum ber; N .L . ? .  India? (possible domestication in both areas,
/ . ) ' i oil txulcniinn M ill. 1 om.ito; South Am erica
/Vi species I ornate: Mesoam erica and South Am erica

htj'ii I.. I urmp: N . Ch ina (Mediterranean? possible independent domestication)
SoLumm nu lon î ihi I Lggplant: India

Starchy crop-.
SoLumm rnhcrosum L. Potato: South Am erica
l)io>iort'ii tntidii L . l. Y am ; Mesoam erica
Diosioira niycmn>i> L.un. Y am : Ivo ry  Coast to Cam eroon
l)iosion\i isiulaitit (Lo u r.) C !hincse yam ; S. (  !hma

Burk .
ALhihiii niiiiionhi^ii Schott. An elephant-ear; Indonesia-M elancsia
Ipomocii hittiitits ( L . ) L.un. Sweet potato: Mesoam erica
Miinihot csiiilnitti Cr.m tz M an ioc; M esoam erica
Allot illpu> tommunis 1 orst. Breadfruit; S .W . Pacific Islands
Arfouir/uts inrc\>rifo/hi L. Jack tru it; S. Pacific and S .L .  Asia

Liber and oil crops
lihi>>ini ihipns 1 . Uapeseed: L. Mediterranean
Hhis.'itii iii\>hi (I .) Koch Mustard , mustard oil; 1.. Mediterranean
( .in th,imn> tnii toi iu> L.. SalHow er: N ear Last
1 .inum usihili>>imum 1 . Llax. linseed; N ear liast
( )h it airofn\i L . (. )live : M editerranean
1 .hit is tfuiiurnsi.' |au). O il  palm : W . A frica
Ritimh t omniums L.. Castor bean, castor oil; A frica, widespread
lii\i>-it,i (./»»//>«•>/»».' I . Uapeseed; temperate Ch ina
(\ho.< nutilchi 1 . Coconut: S Pacific Islands
So.unum intlunm I . Sesame; India
1 h'liiiiitltu* ,nmuu> 1 . Sunflow er; N orth  Am erica
Aiihhis hypo îicii I . Peanut; South Am erica
( lO-yyj'ium species cotton; Africa and South Am erica
( .iuniiibi> mnii’ii 1 1 lemp. widespread Lurasiau

fru it crops
l i t  us tiirini 1 Lig; 1 ink cy- lraq - lran
lu^huh i't\iii 1 . Lnglish walnut; Balkans to Pakistan
I ’hoi iii.x iLhtylilt iii L. Date palm: N ear Last
/ */>/.!« «■.; 1’ciii L. Pistachio; 1 urkev- Iran
I ’rnuuy iimy îJtilu.' Stokes A lm ond: 1 urkey to Pakistan
l }nnni\ itnuauiini L. Apricot: T u rkey- Iran
Primus itriiim  1 . C h erry ; Balkans to (Caspian
1*1111111s tloillistlul L. P lum ; Balkans to L. Kurope
I ’untui x’riintiliim L. Pomegranate: I ranscaucasia-Caspian
I }yrus t omniums 1 . Pear: 1 urkey- Iran
I }ynis iihilus L. Apple: Balkans- I ranscaucasia-C aspian
1 if is rim frni L. ( Irape; Mediterranean
Iili\'hiii siinithi Koen ig Akee apple; W . A frica
( A'loiyiithi* atrnllu> 1L .) (V W aterm elon ; S and I:. A frica

K unt/e
( :hiUiiontcU‘.< spp. Chinese quinces; temperate Ch ina
l-iiohonyti hiponiiii l.indl. L oquat; S. W . Ch ina
( .'inns species O r  mire, l e m o n ,  l i m e ,  g r a p . ’ t r i n t .  c i t r o i * .  t a n g e r i i i .  e t c . ;  S . L : .  A s i a  . m d  S .  ( . I n n a

Miiii^ilihi iiiilitii L. M a n g o ;  I n d o - M a l a v s i a

Musii s p e c i e s Banana; Southeast Asia
Aihitiii> toinnsus (L .) M errill P i n e a p p l e .  M e s o a m e r i c a

Aniiiiiiilinni onitlcntiil L. C a s h e w ;  S o u t h  A m e r i c a

(.'iiritii jhijhiyii L. P a p a y a :  M e s o a m e r i c a
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FIG U R E  1 Annual yield in million metric tons ot the 30 leading 
crops that teed the world. (Data were obtained trom the hood and 
Agricultural Organization Year hook. Vol. 33.)

imposed strong automatic selection pressures that fa
vored loss o f natural mechanisms for seed dispersal, 
better adaptation to man-made habitats, larger seeds 
and earlier emerging seedlings, shortening or loss ot 
seed dormancy, and uniformity at the individual plant 
and population levels. This practice was also accom
panied by intentional selection by the earlier farmers 
for agriculturally desirable mutants such as tree- 
threshing seeds, larger plant parts, fewer sterile flow
ers, inflorescences with larger number ot flowers and 
fruits, as well as convenience in harvesting under
ground and above-ground parts, and superior 
plant products in terms o f taste, texture, and food 
product.

1 lowever. not all plants that were harvested in 
the w ild or those humans attempted to domesticate 
lend themselves to domestication. Success in plant 
domestication was confined to only a small traction 
o f wild plants. For instance, among the hundreds 
o f species o f grasses that were harvested in the 
wild, only about 34 species were domesticated. 
Genetic responses to the processes and practices 
which lead to domestication appear to have been 
unique features o f a limited number o f species. 
Ability to coiomze new and disturbed habitats might 
h.'ve been a factor, but polyploidy has been excluded 
as a factor in the initial process o f plant domestica
tion. It appears that polyploid and diploid plants 
are equally domesticable 111 seed. trim, vegetable, 
and tree crops, as well as in annual and perennial 
crops.

ill. Evolutionary Changes Associated  
with Domestication

The kinds o f genetic-morphological changes associ
ated with the evolution o f domesticated plants can 
be grouped into two categories: (1) primary changes 
which constitute the prerequisite modifications for 
the emergence and establishment o f a crop plant, and 
(2) the secondary and postdomestication changes 
which refine the emerging crop species.

A. Basic Changes
W ild species possess natural means o f dispersing their 
reproductive propagules, by the tree shattering ot the 
individual seeds or fruits, or by the dehiscence of the 
fruit and subsequent release ot the seeds, as in le
gumes. These mechanisms are assisted by various dis
persal agents such as animals, wind, and water. W ild 
plants also acquired indeterminate growth to continue 
producing new parts throughout the season. 1 hese 
parts, especially the reproductive ones, mature at dif
ferent times, as a safeguard against losing all ot them 
at one time due to stochastic environmental events. 
Seed dormancy is essential for plants that grow in a 
seasonal environment because germination may be 
detrimental prior to the favorable growing season.
1 lowever, these w ild type traits are not particularly 
attractive to a farmer. A one-time harvest and a maxi
mum yield without losing some or most ofthe seeds 
via shattering is essential for a farmer's investment. 
Thus, nonshattering seeds and fruits, uniform 
growth, and synchronized maturity are basic ge
netic-morphological changes that define a domesti
cated plant and provide convenient crop harvesting 
and adequate yield. These mutations are desirable and 
were under strong selection pressure.

Natural plant communities, although dominated 
bv one or a few species, are often diverse in species 
composition where the various species tend to exploit 
different niches in the community. Thus, the ability o f 
plants to adapt and become productive when grown 
m mostly monospecific cultivated fields with intense 
intraspecific (within species) competition, is another 
trait essential for the selection ot a successful crop. 
Contrasted with the natural habitat o fthe  w ild spe
cies. disturbing the habitat by plowing, irrigating, 
cultivating and fertilizing adds yet other selection fac
tors Therefore, a wild progenitor ot a perspective 
crop should have some ability to colonize such habi
tats and adapt to the increasing and continuous distur
bances by the grower.
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B. Secondary and Postdomestication Changes

These changcs include selection tor increasing the size 
ot the desired part such as the seed in various legumes, 
the fruit in fruit crops, the inflorescence 111 corn and 
rice, the buds in brussels sprout and cabbage, the 
stems in kohlrabi and potato, and the roots in cassava 
and beets, to cite a tew. To  increase yield, selection o f 
plants that have regained fertility 111 otherwise sterile 
flowers was also practiced. This can be exemplified 
by the selection tor the six-row barley from the two- 
row  crop. In w ild and prim itive domesticated barley, 
only two o f the six rows o f florets around the axile 
ot the inflorescence arc fertile (producing seeds); the 
remaining rows are sterile. Early farmers observed 
and selected a mutant in domesticated two-row barley 
in which the sterile florets regained fertility, resulting 
in seed heads with six rows o f fertile flowers. Selection 
tor dwarfness ot cultivars, reduction in certain plant 
parts to facilitate harvesting, increase in the tissue o f 
edible parts, and manifestation o f the number and 
size of flower parts in horticultural plants are also 
examples ot postdomestication evolution. In addition 
to these traits, traditional and biotechnology-oriented 
breeding for different agronomic traits including dis
ease and pest resistance are ongoing changes in the 
process o f  crop evolution. [.Sec C u i t i v a r  D h v e l -
O l’MKNT. |

IV. C ro p -W ild -W e e d  Complex

A. Definitions of the Crop, Weed, and 
Wild Plants

For each crop species there is a corresponding wild 
ancestor. Crops are also accompanied in the field by 
weedy plants. This weedy species is genetically related 
to both the crop and the wild ancestral species. Other 
nonrelated weedy species also might be present in the 
held, but often are not o f significance in the history 
of evolution ot the crop and its future differentiation. 
A simple definition o f a crop plant is a plant genetically 
modified by human practices, grows in disturbed hab
itat, and depends 011 the grower for its survival. A 
w ild species is a plant that grows in natural habitat 
and does not rely 011 humans for its future survival. 
In contrast to these two, a weed is a plant that grows 
in disturbed habitats, but maintains its natural means 
ot dispersal and relies 011 humans only for maintaining 
the disturbance o f the habitat. Weeds could originate 
as a specialized genetic line o f a w ild species that 
has the capability to invade and colonize man-made

habitats. It also could arise as a result ot hybridization 
between the wild and domesticated species, or as a 
result o f some cultivated plants regaining their natural 
means o f dispersal (i.e., the shattering ot the seed and 
the dehiscence o f the fruit). [ S w  W k k d  S c i e n c e s .]

B. Dynamic Interactions between the 
Crop-Wild-Weed Plant Complex

The domestication process, although resulting in vari
ous degrees o f morphological changes, has not en
forced genetic isolation between the crop and its wild 
progenitor. Sim ilarly, the allied weedy form can gen
erally cross freely with both the crop and the wild 
form. As a result, gene flow between the triad is not 
uncommon in the field, and natural hybrids are often 
spotted in the field. This hybridization can be dupli
cated in the laboratory. There are positive and nega
tive consequences to this lack o f reproductive isola
tion. Due to the gene flow between the crop and the 
weedy species, the latter starts resembling the crop 
more closely, creating a problem in eradicating the 
weed from the field. Weeds have maintained natural 
means o f seed dispersal and, in many cases, they can
not be recognized in the field until the seeds reach 
maturity and start shattering. Thus, such weeds can 
maintain themselves at a certain equilibrium in the 
field for a long period o f time. A positive consequence 
o f this reproductive compatibility is the possible use 
o f the weedy and wild forms as sources o f desirable 
genetic material in the breeding programs o f the 
crops.

C. Gene Pools of Domesticated Plants

The importance o f wild species in the improvement o f 
crops has long been recognized. Crop plants represent 
subsets o f the total genetic diversity o f the w ild and 
weedy species since often they were domesticated 
from very limited number o f populations. Therefore, 
desirable agricultural traits needed for the improve
ment o f the crop can be sought from w ild or weedy 
species closely or distantly related to the crop. The 
species that can be used as a source o f genetic material 
for the crop constitutes its gene pools. These gene 
pools have been classified into primary, secondary, 
and tertiary pools depending 011 the degrees o f fertility 
between the crop and its related species.

The primary gene pool represents the crop and 
species that can cross freely with it and produce highly 
fertile hybrids; members o f this gene pool include the 
various races o f the crop, the direct wild ancestor, and
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the weed form. It can possibly include other species 
intcrfertile with the crop. The secondary gene pool 
consists of species that can cross with members of the 
primary gene pool with at least some fertility in the 
first generation. Gene transfer from the secondary 
gene pool to the crop is possible, but may be difficult. 
The tertiary gene pool represents genetically distant 
species that maintain strong reproductive isolation 
barriers between them and members ot the primary 
gene pool. In this case, gene transfer can be achieved 
only by radical techniques such as embryo culture, in 
i'ii ’0  hormone treatments, and bud pollination. It is 
evident that the gene pool system is based on conven
tional crossing and breeding. I Iowever. recent ad
vances in biotechnology can overcome these breeding 
boundaries between the gene pools and. thus, will 
significantly expand the gene pools to include taxo- 
nomically unrelated species. [.Sec Pi an i CIi.ni i ic En- 
IIANU'.MI N I . |

V. Taxonomy of Domesticated Plants

A. Taxonomy of the Crop-Wild-Weed Complex

The crop-w ild—weedy types differ in morphology 
and habitat. T he process of domestication has often 
resulted in pronounced changes in the morphology 
o f the wild plants. The wild ancestor o f peanut, tor 
instance, is a weak vine, grows in forest understory, 
and has small seeds and fruits as compared with the 
open-field peanut crop, that is more erect and rela
tively stout and produces much larger seeds. The wild 
species o f corn has much different branching patterns 
o f their culms (grass stems) and in reproductive parts 
from the corn crop, having ears that are only a tew 
inches long, about halt an inch wide, and containing 
two rows o f small seeds that are enclosed in stony 
cups.

The morphological differences between the wild 
species and its domesticated counterpart have im
pacted the taxonomic treatment o f these species. The 
treatments have varied from giving each form .1 spe
cies status to merging them all into one species. The 
majority ot these changes and differences are. how
ever, due to simple genetic changes controlled by 
one or tew genes. In addition, the complex triad ot 
w ild-crop-weedy plants did not become genetically 
isolated, and natural hybridization between them oc
curs in the field and can be enforced artificially.

The biological species concept has been applied to 
the taxonomy o f this group. This concept promotes

the inclusion o f all taxa (taxonomic units) in one 
species if they hybridize freely and the hybrids are 
highly fertile. Since these criteria apply to the 
crop-wild-weedy forms, it seems appropriate to in
clude them in one species. The three forms could be 
given subspecific ranks under the specific name ot the 
crop, with the crop acquiring the type name (the 
specific epithet for the species) since it is the popular 
type. For instance, finger millet, and its direct progen
itor, used to be named I:lcu.<inc coracaiht and Iilaisinv 
dfiittiiid, respectively. Following the biological species 
concept, they are named ivniaiiiii subspecies 
uiiiti for the crop, and li. I'oracaiia subspecies <i/iiuiihi 
for the wild ancestor.

B. Taxonomy of the Crop Plant

Due to human s intense selection tor a variety ot traits 
111 crops, these plants tend to be morphologically 
highly variable. This variation has resulted 111 consid
erable difficulties in the classification ot domesticated 
plants. Overclassification and the creation ot a large 
number o f intraspecific categories are the prominent 
difficulties in the taxonomy of cultivated plants. The 
sorghum crop was once divided among 52 species. 
28 o f them domesticated. At present all domesticated, 
wild, and weedy types o f sorghum are lumped under 
one species, Soiylniin hiiolor. M ore than (>5 intraspe- 
citic categories have been reported in the literature 
for domesticated plants. I  Iowever, considering the 
nature o f the genetic bases o f the morphological varia
tion and the artificial selection imposed 011 them, a 
simpler system o f classification can be followed. The 
system is illustrated in Table I I .

TABLE II

An Example of the Classification of Domesticated Plants, Their Re
lated W eed y  Types, Direct Ancestral Species, and Indirect Species 
(Diploid Species that Hybridized to Produce the Polyploid Direct 
Ancestral Species)

t i m l o i s i c . i l  s p c c i c s  n M . i i . m . i  ( c r o p .  w i l d .  J i u l  w e e d y

tvpes)
S u b s p e c i e s  c o r . u . i i n i  ( d o m c s t i c . i t e d  t y p e )

U a e e  I i i i s I i I . i i k I 

s t i b r . t c e

(  u i n v . i r

I m e .  I  i o n e .  I. i c t i o t y p e  

S u b s p e c i e s  . i l r i t . 111,1 ( d i r e c t  w i l d  . n n v s r o r .

Y.inetv Veiin.ill.it.1 
lim ititStc.il species l:lrn>tnf iihliiti (one ol tile Jiuestors Co the 

teir.ipioid .uiccstr.t! subspeues
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I lie specific, subspecitic.. and race names .ire Latin 
names while names below the race do not need to 
be written in Latin. The species and the subspecies 
categories are already defined above. A race is a group 
ot cultivars that occupy a recognizable geographic 
area and display a morphological identity. Races are 
expected to hybridize at zones o f contact and. tluis, 
the morphological boundaries among races might be 
blurred, as is the case ot the sorghum races in Africa. 
The race is equivalent to a botanical variety in the 
classification ot the wild and weedy species. Races 
that occupy large geographic areas and/or tend to be 
morphologically variable can be classified into sub
races that include morphologically distinct groups o f 
cultivars. Races and subraces encompass various 
numbers ot cultivars which represent morphological 
and agronomic units. Within cultivars are breeding 
lines, clones, and genotypes which may be defined 
to represent selections within germplasm (gene banks) 
collections or breeding programs. The clone and ge
notype categories are especially useful for crops that 
are asexually propogated via stem cuttings, tissue cul
ture, and apomixis (a sexual production o f seeds) since 
they are genetically more uniform, as opposed to sex
ually reproducing plants.

VI. M ajor and Minor Crops

A. Types of Crops

W ild  plants have been selected for domestication for 
a variety of objectives, such as food (cereals, legumes, 
vegetables, and fruits), oil, drugs, fiber, ornamental 
plants, and .1 number ot utility crops such as gums, 
rubber, fiber, and balatas (see Table I for examples 
ot these crops). Selection in the various crops was 
directed toward the specific, desirable part(s) o f the 
plant. In the species Hnissita olcraccac, selection for 
food in different populations ot the same species was 
directed toward the terminal bud to produce cabbage, 
the lateral bud to generate brussels sprouts, the inflo
rescence to domesticate broccoli and cauliflower, and 
the stem to produce kohlrabi. In flax, two types o f 
cultivars exist, one selected tor oil and the other for 
fiber. In some cases, two or more species within a 
genus were selected for domestication for the same 
or different purpose. Several species were domesti
cated as food crops 111 the grass genus Tritiaun, the 
legume genus I ’hascolus, and the rose genus Pnnins. 
In the family Cannabaceae. the species Cannabis saliva 
(marijuana) was domesticated for fiber and a drug.

while Iliiniiilus hipiilu* (hops) was selected for 
brewing.

B. Major Crops and Their Botanical Distribution

The more than 300 domesticated plant species come 
from over 60 monocot and dicot families, with 30 
being most important to feed the world (Fig. 1). The 
crops belong to 17 angiosperm plant families. They 
were domesticated in six centers and noncenters pri
marily in Asia, the Americas, and Africa. The grass 
family (Poaceae, Gramineae) leads the list with eight 
cereal crops and over seven species included under 
the millets group; the tour most widely grown crops 
are cereals (Fig. I). The legume family (Fabaceac, 
Leguminosae) comes second to cereals and is repre
sented by four species, although beans and peas in
clude several pulse species. In terms ot total produc
tion. the grass family by tar surpasses all the other 
families, accounting for about 80%  o f the total world 
food supply o f the 30 crops (Fig. 1). Some families 
like the Rosaceac, although haying only apples on the 
list ot the 30 leading crops, includes a large number 
o f fruit crops (such as pears, plums, cherries, apricots, 
etc.) and ornamental plants (such as roses and flow 
ering cherries). The same principle applies to the Lilia- 
ccac (onion family) and a number o f other flowering 
plant families. Thus, domestication appears to have 
cut across a wide range ot plant families with some 
contributing more significantly than others.

C. Minor Crops

In addition to the major crops that reach the world 
trade centers, there are a large number of crops that 
are considered minor because they are grown and 
consumed locally, or are exported on a minor scale. 
Examples of these crops are the less known tropical 
fruit crops (such as the star fruit), plants that provide 
starch products (like the bread fruit), and the millet 
crops (small grain cereals). Some ot these crops are 
domesticated from native wild species and tend to be 
very well adapted to the climate ot their geographic 
region. The millets, for instance, were domesticated 
from w ild species native to semi-arid regions and, 
thus, those species and the crops that evolved from 
them tend to be very well adapted to the drier environ
ments o f the semi-arid areas and to the existing poor 
soil conditions. The millets have good potential in 
drought-struck regions and other areas that are ex
pected to face similar environmental conditions, par



EVOLUTION OF DOMESTICATED PLANTS
1 2 6 -------------------------------------------------------------------

ticularly with the predicted changes resulting trom 
the greenhouse effect.

V II. Germ plasm Resources and the 
Future of Domesticated Plants

A. Germplasm Resources
Germplasm resources constitute all the genetic mate
rial trom domesticated and wild forms available tor 
the improvement of crops. These materials may be 
stored in national or international gene banks, grown 
in traditional farming systems, or found in wild popu
lations. There are several national and international 
agencies that are involved 111 the collection, mainte
nance. and characterization o f these plant materials. 
The International Board tor Plant Genetic Resources 
( IB P G R )  is one ot the leading international organiza
tions for this purpose. The United States I department 
o f  Agriculture and the National Japanese centers are 
known for their large collections ot genetic materials. 
There .ire also a number o f germplasm centers in 
various parts o f the world that are specialized in the 
deposition and breeding ot particular crops. These 
centers include Centro International de Papas (C1P) 
in Peru for potato, the International Rice Research 
Institute (1RR I) in the Philippines specializes in rice, 
the International Crop Research Center tor the Semi- 
Arid T ropics (IC R1SA T ) emphasizes sorghum millets 
and peanut, and the Centro lnternacion.il de Mejora- 
miento de Maiz y Trigo (C IM M Y T )  in Mexico spe
cializes in maize and wheat genetic resources collec
tion and breeding. Plant breeders, geneticists, and 
other scientists can obtain seed and plant material 
from these centers for research. |See I n  i e k n a t io n a i  
A c r i c u i  i u h a i  R e s e a r c h ; P l a n t  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 ic  R e s o u r c e  C o n s e r v a t io n  a n d  U  h i  i- 
z a  i t o n . |

B. Genetic, Evolutionary, and Agronomic 
Impact of Germplasm Resources

Postdomestication evolution o f crop plants is an on
going process. Selection from existing cultivars and 
introduction o f various genetic traits trom diverse 
gene pools result in altering the genetic make-up ot 
the crops. W ide crosses between domesticated plants 
and some distantly related species (gene pools 2 and 
3) have been attempted on a number ot crop species, 
such as hybrids generated from crossing gamma grass 
(Trips,uiini) with maize, and wheat with members ot

the tribe Triticeae. A relatively recent crop has been 
synthesized from hybrids between wheat ( Tritiaiw ) 
and rve (Scuilc) to produce Triticale. The crop com
bines several good agronomic qualities o f both paren
tal species, but has a low  gluten level, a protein im 
portant in producing leavened bread (bread that rises 
during fermentation).

A number o f crops, such as soybean, tomato, cof
fee. banana, and maize, have very narrow genetic 
bases. This status could be the result ot introducing 
a very limited number o f cultivars trom the area of 
domestication, or breeding tor a tew genetic lines 
m the large-scale breeding programs, or both. This 
situation is rather alarming since it highlights the vul
nerability o f these crops to various diseases. Because 
ot the genetic uniform ity of the cultivars grown, dam
age will be inflected if  they are susceptible to a patho
gen or ,111 insect. I he male-sterile derived cultivars o f 
corn were susceptible to the fungus Hihiiiiitliosporiiiin 
nuyiUs, causing a major infestation ot corn leaf blight 
in the United States in 1971). In Ireland, the potato 
crop was devastated by the potato blight in 1845. 
These incidents attest to the problems that could arise 
from the narrow genetic bases ot a number ot crops.

Germplasm resources provide the material tor in
creasing the genetic diversity o f crops and tor the 
introduction ot genes that confer disease resistance, 
drought tolerance, and higher food quality, among 
other desirable agronomic traits. Genetic resources 
important for plant breeding, genetics, and evolution 
o f crops are threatened in some areas. For example, 
the natural habitat for teosinte, the w ild form o f corn, 
has been disappearing. The tropics, that contain a 
large array o f genetic resources, are also facing the 
same future. Sim ilar situations are found outside the 
tropics because o f the increase in human population. 
Therefore, concerted efforts have to be made to collect 
genetic material, particularly for crops that are poorly 
represented in the world  germplasm collections.

C. Ethics and Politics Governing Utilization of 
Germplasm Resources

A look at the geography o f the origin o f domesticated 
plants reveals that the vast majority ot the crops come 
from the developing countries. However, most of the 
research involved in the development o f modern, high 
yield, and resistant cultivars is conducted in the devel
oped world. As a consequence, traditional cultivars 
and populations o f wild species, that represent the 
raw material for the breeding o f crop plants in the 
developed countries, are found in the developing



EVOLUTION OF DOMESTICATED PLANTS

countries. I his situation h.is resulted in .1 dilemma, 
where genetic resources obtained from the developing 
countries, resulted in the release ot new cultivars sold 
hack to the developing countries. 1 his situation 
prompted the developing countries to consider the 
genetic resources ot their crops as national property 
and, thus, have the right to control the dispensing 
ot the material and to put monetary value on the 
gcrmplasm resources. This is in contrast with the 
view ot the developed countries, who consider the 
gcrmplasm resources as a common human heritage 
with 110 one country having the right to control its 
utilization. The two sides have been discussing these 
issues tor a possible compromise and solution.
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Farming Systems
JOHN S. CALDWELL, Virginia Polytechnic Institute and State University

I. Characteristics of a Farming System
II. Farming Systems Types

III. Historical Development of Farming Systems 
Research Methodologies

IV. Farming Systems Research/Extension (FSR/E)
V. Toward a New Paradigm in the Application of 

Science to Agricultural Development: 
Participatory Research

Glossary

D om ain  ('.roup ot l.irm households with a common 
constraint or problem associated with a common 
tanning system or a common element in different 
farming systems
E n v iro n m en ts Activities outside the control o f the 
farm household unit managing a particular farming 
system; these include the biophysical environment 
(soils, rainfall), sociocultural environments (social 
structure, status, and roles, culture), economic envi
ronments (input, output, and consumer product mar
kets). and institutional environments (research and 
extension services, political institutions)
F arm in g  system  Unique, relatively stable pattern, 
continuing trom year to year, o f agricultural and lion- 
agricultural activities that a household unit manages, 
using well-defined practices within the constraints 
imposed by the internal functioning o f the system 
and by the biophysical, sociocultural, economic, and 
institutional environments outside the system, in ac
cordance w ith household unit members' goals, prefer
ences. and resources; the variability o f the system as 
a whole is less than the variability o f its components 
F a rm in g  system s research /exten sio n  (F S R /  
E ) Methodology for conducting interdisciplinary, 
on-farm, user-based adaptive agricultural research 
targeting defined groups o f relatively homogeneous 
farming system types characterized by similar con
straints

F arm in g  system  type Farming system which is 
characteristic of a number ot household units 
M ixed linear m odels Analysis o f variance models 
which divide farms into fixed and random effects to 
examine interactions ot treatments with farm types 
representing defined differences in environments and/ 
or farming systems types
M odified stability  analysis Regression o f treat
ments over an environmental index representing the 
mean of all treatments 011 each farm, where farms are 
chosen across as wide .1 range ot variation as possible, 
to determine what potential treatment by environ
ment interactions may exist
P a rtic ip a to ry  research  Research designed to facili
tate farmers’ own analyses o f and experimentation 111 

their farming systems; it includes participatory rural 
analvsis (P R A ) and farmer participatory research 
(F P R ) ' ‘
Rapid rural appraisal (R R A ) Any o f a number o f 
open-ended, participatory techniques, 111 large part 
derived from anthropological field research methods, 
for obtaining information on farming systems 
System s in teractio n  Directional movement ot re
sources from a source component within or without 
a system to a destination component within or w ith 
out the system, and the effects that such movement 
has 011 the functioning o f each component; at least 
one component, either the source or the destination, 
must be within the system; these systems interactions 
are distinguished from the interactions o f factors in 
statistical analysis

F arming systems are both units ot analysis o f  agricul
tural production and methodologies for user-based 
agricultural research and development. As units o f 
analysis, farming systems are defined by their compo
nents and boundaries and by the types o f interactions 
among their components and with the environments
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outside their boundaries. Farming systems include 
all activities, both agricultural and nonagricultural, 
under the control of farm household units. Farming 
systems types may be identified at the level ot regions 
within a country, or at a global level. Farming systems 
research methodologies deal with the identification 
o f priority constraints and opportunities, and the car
rying out o f research with farm household members 
in their farming system designed to reduce or elimi
nate the constraints and utilize opportunities to 
achieve their goals and preferences.

m the production o f manure, and this in turn may 
negatively affect the yield ot maize. The change ot 
maize variety has generated a feedback through the 
two interactions between the maize and the cattle.

These patterns are termed systems because the vari
ance o f the pattern as a whole is less than the variance 
of its component activities. They are also termed sys
tems because the different component activities are 
all manifestations o f an underlying, integrated set ot 
goals and preferences o f their users, the farm house
hold unit members.

I. Characteristics of a Farming System

A. Components, Boundaries, and Interactions

A farming system is a relatively stable pattern ot ag
ricultural and nonagricultural activities that a house
hold unit manages. Those activities that the household 
unit controls are components ot the farming system: 
those activities which occur outside their control are 
parts o f the environments o f the farming system. The 
boundary of the farming system is the physical, tem
poral, or conceptual demarcation between compo
nents that make up the farming system, and the envi
ronments ot the farming system.

A system is a set o f components that exhibit a stable 
pattern o f interrelationships in their functioning. Ac
tivities occur within individual components o f the 
system, between different components within thesvs- 
tem, and between components o f the system and 
components outside the system. Activities that occur 
within a component are considered to be the internal 
functioning o f the component, and are not the focus 
o f analysis at the systems level. Activities which in
volve the movement o f resources from one compo
nent to another are termed systems interactions. 
Movement is from a source component to a destina
tion component. Either the source or the destination 
component may be outside a system, but at least one, 
either the source or the destination, must be within 
the system.

Interactions affect the functioning ot the source and 
the destination components. When an interaction in 
one direction produces a second interaction 111 the 
reverse direction, the second interaction is termed a 
feedback. For example, the production o f maize may 
depend, in part. 011 the quantity ot manure trom cat
tle. but the quantity o f manure mav also depend on 
the amount o f maize stover fed to the cattle. A reduc
tion in the quantity of stover resulting trom ,1 change 
to a shorter maize variety mav iead to a reduction

B. Goals and Continuity

Farming systems differ from purely biological or 
physical systems in that they are goal-oriented. Farm 
household members create and continue a given farm
ing system to meet their goals. It is these goals, rather 
than a particular biological or physical process or prin
ciple, which integrate the functioning ot the different 
components of the farming system and give the farm
ing system its stability and continuity.

Continuity in the pattern of a farming system can 
be observed from year to year. This pattern is evi
denced in the continuity o f both the types of activities 
and the practices used by the household unit to carry 
out those activities. Farm households 111 a sorghum/ 
cowpea-based system, tor example, w ill produce sor
ghum each year intercropped with cowpea at a low  
density. Sorghum yield may vary from year to year 
depending 011 rainfall, and cowpea yield may likewise 
vary depending 011 pests. Cattle may have more or 
less cowpea forage depending 011 both sorghum and 
cowpea yields in the association. The farm household 
may sell excess sorghum in good years, and be obliged 
to purchase sorghum by selling an animal in a bad 
year. Nevertheless, from year to year, the farm house
hold continues to produce sorghum and cowpea in 
association by mixing the two types o f seeds 111 a 
gourd in about the same ratio each year, continues to 
use sorghum as its main source o f food, and continues 
to feed cowpea forage to its cattle.

C. Subsystems and Environments

Four major components make up a farming system. 
F.ich component is in itself a subsystem ot the overall 
farming system. T w o  subsystems involve agricultural 
production activities: the crop subsystem and the am
nia! subsystem. 1'he other two subsystems involve 
nonagricultural activities: the household subsystem 
and the nonfarm subsystem.
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F arming systems have a complex nature that com
bines physical, biological, and sociocultural pro
cesses. Each subsystem is a pattern ot activities that 
follow one or more ot these three types ot processes.

The crop subsystem is a primarily biological sub
system. The elements ot the crop subsystem are types 
of crops. Each type ot crop is a population o f individ
ual plants in a given field. W ithin the crop subsystem 
there may be both spatial and temporal interactions 
among different types o f crops. Spatial interactions 
occur when intercropping, the growing o f more than 
one crop in the same field, is practiced. Temporal 
interactions occur through multiple cropping, where 
more than one crop is grown in the same field during 
one year, or through rotations, where the crop in one 
year has an effect on the crop that succeeds it the 
following year.

The animal subsystem is also primarily biological. 
The elements ot the animal subsystem are types o f 
animal herds. Hocks, or fish. Each type o f animal 
herd, Hock, or fish is a population of individual ani
mals, birds, or tisli. Interactions within the animal 
subsystem are usually less important than interactions 
of elements in the animal subsystem with other sub
systems or with environments outside the farming 
system.

The household subsystem is both biological and 
sociocultural in nature. The elements o f the household 
subsystem are the individual household members. 
These are distinguished by gender and age. Because 
ot the importance o f household member goals in in
tegrating the functioning o f the system as a whole, 
interactions among different members o f the house
hold subsystem have major implications for the func
tioning ot the two agricultural production subsys
tems. Interactions with other subsystems or with 
environments often vary depending 011 gender and age. 
[.Sec R u r a l  S o c io l o g y ; W o m h n  in  A g r ic u l t u r e .)

The nonfarm subsystem is primarily physical. The 
elements ot the nonfarm subsystem arc nonagricultural 
production activities such as handicrafts or tool manu
facturing. The importance o f this subsystem varies, and 
it is not always present in all farming systems.

Activities not under the control o f the farm household 
make up the environments o f the farming system. The 
biophysical environment includes types of soils, rainfall, 
and diseases and pests ot crops and animals. The socio
cultural environment includes other persons in the com
munity or village o f which the farm household consid
ers itself a member. The economic environment consists 
ot markets and market channels for the purchase o f 
inputs for agricultural or nonagricultural production 
and ot goods and services consumed by the household.

and markets and market channels for the sale o f agricul
tural and nonagricultural products and labor o f the farm 
household. The institutional environment includes 
sources ot information, such as research and extension 
services and media, and institutions at a larger level o f 
functioning, such as religious organizations, political 
parties, and governmental policy-making organs. This 
can be envisioned as an encompassing environment 
which affects the more immediate economic and socio
cultural environments that farming systems interact di
rectly with.

Figure I is a conceptual depiction of the tour types 
ot subsystems making up a farming system and o f 
the environments outside its boundary.

II. Farming Systems Types

A. Levels of Farming Systems Types

In one sense, each farming system is unique. The 
biophysical environment of a given farm household 
is never exactly the same as that o f its neighbor, since 
each uses different pieces ot land. The members o f
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two different farm household units are different indi
viduals, and even in a small, highly homogeneous 
community, it is unlikely that they w ill have exactly 
the same goals. Sim ilarly, it is unlikely that agricul
tural production practices will he exactly the same 
trom one farm household unit to the next.

Treating each farming system as a unique case is 
sometimes done in public and private extension or 
consulting work, but this is an expensive approach. 
To be more efficient in the use o f resources, public 
research and extension institutions look tor similari
ties among individual farming systems, and seek to 
develop technology valid for farming systems that 
can be grouped together as a single farming systems 
type. Research uses the farming system type as a unit 
of analysis to assess variation among many individual 
farming systems, and to arrive at explanations valid 
tor farming systems types that group many household 
units with similar farming systems.

The grouping ot farming systems into tanning sys
tems types is most often done at two levels o f analysis: 
the regional level within a country, sometimes ex
tended to the whole country; and the cross-national 
or global level. The objectives ot analysis differ be
tween the tw o levels.

Analysis at the level o f a region o f a country is 
usually done by a research or extension organization 
or institution with the practical objective o f providing 
better information to the farm household units ot 
the region. Both quantitative and qualitative data on 
individual farming systems are gathered directly from 
farm household units in a number o f communities 
or villages selected as broadly representative o f the 
region. When similar grouping has been done in more 
than one region o f a country, farming systems types 
may also be identified across the entire country. [ See 
C o o p e r a t i v e  E x t e n s io n  S y s t e m . |

A t  the global level o f analysis, grouping is done 
with the objective o f creating general typologies ot 
farming systems types. These general typologies are 
created indirectly based 011 results o f studies done in 
many individual countries. They serve both to orga
nize the conception and understanding o f worldwide 
agricultural production and to assess broad historical 
trends of change across farming systems types. Such 
broad typologies can also be useful in setting priorities 
for basic research at international agricultural centers, 
and in providing information to policy makers. |Stc 
I n t e r n a i i o n a i  A c r k .u i t u r a i  R e s e a r c h . |

B. Farming Systems Types at the Regional Level
Factors tor distinguishing farming systems types vary 
depending on the level o f analysis. At the level ot .1

region within a given country, tanning systems types 
are distinguished based on one or more ot the fo llow 
ing factors:

1. Characteristics of their biophysical environments, 
such .is soil types, land area, annual precipitation, or 
access to irrigation.

2. Characteristics of the components ot the tanning 
system, such as the type ot crop produced 011 the largest 
proportion of the household unit's land area, presence or 
absence ot animals, and household size and resources.

.V Practices used in agricultural production in the crop 
and/or animal subsystems, including interactions 
between these two subsystems, such as method ot soil 
preparation (manual, animal traction, tractor), method ol 
planting (mixed intercropping, row intercropping), and 
fertilization (natural soil fertility only, collection and use 
of animal manure, use of chemical fertilizers).

4. Degree of integration into sociocultural, economic, 
and political environments outside the farming system 
boundary, such as extent of labor sharing, land tenure 
status, proportion ot harvest or animals sold, 
participation 111 cooperatives or farmers' associations, and 
off-farm employment.

Which factors are most important tor grouping 
farm household units into meaningful farming sys
tems types is highly specific to the region where the 
grouping is done. For example, 111 West Africa, where 
hand tillage is widespread and animals are a source 
o f wealth, but land is relatively plentiful, held com
munally, and allocated by village custom, use of ani
mal traction and numbers o f  animals owned may be 
key factors. In the Philippines, in contrast, where land 
preparation is done by buffalo or in some cases by 
hand tiller but land is scarce, ownership is private, 
and the area available to each farm household unit is 
variable, land tenure status and total area may be key 
factors.

C. Farming Systems Types at the Global Level
At the global level, several factors have been used to 
group farming systems into farming types. From a 
broad historical perspective, one key factor is the in
tensity o f land use. As population increases, land use 
becomes more intensive. Cultivating a piece ot land 
for only .1 couple o f years and then abandoning it, 
moving to a different piece o f land, and allowing 
natural vegetation to reclaim and occupy the aban
doned land for one or even several decades is land 
use at a very low level of intensity. At the opposite 
extreme, land in parts o f China has been in permanent 
annual cultivation for centuries, w ith multiple crop
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ping (more than 011c crop following another in the 
same year) typical.

A simple measure ot land use intensity is the ratio 
ot the number ot crop years divided by the number 
ot crop plus fallow years, called the R  value:

where C.’ = number ot crop years, and 1 = number 
o f fallow years.

The R  value also indicates the proportion o f land 
in cultivation in a given year.

The R value can be used to distinguish three fann
ing systems types:

Value ot R _________ Farming system type_________
<33 Shifting systems (also called slash-and-

burn or swidden)
33-66 Fallow systems
>66 Permanent systems

Within shitting and fallow systems, where natural 
tallow remains an important part o f the system, dis
tinctions can be made based on the type o f fallow 
vegetation (forest, bush, savanna, or grass). A further 
distinction can be made between systems where no 
use is made ot tallow vegetation, and systems where 
the tallow is used tor livestock production. When the 
tallow is in grass or legumes planted or used naturally 
tor animal production, the system is termed a ley 
system, l ey systems are more prevalent in temperate 
areas and some highland areas o f the tropics, than in 
the lowland tropics.

Nomadic grazing and ranching are farming systems 
types without a crop subsystem. They are found pri
marily in regions where rainfall is too low for crop
ping, and in some regions with adequate rainfall for 
cropping but low population density.

Water use intensity is an important distinguishing 
factor in systems w ith permanent cropping. In rain fed 
systems, crops receive water only when rain falls 
through natural precipitation, whereas irrigated sys
tems hold or supply water so that crops receive it at 
times when there is no natural precipitation. Within 
irrigated systems, a further distinction is made be
tween wet rice systems, where the crop is grown in 
standing water during most o f  the period to harvest, 
and other irrigated systems, where water is supplied 
intermittently by furrows, sprinklers, or drip hoses.

In humid and semihumid areas, permanent crop
ping may be based on crops which occupy the land 
for more than one year. I hese are termed perennial

systems. They include crops grown like field crops 
but over several years, and tree and shrub crops which 
have lifetimes o f several decades.

M ixed systems are also common. These are farm
ing systems where the farm household unit simultane
ously manages different farming systems types on 
different pieces ot land. For example, in the Philip 
pines farm household units may combine irrigated 
wet rice in lowlands with banana- and coconut-based 
perennial and rootcrop-bascd fallow and shifting 
rain fed systems in uplands. In North America farm 
household units may grow maize and vegetables on 
2-3 hectares o f permanent fields in fertile valley bot
toms, carry out extensive grazing on more rocky, 
sloping hillside areas, and hold other hillsides m forest 
as a form of savings, to be cut to meet emergency 
cash needs.

III. Historical Development of Farming  
Systems Research M ethodologies

The term farming systems is also used to refer to 
several related methodologies tor user-based agricul
tural research and development. Early  antecedents 
were independently developed in the I ‘Ml Is and 1950s 
in both the United States and Japan, although they 
were largely abandoned during the 1960s. O ther ante
cedents can be seen in approaches developed in West 
Africa in the 1960s. The most widespread set o f  meth
odologies today grew out of work independently be
gun m Asia. Africa, and Latin America in the 1970s, 
and brought together in the 1980s. This set o f method
ologies is called Farming Systems Research-F.xtcnsion 
(F S R /E ). More recently, newer methodologies arc 
appearing, particularly participatory research and sus
tainability research, which both build on the princi
ples of F S R / E  and move beyond the methodologies 
of the 1980s.

A. Early Antecedents

In the 1940s and 1950s, a number o f similar ap
proaches developed in the southeast United States 
that treated the farm as a system. These included the 
Balanced Farming Program of M issouri, the Farm 
and Hom e Development Program of Kentucky (later 
expanded to other states), and the Rapid Rural Adjust
ment Program ot the Tennessee Valley Region. In 
all these approaches, technical scientists, economists, 
rural sociologists, and often home economists worked
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together to improve the entire farm. The systems- 
based conception ot the farm and the use ot interdisci
plinary teams parallels F S R /E . but in contrast to FSR/ 
E, these approaches were primarily extension-focused 
and prescriptive and generally did not have an explicit 
research orientation.

In Japan, a concept o f systems research (called sô o 
kenkyu, or “ comprehensive research” ) was developed 
in the Tohoku Region o f northern Honshu in the 
late 1940s and early 195(>s. This concept expanded 
ecological concepts to create the concept o f a farm as 
a management system o f people, crops, and animals. 
This early conceptual development was followed by 
the ciiiofhikcH national program o f on-farm trials at 
389 sites between 1952 and 1962. Sim ilar to the U .S. 
approaches o f the same period, the program had a 
strong extension tocus, but at the same time there was 
also an experimental aspect that was more explicitly 
developed than in the U .S . programs.

In a number o f countries in Francophone West Af
rica. systems research approaches appeared in the 
1960s and 1970s. M any had an orientation toward 
rcchcrchc-dci’cloppcnicni, a concept that combines ag
ricultural research and rural development. These ap
proaches not only included the development o f the 
concept o f  systeincs de production, bur also the develop
ment o f methods o f  zona^c and rypolo\'ic o f  systems. 
Trials were conducted both to improve existing sys
tems and to transform them into fundamentally dif
ferent systems. Finally, these approaches included a 
regionally based rural development orientation not 
as explicitly developed in either the earlier U .S . or 
Japanese approaches.

B. Origins of Farming Systems Research/ 
Extension (FSR/E)

The direct origins o f F S R / E  are multiple. One line 
o f origins can be traced back to East and Southeast 
Asia. In the late 1960s, research began on multiple 
cropping at the International Rice Research Institute 
( IR R I) ,  Philippines. This research drew its inspiration 
and much o f its technology from the complex farming 
systems of Taiwan. Later, when IR R I researchers 
took rice production technology which they had 
adapted for the tropics in large part from technology 
first developed in Japan, they initially experienced 
failure under real farm conditions. These experiences 
led to the development o f methodologies for on-farm 
experimentation, initially on double cropping and ro
tations, and later more broadly on rice-based farming 
systems.

These early efforts influenced other pioneering 
work in different South and Southeast Asian coun
tries. especially Thailand and Indonesia. M uch ot this 
work focused on upland areas, where the package 
approach (fixed, complete set ot production recom
mendations) ofthe Green Revolution was soon found 
to be less appropriate. The package approach was 
more successful in lowland irrigated areas where more 
uniform biophysical conditions exist, and a fixed set 
o f recommendations can be applied by a large number 
o f farm households. It is less useful in the more diverse 
conditions o f minted uplands. Technology becomes 
more site and client specific.

In Africa, pioneering efforts were undertaken in 
both East and West African Anglophone countries. 
The Centro Internacional de Mejoramiento de M.iiz 
v Trigo (C IM M Y T .  International Maize and Wheat 
Improvement Center), based in Kenya but working 
in a number o f East and southern African countries, 
developed methods for identifying priorities tor on- 
farm trials, and for the economic evaluation ot results. 
A group o f researchers at Ahmadu Hello University, 
Nigeria, developed methods ot farming systems anal
ysis and multidisciplinary team research.

In Latin America, the Instituto de Ciencia y Tecno- 
logia Agricoles ( IC T A )  developed the first rapid team 
appraisal approach, called sondco, or “ sounding out." 
Other antecedents can be seen in different Latin Am er
ican countries, including Peru, Mexico, and Costa 
Rica.

IV. Farming Systems Research/
Extension (FSR/E)

A. Characteristics

The F S R / E  approach developed in the 1980s can be 
characterized as a client-diagnostic approach. Re
searchers identify needs o f the clients, farm house
holds, and based on those needs develop and test 
potential solutions. However, the parallel w ith medi
cine is not complete. F S R / E  methodology does not 
assume that a “ prescription”  can be written just based 
on "diagnosis.”  Rather, a partcipatory, experimental 
process is deemed essential Also, in medicine nor
mally the patient seeks out the doctor, but in FSR/ 
E  researchers have usually been the initiators of the 
process.

F S R / E  is a regional approach. A basic assumption 
is that agricultural technology is site and clientele spe
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cific. It is normally conducted bv teams based in de- 
fmed regions of a country.

F SR /E  uses interdisciplinary teams. This reflects 
the nature ot farming systems themselves, with bio
physical. economic, and sociocultural aspects. O n lv 
a interdisciplinary team can provide the diversity of 
specialized knowledge necessary to comprehend all 
these aspects.

F SR /E  is an interactive process that can be divided 
into tour stages: diagnosis, design, testing, and exten
sion. A basic principle is that diagnosis, or analysis 
ot the farming systems o f the region, precedes experi
mentation in design and testing, but experimentation 
frequently reveals new problems which call for fur
ther diagnosis.

B. Diagnosis

Diagnosis is the process o f characterizing the farming 
systems of a region and identifying farm household 
constraints. Diagnosis can be divided into initial and 
on-going diagnosis.

Initial diagnosis refers to the process by which a 
new team characterizes a region and its farming 
systems. Since the principal objective o f F S R / E  is 
problem-solving rather than understanding per sc o f 
farming systems, the emphasis 111 reconnaissance is on 
cost-effective, efficient methods, called “ rapid rural 
appraisal”  (R R A ).

R R A  methods are largely informal and draw much 
from anthropological field research methods. Tw o  
key assumptions parallel the anthropological ap
proach: that meaningful hypotheses can only be gen
erated after first understanding the system, and that 
more accurate information is obtained through open- 
ended, participatory techniques than through formal, 
closed questionnaires. Detailed, closed questionnaires 
are biased toward the preconceived hypotheses o f the 
interviewers. Quantitative, comprehensive baseline 
surveys are inefficient, because even when good data 
are obtained, by the time they are analyzed, either 
the team has already begun on-farm trials based on 
qualitative insights obtained during the collection o f 
the quantitative data, or else one or more seasons are 
lost. Also, the results are already no longer fully valid 
by the time they are finally available.

Techniques used in R R A  include transects, group 
walks, mapping, diagramming, matrices, ranking 
and scoring, ethnohistories, time lines, seasonal anal
ysis, trend analysis, portraits, and key probes.

On-going diagnosis uses many o f the same infor
mal techniques o f initial R R A . These are often com

plemented by formal, quantitative data gathering, 
such as monitoring ot farmer practices and labor time 
in the on-farm trials, or collection of prices 111 local 
markets. This quantitative data collection has limited, 
specific objectives related to the priorities established 
for the trials by informal techniques.

C. Design

Design is the process o f prioritizing the constraints 
identified in diagnosis and translating priority con
straints into researchable problems. Design in FSR/ 
E involves two key processes: stratification and priori
tization. The tw o processes are linked, because an 
important basis for stratification is differences in pri
orities.

Stratification means dividing the farm households 
into homogeneous groups. Such groups are called 
domains. A domain is a group ot farm households 
w ith a common constraint or problem associated with 
a common farming system or a common element in 
different farming systems. In design, which is prior 
to on-farm testing, domains are research domains: a 
group of farm households having a common con
straint or problem and tor whom  hypothesized solu
tions to the common problem could have potential 
applicability and are therefore subjected to on-farm 
testing.

Initial diagnosis usually reveals a multitude o f con
straints and problems. Several criteria can be used for 
prioritizing these constraints and problems:

1. Extent ot importance (proportion ot farm households 
or individual farmers having the constraint or 
problem).

2. importance ot the problem to farmers and to society.
3. Potential for solution.
4. Potential farmer acceptability.
-i. Necessity o f inter-institutional cooperation and policy 

support.

D. Testing

Testing in F S R / E  has been based on adaptation o f 
agricultural research methods to the on-farm situa
tion. The on-farm situation involves different types 
o f  systems, different objectives, and different popula
tions o f inference.

In agricultural research done in laboratories or on 
experiment stations, the system of focus is a passive 
biological system (for example, a population o f 
plants). The population o f inference is similar biologi
cal systems (other similar populations o f plants). The
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objcctivc is to learn liovv one aspect o f the biological 
system functions, and why it so functions. One or at 
most only a couple o f factors affecting that population 
are studied. O n ly  variation in the factor or factors 
being studied is ot interest. Variation in other factors 
is reduced to a minimum, so that any variation in the 
factor or factors studied can be clearly identified.

In on-farm testing, the system ot focus is goal- 
oriented farming systems that combine biophysical, 
economic, and sociocultural aspects. The population 
o f inference is a group ot farm households or individ
ual tanners making up the research domain. The ob
jective is to test potential solutions to a perceived 
problem or constraint ot the farm households or indi
vidual farmers managing the farming system. The 
potential solutions are assessed under the same farm 
conditions as under which the solutions would con
tinue to be used after the test. Variability m factors 
other than those changed by the potential solution is 
accounted tor and used to partition the population o f 
inference.

W ith the above objectives, 011-farm testing uses 
the farm as the unit o f replication, rather than the 
individual parcel o f a field or individual animal in a 
herd. Farms are chosen to reflect the range o f variabil
ity among farm households or individual farmers be
longing to the domain. Factors other than the factor 
or factors o f the potential solutions are left at farmer 
level.

T w o  approaches have been developed for the analy
sis ot data trom such 011-farm trials: modified stability 
analysis, and mixed linear models.

In modified stability analysis, an environmental in
dex is first calculated as the mean o f all treatments 011 

each farm. Farms are chosen across as wide a range 
of variation as possible. T he values o f each treatment 
011 each farm are then regressed 011 this index. I f  the 
resulting regression lines cross, this indicates a treat
ment by environment interaction. The treatment with 
the highest level within each interval o f the index is 
taken as the best treatment for similar farms. Exam i
nation o f soils, rainfall, and farmer management is 
done at each interval o f the environmental index asso
ciated with .1 different highest treatment, to provide 
an explanation tor the causes ot the treatment by envi
ronment interaction.

in mixed linear models, farms are grouped into 
fixed farm types. Farm types mav represent different 
environments where the same farming systems type 
exists (for example, sorghum 111 HOD- and l<>00-mm 
rainfall zones), or different farming svstems tvpcs 
(with or without mechanized weeding). A number

o f farms within each type are included in the trial: 
these farms are considered random. The interaction 
o f treatments with the fixed farm types is then tested 
in an analysis ot variance model.

A modification o f mixed linear models can also be 
applied in on-farm testing involving animals, where 
each farm only has one treatment, but w ithin the same 
farm type, one set o f  farms receives one treatment, a 
second set a second treatment, and so forth.

Rather than judging whether differences are real or 
not based 011 conventional levels ot significance, the 
probabilities ot 110 real differences existing are com
pared with the risks associated w ith using the technol
ogy o f the treatment being assessed. Confidence inter
vals can also be placed around means or differences. 
Decisions 011 whether ,1 technology is worth the risk 
o f its being no better than current practices can be 
left to each farm household or individual farmer.

Analysis o f biological effects in mixed linear models 
is followed bv various types o f economic analysis, 
including net benefits, marginal rates ot return, risk, 
and sensitivity analysis. Effects 011 different stake
holders disaggregated by gender are also examined.

E. Extension

At the end ot' 011-farm testing, a research domain is 
often divided into several recommendation domains: 
.1 group o f farm households or individual farmers 
managing a common element (type ot crop, herd. 
Hock, or fish) in farming systems for which a tested 
solution meets their (the users’) biophysical, eco
nomic. and sociocultural requirements for adoption 
and use. Diffusion domains, or informal interpersonal 
communications networks through which newly ac
quired knowledge o f agricultural technology How’s, 
are also examined as part o f the design o f extension 
programs.

The technologies may be tested with extension per
sonnel and other farmers prior to large-scale promo
tion. Such pre-extension may also include pilot credit 
programs.

A recent approach to extension in F S R / E  is the 
“ m inimalist" approach. It is based on the recognition 
that there is more diversity ot farming systems than 
either research or extension can handle given their 
limited resources. It expects that farmers themselves 
must complete the process of technology adaptation. 
Ihe  function ot research is to generate sets ot viable 
technologies, a "basket" of technologies, trom which 
each farmer can pick and choose according to ins oi
lier needs and circumstances. The function ot exten-
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sum is to stimulate fanners to think critically and to 
experiment.

V. Toward a New Paradigm  in the 
A pplication of Science to 
Agricultural Development: 
Participatory Research

Farming systems research continues to evolve in new 
directions. Although F S R / E  has moved agricultural 
research off the experiment station and into farming 
systems in the real world, it is still based 011 the same 
fundamental paradigm as station-based agricultural 
research: study o f agriculture by persons other than 
farmers, and the generation o f new agricultural 
technology by specialists. This paradigm, called the 
transfcr-of-technology paradigm, has assumed that 
the methods o f science are necessary for improving 
agriculture, and that it takes special training to be able 
to apply them.

These assumptions are under question today. The 
alternate assumption is that the methods o f science do 
not have a comparative advantage in understanding 
or im proving complex farming systems, particularly 
when they are mixed systems encompassing several 
different farming systems types, with many systems 
interactions and feedback among the different compo
nents ot each type, managed by farm households in 
risk-prone, marginal environments according to a 
mixture of economic and noneconomic goals. Under
lying this alternative assumption is a conception o f 
science as a reductionist process: one which studies 
individual factors in isolation, w ith  other factors and 
interactions controlled. When science seeks to simu
late such complex farming systems, it aggregates indi
vidual data gathered by the reductionist process into 
synthetic models, but the resulting models depart too 
tar from reality to have much practical value.

Even when, despite its shortcomings, the formal 
scientific process docs produce innovations that are 
found useful and adopted by farm households in com
plex, risk-prone farming systems, these innovations 
are too few to justify the human and financial re
sources expended. At best, formal science is a very 
inefficient process tor im proving these types o f farm
ing systems. The formal scientific process has its com
parative advantage in simpler farming systems in 
more controlled environments, such as wet rice-based 
farming systems, or commercialized crop monocul
ture in areas of the temparate zones with favorable 
rainfall and good soils.

A related observation is that farmers already carry 
out experimentation on their own. Research and ex
tension personnel may simply not have looked tor 
farmer experimentation nor recognized it when seeing 
it, because o f preconceived ideas that experimentation 
can only be done by those who have special training.

These assumptions and observations lead to a new 
paradigm for the relationship between farm house
holds and outsiders, including persons w ith special
ized training in formal science. Its premise is that as 
managers of complex systems over long periods o f 
time, farmers in marginal environments have a com
parative advantage in understanding the detailed 
workings of their systems, knowing where change 
is needed, assessing probable short- and long-term 
effects o f change on the functioning o f the system, 
and designing and evaluating realistic tests o f changes. 
The function ot outsiders is to serve as catalysts and 
resource persons. The objective ot research and devel
opment activities in this paradigm is the enhancement 
ot farmers’ own capabilities tor sustained, indepen
dent experimentation and development ot their farm
ing systems and rural communities.

N ew  methods have begun appearing in the 1990s 
based 011 this paradigm, under the general rubric o f 
participatory research, and including two related sets 
o f methods that correspond roughly to diagnosis and 
testing in FSR /E : participatory rural analysis (F R A ) 
and farmer participatory research (FPR ).

In P R A , farmers conduct their own analyses using 
many of the same techniques as R R A , but w ith two 
key differences. First, the objective is not tor outsiders 
to extract information, blit for farmers to assemble 
and share among themselves the information they 
already possess. Second, the primary users o f the in
formation are not the outsiders, but the farmers. 
Farmers make the decisions about what to do based 
on the information.

In F l’A, farmers begin changes 111 their systems 
based 011 the analyses they have done through P R A  
methods. Outsiders search out and supply the plant 
materials or animals, practices, and principles re
quested by farmers, and arrange for farmers to visit 
other farmers and experiment stations to widen their 
options. Outsiders also assist farmers in monitoring 
the changes that occur in their systems. N ew  tech
niques for monitoring sustainability are currently be
ing developed, particularly in North America.

Evaluation ot FRA is based 011 observed change and 
adoption. Statistics are not needed to assess effects 
as a predictor o f potential adoptability, because user
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change (the equivalent o f adoption) occurs directly in 
the experimental process.

In this process, the role o f formal biological science 
changes. It uses its comparative advantage in reduc
tionist research to come up with new “ pieces”  of 
technology (such as resistant or short-cycled varieties, 
new methods o f biological control, or even long
term station research on complex rotations to assess 
sustainability, using treatments designed by farmers) 
in response to farmer needs.

At this point, participatory research is just begin
ning. That it has a comparative advantage is a hypoth
esis for development that w ill be increasingly tested 
during the 1990s, especially by non-governmental de
velopment organizations that often have more institu
tional flexibility to experiment in these directions than 
do governmental institutions. Some preliminary as
sessments suggest that 5 to 8 years is necessary for 
farmers to develop enhanced capabilities for sus
tained, independent experimentation and develop
ment. I f  so, by the end o f the 1990s there should be 
sufficient empirical data from the tests o f the participa
tory research paradigm and methods to assess its per
formance in comparison with that o f the more con
ventional research paradigm and methods, including 
client-diagnostic FSR /E .
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Glossary

A therosclerosis A common degenerative process 
that involves lipid deposition in the intima o f large 
and medium arteries; excessive development o f ath
erosclerosis can result in total occlusion o f arteries to 
cause strokes, heart disease, and impaired peripheral 
blood circulation
Bile acid  Relatively water-soluble metabolites o f 
cholesterol that are produced in liver and transported 
to the small intestine via bile to participate in the 
digestion and absorption o f dietary lipids 
C holesterol A sterol w ith 27 carbons and four rings 
that serves as a precursor for bile acids and steroid 
hormones and as a structural component o f animal 
cell membranes; cholesterol is found in bile and is 
most abundant in animal brain; cholesterol may be 
synthesized from metabolites o f carbohydrates, other 
lipids, and proteins in animal cells 
Eicosanoids Biologically active molecules that are 
synthesized from long-chain polyunsaturated fatty 
acids and include the prostaglandins, thromboxanes, 
and leukotrienes
Fat (1) Adipose tissue ot animal bodies as in tat, lean, 
and bone ot the carcass; (2) lipids o f biological materi
als that are extractable w ith organic solvents and that 
consist largely ot triacylglycerols and/or phospho
lipids
H ig h -d en sity  lip o p ro tein  An extracellular globu
lar complex that consists o f  primarily cholestervl es

ters and triacylglycerols in the core and primarily 
phospholipids, cholesterol, and specific proteins on 
the surface; the complex has a density that ranges from 
1.063 g/ml to 1.210 g/ml and functions to transport 
water-insoluble compounds in animals 
L o w -d en sity  L ip o p ro te in  An extracellular globu
lar complex that consists o f prim arily cholesteryl es
ters and triacylglycerols in the core and prim arily 
phospholipids, cholesterol, and specific proteins on 
the surface; the complex has a density that ranges from 
1.019 g/ml to 1.063 g/ml; low-density lipoproteins 
function to carry water-insoluble compounds, such 
as cholesterol, from organ to organ in animals 
P oly u n satu rated  fa tty  acid  Long-chain hydrocar
bon molecules that have a carboxyl group on one 
end, are usually linear, and contain two or more dou
ble bonds
Saturated  fa tty  acid  Hydrocarbon molecules that 
have a carboxyl group on one end, are usually linear, 
and possess only single covalent bonds between car
bon atoms
T ria c y lg ly c e ro l A lipid composed o f glycerol with 
a fatty acid esterifed to each o f its three hydroxyl 
groups; triacylglycerol represents a major form of 
energy storage in animal bodies and some plant 
seeds; formerly, triacylglycerols were called triglyc
erides

E v e n  among nutritionists, the word “ tat”  has many 
definitions. Nutritionists and food scientists fre
quently and broadly refer to the triacylglycerol-rich 
fraction o f foods as fat. Adipose tissue ot an animal 
bod\ and the extractable oil from a plant crop or 
animal body com m only are called tat. Adipose tissue 
is made o f fat-laden cells in a matrix o f connective 
tissue. Fat and lipid, often incorrectly, are used inter
changeably. When tat refers to adipose tissue, it con
sists o f lipids, water, proteins, and other constituents.
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In this article, the term “ tat" w ill refer to those lipid- 
rich fractions derived from or present within plants 
or animals that are used for human tood. Further, 
lipids w ill be those compounds related to fatty acids 
and sterols that are relatively insoluble in water and 
soluble in nonpolar solvents, such as diethyl ether and 
chloroform. The types of lipids in biological tissues 
include fatty acids, triacylglycerols. phospholipids 
(glvccrophospholipids and sphingophospholipids), 
glvcolipids (glycosphingolipids), waxes, cholesterol, 
cholcstcryl esters, and vitamins A. I). E. and K.

I. Chemical Nature of Fats 
and Cholesterol

A. Fatty Acids

Fatty acids are long-chain hydrocarbons with a car
boxyl group at one end and a methyl group at the 
other end (Table I). Most naturally occurring fatty 
acids are unbranched and have an even number ot 
carbon atoms. Fatty acids vary in chain length from 
4 to 24 carbon atoms but in meat, fish, and vegetable 
fats and oils they generally range from 14 to 22 car
bons. 15utterf.it from ruminants contains significant 
amounts o f fatty acids with 4-12 carbons, as well as 
the longer chain acids. Fattv acids may contain only 
single bonds between adjacent carbons, in which case 
they are fully saturated with hydrogen atoms and arc 
known as the saturated fattv acids. In other fattv acids, 
one double bond or more may be present between

adjacent carbon atoms: because they are not fully satu
rated with hvdrogcn atoms, these are called unsatu
rated fatty acids. Fatty acids with one double bond 
are called monounsaturated fatty acids, whereas those 
with two or more double bonds are called polyunsatu
rated fatty acids. A  com monly used denotation tor 
the individual fatty acids is shown in Table I. | i ’ir  
F o o d  B i o c i i i  m is ik y :  L ip id s ,  C a k b o h y d r a t e s ,  a n d  
N u c i  t i c  A c id s .  |

The presence o f a double bond in the tatty acid 
enables the molecule to maintain two different geo
metric configurations. In the cis configuration, the 
molecule can be “ folded back on itself" at the double 
bond (Fig. I). In the invis configuration, the fatty acid 
molecule is extended fully to its maximal length at 
the double bond. The unsaturated tatty acids in foods 
and in the human body are predominantly those ot 
the <’/>• torm. 'l'i\iih fatty acids occur in relatively larger 
amounts in hydrogenated vegetable oils, such as 
shortenings and margarines.

Ili i ee classifications ot unsaturated tatty acids pre
dominate in food fats, namely at-1), co-fi. and co-3 acids. 
The 0) designation is used to indicate the position ot 
the last double bond. Thus, these double bonds are 
at the ‘All, (>th, or 3rd carbon from the methyl group 
end of the fatty acid. The polyunsaturated fatty acids 
are composed ot the w-3 and a>-6 acids. Linolcnic. 
eicosapentacnoic. and docosohexaenoic acids in Table 
I are w-3 fatty acids. The latter two ou-3 fatty acids 
are especially abundant in the lipids ot fish.

D r iiot'o synthesis o f fatty acids m plants and animals 
terminates with palmitic acid, a saturated 16-carbon

TABLE I

Common Fatty Acids in Food Fats

Sym bo l ( .om inon name Structure

Saturated fattv acids
t : 4„ Bu ty ric  acid C H  ,(C I l .)'C *O C)H
c:,„. (iap ro ic  acid ( :h M c :H > ) ,c o o H
c „ . ( iaprvlic acid C l l i (C M . ) flC :O O M

( apric ai id c m u  10,1:0011
r , : „ l.auru acid C l I i(( 1 ! OC ) H

M yn stic  and C H i l C H i l i . l O O I I
Pa lm itic acid C H ; ( ( : H : ) „ (  o o h

( . Is , Stearic acid C O O H
Unsaturated tatty acids

KilniiU>lc ic acid C H . f l 'H  )SC l l = (  l l ( (  H :)- C O O H
( >Vic ac’d l H j (  l l ! - ( H = C H ' ( l l . )  C O l  )H
I inolcic acid c H i i c i h o  . (C H o . c o o h

i.'-s ; 1 molenu acul ( n ,c  h  i c . i i = c i k : h : ) , ( c :H 0(.c :c x )H
c ,  , •\i icludi'iiic acid C ! 1 aC'l l : ),(( [ l= C  1 K  :i 1 0 K  )H

lacosapeuiacuoic .»«. id c:i u  i i.ic :i i= c ;n c :H _ o s; c : i i : ; jc :c H )H
( . 1 )ocosahe\aem>u acid c i i .c  n .tc  h = (  i u :h ,u : i i a  o o h
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Oleic acid
H H ,

18 \ 1 0  9 /  '
c h 3 c h 2 c h 2 c h 2 c  = c  c h 2 c h 2 c h 2 c o o h

\ /  '■ /  \  /  \  /  /  \ /  \ /  \ /
c h 2 c h 2 c h 2 c h 2 c h 2 c h 2 c h 2 c h 2

Elaidic acid
18 H CH2 CHs CH2 CH2
c h 3 c h 2 c h 2 c h 2 c  = c  'c h /  c h ^ c h ^ c o o h

\  /  \  /  \  /  \  / ' 0  9 \  '  ,
c h 2 c h 2 c h 2 c h 2 h

FIGURE 1 (ieom etric isomers o f  (.!,*, fatty acid. Oleic acid is the (is form: elaidie acid is 
the /runs form.

fatty acid. Palmitic acid subsequently may be elon
gated by a separate metabolic pathway. In addition, 
desaturase enzymes form double bonds (form unsatu
rated fatty acids) at several positions in the chain. 
Animals cannot form double bonds at carbon posi
tions beyond 9 (carboxyl carbon is position I), 
whereas plants can form double bonds at carbons 12 
and 15. Because o f this inability, animals have a di
etary requirement for linolcic and linolenic acids. The 
major polyunsaturated fatty acids in animals are either 
derived from the diet, especially in nonruminants, or 
from desaturation and elongation o f linolcic, linole- 
nic, or arachidonic acids. The synthesis ofarachidonic 
acid from linolcic acid exemplifies synthesis o f a poly
unsaturated fatty acid from an essential fatty acid.

B. Triacylglycerols

Fatty acids in foods are not present in the free form 
but are combined covalently by ester linkage to a 3- 
carbon alcohol called glycerol to form triacylglycer
ols. also called triglycerides (Fig. 2). (ilyccro l may 
be esterified with one, two, or three fatty acids giving 
rise to mono-, di-, or triacylglycerols, respectively. 
T  riacylglyccrols are the predominant form o f all lipids 
associated with tats in food. For example, over 98%  
o f  the fatty acids in meats, fish, and vegetable oils are 
in triacylglycerols. Nearly all the remaining fatty acids 
also are esterified components o f the phospholipids, 
waxes, or cholesterol. Triacylglycerols usually con-

Oii
q  ' C H 2 — O  — C  — R i
n ? I

R a — C  — O  — C H  o
11 113c h 2 -  o  - c  -  r 3

FIGURE 2 (ieneralized structure ot triacylglvccrol. Hj. U>. and 
U* represent three fatty acids.

tain several combinations ot the tatty acids. In sum
mary, triacylglycerols differ according to the type and 
placement o f the three fatty acids on the glycerol and 
are the primary storage form o f lipids in the animal 
body and in many plant seeds, such as soybeans.

C. Phospholipids

Glyccrophospholipids. which are the major phospho
lipids in food tats, contain two fatty acids esterified 
with two of the alcohol groups ot glycerol (Fig. 3). 
The third alcohol group ot glycerol is esterified with 
phosphoric acid, which, in turn, is esterified with 
another alcohol, such as choline. Glyccrophospholip- 
ids are named according to the identities ot these alco
hol moieties, as in phosphatidylcholine, which com
monly is called lecithin. ( ilycerophospholipids are the 
major lipid components ot cellular membranes o f 
plant and animal tissues and bacteria, Glyccrophos- 
pholipids usually contain a high proportion o f unsatu
rated fatty acids and, in animals, contain more unsatu
rated fatty acids than do triacylglycerols.

D. Cholesterol

Cholesterol is a steroid alcohol that is composed o f 
four fused rings, as shown in Fig. 4. Cholesterol is 
present in animal tissues but is present in only trace

0
o  'c h 2- o - c - r ,
II p I

R 2 -  C  -  O ~  C H 0
3 1 11m - o  -  p -  o  xi

o-

FIGURE 3 (ieneralized structure ot a common glycerophospho-
lipid. R, and K> represent two fatty acids: X may he cthanolamme,
choline, serine, inositol, glycerol, or phosphatidyliHyccrol.
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F IG U R E  4 Structure* of cholesterol and cholestcryl esters.

amounts in plant tissues. Cholesterol is an important 
component of cell membranes o f animals. Because of 
its unique chemical structure, cholesterol is an im
portant determinant o f membrane fluidity. Choles
terol and cholesteryl esters, for example, cholestervl 
stearate (Fig. 4). perform many vital functions such 
as serving as precursors tor the synthesis of bile acids 
and steroid hormones. Because cholesterol has these 
important functions, the body synthesizes cholesterol 
daily in inverse proportion to the amount in the diet 
to maintain adequate cholesterol balance. Essentially, 
all the cholesterol in meat is associated with the cell 
membranes; that in adipose tissue is in the fat droplets 
ot the fat cells as well as in the cell membranes. Be
cause red muscle cells have more mitochondria, 
hence, more membranes, than do white muscles, the 
cholesterol content ot red muscles is slightly greater 
than that o f white muscles. This observation is readily 
evident when comparing the cholesterol contents of 
dark and light meat o f poultry.

Most ot the cholesterol in animal cell membranes 
is present as uncstcrified or free cholesterol, whereas 
about 70%  ofthe cholesterol in lipoproteins in blood 
plasma is present as cholesteryl esters. Thus, most 
cholesterol in meat. milk, and separated animal fats, 
such as beef tallow and lard, is free cholesterol. Most 
cholesterol in eggs is present as cholesteryl esters.

II. Physiological and Biochemical 
Significance of Fats and Cholesterol

A. Biological Function of Fats and Cholesterol

The significance o f fats and cholesterol to humans 
and other animals relates to structural, storage, and 
metabolic roles. Phospholipids and cholesterol are in
tegral constituents o f biologic.il membranes. Phos

pholipids have the unique chemical property that one 
portion o fthe  molecule interacts well w ith the aque
ous phase o f cells and another portion is highly hy
drophobic, preferring to interact with other lipids 
in a nonaqueous environment. Thus, phospholipids 
orient into two layers to form a biological membrane. 
Fluidity o f the membrane is determined, in part, by 
the composition o f fatty acids in the phospholipids 
and. in animals, by the amount o f cholesterol that 
intercalates among the phospholipids. The hydroxyl 
group o f cholesterol projects into the aqueous cellular 
environment. In addition to their role in membrane 
structure, unique phospholipids function as surfac
tants in lung, preventing alveolar collapse. As an ex
ample, deficiency ot surfactant causes respiratory dis
tress syndrome in preterm infants. Lipids also provide 
protection o fth e  skin o f humans trom external irri
tants.

Having about 9 kcal gross energy per gram, triacy- 
glycerols represent .111 efficient storage form ot energy 
in animals. W ithin .1 cut o f meat, adipose tissue may 
be located around a muscle (subcutaneous), between 
muscles (intermuscular), and within muscles (intra
muscular) as marbling tat. Adipose tissue usually con
tains greater than 9 0 %  triacylglycerols by weight. Tri- 
acylglvccrols also serve as .111 energy store 111 the yolk 
o f eggs and in butter tat ot milk. Triacylglycerols and 
fatty acids also are forms by which high energy mole
cules are transported among organs o f an animal.

In addition to structural and energetic functions, 
lipids participate in transmission ot chemical messages 
in living organisms. For example, specific polyunsat
urated fatty acids are converted to prostaglandins, 
thromboxanes, and leukotrienes (eicosanoids), which 
have a variety o f physiological effects including 
involvement in smooth muscle contraction and plate
let aggregation. Further, inositol-containing phos
pholipids ot cell membranes are hydrolyzed in re
sponse to extracellular signals to form inositol 
triphosphate and diacylglycerol. Cells respond to 
changes in concentrations ot these second messengers 
through their effects on intracellular calcium concen
trations and protein phosphorylation.

Cholesterol is an integral component o f all animal, 
but not plant, cell membranes. Further, cholesterol 
is a major component o f myelin that surrounds the 
nerve cells ot the peripheral and centra! nervous sys
tems. Cholesterol can be converted in liver to bile 
acids, which are secreted via the bile into the small 
intestine to facilitate solubilization and absorption ot 
dietary hits Further, cholesterol functions as a precur
sor for the svnthesis o f  steroid hormones. For exam-
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pic, adrenal glands synthesize glucocorticoids and al
dosterone trom cholesterol, the ovary synthesizes 
estrogen, and the testis synthesizes testosterone.

Quantitative relationships ot the metabolic fates o f 
cholesterol in a human are illustrated in Fig. 5. Diet 
and synthesis ot cholesterol are the two inputs o f 
cholesterol into the body pool o f about 12(1 g. which 
is relatively constant. Cholesterol is not oxidized to 
carbon dioxide and water but is eliminated from the 
body as cholesterol or its derivatives. Most cholesterol 
is eliminated trom the body via the feces as cholesterol 
and other sterols and as bile acids.

B. Interrelationships of Fats and Cholesterol 
among Organs of the Body

1 riacylglycerol and cholesterol are highly insoluble 
in the aqueous blood ot animals and. hence, are pack
aged in a minuscule “ fat droplet" with a negatively 
charged hydrophilic surface provided by phospholip
ids and protein as illustrated by low-dcnsity lipopro
teins (L I )L ) m T ig. (i. T he droplets, known as lipopro
teins, repel each other and remain in quasi-solution 
within blood plasma. Plasma lipoproteins are o f vari
able sizes and composition. They com monly are clas
sified according to density, and are abbreviated as 
shown in Table II.

A simplified scheme tor the transport and storage 
ot lipids in the human body is presented in Fig. 7.

Apoprotein B-100

INPUT

Dietary 
cholesterol 
(335 mg/day)

Synthesis of 
cholesterol 
(800 mg/day)

1135 mg

OUTPUT

Skin sterol 
(85 mg/day)
Steroid 
hormones 
(50 mg/day) 
Bile acids 
in feces 
(400 mg/day) 
Sterols 
in feces 
(600 mg/day)

1135 mg

Cholesteryl 
ester

Phospholipid

Unesterified
cholesterol

Triacylglycerol

FIGURE 5 O verall cholesterol balance m a t\pual luim.i

FIGURE 6 Model ot the structure ot .1 low-dcnsity lipoprotein.

Chylom icron triacylglyccrols. which are primarily of 
dietary origin, are removed rapidly from plasma by 
tissues other than liver. The mechanism involves .1 

hydrolytic enzyme, lipoprotein lipase, which is an
chored to the luminal side ot the capillary wall and 
thereby functions c.xtracellularly. Actions ot lipopro
tein lipase on chylomicrons result in loss o f about 90% 
ot triacylglyccrols. forming the chylomicron remnant 
that then is taken up by the liver through cndocytosis.

The very-low-density lipoproteins (V L I)L s ) ,  syn
thesized primarily within the liver and to a lesser 
extent in the small intestine, transport triacylglycerol 
to tissues other than liver, where hydrolysis ot triacyl
glycerol occurs through the action ot lipoprotein li
pase (Fig. 7). The liberated nonestcritied fatty acids 
are absorbed rapidly and are recsterified to form triac
ylglyccrols for storage or oxidation. Liberation o f 
triacylglyccrols from the V LD Ls  forms V L D L  rem
nants or intermcdiate-density lipoproteins (ID Ls), 
which then become converted, while still in blood 
plasma, to LDLs. Most LD Ls seem to arise from 
V LD Ls ; some, however, are synthesized and secreted 
directly by liver. Liver is responsible for at least 80% 
o f LDL. removal from plasma. Control o f L D L  con
centration 111 plasma is o f great interest because the 
concentration o f LD Ls in plasma is correlated posi
tively with the risk ot development ot coronary ath
erosclerosis.

The high-density lipoproteins (H D Ls) are synthe
sized and secreted by both liver and intestine (Fig. 7). 
Lecithin-cholesterol acyl transferase, which catalyzes 
formation ot cholesteryl esters and lysolecithin trom 
cholesterol and lecithin (phosphatidylcholine) extra
cellularly, assists with the maturation in plasma of 
the newly secreted nascent D D L  to form H D L , and 
then H D L .. The major sources ot the cholesterol in
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F IG U R E  7 Metabolism ot plasma lipoproteins bv major animal 
organs. Lipases refer to lipoprotein lipase, diai yli»lycero| lipase, 
and monoacylglycerol lipase. Lor simplicity, only release ot iriaevl- 
glycerols (TO ) from lipoproteins .is nonestcritied fatty acids 
(N l  LA ), not glycerol. is illustrated. V L D L . Vcry-low-density li
poproteins; 11) L . intermediate-density lipoproteins; H IM  . Iiigli- 
density lipoproteins; I I >L . low-density lipoproteins.

1 ID Ls  arc tissues other than liver. The mature I ID Ls  
ultimately become cndocytoscd by the liver, thus il
lustrating the scavenger role o fH D L s  in effecting a 
How of cholesterol to liver. Unlike that o f L I )L .  I I I  )L  
concentration in plasma is related inversely to inci
dence ot coronary atherosclerosis.

Therefore, adequate amounts of the essential fattv 
acids are needed for all the physiological functions ot 
eicosanoids.

As mentioned earlier, cholesterol fulfills many nec
essary physiological roles. Nevertheless, cholesterol 
is not a dietary essential because adequate amounts 
are synthesized from dietary lipids, carbohydrates, 
proteins, and ethanol.

IV. Content of Fats and Cholesterol in 
Common Foods

Americans consume diets that contain an average of 
37%  o f calories from fat. About half comes from 
animals and about half conies from plants. The major 
constituent o f fat in food is triacylglycerols. “ Satu
rated" fats, such as beef tat and palm oil, contain 
relatively high proportions o f saturated fattv acids 
and are semisolid at room temperature. H ighly “ un
saturated”  or “ polyunsaturated”  tats, such as soy oil 
and fish oil, contain relatively high proportions o f 
monounsaturated or polyunsaturated fatty acids and 
are liquid at room temperature. Total tat or lipid, 
tatty acid, and cholesterol contents o f selected foods 
are presented in Table 111. O n ly  foods or food ingredi
ents that are derived from animals contain cholesterol. 
Therefore, plant-derived foods are listed as containing
0 cholesterol in Table III.

III. Essentiality of Fats and Cholesterol 
in the Diet

Triacylglycerols are not essential in the diet because 
they can be synthesized from other lipids, proteins, 
carbohydrates, and ethanol when dietary energy ex
ceeds daily energy needs. Linoleic acid, a polyunsatu
rated fatty acid that may be a constituent o f triacyl
glycerols, is essential to maintaining good health. 
L.inolenic acid, another polyunsaturated fatty acid, is 
usually considered essential, although its essentiality 
is more difficult to demonstrate. N o  specific daily 
amount ot either fatty acid for humans has been speci
fied, although 1%  o f total dietary energy as linoleic 
acid has been suggested.

W h y  are specific fatty acids required? First, cell 
membranes contain relatively high proportions o f the 
essential tatty acids or fatty acids produced from 
them. Second, eicosanoids (mentioned earlier) are 
synthesized directly or indirectly from linoleic acid.

V. Dietary Recommendations 
for Humans

Americans have available numerous publications 
from which to decide on diet composition that pro
motes optimal health. The National Research Council 
has used the scientific literature to recommend opti
mal daily intake o f most ot the known nutrients re
quired for life. Moreover, the dietary guidelines for 
Americans that were published in 1 WO by the United 
States Department o f Agriculture (U S D A ) and by 
the United States Department o f Health and Human 
Services (1)11HS) are setting the standard for individ
ual consumers who wish to change food intake and 
tor food producers and processors who wish to alter 
composition o f foods. Those guidelines are presented 
in Fig. 8.

W ith regards to recommendations on tats and cho
lesterol, the U S D A - D H H S  report suggests the fol
lowing numerical goals for daily intake o f fat and
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TABLE III

Fat, Fatty Acid, and Cholesterol Composition of Selected Foods

( Component M ilk '1
Pink
salmon'*

Skinless
chicken'

Lean
beet’1

Lean
pork'1

Palm
o .r

t .inol.i
oil1'

White
sattlowcr
oil*1

Hgg
yolk

Total tat'
Fatty acids'1

il-.V 5 6.1 3.6 •),3 II Ml Inti Inn 33

c:'„. 3,f. — — — — — — — —
c,.„ 3.3 — — — — — — — —
t 1.3 — — — — — — —

2.5 — — tl.l tl.l — — —
c 2.‘> — i i .3 il. 1 ll. 1 1 r - —
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saturated tat. The U S D A - D H H S  suggests that daily 
intake of total tat be limited to 30%  ot total calorie 
intake. Thus, it you consume 2000 keal each day,
600 kcal ot "fat or 67 g (600 kcal - 9 kcal per gram) 
would be the recommended daily limit o f fat intake.
W ith regard to saturated fat, an amount that provides 
less than 10% o f total calories, or less than 22 g at 
2000 kcal daily intake, is suggested. Complicating the 
practice of this guideline is that different dietary fats 
contain different mixtures o f saturated and unsatu
rated fatty acids. Further, because people respond dif
ferently to dietary tats, total compliance with the 
aforementioned guidelines does not guarantee opti
mal health. No numerical goal is suggested for choles
terol, although the American Heart Association and 
other groups recommend cholesterol be limited to 
300 mg per day.

VI. Degenerative Diseases

A. Cardiovascular Disease

1. Description of the Disease
Cardiovascular disease (C V D ) is used as a general 

term to describe disease processes involving the heart.

the large vasculature surrounding the heart (athero
sclerosis), and the peripheral vasculature supplying 
blood tti organs and limbs (arteriosclerosis). In 1985. 
48%  o f all deaths resulted from a form ot C V I )  such 
as stroke, heart attack, or vascular disease. Currently, 
the estimate is that 65 million Americans are in some
way afflicted by C V D . resulting in medical costs that 
are approaching S100 billion per year. Despite these 
staggering figures, the rate o t 'C V D  lias decreased over 
the last three decades. W ith the advent o f advanced 
medical care and extensive nutrition research resulting 
in sound medical and nutritional advice, a 32%  de
crease has occurred since 1964 in coronary heart dis
ease. the most prevalent form o f C V D .

2. Risk Factors
C V D  has been difficult to study and treat because 

it is a miiltifactori.il process involving genetics, stress, 
diet, environmental factors, and other factors known 
and unknown. Historically, researchers have known 
for over 80 vr that feeding cholesterol to rabbits would 
cause atherosclerosis, although cholesterol is a vital 
component in normal cellular membrane function. 
1 lowcver, according to some researchers, cholesterol 
can become a risk factor in the development ot C V D
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Eat a variety of foods

Maintain healthy weight

Choose a diet low in fat, 
saturated fat, and 
cholesterol

Choose a diet with plenty of 
vegetables, fruits, and grain 
products

Use sugars only in 
moderation

Use salt and sodium only in 
moderation

If you drink alcoholic 
i beverages,

—y do so in moderation

FIGURE 8 Dietary guidelines tor Americans. No/mr: U .S . De- 
partmem ot Agriculture (IW U ).

it plasma cholesterol concentrations rise above 
22(1-240 nig/dl. Before treatment for hypercholester
olemia begins, blood tests should be conducted more 
than once because plasma cholesterol concentrations 
can vary according to season o f the year, time o f day, 
mood, and other variations in individual living habits. 
Hypercholesterolemia is one o f the primary risk fac
tors named among 200 other identified risk factors 
for C V I) .  More important possibly than total plasma 
cholesterol is the concentration o f cholesterol in LD L  
compared with the concentration in H D L . The L1)L- 
cholesterol concentration is related directly to inci
dence ot C V I ) ,  whereas H l)L-cholesterol concentra
tion is related inversely to incidence o f C V D . Other 
primary risk factors with non-genetic components 
associated with C V I )  include cigarette smoking, high 
blood pressure, obesity, diabetes, and high plasma 
triacylglycerol concentrations.

3. Mechanisms
Researchers have defined three distinct phases in 

the progression ot atherosclerotic disease: (1) initia

tion. (2) progression, and (3) thrombosis. The process 
ot atherosclerosis, as diagrammed in Fig. l). involves 
the interaction o f LD Ls, monocyte differentiation and 
LD L  engorgement, and smooth muscle cell prolifer
ation.

a. Initiation Currently, the most widely ac
cepted mechanism for initiation is the response-to- 
injnry theory. According to this theory, the inner 
wall of the blood vessel is damaged m a mechanism 
yet to be characterized completely. Some proposed

Endothelial

FIGURE 9 Cellular processes responsible tor development ot ath
erosclerosis. (1) Artery deputing early tatty streak development. 
(2) A. L D L  becomes oxidized within the arterial subendothehal 
space. Ii. Circulating monocytes are recruited to the subendothehal 
space bv cliemoattractants including oxidized LD L . I hese 
monocytes undergo differentiation, becoming macrophages, 
which are scavenger cells that recognize and accumulate oxidized 
LD L. I )  I lie lipid-laden macrophages then become foam cells, 
which cluster under the endothelial lining to form a bulge into the 
aitery. i: 1 his bulge is called a fatty stre;ik and is the first overt
sign ot atherosclerotic change. (3) Macrophages can subsequently 
die. releasing cytotoxic oxidized LD L. Injury to and loss ot endo
thelial cells over the tatty streak result. Platelets adhere to the site 
ol injury and aggregate. They release growth factors that cause 
proliferation of smooth muscle cells, furthering the atherosclerotic 
process. The artery becomes increasingly narrowed, preventing 
normal blood How.
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situations that may damage the inner endothelial layer 
of vessels include physical means associated with in
creased blood pressure or, more probably, chemical 
oxidative stress by oxidized fatty acids or other oxi
dized lipid-like molecules in LD L , for example, cho
lesterol.

Oxidized compounds are produced naturally in the 
human body as a protection mechanism against 
pathogenic organisms. For example, oxidized prod
ucts accumulate at the site o f injury to skin to inhibit 
bacterial growth and to attract monocytes, which are 
special cells ot the immune system that can differenti
ate and turn into protective cells. Under normal con
ditions, the body also has enzyme systems— such as 
superoxide dismutase. catalase, and glutathione per
oxidase— to remove toxic oxidized products. These 
antioxidant enzymes systems may become over
whelmed when dietary tats are consumed that became 
oxidized before consumption. Oxidation of tats and 
lipid-like molecules has been associated with deep-tat 
frying, dehydration, and powdering of food. When 
the oxidized products accumulate in blood, they may 
damage the integrity ot the lining ot the vessel and 
the artery may become damaged in a manner that 
is not well understood. Clearly, oxidized molecules 
attract monocytes from the circulating blood and 
cause them to change into macrophages, which can 
accumulate LDLs.

b. Progression Progression includes plaque for
mation on the wall of the artery. The mechanisms 
involved usually are associated with macrophages that 
become imbedded at the site o f arterial injury. M acro
phages attempt to repair the injured arterial mem
branes by accumulating cholesterol and other cellular 
building blocks from blood to be placed in cellular 
membranes. To accomplish this repair, macrophages 
have receptors to remove oxidized L D L  from circula
tion. The L D L  receptors are not regulated and con
tinue to cause oxidized LD L  constituents to accumu
late intracellularly, leading to a plaque containing 
primarily cholesteryl ester deposits. At the same time, 
macrophages activate platelets, which can initiate clot 
formation in an attempt to repair arterial damage. 
Platelets also secrete growth factors that cause smooth 
muscle cell proliferation in the underlying muscula
ture. further decreasing the dnmeter ot the arterial 
lumen.

c. Thrombosis The final stage occurs when vas
cular occlusion develops because a blood clot blocks 
ail already restricted vessel. Tissues downstream of

the blockage are unable to function as a result ot 
the loss o f oxygen-containing blood, causing tissue 
damage and/or tissue death. It the coronary arteries 
are occluded, the heart muscle fails and a loss ot func
tion occurs.

4. Recommendations
Obviously, to best control C V D . we must m ini

mize as many risk factors as possible. To  control some 
risk factors such as smoking, the recommendations 
are simple— quit smoking. For other risk factors, 
however, the recommendations are not as simple and, 
in fact, can become quite confusing. Often when one 
risk factor is decreased, other risk factors also de
crease. For example, it obesity is addressed, blood 
pressure often will decrease as w ill plasma cholesterol 
and triacylglycerol concentrations. Also, as a patient 
loses weight, insulin insensitivity often improves and 
non-insulin-dependent diabetes improves. Usually, 
the first phase recommended in controlling risk fac
tors includes diet modification.

a. Dietary Fat and Cholesterol Recently, the 
emphasis for controlling plasma cholesterol has 
switched from dietary cholesterol to type and amount 
o f dietary fat. In the mid-19K0s, the U .S . Surgeon 
(ieneral recommended that no more than 3 0%  of 
calories be derived from fat. w ith up to 10% from 
saturated fatty acids. This change in emphasis has 
been based on clinical trials that demonstrate little 
change in plasma cholesterol because ot changes in 
cholesterol intake. Some researchers indicate that 
two-thirds o f the population readily regulates choles
terol synthesis to compensate for changes in dietary 
cholesterol.

The individual fatty acids have been re-examined 
with respect to their ability to increase (lauric, myris- 
tic, and palmitic acids) or decrease (linoleic and linole- 
nic acids) plasma cholesterol. The co-3 fatty acids (ei- 
cosapentaenoic and docosahexaenoic acids) present in 
marine fish oils also decrease plasma cholesterol con
centrations. The general trends were in place in the 
mid-1960s when Keys and Hegsted developed equa
tions that predicted changes in plasma cholesterol 
based on changes in tvpe and amount ot tatty acids 
in a given diet. Today, these equations have been 
updated to further define the actions ot individual 
tatty acids and to consider trails tatty acids. As intake 
o f processed foods containing hydrogenated tatty 
acids increases, so does the intake ot thins tatty acids. 
Currently, traits fatty acids are receiving much atten
tion in research trials, but m inimal evidence has been
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collected to accurately define their effects »n ( ! V I )  
risk.

b. Drug Therapy lo r  those patients who have 
elevated plasma cholesterol concentrations despite 
diet therapy, several drugs that block cholesterol syn
thesis are available. Other useful drugs act in the small 
intestine to decrease absorption o f bile acids and bili
ary or dietary cholesterol by increasing their rates o f 
excretion. Soluble dietary fiber, as in oat bran, but 
not insoluble fiber decreases blood cholesterol by a 
similar mechanism, hi large studies that tested 
cholesterol-lowering drugs, researchers found equal 
mortality rates in treatment and control groups. The 
treatment fatalities are not as often related to C V l ) ,  
but the total death rate in the groups seems not to 
differ, making drug therapy a topic o f further investi
gation.

c. Antioxidants A long-term preventative mea
sure may be to include more antioxidants in the diet 
in the form o f vitam in C, beta-carotene, or vitamin 
E. To  date, the most promising antioxidant for C V l ) 
control seems to be vitamin E. In one large study in 
which health professionals were surveyed for several 
years, those who ingested vitamin E in excess o f cur
rently recommended concentrations had significant!v 
fewer incidences ot C V l ) .  The general recommenda
tion to increase intake o f supplemental vitamin E  is 
equivocal, and no strong recommendations are in 
place tor large doses o f vitamin E.

d. Summary Because o f a positive association of 
blood cholesterol w ith C V l ) ,  use of effective nutri
tional and pharmacological methods to decrease 
plasma cholesterol concentrations w ill decrease the 
incidence of C V l )  in humans. Cholesterol concentra
tions can be decreased to differing degrees in different 
people by modifying the type and amount o f fat 
in the diet, by exercising, and by drug therapv, 
but the most effective approach for decreasing to
tal cholesterol while keeping .111 optimal H D L-  
cholesteroLLl)L-cholesterol ratio remains contro
versial.

B. Cancer

1. Description of the disease
Cancers, as do most diseases, have multifactorial 

points ot environmental and genetic origin. C u r
rently. epidemiologists believe that 60-9(1% o f hu
man cancers are ot environmental origin, tor example.

trom viruses, radiation, and chemicals. Strictlv speak
ing. food we consume is chemical 111 nature and must 
be evaluated component by component. O t the natu
ral tood components, dietary tat has been given the 
most attention with respect to carcinogenesis. As 
early as l lJ40, tat had been demonstrated to influence 
tumor development 111 rat mammary tumor models.

Most dietary compounds are not carcinogenic in 
their natural state but can become carcinogenic when 
altered by the body, usually by the mixed-function 
oxidase system. Tins process results in molecules that 
are electro-chemically able to interact with D N A , 
making the molecules capable ot interfering with 
D N A  replication and resulting in D N A  mutations. 
Certain regions o f D N A  are affected strongly by mu
tation, whereas other regions withstand many muta
tions that are never expressed at the phenotypic level. 
The more vulnerable regions ot D N A  are termed 
oncogenes and promote carcinogenesis when acti
vated by mutation; alternatively, tumor suppressor 
genes are 110 longer able to inhibit carcinogenesis 
when they become mutated.

The process o f carcinogenesis has two discrete 
stages— initiation and promotion. Clearly, cancer 
formation requires both stages and initiation must 
occur first. Initiators mutate the D N A . whereas pro
moters cause expression of the mutant D N A . Dietary 
fat currently is accepted to enhance the promotion 
stage o f carcinogenesis but to have minimal effect 011 

the initiation stage, except perhaps in liver tissue.

2. Risk factors
Information concerning diet-related issues associ

ated with the risk for cancer development is equivocal. 
What can be said, however, is that certain cancers, 
such as colon and breast cancer, are more likely related 
to dietary fat intake, whereas pancreatic, ovarian, and 
prostate cancers are less likely related to dietary fat 
intake. I bis statement is based 011 epidemiologic stud
ies conducted throughout the world. One study com
pared the United States and Japan, where the popula
tion consumes about half as much fat per capita as in 
the United States. In both countries, which share 
similar literacy rates and standards of living, about
0 .2%  o f both populations die from cancer each year. 
However, a person in the United States is tour times 
more likely to die o f breast cancer and five times more 
likely to die of prostate cancer, whereas death from 
colon cancer is only slightly less common in Japan. 
However, a study in the United States compared 
nurses who consumed 32 or 44%  calories as fat and 
found no differences in the incidence o f breast cancer.
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A similar study in Italy, where tat consumption is 
more divergent, found that fewer women consuming 
diets with 2f>% calories as tat died of breast cancer than 
those who were consuming diets with 4C>% calories 
as fat.

3. Mechanisms
Describing the precise mechanisms involved in the 

etiology ot diet-induced carcinogenesis is difficult. 
One theory is the endocrine-based mechanism theory 
in which essential tatty acids, precursors to prosta
glandin molecules, may at feet rates o f cancer develop
ment. Another theory related to fat intake involves 
increased bile acid secretion and the conversion o f bile 
acids to secondary bile acids in the gut. which may 
be partly responsible tor Colon cancer. Fat-induced 
changes in membrane structure and lipid peroxidation 
are also plausible causes tor carcinogenesis.

4. Recommendations
(liv in g  sound dietary guidance to prevent cancer 

development is difficult because little is known about 
the mechanisms ot initiation ot carcinogenesis. Some 
experts contest the recommendations ofthe National 
Research Council o f limiting calories as fat to 30%  
as still too great a fit intake to prevent development 
ot cancer, whereas others adopt the philosophy o f not 
being concerned with t.it intake. Most experts advise 
following the recommendation ot the National Re
search Council to consume diets with up to 3<)% 
calories as fat, which does not severely compromise 
the palatabilitv o f foods.

C. Obesity
1. Description of the Disease
Obesity is simply a condition in which the human 

lias .111 excessive amount o f body fat as measured by 
under-water weighing, skin-pinch calipers, or body 
mass index (B M I = weight/height ). The cause tor 
the accumulation ot tatty tissue, however, is tar from 
simple and has yet to be defined clearly. I his complex 
condition affects 34 million Americans aged 20-74. 
with a large percentage m the poor or minority popu
lation.

2. Risk Factors
I he major risk factor tor obesity is simply greater 

caloric intake than caloric expenditure. I he variability 
between individuals with difterent genetic.' is what 
makes predicting expenditure a complex issue. For 
example, some strains ot rats can adjust to a high-

caloric. high-t.it diet without becoming obese, 
whereas other strains cannot adjust and quickly be
come obese, proving a genetic component to obesity. 
This type o f study has been difficult to conduct in 
humans because o fth e  length o f time required tor a 
good nutrition study and because ot the inaccuracy 
associated with dietary recall by free-living individu
als. The focus o f obesity should be on its role as a 
risk factor for other diseases such as C V I ). high blood 
pressure, and possibly cancer.

3. Mechanisms
The mechanisms regulating caloric intake have not 

been described thoroughly. From experimental trials, 
humans are better able to compensate by increasing 
caloric intake after times o f caloric restriction than 
they are able to compensate by decreasing caloric in
take after times of excess caloric intake This differen
tial compensation was demonstrated by increasing or 
decreasing the calories in the noon meal by (>(>%. 
Those given the caloric deficit compensated and main
tained typical body weight, whereas those given the 
caloric excess at noon did not compensate and gained 
weight.

Because fat has more than twice the caloric density 
o f carbohydrate and often increases palatabilitv ot 
foods, it is much easier for humans to overconsume 
fat. At the same time, the metabolic efficiency ot 
storing dietary fat as fat is ‘>3%. whereas the efficiency 
o f converting dietary carbohydrate to fat tor storage 
is 72% . In addition to biochemical explanations ot 
obesitv is a psychological pleasure component, tor 
most people, that is associated with consuming tood 
containing fat. The sensory characteristics o f different 
types of fats also are significant.

4. Recommendations
For most individuals, removal ot excess weight is 

a matter o f energy balance. T o  lose weight, one must 
enter a negative energy balance tor a period of time. 
This negative balance can be accomplished by in
creased combustion ot fuels (exercise), by decreased 
intake o f fuels, or by a combination o f both. Body 
weight can be maintained when consuming a high tat 
diet: however, dietary fat, the most concentrated form 
o f energy that humans consume, usually should be 
decreased when trying to lose body weight.

D. Diabetes
1. Description of the Disease
The two forms o f diabetes are insulin-dependent 

diabetes mellitus ( ID H M  or Type I), which affects
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I "'d ot the population and requires exogenous in
sulin. am! non-insulin-dcpendcnt diabetes mellitus 
(N l l )D M  or I ype II). which usually occurs later 111 

life and often is associated with obesity. Type I diabe
tes is characterized by an absolute need tor insulin 
because ot decreased pancreatic output ot insulin, 
whereas type II diabetics have a relative need tor extra 
insulin because their tissues are not responding to 
normal insulin concentrations m the blood.

2. Risk Factors and Mechanisms
The greatest risk for type II diabetes is obesity. The 

incidence ot type II diabetes is increasing in minority 
populations as their metabolic systems try to adapt 
to a western lite-style. including a diet rich in calories 
and fat. Further, both types o f diabetes are .1 risk 
factor tor C' V 1).

3. Recommendations
The best recommendations for dietary control o f 

diabetes have not changed dramatically over the years. 
A heart-healthv. calorie-restricted diet rich in com
plex carbohydrates w ill help decrease the risk o f  obe
sity and will decrease the risk o f furthering the pro
gression ot C V D . Mood pressure and plasma lipids 
should be monitored frequently and treatments 
should be imposed as necessary.

E. Disorders of the Immune System
1. Description of the Immune System
Immunity can be considered a protective mecha

nism against foreign bacteria and viruses. Moreover, 
the immune system represents components that are 
not always beneficial and components that recognize 
and dispose ot foreign cells. The immune system can 
be classified functionally as specific and nonspecific. 
Nonspecific immune function includes general in
flammation in response to injury, whereas specific 
immune function is defined more clearly. Specific 
immune functions include cellular immunity, which 
is represented by phagocytic lymphocytes and thymic 
cells (T  cells), and humoral im munity, which is asso
ciated primarily with antibodies produced from B 
cells. Macrophages are considered accessory cells and 
assist in both specific and nonspecific immunity.

2. Risk Factors and Recommendations
Dietary practices that can influence the immune 

system recently have come under greater scrutiny. 
Dietary tat has received much attention in the last two 
decades because tat has been shown to have significant

effects 011 immune function. The research that has 
been conducted until now. however, does not support 
the need to alter well-balanced diets to achieve 
changes 111 our immune system. People with disorders 
such as systemic lupus erythematosus, allergic en
cephalomyelitis. and multiple sclerosis may benefit 
from increased fat intake as a method o f attenuating 
an overactive immune system. Ab ility to manipulate 
the immune system with dietary treatment is a very 
exciting possibility: however, the current recommen
dation for the average population to consume less 
than 3(1% o f calories as fat remains sound advice. W ith 
further research, more specific immunc-modiilating 
diets may be formulated for patients suffering from 
immune deficiency or immune hyperactivity.

3. Mechanisms
In research trials utilizing experimental animals 

and. less frequently, humans, extremely high fat diets 
and diets rich in w-U polyunsaturated fatty acids are 
immunosuppressive. These diets, however, are ex
treme in fat content and are not representative o f the 
average American diet. M any studies indicate that 
excessive fat intake results in a predictable decrease 
in T-lymphocyte activity and an unpredictable change 
in B-lymphocytc activity.

The changes in lymphocyte function can be ac
counted for by changes in tatty acid composition ot 
immune cell membranes. Changes in linoleic acid 
concentration in membranes causes the most marked 
changes in immune function. Changes in immune 
function could be explained mechanistically by one 
ot tw o major hypotheses: ( I )  changes in membrane 
fluidity/function or (2) changes in the production ot 
eicosanoids from fatty acid precursors. O ther mecha
nistic studies involve large dietary doses o f oxidized 
lipids, which decrease immune function; hypercholes
terolemia. which decreases immune function; and v i
tamin K. which enhances immune function when oxi
datively unstable fatty acids are consumed.

F. Renal Disease
1. Description of the Disease
Basic renal function maintains fluid and electrolyte 

balance, regulates blood pressure, excretes waste, in
fluences erythrocyte production via erythropoietin, 
activates vitamin D, and supplies the body with some 
glucose in times o f starvation. If  any o f these systems 
is less than optimal, other organ systems quickly be
come involved and a patient's health can deteriorate 
quickly. Renal function can deteriorate chronically or
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acutely, depending on the causative agent. All types 
o f kidney failure can be classified as ( I)  prerenal, in
cluding Mood flow to the filtration apparati, (2) renal, 
including problems associated with the filtration ap
parati, or (3) postrenal, usually associated with some 
form o f urinary blockage. The causative agent o f fail
ure in many instances has yet to be determined, but 
possibilities include compromised blood circulation 
associated with vascular disease or immune-mediated 
tissue damage.

For many years, protein intake was the primary 
dietary concern for patients with decreased kidney 
function. Recently, dietary lipids have come into 
question in the development and possibly even in the 
treatment o f diseases that compromise kidney 
function.

2. Risk Factors
Currently, no established guidelines exist for di

etary fat consumption with respect to kidney func
tion. The risk factors that are associated with dietary 
intake are centered around maintenance o f optimal 
blood flow. Improvements in cardiovascular health 
will improve blood supply to the kidneys as well. 
Research currently is being conducted to evaluate the 
effects o f different dietary fatty acids on kidney func
tion and to understand the mechanism of these effects.

3. Mechanisms
Little is known about the ability o f dietary fatty 

acids to modulate and optimize kidney function. What 
is know'll is that most fatty acid effects are mediated 
via eicosanoid metabolism or changes in membrane 
fluidity, which may affect membrane permeability 
and function. Eicosanoids, which are synthesized 
from linolcic acid and linolenic acid, maintain normal 
kidney function by modulating vessel tone, altering 
blood viscosity, and controlling platelet aggrcgabil- 
ity. Under some disease states, the kidney synthesizes 
unusual ratios of the bioactive eicosanoids. O n the 
basis o f this information, researchers have investi
gated the possibilities o f altering eicosanoid formation 
by altering the enzyme systems responsible for eicosa
noid synthesis or by altering the precursor fatty acid 
inputs into the system.

Eicosanoids are not stored but are used immediately 
after synthesis. The rate-limiting step o f synthesis 
is the enzymatically catalyzed release of tatty acid 
precursors from membrane phospholipids. Po lyun
saturated fatty acids, which are eicosanoid precursors, 
■ire known to decrease blood pressure, which helps 
relieve complications associated with renal disease. 
Increased dietary linolcic acid alters fatty acid compo

sition o f kidney membranes, which changes mem
brane fluidity and increases prostaglandin E : synthe
sis. Eicosanoids synthesized from linolcic acid are 
vasodilatory and antiaggregatory. Further, w-3 fatty 
acids, as in fish oil. decrease renal vascular tone and 
also decrease clotting time, which may prevent intra- 
glomerular thrombosis. Additionally, blood viscosity 
is decreased and red cell deformability increases, 
allowing easier passage through capillaries. Saturated 
fatty acids seem not to affect renal function directly 
but may augment problems by contributing to arte
riosclerosis. Although unproven, some researchers 
believe that certain fatty acids also may be nephro
toxic.

4. Recommendations
No general recommendations are m place for main

taining healthy kidney function other than normal 
recommendations for a healthy diet. Under medical 
supervision, however, certain diets w ill alleviate 
symptoms associated with particular forms of kidney 
disease. Most treatment regimes include decreased 
protein intake and increased intake of tats rich in poly
unsaturated fatty acids. These diet modifications will 
alleviate unnecessary nitrogen excretion and increase 
eicosanoid synthesis in the kidney. The resulting eico
sanoids have strong positive effects on vascular mus
culature. platelet aggrcgability, and inflammatory 
events associated with some renal diseases. However, 
more research is warranted to further evaluate influ
ence o f dietary fatty acids on kidney health.

G. Neuromuscular Disorders
1. Description of the Disease
Numerous disorders in function are caused by 

changes in fatty acid composition o f the myelin 
sheath. The symptoms of several neural disorders 
such as Retsum's disease, peroxisome deficiency dis
orders, and Reyc’s syndrome can be minimized if  the 
metabolic defect is recognized and dietary adjust
ments are made. Because these disorders are genetic 
defects, the best technology currently available is to 
treat the symptoms with changes in diet or. in some 
instances, with specific enzyme inhibitors. Further 
work must continue if a cure for these genetic neu
ronal disorders is to be found. Use of molecular bio
logical techniques, such as gene therapy, seems highly 
promising.

2. Risk Factors
Because these diseases are .ill genetic in nature, there 

are no known risk factors.
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3. Mechanisms and Recommendations
The symptoms ot the previously mentioned neu

ronal disorders— loss ot neural control and possibly 
even coma— usually are caused by changes in tatty 
acid composition of neural membranes. T his change 
can occur because of (1) accumulation o f peculiar fatty 
acids that are typically and quickly metabolized, as 
in Retsum’s disease or (2) removal o f components 
from the myelin sheath by circulating detergent-like 
tree fatty acids that are abnormally high, as in Reye's 
syndrome.

Most symptoms of the neuromuscular disorders 
are irreversible, and dietary treatment must be initi
ated early to minimize progression of the symptoms. 
Patients with Retsum's disease, for example, must 
avoid dietary phytanic acid, the fatty acid metabolite 
that accumulates in their tissue. Products from rumi
nants—  meat and milk products— have considerable 
amounts ot phytanic acid and must be avoided. Rapid 
weight loss also should be avoided because o f the 
possibility ot mobilizing large amounts o f phytanic 
acid from triacylglycerol stores. Patients with a defect 
m beta-oxidation because ot defective peroxisomes, 
as in Zellweger syndrome or neonatal adrenoleuko- 
dystrophy, usually are prescribed to a diet that m ini
mizes most long-chain fatty acid intake but maximizes 
oleic acid intake. When mitochondrial beta-oxidation 
is affected because ot a deficiency o f carnitine at 
the mitochondrial membrane, dietary carnitine and 
medium-chain triacylglycerols will relieve the symp
toms ot carnitine deficiency. Recently, Duchenne 
muscular dystrophy has been linked to a decreased 
ability ot skeletal muscle to oxidize palmitic acid, as 
demonstrated by increased concentrations o f long- 
chain fatty acyl C'oA in muscle and a decreased ability 
tor muscle homogenates to oxidize palmitic acid.

T he neuronal diseases mentioned here are only a 
few o f the diseases with compromised abilities to ca- 
tabolize fatty acids. The dietary suggestions that have 
been made and tested are being implemented in some 
instances. However, as was stated earlier, special diets 
only treat the symptoms, not the disease. For these 
diseases to be conquered, gene therapy is needed to 
replace missing or dysfunctional genes.
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Glossary

C ellulose Carbohydrate abundant in plant cell walls; 
it is a glucose polymer with beta linkages that can be 
digested by microbial enzymes
C o n ce n tra te  Feed that is high in digestible energy 
and contains less than 18% crude fiber 
C ru d e p ro tein  Quantitative measure o f nitrogen 
(kjeldahl procedure) in feeds calculated as nitrogen 
times 6.25; it includes proteins, amino acids, nitrate, 
urea, and amines
D ig estib ility  Portion ot a feed that is absorbed from 
the digestive tract o f  animals
F ib er Carbohydrate in plant cell walls that requires 
microbial enzymes to be digested 
F o ra g e  Plant material such as pasture, hay, or silage 
that is fed to livestock
H eat in crem en t Heat produced by microbial fer
mentation in the digestive tract and metabolism in 
the animal's body
H em icellu lo se  Carbohydrate abundant in plant cell 
walls; it contains hexoses, pentoses, and uronic acids 
that are digested by microbial enzymes 
L ig n in  Group of compounds that are found in plant 
cell walls; they are resistant to enzvmatic degradation 
and limit digestion o f cellulose and hemicellulose 
N u trien t Chemical substance necessary for mainte
nance, production, and health in animals; classes o f 
nutrients include carbohydrates, fats, proteins, miner
als, vitamins, and water

R u m en  Largest compartment o f the stomach; it has 
billions o f microbes that anaerobically ferment feeds 
to volatile fatty acids
Silage High-moisture feed that has been stored in an 
air tight container such as a silo; sugars in the feed 
have been fermented to lactic acid, which lowers the 
pH and preserves the feed

Feeds contain nutrients that are used by livestock 
and poultry for maintenance and production. An ob
jective o f many producers feeding livestock and poul
try is to provide a diet o f different feeds and supple
ments that meet the nutrient requirements o f  the 
animal and produce meat, milk, fiber, or work  at a 
profit or at a minimal cost. The level o f production 
varies widely across species and management sys
tems. Feeds available vary widely in different species, 
geographic regions, and seasons o f the year. The prin
ciples involved in feeding livestock for efficient pro
duction at a reasonable cost can be applied across the 
different species and production systems.

I. Feed Supply

Livestock and poultry in the United States consumed 
an estimated 478 million tons o f feed expressed on a 
feeding value equivalent to corn in 1990 (Table I). 
Forage represented 54%  o f the total feed supply, w ith 
37% provided as grazed forage from pasture and 17% 
provided as forages harvested as hay and silage. C o n 
centrates provided 46%  o f the livestock feed supply, 
with 75% o f concentrates being provided by the 
grains corn, sorghum, oats, barley, wheat, and rye. 
Approximately 60%  of the feed grains grown in the 
United States in 1990 were ted to livestock, 22%  were 
exported to other countries, and 18% were used for
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TABLE I
Feed Consumed (in Millions of Tons) by Livestock and Poultry 
in the United States

Feed type

Year

rw.s 1 >J*Jt I

Pasture1 191 I7S
Harvested forages'1 S3 79
Concentrates. allj1. 213 221

(.rams. allj l(>l.no 165.40
Corn 1I5.2H 130.70
Sorghum IK. (ill 11.30
Oats and barley 14.9(1 9.30
Wheat and rye I2.3H 14.10

High-protein oilseed meals, all ' 21.38 25.50
Soybean 19.(19 22.91
( lottonseed 1.52 l.t>2
Linseed o i l 0.13
I'camit II is o.l 1
Sunflower 0.35 0.34
C 'am >l.i ti.13 0.39

Animal proteins, all-' 3.72 3.25
t ankage and meat by-products 2 . so 2.53
fish meal and fish solubles o.5l 0.27
Milk products 0.41 0.45

Ciram protein products, all ' 2.27 1.42
Gluten teed and meal l i t . 0. IS
Brewers dried grains 0.15 0.12
Distillers dried grains 0.96 1.12

Other, ali 11.79 13.(.1
Wheat millfccds 5.S2 6.60
Hue milltecds 0.55 0.6!
licet pulp 0.77 1.16
Alfalfa meal ii.nr> 0.37
l ats and oils II. 84 1 .10
Molasses 2 . os 2 39
Misc. products 0.87 1.38

' Adapted from Agricultural Statistics (1992). United Slates IV -  
partment o f Agriculture. Washington. D .C.
* Expressed in feeding value equivalent to corn.

Adapted from / <n/(November 1991). United States Depart
ment of Agriculture. Washington, 1 >. C'.

human food, seed, and industrial purposes such as 
ethanol production.

Corn supplied over 79% of the grains and soybean 
meal supplied 89% o f the high-protein oilseed meals 
(Table 1) fed to livestock and poultry in 199(1. The 
livestock and poultry industries also feed by-products 
trom the processing industries, including wheat mill 
feeds trom manufacturing of Hour; gluten feed, brew
ers grains, and distillers grains from production ot 
alcohol and high-fructose sweeteners; and molasses 
trom sugar production. In addition, significant quaii- 
tities o f crop residue and vegetable and animal wastes 
are fed to livestock. Many o f these feeds are fed near

where they are produced because they are low in 
feeding value or high in moisture, which limits the 
distance they can be transported.

Feeds provide nutrients needed to sustain life. Feeds 
have been separated into classes based on the type ot 
feed, their nutrient content, and method o f harvest. 
T w o  general classifications are forages and concen
trates. Forages are feeds from plants that are character
ized as containing over 18% crude fiber (dry basis) 
and are fed largely to ruminants. Examples are bcrmu- 
dagrass pasture, alfalfa hay, and corn silage. Con 
centrates are feeds that have lower fiber content and 
usually have a higher digestibility than forages. 
Concentrates can be from plant or animal origin. Ex 
amples are corn, soybean meal, wheat middlings, and 
meat and bone meal. [-Sec F o r a g e s . |

Forages are usually higher in fiber, calcium, pot
assium. and fat-soluble vitamins but lower in digest
ibility than concentrates. Forages have variable pro
tein content with legumes ranging from 12 to 25%  
protein and grasses ranging from 4 to 15% protein. 
Forages have been further classified into pasture or 
range forages, hay, and silages. Pasture or range for
ages are grazed by livestock and include growing veg
etation and plant residues left in the field. Hay is 
the aerial part o f plants that is harvested during the 
growing season, preserved by drying, then mechani
cally made into bales or stacks that are stored outside 
or in barns for feeding at another location or during 
the winter. Approximately 152 million tons o f hay 
were utilized in the United States during 1992.

Silages are made from high-moisture forages that 
are usually chopped at harvest and then stored in 
silos or other systems that lim it oxygen penetration. 
Silages are preserved by the lactic acid that lowers 
the pH. Lactic acid is produced from an anaerobic 
fermentation o f sugars by bacteria after storing in the 
silo. The forage is usually harvested at 50 to 75%  
moisture and ensiling is the method o f choice tor 
timely harvest o f forages when rainy weather prevents 
rapid drying or for crops that are difficult to dry in 
the field, such as whole-plant corn or sorghum. An 
estimated 90 million tons o f corn and sorghum silages 
were harvested in the United States during 1992.

Concentrates have lower levels o f fiber and higher 
digestibilities than forages. Most concentrates are low 
m calcium but have higher levels o f phosphorus than 
forages and arc the predominant feeds used m swine 
and poultry diets. Concentrates are further classified 
into energy feeds and protein feeds. Energy feeds 
include the grams, several of the lower-protein 
(< 20 % ) by-product feeds, and tats. Protein feeds have
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2i)%  or higher protein and many .ire by-products from 
the manufacturing or processing industries. Most pro
tein teeds .ire named by their origin and method o f 
processing, which helps characterize their nutrient 
content. Examples include soybean meal, solvent pro
cessed, without hulls, and meat and bone meal.

II. Nutrients in Feeds

Nutrients are components ot feeds that are used for 
maintenance and production. These can be classified 
as follows:

Feed

Water Dry matter

Inorganic (ash) 
Minerals

Organic
Carbohydrates
Proteins
Lipids
Vitamins

Gross Energy (GE) in Feed

Fecal energy
1 Feed origin
2 Metabolic origin

Digestible Energy (DE)

Gasses from digestion 
Urinary energy

1 Feed origin
2 Endogenous origin

Metabolizable Energy (ME)

Heat increment
1 Heat of fermentation
2 Heat of nutrient metabolism

Maintenance Energy (NEm) 
1. Basal metabolism
2 Voluntary activity 
3. Heat or cool body

Production Energy (NEp)
1 Growth
2 Fattening
3 Milk, wool or work
4 Reproduction

FIGURE 1 Scheme of teed energy utilization by animals.

Water is essential for life and a clean supply o f 
drinking water should be available for livestock and 
poultry at all times. P r y  matter in feeds contains 
minerals, many o f which are required in bone forma
tion and normal metabolism, and the organic fraction, 
which includes carbohydrates, proteins, lipids, and 
vitamins. Carbohydrates and lipids are utilized mostly 
as energy sources, protein provides the amino acids 
used to synthesize protein in muscles and enzymes, 
and vitamins are needed in small quantities tor essen
tial metabolic processes. |.SVc A n i m a i  N u t r i t i o n , 

P u i n c i p i  k s . |

A. Energy
Energy is required for maintenance and production 
in all animals. Organic compounds contain energy 
stored in chemical bonds that is made available to the 
animal during metabolism. However, only part o f 
the chemical energy in teeds is available for absorption 
and metabolism and this is schematically shown in 
Fig. !. The gross energy is the total energy available 
from complete oxidation or burning (such as in a 
furnace). Digestible energy accounts for energy lost 
in the feces, which includes undigested feed and meta
bolic losses. Metabolizable energy accounts for en

ergy lost m gases such as methane during digestion 
and energy excreted in metabolism end products such 
as urea or uric acid. Ruminant animals may lose 5 to 
10% ot dietary energy as methane produced by rumen 
bacteria. Caseous energy losses in monogastric ani
mals are usually less than 1%. Net energy accounts 
tor losses ot energy in the heat ot fermentation in 
the ruminant animals and the heat associated with 
nutrient metabolism after absorption. This heat can 
be used to maintain body temperature in cold weather, 
but dissipating heat during hot weather requires en
ergy. Net energy is the energy that is available for 
maintenance, such as basal metabolism and breathing, 
and the energy stored during growth, fattening, or re
production, and in the products produced such as milk, 
eggs, and wool. |.Sec 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 , R u m i n a n t . |

Crains are high in starch and have higher digestible, 
metabolizable, and net energy values than forages that 
have similar levels o f carbohydrates but less starch 
and more fiber. Corn, alfalfa, and fescue hay have 
similar gross energy concentrations but the metabo
lizable energy varies from 40 to 87%  o f the gross 
energy depending on the feed and the animal (Table 
ii). n ig  estion losses vary from 11 to 53%  for these
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TABLE II
Energy Losses of Feeds during Digestion and Metabolism by Swine and Beef Cattle

I*ccd and species

l iross
energy
(ih )

1 )igesnblc
energv 
(1 >H)

Metabolizable 
energy (M L )

Net energy 
maintenance

Net
energy
growth

(!orn gram 
Swine 

kcal/kg 4 4 S' I 4< M)(1 3X8< i
%  ( i t — K‘j.3 8(>.r> — —

lieet
kcal/kg 44<xo 3 'M ) 3250 2240 1550
%  ( i l l — SX.4 72.5 5o.o 34.

Alfalfa hay. 17% CV  
Swine 

kcal/kg 433' i 2i i4< i 1 S5< i
%  CiL: — 4f».V 42.5 — —

Beef
kcal/kg 2(>‘)0 2210 1340 774)
%  c ;t — M .K 50. X 30. S 17.7

lcscue hay 
Beef 

kcal/kg 43m 2120 1740 ')()() 35<)
%  (; i : — 4'J3 40.5 2o.o 8.1

feeds and the losses from digestible energy to metabo
lizable energy vary from 3 to 16% ot the gross energy. 
Monogastric animals have lower losses ot energy in 
gases than ruminants and this results in lower losses 
between digestible energy and metabolizable energy. 
The metabolizable energy o f corn is 630 kcal / kg lower 
for beef than for swine, but this is reversed tor alfalfa 
hay w ith beef having a 360 kcal/kg higher metaboliz
able energy value than swine. The net energy for 
production o f the poor-quality forages such as fescue 
hay is low and these feeds are used mostly in mainte
nance diets for ruminants or as fiber sources in concen
trate diets fed to ruminants.

B. Protein

Protein is made up o f different proportions of 22 amino 
acids. Ten o f the amino acids are essential, meaning 
they are not synthesized in the body and are required 
in the diet o f monogastric animals. The other 12 amino 
acids are nonessential in monogastric diets. Four of 
these may limit performance under some situations 
and dietary levels are considered in diet formulation. 
The crude protein is often analyzed in feeds by de
termining the nitrogen concentration with the k j e I - 
dahl analysis procedure and multiplying by 6.25. This 
assumes the protein contains 16% nitrogen, winch is 
the average nitrogen composition o f several proteins. 
However, the kjeldahi procedure measures the total

nitrogen and some feeds contain nonprotein nitrogen 
that can be synthesized into the bacterial nitrogen in 
the ruminant but is o f limited value for formulating 
diets for monogastric animals. Diets tor monogastric 
animals are formulated to contain the required con
centrations o f each amino acid using different teeds 
and synthetic sources o f amino acids. A diet with 
concentrations o f some amino acids above the require
ments is common, but large excesses o f some amino 
acids may reduce feed intake or efficiency o f utili
zation.

Protein can be classified into tw o types for rumi
nants: (1) rumen-degraded protein and (2) rumen- 
undegraded protein. Rumen-degraded protein is bro
ken down to peptides, amino acids, and ammonia by 
bacteria in the rumen and nonprotein nitrogen (N P N ) 
is degraded to ammonia. Am monia from rumen- 
degraded protein and N P N  needs to be synthesized 
into microbial protein to contribute amino acids 
needed for maintenance and production o f the animal. 
When excess rumen-degraded protein is fed, the extra 
ammonia is absorbed from the rumen, metabolized 
to urea in the liver, and recycled to the rumen in saliva 
or across the rumen wall, or excreted in the urine. The 
rumen-undegraded or bypass protein is the protein in 
feeds that escapes digestion in the rumen but can be 
digested in the small intestine. The bypass protein 
from the feed plus the bacterial protein provide the 
amino acids for maintenance and production.
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In ruminants at maintenance or with low growth 
rates the bacterial protein can usually meet the ani
mal's amino acid requirements and dietary formula
tion emphasizes meeting the bacterial nitrogen re
quirements with nonprotein nitrogen. Feedlot diets 
tor finishing cattle and sheep often have high levels 
of corn grain and approximately 50% o f this protein 
escapes rumen degradation. These diets typically uti
lize N l’N to provide most ot the supplemental crude 
protein needed to meet animal requirements. Diets 
with added N P N  need to have adequate levels of 
sulfur that is required for synthesis o f the sulfur- 
containing amino acids in bacterial protein.

Formulating diets that contain higher levels o f by
pass protein is important m lighter-weight ruminants 
that are growing rapidly and for those producing high 
levels ot milk such as the lactating dairy cow. In these 
situations, animal production is often improved when 
the diets contain rumen-degraded crude protein bal
anced with digestible energy and sufficient bypass 
protein to meet the total amino acid requirements o f 
the animal.

C. Minerals

Minerals are inorganic compounds required for main
tenance and production in livestock and poultry. M in 
erals are divided into two classes based 011 the concen
trations required in the diet; macrominerals and 
micromincrals. Macrominerals include calcium, 
phosphorus, potassium, magnesium, sodium, chlo
rine and sultur. Calcium and phosphorus are required 
for the formation o f bones, teeth, and egg shells. 
Required levels range from 0.15 to 3 .5%  in the diet 
depending 011 the animal and level o f production. 
Other macrominerals are used in many essential func
tions and required levels range from 0.1 to 1.0% 111 

the diet. M icrominerals include cobalt, copper, io
dine, iron, manganese, selenium, and zinc. M icro 
minerals are used in many metabolic processes and 
required levels range from 0.1 to 100 mg/kg o f diet.

Minerals in the diet are provided by feeds and from 
inorganic mineral supplements. A common source 
ot sodium and chlorine is salt, phosphorus is often 
supplemented trom dicalcium phosphate, and ground 
limestone is a good source o f calcium. Most o f the 
macro- and microelements can be supplemented in 
the diet trom inorganic compounds. Microminerals 
are typically provided in trace element mixes that 
contain several ot the microminerals mixed in the 
needed concentrations to supplement a typical diet. 
An example is a corn—soybean meal diet fed to a

growing pig. Feed formulation and mixing can be 
simplified by adding a trace element premix to pro
vide all the supplemental micromincrals.

D. Vitamins

Vitamins are organic compounds that are essential for 
normal metabolic processes in animals. Vitamins are 
divided into two classes, fat-soluble vitamins, which 
are A. D. E, and K, and the water-soluble 13-complex 
vitamins— thiamine, riboflavin, niacin, pyridoxine. 
pantothenic acid, cobalamin, biotin, choline and t'ola- 
cin— and ascorbic acid. Fat-soluble vitamins A and E  
are easily oxidized and concentrations in feeds de
crease during storage. Carotene, a naturally occurring 
compound in plants, can be converted to vitam in A 
with different efficiencies in different animals. Poultry 
can synthesize approximately 1600 International 
Units ( IU )  o f vitamin A from each milligram o f caro
tene, but pigs synthesize only 100 to 300 IU  o f vitamin 
A for each milligram o f carotene. Diets fed to rum i
nant animals usually do not contain supplemental 
13-complex vitamins or vitamin K because bacteria 
in the rumen usually synthesize enough to meet the 
animals’ requirements. During periods o f stress when 
teed consumption is low or in other special situations, 
13-complex vitamin supplements may increase perfor
mance in ruminants. 13-complex vitamins arc required 
in the diets o f monogastric animals at levels ranging 
from 0.005 to 1300 mg/kg. 13-complex vitamins and 
fat-soluble vitamins are typically added to a diet in a 
premix designed for a typical diet similar to trace 
element premixes.

E. Lipids

Lipids include both the fats and oils. Most fatty acids 
in lipids can be synthesized in the animal tissues but 
linoleic acid cannot be synthesized by some animals 
and is required in the diet. Current recommended 
levels o f linoleic acid in the diet are 0 .1 %  for swine, 
0 .5%  for the horse, and 1%  for poultry. Ruminant 
animals do not have a dietary requirement for linoleic 
acid.

III. Feed Composition and Analysis

Swine, poultry, and other monogastric animals are 
typically fed concentrates. These feeds have similar 
dry matter concentrations and the nutrient require
ments ot these animals are expressed as concentrations 
in the air-dry diet. In contrast, diets o f cattle, sheep,
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FEEDS AND FEEDING

.iiul other ruminant animals often contain feeds with 
a wide range in dry matter concentration (silages have 
low dry matter) and their requirements are usually 
expressed as concentration in the drv matter. The 
nutrient concentrations in Tables 111. IV . V , and V I 
are listed as the concentration in the dry matter for 
all feeds (used in formulating ruminant diets) and the 
air-dry concentration for feeds (concentrates) typi
cally used in monogastric diets. The nutrient require
ments of the horse may be expressed as the concentra
tion in air-dry feed or dry matter depending on the 
reference source.

The nutrient concentrations in feeds vary de
pending on variety, climate, soil, storage, and matu
rity. The variation in nutrient concentration is larger 
in forages than in concentrates. Feeds should be ana
lyzed tor nutrient concentration when possible, but 
feed composition tables can be used as a guideline 
when analyses are not available.

The energy values used in formulating diets are 
different tor each species. Sw ine and poultry nutri
tionists typically use the metabolizable energy (M E ) 
concentration o f feeds to formulate diets but the M E  
concentration of a feed w ill be different for each spe
cies. Differences in the digestive systems and experi
mental procedures used to determine requirements 
result in different M E  concentrations for a feed. For 
dairy and beef cattle, typically the net energy content 
of feeds is used to formulate diets. There is less re
search data on net energy concentrations o f feeds for 
sheep and goats, and typically the total digestible nu
trients (T D N )  or M E  concentration o f feeds are used 
in their diet formulation.

An important factor related to nutrient concentra
tion ot forages is the maturity, which is often included 
in the feed description used in tables. For instance, 
the nutrient concentration o f  alfalfa hay harvested at 
early bloom is higher in energy, crude protein, miner
als, and vitamins than alfalfa hay harvested at full 
bloom (Tables III, IV , and V ). The description o f 
forages often includes the maturity, bloom, or days 
since last cutting. Corn and sorghum silages often 
include the maturity o f the grain such as dough, or 
the proportion o f grain in the feed, because this is 
related to the nutrient concentrations. Grains may 
include the test weight and the variety to provide 
additional information on nutrient concentration.

Forages vary widely in nutrient concentration. Lab
oratory analysis o f each different field o f  hay or silage 
harvested under similar conditions is conducted rou
tinely on many farms. A sample from 15 to 20 loca
tions in several different bales or areas o f  the silo 
should be taken, and a representative sample sent to

a teed analysis laboratory. A typical analysis would 
include dry matter, crude protein, fiber, and perhaps 
calcium, phosphorus, and other minerals. The fiber 
analysis is used to estimate the digestible energy (1)E), 
metabolizable energy, or net energy (N E )  in the for
age. The proximate analysis system, developed in 
the nineteenth century, provided a chemical analysis 
system for describing feeds (Fig. 2). Crude fiber con
centration in forages is used tor estimating T D N . 
The Van Soest feed analysis system was developed 
in recent years and measures the cell wall portion of 
plants using the neutral detergent fiber procedure and 
the lignin-ccllulose portion ot the cell wall w ith the 
acid detergent fiber procedure. The Van Soest feed 
analysis system compared to proximate analysis has 
provided better estimates ot the available energy in 
forages. M any analytical laboratories use the acid de
tergent fiber and crude protein concentrations in pre
diction equations to estimate the T D N , M E , and N E  
values for the forage analyzed. The equations to esti
mate energy are usually different for different types 
ot forages.

The analytical procedures for dry matter, crude 
protein, fiber, and minerals require specialized labora
tory equipment, facilities, and considerable labor to 
complete. This typically requires a week or longer to 
complete with a cost o f S25 to 850 per sample. The 
high cost and time required tor analysis led to the 
development o f a near-infrared (N IR )  feed analysis 
system. The N IR  system requires that the forage be 
dried and finely ground. This technology utilizes the 
reflectance properties o f chemical bonds in the feed 
to specified wavelengths o f infrared light. Absorbance 
of the infrared light is quantitatively related to the 
chemical composition and biological availability o f 
the forage. N IR  feed analysis has proven to be accurate 
when properly calibrated w ith a diverse set o f feeds 
that have been analyzed in the laboratory, and can 
significantly reduce the time and cost o f analysis. N IR  
is routinely used when large numbers o f similar sam
ples such as alfalfa hay or corn silage need to be ana
lyzed. Some laboratories have N IR  equipment in a 
van that travels to local communities and provides 
analytical results the same day. Feed companies also 
utilize N IR  analysis to routinely analyze feed ingredi
ents and mixed feeds as part o f their quality control 
programs.

IV. Nutrient Requirements

Nutrient requirements o f livestock and poultry are 
established for each species at different sexes, weights,
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Van Soest System Forage C om ponent P roxim ate Analysis
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FIGURE 2 l or.igc .uulvsis In  proximate analysis and the Vail Soest system.

and levels ot production. I hcse requirements are peri
odically reviewed, updated, and published by boards 
appointed by the National Academy ot Sciences in 
the United States.

A listing of nutrient requirements m each species 
can be found in the bibliography. As young growing 
animals gain weight and get closer to physiological 
maturity, they deposit relatively less mineral and pro
tein and more fat. This results in lower concentrations 
ot protein, minerals, and vitamins required in the diet. 
The opposite trend occurs when an animal is lactating. 
As the relative milk production increases, the daily 
requirement and the dietary concentrations of protein, 
minerals, and vitamins increase. For accurate esti
mates o f animal nutrient requirements it is important 
to know the species, sex, weight, and level o f pro
duction.

V. Nutrient Availability

Although the nutrients may be present in feeds, their 
availability to the animal varies widely

A. Energy

The energy available to the animal is well quantitated 
tor many different feeds and estimating available en
ergy is an important reason tor teed analysis. The cell 
contents in plants (Fig. 2) contain sugars, starch, and 
much ot the protein and these are readily digested

by livestock and poultry. In contrast, the cell wall 
contains the structural carbohydrates (cellulose, hemi- 
cellulose, and lignin) not degraded by the animal's 
digestive enzymes, and these require bacterial en- 
7vmes for digestion and absorption. Plant cell walls 
are digested at slower rates than the cell contents and 
feeds with higher concentrations ot cell wall tend to 
have a lower digestibility. The rate o f cell wall diges
tion is important in determining the extent that it will 
be digested before passing our of the digestive tract 
and this rate varies across feeds. W ithin a feed, a 
higher concentration o f acid or neutral detergent fiber 
usually results in a lower digestibility of the feed. 
This relationship is used to estimate available energy. 
However, the cell wall concentration alone across dif
ferent feeds is not closely related to rate and extent 
o f fiber digestion, therefore different equations are 
required for estimating metabolizable energy concen
trations from the fiber concentrations tor each feed.

B. Protein

Crude protein (total nitrogen) is easily measured in 
feeds, but part o f this may be unavailable to the ani
mal During fermentation o f silage the temperature 
ot the silage mav rise above 1 V)° F, which can cause 
the protein to complex with tiie sugar, reducing its 
digestibility. I his heat-damaged protein can be ana
lyzed m silage b\ analyzing the acid detergent fiber 
nitrogen (A I ) F-N) .  Silages are routinely analyzed tor 
AD F-N  and the available crude protein is used in
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formulating diets for ruminant animals. By-product 
feeds such as blood and fish meals are dried dur
ing processing and high temperatures w ill reduce 
protein digestibility. A D F-N  analysis can be used 
to determine if these feeds have heat-damaged pro
tein.

Another example where protein availability varies 
is in feathers. Protein in feathers (80% protein) has 
a low digestibility, but steam hydrolysis improves 
the digestibility of this protein. Swine and poultry 
researchers have determined the availability o f indi
vidual amino acids in different feedstuff's and will 
formulate rations for available amino acids when this 
information is available.

C. Minerals and Vitamins

Phosphorus in grains and by-product feeds is partially 
complexed in an organic form called phytate. Phytatc 
phosphorus has a low  digestibility in monogastric 
animals but has a higher digestibility in ruminant ani
mals. Poultry and swine diets are usually formulated 
on the available organic phosphorus in the feeds and 
the requirements are listed as available phosphorus. 
Recent research has shown that a phytasc enzyme 
added to poultry diets improves the availability of 
organically bound phosphorus and this may become 
a routine procedure in the future.

Minerals have different biological availabilities de
pending 011 their chemical form. For example, iron 
oxide has a low  availability but iron sulfate has a high 
availability. The sulfate salts o f most minerals have a 
high availability. Another factor affecting availability 
ot minerals is the level o f other minerals in the diet. 
One mineral may reduce the solubility or competi
tively inhibit absorption or utilization o f  another min
eral. An example is copper, whose absorption and 
utilization are reduced by high levels o f sulfur and 
molybdenum. This increases the required concentra
tion o f copper in the diet to meet the animal require
ments. V itam in bioavailability in feeds also depends 
on the chemical form. Carotene is converted to 
vitamin A w ith different efficiencies in different 
species.

M any factors influence nutrient availability and uti
lization. It is important to recognize the known rela
tionships and formulate diets with higher nutrient 
concentrations above the recognized requirements 
when needed. These situations require an estimate o f 
risk, cost ot reduced performance from a deficiency, 
and added cost to determine the concentrations o f 
nutrients in livestock diets.

VI. Diet Formulation

Diets ted to livestock and poultry are formulated by 
blending the needed amounts ot different feeds to 
meet the nutrient requirements. Most nutrients have 
minimum requirements but moderate excesses are not 
usually detrimental to animal performance or health. 
Dietary levels o f most vitamins and trace minerals 
can be included in the diet at 10 to 100 times the 
requirement without toxicides. This provides some 
flexibility using feeds that may have high levels o f 
some nutrients.

A. Energy Density

M any diets are offered to livestock and poultry ad 
libitum and diet consumption is limited by natural 
regulatory processes. When the energy density of the 
ration is high (high M E  concentration), the animal 
consumes the diet to meet their energy requirements 
and chemostatic feedbacks limit diet intake in most 
situations. However, when the energy density o f  the 
diet is low, the animal w ill eat to its physical capacity 
to consume and digest feed but this may be below 
their energy requirement for the desired level o f pro
duction. Ruminant animals grazing low-quality for
ages often cannot consume enough ot these forages to 
meet their requirements and they have lower weight 
gains or may lose weight. Moderate weight loss in 
mature animals is not detrimental it the body reserves 
are good, but when reserves are depleted, additional 
weight loss may be detrimental to the productivity 
and longevity o f  the animal.

Formulating a diet to meet animal requirements 
can be done by several methods. The first step is 
to determine the requirements o f the animal, then 
determine the proportions o f feeds and supplements 
that w ill meet these requirements at a low cost. The 
following examples w ill provide an example o f the 
information needed and the approach to formulating 
the diet.

B. Trial and Error Method— Swine Diet

Step 1: D eterm in e A n im al R eq u irem en ts.
These can be found in reference books for each species 
by weight and level o f production. The example in 
Table V II is for a 40-kg growing pig, which requires 
3260 kcal/kg o f M E , 15% crude protein, 0.75% ly 
sine, 0.60% calcium, and 0.50% phosphorus in the
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TABLE VII
Formulating a Swine Diet: Balancing Lysine, Phosphorus, and Calcium

Ingredient
Cost
(S/KM) lb)

%  in 
diet

Concentration in air-dry teed

M L
(kcal/kg)

Crude
protein
(% )

Lysine
(% )

Calcium
(% )

Phosphorus
(% )

Corn 5.(Ml 80.60 3420 8.8 0.25 o.o3 0.26
Sovbean meal. 49% C P 11.50 17.50 3157 49.7 3.11 0.27 0.64
Dicalcium phosphate 15.00 (1.98 0 o.o 0.00 26.30 18.07
Limestone 4.50 0.72 0 0.0 0.00 38.00 0.00
Salt 5.00 0.00 0 0.0 0.00 0.00 0.00
Vitamin premix 5o.oo 0.00 (i 0.0 0.00 0.00 0.00
Mineral premix 30.00 0.00 0 0.0 0.00 0.00 0.00

Diet composition 6.22 99.80 33* >9 15.8 0.75 0.60 o.5o
Ke(.|Uirement in air-dry diet

40-kg pig 3260 15.0 0.75 0.60 0.50

air-dry diet. These requirements are concentrations 
in the diet from Nutrient Requirements of Swine.

Step 2: Selcct the E n ergy  Feeds. The energy 
teed makes up a large portion ot the diet and the cost 
of M E  is a consideration. The lowest-cost energy teed 
can be determined by calculating the kilocalories ot 
M E  purchased tor each dollar. I f  corn costs $2.80/ 
bushel (56 lbs) and contains 3420 kcal M E/k g  as fed 
(Table III), and wheat costs S3.50/bushel (60 lbs) and 
contains 3257 kcal M E/kg  as fed, the lowest-cost 
source o f M E  is corn, where each dollar will purchase 
31,091 kcal compared to wheat, where each dollar 
purchases only 25,386 kcal M E .

Corn: $2.80/bushel = S.05/lb (2.80/56)
= S. 11/kg (.05*2.2)
S. 11 /kg with 3420 kcal M E/kg  

= 31,0‘i l  kcal/S (3420/. 11)
Wheat: S3.50/bushel = S.0583/lb (3.50/60)

= $. 1283/kg (.0583*2.2)
S. 1283/kg with 3257 kcal M E/k g  
=25,386 kcal/$ (3257/. 1283)

Step 3: Select the P ro tein  Feeds. Corn con
tains 8 .8%  crudc protein (Table III)  and 0.25% lysine 
(Table V I)  as fed, which is below the requirements 
o f 15% protein and 0.75% lysine for a 4< l-kg growing 
pig, therefore a feed high in protein is needed to in
crease' the protein in the diet. Corn is known to be 
deficient in lysine, therefore a protein source high in 
lysine (percentage o f total protein) may be a better 
value. Selecting the lowest-cost source o f protein or 
lysine can be done as in the proceeding example. If  
soybean meal costs 511.50/100 lb and contains 49.7% 
crude protein (Table 111) and 3 .11 %  lysine (Table V I)

as fed, and fish meal costs S20.00/ 100 lb and contains 
61.2% crude protein and 4.74% lysine as fed, then 
the lowest-cost source ot lysine is soybean meal.

Soybean meal: SI 1.50/100 lb that contains
3.11 lb lysine (100*(3.11 / 100))
SI .00 buys 0.270 lb lysine (3.11/11.50) 

Fish meal: $20.00/100 lb that contains
4.74 lb lysine (100*(4.74/100))
S I .00 buys 0.237 lb lysine (4.74/20)

Step 4: B alan ce P ro te in  and E n e rg y . Deter
mine the amounts o f corn and soybean meal needed 
to meet the protein and lysine requirements. The nu
trient concentrations in corn and soybean meal can 
be found in Tables III, IV , V , and V I. The nutrient 
concentration o f different mixtures can be determined 
using a calculator or putting the formulas into a m i
crocomputer spreadsheet such as Lotus 123 or Quat- 
tro. which w ill calculate the answers as fast as they 
are entered and makes “ trial and error”  formulation 
easy. The protein and lysine requirements should be 
met with about 98%  o f the ration because the other 
2 %  o f the diet w ill be needed minerals and prcmixes 
that contain very little protein. The example in Table 
V II shows that a mixture o f 80.6% corn and 17.5% 
soybean meal provided 0.75% lysine. A protein con
centration o f 15.8% was needed to meet the lysine 
requirement. In some situations other sources ot pro
tein higher in lysine may be more economical or lower 
levels o f soybean meal could be used with synthetic 
lysine supplements added to meet the lysine require
ment. The extra protein should not be detrimental 
to the animal. The energy concentration ot the 
corn-soybean meal mixture is above the energy den
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sity requirement which should allow the pig to eat 
enough feed to meet its energy requirement (Table 
V II) . '

Step 5: B a la n cc  Ph osp horu s. Phosphorus is 
contained in natural feeds but most o f the supplemen
tal phosphorus in livestock diets is provided bv one 
of five chemical sources manufactured for livestock 
feeds. The phosphorus concentrations in these sources 
range from 12 to 23% . Dicalcium phosphate (26.3% 
calcium and 18% phosphorus) was added at 0.98% 
ot the diet to meet the 0 .5%  phosphorus requirement 
(Table V II) .  ‘

Step  6 : B alan ce  C alciu m . Ground limestone is 
often used to provide the extra calcium in the diet. It 
contains 38.0%  calcium and negligible concentrations 
ot other nutrients. Limestone was added at 0 .72% o f 
the diet to meet the 0.60% calcium requirement 
(Table V II).

S tep  7 : A dd O th e r Ingredients and A djust to  
100% . Trace minerals, vitamins, and drugs are usu
ally added to the diet from premixed packages that 
were formulated to provide the required levels for 
a particular species and grain-protein type such as 
corn-soybean meal for growing swine. Premixes 
eliminate the need tor storing all the trace minerals 
and vitamins at each location, eliminate weighing out 
the small quantities, and facilitate a more uniform 
mixing o f all nutrients in the diet. Salt added at 0.25% 
ot the diet w ill meet the sodium and chlorine require
ments. After adding the premixes (0.1 %  o f diet) and 
salt the level of corn should lie adjusted to make the 
total ingredients add to 100. In the swine diet the 
corn was adjusted to 80.25% and the soybean meal 
to 17.6% to make the total ingredients add to 100% 
and meet the nutrient requirements (Table VI I I ) .

C. Trial and Error Method— Dairy Cow Diet

Step 1: D eterm in e  A n im al R eq u irem en ts.
This example w ill formulate a diet for a 600-kg dairy 
cow producing 40 kg/dav o f 4 %  fat milk. The lactat- 
ing cow requires 1.72 Mcal/kg o f net energy o f lacta
tion (N E L ) ,  17% crude protein with 5 .9%  o f unde
graded protein in the diet, 0 .64% calcium and 0.41% 
phosphorus. These requirements are concentrations 
in the diet dry matter found in the Nutrient Require
ments for Dairy Cattle.

Step 2: Select the E n erg y  Feeds. Energy feeds 
used in this example include shelled corn, alfalfa hay, 
and corn silage and the composition o f these feeds 
are listed in Tables III, IV , and V. Note that the 
requirements are concentration in the diet dry matter 
and the nutrient concentrations selected from the table 
for all feeds must be on a 100% dry matter basis. The 
nutrient concentrations in forages such as alfalfa and 
corn silage can vary considerably and a feed analysis 
is recommended to determine the composition o f the 
forages available.

Step 3: Select the P ro te in  Feeds. Feeds high 
in protein used in this example include soybean meal 
and urea. The undegraded protein and crude protein 
concentrations in all feedstutfs (Table I I I)  are needed 
to formulate the diet to meet the requirements o f the 
lactating cow.

Step 4: B alan ce  P ro te in  and E n e rg y . In this 
example the alfalfa hay. corn silage, and urea have 
N E L  concentrations below the N E L  requirement and 
corn and soybean meal have N E L  concentrations 
above the requirement (Table I X ) .  Alfalfa, soybean 
meal, and urea have protein concentrations above the 
17% required but only soybean meal has undegraded

TABLE VIII
Formulating a Swine Diet: Balancing Other Ingredients

Ingredient
Cost
(S/KM) lb)

%  in
diet

Concentration in .lir-dry teed

M L
(kcal/kg)

C .rude 
protein
(% )

Lysine
(% )

( 'alciuni
(% )

Phosphorus
(% )

Corn 5,oo SO. 25 3420 S.S 0.25 0.03 o.2o
Soybean meal. 4‘>% Cl* I I .  5o 17.60 3157 49.7 3.1 1 0.27 0.64
1 )icalcium phosphate 15.00 o.w 0 o.o 0.00 26.30 18.07
Limestone •4.50 0.72 0 o.o o.on 38.00 0.00
Salt 5.00 0.25 0 0.0 o.oo 0.00 0.00
Vitamin premix IjO .O O O. |ll 0 0.0 0.00 0.00 0.00
Mineral premix 3o.oo 0. lo 0 0.0 0.00 0.00 0.00

Diet composition 0.31 100.01) 3300 15.8 o.75 0.00 0.50
Requirement in air-dry diet

40-kg pig 32(>o 15.0 0.75 0.00 o.5o
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TABLE IX
Formulating a Lactating Dairy Cow Diet to Meet Nutrient Requirements

Ingredient

Cost 
(S/loo lb 
as ted)

%  in 
diet 
as fed

Dry
matter
(% )

N L L
(meal/kg)

Concentration in

Unde
Crude graded 
protein protein
(% )  <%)

dry matter 

Calcium
( % )

Phosphorus
( % )

Alfalfa li.iv. earlv bloom 5.50 15.00 85 1.35 is.o 3.6 1.41 0.22
Corn silage, well eared 1.40 45.45 33 1.60 S. 1 2.5 0.23 0.22
Corn, shelled 5.00 29.40 K«X 1.96 10.0 5.2 o.o3 0.29
Sovbean meal 1 l.5o S. HO WO 2.o| 55.1 19.3 0.27 0.65
Urea 15.oo o.3o 99 0.00 281.0 0.0 0.00 0.00
I )icalcium phosphate 15.00 0.39 97 0.00 0.0 0.0 26.30 18.07
Limestone 4.50 0. If) 97 0.00 0.0 0.0 38.00 0.00
Salt 5.oo 0.25 97 0.00 o.o o.o 0.00 0.00
Mineral-vita m in premix 40.00 o.25 97 0.00 0.0 0.0 0.00 0.00

1 >iet cost or concentration
As ted 4.17 100.00 62.9 l.os \ 1.3 3.7 0.40 0.26
l)rv  matter 6.63 — loo.o 1.72 is.o 5.9 0.64 0.41

Requirement in diet dry matter 
f»«H k g  cow producing 40 kg/ dav of 4 %  fat milk 1.72 17.0 5.9 0.64 0.41

protein concentrations above the 5 .9%  required. The 
alfalfa hay was fixed at 15% o f the diet and the corn 
silage, corn, soybean meal, and urea levels were 
changed by "trial and error" m the spreadsheet until 
the N KL. crude protein, and undegraded protein con
centrations were met (Table IX ) .  In this example, it 
required 15% alfalfa hay, 45.45% corn silage, 29.40% 
corn, 8 .8%  soybean meal, and 0.30% urea to meet 
the N L L .  crude protein, and undegraded protein re
quirements. Other ingredient concentrations are pos
sible that are above the required nutrient concentra
tions but these would increase the cost o f the diet in 
this example.

Step 5: B alance Phosphorus. It required 
0.39% dicalcium phosphate to meet the phosphorus 
requirements in this diet (Table IX ) .

Step 6: B alance C alciu m . It required 0.16% 
limestone to meet the calcium requirements in this 
example (Table IX ) .

Step 7: Add O th er Ingredients and A djust to  
100% . Salt and the mineral-vitamin premix were 
both added at 0.25% of the diet and the levels o f corn, 
corn silage, and sovbean meal adjusted slightly to 
meet all the nutrient requirements anti make the ingre
dients total to 100% (Table IX) .  The diet contained 
62.9% dry matter and the nutrient concentrations 
were calculated in the diet dry matter.

D. Least-Cost Feed Formulation
I he diets formulated tor a growing pig and a lactating 
cow balanced the requirements tor five nutrients using

a limited list o f ingredients. Large livestock and poul
try producers and commercial teed manufacturers 
purchase feed ingredients to formulate their diets. 
"T ria l and error”  calculation o f diets when consider
ing many feeds and nutrients is time-consuming and 
mav not result in the lowest-cost diets. Least-cost diet 
formulation using many ingredients and balancing tor 
several nutrients is possible using linear program
ming. Least-cost diet formulation was developed in 
the 1950s but required large computers and it was 
tedious and time-consuming to enter the information 
and interpret the results. Several least-cost diet pro
grams are now available for microcomputers and arc- 
easy to use and interpret. The feed compositions and 
animal requirements are usually stored and can be 
easily retrieved to formulate a diet. It may require 
several minutes to select the feeds and set the nutrient 
constraints but the least-cost diet can be calculated in 
a tew seconds.

A diet for a 700-lb feedlot steer gaining 2.7 lb/day 
was formulated from ingredients listed in Table X . 
The nutrient requirements for the diet were 0.97 
Mcal/lb for net energy tor maintenance, 12% crude 
protein, 0.57% calcium, and 0 .35%  phosphorus. Feed 
nutrient composition from the feed library m the com
puter program was used and the dry matter levels for 
the silage were adjusted to the concentrations in Table 
X . A premix supplement was added at 0 .5%  ot the 
diet m this example. Many  feeds and nutrients have 
minimum and maximum levels that must be consid
ered when formulating the diet and limits ot feeds in
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TABLE X
Feed Prices and Limits in Least-Cost Diet for Finishing Steers

I inm in diet. %  diet 
D M

I cod prices ----------------------
heed name (S 'ton ) M ininnini Maximum

C orn grain, ground 115 ___ loo
Wheat, grain 1 in — 5o
C lorn, hominy 1 lo — 5o
Citrus pulp, dehydrated 1 H) — 5o
Soybean hulls S7 — —

Molasses, cane S3 4 7
Cottonseed, with Inn 12(» — 25
Wheat middlings K2 — 25
Brewers grains, dchvdratcd 12n — —
Corn, distillers grains 150 — —
Corn gluten teed 125 - —
Cottonseed meal 153 — —
Soybean meal |‘K> — —

Ure.i. 45%  nitrogen 2(>o — 1
Corn silage, well eared (32% D M ) ->-) — —
Sorghum silage (257.. D M ) 17 — —
Bermuda hay. mature 45 — —
Bermuda hay. immature (»o — —
Cottonseed hulls 55 — —
Kice bran 75 — —
Limestone SO — —
Dual m i m phosphate 3( )< > — —

Salt so o.5 o.5
Vitam in-mm cral prennx 4< M) o.5 0.5

this example are in Table X . Feeds in a diet may be 
limited tor .1 variety ot reasons, including palatability 
effects, toxicides, metabolic limits, physical charac
teristics lim iting mixing and storage, moisture, and 
available supply. Nutrition references tor each species 
give guidelines for ingredient and nutrient minimums 
and maximum levels for diets.

I he least-cost steer diet included nine ingredients 
and cost S94.74/ton (Table X I ) .  Both wheat and cot
tonseed were included at the maximum level. The 
feeds in the least-cost diet w ill change when teed prices 
change. The upper and lower critical price tor each 
ingredient indicates the price range for this least-cost 
formula. For example, it corn silage price goes below 
S20.24/ton or above S22.54/ton the least-cost diet 
w ill change ( Table X 11). Wheat was in the diet at the 
maximum level allowed, therefore it does not have a 
lower critical price. Most least-cost diet formulation 
programs also give the opportunity price (the price 
at which these feeds w ill be used in the diet) tor ingre
dients not included in the diet (Table X I I I ) .  The op
portunity price considers all nutrients in each feed and 
provides valuable information in purchasing feeds. 
M any least-cost programs also calculate the nutrient 
concentration tor nutrients that had minimum and/

or maximum limits and may also calculate the concen
trations o f other nutrients (Table X I V ) .  These are 
useful to evaluate potential deficiencies or toxicides 
o f other nutrients. Least-cost diet formulation is used 
daily by many livestock and poultry producers in feed 
purchasing decisions and diet reformulation. This tool 
helps many producers reduce production costs.

VII. Feed Processing

The nutritional value o f many feeds can be improved 
by processing. Processing ot feeds can include both 
physical changes, such as drying, grinding, and flak
ing, and chemical changes, such as deactivating tryp
sin inhibitor or treating forage with ammonia. Feed 
processing can result in nutritional changes, such as 
improved feed intake and digestibility, and improved 
handling characteristics, such as better mixing, stor
age, and bulk density.

Feed costs account for 5( I to 70% o f total production 
costs for many livestock and poultry production sys
tems. Feed processing can often improve production 
efficiency 5 to 10% and occasionally improve produc
tion efficiency by 15 to 2(1%. Small improvements in
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TABLE XI
Feeds in Least-Cost Diet for Finishing Steers

Feed ii.uile

As fed b,. I S IS Dry matter basis Limits in diet

lb/day % lb/day %
M inimum  
%  D M

Maximum  
%  D M

Wlie.it. grain H. 11 43.77 7.22 5o.oo — 5o.o
Cottonseed with lint ?>.l)2 21.17 3.M 25.oo — 25.0
Corn silage, well eared 3.(>5 l ‘J.71 1.17 8. 10 — —
Corn grain, ground 1.5*) 8.5‘J 1.40 l).7\) — —
Molasses, cane n.77 4 .1(> 0.58 4. oo 4.o 7.o
Limestone o. 18 o.‘>s (U K 1.2<> — —
Sovbean hulls (|.I5 0.81 0.14 o.‘M — —
Vitamin-mineral premix 0.08 (1.43 0.07 0.50 0.5 0.5
Salt M.o7 D..VJ n.(i7 (i.5o o.5 o.5

Total ration IS. 52 14.44
( !ost (S' day) 0.88
C lost (S ton) ’M.74 121. M

feed utilization or handling costs can have a significant 
impact on profitability. A 1(1% improvement in teed 
efficiency tor a tcedlot steer finished from 650 to
I 100 lb can save 300 lb ot feed with a value ot SIS. 
Although part o f the reduced feed cost may be spent 
tor teed processing, feed processing can reduce the 
cost o f production and is used widely m livestock and 
poultry production.

A. Concentrates

Most grains are processed prior to feeding to livestock 
and poultry. Processing grains usually improves feed 
efficiency and facilitates mixing and feeding grains 
with supplements containing protein, mineral, vita
mins, and drugs. Grinding has been used extensively 
but other processing methods include pelleting, roll-

TABLE XII
Price Sensitivity of Feeds in Least-Cost Ration for Finishing Steers

( Current Lower Upper
puce critical critical
(S/ton) price price

Heed name (S toil) (S/ton)

Wheat, grain ] lo.oo _ 110.70
Cottonseed with lint 120.00 — 140.33
Com  silage, well eared 22 oo 2o 24 22.54
(. om grain, greund 115.oo 11 1.20 115.20
Molasses, cane s3.oo 57 55 —
I imestone 80.00 — 347.13
So\ bean hulls 87 i x » 84.57 •>l on
Vitamm -miner.il preimx 4i i o . o o — -
Sait 80.00 — —

ing, roasting, popping, extruding, reconstituting, 
steam flaking, cooking, and exploding. Each pro
cessing method has different effects depending on the 
grain and animal. Cirain sorghum has a waxy coat 
that resists digestion and the seeds not broken during 
chewing may not be digested. Therefore, grain sor
ghum shows more response to processing than other 
grains. Steam-flaked and high-moisture grain sor
ghum has shown 10 to 15% better teed efficiency 
than dry ground grain sorghum m cattle finishing 
diets. In contrast, corn is often fed whole in teedlot 
finishing diets. Steam-flaking or roasting corn may

TABLE XIII
Price Sensitivity for Feeds Not Used in Least-Cost Diet for Finishing 
Steers

Feed name

Price,

Current

as ted (S/toil)

Opportunity

Bennudagrass, immature ( > 0 . 0 0 33.87
Bermuda grass, mature 45.(Mi *).57
Brewers grams, dehydrated l2o.oo 4‘J.‘M
1 )icalcium. phosphate 3( Hi.no 11.75
Citrus pulp, dehydrated 11 o.oo ‘>1.27
Corn distillers grains 1 5 0 . 0 0 115.<W
( orn gluten teed 125.00 W.80
Corn, hominy 1 I 0.00 HW.82
Cottonseed hulls 55.00 - \l) 3o
C !ottonsccd meal ! 5 3 . o o 7 U . 7 I
Uice bran 7 5 . 0 0 f» o . 7 2

Sorgluim silage 1 7 . 0 0 8.72
So\ bean meal oo lon.83
Urea. 4 5 " . .  nitrogen 2(»o oo - 111.23
Wheat middlings 82.oo 55.73
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TABLE XIV
Nutrient Composition of Least-Cost Diet for Finishing Steers (dry matter basis)

Nutrient

Nutrient 
concentration 
in diet

Nutrient level specihcd

M inimum  level 
%  D M

Maximum level 
D M

1 )rv matter 77. V0",. _ —

Net energy— maintenance o.‘>7 M eal■ lb 0.‘/7
Net energy— gain Meal \b — —

(. .'rude protein 1 S.72"«» 12.0 —
C ’akimn < i. 57% (1.57 2.0
Phosphorus ().42"<» 0.35 l.o
Potassium n.74"o — —

improve teed efficiency 7 to 10% but the costs of 
professing limit its use. In swine, grinding corn usu
ally improves teed efficiency 3 to 5 %  compared to 
feeding whole corn, blit roasting and steam flaking 
do not improve feed efficiency.

Soybeans are usually processed to extract soybean 
oil and soybean meal is fed as a protein supplement 
in diets. In some situations the whole soybeans are 
ted to livestock but they need to be processed to 
destroy a trypsin inhibitor that reduces digestibility
ol protein in monogastric animals. Unprocessed soy
beans also contain a urease enzyme that w ill hydrolyze 
urea to ammonia if  soybeans and urea are mixed in 
the same diet. The trypsin inhibitor and urease en
zyme are inactivated during oil extraction and can be 
inactivated by roasting or extruding soybeans prior 
to feeding. .

B. Forages

As plants mature they have a lower digestibility. M a
ture forages and crop residues (straws and stovers) 
are usually low in quality and are used prim arily to 
teed beet cattle and sheep during the winter. Many 
types ot processing to improve the digestion rate and 
extent ot low-qualitv forages have been researched. 
Treating forages w ith 3 to 5 %  sodium or calcium 
hydroxide improved the intake and digestion ot' 
low -quality forages but costs ot grinding and environ
mental concerns (high levels o f sodium) prevented 
adoption ot this technology. Anhydrous ammonia 
treatment ot forages lias been used across the United 
States. Treating low-qualitv harvested forages with 
3 to 4 %  anhydrous ammonia has improved forage 
digestibility 10 to 20% , increased forage consumption 
3 to 40% , reduced wasted forage, and improved cattle 
performance. Anhydrous ammonia treatment can be 
done on the tarm by covering bales w ith polyethylene

sheeting, releasing the ammonia under the plastic, 
and keeping the pile covered for 3 to 5 weeks before 
feeding. Ammonia treatment costs SH> to S15/ton, 
can be done with materials and equipment usually 
available, and is cost-effective in many situations.

VIII. Toxic Substances

M any types o f toxic substances can be found in feeds, 
pasture or range forages, and water. These include 
minerals, nitrates, prussic acid, alkaloids, mycotox- 
ins, and bacteria. Most toxicides can be prevented or 
managed by limiting the intake o f the feed containing 
the toxin.

A. Water

Several minerals and compounds are occasionally 
tound at toxic concentrations in water. A common 
problem in drinking water is salt. Salt levels up to 
5000 mg/kg are usually safe and levels as high as
15,000 to 17,n(l0 mg/kg can be tolerated in some 
situations. Nitrate concentrations can be high m some 
water supplies. Concentrations ot 100 to 200 mg/kg 
are considered dangerous and concentrations o f 
3000 mg/kg can be lethal. Other contaminants in 
water that can be toxic include aluminum, arsenic, 
cadmium, chromium, cobalt, copper, fluorine, lead, 
mercury, nickel, selenium, vanadium, zinc, and fecal 
bacteria.

B. Forages

Many plants found in ranges and pastures contain 
substance that can be toxic to livestock. These plants 
often grow in isolated pastures or during limited sea
sons o f the vear. Crazing animals may not consume
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the toxic plants unless other forages are unavailable. 
As an example, plants grown on soils high in selenium 
may concentrate selenium anil he toxic to the grazing 
animal. These species have been identified and live
stock managers recognize these and manage the ani
mals to avoid problems.

Nitrates are a common form of nitrogen utilized 
by plants and high levels can result in death. Nitrogen 
fertilization o f forages can increase nitrate in plants 
and concentrations o f  nitrate above 900(1 mg/kg can 
be toxic. Nitrate is converted to nitrite by bacteria in 
the rumen and binds with hemoglobin, causing tissue 
oxygen starvation. Nitrates usually are higher in 
young, last-growing forages and in forages damaged 
bv drought. Several forages, including cereal grains, 
sorghums, soybeans, beet tops, and several weeds, 
may have high concentrations of nitrates. Delaying 
grazing, gradual adaptation, and dilution with other 
feeds are management strategies that reduce risk and 
losses.

Prussic acid is a glycoside found in cultivated plants 
that breaks down to hydrocyanic acid and can cause 
death. Plants containing prussic acid include sor
ghums, Sudan grass, |ohnsongrass. vetches, arrow 
grass, and w ild cheery. Concentrations o f prussic acid 
increase significantly in some plants after they have 
been damaged from frost or drought. Livestock man
agers need to be cautious under these conditions. 
Fields tests for prussic acid are useful 111 evaluat
ing the risk ot grazing forages with suspected 
problems.

Several fungi grow on plants and may produce 
toxins. Ergot is a purplish-black fungus that grows 
in the seed heads o f grasses and grains. It can cause 
paralysis, abortion, lose of circulation, and necrosis 
in extremities o f the animal. Toxicides can be pre
vented by observing grains and hays tor the fungus. 
Another example is fescue toxicity, which is caused 
by a fungus that grows on the fescue plant and reduces 
forage intake and animal performance, especially dur
ing hot weather. The fungus is not visible on the plant 
but can be detected with laboratory tests. The fungus 
is spread with the seed and plants are infected for their 
entire life. Effects o f fescue fungus can be reduced by 
grazing other forages during hot weather.

C. Concentrates

Mycotoxins are toxic metabolites produced by molds 
and can be present in concentrates and forages but 
are more likelv to be found in grains. Visible mold in 
the teed is not a good indicator ot mvcoioxin content.

Most molds do not produce toxins, but Aspergillus,
l usiiriimi, and Pcnicilliuui molds produce one or more 
toxins under some conditions. Mycotoxins can be 
produced while the crop is in the field or during har
vest, storage, or feeding. Effects ot mycotoxins on 
the animal include changes in nutrient absorption and 
metabolism, changes in hormonal function, and 
a suppression ot the immune system. Symptoms such 
as reduced feed intake, unthrifty appearance, higher 
incidence o f disease, and poor response to treatments, 
abortions, and diarrhea have been reported.

AHatoxin. produced by Aspergillus, is a carcino
genic toxin often found in corn, peanut, and cotton 
products. The Food and Drug Administration limits 
aHatoxin to 20 parts per billion (ppb) in dairy feeds 
because some o f the toxin is excreted in the milk. 
Beef cattle can tolerate higher levels in the total diet 
(300—100 ppb) than poultry or swine. Vomitoxin is 
produced by l-'usttriuni and is common in many feeds. 
The most common symptom is a reduced teed intake 
or feed refusal. O ther mycotoxins ot concern in live
stock include zearalenone, T-2 toxin, ochratoxin, pa- 
tulin, tremorgens. and fumonisin. Field testing kits 
and laboratory analytical procedures are available to 
determine the levels present.
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Glossary

Annual variable costs Price o f inputs used in crop 
production that must be purchased each year; some 
examples ot annual inputs arc fertilizers, seeds, herbi
cides, and insecticides
Foliar application Application o f fertilizers in fluid 
form to a variety o f crops
G rid sam pling Sampling scheme that can be fol
lowed in the collection ofsoil samples needed to define 
variability and nutrient needs: fields arc divided into 
grids with some routine procedure and soil is collected 
trom each individual grid tor analysis and interpre
tation
Plan t analysis Process that involves collection o f 
plants or specific plant parts, analysis o f the plant 
tissue, and interpretation o f the data to classify nutri
ent concentrations as deficient, marginal, or sufficient 
P o p -u p  application Method o f fertilizer application 
diat involves the placement o f cither fluid or dry fertil
izer materials in direct contact w ith the seed at the 
time ot planting
R idge-till  planting system  Planting system that in
volves the construction o f small ridges in a field dur
ing a growing season with a cultivator; the next crop 
in the planned crop sequence is planted on the top o f 
these ridges
Slow  release n itrogen  fertilizers Fertilizer materi
als that are used to supply nitrogen to growing crops. 
These materials arc manufactured so the nitrogen be
comes available over the major part o f the growing 
season

Soil testing Multi-step process that involves collec
tion o f soil samples from the field, analyses o f these 
samples in the laboratory for nutrients o f interest, the 
interpretation o f the analytical results, and the writing 
o f a fertilizer recommendation
Split application Multiple applications o f  fertilizer 
during .1 growing season; this practice is usually fol
lowed when mobile nutrients are applied to sandy 
soils

Fcrtilizer management and technology arc a subdisci- 
plinc in the rather broad subject ot Soil Science. Fertil
izer management focuses 011 the effective and efficient 
use o f a variety o f sources o f plant nutrients, both 
organic and inorganic, needed tor production o f a 
variety ot species on .1 diversity ot soils in highly 
variable environments. Fertilizer management in
volves decisions that relate to rate o f  application, se
lection o f an appropriate source, most appropriate 
placement, and use o f chemical additives and growth 
regulators. Fertilizer technology is .1 subject which 
deals with the manufacture, use, and evaluation ot 
various fertilizer materials that have potential tor sup
plying the nutrients needed for profitable crop pro
duction in the modern, diverse agricultural envi
ronment.

I. Economic Benefit to 
Production Agriculture

The economic importance ot fertilizers tor efficient 
and effective crop production in .1 wide variety j f  
cropping systems is well documented. The return to 
the grower 011 investment in fertilizers can be substan
tial. The magnitude o f this return is affected by such 
factors as nutrient supplying capacity o f the soil, yield 
potential o f individual crops, climate, the value ot the
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crop grown, and the cost ot the plant nutrients when 
purchased.

When the annual variable costs ot crop production 
are considered, approximately 30%  ot'the total is used 
to purchase fertilizer. Thus, cutting fertilizer costs is 
usually considered by growers to be one way to in
crease profit margins. However, undcrfertilization 
may reduce yields and these lower yields could have 
a negative impact on the profit margin. Maximum 
profit from fertilizer use is usually achieved when 
adequate, but not excessive, rates o f needed nutrients 
are applied in a fertilizer program.

The economic importance o f fertilization o f Crops 
can be demonstrated in a number o f ways. The infor
mation summarized in Table I illustrates the economic 
value ot the application ot nitrogen fertilizer to corn. 
The benefit is especially impressive if  calculations are 
expanded to a farm enterprise that might grow 20(1 
hectares ot this crop. Sim ilar calculations can be used 
to illustrate the benefits ot using other plant nutrients 
tor a wide variety o f crops.

The response to proper fertilization is not limited 
to improved yield, fertilization is known to improve 
the quality ot the crop produced, to enable crops to 
withstand infestation o f sonic pathogens, and to speed 
crop recovery from several forms o f stress.

In addition to the monetary benefits to the growers, 
proper use o f fertilization can and will have a positive 
effect on the economy ot a community, a state, and 
a country. H igher crop yields associated with fertilizer 
use have increased the global supply o f food. The 
food produced is also o f higher quality and this has 
had a positive effect on the diets o f developing coun
tries. The task ot supplying adequate food for an 
expanding world population is awesome. The effec
tive and efficient use of fertilizer will assist the produc
ers ot this food in meeting this challenge.

TABLE I
Economic Value of the Application of Nitrogen Fertilizer to Corn

N
applied

Yield
(1987-11>89 
average)

Return over 
no N  Use

fertilizer
cost

Return to 
fertilizer

kg ha 1 M g  ha ' Sha 1 Sha 1 Sha 1
11 5.4 - —- —

84 9.4 73.71 4 Sr. f»9. 15
1 (>N ll.o •J3.9(> 9. 11 S3.84
2=>2 M>.7 S.S.Sf) 13.(.7 71.1‘>

.Sc> n»u\ ( » .  W. R.uul.iil. U m v e r s i t A  o t  M i n n e s o t a .

.Vi’/*/: N p r k v .  S.*»>S kg corn p r i c e .  $13.fn M g  '

II. Predicting Nutrient N eeds through 
Soil Testing and Plant Analyses

Much o f the emphasis 011 fertilizer management re
volves around decisions for rate ot application ot 
needed nutrients in a fertilizer program. The manage
ment tools o f soil testing and plant analysis can both 
be used as .1 basis for logical decisions that pertain to 
rate o f application. |S ir  Sou F e r t i l i t y . |

An understanding/knowledge ot the nutrient status 
o f the soil is needed before application rates can be 
determined. There are several techniques tor evaluat
ing the nutrient status o f the soil. Among these are:
( I ) field plot fertilizer trials. (2) greenhouse pot experi
ments. (3) crop symptoms. (4) plant analysis, (5) rapid 
tissue or plant sap testing, ((>) biological tests, and 
(7) rapid soil chemical analyses. There are advantages 
as well as limitations to each o f these techniques. 
Rapid chemical analysis o f soils can be used tor a large 
number ot samples at minimal cost. If the chemical 
analysis is related to nutrient response, it is then possi
ble to arrive at a decision on nutrient needs with 
efficiency in time and cost. O f  course, various chemi
cal analyses are needed to predict the needs o f a variety 
o f essential plant nutrients. This collection of appro
priate analytical procedures for analysis ot soil samples 
is referred to as soil testing. |Sec Son T e s t i n g . |

Sim ply stated, the objectives of soil testing are:
(1) to accurately determine an index o f the ability ot 
soils to supply plant nutrients. (2) to indicate the 
degree o f nutrient deficiencies that might exist, (3) to 
provide the basis for fertilizer recommendations, and 
(4) to report the results o f the chemical analysis in a 
way that they permit .111 economic evaluation of the 
suggested fertilizer recommendation. These objec
tives recognize that the analytical results o f the chemi
cal analysis are only a part o f  the factual data needed 
for making fertilizer recommendations. Interpreta
tion o f the chemical analysis w ill vary with different 
crops. Therefore, fertilizer rate recommendations are 
based 011 an individual s interpretive judgment ot the 
chemical analysis combined with the knowledge ot 
crop response to various nutrients at defined soil test 
levels.

In general, soil testing is a program that may be 
divided into four phases: (1) collection ot the sample,
(2) appropriate chemical analysis ot the sample,
(3) interpreting the analytical results, and (4) the w rit
ing ot the actual fertilizer recommendation. It is gen
erally recognized that the success ot any soil testing 
program depends .is much 011 good individual judg
ment as accurate chemical analysis.
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A. Sample Collection from the Field

All reliable soil testing programs start with the collec
tion ot soil samples trom the field. There are several 
soil sampling schemes in use today. Regardless ot the 
scheme used, the sample or samples collected should 
accurately reflect the true nutrient status o f the field. 
This does not mean that the analytical results from 
all samples collected trom an individual field will be 
the same. The results o f the chemical analysis, how
ever, should reflect the true variability that exists in 
the field. The accuracy ot the entire soil testing pro
gram cannot be greater than the accuracy used in 
sample collection.

A single sample can seldom be used to accurately 
characterize the nutrient status o f a given field. H o w 
ever, the collection ot a single sample to represent 
an individual field, regardless o f size, has become 
a common practice in today’s agriculture. Written 
instructions tor sample collection, usually state that 
atypical areas in a field should be avoided in the pro
cess ot sample collection. This instruction is easy to 
follow it differences in soils across a field are visually 
obvious. However, there are numerous situations 
where variability exists in a field, but it is not immedi
ately obvious. Consequently, it is relatively easy to 
mix variable soils together in situations where one 
sample represents one field.

Recognizing that hidden variability exists in most 
fields tor a variety ot reasons, consultants, fertilizer 
dealers, and researchers have developed two strategies 
which are thought to be more precise for collecting 
soil samples. In one strategy, a field is divided into 
smaller areas w ith a gridding process. Each part of 
the grid, which can vary in size, is sampled separately 
and fertilizer rate recommendations are made after 
the results ot analyses trom all grids have been consid
ered. This grid system o f sampling is popular where 
soil variability in any field is a major concern. This 
sampling system provides a process for identification 
ot portions o f a field that have varied in cropping 
history, received different rates o f fertilizer in the past, 
or have a history o f manure use.

The second strategy used to improve the sampling 
process is to sample by soil type. This sampling 
scheme can be used only if  there is a modern Soil 
Survey of the field to be sampled. This Soil Survey 
provides an identification and description o f the soils 
present. Using the map provided in the Soil Survey, 
the individual collecting the soil samples accumulates 
a sample that represents each ot the major soil types 
111 the field. As w ith the grid system, the results o f

the chemical analysis ot all samples in the field are 
considered and fertilizer suggestions are made accord
ingly.

These two sampling systems offer several advan
tages when compared to the system where one sample 
represents one field. There are, however, major eco
nomic concerns. It is obvious that the grid sampling 
and sample by soil type schemes require the chemical 
analysis o f more samples and added time is needed 
for sampling. Thus, these sampling schemes usually 
become more expensive. This added expense may or 
may not be offset by a savings in money spent for 
fertilizer. This economic question is the subject ot 
current research projects which, as yet, have not pro
duced definitive answers.

B. Laboratory Analysis of the Samples

Chemical analysis follows sample collection. There 
are numerous chemical procedures that can be used 
to analyze a soil sample for a specific nutrient. The 
chemical procedure must provide an accurate indica
tion o f the relative level of available nutrients. The 
results o f the chemical analysis ot a soil sample are 
usually indexes or indicators ot the soil to supply 
particular nutrients to a specific crop. These analyses 
are not a measure of the total amount o f nutrients 
present in a soil.The chemical procedures used must 
also be designed so that a large number o f samples 
can be analyzed in a short period ot time.

The analytical procedures used in soil testing are 
not uniform for all regions. For example, soil testing 
laboratories in the southeastern United States rely 
more 011 the procedures developed by Mehlich, while 
those in the Midwest use a combination ot a variety 
o f tests developed by various researchers.

Most soil testing laboratories otter analytical ser
vices for the measurement ot all essential nutrients. 
Major emphasis, however, is placed 011 providing 
accurate tests for phosphorus (I') and potassium (K ). 
I11 order to improve the efficiency in the operation of 
a soil testing laboratory, it would be ideal if  nutrients 
could be extracted from the soil w ith one reagent. 
This single extract could then be analyzed for the 
nutrient or nutrients o f interest. Although consider
able research has been directed toward this goal, the 
search for the universal extractant continues. Those 
that have worked for acid soils do not give the most 
accurate indication o f nutrient availability in calcare
ous soils (pH of 7.4 or higher). Conversely, those 
that have worked for calcareous soils, do not perform 
adequately when soils are acid. | See Son C h k m i s t r y . ]
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C. Interpreting the Analytical Results

The collection of the analytical data is not the last 
step in the soil testing process. In order to be meaning
ful, these data must be interpreted to develop a rate 
recommendation tor a specific nutrient for a specific 
crop. This interpretation is usually accomplished 
through some type o f previously determined correla
tion between test results and known responses o f a 
crop to a specific nutrient. These correlations are es
tablished in greenhouse and field experiments.

Human judgment is an important ingredient in this 
interpretation process. Individuals may interpret the 
analytical results in various ways and these differences 
in interpretation can lead to a disparity in fertilizer 
recommendations.

I lunian judgment is also affected by differences in 
philosophies or approaches to making fertilizer rec
ommendations. The differences in philosophies arc 
most obvious when recommendations for K and mag
nesium (M g) are considered.

T w o  philosophies currently dominate the soil test
ing and fertilizer recommendation process. The “ suf
ficiency level o f available nutrient" (S L A N ) approach 
is built on the concept that there are definable levels 
ot individual nutrients in the soil below which crops 
will respond with some probability to added fertilizer. 
Likewise, there are also levels above which crops will 
not respond to fertilization. The "basic cation satura
tion ratio" (LiSC'K) philosophy promotes the idea that 
maximum yields can be achieved by creating an 
“ ideal" ratio o f calcium (Ca), Mg, and K in soils.

Currently, most public soil testing laboratories fol
low the SL.AN approach to making fertilizer recom
mendations. Several private laboratories, on the other 
hand, tend to adhere to the B S C R  concept. It is possi
ble to identify past research projects that support both 
o f these philosophies. The majority o f the field re
sponse data collected, however, appears to favor the 
S L A N  approach. There are several instances where 
the use of the B S C R  concept has resulted in the use 
ot excessive rates o f plant nutrients.

D. Developing a Soil Test for Mobile Nutrients

From a soil testing perspective, the nutrients that are 
essential to crop growth can be categorized as either 
mobile or immobile. Much o f the preceding discus
sion applied to those nutrients that are not mobile in 
soils. However, the search continues for analytical 
procedures that will lead to accurate fertilizer recom

mendations for those mobile nutrients. Because ot 
both environmental and economic concerns, major 
emphasis is being placed on the development ot a 
reliable soil test for nitrogen (N ). [.See Son , C h em i
c a ls : M o v i.m in i  an d  R i UNH()N.|

It can be argued that N  is the most transient o f  all 
nutrients in soils. It exists in several forms at any one 
time. Consequently, there is substantial difficulty in 
determining the most appropriate form to measure 
as well as the best time for collection ot soil samples 
for analysis. In the ( Ireat Plains and western Corn 
Belt, where total growing season rainfall is usually 
limited, a soil nitrate test has been developed as a 
basis for making N fertilizer recommendations for 
numerous crops. Successful use ot this test requires 
that both surface (II—I S  cm) and subsoil (15—fill cm) 
samples be collected. 1 hcse samples are analyzed tor 
nitratc-nitrogen ( N O r N ). I his information, when 
coupled with a realistic yield goal, provides tor N 
fertilizer recommendations that have been accepted 
bv a large number ot crop producers. [.Sec Nnho(,i:n 
(  , Y( i i n c .  |

Lttorts to develop a soil test tor N  have been less 
successful m more humid regions. Development ot 
an appropriate test in these regions is also hindered 
by the frequent addition o f organic sources ot N (le
gumes, livestock manures) to the complex chemistry 
o f N m soils. The amount ot N released trom these 
sources that is available for crop growth is difficult 
to predict using various laboratory procedures. There 
have been some attempts to use a measurement ot 
N O ,-N  in the surface soil (0-3(1 cm) as a basis for 
recommendations. These attempts have not been suc
cessful. It appears that a soil test for N , that will be 
useful in the more humid regions, must take potential 
contributions from organic sources as well as some 
measure o f past environmental conditions into con
sideration.

Boron (B ) and chloride (CM) are micronutrients that 
are also mobile in soils. Neither nutrient has negative 
environmental implications and established soil test
ing procedures have been accepted over a broad geo
graphical area. Responses to B fertilization are most 
numerous for alfalfa and vegetable crops. Some atten
tion should be given to analv/ing soil samples tor B 
if  growers intend to include these crops m the tanning 
enterprise. To dale, there has been an identified need 
for C l in a fertilization program for wheat and. pos
sibly. other small grain crops. A soil test tor C l has 
been developed and is accurate in predicting needs.
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Efforts to develop a soil test for sulfur (S) have met 
with limited success. The need for S in a fertilizer 
program is not extensive and is limited to certain soil 
conditions and situations. In general, the need for this 
nutrient is greatest for sandy soils that have .1 low- 
organic matter content and research has adequately 
defined the S requirements for these situations. Like
ly and C l, S fertilization has not been identified as 
having a negative impact on the environment. Conse
quently. minimal attention has been devoted to devel
oping a more accurate analytical procedure for mea
surement o f S in soils.

E. Plant Analysis as a Predictor of the Nutrient 
Requirements of Crops

Plant analysis is frequently described as a management 
tool that can be used to either determine the nutrient 
status ot various crops or predict nutrient needs in a 
fertilizer program. This analytical procedure is based 
011 the principle that the concentration o f a nutrient 
in a plant is a reflection o f all factors that have inter
acted to affect the growth o f that plant.

The interpretation ot plant analysis information as
sumes there is some knowledge o f  the critical concen
trations of an essential plant nutrient in various parts 
ot a growing crop. This assumption is valid for a 
limited number o f crops. For example, there is a lim 
ited data base that can be used to define the nutrient 
status ot corn it the leaf opposite and below the ear 
is collected at silking. This assumption, however, is 
not valid for most agronomic crops. Plant analysis 
has not evolved or improved to the point that it can 
be used as a basis for fertilizer recommendations. At 
the present tune, this tool can be used most effectively 
to classify nutrient concentrations as deficient, ade
quate. or excessive.

Considerable research efforts have also been de
voted to a plant analysis interpretation system based 
upon the ratio ot the concentration o f one plant nutri
ent to another. This interpretive approach utilizing 
plant analysis has been referred to as the Diagnosis and 
Recommendation Integrated System or D R IS  system.

In order to be effective as a diagnostic tool, the 
D R IS  system requires that an extensive data base be 
developed tor the crop o f interest. This development 
requires the collection or a substantial number o f plant 
samples representing a large number o f environmen
tal and nutritional situations. This approach is not 
usually any less expensive than the system o f identi

fying the deficient, marginal, and excessive categories 
tor crops.

III. M anaging Fertilizer with a Concern  
for The Environment

A. General Concepts

Managing fertilizer use tor crop production is com
plex. The individual responsible tor the management 
o f this input must make decisions on rate o f applica
tion, nutrient source, time ot application, method ot 
application, and placement. The potential for profit
ability and protection o f the environment must also 
be considered when fertilizer management decisions 
are finalized. The discussion in the paragraphs that 
follow will concentrate 011 the importance o f the con
sideration for the environment in making manage
ment decisions.

B. The Environmentally Sensitive Landscapes

When environmental impacts are considered, most 
o f the attention is devoted to effective and efficient 
management o f N. There is major concern for the 
concentration o f nitrate-nitrogen (N O ,  — N ) in the 
groundwater. Since our groundwater is the source ot 
drinking water for the majority o f the population, 
high concentrations ot N O , -  N  can have serious im 
plications for human health. Consequently, a standard 
o f Id ppm nitrogen in the nitrate form has been estab
lished. Drinking water with N O , — N concentrations 
in excess o f this standard is considered to be poten
tially harmful to the health o f infants. |See C r o u n d  

W a t e r .  |
Nitrate-nitrogen is mobile in soils and can move- 

through the root zone whenever excess water also 
moves through this zone. The amount ot water held 
against the force ot gravity varies with soil texture. 
Sandy soils hold less water that is available for plant 
use than fine textured soils. So, downward movement 
ot N O , —N is considered to be more ot a potential 
problem where soils are sandy. This downward 
movement (leaching) is especially important in g row 
ing situations when the water table comes close to 
the soil surface.

Leaching is also a major concern tor situations 
where fractured limestone is covered by a thin cap o f 
soil material. W ith excessive rainfall, the N O , — N
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moves first through the root zone, then through the 
fractured limestone rock to the groundwater.

Movement o f water through the soil profile is very 
slow process for fme-textured soils that have a high 
clay content. Artificial tile drainage is usually installed 
in these soils to improve water flow through the root 
zone. For these situations, excessive amounts ot 
N O , — N in the root zone are moved through the tile 
lines to surface impoundments of water such as ponds 
and lakes. High concentration ot N l ) , - N  can also 
be a serious problem in surface waters.

Nitratc-nitrogen w ill also move downward 
through fme-textured soils where artificial tile drain
age has not been installed. The movement in this 
environment, however, is much slower than the 
leaching that occurs in sandy soils.

C. Best Management Practices for Nitrogen 
Fertilizer Use

T here are several management practices that can be 
applied to N fertilizer application that will substan
tially reduce the potential for movement o f N O , — N 
to the groundwater. The selection o f the rate o f N  to 
use is probably the single most important decision 
that affects groundwater quality. In sensitive land
scapes, any applied N that is not utilized by the crop 
has a potential for loss to the groundwater. Rate pre
diction, however, is not an exact science at the present 
time. There is not a soil testing procedure for N that 
is considered to be accurate for crop production on 
sandy and/or shallow soils. In addition, selection o f 
a realistic yield goal is a major challenge because ot 
the sensitivity o f these soils to fluctuations in rainfall 
received during the growing season.

Irrigation o f coarse-textured soils adds some stabil
ity to crop production and the selection o f a realistic 
yield goal becomes less difficult. The use ot irrigation 
water, however, adds another management variable. 
Application o f excess water from surplus irrigation 
can cause leaching as easily as excessive rainfall. For 
these production systems, scheduling o f irrigation 
water is just as important as effective N management.

The use o f split applications o f N fertilizer is an 
effective management practice for reducing the poten
tial tor nitrogen loss on irrigated sandy soils. There 
are several combinations that can be used tor the split 
applications. The ideal combination will vary with 
crop, soil properties, and length ot the growing 
season.

Regardless o f the svstem used for timing ot the N 
fertilizer, the major portion or the total N  applied

should be in the root zone at the time o f maximum 
N uptake by the crop. The growth stage at which 
maximum uptake occurs varies substantially with 
crop.

For most crop production systems, the source of 
N  fertilizer used has had little, if  any. impact on move
ment o f N O , — N to the groundwater. The nitrifica
tion o f ammonium (N H  j ) to nitrate (N O ,)  nitrogen 
in the amnioniacal nitrogen fertilizers (anhydrous am
monia, urea) proceeds rapidly in most soils. Conse
quently. availability ot N  to crops from the com
monly used N fertilizers should be nearly identical. 
Results from numerous research trials with a variety 
o f crops have verified that there is very little, it any, 
effect o f N source on crop yield providing the source 
has been applied properly.

From the fertilizer technology standpoint, there 
have been research efforts to develop N fertilizers that 
would release N to the crop slowly throughout the 
growing season. The early products resulting from 
these research efforts concentrated on sulfur coated 
urea that dissolved in soils over various periods ot 
time. These products were evaluated extensively for 
a number o f crops and the yields produced trom the 
use of these materials were usually lower than yields 
resulting from the use o f the more conventional N 
fertilizers. As a result, there have not been extensive 
efforts to market these products for the production 
o f agronomic crops.

More recently, there has been an effort to develop 
gelled fertilizers with the objective ot releasing N 
throughout the growing season. The field evaluation 
o f these products is limited. Consequently, these fer
tilizer gels have not, as yet, become products com
monly sold in the fertilizer industry.

In addition to interest in slow-release N  fertilizers, 
there has also been a substantial effort to develop 
products that w ill delay the conversion ot N H 4— N 
to N O , -  N . These products are collectively referred 
to as nitrification inhibitors. Several have been devel
oped. One (nitrapvrin) has been marketed on .1 fairly 
wide scale with some success. There are other prod
ucts that w ill inhibit the nitrification process, but there 
have been 110 intensive efforts to market them 011 .1 

broad scale.
The use o f nitrification inhibitors has been benefi

cial for crop ptoduition 111 special situations where 
there is a high potential for loss ot N O , — N  trom the 
soil svstem. Potential tor loss is greatest in soils where 
denitrification or leaching losses are major concerns. 
These situations are found 011 .1 limited number ot
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crop acrcs and, subsequently, the potential for sales 
ot nitrapyrin is limited.

D. Immobile Nutrients and 
Environmental Quality

In addition to N , P has the potential to have a negative 
impact on environmental quality. W ith P the concern 
is directed toward the quality o f surface waters. High 
concentrations o f P stimulate the growth o f algae 
which, in turn, increases oxygen consumption re
sulting in a reduction o f the fish population.

Very small amounts o f P enter surface waters dis
solved in rainfall or snow melt that leaves the land
scape. Most ot the P entering surface waters is 
attached to soil particles that leave the landscape in 
soil erosion. Therefore, any conservation practice that 
reduces soil erosion w ill reduce the amount o f P that 
enters ponds and lakes.

Fertilizer placement can also have a major impact 011 

the amount o f P lost to surface waters. The broadcast 
application ot P fertilizers coupled with incorporation 
by a tillage implement mixes P with a relatively large 
volume ot soil near the surface o f the landscape. When 
erosion takes place, soil particles at or near the surface 
are lost and any P attached to those particles is also 
lost. Another option is to place the phosphate fertilizer 
in a concentrated band close to the roots o f the grow 
ing crop but at some distance below the soil surface. 
Unless erosion is extremely serious, the soil in and 
around the fertilizer band w ill not be lost and the 
amount ot P entering the surface water w ill be reduced 
substantially.

At the present time, other essential nutrients (po
tassium, calcium, magnesium, sulfur, zinc, iron, 
manganese, copper, boron, chloride) are not consid
ered to have a negative impact 011 environmental qual
ity. The quality o f both surface and groundwater can 
be improved or maintained with the use o f best man
agement practices ot nitrogen and phosphate fertiliz
ers. These management practices have evolved from 
the results ot a substantial number o f research proj
ects. It used, these practices w ill minimize the loss o f 
N O ,- N  to both surface and groundwater and the loss 
ot P trom the landscape to surface waters.

IV. Fertilizer M anagem ent for 
Farm Profitability

A sustained profit in any tarm enterprise is highly 
dependent 011 achieving optimum yield with the most

efficient use o f inputs. Management decisions tor fer
tilizer use can have a major impact 011 profitability. 
Soil properties, climate and weather, intended crop, 
and availability o f equipment w ill have a major influ
ence 011 these management decisions. |.SYe Son M an 
a g e m e n t . |

Fertilizer management practices that are needed to 
achieve sustained profitability routinely focus on rate 
selection and placement. Selection ot the most appro
priate source o f a given nutrient may be important 
in special situations for some crops. The various fertil
izer products that are in use today are adequate and 
effective in meeting nutrient demands. Consequently, 
there is not a major research effort that is focused on 
the development ot new products.

A. Nutrient Mobility and Profitability

Concerns for both environmental quality and farm 
profitability have a major influence 011 management 
decisions involving the mobile nutrients. The previ
ous section provides a discussion ot the relationship ot 
nutrient mobility to environmental quality. Sustained 
profitability is also affected by the potential for move
ment o f plant nutrients 111 soils. Some corrective man
agement decisions are needed it one or more ot the 
mobile nutrients (N , S, 15) are moved below the root 
zone because o f excessive rainfall and/or irrigation 
water usage. Split applications o f N  fertilizers can be 
used to prevent major losses o f this nutrient from the 
root zone if  environmental conditions routinely tavor 
the leaching process. Split applications ot N  have been 
especially favorable for optimum production for corn 
and small grain production when these crops are 
grown on sandy soils.

Although considered to be mobile, S and B  move 
through the root zone more slow ly than N O r N. 
Leaching o f these two nutrients can and does occur, 
but the consequence o f the loss is not as dramatic as 
the loss o f N  from the root zone. In general, the 
research that has focused on the management o f  these 
two nutrients leads to the conclusion that multiple 
applications are not necessarily needed for optimum 
yields. W ith appropriate consideration for the in
tended crop, the S and/or B  fertilizers needed can be 
either broadcast and incorporated before planting or 
applied in a band at planting time. The preferred time 
o f application may vary with crop, but split applica
tions have not generally improved yields.

Because o f mobility and associated leaching, defi
ciencies o f N , S, or B may develop on some sandy 
soils when rainfall or irrigation water application has
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been excessive. When deficiencies are confirmed, they 
can frequently Lie corrected with an in-season applica
tion o f the appropriate fertilizers. W ith irrigated sandy 
soils, for example, the nutrients needed can be injected 
into the irrigation water. Other methods o f applica
tion must be used when irrigation water is not avail
able in the cropping system. The method used for 
this application will be highly dependent on the 
growth stage o f the crop and the soils involved.

Except for specialized crops or cropping situations, 
the foliar application o f these plant nutrients has not 
corrected the deficiency problem. The foliar fertiliza
tion approach may result in an improvement in ap
pearance, but improvements in yields have been 
minor.

Because I* and K are not considered to be mobile in 
most soils, there is less opportunity to take corrective 
action if  deficiencies o f these two nutrients are identi
fied in field situations. Therefore, more emphasis 
must be placed 011 selection o f the appropriate rate 
before a crop is planted.

For most crops, suggestions for the use o f phos
phate and/or potash fertilizer are derived from estab
lished response data. These data relate response to soil 
test levels for 1’ and/or K and define the rate o f fertil
izer needed tor optimum yield. Therefore, the amount 
of phosphate and potash suggested can be 110 better 
than the data base that has been developed. The phos
phate and potash suggestions provided to the grower 
are not intended to produce maximum yield. M axi
mum profit is not usually achieved at maximum yield. 
Most suggestions for phosphate and potash use are 
intended to provide for optimum yield. This is a yield 
level slightly less than the maximum yield.

Requirements for phosphate and potash fertilizer 
use are not the same for all crops. The soybean crop, 
for example, w ill achieve optimum production at 
lower soil test levels when compared to corn. Similar 
differences exist for other crops. The response ot a 
wide variety o f crops to soil test level has usually been 
documented through research. Because o f improve
ments in variety or hybrid, higher levels o f produc
tion. and the use o f improved crop management prac
tices. research is always needed to refine the nature 
o f crop response in a wide range o f soil and climatic 
conditions.

When the nutrient requirements ot various crops 
are considered, major attention is devoted to fertilizer 
suggestions tor nitrogen, phosphate, and potash A l
though required and used in smaller amounts, the 
micronutrients (zinc, iron, manganese, copper, and 
boron) are just as important. Deficiencies ot these

micronutrients, when they occur, can cause substan
tial reductions in crop yields. The additions o f small 
amounts o f zinc (Z 11) (1 kg ha ') in a fertilizer pro
gram has doubled corn yields in certain situations. 
Similar examples o f major increases in production 
could be cited for the application o f copper (Cu) for 
small grains growing 011 organic soils.

The requirement o f one micronutrient for one crop 
does not imply that this micronutrient is needed tor 
all crops grown in a specific region. For example, Zn 
mav be needed in .1 fertilizer program tor corn and 
edible beans grown 011 soils in the northern Corn 
Belt. Soybeans, wheat, and alfalfa do not respond to 
Zn usage when grown 011 the same soils. Therefore, 
the intended crop as well as the soil test level tor Z 11, 
must be considered when fertilizer recommendations 
for Z 11 are considered.

Except for B, the micronutrients are not considered 
to be mobile in most soils. Therefore, fertilizers used 
to supply these nutrients, when needed, should be 
added to the soil prior to planting. The banded or 
broadcast applications can be used for this purpose. 
Because only small amounts o f micronutrients are 
needed, it is possible to supply them in a foliar applica
tion. This method o f application has worked well 
tor some citrus and other specialized crops. A more 
extensive use ot this practice tor other crops has not 
been demonstrated to be profitable. For example, it 
is possible to use foliar application ot various iron 
(Fe) fertilizers in an attempt to correct iron chlorosis 
111 soybeans. The success rate ot this practice has been 
limited and other management practices are usually 
suggested.

The micronutrients can be supplied to a fertilizer 
program from a number ot sources. These sources 
are compatible w ith either a liquid or dry fertilizer 
program. These sources vary substantially in cost. 
Limited research has been completed to evaluate these 
various materials. The summary ot the available in
formation suggests that all sources ot micronutrients 
have an equal effect 011 production when they are 
needed in a fertilizer program.

6. Fertilizer Placement and Profitability

Nutrient mobility characteristics have .1 major influ
ence on management decisions that pertain to fertil
izer placement. The mobile nutrients (N , S. B ) move 
to the plant root \\ ith soil water by a process called 
mass How. Therefore, the placement o f these nutrients 
is not a major concern. N is used in relatively large 
amounts by most crops and there ate several options
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tor efficient and effective placement. Smaller amounts 
of S are needed for crop production. Therefore, a 
handed application for row crops creating a situation 
ot easy accessibility is a more appropriate placement 
choice. The same reasoning applies to the micronutri
ent, B , which is absorbied in very small amounts by 
most crops. Broadcast application o f these mobile 
nutrients has been shown to be highly appropriate 
tor perennial crops.

The nutrients that are not mobile reach plant roots 
by the process o f  diffusion. This movement mecha
nism is slow. Consequently, there is considerable im 
portance attached to placing immobile nutrients in 
a position that w ill increase the probability o f their 
coming in close contact w ith the plant roots. The 
banded application o f the immobile nutrients is one 
very popular option used for enhancing this proba
bility.

Models have been developed and tested which de
scribe uptake of P or K  i f  certain soil, plant growth, 
and root growth parameters are known. These mod
els suggest that phosphate and potash fertilizers can 
be banded with a small portion o f soil and supply the 
P and K  needs o f grow ing crops. The volume o f soil 
fertilized w ith the banded application is dependent to 
a large extent on soil properties.

The band placement o f  phosphate and/or potash 
fertilizers improves the efficiency o f use because the 
contact between soil and fertilizer is reduced. Fixation 
or tie-up is reduced when this contact is reduced. In 
calcareous soils, this fixation takes place in the form 
of various calcium phosphate compounds. Where 
soils are dominated by clays that trap the potassium 
ion, the banded application o f potash fertilizer reduces 
potassium fixation.

When there is a reduced potential for fixation, lower 
rates ot phosphate and/or potash fertilizers are 
needed. The use of lower rates translates to savings in 
fertilizer costs and, therefore, enhanced profitability.

Fertilizer recommendations from some states are 
adjusted for placement considerations. Compared to 
the rates used tor broadcast applications, suggested 
rates are reduced by one-third to one-half if  banded 
applications o f phosphate and/or potash are used. The 
reduction is also adjusted for soil test level. When soil 
test values tor P and/or K  arc in the low or very low 
range, there is a major difference between suggested 
rates tor broadcast and banded applications. For soil 
test values in the medium range, the differences in 
recommendations for banded and broadcast applica
tions are small.

Fertilizer placement decisions must also take the 
intended crop into consideration. For most perennial 
crops, for example, there is little opportunity to use 
banded applications o f phosphate and/or potash fertil
izers after establishment. This leaves the broadcast 
placement as the most reasonable alternative. For an
nual crops, there is considerable research information 
which suggests that banded applications are more ef
ficient than broadcast usage. There are some annual 
crops, however, that do not fit this pattern. W ith  
soybeans, for example, several research trials have 
provided evidence that broadcast applications ot 
phosphate produce higher yields than the banded 
placement. The explanation for this change in re
sponse is not clear. It is obvious that much more 
research with band applications is needed.

There is not an ideal position for banded fertilizer. 
When banded applications were first introduced, there 
was a general recommendation to apply the fertilizer 
approximately 5 cm to the side o f and 5 cm below 
the seed at planting. This placement could be achieved 
with crops such as corn but was not reasonable with 
small grain.

W ith the equipment available today, the fertilizer 
band can usually be placed at any desired location. 
More recent research indicates that distance between 
seed and fertilizer is not critical. This distance can 
become too large and the growth stimulating effect 
o fthe  band is lost.

Some growers have adopted the practice o f 
applying some ofthe fertilizer directly with the seed. 
This practice is frequently referred to as a “ pop-up”  
application. This placement, however, can create 
problems with germination. Emergence can be re
duced it high rates are used or if  certain fertilizer 
materials are applied with the seed. Both research and 
farmer experience have shown that urea, ammonium 
thiosulfate, and boron fertilizers, when applied in con
tact with the seed, can cause serious germination dam
age. To  eliminate problems with germination, most 
growers are advised to keep approximately 3 cm o f 
soil between seed and fertilizer when planting.

C. Precision Fertilizer Placement and 
Special Problems

The concept o f precision in fertiliser placement has 
not been an important one until recent years. Stim u
lated by the switch to conservation tillage planting 
systems, there has been a switch in thinking from 
broadcasting to banding. As evidence continues to 
accumulate, it becomes more apparent that successful
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production systems o f this nature w ill be highly de
pendent on the banded application o f fertilizer. The 
accumulating research evidence also suggests that it 
w ill be important to match fertilizer placement with 
tillage system.

The use o f banded potash has been successful in 
solving a special problem for those who produce corn 
in a ridge-till planting system in the northern Corn 
Belt. Although many soils in the region traditionally 
have high soil test values for K, K-deficiency sym p
toms were appearing. The application o f potash fertil
izer 111 the center o f the existing ridge in the fall before 
planting seemed to correct the problem. The rate o f 
K i t )  needed was in the range o f 40-50 kg ha The 
explanation for the appearance o f this problem is not 
apparent at this time.

The use o f banded fertilizer has also helped with 
production problems ot several crops in the southeast
ern United States. M any soils in the region develop 
dense clay layers at some distance below the soil sur
face. These layers severely restrict downward move
ment o f water and root growth. Because o f this root 
restriction, it is difficult for crops to get the needed 
nutrients for optimum production.

Special tillage equipment has been developed to 
disrupt this dense soil layer. At the same time, this

equipment has been modified to apply banded fertil
izer below the layer o f  dense clay. The practice has 
proven to be successful. Crop yields have increased 
and this has improved profitability.

The potential is bright for use o f banded fertilizer 
in the years ahead. Banding fits easily with the empha
sis on fertilizer efficiency. There are ample opportuni
ties to fit banding into various crop production enter
prises.

Bibliography

Engelstad. O . I’. (1985). "Fertilizer Technology and 
Use," 3rd ed. Soil Science Society o f America. Madison, 
Wl.

Follett, R. H.. Murphy. L. S.. and Donahue. R. L (1981). 
“ Fertilizers and Soil Amendments." I’rentice-Hall. En 
glewood Clitls. N|.

1'algrave. I ). A. (1991). "Fluid Fertilizer Science and Tech
nology." Marcel Dekker. New  York. N Y .

Tisdale, S. L.. Nelson. W . L ,  and Beaton, J. 1). (1985). 
"Soil Fertility and Fertilizers,”  4th ed. Macmillan, New 
York. N Y .

W.ilsh, L. M ., and Beaton, J. D. (1973). "So il Testing 
and Plant Analysis." Soil Science Society ot America. 
Madison, W l.



Finance
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I. Micro Agricultural Finance
II. Macro Agricultural Finance

Glossary

Agribusinesses Term commonly used when refer
ring to farm input supply firms, food processing 
firms, fiber manufacturing firms, and other firms in 
the nation's food and fiber system other than crop 
and livestock producers
C ertainty  equivalent value Value an individual 
would accept tor an asset if  all risks were removed 
C redit scoring Approach used by lenders to quanti
tatively evaluate the credit worthiness o f a borrower 
F a rm  Credit  System  System o f federally chartered, 
privately owned banks and associations that lend pri
marily to agricultural producers and their coopera
tives
Farm ers  H o m e  A dm inistration  Governmental 
agency involved in direct lending and loan guarantees 
to credit-worthy borrowers that may have a difficult 
time obtaining financing from commercial sources 
Financial interm ediaries Entity which obtains 
loanable funds trom savers in the economy and then 
lends these funds to borrowers
Financial leverage index Ratio o f returns on total 
capital to returns 011 equity capital; this ratio shows the 
relative returns earned 011 debt versus equity capital 
F o o d  and fiber system Network o f input supply 
firms, crop and livestock producers, food processing 
firms, fiber manufacturing firms, and related distribu
tion firms associated with the supply o f food and fiber 
products to final demand
General equilibrium  That combination o f prices 
and quantities at which buyers and sellers in all mar
kets in the general economy are satisfied 
M acro  e c o n o m ic  policy Typically refers to the 
monetary actions taken by the Federal Reserve Sys

tem, the government spending authorized by the 
U .S . Congress, and the taxation policies approved by 
the U .S . Congress and implemented by the Internal 
Revenue Service
N et present value Discounted sum o f  projected net 
cash Hows for .1 potential investment 
Risk efficient fro n tier  Set o f assets that offer the 
maximum possible expected returns for a given level 
ot risk
Risk p re m iu m  Difference between a decision mak
er’s expected risky return and value the decision 
maker would accept it all risks were removed 
T im e s  interest earned ra tio  Ratio o f  earnings be
fore interest and taxes plus depreciation to total inter
est payments. A measure o f cash flow stress associated 
with financial leverage, this ratio illustrates the degree 
to which firms are able to service their debts out ot 
current earnings, or how tar earnings could tall before 
firms would be unable to cover current interest costs 
V ertical  integ ratio n  Coordination and integration 
of successive stages in production, processing, and 
distribution

T h e  field o f agricultural finance encompasses a broad 
range ot interest ranging trom “ m icro " issues associ
ated w ith firm-level investment and financing deci
sions made by crop and livestock producers as well 
as agribusiness firms to “ m acro" issues associated 
with the effects that macro economic policy, farm 
com m odity policy, resource policy, and international 
trade policy have upon the financial structure and 
performance o f the nation’s food and fiber system.

I. M icro Agricultural Finance

Topics in micro agricultural finance include concepts 
of investment and financing decisions under both cer
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tainty and uncertainty, including the methods used 
to evaluate investment projects and alternative ap
proaches to acquiring these resources.

A. Overview of Financial Management

The concepts o f financial management in agriculture 
involve the acquisition and utilization ot financial re
sources by crop and livestock producers, and by agri
culturally related businesses. Emphasis in this section 
is placed on the introductory concepts o f theory ot 
investment and financing decisions, the evaluation ot 
new investments, resource acquisition in agriculture, 
financial analysis in agriculture, and the financial in
termediaries involved in delivering debt capital to 
agriculture. Major micro issues related to agricultural 
finance are also presented. These issues and concepts 
are linked throughout the entire food and fiber sys
tem: from input supply firms and financial intermedi
aries to crop and livestock producers, and onto tood 
and fiber manufacturers and distributors.

B. Theory of Investment and
Financing Decisions

The fundamental concepts o f finance theory apply 
similarly to farms and ranches as well as other firms in 
the economy. Crop and livestock producers typically 
have relatively little market power, often being price 
takers in both input and product markets. Agribusi
nesses like input manufacturers have more market 
power, and often participate in thinner, less-liquid 
markets.

1. Concepts of Investment and Financing 
Decisions under Certainty

The major components o f financial theory include 
a decision maker’s utility function, productive invest
ment alternatives, and financial markets. A simple 
model with no taxes, no transaction costs, and 110 

uncertainty o f investment decisions is used to outline 
the theoretical framework. Decisions are made in a 
one-period context. The decision maker is endowed 
with income at the beginning o f the period and the 
end o f the period. At the beginning o f the period the 
individual determines how much to consume (( '„ ) 
and how much to invest to provide for end-of-period 
consumption (C,). A ll individuals prefer more con
sumption to less (marginal utility ot consumption 
is always positive) and the marginal utility o f con
sumption is decreasing. U tility  curves for 
beginning-of-pcriod and end-of-period consumption

are shown in Fig. 1. Each individual may have differ
ent utility curves. The dashed contour lines indicate 
trade-offs between beginning-of-period consumption 
and end-of-period consumption. U tility  is equal at 
points along these contour lines, and the lines thus 
are referred to as indifference curves. The slope ot a 
line tangent to an indifference curve measures the rate 
o f trade-off between and C, and is referred to as 
the marginal rate o f  substitution between beginning- 
of-period consumption and end-of-period consump
tion. The slope o f this line can be represented as 
-(1 + r). where r is the individual's subjective rate 
o f time preference.

Assume individual decision makers have opportu
nities to invest in productive assets that allow units 
not consumed at the beginning ot the period to be 
augmented to more than one unit o f future consump
tion. In the absence ot financial markets, an individual 
decision maker w ill invest in all productive opportu
nities that have rates o f  return higher than the decision 
maker’s subjective rate ot time preference (r).

To  complete the model, assume financial markets 
exist and thus, the opportunity to lend and borrow 
unlimited amounts at a market-determined rate of 
interest (/). These borrowing and lending activities 
allow the individual decision maker to reallocate con
sumption between the beginning and end ot the pe
riod to attain higher levels o f utility and thus improve 
economic well-being. The presence of financial mar
kets allows the individual decision maker to invest in

Utility(C0 C, )

Utility (C,)

C 1

Utility (C0 )

0

F IG U R E  1 U t ility  functions .mil indifference curves.
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.ill productive assets that have rates ot return that 
equal or exceed the market rate ot interest (/) instead 
ot the subjective rate ot time preference.

These concepts are illustrated in Fig. 2. The produc
tion possibilities set is represented by l\ J\  and the set 
o f inditterence curves by ( r, and ( \. (liven  that inter
est rates are positive, all funds lent at the beginning 
ot the period w ill receive interest plus principal at the 
end ot the period. The future value ot one unit lent 
at the beginning o f  the period is increased by a factor 
o f 1 plus the market-determined rate o f  interest (/). 
Thus, the slope o f the capital market line is - (I + i).

Suppose the initial endowment is point A. The 
individual decision maker may move along the capital 
market line or production possibilities set to achieve 
the highest possible utility. In this example, the higher 
return is achieved by moving up the production possi
bilities set to point B  where the rate o f return on 
investments is equal to the market rate o f interest. 
B y  borrowing at the market rate o f interest, a tan- 
gcncy with the subjective rate o f time preference ( I  J2) 
is achieved at point C . This tangcncy is at a higher 
level ot utility than that achieved without financing 
opportunities.

Thus, the process can be depicted as a two-stage 
process. First, the individual decision maker invests 
in all production opportunities that have returns that 
equal or exceed the market rate o f interest. Second, 
the individual decision maker borrows or lends in the 
financial market until the market rate o f interest is 
equal to the decision maker’s subjective rate o f time 
preference. The first step does not use the decision 
maker's utility function and thus, under certainty con-

C ,

ditions, the investment condition (stage 1) is consid
ered separate from the financing condition (stage 2). 
This condition is known as the Fisher Separation 
theorem.

2. Concepts of Investment and Financing 
Decisions under Uncertainty

Crop and livestock producers are inherently faced 
with risk. Commodity price fluctuations, weather 
variability, spoilage, disease, and changes in govern
ment policies interject considerable risk into their 
decision-making process.

The three theoretical concepts essential in under
standing financial models under uncertainty include 
concave utility functions, certainty equivalents, and 
risk premiums. The marginal utility ot profit declines 
for concave utility functions. Crop and livestock pro
ducers with concave utility functions are considered 
risk averse. Risk averse decision makers prefer a cer
tain investment to one with an equal but uncertain 
return. A risk averse decision maker is willing to pay 
a price for a certain investment that yields the same 
utility as the expected utility of the risky investment. 
The completely certain price is considered the cer
tainty equivalent. The difference between the ex
pected value and the certainty equivalent value is the 
risk premium. The risk premium is the decision mak
er’s required compensation for accepting risky invest
ments.

A risk averse decision maker’s preference struc
ture between risk and return can be represented by 
indifference-curve analysis. Figure 3 shows indiffer
ence curves for risk averse decision makers. The direc
tion o f preference is represented by the arrow (up

Expected i i 
Return

Risk
FIGURE 3 Indifference curves and attitudes toward risk.
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and to the left). The slope o f the indifference curves 
indicates the marginal rate o f substitution between 
risk and return. In this case, the marginal rate ot 
substitution is the amount o f expected return the deci
sion maker requires for an additional unit o f risk. 
Different decision makers w ill have different degrees 
o f risk aversion and thus, w ill have different marginal 
rates ot substitution.

3. Investment Decision Techniques 
under Certainty

In the previous sections a simple one-period model 
is discussed. These models are extended to incorpo
rate multi-period investment decisions and refined to 
evaluate alternative projects. The methods are re
ferred to as capital budgeting techniques. These tech
niques are used to aid investment decisions tor all 
types ot agribusiness firms. Refinancing o f  debt and 
buy versus lease decisions are also analyzed using these 
techniques. The techniques can be used to select 
among independent projects or rank mutually exclu
sive projects based 011 specific budget constraints. In 
general, there are five capital budgeting techniques 
used to evaluate investment decisions. These include:
(1) the payback method, (2) the accounting rate ot 
return method, (3) the net present value method,
(4) the internal rate o f return method, and (5) the 
modified internal rate o f return method.

Ihe  payback and accounting rate o f return methods 
do not account tor time value ot money and thus, 
limit their overall usefulness. The payback period is 
calculated as the number o f years it takes to recover 
the initial cash outlay. The accounting rate o f return 
is the average after-tax profits divided by the initial 
outlay.

T he three other methods each account for the time 
value ot money. T he net present value o f a project is 
calculated as the sum o f all discounted cash Hows o f 
the project. Each cash How is discounted by factors 
that convert each cash How to a net present value. The 
factors are based 011 the decision maker's opportunity 
cost o f capital. The internal rate o f return o f a project 
is the rate that equates the present value o f all inHows 
and oiitHows. However, the method assumes that all 
cash Hows can be reinvested at the internal rate ot 
return. The modified internal rate o f return is calcu
lated by first finding the net present values ot all cash 
outHows using the decision maker's opportunity cost 
ot capital. Second, the future value ot all cash inflows 
are estimated also using the decision maker's opportu
nity cost ot capital. The modified internal rate of 
return :s the discount rate that equates the present

value o f the cash outflows with the future values ot 
cash inHows.

The net present value and modified internal rate ot 
return are the preferred methods. Mutually exclusive 
projects o f similar size w ill be ranked the same with 
each method. However, when size differences among 
the projects occur, the net present value method pro
vides a more consistent indicator o f how an individual 
project w ill affect the overall value o f a firm.

4. Adjustments for Risk in Decision Making
Each o f the five methods discussed in the previous 

section assumes certainty o f future cash Hows. H ow 
ever, considerable uncertainty is present among agri
business firms. Four general methods have been used 
to account for risk in the investment decision frame
work. These include: ( I )  the maximin decision crite
rion, (2) the coefficient o f variation criterion, (3) the 
expected present value criterion with adjusted dis
count rates, and (4) the certainty-equivalent criterion. 
Each o f the methods has drawbacks with the choice 
o f method depending 011 the frequency the decision 
maker is confronted by similar investment decisions, 
the magnitude o f the risk involved, and the decision 
maker's aversion to risk.

The maximin decision criterion uses the maximum 
(or largest) o f the minimum (or smallest) outcomes 
associated with a decision alternative. This criterion 
simply selects the decision alternative with the best 
o f the worst outcomes. The method does not account 
for the probability o fanv o f the outcomes. The coef
ficient o f variation is the ratio o f the standard deviation 
o f possible outcomes divided by the expected present 
value. For the coefficient o f variation criterion, the 
decision maker chooses the decision alternative that 
has the lowest, nonnegative coefficient ot variation. 
This method does not account tor differing degrees 
o f risk aversion.

Another commonly used method is to adjust the 
discount rate for decision alternatives w ith different 
levels o f risk. A problem with this method is the data 
required to estimate the adjusted discount rate. The 
certaintv equivalent criterion involves selecting the 
decision alternative with the highest certainty equiva
lent. I bis criterion incorporates the risk aversion ot 
the decision maker. However, the values that are used 
to estimate a decision maker s utility function and 
certainty equiv alent are subjective and difficult to esti
mate quantitatively.

C. Resource Acquisition in Agriculture
The financial barriers to enter production agriculture 
have increased. Inflation, technological change, and



FINANCE

increases in tarm size have been the primary causes 
ot the increased capital requirements. The combina
tion ot increasing capital requirements and low profit 
margins restricts crop and livestock producers in their 
capacity to acquire control ot' the land, machinery, 
livestock, and other resources necessary to compete. 
The increased capital requirements also limit growth. 
Crop and livestock producers are evaluating and using 
alternative methods o f resource control and man
agement.

Sources o f funds used to acquire control o f re
sources can be broadly classified as debt and equity 
capital. The degree that debt capital is used by a pro
ducer is a key issue. Tax deductibility and cost usually 
favor the use o f debt capital over equity capital, while 
administrative and bankruptcy costs increase as the 
proportion ot debt capital increases. Thus, theoreti
cally each decision maker may have an optimal equi
librium combination o f debt and equity.

1. Equity Capital
The primary source o f equity capital in production 

agriculture is through retained earnings or surplus 
protits kept in the business. Other common sources o f 
equity capital have resulted from gift and inheritances 
from previous generations and pooling o f equity capi
tal through partnerships or corporations.

There are two types o f partnerships common in 
agriculture: general partnerships and limited partner
ships. W ith  general partnerships, each partner is ex
plicitly involved in both ownership and management. 
Furthermore, each partner has unlimited liability for 
obligations incurred by the business and the liabilities 
incurred by other partners. Lim ited partnerships are 
comprised ot limited and general partners. The liabil
ity ot the limited partners is restricted to their invest
ment in the business.

The corporation is a legal entity held as shares or 
claims on the net worth and profit stream o f the busi
ness. W hile  partnerships and sole proprietors dissolve 
upon death, corporations permit continuity over gen
erations. T w o  types o f corporations are important 
in agriculture: Subchapter S and Subchapter C. A 
Subchapter S corporation is limited to 35 stockholders 
and taxed as a partnership. W ith  the Subchapter S 
corporation, all profits are allocated to the stockhold
ers tor income tax purposes. A Subchapter C  corpo
rate stockholder must pay taxes only on the cash divi
dends received and thus, this entity may offer some 
income tax incentives for high-tax-bracket stock
holders.

M any corporations and partnerships are created for 
the purpose o f pooling fam ily equity capital. H o w 
ever, public and private placement ot equity shares 
in production agriculture are becoming more com
mon in agriculture. An example is life insurance com
panies who are becoming more active in acquiring 
equity shares in agricultural operations as well as di
rect investment in agricultural assets as methods to 
diversify pension funds.

2. Leasing
An arrangement com m only used in agriculture is 

the farm lease. The lease basically transfers capital 
from the lessor to the lessee for an agreed period 
o f time. Leasing is a common method tor produc
ers to control farmland. Share leases and cash leases 
are common with real estate leases. W ith  crop- and 
livestock-share leases, the lessor and lessee share in 
the costs and production, whereas the cash lease is 
simply an agreed cash price paid for the rental o f the 
land.

Machinery and equipment leasing is also becoming 
common in agriculture. In agriculture, operating and 
capital leases are used to acquire control o f  machinery 
and equipment. Operating leases are short-term con
tracts ranging from a few hours to a year. Custom  
hiring is a common operating lease arrangement. Cus
tom hiring involves the owner furnishing the ma
chine, operating expenses, and labor. Capital leases 
are longer term arrangements. The financial obliga
tions o f capital leases are quite similar to debt arrange
ments.

3. Contract Production
Agriculture has witnessed strong trends toward in

creasing specialization and coordination at the various 
stages o f the production cycle. The coordination may 
be with successive stages in production and distribu
tion (vertical) or between two or more units o f pro
duction within the same economic stage (horizontal). 
Vertical integration o f input suppliers, proces
sors, and distributors is becoming more common 
in agriculture. An increasing proportion o f assets used 
in the farming sector is being supplied or financed by 
input suppliers, processors, and distributors. Vertical 
integration o f vegetable and fruit industries has been 
in existence for a long time. However, livestock in
dustries such as poultry and hogs are also becoming 
more vertically coordinated. A producer may be able 
to shift price and yield uncertainties to the contracting 
firm with vertical coordination. H ow ever, future
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contractual arrangements create additional uncer
tainties.

4. Debt Capital
Debt capital are funds acquired from financial inter

mediaries. Costs include interest costs, fees, and clos
ing costs. Interest costs are fully tax deductible and 
thus, w ill typically carry a lower cost than equity 
capital. Debt capital is typically distinguished between 
operating debt and term debt. Operating debt is used 
to finance the purchase ot operating inputs while term 
debt is often used to finance depreciable assets and 
farm real estate. Operating debt is typically repaid 
during the production cycle while term debt is paid 
over several years.

D. Financial Analysis of Agricultural Producers

The traditional accounting practices followed by 
many crop and livestock producers have traditionally 
been both informal and simplistic. However, the in
creasing use o f debt capital and the formation o f more 
complex organizational structures have increased the 
need o f standardization o f financial records for crop 
and livestock producers.

1. Accounting Practices
In conjunction with the 1987 Agricultural Credit 

Act, a presidentially appointed commission on ag
ricultural finance emphasized the need for greater 
standardization o f financial reports and analysis o f the 
farm industry. As a result, the Agricultural Division 
o f the American Bankers Association formed a task 
force o f representatives from lending institutions, aca
demic institutions, regulatory agencies, computer 
software firms, the farm management consulting in
dustry, and the accounting industry. The Farm Finan
cial Standards Task Force (F F ST F ) provided guide
lines regarding the reporting o f financial information 
for farm businesses.

The four financial statements recommended by the 
F F S T F  include: (1) the balance sheet, (2) the income 
statement, (3) the statement o f cash flows, and (4) the 
statement o f owner equity. These four statements arc 
linked to provide a coordinated information system. 
The balance sheet is a systematic listing of all items 
owned by a business (assets) and the levels ot debt 
and equity used to acquire the assets. The income 
statement is a summary o f the revenue and expendi
tures o f the business over a specified period of time. 
The statement o f cash flows is a detailed summary ot 
the cash inflows and outflows over a specified period

o f time. The cash inflows and outflows are separated 
according to operating, financing, and investment ac
tivities o f the firm. The statement o f owner equity 
reconciles the change o f equity from one period to 
the next.

Each o f these statements may be prepared on a 
historical basis or a pro forma (projected) basis. These 
financial statements organize the data needed to ana
lyze the risk and performance o f the business. The 
primary areas o f analysis include solvency, profitabil
ity, liquidity, repayment capacity, and financial effi
ciency. Solvency measures the level o f debt relative 
to the equity capital or the overall capital o f a business. 
Profitability is the ability o f the firm to generate earn
ings while liquidity relates to the firm ’s capacity to 
generate cash to meet financial commitments without 
loss o f value. Repayment capacity measures relate 
cash generated by the operation to cash obligations 
o f the firm. Financial efficiency measures refer to the 
utilization o f assets w ithin the business. Other finan
cial efficiency measures relate operating and financing 
expenses to total production.

2. Credit Scoring
Financial statements and financial ratios measure 

the degree o f financial risk faced by a crop or livestock 
producer. Crop and livestock producers use the mea
sures to monitor financial strength and future growth 
capabilities while financial intermediaries use the mea
sures to determine credit worthiness o f an operation.

More formal methods o f credit evaluation are cur
rently being implemented by agricultural lenders. 
Credit scoring models have been developed through 
lender’s experiences as well as statistical methods. The 
lender-cxpcriencc models are formulated by lenders 
based on historical observations o f variables that are 
related to overall loan performance. Statistical devel
opment o f a credit scoring model involves the mathe
matical representation o f a group o f subjective and 
objective independent variables into an equation that 
determines the credit worthiness o f a business. The 
objective variables often include collateral amount, 
financial ratios, production efficiency measures, and 
trend values o f financial measures. Management abil
ity is a common subjective measure included in credit 
scoring models. The subjective component often 
allows the lender more flexibility to adjust the model 
results in order to compensate for poor objective com
ponents. The applications o f credit scoring models 
include determination o f credit acceptance, loan pric
ing based on riskiness of the loan, establishment ot 
loan loss provisions, and loan portfolio monitoring.
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I lie dcpcndcncc 011 the model results varies among 
lenders. In some cases, model results are used as the 
sole determinant 111 the decision process, while other 
lenders use the results in conjunction with other cri
teria.

The statistical approaches used to determine the 
variables and their respective coefficients include lin
ear regression, discriminant analysis, and logistic re
gression. The independent variables include various 
financial, economic, and subjective variables while 
the dependent variable is a measure o f historical loan 
performance-, in general, results indicate that the inde
pendent variables selected and their respective coeffi
cients differ substantially across studies and are very 
sensitive to the data sample.

E. Providers of Debt Capital

The major sources o f debt capital to agriculture in
clude: (1) commercial banks, (2) the Farm Credit Sys
tem, (3) life insurance companies, (4) Farmers Home 
Administration (F m H A ), (5) farm-related trade and 
agribusinesses, (6) individuals, and (7) Farmer Mac.
F.ach ot these sources play a vital role in providing 
debt capital to agriculture. However, sources o f 
funds, regulatory constraints, and individual risks 
faced by each are different.

The amount o f farm debt outstanding, excluding 
operator household debt, at the end o f 1992 was 
$139.7 billion. O 11 December 31, 1992, commercial 
banks held 37.3% o f all farm loans with the Farm 
Credit System holding 25.3%. This is a significant 
shift in market shares from 19X2 when commercial 
banks held 22.2% and the Farm Credit System held 
34.0%. A large reason tor the shift in market shares 
has been the increased emphasis o f commercial banks 
i)n farm real estate lending. The market share o f farm 
real estate debt by commercial banks has increased 
from 7 %  in 1982 to 25%  by year-end 1992. The 
market share for the Farm Credit System declined 
from 43 to 33%  over the same time period.

Currently, the major issues involving providers o f 
debt capital to agriculture include: (1) the role and 
performance o f the Farm Credit System, (2) consoli
dation activities o f commercial banks, (3) the in
creased competitive position o f nontraditional lend
ers, (4) the role and viability o f Farmer Mac, and
(5) the transition o f government-sponsored lending.

1. Role and Performance of the 
Farm Credit System

The Farm Credit System are federally chartered, 
privately owned service and lending institutions. One

objective ot the charter is to im prove the income 
and well-being ot crop and livestock producers by 
furnishing competitively priced credit and related ser
vices to credit-worthy borrowers through all eco
nomic conditions.

The primary source o f funds tor the Farm Credit 
System district banks and banks tor cooperatives is 
obtained through the sale ot system-wide securities 
111 the national financial markets. The Federal Farm 
Credit Bank Funding Corporation is responsible for 
selling the securities. The securities are treated as G o v 
ernmental Agency Securities and trade at 20 to 50 
basis points above U .S . Treasury securities. Equity 
capital o f the various cooperatively controlled banks 
and associations is obtained by sale ot stock to bor
rowers and through retained earnings. The banks are 
regulated by the Farm Credit Administration.

During the early 1980s, the Farm Credit System 
experienced severe financial problems. The System ’s 
capital and surplus declined over $6.1 billion in 1985 
and 1986. The problem involved loan losses resulting 
from producers' financial problems as well as low 
ering net interest margins. The Farm Credit System 
held a large volume o f long-term securities at high 
interest rates while current market rates on loans were 
low. As a result, 111 December o f 1987 the U .S . C on 
gress passed the Agricultural Credit Act o f 1987. The 
major provisions included restructuring options o f 
the Farm Credit System, federal financial assistance, 
greater flexibility in capitalizing the system, and cre
ation o f an insurance fund.

Currently, most o f the Farm Credit System institu
tions have restored the soundness o f their operations: 
Restructuring o f the System’s banks and lending asso
ciations is continuing as these institutions seek greater 
efficiency and risk-bearing capacity in their lending 
operations. O n January 1, 1988, there were 12 districts 
with a total o f 377 associations. O n  April 1, 1994, 
there were 8 districts, and 238 associations. The im 
pact the corporate restructuring o f the Farm Credit 
System has 011 the delivery o f debt capital to farm 
and ranch borrowers has also received considerable 
interest among policy makers, academicians, credit 
institutions, and borrowers themselves.

2. Consolidation Activities of 
Commercial Banks

Considerable consolidation has occurred w ithin the 
commercial banking industry. O ver 3500 mergers 
and acquisitions o f commercial banks have occurred 
since 1980. The total value o f these merger and acqui
sition activities since 1980 has exceeded S120 billion.
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The hank merger and acquisition activity was higher 
than any other industry over this time period. As 
a result of changes in federal and state legislation, 
interstate acquisitions by bank holding companies 
have been a large part o f this acquisition activity. As 
more states liberalize geographical expansion regula
tions, interstate banking is expected to increase.

The growth o f mergers and acquisitions in the 
banking industry has been accompanied by a multi
tude o f theories and philosophies debating the 
rationality and public benefits o f this expansion activ
ity. Opponents o f bank combinations suggest that 
undue concentration may inhibit competitive forces 
and thus, increase monopoly elements in the econ
omy. In addition, opponents in rural areas argue that 
acquisitions often result in locally disinterested inter
mediation activities and decisions. Some o f the ac
tivities suggested by adversaries o f bank expansion 
include siphoning deposits out of rural areas, ware
housing out-of-market loans at the subsidiaries, and 
allocating nonproportional operating expenses to sub
sidiaries. These adverse activities could result in 
higher credit costs to borrowers or reduced credit 
availability to agriculture and other small businesses 
m local communities. Advocates o f bank expansion 
suggest that combinations will benefit society by re
ducing inefficiencies in the banking system through 
resource reallocation. The potential for geographical 
and product diversification also exists. In addition, 
local community services may he enhanced by addi
tional services available through larger institutions.

The consequences o fthe heightened consolidation 
ot the banking industry are essential components in 
the agricultural economy as well as the national econ
omy. The banking industry comprises almost 25%  o f 
the U .S . Finance, Insurance, and Real Estate Services 
sector ot the national income and product accounts 
while commercial banks hold over S52 billion o f ag
ricultural debt outstanding. As a result, estimations 
ot inefficiencies within the banking industry and the 
evaluation o f the changes in competitive forces due 
to structural shifts within the banking industry are 
research areas receiving considerable attention among 
researchers in agricultural finance.

3. Increased Competitive Position of 
Nontraditional Lenders

Another current issue in agricultural finance relates 
to the emergence o f other nontraditional lenders. Ver
tical integration is becoming more prevalent in some 
areas o f production agriculture, especially in the live
stock sector The vertically integrated firms are typi

cally much larger and more complex than the tradi
tional family-operated businesses. Furthermore, 
credit demands for these firms are also different. In 
many cases the small-community bank and the Farm 
Credit System have been unable to meet the credit 
demands o f these firms. Therefore, these firms have 
accessed nontraditional sources o f capital through 
large commercial banks or investment banking firms.

Other nontraditional lending sources are also be
coming more competitive. These nontraditional lend
ers include input supply firms and farm implement 
dealers. Loans from these firms are typically derived 
from the purchase o f a farm input or product. H o w 
ever. these firms are also expanding into operating 
lines o f credit. The facilitation o f sales, convenience 
to borrowers, and profitability are primary motiva
tions for these firms to offer credit. Compared to the 
highly regulated banking industry and Farm Credit 
System, these nontraditional firms face few regula
tory hurdles. Opponents o f these firms often argue 
that an unfair playing field exists. The evaluation of 
the competitiveness and viability ot these firms to 
deliver debt capital to crop and livestock producers 
is an emerging concern in agricultural finance.

4. The Role and Viability of Farmer Mac
A secondary market for farm real estate mortgages 

was authorized by the Agricultural Credit Act o f 
19K7. The secondary market operates under the juris
diction o fthe  Federal Agricultural Mortgage Corpo
ration and is regulated by the Farm Credit Adminis
tration. I  he objectives o f the program are: (1) to 
increase the availability o f long-term debt capital to 
crop and livestock producers at stable interest rates,
(2) to provide greater liquidity and lending capacity 
in extending debt capital to crop and livestock produc
ers, (3) to facilitate investments in agriculture by pro
viding access to fixed rate, long-term lending, and
(4) to improve availability o f debt capital tor rural 
housing.

The basic operation o f the program is that a finan
cial institution (loan originator) completes a loan to 
a qualified agricultural borrower that meets Farmer 
Mac's underwriting standards. A certified pooler w ill 
purchase part or all o fthe  loan. Servicing may con
tinue with the originator or move to the pooler or a 
third party. The poolci combines originated loans 
into pools and issues mortgage-backed securities or 
pooled-participation certificates for private or public 
decision makers to purchase. O n January 1, 1993, 
the seven certified poolers were composed o f four
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affiliated with life insurant'u companies. two sccuritv 
companies, ,i ik I one Farm Credit Hank.

Farmer Mac is also involved in the secondary loan 
sales ot loans guaranteed by the Fanner's I lome Ad 
ministration. This program is referred to as Farmer 
Mac II. Under this program Farmer Mac serves as a 
pooler tor the guaranteed portion of loans sold bv 
originating lenders.

Farmer Mac has been very slow to develop. At the 
end ot 1992, only tour pools totaling SfiSl million had 
been established. The liquidity and competitiveness of 
other lenders have reduced the loan demand for the 
product. Increased loan demand is essential for Farmer 
Mac to become a cost-effective and viable source o f 
long-term debt capital for agriculture.

5. The Transition of
Government-Sponsored Lending

As an agency ot the United States Department of 
Agriculture, the F m llA  serves as a source ot debt 
capital tor rural Americans. The agency, often termed 
the lender ot last resort, is a decentralized network 
with over 19(10 county offices, more than 200 district 
offices, and 4(> state offices. I n iH A  makes loans to 
qualified applicants who have experience m farming 
and ranching, are the owners or operators o f a farm 
or ranch at the time ot the loan, and whose livelihoods 
depend on tanning or ranching.

Concerns have surfaced regarding government 
subsidies which has tocused increased interest on re
ducing F m llA  direct lending and increasing its em
phasis on loan guarantees. In 1992. Fin FI A guaranteed 
loan obligations accounted for S I .(t billion or 67.9% 
ot its total loan program. Loan guarantees transfers 
the funding and loan administration to private lenders 
and provides greater flexibility in loan pricing.

II. M acro Agricultural Finance

Flic second major area o f emphasis in agricultural 
finance reflects an aggregate or "m acro " view  o f the 
economic performance and financial structure o f our 
nation’s farms and ranches and their relationship to 
other sectors in the general ccononiv. Information on 
macro agricultural finance developments is o f interest 
to macro economic policy makers, farm com modity 
policy makers, financial institutions, agribusinesses, 
and rural development specialists. | .See M acki e c o 
n o m ic s  oi W ohi i) Acam.c i rum:. |

A. Sector Economic Accounting

An important foundation to macro agricultural fi
nance has been the development ot a system ot eco
nomic accounts for agriculture. Most economists are 
familiar with the national income and product ac
counts maintained bv the U . S. Department ot C o m 
merce and the How ot funds accounts and national 
balance sheet maintained by the Federal Reserve Sys
tem. Few. however, are likely aware ot the role the 
U. S. Department ot Agriculture plays in supplying 
the sectoral information tor agriculture incorporated 
in these national accounts, or the applications agricul
tural economists make ot these sectoral data. The set 
ot economic accounts tor agriculture, developed and 
maintained largely by the U . S. Department o f Agri
culture, not only provides input to the national in
come and product accounts and other aggregate ac
counts. but also represents a major source o f data 
to descriptive and quantitative behavioral research in 
agricultural finance.

1. Sector Income Account
I lie U .S . Department ot Agriculture's sector in

come account dates back to the early 1900s. This 
account has expanded over the years to provide de
tailed information on cash receipts from farm market
ings o f crop and livestock commodities, government 
payments received by producers, and other sources 
ot farm-related income. This account also provides 
detailed information on specific categories ot cash 
farm production expenses, capital consumption, and 
capital expenditures for such durable inputs as tractors 
and other farm machinery and equipment, trucks, 
and farm structures. Figure 4 shows the historical 
trends in nominal and real net farm income (i.e., ad
justed for inflation) reported m the sector income ac
count. This figure shows that, while nominal net farm 
income increased sharply in the 1980s, the purchasing 
power of net farm income did not. In fact, real net 
farm income of S4.95 billion in 1983 approached the 
purchasing power ot net farm income during the 
(ire.it Depression in the early 1930s.

2. Sector Balance Sheet Account
The U . S. Department of Agriculture began to 

publish a balance sheet for agriculture in the 1940s. 
This statement presents a measure o f wealth o f farm 
businesses as ot December 31st each year. The asset 
coverage in this account includes the value o f farm
land, farm buildings, livestock on farms, crop inven
tories. farm machinery, and other farm inputs. This
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FIGURE 4 Nominal and real net farm income

coverage also includes financial assets held for farm 
business purposes. The liability side ot the balance 
sheet provides information on ycar-end real estate and 
nonreal estate debt owed by producers. The debt-to- 
asset ratio published with this account represented the 
major aggregative financial indicator used by analysts 
for many years.

In addition to these sector accounts published at 
the national level in its Economic Indicators for the l-'iirin 
Sector series, the U . S. Department o f Agriculture 
also periodically publishes the income and balance 
sheet accounts on a state basis for those desiring to 
conduct regional- or state-level analyses. Other re
lated data important to macro agricultural finance re
searchers contained in this publication series include 
measures o f productivity and efficiency, costs o f pro
duction for crop and livestock operations, and trends 
in agricultural resources. Figure 5 illustrates the his
torical trends in nominal and real net worth o f farms 
and ranches nationwide presented in the sector balance 
sheet account. The S200 billion loss in nominal net 
worth during the financial stress period ot the mid- 
m i  >s had largely been made up by the end ot 1992.

3. Other Accounts
The income and balance sheet accounts provided 

the basis for the development o f other accounts such

as a sources and uses o f funds or cash How statement 
for agriculture. This account, developed in the early 
1970s, illustrates the financing o f farm and ranch oper
ations as well as their expansion. This account permit
ted the measurement o f a variety o f analytical ratios 
designed to monitor the financial performance and 
financial strength o f  agriculture. These ratios, which 
include a financial leverage index and a times interest 
earned ratio, gained increased attention in the early 
19X0s as agriculture underwent a severe financial cri
sis. Among the lessons learned from this experience 
was the need to rely on more than the debt-to-asset 
ratio when assessing financial well-being. Today the 
U . S. Department o f Agriculture publishes a wide 
variety o f financial ratios focusing on both flow and 
stock relationships which enable users o f these ac
counts to stay abreast o f financial stress pressures in 
agriculture.

4. Research Applications
The information contained in the U . S. Department 

o f Agriculture's sector economic accounts not only 
is vital to current situation analysis, but also represents 
a major input to research designed to project the ef
fects that a broad range ot macro economic, farm 
commodity, and international trade policies have 
upon the economic growth and financial performance



FINANCE
199

Billion $

Y ea r

FIGURE 5 Nominal and real net worth.

o f agriculture. Researchers dating back to the early 
1950s have been developing computer-based models 
o f agricultural activity using, to varying degrees, in
formation contained in these and related accounts 
published in the Economic Indicators of the luinn Sector 
series by the U . S. Department o f Agriculture.

B. Aggregate Investment and 
Financing Behavior

A second dimension to macro agricultural finance 
research has to do w ith understanding and projecting 
aggregate investment and financing behavior in agri
culture. Considerable resources have been committed 
to modeling these aggregate flows o f funds over the 
post-World W ar II period in both the public and pri
vate sectors.

1. Modeling Farm Investment Behavior
Early  studies o f aggregate investment behavior in 

agriculture focused principally on expenditures for 
farm tractors. M any o f these studies made overly 
simplifying assumptions w ith respect to the cost o f 
capital and measurement o f capital stocks and flows 
of depreciable assets like farm tractors. More recent 
research efforts have expanded coverage o f the cost 
of capital to include not only the purchase price o f

the capital input and the interest rate on farm loans, 
but also other arguments included in the implicit 
rental price o f capital (e.g., price o f the good, cost o f 
debt capital, cost o f equity capital, the ordinary in
come tax rate, the investment tax credit rate, tax de
preciation allowances, and the physical deterioration 
o f the input’s productive capacity). This allows re
searchers to capture the direct and indirect effects ot 
changes in monetary and fiscal policy on the demand 
for farm tractors and other durable capital inputs.

Farmland has traditionally accounted for over two- 
thirds o f the value of all farm business assets (e.g., 
farmland represented 74%  o f total farm asset values 
at the end o f 1992). Relatively few studies have fo
cused on the rate at which real estate is transferred 
by discontinuing proprietors and to what degree this 
land remains in agriculture. The capital flow associ
ated with these transfers is a significant use ot funds 
in the sector cash flow statement, and requires the 
use o f considerable debt capital. One determinant o f 
this cash flow has received a great deal o f attention: the 
price o f farmland. These studies have used methods 
ranging from those projecting current farmland val
ues based largely on land values observed in the previ
ous period to studies which have modeled the entire 
land market. The ability to project farmland prices 
enables policy makers, lenders, and others to see how
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specific events might .titer the demand tor debt capital 
in agriculture ami the financial strength ot crop am) 
livestock producers.

2. Modeling Farm Financing Behavior
The use ot debt capital relative to internal equity 

capital has changed dramatically over the years, as 
economic conditions changed, as financial intermedi
aries serving agriculture and as capital requirements 
ot crop and livestock producers changed. Focusing 
on the time period since the end ot World W ar II. we 
have seen the relative importance ot debt capital as a 
means to finance farm capital expenditures increase 
from a secondary role to a dominant role. This has 
allowed agriculture to expand and to adopt emerging 
technologies more rapidly than it might have other
wise. In a sector which is a s  highly capitalized (e.g.. 
value o f assets per worker) .is agriculture, expanded 
use ot financial leverage translates into billions ot dol
lars in farm debt outstanding. At the end ot l ‘W2, tor 
example, total tarm debt outstanding, according to 
the sector balance sheet discussed previously, was 
S I41) billion. Total farm debt outstanding reached a 
peak ot nearly S2<M) billion in the early I'Wiis. but tell 
to approximately SI4n billion by the beginning ot
p m .

A major reason for this decline in tarm debt out
standing was the economic shock experienced by both 
borrowers and lenders during the early ! ‘>SOs which 
had its origin in the macro economic policies adopted 
in Washington. These policies led to rising interest 
rates and a stronger dollar relative to the currencies 
o f our major agricultural trading partners. This trans
lated into declining net farm incomes and net worth 
levels, and a high degree ot financial stress tor those 
borrowers who expanded their operations during the 
l‘>70s with the help o f variable rate mortgages. This 
stress led to rising loan default rates at rural commer
cial banks and other financial intermediaries serving 
agriculture. The result has been increased internal and 
external credit rationing as both borrowers and lend
ers positioned themselves for the I Wits. Lenders be
gan to place greater emphasis on the cash Hows gener
ated by loans as opposed to the collateral value ot 
assets securing the loan. Lenders also increased equity 
requirements on loans made and shortened the lengths 
ot loans made. Borrowers attempted to lower their 
exposure to financial risk by retiring loans early, and 
to ration their use ot additional debt capital.

The market shares ot the financial intermediaries 
providing loan limds to producers m the United States 
have also been the subject ot agricultural finance re

search. The focus has been on the roles played by 
public versus private lenders, the individual roles 
plaved bv commercial banks, the Farm Credit Sys
tem. and other lenders, and on alternative approaches 
to projecting future net flows o f loan funds and year- 
end debt outstanding.

Attempts to model the annual net Hows ot loan 
funds in agriculture over a protracted period ot time 
have been both varied and largely unsuccessful. Previ
ous approaches have ranged trom determining the 
total amount ot net new money required atter 
applying available internal equity capital to determin
ing the individual market shares ot specific financial 
intermediaries serving agriculture. Jh c  growing di
chotomy in agriculture (a larger number ot large busi
nesses. a larger number o f small part-time operations, 
and a shrinking number ot mid-sized farms), the 
changing structure ot financial markets, and the fi
nancial crisis experienced m the IVSOs have made pre
dicting the relative market shares ot specific financial 
intermediaries extremely difficult.

C. Linkages to Rest of Economy

Previous mention was made ot the effects that macro 
economic policies have upon the financial strength 
and performance o f agriculture and the financial inter
mediaries who supply producers with loan funds. Re
searchers focusing on modeling the potential impact 
of these policies have to decide to what degree they 
want to endogenize the interface between agriculture 
and the rest o f the economy. This issue can be viewed 
from two perspectives: ( I ) the interface between agri
culture and the domestic economy and (2) the inter
face between agriculture and the world economy.

1. Domestic Interface
The interface between agriculture and the domestic 

economy occurs in the markets m which producers 
acquire inputs (including loan funds) as well as the 
markets m which they sell their products. Further
more. police actions and other economic shocks oc
curring outside agriculture can be transmitted to crop 
and livestock producers in these markets. For exam
ple. research has shown that monetary policy directly 
affects the current operations and growth ot agricul
ture through the cost and availability o f loan funds. 
I bis represents a direct linkage between the policy

1 I Ik -  f i r m 1 lnii i'.r.itiil firm s in the I’ lm U r. rnrkev. . u u l  lu > u  

businesses livq ue iitlv  ciK io^vnii'c in.inv o i tliese iol.itionsln|is 
A itlim  tlio firm  iluT i’bv imrs.visins' the ctticiciH y ot their opir.i-
t U  i l l s
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action .mil the farm borrower. I liis same monetary 
policy, however, has an impact 011 other sectors ot 
the economy as well, and can thus alter the general 
equilibrium levels ot prices in all markets, including 
those in which producers buy inputs and sell products.
I his is important because crop and livestock produc
ers are typically price takers in both markets. For 
example, macro economic policy which alters interest 
rates in the economy affects not only farm production 
costs in the form o f higher interest payments, but 
also farm revenue through the effects that changing 
exchange rates have upon agricultural trade Hows. 
Contractionary monetary policy actions, which raise 
interest rates and exchange rates, has been shown to 
depress net farm incomes as well as farmland values, 
and thereby lower real farm net worth over time. 
This, in combination with expansionary fiscal policy 
which also puts upward pressure on interest rates, is 
precisely what occurred 111 the early IMKOs and led to 
the financial crisis in agriculture which saw interest 
expenses rise, exports shrink, incomes fall, invest
ments decline, and net worths plummet.

A variety ot approaches have been taken to model
ing this interface over time. The first generation o f 
models attempting to capture this interface can be 
referred to as “ stand alone" models because they 
would: (1) take .1 multi-year baseline o f macro eco
nomic activity as input to an agricultural sector model 
but (2) ignore the potential that events in agriculture 
over the period would have any impact 011 the macro 
economic baseline. For example. .111 increase in the 
price ot beet in the current year would have 1 1 0  vftcit 
on the food component o f the Consumer Price Index. 
A second generation o f models attempting to capture 
the interface between agriculture and the general 
economy are recursive 111 nature. W hile events in agri
culture are allowed to alter projections o f macro eco
nomic activity, they do so with a one period lag. 
Here, an increase in the price o f beef in the current 
year would not show up in the food component o f 
the Consumer Price Index until the followim; yi\ir. A 
third model approach has been tit treat the linkages 
between agriculture and the rest o f  the economy in a 
simultaneous fashion. This means an increase in the 
price ot beef in the current year would affect the 
Consumer Price Index in the in rm il year. W ith the 
added complexity o f the second and third approaches 
comes additional requirements to develop and main
tain larger, more comprehensive models. The choice 
ot approach dictates the extent to which one can ad
dress the full effects o f a change in policy.

2. International Interface
Mention was made in the previous paragraph o f 

exchange rate effects on agricultural trade Hows and 
the impact this has been shown to have upon farm 
income. Considerable attention 111 the literature has 
been given to modeling international agricultural 
trade Hows, including the effects that changes 111 for
eign currency exchange rates have on net exports tit 
major crops like wheat and corn. The implications 
tor finance are that higher exchange rates depress sales 
ot domestic production overseas, cause stocks to accu
mulate, and depress U . S. grain prices. 71ns has a 
negative impact 011 net income ot crop producers, but 
lowers the costs o f production to livestock producers. 
In addition to exchange rate effects, barriers to trade 
in the form o f tariffs and marketing quotas also affect 
the growth 111 profits, net worth, and the liquidity 
and solvency o f farming and ranching operations. The 
advent o f regional trading blocks like that envisioned 
by the North American Free Trade Agreement 
(N A F T A ) will likely bring additional focus to the 
financial implications o f international agricultural 
trade.

D. Evaluation of Policy Impacts

An important dimension to macro agricultural finance 
is the impact that macro economic, farm commodity, 
international trade, and other policies have upon pro
ducers as well as the rest o f the food and fiber system. 
In discussing each ot these areas, it is important to 
distinguish between the general impacts o f these poli
cies in addition to their financial implications.

1. Macro-economic Policy Impacts
Macro economic policy makers want to know the 

likely effects o f their actions not only 011 the general 
economy, but also 011 specific sectors in the economy 
like agriculture. Not all sectors are affected the same 
when a policy change or economic shock occurs in 
the economy. Perhaps 110 other sector exhibits the 
unique direct and indirect effects from a macro eco
nomic shock as agriculture. O f  interest here is the 
fact that a large share o f the “ cause and effect' is 
financial in nature. Table 1 summarizes the short run 
effects specific combinations ot monetary policy are 
hypothesized to have upon agriculture.

2. Farm Commodity Policy Impacts
Farm commodity policy also has unique effects on 

agriculture. Low commodity prices have traditionally 
meant higher deficiency payments paid to producers
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TABLE I
Short-Run Effects of Policy Actions on Agriculture

202 -----------------------------------------------------------------------------------------

Expansionary Contractionary

Monetarv Fiscal Monetary Fiscal
Policy effects on policy (1) policy (2) policy (3) policy (4)

Farm crop prices 
1 )omestic demand Raise Raise Lower Lower
Export demand Raise Lower Lower Raise
Net impact Raise- Low erJ Lower Raise-1

Farm livestock prices Lower Raise' Raise L o w e r '
Farm input prices Raise Raise Lower Lower
Farm interest rates Lower Raise Raise Lower
Net farm income Raise Lower* Lower Raise*
Farmland prices Raise Lower* Lower Raise

' 1 )irection o f change is not unambiguous, but rather conditional upon the relative
market share tor export demand and relative price elasticity o f export demand. A
relatively high market share for exports and/or relatively• high price elasticity of export
demand is assumed. 
h Assumes the impact oil crop prices and interest payments offsets the impact on
livestock prices when calculating net farm income both tor crop and livestock producers. 
I )cticicncy payments are held constant here.

Assumes the impact on crop prices and interest rates ottscrs the impact on livestock 
prices when calculating farm land prices.

participating in federal farm programs. These policies 
affect sales activity in forwardly and backwardly 
linked sectors as well as the level o f government 
spending. For example, policies which idle productive 
resources in agriculture have a dampening effect on 
tractor sales by equipment manufacturers. This low 
ers employment and output by these manufacturers 
and results in less economic activity at local dealer
ships. These policies also get translated into farmland 
values, which in turn affect the net worth positions 
o f borrowers from commercial banks and other farm 
lenders. Adverse trends in agriculture have been 
shown to influence the stability o f lenders closely tied 
to agriculture, the borrowers and depositors at these 
financial institutions, the level o f local nonfarm busi
ness activity, and the tax base from which rural gov
ernments are financed.

3. Resource Policy Impacts
Agriculture is a dominant user o f our nation's natu

ral resources, such as water, timber, and land. N u 
merous government agencies such as the Environ
mental Protection Agency, the U . S. Department ot 
Agriculture, and the U . S. Department o f  the Interior 
have supervisory jurisdiction over the use o f these 
resources. In recent years many have become con
cerned w ith pollutants in water supplies and carcino
gens in uur tood supply caused by agricultural pro

duction practices. Resource policy concerns have led 
some to propose a ban on the use ot specific agricul
tural chemicals in the production o f tood grains and 
other crops. Research has shown, however, that the 
resulting drop 111 yields per acre would have different 
financial implications for crop and livestock producers 
in different regions in the country. Net farm income 
at the national level was shown in a recent study to 
increase marginally under these policies. C rop pro
ducers, particularly those in the corn belt, would ben
efit economically from a chemical use ban at the ex
pense o f livestock producers who would face higher 
feed grain and protein prices. The financial perfor
mance and position o f farm borrowers would vary 
accordingly, w ith crop producers in northern regions 
faring better than crop producers in the more temper
ate southern regions, and with crop producers in gen
eral doing better financially than livestock producers.

4. Trade Policy Impacts
Policies which reduce barriers to trade should bene

fit highlv efficient crop and livestock producers in the 
United States. Producers o f specific crop and livestock 
products stand to gain from the North American Free 
Trade Agreement (N A F T A ) while others may lose. 
The successful completion ot the Uruguay Round ot 
the General Agreement on Tariff and Trade (G A T T ) 
negotiations, which placed heavy emphasis on agri
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culture, is also seen as important to strong interna
tional trade Hows. Increased U. S. agricultural exports 
led to higher net incomes and enhanced debt repay
ment capacity ot producers o f the crop or livestock 
product being traded.
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Glossary

C ro p  m o d elin g  Analysis o f  the various environ
mental (light. temperature, gases, and relative humid
ity) and physical (media, nutrition, and water) factors 
which regulate growth; it is used to develop mathe
matical equations tor predicting plant growth under 
a wide array o f environmental conditions 
D ouble  g lazing  o f  greenhouses T wo layers o f a 
covering (plastic/glass) with a still area in between 
the two layers which allows visible light to penetrate 
into the greenhouse but significantly lowers the re
radiation ot heat waves back into the sky 
En d o g en o u s g ro w th  substances 1 lormones are 
naturally occurring chemicals which regulate one or 
more steps in the growth processes; there are five 
recognized classes ot hormones for plants— cytoki- 
nins, ethylene, auxins, gibberellins. and abscisic acid 
E th y len e  Naturally occurring or made chemical that 
blocks or promotes the effects o fC H > = C H , 011 the 
many processes ot plants
G enetic  engineering  Applied field o f science 
w hereby scientific principles are used to discover new 
methodology and instrumentation to produce new 
forms ot and uses for biological entities 
H ID  High -intensity discharge lamps are marketed 
under the names o f metal halide and bigh-nressurc 
sodium; they are currently the most efficient and lon
gest burning sources to create visible light from elec
tricity for plant growth
Intellectual properties B y  the processes o f inven
tion and interpretation, an individual or a team pro

poses and patents plants, processes arts, oral, visual, 
or written creations of the mind
M icro p ro p ag atio n  Utilizes the most advanced 
technology of producing new plants: Tissues trom 
specific parts o f the plant are excised, made sterile, 
and placed in a sterile vial tilled with a sterile medium 
which has been fortified with sugars, mineral ions, 
and chemical growth factors; the closed vial is held 
in a standardized environment where the cells divide, 
organize, and eventually develop roots, leaves, and 
stems
Ph o to p e rio d  Controls the growth and development 
ot a wide range o f plants; plants are classified into 
three major types: ( I )  Day natural (no response to 
day length), (2) short day (responses favored by de
creasing day length), (3) long day (responses favored 
by increasing day length)
P h y t o c h r o m c  (plant p ig m en t)  The blue photo- 
reversible pigment, extracted trom green plants, 
which detects the active or inactive forms of the 
growth controlling substances (germination, elonga
tion. branching, flowering, and many other phe
nomena)
P h y to -san itary  standards By  the process o f antici
pating the risks or the chances o f injury, scientists 
establish the methods to certify that plants have ac
ceptable limits ot pests
P o stp ro d u ctio n  Practices that deal with the pro
cesses and factors which influence the longevity and 
quality o f plants
T h e rm a l  blankets Energy-conserving covering 
placed over plants, between the structure covering 
and the plants, to block the re-radiation o f heat from 
plants back into the sky

Flo ricu ltu re  is the science and practice ot growing, 
harvesting, storing, designing, marketing, and ex
porting o f foliage and flowering plants as cut or 
container-grown plants. The plant products o f flori-
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culturc arc used in the care and making ot home gar
dens, market gardens, flower shops, garden centers, 
supermarkets, and greenhouses. The products ot'flo
riculture are used in floral displays/git'ts for weddings, 
funerals, births, and other traditional ceremonies. 
They provide the plant-raising phase tor landscaping 
parks, estates, and botanical gardens. The plants are 
also involved in the interior landscaping o f public and 
private spaces, the revival ot old heritage cultivars. 
habitat restoration, and the commercialization o f na
tive or collected plants. To  grow a great range ot 
plant species successfully, the floriculturist must learn 
how to ward o ff pest and stress conditions. This re
quires careful selection o f cultivars, cultural proce
dures. and adaptations on thousands o f species. The 
floriculturist must be aware o f plant geography, cli
mate, and global climate change in creating produc
tion facilities and where the plants ultimately w ill be 
grown. They must also be proficient in the exact 
identification o f the species involved, and their poten
tial tor breeding by traditional or genetic engineering 
means. Floriculture is an avocation tor more people 
than any other knul o f hobby in the world and is 
represented by numerous general or specialized or
ganizations and societies. It is also the most rap
idly developing segment of agriculture, producing 
S8.145 billion at the farmer cash receipts in I WO.

I. Statistics

Statistics on the cash farm value ot floriculture are 
confused with receipts from landscape, nursery, and 
arborists sales. The 1990 value o f just the floriculture 
segment was S2.77 billion, up 10% from 1989 and 
up 23%  from 1988. These records are incomplete 
numbers. They represent only a survey o f 28 crops 
from 28 states. The true size o f the industry is un
known, but is projected to be almost S5.0 billion. 
There are currently 41.000 florist shops nationwide, 
increasing by 635 shops per year. There are also many 
other outlets for florist crops and its serv ices. Thus, 
no one knows its true size and it is often not included 
m with traditional agriculture. Some states in the 
United States do not recognize floriculture as bona 
tide agriculture. W e also do not know its total eco
nomic impact, particularly associated servic e indus
tries. such as grounds maintenance, interior landscap
ing. and seedling plug production. P.stimatcs as high 
as S45 billion are suggested by some economists.

The entire florist and nursery sector. (F£\ N ) includ
ing floral crops, sod. nursery, arbor, and bedding

plant, totals over S8 .145 billion in farm value. It ranks, 
collectively, behind corn and soybeans but ahead ot 
wheat, cotton, and tobacco. F& N  continued to out
pace all other major farm sectors, by 7 %  over 1989, 
and contributes 10% o f all farm crop cash receipts. 
It ranked seventh among all commodity groups and 
in 21 states it ranked in the top five commodities in 
cash receipts. It thus, along with nursery or arbor 
crops, is the only sector o f agriculture that otters 
employment, land use, production, and sales in all 50 
states and 83.000 local jurisdictions. Floriculture (and 
the green industries) thus has the greatest potential 
to expand in the next years and should become the 
dominant plant sector o f American agriculture.

II. Historical Developments

The origin o f floriculture as a commercial enterprise 
arose from the practices developed by private estates 
and public gardens. The motivation tor excellence in 
crop production was for spectacular display effects at 
any cost. Fancy greenhouse structures were designed 
for growing plants which required labor-intensive 
techniques to bring flowering plants to the desired 
time o f display. Secrets o f preparing and growing 
flowers were hoarded by growers. O ur problem, even 
todav. is how to put a science into a research area 
whose final use becomes an "art' (floral design, inte
rior display, exterior bedding). The additional, often 
undefined and almost undocumented aspects ot envi
ronmental participation ot floral crops continue to 
baffle floricultural scientists. One only has to mention 
the debate over the removal o f gift plants from a 
hospital room to see the conflicting force at play in 
seeking recognition and a national plan for floricui- 
tural science. |Sec E n v i r o n m h n i a i . HoRTicut T U R t. |

III. Current Issues of Research

A. Plants

A few crops dominate the current production ot floral 
crops in the United States. The short list of cut flowers 
includes roses (Fig. 1). carnations, chrysanthemums, 
gladiolus, orchids, and lilies. The container-grown 
flowering plants are dominated by poinsettias. chry
santhemums. lilies, hydrangeas, azaleas, atrican vio
lets. begonias, and geraniums. Potted foliage plants 
include aglaoncma. ditfcnbachia. peperomia. philo
dendron. and svngonium. Bedding plants include ag- 
eratum. impatiens. petunia, mangold, and zinnia.
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FIGURE 1 Response ot roses to d.iylen^th .iiul siippleineuc.il 
lii’luint'. Upper level: Short (S hr) days. natur.il winter days (S 
to 11 hr), ami N l )  + 4 !ir ot iiuamleseent li^ht (lot) lu\) from 
In pm  to 2 a m  to provide .i Ioni» day. Lower level: N l )  f  If* hr 
(HI Ml—2400) 10.25c* lux low pressure sodium. N l) .  N l )  + lf> hr 
( N 0 n - 2 4 0 0 )  fif iim i lux Ini'll pressure sodium.

Other than the rose, chrysanthemum, petunia, and 
orchid species, most cultivars are derived from a sin
gle species with relatively little genetic improvement. 
The breeding lines trom which these advances were 
realized had their origin in the hands o f commercial 
breeders and are proprietary. W ith such crops as petu
nia. poinscttia. chrysanthemum, and impatiens, it is 
becoming more difficult to separate the cultivars o f 
one commercial source from another. The advances 
anticipated trom the applications o f genetic engi
neering principles to florist crops are yet to be 
achieved. The costs ot and the priority given to most 
florist crops have limited published reports to rela
tively tew introductions. The promise o f a blue Rise- 

based on the blue gene (for example) found in petunia 
is still not on the market. Unusual forms or Hower 
colors, however, have been rescued by the micropro
pagation techniques created to support the genetic 
engineering studies. Most florist crops w ill ultimately 
benefit trom the advances being made in the rapid 
detection ot new genes tor resistance to diseases, in
sects, stress, and postproduction practices. Scientists

trained to use these new techniques w ill transfer this 
technology to florist crops.

B. Production

1. Control of the Environment, Media, 
Nutrition, and Water

Regulation o f florist crops began with the selection 
ot day-night temperatures. The plants were "forced" 
into flow er from already formed sets of flower buds. 
All that had to be done was to warm the plants to 
bring them into flower ahead ot their traditional time 
o f flowering. Spring and summer flowering bulbs, 
deciduous and evergreen shrubs, and w inter flow
ering annuals fit into this framework ofgrow ing . The 
discovery o f the photoperiodic responses in plants by 
Garner and Allard in the 1920s and the introduction 
o f energy-efficient and sunlight-simulating artificial 
light sources (fluorescent to H ID . high-intensity dis
charge) in the I97()s have permitted growers to create 
controlled environments. N ow  most crops can be 
manipulated for year-round propagation and culture. 
Development o f soilless growing media, day/night 
temperature shifts, and regulated nutrients, water, 
relative humidity, carbon dioxide, and air flow in 
greenhouses or growth chambers have helped stan
dardize. monitor, and give consistent crop production 
(Fig. 2). The research continues to use crop modeling 
techniques, to learn how producers can capture the 
maximum ot radiation and convert it into a maximum 
o f salable product while conserving resources (C O ,, 
water, nutrients) (Fig. 3). A ll operations must focus 
on the postproduction performance ot the marketed 
floral crops, not solely on speed or volume o f produc
tion. Complex analysis ot the products ot photosyn
thesis and the endogenous growth substances regulat
ing maturation and aging w ill provide the foundation 
for future research on florist crops. T he flowering of 
crops such as Achimcncs, epiphytic Rhododendrons, 
and Hoya cannot be controlled by the physical or 
chemical means currently being practiced. W e await 
the identification and reapplication ot flower-inducing 
compounds. There is a popular press report that Japa
nese scientists have isolated the chemical product(s) 
produced by the blue photo-reversible pigment, phv- 
tochrome. Regulation o f growth, flowering, and 
stress tolerance w ill continue to be primary areas of 
research for scientists working with florist crops.

C. Environment
1. Adaptation to Global Climate Change
Floriculture by tradition has often ignored the natu

ral environment by constructing artificial conditions
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DARK LIGHT

FIGURE 2 Response o f imp.itiens seed to I mm ot red light 24 hr after being held m the dark at 20°C\ Left, continuous darkness. 
Right, I mm red light promotes germination.

1 ^
FIGURE 3 Response ot Chrysanthemums to inereasmg eoneentrations ot a eheimeal growth retardant. Untreated plant on left
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FIGURE 4 Response ot petunia to increasing concentration ot earbon dioxide and artificial light on growth and flowering, (ircenhouse 
control on right.

to allow tor the optimal production ofthe plants. The 
primary concern was not the cost o f growing the 
plants, but having an otherwise unavailable and 
unique flower. A ll this has changed with the advent 
ot a global floriculture market and airplanes; most 
flowers can be purchased year-round because they can 
be grown in other parts ofthe world. [.See H ou iu .m - 
t u k a i  C Ir i i .n m o u s i : E n <.i n i -:i k i n g . |

Floriculture has only recently become concerned 
with environmental problems. The unavailability o f 
cheap heating/cooling energy sources has forced a 
reappraisal of production facilities. Growers have in
stalled double glazing on their structures, hung ther
mal blankets inside to trap the heat, and introduced 
alternative crops to cut energy requirements. Floricul
ture continues to become more complex as environ
mentalists become more concerned about the leaking 
or releasing o f water or air contaminated with fertiliz
ers, pesticides, or gases from the facilities. Research 
into ways to produce florist plants without fouling the 
environment w ill require many creative approaches.

total refitting and redesigning production facilities, 
and selecting new types ot florist crops to be mar
keted.

The plants o fthe florist industry have been shown 
by N A S A  scientists to function as “ clear air ma
chines." They reported that more than 500 chemicals 
were found in the atmosphere ot space capsules that 
were going to be used tor interplanetary travel. T hey 
found that traditional florist crops such as chrysanthe
mum and philodendron could remove some ot the 
toxic compounds from the atmosphere. I he full im 
pact o f these studies about ways that florist crops 
can be used in interior or exterior gardening to help 
improve the environment awaits well-defined re
search programs.

IV. Q uality

Blemish-free florist crops must be marketed without 
any apparent insect or disease damage. They must 
also not harbor any eggs or spores that could become
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FIGURE 5 Response ot petunia to daylenmh and snppleincnt.il hi;lnm^. Upper level, short (8 hr) days, natural winter days N I )  (8 to 
I I hr), and Nl> r 4 hr ot incandescent lit'ht ( 1 *M) lux) trom lo pm to 2 a m  to provide a long day. l ower level. N l )  + lft hr (800-2400) 
10,250 lux low pressure sodium. N l) .  N l )  + !(> hr (800-2400) ft(»00 lux high pressure sodium.

noticeable or damaging during the marketing and 
consumer phases. This has meant that florist crops 
were subjected to the most massive bombardment 
ol chemicals experienced by any agricultural crops. 
M any pesticides were used that could not be registered 
tor use on food crops but were considered to be safe 
on nonconsumable florist crops.

O ver the past 20 years, this has changed. M any o f 
the more toxic or questionable chemicals have been 
banned or withdrawn from the market. Alternative 
control measures based on botanicals (naturally oc
curring compounds found in plants) and oils and soaps 
(physically limiting or disrupting processes by pene
trating into the cells ol the pest) have become routine 
control measures again. I I 'M  (integrated pest manage
ment) is now used to introduce beneficial insects and 
microorganisms into a well-defined environment to 
provide control without the use o f persistent pesti
cides. 1 he scientists researching these crops must

combine awareness o f the plant's requirements with 
life cycles, feeding, and breeding requirements o f the 
pests and their predators. |.SYe I n t e g r a t e d  P e s t  M a n 
a g e m e n t . |

T he quality o f the plant products must also be de
fined by how they are conditioned in preparation for 
shipment to the seller, the care they receive while 
being sold, and their performance in the hands of 
the consumer. Scientists have only recently began to 
relate practices during the production phase to the 
plant’s later performance (Fig. 4). The florist industry 
currently relies on reducing the nutrient levels in the 
plants as they mature, and toughening them with 
reduced light, temperature, and water (Fig. 5). They 
also add anti-ethylene compounds to the keeping so
lutions o f sugars and preservatives to help prolong 
the life o f the cut flowers. When pathways o f senes
cence can be controlled and new anti-aging genes can 
be introduced into the plants, the creative research
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approaches to main florist crops can be realized. 
1 here are thousands of cultivars and species hybrids 
to evaluate— the future for research in this field can 
be extremely productive.

V. Teams

A. Interdisciplinary Cooperation

Agricultural scientists by tradition have always 
formed small teams to solve problems of shared con
cerned. Scientists working on florist crops must be
come knowledgeable with the culture and perfor
mance expectations ot several thousand species. Each 
one has its own special light/teinperature/nutrition/ 
water requirements. Applications o f the newer tech
niques ot biotechnology w ill require the hill participa
tion ot highly specialized scientists—growers to help 
make the approaches and findings valid.

VI. Export

Currently 50% of the cut roses, 80% o f the carnations 
and chrysanthemums, and 97% o f the gypsophila sold 
in the United States are imported, primarily from the 
Andes Mountains of South America. Even with such 
significant numbers o f imported flowers, the U .S . 
grown Horist crops also continue to expand in num
bers, variety, and production facilities. There are rela
tively tew countries (the Netherlands, Israel. Ger
many. Japan, Australia) whose governments maintain 
significant research and training programs in floricul
ture. The U .S . land-grant college system continues 
to be the most important source o f trained floricultural

scientists. As the world consumption of florist crops 
continues to expand at S to 10% per year, em ploy
ment in floriculture internationally w ill continue to 
be an option tor well-trained professionals. Also, the 
potential markets tor the crops ot floriculture for ex
port should also become more ot an opportunity. 
O ver 130 countries across the world are working out 
political agreements to have trade between all coun
tries based on the same phyto-sanitarv standards, the 
honoring o f intellectual properties, and the most ef
fective ways to provide and fund technology transfer. 
Floriculture, internationally, has the greatest potential 
ot any sector o f agriculture to thrive from the global 
opportunities for marketing, professional activities, 
and profitability.
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Food Biochemistry: Lipids, 
Carbohydrates, and Nucleic Acids
G. M. SMITH, J. R. WHITAKER, University of California, Davis

I. Overview of Cellular Structure
II. Biological Substances and Their Roles in Food

Glossary

A g a r  Polysaccharidc thickening and stabilizing agent 
obtained from red algae; it is a mixture ot two compo
nents, agaropectin and agarose
A lginate  Polysaccharide thickening or stabilizing 
agent obtained from certain brown algae; composed 
of chains of mannuronic acid and guluronic acid 
A m p h ip a th ic  Describes compounds that contain 
both polar and non-polar regions 
A n o m c r s  Cyclic sugars differing in structure only 
by the stereochemical configuration about the carbon 
atom originating from the aldehyde or keto group of 
the straight-chain form o f the sugar 
B lan ch in g  Literally, turning white or losing color, 
hence a brief heating or cooking o f a food that may 
cause a change 111 color; the process usually serves 
to inactivate enzymes that would otherwise lead to 
deterioration ot quality; microorganisms may also be 
destroyed
C alo rie  U nit ot heat energy describing how much 
energy can be extracted from foods by the human 
body; the Calorie is related to the thermodynamic 
Caloric used in chemistry, which is the amount 
ot heat required to raise the temperature o f 1 g o f 
water one Celsius degree; one Calorie = 10(1(1 
Calories = 41X46 Joules
C arrag een an  Polysaccharide from red seaweed 
composed ot /3-n-galactopyranose and 3 ,6 -a n h y d r o -  

galactopyranose, linked by u-1.3 and /3-1,4 glycosidic 
bonds; used as a thickener and stabilizer 
C o n d en sation  reaction  Reaction in which two (or 
more) molecules join together to form one; usually 
involves a carbonyl group

C o v alen t bond Chemical bond in which a pair of 
electrons is shared by two atoms; to be contrasted 
w ith ionic bonds in which two “ atom s" (actually, 
ions) are held together by electrostatic attraction 
Dispersion Fine mixture o f two physical phases such 
as solid and liquid (a suspension), oil and water (an 
emulsion), or liquid and gas (a foam) 
D isprop o rtio nation  Chemical reaction involving 
two molecules o f the same compound, one o f which 
becomes oxidized, and the other reduced 
E m u lsio n  Dispersion o f two immiscible liquid 
phases, usually oil in water (o/w ) or water in oil 
(w/o)
E p im ers  T w o  sugars that differ only in the configu
ration about a single carbon atom 
Furanose Monosaccharide in which an internal con
densation reaction has formed a tive-membered ring 
(tour carbon atoms and one oxygen atom) 
H em icellulose  Polysaccharide component o f plant 
cell walls (together with cellulose and lignin). Its com
position varies from species to species; one class of 
hemicellulose, the pentosans, is also found in Hour 
(together with starch)
Isoprene 5-carbon repeating structural unit o f  iso- 
prencs and isoprcnoid compounds such as carotenoids 
Lig n in  Highly crosslinked connective tissue found 
in plants
N eutral lipid Generally refers to triacyl glycerols, 
the principle component o f edible fats and oils 
Nucleosides Compounds containing ribose or de- 
oxyribose linked through a /3-glycosidic linkage to a 
purine or pyrimidine base
N ucleophile  Compound or ion that possesses a non
bonded pair o f electrons in its valence shell and is 
therefore capable o f attacking an electron-poor com
pound (an elcctrophile) to form a covalent bond 
Oil Lipids that are liquids at room temperature; edi
ble oils must be distinguished from petroleum-based 
oils, which are generally hydrocarbons
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O lig o m e r  (Oligo, meaning far) a molecule made ot 
a tow repeating units, as opposed to polymers (many 
units) or monomers (single units)
O ptical activity  Ability o f a compound to rotate 
the plane ot plane polarized ligln passing through it: 
the property arises from molecular asymmetry, and 
thus, is very responsive to small structural differences 
among similar compounds
O rganelle Subccllular structure found in eukaryotic 
cells, usually composed o f or surrounded bv a mem
brane (e.g., mitochondria, chloroplasts. and the (io lg i 
apparatus)
Phytosterols Cholesterol-like compounds found in 
plants
Polyisoprenoid Compounds containing the re
peating structural unit, isoprene

13iochemistrv is the study ot the structure, proper
ties, and function ot biological molecules. Food bio
chemistry is the study ot these same processes and 
molecules in food and the changes that occur in them 
during processing, storage, preparation, and con
sumption.

The first premise o f chemistry and biochemistry is 
that anything the size ol an atom or larger is a chemi
cal. A ll chemicals, including the chemicals ot life, are 
governed by the same rules o f chemistry and physics 
and their structures and functions can be understood 
by application o f these principles. Even the "natural" 
ingredients in "natural" foods are chemicals, have 
chemical names, and undergo chemical reactions.|.See 
F o o d  C i i l m i s t k y ; F o o d  C o m p o s it io n .!

composed o f cellulose or crosslinked amino acids and 
sugars. The exact composition, structure, and thick
ness o f the wall vary from organism to organism. 
The walls o f bacteria are generally covered by an 
additional, outer membrane composed ot a phospho
lipid bilayer. From the exterior surface of most cells 
protrude short chains o f sugars, called cell-surtace 
determinants, which are recognized by viruses, anti
bodies, lectins, or other cells. Extracellular structures 
and compounds also exist (bone, ligament, seed 
hulls).

The cytoplasm is the aqueous solution that fills 
the cell. Soluble proteins, carbohydrates, and other 
metabolites are found in the cytoplasm. Its physical 
state is unknown, but it is probably very viscous. In 
the cytoplasm ot eukaryotes are membrane systems 
involved in specific cellular functions, such as trans
port and protein synthesis. Smaller compartments or 
structures such as mitochondria (aerobic eukaryotes 
only) and chloroplasts (green plants and algae only) 
are suspended in the cytoplasm. I hese organelles are 
covered with their own membrane. In eukaryotes, 
the genetic material l )N A  and its bound proteins, 
together called chromatin, are contained in a nucleus. 
Bacteria have no such organelles or compartments 
and no nucleus. Some cells have vacuoles that contain 
protein, starch, or other substances. [.Sec P l a n t  Bio- 
( iii mis i itv; Pi an i C v  i oski 11 i on. |

Especially in higher organisms, cells are organized 
into tissues (e.g.. liver cells, muscle bundles, or 
phloem), and tissues are organized into organs (e.g., 
a liver, a heart, or fruit). Some ot these tissues or 
organs serve as food tor humans.

I. Overview of Cellular Structure

All living things (larger than viruses) are composed ot 
individual structural and metabolic units called cells. 
M any food components are associated with specific 
structures or parts ot the cell Other components are 
extracellular. The structure o f a cell depends on the 
kind ot organism it represents. Cells can be classified 
according to various criteria, the most common being 
whether they do or do not contain .1 nucleus (eukary
otes and prokaryotes, respectively) and whether they 
contain .1 cell wall (bacteria, fungi, and plants) or 
not (animals). All cells are enclosed in a membrane 
composed o f a double layer ("b ilaver") o f phospholip
ids. Many important proteins are attached to the sur
face ot or imbedded 111 the membrane Plant, bacterial, 
and fungi cells are further enclosed in a rigid cell wall

II. Biological Substances and Their 
Roles in Food

A. Lipids

1. Occurrence and Importance in Foods
Lipids are biomolecules that are composed ot 

lai •gclv hydrophobic ("disliking w ater") units. In fact 
it is solubility, rather than common structural teature. 
that constitutes the criterion for classifying .1 com
pound as a lipid. Lipids are therefore quite structurally 
diverse, but most fall into a half-dozen or so classes. 
W ith the exception ot lipid-soluble vitamins and cho
lesterol, only the most abundant lipids have major 
importance 111 food science. These aie the acyl lipids: 
fatty acids, triacyl glycerols, and phospholipids. |See 
Fa 1 s AND CliO l i.si m o i. R 01 r i n  M l .man N i' 1 Hi 1 i o n . |
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2. Fatty Acids
Fatty acids (FA 's ) arc simply carboxylic acids o f 

alkancs or alkcncs; that is. they have the structure
h c ) o c -(c:h 2)„-c:h , or F K X ')c :- (C H 2) mc :n =
C:H(C:H ,)„-C:Hv  Nearly all are linear chains, usually 
between 4 and about 24 carbon atoms long (1S is most 
common), and usually o f even numbers o f carbon 
atoms. Some FA 's are called saturated fatty acids be
cause they arc saturated with hydrogen atoms, i.e.. 
have no carbon-carbon double bonds. Others, the 
mono-unsaturated F A ’s, have one double bond. O th 
ers still, have two or three double bonds (polyunsatu
rated tatty acids). These tatty acids are common 
enough to have names (sec Table I), but an abbrevi
ated nomenclature exists which employs numbers. 
The system is i : j (k) where " i "  is the number o f carbon

atoms, “ j"  is the number ot carbon-carbon double 
bonds, and " k "  is the carbon atom at which double 
bonds begin. The numbering system begins with the 
carboxylic acid. For example, oleic acid is IX: 1(9) 
(read IS colon I...9  or IS  colon 1 A 9) because it is 
IS  carbons long, and contains one double bond which 
begins at carbon '•). A family o f tatty acids o f  different 
lengths all having double bonds starting at carbon 9 
can be called A9 fatty acids. Another system, some
times used to identify the position o f double bonds, 
counts from the terminal carbon toward the carbon 
where the double bond begins and expresses this num 
ber with the prefix oi (omega). For example, w3, a»6, 
and w9 arc the common classes.

Fatty acids, stored as triglycerides, are the most 
energy-rich storage compounds ot animals. Since the

TABLE I
Names and Structures of Some Common Fatty Acids

C.'ommon name 1 )csignation Comments Structure

Saturated tatty acids
butyric acid 4:0 c h (c h :c i u :o o h
caproic acid 0:0 ( :m  :h  >t :h :c :h  .( :h :c :o o h
caprylic acid 8: II c:h ,c:h ,c :h ,c :h >c h ,c :h >c :h ,c:c k ) h
capric acid 10:11 c h u t : n : )sc ( H ) H
lauric acid 12:0 c :h »(c :i i >),1,c :c k )I i
inyristic acid 14:0 c :H i(c :n : ) 1x :o ( )H
palmitic acid 10:0 C l l , ( C l l : ) 14C O O H
stearic acid 18:0 c i  m c i  i > ) :o o h
aradudic acid 20:0 c:h ,(c :H ; )1sc :c )c)H

Monounsaturatcd fatty acids Noncoujugated «i>- double
bonds

myristoleic acid 14.1(9) A 9 family ( : h , ( ( :H i ),c h = c :h (c :h o -c :c) c) h
palmitoicic acid 16:1(9) A9 family ( h ,( ( :h : ) sc h = c :h (c h .)-c :c h ) h
oleic acid 18:1(9) A9 fam ily. co{) family c :h *((:h .o -c :i i = ( : h (c:H j K : o o h
crucic acid 22:1(13) <u9 family c:h -,(c h ,)-(:h = c :h ( ( : i i : ) mc :o o h

1 )i- and polyunsaturated Nonconjugatcd </>- double
bonds

linoleic acid 18:2(9.12) oj(> family c :i i ,.(c :h 2),c :h = c :h c :h :c h = c :h (c :h .)7c :c k >h
•y-linoleic acid 18:3(0,9, 12) oj() family C H , (C H : ) ,C H ^ C H C H ^ H = C H C H _ ,C H = = C I!-

(c :h : ),c ( K ) h
araclndonic acid 20:4(5,8.11.14) oj(> family c :h  ;(c :h  . ) , ( :i i = c h c » u  :h = c :h c :h .c :i i =  

c :h c ;h j c:h = c :h (c :i i ,),c x h ) I I
«-Iinolcnic acid 18:3(9.12.15) o»3 family c h ,c h :c h = c h c h :c h = c h c h i!c h =

c H (C H : )- C 0 0 H
fonts tatty acids Non con iu gated fotn>- double 

bonds
elaidic acid 18:1 (tr9) fonts isomer ot oleic acid c h -,(c h : )-c h = c h (C H : ) c :o o h

liranched-chain tatty acids
pristanic acid 2 .0 . lo. 14 

tetramctln 1- 
pentadecanoic 
acid

\  / \  / \  / \  ^  / \  c o o n
y  X /  ' y  V  \ y

Odd-carbon chain tatty
acids
margaric acid 17:0 i :h ,(c i  i , ) „ c:c k )H
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liberation o f energy involves oxidative reactions, the 
more reduced a compound is. the more energy it 
liberates upon oxidation. Accordingly, tats contain 
about 9 Calories per gram, about twice the energy 
content o f proteins and carbohydrates. Proteins and 
especially carbohydrates can be converted to fat in 
the body via conversion to acetyl coenzyme A (coen
zyme A is made in the body from the vitamin panto
thenic acid. It functions as a carrier o f acyl groups 
such as acetate). The acetate groups are condensed 
together and reduced, and the long chain so produced 
is esteritied to glycerol to form the actual storage 
compound, tat. Triglycerides exist in lipid bodies, 
attached to lipoprotein complexes or in vacuoles ot 
lat cells 111 adipose tissue. When needed by the body, 
the acylglvcerols are cleaved trom glycerol and bro
ken down, two carbons at .1 time, by formation ot 
acetyl CoA  T he two acetate carbon atoms of acetyl 
C oA  are passed to the Krebs Cycle, where they are 
oxidized to C O ,. which is expired. However, to burn 
tat, Krebs cycle intermediates must be present to ac
cept the incoming acetate group. Since these interme
diates can be made only from sugars and some amino 
acids, it is necessary to have adequate carbohydrate 
in the diet or a large supply ot liver glycogen (see 
Carbohydrates) in order to obtain energy from fatty 
acids.

Fatty acids are the major structural units o f edible 
tats and oils as well as membrane phospholipids, but 
tree tatty acids are not very abundant in foods. They 
can be produced by alkaline hydrolysis ot neutral lip
ids (“ fat” ), and the resulting free fatty acids solidify 
into soap, in a process called saponification. Despite 
the presence o f a hydrophilic carboxyl group, long 
chain tatty acids dissolve with difficulty in water be
cause ot the hydrophobicity o f their carbon chain. 
Since the carbon chain cannot be solvated by water, 
free fatty acids in water tend to form structures in 
which their carbon chains associate with one another 
so that their carboxylic acid ends are at the interface 
with water. These structures include micelles, spheri
cal structures with the hydrophobic chains on the 
inside and polar groups 011 the outside, and complexes 
o f fatty acids with nonpolar substances in which a 
layer o f fatty acids coats the surface with their polar 
groups toward the outside. Molecules like fatty acids 
that have both polar and nonpolar character are called 
amphipathic.

The same concept is important in food science. 
Emulsions are dispersions ot immiscible phases, typi
cally oil in water (O / W ) or water in oil (W / O ), so 
that one phase forms droplets suspended in the other

(the continuous phase). Emulsions tend to be unstable 
because ot the absence o f favorable interactions be
tween the surface o f the droplet and the continuous 
phase. The emulsion breaks when the droplets co
alesce to form larger droplets, which present a smaller 
surface area per unit volume to the continuous phase. 
Rising or settling o f the droplets separates them trom 
the continuous phase and encourages coalescence. 
Amphipathic molecules can coat the surface ot a drop
let and interact favorably with both phases, thereby- 
stabilizing the emulsion. In the case ot an oil droplet 
coated by anionic fatty acids, charge-charge repulsion 
prevents the droplets from approaching one another, 
and discourages coalescence. Molecules capable ot sta
bilizing emulsions are known as emulsifiers. Polar 
lipids, including tatty acids, are good examples ot 
emulsifiers.

l attv acids o f chain lengths greater than about 14 
have little, if any. flavor or odor. Short chain tatty 
acids, especially butyric acid, have pungent odors and 
are detectable at very low levels. Small amounts ot 
butyric acid give a pleasant sweet smell to chocolate 
and butter, but it is usually considered an oft-flavor 
in other foods. Especially in milk, the hydrolysis ot 
fatty acids from neutral lipids or phospholipids by 
enzymes such as bacterial lipases produces this oft- 
flavor, which is called hydrolytic rancidity. Oxidative 
rancidity, the major flavor defect arising from lipids, 
is caused by the oxidation or peroxidation ot unsatu
rated fatty acids in acyl lipids. | .Sec F o o d  B io c h k m is -  
i r y :  P ig m e n ts .  F l a v o r s ,  A r o m a s ,  a n d  S i  a b ii  1 1  v . |

3. Acyl Glycerols
a. Fats and Oils Triacyl glycerols (also called 

triglycerides or neutral lipids) are hydrophobic, un
charged compounds, formed trom esterifieation ot 
the three alcohol groups o f glycerol to three fatty 
acids. The fatty acids are usually not the same, but 
what governs the fatty acid chain length and the posi
tions to which they are esterified is unknown. A sam
ple o f tat or oil, then, contains many different mole
cules composed o f different combinations ot tatty 
acids esterified to different positions ot the glycerol. 
A process called interesterification, in which the dif
ferent glycerol oxygens exchange their tatty acids, 
leads to randomization o f the fatty acids, which 
changes some o f the properties o f the rat and makes 
studies o f the biological phenomenon ot nonrandom 
positioning difficult.

Flic weak polarity o f the ester groups is almost 
entirely overpowered by the hydrophobicity ot the
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tatty acid chains. Triglycerides do not interact with 
water and consequently aggregate to present as little 
surface as possible to the water that surrounds them. 
I he fatty acid side chains interact with one another, 

and, because ot their linear, zig-zag structure, form 
a crystalline arrangement (see Fig. I). Triglycerides 
tend to assume a conformation in which fatty acid 
chains associate with one another, leaving the third 
to point in the opposite direction, along the same 
axis. The molecules resemble a tuning fork, it the 
fatty acids 011 C l and C3 point in the same direction, 
or like a chair, it an end fatty acid and the center point 
in the same direction. These chair-shaped or tuning 
fork-shaped units can pack together into a crystal. 
Actually, more than one crystalline arrangement is 
possible. These different crystal forms have different 
stabilities and therefore, different melting points. A 
sample ot solid fat may therefore have three melting 
points, which actually correspond to transitions 
among the different crystal forms, and to a liquid. In 
tristearin (all three tatty acids are stearic acid), these 
phase transition temperatures are 54.7°, 64.(1°, and 
73..V C . This behavior is typical ofedible fats and oils. 
O f course, the crystal form o f a fat or solidified oil 
depends on the temperature. At room temperature, 
processing temperature, or consumption tempera
ture, the material may exist in any o f the crystalline 
states or as a liquid. Fat crystals called the ft form are 
large (25-50 fj.m) and tend to grow during aging.

o
0 —

■ 0
o

II

FIGURE 1 Lipid structures. (A) A hypothetical triglyceride1 con
taining a saturated tatty acid (myristic acid), a fr«/M>-monounsat- 
urated fatty acid and a n.<-di-unsaturated tatty acid, linoleic acid. 
(B) .Crystal forms of triglycerides: chair shape of/i crystals, tun
ing fork ot fi' crystals.

producing a coarse, grainy texture. f3' crystals, found 
111 rearranged (interesterified) lard and hydrogenated 
cottonseed oils, are small needles o f about 1 /Am and 
are capable ot trapping microscopic air bubbles upon 
whipping. The creamy texture of the fi' form is ad
vantageous in margarine and products used for frost- 
mgs, etc. Solid tats are not entirely uniform on .1 

microscopic scale and, at moderate temperature, exist 
as mixtures o f particles and liquid.

Structural features that disturb the regularity ot 
packing decrease the stability o f a crystal form and 
lower its melting point. Branched chains, which occur 
relatively rarely, decrease the phase transition temper
ature. mi;/.'-Uiisaturated fatty acids disrupt the pack
ing slightly, because carbon-carbon spJ bond angles 
are different from carbon-carbon sp bond angles. 
ir.s-Unsaturations cause a major disruption in packing 
with saturated chains and are very effective in decreas
ing the phase transition temperature o f a triglyceride. 
The difference between a fat and an oil, which is 
simply whether the substance is a solid or a liquid 
at room temperature, is determined largely by the 
occurrence of double bonds in the tatty acids. O ils  
are characterized bv a greater number o f  double bonds 
and fats contain fewer. Vegetable shortening is pro
duced trom oil by partial catalytic hydrogenation to 
give the consistency required tor the intended use.

b. Synthetic Fats Because fats are the food com 
ponents with the highest number ot Calories and be
cause o f the perception that fits in the diet are associ
ated with hypercholesterolemia and coronary heart 
disease, development o f fat substitutes is an active 
area o f research. Although polysaccharides and pro
teins are successful at mimicking texture and some 
other properties o f fat, none o f these products can be 
heated to 375°F (190°C) for long periods o f time for 
the purpose o f frying. A successful attempt to dupli
cate the important physical and chemical properties 
o f triglycerides is to attach tatty acids to polvalcohols 
other than glycerol. Polyacyl sucrose has been used. 
Digestive enzymes do not recognize this acylated 
sugar as a triglyceride, so it is metabolically inert, 
yields 110 Calories, and does not alter lipid metabo
lism. This product is not yet available and may never 
reach the market. It is not clear how the body deals 
with a particular nonmetabolizable material; though 
the bulk may be excreted, small amounts may build 
up in various organs and pose a health hazard. Hence, 
extensive testing is necessary before nonnutritive 
“ foods”  are allowed 011 the market.



FOOD BIOCHEMISTRY: LIPIDS, CARBOHYDRATES, AND NUCLEIC ACIDS

o  "
X

R ' ^ ' O

H / ^ O - P- O - C H o - C H o - N H ,l
O'

o
o H~A__

- O '

' 0 - P - 0 - C H 2-CH2-N+(C H 3)3

O'

*
H

FIGURE 2 Striu'turcs ot'phospholipids. (A ) l’liosph.itidvlelli.tnol.uinni', ( li) phosphatidylcho
line, .ltid (C!) phosplutidvlscniic.

c. Phospholipids Polar acyl glycerols, phospho
lipids and glycolipids. also exist. Phospholipids are 
the major component of cell membranes and intracel
lular membrane networks. (ilycolipids are .1 less abun
dant component. In foods that contain little fat (e.g.. 
grains, fruits), phospholipids and glycolipids can 
comprise 50% o f the total lipid.

Phospholipids are 1,2-diacyl glycerols, esterified on 
the remaining position ofglycerol by phosphoric acid, 
which is also esterified to a short alcohol. The alcohol 
is often choline, ethanolanune, or serine. These com
pounds are called phosphatidyl choline (also known 
as lecithin), phosphatidyl ethanolamine. and phospha
tidyl serine (Fig. 2).

Like the neutral lipids, phospholipids contain fatty 
acids that are generally not identical. They may be 
saturated, or unsaturated, short or long; the fatty acids 
determine the phase transition properties o f the phos
pholipid.

Unlike neutral lipids, phospholipids have a strongly 
polar end. termed the “ polar head group." which 
associates with water. The fatty acids, or nonpolar 
"tails,'' do not. There are several aggregated struc
tures that allow the proper contacts to occur (Fig. 3). 
Micelles, like those formed by tree tatty acids and 
detergents can occur in which the phospholipids form 
a sphere with the tatty acids on the inside.

Another structure that allows polar-polar and non
polar-nonpolar interaction is one 111 which the phos
pholipids coat .1 hydrophobic structure or droplet. An 
example of this kind ot structure is one in which 
phospholipids act is emulsifiers in O / W  emulsions.

Phospholipids can also stabilize W / O  emulsions by 
the same mechanism; the polar head group dissolves 
in the water droplet and the hydrophobic chains are 
solvated 111 the continuous phase.

An example o f another emulsion structure invo lv 
ing phospholipids is the milk fat globule, the particles 
o f cream that rise to the top o f milk. The globule is 
a droplet containing the neutral lipids and fat-soluble 
vitamins o f milk. The droplet is surrounded by a lipid 
monolayer "m em brane." There is .1 double layer ot 
proteins associated with the hydrophilic surface ot the 
membrane that is held by polar interactions.

Cellular and subcellular membranes are composed 
o f phospholipid bilayers in which polar head groups 
face the inside and outside o f the cell, and nonpolar 
tails face one another. In this structure, the tatty acid 
side chains pack against one another in an ordered 
way, but at room temperature have enough energy 
to maintain a fluid state, or liquid crystalline state. 
At lower temperatures (determined by the fatty acid 
composition), the side chains form a gel. Since fluidity 
o f cellular membranes is necessary tor many cellular 
processes, life is not possible at temperatures at which 
the membrane is a gel. This is one ot the reasons 
that refrigeration inhibits bacterial growth. In food, 
however, the crystalline, liquid crystalline, and gel 
states inav exist and are important.

Other structures o f phospholipids in water include 
hexagonal phases. These are tubular arrangements 
constructed ot stacked rings o f phospholipids. The 
tubes pack together 111 a hexagonal arrangement, in 
some cases with a seventh tube 111 the center. T w o  types
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F IG U R E  3 Aggregates ot polar lipids. The round shaded represent the polar head group; the zig-zag lines represent the fatty acid chains. 
(A ) A cross-section ol a phospholipid micelle. Micelles are approximately spherical. 1 lie fatty acids are not drawn to the same scale as 
the diameter ol the micelle. ( ii) A  phospholipid bilaver membrane. ((.'.) A cylindrical arrangement ol phospholipids that stack in a 
hexagonal fashion. I here may be a seventh cylinder in the center til the hexagon.

ot tubes can exist: tubes formed with heads on the out
side and tails on the inside are hydrophilic, while those 
w ith the nonpolar tails on the outside are hydrophobic.

4. Nonsaponifiable Lipids
Carotenoids are also important food lipids. Carot- 

cnoids are branched, imsaturated compounds con
taining 40 carbon atoms that occur in two main 
classes, carotenes and xanthophylls. Carotenes are hy
drocarbons, whereas xanthophylls contain oxygen 
atoms, as well (Fig. 4). The importance o f carotenoids 
in food is threefold: they arc pigments that provide 
red and yellow color in foods, they arc precursors o f 
flavor and aroma compounds, and they are precursors 
ot provitamin A. Carotenoids are produced only by 
plants, but arc transmitted to animals in their diet. 
The most dramatic example is perhaps the yellow or 
orange color of egg yolk, which arises from carot
enoids in the feed.

Cholesterol, the quintessential steroid, has the 
structure shown in Fig. 4. It is found in substantial 
amounts only in animal products, and may occur as 
the free alcohol or esterificd to a fatty acid. It occurs 
in membranes, in fat, and in lipoprotein complexes 
such as the famous high-density and low-density lipo
proteins o f blood serum. Although buildup o f choles
terol deposits in arteries is a serious health problem, 
the relationship between dietary cholesterol and ath
erosclerosis remains controversial. Cholesterol deriv
atives cholic acid and deoxycholic acid arc secreted 
into the digestive tract where they help emulsify and 
aid in the digestion ot ingested lipids.

Although plant lipids are nearly devoid o f choles
terol, cholesterol-like compounds, the phytosterols, 
exist. Since several phytosterols exist and are present 
in differing ratios in different plants oils, phytosterol 
composition can be a useful criterion for detecting 
adulteration o f oils w ith less-expensive oils.
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Isoprene

C H 3
i

c .  ,c h 2
H ,C ^  CH

B  A 40-carbon carotenoid composed of eight isoprene units (a tetraterpene)

p.p-carotene, a bicyclic carotene

Zeaxanthin

Stigmasterol (a plant steroid)

FIGURE 4 Nonsjpouiti.iblc lipids. (A ) Isoprene. the structural unit ot carotcnoids. (B ) Carotenes. carotcnoids 
that contain only carbon and hydrogen. (C ) A xaiuhophyli. a carotenoid that contains oxvgen. (D ) Cholesterol 
and a cholesterol-like steroid ot plant origin.
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B. Carbohydrates

1. Occurrence and Importance in Foods
Carbohydrates are diverse, abundant, and widely 

distributed. I hey are the ultimate source ot all food on 
our planet, which arises trom photosynthetic carbon 
fixation. Digestible carbohydrates provide about 4 
Calories per gram to human beings. They also pro
vide important structures in plants and, together with 
other material, the cell walls ot plants, hmgi. and 
bacteria. | -Sec C a h h o i i y d k a  i i s , R o n  i n  H i m a n  Nu-
I Id 11( )N. |

Carbohydrates are categorized as monosaccharides, 
oligosaccharides, or polysaccharides, the members o f 
the latter categories being constructed from the mem
bers ot the first.

2. Simple Sugars, Sugar Alcohols, 
and Oligomers

Although some argument could be made that the 
two-carbon aldehyde glycolaldehyde is a sugar, it is 
practical to call the three-carbon compounds glvceral- 
dchydc and dihydroxyacctonc the simplest sugars 
(Fig. 5). As the word "carbohydrates" implies, their 
empirical formula (e.g.. C ,l 1,,0, or (C ,l F O )„ )  sug
gests them to be hydrates (H :0 )  o f  carbon. Clyceral- 
dchydc. with an aldehyde group at C l is an “ aldose” ; 
dihydroxyacctonc, a ketone, is a “ kctosc." Clyccral- 
dchyde has another property of note: because of the 
tetrahedral geometry about the center carbon and the 
noncquivalcnce ot carbons I and 3. it exists m two 
forms. In standard notation (a Fischer projection), the 
most oxidized carbon is drawn at the top, the most 
reduced at the bottom, and the two lateral bonds

|_i
' V " H 

H — (--O H

H / OH

HO
H - \

O

OH

-O H

C H 2OH

G lyce ra ld e h yd e

C H 2OH

h°
C H 2OH

D ihyd ro xya ce to n e

F IG U R E  S I lie structures ot ijlyceraldehvdc and dihvdrowaee- 
totie. the "simplest sugars." I wo ways ot drawing the structure 
are shown.

ire drawn protruding from the paper. Flic torm *.>t 
glyceraldehyde w ith the O H  group protruding to the 
right is called the 1) isomer, the other is the L isomer, 
t hese terms relate to the direction that plane polarized 
light is rotated as it passes through a solution ot these 
optically active compounds; 1) for dextro, L  for lcvo.

More complex monosaccharides can be drawn be 
adding additional H-C-O H  units to the structure im 
mediately below the carbonyl carbon. It another 
I l-C-OI 1 w ere drawn in the structure ot d ihydroxy
acctonc. it could be drawn in either o f two ways. If  
the newly drawn O l 1 points to the right, the structure 
is a D  sugar, i f  it points to the left, it is ,111 L sugar. 
In analogy to the structure ot glyceraldehyde (Fig. 
(>). M any other sugars can be drawn by inserting 
H-C-O H  units into these structures (see Fig. (•>). The 
direction o f the O H  oil the next-to-thc-bottom car
bon determines whether it is D or L. Most sugars ot 
biological origin are I )  sugars. Sugars of biological 
origin occur with structures like these, having three 
to seven carbon atoms. Those with five carbons (e.g.. 
ribose) and six carbons (e.g.. glucose, galactose, fruc
tose) are most common.

Aldehydes and ketones are very reactive groups 
and are subject to attack by nucleophiles, such as 
-OFI groups. The structure formed when an alcohol 
K-O H  reacts with a carbonyl group is a hemiacetal 
or a hcmiketal (Fig. 7). Accordingly, sugars typically 
cydizc when one o f the O H  groups attacks its own 
carbonyl group to form an intramolecular hemiacetal 
or hcmiketal. Because ot the bond angles about carbon 
and oxygen, the structures involving fivc-mcmbered 
(“ fur.mose") and six-membcrcd ("pyranose") rings 
are stable and most important. For a six-carbon al
dose. the important structure is a pyranose formed 
by attack o f the C5-OM group.

One more variation exists: the O H  group could 
attack the carbonyl from either side and the C -O H  
resulting from the C = 0  could point up or down 
(see Fig. IS). T he isomer in which the O H  at C I points 
down is the «  isomer, the one in which it points up 
is the (3 isomer. These kinds o f isomers at the site 
ot condensation arc called anomcrs. The structure 
formed by the condensation is an [a  or (3) aldopyra- 
nosc (Fig. (S). For glucose and galactose in water, 
there is little ot the open chain form, and the a  and 
f3 forms o f the pyranose dominate.

Fructose is a six-carbon kctosc that otherwise re
sembles glucose. Although the -OFI group ot C6 can 
attack the keto group to form a  and /3 kctopyranoses, 
the -OF! group o f  C5 can also attack to form a  and 
f3 ketofiiranoses (Fig. <S). Fructose exists in water as 
a mixture o f the four cyclic forms, a  and (3 ketopyr-
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= 0  
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D -eryth rose D- th reose  a D -ketose an L -ke tose

FIGURE 6 Structures ot isomers ot 4-carbon sugars: two n-aldoses and a i>- and an l- 
ketose. derived from drawing additional H-C-OH group beneath the carbonyl carbons ot 
glyceraldchydc and dihydroxyacetone.

anoscs and a  and fl kctofuranoses plus a very small 
amount o f  the straight chain form.

Ketones and aldehydes are easily oxidizable groups. 
For this reason, free ketoses and aldoses are called 
reducing sugars.

There exist monosaccharides other than the simple 
H -C-O H  structures described above, but most of 
them are derivatives o f these simple monosaccharides. 
The most common o f these variations are deoxy- 
sugars, in which an O H  group is replaced by a hy
drogen atom (e.g., deoxyribose), amino sugars, 
in which an O i l group is replaced by an N H , group 
(e.g., glucosamine), acetylated ammosugars (/V- 
acetylglucosamine), sugar alcohols, in which the aldo 
or keto C = 0  group has been replaced by H -C-O H 
(e.g., glycerol, sorbitol, glucitol), and sugar acids, in 
which C l  or the bottom carbon or both have been 
oxidized to an acid (C O O H ). Phosphorylated sugars, 
in which an -O H  group is replaced by a -O PO ," 
group, are common metabolites. In fact, free mono
saccharides arc rather rare in biochemistry compared 
to their phosphorylated derivatives. In sugar-rich 
foods, the sugars exist either as free monosaccharides 
or as polymers (see below).

3. Oligosaccharides
Oligosaccharides are chains o f two or more mono

saccharides linked together by shared oxygen atoms.

an aldehyde (R  = H ) 
or ketone (R  = CH2- )

OH

FTT'-R’
R"0

a ham.acata! or 
hemiketal

an alcohol

FIGURE 7  Formation o f a hemiacetal (or hemiketal) from the 
attack ot an alcohol on an aldehyde (or ketone).

Since any o f the hydroxyl oxygen atoms on the sugar 
can be shared (but not the ring oxygen), attachment 
can occur in several ways (see Fig. ')). Usually, at 
least one o f the carbon atoms bonded to the shared 
oxygen is the “ anomcric carbon," where ring conden
sation occurred, and such linkages are called glyco- 
sidic bonds. The remainder o f the name o f the linkage 
is derived from the numbers o f the carbon atoms that 
share the oxygen and information about the configu
ration o f the anomcric carbon, if  it is involved. Lactose 
is composed of galactose and glucose in a /i-1-4 link
age; the C l o f galactose is in the (i anomcric configu
ration and is attached to the oxygen on the C4 ot 
glucose. Note that, unlike the C l ot the galactose 
moiety, the C l ot the glucose moiety is unattached 
and can be either a  or [3 (both a  and (3 lactose exist). 
Lactose is therefore a reducing sugar, and glucose is 
at the “ reducing end." Another disaccharide, sucrose, 
is composed o f fructose as a five-membcred ring, 
and glucose, but the anomcric carbon atoms are both 
involved in the linkage; sucrose is therefore not a 
reducing sugar.

M any other di- , tri-, tetra-, etc., saccharides exist; 
complex sugars containing up to about 10 monomer 
units are generically called oligosaccharides.

4. Polysaccharides
Strings o f monosaccharides ot more than about 10 

units are called polysaccharides. The structures ot the 
monomer units are similar and the linkages are the 
same as for oligosaccharides, but the chains are longer. 
The average length ot the chain o f a polysaccharide 
is expressed as its degree o f polymerization (D P ), the 
average number of'm onom er units.

Some polysaccharides are constructed o f a single 
kind o f monomer (e.g., glucose), whereas others are 
composed o f several different sugars. Polysaccharides 
composed only ot glucose monomers are called 
glucans.

FT - O H



FOOD BIOCHEMISTRY: LIPIDS, CARBOHYDRATES, AND NUCLEIC ACIDS
223

O H

HO-

-OH

OH 

-OH 

C H ?OH

HO

(5-D-Glucose

[J-D-fructofuranose

H-D-fructofuranose

FIGURE 8 form ation ot glucopyranoses and tructofuranoses from the open-chain forms ot the sugars. I he position ot the 
hydroxyl group o f the reducing carbon (arrows) determines whether the sugar is the a  or /2 anomer.

Even though the monomer units are the same 
in all glucans, they can be quite different because 
the units can be strung together in several different 
ways. Starch, for instance, the primary storage com
pound ot plants, is composed o f amylose, a linear a- 
n-glucopyranosyl polymer with a-1.4 linkages (and 
occasional branches with a-1,6 linkages), and amylo- 
pectin, a branched a-n-glucopyranosyl polymer with 
a-1,4 linkages and frequent a-1,6 branches. Starch, 
which is soluble in warm  to hot water and is digest
ible, is the most abundant polysaccharide in the hu
man diet. Cellulose, the principal component o f plant 
cell walls, has essentially the same structure as amy- 
lose except that the linkages are >8-1,4 and the chains 
tend to be longer. However, because mammals lack 
(i glycosidases, enzymes capable of hydrolyzing the (3
1,4 linkages ot cellulose, this compound is completely 
undigestible, contributes no Calories or carbon to the 
human diet, but is nutritionally important as dietary 
fiber. It is also notably insoluble because of its large 
chain length. So, although polysaccharides may have 
superficially similar structures, their properties and 
roles in food are sufficiently different to be discussed 
individually.

a. Starch Starch exists as granules o f 2—100 /xm 
in various plant cells such as in potato tubers, beans, 
and grain seeds. The granules contain a ratio ot am y
lose to amvlopcctiii that varies from species to species. 
A typical ratio is between 20 and 40%  amylose. The 
D P  o f amylose and the extent o f chain branching in 
amylopectin also vary from species to species. The 
H P  is about 1000-2000 in wheat, but may be as high 
as 4500 in potato. Amylopectin is composed o f short, 
linear runs o f 15-30 residues in a-1,4 linkages, 
attached at their reducing ends via a-1,6 linkages to 
other linear runs o f 15—30 residues in a-1 ,4 linkages, 
and so on. This treelike structure can become very 
large and can contain up to a million glucosyl units. 
It is thought that the branches wrap around the strand 
from which they have branched to form a double 
helix (see Fig. 10).

Starch granules do not dissolve in cold water, but 
swell remarkably in heated water to form a thick 
suspension o f swollen granules o f dissolved starch. 
The temperature at which the swelling and dissolution 
occur, known as the gelatinization temperature, varies 
with the source o f the starch, usually occurring be
tween about 52° and <S0°C. When the temperature
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lactose

cellobiose

HOH2C O '

FIGURE 9 Nirik lures ot three disaccharides. lactose (milk sugar ), 
ccllohiose (a breakdown produce of cellulose), ami sucrose 
v* sugar’*).

of gelatinized starch is lowered while stirring, the 
solution increases in viscosity. It cooling is not accom
panied by stirring, a gel is formed. The gel often 
undergoes a further transformation, called retrogra- 
darion, to a microcrystalline state.

1'hese transitions appear to be determined by struc
tural changes in amylose. In starch granules, amylose 
exists as two strands wound around each other in an 
extended double helix. In the starch granules o f cere
als, these double helices are bundled in groups o f 
seven, with six 011 the outside of the bundle and one 
111 the center (A-tvpe amylose). In potato starch and 
retrograded starch, the bundles contain six double 
helices, arranged hcxagonally with water in the center 
(15-tvpe .iniylose). In legume starch, a combination 
of both types occurs. I he double helices are stabilized 
by hydrogen bonds (formed when a hydroxyl oxygen 
and an oxygen atom of .1 nearby glucose monomer 
share .1 hydrogen atom). Water molecules exist be
tween the packed helices. Upon swelling, the struc
ture changes to .1 thicker, shorter helix, the V-iielix.

FIGURE 10 SchcmalK depiction of ainvlopectin structure. I he 
branches o f the treelike structure of amylopci tin (above) are proba- 
blv wound about each other in .1 double-helical fashion (below).

Although hydrogen bonds also stabilize V-type amy
lose. the helix must be rather flexible because small 
molecules can diffuse in and alter its diameter. The 
internal channel of the helix lacks hydroxyl groups 
and is hydrophobic, so. 111 cereal grains, lipids are 
enclosed in the helix, which stabilizes the structure, 
but limits swelling. Because these conformational 
changes are reversible, the structure of the amylose 
can change with time, and the change can affect 
starch-containing products. Fresh bread, for instance, 
contains the V-amylosc o f gelatinized starch, but stale 
bread lias Li-type amylose. which is characteristic ot 
retrograde starch.

Ainvlopectin can be dissolved 111 hot water to form 
a viscous solution. 1 lowever. it neither gels (except 
at verv high concentration) nor undergoes retrogra- 
dation.

Starch and its glucan components have many uses 
in foods. Starch, amylose. and amylopcctin are all 
used as thickeners and binders in dressings, sauces, 
gravies, puddings, and mayonnaises. Am ylose forms 
thin, tasteless films, and can be used as ,1 protective 
coating to retard oxidation or prevent sticking in vari
ous foods

Even though starch is .1 versatile ingredient, it has 
been made more versatile 1>\ modification. 1 hese

CHpOH

OH

CH2OH
j  —  O 
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modifications include the following: ( I )  Gclatiniza- 
tion, followed by drying starch, makes a product that 
w ill take up cold water and form a gel. (2) Limited acid 
hydrolysis ot starch yields shorter chains. Viscosity 
depends upon molecular asymmetry, and, since 
shorter chains are less asymmetric, solutions o f hy
drolyzed starch are less viscous than those o f unhy
drolyzed starch. (3) Chem ically modified products 
such as hydroxypropyl and carboxymethyl starch are- 
used as thickeners and to form gels. (4) Chemical 
crosslinking, using any o f several bifunctional re
agents (adipic anhydride, epichlorohydrin. or phos
phorous oxychloridc), yields a stronger, more heat- 
resistant starch that is w idely used in foods.

b. Cellulose Cellulose, the /3-1.4 polymer o f 
D-glucopyranose, is a large, insoluble polymer, with 
a 1)P of 1000 to 14,000, depending on its source. It 
is the principle component o f plant cell walls, and 
forms an appreciable fraction o f the solid portion o f 
wood. Cellulose forms fibers and fiberlike crystals 
stabilized by intermolecular hydrogen bonds. The 
strength of this structure contributes to its insolubility 
and to its strength as a structural material. It does 
not hydrate well and does not swell readily when 
moistened. It is used in foods as a filler and as a dietary 
fiber supplement. It is obtained for the latter purpose 
from the hull o f  cereal grains (“ bran") or from saw 
dust. Bran also contains the polysaccharide- hemicellu
lose and lignin. Sm all particles o f microcrystalline 
cellulose suspended in aqueous media can give a 
creamy mouth feel and are sometimes used as fat 
substitutes. Some o f its derivatives are even more 
useful. These include alkyl (often methyl or methy- 
lethyl) cellulose, hvdroxyaikyl (typically methyl, pro
pyl, or propylm cthyl) cellulose, and carboxymethyl 
cellulose. These are used as thickeners in products 
like sauces, oil-free salad dressings, milkshakes, and 
nondairy whipped topping, to form gels, and as coat
ings for fried foods. M ethyl cellulose has the peculiar 
property ot gelling at high temperature and melting 
upon cooling; it is therefore suitable for use in systems 
m which running during cooking would be a 
problem.

c. Pectin Pectin is a polysaccharide formed from 
150 to 500 n-galacturonic acid units bonded in or-1,4 
linkages. Galacturonic acid is a sugar acid o f galactose 
in which C6 has been oxidized to a C O O H  group. 
There are also i.-rhamnose units in the main chain 
(about 10% ) and branches containing )3-n-galactopyr- 
anose and «-i -arabinofuranose. The earboxylic 
groups o f the galacturonic acid often exist as methyl

esters. Pectins can differ in degree ot esterification, 
and tall into two groups, low-methoxy pectin (< 50%  
acidic groups esterified) and high methoxypectin 
(> 50%  acidic groups esterified). which have different 
gelling properties. High-methoxv pectin can be de- 
csterified to produce low-methoxy pectin.

The gelling process is different in the two types of 
pectin. High-methoxy pectin gels at low pH (2.0-3.5) 
and in the presence of other dissolved solids (e.g., 
sucrose). The low pH protonates unesterified carbox- 
ylie acid groups and the chains associate by hydropho
bic interactions, stabilized by interchain hydrogen 
bonding. The other solids (sucrose) are thought to 
aid gellation by decreasing the amount o f  water avail
able to solvate the pectin, thereby forcing it to seek 
other interactions. Low-methoxy pectin gels over a 
wider pH range (2.5-(>.5) and at a much lower level 
o f dissolved solids. The gellation requires C a- * ion, 
which bridges between anionic groups on different 
chains.

Pectin is obtained from apple and citrus pulp by 
extraction at elevated temperature at low pH. Cond i
tions are not sufficiently harsh to hydrolyze the glvco- 
sidic or ester bonds. It is used primarily as a thickener 
in jams and jellies, but, because o f its partial hy
drophobic character and viscosity production, can act 
as an emulsifier and stabilizer. A gel formed from 
pectin and calcium may be sheared to produce an 
applesauce-textured ingredient or homogenized to 
produce a “ creamy”  ingredient tor use as fat substi
tutes. Because gels can contain as little as 1%  pectin, 
the gels contain very few Calories per gram.

d. Agar A gel-forming mixture o f polysaccha
rides called agar is isolateel from red algae. Its two 
main components, agarose and agaropectin, contain 
the same backbone structure, /3-D-galactopyranose 
and 3,(>-anhydro-a-i-galactopyranosc (a single oxy
gen atom is shared by carbons 3 and 6). These units 
occur with alternating 1-4 and 1-3 linkages. In agar
ose, a hydroxyl group o f about every 10th galactose 
unit is esterified to sulfuric acid. Agaropectin contains 
more sulfate esters and contains molecules ot pyruvate 
held as a ketal between the C4-O H  and C6-O H  
groups o f the D-galactose residues.

Agar can be dissolved in hot water then gels upon 
cooling, ever, at very low concentrations (as low as 
0.04%). Gellation is reversible, and agar can be redis
solved by heating, but the melting temperature o f 
the gel may be 30° or more above the congealing 
temperature. This hysteresis makes the gel uniquely 
heat-stable.
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Agar is produced by extraction in hot water, and 
then washing o f the gel that forms upon cooling. It 
is perhaps most familiar as the solid microbiological 
medium used in plate, slant, and stab cultures. It is 
used for gelatinlike confections in Asia and in pastry 
fillings in Europe and the United States. In addition 
to its gelling properties, it is an emulsifier and stabi
lizer and is used in sherbets, ice cream, and yogurt, 
often together with other stabilizers. It is not digest
ible and may be considered as dietary fiber.

e. Alginates The cell walls o f brown algae con
tain alginates, linear polymers o f /3-n-mannuronic 
acid and a-i.-guluronicacid linked by 1-4 glycosidic 
bonds. The protonatcd (free acid) form, alginic acid, 
is not soluble. Sodium and potassium salts, but not 
calcium salts, are soluble. These properties are ex
ploited in the isolation and purification ot alginates 
and in controlling its gelling properties.

There are three types o f sequences in alginates: oligo 
/3-1,4-n-mannuronatc, oligo «-l,4-i-guluronate and 
alternating oligo /3-i)-mannuronate-«-i -guluronate. 
Each kind o f sequence runs tor about 2D residues 
before changing to another type. The ultimate degree 
o f polymerization is between about 2(10 and 1000. 
The ratio o f mannuronic to guluronic acids in these 
chains is generally about 1.5:1, hut varies trom species 
to species.

As might be guessed, the gellation mechanism in
volves crosslinking o f chains by C . r ’ . The calcium 
complex involves four guluronate residues, two adja
cent residues from the same chain, and two from 
another, which links the chains. M any such crosslinks 
can exist between the same two chains, so the associa
tion is very strong. Many alginate molecules can line 
up side by side to produce a large crosslinked net
work. To obtain a strong, uniform gel. crosslinking 
must occur slowly, so C a :t  ion is added as insoluble 
salts, which dissolve slowly as newly solvated calcium 
ions are taken up by the gel network. The gels so 
formed are not thermally reversible.

Because alginic acid is insoluble, it cannot be used in 
acidic foods. Instead, the acid groups can be partially 
esteritied by reaction with propylene oxide. Ihe  re
sulting propylene glycol alginate ester forms a sott. 
elastic gel in the presence ot C .r '.  down to pH 2.

Alginates are used as thickeners in sauces, whippco 
toppings, yogurt, bakery fillings, and as a stabilizer 
in ice cream. Alginates have recently been used as 
gelling agents in the production ot fabricated foods, 
such as fabricated onion lings and cherries.

f. Carrageenan Also isolated from seaweed (red 
seaweed o f the class Rhodophyceae) is the polysaccha
ride carrageenan. Like agar, carrageenan is composed 
of/i-o-galactopyranose and 3,6-anhydro-galactopyr- 
anosc. but linked via alternating a-1.3 and /3-1.4 gly
cosidic bonds. Some o f the hydroxyl groups are ester- 
itied to sulfuric acid. The anhydrogalactose content, 
and the extent and position o f the esterification define 
three types o f carrageenan: k. l and A. k carrageenan 
is about 34% anhydrogalactose and is 25%  esterified 
(as galactose-4-sulfate); t carrageenan is about 30% 
anhydrogalactose and is 32%  esterified (galactose-4- 
sulfatc and anilydrogalactose-2-sulfate); A carra
geenan contains little anhydrogalactose and is 35%  
esterified (as galactose-2-sulfate and galactose-2.6- 
disulfatc). The degree o f polymerization for k  and K 
carrageenan is between 1000 and about 4500.

In hot water, carrageenan exists as unstructured 
monomers. Upon cooling o f *  or i carrageenan, heli
ces and double helices are formed, providing cross
links that eventually lead to a continuous network, 
resulting in a thermally reversible gel. Because the 
attached sulfate group enhances solubility, k  carra
geenan, the least esterified, forms an opaque gel (i.e., 
containing precipitate), while i carrageenan gels are 
clear and elastic. Excessive aggregation causes the ex
pulsion o f water (syneresis) from the gel, which then 
becomes brittle. The sequence o f \ carrageenan and 
high degree o f esterification favor a zig-zag structure 
rather than a double helix, so A carrageenan does not 
gel. It does, however, build viscosity.

As in alginates, cations can play a major role in 
gelling. K-Carrageenan binds K * and (.-carrageenan 
binds C a2 + , and both interactions result in strength
ened interchain crosslinks. Thus, cation concentration 
as well as carrageenan concentration can be used to 
adjust gel strength and gelling temperature.

Because o f its appreciable negative charge, carra- 
geenans interact strongly w ith positive regions o f k -  

casein oil the surface o f the casein micelle. The distil 
ends o f carrageenan form crosslinks. Carrageenans 
are therefore used in dairy products. Carrageenan is 
also used in combination w ith locust bean gum, which 
has regions to which carrageenans bind separated by 
regions to which they do not. The result is long- 
range crosslinks without closely packed aggregation. 
Elasticity is therefore increased and syneresis is re
duced. Because o f the strength and elasticity ot gelled 
carrageenan, it is currently used in low-tat formula
tions o f ground beef products.

g. Other Thickeners and Stabilizers Other car
bohydrates that act as thickeners and emulsifiers in-
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FIGURE 11 Nucleic acid structure. (A) ATP, (B) cl I TP. (C) purines, guaiiosnic and adenine, (I)) pyrimidines, 
cytidine and uracil, (F.) a small stretch of single-stranded DNA.
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dude locust bean gum, xanthan gum, gum arabic, 
gum tragacanth, and guar gum.

C. Nucleic Acids

The nucleic acids (Fig. 11) include the energy storage 
compounds A T P . G T P , CT1\ and U T P , the genetic 
material 1 )NA, and R N A  , which occurs as m R N A , 
tR N A , or a structural component in ribosomes. De
spite their immense importance to biology, from a 
nutritional perspective, nucleic acids are not very im 
portant because all components o f nucleic acids can 
be made by the body. There are, however, some 
conditions (e.g., gout) in which nucleic acids are not 
metabolized properly. Foods rich in nucleic acids, 
such as organ meats, should be avoided by those suf
fering from such conditions.

In muscle during onset o f rigor mortis, A T I’ is 
broken down to several compounds, including IM ! ’.

Other nucleotides are also degraded to similar com
pounds. These products contribute some ot the fla
vors associated w ith meat or meat broth. Accord
ingly, IM P  and G M P  are now used commercially as 
“ flavor enhancers”  to supplement or replace M SG , 
which has some negative effects in some individuals.
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Food Biochemistry: Pigments, 
Flavors, Aromas, and Stability
G. M. SMITH, J. R. W H ITAKER, University of California, Davis

I. Pigments and Colorants
II. Flavor
III. Instability of Food Components

Glossary

A lco h ol Organic compound that contains a -C-OH 
group ot atoms o f which the carbon atom is partici
pates only in single bonds to hydrogen atoms or to 
carbon atoms; methyl alcohol (C M ,O H ) is the sim
plest alcohol; while the term “ an alcohol”  refers to 
any compound having this structural feature, the term 
“ alcohol", when otherwise unmodified, refers spe
cifically to ethyl alcohol (C F l ,C H 2O H )
A n a tto  Colorant obtained from the seeds o f a tropi
cal bush; the main component is cis-bixin 
A nth ocyan ins 1 )eeply colored compounds found 111 
fruits and flowers
A sp artam e Trade name for aspartylphenylalanine 
methyl ester, an artificial sweetener 
A utoxid izab le  Said o f  a compund that reacts readily 
w ith oxygen or readily donates one or more electrons 
to other oxidants
Betalain  Group of red and red-violet pigments 
found in red beets
B ixin  Major component o f  annato, a colorant used 
in foods isolated trom the seeds o f a tropical bush 
C a rb o x y lic  acid  O rganic compounds containing 
the structural unit - C O O H ; they are generally weak 
acids; prominent carboxylic acids in foods include 
fatty acids, amino acids and di- and tricarboxylic acids 
such as succinic acid, tartaric acid, and citric acid 
C o u n te rio n  Ion (chemical having a net positive or 
negative charge) that is associated with another ion 
because they bear opposite t barges 
D enatured  Having lost some property associated 
w ith a compound; good examples are enzymes that 
have lost activity due to a structural change, perhaps

caused by heating or by addition o f acid; opposite of 
“ native”
D isprop o rtio nation  Chemical reaction m which 
the same compound becomes both oxidized and re
duced; in the simplest cases, such a reaction involves 
two molecules, one o f which becomes oxidized, and 
the other reduced
H c m o c h r o m e s  Generic reference to colored com
pounds created when groups other than the natural 
ligands bind to the iron o f heme groups; they are 
responsible for the color o f cured and some cooked 
meats
H e m o p ro tc in  Protein that contains a heme group 
H y d ro p e ro x id e  Compound that contains the struc
tural group -O -O H
Invertase Enzyme that catalyzes the hydrolysis o f 
sucrose to glucose plus fructose 
Isoprene 5-Carbon repeating structural unit ot iso- 
prcncs and isoprenoid compounds called terpenes 
Lake Food dye that has been bound to a powdered 
solid material so that it can be dispersed in ,111 oil- 
based food product, such as cake icing 
M yog lo b in  1 leme protein that carries oxygen to 
muscle tissue; different states o f its heme produce the 
various colors o f raw. cooked, or cured meats 
P ero xid atio n  Oxidation reactions involving perox
ides or addition ot ( ) ,  to a compound to form a perox
ide or hydroperoxide
Phospho creatin e  Energy-storagc compound found 
in muscle
Phospholipid Polar lipid; composed o f one mole
cule o f glycerol esterified to two tatty acids, with a 
phosphodiester o f an alcohol 011 one ot the end carbon 
atoms
P o rp h y rin  Polycyclic aromatic compound that 
binds iron ions; iron-porphyrin complexes arc called 
hemes; composed o f four pyrrole rings that are cy- 
clized into .1 larger ring
Saponifiable, saponify Literally, converting to 
soap; base-catayzed hydrolysis o f the ester bond be
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t wccn glycerol and the tatty acid o f a lipid molecule: 
saponifiable lipids are those that contain ester bonds 
U m a m i M ild flavor characteristic o f asian soups and 
some meats, typified by the flavor o f monosodium 
glutamate (M SG )
X an th o p h y lls  Class o f carotenoids that contain ox
ygen atoms, as opposed to carotenes, which do not

C om pou nd s that give foods their characteristic 
aromas and colors are important for palatability, for 
assessment o f freshness and quality, and sometimes 
for nutritional reasons. Changes in flavor, aroma, and 
color during processing, ageing, or storage may re
flect a loss in quality. Some changes, such as ripening 
ot cheese, actually create an improvement in flavor 
and aroma. The compounds responsible tor these 
properties are discussed below.

I. Pigments and Colorants

There are many different kinds o f compounds that 
contribute to color. Some o f them occur naturally in 
the food, others are produced by heating or pro
cessing, and others are added solely or partly to alter 
the color.

A. Colored Components Occurring in Food

1. Carotenoids
Carotenoids are the most abundant class o f colored 

compounds in plants. Carotenoids are polyisoprenes, 
being built ofisoprene units (Fig. 4. Food Biochemistry: 
Lipids, Carbohydrates, and Nucleic Acids), and fall into 
two classes: the xanthophylls, which contain oxygen, 
and the carotenes, which do not. Carotenes, such as 
a- and /3-carotene, are typically orange and are found 
in most fruits and vegetables. They provide the or
ange color o f carrots, tomatoes, squash, and many 
other foods. Both classes o f carotenoids are nonpolar. 
They are thus oil-soluble and rarely water-soluble. 
An exception is bixin, a common food colorant (see 
below).

/3-Carotene is itself significant because it is an 
immediate precursor o f the eye pigment, retinal (vita
min A). Green and vcllow vegetables contain the 
“ provitamin” /3-carotene, each molecule o f which can 
be converted to two molecules o f retinal bv oxidative 
cleavage. Cleavage is usually not efficient, and less 
than 20% o f dietary /3-carotene is converted to vita
min A. During processing, cooking, or storage, up 
to 40%  ot vitamin A can be lost, chiefly by oxidation.

but also due to isomerization and fragmentation. 
These changes alter the color ot tood as well as its 
nutritional quality. D ietary deficiency in vitamin A 
leads to night-blindness, which progresses to total 
blindness. This condition is currently common in 
famine-stricken regions ot the Third  W orld. In addi
tion, toughening o f eye tissue and thickening o f the 
skin, especially the palms, may occur.

Although carotenoids are not synthesized by ani
mals, they are transmitted by teed to animal tissue 
where they accumulate. The yellow-orange pigment 
of egg yolk is a carotenoid o f vegetable origin. In 
fact, children who consume large amounts o f foods 
rich in carotene (e.g., baby foods such as cooked 
carrots) may actually accumulate carotene in the skin 
and take on a jaundiced appearance. This condition, 
called carotenosis. has no other symptoms.

Xanthophylls, such as zeaxanthin (tound in corn, 
spinach, and green pepper), are typically yellow. 
Polyisoprenenes contain many trails double bonds; 
double bonds tend to be chemically reactive. O xida
tion, photolysis, or isomerization (to the cis form) ot 
these double bonds leads to loss ot' the orange or 
yellow colors.

Carotenoids form part o f the photosynthetic 
("light-harvesting") apparatus o f green plants. They 
are widely distributed, especially in leaves, where 
their presence is obscured by chlorophylls, the pri
mary photosynthetic pigments.

2. Anthocyanins
Anthocyanins are orange, red. blue, or purple col

ors found in fruits and flowers. They are glycosides 
o f compounds called anthocyanidins (Fig. 1). The 
presence o f the sugar and the acidic -O H  groups 
makes them both water-soluble and pH-sensitive. 
They also decompose in acid by hydrolysis. H o w 
ever, because they possess hydrophobic rings, they 
associate with one another, forming stacks o f pigment 
in which the molecules are protected from hydrolysis. 
Different hydrophobic compounds can be present in 
the same stack.

The red-violet and yellow colors associated with 
beets are produced by a group ot compounds called 
betalains. The general structure ot betalain is shown 
in Fig. I. The violet members ot this class, called 
betacyanins. contain an additional aromatic substitu
ent as R  or R ’. In the yellow betalains, the beta.xan- 
thms. the substituent is not aromatic.

3. Chlorophylls
Chlorophylls a and b are the active photosyntheric 

pigments, and are therefore tound in green leaves
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FIGURE 1 Structures ot sonic important pigments tound in foods. Carotenes and xanthophylls arc both carotcnoids. n.v-Bixin 
is one isomer of the colored material in anatto, a common food colorant. Anthocyamdins arc derivatives ot anthocyanins. C'urcumin 
is the yellow color found in turmeric. Betalams form a family of pigments that differ by the identity of It and It'. Betamn, a red 
beta lain found in beets, occurs in two isomers as indicated.

where they constitute the major green pigment. The 
color arises from the magnesium complex o f the 
chlorin ring, which is itself associated with protein. 
The chlorophyll is oil-soluble and is responsible for 
the green color o f  extra-virgin olive oil. The copper 
complex o f chlorophyll is green and is used as color
ants in candies.

4. Hemoproteins
M yoglobin and hemoglobin are the principal col

ored compounds in fresh meat; myoglobin predomi
nates in well-drained meat. The globins become dena
tured upon heating or curing, which causes the change 
in color o f meat upon cooking (see below-). The cyto
chromes, which function as electron carriers in oxida
tive phosphorylation, may contribute some red color 
to meat. [S tr  F o o d  B i o c h e m i s t r y : P r o t e i n s , E n 
z y m e s , a n d  E n ? y m e  I n h i b i t o r s .]

Muscle types, often characterized as light, interme
diate, or dark, are o f  different color largely because

o f their differing myoglobin content, although the 
exact structure o f the muscle fibers also differs. 
Muscles that are used for rapid but not prolonged 
contraction generally derive their energy more from 
glycolysis (nonoxidative degradation o f sugars to pro
duce lactic acid) than from aerobic metabolism. M us
cles that must undergo sustained contraction would 
build up lactic acid under anaerobic metabolism, 
which would lead to fatigue and cramping. Therefore, 
these muscles use the more efficient pathway: conver
sion o f sugars or fatty acids to acetyl coenzyme A, 
then oxidation of the two carbon atoms to C 0 2, gen
erating A T P  via electron transport in the mitochon
dria. Substantial amounts o f oxygen are required for 
this process, hence the need tor myoglobin. Heart 
muscle is quite aerobic and has many mitochondria 
and much myoglobin. The “ flight”  muscle (breast 
and wings) o f chickens and turkeys, which rarely fly, 
apparently finds anaerobic metabolism adequate for 
short bursts o f fluttering flight. Thus, this white meat
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contains less myoglobin than thigh and ‘'drumstick'' 
muscle, which must be in constant use when the bird 
stands.

5. Riboflavin
Riboflavin, usually thought of as a vitamin, adds a 

yellow color to food in which it exists. Care must be 
taken in adding it to foods, however, because it can 
act as a pro-oxidant and photosensitizer.

B. Colorants Added to Foods

Caramel is one o f the more common colorants. It is 
produced by heat decomposition ot sugars (e.g., corn 
syrup). It has a characteristic color and flavor. Cara
mel contains many compounds (polymers) ot unknown 
structure. In addition, there are several different kinds 
o f caramel that differ in the conditions used to produce 
them (e.g., pi 1. presence ot salts, or amino acids). 
Because the properties ot these caramels are different, 
they are used in different products.

Other natural colorants added to foods primarily 
for color include annatto and curcumin. Anatto is an 
extract o f a tropical plant that contains an orange 
carotenoid called nV-bixin. ri.\-Bixin is a polyisoprene 
chain with carboxylic acid groups at each end, one 
existing as a methyl ester. Heat treatment during the 
extraction process converts some of the </> isomer to 
the red fivH/x-bixin, which is oil-soluble. Heating the 
extract in alkali produces the dicarboxylic acid nor- 
bixin. The acid form ot nor-bixin is insoluble in water 
except at alkaline pH. Curcumin (Fig. I) is pres
ent in the bland spice turmeric, and yields an oil- 
soluble yellow-orange color often found in Indian 
dishes.

1. Dyes and Lakes
Most food colorants are compounds that occur nat

urally, though some o f them may actually be pro
duced commercially by chemical synthesis. There are, 
however, a few man-made food colors approved for 
use in the United States that do not occur naturally. 
These compounds, called certified color additives, arc 
compounds that have many conjugated double bonds 
(i.e.,. . . C H = C H — C H = C H - - C H = C H  . . .). 
Some of them (e.g.. F D & C  yellow No. S and 1 D & C  
red No. 40) contain the group — N = N — . and are 
accordingly known .is azo dyes. These dyes are water- 
soluble and cannot be dispersed well in oils, f lowever. 
the dyes can be adsorbed onto particles ot alumina 
hydrate (Al(OH)-,) to form insoluble pastes called

lakes. Lakes can be dispersed in fat or oil-based prod
ucts, such as frostings and fillings.

C. Color Changes Caused by Cooking
or Processing

1. Blanching of Vegetables
Vegetables are heated during preparation (cooking) 

and for sterilization during canning. Before freezing 
or other storage, they may be “ blanched" to inactivate 
enzymes that would lead to softening, discoloration 
(e.g., polyphenol oxidase, see below), or other deteri
oration (e.g.. lipoxygenases and peroxidases). The 
blanching process derives its name trom the tact that 
the characteristic green and yellow  colors of fresh 
vegetables turn pale upon heating. M ore than one 
change takes place. The primary green color ot plant 
material is chlorophyll, the hemelike complex o f mag
nesium. Heating, especially at low pi 1 (e.g.. in vine
gar and lemon juice), causes loss of the magnesium 
ion, and the resulting compound, pheophytin, is olive 
green. Another result ol heating is the oxidative de
struction o f carotcnoids by lipoxygenase before the 
enzyme is itself denatured.

2. Nonenzymatic Browning and Sugars
Upon heating in the presence o f proteins, amino 

acids, or other amines, aldoses and ketoses undergo 
a reaction that produces browning. The phenomenon 
is actually a series ot reactions collectively known as 
the Maillard reaction (F ig  2). Amines can condense 
with amino groups to form imines (also called Schitt 
bases). Through a shift o f the double bond, the sugar 
can form a second carbonyl group, which can con
dense with another amine. Continued heating causes 
further rearrangement, further condensation, and, ul
timately, the production o f  hundreds of new com
pounds. M any o f the compounds arc colored, leading 
to the term Maillard browning, and many ot the com
pounds are flavor and aroma compounds. These com
pounds are very important to the color, aroma, and 
flavor developed during baking or roasting. Obvious 
examples are bread crust, maple syrup, and coffee 
beans.

3. Browning of Meat
1 he color o f fresh red meat is due mostly to m yo

globin. The coordination o f the Fe: ' ion by tour nitro
gen atoms o f the heme group and one nitrogen atom 
from a histidine residue ot the protein produces a 
structure that strongly absorbs yellow and some blue 
light and therefore reflects and transmits red-purple
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FIGURE 2  Important reactions leading to noncnzym.nic (Maillard) browning. The reactions involve sugars and amines, such as 
amino acids or proteins.

light. These molecules hind oxygen as the sixth ligand 
to the iron ion and the oxygenated species are a 
brighter red than the deoxy species, corresponding 
to the difference in color between venous and arterial 
blood. In cut meat, the globins (mostly myoglobin) 
are oxygenated. How ever, the iron ion can be oxi
dized to F e '+ by the bound oxygen (the presence o f 
other metal ions, especially copper, accelerates this 
process). The resulting compound, mef-myoglobin, 
which has a water atom as the sixth iron ligand, is 
brownish. The color o f raw meat is determined 
mainly by the ratios of myoglobin to o.vy-myoglobin 
to ;»<7-myoglobin. The shift in this ratio causes meat 
to turn brown upon storage. N itrite (N O , ) oxidizes 
myoglobin to im 'Mnyoglobin, becoming reduced to 
N O  in the process; the N O  forms complexes with 
the iron ot myoglobin and wef-myoglobin that are 
bright red. Meats cured w ith nitrites therefore main
tain a red color. The denatured forms ot the proteins,

which may also be oxidized, contain heme-bound 
iron, but the two nonheme coordination sites ot the 
iron are occupied by groups other than the normal 
histidine and water or oxygen. These compounds, 
called hemochromes, are brown and are responsible 
in part for the darkening and loss ot red color by meat 
that occurs upon cooking or addition ot acid (e.g., 
lemon juice). Below  a pH o f  about 5, the heme disso
ciates from the protein and accepts two ligands from 
the medium. Meats cured with nitrites contain N O  
coordinated to the heme iron and thus are red even 
after cooking.

II. Flavor

A. Taste and Aroma

The sensation o f the flavor o f  a food involves the 
interaction o f taste, as perceived by the taste receptors
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o f the tongue, and aroma, as perceived by the olfac
tory organs. Although texture and niouth-feel play a 
role in the assessment o f “ how it tastes," it is the 
chemical stimulation o f taste and odor receptors that 
is responsible for the flavor o f food. As far as taste is 
concerned, there are chemicals in food that bind to 
specific receptors o f the tongue which produce the 
sensations known as sweet, sour, salty, and bitter, 
from which more complex tastes are built. There may 
be other basic tastes that are less well recognized, such 
as the “ umami”  flavor o f M SG  and Asian soups. 
The chemicals responsible for stimulating the taste 
receptors are generally nonvolatile compounds, but 
some may be volatile, and they may also act as aroma 
compounds.

Aroma compounds are volatile compounds associ
ated with foods that stimulate the olfactory organs. 
The variety o f aromas seems more complex than that 
o f taste. Aromas may be either pleasant or unpleasant, 
or the pleasantness may depend on context. Many 
aroma compounds can be detected at very low con
centrations in air. The actual intensity ot the aroma 
depends on the vapor pressure o f the compound, 
which is strongly dependent 011 concentration, tem
perature, and the properties o f the food in which it 
is found, such as lipid content, pi I, etc. In addition, 
each compound has its own potency. Some ot these 
factors have been quantitated in combination by de
termining the lowest concentration o f a substance dis
solved in neutral water at 2()°C that can be detected; 
this is the odor threshold value (concentration).

In some foods, a single volatile compound, called 
the character or impact compound, is responsible for 
the characteristic odor (Table 1, Fig. 4). Examples are 
isopropyl acetate in banana, rram--2-ri.s-4-decadienoatc 
esters in pear, and citral in lemon. In other foods, one 
compound plays a major role, but several compounds 
arc required to create the recognizable characteristic 
aroma. A good example is the delicious apple, with 
the character compound ethyl-2-mcthylbutyrate and 
supporting aroma from hexanal and mim-2-hexenal. 
The aromas o f some foods cannot be duplicated by 
mixtures o f a few compounds. Apricot, for instance 
contains myrcene, limonene, /i-cymene, terpinolene, 
fraj;.\'-2-hexenal, geraniol, linalool. linalool oxide, 
2-methylbutyric acid, caproic acid, and several cyclic 
esters. In a fourth group o f foods, exemplified by 
strawberry, characteristic odors have not been repro
duced at all.

Aromas and flavors in foods may be present in the 
tresh, raw material, or may be developed in numerous 
ways, through roasting, through fermentations, or

by combinations o f techniques. Roasted coffee and 
dried tea leaves are extreme examples o f aroma devel
opment due to roasting and drying.

B. Sweeteners

Sweetness is the sensation produced when a com
pound having a “ glycophore”  (a sweet-carrying 
group) binds to a sweetness receptor o f the tongue. 
Like enzymes and antibodies, receptors bind only 
compounds that have the right shape, size, and distri
bution o f charged, polar and nonpolar groups. From 
years o f experimentation, it is known that molecules 
that bind to the sweet receptors must contain three 
groups: a hydrogen bond acceptor B, a hydrogen 
bond donor A H , and a hydrophobic group y, located 
at specific distances from one another 011 the surface 
o f the moelcule. These three structural features must 
be located such that they interact with complementary 
groups on the receptor surface. The hydrophobic 
group need not be large; a single C H  group constitutes 
the entire hydrophobic site 011 sugars. In synthetic 
sweeteners, which are many times sweeter that su
crose, the y  group is more hydrophobic, suggesting 
that the y  group modulates the sweetness.

Sweetness can be quantified in several ways. One 
method is to determine the lowest concentration of 
a compound dissolved 111 water that produces a sweet 
taste (the recognition threshold). This parameter is 
expected to correlate with the strength o f the binding 
between the compound and the receptor. Another 
system for comparing sweetness o f different com
pounds is to determine the relative sweetness o f a 
compound to that o f sucrose at the same concentra
tion, or the concentration o f the compound that has 
the same sweetness as a particular concentration o f 
sucrose. However, relative sweetness changes with 
concentration: a 1.8% solution o f glucose is equal in 
sweetness to a 1%  solution o f sucrose, but a 13.9% 
solution is equal to the sweetness o f a 10% solution 
o f sucrose. Other parameters, such as temperature, 
pH, and the presence o f other compounds, also affect 
perceived sweetness.

Some sweeteners have other flavors associated with 
them. Others have an aftertaste. Sweeteners o f the 
first group can be used in products in which the other 
taste is complementary to or masked by the tastes 
and aromas present. Sweeteners with an aftertaste can 
be used in chewing gum and other candies in which 
persistence o f flavor is considered a positive attribute. 
Some sweeteners, especially sugars and syrups, lend 
body or mouth-fed to products. I f  sugar substitutes
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arc used, other ingredients must he included to main
tain the expected texture o f  the product.

Many compounds are used as sweeteners. They are 
divided into two groups, nutritive and nonnutritive. 
Nonnutritive sweeteners are not used by the body to 
obtain energy (calories) and are therefore employed 
in diet and other reduced sugar products. These com
pounds are excreted by the body. Care must be taken 
in the design and testing o f nonnutritive sweeteners 
to be sure that they are actually excreted and do not 
build up in tissues to cause damage. Nutritive sweet
eners can be degraded by the body to yield calories. 
These include sugars, sugar alcohols, and sugar syr
ups, but also some proteins and synthetic peptide 
compounds, such as Aspartame. Even though pro
teins, amino acids, and peptides have about the same 
number ot calories per gram as sugar, some, such as 
Aspartame, are very sweet and can be used at very 
low levels.

C. Sugars and Sugar Alcohols

Sugars are the paradigm o f sweetness. Although the 
English word “ sugar”  refers to sucrose (sometimes 
called saccharose or table sugar) nearly all monosac
charides and oligosaccharides are sweet, although 
many have other tastes, such as bitter, associated with 
them. In general, the more monosaccharide units in 
an oligosaccharide, the less sweet it is. A ll sugars that 
are digestible yield 4-5 calories per gram (a rounded 
teaspoon ot granulated sugar weighs about 7 g). | S ir  
F o o d  B i o c h e m i s t r y : L i p i d s , C a r b o h y d r a t e s , a n d  
N u c i u c  A c i d s . ]

1. Sucrose
Sucrose is the sweet compound against which all 

other sweeteners are compared. It is produced f ro m  
can e  or sugarbeets, in which it is quite abundant. 
Sucrose is a nonreducing disaccharide o f a-o- 
g lu c o s c  and /3-n-fructose. i.e., /3 - D - fru cto fu ran o sy l-  
a - D - g lu c o p y ra n o s id e . The “ f u r a n o s y l ”  an d  “ p y ra n o -  
sidc" p o r t io n s  o f the name indicate that the f ru c to se  
exists as a five-inembered ring, the glucose as a six- 
membered ring, and the monosaccharides are joined 
through bonds to their reducing carbons. Sucrose is 
generally regarded as stable, b u t it (a lo n g  with other 
/3-fructosides) is more susceptible to h y d r o ly s is  than 
other disaccharides. Hydrolysis, which p ro d u c e s  a 
mixture ot a- and /3-i>-glucopyranose and both p y-  
ra n o s e  and fu ra n o s e  fo rm s  o f a- and /3-D-fructose. is 
catalyzed by weak acids and by heating.

In some cases, especially in candies and other 
sweets, sucrose is intentionally hydrolyzed by the ad
dition ot the enzyme invcrtase, which produces a 
50:50 mixture o f glucose and fructose known as invert 
sugar. (The name arises from the fact that plane polar
ized light that passes through a solution o f sucrose is 
rotated to the right, but in the mixture o f glucose and 
fructose, it is rotated to the left.) Invert surgar is about 
95%  as sweet as sucrose (at a concentration o f 10 g/ 
100 g o f solution). Invert sugar is a mixture o f  reduc
ing sugars, and is therefore more susceptible to nonen- 
zymatic browning reactions than sucrose.

2. Glucose
Glucose, also called dextrose because it is dextroro

tatory, is thought o f by biochemists as the archtypical 
monosaccharide. Glucose is a building block o f su
crose, starch (an energy and carbon storage material 
in plants), glycogen (.111 energy and carbon storage 
material in mammals), and cellulose, and thus plays 
a pivotal role in sugar metabolism. It is conveniently 
produced from starch (obtained from corn, wheat, 
or potatoes) by acid hydrolysis or by enzymatic hy
drolysis using a mixture o f a-amylase and glucoamy- 
lase. Although glucose syrups are more com monly 
used in foods, purified glucose is used 111 pharmaceuti
cal preparations (including intravenous feeding).

3. Fructose
Fructose, also called levulose because it is levorota- 

tory, is the predominant sugar of fruits, although 
substantial amounts o f glucose and sucrose often ac
company it. It also contends with glucose tor the most 
abundant sugar in honey. Nonetheless, it is usually 
prepared from invert sugar by separating it from glu
cose. It is sweeter than sucrose and is therefore used 
in reduced-sugar foods. Although it can be intercon
verted with glucose in the body (via the 6-phosphate 
derivatives), it appears that it is metabolized some
what differently than dietary glucose.

4. Liquid Sugars
Starch is not sweet, but it is water-soluble and easily 

extracted from corn, potatoes, or grain. It can be 
hydrolyzed enzymatically to the disaccharide maltose, 
or to glucose. Acid-catalyzed hydrolysis is also com
mon. The high-glucose syrup produced by hydrolysis 
is sweet and builds viscosity or texture in foods. It is 
therefore used as a sweetener in many commercial 
products. Recently, it has become common to convert 
some o f the glucose in corn syrup to fructose using 
the bacterial enzyme glucose/fructose isonierase. The
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resulting product, which is similar to invert sugar 
syrup except that the fructose/glucose ratio can devi
ate from 1:1, is called high fructose corn sweetener 
and is used in many products including soft drinks.

Molasses is another sweetener and flavoring that is 
used as a syrup. It is actually the residual liquid that 
remains after sucrose has been crystallized from the 
concentrated extracts o f sugar beets or sugar cane. 
Although molasses from cane and beet processes are 
different in other components, both contain sucrose 
as the principal sugar.

Many syrups are used without extensive purifica
tion, crystallization, or drying. “ Liquid sugar" is easy 
to handle and dispense. It is also inexpensive because 
o f the savings in energy, equipment, and manpower 
that would be needed to produce crystalline or dry 
sugars. Liquid sugars are more expensive to transport, 
however, because o f the weight added by the water 
content.

5. Lactose
Lactose, milk sugar, is a disaccharide ot galactose 

and glucose (galactopyranosyl glucopyranose). M ilk, 
and consequently, cheese whey, is about 5 %  lactose; 
it is a plentiful by-product o f the dairy industry. Its 
importance in dairy products is enormous, because, 
as the only significant carbohydrate in milk, it acts 
as the carbon source for the bacteria and molds that 
cause ripening and development o f flavor and texture 
m cheeses and yogurt. It is not very sweet, not very 
soluble, and not as digestible as sucrose. It is therefore 
used as a filler or texture builder in some products in 
which sweetness is not desirable. It is a reducing sugar 
and participates in nonenzymatic browning reac
tions. It is therefore used to enhance browning of 
crusts, etc.

Lactose tends to form gritty crystals in dairy prod
ucts, especially concentrated or condensed products; 
the crystals can become large enough to look like 
pieces o f glass. Additionally, the worldwide occur
rence ot lactose intolerance is relatively high, espe
cially in Asia, Africa, southern Europe, and the 
mideast. This condition results from the loss o f the 
enzyme/3-galactosidase (“ lactase") from the intestinal 
mucosa ot some humans atter the age of 4 or 5. Lactose 
is therefore neither cleaved nor taken up by the intesti
nal wall, so it passes further down the digestive tract 
where it provides an osmotic stress in the intestine that 
leads to diarrhea. Some o f the lactose in the intestine is 
consumed by gut bacteria which produce gas, leading 
to flatulence. Lactose-hydrolyzed products are avail
able. removing concerns about lactose intolerance.

but hydrolysis tends to increase the sweetness ot the 
food because both products glucose and galactose are 
sweeter than lactose.

6. Sugar Alcohols
Sugar alcohols, in which the aldehyde or ketone 

group o f the corresponding sugar is reduced to an 
alcohol, have become popular sweeteners. They are 
produced by catalytic hydrogenation o f the aldose or 
ketose from which they are derived. This reduction 
is often carried out on a syrup obtained from the 
hydrolysis o f a polymer o f the appropriate material, 
such as starch (for glucose) or xylan (tor xylose). 
Although the sugar alcohols sorbitol, mannitol, and 
xvlitol can be metabolized by the body and therefore 
contribute calories to the diet, they are apparently not 
fermented by the bacteria responsible tor tooth decay .

D. Amino Acids, Peptides and Proteins
Compounds other than sugars possess the glycophore 
triangle and therefore bind the sweetness receptor. 
Am ino acids, for instance, almost by definition, have 
an A H  group (i.e., the a-amino group N IT ) ,  a 15 
group (C O O " ) ,  and potentially a y  group (the side 
chain). Hut only D-.immo acids hold these groups in 
the right position to interact with the receptor. Since 
proteins contain only I -amino acids, proteins and nat
ural amino acids arc usually not sweet. n-Asparagine, 
for instance, is sweet, but i-Asparagine, is not. Pep
tides, however, can assume conformations that allow 
them to interact w ith the sweetness receptor. There 
are more than a dozen di- and tripeptides that have a 
sweet taste. One o f these, L-aspartvl-L-phenylalanyl 
methyl ester, is about 200 times as sweet as sucrose. 
In this compound, the side chain )3-CO O _ and 
a - N H i groups act as the B  and A H  groups, respec
tively, while the y  group function is taken on by 
the methyl ester group. The dipeptide is marketed as 
“ aspartame" under the brand name NutraSweet, and 
is widely used in soft drinks, diet confections, and 
even chewable vitamins. For the present, its use it 
limited mostly by the fact that it cannot be used in 
cooking because it cydizes or hydrolyzes upon heat
ing to produce i-amino acids, which are not sweet. 
Initial concern that hydrolysis by the body would 
produce methyl alcohol (considered toxic) is now 
tempered by the realization that many other foods,
e.g., apples, contain pectin (polygalacturonatc methyl 
esters) that leads to the production o f much more 
methvl alcohol, w ithout damage to the consumer. 
Health warnings concerning the use ot Aspartame are
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F IG U R E  3 Structures o f  sonic artificial sweeteners. Saccharine and Aspartame are 
the most popular in the United States sinee cvclamates were banned amid contro
versy.

therefore limited to individuals who have phenylketo
nuria, a genetic defect in metabolism o f  phenylal
anine.

I )cspite the general rule that proteins are not sweet, 
at least a few proteins, monellin (from the berries 
o f a tropical plant, Dioscoreopliylluni cutmniiisii), the 
thaumatins (from the fruit o f a west African plant, 
Thaumatococcus daniellii), and miraculin (from the mir
acle fruit Syiiscpahtm dulaficutn) are intensely sweet. 
Thaumatin I, for instance, is 2000 times as sweet as 
sucrose. These proteins have different structures but 
have five regions w ith nearly the same sequence in 
all three proteins. W hether these sequences confer 
sweetness is not clear.

E. Nonnutritive Sweeteners

Com m on nonnutritive sweeteners include cyclamate, 
saccharin, and acesulfame-K (Fig. 3). A ll three o f these 
compounds are sulfonamides, meaning that they con
tain an - SO ,N H -  group. An oxygen atom o f the 
sulfonate group functions as the B  group, and the 
N H  group functions as the A H  group o f the glyco- 
phore. The y  groups ot the compounds are different.

1. Cyclamate
Cyclam ate is an amide o f sulfonic acid and cyclo- 

hexylamine; the cyclohexyl group is much more hy
drophobic than any portion o f a common sugar, and 
functions as an effective y  group. Cyclam ate is about 
40 times as sweet as sucrose. Although cyclamate is

not bitter, the sweetness is not as pleasant as that 
produced by some sweeteners, and cyclamatcs arc 
sometimes blended with other compounds. In a still- 
controversial decision, cyclamatcs were banned from 
use in North America where it had been used exten
sively in soft drinks. It is still used in Europe.

2. Saccharin
In saccharine, the - SO ,N H -  group is part o f a five- 

membercd ring that is fused to a benzene ring. The 
benzene ring constitutes the y  group o f this sweetener; 
saccharine is about 450 times as sweet as sucrose. 
Saccharine is widely used in dietetic products, includ
ing soft drinks. It is sold as a liquid (a solution) or as 
a dry powder, as either the sodium or calcium salt. 
The calcium salt has wide promotional appeal, be
cause the label can read, “ low in sodium, high in 
calcium.”  Because it is so sweet and such a small 
amount constitutes a single serving, sodium or cal
cium saccharine powder is often dispersed in a soluble 
carrier, usually glucose, and marketed as a blend o f 
nutritive and nonmitritivc sweeteners. Single-serving 
packages containing 1 g o f glucose and enough saccha
rine to produce the sweetness o f a teaspoon (about 
(> g) o f sucrose contains only 4 calories, versus 28-35 
calories for sucrose.

3. Acesulfame-K
The - SO iN H -  group o f acesulfame-K forms part 

o f a six-membered ring. The y  group is simply a
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methyl-substituted double bond (C H ,-C = C - ). 
Acesultame-K is about 201) times as sweet as sucrose.

F. Other Flavors

Spices are leaves, fruits, seeds, roots, or bark of plants 
containing essential oil responsible for their unique 
flavors and aromas, The aroma compounds are usu
ally either monoterpenes and sesquiterpenes or phe
nols and phenol ethers. Terpenes arc compounds 
constructed from isoprcnc. Compounds containing 
two isoprcnc units are called monoterpenes; those 
containing three units are sesquiterpenes. Some im
portant mono- and sesquiterpenes arc shown in Figs.
1 and 4.

Phenols are derivatives of" phenol (carbolic acid). 
Some important phenol derivatives are eugenol, car- 
vacri'l, thymol, ancrholc satrolc, and myristicin (see 
Fig. 4). Spices in which these compounds are im 
portant are listed in Tabic I

Some flavors are developed during processing or 
cooking. The Maillard reaction is a condensation be
tween amines (e.g ., amino acids) and ketones or alde

hydes (e.g., reducing sugars) followed by various 
chemical rearrangements. Although the Maillard re
action is usually referred to as a browning reaction, 
it produces many compounds that have aroma as well 
as color. A process called the Strecker degradation 
o f amino acids occurs 111 the presence of ketones or 
aldehydes and involves the loss of ammonia and C O i 
to yield an aldehyde containing one less carbon than 
the amino acid:

r c :h (n h ,)c o o h  + R 'C O R "
-» R C H O  + R 'C N H d r  + C O : .

One o f the results o f this reaction is that the variety 
o f aldehydes available to participate in the Maillard 
reaction is increased, and thus, the number ot prod
ucts o f the Maillard reaction is increased. The Maillard 
and Strecker reactions therefore produce hundreds 
o f aroma compounds, including pyrazines. pyrroles, 
pyrrolines. pyrrolidines, and oxazoles.

1. Onions and Garlic
The strong, characteristic aromas o f garlic, onions, 

shallots, chives, and leeks arise from compounds that
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TABLE I
Some Important Compounds Responsible for Flavor and Aroma of Foods and Spices

Flavor/aroma compound Aroma or flavor Comments

Almond Benzaldehyde a
Apple Hthyl-2-methylbutyrate a Character impact

hexana 1, mim-liexenal a “ Unripe" note
Apricot Limoncnc

Cymene
Gcraniol + linalool 
Acetic acid 
Myrcene

a
a
a

a

Very complex

Banana Isopentyl acetate a Character impact
Eugenol .i Plus eugenol derivatives

Lemon Limonene a Major component ot citrus oils
Citral (= geranial + neral) a Character impact

Meat Many compounds, (depending on cooking Resulting from Maillard reaction and amino
method)

Amino acids and peptides, lactic acid
a
!

acid decomposition

Glutamic acid, IM P f Flavor enhancers
Onion Propyl- and propenyl disulhdes a C looked onions

Alkylthiosulfonates
Propanethial-.S-oxide

a Raw onions
Lachrymator produced by alliinase in cut 

onions
C )range Limonene

K. ‘J, 10, 11-carbon aldehydes
a Major component ot citrus oils

Strawberries
Spices

O ver 300 compounds 
Aromas compounds ot spices are largely 

components ot essential oils

a

Allspice Eugenol, methyleugenol 
/3-Caryophyllene

a
a

Bay leaf 1,8-Cineole, or-pinene, 0-pinene a
Caraway Carvone, limonene a
Chili pepper Capsaicin, and derivatives f Hot sensation
Cinnamon Cmnamaldehyde. eugenol, safrole, linalool, 

camphor
a

Cloves Eugenol, caryophyllene, eugenol acetate a
Dill Carvone, dihydrocarvone, limonene a
Garlic Allicin, d i a 11 v 1 d i sci 1 ti d e a Character impact, produced from alliin and 

related compounds by alliinase
Ginger Zingiberene, a

Shogaol, gingerol, zingerone f Flot sensation, nonvolatile
Oregano Carvacrol, thymol, p-cymcnc a
Pepper (black) a-Pinene, sabinenene 

/3-Caryophyllene
a In essential oils

Pipeline, piperanine, others f Hot sensation, nonvolatile
Rosemary
Saj-c
Thyme

1.8,-Cmeole, camphor. /3-pinene, camphene
1.8,-Cineole, camphor, thujoue 
Thym ol. /j-cymene, carvacrol, linalool

a

Beverages
Beer Long-chain alcohols, acetaldehyde, H iS  and 

organic thiols, phenols, pvrazines
a

C off ec O ver 600 compounds, including aldehydes, 
phenols, pvrazines

a Products o f browning reactions developed 
during roasting

lea Linalool, furanlinalool oxides. f-2-hc\eiK*-1 -a!, 
hexanol, /-3-octcn-2-one. benzaldehyde

a Plus "  So idenritird trace components that 
determine the exact “ Havor"
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•ire not present in the tissue until the tissue is cut or 
damaged. Derivatives ot cysteine, the sulfhy- 
dryl amino acid, are precursors o f the aroma com
pounds. The most important derivatives are tiwis- 
S-(l-propenyl)cysteine sulfoxide in onion and S-allyl- 
cysteine sulfoxide (alliin) in garlic, which differ from 
each other only in the position o f a double bond (see 
lig . 4). Upon damage ot the tissue, the odorless sub
strate conies into contact with the enzyme alliinase, 
which catalyzes the loss o f pyruvate to yield 1- 
propenesultenic acid in onion or 2-propenylsulfenic 
acid in garlic. In garlic, two molecules o f the sulfenic 
acid condense with one another to form allicin, which 
can decompose to allylsulfenic acid plus acrolein, 
which can in turn form other aroma compounds. In 
onion, the I -propenylsultenic acid formed by alliinase 
rearranges into syn-propanethia) S-oxide, a lacrima- 
tor. During cooking, propenyl and propyl disulfides 
are formed to produce the aroma o f cooked onions.

G. Other Seasonings

1. Table Salt
The most widely used flavoring is table salt, N aC I. 

In addition to its role as a flavoring, N aC I is a preser
vative and an important moisture-controlling com
pound. NaC'l is produced either from the mining o f 
natural deposits or from evaporation o f seawater. 
Comm ercial table salt contains small amounts o f cal
cium or magnesium carbonate, plus a trace amount 
ot potassium ferrocyanide which are added to pre
vent lump formation. Small amounts ofdextrans are 
also added tor similar purposes. In addition, iodized 
salt to which 10-100 ^g o f K l is added per gram o f 
N aC I. is also w idely used to ensure adequate iodine 
intake.

Sodium salts are notably soluble, and most sodium 
is therefore found dissolved in extracellular and cellu
lar fluids, including blood and lymph. Sodium ion is 
important in adjusting the osmotic strength o f fluids 
and, together with protons and potassium ion, main
tains electric gradients and concentration gradients 
across cell and organelle membranes.

Sodium salts in tood alter the osmotic strength (and 
water activity) ot a material, strongly influencing its 
water content. Water content determines texture, vis
cosity, and other rheological properties. N aC I has 
long been used as a preservative, because low  water 
content or high salinity place an osmotic stress on 
spoilage microorganisms.

H igh sodium content in the body results in overhy
dration and swelling o f tissue (edema). H igh concen

tration ot salt in the blood serum leads to high blood 
pressure and damage to renal tubules and an increased 
probability o f  stroke.

The sodium intake o f individuals varies consider
ably. The sodium content ot most fresh food is rather 
low. The major source ot salt in the diet is the addition 
ot table salt to foods during preparation or consump
tion, which is at the discretion ot the consumer. The 
variability arises due to individual taste. Processed 
foods, however, may be relatively high in salt. In 
processed foods, the salt may be added as a flavor, 
as a preservative, or to maintain water content and 
distribution (which affects texture and mouth-feel). 
The production o f low-salt (i.e., low-sodium) prod
ucts often requires addition ofother osmotically active 
compounds to maintain texture.

Since diets are rich in chloride, dietary deficiency 
and data on the required daily amount are not known. 
It does not appear that chloride plays an important role 
in foods other than in providing ionic (and osmotic) 
strength. Because most o f its salts are soluble, chloride 
acts as the counterion to many cations, including pro
tons (i.e., hydrochloric acid in stomach acid) and so
dium in blood and other extracellular fluids. In the 
human body, chloride is apparently quite important: 
the single defect causing the disease cystic fibrosis 
is in trans-membrane chloride transport. This single 
lesion is presumably responsible, at least indirectly, 
for all other symptoms o f the disease.

2. Acids
Acids are also important flavorings, the most im 

portant o f which is acetic acid. Vinegar is a 5-15%  
solution o f acetic acid that may contain other sub
stances. Acetic acid is responsible for the sour flavor 
o f pickled vegetables, pickled meats, and condiments, 
as well as other foods. Some acetic acid is produced 
chemically from ethyl alcohol or acetaldehyde, then 
diluted for use in food. In this case, the only flavor 
associated with the vinegar is that o f  acetic acid. H o w 
ever, vinegar may be produced by fermentation o f 
wine, apple juice, malt mash, whey, or ethyl alcohol 
by bacteria o f the genus Acetobacter. Vinegars pro
duced by this method contain flavors originating from 
the fruit or carbohydrate source used in the fermenta
tion, from bacterial by-products, and from the action 
o f  bacterial enzymes on other compounds in the fer
mentation medium. Thus, vinegars from different 
sources have distinct flavors.

O ther acids used in foods as flavors include citric 
acid (e.g., lemon juice is —6 %  citric acid), tartaric 
acid, and lactic acid. Not unlike acetic acid, these acids
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arc sometimes added to foods as acid components 
to lower pH, but contribute to flavor, nonetheless. 
Tartaric acid is used in fruit drinks and candies; citric 
acid is used in candies, juices, jellies, and canned vege
tables. C itric acid is also used in fermented dairy prod
ucts to improve aroma. Lactic acid is the dominant 
acid product o f fermentations used in dairy products 
such as yogurt, buttermilk, and ripened cheese, car
ried out by bacteria o f the genus Lactobacillus. Other 
food products, including sauerkraut, spanish olives, 
and other pickled vegetables also contain lactic acid, 
either added directly as a flavor or from the fermenta
tions carried out by other lactic acid bacteria.

Fatty acids usually originate from hydrolysis ot 
lipids originating in the food. Because their odor is 
detectable at low  concentration, some (mostly short- 
chain) fatty acids lend desirable flavor to fermented 
foods like ripened cheese. However, the same fatty 
acids occurring in other foods (e.g., butyric and ca- 
proic acids in “ fresh" m ilk) are considered ott- 
flavors.

H. Flavor Enhancers

Some compounds, called flavor potentiators, increase 
or decrease (mask) the intensities o f other flavors. 
The most widely used ot these is the flavor enhancer 
monosodium 1 -glutamate. A class o f enhancers seem
ingly unrelated to M S G  are the 5' purine nucleoside 
phosphates IM P  and ( IM P .  which can be prepared 
by total hydrolysis o f R N A  using the enzyme nbo- 
nuclease. These three compounds have a mild, unique 
flavor ot their own called umami, but also enhance 
the perception o f other flavors. In fact. G M P  reduces 
the threshold ot MSCI by 100-fold; IM P  reduces the 
threshold level ot M S G  by 10-fold. The commercially 
available 50:50 mixture o f IM P  and G M P  is often 
mixed with M S G  for this reason.

ill. Instability of Food Components

Com m on off-flavors in foods result from oxidative 
or hydrolytic decomposition o f food components, 
particularly lipids. Some o f the decomposition reac
tions are actually catalyzed bv vitamins and minerals 
in the food. Bacterial spoilage often causes off-flavors 
and aromas by deposition o f metabolic end products 
on the food. For instance the sweet sultury aroma ot 
hydrogen sulfide is often found on poultry spoiled by 
Salmonella. Microorganisms may also destroy flavor 
compounds present in fresh food. Certainly chemical

contamination o f food products can also lead to ott- 
flavors. In animal products, especially milk, ott- 
flavors can enter the food via the teed.

A. Deterioration of Proteins and Amines

Flavor development and texture changes such as those 
that take place during cheese ripening involve decom
position o f proteins. Residual chymosin and pepsin 
from the rennet together w ith proteases from the bac
teria or fungi used for ripening all contribute to de
composition. Small peptides may have bitter or salty 
tastes, but do not produce major off-flavors. Further 
decomposition, however, may cause the production 
o f ammonia, especially in soft ripened cheeses like 
brie and camcmbert.

Fish contain the characteristic amine trimcthylam- 
ine oxide. Saltwater fish have unusually high levels 
of the compound which functions at least in part to 
regulate internal osmotic pressure. After death ot the 
fish, the T M A O  is reduced to trimethylamine (T M A ) 
by bacteria. T M A  is volatile and has a strong amnioni- 
acal odor. T M A  and similar amines (e.g., triethyla— 
mine) are responsible tor the “ fishy" taste ot fish. The 
total alkylamines produced can exceed the T M A O  
known to be present, so some must arise from the 
breakdown o f other amines such as choline and amino 
acids.

Also in fish, microbial enzymes dccarboxylate histi
dine to produce histamine. Although traces ot histi
dine do not alter flavor, histamine which normally 
participates in the allergic response, can cause anaphy
lactic shock in some individuals which can be serious.

B. Deterioration of Lipids: Rancidity

Fats are involved in the production o f two distinctly 
different kinds o f deterioration, both ot which affect 
food quality. The most common is oxidative rancid
ity. Double bonds in tatty acids are labile to oxidation; 
several factors can lead to oxidative degradation of’ 
lipids by different mechanisms.

1. Autoxidation
Autoxidation occurs when some component in the 

lipid, an initiator, removes a hydrogen atom (H-) 
from a fattv acid, often from the - C H :- between two 
double bonds, to make O T .  The uncharged organic 
species that remains, which has an unpaired, non
bonded electron, is called a tree radical. The radical 
is quite reactive, and attacks a molecule ot oxygen 
to produce a dioxvgenated compound, a peroxide 
radical, that also has an unpaired electron (see Fig.
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A. Autoxidation of Lipids

initiator 
R H -----► R* + H*

R« + 02 R O O

R O O  + RH -----► R* + ROOH

B. Photosensitized oxidation

rV^V-R'

(a hydroperoxide)

C. Decomposition of Hydroperoxides 

a b
Cleveage at "b"

OOH

Cleveage at "a"
Y

O .

hexanal

R'H

R'«

F IG U R E  5 Reactions important id peroxidation ot iiiisaturated Lit tv acids. (A) Atitoxidation tli.it Ivlins with .1 tree radical initiator. Note th.it one ot tlie* products is .1 tree radical. U\ which propagates the chain reaction. (B) The reaction ot singlet oxygen produced by photoactivation with an uns.miratcd fatty acid. (( ) I he decoinpoMtion of a hydroperoxide to several possible products including hexanal.
5), I Ins peroxide radical abstracts a hydrogen atom 
from another fatty acid, becoming a hydroperoxide 
and turning the second fatty acid into a tree radical. 
The process continues as a chain reaction which builds 
up the level ot hydroperoxides and continues to re
plenish the supply ot tree radicals. The process can 
terminate when two tree radicals or a free radical and 
a peroxide, or two peroxides meet each other and 
their unpaired electrons form bonds. These processes 
can be blocked by the addition of antioxidants, which 
arc generally compounds that trap radicals. Once the 
hydroperoxides are formed, however, their decom
position causes the cleavage o f the fatty acid (Fig. 5).

The most potent o f the likely initiators is the hy
droxyl radical OH-. but the superoxide radical O y  
is also important. Metal ions can he very important 
in the generation ot initiators. For instance, He’* in the 
presence ot ascorbic acid or the reduced coenzymes

N A D U  or FA1)H> can generate superoxide radicals. 
Thiols such as glutathione and cysteine produce su
peroxide radicals in the presence ot F e "  . Superoxide 
radicals disproportionate to become oxygen ( 0 2) and 
hydrogen peroxide (H 20 :). Hydrogen peroxide re
acts with Fc"' to produce the potent initiator, O H -. 
Metal ions are not major components of foods, but 
some ions are usually present due to leaching from 
equipment or containers. Because ot the cyclical inter
conversion o f Fe’ * and Fe1' in these reactions, one 
metal ion can participate many times in the production 
of the initiator.

2. Photosensitized Oxidation
Oxygen itself can be made very reactive when it 

interacts with a photosensitizer such as chlorophyll 
or flavins. This excited state ot the oxygen molecule is 
called singlet oxygen. Singlet oxygen adds to double
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bonds (see Fig. 5) to produce hydroperoxides as in 
autoxidation, but the process does not involve tree 
radicals and is not blocked by radical-trapping antiox
idants.

3. Enzymatic Peroxidation
Enzymes can carry out peroxidation of'fatty acids. 

Lipoxygenase, an enzyme present in many vegetables 
and in animal tissue, catalyzes the production o f the 
same hydroperoxides produced by nonenzymatic per
oxidation. There are several kinds o f lipoxygenase, 
each characterized by its specificity.

4. Decomposition of Lipid Hydroperoxides
Fatty acid hydroperoxides produced as described 

above decompose in several ways to give a variety 
ot products. Peroxidation o f at(i fatty acids produce 
hexanal from loss o f the terminal carbons. From a 
polyunsaturated fatty acid such as linolenate. hexanal, 
2-octenal. 2-heptanal, and a host o f other products, 
including the crosslinking agent malonaldehvde, can 
be produced. Aldehydes impart flavor at very low 
concentrations and can cause off-flavors in any food 
containing tatty acids. In milk, tor instance, oxidation 
o f lipids gives an otf-flavor described as "cardboard," 
"pa in ty ." or “ cucumber." Monitoring o f peroxida
tion products such as hexanal can be a good way 
to investigate the quality or oxidation history o f a 
product.

5. Antioxidants
There are several food components that have anti

oxidant activity. In general, these are compounds that 
have the ability to destroy free radicals. The vitamin 
E compounds, tocopherols. are good examples. 
When one o f these compounds (A H ) is attacked by 
a free radical (R*), a hydrogen atom is abstracted, blit 
the radical that is formed (A  ) is not very reactive. In 
tact it is most likely to react only with another free 
radical to form a stable compound, as shown in the 
sequence below. The antioxidant therefore can re
move two free radicals.

R  + A H  R H  + A 

R + A —> R - A

Vitamin Ii is a tocopherol, a two-ring compound 
with a 16-carbon branched side chain. As shown in 
Fig. f>. the aromatic ring is methylated; the 5.6.7- 
trimethyl derivative, called «-tocopherol, has the 
highest vitamin A activity. The 5,8-dimethyl- and 
7,8-dimethvI-derivatives, called/3-and y-tocopherol.

respectively, have less activity and the 8-methyl deriv
ative, 8-tocopherol, has very little activity. Their vita
min E activity correlates closely to their ability to 
quench singlet oxygen and is consistent with the vita
min E function as .111 antioxidant. a-Tocopherol con
verts singlet oxygen to the less-reactive triplet oxygen 
catalytically, but also can take up a singlet oxygen 
to form a hydroperoxide, which decomposes to non
radical products. It is also an efficient tree-radical 
chain-reaction-breaking agent that terminates lipid 
peroxidation by donating its own hydrogen atoms to 
make nonradical products. As an antioxidant, vitamin 
E is important 111 protecting vitamin A, quinones, 
hormones, and proteins as well as lipids.

In addition to tocopherols. vitamin C  and phenolic 
compounds are natural anitoxidants. Synthetic anti
oxidants are also phenols. They are most effective it 
they are lipids-soluble. since lipids are .1 major site ot 
oxidative damage. Com m on synthetic antioxidants 
are 2,6-di-tert-butvl-/>-hydroxytoluene (B U T )  and 
tert-butyl-4-hydroxyanisole (B H A ) and tert-butyl- 
hydroquinone ( F B I IQ ) (Fig. 6).

6. Hydrolytic Rancidity
A second kind o f  off-flavor associated with tat 

is hydrolytic rancidity, which arises trom enzvme- 
catalyzed hydrolysis o f the fatty acids from the glyc
erol backbone. Although many fatty acids might be 
liberated by such a reaction, only butyric and caproic 
acids are easily detected by the nose. The pungent, 
sweet odor o f butyric acid is a definite otf-flavor in 
many foods. The fact that hydrolysis o f lipids in the 
stomach liberates butyric acid and gives regurgitated 
stomach fluid a characteristic odor is probably one 
reason for the distaste with which human beings re
gard the odor.

The bulk o f fatty acids in most foods is sequestered 
in lipophilic structures, away from water. Neither 
water, a necessary reactant in a hydrolysis reaction, 
nor .111 enzyme (a lipase) can come into direct contact 
with most o f fat. This otf-flavor is therefore most 
readily obtained in lipid dispersions, particularly milk 
and dairy products, where the necessary participants 
can meet at the surface o f the milk fat globule. M ilkfat 
globules are coated with phospholipids and a double 
layer o f proteins. However, when milk is homoge
nized to decrease the size ot the globules in order to 
prevent creaming, additional surface becomes ex
posed. Serum proteins, including lipases, associate 
with the nascent surface, increasing the density ot the 
globules. If  the proteins that bind are lipases, hy
drolytic rancidity results. Phospholipids on the sur-
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n-Tocopherol ("Vitamin E ")

Isom ers of butylated hydroxyanisole (BH A )

FIGURE 6 Structures of s<

face ot the milk fat globule as well as neutral lipids 
are targets o f the hydrolytic enzymes.

C. Enzymatic Browning

Perhaps the most striking color change in food is that 
which occurs upon slicing o f apples, potatoes, etc. 
The browning reaction is catalyzed by a copper- 
containing enzyme called polyphenol oxidase (PR O ). 
This enzyme has many substrates and actually cata
lyzes two separate reactions. It oxidizes ortho
diphenols to orf/w-quinones. But it also adds an oxy
gen atom from O i in the form o f a hydroxyl group 
to monophenols such as tyrosine, to create ortho
diphenols, which are substrates for the oxidation reac
tion. The orf/io-quinones condensc with nucleophiles 
and become oxidized to form colored compounds. In 
bananas, the major phenol is dihydroxyphenethyla- 
mine (dopa, a metabolite o f aromatic amino acids).
It is oxidized by PR O  to the quinone form, then 
cyclizes (see Fig. 7), and is reoxidized to a purple 
quinone. M any molecules o f this purple compound 
react with one another nonenzymatically to produce 
the brown pigment melanin. Sim ilar discoloration 
reactions can occur in many other foods.

Bisulfite ion (H S O , “ ) is often used to prevent these 
enzymatic browning reactons in various foods. It 
can be used as sulfur dioxide gas, which takes 
up a water molecule when it dissolves in water 
(SO , + H :0  —» H 2SO , - >  H + + H S O , “), or as so
dium sulfite. Although the sulfite was once thought

Buthylated hydroxytoluene (BH T )

me common antioxidants.

to inhibit the process by acting as a reducing agent, 
the mechanism is more complex. It adds to any qui
nones to produce a sulfonate and inactivates the en
zyme due to reduction o f  the C ir *  to C u  + , which 
dissociates from the enzyme. Sulfites are often used 
to prevent browning ot lettuce and sliced fresh fruit. 
Sulfur dioxide also lias antimicrobial activity and is 
useful as a preservative. Unfortunately, SC)2 and sul
fites aggravate respiratory conditions in some individ 
uals and must be used with care and proper labeling. 
Ascorbic acid and thiol compounds can be used in 
place o f bisulfite.

D. Contributions of Vitamins and Minerals to 
Instability of Food Components

Vitamins and bioactive minerals arc by nature reactive 
compounds as evidenced by their roles in metabolism. 
However, after harvest or slaughter, when biological 
control mechanisms that require energy tend to fail, 
the chemical reactivity o f vitamins and minerals can 
produce undesirable changes in food components.

1. Riboflavin
Vitam in B 2, also known as riboflavin, is the precur

sor o f two important cofactors, flavin adenine dinu
cleotide (F A D ) and flavin mononucleotide (F M N ).  
Both contain a flavin ring (isoalloxazine). The flavin 
ring can exist in three forms, a quinone form, a semi- 
quinone form, and a hydroquinone form, w'hich differ 
from one another by one electron. Flavins can there-
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Polyphenoloxidase Reactions 

OH

+ AH2 + O2 + A + H?0

Formation of melanin 

HO.

HO
NH,

PPO. oxygen
N H ,

FIGURE 7 I’olyph enoloxidase leads to the production of brown pi^mcnl In cut or damaged food. e.i*.. trim, the process is known 
as enzymatic browning. The production ot melanin, e.^., in skin, is a normal process.

tore undergo one-electron and two-electron (from the 
quinonc to the hydroquinone) oxidation/reduction 
reactions and are used tor mediating between one- 
electron and two-electron carriers, or in hydride (two 
electrons plus a proton) transfer reactions. Flavins are 
pale yellow since they absorb blue and violet light. 
1'hey also absorb ultraviolet radiation to act as photo
sensitizers and can catalyze photo-oxidation ot unsat
urated fatty acids and amino acids. M ilk , which is 
rich in riboflavin, is therefore rather unstable in sun
light. Fats become oxidized and the amino acid methi
onine is converted to methional, which imparts an 
exceedingly unpleasant flavor called light-activated 
flavor. Norm al amounts o f ultraviolet radiation do 
not deplete milk o f flavins.

2. Vitamin C
As a reducing agent, ascorbic acid can function as 

an antioxidant, both in food and in the body. For 
example, it protects folic acid reductase from inacti
vation. thus indirectly aiding one-carbon transfer 
reactions. Although it is not lipid soluble, ascorbate 
protects igainst lipid peroxidation. It does si) bv re
ducing the lipid-soluble vitamin F. that has become 
oxidized to .1 radical during some o f its antioxidant 
functions. It also protects against enzymatic browning 
(see above). How ever, in the presence ot'metal ions, 
ascorbic acid can act as a pro-oxidant because metal

ion-catalyzed oxidation o f ascorbate produces hydro
gen peroxide.

In food, vitamin C  is lost primarily due to oxidative 
mechanisms. But. nonoxidative destruction is acid- 
catalyzed and proceeds appreciably at low pH. Be
cause o f the ketone and aldehyde groups 011 many of 
the breakdown products of ascorbic acid, discolor
ation o f food can occur by reaction with amino groups 
(the Maillard reaction).

Mammals, except humans and guinea pigs, make 
ascorbic acid to the extent ot 5—15 g/day per 70 kg 
bodv weight and have no dietary requirement. In 
humans, the amount o f dietary vitamin C  required 
to prevent scurvy is only 50-8(1 mg/day tor adults 
(which have a typical body weight o f about 70 kg). 
This 100-fold discrepancy between what animals pro
duce and that required to prevent scurvy in humans 
lias led to the proposal that to derive maximum bene
fit. the human diet should contain much higher levels 
o f vitamin ( '  than the minimum required to prevent 
scurvv. The controversy over optimum dietary levels 
has subsided without clear resolution.

3. Minerals
Despite the metabolic necessities and resulting di- 

etarv requirement for iron, its occurrence in food is 
problematic. Iron catalyzes the oxidation ot lipids and 
other compounds, decreasing storageability and qual

02

oxygen
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ity by altering the flavor, color, and vitamin content 
of the product. Iron can also precipitate in foods or 
cause turbidity (as in wine). It supports the grow th o f 
chemotrophic and photosvnthetic bacteria in drinking 
water. |See M i n k r a i .s , U o i .h i n  H u m a n  N u t r i t i o n . | 

Chopper occurs at the active site o f several important 
proteins and enzymes including cytochrome oxidase, 
uncase, amine oxidases, polyphenol oxidase, and ce
ruloplasmin. The latter enzyme catalyzes the oxida
tion ot Fe~ ’ to Fe ’ 1 so that the iron can be bound 
by transferrin tor transport. The copper-containing 
enzyme polyphenyl oxidase is responsible for ''enzy
matic brow ning”  described above. Furthermore, cop
per is even better than iron, in some cases, at causing 
oxidative deterioration in foods. Furthermore, copper 
pipes m hot water systems provide a direct source o f 
copper contamination in foods and water. Copper 
deficiency is essentially unknown. Z inc is required

by more than 154 enzymes that catalyze several types 
o f group reactions. Z inc is therefore critical for proper 
health.
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Food Biochemistry: Proteins, Enzymes 
and Enzyme Inhibitors
G. M. SMITH, J. R. WHITAKER, University o f California, Davis

I. Proteins
II. Biologically Active Food Proteins: Enzymes and 

Inhibitors

Glossary

A c to m y o s in  Complex o f the muscle proteins aetin 
and myosin
A lbum ins Globular water-soluble proteins found in 
many biological fluids and tood systems; albumen 
refers specifically to egg white proteins 
C alo rie  U n it of heat energy describing how much 
energy can be extracted from foods by the human 
body; the Calorie is related to the thermodynamic 
calorie used in chemistry, which is the amount 
ot heat required to raise the temperature o f 1 g of 
water one Celsius degree; one Calorie = 101)0 
calories — 41846 Joules
Casein m icelle  Particle composed o f submicelles 
linked together by short chains o f calcium phosphate. 
The submicelles are spherical globules composed o f 
proteins called caseins
C h y lo m ic ro n s  Lipoproteins found in blood 
C h y m o sin  Enzym e that catalyzes the hydrolysis o f 
K-casein, which causes the disruption o f the casein 
micelle and formation o f a curd 
D en atu ra tio n  Loss of some property associated 
w ith a compound; when applied to enzymes, the term 
refers to loss ot enzymatic activity; it may also im ply 
unfolding o f the protein or precipitation 
D im e r  Compound composed o f two structural 
units; it the units are covalently attached (as in dinucle
otides, disaccharides, or dipeptides) the units have the 
same basic structure; may also refer to any grouping 
ot two units; a protein is a dimer if  it is composed o f 
two polypeptide chains which may or may not be 
identical

D isp rop o rtio nation  Chemical reaction in which 
the same compound becomes both oxidized and re
duced. In the simplest cases, such a reaction involves 
two molecules, one o f which becomes oxidized, and 
the other reduced
E le c tro n e g a tiv ity  In a chemical bond, the ability 
o f one o f the atoms to w ithdraw electrons from the 
other; the most electronegative element is fluorine,
and the second is oxygen
Em ulsification  Ability to form or stabilize an 
emulsion
Gliadins Smaller proteins (compared to the glu- 
tenins) found in the gluten o f wheat flour 
G lycosylated  Refers to the attachment o f a sugar (a 
monosaccharide or oligosaccharide) to a protein 
H y d ro p h o b ic  Literally, “ disliking water” , said o f 
nonpolar compounds (e.g., hydrocarbons) or nonpo
lar regions o f larger molecules; opposite o f  hydro
philic
Inhibitor Relatively specific term that describes a 
compound that decreases the rate ot an enzyme-cata
lyzed reaction, often without destroying the enzyme 
(e.g., reversible or competitive inhibitors); com
pounds that destroy an enzyme are inactivators or 
irreversible enzyme inhibitors
Isoelectric point Referring to a compound that con
tains both acidic and basic groups, the pH at which 
the compound has no net charge (i.e., the numbers 
ot positive and negative charges are equal)
Isom ers Molecules having the same chemical for
mula (i.e., the same proportions o f the same atoms) 
but different structures
M aillard reaction  Condensation reaction between 
an amine and a ketone or aldehyde followed by nu
merous rearrangements and further condensations 
that leads to browning and development o f flavor and 
aroma compounds; also referred to as non-enzymatic 
browning
M ethional Oxidation product o f  the amino acid 
methionine, responsible for off-flavors
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M etm y o g lo b in  Inactive form o f myoglobin in 
which the iron ion has been oxidized from its normal 
Fe (Il) state to Fe (IlI); Metmyoglobin is brown com
pared to myoglobin, and is therefore responsible for 
discoloration o f meat during storage 
Micelles Spherical aggregations o f amphipathic 
molecules or ions such as detergents and polar lipids 
that associate, in water, with their nonpolar groups 
on the inside o f the sphere and their polar groups 
toward the water; the casein micelle is therefore not 
really a micelle, but the current model o f submicelles 
tits this definition
Myofibril Structural unit o f a muscle fiber, com
posed prim arily ot the proteins actin and myosin. 
M yog lo b in  The major heme protein in meat; func
tions as an oxygen-storage molecule in the living ani
mal and contributes the red color to fresh meat; other 
forms o f  its heme produce the colors o f cooked and 
cured meats
Myosin One o f the principal muscle proteins 
O ptical act iv ity  Ability o f a compound to rotate 
the plane o f plane polarized light; property arises from 
molecular asymmetry, and thus, is very responsive 
to small structural differences among similar com
pounds
P o rp h y rin  Polycyclic aromatic compound that 
binds an iron ion; iron-porphyrin complexes are called 
hemes; porphyrins are composed o f four pyrrole rings 
that are cyclized into a larger ring 
P recipitation  Forming a solid atter having been dis
solved in a liquid
P ro co llag en  Assembled, triple-helical protein 
which is processed further, then attached to other 
procollagen molecules to form collagen 
Protease, proteinase Enzyme that catalyzes the hy
drolysis o f the peptide bonds o f proteins 
Pu trefactio n  Microbial fermentation in which pro
teins are degraded, often liberating amines and sulfur- 
containing compounds that have unpleasant odors 
Rennet Extract o f the stomach o f a suckling calf 
which contains chymosin and other enzymes; used in 
cheesemaking
Resolution ( o f  r ig o r)  Processes that lead to the ten- 
derization o f meat after the onset o f rigor mortis 
S a rco le m m a  Membrane that surrounds muscle fi
bers. which are bundles o f myofibrils 
Sarcoplasm  Cytoplasm o f a muscle cell 
S to ich io m e tric  Fixed ratio that exists among the 
number ot molecules ot reactants and ot products in 
a chemical reaction
T ro p o c o lla g e n  Single polypeptide chain that asso
ciates with, others to form collagen

T ro p o m y o sin  Strand o f protein that, together with 
actin, forms the muscle thin filament

A lth o u g h  proteins are found in nearly all foods, 
those foods usually considered to be high in protein 
are meats, fish, poultry, beans, and dairy products 
(other than butter and cream). The human body itself 
contains substantial amounts o f protein, notably in 
bone, muscle, and blood. In fact, every cell contains 
many kinds o f proteins, all o f which must be synthe
sized by the body. Food proteins are broken down 
into their component parts, amino acids, and the 
amino acids are used by the body to make its own 
proteins. Some ot the amino acids can be synthesized 
from other molecules 111 the body, but others, known 
as essential amino acids, cannot; essential amino acids 
must be obtained from food. This is one reason that 
proteins are an essential part ot the human diet.

I. Proteins

Like carbohydrates and tats, protein also provides 
energy. Proteins that can be digested by the human 
digestive system give about 4-5 Calories (kcal) per 
gram. A few proteins that either are insoluble (e.g., 
zein, a protein from corn) or act as protease inhibitors 
(see below) are not easily digested.

Some proteins, such as collagen, clastin, and acto- 
inyosm are structural proteins which form major 
structures in the body or food. Other proteins func
tion in transporting oxygen, minerals, or other com
pounds. These proteins are generally soluble proteins, 
which means that they are dissolved in cellular water 
and diffuse or move around within the cell. Other 
proteins, especially receptors, channels, and trans
membrane pumps, are not water-soluble, but remain 
associated with or embedded in lipid membranes o f 
the cell. Many proteins, both soluble and membrane- 
bound. are "enzymes”  which catalyze (increase the 
rate of) chemical reactions in the body or food. En- 
zvmes are o f fundamental importance because, by 
accelerating the appropriate reactions, they carry out 
and control nearly all cellular processes.

A. Amino Acids
Although any compound that has both an amino 
(- N IL ) group and an acidic group (e.g., - C O O H ) 
can be called .111 “ amino acid. ”  the term actually refers 
exclusively to about 20 compounds that have the
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structure (R C H (N H i)C O O H ),  where “ R "  repre
sents one of the chemical structures shown in Table 
I, called the side chain. In this list, isoleucine, leucine, 
lysine, methionine, phenylalanine, threonine, trypto
phan, and valine are the “ essential”  amino acids re
ferred to above. In addition, histidine is required by 
infants. The human diet contains almost no free amino 
acids (except tor the flavor enhancer monosodium 
glutamate, M SG ); amino acids come from the break
down ot proteins and trom biosynthesis.

Furthermore, the amino acids occurring in proteins 
arc in the l configuration rather than D. This nomcn-

TABLE I
Structures of the Common Amino Acids

Amino acid Ahbrcv Side chain structure

Small, neutral
t;iv G lv , G -H
Ala Ala, A -CH ,

Polar
Serine Ser, S - C H .O H
Threonine Thr, 1 -c :h ,(o h )c :h ,
C 'ysleine Cys. C -Cl l .C H .S H
Asparagine Asn. N -c h ,c o n h ,
( .Int.linmc Gin. Q - C H ,C H ;C O N II_ ,
Methionine Met. M - C H ,C H ,S C H ,
1 listidine His, H

C H 2 " J= ------ 1

N ^ N H
Anionic

Aspartate Asp. 1) - C H :C O O -
Glutamate Glu. K. -C H ,C H ,C C K )-

Cationic
Lysine Lys. K - C H ,C H :C H _,C H ,N H ,
Arginine Arg. R - C H iN H C (N H i)*

Hydrophobic
Leucine Leu. L. - C H ,C H (C H ,).
Isoleucine lie. 1 -C H (C H ,)C H ,C H -,
Valine Val, V - C H (C H ,)i

Aromatic / V
Phenylalanine I’he. F

- c h  2 ^ y >

Tyrosine Tyr. Y
“ C H 2 ~ ^ ------------- 0 H

Tryptophan Trp. W

i
H

c la tu re  re fe rs  to  th e  w a y  in  w h ic h  the  N H ,, C O O H , 
and  R g ro u p s  are  a tta ch e d  to  th e  c e n tra l ( o r  a )  c a rb o n  
a to m  w h ic h  a rc  so  n a m e d  b eca u se  o t  th e ir  s t ru c tu ra l 
re la t io n s h ip  to  D - g ly c e ra ld c h y d e .  [.Sec F o o d  Bio- 
c h h m is th y :  L ip id s , C a r b o h y d r a t e s ,  a n d  N u c l e i c  
A c id s .  |

After proteins are synthesized trom the 20 or so 
amino acids in Table I. some chemical changes in 
some o f the side chains may take place. These changes, 
which are carried out by specific enzymes, include 
hydroxylation o f lysine and proline, phosphorylation 
o f histidine, serine, threonine, or arginine, methyla- 
tion o f lysine, and attachment o f sugars, lipids, or 
vitamin derivatives.

Metal ions can associate w ith proteins via interac
tions with amino acid side chains as well. Notable 
examples are zinc, iron, copper, and calcium. These 
ions are bound specifically, and sometimes quite 
tightly, by coordination to carboxylate groups of 
aspartate and glutamate, im ino nitrogens o f histidine, 
the sulfur atom o f cysteine, the hydroxy group o f 
tyrosine, or occasionally other polar side chains. 
Complexes o f iron and copper undergo changes 
in oxidation state (i.e., F e ( II)—F e ( I I I )—F e (IV ) and 
C u (l)- C u (ll) )  over a physiologically useful potential 
range and usually function as carriers ot electrons, 
either in electron transport chains or in enzymes cata
lyzing oxidation or reduction reactions. Zinc, magne
sium, and calcium, on the other hand, do not gain or 
lose electrons at physiologically accessible potentials, 
and function mainly in binding ot substrates or coen
zymes or as “ structural”  metal ions, which simply 
strengthen the protein's structure.

Iron, magnesium, and cobalt are bound to some 
proteins with the aid ot another class ot organic mole
cule, tetrapyrroles. Tetrapyrroles arc planar or near 
planar structures composed o f four pyrrole rings that 
have been cyclized to produce a larger ring w ith the 
four pyrrole nitrogens at the center (see Fig. 1). These 
nitrogen atoms provide coordinate bonds to the metal 
ion. The metal ion in this structure generally has six 
ligands in approximately octahedral geometry, at least 
one o f  which comes from the protein. The remaining 
position ( if  one remains) is filled by either a small 
molecule or by another amino acid side chain from 
the protein. Hemoglobin and m yoglobin contain an 
iron-coordinating tetrapyrrole called heme, which is 
red in color. The tetrapyrrole o f  chlorophyll is a sub
stituted chlorm ring and it complexes M g 2+ ion. The 
chlorophyll/protein complex gives the characteristic 
green color to leaves o f green plants.



FOOD BIOCHEMISTRY: PROTEINS, ENZYMES, AND ENZYME INHIBITORS
252 ---------------------------------------------------------------------------------------------------------------

An unsubstituted tetrapyrrole

Chlorophylls a and b

chlorophyll a: R  = C H 3 

b: R = CHO 
R ' = phytol, an isoprenoid alcohol

F IG U R E  1 Structures of’ tetrapyrroles. Shown are a prototypical tetrapyrrole. the heme group of 
hemoglobin and myoglobin, and chlorophylls a and h.

B. Structure and Physical State of Proteins

1. Globular Soluble Proteins
Organic acids and amines can form bonds to one 

another called amide bonds. Amino acids are both 
amines and organic acids, so they can torm chains in 
which each carboxyl group is bonded to the amino 
group ofthe next amino acid. These amide bonds are 
considered to be special bonds, so they are given their 
own name, peptide bonds. These linear strings ot 
amino acids are called peptides. They may be called 
dipeptides, tripeptides, etc., i f  they contain only two 
or three amino acids; oligo peptides, it they contain 
any small number o f amino acids, or polypeptides, 
if  they contain many amino acids. Proteins are poly
peptides. Because o f the directionality ot the peptide 
bond, a peptide or protein has an N-terimnal end and 
a C-terminal end. Proteins and peptides are usually 
written w ith the N-terminus on the left and, it amino 
acids are numbered for reference, the numbering al
ways starts at the N-terminus. In speaking ot the

sequence o f a protein or the occurrence o f a particular 
amino acid at a particular location in the sequence, 
amino acids arc commonly referred to as “ residues" 
(e.g., a glycine residue, a lysine residue . . .) tor 
historical reasons.

Polypeptide chains are usually not extended struc
tures. but fold upon themselves, and perhaps with 
other polypeptides to form globular structures. The 
exact way in which a protein tolds depends on the 
sequence o f amino acids o f  which it is composed. 
Hence, the sequence o f amino acids determines the 
shape and therefore, the function and properties of 
the protein. (The information that determines the se
quence o f amino acids in proteins is carried by genes, 
which are strands o f 1 )N A . In fact, the traditional 
definition o f a gene is that it is the amount o f D N A  
that codes for one protein chain.) The mechanism ot 
folding and rules that govern the folding o f proteins 
are still under intense investigation, but several aspects 
are understood. Proteins fold to remove the peptide 
backbone and hydrophobic (“ disliking water” ) side

Iron protoporphyrin 
"Heme"
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chains trom water (which surrounds them). Soluble 
globular proteins therefore are said to have a hy
drophobic core and a hydrophilic (“ liking water” ) 
surface, due to the charged and polar side chains, 
which are generally on the surface. However, proteins 
that are embedded in membranes, which are hy
drophobic, have few exposed charged side chains so 
that they can interact with lipids instead o f water.

There are also some specific interactions that stabi
lize the structure o f proteins. An important interac
tion, called hydrogen bonding, occurs when a single 
hydrogen atom becomes shared by two electronega
tive atoms (O , N , or S), as shown in Fig. 2A. The 
attraction of the tw o groups for the same proton holds 
the two groups together. Although the energy (degree 
of stabilization) afforded by this bond is low, the 
stabilization can be substantial if many such interac
tions occur. T w o  common structural motifs often 
found in proteins stabilized by hydrogen bonding are 
the a-helix and the /3-pleated sheet (see fig . 2). The 
a-helix is a structure in which the polypeptide chain is 
coiled like .1 spring. The coil is stabilized by hydrogen 
bonds between the C = 0  oxygen ot an amino acid 
and the N-H  proton ot the third amino acid away in 
the sequence. The a-hclix is .1 right-handed helix, 
meaning that the chain turns clockwise, like the 
threads 011 a screw.

The jS-sheet also involves interactions between the 
C = 0  and the N-I I proton, but of different chains 
or of distant regions of the same chain (f ig. 2(1). The 
tw o strands ot protein engaged in .1 jK—sheet may be 
parallel or anti-parallel. For both parallel and anti
parallel /3-pleated sheet, several chains can be involved 
to yield a relatively rigid sheet, “ w oven”  o f polypep
tide chains.

M any other structural patterns are possible for pro
teins, but, because o f  the bulk o f some o f the side 
chains and the strain that would be placed 011 bond 
angles, only a few folding patterns, or conformations, 
are energetically favored. A hypothetical typical pro
tein might have a tew stretches o f a-helix and some 
portions ot fi structure, with some less well-defined 
stretches ot amino acids connecting them. However, 
some proteins are mostly helix, having a series o f 
helix-turn-helix structures, while other proteins are 
mostly (5-sheet.

Since /3-sheet can occur between different amino 
acid chains, these interactions can be found in complex 
proteins made of subunits, each subunit o f  which 
is a separate peptide chain. Other interactions, most 
notably the hydrophobic interaction, are also in

volved 111 holding together multi-subunit protein 
complexes.

Other interactions that are important in stabilizing 
the folding of proteins include electrostatic interac
tions between charged amino acid side chains (e.g., 
- C O O  and -NH-,). This interaction is known as a 
salt bridge. Am ino acid side chains that are not 
charged, but polar, can interact weakly with each 
other.

The strongest ot the side chain-side chain interac
tions is the disulfide bond which can be formed be
tween the sulfur atoms ot two cysteine side chains. 
This is the only covalent bond norm ally formed be
tween amino acid side chains and can confer consider
able stability to .1 protein, especially if  several disulfide 
bonds exist.

From the preceding discussion, it is clear that pro
teins have four levels ot structure, and the following 
jargon has arisen. “ Prim ary structure”  refers to the 
amino acid sequence ot an amino acid chain (polypep
tide). “ Secondary structure”  refers to specifically 
identifiable structural motifs, such as a-helix and /3- 
shect. “ Tertiary structure" refers to the overall three
dimensional folding o f the protein. “ Quaternary 
structure”  refers to the assembly o f a protein from 
subunits (i.e., more than one polypeptide chain). In 
recent years, another term, "dom ain ,”  has come into 
use to describe identifiable structural units within a 
protein that can be excised in one way or another, 
and studied separately 011 their own. Examples ot 
domains are self-contained globular structures that 
are somehow separable from the remainder o f the 
protein.

2. Examples of Globular Proteins
Some important food proteins exemplary of globu

lar proteins include hemoglobin and myoglobin, the 
principal color substances of red meat and the enzyme 
ribulose bisphosphate carboxylase, the principal pro
tein o f green plant leaves. Most known enzymes arc 
globular proteins.

3. Structural Proteins of Meat and Bone
Globular proteins are usually water-soluble, w ith 

charged and polar side chains on the outside and non
polar groups 011 the inside. Other proteins, such as 
fibrous structural proteins and muscle proteins, fold 
according to the same rules as globular proteins, but 
because o f their size and the nature o f their surfaces, 
are not soluble. They therefore form relatively solid 
structures in the body rather than dissolving in its 
fluids. Meat contains good examples o f several kinds
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F IG U R E  2 Hydrogen bonding and the common folding patterns in proteins stabilized by hydrogen bonding. (A ) Hydrogen bonding 
occurs between a proton bonded to an electronegative atom (usually N  or O ) and an adjacent atom with a nonbonded electron pair (often 
N or O ). (B ) Hydrogen bonding stabilizes the a-helix as shown by the structure and accompanying schematic. (C ) Hydrogen bonding 
stabilizes two kinds ot /9-sheet: parallel (left) and anhpat.illcl (right). Both tonm  give the impression ot a pleated sheet, as shown below.
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ot proteins. Besides the soluble proteins hemoglobin 
and myoglobin, the other major components o f meat, 
the connective tissue proteins collagen and elastin, 
and the contractile proteins actin and myosin are insol
uble. have characteristic structures and are o f central 
importance in foods ot animal origin.

a. Muscle Proteins The contractile system of 
skeletal muscle (i.e., meat) is composed primarily of 
two groups ot protein, actin and myosin, which are 
arranged into a complex intracellular structure, the 
myofibril, and surrounded by cellular fluid, the sar- 
coplasm. M yofibrils are arranged into muscle fibers, 
each surrounded by a membrane called the sarco- 
lemma. Groups of filaments occur in bundles which 
are surrounded by connective tissue called en- 
domesium.

The myofibrils .ire composed ot two kinds o f fila
ments, the thick filaments and the thin filaments. The 
striations o f striated muscle actually arise from the 
arrangement o f these filaments. The areas where the 
thin or thick filaments overlap appear as dark bands, 
and where only one type o f filament exists, appear 
as light bands across a muscle fiber (see Fig. 3). During 
muscle contraction, the tw o types o f fiber slide along 
one another to increase the amount of overlap.

Thin filaments are composed o f four strands of 
protein. T w o  o f the strands are composed ot many 
molecules o f a globular protein called actin (A/r 
42,000), lined up end to end, resembling a double 
string ot pearls. The two strands ot actin w ind about 
each other. Along the outer surface of each strand is 
a series ofhelical dimers (M, 70,000) o f a protein called 
tropomyosin. Bound to each tropomyosin dimer is
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FIGURE 3 Sketch ot muscle protein structure. (A ) Myosin structure: the head region is at the left, attached to the hinge region. (13) 
Arrangement of many myosin dimers into a thick filament. ((.*) Structure o f a thin filament: threads o f tropomyosin twist around a 
beadlike arrangement ot actin. Troponin complexes dot the surface o f the strand. (1)) Organization o f thin and thick filaments into two  
sarcomeres, which meet at the z-line. (D rawn by Daniel Santillano after Kawn (1989). Used w ith permission.)
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a complex o f three proteins, collectively called tropo
nin, which have molecular weights o f 37,000, 24,000 
and IX.000. The functional unit o f the muscle fiber 
is called the sarcomere. The ends o f the thin filaments 
interacting with a set o f thick filaments in a sarcomere 
(see below) and the thin filaments interacting with a 
group o f thick filaments o f an adjacent sarcomere 
meet at an area called the Z-disc, which, when viewed 
from the side, appears as a line called the Z-line. 
The space between two Z-lines, i.e., thin filaments, 
overlapping thick and thin filaments, thick filaments, 
overlapping thick and thin filaments, thin filaments, 
defines the sarcomere (Fig. 31)).

The thick filaments are composed o f a few hundred 
molecules of myosin, a protein composed o f six sub
units arranged in clearly identifiable domains. T w o  
identical "heavy chains" area-helical and wind about 
each other to form a twisted double strand (Fig. 3A). 
There are two flexible regions o f the heavy chains, 
the hinge and swivel regions, which occur near the 
N-termini, where the coiling ot the two a-helices 
around one another is interrupted. Near the N- 
tcrmini o f the heavy chains (A/r 200,000 each) are the 
“ heads" o f the chains, which have globular structures, 
and are attached to two sets o f globular light chains, 
which are themselves composed o f a larger 
(A/r = 20,000) and a smaller (A/, = 16.000) protein. 
In the thick filament, helical regions o f the heavy 
chains associate with one another into bunches (Fig. 
315). The heads arc arranged at either end o f the bunch, 
leaving only helical regions m the center.

In the region where thick and thin filaments over
lap, where muscle contraction takes place, the myosin 
heads touch the actin/tropomyosin filament. The ex
act conformation o f myosin at the head and swivel 
regions depends on the presence ot other agents, 
namely A T P  (the metabolic energy carrier), A D I’, 
inorganic phosphate (/’,). and C'a2' ion. The head is 
capable o f hydrolyzing A IT  to A D P  plus P,, but 
releases the products very siowly. So, the resting state 
o f myosin contains bound A D P  and Pr  When AD I* 
and P, are released, the swivel region flexes, which 
pulls the actin along the myosin. When another mole
cule of A T P  binds, the myosin releases the actin fiber, 
hydrolyzes the A T P . and reverts to the resting confor
mation. and the process is repeated. B y  this process 
the myosin heads crawl along the actin fiber, increas
ing the amount o f actin/myosin overlap and shorten
ing the fiber. T his is the contraction process (Fig. 4). 
File ATPase activity o f myosin is stimulated by the 
binding o f ( ’; r '  to troponin, which causes a tight
ening ot the tropomyosin—actin association in the thin

filament and alters its interaction with myosin. In 
living muscle, nerve impulses cause rapid release ot 
C'a: * from the sarcoplasmic reticulum to the fila
ments. stimulating the A T P  hydrolysis and the re
sulting contraction. An ATP-driven transport system 
in the sarcoplasmic reticulum pumps the Ca~r back 
across the membrane, allowing the fibers to relax. 
Both the myosin head conformational change and 
removal o f C a ’ * ion from the fiber are ultimately 
driven by the hydrolysis of A T P . which may be re
plenished from the energy storage compound phos- 
phocreatine or from energy metabolism.

After slaughter o f an animal, when blood flow 
ceases, phosphocreatine. A FP, and even A D P  are de
pleted. Since there is no oxygen tor oxidative phos
phorylation. only glycolysis continues to function, 
which supplies .1 small amount o f energy but a large 
amount o f lactic acid. The pi I falls to a level character
istic o f the species and storage temperature (and other 
factors) called the ultimate pH

Because o f the cessation ot energy metabolism, 
there is neither A I P nor A D P  to bind to the myosin, 
so the conformation is locked in the one producing 
contraction. The muscle stiffens into a state called 
rigor mortis. The rate ot rigor mortis onset depends 
on the species (chicken, 2—t hr; pig, 4-18 hr; beet, 
10-24 hr) and postmortem temperature (high temper
ature hastens onset).

Meat excised during rigor is tough, but the tissue 
softens upon ageing. Microscopic investigation 
shows that the Z-disc is disrupted during ageing, 
causing the myofibrils to separate and become more 
labile to enzymatic degradation. One ot the troponins, 
troponin T . also becomes hydrolyzed. This postrigor 
tenderization, called "resolution ot rigor," is indeed 
caused by proteolysis by several endogenous pro
teases. A C a ’ ‘ -activated neutral protease called 
calcium-activated factor. C A F , can hydrolyze tropo
nin and disrupt the Z-disc. O ther proteases, such as 
cathepsin B. may also play a role. However. C\r~ 
alone also causes some tenderization by another, un
known mechanism.

Artificial tenderizing processes involve physical de
struction o f muscle bundles by pounding or partial 
flaking, or by incubating the meat with proteases. 
Papain, the highly stable protease from papaya, is 
perhaps the most widely used, but proteases from 
fresh pineapple iruir and ginger root can provide the 
same effect. Marinating the meat in vinegar or lemon 
luice may also effect some tenderization by destabiliz
ing the muscle fibers and by increasing the activity 
ot cathepsins and lysosomal acid proteases.
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FIGURE 4 S e q u e n c e  o f  e v e n t s  l e a d i n g  t o  m u s c l e  c o n t r a c t i o n .  O n l y  o n e  i n v o s i n  h e a d  i s  s h o w n  f o r  c l a r i t y .  I n  t h e  r e s t i n g  s t a t e ,  t h e  m y o s i n  

h e a d  h i n d s  A D P  a n d  p h o s p h a t e .  I n  t h e  p r e s e n c e  o f  Ca" '  i o n .  w h i c h  i s  r e l e a s e d  b y  n e r v e  i m p u l s e s ,  t h e  h i n g e  r e g i o n  f l e x e s  a n d  t h e  m y o s i n  

h e a d  t o u c h e s  t h e  t h i n  f i l a m e n t .  W h e n  A D I *  a n d  p h o s p h a t e  a r e  r e l e a s e d ,  t h e  l u n g e  r e g i o n  f l e x e s  f u r t h e r  a n d  p r o p e l s  t h e  t h i n  f i l a m e n t  t o  

t h e  r i g h t .  W h e n  A  I  P  h i n d s ,  t h e  h e a d  r e l e a s e s  t h e  t h i n  f i l a m e n t .  T h e  h e a d  h y d r o l y z e s  t h e  A  I  P  a n d  t h e  s e q u e n c e  b e g i n s  a g a i n .

b. Collagen Collagen, the principal protein o f 
bone and skin, contains two unique structural fea
tures: the collagen helix and unusual interchain cross
links. Collagen is made from polypeptide chains 
called tropocollagen. The amino acid sequence o f tro- 
pocollagen is quite regular, every third residue being 
a glycine. M any o f the glycine residues are either 
followed by a proline residue or preceded by a 4- 
hydroxyproline residue, or both. In addition to the 
modified amino acid 4-hydroxyprolinc, collagen also 
contains 5-hydroxylysine and an aldehyde derivative 
ot lysine, allysine. T o  the hydroxyl group o f many 
o f the hydroxylysine residues o f collagen is attached 
a disaccharide (a-1,2 glucosyl galactose in a fi-1 link
age). 4-HydroxyproIine and 5-hydroxylysine are 
made from specific proline and lysine residues o f tro
pocollagen by the enzymes proline hydroxylase and 
lysine hydroxylase. Allysine is formed from a lysyl 
residue o f tropocollagen by the enzyme lysyl oxidase. 
All three ot these enzymes require ascorbic acid (vita
min C ) as a cosubstrate. The conversion o f lysine to 
the aldehyde amino acid allysine is significant because 
aldehydes are very reactive and condense w ith side 
chains ot lysine and hydroxylysine residues or with 
other allysine residues to form crosslinks that 
strengthen the collagen structure. Thus, it is clear 
w hy people who have vitam in C-deficient diets suffer 
from weakness o f connective tissue, notably in arter
ies, skin, and gums.

The glycine-proline sequence does not favor the 
formation ot an a-helix. Instead ot an a-helix, the 
pro-tc collagen forms a left-handed helix that is not 
stabilized by C = 0  to N H  hydrogen bonds. Since

every third residue is a glycine, one surface of the 
helix contains only glycine, the smallest amino acid 
(see Table 1). Three molecules ot pro-a associate with 
one another along this surface, gently twisting around 
each other to form a right-handed superhelix. This 
superhelix is stabilized by interchain hydrogen bonds 
and by covalent crosslinks involving allysine. This 
trimer, called procollagen is trimmed by proteases 
into the actual structural units o f  collagen, tropocolla
gen. In mature collagen, tropocollagen molecules lie 
side by side in a staggered fashion and are crosslinked 
to form strong microfibrils.

When collagen is heated (i.e.. cooked), the triple 
helix is disrupted, and the tissue shrinks. Fragments 
o f the collagen are water-soluble and are called gelatin. 
Food and manufacturing gelatins are made by acid or 
alkaline hydrolysis o f proteins from animal skin and 
bone. As the gelatin is cooled, it binds water and 
forms patches o f  secondary structure, forming a gel. 
The properties o f the gel depend on the protein con
centration, size o f polypeptides present, and rate o f 
cooling. It is notable that collagen is relatively defi
cient in the essential amino acids, and gelatin is there
fore not a “ high-quality" food protein. Collagen and 
gelatin are digested by a number o f proteases.

c. Elastin Another major kind o f fibrous protein 
is elastin, which is found in skin, blood vessels and 
ligaments. Small amounts o f elastin, together with 
collagen are included with actin and myosin in meat. 
It is a crosslinked system o f  monomers ot molecular 
weight 64,000. Elastin contains high proportions o f 
glycine and proline, but little hydroxyproline and no
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hydroxylysine. Allysine. participates in two kinds ot 
crosslinks. Allysine may be condensed with the amino 
group of a lysine residue to form a collagen-like cross
link, or it can condense with other allysine side chains 
to produce desmosine. a nniltichain cross-link unique 
to clastin. Because o f the high glycine and proline 
content o f clastin, it forms neither a-hclix nor /3 sheet, 
but an irregular structure called random chain. T o 
gether w ith the high degree o f cross-linking, this ran
dom chain confers both flexibility and strength. It 
contains a higher proportion o f hydrophobic amino 
acids than does collagen, and therefore does not swell 
appreciably upon heating in water. Its digestion in
volves initial cleavage by the enzyme elastase, which 
is secreted by the pancreas.

4. Complexes of Proteins with Lipids: 
Membrane Proteins and Lipoproteins

Whereas some globular proteins (“ peripheral mem
brane proteins” ) may have a charged surface and inter
act with the polar head groups o f lipid bilayers that 
form cell and intracellular membranes, other proteins 
contain very hydrophobic regions and actually are 
embedded in the membrane. The hydrophobic re
gions o f  the protein interact with the fatty acyl chains 
o f the lipids, while polar or charged surfaces protrude 
into the aqueous medium outside the membrane. 
Some membrane proteins span the thickness o f the 
membrane and have polar domains on each side ot 
the membrane. |,SYe Ho o d  B i o c h e m i s t r y : L i i>id s , 
C a r b o h y d r a t e s , a n d  N u c l e ic  A c i d s . |

Proteins and lipids also form structures other than 
lipid bilayers with adsorbed and embedded proteins. 
Lipoproteins are proteins that bind tightly but nonco- 
valently to lipids. The lipids involved in such com
plexes include phospholipids, neutral lipids (triacyl- 
glycerols), and cholesterol and its esters. The ratio o f 
protein content to content o f the various lipids varies 
from protein to protein. Since lipids and proteins have 
substantially different densities, lipoproteins are con
veniently separated by ultracentrifugation and classi
fied by their densities into four categories, chylom i
crons, very low density lipoproteins, low density 
lipoproteins (L I)L 's ), and high density lipoproteins 
(H D L ’s). The most popularly known example ot lipo
proteins are H D L 's  and L D L ’s o f human blood serum, 
which are involved in the controversial relationship 
between cholesterol and atherosclerosis. There are 
also lipoproteins o f substantial importance to foods, 
such as the (chicken) egg yolk L.DL. and /3-lipovitellin. 
and the L D L  o f cows' milk. The miik fat globules ot 
cows’ milk contain adsorbed LI)L. on their surfaces.

5. Caseins: Milk, Cheese, and Yogurt
There are other aggregates of protein that are un

usually important in food systems. Prominent exam
ples o f these are the caseins o f ruminant milk. "C a 
sein”  is actually a mixture o f proteins, the major 
components o f which are called a-casein, /3-casein, 
and K-cascin. These are not pure proteins, either, but 
contain minor components ot slightly different struc
ture. a-Casein in particular occurs in two main sub
groups, a s|-casein and a s2-casein. The subscript “ s" 
stands for “ sensitive”  (to calcium) and is appended 
because the « s-caseins precipitate in the presence o f 
excess C ;r  * ions. The three-dimensional structures 
o f caseins are not known, but it is clear that caseins 
have definite polar and nonpolar regions in their se
quence. The caseins do not appear to be typical globu
lar proteins: structural studies indicate that they have 
very little a-hclix or /3-structure, and they are unusu
ally susceptible to proteolytic degradation. These ob
servations suggest a loose or flexible structure. |,SYc 
D a ir y  P r o c e s s in g  a n d  P r o d u c t s . |

Caseins occur in large aggregates called the casein 
micelle. The current model ot the casein micelle de
picts the system as being composed o f submicelles. 
The submicelles are composed o f a hydrophobic core, 
with the polar regions containing the many phospho- 
scrine groups ot a- and /3-caseins on the surface. These 
polar regions bind calcium ions which in turn bind 
to phosphate ions that are present in milk scrum. 
The result is that submicelles become attached to one 
another by binding to opposite ends o f a cluster ot 
calcium and phosphate which has the formula 
Ca,,(P04) (l. This calcium phosphate cluster is referred 
to as colloidal calcium phosphate because it is sus
pended in the milk fluid by virtue o f its attachment 
to the submicelles. The amounts o f  calcium and phos
phate held by the casein micelle far exceed the solubil
ity o f several calcium phosphate minerals, which 
would otherwise form stones, making them unavail
able to the calf or consumer and quite unappetizing.

The most polar region o f K-casein, the C-terminal 
region o f which contains the single phosphoscrine 
and the glycosylated threonine, is also on the surface 
and is believed to stabilize the structure ot the submi
celles by spacing out the other caseins to prevent elec
trostatic repulsion between their phosphate groups or 
excessive crosslinking.

M ilk  is the only substance con aimed b\ humans 
that was designed over cons by evolution for the 
single purpose o f nourishing young mammals. It is 
therefore not surprising that the casein micelle pro
vides large amounts o f high-quality, easily digestible
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protein and readily available calcium and phosphate. 
1 hesc are the major components of bone (which is 
composed ot collagen and a calcium phosphate m in
eral) and o f muscle.

The protease chymosin is the major enzyme in .111 

extract ot the stomach ot suckling calves (veal) called 
rennet. This extract, which also contains the protease 
pepsin, is used in the making o f various kinds of 
cheese. When a small amount o f the extract is added 
to milk, chymosin specifically hydrolyzes K-casein 
between phenylalanine 103 and methionine 104. 
This cleavage removes the protein’s hydrophilic C- 
terminus, which is water soluble and leaves the mi
celle. The remainder o f the K-casein ("/Jdivj-K-casein” ) 
is hydrophobic, and either retreats to the interior o f 
the micelle or precipitates, and is no longer able to 
provide stabilization. The micelle and colloidal cal
cium phosphate are disrupted, so a,-casein binds the 
calcium, precipitates, and forms a curd that contains 

fi- and para-K-casein.
The exact nature o f the gelled curd depends on 

many factors, including the amount o f chymosin 
added, the pH ot the m ilk, the temperature, and the 
amount o f stirring or agitation. Usually there is little 
agitation after the initial mixing, and the curd is one 
continuous custardlike gel. The gel is cut with knives, 
and the liquid (cheese whey) is allowed to separate. 
The curd, which is soft and moist, contains caseins 
crosslinked by C a2 f (but in a different way than by 
the colloidal calcium phosphate), entrapped milkfat 
globules, lactose, salts, and some nutrients dissolved 
111 the remaining water. Some o f the chymosin, pep
sin, and other proteases also become entrapped 111 

the curd, and lipid-soluble vitamins remain in the 
entrapped fat globules. The whey contains lactose, 
the globular whey proteins, /3-lactoglobulin, a- 
lactalbumin, serum albumin, immunoglobulins, and 
a few minor proteins and metabolites. Much of the 
phosphate, but almost none ot the calcium, appears 
in the whey.

The curd may be warmed, cooked, or pressed be
fore being stored tor ageing. The proteases entrapped 
m the curd continue to hydrolyze proteins during 
ageing, which causes the development o f flavor and 
aroma as well as changes 111 texture.

In many cheeses, bacteria or molds are added to 
the mixture during the process. M any o f the m icroor
ganisms used consume lactose and generate lactic acid, 
which contributes flavor and aroma and lowers the 
pFI. The pFl modulates the solubility o f C . r ' ion, 
and thus alters the curd texture by adjusting the degree 
of crosslinking. Bacterial and fungal proteases also

affect the texture by continued hydrolysis o f the ca
seins. The enzymes ot the microorganisms also con
tribute to the development o f characteristic flavors 
and aromas ot ripened cheeses.

The casein micelle can be disrupted in another way. 
It acid is added to milk to reduce the pH to 4.6, 
the caseins begin to precipitate. This pH  is near the 
isoelectric point o f the caseins, where they have a net 
neutral charge and are therefore less soluble. Acid, 
however, increases the solubility o f calcium phos
phates, so the curd formed by acid coagulation con
tains relatively little calcium compared to the rennet 
curd, in which calcium is actually concentrated from 
the milk.

For some uses, caseins are forced to undergo iso
electric precipitation from defatted milk, washed, 
then redissolved by neutralization with N a O H . The 
dried product is sold as sodium caseinate for use 
as a food ingredient. Acid-precipitated caseins have 
several nonfood manufacturing uses, such as in plas
tics and paper sizing.

The curd formed by acid addition depends on tem
perature and the rate o f acid addition, slower addition 
yielding a smooth, uniform curd. One way to add 
acid very slow ly is by using a starter culture o f lactic 
acid bacteria, which converts some o f the lactose to 
lactic acid. These organisms are therefore capable o f 
clotting milk by themselves, but also may be added 
to milk to lower the pH and contribute flavor before 
addition o f rennet. Examples o f cheeses prepared by 
acid coagulation are cottage cheese (a soft, unripened 
low-fat cheese) and cream cheese (a soft, unripened, 
high-fat cheese). Both cheeses are relatively low  in 
calcium compared to the rennet-coagulated hard 
cheeses such as cheddar and swnss. However, rennet 
is often used as a co-coagulator in the preparation o f 
cottage cheese, and since the serving size is much 
greater than tor most cheeses, cottage cheese is a rea
sonable source o f dietary calcium.

In yogurts, 110 whey is removed and the yogurt 
has the same composition as the milk from which it 
was made, except for the changes brought about by 
the starter culture (i.e., consumption o f lactose and 
production o f acid). The cultures also affect flavor 
and aroma by production o f other metabolites. Some 
starter cultures excrete mucopolysaccharides which 
improve the texture o f the yogurt. Stabilizers and 
thickeners can also be added tor the same purpose, 
but there is better consumer acceptance of a product 
labeled “ live cultures”  than one listing the perceived 
“ artificial" ingredients xanthan gum, carageenan, etc.
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As an aside, Asian cultures, which do not include 
cheese in their diets, nonetheless have a loose analog 
to cheese: tofu or bean curd. Tofu is prepared by 
hydrating and grinding soy beans in water, then heat
ing the suspension to extract the soluble proteins and 
pasteurize the solution. The addition o f C a S 0 4 to this 
“ soy m ilk”  causes precipitation o f the proteins to 
form a curd, in rough analogy to chymosin-induced 
clotting, which also involves calcium-induced precip
itation. The resulting gel is pressed to form a soft or 
dry curd, depending on its intended use. In some 
cases, this nondairy “ cheese" is inoculated with Acti- 
nomucor elcgans, which leads to a ripened product 
called sit fit.

6. Wheat Proteins and Baking of Bread
Another aggregated state o f protein o f epochal im 

portance to civilization are those proteins of wheat 
that lead to pliable, elastic dough formation: the glu
ten proteins. The proteins ot wheat are classified 
according to their solubility: albumins are water- 
soluble, globulins are water-insoluble but soluble in 
10% N aC l, gliadins are soluble in ethanol, and glu- 
tenins are soluble in acid or alkali, but water- and 
ethanol-insoluble. The water-insoluble protein- 
containing material, called gluten, is about 75-80% 
protein, 5-10% lipid and 2-15% carbohydrates.

The proteins in gluten are mostly gliadins and glu- 
tenins, which are storage proteins for the wheat seed. 
The structures o f the gliadins are well studied. Most 
of them have molecular weights between 32,000 and 
42,000, except for w-gliadin, which is near 74,000. 
Disulfide bonds in gliadins are largely intramolecular. 
At least one o f the gliadins, A-gliadin, is known to 
form long fibrils 70-80 A in diameter and several 
thousand angstroms long. The glutenins are less well 
understood. Their average molecular weights appear 
to be about 300,000. but may be more than 1 million. 
They are typically large complexes o f about 15 sub
units. Hydrophobic interactions are important in the 
stability o f these complexes, but many intermolecular 
disulfide bonds also exist.

The carbohydrates o f gluten are largely pentosans, 
a mixture o f polysaccharides and glycoproteins. The 
carbohydrate portion is o f irregular structure, con
sisting mostly o f a poly /3-1-4 xylopyranose backbone 
w ith monosaccharide (/3-arabinofuranoside) branches 
at some of the 2- or 3-positions o f the xylose. Six to 
seven percent o f the structure is glucose. The glyco
proteins contain branched arabinoxylans. These car
bohydrates are capable o f binding large amounts of 
water.

It is believed that the gluten complex occurs during 
mixing by aggregation o f the high-molccular-weight 
glutenins into a spongy grid in which the other com
ponents are dispersed. The physical stress ot kneading 
causes reorientation and stretching o f the glutenin 
protein network. The new structures produced are 
stabilized by reshuffling of disulfide bonds of the glu
tenins (not gliadins), and noncovalent interactions. 
Other components o f the flour (e.g., starch) are en
trapped in the network. During leavening, the net
work traps gas (e.g., C 0 2 given o ff by the yeast), 
and, because o f its elasticity, the dough swells as it 
fills with evenly distributed bubbles.

During baking, the proteins denature, starch gelati
nizes, and lipids, originating in the gluten, migrate 
to the starch. Nonpolar lipids, such as shortening, 
probably play a role in trapping gas bubbles during 
rising and in early stages ot baking. [St'f W h e a t  P r o 
c e s s in g  a n d  U t i l i z a t i o n . |

C. Functional Properties
Proteins have properties that affect the nature ot nu
merous foods in ways that are only marginally related 
to nutrition. Proteins form gels and foams and stabi
lize emulsions.

“ Denaturation”  means loss o f or change in some 
natural property. For enzymes, the enzymatic activity 
is usually the important property. Since the structural 
features leading to enzyme action are sometimes 
rather fragile, only subtle changes can cause the pro
tein to be denatured. However, in general use, “ dena
tured”  usually is synonymous w ith “ unfolded.”  The 
globular structure exists to shield hydrophobic sub
stances from water. Heating disrupts the globular 
structure, exposing the hydrophobic interior to wa
ter. Since water cannot solvate hydrophobic areas, 
the protein precipitates, or the hydrophobic regions 
o f many proteins stick together to exclude water, 
forming large insoluble complexes. Sometimes dena
tured proteins renature, but rarely in concentrated 
solution or after they have aggregated and precipi
tated. A classic example o f a heat-denatured globular 
protein is the white (largely egg albumen) o f a boiled 
egg. Denatured proteins, because they are unfolded, 
behave differently in food formulations than native 
proteins.

M any proteins form gels when heated in water. 
Gellation is a two-step process; the first step is dena
turation. After denaturation, the proteins aggregate 
to form a crosslinked network. !f  the aggregation 
process is fast, the gel is coarse and opaque, and tends 
to lose water. If  aggregation is much slower than
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denaturation, .1 viscous intermediate state exists ,md 
the resulting gel is finer, more elastic, and more trans
parent. It the gel formation is reversible, the gel melts 
upon heating, and ultimately forms a solution o f dena
tured protein, called a progel. dels formed in this 
manner (e.g., gelatin) are called thermoset, or revers
ible gels, and are distinguished from irreversible or 
thermoplastic gels (e.g.. from milk proteins).

M any proteins also stabilize emulsions and foams. 
Emulsions and foams are examples o f  dispersions, in 
which one phase is suspended in another. There are 
therefore interfaces between the phases; proteins sta
bilize the dispersions by acting at the interface. When 
air or another gas is introduced into an aqueous solu
tion ot protein (such as during beating o f egg white 
or C bubbles rising in beer) the gasses form bubbles 
surrounded by dissolved, surface-denatured proteins. 
The liquid drains from between the gas spaces, and 
the thin film eventually breaks. Proteins adsorbed at 
the gas-water interface prolong the lifetime o f the 
foam by (1) increasing viscosity to retard drainage, 
(2) preventing thinning o f the film between bubbles 
by electrostatic repulsion, and (3) providing a rigid 
component to the surface o f the aqueous film.

Proteins can act as surfactants to stabilize O / W  or 
W / O  emulsions by coating the discontinuous phase 
and providing a surface that interacts more favorably 
with the continuous phase. Not all proteins stabilize 
emulsions equally well. It is not merely total charge 
or total hydrophobicity o f .1 protein that makes it 
a good emulsion stabilizer, but the distribution of 
charged and nonpolar residues. Proteins denature at 
the oil-water interface because o f the uneven solva
tion effects. Nonpolar residues can interact w ith the 
nonpolar phase, and charged or polar residues can 
interact with the aqueous phase. Proteins that have 
large areas of charged residues and large areas o f non
polar residues should be more effective stabilizers than 
proteins with polar residues evenly dispersed in the 
sequence. Loops and tails o f the protein can project 
into each phase. Certainly factors such as pH, temper
ature, and salt concentration affect the structures o f 
proteins, both native and denatured, modulating their 
effectiveness as emulsifiers. [.Sec F o o d  B i o c h e m i s t r y : 
L i p i d s , C a k b o h y d k a t k s , a n d  N u c i k i c  A c i d s . |

Foam stabilization and emulsification are examples 
of protein “ functionality,”  or “ functional properties" 
o f  proteins, the term "functional”  being used in a 
practical sense rather than a biological sense.

D. Artificial "F a t"

Polysaccharides have been used extensively in recent 
years to m im ic the texture o f fat in low-fat and re

duced calorie products. Polysaccharides generally fail 
in two areas: they do not duplicate the lubricity of 
fat and cannot be used tor frying. Spherical m icropar
ticles (d. 1 to 3.ll/xin) o f protein produced by shearing 
at high temperature give a similar mouth-feel to that 
ot fat when they are suspended in water. Eggw hite 
and milk proteins are currently used. These suspen
sions have fewer than 2 calories per gram and can be 
used to replace most o f the fat in some foods, such 
as baked goods and frozen desserts. The products are 
not sufficiently heat-stable to permit their use in deep 
frying.

II. Biologically Active Food Proteins: 
Enzymes and Inhibitors

A. Enzymes

Enzymes are proteins that catalyze chemical reactions. 
B y  accelerating reactions that would otherwise pro
ceed very slowly, enzymes guide and control nearly 
every process that occurs in tissue. In addition, by 
“ coupling”  two reactions, one that requires energy 
and one that produces energy, enzymes are able to 
drive the energetical! v unfavorable processes. Because 
enzymes are catalysts, i.e., they are not consumed in 
a chemical reaction, but enhance its rate, they are 
much more important than might be guessed from 
their concentration.

Enzymes are classified and named according to the 
reaction they catalyze. There exists .111 Enzyme C o m 
mission nomenclature in which each enzyme- 
catalyzed reaction is assigned a number. However, 
since enzymes found 111 different organisms or tissues 
that catalyze the same reaction may have different 
structures and properties, it is essential to specify the 
source o f an enzyme.

Enzymes catalyze reactions by lowering the “ tran
sition state" energy of a reaction, that is, the energy 
barrier. Enzymes accomplish this reduction in energy 
by binding the reactants (called "substrates” ) near one 
another and 111 the proper orientation for reaction to 
occur, and using acidic and basic amino acid side 
chains to move protons from one position to another. 
M any enzymes use nonprotein groups such as heme 
groups, thiamine, lipoic acid, and biotin. Since an
other article is devoted to food enzvmology, only .1 

few aspects w ill be discussed here.

B. Hydrolases

The enzymes most important to tood science are hy
drolases and oxidases. Hydrolases break down bio
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polymers such as start'll and protein, and are thus 
important in digestion, processing, and spoilage. O x 
idases generally participate in deterioration of foods 
and are thus o f interest to industry and consumers 
alike. [Sec F o o d  B i o c h e m i s t r y : F i g m e n t s , F i a v o r s , 
A r o m a s , a n d  S t a b i l i t y . ]

1. Proteases
Proteases (proteinases or peptidases) hydrolyze 

peptide bonds ot proteins. Exopeptidases cleave the 
N-terminal (aminopeptidases) or C-terminal (car- 
boxypeptidases) amino acid from a protein or peptide; 
endopeptidases hydrolyze peptide bonds other than 
those to the terminal residues. M any proteases are 
highly specific for certain amino acids in the sequence 
ot a protein, without regard to its occurrence at the 
terminus or in the interior. For instance, trypsin 
cleaves almost exclusively at the carbonyl side o f pep
tide bonds involving the basic amino acids lysine or 
arginine; chymotrypsin has a high specificity tor 
cleavage of the peptide bond in which the aromatic 
or nonpolar amino acids tyrosine, phenylalanine, 
tryptophan, and leucine contribute the carbonyl 
group. Other specific proteases described elsewhere m 
this chapter are papain, cathepsins, pepsin, chvmosin, 
and fungal proteases used as chymosin substitutes.

2. Glycosidases
CHycosidases are enzymes that catalyze hydrolysis 

ot the glycosidic bonds o f polysaccharides. [.SYr F o o d  
B i o c h e m i s t r y : L i p i d s , C a r b o h y d r a t e s , a n d  N u 
c l e ic : A c i d s . | The most important o f these is perhaps 
a-amylasc, which hydrolyzes starch. Although mam
mals do not produce enzymes that hydrolyze cellu
lose, cellulases obtained from other sources can be 
used to decompose cellulose to glucose, which can 
serve as the substrate of various industrial fermenta
tions, such as in the production o f alcohol.

3. Lipases
Lipases and phospholipases hydrolyze the fatty 

acids trom neutral lipids and phospholipids, respec
tively. [S<t  F o o d  B i o c h e m i s t r y : L i p i d s , C a r b o h y 
d r a t e s , a n d  N u c l e i c  A c i d s . | Lipases hydrolyze neu
tral lipids (acyl glycerols) to liberate fatty acids and 
either glycerol or remaining glycerol esters. Some 
lipases hydrolyze the ester bonds at positions 1 and
3 preferentially, while others hydrolyze esters at ali 
three positions. One peculiarity o f the lipase reaction 
is that the substrate is insoluble, while the enzyme is 
soluble. The reaction therefore occurs at the interface 
between water and the fat. In manv kinds o f food.

such as the fat on a beefsteak, there is relatively little 
opportunity for water, the enzyme, and tat to come 
into contact. Emulsions or systems containing emul
sified tats or oils provide a much greater opportunity 
for contact between the substrates (lipid and water) 
and the lipase. Emulsions are therefore more suscepti
ble to flavor defects and chemical changes due to lipol- 
vsis. Phospholipids form structures in which the head 
group is at the lipid—water interface and are suscepti
ble to phospholipases.

The action o f lipases can alter the properties ot 
food decisively, because they convert fat, which is by 
definition hydrophobic, to glycerol, which is hydro
philic, plus fatty acids, which have detergent proper
ties. Furthermore, short-chain fatty acids, especially 
butyric, capric, and caproic acids, tend to have pun
gent or goaty aromas.

C. Inhibitors of Hydrolases: Protease Inhibitors 
and Amylase Inhibitors

Regulation is very important in living organisms. 
Regulation results from control ot biosynthesis ot 
many compounds, including hormones, enzymes, 
energy-generating systems, by proteins, peptides, 
and other compounds that inhibit a variety o f en
zymes. Organisms produce these compounds not 
only to control the direction o f enzyme reactions, but 
also to protect the organism trom premature activa
tion o f endogenous enzymes, such as in the pancreas 
and blood as well as tor protection against external 
invaders (insects, microorganisms, plants, and an
imals).

The best-studied naturally occurring enzyme inhib
itors are those against proteases and a-amylases. 
Trypsin inhibitors are probably ubiquitous. Soybeans 
contain two types o f  proteinaceous trypsin inhibitors, 
the Kunitz inhibitor (M r = 21,000) and the Bowm an- 
Birk  inhibitors (M r = —8000). Com m on beans con
tain about 0 .2%  Bow m an-Birk type inhibitors. The 
Kunitz inhibitor, specific for trypsin, is relatively eas
ily destroyed by cooking, since it has only two disul
fide bonds. However, it requires about 1 hr under 
boiling conditions to inactivate the Bow m an-Birk  in
hibitors, which have seven disulfide bonds. Most 
Bowm an-Birk type inhibitors combine simultane
ously with one trypsin and one chymotrypsin. Thus, 
they are double-headed inhibitors. Rat feeding studies 
have shown repeatedly that sustained feeding o f beans 
with active protease inhibitors, or feeding rations that 
contain added inhibitors leads to enlargement o f the 
pancreas as the system attempts to compensate for
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FIGURE 5 I lie carbohydrates o f amylase inhibitors.

chronic loss ot trypsin and chymotrypsin. M ore lim 
ited studies indicate this is also true in humans.

There are three types o f a-amylase inhibitors. 
These include the microbial nitrogen-containing car
bohydrates with oligobioaminc units, the microbial 
polypeptides such as Paim (pig pancreatic a-amylase 
inhibitor trom microbes; A/r = 6000-742(1) and Haim 
(human pancreatic a-amylase inhibitor o f microbial 
origin; A7r = 8500) and the large protease inhibitors, 
found in cereals, legumes, and some other higher 
plants (molecular weights range from —H.OOO to 
--60,000). The protein inhibitors were discovered in 
1933; however, most ot the research has been done 
since the 1970s, because ot their medical, nutritional, 
and insect control implications. The primary struc
tures ot several ot the microbial N-containing carbo
hydrates (see Fig. 5; these include the oligostatins, 
amylostatins, and the trestatins) and the polypeptides 
are known (see Fig. 6), but the complete amino acid 
sequence tor the large protein inhibitors is not yet 
known. Partial sequence analyses have shown the 
large protein inhibitors from beans have considerable 
hom ology with lectins and arcelins. U p  to 5 %  ofthe

Paim  I A S EPA PA C V V M Y ESW R Y T T A A N N C A D T V SV SV A Y Q D G  

A T G PC A T LPPG A T V T V G EG Y LG EH G H PD H L A L O PSS

F IG U R E  6 I  l i e  s e q u e n c e s  o t  ,i s i n . ill p r o t i ' a s c  i n h i b i t o r .

total proteins ot some beans are tv-amvlase inhibitors. 
It requires up to 1 hr cooking to inactivate them.

The a-amylase inhibitors combine stoichiomctri- 
cally with susceptible a-amylascs to produce .111 inac
tive complex. The microbial N-containing carbohy
drate and polypeptide inhibitors may be prescribed 
for persons with diabetes and hyperglycemia to slow 
down the rate o f digestion ot starch to glucose, so as 
to decrease the levels ot glucose in the blood following 
a meal. The protein a-amylase inhibitors also perform 
in a similar fashion. However, there is much more 
interest in their potential use to control weevil damage 
during storage ot legume and cereal seeds.

D. Lectins

Lectins form an important class o f proteins found 
in plants, especially legume seeds. These are sugar- 
binding proteins, and can therefore bind to the surface 
glycoproteins o f various cells. They bind and precipi
tate red blood cells and are consequently also known 
as hemagglutinins. Because they bind bacterial cells, 
they may function as antibodylikc molecules. But, 
some lectins also bind intestinal epithelial cells, pre
venting absorption o f nutrients and inhibiting protein 
synthesis. Thus, lectins from many sources are quite 
toxic. Raw  beans, for instance, which contain lectins, 
protease inhibitors, and amylase inhibitors are not 
nutritional, despite their large protein and starch con
tent, and are actually toxic. Appropriate cooking inac
tivates the lectins and inhibitors.

Bibliography

Bclitz, H .- l)., anil (irosch, W . (19K7). “ Food Chemistry.”  
Springer-Verlag, Berlin.

Fennema, O. R. (ed.) (I97(>). “ Principles o f Food Science, 
Part I . ”  Marcel Dckker, New  York.

Rawn. J. I). (1989). “ Biochemistry." Neil Patterson, Caro
lina Biological Supply Co.. Burlington. N .C .

Whitaker. |. R. (1994). "Principles o f Enzymology for the 
Food Sciences.”  2nd edition Marcel Dckker, New  York. 

Wong, I). W. S. (1989). "Mechanism and Theory in Food 
Chem istry." Van Nostrand Reinhold, New  York.

C H 2OH CHoOH

OH OH OH





Food Chemistry
O W E N  FEN N EM A , University o f Wisconsin
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III. Food Composition
IV. Major Types of Reactions
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Glossary

A T P  Ad enosine triphosphate
A u to x id a tio n  Nonenzym ic reaction ot'unsaturated 
lipids with atmospheric oxygen, involving tree- 
radical reactions and steps o f initiation, propagation, 
and termination 
F e m to g r a m  10 ,s gm 
P ic o g r a m  10 12 gm
Polyun satu rated  fatty  acids Fatty acids w ith two 
or more double bonds

F o o d  chemistry is a major branch o f food science 
dealing w ith the composition and properties o f  food 
and the chemical changes food products undergo dur
ing handling, processing, and storage. Attention is 
given to naturally occurring constituents o f food 
(both desirable and undesirable), to chemical alter
ations that occur in foods under normal conditions 
to which they are exposed, and to contaminants.

I. History

Although the origins o f food chemistry, in a sense, 
extend to antiquity, the most significant discoveries 
began in the late 1700s. W e must acknowledge that 
the early histories ot food chemistry and agricultural 
chemistry are impossible to separate. During the 
1700s and early 1800s many world famous chemists 
made discoveries ot fundamental importance to the

field o f food chemistry, in addition to discoveries for 
which they are better known. W orthy o f mention are 
Carl W ilhelm  Scheele (1742-1786). Antoine Laurent 
Lavoisier (1743-1794), (Nicolas) Theodore de 
Saussurc (1767-1845), Joseph Louis Gay-Lussac 
(1778-1850), Louis-Jacques Thenard (1777-1857), Sir 
Hum phry Davy (1778-1829), Jons Jacob Berzelius 
(1779-1848), Thomas Thomson (1773-1852), M ichel 
Eugene Chevreul (1786-1889), and Justus von Liebig 
(1803-1873). Findings o f  importance to food chemis
try include isolation of lactic, malic, citric, and tartaric 
acids from various fruits; establishment o f the princi
ple that all plants are capable o f being decomposed 
into a few elements; procedures for quantitatively de
termining the percentages o f carbon, hydrogen, and 
nitrogen in dry vegetable substances; a procedure for 
mineral determination by ashing; chemical character
ization o f vinegar fermentation; and, more generally, 
the origins o f accurate quantitative analysis o f organic 
substances. Von Liebig must also be acknowledged 
for what is considered to be the first book on food 
chemistry, Researches on the Chemistry of Food (1847).

In the early 1800s. advancements in the field o f 
food chemistry were strongly stimulated by public 
indignation over the poor quality o f  foods, as publi
cized in a book by Frederick Accum (1820) and by 
an anonymous publication entitled Death in the Pot 
(1831). Accum asserted that, “ Indeed, it would be 
difficult to mention a single article o f food which is 
not to be met with in an adulterated state; and there 
are some substances which are scarcely ever to be 
procured genuine. "  It is no exaggeration to claim that 
the rapid development o f food chemistry in the 1800s, 
especially the advances in food analysis made in Ger
many and England, paralleled and were largely caused 
by the increased prevalence and seriousness o f inten
tional food adulteration.

Food chemistry did not acquire a true identity until 
the twentieth century. In the United States, inception
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o f  this identity can be marked by the activities ot 
Harvey Washington W iley, chief chemist ot the U .S . 
Department o f Agriculture (U S I)A )  during the late 
18(H)s. His campaign against misbranded and adulter
ated food culminated in passage by Congress of the 
Pure Food and Drug Act (1906). Intentional adultera
tion o f food in the United States remained a serious 
problem until about 1920. At that time, regulatory 
measures and effective methods o f detecting adulter
ants reduced the frequency and seriousness ot inten
tional food adulteration to respectable levels; im 
provements have continued up to the present time.

In the mid-190()s, chemicals were developed and 
used extensively to aid in the growth, manufacture, 
and marketing o f foods, and their use increased until 
about 1980. Since then, public concern about ap
proved food additives has slowed their use. Simulta
neously, government agencies have given increased 
attention to unintentional contamination o f foods 
with pesticides, nitrites, heavy metals, and other by
products o f industrialization.

II. Food Analysis

T his area o f endeavor is broad and rapidly evolving, 
because most o f the techniques are o f great value 
to all facets ot the biological and physical sciences. 
Important to food chemists is an ability to measure 
the composition o f food (significant nutrients, other 
desirable components such as fiber, naturally oc
curring toxicants, contaminants, substances devel
oping during processing or storage) and the sensory 
quality o f food (appearance, flavor, texture). This in
formation is necessary to achieve conformity with 
governmental regulations and company standards.

Methods o f food analysis range from simple to 
sophisticated, including titrimetry, chromatography, 
spectroscopy, electroanalytical techniques, radioac
tive tracer techniques, sensory analysis by humans. 
imnnmochemic.il techniques, use of monoclonal anti
bodies, and D N A  amplification fingerprinting. Many 
o f these techniques are similar to those used in the 
biological and physical sciences. However, techniques 
o f food analysis are sufficiently specific and important 
to necessitate standardization and publication bv vari
ous scientific associations, such as the Association ot 
Official Analytical Chemists (A O A C ), the American 
Association o f Cereal Chemists (A A C C ). the Am eri
can O il Chemists' Society (A O C S ), the American 
Public Health Association (A P H A ), the American So

ciety o f Brew ing Chemists (AS13C), and other similar 
organizations.

In the last several decades, improvements bordering 
on incredible have been accomplished in the accuracy, 
precision, sensitivity, rapidity, and ease ot tood analy
sis. Substance concentration is often determinable at 
picogram and sometimes femtogram levels when nec
essary.

III. Food Composition

The major constituents o f natural foods are water, 
carbohydrates, lipids, proteins, and sometimes fiber. 
M inor constituents o f importance include vitamins, 
minerals, enzymes, pigments, flavors, and undesir
able or potentially undesirable compounds. Hundreds 
o f chemicals can be legally added to food, including 
substances such as sugars, salt, emulsifiers, flavors, 
spices, nutrients, antioxidants, sequestrants, and anti
microbial agents. The exact list ot chemicals sanc
tioned for use in foods, and the conditions ot use, 
vary with the country. Several extensive compilations 
o f compositions o f common foods can be found in 
the literature. Especially worthy o f attention is a series 
by the U S D A  (1976). (.Sir F o o d  C o m p o s it io n  !

IV. M ajor Types of Reactions

Food chemistry is strongly related to organic chemis
try, biochemistry, and physiological chemistry, but 
also has a clear identity o f its own. In biochemistry 
and physiological chemistry, emphasis is on life- 
sustaining reactions. These reactions are pertinent to 
food chemists, but the primary focus o f food chemists 
is on reactions, mostly degradative, that affect the 
appearance, texture, flavor, nutritive value, and 
wholesomeness o f foods.

Chemical changes, some desirable and some not, 
occur in all foods and food ingredients during pro
cessing and storage. Further, these reactions differ 
depending on whether the food is or is not physiologi
cally active. Desirable chemical reactions that can oc
cur in food include:

1 development or preservation ot pleasing colors and 
flavors. Tins occurs, for example, during cooking ot 
meat: roasting ot coffee beans, nuts, and breakfast 
cereals; preparation of bakery products; fermentation ot 
cheese and alcoholic beverages: and postharvest ripening 
of fruits.
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2. improvement or preservation ot" texture.
I eiulerization occurs, tor example, during heating ot 
plant and animal tissues and enzyme treatment o f meat. 
Firming ot texture oeeurs during the development ot 
meat analogs, during gelling and coagulation reactions 
(eggs, milk, cheese), and during calcium treatment ot 
soft plant tissues.

3. improvement ot the functionality ot food 
ingredients. Examples include heat denaturation o f whey 
proteins tor subsequent use in bread, chemical 
modification of starches, alkali processing o f soy protein 
isolates, and glucose—fructose isomerization to achieve 
greater sweetness per unit weight.

4. inactivation or control o f enzymes. Inactivation of 
endogenous enzymes such as lipases, lipoxygenases, 
proteases, phenolases, amylases, and ascorbic acid 
oxidase is almost always necessary if long-term storage 
ot food tissues is desired. It this is not done, enzyme- 
catalvzed reactions will occur during storage, which will 
have undesirable effects on the sensory properties and 
nutritive value o f the food. Heat is the most common 
means ot inactivating enzymes in food, but other 
methods are sometimes used when complete inactivation 
is not required (e.g., pH adjustment, chemical inhibition, 
removal of reactants or catalysts).

5. inactivation of antinutritional substances and other 
approaches to improving nutritional value. Food tissues, 
especially plants, naturally contain many antinutritional 
substances (e.g., avidin in eggs, phytates in cereal grains, 
trypsin inhibitors and hemagglutinins in legumes, 
thiaminasc in fish). Many antinutritional substances are 
proteins and can be inactivated bv moderate heating of 
moist foods. Other approaches can also be used, 
including removal or enzymatic hydrolysis of lactose in 
dairy products intended tor lactose-intolerant individuals 
and removal of phytates from cereal grain by milling. 
Moderate heating will sometimes improve the 
bioavailability o f nutrients, for example, nicotinic acid in 
cereals. The addition of vitamins or minerals to certain 
foods (breakfast cereals, bread, milk) is also common 
practice.

Undesirable chemical reactions that occur in tood in
clude:

1. those causing damage to sensory properties of food 
(flavor, appearance, texture). Meat sterilization or air 
drying usually has this effect.

2. those causing damage to the functional properties 
ot tood ingredients. Here too, heat is a common 
offender, causing, tor example, a reduction in the water- 
holding capacity and/or solubility o f proteins and a 
reduction in the activity o f desirable enzvmes.

3. those causing damage to nutritional properties and/ 
or the development ot toxic or potentially toxic 
constituents. Vitamins C, 1), E. A. and folate are 
especially susceptible to inactivation by oxidation, and

vitamins ( ',  folate, li,,. and thiamin arc especially 
susceptible to inactivation bv heat. Proteins are 
remarkably resistant to loss in nutritive value except in 
the presence o f free carbonyls, especially reducing sugars. 
The nutritive value of lipids is generally well retained 
during processing and storage ot foods, except when 
oxygen is present or heating is abusive. Carbohydrates 
are generally more resistant to processing-induced 
impairment of nutritive value and to the development ot 
undesirable compounds than either proteins or lipids.

Harvested whole truits and vegetables and post
mortem prerigor animal tissue are physiologically ac
tive. The reactions that dominate are similar to those 
that occur, or can occur, in these same tissues prehar
vest or preslaughter. A major difference, o f  course, 
is that the dominant reactions (Em den—M eyerho f se
quence in both postslaughter muscle and postharvest 
plant tissues and the citric acid cycle in the latter 
group) are largely catabolic. Ongoing aerobic respira
tion in harvested plant foods, for example, follows 
well-known biochemical pathways ot converting car
bohydrates to C O i,  H jO , and energy, but the mecha
nism for synthesis (photosynthesis) ot carbohydrates 
is inoperative. This ability ot plant tissue to carry on 
aerobic respiration postharvest is responsible, in large 
measure, for their long storage lives (many months 
for potatoes, apples, pears) relative to animal tissues.

This “ living state”  o f intact plant tissues posthar
vest also results in additional storage complexities. 
Some fruits and vegetables, particularly those o f trop
ical or subtropical origin, are susceptible to “ chilling 
in ju ry .”  These plant tissues have optimum storage 
temperatures well above 0 °C ; lengthy storage at tem
peratures below their optimum storage temperatures 
results in physiological defects that are quite notice
able to the consumer (e.g., excessive darkening ot the 
skin o f bananas; small, dark pits on the surface o f 
green beans; darkening o f the flesh o f susceptible 
fruits). For long-term storage o f apples and pears it 
is also necessary to carefully control not only storage 
temperature, relative humidity, and air velocity, but 
also C O ,, 0 2, and ethylene concentrations of the at
mosphere. [.Sec P o ST H A R V IIST  P lJY S IO f  (X iY .  |

Physiological reactions persist in animal tissue tor 
several hours following slaughter. These reactions 
cause a marked decline in pH, reductions in the con
centrations of A T P  and glycogen, and accumulation 
o f lactic acid. The rate and extent o f these reactions, 
although they are short-lived, can have a profound 
effect on consumer acceptability o f the final product. 
For example, rapid cooling ot postslaughtcr prerigor 
red muscle (beet, lamb) to temperatures below ~  10°C
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will increase the rate o f glycolysis, cause marked con
traction o f the muscle, poor water holding capacity, 
and toughness that persists even after normal cooking. 
This effect is attributed to cold-induced malfunc
tioning o f the membranes o f the sarcoplasmic reticu
lum, an organelle that controls calcium concentration 
in the fluid surrounding the contractile fibers. The 
elevated level ot calcium triggers muscle contraction, 
causing the problems mentioned.

Foods devoid o f physiological activity (fabricated 
foods, postrigor animal tissue, processed plant tissue, 
tood ingredients) can undergo numerous types o f 
chemical reactions, both enzymatic and nonenzy- 
matic, virtually all o f which are degradative and unde
sirable. These changes occur during processing and 
storage and are summarized in Table i.

Preservation methods used to render foods moder
ately stable during long-term storage (canning, freez
ing, dehydration) effectively stop the growth o f mi
croorganisms, terminate physiological processes if  
present, and often slow, but almost never stop, chem
ical reactions. For example, degradation o f chloro
phyll, desirable flavors, and some o f the more labile 
vitamins occurs at significant rates in all processed 
toods during storage. A major objective ot tood scien
tists and technologists is to effectively inactivate 
pathogenic and spoilage microorganisms in foods and 
to do so with minimal damage to quality attributes. 
[.See F o o d  D e h y d r a t i o n ; F o o d  M i c r o b i o l o g y ;

TABLE I
Classification of Undesirable Changes that Can Occur 
in Food

Attribute Undesirable change

Texture Loss o f solubility
Loss of water-holding capacity
Toughening
Softening

Flavor Development ot 
rancidity (hydrolytic or oxidative) 
cooked or caramel flavors 
other oft-flavors

C olor 1 Xirkening 
Bleaching
Development o f other oft-colors

Nutritive value loss or degradation ot 
vitamins 
minerals 
proteins 
lipids
carbohydrates

.Sinmi'; Fcnncma (l'M Sh ).

F o o d  P r e s e r v a t i v e s ; T h e r m a i . P r o c e s s in g : C a n n in g  
a n d  P a s t e u r i z a t i o n . |

Synthetic reactions are o f commercial importance 
for some components o f food including flavors, 
chemically modified starches, emulsifiers, antioxi
dants, some colors, sequestrants, nonnutritive sweet
eners, and leavening agents.

Shown in Figs. 1-3 are summaries of nonphysio- 
logical reactions that tood lipids, proteins, and carbo
hydrates can undergo during processing and storage. 
A few reactions are sufficiently unique and ot such 
widespread importance in foods that they deserve spe
cial attention here.

1. The Maillard Reaction 
(Nonenzymatic Browning)

This reaction, discovered by Louis-Camille M ail
lard, a French scientist, in the early 1900s, involves 
the interaction o f amino groups and carbonyls, e - 
Am ino groups o f lysine residues in proteins are the 
most frequent source of amino groups, and carbonyls 
are usually supplied by reducing sugars. This reaction 
results in a brown color (desirable or undesirable dc-

F IG U R E  1 Major chemical reactions that proteins can undergo 
durum the processing and handling ot foods. |Froin Fennema. O.

Chemical changes in food during processing— An over
view. In “ Chemical Changes 111 Food during Processing" (1. 
Uichardson and J  W  Finley, eds.) A V I. Westport. C T . Courtesy 
ot Van Nostrand Keinhold.J
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FIGURE 2 Major chemical reactions that carbohydrates c.m un
dergo during the processing and handling of foods. P M L , IVctin- 
mcthylcsterasc. |From Fennema, O . (1‘M.Sb). Chemical changes in 
food during processing— An overview. In “ Chemical Changes in 
Food during Processing”  (1 . Richardson and J. W . Finley, eds.) 
A V I, Westport, C T . Courtesy o f Van Nostrand Rcinhold.j

FIGURE 3 Major chemical reactions that lipids can undergo dur
ing the processing and handling o f foods. 'Oxidation catalyzed 
by enzymes, metals, myoglobin, chlorophyll, and/or irradiation. 
*’V it., vitamins A .C .P ,  K. and folate. ‘ FI., Havor. V ig .. carotenoids, 
chlorophyll, myoglobin, and anthocvanins. |From Fennema, O . 
(l^HSb). Chemical changes in food during processing— An over
view. In “ Chemical Changes in Food during Processing”  ( F. 
Richardson and |. W . Finley, eds.) A V I, Westport, C T . Courtesy 
ol Van Nostrand Reinhold. |

pending on the product), a reduction in the nutritive 
value of reacting proteins or amino acids, changes in 
flavor, and reaction products that are ot' continuing 
interest w ith respect to their wholesomeness. This 
reaction is commonly observed in bakery products, 
baked beans, roasted nuts, toasted dry breakfast cere
als, cooked meat, and dairy products that are exces
sively heated.

Maillard reactions typically begin with condensa
tion o f a nonionized amino group and a reducing 
sugar. The first step involves formation o f an unstable 
Schitt base, rapid isomerization into aldosylamines 
or kctosvlamines (depending 011 the initial reacting 
carbohydrate), and rearrangement into more stable 
ketosamincs or aldosamines. The second step involves 
a complex set ot reactions that converts the ketosam- 
ines or aldosamines into numerous carbonyl and poly
carbonyl unsaturated derivatives (such as reductones). 
These, in turn, react with additional amines, leading 
to the formation ofam monia. C 0 2, and new carbonyl 
compounds. During the third step, the polyunsatu
rated compounds undergo both scission and polymer
ization reactions, giving rise to volatile compounds.

some with desirable flavors, and to brown or black 
pigments known as melanoidins. The latter com
pounds are responsible for the Maillard reaction also 
being called the nonenzymatic browning reaction. 
Proteins involved 111 this reaction undergo pro
nounced reductions in nutritive value, so inhibition 
of the Maillard reaction is highly desirable in foods 
that are major sources o f protein in the diet.

Development o f control measures for the Maillard 
reaction has received much attention. Successful ap
proaches have included alteration of sample composi
tion (pH, metal ions, water activity, ratios and kinds 
ot carbonyls and amines), use o f chemical inhibitors 
(sulfites, cysteine), and control o f storage temper
ature.

2. Oxidation of Lipids
Oxidation o f lipids is a major cause o f food degrada

tion and can occur with or without enzyme (lipoxy
genase) catalysis. Both mechanisms o f oxidation re
sult in off-flavors and loss o f some vitamins in a wide 
range o f products. The intermediate products o f oxi
dation— carbonyls— can react with proteins (Maillard
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reaction), causing a reduction in their nutritive value. 
Lipids containing polyunsaturated fatty acids are espe
cially susceptible to oxidation. If vegetables are not 
blanched before freezing or drying, oxidation o f lipids 
w ill occur, off-flavors w ill develop, and losses ot vita
mins susceptible to oxidative degradation (C ,  folate, 
A, E) w ill be great during storage. Blanching w ill 
inactivate proteins responsible for enzyme-catalyzed 
oxidation, but autoxidation will still occur slowly 
during storage, the most noticeable effects being the 
gradual degradation o f oxidation-sensitive vitamins 
and the development o f off-Havors. Autoxidation 
(nonenzymatic) is strongly stimulated by the presence 
of metal catalysts, especially copper and iron. Frozen 
fish, because they are rich in polyunsaturated fatty 
acids, are highly susceptible to the development of 
off-Havors. |.SYc F o o d  B io c  h e m i s t r y : L i im d s , C A R B O 
H YD RA TES, AND  N U C I  El( A< IDS. |

A large array ot antioxidants, both natural and syn
thesized, coupled with antioxidant synergists, has 
been used to inhibit oxidative reactions in foods. Bu- 
tylated hydroxyanisole (B H A ) and butylatcd hy- 
droxytoluene (B U T )  are examples ot synthesized an
tioxidants. Tocopherols and gum guaiac are examples 
of natural antioxidants. Antioxidant synergists in
clude ascorbic acid (vitamin C ) and organic acids such 
as citric and phosphoric acid (metal chelators).

Other measures to inhibit oxidation can also be 
used, including removal of oxygen (vacuum packag
ing), avoidance ot exposure to radiant energy, avoid
ance o f contamination with catalysts (copper, iron, 
myoglobin), and the use o f more highly saturated 
lipids.

3. Protein Denaturation and Aggregation
Protein denaturation is common in foods and in

volves many kinds o f structural changes that are not 
easily quantified. This characteristic has caused some 
investigators to recommend that use o f the term “ pro
tein denaturation" be discontinued. However, better 
terminology has not been developed, so this term 
will be used here. Protein denaturation refers to any 
modification in the secondarv. tertiary, or quaternary 
structure ot proteins without disruption of peptide 
bonds involved in primary structure. Denaturation 
typically involves partial unfolding o f the protein 
molecule with increased exposure o f hydrophobic 
groups. Partial unfolding is frequently followed by 
aggregation. Denaturation can alter the native proper
ties of proteins in a variety ot ways, including

1. decreased so lub ility
2. altered water-holding capacity

3. loss of biological properties (e.g.. enzymes lose their 
catalytic activity)

4. increased susceptibility to attack by proteases
5. increased intrinsic viscosity 
(h inability to crystallize

Agents o f denaturation include heat, cold, mechanical 
treatments, irradiation, hydrostatic pressure, acids or 
alkalis, metals, organic compounds, and the presence 
o f interfaces. |.Sec F o o d  B i o c h e m i s t r y : P r o t e 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 .]

Protein denaturation and aggregation occur in 
many protcinaceous foods during processing and 
storage. These occurrences can have adverse effects 
on sensory quality (texture, water-holding capacity). 
Examples during frozen storage include gelation of 
egg yolk, precipitation o f casein in fluid milk, and 
insolubilization o f proteins in fish. Examples during 
heating include gelation ot egg white and other 
proteins, inactivation o f enzymes, and alteration 
o f proteins in meat. Protein denaturation and ag
gregation also occur during bread making, during 
texturization o f proteins (i.e., in making meat ana
logs), and during the formation of emulsions when 
proteins serve as emulsifiers. Protein nutritive value 
is usually not affected adversely by protein denatur- 
ation/aggregation reactions that normally occur in 
foods.

Not to mention the use o f recombinant D N  A tech
niques for foods would be inappropriate because these 
techniques are already being used on a commercial 
basis, and greatly expanded use is anticipated. The 
most likely near-term opportunities appear to 
be in the areas o f microorganisms used in tood fer
mentation. enzymes, flavors, and other food addi
tives.

Control o f chemical reactions in food is a major 
concern o f food chemists. Factors governing the 
kinds and rates o f chemical reactions that occur in
food are:

1. product factors— chemical properties of individual 
constituents: pH: water activity; catalysts: oxygen 
concentration in the tood

2. environmental factors —temperature; storage time; 
composition of the atmosphere; chemical, physical, or 
biological treatments imposed: exposure to light; 
contamination; physical abuse

V. Responsibilities of Food Chemists

In industrialized countries ot the world, tood chemists 
must assume a special responsibility. In these conn-
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tries, processed foods constitute well over halfoftvpi- 
cal diets. TTieretore. it is mcunihent oil food chemists 
to insure that processed foods are not only whole
some. economical, and of good sensory quality but. 
most importantly, that they carry their fair share of 
important nutrients.
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Food Composition
M A R JO R IE  P. PENFIELD, The University o f Tennessee, Knoxville

I. Food Components
II. Determinants of Food Composition

III. Sources of Food Composition Data
IV. Uses of Food Composition Data
V. Summary

Glossary

F o o d  Materials which when consumed provide nu
trients; both liquid and solid materials may be in
cluded in this definition
N u trien t  Substance which is used by an organism 
for production ot energy, maintenance and produc
tion ot body tissues, and regulation o f life-sustaining 
processes
P r o x i m a t e  co m p o sitio n  Main components o f a 
food including moisture, fat, protein, fiber, carbohy
drate, and ash

F o o d  composition can be defined as the chemical 
compounds contained within the food and the relative 
proportions ot each. Food is the material which when 
taken into the body provides chemical compounds 
(nutrients) trom which energy is produced, chemical 
compounds that are used to regulate body processes, 
and chemical compounds that are used to build, main
tain, and repair tissues. Thus, the health and well
being ot ail individual are influenced by the foods 
which he or she consumes.

The components o f food that are responsible for 
nutriture o f the living organism also are responsible 
tor the nature and quality o f  the foods we consume. 
The relative proportions o f each component present 
and the manner in which the components are physi
cally organized determine if  the food is an apple, milk, 
bread, or meat. The composition o f the food deter
mines its functional properties or how the food w ill

behave when it is processed, stored, or prepared tor 
consumption.

I. Food Components

For the purpose o f illustrating food composition, se
lected foods representing food groups that serve as a 
basis for dietary recommendations as well as variation 
in processing and/or preparation are listed and de
scribed in Table I. Food composition data for those 
foods are listed in Tables 11 — IV . A ll components arc- 
listed on the basis o f a 1 (X)—g edible portion o f the food. 
For comparisons w ith respect to quantities norm ally 
consumed, food composition tables sometimes con
tain information 011 normal serving sizes. Usual serv
ing size information for the foods in Tables I I—IV  are 
included in Table I. Serving size values are given in 
both customary and metric units to reflect the use o f 
both systems to quantify serving sizes. The differ
ences that are noted when comparing food composi
tion values on the basis o f the tw o systems are illus
trated in Fig. 1. O 11 a !()()-g basis, Cheddar cheese 
has the most fat but 011 a per serving basis beet rib is 
higher.

Food components generally are divided into two 
categories, macrocomponents and m icrocom po
nents, 011 the basis ot the relative amounts ot each 
present in the food. Macrocomponents are listed in 
Table II and microcomponents are listed in Tables 
II1-IV.

A. Macrocomponents

The macrocomponents, water, protein, tat, carbohy
drates, and fiber, generally are included in lists o f 
components referred to as proximate components. 
Ash is also one o f the proximate components; its 
constituent parts, the minerals, are microcomponents
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TABLE I
Descriptions of Foods Included in Composition Tables and Sources of Information for Data0

Amount
usually Source (date ot
consumed Miscellaneous composition publication of

Food 1 )escription m) values (per 100 g food) data) N D B  No.

Apple Raw with skin, 3/lb. 2.75 in. 
diameter

1 (138) IDF* = 2.03 g; pectin = 1.07; 
of-Tocophcrol = 0.50

AH-8-y (1081) 00003

Beet’, rib Whole (ribs 6-12). separable lean 
only, choice, cooked, broiled

3 oz (85) Cholesterol = 86 nig AH-8-13 ( 1 *>85) 13087

Beet, round Full cut. separable lean only, 
choice, cooked, broiled

3 oz (85) Cholesterol = 86 mg AH-8-13 (1085) 13156

Bread, white. Commercially prepared, includes 1 slice (25) Calcium values range trom 55 to AH-8-18 (|W 1 ) 181 If>9
enriched soft bread crumbs 244 mg. Low-sodium or no-salt 

added products contain 27 mg 
sodium I DF - 2.3 g

Bread, whole Commercially made 1 slice (28) Calcium values range from 27 to A H -8-18 ( i 1;*;i) I8(i75
wheat 25f» mg. ID F  = 6.0 g

Broccoli, raw 1 /2 cup (44) 11)1 = 1.4 g; I DF = 2.8 g. 
<i-tocopherol = u.46 mg; 
Vit.nnm A values 111 I able 111 are 
for entire plant, leaves 16.00M. 
flower clusters = 3nnn. and 
stocks 400 1U

AH-8-1 1 (1082) 1 1000

Broccoli. 1 2 cup (78) 11)1 2.0 g Al 1-8-1 1 (Rev IO8O1

cooked 1 I OOl
Cheese, cheddar 1 cubic inch 17.2 1 oz (28) ( Cholesterol 105 mg Al 1-8-1 (1070) 0 1 nnO
C Chicken, light Broiler or trver. lii*lit meat without 3 oz (85) C Cholesterol - 85 mg Al 1-8-in (1081) 05n4l

meat skin, cooked, roasted
Cod. Atlantic Conked, dry heat 3 oz (85) Cholesterol - 55 mg A1I-8-K. (1087) l5o|n
Lgg. white Chicken, raw. fresh, or frozen 1 white (33) AH-8-01 (1080) Ml  124
Lgg. yolk Chicken, yolk, raw tresh 1 yolk (17) Cholesterol 1281 mg AH-8-1 M ( 10 8 0 ) n i l 25
Ice cream Vanilla, regular. “•* 10% tat. 

hardened
1 cup ( 1331 Cholesterol 45 mg AH-8-1 (1076) n|iMil

M ilk, whole 3 .3 %  t.it. thud, applies to
pasteurized and raw products

1 cup (244, ( Cholesterol 1 1 mg Al 1-8-1 ( 1070) I I I077

( )rangcs Raw. all commercial varieties. (3«X% 
California naval. 33%  California 
Valenc ia, 28%  Florida)

1 (131) «-locopherol 0.24 mg Al 1-8-0 (1081) 00200

Peanut kernels Oil-roasted, mixture Spanish and 
Virginia peanuts, without added 
salt

1 cy/. (28.4» it- 1 ocoplierol 7.41 mg; 
1 D1 - 8.8 g

AH-8-12 (1084) 12181

Pork, loin Fresh, whole, separable lean only, 
cooked, broiled

3 07 (85) C Cholesterol = ‘>5 mg A H -8-lo  ( 10 8 1 ) lno2 o

Potato, baked Baked, Hesh only 1 cup (61) 1 
potato 
without 
refuse = 
(156)

cr-T ocopherol = 0.113 mg AH-8-1 I (1082) 11363

Potato. Lrench French-tried, frozen, restaurant 10 pieces AH-8-1 1 (1082) 1 1404
tried prepared, tried in vegetable oil (50)

1 omatoes. raw Ripe. red. raw 1 (123) 0 -1 ocopherol - 0.34 mg,
1 DF = 1.3 g; Ascorbic acid 
values 111 1 able III arc year-round 
values. N o v-M av  —. * > 1.
June-Oct .*>2f>

AH-8-11 (1080) 11520

Yogurt, low-fat Plain, low fat. containing 12 g 0.5 container Lipid content 1n.1v range (- 0 .5- AH-8-1 (1076) 01117
protein per 8-0 / serving. Product <113 g) 2.0".,; with variation in vitamin
made with low fat milk with A and lipid constituents;
added nonfat milk solids *. holcsterol 6 nig

'Values taken trom Aiiricultur.il Handbook No. 8-. . C Composition ot Lunds . . . Raw. Processed. Prepared United States 1 )ep.irtment
ot Agriculture. Specific volume and date ot publication tin ea< h food .ire shown in !a>t column.
ID F. insoluble dietary fiber.
I I ) f . total dietarv tiber.
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Beef, nb C h e e se , che dd ar M ilk, w hole Potato, baked
Bread, whole w heat Egg. yo lk  Potato. French fries

FIGURE 1 Lipid coil tent ot selected tood shown on .i |UU-g por
tion basis and on a usual serving basis. Usual serving sizes are 
shown in Table I.

of foods. In addition to the proximate components, 
tood energy values, which are dependent on the 
amounts of fat, carbohydrate, and protein in a food, 
usually are included in food composition tables. All 
ot these values are listed in Table 11. Comparison o f 
the values for the representative foods enables one to 
see the effects of source o f  food and processing and 
preparation techniques on these components. |.SVr 
lo o n  C h e m i s t r y . |

1. Water
Water is found in all living matter; therefore, it is 

an important component o f food ranging from less 
than 1 %  (milk chocolate) to 9 0%  or higher in some 
fruits. The physical properties o f a food are related 
to its water content. M ilk  is fluid because it contains 
88%  water, which serves as a solvent for many com
ponents. hat globules are suspended in the liquid. 
Most fruits and vegetables contain more water than 
milk, but are not fluid because their cellular structure, 
which is composed ot carbohydrates, entraps the wa
ter. The entrapped water contributes to cellular tur
gor, which gives the truit or vegetable a crisp, succu
lent texture. Loss o f water from such products results 
in a limp, undesirable texture. Snack foods such as 
peanuts or crackers are crisp or crunchy because they 
contain little water. Water also affects food quality as 
a participant in chemical reactions that affect food 
quality. For example, water is necessary for hydroly
sis to occur in fats. In this reaction, fatty acids arc- 
split from triglycerides and may result in the develop
ment of hydrolytic rancidity, the presence o f free fatty 
acids with undesirable odors. The flavor o f  the prod
uct. therefore, is adversely affected bv this reaction.

Additionally, water helps physically bring reactants 
together.

Water constitutes more than 50%  of the weight in 
a majority o f  foods listed in Table 1. Foods with high 
levels ot water contain small amounts o f carbohy
drate. lipid, and/or protein, whereas food with low 
water levels w ill have higher levels ot the other major 
components. For example, foods in Table I w ith less 
than 50%  water have high carbohydrate levels 
(bread), high fat levels (peanuts), or high combined 
levels ot lipid and protein (cheese, egg yolk) or lipid 
and carbohydrate (French fried potatoes).

2. Proteins
Proteins are composed ot carbon, hydrogen, oxy

gen, and nitrogen. Phosphorous and sulfur are found 
in some. Protein content varies among foods as shown 
in Table II. W ith  one exception, the foods o f plant 
origin on the representative list have lower protein 
contents than those o f animal origin. The amount o f 
protein in peanuts is similar to that o f the foods o f 
animal origin. |See F o o d  B i o c h e m i s t r y : P r o t e 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 . |

Am ino acids are small molecules that serve as the 
building blocks for proteins. Twenty-one different 
amino acids are found in food proteins, and proteins 
from different foods vary in the number and sequence 
o f amino acids. Because amino acid content differs, 
foods vary in nutritional value. N ine amino acids, 
called indispensable or essential amino acids, are re
quired for humans (Table V ). Others are not consid
ered essential because under normal conditions ade
quate amounts can be synthesized in the body. The 
nutritional quality or biological value o f a protein is 
dependent on the amounts and proportions ot essen
tial amino acids present. Egg and milk proteins are 
of good quality, whereas cereal proteins are ot lesser 
quality because they are lacking in lysine.

The nature of the proteins, gliadin and glutenin, 
found in wheat flour facilitates the formation ot glu
ten, the structure responsible tor the textural charac
teristic o f  yeast bread. Unique proteins make it possi
ble to whip egg whites into a stable foam. Functional 
properties o f a food are attributable to the amino acids 
present in the protein molecules as well as the amounts 
present.

Because amino acids affect both nutritional value 
and functional properties, foods may be analyzed to 
determine the amounts o f each present. Food compo
sition tables frequently include this information. 
Am ino acid composition ot several foods is shown 
m Table V.
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TABLE II
Proximate Components and Energy Values of 100 g of Selected Foods0

Food
Water
fe)

Protein
fe)

Total lipid
fe)

Carbohydrate
(g)

Crude fiber
fe)

Ash
fe)

Food energy
(kcal)

Apple 83.93 II. 19 (1.36 15.25 11.77 0.26 59
licet, rili jW.nl 26.03 13.55 11.1111 n.nil 1.14 233
Beet, round (.2,2') 28.46 8.1)3 11.no II.Dll 1.23 194
Bread, white. 36.7 H.2 3.6 49.5 (1.3 1.9 267
Bread, whole 37.7 9.7 4.2 46.1 1.5 2.3 246

wheat
Broccoli, raw 9(1. 69 2.98 n.35 5.24 1.11 (1.92 28
Broccoli, cooked 9U.69 2.98 n.35 5. (16 1.11 0.92 28
( ’licese. cheddar 36.75 24.9(1 33.14 1.28 (l 3.93 4(13
Chicken, light meat 64.76 3(1.91 4.51 11.11 n 1.02 173
Cod. Atlantic 75.^2 22.83 (1.86 11.11 11 1.49 Hi5
Ifeg. white 87.81 10.52 ll.ll 1.113 n 0.64 5n
Fgg, yolk 48.81 16.76 3(1.87 1.78 11 1.77 358
Ice cream (,l). XII 3.61 In. 77 23.85 11 0.97 2( )2
M ilk, whole 87.99 3.29 3.34 4.(16 11 n.72 (.1
( Granges 86.75 11.94 (M 2 1 1.75 n 43 0.44 47
Peanut kernels 1 .99 26.78 49.19 18.48 2.39 3.58 5811
Pork, loin 55.511 27.84 15.29 (1.(1 11 1.36 257
Potato, baked 75.42 1.96 (1. Id 21.56 (1.38 n.97 93
Potato. French 37,99 4.(13 1 6.57 39. 56 n.75 1.86 315

tried
Tomatoes, raw 93.76 (1.85 (1.33 4.64 (1.65 0.42 21
Yogurt, low-tar 85.07 5 25 1.55 7.(14 (I 1.(19 63

'Values art- taken trom Agricultural Handbook No. S- . . . . C Composition ot I oods . . . Raw, Processed. Prepared. United States 
Department ot Agriculture. Specific volume and date ot publication tor each tood .ire shown m 1 able I.

3. Lipids
Lipid is a general term which is applied to .1 heterog

enous group o f organic compounds including fatty 
acids, glycerides, and phospholipids. Lipids or fats 
are found in foods o f plant and animal origin. Fats, 
which are added to formulated foods such as baked 
products or used for processing as for French fried 
potatoes, may also be ot either plant or animal origin. 
As indicated in Table II foods may be fat-free (egg 
white), contain very small amounts o f tat (fruits and 
vegetables), or have higli fat levels (cheese). Foods 
such as margarine, butter, and some salad dressing 
have even higher fat levels than the foods listed in 
Table 11. [See F a t s  a n d  C h o i  f.s t i r o i  , R o l e  in  H u 
m a n  N u t r i t i o n ; F o o d  H i o c h i m i s t r y : L i p i d s , C a r 
b o h y d r a t e s . a n d  N u c l e ic : A c id s . |

The chemical structures o f lipids vary. O f  primary 
interest from a functional standpoint arc glycerides, 
which contain carbon, hydrogen, and oxygen. A 
glyceride molecule is composed o f a molecule ofthe 
alcohol glycerol and one, two, or three fatty acids. 
The terms mono-, di-. and triglycerides are applied 
to glyceride to denote the number o f fatty acids

attached to the alcohol. Natural fats are mixtures o f 
triglycerides. Recommendations tor selection of a 
“ healthful'’ diet include statements regarding the con
sumption o f saturated and unsaturated tatty acids. 
Therefore, food composition tables frequently con
tain information about the specific tatty acids in a 
food. A saturated fatty acid contains 110 double
bonded carbon molecules whereas mono- and poly
unsaturated fatty acids contain one and more than one 
double-bonded carbon linkages, respectively. C om 
mon names for saturated fatty acids include butyric 
(4:0), palmitic (16:0), and stearic (18:0). O leic (18:1) 
is a monounsaturated fatty acid and linoleic (18:2), 
linolenic (18:3), and arachidonic (20:4) are polyunsat
urated fatty acids. Fatty acid data for representative 
foods are shown in Table V I. Data for these foods 
illustrate the fact that most o fthe  fatty acids in foods 
o f animal origin (beet and milk) are saturated whereas 
the fatty acids in peanuts are prim arily mono- or poly
unsaturated and in baked potato are polyunsaturated. 
In general, fish differs from other foods ot animal 
origin in that they contain a higher proportion ot 
polyunsaturated fatty acids.
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TABLE III
Mineral Content of 100 g of Selected Foods0

Food
Calcium
(mg)

Iron
(mg)

Magnesium
(mg)

Phosphorous
(mg)

Potassium
(mg)

Sodium
(mg)

Zinc
(mg)

Copper
(mg)

M anganese
(mg)

Apple 7 II. IK 5 7 115 o (1.04 0.041 0.045
licet, rib in 2.52 25 202 379 69 6.55 0.094 0.016
Beet, round 5 2.68 28 237 415 64 4.67 0.107 0.016
Bread, white. 108 -1.H3 24 94 119 538 0.62 (1.126 0.383
Bread, whole 72 3.3 86 229 252 527 1.94 0.284 2.324

wheat
Broccoli, raw 48 11.88 25 66 325 27 0.40 0.045 0.229
Broccoli, cooked 46 11.84 24 59 292 26 0.38 0.043 0.218
(!heese, cheddar 721 o.ftS 28 512 98 620 3.11
C.'lncken. light meat 15 1.06 27 216 247 77 1.23 o.(i5o 0.017
C !od 14 11.49 42 138 244 78 0.58 (1.0.16
Kgg, white 6 IMI3 II 13 143 164 0.111 0.006 0.004
F.gg, yolk 137 3.53 9 488 94 43 3.1 1 (1.025 0.069
Ice cream 132 0.09 14 mi 193 87 1 06
M ilk , whole 1 19 0.05 13 93 152 49 0.38
C) ranges 4H 0. Ill in 14 181 0 0.(17 (1.045 0.025
Peanut kernels 86 1.92 188 51 >6 703 15 6.62 1.273 1.235
Pork, loin 7 (1.93 29 279 418 75 2.92 0.098 0.010
Potato, baked 5 0.35 25 50 391 15 0 29 0.215 0.161
Potato, French 19 0.76 34 93 732 216 0.38 0.137 0.192

tried
Tomatoes, raw 5 0.45 11 24 m 9 0 . 0 9 0.074 0. 105
Yogurt, low-fat 183 (1,08 17 144 234 70 (1.89

‘Values taken from Agricultural Handbook No. 8- . . . , Composition ot hoods. . . Raw , Processed, Prepared. United States I )epartment 
ot Agriculture. Specific volume and date of publication tor each food are shown in fable I.

The nature (i.e., length o f the chain and degree o f 
saturation) o f the fatty acids in the glycerides deter
mines the character o f  the fat. Animal fats, which 
contain mostly saturated fatty acids, are harder than 
fats of plant origin, which contain more unsaturated 
fatty acids. The degree o f saturation in vegetable oils 
may be increased by a process called hydrogenation. 
Fats that differ in degree o f saturation differ in func
tional performance. For example, saturated fats such 
as lard or hydrogenated vegetable oil provide more 
shortening power than unsaturated fats in the produc
tion of pastry.

A lipid component o f  animal origin which is o f 
current concern is cholesterol, which has been im pli
cated in the etiology o f heart disease. Cholesterol is 
found in cell membranes and brain and nerve cells. It 
is a required component for the synthesis o f  steroids. 
Cholesterol is found only in animal foods. Baked or 
formulated products contain cholesterol only if  an 
animal fat is added. Cholesterol values for foods in 
Table I are listed under miscellaneous composition 
values. Values range from 34 mg for a glass (tf-oz) o f 
whole m ilk to 205 mg per egg yolk.

4. Carbohydrates
Carbohydrates, a major component o f many foods, 

are composed o f  carbon, hydrogen, and oxygen. 
Food carbohydrates include sugars such as sucrose 
and glucose as well as complex polymers o f sugars 
including starch, cellulose, hemicellulose, pectins, 
and gums in plants and glycogen in animals. Starch 
and glycogen are storage carbohydrates, whereas cel
lulose, hemicellulose, lignin, and pectins are im 
portant structural compounds. Carbohydrate values 
in Table II were determined by subtracting the per
centages for water, protein derived from total nitro
gen, total lipid, and ash from 100%. Crude fiber (T a 
ble II) and total dietary fiber are both included in this 
value for carbohydrate.

Carbohydrates function in the plant as a reservoir 
tor storage o f energy produced via photosynthesis. 
Because animals consume plants, the sun serves as a 
source o f energy for all living matter. As illustrated 
in Table I, foods derived from the muscle tissue o f 
animals (beef, chicken, cod, and pork) contain no 
carbohydrate. Muscle contains some glycogen, a car
bohydrate, but it is metabolized to lactic acid post-
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TABLE IV
Vitamin Content of 100 g of Selected Foods0

Ascorbic Thiamin Riboriavin Niacin Pantothenic Vitamin Folacin Vitamin Vitamin
Food acid (mg) (» ^ ) (nig) (mg) acid (mg) B-6 (mg) (mg) B-12 (meg) A ( IU )

Apple 5.7 0.017 0.014 0.077 0.061 o.i MS 2.S (I 53
Beet, rib 0 0.0V4 o.2( )6 3.775 0.37V 0.35 S 32. S
Beet, round I) 0.101 0.22V 4.171 o.4or> «>. 5i) 10 2. VS
Bread, white (1 0.472 0.341 3.V6V 0.3 VO 0.064 34 ii
Bread, whole (1 (t.351 0.205 3.S37 0.552 0.17V 50

wheat
Broccoli, raw V3.2 0.065 o.l IV 0.638 0.535 o. 15V 71.0 0 1.542
Broccoli, cooked 74.6 0.055 o. 1 13 0.574 o. 5t »s 0.143 5o 0 1.3SS
Cheese, cheddar (i o.o27 0.375 0.0S0 0.413 0.074 IS O.S27 1.05 V
Chicken, light meat i) 0,065 0.116 12.421 O.V72 0.60 4 o.34 2V
Cod l.o o.oss 0.07V 2. SI 3 0.2S3 I.04S 46
Hgg. white (i 0.01 >6 0.452 0.0V2 o. 1IV o.i ii )4 3 0.2
Hgg. yolk 0 o. 170 0.63 V o.nl5 3. Si >7 0.3V2 146 3 11 1.V45
Ice cream 0.53 o.o3V 0.247 0.101 0.4V2 o.o46 o.47o 4( >S
Milk, whole H.«>4 o.o3s o. K,2 0.0S4 0.314 o.o42 5 0.357 126
Oranges .S3.2 o.os7 0.040 o.2s2 o.25o 0.1160 30.3 0 205
Peanut kernels 0 0.2V3 o .lo l 14. 7vr 2.ov2 0.3VS lo5.6 <i ii
Pork, loin (1.3 0.V7I 0.421 5.v5o O.V( is 0.46 5 1 .os s
Potato, baked 12.8 o. 11 )5 o.o21 1.3V5 0.555 o.3ol V. 1 II

Potato, French Hi.3 0.177 o.o2S 3 25o <i .65S 0.236 2v.o (1
tried

Tomatoes, raw I'M 0.05 V 0.04S 0.628 o.247 0.1 iso 15 0 623
Yogurt, low-tar 0.80 0.044 0.214 o. 114 0.5V | 0.04V 11 0.562 66

'Values are taken trom Agricultural Handbook N O . S- . . . . C^imposition ot Looi s . . . Raw Processed. Prepared. United States
1 )epartment ot Agru ulture. Specific volume am date ot publication tor each tood are shown m 1 able 1.

TABLE V
Amino Acid Composition of Representative Foods0

Amino acid

Food (mg TOO g tood)

Beet, rib Bread, whole-wheat Kgg white M ilk, whole Peanut kernels Potato, baked

Tryptophane* 23V 140 130 46 324 30
Threonine’ SSO 2V6 47S 14V 775 71
Isoleucine' S7S 376 5V4 IVV 103 V So ■
Leucine*1 1616 670 SS7 322 2o 1 o l IS
Lysine 166V 3( >2 716 261 1035 IIV
Methionine*’ 507 155 362 S3 275 31
Cystine 23V 214 273 3o 343 25
Phenylalanine' SI V 463 615 15V 153(» 87
I yrosine 674 2sv 4< )V 15V I2S5 73
Valine'’ VVV 443 67o 22o 1211 110
Arginine 135i) 44V 573 1 IV 3604 VO
Histidine 667 224 237 sv 7so 43
Alanine 133s 3SS 61 IS 1 13 11S2 60
Aspartic acid ISS4 536 1071 25o 3500 47V
( ilutanuc acid 31 47 2V57 13 vs 68 V 6354 32S
( ilycine 1531 384 ViV 7o I S4X ss
Proline V44 V6V |i »‘i 31 v 12 VO 7t i
Serine S2o 463 726 170 14V5 85

'Values .ire taken trom Agricultural Handbook No. S- . . . C omposmon ot Foods . Uaw. Processed, Prepared. United States
I )epartmeiu ol Agriculture. Specific volume and date ot public ition tor each tood are shown in I able I.
'T.ssennal ammo acids.
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TABLE VI
Fatty Acid Composition of Representative Foods0

1 any acid'

1 ood (g 'lo o  g tood)

Beet, round Cod. Atlantic M ilk , whole Peanut kernels I'otato. baked

Saturated, total 2.'XI 0. U.8 2.08 (.851 0.ll2fi
4 :0 0.11
f>:(l I). Of)
8 :0 0.04
|ll:ll (Min 0.08 0.001
12:0 (1.11(1 O.IM 0 .0 0 3
I4 :d (i.2(i (1.012 0.34 0.025 0.0(11
H i: 1) 1.70 0.117 0.88 5. lfif) o.oifi
IS  :<l O.Hf) 0.038 0.40 1.103 0.004
Monounsaturated, total 3.44 0.124 0 .% 24.488 0.002
It.: 1 0.(10 0.021 0.08 0.009 0.001
18: 1 3.(11 0.078 0.84 23.814 o.ool
2(1: 1 0.00 0.01’) trace o.W)3
22: 1 0.004 trace
Polyunsaturated, total 0.34 0.292 0.12 15.597 0.043
18:2 0.25 O.lll l(i 0.08 15.593 0.032
IK : 3 0.(12 0.001 0.05 0.003 0.(110
1S : 4 0.001 trace
2d:4 0.05 0.028 trace
2( 1: .5 (UK 14 trace
22:5 o. 130 trace
22 : (i (1.154 trace

■'V.ilnes .ire taken trom Agricultural Handbook No. K- . . . . Composition ot loods . Raw . Processed, Prepared. 
United States I )epartnient o f Agriculture. Specific volume and date ot" publication tor each food are shown in t able I. 
T atty  acids are designated by chain length : number of double bonds.

mortem; glucose may be present in very small quanti
ties (approximately 11.(11%), which is not evident bv 
the method used for determining composition. M ilk  
and eggs contain carbohydrate. The primary carbohy
drate in milk is the sugar lactose; glucose is present 
in small amounts in egg white.

5. Fiber
Table II includes values for the crude fiber contents 

ot the foods ot plant origin; foods o f animal origin 
contain no fiber. As noted previously, the value tor 
crude fiber is also included in the value for carbohy
drate. Fiber includes those compounds that cannot be 
hydrolyzed in the human gut and are, therefore, not 
available tor energy. The crude fiber values found in 
tood composition tables are derived by digesting the 
food w ith acid and alkali and measuring the residue. 
This process is more rigorous than is the human diges
tion process, so these values tend to be underestimates 
ot the fiber in toods. Other methods for fiber determi
nation give high values which, when available, are 
noted in Table I. Fiber includes cellulose, hemicellu- 
lose, lignin, pectin, and gums.

6. Food Energy
Values for food energy are frequently included m 

food composition tables as is the case in Table II. The 
values represent physiological energy or the energy 
which is available after losses for digestive and meta
bolic functions are subtracted. Caloric values reflect 
the fat, carbohydrate, and protein content o f the food; 
tat supplies 9 kcal per gram o f fat and carbohydrate 
and protein supply 4 kcal per gram.

B. Microcomponents

In addition to the macrocomponents, tood contains 
many components that are present in relatively small 
quantities. The microcomponents are important trom 
a nutritional standpoint in that they work w ith the 
macrocomponents to maintain bodily functions. 
Some o f them also make major contributions to the 
nature and quality o f food.

1. Ash (Minerals)
The value for ash is a composite measure. The 

inorganic residue which is obtained by incinerating a
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sample ot food is used as a measure o f the total mineral 
content o f the food. Values for ash are included in 
Table III. The differences between ash values for 
white bread and whole-wheat bread reflect the loss 
ot mineral-rich components of wheat as it is milled 
for the production o f refined flour. As cheese is pro
duced from milk, minerals become more concen
trated as reflected in the ash values for the two 
foods. |S ir  M i n e r a l s , R o l e  in  H u m a n  N u t r i t i o n .]

Although more than 20 minerals participate in met
abolic processes food composition tables usually in
clude the nine that are listed in Table III. Variation 
among foods is seen for all ot the minerals listed. 
Each o f the minerals listed has specific functions in 
the human body.

2. Vitamins
Vitamins are important for the nutritional well

being o f the human and include a number ot organic 
compounds that occur naturally in food materials. 
Vitamins also may be added to foods to ensure a 
uniform supply in a particular food product or to 
replace those lost during processing. Vitamins are 
added to toods to make them like foods tor which they 
w ill substitute. Thus, vitamins A and 1) are added 
to margarine, a substitute for butter. Food may be 
fortified with vitamins to increase levels above inher
ent amounts. For example, some cereals are fortified 
with vitamins to make them a good source o f the 
vitamins added.

Vitamins are divided into two groups based on 
their solubility. Fat-soluble vitamins include A, 13, 
E, and K. Ascorbic acid (vitamin C ), thiamin (B j), 
riboflavin (B ,). niacin, pantothenic acid, biotin, 

and folacin are soluble in water. Levels tor 
the representative foods for vitamin A and all o f the 
water-soluble vitamins except biotin are listed in Ta
ble IV .

Vitamin A (retinol) is obtained from animal foods 
(milk, egg yolk, liver) and carotene, a precursor o f 
retinol, is found in deep yellow and orange fruits 
and vegetables. Although broccoli is green, it also 
contains carotene.

Values for a-tocopherol, a form o f vitamin E, are 
listed in Table I for the representative foods. Vitamins 
I )  and K are not listed in the composition tables be
cause' tew foods .ire sources. Liver and eggs supply 
vitamin I )  and it is added to milk. Green leafy vegeta
bles contain vitamin K.

Water-soluble ascorbic acid (vitamin (!) is found 
primarily in fruits and vegetables as shown in Table 
IV . Heating can destroy this vitamin as illustrated by

the fact that cooked broccoli contains less ascorbic 
acid than does raw broccoli. Small amounts ot 
ascorbic acid are found in animal products.

W ith the exception o f vitamin B , : the other w ater- 
soluble vitamins are found in many different foods. 
Amounts vary w idely w ith source as shown in Table 
IV . Vitamin B P is found in foods from animal 
sources.

3. Enzymes
Enzymes constitute another class of microcompo

nents o f food. They are proteins that serve as catalysts 
for essential metabolic reactions. After slaughter or 
harvest, some enzymes in animal or plant toods con
tinue to function and thus affect the quality ot the 
foods that we eat. For example, apples and bananas 
turn brown when cut because the enzyme polyphenol 
oxidase catalyzes the reaction o f polyphenolic com
pounds with oxygen to form quinones. Quinones, 
which are light in color, polymerize to form the dark 
compounds that are responsible tor the brown color.

Other enzymes effect flavor production. Allinase- 
typc enzymes catalyze reactions resulting in produc
tion o f volatile sulfur compounds, important contrib
utors to the flavors o f onions, garlic, and cabbage.

Lipases catalyze the removal o f fatty acids from 
triglycerides. Accumulation o f free fatty acids may 
result m the development of rancidity. Whole-wheat 
flour, which contains the lipid portion trom the germ 
o f the wheat kernel, may become rancid because ot 
the action o f this enzyme. This reaction is important 
in many foods.

Enzymes occur naturally in foods, but they also 
may be added to produce a desired characteristic in a 
product. For example, proteolytic enzymes are used 
to tenderize meat because they break down the pro
teins which makes the meat easier to chew. The en
zyme lactate is added to milk to facilitate the break
down o f the sugar lactose into its component 
monosaccharides, glucose and galactose. This treat
ment is important to individuals who lack the intesti
nal enzyme to breakdown the lactose. Glucose iso- 
merase is an enzyme used in the conversion ot glucose 
to fructose, an important step in the production ot 
high-fructose corn syrup, the sweetener used in soft 
drinks. M any other examples o f the enzymes found 
in foods could be given.

4. Pigments
The vast color array o f foods is attributable to an

other class o f microcomponents, pigments. Values 
for these microcomponents are not found in food
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composition tables, as they tor the most part are not 
important from a nutritional standpoint.

M yoglobin is the pigment responsible for the color 
ot meat. Pork contains less myoglobin that beef and 
is, therefore, not as red. Changes in the myoglobin 
molecule are responsible for changes in the color of 
meat. The pigment binds w ith oxygen when meat is 
exposed to air, giving it the bright cherry red that 
consumers associate with fresh meat. The pink color 
ot cured meats is attributable to a reaction o f m yoglo
bin with nitric oxide and subsequent heating o f the 
meat. |.SYe F o o d  B i o c h e m i s t r y : P i g m e n t s , F i .a v o r s , 
A r o m a s , a n d  S t a b i i .i t y .|

Pigments o f fruits and vegetables may be divided 
into tw o broad groups, water-soluble and fat-soluble 
pigments. M ajor water-soluble pigments include the 
Havonoids (yellows), anthocyanins (reds, purples, and 
blues), and betalains (red o f beets).

Fat-soluble pigments include chlorophyll, which is 
responsible tor the color o f green vegetables, and the 
carotenoids, which are responsible for yellows, or
anges, and reds. The orange o f carrots, the yellow of 
corn, and the red o f tomatoes may be attributed to (3- 
carotene, cryptoxanthin, and lycopene, respectively. 
The presence ot some ot the carotenes is reflected in 
tood composition tables. /8-Carotene and other caro
tenes are precursors for vitamin A and thus their pres
ence is reflected in the vitamin A values for plant 
materials. Some o f the vitamin A value o f milk and 
milk products results from the presence ofcarotenoids 
in the fat o f milk.

5. Flavor Components
Other components in tood contribute to the flavor 

ot tood. Some are responsible for the taste o f food, 
perceived when the compound in solution comes in 
contact w ith taste receptors in the taste buds on the 
tongue. Sugars, acids, and salts contribute to sweet
ness. sourness, and saltiness o f foods, respectively. 
Bitterness, the fourth basic taste, is contributed by 
compounds such as caffeine, quinine, and naringin, 
a compound found in grapefruit.

O ther compounds contribute to the second compo
nent flavor, odor. M any volatile compounds are pres
ent in foods in small quantities. The volatility o f these 
components facilitates their association with olfactory 
receptors that are found in the nasal passage. M inute 
variations in the amounts and kinds o f these com
pounds in foods contribute to their unique flavors.

6. Food Additives
In addition to the components previously dis

cussed. another class o f  compounds which are referred

to as tood additives may be tound in foods. Intentional 
additives are added for specific purposes, whereas un
intentional additives are compounds which find their 
way into the food during processing and/or from the 
package. Such additives are carefully monitored and 
acceptable levels are set by the Food and 1 )rug Adm in
istration (F I )  A) and/or the United States Department 
ot Agriculture (U S l)A ) .

Additives are used to increase shelf life or keeping 
quality and to stabilize or improve the color, flavor, 
texture, and/or nutritive value o f  a product. Additives 
are used to assist in the process o f preserving food 
tor future use. Some food additives are compounds 
that naturally occur in the foods, but the level may 
be increased during production. O ther additives are 
added by the processor. Additives are listed on prod
uct labels as required by law. |.S'cc F o o d  P r e s e r v a 
t i v e s . |

The addition o f additives is reflected in some values 
in the food composition tables. White bread (Tables 
III and IV )  is enriched by adding riboflavin, niacin, 
thiamin, and iron. The sodium content o f a product 
is increased when salt is added for taste, or sodium 
bicarbonate is included for leavening. The addition 
of calcium chloride to maintain firmness in canned 
tomatoes influences the calcium content.

Table V II includes a listing of several categories o f 
tood additives, their functions in very general terms, 
and examples o f additives com monly used in foods. 
The list does not include all types o f or specific addi
tives that are used in foods. Some may serve more 
than one function in a food.

II. Determinants of Food Com position

Food composition varies within food classes and 
among food classes. We rely on both plants and ani
mals for nutriture. Obviously, the composition o f 
foods from those two diversely different biological 
sources w ill vary, and foods within each group vary. 
M ilk , the function o f which is to nourish the young 
ot the species, differs from muscle tissue. Additionally 
an egg, the source of nutrients for the developing 
chick, differs from the muscle tissue o f the chicken. 
These differences are evident in the composition val
ues shown in Tables I—IV .

Foods from different parts o f tht same animal may 
differ. Fat content o f muscles from the loin are higher 
in fat than are muscles from the leg (round). Beef loin 
and round (Table II) contain approximately 14 and 
8 %  fat, respectively. Such differences are not as evi
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TABLE VII

Types of Food Additives, Their Functions, and Examples

Type o f additive Functions Examples

Acidulants To  add flavor, to prevent browning o f fruits and 
vegetables, to prevent microbial growth

Acids: acetic, citric, malic, phosphoric

Antimicrobials To prevent growth ot microorganisms (yeasts, molds. Acids, benzoates, nitrates, propionates, sorbates. sulfites
(preservatives) and bacteria)

Antioxidants To prevent development ot rancidity in tats Butylated hydroxyanisole (B H A ). butylated 
hydroxytoluene (B H T ), propyl gallate, ascorbic acid

Color additives To impart desirable color to foods Caramel, carotene, approved color additives (F D & C  
colors)

Firm ing agents To maintain firmness in processed fruits and vegetables Calcium salts
Flavoring agents To provide or enhance flavors o f foods Spices, herbs, vanillin, benzaldehyde. hydrolyzed 

vegetable proteins
Humectants To keep foods moist Sorbitol, propylene glycol, glycerol, invert sugar
Nonmitritive To replace sugar in dietetic foods and reduce calorie A cesu 1 fa me-K, Aspartame, saccharin

sweeteners content ot foods
Nutrients To enhance or restore nutritive values Vitamins, minerals, protein, and amino acids
Seijuesterants To bind metals which will contribute to the prevention Citrates, phosphate, tartrates, cthylenediaminetetraacctic

ot oxidation ot tats and maintain clarity in soft drinks acid (L I VI A)
Surfactants To act as emulsifiers (contributes to distribution o f fat 

in aqueous mediums such as cake batters and salad 
dressing) to improve or maintain texture

Lecithin, mono- and diglvcerides, propylene glycol

Thickening
agents

To control viscosity or consistency ot products Modified starches, carrageenan, gum arabic

dent with respect to plant materials because we usually 
do not consume as many different parts ot a specific 
plant, i.e., we eat the apple from the apple tree, the 
root o f the carrot plant, and the pods and seeds of 
the green bean plant. However, one such difference 
is found among the parts o f the broccoli plant. The 
vitamin A values in Table 111 represent composites ot 
leaves, flower clusters, and stalks. Vitamin A values 
o f those parts vary as noted in Table I. Nutrient- 
rich components (the leaves) may be discarded by the 
consumer in such cases.

Cultivars, or breeds, within a species may vary in 
composition. Plant geneticists and biotechnologists 
have the tools available to allow development o f culti
vars that exhibit increased or decreased levels o f se
lected components. Components may be genetically 
engineered to improve nutritional value, improve 
functionality, or improve keeping quality. For exam
ple, triticale, a hybrid o f wheat and rye. was bred in 
an attempt to combine the best aspects o f each grain 
into a more desirable one. O f  particular interest was 
the high lysine (an amino acid) content o f triticale. 
These attempts have met with limited success A l
though the protein content ot triticale is high (average. 
13.4%), its functional performance is limited in prod
ucts that require production ot quality gluten, the 
structural component ot bread. Increasing the solids 
content and eliminating the enzyme polygalacturo

nase in tomatoes via genetic engineering have reduced 
processing and transportation costs. There is less wa
ter to remove from the tomato and shelf life is longer.

Agricultural practices affect the composition ot 
foods. Factors that may be controlled or altered in
clude light, growing location, water availability, and 
time o f harvest (maturity). Numerous examples ot 
the complex effects o f these factors may be found in 
the literature. Postharvest handling and storage are 
major influential factors.

Processing o f raw materials into food products re
sults in changes in composition. The functions ot 
processing are to create a product which meets con
sumer expectations and to preserve the food tor future 
use. The effect o f preservation on the composition ot 
the food is dependant on the method selected. For 
example, freezing o f a product has minimal effect 
011 its composition. Canning will, however, result in 
reduction in levels ot some ot the vitamins 111 a truit 
or vegetable as they are altered by the heat process 
or lost 111 the liquid in which the product is canned. 
Differences in the vitamin levels in raw and cooked 
broccoli (Table 111) reflect the varying effects ot heat 
011 vitamins. Drying results 111 concentration ot com
ponents o f a food .is the water is removed. Physical 
changes m a product also w ill change composition. 
M illing  grains may result in loss ot some nutrients it 
the products made from the grain are not whole-grain
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products. Millers arc in most eases required by law 
to add nutrients that were lost to the products. The 
amounts added are indicated in FDA-defined stan
dards ot identity for each product. Such addition o f 
nutrients is called enrichment. The similarities be
tween the levels ot thiamin, riboflavin, niacin, and 
iron contents (Tables 111—IV ) o f white bread which 
is enriched and whole-wheat bread illustrate the ef
fects ot enrichment.

Food manufacturers and consumers affect the com
position o f manufactured or formulated foods by se
lection ot the formula and the ingredients used for 
production of the food. This concept is o f  particular 
importance in a society where reduction o f the calorie 
and fat contents of products is o f  paramount concern. 
The tat content of a baked product may be varied by 
selection o f a fat substitute that exhibits the same 
functional properties as the fat in the product. The 
carbohydrate content o f  a carbonated soft drink can 
be reduced by use o f an alternative, noncarbohydrate 
sweetener substitute for corn syrup.

The factors that affect the composition o f food are 
numerous. In combination with the heterogenous na
ture o f food this results in a complex food supply that 
varies in composition.

III. Sources of Food Com position D ata

Collection of tood consumption data should be and 
is an on-going process. As food producers and proces
sors take advantage of the development o f  new and/ 
or improved cultivars and genetic strains, composi
tion data become outdated. In addition, the develop
ment ot new and more precise analytical techniques 
tor the measurement o f food components provides 
means for obtaining more accurate values. As food 
processing and preparation methods are changed over 
time the need for reassessment o f currently available 
data is evident.

Collection of data tor food composition tables is 
a time-consuming and expensive proposition. The 
length o f time required for U S D  A to publish its scries 
ot revised Handbooks on hood Composition (Handbook 
8) exemplifies this point. The first o f  the series o f 23 
was published in 1976 and the last o f the proposed 
issues was released in 1992. The length o f time in
volved in this process is understandable in v iew  o f 
the fact that the earlier edition o f Handbook of hood 
Composition (1963) contained data for approximately 
2500 items. The new editions contain 4346 items. The 
number o f components included in the list for each

o f these foods has also increased, reflecting the ability 
o f scientists to more completely analyze foods. In 
addition, yearly supplements w ill result in additional 
new items and updating ot previously published val
ues. The increase in number ot items represents an 
ever-expanding proliferation o f new food products 
and new or altered processing and preparation 
methods.

Several sources o f food composition data are avail
able. Provision o f comprehensive food composition 
table is considered to be a responsibility o f U S D A . 
In addition, researchers with expertise in food analysis 
publish values in the scientific literature. Food compa
nies, upon demand from consumers who want to 
know what they are eating, also publish nutrient val
ues for their products. Individual medical centers 
maintain data bases which may be very comprehen
sive, because they are compilations o f data trom many 
sources. International agencies such as F A Q  also have 
published tables o f food composition data; these tables 
usually apply to geographic regions.

Computers have had an impact on the availability 
o f food composition data. When storage and use of 
values were dependent on hand calculations, the num
ber o f values included in data bases w'as limited by 
ability to easily retrieve the information. Large main
frame computers as well as personnel computers have 
made it possible to store, retrieve, and use values for 
many more foods.

IV. Uses of Food Com position D ata

Food composition data are important to many. To  
the consumer, food composition data, as shown on 
the nutrition labeling o f  a food product, may be con
sidered in choosing foods to purchase in the supermar
ket. For example, a high-fat content may dissuade 
a consumer from purchasing a product for medical 
reasons, because he or she feels that high-fat diets are 
not healthful, or because it is not part o f a weight 
reduction plan. For other consumers food composi
tion data may provide guidance tor not choosing 
foods which contain chemicals to which they are aller
gic. Food and nutrition educators use food composi
tion data as a basis for helping individuals select foods 
as a part o f a healthful diet. For dietitians, nutrition
ists, and medical personnel accurate assessment o f 
nutrient intake is dependent upon the availability o f  
comprehensive and accurate food composition data. 
For the epidemiologist, food composition data are 
essential for understanding disease patterns and the
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role of food consumption in those patterns. Interna
tionally, food aid agencies must rely on food composi
tion data when making decisions about shipments of 
tood to areas o f need. Accurate data are essential to 
the food manufacturer who must provide nutrition 
information on the labels o f the company’s products. 
Regulatory agencies depend on food consumption 
data for the formulation and enforcement o f laws 
pertaining to food nomenclature, labeling, and adver
tising. For food scientists and technologists food com
position data are important because the composition 
of the tood affects its performance during processing, 
storage, and preparation. Changes in each o f the com
ponents o f tood may influence the quality o f the prod
uct and thus influence consumer decisions regarding 
the product.

V. Summary

Food composition is complex because the materials 
used for food are biological materials and thus contain 
the many components necessary to sustain life. Food 
composition varies as the nature o f the organisms 
from which the food is derived also varies. K n o w l
edge ot food composition increases as analytical meth
ods become more sophisticated. Increased knowledge 
allows scientists to better utilize all components ot 
foods and to im prove the quality o f the many foods 
available for the enjoyment and nutriture o f the con
sumer.
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Food Dehydration
DIGVIR S. JAYA S, University of Manitoba

I. Moisture in Foods
II. Psychrometric Properties
III. Dehydration Process
IV. Types of Dryers

Glossary

C onstant rate d e h y d ratio n  process Process during 
which there is 110 change in the moisture removal rate 
during dehydration ot foods
Critical  m o is tu re  co n ten t  Moisture content of 
food at an instant during drying when the dehydration 
process changes from constant rate drying to falling 
rate drying; it is impossible to predict theoretically 
tor various foods, therefore it is determined experi
mentally; in certain drying situations it is possible that 
a constant rate drying period may not exist 
Equ ilib riu m  m o is tu re  co n ten t  Moisture content 
of food in equilibrium with the surrounding air that 
is determined experimentally; if  a food material is left 
undisturbed for an infinitely long time under constant 
air conditions, the tood material w ill reach equilib
rium with the surroundings
Falling rate  d e h y d ratio n  process Process during 
which the moisture removal rate decreases as drying 
progresses; many foods may exhibit more than one 
tailing rate period

F ood dehydration is one o f  the oldest unit operations 
used by the tood processing industry. Food dehydra
tion is a process ot reducing moisture o f food to low 
levels for improved shelf life by adding one or more 
forms ot energy to the food. However, it does not 
include removal ot moisture from food by mechanical 
pressing or concentration o f  liquid foods. Most com
monly. heat is added to the tood by hot air, which 
also carries the moisture away from the food. The

process o f food dehydration involves simultaneous 
transfer o f mass and heat w ithin the food and the 
medium used to transfer energy to the food. In food 
dehydration methods that supply energy to the food 
using media other than hot air, air or some other gas 
may be required to move moisture away from the 
food.

I. Moisture in Foods

Water is the most abundant material in food, has 
the most influence on its storability and organoleptic 
characteristics, and is the most expensive to remove 
from food. It is a historical observation that food 
material can be preserved for a longer duration if  its 
moisture content is reduced. A dry food product is 
less susceptible to spoilage caused by the growth o f 
bacteria, molds, and insects. Dehydration can im 
prove palatability, digestibility, color, flavor, and ap
pearance o f a food. Packaging, handling, and trans
portation o f a dry food product are easier and cheaper. 
The spoilage o f food is a direct function o f the avail
able water 111 the food as expressed by the relative 
humidity of the surrounding atmosphere in equilib
rium with food. For a food, equilibrium relative hu
m idity (E R H ) can be called water activity (<iw), with 
the distinction that water activity is used to indicate 
an intrinsic parameter o f the tood, whereas the E R H  
refers to the property o f the surrounding atmosphere. 
The biochemical reactions responsible for deteriora
tion o f food, such as lipid oxidation, enzymatic reac
tions, and development ot microorganisms on tood, 
are influenced by or E R H .

The phenomenon o f water binding in foods is not 
yet well understood. Foods are complex systems in 
which water is present along w ith solids (e.g., pro
teins. carbohydrates, fiber, etc.), liquids (e.g., lipids), 
and gases (e.g., air and other volatiles). Food material
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can bind water physically or chemically. Physically 
bound water is adsorbed to surfaces in tood such as 
proteins, carbohydrates, and other hydrophilic col
loids, whereas chemically bound water represents a 
definite proportion by mass ot the specific com
pounds. An example ofthe latter is the water o f hydra
tion in chemical compounds o f foods. The water also 
fills the intercellular space in the solid-liquid matrix 
ofthe food and is known as free water. In the dehydra
tion process, free and physically bound water is usu
ally removed and, at times, a portion ofthe chemically 
bound water may also be removed. The majority ot 
moisture in liquid foods such as skim milk exists as 
free water and for dehydration o f the liquid foods 
some preconcentration is usually done. | See F o o d  
C h e m i s t r y ; F o o d  C o m p o s i t i o n .]

In food dehydration, when hot air is used to transfer 
heat to the food, the temperature and relative humid
ity o fth e  air determine the final moisture content to 
which a food can be dried. I f  the food is left in contact 
with air at constant conditions for an infinitely long 
time, it w ill reach equilibrium with the air. The mois
ture content o f the food at equilibrium is known 
as equilibrium moisture content (E M C ).  The 
E M C - E R H  relationships o f foods thus have practical 
utility 111 calculating drying times and energy esti
mates for removing the moisture trom food. A sorp
tion isotherm (Fig. 1) represents the E M C '- E R H  in
teractions macroscopically. The typical isotherm for 
food is sigmoidal in shape. Foods can attain equilib
rium either by losing or by gaining moisture de
pending on whether the vapor pressure o f the sur
roundings is lower or higher than the vapor pressure 
ofthe moisture in food. The former process is called

desorption and the latter is called adsorption, thus 
resulting in desorption and adsorption E M C . respec
tively. The desorption E M C  values are greater than 
the adsorption E M C  values at constant temperature 
and E R H .  The difference between the desorption and 
the adsorption E M C  values for the same E R H  is called 
the hysteresis effect. | See F o o d  P r o c e s s  E n g i n e e r i n g : 
H e a t  a n d  M a s s  T u a n s e e r .|

II. Psychrometric Properties

Dry air and water vapor exert pressure upon each 
other when they are mixed. These pressures are called 
partial pressures. The difference 111 the partial pressure 
o f water vapor in the air and the pressure ot the mois
ture in the food is the driving force for dehydration.

The properties o f air and water vapor mixture are 
called psychrometric properties and can be summa
rized 011 a psychrometric chart. The changes in these 
properties can be used to analyze the dehydration 
process. The skeleton ofthe psychrometric chart and 
the dehydration process on the chart are shown in 
Fig. 2. D ry bulb temperature is the air temperature 
indicated by an ordinary thermometer. Hum idity ra
tio or absolute humidity is the ratio o f mass o f water 
vapor to the mass o f dry air. The ratio ot vapor pres
sure to saturation vapor pressure at the same tempera
ture is called relative humidity. Relative humidity is 
an indication ot the maximum moisture that the moist 
air can hold at a given temperature. The 100% relative 
humidity line (saturation line) constitutes the extreme 
left boundary o fth e  psychrometric chart. W et bulb

f l ___________________________
Dry Dulb Tem peratu re

FIGURE 2 Sk eleton o f tile psvohroinetric chart showing the adia
batic drying process.

0.0 0.2 0.4 0.6 0.8
W a te r A c t iv ity

FIGURE 1 A typical sorption isotherm.
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temperature is the temperature shown by .1 thermom
eter whose sensor is wrapped by a dampened cloth 
and exposed to the moving air. A ir must blow at a 
speed ot 5 111 /sec ( IS  km /hr) over the moistened cloth 
to obtain a correct wet bulb temperature. Enthalpy 
is the heat content o f the moist air. Enthalpy lines are 
almost parallel to the wet bulb lines 011 the psychro- 
metric chart.

III. Dehydration Process

Dehydration methods have evolved around every 
product’s specific requirement. The dehydration pro
cess can be classified based on energy source (adiabatic 
and nonadiabatic processes), process time (batch and 
continuous processes), and moisture removal rate 
(constant and falling rate processes).

In adiabatic processes, heat o f vaporization is sup
plied by sensible heat ofair in contact with the material 
to be dried. In nonadiabatic processes, heat o f vapor
ization is supplied by radiant heat or by heat trans
ferred through walls 111 contact with the material to 
be dried.

The adiabatic dehydration process is shown in Fig.
2. Point I is the ambient air condition; point 2 is the 
air after being heated to a certain temperature T2; 
point 3 represents the exit conditions o f drying air 
after it has passed through the dryer. Note that in the 
drying process air has been cooled while taking up 
moisture from the product. Often the line between 
points 2 and 3 is a straight line and is parallel to the 
wet bulb temperature line.

In a batch dehydration process, the moisture is re
moved from a certain quantity o f food at a time. The 
dryer is loaded with the wet food and, after drying, 
the dried product is removed. The next load o f food 
is then loaded in the dryer and the process is repeated 
until the total quantity o f food is dried. The batch- 
drying chambers are rooms that have controlled heat
ing and ventilation.

In a continuous dehydration process, wet food ma
terial is fed continuously into the drying chamber. 
The food is dried during travel through the drying 
chamber and dried food is collected at the exit, (icner- 
ally the process conditions remain steady except dur
ing start-up of the dryer or during process upsets. 
Depending 011 the direction o f flow o f both air and 
food, these types ot dryers can be further classified 
as concurrent, countercurrent, and crossflow dryers. 
In concurrent dryers, both hot air and food travel in 
the same direction through the drying chamber; in

countercurrent dryers, hot air and food travel 111 oppo
site directions; and 111 crossflow dryers, hot air and 
food travel perpendicular to each other.

Rem oval o f moisture from wet food as a function 
of time is shown in Fig. 3. In the dehydration process, 
moisture moves from the inside ot the food to the 
surface and is then removed by the carrier gas. Thus 
there are two resistances to moisture removal trom 
food (internal and external). Initially, the food prod
uct is wet and moisture moves easily (i.e., low  internal 
resistance) to the surface, thus keeping the surface 
wet. The vaporization o f the moisture is similar to that 
occurring from an open water surface. The moisture 
removal rate during this phase ot drying is constant 
and is a function o f only the air conditions. As drying 
continues, the movement o f  moisture inside the food 
is slowed down (i.e., internal resistance starts increas
ing) and the food surface contains dry and wet spots. 
The moisture is removed at a declining rate from the 
surface o f  the food. Eventually, as the evaporation of 
moisture occurs inside the food material, the removal 
ot moisture is further slowed down.

In a constant rate dehydration process, the rate o f 
moisture removal remains constant w ith time, and in 
a falling rate dehydration process, the rate o f moisture 
removal decreases as the drying progresses. The mois
ture content o f food at which the falling rate period 
starts is known as the critical moisture content.

IV. Types of Dryers

A. Selection of Dryer

Dehydration o f food materials is a complex process. 
Therefore, many different drying systems are used in

FIGURE 3 The moisture content (solid line) and the moisture 
removal rate (solid-dot line) lor a typical food during dehydration.
(A/t =  Critical moisture content and A/t. = equilibrium moisture 
content.)



FOOD DEHYDRATION
2 8 8 -----------------------------------------

the tood industry to dry various foods. The selection 
and commissioning ot dryers is usually by a trial and 
error process. Dryers can be classified based on the 
drying processes discussed here or on the type ot 
design used in the drying process. For example, a 
dryer could be a concurrent tunnel or countercurrent 
tunnel. Some common types o f dryer designs are 
discussed in the following sections. The analysis ot 
the drying process in any o f these dryers can be done 
by conducting energy and mass balances on the food 
material and the drying or cooling medium.

B. Sun Dryer

The simplest ot the sun dryers consists o f an open 
surface on which wet food product is spread 111 .1 thin 
layer (usually I -5 cm thick) and is dried by the energy 
from the sun. The evaporated moisture is removed 
by the natural movements o f atmospheric air. The 
material being dried may be stirred or turned occa
sionally or regularly. Spices, truits, meat, and fish 
have been dried using sun dryers since time immemo
rial. The main limitations o f the sun dryers are: large 
area requirement, labor-intensive, inability to control 
drying process, and potential o f food loss and contam
ination. Numerous attempts have been made around 
the world to develop simple solar dryers that over
come one or more of these limitations. A schematic 
ot a typical solar dryer is shown in Fig. 4. T he drver 
consists ot an insulated cabinet and a south-tacing 
transparent wall to allow direct radiation o f the prod
uct spread on a perforated sheet. The air movement 
through the product is by natural convection. Many 
simple modifications to this dryer can improve it or 
yield other types of solar dryers. For example, by 
adding a small fan at the inlet or outlet, the air move
ment can be increased by forced convection. A device 
can be installed to turn the product at regular intervals.
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A separate solar collector can be added to increase the 
temperature o f the incoming air or multiple layers ot 
food may be spread in the cabinet or both.

C. Cabinet or Tray Dryer

A cabinet or tray dryer can be considered as a small 
room with the capabilities o f heating and circulating 
the air. The product is held in trays and is dried in 
batches. Heat from a drying medium (hot air) to the 
food product is transferred by a convection mecha
nism. The convection current passes over the product 
and not through the product. It is suitable for dehy
dration ot truits, vegetables, and meat. It is relatively 
easy to set and control the optimum drying conditions 
in cabinet dryers. For this reason, various heat- 
sensitive food materials can be dried in small batches. 
The heat source is usually steam batteries or steam 
coils.

The turbo-dryer shown in Fig. 5 can be classified 
as a cabinet or a tray dryer. Trays in the turbo-dryer 
are rotating instead o f being stationary. The wet mate
rial enters the turbo-dryer through a feed chute in the 
roof o f the housing (cabinet) onto the first shelf. The 
shelves are circular with cut-out center and radial 
slots. The shelves are rigidly mounted 011 an inner 
supporting frame, forming a vertical stack that rotates 
slowly as a unit. Material Hows onto each shelf from 
the one above, forming a pile. The rotation o f the
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FIGURE 5 Schematic of the turbo-Jryer. .1 typo o f a cabinet or 
nay dryer. (Reproduced with permission ot the NXyssmom C.om- 
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FIGURE 6 Principle* of concurrent tunnel dryer. (Reproduced with permission ot*Elsevier Science 
Publishers Ltd., New York, NY.)

tray (shelf) assembly carries the freshly formed pile 
past a stationary blade set to level the pile to fill the 
tray at a uniform height. At the end o f revolution, 
another stationary blade wipes the tray and material 
flows onto the shelf below. Dried product is dis
charged through a chute in the bottom o f the housing. 
A ir or other drying medium is supplied to the dryer 
through a side-mounted vertical manifold with con
trol dampers.

D. Tunnel Dryer

Tunnel dryers consist o f a tunnel (drying chamber) 
that is usually rectangular in shape, although they 
may have many different configurations. The number 
ot tunnels in a dryer is quite variable and can be as 
high as 100. Truck loads o f the wet material are moved 
at intervals into one end o f the tunnel. The whole 
string o f trucks is periodically advanced through the 
tunnel, till these are removed at the other end. A ir 
movement, circulation, and heating methods vary in 
tunnel dryers. Three different arrangements, namely, 
counterflow, concurrent flow, and a combined flow, 
arc possible. Figure 6 shows a concurrent arrange
ment. These dryers are simple and versatile in com
parison to other types o f dryers, and food pieces o f 
any shape and size can be handled. I f  solid trays are 
incorporated, fluids can also be dried. In a three-tunnel 
dryer arrangement wet loads are moved in at intervals 
in the outer wet tunnels. At the end o f wet tunnels 
the trolleys are loaded alternatively to the central dry 
tunnel. This, in effect, reduces the residence time in 
the dry tunnel to half in comparison to residence time 
in wet tunnels. The dry tunnel is normally operated 
at a lower temperature than wet tunnels to prevent 
long time exposure o f the product to high tempera
tures and to save energy.

E. Conveyor Dryer

A conveyor dryer (also called conveyor band dryer 
or belt dryer) has a single or several perforated wire

mesh conveyor belts as the main component (Fig. 7). 
The wet material is fed evenly at the feed end and is 
conveyed along the length o f  the dryer. H ot air is 
forced through the bed o f moving material, and the 
dried product is continuously discharged at the end 
o f the dryer. The air characteristics such as tempera
ture and relative humidity may be adjusted through
out the passage to satisfy the drying characteristics ot 
the product. The direction o f air movement through 
the permeable bed o f the product may be vertically 
upward or downward. The thickness ot the bed o f 
the product is kept between 25 and 250 mm. This 
thin layer o f the product and higher airflow rates result 
in the uniform drying o f the product. In the illustrated 
dryer (Fig. 7), a portion o f the moist air is being 
recycled.

F. Spray Dryer

Spray dryers are used to dry slurries or liquid toods. 
A typical spray dryer consists ot a cylindrical or a 
rectangular drying chamber in which the liquid is 
introduced in the heated airstrcam in an atomized 
form (Fig. 8). When hot air is replaced by superheated 
steam, the process is called superheated steam drying. 
Application o f superheated steam drying to tood ma
terials is, however, limited. The atomization may be 
done by a rotary or a nozzle atomizer. Dried product 
is separated from the airstrcam using cyclone separa
tors, settling chambers, or bag filters. The perfor
mance o f spray dryers thus depends on the uniform ity 
o f the atomized droplets. The arrangement o f flows 
o f air and product could be concurrent, countercur
rent, or mixed flow type. The design o f spray dryers 
ranges from very simple to very complex depending 
on the fluid. The main differences in the designs are 
the variations in atomizing devices, in the airflow 
patterns, in air heating systems, and in separating and 
collecting systems. Some ot the dry tood powders 
may stick to the walls o f the drying chamber.
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FIGURE 7 Schematic ot a typical conveyor dryer. Solid arrow is hot air; partially shaded arrow is moist air alter drying; arrow with 
circles is ambient air; and conveyer belt ends are shown at the top left and bottom right, d ie conveyer belt has three lengths through 
the drying chamber. (Courtesy ot Food Engineering Corporation. Minneapolis. M N .)

products. It is applicable to food products that may 
be damaged by heat in other dryers or that are high- 
value products. The quality o f the product after freeze 
drying is better than obtained by any other drying 
method. The structural rigidity o f the product is 
maintained during the sublimation process and prod
ucts retain better flavor and aroma. Freeze drying, 
however, is an expensive process because o f slow 
drying rate and the use o f vacuum.

H. Drum Dryer
Drum dryers are used to dry slurry, liquid, or 
pastelike food materials. The material is spread in a 
thin layer on the surface o f a drum by various methods 
o f application (Fig. 9). The material is dried on the 
outer surface o f an internally heated revolving drum. 
The drums are heated by steam or by direct tiring 
inside the drum. The drums rotate slowly and in the 
course o f about 3(H) degrees o f rotation, the product 
is dried. The dried product is scraped ott the surface 
using .1 blade. For heat-sensitive materials, drum dry
ers may be operated under vacuum (Fig. 9).

G. Freeze Dryer

In freeze drying water is removed at low temperatures 
(about — 10°C) by sublimation rather than evapora
tion. Therefore, freeze drying, is done under vacuum 
(at absolute pressures o f about 2 mm Hg) on frozen

Feed In

P r o d u c t  Out

FIG U R E 8 Schematic o f a typical spray drver with integrated 
thud bed (Courtesy ot Niro. Soeborg. Denmark.)
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FIGURE 9 Various feeding arrangements for drum dryers. (Re
produced with permission of Elsevier Science Publishers Ltd., New 
York. NY.)

I. Fluidized Bed Dryer

Fluidized bed, spouted bed, and flash dryers are exam
ples o f suspended bed dryers because the food particles 
being dried are supported and carried by the hot air. 
These dryers arc suitable for drying o f heat-sensitive 
materials. In a fluidized bed dryer, the food material 
is supported on a perforated metal at the bottom of 
a drying chamber (Fig. 10). The hot air is forced

A i r  Out

through the material at high velocities such that the 
particulate material is fully suspended in the hot air- 
stream. All particles are completely exposed to drying 
air, resulting in high rates of heat transfer. This system 
is more suitable for batch drying but could also be 
applied to continuous drying o f particulate materials. 
The dryer shown in Fig. 10 is a continuous type. The 
characteristics o f food materials that arc suitable for 
fluidized bed drying are an average particle size be
tween 10 yu.ni and 20 mm, narrow particle size distri
bution, and regular particle shape.

J. Spouted Bed Dryer

Spouted bed dryers are suitable for tood materials 
that are too coarse to be readily fluidized. A schematic 
o f a spouted bed dryer is shown in Fig. 11. The dryer 
consists o f a cylindrical or rectangular drying chamber 
fitted with a nozzle in the conical bottom and a cylin 
drical draft tube in the center. The hot air is introduced 
at velocities that fluidize and support the food material 
in the central column. The material moves down in 
a plug flow in the outer annulus and is picked up by

Gas

FIGURE 10 An example of a fluid bed dryer. (Courtesy of bepex 
corporation, Minneapolis, MN.)

FIGURE 11 A typical spouted bed dryer. |Reprinted from A. S. 
Mujumdar (ed.). (1987). “ Handbook oflndustrial Drying." p. 420, 
by courtesy of Marcel Dekker, New York ]
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the incoming air after some reconditioning during 
downward travel. B y  adjusting the discharge rate, 
the material may be recirculated a number of times.

K. Flash Dryer

In a Hash dryer, heated, low-pressure drying air or 
inert gas is injected in the drying chamber such that 
the solid material is hydrodynamically supported and 
conveyed through the chamber (Fig. 12). Wet mate
rial is metered into the return zone o f the drying torus 
by a feeding unit such as a screw conveyer. The small 
particles are Huidized by the high-speed steam o f the 
drying gas and are circulated to the top of the dryer 
into the classification chamber. Classification is initi
ated by centrifugal force, with large particles re
turning to the drying chamber for further size reduc
tion and drying.

FIGURE 12 An example o f  .1 Hash dryer. (Courtesy of hepex 
corporation. Minneapolis, M N .)

L. Microwave Dryer

In m icrowave dryers, the energy used tor evapora
tion o f water is in the form of microwaves, which 
are electromagnetic waves of frequency 300 M H z  to 
300 CiHz and wavelength 1 mm to lm . The micro
waves are not heat but are forms o f energy that are 
manifested as heat as a result o f interaction with food. 
Industrial applications ot m icrowave drying ot food 
are limited. Research and development work is being 
conducted on food applications around the world.
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Glossary

A bsorbed dose Amount o f radiation energy ab
sorbed per unit mass o f irradiated matter (the mean 
or average dose), in practice the minimum absorbed 
dose (D mm) and the maximum absorbed dose (D „uv) 
are recorded; D l% can only be determined by an exten
sive dose mapping exercise; I Iowever. put simply, 
D 1V = D IIIIS + /2. G ray (G y) is the SI unit o f
radiation dose, being equal to one joule o f energy 
absorbed per kilogram tit matter being irradiated; its 
relationship to the formerly used unit, the rad, is 
I G y  = l | kg 1 = 1(10 rad. A commonly used multi
ple is kilogray, 1 kG y = 10' Civ 
B ecq u cre l  (B q )  The SI unit ot activity, being one 
radioactive disintegration per second; it has dimen
sions S ', and its relationship to the traditional special 
unit Gtirie (G i) is 1 Bq = 2.7027 x 10 11 C i 
D ose rate  Increment ot absorbed dose in a particular 
medium during a given time interval 
D ose u n ifo rm ity  Ratio o f maximum to minimum 
absorbed dose in the product, dose uniformity or dose
uniform ity ratio U  = D IIUV/D ....
D o s im e try  Measurement ot radiation quantities, 
specifically absorbed dose and absorbed dose rate 
D w ell  t im e  Tim e the product remains in irradiation 
position in an irradiator
E le c t ro n  volt (eV )  U n it ot energy; one electron 
volt is the kinetic energy acquired by an electron in 
passing through a potential difference o f one volt in a 
vacuum: 1 eV = 1.60219 x It) |0' eV = 1 M eV

H alf-life  Tim e taken fo r  the  r a d io a c t iv i t y  o f  an iso 
to p e  to  re d u c e  to  o n e - h a lf  its  o r ig in a l  v a lu e ; th e  h a lf 
l ife  o t 5.27 y ea rs  fo r  C o b a lt- 6 0  m e a n s  th a t a tte r  
5.27 y ea rs  o n ly  h a l f  o f  th e  o r ig in a l  is o to p e  re m a in s  
an d  a f te r  10.54 y ea rs  o n e  h a l f  o f  th e  ha lt o r  o n e  q u a r te r  
o f  th e  iso to p e  is le ft; th is  c o r re s p o n d s  to  a re d u c t io n  
in a c t iv i t y  o f  a C o b a lt- 6 0  so u rc e  b y  12.324%/year o r  
1 .0 9 6 % / m o n th
R ad app crtizatio n  Application o f a dose in the range 
o f 25-45 kG y ofionizing radiation sufficient to elim i
nate the number and/or activity o f viable microorgan
isms as determined by recognized methods; in the 
absence o f postprocessing contamination, no m icro
bial spoilage or toxicity should become detectable 
with currently available methods, no matter how long 
or under what conditions the food is stored 
R adicidation  Application ot a dose ot ionizing radi
ation in the range o f 2-8 kG y sufficient to reduce the 
number ot specific viable nonsporc-torming patho
genic microorganisms to such a level that none are 
detectable when the treated food is examined by rec
ognized methods; when the process is used specifically 
for destroying enteropathogenic and enterotoxigenic 
organisms belonging to the genus SiiIiiioiicILi, it is 
referred to as Salnioiwlla radicidation 
R adurizatio n  Application to foods ot doses ot ioniz
ing radiation m the range o f 0.4-10 kG y sufficient 
to enhance keeping quality (usually at refrigerated 
temperature) by causing a substantial decrease in 
numbers ot viable specific spoilage microorganisms

F o o d  irradiation is the controlled application ot the 
energy ofionizing radiations such as y  rays. X-rays, 
and accelerated electrons to agricultural commodities, 
tood, and its ingredients, tor im proving hygiene and 
safety and increasing storage and distribution life. The 
technology holds promise because in many cases it 
has an edge over conventional methods. It could be
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applied judiciously whore conventional methods arc 
inadequate, uneconomical, or pose potential health 
risks. It can also be used as a complementary process 
with many existing procedures. I he process helps m 
keeping chemical burden in tood low and increases 
packaging possibilities. These benefits accrue from 
the cold nature o f the process and high penetrating 
power of the ionizing radiations.

I. Food Irradiation Technology

A. Ionizing Radiations

Ionizing radiations are packets o f electromagnetic en
ergy emanating from the nucleus of decaying radionu
clides or generated through machine sources. I he 
process o f food irradiation requires use ot either 
y-rays emitted by radionuclides such as Cobalt-60 
and Cesium-137 or high-energy electrons and X-rays 
generated from machine sources. Both -y-rays and 
X-rays are part ot the electromagnetic spectrum as 
shown in Fig. 1.

In the case o f radionuclides, emission ot radiation 
results m conversion ot the isotope into a stable atom. 
This results in reduction in the numbei ot radioactive 
atoms over a period of time. The time required by a 
radionuclide to display halfot its original radioactivity 
is called "half-life "

When y- or X-rays are absorbed and interact with 
matter, the photon energy is used to eject an electron 
trom an atom. The ejected electron causes ionization 
o f molecules. The energy ol radiation emitted by a 
radionuclide is fixed; however, in the case ot machine 
sources variable energies can be obtained.

y-R.iv sources provide lower dose rate compared 
to machine sources. Reactions employed in chemical 
dosimetry of radiation include oxidation ot ferrous 
salts to ferric and reduction of eerie salts to cerous. 
Changes m absorption and luminescence ot chemicals 
and plastics have also been used to monitor dose. O f 
the chemical dose meters the Fricke’s dose meter is 
the most common. It involves radiation-induced oxi
dation ot ferrous ions in a 0.4 M  sulfuric acid solution 
to ferric ions.

B. Radionuclide Sources

Cesium-137 is a fission product. It is obtained from 
the reprocessing o f spent fuel. Since there are only a 
few reprocessing plants in the world the availability 
o f Cesium-137 is rather limited. O n  the other hand 
Cobalt-60 is easily obtained by neutron bombardment 
of the nonradioactive isotope Cobalt-59 in a nuclear 
reactor. For use as a radiation source, Cobalt-60 pel
lets are encapsulated in stainless-steel pencils. This 
geometry minimizes self-absorption and heat build 
up. W ith a half-life o f 5.27 years an annual replen
ishment o f 12.3% is needed to maintain source 
strength. A basic design o f a y-irradiation facility is 
shown in Fig. 2. Goods to be irradiated are conveyed 
to the irradiation chamber through a labyrinth, which 
prevents radiation from reaching the work area and 
operator room. When the facility is not in operation, 
Cobalt-60 is stored in a source rack under water at a 
depth of about 6 m. Five water thus absorbs the radia
tion. I he source hoists the rack to the irradiation 
position after activation ot all safety devices. I he irra
diation chamber is shielded w ith concrete walls usu
ally about 1.5-1.8 m thick. The goods in aluminum



FOOD IRRADIATION
295

Access hatch
Source hoist 
mechanism

Roof plug (3 pieces)

Unloading area 
(processed product)

Storage pool

Source rack --1

Equipment room 
ers, compressor, deionizer, chiller) Loading area

(unprocessed product)'
Shipping container

FIGURE 2 An automatic' tote box irradiator. [Reproduced with permission from Nordion International. Inc.

carriers or tote boxes are mechanically positioned 
around the source rack and are turned around their 
own axis so that the contents are irradiated on both 
sides. The absorbed dose is determined by the dwell 
time ot the carrier or tote box in the irradiation posi
tion. The dwell time can be preset after taking into 
consideration the dose rate, which in turn would de
pend upon the source strength. Absorbed dose is 
checked by placing dose meters at various positions 
in a tote box or carrier. The efficiency o f source utili
zation depends upon the utilization o f the emitted 
radiation. Well-designed y  irradiation facilities have 
an efficiency ot about 30%.

C. Machine Sources

Machine sources used in tood irradiation include vari
ous types of electron accelerators. The electron beam 
emerging from the accelerator can be either used di
rectly or converted into X-rays. There are two designs 
available for electron accelerators. One is the D C  (di
rect current) accelerator, and the other is m icrowave 
or radiofrequency linear accelerator (linac). In both 
types, electrons are accelerated close to the speed o f 
light in an evacuated tube. Electrons emitted from an 
electron source are pushed from the negative end o f 
the tube and attracted by the positive end. The higher 
the potential difference, higher the speed attained by 
electrons. A scanning magnet at the end o f the acceler
ator tube deflects the monoenergetic electron beam 
onto the material being irradiated. In a linac, pulses 
of electrons produced at the thermionic cathode are

accelerated in an evacuated tube by driving radiofre
quency electromagnetic fields along the tube. The 
linac electrons are monoenergetic but the beam is 
pulsed. As the electron beam can be directed at the 
product, efficiency of electron accelerators is about 
20% higher than that of y  sources. Energy and current 
determine the output capacity o f an electron accelera
tor. Because ot the lower depth o f penetration 
(5 m m /M eV  in water), electron beams cannot be used 
for the irradiation ot thick chunks o f food or bulk 
packages. This difficulty could be overcome by con
verting electrons into X-rays by fitting a water cooled 
converter plate to the scanner. The electrons upon 
striking the metal plate are converted into X-rays. 
The conversion efficiency depends on the material of 
the metal plate and energy o f striking electrons. A 
tungsten target can convert 5 M eV  electrons with 
about 20% efficiency and 10 M eV  electrons with 30%  
efficiency depending upon the target thickness. A dia
gram of an electron accelerator with X-ray converter 
is given in Fig. 3. The X-rays are as penetrating as 
•y-rays. Overall conversion efficiency is typically 10% 
or less, however. In tact use o f electrons or X-rays 
could be carried out in the Same facility. A number 
ot aspects are considered during the choice ot an irra
diator. These include type ot product, required 
throughput and penetration, technical and economic 
feasibility, and sociopolitical implications.

D. Process Control

During irradiation processing the aim is to expose the 
material to at least the minimum required dose which
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governs the effectiveness ot the process. (iorrcct mca- 
suremeiit ot dose and dose distribution in the product 
ensures that the radiation treatment is both technically 
and legally correct. Application o f an experimentally 
established dose tor the purpose ot irradiation pro
cessing ot a specific food is important both technolog
ically and economically. Ihe design of a facility 
should ensure uniform distribution ot absorbed dose 
in the given product. Dose and dose distribution are 
determined by the product and source parameters. 
Product parameters are primarily the density ot the 
food itself and the density ot the food packages placed 
in the tote box or carrier. Source parameters vary with 
the type ot irradiation. In the case ot radionuclides, 
the type ot isotope, strength, geometry, source pass 
configuration, irradiation distance ot carrier box trom 
the source, conveyor speed, and dwell time are im
portant. For machine sources, the type of radiation, 
beam energy, beam power, scan width, scan fre
quency. pulse rate and dead time (in the case of pulsed 
beam), beam pass configuration and conveyor speed 
are important. Ii is essential to determine the dose 
and dose distribution b\ dosimetry with dose meters 
strategically placed in the product box. Dosimetry 
thus shows the highest dose (D ,n:J  and tin. lowest 
dose (/ )....) and the average dose (D , J  the product

received. The dose uniformity ratio. D I11IX/D„,ln. de
pends upon factors including plant design, type and 
kind o f product, and type and energy ot radiation. 
Though lower dose uniform ity ratios are desirable, 
in commercial practice a ratio as high as 3 can be 
acceptable. The dose uniform ity ratio can be im
proved by reducing the size o f package and confining 
the packages to the center o f tote box or carrier, at 
the expense of efficiency.

II. Effects of Ionizing Radiations

y-K.ivs, X-ravs. or electrons produce ionizations and 
excitation in the absorbed material; hence, they are 
also called ionizing radiations. Ionizing radiations act 
through two basic processes. I he primary processes 
or events cause the formation ot ions, excited mole
cules. or molecular fragments. The secondary events 
involve interaction ol the products of primary events 
with the material. While the primary events are inde
pendent. the secondary ev ents depend upon variables 
such as temperature, pressure, and gases. The prod
ucts ot primary and secondary events are called radio- 
lytic products. 1 he chemical change is usually 
expressed as ( value, which is a measure ot the num
ber ot atoms, molecules or ions produced ( + (»') or 
destroyed ( ~ ( i )  bv KM ) eV of absorbed energy. Ihe 
extent ot radiation effect depends on the radiation 
energy absorbed. It increases linearly with dose in the 
dose range normally used in tood irradiation. Dose 
rate from y  sources is usually below K) Cly/sec and 
dose rate effects are not observed at this level. Dose 
rate from electron accelerators vary between K)4 and 
I I I '1 Civ/sec. At higher dose rates the radiolytic prod
ucts tend to react with each other, resulting in a less 
radiolvtic change 111 general dose rate effects in tood 
irradiation are rather insignificant.

Water is . 1 1 1  important as well as . 1 1 1  abundant con
stituent of most foods and all living cells. Therefore, 
interaction o f radiation with water has a major role 
to play during irradiation. 1 he radiolytic products ot 
water are hydroxyl radical, hydrated electron, hydro
gen atom, hydrogen, hydrogen peroxide, and 
hydrated proton. While hydroxyl radical, hydrated 
electron, and hydrogen atom are very reactive tran
sient species, hydrogen and hydrogen peroxide are 
the only stable products ot radiolysis ot water. 1 h 11s. 
both reducing and oxidizing powers are generated 
(.luring radiolvsis ot water. Presence or absence ot 
oxygen, pi 1 ot aqueous systems, and temperature 
plav an important '"ole in radiolvsis. Freezing can re
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duce the.- extent nl radiolytic changes by trapping the 
reactive intermediates. When a food is irradiated, the 
molecules of the substrate can be affected by direct 
absorption o f energy or indirectly by interacting with 
the radiolytic products of water. Thus, under condi
tions of abundance ot water, indirect effects predomi
nate, whereas, direct effects prevail when water 
content is low. Besides water, food contains macro
nutrients such as carbohydrates, proteins, lipids, and 
micronutrients such as vitamins and minerals. Radio
sensitivity of constituents o f food in dilute pure solu
tions cannot be extrapolated to their actual sensitivity 
m foods. In general the effect o f radiation is attenuated 
in foods. None o f the studies on irradiated foods has 
yet led to detection ot unique radiolytic products. 
T he compounds produced in irradiated foods are also 
found in other products occurring naturally, or in 
foods treated by other methods. In other words the 
changes in food after irradiation are common, predict
able, and not unique.

Radiation sensitivity of living organisms varies 
inversly with their size and complexity. Thus, the 
viruses are much more resistant than the higher organ
isms. Microorganisms are associated with foods as 
spoilers as well as pathogens. Spoilage microflora in 
tood reduce its shelf life, whereas pathogens pose 
health risks associated with consumption of contami
nated foods in the form of food poisoning and intoxi
cations. Therefore, it becomes important to study the 
effect ot irradiation on tood microflora. T he sensitiv
ity of an organism to radiation is conveniently ex
pressed in terms o f the number o f grays ( ( iy) required 
to kill 90%  of the population present. This is called 
the D ,„ value, or the dose required to reduce the 
population of viable cells by a factor o f 10. T his is 
also known as decimal reduction dose. From the 
standpoint of microbiological quality irradiation o f 
food serves a number o f objectives. Reduction in the 
overall contamination level to delay spoilage is one 
ot the objectives. This process is called radurization. 
A second objective is to destroy pathogens in food.
1 he process is called radicidation. tine  often can 

achieve the two combined. I'hc radiation dose is cho
sen by taking into consideration the expected level o f 
contamination and D ,n value o f the organism(s). A 
third objective is to obtain a sterile product. T his is 
achieved by the application o f the 12D concept, as 
applicable in thermal sterilization (“ canning"), and 
the term radappertization is used for this process. For 
achieving sterility in any product the aim is to reduce 
the chances of survival o f spores o f deadly Clostridium 
to less than 1 out o f an initial population o f 1012 spores. 
That is a reduction ot 12 log cycles. To  accomplish

this a dose 12 times the 1),,, value is given. /J,,, value 
varies from organism to organism and is quite high 
for ('lostritlium holiilinnni spores (ca. <1.2-0.4 k (iy ). In 
food preservation hotulimtm remains the organism 
o f utmost concern, especially in low-acid, low-salt, 
high-moisture foods. The D,,, value ot any microor
ganism is affected bv its environment and tood con
stituents exert a protective effect. Tissue enzymes 
which show relatively higher radiation resistance may 
be inactivated by combining irradiation w ith heat 
treatment such as blanching. |.SYc F o o d  M i c r o b i 
o l o g y . |

Yeasts and molds are frequent spoilers ot foods. 
Some molds also produce toxic metabolites called 
mycotoxins which are carcinogenic. I he molds occur 
m both single-celled form as spores and multiccllular 
or multinuclear (cocnocytic) vegetative hyphae. The 
spores o f fungi display sensitivity similar to that ot 
vegetative bacteria. I lowever, multiccllular or multi- 
luidear hyphae o f fungi are more resistant. |.SYr F o o d  
T o x i c o l o g y . |

A number o f human and animal viral pathogens 
are associated with food. Viruses require very high 
doses for inactivation (ca. 60 k (iy  or more). Fortu
nately viruses are very sensitive to heat. A tempera
ture o f 60-70“t '  for a short time easily inactivates 
viruses.

Foods such as cereals, pulses, and spices may be 
contaminated with eggs or larvae ot insect pests. 1 Hir
ing storage adults emerge and spoil the product. In
sects may also be associated with certain fruits. Foods 
for export that may be contaminated with insect pests 
are often subject to quarantine regulation. D ivid ing 
cells o f insects during stages ot development are sensi
tive to radiation; however, adults are quite resistant. 
I lence, while lower doses are required for causing 
sexual sterilization, for killing adult insects higher 
doses are needed. In general, males are more resistant 
than females. From the practical standpoint only pre
vention o f adult emergence and sterilization ot adult 
insects is needed for stored products as well as for 
quarantine. Irradiated adults are known to teed at a 
much lower rate than the normal adults, it at all.

A major advantage of the irradiation process is that 
it can be applied to prepacked foods as the packaging 
material does not hinder the treatment. It is therefore 
essential to ascertain that the material used tor packag
ing tood does not release radiolytic products and also 
retains its functional qualities after exposure to radia
tion. For the doses not mally employed in food irradia
tion practice, the effects on packaging materials have 
been found to be generally insignificant. |See F o o d  
P a c k a g in g . |
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III. Safety of Irradiated Food

For the irradiated food to be acceptable, it should 
meet the criteria o f wholesomeness. These criteria 
include radiological, microbiological and toxicologi- 
cal safety as well as nutritional adequacy.

A. Radiological Safety

The terms irradiated and radioactive are easily con
fused by the lay public. Irradiated foods are the foods 
that have been exposed to radiation trom a radioactive 
or a machine source. O n the other hand radioactively 
contaminated foods are foods laced with radioactive 
atoms or radionuclides (e.g.. foods that were contam
inated by radioactive “ fall-out" trom the Chernobyl 
nuclear reactor explosion). Food irradiation thus has 
nothing to do with radioactively contaminated foods. 
The possibility, it any, of induction ot radioactive 
transmutation o f elements during the process ot irra
diation of food has been examined. At the energies 
employed in food irradiation practice, i.e.. 10 M eV 
tor electrons. 5 M eV  for X-rays, and 1.33 M eV tor 
Cobalt-60 y-rays, no induction o f radioactivity has 
been observed.

B. Toxicological Safety

O ver the years a huge amount ot experimental data 
has accumulated on this subject. N o  other food treat
ment has undergone as much scrutiny .it the hands 
o f toxicologists as food irradiation. This lias inc luded 
elaborate multigeneration animal feeding studies. All 
these studies have precluded the possibility o f any 
radiation-specific toxin or poison in irradiated foods. 
In the various studies foods exposed to doses up to 
around KM) kGy did not show any significant in I’itro 
or in rii'o toxic effects attributable to radiation. Exper
iments have also been carried out with human volun
teers. In recent Chinese studies several hundred 
volunteers were fed irradiated diets for periods of 
7-15 weeks. Clinical tests failed to discern any sig
nificant differences between the control and test 
groups. In fact, foods irradiated at dose level up to
10 kG y and foods comprising no more than 0.01% 
of the daily diet such as spices irradiated up to 30 k( !y 
are considered sate tor human consumption and do 
not need any further toxicological testing.

C. Microbiological Safety
Microbial interactions in food ecosvstems have an 
important bearing on food quality. Microbes differ

in their sensitivity toward irradiation. Surviving nii- 
croHora have a different competitive environment and 
may behave differently under reduced or eliminated 
competition. A primary cause o f concern has been 
that certain irradiated foods may favor or support 
growth of pathogens, in other words, become more 
susceptible to the proliferation of pathogenic mi
crobes. if  present. Both these concerns have been the 
subject o f numerous scientific investigations and the 
associated risks with irradiated foods have been well 
assessed.

Nonspore-forming bacterial pathogens in foods arc 
quite sensitive to radiation. These include the patho
gens Salmonella, Staphylococcus aureus, Shigella, Esche
richia coli. Brucella, I ’ihrio, and new ly discovered 
human pathogens belonging to genera Listeria, 
Campylobacter, Aeromonas, and Yersinia. Spore- 
forming pathogens such as C\ hotulinuni, C. per- 
Iringens, and Bacillus cereus have higher resistance to 
radiation. Irradiation with nonsterihzing doses largely 
eliminates normally competing radiation-sensitive 
spoilage microflora, thus creating more favorable 
conditions tor germination, growth, and toxin pro
duction by the surviving spores. The problem o f post
irradiation outgrowth does not apply to dry or frozen 
foods where the survivors would not be able to multi
ply. Acid foods, where the growth o f pathogenic 
microbes remains in check, would also be safe. In 
refrigerated foods the only organism o f concern is C. 
hotulinuni type E which can grow and produce toxins 
at a temperature as low as 5°C. Therefore, in the case 
of irradiated seafoods a storage temperature o f3 °C  has 
been recommended. C. hotulinuni type E  is normally 
associated with certain seafoods. Fortunately, botu- 
linc E  toxin is quite sensitive to heat. Since raw irradi
ated seafoods would normally undergo cooking this 
risk becomes marginalized. It should be emphasized 
that anv sublethal treatment such as heating, salting, 
or use of chemical preservatives can bestow selective 
advantage to the surviving microflora and therefore 
selective effects are not unique to radiation.

The possibility o f mutations arising in the m i
croflora o f radiation exposed foods has also been as
sessed. Available experimental evidence has failed to 
show such changes in irradiated pathogens. O n the 
contrary, surviving pathogens have shown reduced 
fitness and virulence or toxin production alter expo
sure to radiation. It is possible that mutants generated,
ii anv, disappear under competition and ncnselccr.oi.. 
Agents such as heat, ultraviolet radiation, chemical 
preservatives, and salts also have the mutagenic po
tential ot ionizing radiation; therefore, the question 
is not unique to ionizing radiations. In this connection
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it is important to note that efforts to produce toxigenic 
strains from nontoxigcnic strains ot bacteria by appli
cation of repeated doses of y  radiations have not been 
successful.

Some food-spoiling molds are known to produce 
toxins. A well-known example in this category is the 
aflatoxin producing molds o (Aspergillus flai'iis-para- 
sitiiiis group. T here have been reports o f increased 
aflatoxin production by the spores of these fungi that 
have been exposed to y  radiation under artificial con
ditions. Experiments designed to assess the risk have 
clearly shown that irradiation does not enhance the 
aflatoxin-producing potential o f the fungus nor does 
the food exposed to radiation in any way favor the 
growth o f aflatoxin-producing fungi. There are no 
indications that any tood irradiated and stored under 
conditions prevailing in practice would be at risk ot 
increased formation o f  aflatoxin.

D. Nutritional Adequacy

Animal feeding studies have shown that irradiation 
o f foods at any dose level o f practical interest under 
state-of-the-art conditions w ill not impair the nutri
tive value o f these components. Further, it has been 
observed that essential amino acids in proteins show 
no significant reduction even at the sterilizing doses 
o f irradiation. It has been observed in various animal 
feeding studies that irradiated diets have 110 effect 
on the growth and general development o f animals. 
Digestibility, biological value ot proteins, and protein 
efficiency ratio at the doses applicable in food irradia
tion remain unchanged.

Similarly the observed losses ot vitamins exposed 
in pure solutions are not realistic to actual losses dur
ing food irradiation. Vitamin losses may be com
pounded by the conditions and duration o f postirradi
ation storage and treatment. Vitam in 151 and K, the 
most radiation-sensitive vitamins, can be protected 
not only by exclusion o f oxygen but also by irradia
tion at low temperature. Losses o f vitamin C  also 
depend upon the nature ot the commodity and dose 
of irradiation. There is a partial conversion ot vitamin 
C: to dchydroascorbic acid upon irradiation. 1 low- 
ever, the dehydro form o f ascorbic acid also has the 
vitamin C activity in man. N orm ally  at the doses 
applicable in tood irradiation, the loss of this vitamin 
is not very high. The potential nutritional losses in 
foods treated w ith irradiation are comparable to losses 
caused by conventional methods. Conventional 
methods of heating and drying can be more detrimen

tal to nutritive value of tood than irradiation. Cooking 
also typically results in some nutrient losses.

E. Detection

Because o f the small amount ot energy involved in 
food irradiation, usually no significant difference in 
terms o f appearance, smell, or taste can be detected 
if the process has been carried out properly. It is even 
difficult to detect any change by simple means. At 
the same time, sophisticated techniques have been 
used for detection o f irradiated foods primarily tor 
the benefit o f regulatory agencies. These include de
tection systems based on electron spin resonance spec
troscopy. chromatography, luminescence, and de
oxyribonucleic acid (1 )N A ) diagnostics. T he only 
way for consumers to know it a food has been pro
cessed by irradiation is tor the product to carry a label 
that clearly declares the treatment in words, with .1 

symbol, or both.

IV. Practical Application  
of Food Irradiation

Irradiation has .1 multipurpose role in the processing 
and conservation o f foods. Depending upon the prod
uct and the applied dose at least tour functions can 
be achieved by the application ot radiation.

• Destruction ot spoilage microbes
• Elimination ol pathogens and parasites
• Inhibition ol sprouting and delay in senescence
• Eradication ot insect pests

On the basis o f radiation dose food irradiation ap
plications could be classified into low  dose ( s  1 kCly) 
medium dose (1-10 kCly). and high dose ( I I I—15 kCy) 
applications as shown in Table I.

A. Sprout Inhibition in Vegetable Crops

Sprouting is .1 major cause ot economic losses in a 
number of vegetable crops. It has been established 
that irradiation is an effective means ot keeping these 
foods tor extended periods without sprouting losses. 
Though effective, chemical sprout inhibitors, such as 
maleic hydrazidc, isopropyl carbamate, and chloroi- 
sopropyl carbamate have been found to leave harmful 
residues on these crops and consequently are banned 
in many countries. Irradiation is a safe alternative. A 
dose in the range o f 0.<15—0.15 k (iy  is applied after 
harvesting the crop. The success of irradiation de
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TABLE I
Applications of Ionizing Radiations in Foods

food 1 )ose (k(»v) Purpose

A. Low  dose (<> 1 k (iy )
Potato, onion, yam. garlic. shallot, ginger 0.05-0. IS Inhibition ol sprouting
F ruits and vegetables (mango, banana. (1.2-1 Delay in ripening and maturation
tomato, mushrooms)
Fruits (i. 1-H.7 Disinfestation tor quarantine regulations
Cereal grains and grain products, pulses, dried u. 2-0.7 1 )isintestation
fruits, vegetables, and nuts
Me.it I lygiem/ation In  destruction ot parasites

B Medium dose (1-10 k (iy )
Fruits, vegetables, slued bread 1-3 Destruction ot bacteria, molds and yeasts and 

improving shelf life
Meat, poultry, fish 1-5 Improving refrigerated shell life bv reducing micro!' al 

load
Meat, poultry, eggs, egg powder, froglegs. 3-10 11 vgicm/aiion by destruction of pathogens
Iro/en sea food. etc.
Spiees. dried vegetables and dry ingredients 3-|o 1 ivgicni/ation and reducing microbial load

( ’ High dose (In —IS k( iv)
Meat. poultr\. seafood 25-43 Sterile products tor long-term shelf stability at anibi lit

(minimum dose) temperature
Sterile hospital diets 2.5-45

(minimum dose)
1 or immune compromised patients

ponds upon the variety, quality. time elapsed between 
harvest and treatment, and postirradiation storage of 
crop.

In the case ot potatoes the level ot reducing sugars 
increases with time upon storage at 5°C! render
ing them unsuitable for processing. Storing pota
toes at higher temperatures (10"C') lowers reducing 
sugar levels, but accelerates sprouting. Storing pota
toes at higher temperatures ( I5 °C ) after irradiation 
(0.05—0.15 k (iv ) can result in potatoes with low sugar 
content desired by the processing industry. Some va
rieties ot potatoes are prone to show after-cooking 
darkening after irradiation. Irradiation may cause ac
celerated rotting in new tubers which can be reduced 
by allowing 2 weeks of curing of crop after harvest
ing. Irradiation could also serve as an effective means 
to control potato tuber moth (Plutwniiocii opcmilellti) 
infections prevalent m certain potato growing re
gions. Irradiation at 0.3-0.‘J kCiy can inhibit sprouting 
m onion. In general onions should be irradiated within
4 weeks after harvest. A discoloration o f the interior 
ot bulb due to the death o f meristem has been ob
served when onions are irradiated after this period and 
stored. In tropicai countries irradiation o f agricultural 
commodities other than yams mav be coupled with 
low temperature (15°C) storage to achieve effective
ness. Inhibition ot sprouting bv y  irradiation has also 
been observed in sweet potato, garlic, shallot, carrot, 
red beet, turnip, ginger, and Jerusalem artichoke. Fig

ure 4(a.b) shows .1 comparison ot stored irradiated 
and unirradiated potato and onion.

B. Delay in Senescence

Irradiation ol climactric fruits in the mature gri.cn 
state to a dose o fd .4 k (Iy  can delay their ripening by 
(>-8 days. I his treatment becomes useful tor tropual 
fruits such as banana, mango, and papaya during their 
transportation and export. Irradiated fruits undergo 
normal ripening after the delayed period. Irradiation 
o f peaches with a 3-k(iy dose accelerates formation 
ot’ anthocyanins and carotenoids. enhancing their 
color and eye appeal.

C. Insect Disinfestation

A very promising application o f irradiation is the ct n- 
trol o f storage pests. Fumigants such as ethylene Ji- 
bromide. ethylene oxide, methyl bromide, and alumi
num phosphide have been or are being banned in 
various countries due to the health risks associated 
with their use. Irradiation holds much promise for 
insect control in cereals, pulses, flours and their prod
ucts. dried fruits, nuts and vegetables, dried fish, and 
spices. Most insects found in stored cereal grains can 
be inactivated by a 0.5-kCi\ dose. In dehydrated prod
ucts disinfestation doses do not cause any perceptible 
change in the material. Another important use ot dis
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FIGURE 4 (a) Irradiated (s howiiii' no sprouts) and unirradiated (sprouted) potatoes, (h) Irradiated (showing no sprouts)
and unirradiated (sprouted) onions.

infestation by irradiation is in tin- area ot quarantine 
regulation. The dose requirements vary from 0.1 ro 
0.7 kCiy. The lower doses can prevent adult emer
gence from eggs or larvae and cause sterility in adults. 
Since many fruits can tolerate these doses, radiation 
provides an effective replacement for hazardous fumi
gation methods.

D. Elimination of Meat Parasites

A number of human parasites are present in raw un
cooked or undercooked meat. These include I'richi- 
i i c I L i  spiralis ( Trichina), causing trichinosis; Tiiaicii 
solium (tapeworms), causing cysticercosis; and I o.x- 
opltisiiui (>iilulii causing toxoplasmosis. Most o f these

parasites .ire transmitted through pork but other 
meats could also be infected. L.ow dose irradiation 
can effectively eliminate these parasites. Irradiation 
with a dose o f 0.3 k('.y can inactivate trichina in pork. 
A dose o f 0.4 k (!v  can eliminate tapeworm cysts. 
I hese doses do not affect sensory qualities ot treated 
meat.

E. Extension of Shelf Life of Fruits

Microbial load on fresh fruits and vegetables can be 
reduced by application ot radiation in the dose range 
o f 1-3 kCiv. This can improve hygiene and extend 
shelf life. Many fruits are largely spoiled due to mold 
growth. Fruits respond differently to radiation de
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pending upon die dose. A dose of 2 kG y  coupled 
with refrigeration can effect a significant reduction in 
mold damage caused to fruits such as strawberry and 
apple. Doses up to 3 kG y have been used to control 
mold damage in orange. A combination o f heat 
(50°C/ min) and radiation has been found to be very 
effective in the control o f molds. The combined treat
ment has shown promise for citrus, papaya, mango, 
nectrine. and cherry. Irradiation o f ripe tomato ex
tends the normal shelf life at 25°C by about a week.

F. Hygienization of Dry Ingredients

Addition ot dry ingredients such as spices and season
ings with high microbial load and pathogens could 
lead to spoilage ot processed products and risk of 
tood poisoning. Instances ot Salmonellosis have been 
attributed to the use ot contaminated spices Most 
ot these dry ingredients are sensitive to heat. Earlier 
practice ot fumigation has recently been banned. U n 
der these conditions irradiation offers a very promis
ing alternative. I lygienization o f dry ingredients, 
herbs, spices, and dehydrated vegetables can be ac
complished efficiently with a dose o f 5-10 kGy. Dry 
ingredients retain their sensory and quality attributes 
much better than the commodities with higher mois
ture content. A dose ot 5 kGy can eliminate mold 
spores and 10 kGy can achieve commercial sterility 
in spices. These doses also automatically take care 
ot insect infestation, it any, in spices. A number ot 
countries have allowed commercial irradiation of 
spices. Irradiation o f dehydrated vegetables and food 
ingredients such as gums and enzymes is also assum
ing importance.

G. Radiation Processing of Meat and Poultry

There are two major objectives o f treatment o f meat 
and poultry with medium dose irradiation. Improve
ment ot keeping quality and shelf life o f the refriger
ated products by reduction o f load and simultaneous 
destruction of pathogenic microbes. Irradiation offers 
a very good means o f eliminating pathogens such as 
Siilnioiu'llti, I ihrio, Slii$vllti. and which
are common in poultry, t'roglegs. and seafoods and 
responsible for a number of outbreaks ot food poison
ing. In seafoods like shrimp where peeling is done by 
hand the ri>k ot contain.n..non with the pathogen-, 
becomes greater. Salmonella-free poultrv products 
such eggs, egg powder, egg albumin, and blood 
plasma can be obtained by application o f radiation. 
Radurization can also lower the cncig\ requirements

during storage. For example, products that normally 
undergo frozen storage may be stored under refriger
ated conditions after radurization.

D ry ingredients such as spices, enzymes, and some 
foods such as meat, poultry, and some seafood items 
can tolerate higher doses ot radiation in the range o f 
25-50 kGy. For room temperature storage o f meat, 
poultry, and seafoods the lysosomal enzymes need to 
be inactivated by the application o f mild heat treat
ment such as blanching prior to packaging and high 
dose irradiation. It is essential to exclude oxygen by 
vacuum packing and carry out irradiation at low tem
perature (- 2 0  to — 40°C). At low  temperature free 
radical movement is restricted and therefore flavor- 
related changes could be prevented. For dry ingredi
ents, however, these precautions may not be essential. 
Naturally operations like blanching, vacuum packag
ing, and low temperature during irradiation at very 
high dose would escalate tremendously the cost ot 
the product. I lowever. these products w ill have de
mand in hospitals, space centers, and mountaineering 
and trekking institutes. Like other conventional steril
ization processes usefulness o f radiation sterilization is 
rather limited. All foods are not amenable to radiation 
preservation. Some foods like milk and milk products 
and beer are very sensitive and develop oft odors even 
at low doses of irradiation.

Thirty-seven countries have cleared more than 4o 
items of foods. Recently, it has been estimated that 
approximately 500.000 tons ot agricultural commodi
ties. meat, poultry, seafoods, and tood ingredients 
are being irradiated annually. About 23 countries are 
using irradiation to reduce postharvest losses and en
sure hygienic quality o f foods.

V. Regulation of Irradiation Process

T w o  important documents that have had considerable 
influence on w orldw ide developments in the regula
tion o f irradiated foods are Codex General Standard 
for Irradiated Foods and the Recommended Interna
tional Code o f Practice for the Operation o f Irradia
tion Facilities used tor the treatment ot foods. These 
model regulations provide valuable guidelines for 
governments wishing to harmonize their national leg
islations relating to the practical application. The main 
purpose ot these regulations is to establish and orga
nize appropriate measures tor the three successive 
stages in the control ot irradiation ot foods:

I. Approval ot irradiation plants. I lie radiation 
treatment ol foods is to be carried out m facilities
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Im iM 'J  and registered lor this purpose bv .1 competent
11.n10n.1l .mthority. It should take into consideration data 
pertaining to seismicity ol plant site. source ol radiation, 
its loading and replenishment in the ease ot 
radioisotopes, radiation levels, and shielding, saletv 
systems, operating, and emergency procedures.

2. Control ol food irradiation process. I his ensures 
that irradiation processing is carried out by qualified 
persons and in accordance with the general requirements 
ot the Codex Standard and International ( ode ol 
Practice Plant managers and operators should keep 
adequate records including quantitative dosimetrv. flic 
facility and records should be open to inspection bv 
national and international regulatory authorities.

3. Control ot trade in irradiated toods. 1 his control is 
designed to prevent entrv of foods not treated bv 
appropriate procedures in unapproved facilities. 
International trade in irradiated toods would lie facilitated 
it there exists a harmonized and standardized system to 
control irradiation dosimetry, inspection, and safety 
procedures which should form the basis of certification 
and ensuring that the food to he imported has been 
irradiated in an authorized facility .i i k I all regulations 
have been complied with. I he regulations require that 
irradiated food be labeled with .1 logo shown 111 Pig. 5 
along with the statement "  I reated with irradiation" 111 

addition to information required bv other food 
regulations.

I hough the irradiation process offers distinct ad
vantages, it cannot replace the acceptable norms o f 
food processing regarding good manufacturing prac
tices. T he process can neither be utilized to mask 
serious microbiological contamination or spoilage ot 
food nor can it be used to detoxify any preformed 
toxin The process itself is relatively capital intensive 
and nonlabor intensive, but comparable economically 
to other capital-intensive food processes.

VI. Consumer Response 
and Acceptance

I he ultimate success ot irradiated foods depends upon 
their appreciation and acceptance by the consumer at 
large. A new product or process sometimes can meet 
initial resistance. In the past many beneficial techno
logies such as milk pasteurization have been initially 
resisted for .1 variety ot reasons including lack ot 
knowledge, selfish motives, and politics. It is. there
fore. to be expected that irradiated foods may meet 
initial consumer resistance.

I hough irradiation can provide wholesome food 
tree ot health risks, its benefits have not yet reached

Treated with radiation
FIGURE 5 I I k * l o g o  d I f o o d  i r r a d i a t i o n .

the public at large due m ain ly to lack ot education on 
the subject and. thus far. nonavailab ility ot tree choice 
o f  irradiated foods. It is believed that through educa
tion and product introductions consumers can be en
lightened 0 11 the subject. I 11 countries where consum er 
organizations have been invo lved  in the introduction 
ot irradiated foods, a positive stand has been taken, 
in instances where irradiated foods have been test- 
marketed. consumers have indeed shown an obvious 
preference for them when all other factors were kept 
equal. Countries that contem plate com m ercialization 
of food irradiation should strive tor full consumer 
participation by effective public inform ation and edu
cation bv the governm ent as w e ll as industry.
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T h e  U .S . Food Marketing System is a network ot 
over 50(1,00(1 firms that store, transport, process, 
wholesale, and retail our food and fiber products from 
the time it leaves the farm gate until it reaches the 
final consumer. These products include categories as 
diverse as processed groceries, seafood, beverages, 
flowers, plants, seeds, clothing, pet food, textiles, 
tobacco, and leather footwear. Marketing beyond the 
farm gate accounts for 9 .2 %  ot our gross national 
product. While much ot our output is consumed in 
America, the United States is the w o rld ’s largest ex
porter o f agricultural products.

Glossary

B ro k e r  Independent business serving as manufactur
er's agent selling products to local retailers or whole
salers, and providing the necessary support services 
needed by those buyers
F oo d  bank Charitable nonprofit institution collect
ing safe and nutritious products that might otherwise 
have been discarded from supermarkets, food ware
houses, or tood manufacturers; these products are 
sorted, checked tor quality and safety, and then do
nated to local individuals or institutions 
P riv a te  label Line o f products controlled by a re
tailer or wholesaler tor exclusive distribution in its 
own stores
S u p erm ark et  Self-service retail store stocking meat, 
produce, and grocery items doing at least S2 million 
dollars in annual sales
U niversal product code (U P C )  Twelve-digit 
computer-readable code used to identify individual 
items sold in supermarkets
W holesaler Direct buyer purchasing merchandise 
hom  manufacturers, storing it in distribution centers, 
and re-selling the items to retail store operators; ship
ment to stores is generally provided although in some 
cases retailers may pick up the goods themselves

i. Introduction

With the fall of the Berlin Wall, pictures tit Soviet 
grocery stores (one could not call them supermarkets) 
with empty shelves and long lines ot customers be
came the metaphor for the failure o f communism. 
This was a fitting symbol, tor the power ot a nation 
rests tsn its ability to provide tor the well-being ot 
its citizens, and food is one essential component tor 
providing that well-being.

The failure o f the Soviet system was not due to a 
shortage o f production. Indeed there were adequate 
food supplies available, even though there was ample 
room for improvement here as well. The failure was 
to provide an adequate food distribution system. Food 
production was concentrated in areas of low popula
tion; there were inadequate storage facilities which 
produced high levels of spoilage along w ith  extensive 
rodent and insect damage; there was not an adequate 
transportation system tor moving products quickly 
without contamination; and there were 110 modern 
grocery stores to sell the products in forms so familiar 
111 the developed countries. In addition to all ot this, 
there was no mechanism tor translating consumer 
wants and preferences into the continuous feedback
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to producers and processors that constantly tine tune 
product offerings in the West.

Not only do modern food production and distribu
tion systems contribute directly to the well-being o f 
customers by supplying healthy and nutritious prod
ucts at good values, the efficiency o f these systems 
contributes indirectly by releasing human and capital 
resources to be used productively in other sectors o f 
their economies. America in the 1990s feeds its citizens 
and serves a large and growing export market with 
less than 2 %  ot its people living on farms. Efficient 
food distribution systems are essential for developed 
countries capable o f remaining competitive in the 
global economy.

Because efficient food distribution systems allow a 
society to employ resources in other income-generat
ing activities, wealth increases for the society as a 
whole. Because food expenditures are relatively fixed 
compared to other ways that consumers spend their 
money, increasing wealth further lowers the propor
tion of income that is spent on food. 1'his phenome
non was first given scientific prominence in 1857 by 
a Prussian mining engineer by the name of Ernst 
Engel who published a study o f family expenditure 
patterns tor different income levels. I le wrote that 
"the poorer a family is. the greater the proportion 
ot total expenditures (income) which it must use to 
procure food.’ I his pattern has been verified time 
and time again and the relationship is so strong that 
it has now become known as a basic law of economics.
1 he modern statement ot Engel’s law is that as con
sumer incomes increase, the proportion ot income 
spent tor food decreases.

As consumers make their food expenditures, they 
find that grocery stores and restaurants are the most 
visible components of the food distribution system. 
However, these stores are only the tip of the vast 
production and logistics system that operates largely 
unseen by the average shopper to deliver a constant 
supply of food products throughout the country. This 
system is constantly evolving to meet changing con
sumer tastes and preferences: to respond to the ever- 
changing consumer demographic and ethnic mix: and 
to take advantage ot the latest in new technologies 
which lower production costs, develop new products, 
improve packaging, and protect the environment.

i his vast system is subject to government regula
tions th.u are designed primarily to protect the safety 
and wholesomeness of products as well as providing 
income protection tor producers o f certain supported 
commodities. However, the system is coordinated 
primarily by the trec-in n ket system. 1 ha.t is. constant

experimentation is either rewarded or ignored by con
sumers and the system is constantly altered by the 
feedback that shoppers provide in deciding how to 
spend their dollars. These consumer decisions are not 
purely about price. Quality, safety, nutrition, conve
nience. cleanliness, taste, and environmental concerns 
all play important roles.

One important feature of the food distribution is the 
speed with which consumers can impact the system. 
Purchases of durable goods such as automobiles, ap
pliances. or clothing are made very infrequently and 
are often so costly that consumers cannot afford a 
great deal ot experimentation. Shoppers for food 
products make their choices felt on at least a weekly 
basis. In addition, the individual products are low 
enough in cost to allow constant experimentation and 
to allow expressions ot social or environmental con
cerns to be made at a reasonable cost. This system is 
therefore one of the most accurate and responsive 
mirrors o f consumer lifestyles to be found anv where 
m our economy.

II. Size and Functions of the Food 
Distribution Sector

I lie total distribution system tor the nation’s food 
and fiber is one ot the largest sectors in our economy. 
In 1990, this system employed over 17% of the work
force and contributed over 10% ot the nation’s gross 
domestic product.

O t the approximately S462 billion dollars spent in 
1991 for food that originated on American farms, the 
marketing portion represented over $360 billion, or 
78% while the tarm value ot the products represented 
just over SI01 billion, or 22% . The marketing compo
nent of food expenditures is, therefore, triple the farm 
value o f the basic commodities. This large marketing 
component has developed because Americans today 
demand their food in ever more convenient forms 
that minimize preparation time, increase shelf life, 
and are available on the go at fast food restaurants.

I he farm value of food products varies widely 
among types ot food. For animal products such as 
eggs, the tarm value averages about 60%  ot the retail 
price. For highly processed foods such as potato chips, 
the tarm share is only about 16%. The more highly 
processed the food, the lower the tarm value as a 
share of the total expenditure. However, this lower 
share as a percentage of the total does not mean lower 
income for producers of these processed products. B v
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presenting the food in a more convenient form, the 
market is expanded resulting in greater sales and 
higher total tarm income than il all food had to be 
sold at roadside stands in its raw form.

food spending by consumers accounted for 11.5% 
ot total disposable income in IW 1. T his percentage 
has declined steadily over the years because incomes 
in America have risen faster than tood expenditures. 
In 196(1. this share would have been almost 18% of 
income. O ver the last 30 years. Americans have 
shitted their tood expenditures increasingly toward 
tood away trom home with fast food restaurants 
showing the fastest growth rates. In 1%(>. the share 
ot income spent tor food away from home was 3 .5%  
growing to 4 .3%  by 1W1. T he food at home share, 
by contrast, declined over this same period from 
14.0% in l% ( )  to 7.27,, in IW I .

One measure ot the efficiency o f this system is a 
comparison ot the share o f income spent for food 
in the United States versus other countries. Because 
different types of food are consumed from country 
to country, an exact comparison is impossible. I low- 
ever, we can estimate expenditures closely enough for 
relative comparisons using the percentage ot personal 
consumption expenditures for food consumed at 
home. T his number for the United States is well under 
10% (see above) the lowest o f any major developed 
country. In contrast, the number is 11.6% for the 
United Kingdom. 14.8% for Australia. IX.8 %  for 
Italy, 21.6% tor Spain, and 52.8% for the Philip
pines.

Because our food production and distribution sys
tem is so efficient. Americans enjoy an extremely high 
standard ot living, with a much higher percentage o f 
their incomes available for items other than food, than 
any other major developed country in the world. T he 
distribution system has, as its primary components 
F ood Manufacturers. Food Wholesalers and Brokers. 
Food Retailers. Food Service Outlets, an Import—Ex
port Sector, anil various Government and Private 
Food Assistance Programs.

III. Food Manufacturers

Approximately one out o f every 20 U .S . manufactur
ing companies is a tood manufacturer or processor, 
and the tood and beverage industry is our second 
largest manufacturing sector (following transporta
tion equipment). In general, the terms food manufac
turer and tood processor are used interchangeably.
I bis sector generally buys commodities trom farmers

or their agents, processes the raw products, and sells 
their output to food wholesalers or directly to retail
ers. 1 lie government recognizes 4‘J separate tood pro
cessing industries with the largest in terms ofnumbers 
of firms being meat processors, bakery product pro
ducers. grain millers, dairy processors, and beverage 
producers. As a further indication ot the size ot this 
sector, tood processors are the nation’s largest adver
tisers spending almost S I2 billion in direct consumer 
advertising in IW 0. In addition, this sector is the 
nation’s largest users ot packaging materials.

Food manufacturers process and package com m od
ities inti) forms more convenient for consumers to 
store and use. T his might involve something as simple 
as grading eggs for size and consistency, or as complex 
as producing corn Hakes from grain. As consumers 
change their lifestyles, less and less time is available 
for shopping and meal preparation. T he result is an 
increasing demand for convenience foods, micro- 
waveable products, and even whole ready-to-eat 
packaged meals. At the same time, not everyone eats 
their food in highly processed or packaged form. In 
addition to convenience foods, the incredible diversity 
o f lifestyles and preferences in America require a con
tinuing supply of basic food products and ingredients. 
These can readilv be seen in supermarket fresh fruit 
and vegetable (produce) sections, meat counters, and 
dairy departments.

IV. Food W holesalers and Food Brokers

Large, integrated retailers have sufficient resources to 
buy directly from suppliers and to warehouse and 
transport their own products. 1 lowever, many retail
ers are far too small to perform these functions on 
their own. Almost half ot the grocery stores in 
America today are run by family-owned independent 
operators, not chains. M any ot these are one-store 
companies. These smaller operators rely on wholesal
ers for support. Sales ot products directly to the final 
user or consumer are called retail sales. Sales to busi
nesses that w ill in turn resell the product to the final 
user are called wholesale sales.

Food wholesalers pool the buying power o f their 
many individual customers to give small operators the 
volume purchasing clout ot much larger companies. 
They negotiate with suppliers and manufacturers for 
products, warehouse the goods until time for ship
ment to the stores, and provide transportation to 
move the products. M any wholesalers also provide 
financial, technical, and computer support services to
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companies who could not afford them on tlicir own. 
In addition, they may prepare advertising programs 
to be used by local grocers, produce product labels 
tor the shelves, help with employee training, and 
maintain inventory control systems. As .1 result, 
small, family grocery retailers have remained highly 
competitive in the United States while they play .1 

much smaller role 111 many other countries lacking 
our extensive wholesaler support structure.

Wholesalers are structured in two primary types o f 
organizations: cooperatives and voluntaries. Cooper
atives are owned by the retailers they serve, and their 
business customers sit 011 the Board o f Directors of 
the wholesaler. Cooperative customers, therefore, 
have an ownership interest in the wholesaler and are 
called members, (ienerally, only the member-owncrs 
are eligible to buy from the cooperative wholesalers. 
Voluntary wholesalers are generally public compa
nies, owned by stockholders, selling goods to any 
business customer without membership require
ments. These wholesalers take ownership o f the 
goods they buy from producers and manufacturers, 
and carry the risk ot price changes before the goods 
are sold to the retailers who market them directlv to 
the public. |.S'<r Coophka 1 ivi.s. |

Manufacturers and their agents also sell many prod
ucts directly to retail stores without passing them 
through a chain or wholesaler warehouse. These tend 
to be products requiring specialized knowledge and 
handling, or those products that must be tresh daily. 
Bread and dairy products are good examples o f prod
ucts often sold by processors directly to retailers, and 
delivered directly to stores several times each week, 
sometimes daily. M any manufacturers or processors 
w ill be large enough to have their own sales forces. 
However, smaller manufacturers who cannot support 
their own salesmen w ill typically make use o f food 
brokers.

Food brokers are independent businesses serving 
as manufacturers' agents selling products to local re
tailers or wholesalers, and providing the necessary 
support services needed by those buyers. Brokers 
generally do not take ownership o f the goods they 
represent and generally do not have their own ware
houses. Instead, they arrange tor shipment o f prod
ucts directly to the stores or ro warehouses owned 
by the wholesalers or retailers, (ienerally brokers rep
resent several manufacturers 111 a given market area.

Wholesale sales ot tood and kindred products 
reached S411 billion in I ‘WO. O f  these sales, coopera
tive and voluntary wholesaleis accounted for S239 
billion, brokers serving as agents for manufacturers

accounted for $109 billion, and manufacturer direct 
sales representatives accounted for SH3 billion.

Inventory costs can represent up to 80%  of the total 
costs o f a food retailer. The rest is accounted tor by 
expenses such as employee wages and benefits, rent, 
utilities, and supplies. As a result, companies are mak
ing every effort to cut down 011 the extra stock that 
might be carried on the shelves or in back rooms. 
Wholesalers and chain warehouses are therefore de
veloping the grocery industry equivalent to just-in
time delivery. This concept was pioneered by Japa
nese manufacturing facilities and involves using com
puterized sales data to deliver products to the store 
just before it is needed to stock the shelves rather than 
piling it up in the back room. This frees up space to 
be used for new sales departments and frees up capital 
resources to be invested in the business. In the process, 
retailers and wholesalers are becoming more closely 
linked than ever before.

V. Food Retailers

Food and grocery products are sold through .1 wide 
array o f retail stores including supermarkets, conve
nience stores, specialty shops, and other retailers such 
as drug stores and department stores that also stock 
some grocery products. However, the dominant retail 
outlet continues to be the supermarket. Grocery stores 
are familiar to everyone in America and are found 111 

everv community. They sell a wide array o f products 
primarily intended tor consumption at home although 
the assortment o f ready-to-eat products is growing 
rapidly to meet today’s busy lifestyle needs.

These grocery stores range in size from small con
venience stores to huge markets over 2(10,000 square 
feet 111 size and selling well over S I million dollars in 
products every week. Suburban stores cater primarily 
to shoppers who come by automobile and tend to 
carry extensive offerings ot nonfood as well as tood 
products. Inner-city stores tend to be small with lim 
ited selections o f goods because ot the expense ot land 
and the difficulty o f finding sites large enough to 
accommodate .1 modern supermarket. One supermar
ket that opened in l'W2 in inner-city Newark. New  
|ersey. required over 10 years to assemble over 60 
individually owned parcels o f land into one site of 
suitable size.

Larger stores stock a full range of tresh and pro
cessed food products but also otter .111 extensive range 
o f specialty departments and nonfood sections. One 
distinguishing feature ot the grocery store is selt-
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service. Although there .ire tull-servicc sped,iltv 
stores where clerks select the products, an cl there are 
service departments within the supermarket, cus
tomer selt-service tor the majority ot products is a 
defining characteristic ot the modern grocery store. 
A supermarket, by definition, is a full-line self-service 
grocery store stocking meat, produce, and packaged 
grocery1 products, and doing over S2 million per vear 
111 sales volume. Food retail operations below this 
annual dollar volume are known simply as "other 
grocery stores."  Convenience stores are small grocery 
stores selling a very limited variety ofgoods with their 
sales typically concentrated in cigarettes, magazines, 
bread, milk, and other beverages. M any convenience 
stores also offer gasoline although gasoline sales vol
ume has been excluded from the sales volumes re
ported below.

In 1990, all grocery store sales reached S368.5 bil
lion with S271.7 billion (73.7%) in supermarkets, 
$<■>9.9 billion (19 .0% ) in other grocery stores, and 
S26.9 billion (7 .3% ) in convenience stores. Supermar
kets are ot two general types. Chains are those busi
nesses with I I or more stores under the same owner
ship, and independents are those with 10 or fewer 
retail stores. By  ownership, 49.2% o f all grocery 
stores in 1990 were independents (w ith 41.1% ofthe 
sales volume), 12.2% were chains (w ith 51.6% ofthe 
sales), and 38.6% were convenience stores (w ith 7 .3%  
o f sales).

Specialized tood stores, those with limited lines o f 
goods, added another S24 billion to retail food sales 
with meat and seafood markets accounting for 57 
billion, baked goods stores $6 billion, produce stores 
S3.1 billion, and candy and nut stores S4.7 billion.

As more and more families in America are made 
up o f households where all adults work outside the 
home, time for shopping is scarce. As a result, super
markets have added a wide variety o f departments and 
services under one roof to make one-stop shopping a 
reality. It is common today for supermarkets to offer, 
in addition to the basic food products, services as 
varied as video rental, floral sales, ready-to-eat carry
out foods such as hot pizza, health and beauty care 
items, and pharmacy prescription departments.

It is also common for retailers to offer private label 
products to consumers. These are lines o f products 
controlled by the retailer tor exclusive distribution in 
its own stores. Large chains can develop their own 
private label products while independent operators 
typically take advantage o f the private labels offered 
by their wholesalers. These products often carrv the 
name ot the store on the label and are, therefore, often

called store brands or own-labcl products. In 1991, 
nearly S26 billion in private label products were sold.

Private label items are used to otter the consumer 
a value alternative to nationally branded items. These 
can be priced attractively tor the consumer because 
they do not carry the large advertising and research 
budgets typically carried by manufacturer brands. 
The industry worked hard throughout the 1980s to 
upgrade these products and now most provide attrac
tive packaging and quality levels very competitive 
with the national brands. In 1992, private label prod
ucts accounted for almost one in five (18.2%) ot all 
grocery items sold in supermarkets by item count and 
13.7% o f all grocery products by dollar share.

Grocery stores as a group are one of the largest 
employers in the nation providing 2.9 million jobs to 
Americans. An estimated 134.000 self-employed and 
unpaid family workers also work in grocery stores 
as part o f their family businesses. Most workers arc 
young with one-quarter of the jobs (25 .1% ) held by 
people between 16 and 20 years of age. B y  compari
son, this age group holds only 7 .3%  ot the jobs 
throughout the U .S . economy. This sector therefore 
provides the first job for a tremendous number ot 
Americans who need entry-level experience in the job 
market.

Because grocery stores are open long hours, often 
around the clock, and because shopper traffic tends 
to concentrate in a few peak shopping hours, many 
part-timejobs are available. The average grocery store 
worker is employed for fewer than 30 hr per week. 
Fins makes the sector particularly attractive tor young 
workers with school responsibilities. Although there 
are highly skilled professions in the grocery store such 
as meatcutters and bakers, many ot the jobs can be 
learned in a short period o f time and are available to 
entry-level employees. However, employers prefer 
high school graduates for long-term employees. Be
cause stores continue to add service departments in 
tune with today’s lifestyles, employment in grocery 
stores is expected to increase over 20%  over the next
10 years.

VI. The Modern Supermarket

The supermarket concept was “ invented”  in 1930 to 
replace the small store where clerks used the shopper's 
grocery list to select the products behind their count
ers and prepare the customer’s order. The idea was born 
during the great depression as a means ot providing 
groceries at a cost low enough to help shoppers stretch
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their budgets. The concept was to move to the out
skirts of town where land was cheaper, slash operating 
costs by asking shoppers to pick their own products 
trom the shelves, provide tree parking, assemble .ill of 
the essentials in one place to make one-stop shopping .1 
time saver, and take only a low profit margin 011 each 
item relying on high volume to generate income.

The supermarket was truly .111 American invention. 
By IM5S the concept had grown so rapidlv that Life 
Miigiizinc featured it as “ an American institution." 
International visitors came from .ill over the world 
to see this wonderful new innovation .nul to learn 
how to take the concept to their own countries. Queen 
Elizabeth II toured .1 supermarket as part of her Am er
ican visit in 1957 as did Russia's Nikita Khruschev 111 

195’.) and Boris Yeltsin in I9SM. Even though super
markets have spread throughout all of the developed 
countries, international visitors still tour American 
grocery stores to see the latest innovations and trends.

Supermarkets come 111 a wide varietv of'sizes to tit 
the local neighborhoods. Sizes range trom SI II10 square 
feet to over ISO.I Hill square feet with the average 111 

1991 at 42.0(H) square feet. I lowever. with this wide 
range ot sizes, it makes more sense to talk about size 
by type ot store. B y  type (format) there are:

• Sitp iiiih iik t h. the original torm.it offering 
between Ml.dllll ,uui 2u.nmi items 111 meat, produce, and 
grocery: doing .it least S2 million in annual sales: and 
averaging about 29,(Kill square feet for those reeentlv 
built.

• Superstores I arger versions ot the conventional stores 
with at least 3().(Xl<) square feet of space: carrying 
approximately 311.0(1(1 items: ottering .1 variety of 
service departments such as delicatessens, bakeries, and 
sealood departments; and averaging about 43.Si ill 
square feet lor those recently built.

• ( '.otiihiiiitlioii Stores. Superstores  w ith ph.1r111.1cy counters  
and expan ded  general m erchandise  and health and 
beauty care sections: carrying about 35.1 mil i tem s: and 
averag in g  about 4 9 ,(K ill square feet for those recently  
built.

• I f \n,house Stores. L o w  m argin su perm arkets  with 
reduced variety, low er  service levels ( co n su m ers  
typically bag their o w n  groceries) ,  spartan decor,  and 
attractive pricing; and averaging about 4S. 1 m 111 M|uarc 
teet tor those recently  built. I he n u m ber ot i tem s 
carried will be m o re  tvpical ol conventional 
su perm arkets  averaging betw een I I I .m il l  ,md 2 ll.m il) 
i tem*.

• //)'/>( 1 11M1J.1 />. Ver\ large supermarkets with .111 

extensive general merchandise section added I here are 
too tew ot these to t.ilk meaningfully about averages, 
but they are at least Inc.INK) square feet in size, often 
leaching more than 2mi.nmi m|u.iic teet

With the import,mcc o f one-stop shopping, super
markets continue to bring more and more lines ot 
business under one root. It is typical today to find 
departments such as bakeries, delicatessens, service 
seafood, greeting cards, pharmacies, video rentals, 
floral departments, wine shops, household goods, au
tomotive supplies, toys, clothing, sit-down cafeterias 
or restaurants, banking services, postal services, film 
processing, and catering to mention only .1 few ot the 
most common. T o  keep track ot consumer prefer
ences 111 such large stores, supermarkets typically use 
computerized scanners.

Scanners at the front end checkout counters read 
the svnibol o f light and dark lines on the packages 
known as the Universal Product (lode. T his symbol 
contains five digits that identify the product manufac
turer and five digits that identity the specific item 
within that manufacturer's line. A leading digit identi
ties the type o f product (dry grocery versus beauty 
care for example) and .1 trailing digit is used by the 
computer to check whether the code has been read 
properly. A total ot 12 digits are. therefore, contained 
in the standard code. I he price is not contained in 
the coded symbol: it is assigned by the retailer and 
entered into the store's computer memory. Once the 
U P C  symbol has been used to identity the item, the 
computer looks up the proper price tor the product, 
displays it on .1 screen, and prints it on the shopper's 
receipt along with the name ot the item.

The five manufacturer digits are assigned by the 
Uniform  Product (lode Council located 111 Dayton. 
Ohio. I he five product digits are then assigned by 
the manufacturer and communicated to the retailer. 
This system not only moves shoppers through the 
checkout line more quickly, it also tracks purchase 
preferences so that the grocer can stock more ot the 
popular items and fewer ot the slow movers. This 
system puts the shopper 111 the driver's seat in de
termining which products succeed and which tail.

The dominant marketing philosophy in the super
market industry is to hold profit margins low and 
relv on the high volume generated tor profits. 1 here 
are two kcv profit measures that give a picture ot the 
industry: return on sales (net profit), and return on 
assets.

Return on sales measures the portion ot the con
sumer's food dollar which remains after the grocer 
lestocks the inventory puuh.iscd and pays all ex
penses including taxes. In 1992. this return was
0.77%. that is. just under S loths of one penny out 
ofc.ich consumer's dollar. O ver the last 2d years this 
net profit percentage has consistently been m the 0.5



FOOD MARKETING SYSTEMS

to  1 . 2 %  r a n g e ,  a m o n g  tin- l o w e s t  to r  ,m v  i n d u s t r y  

g r o u p .

1 Ins low level ol profit on each dollar spent trans
lates into a reasonable total return because ot high 
transaction volumes. The broader measure ot total 
returns that can be used to compare this industry with 
others is return on total assets. This is a measure ot the 
net profits generated by the industry as a percentage ot 
all assets employed in operating the businesses. In 
1992. this measure was 3 .3% , about average for all 
industries. Successful strategies must then maintain a 
strong consumer focus to continue to generate the 
volumes necessary for adequate total returns. I f  the 
customer count falls for an individual store, not only 
do the low margins per transaction make it difficult 
to stay in business, but the spoilage of perishables 
that stay too long on the shelves increases operating 
expenses dramatically. The very financial structure o f 
the industry guarantees that only those stores doing 
.in excellent job  for their local customers w ill survive.

VII. Food Service Outlets

food service operators sell products fully prepared 
and intended for on-premise or immediate consump
tion. These operations can include schools, airplanes, 
fast food outlets, bars, hotels, and restaurants.

Separate tood service outlets sold S227.3 billion 
dollars of products in 1990. The largest sectors in
cluded fast food outlets at S72.7 billion, restaurants 
at S65.4 billion, hotels and motels at S12.2 billion, 
hospitals and extended care facilities at SI 1.9 billion, 
and elementary and secondary schools at SI 1.5 billion.

In the restaurant and fast food sector, a growing 
trend is the purchase ot food from carryout counters, 
drive-through windows, or home delivery for con
sumption off-preinise. In 19911. almost half. 46% . of' 
restaurant and fast food outlet meals were eaten ott- 
premise. O t those otf-premise meals, 60.8% were 
carried out by the consumer, 31.0% were purchased 
at drive-through windows, and <S.2% were obtained 
through home delivery. W ith today's hurried life
styles, this carry-out trend continues to grow as two- 
career couples find eating at a restaurant expensive 
and time consuming.

In addition to these separate food service outlets, 
many supermarkets and convenience stores have also 
added products intended for immediate consumption 
such as salad bars, deli sandwiches, and frozen yogurt. 
This trend continues to grow blurring the lines be
tween fast tood outlets and supermarkets.

VIII. Exports and Imports

Although America's food industry is primarily a do
mestic market, the United States is the world 's largest 
exporter and importer ot tood and tood products. 
The industry exported 5 .4%  ot its 1991 production. 
This was the first year since 197S that America 
achieved a trade balance surplus in foods and bever
ages exporting S I 9 .6  billion in commodities and im
porting S I 9  billion.

lapan, Canada. South Korea. Mexico, and the 
Netherlands are the major markets tor food and kin
dred products. The top import markets are Canada. 
Australia. Brazil. France, and Mexico. I lie United 
States generally exports basic commodities such as 
feeds, meat, poultry, and fish. Imports are more heav
ily weighted toward higher value and processed prod
ucts such as confections, baked goods, alcoholic bev
erages, and gourmet fruit and vegetables.

Import and export figures alone are not the whole 
story o f Am erica’s international involvement in food 
and food products. M any ot our largest tood proces
sors and manufacturers sell substantial dollar volumes 
through their foreign plants or under licensing 
agreements with foreign plants to produce their 
brands. U .S . investment in overseas subsidiaries and 
joint ventures has increased over 25%  in just the last 
4 years to almost S16 billion in 1990. As a result, 
nearly S3.5 billion in foreign income flowed into 
America in 1990. As a result ot foreign tood industry 
investments here. SI billion in income flowed from 
the United States to overseas companies.

Most U .S . international investment in tood pro
cessing has been made m Europe accounting for ap
proximately 53%  of the total. Canada ranks second 
at 14% while Mexico's share is the fastest growing 
now in third place at 6 % . 1 lie North America t ree 
Trade Agreement between America. Canada, and 
Mexico holds great promise tor expanding this inter
national trade in the near future. |.S'tr T a k i i is  an d  
I k a d i.. |

IX. Government and Private Food 
Assistance Programs

Food assistance for needy families and individuals has 
been in existence tor more than 50 years at the Federal 
level, and for almost all of our history at the local 
level. Modern programs are designed to improve the 
nutritional status, and therefore the health, ot low-
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income people while at the same time improving farm 
income through the distribution of surplus foods.

Domestic food programs at the Federal level arc 
administered through the Food and Nutrition Service 
of the U .S . Department o f Agriculture (U S D A ) in 
cooperation with State and local governments. In to
tal, the U S D A  spent over S30 billion dollars spread 
over 13 different food assistance programs for Am eri
cans in 1991. The largest and best known form of aid 
is the Food Stamp program. This program, tested in 
1961, implemented in 1964, and extended nationwide 
in 1974. provides stamps or coupons that can be spent 
like money at local stores to buy food.

Eligibility is determined by income levels, asset 
limits, and work requirements. The income limits are 
set using the federal poverty guidelines and revised 
each year. Benefits are issued monthly based on 
household size and income and are intended to reflect 
the U SD A 's  Thrifty Food Plan, a market basket o f 
foods that provide a low-cost, nutritious diet. In 1991, 
funding for this program was S I9.6 billion with par
ticipation o f approximately 26 million people. O ver 
half ot the recipients were children and more than 
80% of the aid went to families with children.

The Special Supplemental Food Program for 
Women, Infants, and Children (W IC ) serves almost 
one-third o f all children born in America. This pro
gram is designed to improve the nutrition and health 
ot pregnant women and infants up to the age o f 5 
years. In addition to food, the program also provides 
nutrition education and access to health services.

The National School Lunch Program serves more 
than 24 million children in over 92,000 schools. I bis 
program provides free or reduced-price lunches de
pending on need. Other companion programs include 
the School Breakfast Program, the Summer Food Ser
vice Program, the Special M ilk  Program, and the 
Nutrition Education and training Program.

In addition to Federal programs, the food industry 
participates in a number ot private food assistance 
programs aimed at the local communities. One o f the 
most innovative o f these o f the Food Bank program. 
The largest food bank network is known as Second 
Harvest.

Food Banks are charitable, nonprofit institutions 
that collect products which might otherwise have 
been discarded from supermarkets, food warehouses, 
and tood manufacturers. These are quality products 
usually with some minimal damage such as torn labels 
that make them difficult to sell in retail stores. I'hc 
Food Banks then sort these products, check them tor 
quality and safety, and donate them to local individu

als or institutions. 1 his voluntary network saves mil
lions ot dollars ot nutritious products that would oth
erwise find their way into landfills. It is one ot the 
great success stories ot this industry.

X. Future Trends

Although the media often depicts the tood distribu
tion sector as "stable." it is a constantly changing, 
evolving sector. N ew  products alone appear and dis
appear at a dizzying pace. Throughout the grocery 
industry, over 1 2 .11(11) new products are introduced 
each vear by grocery manufacturers. Some ot these 
are regional or local products m limited distribution. 
Many, however, are national market introductions.

Some o f these new products were developed to take 
advantage ot a new technology such as microwave 
cooking. Others were developed to take advantage 
o f ethnic trends such as salsa products which passed 
ketchup in national sales volume in 1992. Still others 
were developed to respond to social or health concerns 
such as recvdable containers or soybean meat substi
tutes. Whatever the reason, the consumer is given an 
opportunity each week to try an impressive array ot 
new offerings. Success or failure is determined by 
consumers themselves.

I low  consumers spend their dollars on tood and 
grocery products provides constant and immediate 
feedback to producers and retailers. File tood distri
bution system will, therefore, continue to evolve 
keeping pace with basic trends in American life. W e 
can look at these trends as guideposts along this path.

A. Demographics

Demographics refer to the composition ot our popu
lation. Such factors as the distribution ot age groups 
across the population, ethnic mix, and household for
mation are important.

One of the strongest demographic trends in 
America over the last three decades has been the in
creasing proportion ot working women. The propor
tion o f adult women working outside the home rose 
from about 38%  in 1960 to just under 60%  in 1990. As 
we see more single-parent households and households 
where both adults work outside the home, time for 
shopping and meal preparation becomes scarce. C o n 
venience foods become very important and the micro
wave oven continues to become a major cooking ap
pliance. C iarrv-out foods also play an increasing role as 
families seek the ultimate in ease o f meal preparation.
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Even basic commodities arc purchased in different 
forms to add convenience. Consumers, tor example, 
buy their beet in a form easy to use such as hamburger, 
and buy fewer roasts which take longer to prepare 
and cook.

I ime .is a scarce com modity also encourages one- 
stop shopping. Supermarkets have responded to this 
need by building larger and larger stores to bring 
more goods and services under one root.

Another strong trend is the slowing ot the birth 
rate. The U .S . population was growing at a rate ot 
10% yearly in the 1980s, dropping off to about 7 %  
m the decade of'the 1990s, with projections ot only 
5%  in the decade to follow  the turn ot the century. 
As this happens, more and more ot our population 
growth comes from immigration. Immigration ac
counted tor 16% of the U .S . population growth in 
the 1960s, 27% in the 1980s, and 33%  by the vear 
2000. Asian-Americans are Am erica’s fastest growing 
ethnic group followed by I lispanics.

t he growing ethnic influence broadens America's 
taste tor new foods and styles ot cooking adding to 
our already rich cultural diversity. I lispanic and Asian 
cooking and products, particularly new fruits, vegeta
bles, and spices, spread outside their ethnic origins 
to mainstream America. Add to these two rapidly 
growing cultures the cooking patterns o f countless 
other ethnic groups arriving in America from .ill over 
the world, and you have an incredibly exciting and 
vibrant food industry.

Another consequence o f a lower birth rate is an 
aging population. B y  2030, the number of elderly in 
the United States w ill be double its level in 1990. 
Almost 65 million people (almost 21 %  ot the popula
tion) will then be over the age o f 64 and over l l )%  
ot the population w ill be over 74. This w ill change 
not only the types of food that people buy but how 
it is marketed as well.

The older age groups spend more per capita on 
tood because they can generally afford to eat whatever 
they want at this stage in their lives. Studies have 
shown that older shoppers eat more than average 
amounts of fresh trmts and vegetables, cereals, bakery 
products, poultry, and pork. They tend to consume 
less than average amounts o f red meat, milk, soft 
drinks, and snacks. They also tend to be increasingly 
health conscious and to often enjoy shopping as a 
social activity.

B. Lifestyles

Just as our basic demographics change, so do our 
basic lifestyles. Two o f the strongest trends are an

increasing interest in health and nutrition, and an ac
tive interest in the environment.

T w o  reports have been seminal in galvanizing an 
already growing interest in tood and health: 'I'lte Sur
geon ('.eneral's Report on Sutrition and Health published 
by the U .S . Department ot health and Human Ser
vices in 19X8. and Diet and Health— Implications lor 
Reducing Chronic Disease Risk, published by the Na
tional Research Council in 1989. T hese two reports 
not only established a scientific link between im prov
ing diets and reducing the risk o f disease, they also 
gave clear recommendations tor specific dietary 
changes.

Americans have taken these recommendations to 
heart and are changing their dietary patterns as a re
sult. The most direct consequence has been an increase 
in the consumption ot fresh products, particularly 
fresh fruits and vegetables. We have also seen a dra
matic increase in concern over the fat content ot foods 
ot all types because ot its link with coronary disease. 
Low  tat. low cholesterol, low calorie foods have be
come very popular with consumers.

Along with this interest in healthful foods has come 
a demand for more useful nutrition information on 
packages. New  guidelines tor manufacturers were fi
nalized by the Food and Drug Administration and 
the U .S . Department of Agriculture with standard 
nutrition information panels to be required on virtu
ally all packaged food products by the mid 1990s. 
Prior to this, providing nutrition information on 
packages lias been voluntary with only about halt ot 
the products making it available.

Interest in the environment is another strong trend 
making itself felt in the food industry. B y  volume, 
30%  of all landfill waste is packaging, much ot it 
from food products. This makes the industry a very 
important part o f the solution to environmental is
sues. | See F o o d  P a c k a g in g . |

O f  the 180 million tons o f garbage generated in the 
United States yearly. 73% is deposited into landfills 
(13%  is recycled and 14% is incinerated). One-half 
o f the existing 6000 landfills are expected to close by 
1995 either because they are full or because o f fear o f 
contamination o f local water tables. I bis pressure on 
space available for disposal w ill keep the reduction ot 
solid waste high on the public policy agenda.

People have already changed their habits in re
sponse 'o  environmental concerns. A national re 
search consumer panel found that in 1990 only 16.1 %  
ot consumers separated newspapers tor curbsidc re
cycling. B y  1992, that number had reached 77.5%. 
In 1990. 45.2% reported taking aluminum cans to a
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recycling center, in 1W2. 75.3% do so. T his same 
panel reported that in 1W0, 3 .3%  ot'their com muni
ties required mandatory plastic recycling while this 
had risen to 15.0% by 1W2.

The tood industry has responded to these concerns 
in a number o f ways. Perhaps the most visible is an 
ongoing program to reduce excess packaging. G ro 
cery manufacturers have moved to more concentrated 
detergents sold in smaller packages, developed more 
retillable dispensers for products like liquid soap, and 
reduced unnecessary double wrapping on many prod
ucts. In addition, supermarkets are now salvaging 
cardboard boxes removed in the back room to make 
the cardboard available for recycling. M any other 
changcs in packaging and business practices can be 
expected as we learn more about effective ways to 
reduce solid waste and protect the environment.

The profile o f this industry is one o f constant 
change. Constant monitoring o f local consumer pur
chase patterns means that food marketing svstcms

and products w ill continue to evolve in tune with 
modern shoppers.
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Glossary

Bacterial  g ro w th  Increase in bactcrial numbers over 
time depicted by lag, log, stationary, and death phases 
of a traditional growth curve
E n tero b acteriaceae  Relatively homogeneous group 
o f gram-negative nonsporulating bacteria that arc fac
ultatively anaerobic and normal inhabitants o f the in
testines ot animals
F o o db o rn e  disease outbreak T w o  or more persons 
having similar illness after ingestion ot a specific food 
at a particular time and place
F ood ferm en tatio n s Use o f specific groups o f m i
croorganisms to alter various foods through the me
tabolism o f carbohydrates, usually with production 
ot acids, alcohol, and/or carbon dioxide 
F ood irradiation Process used to reduce microbial 
levels, particularly pathogens, in foods, employing 
nonionizing radiation from cobalt 60, electron beams, 
or X-rays; other applications include inhibition o f 
sprouting and maturation, and insect disinfestation 
Patho gen  Biological agent that can produce disease 
in a susceptible host
Q uality  c o n tro l  Use o f strategies, programs, analy
ses, and personnel during processing to assure that 
food products are safe, wholesome, aesthetic, and 
consistent at all times
Sanitation Science o f effecting healthful and hy
gienic conditions depicted by strategics to control filth

and pests within processing facilities, in conjunction 
with procedures to clean and sanitize the environment 
for microbial reductions
Shelf life l ime that a food product can be stored or 
displayed without demonstrating signs ot deterio
ration
Starter  cultures Specific microorganisms intention
ally inoculated into specific foods to cause predictable 
reactions due to their metabolic activities; lactic acid 
bacteria are among the most popular o f these and arc 
used in many fermentation processes

F o o d  microbiology may be broadly defined as a sci
ence focusing on the roles and activities ot micro
scopic organisms in food production, tood pro
cessing, spoilage, and foodborne disease. Food 
microbiology is a diverse area o f study that plays 
a critical role in all aspects ot food— trom on-tarm 
production o f  raw commodities, to conversion of 
these commodities into food during processing, to 
distribution and retail marketing, and finally to per
sonal consumption. Food microbiology is o f concern 
at the farm level since this is the initial source o f 
specific microorganisms that contaminate many 
products. Examples at this production point include 
the microbial evaluation o f raw milk, screening o f 
poultry Hocks for salmonellac. and testing corn for 
aflatoxins produced by certain species o f the mold 
Aspergillus. Significant research is focusing on pre
venting herd or flock contamination and detecting 
animals harboring human infectious agents before 
these animals enter processing facilities. M icrobiolog
ical issues are key during the processing ot raw com
modities into food products. Bacteria, yeasts, and 
molds are utilized to produce some foods such as 
bread, wine, cheese, and fermented meats. In other 
processing environments, these organisms can cause 
rapid product spoilage and can lead to unsafe foods.
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Reduction or elimination of these microbial types is 
paramount in the food processing industry. A major 
charge to the food microbiologist is the development 
ot sensitive, accurate, reliable, and rapid techniques 
tor detecting, enumerating, and identifying specific 
groups ot microorganisms from complex food matri
ces. U ltim ately, food microbiology is a science that 
strives to provide an abundance o f quality foods to all 
humans, keeping tood safety as the primary concern.

I. Introduction

The roots ot microbiology as a science are strongly 
intertwined with early discoveries involving the 
causes ot spoilage ot various toods. Antonie van Leeu
wenhoek. ot the Netherlands was the first to describe 
microorganisms as “ animalcules" in 16X3 using a 
crude form o f microscope, van Leeuwenhoek’s dis
coveries endowed him the title ‘‘Father o f M icrob io l
ogy”  in history. Hints ot microbiological theory pre
ceded van Leeuwenhoek's observations. In the mid- 
1600s, a monk named Kircher attributed the decay o f 
bodies and some foods to invisible agents. Robert 
1 looke also described fruiting structures o f molds us
ing magnifying lenses in 1664. During this era. the 
theory of spontaneous generation was controversial 
in the scientific community. This theory hypothesized 
the emergence of living organisms from nonliving 
matter and was supported by the microscopic obser
vations of multitudes o f bacteria in putrefying foods 
that were initially unspoiled. Opponents o f this 
thought said that these spoilage flora contaminated 
the product because o f their presence in the air sur
rounding it. Offering support for this hypothesis were 
individuals such as Abe Lazzaro Spallanzani, an Italian 
priest, who heated sealed containers o f gravy to de
stroy microorganisms and prevent spoilage. Propo
nents ot spontaneous generation were relentless in 
their beliefs and argued in favor o f their ideas even 
until the early 20th century. They said that treatments 
such as those o f Spallanzani destroyed a “ v ital”  attri
bute ot air needed for life. Louis Pasteur provided the 
decisive evidence against this theory in the mid-1800s 
with his work on filtering air through cotton to re
move bacteria followed by his development o f the 
Pasteur flask, a swan-necked flask that effectively 
trapped bactcria before they could reach heat- 
sterilized infusions. These infusions remained un
spoiled, thereby proving that actual bacteria in the 
air and not a "v ita l"  element o f air led to product 
deterioration.

The heating methods for various foods that were 
used to disprove the hypothesis o f the spontaneous 
generation of life were the forerunners o f canning as 
a means o f tood preservation. In 1795, the French 
government offered an award to anyone who devel
oped an effective method ot preserving foods. N icho
las Appert captured this prize in 1S10 by boiling foods 
and then sealing them hermetically to maintain steril
ity; his feat earned him 12,000 francs. Pasteur contin
ued to play a pivotal role during the infancy of food 
microbiology. He was the first person to demonstrate 
the role o f bacteria in milk spoilage m 1837. He contin
ued to investigate such spoilage phenomena over the 
next three decades and proved in 1857 that alcoholic 
fermentations arose bv the action ot veasts on sugars. 
Around 1860, Pasteur heated wine and beer to kill 
undesirable microorganisms, a process that became 
known as pasteurization. The new ly found know l
edge ot sterilization practices, the development ot bet
ter microscopes, and the application ot better micro
bial growth media perpetuated the rapid development 
ot food microbiology to its role in the production ot 
food today. l-SYr T i i h r m a i . P r o c e s s i n g : C a n n in g  a n d  
P a s i  i x i r i z a r io N . |

W ith the knowledge that we have currently, it is 
interesting to look back at the early history o f human 
manipulations of foods. Since humans began produc
ing foods (approximately 10.000 years ago), problems 
ot spoilage and disease undoubtedly existed. A l
though these early people had no understanding o f 
m icrobiology, they did develop methods to help pre
serve foods. Fermentations were used to produce beer 
by 7000 B .C . and sea salt was used to preserve foods 
approximately 3000 h.c. O ther preservation methods 
documented in history included the use ot oils, smok
ing. drying, and snow packing. People realized that 
these practices preserved foods for longer periods 
while also providing products that were unique and 
often more flavorful.

II. Sources and Types of 
M icroorganism s in Foods

The tood supply is not, nor w ill it be in the future, 
tree trom microorganisms. Therefore, we must un
derstand md deal w ith the- likelihood o f toodborne 
diseases and tood spoilage. O n ly  a few special types 
ot foods, such as some medically oriented products, 
can be considered sterile. Canned foods that have 
undergone retort processes are "com m ercially”  ster-
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i.e. I lus t e r m  iiK'.ms tli.it s o u k - hc-.it-rcsist.int s p o r e s  ot 
terrain bacteria m .iy have survived thi.' heating process 
.iiul could initiate g row th  given proper conditions.
I Iowever. with continued package integrity .nul 
maintenance ot proper storage conditions of these 
commercially sterile toods. several vears ot storage 
are possible. The majority ot Our foods are perishable: 
food microbiologists strive to develop methods to 
increase the shell hte and satetv ot foods.

Microorganisms are ubiquitous 111 nature; every
where that tood is grown, processed, sold, and pre
pared there are potential sources ot microbial contam
ination. The types or groups o f microorganisms most 
prevalent in .1 particular food vary depending on its 
growth, storage, and processing environment. Gen
erally. raw tood commodities are contaminated with 
a diverse population ot microHora. Processing usually 
involves various steps that reduce microbial levels 
including canning, pasteurization, blanching, freez
ing, and acidification. A more homogeneous bacterial 
population normally results since organisms that arc 
more resistant to the specific processes (i.e.. thermal 
tolerant) survive and perpetuate. In the case o f refrig
erated foods, psychrotrophic bacteria, those that can 
grow at refrigeration temperatures, become domi
nant. Fermented foods would likely demonstrate high 
populations ot lactic acid tolerant microorganisms.

I he term "m icroorganism " signifies a living entity 
that is smaller than 0.1 111111 in diameter and cannot 
be seen without magnification. Several types o f 
toodborne organisms tit into this category o f  living 
creatures. Bacteria, molds, yeasts, and protozoa are 
the most tamiliar members ot the group; however, 
other microbial groups such as nematodes, cestodes. 
ami trcmntodcs do cause food-related problems. V i
ruses are usually considered microorganisms although 
they are not tree living and require .1 living host to 
multiply and cause disease. Microorganisms are often 
described and classified based 011 such characteristics 
as their growth requirements, optimal growth tem
peratures, and tolerance to certain environmental con
ditions.

Sources ot microorganisms in toods are numerous. 
M any raw agricultural products can be contaminated 
with soil during growth and harvest. Water and soil 
often contain similar microbial species because o f their 
close relationship during rain and runoff. Both can 
cause food contamination while m the field. I ’ontami- 
nated drinking water may be a route for certain patho
gens to infect live animals and later be carried into the 
processing environment. Some ot the most common 
genera ot bacteria found in soils include Atinctobaacr,

B.iiillus, I ’scudoinoiuis, ( '.orym bih lcriiiin. and ( Hostrid- 
ium. I11 addition to these bacteria. Acroinoihts, Alhro- 
monas. and I ibrio are frequent contaminants ot water 
and contain species that are associated with human 
disease. M any fungi are present 111 the environment 
and can cause food spoilage, usually when conditions 
limit growth o f bacteria. A few ot the most significant 
soil-associated molds are Aspergillus, I'usiirinni, Minor, 
Pcnidlliinn, and Rhizopus. Protozoa can be important 
disease-causing entities in certain toods: Cryptospori
dium ptirruin, Iintiunocbii histolytica and (jiardia lamblia 
are examples associated with soil and water.

A ir is .111 important source ot microbial contamina
tion. especially in the processing environment. A vast 
abundance o f bacteria can be carried on dust particles 
and vapor droplets into tood products. Gram-positive 
bacteria tend to be encountered most often: Bacillus, 
Clostridium. and Micrococcus species are very common. 
A ir is also .1 transporter ot high levels ot mold spores 
that can spoil foods, food processors invest significant 
amounts ot time and resources 111 ensuring that air 
within processing facilities is o f  high microbiological 
quality.

1 lide removal from livestock and leather removal 
from poultry are critical points during slaughter to 
reduce bacterial contamination ot meat products.
I lides and feathers contain an array ot bacteria, often 
pathogenic, that are derived from tcces. dust, and 
feed. These bacteria can potentially contaminate the 
dressed meat and be carried further into processing 
and fabrication o f carcasses. Animal teeds often con
tain bacteria that can ultimately be found in tood 
products. Poultry feeds have been implicated as 
sources o f salmoncllac. Animals contain very high 
levels o f bacteria 111 their intestinal tracts which, dur
ing slaughter and evisceration, can contaminate car
casses. This major source ot pathogenic bacteria such 
as toxigenic liscluricliia coli. C.ampylobactcr ii juni, Sal
monella. and Yersinia enterocolitica must be held to .111 
absolute minimum to ensure tood safety. One proto
zoan. Toxoplasma gondii, is often associated with ani
mal intestinal tracts and can contaminate foods.

During processing o f foods, microbial contamina
tion can occur at numerous points. W orker hygiene 
is a key aspect ofproducing quality products. Workers 
can carry many types o f microorganisms tin their 
hands, clothes, and processing utensils. This is also 
.1 potential source o f toodborne viruses, which are 
currently becoming o f more concern to food microbi
ologists. Worker education and supervision are im 
portant features o f quality control programs. Equip
ment can readily spread bacteria during tood
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processing. It is essential that sanitation programs are 
adequate and that thorough cleaning ot all equipment 
takes place as needed. Finally, ingredients used in 
production o f many products are potential sources of 
bacteria. A ll ingredients must be screened carefully; 
specific microbiological tolerances must be deter
mined.

III. Characteristics of Foods That Affect 
M icrobial Growth

Cirowth o f microorganisms is greatly affected by 
many characteristics o f their environment. Several 
ot the factors influencing microbial growth and/or 
survival are inherent in the tissues of specific food 
products and are called intrinsic parameters. Others 
are characteristics ot the storage environment and are 
called extrinsic parameters. Note that manipulation 
ot only one o f these parameters is hardly ever suffi
cient tor controlling product spoilage, and combina
tions o f parameters are far superior for purposes of 
tood preservation. This is sometimes referred to as 
“ hurdle technology;" the more hurdles an organism 
is required to overcome, the longer the quality ot the 
food w ill be maintained.

A. Intrinsic Parameters
Moisture availability is a key factor in the growth 
ot microorganisms and is defined m terms o f water 
activity (aw) o f various substrates. The aw o f foods is 
the ratio of the vapor pressure o f the food to the vapor 
pressure o f pure water at the same temperature (pure 
water having an aw o f 1.00). Addition o f solutes such 
as salt or sugar to foods decreases moisture availability 
or aw. Microorganisms vary in their requirements 
tor water. Generally, bacteria require more available 
moisture than fungi. Most spoilage bacteria are re
stricted at an aw o f 0.91, yeasts at 0.88, and molds at
0.80. These values are not strict thresholds, however, 
and certain xeroplnlic and halophilic organisms can 
multiply at lower levels. The most important patho
genic bacterium capable o f growing in these dryer 
conditions is Staphylococcus aureus, which produces a 
disease-causing toxin. Listeria monocytogenes has also 
been demonstrated to survive in relatively high salt 
concentrations. The lowering o f the aw of a food re
duces the rate o f bacterial spoilage by extending the 
lag phase o f cellular growth and decreasing the final 
numbers of bacteria attained. Since the typical aw of 
most fresh foods is approximately 0.99. microorgan

isms are readily supplied adequate moisture for rapid 
proliferation; therefore measures must be taken it shelf 
life extension is desired. Other parameters are usually 
focused on to slow deterioration. |.SYc F o o d  D e h y -
DRA'I ION. I

The pH o f foods is often manipulated tor preserva
tion and safety purposes. The development ot acidity 
is the basis for the effectiveness of fermentation reac
tions in food preservation. Other products are directh 
acidulated or are naturally acidic, restricting bacterial 
growth. Bacteria flourish at pH close to neutral (i.e.. 
pH 7.0). However, many can grow at or tolerate 
significantly lower and higher values. Lactic acid 
bacteria are used as starter cultures tor their acid- 
producing abilities in many fermentations. Some 
members o f this group, however, are spoilage organ
isms predominant in foods such as beer, wine, and 
vacuum-packaged meats. They can grow at pH values 
ranging from 3 to 10.5. Most ot the com monly en
countered pathogenic bacteria are restricted at pH 
■ S 4 . 0 .  As with water activity, bacteria are the least 
tolerant to pH extremes (both low and high). Yeasts 
are more tolerant to low pH and can grow at pH 
values as low as 1.5. Molds are extremely resistant 
to adverse pH environments and grow over a pH 
range o f (I to 11. The pH o f specific foods influences 
the type o f spoilage that normally occurs. Fruits gen
erally have a pH from 3.0 to 4.5 and undergo tungal 
spoilage. The majority o f fresh vegetables, meats, 
fish, and dairy products range in pH from 5.0 to 7.0 
and readily spoil by bacteria.

The oxidation-reduction potential (Eh ) o f a food 
system is influential in selecting the types o f  microor
ganisms present. In definition, Eh is a measure ot the 
ease with which the substrate becomes oxidized or 
reduced and can be measured in millivolts. Positive Eh 
values indicate oxidized conditions whereas negative 
values indicate reduced conditions. Aerobic bacteria, 
yeasts, and molds favor positive Eh values and anaero
bic bacteria require negative values. A large group of 
bacteria called facultative anaerobes and many yeasts 
can grow in either situation.

Microorganisms, like all other living organisms, 
require nutrients to grow. There are vast differences 
in the requirements for specific nutrients for specific 
microorganisms. However, all need water, energy, 
vitamins, minerals, and nitrogen to multiply. Foods 
differ in levels o f these nutritional factors and in the 
chemical form in which they are presented, thereby 
selecting tor specific groups o f microorganisms. For 
example, only a few types ot bacteria can adequately 
break starches into sugars for energy requirements.
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Lack nt specific vitamins in foods restricts growth to 
■hose organisms that have the ability to synthesize 
:hese vitamins. Molds have the least nutritional re
quirements, followed bv veasts and bacteria.

Many types ot foods contain naturally occurring 
,'ompounds and systems that retard bacterial growth. 
Several spices and their essential oils have demon
strated antibacterial and antifungal effects m numer- 
uis foods. These agents vary a great deal in their 
effectiveness against specific organisms or groups, 
and research data concerning their effects are often 
contusing. Ihe  concentrations applied, the media 
rested, the analytical approaches used, and the micro
organisms evaluated contribute to these variances. 
Several spices, essential oils, and vegetable extracts 
display antimicrobial properties. M ilk contains sev
eral components that have antibacterial properties, 
l hese include casein (predominant milk protein), lac- 
toferrin, lactoperoxidase, lactotransfernn, lysozymc. 
and tree fatty acids, all of which have been shown to 
inhibit both gram-positive and gram-negative bacte
ria. Eggs contain lysozymc, eonalbumin (binds iron), 
and enzyme inhibitors that effectively restrict the 
growth ot some bacteria.

Natural coverings o f numerous food products offer 
inherent resistance to invasion by microorganisms. 
Just as our skin integrity is a formidable barrier that 
prevents infectious agents from entering our bodies, 
peels, skms, membranes, and shells protect certain 
foods. Rapid spoilage often occurs in products such 
as fruits, vegetables, nuts, and eggs once this initial 
barrier is disturbed.

B. Extrinsic Parameters

O t all factors affecting the stability o f food products, 
storage temperature is the crucial element for the ma
jority of products. Microorganisms can grow over a 
wide range of temperatures depending on the specific 
organisms. Some organisms can multiply at tempera
tures close to ()°C; however, foods stored at refriger
ated temperatures (4—5°C ) have significantly longer 
shelf lives. Most important pathogens in foods grow 
best 111 a range o f 16— 38°C. In food preparation, the 
“ 40—140" rule should be followed to help ensure food 
safety. T his rule states that foods should be held below 
40°F (4.4°C) or above 140°F (60°C) to preclude the 
growth ot pathogenic bacteria, although this rule is 
not entirely foolproof. Listeria monocytogenes, Y. enter- 
ocolitka, and a few other pathogens can grow slowly 
below 4()°F. Freezing of foods is very effective in 
preventing microbial spoilage; however, it is not a

process that w ill kill significant numbers ot bacteria. 
Most organisms can resume growth once the product 
has been thawed.

I he gas composition ot the food’s storage atmo
sphere has significant effects on rate and type ot m i
crobial growth. Modified and controlled atmosphere 
storage and packaging (M A I’ and C A P ) are often used 
to increase the shelf life of foods. In these processes, 
air inside a package or storage area is altered by re
moval and/or replacement with higher levels ot other 
gases. Carbon dioxide and nitrogen are most often 
utilized m M A I 'm  various ratios. Aerobic bacteria, 
the most prevalent organisms in the spoilage of fresh 
products, are restricted and microbial populations 
tend to become more facultatively anaerobic. In gen
eral, these organisms grow  more slow ly and produce 
less offensive by-products, leading to longer storage 
capabilities. Vacuum packaging is a form ot M A P  
that is extremely popular, especially in processed 
meats, and often leads to microbial dominance by 
laetobacilli. |.SVc F o o d  P a c k a g i n g . |

Relative humidity affects the microbial spoilage rate 
o f certain foods, especially tor those products em
ploying low water activity as a means ot preservation. 
Packaging materials are very important in these types 
o f products to prevent moisture gain. The type ot 
product, in conjunction w ith relative hum idity, must 
be considered when selecting packaging conditions. 
If  humidity within the package or storage area is too 
low, some products w ill lose moisture, resulting in 
quality loss.

IV. M icrobiological Food Spoilage

Food deterioration is inevitable, although we can 
completely sterilize foods using appropriate pro
cessing conditions such as extreme heat or high levels 
o f ionizing radiation. Deterioration is defined as a 
reduction in product quality and can be depicted by 
nutrient loss, undesirable organoleptic changes, de
creased safety, and decreased aesthetic attributes. 
These problems can arise from physical, chemical, 
and biological factors. Not all food spoilage issues 
are a result o f microbiological agents. Enzymes, oxi
dation products, food component interactions, physi
cal contaminants, and other nonbiological occur
rences often cause food spoilage is demonstrated by 
lipids becoming rancid, light causing oxidation fla
vors in milk, and sugars and proteins causing b row 
ning. Biological agents do cause a tremendous 
amount o f food spoilage. Insects, worm s, and rodents
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arc significant contributors to this category of spoil
age. Microorganisms arc first envisioned when one 
thinks about spoilage. An estimated 40%  or more 
ot the world's tood supply is lost annually due to 
spoilage. Spoilage ot foods is a natural occurrence 
and occurs at different rates depending on the type 
ot food, the storage conditions, the types and numbers 
ot microorganisms present, the type o f packaging, 
and the presence ot antimicrobial substances. For m i
crobial spoilage to occur, five components must exist:

1. s o u r c e  o t  m i c r o o r g a n i s m s

2 .  s u b s t r a t e  t o  s u p p o r t  m i c r o b i a l  g r o w t h

3 .  a v a i l a b l e  m o i s t u r e

4 .  e n o u g h  t i m e  t o  r e a c h  l e v e l s  o t  o r g a n i s m s  t o  c a u s e

s p o i l a g e

5 .  t e m p e r a t u r e  c o n d u c i v e  t o  m i c r o b i a l  g r o w t h

Effective preservation practices must eliminate or 
manipulate some or all ot these factors in foods. I he 
tact that bacteria multiply m logarithmic fashion dem
onstrates the extreme importance o f producing a food 
product that is initially ot high microbiological qual
ity. A product such as ground beef may spoil in 5 
days it it initially contains 1.000 bacteria per grain, 
whereas spoilage would likely occur in approximately
3 days when initial levels o f bacteria arc 10.00(1 per 
gram. Storage temperature is equally important be
cause ot its effects on microbial generation times (time 
required tor a bacterium to reproduce itself). Gener
ally, generation times approximately double for every 
1«°F decrease in storage temperature.

Each category ot tood has its own broad group 
ot microorganisms that tends to dominate and cause 
spoilage. Vegetables are very good substrates for 
yeasts, molds, and bacteria. They are normally high 
in moisture and contain proteins, carbohydrates, and 
other nutrients needed for microbial growth. Further
more, the pi I o f most vegetables (pH 5.0-7.0) allows 
rapid bacterial growth by predominantly aerobic and 
facultatively anaerobic genera. T w o  classes o f micro
organisms are associated with vegetable spoilage. 
Saprophytic organisms invade vegetable tissues as a 
result ot senescence (ripening), insect damage, or 
other types ot loss in tissue integrity. Others are true 
parasites of plants and can invade healthy tissue and 
grow at the expense ot the host. Soft rots, wilts, 
cankers, spots, specks, and blights are all forms of 
microbial spoilage o* tresh vegetables, lin i’mi,! and 
Pseudomonas species often cause soft rots as a result o f 
their secretion of pcctinascs. enzymes that destroy 
tissue pectin. Other members of the Enterobacteria- 
ceac group such as Proteus, Scruuui, and I:.',cliernliia

can lead to rots and wilts. Certain fungal genera are 
agents tit vegetable spoilage including Botrytis, (ieotri- 
<7/1(11/, Rhizopus, Phytophtora, and several others.

Like vegetables, fruits contain almost all the nutri
ents needed tor most microbial growth. I lowcvcr. 
unlike vegetables, bacteria are not ordinarily etiologi
cal agents ot spoilage because the pH o f most fruits 
ranges from 2.3 for lemons to approximately 5.0 for 
bananas, too low  tor bacterial growth. Yeasts and 
molds are bv tar the most obtrusive agents in fruit 
spoilage. In addition to the molds mentioned tor vege
table spoilage, researchers have reported that approxi
mately 30%  o f all fruit decay is caused by the blue- 
green molds Penicilliiini ilaliciim, P. expausum, and 1’. 
di^italum. For fruits and vegetables, the most im 
portant factors to reduce spoilage are to have products 
with low initial microbial numbers, to store and han
dle the products where further growth and contami
nation is reduced, and ro handle the commodities in 
a gentle manner to prevent damage to tissues.

Dairv products undergo rapid deterioration unless 
proper storage and processing conditions are utilized. 
M ilk  is contaminated by bacteria as it passes through 
the teat canal during milking ot cattle and on subse
quent handling. Since much o f this contamination 
comes trom an animal environment, pathogenic bac
teria are ,i great concern in such products. I he use ot 
pasteurization greatly reduces the risk of illness trom 
milk and other dairy products; however, sonic raw 
(tmpastcun/cd) milk and dairy products arc still used 
today and pose a significant health hazard. Pasteuriza
tion ot milk does not provide a sterile product but is 
designed to eliminate pathogenic bacteria. Spoilage 
flora still remain and cause product deterioration on 
extended storage. Pasteurized and refrigerated milk 
spoils fairly rapidly. Raw  milk contains an abundance 
ot bacteria and. since milk is held at cooler tempera
tures, these tend to be dominated by psvchrotrophic 
genera. Lactococcus, Micrococcus, Streptococcus, Pseudom
onas. Proteus, Bacillus, and several other species are 
often encountered. A condition called ropiness is oc
casionally seen in raw milk held at cool temperatures 
for several days because ot the production of a type 
ot slime by Alcali^enes riscolaclis. O ther bacteria in
cluding strains ot Lactolhnillus, .Micrococcus, Streptocoi- 
cus, and lischerichia can also produce a ropiness. 1 lie 
production ot lipases, enzymes that attack fats, by 
several bacteria leads to mcreased levels ot short- 
chained latty acids such as butyric acid, giving oft- 
Havors and odors. I ’st uilomouas litt^i, P. tiuorescens. and 
Achromohacter species are frequent culprits tor these 
problems. Pasteurization temperatures destroy main
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kitten.i .mil tlicrmotolerant genera ol b.uteri.i take 
charge in spoilage, liihillus, Lactobacillus, l.actococcus, 
and Streptococcus species .ire most often encountered. 
Other dairy products such as butter, cheese, and yo
gurt also spoil but normally by microorganisms dif
ferent than those found fluid milk. Mutter can become 
putrid because of organisms such as Pseudomonas pit- 
tre/aciens or rancid because o f lipase production bv 
Pseudomonas species. Serratia nuirci'scais, and Achromo- 
b,tiler lipidis. Several types o f fungi may attack butter, 
rendering it spoiled. Cottage cheese can spoil by bac
teria including Pseudomonas, Alcaligenes, Proteus, and 
others that tend to cause a slimy curd, or by certain 
fungi such as Ceotriclnmi candiduiu and Peiticillium spe
cies. Other cheeses such as chcddar and colby may 
undergo gaseous spoilage by the sporcformers Bacillus 
and Clostridium which produce carbon dioxide. Gas 
production can also occur because o f the growth o f 
coliforms and yeasts in these types o f cheeses. |.SYc 
D a iu y  P r o c e s s in g  a n d  P r o d u c t s . |

Meats and seafood arc notorious for their rapid 
spoilage characteristics because ot the abundance o f 
nutritional factors they supply for microbial growth 
and their relatively neutral pi I. Unspoiled meats nor
mally contain an abundance o f bacteria representative 
ol the natural environment o f the animal or o f micro
organisms encountered in the processing environ
ment. Spoilage flora, however, tend to be more ho
mogeneous in nature, certain few species predominate 
depending on the type o f meat, the type o f storage, 
the antimicrobial treatments received, and the type 
ot packaging. For red meats, animal slaughter is fol
lowed by cooling ot the carcasses. It proper internal 
cooling is not achieved, species o f Entcrobacteriaccac 
and Clostridium perlriiigens can lead to spoilage. Prop
erly cooled meats normally spoil because o f surface 
bacteria. Fresh aerobically stored or packaged meats 
usually spoil because o f growth o f gram-negative 
pscudomonads. O ther genera such as Acinetohacter, 
Moraxella, Aeromonas, and Psyclnvhacter are prominent 
in fresh meats. Fresh meat bacterial spoilage is charac
terized by the production o f by-products, largely the 
diamines cadaverine and putrcscinc, from protein 
breakdown. Am monia, hydrogen sulfide, and indole 
are other odorous compounds produced. Oft-odors 
are generally evident when spoilage flora reach ap
proximately III per gram; slime production occurs 
ItIs per gram. When carcasses are aged in coolers 
for extended periods, mold can begin to grow 011 

surfaces. Minor, I'hamnidium,. and CLidosporimii are 
common fungal agents. [See M e a t  P r o c e s s i n g .!

Vacuum packaging ol meats drastically alters the 
spoilage flora leading to domination by lactobacilli 
and lirocliotlirix tlierniospliacta, although other flora in
cluding Senatia, Sliewanelhi, Lcucoiiostoc, and Yersinia 
can dominate in some instances. Spoilage usually be
comes evident at microbial levels of Id1' per gram. 
Processed meats such as bologna, sausage, and frank
furters usually spoil by bacteria and yeasts with char
acteristic greening, slime production, or souring. A 
majority o f these types o f spoilage are a result ot 
lactobacill.il and cnterococc.il growth. Cured meats 
undergo processes such as salting and smoking that 
restrict bacterial growth. Therefore, molds tend to 
be the major spoilage organisms tor products such as 
bacon and cured hams. Bacteria can, however, cause 
problems in such products leading to souring and gas 
production. 1 lams arc pumped with curing solutions 
that can carry bacteria into the interior of the meat. 
Sours can be caused by species ot Clostridium, Acineto- 
Inictei, Lactobacillus, Streptococcus, and others, whereas 
gassiness is usually caused by clostridia species.

Po u ltry  is m ostly spoiled by pscudom onads; genera 
such as Corynebaclerium, l-lavobacterium, Acinetobacter, 
and certain yeasts also play m ore m inor roles. Fresh 
fish spoils predom inantly as .1 result ot Pseudomonas, 
Moraxella, Achromobacter, and Aciiietolhtcter contam i
nation. The ratio o f  these particular bacterial popula
tions is largely influenced by the m icrob io log ical spe
cies present in the waters from  w hich  the fish arc 
harvested. |.SVc Po u i 1 k y  P r o c e s s in g  a n d  P ro d iic is .  |

M any other types or categories ot foods have dif
fering etiologic agents ot spoilage. Ja y  ( IW 2 ) provides 
extensive coverage ot spoilage phenomena ol most 
food groups.

V. Foodborne Illness

There is uncertainty about the actual number o f food- 
related incidences o f illness in the United States. This 
is even more true throughout the world, because in 
many instances sanitation problems, lack ot inspec
tion. and improper handling ot foods occur at high 
frequency. In the United States, the Food and Drug 
Administration has estimated the annual incidence of 
foodborne disease to be between 25 and Ml million 
cases, costing as much as H.4 billion dollars. It is 
believed that as many as half o f all diarrheal incidences 
in the United States can be attributed to consumption 
o f contaminated foods. A ll these figures are merely 
estimates by the Centers for Disease Control and Pre
vention 111 Atlanta, Georgia, or by other scientific
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groups, since many of the illnesses go unreported 
because the brief and relatively mild symptoms re
semble the Hu or a stomach virus, and no professional 
medical attention is sought.

Figures seem to estimate that foodborne diseases 
are on the increase. M any reasons can be hypothesized 
tor these increases. Probably the primary contributing 
factors are our heightened awareness o f the problem, 
improved methodologies for isolation and identifica
tion of disease agents, and better reporting and epide
miological strategies. The evolution o f different and 
more resistant strains of pathogens also seems to be 
occurring. This has been documented with incidences 
involving Salmonella and other pathogens. The popu
lation and its eating habits have undergone a tremen
dous metamorphosis during the last few decades. In
dividuals tend to live longer today than they did 10 
years ago and, w ith this increased longevity, comes 
decreased immunity. I )iseases such as A ID S  and other 
illnesses that result 111 poorly functioning immune 
systems render individuals much more susceptible to 
foodborne disease organisms. Infectious doses ot 
pathogens tor this segment of the population are sub
stantially lower than infectious doses for healthy indi
viduals. A vast majority o f foodborne disease out
breaks occur because ot improper handling and 
preparation at the point o f consumption. Most of the 
time, this is a result of improper cooking or storage 
of foods or is caused by cross-contamination after 
proper preparation. As life-styles change, more peo
ple are regularly eating at restaurants, which have a 
history of causing larger illness outbreaks because ot 
the numbers ot people eating from the same prepared 
dish. Another likely factor is the trend for "natural " 
foods that contain 110 preservatives or that are pro
duced through the use o f organic farming methods. 
N o  preservatives means no antimicrobial additives, 
and bacteria may be able to perpetuate at a higher 
rate. Organic farming uses 110 chemical pesticides or 
fertilizers and relies 011 natural methods such as ma
nure or sludge fertilization, both o f which have a 
natural propensity to harbor organisms that are patho
genic to humans.

Microbial foodborne poisoning is a result ot ingest
ing a food containing a preformed chemical toxin 
produced during prior microbial growth 111 the prod
uct or ot ingesting the live microorganisms contained 
m the food, with subsequent growth within the bode. 
These types ot tood poisoning are called intoxications 
and infections, respectively. A brief discussion of 
some of the more common microorganisms involved 
111 human disease w ill be provided. However, the

author suggests reference to Ja y  (1992) and Jones 
(1992) for more detailed presentations.

A. Foodborne Intoxications

Foodborne intoxications result trom ingestion of exo
toxins formed in foods by growth and metabolism 
of specific types ot microorganisms. Exotoxins refer 
to toxins that are excreted by particular organisms 
into their environment without requiring the rupture 
o f the cell itself. Most ot these toxins are proteins 
produced by gram-positive bacteria. One o f the most 
frequent ot all foodborne illnesses is .S’, aureus food 
poisoning. This facultatively anaerobic bacterium is 
common 111 the environment and is often found oil 
human hair and skin or 111 the nasal passage. Introduc
tion of this bacterium into foods occurs easily bv 
infected food handlers during preparation. Most out
breaks occur during the period from June to Decem
ber when picnics, church and club socials, and other 
warm-weather group events are held. Delis, school 
cafeterias, and restaurants are frequently implicated 
in outbreaks. Staphylococcus aureus and other strains 
produce heat-stable enterotoxins (seven distinct types 
have been observed) that react with the intestinal lin
ing, causing violent gastroenteric symptoms includ
ing a very rapid onset (usually within 4 hr; ranges 
from 1 to 6 hr), nausea, sweating, headache, vom
iting, severe stomach cramping, and prostration. A 
drop in body temperature can occur. Symptoms can 
persist for up to 72 hr, but death is a rare occurrence. 
Estimations m the United States suggest over 1.5 
million cases occur annually. Foods most likely to 
be contaminated are those ot animal origin or those 
extensively handled by humans. Meats and meat sal
ads. cream-filled pastries, lunch meats, poultry and 
egg products, and potato salads are most often impli
cated in disease outbreaks. Note that cooking is not 
a means ot ensuring food safety regarding staphylo
coccal tood poisoning. If the organism has been af
forded the opportunity to grow and produce toxin 
prior to heating, high temperatures w ill kill all live 
staphylococci but the toxin w ill not be destroyed. 
Analysis of suspected foods may reveal 110 Staphylococ
cus bacteria, and only methods designed to detect the 
toxin itself are applicable. Proper holding tempera
tures for both raw and cooked product, accompanied 
bv good personal and kitchen hygiene, are the most 
effective ways to prevent this kind ot poisoning.

Botulism invokes a sense ot tear 111 almost all 
knowledgeable people. T his is the most severe of all 
food poisonings and is caused by the gram-positive.
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anaerobic. sporetorming bacterium Clostridium botttli- 
mtm. I lie disease was first recognized as long ago as 
1793 m Germ any; however, other diseases docu
mented over 1000 years ago were likely to be botu
lism. T Ins microbe produces the most toxic biological 
substance known; 1 oz pure toxin is capable ot killing 
200 million people. These neurotoxins are polypep
tides produced within the C. hotiilimmi cell and re
leased by autolysis o f the cells. Eight toxin types can 
be encountered; toxins A. 13, and E are most im
portant in foods. M any of today’s food preservation 
principles are established to ensure against the growth 
and toxin formation o f C. botuliiniin, including the 
addition ot nitrate to meats, the time and temperature 
combinations mandated tor canning, and the acidifi
cation of some foods. Generally stated, toxin produc
tion does not occur under pH conditions less than 
4.6; however, certain conditions such as the growth 
of mold in tomato juice have been demonstrated to 
allow toxin production at lower pH values. Substan
tially more botulism cases occurred in the past because 
ot the popularity o f  home canning. Today there are 
usually fewer than 50 reported cases annually in the 
United States. Concern in the food industry arises in 
products that are vacuum packaged, salted and/or 
smoked (e.g., smoked fish), packaged using modified 
atmospheres, and previously heated followed by 
packaging in air-tight containers. These processes of
ten eliminate competing microflora and. with anaero
bic iir semi-anaerobic conditions, can allow clostridial 
growth. After ingestion ot foods containing the botu
lism toxin, symptoms will occur in 10-72 hr and 
are manifested as nausea, vomiting, dizziness, and 
headache initially. The severity ot symptoms pro
ceeds to dryness of mouth and throat, constipation, 
muscle paralysis, double vision, and respiratory fail
ure (ultimately death if  untreated). A mortality rate 
trom 30 to 65%  is not unusual. Foods, especially those 
processed, containing high moisture contents and 
stored under anaerobic conditions should be o f con
cern to producers and consumers. Luckily, thorough 
cooking does destroy the toxin. Refrigeration o f foods 
is not a complete safeguard against C  botiiliintm since 
some strains can grow at 3.3°C. Infant botulism is a 
condition that occurs when ail infant ingests spores 
o f C. botitlitiuni that germinate m the intestinal tract 
and produce toxin. T his can be a severe disease leading 
to infant death. Products such as honey and syrup 
should not be given to infants under 1 yr o f age since 
these products often contain these environmental 
spores.

Several molds produce toxins (mycotoxins) that are 
ot importance in food products. O f most concern 
are the aHatoxins produced by Aspergillus liants. .1. 
parasiticus, and .4. iiomiuus; these are considered proba
ble human carcinogens. AHatoxins demonstrate ex
treme toxicity in laboratory animals; liver cancer is a 
common outcome ot chronic ingestion. Aflatoxin is 
highlv regulated in the United States. Action levels 
are set at 0.5 ppb in milk and 2(1 ppb in other human 
foods. Feed for animals is also regulated. Other m yco
toxins include fumonisins (Fiisarium monili tonne), 
zearalenonc (l-iisarium species), trichothecenes (h'u- 
sarimii. Triiliodernia. and others), ochratoxins (Asper
gillus and others), citrinin (JY nicillinm cilrinum and P. 
virdicatum). and patulin (Penicilliimi and Aspergillus 
species).

B. Foodborne Infections

M any o f the most familiar types ot food poisoning 
are termed infections and require the actual ingestion 
ot live organisms. 1 )cpending on the specific pathogen 
and the susceptibility o f the individual, the infectious 
dose required to initiate illness can be as few as 10 
organisms to more than 1 million. M any o f these 
infectious agents are gram-negative bacteria that pro
duce illness by producing endotoxins that are released 
on cell lysis. The endotoxin acts as an exogenous 
pyrogen that ultimately causes fever in the infected 
host. O n lv  a brief coverage ot these infectious bacteria 
w ill be attempted. Readers are again referred to Ja y  
(1992) and Jones (1992) tor excellent detailed discus
sions ot particular organisms.

Listeria monocytogenes is a gram-positive rod-shaped 
bacterium ot' great concern in foods because ot its 
possible disease manifestations in certain population 
segments. The majority o f individuals would only 
exhibit Hu-like symptoms with L. monocytogenes infec
tion; however, severe conditions such as meningitis, 
abortion, and stillbirth can occur. Cheeses and other 
dairy products have com monly been implicated, espe
cially unpasteurized products, as have various meat 
products and raw vegetables. At present in the United 
States, there is a zero tolerance for this organism m 
cooked products. An important characteristic ot this 
pathogen is its ability to grow  at refrigeration temper
atures. Proper cooking w ill destroy monocytogenes 
and is the critical factor for safety assurance. It would 
be wise for women to abstain from eating raw vegeta
bles. soft-type cheeses, and uncooked processed meats 
during pregnancy.
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SiihiHiiiclhi is a common cause oftoodborne illness: 
estimates exceed 2 million annual cases at a cost of 
approximately 1.5 million dollars in the United 
States. O ver 2000 pathogenic serotypes o f this gram- 
negative bacterium exist. Symptoms are typified by 
general gastroenteritis within 12-24 hr o f ingestion. 
The infective dose varies (1-10 million cells); how 
ever, the very young and elderly or immunosup- 
pressed persons are much more susceptible, contrib
uting to as many as 2000 deaths annually. The 
organism is associated with almost all animal prod
ucts, but meats and poultry are o f most concern.
I lowevcr, many other products including apple cider, 
chocolate, and melons have been implicated in illness.

Concern tor two very important gram-negative 
bacteria has continued to increase m recent years. 
Ci»»/))'/c)/)ii(7fr jejuni is now considered to be the most 
common cause ot gastroenteritis requiring medical 
treatment, with an estimated annual incidence o f over
4 million and a cost ot up to I billion dollars. Poultry, 
meat, and raw milk products are the usual culprits of 
infection. Symptoms ot gastroenteritis occur m 2-5 
days. Severe diarrhea, often containing blood, is char
acteristic of the disease. A common occurrence is the 
infection ot school children taking field trips to local 
dairy farms and consuming unpasteurized milk. /;.«//- 
crichiit toli is ot great concern at present. Media atten
tion focused on disease outbreaks occurring in 1992 
and 1993 from undercooked contaminated meats has 
forced the Food Safety and Inspection Service o f the 
Department o f Agriculture to re-evaluate the entire 
meat inspection system, l his uproar was brought 
about by a specific strain, h. coli 0157:117. which 
produces a cytotoxin that leads to hemorrhagic colitis 
or, more severely, hemolytic uremic syndrome and 
thrombocytopenic purpurea. Foods o f animal origin 
are most suspect for the 0157:H7 strain: however, 
apple cider and contaminated water have also caused 
outbreaks. Ground meat products are implicated with 
the highest frequency: proper cooking (to 157°F inter
nally) is the major safety measure. M any other strains 
of Li. coli have been associated with disease and are 
classified as enteropathogcnic. enterotoxigenic, en- 
tcroinvasivc. or enterohemorrhagic. In countries with 
poor sanitation programs, li. ro/i-produced diarrhea 
is a major cause o f mortality.

I his discussion has m no wav covered all bacteria 
ot concern m food product*. Other prominent agents 
ot toodborne illness include liiuilh<< c a m s .  ptr- 
Ji iin’ins. .S/n'i’W/ii, Acronioihis liyiiiophila. I ihi io cliolci ac,
I i'iii\ilithinolytia<s. and V. aitavcoliticii. Other bacte
ria such as Plcsiomoinis shif’clloitics, (iitrolhiclci, fintcro-

luutiv. 1‘ivi’iiiauiii, and pathogenic streptococci may 
prove to be more common causes ot toodborne dis
ease than previously believed. We cannot forget vi
ruses, which have onlv recently been receiving their 
deserved attention as toodborne problems. Hepatitis 
A. Norwalk virus, polio virus, and enteroviruses are 
among those associated with foods and often originate 
from infected food preparers or foods from contami
nated environments (such as oysters). O ther forms 
ot toodborne disease such as histamine poisoning and 
illness from certain fish toxins are sometimes encoun
tered.

VI. Food Preservation and Processing

Practically every form of tood undergoes some type 
of preservation practice, it nothing more than simple 
w ashing or refrigeration. Certain preservation princi
ples are ancient and include drying, salting, fermenta
tions, and snow-packing. M any ot these ancient tech
nologies remain in practice, although in most cases 
conditions are highly optimized to better ensure 
proper results. Consumers have grown to expect 
foods to be available throughout the Near, to have 
reasonably long shell lives, and to be pathogen tree. 
In many foods and beverages, chemical preservatives 
are added to prevent or delay bacterial or fungal 
growth. Most of these substances are considered by 
law as food additives and arc highly regulated under 
the food Additives Amendment (1958) to the Food, 
Drug, and Cosmetic Act of 1938. Salt, nitrite, sulfite, 
and numerous organic acids find common use as anti
microbial agents: however, many other compounds 
are also used (see discussion by Brancn ct al., 1990). 
These chemicals, along with chemicals used for other 
functional purposes, are continually scrutinized for 
their effects on human health and on their effective
ness in specific food-dictated situations against certain 
organisms. Generally, antimicrobials are either cidal 
to specific organisms or extend the lag phase of 
growth. |See F o o d  P r e s e r v a t i v e s .!

Packaging is a critical element in tood preservation. 
Many products are packaged to eliminate certain bac
terial groups such as aerobes. Aseptic packaging is a 
revolutionary method of processing that heats prod
uct, usually liquid or pureed, to high temperatures 
and subsequently cools it and tills it into piescerilizcd 
containers. This is onlv one ot several techniques uti
lizing hear to destroy bacteria. Retorting is the term 
for commercial canning that eliminates all vegetative 
bacterial cells, providing a commercially sterile prod-
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net. I licsc processes .in.- defined in terms ot I ) value, 
which is the time required at a specific temperature 
tn destroy 91)",, ot bacteria present. For canning pro
cesses for low acid foods (pi I > 4.(>). a 12-1) process 
is mandated to ensure that the minimum heat process 
will reduce the probability ot survival of C. bolulintmi 
spores to I m Id IJ. Pasteurization is a process used 
tor many products that is designed to eliminate patho
genic organisms while reducing levels of spoilage 
Hora. M ilk is the most commonly pasteurized prod
uct; heating is to 63° C  tor 31) mm or to 72°C tor 
15 sec (high temperature, short time. I LI ST). Several 
other products are pasteurized, including juices, some 
meats, egg products, wines, and beer.

Numerous other methods o f preservation are uti
lized. Some ot these are becoming much more sophis
ticated. For example, genetic engineering o f products 
has allowed them to resist disease, stay firmer during 
processing and storage, or resist molding in the field 
or in storage. Biocontrol ot spoilage is gaining popu
larity. 1 lie use ot competitive exclusion in poultry- 
growing operations to out-competc pathogenic or
ganisms is an example. Also, fermentations are a form 
ot biocontrol since the use ot specific cultures and their 
metabolites restricts manv spoilage and pathogenic 
species. Furthermore, many organisms such as lactic 
acid-producing cultures produce natural antimicrobi
als such as bacteriocins that have specific antagonistic 
properties. Food irradiation has been a controversial 
topic tor some 40 years; however, vast amounts of 
research data indicating its safety are leading to the 
irradiation of more products to control spoilage and 
pathogens. Irradiation is approved for numerous 
products in 37 countries. Just recently, the process 
was approved for fresh poultry products in the United 
States. |S e c  F o o d  I r r a d i a t i o n .  |

VII. Other Important Aspects and 
the Future

I bis briet overview  o f the very integrated and com
plex science ot tood microbiology is not meant to be 
all inclusive, f ermentations and biotechnology in the 
tood industry are themselves exciting and innovative 
disciplines, as are the closely related topics o f pro
cessing plant sanitation and quality control. T he gov 
ernment is becoming increasingly involved 'ii to >d 
safety; programs such as Hazard Analysis and Critical

( iontrol Points (I IA C (. T') w ill undoubtedly continue 
to improve the safctv ot American toods and imported 
foods. A critical issue, especially tor ensuring the 
safety o f meat products, is the continued development 
ot improved methodologies tor the isolation ot spe
cific pathogens ot concern. During the past decade, 
technologies such as enzyme-linked immunosorbent 
assay (F L IS A ) tests and D N A  probing have revolu
tionized microbiological detection ot pathogens trom 
foods. 1 lowever, an abundance ot work remains to 
develop methodologies such as those needed tor 
I IA C C P  programs that provide definitive answers 
specifically, accurately, economically, and in a short 
time. In food microbiology, it seems that when one 
problem is answered, another surfaces. This is con
stantly occurring with so-called "em erging'' patho
gens such as Ii. ivli 0157:117. only realized as a patho
gen since 1982, and with the development ot new 
processing technologies such as the sons vide process 
in Europe. Without doubt, the roles ot tood m icrobi
ologists will continue to expand. (See Pi a n  I B io t lc ii-  
n o h h . y :  F o o d  Sa 11 i v  a n d  E n  v i k o n m l n t a i  Issuts. |
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Food Packaging
AARON L. BRODY, RubbrighfBrody, Inc.

I. Introduction
II. Packaging Requirements of Specific Foods
III. Fresh Foods
IV. Fresh Fruit and Vegetables
V. Minimally Processed Food
VI. Fully Processed Foods
VII. Packaging Materials and Processes
VIII. Metal Cans

IX. Glass Packaging
X. Plastic Packaging
XI. Flexible Packaging
XII. Rigid Containers

Glossary

B lo w  m o ld in g  Process ot extruding a thermoplastic 
into a tubular shape followed by injection ot pressur
ized air to expand the still hot plastic tube to conform 
to the shape ot an external mold which is in the form 
o f a bottle or jar
C artons Three-dimensional package structures usu
ally manufactured from paperboard; sometimes used 
to describe three-dimensional package structures 
made trom corrugated tiberboard 
C o rru g a te d  fiberboard Three layers o f paper con
sisting ot two outer flat liner sheets connected by 
fluted internal medium sheet at the peaks o f the flutes; 
provides a structure with impact and vertical stacking 
strength
E x tru s io n  Process o f melting thermoplastic materi
als and forcing them by pressure through a die to 
form film, sheeting, or a three-dimensional package 
such as a bottle
F le x o g ra p h ic  printing Printing process in which 
ink in a solvent base is placed on top o f elevations in 
rubber or rubberlike materials on cylinders; the ink 
is transferred from the peaks to the substrate as the 
cylinder rotates

F o rm /fill /seal  Packaging machines which begin 
with roll stock flexible packaging materials which 
unwind and are drawn around a device which forms 
them into a tube; simultaneously, a seal is made along 
the longitudinal edge and product is introduced into 
the tube and transverse seals are made at the ends to 
complete the package
H o t  filling Food preservation process in which high- 
acid (i.e., pH <4.6) food is heated to temperatures 
o f up to 95°C to destroy most microorganisms, and 
is filled into heat-resistant packages where the hot 
fluid food destroys most microorganisms 011 the pack
age interior; cooling ot the sealed package leads to 
condensation o f the steam and creation ot a partial 
vacuum
Injection m o ld in g  Plastic-forming process in 
which hot fluid thermoplastic material is forced by 
pressure into matched metal molds which are cooled 
to set the plastic after it has been fully injected 
Kraft paper Paper manufactured from virgin pulp 
derived directly from trees by sulfate process; usually 
a strong paper as implied by the name Kraft, the 
German word for strong
O rientation Process o f stretching thermoplastic 
film or sheet to align the polymer molecules thus 
enhancing the tensile strength and impact resistance 
o f the resulting material; uniaxial orientation is 
stretching 111 one direction only and biaxial involves 
stretching in two directions to further improve physi
cal properties; orientation is also applied to improve 
the physical properties ot plastic bottles 
Pearlized Films such as oriented polypropylene 
whose continuity has been interrupted by voids or 
cavities thus imparting a pearllike appearance as well 
ar, ether properties
R o to g rav u re  printing Printing process in which 
ink in a solvent base is drawn into recesses in a cylinder 
and released from these tiny cavities onto the substrate 
to be printed as the cylinder rotates
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Shrink film bundling Enclosing .t product or pack- 
au;c in a thermoplastic film .uul applying lie.it to the 
him to shrink the film tightly to the contents 
Strctch  film bundling Wrapping a product or 
group ot packages with a plastic film capable of 
stretching during the wrapping and adhering to itself 
so that it ties the contents together in much the same 
manner as a rubber band
T entering  Transverse stretching ot plastic film to 
impart cross-directional orientation to toughen the 
film, making it more resistant to tearing and slightly 
improving its barrier properties
T h e rm o fo rm in g  Process ot forming plastic cups, 
tubs, and trays by heating thermoplastics to their soft
ening point and then forcing them into open molds 
by vacuum or pressure or both and then cooling the 
mold to set the plastic

F o o d  packaging has a primary function ot protecting 
the contents against physical damage, losses ot volatile 
constituents, and biological deterioration, and sec
ondarily to facilitate distribution ot the product trom 
the source to the consumer. It should also identify and 
assist in the marketing ot the product. food packaging 
must perform these functions at minimum total sys
tem cost because the package itself usually has rela
tively little intrinsic value to the consumer.

I. Introduction

Packaging assists product preservation bv reducing 
infestation, contamination, and recoiitamination. and 
thus spoilage; resists pilferage and tampering; makes 
economical use ot distribution space; and conserves 
labor 111 both distribution and marketing. Packaging 
fosters effective marketing o f the food through our 
current dominant self-service retailing channels. [NiV 
Foon M a r k e t in g  S y s t e m s . |

The term packaging deals not onlv with the materi
als in contact w ith the product which serve as the 
“ primary "  barrier but also with secondary and unitiz
ing distribution packages, structure, equipment and 
staffing to marry the package to the tood. end-use, 
total costs, and the ultimate disposal ot the spent ma
terial.

1 he food’s physical and chemical i har.icteristics de
termine the protection required ro slow or prevent 
its quality loss and/or deterioration. 1 he distribution 
system influences the product's qualm and therefore 
imposes requirements tor its protection, fo  he effec

tive 111 its distribution function, the food package also 
must be attractive, convenient, and identifiable to the 
consumer. Total systems economics including mate
rials. labor, and damage loss together must be low. 
Equipment tor integrating the package material and 
the tood must be available, efficient, and in total, 
economic. N ow , food packagers must consider 
overtly the disposal o f the food package after use by 
the consumer.

fo  comprehend the protection function, the deteri
orative mechanisms must be comprehended. Food 
deteriorates by means ot biochemical, enzymatic, mi
crobiological, and physical mechanisms. The bio
chemical vector is the result ot interactions ot inherent 
tood chemicals because ot their proximity and reactiv
ity with each other, and is usually only by temperature 
reduction and/or by oxygen or water vapor access 
reduction. Enzymatic changes are biochemical actions 
catalyzed by naturally occurring enzymes, and are 
difficult to alter by packaging. M icrobiological deteri
orations. i.e., trom yeasts, molds, and bacteria, are the 
most common tood spoilage vectors due to naturalh 
present entities, and can, in extreme circumstances, 
be ot public health concern. Thus, microbiological 
control is a packaging function. 111 part. [.Sir F o o d  
M i c k o h i o i  o c y . |

Physical changes are usually due to gain or loss ot 
water and damage arising from impact, stress, etc. 
Elevated water activity in dry tood increases the rate 
ot internal biochemical reactions and so water must 
be kept trom such foods. In foods with high water 
contents such as tresh leafy vegetables, water loss 
radically changes the physical characteristics; excess 
gam ot moisture can lead to favorable conditions for 
microbiological growth. In a physical sense, one key 
function of food packaging is to ensure against gain 
or loss o f water. M any biochemical activities are in
creased by oxygen in the air, and so air exclusion is 
yet another packaging function.

Most deteriorative reactions are accelerated by in
creasing temperatures, a variable not usually directly 
mediated bv packaging, |S ir  Foon P r k s e n v a  rivrs. |

II. Packaging Requirements 
of Specific Foods

fresh tood products include meats such as beet, pork, 
and poultry; vegetables, and fruits that are unpro
cessed or limited to trimming and cleaning. Fresh 
or minim ally processed foods should be consumed
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rapidly after harvest, catch, or kill, and thus should 
be handled in a manner to retard quality loss and 
spoilage which is relatively rapid at ambient tempera
ture, and slowed by temperature reduction.

Com m ercially, fresh meats and fish are chilled rap
idly to below 50°F (10°C) before or after packaging 
or both. Most fresh vegetables and fruits, except for 
those injured by chilling, are reduced in temperature 
to below 40°F (4.4°C) by exposure to cold air. water, 
or ice.

M in im ally  processed foods include those which 
have been altered in a minor way to facilitate their 
distribution or use and to help retard quality losses, 
but which are still subject to rapid quality loss if  not 
carefully handled. Most dairy products for example 
must be refrigerated after the mild heat o f thermal 
pasteurization; salt and nitrite cured meats also must 
be kept cold after processing to ensure against micro
bial growth, because neither product segment is sterile 
or necessarily tree Of enzymatic activity.

Processed foods arc those which have received in
tensive thermodynamic action intended to achieve 
long-term shelf life without microbiological deterio
ration at room temperature, and include almost all 
canned, frozen, and dried foods.

III. Fresh Foods

A. Meat

Fresh meats include beet, lamb, veal, pork, poultry, 
and fish, all of which arc highly susceptible to micro
biological. enzymatic, and physical deteriorative 
changes,

1. Beef and Pork
The main objectives of red meat preservation are to 

retard microbiological spoilage, enzymatic changes, 
and weight loss through evaporation, and to deliver 
red color at consumer level.

In distribution, after cutting, beef and much pork 
are usually packaged under reduced oxygen/tempera
ture conditions in high oxygen/water vapor-barrier 
flexible materials to retard moisture loss and microbi
ological growth. Fresh meats are distributed to retail 
at temperatures below 50°F (1 ()°C ) to retard microbio
logical growth. The natural color o f meat pigment is 
purple while the bright red color o f the freshly cut 
meat is an oxygenated oxvmvoglobin. At retail level, 
exposure to oxygen trom air restores the consumer- 
desired bright red oxvmyoglobin color. Oxygen-

permeable flexible packaging such as plasticized 
polyvinyl chloride (P V C ) film overwraps employed 
at retail permits oxygen into the package to generate 
the bright red color while retarding the loss o f 
moisture.

2. Poultry
Poultry is susceptible to microbiological deteriora

tion and is also a substrate tor the growth of poten
tially pathogenic Siilnuvwlla microorganisms. It is 
therefore essential that temperature be reduced as rap
idly as possible after slaughter. Packaging at plant 
level m the United States is m bulk low-density poly
ethylene or plasticized P V C  films which retard mois
ture loss. The poultry is then often further master 
packed in polyolefm film bags as secondary packag
ing. Sometimes vacuum is drawn and/or carbon di
oxide is added to further retard microbiological and 
oxidative enzymatic spoilage.

3. Fish
Fish, which is usually contaminated w ith microor

ganisms, is packaged to retard water loss but not 
microbial growth. Package material tor frozen fish, 
a common distribution method, generally is low 
moisture permeability to permit long-term distribu
tion without freezer burn, i.e., surface desiccation. 
Polyethylene-coated paperboard cartons and mois
ture barrier flexible films such .is polyethylene usually 
are employed to package frozen fish.

IV. Fresh Fruit and Vegetables

The major deteriorative vector for fresh fruit and veg
etables is enzymatic. Nevertheless, fresh produce suf
fers from the presence ot microorganisms on the sur
face. Physical damage to the produce can provide 
channels through which the microorganisms can enter 
to initiate microbiological spoilage which is increased 
by the normal enzymatic activity of the tissues. |,SVe 
P o st  h a r v e s t  P h y s i o l o g y .. )

Fresh produce packaging is often in bulk in a variety 
o f traditional wood crates and corrugated fiberboard 
cases waxed to protect both the fiberboard and the 
produce from moisture gain. Bulk product is often 
repackaged at retail level in gas-permeable flexible 
materials such as P V C . Increasingly, cut produce is 
factory packaged in polyolefm film to generate inter
nal modified atmosphere to extend chilled shelf life.



FOOD PACKAGING
330 --------------------------------------

V. Minimally Processed Food

M inim ally processed food products are subject to mi
crobiological spoilage and so still require refrigeration 
in distribution.

A. Cured Meats

Ham, bacon, frankfurter, etc., are cured with salt and 
nitrite to reduce their water activity and to suppress 
microbiological growth even under refrigeration. 
Cured meats have refrigerated shelf lives measured 
in weeks in an absence o f oxygen. Most cured meats 
are packaged under reduced oxygen on thermoform/ 
vacuum/gas flush/seal equipment, usually using high 
oxygen-barrier nylon-based package materials, and 
distributed under refrigeration. Some nitrite cured 
meats are packaged in gas-barrier film under nitrogen 
after oxygen removal to avoid the pressure o f vacuum 
packaging. The reduced oxygen which is maintained 
by the gas-barrier packaging also reduces deteriora
tive oxidative reactions such as lipid rancidity.

B. Dairy Products

I leat pasteurization destroys disease microorganisms 
in dairy products, but not necessarily all o f the micro
organisms that could cause spoilage, and so pasteur
ized dairy products arc almost always distributed 
under refrigeration unless they undergo further pro
cessing such as conversion to cured cheese. | See D a ir y  
P r o c e s s in g  a n d  P r o d u c t s .)

Extrusion blow-molded high-density polyethylene 
bottles or polyethylene-coated paperboard gable top 
cartons are usually used for packaging and distribut
ing pasteurized fluid milk in the United States. In 
Canada, flexible pouches made from medium density 
polyethylene are used for fluid milk packaging.

In aseptic packaging, the milk is thermally sterilized 
in heat exchangers and packaged under sterile condi
tions in high gas/water vapor-barrier paperboard/ 
aluminum foil/plastic laminations or all plastic gas/ 
water vapor package materials which are sterilized by 
chemical means independently. The two components 
meet in a sterile environment where the package is 
filled with the product and hermetically sealed to pro
duce a packaged sterile milk which may be distributed 
at ambient temperature without microbiological dete
rioration.

Cheeses are microbiologicallv fermented milk 
products which are subject to further microbiological

deterioration it not packaged and distributed prop
erly. Cheese products are maintained under refrigera
tion in hermetically closed flexible gas/moisture- 
barrier plastic, or polystyrene or polypropylene cups 
or tubs or trays. Much cured cheese is packaged under 
nitrogen or nitrogen/carbon dioxide to help retard 
oxidative spoilage.

Ice cream is usually milk fat plus sugar and is not 
subject to microbiological deterioration because the 
below-freezing-point distribution and use tempera
tures are too low tor microbiological growth. Ice 
cream packaging is generally minimal: polyethylene 
extrusion-coated paperboard cartons, polyethylene- 
coated paper (for novelties), molded polystyrene or 
high-density polyethylene tubs or, tor bulk, spiral 
wound composite polyethvlene-coated paperboard 
tubs or cartons.

VI. Fully Processed Foods

Processed foods are those treated and packaged so that 
their ambient temperature shelf lives can be indefinite 
trom a microbiological standpoint, although bio
chemical changes can lim it high-quality retention pe
riods.

A. Canned Foods

Canning extends shelf life by imparting thermal en
ergy to destroy microorganisms and enzymes. Steril
ity is maintained by hermetic sealing in gas- and 
moisture-impermeable packaging such as metal cans 
or glass jars that preclude recontamination. The re
sulting food is fully cooked as a result o f the thermal 
exposure. |See T h e r m a l  P r o c e s s i n g : C a n n in g  a n d  
P a s t e u r i z a t i o n . ]

Whether a metal can or glass jar is used as the 
package, air that can cause oxidative damage and in
ternal pressurization is removed. A ir removal, how 
ever, leads to an internal anaerobic condition which 
can permit the growth o f  pathogenic Clostridia m icro
organisms if  thev survive the heat process or enter 
by recontamination. The package is hermeticallv 
sealed and then heated, sometimes under pressures ot 
up to one atmosphere. The package must be able to 
withstand up to about 212°F (10()°C) temperature for 
high-acid products (< p H  4.(■>) and up to 2(>(i°F (127°C) 
tor low-acid products (> p H  4.6) which must receive 
added heat to destroy heat-resistant pathogenic m i
crobial spores such as Clostridia. The thermal process 
is calculated on the basis ot the time required for the
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most difficult-to-heat element ot the packaged food to 
achieve a time-temperature integral that w ill destroy 
( '.lo<hitli<i spores. After reaching that temperature, the 
package must be cooled rapidly to retard further cook
ing and consequent deterioration. To  achieve this 
heating cycle, the package is often subjected to pres
sure and pressure differentials as well as temperature 
which it must withstand.

Packages tor canned foods must exclude air, w ith
stand heat and pressure, and maintain their hermetic 
seals during processing and distribution.

Attempts have been made to thermally sterilize 
in gas-barrier flexible plastic or plastic composite 
pouches or trays: the flexible retort pouch, for exam
ple. has a higher surface-to-volume ratio o f aluminum 
toil lamination than a rigid metal can and employs a 
fusion heat seal rather than the mechanical closure o f 
the can or jar. Semi-rigid retort trays fabricated from 
gas-barrier plastic have higher surface-to-volume ra
tios than cylindrical cans and are generally heat-seal 
closed. Plastic cans intended tor heat sterilization and 
subsequent m icrowave reheating by consumers have 
bodies constructed trom multi-layer high oxygen- 
barrier plastic plus double-seam easy-open rigid alu
minum closures.

B. Frozen Foods

Freezing reduces the product temperature sufficiently 
that microbiological, enzymatic, and biochemical ac
tivities are essentially arrested. Whether the product is 
frozen inside or outside o f the package, most freezing 
processes use high-velocity cold air or liquid nitrogen 
to remove the heat from the bulk unpackaged product 
or from packaged product.

Individually quick frozen ( IQ F )  product (i.e.. prod
uct frozen outside the package) is packaged after freez
ing m polyethylene-coated paperboard cartons, or 
polyethylene film or polyethylene-coated paper 
pouches. Frozen foods are susceptible to freezer burn 
damage due to internal water loss from the ice Many 
prepared foods are packaged in m icrowavable packag
ing such as crystallized polyester trays or polyester- 
coated paperboard trays.

C. Dry Foods

Rem oving water from tood products markedly re
duces water activity and its subsequent biochemical 
activity, and thus also significantly reduces the poten
tial tor microbiological growth. |.SYr F o o d  D ihy-  
i >n.-\ i i o n . |

Dry products include those directly dried from liq
uid form such as instant coffee, tea, and milk or engi
neered mixes o f dried components. In the former, the 
liquid is spray, drum, or air-dried, or even treeze- 
dried, i.e., sublimation lvophilized. to remove water. 
Moisture can change physical and biological proper
ties. Engineered dry products include beverage mixes 
such as blends o f dry sugars, citric acid, color, flavor, 
etc.; and soup mixes which include dehydrated meat 
stock plus noodles, vegetables, meats, etc., which 
become a heterogeneous liquid 011 rehydration with 
hot water. Such products must be packaged in very 
moisture-resistant structures to ensure against water 
vapor entry which can damage the contents.

Products containing relatively high fat such as bak
ery or some soup mixes also must be packaged so 
that the fat does not interact w ith the packaging mate
rials and ultimately become oxidized from exposure 
to air. Flavoring mixes that contain seasonings and 
volatile flavoring components can unfavorably inter
act with interior polyolefin packaging materials to 
scalp or remove flavor from the product it improperly 
packaged. Packages for dry products must be hermet
ically sealed; for example, provide a total barrier 
against access by water vapor, and, tor products sus
ceptible to oxidation, also exclude oxygen after re
moval of air from the interior ot the package.

D. Lipid Products

Fats and oils may be classified as those with and those 
without water, (looking oils such as corn or canola
oil and hydrogenated vegetable shortenings contain
110 water and so are stable at ambient temperatures if 
properly treated otherwise to preclude rancidity.

Unsaturated lipids are susceptible to oxidative ran
cidity or the breaking o f fatty acid chains at double
bond sites to form hydroperoxides and ultimately 
short chain and usually odorous aldehydes and ke
tones. Oils are more subject to oxidative rancidity 
than fats, but both are usually sparged with and pack
aged under nitrogen to reduce oxygen. Hydrogenated 
vegetable shortenings generally whipped with nitro
gen are packaged under nitrogen 111 spiral wound 
composite paperboard cans to ensure against oxida
tive rancidity. Edible liquid oils are packaged 111 injec
tion blow-molded polyester bottles and extrusion 
blow-molded PVCl bottles usually under nitrogen.

Margarine and butter and analogous bread spread 
products consist of fat plus water and water-soluble 
ingredients which contribute flavor and color to the 
product. Often, these products are distributed at re-
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frigcratcd temperatures to assist in quality retention. 
Fat-resistant packaging such as polyethylene-coated 
paperboard, aluminum toil/paper laminations and 
parchment paper wraps, and polypropylene tubs arc- 
used to package butter, margarine, and similar bread 
spreads.

E. Cereal Products

D ry breakfast cereals generally are sufficiently low 
in water content to be susceptible to water vapor 
absorption and so require good moisture- as well 
as tat-barricr packaging. Further, packaging should 
retain the product flavors. Breakfast cereals are usually 
packaged in coextruded polyolefm films fabricated 
into pouches or bags inserted into or contained within 
printed paperboard carton outer shells. Sweetened ce
reals are packaged in aluminum foil or gas-barrier 
plastic films or laminations to retard water vapor and 
flavor transmission.

Soft bakery goods such as breads, cakes, and muf
fins are highly aerated structures and ire subject to 
dehydration and staling or internal starch hardening. 
In moist environments, baked goods are often subject 
to microbiological deterioration as a result o f surface 
growth ot mold and other microorganisms. To  retard 
water loss, good moisture barriers such as coextruded 
polyethylene film bags or polyethylene extrusion- 
coated paperboard cartons are used tor packaging.

Hard baked goods such as cookies and crackers 
generally have low water but high fat contents. Water, 
however, can be absorbed, so that the products can 
lose their desirable texture properties and become 
subject to oxidative or even hydrolytic rancidity. 
Package structures for cookies and crackers include 
fat- and moisture-resistant coextruded polyolefm film 
pouches within paperboard carton shells and tliermo- 
tormcd polystyrene trays overwrapped with polyeth
ylene or oriented polypropylene film. Soft chewy 
cookies are packaged in high moisture-barrier lamina
tions containing aluminum foil to improve the 
barrier.

F. Salty Snacks

Snacks include dry cereal or potato products such as 
potato and corn chips, and pretzels, and include 
roasted nuts, all o f which have low water and hign 
tat contents. Snack food packaging problems are often 
compounded by the presence ol flavorings such as 
salt, a catalyst tor lipid oxidation. Snacks are usually 
packaged in flexible pouches made from oriented

polvpropylcne or polyester to provide low moisture 
transmission and now sometimes metallized tor en
hanced barrier. Snack food producers depend on rapid 
and controlled product distribution to minimize fat 
oxidation. Some salty snacks are packaged under ni
trogen both in pouches and m rigid containers such 
as spiral wound paperboard composite cans to extend 
shelf life. Generally, light which catalyzes fat oxida
tion, harms snack products, and so opaque packaging 
is often employed.

G. Candy

Chocolate, a mixture ot tat and nonfat components 
such as sugar, is subject to slow flavor change. Ingre
dients such as nuts and caramel are susceptible to 
water content variation. Chocolates, which arc gener
ally shclt stable at ambient temperatures, are packaged 
in fat-resistant papers and moisture/tat barriers such 
as pearlized polypropylene film.

1 lard sugar candies are flavored amorphous sugars 
which are very hygroscopic because ot their ex
tremely low  moisture contents. Sugar candies are 
packaged in low-moisture-transmission packaging 
such as unmounted aluminum toil or oriented poly
propylene film.

H. Beverages

Beverages may be classified as still, carbonated, alco
holic, or nonalcoholic. 1 he largest quantity ot pack
aging in the United States is for beer and soft drinks, 
both o f which contain dissolved carbon dioxide which 
generates internal package pressure. Thus, the pack
age must be capable o f  withstanding the internal pres
sure o f carbon dioxide especially due to tempera
ture increases in distribution. Alum inum  cans and 
glass and polyester plastic bottles are the most com
monly used packages for beer and carbonated bev
erages.

Beer is more sensitive than other carbonated bever
ages to oxygen, loss o f carbon dioxide, external ott- 
flavors, and light. Most American beer is thermally 
pasteurized after closure. Thus, the internal pressure 
within the package can built! up to over 100 psi at 
14ivF (63°G). a usual pasteurization temperature. Beer 
and other carbonated beverages are generally pack
aged at very high speeds, often in excess ot 200!) units 
per minute, which means that the packages must be 
tree ot defects and dimcnsionally uniform.

Still beverages include water which requires very 
low odor packages, and fruit juice and drinks which
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usually require low o.xvgen packaging to reduce oxi
dative Havor and color deteriorations and hot tilling 
to reduce the microbiological population. Hot tilling 
at temperatures o f  about 1 Mll°F (9(I°C;) can generate 
reduced oxygen and reduced pressure which the pack
age must withstand.

VII. Packaging M aterials and Processes

Many different package materials and converting pro
cesses are needed to produce a broad range o f packag
ing to accommodate the wide variety of food packag
ing applications: paper, metal, glass, and plastic, in 
cans, bottles, pouches, trays, cups. etc.

A. Paper

Paper consists prim arily ot cellulose fibers most often 
derived from wood. The packaging properties o f pa
per, i.e., its strength, and mechanical properties, de
pend on the selection ot the fiber sources, their treat
ment. and the incorporation o f fillers and binding 
materials at the paper mill. Whatever physicochemical 
properties paper and paperboard possess, such as min
imum permeability to vapor and gases, fat resistance, 
etc., are derived from mill impregnation with addi
tives or plastic, surface coating, and/or laminating. 
Materials used to enhance paper barrier include plastic 
coatings with polyethylene and blended resins such 
as urea formaldehyde. Most packaging papers otter 
little more than protection from light and mechanical 
damage.

Paper may be converted into flexible packaging or 
as base structural material for construction o f semi
rigid containers. Flexible packaging applications in
clude multi-wall bags, pouches, and overwraps. 
Some ot the important types ot paper used for bag 
purposes include virgin Kraft or sulfate paper, 
greaseproof papers, and glassines. (ilassines are made 
o f Kraft paper fibers, highly supercalendered to de
liver smooth surfaces capable o f accepting coating and 
print, and to be fat resistant.

Semi-rigid paperboard containers are constructed 
from paperboard which is paper greater than 
().(l|(l in. (0.254 mm) in gauge (caliper) and include 
folding cartons, corrugated tiberboard cases, and spi
ral wound composite cans. M any paperboard cartons 
require the use ot inner liners or overwraps, made 
usually from coextruded plastic or aluminum foil lam
inations.

B. Folding Paperboard Cartons

Paperboard folding cartons are intended to protect 
food products from impact and crushing. Certain 
dense or easilv flowing drv products such as rice or 
pasta can be retained in position by the paperboard 
carton structure. Generally, folding paperboard car
tons by themselves are used to contain less than 3 lbs. 
of food. Paperboard tor packaging tood not in contact 
with the food contents may be made from recycled 
paper and paperboard. Such structures have an inte
rior virgin flexible material liner that prevents direct 
contact between the product and the recycled paper
board o f the carton and thus avoids potential food 
contamination.

Carton liners such as coextruded polyolefm film 
pouches help prevent loose product sitting and mois
ture migration. Polyethylene extrusion coatings cover 
the interior or exterior ot paperboard folding cartons 
it they are used to contain liquids as with heat-sealable 
gable top milk and juice and juice drink cartons. Plas
tic extrusion coatings can be used with paperboard 
cartons when higher levels o f water/moisture protec
tion are required.

C. Composite Paperboard Cans

Composite paperboard cans usually are either spiral 
or convolute wound paperboard or paperboard alu
minum foil-laminated bodies with seamed metal, me
chanically affixed paperboard, or heat-sealed flexible 
closures. The can usually has a printed paper label 
covering the entire body. Composite paperboard cans 
using aluminum foil interior are used for packaging 
refrigerated biscuit and cookie doughs, some salty 
snackfoods, juice concentrates, and hygroscopic dry 
powders. Convolute wound cans are used tor cocoa 
powder, roasted and ground coffee pouches, and candy.

D. Distribution Cases

Most food products in the United States are distrib
uted in corrugated tiberboard cases engineered to 
meet governmental regulation specifications. C orru 
gated tiberboard is the most w idely used material tor 
tertiary or distribution packaging. Printed, cut, and 
fabricated into boxes or trays, corrugated tiberboard 
forms the distribution protection entity.

Polyethylene shrink film wrapping of corrugated 
fibreboard trays is less common in the United States 
than m other countries. Equipment erects trays, fills 
the trays with primary packages such as cans. jars.
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or cartons, wraps the grouping in polyolefm shrink 
film, and heat shrinks the combination. Shrink film 
wrapping keeps primary and secondary packaging 
materials clean and dry.

V III. Metal Cans

Most cans are aluminum for beer and carbonated bev
erages. with two- and three-piece steel cans usually 
used for tood and still beverage packaging,

A. Two-Piece Cans

Almost all aluminum and some steel cans are two 
piece, i.e., a cylindrical body with a mechanically 
seamed closure.

Two-piece can manufacturing starts with a coil o f 
metal ted in to a cupping press, which forms the sheet 
into shallow cups which are fed into an ironing press, 
where successive rings draw the can body side wall. 
Interior coatings to protect both metals with the coat
ings are applied by a spray gun. After application, 
the cans are baked to remove the solvent and cure the 
coating.

B. Three-Piece Cans

Most steel cans, whether or not tin-plated, are three- 
piece. i.e., a body and two ends. For welded sidc- 
seam cans, sheets ot steel are coated, baked to cure 
the coatings, and slit into body blanks. The cut blanks 
are ted into the hodymaker and the blank is formed 
into a cylinder with the edges overlapped at the side 
seam and tack welded. The cylinder is then passed 
between electrodes which weld the edges together. 
Side-seam coating coverage is achieved by applying 
an epoxy material to both sides o f the hot side seam 
after welding. Residual heat from the weld fuses and 
cures the stripe coating.

At a Hanger, the top and bottom edges are curled 
outward to form the "flange.”  Roll or die-necking 
now reduce the can body diameter at the end to reduce 
end material use. When the Hanged or necked and 
flanged three-piece can bodies leave the Hanger after 
top coat spraying, they go to a double seamer. where 
one end is applied.

C. Protective Coatings

Interior can coatings limit interactions between cans 
and their tood contents. Exterior can coatings may

be used to provide protection against the environ
ment, or as decoration. Coatings are applied to the 
steel blanks in the flat before fabrication. Because ot 
the metal deformation with surface coating disrup
tions which occur 111 draw and ironing operations, 
such containers must be coated internally after fabri
cation.

Among the internal coatings tor food containers 
are oleoresinous, vinyl, acrylic, phenolic, and epoxy- 
phenolic materials. T w o  basic methods are used for 
the application ot protective coatings to metal con
tainers: roller coating and spraying. Roller coating is 
used if  physical contact is possible, i.e., for sheet and 
coil. Spraying techniques are used if physical contact 
is not possible, i.e., two-piece cans. Coatings are 
heated in a forced convection oven after application 
for solvent removal, oxidation, and/or polymer
ization.

More recently, polyester and polypropylene films 
have been laminated to base steel sheet to impart pro
tection to the metal ot two-piece drawn cans.

D. Environmental Aspects

More than two-thirds ot aluminum cans in the United 
States are returned trom the field for recycling into 
cans. Not only does recycling save on the mass ot 
materials, it also saves energy.

Because ot the wist quantities ot scrap steel available 
trom automobiles and appliances, recycling ot steel 
cans has been growing at a relatively modest rate. 
Nevertheless, up to 30%  o f steel cans are now re
turned from the waste stream into useful applications.

IX. G la ss Packaging

Class is silica sand, combined with sodium carbonate 
and calcium carbonate, with stabilizers such as alumi
num oxide. Glass is recyclable, and so ci.illet trom 
crushed glass is a part of almost every raw material 
batch.

Glass is virtually chemically inert and impermeable. 
Coatings protect the original high strength ot glass 
containers and retard strength deterioration. In hot 
end treatments in glass fabrication, newly formed hot 
bottles and ]ars are subjected to an atmosphere ot 
vaporized metallic compounds which react with the 
glass surface bv chemical bonding, resulting m a coat
ing which provides permanencv to the "cold end" 
treatment.
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Another protec tive coating applied after the cooling 
section ot the bottle or jar annealing lehr, usually at 
,i bottle temperature about 3<)• • F ( 149°C). is a pol veth- 
vlene emulsion. The purpose ot the second coating 
is to impart lubricity to the container surface to reduce 
abrasion and other strength-reducing surface damage 
from bottle-to-bottle or bottle-to-guide rail contact 
during normal handling.

The mixture of materials tor glass container manu
facture is prepared in unit batches. M ixing is critical 
since complete homogeneity ot the batch is necessary 
to produce quality glass. Gullet which must be ot the 
same color and basic composition as the glass to be 
melted is added to the batch. The cullet must also be 
tree ot contamination such as metal bottle caps, tramp 
metal, etc.

P i  ■css and blow operations are used to produce 
widc-mouth containers and in recent years, narrow 
neck containers including beer bottles. The difference 
between the press and blow operation and the blow 
and blow operations is that the parison is pressed to 
shape by a plunger that tills the complete void in the 
parison replacing the settle, blow, and counterblow 
operations. I'he rapid transfer ot heat and the mechan
ics of blowing the glass create both thermal and me
chanically stresses in the newly formed bottle. To 
relieve the stresses, the newly formed bottles undergo 
heat annealing processes.

X. Plastic Packaging

Most plastic packaging materials are thermoplastic,
i.e., reversible fluid at high temperatures and solid at 
ambient temperatures. Plastic materials may be modi
fied by copoiymeri/ation, blend additives, alloying, 
and/or surface treatment.

A. Low-Density Polyethylene (LDPE)

Slightly cloudy, with high tensile-strengtli and good 
moisture-barrier properties but high gas permeabil
ity. L D P E  film is employed tor shrink and stretch 
bundling and pallet wrapping, as drum and case liners 
tor bulk toods, and to package bread, fresh vegetables, 
and fruit, and stable food products. L D P E  may also 
be extrusion blow molded into soft-sided or squeeze 
bottles. More L D P E  plastic resin is used than am 
other tor tood packaging.

L D P E  density tor film ranges from <(l.(.)l) to ap
proximately (1.93 g/cm ’. To make film, the resin is 
melted in a heated hollow barrel and converted to

him by extruding through a circular or slot die. I ubu- 
lar film material is collapsed and slit into film ranging 
m gauge trom less than 0.25 to above (1,75 mm. Be
cause o f its extensibility. L I ) P E film is usually printed 
on central impression-dnun flexographic presses, but 
modern presses permit rotogravure printing.

B. Linear Low-Density Polyethylene (LLDPE)

Films from L L D P E  resins have 75%  higher tensile 
and 5(1% higher elongation-to-brcak strengths than 
films from L D P E  resins and a higher but broader 
heat-seal initiation temperature. Impact and puncture 
resistance are also improved but moisture and gas 
permeation properties are similar to those ot L D P E  
films.

Linear low-dcnsitv polyethylene films are used in 
many o f the same packaging applications as L D P E  
with thinner gauges.

C. High-Density Polyethylene (HDPE)

High-density polyethylene resins range in density 
from 0.93 to ( ) .%  g/cm '. H I )P E  films are more trans
lucent and suffer that L D P E  films, with moisture and 
gas permeabilities slightly higher than those of LI )P E .  
Softening and melting points are high, and they are 
not easily sealed on flexible packaging equipment.

1 ligh-densitv polyethylene film is produced by 
blown-film extrusion methods.

The most important packaging use tor H D P E ,  
however, is tor extrusion blow molding ot milk, w a
ter. etc., bottles.

High-densitv polyethylene coextrusions with eth
ylene vmvl acetate copolymer or lonomcr to deliver 
heat-seal properties are widely used as liners in paper
board food cartons.

D. Polypropylene (PP)

Polypropylene film may be produced as unoriented 
(G PP ) or oriented (O P P ) films. Because of poor cold- 
tempcraturc resistance and a very narrow, short, heat- 
seal temperature range, G P P  film is not w idely used 
for packaging. In film form, the material is a good 
heat sealant for packages that have high temperature 
requirements. Coextrusions ot P P / P E  and G P P  are 
used to separate sliced cheese produced by extruding 
directly on film. G.PP film is used as a transparent 
bag material, as twist wrap tor candy, and m other 
applications.
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Oriented polypropylene him (O l’ l’), .1 w idely used 
food package material, may be classified into heat- 
set and nonheat-set. blown and (entered, coextruded, 
and coated. Orientation improves the heat resistance 
and other physical properties, Biaxially oriented heat- 
set oriented polypropylene film (B O P P ) is used to 
wrap soft and dry bakery products, as lamination plies 
tor potato and corn chip pouches, and for packaging 
pastas and for numerous other pouch and wrapping 
applications. Nonheat-set O P P  is often used as .1 

transparent shrink-film overwrap for printed paper
board cartons o f candy, serving as a moisture barrier 
and a means to enhance esthetic appeal.

Oriented polypropylene film ma\ be manufactured 
by blown or slot-die extrusion processes. In the slot- 
die or tenter-frame process, polvpropvlene film is 
extruded through .1 flat die and stretched 111 the ma
chine direction, dripped along its edges, the film is 
stretched laterally during longitudinal motion to im
part transverse directional orientation. To impart 
hcat-scal and other desirable properties, the him inav 
be coated with acrylic or P V IK !  resin or extruded 
with another polyolcfin. In the blown film orientation 
process, the resin is extruded through .1 circular die 
and reblown to produce a biaxiallv oriented, heat-set 
film.

Almost all O l ’ l' producers today have expanded 
the core of the film, creating a foam structure with 
lower density, greater opacity, and a slitter more pa
perlike feel, often designated pearli/ed polypropyl
ene. Vacuum metallization of either transparent or 
opaque film enhances water-vapor-barner properties.

Oriented polypropylene film has excellent watcr- 
vapor- but poor gas-barrier properties, excellent clar
ity, and good hcat-scal properties in its many packag
ing applications.

E. Polyvinyl Chloride (PVC)

Highly plasticized PVC! film is transparent and sott. 
with very high gas permeation, but low waier-vapor 
transmission rates. PVC' film is gcnerallv produced 
by blovvn-hlm extrusion, although casting and calen
dering are employed tor heavier gauges.

[ lie main packaging applications of P V C  film are 
as an air-permeable, but moisture-impermeable, w rap 
tor fresh red meat, poultry, and vegetables. 1 ransp.ir- 
ciicv combined with the abilitv to ir.msinit air to 
maintain red meat color or to avoid respnatotv .111- 
aerobiosis in fresh produce otler advantages 111 these 
uses.

F. Polyester (PET)

Polvcthylcnc tercplnhalatc polyester film possesses 
fairly food gas- and water vapor-barrier properties 
which can be enhanced by P V D C  coating, very high 
tensile and impact strengths, and temperature resis
tance. Applications include as .111 exterior web in lami
nations to protect aluminum foil, coated with P V D C  
to function as the sealing web for vacuum/gas Hush 
packaging ot cured meat, cheese, or fresh pasta.

Polyester is manufactured by extrusion through .1 

slot die and biaxiallv orientation by stretching first in 
a longitudinal and then in a transverse direction.

Polyester film is the prime substrate tor vacuum 
metallizing and silica coating, processes that enhance 
moisture and gas properties. Vacuum-metallized 
polyester film is used tor large pouch packaging wine 
and bulk tomato and trim products, and tor packaging 
snack toods.

G. Nylon

Nylons are thermoplastic polyamide materials which 
are fairly good oxygen barriers 111 film or sheet form. 
Nylon tilms are usually tough and thcrmoformable, 
but only lair moisture barriers.

Nylon films are usually used 111 lamination or coated 
form to ensure heat scalability and improve barrier 
properties. I he major uses arc as thcrmotorming 
webs tor vacuum/gas Hush packaging o f processed 
meats and cheeses. Other uses include pouches for 
fresh red meat, boil—in-bag frozen foods, bag-in-box 
tor wine, and the external layer tor aluminum foil in 
cookie and vacuum coffee pouches.

H. Polyvinylidene Chloride (PVDC)

Polyvinylidene chloride (PV D C !) is often known by 
its saran designation. As either a solvent or emulsion 
coating, PVD C ! imparts high oxygen, fat, aroma, and 
watcr-vapor resistance to film substrates such as ori
ented polypropylene, polyester, and nylon.

Among the major commercial resins and films. 
PVDC! has the best total moisture and oxygen, 
aroma-, and fat-barrier properties. Unlike other high- 
gas-barrier materials. PV D C ! is almost insensitive to 
water and moisture.

By itself. PVD C ! film is used to wrap cheese and 
sometimes for vertical form fill/seal chub packaging 
o f sausage and ground meat. Mostlv. however. 
P V I >C is used as the high barrier component ot lami
nations not containing aluminum toil. It is infre-
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qucntly used alone in commercial packaging because 
ot difficulty ot heat sealing.

I. Polystyrene

Polystyrene packaging film is clear and stiff', and. 
because ot high permeability to moisture and gas. 
it is suited tor packaging tresh produce. Packaging 
applications are limited to folding-carton windows 
tor appearance, and overwraps tor tomato trays and 
lettuce wrapping, tor gas permeation.

Foaming polystyrene resin by blending with gas 
delivers a low-dcnsity opaque sheet useful tor bever
age bottle and plastic can labels to substitute tor paper, 
and as materials tor thermoforming into trays tor 
meat. Polystyrene sheet is a clear easily thermoform- 
able material.

J. Coextruded Films

In coextrusion, two or more resin melts are extruded 
simultaneously and in parallel through the same die. 
Coextrusion permits intimate layering ot precise 
quantities ot functional materials. Incompatible plas
tic materials are bonded within the coextrusions with 
thermoplastic adhesive layers also coextruded. Coex
truded films may be made by extrusion blowing or 
slot casting.

Among the relatively simple coextrusions, polv- 
propylenes are coextruded with copolymer heat-seal 
layers and L D P E ’s are coextruded to impart tough
ness. } 11)PE . L D P E .  and E V A  resins may be coex
truded to produce stiff, heat-sealable films for use as 
liners in cereal, cookie, and cracker cartons. Coex
truded films ot E V A  and pigmented L L D P E  are em
ployed tor packaging of frozen vegetables and fruits. 
In such applications, one layer imparts toughness, 
opacity, or stiffness, and the other heat scalability.

XI. Flexible Packaging

Flexible packaging is composed of both 1110110- and 
multilayer structures, with multilayer further subdi
vided into laminated, coated, and coextruded, or 
combinations o f these.

Mono- and/or multilayer films may be adhesive 
or extrusion-bonded 111 the laminating processes. In 
extrusion lamination, a thermoplastic such as polyeth
ylene is extruded as a bond between the two Hat mate
rials which are assembled between nip rolls.

Flexible materials are printed in roll form by roto
gravure or flexographic or now web offset printing. 
The detail produced by rotogravure and web offset 
printing is finer than that produced by flexography. 
Rotogravure is usually used tor long production runs 
and high-resolution reproduction, while flexography 
is usually used tor shorter runs and bolder design. 
Both flexography and rotogravure are extensively 
used to print flexible package materials in the United 
States. Printed or extruded coatings applied on or off 
press protect the print surfaces.

Bag material is either small monolayer or large 
multiwall with paper as a substrate. Pouches are small 
and fabricated trom laminations. Bags usually contain 
a heat-sealed or adhesive-bonded seam running the 
length ot the unit and .1 cross-seam bonded 111 the 
same fashion.

Preformed bags are opened by the food packager, 
filled with food product, and closed by adhesive 
bonding, heat-sealing, metal clipping, or sewing.

Heavier gauge flexible materials, usually with ny
lon. are thermoformed in line into trays to vacuum 
or gas Hush package cured meats or cheeses.

Large quantities ot flexible packaging materials are 
employed 011 horizontal How wrap form/fill/seal ma
chines for unit packaging for candies, cookies, and 
crackers.

In horizontal form/fill/seal operations with face- 
to-tacc heat seals, the resulting pouches, usually alu
minum toil laminations, are high moisture and oxy
gen barriers and used tor packaging sensitive dry 
foods such as condiments and soup and beverage 
mixes.

Most flexible packaging material is used 111 vertical 
form/fill/seal applications to package loose, Howable 
products such as potato and corn chips, nuts, and 
roasted and ground coffee. Vertical form/fill/seal ma
chines usually use moisture-barricr flexible materials.

In other applications, flexible materials are used to 
bundle multiples of cans, bottles, cartons, or cases 
and to bind the cases or bags on pallets.

XII. Rigid Containers

Most rigid plastic is used 111 bottles and jars fabricated 
by injection, injection blow, or extrusion blow pro
cesses.

Injection molding is used to fabricate closures, spe
cialty packages, and polyester bottle preforms. In con
ventional injection molding, the plastic resin is melted 
111 an extruder which forces a measured quantity or
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shot into a chi 1 led mold. The pressure o f the extruder 
forces uniform plastic distribution throughout the 
mold. Cooling the mold solidifies the plastic.

Cups and tubs tor dairy products, specialty fro
zen iood applications, and returnable distribution 
cases tor carbonated-beverage and milk bottles 
are injection-molded from H D P E . High- and 
medium-density polyethylenes are injection-molded 
as snap-on reclosure covers for metal and paperboard 
composite can closures. M any bottle and jar closures 
are injection molded from polypropylene. High im
pact or rubber-modified polystyrene is injection 
molded tor refrigerated dairy product and specialty 
food cup packaging.

Insert injection molding is used to manufacture 
snap-on closures tor dairy product cups and tubs for 
yogurt and ice cream. In insert injection molding, a 
die-cut paperboard or Hat plastic material is placed 111 

the mold. The plastic is extruded around the insert 
to form a precision skeletal structure and hold the 
sheet in place.

Injection molding is used to prepare polyester pre
forms for blow molding into bottles (e.g.. carbonated 
beverages) and jars (e.g.. peanut butter). Resins such 
as polyester with narrow melt temperature ranges 
require sequential fabrication steps. A tube-shaped 
parison is injected at melt temperature and, after 
forming, precisely reheated tor stretching or blowing 
into a bottle or jar.

Thermoform ing includes the extrusion o f sheet 
thicker than 0.25 mm, followed by forming the re
heated sheet in an open-face mold by pressure or 
vacuum, or both. Sheet less than 0.25 mm gauge may 
be thermoformed in-line and filled with contents such 
as processed meats, cheeses, and pastas prior to 
sealing.

Thermoformable sheet may be mono- or mul
tilayer with the latter produced bv lamination or 
mainly by coextrusion. Multilayer sheets are em
ployed to incorporate high oxygen-barrier materials 
between structural or high moisturc-barrier plastics. 
Both ethylene vinyl alcohol copolymers and I’V D C  
are used as high gas-barrier core layers, with polysty
rene or polypropylene as the structural lavers.

In steam-chest expansion, polystyrene resin m 
which gas is already present is molded with steam 
injec tion. I lie steam increases the temperature close 
to the melting point and expands within the structure 
to create beads with food cushioning and insulating 
properties Expanded polystyrene is used for insula
tion m frozen tood packaging and tor hot cups such 
as used tor drv soups.

Therm oform ing is a common commercial method 
to convert sheet into packages. The sheet is heated to 
its softening point and is forced by air pressure into 
an open-top chilled mold where it solidities. Conven
tional thermotorming ot polystyrene and I 'V C  is a 
widely used technique tor producing tubs tor dairy 
products and for cups and trays.

Therm oform ing may be integrated with filling and 
sealing on therm oform /till/seal machines operated 
by tood packagers themselves. The base web is 
gripped and moved through heating and forming op
erations. The open-top units are tilled and a second 
web o f flexible material is sealed to the flange ot the 
base after which the packages are severed.

Retortable multilayer barrier plastic cans and trays 
for low-acid foods may be hermetically sealed and 
thermally sterilized up to 260° F (125'C). Such high 
gas/moisturc-barrier cans or trays are fabricated from 
five-layer coextrusions ot I 'V D C  or E V O H  as the 
gas barrier with polypropylene as the structural and 
water vapor layer. Counterpressure and temperature 
during retorting must be carefully controlled to avoid 
can and seal closure distortion.

In conventional blow molding, a single extruder 
forces the plastic through a circular die to form a 
tubular parison to be delivered into the open mold. 
A tube is inserted through the neck opening and pres
surized air is blown in to expand the plastic to the 
chilled walls ot the mold.

Extrusion blow molding produces narrow-ncck 
bottles from high- and low-density polyethylene. In
corporating E V O H  as a high oxygen barrier with 
polypropylene permits coextruded bottles used tor 
packaging tomato catsup, barbecue sauce, mayon
naise. pickle relish, and other foods.

Materials with a very narrow melt temperature 
range are formed into bottles by injection stretch blow 
molding. A test-tube shape is first formed by injec
tion. This preform is transferred to the blow-molding 
machine and heated. The heated parison is transferred 
to a blow mold where it is stretched and blown to 
shape.

P I ’ 1 carbonated-beverage bottles are usually pro
duced bv injection stretch blow molding. Multilayer 
injection stretch blow molding has been commercial
ized for both narrow neck bottles and w ide-niouth 
jars. The basic form may also be fabricated by in
jecting multiple L i v e r s  such as polypropylene and 
E V O H  plus adhesive or tie layers and blowing the 
parison. 1 ligh oxvgen-barricr cans w ith plastic bodies 
have been introduced. Cans containing polypropyl
ene and E V O H  in their structures are retorted after



FOOD PACKAGING

tilling to resist retort temperatures up to 2(>o I
f l2 ^ C ).

Recognition ot hot tilling foods into plastic packag
ing, followed bv sealing and cooling. has led to ,i need 
tor high oxygcn-barricr plastic containers capable ot 
resisting temperatures tip to 20<)°F (H50- ‘.)()0C!). Plas
tics with distortion temperatures above 2 I2 °F 
(Kt(l°C:). e.g.. polypropylene, may be tilled with hot 
liquid without thermal distortion. O n the other hand, 
polyester requires heat stabilization in which the con
tainer is molded and secured in the mold while at 
elevated temperature. Thus, the crystalline structure 
ot the polyester is altered to resist moderately elevated 
temperatures. This technique is employed to produce 
P E T  bottles for hot tilling products such as juices and 
juice drinks.
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Food Preservatives
P. M ICHAEL DAVIDSON, University o f Idaho

I. Antibrowning Agents
II. Antioxidants
III. Antimicrobials

Glossary

Bactcricid al/fun g icidal  I )cath of.i bactori.il or fun
gal population as demonstrated by the inability o f cells 
to rccover and multiply in a nutrient environment in 
the absence ot an inhibitor
B actcrio s ta tic /fu n g is ta tic  Inhibition o f the most 
resistant cells ot a bacterial/fungal population as indi
cated by a level or decreasing growth curve, often 
reversible
F ood additives Chemical compounds added to 
foods directly or indirectly through production, pro
cessing, storage, or packaging that have an effect on 
the characteristics ot the tood. Food additives are gen
erally added to maintain or improve nutritional value, 
maintain freshness, assist in processing or prepara
tion, or improve sensory characteristics 
F oo db o rn e  pathogens Microorganisms capable of 
causing tooil poisoning in humans. Food poisoning 
may result when microorganisms grow and produce 
toxins in the food. This is called an “ intoxication." 
Bacteria such as Clostridium botulimnii and Staphylococ
cus aureus cause intoxications. Food poisoning may 
also be caused by consumption of a food poisoning 
microorganism and subsequent growth o f the micro
organism in the gastrointestinal tract. This type of 
food poisoning is called an “ infection.”  Examples o f 
bacteria causing infections are Campylobacter jejuni, 
T.sclimchid coli, Listeria monocytogenes. Salmonella, and 
Yersinia cutcrocolitica
F o o d  spoilage m icro o rg an ism s Microorganisms 
which utilize nutrients in a food and produce off- 
Havors, ott-odors, or undesirable color and texture

changes. Various species ot bacteria, molds, and 
yeasts are all capable of causing food spoilage 
Generally reco g n ized  as safe (G R A S ) Food addi
tives which are judged to be sate for human consump
tion by experts qualified to evaluate toxicological 
safety. Bases for safety judgments come from (1) toxi
cological studies or (2) experience with safe use in 
foods; however, only those tood additives in use prior 
to January 1, l lJ58, may be considered G R A S  using 
the latter basis

F ood preservatives are a class o f direct food additive 
which maintain the appearance, palatability, and 
wholesomeness o f various foods. The purpose ot food 
preservatives is to prevent the degradation ot products 
by oxygen or microorganisms. T o  protect a food 
from the effects o f oxygen, an antibrowning agent 
or antioxidant may be used. These agents prevent or 
delav undesirable enzymatic browning or autoxida- 
tion reactions in tood products. T o  protect a food 
from spoilage or pathogenic microorganisms, a tood 
antimicrobial is used.

Neither class o f food preservative is capable o f con
cealing spoilage in a product. Rather, the purpose o f 
these compounds is to extend the shelf-life of tood. 
The food remains wholesome during its extended 
shelf-life. Neither class o f compound w ill preserve a 
food indefinitely. Depending upon storage condi
tions. the food product w ill spoil or become hazard
ous. The benefits ot tood preservatives to food proces
sors. those marketing tood products, and consumers 
include extended shelf-life and reduction of potential 
health hazards. Food preservatives are regulated by 
agencies which deal with food products such as the 
Food and Drug Administration (F D A ) and Depart
ment o f Agriculture (U S I )A )  in the United States.
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I. Antibrowning Agents

A. Enzymatic Browning

Enzym atic brow ning  occurs when ccrt.un truits .tiul 
vegetables arc cut, peeled, or bruised. Fruits and vege
tables such as apples, bananas, mushrooms, peaches, 
pears, and potatoes contain copper-containing en
zymes know n as phenolases (j/mi a illnl: polyphenol 
oxidase, tyrosinase, catecholasc). When the tissue is 
cut or bruised, naturallv occurring phenolic substrates 
react w ith tlie enzyme. In the presence of oxygen, 
phenolases catalyze the hydroxylation ot m ono
phenols to I'-diphcnols and subsequently oxidize <'
diphenols to ortluHjuinones (Fig. 1). C Vthoqum oncs 
are further oxidized and polymerized to torm .1 brown 
and/or black pigment called melanin. Phenolu sub
strates tor the reaction include tyrosine, latteic acid, 
ehlorogenic acid, and protocatecluiii acid.

W h ile  enzymatic brow ning  or blackening is desir
able m some products such as black tea. cocoa, and 
cider, it is generally undesirable. ( 'ontrol ot enzymatic 
brow ning  111 processed foods can be achieved by inac
tivating phenolases. chelating copper, or excluding 
oxygen. Physical processes, such as bl.nulling w ith  
steam or hot water at temperatures above 7U-75 C. 
may be used to inactivate the cnzvnic. I lo w e ve i. 
blanching is used only for fruits and vegetables to be 
canned or frozen as it causes undesirable softening in 
fresh products. Storage under vacuum or im m ersion
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111 salt brine, sugar syrup, or even water m ay be used 
to inhibit enzym atic b row n ing  by excluding oxygen. 
Chem ica l agents can also function to control b row 
ning bv direct inactivation ot the enzyme, by reduc
tion ot the pi I to inactivate the enzyme, or through 
chelation o f  copper.

B. Antibrowning Agents

C itr ic  acid (F ig . 2) and its calcium , potassium, and 
sodium salts inactivate phenolases bv acting as acidu- 
lants to reduce pi I. The pi I must be reduced and 
maintained at 3.(1 or less to inactivate the enzyme. In 
addition, citric acid chelates copper w hich  is required 
bv the enzym e as a prosthetic group. C itrates are 
considered m ultip le purpose C R A S  tood additives 
by IT )A .

Su ltur dioxide and sulfite salts (T able I) cause irre
versible inactivation of phenolases. I he bisulfite ion 
(I IS O ;  ) is the prim ary com ponent w hich  inactivates 
the enzym e. Sulfites, p rim arily  as salts, are added to 
processed fruits and vegetables through sprays or 
dl| is. In addition to inh ib iting enzym atic brow ning, 
sulfites are added to certain dehydrated fruits and veg
etables to inhibit nonenzym atic b row n ing  during 
storage. I he IT )A  considers sultur dioxide and sulfite 
salt s as ( IR A S  for use as an tib row nm g agents and 
antim icrobials. I low ever, sulfites are prohibited on 
truits and vegetables to be consumed tresh. I he rea
son for this action is that some consumers, especially 
asthmatics, have show n serious adverse reactions to 
bisulfites. Because they degrade thiam ine (vitam in 
B|). sulfites are not allowed 111 foods considered to 
be im portant sources ot the v itam in 111 the human 
diet.

Ascorbic acid (F ig . 2) acts as a reducing agent 
bv transferring hydrogen atoms back to quinones to 
produce d ihydroxyphenyla lam ne (D O P A ) .  It is 
also an oxygen scavenger. Ascorb ic acid plus citric 
acid, in conjunction w ith  vacuum  packaging in gas- 
im perm eable plastic film , controls enzym atic b row 
ning during storage ot truits and vegetables to be
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TABLE I
Sulfur Dioxide and Sulfite Salts Used in Foods

N.iim* formul.i

Sultur dioxide SO-
Sodium hiMilhtt- N d llS O ;
Sodium sulfite N.»«SO;
Sodium metabisulhtc N .i:S O ,

consumed trcsli. The compound may be used to con
trol browning in apples, peaches, apricots, potatoes, 
mushrooms, olives, and cauliflower. Ascorbic acid 
and its calcium and sodium salts are ( iR A S  for use as 
tood preservatives w ithout limitation tor the amount 
used.

II. Antioxidants

A. Autoxidation

Oxidation ot lipids in edible oils and fat-containing 
foods leads to ott-flavors and odors resulting in re
duced shelt-life and spoilage. Lipid oxidation may 
also lead to loss of nutritional quality through degra
dation ot essential fatty acids (linoleic and arachidonic 
acids), vitamin A and vitamin H. Autoxidation, or 
oxidative rancidity, is caused by .1 reaction between 
unsaturated tatty acids and oxygen and proceeds in 
three steps: initiation, propagation, and termination 
(Fig. 3). In the initiation step, free radicals are formed 
by metal catalysis, exposure to light, hydroperoxide 
decomposition, or by singlet oxygen ( 'O ,). A free 
radical is formed when a hydrogen atom is removed 
trom a double bond or a carbon at ,1 position adjacent 
(«) to a double bond. I he free radical can then react 
with oxygen to form a peroxy radical (R O O 1). Per- 
oxy radicals can react with other unsaturated fatty 
acids removing hydrogen atoms and forming hydro
peroxides (R O O I I) and new free radicals (R '). f lic 
new tree radicals react with oxygen to form peroxy 
radicals and the cycle is repeated. Free radical forma
tion is accompanied by shitts in the position ot double 
bonds and results in several isomeric hydroperoxides.
I lydroperoxidcs are relatively unstable and w ill de
compose to more tree radicals, alcohols, aldehydes, 
acids, ketones, hydrocarbons, epoxides, dimers, and 
polymers. I he decomposition products o f the hydro
peroxides cause the off-Havors associated with oxida
tive rancidity. [Sec Fo o d  B io c iik m is t k y : L ip id s , C'a r-
l i O l I Y D H A T L S .  A N D  N i l  ( I l l< A c . I D S .  |

INITIATION

INITIATOR -------FREE RADICAL (R*. ROO*)

PROPAGATION

R *+ 0 2 ---------------- ►  ROO*

R 0 0 * +  RH ►  ROOH +  R*

TERMINATION

R* +  R*

R* +  ROO*

R 00* +  R00*

R =  FA TTY ACID 
ROOH =  HYDROPEROXIDE

FIGURE 3 Steps in .mtoxutation. I Reprinted with permission 
from N.iw.ir. W . \V. (1 l.ipids. " I  ood Cheniistrv" In ((V  U. 
tenneni.i. ed.). 2nd ed.. p. 177. Copyright ‘ I' Ŝ.S reprinted with 
permission bv eourtes\ of M.ireel Dekker. Int.. New York. N Y .|

Unsaturated fattv acids are more susceptible to 
autoxidation than saturated fatty acids. Fatty acids 
most susceptible to autoxidation, in decreasing or
der o f susceptibility, are: arachidonic (5.8,11,14- 
cicosatctracnoic acid), linolenic ('J. I 2 ,15-octadecatric- 
noic acid), linoleic ('), 12-octadccadienoic acid), and 
oleic (9-octadecenoic acid). Free tatty acids are more 
susceptible to oxidation than those in acyl glycerols 
(e.g.. triglycerides). I he rate ot autoxidation is influ
enced by oxvgcn concentration, temperature, surface 
area, water activity, presence of pro-oxidants (heavy 
metals), and radiant energy.

Antioxidants delay onset or slow the rate ofautoxi- 
dation by inhibiting the formation o f free radicals 
(initiation) or interrupting propagation. Initiation is 
inhibited through decomposition ot peroxides, metal 
chelation, or singlet oxygen inhibition (tree radical 
acceptors). The antioxidant is able to terminate tree 
radical propagation by reacting with peroxy radicals 
which prevents the peroxy radical from reacting with 
another unsaturated tatty acid. Therefore, the produc
tion o f a new free radical is stopped and the autoxida
tion reaction is delayed.

Multiple antioxidants or antioxidants used in com
bination with metal chelators often demonstrate syn
ergism. This occurs when two compounds together
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show greater activity than the sum o f the activities 
ot the compounds alone. Mixed free radical acceptors 
show synergism when one is more effective than the 
other. This allows the more active free radical ac
ceptor to donate a hydrogen to the fattv acid free 
radical. The less active tree radical acceptor then do
nates a hydrogen to the more active o f the pair causing 
regeneration of the more active species. Metal com- 
plexing agents act as synergists. Metals such as copper 
and iron are pro-oxidants, i.e.. they increase the rate 
of oxidation through hydroperoxide decomposition, 
formation o f free radicals, and activation o f singlet 
oxygen. Metal chelators reduce pro-oxidation.

I he effectiveness of antioxidants is dependent upon 
their oil solubility, volatility, and stability during pro
cessing. They must be oil soluble to have access to 
the free radicals. They must not be highly volatile or 
they may be lost in processing and they must be 
stable to the heat used in processing. The choice of 
antioxidant depends upon its ease ot incorporation, 
carry-through, pi 1 sensitivity, production ot discol
oration or off-flavors, availability, and cost.

B. Antioxidants/Synergists

Tocopherols (Fig. 4). which exhibit vitamin I activ
ity, are the primary naturally occurring amioxidants 
m vegetable oils. They are fat soluble due to their 
long alkyl chains. Antioxidant effectiveness o f the 
various forms ot tocopherols in decreasing order ot 
activity is: 5-tocopherol, y-tocopherol. jCMocophcrol 
and a-tocopherol. The vitamin E activity o f  tocopher
ols is inverse to the antioxidant effectiveness with «- 
tocopherol having the greatest activity. Tocopherols 
are free radical acceptors and become oxidized to qui
nones. They are somewhat heat sensitive and may be

R 1 R 3

A lp h a -t o c o p h e r o l c h 3 c h 3 0 1

B e ta -t o c o p h e r o l C H t H C H j

G a m m a -t o c o p h e r o l H C H 3 c h 3

D elta -to c o p h e r o l H H C H 3

lost during processing. Tocopherols are used in 
bacon, baked goods, buttcrtat. lard, margarine, rape- 
seed oil, safflower oil. and sunflower seed oil. I hcsc 
compounds are considered ( IR A S  tor use in foods as 
antioxidants without limitation to the concentration 
used.

Phenolic antioxidants are synthetic compounds. 
Butvlated hydroxyanisole (B H A ; M W  = 180.0; Fig. 
5) is the most common synthetic antioxidant and 
exists as the 2- and 3-isoincrs ot tertiary-butyl-4- 
hydroxvanisolc, with the 3-isomer predominating. 
Butvlated hydroxytolucne ( B i l l ;  M W  = 220.36; 
Fig. 5) is also known as 2.(>-ditcrtiary-butyl-/;-cresol. 
Tertiary butylhydroquinone ( I HI IQ ; Fig. 5) and pro
pyl gallate (PCI; //-propyl ester ot 3.4,5-tri-hydroxy- 
benzoic acid; Fig. 5) have molecular weights ot 166.22 
and 212.0, respectively. Solubilities ot these com
pounds are shown in Table II. Phenolic compounds 
are good electron donors and therefore good antioxi
dants. Monohydric (H I 1A and HI IT ) and polyhydric 
( I HI IQ , PC i) phenolic antioxidants are relatively sta
ble due to resonance delocalization and lack ot posi
tions suitable for attack by molecular oxygen. I iydro- 
quinoncs (e.g.. T B I  IQ ) form stable semiqumone

OH OH

j / \ / /  ■■ 

i
l\ I . I c(ch3)3

X ,Y
O C H , 0 C H -

3 3

2 — B u tylated  H y d ro x y a n iso le  3 —B u tyla ted  H y d ro x y a n is o le

3(CH3)Cr
C ( C H 3) 3

B u tylated  H yd ro xyto lu e ne

Y  \ 
f* > C<CH3>3

T e rt ia ry  B u ty lh y d ro q u in o n e

A
HO y

OH

•/X\

FIGURE 4 Struitiiros ot rov.oplu'.'oK.

COOCjH- 

P ropvI Collate

FIGURE 5 Structure v>1 phaiolk .intioxid.mts



FOOD PRESERVATIVES

TABLE II

Solubility of the Phenolic Antioxidants in Various Solvents

Solubility 11 H I

S< >1 v cut 1 em p  ( ’ (.") B H A B U T I B I  IQ i>(;

W a te r 25 Inso l Inso l • 1 • i
V5 — — 5 —

L t lu n o l 25 -5i • 25 00 >00
P ro p y le n e  g ly co l 25 70 — 3o 55
C ioeonut o il 25 40 — — —
C !orn o il 25 4 i» 3<> 10 Inst)l
( Cottonseed o il 25 3o — 10 1
Peanut o il 25 4H — <1
So yb ean  o il 25 5(i 3(» 10 2'1
I ard 5< i 5n — 5 1
I a llo w ">:> — 4 0 — -
Sa ftfo w e r o il 25 — — 5 —

Insol, insoluble. 
At S.r'C:.

resonance hybrids ( lig . 6). Monohvdric phcnolics arc 
stcrically hindered which further reduces initiation 
following hydrogen donation and have radical inter
mediates with moderate resonance dclocalization. In 
the United States, 151 1A , 13HT, and PCI are ( IR A S  
tor use in tood at a maximum concentration o f 0.02% 
based on the weight o f oil or fat content o f the food. 
In addition to approval in the United States, phenolic 
antioxidants are approved tor use in foods in at least 
fill other countries. Butylated hydroxyanisole, B i IT. 
and I B I IQ  are also permitted tor use as direct food 
additives for specific food uses. For I B I IQ , regula
tions permit use alone at ( U ) l%  in animal or poultry 
tat or 0.02% in nonanimal fats or oils with BI IA 
or B I IT  (based on weight o f tat or oil). Phenolic 
antioxidants can be used to delay oxidation o f lipids 
in vegetable oils and animal fats (tallow, lard). These 
compounds are used in meats, such as beef, poultry, 
and pork sausage, to prevent odor and Havor changes 
and in confections, nuts, gum bases, tood flavors, 
citrus oils, tried toods, baked goods, and dehydrated 
potatoes to prevent oxidation. Phenolic antioxidants

mav be applied directly to breakfast cereals or used 
in the packaging ot these products.

Ascorbic acid (Fig. 2) and its sodium and calcium 
salts act as oxvgen scavengers by removing oxygen 
from solution. The compounds also act as reducing 
agents by transferring hydrogen to oxygen making 
it unavailable for further reactions. Ascorbatcs are 
also synergists with other antioxidants by acting as 
metal chelators. The ascorbatcs are G R A S  tor use in 
foods in the United States. Ascorbatcs may be used 
in beer, citrus oils, fats and oils, food flavors, fruit 
drinks, nuts, peanut butter, potato chips and soft 
drinks to delay oxidative rancidity. Ascorbyl palmi- 
tate (6-O-palmitoyl-i -ascorbic acid) is a tat soluble 
ester o f ascorbic acid which is also G R A S . It may
be used .is a svnergist w ith tocophcrols and is used 
primarily in vegetable oils.

Citric acid (Fig. 2) and its sodium, potassium, and 
calcium salts are metal chelating agents that act as 
svncrgists with antioxidants. Salts ot ethylenediaminc 
tctraacetic acid (HD  I A) are metal chelators and act 
as synergists in emulsion (tat/water) type products 
such as salad dressings, mayonnaise, and margarine.

Natural antioxidants exist m many foods and in
clude spices, herbs, tannins. Havonoids, wood smoke 
compounds, and noncnzymatic browning products. 
Ground rosemary anil rosemary extracts are used in 
some countries as antioxidants in lard, potato chips, 
and vegetable oils.

III. Antimicrobials

Microorganisms, including bacteria, molds, and 
yeasts, are capable ot reproducing in tood products. 
Viruses and protozoa are also found in toods but are 
generally only carried by the tood product. One ot 
the primary objectives ot tood processing is to destroy 
or inhibit the growth ot toodborne microorganisms 
which cause spoilage or tood poisoning. There are a 
number o f methods which have been developed to 
preserve foods trom the effects ot microorganisms.

A n tio x id a n t

F IG U R E  6 Resonance tornix ol a livilrot|uinnne .mtioxkl.mt.
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Physical methods are designed to kill or delay growth 
o f microorganisms in foods and include heat (e.g.. 
pasteurization, canning), freezing, refrigeration, re
duced water activity (use ofluimectants or drying), 
irradiation, modified atmosphere packaging, and pi 1 
reduction. [.Sec F o o d  M i c r o b i o l o g y . |

Food antimicrobials are used in foods as a barrier 
to the growth o f food spoilage and pathogenic micro
organisms. These compounds are generally only bac
teriostatic or fungistatic and not bactericidal or fungi
cidal. Food antimicrobials are most often used with 
other preservation techniques such as refrigeration, 
modified atmosphere packaging. pH reduction, re
duced water activity, or fermentation.

The most universally important factor influencing 
the effectiveness o f food antimicrobials is pi I. M any 
food antimicrobials are weak organic acids and are 
most effective in their undissociated form. This is 
most likely because they are able to penetrate the 
cytoplasmic membrane ot a microorganism more ef
fectively 111 this form. I heretdre. the p k , value (pi I 
at which 50%  of the acid is undissociated) o f these 
compounds is important in selecting a particular com
pound for an application. I lie lower the pi I o f a food 
product, the greater w ill be the proportion of organic 
acid in the undissociated form and the greater will 
be the antimicrobial activity. I lie initial number ot 
microorganisms in and storage conditions o f a tood 
product also greatly influence the effectiveness o f an 
antimicrobial.

A. Acetic Acid/Acetates

Acetic acid (Fig. 7) is the primary component o f vine
gar. The acid and its sodium, potassium, and calcium 
salts, sodium and calcium diacetate, and dchydroacc- 
tic acid (mcthylacetopyrononc: ( ! SH S0 4) are some of 
the oldest food antimicrobials. Because the p k , of 
acetic acid is 4.75. it is more effective as an antimicro
bial at low pi 1. Acetic acid is inhibitory to a wide 
variety ot bacteria, molds and yeasts. O n ly Acetohacter 
species (microorganisms involved in vinegar produc-

CHjCOOH C H j C H 2COOH

A c e t i c  A c i d  P r o p i o n i c  A c id

CHjCHOH COOH HOOC CH CH COOH

tion) and lactic acid bacteria arc tolerant to the effects 
o f acetates. Species of both gram-positive and gram- 
negative bacteria are sensitive to acetates. Bacteria 
inhibited bv acetic acid under a variety of conditions 
o f pH. temperature, and acid concentrations include 
Bacillus species. (Clostridium species. Listeria monocyto
genes. Salmonella. Staphylococcus aureus. Hscherichia coli. 
(Campylobacter jejuni, and Pseudomonas. Molds and 
veasts. which generally tolerate lower pH than bacte
ria. arc relatively more resistant to acetic acid. Yeasts 
and molds sensitive to acetic acid include Aspergillus. 
Penicillium. Rhizopus. and some strains ot Saccharo- 
myces.

In experimental applications, acetic acid has been 
shown to be effective as an antimicrobial for incorpo
ration into meat products, as a spray sanitizer on meat 
carcasses, and in scald water for poultry. Sodium dia
cetate is effective against molds in cheese spread and 
against rope-forming bacteria ( liacillus species) in 
bread. It is useful in the baking industry because it has 
little effect on the yeast used in baking. Dehydroacctic 
acid has a high pk’, ot 5.27 and therefore retains activ
ity at higher p ll. It is inhibitory to bacteria at
0 .1-0 .4%  and fungi at 0.00.5-0.1%.

Acetic acid, acetates, and diacetates are all C iRAS 
with food-dependent concentration limits of 0.15-
O.X% for acetic acid (up to 3 .0%  may be used in sauces 
and gravies and lJ .0 %  in condiments). 0.01 >7—(). (>% for 
sodium acetate. 0.0001— 0 .2 %  for calcium acetate, and
0 .0 5 - 0 .4 %  for sodium diacetate. Acetates may be 
used in baked goods, breakfast cereals, candv. 
cheeses, condiments and relishes, dairy product ana
logues. tats and oils, fillings, gelatin, gravies, jams 
and jellies, meat products, pudding, sauces, snack 
foods, soup mixes, sweet sauces, syrups, and top
pings. Dehydroacctic acid is approved only tor cut 
or peeled squash so that the concentration remaining 
does not exceed <>5 ppm (mg/kg).

B. Benzoic Acid/Benzoates

Benzoic acid (Fig. <S) is found naturally in spices and 
foods including cloves, cinnamon, cranberries.

0
C-OH

Lactic Acid Fum aric  Acid

FIGURE 7 Nrrtu turcs ot .mumi* rohi.il nru.mu .iv iJs FIGURE 8 Si riu un c »•! I a i/ o k  .u k 1
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plums, and prunes. Benzoic acid and its sodium salt 
are the most prevalent forms of the antimicrobial, 
although the potassium and calcium salts are also 
approved tor use. The sodium salt is much more sol
uble in water (66.0 g/100 ml at 20°C) than the acid 
(0.27 g/100 ml at 18°C) and is therefore preferred for 
tood use.

Sodium benzoate and benzoic acid are most effec
tive against molds and yeasts and inhibit most species 
at undissociated acid concentrations o f 0.05—0 .1 % .
I he compounds are effective against some foodborne 
pathogens and spore-forming bacteria at (1.1-0.2%; 
however, most spoilage bacteria require much higher 
concentrations. 1'he effectiveness o f a particular con
centration ot the acid is dependent upon the pi I at 
which it is applied. The pK , o f benzoic acid is 4.2; 
therefore, the compound is most effective at pi I 
2.5—1.0 and has little activity above pi I 4.5.

Sodium benzoate and benzoic acid are used in a 
wide variety of foods including carbonated beverages, 
cider, fruit salads, jams, jellies, margarine, olives, 
pastry fillings, pickles, pie fillings, preserves, relishes, 
salad dressings, soy sauce, still beverages, and syrups. 
Benzoates are listed as G R A S  antimicrobials by the 
FD A  and may be used to a maximum o f 0 .1%  in 
foods. In many countries o f the world, the com
pounds are allowed in foods at concentrations o f
0.15-0.25%.

C. Lactic Acid/Lactates

Lactic acid (Fig. 7) is produced naturally during fer
mentation ot foods by lactic acid bacteria. While it 
acts as a preservative in these products, its primary 
use as a tood additive is as a pH control agent and 
flavoring. In addition to lactic acid, the sodium, pot
assium. and calcium salts o f the acid may be used in 
foods. The pK , of lactic acid is 3.79 which requires 
that it be used m foods with a low pi 1. The antimicro
bial activity ot lactic acid is dependent upon the type 
of food to which it is applied and the target microor
ganism. Against some bacteria, such as B. loagulaiis. 
.S', iinmis and Yersinia cntavcolitica. lactic acid is very 
inhibitory, while against others, the compound has 
little activity. Lactic acid has much less activity against 
yeasts and molds. Lactic acid sprays (1-1.25%) and 
dips have been proposed for use to control spoilage 
bacteria on meat cuts and carcasses and poultry. So
dium lactate (2 .5-5.0%) inhibits C . botiilinuni. C . spor- 
ogcnes. L. monocytogenes, and spoilage bacteria in vari
ous meat products. Lactic acid is G R A S  for use as an 
antimicrobial in any food product without limitation

upon the concentration used except that it may not 
be used in infant formulas or infant foods.

D. Propionic Acid/Propionates

U p  to 1% propionic acid (Fig. 7) is produced naturally 
in swiss cheese by Propionibiicterinni fmniciireicliii ssp. 
slicriiiani. The acid (p/s, — 4.87) and its sodium, po
tassium. and calcium salts have been used prim arily 
to control the growth of molds and bacteria in foods. 
The compound inhibits B. nicscntcricus (subtilis) strains 
which cause rope formation in bread as well as 
mycotoxin-producing molds. Propionates may be 
added directly to bread dough because they have no 
effect on the activity o f baker’s yeast. Propionic acid 
and propionates are G R A S  for use as antimicrobials 
in baked goods and cheeses. There is no limit to the 
concentration o f propionates allowed in foods but 
amounts used are generally less than 0 .4% .

E. Sorbic Acid/Sorbates

Sorbic acid (Fig. 9) was first isolated in 1859 by
A. W . von Hoffman from berries o f the mountain 
ash tree (rowanberries). The acid is slightly soluble 
in water (0.16 g/100 ml at 20°C) while the potassium 
salt is highly soluble (58.2 g/100 ml at 20°G). The 
compound is also available as sodium and calcium 
salts. As with other organic acids, the antimicrobial 
effectiveness o f sorbatcs (pK., = 4.75) increases as the 
pi I decreases and is essentially nonexistent above pi 1 
6.0—6.5.

Sorbatcs are highly effective against a variety o f 
yeasts and molds involved in spoilage, including those 
molds which produce mycotoxins. T he compounds 
are also effective against some bacteria involved in 
spoilage (e.g., Pseudomonas) and certain foodborne 
pathogens including Salmonella, C. botiilinum, S. 
aureus and I ’ibrio parahaemolytinis. Lactic acid bacteria 
are relatively resistant to sorbatcs which means the 
compounds can be used in products fermented by 
these microorganisms.

Sorbic acid and its salts are G R  A S for use as antimi
crobials in foods. The compound may be used in 
baked goods, beverages, cheese, fermented products, 
fruit products, jams and jellies, margarine, meat and 
poultry products, salads and salad dressings, syrups,

c h 3c h = c h - c h = c h - c o o h

FIGURE 9  Structure ot sorbic acid.



FOOD PRESERVATIVES
3 4 8  ------------------------------------------------------------------------------------------------------------------------------------------

and wine. Concentrations used are dependent upon 
the product but are generally 0.05-0.3%.

F. Miscellaneous Organic Acids

M any organic acids and their esters have been studied 
for potential as antimicrobials but most have little or 
no activity. Their use in foods is as acidulants or 
flavoring agents rather than preservatives. Fumaric 
acid (Fig. 7) has been shown to be an effective antimi
crobial in wines. Esters o f tumaric acid were shown 
to inhibit C . bolulimmi in canned bacon and mold on 
bread. C itric acid (Fig. 2) inhibits microorganisms 
primarily through its ability to chelate metals. Experi
mental work with citric acid has demonstrated that 
it is inhibitory toward thermophilic and mesophilic 
spore-forming bacteria, including ( '.  botulinum (types 
A and li), sporogenes. I., monocytogenes. S. lypliimu- 
yiimi, P. fiuorescens. S.aureus. and the molds A . parasit
icus and ,4. versicolor. Inhibition by citric acid occurs 
only at low pH and/or high concentrations o f the 
compound. In combination studies with benzoic acid, 
sorbic acid, ascorbic acid. E D T A  (chelator), or 
glucono-8-lactone. citric acid has been used success
fully as an antimicrobial. C itric acid is .i multiple 
purpose C R A S  food additive. In experimental work, 
caprylic acid was shown to inhibit some molds and 
bacteria. Adipic, malic, succinic, and tartaric acids 
have no antimicrobial action except that due to de
creasing pi I.

G. Nitrites

Sodium (N a N O i) and potassium (KNO>) nitrite have 
a specialized use in cured meat products. The function 
o f nitrites m these products is to form and stabilize 
cured meat color, function as an antioxidant and anti
microbial, and contribute to cured meat flavor. At 
one time, sodium and potassium nitrate (N a N O ,, 
K N O - J were used extensively in cured meat produc
tion; however, their use was extensively curtailed by 
regulatory agencies when it was discovered that ni
trate was converted to nitrite and that the latter was 
the only effective antimicrobial agent.

The primary use of nitrites as antimicrobials is to 
inhibit growth and toxin production o f C. botulinum 
in cured meats. It also inhibits other Clostridium spe
cies and, ;st high concentrations, .s', aureus. N itrite has 
little or no effect on lactic acid bacteria or Salmonella. 
N itrite functions against spores by inhibiting their 
outgrowth. The antimicrobial activity exhibited by 
nitrite in cured meats i-* possible only in concert with

other components ot the curing mix including salt, 
ascorbate or erythorbate, polyphosphates, and re
duced pH. N itrite is most effective at acidic pi 1. under 
anaerobic conditions, and at low temperature and is 
influenced by salt and nitrite concentrations.

Meat products that may contain nitrite include 
bacon, bologna, corned beef, frankfurters, luncheon 
meats, ham, fermented sausages, shelf-stable canned 
cured meats, and perishable canned cured meat. The 
concentration used in these products is specified by 
governmental regulations but is generally limited to 
15(> ppm for most products and 100-120 ppm in 
bacon. Sodium erythorbate or isoascorbatc is required 
in products containing nitrites as a cure accelerator 
and as an inhibitor to the formation of nitrosamincs. 
Nitrosamines are carcinogenic compounds formed by 
reactions o f nitrite with secondary or tertiary amines. 
In some European countries, sodium nitrite is allowed 
for controlling spoilage o f cheeses by (.. tyrobutyricum 
and C. butyricum. \ See M la i  I’uix i ssinc., |

H. Sulfites
The use o f sulfur dioxide and its salts dates back to 
ancient Rome when these compounds were used to 
treat wines. Sulfur dioxide is a colorless, nonflam
mable gas with a strong, penetrating odor. Sulfur 
dioxide, sodium sulfite, sodium bisulfite, and sodium 
metabisulfite ( l able I) and their potassium salts set up 
a pi 1-dependent equilibrium mixture in water (Fig. 
10). I he p K , values for sulfur dioxide are 1.76 and 
7.20.

Effectiveness of sulfites as antimicrobials is depen
dent upon pH. concentration, typcof microorganism, 
duration o f contact, and binding ot the compounds. 
Undissociated sulfurous acid (or sulfur dioxide in wa-

S 0 2 + H 2 0 ►  IH 2  so 3  ]

S u lfu r  S u lfu ro u s
Dioxide A cid

|H 2 SO 3 I ►  H S 6 3 + H+
B isu lfite

Ion

HSO 7 ♦ H* ►  SO', + 2HTJ  J
S u lf ite

Ion

FIGURE 10 l.quilihruim forms nl sullur dioxide in w.iter
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ter) is tlie active torm ot the compound. rherctore. 
tin- compound is most effective when the pl I is less 
(li.ni 4. Neither bisulfite ion (I ISC > ) nor sulfite ion 
( S ( ) ; ~) is .is effective. Sulfites form .ulihtion com
pounds (sulfonates) with aldehydes and ketones 
which are also less active than free sulfites. The pri
mary mechanism by which the compound inhibits 
microorganisms involves inhibition of cellular en
zymes.

Sulfites arc active against certain tvpcs of bacteria, 
yeasts, and molds. The target microorganisms for 
sulfites are those associated with fruits and vegetables 
and include acetic acid producing bacteria, malolactic 
bacteria, fermentation and spoilage vcasts. and molds 
on fruits. Oxidative yeasts are generally more sensi
tive than fermentative yeasts. Against target fungi, 
the concentration ot sulfites required tor inhibition is 
relatively low. Concentration ranges (mg/liter) tor 
inhibition of some yeasts are Saiiliaiomyics. f>. I -2(1.2; 
Xygo^aaharomyces. 7.2-S.7; l*i\liia, d.2; Hanscnula.
0.f>; and Candida. 0.4—11.6. Sulfur dioxide at 1 — 1(1 mg/ 
liter is capable ot inhibiting lactic acid bacteria in fruit 
products.

Sulfites are used to control the growth o f spoilage 
microorganisms m soft fruits, dehydrated fruits, fruit 
juices, wines, fresh shrimp, acid pickles, and during 
extraction ot starches. It is added to expressed grape 
juices tor making wines to inhibit molds, bacteria, and 
undesirable yeasts. The concentration used in wines is 
generally 50-100 mg/liter. Sulfur dioxide is main
tained at 50-75 mg liter in wine after fermentation 
to prevent changes bv microorganisms during aging. 
In some countries (e.g.. United Kingdom), sulfites 
are allowed tor use in fresh meat products to stabilize 
color and inhibit bacterial spoilage. The compounds 
delay growth o f molds, yeast, and bacteria (including 
Salmonella) during storage. Approval o f sulfites for 
meats is rare as most world regulatory agencies be
lieve that their use leads to consumer deception be
cause the compounds mask color changes.

Sulfur dioxide and its salts are C R A S  in fruit juices 
and concentrates, dehydrated fruits and vegetables, 
and wine in the United States. Com m on use levels 
are ((.((I— 0 .2% . The maximum amount o f sulfite in 
wine is set at 350 mg/liter. Sulfites are not used m 
tood products which arc sources o f thiamine (vitamin
B,) or on raw fruits and vegetables to be consumed 
fresh (see above).

1. Poro-Hydroxybenzoic Acid Esters (Parabens)

In most countries, methyl (Fig. 1 1). propvl (Fig. 1 I), 
and hcptyl esters ot /j-hydroxybcnzoic acid (parabens)

Methyl P a ra b e n  Propyl P a ra b e n

FIGURE 11 Structure*?* ol methyl .ukI propyl p.ir.ihcns.

are allowed for direct addition to foods as antimicrobi
als. The ethyl and butyl esters arc allowed in some 
countries. As might be expected, water solubility is 
inversely related to alkyl chain length. Parabens arc 
stable in air and arc resistant to cold and heat, includ
ing steam sterilization.

Lstcrification ot the carboxyl group of benzoic acid 
allows the molecule to remain undissociated up to 
pl I iS.5 versus the 50%  dissociation of benzoic acid 
at pl I 4.2. While the pl I optimum for antimicrobial 
activity o f benzoic acid is below 4.5, the parabens arc 
effective at pl I 3 to X.

Parabens arc effective against a wide variety ot 
grain-negative and gram-positive foodborne bacteria. 
As the alkyl chain length ot the parabens increases, 
inhibitory activity generally increases. Increasing ac
tivity with decreasing polarity is more evident against 
gram-positive than gram-negative bacteria. Fungi are 
much more susceptible to parabens than bacteria. As 
with bacteria, inhibition ot fungi increases as the alkyl 
chain length o f the parabens increases.

In the United States, the methyl and propyl esters 
o f />-hydroxybcnzoic acid are C R A S  at a maximum 
concentration ofO. 1% each. When used in combina
tion, the total mav not exceed 0.17(1. To  take advan
tage o f their respective solubility and increased activ
ity. methyl and propyl parabens are normally used 
in a combination o f 2-3:1 (m cthyhpropyl). The n- 
lieptyl ester is approved for use in fermented malt 
beverages (beers) at a maximum o f 12 mg/liter and 
in certain noncarbonated soft drinks and fruit-based 
beverages at a maximum o f 20 mg/liter. M any other 
countries permit the use o f the methyl and propyl 
esters, and some, including |apan, allow use ot the 
butyl ester. Parabens have been suggested tor use in 
a variety o f foods including baked goods, beverages, 
fruit products, jams and jellies, fermented toods. syr
ups. and fillings.
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J. Sodium Chloride

Sodium chloride (N aC i) or common salt is probably 
the oldest known tood preservative. While its primary 
use at the present is as a flavoring agent, salt continues 
to be useful in combination with other preservation 
methods to inhibit microorganisms. Sodium chloride 
indirectly inhibits microorganisms by lowering the 
water activity of solutions. In addition, sodium chlo
ride also may act by limiting oxygen solubility and 
interfering with enzyme function.

A wide variety o f tolerances to sodium chloride 
exist among microorganisms. Spoilage bacteria, such 
as Achroiuohactcr, l-'lai’obacti'riinn, and Psauionwihts, 
grow in the presence o f 1.5-5.!)% salt. Lactic acid 
bacteria and spore-forming bacteria tolerate salt solu
tions ot 4-15%. In general, pathogenic foodborne 
bacteria are inhibited by a water activity o f 0.92 or 
less (equivalent to a sodium chloride solution o f 
13.5% , w /v) with the exception o f ,S. aumis. The 
immimim water activity for growth o f .S. aureus is
0.83-0.86. Toxin production by the bacterium is re
duced by sodium chloride concentrations ot 4—10%. 
Another relatively salt tolerant foodborne pathogen 
is /.. moiioiy io^ciics which is capable o f survival in 
saturated salt solutions at lower temperatures. Fungi 
are more tolerant of low water activity than bacteria. 
Most spoilage fungi are inhibited by water activities o f
0.80-0.88, but some xerophilic molds ami osmophilic 
yeasts are capable o f growth to 0.60-0.61. It must be 
noted that the type o f solute has an effect on growth 
ot microorganisms at low water activities. In many 
cases, microorganisms are capable o f growth at lower 
water activities in the presence o f sugars than sodium 
chloride. Inhibition by sodium chloride is influenced 
by pH, temperature, and the presence o f other preser
vatives. As acidity increases or pH decreases, toler
ance to sodium chloride decreases. Generally, as the 
temperature decreases, microorganisms grow more 
slowly in the presence o f sodium chloride. In some 
instances, tolerance to. but not necessarily growth 
in, sodium chloride may actually increase at lower 
temperatures. Some fungi have shown increased resis
tance to heat in the presence o f 3-16% salt.

K. Dimethyl Dicarbonate (DMDC)

Dimethyl dicarbonate (Fig. 12) is a colorless liquid 
which is slightly soluble in water (3 .6% ). The com
pound is very reactive with a number o f substances 
including water, ethanol, alkyl and aromatic amines, 
and sulfnydrvl groups In water, D M D C  hvdrolvzes 
to form methanol and carbon dioxide. Hydrolysis

h , c - o - c - o - c - o - c h 3

FIGURE 12 Structure ot dimethyl Jie.irbon.ite.

increases w ith increasing temperature and decreas
ing pH.

The primary target microorganisms for D M D C  
are yeasts. In alcohol-free beverages, fungicidal con
centrations range from 30 to 250 mg/liter for species 
o f Saccliaivniyccs, X.y^osaccliaroinyccs, Rhodotorula, Can
dida, Picliia, lonilopsif, Tortila, lindoinyccs, Klocckera 
and Hansamla (28°C, pH 2.8—1.7). The compound 
has also been shown to be bactericidal at 30-40!) mg/ 
liter to a number of species including A. jiastcnriauus

i ■(>/(, P. aeruginosa, S. in unis, several Lactobacilli!■ 
species, and Pi'diococcus ccrci’isiac. Molds are generally 
more resistant to D M D C . than yeasts or bacteria 
Concentration ranges tor lethality against molds are 
50-1000 mg/liter. In wine containing 10% ethanol. 
50 mg/liter D M D C ’ is lethal to most yeasts. The anti
microbial activity ot D M D C ! is dependent upon tem
perature, pi 1, and chemical composition ot the prod
uct. The most effective pi I range for D M D C ! is 3—t 
Hthanol in the product increases effectiveness of 
D M D C!, while proteins decrease effectiveness. The 
mechanism by which D M D C ! acts is most likely re
lated to inactivation o f enzymes o f the m icroor
ganism.

In 1988 the FD A  approved D M D C . for use in wine 
at a maximum o f 200 mg/liter as an antimicrobial. 
Ethylm cthyl carbonate, a reaction product ot ethanol 
hydrolysis with D M D C , must not exceed 2 mg/liter 
in the treated wine.

L. Biologically Derived Compounds

Food antimicrobials produced by microorganisms are 
sometimes termed “ biologically derived" com
pounds. N isin and natamycin are two compounds 
produced by microorganisms that are approved by 
most regulatory agencies for use in foods. In addition, 
there are a number o f other antimicrobials produced 
by microorganisms which have been evaluated for 
their potential in foods. Most o f these compounds are 
produced by lactic acid bacteria.

1. Nisin
Nism is a bactcriocin produced by some strains 

o f Lactococcus lactis ssp. I,mis (formerly .S. I act is). A 
bactcriocin is generally classified as protein which ex
erts a bactericidal mode o f action on susceptible bacte
ria. Nisin was isolated, characterized, and named by
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A. I . R. Mattick and A. I lirsch m 1947. 1 lie com
pound contains 34 amino acids and has a molecular 
weight ot around 3500 D; however, it usually occurs 
as a dimer with a molecular weight ot 700(1.

I he solubility ot msin is dependent upon pi I. At 
pi I 2.5. the solubility is 12%, at pH  5.0, 4 .0 %  and 
it is insoluble at neutral and alkaline pi I. In dilute 
hydrochloric acid at pl 1 2.5, msin is stable to boiling 
with no marked loss ot activity. At pH 7.0, inactiva
tion occurs even at room temperature. In the dry 
torm, nisin is very stable but it is gradually inactivated 
m toods. Nisin is inactivated by some, but not all, 
proteases.

Nisin inhibits the growth ot gram-positive bacteria 
but does not generally inhibit gram-negative bacteria, 
yeasts, or molds. Vegetative bacteria inhibited by 
nisin include L . lactis ssp. crcinons, ( ’oryinbinrcriiiin, 
LiiftolhuillUi, Listeria, Micrococcus, Mycohactcriiim, .S’ . 

aureus, and Streptococcus. Nisin is sporicidal to species 
ot Bacillus and (Clostridium, including botiiliumn.

A tew microorganisms are resistant to the effects 
ot nisin. One possible cause tor resistance o f microor
ganisms is production ot the enzyme nismasc. 
Nisinase is produced by L. pLiutanim, S. tliennopliiliis, 
some other lactic acid bacteria, and certain Bacillus 
species.

Nisin-producing starter cultures were first used in 
toods as a preservative to prevent “ b low ing”  ofswiss- 
type cheese caused by Cl, tyrobiityricuni and (.. butyri- 
citm. Nisin has been recommended for use in canned 
vegetable products to prevent the outgrowth o f (.’. 
boiuliiiiiin when less severe sterilization conditions are- 
desired or required. It also could be used to control 
heat-resistant thermophilic sporc-tormers, such as B. 
stcarotluriuopliilus and C. thcnnosaccluuolyiicuin, which 
are capable ot spoilage ot canned foods stored at ele
vated temperatures (e.g., in warm climates) and C. 
pastcuriamm and Bacillus species which may spoil 
high-acid canned toods. Studies have demonstrated 
variable to poor success in research applications of 
nisin to meat products. Reasons for reduced activity 
in meats may be due to binding o f nisin by meat 
particles, uneven distribution, poor solubility, or in
terference by phospholipids.

Nism is permitted tor use as an antimicrobial in 
approximately 47 countries. Food products for which 
it is approved include: cheeses, processed cheeses, 
canned vegetables and truits, confectionery creams, 
milk, milk products, cooked meats, custard, ice, bak
ery products, and mayonnaise. It is approved in the 
United States only tor use m pasteurized cheese 
spreads and pasteurized process cheese spread to in

hibit the growth ol hotuliuuii.i at a maximum ot 
25(1 ppm.

2. Natamycin
Natamvcin was first isolated in 1955 from a culture 

ot Siri'ploinyccs Uifhilcnsis, a microorganism found in 
soil from Natal, South Africa. I he generic name ‘'na
tam ycin," which is approved by the W orld  Health 
Organization, is synonymous with "p im ancin ," a 
name used m earlier literature.

Natamycin is a polvcnc macrohde antibiotic, mean
ing it possesses a macrocyclic ring of carbon atoms 
closed by lactonization (Fig. 13). Natamycin has low 
solubility m water and polar organic solvents and is 
practically insoluble in nonpolar solvents. At room 
temperature, 30-100 mg of natamycin is soluble in 1 
liter o f water. The stability and/or antimvcotic activ
ity o f natamycin are affected by pH, light, oxidants, 
and heavy metals. While pl 1 has no apparent effect 
on antifutigal activity, it does influence stability ot 
the compound. Natamycin retains greatest activity at 
pl I 5-7, the pl I range o f most food products. Under 
normal storage conditions, temperature has little ef
fect on natamycin activity. Irradiation due to sunlight 
and contact with certain oxidants (e.g., organic per
oxides and sulfhvdryl groups) and heavy metals all 
adversely effect stability ot natamycin solutions or 
suspensions.

Natamycin is active against nearly all molds and 
yeasts, but has no apparent effect on bacteria or vi
ruses. Most molds are inhibited by concentrations ot 
natamycin from 0.5 to 6.0 mg/liter while some spe
cies require 10-25 mg/liter for inhibition. Most yeasts 
are inhibited by natamycin concentrations from 1.0 
to 5.0 mg/liter.

Natamycin is approved by the FD A  under the trade 
name Delvocid for use on any cheese for which anti- 
mvcotics are allowed. The low solubility ot nata- 
niycin makes it suitable tor use as a surface treatment 
on cheeses because it remains at the surface.

3. Other Bacteriocins Produced by Lactic 
Acid Bacteria

While nism is the only bactcriocm produced by 
lactic acid bacteria approved for use in toods by regu
latory agencies, a number ot other compounds may 
have potential for use as antimicrobials m foods in the 
future. Pciliocomis pentosacais produces a bactcriocm, 
designated pediocin A, which inhibits species ot Bacil
lus, ( Clostridium, Lactobacillus, Lcuconostoc, L. mcmocyto- 
genes, .S’, aureus, and Streptococcus. 1 here is no effect 
ot pediocin A on yeasts or gram-negative bacteria.
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FIGURE 13 Strutturo ol ii.iu nm  m.

lVdiocin I'A-1, ;i bacteriocin produced by /'. acidilactii i 
FAC ' 1.0, inhibits B. cereus, l.euconostoc mesenteroides, 
L. monocytogenes, S. aureus, and .S’, laecalis. A bacterio- 
cin produced by /’. acidilactici I I and named pedioem 
Acl 1 has antimicrobial activity against I. monocyto
genes but has little el feet on growth ot botuliuum 
spores. Sakacin A, produced by /.. sake 706. is inhibi
tory to L. monocytogenes. T hese compounds and others 
produced by species ot Liictococcus, Lactobacillus, Leu- 
conosroc, Camobacterinw, Bifidobacterium, and Propioni- 
bacterinm have potential use when produced by starter 
cultures in fermented toods or as purified compounds 
added to toods. More research on application o f puri
fied bacteriocins to foods is necessary prior to their 
widespread acceptance by regulatory agencies or the 
food industry.

M. Naturally Occurring Compounds 
and Systems

M any tood products contain naturally occurring com
pounds which have antimicrobial activity (Table 111). 
In the natural state, these compounds may play a 
role in extending the shelf-lite of a food product. 
In addition, a number o f these naturally occurring 
compounds have been studied for their potential as 
direct food antimicrobials.

Several enzyme systems and proteins have been 
shown to possess antimicrobial activity. In bovine

milk, lactoperoxidase combines with hydrogen per
oxide to oxidize thiocyanatc resulting in several prod
ucts including hvpothiocyanate, cyanosulturous acid, 
and cvanosulfuric acid. This system, called the lacto
peroxidase system (L I'S ), is active against hydrogen 
peroxide-producing microorganisms such as Lactococ- 
ens, Lactobacillus, and Streptococcus .is well as a number 
of gram-negative bacteria including Pseudomonas. 
Bovine milk contains sufficient lactoperoxidase 
(15—30 mg/liter) and thiocyanatc (1-10 mg/liter) to 
activate the system. O n ly  hydrogen peroxide is defi
cient. I Iydrogcn peroxide may be added to the milk 
directly or produced through the growth ot~Lactobacil
lus in the milk. T he L I 'S  system has been suggested 
for use as a preservative for raw milk, mtant formula, 
and liquid whole eggs. [.See F o o d  B i o c h e m i s t r y : 
P r o t e in 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 .]

Conalbumin and lactoferrin are proteins which 
bind iron in eggs and milk, respectively. These pro
teins are capable ol inhibiting the growth ot m icroor
ganisms which require iron. Cram-positive bacteria, 
including species ot Bacillus and Micrococcus, are the 
most sensitive but others including L. monocytogenes 
and the gram-negative I: co/i have also been shown 
to be inhibited. Avidm is a protein present in eggs 
which binds biotin. Microorganisms which have a 
requirement foi biotin may be inhibited bv avidin.

L.vsozymc f-V-accryThexosammidase) is an enzyme 
present m etigs. milk, and other biological secretions.
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TABLE III
Sources of Naturally Occurring Antimicrobials in Foods and Related Products

Antimicrobial component hood product Remarks

1 actopcroxidase Bovine milk Ucacts with tlnocyanatc and hydrogen peroxide to lor in 
inhibitory components

I actotcmn Milk Hinds iron
( ionalbumin Hi^s hinds iron
Avid in Hinds biotin
1 yso/vme Milk e L̂»s biological secretions l.vscs peptidoi;lvcan ol bacterial cell walls
l.u^enol C loves —
< mu.mm aldehyde C inii.inion —
1 hymol (. )regano. divine —
1erpenes Sage/ rosemar v —
Allicin/thiopropanal-N-oxidc C )nions garlic Through the en/yme allinasc
1 lumulones/ lupulones 1 lops —
( >leuropein (. )|ives Phenolic glycoside
( \itleme/theophylhne. theobromine Ciollee.;cocoa beans tea —
IMienol/cresol/tormaldehvde Woodsmoke smoked toods —

It catalyzes hydrolysis ot the /0-1.4 linkages between 
iV-acctylmuramic acid and .Y-acctvlglucosaminc of 
the pcptidoglycan ot bacterial cell walls. Lysozymc 
is most active against gram-positive bacteria including 

hotuliiimn, tlicmit\<iUclidiolytiiitiii, tyrolmiyri- 
tnni. Ii. itciirotlnrniopliilus, and L. nionoiyiogciics. It is 
less effective against gram-negative bacteria, but their 
susceptibility can be increased it the cells are starved 
or injured, with a chelator (e.g., E D T A ) or with 
polym yxin 13. I.ysozvme is one of the tew naturally 
occurring antimicrobials approved by regulatory 
agencies tor use in foods. In Europe, lysozymc is used 
to prevent gas formation in cheese by . lyrobittyriiuni. 
Lysozymc is used to a great extent in |apan to preserve 
seafood, vegetables, pasta, and salads. The enzyme 
also has potential for use as an antimicrobial in meat 
products.

Spices and their essential oils have varying degrees 
o f antimicrobial activity. The earliest report on 
use ot spices as preservatives was in Egypt around 
155D li.c. The strongest antimicrobial activity among 
spices has been shown with cloves, cinnamon, oreg
ano. and thyme. The major antimicrobial fraction o f 
these spices is in their essential oils. The spice and its 
corresponding essential oil are: cloves, cugenol (2- 
methoxy-4-allyl-phcnol); cinnamon, cinnamic alde
hyde; oregano and thyme, thymol (Fig. 14). These 
compounds have inhibitory activity against a number 
ot bacterial species, molds and yeasts. Sage and rose
mary also have antimicrobial activitv against a num
ber ot gram-positive and gram-negative bacteria. The 
inhibitory effect ot these spices is attributed to their 
tcrpcnc fraction. M any other spices which have been 
tested show limited or no activitv.

Plants and plant extracts have a number ot antimi
crobial compounds. Probably the most well charac
terized antimicrobial system is that tound in the juice 
and vapors o f onions (Allium ccpa) and garlic (.4. Siiri- 
i ’ i i i i i ) .  The antimicrobial component of garlic is allicin 
(diallyl thiosulfinatc) which is formed by the action 
ot the enzyme, allinasc. on the substrate alliin (S- 
(2-propenyl)-i-cysteine sulfoxide). The reaction only 
occurs when cells ot the garlic are disrupted, releasing 
the enzvmc to act on the substrate. A similar reaction 
occurs in onion except the substrate is S-(l-propenyl)- 
i-cvstcinc sulfoxide and one ot the major products is 
thiopropanal-.S-oxidc. The products which appear to 
be responsible for antimicrobial activity are also re
sponsible for flavor o f onions and garlic. Microorgan-

// \

C in n a m ic
A ld eh yd e

Eu g e n o l

FIGURE 14 Structures ot* antiinierobi.il compounds m spices.
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isms which arc inhibited by onion and garlic include 
the bacteria B. corns, C. hotiiliniiin type A, coli, S. 
typliimuriuin, and .S'. aureus, the molds .4. flai'us, A. 
parasiticus, and the yeasts ( '.  albicans, Cryptococcus, 
Rhodotorula, Torulopsis, and Trichosporon In addition 
to onions and garlic, extracts of snap beans, beets, 
brusscl sprouts, cabbage, carrots, cauliflower, horse
radish, peas, peppers, potatoes, radishes, rhubarb, 
spinach, sweet potatoes, and tomatoes have limited 
activity against certain microorganisms. Phenolic 
acids (protocatechuic, vanillic, gallic, svringic, el- 
lagic), hvdroxycinnamic acids (catteic, chlorogenic, 
/)-coumaric, ferulic), and tannins, found naturally in 
a number o f fruits and vegetables, are inhibitory to 
certain gram-positive bacteria, yeasts, and molds. 
Humulones and lupulones are major constituents ot 
hop resin trom the flowers of the hop vine ( l.upulus 
luimuliis). This resin, used in the brewing industry 
for imparting a desirable bitter flavor to beer, has 
antimicrobial activity against gram-positive bacteria 
at 1 — 10(1 ppm. Smoking o f foods not only imparts 
desirable flavor to foods such as meats, cheeses, fish, 
and poultry, it also has a preservative effect. Com 
pounds in wood smoke responsible for antimicrobial 
activity include phenol, cresol (methyl phenol), and 
formaldehyde.

N. Miscellaneous Compounds
Certain fatty acid esters, including glyceryl esters of 
fatty acids and sucrose fatty acid esters, have been 
found to exhibit antimicrobial activity in foods. One 
ofthe most effective ofthe fatty acid esters is glyceryl 
monolaurate (Fig. 15). Some polyphosphate com
pounds (Table !V ) have demonstrated antimicrobial 
activity in foods. The normal functions of polyphos
phates includes stabilizing emulsions, improving ten-

0ii . 
h 2c - o - c - ( c h 2) 10- c h 3

I
CHOH
I
c h 2oh

FIGURE 15 Structure ot monolaurm.

TABLE IV
Phosphate Derivatives with Antimicrobial Activity

N a m e A b b re v ia t io n Fo rm u la

S o d iu m  ,k u 1 p yro p h o sp h a te S A F I ’ N .o H ifN O *
1 e traso d ium  pyro p h osp h a te T S l J l> N a jP .O -

S o d iu m  tri p o ly  phosphate S T IM ’ N a . l ’ .O ,.
S o d iu m  tetra p o ly  phosphate ( N a K J ,
S o d iu m  hexam etaphosphate S U M  I ’ ( N a l ’O J w . , ;

derness, retaining color, and im proving flavor in meat 
products, dispersing proteins and buttering in dairy 
products, and mineral supplementation. Generally, 
gram-positive bacteria, including C . botiiliuum and N. 
aureus, are susceptible to the polyphosphates.

Certain gases have antimicrobial activity, especially 
carbon dioxide (C O ,). Carbon dioxide is most active 
against molds and gram-negati ve psychrotrophic bac
teria. Carbon dioxide has been used in mixtures with 
nitrogen and oxygen in gas-impermeable films to pro
duce modified atmosphere packaged products. The 
concentration ofcarbon dioxide in these mixtures var
ies with the product being stored.
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Food Process Engineering: 
Heat and Mass Transfer
A. K. DATTA, Cornell University

I. Heat Transfer
II. Phase Change Heat Transfer during Freezing
III. Phase Change Heat Transfer during 

Evaporation
IV. Mass Transfer
V. Future Directions in Food Process Engineering

Glossary

A ngle  o f  respose o f  solids Angle made by a mate
rial w ith respect to the horizontal when piled; the 
coefficient of friction between granular materials is 
equal to the tangent o f the angle o f internal friction 
ot the material; it is generally assumed that the angle 
of friction and the angle o f repose are approximately 
equal
C ollig ative  properties Depend on number but not
on the nature o f molecules in a system; they play an 
important role in a number o f separation processes 
and purification processes in food manufacture, and 
water activity, including boiling point elevation, 
freezing point depression, and osmotic pressure 
F lo w  m odels M any fluid foods do not follow N ew 
ton’s law of viscosity in which the shearing stress is 
directly proportional to the shearing rate (velocity 
gradient); among the flow models for foods that show 
non-Newtonian behavior, the power law is widely 
used: the shearing stress is assumed to be proportional 
to the shearing rate raised to a power 
Je n ik e ’s flow function  Flowabihty o f powders; it is 
an important property in designing bins and hoppers 
R eactio n  kinetics A number of chemical changes 
take place when foods arc either stored at a constant 
temperature or subjected to i thermal process in 
which a range ot temperatures is used and it is im 
portant to model the changes so that the extent o f 
chemical changes can be calculated; in foods, most

chemical and physical changes can be described by 
either zero-order or first-order kinetics 
Reynolds n u m b er Dimensionless number whose 
magnitude defines laminar and turbulent flows; it is 
also used in the calculation ot friction losses m pipes 
Sanitary standards Sanitary and microbiological 
considerations play important roles in the design o f 
transportation and storage systems ot foods; they in
clude the use o f stainless-steel and other approved 
materials o f construction, the use o f  sanitary fittings, 
the design o f pipe lines to eliminate stagnation zones 
and to facilitate drainage o f the foods, the control 
o f temperature and humidity o f storage, and, often, 
minimal contact with oxygen to minimize degrada
tion reactions
T ransp ort  properties In the context of food, trans
port processes typically refer to the transport o f mo
mentum (fluid flow), transport o f  thermal energy 
(heat transfer), and transport o f species (mass trans
fer); transport properties describe rates ot these trans
port processes (examples are viscosity for fluid flow, 
thermal conductivity for heat transfer, and mass diffu- 
sivity for mass transfer processes)
U nit operations Combination o f  one or more o f 
physical transport processes combined w ith biological 
and chemical changes during that process

w  hile thermodynamics tells us that energy is 
transferred from a body at higher temperature to 
a body at lower temperature, heat transfer deals 
w ith the rate o f this energy transfer process. The 
subject o f mass transfer deals w ith movement o f 
one material component (species) inside another. 
[.S’t'c F o o d  P r o c e s s  E n g in e e r in g :  S t o r a g e  a n d  
T r a n s p o r t  0 1  F l u i d  F o o d s  in  P l a n t s ;  F o o d  P r o 
cess  E n g in e e r in g :  T h e r m o d y n a m ic  a n d  T r a n s p o r t  
P r o p e r t ie s .  |

Encyclopedia o f  Agricultural Science, Volume 2 Copyright c 1994 by Academic Press, Inc. All rights of reproduction in any form reserved.
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I. Heat Transfer

A. Thermodynamics, Rates of Heat Transfer, 
and the Heat Equation

1. Thermodynamics and the Conservation 
of Energy

W hile thermodynamics tells us that energy is trans
ferred from a body at higher temperature to a body 
at lower temperature, heat transfer deals with the 
rate o f this energy transfer process. The first law of 
thermodynamics is a statement of conservation ot 
energy and is shown schematically in Fig. 1.

2. Rates of Heat Transfer
Energy is transferred by three common modes of 

conduction, convection, and radiation. In conduction 
heat transfer, as the temperature ot a location increases 
the molecules in that area vibrate to a greater extent 
and bump into neighboring molecules. This contact 
between molecules imparts some of the vibrational 
motion o f the first molecule to the second molecule 
which then begins to vibrate more. This trend contin
ues throughout the material, spreading heat energy 
by the introduction o f increased vibrational motion. 
The rate o f transport of thermal energy (heat transfer)

is related to the temperature gradient as (Fourier's 
law):

•L -

A dx ( 1)

where .v is the direction of heat transfer, is area 
perpendicular to this direction, 7' is temperature, and 
k is thermal conductivity (a property that measures 
the ease o f energy transfer by conduction).

Convective heat transfer results due to bulk motion 
o f the material and the energy it carries with it. Thus, 
this mode o f beat transfer is true only in liquids and 
gases. W hile forced convection is due to an external 
force, such as a fan, free convection is driven by a 
density difference in the fluid. Often, convective heat 
transfer between a surface and a fluid flowing over it 
is o f importance. When fluid at temperature T i is

Storage = In - Out + Generation

flowing over a surface o f area A at temperature T,. 
the rate o f heat transfer from the surface to the fluid 
is given by

<7l , = M (7 -  -  7\). (2)

In radiative heat transfer, energy is emitted by all 
matter that exists at finite temperatures above absolute 
zero. Unlike conduction and convection, radiation 
does not require a medium. The rate ot energy emitted 
from a surface o f area A  and at absolute tempera
ture /' is

= e (t T \ (3)

where f. is emissivity, a property o f the material sur
face and cr is a universal constant.

3. The Energy Equation
A material is treated as a continuum for heat transfer 

purposes. To  successfully apply equations o f conduc
tion and convection when temperature T  continually 
varies inside the material, differential equations ot heat 
(energy) transfer are needed. The energy equation is 
derived by combining the fundamental thermody
namic principle o f conservation ot energy (Fig. 1) and 
the Fourier’s law ot heat conduction (Eq. (1)):

ft I ' k i t  / vc ,..
+ I I—  -  --  T T  + ■ (4)

i iT
Hi clx p i (I.V-

_Q .

Storage Bulk 
Mow

Diffusive Generation 

Movement

The first term in the above energy equation represents 
the storage o f energy. Increase in storage with time 
leads to higher temperature and vice versa. The sec
ond term represents the energy carried due to the bulk 
motion (convection) with velocity n. The first term 
on the right-hand side o f Eq. (4) represents the energy 
transferred due to diffusion. The second term on the 
right represents the source or sink ot energy. All the 
problems in energy transfer are solutions to this equa
tion or some other form ot it.

B. Thermally Induced Changes 
during Processing

Thermally induced changes in foods are often treated 
as first-order reactions described by

dt
di- = ktc. (5)

FIGURE 1 The tliernnxivnamic law o f  eenergv conservation where fc, is the reaction rate constant at temperature
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I . When the temper.iture ot the.' tood vanes with tinii', 
the reaction rates also wiry with time. The integrated 
effect ot the temperature variation with time on nu
trient or bacterial concentration is obtained by inte
grating the above equation as

I
In ^ (6)

where t and r, are final and initial concentration, re
spectively. In the food literature, the above equation 
is used in .1 different blit equivalent form. Instead o f
referring to a final concentration, an equivalent heat
ing time /■’, is used that gives the same filial concentra
tion i tor a constant processing temperature o f T u. 
Thus.

_ ln .

 ̂III  ̂I R
= X ;e x p (/ y K ( t / r ,  - 1 lT ) )d i  (7)

using Eq. (34) in the article 011 “ Thermodynamic and 
Transport Properties. ”  When process temperature 7 
is close to l ' lt. the above expression can be approxi
mated as

/•;. = ■0,.1111 ~ — dt- (»)

where a standard value o f T K = 1 21 °C' is used and c 
is related to the activation energy I.., by Eq. (35) in 
the article on "Therm odynam ic and Transport Prop
erties." in thermal processing o f foods, the primary 
purpose is to determine the processing time f„ for a 
given temperature history when is mandated from 
health standpoint.

C. Uniformity of Heating and Quality of 
Thermally Processed Foods

1. Uniformity of Heating as Related 
to Quality

A finite-shaped food material w ill have .1 spatial 
temperature distribution when being heated or 
cooled. Therefore, in a tood material. T(t) w ill be 
different for every location 111 it. Thus, calculated 
at every location w ill be different, providing a distri
bution ot sterilization and other thermally related 
quality factors. Conceptually, processes with less 
spread in values are preferred since they signify 
more uniformity ot heating that leads to better quality 
since overprocessing is minimized.

In conventional heating (as opposed to m icrowave 
heating) all o f the material tries to reach the surface 
temperature, and therefore uniform ity of heating in
creases with time. By  contrast, in m icrowave heating, 
heat is generated constantly but at varying rates 
throughout the material. This causes the uniform ity 
o f microwave heating to decrease with time. Thus, 
the ability o f microwaves to provide better quality is 
not universally true and depends on the particular 
heating situation, material properties, and duration 
o f heating. The faster and more uniform heating tit 
microwaves can provide better quality (less thermal 
degradation) for many practical processing situations.

2. Slowest Heating Point, Zone, Element, and 
Average Values

The spatial variation 111 the heating effect can be 
lumped into .111 average value. W hile this is useful tor 
nutrient retention, from a bacterial inactivation point 
o f view, the locations in tood material that consis
tently stay colder than other locations are of prime 
concern. The slowest heating’ point or cold point is ot 
particular importance for designing a sterilization pro
cess due to the fact that bacteria at these points would 
undergo least inactivation. Therefore, a thermal pro
cess is designed based 011 temperature variation of the 
food at the coldest point, since all other locations 111 

the food material are sterilized more than the coldest 
point. Thus, for sterilization, it is the least value of 
/•’,, that we are interested in. In heating o f fluids, there 
is often no one slowest heating point, instead there 
is a slowest heating zone in which slowest heating 
points stay during the course ot heating.

Conceptually, another important quantity is a 
slowest heating food element, which by definition is 
.1 material element 111 the food that heats the slowest.
I11 solids, where the food does not move physically, 
this is same as the slowest heating point. However, in 
fluid foods, where the material (fluid) element moves 
during heating, the /•„ for the slowest heating element 
is generally higher than the time-tcmperature history 
at the slowest heating location as shown 111 Fig. 2 
for natural convection heating. This results trom all 
physical fluid elements staying only some time 111 the 
slowest heating zone and staying in a warmer zone 
at other times. Although for practical purposes, steril
ization process cannot be designed based 011 this slow 
est heating element, it shows that tor fluid steriliza
tion. use o f slowest point (or zone) can further 
underestimate the sterilization value and provide 
more conservative (safer) estimates ot the extent ot 
sterilization.
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" FIGURE 4 Transient temperatures at three locations in a splien-
FIGURE 2 SP atial variation in sterilization showing average. tally shaped potato under microwave heating,
slowest element, and slowest point sterilization in a liquid during 
natural convection heating.

D. Thermal Processing and Heating of 
Conductive Heated Foods

1. Transient and Spatial Temperatures in 
Solid Food Materials

In conventional heating ot tood, temperatures 
change toward the boundary temperature asymptoti
cally as shown in Fig. 3. The farther the location from 
the boundary, more is the lag m temperature rise. In 
contrast, in high rate ot microwave heating 
time-temperature relationships at all points within a 
material is often linear (Fig. 4). Such linear 
time—temperature profile results from diffusion being 
insignificant, as can be seen in Hi], (4) when convec
tion and diffusion terms are dropped and generation 
rate Q  is constant at any location. W ith continuous 
and high rate o f heat generation, temperatures reach 
boiling temperature o f water in a short time.

Typical spatial variation o f temperatures in conven
tional and microwave heating, respectively, is shown 
in Figs. 5 and 6, respectively. Although microwaves 
generally heat more near the surface and less inside, 
evaporative heat loss and convective heat loss to the

R a d ia l d is ta n c e  (c m )

FIGURE 5 Spun al v .in.iturn ol temperatures ill i onveiuuin.il 
n>i> ot eylmdrically shaped food materi.il.
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FIGURE 3 I ransient temperatures at three locations in a solid 
tood material in a cvlindrn al-shaped can.
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colder surrounding air keeps the surface temperature 
lower than slightly interior locations.

2. Thermal Processing of Solids
For conduction heating o f solid food, we are inter

ested in temperatures at the geometrical center of the 
can since this is the slowest heating point in the can. 
The temperature variation in a conduction heated 
product at any location 111 an arbitrary shaped solid 
can be obtained by solving the Energy Eq. (4) and 
making suitable approximations of the solution as

I T.

where 7 m is the boundary (retort) temperature for 
heating, I is temperature at the slowest heating point 
at time f, and / and j values characterize the shape, 
size, thermal property o f the food material, and the 
heat transfer coefficient at the surface. This equation 
can be combined with Eq. (6) for first order kinetics 
tor bacterial destruction to obtain

1

// io
121 -  T

T  -  T.„

1------ilT . (10)
303( T  -  T J  v '

Here / ,, defined in Eq. (8) and T are the final tempera
ture ot the tood at the end o f processing. Since 
values at lower temperatures are relatively insignifi
cant, we only need to start from 44°C (HOT) below 
T m to get all the significant lethalities, which means 
the integral above can be approximated as

E. Thermal Processing in Continuous Heating
of Liquids

1. Flow and Temperature Profiles for 
Conventional and Microwave Heating

The three major types of continuous processing 
equipment are tubular, plate, and direct contact heat 
exchangers. For illustration, consider a simple tubular 
heat exchanger under steam or hot water heating from 
the surface. The fully developed laminar velocity pro
file in this exchanger is parabolic as shown in Fig. 7. 
The temperature profile keeps changing along the 
total length o f the tube as the interior fluid warms 
up, but the centerline always stays the coldest. At this 
time, continuous m icrowave liquid heating apparatus 
is not available for industrial use.

For laminar flow, since liquid follows the stream
line and it has highest velocity and lowest temperature 
at the centerline, the sterilization is lowest at that 
location. The cold point is therefore at the centerline. 
For a given sterilization at the cold point, reduction 
in tube diameter leads to more uniform heating and 
less destruction o f thermally vulnerable quantities, 
like the vitamins. A smaller tube diameter is preferable 
from this standpoint; however, blockage by food 
clumps or fouling would limit the smallest usable 
size.

Due to the high apparent viscosity o f many non- 
Newtonian liquid foods, flow is often laminar. The 
temperature profiles are also modified due to the non- 
Newtonian nature but stay qualitatively similar to 
those for Newtonian fluids. Use ot m icrowaves for 
continuous heating has been demonstrated and ohmic 
(direct resistance) heating has also been developed 
where the food is made part o f an electric circuit, 
through which current flows and heat is generated in 
the food material.
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which is the well-known B a ll’s formula for steriliza
tion. According to this expression, lethality calcula
tions tor the heating process in this formula do not 
depend on initial temperature or the / value. Further 
modifications o f this formula are done to include le
thality during the cooling process o f the food follow
ing heating. M ore details on how the industry sets the 
processing time based on this formula are provided in 
the article on thermal processing.

Surface condition

Velocity Temperature

FIGURE 7 Radi al velocity and temperature profiles in .1 tube with 
specified surface temperature.
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2. Effect of Presence of Particulates
Continuous sterilization o f liquid only products is 

currently being extended to liquids with large particu
lates. Such a system, however, is considerably more 
complex. The temperature o f the solid particles flow
ing with the liquid is a function o f the residence time 
ot the particles in the sterilizer as well as the convective 
heat transfer coefficient between the liquid and the 
surface of the particle, information on both o f which 
is currently limited. The temperatures o f the moving 
particles cannot be experimentally monitored either. 
Studies arc continuing to accurately predict tempera
tures inside the particles to calculate the process time 
that meets the desired sterility

F. Thermal Processing in Agitated Batch
(In-Container) Heating of Liquids

1. Flow and Temperature Profiles
Mechanical agitation is frequently used to enhance 

heat transfer by increasing the surface heat transfer 
coefficient between the container surface and the liq
uid in it. Processing time can be markedly shortened 
due to this uniform and faster heating, generally re
sulting in improvement o f quality. Details o f types 
of agitation arc included in the article on thermal 
processing.

The temperature distribution inside axially rotating 
cans under direct flame heating and in a steam retort 
was shown to be quite uniform. Temperature mea
surements in an cnd-ovcr-end rotating can also 
showed uniformity. Heat transfer was much higher 
in cnd-ovcr-end agitated cans, as compared to axial 
rotation and the presence of a minimally sized head
space in cnd-ovcr-end rotation markedly increased 
the heat transfer.

The center of the can is generally assumed to be 
the cold point for agitated heating, temperatures in
side being very uniform except near the wall. Presence 
ot particulates inside the container further complicates 
the heating patterns. The additional critical parameter 
due to the presence o f particles is the convective sur
face heat transfer coefficient between the fluid and the 
particles, information on which is currently lacking.

G. Thermal Processing in Nonagitated Batch 
(In-Container) Heating of Liquids

1. Flow and Temperature Profiles
Nonagitating or stiil retorts arc used when agita

tions are to be avoided to keep the product or package 
integrity or tor economical reasons in small produc

tion volumes. Due to slow movement ot the liquid 
from natural convection, heating times required tor 
sterilization are somewhat long. Natural convection 
heating o f pure liquid has been studied in detail experi
mentally and theoretically. Figure 8 provides the flow 
patterns inside a can during natural convection heat
ing. The warmer liquid near the wall is lighter and 
it moves up. The core liquid, being colder, is heavier 
and moves downward creating a recirculating flow. 
Temperature values along the axis show that due to 
deposition ot hot liquid, the top stays consistently at 
a higher temperature. However, at the very bottom, 
since the bottom wall was heated, the temperature is 
higher again. The slowest heated zone stayed some
where in between and typically within the bottom 
15% of can height. For non-Newtonian (pseudoplas
tic) liquid, the recirculation pattern, radial and axial 
profile, and location of the slowest heating points 
were found to be qualitatively similar to that ot N e w 
tonian liquid discussed above. Presence ot particulates 
reduces natural convection in viscous liquid such as 
silicone, but has very little effect on convection in thin 
liquid such as water. Smaller particles cause greater 
reduction in the convective flow.

Unagitated heating o f liquid in microwave leads to 
similar flow patterns as explained above tor conven
tional heating, since the m icrowaves heat more near 
the wall. However, dielectric properties also play a 
major role in m icrowave heating. A comparison ot 
average temperatures o f oil and water heated m a
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FIGURE 9 I ransicnt mixed mean temperature ot water and oil 
heated in a microwave oven.

microwave oven is shown in Fig. 9. Though oil ab
sorbs significantly less m icrowave energy, due to the 
combined effect of a vastly different dielectric con
stant and ,1 much lower specific heat, temperature rise 
is actually faster in oil.

II. Phase Change Heat Transfer 
during Freezing

B y  lowering the temperature o f  food, activity o f mi
croorganisms and enzyme systems is reduced. This 
prevents deterioration o f the food product. During 
freezing, the sensible heat is first removed during 
chilling and then the latent heat is removed during 
freezing. The latent heat o f freezing o f water is a 
substantial portion o f the total heat removed on freez
ing. Food products contain relatively large amounts 
ot water in which various solutes are present. When 
referring to freezing o f foods, it is the solution in the 
food that is o f interest.

A. Freezing Process in Pure Liquids, Solutions, 
and Tissue Systems

1. Freezing Process in Pure Liquids
In freezing o f  a pure liquid, four distinct processes 

can be present: undercooling, nucleation, crystal 
growth, and maturation.

a. Undercooling (Also Called Supercooling)
Ice does not always form at ()°C . The temperature at 
which crystallization is initiated is not known a priori.

b. Nucleation For any kind o f crystal to grow, 
a stable seed which can act as a foundation is required.

T hese seeds are termed nuclei. Pure water may not 
freeze until around — 40°C. At this temperature, ho
mogeneous nucleation takes place— nuclei spontane
ously generate, and the water freezes. However, ho
mogeneous nucleation is not the most common 
nucleation mechanism for ice. Usually, extraneous 
(heterogeneous) nuclei are present and they help in 
the formation o f ice. Heterogeneous nucleation takes 
place at temperatures much higher than — 40°C.

c. Crystal growth C r y s t a l  growth is possible 
once nucleation has taken place. As long as a stable 
ice crystal is present, further growth is possible. The 
rate o f this growth is controlled in part by the rate 
o f heat removal from the system. Rapid freezing tends 
to form small ice crystals, whereas slow freezing tends 
to produce large ice crystals.

d. Maturation During storage, even at constant 
temperatures, a process occurs in which smaller ice 
crystals decrease in size, while larger ice crystals grow 
in size. W ith time, the number o f ice crystals decreases 
and their average size increases— in part reversing 
the initial effects produced by rapid freezing. This 
increase in crystal size during storage can be im 
portant, and, as in the case ot ice cream, may reduce 
the quality o f the product.

B. Freezing Process in Solutions
Dissolved solutes in water in food materials depress 
its freezing point below that ot pure water. This new 
freezing point can be calculated using Eq. (14) in Food 
Process Engineering: Therm odynam ic and Transport 
Properties, discussed in colligative properties ot 
foods. For a given amount o f  solution, as its tempera
ture is lowered and freezing takes place, it is the pure 
water in the solution that freezes, mostly rejecting the 
solute. Thus, the unfrozen solution gets concentrated 
and its freezing point lowers further. This process is 
shown m Fig. 10. The concentration process contin
ues until an eutectic point is reached where all ot the 
solution freezes. In the commercial process ot freeze 
concentration, freezing o f a solution is used to concen
trate solutions (by taking out the ice) that offer much 
less thermal degradation due to low temperatures in
volved. |>er F o o d  P r o c e s s  E n g in e e r in g :  T h e r m o d y 
n a m ic  a n d  T r a n s p o r t  P r o p e r t i e s . !

C. Freezing Process in Tissue Systems
The process o f freezing in plant tissues is considerably 
more complicated than the freezing o f a solution,
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FIGURE 10 Concentration ot a solution as temperature is lowered 
below freezing. Reproduced with permission trom Heldman and 
Singh, 1975.

primarily due to the presence ot' cellular structure. 
As cooling proceeds, the intracellular as well as the 
extracellular fluid reaches the freezing temperature. 
The cell has been considered devoid of nucleating 
agents and thus it is normally assumed that ice forms 
in the extracellular fluid at first, thus concentrating 
the solution. The cell contents remain unfrozen and 
supercooled, presumably because the plasma mem
brane blocks the growth o f ice crystals into the cyto
plasm. The cell walls are generally considered freely 
permeable to water. Thus, water flows out o f the cell 
due to osmosis and freezes in the extracellular space. 
This is one o f the arguments given against slow freez
ing process that often leads to inferior quality o f frozen 
foods.

D. Thawing

Thaw ing is not exactly the reverse o f freezing process. 
Thermal conductivity o f unfrozen food and biological 
materials is lower than their frozen forms. Thus, tem
perature during thawing process changes more slowly 
than freezing. Early  work reported that only a portion 
o f the water that flow's out o f the cell is reabsorbed 
upon thawing. The extent o f rehydration o f the cell 
would depend on the condition o f the cell (i.e., 
whether the cell membrane was punctured or it lost 
its semipermeable nature).

Uniform  heating characteristics ot m icrowave heat
ing can accelerate the thawing o f food materials con
siderably. However, one problem in microwave 
thawing is the selective overheating o f areas or run
away heating. Small tractions o f an otherwise frozen 
food material always stay unfrozen as a concentrated

solution o f constituents, such as sugar and salt. The 
dielectric loss (or energy absorption) is much higher 
for water in the liquid state as compared to the frozen 
state. The unfrozen pockets in the tood material there
fore w ill absorb larger amounts o f energy and may be 
at boiling temperature while other areas may remain 
frozen. O hm ic or resistive heating is also being inves
tigated for uniform and rapid thawing o f food mate
rials.

E. Estimation of Freezing Time

Some simple analytical solutions for estimating freez
ing time known as Flank's solution are used for most 
food freezing applications, although these solutions 
are true only for a pure liquid such as water. The 
Plank’s solution assumes that initially all material is 
at freezing temperature but not frozen, there is only 
one freezing point, the latent heat is constant and is 
equal to the latent heat o f water multiplied by the 
water fraction o f the tood, and all thermal properties 
are constant. Under these conditions, freezing time 
for a thin slab o f thickness 2a is given by

Xp
- T„

a a~ 
2h +

( 12)

Sim ilar expressions for freezing time are available for 
other geometries and slabs that are multidimensional.

The three basic assumptions made in Plank’s equa
tion, namely sharp freezing point, constant thermal 
conductivity, and negligible sensible heat (time to 
cool to freezing temperature and time to cool below 
freezing temperature), are not true in practice and 
may lead to serious inaccuracies. Em pirical correction 
factors based on data or computational results are 
used to correct for the inaccuracies in Plank’s equation 
resulting from the approximations. O ther mathemat
ical techniques can be used to calculate freezing time 
that arc far more general and have very few' lim ita
tions, as compared to Plank’s equations or its modi
fied forms. For example, Eq. (4) can be rewritten 
without convection or source term as

*(<,,„ T )  _  kd2 T
tit p dx~

(13)

where c is the apparent specific heat defined by Eq. 
(43) in the article on “ Therm odynam ic and Transport 
Properties,”  and is available experimentally tor many 
materials. Equation (!3 ) can be easily solved numeri
cally to obtain a precise estimate of freezing time.
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F. Storage of Frozen Foods

Storage conditions influence the quality of frozen tood 
as much as the freezing process itself. Several chemical 
changes occurring during frozen storage include lipid 
oxidation, enzymatic browning, flavor deterioration, 
protein insolubilization, degradation ot chlorophyll 
and pigments, and degradation ot vitamins. Physical 
changes include increase in size of larger crystals and 
decrease in size ot smaller crystals. Small, unavoid
able, regular fluctuations due to periodic operations 
o f refrigerating machines (~  1-2°C) have negligible 
effect. Large fluctuations (== 10°C) due to removal o f 
frozen foods from cold storage to transport, and to 
transfer from vessels to trucks to retail cabinets, have 
a definite detrimental effect.

III. Phase Change Heat Transfer 
during Evaporation

In food processing, most often evaporation is the pro
cess of removal ot water from an aqueous solution. 
Examples are concentrations o f aqueous solutions o f 
beet sugar, cane sugar, fruit juices, whey, milk, and 
maple syrup. Liquors vary widely in characteristics. 
M any physical and chemical changes take place 111 

a tood during evaporation. These changes are often 
undesirable. As evaporation proceeds and the solution 
becomes concentrated, its viscosity can increase tre
mendously and the heat transfer coefficient drops 
sharply. Adequate circulation and/or turbulence must 
be present to keep the coefficient trom becoming too 
low . Continued boiling of a solution after it is satu
rated causes crystals to form. These crystals must 
be removed or the tubes may clog. Some solutions 
deposit scale on the heating surfaces causing the rate 
ot heat transfer to decrease. During evaporation, the 
boiling point ot the solution may also rise consider
ably as the solids content increases, so that the boiling 
temperature of a concentrated solution is much higher 
than that o f water at the same pressure as stated under 
colligative properties o f food. Thermal degradation 
of vitamins and other thermally sensitive components 
(such as browning) can occur in foods. Special designs 
are adopted to reduce the exposure to higher tempera
ture and longer heating times.

The heat required tor evaporation is generally pro
vided by the condensation o f vapor on one side ot a 
metal surface with the evaporating liquid on the other 
side. The amount o f steam required for evaporation 
depends on the teed liquid rate, its initial concentra

tion, its final (evaporated) concentration, and a num
ber o f operating parameters. Detailed calculations are 
performed to obtain the energy consumption by per
forming conservation ot mass and energy around the 
evaporator

The type o f evaporating equipment is classified 
based 011 the configuration ot the heat transfer surface 
and on the means employed to provide agitation or 
circulation o f the liquid. Evaporators useful tor food 
applications include: long tube vertical evaporators 
for condensed milk, falling film evaporators tor truit 
juices, agitated (wiped) film evaporator tor gelatin 
and fruit juices containing pulp, and heat-pump cycle 
evaporators for fruit juices and milk.

IV. Mass Transfer

A. Thermodynamics, Modes of Mass Transfer, 
and the Species Conservation Equation

The subject o f mass transfer deals with movement o f 
one material component (species) inside another. It is 
different from fluid flow where bulk motion ot all 
components taken together is ot interest. The mass 
transfer concepts can be studied in almost an identical 
manner as heat transfer. Mass ot a species moves from 
a location at higher concentration to a location at 
lower concentration in .111 analogous manner as energy 
moves from higher temperature to lower tempera
ture. In both heat and mass transfer processes, the 
initial and the final equilibrium states determine the 
rates and extent o f transfer. Thus, it is important to 
understand the final equilibrium states tor various 
mass transfer situations. Transfer ot mass between 
two phases requires the study of interphase equilib
rium which has been discussed in the article 011 “ Ther
modynamic and Transport Properties."

B. Modes of Moisture Transfer

1. Molecular Diffusion
Unlike the three modes o f heat transfer (conduc

tive, convective, and radiative) there can be several 
modes o f mass transfer such as molecular diffusion, 
capillary flow, electrophoretic migration, etc. I11 a 
material with two or more components whose con
centrations vary within the material, there is a ten
dency tor mass to move. Molecular mass diffusion is 
transport of one component from a region of higher 
concentration to a region ot lower concentration. Flux 
is related to the concentration gradient by the Fick’s
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law that is analogous to the Fourier’s law o f heat 
transfer (Eq. (1)).

J a,  = (- />u<) ‘J£a
d:

(14)

Here / 1 is the molar flux ot component A in the c 
direction per unit area perpendicular to that direction, 
D.|/j is the diffusivity of species .4 in B, and c, is 
concentration of .4 as a function o f position .

2. Capillary Flow
Solid tood materials arc often capillary porous. 

Capillarity ot these materials is due to small pore sizes, 
and the liquid(generally water) is held .it different 
degrees ot tightness which must be overcome for 
the water to move or mass transfer to occur. M ove
ment of liquid in an unsaturated capillary porous solid 
can be described by D arcy’s law for an uns,unrated 
solid as

-  I —  
- * % ■ (13)

where q is the flux ot water, k is hydraulic conductiv
ity, h is hydraulic head, and > is distance. In an unsatu
rated solid, retention ot water by the solid is due to 
capillary and other attractive forces between the water 
and the solid, and therefore h is negative. It i' is the 
volume traction o f water in the solid, this equation 
can be rewritten as

_ . (ill eh' _
 ̂ ’ dc 8s

k rtc

iHi I
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(16)

/here

I )  = (17)

Here I )  is defined as diffusivity. The term dc/rlh is 
termed differential capacity. The diffusivity D  de
pends on the material properties li(c) and k(c), and is 
therefore material specific. For foods. D(c) can be 
measured directly. D(c) reduces as the volume fraction 
ot water r (a measure o f water content).

It is important to note that although the term "dif- 
fusivity" is used to describe the capillary flow, the 
process is not the same as molecular diffusion. It so 
happens that the capillary flow equation can be cast 
m a form similar to the molecular diffusion (Eq. (14)). 
In reality, since diffusive, capillary, and other effects 
are difficult to separate, an effective diffusivity value

D dl is defined as below that includes a number ot 
modes o f mass transfer:

C. Classification of Food Materials Based on 
Water Transport

1. Hygroscopic vs Nonhygroscopic Materials
In hygroscopic materials there is a level o f moisture 

saturation below which the internal vapor pressure 
will be a function ot saturation and temperature (ex
pressed by the equilibrium moisture isotherms) and 
above which the vapor pressure w ill be a function ot 
temperature only (expressed by Clapeyron's equa
tion), and thus independent ot the material moisture 
level at all times. According to van Brakel, in nonhy
groscopic media, the pore space is filled with liquid 
if the medium is completely saturated, and filled with 
air if it is completely dry. The amount ot physically 
bound water is negligible. The medium does not 
shrink during heating. Examples o f nonhygroscopic 
capillarv-porus media are sand, crushed minerals, 
polymer particles, and some ceramics. In hygroscopic 
media, there is a large amount of physically bound 
liquid and shrinkage often occurs during heating; 
most food materials can be treated as hygroscopic 
materials.

2. Capillary Porous vs. Porous Materials
The distinction here is based on the presence and 

size o f pores. A porous material is sometimes defined 
as one that has pore diameters greater than or equal 
to 10 m and a capillary-porous material as one hav
ing pore diameter less than 10 ' in. Most food materi
als can be treated as capillary-porous materials that 
are also adsorptive, in which the capillary suction 
force and adsorption is the mechanism ot water re
tention. Thus, most food materials are hygroscopic 
capillary-porous media.

In capillary-porous or porous materials (these are 
structured materials), transport of water is a more 
complex phenomenon. In addition to molecular diffu
sion, water transport can be due to vapor diffusion, 
surface diffusion, Knudsen diffusion, capillary flow, 
and purely hydrodynamic flow. As mentioned earlier, 
all o f these effects are lumped into an effective diffu
sivity value. In liquid solutions and gels which are 
nonporous. transport of water is considered by only 
the relatively simple phenomenon o f molecular dif
fusion.

D. The Species Mass Conservation Equation

Like heat transfer, for analysis ot mass transfer, the 
material is treated as a continuum and differential
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equations ot mass transfer are developed to apply 
them at every point in the material. In an analogous 
way, tins is done by combining mass conservation 
tor a species with the rate law described by Eq. (14) 
above. 1 he final equation tor mass transfer is

Storage

=
fix

Bulk
Flow

( 1«)

I Jiffusive Generation 
Movement

which looks almost identical to the energy transfer 
equation since the mass transfer process was also as
sumed to be diftusionlike (Eq. (14)). The meaning 
associated with individual terms is similar to those 
described under energy transfer. The mass generation 
term comes trom generation or depletion o f mass in 
chemical reactions or biological processes, such as the 
increase in microbial mass in a fcrmentor. At the same 
time, there is utilization o f resources like 0 2 m the 
fcrmentor in order to sustain growth.

E. Mass Transfer through Membranes

In a membrane separation process the membrane acts 
as a semipermeable barrier and separation occurs by 
the membrane controlling the rate o f movement o f 
various molecules between the two liquid phases. The 
membrane barrier prevents hydrodynamic How and 
bulk mixing ot the two liquids. Membrane processes 
are less energy consuming since they do not involve 
phase change as in evaporation. The two most useful 
membrane processes in the food industry are ultra
filtration and reverse osmosis. Ultrafiltration is used 
to separate relatively high-molccular-weight solutes 
such as proteins, polymers, and colloidal materials. 

In reverse osmosis, an applied pressure causes the 
solvent to How in the direction opposite to what 
would be due to osmosis, (i.e., trom concentrated to 
dilute solutions). Reverse osmosis is used to separate 
low-molecular-weight solutes such as sugar. D if
fusive Hux of a solute through a membrane can be 
written as

V  . U K  , ,
N  --  (‘ 1 “  l2)

‘ - ' iii

(19)

where N, is the flux o f solute through the membrane. 
L m is the membrane thickness, K  comes from equilib
rium relationship between solute in solution and sol
ute m the membrane, and is the concentration 
difference between the two surfaces o f the membrane.

F. Moisture Transfer in Drying Processes

Drying ot solids is studied as a diffusive moisture 
transfer process, although several different inodes ot 
moisture transfer process (such as pressure driven 
bulk flow) can be involved. For convenience, drying 
processes in solids are often divided into two peri
ods— constant rate period and falling rate period. 
Constant rate drying period occurs intially when there 
is lots o f liquid in the solid. Water is unbound, typi
cally held in larger capillaries, and has little resistance 
m moving to the surface and maintaining a continuous 
film o f water. The rate ot evaporation under the given 
air condition is independent ot the solid and is essen
tially the same as the rate trom a tree liquid surface, 
hence the name constant rate drying. This period con
tinues only as long as migration ot water trom interior 
to the evaporating surface can keep up w ith the rate 
o f evaporation. | See F o o d  D e h y d r a t i o n . |

As the water content reduces, the rate ot water 
migration to the surface can no longer keep up with 
the rate of evaporation. At this point there is insuffi
cient water on the surface to maintain a continuous 
film o f water. D rying becomes limited by the rate at 
which water can migrate to the surface. The amount 
o f available water, and therefore the rate o f water 
migration to the surface, drops continually, making 
the drying rate fall. The plane o f evaporation slowly 
recedes from the surface. Heat for the evaporation is 
transferred through the solid to the zone ot vaporiza
tion. Vaporized water moves through the solid into 
the air stream. The amount of moisture removed dur
ing the falling rate period is relatively small but the 
time required may be long.

G. Moisture Transfer in Drying of 
Slab Shaped Solids

The best way to estimate the time o f  drying tor a 
given hatch o f material is based on actual experimental 
data obtained under conditions where the teed mate
rial, relative exposed surface area, gas velocity, tem
perature, and humidity are essentially the same as in 
the final drier. The time o f drying can also be found 
from theoretical analysis for various situations. The 
moisture movement inside the solid is modeled as an 
effective diffusion process and outside the solid (in 
the air) as a convective process. Rate ot moisture 
movement within the material is sufficient to keep 
the surface saturated, while that o f removal o f water 
vapor is controlled by the rate of heat transfer to 
evaporating surface, which supplies the latent heat of
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evaporation for the liquid. Under these conditions, 
the constant drying time is given by

(constant
rate

(H’, -  n',)A„A/.
I ,A (T  -  T J  ’

(20)

where H', is the initial moisture content, it\ is the 
moisture content at the end ot constant rate drying, 
A„, is the latent heat ot evaporation o f water, Al, is 
mass o f dry solids, h is heat transfer coefficient, ,4 is 
surface area o f food, T  is air temperature, and T„. 
is wet bulb temperature.

For the falling rate o f drying, simplified solution 
ot the species Eq. (18) provides the following estimate 
of drying time tor a slab as

rate
4- In ( A ,7T~n \7T~ (2 (ll‘ ~ 11') /' (21)

where 8 is half thickness o f the slab, D  is moisture 
dittusivity in the food, and 11\ is the equilibrium mois
ture content for the conditions o f drying air. The total 
drying time needed is the sum:

im sunt 1 tailing • 
iati- rate

(22)

The time tor constant rate drying is often much 
smaller than the time for tailing rate o f drying.

H. Moisture Transfer in Drying of Liquids in 
Spray Form

Spray drying is performed by atomizing a concen
trated liquid in the path o f flowing hot air or gases. 
The basic processes are quite similar to drying ot 
slab. Initially the spray drop has lots o f water and 
evaporation trom the drop is very much like that from 
a surface ot pure water, a situation similar to initial 
constant rate drying o f a slab. The droplet loses mois
ture at a constant rate per unit surface area and changes 
size as it tails. Droplet temperature stays constant at 
the wet bulb temperature during this process. This 
constant rate ot drying continues until the droplet is 
quite concentrated and the surface no longer stays 
wet. The time for this constant rate o f drying is calcu
lated based on the change in the droplet size:

\(p,,Jr, -  P |t/y)
(23)

where X is the latent heat ot evaporation. (>„ and </,, 
are the density and diameter .it the start o f the process. 
/>i and </( are the density at the end o f constant rate.

k, is the thermal conductivity o f air. T , is air tempera
ture, and 7 is the wet bulb temperature o f the air.

At the end o f constant rate period, droplet size 
remains constant and moisture movement is limited 
by diffusion to the surface o f the droplet from inside. 
The rate of moisture removal decreases in this tailing 
rate ofdrying. Droplet temperature no longer remains 
constant. Drying time can be calculated based on the 
final moisture content as

h. =
M l.

I ,A 1 T „
(24)

where A/. is the mass o f solids in a drop, .4 is surface 
area, li is the heat transfer coefficient, A T 1V1. is the 
average temperature during the falling rate period, 
and ir  and 11\ are moisture contents at the start and 
end. respectively, of falling rate period.

I. Moisture Transfer in a Freeze-Drying Process

In the freeze-drying process the original material is 
composed ot a frozen core ot material. Under vacuum 
this ice sublimes to the gaseous phase bypassing the 
liquid phase (Fig. 1 I). As the ice sublimes, the plane 
o f sublimation, which starts at the outside surface, 
recedes and a porous shell o f material already dried 
remains. Since the process is completed at a lower 
temperature, it is used tor highly heat-sensitive mate-

-20 -10 0 io
Temperature (°C )

20

F IG U R E  11 S u b lim a t io n  «>t w a te r tro m  so lid  to vap o r phase in 
a Ircc/e-d ry in i*  pruo.-sv
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rials. It produces the highest quality ot dried material 
with less loss of aroma and flavor. Its slow and elabo
rate process makes it very expensive.

Heat by conduction, convection, and/or radiation 
from the gas phase reaches the outer surface. The 
latent heat of sublimation ot 2838 k|/kg ice is usually 
conducted inward through the layer o f dried material.
I he vaporized water is transferred through the layer 
ot dried material. Hence, heat and mass transfer are 
occurring simultaneously. The maximum tempera
tures reached in the dried and the frozen food must 
be low enough to keep degradation to a minimum. 
Thus, it is often the heat transfer process that limits 
the rate ot drying. Based on the heat transfer as the 
rate limiting step, drying time can be calculated as

I lere I. is the thickness of the frozen slab, AH, is the 
enthalpy of sublimation, k is the thermal conductivity 
ot the dried core, I ", is the volume of solid occupied 
by a unit kg ot water initially, M A is molecular weight 
of water, is air temperature, and ’I)  is the tempera
ture tit the frozen core. The model satisfactorily pre
dicted the drying times for removal o f 65—90% of 
the total initial water. However, during removal of 
the last 10-35% o f the water, the drying rate slowed 
markedly and the actual time was considerably greater 
than predicted for this period.

J. Use of Microwave Heat in Drying

Toward the later part ot a drying process, often the 
difficulty is to transfer the heat to the inside wet mate
rial through .in outer dried core. Since microwaves 
would be selectively absorbed (resulting in heating) 
m areas of higher moisture and very little of it would 
be absorbed in areas that are already dry, they are 
ideally suited for this purpose. This happens because 
the water molecules are selectively more responsive 
to microwaves. Thus, microwaves can be used for 
regular drying as well as freeze-drying. However, 
large-scale commercial applications o f microwave to 
drying has not yet occurred.

V. Future Directions in Food 
Process Engineering

A large number ot industrial and academic researchers 
are currently working on many o f these topics on

food process engineering. There is particularly strong 
activity in areas such .is glass transition, rheology, 
thermal properties, extrusion, aseptic processing ot 
particulates, m icrowave processing, controlled atmo
sphere storage, and frying. Continued research in 
these areas will revolutionize our knowledge ot food 
processes in the coining years.
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Food Process Engineering: Storage 
and Transport of Fluid Foods in Plants
M. A. RAO, Cornell University

I. Storage of Fluid Foods in Plants
II. Rheology and Flow of Fluid Foods
III. Storage and Flow of Solid Foods

Glossary

A ngle  o f  repose o f  solids Angle made by .1 material 
w ith respect to the horizontal when piled; the coeffi
cient ot triction between granular materials is equal 
to the tangent ot the angle o f internal friction o f the 
material; it is generally assumed that the angle o f 
triction and the angle o f repose are approximately 
equal
F lo w  m odels M any Hind foods do not follow N ew 
ton’s law ot viscosity in which the shearing stress is 
directly proportional to the shearing rate (velocity 
gradient); among the How models tor foods that show 
non-Newtonian behavior, the power law is widelv 
used: the shearing stress is assumed to be proportional 
to the shearing rate raised to a power 
Je n ik e ’s flow function  Flowability o f powders; it is 
an important property in designing bins and hoppers 
Reynolds n u m b er  Dimensionless number whose 
magnitude defines laminar and turbulent flows; it is 
also used in the calculation o f friction losses in pipes 
Sanitary  standards Sanitary and microbiological 
considerations play important roles in the design o f 
transportation and storage systems o f foods; they in
clude the use ot stainless-steel and other approved 
materials (it construction, the use o f sanitary fittings, 
the design ot pipe lines to eliminate stagnation zones 
and to facilitate drainage ot the foods, the control 
ot temperature and humidity ot storage, and, often, 
minimal contact with oxygen to minimize degrada
tion reactions

Fo o d s  are fragile materials o f biological origin. The 
design of transportation and storage systems o f foods

requires special considerations that include the use o f 
approved materials o f construction, sanitary fittings, 
the elimination o f stagnation zones, the control ot 
temperature and humidity ot storage, and, often, 
minimal contact with oxygen to minimize degrada
tion reactions. M any toods exhibit shear rate effects 
and do not follow N ew ton ’s law ot viscosity. The 
power law model is used to describe the rheological 
behavior o f many non-Newtonian toods. The flow 
ot powders is based on principles that are different 
from those for flow ot liquids. Jenike’s flow function 
characterizes the flowability o f  powders. | S ir  F o o d  
P r o c e s s  E n g i n e e r i n g : H i a t  a n d  M a s s  T r a n s f e r ; 
F o o d  P r o c e s s  E n g i n e e r i n g : T h e r m o d y n a m i c  a n d  
T r a n s p o r t  P r o p e r t i e s . |

I. Storage of Fluid Foods in Plants

The transportation and storage o f food products are 
two very important operations 111 the tood processing 
industry. Because ot the biological and fragile nature 
o f foods, and the ever-present threat o f  attack by 
insects and microorganisms, the design o f transporta
tion and storage systems poses special challenges and 
problems. Therefore, sanitary and microbiological 
considerations play important roles and the design 
considerations include the use o f stainless-steel and 
other approved materials o f  construction, the use o f 
sanitary fittings, the design of pipe lines to eliminate 
stagnation zones and to facilitate drainage of the 
toods, the control ot temperature and humidity of 
storage, and, often, minimal contact with oxygen 
to minimize degradation reactions. Foods are stored 
either for relatively short periods ot times in tood 
processing plants when used as ingredients tor pro
cessed foods or for extended periods in warehouses 
where they are held as part ot the distribution sector. 
In this article, the emphasis w ill be on in-plant storage
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although sonic o f the principles also are applicable to 
storage o f foods on a large-scale in warehouses. [.SYr 
F o o d  M i c r o b i o l o g y . ]

Design of liquid ingredient storage tanks depends 
to some extent on the product to be stored. For foods, 
such as dairy products, that pose high microbiological 
risk, 3-A standards (discussed later) need to be con
sulted with regard to considerations not only for the 
design ot storage tanks but also with respect to the 
design o f the components o f the associated transfer 
systems. For storage ot liquid foods, density o f the 
toods is a property that must be known in order to 
estimate the volume o f storage tanks. The density 
and viscosity (or apparent viscosity) are important 
properties in the drainage ot liquid food storage tanks 
and m the transportation ot liquid toods. The densities 
ot many liquid toods can be calculated trom empirical 
equations compiled trom the literature. Because many 
toods are non-Newtonian fluids, their rhcological be
havior and properties play an important role in the 
transportation o f liquid foods.

A. Sanitary Standards

Because ot microbiological considerations, ordinary 
pipe and fittings cannot be used for transporting liquid 
toods in food processing facilities; instead, well- 
constructed stainless-steel fittings should he used. 
Foods such as liquid sugars, syrups, and honey are 
generally not affected by bacteria, but they can sup
port mold and yeast growth; therefore, the piping 
used should be o f stainless steel. Transportation sys
tems tor liquid foods, such as dairy and egg products, 
sensitive to microbial spoilage must be designed ac
cording 3-A and E-3-A standards, respectively. Ac
cording to Imholte. some ot the considerations in
clude: ( I )  self-draining installation o f pipe systems 
without sags where a product could accumulate.
(2) for clean in place (CUP) systems, sanitary weld 
fittings with standard take-apart fittings must be pro
vided at pumps, valves, tanks, and other points o f 
connection, and (3) pipe lines must be rigidly sup
ported. For liquid sugars and syrups, piping systems 
must be generously oversized; a 3-in. diameter pipe 
was suggested as the minimum size. For oil handling 
systems, mild steel pipe may be used. Finally, to avoid 
contaminating tood and to prevent damage to me
chanical parts, pipe line strainers and magnets must 
he used on the suction side ot pumps.

B. 3-A Standards

Whereas the sizes ot storage tanks are calculated from 
simple arithmetic expressions, the sanitary aspects of

storage o f milk and egg products are very important 
and must be based on 3-A standards for storage tanks 
for milk and milk products (Num ber 01-00) and for 
egg products (Number E-0100). Because the move
ment ot fluid foods in processing plants requires 
pumps, piping, and other auxiliary equipment, one 
must be aware o f the 3-A standards for the various 
equipment also. The 3-A Sanitary Standards refers to 
the development by the original three parties: Interna
tional Association ot M ilk  Dealers (now the M ilk  
Industry Foundation), the Dairy and Ice Cream M a
chinery Supply Association (now the Dairy and Food 
Industries Supply Association - D F IS A ), and the peo
ple associated with city, state, and Federal enforce
ment. While the title has been retained, it now refers 
to three different groups: (1) the International Associ
ation ot M ilk. Food, and Environm ental Sanitarians,
(2) U S P H S / F D A , and (3) The Dairy Industry C om 
mittee (D1C) which represents a group o f eight trade 
associations.

The 3-A Sanitary Standards set forth several crite
ria: (1) the material used in the construction o f a piece 
o f dairy equipment, (2) the fabrication and design of 
such material, and (3) its construction, including such 
things as the finish ol the material, which are consid
ered essential from a sanitary standpoint in the use. 
performance, and maintenance ot such equipment. 
The E-3-A Sanitary Standards set forth the criteria 
tor egg processing equipment. Each standard was de
veloped through the joint collaboration of: (1) manu
facturers ot the equipment, (2) users o f the equipment,
(3) the International Association ot M ilk , Food, and 
Environmental Sanitarians' (I A M F E S )  Committee on 
Sanitary Procedure, (4) Poultry and Egg Institute of 
America, and (5) representatives o f the U .S . Public 
Service/FDA, U .S . Department of Agriculture. The 
first rough equivalent o f a 3-A Sanitary Standard was 
developed in 1429 and applied to sanitary fittings used 
in milk plants. A list o f published 3-A Standards and 
o f E-3-A Standards can be found in Handbook of 
Food Engineering. Because new Standards are needed 
from time to time, it must be ensured that one has 
an up to date list o f standards by contacting either 
1A M FES or the journal of hood Protection (502 E. L in 
coln W ay, Ames. IA  50010).

Labile suggested that m addition to the 3-A Stan
dards, the requirements according to Pasteurized M ilk  
Ordinance and the I I )A 's  Current Good Manufactur
ing Practices be also considered. Labrie also suggested 
several pointers to help provide a clean operating pro
duction line: (1) think small when it comes to wet 
process areas. (2) formation ot a project team con
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sisting <it the Project Engineer, St.ite I Icalth Inspector, 
and personnel trom plant production, maintenance, 
and sanitation, and representatives of the equipment 
manufacturer and the installation contractor, (3) pro
cessor participation in equipment design, and (4) es
sential communication. How sheets, and sanitary de
tails of installation drawings be used.

II. Rheology and Flow of Fluid Foods

A. Rheological Properties of Fluid and 
Semisolid Foods

Knowledge ot the theological properties o f fluid foods 
is essential tor the proper design and operation o f unit 
operations, as well as for the understanding o f the 
pertinent transport processes in the operations. Sev
eral foods, such as milk, syrups, filtered dilute juices, 
and vegetable oils, are Newtonian fluids. For these 
foods, knowledge of the viscosity function and its 
dependence upon temperature and concentration is 
sufficient tor engineering design. The applicable 
methods can be found in standard texts on unit opera
tions.

However, a large number o f fluid foods are non- 
Newtonian in nature. Non-Newtoirian fluid (N N F ) 
foods exhibit flow behavior that is dependent upon 
shear rate at a constant temperature (Fig. I). Few 
N N F  foods exhibit time-dependent flow behavior; 
m these cases, one frequently encounters time- 
dependent shear-thinning (tliixotropic) behavior, as 
opposed to time-dependent shear-thickening (rhcope- 
ctic) behavior. In most cases, the time span over which 
this behavior is encountered is relatively short. Fur
ther, because ot various mechanical operations m a

F IG U R E  1 C lassification ol How behavior ot Huid and semisolid 
toods.

processing line, the time-dependent behavior w ill not 
persist tor long. One can, to be conservative, design 
equipment on the basis of the higher magnitudes of 
rheological parameters tor time-dependent fluids.

1. Flow Models
Several flow models have been employed to de

scribe the flow behavior of N N F  foods. W e consider 
here only those models that have been employed in 
studies related to food unit operations. A substantial 
number of N N F  foods are shear-thinning (pseu
doplastic) in nature. The power-law model (Eq. (1)) 
has been employed extensively to relate the shear rate 
y  and the shear stress cr of these fluids:

,T = ky . ( 1)

Typical magnitudes ot the consistency index K  ( l’a.s") 
and the flow behavior index n (dimensionless) o f food 
products are given in Table I; extensive compilations 
ot power law parameters can be found in the review 
article by Holdsworth and other reviews. Because o f 
the wide variability in test samples, one encounters a 
wide range of magnitudes tor a specific food. There
fore, the data given in Fable I must be used with 
considerable caution; it possible, the original reference 
must be consulted.

Some N N F  foods possess a yield stress that must 
be exceeded for flow to occur. One can argue that, 
given enough time, all materials flow, and question 
the physical significance ot yield stress. Nevertheless, 
models containing yield stress have been employed 
in several studies; in these instances, the yield stress 
can be considered to be important over the relatively 
short time spans of interest. Yield stress ot a fluid 
tood is a desirable property in coating a solid food 
and m keeping small pieces ot spices or vegetables 
suspended. For the most part, magnitudes ot yield 
stress of foods have been estimated by extrapolation 
ot the shear rate—shear stress data. A few studies have 
attempted direct measurement ot yield stress using 
the technique ot rupturing a food with a vane.

The Flerschel-Bulkley model (Eq. (2)), with a yield 
term added to the power-law model, and the Bing
ham Plastic model (Eq. (3)) have been employed in 
some Studies on food unit operations:

a  -  arm  = K ny "n  (2)

a  -  (T lt =  r \ ' y , (3)

where the terms K H and //;/ are similar to the power 
law parameters K  and //, <TnU  and r r H represent the 
yield stress, and r)’ is the plastic viscosity. It appears
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TABLE I
Power Law Parameters of Some Fluid Foods

Product %  Solids
Temp
(°C )

F lo w  behavior 
index
(dimensionless)

Consistency
index
(Pa.s")

Y ie ld  
stress (Pa)

Chocolatc
Chocolate  m ilk 0.26-0.42 o.30 5.8
Cocoa butter 41) l.o 0.041

1 >airy products
Sk im  m ilk concn. 5-6<> 0.72-0.92 0.02-4.28
W ho le 61 l.o 0.67

white 62 1.0 0.45
Kgi* w hite, fresh -> o.5o 0. 10
Egu; yolk 42.6 5-60 0.87-0.89 0.17-0.77

f ruit products
App le sauce l6 °B r i\ 25 o.25 31-45
A pricot puree (1. 1 S-o.2o 17.8-18.6
Banana puree 25 0.35-0.62 6.4-27 21-28
Blackcurrant juice 35-64.5 5-6i1 1.0 2.4-5< H>
(iu ava  puree 23.4 0.49 4.36
M ango  pulp 16-3c )°B r ix 30-70 i ». 2«s—i ». 3< i 2.8-10.3
O range ju ice 65 19-30 n. 7-0.8 0. <>8-24.5
Peach puree 25 i i .41-o.H3 0 .6-4 .5 8.5-14
Pear puree 18-43 32-8 2 0.45-0.49 2.3-35.5
1 om ato concentrates o. 1 8 - 0 .26 7o- loo
1 om ato ketchup 25 0.38-0.61 2.0-9.4 15-24

Meats
U aw  meat hatter 15 o. 16-0.72 14-639
M inced  chicken 23 0.088 91 1

M iscellaneous products
M avonnaise 25 0.54-0 59 4.2-4.7
Mustard 25 0.21-0.56 3.4-37.0

.Si'iiicc. I loh Kw orth . S. I ). (I 'W .I). Khco logk.il models uso) tor die prediction o f th e  llow  properties ot 
tood products: A lirer.iture review. /V,jmv Inst. ('hem. I u\’ 71, IVf-l7'> .

that many foods follow shear-thinning with yield be
havior. so that the Herschel-Ihilkley model would be 
widely applicable.

2. Effect of Temperature on Flow Behavior
The effect ot temperature on the How behavior 

must be known when an N N F  food is subjected to 
different temperatures, as in pasteurization and aseptic 
processing, and other unit operations. The Arrhenius 
relationship can be used to describe the effect o f tem
perature on theological parameters. Equation (4) de
scribes the effect of temperature on the apparent vis
cosity T), at a specified shear rate:

17, = V ,  exp ( L J K T ) ,  (4)

where tj, is a constant. /:, is the activation energy of 
flow, R is the gas constant, and 7 is the absolute 
temperature, fo r many foods, magnitudes o f the acti
vation energy depend on the range o f temperatures 
employed. Therefore, caution should be exercised m

using literature values. The magnitudes o f activation 
energy o f most Huid foods are in the range 10 to 
20 kj/mol; the notable exceptions are concentrated 
fruit juices whose magnitudes o f /;, are higher (40 
to 80 kj/m ol) and they depend on both their sugar 
content and temperature range ot the viscosity data. 
Expressions similar to Eq. (4) have been employed 
tor the plastic viscosity ot the Bingham Plastic model 
and the consistency index ot the power-law model 
(Eq. (5)) in the design o f continuous sterilizers.

K  = K y exp (/;.,/R T ).  (5)

3. Effect of Concentration and Temperature
Also of interest in evaporation and other unit opera

tions is that in the case ot some pseudoplastic foods, 
the effect ot temperature and concentration C  on ap
parent viscosity can be described by a single equation:

rj. = ./exp (U J R ' i ) ( (ft) 

where ii and l> are constants.
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B. Isothermal Flow in Tubes

lsothcrni.il or nc.ir isotlicrin.il How occurs in circular 
tubes (pipes) during the conveying ot foods between 
different locations ot a plant, in the holding tubes o f 
pasteurizers (aseptic processing units), and in filling 
operation.

1. Flow Regimes
Because N N F  foods are highly viscous, laminar 

How will be encountered more often than turbulent 
How. Several arguments can be offered for this hy
pothesis. For N N F : foods such as soups, purees, 
sauces, and concentrates, very high pumping pres
sures would be required to obtain fully turbulent flow 
in tubes. T liesc pumping pressures would not be eco
nomical tor typical production rates encountered ill 
practice. Also, the transition Reynolds numbers are 
higher for pseudoplastic Huids than for Newtonian 
fluids. It should be noted that rhcological models, 
such as those described by Eqs. (1-3), are determined 
when flow is laminar, fully developed, and when there 
is no slip at the wall. Therefore, the equations to be 
presented are valid when the flow conditions meet 
the last two criteria also.

2. Velocity Profiles and Volumetric Flow Rates
Equations describing velocity profiles can be used, 

among other applications, to study the effect o f differ
ent rhcological models oil the distribution o f velocities 
and to understand the concept o f residence-time dis
tribution across the cross-section o f a pipe or a chan
nel. Volumetric flow rate-prcssure drop equations 
can be used to estimate the pressure drop in a given 
system for a specific volumetric flow rate, and vice 
versa.

The velocity profile ot a fluid flowing in a tube can 
be derived from the relationship

Maximum Vclocilv

(7)

where r is the velocity in the axial direction, r is the 
radial coordinate, and R is the radius o f the tube (Fig. 
2). From a simple force balance for tube flow, one 
can obtain

r _  nip 
~  ~ ~ 2 ih '‘ R («)

where <rr. is the shear stress at any radius r, cr„. is the 
magnitude ot the shear stress at the wall (r = R). p 
is the pressure, and ;• is the axial coordinate. Utilizing 
Eqs. (7) and (8) and noting that in the rhcological

F IG U R E  2 Uadial and axial coordinate*, and velocity and stress 
profiles tor How in tubes.

equations described by Eqs. (1-3), a  = a ,, and 
y  = — (th'/dr), one can derive equations describing 
the velocity profiles for laminar flow in a tube.

The volumetric flow rate Q  is given by the equation

Q  = -7Tit’ dr =  Trf/'i ’(i-)il(r)2.

Integrating by parts the second part o f Eq. (')), using 
the boundary condition i> = 0 at r = R. and using 
Eq. (K), one can obtain the general equation for the 
volumetric flow o f a fluid in a tube:

( 10)

One can substitute for the shear rate appropriate ex
pressions from different rhcological models and de
rive equations relating Q  and pressure drop A/>.

In the case o f fluids obeying the power-law model, 
the pressure drop per unit length Ap/L  is related to 
Q  and R  by the relationship

Ap
I.

Q "
R ( I ’

From this relationship, we see that for Newtonian 
foods ( i i  -  I) the pressure gradient is proportional 
to the R 1 power. Therefore, a small increase in the 
radius of the tube w ill result in a major reduction in 
the magnitude of the pressure gradient. In contrast, 
for a highly pseudoplastic fluid (e.g., u = 0.2), in
creasing the pipe radius does not have such a profound 
effect on the pressure gradient.

Also o f interest is the relationship between the max
imum velocity and the average velocity for the design 
o f the length o f a holding rube:

i ,̂ 3 n + 1
r ( 12)

n + 1

For Newtonian fluids in laminar flow, one can de-
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duccfrom Eq. (12). the popular relationship that max
imum velocity equals twice the average velocity.

In the case o f the Herschel-Bulkley and Bingham 
Plastic models, there is a zone surrounding the center 
line that moves as a plug. This is because at the center 
line o f the tube the shear stress is zero. The volumetric 
How equations for these two models can also be ex
pressed m terms o f the radius o f the plug r and the 
radius o f the tube R instead ot the yield stress <r,, and 
the wall shear stress rr,,., respectively. We note here 
that the expressions for the volumetric flow rate can 
also be obtained by employing the left-hand side ot 
Eq. (9) along with the appropriate expressions for the 
velocity profiles.

C. Mechanical Energy Balance Equation

The energy required to pump a liquid tood through a 
pipeline can be calculated trom the mechanical energy 
balance (M E B )  equation. The M E B  equation can be 
used to analyze pipe How systems, for the steady- 
state How o f an incompressible Huid, the mechanical 
energy balance can be written as follows:

g '/ . \  +  /',//> + ( t ' - ; / a) i r
( j X i  +  / V p  +  ( r ’ / rv)  +  7 .  ( 13)

where, /. is the height above a reference point. I ’ is 
the pressure, r is the fluid velocity. I f  is the work 
output per unit mass. is the energy loss per unit 
mass, a  is the kinetic energy correction factor, and 
the subscripts I and 2 refer to two points in the pipe 
system. The velocities at the entrance and exit ot the 
system can be calculated from the respective diameters 
ot the tanks or pipes and the volumetric flow rate ot 
the food. The energy loss term /:, consists ot losses 
due to friction in pipe and that due to friction in valves 
and fittmsjs:

= /)
- + ■y L'i r : 

^  i  ' ( 14)

where. / is the friction factor, r is the velocity, L  is 
the length ot straight pipe of diameter I),  k, is the 
friction coefficient for a fitting, and .V is the number 
ot valves or fittings. It is emphasized that k, is unique 
to a particular fitting and that different values ot i\ 
A.’, , and I may be required when the system contains 
pipes ot different diameters. Further, losses due to 
special equipment, such as heat exchangers, must be 
added to .

1. Calculation of Friction Losses for 
Power-Law Fluids

For flow in pipes, one can utilize the capillary dia
gram ot (32Q/ 7T/ ) ) vs (DA/V 4/.) to estimate the pres

sure drop for a known How rate. Because the shear 
rate is not uniform across the cross-section ot the 
tube, the power law parameters K  and n may not be 
applicable over the range ot shear rates prevailing in 
the tube. Also, as in the case ot Newtonian fluids, 
one would like to use a Reynolds number—friction 
factor chart to estimate the pressure drop.

The Fanning friction factor / is defined by the 
equation:

_ (DA/)/4L)
[ p v ~ ! 2 )  '

where r is the average velocity in the tube. For laminar 
flow o f a Newtonian fluid in a pipe, the friction factor / 
and Reynolds number Re are related by the expression

/ =  (16/Re). (16)
For an N N F  food, one can use the apparent viscosity 
tj (trom the capillary diagram) in the Reynolds 
number:

I ( 15)

K (17)

where n and K ' arc the slope and intercept, respec
tively, o f a plot ot log (32Q, 77/)') vs log (D A/V4L). 
Here it was assumed that the slope ot the shear rate- 
shcar stress is equal to that ot a plot ot log (32Q/7t/>') 
vs log (DA/V4/.). Incorporating the equation tor tj 
111 place o f the Newtonian viscosity 111 the definition 
ot the Reynolds number, one obtains the so-called 
generalized Reynolds number. Re':

Re' =
/J" (IS )

8" 'K  \3 11 + 1,
For .111 N N F  food, the Fanning friction factor when 
the flow is laminar can be calculated from Eq. (19). 
employing Re' 111 the place ot Re:

f  = (16/Re'). (19)
W e note that for turbulent flow, / is also .1 function 
o f the flow behavior index, 1 1 .

In the absence o f a capillary diagram, the parameter 
K ' can be calculated if data are available in the form 
o f shear rate y  and shear stress <r. It a power-type 
relationship exists betw een the pseudo shear rare (S\<l 
1)) and (r , . one can assume that the powcr-law model 
(Eq. (1)) w ill also be valid over the relevant ranges 
o f shear rate and shear stress. Also, in most cases the 
slopes 11 and 1 1 ' will be equal so that:

311 +• 1 V  ,
(2 d )k"

2. Other Losses
Kinetic energy losses 111 the M E B  equation can be 

calculated casik provided that the kinetic energy cor-
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rection factor «  can be determined. In turbulent How. 
a  = 2. Graphical and analytical methods are available 
to calculate ii in laminar How. Losses due to fittings can 
be estimated using equations available in the literature 
that were derived from experimental data. For these 
data and other information on pipeline design and 
pump selection, the text of Steffe and other texts on 
the subject should be consulted. Another important 
consideration 111 the selection of pumps for some foods 
is to minimize contact between food and air so that 
oxygen-induced change is minimized.

III. Storage and Flow of Solid Foods

Both transportation and storage of solid foods are 
important operations in a food processing plant. A 
number ot topics have been very well covered in other 
handbooks. For example, conveying o f bulk solids, 
storage and weighing o f solids in bulk, packaging and 
handling ot solid and liquid products, and transporta
tion ot solids were well covered 111 the sixth edition 
ot Perry's Chemical lingineers' Handbook. The storage 
and conveying of grains are well covered in American 
Society oj Agricultural lingiueers' (A S A I i )  Standards. 
The storage requirements and properties o f perishable 
products, and the space, weight, and density data for 
commodities stored in refrigerated warehouses can 
be found in the Applications Handbook of the American 
Society ol Heating, Refrigerating, and Air-Conditioning 
I■iigincers (A S H R A l: ) .  The transportation and storage 
of grains and ot fruits and vegetables were covered 
in a number ot texts listed in the Bibliography. There
fore. these topics w ill not be covered here. In this 
section, the basic principles o f solids storage applica
ble to food processing plants are discussed. |,S'<r 
G r a i n , L i i n. a n d  C r o p  S t o r a g e . |

A. Solid Storage Bins

Bins tor storage can be various shapes and sizes, but 
many storage tanks are circular in cross-section with 
storage capacities ranging from several thousand 
pounds to over a million bushels. For small and inter
mediate size bins, stainless steel is the material o f 
choice when frequent wet cleaning is necessary and 
w hen the bins can be used for a variety o f purposes. 
This is true lor use bins and/or holding bins that are 
used to hold a product for a short period of time.

For bulk storage ot solids, the bins can be built 
trom mild steel and should not be located in wet 
manufacturing areas. These bins are o f welded con
struction. with continuously welded butt seams and

corner welds ground to have a to 4 —in . radius. The
interior areas o f the bins should be free trom any 
horizontal ledges where the product may accumulate. 
Either the discharge hoppers must be properly sloped 
(as discussed later) or suitable mechanical unloading 
devices must be provided tor complete product dis
charge.

Use/holding bins must also be constructed in a 
manner similar to bulk bins with proper interior and 
exterior finish, except that the material ot construc
tion is stainless steel. Square or rectangular bins must 
have corner radii o f about | in. for small bins and I 
to H in. for larger bins. For both use and storage 
bins, access doors measuring .1 m inimum o f 18 in. 
must be piovided. These doors must be fabricated 
with quick-release fasteners that do not require tools 
for opening. M ild steel surfaces must be painted with 
food-gradc epoxy enamel.

B. Design of Storage Tanks

The volume o f storage tanks can be calculated from 
either the volume or the mass ot the solid or liquid 
tood that needs to be stored. When the mass is known, 
it can be converted to volume by dividing by the 
density of the food. The equation relating the volume 
( I ’) on one hand and the diameter (/ )) and height (h) 
on the other for cylindrical tanks is: I  ’ =  I i ( t t / 4 )  I ) 2 

and it can be employed to calculate either the height 
or the diameter, from knowledge ot the other. The 
densities and bulk densities ot several food powders 
are given in Table II: similar data 011 grains can be 
found in the text ot Mohscnin.

TABLE II
Densities and Bulk Densities of Some Food Powders

Food
Solid density, p 
(k^ in ')

Hulk density. /j ,,
(k^/m ’)

Wheal Hour 1450-1 -WO 55t >~(»5<)
Kye Hour 1450 450-7< id
Corn Hour 154i) 51 M »-7 »  Ml

C !orn start !i U>2<> 55o
Potato starch l(>5n (>5< *
Uice. polished I 3 7 o - I3 * > o 7< )<)—SI M »
Cocoa powder. 10% tat 145* i 35o-4‘ Mi
C ocoa powder. 22% tat I42«i 4» io-55o
Sucrose 1 (>( M 1 N5o-lo5o
Instant dried whole milk 1M m i- 145< i 450-550
Instant dried skim milk 12< h I-14n( > 25o-55o
Roast ground coffee — 3lo-4i )o
Instant coffee powder — 2< 10-430

No uric: R . 1 0 , M . A . tra n sp o rt  and sto rag e  o t to od  products.
In "Handbook ot I ood |-.ni>]iKvrinij" ( IX  1< I Icldtnan and IV  B  
Lund. cds.). pp. MarccI IV kkcr. N e w  York.



FOOD PROCESS ENGINEERING: STORAGE AND TRANSPORT OF FLUID FOODS IN PLANTS
376 ------------------------------------------------------------------------

C. Basic Concepts of Solid Friction

The ratio o f friction force, and the force normal to 
the surface of contact. It', is given by the relationship

./'= m r .  (21)

where / is the coefficient o f friction. The commonly 
accepted concepts of friction are: (1) The friction force 
can be defined as the force acting in a plane containing 
the contact points that resists relative motion ot the 
contact surfaces. (2) The friction force can be divided 
into two main components: (a) a force required to 
deform and sometimes shear the asperities of the con
tacting surface, and (b) a force required to overcome 
adhesion or cohesion ot surfaces. (3) The friction force 
is directly proportional to the actual contact area. (4) 
The friction force depends on the sliding velocity of 
the contacting surfaces. (5) The friction force depends 
on the nature of materials in contact, {(f) The friction 
force is not dependent on the surface roughness except 
in the case of very fine and very rough surfaces.

Friction phenomenon can be considered to be the 
sum of shearing force, .S’, and plowing force. P:

1 = .S’ + />. (22)

The above equation can be expanded to

I ' = (W s/ ,, J  + AP,,. (23)

where, s is the shearing stress o f the softer material. 
From Eqs. (21) and (23) it can be concluded that the 
coefficient of static friction /, is virtually independent 
o f the area o f contact. When the plowing term in the 
above equation is negligible, the coefficient of friction 
may be expressed in terms of the mechanical proper
ties o f the softer material:

shear strength \ ^
yield pressure o f softer materials/

A number o f factors affect friction; these include 
sliding velocity, water film, and surface roughness. 
In general, at low velocities, the coefficient ot friction 
increases with velocity and at high velocities, friction 
either remains constant or decreases. Under certain 
conditions, increase in moisture may cause an increase 
m friction due to increase in adhesion. For many mate
rials. however, addition o f moisture results in lubrica
tion, i. e.. reduction in friction. There arc considerable 
data on the coefficient ot friction ot agricultural mate
rials such as chopped grass, corn silage, chopped 
alfalfa, shelled corn, and other grains and they can 

be tound in the text ot Mohsenin and in A S A E  
Standards.

1. Rolling Resistance of Materials
In applications such as the gravity conveying ot 

fruits and vegetables, the rolling resistance or the 
maximum angle of stability in rolling ot foods with 
rounded shapes may be useful information. For the 
case o f a cylindrical or a spherical object ot radius, r, 
and weight, It', rolling over a horizontal surface with 
a force /■', the coefficient o f rolling resistance, c, can 
be defined as

c = /•■(•/1r. (25)

From the above equation, the rolling resistance, /-, is 
directly proportional to the weight o f the object and 
the coefficient ot rolling resistance, and inversely pro
portional to the radius, r, ot the rolling object. Coef
ficients o f friction for apples and tomatoes are given 
in T able III.

2. Angle of Repose of Granular Materials
T he coefficient ot friction between granular materi

als is equal to the tangent ot the angle ot internal 
friction o f the material. The angle ot repose is the 
angle made by a material, with respect to the hori
zontal when piled. W hile it is generally assumed that 
the angle of friction and the angle ot repose are ap
proximately equal, for some materials, such as sor
ghum, magnitudes of the two angles can be different. 
There are two angles o f repose, i.e., a static angle ot 
repose taken up by a granular solid that is about to 
slide upon itself, and a dynamic angle ot repose that

TABLE III
Coefficient of Rolling Resistance and Maximum Stability Angle (De
grees) of Apples and Tomatoes

Surface

Coefficient o f friction

Rolling
resistance
(degrees)

Static ( /J Kinetic ( fk) Static K inctic

Apples (sin different varieties)
PI V wo oil 1). 32-(f 44 0.24-0.33 12-18 2.5-4.5
Galvanized steel 0.38-0.40 0.28-0.36 13-18 2.5-4.0
Rigid foam 0.34-0.44 0.28-0.38 13-18 2.5-4.0
Soft foam 0.72-0.93 0.55-11.75 1 1-16 4.0-5.0
Canvas 0.30-0.44 0.2r>-0.3(> 12-10 4.0-5.0

Tomatoes (tour different varieties)
Sheet aluminum 0.33-0.52 0.28-0.40 7-11 3.6-4.8
Ply wood 0.41-0.60 0.41-0.56 9-14 3.0—4.8
Rigid foam 0.44-0.56 0.4S-O.56 ! i -  13 4.2-4.8
Soft foam 0 77-1) 83 0, (>8-0.79 11-13 4 8-4.8
Canvas i ). 48—( 0.49-0 f>7 13-14 4.8-7.0

.Se.'i»Vc\ Mohseniri. N. N. (1980). “ Phvsual Prop•erties o'f  Plant and
Annual Material? . ' C fordon and Breach. New York.
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.irises m .ill eases where the bulk of the ni.itcri.il is in 
motion, such ,is during discharging ot solids from 
bins and hoppers.

Magnitudes of angle of repose increase with mois
ture contcnt. Mohscnm credited howler and W yatt 
with developing an equation for calculating the angle 
of repose ot wheat, sand, canary seed, and other 
solids:

tan <l>, = ail1 + + (2fi)

where, <1>, is the angle ot repose, n is the shape fac
tor based on the specific surface, ,\/ is the percent
age moisture content, D lv is the average screen par
ticle diameter, .« is the specific gravity, and a, />, r, 
tl are constants. The magnitudes o f the coefficients 
were determined to be: a = 0.4621, b = 0.0342, 
(■ = —0.0898, and J  = 0.0978, with a magnitude o f 
the correlation coefficient, R = 0.97. These coeffi
cients can be used to calculate magnitudes o f the angle 
of repose of various solids.

D. Flow of Powders and Granular Solids

Although there are some similarities in the storage ot 
food grains and food powders, and many properties 
are common to both, it appears that their flow proper
ties have been studied along separate paths. Further, 
it is clear that the major impetus to the study o f the 
flow properties o f all granular materials was the pio
neering study ot |cnike at the University ot Utah, 
during the decade o f I960 and listed in the bibliogra
phy. In addition, the studies by I’cleg and Schubert 
should be consulted. It should also be recognized that 
the mechanisms o f liquid and solid flow are substan
tially different. The two major differences are: (1) in 
liquid How. the How rate is proportional to the square 
root of the liquid head above the outlet. In granular 
solids, the flow rate is independent, or nearly indepen
dent, o f the head when the solid bed height is at least 
2.5 times the outlet diameter, and (2) particulate solid 
materials can support considerable shear stresses or 
form stable structures that will prevent How despite 
the existence ot a head.

3. Angle of Internal Friction
The angle of internal friction is needed for calculat

ing the lateral pressure on a wall o f a storage bin or 
in the design ot gravity flow bins and hoppers. For 
example, the Rankine equation is used to calculate at 
a point the lateral pressure against the wall, <r-:

= ir y tan’ (45 - cl>;/2), (27)

where y is the distance below the top ot the wall, ir 
is the density o f the material, and <l>, is the angle o f 
internal friction. In the design o f deep bins, one needs 
the ratio, h, ot the lateral pressure cr, to the vertical 
pressure rr,. This quantity also can be calculated using 
the angle ot internal friction:

l he horizontal pressure against the wall can be esti
mated from knowledge o f the magnitude o f k and 
the vertical pressure. Several factors affect the lateral 
pressure in bins, as indicated by Janssen's equation:

<ri = 1 -  exp( — kfji/R ) |. (29)

where, R is the hydraulic radius (ratio of area o f cross
section to circumference), p is the density o f the mate
rial, /. is the static friction o f the material against the 
wall, and li is the depth ot material.

1. Factors Affecting Flow of Powders
The flow o f a granular solid is affected by several 

forces: gravitational forces, friction, cohesion (inter
particle attraction), and adhesion (particle-wall at
traction). The formation o f a stable solid arch above 
the aperture is also possible. G ravity is the natural 
driving force o f unaided How that can also cause con
siderable compaction o f the bed. Consequently, the 
bed, due to enhanced cohesive forces, w ill have mea
surable mechanical properties such as tensile strength 
and compressive breaking strength. Therefore, flow 
takes place due to solid failure.

Noncohesive or ‘‘tree-flowing" powders are those 
in which interparticle forces are negligible and the 
major obstruction to flow is internal friction. The 
condition for flow to occur is

t > /xir, (30)

where, t  is the shear stress, p. is the coefficient of 
friction, and <r is the normal stress. We note here that 
<r is the symbol used for normal stress in the literature 
on food powders; it must not be contused with the 
shear stress o f liquid foods.

Interparticle forces can develop under special con
ditions, such as due to moisture absorption, ele
vated temperature, or static pressure, and they can 
reduce the flowability, stop it altogether, or form 
stable bridges (agglomeration). The latter phenome
non is usually referred to as a caking problem charac-
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terizcd by the formation o f soft lumps to total solidi
fication. Unlike noncohesivc powders, the shear yield 
stress versus normal stress data tor cohesive powders 
are characterized by: (1) a family ot yield loci curves,
i.e., at each consolidation level there is a different 
curve, and (2) the curves do not pass through the 
origin. A t zero normal stress, the compacted powder 
has nonzero shear strength, called cohesion, whose 
magnitude depends on the properties o f the powder 
and the consolidation conditions. The yield loci inter
cepts w ith the normal stress axis indicate the tensile 
strength. The tensile strength (T )  provides a direct 
indication of the interparticle forces and its magnitude 
depends on the consolidation stress. For many pow
ders, the yield loci can be described by the Warren 
Spring equation:

where, is cohesion. From an energy balance of a 
compacted powder being sheared, one can show that 
cohesion is proportional to the tensile strength.

The angle o f repose is a simple technical test in 
which the angle the powder forms with the horizontal 
is determined. Irrespective of the method ot measure
ment o f the angle o f repose, it can be assumed that a 
small angle indicates a free flowing granular solid. 
One rule o f thumb is that powders with an angle 
o f repose less than 40° are free flowing, while those 
exhibiting angles ot' 50° or more are likely to cause 
flow problems. Magnitudes ot angles ot repose deter
mined by different techniques w ill differ from each 
other and cannot be compared with each other. Be
cause irregular cone angles are formed in the case 
o f cohesive powders, the measurement o f the angle 
becomes difficult.

2. Flowability of Powders
In 11>7(), Jenike established fundamental methods 

for determining flowability characteristics ot pow
ders. The experimental yield loci are obtained by plot
ting the normal stress versus the shear stress at a 
particular powder porosity. The normal and shear 
stresses are obtained in a Jenike shear cell. The stress 
condition o f each point on the yield locus may be 
described by M ohr stress circles. The yield loci curves 
o f many tood materials can be approximated by a 
straight line, although it is expected to be slightly 
concave for all granular materials. Two M ohr stress 
semicircles that characterize two important properties 
are show n in Fig.3. The larger semicircle characterizes

FIGURE 3 Illustration of two M olir semicircles that dctmc* the 
major consolidation stress ((fj) and the uncontined yield stress (/ ). 
(from  Schubert. I I .  (I'M 7). /. looil l : n 6, 1-32; K3-1U2.)

the stress conditions during steady-state flow, since 
it is passing through the point ot consolidation condi
tions at which point steady-state flow, is reached and
110 changes in stress or volume take place. (7, is the 
major consolidation stress. I he smaller semicircle is 
drawn tangential to the yield locus and passing 
through the origin; this gives / , the uncontined yield 
stress.

The uncontined yield stress ( /) and the major con
solidation stress (cr,) are important parameters in de
sign problems. The former is a measure ot the solid's 
strength at a free surface, while the latter is related to 
the pressure applied to the solid it it were compressed 
in a cylinder with trictionless rigid wall. The angle 
o f internal friction of the solid is the slope ot the yield 
locus, and it varies from point to point due to the 
curvature ot the yield locus. The flow function, //,. 
is defined as

The flow function, //', characterizes the flowability 
o f powders: it is an important property in designing 
bins and hoppers. Table IV  contains a classification

TABLE IV
Flowability of Powders According to Jenike's Flow Function,
ffc = <r\/fc

II ■ 2 Very cohesive n< inflow ini;
(. ohesive powdi rs

2* ii ■■4 (lohesive powders
4' II- in hasy-riownm

Noncohesivc powders
!»>•' II 1 ree-fl'.»win^ powders
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ot powders according to their flowability based on 
the magnitude ot the How function, //. While the How 
function, //,. is a useful guide to the flowability o f 
powders, a complete description o f the flowability o f 
particulate solids can be obtained only by measuring 
the yield loci at different magnitudes o f porosities.

Cohesion, ('., o f powders described earlier is not 
as good an index o f flowability as the flow function, 
//,. The tensile strength, tr,, also defined earlier, may 
be used to interpolate the yield locus in the region 
in which the M ohr circle is plotted to determine /, 
accurately. This is o f particular importance in the 
dispensing o f  slightly cohesive instant food powders 
in vending machines.

The tangent to the major stress circle passing 
through the origin, is called the effective yield locus. 
The ratio ot the two principal stresses (r, and cr2, and 
the effective angle o f friction <t>, are related by the 
general equation describing the steady-state flow7 o f 
powders:

I + sin<t>,
(r, 1

(33)

3. Design of Bins and Hoppers
Jen ike’s theory and the associated measurements 

are applied to the design o f bins and hoppers. For 
foods with limited shelf life, mass flow bins, in which 
the entire bulk powder is in motion during discharge, 
are preferable to plug flow or funnel flow bins, in 
which a portion o f the powder at the sides o f the bin 
is stationary; in the latter, the food remains in the 
“ dead" regions in which it can remain for long periods 
o f time.

liv  using a procedure suggested byjenike. the criti
cal cone angle 0,, which is a function ot the effective 
friction angle <!>,. and the friction angle between 
bulk material and the wall may be taken from dia
grams in the nomograph byjen ike that contain values 
ot 0, as a function o f 0 , 4>,. and <t>„„

Mass flow occurs when the cone angle 0  0,. For
the particulate solids to flow without the formation 
of a stable arch, the outlet must have a minimum 
diameter, </. A  stable arch is possible only for <r, < /'; 
where, a , is the major principal stress acting at the 
abutment o f an arch and its magnitude may be calcu
lated from:

(34)

The flow factor, [I, as a function o f 0 , <t*t, and 
may be taken from the monograph o f (enike. The

critical diameter </ can be calculated by first assuming 
the condition <r, = / which allows calculation ot the 
critical stress <t , which acts at the abutment o f an 
arch:

<1 = z i j i m
P/tf ’

(35)

where, p(j is bulk density, f> is acceleration due to 
gravity, //(0) is a function ot the geometry ot the 
hopper given in diagrams by Jenike. When d > dt, 
the formation o f a stable arch that in turn would 
prevent the discharge ot a powder can be avoided.

Bibliography

A S H R A E  (1981). "Fundamentals." A S H R A E . Atlanta, 
Georgia.

Charm, S. E. (1971). “ The Fundamentals o f Food Engi
neering," 2nd ed. A V I. Westport. CT .

Christensen. C. M. (1953). “ Storage ot Cereal Grains and 
Their Products," American Association of Cereal Chem
ists, St. Paul, M N .

Hahn, R. II. . and Rosentreter. E. E. (1987). "Standards 
1987." American Society o f Agricultural Engineers, St. 

Joseph. Ml.
Holdsworth, S. I). (1993). Rheologic.il models used for the 

prediction of the flow properties of tood products: A 
literature review. Inins. Instil. (Client, ling. 71(C), 
139-179.

IA M FE S  (1988). International Association o f M ilk , Food, 
and Environmental Sanitarians. Ames, Iowa.

Imholte, T. J. (1984). "Engineering for Food Safety and 
Sanitation: A Guide to the Sanitary Design ot Food Plants 
and Food Plant Equipment.”  Technical Institute for Food 
Safety, Crystal, M N .

Jenike. A. W. (1970). Storage and Flow o f Solids. Bulletin 
No. 123 of the Utah Engineering Experiment Station, 
4th printing (revised). University ot Utah. Salt Lake 
City.

Kokini, J. L. (1992). Uheological properties ot foods. In 
“ Handbook of Food Engineering" (1). R. Heldman and 
1). 15. Lund, eds.) pp. 1-38. Marcel Dekker, New  York. 

Labrie, ). (1987). Correct the Equipment Design— Don't 
Fix It on the Job or How  You Can Provide a Clean 
Operating Production Line. F P E I Workshop on Engi
neering tor Sanitation. A S A E , St. Joseph, M l.

Lutz. |. M ., and Hardenburg, R E. (1968). "The  Commer
cial Storage o f Fruits, Vegetables, and Florist and Nurs
ery Stocks." Agriculture Handbook No. 66. U S D A . 
U.S. Government Printing Office, Washington, DC!. 

Mohsenin. N. N. (1986). “ Physical Properties ot Plant and 
Animal Materials.”  Gordon and Breach Science Publish
ers. New  York.

Peleg, M. (1977). Flowability o f food powders and methods 
tor its evaluation. /. / inn/ Process Hug. 1, 303—328.



FOOD PROCESS ENGINEERING: STORAGE AND TRANSPORT OF FLUID FOODS IN PLANTS
380 ------------------------------------------------------------------------------------------------------------------------------------------

Perry. R. H., and Green, I). (1984). "Perry's Chemical 
Engineers’ Handbook." McGraw-Hill, New York.

Kao. M . A. (1992). Transport and storage ot food products. 
In "Handbook of Food Engineering" (1). R. 1 leldman and 
1). 15. Lund, eds.), pp. 199—246. Marcel Dekker. New York.

Rao, M . A., and Rizvi. S. S. H. (198f>). "Engineering Prop
erties ot Foods.”  Marcel Dekker, New York.

Ryall. A. L.. and Lipton, W. ). (1979). "Handling. Trans
portation and Storage of Fruits and Vegetables," Vol. I, 
2nd ed. A V I, Westport, CT .

Rvall. A. L., and Lipton. W. |. (1984). "Handling. Trans
portation and Storage o f Fruits and Vegetables," Vol. 2. 
2nd ed. AV I. Westport. CT .

Schubert. H. (1987). Food particle technology. Parti. Prop
erties of particles and particulate tood systems. /. Food 
ling. 6, 1-32.

Schubert, H. (1987). Food particle technology. Part 11.
Some specific cases. /. I'ood ling. 6, 83-102.

Steffe. |. F. (1992). "Rheological Methods in Food Process 
Engineering." Freeman Press. East Lansing, M l.



Food Process Engineering: 
Thermodynamic and 
Transport Properties
M. A. RAO, A. K. DATTA, Cornell University

I. Food Unit Operations and Transport 
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Fn o d  process engineering deals with the application 
ot'scientific and engineering principles in the manu
facture. storage, and transportation o f foods. For 
convenience, food manufacture is divided into unit 
operations. Knowledge of colligative and thermody
namic properties o f foods is useful in food preserva
tion operations and in extending shelt lite ot toods. 
|Sir Food Prockss Engineering: H ka t and Mass 
Tkansi-kk; Food Prockss Engineering: S to rag e  and 
T ransp o rt oe F iu id  Foods in Pi an is. |

Glossary

Colligative properties Depend on number but not 
on the nature o f molecules in a system; they play .111 

important role in .1 number o f separation processes 
and purification processes in tood manufacture, and 
water activity, including boiling point elevation, 
freezing point depression, and osmotic pressure 
Reaction kinetics A number o f chemical changes 
take place when toods are either stored at a constant 
temperature or subjected to a thermal process 111 

which a range o f temperatures is used and it is im
portant to model the changes so that the extent o f 
chemical changes can be calculated; 111 toods, most 
chemical and physical changes can be described by 
either zero-order or first-order kinetics 
T ransport  properties In the context of food, trans
port processes typically refer to the transport o f mo
mentum (Hmd How), transport ot thermal energy 
(heat transfer), and transport o f species (mass trans
fer); transport properties describe rates o f these trans
port processes (examples are viscosity for fluid flow, 
thermal conductivity tor heat transfer, and mass diffu- 
sivity tor mass transfer processes)
Unit operations Combination o f one or more o f 
physical transport processes combined with biological 
and chemical changes during that process

I. Food Unit O perations and  
Transport Phenomena

According to Connor, the tood processing industries 
are among the largest ot the 2(1 industry groups in 
the manufacturing sector. In 1985, the latest year tor 
which economic data were available, the food pro
cessing industries shipped products worth S3(l2 bil
lion, and they generated SU>4 billion in value added. 
Food process engineering deals with the application 
o f scientific and engineering principles in the manu
facture, storage, and transportation ot foods. Foods 
are complex mixtures made up ot several compo
nents. such as carbohydrates and proteins, with water 
being an important, it not the principal, component. 
Because foods are susceptible to attacks by m icroor
ganisms that can result in either spoilage or the pro
duction o f fatal toxins, knowledge regarding harmful 
microorganisms and sanitary design are important 
areas o f tood process engineering. Some tood pro
cessing operations, such as thermal processing, are 
designed to increase the shelt lives ot toods, but they 
also alter the physical and chemical composition ot 
foods. Thus, the kinetics o f inactivation ot m icroor
ganisms and o f the changes in color, texture, en
zymes, and vitamins are essential tor the proper design 
o f food processing operations. Other operations, such

Encyclopedia o f  Agricultural Science, Volume 2 Copyright c 1994 by Academic Press, Inc. All rights of reproduction in any form reserved.
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as mixing and Hu it! flow, achieve a desired objective 
other than extension o f shelf life. Food process engi
neering is made up o f several areas o f knowledge 
and study, such as physical, thermal, chemical, and 
thermodynamic properties o f foods, and processing 
unit operations and processes. Some of the important 
unit operations and the data needed for proper design 
and operation are listed in Table 1. In this article, the 
transport and thermodynamic properties o f foods are 
discussed. A number ot texts and reference volumes 
have been published that contain much valuable infor
mation 011 these properties, and some of these are 
listed in the bibliography; these should be consulted 
for additional information. |i'cc T h e k m a i  P r o 
c e s s i n g : C a n n i n g  a n d  P a s t e u r i z a t i o n . |

II. Colligative and Equilibrium 
Properties of Foods

Colligative properties play an important role in a 
number ot separation processes and water activity; 
they depend 011 number but not 011 the nature ot 
molecules in a system. The colligative properties o f 
ideal solutions are independent ot the chemical nature 
o f the solute. Typical colligative properties include 
boiling point elevation, freezing point depression, and 
osmotic pressure. The thermodynamic basis o f colli- 
gative properties is discussed in brief.

A. Chemical Potential and Activity Coefficient

The Gibbs's free energy, G , for a closed system is 
defined as

G  = H — T S  = H + P V— TS, ( 1)

where, H  is enthalpy, S’ is entropy, H is internal en
ergy, T  is absolute temperature, P  is the pressure, 
and V i s  the volume. In a multicomponent system 111 

which chemical species may be gained or lost, G  is a 
function of T,  P, and the number o f moles o f a species 
i, i i ,. The partial molar G ibbs’s free energy G, o f a 
species i, or the chemical potential (/x,) is defined as

• ,  •  I ^ C ;

<J' ' r ",

Therefore, chemical potential is the change in free 
energy o f  a system due to an infinitesimal change in 
number o f moles o f a constituent i when temperature, 
pressure, and mole quantities o f other constituents 
are held constant. It indicates the driving force in the

transfer o f a component; the transfer occurs trom a 
system with high /x, to a system with a lower f i t. At 
equilibrium, p., is equal for all systems and states. 
Specifically, when a solution and its vapor are in equi
librium, the chemical potential in the liquid (L ) and 
the vapor ( I ’) phases are equal:

= Mil- (3)

The chemical potential o f a gas can be expressed 
in terms o f measurable functions and in terms ot it> 
value at its standard state, /jl '':

ix, = ix'; + R T  In P,. (T

A new function, fugacity, is introduced such that for 
real gases at all pressures:

= M',' + R T  In /, • 

It is also specified that

1 i 111 _  .
/'-.I I /> '

(5

(ft

For a pure material in a solution, we can define the 
fugacity coefficient as (</>,):

(7)

By  definition, the activity coefficient, y,, o f a constit
uent i is

y,
t,

•v,/T (8)

where, /' is the fugacity o f component / in solution 
and t'] is the fugacity at a standard state; for a pure 
component, the right-hand side reduces to the activ
ity, <1,:

= -A 
,/T (9)

B. Water Activity of Food

From the above, the water activity at a constant tem
perature can be shown to be

( 10)

Assuming that the vapor pressure correction factor 
for the solution and water to be the same, the ratio 
( f,,■/!"■) n5aY replaced by (/>1<.//:*;.’.), so that



TABLE I
Major Unit Operations in Food Process Engineering0

Unit operation I ypieal application in tood industry

Absorption

Adsorption

Blanching

( irystalhzation

I >ehydration

1 )istillation

I )ruin I )rving 

E vaporation

Extraction

Extrusion

Freeze concentration

Fouling and cleaning

I leat transmission

Freezing

Packaging

Pasteurization

Absorption ot gases, typically carbon dioxide, bv liquids, mu h as water, trim |iuccs. and soft drinks; 
scientific intormation. such as solubilities, is needed to control amount ot a gas in a liquid tood.

Adsorption ot moisture, known as adsorption isotherms, bv solid toods, especially dehydrated foods; this 
intormation is useful in assessing storage stability of foods. Adsorption of flavors during storage is also 
important.

M ild heat treatment process prior to other operations. Blanching prior to freezing is done primarily to
inactivate enzymes that change color, flavor, etc. Blanching prior to canning removes tissue gases, softens 
to facilitate packing, changes enzyme activity, etc.

Can occur spontaneously or be induced deliberately. It is important in sugars, salts, fats, ice, proteins, 
polysaccharides, and organic acids. Scientific information is needed tor either efficient removal tit a 
component or development and control ot product texture.

Historically, dehydration has been a major method ot tood preservation. A variety ot dehydrated toods are 
produced using different drying methods, such as air drying, solar drying, and freeze drying. I he latter 
method is used to produce high-quality products, such as instant cottee.

Distillation ot weak solutions to obtain concentrated products such as flavors and spirits is used in the food 
industry. Scientific information is needed on physical and thermodynamic properties of the 
multicomponent systems.

Popular methods to dry liquid food. A heated cylindrical drum rotates about a horizontal axis. A thin layer 
ot product adheres to the drum surface and dries. The dried product is removed by scraping with a knife.

Evaporation ot water trom milk and truit juices is widely used. Removal ot water to sufficiently low  levels 
can inhibit growth of microorganisms and, hence, extend the shelf life of toods. Scientific intormation is 
needed tor efficient operation ot evaporators and to retain desired nutrients, colors, and flavors ot toods.

Extraction o f solutes, such as sugar, coffee, caffeine, and edible oils, using solvents, often water, is widely 
used. The use ot supercritical carbon dioxide as a solvent is an important development. Although 
solid-liquid extraction is the predominant operation, liquid-liquid extraction also can be practiced. 
Information is needed for efficient removal of selected solutes, such as solid-liquid and liquid-liquid 
equilibrium data, and performance o f extractors.

Extrusion o f low-moisture cereal doughs and proteinaceous foods into foods o f desirable structure is widely 
used; scientific intormation is needed on the rheological properties of melts, heat transfer during 
extrusion, performance and control o f extruders, and for controlling textural product characteristics

When dilute tood solutions are frozen, more of the pure water in the solution changes to ice as freezing 
progresses (see heat transfer during freezing). This leaves the rest ot the solution concentrated. It the ice 
can be removed from the system, a concentrated solution is obtained without much thermal degradation 
ot the food that might accompany a concentration process using evaporation. Freeze concentration is used 
tor truit juices, milk, etc.

Fouling ot tood processing equipment reduces the efficiency o f operation o f hear exchangers, evaporators, 
and other equipment, and contaminates foods with undesirable deposits; it is undesirable beyond minimal 
levels. Therefore, the cleaning ot tood processing equipment is also important.

Foods are heated to induce desirable textural changes, as in baking and roasting, and to inactivate harmful 
microorganisms, as in canning, also known as thermal processing. Operations such as infrared heating o f 
toods. blanching ol fruits and vegetables, aseptic processing o f fluid and semisolid foods, and microwave 
heating and thawing are important operations in which heat is used. Scientific information is needed on 
rates ot heat transmission, thermal properties of toods. flow properties ot fluid and semisolid toods. 
destruction ot microorganisms, inactivation of enzymes, and retention of nutrients, color, and texture.

A variety o f partially processed foods are frozen for availability over a long period o f time. Frozen foods 
are kept frozen through the distribution channels until consumption. Scientific information needed 
includes freezing rates and times.

Plays an important role in the preservation and distribution o f processed foods. Some packages, such as 
cans and retortable pouches, are employed in both the processing and distribution segments. One aim o f 
packaging is to keep a tood trom being exposed to moisture, oxygen, microorganisms, insects, and light. 
Another aim is to provide a desired atmosphere o f oxygen and carbon dioxide to foods, especially fruits 
and vegetables; in controlled atmosphere packaging, the desired atmosphere is achieved by active means, 
usually by supplying nitrogen, oxygen, and carbon dioxide into a chamber, and controlling their 
concentrations. In modified atmosphere packaging, the gaseous atmosphere is achieved by passive means 
of balancing the respiration rate o f produce and the diffusion characteristics o fth e  packaging material.

Heating process that kills part but not all o fthe vegetative microorganisms present in food and 
consequently it is used for foods which are to be further handled and stored under conditions that 
minimize bacterial growth. It is a milder form o f thermal treatment as compared to sterilization.
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continued

U n it operation T yp ica l application in food industry

Refrigeration

Sterilization

Supercritical Extraction

L o w  and freezing temperatures are used to extend shelf lives of foods. H o w e ve r, refrigeration is generally 
considered to be a dom ain ot mechanical engineering.

Defined as complete destruction ot all viable m icroorganism s. Since this is impossible to achieve, 
sterilization is often really "com m ercia l sterilization”  where chances ot su rviva l ot .1 pathogenic 
m icroorganism  are extremely small (but nonzero).

W hen a gas or liquid is heated and compressed to conditions above its critical point, u becomes .1

supercritical fluid. Supercritical fluids have a unique com bination ot solvent and transport properties that 
make them unique tor purify ing  tine chemicals, toods, and pharmaceuticals. In the food industry, 
supercritical carbon dioxide has found uses 111 decatfemation ot coffee, extraction ot edible oils, extraction 
ot spices, rem oval ot cholesterol from butter and beet. etc.

‘ A unit operation 111 the tood industry is a com bination o f  one or more of the physical transport processes discussed earlier together with 
biological and chemical changes during that process, lo r  example, d ry ing  utav invo lve  heat transfer to evaporate the m oisture, moisture 
diffusion inside the solid, viscoelastic deformations o f  the solid due to heat and the loss of moisture, co lor changes due to chemical 
reactions, and so on. A bove  is a list of the major unit operations that arc being used in tood industry. I V scn p tion  ot other unit operations 
can be found 111 chemical engineering texts.

( in

Leung reviewed the thermodynamic basis ot water 
activity and typical magnitudes ot water activity (Ta
bic II) ot toods.

C. Freezing Point Depression

Another important relationship can be derived tor an 
ideal gas. The partial derivative ot /x, with respect to 
pressure can be written as

(1-

The above equation after integration and replacing 
pressure with fugacity becomes

f i: — (jl'I = R 7" In <j, . (13)

The freezing point ot a solution is depressed on 
the addition o f a solute. Because at equilibrium, the 
chemical potential o f the liquid (fj.,) and solid (/x.) 
phases are equal, from Eq. (13) an equation for freez
ing point depression can be derived:

— lii.V, (14)

where. A’, is the mole traction o f the solvent. / is 
the freezing point ot the solution, T,, is the freezing 
point ot the solvent. A//, is the heat ot fusion, and R 
is the gas constant.

D. Boiling Point Elevation

The addition ot a nonvolatile solute causes elevation 
in the boiling point. A/,., ot the solution that can be

calculated from an expression derived from Eq. (13) 
assuming equilibrium to exist betw een the liquid and 
vapor phases, i.e., /U, — /u., :

R'l^A ln: 
101 lOAH, (I5)

where I), is the original boiling point, M  is the molec
ular weight o f the solvent, A I /, is the heat ot vaporiza
tion. and in is the molality ot the solute; for water 
the expression reduces to 0.51/1/.

E. Crystallization

I he solubility concentration o f a solute in a solvent 
is defined when the chemical potential o f the solute 
m solution is identical to the chemical potential ot a 
pure crystal o f infinite size. At a given temperature, 
this concentration is the maximum amount ot solute 
allowed in a solution. Solubilities vary with type ot 
solute, ty pe o f solvent, and temperature. In general, 
most substances, such as sugars, exhibit increasing 
solubility with temperature; however, some salts ex
hibit a negative solubility curve. The driving force in 
crvstalli/ation is the difference in chemical potential 
between the solution phase (Miuiu.a) aiK  ̂ crystalline 
solid (Mvha)- l ° r crystallization. Eq (13) can be w rit
ten as:

where./,^ is the activity ot the equilibrium solid condi
tion. L5ecau.se at in  it v data ol important tood solutions 
are not available, is an approximation, the ictivitics 
are leplaced bv concentrations:
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TABLE II

Magnitudes of Water Activity of Some Foods
continued

1 ood Water activity (i/w)

Cereal products
Breakfast cereal (corn Hakes) 0.09
C !akc mix o.3o
C .'rackers
Rice i ». 56
Whole wheat 0.68
Whole Hour t r»s
Pancake batter (».«7
C .akes I o

Pumpkin pie i ). 95
Biscuit dough 0.9( M).94
Bread 0.95-0.97

1 )airy products
Nonfat dry milk o. 14-n. 28
M ilk powder 0.75
Parmesan cheese 0.75-0.76
Sweet condensed milk 0.83-0.89
W hey cheese 0.88-0.91
Roquefort cheese 0.91
Cheese spreads 0.93-0. 97
Cheddar cheese 0.95-0.98
Process cheese 0.97-0.98
Evaporated milk 0.97

1 rmt and vegetable products
Raisins 0.54-0.82
C loncentrated orange juice 0.80-0.92
( )range marmalade 0.75
( Iherry jam 0.79
Crape je lly 0.80-0.85
Preserves 0.84
1 )ates I >. 85
Maple syrup 0.83-0,80
1 omato paste (28% solids) 0.97
Apple puree 0.97
Fruit cocktail 0.98
Canned vegetable soup 0.98

Meat products
Fermented sausage 0.65
Cooked bacon 0.64
1 )ried sausage 0.70-0.74
Hard salami 0.79—n. 91
Intermediate moisture dog 0.75-0.87

tood
Pepperoni 0.90
Raw ham 0.80-0.96
1 >ried beet 0.8t M l. 94
Salami 0.90-0.96
I uncheon meats 0.96-0.97
Clooked ham 0.97
Fresh meat 0.98-0.99

Confectionery products
Plain chocolate 0.31
Chocolate* candy 0.69
M ilk  chocolate* 0.60
Corn syrup 0.60
Cake icing 0.76-0.84
Frosting 0.82
Fudge sauce 0.83-0.97
Chocolate syrup 0.91

Food Water activity («i.A)

C )ther products
1 )ry soup mix 0.21
Potato Hakes 0.30
Cocoa 0.40
Dried egg 0.40
Cashew 0.75
Sunflower seed 0.75
Almond 0.79
Soy sauce 0.81
Peanut 0.84
Margarine 0.88
Nondairy whipped topping 0.93-0.97
Vanilla pudding 0.97-0.99

Sonne: Lcnng. H. K. (1986). Water activity and other 
colligativc properties ot foods. In “ Physical and Chem i
cal Properties ot Food" (M . R. Okos, ed.). pp. 138-185. 
American Society of Agricultural Engineers, St. 
Joseph, M l.

= I iT 'I'M  • (17)

where is concentration, and C, is solubility concen
tration. Defining the supersaturation, .S’, as the ratio:

j ,  at low levels ot supersaturation (S<  1.1) a good

approximation is

1 ). (18)

F. Osmotic Pressure

When a solution and a pure solvent are separated by 
a membrane permeable to the solvent (A ) and not 
to the solute (B ), the solvent w ill move toward the 
solution. At equilibrium the chemical potential o f the 
solvent on both sides of the membrane is the same, 
but an osmotic pressure ( I I ) would develop. For ideal 
dilute solutions, the osmotic pressure can be calcu
lated from:

II = C hR T , (19 )

where is the molar concentration ot the solute. 
For nonideal solutions, an osmotic coefficient ($ ) is 
defined:

- in A 1 n<i/4
(20)

where v is the number ot moles o f ions formed from 
one mole o f electrolyte, and h i  *  and i n , ,  are the molal

lOimmn'j
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concentrations o f solvent and solute, respectively. 
The equation for osmotic pressure ot non ideal solu
tions is

p = RT^vdIh  
» ‘ a v a  '

(21)

G. Vapor-Liquid Equilibrium Relations

I f  the vapor is an ideal gas, the liquid-phase activity 
coefficient ot a component i in a binary system is

yi L t
x,p°:

(22)

where P  is the total pressure and /*,’ is the vapor pres
sure o f component i. In addition, from definition, it 
can be shown that the relative volatility ot component 
with respect to component j  (a„) is

a,, 3)= y J ’", 
y i K

I f  component i is in trace amounts, i.e.. infinitely 
diluted, and the mole fraction ot component j is ap
proximately equal to one, the magnitude ot the activ
ity coefficient y, is equal to one. Therefore, the equa
tion for relative volatility at infinite dilution becomes

(24)

This relationship is useful in the recovery and concen
tration o f trace amounts, typically a few parts per 
million, o f aroma and other volatiles.

H. Equilibrium Between Gas and Liquid

Equilibrium between a gas dissolved in the liquid 
phase in contact with the same gas in the vapor phase 
is related by the well known H enry’s law for dilute 
concentrations (Fig. 1).

P ,  = H'c (25)

where P .i is partial pressure ot .4 in gas phase at equi
librium, (\, is concentration o f .4 in liquid phase at 
equilibrium, and H ' is H enry’s constant obtained 
from experimental measurements. An example 
would be the relationship between the concentration 
of oxygen m water and the concentration ot oxygen 
in air that is in contact with the water.

I. Equilibrium Between Gas and Solid

Moisture in a solid in contact with air tor a long time 
becomes in equilibrium with the moisture in air. and

FIGURE 1 H enrv’s law for equilibrium between a i»as and a liquid 
phase.

the solid stops to gain or lose moisture any longer. 
This is an example o f equilibrium between a gas phase 
and a solid phase. The relationship between the mois
ture content o f a particular material and its equilib
rium relative humidity at the particular temperature 
can be expressed with an equilibrium moisture curve 
as in Fig. 2. These curves are often called isotherms 
because the values plotted for each curve usually cor
respond to a specific temperature. A number ot equa
tions have been developed to describe the isotherms 
as shown in Fig. 2. An example is the empirical Hen
derson equation:

1 - R H  = exp( — c\1") , (26)

where R H  = relative humidity (in fraction), M  is 
equilibrium moisture content(% ), and c and ii are 
constants for a material. Such curves are available 
from experimental measurements for a large number 
o f tood materials.

FIGURE 2 Isothei ms showing, equilibrium between a solid and 
a gas phase.



FOOD PROCESS ENGINEERING: THERMODYNAMIC AND TRANSPORT PROPERTIES

III. Reaction Kinetics and Models

A number ot cliemieal changes take place when 
foods are either stored at a constant temperature or 
subjected to a thermal process in which a range of 
temperatures is used. It is important to model the 
changes so that the extent o f chemical changes can 
be calculated. Because of the complex chemical 
composition ot toods. it has not been possible to 
quantify all the changes taking place as a result o f 
heating and to relate, in a quantitative manner, 
the chemical changes to physical changes such as 
softening. Some of the chemical changes, such as 
loss ot vitamins, themselves are the end result of 
a thermally induced change.

A. Order of Reactions

For a simple reversible reaction:

/■'

A B

K,
(27)

where A is the reactant, B  is the product, K, is the 
forward reaction rate constant, and K, is the reverse 
reaction rate constant. The rate o f reaction in the 
forward direction at a constant temperature is 
given by

^  - K A “ -  f , 
ill til (28)

where u is the reaction order, I is time, dA/dl is the 
rate of change o f /4 with time, and dB/dl is the rate 
o f change o f B.

In foods, most chemical and physical changes can 
be described by either zero-order or first-order kinet
ics. For a zero-order reaction

dA 
' dl = K „. (29)

After integration and denoting the initial composition
as .4 „

,4 = A „- K „ i , (30)

where is the zero-order reaction rate constant. For 
a first-order reaction

(31)

where K t is the first-order reaction rate constant. 
Alter integration, one can obtain

.4 ■T.exp(-K',/) • (32)

The /3-value has been used extensively to characterize 
microbial death kinetics. The D-value is the time in 
minutes tor a one log cycle change ot a quantity, such 
as microbial population, at a constant temperature. 
The D-value and K', are related by the equation

2.303
D

(33)

B. Effect of Temperature on Rate Constant

In addition to describing the change m a quantity as 
a function o f time at a fixed temperature, one must 
be able to describe the effect o f temperature on the 
quantity. The reaction rate constant can be related to 
temperature according to the Arrhenius relationship:

K  = K, (34)

where K  is the reaction rate constant (e.g., K u or 
K’,), K r is the reaction rate constant at a reference 
temperature, E , is the activation energy (J/m ol), 
7' ( °K ) is the temperature o f the system, and T, (°K ) 
is the reference temperature.

The c-value is used in m icrobiology to characterize 
the influence o f temperature on the D-value and it is 
the temperature change that results in a 10-told change 
(one log cycle) in the D-value. The 2 -value and £, 
are related by the equation

2.303 R T T ,
(35)

In addition to the r-value and E,„ the Q ,M value is 
used as a measure o f the temperature coefficient o f 
chemical and biological reactions and is defined as the 
change in the reaction rate constant for a change o f 
10°C:

Qm
= K (T °  C  + 10°C) 

K'Crc) 1 (36)

For many chemical reactions, the Q l(l value is about 
2.5—I. The relationship between Q ln and 2 -value is

18
(37)

log Q „, '

Because o f their toxin forming ability, spores o f
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Clostridium botiilinum have received considerable at
tention; their commonly accepted D-value at 121.1°(' 
(250°F) and c-value are 0.21 min and 10°(.'. respec
tively. Kinetic parameters for inactivation of microor
ganisms. activation and inactivation of enzymes and 
cocnzymcs, and loss ot reactivity of amino acids were 
tabulated by N orw ig  and Thompson, and ot nutrients 
and organoleptic changes in toods by Villota and 
Hawkes. The magnitudes of reaction rate constants 
at specific temperatures and of activation energies ot 
a number of chemical reactions and death ot microor
ganisms are given in Table III

IV. Thermodynamic Properties Related 
to Internal Heat Generation

A. Dielectric Heating and Properties

Source term in the heat equation is important in ap
plications such as m icrowave heating and resistive 
heating. For m icrowave heating, heat generation rep
resents conversion ot electromagnetic energy. M icro
waves are electromagnetic waves and therefore are 
composed of an electrical and a magnetic field. Their 
wavelength range is (1.3—30 cm with a corresponding 
frequency range ol 1(H)—I ( i l l/ .  A dielectric is an 
electrically insulating material. Some dielectric mate
rials like water contain permanent dipoles due to 
asymmetric charge distribution o f unlike charge part
ners m a molecule that tend to reorient under the 
inriuence ot a changing electric field, thus causing 
orientation polarization. The rotation o f the dipoles 
m an alternating field to reorient themselves produces 
heat due to friction. The polarization in a material 
can also be induced by the electric field by displacing 
electrons around the nuclei (electronic polarization) 
or relative displacement o f atomic nuclei because ot 
the unequal distribution o f charge in molecule forma
tion (atomic polarization). Another source ot polar
ization is the charge build-up in interfaces o f compo
nents in heterogeneous systems, termed interfacial or 
space charge distribution. Water, the major constit
uent of most tood products, is the source for micro
wave interactions with tood materials through orien
tation polarization due to its dipolar nature. The other 
major source ot interactions ot microwaves with tood 
materials is the dissolved salts in ionic solutions that 
act as conductive charge carriers m an electromagnetn 
field.

For m icrowave heating, heat generation per unit 
volume ot material Q  at any location is related to

the electrical field intensity I: at that location by the 
M axwell's equations ot electromagnetic waves to be

Q  = 27t /kmk" i r  . (38)

where the magnetic losses in the tood have been ig
nored. The electric field (and therefore Q ) varies with 
position inside the food, giving rise to non-uniformity 
in m icrowave heating. The frequency / ot the micro
waves is 2451 )M  I lz tor most domestic ovens and 915 
M H z  for some industrial ovens. The symbol e„ is 
called the dielectric constant ot tree space and e "  is 
the loss factor for the dielectric (tood) being heated. 
At a given frequency, the dielectric loss factor is a 
function o f composition o f the tood material and its 
temperature. Such temperature and composition de
pendence ot the dielectric loss have been widely stud
ied for various tood materials.

B. Ohmic (Resistive) Heating and Properties

O hm ic heating is like resistive heating; therefore, its 
applicability depends on the electrical conductivity 
o f the product. Food formulations with a moderate 
percentage o f tree water with dissolved ionic salts are 
reasonably good conductors and can be heated by the 
process. Most punipable toods with water content 
exceeding 30%  conduct electricity well enough tor 
ohmic heating. C.'ovalent. nonionized fluids such as 
tats, oils, alcohols, and sugar syrups, and nonmetalhc 
solids such as bone, cellulose, and crystalline struc
tures including ice cannot be directly ohmic heated.

Conductivity ot most electrolytic solutions (e.g., 
soups, yogurt, meats, milk, fruit juices) increases 
strongly w ith temperature. This effect is often ex
plained by increase in ionic mobility when viscosity 
decreases. In order to design equipment based on 
ohmic heating, reliable conductivity data are required. 
Several advantages o f ohmic heating include reduced 
maintenance (no m oving parts except the feed pump), 
reduced fouling (no hot heat transfer surfaces), in
creased uniform ity o f heating, and more efficient use 
o f electrical energy.

C. Respirative Heating in Fresh Foods

In fresh produce, respiration continues during stor
age. Heat generated by such respiration is an internal 
he.it generation and is often significant. Data on re 
spirative heat generation can be seen m A S M R A H  
1 landbook.
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TABLE III
Magnitudes of Apparent First-Order Reaction Rate Constants and Activation Energy for Microbial Death, Inactivation of Enzymes, and 
Loss of Vitamins

Item Food or system
1 cmp range
( C )

Ret. temp
fC )

Reaction rate 
(mm ‘)

Activation energy 
(k| mol)

1 n.iitiv.ition ot microorganisms
H.h 1//10 .\i<iol/irrim'/>liilns Aqueous suspension lno-121 115 o. 102 3SS

Milk 12i»— 1 (>i i 150 3.2 34f.
liihillus subtilis spores Aqueous suspension 11 ii i- 1111 loo o.2o 3f,7
( niiitm hiHuliuuni Corn puree, pi 1 (>.9 1 In - 1 If. 1 It. o.2S3 174

Distilled water IH4-I27 121 45.1 334
Pasteurized milk. 1.5%  

t'.il
1(14-113 113 9.59 351

Formulated seafood. 
pH 5.9

1(1(1-113 loo ii.or >ol 3f.7

Macaroni creole. pH 
5.(1

Spanish rice. pH f il l

1 H i-1 IS 1 10 2.11 313

1 Kl-1 IS 1 10 1.21 313
Meets 1(14-11(> 110 2.11 147
C 'arrots l()4-1 If. 107 ll.93(> 174
Corn 104-1 If. 1 10 1.50 170

( Hostritliiiw honiliumn, 213-li Snap beans IH 4 - I13 1 lo 2.2S 169
Spinach 1(17-1 III 1 10 1,5(. Will

( iloslriilium IhUnliimni, type A spores Tomato juice. pH 4.2 104-1 If. KM 0.3S4 29f>
(A If>1137)

( :ioslriiliiim pci str.iin S79S Beet gravy 99-1 If. 104 0.334 3S4
(  'loslriiiium ilicmios.itilirolyiiiiwi (S*>) - M cllvaine butter 99- 121 121 0.012 3 IS

•u ul torni ot spores
list'lit'rii'liiii li’// M ilk. Id"/,, solids 52-5S 5S l.f.4 4(.2

Cottage cheese. pH 4.(> 52-5S 52 0.197 312
( chocolate milk 52-S( l 57 O.SSf. 375

/ ..it fi’/hii illits /iltwhinnn Tomato juice, pi 1 4.5 70 0.2< 19 1S7
Putrefactive anaerobe M<7') licet puree. pH f>.9 1 in-127 119 0.555 3( 15

Corn puree, pH f>.5 1 ln-127 119 o.f>3l 322
Pea puree. pH 7.11 110-141 1 19 0.555 305

SiU ̂ liiiroinyi r> i nrrisiiif 1 leateil skim milk 55-f.ii f.0 7.0 544
During spray di ving 

skim milk
7( i-S4 70 51 75

.S,i/im>m7/ii seii ftmhrrg 775 W Chicken a la king 54-f.f. (>o 0.24 329
Liquid egg, pH 

5.45-5.55
5(»-(>l f.0 0.242 11.5

M ilk chocolate 70-90 70 0.00523 132
Siilmoiicllii lypliiniiiiiiim Fgg  albumin, pi 1 9.2 55-59 59 15.4 5119

M ilk solution. 10% 
solids

51-57 57 l.f.4 52S

Siiipliylotiiiiiis J im n> If>l-C Cheddar cheese whey 5S-f.2 f>0 1.73 295
Skim milk 5S-(,2 f>0 1.77 f>59
Whole milk, pi 1 t>.(>5 5S-f.2 f>0 3.07 3S5

Slri/ih’nutiis Ifhtis Cottage cheese 50-55 5o 0.12 2S5
Inactivation ot enzymes

Chlorophyllase Cut spinach S4-9(. S4 f.,4 x III ; 251
Peroxidase Corn-on-cob 7o- loo 100 S .9 75

Cireen beans 104-177 104 S .5 x III 1 7(.
Loss tit vitamins

Vitamin C Peas 110-132 121 2.29f. x III ' 1 (.5
Thiamine (li,) C 'arrots 109-149 121 1. 4f>7 x 10 : 1 19
Folic acid Apple juice. pH 3.4 100-140 121 4.399 X 10 ’ S3
Vitamin A Yellow  corn f.( 1—SI 1 so 1.35 x 111 ’ Sf.

lOHlillHtS
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continued

Icm p. range Ret. temp Reaction rate Activation energy 
Item Food or system (°C ) (°C!) (mm ') (k|/mol)

Pigment losses
Cchlorophyll a Spinach puree 1 If.- 126 121 11.174 1 14
Chlorophyll b Spinaeh puree 1 II.-12(. 121 (1.11818 111.1
Anthocyanins Concord grape 85-95 ‘X ) 3.(id x I II ' 1')

Anthocyanins
pigments 

Raspberry juice. New 78-108 s s 2.874 x I II ' m i

Metalline
Uurg 

licet puree In2-11(, 1 III II.IU22 .Vi

.‘.Mural changes 
Firmness loss I’eas during canning W -127 121 11.25113 78
Firmness loss Carrots during canning ‘X I— 121 > 121 i>.4‘>2 114
Firmness loss Shrimp during canning 1 1 S - 141) 121 i i .i i .VJ5 11)3

So inw : Norvvig, J. . and Thompson. 1). R. (1‘M i). Microbial population, enzyme and protein changes during processing. In “ Physical 
and Clhemical Properties o f Food" (M . R. Okos, ed.). pp. 202-265. American Society of Agricultural Fngincers. St. Joseph, M l: Villota, 
R . and Hawkes. J.  (i. Kinetics of nutrients and organoleptic changes in toods during processing. In "Physical and Chemical
Properties o f Food" (M . R. Okos. ed ). pp. American Society ot Agricultural Fngincers. St. Joseph. M l.

V. Thermal Transport Properties of 
Food M aterials

Thermal conductivity, density, and specific heat men
tioned above arc all important thermal properties ot’ 
materials. Thermal properties o f numerous food ma
terials have been studied. Some useful references are 
Rao and Rizvi (1986). Okos (1986), and Singh (1993). 
For thermal conductivity, it is useful to think o f a 
tood material as a composite ot its ingredients air, 
water, and ice that have distinctly different thermal 
conductivity values. Figure 3 shows the approximate 
magnitudes ot thermal conductivity o f different tood 
materials in relation to air, water, and ice. Some dried 
porous foods arc processed at below atmospheric 
pressures tor freeze-drying applications, showing 
very small values o f thermal conductivity. As an ex
ample o f the range o f thermal conductivities a single 
food can have, the thermal conductivities (W /m K ) 
o f apple at different processed forms are freeze-dried,
0.043; slices, 0.42; juice 0.56; and frozen, 1.5.

Dried Porous Foods_________J

| Unfrozen Foods |

f~ Frozen Foods 1

0.01 A ir(latm ) 0.1 Water 1 Ice
'0.03) (O f,; ( i 0)

rhernul eoi.uiucliviu tW/mk)

FIGURE 3 Aj ■>pro\imate ranges ot thermal conductivities ot dit- 
ferenr type': o f toods.

VI. M ass Transport Properties of 
Food M aterials

Unlike the three modes ot heat transfer (conductive, 
convective, and radiative) there can be several modes 
o f mass transfer such as molecular diffusion, capillary 
How. electrophoretic migration, etc. In reality, since 
diffusive, capillary, and other effects arc difficult to 
separate, an effective diffusivity value l\ .lt is defined 
as below that includes a number o f modes o f mass 
transfer:

J a ,  = w , ) ^ ) .  (39)

where / , . is the total flux resulting from diffusion, 
capillary flow, and other similar mechanisms. Some
times internal evaporation develops pressures above 
atmospheric inside the material. This pressure-driven 
flow which is conceptually different from diffusive 
or capillary flow may also be included in D ctr simply 
because its separate effect cannot be easily measured 
or calculated.

It can be shown that the diffusion coefficient defined 
in Eq. (39) is one halt o f the mean-square displacement 
per unit time. Thus, diffusion coefficient is a measure 
o f mobility. Consequently, diffusion coefficient can 
be expected to be larger for gases than liquids or solids 
due to increased molecular mobility ot the gases. Like
wise. it is higher for liquids than solids. For example, 
the dift'usivities ot gases, liquids, and solids as tabu
lated in the work o f Saravacos are ot the order ot
10 \ 10 10 11 nr/sec, respectively. Most values
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available tor the diffusion coefficient in tood materials 
•ire experimental and there is great need for determin
ing further diffusivity data tor various food systems.

The diffusion coefficient depends 011 the pressure, 
temperature, and composition of the system. Since 
diffusion is related to the mobility o f the molecule, 
it increases with temperature. Also, since the absolute 
size of a molecule determines how easily it diffuses 
or moves through matter, it generally decreases with 
the size ot the molecule. For liquids, how easily a 
molecule travels would also depend 011 the viscosity 
o f the medium. Thus, diffusion coefficient in liquids 
decreases with increase 111 viscosity. When gases dif
fuse in a porous solid, they cannot move through the 
small pores easily without being bounced from the 
walls. Thus, its extent ot diffusion also depends 011 

the nature ot the pores (porosity and tortuosity) and 
this particular mode ot diffusion is known as Knudsen 
diffusion.

This fact that diffusivity is a strong function o f 
concentrations is utilized in the selective diffusion 
concept proposed by Kerkhof and Thijssen. The 
transport o f both water and volatile aroma compo
nents in a drying tood is governed by molecular diffu
sion. The diffusion coefficients o f water and o f aroma 
decrease strongly w ith decreasing water concentra
tion. The decrease of the diffusion coefficient o f aroma 
is, however, much stronger than that ot water. As 
water is moved from the surface o f the drying food, 
water concentration gradients develop. Some time 
after the onset o f the drying process, the interfacial 
water concentration drops to a low enough value such 
that the diffusion coefficients o f the aroma com
pounds become much lower than those o f water and 
virtually 110 more aroma is lost by diffusion. Experi
mental and theoretical work has confirmed the rele
vance of the selective diffusion concept to spray dry
ing, slab drying, and other drying processes.

The diffusive transport o f gases and moisture 
through uniform materials such as packaging films is 
often described in terms ot a permeability value. The 
gas or water vapor is first dissolved in the film surface 
and subsequently diffuses through the film in the di
rection o f lower concentration o f gas. The permeabil
ity and diffusivity values can be related by the use o f 
solubility .S’ ot the gas in the film:

Ja,  = (-D ctr.,,„) ( j z )

= - ZV ^ ' S' ( j z )  = (40)

where .S’ is the ratio o f concentration cA o f diffusing

component \ 111 the solid phase divided by the partial 
pressure pA o f component .4 111 the gas phase that is 
in equilibrium with the same in the solid phase. Thus, 
permeability is related to diffusivity as

I ’m i = «„■ ,. ,i«S. (4 I )

Typical permeabilities o f food packaging films arc- 
available 111 Saravacos (19X6).

VII. Effect of Phase Transition 
on Thermodynamic and  
Transport Properties

A. Gelation and Melting

Phase transitions take place in tood during processing 
and storage that in turn affect the color, and physical 
and textural properties o f foods. The term transition 
refers to a change in state due to a change 111 tempera
ture or pressure. Because a number ot tood compo
nents are high-molecular-weight polymers, the phase 
transitions occurring during processing may be stud
ied using a polymer science approach. T w o  common 
transitions are from a liquid state to a solid state (gela
tion) and from a solid state to a liquid state (melting). 
The gelation and melting temperatures either can be 
nearly equal in magnitudes, i.e., the gelation is revers
ible, or they differ by a significant magnitude, i.e., 
the gelation is irreversible. The difference in gelation 
and melting temperatures is called hysteresis. The 
creation o f edible gels is an important goal 111 the 
production o f processed foods. Edible gels are created 
from polysaccharides and proteins; in particular, 
starch gels play important roles in the diets ot people 
from Africa to America. Therefore, gelation o f  food 
polymers is important.

B. Glass Transition

In addition to gelation and melting, the glass transi
tion region is also important. This is because many 
polymers do not crystallize at low temperatures but 
reach a glassy state. At higher temperatures, the poly
mers form viscous liquids. The transition from the 
viscous state to the glassy state is known as the 
glass—rubber transition. In contrast to gelation and 
melting that are first-order transitions, at very slow 
rates o f heating or cooling, the glass-rubber transition 
shows second-order transition characteristics. T y p i
cally, the modulus o f elasticity and the viscosity de
crease by large factors in a short range o f temperature.
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Class transition is also denoted by ( I )  the change in 
slope o f volume expansion, (2 ) a discontinuity in the 
thermal expansion coefficient, and (3) a discontinuity 
in the heat capacity. The glass transition region may 
be interpreted as the onset ot long-range coordinated 
molecular motion. Glass transition has been shown 
to be an important phenomenon in foods, such as in 
the collapse o f freeze-dried products, agglomeration 
o f food powders, plasticization o f starch by water, 
and crystallization ot sugars. There are several meth
ods for experimentally observing glass transition in 
polymers. These methods can be grouped under dila- 
tometry studies, thermal methods, mechanical meth
ods, dielectric and magnetic methods, and melt vis
cosity. For food systems, the thermal method, 
differential scanning calorimetry, has been used ex
tensively. Magnitudes ot the glass transition ot a num
ber o f low-molecular-weight carbohydrates were 
compiled by Levine and Slade in 1W2.

Flow  can be interpreted as a form ot molecular 
motion and that it requires a critical amount ot tree 
volume. One relationship between melt viscosity (17) 
at any temperature, 111 relation to the viscosity at 
the glass transition temperature and tree volume 
is the William-Landel-Ferry (W L F ) equation that can 
be derived employing the free volume at the glass 
transition temperature.

login J L
V T ,

- Q ( 7 -  7 ;,;
(4:

c ,  + (•/■ -  •/;,)

For many polymers, the values o f C, = 17.44 and 
C\ = 51.6 may be used. However, the magnitudes 
o f C , and C 2 vary from polymer to polymer. The 
W L F  equation with the above values ot constants was 
found to be applicable to molten glucose, undercooled 
melts o f  fructose and glucose, amorphous glucose 
-water mixtures, supersaturated sucrose solutions, 
amorphous sucrose and lactose powders at low mois
ture, and concentrated solutions ot mixed sugars.

C. Freezing

Since water is often the major constituent in foods 
to be frozen, many o f the property changes during 
freezing follow those o f water. Thus, it is instructive 
to study how water properties change during freez
ing. The specific heat o f water decreases at and below 
freezing as shown in Fig. 4. Often an apparent specific 
heat is defined as

(43)-  AH
r . p p . r c i , .

that includes the effect ot latent heat and is used to

Temperature (°C)

howmuF IG U R E  4 Specific heat ot water 
freezing.

decrease due t.»

describe phase change processes. In the above equa
tion, A H  is change 111 enthalpy due to change in tem
perature A T . For beef, experimentally determined en
thalpy and apparent specific heat calculated trom this 
enthalpy are shown in Fig. 5.

Density variation o f pure water during freezing 
is shown in Fig. 6 . The specific volume (inverse ot 
density) increases by about 8 %  during freezing. The 
difference in density between unfrozen and frozen 
states o f food is directly related to fraction ot water 
frozen and can be calculated from the knowledge ot 
fraction water frozen.

Ice has considerably higher thermal conductivity 
than water, as shown in Fig. 7. Thus, thermal conduc-
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Tem perature(°C )

FIGURE 6 Volumetric expansion or change in density due to 
tree/ing ot water.

tivity cit foods increases significantly when they are 
frozen.

Dielectric loss (a measure o f absorption o f micro
waves) lowers drastically during freezing, as shown in 
Fig. S. Food materials follow a similar trend between 
frozen and unfrozen states. This lias significant im 
plications 111 microwave thawing o f frozen foods. 
|see F o o d  P k o c .is s  E n g in i .h u n c :  F I i a i  a n d  M a s s  
T kan s i-kh . |

FIGURE 7 CM ange in eonduetivity ot water during freezing.
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FIGURE 8 Change in the dielectric constant of water during
freezing.
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Food Toxicology
STEVE L. TAYLOR, University of Nebraska

I. Dose-Response Concept: Toxicity vs. Hazard
II. Categories of Foodborne Toxicants
III. Pathogenesis of Foodborne Toxicants
IV. Special Categories of Foodborne Intoxications

Glossary

H azard  The capacity o f a chemical substance- to pro
duce injury under the circumstances o f exposure; since 
all chemicals arc toxic, the dose and duration o f expo
sure and other factors are critical determinants o f a 
chemical’s injurious potential
R isk  The probability o f harm associated with a cer
tain degree ot exposure to a chemical substance; food 
toxicology involves the assessment and management 
ot risks associated with foodborne chemicals, both 
natural and human-made
Sa fe ty  The practical certainty that injury will not 
result from the use ot or exposure to a substance under 
specified conditions o f quantity used or degree o f 
exposure and manner o f use or exposure; safety is the 
reciprocal of risk, that is, the probability that 110 harm 
w ill occur under specified conditions; absolute safety 
can never be proven because it is impossible to prove 
■t negative
T o x ic ity  The inherent capacity ot a chemical sub
stance to produce injury; the central axiom o f toxicol
ogy is that all chemicals are toxic; the dose and dura
tion of exposure determine the likelihood o f injury 
or harm

F o o d  toxicology can best be defined as the science 
that establishes the basis for judgments about the 
safety ot foodborne chemicals. Toxicology can sim
ply be defined as the science ot poisons, but the central 
axiom ot toxicology is the dictum o f Paracelsus, set 
forth m the 1500s: "Everyth ing  is poison. O n ly  the

dose makes a thing not a poison." Thus, the food 
toxicologist is charged with assessing the potential 
hazards posed by all the chemicals in food, whether 
they are natural or synthetic, inherent, adventitious, 
or added. The food toxicologist gathers information 
on the toxicity o f foodborne chemicals and their 
mechanisms o f action and, based 011 that information, 
predicts the hazards that these foodborne chemicals 
might pose to the human population. Food toxi
cology is a multidisciplinary field drawing from 
chemistry, biochemistry, food science and technol
ogy, nutrition, physiology, pharmacology, and phar
macognosy.

I. Dose-Response Concept:
Toxicity vs. Hazard

A. Comparative Toxicity of 
Foodborne Chemicals

All chemicals found 111 foods, whether natural or syn
thetic. inherent, adventitious, or added, are poten
tially toxic. T he vast majority o f foodborne chemicals 
is not hazardous because the amounts o f each food- 
borne chemical in the typical diet are not sufficient 
to cause injury. I lowever, remember that all chemi
cals are inherently toxic and will be hazardous it the 
dose and duration o f exposure are sufficient to pro
duce injury.

M any foodborne substances are justifiably viewed 
as safe and desirable because the benefits ot their con
sumption tar outweigh the remote risks of harm posed 
by the inherent toxicity ot these chemicals. Water and 
vitamin A are examples ot such beneficial substances. 
Nonetheless, it is possible to ingest sufficient amounts 
o f either water or vitamin A. albeit in very abnormal 
diets, to elicit adverse reactions. C'ase reports exist ot 
intoxications caused bv excessive intakes of water and
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vitamin A. There are 110 safe chemicals in toods, only 
safe doses ot chemicals.

Foodhorne chemicals vary greatly in toxicity. Some 
toodborne chemicals, including water and vitamin A, 
exist in toods at concentrations that pose virtually 
no risk except under bizarre circumstances. Other 
toodborne chemicals are extremely toxic. An out
standing example is botulinum toxin, a neurotoxin 
produced when the bacterium ('lostridiinn botulinum 
grows in toods. Botulinum toxin is the cause o f botu
lism. a very serious toodborne illness sometimes asso
ciated with improperly canned foods. Botulinum 
toxin is an extremely potent neurotoxin; 1 g is an 
amount sufficient to kill Id million people. For good 
reason, today's commercial canning regulations are 
dictated by the necessity to destroy hotnliiinni. |.SVc
T i i i k m a i  P r o c e s s in g : C a n n i n g  a n d  I ’ a s h u u -
l/A I IO N . |

Although all toodborne chemicals are toxic, the 
degree ot risk posed by exposure to any specific chem
ical is determined by the dose, duration, and fre
quency ot exposure. Higher doses o f chemicals are 
more likely to result in toxic manifestations than 
lower doses o f that chemical. Often, threshold doses 
exist below which toxic manifestations are not en
countered. Above this threshold dose, the toxic effects 
increase with increasing dose.

W ith longer term exposures, the duration and fre
quency ot exposure are also key determinants ot the 
potential hazard posed by exposure to a toodborne 
chemical. It the chemical is poorlv eliminated, re
peated exposures may be uneventful until a toxic 
threshold dose is reached in vivo. If  the chemical is 
detoxified or excreted, then toxic manifestations are 
encountered only when the dose o fthe toxic agent is 
able to reach a hazardous level in vivo due to frequent 
exposures to amounts that are high enough to over
whelm the metabolic or excretory processes. W ith 
some toxicants, repeated exposure leads to incremen
tal injury with some irreversible consequences that 
accumulate until a toxic manifestation is apparent.

Foodhorne chemicals can cause a wide spectrum of 
toxic manifestations. The term “ poison”  is usually 
reserved for substances that can cause death, for exam
ple, botulinum toxin. To  cause death, a toxin must 
interfere with a biochemical process that is essential 
tor hte. Other toodborne chemicals cause less serious 
manifestations ranging trom cancer to diarrhea.

I he manifestations of foodhorne toxicants can he 
acute (immediate) or chronic (delaved). I he exposure 
to hazardous doses of toodborne chemicals can also 
be acute (single exposure) or chronic (repeated expo

sures). The neurotoxic effects o f botulinum toxin ar: 
acute effects that follow acute exposures. Occasion
ally. acute exposures can result in chronic effects, 
especially if the toxicant cannot be easily eliminated 
from the body. Lead and mercury are examples of 
poorly eliminated toxicants than can cause chroni: 
effects after an acute exposure, although exposure to 
these heavy metals is most frequently chronic. Cancer 
caused by toodborne carcinogens is an example o f t 
chronic manifestation that most commonly results 
from chronic exposure.

The toxic effects o f toodborne chemicals can lv  
reversible or irreversible. The acute effects ot food- 
borne toxicants are usually reversible. For exampk. 
staphvlococcal enterotoxin produced in foods by tlu- 
growth o f toxigenic strains ofthe bacterium Shipliyli- 
iOtiiis iii/m/." causes immediate vomiting, but the dura
tion ofthe illness typically is only a few hours. Revers
ibility is sometimes much slower, as in botulism. 1:1 

which the neurotoxic effects can last several weeks, 
i he reversibility o f the toxic effects o f foodhorne 
chemicals can also be a function of' exposure dose. 
The effects o f ethanol are readily reversible except at 
high doses, when irreversible liver damage and other 
effects can occur.

Toxicants can also be differentiated 011 the basis ot 
the site of the toxic manifestation. Some foodhorne 
toxicants are vcrv site specific. Botulinum toxin tar
gets the nervous system. Aflatoxin, a mycotoxin pro
duced by several species of mold, is a carcinogen that 
primarily affects the liver. Most foodhorne toxicants 
are systemic toxicants since they affect target organs 
beyond the gastrointestinal tract. However, a few 
toodborne toxicants, such as staphyloccal entero
toxin. chiefly cause localized effects directly in the 
primary organ o f insult, the gastrointestinal tract.

Foodhorne chemicals are typically ingested as mix
tures in extraordinarily complex diets. Thus, it is not 
surprising that exposure to one chemical might affect 
the toxicity o f a second chemical. T w o  toodborne 
chemicals may exert additive effects o f toxicity if  the 
two chemicals share a common manifestation. Since 
all organophosphate pesticides target acetylcholines
terase. an enzyme essential tor nerve transmission, 
two organophosphate pesticides could have additive 
toxic effects. Synergistic effects can also be encoun
tered. 111 which the combined effect ot two chemicals 
is greater (often much greater) than the sum ot the 
effects o f  either chemical given alone. For example, 
the naturally occurring cyclopropenoid fatty acids 
found in cottonseed oil can dramatically enhance tiie 
carcinogenicity ot aHatoxin. Antagonistic effects are
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also possible and take several forms. In functional 
antagonism, two chemicals produce opposite effects 
on the same physiological function. For example, caf
feine stimulates the central nervous system whereas 
ethanol at high doses depresses it, but ethanol at low 
doses is stimulatory. In chemical antagonism, a reac
tion between two chemicals produces a less toxic 
product. For example, the toxicity o f mercury can be 
mitigated by selenium because ot a binding between 
the two chemicals. In dispositional antagonism, the 
disposition (absorption, metabolism, distribution, or 
excretion) of a chemical is altered so less o f the toxic 
chemical reaches the critical receptor site. For exam
ple, fiber lessens the absorption o f many foodborne 
toxicants by trapping them in the gastrointestinal 
tract. In receptor antagonism, the interaction o f a 
toxicant with its receptor is blocked by another chem
ical. This is a common mechanism o f action for phar
maceuticals.

The comparative toxicides of several foodborne 
chemicals are provided in Table 1. In this instance, 
the lethalities ot these chemicals in laboratory animals 
are compared; L I ) S|I is the dose (expressed as mg 
chemical per kg body weight o f the animal) that w ill 
kill 50% ot a group o f  animals. These numbers would 
be different it comparisons were made on the basis 
ot other manifestations or were done for humans.

B. Toxicological Assessment Methods

The toxicity ot foodborne chemicals is typically deter
mined in laboratory animals and various in vitro 
assays. The toxicity of many food additives, agricul
tural chemicals, and industrial chemicals has been es
tablished m this manner, because their toxic properties 
are of commercial and regulatory concern. Less fre-

TABLE I
Comparative Lethalities of Several Foodborne 
Chemicals

C iheinieal L IH . (nitf 'kg)

Ethanol 1 ll.l II id
Sodium chloride 4.Ill in
Ferrous sultate (nutrient 1,50(1

additive)
1 ) l ) I (pesticide) mu
I etrodotoxin (natural seatood i i . In

toxicant)
Dioxin (T C I)D . (Midi

environmental contaminant)
Hotulinum toxin (natural ll. in mill

bacterial toxicant)

qucntlv, the toxicity ot naturally occurring chemicals 
in foods is evaluated in this manner.

For substances already present in the tood supply, 
epidemiological approaches involving the evaluation 
ot an exposed group ot consumers, can be used to 
determine it ingestion ot these substances is linked to 
specific adverse reactions. Epidemiological studies, 
although occasionally very useful, face serious limita
tions such as the identification of a unique at-risk 
population (these studies involve the comparison of 
a group exposed to the substance to another group 
that is not; with foodborne chemicals, identification 
o f an unexposed group can be difficult) and the clear 
establishment o f a causc-and-cftect relationship. For 
example, many factors, dictarv and otherwise, can 
contribute to cancer, so clearly establishing a relation
ship between ingestion ot a specific foodborne chemi
cal and the initiation ot cancer m humans is difficult.

Animal bioassays are typically used to evaluate the 
toxicity ot food additives, agricultural chemicals, and 
industrial chemicals. Animal bioassays also have seri
ous limitations. Clearly, possibly important biochem
ical and physiological differences exist between hu
mans and laboratory animals such as rats and mice. 
However, it would be unconscionable to use humans 
for such experiments, so little choice exists. In these 
experiments, small groups of laboratory animals are 
typically exposed to high levels ot the chemical in 
question. Then, extrapolation is used to assess poten
tial adverse effects in humans exposed to lower doses.

A decision-tree approach has been devised tor the 
toxicological assessment o f foodborne chemicals (Ta
ble II). The first step involves a definition ot the test 
substance. Obviously, it is important to identify any 
impurities that might have some impact on the toxic
ity o f the test substance. An assessment ot the extent 
o f exposure to the substance is also needed in the 
initial stage o f the evaluation. The choice ot dose

TABLE II
Decision Tree Approach to Toxicological Evaluation of Foodborne
Chemicals0

Stage 1 Definition ot test material
Exposure assessment
Acute toxicity

Stage 2 Genetic toxicology
Metabolism and toxicokinetics

Stage 3 Subchronic toxicity and reproductive toxicology
Stage 4 Chronic toxicity

■' Progression trom one stage to the next stage is dependent on 
obtaining negative results or inconsistent indications ot toxicity in 
the previous stage.
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levels should be based, in part, 011 the realistic levels o f 
human exposure, although common practice involves 
the use ot test doses that are higher than typical human 
exposures to compensate for the use o f small numbers 
ot animals in each test group and the shorter duration 
ot the exposure (in comparison with the 70-yr or 
greater potential for human exposure). I f  the food- 
borne substance is already in use or present in food, 
then various methods such as dietary surveys are used 
to estimate exposure. It the substance is not in use, 
assumptions must be made to estimate potential expo
sure. Attempts are made to identify exposure levels 
tor individual consumers or groups who, as a result 
of dietary practices, are likely to be exposed to high 
amounts ot the particular substance.

fo llow ing  these preliminary steps, a progressive 
series ot toxicologieal tests is conducted in laboratory 
animals or in vitro assavs. In the decision-tree ap
proach, decisions may be made to eliminate the latter, 
and more expensive, tests it evidence o f toxicity is 
profound in the earlier stages. Also, the chronic toxic
ity testing can be eliminated if  earlier tests show a 
profound lack ot toxicity and the metabolic studies 
indicate that the substance is metabolized to normal 
physiological substances and does not interfere with 
normal metabolism.

f-or substances that do not require chronic toxicity 
or carcinogenicity tests, the usual approach involves 
the establishment o f a “ no-obscrved-adverse-effect”  
level (N O A F 'L ) by direct inspection ot the dose—re
sponse relationship in animals, especially during 30- 
day or 90-day subchronic toxicity tests. Since animal 
data cannot be directly extrapolated to humans, the 
concept ot the acceptable daily intake (A D I)  was de
vised. The A D I is obtained by dividing the N O A E L  
by 100. The 100-fold safety factor includes a factor 
of 10 for individual variation within the human species 
and a factor ot 10 for variation among species, for 
example, rats and humans. It the data are solid and 
the toxic effects are ot little concern, a smaller safety 
factor can be applied.

The centerpiece ot food toxicology today is the 
carcinogenicity study in two species, usually rats and 
mice, lasting for 2 yr or more. The test substance 
is ted at several dose levels, usually including the 
maximum tolerated dose— the highest dose estimated 
from subchronic studies that w ill not elicit overt signs 
ot toxicity with extended administration. An undosed 
control group is included tor comparison. For tood 
toxicology studies, the oral route ot administration 
is really the only relevant exposure. Fiftv animals of 
each sex are tvpically included m each dosage group.

An extensive histopathological examination o f more 
than 30 organs and tissues, plus gross lesions and 
blood samples, is conducted at intervals throughout 
the study and at the end ot the study. Particular atten
tion is paid to evidence ot tumors. Data on tumor 
incidence obtained at high doses in laboratory animals 
must then be extrapolated to predict the risk in hu
mans exposed to much lower doses o f the chemical. 
Since no one knows the shape ot the dose-response 
relationship at low  doses, this quantitative risk assess
ment process is fraught with assumptions and uncer
tainty. Thus, the estimates ot the risk o f cancer in 
humans posed by toodborne chemicals are always 
subject to debate and uncertainty. However, the 
chronic toxicity test in laboratory animals is the best 
existing test to assess the carcinogenicity ot toodborne 
chemicals. Although short-term, in vitro tests have 
been developed and are used effectively tor genetic 
toxicity evaluations, these tests are not reliable substi
tutes tor animal carcinogenicity tests.

C. Risk Management Concepts
Despite the imperfections ot toxicological assessment 
methods, these methods must be employed in the 
assessment ot potential human health hazards. A l
though estimates ot human risk are imperfect as a 
result, the risk estimates can be (but frequently are 
not) used successfully in a comparative fashion. For 
example, the risks o f  two alternative toodborne chem
icals could be compared to determine which one poses 
the greatest risk. Risks may be ranked. The elimina
tion of risk is impossible. Inevitably, we are forced 
to trade one risk tor another. For example, pesticides 
pose some risk to human health even when exposures 
are limited to trace residues. Elim ination o f pesticides 
would not eliminate risk, but would trade the risk 
associated with pesticides tor any risks that might 
be associated with toods not treated with pesticides. 
Although these “ natural" risks have not been carefully 
evaluated, increased risks ot insect-produced toxins, 
mold and mycotoxins. and poisonous weeds might 
be anticipated.

Certainly, the logical approach would be to evalu
ate the various risks and to select the least risky prac
tice or chemical. Unfortunately, this type o f risk man
agement is not mandated by the tood laws of most 
countries

D. Food Laws and Regulations
Food laws and regulations are intended to control 
the risks posed by toodborne toxins m the diet. The
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primary agency involved in regulating the safety ot 
the tood supply in the United States, is the Food and 
I )rug Administration (FD A ). The FD A  enforces the 
I95K Food. Drug, and Cosmetic Act, which prohibits 
the sale ot toods containing poisonous or deleterious 
substances in amounts that would render the food 
injurious to health.

The U .S . food laws require premarket approval ot 
any new food additive; the premarket approval pro
cess typically requires a thorough toxicological assess
ment ot the new additive and careful scrutiny ot this 
data by the FD A . N ew  additives cannot be approved 
it carcinogenic effects are observed, or if  other sig
nificant adverse reactions are encountered in the toxi
cological assessment process. N ew  food additives 
usually are approved tor use in certain foods at speci
fied levels. The 1958 Food, Drug, and Cosmetic Act 
defined some commonly used food ingredients as 
(ienerally Recognized as Safe (G R A S ). G R A S  food 
ingredients, such as sugar and salt, can be used in 
most foods at any level consistent with Good Manu
facturing Practice (G M P ).

The FD A  also establishes tolerance limits for pesti
cide residues on toods. The Environmental Protection 
Agency (E P A ) is the federal of fice that approves pesti
cides tor use on agricultural crops. The FD A  estab
lishes tolerance limits that are well below levels that 
elicit carcinogenic or other adverse reactions in experi
mental animals.

Under U .S . tood laws, naturally occurring toxins 
in foods are regulated more leniently than food addi
tives, or other substances, that are intentionally added 
to toods. Naturally occurring chemicals are wide
spread in tood. Since all chemicals are toxic under 
certain conditions, any naturally occurring chemical 
could be identified as a natural toxin. In reality, most 
naturally occurring toxins pose only trivial or slight 
risks, and, in many cases, would be extremely expen
sive or impossible to eliminate. However, the hazards 
posed by natural toxins in toods mav outweigh the 
hazards posed by pesticide residues or tood additives. 
The lack ot regulatory standards for naturally oc
curring toxins creates an illogical focus o f attention 
toward trivial risks posed by most pesticide residues 
and tood additives.

O n  an international basis, most developed countries 
have tood laws and regulations intended to control 
the risks posed by toodborne toxins. Less developed 
countries often lack these types o f laws and regula
tions There are many differences in the tood laws 
and regulations ot between countries. However, like 
the United States, international tood laws and regula

tions primarily focus on the safety ot intentionally 
added ingredients as opposed to naturally occurring 
chemicals.

II. Categories of Foodborne Toxicants

A. Naturally Occurring Toxicants

Although unrecognized by many consumers, natu
rally occurring chemicals in toods present the greatest 
risk o f any o f the chemicals in toods. Certainly, m i
crobiological pathogens cause more illness than any 
o f the categories o f toodborne chemicals. It could 
be argued that nutritional imbalances— including, tor 
example, cholesterol and coronary heart disease and 
caloric intake and obesity and/or cancer and heart 
disease— also cause more human morbidity and mor
tality. The diseases involved w ith nutritional imbal
ances are multifactorial. and the contribution of foods 
to the overall incidence is not precisely known. A l
though cholesterol, saturated tats, and the like are 
chemicals, these illnesses can be conceptually distin
guished from chemical intoxications. |.S<r F o o d  Mi- 
c k o b i o i o t ; v . |

The hazards posed by naturally occurring chemicals 
in foods can have several natural sources (Table III). 
Naturally occurring constituents ot unusual "foods" 
can present hazards, 011 occasion, to normal consum
ers ingesting normal amounts o f the “ food. "  Exam-

TABLE III
Categories of Hazardous Situations Involving Naturally Occurring 
Toxicants in Foods

1 Natural constituents ol uiuisu.il "toods" among normal
consumers ingesting normal amounts ot the “ tood”  
Lxamples: Poisonous mushrooms, e.j4.. amaninn in

toadstools; poisonous plants, e.g.. pyrrolizidme 
alkaloids in ScHtiio

2 Natural contaminants ot normal toods among normal
consumers ingesting normal amounts ot the tood 
hxamples: Mycotoxins such as ariatoxin contaminating

grains and oilseeds; algal toxins such as 
saxitoxin contaminating seafoods

3 Natural constituents ot normal toods among normal
consumers ingesting abnormal amounts ot the tood 
L’xample: C.'yanogenic glycosides in lima beans

4 Natural constituents o f normal foods among normal 
consumers ingesting normal amounts ot the tood when 
prepared in an abnormal manner
lixamplc: Lectins in kidney beans

5 Natural constituents ol normal toods among ‘ abnormal
consumers ingesting normal amounts ot the tood 
I.xamplc: Pood allergies; lactose intolerance
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pics include poisonous mushrooms and poisonous 
plants. O t course, these materials should not lie eaten 
but, when mistakes occur, intoxications are very 
likely.

Natural contaminants of normal foods can also 
present a hazard to normal consumers ingesting nor
mal amounts o f the foods. Certain bacteria growing 
on foods produce toxins; botulinum toxin and staphy
lococcal enterotoxin are examples. Molds can produce 
a variety o f chemicals while growing on foods. The 
more highly toxic o f these mold-produced chemicals 
are called mycotoxins. The aHatoxins produced by 
Aspergillus Jia i’its and .4. parasiticus are good examples. 
The aHatoxins are potent carcinogens. M icroscopic 
algae (dinoHagellatcs) that proliferate in the ocean can 
sometimes produce highly toxic substances that affect 
the safety of fish and shellfish that have fed on these 
algae. Examples include paralytic shellfish poisoning 
occurring trom clams, mussels, and so on when shell
fish feeding areas are contaminated with dinoHagel- 
lates that produce saxitoxin and related ncurotoxins, 
and ciguatera poisoning associated with reef fishes 
that have ingested toxic dinoHagellatcs. Insects also 
are likely to produce toxic chemicals, but this possibil
ity has received little scientific attention.

Some naturally occurring chemicals do not occur 
in amounts that would create a hazard except when 
excessive quantities ot foods containing these toxi
cants are consumed, fo r example, lima beans contain 
cyanogenic glycosides that release ITC'N  on contact 
with stomach acid. However, insufficient cvanide be
comes available unless a consumer ingests several 
pounds ot lima beans; this has never been reported 
to occur. Cyanide is an acute toxicant so there is little 
risk o f  chronic toxicity.

Natural constituents o f normal foods can also pres
ent a hazard when these foods are not processed or 
prepared correctly. Norm al processing or preparation 
conditions frequently remove or inactivate toxicants. 
For example, the lectins in kidney beans are heat labile 
and are typically inactivated by cooking. Consumers 
have experienced intestinal bleeding and diarrhea 
trom ingestion o f undercooked kidnev beans.

B. Environmental/Industrial Contaminants

A wide variety o f chemicals are made or used bv 
humans for industrial or other commercial purposes. 
These chemicals can be released into the environment 
intentionally or inadvertently. After environmental 
release, such chemicals can enter the food chains. A l
though many examples o f releases exist, the hazards

created by such situations have been remarkably few 
in number. M ercury dumped into water can contam
inate seafoods, and has caused at least one major 
outbreak of human illness. Polychlorinated and 
polybrominated biphenyls (PC Bs . P B B s ) present 
substantial hazards when inadvertent environmental 
release occurs. P B B s  were accidentally incorporated 
into dairy feed in M ichigan several decades ago. lead
ing to contaminated milk, dairy products, and meat. 
P C B s  from a leaking electrical transformer were inad
vertently incorporated into chicken teed, leading to 
contaminated eggs and meat. Fish from the Great 
Lakes, especially Lake Michigan, may contain ele
vated levels o f PC Bs , ,1 condition that has led to .1 

ban 011 commercial fishing in some areas. Accidental 
and sometimes massive oil spills in near-shore areas 
may cause concerns about petroleum-based carcino
gens in fish and shellfish.

C. Agricultural Residues

Agricultural residues can include insecticides, herbi
cides, fungicides, veterinary drugs including antibiot
ics. and other animal feed additives including growth 
promoters. Considerable public concern surrounds 
the presence o f these residues in foods, especially it 
the chemicals are proven carcinogens. H owever, de
tectable residues of the pesticides rarely occur when 
these materials are used responsibly according to man
ufacturer’s directions. Very tew documented cases of 
pesticide intoxications from foodborne residues have 
occurred, all o f  which involved irresponsible use. The 
aldicarb intoxications occurring from ingestion ot 
treated watermelons several years ago are .111 example. 
It is illegal to use aldicarb on watermelons because 
this crop tends to accumulate significant amounts ot 
this insecticide. Concerns also exist over imported 
foods that may occasionally contain residues of pesti
cides now banned in the United States. Although 
continued toxicity testing o f pesticides and vigilance 
regarding pesticide use are warranted, this particular 
foodborne disease hazard has been vastly overstated.

The use o f animal drugs and growth promoters can 
also occasionally lead to the presence ot worrisome 
residues in foods ot animal origin. Again, responsible 
use ot these products eliminates the possibility ot haz
ardous residue levels 111 consumer foods. However, 
illegal residues have been identified 011 occasion, 
raising concerns about the degree ot responsible use 
and control. Several ot these substances, sulfametha
zine and diethylstilbestrol. are putative carcinogens. 
Another concern is the development of antibiotic-
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resistant bacteria as a result tit excessive use ot antibi
oties in animal production.

D. Food Additives

Food additives are those chemicals intentionally added 
to foods to achieve desired technical benefits. Food 
additives tall into numerous functional categories 
based tin technical attributes, including nutrients, an— 
tioxidants, antimicrobial agents, emulsifiers, thicken
ers, fat substitutes, colorants, sweeteners, flavors, and 
leavening agents. Some additives tall into a category 
known as “ C R A S " — (ienerally Recognized as 
Sate— based on .1 long history ot sate use. Examples ot 
( IR A S  tood ingredients include sugar and salt. C R A S  
substances have not necessarily been subjected to a 
complete toxicological assessment, although many in 
common use have been examined thoroughly. Other 
food additives are subjected to an intensive toxicologi
cal assessment before approval tor use as regulated 
tood additives. Aspartame is .111 excellent example of 
an approved tood additive that was subjected to .1 

thorough toxicological assessment before approval.
|.Sec F o o d  P k i s i .k v a i i v t s . |

Food additives are generally safe when used respon
sibly. Consumer questions have focused around the 
weak carcinogenic properties ot common food addi
tives such as saccharin, cyclamate (banned 111 the 
United States but allowed elsewhere), FD  cS. C  Red 
No. 2 (a red food color banned in the United States 
but allowed 111 Canada), and FD  <!\ C  Red No. 41) (.1 

red tood color banned 111 Canada but allowed in the 
United States). 1 lie evidence o f the carcinogenicity of 
these (and other) food additives is often inconclusive. 
M any naturally occurring chemicals 111 foods are 
stronger carcinogens than these particular food addi
tives. Although concern over toodborne carcinogens 
is legitimate, tood additives .ire unlikely to play .1 

role in human cancer when reasonable quantities are 
consumed.

Some food additives can pose acute risks to health 
if used improperly or if  excessive amounts are con
sumed. For example, niacin, one ot the B  vitamins, 
may elicit facial flushing and a red rash when excessive 
amounts are ingested. Sorbitol, an alternative sweet
ener used in dietetic products, can cause diarrhea it 
large amounts are ingested, especially by young 
children.

A few tood additives can cause illness in certain 
sensitive individuals in the population. Sulfites, com
mon antimicrobial and antibrowning agents, elicit 
asthmatic reactions 111 a small subset ot the asthmatic

population. I’apain. a meat-tenderi/ing enzyme, 
causes allergic reactions 111 a feu individuals. M any 
individuals believe that they are sensitive to sugar, 
aspartame, monosodium glutamate, or some other 
food additives, but cause-and-effect relationships 
have not been clearly established.

III. Pathogenesis of
Foodborne Toxicants

A. Mechanisms of Action

M any mechanisms o f action exist for the toxic effects 
ot foodborne chemicals. The most toxic chemicals in 
foods are those that (1) retain their toxicity through 
storage, processing, and preparation; (2) survive di
gestion. cross the intestinal barrier, and reach target 
organs; (3) overwhelm detense mechanisms; and
(4) interfere with a crucial biochemical or physiologi
cal process. Several foodborne toxicants are actually 
bioactivated 111 the human body; the mycoto.xin afla- 
toxin is a good example.

Most foodborne toxicants must be absorbed trom 
the intestinal tract to cause illness. I lowever, a tew 
toxicants act directly on the gastrointestinal tract. 
Copper, for example, causes eniesis very quickly after 
ingestion by interacting with irritant receptors in the 
gut. Staphyloccal enterotoxins produced by Staphylo
coccus tiumis have a similar effect.

M any different organ systems can be impacted by 
foodborne toxicants (Table IV ). O n ly  the brain.

TABLE IV
Tissue Sites of Action of Foodborne Toxicants

Site Toxicant

( lasrrointestmal m et Staphylococcal
enterotoxin, copper

Liver A Ha toxin (mycoto.xin).
ethanol

Kidney ( Vhratoxin
(mycotoxin).
mercury

Blood components Nitrite
1 .ling Paraquat (herbicide)
Nervous system Saxitoxoin (natural

toxicant), botulinum
toxin

Skin 1 bstamine (natural
toxicant)

Heart Hrucic acid (natural
toxicant)

Skeletal system Lead
Brain Mercury
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which is protected by the blood-brain barrier, is resis
tant to the toxic effects o f most food borne toxicants. 
As noted in Table IV . the toxic effects o f toodborne 
chemicals tend to be organ specific. In some instances, 
multiple organs are affected. For example, lead can 
adversely affect the bones, kidneys, and nervous sys
tem although few foods ever contain hazardous levels 
of lead.

The mechanisms ot action are also quite varied. 
For example, aHatoxin is bioactivated in the liver to 
an epoxide form that is reactive with D N A . The reac
tion o f aHatoxin with D N A  causes a mutagenic event 
that can ultimately lead to cancer. Saxitoxin. a natu
rally occurring toxicant occasionally found in shell
fish. acts as a neurotoxin that blocks the sodium chan
nels of nerve cells, preventing nerve transmission 
which can result in respiratory paralysis and death 
occurring within hours of the ingestion ot the toxic 
shellfish.

B. Defense Mechanisms

M any toodborne chemicals would present great haz
ards if the human body did not possess some very 
significant defense mechanisms. The primary defense 
mechanism against toxic chemicals is the enzymatic 
detoxification ot these chemicals, that is, the conver
sion ot the highly toxic chemicals to less toxic chemi
cals by the action ot enzymes. The liver is a key organ 
site ot this enzymatic activity, although other organ 
systems including the kidneys, lungs, and intestines 
are also quite important. In many cases, the toxic 
chemicals are converted to chemicals that are more 
easily excreted in the urine. Urinary excretion is a key 
physiological detoxification process. M any potential 
toodborne toxicants are detoxified very quickly fol
lowing absorption. AHatoxin, for example, can be 
bioactivated enzymatically in the liver but other enzy
matic processes lead to the detoxification o f aHatoxin 
and the excretion of aHatoxin metabolites. Some 
toodborne toxicants are resistant to detoxification. 
The heavy metals, such as lead and mercury, are ex
amples. These heavy metals are excreted very slowly 
trom the body and tend to accumulate and reach toxic 
threshold levels over time. The liver and other tissues 
possess proteins that bind to such heavy metals, pro
tecting the body from some toxic effects of heavy 
metals. However, this detoxification mechanism can 
he overwhelmed.

Other detoxification mechanisms also exist. Pro
tein toxicants such as staphylococcal enterotoxin can 
trigger immunological defense mechanisms. Toxi

cants can also be stored in body depots to prevent 
them from reaching their target organs. For example, 
fat-soluble toxicants can be stored in body fat. H o w 
ever, these stored toxicants can be released later, espe
cially during fasting or starvation.

These defense mechanisms protect the body by di
minishing the toxicity o f toodborne and other toxi
cants. The capacity ot these defense mechanisms is 
considerable.

IV. Special Categories of 
Foodborne Intoxications

Several categories ot foodborne illness affect only cer
tain individuals in the population. These individualis
tic adverse reactions to toods include tood allergies, 
metabolic food disorders, and idiosyncratic reactions.

A. Food Allergies

Food allergies involve .111 abnormal immunological 
response to .1 chemical (usually a protein) in toods. 
Several different mechanisms are known to exist: IgE- 
mediated or immediate hypersensitivity reactions and 
cell-mediated or delayed hypersensitivity reactions.

I11 IgE-mcdiated food allergies, symptoms invo lv 
ing the gastrointestinal tract, skin, and respiratory 
system develop within a tew minutes of ingestion of 
the offending foods. The most common toods in
voked in IgE-mcdiated food allergies include cows' 
milk, eggs, peanuts, tree nuts, soybeans, Crustacea, 
molluscs, fish, and wheat. However, any food with 
protein has the potential to cause an allergic reaction. 
Approximately 4—(V’/o ot all infants suffer trom food 
allergies, whereas less than 1%  ot adults are afflicted.

The prevalence o f cell-mediated hypersensitivity 
reactions to toods remains uncertain. However, one 
well-documented illness ot this type is worthy of 
mention. Celiac disease, also known as celiac sprue 
and gluten-sensitive enteropathy, afHicts one 111 every 
30(10 people 111 the United States. The ingestion ot 
the gluten or protein fractions o f wheat, rye, barley, 
and sometimes oats elicits .1 cytotoxic response in the 
immune cells of the gut. Basically, the gut ceases to 
function properly, leading to ,1 malabsorption syn
drome characterized by body wasting, diarrhea, ane
mia. and bone pain.

B. Metabolic Food Disorders

Metabolic food disorders are disease states caused 
bv exposure to a foodborne chemical that is toxic
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to certain individuals who exhibit sonic genetic de
tect in their ability to metabolize that chemical. 
Lactose intolerance is the best example. Lactose in
tolerance results from .1 deficiency of the enzyme 
/2-galactosidase in the small intestine. Without fi- 
galactosidasc, lactose or milk sugar cannot be prop
erly metabolized into its constituent monosac
charides, which would then be absorbed. The 
unabsorbed lactose enters the colon where bacteria 
ferment the lactose to C O : , H i, and H :C). The result is 
abdominal cramping, flatulence, and frothy diarrhea. 
H ie prevalence of lactose intolerance varies with eth
nic groups ranging from 6-12% o f Caucasians to 
60—90% of Asians, Africans, and somejewish groups. 
Lactose intolerance worsens with advancing age as 
enzyme levels 111 the intestine diminish.

C. Idiosyncratic Reactions

Idiosyncratic reactions are illnesses o f uncertain 
pathogenesis that may occur in certain individuals

following the ingestion ot specific toods or tood in
gredients. Sulfite-induced asthma is the best example. 
Sulfites used as food additives can cause asthma in 
perhaps 1—2 %  o f asthmatics. However, the mecha
nism involved in this response is not known, so it is 
classified as .111 idiosyncratic reaction. Although the 
cause-and-cffcct relationship between sulfites and 
asthma is well established, this is not the case with 
many o f the purported food idiosyncrasies.

Bibliography

C'livcr, I). O . (m u ). "Foodhorne Diseases.'' Academic 
Press, San Diego.

Hall. R. L., and Taylor. S. L. (1989). Food toxicology and 
safety evaluation: Changing perspectives and .1 challenge 
tor the future. l :ooil I'cclniol. 43(9), 270-274. 276. 
278-279.

Taylor, S. 1... and Scanl.in, R. A. (1989). "Food Toxicol
ogy: A Perspective 011 the Relative Risks." Marcel Dek
ker, New  York.





Forages
D O N ALD  M. BALL, Auburn University 

CARL S. HOVELAND, University of Georgia  

GARRY D. LACEFIELD, University o f Kentucky

I. Introduction
II. Factors Affecting Selection and Use

III. Overview of Forage Species
IV. Fertilization and Liming
V. Seed

VI. Physiology of Forage Crops
VII. Establishment

VIII. Forage Quality and Animal Performance
IX. Pasture Production and Utilization
X. Hay
XI. Silage

XII. Other Benefits of Forage Crops

Glossary

D igestibility  The balance o f teed ingested less that 
matter lost in the teees, usually expressed as a per
centage
F o ra g e  quality Characteristics that make forage val
uable to animals as a source o f nutrients; the combina
tion ot chemical, biochemical, physical, and organo
leptic characteristics o f forage that determines its 
potential to produce animal meat, milk, wool, or 
work
L e g u m e  inoculation Addition o f effective Rhizobia 
bacteria to legume seed prior to planting for the pur
pose ot promoting nitrogen fixation 
Seedling v ig o r  The relative hardiness and growth 
rate ot a seedling plant
S to ck in g  rate The number o f animal units per unit 
ot land area over a specific time period

F  orage refers to the edible parts o f plants, other than 
separated grain, that can provide teed for grazing ani
mals or that can be harvested for feeding such animals. 
Thus, the term includes forage that is grazed or 
browsed, hay. silage, and green chop. Because o f the

numerous plant species that are considered torages, 
and the diversity o f  situations involving these species 
and their interactions with grazing animals, torages 
are a complex and fascinating topic.

I. Introduction

A. Importance and Uses
The United States has over 32 million hectares ot 
perennial pastures and over 8 million hectares ot an
nual pastures, plus many more millions ot acres de
voted to hay and silage production. Most ot this is 
located in the eastern part of the United States and 
includes over 50 forage species. More acreage ot noil- 
forested agricultural land is devoted to the production 
o f livestock forage than to all other crops combined.

A  major percentage o f the feed units tor beet (83% ) 
and dairy (61 % )  cattle come from torages. In addition, 
forages supply an estimated V I, 72. 15, and 99%  ot 
the nutrients consumed by sheep and goats, horses, 
swine, and ruminant w ildlife respectively. |See Ani- 
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  i r i i i o n , 
P r in c u m .k s ; A n i m a i  N u t r i t i o n , R u m i n a n t ; F e e d s  
a n d  F e e d i n g . |

Forage crops also provide a substantial amount of 
the pollen and nectar bees collect, they otter tood and 
cover for many types o f wildlife, and some farmers 
make a substantial portion of their income producing 
forage crop seed. In addition, forage crops play a 
critical role in soil conservation, preserving and pro
tecting soil and water resources while beautifying the 
landscape.

B. Contrast with other Agricultural Production

Much of the land devoted to forage production is not 
suitable for production ot other crops because ot a 
high potential for erosion, and poor soil conditions
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such as excess or inadequate moisture, acidity, or low 
fertility. Thus, the production o f forage for grazing 
or hay allows production o f animal products from 
land that otherwise might not profitably produce any 
product except trees.

W ith  most crops, the goal is to harvest a portion 
ot the plant (i.e.. grain, truit. or tubers) so the remain
der ot the crop can be returned to the soil. Generally, 
the harvest is made at the end o f the growing season. 
In the case o f forage crops, most o f the above-ground 
portion ot the plants may be removed bv grazing or 
hay production, so the photosynthetic capability o f 
the plants is reduced during the growing season.

Forage/livestock production is complex because 
producers must meet the needs o f both livestock and 
plants. In pasture situations, tins may require moving 
animals or adjusting stocking rates. I he decisions 
made atlect animal performance, plant growth, and 
pasture persistence. In hav production, management 
practices may also have mixed effects. For example, 
lengthening harvest intervals mav have a positive ef
fect on yield and persistence while reducing forage 
quality. Thus, the management imposed on forages 
may be a compromise that does not perfectly achieve 
all desired goals.

II. Factors Affecting Selection and Use

Adaptation to soil and environmental conditions is ot 
critical importance to a forage crop. In particular, 
temperatures and the amount and distribution o f rain
fall have a profound effect on plant survival and 
growth. Usually climatic extremes, rather than aver
age conditions, determine adaptation.

The vast majority o f nonirrigated forage crops 
grown m the United States is in approximately the 
eastern hall O f  the nation or in the Pacific Northwest, 
where annual rainfall ranges from 25 to 60 in. 1 low- 
ever. even in areas in which total rainfall is substantial, 
periodic droughts may occur, particularly when tem
peratures are high and/or the soil has poor water- 
holding capacitv.

Temperature also plays an important role in plant 
survival. High temperatures and disease-enhancing 
huniiditv hurt forage production o f temperate species 
in the South, t >n the other hand, severe cold m the 
upper portions ot the United States may result in 
winterkill ot many species that are tolerant o f climatic 
conditions in the South.

file  result is that pasture iiectar.ige m the lower 
South is dominated bv tropical (in south Florida) or 
subtropical w arm season perennial spei les. whereas

cool season perennials are grown almost exclusively 
in the upper portions o f the nation. In a transition 
zone in the mid- to upper South, it may be possible 
to use warm season or cool season perennials. Cool 
season annuals are commonly used to extend the graz
ing season in the South, and warm season annuals are 
used throughout the humid portions of the United 
States.

To  some degree, the effects ot climate can be over
come by soil type and/or site. 1 leavier soils or moist 
sites can allow temperate forages to be grown further 
south than would otherwise be the case. Similarly, 
a site in which trees or topography provide some 
protection from cold may allow winter survival of a 
warm season species further north than usual.

III. Overview of Forage Species

I lie many plants used as forage crops in the humid 
area o f the United States can be classified as ( I ) grasses 
or legumes. (2) annuals or perennials, and (3) warm 
season or cool season plants.

Grasses are herbaceous (not woody), have parallel 
leaf veins and fibrous root systems, and bear seed on 
an elongated seed stalk. Leg u m es are dicots (produce 
two seed leaves), produce seed in a pod. have 
branched leal venation, usually have a taproot, and 
generally have the ability to fix atmospheric nitrogen 
in nodules on their roots.

Annuals are plants that reproduce by seed, germi
nate. grow, reproduce, and die in one growing sea
son. Perennials can live tor more than 1 yr. recov
ering from tubers, rhizomes, or stolons in succeeding 
years.

W arm  season plants begin growth in the spring 
or early summer and make most ot their growth dur
ing the warmest months ot the year. C oo l season 
plants begin growth iu autumn or early spring and 
make most o f their growth during the coolest months 
of the year, except tor the coldest periods in winter. 
Forage species differ greatly in total yield, seasonal 
production, and nutritive quality.

The major factor affecting adaptation of the differ
ent forage species is temperature ( Fig. 1). Forage crops 
differ substantially m their adaptation to climate, soil 
conditions, and grazing ( Tables I. II).

IV. Fertilization and Liming

As tor other crops, the primary nutrient elements 
essential to growth are nitrogen, phosphorus.and po
tassium. 1 he secondary nutrients sultur. talcium. and
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FIGURE 1 Mean .1111111.il .ur temperatures.

magnesium are needed by plants in much lower quan
tities and are less likely to limit growth at naturally 
occurring levels. Trace elements, including zinc, bo
ron, manganese, iron, and molybdenum, are needed 
only in extremely small amounts and usually are pres
ent in ample quantities in the soil. | See Son Fkhtii i t y . |

Nitrogen is needed by plants in the largest amounts 
and, since it leaches readily, should usually be applied 
several times per year to forage grasses. Properly inoc
ulated forage legumes fix nitrogen from the atmo
sphere and, thus, do not require applications of nitro
gen fertilizer.

Phosphorus is important m photosynthesis, root 
growth, and seedling development. Phosphorus does 
not leach; thus, the requirement for a year's growth 
can be met m a single application.

Potassium affects stand persistence, particularly in 
areas where winterkill is a possibility. It also affects 
root growth and. in some species, susceptibility to 
diseases. Potassium can leach, although not as readily 
as nitrogen, and may need to be supplied in two 
applications on sandy soils in high rainfall areas.

If needed, calcium and magnesium can be supplied 
by applications o f calcitic and dolomitic limestone, 
respectively. Sulfur fertilizer needs vary w idely de
pending on soil type and proxim ity to industries 
where sultur emissions occur. It usually is not neces
sary to apply trace elements to forage crops, w ith the 
exception o f boron, which is recommended at low 
rates for alfalfa and for clover seed production.

Soil pH, or the degree o f acidity or alkalinity, is ot 
critical importance for forages. Soil pH is measured 
on a logarithmic scale o f 0 to 14 w ith 7 being neutral 
and acidity and alkalinity being below and above 7, 
respectively. Most forage crops are best suited to the 
range between 5.8 and (S.5. Most legumes are not well 
suited to highly acid soil conditions. [Nee S o il , A c id .]

When a soil test indicates that the soil is too acid, 
applications of lime are recommended. Lim e is a fine 
granular or powdery substance obtained by heating 
limestone or shell deposits; it has a high calcium and 
sometimes a high magnesium content and is effective 
in neutralizing soil acidity. The amount ot lime rec
ommended will depend on the degree of acidity and
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TABLE I
Adaptation Characteristics of Forage Grasses in Humid Regions of the United States

Name Type
Climate zone 
adaptation

Adaptation to ciivironnient"

Soil acidity 1 >rought Poor drainage Severe grazing

Warm season perennial grasses
Bahiagrass Creeping A. B C C c; C.
Bcriliudagrass Creeping A. B. C C (i P c;
Big bluesteni Bunch C. 1). H. F. l> (i M p
1 )al!isgrass Bunch B. c M c; c; M
|ohnsongrass Creeping b . c M c; t; P
Switcligrass Bunch c .  n . !•:. I l> c; M P

Warm season annual grasses
Corn T all bum'll A. B, C. IT  li. 1[:. c; m I' P P
l’earl millet Bunch A. B. C . 1) c; c P M
Sorghum 1 all bunch A. B. C . 1). 1;. 1i i' (; P P
Sorgllum x sudailgrass Bunch A. B. C . 1). E. 1i i> c; P M

Cool season perennial grasses
Kentucky blucgrass C .'rceping 1). 1 1 ( . M i' M C
Orchardgrass Bunch 1). I.. 1 M M P M
Reed canary grass Bunch 1 ). 1 1 C . C C, (, M
Smooth bromcgrass Bunch E. 1. C M c P M
I all fescue Bunch C. D. E C, M Ci C
Tim othy Bunch 1), E. 1. ( i Ci l> M M

Cool season annual grasses
Annual ryegrass Bunch A. B. C C, 1' c; ( I
Oats Bunch A. B M M M M
Rye Bunch A. B. C . 1) ( ; M M M
Wlie.it Bunch A. B. C . 1) i ‘ M P M

1 (I, (iood; M . moderate; P. poor.

TABLE II
Adaptation Characteristics of Forage Legumes in Humid Regions of the United States

Name Type
Cdim.ite zone 
adaptation Soil acidity

Adaptation to environment'1 

Drought Poor drainage Severe grazing

Warm season perennial legumes
Perennial peanut Creeping A. B (i c; P M
Scricca Icspcdcza Ercct H. c:. I) ( i c; M P

Warm season annual legumes
Annual Icspcdcza Erect c . n . i. C M M C.

Cool season perennial legumes
Alfalfa Hrect b. c .  i). e. i . c; P c, P P
Birdsfoot trefoil Senii-ercct 1). E. F. (i M c (1 M
Red clover Erect B. c . i). e . i . c; M M - (i ,V1 M
White clover C’reeping B. i). e . i . (, M P c; c;

Cool season annual legumes
Arrtiwlcat clover lirect li. c P- M M p M
C riiiison clover hrect li. t M M p M
1 lairv vcti h Vinv B. C. 1) (. M p M
Rose clover Erect li M M p M
Subterranean clover Prostrare li M M p c;

' (i. (iood: M . moderate: 1\ poor.
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on soil buttering capacity. More lime in rct|iiircJ to 
adjust the pl I .1 giv en amount in .1 day soil than in a 
sandy soil. Lime moves slowly in the soil, so it should 
he mixed with the soil when new forage plantings 
are established. Otherw ise, it must be applied to the 
soil surface.

T he adverse effects of acidity can also be neutralized 
by making applications of'gypsum (calcium sulfate— 
C a S 0 4 • 21TO). Gypsum moves through the soil 
readily and. thus, can be used in areas w here the soil 
cannot be tilled for the purpose ot mixing an additive 
into the soil Gypsum is not readily available in many 
agricultural production areas, its consistency often 
makes spreading a problem, and hauling/spreading 
costs may be high.

Taking soil samples 011 a regular basis and following 
the recommendations based 011 nutrient analysis is a 
key forage management practice. Perennial pastures 
should normally be sampled once every 2-3 yr. 
whereas hay fields and annual pastures should be sam
pled annually. |.SYr Son T i s i  in c  io k  P i a n t  G r o w  h i  
a n d  Son Fhu  i i  m  y . I

The main source o f error in soil analysis is the 
sampling process. Thus, sampling should be done 
with great care. Most laboratories recommend that
15-2(1 subsamples be taken from a given field. Lor 
annuals and new pastures, the soil should be sampled 
to plow depth. In perennial sods, a n- to lll-cm sam
pling depth is usually recommended.

V. Seed

As with other crops, some knowledge o f seed is 
needed it forage crop establishment and production is 
to be successful. Failure to understand essential points 
regarding seed often results in forage stand failures. 
Basic considerations such as seeding dates, rates, 
depth, and appropriate mixtures are critical in stand 
establishment.

A. Legume Inoculation

Most legumes have ,1 unique symbiotic relationship 
with bacteria o f the genus Rliicohiiin 1 to fix nitrogen 
from the atmosphere. This allows legumes to provide 
enough nitrogen tor their own growth as well as part 
or all ot that needed tor plants growing in association 
with them or planted after them. Since nitrogen fertil
izer is costly, this characteristic is o f great economic 
importance. |See N it r o g l n  C y c h n (;.|

The amount ot nitrogen fixed by forage legumes 
varies grcatlv. Some factors that affect the process 
are species o f legume, percentage ot legume stand, 
temperature, rainfall, and strain(s) and populations ot 
Rliizoluimi bacteria perscnt. However, the amount ot 
nitrogen fixed is generally 111 the range ot 60—120 kg/ 
ha for annuals and I 12-224 kg/ha tor perenials.

The practice o f "inoculating" legume seed with 
Rliizobittw bacteria just prior to planting began early in 
the 20th century and has become a standard practice. 
Legume inoculants specifically selected tor effective
ness with various legume species are readily available 
commercially and are relatively inexpensive.

B. Seed Quality

The factors that affect the ability ot seed to produce 
a healthy, vigorous stand are collectively referred to 
by the term "seed quality." Seed labeling laws are in 
effect that require certain information pertaining to 
seed quality to be listed 011 a tag that is attached to 
bags ot seed.

Some terms that normally are listed 011 seed labels 
(percentage o f weight basis) are (1) germina
tion— seed that are capable ot germinating almost 
immediately; (2) pure seed— seed that are ot the forage 
variety and species indicated; (3) other crop 
seed— seed o f other crops present; (4) weed 
seed —  weed seed present; (5) inert matter— matter 
other than seed; (6) hard seed— seed that w ill not 
germinate immediately because ot a hard seed coat; 
and (7) total germination— the total seed capable ot 
germinating, obtained bv adding germination and 
hard seed.

C. Other Seed-Related Concerns

Seed is sold on a weight, rather than a volume, basis. 
"  Lest weight" refers to the normal weight ot a bushel 
o f seed o f a particular species. When test weight is 
low. the quality o f seed is presumed to be low. Car
rying over seed from one year to the next is likely to 
lower germination and seedling vigor.

VI. Physiology of Forage Crops

Although most crop plants are grown tor their fruit 
or seed, leaves (the photosynthetic area) o f forage 
plants are frequently being removed. This places great 
stress 011 forage plants, making it critical to under
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stand their physiology and how to properly manage 
them for long life and productivity.

A. Light

Cool season grasses such as tall fescue or ryegrass and 
all legumes fix energy into 3-carbon units and are 
called C3 plants. W arm  season grasses such as bcr- 
mudagrass, corn, or switchgrass fix energy into 4- 
carbon units and are called C4 plants. The C4 path
way in photosynthesis is more efficient because C4 
plants can utilize more sunlight and waste less energy, 
thus having potential tor much higher forage yields. 
Nitrogen fertilization and irrigation can often increase 
photosynthesis.

As the amount of leaf tissue increases in a pasture 
or hayfield, photosynthesis increases up to a point 
and then levels off or declines because ot shading 
within the canopy and leaf aging. The shading prob
lem is greater with clovers because o f their horizon
tally displayed leaves, compared with many grasses 
with more vertical leaves that allow light to penetrate 
deeper into the crop canopy.

Warm season grasses such as corn, pearl millet, or 
sorghum—sudangrass. with leaves set at .111 acute angle 
on tall stems, have a high photosynthetic potential 
and produce large forage yields over a short growing 
season. In managing ,1 pasture, forage removal should 
be frequent enough to prevent the high death losses 
that occur from shading and aging.

B. Temperature

At optimum temperatures, the maximum growth rate 
ot warm season grasses such as bermudagrass and 
switchgrass is much greater than that o f cool season 
grasses such as tall fescue and orchardgrass. The opti
mum temperature for warm season grasses is 
30—35°C, whereas the optimum for cool season 
grasses is about 15-27°C. Optim um  temperatures tor 
clovers are 20—24°C. 26°C for alfalfa, and about 30°C 
tor tropical legumes.

I'he temperature range over which forage is pro
duced at near peak levels is much greater for cool 
season than in warm season grasses. Growth o f warm 
season grasses falls off rapidly at temperatures below 
2 I°C . w ith virtually 110 production at I0 °C . However, 
in the warm season they are dominant species in some 
temperate pastures or ranges and may offer great pro
ductivity. The rather narrow temperature range ot 
warm season grasses means that the productive season 
gets progressively shorter as they are grown farther

north, where cool nights during spring and autumn 
limit growth.

Warm  season grasses differ greatly in cold toler
ance. Some cultivars o f bermudagrass are easily w in
terkilled, so they are restricted to the G u lf Coast area 
o f the United States, whereas relatively cold-hardy 
cultivars can be grown much farther north. Some 
warm season grasses such as big bluestem. indi- 
angrass, and switchgrass are cold hardy and can be 
grown in the northern United States.

In colder areas, it is important for perennial forage 
cultivars to become dormant in winter so they will 
not grow during short warm periods in winter and. 
thus, waste carbohydrates needed for survival and 
early spring production. For this reason, winter- 
dormant cultivars are grown in cold climate areas, 
since nondormant types will be winterkilled because 
o f carbohydrate depletion resulting trom winter 
green-lip. When winter-dormant cultivars are grown 
in areas with warm winters, they are unproductive, 
whereas cool season forage cultivars o f Mediterranean 
origin are less dormant and make considerable winter 
growth.

C. Water

Water shortage is the major factor limiting plant 
growth, even when soil fertility and temperature are 
favorable. Water use efficiency differs among forage 
species. The C4 species (warm season grasses) are 
generally more efficient than C3 plants in dry matter 
production per unit ot water. This feature is even 
more impressive, because the major production ot C4 
species occurs during summer under high tempera
tures with high cvapotranspiration rates.

Flooding and poor soil drainage reduce growth 
mainly by restricting oxygen supply to the roots. 
Thus, forage species in a dormant state are much 
more tolerant o f flooding than when they are actively 
growing. Oxygen requirements increase with tem
perature; thus, plants often die with poor drainage 
during warm weather. Also, some forage disease 
problems such as Pliyioplitliora root rot 111 alfalfa in
crease. | Nee Son D h a i n a c i  . |

D. Carbohydrate Reserves
Excess carbohydrates trom photosynthesis not 
needed tor respiration and growth are stored 111 vari
ous plant organs. These include roots in alfalfa, 
red clover, and birdstoot trefoil; rhizomes 111 

bermudagrass. bahiagrass, reed canarygrass, and
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switchgrass; stolons in white clover; and stem bases 
in tall fescue, orchardgrass, and big bluestem. These 
storage carbohydrates supply respiration needs during 
winter or summer dormancy, allow regrowth after 
dormancy, and contribute to winter hardiness. j,SYc 
I ) o r m a n c : y . |

Good management of forage species can favor ade
quate carbohydrate reserves. In the southern United 
States, close continuous grazing of cool season peren
nial grasses during summer w ill reduce leaf area for 
photosynthesis and will deplete carbohydrates, so re
growth w ill be slow and stands w ill be weakened. 
Reduced grazing pressure during hot weather in sum
mer will improve autumn growth and will maintain 
vigorous stands.

Warm season perennial grasses with erect growth 
habit such as Johnsongrass, switchgrass, or big blue
stem can be damaged by continuous close grazing 
and should be rotationally stocked to recharge carbo
hydrate storage organs. In contrast, bermudagrass, 
bahiagrass, and Kentucky bluegrass maintain leaf area 
close to the ground and can be grazed closely without 
adverse effects. Alfalfa, sericea lespedeza, and birds- 
foot trefoil are especially sensitive to frequent close 
defoliation. In the northern United States, root carbo
hydrates in alfalfa must be maintained by rotational 
stocking or cutting at the proper time to provide 
adequate energy tor plants to survive the winter and 
remain productive.

VII. Establishment

A. Conventional Tillage

Establishment of a good stand is a first and very im 
portant step in developing a successful forage pro
gram. Several factors that are o f vital importance in 
the establishment and maintenance o f good forage 
stands include:

1. matching crops to soils m which they will grow well 
by taking into consideration factors such as drainage 
or moisture requirements, rooting depth, and ability 
to hold nutrients.

2. matching plants to the intended use (example: a plant 
that is not tolerant ot grazing should not be planted 
in an area that is to be closely and continuously 
grazed).

.V selection ot high quality seed ot an adapted variety.
4. supplying proper nutrients to obtain good plant 

growth.
5. preparing an adequate seedbed.

f>. inoculation ot legume seed.
7. using proven seeding methods that insure good 

seed—soil contact and placement ot the seed at the 
proper depth.

8 .  s e e d i n g  a t  t h e  r i g h t  t i m e  w i t h  t h e  c o r r e c t  a m o u n t  o t  

s e e d  ( T a b l e  I I I ) .

9. control of pests.
10. grazing new stands in accordance with crop 

requirements to allow good production and . 
persistence.

Because weather has a great influence on establish
ment, the steps just outlined do not guarantee success. 
However, if  followed, they greatly increase the prob
ability o f obtaining thick, vigorous forage stands. 
Once such stands are obtained, the forage must be 
marketed directly or through livestock products. Pe
rennial plants must be managed to keep stands tor 
several years it top profits are to be realized. Such 
management can reduce or at least minimize the re
establishment costs that can occur.

B. Sodseeding

Sodseeding is a general term used to describe the 
practice o f establishing forage crops into perennial, 
usually grass-dominated, hay and/or pasture fields 
without destroying the existing sod (Table IV ).  Other 
terms used to describe this practice include reno
vation, overseeding, interseeding, frost seeding, 
honeycomb freeze seeding, no-till seeding, and 
minimum-till seeding, as well as tread-in, trampling, 
and walk-on seeding. Applications o f this practice 
have been used w ith success throughout the United 
States tor many years.

1. Sodseeding Principles
Since much forage land is prone to soil erosion, 

sodseeding offers advantages over tillage for forage 
establishment. Likewise, sodseeding can conserve 
time, labor, fuel, and soil moisture relative to conven
tional tillage and establishment techniques.

2. Benefits of Multiple Species Pastures 
and Hay Fields

Research and farmer experiences have shown that 
establishing legumes into grass-dominant sods can 
result in several benefits including (1) increased 
yield, (2) improved quality, (3) nitrogen fixation,
(4) improved summer production o f cool season 
grass-dominant fields, and (5) improved winter/
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TABLE III
Usual Recommended Time of Planting, Seeding Rates, and Seeding Depths for Tilled Seedbed Plantings of Forage Crops

Forage crop Tim e ot planting Seeding Rate' (lb A) Seeding depth' (in)

Alfalfa Late summer, autumn: also spring in zones C  and 1) 15-20 i i4 — 2
Alyceclover Spring, early summer 15-20 i it— 2
Bahiagrass Spring, summer: also autumn in zone A 15-2<) l _ l

Barley Autumn 90-120 1-2
Bermudagrass, common Spring, summer 5 - 1 0  (hulled) o-i
Bermudagrass. hybrid Early spring 20 or more bu. sprigs 1-3
Big bluestem Spring 6-10 (E L S ),f i i 4 2
Birds foot trefoil Late summer, autumn 4-(> 0-{
Black medic Autumn 10-12 0-1
Bluegrass. Kentucky Autumn 10-15 0-]
Caley pea (singlctary pea) Autumn 50-55 ■1-1
('lover, arrow leaf Autumn 5-10 0-1
Clover, ball Autumn 2-3 0-*
Clover, berscem Autumn 20-25 ] 1j —2
Clover. crimson Autumn 2o-3o J.

('lover, red Autumn: earlv spring in zones C  and 1) 12-15 1 — 1

( ’lover, subterranean Autumn I n-2<» 1 1 1 2
Clover, white and ladino Autumn: early spring m zones C  and 1) (i- i
Cowpea Late spring, early summer 1oo-l2o 1 -3
1 )allisgrass Spring 111-15 (P I  S ) J 1 1■» i
Fescue, tall Fall: early spring in zones C  and 1) 211-25 1 I1 —2
Indiangrass1 Spring f.- IU  ( P L S ) J J [4“  2
Johnsongrass Late spring, early summer 211-311 \-\
Lespedeza, annual Early spring 2 5 -5 5 1 I 1 2
l.espedeza. sericea Spring 211-30 1 1 4 2
Millet, browntop Mid-spring, early summer 25-3H 1-1
Millet, pearl Mid-spring, earlv summer 25-3H J- U
Oats*’ Autumn 9 D - I2 I I 1-2
Orchardgrass Autumn 15-2H i-3
Reed canarygrass Autumn 5—H 1-J
Rye'1 Autumn 90-120 1-2
Ryegrass Autumn 20-30 i i--i
Sorghum, forage Late spring, early summer 15-20 1-2
Sorghum sudan hybrids Late spring, early summer 3o-55 1 - 2

Sudan grass Late spring, early summer 30-40 J- l
Switchgrass Spring 5-f> (PLS )" 1 - 1

Tim othy Late summer, early autumn (>—S i i I- 2
T  ri ticale7’ Autumn 90-120 1-2
Vetch, common Autumn 3< >-4< • 1-2
Vetch, hairy Autumn 20-25 1-2
Wheat'1 Autumn 9()- 120 1 - 2

Sonne: Ball cl ,1/ (1991).
1 These are general guidelines for broadcast plantings. Drill plantings may require less seed. Specific recommendations tor a given area 
may vary and some crops are adapted only in certain regions. Seeding rates may vary considerably trom these when these crops are 
planted lor seed.
’’ The small grams usually have approximately the following lb/bushel: barley. 4N; oats. 32; rye. 56; wheat, fill; triiicale. 4N.
‘ Germination rate is often low.

PLS. Pure live seed.

spring production of warm  season grass-dominant 
fields.

Sodsecding requires all the principles ot conven
tional seeding except seedbed preparation. In addi
tion, sodsecding requires two additional principles

that are of critical importance to success; (1) reduction 
of existing vegetation before seeding and (2) control 
o f competition from existing or volunteer vegetation 
after seeding and until the new ly seeded legumes are 
established.
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TABLE IV
Summary of No-Tillage Forage Systems

Sod or crop stubble to be planted Species planted Planting date

C !ool season perennial grasses 
I all fescue. orchardgrass. 
Kentucky bluegrass. timothy

Warm  season perennial grasses 
Hermudagrass and bahiagrass

I )allisgrass 
Small grain stubble 

Rye. wheat, oats

Altalta. red clover, birdstoot trefoil, 
white clover

Small grains; ryegrass; arrowleaf. 
berseem. crimson, and 
subterranean clovers; vetch 

White and red clovers, caley peas

Pearl millet, sorghum-sudangrass 
Altalta, red clover

Autumn late winter tor
trefoil: Autumn or winter tor 
clovers: late w inter for altalta

Larlv frost

Late spring
Late summer, earlv autumn

hall it «i/. ( IW 1 ).

C. Overseeding Winter Annuals

A common practice in the lower South is to sodseed 
or overseed cool season grasses and/or legumes into 
dormant perennial warm season grass sods, especially 
bahiagrass or bermudagrass.

Potential benefits derived from establishing other 
forage species into perennial grass pastures and hav- 
fields include improved yield and seasonal distribu
tion, improved quality and animal performance, and 
greater nitrogen fixation. Sodseeding offers much po
tential for producers who are willing to exercise a 
higher level ot management.

VIII. Forage Q uality and 
Anim al Performance

The unique and valuable characteristic o f ruminant 
animals (cattle, sheep, goats, deer, buffalo, llamas), 
with their four-compartmented stomachs, allows 
them to digest large amounts ot forage with a high 
fiber content. Ruminant animals, as well as horses 
(which have a functional caecum and colon in which 
microbes digest fiber), can utilize materials that can
not be efficiently utilized by monogastric animals.

The constituents ot forage grasses and legumes can 
be divided into two main categories: ( I )  those present 
as cell contents or the nonstructural part o f the plant 
tissue (protein, sugar, and starch) and (2) those that 
make up the structural components o f the cell wall 
(cellulose, hemicellulose, and lignin).

Cell contents are almost completely disgested by 
animals with a rumen or functional caecum, whereas 
digestibility o f the cell walls varies with many factors 
such as plant species, age, and temperature. In addi

tion, minerals, vitamins, and antiquahty factors such 
as tannins, nitrates, alkaloids, cyanoglycosides, estro
gens. and mvcotoxins influence animal performance, 
depending 011 the plant species and environmental 
conditions.

Digestible proteins are located in the cell con
tents. Relatively indigestible proteins are found 
within the cytoplasm, whereas cell walls contain pro
tein that is unavailable to the animal during digestion. 
Thus, the term “ crude protein" based 011 the total 
nitrogen in a forage indicates that some ot these pro
teins are unavailable for animal utilization. Young, 
leafy grasses and legumes are normally high 111 protein 
and usually meet the protein needs ot grazing animals.

Cellulose and hemicellulose are structural carbohy
drates that may be digested by bacterial action in the 
rumen, but this ability is sharply reduced as lignin 
content increases. Lignin, indigestible in ruminant an
imals. is low 111 legumes such as white clover and 
birdstoot trefoil or in annual ryegrass but high in 
warm season perennial grasses, especially as they 
mature.

H ighly ligmfied forages remain 111 the rumen for 
long periods o f time because o f their slow rate o f 
digestion, thus decreasing dry matter intake. Animal 
performance is markedly reduced by the low  digest
ibility o f ligmfied forages because ot a reduction in 
forage consumption. D igestible en erg y  is generally 
the most limiting nutritive factor affecting forage in
take and animal performance.

Three major factors affect forage quality: plant, 
species, climate, and stage of maturity. Cool season 
grasses are generally more digestible than warm sea
son grasses. Legumes are generally o f  high quality, 
and digestibility tails less rapidly with maturity than 
in warm season perennial grasses. Legumes also gen
erally contain higher levels ot protein than grasses.



FORAGES
414-------------

Digestibility of warm season and cool season peren
nial species is highest in spring, tailing to a low level 
m mid- to late summer and increasing in autumn. 
High summer temperature lowers digestibility by in
creasing bonification. Drought stress has little effect 
on forage quality as long as the plants remain alive. 
Moderate stress may actually increase digestibility.

Excess rainfall has no effect on digestibility but 
may reduce dry matter intake because of increased 
moisture content. Excess rainfall may reduce protein 
content ot grasses because ot leaching nitrogen trom 
the soil.

M aturity has a greater effect on nutritive value than 
does any other factor. As plants mature and become 
more lignified, digestible energy and protein content 
decline. Accordingly, animal performance declines as 
well.

Nutrient requirements o f ruminant animals differ 
greatly, depending on class ot livestock, weight, and 
desired daily production. Lactating dairy cows require 
high quality forages for optimum production and are 
generally fed corn and alfalfa silage. It they are grazed, 
only high quality pasture grasses and/or legumes 
should be used. Grow ing animals such as steers or 
lambs also have high requirements that can be met 
with cool season annual or perennial grasses, but pref
erably with legumes. Warm season grasses lack the 
quality tor high gains and are usually unsatisfactory 
tor profitable grazing o f beef steers and lambs.

Most g ro w in g  pastures o f warm or cool season 
perennial grasses will adequately supply the needs o f 
a dry pregnant beet cow. However, after killing 
frosts, the quality ot warm season perennial grasses 
declines rapidly and protein supplementation w ill be 
needed. After calving, nutrient requirements ot beef 
cows increase substantially for rebreeding and provid
ing milk for calves. Until a calf is about 3 mo old, it 
is mostly dependent on its mother tor food.

A controlled breeding season is essential in match
ing animal nutrient requirements to available pasture 
and reducing supplemental feeding. This is best done 
by having the calving season occur prior to the begin
ning ot winter or spring pasture production.

Replacement heifers require special nutritional con
sideration so they can be bred to calve as 2-yr-olds. 
Ideally, high-quality cool season annual or perennial 
grass pasture can meet the nutrient needs ot this class 
ot animal. If grass hay is fed, it w ill generally need 
to be supplemented with protein and minerals.

A wide variety of pasture grasses is used tor 
horses, often supplemented with grain. Sorghum- 
sudangrass and other forages in the Sorghum genus 
should not be used for horses because these forages

mav cause cystitis. Eudophyte-infected tall fescue (tall 
fescue internally infected with the toxin-producing 
fungus Acrcwouiutit cociiophialuin) should not be used 
as pasture tor pregnant mares, especially during the 
last 3 mo ot gestation, since this can result m pro
longed gestation, difficult foaling, and loss ot the foal.

IX. Pasture Production and Utilization

High pasture leaf production over an extended period 
o f time depends on a number ot factors, including
(1) effective light interception and high photosyn
thetic efficiency, (2) high sustained growth rate, 
(3) low rate ot leaf aging and decomposition ot leaves, 
and (4) maintenance ot a vigorous tiller or shoot popu
lation for regrowth. To manage a pasture well, it is 
necessary to periodically graze off most ot the leaves 
to improve light penetration, which stimulates 
growth of new leaves. Adequate light is needed to 
maintain a good supply o f basal buds to develop new 
shoots.

The productivity and amount ot each species in 
pastures can be rapidly and substantially altered by 
grazing animals. The effects may be harmful or bene
ficial, depending on the plants. Grazing animals defo
liate, trample, and excrete dung and urine on a pas
ture, all ot which impact on pasture plants. |Sec 
R anch i.and  G razinc;.|

Defoliation is the most important influence of graz
ing animals on a pasture. Grazing reduces leaf area, 
thus affecting plant tood storage, shoot development, 
leaf and root growth, light intensity, soil temperature, 
and moisture. W ith tall-growing forage species, con
tinued o v erg raz in g  generally results in weakened 
plants with reduced root systems, lower torage yield, 
greater soil erosion and water runoff, and more 
weeds. Continuous close grazing w ill favor low- 
growing species in a mixture.

U n d erg razin g  also has undesirable effects on a 
pasture. Wasted forage and reduced nutritive quality 
are most obvious, but other effects occur as well. 
Undergrazing grass—clover pastures decreases clover 
stands since the taller growing grasses shade lower 
growing legumes.

Some general principles on species responses to 
grazing include the following. (1) Rotational stock
ing w ith a rest period or continuous stocking at a 
higher stubble is required tor species such as alfalfa, 
sencea lespedeza, Johnsongrass, big bluestem, and 
switchgra.ss. (2) Semi-erect species such as tall fescue, 
having food storage and buds near the ground, are
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tairlv tolerant t>t close grazing exccpt under stress 
conditions. (3) Prostrate species such as bahiagrass. 
hermudagrass, Kentucky hluegrass, and white clover 
are extremely tolerant ot close grazing.

Stocking rate and its relationship to available torage 
are the most important management factors influenc
ing the output ot animal product from a pasture, 
persistence and productivity ot a torage species, and 
financial return. At a low  stocking rate, available tor
age and productivity per animal tend to be high, but 
output per unit area is low. When pasture quality 
declines with accumulation tit stems and dead torage, 
dry matter intake by animals decreases and animal 
output declines.

As stocking rate is increased on a pasture, less torage 
is available per animal. Individual animal output de
creases as animals compete for torage and have less 
opportunity to select green leaves. However, animal 
output per unit area increases with stocking rate until 
individual animal gains are depressed to the point that 
the additional animals carried do not compensate for 
the loss.

At high stocking rates, plants arc weakened and 
torage growth is depressed. Pastures must have sufti- 
cient leaty green torage available to allow the animals 
to satisfy their appetites quickly and graze selectively. 
This will require 1200-1500 kg/ha ot dry torage or 
a plant height ot 8—15 cm under continuous stocking.

Several grazin g  m ethods are employed to adjust 
the varying available torage over the grazing season 
to the animal requirements. The advent o f low-cost 
high-voltage electric fence has made it feasible to uti
lize these grazing methods to reduce pasture waste, 
conserve surplus forage as hay or silage, maintain 
stands ot desirable forage species, and sometimes im 
prove stocking rate.

(1) C ontinuous stocking is maintaining animals 
on a single pasture unit during the grazing season.
(2) Rotational stocking is subdividing the pasture 
into (usually) 4 to 12 paddocks with animals concen
trated on one paddock for a tew days and then shifted 
to another, allowing a rest period between grazings.
(3) Creep grazing  allows young animals to pass 
through a tence opening (creep) to a special small 
pasture ot higher quality torage than the lower quality 
forage where their mothers are maintained. (4) Strip  
grazing  has movable electric fence ahead ot and 
sometimes behind the animals to ration daily torage.
(5) Deferred grazing  or stockpiling is delaying 
grazing during part ot the grazing season, usually 
autumn, to provide forage during winter or a dry 
season when growth is greatly reduced. ((■>) L im it

g razin g  is maintaining livestock on lower quality 
pasture but allowing them access to a high quality 
cool season annual pasture tor a tew hours every dav 
or every tew days.

A grazing method is a tool that allows a producer 
to efficiently and profitably harvest the torage with 
livestock and maintain the pasture in a productive 
state. Each grazing method involves variable stocking 
rates which may be achieved by altering animal num
bers per area or altering the size ot the land area to a 
fixed number o f animals by harvesting surplus forage 
tor hay.

X. H ay

Hay is one o f the most versatile ot stored forages 
because (1) it can be kept tor long periods ot time 
w ith little loss o f nutrients if  protected from weather;
(2) a large number of crops can be successfully used 
for hay production; (3) it can be produced and ted in 
small or large amounts; (4) it can be harvested, stored, 
and fed by hand or the production and feeding can 
be complctedly mechanized; and (5) it can supply 
most nutrients needed by many classes of livestock.
I lay is, therefore, the most commonly used stored 
feed on most farms.

A. Production

M any factors should be considered in hay production 
including species and variety used (Table V ), soils 
and fertility, plant maturity when harvested (Table 
V I) ,  harvesting and handling conditions, and storage. 
The objective o f any hay production program should 
be to harvest an adequate supply o f  sufficient quality 
to meet animal needs at the lowest cost in conjunction 
with good soil conservation.

B. Storage

H ay is made in several types ot packages including 
small round bales, small rectangular bales, large round 
bales, and stacks. Big package equipment is now 
available for making a variety o f sizes o f large round 
bales.

Small rectangular bales must be protected from 
weather damage. Covered storage is necessary to pre
serve both quality and quantity. Large package sys
tems can tolerate more weather damage but consider
able losses w ill occur when high quality hay is left 
outside unprotected. These losses can be acceptable
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TA BLE V
Approximate Hay Yield, Crude Protein, and Total Digestible Nutrient (TDN) Content of Various Hay Crops

I ype ot hay crop
Annual or 
perennial

Usual hay yield 
(tons /A )1'

Approximate usual nutrient level'’

Crude protein (% ) TD N  (% )

Cool season
Alfalfa (early bloom) P 3-6 17-22 57-62
Arrowleat clover A 2-3 14-17 56-61
Birdsfoot trefoil P 1-3 16-2<> 57-62
Oats A 1-4 8- 111 55—61)
Orchard grass P 2-5 12-15 55-61)
Red clover P 2-4 14-16 57-62
Rye A 1-4 8 - in 50-55
Ryegrass A 1-4 111-16 56-62
Soybean A 2-3 15-IS 54-58
I all fescue P 2-4 10-15 55-61)

W arm  season
Annual lespedeza A 1-2 14-17 5 2-58
Bahiagrass P 3—5 ')-1 1 5< 1—56
Coastal bermudagrass (4 \vk) P 5-8 10-14 52-58
C'ommon bermudagrass P 2-f > ‘>-11 50-56
I )allisgrass P 2-4 *)— 12 511—56
(ohnsongrass P 2-5 10-14 5l)-6t)
Pearl millet A 2-6 8-12 5(1-58
Sericea lespedeza P 1-3 14-17 50-55
Sudangrass A 2-6 ‘i-12 55-60

Sonne  Ball ct ill. (1W1).
'' Assuming the crop is grown in an area to which it is adapted using recommended production and harvesting
practices.
'' 1 )rv  matter basis, assuming recommended production and harvesting practices and no excessive water damage, 
borage quality is affected by many factors.

TABLE VI
Recommended Stages at Which to Harvest Various Hay Crops

Plant species T ime ot harvest

Alfalfa Bud stage for first cutting, one-tenth bloom tor second 
and later cuttings; for spring seeding*, allow the first 
cutting to reach mid- to tull-bloom

Orchardgrass, timothy, or tall fescue Boot to early head stage for first cut: aftermath cuts at 4- 
to 6-wk intervals

Red, arrowleat, or crimson clovers Early bloom
Sericea lespedeza Height ot 15-18 in
Oats, barley, or wheat Boot to early head stage
Soybean Mid- to tull-bloom and before bottom leaves begin to tall
Annual lespedeza fcarlv bloom and before bottom leaves begin to fall
Ladino clover or white clover Cut .it correct stage for companion grass
Hybrid bermudagrass 15- to 18-in height tor first cutting; mow every 4 to 5 wk  

or u hen 1 5 in high
Birdsfoot trefoil Cut at correct stage tor companion grass
Sudangrass. sorghum-sudan hybrids. Height ot 3o—M) in

pearl millet

Sonne  Burns ci .</. (1082).
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when lower quality hav is considered; however, with 
lugh quality hay, protected storage is advised. Large 
packages stored outside usually show the greatest loss 
trom bottom spoilage.

C. Feeding

The primary objective ot any hay feeding program 
should be to provide ample quantities o f high quality 
hay to meet, as much as possible, the animal's needs. 
High quality hay is early cut, green, leafy, pleasant 
smelling, and tree ot foreign material and toxic fac
tors. Such hay, when chemically analyzed, will usu
ally reveal high protein and low fiber content.

Since many factors affect hay quality, most live
stock producers usually have tin hand a hay supply 
with wide quality variation. Most farms also have a 
variety (it animals with different nutritional needs.

I lay can be most efficiently fed when lots are sepa
rated according to quality and animals are separated 
and ted according to needs. This allows the matching 
ot hay quality to livestock needs so that the highest 
quality hay is ted to livestock that has the highest 
nutrient requirements. Best quality hay should be fed 
to young calves, yearlings, bred heifers, and lactating 
cows, leaving the lower quality hay for the mature, 
dry pregnant cows whose nutrient requirements are 
much lower.

1. Hay Losses during Feeding
I he major objective for all feeding systems should 

be to keep losses to a practical minimum level, thus 
permitting animals to utilize the majority o f hay ot
tered at feeding. Feeding losses include trampling, 
leaf shatter, chemical and physical deterioration, fecal 
contamination, overconsumption, and refusal. These 
losses are associated with feeding method, intervals 
between feedings, amounts fed at one rime, weather 
conditions, and number o f animals being fed.

1 lay feeding losses may range from less than 2 %  
under well-controlled feeding methods to over 60% 
when no attempts are made to reduce loss. Feeding 
losses ot 3-6%  are acceptable for most conservative 
feeding programs, although the lower losses are usu
ally associated with systems of feeding requiring high 
labor inputs and daily feeding.

Several key points can be made relative to how to 
minimize losses during hay feeding:

1. Match hay quality to animal's needs.
2. When feeding outside, feed bales on a well-drained

site.

3 .  R e s t r i c t  a n i m a l  a c c e s s  t o  b a l e s  w i t h  r a c k s  o r  p a n e l s  

a n d  l e n g t h  o t  f e e d i n g  p e r i o d .

4 .  R e s t r i c t  a n i m a l  a c c e s s  t o  s m a l l  r o u n d  b a l e s  l e f t  i n  t h e  

f i e l d  b y  u s i n g  t e m p o r a r y  f e n c e .

5. Force clean up of hav bv animals that have low 
nutrient requirements before feeding more liav.

6. Reseed area ot sod killed as a result ot feeding.

XI. Silage

Silage is defined as plant material that has undergone 
fermentation in a silo. A  silo is any storage structure 
in w hich  green, m oist forage is preserved.

Harvesting, preserving, and feeding forage crops 
as silage is a practice used throughout the U n ited  
States. Silage represents a convenient and econom ical 
source o f  feed for the dairy industry and is increasingly 
used in beet backgrounding and fin ish ing program s. 
|,SYe G ra in , F'i i i>. an d  Ci«)i> S to ra g e . |

Silage has m any advantages, including (1) less field 
and harvest losses than occur w ith  hay, (2) choice ot 
m any crops that can be used tor silage, (3) mechaniza
tion o f harvesting the standing crop to feeding, (4) less 
likelihood o f weather damage during the harvesting 
process, (5) when properly  ensiled, storage for long 
periods w ith  only small losses ot nutrients, and
(6) flexible use m m any livestock feeding program s.

Som e disadvantages o f  silage include (1) bulkiness 
in handling and storage; (2) requirem ent for additional 
equipment and structures for harvesting, storing, and 
feeding; (3) excessive losses it not stored properly;
(4) low  m arketability it not used on the farm ; and
(5) requirement o f  feeding soon after rem oval from  
the silo to m inim ize spoilage.

1. Crops for Silage
High-energy crops (corn, grain sorghum , small 

grains) are used extensively tor silage. O th er forage 
crops (alfalfa, forage sorghum , legum e—grass m ix 
tures, and various grasses) are also used, but require 
w ilting  to reduce m oisture content tor proper ensil
ing. C o rn  ranks as the best silage crop because it 
ensiles well, is high in energy, and results in good 
animal performance.

2. The Ensiling Process
The overall goal o f  the ensiling process is to utilize 

the oxygen and low er the p H  so the forage material 
can be pickled or preserved. T o  accom plish this, tw o  
groups o f bacteria are essential. T h e  first group are 
oxygen-using (aerobic) bacteria that g ive  oft carbon
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dioxide and heat. It the silage is packed well and 
chopped fine, these bacteria will utilize all the oxygen 
m 4-6 hr. The heat given off in the process will raise 
the temperature to 27—38°C.

The second group ot bacteria (anaerobic) take over 
the work in the absence o f oxygen to produce acetic 
acid. After the second or third day, lactic acid bacteria 
become active. Production of lactic acid occurs tor
16-IK days, until the pH drops to between 3.5 and 
4.2. At this low pH (high acid) the silage is preserved 
and essentially all bacterial activity stops. At this 
point, the silage is stable and will keep tor long periods 
o f time, provided oxygen does not enter the silo.

3. Silos
In addition to preserving the silage, a silo must 

protect the silage from damage by air, water, rodents, 
birds, and animals during storage. The main function 
o f a silo is keeping oxygen out; the microbes produce 
acid that preserves the silage. Silos are divided into 
two basic types— upright and horizontal. Upright si
los include conventional (concrete stave) and oxygen 
limiting. Horizontal silos include trench (below 
ground), bunker (above ground with sides), and 
stacks (above ground without sides).

Equipment is now available that permits silage to 
be harvested, packed into plastic bags, and ensiled. 
Length o f the plastic (silo) can vary to meet individual 
needs. In addition, plastic bags can be used tor non
chopped forage. Forages can be cut, wilted, and har
vested in large round bales at high moisture content, 
placed in individual plastic bags, tied, and sealed.

4. Factors Affecting Silage Quality
Type of crop stored, stage o f maturity, moisture 

content, and length o f chop affect the quality o f silage. 
Regardless o f the crop grown for silage, the stage of 
maturity when harvested has the greatest effect on 
quality. As silage plants age or mature, quality de
clines, resulting in lower animal performance.

5. Moisture Content
Depending on the crop ensiled and the type ot silo 

used, silage can be made over a wide moisture range. 
When using stacks, trenches, or bunkers, the moisture 
content o f the silage should be 65-70% to obtain 
adequate packing. Moisture content can be deter
mined using a moisture meter or by drying and 
weighing samples.

6. Length of Chop
Excluding air is the first, and a critically important, 

phase o f the ensiling process. To insure that this phase

is short, it is important to exclude air by fine chopping 
(approximately .6-1.3 cm for most forages) and pack
ing adequately.

7. Silage Preservatives and Additives
Several materials have been investigated tor their 

merits in im proving silage. Careful consideration 
should be given to selecting silage additives. No addi
tive can substitute for basic silage-making principles 
such as harvesting at the proper stage ot maturity, 
storing at the proper moisture content, chopping 
finely, packing well, and covering adequately. Silage 
can be no better as a feed than the forage put into the 
silo.

8. Feeding Silage
Silage is ready to be fed 3-4 wk after it is stored. 

Silage can supply some or all ot the needs ot various 
classes o f livestock. Feeding can be mechanized for 
convenience and efficiency.

XII. Other Benefits of Forage Crops

Perennial grasses minimize soil erosion losses; thus, 
pastures and hay fields are largely protected. Forages 
can also be used in rotation with row crops, in water
ways, on terraces, and in strip cropping to reduce 
erosion relative to total or continuous tillage situa
tions.

An especially important result o f using forages to 
reduce erosion is improvement of water quality. In 
most parts o f the nation, the primary contaminant o f 
surface water is soil particulate matter In addition to 
reducing particulate matter m runoff, thick sods ot 
forages tend to serve as filters that remove contami
nants before they can seep into groundwater. For this 
reason, forage crops are com monly used to provide 
vegetative cover in areas where unwanted effluents 
are discarded.

Improvement ot soil tilth due to the addition o f 
organic matter and the activity o f earthworms, soil 
insects, and microorganisms are among the benefits 
o f  forages. In addition, the formation ot root channels 
allows the roots ot subsequent crops to penetrate more 
decplv. Also, in the case ot legumes, residual nitrogen 
benefits subsequent crops.

Grassland agriculture requires low energy inputs 
compared with other agricultural production sys
tems. This includes low tillage requirements and. 
thus, low hie! usage, less fertilizer requirement, and 
low usage ot agricultural pesticides. Added to this is
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the tact that forage crops, like all plants, consume 
carbon dioxide and simultanously release oxygen. 
I lowever, the high leaf area of most forage canopies re
sults in higher efficiency than w ith most other crops.

Forage crops are also highly beneficial to many 
types ot game and nongame wildlife, which use them 
for food and/or cover. For example, deer and wild 
turkey consume the leaves of many forages; birds ot 
all types eat the seed; and rabbits, rats, mice, and 
many other animals adopt forage stands as their 
homes.

A final benefit ot forages is beauty and recreation. 
In addition to photography, hunting, hiking, and 
camping— which often involve forage lands— many 
people find peace and satisfaction in view ing a pastoral 
scene. The production ot forage crops is a highly 
environmentally friendly type of agricultural pro
duction.
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Forest Ecology
RICHARD F. FISHER, Texas A&M  University

I. Forests and Humans
II. The Forest as a Functional System
III. The Abiotic Forest Environment
IV. The Biotic Forest Environment
V. Applications of Forest Ecology to Natural 

Resources Management

Glossary

C lim a x  Endpoint ot a succcssional sequence, or sere; 
a com m unity that has reached a steady state under a 
particular set ot environmental conditions 
C o m m u n i t y  Association o f interacting popula
tions, usually defined by the nature o f their interaction 
or the place in which they live
D iversity  Num ber o f species in a local area («  diver
sity) or a region (y  diversity). Also, a measure of 
the variety ot species in a community that takes into 
account the relative abundance of each species 
H abitat  Place where an animal or plant normally 
lives, usually characterized by a dominant vegeta- 
tional or physical characteristic
N ich e  Ecological role of a species in the community, 
often conceived as a multidimensional space 
N u trien t  C y cle  Path o f an element through the eco
system, including its assimilation by organisms and 
its regeneration in a reusable inorganic form 
Sere Series ot stages of community changes in a par
ticular area leading to a stable state 
Succession Replacement o f populations in a habitat 
through a regular progression to a stable state

Fo res t ecology is that branch ot science concerned 
w ith the distribution, abundance, and productivity of 
organisms within a forest setting, and their interac
tions with one another and with their physical envi
ronment. It is a subtield in the discipline o f ecology

which has been defined as “ the study of the structure 
and function o f nature”  or “ scientific natural history."  
Ecology is a rather young discipline, and it has only 
just begun to develop a body ot generally accepted 
theories, principles, and laws. An understanding ot 
forest ecology and the forest ecosystem forms the 
basis for modern forest land management.

I. Forests and Humans

A. Human Forest Interactions

Mankind developed in the forest. Homo sapiens 
evolved from a tree-dwelling primate ancestor, and 
for the first million years or so Homo sapiens were 
almost totally dependent upon the forest tor food, 
shelter, and safety. O ver subsequent millennia, hu
mans have gradually moved trom being controlled 
by the forest environment to controlling the forest 
environment. Along the way we have never fully 
escaped our reliance upon the forest. The rise and 
tall o f civilizations and empires, the dominance ot 
nations, and the economic and military power ot soci
eties have been directly dependent to the availability 
o f forests and forest products tor most ot human 
history.

At first, humans simply used up local wood sup
plies and moved on to conquer new lands and new 
wood supplies. Gradually in Asia, Europe, and even
tually North America the need to assure a continual 
wood supply became apparent and forestry was born. 
Forestry is generally defined as a profession embrac
ing the science, business, and act o f creating, conserv
ing, and managing forests tor the continuous produc
tion ot goods and services.

B. Development of Forest Ecology

Just as forestry developed as a result o f the need to 
ensure an adequate supply ot certain goods and ser

Encyclopedia o f  Agricultural Science, Volume 2 Copyright c 1994 by Academic Press, Inc. All rights of reproduction in any form reserved. 421



FOREST ECOLOGY
4 2 2  -----------------------------------------------------------------------------------------------------------------------

vices from the forest, forest ecology developed .is ,1 

practical means ot dealing with the complex problems 
ot forest management. Forest ecology provides the 
necessary means tor recognizing, understanding, clas
sifying, and mapping the natural variation in forests. 
It is the essential biophvsical basis tor successful forest 
management.

Because forests are complex, and because they vary 
both from place to place and through time, they are 
difficult to manage. However, trees, soils, and forests 
have vital attributes that are knowable. predictable, 
and manageable. Forest ecology has developed as that 
branch o f basic ecological science that reduces the 
complexity and variability in forests by elucidating 
and understanding it. This knowledge can then be 
applied through cultural practices to managing the 
forest. |See S im c u n  um . |

II. The Forest as a Functional System

A. The Ecosystem Concept

The first forest ecologists specialized in the autecology 
or relationship to elements ot the physical environ
ment. ot important timber species. However, gradu
ally ecosystem ecology has come to dominate the 
fields of both forest ecology and natural resources 
management. Today the ecosystem concept is the 
central concept ot ecology and ot the biologically 
rational management ot natural resources.

An ecosystem is a unit that includes all of the organ
isms, i.e., the community, in a given area interacting 
with the physical environment so that a flow ot energy 
leads to a clearly defined trophic structure, biotic di
versity, and material cycles, i.e.. exchange o f materi
als between living and nonliving parts within the 
system.

Conceptually an ecosystem has five major attri
butes. Ecosystems have structure; they are made up 
ot biotic and abiotic components— plants, animals, 
atmosphere, soil, etc. Each ecosystem has a more 
or less unique set ot these components or a specific 
structure.

Function is an attribute ot each ecosystem. There 
is a constant exchange ot matter and energy between 
system components, between the physical environ
ment and the organismai community as well as within 
the community.

Complexity, resulting from the high level of inte
gration within the system, is an attribute of ecosys
tems. as is interdependency. The abiotic and biotic

components o f ecosystems are so interconnected that 
a change in any one w ill result in a subsequent change 
in almost all the others.

Temporal change is also a characteristic attribute 
ot ecosystems. These living systems are not static and 
unchanging; although, the time period over which 
they change may make them seem so. The great im 
portance o f the ecosystem concept for natural resource 
management lies in its recognition o f complexity, 
interaction, functional processes, and temporal 
change as basic attributes of a dynamic living system.
|.Sec Ackoi o k k s t k y . |

B. The Flow of Energy in Forest Ecosystems

Forest ecosystems are major sinks or stores ofenergy 
(Table I). The majority of this energy is tied up in the 
complex carbohydrate and other carbon compounds 
contained in living and dead organic matter. Even 
though these systems are major sinks ot energy, en
ergy continuously Hows through the system. Green 
plants capture the energy ot the sun and through the 
process ot photosynthesis convert that energy into 
sugars. The energy captured in this way is then used 
to produce flowers, fruits, leaves, woody tissue, and 
.1 myriad ot secondary compounds. Some ot these 
compounds, such as cinnamon, camphor, and turpen
tine. are familiar to us but most are not. Since ecosys
tems must obey the laws ot thermodynamics, some 
energy is consumed during the production of these 
secondary compounds. [.Sec I’no i o s y n  i m-sis. |

Any and all ot the compounds created by green 
plants can be consumed by animals. These consumers 
generate the energy for life trom the breakdown o f 
complex carbon based compounds. They also manu
facture another large set ot unique organic com 
pounds, and they store a large amount o f energy m 
their own proteins, fats, oils, etc. A second and third, 
etc.. layer o f consumers, carnivores, obtain their en-

TABLE I
Total W orldw ide Biomass Storage, Including 
Forest Floor and Soil Organic Matter, in Various 
Forest Types

F orest type Billion tons

linrc.il conitcrous .i25
1’empcrjte coniferous 14]
1 emperate deciduous 11 ll
1 ropical deciduous 122
!'ropic.il ram 424



FOREST ECOLOGY
------------------------------------ 423

TABLE II
Number of Organisms, Biomass, and Energy Flow in a Temperate 
Forest Ecosystem in Summer

1 rophu level Number <>.| h.ii kg <i.| h.t kc.i 1 m y r1

2 (\irmvores ■> o.on.S 1
1 C .‘armvorcs l2o.cn»o 1 |.IN HI
1 lerbivorcs 150,0( m> 3 s.l M 10
Producers 2l M) ; 30.01 Ml 13.1 M N>

' I’mdiuvrs iru with 1 tree covering much .irc.i.

crgy by consuming animals (Tabic 11). These individ
uals also store energy in their body mass. Again the 
laws ot thermodynamics are obeyed and energy is 
lost from the system as each conversion takes place.

The large microbial community that exists in all 
forest ecosystems derives its energy largely by con
suming dead plant and animal matter. These organ
isms also produce a large number of energy-rich or
ganic compounds, and they cause the release o f a large 
amount ot energy from the system.

Some ot the compounds produced by plants, ani
mals, and microbes are recalcitrant, that is they arc 
difficult to break down. Thus, forest ecosystems build 
up a surplus o f stored energy and stored carbon (Table 
III). Meanwhile energy is constantly flowing through 
the system —  m through the plants and out through 
the plants, animals, and microbes. As forest ecosys
tems mature, the How o f energy changes and the 
storage of energy tends to increase to a maximum 
and then remain constant.

In young ecosystems, early successional stages, the 
inHow ot energy is large and the outflow is small. 
This leads to a rapid increase in the amount ot stored 
energy and stored carbon. By  middle age the outflow 
ot energy has increased, but so has the inflow and the 
rate at which energy is stored may still be great. As 
the ecosystem approaches maturity, or stability, the 
rate ot inflow and outflow o f energy w ill become

TABLE III
Average Net Aboveground Productivity in Various 
Forest Types

Forest type
Net aboveground 
productivity (t ha 1 yr ')

Boreal coniferous S.1)
I cmperate con i ten >us HU>

Temperate deciduous 12.5
Temperate rain 14.2

Tropical deciduous 20.
Tropical rain 25. S

equal and the system will be said to have reached 
climax, in an energetic sense.

C. The Cycling of Nutrients in Forest Ecosystems

A unique characteristic ot most forest ecosystems is 
the development of a distinct forest floor resulting 
from the periodic return through litterta 11 ot leaves, 
branches, bark, fruit, and sometimes entire trees. This 
litcorfa.il contains a large proportion o f the nutrients 
extracted annually by the trees from the soil. The 
dead vegetation on the floor, in turn, decomposes, 
liberating minerals for reuse by the growing stand. 
Other nutrients may be brought in from the atmo
sphere or made available by biological fixation or 
weathering o f parent rock, while some nutrients arc- 
lost through crop harvests, burning, and removal in 
surface- or groundwater. Thus, it is through a dy
namic and rather complex system ot geological, 
chemical, and biological cycling that ecosystem nutri
ent supplies are replenished and maintained, thereby 
ensuring continued productivity ot the site.

The geochemical cycle involves the transfer ot m in
eral elements into or out o f the ecosystem. This cycle 
includes imports from such sources as dust and precip
itation (Table IV ), weathering o f parent rock (Table 
V ), biological fixation o f atmosphere nitrogen, and 
fertilization; outputs include leaching and erosional 
losses in drainage water (Table V I). volatile losses 
from fire and denitrification, and removal in harvests 
(Table V II) .  The amounts ot nutrients gained or lost 
annually by an ecosystem are influenced by such fac
tors as soil properties, climatic conditions, type ot 
vegetation, and location o f ecosystem in relation to 
the sea and industrial areas.

Biological cycling involves the transfer ot nutrients 
between the forest floor soil and the associated plant 
and animal communities. In forest ecosystems it may 
also include the internal transfer of nutrients among 
organs within the tree. The major steps within closed 
cycles, therefore, include: ( I )  uptake, (2) retention,
(3) restitution, and (4) internal transfers (Table V III) .

Nutrient absorption by trees is influenced by type 
and age o f the forest cover and by the soil and climatic 
conditions o f the community. The annual uptake by 
most forest species is in the same order as that of 
many agricultural corps, but because a major portion 
ot the absorbed nutrients are returned to the forest 
floor, or translocated within the tree, relatively small 
amounts are retained each year in an annual creation 
ot biomass.
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TABLE IV
Input of Nutrients in Precipitation in Kilograms per Hectare per Year

Location
Quantity ot 
precipitation (nun yr)

Quantity of nutrients (kg/ha! yr)

N P K Ca Mg

Wisconsin — 13.1 o. 3-0.4 1.o-4.o 2.o-7.o 0.5-1.1
Great Britain 1717 S. 7 0.3 2.K r>.7 f>.l
Washington l.V)<) i 7 trace O.N 2.H —
Belgium — (>.o — 2M l).\ 2.3
Puerto Rico 37f><) — — is .2 21.8 4.(;
New 1 lampshire 1322 (>. 5 o.l o.‘j ■> ■> o.f,
( icrmany (>24 2u.n o.l 4.<> \') —
Nigeria 1 H5<) I4.<) o.4 17.5 12.7 11.3
U S S R 204 5. f> o.fi 7.7 15.4 2.5
Mississippi 127U 13.3 0.3 4.0 5.0 1 . 0

Sweden 4 2 0 - M K 1 . 4 - 5 . 2 — o . ( j - 3 . 7 2 . f > — 1 3 .') o.(»-2.(>
Rio Negro. Bra/il 2 ) » >i) 5,f. 0 . 2 — o.s 2 . 0

North Carolina 1 l r > ‘; 3.5 0.3 O . ' J 3 . 4 0.7

TABLE V
Estimated Cation Inputs to Temperate Forest Ecosys
tems from Weathering of Parent Rock

Location K Ca Mg Na

kg ha ‘ vr
Brookhaven forest 1 1.1 24.3 •S.3 f>.7

{Long Island. N Y )
1 lubhard Brook 7.1 2 1 . 2 3.5 5.S

Lorest (N H )
C iedar R iver forest 15.2 17.4 —

(W A )

TABLE VI
Precipitation Inputs and Losses to Groundwater or Stream Flow 
from Three Watersheds

N 1- K t:.i Ms; N.i

kg/lu/yr
Oregon (I )ouglas-tir)

Input o.M li.. i II. 1 2.3 1.3 2.3
( )utput o.4 it 5 2.2 SI 1.3 12.4 25.7

New  Hampshire 
(Northern hardwood)

Input 7 t — n.7 2.7 11. fi —
(. )utpiu 2.3 — 2,n 11.4 3.2 —

N ew  York (oak-pine)
Input — — 2.4 3.3 2 . 1 I7.ii
C Hitpuf — — 3*1 ‘It , 7 i  ̂ i

1 lorida (spl.ish pine)
Input 13.n 11.117 2.3 o 3 — —
Output 1.5 i ii 1 3 1.3 1 1 . 1 1 3 — --

A major portion of the nutrients taken lip annually 
into the aboveground components of trees is returned 
to the soil in litterfall and canopy wash (Table IX ).  
i he percentage restitution varies somewhat with spe
cies. site, and stand age. For example, a higher per
centage of the absorbed nutrients appears to be re
turned to the soil in vigorously growing stands than 
m nutrient-deficient stands, and hardwood stands 
generally return more nutrients than conifers, but the 
reasons tor the wide variations in retentions and re
turns are not clear. In any case, it is clear that trees and 
forests are very conservative with respect to nutrients. 
There is a strong tendency tor nutrients to be accumu
lated in forest ecosystems as they evolve and mature.

Although litterfall is the major pathway of'nutrient 
How from standing biomass to the soil, considerable 
amounts o f nitrogen, phosphorus, calcium, and mag
nesium are leached from the tree canopy and returned 
to the soil in throughfall and stemflow.

TABLE VII
Nutrients Removed in Conventional Bole-wood Harvest

Spec ics N l> K c:.i M i?

kii / h.i
Norrhcrn  h.irdw iKnl 1 2 n 1 2 (.ii 241 24

(43-5U yr)
1 >mii;l.i.s-lir i 3 f> vri 125 l<> ‘X, 1 17 —
Sl.isli . i i h I iungUMf p i i h ' 5u 5 2 ii Nil 17

!4H-5II yr)
( ).ik (47 vr) 151 1 1 1 ! S 173 23
Ik v ih  (37 yr) 12S ! f ■ ‘M 1') 2 s
Npnu'c-tir (v.innu^ .n-cs) 7‘l 1 1 47 15n 14
! nbltilh, pine ( Ifi \ r) 1 15 15 K'J 1 1 2 2')
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TABLE VIII
Annual Uptake, Retention, and Restitution of Some Nutrients in Forest Ecosystems

N V K

lores! ( !ovcr Uptake Retention Return Uptake Retention Return Uptake Retention Return

Scots pine (mature) 45 Id 35 4
ku ha/yr 
1 3 6 T 4

l.uropean beech 
(mature) 5ii Ml 4H 12 s in 14 4 1(1

Lablolly pine (2n years) 42 5 37 -> — - 25 — —
Scots pine { 1 (*11 vears) 34 12 n 3 1 i 7 T 5
1 )ouglas-tir (37 vears) 39 24 1.5 7 6 1 29 14 15
N orw ay spruce (1(1(1 

years) 61 21 411 5 1 3 12 7 5
Ked oak-Luropean asli 

( 1411 years) 123 44 79 9 4 5 75 21 45
L-.uropcan beech 

(1 1 .S— 1 25 vears) 
1 )ioritic soil 9 6 3 X 4 4
( iranitie soil — — — 6 3 3 5 "1 3

Transfers of' nutrients within the tree is an im
portant part ot nutrient cycling in forest ecosystems. 
Such transfer is sometimes referred to as biochemical 
cycling (Table X ) .  The amount o f biochemical cv- 
cling varies trom element to element and over the age 
ot the tree. There also tends to be greater recycling 
on poor sites than on rich ones.

In spite ot large variations m the amounts o f geo
chemical and biological cycling among ecosystems, 
there can be little doubt that these cyclic transfers o f 
nutrients play a major role in the continued productiv
ity ot forest soils. A good understanding o f these 
dynamic processes is crucial to the development o f 
effective forest management programs.

D. Evolution and Adaptation in 
Forest Ecosystems

The functions in forest ecosystems are usually consid
ered as general ecological phenomena. The character

ot these functional relationships, however, depends 
on the character (morphological, physiological, and 
behavioral) o f individual organisms. Adaptations or 
evolution in these character traits are what allows a 
particular organism to survive in a particular eco
system.

Biological evolution is the change in genetic 
makeup, genotype, ot a population or species over 
time. Success in reproduction, establishment, 
growth, etc., is associated with variations in geno
type. Those individuals better adapted to their physi
cal and biotic environment w ill contribute more off
spring to the next generation. Such genotypes are said 
to have greater fitness. As the environment changes 
over time, different genotypes will prove to be best 
adapted or fittest in the ecosystem. The process by 
which such genetic change occurs is called natural 
selection.

W ithin a population o f organisms the genotype o f 
individuals is varied. Some grow taster in height or

TABLE IX
Average Lit+erfall and Nutrient Return by Forest Type and Region

Forest region
Number ot" 
sites Lmertall N K Ca M g !>

Boreal coniferous 3 322 2.9 I I
kg/ha/yr

3.X (1.3 (1.7
Boreal deciduous 1 2645 2 ( 1 . 2 9.X 35.5 9.7 5.2
t emperate coniferous 13 4377 3(i.6 2 (i.l 37.3 5.6 4.4
Temperate deciduous 14 539V 61.4 41.6 67.7 1 1.0 4.(1
Mediterranean 1 3X42 34.5 44 (i 95.1) 9 ( 1 4.7
All stands 32 4373 43.3 27.9 47.3 7.4 3.7
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TABLE X
Percentage of Annual Nutrient Requirement Met by 
Biochemical Cycling

Species % N
Nutrient

%1 ‘ % K

Slash pine (5 yr old) 15 3 2H
Slash pine (34 yr old) 11 3d 1110
Aspen 63 33 19
Sugar maple ') ! 35 I 1)

diameter than others. There is often similar variation 
in drought tolerance, resistance to insect or disease 
attack, cold hardiness, etc. Some species are geneti
cally very diverse or heterogeneous and occupy a wide 
variety ot environments, e.g., Scots pine, while other 
species are genetically homogeneous and occupy a 
narrow range ot environments, e.g., red pine.

When consistent selection pressure is applied, spe
cies populations adapt to form ecotypes. For example, 
there is a considerable variation in the cold tolerance 
ot l)ouglas-fir between populations growing 011 the 
long growing season, mild winter Pacific Slope and 
in the short growing season, cold winter Rocky 
Mountains. Sim ilarly, there is wide variation in 
drought tolerance between loblolly pine populations 
growing in the per humid Atlantic coastal plain and 
in the Lost Pines region ot central Texas. Such differ
ences have developed over long periods o f time and 
consistent natural selection pressure.

The speed with which selection pressure, either 
natural or induced, can alter the genetic makeup of 
a population is rather slow, particularly outside the 
humid tropics. Thus, if  environmental conditions 
change rapidly, a population may not be able to adapt 
fast enough or far enough to accommodate the new 
environment. The rapidity o f global change predicted 
by some global climate models would seriously test 
the ability o f many tree species populations to adapt 
to their new environment. [,Sir F o r e s t  T r e e , G e n e t ic  
I m p r o v e m e n t . |

III. The Abiotic Forest Environment

The physical or abiot’C environment provides the ba
sic necessities tor autotrophic life: energy and the nu
trients and water necessary to capture it and convert 
it into mass. In autecology this abiotic segment o f the 
ecosystem is generally considered as a series ot

environmental factors: solar radiation, water, temper
ature, wind or air. soil, and fire.

A. Solar Radiation

The sun is the major source o f energy for life, and 
photoautotrophs, green plants, are the dominant pri
mary producers in earthly ecosystems. Both the 
length o f the period ot solar radiation, photoperiod, 
and the radiation’s intensity are very important to 
plants.

Most organisms require a sense o f time, a clock 
and/or a calendar. Seasonal variation 111 photoperiod 
provides the best such timepiece. Although light is 
usually only one ot several factors that 111 combination 
schedule the events in a plant's lite, outside the tropics 
it is by far the most important one.

Trees are said to be short-day or long-day plants. 
That is, they can Hower only if there are fewer or 
greater than some critical number o f hours o f light. 
Obviously such an adaptation restricts the latitudinal 
distribution o f a species. The mount o f height or 
biomass growth a species is able to accomplish is also 
photoperiod dependent. Tropical and some temperate 
species may grow well w ith a short photoperiod, 
e.g., redwood, most nontropical species require long 
photoperiods (>16 hr) tor good growth, and grow 
best with 24 hr photoperiods. However, most tem
perate species require shorter photoperiods to trigger 
the dormancy reactions necessary to allow them to 
become cold hardy or frost tolerant.

Thus, for temperate species, change in day length 
is essential. The shift from short to long days triggers 
flowering, long days promote more rapid growth, 
and the shift from long to short days triggers the 
dormancy necessary to withstand low  winter temper
atures.

The intensity o f radiation also has a dramatic effect 
011 growth. At low light intensities, photosynthesis 
may not exceed the respiration necessary to maintain 
life. I11 such cases there w ill be little or no growth. 
At high light intensities the plant may not be able to 
capture all o f the energy that is provided to it. The 
point at which photosynthesis equals respiration is 
called the compensation point, while the point at 
which further increases in light intensity produces 110 

further increase in photosynthesis is called the satura
tion point. Species with low compensation points are 
said to be shade tolerant, while those with high com
pensation points are shade intolerant (Table X I ) .  This 
concept is often used to infer a species’ tolerance to
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TABLE XI

Compensation Points for Seedlings of a Variety of Tree Species

Species ( Compensation point— %  ot (nil sunlight

Ponderosa pine 31
hastcrn larch IS
1 )oui'las-tir 13
Lodi»epole pine 14
Red oak 14
l.ni»lemann spruce 1 1
1.astern white pine 1 1
Lastern hemlock X
I leech S
Sut»ar maple 3

com petition, although this is ail oversim plification ot 
a com plex ecological process.

Shade intolerant species generally have higher satu
ration points than do shade tolerant species. Intolerant 
species usually are capable o f  m ore rapid g row th than 
tolerant ones; although, the latter usually are capable 
ot u ltim ately reaching greater size.

B. Water

Liquid w ater is the second most im portant prerequi
site tor life 0 11 earth. The amount o f  water available 
during the g row in g  season controls not only the type 
ot natural vegetation present in an area, but also the 
vegetations density, its rate ot g row th  and vigor, and 
its ultim ate si/e. |.SYr W a tk r  R tso t u o s . |

Vegetation is influenced by effective precipitation 
not just total annual precipitation. Both temperature 
regime and period icity of precipitation are nearly as 
im portant in determ ining the amount o f  available w a
ter as is total precipitation. For example, the boundary 
between forest and grassland occurs at ,1 total precipi
tation am ount four times less in the northern prairies 
ot A lberta as 111 the southern great plains ot Texas 
due to the large differences in average annual and 
g row ing  season temperatures. Mediterranean cli
mates w ith  their cool wet season and w arm  dry season 
have very different vegetation tvpes than do continen
tal climates w ith  sim ilar total precipitation and aver
age tem perature but cold moist w inters and hot moist 
summers. |.S'<r M k t i .o k o i  o cv . |

Just as precipitation has considerable influence on 
the forest, the forest has a profound effect on the 
fate of precipitation that falls on it. The foliage and 
branches of trees in itia lly  receive most ot the precipita
tion; on ly a small proportion, called throughfall, goes 
directly to the forest floor. Som e o f  the precipitation.

termed interception, is held by the foliage and evapo
rates or sublimes back into the atmosphere. Another 
portion, determ ined by the architecture ot the tree 
and the season o f  the year, either drips to the forest 
floor or runs dow n the branches and trunk to the 
ground. Th is latter portion is termed stem flow .

In dense stands o f  trees almost no water w ill reach 
the soil during light showers. D uring  m edium  and 
heavy periods o f  precipitation a large proportion ot 
the total precipitation w ill reach the soil, but it does 
so over a longer period o f  tim e and w ith  the transfer
ence o f  m uch less kinetic energy to the soil surface 
than in an open field. O verland  flow  or runoff and 
the erosion it can cause are consequently rare in closed 
forest ecosystems. Instead precipitation infiltrates into 
the soil and reaches streams as base flow  rather even ly 
over a long period ot time. |.S’<r S o ii.- W a tk r  Rki.a- 
r iO N S H II’S. |

C. Temperature

Tem perature affects the distribution ot vegetation 
types almost as much as does water. Plants are quite 
sensitive to critica lly lo w  temperatures, rapid decrease 
in temperature, and diurnal variation in temperature 
as w ell as average daily temperature. Th is produces 
a latitudinal distribution o f  forest vegetation from  the 
poles to the equator that is parallelled by an altitudinal 
d istribution at the equator.

In addition to the effects o f "k ill in g  frosts,”  this 
d istribution is driven by the fact that some species 
require a m in im um  am ount ot ch illing  before they 
w ill flower, w h ile  others require a m in im um  am ount 
o f  heat before they can successfully fruit.

Forests have a large effect on the am bient tempera
tures and diurnal variation w ith in  them. T h e  forest 
canopy absorbs or reflects most ot the sun's energy 
that reaches it. There  is little direct heating ot the 
forest floor by the sun. except during the leafless pe
riod in deciduous forests. M u ch  ot the energy reach
ing the canopy is consum ed in latent heat ot vaporiza
tion during evapotranspiration o f  water, and, since 
heat rises, little o f  the heat present in the canopy is 
transmitted d o w n w ard  into the environm ent beneath 
the canopy. Thus, the am bient daytim e tem perature 
inside a closed forest ecosystem can be reduced by as 
m uch as 3-5°C .

D uring  the night energy is lost by reradiation to 
deep space. T h e  forest canopy loses a considerable 
am ount o f  energy in this w ay , but energy reradiation 
from  the forest floor is lo w  because the cold sky is 
occluded by the canopy. Consequently, am bient
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night tim e temperatures in a closed forest ecosystem 
m ay be increased by as much as 2—l°C .  Since the 
daily m axim um  is low er and the daily m in im um  is 
higher in the forest, the mean tem perature is very 
nearly that measured nearby in the open.

D. Wind and Air Quality

A t a physiolog ical level, w ind  is im portant for m ixing 
the air and equalizing the concentration o f  ( i t ) , ,  0_>. 
water vapor, etc. In the absence o f  air m ovem ent, 
the air near a leaf m ay become saturated w ith  water 
reducing transpiration or depleted o f  CO> reducing 
photosynthesis.

A t an intermediate scale, w ind  is im portant in de
term in ing the m orphology oftrees. O pen  g row n  trees 
are exposed to very different w ind stresses than are 
individual trees in .1 closed stand, and open grow n 
specimens ot most species develop quite different 
crow n shapes and stem and branch forms than does 
the same species g row n in stands.

N ear upper latitudinal or altitudinal tree line, w ind 
often causes Hag-shaped crow ns and lo w  trailing 
g row th  forms by k illing  the buds on the w in dw ard  
side or exposed upper surface ot the tree. Such w ind 
training and dw arfing  sometimes produce large areas 
ot krum m holz  tree g row th  at altitudinal tree line and 
along w ind-swept coastlines.

O 11 a regional scale, w ind  causes b lo w d o w n s in 
w hich m any, it not .ill, o f  the trees in .1 stand are 
w in d th ro w n  or broken over. Such events are usually 
associated w ith  strong cyclon ic w inds (hurricanes) 
or tornadoes. T h e  period icity o f these b low dow ns 
determ ines the m axim um  size and age o f  trees in 
some forest types. These catastrophic events m ay also 
m aintain large areas in .1 mosaic o f  early successional 
stages.

The quality ot the air is as im portant to the forest 
as is the force w ith  w h ich  it m oved. Chem icals that 
tall out or are washed out ot the atmosphere can be 
a valuable source o f  nutrients (see Tab le  I I I ) .  Som e 
of these same chemicals, e.g.. N  and S, can also be 
im portant forms o f  acidic deposition. W hen  a large 
am ount of acidic materials is deposited from  the air 
onto poorly  buffered forest ecosystems, nutrient ions 
(e.g., C a . K . M g ), can be stripped from  the soil. Th is 
can lead to g row th  decline or dieback. i he waters 
that enter streams and lakes from such forests may 
be acidified by A1 and H  ions leading to the decline 
ot plant and animal lile in those ecosystems |.Sec Aim 
P n n u n o N :  I’ ia n i  G r o w  h i  and  P r o i h k  i i v i i y . ]

Strong oxidants (e.g., ozone), are som etim es pres
ent in the air in high concentrations. Th is phenom e
non is usually caused by some form  ot industrial activ
ity. T h e  tolerance ot trees to these airborne oxidants 
varies w ide ly  both between and w ith in  species, but 
in parts o f  the w o rld  the com position ot forest ecosys
tems is d ram atica lly affected by such pollutants.

E. Soil

Soil is the least renewable physical com ponent o f  the 
ecosystem. So il is the naturally occurring, unconsoli
dated. m ineral and organic material in w h ich  plants 
g row . It is a m ixture o f  m inerals, organic material 
(hum us), air. and water. An  ideal soil is about 5(1% 
solids, m ineral and organic material, and 5(1% pore 
vo lum e. O rgan ic  m atter can vary trom  0 to over 
M (l% . but am ounts o f  3—8 %  are most com m on. U n 
der op tim um  conditions for plant g row th , about halt 
o f  the pore space is filled w ith  water, leaving the 
rem ainder ot the pores tilled w ith  air. I bis m ixture 
o f  minerals and organic matter, water, and air pro
vides the environm ent for root g row th . [Sec Sou 
C '111 m is  1 u v .  |

Soils are very  im portant in determ in ing the kinds 
of plants that can be g row n  in an area and how  w ell 
those plants w ill g row . M uch  can be understood 
about a soil by observing  tour properties— color, tex
ture. structure, and depth. Ea ch o t these easily observ
able properties is closely correlated to one or more 
d ifficu lt to determ ine properties that actually control 
plant g row th ; therefore, we can inter the ab ility o f  a 
soil to support plants from  these four properties. [Sec 
Son  E k k t ii.i t y . |

Soil co lor has little direct effect 0 11 plant g row th  
but it is .111 ind icator o f  soil properties that do affect 
plant developm ent. T he overall co lor of the soil is an 
indicator of organ ic m atter content, drainage, and 
aeration. Som e soil colors and characteristics associ
ated w ith  them are:

liiiik . I ligli in organic matter, may be poorly drained.
Soil color becomes darker as organic matter increases 
from I) to about X % . At 8 %  or above, soil is essentially 
black in color. 

liivifii. (iood organic matter content .mil well drained, 
a»(/ yt lloir. Low in organic matter, well drained. The 

color is due to var\ ing amounts ot oxidized iron.
(»Yii). Low  i;i organ.e matter and pooily drained. Gray 

color is due to excess water and poor aeration. |.Srr 
Sill! G I NI SIS, M< IX I’ I IO I  Ot.'l , A M )  C j  A SSII !(.A  ruiN. j

O rgan ic  m atter coats soil particles and masks their 
natural color. The natural co lor of soil particles i>
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determined bv their m ineralogy. Since the abundance 
nl in.my plant nutrients is also related to m ineralogy, 
the unmasked eolor ot soil particles becomes a key 
to potential nutrient availability. For example, quart/ 
is a com m on translucent m ineral that contains no 
plant nutrients, w h ile  feldspars, w h ich  are opaque 
white to pink or green minerals, are high in plant 
nutrients. In general the greater the d iversity ot colors 
am ong soil particles, the higher and m ore balanced 
is the potential nutrient supplying pow er o f  the soil.

So il organic m atter is im portant for prom oting 
good soil structure. It is also the m ajor supplier o f  N  
and I’ in the soil, and it helps to retain other plant 
nutrients in the soil. Soil organic matter is derived 
trom plant and anim al remains as they decompose. 
A lthough organic material m ay reside in the soil for 
several years, it w ill u ltim ately be itself decomposed, 
rim s, the soil requires a constant addition o f  organic 
material in order to maintain its organic m atter con
tent. Roots and soil organisms that die each year are 
a m ajor source o f  organic material for the soil, but a 
large portion ol the material required to maintain 
organic matter levels must com e trom  aboveground 
plant production. |See Son M ic iu m io i <h;y. |

So il texture is determ ined by the relative percentage 
ot sand-, silt-, and day-sized particles that make up 
the m ineral fraction o f  the soil. O f  course, soils m ay 
contain coarse fragments such as gravel or even boul
ders, but these are not used to determ ine the basic 
texture o f  the soil. Texture is a property that affects 
soil p roductivity by influencing water and air m ove
ment. ease ot tillage, root g row th , and nutrient re
tention.

O n e  o f  the most im portant soil properties affected 
by soil texture is the ability to hold water against the 
force o f gravity. W ater is held in a film  around soil 
particles. The attraction between water and day-sized 
particles in particular is so strong that even plant roots 
have difficu lty extracting water trom the inner por
tion ot the film. H o w eve r, the outer portion o f  the 
water film  is readily extracted by plants. W hen  a soil 
is holding the m axim um  am ount o f  water it can retain 
against the force o f  gravity , it is said to be at its field 
capacity. W hen the water films have been reduced by 
evaporation or root absorption to the point that plants 
w ilt, the moisture level is said to be at the permanent 
w ilting  percentage (point). W ater is still present (per
haps up to 2 5 %  o f  the so il’s w eight) but the plants 
cannot pull it aw ay from  the soil particles fast enough 
to prevent w ilting . The  moisture content between 
field capacity and the permanent w iltin g  percentage 
is the plant-available water (F ig . I).

5 _

Sand Sandy Silt Clay Clay 
Loam Loam Loam

FIGURE 1 I ’l.un .iv.iil.ihle water is .itteiteil by soil texture.

Soil structure is determ ined by the degree to w hich 
the soil's p rim ary particles, sand, clay, etc., are bound 
together to form  aggregates. Som e tit the forces that 
cause aggregation are cohesive. Silt- and/or day-sized 
particles may cling together due to their o w n  electro
static forces. Bu t most aggregates are held together 
by adhesive forces, that is, the particles adhere to one 
another because o f  organic, collo idal, or metal oxide 
coatings. The  most com m on adhesive agent is organic 
matter.

As organic matter coatings build up in a sandy 
soil, the structure proceeds from  single grain through 
crum b and granular stages to a weak b locky state. 
D uring  this process m any of the large pores in the soil 
are filled w ith  coatings, and sm all pores are produced. 
Th is has the effect o f  increasing the soil's w ater hold
ing capacity. As organic m atter is added to a clay soil, 
the structure changes from  massive to a coarse b locky 
and finally to a fine b locky state. As this occurs, the 
fracture plains between the blocks produce m ore and 
more large pores. Th is increases both the water and 
oxygen supplying pow er ot the soil. So w e see that 
as structure develops, the ab ility  o f  a soil to support 
plant g row th  im proves no m atter w hat the soil's 
texture.

T h e  fourth easily observable soil property that 
serves as a key to a site's ab ility to support plant 
g row th  is depth. Th is m ight m ore properly be called 
vo lum e. It is im portant to plants, particu larly perenni
als. h o w  much soil is available tor their roots to ex
ploit. An  organic rich silt loam soil m ay hold abun
dant water and nutrients, but it there are on ly a tew 
inches o f  it over solid rock, trees w ill not prosper. 
L ikew ise  if  a large proportion ot the soils vo lum e 
is made o f  large coarse fragments the w ater storage 
capacity m ay be quite small. Yo u n g  soils ot glacial 
till or colluvi.il origin m ay contain between 5(1 and 
HI 1% course fragments. Such dilution ot moisture
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storage capacity dram atically affects both forest type 
and tree grow th, particularly in areas w ith  a strong 
dry season.

Soil acid ity, com m on ly  measured in terms of p H . is 
an easily measured soil property. It has .1 considerable 
effect on the distribution of species due to its effect 
on the so lubility or availab ility o f  ions held w ith in  
the soil exchange com plex. W hen soils are near neu
tral, pH  7, the availab ility o f  N . P. and K  is at a 
m axim um , but Fe and M n  availab ility is low . As the 
soil becomes m ore acid. Fe availab ility increases, but 
P ava ilab ility  decreases. A lso at lo w  pH  A l. which 
can be toxic to roots, increases 111 concentration in 
soil solution. Tree ranges and vigor are thus ind irectly 
related to soil acidity, and different species prosper 
011 soils ot differing acidity. |.SVr S o n , A <; 11 >. |

Soil has a profound effect on the d istribution o f 
tree species, but trees, 111 their turn, have .1 profound 
effect on soil, th rough  their protection ot the soil 
trom the erosive energy o f  rainfall, their cycling  and 
conservation ot nutrients, their m odification o f  tem
perature and m oisture regimes, and their production 
ot the raw  material trom w hich  soil organic matter is 
derived, trees determ ine the nature ot the soil beneath 
them just as much as the soil determines the nature 
ot the forest. Thus, soil is both .111 abiotic and biotic 
com ponent o fth e  ecosystem. It is the least renewable 
abiotic com ponent, hut to a degree it is a resilient, 
liv ing  com ponent as well.

F. Fire

Except in the wettest, hottest, and coldest environ 
ments, fire has played .1 m ajor role in essentially all 
terrestrial ecosystems. Natural fires set by lightening 
occur, at least occasionally, alm ost everyw here  011 
earth, and prior to intentional tire control efforts by 
humans, such fires often burned vast areas.

Fire was perhaps the first m ajor tool used by hu
mans to alter their environm ent. It is still used in 
agriculture, w ild life  management, and forestry as a 
major ecosystem management tool. Fire causes cata
strophic change in the ecosystem, but it seldom causes 
,111 irreversible change or com pletely devastates the 
productive capacity of a locality.

Fire can convert forest to wasteland. I here are clas
sic examples ot this from  the upper m idwest o fth e  
Un ited  States, the Am azon Ivs in . md recently K a li
mantan (Indonesia). Such devastating tires are rare in 
the absence ot human activ itv . W hen  large areas o f 
torests are tolled and little w ood is rem oved, or when 
areas are protected trom  tire tor a protracted period.

extrem ely large fuel loads build up 111 the ecosystem. 
It areas w ith  such fuel loads do burn, extrem ely high 
temperatures m ay be reached during the fire. This 
usually results not on ly  in the com plete combustion 
o f  the forest floor, but also in the volatilization o f 
carbon from  the soil. Subsequent rainfall may then 
easily erode aw ay the surface soil, exposing underly
ing rock or recalcitrant subsoil and perm anently alter
ing the substrate for plant grow th.

Fire is generally not .111 anathema to the vast m ajor
ity ot forest ecosystems. In fact, it is essential for the 
maintenance ot m any forest types. Fire also has an 
im portant role in forest succession. Fire is important 
in nutrient cycling  in systems w here large amounts 
o f  organic residue tend to accumulate; it is im portant 
111 disease control, and often essential tor the successful 
establishment ot .1 varie ty ot species, e.g., jack pme, 
longleat pine, aspen, etc.

IV. The Biotic Forest Environment

O rganism s do not exist in isolation. T hey have 
evo lved  111 response not on ly to the physical, abiotic, 
environm ent, but also in response to interactions w ith  
the biotic com ponents, other organism s, in their envi
ronm ent. In severe environm ents abiotic factors are 
usually the dom inant influence 0 11 adaptation and evo
lution, hut 111 m ore benign environm ents, biotic fac
tors have great influence.

A. Abundance and Dynamics 
of Species Populations

O rgan ism s are co m m o n ly  members o f  a population. 
Such m em bership provides protection from  the rigors 
o f  the abiotic environm ent, interchange o f genetic 
inform ation necessary for adaptation to occur, in
creases in reproduction, and advantage 111 interspecific 
com petition.

Tree population b io logy can be d ivided into three 
phases. The  initial phase is sometimes called seed rain 
and is composed ot the processes o f  natality and dis
persion. Frees have a fecundity (potential m axim um  
num ber o f  propagules per female per year or genera
tion) th.it is genetically determ ined. T hey also have 
an environm enta lly  determ ined or actual fecundity 
(num ber o f propagules produced per female per w a r  
or generation). Potential fecundity m av vary w ideh  
between ind ividuals 111 .1 species, and actual fecundin 
varies w ide ly  between environm ents and years or 
seasons.
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Seed rain is .1 function ot the distance trom the.' 
parent plant, wind speed and direction, abundance ol 
dispersal organisms, landscape scale habitat mosaic, 
or any other factor that influences dispersal. In the 
wet tropical forest, animal vectors are extremely im 
portant for seed dispersal, while elsewhere wind be
comes the dominant dispersal agent. Once propagulcs 
are dispersed they enter the seed bank, the community 
of viable but ungerminated seeds m the soil. T he seed 
bank mav contain few seeds or as many as 2 0 (KI—3(Ml(I 
per square meter.

The second phase is establishment. Each cohort ot 
propagulcs has a characteristic survivorship curve in 
anv particular environment. There is generally heavy 
juvenile mortality due to either abiotic or biotic condi
tions. free populations have survivorship and age- 
class distributions that vary greatly between species 
and the developmental state of the ecosystem.

Shade intolerant, or pioneer, species have narrow 
age and size class distributions, i.e., are even-aged, 
that pass up and out ot the community in the course 
ot succession. Shade tolerant, or climax, species have 
a “ rcvcrsc-J-sliapcd" age and size distribution with 
many small or young individuals and tew old or large 
ones. Il l is distribution remains stable over long time 
periods in the absence ot catastrophic disturbances.

I rccs compete for scarce resources in their environ
ment; consequently, both the size and nature ot tree 
populations are determined by density-dependent (ac
tors. Both inter- and intraspecific competition are im 
portant in the population dynamics o f forest trees. 
Species tolerant ot low light intensity, low moisture 
availability, or low  soil fertility w ill out-compctc spe
cies intolerant ot shade, drought, and infertility. Indi
viduals ot the same species must also compete tor 
scarce resources. This leads to density-dependent 
mortality, so as forests develop, the number ot indi
viduals decreases, the size o f those remaining in
creases, and the species composition changes, all in 
response to competition.

B. Structure and Function of Communities
forests are communities ot organisms dominated b\ 
trees. In even-aged forests the trees making up the 
stands are nearly all the same age and size, while in 
uneven-aged forests, dominant, codommant. inter
mediate, and suppressed trees are present. These trees 
usually differ in age as well as in size.

In all forests many plants other than trees are pres
ent: lianas, shrubs, herbs, epiphytes, and thallophytcs 
(lichens, mosses, and liverworts). These plants, to

gether with the trees, constitute the primary produc
ers o f the community. I he abundance and diversity 
o f plant species in .1 forest com m unity is a function 
of the severity ot the environment and the develop
mental stage o f the community. Abundance and di
versity are far greater 111 the wet tropical forest with 
its favorable environment than 111 the dry thorn forest 
or the cold boreal forest. As forests develop they may 
pass through a stage where their dense canopy reduces 
the light reaching the forest Hoor to an extent that 
few plants can persist in the understory. This stage 
may range from several years to several decades in 
length, but it is usually short in comparison to the 
forest's life span.

Animals are also an important part ot the forest 
community. Animals avoid undue competition by 
evolving different adaptations, tolerances, require
ments. and behaviors. Each species evolves so as to 
exist in a more or less unique ecological niche. A 
niche is a space defined by habitat, geographical area, 
and functional role. For example, three warbler spe
cies. all o f whom are inscctivorcs with the same func
tional role, can coexist 111 a boreal forest it one feeds 
111 the outer crown of the trees, one feeds 111 the inner 
crown, and one feeds on the understory. Likewise, a 
sparrow species that feeds on seeds could also exist 
in the same forest community.

Forest communities that are vegetationally simple, 
one species o f tree and little understorv, provide tew 
niches; therefore, they have little animal diversity. 
Forest communities, such as tropical rain forests, that 
have high vegetative diversity, provide many niches; 
therefore, thev have high animal diversity.

Animals are an essentia] part o f all forest com muni
ties. T hey are valuable pollinators and seed dispersal 
agents in many forests, e.g., without squirrels to bury 
acorns, oak regeneration is greatly reduced. They are 
important 111 nutrient cycling, and they are essential 
in the natural control ot pest outbreaks.

Microorganisms are also a vital part ot all forest 
communities. Some perform unique functions such 
as the conversion o f atmospheric nitrogen into a form 
o f nitrogen usable by plants, while others are parasites 
or pathogens that help to maintain the dynamic equi
librium between species and age classes ot a single 
species within the community. Most importantly m i
croorganisms are the major detritus feeders in all eco
systems. They consume large quantities of organic 
material and 111 the process release valuable nutrient 
ions into the soil where they can be reused by the trees 
and other primary producers. W ithout the microbial
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com munity the forest would smother 111 its own 
waste.

C. Succession
Change is the most fundamental characteristic o f eco
systems, and temporal change or development in eco
system structure and function can easily he observed. 
It is called ecological succession or simply succession, 
and is both the sequence ot plant, animal, and micro
bial communities that successively occupy an area 
over time and the process ot change by which the 
biotic communities succeed each other and bv which 
the physical environment is altered over time.

Succession is usually broken down into primary 
succession, which occurs in environments that lack 
organic matter and have not as yet been altered by 
living organisms, and secondary succession, which 
occurs in environments that have been modified by 
living organisms but in which some form of distur
bance has removed the previous community. O b v i
ously at this stage m the development o f the earth, 
secondary succession predominates.

Forest succession generally begins after fire, b low
down, forest harvesting, or the abandonment o f land 
from other uses. In the early stages physical conditions 
are demanding and the site is usually colonized by 
robust pioneer species. These may he grasses, herbs, 
shrubs, or trees, but they must be capable o f growing 
111 full sunlight, withstanding wide swings in tempera
ture and moisture availability, and tolerating infertile 
soil conditions. ( )vcr time the presence o f the pioneers 
modifies the environment. They provide shade, re
duce the amplitude o f temperature and moisture avail
ability, increase soil organic matter content and nutri
ent availability, and provide homes for animals, some 
of which begin to introduce the seeds o f new plant 
species into the community.

Gradually shade tolerant species begin to occur in 
the forest. These species, although they may be slower 
growing than the intolerant pioneer species, have long 
life spans and reproduce effectively in their own 
shade. They gradually begin to dominate the area 
and the community changes toward climax. Climax 
communities are relatively stable and prolonged 
stages ot community development.

C lim ax communities are characteristic o f the cli
mate in which they occur and the substrates on which 
they occur. In any climatic zone one climax commu
nity w ill occur 011 moist well drained soils, while 
quite different climax communities will occur on ex
cessively wet and dry sites. There may be a tendency 
tor wet sites and dry sites to move toward being moist

well drained sites; however, such change occurs over 
geologic time and is o f minor importance on a human 
time scale.

As the composition ot the plant community 
changes during succession, so does the composition 
o f the animal community. Some animals, e.g., rabbit, 
towhee. quail, grasshopper, prefer the earliest stages 
o f succession. Others, e.g.. deer, red cockaded wood
pecker, junco, prefer early to middle succcssional 
stage, while still others, e.g., spotted ow l, veery. 
marten, prefer late succcssional stages. Abundance 
and diversity also change during succession. W hite
tailed deer occur in all stages of forest succession, but 
they are much more numerous in early stages than at 
climax. In some cases diversity is greatest at climax, 
but commonly diversity is lower in both early and 
late succession and reaches a maximum in middle 
succcssional stages where pioneer and climax species 
overlap. The structure and function o f the microbial 
community also change during succession, blit this 
change is more difficult to observe than the changes 
in plant and animal communities.

The essence ofsilvicultur.il forest management is 
the control ot succession. Different tree species grow 
during different stages ot succession. Because some 
species grow faster, are more pest resistant, provide 
unique wildlife habitat, or produce wood with more 
desirable properties than others, foresters often wish 
to control succession. They do this by means of cut
ting, fire, herbicide, or other cultural practices so as 
to maintain .111 area in a particular stage o f succession 
for .1 prolonged time.

One o f the most common forest practices is to use 
clear felling and/or fire to maintain an area in a very 
early succcssional stage. This is done because pioneer 
species are fast growing and tend to occur in mono
specific stands that are easy to manage and utilize.
I lowever. some forests are managed so as to maintain 
them in a climax community for the production o f 
wood o f unique quality or the maintenance o f w ildlife 
habitat. In this case, management is necessary to m ini
mize the occurrence o f catastrophic fire, insect or dis
ease outbreak, blowdown, or other events that would 
naturally restart secondary succession on the area.

V. Applications of Forest Ecology to 
Natural Resources M anagement

Die principles of forest ecology have been applied, 
either knowingly or unknowingly, to human use ot 
the foiest for millennia. Whether our appreciation of



FOREST ECOLOGY
---------------------- 4 3 3

natural phenomena comes trom practical experience 
or intense study, mankind tends to apply any such 
appreciation to the control ot the environment in 
which it exists.

A. Classification and Mapping 
of Forest Ecosystems

In Roman times sites were classified on the basis of 
the most productive ecosystem they could support, 
and owners were taxed on that basis. This classifica
tion was based on gross features and, to an extent, 
those features were controlled by past management 
practices.

I he first classification systems constructed to neu
tralize the effects ot prior management practices were 
not developed until the late I'Jth century and were 
based on understory vegetation. These ecosystem 
classification schemes were valuable for understand
ing community dynamics and for management of 
forests in northern Europe, but they proved to be o f 
limited value elsewhere.

Subsequently, classification schemes based on po
tential, or climax, overstory, and present understory 
vegetation were developed in Europe and North 
America. These habitat type systems have proved to 
be useful for understanding community dynamics and 
are widely used in western North America. Their 
application to management has been less successful.

In eastern North America classifications based on 
soil characteristics are in common usage. These sys
tems may or may not contain an environmental or 
vegetative parameter. Complex systems containing 
environment.il, soil, and vegetative parameters are in 
use in Europe. T o a considerable degree, the nature 
ot the classification system used depends upon the 
scale at which management is conducted. In eastern 
North America and Europe where management may 
be carried out 011 ,1 scale of tens ol acres, soil-based 
systems are powerful and are employed. In western 
North America where management is carried out 011 

a scale ot hundreds or even thousands of acres, vegeta
tively based classifications mav be more useful.

B. Models for Management
Ecological models may be helpful in making manage
ment decisions. They have to date, however, proved 
to be more useful for increasing our understanding o f 
ecosystem structure and function than tor providing 
management direction.

Vital attribute models based on such parameters as 
tolerance to shade, drought, nutrient deficiency, and 
tire are valuable both for increasing our understanding 
ot successions] progression and tor the development 
ot management strategies in a variety ot forest types. 
These models have also been useful tor providing 
an insight into forest ecosystem responses to global 
change.

As forest management 111 particular and natural re
source management in general become more and 
more dependent 011 mathematical models, it becomes 
increasingly important that management models have 
.111 ecological component if not core. Steps toward 
more clearly functional ecological models are neces
sary if  economic aspects are not to dominate natural 
resources management.

C. Sustainability
The basic problem when considering sustainability is 
determining just what is to be sustained. It is rather 
simple to develop a strategy that w ill sustain the pro
duction of fiber from a forest at a variety of levels. 
Some ot these levels w ill not sustain the biological 
diversity ot the forest, while others w ill not sustain 
the employment level 111 the local wood using industry 
or the regional or national consumption ot wood 
fiber-based products. C learly 110 management scheme 
can be expected to sustain an optimal level ot biologi
cal diversity, employment, and production simulta
neously.

I lie answer to tins conundrum may lie in a diversity 
ot management strategies at a landscape scale. It may 
also require a reduction in the expected standard ot 
living, not only for forest resource-based com m uni
ties, but for all. It may be that by admixing areas in 
which biological diversity and productivity of fiber, 
recreational opportunity, etc., are maximized, we can 
approach an optimum level o f all outputs. Such an 
optimum would need to be couched in terms of both 
quality o f environment and quality ot life. Likely our 
expectations ot the revenue realized trom the sale and 
manufacture o f fiber-based products and our expected 
consumption o f such products would both need to 
be scaled downward.
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Glossary

B reeding  Applied scicncc ot systematic genetic im 
provement of a species or population. Measures for 
producing genetically better trees vary from leaving 
the best trees lor seed when stands are harvested (mass 
selection) to intensive hybridization and induction of 
polyploidy; genetics is the cornerstone o f a breeding 
program, but the principles o f other biological and 
physical sciences are also applied 
C lone Group of plants derived from a single individ
ual (ortet) by asexual reproduction. All members (ra- 
mcts) ot a clone have the same genotype and conse
quently tend to be uniform
Fibril angle Angle between the cellulose molecules 
in the ceil wall and the length axis o f the wood fibers; 
fibers with a small fibril angle are stronger 
P ro v en an ce  Original geographic source o f seed, 
cuttings, or scions. Other closely related terms are 
geographic race and seed source 
R o g u in g  Systematic removal ot undesired individu
als trom a population to prevent their reproduction 
Seed o rchard  Plantation consisting o f clones or 
seedlings trom selected trees, isolated to reduce polli
nation trom outside sources, and cultured for earlv 
and abundant production ot seed tor reforestation; 
forest seed orchards are often established while genetic

evaluation o f the material is under way; when results 
ot these tests are known, the undesirable individuals 
are rogned
Site index Measure ot the productivity o f a forest 
site; the index is equal to the average height o f the 
dominant and co-dominant trees at a standard age, 
usually 25 or 50 years
S om aclonal  variation Variation that often results 
when tissue culture is used as a means o f asexual 
propagation; this is particularly common if  the tissue 
passes through a callus stage

C jcn etic  improvement ot forest trees is concerned 
with the improvement ot growth, quality, pest resis
tance, and stress resistance ot forest trees and the 
maintenance ot a broad genetic base. This is achieved 
by means ol selective breeding, hybridization, clonal 
propagation, the induction ot somaclonal variation, 
and molecular genetic methods. In practice it needs 
to be combined with improved forest management 
practices to achieve the best results. Other areas o f 
concern include gene conservation and the mainte
nance o f  genetic diversity.

I. The Seed Orchard Approach  
to Forest Tree Improvement

A. Definition

I he seed orchard approach is particularly suitable 
when large quantities ot seed are needed to support 
extensive planting programs. In a newly established 
program the seed orchard approach consists o f mass 
selection o f outstanding trees 111 natural stands or plan
tations, the establishment of grafted or seedling seed 
orchards, establishing progeny tests from the original 
selections, roguing the orchards to the best clones or
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families, and finally making new selections within the 
best families to regenerate a breeding population.

Because the need for improved seed is urgent, seed 
orchards are usually established immediately even 
though the genetic value o f the selections remains 
unproven. The genetic worth o f a selection can only 
be determined by progeny testing because desirable 
qualities ot a tree result trom both genetic and envi
ronmental factors. There are a number o f genetically 
undesirable trees included in the orchards, a price paid 
m order to have seed available 15 to 2(1 years sooner 
than it the progeny testing is done before the orchards 
are established. Later as progeny tests results become 
known these undesirable parents are removed 
(rogued) from the orchards.

B. Tree Selection
1. Characteristics Desired in Trees
Not all organizations emphasize the same qualities 

m their selection program because these are deter
mined largely by the products they manufacture. 
What is true tor Douglas-fir (Pscudotsm’ii nuvzu'sii 
Franco) may not apply to eucalypts and traits desired 
by Christmas tree growers may cause serious prob
lems tor timber producers. Even so, manv character
istics are desirable for many species and users.

Usually one tries to improve several characteristics 
at the same time. They may include fast growth rate, 
good pruning ability, straight stem, horizontal 
branches, small branch diameter, small crown diame
ter, disease resistance, insect resistance, drought- 
hardiness. cold-hardincss, and wood properties ap
propriate tor the desired end use.

Since wood production is the usual objective o f 
growing trees, wood properties are special because 
they strongly affect the end product. Because require
ments differ by product there is no such thing as 
"good w ood" per se. One has to ask "good for w hat." 
O n ly  then can one define the wood qualities desired 
in a given species tor a given product. The single most 
important wood property is wood specific gravity. It 
is normally defined as the oven dry weight in grams 
divided by the green volume m cubic centimeters. It 
affects a wide range ot properties o f almost all wood 
products. Sometimes specific gravity is defined as 
wood density expressed m lbs/ft' or kg/nr'.

Desirable traits for urban trees differ a great deal 
from those tor forest trees. Most important are resis
tance to the harsh urban environment, air pollution, 
drought, soil compaction, and high salt concentra
tions. For street and vard trees, small to medium

mature size, good color and appearance and dense 
foliage are also important. For park and shade trees, 
large mature size and spreading crown with attractive 
and dense foliage are desirable.

Windbreaks also pose some special requirements 
such as drought resistance, dense low crowns, and 
tolerance to strong prevailing winds. In the devel
oping world, other traits such as the value ot the wood 
for firewood, the quality ot the foliage as fodder, 
and the nutritional value ot the fruit can be ot great 
importance. For agroforestry attributes such as small 
or open crowns and deep root systems are very bene
ficial. | St'C C u i  I IV AH D h V t . l  O l ’ M K N T .  ]

2. Tree Grading Systems
Although there are mam tree grading systems in 

use, most are similar. They can be roughly divided 
into two groups, comparison or check tree systems 
and individual tree systems. In the comparison tree 
system the superior tree candidate is graded against 
a number (5 to 111) ot the very best trees in the immedi
ate environment. These comparison trees serve as a 
measure ot the quality ot the environment. I he com
parison tree systems work best in plantations, not as 
well m even-aged natural stands, and not at all in 
uneven-aged stands or mixed species forests.

Individual tree selection systems can be as simple 
as phenotypic mass selection or as sophisticated as a 
multiple regression system. It a good data base (a 
thousand trees or more) is available, the latter system 
can be extremely useful. To develop such a system 
one needs measurements o f the trees to be selected 
such as height, diameter, straightness, crown charac
teristics and wood specific gravity. In addition, mea
surements are needed o f factors influencing these traits 
such as age, site index, and crown radius (a measure 
ot competition). By  means ot a multiple regression 
analysis one can develop a prediction equation and 
score trees on the basis ot the amount by which they 
exceed their predicted value.

Low  intensity selection ot a large number ot trees 
followed by open pollinated progeny testing is a via
ble option it a check tree or regression system is not 
applicable.

3. Maintaining a Broad Genetic Base
The rotation age of forest trees is long compared 

to the lire span or agricultural crops. It may be as 
short as 4 years in South America and over 200 years 
in boreal North America. I he breeding cycle varies 
similarly and may be one-quarter to one-halt of the 
rotation age. As a consequence forest trees are highly
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exposed to posts, pathogens, and environmental ex
tremes and it takes a long time to develop resistant 
strains. I lie best wav to safeguard against the disasters 
that have occurred occasionally in narrow based ag
ricultural crops is the maintenance o f a large breeding 
population (2tHi to I (It )l) parents) and a range ot geno
types in the trees used tor reforestation. The trees 
included m the production orchard can be a selected 
portion ot the total breeding population.

C. Seed Orchards
There are two major types o f orchards: vegetatively 
propagated orchards by either grafts or rooted cut
tings and seedling seed orchards. Both types o f or
chards have their advantages and disadvantages and 
the best approach depends on the species involved, the 
objective ot the orchards, and the local circumstances.
|Nee O r c h a r d  Manac;i:mkn i S y s t h m s . |

Occasionally attempts are made to combine the 
genetic testing and the production o f seed in one plan
tation to reduce exist. There are serious drawbacks to 
this procedure because the two functions are incom
patible. Progeny tests should be established at rela
tively close spacing 0 11 the type ot site one expects to 
grow the seedlings commercially. On the other hand, 
seed orchards require wide spacing, fertilization, irri
gation, and control of pests for optimum seed produc
tion. Under these circumstances growth, form, inci
dence ot diseases, and insects would be seriously 
altered making .1 satisfactory evaluation o f the genetic 
worth ot the progenies difficult. The procedure works 
best when only small quantities ot seed are needed or 
the species is an early and prolific seed producer. In 
this case the plantation can be originated as a genetic 
rest and then thinned to the best trees of the best 
families when sufficient genetic information is 
available.

1. Establishing the Seed Orchard
In planning a seed orchard two major decisions 

need to be made initially: its size and its location. The 
size is primarily a function o f the projected seed needs, 
and the expected seed production per tree. This of 
course varies greatly from species to species. Initial 
spacing depends very much on the type o f orchard 
and the species. In a seedling seed orchard ot an early 
flowering species the initial spacing could be 10 x 10 
tt. or closer, while in grafted orchards initial spacings 
of 30 X  30 ft. are common. Too close .1 spacing 
causes problems because it w ill be necessary to re
move trees tor flower production purposes, before

genetic information is available to help 111 deciding 
which trees should be removed, fu ll sunlight is man
datory tor seed production.

2. Seed Orchard Management
Seed orchard management is usually divided into 

two phases: the growth phase and the production 
phase. During the growth phase the emphasis is 
placed 011 establishing healthy, fast-growing plants, 
which quickly produce a large crown surface on 
which seed is produced. Irrigation, fertilization, insect 
and disease control, and control o f competing vegeta
tion are principal concerns during this period.

When the trees have obtained sufficient size, the 
emphasis is shifted to seed production phase manage
ment. During this phase the objective is to induce 
abundant flower production, obtain a high seed set, 
and carry the highest possible proportion ot the seed 
to harvest. T his requires a somewhat different fertil
ization regime, withholding water at critical periods 
o f time, and protecting the flower and seed crop from 
insects and diseases.

3. Seed Collection
Depending 011 the species and circumstances, seed 

collection is done either manually or mechanically. 
Manual seed collection requires some kind o f scaffold
ing or lift equipment when the trees get larger. Both 
the equipment and the labor can be quite expensive. 
In some species a tree shaker can be used to shake 
either the cones or the seed out ot the crowns. Either 
they are picked up from the ground by hand or a 
polypropylene tarp is laid on the orchard floor prior to 
shaking which is used to collect the seed mechanically.

D. Genetic Testing
Genetic testing must be done tor several different 
reasons. Some of the most common objectives are: 
( 1) to evaluate families for the purpose ot roguing 
seed orchards; (2 ) to establish plantings from which to 
make advanced generation selections; (3) tt) determine 
heritabilities and genetic correlations useful in im 
proving breeding procedures; and (4) to monitor ac
tual progress made. The genetic improvement in first- 
generation orchards is obtained in two steps. Step one 
is the mass selection that is practiced in the original 
forests. Step two is the progeny testing, followed by 
roguing o f the seed orchards. The step in which one- 
will get the greatest advance depends on how much 
of the variation is environmental and how much ge
netic. I f  most o f the variation is genetic there is little
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additional u;ain from progeny testing. It most of the 
variation is environment.il one can make substantial 
gains from progeny testing and roguing. Tliis is the 
situation for many characteristics of forest trees partic
ularly those related to volume.

Advanced generation selection is another major ob
jective ot progeny testing. In this step, progeny test 
plantations are screened on the basis ot characters 
desired and selections are made on the basis ot periodic 
measurements and data collected on specific individu
als or families within the test. Selections made in 
progeny test plantations are then grafted into scion 
banks. T hese scion banks provide seed tor further 
testing and scions for use in seed orchard estab
lishment.

E. Advanced Generation Breeding
1. Selection Methods
Index selection is the best technology currentlv 

available. Each tree is given a score based on us family 
and individual performance. Traits can be combined 
first using .1 multiple trait selection index composed 
of economic weights and genetic parameters. In its 
simplest form each trait is given a weight indicating 
iis relative economic importance. The index is then 
simplv the sum o f the weighted traits. A more elabo
rate version ot weights are derived by means ot a 
multiple regression method maximizing the genetic 
gam based on known economic weights and the geno
typic and phenotvpic variances and covariances 
among the traits. Each family is then given an index 
value based on its performance in relation to the plan
tation average. In addition, each tree is given .111 index 
value based 011 its performance in relation to the plot 
average. The final score is the sum o f both indexes. 
As .1 result, the best individuals from the best families 
are selected.

2. Breeding Groups
The purpose of breeding groups (sublines) is to 

avoid inbreeding in the seed harvested trom produc
tion orchards. This is accomplished by subdividing 
the total number ot trees in the breeding program 
into smaller groups. Controlled crosses are done 
within the breeding groups. I he breeding groups 
themselves w ill therefore become mlvcd a: .1 rare that 
can be carefullv controlled by the mating design. 
Trees within a breeding group are usually selected, 
for the same traits and belong to the same geographic 
seed source

The orchard needs to be designed 111 such a way 
that members o f the same breeding group are isolated 
from each other to the same degree as ramets trom 
the same clone to maximize crosses among unrelated 
parents. A m inimum ot nine breeding groups is 
needed to accomplish this although a greater number 
is desirable. More than one selection from a breeding 
group can be used 111 an orchard by assigning different 
selections from the same breeding group to different 
seed orchard blocks.

II. Natural Variation

Since most forest tree species have no previous history 
o f domestication, natural variation is still extremely 
important. T his includes geographic variation, cleva- 
tional races, stand to stand variation, and variation 
among individuals w ithin stands. There are two ways 
to studv natural variation. One can study it as it occurs 
111 nature, in which case one is dealing with both a 
genetic and environmental component which cannot 
be readiiv separated, or one can make genetic tests in 
one or more common locations ot seeds collected 
from different geographic areas to determine the ge
netic differences among the various seed sources and 
how they respond to being planted 111 different envi
ronments. In many species geographic variation is 
both one o f the most useful and most dangerous 
sources o f genetic variation available on a short term 
basis. B y  planting the right seed source at .1 given 
location a dramatic improvement 111 growth can often 
be obtained instantaneously, while planting the 
wrong seed source guarantees disaster. Provenance 
variation is different for each species and is important 
for both native and introduced species.

The genetic tests referred to as provenance tests are 
experiments designed to determine the geographic 
variation patterns, formulate rules to guide the move
ment o f seed. and. if  sampling is intense enough, 
pinpoint areas that produce the best seed for use in ,1 

given region. I11 .1 typical provenance test seeds are 
collected from several average trees 111 10 to 150 natu
ral stands scattered throughout the species range, kept 
separate bv stand (but usually not by parent), and the 
offspring are tested 111 replicated experiments planted 
at several different locations. Provenance testing has 
beer, a major means o f tree improvement particularly 
in the northeastern United States, some parts ot the 
wesr, and those areas of the tropics dealing w ith sub
tropical pines from Central America and the Carib 
bean. In general seed can be moved safely trom a dry
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area to more mcsic areas and trom southern origins 
to more northern areas (in the northern hemisphere). 
I he fastest growing provenances are usually found 
m the most favorable environments, and can be 
moved to other areas, but tend to require better sites 
and better care to maintain their superiority. In moun
tainous areas the local elevational race is generally best 
and elevational changes should not exceed 5(10 feet 
above or 1000 feet below the original source.

information about inheritance patterns need to be 
combined with the economic value of each trait, de
pending on the species concerned and the local cir
cumstances. For example, breeding tor resistance to 
fusiform rust in loblolly pine (P. hicilii L.) is very 
profitable in Georgia where the disease is extremely 
serious, but is at best marginal in Arkansas where 
fusiform rust causes onlv minor losses.

A. Stand to Stand Variation

Differences among stands within the same physio
graphic region are another source o f variation useful 
in breeding programs. The amount ot stand to stand 
differences as compared with geographic seed source 
differences varies trom species to species. For exam
ple, in eastern and western white pine (Piuus stiobus 
L.. P. inoiilicohi Dougl.) stand to stand differences in 
rust resistance are negligible because most o f genetic 
differences are associated with families. G row th rate 
in jack pine (P. IhiiiLsiana Lamb.), however, differs 
considerably trom stand to stand while within-stand 
differences are less.

B. Individual Tree Variation

In many forest tree species individual tree variation 
is the most important source o f variation for practical 
breeding programs. W ith tew exceptions, such as red 
pine (P. rcsinosti A it.), trees within a stand vary in 
almost every characteristic studied. Although both 
the variation and heritability depend on the trait, the 
species, and the environment some general patterns 
occur (see Fable 1). To determine breeding objectives

III. Use of Exotics

Exotics are defined as trees not native to the area 
where they are planted. Exotics have been successfully 
introduced into a forest economy where rather special 
conditions existed in regard to the native species. The 
native species, tor instance, may not have the desired 
wood qualities, may not be suitable tor plantation 
management, may not have the genetic variability 
necessary for successful breeding, or may be ot poor 
quality or vigor.

A. Donor and Recipient Regions

Although there obviously have to be some similarities 
between the climates ot the donor and the recipient 
region there are no absolute guidelines to follow. 
There are however some obvious pitfalls one should 
try to avoid: ( I )  Do not move a species or provenance 
from a uniform climate where both moisture and 
temperature are distributed evenly over the seasons 
to a geographic region that is subject to rather wide 
climatic variations. (2) Do not move trees from 
a Mediterranean climate to a continental climate.

TABLE I
Inheritance Patterns of Traits of Potential Economic Value in Forest Trees

Kange ot G enetic £.un
N um ber ot genes phenotypic obtainable

I rait I {irritability controlling trait values per generation

Height Lo w -m ed ium Large M ed ium M odest
1 >ianieter L o w Large Large Modest
Vo lum e L o w Large Large Modest
W oo d  specific gravity H ig h Large M ed ium M odest
Straightness M ed ium Large Variable Variab le
Disease resistance H ig h Few -m an y H igh H igh
Insect resistance L o w Few -m an y M ed ium L o w
Presence ot specitic m onoicrpenes in resin H ig h O n e- tew H igh H ig h
Presence ot specific phenolic com pounds 111 needles H ig h O n e- tew H igh H ig h
Uesin content ot wood M ed iu m M ed ium H igh H igh

Sotni t : Adapted from  van Buijtenen. J .  P. ( I ‘>S4). (iene tic  im provem ent of forest trees through selection and breeding. 
In “ Forestry H an d b o o k ." (K . I . W enger, ed.). pp. 457—INK. W ile y  c\ Sons. N .Y .
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TABLE II
Successful and Unsuccessful Interregional Tree Exchanges

1 )onor regions

Recipient region Successful'' Unsuccessful’'

U n ited  States C h ina  (west) Japan (H okka ido )
(northeastern) Eu rope (north) M ex ico

India (north) Scandinavia
Japan (H onshu) Siberia
Mediterranean basin U S A  ( S t  and S W )

nits. U S A  Pacific CCoast
R o cky  M ountains CCanada Pacific C Coast

British  Isles Hurope (north and 
west)

Asia (north)

Japan (m ountains ot 
I lonshu)

C China

M editerranean basin H im alayan M ts.
U S A  Pacific Coast Japan (low lands)
Canada Pacific Coast M ex ico

Australia Un ited  States 
(C California) 

U n ited  States (S l :.)

CChina (west)

South Africa U n ited  States 
(C California) 

U n ited  States (S L )  
Australia

United States ( N D

South Am erica Un ited  States (S L ) 
Australia

Sonne: Adapted from  W rig h t. |. W . ( l ‘>62). (icnetics ot’ torest tree 
im provem ent. F A O  Forestry and Forest Products Studies N o. !t». 
FA C ). Rom e. ,VW pp.
' These results .ire som ewhat species specific.

(3) Do not move trees between elevational extremes. 
A change in elevation, however, can be compensated 
for to some extent by a change in latitude. (4) Do not 
move trees that are adapted to an alkaline soil to an 
acid soil and vice versa. Table II gives some examples 
o f successful and unsuccessful combinations o f donor 
and recipient regions.

Some ot the species most widely used as exotics 
are the eucalypts, Monterey pine (P. radiata D . Don), 
slash pine (P. clliottii Engeim var. elliottii), loblolly 
pine, Caribbean pine (P. caribaea Morelet), and 
Douglas-tir.

IV. Hybridization

Hybrids have usually been made for the following 
reasons: to obtain hybrid vigor, to introduce pest 
resistance from one o f the parents, to introduce cold- 
hardmess from one ot the parents, or to improve 
wood quality. Hybridization must be combined with 
selection ot individuals within each species for cross

compatibility and genetic control o f the trait to be 
improved. This selection can increase consistency ot 
seed yield and performance ot hybrids.

Hybrid vigor would be expected in cross-pollinated 
forest trees which includes the majority ot torest spe
cies in the northern hemisphere. It has indeed been 
found, but it has been uncommon and unpredictable. 
It is also highly dependent on the environment in 
which the trees are grown. The hybrid Populus trcniula 
Mich x P. treiuuloides L., for example, shows hybrid 
vigor when grown in Sweden, but is intermediate 
between its parents when grown in Wisconsin. Fur
ther examples o f successful hybrids in the United 
States include hybrid larch Liirix leptolepis (Sieb. and 
Zucc.) (lord, x L. decidua M ill, various hybrid pop
lars. and the hybrid between P. attcnuata Lenmi. and 
I ’ radiata 1). Don. The most intensive use ot hybrids 
has been for amenity plantings. Their use in forestry 
applications has been rather limited. Examples are the 
use o f hybrid poplar in the Facitic Northwest and 
eucalypts m South America and Africa. Disease resis
tance can be predictably introduced by hybridization. 
Following are a number ot examples: (1) One species 
is more resistant to a disease than a closely related 
one. Interspecific hybridization may be useful here. 
For example, Platainis occidentalis L. x P. oricutalis L. 
is widely planted in cities because ot greater resistance 
to anthracnose disease. (2) One geographic race ot a 
species is more resistant to a particular disease than 
another, in such a case interracial hybridization could 
be very profitable. For example, crossing East Texas 
loblolly pine, which is resistant to fusiform rust, with 
Florida loblolly pine, which is highly susceptible to 
fusiform rust. (3) Several diseases have been intro
duced into North America from the Eurasian conti
nent. Since Eurasia and North America have been 
separated by the Atlantic Ocean for about 200 million 
years, the North American species have no, or lim 
ited, resistance to these pathogens. Asiatic species do, 
however, and are the best source of resistance. Classi
cal examples of exotic diseases are white pine blister 
rust, chestnut blight, and Dutch elm disease. The 
hybrid P. wallichiaua A. 15. Jacks, x P. strolms L. tor 
example is resistant to blister rust. (4) Cold resistance 
can be introduced by hybridizing a southern and a 
northern race o f the same species or two related spe
cies differing in geographic range The hybrid be
tween P. rigida M ill, and P. taeda L . so successful in 
Korea, is a good example. This hybrid also looks 
promising at the northern edge ot the loblolly pine 
range in the eastern United States.
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Improvement ot wood quality through hybridiza
tion is rare. One ot the tew examples is the hybrid 
between /.. </enJiM M ill, and /.. Icptolcpis. It has .1 

higher wood specific gravity than either parent.
I he reason tor the limited application ot hybridiza

tion in forest trees is the high cost ot producing hy
brids on a large scale. This can be overcome in cases 
where labor cost is low, such as, e.g.. in Korea or 
by the availability ot vegetative propagation methods 
such as 111 the poplars. It in vitro propagation tech
niques become available at a competitive cost, we 
might see a much greater application o f hybridization 
in forest trees.

V. Clonal Forestry

Clonal forestry is the most intensive application ot 
genetic improvement methods to forestry operations. 
It consists o fthe  mass propagation o f a few highly 
selected genotypes by vegetative means and deploy
ing these trees 011 .111 operational scale. Poplars are 
extremely easy to propagate vegetatively and poplar 
hybrids have been vegetatively propagated and 
planted for half a century or more. They have been 
used very extensively in northern Europe and China. 
This has been the main method o f propagation o f 
( 'ryptoincridjiiponiui (Japanese redwood) tor hundreds 
of years and is now a major method used with ouca- 
Ivpts. |.See Pi a n  i P r o p a g a t io n . |

Monterey pine is being propagated vegetatively in 
N ew  Zealand, using a very sophisticated process.
I hey begin by selecting the very best individual 
crosses. Seeds from these crosses are cultured 111 tissue 
culture and a limited number o f propagules are estab
lished from individual embryos. These clones then 
are further propagated in the nursery by conventional 
rooted cuttings. The climate in New  Zealand is so 
favorable, and Monterey pine roots so easily, that 
cuttings can be rooted directly in the nursery bed. 
These plants are then used tor reforestation purposes. 
In this case the vegetative propagation is used to mass 
propagate individual outstanding full-sib families. 
Eventually, when the multiplication rate is no longer 
limiting, it should be possible to extend this to indi
vidual clones.

N orw ay spruce (Picca allies (L.) Karst) is propagated 
vegetatively trom rooted cuttings both in northern 
Europe and C !anada. Recently it has become feasible to 
propagate N orw ay spruce via somatic embryogenesis 
although this is not being applied yet on an operational 
scale.

Age (years)

FIGURE 1 1 1 k *  moan .imui.il increm ent (m ' li.i 'v r )  ot littuilyptus
plantations o f  three types. |From  Ikem ore, Yara K iem i. M artins. 
Francisco C a n d  /o b c l. Bruce. 19S6. “ T he  Im pact ot Accelerated 
B  reed ini; on W ood  Properties’' 18th IU I  K O  W o rld  Congress, pp. 
35‘>-.V>5. |

I he biggest success story is the work that has been 
done in Brazil and Africa with eucalypts. Using a 
combination of selective breeding and vegetative 
propagation it has been possible to raise the yields 
from about 25 cubic meters per hectare per year to 
7< I cubic meters per hectare per year (see Fig. I ). There 
are some risks in doing this and the best strategy tor 
deploying genetically improved clones is still a matter 
ot some controversy. Clonal forestry can be the most 
extreme form o f monoculture, carrying the maxi
mum risk o f destruction ot these forest stands by pests 
and environmental extremes. This risk can be reduced 
by deploying multiple clones either in blocks or in 
mixture. This is an exciting area in forestry and one 
can expect to see many innovations in the near future.

VI. Breeding for W ood Properties

Since wood is usually the ultimate product there is 
an outstanding opportunity to improve the quality ot 
the wood through breeding particularly since most 
wood properties are very strongly inherited. [.See 
W oo l) P k O I’HR I 1HS. I

A. What Is Good Quality?

This is a difficult question to answer. Some ot the 
pioneers in forest tree improvement asked managers
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ot forest products industries what properties they de
sired in wood, and were unable to obtain helpful 
answers to that question. It was not until the 1970s 
that breeders learned to ask the right questions. There 
is a very wide range o f products made out ot wood 
and it is therefore necessary to define wood quality 
in terms o f the final product. Wood that is good for 
furniture is not necessarily good for the manufacture 
o f  paper bags, and wood that makes paper bags may 
be useless for tissue paper.

Another difficulty breeding for wood is the long 
time horizon a tree breeder faces. In the southern 
United States there is about a 50-year interval between 
the time a particular seed orchard is started and the 
time the trees resulting from this orchard will be har
vested. This time interval is considerably less in the 
tropics, but can be considerably longer in subalpine 
and boreal climates such as parts ot Canada. Sweden, 
and Finland. During such long periods ot time the 
demands ot the market can change a great deal, as 
well as the technology used in the manufacture ot the 
final product. A lot o f products on the market now, 
such as flake board and oriented strand board, did not 
exist 25 years ago. Neither did new pulping methods 
such as thermomechanical and chemithermomechani- 
cal pulping. In most circumstances it is therefore pru
dent to develop a general purpose tree that has wood 
that is useable for a wide range ot products rather 
than a very specialized end use.

B. What Are the Most Important 
Wood Properties?

The single most important wood property is wood 
specific gravity (wood density). It affects virtually 
all products that can be made from wood from the 
strength o f timber, to the ease o f machining wood 
for furniture, to the quality o f pulp and paper. The 
uniformity within the growth ring is also quite im 
portant. Some species such as poplars, spruces, and 
white pines have a rather uniform wood with a limited 
contrast in density within the growth rings, while 
other species such as Douglas-fir. larch, the southern 
pines and tropical pines have a large contrast in the 
specific gravity ot the early wood and the latewood. 
Ir is this contrast that gives rise to the conspicuous 
growth rings in these species.

Other traits o f importance are fiber length, fiber 
diameter, fiber w all thickness, fibril angle, chemical 
composition, compression wood, heartwood. and 
heat ot combustion Table III indicates how these

TABLE III
Tree Traits Affecting W o o d  Product Quality0

Tr.iit Effect on product quality

Stem  straightness 

(■ood natural pruning

Sm all branch si?c 

Horizontal branch angle 

H igh  w ood  specific g rav ity

H ig h  sum m erw ood  percentage 
(in com lers)

I ong cells (fibers ami 
tracheids)

I Inck cell walls

i o\\ lih ril angle 
H ig her tiber strength

Spiral grain

better lum ber recovery both 
in grade and quantity 

H igher pulp vield/cord ot 
wood

Hewer knots resulting in 
higher lumber quality 
(except specialty uses) and 
fewer rejects in the pulping
process 

Sm aller knots, less reaction 
wood

Sm aller knots, less reaction 
wood

H igher pulp yield: higher tear 
factor: low er tensile 
strength; low er burst factor 

I hg licr pulp yield; higher tear 
factor; low er tensile 
strength; low er burst factor 

H igher tensile strength: higher 
burst factor: higher tear 
factor; poorer sheet 
formation 

H igher tear factor: lower 
tensile strength: low er burst 
factor 

I lig lier fiber strength 
I lig lier tear factor; higher 

tensile strength, higher burst 
factor 

W arped lumber

''S e e  van Utujtenen. I 1’ . (1 'M ‘J). Relationships between wood 
properties and pulp and paper properties Proceedings, Second 
W o rld  Consu lta tion on Forest Tree Breeding. W ashington. IK ' ,  
August 7 - l(i. FO - F  I !$-(>'> 4 5. I ll  pp.

wood properties influence some of the important 
wood product properties.

Since wood specific gravity is so important it de
serves a little further discussion. It is a very complex 
trait. Several components contribute to it such as the 
proportion o f early wood and latewood, the fiber wall 
thickness in both the earlywood and latewood, the 
lumen diameters, and the presence ot extractives in 
the wood, as well as the specific gravity ot the cel! 
wall material itself. W ood ot high specific gravity is 
generally stronger. It takes more energy to machine 
it. chip it. or make it into groundwood. On the other 
hand it produces a higher yield ot pulp, with greater 
tearing strength but lower bursting and tensile 
strengths. B y  refining or beating the pulp longer, 
however, it is often possible to obtain a better combi
nation ot tear factor and bursting strength with a high
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FIGURE 2 Relation between tensile strength and tear factor tor w ood  ot constant specific g rav ity  As w ood  specific g rav ity  increases 
a better com bination o f  high tensile strength and high tear factor can be obtained. |From  van liu ijtenen. | I'. (1986). "Q u a li t y  Impacts 
on Pu lp  and Paper P ro d ucts ." l ’aper presented at F P U S  M arke tin g  and Managem ent Conference. Ft. W orth . I exas. M arch  IH-2<>. l ()8(>.|

specific gravity wood. This is important for certain 
grades o f paper such as a multi-wall sack paper (see 
Fig. 2). '

Wood specific gravity is generally inherited very 
strongly. For conifers heritabilities ranging from 0.22 
to 0.84 have been reported. This makes it very easy 
to manipulate genetically. Although it would be easy 
to breed tor wood specific gravity per se, this is not the 
usual approach. Norm ally the use o f index selection is 
the preferred method where wood specific gravity is 
one ot halt a dozen or so traits that are being improved 
simultaneously.

In hardwoods most o f the work has been done with 
poplars and eucalypts. Specific gravity in these genera 
appears to be inherited as strongly as in conifers. In 
some o f the clonal forestry programs dramatic prog
ress has been made in improving wood specific grav
ity. Other wood properties are also strongly inher
ited. Their improvement is not as often adopted as 
an objective in tree breeding programs, because they 
do not have as strong an effect on the end product as 
wood specific gravity and they generally arc much 
more expensive to manipulate. This is particularly 
true tor individual fiber properties.

V II. Biotechnology and Forest 
Tree Improvement

Biotechnology is likely to benefit genetic im prove
ment ot trees more than that ot crop species because

o f the extremely long generation times o f trees. While 
corn breeders can complete at least three generations 
per year, tree breeders require from 15 to 25 years to 
complete one generation. To  accelerate the breeding 
cycle two complementary approaches are practiced. 
One is to shorten the period to flower induction or 
bypass it altogether. The other is to shorten the period 
needed to test and evaluate the trees. Considerable 
progress has been made in inducing flowering by ap
plication o f gibberellins in conifers and by growing 
trees in oversized greenhouses or with special treat
ments. Early testing methods have been effective in 
eliminating undesirable trees at an early age.

Genetic engineering techniques would make it pos
sible to bypass the sexual process altogether and intro
duce foreign genes directly into the genome. This 
would be particularly useful for traits which are con
trolled by a limited number o f genes, which seems 
to be the case in many forms o f resistance breeding. 
M arker aided selection would be particularly useful 
to shorten the selection phase. This could be especially 
helpful for selecting genes or gene complexes that are 
expressed in the later part ot the forest rotation. It 
genetic linkage can be established between the marker 
and such a gene it could be selected for at the embryo 
stage if  necessary. It would also be possible to use 
these markers to move blocks o f  genes from one spe
cies to another by hybridizing the species followed 
by backcrosses. It has already been shown in some 
crops that the number o f backcross generations 
needed to successfully do this can be reduced trom
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six or seven to two or three generations. In vitro prop
agation techniques are essential to make genetic engi
neering techniques practical. Since most o f  the trans
formation is done in tissue culture with single cells, 
techniques need to be available to regenerate whole 
plants from single cells. Unfortunately most forest 
trees are rather recalcitrant in this respect and. al
though intensive studies are under way, operational 
success has not yet been achieved.

O ther techniques such as somaclonal variation, in 
vitro selection, and protoplast fusion have long range 
potential tor forest trees, but their adoption in applied 
tree breeding programs is still a decade or more away.

VIII. Effect of Forest Tree Improvement 
on Forest Operations

Analogous to the experience in agriculture the use o f 
genetically improved material and the application o f 
more intensive silvicultural practices are closely inter
twined. One cannot be fully effective without the 
other. One o f the most visible changes has been the 
large increase in forest nurseries operated by major 
industries. Th irty  years ago most of the forest nurser
ies were operated by state and federal agencies. There 
has also been a noticeable increase in the efficiency of 
seed use, largely driven by the cost and scarcity o f 
the best genetic materials. The number o f seedlings 
obtained from a pound o f seed lias increased by at 
least 25%  in the last 15 or 20 years. Another innova
tion, largely pioneered by the major industries, is the 
planting ot trees in single family blocks. This opens up 
the possibility ot matching specific families to specific 
sites, in much the same way foresters match specific 
species to specific sites. This in turn has made it neces
sary to intensify the forest inventory systems to be

able to track these individual families, thus building 
the data base necessary to do a good job o f matching 
families and sites, since the genetic tests performed 
by the breeding programs give only a limited amount 
of site specific information.

Clonal forestry takes this concept one step further. 
Not only is it now possible to match an individual 
clone to a specific site, but it is even possible to match 
an individual clone with a specific product. This is 
particularly true in tropical countries where rotation 
ages are short. The type o f work done in Brazil can 
be carried out in a time span short enough to keep 
up with changing market demands and although it 
luav not be possible to breed for specific products in 
the long run. it is fairly easy to select specific clones 
out o f a large population that are particularly well 
suited tor individual products now o f major impor
tance.

There are some environmental concerns about these 
approaches, and it is not clear how these concerns 
will be resolved in the future. It is likely that the 
multiple use concept will become obsolete and w ill 
be replaced by a more specific use concept such as in 
agriculture. The primary use for some forests could 
be wilderness, others could be for protection of envi
ronmentally sensitive areas, such as steep mountain 
sites, while others could be devoted to the intensive 
culture o f domesticated trees and production of desir
able wood at a low cost. |6'<r F o k k s t  E c o l o g y ; Sn vi- 
c u i  i u k i.. |
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Glossary

Electron  transport system  Multicnzyme system 
that transfers electrons produced during respiration 
through a series of oxidative steps to ultimately react 
with molecular oxygen releasing energy, a large por
tion ot which is conserved in physiologically utilizablc 
phosphate-bond energy
E n z y m e  Protein produced by functional cells that 
catalyzes specific biochemical reactions 
M em brane Selectively permeable boundary inside 
tile wall and around organelles within the cell com
posed ot proteins, lipids, and carbohydrates in various 
ratios depending 011 the type ot membrane; mem
branes may have functional and barrier properties and 
are involved in many cellular processes including 
transport ot chemicals, energy conversion (e.g., oxi
dative phosphorylation), and biosynthesis 
M etabolism  Sum ot biochemical processes in living 
organisms that provides energy, builds functional 
matter and structural components, and breaks down 
macromolecules into simpler substances for spe
cific uses
M etabolite Any product o f metabolism 
O xid ativ e  phosphorylation C hemical reaction 
that is coupled to the electron transport system captur
ing the energy released from that system 111 the forma
tion of adenosine triphosphate (A T P ); this energy is 
subsequently available for cellular processes

Fungicides are antifungal chemicals used primarily 
to control fungi that cause diseases. The term "fung i
cide" usually applies to compounds that reduce the 
incidence o f plant diseases, and that is the context in 
which the subject matter is discussed in this article. 
Fungicides may be grouped by chemical class or by 
fungicidal mode o f action, which is the toxic mecha
nism by which a given compound affects fungi. Fun
gicides may be applied to soil prior to planting, seeds, 
established plants, and harvested products to prevent 
diseases. Certain fungicides may be applied to plants 
to eradicate infections. Postharvest uses serve to re
duce infections that impact storage, shipment, and 
shelf life. Fungicides, in con junction w ith nonchemi
cal pest control methods, are necessary tor farmers 
to prevent yield losses and tor consumers to assure the 
availability, at reasonable prices, o f varied agricultural 
products that are free from microbial contamination.

I. Overview  of Fungi That Cause  
Plant Diseases

Fungi belong to the kingdom Mycetac. They are 
small, usually microscopic, lack chlorophyll, and 
have cell walls that contain chitin, cellulose, or both. 
Most fungi have a vegetative body made up o f fila
ments (mycelia or liyphae). They are eukaryotic, 
which means that their hereditary information is ear
ned in .1 defined nucleus located within the cellular 
structure. Fungi reproduce prim arily by sexual or 
asexual spore production. Classification ot the fungi is 
mainly based 011 morphological characteristics. There 
has been discussion if  the organisms in one class, the 
Ooniycetes. are true fungi or whether they should be 
in an entirely different kingdom. For the purposes of 
this chapter, the Ooniycetes, which cause diseases 
such as downy mildew and potato late blight, w ill be 
regarded as fungi.

Encyclopedia o f Agricultural Science, I ’olutne 2 Copyright c 1994 by Academic Press, Inc. All rights of reproduction in any form reserved.
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There arc about l()l),( XX) known fungal species. Ap 
proximately 50 cause diseases in humans, 50 in ani
mals, and 8000 in plants. Disease-causing fungi arc 
frequently referred to as pathogens or pathogenic 
fungi. As many as 50 different fungi can cause disease 
in one plant species. The fact that tungi are quite 
small, making individual organisms difficult to see 
without a microscope, is probably the reason they 
were named for the disease symptoms they cause. 
Thus, we have rusts, smuts, powdery and downy 
mildews, blasts, rots, scab, and so on.

Infection by tungi interferes with the normal physi
ological function o f the host plant and can cause great 
reduction in yield and product quality. Some tungi 
produce toxins in plants, making the attcctcd plant 
materia] dangerous tor human and animal consump
tion. These tungal-produced toxins, know as myco- 
toxins, mav cause cancer and be nerve and organ 
(e.g., kidney and liver) poisons. In addition, many 
plants, in response to contact with a tungus, torm 
antifung.il compounds called phvtoalexins. These 
phytoalexins may be toxic to humans and animals.

The incidence o f plant disease is dependent on the 
presence o f specific factors, referred to as the disease 
triangle. A susceptible host, pathogenic organism, 
and suitable environment must be present tor disease 
to occur. Host plants can vary in susceptibility (be 
disease tolerant), and the pathogen may not be present 
when the host is most susceptible or when the climatic 
conditions are suitable. Clim atic conditions (moisture 
m the atmosphere, in soil, and on plant surfaces in 
addition to optimum temperatures tor infection and 
disease development) may explain why some geo
graphic regions are much more likely to experience 
crop loss due to fungal infections. Generally, it host 
and pathogen are present, the amount and distribution 
ot moisture over a given period ot time can be closely 
correlated with the occurrence o f many diseases. Fun
gicides are used together with nonchemical disease 
controls to reduce damage from fungal infections. 
However, proper use ot fungicides is dependent on 
understanding the interaction o f the disease triangle 
components and the progress o f disease development 
(epidemiology). This article discusses fungicides that 
are currently in use and those that mav be available 
in the near future. Current regulatory requirements 
tor maintaining registered uses o f these chemicals 
could impact their future use and availability. jSee 
P l a n t  P a i h o i o i ;v . |

II. Surface Protectants

All the fungicides discussed in this section must be 
applied to agricultural commodities prior to fungal

infection. Because they are not absorbed or translo
cated by the plant, they serve only for prophylactic 
use. Generally, they are reasonably effective in con
trolling a broad spectrum o f disease, and their multi
ple effects on pathogens has led to their classifica
tion as broad spectrum, multisite, surface protectants 
(Table 1).

A. Inorganic Fungicides

Sulfur, one o f the oldest fungicides, is still widely 
used. While sulfur is used to control pests other than 
fungi, this discussion w ill focus on its use as a fungi
cide. A primary reason for the continued use ot sulfur 
is its low cost. 1 )isadvantages include the limited spec
trum of diseases controlled, phytotoxic effects to 
some plant species, and the large quantities required 
Elemental sulfur is prim arily used to control powdery 
mildews, but also shows some efficacy in preventing 
certain rusts, fruit rots, and leaf blights. A lime—sulfur 
spray may also be used tor these diseases. Although 
there are various theories on the toxic action ot sulfur, 
the strongest scientific evidence supports its effects on 
the fungal electron transport system at a site between 
cytochromes b and i. Electrons normally utilized in 
oxygen reduction are used in sulfur reduction instead. 
As a result, sites o f energy conservation are bypassed. 
Although the primary mechanism o f toxicity is attrib
uted to this interference with energy production, reac
tions with other cellular components, such as pro
teins, may contribute to the overall effect.

The only other inorganic fungicides to play a major 
role in disease control are copper-containing com
pounds. B y  adding lime to copper sulfate, the phyto
toxicity o f copper sulfate is reduced and copper serves 
as the fungitoxic moiety in this preparation known 
as Bordeaux mixture. Actually, there are various Bo r
deaux mixtures resulting from a variety o f ratios of 
lime to copper sulfate to water. Bordeaux mixtures 
are used to control downy mildews, leaf spots, an- 
thracnoses, cankers, and blights. Other copper fungi
cides (fixed coppers) have been developed in efforts 
to avoid the phytotoxic effects o f Bordeaux mixtures; 
however, these compounds are generally less effective 
fungicides. The cupric ion is the fungitoxic compo
nent o f Bordeaux mixtures and other inorganic cop
per fungicides, l ittle biochemical specificity exists for 
the cupric ion. and its success as a fungicide relies 
on greater exposure ot fungal rather than plant cells. 
Cupric ions probablv bind to groups on the cell sur
face inhibiting enzymatic processes and causing mem
brane damage, which results in leakage ot metabo
lites.
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TABLE I
Surface Protectant Fungicides

t lass Example 1 arger sice Primary uses

Inorganic Sulfur Electron transport Powdery mildew ot fruit
Horde.mx mixture Membranes, many Downy mildew of fruits and

t )rgamc
fixed copper enzymes vegetables

1 )ialkyldithiocarbamatc I !iir.im M ain enzymes Soil-borne and foliar diseases of 
main crops

hthvlenebisd it ha carbamate M i neb 1 Ino] groups Manv diseases ot fruits and 
vegetables

Quinone 1 )ichlonc Electron transport, thiol 
groups

Seed treatment; in.my diseases 
ot fruits and vegetables

Phthalimide C \ipt.in Thiol groups Seed treatment; many diseases 
ot fruits and vegetables

lsophthalonitrile C ihlorothaioml 1 hiol groups Many diseases ot wide crop 
variety

1 riazine Anilazine 1 hiol groups Turf and vegetable diseases
( \itiomc surfactants I )odine Membranes and enzymes bruit tree diseases
( >rganotin I riphenyltin ( Xxidative phosphorylation Pecan diseases
N itrobcnzene Quintozene Hydrophobic regions Soil-borne diseases o f many 

crops

6. Organic Surface Protectants

Since the dithiocarbamates were introduced for use 
almost ,1 half century ago. they have remained an 
extremely widely used and important group o f fungi
cides. The dithiocarbamates are divided into two 
classes, the dialkyldithiocarbamates and the mono
alky ldithiocarba mates. The dialkyldithiocarbamates 
are derived trom secondary amines. They include thi- 
ram, ziram, and ferbam. These compounds arc used 
to control soil-borne and foliar diseases on a wide 
variety ot commodities. In biological systems, these 
compounds undergo many reactions, making a pre
cise determination ot their primary mode of action 
extremely difficult. They inhibit a variety of enzymes.

The monoalkyldithiocarbamates are derived from 
primary amines. Zineb, maneb (fig . 1), and manco-

[ ss
II H H II I

- S - C - N - C H 2-CH 2- N - C - S - M n - J

Maneb

0

[I J ^ n - s - c c i3 

o
Captan

c r y  c n
Cl

Chlorothalonil Quintozene
(PCN B)

FIGURE 1 Examples ot surface protectant fungicides.

zeb arc the prominent members ot this class. Because 
they are derivatives ot ethylenediamine, they are re
ferred to as the ethylenebisdithiocarbamates (E B D C ).  
These fungicides control a wide variety ot diseases 
including leaf spots, rots, and blights o f  vegetables, 
fruits, flowers, turf, trees, and shrubs. The fungitox- 
icity o f the E B D C s  has been attributed primarily to 
the capacity o f these compounds to generate isothio- 
cyanate, which inactivates sulfhydryl (thiol) groups 
of enzymes and metabolites in cells. However, addi
tional sites o f action analogous to those ot the dialkyl- 
dithiocarbamates cannot be overlooked.

Quinones are present naturally in many plants and 
are considered part o f the plant's natural defense sys
tem. Dichlone is a synthetic qumone developed as a 
seed treatment and also used for a variety o f diseases 
that occur on fruits and vegetables. T w o  mechanisms 
appear to be involved in fungitoxic action: ( 1) binding 
to thiol and amino groups and (2 ) interference with 
electron transport.

Captan (Fig. 1), the best-known of the phthalimide 
fungicides, was introduced in the early 1950s. It is 
used as a seed protectant tor many crops; as a spray 
to control a variety ot diseases on fruits, vegetables, 
ornamentals, and turf; and as a postharvest dip for 
certain fruits and vegetables. The interaction o f captan 
with fungal cells leads to a rapid decomposition o f the 
fungicide. The predominant initial reaction involves 
low-molecular-weight cellular thiols. W hile this reac
tion is an important detoxication mechanism, the 
depletion o f the cellular pool ot thiols is a primary
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factor in fimgitoxic action resulting in deficiencies 
in critical metabolites and the inactivation o f  thiol 
enzymes by auto-oxidation.

Chlorothalonil (Fig. I) is effective in controlling a 
broad range ot diseases on field crops, fruits, vegeta
bles, ornamentals, and turf. Although the chemistry 
ot this compound is different from that o f captan. the 
mechanism o f fungitoxicity is quite similar. Initial 
reactions with fungal cells involve soluble thiols, but 
concurrent reactions with cell-bound thiols continue 
after the soluble thiol pool is depleted. Thus, the fi.111- 
gitoxicity ot chlorothalonil is attributed to the inacti
vation of low- and high-molecular-weight thiols.

Anilazine is another broad-spectrum surface pro
tectant that acts by a mechanism similar to that o f 
captan and chlorothalonil It is used mainly for control 
of turf and vegetable diseases.

Cationic surfactants, such as dodine. are toxic to 
fungi and bacteria. Their low cost and dependability 
has kept them on the market despite the availability 
ot more potent fungicides. Dodine is mainly used to 
prevent diseases o f fruit trees. The biological activity 
ot cationic surfactants is dependent on the presence 
ot a charged group and length o f the hydrocarbon 
chain; the charged group is directed to an anionic or 
polar site while the hydrocarbon chain binds to a 
nearby hydrophobic region. Norm al membrane func
tions and enzyme actions are likely to be disrupted 
as a result.

W hile various organotins are effective antifungal 
agents, only the triphcnyltins are used as agricultural 
fungicides. They are important in disease control on 
pecans and a variety ot other commodities. Oxidative 
phosphorylation appears to be a primary target o f 
action, but there are numerous effects 111 fungal cells 
indicating multiple sites o f sensitivity.

Quintozene (l’C N B )  (Fig. I) is used to control a 
number ot soilborne fungal diseases. F’C N B  and sev 
eral other fungicides, including dichloran. probably 
bind to hydrophobic regions o f the fungal cell and 
interfere with a variety ot processes such as membrane 
function and cell division.

III. Systemic O rg anic Com pounds

In the nud-l%Os, a new era o f plant disease control 
emerged with the introduction o f systemic fungicides 
(Table II). In contrast to the surface protectants, these 
chemicals penetrate into a plant, withstand the plant's 
metabolism, and are more selective in toxicity. A 
systemic fungicide usually does not control as broad

a range ot fungi as surface protectants. One ot the 
major advantages ot systemic fungicides is that they 
can be applied after infection has occurred since they 
are internally therapeutic. This quality makes them 
very valuable in integrated pest management ( IP M ) 
programs. Another feature that differentiates these 
fungicides from the surface protectants is their in
creased specificity as far as their modes o f toxicity are 
concerned. These fungicides inhibit one or several 
related metabolic sites as opposed to the surface pro
tectants. which interact with a number ot biochemical 
sites. While the site specificity reduces the risk ot 
nontarget effects, it increases the possibility o f selec
tive resistance development 111 the fungal population.

The carboxamide fungicides were the first system- 
ics introduced. These fungicides are used primarily 
on grains for the control ot smuts, rusts, and a number 
o f other diseases. Carboxin (F ig .2) is the best known 
of this group. I hese compounds block the transfer 
of electrons from succinate to ubiquinone in the m ito
chondrial electron transport pathway and thus inter
fere with energy production in the fungal cell.

Benzimidazolc fungicides are effective against a 
wide range o f fungi. Their disease control qualities 
are related to surface protection as well as penetration 
into local tissue. Fungicides 111 this group include 
bcnomyl (Fig. 2) (which undergoes transformation 
to carbendazim). thiabendazole, and thiophanate- 
mctlivl. Benznnidazoles bind to tubulin and inhibit 
formation ot microtubules. Since microtubules are 
essential in a number ot cellular processes such as 
mitosis and liyphal extension, this inhibition effec
tively curtails fungal growth.

The dicarboximide fungicides include vinclozoim, 
iprodione (Fig. 2), and procymidone. They are used 
to control a number o f diseases on vegetables, fruits, 
and ornamentals. Although laboratory studies have 
shown they may be translocated in plants, in actual use 
they are applied as surface protectants. Their primary 
mode ot action is not clear, although several second
ary effects have been determined. I hese include inter
ference with nuclear function, membrane damage, 
and effects on motile function.

Flic phenylamidc fungicides are specific for control 
of fungi in the taxonomic class called Oomycetes. 
Many ot the fungi causing foliar, root, and crown 
diseases are in this class. D ow n y mildews and late 
blight aie well-known examples. The phenylamidc 
fungicides are composed ot three groups: acvlalanines 
(mctal.ixvl (Fig. 2). turalaxyl. and bcnalaxyl) oxazoli- 
dinones (oxadixyl); and butyrolactones (ofurace and 
cyproturam). These compounds are effective through
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TABLE II

Systemic Fungicides

( ;].iss I.xample I ar^et Site Prim ary uses

C !arboxamidc ( iarboxm Llet/tron transport Cirain diseases
Benzmuda/ole lienoin vl 1 iihulin M any diseases ot wide crop

variety
Sterol biosynthesis Sterol biosynthetic M any diseases ot w ide crop

inhibitor pathway variety
pyrimidine lenarimol
imidazole Imazalil
triazole Iriaduneton
piperazine 1 ritorine
pyridine huthiobate
morpholine 1 rideinorph

1 )ii arboxiniide Iprodione Not specifically 1 )iseases ot vegetables.
determined fruits, and ornamentals

IMienylamide Metalaxyl Ribosomal R N A Diseases caused by
synthesis Ooniycetes

inhibition o f ribosomal ribonucleic acid (K N A ) syn- 
thcsis.

The largest group o f systemic fungicides comprises 
over 3d chemically diverse compounds that interfere 
with fungal sterol biosynthesis (Fig. 3). Certain ste
rols, usually ergosterol in fungi, are necessary for 
proper membrane structure and function. Without 
these, cell death or inhibition ofgrowth occurs. These 
sterol biosynthesis inhibitors may be divided into 
three groups based on their primary site o f action in 
the sterol biosynthetic pathway. These are:

1. Squalene epoxidase inhibitors (no agricnltur.il 
fungicides are currently available in this group). 
Naftifme and terbin.ifnie are examples.

2. Sterol C-14 demethylase inhibitors. This group is the
largest and includes tritorine, triadimefon.

propiconaxol, Liitertanol, buthiobate, tenarimol. 
imazalil. prochloraz, and Husilazole.

3. Sterol As-A 7 isomerase inhibitors and/or sterol A 11 
re'ductase inhibitors. Trideniorph. dodeniorpli, and 
fenpropimorph are examples.

The sterol biosynthesis inhibitors are active against 
a broad spectrum o f fungi which cause diseases in a 
variety o f crops and ornamentals. G row th  regulatory 
action on host plants may occur as a side effect ot 
the use o f the C-14 demethylase inhibitors due to 
inhibitory effects on the plant’s gibberellin biosyn
thetic pathway, particularly when application rates 
are exceeded.

IV. Nonfungitoxic Com pounds
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A number o f the recently developed antifungal com
pounds are effective through their impact 011 disease 
development (Table 111). These compounds generally 
have little or no effect 011 the rate o f  growth o f patho
genic fungi in i’inv at concentrations which control 
pathogenic activity in t'ii'o. They may act directly on 
the pathogen to interfere w ith its establishment in 
plant tissue or w ith its initiation o f the disease process 
after it has invaded the plant. A third approach is for 
the chemical to affect the host-pathogen interaction 
so that host defense mechanisms destroy or halt en
croachment o f the pathogen.

Several nonfungitoxic disease control chemicals are 
in a group known as the melanin biosynthesis inhibi
tors. Although laboratory studies indicate these com-
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FIGURE 3 Examples O f  systemu fungicides that inhibit sterol biosynthesis.

pounds block melanin biosynthesis in a variety ot 
Ascomycetes and imperfect fungi, they give practical 
control only of rice blast disease. Tricyclazole (Fig. 
4) is the most thoroughly investigated of this group. 
This compound blocks certain reductase reactions in 
the fungal polyketide pathway to melanin, conse
quently interfering with the process by which the 
pathogen penetrates the plant. Without melanin, the 
fungal structure that normally enters the host plant 
lacks the architecture, rigidity, and force that are re
quired for the penetration process.

Fosetyl-AI (Fig. 4) is the only commercially avail
able fungicide that is known to be transported 111 a 
downward direction 111 plants, thus allowing control 
o f certain root diseases by application to leaves, stems, 
and trunks. Once inside the plant, fosetyl-Al is de
graded to phosphonate (phosphoric acid). This fungi
cide is an example of an antifungal compound that 
provides plant protection through direct effects 011 

the pathogen, followed by an enhanced response ot 
the host plant’s resistance system to the modified

pathogen. Chemical changes caused by this com
pound on the surface ot the pathogen appear to be 
responsible tor inducing enhanced host plant resis
tance.

A new approach to antifungal action may be seen 
111 compounds that have 110 direct effects 011 pathogens 
but are effective in controlling diseases through their 
action on host plants. This type o f action has been 
termed systemic acquired resistance (SA R ). Rrobena- 
zole (Fig. 4), which is 111 this group, controls rice blast 
disease. Evidence indicates that probenazole promotes 
the formation ot a host-produced chemical barrier to 
an invading pathogen. T w o  experimental com
pounds, 2 .6 -dichloroisomcotinic acid and its methyl 
ester derivative, promote S A R  in a number ot plants 
by triggering host plant production o f chemicals that 
prevent infection. Although these experimental com
pounds are phvtotoxic and thus w ill not be commer
cially developed, they illustrate the type o f  approach 
that is likely to be used in future development o f 
fungal disease control chemicals.

TABLE III

Nonfungitoxic Fungicides

Compound I argot site liasis tor disease control Primary use

Tricvclazole Melanin biosynthesis Pathogen cannot penetrate host Rice blast disease
F:osetvl-A! CChemical alteration on surface l :.nhanccd host resistance in response to Hoot diseases caused by Oomvcetos

of pathogen altered pathogen surface
Probe.hizole Unde:er:iii!.ed Most formation of chemical Ivirri.T around Wice blast dis.-asv

invading pathogen
Isonicotinic aci<il Undetermined Modified host physiology leading to disease Lxperimental only

resistance
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V. Fungal Resistance to Fungicides

Biological systems, regardless ot their complexity, 
arc very dynamic; changes are constantly occurring 
during the process ot growth and reproduction. In 
any population ot living organisms, a great deal o f 
diversity exists as a result o f these changes. Pathogenic 
fungi are no exception. Various efforts to control 
plant diseases may be successful tor a period of time 
but are unlikely to be permanent solutions. This may 
be seen in the development o f plant varieties that are 
not susceptible to diseases, as well as in the use of 
chemicals to control fungi that cause diseases. These 
efforts to thwart the disease-causing fungi serve as 
selection pressure on the tungal population. Fungi in 
that population which are not susceptible to a given 
fungicide, or are able to circumvent the host plant’s 
detense system, multiply and may cause disease prob
lems that evade the controls that were previously suc
cessful. Failure o f various means to control pests is 
not unique to agriculture; a similar situation exists in 
the use ot antibiotics in human therapy.

I he problem ot fungal resistance to fungicides be
came a major consideration in plant disease control 
following the introduction ofthe systemic, biochemi
cally specific fungicides. The major factor is the bio
chemical specificity rather than the systcmicity. Fun
gicides such as sulfur, chlorothalonil. and captan that 
affect multiple sites in fungal cells are much less likely 
to experience resistance. On the other hand, failure 
to control disease in the field has been reported for 
many ot the specific site inhibitors including benz- 
imidazoles, dicarboxinndes, sterol demethylase 
inhibitors, and phenylaniides.

There are a number o f mechanisms by which fungi 
may demonstrate resistance. Most cases o f resistance 
can be traced to the spontaneous appearance o f mutant 
tungi with a single gene change resulting in biochemi
cal modification ot the fungicide target site. This 
causes a decreased target affinity for the selective fun
gicide Other mechanisms may involve reduced 
fungicide uptake or accumulation, detoxication.

and compensation through production ot increased 
amounts ot an inhibited enzyme.

The extent o f crop loss resulting trom resistant 
fungi is related to the ability o f a particular fungal 
population to increase and become dominant. Factors 
such as fitness (how one tungal strain competes 
against another in a particular situation), nature o f 
the pathogen and disease, and the degree o f selection 
pressure influence this process. Frequent, repetitive 
use o f a particular fungicide increases the risk for a 
loss o f effectiveness not only tor that fungicide but 
tor all fungicides that have similar modes o f action.

Steps can be taken to reduce the possibility o f resis
tance development. These strategies should be under
taken before the problem occurs. Laboratory studies 
can determine the mode o f action o f a fungicide and 
what types o f resistant mutants are likely to emerge. 
W ith this information, a grower can integrate a num
ber o f factors into a disease control program for a 
given crop. These include alternating or combining 
fungicides with different modes o f action, cultural 
measures such as removing dead or diseased plants, 
use ot disease-resistant plants, and biological control. 
Monitoring for resistance w ill increase the likelihood 
that measures can be taken to avoid total crop loss. 
In order for this integrated approach to be successful, 
a variety o f fungicides must be available. Not only 
should these vary in modes o f action, but the combi
nation use o f multisite surface protectants with site- 
specific systemics should be an option.

VI. Environmental Concerns

The impacts o f man’s activities on the environment 
are currently a major consideration in legislative and 
regulatory activities. Farming practices, particularly 
the use o f pesticides, have received a great deal of 
attention in efforts to lessen the possibility o f adverse 
environmental effects. Investigations o f such effects 
focus on the fate ot pesticides in the atmosphere, wa
ter. soil, and living organisms. Distribution and fate
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vary according to the chcnnc.il properties ol the spe
cific pesticide, such as water solubility .inei volatility, 
and local cnvironment.il parameters, such .is tem
perature and soil type. pert.lining to the pesticide ap
plication site. |See  P i s i  M .w  \ci mi \  i . C i i i m k a i  
C o n t u o i  . |

Quantities of fungicides used are generallv less than 
those ot herbicides and insecticides. I his factor, m 
addition to a lack ot problems associated with acute 
toxicity to nontarget organisms, has resulted 111 fungi
cides not being as extensively investigated as other 
classes ot pesticides in environmental monitoring pro
grams. Fungicide residues are seldom found in ran
dom sampling ot soil, water, and an .

From an environmental perspective the greatest 
concern related to fungicide use is alteration ot soil 
ecosystems. I he introduction ot a crop svstcm alters 
the natural soil ecosystem initially. ( lunges caused by 
fungicides are most likely to occur in the immediate 
vicinity ot treated plants. "1 he persistence ot chemical 
residues in soil are highly dependent on local condi
tions and rate ot application. Soil ecosystems are quite 
complex, and fungicide applications may result in 
beneficial as well as adverse effects. The type and 
number o f microorganisms present can be altered and 
subsequently affect the persistence ot other pesticides. 
Fungicide applications can adversely impact nontarget 
fungi, predacious mites, beneficial insects, and earth
worms. Particular concern has been expressed about 
effects oil beneficial fungi that are associated with 
mvcorrhizac, morphological structures that area nui- 
tualistic (symbiotic) relationship between tungi and 
host plants and serve as feeder roots tor host plants. 
Beneficial side effects ot fungicide use such as control 
of parasitic nematodes and mites have also been noted.

M icrobial degradation is probably the single most 
important factor in preventing build-up ot fungicide 
residues in the soil. In some cases the residues have 
acted as a nutrient source for certain segments ot the 
microbial population and promoted .111 increase o f 
those segments; this can result in a loss o f effectiveness 
tor .1 particular timgicide it it is degraded too rapidk 
O n the other hand, it a fungicide persists too long, 
ecological associations necessary for future crop pro
duction may be affected and the chances tor fungal 
resistance are increased bv the prolonged selection 
pressure.

In order to minimize detrimental environmental 
impacts, attention should be ^i\ cn to liingiculc appli
cation ami disposal methods. 1 lie latest tci hnoiogv 
in these areas is available thiough the Cooperative 
Extension Service 111 each state. Another highh effec

tive approach is the use ot IP M . This approach com
bines the use o f chemicals, fungicides in this case, and 
nonchemical pest control methods. The nonchemical 
aspects o f IP M  involve the use o f resistant plants when 
possible, sanitation, managing irrigation and drain
age, and crop rotation.

VII. Human Health Concerns

Acute toxicity is not generally a major concern in the 
use o f agricultural fungicides. There are cases indicat
ing that some individuals may develop contact aller
gies following exposure, but generally fungicides do 
not cause problems ot .111 acute nature 111 agricultural 
workers. Sulfur is the single fungicide most fre
quently cited as causing skin and eye irritations. M ix 
ing and loading fungicides prior to application otter 
the greatest potential for worker exposure. Research 
has demonstrated that use ot protective gear and ad
justments 111 working practices as well as 111 formula
tions o f the active ingredient can reduce or eliminate 
this exposure potential.

Most concerns about the effects o f agricultural fun
gicides on human health have focused on their poten
tial to cause cancer through exposure 111 the diet. Be
cause no reliable data exist 011 human cancer resulting 
from fungicide exposure, the likelihood ot cancer oc
currence is based on studies in which laboratory ani
mals. usually rats and mice, are fed fungicides. U n fo r
tunately these estimates are often reported 111 the 
media without an explanation o f the parameters used 
in risk assessment methodology, which are highly 
debatable from a scientific perspective. In examining; 
concerns about the relationship between fungicides 
and cancer, one should take the following into consid
eration:

1. Because fungicides are not acutely toxic, large 
quantities can be ted to animals 011 .1 daily basis during 
long-term studies. In the United States a range ot doses 
is used that is increased to maximum tolerated dose 
(M T D ). the highest dose that results in toxic effects 
during long-term exposure without causing death and 
does not decrease body weight by more than 10%. The 
high doses that greatly exceed the likelv human 
consumption level are usually justified 011 the basis that
at levels comparable to those 111 the human diet no effects 
\\ 1 mid probably occur.

2. Large quantities of fungicides ted to animals may 
saturate or inhibit systems within the body that, at level'- 
normally encountered, would break down the chemical 
or show little, if any. changes I he process of estimating
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[nitc.nti.il carcinogenicity In extrapolating trom the high 
(.loses used in Libor.itorv studies to tile low doses likely 
to he actually experieiu'ed is highly amtroyersi.il. 1 he 
surface protectant fungicides tli.it .ire the multisite 
inhibitors appear to be particularly vulnerable to this 
testing protocol. The systemic fungicides with site of 
action specificity could also face the same problem 
depending upon tung.il sites ot action and whether 
similar sites are present in the test animals.

.V Fixtrapolatmg data trom mice and rats to humans is 
questionable. There are definitely differences between 
these mammals. Considerable efforts have been made 
and are continuing to improve the ability to extrapolate 
between species.

4. Many of the estimations of cancer risk through 
dietary exposure make the assumption that l( ll l%  o f the 
food crop has been treated with the fungicide in question 
and that fungicide residues .ire present at the maximum 
levels allowed. Survey data on fungicide use indicate that 
not necessarily all ot a given tood crop is treated. More 
importantly, an examination of data trom a number of 
residue monitoring programs reveals that residues are 
seldom detected in tood that has been produced using 
fungicides. In situations when residues are found, they 
are usually present at levels considerably below those 
allowed.

Undoubtedly new scientific information about can
cer development w ill ultimately be incorporated into 
tlie regulatory procedures associated with risk assess
ment. When this happens, the estimated long-term 
effects ot exposure to fungicides w ill probably 
change. One should keep in mind that these risk esti
mations are useful for regulatory purposes and for 
comparing various pesticides, but they definitely do 
not predict actual human cancer occurrence.

V III. Future Directions

Fungicides w ill continue to play an important role 
in agricultural production. An expanding population 
w ill require an increased food supply, and fungicides, 
as well as other pesticides, w ill be essential to avoid

severe food shortages. O ver the last ."ill years there 
has been a noticeable movement in the direction o f 
pest control chemicals that are less likely to cause 
adverse environmental or human health effects. This 
trend, which is a result ot increased scientific know l
edge, w ill continue as research makes new data avail
able. Compounds will be favored that affect specific 
sites m targeted fungi. This w ill result in low  use rates 
which are less likely to have adverse side effects.

Nontarget effects can be minimized by identifying 
fungicides that do not accumulate in the environment. 
Compounds that are not toxic to nontarget species 
w ill be sought. A comparison with chemicals known 
to be hazardous w ill reduce the chances o f introducing 
new chemicals with unfavorable characteristics. An 
examination of the effects ot a candidate fungicide 
on genetic function can indicate whether potential 
problems may exist in this area. Costs associated with 
development o f pesticides are substantial. Unless the 
agricultural use tor which a fungicide is developed 
is large, the financial returns to the developer are 
insufficient to cover the costs o f registration and the 
additional studies likely to be required to maintain 
registration. This could have a major impact on the 
introduction o f new fungicides. Some type o f legisla
tive or regulatory action may be required to ensure 
that farmers have the adequate pest control materials 
for protecting their crops.
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Glossary

B r o w s e  Shoots, twigs, or leaves o f trees or shrubs 
used as food tor animals, or the act o f consuming 
browse
C ash m ere  (pashmina) Down or undercoat fiber 
produced by a number o f types o f goats. The name 
derives from Kashmir, a region in the Himalayan 
mountains ot northern India. The fiber is fine and 
soft and can be made into lightweight and colorful 
fabrics such as sweaters and shawls. Cashmere is often 
referred to as Pashmina in India 
D o m estica tio n  To adapt an animal to life in associa
tion with and to the advantage o f man. Selective 
breeding during generations o f living in association 
w ith man
Feral Ind ividual or group o f animals which escaped 
from domestication and became wild for one or more 
generations
F o rb  Herb or a plant other than a grass; broad-leaf 
herb or weed
H erbicide Agent (or a chemical) used to destroy or 
inhibit plant growth; a selective weed or plant killer 
M o hair  Fiber produced by an Angora goat; fiber is 
noted tor the production o f fabrics o f brilliant colors 
and great durability
O rg an o lep tic  Affecting or making an impression 
upon one or more o f the organs o f sense 
R u m in an t  Animal which ruminates— characterized 
by chewing again that which has already been swal

lowed; animals with a compound or compartmental
ized stomach ot four compartments, the first o f which 
is known as the rumen

T h e  importance or significance ot goat production 
in meeting mankind’s need tor tood and fiber is highly 
variable throughout the world, depending 011 need 
and the resources available. They seldom serve as the 
sole source ot income to a farm or ranch enterprise. 
Goat production often serves a role in subsistence 
types ot agriculture in providing .111 important food 
source for large numbers of poor people, and to a 
lesser extent, they form the basis tor large-scale com
mercial enterprises. Goats are often maligned as de
stroyers o f the environment or by others as providing 
an ecologically sound means ot brush and weed con
trol. Some governments actively discourage goat pro
duction, while others devote significant resources to 
improved production from the species. This great 
disparity in attitudes and in the importance attached 
to the species provides both an opportunity and a 
challenge to those who would concern themselves 
with this species.

I. O rigin and Domestication

Goats and sheep are thought to have been among the 
first species o f farm or ranch livestock to have been 
domesticated by man. Insofar as can be determined, 
only the dog predates sheep and goats as animals 
to have been tamed and brought into a beneficial 
relationship with man. Domestication should not be 
regarded as a single event occurring at a specific time; 
however, domestication is thought to have occurred 
“ at least by the eighth millennium B . C . , ”  or at least
10,0 0 0  years ago at one or more sites in Asia or Africa. 
The close chronological relationship between the do
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mestication ot the three species mentioned and the 
transition o f man from a nomadic hunter to one who 
actively manages the resources around him suggest 
that this event played a role in placing man on the 
long road to civilization. O ver the years, and even 
to this date, many people are almost self-sufficient 
because ot the products obtained from sheep or goats.

II. W orld Numbers and Distribution

A consideration o f world numbers and distribution 
o f goats is important to any treatment o f the contribu
tion or potential o f this species. Current world num
bers are thought to be 011 the order o f 55(1 million 
head. This number is thought to be increasing, but 
at a slower rate than the human population. Thus, 
they must be made more productive it their contribu
tion is to be maintained. The total number o f goats 
is disproportionately represented 111 tropical or sub
tropical regions, in developing countries, and in the 
hands ot small holder agriculturalists, with the result 
that their contribution to meeting mankind's needs is 
more important than indicated by numbers or pro
duction alone. The above conditions are interrelated, 
but should not be interpreted in a simple cause and 
effect relationship. O ver two-thirds o f the world's 
goat population is located within 30° of the equator 
and they further tend to be concentrated 111 arid re
gions as contrasted to the humid tropics. It is reported 
that lM %  o f the goat population is in developing coun
tries, w ith close to V0 %  ( Table I) in Asia (57.8 % )  and 
Africa (31.2%). The three countries with the largest 
number o f goats (China, India, and Pakistan) are 
found in Asia. Total production, especially meat and

skins, is even more concentrated in Asia. The contri
bution o f goats is especially manifest in the rural areas 
where they are closely associated with the "poorest 
o f the poor." These unique aspects o f the distribution 
and contribution o f the goat relate to their adaptation, 
resource requirement, and in one case (the Indian sub
continent) to the absence o f religious taboos against 
their use. W ithin individual countries, distribution is 
often highly localized, dependent largely upon the 
resources available and past history. For instance, ap
proximately 90%  ot the goats 111 the United States 
are found within Texas, and more specifically, within 
or ad|acent to the Edwards Plateau.

III. Unique Adaptation and Resource 
Requirements of the G o a t

I he goat (C iipi\i Itirciis) is a ruminant animal belonging 
to the familv Hovidae and subfamily Caprini, and as 
such, has .1 great many traits or features in common 
with other animals to which they are closely related.
I low ever, they do possess some unique characteristics 
which contribute to their distribution and their use. It 
has long been common knowledge that goats browse 
(consume woody plants) more extensively than other 
domestic livestock species. They also consume a 
wider variety o f total plant species. They do not 
browse more extensively than certain wildlife species, 
such as the white tail deer in the United States and a 
number ot African game species. Additionally, goats 
are tolerant o f high temperatures, can travel long dis
tances. and are less dependent 011 water than most 
types o f cattle and sheep. These factors appear to

TABLE I
Goaf Numbers and Productivity (1990)

R e g io n
C 0 .1 t n u m b ers  
( I I 11 III head) "mi o f  total

M ilk  pr nd tic tion M c .it p ro d u c tio n Sk in s

M e tr ic  to ils 
1 llH III)

P ercen tage
tot.ll

M c t r ic  tons Pe rcen tage  
( IIK ill) tot.il

M e t r ic  tons Pe rcen tage  
(lU IH I) tot.ll

A fr ic a 17.VJ44 .(1.22 1 .‘)3N 22 ) " (.24 24 W. I IN . I .W 22. (.3
N . C .  A in c ru '. i 13, *33 2 4*) y> 2 4.4f) 43 1.72 ').(>( IS 1319
S. A m e r ic a 2 3 .3 7 4 4.211 171 1 .">3 73 2.'■>2 14.22') 23)3
A s ia 3 2 I .W 31 .HU 4. l ( o 47 44 1.1.31 f.3.24 327.311 (.7 ‘)K
liu ro p e 1 S.-44S 2.7K 1.74S IM.'ill int. 4.24 1.3.303 3. IK
O ic n i . i ".33 — — 4 0 . If. 7n4 11.13
U S S R (1.4SII I l f . 34.3 33)2 2.3 l.un 3.2')o 1. in
T o ta l 3.37.1 l3u — S.7SII — 2 .31K) — 4XI.7X.3 —

.Soilin': A d a p te d  fro m  A i li.irv .i .1 1 1 J  S in g h  ( IW 2 ) .  I Ix- P.ole o f  tin: ( io . it  in C o n s e rv a t io n  ot l .c o lo g y  ,nul L iv e lih o o d  S e cu r ity . P ro ceed in g s  
V’ In tc r 1 1 a tion .il (..'on tcre iuc  on ( io a ts .  pp. S i  N o w  I M in .  Ind ia .
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provide .m adequate explanation tor the concentration 
in the arid tropics or subtropics. I hese areas are char
acterized by limited water supplies and the vegetation 
generally consists ot a sparse covering ot low growing 
woody plants. The limited number ot goats main
tained in temperate regions is generally maintained 
to exploit specific economic opportunities or to utilize 
.1 specific resource, such as browse or torb encroach
ment ot farmlands or established pastures. Goats are 
sure-tooted, and are notorious tor their abilitv to ne
gotiate precipitous mountainous terrain. This appears 
to provide an adequate explanation for wild or domes
tic types being the almost exclusive inhabitants of 
these areas. Finally, goats tend to be associated with 
small holder agriculturalists or to the landless poor 
due to their small si/c (less resources required), and 
to some o f the characteristics enumerated earlier. One 
additional trait of importance is the Hocking instinct 
that they possess, along with sheep, which permits 
them to be herded or managed on unfenced ranges, 
pastures, or public domain. The practice o f grazing 
goats on public domain can be viewed as one o f the 
negatives tor the species. In developing countries, the 
grazing pressure is seldom effectively controlled and 
degradation ot resources is a frequent result. All do
mesticated grazing animals (cattle, buffalo, horses, 
sheep, and goats) may be at fault, but the goat often 
is blamed because they can survive longer and are last 
on the scene. They may also be more at fault, because 
they consume a wider variety o f forage species. The 
real blame tor overuse o f grazing lands, "the tragedv 
of the com mons.”  should rest with the human ele
ment for failure to exercise proper control.

A disproportionate share ot goat numbers are in 
small Hocks. This is due, in part, to limited resource 
availability of small holder agriculturalists or in dev el
oped countries to a large number o f Hocks which 
serve the role ot hobby, laboratory animals, or pets. 
In the first instance, they often serve the role o f scav
engers and are not uniquely matched to the resources 
.n ailable, except in the case of low cost or their capac
ity to survive. In the latter case, the matching of 
resources to animal requirements is relatively unim
portant because they are often reared under artificial 
conditions. Most ot the goats o f the world are utilized 
tor meat production only, and many o f these are 
found in the small-sized Hocks. Commercialization 
ot goats on a substantive scale is largely restricted to 
those kept tor milk or fiber, but commercialization 
ot goats tor meat production is increasing. M ilk pro
duction trom goats tends to fit into two categories. 
One ot these is for household use bv individual fami

lies. I lie other alternative represents commercial scale 
production. In the latter case, milk production from 
goats is more expensive than that trom cattle largely 
as a result of higher labor, equipment, and distribution 
costs when expressed as a function ot the small vo l
ume produced. T hus, the dominant factor in locating 
a fresh milk production enterprise from goats is prox
im ity to markets. At the same time, goats kept tor 
milk production must be fed formulated rations to 
support a high level ot milk production, and thus, 
they are less tied to a particular resource base. The 
above conditions are less true tor processed products 
such as cheese, but still, markets or marketing are 
dominant concerns.

This leaves fiber production, particularly mohair 
production, as the most commercialized phase ot the 
goat industry. In the past, it has not been unusual to 
find one property or one owner running as many as
25.000 goats. It is this tvpe ot enterprise in which 
type and amount o f resources are critical. Since fiber 
is not a perishable commodity, the industry may be 
located at any site w orldw ide where resources are 
most suitable. In a large measure, this is in areas where 
brush or browse are found on the range or grazing 
areas. This relationship can serve either or both ot 
two roles. One o f these is to suppress, to some degree, 
brush invasion ofgrazing lands. This role is becoming 
increasingly more important as energy and labor exists 
place constraints on mechanical control and environ
mental concerns place constraints on the use of herbi
cides. T hev can also serve a role in the suppression ot 
fire. Their second role is to produce a merchandisable 
product from this type o f resource. It sheep are not 
present on the range, goats may also be used to serve 
a similar role in suppression o f tbrbs or weeds. It 
should be pointed out that goats do not consume all 
types o f browse and tbrbs. but they are more likely to 
do si) than competing species such as cattle. Extensive 
information is available on the type o f plants they 
w ill consume, but this tends to be area specific. It is 
not feasible to treat this on a "w o r ld "  basis in this 
discussion. |N irW o o i a n d  M o i i a i k  P r o d u c t i o n  a n d  
P k o c k s s in c ;. |

In addition to type ot resource, goats kept tor fiber 
production tend to be concentrated in arid regions in 
the lower latitudes. The three major mohair produc
ing countries are located in the 3 0 — 1 0 ° latitudes. This 
is, in part, explained by the forage resources in these 
areas. I lowever. it is obvious that arid regions are 
more healthy for the goat and that the lower latitudes 
obviate the necessity for long confined winter feeding 
periods. Finally, goats are concentrated in certain
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areas because o f historical prcccdcnt or bccausc they 
arc the only animals that can survive in these areas. 
Since these areas are often fragile environments (arid 
or mountainous lands) matching animal numbers to 
resources available is very important for the well
being o f the animal and the preservation o f the re
source base. This matching o f animal numbers and 
resources (stocking rate) also tends to be area specific, 
and should preferably be based on research or long
term experience in the area. In the absence o f this 
information, the effect o f the grazing animal on the 
resource base should be carefully observed. Goats 
may be compared to other species on a body weight 
basis but it should be realized that small animals tend 
to consume slightly more feed per unit o f body weight 
than larger animals. In some situations, animal unit 
conversions are made to favor the goat due to their 
consumption ol a greater variety ot, and in some cases 
invading, plant species.

IV. Products

The basic products obtained from goats are meat, 
milk, fiber, and skins. Secondary uses include their 
use as laboratory animals, as pets, or for the manure 
they produce. Some w ild types ot Caprii or crosses 
ot these with domestic types are often used tor sport 
hunting. In some locations, significant populations ot 
feral goats exist. These are also, at times, hunted or 
gathered tor meat. Some ot these secondary uses may 
warrant elaboration. Their use as a laboratory animal 
may be for a variety o f scientific purposes and one 
breed or type, the pygmy, is occasionally maintained 
in laboratory animal colonies. Another use for the 
dairy type goats is as a replacement for the cow in 
agricultural research because they can be maintained 
more economically. In many societies, various species 
o f ruminant livestock are valued for the manure they 
produce. However, it should be remembered that 
they do not add back to the land anything more than 
they received from it. Thus, they serve only as a 
gathering mechanism in which they are mining graz
ing lands to provide fuel energy lor home use or 
fertilizer for intensively farmed crops.

The data presented earlier, in Table I, indicate that 
quantitatively the major product obtained from goats 
is milk, with approximately S .8 million metric tons 
compared to 2.5 million metrics o f meat and 481 
thousand metric tons o f skins. Since both milk and 
meat from goats are used largely for household con
sumption. it is unlikely that data on production or

consumption represent a high degree o f accuracy. 
However, in the absence o f more accurate informa
tion. these data must be used as the basis ot our discus
sion. It is the writers belief that milk is the most 
important product obtained from goats and that it 
is most seriously underestimated in reporting. Also, 
food for human use is produced much more efficiently 
as milk than in the form o f meat. I f  the dry matter 
content o f meat is estimated at 35%  and that ot milk 
at 14.5%, approximately 40%  more dry matter is 
harvested in the form o f milk than for meat. It is 
apparent that a majority o f  goats are kept only for 
meat production or that all types o f goats produce 
meat at least at salvage. It is important to recall that 
milk and fiber can be produced on a reoccurring basis 
whereas meat and skins are produced only at sacrifice 
o f the animal.

A. Milk

Goats rank below the cow, buffalo, and sheep as a 
source o f milk for human consumption. In market 
channels only a small part (less than 2 % )  o f world 
milk production is obtained from goats. Some have 
alleged that the percentage o f people (children) who 
receive goat milk daily is close to that ot cattle. Some 
individual countries (N iger. Somalia) receive a major 
portion o f their milk supply trom goats.

The level o f m ilk production trom selected types 
o f dairy goats approaches that ot dairy cows when 
expressed as the basis o f body weight or efficiency. 
However, the labor costs o f m ilk production from 
goats have been estimated to be as much as four times 
that o f milk production from cows. Further, ineffi
ciencies are encountered in processing and distribu
tion because o f the low volumes in market channels. 
Thus, milk production trom goats tends to be concen
trated in small farmer or developing country condi
tions where labor costs are discounted or in upscale 
markets in developing countries where it may be mar
keted at higher prices (than cows milk) due to some 
actual or presumed unique qualities. M any claims are 
made by promoters or goat enthusiasts for unique o r 
superior qualities o f goat milk. M any ot these cannot 
be documented. Chance alone would dictate that 
goat's milk differs from that o f other species just as 
individuals or breeds may differ within species. Mean 
differences between the species is within the range o f 
variation within species. The most significant tact or 
contributing to a unique market outlet tor goat m ilk  
is that it represents an alternative for those peopie, 
especially infants, who develop allergies to cows mil k.



GOAT PRODUCTION
----------------------------------------459

Estimates ot the trequcncv o f infant allergies to cow's 
milk range from 3 to 8 % .  It is known that goat's 
milk tends to he lower in certain types ot casein (a 
s-l casein) and thus infants with sensitivity to casein 
should he more tolerant ot goat milk. Goat milk also 
tends to ditter from cow 's milk in respect to the fat 
content. The fat globules o f goat milk tend to be 
smaller and to lack the agglutegens that are in cow's 
milk. The significance o f this is that it is slower to 
separate out and that it may also may he more easily 
digested. Goat milk also tends to contain a higher 
proportion ot short-chain fatty acids such as capric. 
caproic, caprylic, and lauric. which can impact taste.

In addition to these unique physiochemical proper
ties ot goat milk, which contribute to marketing op
portunities. there are on a world basis many tradi
tional products made from goat milk which 
contribute to potential market outlets.

Record levels ot milk production vary by breed, 
hut are as high as 3000 kg per lactation. More typical 
values are in the range ot 70()-‘>()() kg per lactation 
tor well-managed Hocks under temperate conditions, 
and 2 (10—KID kg for selected dairy tvpcs under devel
oping country conditions, to less than 10 0  kg for 
nondescript types under small holder conditions. 
Thus, the potential for improved production is great, 
hut requires significant inputs to accomplish. |See 
D a i r y  P r o c e s s in g  a n d  P r o d u c t s . |

B. Meat

Essentially all goats which survive to slaughter age 
produce meat, and most goats are exploited only for 
meat production. Most o f the world supply o f  goat 
meat is produced and consumed in Asia and Africa. 
It is often the preferred meat in much o f Asia, such 
as India. Pakistan, and Nepal, or with people origi
nated in these areas, regardless ot where they currently 
reside. I his is evidenced by a large demand for goat 
meat in the Caribbean region which has a large num
ber ot people ot Asian origin. Since goats must be 
slaughtered for the harvest o f meat or skins the effi
ciency o f meat production can be low and is greatly 
influenced by reproductive rate and death losses prior 
to market. Meat trom goats has some unique charac
teristics. One ot these is that the carcasses have lower 
tat or higher lean than other species such as cattle, 
buffalo, sheep, or pigs. This is due to the fact that 
they are seldom fed the quantity or quality o f  feed 
required to permit them to deposit large amounts o f 
tat. Closely related to this is the fact that they are not 
glutinous feeders even when given an opportunity

and thus fatten less readilv. They also tend to deposit 
more of their fat internally, thus removing it trom 
the carcass itself. Their low  fat content can be viewed 
as a positive by today's tat conscious consumers. 
Some increase in the fat cover over the carcass would 
improve appearance and shelt life o f the carcass in 
market channels. Due to their low fat content, yield 
at slaughter (carcass weight as a percentage ot live 
weight) is low for goats (45 to 48% ) as compared to 
other livestock species. Shown in Fig. 1 is a break
down of major dress-oft items from one slaughter 
experiment. Another somewhat unique feature is 
their small carcass size, which makes tor easier distri
bution and consumption ot the carcass prior to spoil
age where refrigeration is limited. Also, goat meat is 
thought to have unique organoleptic properties, 
which make it preferred by some and discriminated 
against by other groups. In developed countries, pri
mary emphasis is placed on carcass meats, but in de
veloping countries where food or food ot animal ori
gin is in reduced supply essentially all the products, 
including the offal, blood, and skin, may be used tor 
human consumption. Since much ot the goat meat is 
produced and consumed in the latter areas, carcass 
quality, hygienic considerations, and the cost ot pro
cessing are o f less concern.

Goats tend to be marketed tor meat in fairly defined 
age groups. One o f these is the suckling kid (4 to (> 
weeks o f age) as represented by cabrito production 
in Mexico. This is a very inefficient production sys
tem and can be justified only if  a very high price is 
obtained or it it can be combined with milk produc
tion from the does following weaning o f the kid. The 
second age group is that ot weanling kid at 4 to 6 
months ot age. This is the typical market age in North 
America and much ot Europe. A third age is on the

Carcass

Head

FIGURE 1 Dri'ss-nfl ltfiiiN in pcrivnt.inc trom m>.it slaughter.

Gastro- 
intest inal
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order ot 6  months to I year ot age tor animals not 
suitable tor slaughter at weaning. This animal is often 
used tor barbeque. A majority o f the animals slaugh
tered at the above ages would be made up o f surplus 
male kids. The final age group would be culled breed
ing stock (mostly females) at advanced ages. For the 
quality conscious consumer this would represent a 
lower value product, but to many consumer this 
would be of little concern since the meat would be 
consumed following thorough cooking and season
ing. One ot the major sources ot goat meat on the 
export market are teral goats trom Australia and New 
Zealand, and this likely represents whatever can be 
caught at a given "round-up." Age is ot primary 
concern through its effect on tenderness o f meat 
served as steaks or roasts after limited cooking. This 
represents only a small part ot the total goat meat 
consumed. Consumers in developed countries have 
more interest ill the primal cuts (leg and loin) which 
represent approximately 4(1% o f the carcass (see Fig. 
2 ), whereas less discriminating consumers make little 
distinction between carcass components.

I he major factors affecting efheienev o f meat pro
duction trom goats are reproductive rate and rate of 
grow th or slaughter weight expressed as a function 
ot size ot the parental breeding stock Reproductive 
rate of goats (percentage kidding and kidding rate) 
tend to be acceptable under most production condi
tions. but death losses at or around kidding and wean
ing tend to be high in many production systems. The 
end result is that net reproductive rate expressed as 
kitl crop in percentage or total weight weaned or 
marketed is low in many production systems. In addi
tion, growth rates are often low, reflecting low 
slaughter weights or delayed marketing necessitating 
that the animals be kept to advanced ages to reach 
optimum slaughter weight. The end result o f both

FIGURE 2 iu-i.nl cu ts o f c.itv.iNsrs in pel cent .me.

these is that efficiency o f meat production, expressed 
as off-take, is low tor many goat populations, espe
cially in developing country conditions. It is im
portant that this be improved in light ot the extensive 
and often deleterious effects ot goats on forage re
sources in fragile environments. Technology to 
change this is largely available, but is often difficult 
to implement due to socioeconomic constraints m 
many areas ot production.

C. Fiber
Essentially all land mammals are fiber producers to 
some degree. Fiber apparently serves a function in 
nature as protection trom abrasion, trom extremes in 
temperatures, and to some extent as a sense organ. 
Many animal species have been utilized tor fiber pro
duction. These include sheep, goats, rabbits, various 
species ot camilidae. yak, muskox, etc. Sheep are the 
major producer ot harvested animal fiber (wool), and 
In comparison all other types of animal fibers tend 
to be luxury or specialty fibers produced in small 
volumes. I he ancestors ot the domestic goat tended 
to be restricted to the colder climates at higher eleva
tions ot Eurasia and would no doubt have possessed 
a well-developed coat tor protection trom cold. In 
the present age. only a small percentage ot the world's 
goat population is exploited for fiber production (less 
than 2 %  for mohair), but fiber production, especially 
mohair, is more commercialized and more organized 
than other types ol goat production.

The types or classification o f fibers harvested from 
goats are shown below.

Approximate
total world
production. Range in fiber
1990 (1000 kg) diameter (/xin)

Mohair 22,300 25-40
Cashmere or -4.5110 12-19

Pashmina
( 'ashgora 50 19-25
('0111111011 go.it — >40

hair

Mohair, a product ot the Angora goat, is produced 
in greater quantity than the other types ot goat fibers. 
I liis is tiue both, on a per-head basis (3-5 kg, am m ailv) 
and to total world supply. The major centers and 
current world production are shown in 1 able II. F lu  
tw o major world centers ot production are the Repub
lic ot South Africa (R SA ) and the United States. Rro-
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TABLE II

W orld Production of Mohair, 1984-1991 (in 1000 kg)°

84 S3 Kf> S7 ss SM ()i > VI

South A lrR .i' S. 237.3 '1.181.8 10.4.34.3 12.3) id o 12.727,3 1 2,043.3 8.636.4 S.OI 10.0
U n ited  S ta to 3,fill.M fi.n43.n f,. 3fi3.fi 7.3fi3.f> 7 .1.V..4 6.81 S. 2 6,818,0 6,818.0
1urkcv 3,636.11 3.3l HI. 0 3 .4 0 0 . 0 3.01 io.o 2.727.0 1,818.0 1.818,0 1. 1X2.0
Argentina 1.227.1) 1.136.11 1.227.0 1 . 1H2 . 0 1.136.0 1 .0110.0 6 8 2 .lt 3M1.H
Australia 3i «M) 343.0 3') 1.0 '1.33.0 1 .01 10.0 1 . 0 1 1 0 , 0 6 H2 .II 3'J l.o
N e w  Zealand 43.0 wi.rt •JO. II 1 S0 . 0 434.0 434.0 434.0 318.If
lot.il 18.726.2 2d, 497,8 22.13.3.1 23. IS2 .0 2.3. IS2.0 2 3 .0 4 3 .0 l 'O IH .O 17 .3 oo .il

' f rom Moh.iir ('o m u il of America. 
h Includes Lesotho, 

list i in at .

duction in T urkey lias shown a downward trend dur
ing the last 8 years. Another country with a significant 
level ot production is Lesotho. However, since the 
mohair from Lesotho is generally marketed through 
U SA  it is included with RSA  in the above tabulation. 
Argentina has long had a significant number o f An
gora goats but the actual level of mohair production 
from tins country is small and decreasing. Beginning 
approximately 10 years ago, there has been a rapid 
rise in Angora goat numbers and mohair production 
in Australia and N ew  Zealand, but production from 
both countries appeared to be down since 199(1. Pro
duction in R SA  declined sharply in 1990 and 1991. 
due in part to dry weather along with severe price 
breaks tor mohair. Production in the United States has 
tended to remain stable. A number o f other countries 
have taken an interest in Angora goats in recent years, 
but their impact on world supply is minimal at pres
ent. The desirable features o f mohair are its strength, 
durability, and ability to be dved in lustrous bright 
colors. The major end uses tor mohair are shown in 
Fig. 3. From this it can be seen th.it traditionally

Hand Knitting Yarns

Women's

Accessories

Woven

Furnishings

Men's Suits

FIGURE 3 W o r lJ mohair consumption and end use (%

mohair was used for hand-knitting yarns. Other uses 
include mens and womens clothing and woven fur
nishings. A sharply reduced demand for hand knitting 
yarns resulted in sharp price breaks tor mohair since 
1988. M ajor centers for processing mohair have tradi
tionally been in Europe (U .K . .  Belgium, France, Ger
many, Spain, and Italy). In contrast to other types of 
goat production. Angora goats and mohair produc
tion are not found in tropical regions and are not the 
“ poor mans co w ." They are used almost exclusively 
to produce fiber.

Gashmere is the most important fiber (in terms of 
quality or price) obtained from goats. It is sometimes 
referred to as pashmina, especially in India. Although 
cashmere is produced in less quantities than mohair, 
the price o f cashmere is generally higher than that o f 
mohair and at times the total value ot the clip as well. 
Since the amount o f cashmere produced per animal 
is low, usually less that 250 g, the price must remain 
high in order to generate a meaningful income to the 
producer. Thus, even more than mohair, cashmere 
is traditionally a luxury or prestige commodity. The 
most noted characteristics o f cashmere are its fineness 
and the color, light weight, and insulating properties 
ot garments made from it.

Major world centers o f production have tradition
ally been China, Mongolia, Iran, and Afghanistan. 
Small amounts are produced in the former U S S R , 
India, Turkey and Pakistan, In recent years, several 
other countries, most notably Australia, N ew  
Zealand, and Scotland, have also taken an interest in 
cashmere production. However, China remains the 
major supplier with close to 50% of the world total 
(Table III). Prices received tor cashmere trended up
ward for over a decade until 1989. These factors are 
no doubt the explanation for the recent interest in 
cashmere outside the traditional centers of produc
tion. but as of this writing prices are down sharply.
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TABLE III

Estimated W orld Cashmere Production in 1989 (Metric Tons)

Approximate total Approximate down
Area/ country hair production production

China 3400 17< >0
Iran/ Afghanistan 24< H} 850
Outer Mongolia 151 Ml 7< >0
USSR/Pakistan/ son 3<)(i

India/Turkey, etc.
Australia f>5 20
New  Zealand 150 45
Total 8315 3015

Somtr: 1 lopkins. 1 i. ( 1‘>8V). Proc. Cashmere (ioat Conference. San
Angelo. 1 exas. ( )ct . 20-28.

Animals used to produce cashmere are, more so than 
the Angora, a multi-purpose animal being used for 
milk and meat production as well.

Cashgora is a recently coined term tor the product 
which is intermediate in fiber diameter between cash
mere and mohair. The total world production is small 
and largely restricted to N ew  Zealand. Although 
there must be a use or value tor the product which 
is intermediate between the two well-known fiber 
types, the use and outlet for this material is not well 
established at present.

Little intormation is available and no estimate of 
production is provided for common goat hair since 
it is not a major product in trade channels. It may he 
used for felting, coarsc-hair yarns, carpets, blankets, 
stuffing, etc., and was traditionally used for making 
tents ot desert nomads. Obvious sources o f commer
cial quantities ot this product are commercial dehair- 
ing ot cashmere and that removed trom skins in the 
tanning process.

D. Skins

There is limited published or statistical information on 
skins trom goats. This commodity should be viewed 
primarily as a co-product or a by-product o f animals 
slaughtered for meat production. However, some 
skins are obtained from fallen animals, and in many 
societies, especially in isolated locations in developing 
countries, goats are slaughtered on the farmstead and 
the skin is the only cash-earning com modity It is 
generally considered that skiiiN  represent 15-25% tit 
the value ot the animal, but when the skin is processed 
into end use products its value would be many multi
ples ot that at slaughter. Some breeds or tvpes ot 
goats, especially those ot tropical origins, produce 
reputation skins. These are noted for the lightweight

and fine gram of products made from them. As with 
goat numbers, the major sources o f goat skins art 
Asia (India, China, Pakistan, and Bangladesh) and 
Africa (Ethiopia, Sudan, Somalia, and Kenya). In the. 
Americas only Mexico and Brazil produce a signifi
cant number ot skins. A great deal ot technology i< 
required in curing, tanning, and processing o f skins, 
but much ot this technology is available in the indus
try. There are major problems in dealing w ith the 
effluent or waste products ot tanning ot leather, anc 
tor these reasons much ot this industry has become 
localized in areas with less stringent regulations. M a
jo r opportunities to improve income trom skins are 
to be found in improved harvesting, preservation, 
and collecting ot skins as many are discarded and 
others are damaged due to cuts or decay before being 
processed. The major importers ot goat skin leather 
or goat skin products are Europe (Germany. France, 
and the U .K .).  the former U S S R , and the United 
States. |S ir  A n i mai  B y - P r o d u c t s  i r o m  S l a u c h t h r . j

V. Genetic Resources

Within the more than one-halt billion head o f goats in 
the world, there is a wide variety ot genetic resources. 
Some have estimated as many as 1000 genotypes or 
genetic subgroups. Few ot these fit very well into any 
technical definition of breeds. Those which do are 
largely confined to Europe or North America, 
whereas most goats are located in the warmer and 
less developed parts of the world. However, tor the 
purpose at hand, many ot these genetic subgroups 
might be viewed as breeds. There is no complete 
catalog o f these genetic groups, and if  such existed, 
space would prevent its inclusion in this discussion. 
Some approaches to classification o f goats have been 
made and the most complete effort to list, classify, 
and describe breeds o f goat placed great emphasis on 
horn shape and ear length. Space does not permit a 
detailed treatment o f this subject at this point. For 
this reason, the writer has chosen an alternative 
grouping for the sake ot convenience, |Se<’ A ni mai  
B um d i nc  a n d  G hnkti cs .|

(a) The European (Alpine) dairy types. These in
clude such well-established breeds as Saanen, Tog- 
genburg. Alpine. Chamois. Poitevin, etc. These types 
are largely bred for dairy purposes, but yield meat 
and skins as secondary products at slaughter. Most 
originated or were initially utilized in mountainous 
regions. They have been exported to many places in 
the world, and genetics trom this source are found
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widespread in goal populations ot esseini.illv .ill coun
tries.

(b) Long-legged, long-eared, roman-nosed goats 
are found through much ot Africa and Asia. Some 
recognized breed groups are the Nubian, Damascus 
(Shanii), Bcetal. Jamnapari. etc. Representatives of 
this type, or animals showing a resemblance to this 
type, can be found from the tip ot Africa to Southeast 
Asia, and they obviouslv derive trom a common an
cestry. They may be used for meat and/or milk. Their 
large size suggests their use as a meat type, but limited 
studies have not shown them to be more productive 
than many other types. Some types, such as the Jam- 
napari and Beetal, show extremes in both ear and leg 
length.

(c) Dwarf types are also found throughout Africa 
and Asia and likely share a common ancestry, which 
may well derive from the small type found in tropical 
(tsetse Hy areas) Africa. Recognizable types include 
the Black Bengal ot India and the Pygm y or Nigerian 
dwarf which has been exported to Europe and the 
United States. Their small size would suggest to many 
that they are poor choices tor meat production, but 
in tact, research studies have shown that as a result 
ot early sexual maturity and high reproductive rate, 
they may actually be one ot the more efficient meat 
producers, especially when bred to larger type males.
I )wart types 111 Europe or the United States are often 
used as laboratory animals or pets or in hobby Hocks.

(d) fiber types, flic  Angora, used for mohair pro
duction. is a unique and well-recognized breed ot 
goal. It is the only breed w hich can be used for mohair 
production. Although it may well have been derived 
from other groups, most likclv cashmere types, it has 
benefitted trom a long period o f selection for mohair 
production and as a result is distinct. It should not be 
crossed or intermingled with other types, because this 
w ill result in a deterioration in the role each is expected 
to serve. C ashmere is more properly identified as a 
product, as contrasted to a breed or genotype. Cash
mere is. in fact, the down or undercoat trom a dual
coated animal, (ioats which produce at least some 
cashmere are found at main places in the world. 
1 lowcver, most ot the world's cashmere production 
occurs in the arid highlands o f Asia and the Near East, 
and the animals in this area do have a great deal in 
common and differ, at least in some respects, from 
most other populations. These animals and the prod
uct they produce (cashmere, paslmima) appear to de
rive. at least in earlier periods, more from natural 
selection than from selection bv man. In China there

are a number o f recognized breed groups, as well as 
some wild tvpes which produce excellent cashmere.

(e) Nondescript goats make up a large part ot the 
total found throughout the world. The above defined 
groups encompass only a small part ot the total. The 
majority ot the remainder represent nondescript pop
ulation or a mixture of the other types. In many areas 
there are distinct types based on some simple feature 
such as color or ear length. An example of the so- 
called breeds based largely on color is found m N orth 
east Brazil. A breed based entirely on ear length is 
the L aMancha m the United States. Typical examples 
o f mixed blood types o f goats .ire the “ so-called" 
Spanish goats o f the United States and the C rio llo  or 
Crioula in Central and South America.

VI. Problems and Opportunities

O n the theory that problems or limitations become 
opportunities when viewed trom a different vantage 
point, these two subjects are being discussed under 
the same heading.

C learly, one o f the greatest opportunities to im 
prove the contribution ot goats is to do a better job 
o f matching the animal numbers and torage resources. 
There are manv areas where feral goats represent un
controlled populations which are abusing forage re
sources without providing significant returns. O n  a 
larger scale, the goat populations in a number ot de
veloping countries or areas exceed the carrying capac
ity o f the resources available. This leads to damage 
to these resources and reduces productivity of the 
animals invoked. In contrast, the limited numbers ot 
goats in manv other countries suggest that the species 
is not being adequately or appropriately utilized to 
exploit their potential. This involves their value in 
multi-species grazing programs. They can be used 
(a) to increase overall productivity trom many ot 
these areas, (b) to assist in control ot many undesir
able and invading plant species in pastures or range 
lands, (c) to produce products (meat, milk and skins) 
which are in demand at some place to feed or provide 
for the growing world population. There is a specific 
need to reconsider the place ot the goat in the control 
o f manv undesirable plant species at a time when 
human and fossil fuel energy are becoming more ex
pensive and more restrictions are being placed on the 
use o f herbicides to accomplish this task. A prime 
example o f this is the use ot goats in leafy spurge 
control in the western United States. Coats have also 
been shown to serve a role in prevention or reducing
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the threat trom tire in many ecosystems by removing 
the forest undergrowth which serves as a fuel tor wild 
tires.

Closely related to the above is the potential to im 
prove the productivity ot the large population of goats 
(over two-thirds of the total) which are found in many 
developing countries. T he productivity of these ani
mals is. in general, very low compared to their poten
tial. In many cases, the offtake is so low  that their 
use or overuse ot the resources can scarcely be justi
fied. For example, the record levels o f milk produc
tion tor the dairy breeds in temperate regions range 
trom 2(10(1 to 3000 kg per year o f lactation. More 
typical or more realistic levels o f milk production are 
(SOI)- 1200 kg based on milk recording schemes in the 
United States and Europe. B y  contrast, production 
level of native goats under tropical conditions has 
been reported as low  as 136 kg (range 15—150). I bis 
can be markedly improved by crossing with estab
lished dairy breeds, but the resultant mixed breed 
animal may well require improved feed and manage
ment. In a similar manner, off-take (number o f ani
mals marketed per 100 animals in the Hock) is often 
in the range o f 1 0 - 2 0  under developing country con
ditions. compared to over 10(1 under more favorable 
conditions or better management.

In tropical or subtropical and especially developing 
country conditions, the demand for food is great and 
thus markets should not be a constraint to goat pro
duction, although an ability to pay may be a problem. 
O n the other hand, if  goat production is to increase in 
temperate regions (United States and Europe), there 
must be coincident market development. This could 
include promotion ot the products which are unique 
to the goat such as fiber (mohair or cashmere), milk 
(an alternative to cows milk), and meat (the low  fat 
content). The potential is evident, but the realization 
ot this potential may not be so easily accomplished. 
However, all that is required is that market develop
ment keep pace with production.

Control or containment and protection constitute 
problems in goat production. Some ot the options in 
respect to control or containment represent fencing, 
herding, and tethering. Protection refers to the need 
to prevent theft or predation. The degree or nature 
ol these problems and approaches to their resolution 
vary greatly between countries or areas within coun
tries and are too complex to attempt to discuss at this 
point

The availability o f technology as related to genetics, 
nutrition, reproductive physiology, management.

and disease and parasite control is generally adequate 
to support a much greater use or higher productivity 
from goats. There is a continuous need for genetic 
improvement and tor development or refinement ot 
other technologies. This is especially true in respect 
to adapting this technology to stressing environments 
or to developing country conditions. However, tech
nological constrains are dwarfed by socioeconomic 
constraints to applying this technology under devel
oping country conditions. One should not be overly 
optimistic in assessing the degree to which this will 
be accomplished, but the potential and the need are 
sufficiently great that the task cannot be ignored.
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Glossary

A creage  red u ction  An acreage set-aside and/or di
version that is generally voluntary; acreage set-aside 
programs require that participating farmers idle a per
centage (it their crop base acres to be eligible for other 
program benefits; acreage diversion programs pay 
producers a given amount per acre to idle a percentage 
of their base acres; a farmer’s base acres are determined 
by the production history o f the crop 
L oan  rates (price supports) The Com m odity 
Credit Corporation (C C C ) makes nonrecourse loans 
at established loan rates to farmers for wheat, teed 
grains, cotton, sugar, wool, tobacco, and honey; the 
loan, plus interest and storage, can be repaid within 
') - 1 2 mo and the commodity sold on the cash market; 
if it is not profitable for the farmer to repay the loan, 
the C C C  lias no recourse but to accept the commodity 
in full payment ot the loan; commodity loans, there
fore. are frequently referred to as price support, since 
national season average prices generally do not fall 
below set loan levels; local prices, on the other hand, 
can tall below the loan rate for part ot the marketing 
year
P o litica l—e c o n o m ic  resource transactions  
( P E R T )  Productive or public interest policies in
tended to reduce transaction costs in the private sector

by correcting market failures or providing public 
goods, thus increasing the size ot the economic "p ie ”  
P o l i t i c a l - e c o n o m i c  seeking transfers ( P E S T )  
Predatory or special interest policies meant to redis
tribute wealth from one social group to another and 
not explicitly concerned with efficiency 
P ro d u c e r  subsidy equivalent The ratio ot the total 
value o f all public sector assistance to total farmer 
receipts
Slippage Defined by > = - \ (D Y / Y )(P / D P )}  
where V is aggregate pcr-acre yield and P  is the ratio 
o f land planted to total land, planted and diverted, 
for that crop
T a r g e t  prices, deficicncy p aym ents  In the United 
States, deficiency payments are paid to farmers to 
make up the difference between a price determined 
to achieve a politically acceptable income level (target 
price) and the higher of the average market price or 
the loan rate; deficiency payments are made on each 
farm’s actual planted acres and tarm program yield; 
the farm program yield is based on each farm s yield 
history; target prices were set initially to reflect an 
average cost ot production; specifically, tor those who 
participate, the expected deficiency payment for a par
ticular crop, t,

/•(</.,)■ = |P,\ -  .\/,i.v(/^,/:(/>,))|(1 - o > „)L J\ r

where Pjt is the target price; P*, the support price; 
l i (P „ ) .  the expected average price received by farmers; 
ojiP the percentage ot land base required to be idled; 
L , ,  the land base in period t: and V,, the program 
yield per unit o f the land base

A gricultural policy is a complex web of interven
tions covering output markets, input markets, trade, 
public good investments, renewable and exhaustible 
natural resources, regulation ot externalities, educa
tion, and the marketing and distribution ot tood prod-
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nets. A t the level o f  the federal governm ent, these 
interventions have resulted in enormous budgetary 
costs; huge surpluses ot tarm products; major disputes 
w ith  other countries, distorted international markets, 
and benefits to special interest groups that are often 
highly concentrated. The  same programs, however, 
have been part o f  an agricultural sector the productiv
ity ot w h ich , over much o f  the last centurv. has been 
spectacular.

D o  these massive governm ental interventions cor
rect tor market imperfections, low er transaction 
costs, effectively regulate externalities, and enhance 
p roductiv ity? O r  are these programs the results o f 
m anipulation by pow erfu l com m odity or agricultural 
interest groups actively engaged 111 rent-seeking or 
directly unproductive activities? In this latter perspec
tive. agricultural interest groups are presumed to 
behave much like the proverbial XIII(-pound go
rilla— they walk where they want, they stand where 
they want, they sit where they want, and they take 
what they want.

In the design and im plem entation o f  governm ental 
po licy m agriculture, conflicts naturally emerge be
tween public and special interests. A conceptual for
mulation that attempts to explain or. for that matter, 
prescribe public policy emphasising on ly one o f these 
interests is doom ed to tail, fram ew orks that neglect 
political forces and the role ot special interest groups 
w ill have little explanatory power. S im ilarly , models 
that attribute all political action to special interests 
w ill alst) face serious lim itations .is explanatory, pre
dictive, or prescriptive fram eworks.

T h is  article argues that agricultural po licy in the 
Un ited  States has led to both the enhancement o f 
efficiency through "p roductive  policies" and the 
transfer ot wealth and incom e to special interests 
through redistributive or “ predatory po lic ies." These 
tw o  activities can be exam ined in terms o f  P E S T ' 
(predatory or special interest) and P E R T  (produc
tive or public interest) policies. Political-economic- 
seeking transfers ( P E S T  policies) are meant to redis
tribute wealth from  one social group to another and 
are not explicitly concerned w ith  efficiencv. In con
trast. political-econom ic resource transactions 
( P E R  Is ) are intended to reduce transaction costs in 
the private sector bv correcting market failures or 
provid ing  public goods; these policies have neutral 
d istributional effect:., at least in design.

In fact, an exam ination ot public policy in agricul
ture reveals not on lv tension between the P E R T  and 
P E S  I roles ot the public sector, but llso some coord i
nation between these tw o  types o f  activities. As differ

ent interest groups access, influence, and pressure the 
political process, the governm ent trades o ff  P E S T s  
and P E R T s  in its attempts to acquire, balance, and 
secure political power. A t times this manipulation 
has led to program s that appear to be incoherent. 
Exam ples include conservation, w h ich  requires the 
retirement o f  vulnerable acreage, and price supports, 
a transfer mechanism that penalizes prem ature land 
retirement and creates incentives tor overutilization 
o f vulnerable acreage. These apparent incoherencies, 
how ever, are the direct result o f  institutional arrange
ments that generate sufficient support tor particular 
types ot governm ental action. Thus, a rational process 
generates .1 governm ent portfo lio  ot productive 
( P E R T )  and predatory ( P E S T )  policies. I 11 such .1 

w orld , the challenge for economists is to design and 
advocate policies that are both econom ica lly produc
tive and politically sustainable.

i. Early Development of United States 
Agricultural Policies

federal programs for increasing g row th  111 the agricu l
tural sector began in the second ha lf o f  the PJth  cen
turv. The  period from 18511 to the earlv I VMM Is w it
nessed the emergence o f  im portant institutions aimed 
at low ering transaction costs in the private sector. 
The M o rrill Act ot 1802 ottered federal land grants 
to each state to establish free public higher education 
through the Land d ra m  College system. T he  U .S . 
Departm ent o f Agricu lture (U S D A ) ,  created in 1862. 
in itia lly focused 0 11 research, regulation, and in form a
tion generation. The  Hatch Act ot 1887 set up the 
Agricu ltural Experim ent Station system by provid ing  
annual grants to each state tor agricultural research. 
I he Sm ith -Leve r Act o f  IV) 14 set up the Cooperative  
Extension Service system o f  county agents. |.Scc Ac:— 
RICUITURAI ExPKKIMH.N1 Si"A I IONS; C O O PK K A  I IVI Ex -  
ii NstoN Systkm ; E d u c a t io n : Uni>h:rc;rai>uath: and 
C k a d u a ti: U n ivk k s ity ; U S D A :  A  N a i io n a i  Sysii.m  
0 1  A c r ic u i iu k a i  Rkskakcii. I

The grassroots organization represented by the 
county agent extension system proved to be an effec
tive mechanism for com m unicating new agricultural 
technologies and know ledge d irectly to farmers in a 
systematic fashion. 1 !ns organization also became the 
conduit for com m unicating back to the U S D A  and 
the land grant universities inform ation 0 11 farmers' 
problems that required research. These early federal 
policies can largelv be characterized as long-run msti-
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tution.il development, in which the government w.is 
supplying public goods whose associated benefits anil 
costs were widely dispersed.

A major resource promoting agricultural produc
tivity has been the knowledge generated by public 
sector investments in research. This knowledge gen
eration has repeatedly been shown to have significant 
influence on agricultural growth. Nonetheless, the 
striking feature ot agricultural research policies has 
been the ov erwhelming evidence ot underinvestment. 
As Ruttan has shown, the rates o f return to public 
good investments in agricultural research justify 
much higher levels ot public research support.

Following the emphasis on public research, educa
tion, and extension support, legislation turned to the 
undesirable issues o f rural infrastructure and problems 
ot limited information. This legislation covered rural 
delivery of mail, soil conservation, agricultural credit, 
rural electrification, rural road building, and many 
other investments in the physical infrastructure of 
agriculture. Problems ot limited information were 
addressed by still other legislation regulating different 
aspects ot agriculture and had the purpose o f lowering 
transaction costs, including issues such as fertilizer 
and seed standards, weights, animal health, and food 
safety.

In more recent years, the evolution o f many United 
States agricultural policies has demonstrated a distinct 
pattern. O ver the early part o f the 2 llth century, en
abling legislation was often justified as a means o f 
correcting market failures and enhancing productiv
ity. I lovvever. unlike policies ot the prior century, 
once in place these policies evolved into programs 
whose benefits were concentrated but whose associ
ated costs were widely shared. Unsurprisingly, much 
ot this legislation became a vehicle tor codifying rent- 
seeking behavior. Striking examples o f such agri
culture policy evolution include soil conservation, 
western resource development, firm  credit, and envi
ronmental pesticide policy.

II. Legislated Redistributive Activities

Eiarly agricultural policies were often justified to some 
degree by market imperfections, even if they were 
sometimes manipulated tor purposes o f redistributing 
income to the farm sector. However, the institutional 
structure that emerged trom the 19th century and 
early 2<>th century efficiency-enhancing legislation 
(M orrill Act. U S D  A, Hatch Act. and Sm ith—Lever 
A c t)— composed ot the extension system of county

agents, the U S P A  and generic farm groups— formed 
the foundation tor one ot the best organized economic 
interest groups in the country. The agricultural de
pression o f the 192(»s, which foreshadowed the Great 
Depression, provided the stimulus tor this coalition 
to be more cohesive and effective in redistributing 
benefits to farmers. Also, during this period, farm 
interests were able to avoid a number ot governmental 
regulations legislatively through exemptions from an
titrust, labor, and tax legislation.

The long history o f redistributive agricultural poli
cies began in earnest with the passage ot the Agricul
tural Adjustment Act ot 1933, which continues to be 
revised every 4 yr or so. Follow ing a 1936 ruling 
by the Supreme Court, these redistributive programs 
required voluntary participation and ottered nonneu
tral transfer schemes linking government support di
rectly to the amount produced. Since these programs 
were tied to specific commodities, the generic farmer 
organizations began to lose influence. In effect, 
commodity-based groups became the primary vehi
cles for political expression o f farmer interests. At the 
same time, the U S P A  began a transformation from 
an organization that focused largely on research and 
education to a more conventional government 
agency, managing programs that provide direct eco
nomic benefits to specific interests.

Initially, the major policy instruments for redistrib
uting income to the farm sector were price supports 
and public storage. Price supports were implemented 
through government loans to farmers, who put up a 
certain amount o f a com modity as collateral tor the 
period ot the loan. It market price tell below the loan 
rate (price support), the government took ownership 
of the collateral; it not. the farmer could be expected 
to pay off the government loan and redeem the com
modity. O f course, since price supports were gener
ally set well above market equilibrium prices, storage 
of the surplus was a necessary by-product. Price sup
port incentives combined w ith large increases in tarm 
productivity— resulting, in part, trom the public in
vestment in research— led to huge surpluses. |.S<r 
C r o p  S u h s id i i  s ; P r i c i s . |

W ith the commodity redistributive policies came, 
of course, losses for consumers and taxpayers, gains 
to farmers, and deadweight losses, the range ot which 
has been estimated for many commodities on numer
ous occasions. The redistributive support mecha
nisms range from mandatory production and mar
ket controls (tobacco/peanuts), import restrictions 
(sugar), government rental o f land which is then held 
idle, and other approaches to restrict supplies in the
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United States market to ad ra/oran subsidies (wool) 
and government purchases ot commodities (dairy) 
that increase United States output. Com m odity pro
grams that receive the largest federal outlays as well 
as the most political attention (e.g., grains and cot
ton) simultaneously combine output-increasing and 
output-reducing incentives. Table I reports the figures 
tor a representative year over the period 1985—1988. 
Note that the effects captured in the table underesti
mate total social losses; tor example, they neglect the 
waste generated trom rent-seeking behavior and the 
deadweight losses associated with tax collections. 
Further, with the passage ot the 1985 Food Security 
Act, the distribution ot burden across consumers and 
taxpayers shifted dramatically in the mid-1980s, so the 
net losses computed here tell relative to early periods.

The stylized tacts emerging trom Table I (not only 
tor the United States but tor other countries as well) 
can be summarized as follows: the redistribution ot 
income to agriculture is greater ( 1) the richer or the 
more industrialized the country; (2 ) the higher the cost 
ot production; (3) the fewer the number ot farmers, 
absolutely and relative to the total population; (4) the 
more price-inelastic the supply or demand function; 
(5) the lower the portion ot total consumer budget 
spent on tood; and ((>) the smaller on world markets 
the exporting country or the larger the importing 
country is. The redistributive efficiency increases as

the demand or the supply function becomes less elas
tic. Moreover, as Gardner (1983. p. 233) has shown. 
"The efficient method ot intervention depends oil 
which function is less elastic. Inelastic demand favors 
production controls, and inelastic supply a deficiency 
payment approach."

III. Policy Instruments

M ain ’ margins for adjusting behavior are available, 
the side effects o f which seem to continually surprise 
both policymakers and interest groups. Since the 
1930s, attempts to address these adjustments have 
resulted in a piecemeal proliferation ot policy instru
ments. On the supply side, this change includes the 
land controls and land conservation mentioned ear
lier, as well as production quotas; on the demand 
side, it includes export subsidies and enhancements, 
concessional foreign sales and tood grants, and food 
stamps. Unfortunately, each additional policy instru
ment brought its own unanticipated side effects, re
quiring still additional mechanisms for containing the 
expanding capacity for commodity production.

Sometimes the side effects seem so obvious that 
policymakers can only have missed them through 
sheer myopia. For example, the initial voluntary 
acreage-reduction programs focused on compliance

TABLE I
Range of Annual Domestic W elfare Gains and Losses from Support Programs under 
the 1985 Food Security Act, 1985-1988

C ro p

C o s t (b il l io n s o t d o lh rs )

C o n s u m e r kiss P roduce r L.’ .nn L.l X  p.l YIT C O S t  1 N e t loss

W h c .it ll. 24-11.;V) 2 .6 2 —3.22 3 .6 7 -4 .2 7 1.03

C o m 1 l.f>S—0.7C) 7 .2 3 -7 .( .2 7 .3 0 —K III I I . 3 6 - 1.63

C lo t tu n Ii. 19-11.21 1.2 0 -1 . I<> l.4 i 1-1. fill i i . 13-0.61

IV . m ills 0 .3 6 -0 .4 0 i >. 2 0 - i >35 111' i l. l I I - l l .  1 1

1 X iirv 1 X U -2 .'10 1 ..Si 1-2. On 1 .1 3 -1 .7 2 0 .7 3 -3 .1 2
Sus;.ir

(.! .Is c ! 1 ,'«i -2.411 l .S i i- I .T W i )'1 ii. 2 i i - i  l,9o

C .isc II 1 .3 5 -1 .5 5 1 .1 5 -1 .2 5 i i 1' ii. Iii- ii.4n
1 oh .icco l l , 2 i M l .  2 2 i i.3 4 -n .3 S 11’ ( ii. 1 2 ) - ( o .  IS ) 1

Soniic: Computed estimates from unpublished I '.S  IVpam nent ot Agruuliure data. 
■' Includes Commodity C redit Corporation expenses alter cost recovery 
’ I hese programs are run at no net cost to the government.
‘ Case I assumes U  S. policies do not affect world sugar prices Case II takes into 
account the f ict that L ’.S policies reduce u«<r!J sugar price1. I lie value - >f m igar i-np.»rt 
restrictions to those exporters who have access to the U  S. market {that is. value ot 
quota rents) is S3<i million.
‘ Ihe  tobacco program is estimated to have a positive net domestic welfare gam. 
because of the large value ol U .S . exports allow mg domestic producers to extract 
surplus from foreign consumers.



GOVERNMENT AGRICULTURAL POLICY, UNITED STATES
469

icq u ire m cuts /i>r w particular commodity, neglecting the 
I .let tli.it tanners might substitute and grow other 
crops; tor example, tanners might substitute soybean 
tor eorn produc tion. In addition, consumers that had 
demanded the original crop were sometimes able to 
substitute a nonprogram tor a programmed crop. Ot 
course, it too many restrictions on substitution are 
placed on tarmcrs, they w ill choose not to participate.

I o understand how tarmcrs can respond to volun
tary programs, it is important to describe the mechan
ics ot the income transfers. For some years, the major 
vehicle tor these transfers has been “ deficiency pay
ments." The government sets a target price for certain 
commodities. The target price is set well above the 
market price, which encourages high program partici
pation. The deficiency payment rate is computed as 
the difference between the target price (set by law) 
and the higher ot the price support or the average 
market price received over the first 5 mo o f the mar
keting year. Each farmer participating in the program 
has a payment base, determined by the land base (es
sentially how much land they have dedicated to the 
crop in the past) and "program yield" (based on the 
individual's or county's past yields). The deficiency 
payment rate multiplied by the payment base, ad
justed tor acreage set-aside requirements, determines 
the total deficiency payment. Thus, the amount ot' 
deficiency payments to farmers is influenced through 
tour different channels— target prices, price supports, 
the land resource base, and productivity.

To  receive the deficiency payments, participating 
tarmcrs must allocate land to a crop in the program 
or to conservation uses dictated by the U S D A . More
over, until IW II, the enabling legislation generally 
required tanners to forego present and future pro
gram benefits it they harvested crops other than the 
program crop tor which they had a “ land base. "  T his 
feature was intended to prevent a farmer from collect
ing federal subsidies tor not growing one crop, while 
growing another. This regulation also has the effect 
ot coupling income transfers to the planting and har
vesting ot program crops. Historically, one o f the 
major barriers to entry into program crop production 
has been land bases on which acreage restrictions are 
imposed.

O ver the years, more flexibility has slowly been 
introduced and the amount transferred has become 
increasingly less dependent on the actions, current 
and past, ot' farmers. For example, until the 1986 
market year, the expected program yield was deter
mined as a moving average o f a farmer's past yields. 
One provision ot legislation in 1985, however, was

to assign unalterable program yields. Thus, a farmer 
could no longer strategically influence this variable.

The incentive to raise production caused by price 
supports was also dramatically reduced w ith the 1985 
legislation. The Secretary ot Agriculture was given 
discretion in the case ot teedgrains and wheat to lower 
the price support up to 2 0 %  below the basic loan rate. 
For soybeans, the loan rate can be lowered no more 
than 5 % . For cotton and rice, the effective loan rate 
is set at world market prices. As a result, cotton and 
rice farmers participating in government programs 
could first pledge their output as collateral tor a loan 
at the basic rate and, at maturity, repay the loan at 
the prevailing world market price if  it is lower than 
the basic rate. In the case o f land base, current actions 
can still influence how a farmer’s base is computed. 
A producer o f .1 program crop has an assigned "base" 
acreage o f that crop, which is derived trom a 5-yr 
moving average o f plantings ot that crop on the farm. 
As a result, a forward-looking farmer may plant larger 
acreage in anticipation o f future subsidies.

Flic trend toward lowering entry barriers to pro
duction o f program crops and the degree of coupling 
at the margin was continued in the 1990 farm legisla
tion. In comparison to previous legislation, the flexi
bility provisions allow market signals to play a more 
significant role in guiding production decisions.
I hese provisions permit 15% o f the land base to be 
planted to any program, any oil seed, or any indus
trial, experimental, or other nonprogram crop except 
for fruits and vegetables. This 15% ot the total base 
is not eligible for support payments, but program 
crops, other permitted crops, or conservation uses are 
allowed.

In addition to this 15% “ normal Hex" provision, 
farmers are also allowed the option o f an additional 
10% flexibility. Subsidy payments are lost on these 
acres as well as on the 15% “ norm al" flex acres, but 
for the "normal flex" and "optional flex" acres, the 
land base is protected. Prior to 1990, the allocation 
o f land to any nonprogram or other program crop 
would have reduced by an equivalent amount that 
acreage that would enter the 5-yr m oving average 
process for determining land base.

That portion o f the actual land base that is idled 
can be decided by each producer, and each producer 
w ill rationally idle the least productive land that he 
controls (whether as an owner or a renter). This op
tion, along with reconfigured variable inputs on the 
utilized land (plus the existence ot nonparticipants) 
means that a program that seeks to reduce acreage 
by a given percentage normally reduces output by a
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substantially smaller percentage. This phenomenon ot 
increased per-acre yields associated with government 
acreage control programs has been referred to as “ slip
page.'' Estimates o f the amount o f slippage range 
from 3(1% to as high as (>(1% .

(liven the possibilities for manipulating output pat
terns, predicting government agricultural spending is 
highly uncertain. Since the target price is set by the 
legislation, the major sources of uncertainty are the 
support price, the land base, and the number ot farm
ers who choose to participate. Although it is not sur
prising. therefore, that the Office ot Management and 
Budget (O M B ) and the U S I )A  frequently generate 
point forecasts tor government expenditures that are 
widely oft the mark, it is notable that, compared with 
other budgetary predictions, agricultural expendi
tures have been systematically downward biased over 
the last tew decades. One explanation is that strong 
incentives exist tor underestimating expected treasury 
costs in an area where the transfer recipients are dis
tinctly more powerful and better informed than those 
who share the burden tor the transfers (i.e.. taxpayers, 
consumers).

In an attempt to control government spending, as 
well as to address goals ot distributional equity, defi
ciency payments are limited to S50.000 per farm. 
Over the years, however, many loopholes have al
lowed these payment limitations to be exceeded, flu- 
loose definition ot “ person" has fostered overlapping 
partnerships and other methods of farm ownership 
that quality for multiple payment limits. Accord
ingly, the number ot "farm ers" in program-eligible 
commodities has increased over the last decade, 
whereas the number ot farmers producing commodi
ties inelisiible tor subsidies has declined.

Despite these attempted limitations, the distribu
tion ot program benefits continues to be viewed by 
many as inequitable. For the 1988 crop year, operating 
farms with sales above S100.000 received 57.6% ot 
the direct government payments. As shown in Table
11, the cumulative distribution ot government pay
ments reveals a concentration among the largest farm
ing operations, with the average payment to all farm
ers having annual sales exceeding $5 0 0 .0(10 per year 
at approximately S4(),000. Since many large farms 
do not produce commodities eligible for government 
programs (approximately 2 5 %  ot all farmland in the 
United States is eligible tor government crop pro
grams), participating farms receive considerably more 
than this figure. In fact, based on sample surveys 
conducted by the U S D A  Econom ic Research Service, 
the estimates o f payments to program-participating 
farms is $30,598 tor the sales category $100,00(1- 
249.000. $41,888 for the sales category
S2.5ii.000—199,00(1, and $(>(>,037 tor the sales category 
above S50I>.(><IIi

IV. Implications of Coupled Transfers

M.mv ot the inputs used in agricultural production 
are joint, producing valuable as well as undesirable 
outputs. Encouraging agricultural production 
through coupled transfer schemes while requiring 
some land to be idled leads to excessive utilization 
ot basic inputs. Residuals ot excessive fertilizer and 
pesticide input applications combine with excess w a
ter and are transported into various water sources, an 
external output. Toxic salts accumulate in agricultural 
land. Burning crop residues may result in .nr pollu

TABLE II

Distribution of All Government Payments by Farm Class, 1988
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tO t'l.lNS
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1 o t . i l  p . i v m c m s 1 o r a l  t . i r n b  m  c l a s s

("•*»)
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tion. W ind erosion contributes to particulate air pollu
tion and has been estimated to cost 84 billion or more 
in annual damages in the western United States, 
whereas erosion caused by water runoff has been .1 

major contributor to water pollution, resulting 111 

damages estimated to range from S3 billion to S IS  
billion annually. These examples illustrate the joint 
input feature ot land, water, pesticides, and so 011, 
leading to multiple products, some subset o f which 
results in the degradation ot environmental resources.

Essentially, the land that is allocated to production 
ot program crops is combined with more pesticides 
and fertilizers than would otherwise be the case. 
Farmers receive subsidies only on that land that is 
part ot the farmer's program crop base. Thus, a disin
centive is created tor rotating crops. Because crop 
rotation is a nonchemical technique for pest control, 
the coupled transfer programs aggravate pesticide 
pollution by encouraging the substitution of chemical 
tor nonchemical pest control. In this respect, the expe
rience ot the United States is consistent with that of 
the rest ot the world. Countries that tax their agricul
tural sectors (e.g.. Argentina, Thailand) use less than 
one-twentieth the amount o f chemical fertilizer per 
cultivated acre than highly subsidized countries such 
as Switzerland. A similar direct correspondence exists 
between producer subsidies and the use o f farm pesti
cides.

Cliven the relationship between coupled transfers 
and the determined land base, acreage that is suitable 
tor the program crops becomes more valuable. These 
subsidized land values encourage farmers to allocate 
available land to program commodity production. In 
some instances, this allocation has included land that 
is steeply sloped and. thus, highly crodible, as well 
as wetlands that provide important wildlife habitat. 
Hence, coupled transfers based 011 land use have cre
ated incentives tor farmers to use land 111 ways that 
increase adverse environmental impacts. These con
cerns helped motivate the conservation reserve pro
gram ot the 1985 legislation and the planning flexibil
ity provisions ot the 1990 farm legislation. These most 
recent larm bills have established a trend toward re
ducing the linkages between agricultural subsidies and 
farmers' production and land-use decisions. Accord
ingly. potential adverse environmental spillovers have 
been slowly reduced.

The inflexible settings ot price supports and target 
prices in the early 1981 Is followed the favorable ag
ricultural economic markets o f the 1970s. The coupled 
transfer policies augmented the degree ot overexpan
sion within the United States agricultural sector, mak

ing the sector especially vulnerable to the unantici
pated interest rate, exchange rate, and growth rate 
patterns o f the early 1980s. One adverse environmen
tal result was the "m in ing o f the soil" that many 
farmers engaged in during the 1980s to survive finan
cial stress.

Partially because o f the nature ot the coupled trans
fers. one production record after another was broken 
during normal weather years ot the 1980s. These high 
levels ot production led to pressure tor change. For 
example, in 1983, commodity-specific certificates 
were offered in lieu o f cash transfers, that is. farmers 
were offered subsidy in kind rather than cash. This 
change became a means for releasing public stocks 
held 111 the farmer-owned reserve. In 1986, generic 
com modity certificates were introduced 111 place o f 
commodity-specific certificates up to the level ot 
available stocks. Governmental expenditures sky
rocketed 111 1986 because governmental stocks moved 
onto market through the generic certificate program, 
driving real prices to record lows for many commodi
ties and, thus, indirectly increasing the level ot defi
ciency payments. As noted earlier, the 1985 Food 
Security Act also dramatically lowered price supports, 
computing their levels as a moving average ot past 
market prices with some bounded discretion 011 the 
part o f the Secretary o f Agriculture to set the actual 
price support at lower levels.

Finally, a number ot general equilibrium analyses 
have been conducted to estimate the intersectoral ef
fects ot coupled transfer policies 011 the balance ot the 
United States economy. One study concluded that the 
misallocation o f resources and capital to agriculture 
depressed the productivity ot other sectors ot the 
United States economy, reducing American manufac
turing exports by S7.5 billion and service exports by 
S3.4 billion. Another study estimated that the removal 
o f all programs that distort agricultural production 
or constrain input use would increase 1991 C N F  by
S9.6 billion.

V. United States Agricultural Policies 
and the Rest of the World

Am ong the developed countries, the United States is 
far from unique in its treatment o f agriculture. A ll 24 
o f the Organization for Economic Cooperation and 
Development (O E C D ) industrialized countries have 
a long and vibrant history ot agriculture protection. 
Numerous studies have estimated gains and losses tor
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other countries as well as tor the United States. For 
the year 1986, it lias been estimated that the global 
deadweight losses ot tarm policies totaled S40 billion 
annually. More recent studies by the O E C D  have 
suggested that this number is dramatically higher tor 
later periods. These studies, of'course, help establish 
the potential value o f multilateral agricultural policy 
reform, which proved to be the most promising fea
ture o f as well as the greatest obstacle faced in the 
Uruguay Round of the General Agreement on Tariffs 
and Trade (G A T T ) negotiations that began in 1986. 
[.Sec In  i KHN ATioN Ai A g h ic u i . t u k a i .  Roi i c y ;  M a c k o -  
e c o n o m ic s  o i W o k i i ) A c ;m t;u i .t u k k ; T a r i m '  a n d  
T r a d e .  |

Since the United States is a large producer ot some 
commodities on the world market, its price supports 
and accumulation o f stocks can conceivably result in 
short-run favorable consequences for all exporters of 
the commodity m question. Specifically, it the inter
nal price supports are so high that they effectively 
eliminate the export market as a relevant alternative, 
all the benefits accrue to other exporting countries in 
the short run. O ver much of the post-World War II 
period, the United States has behaved as a residual 
supplier on world markets ot maiiv major commodi
ties. especially tood grains, cotton, and feed grains,

However, to the extent that the price support pro
grams and coupled subsidy transfers discussed earlier, 
as well as protection against import competition (such 
as quotas in the United States and variable levies m 
Europe), all induce greater production, world prices 
w ill be depressed. This result is particularly evident 
when the United States government sells unwanted 
stocks on the world market at less than the domestic 
price (through the Export Enhancement Program), 
makes concessional sales, or simply donates the tood 
as aid (through PL480). These potential effects have 
been examined in a number ot empirical analyses. For 
example, Roningen and Dixit estimate that eliminat
ing United States agricultural policies would increase 
world dairy product prices by 23.5%. sugar by 
2 2 .8 % ,  coarse gram by 1 1.6 % .  wheat by 1(1,6 % ,  rice 
by 2.9% , ruminant meats by 3.8% , and nonruminant 
meats by 3 % , This change would lead to correspond
ing costs for consumers and benefits for producers in 
the rest ot the world.

Anderson and 1 vers estimate that multilateral ag
ricultural policy liberalization bv all O E C D  countries 
would increase the world prices ot dairy products by 
9U%. sugar bv 22%, coarse grain by 3 % , wheat by 
25%, rice bv 18%, ruminant meats bv 4 3 "-;,. and

nonruminant meats by 10%. Although these price 
changes would result in costs tor consumers and bene
fits tor producers in the developing world, Anderson 
and Tyers estimate that the net welfare ot developing 
countries would increase by 1% . Simultaneous policy 
liberalization by developing countries, however, 
would result in a net increase in developing country 
welfare o f up to 64%.

One justification often expressed in support ot price 
floors and public storage programs in the United 
States and in other industrialized countries is that these 
policies stabilize what would otherwise be an unac
ceptable domestic volatility m basic commodity 
prices, at least over the very short run. Ironically, 
these same policies amplify rather than dampen com
modity price fluctuations on international markets. 
One glaring example of this phenomenon is the world 
sugar market. I he European Com m unity (E C ) and 
the United States both protect their domestic sugar 
producers, for example, m the United States through 
price supports, tariffs, and import quotas. These poli
cies have been estimated to have increased price insta
bility in the residual world market tor sugar by ap
proximately 25% , Moreover, because the United 
States has been dominant in the world sugar trade, 
the imposition o f import quotas has lowered world 
sugar prices.

Not surprisingly, European and United States 
sugar policies have also placed significant burdens ot 
adjustment on many developing countries. The 
W orld Bank ’s 1986 W orld Development Report has 
estimated that sugar policies ot industrialized coun
tries cost developing countries about S7.4 billion in 
lost export revenues during 1983 and reduced their 
real incomes by about S2 .1 billion. Given the domestic 
supply response to sugar and other substitutable prod
ucts, and the zero treasury provision ot the United 
States sugar program, even those developing coun
tries who currently benefit can expect their quota 
levels and, thus, their values to slow ly vanish. For 
world wheat prices, it has been estimated that the 
variability could be reduced by 48%  it all countries 
were to end their subsidization ot wheat. Tvers and 
Anderson, using .1 model simulating policy reform 
m more than a half dozen commodity markets, calcu
lated that liberalization ot agricultural policies ot in
dustrialized countries would substantially reduce the 
international price variability ot major tcmperate- 
zone commodities: wheat by 33% , coarse grains bv 
111% ,  rice bv 19%; sugar by 15%, and dairy products 
by 56%.
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VI. Accounting for Predatory and 
Productive Policies

One measure ot the decree ot government interven
tion across com modity groups can he represented as 
i "producer subsidy equivalent" (PSE ). the ratio o f 
the total value ot all public sector assistance to total 
tanner receipts. As shown m Table III. the degree o f 
government involvement is most dramatic for prod
ucts tor which demand is inelastic, for example, sugar, 
milk. rice, and wheat. Feed grains have an intermedi
ate level ot support, whereas sectors with more elastic 
demands, such as soybeans and red meats, have the 
lowest level ot support.

I lie decomposition ot the public sector assistance 
into productive (P E R T )  and predatory (P E S T ) forms 
ot government policy is also reported in T able III. 
Flic productive category includes all expenditures by 
the public sector that are expected to lower transaction 
costs and enhance the rate ot economic growth, for 
example, public-good expenditures, information and 
marketing services, grades and standards inspections, 
crop insurance, public research, and extension. For 
the PEST ' category, all redistributive transfers from 
other segments ot the economy to agricultural pro
ducers, for example, deficiency payments, price sup-

TABLE III
Productive versus Predatory Policy Interventions in 
U.S. Agriculture, 1982-1986 Average

Producer suhsiJv equivalents

Productive Predatory
1 ot.il {V IM  1 ) (IM S I )

Product {% ) r v ) (% )

Sugar 77.4 7.1) *»2.1
Milk 53.‘J 7.8 U2.2
Rice 45.0 f». 4
Wheat V>. 5 13.5 •Sfi. 5
Sorghum 31.5 14.5 85.5
liar lev 28.8 2d.1; 7l). 1
( !orn 27.| 17.7 82.3
( )ats 7.(i M (> 38.4
Sovheans S. 5 74.3 25.7
licet S. 7 55.5 4 4 . 5

Poultr\ s. 3 f)5.i» 35.ii
Pork . 5 . 8 82.5 17.(>

Average 24.(» 35. U f > 4 . 4

Niwiyr: U.S. 1 department ot Agriculture. "I'.stimates
ot Producer .uul Consumer Ki]mv.ilentN: (iovern- 
mcm Intervention in Agriculture." Ixononne Uc- 
se.ireh Service. A I A I )  St.itt Report No, A (ih S  
SSI 11’ 7. April. 1‘MK.

ports, trade barriers, storage subsidies, input subsid
ies, and subsidized credit, are incorporated.

Note that the products with inelastic demands 
(sugar, milk, and rice) receive a lower proportion ot 
their public support in the form ot productive policies, 
whereas the products with elastic demand (soybeans 
and meats) receive a higher proportion ot their sup
port in the form of productive policies. The data are 
consistent with the view that coupled predatory poli
cies are higher in sectors in which demand is inelastic 
and supply is very responsive to policies, and lower 
in sectors with highly elastic demand and low  supply 
elasticities. As noted earlier, redistribution efficiency 
would argue for low  supply elasticities, but the joint 
determination ot I’ EST s  and P E R T s  places more 
weight on policy-induced supply expansion. For 
some products that do not appear in Table 111, for 
example, specialty perennial crops (e.g., oranges, 
lemons, grapes) for which demand is highly elastic but 
productivity and supply response are low, coupled 
predatory policies do not generally exist. Instead, tor 
these speciality crops, producer organizations tax 
their members to finance the provision o f local public 
goods.

For public-good investments and predatory 
coupled transfers, it has been shown that, if  a 
productivity-enhancing policy harms producers be
cause o f highly inelastic demand and responsive sup
ply but producers have more political clout than other 
interest groups, the amount o f public-good invest
ment w ill be inadequate. I lowever, the political ob
struction to public-good investments can be coun
tered with subsidies that are tied to production, thus 
leading to less underinvestment in public goods than 
would otherwise be the case. In effect, since produc
tive policies may harm members o f special interest 
groups, compensation through predatory subsidies 
may offer a means of making the pursuit ofthe public 
interest politically viable. Transfers that seem only 
predatory at first glance may. m certain cases, actually 
be politically necessary it society is to approach more 
closely the optimal configuration ot productive pol
icies.

Even if  demand is elastic and the "representative" 
producer benefits from the dissemination o f an ad
vance, producers are likely to be heterogeneous in 
new technology adoption. Those producers who 
make the greatest use ot the new technology w ill gain 
from its dissemination and the associated equilibrium 
price decrease, whereas others who make little or 
i k ) use ot the technology are likely to lose. Indeed.
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nonadoptcrs always lose when the demand curve is 
anything less than perfectly elastic. In this setting, the 
key is not the elasticity o f demand, but the heteroge
neity o f producers in their ability to take advantage 
o f technical advances. If  sufficient numbers o f these 
heterogeneous producers are harmed by the equilib
rium effects ot technological changes, then potential 
political impediments to future technical advances 
may arise. If  so, some promise ot wealth transfers 
from the winning consumers or taxpayers to the los
ing producers will be necessary to have any advance 
at all. It has been shown that wealth transfers tied to 
output may be a more effective means than pcr-firm 
lump-sum payments in inducing defection from the 
coalition of those producers least harmed by the tech
nical change. Price-distorting payments target pro
ducers who, although harmed by the technology dis
semination policy alone, expand their production the 
most.

A recent study supporting this perspective has ex
amined P E S T  transfers and P E R T  investments in ag
ricultural research for 17 countries. The evidence is 
revealed in Fig. 1, which shows that the ratio ot P E R T  
to PEST  transfers unambiguously increases with 
country income levels. In fig. 2. productivity mea
sured by value added per agricultural worker is related 
to the mix ot P E S T  and P E R T  expenditures. This 
result suggests that one reason tor the record ot strong 
productivity grow th in developed country agriculture 
is that, despite a strong tendency toward increased 
protection, a complementary tendency exists toward 
support for agricultural research. The complementary 
provision o f P E S T  and P E R T  policies provides a con
sistent explanation for the distinctly different patterns 
found in developed versus developing countries. De
veloped countries typically protect their agricultural 
sectors while investing more in agricultural research 
and generating higher levels of agricultural productiv-

nir oc 
5  O'

tiros.*, national product per capita, in 1983-1985 average U.S. dollars

FIGURE 1 Kcsc.tr'. h expenditures M SI  tr.msrer*. versus pcr- 
captt.i mosr. i i a t U M i . i l  product ior I"? countries

Research expenditures/PEST transfers (1983-1985 average)

FIGURE 2 Value added per agricultural worker versus research 
expenditure. 1‘ t S  1 transfers.

ity, whereas developing countries typically tax their 
agricultural sectors, invest little in agricultural re
search, and experience generally low levels ot agricul
tural productivity.

VII. The Search for Politically 
Robust Reform

f-ar too frequently the economics profession has ex
amined P ES  I policies as though they were separate 
from other policies, explaining their existence by the 
relative influence ot interest groups or the opaqueness 
o f the policy impacts. For the United States agricul
tural sector, however, one ot the major messages is 
that policies can be packaged so vested interests may 
acquiesce to one policy setting in exchange for an
other. This observation applies not only to United 
States agricultural policy, but to all types ot public- 
sector activities including privatization with safe
guards tor some social groups in formerly command 
economies, urban planning and the granting ot zoning 
variances in exchange for the supply ot local public 
goods, and special worker adjustment compensation 
tor industries facing increased international compe
tition.

The challenge for economists in agric ultural policy, 
as in other areas, is to identify policy reforms that 
make economic sense and are politically robust. In 
the past, the best the economic literature has been 
able to offer m the design ot democratic decision
making frameworks is to separate the processes tor 
productive and predatory policies. However, what
ever the issues of analytical convenience, researchers 
are now recognizing that political and economic 
forces must be jointly considered in matters ot both 
design and implementation of public policies. Much
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recent investigation has been devoted to theoretical 
and empirical models o f public sector decision making 
in an attempt to accomplish this task.

Economists have only begun to scratch the surface 
m the development o f operational frameworks tor 
blending productive and rent-seeking policies. In gen
eral. work in this area must recognize that these two 
types of policies go hand in hand; frequently, preda
tory policies are offered as compensation to those 
that are harmed as a result o f the implementation of 
productive policies, just as frequently, productive, 
or what may only appear to be P E R T , policies are 
structured to mask the redistributive mechanisms put 
in place by P E S T  policies, for example, conservation 
and commodity subsidies, tood security and self
sufficiency, instability and subsidized public storage, 
and so on. Further, P E R T  policies with concentrated 
benefits but widely shared cost profiles naturally 
evolve into P E S T  policies, especially when the power 
ot the few persists and/or vested interests are rela
tively homogeneous. Even it the initial conditions do 
nor satisfy these characteristics, policies can solidify 
and, in some instances, create interest groups whose 
political influence grows over time. Therefore, ot 
course, the political-economic costs o f removing pol
icy distortions can be dramatically different from the 
cost o f their original implementation. These asym
metric costs can result in policy irreversibilities; un
fortunately, a consequence is generally swept aside 
when the original policy intervention is evaluated. 
Finally, the special advantages offered to those groups 
seeking P E S T  transfers that face highly inelastic demand 
and supply relationships must be tempered by the im
pact ot PER T s  on production possibility frontiers.

Operational prescription must recognize not only 
the economics o f various policies, but also how the 
distribution ot political power w ill affect the sequence 
o f  policy steps. The distribution ot political power 
w ill often be critical 111 reforming policies to be more 
productive and less predatory. Situations will arise in 
which the political timing may be especially ripe, 
perhaps because ot an economic crisis caused by out
side factors, to change the institutional structure ot 
agricultural programs. This was certainly true in the 
mid-1980s when macroeconomic and international 
phenomena helped spawn a crisis in the United States 
agricultural sector. In the midst ot this crisis, political 
entrepreneurship emerged that led to some govern
mental autonomy in the design ot the 1985 Food Secu
rity Act as well as the subsequent 1990 Farm Act. 
The lowering ot economic barriers and the enhanced 
planning flexibility introduced by these two pieces

o f legislation cannot be explained by the pure rent- 
seeking or predatorv models ot governmental inter
vention found m the literature.

Opportunities for restructuring the tradeoff be
tween the public and special interests have often ap
peared greatest during times o f  economic crisis. H o w 
ever. the sustainability ot the restructured tradeoffs 
and the new mix o f productive and predatory policies 
has been shown time and time again to depend criti
cally on changes in the underlying institutional con
figuration. In the case o f United States agricultural 
policy, examples o f institutional changes that could 
alter the level and distribution o f political power 
might arise from the recently concluded G A T T  nego
tiations. In the Uruguay Round ot the G A T T  negotia
tions, it was accepted early by all parties that distor- 
tionary trade policies in agriculture exist to rationalize 
internal country policies; thus, both sets of policies 
should be included in the negotiations. Accordingly, 
numerous proposals were tabled in Geneva tor reduc
ing internal country-coupled P E S T  policies and sub
stituting P E R T  policies. For the United States gov
ernment, this substitution process has been proposed 
to occur over a 10-yr adjustment period. Therefore, 
the interest-group configuration after the completion 
o f the G A T T  negotiations could be dramatically dif
ferent than the political landscape that has existed over 
much o f the previous 60 yr or so. Agriculture will 
no longer be compartmentalized. Agricultural sector 
issues w ill be linked with other trade issues, thus 
widening the vested interests that w ill determine 
whether a G A T T  agricultural code is accepted or re
jected. It the G A T T  agreement is accepted by the 
Congress, the executive branch will, no doubt, lean 
on the external code as a basis for creditable com mit
ments to achieving more P E R T s  in exchange tor 
fewer P E S T S .

In the grand scheme, the major policy issue is 
whether society can achieve more P E R T s  in exchange 
for fewer PEST s. In the case o f  United States agricul
ture. although the P E R T / P E S T  balance over the last 
two centuries may have been positive, as the years 
have unfolded it has become increasingly less so. 
Short o f an external G A T T  agricultural code, the 
actual process o f reversing this trend w ill depend on 
those interests that have access to the policy-making 
process, the space o f issues over which those interests 
can negotiate, the degree o f consensus that is sufficient 
to complete negotiations, and the appropriate course 
o f action if  negotiations break down. For example, 
simply changing congressional seniority rules would 
significantly alter access power. M any ot the com
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modifies that enjoy the greatest amount of P E S T  
transfers can be characterized as southern crops. 
Changing the relative cost of organizing those who 
benefit from reforms w ill increase their respon
siveness to changes 111 their welfare. This will alter 
incentives tor access which, in turn, can be expected 
to result in fewer PE ST s  tor a given level of P E R T  
expenditures. Creative packaging o f PEST s  and 
P E R T s  can, in effect, change the political technology 
by demonstrating the feasibility ot alternative, more 
efficient programs of wealth transfer. This change 
often requires political entrepreneurship, that is, lead
ers who become essential players by being part ot any 
consensus or admissible coalition supporting reform. 
In the final analysis, designing mixes o f P E R  I s and 
PEST s  to generate greater efficiency and improved 
equity w ill not be sustainable without altering the 
policy-making process.
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Glossary

A eration Process ot ventilating stored grain with 
outdoor air to bring the grain to a uniform tempera
ture that is near the ambient-air temperature 
D ryin g  front Develops and passes through a layer 
ot grain being dried by passing air through it. The 
drying front is where grain moisture evaporates into 
the passing air
Equilibrium  m oisture  co ntent Moisture content 
ot the product when it is in equilibrium with the 
relative humidity and temperature ot the surround
ing air
Structural loads On a grain bin are the forces ap
plied to the building structure by the action ot gravity 
011 the stored products. Other structural loads include 
the forces ot wind, snow, and the mass of the building 
itself
Storage eco system  A bulk o f stored material where 
the living organisms, seeds, fungi, insects, etc., inter
act with each other and with the nonliving environ
ment; temperature, moisture, oxygen, etc. 
T e m p e ra tu re  front When air is passed through a 
grain bulk (e.g. aeration) a temperature front develops 
where the grain temperature comes into equilibrium 
with the temperature o f the air

T h e  expanding human population throughout the 
world depends 011 the sate storage o f cereal grains.

oilseeds, and legumes for a continuing supply ot tood 
between harvests. The stored grain must be ade
quately protected from the destructive or contaminat
ing action ot insects, mites, microorganisms, and ro
dents. Because biological, chemical, and physical 
variables all interact in grain storages, an integrated, 
multidisciplinary knowledge base has been developed 
by workers in agricultural engineering, ecology, en
tomology, mycologv, mycotoxicology, and plant pa
thology.

I. Introduction

A. Importance and Need for Crop Storage

The cereal grains wheat, rice, corn, and barley are 
the major sources for human food and animal feed 
throughout the world. All cereal grains and oilseeds 
are harvested at specific, short periods ot a tew weeks 
in producing regions o f the world. Thus, to maintain 
a constant supply o f food to the consumer, the har
vested seeds must be stored for up to 1 year or more. 
Storage is also needed (1) to maintain seed tor the 
next crop; (2 ) to maintain the crop as it is transported 
from producing areas to consumers in cities and in 
other countries; and (3) to maintain a supply tor years 
when demand exceeds production which may have 
been reduced due to poor weather conditions.

I11 the United States and Australia the major portion 
(e.g., two-thirds in Kansas) ot the storage space is 111 

off-farm, centralized storages. W hile 111 Canada over 
three-fourths o f the storage capacity is 011 the produc
ing farms, and this ratio is even higher in subsistence- 
farming areas o f the world such as India and China.

The objective o f all storage systems is to maintain 
both the quantity and quality o f the stored product, 
at as low  a cost as possible. The quantity can be 
reduced when grain is consumed by insects or rodents 
or when losses occur from human thett, carelessness.
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or leakage. Quality can be measured by such variables 
as germination', nutritional value, baking characteris
tics, odor, flavor, contamination, and appearance. 
Quality can be reduced bv the activity ot insects, 
microorganisms, and rodents m the grain. In devel
oped countries located in temperate climates, storage 
managers can prevent most storage losses w ith well- 
engineered drying and storing systems. Losses, how
ever, can be significant in years having production 
and weather conditions favorable to insects; e.g., it 
has been estimated that in 198(1, stored-gram insects 
cost U .S . wheat farmers about S30,UD0,01)0. In devel
oping countries the losses may average about 10%  
and can be close to 10(1%  in some specific situations.

B. The Storage Ecosystem

Any grain bulk, ranging from a 50-kg bag o f rice 
stored in a home in India to a 2500-tonne steel bin 
of corn in Iowa, can be considered a man-made eco
system. The living organisms in this ecosystem are 
the producers (the grain kernels) which are being at
tacked by consumers (insects, mites, and rodents) and 
decomposers (fungi and bacteria). These organisms 
interact among themselves and are affected by the 
temperature, relative humidity, and gaseous compo
sition (C O i, O ,, N ,. pheromoncs, odors, etc.) o f the 
surrounding and intergranular (nonliving) environ
ment. The major objective o f the manager o f the 
storage ecosystem is to control the nonliving environ
ment so as to prevent the consumers and decomposers 
from spoiling the living grain. The remainder o f this 
article describes the components o f the storage ecosys
tem and techniques used to reduce the deterioration 
of stored crops.

II. Deterioration Processes 
and Quality Changes

A. Product Respiration

All living aerobic organisms respire. The respiration 
process ot grain consumes stored food m the kernel 
and oxygen from the air and produces carbon dioxide, 
water, and heat. To prevent loss of the stored food 
in the kernel the respiration rate- must be kept low bv 
storing the grains at a low temperature and moisture 
content or tor some products a low oxygen concentra
tion. Because the products of respiration— moisture 
and heat— increase the rate of respiration, the deterio

ration rate can increase rapidly it respiration is not 
kept low.

Sim ilarly the respiration ot the attacking organisms 
(e.g., insects and fungi), it unchecked, can cause an 
exponential increase in temperature and deterioration. 
For example, due to mold growth the temperature 
o f a moist (23% moisture content) pocket ot wheat 
increases in temperature from 3° to V °C  in the first
10 days, to 2 0 °C  in the next 10 days, and then a 
maximum ot 65°C in the next 7 days.

B. Microorganisms

The major decomposers that attack stored grain are 
fungal species ot Pniicillimn, Aspergillus, and liisariitin. 
For most ot the species to grow, the grain or oilseeds 
must have a water activity o f at least 0.65. Equivalent 
moisture contents vary according to the crop, e.g., 
13% for wheat, a cereal gram, and 8 %  tor canola, an 
oilseed. Fungi are the most common microorganisms 
in stored grain because other microorganisms require 
higher water activities, e.g.. most bacteria require a 
water activity o f 0.9(1 (2 2 %  moisture content wheat).

Stored-product fungi such as Peticillium spp. can 
grow slowly at temperatures down to about — 5 °( ' 
while others such as A. fiiinagiiliis can continue to 
grow lip to about 6 (PC . Optim um  growth occurs at 
between 20° and 40°C.

Because some fungi can slow ly grow and spread 
throughout a grain bulk even at relatively low temper
atures and moisture contents, the length o f time the 
grain is stored significantly affects the rate ot spoilage 
when conditions ot the stored grain become favorable 
tor rapid fungal growth. Damage to the seed coat 
during threshing, handling, or drying opens up fis
sures where the tungi can readily attack the kernel. 
Insects, mites, and rodents can increase tungal growth 
by spreading spores, producing water and heat, and 
damaging the seed coat.

C. Insects and Mites

Several species o f insects attack stored products. Some 
of the common ones are Indian-meal moth. Plodia 
intcrpinutclLi (Hiibner); Angoumois grain moth, Siio- 
trqya ccrcolclla (O livier); granary weevil, Sitophilusgra- 
naritis (L.); maize weevil, Sitophilus zeaniais Motschul- 
sky; red flour beetle, Tribciium easuweuin (Herhst); and 
lesser gram borer. Rhyzopenlui doiuinica (Fabridus),

Most insect species have an optimum temperature 
range around 30° to 35°C, a lower threshold for repro
duction of about 2<)“C . and an upper threshold o f
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.ibout 40'"(!. Most insects die when exposed to tem
peratures below about - 10UC! or above about 60°C!.

Most stored-product insects can do well in dry 
grain, e.g.. down to about 10%  moisture content 
111 wheat. Thus, in dry, warm grain and in tropical 
climates the main spoilage agent is usually insects: 
while in moist, cool grain and in colder temperate 
climates the main concerns are fungal-induced spoil
age and mites.

Mites are an important pest ot moist, cool grain in 
the northern grain growing regions ot North 
America, Europe, and Asia. Adult mites have eight 
legs (insects have six legs) and are usually less than 
1 111111 long. They consume grain, mold growing on 
the grain, or other mites. M ite pests such as the grain 
mite (Acorns siro) can teed and reproduce on grain 
down to 5 °C  with optimum conditions ot about 23°C 
and 85% relative humidity. M ite populations can in
crease by 2500-fold per month compared with in
creases ot I ( I- to 71)—told per month tor stored-product 
insects.

D. Rodents

O n  a worldwide basis, rodents (rats and mice) destroy 
3 to 5 %  ot the grain produced. Rodents also contami
nate stored grain with their droppings, urine, and hair 
and can spread several human diseases.

The number ot rats or mice in an area depends 
mainly on the availability ot tood, water, and space, 
i.e., room tor nesting and movement. K illing rats 
and mice by poisons, traps, or cats reduces the popula
tion tor a short time but it can quickly return to its 
original level.

The best control procedures are to maintain clean 
buildings and surroundings and to remove all hiding 
places tor the rodents to nest and live. Stored grains 
cannot be removed but. if  possible, storage structures 
should be made rodent proof to prevent entrance o f 
the rodents. Spilled grain and other food and water 
sources in and around storage ecosystems must be 
removed so as not to attract rodents.

III. Properties of Grain and G rain  Bulks

A. Moisture Sorption

The moisture content ot stored grains and oilseeds 
directly attects rates ot deterioration by fungi, insects, 
and mites, l'hus, the drying o f grain is the most com
mon method ot controlling deterioration. Moisture

contents ot seeds are usually expressed on a percentage 
wet-mass basis:

(mass ot contained water/mass ot dry matter 
and water) x  100% .

At very low  moisture contents (0  to 5 % ) the mois
ture is held strongly in the kernel, mainly by chemical 
binding forces. As the moisture content increases, the 
water is held by weaker, intermolecular forces such 
as van der Waal forces. At higher moisture contents, 
(above about 23%  for wheat) the additional moisture 
begins to act as free water. This free water is still 
within the kernels but no measurable energy is re
quired to separate the water from the kernel dry 
matter.

Intergranular air surrounding the kernels w ill come 
into moisture equilibrium with the moisture in the 
kernels. I f  the kernels are at a high moisture content 
(above 23%  for wheat) at which tree water exists in 
the kernels then the air will come to a relative humid
ity o f 100%. At lower moisture contents the equilib
rium relative humidity drops below 100%. For wheat 
at about 14.5% or canola at about 8 %  moisture con
tent and 20°C' the equilibrium relative humidity is 
about 70% . Because most fungi and other m icroor
ganisms cannot grow when exposed to relative hu
midities o f less than 65 to 70% relative humidity, 
the moisture content in equilibrium with 65 to 70% 
relative humidity is considered to be the maximum 
moisture content for safe storage. Equilibrium rela
tive humidities increase with increasing grain temper
atures; thus, moisture contents tor sate storage de
crease with increasing grain temperatures.

B. Heat and Moisture Movement
within Stored Bulks

Stored bulks o f  grains and oilseeds consist o f grain 
and intergranular air. Heat is transferred by thermal 
conduction through the kernels and the intergranular 
air spaces and by free convection within the bulk. In 
cool regions o f the grain bulk cool, dense intergranu
lar air is pulled downward by the force o f gravity. In 
the warmer regions the warm, less-dense air is buoyed 
upward (like a boat m water) by the cool, dense air 
being pulled underneath it.

Moisture can move from moist grain to drier grain 
by molecular diffusion through the kernels and 
through the intergranular air spaces. The driving force 
for such movement is the difference in vapor pressure 
o f the water in the wet and dry grain. The resistance 
to such movement is high and thus this movement
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is normally considered only for moisture movement 
within the kernel and between adjacent kernels. The 
more important mode ot moisture transfer is the 
moisture movement in the free-convection air cur
rents set up due to temperature gradients within the 
bulk.

C. Monitoring Stored Grain

1. Temperature
The condition ot stored grain must he monitored 

regularly so that incipient spoilage can be detected 
and preservation treatments can be applied. The best 
method ot monitoring is to regularly sample the grain 
bulk at several representative points. Extracting grain 
samples, however, is time consuming and can be dan
gerous or impossible in large bulks. Experienced 
farmers and storage managers depend 011 sensing a 
change in odor which usually accompanies stored- 
grain deterioration. This procedure, as with grain 
sampling, requires the person to enter the storage 
bins. This can be difficult and dangerous. Instruments 
which replace the human nose 111 detecting odor 
changes are too expensive and unreliable.

T w o  practical methods o f monitoring the stored 
grain have been developed which detect the products 
ot respiration ot the organisms responsible tor deteri
oration. Both fungi and insects respire and produce 
water, carbon dioxide, and heat. Temperature sensors 
(thermocouples or resistance thermometers) can be 
temporarily inserted into the grain bulk or perma
nently fixed throughout the bin. The sensors can be 
connected to a centrally located instrument for manual 
reading or automatic recording.

Temperature measuring equipment is relatively 
simple and inexpensive. Properly placed sensors can 
detect the cooling and drying fronts in ventilated 
bulks. Rapid spoilage throughout the bulk or rapid 
spoilage at or near the temperature sensor can be de
tected. Slow  spoilage or localized spoilage 5<) cm away 
trom the sensor cannot be easily detected because o f 
the low  thermal dit'fusivity o f grain. For this same 
reason, temperature readings are sometimes difficult 
or impossible to interpret. For example, readings in 
mid-winter o f over 25°C" may mean there is active 
spoilage or. because o f the very slow rate o f tempera
ture change 111 an unaerated large bin. the grain is just 
cooling slowly without any spoilage.

Measurements ot the concentration ot carbon diox
ide (C lO i) in the intergranular air are easier to interpret 
because any increase above the ambient concentration 
ot 0 .03% indicates undesirable respiration somewhere

111 the bulk. I he other major advantage o f C lO i mea
surement is that the gas readily diffuses throughout 
the bulk from the spoilage pocket. Thus, many fewer 
sampling points are necessary than tor direct grain 
sampling or temperature measurement. To  sample 
the intergranular air. small-diameter plastic tubes 
must be run into the grain bulk. Gas samples can be 
measured with either a chemical indicator tube or .111 

electronic sensing device.

IV. Physical Methods of Suppressing 
Deterioration Processes 
in Stored Products

A. Temperature Control

1. Unventilated Storages
The first factor that affects the temperature o f stored 

gram is the temperature o f the gram as it goes into 
storage. When grain is harvested with combines under 
sunny conditions the temperature ot the grain going 
into storage can be about 8 °C  above the ambient air 
temperature. Thus, even 111 cool, temperate climates 
where spring seeded crops can be harvested 111 mid- 
August. the initial temperature o f the stored grain can 
be 35" to 40°(!. Such temperatures are conducive to 
rapid deterioration by fungi or insects.

An 1111 ventilated bin of warm grain exposed to cool 
atmospheric temperatures begins to cool from the 
walls inward, drain has a low thermal dit'fusivity 
(approximately 10 n r/s) which is about one-third o f 
that for the insulating material, glasswool. Thus an 
equal volume ot glasswool would cool by conduction 
three times faster than a bin o f grain. Because o f the 
time lag in temperature change the center o f a 6-111 

diameter, cylindrical bin o f grain can be warmer in 
mid-winter than in mid-summer. For similar reasons 
the diurnal fluctuations of atmospheric temperatures 
only affect the temperature o f the outer 15 cm of 
grain. The tree convection currents that develop in 
the intergranular air buoy the air upward in the warm 
center o f a bulk cooling from the outside. This action 
results in the warmest pocket o f grain 111 winter being 
located above the geometric center ot the bulk, near 
its upper surface.

Temperatures of unventilated grain are affected 
mainly by the initial temperature of the stored gram, 
climatic conditions, bin size and shape, and bin wall 
material. The initial temperature of the grain may 
have a significant effect tor less than 4 months in a
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4-m-diameter bin but the effect can continue tor IS 
months in .111 S-m-di.imctcr bin.

Atmospheric temperature, solar radiation, wind 
velocity, and soil temperature affect temperatures in 
a free-standing grain bin. Increased wind velocitv in
creases the rate ot heat transfer between the air and 
the bin wall. Solar radiation causes the temperature 
of the bin wall to increase above the ambient air tem
perature. For example, the measured temperature at 
noon on the south facing wall of a galvanized steel 
bin tilled with wheat rose to 45°C when the ambient 
air temperature was — 10°C.

The diameter or width ot free-standing bins of grain 
can have the greatest effect on grain temperatures. 
Fcir example, under Canadian Prairie conditions, the 
temperature of wheat at the center of a 4-m-diameter 
steel bin stored at an initial temperature of 35°C falls 
to ( f C  within 6  months while at the center of a 
lO-ni-diamcter bin the temperature remains above 
2()°C tor 2 years and does not exhibit seasonal cycling.

Most free-standing, cylindrical bins have been 
manufactured from galvanized steel. Galvanized steel 
has a high absorptivity for solar radiation but has a 
low rate of radiant emission at bin wall temperatures. 
Tluis, galvanized steel absorbs solar radiation and 
warms rapidly during the day but it cools slowly by 
radiation to the cool surroundings and cold sky when 
shaded trom the sun and at night. Conversely, white 
paint has a low rate of absorption of solar radiation and 
has a high rate of radiant emission and thus maintains 
cooler grain temperatures.

The cooling rate ot warm grain that has begun to 
cool from the walls inward can be increased by turn
ing the grain. Stored grain is turned by transferring 
it trom one bin to another. It, during turning, the 
grain is well mixed then all of the grain conies to the 
average grain temperature. The warm grain at the bin 
center mixes with the cool grain at the bin periphery. 
There is little heat transfer between the grain and 
ambient air during the turning process because the 
movement>s usually rapid and the surface area ot the 
grain stream exposed to the ambient air is relatively 
small.

2. Aerated Storages
Stored grain can be cooled rapidly and uniformly 

to the ambient air temperature by blowing ambient air 
through the grain. Grain aeration systems are usually 
designed tor .111 airflow rate ot 1 to 2 (L/s)/m ' ot 
gram. As the air is pushed through the grain, a cooling 
front develops in the grain. At 1 (L/s)/m ' it can take 
about 2(10 h to cool the grain to the temperature o f

the entering air. 1 )epending tin the grain and air condi
tions the moisture content ot the grain may be reduced 
bv about 0 .5% . After the cooling front moves 
through the grain, the fan can be turned off until the 
temperature difference between the ambient air and 
grain again increases to 5° to I 0 °C . In this manner 
the grain temperature can be maintained near the am
bient air temperature. Aeration is normally an excel
lent means o f cooling the grain to reduce the rate ot 
deterioration and insect reproduction. B y  maintaining 
uniform temperatures throughout the grain bulk, aer
ation also reduces moisture migration due to tempera
ture gradients and free convection currents in the in- 
tergranular air.

In some locations it is recommended that the grain 
be warmed by aeration as the ambient temperature 
rises. This may be necessary to prevent excessive con
densation or frost forming 011 cold grain that is moved 
out o f storage when or where the ambient air is warm 
and humid. T his can occur, for example, when cold 
grain from the northern United States is moved down 
the Mississippi R iver for transfer to ocean-going ships 
in N ew  Orleans.

In some locations grain is harvested 111 the spring 
or early summer when the ambient air temperature 
remains high. If  the grain is harvested dry and at an 
initial temperature o f 35°C or above, insect infesta
tions may be controlled by the high grain tempera
tures. The reproduction rate of many stored-product 
insects is limited at such temperatures. Aerating the 
grain would only cool the grain to temperatures that 
are optimum for the insects. Grain stored at high 
temperatures must be inspected frequently; when the 
ambient air does drop to near 20°C in the late summer 
or autumn aeration can be used to rapidly cool the 
grain below the insects' optimum temperatures.

B. Moisture Content Control

1. Principles of Drying
The major method ot preventing or reducing the 

rate o f deterioration ot stored grains, oilseeds, and 
other seeds is to dry them to a moisture content at 
which the growth o f microorganisms and seed respi
ration are reduced to a minimum. D rying w ill also 
prevent the growth o f  mites and some insects. Some 
crops such as corn grown 111 midwestern United States 
are usually harvested at moisture contents above those 
safe for storage. I11 some regions where harvesting 
normally occurs in humid weather, e.g., Scotland, 
all o f the harvested grain must be dried. Other crops, 
e.g.. wheat, and in drier regions, e.g.. North Am eri
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can prairie and Australia, the harvested grain is dried 
less frequently. |See F o o d  D e h y d r a t i o n . |

Drying consists ot two transport phenomena: 
(a) the transfer ot thermal energy into the grain hulk 
and into individual kernels required to evaporate the 
moisture and, (b) the transfer o f water vapor out of 
the kernels and grain bulk. Before harvest the matur
ing grain is dried by solar energy heating the kernels 
on the plant and by wind carrying away the moisture. 
During harvest many subsistence farmers continue 
using the same solar drying process. They spread the 
cut plants or threshed grain on an open, dry surface 
such as packed soil, brick, or asphalt. In mechanized 
farming systems, air forced through a layer or bulk 
ot grain is used to carry 111 thermal energy and carry 
out the water vapor. Other possible means ol supply
ing the required thermal energy include the use o f 
microwaves or mixing the grain with a preheated 
granular material, e.g., sand or steel balls. In micro
wave drying the water vapor is usually removed from 
the bulk with a vacuum pump. M ixing the grain with 
a desiccant (e.g.. silica gel, bentonite or previously 
overdried grain) is an alternative method o f removing 
moisture trom grain.

The rate ot drying is determined by the rates ot 
heat transfer inti.) the kernels and moisture transfer 
out ot the kernels and grain bulk. For the common 
air drying method these rates are increased by increas
ing the air temperature, lowering the vapor pressure 
ot the air, and increasing the air velocity. During 
drying, however, the temperature o f the grain must 
not increase above temperatures that damage the grain 
quality. Seed viability is damaged above 45°C while 
corn for milling can be heated to 6 ()°C  and corn tor 
animal feed can be heated to 1(K)°C.

2. Drying with High-Temperature Air
Systems for drying grain with high-temperature 

air consist o f fans to move the air through the grain, 
a high-temperature heat source (usually natural gas, 
propane, or other fossil fuel burner), and equipment 
to move the grain into, through, and out o f the drier. 
Batch driers dry a quantity ot grain and then the heat 
is turned o ff while the grain is cooled with ambient 
air. After cooling the fan is stopped; the dry. cool 
grain is unloaded; and then the drier is refilled with 
a new batch o f wet grain. Because the fan is offduring 
the unloading and reloading, the capacity o f the drier 
is reduced. This grain movement frequently requires 
human supervision. Batch driers, however, tend to 
be simple, lower capacity, and lower cost than contin
uous How driers. In continuous How driers the grain 
moves slow ly through the drier at 111 automatically

controlled rate requiring less frequent human super
vision.

The simplest driers o f both types have the heated 
air blowing through a layer o f grain w ith the sain: 
grain on one side ot the layer always exposed to the 
hot air. This can result in heat damage and increased 
brittleness o f the overheated kernels. In many types 
o f batch driers the grain is recirculated and mixed to 
provide more uniform drying. In some continuous 
How driers baffles are added to mix the grain as ic 
moves through the drier.

The dry. hot grain must be cooled to near the ambi
ent temperature before long-term storage. For cool
ing to occur in batch driers the heat source must be 
turned o ff while the fan blows ambient air through 
the gram. In continuous How driers the hot, dry grain 
passes into a cooling section where ambient air ii 
blown through the grain. The capacities ot both driers 
can be increased by cooling the grain m a separate 
storage bin. For batch driers the heater and fan are 
then ott only while the grain is being moved in and 
out o f the drier. For continuous How driers the capac
ity can be increased by using the cooling section as 
an added heated-air drying section.

Transferring the hot, dry grain to a bin and immedi
ately cooling it with ambient air can remove up to 
another 1%  moisture from the grain. It the grain is 
allowed to temper tor 10 to 12 h in the bin before 
cooling, moisture at the centers ot the kernels moves 
out toward the kernel surfaces. If  the grain is then 
cooled, up to 2 or 3 %  moisture can be removed during 
this process called dryeration. B y  removing some 
moisture in the cooling bin the capacity o f the high- 
temperature drier is increased because the grain can 
leave the drier at a higher moisture content. An added 
benefit, particularly with corn, is the reduction in the 
amount o f brittle or broken kernels under the less 
severe drying conditions. High-temperature drying 
causes temperature and moisture content gradients 
within the kernel that result in stress cracks in the 
kernels. Stress cracking is also a major problem for 
high-temperature drying o f rice. Special driers and 
techniques have been developed tor rice so that the 
moisture is removed slowly and evenly.

N ew  driers are being designed and built to improve 
energy efficiencies. 1 )riers are available that recirculate 
some of the exiting hot air and cooling air so as to 
reduce the loss o f sensible heat energy in the air.

3. Drying with Air at
Near-Ambient Conditions

(Irani in a storage bin can be slow ly dried by blow 
ing outside atmospheric air through the gram. The
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.m is heated about 1° to 3°C. as it passes through 
the t.m and therefore is at near-ambient conditions. 
Sometimes the air is also heated .1 few degrees by 
electric heaters, fossil fuel burners, or solar collectors. 
Under most situations the airflow rate required to 
dry the grain adequately is at least 5 to 1(1 times greater 
than that needed tor aeration. Stored grain is aerated 
with ambient air at 1 to 2 (L/s )/m ' mainly for temper
ature control rather than for drying.

As drying w ith near-ambient air begins, two fronts 
and three zones can develop in the grain bulk. At the 
entrance ot the air into the grain a zone develops 
where the grain is at the temperature o f the air and is 
at a moisture content in equilibrium with the relative 
humidity of the entering an. Downstream from this 
zone is the drying front where thermal energy in the 
air evaporates moisture from the grain. Then there is 
a zone in which the grain is m equilibrium with the 
cooled, moisture-laden air leaving the drying front. 
There is then a second front, the temperature front, 
m which the cooled air comes into equilibrium with 
the initial temperature and moisture content o f the 
grain. In this front, if  the grain is initially warmer 
than the air, the air warms and picks up more moisture 
which is evaporated by the heat stored in the grain. 
In this temperature front the moisture content o f the 
grain decreases by less than 1%  depending on the 
grain and air conditions. Downstream from the tem
perature front the grain is at its initial temperature 
and moisture content. The temperature front, whose 
velocity depends mainly on the airflow rate, passes 
through the grain bulk relatively quickly (e.g., 15 h 
at an airflow ot 12 (L/s)/nv'). The drying front moves 
much slower, taking a few to several weeks to pass 
through the bulk depending on several factors includ
ing airflow rate, the initial moisture content o f the 
grain, and the temperature o f the incoming air.

In near-ambient drying the condition o f the enter
ing air follows the diurnal and seasonal changes in 
weather. Although, for this reason, several minor 
fronts and zones can develop in the grain bulk, they 
tend to spread and become indistinguishable from the 
major ones described above. Frequently the condi
tions of the air entering the grain reduce its moisture 
content below the maximum limit for commercial 
sale. Because the grain is sold on a mass basis any 
moisture loss below this maximum limit represents 
a direct financial loss to the owner. The owner has 
less grain (and water) to sell and makes less money 
even though he is selling a better quality, more dense 
product that w ill store without deterioration for a 
longer period. Continuing to operate drying fans dur
ing rain or high humidity weather adds some moisture

hack into the overdried grain and this air. dried by 
the grain continues moving the drying front through 
the bulk. Except during periods of high ambient rela
tive humidity, adding extra heat to the air w ith a 
heater or solar collector usually increases the overdry
ing with only a small increase in the rate o f drying.

The mam design variable in planning a near
ambient drying system is the airflow rate. Both the 
initial capital cost ot the tan and motor and the op
erating cost o f the electrical energy consumed increase 
with airflow rate. The minimum airflow rate is se
lected to dry the grain before any unacceptable fungal 
spoilage occurs in the undried layers and w ith in the 
maximum allowable drying time (determined by 
marketing plans and storage space). The fan size must 
be selected on the basis o f the harvesting and drying 
conditions expected during the next several years that 
the fan w ill be used. At present, the only practical 
method o f varying the airflow rate for an already 
installed fan and bin is to vary the depth o f wet grain 
placed in the bin for drying.

4. Computer Models Used for Design and 
Management of Grain Driers

Mathematical models that simulate the drying o f 
grain have been programmed tor use on computers. 
The initial conditions ot the grain are input to the 
models. The models then accurately predict the tem
perature, moisture content, kernel damage, and fun
gal deterioration o f the grain based on the varying 
conditions o f the entering air.

Computer models have been used to determine and 
compare the performance o f various types o f higli- 
temperature driers. The effects of changes in drier 
design or operation can be quickly predicted without 
the long time delay and cost required to build and 
test different driers. Sim ilar models operating on m i
croprocessors connected directly to the drier provide 
better control o f the drier than either simple thermo
static controls or manual controls.

Computer models o f  near-ambient, in-bin drying 
have been used to predict the minimum airflows re
quired to dry grain. Usually the models are used to 
simulate drying and spoilage o f the grain based on 
historic weather data for the past several years. The 
minimum airflow to complete drying w ithout spoil
age in the worst year can be selected. It some risk is 
acceptable, then the minimum airflow required to dry 
in a chosen percentage o f the past years could be 
selected as a design for future years. Such a design 
based on some level ot expected risk requires a well- 
informed storage manager.
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C. Controlled Atmosphere Storage

Controlled atmosphere (C A ) storage can limit the 
growth ot insects, mites, and aerobic tungi bv reduc
ing the concentration of oxygen ( O J  and increasing 
the concentration ot carbon dioxide (C O i) or nitrogen 
(N i) in the intergranular air. To control the intergran- 
ular atmosphere the storage unit must be made air
tight and normally either C O , or N , is injected into 
the storage unit to displace the O,.

Controlled atmospheres containing an elevated 
level of C O , (> 60% ) and a depleted level ot O , 
(< 10% ) at low relative humidities (< 5 (l% ) and high 
temperatures (>27°C) are lethal to most insect species 
that are responsible tor losses in stored dry grain. The 
response may, however, vary depending upon the 
nature and size ot the infestation, the life stages ot the 
insects, and other storage conditions. Insects have the 
potential to develop resistance to controlled atmo
spheres, it controlled atmospheres are improperly 
used. Controlled atmospheres do not have any detri
mental effect on functional characteristics of grains 
and they help to maintain seed germination and viabil
ity. Some deterioration ot storage structures, espe
cially concrete structures, may be caused by con
trolled atmosphere gases.

For higher moisture content grain (14 to 2(1% tor 
wheat), in which the deterioration risk is mainly from 
microorganisms rather than insects, C.'A storage can 
also be somewhat beneficial. The grain viability and 
food quality can be preserved for several weeks but 
then anaerobic microorganisms can grow sufficiently 
to kill the grain and produce a fermented odor and 
taste. The nutritional value is preserved and animals 
prefer the higher moisture grain to the same grain 
stored dry.

V. Methods of Killing Stored-Crop Pests

A. Chemical Treatments

Chemicals have frequently been used to contra I insect 
pests in stored products. The two main types ot pesti
cides are fumigants and residual contact pesticides. 
Fumigants are gaseous compounds that can diffuse 
through a grain bulk and kill most insects and some 
mites. The most common fumigant is hvdrogen 
phosphide, P H *  The fumigant is added to the grain 
m the solid form ot aluminum phosphide which reacts 
with moisture in the intergranular air to form the 
toxic gas, hvdrogen phosphide. 1 he phosphide tablets 
are introduced and distributed throughout an infested

grain bulk either by insertion directly into the stored 
bulk or by adding the tablets to the stream ot grain 
as it is moved from one bin to another. Hydrogen 
phosphide gas is highly toxic to humans and other 
mammals but probably does not leave a toxic residu: 
on the grain.

For a successful insect kill the infested grain must 
be fumigated in a gas-tight storage in which the 
fumigant concentration can be maintained tor H  
days when the grain temperature is 5° to 12°C or 
3 davs when the grain temperature is above 20 °C  
Fumigants do not prevent reintestation after 
treatment.

Residual contact pesticides, e.g., malathion, ar_- 
spraved into a stream ot grain as it moves into 
storage. Insects are killed only it they come into 
contact with treated kernels. The effectiveness ot 
the chemical can continue tor several months de
pending on grain temperature and moisture content. 
Malathion has a low toxicity to humans and other 
mammals.

The use o f both types o f chemicals is declining 
because ot the increasing resistance ot insects to the 
chemicals and the possible risks to human health.

The growth of microorganisms (tungi, bacteria, 
etc.) on damp or high moisture grain can be reduced 
or prevented by treating the grain with chemical pre
servatives. Preservatives that have been used include 
propionic acid, formic acid, ammonia, and sulfur di
oxide. Treating grain with such chemicals eliminates 
the need for drying or preserves the grain until it can 
be dried. Norm ally, treated grain is used for animal 
feed.

B. Other Treatment Methods

Stored-product insects can be killed instantly by cool
ing the grain to below — 2()°C or warming the grain 
to above 60°C. Temperatures below 17°C stop insect 
reproduction, and below — 10°C stop microorganism 
growth.

Some subsistence farmers add inert dusts, e.g., dia— 
tomaceous earths or activated clays, to control insects. 
The dusts cannot be completely removed trom the 
grain, leaving a gritty feel or taste, but they are consid
ered nontoxic to warm-blooded animals. The dusts 
are not suitable for commercial facilities because they 
can damage grain handling equipment and they can 
( reate a dustv environment which is unhealthy for 
grain handlers. Other natural products that have been 
used to preserve stored grain include: oils trom peels
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ol various trims, vegetable oils, sorhii acid trom the 
truit ot mount.tin ash trees, and hot peppers.

Insects m stored grain can be sterilized hv passing 
the gram in a thin laver through a beam ot high-energv 
electrons. Advantages include: no harmtul chemical 
residues, no danger to equipment operators, nutri
tional value is unaffected, and the grain temperature 
is increased less than I). 1 °C'. Disadvantages include: 
the sterilized insects may continue to live tor several 
weeks, it provides no residual protection tor the grain, 
and the seed is killed. Because o f their high capital 
costs these grain treatment units can be economical 
only when a steady, high throughput tor several years 
can be expected.

VI. Health H azards

A. Mycotoxins

Mycotoxins are poisonous substances that are pro
duced by some strains ot fungi which grow on stored 
grains, other foods, and animal teed. The most famil
iar mycotoxin is aHatoxin which is produced by the 
fungi, A. fhii’iis. AHatoxin has been most frequently 
detected on peanuts but has also been detected on 
corn, rice, barley, and sorghum seeds. Other m yco
toxins including vomitoxin, zearalenone, and oclira- 
toxin can be produced by other tungi such as I ’cniiil- 
liniit spp. and I'tisiiriniH spp. The fungi can grow on 
grain without producing mycotoxins. Furthermore, 
the poisons cannot he easily detected or removed trom 
the grain; thus, the best control method is to prevent 
tungal growth by storing the grain dry and cool.

Extrem ely low  concentrations o f invcotoxins can 
induce a wide variety o f symptoms in animals and 
humans. These include swollen vulvae, shrunken tes
tes, abortions, slow growth rate, liver and kidney 
damage, and ultimately death.

B. Respiratory Diseases

A recent study ot grain farmers in Canada found that 
X ()%  had varying forms ot respiratory diseases. An 
earlier study found that about 1 0%  o f both farmers 
and grain handlers had symptoms o f Farmers Lung 
syndrome. The symptoms are similar to those o f 
pneumonia and include a fever, profuse sweating, 
marked weakness, and breathlessness. These symp
toms occur after the person works with or is exposed 
to dust trom m oldy grain or hay. The symptoms can 
last trom 2 to 3() days and may require hospitalization.

I he svmptonis tend to increase with repeated expo
sure to moldy grain or li.iv and can occur in persons 
ot all ages. Both fungi and mites m moldy grain trig
ger the allergic reaction. The disease causes permanent 
damage to the lung.

Another respiratory hazard ot working with dustv 
grain and teed is called Toxic Organic Dust syn
drome. I he symptoms are similar to Farmers Lung 
but most people recover with no permanent damage 
or increased future risk

C. Entrapment and Suffocation in Grain Bulks

In the state o f Indiana from 1964 to 1978 entrapment 
and suffocation in grain hulks, caused two to three 
deaths per year and 40%  ot the accidents involved 
children less than 13 years old. V ictim s on the top 
surface ot a grain bulk can be pulled into and become 
submerged while grain is being emptied out from 
the bottom o f the bill or transport vehicle. Victims, 
specially voung children, can be playing in a bin or 
in the box o f a transport vehicle and be accidently 
covered with grain during filling.

Persons have survived entrapment and have been 
successfully extricated. The risk of sutlocation can be 
reduced it the victim can get his hands over his nose and 
mouth before he becomes submerged. It the accident 
occurs in a bin w ith forced ventilation, the fan should 
be turned on to provide air to the victim. The rescuers 
must attempt to remove the grain sideways trom the 
victim without pulling the victim further into the bulk. 
In many storage structures this can be accomplished by 
cutting openings in the sides of the bin.

VII. Structural Loads Exerted by 
Stored G rain

A. Static Loads

The structural design ot grain storages is based on 
the loads exerted by wind, snow, and the stored grain. 
For free-standing, cylindrical bins wind loads on the 
empty structure can lift and overturn the bin. For 
rectangular buildings with bulk storage the negative 
air pressures on the leeward side must he added to 
the outward pressures ot the grain. Snow loads on 
roofs depend on the predicted snow accumulations 
and roof shape. | S ic  S tkuc  ruui s. |

Stored grain is a granular material that is considered 
to be a semi-riuid because, like a Huid, grain exerts 
lateral pressures outward against the walls. Unlike a
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fluid and similar to a solid iii: exerts a vertical fric
tion load on bin walls.

The American Society of Agricultural Fnginecrs 
has developed a standard procedure tor predicting 
loads in grain bins. The static loads exerted by the 
grain on the walls and floor are calculated as functions 
ot bin dimensions, grain bulk density, and friction 
between kernels and between kernels and the wall 
material.

B. Dynamic Loads

Grain exerts different dynamic loads w hen the bin is 
being filled or emptied. Structural loads during tilling 
are similar to static loads; however, loads during emp
tying can be much larger and can cause the bin walls 
to fail.

During the emptying ol deep bins, where the 
height ot the bin is more than twice the diameter, 
all the grain moves downward together in plug (or 
mass) flow. In shallower bins the grain develops a 
funnel directly above the emptying port. I hc top 
surface forms into an inverted cone and the grain 
flows down the top surface and then down a vertical 
"p ipe”  to the outlet. The bin actually empties from 
the top downward. The dynaniii loads during "tun 
nel em ptying”  are similar to ihe st.itic loads. A 
general recommendation is that loads during plug 
flow can be 1.4 times higher than those during 
static storage. Some researchers, however, have 
measured dynamic loads greater than 4 rimes static 
loads.

C. Other Grain Loads

Thermally induced loads occm in thin-metal walls of 
bins when the temperature of the ambient air or 
bin wall decreases. The metal attempts to contract, 
reducing the circumference and diameter of the 
bin. The grain in the bin resists this contraction 
causing increased lateral pressures against the wall 
ot up to 15% during a 20°C temperature drop per 
hour.

Grain kernels ventilated with moist air can absorb 
moisture and expand. The expansion ot the kernels 
and the bulk are restrained bv the bin walls and the 
mass ot grain above. Limited experimental work lias 
indicated that the wall pressures ma\ increase bv 
times tor a 2 %  increase in moisture content and II 
times tor a 1(1% increase in moisture content. Such 
increased loads could cause structural failures; there
fore. it is usually recommended that during in-bm

aeration or drying care must be taken to prevent large 
increases in grain moisture content.

V III. Integrated M anagem ent of 
Stored G rain

Farmers producing and storing grains and oilseeds 
must integrate a wide range ot knowledge trom ex
perts in several different disciplines. When managing 
stored grain, farmers and other grain storage manag
ers must use knowledge from agricultural engi
neering. entomology, mycology, chemistry, and eco
nomics. The future development ot knowledge-based 
systems or expert systems on microcomputers is one 
possible method of collecting, organizing, and trans
ferring diverse knowledge from several experts to 
farmers in a readily accessible and user-friendly 
format.

Expert systems are computer programs that store 
both qualitative and quantitative information. Fre
quently the information is in the form of rules. A 
simple rule could be: I f  the date is September and if 
the temperature o f the stored grain is above 25°C and 
it the weather forecast is for temperatures below 2 ()°C 
then aerate the grain for 3 days. Thus, an expert sys
tem for grain storage managers would be a computer 
program that provides the manager with the practical, 
situation-specific information needed in deciding on 
day to day strategies to manage and operate storage 
lacilitics.

A manager using the program would, at the time 
o f filling Ins bins, input to the program descriptions 
o f his bins, his grain treatment facilities, and the grain 
put into the bins. The manager would also input his 
management objectives and quality criteria. These 
could include expected storage period and use for the 
grain, final moisture content, and acceptable risk o f 
spoilage. The program would have in its memory 
such information as historic climate data tor the loca
tion. performance ot available drying tans, character
istics o f available pesticides, etc. The computer, 
through direct connections to weather stations and 
monitoring instruments in the stored grain, could 
be continuously recording, in real time, the weather 
conditions, available weather forecasts, and condi
tions ot the stored grain.

Mathematical models that can simulate heat, mois
ture, and gas transfer through the grain, insect and 
mite populations, and grain quality loss could be in
cluded m the expert system. Based on the present
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conditions and on both historical weather data and 
the weather forecast the models could be used to pre
dict the effects and probabilities for success of various 
management decisions.

The expert system would compare the various pos
sible scenarios and then use rules to output to the 
storage manager suggested actions or decisions. One 
ot the important attributes ot good expert systems is 
that the user can then ask the computer to explain or 
follow through the logic used to arrive at the recom
mendation. (This type of program is called an expert 
system because the rules and logic patterns stored in 
the program are obtained by the computer program
mer trom experts such as agricultural engineers, ento
mologists, agricultural extension personnel, and suc
cessful storage managers.) The expert system could 
ask the user for additional information on the present 
and predicted conditions ofthe grain, and could indi
cate the need and timing ot future monitoring ot the 
stored grain, and then tell the manager when to next 
consult the computer program.

As the world recognizes the human and commercial 
value ot stored grain to teed the hungry people of 
the world, more effort will go into maintaining the 
quality and quantities ot the tood grains already being 
produced each year. The interdisciplinary knowledge 
needed to economically preserve stored grains, oil
seeds, and legumes w ill have to be developed further 
and w ill be transferred to storage managers through
out the world.
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Glossary

Aquifer,  aquitard, aq u icludc Terms used to indi
cate tlic decreasing ability ot a geologic material (or 
formation) to transmit significant amounts o f water 
under normal conditions (forces, gradients) 
H y d rau lic  co n d u ctiv ity  Rate at which water can 
move through a soil or an aquifer under a unit hydrau
lic gradient
Soil ro o t  zone Biologically active zone extending 
trom the soil surface to approximately 1 111 depth 
S to rativ ity  Volume ot water that a unit volume of 
aquifer releases trom storage when the hydraulic head 
is reduced by a unit length, fo r  example, the specific 
storage of an aquifer that releases 0.1 in ' o f water 
from I -m ' of aquifer material after the hydraulic head 
is reduced 1 in is 0 .1 m 1
T ransm issivity  Rate at which water moves through 
an aquifer under a unit gradient; equivalent to the 
product ot the hydraulic conductivity and the aquifer 
thickness
V adose zone Aerated zone from approximately be
low  the root zone to the upper-most aquifer 
W ater table Surface ot an unconfined aquifer where 
the water pressure is atmospheric

G round water is water located in the subsurface in 
fully saturated porous material. Ground water may 
occur in a geologic formation, which has confining 
zones (i.e.. thick layers ot clay or shale) above and 
below, where it is termed a confined aquifer, or it 
m.iv have an uncontincd upper boundary where it is

called a phreatic or water table aquifer. It may be 
located above a layer of soil which inhibits downward 
movement o f water. In this case, the water is perched 
in a region o f porous material that is generally unsatu
rated. Generally, water moves trom the soil surface 
through the soil-root zone (depth: (I to approximately
1 m) into the vadose zone. The vadose zone extends 
trom just below the root zone to the ground-water 
table and is usually unsaturated, although local re
gions o f saturation such as perched ground water may 
be located inside this zone. Separating the vadose zone 
and a water table aquifer is the capillary fringe. This 
is a zone which is at saturation, but the water is under 
a negative potential as it is in unsaturated soil. The 
capillary fringe has properties which make it difficult 
to fit it in either ot the vadose or ground-water zones, 
as the capillary fringe is a transition between partially 
saturated porous media and fully saturated ground 
water. Ground water moves from high to low poten
tial energy and from high to low elevation.

I. Importance of Ground W ater 
to Agriculture

O ver the past 40 years, the yields o f agricultural com
modities have risen dramatically. F;or example, har
vests o f wheat, soybean, and cotton have risen by as 
much as 50% and corn by up to 125%. These increases 
are due in part to improved farm operating proce
dures, management practices, new techniques for pest 
control, and more efficient use of water. In arid areas, 
a significant factor tor increased crop yields is a steady 
supplv ot irrigation water. [.Sec Wati-.k: C on  iro i and 
U sk ; W atch  Rhsourci.s. |

Although hydrologists generally focus on water 
movement in the subsurface, it is recognized that both 
ground- and surface-water supplies are important and 
inseparable parts o f our water supply system. In arid
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areas, lack o f rainfall contributes to a reduced amount 
o f surface water. Since surface water is often a source 
ot recharge to ground water, the absence o f surface 
water for a long period ot time can cause lowering 
ot ground-water tables and a reduction o f ground
water supplies. In areas o f abundant rainfall, ground 
water may feed into lakes and streams, keeping the 
water level in these surface water bodies relatively 
constant throughout the entire year. Abundant rain- 
tall also provides water, through percolation, that 
keeps the ground-water level near the surface. It is 
important to recognize the interaction between 
ground and surface water when studying the use or 
contamination o f ground water m agricultural areas.

For agriculture, there are two aspects o f ground 
water which are o f importance to those whose liveli
hood depend on growing crops. The hrst is ground
water quantity. In arid lands, profitability depends, 
in part, on sufficient amounts o f relatively inexpensive 
water. In areas where there are no large quantities of 
surface water, ground water may be the principal 
source o f water. To  maintain crop yields over long 
time periods, however, ground water cannot be ex
tracted at too great ,1 rate: it the extraction rate far 
exceeds the rate ot natural recharge, the ground-water 
resource will be depleted, [ his will have an effect on 
both agriculture and the people who live in agricul
tural areas, since without large surface-water sources 
nearby, ground water would also be the principal 
source ot domestic drinking water.

The second issue ot importance is ground-water 
quality. During the last 40 years, agriculture produc
tivity has increased significantly, largely due to im 
provements in pesticides, seeds, fertilizers, equip
ment, and other management practices. Fertilizers and 
pesticides, in particular, can help to promote greater 
crop productivity relative to areas where they are not 
used. However, the detrimental effects from excessive 
pesticide and fertilizer use as well as other agricultural- 
induced effects can cause degradation o f the quality 
ot ground water. This can also have a negative effect
011 the persons using ground water for domestic 
drinking water. It has long been known that irrigation 
can cause accumulations o f salts in soils, creating 
highly alkaline soils. Salinity now seriously affects 
productivity in about 20 to 30 million hectares or 
about 7 %  o f the w orld ’s irrigated lands. The saliniza
tion o f fertile croplands is between i and 1.5 million 
hectares per year. In the United States, it is estimated 
that 2o to 25% ot all irrigated lands, about 4 million 
hectares, suffer trom salinization. Salts are only one 
problem; toxic elements 111 agricultural return waters

can also pose extensive environmental problems. An 
example o f this is the Kcsterson W ild life Refuge in 
California, where selenium concentrations have accu
mulated over time and have been detrimental to the 
fish and other aquatic wildlife. Therefore, manage
ment o f our ground-water supplies requires the ability 
to determine quantities o f water available for growing 
crops, the effects ot extracting water from the ground
water supplies at the required rate, the cumulative 
effects 011 the ground water from pumping water 
throughout a basin, and determining the effects ot 
agricultural management practices 011 ground-water 
quality.

A. Ground Water as a Source of Potable Water

Ground water is recognized as .111 important world 
wide natural resource. In the United States, approxi
mately 50%  o f the population and more than 90%  o f 
rural residents use ground water as their source o f 
domestic drinking water. Ground water is the source 
for approximately 4(1% ot the irrigation waters used 
111 the United States and it is estimated that the total 
use ot ground water for 1980 was approximately 90 
billion gallons .1 day, triple the usage in 1950. As these 
figures indicate, ground water is a very important 
natural resource that will, without doubt, become 
more important in the future. Due to an extensive 
ground-water resource and the assumption that the 
soil would act as a perfect filter for percolating water, 
there was little concern tor protecting the ground
water supply prior to the 1970s. M ore recently, how 
ever, there have been a large number o f wells found 
to be contaminated, which has prompted more and 
more protective actions for our ground-water sup
plies. Recently documented problems from agricul
tural chemicals include nitrate and pesticide contami
nation o f ground water.

II. Equations Describing  
Ground-W ater Flow

O ver the past several decades, there has been consider
able work to develop a framework within which the 
ground water can be studied. This work has involved 
the development ot methods for producing useful 
amounts ot water as well as studying the effects o f  
contaminant transport 011 the quality of ground w ater. 
A briei description ot the important elements ot 
ground-water How follows.
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It is difficult to study ground-water systems by 
direct observation. The cost of constructing wells to 
sample ground water is high. Therefore, mathemati
cal models arc used extensively to characterize the 
subsurface environment. This requires developing a 
framework in which the state o f  a ground-water sys
tem can be determined from the effects o f anthropo
genic or natural changes (e.g.. due to pumping, trans
port ot pollutants, global climate change, etc.). To 
achieve this, various relationships to describe the re
sponse ot the groundwater system to changes in the 
forces acting upon it are needed.

Hydraulic potential is a way of expressing the en
ergy status o f water in porous media. It is easily recog
nized that water at the Earth's surface w ill move from 
higher to lower elevation in response to gravitational 
forces. This occurs because o f differences 111 potential 
energy o f the water at the higher elevation and move
ment w ill always occur from higher to lower potential 
energy in the same sense that a car with its engine off 
w ill roll down .1 hill. The same is true tor ground 
water. 1 lydraulic head is a convenient way to express 
the potential energy o f  water, since the unit o f hydrau
lic head is length and it can be determined by measur
ing the height o f water above a datum (e.g., mean 
sea level). Hydraulic gradients represent the difference 
111 the hydraulic potential over a given distance. The 
gradient indicates the direction and magnitude o f the 
forces moving water.

(iround-watcr flow depends to a large extent 011 

the local hydraulic conductivities. The hydraulic con
ductivity relates to the relative ease (or difficulty) with 
which water moves through the porous medium. 
Sandy soils are highly conductive, whereas clays have 
a very low  conductivity. The hydraulic conductivity 
o f porous material varies over many orders o f magni
tude (i.e.. many factors ot Id, such as from Ml 111 to
10 : cm/sec). This is .1 highly variable property ot 
aquifers and this variability markedly affects the 
movement ot water and contaminants contained 
within.

A. Darcy's Law
A fundamental relationship describing the movement 
ot water is termed “ Darcy's L a w ."  Darcy's Law is 
an empirical description ot the quantity ot water that 
w ill move due to a difference in the hydraulic poten
tial. I11 the original studies which led to Darcy's Law, 
a soil column was constructed to study the interaction 
between the hydraulic potential and the flow o f water 
through a column. Darcy found that the flow o f water

was proportional to the gradient ot the hydraulic po
tential. He observed that for some soils water would 
pass through relatively quickly, for others much more 
slowly. For .1 given soil, however, a larger gradient 
would produce a proportionally larger flow. Doing 
this for many different soil types, Darcy tounel that 
a constant o f proportionality could be introduced that 
would provide an equation that could be used to calcu
late the flow rate for a given soil type and hydraulic 
gradient. This constant proportionality is called the 
hydraulic conductivity and has the units ot length 
per time. Further investigation with different liquids 
demonstrates that the hydraulic conductivity depends 
also 011 the type o f liquid used. This relationship is 
o f fundamental importance in characterizing the 
movement o f water in soil and ground water. Darcy 's 
Law is written as

( i )

where q is the specific discharge (units length/time), 
which is the amount of water moving through a unit 
cross-sectional area of a column; K  is the hydraulic 
conductivity (units length/time); and ilH/dc is the 
gradient o f the hydraulic potential (unitless).

Using Darcy's Law the specific discharge or the 
amount o f water moving through the porous medium 
can be determined. D arcy’s Law is not particularly 
useful, however, in determining the areal effects 011 

a large aquifer since this relationship is based on flow 
through a relatively small “ control" volume. Aquifers 
have a large areal extent, complex geologic features, 
layers, and boundaries, all o f which preclude the use 
o f such a simple relationship to fully characterize the 
movement o f water. One can consider 1 )arcy's Law as 
.111 expression relating flow in and through .1 “ control" 
volume, which has a relatively small size such that the 
values for the gradient and conductivity are relatively 
uniform inside the volume and the flow rate is at 
steady state. An aquifer, 011 the other hand, is made 
up o f many “ control" volumes where locally Darcy's 
Law is valid. Also, an aquifer is rarely at steady state; 
therefore, the transient (time-dependent) nature of 
water movement must be considered. To  fully de
scribe the movement of water 111 an aquifer, .1 method 
is needed to combine the control volumes together 
in .1 consistent, mass-conserving manner.

B. Mass or Energy Conservation

To derive equations that would allow determining 
the areal effects 011 ground water from a pumping
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water well requires the use  ol .1 method tor integrating 
the effects ot all the control volumes while main
taining mass conservation. I he basic statement of 
mass conservation is that the time rate of change ot 
any physical quantity is equal to the amount that 
enters minus what leav es the control volume, minus 
what is lost from the control volume (i.e., trom alter
ation or extraction), plus whatever is produced in 
the control volume (i.e.. anv sources). Generally, for 
ground-water systems, the only loss mechanism is 
trom ground-water pumping; this could be stated 
more simply as: the change in storage ot water is 
equal to the water that flows into the control volume 
minus the water that flows out ot the control volume, 
minus anv water pumped trom the control volume. 
Incorporating Darcy's Law into the mass conserva
tion equation produces .1 partial differential equation 
which can be solved using initial and boundary condi
tions to determine the effects ot changes 111 the envi
ronmental conditions on ground-water flow:

s ^  = a  i K m  +
i l l  ii.v l rl.v ily\ ' 1 iy

e l l  i l l l \

* 57 -  I- ,2>

In Eq. (2), it has been assumed that the aquifer and 
water are both incompressible, that there are no other 
liquid phases present and that the ground water is 
under isothermal conditions.

To develop equations which can be used to solve 
problems, Eq. (2) must be integrated tor a specific 
set ot initial and boundary conditions. These condi
tions are determined bv the physical configuration ot 
the aquifer and its initial status. The integration pro
cess connects the control volumes together and pro
duces an equation that describes the overall effects 
throughout the aquifer. A solution to Eq. (2) is said 
to be unique, that is, there is only one solution tor a 
given set ot assumptions (used to produce the govern
ing equation) and initial and boundary conditions 
(trom the physical system).

III. Well Hydraulics

One ot the important methods tor determining the 
effects 011 the ground-water supply from pumping is 
called the "Theis method. " This equation provides a 
means tor determining the draw-down ot the poten- 
tiometric surface (i.e.. the potential water-table level 
it no confining layer u as present) in a confuted aquifer 
due to extracting ground water I o use this equation, 
certain information such as the storage 1 a pant v ot the

aquifer and the conductivity or the transmissivity ot 
the aquifer must be known. Once this information 
has been obtained, the shape ot the potential water- 
table profile can be estimated at any radial distance 
from the well to determine the effects oil the potential 
water-table after pumping begins. The Theis method 
is a transient solution o f the equation governing water 
flow; therefore, it provides information 011 the 
changes in the potential surface w ith  time. This equa
tion could be used to manage the ground-water sup
plies by limiting the amount of water pumped from 
ground water, so that excessive draw-downs do not 
occur. The Theis equation is one particular solu
tion to the governing equation (Eq. (2)) of ground
water flow in aquifers. The Theis equation can be 
written as

ho - h(r.t) - Q  f
4tt I J

-tin = Q_
4 t t 'I

H'(tl) (3)

w ith

47V

where /(,, — h(r,t) is the distance the potential water 
table has been lowered, (i.e., the draw-down), /jtl is 
the potential ground-water surface before pumping 
begins, Q  is the pumping rate, 1 is the radial distance 
away from the well, .S’ is the aquifer storativity, 7' 
is the aquifer transmissivity, and t is the time after 
pumping begins. I he techniques tor obtaining this 
solution are beyond the scope ot tins discussion, but 
several assumptions concerning the aquifer configu
ration and ground-water flow  are necessary to solve 
Eq. (2). It has been assumed that the flow o f  water is 
horizontal 111 the aquifer, the medium is homogeneous 
and isotropic, the thickness of the aquifer is a constant, 
the aquifer has infinite horizontal extent and no slope. 
The well is assumed to fully penetrate the aquifer and 
be open to the aquifer its entire extent and have an 
infinitesimal diameter.

Other solutions to the flow equation are available 
for different geometric configurations or initial and 
boundary conditions. Eor example, the Jacob’s 
Straight-Line method can be used tor larger times and 
situations where the confining layer is only partially 
impervious, and the Hantush-Jacob formula can be 
used to r  leaky aquifers with, semi-impervious confin
ing lavers. Additional methods are available tor cases 
w here there is storage 111 the confining layer or where 
the w ell only partially penetrates the aquifer. Gener
ally, as the initial and boundary conditions tor the

r . S
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problem become more complex, the equation de
scribing draw-down becomes more complex. For w a
ter table aquifers, obtaining equations to determine 
draw-down are especially difficult. Given sufficiently 
strict assumptions, however, equations similar to the 
Theis equations can be developed to determine the 
draw-down. Another important use o f the Theis and 
related equations is that they can be used to determine 
the aquifer parameters. To  do this, measurements o f 
the draw-down in several observation wells located at 
different distances trom the pumping well are needed. 
The aquifer parameters are adjusted until the mathe
matical solution for the draw-down closely matches 
the observed draw-downs. The aquifer parameters 
which produce the best fit are retained. A reference 
containing a complete discussion o f pump tests is 
given in the Bibliography.

A. Draw-down

The simplest example o f  these concepts is draw-down 
in a confined aquifer due to pumping. Consider an 
aquifer, shown in Fig. 1, that is fully confined by 
impermeable layers above and below the aquifer. The 
aquifer thickness is b  = 20 m, it has a hydraulic con
ductivity o f 8.64 m/day (therefore the transmissivity 
is 172.8 nr/day), a storativity o f 0.001 (i.e., a specific 
yield ot 5 X  1()~5), and initial head o f 50 m .  After 
one day, consider the effects o f several different rates 
o f pumping: Q  = 100, 500, and 1000 nvVday. In Fig.
2, the potential water-table surface, h, is shown as a 
function o f the radial distance, r, away from the well. 
C learly, as the pumping rate, Q , increases, so does 
the draw-down.

Original 
potentiometric 

j  surface

Confining layer

Aquifer

Potentiometric surface at 
time, f

Confining layer

F IG U R E  1 F u l l y  p e n e t r a t i n g  w e l l  p u m p i n g  f r o m  a  c o n f i n e d  a q u i 
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FIGURE 2 P o t e n t i a l  w a t e r - t a b l e  s u r f a c e  a f t e r  p u m p i n g .

IV. G round-W ater Q uality

O ver the last 10 to 20 years, there has been more 
emphasis on protection o f ground-water supplies 
from contamination than on developing new methods 
for optimizing ground-water yields. This is due, pri
marily, to the relatively advanced understanding of 
the principals o f ground-water hydraulics, especially 
with regard to water extraction. The theory o f trans
port o f pollutants to and in ground water, however, 
is not nearly as advanced. This is due to the complex 
interactions between the contaminant and the subsur
face environment.

Contamination o f ground water from industrial 
and domestic pollutants has been recognized as a seri
ous problem since the mid- to late 1970s. As ground
water monitoring programs have been initiated, more 
and more incidents o f contamination have been re
ported. Results o f E P A ’s survey o f the quality o f the 
nation’s drinking water indicated that about 10% of 
community water system wells and 4 %  of rural do
mestic well water contained one or more pesticides; 
less than 1 %  o f all wells were estimated to contain at 
least one pesticide in excess o f the Maxim um  Contam 
inant Level (M C L ) or Lifetime Health Advisory Level 
(H A L ). There arc several reasons for this. First, each 
year more waste products are being disposed o f which 
increases the likelihood that contamination w ill occur. 
Second, chemical detection methods are constantly 
being refined which enable smaller and smaller 
amounts o f a contaminant to be detected. For exam
ple, during the past few years, chemical analytical 
techniques were improved so that the concentration 
o f certain chemicals could be detected at concentra
tions 100 million times lower than a few years before. 
Currently, some techniques are capable o f detecting 
one part per quadrillion (ppq). This is roughly equiva
lent to locating a one-inch square stamp in the com
bined corn-belt states o f Ohio, Indiana, Michigan, 
Illinois, and Wisconsin. Such large changes in the 
detection lim it for a contaminant may give the percep-

400
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tioii that contamination is occurring more frequently 
when earlier monitoring studies may have had similar 
results it current technology had been available.

Generally, the source ot the contamination can be 
classified as originating trom a point in space or from 
a relatively uniform source over a large area: the latter 
is often termed nonpoint source pollution. Industrial 
pollutants such as from landfills, containment ponds, 
leaky storage tanks, injection wells, etc.. are consid
ered tii be point sources. Agricultural fertilizers and 
pesticides that are used over large land areas and find 
their way into surface and/or ground water are classi
fied as nonpoint sources ot pollution. The use o f ag
ricultural chemicals is one of the most pervasive non
point sources ot ground-water contamination. Each 
year approximately million pounds ot pesticides 
(active ingredients; 3.5 billion pounds of formulated 
pesticides) are used m agriculture. I he first reported 
instances ot ground-water contamination bv pesti
cides occurred in I '>79 w here dibromochloropropane 
(D B C P )  was detected in California and aldicarb in 
New York. Subsequently, monitoring found D H C P  
in tour additional states. B y  1983. ethylene dibromide 
(E D B )  was found in wells located in U> counties 
ot California, Florida. Georgia, and Hawaii; this 
prompted suspension ot the use of E l )B  in the United 
States. Fertilizers are also a large contributors to 
ground-water pollution: it is estimated that 20.5 m il
lion tons ol fertilizers were applied to i rops during 
1988-1989.

Other nonpoint sources of pollution result from 
household septic-tank systems. Although each septic 
tank can be considered a point source, when aggre
gated over a community they have the characteristics 
o f a nonpoint source. Because of the large number 
(greater than 22 million tanks with more than I trillion 
gallons of waste/year) ot septic tanks used in the 
United States, disease outbreaks caused by these sys
tems and elevated levels of nitrate in ground water 
caused by septic systems are ot great concern.

There are large costs associated with environmental 
contamination. First, it is very difficult to accurately 
determine how and to what extent contamination in
jures .111 individual's health Increased numbers o f can
cers due to exposure to low levels ot pesticides have 
been reported but often it is difficult to determine 
whether pesticide exposure is the true source o f the 
increased occurrence of cancers. Next, the costs asso
ciated with the degradation ot the public's health are 
dif fit ult to determine since it is often unclear \\ heiher 
an illness would have occurred anvway. The costs to 
remediate contaminated soils and ground water are

extremely high. In the case of ground water, remedia
tion may not be technologically feasible or economi
cal. It may be more cost effective to install water 
purification systems for potable supplies rather than 
attempting to remediate the contaminated ground 
water supply in situ.

The problem is exacerbated by the large number 
o f chemicals currently in use in the United States and 
the approximately 1000 new chemicals that are put 
into use each year. Pesticides, m particular (which 
include insecticides, herbicides, fungicides, nemati- 
cides. rodenticides. fumigants, desiccants, defoliants, 
growth regulators, and miticidcs). are composed of 
between 1201) ,md 1400 active ingredients, which 
make up about 50 .000  end-use products. G iven this 
number, and the tact that new pesticides are devel
oped everv year, it is very unlikely that adequate 
hazard evaluation w ill be made on more than tew 
o f these. | .See P i s i  M a n a c im i n i . C i i i .m ic a i C o n -
I !<( II . |

There are few studies on the economic impact ot 
ground-w ater contamination. I lie few th.it do exist 
tend to concentrate on the direct costs ot cleanup and 
neglect confounding issues such as how to put a value 
on ground w ater and whether this value is adequately 
reflected in the market place. It is difficult to determine 
associated costs such as the short- and long-term 
health effects, ami to evaluate the lost value ot the 
contaminated ground water or the increased cost (i.e .. 
cost to those that must purchase it) ot replacement 
sources o f ground water. I he Office of T echnology 
Assessment has provided some estimates ot the eco
nomic costs ot contaminated ground water. Their 
simplified economic analysis included the costs due 
to losing a well, extension ot water supply lines, lost 
plumbing, lost profits, cost ot new well construction, 
or purchase ot water. Even so, the reported losses 
ranged from 14 0 .0 0 1 1 to 31 million dollars per year. 
It is likely that the costs would be considerably higher 
had additional direct and indirect costs been included 
m the economic analysis.

A. Physical Processes Affecting Solute Transport 
in Ground Water

Contaminants can enter aquifers by several different 
avenues. Contamination can occur as water con
taining containinaii'.s po.iol.ues downward from a 
surface source or from sources in the shallow subsur
face. or possibly directly trom wells, which may result 
trom a spilling or back-siphoning during chemigation 
or trom pesticide cleaning or handing Movem ent
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trom the Kind surt.iee to ground water can occur 
through preterenti.il How paths, such as hiochamiels 
(rootholes and wormholes), cracks, joints, and solu
tion channels in the vadosc zone. These may he the 
predominant pathways affecting ground-water con
tamination in many instances by providing a direct 
and rapid path to ground water. In some locations, 
the potential exists for water in contaminated shallow 
aquifers to move to deeper aquifers through existing 
improperly sealed or abandoned wells. Also, cross
contamination of adjacent aquifers might take place 
through the wellbore or outside the well casing in an 
unsealed annulus. It is difficult to incorporate many 
ot these rapid-pathway mechanisms into models ot 
transport, because ot their localized nature, and to 
develop process models and supporting data tor these 
processes and/or a lack ot understanding ot the mech
anisms involved.

Contaminants in water can be transported great 
distances to public drinking water supplies or to dis
charge zones. The processes that affect transport ot 
contaminants are highly complex, ami many of them 
are not clearly understood. The processes can be di
vided into two groups: those responsible tor pro
ducing the flux ot materials that move through an 
aquifer and other mechanisms, often compound- 
specific, that either affect the rate o f movement (i.e., 
adsorption) or reduce the contaminant level (i.e.. deg
radation). Adrcciion is one o f the primary processes 
characterizing the movement of contaminants in 
ground water. Under advective conditions, the con
tamination is transported along with the ground water 
moving in the flow system and, in general, the con
taminant can be considered to move in the same direc
tion and at the same velocity as the ground water. 
[ his may not be true for materials that have vastly 
different density compared to water, where the verti
cal movement may be considerably different than 
water.

I lydrodyihiniic dispersion is a process that character
izes the spreading ot a solute moving through porous 
material. T here are three factors that contribute to 
the overall dispersion. At low ground-water veloci
ties. the molecular diffusion can be important in the 
spreading process. At higher velocities, molecular dif
fusion also occurs but produces a small effect com
pared to mechanical mixing. At the pore scale, there 
is a variation in solute velocity depending on the loca
tion 111 the pore; a parabolic velocity distribution 
forms due to drag exerted on the fluid adjacent to the 
particle surfaces. Mechanical mixing causes .1 reduced 
concentration locallv due to mixing o f solute and the

adjacent carrier fluid as the solute diverges and con
verges around particles making the porous medium.
I his occurs since .1 mass ot water that splits and di
verges as it moves around soil particles does not con
verge to the same orientation on the other side ot the 
particles, thus causing the solute to spread. This can 
be seen 111 Fig. 3. I )ispersion occurs both 111 the direc
tion that water is flowing as well as transverse to that 
direction. Dispersion and advection are considered to 
be interrelated, where the dispersion is related to the 
variance o f the velocity distribution. A consequence 
ot ignoring the velocity distribution is the observance 
that the dispersion process appears to increase with 
increasing measurement scale. Even so, because ot a 
lack o f information, many times dispersion is assumed 
to be a constant for a given porous medium. Proce
dures tor including scale-dependent dispersion in cur
rent models for simulating contamination transport 
at ficld-seale are generally recognized as .1 limiting 
factor o f current models. There are many possible 
means for describing the scale-dependent dispersion 
process but. to date, there is 110 consensus 011 the best 
approach for doing this.

B. Other Contaminant-Specific Factors 
Affecting Ground-Water Quality

1. Pesticides
When assessing .1 pesticide’s potential to contami

nate ground water, both the mobility and the persis
tence of the pesticide must be considered. It .1 pesticide 
is vcrv mobile, and is active for a long period ot time, 
it has a high potential to contaminate ground water. 
On the other hand, if  it is not mobile, and only persists 
for a short period ot' time, the potential for ground
water contamination is low (although it may be a 
candidate to contaminate surface water through 
runoff).

One of the most important factors determining the 
mobility o f a pesticide is its solubility in water. When 
a pesticide enters the soil, it w ill adhere to the soil 
particles through a process called adsorption, and 
some w ill mix with the water that is present in the 
pores between the soil particles. The solubility ot the 
pesticide determines the amount that w ill be present 
in the soil water, and thus be available for leaching. 
Solubility and adsorption are usually inversely related; 
therefore, pesticides that have a high solubility will 
be present 111 the soil water at .1 relatively high concen
tration compared to the amount that is adsorbed onto 
the soil particles. The affinity ot a pesticide to adsorb 
to the soil can be expressed using the soil adsorption
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diffusion

FIGURE 3 Processes of dispersion on a microscopic scale. (R. Allan 
Freeze/John A. Cherry. GROUNDWATER. © I'OT. p. 76. Reprinted 
by permission of Prentice Hall. Englewood Cliffs, New Jersey.)

coefficient, K'lH. The smaller the K w value, the smaller 
the amount o f pesticide adsorbed to the soil and the 
larger the amount in the water. Pesticides with small 
K ')t values are more likely to be leached through the 
soil than those with large K,u values.

The persistence o f a pesticide is generally expressed 
in terms o f its half-life, sometimes written f, 2. One 
half-life is the amount o f time required for one-half 
ot the mass o f the pesticide to be degraded. After two 
half-lives, three-fourths o f the pesticide w ill have been 
degraded; after three half-lives, seven-eighths will 
have been degraded, and so on. Pesticides can be 
degraded by many mechanisms, including chemical, 
physical, and biological processes. The half-life o f a 
pesticide is reported m such a way as to reflect the 
process used to calculate that half-life. Examples in
clude hydrolysis half-life (degradation by the chemical 
process o f splitting the pesticide with water) and aero
bic soil metabolism half-life (degradation by oxygen- 
requiring soil bacteria). The larger the half-life value, 
the greater the possibility that the pesticide can persist 
long enough to leach through the entire soil profile 
and reach the ground water.

In addition to the characteristics o f the pesticide, 
soil properties are very important when determining 
the vulnerability o f a site to ground-water contamina
tion by a pesticide or other contaminant. The soil 
texture (i.e., the percentage sand, silt, and clay) affects 
pesticide leaching in two ways. Water, and any mate
rials it contains, moves more slowly through clay soil 
than through soils with a high sand content. C lay 
particles also act to slow the movement o f some pesti
cides by providing adsorption sites. Therefore, all 
other factors being equal, there tends to be less o f a 
concern for ground-water contamination at sites with 
clayey soils than sandy soils Also, soils with j  high 
permeability lose applied water quickly through 
leaching. Pesticides applied to very permeable soils 
have a greater potential to contaminate ground water 
than if  they are applied to less permeable soils. H o w 

ever, soils with low permeability have more problems 
with surface runoff that can lead to surface-water con
tamination by pesticides.

The organic matter content o f soil is positively cor
related with the adsorption o f pesticides. Soils with 
high organic matter content would be less vulnerable 
to leaching than would soils with low organic matter 
content. Another benefit associated with high organic 
matter soils is that organic matter is required for mi
crobial growth. Soil microorganisms are important 
in the degradation o f many pesticides.

2. Nitrates
Nitrogen is an essential plant nutrient; thus, its use 

in agriculture is widespread. Since the 1940s, fertilizer 
application in the United States has increased from
1.8 million tons per year to approximately 20 million 
tons per year. Approximately 9 to 12 million tons of 
nitrogen is contained in the applied fertilizer. N itro 
gen can exist in several different forms in the soil: as 
ammonia, as organic nitrogen, as nitrogen gas (which 
generally volatilizes out o f the soil and into the atmo
sphere), and as nitrate. Nitrate is the soluble form of 
nitrogen, and it readily moves through the soil with 
percolating water. Under aerobic conditions, nitro
gen in the soil is converted to the nitrate form. Any 
nitrogen that is applied in excess o f the plant require
ments and leaches below the root zone so that it is 
no longer available to plants has the potential to con
taminate the underlying ground water with nitrate.

There are several sources o f nitrogen to the soil in 
addition to agricultural fertilizer application. In cer
tain areas, the geologic deposits are naturally high in 
nitrate. For example, nitrate-nitrogen concentrations 
as high as 3(X) nig liter-1 have been measured in the 
glacial till in the Great Plains o f Alberta, Canada. 
Atmospheric deposition of nitrogen may be as high 
as 10 to 14 kg ha-1 year in some areas. The disposal 
o f waste (human, animal, and crop residue) has been
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estimated to add 15 million tons ot nitrogen to the 
soil every year in the United States.

D ie  concerns over nitrate contamination ot ground 
water are primarily focused 011 the susceptibility ot 
very young infants (under the age ot 6 months) to 
high concentrations ot nitrate. The stomach ot an 
infant is not as acidic as that of older individuals; thus, 
certain bacterial species that convert nitrate to nitrite 
proliferate. 1 lemoglobin is the molecule 111 the blood 
that carries oxygen. In the presence of nitrate, the 
iron 111 hemoglobin is oxidized trom Fe ' : to Fe * , 
forming a molecule known as methemoglobin. Met- 
hemoglobin is not capable o f binding oxygen; thus, 
oxygen cannot be carried throughout the body. O ver 
time, the skin ot the infant turns blue due to the lack 
ot oxygen, thus the term “ blue-baby syndrome”  or 
methemoglobinemia. This condition can be fatal 
without proper medical treatment.

There are other concerns related to high nitrate and 
high nitrite waters. These concerns are based on the 
reactions between the nitrogen compounds and sec
ondary or tertiary amines in foods to form nitrosa- 
mincs. There have been studies in animals that suggest 
that there may be adverse effects (e.g., cancers, birth 
defects, reproductive toxicity) associated with expo
sure to nitrosamines. However, to this date, none 
ot the studies has conclusively demonstrated a link 
between the consumption ot high nitrate waters and 
these effects in humans.

The U .S . Environmental Protection Agency (E P A ) 
regulates the concentration o f nitrate 111 public drink
ing water supplies. A maximum contaminant level 
o f 10 mg liter 1 nitrate—nitrogen has been established; 
this level is enforced by either the state or the EPA .

3. Salinity and Drainage
Water management for salinity and sodicity control 

is very important in agriculture. Salt can affect plant 
growth trom three mechanisms; osmotic effects 
which result from the total dissolved concentration 
of salts in the water and soil in the root zone; specific 
1011 toxicity which results from a concentration of an 
individual ion above a threshold that causes harm to 
the plants; and poor soil physical conditions such as 
stnl dispersion which result trom high sodium or low 
salinity levels. These effects cause reduced yields ot 
crops and therefore are highly undesirable. One 
method tor controlling these kinds ot effects is by 
Hushing relativity clean water through the soil to carry 
the salts down below the root zone. Continued use 
o f this type ot Hushing will have a negative effect on 
the ground water as the salts are Hushed down toward

the water table. Even w ith water ot relatively low 
salinity, salt accumulation occurs over time, since a 
portion of water applied to the soil surface is evapo
rated, leaving behind a higher concentration ot salt 
111 the remaining water. O ver a season, the build-up 
o f salts may increase to a point where extra water is 
needed to Hush the salts below the root zone. As a 
consequence, over numerous seasons large amounts 
o f salts and toxic ions can be leached to ground water.

For locations where the ground-water table is too 
close to the soil surface, the presence ot a high water 
table can be harmful to crops growing on the soil 
surface. When this situation occurs, it may be neces
sary to install drains to lower the water table to a 
depth sufficient for the plants to have an aerated soil 
zone. Many factors affect the need tor the use of 
drains, such as how much rainfall occurs, whether 
there are impermeable zones, or hard pans, 111 the soil 
which restrict water movement out ot the root zone.

4. Microorganisms
Microorganisms that can cause disease in humans 

may be introduced into the subsurface environment 
in a variety o f ways. In general, any practice that 
involves the application ot domestic waste water to 
the soil has the potential to cause microbiological con
tamination o f ground water. This is due to the tact 
that the treatment processes to which the waste water 
are subjected do not effect complete removal or inacti
vation of the disease-causing microorganisms present. 
For example, viruses have been detected 111 the ground 
water beneath cropland being irrigated with sewage 
effluent.

Another source ot microorganisms to the subsur
face is municipal sludge. Land application of munici
pal sludge is becoming .1 more common practice as 
alternatives are sought for the disposal ot the ever- 
increasing amounts ot sludge produced in this coun
try. The sludge that is produced during the process 
o f treating domestic sewage contains high levels ot 
nitrogen and other nutrients that are required by plant 
materials. 1 lowever. it may also contain pathogenic 
microorganisms at concentrations sufficient to cause 
disease in exposed individuals ( I able I). Several stud
ies conducted 111 the late 1970s suggested that viruses 
are tightly bound to sewage solids and are not easily 
released into the soil. In a more recent study, viruses 
were detected 111 a 3-m-deep well at a site where anaer
obically digested sludge was applied to a sandy soil 
1 1 weeks after sludge application (Table II).

The E P A  has recently promulgated new standards 
for the disposal o f sewage sludge. T w o  classes ot
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TABLE I

Concentrations of Microorganisms in Digested 
Sludge
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sludge ,ui.' defined based 011 the pathogen reduction 
requirements. The crop and access limitations to the 
land are dependent on the class ot sludge applied, 
with the strictest controls on land receiving the least 
treated sludge.

Another practice regulated by many states is the 
reuse ot treated sewage effluent tor the purpose ot 
crop irrigation. In general, the restrictions 011 the 
method ot irrigation and the crops which can be irri
gated are stricter tor the use ot effluent that lias not 
been highly treated, and less strict for effluent which 
has been extensively treated.

Some examples ot pathogen detection in ground 
water at sites where domestic waste was applied to 
the land are shown in Table II

5. Management Practices
I lie pesticide, fertilizer, and domestic waste appli

cation practices and the irrigation practices at the site

TABLE II

Viruses in Ground Water following Land Application of Waste

K c s c a r J )c iN Sire
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land fill
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are verv important in determining the potential for 
contamination o f ground water. Contaminants that 
would not be considered to be leathers by virtue ot 
their chemical and physical properties may leach to 
ground water if the proper management techniques 
are not used. Conversely, good management practices 
may result in preventing ground-water contamina
tion by compound that are considered leathers. Fol
lowing the label directions and using common sense 
when applying chemicals or domestic waste can help 
to minimize the potential for ground-water contami
nation. Irrigation management is also very important, 
because 111 general, the more water applied, the more 
the contaminant w ill move into and through the soil. 
O n ly  the amount ot water required bv the plants 
should be applied; overwatering is costly and could 
contribute to contamination ot surface or ground wa
ter. Preventing contamination ot ground water is less 
expensive anil much easier than trying to remediate 
contaminated sites or closing wells that exceed stan
dards and drilling new ones.

Optim izing management practices to reduce pollu
tion involves balancing opposing forces. There is in
centive to reduce water needed to grow crops. I his 
has led to the development ot new techniques to in
crease irrigation efficiency. Along with new irrigation 
methods there is a need to determine how these new 
techniques affect the leaching o f contaminants below 
the root zone. Once the important characteristics arc 
identified, management strategies can he devised that 
minimize the pollution potential o f agrichemicals and 
other contaminants. For example, trickle irrigation 
can virtually eliminate leaching o f water from the root 
zone. It has been suggested that this w ill reduce the 
movement ot contaminants to ground water. I f  over 
rime, however, salt build-up occurs, a large pulse of 
water will be required to reduce the salt to appropriate 
levels. During this leaching period, the accumulated 
contaminants may be transported out o f the root zone 
ar a much higher concentration compared to a situa
tion where some leaching occurs continually. The 
overall effect ot these practices on environmental 
quality needs to be determined.
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Glossary

H crb icid c  Chemical substance or cultured biologi- 
c.il organism (biohcrbicide) used to kill or suppress 
the growth ol plants
M cchanism  o f  action  Interference o f a herbicide 
with .1 specific biochemical or molecular process that 
leads to lethahtv
M etabolism  Sum ot biological processes altering the 
chemical structure ol a herbicide within the living 
cells ot .1 plant species
M ode o f  action Sequence of events that leads to 
death following the primary response ot a target plant 
to treatment with a herbicide
Resistance Abilitv ot a plant to withstand herbicide 
treatment, as a result ot selection and genetic response 
to repeated exposure to .1 given herbicide 
Safener Chemical or biological agent that reduces 
toxicity of herbicides to crop plants bv a physiological 
or molecular mechanism
Selectivity  Ability o f  herbicides to control, sup
press. or kill certain plants without appreciable injury 
to others
Site o f  action Sensitive enzyme/protein, metabolic 
step, or binding site affected by .1 herbicide 
Susceptibility Sensitivity to or degree to which a 
plant is injured bv a herbicide treatment 
Synergist Nonherbicid.il compound used to increase 
the phytotoxicity ot .1 herbicide by .1 physiological or 
molecular mechanism
T o leran ce  Ability ot a plant to continue normal 
growth or function when exposed to normal field 
dosage of .1 herbicide

H erhicides are synthetic chemicals used worldw ide 
to control weeds in agricultural, industrial, or aquatic 
environments. Because of their diverse chemistry, 
herbicides kill plants by affecting several physiologi
cal. biochemical, or molecular processes ot plants.
1 he widespread practice of chemical weed control is 

due to the ability o f herbicides to suppress the growth 
ot certain plants without appreciable injury to other 
plants. Ihe ability o f crop or weed plants to withstand 
herbicide treatment is described as tolerance or resis
tance and is due either to metabolic detoxification or 
to modifications in the target sites involved in the 
action ot marketed herbicides.

I. Benefits and Risks of Herbicide Use

The use of chemical herbicides in crop production 
represents the major area ot expansion 111 weed control 
technology since W orld  W ar II. I lerbicide treatments 
are widely accepted today because they allow eco
nomic control o f weeds and cost-effective increases 111 

crop productiv ity and quality. I11 addition, herbicides 
facilitate soil conservation efforts through no-till ag
ricultural practices, wherein herbicides rather than 
tillage are used to reduce weed populations prior to 
planting. Most of the current herbicides are effective 
when applied at low rates and in low  volume ot water 
and they permit the selective removal ot weeds from 
crop fields. The cost o f using herbicides must not 
exceed the value gained and the obtained results from 
their use must be reproducible. Herbicides now lead 
other individual pesticide groups such as insecticides 
and fungicides from the standpoint ot total acreage 
treated, total tonnage ot pesticides produced, and total 
dollar value from pesticide sales, accounting for about 
611% o f all pesticide sales in the United States. |See 
W i i n St n \( 1 . |

Apart from chemical herbicides. .1 number of m i
croorganisms causing plant diseases are being tested
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and/or developed .is potenti.il me,ms for controlling 
weeds. Such niicrobi.il agents are known collectively 
as bioherbicides or mycoherbicides, when the plant 
pathogens used are fungi. At present, bioherbicides 
are viewed as supplements to chemical w eed control 
rather than as a technology that will completely elim i
nate the use o f chemical herbicides.

Com m on problems associated with herbicide use 
are related to their inherent ability to injure plants 
when misused. Herbicide misuse could result from 
either ignorance ot herbicidal activity and selectivity 
or carelessness during application o f herbicides. 
Proper selection, storage, handling, and application 
of herbicides would eliminate any basis for their mis
use. To  be commercial!v successful, a herbicide must 
be effective at low rates; control selectivity a broad 
spectrum ot weeds; have relatively short residual ac
tivity; be economical to manufacture; be safe and easy 
to handle and apply; and have no adverse effects on 
nont.irget species and the environment.

Marketed herbicides are chemically diverse and ex
hibit a plethora ot mechanisms ot action. I lie exact 
molecular target sites ot herbicides have been identi
fied and characterized only in tew cases and some 
herbicides are known to have more than one site ot 
action. Repeated use ot herbicides in agroecosvstems 
exerts .1 strong selection pressure that has contrib
uted to the development of a growing number ot 
herbicide-resistant weed biotypes. Chemical structure 
and physicochemical properties have a profound ef
fect on the biological activity and selectivity of herbi
cides.

II. Classification of Herbicides

Herbicides can be grouped according to several con
venient features that we want to emphasize. I bus. 
according to their general use herbicides can be classi
fied as: cropland herbicides, industrial (noncropland) 
herbicides, and aquatic herbicides.

On the basis ot the coverage ot the target area, 
herbicide treatments are classified as bnhitluisi nr.ir- 
inni/s when the herbicide is applied uniformly to the 
entire area; biiml in ’iUinniis when the herbicide is ap
plied to continuous, somewhat restricted areas such 
as 011 or along ,1 crop row rather di.m over the entire 
field: <pol iiciinnnii refers to the application ot a herbi
cide to a restricted area such as scattered nulividu.il 
plants or clumps and small p,aches of weeds; 1 lirn 'u J 

> refer to the application ot .1 herbic ide to .1 partic

ular part o f weeds (usually the base o f the plant stem 
or trunk).

Based on the degree of differential responses among 
plants, herbicides are classified as selective and nonse- 
lective. A selective herbicide is more injurious to some 
plant species than to others. Nonselective herbicides 
are phytotoxic to all species present. Selective control 
o f weeds in crop fields is dependent on the timing ot 
herbicide application and may be considered either as 
preventive or as remedial. The timing ot herbicide 
treatments may be influenced bv the chemical nature 
o f the herbicide and its soil persistence, the crop spe
cies and their tolerance to given herbicides, the charac
teristics ot the dominant weed species, the cultural 
practices employed, and the climatic and soil condi
tions prevailing 111 a particular field.

Preventive weed control is based 011 herbicide appli
cations made to the soil as either preplanting or pre
emergence sprays rather than to vegetation. T o  be 
effective, soil-applied herbicides must be mechani
cally incorporated or be moved into the soil with 
moisture so that they come in contact w ith germinat
ing weed seedlings. Herbicides that are applied to .1 

dry soil surface and remain 111 that position during 
seed germination and emergence of weeds or during 
the growing stages ot established weeds are not ef
fective.

Remedial weed control includes postemergencv 
herbicide applications made directly to the leaves or 
foliage ot plants. Interest in remedial weed control 
systems has increased because ot the recent develop
ment ot several highly effective and selective herbi
cides for many crops. Once available, remedial weed 
control systems may prov ide farmers with the option 
to treat only those parts ot their fields 111 which weed 
populations exceed economically damaging levels.

The pathway ot herbicide movement in plants and 
the speed o f herbicidal symptom development arc 
additional features used for classification. Contact 
herbicides damage only those plant parts to which 
the chemical is applied and they do not translocate 
appreciably inside the treated plants. Their symptom-, 
o f injury are indicative ot an acute effect and they arc 
visible almost immediately after treatment. Contact 
herbicides are effective against annual weeds and uni
form coverage is very critical tor best control ol weed 
w ith these herbicides. Translocated herbicides are ab
sorbed bv either roots or aboveground plant parts 
and are then transported inside the plant to tissue- 
containing their site of action. I r.inslocated herbicides 
may be either phloem-mobile (moving both upward 
and down.'.rd) or x\ lem-mobiie (moving onlv up



HERBICIDES AND HERBICIDE RESISTANCE
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------5 0 3

ward). I ranslocated herbicides arc effective against 
all types ot weeds, including established perennials, 
and uniform coverage is not critical for their effective
ness. Translocated herbicides often exert a chronic 
effect and typical symptoms ot herbicide injury may 
be visible within a week or a month after treatment.

Classification by mechanism ot action is another 
useful and convenient way to group herbicides. The 
activity ot the herbicide is directed at specific cellular 
processes and molecular sites. In some cases the target 
process or site is known; in others, although the effect 
on the plant is known; the actual cause for that effect 
at the cellular or molecular level has not been deter
mined. In addition, some herbicides may act by more 
than one mechanism. Based on their mechanisms tit 
action or their effects on plants, herbicides can be 
classified as photosvnthetic inhibitors, disrupters of 
cell membranes, inhibitors o f pigment biosynthesis 
(bleaching herbicides), growth regulators (auxin-type 
herbicides), disrupters o f mitosis, and specific meta
bolic inhibitors, (e.g.. amino acid synthesis inhibitors, 
inhibitors o f lipid synthesis, etc.).

III. Chemistry of Herbicides

In terms ot their chemistry, herbicides are broadly 
classified as inorganic and organic molecules. Inor
ganics were the first chemicals used tor weed control, 
mainly in the period preceding World W ar II. Inor
ganic herbicides are nonselective, persistent (nonde- 
gradablc) molecules, causing membrane damage 
(contact action). A few o f them are still used as desic- 
cants (e.g., sodium chlorate) or as synergists ot or
ganic herbicides (e.g., ammonium salts).

Organic compounds represent the vast majority 
o f herbicides used in modern agriculture. Organic 
herbicides are chemically diverse belonging to several 
chemical families and they act by many mechanisms 
ot action. Most ot the organic herbicides are biode
gradable (nonpersistent) and exhibit a desirable range 
ot crop selectivity.

During the course o f its development and market 
life, an individual herbicide may be identified by sev
eral names. A code name (e.g., MON-11573 for 
glyphosate) is assigned to a hcrbicidal molecule imme
diately after its discovery. A trade name (e.g.. 
Roundup tor glyphosate) is assigned to the same mol
ecule at the time ot its first introduction to the market. 
A given herbicide may have more than one trade 
name depending on the way it is formulated or on 
its intended uses. Code and trade names are assigned

bv the staff o f the agrochemical company involved 
m the discovery and/or development ot an individual 
herbicide. A common name (e.g.. glyphosate) and a 
chemical name |c.g.. .Y-(phosphonomcthyl)glycinc 
tor glyphosate] are proposed by the respective agro
chemical company and they have to be approved by 
specific organizations (e.g., the Weed Science Society 
ot America) before they can be used in the scientific 
literature.

Organic herbicides are classified chemically as de
rivatives of aliphatic compounds (straight chains), 
aromatic compounds (contain a benzene ring), or 
heterocyclic compounds. The major functional 
groups that are com m only found as substituents 
in organic herbicides include (a) ionizablc groups 
uch as - C O O H . - O il.  - N IT . and S O ,N H : ;
(b) electron-withdrawing groups such as -Cl and 
other halogens. -Cl (. -N O ,. - O C H (, -C = Q , and 
-N I IC O ,; and (c) electron-donating groups such as 
-CH ,. -C ,H ,. -C,H-. and other alkyl groups. The 
general chemistry and the specific functional groups 
that are present in a hcrbicidal molecule are key deter
minants ot its physiochcmical (e.g., ionization, water 
solubility, volatilization, stability, etc.). biological 
(e.g., absorption, translocation, metabolism, action, 
and selectivity), and toxicological properties. In addi
tion, chemistry and functional groups are very im 
portant fur determining the type of formulation, 
application timing (e.g., preemergence versus 
postemergence), and environmental fate (e.g., ad
sorption, leaching, soil persistence, photodegrada
tion, etc.) o f an individual herbicide. The chemical 
names ot specific classes of herbicides (e.g.. triazines) 
and the chemical structures ot representative members 
within a class (e.g., atrazine) are discussed in the next 
section tit this chapter.

IV. Mechanisms of Herbicide Action

To  be effective, a herbicide must reach its cellular or 
molecular target site in an active form, at a concentra
tion sufficient to promote hcrbicidal effects. If the 
injury is of a transient nature the treated plant may 
recover, but if  it surpasses a threshold, then irrevers
ible damage will ensure and the death o f treated plants 
becomes inevitable. The active concentration ot a her
bicide in t'ii’o is influenced by several morphological 
barriers and cellular processes that determine its foliar 
absorption or root uptake, translocation, and meta
bolic detoxification in plants. The mode o f action ot 
a herbicide may vary depending on how the herbicide
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is applied (e.g., soil versus foliar applications). The 
size ot the plant at the time ot application is also 
important and generally, young seedlings are more 
sensitive to herbicide treatments than older mature 
plants ot the same species.

Know ledge ot herbicid.il modes and mechanisms 
ot action is important for understanding the principles 
involved in the chemical regulation o f plant grow th 
and finding insights into herbicide selectivity. In addi
tion, information on herbicide mechanisms o f action 
is vital tor designing model test systems for screening 
candidate herbicides.

In determining the mechanism o f action ot a herbi
cide. herbicide concentration and the timc-coursc ot 
plant responses to herbicide treatments are ot primary 
concern. I he term primary mechanism ot herbicide 
action denotes the primary cellular process or molecu
lar (unction which is inhibited bv the lowest concen
tration ot a herbicide at the shortest time interval 
after treatment with this herbicide. Information on 
the mechanisms ot action of herbicides can be ob
tained trom various types ot experimentation, includ
ing application technique, visible injurv symptoms, 
and cytologic.il. microscopical, physiological, bio
chemical. or molecular observations.

I lerbicides induce numerous changes in the growth 
of plants and their structure. I hesc effects ma\ range 
trom a mere inhibition ot growth to gross morpho
logical aberrations and death. Application techniques 
and visible symptoms ot injury are normally known 
tor most herbicides. Com m on visible symptoms in
duced by herbicides on plants include chlorosis, albi
nism. necrosis, desiccation, defoliation, epinasty. and 
other formative effects such as increased tillering, 
multiple shoot formation o f internodes, decreased m- 
ternodc length (retardation, stunting, dwarfing), 
thickened leaves, coleoptile and leat distortions, re
duced secondary root formation, and abnormal seed
ling development. These morphological responses 
provide us with a basis to classify herbicides as bleach
ers. contact herbicides or dcsiccants. photosvnthctic 
inhibitors, growth regulators, mitotic disrupters, or 
metabolic inhibitors.

Cytological and microscopical observations have 
been explored to a rather limited extent as sources 
ot information for determining herbicidal modes of 
action. Data on the accumulation o f radiolabeled hcr- 
bic’des ilia v be obtained b\ _-it!ie:_ micro.iutoradiogra- 
phy or subcellul.il' fractionation o f homogenized tis
sues. However, preferential accumulation ot a 
herbicide ro .1 subcellubr site (e.g.. chloroplast) does 
not necessarily mean that this organelle is 01 contains

the target site ofaction ofthis herbicide. At the molec
ular level, the main sites o f the currently known herbi
cides appear to belong to the endomembraiie system 
of plant cells. Table 1 summarizes our present know l
edge 011 mechanisms ot action and respective molecu
lar target sites tor a number o f commercialized herbi
cides. A brief description ot the major mechanisms 
ofherbicid.il action is given below. |.SVc I 't .w i P i iv s i-  
0 1 < x;v. |

A. Photosynthetic Inhibitors
I he photosvnthctic conversion ot light energy into 
chemical energy is a very important metabolic process 
that is unique to green plants. Exploitation ot tills pro
cess as a target site for herbicides lias been remarkably 
successful and many commercialized classes ot licrbi-
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Ĉ N
h 3c

Cl
^ N - C ( C H 3)3

u 0

Terboci l

H 9
N C - C H 2 - C H 3

P ro pa n i l

CH ,

CH ,O CO N H- ■OCONH

P h e nm e d ip h o m B e n to zon

FIGURE 1 Chcmit.il striH'turcs ot herbicides tli.it inhibit photosynthesis.

tides arc known to act as photosynthetic inhibitors. 
Such herbicid.il compounds include anilities (e.g.. 
propanil), benzimidazolcs, biscarbamates (e.g., phc— 
nnicdiphani). substituted pyridaziiuincs (e.g*. pyr.i- 
zon), triazines (e.g.. atrazine), tnazinones (e.g.. me- 
tnbuzin), uracils (e.g., terbacil), substituted ureas 
(e.g. diuron), qumones, hydroxybenzonitriles (e.g., 
bromoxynil), and miscellaneous unclassified hetero
cycles (e.g., bentazon), The chemical structures ot 
representative herbicides that are known to act as pho
tosynthetic inhibitors are shown in Fig. 1. |.S'<y P i io -
I O S Y N  I 11 IS IS . |

Photosynthesis-inhibiting herbicides block photo
synthetic electron transport by competing w ith plas- 
toquinone tor binding to the 1)1, quinone-binding 
protein (torinerly known as the Q B protein) in the 
thvlakoid membranes tit plastids. The native plasto- 
t]uinone binds to the 1)1 protein bv interacting with 
its histidine-215 and serine-2f>4 ammo acid residues. 
Consequently, herbicides that act at this site are clas
sified into those ot the diuron-type that bind closer 
to the scrine-2(i4 site and those o f the phenol-type 
that bind to the histidine-215 site ot the 1)1 protein.

Triazine-resistant biotypes ot several weed species, in 
which serine-2(>4 has mutated to glycine, have been 
identified in manv locations around the world.

Inhibition o f photosystem II electron transport pre
vents the conversion ot absorbed light energy into 
electrochemical energy and results in the production 
o f triplet chlorophyll and singlet oxygen which induce 
the peroxidation of membrane lipids. In turn, the 
herbicide-induced lipid peroxidation destroys the in
tegrity o f cellular membranes causing disorganization 
and desiccation ot green plant tissues.

B. Disrupters of Cell Membranes

Bipvridylium s (e.g., paraquat) and dinitrophenols 
(e.g., dinoseb) are two classes tit herbicides (Fig. 2) 
that act by causing severe damage tit plant cell mem
branes. Paraquat is a nonselective contact herbicide 
causing a rapid desiccation ot green tissues due to 
photosynthesis-dependent photoblcaching. Paraquat 
competes for electrons w ith the primary electron ac
ceptor o f photosystem I and is reduced by such elec
trons forming a paraquat radical. The paraquat radical
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then transfers these electrons to molecular oxygen 
producing superoxide ion. hydrogen peroxide, and 
hydroxyl radicals which cause peroxidation o f mem
brane lipids.

Dinoseb and other substituted dinitrophenols are 
known to act as inhibitory uncouplers interfering with 
both electron transport and photophosporylation in 
chloroplast membranes. I11 addition, these herbicides 
.ire known to act as inhibitors ofoxidative phosphory
lation and as contact herbicides causing membrane 
damage, when used .it high concentrations.

Fluridone

F ,C

CH,
CV \

/ N — CH;,
0 '
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^  ‘ I A
c (c h 4) 2

C. Inhibitors of Pigment Biosynthesis 
(Bleaching Herbicides)

1. Inhibitors of Carotenoid Biosynthesis
Chlorophylls and carotenoids are important pig

ments 111 plants and interruption o f their biosynthesis 
by herbicid.il inhibitors causes bleaching ot cells and 
plant green tissues. Carotenoids, namely carotenes 
and xanthophylls. play an essential role in photosyn
thesis by protecting chlorophyll against photooxida- 
tive damage induced by singlet oxygen. A number 
ot herbicide classes inhibiting carotenoid biosynthesis 
in plants have been developed and include aminotri- 
azoles (e.g.. amitrole). substituted pvridazinones 
(e.g.. norflurazon). pvridinones (e.g.. fluridone). 
isoxazolidinones (e.g., clomazone). and furanone de
rivatives (e.g.. fhirtamore). The chemical structures 
ot representative members ot these classes are shown 
in Fig. 3. Leaves emerging alter treatment o f suscepti
ble plants with these herbicides are depleted o f all 
colored piastidic pigments (chlorophylls and carot
enoids). and this morphological symptom prov ides 
the basis tor characterizing these herbicides as bleach
ing compounds.

The majority o f bleaching herbicides inhibit caro- 
teni'genesis bv interfering with the activity o f phy- 
toene desaturase. a membrane-bound enzvme that 
c.italv/es the dehvilrogen.ition ot phvtoene to form £- 
carotene, a precursor ot /3-carotene. Amitrole inhibits 
the cycli/ation ot Ivcopene. whereas dichlonnatc in-

Acifluorfen Oxodiazon

FIGURE 3 C h e u i u a l  s t r u c t u r e s  o t  h e r b i c i d e s  t h a t  b l e a c h  p l a n t s  

b \  i n h i b i t i n g  l a r o t e n o i d  s \  n t h e s i s  ( t o p  t o u r  c o m p o u n d s )  o r  1 h l o r o -  

p h v l l  s y n t h e s i s  ( b o t t o m  t w o  c o m p o u n d s ) .

Inbits C-carotene desaturase. The mechanism of the 
bleaching action o f the herbicide clomazone is unique, 
and although its exact target site has not been deter
mined. clomazone seems to inhibit .111 early step ot 
the carotenoid biosynthesis pathway rather than the 
phvtoene desaturase step.

2. Inhibitors of Chlorophyll Synthesis
A number o f herbicides cause photoblcaching by 

mechanisms that are not dependent on photosynthe
sis. Such herbicides include the /i-nitrodiphenylethers 
(e.g.. aciHuorten). oxadia/oles (e.g.. oxadiazon) and 
the .Y-phcnyl imidcs. The chemical structures ot'ac- 
tiHuorfen and oxadiazon are shown in Fig. 3. These 
herbicides inhibit the enzyme protoporphyrinogen 
oxidase and cause .1 massive accumulation ot proto
porphyrin IX . which results from an uncontrolled 
autooxidation ot protoporphyrinogen to protopor
phyrin IX .  Protoporphyrin) IX  is a potent photosensi
tizer that generates high levels ot singlet oxygen in 
the presence ot molecular oxygen and light. I he accu-

0 N
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initiation ot protoporphyrin IX  is mainly extr.iplastidic 
and causcs a rapid photodynamic damage ot cell mem
branes such as the plasmalemma and the tono- 
plast.

D. Growth Regulators

Many physiological processes ot higher plants are 
controlled by phytohormones. Several herbicides act 
by m imicking the activity ot natural plant-growth 
regulators (e.g., auxins) and include the classes 
ot phenoxyalkanoic acids (e.g., 2.4-D), benzoic 
acids (e.g., dicamba), pyridine-carboxvlic acids 
(e.g., picloram), phenylacetic acids, and quinoline- 
carboxvlic acids. The chemical structures o f some of 
these herbicides are shown in Fig. 4. On the con
trary, some classes ot herbicides such as phthalic acids 
(e.g., naptalam) and D-aryloxypropionic acids 
(e.g., benzoylprop-ethyl) act by interfering with the 
synthesis or action ot naturally occurring auxins and 
they are known as antiauxin herbicides.

The exact mechanisms by which auxin- or growth 
regulator-type herbicides initiate growth aberrations 
ot stem enlargement, callus growth, secondary roots, 
and leaf stunting are not known. It is possible that 
synthetic auxins, used as herbicides, imitate the action 
ot the natural auxin indoleacetic acid ( IA A ),  but 
whereas endogenous IA A  levels would be controlled 
in i’ii'0 , the levels o f synthetic auxins are not con
trolled, overdosing in a sense treated plants. Natural 
or synthetic auxins are believed to bind to specific 
receptor proteins, causing an efflux o f protons which, 
in turn, leads to the acidification o f cell walls and cell 
enlargement. Synthetic auxin-type herbicides cause 
major aberrations in nucleic acid and protein synthesis 
in the cells ot treated plants.

E. Disrupters of Mitosis

Herbicides that .ire known to severely inhibit or dis
rupt cell division include dinitroanilines (e.g., triflu- 
ralin). phenylcarbamates (e.g., propham), amides 
(e.g.. pronamide), phthalic acids (e.g., D C l ’A), sub-

o c h 2 -c o o h  c o o h  n h 2

2 , 4 - D  D ic a m b a  P ic lo r a m

FIGURE 4 CIhcnm.il structure's o f  .tuxin-t vpo herbicides.
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FIGURE 5 ( hcmu.il structure’s ot hcrbicidcs th.it disrupt col I 
division.

stitutcd pyridme-carboxylates (e.g.. ditbiopyr), cine- 
ole derivatives (e.g., cimnethylin), and phosphoric 
acids. The chemical structures ot representative mem
bers o f such herbicides are shown in Fig. 5.

Most ot the herbicides that inhibit cell division do 
so by affecting the cellular structure known as m icro
tubules. Microtubules are required tor cell division 
and cell wall formation. I )initroaniline and phos
phoric amide herbicides inhibit microtubule polymer
ization from the tubulin subunits. Tubulin is com
posed o f .111 a  and fi subunit. The fj subunit ot tubulin 
has been modified m dinitroaniline-resistant weed 
biotypes. Dinitroanilines are soil-applied herbicides 
and the most typical symptom o f their injury is a 
characteristic club-shaped swelling induced by these 
herbicides in root tips and other structures that arc 
normally elongated.

Pronamide and dithiopyr induce similar effects, ex
cept that tufts o f microtubules remain at the kineto- 
phore region o f chromosomes. IMienylcarbamate her
bicides such as propham alter the organization o f the 
spindle microtubules so that multiple spindles are 
formed. (.Chromosomes move to many poles and m ul
tiple nuclei result. Abnormal branched cell walls 
partly separate the nuclei.

F. Specific Metabolic Inhibitors

1. Inhibitors of Amino Acid Biosynthesis
The biosynthesis o f amino acids is a process unique 

to plants and bacteria and a desirable target site tor 
herbicide action. As o f today, three enzymes o f amino

n o x . ; ' ;  . n o 2

'T
C F ,

T r i f  l u r a l i n

0 H 9h 3 
C--N —C - C S C H  

CH,

Pronamide
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acid biosynthesis have been firmly established .is pri
mary target sites involved in the action ot phospho- 
nate (e.g.. glvphosatc and glufosinate). sulfonylurea 
(e.g., chloriniuron-ethvl). and imidazolinone (e.g.. 
imazethapyr) herbicides. The chemical structures ot 
such herbicides are given in Fig. 6.

The enzyme 5-enolpyruvyl-shikimate-3-phosphatc 
synthase (E P S P  synthase) converts phosphoenolpyr- 
uvate and shikimate-3-phosphare to E P SP , a critical 
step in the biosynthesis ot aromatic amino acids (e.g., 
phenylalanine, tyrosine, and tryptophan). E l ’SP syn
thase is nuclear-coded, but (unctions mainly in the 
chloroplast. Glvphosatc is the only known inhibitor 
ot this enzyme that has been commercialized as a 
successful herbicide. Glvcophosate acts as a competi
tive inhibitor with phosphoenolypyruvatc, the natu
ral substrate o f E P S P  synthase and causes a massive 
accumulation ot shikimate in treated plant tissues.

Glutamine synthetase (GS) is the first enzyme in
volved m assimilating inorganic nitrogen to produce 
an amino acid. G S converts L-glutamic acid to L- 
glutamine in the presence ot ammonia and A 1 P. Ot 
the many known inhibitors ot this enzyme, onlv two 
have been commercialized as herbicides. Glufosinate 
(also known as phosphinothncin). a synthetic organic 
herbicide, is marketed worldwide, whereas the tri
peptide bialaphos, a fermentation product ot Slrcplo- 
myces hygivscopiais, is marketed in Japan as the first- 
ever commercialized microbial herbicide. In treated 
plants, bialaphos is hydrolyzed to glufosinate. the ac
tual inhibitor o f GS. Glufosinate is an irreversible 
competitive inhibitor that interferes with the binding 
ot glutamate to GS.

Acetolactate synthase (A LS . also known as aceto- 
hydroacid synthase), is a key enzyme in the biosvn-

o o
HO -  C - C H 2 - N H  — C H 2 - P —OH 

OH

Glyphosa te

thetic pathway o f branched chain amino acids such 
as leucine, isoleucine, and valine. The enzyme cata- 
Ivzes two reactions: condensation ot two pyruvate 
molecules to produce C O : and a-acetolactate. a 
precursor ot valine and leucine; and condensation 
o f pyruvate and or-kctoglutarate to form C O , and 2- 
acctohvdroxybutyrate, a precursor ot isoleucine. 
Apart from sulfonylurea and imidazolinone com
pounds, derivatives ot triazolopyrinndine sultoanil- 
ides. pvrimidyl-oxy-benzoic acids, nonaromatic imi- 
dazolinones. and sultonylcarboxamides are also 
known as herbicidal inhibitors ot the A L S  enzyme. 
Sulfonylurea herbicides inhibit A L S  by slow, tight- 
binding kinetics and the herbicide molecule binds 
rcversiblv to the A L S —FA1 )-thiam ine pyrophos- 
phate-Mg ' -decarboxylated pyruvate complex and 
also competes tor the second pyruvate binding site. 
Imidazolinones are noncompetitive with respect to 
pyruvate and there are overlapping binding domains 
for the different AL S inhibitors at a quinonc-bmding 
site Moth sulfonvlureas and imidazolinones inhibit 
A LS  in i'inv, but only imidazolinones decrease the 
level o f extractablc AL.S.

2. Inhibitors of Lipid Synthesis
Lipid synthesis has been stronglv implicated in 

the mechanism of action ot several herbicidal classes 
such as aryloxyphenoxypropionates (e.g., Huazitop- 
butyl), cyclohcxanedioncs (e.g.. scthoxydim). substi
tuted pyrida/inones, thiocarbamates (e.g.. E l 'T G ),  
and chloroacetamlides (e.g., metolachlor). I he chem
ical structures o f representative herbicides trom these 
classes are given in Figs. 7 and 8. Direct evidence tor 
the inhibition o f lipid synthesis by aryloxyphenoxy-
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propionic acids and cyclohcxancdiones lias been ob
tained mils recently. Both ot those classes ot herbi
cides control selectively grass plants, but have no ef
fect on broad lea veil plants. Ihe target site involved 
in their action is the enzyme acetyl-CoA carboxylase, 
which is found in the stroma o f plnstids. Aryloxyphe- 
nopropionates anil cyclohex.mediones are reversible, 
linear, noncompetitive inhibitors ot acetyl-CoA car
boxylase trom grasses and they bind to a common 
domain on the en/vine.

Selected substituted pyridazinonc herbicides inhibit 
tattv desaturases, which are located in the chloroplast 
envelope. As a result, treatment with these herbicides 
decreases the degree ot unsatiiration ofplastidic galac- 
tohpids. I he exact mechanisms ot action ofthe tliio- 
carbamate and chloroacetamhde herbicides have not 
been elucidated. Nevertheless, it has been shown that 
thiocarb.imates impair the synthesis ot surface lipids 
(waxes, cutin. suberin) by inhibiting one or more 
acyl-C'oA elongases. These enzymes are not well 
characterized, but they are associated with the endo
plasmic reticulum and catalyze the condensation o f 
malonyl-CoA with fatty acids used in the synthesis 
ot surface lipids. I he direct involvement o f lipid syn-
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thesis in the herbicidal action ot chloroacetamlide her
bicides is still unclear.

3. Inhibitors of Cellulose Biosynthesis
Cellulose biosynthesis appears lo be a iaiget meta

bolic process involved in the herbicidal action ot di- 
chlobenil and isoxaben (f ig. '))■ Treatment ot cotton 
fibers with .1 pliotoathnity labeled analogue ot the 
herbicide dichlobenil showed a specific binding ot the 
herbicide to an ISk l)a  protein, which has not been 
characterized. Isoxaben has been shown to inhibit in
corporation of glucose to .111 acid-insoluble cell wall 
traction thought to be cellulose. I he exact molecular 
site ot both herbicides is currently unknown.

4. Inhibitors of Folic Acid Biosynthesis
The herbicide asulani (f ig . 10) inhibits the biosyn

thesis o f the vitamin folic acid by interfering with 
the enzvmc dihydroptcroatc synthase. A secondary 
mechanism of action proposed for this herbicide is 
associated with inhibition ot cell division.

V. Herbicide Selectivity

Selective toxicity o f herbicides to weeds but not to 
crops is one ofthe most difficult properties to achieve, 
as might be expected from the biological relatedness 
of weeds and crops. Selectivity is a function of the 
physicochemical properties ot a herbicide and ot the 
biochemical interactions ot the herbicide w ith the crop 
and weeds under a given set ot environmental condi
tions. The selectivity o f modern herbicides is either 
based on the differential response ot sensitive and 
tolerant plant species (crops and weeds) to given her
bicides (true selectivity) or induced by differential 
placement o f herbicides which ma ximizes the contact 
ot the herbicide with the weed and minimizes its con
tact with the crop (placement selectivity). Selectivity 
is strongly dependent on the dose ot the herbicide 
applied and the timing o f herbicide applications.
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FIGURE 10 Chemical structures (it a herbicide that inhibit tohc 
acid biosynthesis.

A. Factors and Mechanisms Contributing to 
Herbicide Selectivity

Genetic differences among plants or within a species 
may vary substantially and can account tor selectivity. 
Cultivars ot most crops have been shown to vary in 
their response to individual herbicides. Young seed
lings from seed are generally more susceptible and 
tolerance increases with age, Rapidly growing plants 
are generally more susceptible to herbicide treat
ments. The differential location o f the growing point 
(meristematic regions) in grass and broadleaved plants 
can also account tor the observed crop selectivity ot 
some herbicides. In grass plants, the growing point 
is not easily exposed to herbicide spraying because it 
is located at the base of the plant and is protected by 
the older leaves. Such plants can recover following 
application o f selected herbicides. In broadleaved 
plants the growing point is located at the top ot the 
plant and is easily exposed to herbicide spraying. 

Differential rates or patterns o f uptake, transloca
tion, and metabolism ot certain herbicides have long 
been established as major factors accounting tor the 
observed crop selectivity ot these herbicides. D iffer
ential penetration probably is most important as a 
selectivity factor among plants o f different ages, since 
cuticle thickness increases as a plant matures. Unless 
accompanied by differential metabolism, selectivity 
seldom is obtained by differential translocation alone. 
Differences in biotransformation or metabolism of 
herbicide molecules by higher plants represent the 
most common basis explaining the plant selectivity 
o f most herbicides.

B. Metabolism of Herbicides in Higher Plants

The majority ot organic herbicides are transformed 
by higher plants through activation or deactivation 
reactions such as oxidation, reduction, hydrolysis, 
and conjugation. The rate of herbicide metabolism is 
very much dependent upon the plant species, giving 
rise to herbicide selectivity. Certain herbicides are 
much more rapidly degraded or metabolized by toler
ant species and in most cases, the metabolic reactions 
are catalyzed by specific plant enzymes.

Herbicide biotransformations m higher plants in
volve a combination ot enzymatic reactions, which 
through a series o f intermediates result in the forma
tion o f soluble or insoluble herbicide residues that are 
subsequently stored or compartmentalized in plant 
cells. In general, herbicide metabolism in plant tissues 
is divided into three phases. Phase 1 enzymes oxidize 
(mainly hvdroxvlate), reduce, or hydrolyze herbicidal 
substrates, introducing reactive groups that can serve 
as sites for the subsequent conjugation to endogenous 
moieties such as glutathione, glucose, and selected 
amino acids, catalyzed by enzymes ot phase 11. In 
turn, phase I and phase 11 reactions are coupled to 
internal compartmentation and storage processes that 
comprise phase 111 o f herbicide metabolism in plants.
( Cellular storage sites are the vacuole tor soluble conju
gates and the cell wall for insoluble conjugates. En- 
zvme classes catalyzing the major transformation and 
conjugation reactions o f herbicides in higher plants 
include the cytochrome P450-dcpendent monooxy
genases. glutathione A’-transferases, UDP-glucosyl- 
transferases, and hydrolytic enzymes (e.g., carboxyl- 
estcrases and amidases). Selected examples ot such 
plant enzymes and their herbicidal substrates are listed 
m Table It,

In some cases, differential metabolism changes an 
inactive compound or proherbicide to an active one 
and accounts for herbicide selectivity. The most cited 
example o f such a case is that ot the /3-oxidation ot 
2,4-DB to 2,4-D by susceptible broadleaved weeds. 
Small-seeded legume crops are tolerant to 2,4-DB 
because they are not efficient in converting 2,4-DB 
to 2,4-D by means o f /3-oxidation.

C. Role of Other Chemicals in 
Herbicide Selectivity

The addition o f other chemicals can increase or de
crease the activity and selectivity of herbicides. Sev
eral chemicals called safeners or antidotes have been 
shown to improve the tolerance ot partially tolerant 
grass crops to herbicides without increasing the toler
ance o f susceptible weeds. A number o f such chemi
cals are currentlv marketed either as prepackaged for
mulated mixtures with their respective herbicides or 
as seed dressings and protect many ot the major grass 
crops against injury caused by several classes ot herbi
cides. Herbicide safeners seem to protecc grass crops 
bv enhancing the levels and/or activities ot all classes 
o f plant enzymes that are involved in the metabolic 
deactivation o f herbicides (Table II). In addition, a 
number o f chemicals that are potent inhibitors of
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TABLE II

Plant Enzyme Systems and Reactions Involved in Herbicide Metabolism

1 11 /  V  111C l  l . IS S Mel .1 hoik' re.ietion 1 lerhkidal substrate

C Y t o i  hroiiK' IMSt i- Aryl hydroxylatioii Arvloxvphenox v-
dependent propionates
nioiionxv'^enases Phenoxyalkanoates 

limdazohnones 
Sultonylureas 
Substituted ureas 
Bentazon

.Y-l )cniethyl.ition Substituted ureas
( \irbox vlcsterases 1 lydrolysis ot Aryloxyphenoxy-

earboxyl esters propionates 
l)-Aryloxy propionates 
Phenoxyalkanoates 
Sultonylureas

Anudascs 1 lydrolysis ot 
amide esters

Anilidcs (propanil)

( ilulathione N- ( 'onju^ation with Iriazines
transferases glutathione C !hloroaeetanilides 

Thiocarhamates 
1 riazinones 

Sultonvlureas 
Nitrodiphen v let hers 
( arbamates

Ul )l ,-ii1liKosvl ,V-( ilueosvlation I riazinoues
transferases Cihlorainben

Amlides
()-(. ilueosvlation Pheiioxvalkanoates

Pentaehlorophenol
lientazon

Malony It ranst erases C'onjugauon with Phenoxylkanoates
inalonic aeid Iria/inones 

Nitrodiphenylethets 
rinoearbainates 

( !hloro.u. et.inilkles

herbicide-detoxifying enzymes are known to syner- 
gize the action ofspecitic groups ot herbicides m given 
crop and weed species. Additional information 011 the 
chemistry, vises, and mechanisms o f action ot herbi
cide safeners and synergistics can be found in refer
ences listed 111 the bibliography.

VI. Plant Resistance to Herbicides

In response to agricultural manipulations, weed spe
cies, or ecotypes within a species, that are best adapted 
to a particular practice are selected for and gradually 
increase in the mixed population ot an agroecosystem. 
O ver the past 5(1 years, repeated use on the same 
site ot herbicides with similar modes ot action has 
imposed selection for increased resistance within or 
among species that had been previously susceptible.

Although herbicide resistance 111 weeds has .1 more 
recent Instorv than either insecticide or fungicide re
sistance. herbicide-resistant biotypes ot several weed 
species have become widespread 111 recent years.

At present, there are over 100 weed species with 
biotvpes known to be resistant to one or more classes 
o f herbicides in various locations around the world. 
O f  those biotvpes, more than halt are resistant to 
triazine herbicides. The remaining weed biotypes are 
resistant to 14 other classes of herbicides including 
amides (e.g., propanil), arscnicals (e.g., M S M A ), ary- 
loxyphenoxvpropionates (e.g., dicloflop-methyl), bi- 
pyridyiiums (e.g., paraquat), dinitroanilines (e.g., tri— 
Huralin). hydroxybenzonitriles (e.g., bromoxynil), 
phcnoxvalkanoic acids (e.g., 2.4-1)), phenylcarba- 
mates, pyridine carboxvlic acids (e.g., picloram), 
substituted pyridazinoncs (e.g., pyrazon), substi
tuted ureas (e.g., chlortoluron), sultonylureas (e.g., 
chlorsulfuron), aminotnazoles (e.g., amitrole), and 
uracils (e.g.. bromacil).

The major characteristics ot herbicides and their 
use that are contributing to a high risk for evolution 
o f herbicide-resistant weed biotypes include: (a) her
bicide has a single target site and specific mechanism 
o f action; (b) herbicide is extremely active and effec
tive in controlling a wide range ot weed species;
(c) herbicide provides long soil residual and season- 
long control o f germinating weed seeds; (d) herbicide 
is applied frequently and over several growing seasons 
without rotating, alternating, or combining with 
other types o f herbicides. Most o f these characteristics 
are correlated quite well with the aforementioned 
classes o f herbicides that have been selected for resis
tance.

O f  special concern in recent years is the develop
ment o f multiple resistance ot some weed biotypes 
to many herbicides. Multiple resistance describes the 
evolution o f weed biotypes resistant to a series of 
chemically unrelated herbicides with different mecha
nisms of action. Thus, multiple resistance is different 
than cross-resistance, where an individual weed bio- 
typc resistant to one herbicide is generally resistant 
to other herbicides with similar chemistry or the same 
mechanism ot action.

In contrast to herbicide tolerance, which is usually 
the result o f differences in herbicide uptake, transloca
tion. and metabolic detoxification, herbicide resis
tance in weeds is most often due to an alteration o f 
the target site involved in the action ot herbicides at 
the cellular level. Such a mechanism of resistance is 
definitely involved 111 most cases ot evolved weed 
resistance to triazine, sulfonylurea, dmitroamline, ni-
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trile, substituted urea, and uracil licrbicidcs. Weed 
resistance to paraquat appears to be due either to rapid 
sequestration ot the herbicide, resulting in reduced 
paraquat levels at the plastidic site o f action, and/or 
to rapid enzymatic detoxification of superoxide and 
other toxic forms of oxygen due to elevated levels 
or activities ot antioxidants (e.g., glutathione) and 
protecting enzymes (e.g.. superoxide dismutase). The 
remaining cases ot weed resistance to herbicides seem 
to be due to enhanced herbicide metabolism. En
hanced metabolism resulting in detoxification ot sev
eral herbicide classes is also the most likely mechanism 
involved in multiple herbicide resistance that has been 
detected 111 some weed biotypes.

I he need tor recognizing, preventing, and manag
ing herbicide resistance in weeds is imperative for 
preserving herbicides as tools ot agricultural technol
ogy. Some of the strategies that have been suggested 
tor managing herbicide-resistant weed hiotvpes in
clude mixing and/or rotating herbicides and cropping 
practices, using more cultivation, and controlling seed 
set by the resistant weed biotypes. 1 lerbicide rotations 
should be based on herbicides with different chemis
tries and different mechanisms ot action, to avoid 
problems ot cross- and multiple resistance.

Continuing advances in our understanding of the 
mechanisms and the genetic basis ot" weed resistance 
to herbicides coupled with the ever-growing difti- 
culty and increasing costs tor discovering new herbi
cides have stimulated great interest in introducing 
herbicide resistance into selected crop species. This 
type ot research has many potential benefits as well 
as risks. Genetic modification o f crops to make them 
resistant to herbicides could improve herbicide selec
tivity and allow the wider use ot effective herbicides 
that have a broad weed control spectrum, but they 
lack crop selectivity (e.g.. glyphosate). On the other

hand, the use ot herbicide-resistant crops may present 
us with two potential problems. The first is related 
to the potential transfer ot herbicide resistance via 
pollen trom a resistant crop to formerly susceptible 
weedy relatives, as well as the potential establishment 
ot weeds as escapes trom a resistant crop. I he second 
potential problem is the selection o f resistant weeds 
with an increased risk ot developing cross-resistance 
to more than one herbicide, leading to the need tor 
applying new herbicides to the weedy populations.
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Glossary
D o m in a n ce  Alleles which express the phenotype in 
the heterozygous state
H ete ro z y g o si ty  1 laving one or more dissimilar al
leles ' - ’ '
H ybrid Offspring from genetically dissimilar 
parents
Inbreeding Mating between individuals of the same 
genotype
Q uan tita tiv e  traits Traits which show no clear-cut 
segregation. Phenotypes which show more ot a con
tinuous effect, and require the action ot several genes 
to express the variation

H e te ro s is  is a phenomenon where the first genera
tion ot offspring show an improvement in the quality 
of a trait or traits as compared to either ot the parents. 
Heterosis does not refer to any particular mechanism 
or theory as to how this phenomenon occurs.

I. Introduction

1 leterosis is often described as the superior perfor
mance o f a trait or traits. Herein lies the first problem. 
I low do we judge what is superior? W e must first 
define the trait or traits ot interest. In the simplest 
case, we could focus on one trait, and ideally, we 
would have a single gene responsible tor that trait.

Then, it is necessary to agree that superior quality tor 
one person is the same for another. Therefore, at 
best, this is a subjective judgment call. After reaching 
agreement on what improved quality means tor a 
particular trait, we must agree on what improved 
quality means when dealing w ith multiple traits. It 
one individual shows heterosis with one trait and an
other individual shows heterosis tor a different trait, 
which one shows greater overall heterosis? Because 
of this dilemma, heterosis is usually measured tor 
one simple trait or a broad quantitative trait which 
encompasses the overall productivity of the entire 
organism, such as yield.

As we begin to measure heterosis, we find another 
subjective dilemma. The heterotic effect may vary 
dramatically in different environments. Breeders have 
known for years the effect that environment can have 
on a particular genotype. This means that a hybrid 
may show a large effect in one particular location, 
but it may be greatly reduced in another location. 
This genotype by environment interaction, therefore, 
can reduce the heterosis effect or make it more pro
nounced.

Most o f the heterotic effects studied today are not 
single gene effects. Therefore, in measuring heterosis, 
we need to deal w ith complex traits and multiple 
traits at one time. W hile there appear to be endless 
combinations o f how to define improved quality ot 
traits, most people have come to some agreement in 
principle how to define the qualities used to measure 
heterosis. It is important to note, however, that while 
there can be agreement, this is not based on an abso
lute standard. As more and more research is done, 
the confusion can grow as to what heterosis is unless 
we get a more specific definition. Heterosis w ill have 
value only as it relates to specific traits and agreed 
upon definitions o f quality improvement. Since heter
osis does not describe a mechanism, this leaves open 
many possibilities o f the cause ot heterosis.
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II. Description of the Phenomenon

I low  did we arrive at the basic concept o f heterosis? 
Like many other areas in science, this has been an 
evolutionary process. From the definition, one o f the 
first things needed to get the effect is to have a hybrid. 
Kolreuter in 1K76 generally described the effect o f 
superior hybrids. In his original experiments, lie 
crossed nicotiana plants to make hybrids. He observed 
that the hybrids had .111 increase in size compared to the 
parents because the hybrids had larger leaves. These 
plants were “ superior" to their parents. This was the 
beginning ot our current concept ot heterosis.

Creating hybrids with improved attributes does 
not, in itself, mean that you have heterosis. Darwin 
predicted that bringing 111 new traits into a species 
would give the species a better chance o f survival 
under different selection pressures. This theory, how 
ever, does not explain why the hybrids should be 
more vigorous than their parents, only that adding 
different traits w ill allow for increased chance o f sur
vival.

It it is possible to get improvements in traits into 
the germplasm, why not just select those genes and 
develop superior inbred lines? This can be done in 
some species blit not others. One reason it does not 
always work is because ot the phenomenon known 
as inbreeding depression. W ith inbreeding depres
sion, to become purer, lines are continually selted 
rather than outcrossed. It becomes more difficult 111 

some species to keep these lines vigorous as they be
come homozygous. This is usually explained by the 
occurrence ot deleterious recessive genes. As inbreed
ing continues, more and more recessive genes can 
express their deleterious effect. While this may be 
unrelated to the heterotic effect for one particular trait, 
this can lead to a decrease in overall performance 
ot the line. This concept explains why developing 
hybrids allows new genes into the germplasm without 
the problems ot inbreeding depression. This gets us 
closer to heterosis as we know it today. Eliminating 
inbreeding depression alone, however, does not nec
essarily ensure heterosis.

The accepted definition ot heterosis today encom
passes these earlier concepts with the addition o f one 
key element. This was first discussed by Shull 111 1907. 
Shull differentiated between a hybrid’s increase in per
formance over inbreds on crosses either made with 
specific inbreds or produced by random crosses. In 
his original experiment, he developed pure lines ot 
two different types o f corn. He crossed these lines.

and his results are shown in Table I. Shull was able 
to show the performance ot the hybrid corn was much 
greater than either one ot the pure lines. He went 
beyond this and showed that other hybrid combina
tions did not give the same effect. He was not just 
eliminating inbreeding depression or deleterious 
traits. He was able to show that specific crosses with 
the pure lines gave better results than were achieved 
by random crosses ot noninbred plants. This ex
tremely important observation discriminated his 
work trom others before. This gives us the accepted 
concept ot heterosis as it is used today.

From this concept, we can derive a simple equation 
which can determine whether particular lines have a 
heterotic effect, and if  so. how  much. This can be 
defined where 11 is heterosis value and F, is the first 
generation progeny ot a cross between two lines. The 
equation then is:

11 = The mean value o f the progeny minus the mean 
value o f the parents 
oi-

ld = F, - (l>, + !>,)/,.

This heterosis value can be defined with either a spe
cific trait or any combination o f traits you choose to 
measure.

There often appears to be confusion between heter
osis. yield, quantitative trait loci, and heterozygosity. 
Heterosis can be linked to all ot these different phe
nomena. It is not synonymous w ith any ot these 
which causes the contusion

One common misconception is that an increase in 
yield means an increase 111 heterosis. High yielding 
inbred lines are the norm in some self-pollinating 
crops such as wheat. Since these are not hybrids, this 
clearly shows that yield and heterosis are not identical. 
In addition, a yield increase in hybrid lines does not 
necessarily require a heterotic effect. Yield o f hybrids 
can be increased by reducing inbreeding depression. 
As pointed out earlier, heterosis requires more than 
this.

Heterosis is not normally used in reference to single 
gene traits but rather complex traits. Quantitative 
traits are usually those that are difficult to measure 
without error and appear to be inherited as multiple 
genes, rather than as single genes. Quantitative traits 
such as yield and stress tolerance are often the targets 
tor exploiting heterosis. I11 trying to select tor superior 
performance in these quantitative traits, the degree o f  
heterosis can plav the major role. These quantitative 
traits, however, could be involved 111 pure-line crops
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TABLE I
Average Values in the Families of White Dent Maize Grow n in 1910, Grouped According to the Types 
of Mating of the Parents

I’edigree Parental Number Av. No. ot Heights Wts. Ill Yields
numbers gr.mi-rows ot stalks grain-rows 111 Dnis. lbs average bu/acre

Families f ro m  inbrcds selfed
LI.If> S Selt'ed 57 lll.li 17 9.S 24.4
L2. 19 8 Selt'ed S3 9.0 IS 22.0 29.6
1-7.2'.) in Selt'ed 79 11.1 20 IS. 3 33.9
t;9.32 12 Selt'ed HI 1 12.3 17 11.4 20.9
HI 1.34 A (8) Selt'ed 75 S.S 16.5 9, 1 IS.I
L I 9. 47 B( 14) Selt'ed 53 12.9 24 7.3 1 1.0
1.24.54 14 Selt'ed 66 I3.S 23 16.3 25. S
L.2f>. 56 IS Selt'ed S2 15.2 19 15.3 22.9
L34.67 22 Selt'ed 62 17.9 19 1 l.o 19.2
L36.71 26. 28 Selt'ed 72 15.2 19 17.5 34.2

Unweighted averages 71 12.6 19.3 10.7 25.0
Families f ro m  inbreds poll inated by sibs selfing prevented

L I . 17 lOxsibs 61 111.2 19 I.VS 29. S
12.21) Hlxsib 75 9.9 IS 21.0 39.5
L7.3II 12xsib H5 11.11 - 0 IS .3 37.3
LI 1.35 A(8)xsib 55 9.5 16 7.5 1(>.0
LI 9.48 U(12)xsib 54 12.7 24 5.3 7.S
L26.57 1 Sxsib 89 15.S 20 24.5 37. S
L34.68 20xsih 65 17.9 20 15.3 25.6
L 36.72 ?(tasc.)xsil> 73 22.5 20 IS. 3 35.2

Unweighted averages 61 13.7 19.2 15.5 2S. 7
Families f ro m  parents g iven mi xcd pollen in each generatio n :  selfing prevented

K3.23 8, 1(1 crossbred ss 9 5 TO 30. S 49.9
LS.3I 1(1 crossed 65 111.3 11 31.(1 68 1
LI S. 46 12 crossed 91 13.2 24 51.0 SO. 1
L23.53 14 crossed 94 13.7 27 49.0 74.5
L25.55 16 crossed 95 14.9 2S 4S.8 73.3
L3II.63 IS crossed 2112 16.(1 22.5 76.S 54.3
L33.66 2ll crossed lllll IS. 5 23 35. S 51.1
1.35.7(1 211. 22 crossed 45 211.11 21 26.3 S3.3
L37.73 24. 20 crossed 69 24.2 T** 24.5 50.7
L40.75 32 crossed 56 19.2 24 22.5 57.4
L4( 1.76 32 crossed 99 26.2 23 39.0 56.3

Unweighted averages 91.3 16.9 23.5 39.6 (>3.5

Origiii.il data ot Ci. H. Shull showing heterosis in corn. From Shull, ( i l l .  (1952) "Heterosis: Beginnings 
nt the Heterosis Concept" (J. W. (iowcii ed.). pp. 14—IN. Hatncr. New York

as well as hybrid crops and, therefore, are not neces
sarily linked to heterosis.

The third area ot contusion is heterozygosity. This 
is often linked directly to heterosis. For practical rea
sons. this can be .1 good working model. However, 
since we are not implying a mechanism for the defini
tion ot heterosis, this needs to be a correlation and 
cannot be used interchangeably. Heterozygosity in 
referring to the mixture of the chromosomes would 
allow greater opportunity tor heterosis to occur. If, 
however, in the simple case where we are measuring 
heterosis ot a single trait, we can bring a different 
form ot a single gene which is not superior. In this

way, lines could be heterozygous for a particular trait; 
however, the trait would not show superior qualities, 
and no heterotic effect would be observed. This logic 
can also be applied 011 a larger scale with complex 
traits.

III. Possible Mechanisms

A. Genetics

Heterosis cannot be explained by simple mendelian 
genetics nor can it be explained by overcoming 111-
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breeding depression. This lias led to different theories 
to explain the phenomenon based on the ability o f 
recessive and dominant genes to be selected ditteren- 
tiality. First, consider the example o f detrimental 
dominant genes. These will be highly selected against, 
in nature or under artificial selection, and w ill be elim 
inated easily from the germplasm. In contrast, detri
mental, recessive genes can remain in the germplasm 
much longer since they will only he selected against 
when they are homozygous. This can explain why 
inbreeding depressing occurs and why hybrids would 
be beneficial.

A second hypothesis is that heterosis occurs 
through the accumulation o f dominant favorable al
leles at different loci. Under this hypothesis, each 
parent w ill contribute favorable dominant genes to 
the hybrid progeny. Because both parents are contrib
uting a different set o f favorable genes to the progeny, 
there is the potential tor the effects of the genes at 
different loci to interact synergistically. T his phenom
enon is known as epistasis. and there are a number 
ot studies in maize that have shown epistasis 10 be an 
important component o f heterosis in specific crosses.

A third hypothesis is that o f overdominance. This 
is a very old hypothesis and is based on the premise 
that heterozygosity jnr .<<■ is the cause ot heterosis. 
Recently, there have been some biochemical and 
molecular data that support the idea that the gene 
products from a heterozygous locus can interact syn
ergistically by forming enzymes (heterodimers) that 
out-perform the enzvmcs produced by the homozy
gous locus.

There are proponents ot both the second and third 
hypotheses, and the disagreements between the advo
cates sometimes appear to be religious. It is likely that 
both mechanisms can be invalid to a greater or lesser 
extent in any given hybrid that is exhibiting heterosis.

As mentioned earlier, heterozygosity is sometimes 
confused with heterosis. In practice, however, this is 
a way to increase the probability o f  a heterotic re
sponse in the germplasm. While the correlation is 
good, it is not absolute. Using the tools of molecular 
biology. O N  A markers can measure the relative sim i
larities between different inbred lines. In corn, the 
correlation between heterosis and similarity of parents 
was 76 % . While this is .1 good correlation, the correla
tion with yield w a sST 'V  This raises many <|iiest’ons. 
The simplest explanation is that not all loci have .111 

equal affect 011 heterosis. Therefore, to obtain a better 
correlation, some ot the loci should be weighted; 
which suggests it is not the absolute amount o f hetero

zygosity but rather there are key segments o f D N A  
that are critical.

In studying heterosis, we need to look at the cyto
plasmic organelles as well as the nuclear genes. In 
the case o f plants, the genetics o f chloroplasts and 
mitochondria can have an affect 011 heterosis. It is 
well documented that reciprocal crosses have different 
effects on yield and heterosis. This is attributed by 
the fact that the mitochondria and chloroplast are 
donated only from the female in hybrids. These cyto
plasmic genes, however, can have different affects in 
combination with nuclear genes. In some cases such 
as barley, the heterosis in mitochondria can be corre
lated to the overall effect 011 yield heterosis. However, 
this does not hold true in all cases.

B. Physiology/Cell Biology

There are many different observations that have been 
made with heterosis, but it is difficult to determine 
the cause and the effect. Attempts are usually made 
to correlate physiological functions with phenotypic 
traits such as yield or vigor. In all ot the cases discussed 
below, heterosis can be seen for the precise function 
described. In all o f the cases described below, there 
are exceptions where 110 heterosis has been observed. 
Attempts to correlate each function independently 
with yield or vigor have also shown examples where 
they correlate and examples where there was no corre
lation.

One physiological function examined was uptake. 
It has been shown that hybrids can have increased 
rates o f uptake and utilization of nutrients than their 
parent inbreds. B y  assimilating key nutrients, the hy 
brid could have a competitive advantage if  this were 
rate limiting in development. This could allow the 
hybrid to obtain an overall advantage. It is not clear 
that the lines that do not correlate are due to the fact 
that uptake is not rate lim iting in these lines or that 
there is not a cause and effect relationship.

There are examples where ammo acid levels have 
been shown to be increased in hybrids compared to 
their parent lines. This could give advantages to the 
hvbrids for protein synthesis or other metabolites that 
are derived from amino acids. There is no solid e v i
dence 011 how often either the amino acids or their 
derivatives can he rate lim iting in development. Then: 
is good evidence, however, that these can delay devel
opment. One simple explanation is that key enzymes 
that are rate lim iting cannot be made without the 
proper .11111110 acids. This explanation has merit but
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is not w ithout exceptions. As above, the reasons tor 
the exceptions are unclear.

Protein synthesis has been one ot the more studied 
effects ot heterosis. It lias been shown that the rates 
ol protein synthesis can be increased in hybrids over 
that ot inbreds. This could be as a result ot amino 
acid levels as discussed above or increased translation 
rates. In addition, a different set of proteins has been 
shown to express only in the hybrids. Therefore, in 
addition to the rate, there may be novel proteins 
formed that can increase the overall rate o f growth. 
Alternatively, these could also be different forms tit 
the proteins (changes in phosphortation, methvlation, 
etc.) There are no studies, to date, that have been able 
to show a clear correlation w ith any o f these new or 
altered proteins with heterosis.

The rates ot l )N A  and R N A  synthesis have been 
shown to increase in some hybrids as compared to 
their inbreds. In some cases, ploidy level has been 
shown to correlate with heterosis. In other cases, the 
histone/l >NA ratio has been correlated with hetero
sis. Clearly, D N A , R N A . and protein levels can be 
related to each other through the process ot transcrip
tion and translation, but none o f the examples, to date, 
have been studied in enough detail to differentiate it 
there is a direct correlation between them.

A key element for plant development is photosyn
thesis. It should not he surprising that there have been 
cases where the rates ot photosynthesis are greater
111 the hybrids than in their parents. This has been 
correlated in some instances with increases in overall 
performance of the hybrid. Since photosynthesis is 
key to plant growth, it can be agreed that this is .1 

likely target tor heterosis. Alternatively, you may 
predict that whatever the mechanism o f heterosis is. 
it would ultimately affect photosynthesis. For both 
theories, cause and affect relationships have not been 
observed and absolute correlation has not been seen.
| S e e  Photosynthesis. |

It was mentioned earlier that there is a genetic corre
lation with mitochondria heterosis and grain yield. 
This can also be seen at the physiological level by 
either .111 increase in respiration rates or .111 increase 
in A T P  synthesis tor hybrids compared with their 
parents. These processes would seem to he likely tar
gets to provide the hybrids with more energy. The 
lack ot ail absolute correlation would suggest, at least 
in some cases, that it may be the regulation of energy 
after it is acquired and not just rate o f synthesis o f 
these high energy molecules.

Despite all o f these observations, there has been 110 

universal theory; all show exceptions 111 correlating

heterosis at the whole organism level. Many ot these 
could be related to each other, but 110 systematic study 
has been done. The conclusions would suggest that 
we must look in much more detail to decipher cause 
and effect relationships. Because ot the diversity ot 
results, however, it is likely that any one ot these 
functions could be involved 111 heterosis in a particular 
cross. | .Sec P i a n  i P i i v s i o i  oc;v. |

C. Biochemistry

Since 110 major function can correlate with overall 
heterosis, it seems highly unlikely that there is one 
specific molecule that is responsible. There has been
110evidence fora "heterosis factor’ that when present, 
creates hybrid vigor. There have been, however, very 
usef ul studies w ith some key proteins that give insight 
as to how heterosis may occur it restricted to a specific 
trait.

There are examples o f enzymes showing .1 hctcrotic 
effect. As mentioned above, photosynthesis can show 
a hctcrotic effect, and in some cases correlates to heter
osis in the whole plant. The enzyme ribulosc bisphos- 
pliatc carboxylase has shown heterosis with respect 
to its enzymatic activity. This key enzyme could be 
responsible tor the effect 111 photosynthesis since it 
plays ,1 key role in photosynthesis. Also, nitrate reduc
tase has been shown to exhibit heterosis 111 some cases. 
It has been speculated that this could cause an increase 
in nitrate assimilation and the overall increase in the 
rate o f growth.

A more detailed analysis ot one enzyme such as 
acid phosphatase may explain how heterosis can occur 
with enzymes. I11 this example, heterosis tor increased 
enzyme activity was observed. This could be reflected 
both 111 the decrease ot K m values and the increase ot 
I mu. fable II shows the values for both the honiodi-

TABLE II
Comparison of Biochemical Properties of Acid Phosphatase from 
F/F, S/S, and F/S Genotypes

( icnotype

Biochemical property i - i S/S I S

Specific activity
(7x111 /nun/ mi»
protein) 5. r>5 «.>>.=» I2.ul

K , , ; <>.H x In 1 4.0 x |oJ .Vf> x  I I I '

1 .. 7.*J5 1 t.Hll 14.till

.Sonin-: I reh .m . K .  S ..  and < • it I . K . S. (1 W 7 ). Su b u n it  in te rac tio n : 
a m o le c u la r  basis o t heterosis . H io c l ia i t .  ( j c n i ‘1 . 25 (11 12).
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mer and the hctcrodimcr. Each parent makes a differ
ent homodimer, but the optimum K nl and I ”m)x are 
obtained in the heterodimer. Tliis example may ex
plain. in principle, overdominancc since the optimum 
activity requires the synergy of both genes. It has 
been specified that this is due to a structural change 
in protein conformation, but detailed studies have not 
been done.

D. Molecular Biology

Little is known, to date, ot the impact ot molecular 
biology on heterosis. While there has been great prog
ress in molecular biology, there has been a relatively 
small effort, to date, at examining heterosis at the 
molecular level. There are, however, some possibili
ties that people have suggested.

One way ot regulating transcription is through 
methylation o f l )N A .  This relatively simple reaction 
can cause l )N A  sequences to become inaccessible tor 
transcription. I )N A  trom different sources may be 
less likely to be methylated or the methylation gene 
may be less active in heterozygotes. This would allow 
greater expression ot key genes which could increase 
overall performance. Alternatively, certain key genes 
could be methylated rather than a random decrease 
in methylation for all chromosomal D N A .

A more recent observation is that ot co
suppression. In this case, when .1 gene is transformed 
into a cell with similar genes present, this new gene 
causes a down-regulation o f the other similar gene(s). 
The mechanism for co-suppression is not yet known. 
The phenomenon, however, suggests that versions 
o f genes which are different in sequence, but perform 
the same function, may be at an advantage. The 
greater the diversity in the gene, the more likely co
suppression would not be a factor. This molecular 
observation could easily help explain the correlation 
between heterozygosity and heterosis.

Today we know o f many ways o f regulating tran
scription and translation. Any o f these mechanisms, 
in principle, could affect heterosis. A cascade effect, 
however, could help explain the many different obser
vations seen on .1 number ot different physiological or 
biochemical events. While it is tempting to speculate, 
there is 110 evidence at this time to support this.

IV. Use in Agriculture

To say heterosis has had a profound effect in agricul
ture would be .111 understatement. This is not because 
ot extensive research 111 this area. This has been due

to breeding programs designed to improve perfor
mance. and 111 doing so, the hcterotic effect has been 
observed. This has been shown in microorganisms, 
fish, chicken, cattle, and plants. M any crops are being 
bred today as hybrids because ot the effect heterosis 
has 011 performance as shown in Table 111. It shows 
a sample o f different crops which are sold as hybrids 
today. The range o f  crops suggests that this is a gen
eral phenomenon and understanding it should benefit 
mankind enormously as it could lead to controlling 
it 111 a more precise manner.

The most notable hcterotic effect has been 111 corn. 
Figure 1 shows the effect in corn. The parents show 
reduced stature and grow slower and less than the 
hybrid. In addition, the grain produced is much 
greater in the hybrid. In this example, hybrid grain 
y ields o f 175 bushels per acre are common in contrast 
to the parents w ith yields ot 4<) and 6(1 bushels per 
acre. This dramatic example explains why heterosis 
has enormous practical implications tor the produc
tion o f corn. (.Sec C o h n  Gi  n l i  ic s  a n d  B u i l d i n g .  |

There are many different types o f breeding regimes 
used for different crops to produce heterosis. In the 
case o f corn, a popular method is that o f the single 
cross. This is where a pure line inbred is produced 
and crossed with a second pure line. There can be 
many variations ot tins strategy; however, this is the 
simplest.

There are many advantages 111 producing hybrids. 
Foremost, is that the yield o f the hybrid can be in
creased dramatically over the parent lines. In addition, 
there are other characteristics that are useful: (1) in
creased stress tolerance. (2) uniform ity in offspring, 
(3) ability to bring in traits from two different parent 
lines to get the desired phenotype, and (4) elimination 
o f inbreeding depression. It is important to note that 
while all o f these are advantages o f hybrids, not all are 
necessarily due to heterosis. Using various breeding 
schemes it should be possible to put all ot the genes 
that have desirable phenotypes into one line. It this 
could be done, by definition, there would be no heter
osis. The reason this is not done is there is 110 way to 
propagate hybrid lines by seeds without segregating. 
Once the line starts segregation, uniform ity is lost 
and so is the performance advantage. It all desirable 
genes were bred into a pure line, then the problems 
o f inbreeding depression could occur.

Taking advantage o f heterosis in hybrid lines raises 
several other issues. The most notable is the increase 
in cost to produce the hybrid lines. There are several 
reasons for this. One reason is that two separate lines 
must be maintained tor production purposes rather 
than one. 1 liese lines must be continually selted and
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TABLE III

Past and Potential Introduction of Commercial Hybrid Varieties in Food Crops, Largely Relating to North American Experience

Before 1955 1955-1974 1975-1990

C .rop Year C !rop Year C >op Year

Held corn (/ca 1921 Sorghum (Sorghum biiolor)" 1955 Asparagus (Asparagus officinalisY 1975
Sweet corn ('/. #»iiiy.v)m 1933 Sugar beet (Bela vulgaris)' 1957 Celery (Apium gravcolcnsY 1975
Hggplant (Solatium mclongaia)" 1 1939 Broccoli (lirassiia olcracca)' 1961 Oats (Avnia spp.)" 1980
Slimmer squash (dmurbita pcpo)'" 1941 Spinach (Spinaua olcran'a) 1961 Rye (Sccalv n r  calc)' 1980
I omato (l.yiopcr>iion vsiiilciiium)" 1943 Beetroot (licta vulgaris)*' 1962 Potato (Solatium tuberosumY 1980
Slicing cucumber (ducumis sativus)m 1945 Bussels sprouts (lirassiia oleraeva)' 1963 Soyabean (Cilycinc max)" 1980
( )nion (Allium npa)' 1948 Carrot (Damns 1964 Haricot bean (Phascolus vulgaris)" 1985
Watermelon (('itrulhis lanaius)'" 1949 Pearl millet (Pcimiscliim typhoidvs 1965 Held bean ( I icia (aba)' 1985
Winter squash ((.'miirbita >'/>/>.)"' 195c) Coconut ((.’(>((>> muifcra)1 1965 Peas (Pistmi sativumY 1985
Pepper (('.apsiiurn anmmm)' 1954 Cauliflower ( lirassica oleraeva)' 1966 Lettuce (Lanum saliva)" 1990
Musk melon (C '.uiumis mclo)"' 1954 Lucerne (Mciiicago saliva)' 1968
Pickling cucumber ((jiium is sarivus)’1' 1954 Barley (Hordvmn vulgarc)" 1968
Cabbage (lirassiia Olcracra)' 1954 Wheat ( 1'riiiium avsfivttm)" 1969

Rice (Ory'd sativa)" 1972
Sunflower (Ihliaiirlms animus)1 1972

Sonne: Mayo. O. ( l ‘)87). "  I lie Theory ot Plant Breeding: Heterosis,” 2 i k I  ed. pp. Clarendon Press, Oxford.
.\iHe: .1, Androtnouoeeious; e, cross-tertilizintj but sell-compatible; d, dioecious; i, self-incompatible; 111, nioiH>eeious; p, protandrous; q, 
protoi>ynous; s. selt-tertilizini>.

not outerossed until the time F, seed is produced for 
the tanners to grow. In order for the farmer to grow 
high yielding hybrids, the seed producers must propa
gate the low yielding inhreds.

To produce pure hybrid seed another increase in 
cost results trom the tact that in a given cross one 
inbred is designated as male and the other female. 
Males are used only for their pollen and then dis
carded. O n ly  the seeds trom females are used. The 
male rows and the potential seed which may be pro
duced would not be acceptable. It would not show 
the superior quality or uniform ity the farmer expects. 
This also adds the increase o f cost production.

One ot the most expensive aspects o f this type o f 
production rests 011 the fact that crops such as corn can 
sclf-pollinate. It this occurs, an inbred line is produced 
instead ot a hybrid. Because ot the dramatic difference 
m yield between the hybrid and the self, this is unac
ceptable tor farmers. At first, ensuring that 110 self's 
occurred was done by manual detasseling in corn. 
1 his method is still 111 practice today. Manual detas
seling, however, is now more likely to be used in 
crops in combination with mechanical detasseling. 
This is still labor intense and requires a costly effort 
to achieve the uniform ity and quality farmers expect.

Another method ot producing male steriles has 
been achieved using a cytoplasmic male sterility fac
tor. This factor has been studied extensively using 
genetics, biochemistry, and most recently molecular 
biology techniques. Long before it was understood,

however, it was in wide use. To  use this in the produc
tion o f hybrids, you must first breed the factor into 
the female parent o f the hybrid. It is important to 
obtain near isogenic lines o f the inbred such that other 
performance characteristics ot the inbred are un
changed. This new line would be male sterile and, 
therefore, eliminate/reduce the need to detassel the 
corn to prevent it from self-pollinating. This saves 
much ot the labor involved in manual or mechanical 
detasseling methods. In this way, the sterility charac
teristic can be left out for maintenance o f pure lines. 
However, for production fields, male sterile lines 
would be used.

Besides corn, many other crops such as sunflower 
and sorghum have known cytoplasmic male sterility 
systems. A potential danger occurs if  a large majority 
ot growers use the same cytoplasmic male sterility 
source. This was the case in 1970 when it was discov
ered that one cytoplasmic male sterility source for 
corn was linked with susceptibility to a particular 
disease. Since the majority ot the industry used this 
method, a significant portion o f the corn crop was 
affected. This has led the industry to be more aware 
o f using only a single source of genetic male sterility 
in their production.

Most recently, a new method o f producing male 
sterility has been demonstrated using recombinant 
D N A  technology. This has some advantages over 
previous methods used. The new technology involves 
nuclear genes that are toxic to the cell or eliminate a
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FIGURE 1 Heterosis in corn. I he plants on the left and rii»ht 
.ire the parents ot the hybrid in the middle which shows hybrid 
viiu>r. drain yield tor the parents is typically 4<> and (><) bu/acre 
while the hybrid yields 175 bu/acre.

key step in metabolism. These can be controlled by 
using promoters specific to cells involved with pollen 
development. These promoters are combined with 
l )N A  sequences which can act as a switch to turn the 
genes otf and on. While there are numerous possibilit
ies of genes to use, none are in production today. 
This, however, seems only to be a matter ot time.
I his technique mav also give rise to hybrid crops 
which were impractical to produce without genetic 
engineering.

In addition to production, there are other problems 
involved m developing superior hybrids. B y  defini
tion, heterosis shows improved qualities that are un
expected based on the parents alone. Therefore, the 
patents cannot be selected strictly lor their ability to 
perform well 111 the field oil their own. This has led 
to the use of tester lines. These are lines that must 
be crossed with the inbreds to see the potential for 
increasing yield. This makes direcrlv evaluating the

inbreds much more difficult. This makes breeding 
much more ot a challenge and increases the cost.

Another feature ot hybrids is subsequent genera
tions showing an increase in segregation and thus a 
decrease in overall quality. The farmer cannot save 
the Fi seed and plant it the following year without 
suffering a decrease in yield relative to the hybrid. 
While this appears to be a disadvantage, this does 
have some benefits. Companies that produce seed can 
be assured that tanners w ill buy new seed every year. 
This added revenue translates to an incentive to do new 
research to develop new hybrid lines with improved 
quality. This has been the case for corn which has shown 
over a 1%  increase in yield on average per vear.

V. Future Prospects

Heterosis w ill continue to be used 111 agriculture be
cause ot its many advantages. While this presents 
some unique problems, the benefit outweighs the cost 
in many cases. Recent progress in molecular biology 
adds new dimensions to how it can be studied, 1 liese 
new molecular tools add to the genetics, biochemis
try. and physiology that have been studied pre
viously. It is now possible to bridge the gap between a 
phenotvpe and what physiological, biochemical, and 
molecular event led to this trait. T his should make it 
possible ro develop detailed mechanisms for heterosis.

From what we know to date, it is unlikely we w ill 
find a single mechanism to describe heterosis. Since 
heterosis can be described tor any trait there may be 
different mechanisms for different traits. For complex 
traits such as yield, it is possible that there are several 
mechanisms. As people start to unravel different 
quantitative traits with the use ot l )N A  markers, it 
w ill help unravel the more complex versions ot heter
osis as well. Genes are rapidly now being sequenced 
and mapped; therefore, we should eventually be able 
to use these to go back and identity which genes are 
responsible tor a specific genetic effect at a particular 
locus. In doing so, we should be able to understand 
not only the gene responsible tor the genetic com po
nent ot heterosis, but the biochemistry ot the gene 
itself and how that relates to the physiological func
tion. The tools now appear to be in place; we need 
only to use them. [.Sec Pi an t  G i n i . M a p p in g ; P i a n  i
C l M l 1C h.NHAM I Ml N I . j
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Glossary

Appaloosa Breed ot horse originating in the United 
States and is easily recognized by their varied coat 
color patterns; they are used today as stock and show 
horses
Arabian Breed ot horse that originated over 2000 
years ago in the mid-East and northern Africa and 
later in the desert ot the Arabian Peninsula; foundation 
breed tor most ot today’s breeds of horses 
B reed  associations Association o f horse breeders 
forming a registry in order to record the lineage ot 
their horses and protect the purity of the breed 
C o lt  Youth male horse under 3 years ot age 
D o n k ey  Small ass or burro; the male is a jack and 
the female is a jenny
D raft  breeds Are usually tall in height, weigh 1400 
pounds or more, and primarily used tor pulling loads 
F arrier  Horse shoer
Foal Y oung horse o f either sex up to yearling age 
M are Mature female horse 3 years o f age and older 
M o rg an  Breed that originated m the N ew  England 
States, believed to be of the decent of one outstanding 
horse, Justin Morgan, an Arabian thoroughbred 
cross; used tor pleasure riding and showing

Mule Cross between a mare and a jack 
Paints American breed ot horse that is recognized 
for its coat color patterns ot white plus any other 
color; these horses are utilized today as stock, plea
sure, and show purposes
P alo m in o s  American breed o f horse originating 
from Spanish extraction; they are golden in color; 
palominos are used as stock, parade, pleasure, and 
show horses
Paso Finos These horses originated in Peru, Cuba, 
and Columbia are known for their paso fino gaits or 
a broken pace, they are used for pleasure, parade, or 
show horses
P ureb red  Bred from members ot a recognized 
breed, without m ixtureofothcr blood and over many 
generations
Q u arter  H orse  Breed o f horse originating in the 
United States; this well-muscled and powerfully built 
horse is generally used as a stock, race, pleasure, and 
show horse
R ack in g  Horses I torse that performs the rack gait, 
a fast, flashy unnatural four-beat gait, also known as 
the “ single-foot”
Saddlebred Breed o f horse that originated in the 
United States and was developed as a general purpose 
riding horse used on plantations; today they are used 
as show horses
Setback Space set between a building such as a barn 
and the neighboring property 
Stallion Mature male 3 years ot age or older 
Tennessee W alking H orse  Breed ot horse that orig
inated in the United States; known for their easy gaits 
and running walk; they are used today as pleasure 
and show horses
T h o ro u g h b re d  Breed ot horse that resulted trom 
the crossbreeding o f native British horses with Barb, 
Turk, and Arabian horses; they are today utilized tor 
Hat track racing, jum ping, and dressage 
W a rm  bloods Breeds or crosses ot horses originat
ing from crosses o f hot-blooded horses (Arabians and
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Thoroughbreds) with cold-blooded horses (Draft 
breeds); utilized tor dressage, hunter/jumper, and 
sporting horses

H o rs e s  have helped mankind tor centuries: in the 
beginning as a tood source, later as draft power and 
transportation, and today as a recreational resource. 
The horse has been an integral part ot American heri
tage since colonial days. In the United States, horse 
numbers reached a peak during the early IVIIds and 
declined until the lV*5<*s. The horse industry regained 
its popularity in the l (>f>l)s and again peaked during 
the I'JXDs. Since I'JW i the majority o f horses in the 
United States have been kept for recreational pur
poses.

From the early I'XHK until the mid-IWiUs, horses 
were considered neither an industry nor a business. 
Today, horses are a large component ot U .S . agricul
ture. The horse industry, like other agricultural enter
prises. is often tied to the ever-changing national 
economy. The tax law changes created by the l ax 
Retorm Act ot influenced the industry’s eco
nomic decline. The loss ot investment credit, capital 
gams, depreciation limits, and reduced business ex
pense deductibles drastically affected owners' and 
breeders’ ability to profitably participate in the indus
try. I lowcvcr, with these economic changes came 
new industry trends and new opportunities. Today 
the industry is again grow ing; however, the direction 
is different than in the past. This direction will be 
explained in the following article.

I. Estimated American Horse Population

Various organizations have supplied differing esti
mates as to the number o f horses in the United States 
today. T he American Horse Council (A I IC )  (IMN7) 
estimated there were 5.25 million equine, while the 
American Veterinary Medical Association (I'JHX) esti
mated there were (>.(> million equine in the United 
States. However, a more recent studv. A V M A ’s 
IW I  study, estimated a decrease to 4.V million. 1 lie 
A H C  survey ranked the leading states in horse 
numbers, respectively, as ( I )  Texas, (2) California, 
(3) Oklahoma. (4) Colorado. (5) N ew  York. 
{(•> Ohio. (7) Michigan. (X) Pennsylvania. (*>) Wash
ington. anil (111) Kentucky.

Estimating the U .S . horse population is difficult. 
( lorses are no longer a part ot the U .S . census. Many 
horses are kept as pleasure animals used onlv tor recre

ation. Horses have a long lite span and are difficult 
to count as compared to population figures in other 
livestock species. Other studies have estimated the 
U .S . equine population to be higher than the estimates 
listed above. The United States Equine Marketing 
Association has estimated that there are 10.6 million 
head o f horses.

II. Registered Stock and Breed 
Association Reports and Trends

The increase in the horse population numbers seen in 
the past two decades ( Table 1) has decreased the price 
ot the average horse. Breeders attribute this to over
production and to reduced recreational dollars.

The Tax Retorm Act ot l'WCi caused many invest
ors. who were passively involved in horse owners hip. 
to lose the tax advantage incentive in owning horses. 
These owners quickly liquidated their stock, flooding 
the market with high-quality but inexpensive stock. 
As a result ot this overproduction and overmarketing, 
many breeders in several ol the light breeds decreased 
production. This trend can be seen in the stallion 
reports (reports sent to breed associations by stallion 
owners reporting the number o f mares bred per stal
lion) from 1(>X7 through IW I  (T able II). During this 
time, fewer mares were bred, while the number ot 
breeding stallions decreased vers slightly. This de
crease in production can also be seen in the number 
ol loals and horses being registered. T able 111 slum > 
these declines.

Several breeds showed increases in numbers during 
this period. In particular, the number o f draft breeds.

TABLE I

United States Horse and Mule Population (in Millions) 
from 1900 to 1988

|«>(M r 21.5
|‘)|ir M n
1 • Pi i 2r> J
|<)3< r IS.')
p.qn- 13 ')
|').Sn 7 (i
I'Hill
l ‘)N7' ri 2ri
l')SN (, (,

: i . L SI >A
V ’f f i M I , i m i o i i i u  I m p  u !  o l  H u -  I  ’ S .  I l o r s r  I 

t l Y .  |‘ IS7. A i J K T U . M !  H o i s t /  (  o l i l H l l .

S . im .r  A n u T u .n i V V ro rm .iry  M e d ic a l A sso c ia t io n . 
I'JKN.
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TABLE II
Breeding Statistics— Stallion Reports Filed

Ar.ihi.m Quarter 1 torsi.' A p p a l O O S . l

1 ut.ll 
stallions

Nn. ot 
mart's bred

1 O t . l l

stallions
N o. ot 
in.ires bred

1 O t . l l

stallions
N o . ot 

in,ires brct.1

T 0K7 Hl.'Md 39.3‘X) 31 ,f)(S3 ] StS, SS3 63K2 23, (>33
I'W S 111.0SS .13,264 30.722 1 S2.S33 3'/' >: 22,332
1W > ‘M SI) 31 .IK III 2,S. If,3 137.314 33411 l 1).7(14
1 W | I <S37<S 27.230 27.314 131.3S0 31111 IN. 331
I W 7234 22.41.7 2f.. 770 142. WiV 4142 1.5.362

mules, miniature horses, warm bloods. Faints, Faso 
Finos. Palominos, and Racking Horses have risen or 
have remained the same. Despite the decline in horse 
production numbers, memberships and the number 
of equine activities have increased tor the majority ot 
the breed associations (Table IV ). It should be noted 
that some ot this increase mav be due to recent changes 
m membership rules that require all owners to be 
members (such as was the case in the American Quar
ter Horse Association).

Despite the decline in toals registered during the 
last tew years, the American Horse Council pre
dicts that the American Quarter Horse will remain 
the largest registered breed ot horse in America, 
with 2.8 million horses registered at the end ot 
1990. In addition, there are 715,116 Arabians and 
halt-Arabians; 1,2(14,(1111) Thoroughbreds; 510,000 
Appaloosas; (>83,247 standardbreds; 194,981 Paints; 
118,839 Morgans; 275.000 Tennessee Walking 
1 lorses; 2 1 5,096 Saddlehreds; 76,000 purebred ponies;
52.000 mules and donkeys; 23,000 Palominos; 20,000 
Pintos; 15,000 Pasos; 357,000 other purehreds; and
844.000 nonregistered horses.

o f land. The average horse owner who does not keep 
his or her horses at home drives 12.3 miles to board 
their horse.

The average American horse owner is well edu
cated. middle income, and middle aged. Fie or she is 
willing to plit forth the extra effort and dollars needed 
to enjoy their horse-related hobby. The average 
yearly cost o f keeping a horse varies trom S I 000 to 
SI 5,000 per year, depending on training and use. 
Keeping a pleasure horse is a costly undertaking. 
Hoarding a horse (stall space, bedding, and teed) aver
ages from S I50 to S250 per month. The cost of keep
ing a horse ill training can range trom S300 to S6004- 
a month. This cost varies w ith the type ot training, 
quality o f care, the success ot the trainer, and many 
other factors. The average horse owner spends about 
S26 a month for veterinary fees. The average tarrier 
fee can range from S48 to S75 per shoeing. The fee 
for transporting a horse to and from an event is 25 
to 50tf a mile. T he average cost o f participation in a 
horse show event can vary trom SI 00 to S540 per 
show. Average riding lessons can range trom S I 5 to 
S65 per hour.

III. People Who Own Horses

The horse industry is made up of a diverse group ot 
approximately 1 million owners. Participants range 
from those who utilize the horse as a business and 
investment to those who choose to spend their leisure 
time riding, driving, or contributing as a volunteer. 
According to a survey conducted by hquiis .Magazine 
in 199(1, the average American horse owner owns 
three to f i v e  head of horses and is between the ages 
ot 35 and 45 years. Owners have an average family 
income ot $30-75,000 per year. O ver 65% are 
women. The typical American horse owner resides 
in an open area zoned for agriculture on 1(1-49 acres

IV. Economic Impact of the 
Horse Industry

According to previous surveys, horses are a S I 5.2 
billion business in the United States. In addition, 
U .S . horse owners account tor approximately S13 
billion in annual investment and maintenance expen
ditures. They contribute significantly to the feed and 
seed industries, in addition to equipment manufactur
ers and retailers across the country. According to heed 
Management magazine (1990), U .S . horses consumed 
102 million tons o f commercially prepared teed. [.See 
F h i d s  a n d  1 1 1  d i m .  |
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TABLE IV

Membership in Organizations

A m erican  
t.iu h ira iu e  R id in g  
(  o n tcrcn cc

U . S .  D ressage 
fe d e ra tio n

A m e r ica n  
Q u a r te r  1 lorse 
A sso c ia tio n

m , 1 Si )i 1 4404 141.207
1987 1 Si t( 1 4753 127.7( it.
1988 1 Si 111 5357 I3i 1.545
1989 1 Si 111 587i 1 255.1159
199(1 35(111 (>M>2 272.H85
I9 9 | 351111 715V 27(»,577
1992 3.H311 7274 270.5iin

-Vi’fc: V'.linos represent members who .ire participating lor awards 
and titles within the association.

M any support businesses benefit from the horse 
industry. Some professions are involved in the main
tenance o f horses: veterinarians, farriers, nutritionists, 
reproductive specialists, trainers, grooms, farm man
agers, instructors, and so on. There are other indus
tries, such as insurance, equipment, saddleries, medi
cal supplies, magazines, and clothing that deal directly 
with the horse owner. There are also other nonrelated 
businesses which are indirectly supported by the horse 
industry, such as restaurants, motels, gas stations, 
and other facets ot the local economy that benefit 
trom equine events and activities. In addition, there 
are capital investments m horses, acreage, barns and 
facilities, stables, arenas, fencing, trailers, tractors, 
trucks, hay, and other farm equipment.

1 lorse sporting events have quite a large impact 011 

the communities 111 which they are located. Horse 
sports have been known to draw more than i l l )  mil
lion spectators annually. The American Horse Coun
cil (A IK ! )  lists approximately 179 race tracks in the 
United States, located in 35 states. Attendance at U .S . 
race tracks exceeds 70 million people each year, with 
annual wagering 011 horse racing approaching S I3 
million. Thoroughbred racing alone in 1989 ranked 
as the nation's number one spectator sport according 
to the 43rd annual survey 011 sports attendance, draw
ing .1 record 56, 194.565 as compared to major league 
baseball, which drew 55.173.096.

In addition to horse racing, there are 700(1 sanc
tioned horse shows each year with thousands ot local 
unsanctioned events. The attendance at these events 
is tremendous: the Walking Horse Celebration show 
in 1992 was attended by 243,120 spectators. Horse 
shows generate S223 million per year and rodeos alone 
contribute S104 million. Furthermore, each o f these 
events generates millions ot dollars for the local com
munities' economies. For example, the National

Western Stock Show held 111 I )enver. Colorado, with 
its large professional rodeo, drew more than 500,310 
people and it is estimated that S42 million is spent in 
the Denver metro area by visitors during the show. 
T his total does not include money paid for livestock 
or transportation to and trom Denver. The total eco
nomic impact is estimated at S75 million.

A few o f the many large shows that annually have 
economic impacts 011 the com m unity 111 which they 
are conducted are: the Arabian National Horse Show 
held and sponsored by the International Arabian As
sociation, which alternates between Louisville, Ken
tucky, and Albuquerque. New Mexico, and has been 
surveyed to have an economic impact ot S26.3 m il
lion; and the American Quarter Horse W orld  Cham 
pion Show, which impacts Oklahom a C ity  w ith an 
estimated value o f S16.5 million.

V. Equine Usage

Today’s trend in the horse market is toward .111 athletic 
horse that the owner/ridcr/driver can ride and contest 
individually and personally. The current horse market 
demands a finished product; owners want to purchase 
horses that are trained and capable ot meeting their 
needs. 1 lorses that perform in the following events 
are in high demand for the 1990s.

Drcsiiigi'. Dressage is a series ot movements developed 
into .1 test that are designed to show the horse's fitness, 
suppleness, and obedience. A dressage test is designed 
to show the horse's capability in performing various 
maneuvers and gaits individually at differing levels ot 
ability (Fig. 1)

FIGURE 1 Dressage is fast increasing in popularity with the ama
teur horseman. Margo McAllister Dippert riding Zoro. Dutch 
warmMood.
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Show  lumping iiiul Hunter lumping. In these events the 
horse  .md rider d em o nstra te  their ability , grace, 
beauty, and o b edience  while ju m p in g  barriers that 
co n fro n t  a rider in a e ro ss-co u n trv  ride or stadium 
ju m p  course.

Combined I  r,lining tind l.rcnting. I Ins is a com bined  
c o m p et i t io n  d em an d ing  the rider to be experienced in 
all branches ot equitation. I lie horse and rider must 
co m p e te  in a dressage test, sh o w  the speed and 
endurance of a c ro ss -co u n try  test, and co m plete  a 
stadium ju m p in g  course.

Driving . This event is designed to test the skill and
versati lity  ot  a horse  and driver,  while perform ing at a 
walk,  park gait (normal trot) and road gait (extended 
trot) while harnessed to a cart or  w agon .  O b stac le  
courses are also utilized in so m e driving  com petitions.  
Sing le  and multiple hitches have increased in 
popularity ov er  the last decade. D raft  horses and 
mules, as well as light horse breeds, have seen 
increased participation in this area.

I ’olo. First introduced in the U nited  States in I.S7(>, this 
g am e is played by tour m ou nted  players on each team.
I he ob jec t iv e  ot the m atch is to drive a w ooden ball 

utilizing mallets betw een goalposts  at the end of a 3 0 0 -  
yard-lon g field, while m oun ted  on polo ponies.

( '.ynikliiin.i. I hese events test the horse 's  and rider’s 
agili ty, speed, and m aneu vcrabil i tv .  These events arc 
races w hich  are usually t imed against  a clock. The 
m ore  popular events  are pole bonding and barrel 
racing.

I:iitliu,inic iiml ( A'nipciitivi I  mi/ Riding. T h e  attraction ot 
c o m p e t i t iv e  trail riding is that any style or breed ot 
horse  can be used. H o w e v e r ,  the horse  needs to be 
w ell-con dit ion ed ,  sound, and calm. Moth rider and 
horse train ov er  all types of terrain. In co m petitive  trail 
riding, the horse  m ust  travel a f ixed distance within a 
f ixed t im e  w hile  being judged 011 soundness and 
co nd it ion .  In endurance riding, this event is primarily 
a race, usually ov er  long distances.

Working C.oiv H one. T h is  div ision requires the horse to 
imitate  n u m ero u s  jo b s  c o m m o n  to ranch life. T h e  
horse must proficiently  per fo rm  sliding stops, turns, 
and lead changes while under co n tro l .  T h es e  events 
br in g  111 a third c o m p o n e n t  to the horse and rider:  the 
cow . O t h e r  cattle p er fo rm an ce  classes which are 
popular because ot the exc i te m e n t  involved and team 
participation are calf roping, team penning, team 
roping, and break-aw ay  roping.

Reining. T h e  horse  fo l low s a prescribed pattern and is 
required to i l ia n g e  loads, turn. s top , and back. The 
reining pattern is designed to s h o w  the horse's  
ob ed ience  and w ill ingness to perform .

(jilting. T h is  stems from  one ol the oldest practical uses 
ot the w estern horsi  on the ran ch— soi ling cattle. This 
event is .1 true tost ot tlu horse 's  " t o w  s e n s e . ' ’ 
requiring .1 horse to separate a c o u  and keep 11 from 
returning to the herd during 2.5 111111 ol com petition.

Rem\itionol 1'iiiil Riiling. A cco rd ing  to the Parks and 
Recreation Travel Statistical  A bstract— 1989, U nited  
States Bureau o f  Cen su s. 2 0 .3  million people  visit 
national parks each year and ov er  H.5% ot these 
participate in horseback riding. M an y  h o rsem en  pack 
into the wilderness tor .1 weekend o v ern ig h t  trail ride 
or spend their vacation packing and outfit t ing .

In summary, performance horses which can bo rid
den and entered in competition by the owner/amateur 
may be the now direction ofthe United States’ hors; 
industry. This new market tor the one-horse owner 
has increased the value ot the bettor performanc.- 
horses.

The results ot several surveys conducted i:i 
I WO-19VI by the American Quarter Horse Associa
tion. American Paint Horse Association. United 
States Equine Marketing Association, liquiis maga
zine, Southern Horseiiuni's magazine, and I lie Anwricai
S,uldlehred magazine, were similar. All agreed that 
the athletic horse is growing in popularity: however, 
horse usage can be subdivided as follows: about 2%  
ot the horses in the United States are involved 111 

racing, while 30%  participate in show ring events, 
and nearly 70%  participate in other competitive 
events such as dressage, combined training hunter 
jumpers, driving, rodeo, polo, reining, cutting, en
durance riding, trail riding, and others.

VI. Imports and Exports of Horses

Another new trend seen in the horse industry is an 
increase in exportation. During the 1970s and 1980s, 
the United States imported a high percentage o fthe  
horses sold abroad (Table V ). Today we are exporting 
horses all over the world. Registered horse exports 
account for foreign sales o f approximately S200 m il
lion annually. Total U .S . exports o f registered Q uar
ter Horses for 1989 alone were 4876 head. The major
ity went to Mexico. Japan. Brazil, and Europe. Total 
A Q U A  imports were 2013 head and the majority 
were from Canada. Exports have increased dramati
cally over the last decade due to the higher quality of 
U .S . horses produced and a European interest 111 our 
western style ot riding. As we proceed into the 1990s 
this market trend is now beginning to level ott.

Figures collected from 12 U .S . slaughter plants by 
tlie U S D  A Foreign Agricultural Service.-, reported 
that 153.000,417 metric tons o f horse meat (valued 
at S14.934.445) was shipped to Europe for specialty 
meats. Experts (unidentified sources) believe that 
these figures may be ott by tour to five times, and
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TABLE V

U.S. Equine Imports and Exports

Ar.ibi..in Q u a rte r  ho tse \PP,I OOS.l

Im p o rts l.x p o rts Im p o rts l.x p o rts Im p o rts l-.xports

IW 4 422 144
1MK7 122 IK 'J N A <z N. A '»7
1 <J8K ')(< 2(>3 l ‘M .V 4577 N A 141
1 WJ 43 21 IK 2t >1 v 4K7(> N A 255
] ')')< 1 45 242 N A 52(,7 N A 25ii
W l 41 4117 N A 54 IK N A 2(>n

Yi’f< N/A. not av.iil.ible .it the time.
' Majority .ire imported trom Ou.ul.i .ind Mexico.

the national value might he as high as S5()()—S(III mil
lion tor 1992. I he increase to nearly S I/ lb  for “ killer 
prices'" seen in the 1991—1992 year lias been economi
cally healthy tor the U .S . horse industry. W ith the 
proposed tree-trade agreements between the U .S . and 
Mexican governments, horse exports for meat and 
breeding are expected to increase drastically in the 
mid-1901 Is.

V II. Business and Career Strengths 
and W eaknesses

With the changing trends seen in the horse industry 
ot the 1991 Is. many segments o f the horse world have 
become more lucrative and others less popular. The 
following are just a tew examples o f trends recently 
seen in the industry.

I he amateur, one-horse owner is one ot the new 
trends seen in the industry. W ith this new breed ot 
horseman there has become a new demand for the 
all-around horse. These owners want to show, ex
hibit, and ride their own animals. As a result, the 
demand for breeding stock has declined.

Because many ot today's owners do not live oil a 
tarm or horse property, the boarding stable business 
around metropolitan areas has seen a large increase. 
Several ot the quality stables have as much as a 3- 
montli waiting list for potential boarders. The de
mand tor riding lessons has also increased. Riding 
instructions vary in costs from S I5 to $(n per hour. 
More people are becoming interested in learning to 
ride a horse and they want to learn correct equitation. 
I ligli cost ot liability insurance and labor for the stable 
owner and riding instructor are limiting factors for 
assuring a profitable business today. T he liability issue 
has greatly hurt the “ horse for hire" rental business.

Breeding farms have reduced the number ot foals 
produced due to lack o f demand. Breeding stallion 
owners have seen drastic reductions in the number ot 
outside mares being bred to their stallions. H owever, 
even though there are tewer horses being produced, 
breeders are producing higher quality stock. M any 
breed associations have accepted new scientific tech
nology. such as artificial insemination, em bryo trans
plant. and embryo splitting, which allows the produc
tion and propagation ot the best genetic offspring 
possible.

The number o f horse shows and exhibitors at shows 
has declined during the late 1980s. M any major shows 
recorded all time lows in exhibition numbers. A de
cline m the availability o f recreational dollars and the 
increased cost o f traveling are major reasons for the 
decline. I lowever. events and shows that began to 
include the more popular events and activities such 
as dressage, cattle classes, and reining showed in
creases in numbers ot participants.

Many o f the support industries, business, and mar
keting trends fluctuate with the aforementioned horse 
industry businesses. Support businesses sell supplies 
or services to horse owners. T hese areas are teed, tack 
manufacturers, salesmen, clothing and boot makers, 
horse transporters, real estate agents, barn, fences and 
machinery companies, and mam other related prod
uct producers. M any other professions also are af
fected by the cyclic nature ot the horse industry.

Business opportunities w ithin the recreational fields 
fluctuate with equine industry trends. M any of these 
fields include guest ranch employees, dude string 
wranglers, packers, outfitters, therapeutic riding pro
grams. horse show organizers, photographers, fair 
and show grounds management, parks and trail man
agement, and rodeos. W ith in each ot these areas are 
other support tractions. Tor example, pick-up men.



5 3 0

HORSE INDUSTRY: TRENDS, OPPORTUNITIES, AND ISSUES

stock contractors, general management staff, work
ing cattle breeders, and concessionaires comprise 
some o f the support employment for the rodeo in
dustry.

V III. Careers in the Industry

M any areas o f the horse industry require specific train
ing. It often takes more than desire and experience; 
it takes training and perhaps even a college education. 
The combination o f two or more fields is a key to 
success and employment in the equine career. A com
bination ot management, accounting, business, biol
ogy. or nutrition along with a knowledge o f the 
equine industry opens many doors. Employers are 
looking tor potential employees with desire and expe
rience. along with communication, decision, and rea
soning skills.

Ih  ere is a broad scope o f careers in the horse indus
try tor individuals who wish to combine their voca
tional talents with an equine interest. Employment 
opportunities tall within the following categories: re
search, applied sciences, communications, education, 
recreation, support industries, and related fields.

IX. Concerns and Issues Facing the 
Horse Industry in the 1990s

A large obstacle facing today's horsemen is the 
growth in land use restrictions and regulations. I )ue to 
urban migration to rural areas, there are often conflicts 
between new and old residents. These conflicts result 
in adverse zoning, imposed land per animal ratios, 
increased standards tor setbacks for barns, and re
quirements for minimum acreage. In some areas 
horses have been banned from parks and trails because 
ot public nuisance concerns regarding safety and ani
mal waste.

An issue that has affected many industries during 
the last decade has also had a high impact 011 the 
equine world: the issue o f "liab ility ." O ver the years 
this issue has reshaped horse businesses. Years ago 
there were many hack stables where anyone could 
rent a horse. Due to the current liability risks, this is 
now 1 thir.g ot the past. M ain  stables pun ided riding 
lessons tor clients; however, due to the high cost ot 
liability insurance to 1 over these riding lessons, manv 
stables have elected to discontinue this service. Several 
states are trying to pass legislation to help combat

this issue o f liability. The state of Colorado passed a 
law that became effective Ju ly  I. 1990: the Equine 
C iv il Liability Act. Senate BUI 90-84. This liability 
law recognized the personal risks involved in equine 
activities. Under Colorado law. "A n  equine profes
sional is not liable tor an injury to or the death ot 
a participant 111 equine activities resulting from the 
inherent risks o f this equine activ ity ." Under the law 
an equine professional must post warning signs in a 
clear and visible location or near stalls, corrals, or 
arenas where equine activities are routinely con
ducted. The passage o f this law has reduced the astro
nomical cost ot liability insurance to equine facilities 
across the state.

Other issues being championed by the horseman 
are the extremely high cost o f workmen's compensa
tion tor equine employees and the animal rights and 
welfare issues, .is well as the concern. "A re  horses 
agriculture?" In many states, horses are not being 
treated the same as other agricultural livestock com
modities in the areas o f state and federal tax laws and 
in the areas o f support tor research and education. 
This interpretation could have long range negative 
effects, not only on the horse industry, but 011 the 
entire agricultural industry as well. Some ot the prob
lems that could be faced it horses are not considered 
livestock are: feed purchases are subject to state sale 
tax. and the sale ot .1 foal would be subject to sales 
tax. Today, none ot these taxes are placed 011 other 
species o f domestic livestock.

Another issue o f importance to the horseman is 
that ot open space and trails. According to a national 
poll conducted by Peter-Hart Research Associates, 
77%  o f the public views outdoor recreation as a prior
ity 111 their lives. A recent highway bill that became 
effective December IH, 1991, not only w ill provide 
needed funds for the repair and maintenance o f trails 
which benefit horseback riders, but it also created a 
national advisory committee that will have equestrian 
representatives.

Horse ownership has grown despite the slight de
crease in horses being produced. The equine com m u
nity is a large and viable part o f Am erican’s agriculture 
(as well as sports, entertainment, and recreation) in
dustry.

X. Conclusion

In our future world, we will see horses used for polic
ing our cities, parading 1:1 commemorative and cele
bratory events, as a sports option tor entertainment.
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recreating in our parks, enjoving the outdoors, tour
ing historic areas, as educational purposes tor youth, 
as therapy tor the handicapped, and for tree logging 
operations where teams are used to reduce environ
mental impact to the forested land aiding in conserva
tion. 1 he horse has been an integral part of America's 
heritage and continues to play a vital role in main
taining open lands, providing a recreation outlet, and 
creating income tor state economies and individuals 
interested in the professional side o f working with 
horses.
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Glossary

B in om ial  probability  distribution If  there are .V 
events, each having a chance l\ o f occurring,
I %  j  ^  .V ,  the probability p ot j events occurring 
concurrently is:

/, = IIP, • vI I ( l  - !>,)

C on d en satio n /ev ap o ra tio n  (latent heat) I leat ex
change due to change of state (gas to liquid or vice 
versa)
C on d u ctio n  Migration o f heat trom hot to cold re
gions of a material, without movement of the material 
itself
C o st-b en efit  equation Net income to a grower 
may be equated to the algebraic sum of the crop value 
at harvest and the total running costs over the growing 
period: the latter w ill include interest on loans, expen
diture on heating, cost ot horticultural supplies, etc; 
marketing costs should also be included if  they are 
significant
C o n v e ctio n  Carriage o f heat from hot to cold re
gions by heat-bearing material
Fresnel’s reflection laws These give accurate values 
ot light reflection at a single interface between two 
nonabsorbing retracting media; in particular, varia
tion ot reflected and hence transmitted energy with 
incidence angle are obtained
Greenhouse transmission, transm ittance , or  
transm issivity  Ratio o f irradiance within to that 
outside a greenhouse

Irradiance Electromagnetic energy arriving per unit 
area ot a receiving surface
O ptim al con trol  Control is optimal it the control 
variables are such that a chosen parameter, usually 
grower income, is maximized for a given crop and 
environment either over a specified time period (e.g., 
lettuce) or on a continuous basis (e.g.. tomato) 
Radiance Electromagnetic energy per unit area 
emitted within a solid angle ot one steradian 
Radiant energy Electromagnetic energy per unit 
area normal to the sun’s rays
Radiation Interchange ot heat in the form ol electro
magnetic radiation between different bodies; it the 
bodies are at different temperatures, a net exchange 
ol heat results

T h  e performance ot a greenhouse as a conventional 
unit depends on both controllable (e.g., air tempera
ture) and uncontrollable (e.g., light energy input) pa
rameters. Thus, unlike most industrial processes, it 
is necessarv to monitor and allow tor the variations 
in the latter to achieve a given rate or timeliness ot 
crop production. The problem is aggravated by the 
three-dimensional nature ot the greenhouse. Local in
ternal spatial variations are likely to occur, and these 
can affect the overall performance ot the harvest. The 
spatial nature ot the greenhouse surface also strongly 
affects both the light input and heat loss characteris
tics. For example, low-clcvation sunlight can produce 
"hot spots" o f light energy, due to reflection trom 
the north roof o f an E-W-aligned greenhouse, and it 
is well known that surface area to volume ratio affects 
heat loss from any object. C learly then we have a very 
complicated system to analyze, control, and optimize.

I. Introduction

A. Historical Background

Though the present texts are concerned with state- 
of-the-art expertise, it is well to set these in the context
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of their origins. For horticultural engineering devel
opment, most ot the basic scientific concepts were 
developed during the period 1750-185(1 a . i)., and one 
sees little or no advance then until circa 1950, when 
modern studies ot light transmission, heat conserva
tion, and climate control began. The early engineers 
developed their technology to the limit o f their scien
tific and numerical abilities, and it was not until com
puting techniques became available that further prog
ress was possible. Architecturally ot course great 
strides were made during the intervening period. 
M any elegant and sometimes very complex designs 
were executed between 1850 and 1950, and engi
neering improvements in areas such as boiler design 
were included as they became available. Nevertheless, 
one can onlv marvel at the ingenuity and simplicity 
of the "w o rk in g " greenhouse designs ot the early 
19th century. For example, in the Wrest Park walled 
garden (circa 1840) there is evidence ot a south-facing 
conservatory heating system provided by the Hues 
from fires used for heating the living accommodation 
on the north side, the flues being contained by a central 
wall. There is also a ventilating system with a manu
ally controlled exhaust mechanism, delivering air into 
the wall and then out above the house, there being 
no apparent need for movement o f glass.

B. Scope of the Article

The article discusses concepts directly related to the 
behavior o f a crop under greenhouse cultivation. 
There arc a number ot allied topics which mav affect 
the behavior indirectly, but are not discussed: exam
ples are boiler design, greenhouse strength calcula
tions, w ind loading capabilities, and internal green
house layout. These are strictly heavy/structural 
engineering topics, or horticultural practice, and are 
not normally defined as part o f horticultural engi
neering science. The discussion is also restricted to 
greenhouses with planar cladding as opposed to 
curved houses, or "tunnels.”  Most ot the topics dis
cussed can be applied in principle to these latter struc
tures, though much basic work needs to be done on 
the light transmission properties.

T h e rm a l and O p t ic a l P e rfo rm a n ce  o f  the 
G re e n h o u s e — N o m e n c la tu re

• V . \ areas o f c lad d in g  and g rou n d , re sp ec tive ly
A y to ta l area o f  v e n t ila to r , m
</,.l e le va tio n  and az im uth
A  . A . area. 1 1 1

d ire c tio n  cosines ot a n o rm a l to a p lane

‘V e le va tio n  ot a plane
sun e leva f.o n

•K,. m id -d ay  sun e leva tio n

( . (. specific heat ot a gas at constan t pressure
/: to ta l en e rg y  req u irem en t. J

rad ia tion  en e rg y . W  1 1 1  "
/:, en ergy  in a ligh t beam . W  in  :
/„ traction  ot a span
I  facto r co n ta in in g  p h ys ica l te rm s assoc iated  w ith

transm iss ion  ot lig h t th ro u g h  a sheet ot 
c ladd ing  m ateria l 

Ii c o n ve c tiv e  heat transfer co e ffic ien t. W  m  - Jk
h '  o ve ra ll e ffec tive  heat transfer co e ffic ien t. W  m  '

ck 1
I I  to tal dep th  ot cro p  trave rsed  to reach a specified

po int (m )
/ irrad iance , W  1 1 1  *
k  the rm a l c o n d u c t iv ity . W  m  1 ,;k 1
/ tvp ica l d im en s io n , m
/., leaf area index
/. rad iance. W  m  * st
/ .)i latent heat W  kg
/. in,  i i d irec tion  cosines ot a ligh t rav
\ l  mass ot w a te r  transp ired , kg  sec
in mass transfer co e ffic ien t, kg  m  '  sec
i i  nu m b e r of to u ch in g  c y lin d e rs  rep resen tin g

greenhouse stru c tu ra l e lem en ts 
i i  re trac tive  index
./ heat Mux. W  1 1 1  ■
Q  rate o f  heat H ow . W
i average c ro p  re f le c t iv ity
R  the rm a l resistance, i l l"  K  W
/v>, average I resnel re flectio n  co e ffic ien t
A j  g reenhouse c lad d in g  e lem en t size, n r
t transm iss ion  facto r

s truc tu re  tran sm iss ion  I act o r 
I  tem p eratu re  'K  o r i
i* speed, in sec
I g reenhouse vo lu m e , in '
i r  w in d  speed m sec 1
a  . )\ . .  , coord ina tes  ot the cen ter of an e lem en t ot

c ladd ing , m
a . 1it coo rd ina tes  o t the cen ter ot . 1 1 1 e lem en t ot a tall

c ro p  cross section . 1 1 1  

\  i g ,  ( , )  p ro b a b ility  that a leaf lias o rie n ta tio n s  ^ (e le va tion )
and ( i (az im u th ) 

a  abso lu te h u m id ity  k g  kg  o r d istance  1 1 1

( l iYck

a , ,(*2 ro u t slopes
/i coeffic ien t of cu b ica l expansion
y  tra c tio n  of so lar irrad ian ce  used to  p ro d uce

sensib le heat Hux in  the air 
6 ang le  b e tw een  the sun and an y  p o in t 1 1 1 the sky

(degrees)
6 ang le  be tw een  a lig h t ray  and a p lane n o rm a l
fr S tc fa n - B o ltz m a n n  constan t { b J i f f )  x  Id  K W in  '

K
<r average cross-section ot .1 leaf, per u n it leaf area
( i  flu id  d ens ity , kg  1 1 1  '
fj. d vn a im c  v isco s itv . kg  1 1 1  sec
(b air exchange ra le. 11 r
r  frac tion  ot absorbed so lar rad ia tion  used in

transp ira tio n  
(i angu lar setting  ot ven ts

(a  1 g eo m etric  fac to r de fined  b v  m u 'tispar. greenhouse
root co n fig u ra tio n  

i l  H j  req u ired  ve n t ila t io n  r.ite. 1 1 1  m  ' se«
/ transmission uam or loss
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FIGURE 1 I Murnal variation ot irradiation, jl roni Hailey. 15. |. ( l lJKH). ’‘Principles of environmental control,' 
C.’hapt. 3. (C\ von Zabeltitz, ed.) FAO/CNRli Linergy Hook. |

II. The Thermal Performance 
of Greenhouses

A. Energy Sources

Natural radiation may be direct, from the sun itself 
or indirect. The irradiance (/) thus varies w ith lati
tude, time ot year, and time o f day, as well as with 
meteorological conditions. An illustration is given in 
Fig. I, tor N ice and Hamburg. A distinction is made 
between total radiation, defined by wavelength band 
(U.4-2.7 /u) and the photosynthetically active radia
tion band (0 . 4-(l.7 / l i) .  Heaters are used to make up 
the heat deficit when solar energy is inadequate, or 
at night. Convection heaters pass air through a heater 
and then circulate it around the greenhouse. Convec
tion and radiation heating are obtained when hot wa
ter tor example is circulated through pipes. Floor and 
bench heating is often used to heat plants growing in 
pots or trays.

B. Energy Transfer 

1. Conduction
The steady rate ol How ot heat (Q ) across the green

house cladding is given bv

Q  = M o  H ' i -  ’Q / h (i )

where I , and 7\ are the surface temperatures on either 
side ot the cladding and ku is the thermal conductivity 
of the cladding. An equation ot this type can be devel
oped to establish heat flow patterns through the green
house floor.

2. Convection
Convection involves the transfer o f heat between 

a solid and a fluid medium. The rate o f heat transfer 
is given by

Q  = A M T

A T T. - 'I', .

(2)

(3)

T s is the surface temperature, and T, the temperature 
in the body o f the fluid. The Nusselt number (,\u) is 
defined bv

(Q I ' l l  W i  t i o n /Q. hhUu non/ X, (4)

where is the fluid thermal conductivity.
The Grashof number (Gr) is defined by

(buoyancy forces/viscous forces) = G r
= x p iy - iT y  -  t j / m i  (:,)

The Prandtl number (P r) is defined as the ratio ot
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momentum diffusion to thermal diffusivitv. 
Reynolds number is defined

Y 1K. TABLE II

Approximate Equations for Free Convection

R =

Then dimensional analysis shows that

= C ((i,  l\ )" lor free convection 

.V. = ( '  R ‘" P" for forced con vection.

.ire shown in Table II. For forced heat loss due to wind 
passing over a greenhouse, the following equation for 
heat transfer coefficient is suirircsted

( f t ) Sin l.i, i
1 .i ii i it i .i i
lo 1 • ( i r I ’r ■ 1"  ‘

I m l' 

(.r  |»r

iilctit 
■ 1"'

W-n.n il pl.uu «>t »\ lu iJc i Ii I i :  (A / 1 • 1, i ' :A / 1 '

1 loi lAH1t.ll k vltiuk‘1 h 1 V! (A / 1 I1 * h 1 24 i A / 1

(7) 1 li*l l/Ollt.ll pl.Uk'

1 K-.iuJ  l.u mu up ><i h 1 A7 1 • 1 h 1 4 > 1A / 1 '

(«) > oulv.il l.n iiiu  ilitvvu

1 K-.IU li l.u IIIL- ilnVV II ............. 1 A / 1 ’ > ’ ' 1, •> M  A / 1 ‘
111 ............. i,i'

li =  2.<S + | .2 i i ’ , (II 4 msec ') I I ’ m - °K  '.
('•>)

3. Radiation
For a black body, energy radiated (/:,) is given by 

the basic Stcfan-Holtzman law:

I' =  t r T ( 1 ( 1 )

For exchange between two black bodies, the net trans
fer ot energy Q ,: from surface, area .-I,, is given by

Q i  2 =  7'i - < r’l %  ( ID
where /,: is the fraction o f energy emitted bv surface
1 arriving at surface 2 and is calculated for each situ
ation.

(Jrcenhouse/sky radiation exchange is the most sig
nificant radiative component; the sky is usually as
sumed to be black at a temperature o f 20°K below 
outside air temperature, ('loud  cover reduces the radi
ation losses. Typically, for a cylindrical greenhouse 
/'= O X IK.

4. Latent Heat
For absolute humidities ,vs at a surface and .v, m 

the air.

A / =  i > i A i : ( . \ \  -  . v , ) .

TABLE I

Values of c, m, and n for a Flat Plate in Air (Eq. 8)

( 12)

R e  C in it

! i i - i . j ■> 1
- lip  ii.i'37 A 5 1 3

| l r o m  li.n le y . i i  |. fl'-JKS). “ P r in c ip le s  o t e n v i r o n 
m enta l c o n t ro l” . C lu p t  v  (C . vo n  /. ib c lt iu .  ed : 

i A O  ( N R F  l-.ueru v  l io o k  |

( f r o m  li.u le v . Ii. J ,  ( 1 “ P r in c ip le s  o f e n v iro n m e n ta l c o n t ro l" .
C!h.»p[. .V ( ( ! .  s on X a b c lt it/ .  e d .) I A O  ( N K L  h n e r^ v  lio o k .|  
\ o t t : I is the v e rt ic a l o r  h o r iz o n ta l d im en s io n  o r d ia m e te r  ( in ) .  A I 

is the d iffe ren ce  in  tem p e ra tu re  be tw een  the surface and the bulk 
Huul (K ).

B v  comparing with convection, in can be related to 
//, the heat transfer coefficient:

in = h / ( ' .  

I lie transfer of heat is therefore

(13)

(14)q  = h t„(.v , - .y,)

Evaporation from leaves and from the ground, plus 
condensation on the cladding inner surface, consti
tutes the principal contribution ot evaporation latent 
heat to the greenhouse heat transfer. A ir exchange 
may cause a change in humidity, and hence alter tile- 
latent heat content o f the house atmosphere.

C. Theoretical Energy Exchange 
in a Greenhouse

Figure 2 shows the various interchanges that occur 
due to the greenhouse and its contents. Preceding and 
succeeding suffices w ith Table III, define the inter
changing quantities in the following equations:

A ir , Q p + ,Q, + ,Q r + , Qi, + ,Q (15)

Plants sQ , 4- ,Q, + ,Q,
q , + rQh "f" ,i q  "f" , Q , = 11 ( 16)

Floor iQ l 4- |Q i +
+ kQi 
+ , Q

,Q, + .Qh + „Q
I i

Root 4“ | Q ( +  q . !  ,^ 1  r ^ i

+ .,Q + M ,  + .Q, = (IK)

Relevant shape tactors. emissivities. thermal transfer
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Radiation

Convection

V iLC JL-

Conduction

Leakage

FIGURE 2 I licrm.il interactions in a greenhouse, [f rom Bailcv. B. | 
von /.abcltitz, ed.) fAO/CNUH Energy Book.j

Conduction

(198.S). "Principles ot environmental control," C!hapt. 3. ((!.

coefficients, etc., and external conditions .ill have to 
he evaluated to solve Eqs. (15-18).

D. Practical Determination of Heat Loss 
and Boiler Capacity

The loss from a closed greenhouse to the outside is 
usually approximated to loss by conduction through 
the cladding, and air infiltration (leaks). Thus, total 
loss ( if) is given by

TABLE III

Interactions of Thermal Terms in a Greenhouse

C ,0111 poiicnt

Item with which energy exchange takes |•>1 ace

lnl air

(•>)

Plant

(P)

floor Root
( 0  (r)

Heater

(h)

Sun
(sr)

Ext
air (ca)

Skv
(s)

Air — c.l c.l c.l c — i —

Plant c.l — r r r sr — r'
floor c.l r k r r sr — r’
Root C i 1 r r — r sr c r

|Froni Bailey. li. I (PJH8). "Principles x>t cnviroiniu-iu.il control", (.liapt. 3. von 
Z.ihfltlt7 « ed. ) F A ( ) ( ' N U l .  Energy Book |
.W'fc: c. convection: k, conduction; r*. it tr.msmissivitv ot root tor thermal radiation t- 
0; sr. solar radiation; I. latent heat; r. thermal radiation; i, infiltration/leakage.

<7 = <1 + ( l y )

where </, is the conductive and ./, the infiltration heat
losses. Radiation losses are ignored.

1. Conduction Losses at the Cladding
Conduction heat loss per unit ground area is

given by

a. = h *'■ (T. -  7'.). (20)
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where / is the overall heat transfer coefficient of the 
cover, defined by

% A l i ' ( 'I\  -  T\,)/Ak -  Ity. (25)

I, = I
(21)

R n R k, and R n are the inner, material, and outer sur
face thermal resistance. Radiation, condensation, etc., 
may all contribute to the heat arriving at the inner 
cladding surface. Typically, R , = 0.1 n r  °K  W  
and R k depends on the material, but tor 4-mm single 
glass a value ot 0,01 m: °K  W  1 may be taken. R tt is 
given in Table IV  for walls and roots under different 
exposure conditions. Hence, hL can be calculated.

2. Air Infiltration Losses (q;)
We have

= (b \'pCr(i\  -  7 ;,)/ (a , x 3f.()0). (22)

Values ot ((/>! “) are given in Fig. 3 tor different green
house types.

3. Total Loss
An infiltration heat loss coefficient can be de

fined as

Ii, = (j) I pC.'p/ (T i X  3600). 

Then qt and qt can be combined to give

(23)

</ = A,(/it + /i,)(T, -  TJM ^
= h 'A ,(T , ~ T J / A k. (24)

Ii' can be determined from Eqs. (21) and (23) and so 
q, the design output o f the heater, can be determined.

7’, is interpreted as the set point temperature, and 
T „ the external temperature.

E. Heater Requirements

The heating requirement o f a greenhouse per unit area 
is given by

TABLE IV

Resistance (/?0) of the Outer Surface of a Greenhouse 
Cover

Wall Roof
Exposure m -°K  II ; m- "K I f  1

Sheltered 11.118
Norm.il d,( iS3 O.iMri
Exposed (1.03 D.iiJ

(From Bailey, B. J  (I'WS). 'rinciple* ot environ-
mental concroV\ Chapr. 3. (C. . eon ZaK lutz. ed.)
r AC) CNIU-. Energv Book.)

y  depends on the proportion ot floor covered by plants 
and ranges from 0.3 to 0.7. Typical values ot It' are 
shown in Table V  for various greenhouse types. The 
total annual heat consumption can be predicted using 
Eq. (25), based on local hourly averages, obtained 
over many years. Hence, fuel requirement can be 
calculated.

F. Summer Ventilation

The reverse problem occurs m summer, when it is 
frequently necessary to remove heat to prevent exces
sive temperature occurring within the greenhouse. 
Ignoring photosynthesis and floor conduction, the 
solar radiation absorbed within the house qs, may be 
analyzed into

‘/s r  =  </> +  ‘I  +  <7v' ( - 6 )

where qs is the heat removed by ventilation. Also

‘7sr = f (1 -  0 I. (27)

Equation (19) can be used to represent qi + </,. The
term q̂  can be further analyzed into sensible (q j  and
latent heat (q\) components,

,?s = U P C ^ I ]  -  T„) 

</, = R/(1 - r) I. 

finis, from Eqs. (25), (26), to (29), 

t (1 - *')(! -  e) .4,
i l  =

p Q X T , -  •/;,)

w
p C ,

(28)

(29)

(30)

It is convenient to define a further nondimensional 
number G (0 ),  given by

i\ (0 ) = G ( 0 ) iM v. (31)

For a particular example, regression analysis shows 
that C/(0) may be written as

G (0 )  -  .00171 + .08310. (32)

0  is in radians. The first term constitutes an experi
mentally based correction, which is related to leakage, 
and permits us to set 0-0 for closed vents. Hence, it 
is possible to correlate 0  to 1), at temperature 7',, 
knowing wmdspeed ir in terms ot (>(0) and total 
vent area A v.

The average total number ot hours during which 
ventilation is needed can be calculated using the en
ergy balance techniques already outlined. For a tem
perature range 7", ot 22°C to 27°C. a change trom



HORTICULTURAL GREENHOUSE ENGINEERING

FIGURE 3 Leakage rates in typical greenhouses, ss. single span; \vs, wide span; ms, multispan. 
[From Bailey, 15. J . (1‘J88). “ Principles o f  environmental control,"  Chapt. 3. (C. von Zabeltitz, 
ed.) FAO/CNUU Energy Book.|

500 to 1000 hr is typically required, based on meteoro
logical data for Hannover, Germany.

G. Thermal Insulation Techniques

Multiple glazing is a well-known technique, and pro
duces considerable savings in heating costs. The actual 
savings depend critically on the spacing between the 
layers, and how many there are. For example, a 
10-mm gap within a double rigid plastic cladding will 
increase by an order o f magnitude, to a value close 
to It, (—0.1 in2 °k IV  '). Some o f the benefits o f

TABLE V
Typical Total Heal Loss Coefficients (wind speed = 4 msec ')

Material It m K  '

Single glass 6.(1—8 .H
Double glass ') mm air space 4 .2 -5 .2
Double acrylic SOI’ l(> 4 . 2 - 5 . Ii
t riple acrylic S.M’ 32 3 .0 - 3 .5
Double polycarbonate HI in in air space 4 . 7 - 5 . It

Hi mm air space 4.2-5.11

|From Bailey. B . J .  (1‘>H8). ‘’Principles o f  environmental control’ 
(lliapt. 3. (C!. von Zabeltitz, ed.) FAO/C'NRH Energy Book.|

thermal insulation can be obtained using movable 
plastic screens, which can be drawn across at night 
to reduce heat losses, and withdrawn during daylight 
hours to reduce light losses. Up to 40%  o f thermal 
losses can then be recovered, with a penalty o f about 
4%  light loss for the parked screens.

III. The Light Transmission Performance 
of Greenhouses

A. Light Transmission into the Greenhouse

The transmission o f light by transparent cladding ma
terials is governed by the Fresnel laws o f reflection at 
single surfaces extended to cover lightly absorbing 
materials and multiple surfaces such as the opposite 
sides o f a single sheet o f material. It is usual to take 
white light with an average value o f retractive index 
(//). W hile it is straightforward in the laboratory to 
obtain the transmission and reflection properties o f 
samples, in the greenhouse itself it is very difficult to 
carry out an accurate assessment o f light transmission. 
Recourse to idealized sky and sunlight models, and 
computer models o f the transmission process are
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needed. In this way transmission of idealized structure 
has been successfully predicted. Even then it is neces
sary to make some approximations, such as incident 
light being unpolarized.

For single nonabsorbing sheets, Fresnels’ laws 
which apply to a single interface have been modified 
by Holmes. For double cladding, these relationships 
can be replaced by terms of the form (2/^ /(I + )
a n d (l — W |)/(l + ) for reflected and transmitted
light, respectively.

1. Skylight Analysis
W e can first dispose of the sun. since its position 

as a function o f latitude, time of year, and time ot 
day is precisely known, and its corresponding average 
radiant energy is also predictable. For sky light, a 
number of approximations to real conditions are 
available. The dull overcast skv at elevation (w) is 
predictable and we may write

/.(ii) = ( 1 + 2  sin </)/3. (33)

A fairly straightforward relationship tor the average 
sky radiance has also been published and is of the 
form

i.(<i,.4) - exp( — 8/40) + ! ) [ - — ■— '— V  (34)

C  and I )  are constants, 8, is in degrees. O rig inally (- 
and 1) were expressed in photometric units, but these 
are assumed proportional to energy (W in  : ).

The dominant presence of the sun in one halt ot 
the sky vault prompts an analysis ot average skylight 
into two parts, one symmetric (/-,(</,.4)) about the 
F.-W line, the other antisymmetric ( L n(<i,.4)). i.e., we 
write

L r(a,A) = ^ L ( „ „ 4 )  ± /.(<i,.4) j  • (35)

For the sum .< replaces p ;  tor the difference ii re
places p.

Note /.„ only contributes if  an asymmetric trans
mitting or sensing device is present.

The concept can be extended to a complete har
monic analysis ot either an average or an instantaneous 
sky. Conveniently Legendre polynomials and Fourier 
harmonics are used in elevation (</1 and azimuth (.4). 
respectively The result is t.> produce an image ot du
sky radiance in terms o f combinations o f harmonics, 
which Can. in principle, be made as precise as one 
would like. Thus instantaneous sky models can be

produced by simultaneous measurements over dis
tinct parts ot the sky vault, followed by solving a set 
o f simultaneous equations tor harmonic amplitudes.

B. Modeling the Light Transmission Process

To obtain a reliable picture ot the internal greenhouse 
irradiance, the capricious nature o f real sky light must 
be replaced by a definable artificial sky vault. It is also 
convenient to separate the transparent cladding trom 
the opaque structural members, and use separate tech
niques to evaluate each. Final transmissions can be 
subsequently obtained by combination.

1. Transmission of Structureless Greenhouses
Each surface o f the greenhouse is divided into small 

si/e rectangular elements, each ot which has a center 
at (.\\. y . : j .  A ray, incident from either the sun. 
at position (<is..4 J. or a sky element, position (<i,.4), 
angular width A,i,A.4 is assumed to pass through the 
center ot the element, this ray containing all the ele
mental incident energy. I he equation ot rays can be 
specified in the form

and the greenhouse planes which are intersected by 
these rays as

i/.\ + hy 4~ rr = 1. (37)

Angles of incidence are (8) given by

cos 8 = i il + bin + in. (3H)

Using relationships o f this type a reflected ray can be 
generated by obtaining the coordinates x 'y 'z ' o f the 
reflection o f a point on the ray reflected onto the plane 
under review, and using the relationship

Each incident beam produces a single transmitted 
beam and a set ot reflected beams. Corresponding 
intensities can be calculated using Eq. (38) m conjunc
tion with the Frcsncl reflection law, the order ot inter
section being known (e.g.. by calculating distances 
along the ray to each surface).

Next, the intersection ot the transmitted beam with 
the ground is examined. It this is within the area of 
the house, the energy is stored, otherw ise ir is rejected. 
Each reflected beam, now ot known intensity is
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treated .is ;i new incident be.nn. jnd the whole process 
is repeated.

After completion ot all reflections to any chosen 
lim it, (sav the third reflection), the process is repeated 
until either the entire daily path ot the sun or rays all 
trom the sky vault and all the greenhouse cladding 
surfaces have been evaluated. The resultant distribu
tion over the greenhouse floor represents the transmit
ted energy. It is often possible to reduce computer 
run time by taking long or wide houses, ignoring end 
effects. Programs following these schemes have now 
been exhaustively tested, and much transmission data 
obtained. Figure 4 demonstrates both the comparison 
w ith experiment and the effect ot reflections on the 
transmission across a single span ot transmitting ma
terial (perspex), under overcast skies.

2. Transmission of Greenhouse Structure
This can be obtained by the relatively simple proce

dure ot calculating the light blocked out, viewed trom 
any point within the house. It is usual to assume the 
reflection factor ot structural elements is zero.

Distance across house (normalized)

FIGURE 4 Demonstration o f  the effect o f  reflections in a single 
span greenhouse as a function o f  roof height. Incident beam mea
sured (--------------) and predicted (— •— ). I wo reflections measured
( - ■ - - )  and predicted respectively. (From Oitten , 1). L.
(1983). The evaluation ot a computer model to calculate the daily 
light transmission and transmissivity of a greenhouse. /. .fynV. 
/jit*. Res. 28, 545-563.

C. Theoretical Treatment of Light Transmission 
(Lightly Absorbing Structures) Ignoring 
Second Reflections

1. The Extended Integral Concept

a. The mean transmittance gain or loss at any point 
inside or outside an assembly ot structures equals the 
sum of gains or losses at that point due to each structure 
in isolation.

b. The mean transmittance gain or loss inside an 
infinite multispan is equal to the integral to infinity 
(extended integral) perpendicular to the house axis ot the 
gain or loss produced by any single span, the spans being 
identical, divided by the span width.

The second theorem can be extended to single root 
sections, mounted at angles a,,as, to the horizontal, 
and multispan transmission loss vm w ill become,

= [■(./>«i(-v) + 0 - ./ > « 2(-v)) (4,))

where /' defines the fraction ot the span covered by 
the root section ot slope a,.

To  this order o f approximation, nonabsorbing ver
tical walls produce 110 light loss. Equation (40) there
fore represents the transmission ot a structureless 
multispan greenhouse.

2. Elimination of the Product Rf(S) cos 5
In all calculations relating to light transmission 

which use averaged Fresnel reflection terms R f.(8), 
the quantity R r(8) cos 8 inevitably arises. To  a fair 
accuracy it is possible_to replace this product by a 
constant between 0 < 8 < 90° (F ig .5). If this is done, 
.1 dramatic simplification of the light loss term, viewed 
as the total upwardly reflected radiation, occurs. The 
average loss from a structureless multispan (vm) can 
be written in the form

pm = /•<{> (a)/(cos «  sin <0- '(41)

This equation represents multispan transmission as a 
separable product o f a term /•’, which contains all 
physical properties o f the cladding, plus a geometric 
term <t> (a), which depends only 011 geometry. Figure
6 shows how <t> (a) varies with a  at U .K . latitudes 
for different seasons. Broadly tor E - W  houses, when 
the sun angle ijsll exceeds 2a, light reflects upwards 
from the north facing roof in the multispan and is 
lost. Sim ilarly it a  > 77 -  asu)/2 light is recovered 
from the south roof, though this is ot theoretical inter
est only as neglected multiple reflections have become
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Angle of Incidence, 8

FIGURE 5 Pint ot K Jf i)  cos (ft) tor (.i) single .uni (h) Jol!hie 
cl.ulilin^ In = 1.5). |From ( Iritten. I ). L. ( 1'IHH). I lie transmission 
ot direct light hv structureless symmetric rooted multisp.m green
houses with non-absorhing < Lidding. / .‘lyr/i. Iii\’ Mr*. 40, 
2 2 ? > -2 te .  |

more important. The description assumes a due E 
due W  path for the sun. The departures from this 
path create a distortion o f the summer curve for <t>(cv). 
The N - S  roof gives a single curve for all seasons.

3. Representation of the Transmission Loss of 
Structural Members (i>5)

The following results depend on representing 
equispaced structural members as arrays o f equidia- 
meter cylinders as shown in Fig.7, and also a due 
E-due West path for the sun.

Defining the ratio of the diameter o f each cylindrical 
element to the spacing o f the element as h, then for 
diffuse light

i\ = /) (1.40c = 0.99/), (42)

where c is equal to (i) unity for horizontally, and
(ii) ( i i )  the number o f touching cylinders, for vertically 
aligned cylinders./equals ( i i  - I) and - (u - 1) cor
respondingly.

For direct light at U .K . latitudes

i \v ~ HI  "*■ ("  ~ 0 oi^sin iisl, (43)

Ns = /»((). 5 + n). (44)

oj = sm ii,,. or cos iisi, for horizontally or vertically 
aligned cylinders, respectivelv.

B. Light Penetration into Tall Crop

Because photosynthesis is nonlinear, its calculation 
requires values for irradiances on individual leaves. 
The method to be described recognizes this and pro
duces a range o f light intensities at each point, rather 
than single values. W e consider the path o f a chosen 
light beam from a specified sky element at (<!,.-!). A 
total ot 14 sky elements are taken, comprising the 
sun, plus 13 sky elements, divided into three bands, 
containing eight elements (lower), four elements 
(middle), and one element (zenith). Each element is 
treated as a stationary sun.

1. Transmission through the Greenhouse
We have to consider the transmission of a house 

in any direction (<i,.4). The following approximate 
equation has been derived tor a structureless Venlo 
type multispan:

Kii) = 0.9| I — exp ( — ii/ii) |. (45)

For light generally parallel, perpendicular to the house 
axis, ii = 13°, 5.7°. Respectively, the changeover 
from parallel to perpendicular is taken to occur 
suddenly and given by an azimuth angle .4., deter
mined from

.1,, = 45 (I - exp( - <»/<)),<' = 15°. (46)

Losses due to structure can be allowed for, by a second 
approximate equation. For a Venlo. structural trans
mission ts(a) is given by:

ts(a) = exp| —0.1(1 -I- 1/sin a)]. (47)

2. Row Crop Penetration by a Single Beam
Using Fig.8, defining the center o f an element of 

crop by (/i0, \\). then

/i - /it. = (.v — \\) tan <1,,. (48)

If /i; is the crop height, and H  the total depth o f
crop traversed (assuming uniform density), then H  
depends on liovv many rows are crossed. Four cases 
can be defined: if  the beam enters the row containing 
the element. Eq. (49), or the gap next to it, Eq. (50)

H  = hL -  li,. (49)

H  = )’, — (50)

)',. i.s the height at which the row is penetrated ,.t the 
edge.

It ,\ is die number o f sides crossed by the beam 
(two sides per row), then tor .V > 2. odd (51) and 
even (52)
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FIGURE 6  Functional v.iriation ot the geometric loss factor <l> («) at 
U.K. l.iticikIcs (— ), N.N.;{— ), H. W. oriented houses; (a) 1st February.
(b) 21st March. (c) 1st May. |Froni (Written. 1). L. (IMHH). I he transmis
sion o f  direct light by structureless symmetrie rooted multispan green
houses with non-absorbing cladding. / lintf. /<V>. 40, 225-232. |

the element at (li .̂\\). V N defines the depth ot emer
gence o f the ray from the row furthest from the ele
ment at (/̂ ..v,.).

8// is the depth o f crop traversed in each full row 
width.

Let the probability l\ that a beam / arrives at 
/i, .v be

l\ = exp -  (K  (d L Jd li)  H  (53)

K  —■ <riv/sin (54)

(Tu = h for a spherical distribution. Irradiance ftl oil 
leaf / is given by

11, = cos 8j. (55)

8 is obtained via an equation ot the torm ot Eq. (38), 
and Li] is calculated from the radiance field.

3. The Total Irradiance due to Multiple 
Overlapping Beams

W e assume a binomial form of distribution to de
scribe the probability that any specific combination 
o f rays w ill reach (/(,., a \ ) , thus

H  -  ( y, - /i,) + h (.V -  2) 8/7 (51)

I I  = ( ) ' , -  //,) + i(.V  -  2) 8/7 + //i - yN. (52) 

)'i defines the depth o f entry to the row containing

FIGURE 7 The use ot equal diameter contacting cylinders to 
represent various structural greenhouse members: (a) glazing bars, 
(b) gutter, (c) ridge. | From Cntten, 1). I.. (IWS7). Light transmis
sion losses due to structural members in multispan greenhouses 
under diffuse skylight conditions. /. A^rii. R o . 38, 1V3—2<>7. |

(c) (b) (a)
Roof angle, a
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FIGURE 8 A  typical path tor .1 ray arriving at an ole 1 non t. center (.\ . h ) in .1 row crop |lrom (ait tcn. I). L. ( I '>'>•>). I ight 
penetration and photosynthesis in (.ill greenhouse erops. I) .N I iSSS. \/A!(. hisi l.tiy. Ho. Wrest I’ark. Silsoe. MK45 41 IS. |

/> =1U,(I)111(1 - l\). (5ft)

Then the probability I ’|(\>, (•) rh.it .1 leaf li.is angular
setting (_(>, Ci) and receives the above combination is

<'-) = /’ (A’. C ).  (S7)

The corresponding irradiance /, is given bv

/, -  1 (58)

By  varying j and (g.G) over their entire range, a 
leaf irradiance distribution can be determined. It is 
possible to allow for scattered light with the canopy.

Figures 9a and 9b show predicted and experimental 
irradiance levels and their variance under diffuse over
cast conditions in a tomato crop.

IV. Optim al Control

O p t im a l C Control— N o m e n c la tu re

■Mr) ad jo in t fu n ctio n , co s t(V ) per un it rate o f  ch an ge of 
state va riab le s  X ( r )

H (t ) b o u n d ary  co n d it io n s  (e .g .. price , I )
< : co n cen tra tio n  of ( \ )> .  kg  1 1 1  1
C(T) co n tro l variab les  (e .g .. tem p era tu re )
c . heating  costs V. | 1

va lu e  of c ro p  V kg  ‘
i ) fixed  costs (ren t, bank interest) \ in  : sec 1
ir o ve ra ll heat transfer coeffic ien t. W  m
H H a m ilto n ia n  fu n ctio n , i  m sec 1
/ !> ,.) net re tu rn  at harvest. 1 m

/..

1\
/*„

to ta l inc iden t so lar rad ia tio n  ( I N  2.7 f i )  W  m 
p h o ro sym h e n c  rate ot a i.m o p \ . k g  m  sev 
p h o to syn th e tic  rare of a s ing le  leaf, kg  in  ~ sec

1/1 heat H u\ rc i|iu rc ii Iro n ) the heating  svstem . W  in
S.. S a verage  irrad ian ce  in s ide  a iu l ou ts ide  the g reenh ou se .

W  in
1 ave rage  g reenh ou se  tran sm iss io n  la c lo r
I  . /’ , tem p e ra tu re  inside and o u ts ide  the g reenh ou se  K

o r  "C ’
r ( " | , )  va lu e  o l v ro p  at harvest, 1 m  “
II i ro p  Iresh  w e igh t, kg  m '
IT , c ro p  d rv  w e ig h t, kg  in
\,.// co o rd in a tes  o l the cen ter «.»! an e lem en t ot i ta ll c ro p

cross-section , m 
A  ( 7 1 v e c to r  o l state variab les

( iii't L’
a  p h o to syn th e tic  ra ti1 k i» (d rv  m atte r) | 1 (1J A K )  m

sec '
(3 ( ! ( )>  co n ve rs io n  coe th e ien t kg  d rv  m atte r kg  C ( )
y h eatin g  e ff ic ie n cy  ot so la r rad ia tion
t  t im e , sec
7i h a rves t tim e

This section brings together the two earlier sections, 
and gives the greenhouse manager guidance to achieve 
the highest net income. Most ot the work is theoreti
cal. and tests are currently under design and/or exe
cution.

A. The Optimization Problem

The tirst step is to recognize the existence ot .1 set ot 
definable state \ anables X (r )  whose growth with time 
may influence the growers' income. We write

(.IX  d t )  - / (.\(T ).C (7 )./ j(r» . (59)

The vector ,\’(t ) may contain the dry weight ot truil, 
or leaf area index (L A I).  For maximum crop yield
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Height within crop (h) m

FIGURE 9 (a) Penetration ot diffuse light into a rowemp tomato
canopy, (b) RMS variance of the penetration of diffuse light into 
a row crop tomato canopy. (— ) model; (•) measurement. |l;mm 
C.'ritten. I). L. (PWO). l ight penetration and photosynthesis in tall 
greenhouse crops. D.N. 155N, A h R ( ' hist. ling. Res. Wrest Park. 
Silsoe, MK45 4HS.|

continuously throughout the year dry weight should 
be studied. We next select a parameter which, upon 
optimization, w ill indicate to the grower the settings 
required for his control functions C (t). Net income 
(/) is a useful choice, and we write

/(m,) - I (T|,) + I ( ; ( . X (T ) ,C (T ) J i ( T ) )< h .  (60)

I '(Th), the value o f the crop or harvest may depend 
on dry weight and price at time r (l, and hence on 
■V(T|,) and H ( t u). ( is a function defining the total rate 
o f expenditure, whose integral gives the total costs 
needed to achieve I (rh). For a single harvest (e.g.. 
lettuce) Eq. (611) can be optimized directly. For contin
ual production, the equation should be further inte
grated over t|, for the whole growing season, and 
the resulting total net income optimized, /(rh) then 
becoming income per unit time instead ot income per 
crop. The function I ( t u) can be replaced using the 
Pontryagin principle by a so-called Hamiltonian func
tion I I ,  which can be maximized instantaneously.

H  = C  f X . C . B ) + A(T)dX/dT. (61)

.4 is known as the adjoint function, and satisfies the 
relationship

(dA/dr) = - i )H I  i ) X .  (62)

To  demonstrate the solution process, we assume 
known boundary conditions L5(r) and set an initial 
value o f A (t).

Then we proceed as follows:
Maximise Equ. (61), to give values tor C!(r), hence 
use Eq. (5M) to update X (r ) ,  hence 
use Eq. (62) to update (A t ).

This sequence is repeated, until r  = 7h, using updated 
boundary conditions B ( t ) .

B. Operational Form for I and H

1. Irradiance Level
For a lettuce crop: .S’, = f.S',,. (63)

A leaf photosynthetic rate can now be calculated based 
for example on the equation

/>, = a S r f i r j ( a S , + f iC ).  (64)

This is a simple form to represent photosynthesis, 
neglecting respiration. For a tall crop, /, in Eq. (58) 
would replace S, at point (,\;. //t.). Integration over all 
possible irradiance levels, followed by integration 
over all crop area elements then yields the canopy 
photo synthesis rate (l\ ). Integration ot I\  with parti
tion o f the various products ot photosynthesis ulti
mately leads to I I ’, the crop fresh weight at harvest.
| Nee P h o t o s y n t h e s i s . |
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2. Heating Requirement
From Eq. (25).

</i, ‘V»'  ('i\ ~ T ~ J j y -  ((̂ )

3. Optimization
Using IV( and <jh, Eq. (60) becomes

l (Th) - C\v(t) H-', _ f'C/h/b -  D .tu. (66)
O

It optimization is carried out with respect to dry 
weight ( H j ) only, then trom Eq. (61) the Ham ilto
nian becomes

H  = A d lV j/ ih  -  (.’ri/ir (67)

(/[I j/i/r may be derived from the canopy photosyn
thesis. and maximization of H  with respect to the 
control variables at time r is now straightforward.

C. Optimizing Greenhouse Design

As well as forming the basis for optimizing /(Tj,) on 
a dynamic basis an equation o f the form o f Hq. (60) 
may also be used to select the best design ot house to 
maximize the growers' return. I f  we assume blueprint 
control conditions, /(Th) can be evaluated for different 
designs. In this way the relative benefits o f single and 
double cladding, single cladding with and without 
thermal screens, and indeed any new design variant 
can be studied.

V. The Problem of Control of State 
Variables in Greenhouses

This section w ill deal with a control problem ot as
sessing the control valve setting when the state vari
able varies with position within the controlled zone 
and also depends on external influences. T w o  exam
ples are given.

A. Temperature Control

For a fixed set point the deviation w ill vary with 
position. It is impracticable to festoon the greenhouse 
with sensors, and so we make few measurements, but 
use models to then predict (in principle) temperatures 
elsewhere, and hence the best boiler valve setting. It 
is advantageous to choose measurement sites with 
care, tor example with a piped hot water heating 
system, monitoring the water temperature as well is

air temperature can be useful in optimizing heating 
rates. There are a number o f external forces affecting 
the heat supply by the boiler. Windspeed affects heat 
losses, and sunlight produces heating, and so these 
too must be monitored. Then models o f their effect 
can be used to predict their influence on the control 
valve setting trom a small number ot measurements.

B. Nutrient Film Technology (NFT)

Instead o f growing plants in soil, the supply o f nutri
ents to a growing plant assembly (e.g., tomatoes) can 
be via a fluid (water) contained in a long shallow 
trough, sloping at about 1° to the horizontal to main
tain a slow-moving How rate, the Hmd containing 
optimal concentrations o f the nutrients. The troughs, 
up to 50 m long, discharge into a reservoir. Concen
trations are monitored by measuring pi 1 and conduc
tivity. There are two requirements. First, a model o f 
nutrient consumption along the trough is needed. The 
modelling problem is aggravated by the existence ot 
stagnant areas within the trough, caused by root 
matts. Second, the concentration changes ot each 
component must be modeled such that simple pi I 
and conductivity measurements on the returned m ix
ture can be used to restore concentration levels. T hese 
examples illustrate the control problem, and much 
current research is directed toward im proving the 
models, and selecting the best measurements sites. 
Once the control valve setting is known, techniques 
common to other control problems can be used, nor
mal practice being to use previous history to predict 
future requirements, basically an application o f T a y 
lor’s polynomial expansion of a function. [.Sec T o 
m a t o  P r o d u c t i o n  in  P k o i t c t h )  C u l t i v a t i o n s . !

VI. Greenhouse Structural Design 
and Location

Since 1M50, commercial greenhouses have beeen con
structed with an aluminium frame. In fact Loudon 
demonstrated m the early 19th century that metal w is  
a better material than wood, because being stronger 
it caused less light loss. However, steel, favoured by 
Loudon, has its drawbacks, and it was not until the 
lighter, durable, easily formed aluminium allovs had 
been developed that Loudon's proposal could be u ti
lised commercially. |S ir  S i r i c t i i u .s . j

Cross sectional views ot several modern com m er
cial greenhouse tvpes are shown in Fig. l l 1. Dimen-
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FIGURE 10 Cross-sectional views ot typical modern green
houses.

sions, angles etc are tor United Kingdom and/or 
I >utch designs, and they may vary from country to 
country. Traditional greenhouses have a common ba
sic besign. The root is supported at glitter level by 
vertical stanchions (S). The "backbone" o f the struc
ture is the gutter (Ci), which being large and generally 
circular has great strength against bending. In single 
and wide spans, “ I ”  or “ T ”  girders may replace the 
gutter, which is then relegated to carry rainwater 
only. The multispan gutter is also used to yield access 
to the roof, and, traditionally, needs to be capable o f 
taking a heavily clad human foot. The gutter (or 
girder) supports the roof glazing bars (G B ) which 
are usually symmetrically placed about a ridge (R). 
Ventilators (V )  are normally hinged at the ridge and 
set in a continuous line, on one, or both sides o f the 
house axis. To  eliminate sagging, glazing bars are 
supported by purlins (R) running axially about half 
way down the root slope. Houses with spans greater 
than 6.4 in may have roof trusses, supported on stan
chions. to carry the roof load.

The Dutch Venlo structure, which has been contin
ually retmed to improve house performance, is some
what different in detail. The span is reduced to about

t
3  m

G.B

half the traditional value, the stanchions being nor
mally placed under alternate gutters. Occasionally, 
support is provided under each, or every third gutter. 
To  restore light admittance, gutters (not shown) arc 
reduced in overall size, strengthened by using thicker 
materials, and have a grill placed above them, to pro
vide access. Light admittance is further improved by 
using a single pane o f glass from ridge to gutter, each 
pane being o f 1 m width. Vents (not shown) in total 
occupy about half the axial length and alternate on 
opposite sides ot the ridge.

In general, stanchions are spaced 3 or 4 metres axi
ally depending on the glass width, where all houses 
are also strengthened against lateral distortion by 
transverse girders at gutter level. R o o f anchorage is 
also provided at these stations to hold the roof down.

House alignment is still a subject of debate. 
Broadly, at high latitudes E - W  aligned houses admit 
more winter light though year round, N - S  houses 
admit slightly more light. It is desirable to have a 
clear field o f view  above 10° elevation all round the 
house, though in the northern hemisphere, some ad
ditional loss in the northerly direction can be tolerated 
(vice versa tor the southern hemisphere).

A “ good" greenhouse w ill transmit typically 
65—70%  o f diffuse light incident upon it, as measured 
under diffuse overcast skies. (Direct light transmis
sion is difficult to include because ot measurement 
scatter due, mainly, to structural shadows.) Broadly, 
the 30-35% loss is made up o f 20%  loss due to struc
ture, 10% due to cladding (single), and the remainder 
due to dust deposit on the glass. Unfortunately, many 
houses do not reach this level o f transmission, and 
tend to accumulate “ clutter" in the roof, for example 
irrigation pipes, heating pipes, etc. The loss also in
creases when double cladding is used.

A single clad house w ill normally consume about 
40,000 gallons o f fuel per acre, to maintain 6 °C  inter
nal temperature at temperate latitudes with mild 
winters (United Kingdom , Holland). Obviously 
this figure w ill rise as mean winter temperature 
falls. ‘
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Insect Physiology
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Glossary

E c d y s o n c  M olting hormone, .1 steroid lipid 
E closion  Act ot molting from the egg or pupal case 
Fibrillar m uscle  Specialized muscle that resonates 
asynchronously with the rate o f nervous activation 
M y o g e n ic  heart Contractile rhythm: a property o f 
the muscle itself
Parthenogenesis  Reproduction without fertiliza
tion
P o ik ilo th e rm  Body temperature approximates am
bient

Insect physiology is that subsection o f entomological 
science (the study ot insects) that deals with the func
tional mechanisms ot insects. It seeks the answer to 
questions concerning how insects jum p, fly, digest 
tood, reproduce, grow, etc., in short, how they work. 
The study of insect ecology is concerned with how 
insects interact with the external environment, and 
physiology is largely concerned with what internal 
properties allow them to accomplish these interac
tions. M any of the physiological mechanisms o f in
sects are similar or identical to those o f other animals. 
Because of their ease ot rearing at relatively low cost.

insects are valuable tools in the study o f general physi
ological principles.

I. Introduction

Insects are members ot the class Insecta, by far the 
largest group in the phylum Arthropoda. The number 
o f insect species is considerably larger than that o f 
any other group ot animals 011 earth. Indeed, so great 
are the numbers (estimated at 10 million), and so 
diverse are the habitats occupied, that we w ill proba
bly never know all the world's species.

A tew insect species spend part or all o f their lite 
011 or near the surface ot the ocean; however, none 
is known to complete its lite cycle in the ocean itself. 
Despite the paucity o f insect life in the ocean, brine 
midges and other Diptera are known to survive well
111 lakes and seas with water more saline than the 
ocean. Thus insects are largely successful specialists 
who have colonized the land, including the soil, fresh 
water, and the air, but tew or none have reversed the 
trend and recolonized the ocean, unlike several species 
o f mammal.

Insects play a vital role in pollination ot plants and 
recycling ot waste materials in the ecosystem. They 
also are competitors and parasites ot each other and 
all the other animals. Indeed, some ot the most debili
tating diseases o f  mankind are transmitted by insects, 
such as malaria, trypanosomiasis, and filariasis. In 
sects have adapted to modern agriculture 111 all o f 
these same roles, as pollinators, as crop pests and 
parasites and predators ot crop pests, and also as vec
tors o f plant diseases. | See E n  i o m d k i c y ,  H o r t i c u l 
t u r a l ;  E n t o m o lo g y ,  V e t e r i n a r y . ]

At one time all six-legged arthropods were grouped 
in the class Insecta and com monly called Hexapoda 
(literally six legs); however, it is now accepted that 
certain ot the most prim itive hexapods contain tea-

Encyclopedia o f  Agricultural Science, Volume 2 Copyright c 1994 by Academic Press, Inc. All rights of reproduction in any form reserved. 5 4 9



INSECT PHYSIOLOGY
5 5 0  ------------------------------------------------------------------------------------------------------------------------------------

tures that distinguish them enough trom modern in
sects that they are classified in another arthropod 
group.

The insect orders are divided between the subclasses 
Aptcrygota (wingless insects) and Pterygota (insects 
that evolved wings). The former now contain only 
two orders:

1. Archeognatha (Microcorvpliia)
2. Thysanura (Zygentoma). bristletails

The Pterygota insects are subdivided further into 
two groups, the exopterygota and endopterygota. In 
exopterygota the wings develop externally as wing 
pads in immature preadult stages:

-V Lphcmeropter.i. mayflies
4. Odonata. dragonflies, damsclflies 

. Plecoptera. stone Hies
(k Kmbioptera. web spinners
7. I Jic tyoptera ,  cockroach es,  m.intids, termites
5. ( Iryllohlattodea

Orthopter.i. grasshoppers, crickets, phasmids
10. I )ermaptera, earwigs
11. Zoraptera
12. Psocopter.i, bark lice, book lice
13. I lemiptera, bugs, aphids, leafhoppers, cicadas
14. I liysaiioptera. thrips
15. l'hthiraptera, lice

The endopterygota develop wings internally dur
ing the immature stages and possess a pupal stage. 
They are considered the most highly evolved o f the 
insects:

10. Megaloptera, dobsonflies. snakeflies
17. Neuroptera, lacewings, ant lions
18. Coleoptera, beetles
19. Mecoptera. scorpion Hies 
2(1. Triclioptera, caddis Hies
21. Lepidoptera, moths, butterflies
22. Diptera, flies, gnats, midges, mosquitoes
23. Siphonaptera, fleas
24. Hymenoptera, ants, bees, wasps, saw-flies

Physiologically the exopterygotes exhibit incom
plete metamorphosis during development with rela
tively small changes from one molt to another, as m 
the grasshoppers. These insects are referred to as the 
hemimctabola. The endopterygotes, or more ad
vanced insects, change in appearance dramatically 
trom immature stages to adult, such as trom caterpil
lar to pupa to butterfly. These are called the holomet- 
abola.

In further contrast to these two advanced groups 
ot pyterygote insects, the aptcrygota are called amcta-

bola because there appears to be even less distinction 
between immature and adult stages ot growth. In
deed, the ametabolous Thysanura are known to reach 
sexual maturity before the last molt, a conditioned 
called pacdogcnesis.

II. Growth

Insects have an exoskeleton, or hard outer cuticle. 
Because ot this, growth occurs m a series ot discontin
uous events, the molt or ccdysis. Amctabolic or henn- 
metabolic insects molt from one stage, or stadium, 
to another until an adult stage, or imago, is achieved. 
The immature forms have been called nymphs. Holo- 
metabolic insects are larvae as miniatures, then pupae, 
then adults.

In some rare cases, there may be more than one 
pupal stage ot development, but very highly special
ized insects such as the Phylloxera are known to de
velop through as many as 21 different lite-torms in 
one complete life cycle.

The common aphid parthenogenetically (asexually) 
develops wingless progeny in the spring and summer, 
with winged forms appearing only during crowding, 
which serves as a trigger tor dispersal. Sexual repro
duction takes place in the tall stimulated by short days 
and cooler temperatures. These progeny are capable 
o f overwintering to complete the lite cycle. In this 
case the development is closely associated w ith envi
ronmental changes.

At the other extreme o f growth, the periodic cicada 
is known to live in the ground as a nymph tor 13 to 
17 years. Near the end ot this period ot time, a given 
population begins to synchronize development by an 
unknown mechanism, so that, during a 2-week pe
riod, the entire population emerges, molts ro the adult 
stage, and then reproduces. The females lay eggs in 
small tree branches and then die. The eggs hatch soon 
after and the young larvae drop and burrow into the 
ground to begin another 13- or 17-year period of 
development.

Discontinuous growth occurs in the w inter for 
most insects in temperate climates, which enter a hi
bernation, known as diapause. There are many differ
ent types ot diapause, including a summer diapause 
called estivation. Diapause will be described in a later 
section.

Outside o f the T hysanura and the Ephemeroptera, 
which are known to molt alter reaching the adult 
stage, all insects stop development as adults and con
vert their energies to reproduction.
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III. Integument and Molting

I'hc integument, consisting ot a single layer ofcpider- 
mal cells and the overlying cuticle, serves 111 anV pur
poses in protecting the insect. It provides a waterproof 
layer to prevent desiccation, an exoskeleton upon 
which to attach muscles, and the wings with which 
insects Hy. and is the primary barrier to infection and 
attack by entomopathic fungi and other microor
ganisms.

The integument must be transparent over the com
pound eyes and ocelli to allow light reception and 
must provide a means by which all other external 
sensory stimuli are received and translated to nervous 
impulses, so the information can be sent on to the 
central nervous system for processing. Sensory per
ception through the cuticle is accomplished by a series 
of discrete sensory structures that are specific modifi
cations ot the integument. The sensory nervous 
system and sensory detection are described in 
Section IV .

The cuticle is composed o f a very thin outer epicuti- 
cle and an inner procuticle. Dermal glands, inter
spersed in the epidermal layer, are responsible for 
secreting and maintaining a cement layer on the outer 
surface ot the epicutide after it is fully formed. It does 
this by means ot ducts through the cuticle.

Indeed the integument o f insects has the seemingly 
incompatible functions o f remaining impermeable to 
water yet providing access from inside to outside for 
maintaining the watcr-proot wax and cement layers
011 the outer epicuticlc in case o f abrasions or injury. 
Hie cuticle must also be strong and solid, yet be 
flexible enough to provide movement without dam
age to the cuticle. The wax layer o f the honeybee 
epicutide is said to be the same material as that used 
to construct the honeycomb.

The insect is able, given time, to regenerate body 
parts at subsequent molts following injury. This sug
gests that the cuticle is a living structure, not dead or 
inert. Indeed, the integument that is isolated from 
trophic nutrients supplied by the hcmolymph (blood) 
quickly becomes brittle, cracks, and breaks off.

The procuticle is composed o f protein, lipid, and 
carbohydrate parts that are recruited bv and processed 
through the underlying layer o f epidermal cells. Ar- 
thropodin is a term given to the extractable protein 
ot the cuticle, and sclerotin is the term referring to 
all tanned protein. Although absent in the epicutide, 
the main carbohydrate portion o f procuticles is the 
substance chitin. which is related chemically to cellu

lose (fig . 1). a main structural component ot plants. 
Clhitin is a polymer ot .V-acetylglucosamine, a poly
saccharide.

The procuticle is a laminate structure composed ot 
two major parts, an outer sderotized (and insoluble) 
exocuticle and an inner, softer endocutiele (Fig. 2).
7 he endocutide continues to grow in thickness during 
an mtermolt period as products and precursors are 
secreted by the underlying epidermal cells.

Long before an insect molts, the new cuticle is 
prepared beneath the older cuticle. At a certain point 
the new and old cuticles separate as a discrete event 
called apolysis. The softer parts o f the old cuticle 
are dissolved and reabsorbed by the epidermal cells 
immediately before the molt by activation ot a molt
ing fluid. When the endocutide has been dissolved, 
the insect splits along a dorsal fracture line in the 
remaining exocuticle and forces itself out ot the older 
exocuticle shell, leaving behind an empty exuvia. Be
cause the tracheal system is composed ot cuticle, even 
the old tracheal lining is pulled out ot the spiracles at 
the time ot the molt.

The cuticle ot new ly molted insect is normally 
transparent. W ithin seconds the insect expands the 
body, usually by swallowing air, to unfold the new 
cuticle, which begins to darken. This darkening pro
cess is called tanning and is accomplished by recruiting 
phenolic amino acid molecules from the hcmolymph 
and delivering them to the outer aspect of the new

C  11,011

CHtOH

FIGURE 1 The structures ot chitin and cellulose. (From  Merck
( 'atakigue.)
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procuticle via minute pore canals connecting the epi
dermal t ells to the outer cuticle. Once there or on the 
way. the amino acids are oxidized to quinones by 
phenoloxidase enzymes. The quinones then react with 
proteins in the procuticlc to form cross-links (big. 3). 
This hardens and darkens the resulting exocuticle, 
forming stiff sclerites on most of the body segments 
ot adult insects and nymphs and hard head capsules, 
mouthparts, and claws in most larvae.

This tanning reaction is repeated m the process of 
repairing wounds in the cuticle. It a wound is not
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fatal, the restorative processes can be seen to patch 
and close the open wound in a matter of hours. Coag
ulating hemolymph proteins and blood cells are even
tually tanned as the epidermal cells expand and divide 
to cover the new area.

The hard parts ot the cuticle ot many adult insects 
vary depending 011 the species from rock hard to flex
ible. Specialized cuticle in joints sometimes is com
posed of a special protein, resilin, that has much of 
the elastic properties ot rubber. Resilin is known to 
be an important part o f the wing hinge mechanism 
o f adult insects that must undergo distortion during 
flight yet remain stiff to support the wings without 
permanently changing properties, nor breaking in 
stress fractures.

The cvclorrhaphan Diptera, such as the common 
housefly, use a specialized structure during develop
ment from larvae to adult stages. Instead o f molting 
from the last larval instar to a separate pupa, the fully 
developed larva stops feeding, clears the gut, wanders 
to find ,1 pupation site, then goes through a number 
of discrete changes. 1 he mouthparts retract and the 
body becomes rounded ow ing to contractions o f  the 
body wall muscles. Eventually the larval cuticle is 
tanned in place 111 a manner similar to tanning ot other 
new ly molted insects, but in this case, a puparium is 
formed. The adult fly then forms inside of the pupar- 
nun and emerges after completing development.

Certain external and internal cues are given during 
this cvclorrhaphan development that affect the out
come. fo r example, it the blowfly larva is placed 111

X I P W M
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(.out,ni with water, pupariation does not occur and 
further development is stopped until the water is re
moved. In this manner, a large group of larvae can 
he induced to synchronize development.

If a larva is tied with a piece ot thread or string as 
a ligature in the middle before completing develop
ment. only the front halt ot the insect pupates. It the 
ligature is applied further along in development, both 
halves pupate. This simple experiment and related 
studies were used to prove that the molt is controlled 
by hormones that are released at certain critical times 
during development trom tissues inside the insect and 
circulate in the hemolymph to synchronize the mcta- 
morphic changes in all the cells o f the body, as de
scribed in the following section.

IV. Hormones

The first insect hormone demonstrated by ligation 
experiments was the brain hormone. N ow  known as 
P I T H .  which stands tor prothoracicotropic hor
mone, the brain hormone is produced by only one 
or two pairs ot nerve cells located in the lateral parts 
ot the forebrain. When the time for a molt approaches, 
p i ,  h  is delivered via axons from the cell body o f 
origin to a small nervous gland behind the brain called 
the corpora cardiaca, where it is released into the 
bloodstream, or hemolymph.

The trigger to start these events is not well under
stood. but certain caterpillars are known not to molt 
until they achieve a certain critical weight. It is not 
known how the insect weighs itself. In other cases, 
molting is triggered by a more obvious event, for 
example, a blood meal in assassin bugs activates 
stretch receptors in the swollen abdomen, which in 
term signal brain centers to begin developing P T T H .

O ne ot the main functions o f F T T H  is to activate 
the prothoracic gland (PCI), which in turn has already 
sequestered a store ot steroid precursor molecules 
trom the diet. There may be a host o f  other effects 
of P T T H  on other targets within the insect, but acti
vation o f the PCI is the best demonstrated and under
stood function. It a ligature string is applied to the 
neck ot the insect before the release ot P T T I 1. the 
head contains the PCI and thus the entire head end o f 
the insect receives a signal to molt and does so, while 
the body areas away from the ligature receive 110 

signal and remain unchanged. It the ligature is applied 
after the release of P T T H . the molting process pro
ceeds in both halves o f the insect. Thus the time o f 
ligation can be used to demonstrate a “ head critical 
period" during which P T T I I is released.

P I  I I I  was first isolated Irom silkworms. It is re
ported to lie a glvcopeptide composed ot two identical 
or nearlv identical peptide subunits connected by a 
sulfide bond. Isolation ot the gene responsible tor 
synthesizing P I IT 1 revealed that a propeptide precur
sor is first synthesized, which is composed ot 224 
amino acid residues with various subunits bounded 
bv sites at which protcolvtic cleavage can occur. The 
active principle is said to reside 111 the final 109-amino- 
acid subunit. When constituted in the whole insect, 
two K 19-residue subunits are cleaved trom the precur
sor peptide and then connected by a sulfide bond and 
covalently bonded to a glycogen molecule.

In response to P T T H  the PC I converts its store ot 
steroids to ecdysonc. which is then released into the 
general circulatory system (Fig. 4).

Ecdysonc is oxidized by various tissues in the insect 
body to 20-hydroxyccdvsonc (20-HE) (fig . 4). which 
is the active form ol this lipid hormone. The 20-HE 
then interacts with the nucleus ot each cell 111 the body 
to bring about cell division. Triggering ot synthesis 
and release ot ecdvsone is considered .1 synchronizing 
event designed to produce a burst ot development 
and cell division 111 the entire body all at the same 
time so that molting with or without metamorphosis 
can proceed.

The prothoracic glands degenerate in most adult 
insects soon after their last molt. An exception to this 
is m the T hysanura order of prim itive insects 111 which

Oil
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FIGURE 4 H i e striu turcs <it eedvsone .uni 2<i-hydro\yeedysone. 
|M o d ified  trom M ordue  cl .//. (PASO). “ Insert P h ys io lo g y ."  p. .V). 
H.listed Press ( J .  W ile y ). N |.|
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the prothoracic glands do not degenerate after the 
insects reach sexual maturity. Thysanura, however, 
continue to molt after reaching the adult stage, and 
thus they are seen to support the generally accepted 
function o f the prothoracic glands as responsible tor 
supporting molting in general. Indeed, ecdysone was 
originally called the molting hormone.

Located very close to the corpora cardiaca nerve 
complex behind the brain o f insects is another organ 
called the corpora allata, or C  A. The C A  differs mark
edly in structure from the corpora cardiaca in that it 
is a true endocrine gland. Although the C A  receives 
innervation from the brain and corpora cardiaca, it is 
not nervous tissue.

After removal ot the C A  from insects, subsequent 
molts occur on schedule, but only mature stages are 
produced as a result. The C A  is now known to synthe
size and release another hormone called juvenile hor
mone ( JH )  that plays a critical role in determining 
development at each molt (Fig. 5).

So tar five JHs have been identified in insects and 
named |H 0, 1. II, III, and iso-JH. Certain ot these 
are more predominant in some insects, such a s JH  III 
being the predominant JH  in moths and butterflies 
(Lepidoptera). The epoxide structure ot JH s  (two car
bons and an oxygen atom each bonded to the other 
in a three-membered circle) is somewhat unusual for 
an animal hormone. The function o t'JH  during prea
dult development is widely accepted as providing 
developmental cues during a molt along with ec
dysone.

At each molt, the shape ot the subsequent tissues 
in the body is dictated by a complex interaction ot 
the concentrations o f ecdysone and JH  immediately 
preceding eclosion. At one critical time during the 
synchronized events leading to a molt, it the JH  titer 
in the hemolymph is present, then juvenile features 
are produced in the subsequent stage. It the titer of 
JH is absent at this precise time, then mature features 
are produced. In holometabolous insects, this gives

OCH, ISO-JH-O

FIGURE 5 |ux emle hormones isolated trom insects. |Modified trom 
Downer. K . and L.inter. M  {eds j. ( l ‘)K3) O iem istrv .md ineuholisin 
ot juvenile hormone. In “ Mndocnnologv <>t Insects.’’ Vo!. I. p. SK Alan 
K. Liss. New York. |
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rise ti) metamorphosis, whereas in hemimetabolous 
insects, adult development occurs.

A number ot other events in the life o f insects are 
coordinated hy the release ot neurohormones that are 
synthesized in specific parts o f the nervous system. 
During the initiation o f flight in migratory locusts, 
the substrate used to provide energy for flight shifts 
in the tirst 30 mill from carbohydrate to tats. The tat 
reserves are mobilized on signal trom a circulating 
neurohormone called adipokinetic horomone (A K I I).

A K I1 . a peptide 8 or 10 amino acids long, is first 
synthesized and then released into the general circula
tory system, where it activates the breakdown ot fat 
reserves in tat body to diglycerides. A K H  also in
creases the efficiency o f diglvceride uptake by the 
flight muscles trom the circulatory system, and proba
bly has several other functions as vet unknown. A K I Is 
have now been described trom several insects, and 
many other neuropeptides that perform trophic func
tions like A K I 1 are also known.

V. Nervous System

The central nervous system o f all insects consists ot 
the brain, located in the head, and several ganglion 
nerve centers each connected by a pair ot nerve tracts 
or connectives in a string called the ventral nerve cord. 
Prim itively there is one ganglion associated with each 
ot the segments ot the body. In most cases ganglia 
have evolved so that two or more are combined to
gether and are indistinguishable. The extreme case of 
this condensation of nerve centers is found in ad
vanced Diptera, or Hies, in which the central nervous 
system consists ot only the brain and thoracic gan
glion masses (Fig. 6).

I he organization ot a typical ganglion follows a 
similar pattern. The outer structure is a glial or cellular 
"perineurium " layer that prov ides a regulated ionic 
environment next to the bare axons and also provides 
an avenue to admit nutrients and eliminate waste 
products from ordinary metabolism. Beneath the 
perineurium is a nerve cell body layer, which consists 
ot motor neurons, interneurons, or neurosecretory 
neurons.

The cell bodies ot motor neurons are grouped in 
discrete locations normally in dorsal and lateral posi
tions in a typical ganglion. These "soma ' are almost 
always monopolar, giving rise to a single process that 
leaves the cell body as a neuritc. I lie neurites then 
divide into dendrites and axons. The dendrites ramify 
into the very center ot the ganglion in the "neuropile .’

Brain

SuboesophageaJ, 
ganglion

First thoracic 
ganglion

First abdominal 
ganglion -—

Compound____ .
(8th-11th) ' 
ganglion

FIGURE 6 Vcntr.il nerve cords from sevcr.il insects. | Reproduced 
with permission from P.m es. K. ( i .  ( l ‘)K8). Outlines of’ Entom ol
ogy. 7th ed. p. 45. t!h.ipm.m .md H.ill. N ew  York.|

where they synapse with other axons to receive ner
vous input. Long axons exit the ganglion and inner
vate the various muscles o f the body segment that 
the particular ganglion is associated with.

W ith only a few rare exceptions, all sensory neurons 
are located in the periphery o f each ot the body seg
ments. The most obvious are mechanoreceptors that 
innervate single hair structures or setae ot the body 
wall and are movement sensitive. All sensory cell 
bodies, or soma, provide axons that penetrate into 
the ganglia associated w ith the body segment where 
the sensory structure is located. In most cases the 
sensory soma are bipolar or multipolar. They receive 
stimulatory input at the dendrite end, which is trans
lated into graded electrical potentials. When these 
generator potentials exceed a given threshold, all-or- 
noiic nervous impulses are initiated on the opposite- 
side o f the soma and propagate along the axons and 
into the associated neuropile ot the corresponding 
ventral ganglia via segmental nerve trunks.

In mammals the excitatory motor neurons that give 
rise to movement are known as cholinergic because 
the principle neurotransmitter chemical that is synthe
sized in the neuron and released at the synaptic nerve 
endings, the neuromuscular junctions, in response 
to nerve stimulation is acetylcholine (Fig. 7).

In insects, the excitatory neuromuscular transmitter 
chemicals are thought to be amino acids or peptides; 
howev er, many ot the sensory neurons that have been 
studied are known to be cholinergic. I his means that 
the synapses in the neuropile ot each ot the ventral
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ganglion ot tlic contr.il norvons system that arc formed 
between sensory axons arriving trom the periphery 
am.) dendrites ot interneurons or motor neuron are 
cholinergic. C iholinergic synapses all characteristically 
have .111 enzyme, acetylcholinesterase, that occupies 
the extracellular space between the incoming axon 
terminal and the outgoing dendritic nerve.

Anv acetylcholine that is released trom the prcsvn- 
aptic axon is rapidly hydrolv/ed bv acetylcholinester
ase. Several insecticides owe their activity to either 
inhibiting the hydrolytic activity ot acetylcholinester
ase or stimulating or blocking the cholinergic receptor 
on the postsynaptk dendrite. Il the acetylcholinester
ase is inhibited, acetylcholine is allowed to build up 
m the synaptic gap. where it constantly stimulates the 
postsvnaptic cell, leading to convulsions.

Insects contain two types ot excitatory motor neu
rons called fast and slow and one type ot inhibitory 
motor neuron. I he last or slow designation refers to 
the response ot the corresponding muscle to stimula
tion ot the excitatory axons and has nothing to do 
with speed ot propagation. It a given muscle responds 
with a twitch to a single shock ot one axon, the axon 
is classified as “ fast. Slow  axons evoke no response 
to single shocks, blit higher frequencies of stimulation 
evoke a slow graded contraction whose force is di
rectly related to the frequency of.stimulation. All slow 
positional movements of insect limbs are thought to 
be produced by slow excitatory motor units, f ast 
axons are used only during vigorous walking or run
ning movements, and therefore the vast majority of 
motor neurons in insects are slow.

Insects also possess a tew inhibitory motor neurons, 
which have been most thoroughly studied in the tho
racic ganglia supplying the legs. Because the inhibi
tory motor neurons usually send axons to more than 
one muscle in a given leg. they are called "common 
inhibitors." Upon stimulation of.m inhibitory motor 
neuron, a simple chemical, tailed ( IA B A  or gamma 
aminobutvric acid, is thought to be released at the 
neuromuscular junction from the axon terminal. 
C iA BA  causes the postsvnaptic muscle cell to hvper- 
polarize nr become more stable (the opposite o f exci
tation). and inhibitory motor neurons have been

shown tii remove "reflex postural tonus" in muscles 
immediately prior to .111 escape response.

( IA B A  is also thought to serve as .111 inhibitory 
neurotransmitter between neurons in the neuropile ot 
the central nervous system, where it also mediates 
inhibition analogous to its role in some ot the muscles. 
Indeed, inhibition in the central nervous system is 
thought to be the principal means o f eliminating the 
multitude ot stimulatory signals arriving at the central 
nervous system from the peripheral neurons.

Many thousands ot sensory neurons are located in 
the antennae ot insects. I hese each separately send 
axons into a discrete structure at the front o f the brain 
known as the antcnnal ganglion, or deutoccrebrum. 
All sensory axons synapse in the neuropile ot the 
deutoccrebrum with interneurons. Some ot the in
terneurons. m turn, send considerably tcwer axons 
out ot the deutocercbrum to higher brain (.enters. 
The ratio ot incoming sensory axons to outgoing 
interneuronal axons 111 the few insects in which this 
has been in\esiigated thoroughly is about f>< It I : I. I lie 
principal types ot synapse in the neuropile ot the dcu- 
troccrebrum are thought to be cholinergic and 
CiABAergic. corresponding to the sensory terminals 
and interneuronal inhibitory connections.

I he ( IA B A  svnapsc is an important site ot action 
ol another category ot older chlorinated hydrocarbon 
insecticide, the cvclodicncs. such as chlordanc, ciulo- 
sultan, toxaphcnc. and lindane. In addition, the newer 
insecticide, .ivermectin. has been shown to act at the 
C iA BA  synapse as well. A ll ot these materials act 
bv interfering with the postsvnaptic membrane by 
increasing or decreasing permeability. There appears 
to be no enzyme with a function analogous to cholin- 
esterase at the cholinergic synapse. Instead, excess 
( IA B A  is removed from the synapse by a very effi
cient uptake and transport system.

The sensory neurons involved in vision operate 111 

a manner similar to that ot all other animals. Indeed, 
the reaction that translates light energy to electrical 
information in the rhabdoms of the rctinula cells relies 
on rhodopsin proteins, whose structure bears remark
able similarity across the phyla. 1 he specific physiol
ogy of the visual apparatus in insects is unique. Insects 
possess three discrete types ot visual apparati. the 
w ell-know n compound eyes, the lesser-known stem- 
matac characteristic ot many larval insects, and the 
least-known ocelli, usually located 011 the dorsal as
pect of the head between the compound eyes ot many 
adult and nymphal insects. In addition, insects are 
known 10 respond to light when all the optical struc-
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Hires .ire covered or rem oved and tins is referred to 
is .1 dermal light sense.

I he two principal types ot compound eve are appo
sition and superposition. The former is present in 
most diurnal insects and is characterized structurally 
by the rhabdom be ini' located adjacent to the special
ized lens system formed by the overlying cuticle. The 
superposition eye is characteristic o f most nocturnal 
insects. It is also called the clear zone eye because the 
rhabdom is separated from the lens system by tissues 
that form a transparent rodlike column.

The individual ommatidia o f an apposition eye typ
ically accept light w ithin a few degrees o f the oinma- 
tidial axis. The rhabdoms o f nocturnal fliers with su
perposition eyes, on the other hand, accept light from 
a very wide angle. This enables the nocturnal Hiers 
to operate in very low light intensities. Light adapta
tion ot the superposition eyes usually involves the 
migration ot pigment in cells surrounding the omma
tidia, which acts to shield off-axis light rays, thus 
superposition eyes can function in conditions o f 
greater light intensity, but apposition eyes are nor
mally unable to function under conditions o f low light 
intensity.

Nocturnal adult insects are thought to have evolved 
the ability to navigate by starlight or moonlight by 
keeping the light source at a constant angle with the 
body. The spiraling flight of an adult insect near a 
candle or porch light at night is thought to resemble 
this navigation by a distant light source.

The compound eye of insects is not so much able 
to discern a given shape as it is sensitive to movement. 
Indeed, a stationary grasshopper can be approached 
and touched provided no rapid or jerky movements 
are made. Because the compound eye is made up 
ol individual ommatidia. seen as hexagonally shaped 
facets on the surface o f the eye. certain insects have 
evolved ommatidia with specialized functions de
pending on the location on the eye. Some aquatic 
insects that float on the surface o f water have omma
tidia specialized for vision in the air on the part o f the 
eye aimed "u p "  and ommatidia specialized for vision 
in the water on the part o f the eye aimed "d o w n ." 
Dragonfly larvae and praying mantid adults that am
bush prey have ommatidia aimed forward to achieve 
.1 binocular effect that enables them to accurately mea
sure distance to the prey before a strike.

The visual acuity of the adult insect eye is some
times remarkable. This has been measured as a high 
"flicker fusion frequency" in simple “ electroretino- 
gram " electrical potentials obtained from surface elec
trodes placed on the compound eye in response to

high-frequency light Hashes. Individual potential re
sponses are discernible at frequencies typically in the 
200 to 3 0 0  Hashes per second range and are said to 
depend on nervous connections in the first optical 
ganglion ot the eye. It this ganglion is removed or 
its function impaired, the flicker fusion frequency is 
said to drop to 40-60 Hashes per second, or more 
typical o f larval or nymphal insects.

Unlike most animals, insects have the ability to 
discern colors. Unlike the birds or primates that have 
color sense, insect color vision is based on individual 
retinula cells being maximally stimulated in either 
the yellow-green, blue, or ultraviolet portions ot the 
spectrum instead of the more familiar red, green, and 
blue. Although some insects have been shown to have 
the ability to see red. most insects are thought, incor
rectly sometimes, to be insensitive to infrared. Indeed, 
many insect behavior studies are conducted under 
infrared light, which is assumed to be invisible to the 
insect.

The first evidence for the ability o f  insects to discern 
color came from the ability to train honeybees to 
come to specific colors on the basis ot a sugar reward. 
The ability o f insects to discern ultraviolet gradually 
led to the appreciation that insects "see" different 
patterns than human beings are able to discern. In
deed, a simple daisy Hower that appears pure white 
to human beings often shows a viv id  “ bull’s-eye" 
pattern to the honeybee or other insects.

The last property of the insect eye discussed here, 
the ability to detect the plane o f  polarization o f light, 
is used by diurnal Hiers and walkers tor navigation. 
Because o f the nature ot light scattering ot sunlight 
bv the atomsphere. the direction of the sun can be 
determined by an animal that can analyze the plane 
o f polarized light. I bis ability is said to be used by 
ants and bees and other insects to orient trom the nest 
to an object such as a food source and return to the nest 
accurately. Honeybees are able to pass on information 
about the distance and direction ot a food source to 
their hivemates bv performing a "w aggle dance."

Ants are able to mark the trail to a food source lor 
nestmates with a remarkable system ot trail-marking 
chemicals that are manufactured in various specialized 
glands. In both bees and ants, the plane ot polarized 
light is thought to be the critical means to discern 
information about direction from the starting point. 
Ants can be disoriented and forced take "w rong  
turns" merely by holding polarizing filters over them 
as they forage.

Insects have evolved an unusual variety ot sensory 
structures to detect movement. These include airflow.
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substrate vibrations, aiul souiul waves, including nI- 
trasound. The general category of these sensors is 
mechanorcceptor. and all can be related back to the 
typical scolopidimn sensory unit, which is composed 
ot a bipolar sensory nerve cell with a scolopale struc
ture of modified cuticle at the dendritic end and an 
axon formed at the opposite end.

Probably the best-known mechanorcceptor in in
sects is the campanitbrm scnsilla. These are single
sense cells associated with minute Hat areas of cuticle 
and are said to be directional!v sensitive to forces 011 

the cuticle. The wings and halteres on Diptera are 
well endowed with these sensors.

Besides stretch receptors attached directly to vari
ous muscles, the insects have a number ol chordotonal 
organs. Some ot the latter have become specialized 
to detect sound. Three such particular groups ot 
chordotonal sensillae have distinctive names o f their 
own. namely, the subgenual organs. |ohnston's or
gan. and the tympanal organs.

Subgenual (literally below the knee) is .1 specialized 
chordotonal organ located at the knee joint usually 
on the trout leg. This structure is present on all insects 
except, curiously. Diptera and ( aileoptera. These or
gans can (lick up substrate vibrations betw een It It I 
and IO,(MM) I Iz with amplitudes ot 4 x Id cm. 
They are usually arranged .is sensory cell groups 
stretched over large tracheal tubes.

The Hagcllum ot the adult mosquito and midge is 
usually attached to a conspicuously swollen or en
larged pedicellus segment. I he pedicellus is occupied 
by a large number ot scolopidia that make up a 
chordotonal organ called the Johnston's organ. In the 
mosquito Anopheles ticgypli, there are believed to be 
30,(MM) such scolopidia and in the adult male they are 
tuned to respond to the 5(H)- to S()()-l Iz sound of 
the female mosquito 111 flight, which evokes mating 
behavior in the males. Ail insects are said to possess 
the Johnston s organ, although in mosquito it may 
be at its most conspicuous.

Another variety ot chordotonal sensillae. the tym 
panal organs, are present 111 a number o f different 
insects. Unlike the subgenual organs or |ohnston s 
organ, tympanal organs occur as specializations at .1 

number ot different locations, such as the conspicuous 
“ ear" on the thorax ot most grasshoppers or the fore
leg ot Tettigoniidae. Tvmpanal organs on night- 
fb mg insects are said to be sensitive to the ultrasonic 
pulses used bv predatory bats. Best known among 
these are the tympanal organs on nocmid moths.
I ympanal organs are present as paired structures on 
all noctuid moths, on Cicometroide.i. S.iturniidae.

Bombycoidea, and microlepidoptcra. and are said to 
have evolved during the middle-Tertiary period. 
Those 011 Sphingoidea reside 111 the modified palps, 
but in other adult moths they are usually located on 
the metathoracic or first or second abdominal seg
ments.

One tympanal organ o f the noctuid Pivdenia eiidauiti 
is said to consist of three nerve cells. A l .  A2. and B. 
Since the B cell is nonacoustic, the moth uses only 
two nerve cells per "e a r" to detect the bat cry. This 
can be considered as another example o f Dethier's 
labeled line neurons because detection ot ultrasonic 
pulses leads to a verv conspicuous "escape" behavior 
011 the part o f  the Hying adult moth. Some o f the 
tvmpanal organs are sensitive to tairly high frequen
cies ot sonar compared to the human hearing range.
I "he tympanal organ 111 a modified wing vein ot the 
laccwing ( !lny>operl,i uinie.i is said to respond to sonar 
pulses o f liHi.(inn | iz.

All chemoscnsorv structures ot insects have in com 
mon one or more pores through the cuticle by which 
environmental chemicals gain access to sensory den
drite structures. I here are two contact chemoreccp- 
tors that are better known than any others, the labellar 
taste hair (on the mouthp.irts) ot the blowflies and 
houseflies and the tarsal chemoreceptors (on the teet) 
o f Hies and other insects, which seem to serve a similar 
function. When an adult houseHy is not fed tor a 
period o f time and then allowed to walk 011 a sugar 
solution, it extends its proboscis (sucking mouth
p.irts) and attempts to teed. 1 he proboscis extension 
is .1 reflex response.

The proboscis response must be evaluated carefully 
to rule out the situation where the response is to 
w ater, not the sugar solution. It care is taken 111 pretest 
conditioning ot the insects, then the proboscis re
sponse can be used to measure threshold sensitivity 
to sugar. C'.tiUiphorii. the blowfly, is said to be sensitive 
to sucrose at .1 threshold o f 2.5 111.\/, the human 
threshold for detecting sucrose is 2(1 111M. H owever, 
the D.utiii butterflies have a detection threshold o f  
n.ni is m M.

I he labellar taste hair ot the blowfly is one o f the 
best-described chemoreceptors and one ot the sim 
plest to study. Composed of a single large trichoid 
hair open only at the extreme tip end. the sensor is said 
to have four nerve cells situated at its base. Because o f  
their responses these tour nerve cells ire c.illed the 
salt, water, sugar, and mechanorcceptor cells.

Young locusts teed on dry bran and fresh grass, 
r he sensory hairs on the palps ot the locusts were 
demonstrated to change electrical resistance during
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feeding. I lie increase m resistance ot the palps could 
be induced by 111 jectinu; hungry locusts with extracts 
ot the storage lobes ot the corpora cardiaca. Flenio- 
lynipli trom newlv ted locusts also caused an increase 
in electrical resistance m the palps ot hungry locusts, 
heeding is thought to desensitize the taste receptors 
by some neurohormonal influence. In feeding locusts, 
the anterior part ot the foregut is filled last. Cutting 
the posterior pharyngeal nerves leads to hypcrphagia 
(overeating), sometimes to the point ot bursting. A 
stretch receptor located at the anterior foregut is said 
to be responsible tor signaling the higher nerve centers 
to inhibit the feeding response.

By tar the most-studied chenioreceptors in insects 
are those 011 the antennae o f male moths that are 
specific tor the sex attractant chemicals, or phero- 
moncs, produced by females ofthe same species. The 
antennae of silkworm adults and subsequent mating 
behavior are perhaps as well know n as those ot any 
insect. 1 lere the phcromone is a blend ot two chemi
cals (Fig. N). The large male antenna is filiform and 
full ot branchlets, each with a multitude o f minute 
hairs. Each hair is supplied by a pair ofsensory chenio- 
receptor nerve cells. One ot the pair responds to bom- 
hykol and the other to bombvkal (Fig. 8). All the 
paired sensory neurons send axons into the deutocerc- 
hral ganglion ot the brain, where primary information 
processing occurs.

Attempts to duplicate mating behavior 111 the labo
ratory have shown that males have a propensity to 
respond only at certain times ofthe day or night, and 
that the males keep a biological clock to tell the correct 
time. Females possess, and their behavior is synchro
nized by. a similar biological clock because the phero- 
iiHine is not synthesized until near the correct time.

i
1 K X  CH . CH, CH,  CH,  „  CH -  CH

N /  ' S /  N, /  ■ v /  S  NCH- CH. CH, ch; ch ch

BOMBVKOl. '
C H - C " -I ■I

( K  CH , CH- CH,  O l -  .C H  , C H/• -V, V ^ \CH CH: CH; CH; CH CH

BOMBVKAL

FIGURE 8 1 he structures ot homhvkol and hoiuhvk.il. phero-
inoiies ot the silkworm, lioinhyx num. |Redrawn from I vans. 
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It was recently learned that the signal to induce 
pheroinonc synthesis comes trom the subesophageal 
ganglion in the ventral nerve cord ot the corn car- 
worni moth. Certain neurosecretory nerve cells there 
produce a neurohormone (P B A N . phcromone 
biosynthesis-activating neurohormone) peptide that 
is released in the terminal abdominal ganglion, which 
in turn activates a neuroglandular neuron whose nerve 
impulses stimulate the phcromone gland in the end 
o fthe  abdomen to begin synthesis and release ot the 
phcromone chemical.

When the response w indow tor sexual attraction 
occurs, not only is phcromone synthesis triggered, 
but all accompanying genetically inbred behavior as 
well, which includes a more or less sophisticated ritu
alistic recognition response behavior leading to mat
ing. In some insects these behaviors are very complex 
and involve the release o f male phcromones from 
hair pencil organs on their abdomens to stimulate the 
females to accept the males.

Genetically fixed behaviors or action patterns reach 
somew hat o f an epitome in crickets. Com m on male 
field crickets have evolved specific song patterns to 
signal territory or warning aggression to rival males, 
or to attract females o fthe  same species for mating. 
Females are able to detect the exact song pattern pro
duced by the conspecific male and ignore even closely 
related cricket songs. The analysis ot male cricket 
song patterns was found to be a superior tool tor use 
111 classification ot cricket species, many ot which 
appeared to taxonomists to be morphologically iden
tical. As a result ot this analysis, the number ot field 
cricket species has doubled m the eastern United 
States. The cricket song patterns are known to be 
genetically fixed because interbreeding o f very closely 
related field crickets produced hybrid male offspring 
each with a new and distinct song pattern. Neither 
female ofthe parental strains responded to the hybrid 
song.

VI. Muscles

All muscles in insects are striated; there are 110 known 
muscles analogous to the “ smooth" muscle of ver
tebrates. Certain specific muscles have evolved in 
insects to perform special functions, such as the fibril
lar muscles, which are also called asynchronous 
muscles.

The maximum contraction and relaxation ot ordi
nary fast (twitch) muscles have been measured in the 
dorsolongitudinal singing muscles ot certain katydid
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grasshoppers .it around 212 cycles per second. This 
means that a train ot 212 nervous impulses per second 
can produce a single contraction and relaxation, in 
this case to generate a noise ot' the same frequency 
tor communication. However, stimulus frequencies 
artificially imposed above this amount would cause 
these muscles to remain contracted in tetany and un
able to relax between nervous impulses. These are 
called synchronous muscles because they can only 
respond to nervous stimuli.

The specialized fibrillar muscles ot the flight appar- 
ati or tympanal organs of*certain insects are unusual. 
These muscles have evolved the ability to contract 
many times in response to single stimuli. As a result, 
they can generate frequencies ot contraction far above 
the 212-1 17 limit imposed 011 ordinary ‘fast'" skeletal 
muscle fibers.

When a single nervous impulse arrives at a fibrillar 
muscle, a large electrical wave is generated that 
quickly spreads to the entire muscle. T his electrical 
wave “ activates" the contractile elements ot the mus
cle, which do not develop a force unless under load. It 
the fibrillar muscle is under .1 load, or being stretched, 
when it is activated, it then “ vibrates" at a resonant 
frequency that depends 011 the amount o f load im 
posed. not 011 the continued arrival o f nervous im
pulses.

The dorsolongitudinal and dorsoventr.il opposing 
pairs o f Hight muscles in advanced Diptera and some 
beetles operate in this maimer. These opposing mus
cles are connected either to the front and back ot the 
thorax or to the top and bottom of the thorax. When 
the wings are unfolded, they are constrained by their 
thoracic connections into either the vving-up or wing- 
downi positions, which alternately stretches one set 
of fibrillar muscles o f the opposing pair while it re
laxes the other and vice versa.

Thus as long as nervous impulses arrive at all the 
fibrillar flight muscles at a continual low rate o f 
around in or more impulses per second, the fibrillar 
muscles w ill vibrate at 20 or 3D times this rate owing 
to their resonant properties. The contractile mecha
nism is thought to be a property o f the myofibrils 
themselves because the resonant vibrations have been 
achieved in vitro in preparations lacking the muscle 
membrane and including only the contractile appara
tus and energy substrates plus calcium 1011. In this 
manner, the wing beat frequencies o f asynchronous 
fliers can reach several hundred or even thousands of 
cycles per second.

VII. Respiration

Oxygen diffuses relatively slowly in aqueous me
dium. therefore diffusion alone can supply tissues 110 

larger than about 1.0 111111 in diameter. Larger tissues 
must evolve mechanisms to facilitate the delivery ot 
oxygen. Insects have evolved the use o f hemoglo- 
binlikc molecules to carry molecular oxygen to tissues 
only m low-oxygen environments such as encoun
tered by chironomid midge larvae that live in the si 1: 
at the bottom of' rivers and lakes and botfly larva: 
that live in the stomachs o f cattle or horses.

Because o f the limits imposed 011 diffusion in aque
ous media, insects have evolved a tracheal system tli.i: 
provides .111 airway from the paired spiracles o f the 
body segments to all the internal tissues. The tracheal 
tubes are invaginations ot the cuticle and are stiffened 
b\ the presence ot taenidia, which are thickened spiral 
creases that prevent the delicate air tubes trom collaps
ing under negative pressure.

In some active flying insects such as housefly and 
honeybee, the trachea are expanded into very large 
sacs to accommodate .111 increased air demand by flight 
muscles. In addition, the tracheal tubes penetrate to 
all parts o f the flight muscles via invaginations as finer 
branches, the tracheoles. so that all parts ot the muscle 
tissue are close to the air supply.

These active fliers c.111 use 10-50 ml O , per gram 
o f tissue per hour, some of the most active tissues 
known. These high rates can be achieved very rapidly 
trom basal rates ot 0.1-0.5 ml O i/g/hr, .111 increase 
o f 50- to 100-fold instantly. The tracheal system with 
fast air delivery makes this possible.

I11 some insects, the ready access o f air removes the 
buildup o f carbon dioxide as .1 product ot oxidation: 
however, facilitated loss o f 'C O i also causes undesir
able water loss. For this reason the spiracular system 
appears to be designed in resting insects to remain 
closed most o f the time and open only during discrete 
bursts o f activity to allow rapid exchange ot gases, 
but to conserve water.

Some active adult insects “ pum p" air through the 
tracheal system with very obvious telescoping move
ments i)t the abdomen, as seen 111 honeybees visiting 
flowers. Other adult insects, such as flying grasshop
pers. direct air through the tracheal system by con
trolled opening ot the spiracles.

However, tor inactive or apparently inert stages 
such as pupae ot l.epidoptera. it was once thought 
that oxvgen was supplied to internal tissues entirely
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In diffusion and ili.it the ubiquitous presence ot the 
tracheoles solved the physical diffusion problem. 
M ore recently, it w.is shown that even pupae showing 
little or no overt movement are capable ot actively 
moving air into the tracheal system diiimg the brief 
periods when a few ot the spiracles open to allow 
directed airflow. I here even appear to be redundan
cies present to accommodate damage to one or more 
spiracles.

r he larva] stages ot many aquatic insects have a 
closed tracheal svstem. In these cases oxygen is sup
plied by gill structures that facilitate the exchange ot 
oxvgen from the surrounding water.

V III. Circulation

Insects possess a so-called open circulatory system.
I Ins means the hemolymph is not confined to a car

diovascular system as in vertebrates, but is bound 
only by the epidermis and the gut. The circulatory 
system is composed ot the hemolvmpli and all its 
contents, and includes all accessory pumps and dia
phragms that move or direct the hemolymph. The 
function ot the circulatory system is central to the 
physiology of the insect because the hemolymph pro
vides the medium common to all tissues.

A ll digestion products are transported to their desti
nations via the hemolymph, and all excretion prod
ucts move by the same route. All products of'interme
diary metabolism and carbohydrates or lipids needed 
tor energy supply are moved via the hemolymph. 
Sim ilarly, hormones and neurohormones use this 
same route. The hemolymph literally provides the 
“ soup ot life. When circulation ot the hemolvmpli 
to the extremities is blocked, the epidermal tissues no 
longer bathed with a fresh supply o f hemolymph soon 
become brittle, dry up. and die.

1 lemocvtes are the main repair and detense ele
ments m the insects. Once the outer barriers are 
breached, a variety ot defense mechanisms are mobi
lized m response. When injury occurs, the hemocytes 
participate in cuticular repair, hi this, insects are truly 
unique because they can withstand drastic surgical 
insult and survive with proper care.

Most m icrociidilation is assisted by accessory pul
satile organs .is well as fibroimiscular septae in the 
body ot the insect. I lie accessory organs are usually 
located at the bases ot extremities, such as the better- 
known antemial or leg accessory pulsatile organs (or

APO s). Both ventral and dorsal diaphragms assist 
actively in the movement ol hemolymph.

Accessory pulsatile organs are usually associated 
with appendages. Other less obvious mechanisms tor 
the circulation ot the hemolymph are suspected to be 
involved in the movement of hemolymph.

The muscles of the dorsal diaphragm are called 
alary muscles because o f their shape, but they lie 
wholly within the dorsal diaphragm and are not sepa
rate muscles associated with the dorsal vessel. The 
ventral diaphragm is present only when there is a 
ventral nerve cord 111 the abdomen. The ventral dia
phragm is always actively involved in either pumping 
hemolymph past the ventral nerve cord, as in grass
hoppers and adult moths, or is actually connected to 
the ventral nerve cord and actively moves the cord 
itself, as in some cockroaches. Thus the ventral dia
phragm is thought to play a critical role in perfusing 
the ventral nerve cord with nutrients and carrying 
away excretory products.

The "heart" in insects is somewhat misnamed. A 
better name is the dorsal vessel, because it plays a 
noncritical role in the physiology ot the insect. It the 
dorsal vessel is removed, there is no apparent effect 
on the continued existence ot the insect. This is mainly 
because removing the dorsal vessel leaves all other 
accessory pulsatile organs intact and the supply ot 
oxygen to the tissues is not interrupted.

Insects usually have a negative pressure in the lie- 
mocoel (body cavity) with respect to the outside air. 
Pressure pulses occur in all stages ot all insects and 
are produced bv simultaneous contraction ot all the 
intersegment.il muscles, which implies considerable 
neural order to the contraction (the central nervous 
svstem must coordinate the contraction and produc
tion ot pressure). In I'mcbvio nwlitor. the flour beetle 
or mealworm larva, the mesothoracic ganglion is 
thought to be the site ot production ot the coordinated 
contraction to produce the pressure. It the mesotbo- 
racic ganglion is destroyed, the mealworm pupa sur
vives, continues development, and molts to the adult, 
but the extremities are necrotized or damaged pre
sumably by poor circulation because the pressure 
pulses are no longer produced.

At least m pupal stages, the pressure pulses are 
perfectly coordinated with the brief timed openings 
o f the spiracle valves to exhaust C.'C): and draw in 0 2. 
It is thought that the air movement is greatly assisted 
bv a bellows action ot the hemocoel pressure pulses 
on the tracheal system.
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It lias been known tor some time that arthropods 
living in the ocean have an unregulated blood ion 
composition that approximates that ot seawater, that 
is, high in sodium and low m potassium. Because 
insects evolved trom marine forebears, their prim itive 
representatives also have “ norm al" ionic composition 
o f the blood, recalling that o f seawater.

Marine arthropods do not possess impressive 1011- 
regulating mechanisms because their blood ion com
position is similar to that o f seawater; however, more 
ion-regulating ability is present in the progression o f 
crab species trom wholly marine to estuarine to 
wholly tresh water, the latter being the most regu
lated. One may think o f insects in this same way. 
except that moving from the aquatic environment 
onto the hostile dry land requires even greater energy 
to maintain the internal milieu.

The cockroach Piriphiiivia iimvriiwui shows an ionic 
composition most nearly similar to that o f seaw ater. 
In marked contrast, the ionic composition o f the he
molymph o f the larval silkworm is considerably 
lower in sodium and higher 111 both potassium and 
magnesium. 1 he diet ot liomhy.x mori consists exclu
sively ot mulberry leaves. Most plant tissues contain 
large amounts ot potassium, a major cation activating 
a varictv ot en/vmes and serving to balance the anionic 
charge ot a number ot polyanionic molecules present 
111 plants. Potassium readily moves with chloride and 
water into and out ot cells, but as 111 animal cells, 
potassium is activelv accumulated inside the cell and 
so is present in large amounts. Magnesium is also 
present in large amounts in plant tissues and is accu
mulated to play a role as a major chelator. A l l’ exists 
111 plant tissues largely as M g-ATP. Sodium, 011 the 
other hand, is anathema to plants. It is actively ex
cluded and when present in the soil in even moderate 
amounts causes plant damage.

Thus, although the hemolymph composition o f 
plant-feeding insects does reflect the ionic composi
tion ot plants, the situation 111 honeybee. Apis mcllitcrd, 
is somewhat different. Here all the ionic values arc 
not as severe as in liomhy.x mori larvae and the ionic 
composition of the adult honeybee is even closer to 
that ot the seawater reference. A  similar situation ex
ists between the adult and larval beetle o f ( )ryclcs 
rhinoceros, in which the larval values are the most 
unusual and adult ionic composition is more like that 
ot the primitive insects. Presnmabiv the ionic ditfci- 
ences between adult and larvae reflect the food source

A quick glance at the ionic compositions 111 I able 
1 shows that one \\ ould not expect ordinarv excitable 
tissues to function normally I or example, the 4(> 111 I

TABLE I
The Ionic Composition of Seawater and of the Hemolymph of 
Certain Insects (m/VI/Liter)

Subject Na K C '.\ M l; Cl SO ,

Seawater W (J.S in .54 54(1 27
Adult cockroach 157 7.7 1 } ) Hi — —
Silkworm  larvae 3.4 4f».u 2 l.(i S7.li — —

Adult 7.7 33. <i I2.n 4n.li — —
1lonevhee larvae 1 1 31 IS 21 — —

Adult 47 27 IS 1 — —
O ry iio  larvae 15 In 21 kin — —

Adult (>l) 14 14 5S — —

potassium would be expected to depolarize a nerve 
cell and the 3.4 111 A/ sodium would not be sufficient 
to support an action potential. Given these unusual 
ionic compositions, one would expect the nerves to 
be operating by an unknown or novel ionic mecha
nism. or to be protected trom the unusual ionic bath
ing medium bv some form ot barrier or bv some other 
mechanism that provides the proper environment in 
which to support the electric activity. Evidently, the 
latter is the case with most nerves.

The situation 111 muscles is quite different. Muscles 
do not use sodium electrogenesis to generate the depo
larizing reponses during excitation and contraction. 
Instead they rely on calcium and are, therefore, insen
sitive to the presence ot tetrodotoxin, the specific 
sodium channel blocker. The resting membrane po
tential 111 both muscle and nerve is supported by simi
lar ionic mechanisms. Both may be depolarized bv 
high-potassium solutions (except those insects whose 
tissues are ordinarily bathed 111 high potassium al
ready).

The main sugar in insect hemolymph is trehalose. 
This is a so-called nonreducing sugar and consists o f 
two glucose molecules joined by their reducing car
bon ends (and therefore not oxidizable). Any glucose 
introduced into the hemolymph of insects is immedi
ately converted to trehalose (Fig. 9).

Insects have considerably high levels ot ammo acids 
111 their hemolymph. accounting tor some 5(1% ot the 
osmotic pressure ot the hemolymph. The amino acids 
also account for about halt of the nonprotein nitrogen.
I lie osmotic pressure ot the hemolvmp'n is measured 
as the ability to depress the freezing point; thus the 
colder the tice/iiig point 01 the hemolymph. the more 
constituents present.

I he halt-life of normal ammo acids in the hemo
lymph i'̂  about 2.3 hr; this includes glutamine, lysine, 
and prolme. 1 lowcver, the halt-iite ot glutamate and
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.ispart.itc .ire dramatically less than the norm, nomi
nally being 20 min. Therefore most amino acids are 
constantly turned over at a steady but slow rate so 
that a given concentration is maintained depending 
on the insect and the stage.

(Ilutamate and aspartate are rapidly converted to 
other products and their concentrations are main
tained at or near zero in the hcniolyniph. Because 
these substances are thought to be neuromuscular 
transmitters, it would seem important to maintain 
low concentrations. It an adult or larval insect is in
jected with large amounts ot glutamate, it can be 
paralyzed lor the period ot time necessary to metabo
lize the injected dose back to subsistence levels. I he 
response to aspartate is absent, suggesting that aspar- 
ate is not as critical.

1 here are two stages in which the amount ol gluta
mate in the hcmolymph dramatically increases, 
namely, the egg stage and the pupal stage m cvclorrha- 
phan Diptcra. Both o f these stages are characterized 
by a lack ot muscle activity. |ust before eclosion ot 
tin- neonate larvae, the glutamate concentration de
creases to near zero.

Myogenic hearts are defined as those in which the 
contractions are an inherent property ot the muscle 
(myo). Neurogenic hearts are those in which the con
tractile activity originates in a cardiac ganglion center 
that m turn sends motor nerve impulses to the heart 
muscle. In the latter, the heart muscle has little or no 
inherent spontaneous contractile activity on its own 
and the heartbeat character is entirclv determined In 
the amount and timing ot arrival ot nervous impulses.

Although wrongly classified as neurogenic at one 
time, tile cockroach heart was shown to be myogenic 
some 2<» years ago. Today, all insect heartbeats are 
considered to be myogenic. Despite its mvogenic

character, however, the adult cockroach heart has 
some .111 or more cardiac neurons scattered along 
paired lateral cardiac nerve cords that lie on either 
side ot the dorsal vessel. Research has shown that 
these cardiac neurons are sensitive to stretch, that they 
are interconnected to one another and to the heart 
muscle by way o f motor axons, and that they are 
spontaneously active. When the heart muscle begins 
to relax in its normal activity cycle (start ot diastole), 
the muscle stretches the cardiac motor nerve cells that 
lie closely apposed to its sides. When stretched, the 
cardiac neurons begin to produce nerve impulses that 
increase in trcqiiencv as more cardiac neurons become 
active and as the dorsal vessel is dilated further. The 
resulting crescendo ot nervous activity is shut ott im 
mediately when the next systolic contraction ot the 
heart occurs (which coincides with an end to the 
stretching).

This scenario o f the cockroach heart has the cardiac 
nervous activity occurring during diastole, or the re
laxed phase o f the heartbeat, and no activity accompa
nies the earlv parr o f systole. In effect, the heart is 
modulating the activity o f the cardiac neurons. The 
net outcome o f this peculiar arrangement is that the 
dorsal vessel ot the cockroach is highlv coordinated 
in Us aciivitv, contracting all along its length almost 
simultaneously, rather than peristaltic ally as an as
cending or descending wave ot contractile activity. 
The peristaltic wave ot contraction ot the heart is 
characteristic o f those insects lacking cardiac neurons.

The nervous control ot heartbeat in insects has been 
demonstrated in a number of cases. When the thorax 
of the adult hawkmoth is heated, the heartbeat in the 
abdomen is low m amplitude and frequency. As the 
thoracic temperature increases gradually toward 42°C 
and hovers around this set point during continued
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heating, the heartbeat increases 111 amplitude and fre
quency to a maximum.

From tins and other results, it is clear that large 
night-flying moths have a unique ability to regulate 
the temperature o f the thoracic muscles. The 42JC! 
set temperature mentioned for the hawkmoth is also 
the temperature at which the thoracic flight muscles 
function at peak efficiency. The dorsal vessel and ven
tral diaphragms o f these adults combine to transfer 
blood flow and heat away from the thoracic muscles 
when the temperature increases above the set point. 
The circulatory organs decrease their activitv when 
the thoracic temperature drops below the set point. 
The thoracic ganglia sense the temperature and give 
rise to cardioicgulatorv axons that leave the central 
nervous system and innervate the various circulatory 
organs in the abdomen. Adult nocturnal insects that 
do not thermoregulate m some way are generally not 
active at cooler temperatures. Not all insects appear 
to regulate the thoracic temperatures as accurately as 
does the hawkmoth.

I he heartbeat o f Lepidoptera normally shifts from 
periods ol anteriogr.ide peristalsis (contractile waves 
moving forward) to periods ot retrograde peristalsis 
throughout the larval period and during adult life. 
However, tor the period o f time immcdiatch alter 
adult cclosion trom the pupal case and until the wings 
are expanded, the heartbeat becomes markedly anteri- 
ograde peristaltic and very strong. The heartbeat may 
be under hormonal control tor the period o f 
time during wing expansion lo cause this change 
in the nature o f heartbeat peristalsis. The role of 
direct innervation during these events is also un
known.

Soon alter cclosion trom the pupal case, most adult 
moths and butterflies eject a conspicuous amount ot 
fluid before completing the last part ot metamorphosis 
and flying away as adults. The evacuation o f this fluid 
is thought to serve two purposes, to eliminate w astes 
accumulated during the pupal period and to reduce 
the weight of the adult flying insect to the lowest 
possible amount. What remains is an insect that has 
the minimal amount ot hemolvmph neccssarv to sus
tain life.

I he small amount ot hemolvmph remaining in 
these adults is said to be exchanged with air 111 the 
wings in a process called tidal flow ol hemolvmph 
(and respiratory gases). The sum total ot all organs 
involved in circulatory movement o f hemolvmph is 
said to participate m this tida! movement ot licmo- 
1\ mph and air.

During the inspiration part ot the tidal cycle, air is 
pumped into tracheal tubes 111 the wings in exchange 
for hemolvmph, which is pumped out ot the wings 
into the thorax and abdomen as the blood vessels in 
the wing veins collapse. During the expiration cycle, 
this process is reversed. The peristaltic waves ot con
traction of the dorsal vessel are coordinated w ith the 
activity o f the ventral diaphragm in the abdomen and 
both in turn are said to support the appropriate direc
tion o f movement o f hemolvmph during the tidal 
exchanges ot air and hemolvmph. Tidal flow ot lic- 
niolyniph suggests a very highly coordinated activ
ity ot the autonomic pumps and organs involved in 
hemolvmph movement.

IX. Temperature, Diapause, and  
Circadian Clocks

Hotly temperatures dependent on ambient tempera
ture (poikilotlicrm y) are common in all aquatic and 
many other insects. Endothcnny. 111 which body tem
perature is determined by the heat generated by the 
metabolic activitv, is common in insects (as 111 the 
example given for the adult hawkm oth), but is always 
periodic and appears to involve shivering tllei iliogcn- 
esis and exercise.

I he vast majority ot insects employ cctothcrmy in 
adjusting body temperature as this involves adjusting 
bodv temperature based on radiation acquired from 
the environment. In insects, cctothcrmy is regulated 
behavior,illy rather than physiologically. Ihe  major
ity ol insects are small and as a consequence they 
are subject to a large surtacc-to-volumc ratio, which 
makes it difficult to retain heat. Indeed, many of tile- 
better examples ot cndothcrmy come from larger 
insects that can more efficiently retain heat and of
ten have layers ot hairs or scales to help insulate to 
this end.

1 leat exchange occurs bchaviorally in a number ot 
wavs. I loncybccs are able to regulate the temperature 
o f their hiv es by cndothcrmy to increase temperature 
or by wing tanning to cool the hive. Individual bees 
arc known to cool themselves by evaporation trom 
a liquid droplet that the\ torni on their mouthparts.

Acclimation to extremely cold climates often in
volves special adaptations. C,,-ylloblti!lti, a relatively 
rare t\ pe ot prim itive i rickct. lives at glacier altitudes 
and is ail ipted to below tree/mg temperatures. 1 hese 
insects die when moved to room temperatures. Sev
eral mechanisms to surv ive freezing temperatures arc
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used bv insects lor survival. I hese can he as simple 
as burrowing into the ground to avoid the cool or 
removing water from the bodv's tissues, (..'old sur
vival might involve increasing the amount of glycerol 
or sorbitol in the hemolymph as a type ot antifreeze, 
or evolving very specialized proteins that inhibit or 
prevent ice nucleation or control the rate ot nucleation 
and prevent ice formation from damaging internal 
tissues.

Possibly the most remarkable adaptation that in
sects make to adverse conditions is diapause, which 
is a genetically determined state ot suspended devel
opment. It is contrasted w ith simpler quiescence in 
which dormancy is imposed by external conditions, 
an example ot which is cold stupor that lasts as long 
as external conditions remain cool, but upon warming 
the insects recover completely.

Diapause is an inherited trait. In some insects in 
extreme environments, diapause is always present and 
the insects simply do not survive w ithout it. In other 
cases, particularly in more temperate climes or nearer 
the tropics, the presence o f diapause individuals in a 
population is fractional. In the latter case, diapause is 
thought of more as a device to bridge a period lacking 
suitable food sources, for example, rather than due 
to climatic factors.

Insects can diapause m any life stage— egg, nymph, 
larva, pupa, or adult. Sometimes more than one dia
pause stage can occur in a single species during a 
complete developmental cycle. In addition, the types 
ot diapause vary, some being cold hardy and requiring 
a definite period ot time and chilling to reinitiate de
velopment. Indeed, there are so many different forms 
ot diapause, including the unusual summer diapause 
ot many insects (known as estivation) during which 
a given species might avoid high temperatures, that 
they are seemingly too complex for analysis.

There is, however, one unifying theme: diapause 
is triggered as a discrete event, and once triggered the 
condition involves definite genetic changes that can 
be thought o f as a form o f development all its own. 
The trigger tor most diapause is environmental condi
tions. especially day length, temperature, and food 
quality. Indeed, insects are so finely attuned to the 
environment and climatic seasons as to be inseparable 
from them.

Little is known about the hormonal control o f dia
pause because the complex ot hormones present seems 
to be dependent on the species. The tact that diapause 
is triggered as a discrete event is interpreted by some 
to indicate a master or controlling gene or gene se
quence that must be activated to induce diapause. St)

main' phvsiological changes occur during diapause, 
however, that a symphony ot genes must be turned 
011 111 a cascade once diapause is triggered.

Insects appear capable of determining the length ot 
a day because diapause is almost always initiated at 
about the same calendar date each year. Local condi
tions would modify the exact date, but the impression 
remains that a species is capable o f determining when 
the day length shortens to a critical amount. Labora
tory studies that artificially impose tall conditions at 
the wrong time o f year can induce diapause at w ill 
in a five'll insect.

In addition to being sensitive to day length, insects 
appear to have an ability to tell time or at least trigger 
behavior a variable time after an event such as sun
down. M any female nocturnal insects, for example, 
attract mates or lay eggs at specific times ot the night. 
Like diapause, these events are triggered. The female 
pink bollworm  moth produces and releases a volatile 
pheromone sex attractant chemical between 2 and
3 a . m . in midsummer. The male pink bollworm  is 
insensitive to this odor at all times ot the day and 
night except precisely at the same time it is released.

The w indow  o f pheromone release and male re
sponse to pheromone. like diapause, is affected by 
environmental conditions. It the wind speed is too 
high, or it it is raining during the preset w indow,
110 pheromone is released and no mating attraction 
occurs. Instead, the adults wait tor the next w indow  
o f behavior before trying again. In addition, at least 
for pink bollworm , the adults are extremely sensitive 
to temperature. It the ambient temperature cools to 
65°F or below during the expected time tor sexual 
attraction and mating, behavior is inhibited in the 
same manner. Thus the exact local environ
ment,il conditions can play a critical role 111 insect 
behavior.

X. Nutrition

Given the many habitats ot the class Insecta and its 
successful adaptation across the land and water areas 
of earth, it is not surprising that diets exhibit the same 
variety, from very specialized tood sources, as found 
in hyperparasites (parasites of insect parasites), to the 
generalized omnivorous cockroach that can produce 
a new generation from a w ide variety ot foods, includ
ing cannibalism. Insects that specialize 011 wood, such 
as termites or wood-boring beetle larvae, do not have 
the ability to digest cellulose. Instead, these insects 
use symbiotic protozoa that break down cellulose to
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glucose and supply the host with energy sources. I )e- 
spite such diversity, a few unifying principles do 
emerge.

Ten amino acids are essential in the diet: trypto
phan, histidine, leucine, arginine, isoleucine, methio
nine, lysine, threonine, valine, and phenylalanine (or 
tyrosine). In addition, insects generally require a 
source ot choline and all water-soluble 15 vitamins 
except B |2. M any suspected cases ot nonvitamin de
pendency were traced to the presence o f symbionts. 
Where symbionts were able to be eliminated from the 
insect hosts, replacement vitamin diets were always 
necessary tor growth and development. All species 
requiring ascorbic acid are plant feeders in nature, but 
not all plant feeders require it. Loss o f the ability 
to synthesize ascorbic acid appears to have occurred 
many times in adaptation to most plants that are abun
dant m the vitamin.

Sterols are universally essential tor insect grow th 
and m no case has the ability ot insects to synthesize 
the sterol nucleus by squalene cvclization from lativ 
acid precursors been demonstrated. All suspected 
cases are shown to lead invariably to the presence of 
symbiotic organisms providing the sterol precursor.
1 he lack ot ability to biosynthesize sterols appears to 
be related to the ubiquitous presence ot sterols as 
cholesterol and beta-sitosterol in plants. O iu c  ac
quired, however, insects are hilly capable ot altering 
sterols by hydroxylation or oxidation tor their own 
use. such as the vital biosynthesis ot ecdvsone trom 
dietary sterol precursors. The process ot egg develop
ment includes accumulation ot a wide variety o f sterol 
derivatives that the mother passes on to the off
spring.

Use ot minerals as dietary requirements is little 
studied in insects. The midgut is known to possess 
the ability to sequester and eliminate certain heavy 
metals as an apparent protective mechanism against 
poisoning.

In addition to trehalose being the major blood 
sugar, insects specialize in using either tats, carbohy
drates, or proline as direct energy sources or some
times combinations ot these energy substrates. Car
bohydrates, being water soluble, are osmoticallv 
active and easv to transport m the hemoKmph: how 
ever, they provide only 0. IS mole ol A T I’ energy 
molecules per gram ot substrate. Fats, on the other 
h.m.I. provide I*.(o mole of A T P  per gram ot sub
strate. but are insoluble in hcmolymph (osmoticallv 
inactive) and require special arrangements to facilitate' 
transport in the hemolvmph. Prohue appears to be a 
compromise, while prov iding Jl.52 mole ot A I P per

gram ot substrate tor energy, proline is water soluble 
and not subject to the same transport problems as 
fatty acids or triglycerides,

XI. Excretion

Besides elimination ot C O , as a product ot metabo
lism, which is easily accomplished during respiration, 
insects have the same problem ot nitrogen elimination 
shared bv all animals. Nitrogen is a major by-product 
ot protein metabolism. In insects the final processing 
ot metabolic nitrogen occurs m discrete structures, 
the Malpighian tubules. These are always present in 
insects as outgrowths at the juncture ot the midgut 
and hindgut in numbers trom 4 to 2uit depending on 
the species.

I here are three possible nitrogenous wastes in ani
mals: ammonia is very toxic and water soluble, urea 
is also soluble and still quite toxic, whereas uric acid 
is nontoxic but vcrv insoluble in water. Although 
ammonia might be easily excreted bv aquatic animals 
and is the form ot nitrogen waste excreted bv dragon
fly larvae, mosquito larvae apparently excrete urea or 
even uric acid, not ammonia.

Excretion and water balance are closely related in 
the Malpighian tubules. At slightly basic pH m the 
distal Malpighian tubules, uric acid is predominately 
in solution and is transported bv water uptake toward 
the gut. At the more proximal end ot the tubules near 
the hindgut. a more acid pi I is maintained and the 
predominate form becomes insoluble urate crystals.
[ he crystals are further transported into the hindgut 
and then excreted, while the water is reabsorbed trom 
the Malpighian tubules along with sodium and pot
assium. Bicarbonate ion is thought to play a role in 
the maintenance ot the correct pH in the Malpighian 
tubules to support the excretion process, but the de
tails are not fully understood.

Reports ot "yellow rain" are made on rare occa
sions. I hcse events are often traced to inconspicuous 
flights of large numbers ot insects, not always obvious 
trom the ground. M igrating insects are known to 
excrete urates .is small yellow globules that could be 
mistaken tor some unnatural event.

XII. Reproduction

I he vast majority of insects reproduce sexually, how - 
ever, asexual forms of reproduction are common I he 
phasmids oi stick insects of the order Orthoptera are
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thought tii he universally partliL’nogcnic (develop 
trom unfertilized eggs) ,ind males are extremely rare.
I lowever, ordinary female grasshoppers ot the same 
order can also he forced to lay unfertilized eggs that 
give rise to viable offspring it they are merely kept 
m crowded conditions. I he honeybees and other I ly- 
menoptera are haploid parthcnogenic. Fertilized eggs 
give rise to diploid females and unfertilized eggs give 
rise to haploid males.

T here are natural reported cases of hermaphrodite 
moths that contain the morphological properties o f 
both male and female split bilaterally. However, all 
female insects that develop eggs possess ovaries. Once 
sexual maturity is reached, all energies are switched 
to egg development. This reaches extremes in termite 
queens, which are known to grow into "g iants" with 
distended abdomens and reaching over a foot in 
length.

Juvenile hormone is thought to play an important 
role in egg development, and some female mosquitoes 
are known to be inhibited trom taking a blood meal 
it the corpora allata (juvenile hormone source) is re
moved. Despite the degradation o f the prothoracic 
glands in most adult insects, ecdysteroids are known 
to also be sequestered and incorporated into the devel
oping eggs. These undoubtedly originate from other 
storage locations 111 the body.

A variety ot triggers and inhibitions operate during 
egg production. In mosquitoes, a blood meal releases 
neurohormones trom the brain and vitellogenin- 
stimulating hormone (V S H ) from the ovary. V S I I 
activates and maintains vitellogenin protein synthesis 
by the fat body. Vitellogenin protein may be released 
trom fat body into the hemolymph, but uptake by the 
ovaries tor incorporation into egg yolk is a separate 
process thought to be hormone mediated.

The presence o f mature eggs is known to inhibit 
development ot new oocytes until after oviposition 
allows more space for continued egg development. 
In some cockroaches that retain egg cases inside the 
abdomen until near the end ot cmbryogenesis, the 
feedback inhibition ot ovarian development is due to 
nervous connections betw een stretch receptors in the 
abdomen and the corpora allata (juvenile hormone 
source). Juvenile hormone is also thought to play a 
vital role in vitellogenesis.

Some adult female insects are known to be mono- 
coitic, that is. they copulate once and are inseminated 
only once. In Diptera (houseflies, fruit flies, and b low 
flies) a substance has been tound in the accessory gland 
of the male reproductive system that is transferred in 
the semen o f the males to females during copulation. 
This substance inhibits the female trom acceptance ot 
subsequent males.

This curious phenomenon is important tor success 
of the strategy ot insect control known as the sterile 
insect technique. Adult males, when irradiated with 
gamma rays to the point ot sterility, are still capable 
o f mating and transferring semen. Because the sperm 
are infertile, females thus inseminated still receive the 
inhibition message not to copulate a second time, and
110 offspring are produced. O bviously the strategy 
would work less effectively the more polygamous the 
insect.
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Glossary

A groecosystem  Relationship tit the crop with its 
living and nonliving environments 
K e y  pest Insect, plant pathogen, nematode, weed, 
or vertebrate pest that routinely causes economic 
damage it not controlled
Parasite  Animal that feeds in or on another living 
animal, consuming all or more ot the animal s tissues 
and eventually killing it
Pa thogen  1 disease-producing organism, such as bac
teria, viruses, and fungi
Pestic ides Pest control substances derived trom 
chemical synthesis or natural products that include 
herbicides, insecticides, miticides, fungicides, nemati- 
cides, and bactericides
Pestic ide  resistance Condition that results when a 
pest population becomes, through genetic selection, 
capable ot surviving dosages ot a pesticide that for
merly controlled it
Pest resistant plants Crop variety or cultivar that 
is less susceptible to pest damage compared with other 
cultivars
P red a to r Animal that attacks and feeds on other ani
mals (prey), which are usually smaller and less power
ful: the prey is usually killed and consumed bv the 
predator
T ro p h ic  level Position in the tood chain, including 
tirst level, which are primary producers (plants); sec
ond level, which are primary consumers (plant eaters);

third level, which are primary carnivores; and fourth 
level, which are secondary carnivores

Integrated pest management (1PM) is a pest popula
tion management system that anticipates and prevents 
pests trom reaching economically damaging levels 
by using all suitable techniques, such as biological 
control, pest-resistant plants, cultural controls, and 
pesticides. 1PM seeks to maximize net profits tor pro
ducers o f agricultural commodities while minimizing 
adverse effects on the environment. 1PM systems have 
been developed tor most agricultural commodities in 
the United States. Additionally, the IP M  approach is 
the central theme for combating pests that affect hu
man and animal health. 1PM systems ot varying com
plexity have been constructed tor most countries in 
the world.

The theory and principles supporting IP M  have 
been developed over the last 40 yr. IP M  has its founda
tion in applied ecology. IP M  considers not only the 
pest and natural enemies ot the pest, but also the 
crop and its interaction with its living and nonliving 
environment. A balanced IP M  system involves all 
major crop pests including insects, nematodes, plant 
pathogens, weeds, and vertebrates. The scientific ba
sis o f IP M  is interdisciplinary, including not only the 
pest disciplines ot entomology, plant pathology, and 
weed science but also the disciplines ot agronomy, 
horticulture, agricultural economics, and agricultural 
engineering and, in some instances, the disciplines 
ot sociology and human anthropology. This article 
reviews the environmental and economic rationale tor 
IP M . discusses the ecological basis ot IP M , describes 
how 1PM systems .ire constructed, reviews the essen
tial components o f IP M , and introduces basic meth
ods for gaining grower adoption ot IP M  practices. 
Although IP M  systems have been developed success
fully for all classes o f pests, for expedience, this article 
w ill use insect control as the primary model.
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I. Introduction

Prior to W orld  W ar II, pest control was accomplished 
prim arily through cultural farming practices, such as 
tillage and rotation, and the mechanical removal of 
pests. Prim itive insecticidal compounds containing 
arsenic, nicotine, or pyrethrum were used with only 
mixed success: some pests were controlled, many 
were not. Directly following World W ar II, a wide 
range o f new synthetic chemical compounds for the 
control o f pests was introduced to agriculture. Pesti
cides provided unprecedented control o f agricultural 
pests, particularly o f pests that caused human and 
animal diseases. W orld W ar 11 was the first war in 
modern times that did not experience more death 
trom typhus fever than from the battlefield. The new 
insecticide D D T  effectively controlled a body louse, 
the insect carrier ot the disease. I )I )T  and other insec
ticidal compounds came to be used worldwide to 
control and, in some cases, nearly eradicate malaria 
and other human diseases carried by insects.

The routine use ot insecticides, fungicides, neniati- 
cides, and herbicides became a regular part o f pest 
control 011 farms and ranches beginning in the 1950s. 
Much o f the research effort by public institutions 
through the 1950s and 1960s was spent perfecting the 
development and application of pesticides. In fact, 
farmers became so reliant 011 pesticides that other 
forms o f control were o f little or 110 consideration. 
Shortly after the introduction o f pesticides, particu
larly insecticides, negative side effects began to ap
pear. A  phenomenon known as pest resurgence began 
to occur, in which pest populations that were pre
viously controlled with insecticides soared to damag
ing levels earlier and 111 greater numbers than pre
viously encountered. Pest resurgence is a result of 
the destruction ot natural enemies including parasites, 
predators, and, in some cases, pathogens, thus 
allowing pests unabated by their natural enemies to 
reach higher populations. Secondary pests, formerly 
nonpests controlled by natural enemies, became "key 
pests" requiring the regular use o f insecticides for their 
control. Insects— and later weeds, plant pathogenic 
fungi, and nematodes— developed levels o f tolerance 
or resistance to pesticides In the late 1950s. concerns 
th.it pesticides were affecting human health and the 
environment were first raised. These concerns culmi
nated 111 the regulatory control of pesticides being 
shitted, in the earlv 1970s. from the United States 
Department of Agriculture (U S l )A )  to the Environ
mental Protection Agency (E PA ). |.vv Fl'Nt.K i d e s ;

H e r b ic id e s  a n d  H e r b i c id e  R e s is t a n c e ;  N e m a t i-  
c id e s ;  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 . ]  

I P M ,  firs t te rm e d  “ in te g ra te d  c o n t r o l , "  w a s  d e v e l
o p ed  and  in t ro d u c e d  as a c o n c e p t  in  C a l i f o r n ia  in  the 
late  1950s. In te g ra te d  c o n t ro l  w a s  d e v e lo p e d  to  b r in g  
to g e th e r  c h e m ic a l (p e s t ic id e ) c o n t ro l  and  b io lo g ic a l 
c o n t ro l.  T h e  c o n c e p t  w a s  b ased  o n  th e  p re m is e  that 
in s e c tic id e s , i f  a p p lie d  at th e  c o r re c t  t im e  and  at the 
c o r re c t  pest p o p u la t io n  le v e l,  c o u ld  h a v e  a m in im u m  
im p a c t  011 th e  n a tu ra l e n e m ie s  o f t h e  pest. A lth o u g h  
the  n a m e  w a s  c h a n g e d  f r o m  in te g ra te d  c o n tro l to  
1 P M . th e  in te g ra t io n  o f  c h e m ic a l  and  b io lo g ic a l  c o n 
t ro l re m a in e d  th e  m a jo r  th e m e  o f I P M  th ro u g h o u t  
m u c h  o f t h e  1970s. A s  s e c o n d a r y  e ffec ts , p a r t ic u la r ly  
the  n e g a t iv e  e ffec ts  re la t in g  to  h u m a n  sa fe ty  an d  the 
e n v iro n m e n t ,  c rea ted  g re a te r  p u b l ic  c o n c e rn  and  as 
in s e c t ic id e  re s is tan ce  b e c a m e  m o re  p re v a le n t ,  I P M  
b eca m e  m o re  b a la n ce d  111 its a p p ro a c h . T h e  fo cu s  ot 
1 P M  beg an  to  sh ift  to  n o n p e s t ic id a l ta c tics  in  the 
1980s, in c lu d in g  e x p a n d e d  u se  o t c u ltu ra l c o n tro ls ,  
p es t- res is tan t p la n ts , and  b io lo g ic a l  c o n t ro l.  A lth o u g h  
p es tic id e s  s till p la y  a m a jo r  ro le  in  m o d e rn  a g r ic u l 
tu re  and  l ik e ly  w i l l  c o n t in u e  to  d o  so  in  the  fu tu re , 
th e  c le a r t re n d  is th a t th e ir  u se  is b e in g  m o d e ra te d  
th ro u g h  1 P M . | S e c  P e s t  M a n a g e m e n t , H i o i o g i c a i  
C o n t r o i  . |

II. An Environmental and Economic 
Rationale for IPM

Producers ot agricultural commodities and the general 
public have an interest and responsibility to under
stand and to deal with the nontarget effects o f pesti
cides 011 the environment. Questions regarding the 
environmental impact o f pesticides were first brought 
to the public's attention 111 a significant way in the 
late 1950s with Rachel Carson's book Silent Spring. 
This book made the public acutely aware ofthe envi
ronmental side effects ot the chlorinated hydrocarbon 
class o f insecticides, to which D D T  belonged. When 
the E PA  was formed in 1970. one o f its first acts was 
to ban all uses ot I )D T  111 the United States. Although 
D D T  was singled out. several other chlorinated hv- 
drocarbon insecticides were considered hazardous to 
the environment. Chlorinated hydrocarbon insecti
cides were characterized b\ their long persistence 111 

soil and water and 111 food chain products. The con
cern ofthe public and policy-makers focused sharply 
011 the negative environmental effects ot pesticides, 
so the stage was set tor the development ot a rational
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approach to pesticide use. I I’M  was viewed as the 
rational approach.

Farmers, many o f whom were concerned about 
the environmental effects o f pesticides, had another 
concern— an economic concern. Pest resurgence, sec
ondary pest outbreaks, and the failure o f insecticidal 
control because of resistance caused production costs 
to rise and crop yields to tall. Fligh value crops such as 
cotton, fruits, and vegetables experienced increasing 
costs o f production because o f multiple insecticide 
and other pesticide applications. Throughout the 
1950s and 1960s, insecticides were used on a routine 
basis regardless o f the numbers o f pests involved or 
the damage inflicted. Indeed, the calendar had become 
the primary criterion used to determine when to apply 
pesticides.

IP M , as can most fields o f science, can point to a 
landmark study. This research was done by Vernon 
M . Stern, Ray F. Smith, Robert van den Bosch, and 
Kenneth S. Hagen o f the University o f  California, 
and appears in a 1959 Hilgardia publication on the 
integration o f chemical and biological control o f the 
spotted alfalfa aphid. This classic piece first proposed 
that crops could tolerate a certain amount ot damage 
trom insects without sustaining an economic loss, in 
terms ot yield reduction or quality. The authors 
treated insects as populations to be considered over 
time in relation to the crop and the surrounding envi
ronment. Insect populations fluctuated around what 
was termed a “ general equilibrium position,”  which 
was defined as “ the average density o f a population 
over a period o f time (usually lengthy) in the absence 
o f permanent environmental change.”  Based on the 
knowledge that insect populations fluctuate naturally, 
the economic threshold concept was introduced and 
defined as “ the density (ot insect pests) at which con
trol measures should be used to prevent an increasing 
pest population from reaching the economic-injury 
level.”  Ih e  economic-injury level was defined as 
“ the lowest density that w ill cause economic 
damage."

Several economic and ecological principles were 
included in the development and application o f the 
economic threshold and the economic-injury level. 
The use ot these tactics required that insect pests and 
their damage be sampled in the field on a regular basis 
to determine whether an insecticide application was 
economically warranted. The application o f the eco
nomic threshold and economic-injury level provided 
an economic rationale for insecticide use and laid the 
groundwork for eliminating routine and indiscrimi
nate insecticide applications. From an agroecological

perspective, this approach allowed maximum biolog
ical and nonbiological mortality ot the insect popula
tions to express itself before insecticides were used. 
The rudiments o f a sounder way o f making insecticide 
application decisions were at hand. The IP M  approach 
provided a means to deal w ith the nagging problems 
o f secondary pest outbreaks and pest resurgence and, 
o f equal importance, IP M  provided a way to make 
insect control decisions based on economic need. A l
though the theory and practice o f economic thresh
olds and economic-injury levels have evolved and 
been improved on considerably since 1959, the basic 
tenets remain. Econom ic thresholds, sometimes 
termed action thresholds, were later developed in 
varying forms for certain species ot nematodes, plant 
pathogens, and weeds.

III. The Ecological Basis of IPM

Pest populations, must be viewed as an integral part 
o f  the agricultural ecosystem, termed the agroecosys
tem. Understanding the relationship ot the crop and 
the pest with their living and nonliving environment 
is central to IP M . The goal o f IP M  then becomes 
the manipulation o f the agroecosystem to keep pests 
below economically damaging levels, to avoid or 
minimize the disruption o f the system, and to reduce 
negative impacts on the surrounding environment. 
To  achieve this goal, an understanding o f the relation
ships between the pests and their environment is es
sential.

In trying to achieve a better understanding o f the 
agroecosystem o f which pests are a part, one is im m e
diately struck with the amazing complexity o f organ
isms and environmental interactions. M ajor com po
nents o f an agroecosystem include the soil substrate 
and its related biota, crop plants, the physical and 
chemical environment, and energy provided by the 
sun and humans. Modifications o f the agroecosystem 
may occur from agricultural, recreational, industrial, 
and related social activities. During certain periods 
o f crop development, first order consumers, that is, 
pests, may dominate the system to human disadvan
tage. In ecological terms, the objective ot 1PM is to 
hold the plant community, the crop(s) under consid
eration, at an early stage o f ecological succession and 
to provide an acceptable crop yield with economically 
acceptable losses from first order consumers, that is, 
pests. Pest populations, indeed all populations ot liv 
ing organisms, grow when birth and im migration 
rates are greater than death and emigration rates. A
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significant hurdle to overcome in population ecology 
and IP M  is the definition ot these rates and why these 
rates change over time, and ot their effects 011 the 
dynamics of pest populations, host plants, and natural 
enemies.

Mathematically based simulation models are im
portant tools used to define and understand relation
ships within an agroecosystem. Models have been 
constructed that evaluate multiple-trophic-level inter
actions. Using insects as the example, the trophic 
levels under consideration may include the crop plant, 
the herbivore (insect pest), and carnivores (predators 
and parasites that attack the herbivore). A 11 examina
tion of' energy flow trom the sun to the plant and 
through the plant—insect system under study allows 
.111 understanding o f the rates ot plant growth and 
senescence as well as population changes among her
bivores and carnivores. Models that describe plant 
growth and development by simulating plant demog
raphy, field population ecology, and field validation 
are fundamentally necessary before developing and 
linking higher trophic level models.

Plant—pest models serve as conceptual frameworks 
tor understanding the role ot pests within .111 agroeco
system. The selection ot the appropriate modeling 
environment, intrinsic demographic parameters, 
density-dependent relationships between trophic lev
els, and physical factors should be considered 111 con
structing simulation models. A particularly important 
feature in agroccosystem models is that a rigid valida
tion o f the model using field generated data be fol
lowed. Once the model is capable of accurately repro
ducing several sets o f independent data, it can be used 
tor strategic analysis and planning ot I P M  systems. 
Models also can be used to identify relevant parts o f 
the agroecosystem for change and to direct future 
research.

In addition to strategic models that examine pests 
within the context o f agroecosystems, tactical models 
that assist 111 day-to-day decision making have pro
vided some value. Most tactical models rely heavily 
011 the correlation o f pest development with an envi
ronmental measurement, such as temperature. Insects 
are capable o f development w ithin a fairly specific 
temperature range. Some temperatures are more opti
mal tor development. Bv correlating temperature 
with expected insect development, mathematical 
models have been useful 111 determining expected time 
ot occurrence and relative abundance of pests within 
specific geographic regions. Similarly, models have 
been constructed based upon temperature and relative

humidity, to predict optimal conditions tor growth 
and infection of plant pathogens.

IV. The IPM System Concept

Given .111 understanding o f the importance o f ecologi
cal considerations tor crop production relative to 
pests, IP M  systems can be appropriately constructed. 
In conceptually designing an IP M  system, we restate 
the IP M  goal of selecting and integrating crop produc
tion practices that intentionally disfavor pest develop
ment. IP M  is designed to be practiced. Therefore, 
how IP M  information is to be transferred for imple
mentation on farms or across geographic regions must 
be incorporated into the 1PM design from the outset. 
In this wav. constraints to implementation can be 
addressed as the system is developed.

Major elements that deserve consideration in de
signing an 1PM system for a single pest 011 a single 
crop, for multiple pests 011 .1 single crop, or for multi
ple crops include ( I )  an understanding o f the pest 
and crop biology and com munity ecology, (2) an 
appreciation ot the agronomic practices involved in 
the production ot the crop under consideration and 
ot modifying factors ot adjacent crops or habitats as 
they impact 011 pest development and movement, 
(3) an understanding ot crop/plant susceptibility to 
the pest(s) and the selection ot an appropriate crop 
variety (cultivar) that may be more or less susceptible 
to the pest(s) under consideration, (4) knowledge of 
biological control agents (natural enemies) operating 
in the system, (5) reliable and practical plant and pest 
sampling methods combined with established eco
nomic thresholds as pesticide treatment decision crite
ria, (6) recognition o f the most effective pesticides for 
the target pest species that are the least disruptive 
to natural enemies and other nontarget organisms. 
(7) consideration o f the environmental effects ot 
the proposed system, (X) consideration o f any eco
nomic policy or social implications that are germane,
(9) a well-conceived set o f methodologies to effi
ciently transfer and incorporate the suggested set 
ot IP M  tactics into farmers' cropping systems, and
(10) both economic and environmental evaluation 
procedures to track, evaluate, and improve the IP M  
system as it evolves.

Planning and implementing an 1PM system should 
consider not only the individual elements within the 
svstem m relation to pests, production practices, eco
nomics. social factors, and the environment, but also 
the scale or geographic size of the IP M  svstem. Gencr-
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.illy, I I 'M  systems have targeted the individual held 
or farm as the management unit. 1 here is little doubt 
that the tarm as the management unit has been and 
w ill continue to be a viable trame ot reference tor 
controlling pests. However, because ot the high level 
of mobility as pests move from farm to farm and 
region to region, pests should be considered, tor the 
most part, "com m on property," thereby expanding 
the management unit to the community or regional 
level. What individual farmers do or do not do relative 
to managing their pests either directly or indirectly 
affects their neighbors and, consequently, the entire 
production region. Producers, whether they realize it 
or not, share a common responsibility in pest control. 
Therefore, the design ot .111 IP M  system should con
sider not only the development and implementation 
o f technology for farm-sized management units, but 
also the possibility o f expanding the size o f the man
agement unit to the regional (communities within 
states or clearly defined production regions) or the 
multiregional (groups o f production regions, states, 
nations, or multiple nations) scale of management. 
The elements o f the IP M  system will change, de
pending 011 the scale or size ot the management unit 
under consideration.

V. Primary Tactics within an IPM System

A variety ot tactics can be directed specifically at pest 
population reduction 111 .111 IP M  system depending 
011 the pest’s biology and its relationships within an 
agroecosytem. The primary IP M  tactics are cultural 
controls, including the use o f  pest-resistant varieties, 
biological controls, and the safe application of pesti
cides based 011 sound biological sampling methods.

A. Cultural Controls
Historically, cultural controls have constituted a ma
jor tactic in the suppression o f pests. T oday cultural 
controls are considered to be the primary IP M  tactic. 
Cultural controls, if  properly selected and deployed, 
are very successful in “ preventing" the pest trom 
causing economic damage. Cultural controls are the 
baseline for a sustainable IP M  strategy. The underly
ing premise is to grow healthy and vigorous crop 
plants that are capable o f withstanding pest attack 
and to produce these plants with as little exposure as 
possible, in time and space, to damaging populations 
o f pests. Cultural controls can include site selection, 
crop rotation, tillage, fertilization and organic amend

ments. variety selection, planting time, plant popula
tions, w ater management, time ot harvest, and crop 
residue management. Selection ot specific cultural 
control tactics will vary, depending 011 whether one 
is managing insect, plant pathogen or weed pest, or 
.1 combination o f pests. |.Scc P is  r M a n a c . i m k n  i , C u t -  
T U R A i  C o n t r o l . ]

I11 some locations, pests do not occur or, when 
they are present, occur in fewer numbers. Susceptible 
crops can be separated in space from areas that are 
known to harbor pests, for example, near the pest’s 
overwintering quarters or near another susceptible 
crop from which migration might occur. Therefore, 
if  possible, the site ot planting should be at some 
distance from a known source o f pests. Sim ilarly, 
crop rotations can be effective in reducing pest popu
lations by rotating a pest susceptible crop with a non- 
susccptiblc crop across seasons. Crop rotation, a valu
able cultural control tactic for pest suppression, 
should consider the effects on the target pest(s), natu
ral enemies (such as parasites, predators or competi
tors), physical soil characteristics, and microbial bal
ance ot the soil as well as practicality. Another 
approach is not to plant (termed tallowing), to remove 
the host plant from contact with the pest tor varying 
periods. This process can reduce the distribution and 
abundance o f pest species.

Tillage operations can be used to directly destroy 
the pest or destroy the pest’s food sources and harbor
age. For some crops planted on soils with a low  ero
sion potential, deep plowing is useful in reducing 
weeds, insects and occassionally plant pathogens. 
Certain plant pathogenic fungi and bacteria overw in
ter 011 plant residues after the crop is harvested. Deep 
plow ing after harvest allows the soil and crop residue 
to dry for a period, thereby reducing plant pathogen 
populations. Tillage retains an important role in weed 
control in combination with herbicides. I11 addition, 
tillage increases soil aeration, breaks up crusts 011 the 
soil surface, increases the ability ot the soil to absorb 
and retain moisture, and prevents soil erosion. | See 
T il l AGh Systhms. I

Fertilizers including nitrogen, phosphorus, potas
sium, and micronutrients in varying concentrations 
arc important to crop productivity and overall plant 
health. Healthy plants are better capable o f dealing 
w ith pest attack. A nutrient-stressed plant is more 
vulnerable to disease than a plant with an optimal 
nutritional level. Excessive fertilization with nitro
gen, however, can promote excessive vegetation and 
succulent growth, which encourages a microenviron
ment favorable to plant pathogens and insects. The
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amount, form, and timing ot fertilization have a direct 
hearing on the incidence and severity o f plant patho
gen development and disease outbreak. Excessive ni
trogen not only affects pests directly, but may increase 
the length of the growing season and delay crop matu
rity. thereby putting the crop at risk from pest attack 
tor a prolonged period. Fertilizer use must be a part 
ot overall crop management and must be weighed 
against other cultural practices. |See Fkkmi iz i:r  M a n - 
ACF.MKNT AND T h C H N O I < >C Y . |

Selecting a crop variety that is well adapted tor 
the particular production region— given soil, water, 
temperature, and pest constraints— is successful in 
insuring plant health and eventual yield and quality. 
Using .1 cultivar that is resistant to pests is one ot 
the oldest methods ot pest control. Pest resistance in 
modern crop breeding programs should complement 
the desire tor improved crop yield and quality. Resis
tant cultivars may require fewer or no pesticide appli
cations. Breeding tor pest resistance has been an im 
portant component of plant pathogen, nematode, and 
insect pest management programs tor a variety o f 
crops. Resistance is usually viewed in relative terms 
because a cultivar is considered resistant when it is 
less susceptible to damage than other cultivars with 
the same pest population level. Since plant pathogens 
and insects continue to evolve new races and biotypes, 
plant breeders must continue to alter plant susceptibil
ity or resistance. The mechanisms o f plant resistance 
to pests vary. For example, the mechanisms employed 
by the plant for insect resistance are grouped into 
three categories: (1) antixenosis. (2) antibiosis, and 
(3) tolerance. Antixenosis is a resistance mechanism 
that deters colonization by an insect. Insects may ori
ent toward plants, but certain plant characteristics 
either prevent or reduce colonization, feeding, or re
production. Antibiosis, on the other hand, is a mecha
nism used by the plant that adversely affects the in
sect's development, reproduction, and survival once 
colonization occurs. Finally, plant tolerance can best 
be described as the level at which a plant can support 
an insect, or other pest infestation, without loss in 
plant vigor or final yield. |.Scc C u i t i v a r  D f v u o p - 
m f .n r; P i  a n  i P a t h o l o g y . |

Date of planting has proven to be a very successful 
tactic for avoiding pest damage. Planting before or 
after anticipated pest population peaks can desynchro
nize pest populations with susceptible periods o f crop 
development. Planting at the appropriate soil temper
ature and moisture conditions for optimum seedling 
vigor and plant development is important. In de
termining a planting date, it is important to anticipate

the population dynamics ot pests, plant growth and 
development, fruiting characteristics, biotic and abi
otic factors, and weather conditions. Sim ilarly, plant 
populations can affect the distribution and abundance 
o f pests. Microenvironmental interactions that con
tribute to plant pathogen and insect development and 
survivorship can be influenced by the number ot 
plants per unit area, row configuration, and row  ori
entation.

Water management under irrigated cropping sys
tems or water conservation under dryland, or rain- 
grown. agriculture can have a direct effect on plant 
health and pest abundance. Successful water manage
ment requires constant observation o f the water status 
o f soils and plants and a basic understanding ot the 
interaction ot plants to water, climate, and pests. As 
with fertility, plants have basic water requirements 
throughout their life cycles. Since plant resources are 
allocated among roots, shoots, stems, leaves, and 
fruit, an optimum water balance tor plant growth 
must be maintained. Water stress can occur at any 
time during crop growth. I bis stress may make the 
plant more susceptible to certain insects and plant 
pathogens.

As discussed earlier, the selection ot an earlier ma
turing cultivar allows escape from late season pest 
populations. Harvesting the crop immediately is ot 
equal importance to avoid the effects o f these pests. 
Also, crop residues provide harborage for the survival 
of pests. Sanitation involves the removal ot posthar
vest crop residues that serve as overwintering rctugia 
for the pest. Postharvest sanitation, practiced at the 
individual farm level or, better yet, area wide, can 
serve as an excellent nonpesticidal tactic for reducing 
pests, particularly if  practiced yearly.

B. Biological Control
Biological control in the broadest context is the 
intended use o f parasites, predators, pathogens, or 
competitors to reduce pest populations. Parasites, 
predators, pathogens, or competitors are collectively 
termed natural enemies. Biological control ap
proaches tor insects arc usually divided into three 
categories: importation (classical biological control), 
conservation, and augmentation. Also, one or more 
ot these approaches has been successfully deployed 
against nematodes, plant pathogens, weeds, and ver
tebrate pests.

Importation, or classical biological control, in
volves the deliberate introduction o f natural enemies 
into areas where they did not previously occur. This
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appro.ii/li has been used successfully against intro
duced pests ot foreign origin when the natural enemies 
ol the pest were left behind m the pest's homeland. 
I11 essence, under tins form ot biological control, the 
pest's natural enemies are intentionally reunited with 
the pest at a distant geographic location. Additionally, 
a natural enemy that historically has never had an 
association with .1 pest can be introduced tor the pur
poses ot biological control, hence .1 "new  association" 
o f a natural enemy with a pest is established. Importa
tion. to be successful, requires several steps. First, the 
pest must be correctly identified taxonomically, its 
native home must be identified, and .1 search ot its 
native home tor natural enemies must be conducted. 
Once natural enemies are found, they are brought 
back to the location of intended release and held in 
quarantine to insure there will be little or 110 negative 
effects on unrelated plants or animals where they will 
be released. Atter quarantine, the natural enemy num
bers must be increased through rearing on the pest 
host. When the natural enemy is released, a careful 
evaluation must be conducted to determine the rea
sons why the natural enemy successfully established 
itself or, in many cases, why the natural enemy did 
not establish. The goal is to re-establish population 
regulation ot the pest below damaging numbers.

M any native natural enemies in agricultural systems 
are effective in regulating pests and preventing dam
age. A properly deployed I I’M  strategy seeks to de
velop ways ot conserving these important biological 
organisms. The value ot natural enemies has been 
seen 011 many occasions when pesticides are used in
discriminately. destroying natural enemies and re
sulting in pest resurgence and secondary pest out
breaks. Cropping practices that support natural 
enemy development and furnish favorable habitats 
are key to conservation. The use and timing ot pesti
cides that are less detrimental to natural enemies is 
elemental 111 conservation. Knowledge o f the type 
and importance o f natural enemies is important in 
conserving this important biological resource.

Even when 1PM systems are effective in conserving 
natural enemies, sometimes pests are not reduced 
below economically damaging levels. Hence, an
other option is to augment populations by releasing 
laboratory-reared natural enemies. The two ap
proaches to augmenting natural enemy populations 
are inoculative releases and inundative releases. The 
goal ot inoculative programs is to release natural ene
mies early in che production season when the numbers 
o f existing natural enemies resident in the field are 
low. file introduced natural enemies will then repro

duce and provide pest suppression throughout the 
growing season. The inundative approach involves 
periodic releases ot relatively large numbers ot natural 
enemies at key times throughout the season. Natural 
enemies that are released in these inundative programs 
are not expected to reproduce as they are in the inocu
lative system. The released natural enemies them
selves are expected to provide the biological control. 
Augmentative releases have been successful, particu- 
larlv in closed systems such as glasshouses and in 
perennial cropping systems. Although augmentation 
has been deployed in several annual cropping systems, 
more information is needed on the mortality effects 
ofcxisting natural enemies and the timing and amount 
o f natural enemies that should be released to augment 
the natural enemy populations.

Although management o f plant pathogens has his
torically relied 011 cultural controls, including pest- 
resistant crop varieties, and fungicides and bacteri
cides, potential exists for expanded use o f biological 
control. More recently work has been directed at ex
ploiting the use o f nonpathogenic microbial competi
tors. As more is learned about the type o f nonpatho
genic or “ beneficial" microorganisms available and 
their competitive ability to colonize and prevent infec
tion bv plant pathogens, the more readily this form 
o f biological control w ill become available. Despite 
considerable effort to suppress nematodes through 
classical biological control and inundative releases ot 
antagonistic natural enemies, little success has been 
achieved. The greatest success has come in the conser
vation and augmentation ot nematode antagonists 
naturally present 111 the soil. The biological control ot 
weeds, particularly weeds o f rangelands, has enjoyed 
many successes. The primary biological control tactic 
used against weeds is classical biological control, or 
importation o f exotic natural enemies.

C. Pesticides and Their Use Based on 
Biological Sampling

Synthetic organic pesticides are available 111 several 
forms: insecticides, herbicides, neniaticides, fungi
cides, and bactericides. Every  torm ot pesticide has 
several chemical classes. For example, the primary 
classes o f insecticides are organophosphates, organo- 
chlorines, carbamates, pyrethroids, and formamid- 
incs. Herbicides comprise well over 20 chemical 
classes, and fungicides and neniaticides consist ot sev
eral classes that are related not only by chemical struc
ture. but also by the mode o f action ot the particular 
pesticide against a wide range ot pest species. Some
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pesticides kill pests by direct contact whereas others 
are systemic, capable ot entering and moving through 
a plant and causing direct mortality to pests (insects, 
plant pathogens, and nematodes) or, in the case ot 
weeds, throughout the weed pest, interrupting physi
ological processes and inducing death.

Microbial pesticides, or biopesticides, are natural 
products produced by microorganisms that induce 
pest mortality. Bacteria and viruses have been identi
fied and commercialized in the form o f biological 
insecticides. The bacterium, spp. produce
toxins that are not only insecticidal to certain insects, 
but are also nematocidal. Plant pathogenic fungi have 
been isolated and reproduced by humans for use as 
herbicides for controlling certain weed species. M i
crobial pesticides are highly specific to the target pest 
and generally nondisruptivc to natural enemies.

Regardless ot the pest, it is o f utmost importance 
to use a pesticide at the appropriate time, at the correct 
dosage, and as safely as possible. All commercial pes
ticides are labeled 111 the United States by the HPA. 
The “ label is the law " regarding the proper and safe 
use o f any pesticide. Although pesticides have proven 
invaluable in protecting humans, animals, and crops 
trom pests and pest-related diseases, once again im
proper use ot these valuable control agents can cause 
nontarget effects on natural enemies, livestock, and 
wildlife.

The selection of the proper pesticide, the dosage, 
and the time ot treatment is governed bv the use ot 
a sampling process that estimates pest damage and 
pest and natural enemy numbers. Pest sampling 
schemes have been the subject o f research for several 
decades. A great deal ot sampling emphasis has been 
directed toward insect pests to determine whether or 
not the pest is approaching the economic threshold 
and whether a remedial action, such as the use o f an 
insecticide, is economically justified as a management 
option. Also, excellent sampling schemes have been 
developed tor nematodes, weeds, and, in some cases, 
plant pathogens. It pests and their damage are not 
sampled on a routine basis, judgments cannot be made 
011 the use o f pesticides.

Sampling, trom a research perspective, has been a 
cornerstone 111 understanding and predicting the dis
tribution, abundance, and interactions o f pests with 
the host crop. Sampling has been used also as the 
primary approach to gather information to aid 111 

making crop management decisions. The emphasis 
in tins article is on the use ot sampling for making 
informed and reliable pest management decisions. 
Decision sampling stresses the reliability ot a pest

population estimation, that is, whether the population 
is above or below the economic threshold. H ighly 
reliable estimates o f a pest population density may 
not always be necessary to determine it a pest requires 
control, particularly if  the pest density is well above 
or below the economic threshold. When the sample 
is taken is important in order to relate pest abundance 
to a damage susceptible stage o f the plant. Where to 
sample 011 the plant or in the soil is critical to optimize 
the chance ot discovering pest or damage incidence. 
The closer the population is to the economic thresh
old. the more reliable must be the pest population 
estimate. The number o f sample units taken increases 
exponentially as the density o f the pest or its damage 
approaches the economic threshold.

The size ot the sample unit is important in pest 
management decision making. The ideal sample size 
is one that best represents the pest population and crop 
damage but also one that requires the least amount of 
time or expenditure ot effort. The size ot a sample 
depends not only on the ability to discover the pest 
or pest damage, but also 011 sample method efficiency 
and sampler efficiency. The method and the sampler 
can introduce variability, depending 011 the crop/pest 
system under consideration. I he frequency ot sam
pling depends 011 the phenology ot the pest species, 
the rate at which the pest population is increasing (as 
affected by biotic and abiotic factors), the nearness ot 
the pest density to the economic threshold, and the 
damage potential and cost ot controlling the pest at 
different crop stages.

Conservation ot natural enemies, as discussed ear
lier, is important in IP M . Although many sampling 
schemes are in use. a reliable estimate ot the impact 
ot natural enemies on a pest population tor decision 
making has not been developed, except tor a few 
species. The role ot naturally occurring parasites and 
predators in reducing pest population has been diffi
cult to quantity tor use in a crop management system, 
(ienerally “ rules o f thumb”  have been applied at the 
field level where estimates o f low, medium, or high 
numbers o f predators or parasites are considered by 
the decision maker. Whether the decision maker truly 
understands the complex interactions o f the pest with 
its natural enemies may not be as important as the 
intent to conserve these biological control agents.

VI. Transferring IPM to Growers

Transferring IP M  technology ro farmers and ranchers 
includes virtually all segments ot the agricultural 111-
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dustrv involved ill the production ot .1 given com
modity and its protection trom pests. As inform.ltion 
becomes available trom research conducted hv uni
versities, state and tcdcral agencies, and the private 
sector, it must he shared with tanners. I iistorically in 
the United States, the Cinoperative Extension Service 
(CiES). part ot the land grant university 111 each state, 
has had the primary responsibility tor the dissemi
nation ot I I’M  information to growers and the agri
cultural industry. |.SYe C o o im .k a  1 ivi E x i t n s i o n
Si uvk 1 . |

Although ll ’M  programs implemented by growers 
through CiES and the private sector have focused 011 

the appropriate combination o f cultural, biological, 
and chemical control methodologies, several other 
factors must be considered in the appropriate design 
ot an I l ’M  educational approach. I he scale or size o f 
the I l ’M  program, the economics of implementation, 
and the social and environmental setting of the pro
gram must be considered before an IP M  program 
is ottered to growers. Although the disciplines of 
agronomy, horticulture, entomology, plant pathol
ogy, weed science, agricultural economics, and ag
ricultural engineering are pivotal in developing an 
interdisciplinary I l ’M  program for growers, the disci
plines of sociology, anthropology, and psychology 
are also important contributors 111 understanding how 
growers adopt new technology. O f  key importance is 
the direct involvement ot growers in program design. 
Because the growers are the final recipients, it is vital 
to gam their perspective and input before developing 
an I l ’M  educational program for a farm or a region.

Since the implementation ot Il’M has been .1 pri
mary educational activity of the CiES since IM72, ex
amples ot the successful transfer o f Il’M  systems to 
growers are abundant. CiES specialists and county 
agents have adopted l l ’M  in their educational pro
grams as the primary approach to pest control. Suc
cessfully adopted I l ’M  programs have several points 
111 common. A multitactic, multidisciplinary ap
proach must be developed that includes agronomic, 
pest, economic, and environmental considerations 
that eliminate the predisposition to pest loss. The 
elements that most I l ’M  programs consider include 
a less susceptible plant variety, a planting time and 
location that separate the development o f the crop in 
time and space from pest populations, fertilization 
and irrigation practices that disfavor pests, rotation 
ot susceptible crops with nonsusccptible crops to di
lute pest populations, computerized models to fore
cast pest abundance, field monitoring and the use of 
thresholds in-season, and timely harvest and destruc

tion ot plant residues that serve as pest retugia. 1 rain
ing invo lving field scouting ot the pest and its damage 
and assessing levels ot natural enemies is usually the 
most visible part ot the I l ’M  program. I his training 
is v ital to allow growers to recognize pests and dam
age and to use economic thresholds as the basis tor 
pesticide applications.

A broad range o f educational methodologies is used 
bv CiES to demonstrate I l ’M  to growers. A powerful 
method is the use ot 011-tarm result demonstrations. 
Cirowers volunteer to use their farms as a model tor 
I l ’M  system implementation, the results ot w hich can 
be viewed periodically by other growers over the 
season. Result demonstrations serve as a field labora
tory before, during, and after the season. Several re
sult demonstrations distributed across a production 
region constitute an excellent means ot gaining adop
tion by growers.

Several other educational techniques are widely 
used, including field days and tours sponsored by 
C iES in collaboration with private agricultural consul
tants, university and U S D A  scientists, and, 111 some 
cases, agricultural chemical industry representatives. 
A llow ing  small groups to engage in learning a particu
lar technique or methodology, field days and tours 
constitute an excellent way to expose growers to a 
wide range ot field and pest management conditions.

O ther teaching activities include the use ot elec
tronic and print media. Information 011 the current 
status o f pests and natural enemies, economic thresh
olds, pest biologies, and computerized pest forecasts 
are only a few examples of the type ot information 
that is disseminated routinely through the media to 
a wide clientele ot growers, agricultural consultants, 
pesticide dealers, pesticide applicators, and financial 
institutions. Farm journals, newspapers, news maga
zines. and home and garden magazines are frequent 
carriers o f  I I 'M  articles. Most CiES ll’M  programs 
produce weekly newsletters. .111 effective method ot 
providing specific local information. Additionally, a 
wide array o f l l ’M  teaching aids such as tact sheets, 
technical bulletins, crop/pest guidelines, manuals, 
books, slide sets, and videos has been produced and 
is available 111 every state through CiES. Computers 
have been used effectively by C i ES and private agricul
tural consultants to store and analyze pest and crop 
data, develop program summaries, predict damaging 
pest infestations, and serve a variety ot communica
tion functions that are useful at community, state, 
regional, and national levels.

I l ’M  programs should engage in continual evalua
tion to identify weaknesses and areas tor improve-
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mem. Various techniques have been developed to 
evaluate the economic benefits o f growers participat
ing in I P M  compared with those of growers who do 
not. Adoption ot I P M  techniques reduce production 
costs and increase net profits to growers. In fact, o f 
the hundreds ot evaluations that have been conducted, 
nearly all have resulted in an increase in net profits 
to growers through reduction o f production costs, 
usually from reduced pesticide inputs. In some cases, 
additional net returns have been generated from in
creased yields experienced through the use o f I PM . 
Because I PM  is information intensive, it has been 
shown to reduce risk, or variability, m crop produc
tion. The increased profits and reduced risk for 1PM 
growers have been experienced at the farm, commu
nity, state, regional, and national levels.

IP M  systems are more sustainable over time. The 
likelihood o f pest outbreaks, pesticide resistance, and 
environmental disruption is less when using IPM  
techniques. IP M  programs ot the future will rely even 
less on pesticides and more on biologically based tech
niques such as pest-resistant crop varieties, cultural 
management, and biological control. Pesticides may 
become a more limited resource in United States agri
culture because o f the negative public perception of 
pesticides, stricter environmental regulations, in
creasing costs ot registering pesticides with the EPA , 
relatively poor economic returns for pesticide manu

facturers in small acreage food crop markets, and pes
ticide resistance.
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I. Agricultural Research in the United States
II. International Agricultural Research

III. Lessons Learned

Glossary

Bas ic  d isc ip lin a ry  research Research to improve 
the measurements, theories, and techniques ot an aca
demic discipline
A p p lied  d is c ip lin a ry  research Research to apply 
the measurements, theories, and techniques o f an aca
demic discipline
P ro b lem - so lv in g  research Addresses a specific 
practical problem o f a specific decision-making unit 
and is typically multidisciplinary 
Sub ject m a tte r or issue-oriented research Pro 
vides a kind ot multidisciplinary knowledge useful in 
addressing .1 rather well-identified set o f problems 
laced by a rather well-identified set o f decision mak
ers: examples include different kinds o f sustainability, 
agronomic, plant breeding, gender, and farm man
agement research

In  today’s developed countries, the foundations ot 
modern agricultural and rural research systems, along 
w ith complementary investments in agricultural edu
cation and extension, were laid in the 1700 and 1800s. 
In the United States and other developed countries, 
university, governmental, and private sector scientists 
contributed to building these systems. In developing 
countries, agricultural research was first supported 
(early 1900s) by several European powers and the 
United States, focusing 011 export crops produced 
in their respective colonies. Beginning in the 1940s 
developing countries gave dominate priority to har
nessing science and technology to increase food crop 
productivity. O ver the past 50 years, various funding

sources have supported these ettorts, including foun
dations. bilateral aid programs, multilateral agencies, 
and private sector seed and agro-chemical companies. 
Today, the industrialized countries face problems o f 
overproduction. Yet, the developing countries still 
face the elusive challenge ot increasing food produc
tion, ensuring tood security, and increasing income 
with which to buy food— in major part because o f 
the difficulty in balancing technical advances w ith 
institutional (including policy) advances, human de
velopment, and resource enhancement. Food produc
tion technology is a necessary but insufficient condi
tion for overcoming tood insecurity and generating 
income to buy tood and other necessities.

I. Agricultural Research in the 
United States

Key early contributions to agricultural research in
clude Charles Townsend's experimentation on crop 
rotations in the early 1700s; the establishment o f ag
ricultural improvement societies in Great Britain, 
France, Denmark, Italy, and Germ any in the mid- 
1700s and the first professorship ot rural agriculture 
and economy at Oxford (1790); the founding o f the 
Rothamstead Experiment Station in England (1834); 
German scientist Justus von Liebig’s w ork 011 the 
application o f organic chemistry to agriculture (1840); 
and Gregor Mendel's research on genetics (1866).

In the United States, agricultural research is a part 
ot the larger education-research-cxtension systems, 
which incorporated and extended the early discoveries 
and innovations to meet the needs o f  modern agricul
ture and an expanding urban population. Sim ilar sys
tems evolved in industrialized Europe, Canada, Aus
tralia, and Japan over the same time horizon, w ith 
each country’s institutions reflecting its own cultural 
and historical experiences.
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A. Universities
The land-grant university system, which constituted 
the core ot the U .S . agricultural research structure 
for years, was a response to demands trom local ag
ricultural societies tor governmental assistance to the 
farming community. The state o f Michigan estab
lished the country’s first agricultural college in 1855. 
W ith  the passage o f the national Land-Grant Act/ 
M orrill Act (I8(>2), each state was provided with 
means to establish a college ot agriculture and me
chanical arts— marking the beginning o f federal sup
port to higher education in agriculture. While focus
ing largely on technology, the experiment stations 
soon included some research in farm management 
(including rural sociology) and, later, included pro
grams in agricultural economics, home economics 
(human ecology), and agricultural history. Relative 
to agricultural technology, research on institutional 
and policy improvements, human development, and 
the enhancement ot natural and man-made resources 
lias been neglected over the years in the U .S . land- 
grant institutions. More recently some attention has 
been given to agro-ethics. |See E d u c a t i o n : U N D E R 
G R A D U A T E  AN D  G R A D U A T E  U N IV E R S IT Y . ]

Recognizing the need to strengthen the country’s 
research capacity. Congress passed the 1 latch Act in 
1X87, thereby providing federal support to the states 
to conduct applied agricultural research (in coopera
tion with the U .S . Department ot Agriculture) at 
agricultural experiment stations associated with the 
land-grant colleges. I he state o f Connecticut estab
lished the first agricultural experiment station in 187(>. 
W ith the passage o f the Smith-Levcr Act (1^14) which 
established a national, university-based extension ser
vice, the basic structure o f today's public agricultural 
research, education, and extension system was in 
place. |.S<r A g r i c u i  t u r a i  E x p e r i m e n t  S t a t i o n s ; C o 
o p e r a t i v e  E x t e n s i o n  S e r v i c e . |

Currently, the land-grant system supports a broad 
array ot applied and basic biological and physical sci
ence research on plants, animals, food, soil and water, 
agricultural engineering, and rural social and family 
problems but continues to neglect relatively the non
technical aspects ot rural farm, and nonfarm, environ
mental. social, family, and consumer issues.

Contributions to agricultural and rural research 
have also been made bv institutions outside o f the 
land-grant system. These contributions were often 
less direct in the form ot support tor underlying basic 
physical, biological and social sciences; perhaps be
cause the technical agricultural sciences were both

developed and dominated by land-grant universities 
The non-land-grant universities made basic advances 
tor agriculture in chemistry, physics, bacteriology 
genetics, and microbiology in America as well as in 
Europe. For example, contributions came from cytol- 
ogists to the development o f hybrid corn —  Libert-.
1 lyde Bailey in the United States and Charles Darwin 
in the U .K . were correspondents. In Germany, H um 
boldt’s studies ot the effects ot altitude on plan: 
growth and populations were fundamental— this lis: 
could be greatly extended. Perhaps because issues and 
problems to which the social sciences can contribute 
were neglected in the land grants, the 11011-land grants 
were fairly quick in establishing rural social science 
programs and institutions such as Stanford's Food 
Research Institute. 1 lenry Schultz’s price research 
program at the University ot Chicago, |ohn 1). 
Black's agricultural economics program at Harvard, 
and later programs centered around T. W . Schultz 
and 1). Gale Johnson at the University o f Chicago. 
Also considerable rural related, disciplinary social sci
ence research was done by historians, political scien
tists, general economists, sociologists, and anthropol
ogists.

More recently competition has developed with re
spect to both disciplinary and applied research. This 
competition is between land-grant colleges of agricul
ture and the non-land-grant universities and. for that 
matter, between agricultural colleges and the basic 
biological and physical disciplines o f the land-grant 
universities. As a consequence, pressures have devel
oped to replace the “ formula funding" o f agricultural 
research with competitive grant funding open to ev
eryone (especially disciplinary scientists) trom outside 
the agricultural establishment having interests in basic 
research in the biological and physical science disci
pline. Non-land-grant colleges lack the technical ag
ricultural expertise and farm land required to mount 
large-scale efforts to attach many practical multidisci
plinary problems and issues.

B. U.S. Department of Agriculture (USDA)
The U S D A , established in 1862, was raised to full 
cabinet status in 1889. Today, agricultural research 
directly under the U S D A  is carried out primarily by 
the Agricultural Research, the National Agricultural 
St.irisric.il and the Economic Research Services. 
U S D A  sutt are assigned to U S D A  headquarters, at 
regional research experiment stations and at land- 
grant universities. Very importantly the U S D A  C o 
operative States Research Service (C SR S ) coordinates
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tcdi_T.il budget requests tor the support ot both teder.il 
.md federally supported state research. This includes 
federal support ot agricultural experiment stations 
which accounts tor less than onc-tourth ot the typical 
station budget. j.SYc U S I)A :  N a iio n a i S y s i i .m ui 
A i .kk i'l i uuai Ri.si Alien. |

1. Agricultural Research Service (ARS)
In addition to its regulatory functions, the U S D A  

supported a wide range ot activities bv the early 1 H is, 
including research on crop and animal production, 
disease and pest control, soil mapping, extension, and 
biological surveys. Today s A R S , created in 1953 
through a reorganization ot research bureaus, directs 
scientific research in the fields of crops, livestock, 
soil and water conservation, agricultural engineering, 
utilization research and development, and human 
ecology. Organized as multidisciplinary teams in
volving mainly biological and physical scientists fo
cusing on agricultural technology, A R S  scientists 
carry out research to provide a better understanding 
of basic processes related to problems ot regional or 
national importance, as well as research focused di
rectly on problems and issues. Overall. A R S  research 
has even neglected the rural social science aspects ol 
technology generation and has grossly neglected rural 
social sciences research unrelated to technological ad
vances.

2. National Agricultural Statistical 
Service (NASS)

T his agency and its predecessors have been respon
sible tor collecting, processing, and publishing pri
mary data on the agricultural system and rural people 
and areas ot the United States. The basic knowledge 
generated by this agency is used in developing na
tional income, expenditure, and net income data: in 
creating indexes ot input use, output, and prices; and 
m analyzing problems and issues. Use of these data 
in N A S  and HRS research has been coordinated with 
data generation hy the U .S . Bureau of the Census to 
develop a U .S . agricultural data system that is still 
one ot the best m the world despite its increasing 
obsolescence and neglectful underfunding.

3. Economic Research Service (ERS)
The U S D A  has conducted economic and related 

social science research since the turn ot the century, 
including in-depth studies in tarm management, data 
systems, agricultural policy, demography, market
ing, and rural societies. Using data from the census 
and trom N A S S  and ER S  and its own predecessor

agencies U S D A  developed the w orld ’s premier data 
system tor agriculture. Rural social science research 
was institutionalized with the creation of the Bureau 
o f Agricultural Economics (B A E )  in 1922. I he B A E  
made major contributions to policy formation and 
program planning o f the Department under the N ew  
Deal. The B A E  aggressively explored rural social sci
ence issues and proposed many controversial policy 
changes, which led to its abolition in 1953 when it 
was subsumed temporarily under the A R S . In 1961 
the U S D A 's  economics staff was reorganized as a 
separate service, the ER S , and made responsible tor 
carrying out social (including economic) analyses m 
support o f policy making. Key research areas include 
analyses m the areas ot supply and demand, finance, 
production, marketing, foreign agriculture, agricul
tural history, trade, demography, natural resources, 
and rural development.

C. The National Academy of Science (NAS), The 
National Science Foundation (NSF), The 
Board of Agriculture and Renewable 
Resources (BARR), The National Research 
Initiative (NRI), and Research on National 
Needs (RNN)

After W orld W ar II, the United States expanded sup
port for basic disciplinary research by supplementing 
its parastatal N A S  w ith direct financial support tor 
basic biological, physical, and (to a much lesser ex
tent) social sciences via the N S f  and National Insti
tutes o f Health (N IH )  in the conviction that U .S . 
biological and physical science research had been too 
applied. This redirection in science policy and increase 
in basic science programs was accompanied by a w ide
spread shift toward basic disciplinary research in all 
scientific and academic circles. The rural social as well 
as biological and physical agricultural sciences lost 
status m academe. In the mid-1980s, agricultural in
terests pressured N A S  to give more status to agricul
tural research, This resulted in a compromise in which 
the existing Board o f  Agriculture and Renewable Re
sources (B A R R )  was reconstituted as the current 
Board on Agriculture.

I towever. the imbalance between emphasis on dis
ciplines versus practical problems and issues has 
shifted back and forth. The N S F  developed its Re
search on National Needs (R N N )  program to counter 
overdisciplimzation. Despite such efforts to support 
research on practical problems and issues, disciplinari
ans argued for increased "com petitive grant" funding 
tor agricultural research. In the late 1980s, the N a 
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tional Research Initiative (N R I)  was established in 
an effort to channel additional agricultural research 
resources to states through the Cooperative States 
Research Service (C S R S )— allocated 011 a competitive 
basis and open to all nonprofit research organizations. 
Somewhat paradoxically, as the colleges o f agricul
ture became more disciplinary, opportunities arose 
for biological and physical scientists in other colleges 
and in non-land-grant universities to do applied dis
cip linary work in agriculture. The social scientists 
at Harvard, the University o f Chicago, Stanford, 
Vanderbilt, and elsewhere who had long been filling 
needs tor applied disciplinary social science work were 
joined by biological and physical scientists trom lion- 
agricultural colleges who were looking for opportuni
ties to do applied disciplinary research in agriculture. 
Open opportunities tor such work increased when 
agriculturalists shitted their interests to more basic 
disciplinary research, avvav trom their more tradi
tional concern tor practical applied disciplinary and 
multidisciplinary problems and issues or subjects. 
Generally, social or biological and physical scientists 
outside colleges ot agriculture have not possessed the 
land and experimental facilities to do multidiscipli
nary research 011 practical agricultural problems and 
issues that cross the basic biological, physical, and 
social science disciplines.

I11 the 1970s and 1980s, unattended and unre
searched multidisciplinary practical problems and is
sues involving the environment, poverty, gender in
equality, rural welfare, tood chain contamination, 
drug abuse, A ID S , educational deficiencies, resource 
sustainability, and the like led to a widespread public 
disillusionment with the disciplinarity o f science and 
academia. This conviction went beyond activist 
groups to the general public. W ith substantial justifi
cation. the idea became widespread that practical is
sues and problems were being neglected by science 
and academia in favor o f disciplinary interests. D isil
lusionment with the agricultural research establish
ment (A R E ) also set in— The Ford Foundation ceased 
its support ofboth traditional and disciplinary agricul
tural research; at the same time clientele groups in 
agriculture became less supportive o f the A R E  as it 
shitted in the disciplinary direction.

D. Private Sector

Private sector research is carried out by both small 
firms anil large companies. The private sector’s major 
contributions have been 111 applied research leading 
to product development, including farm machinery, 
tood processing, crop breeding, herbicides, fertilizers

and pesticides, and institutional changes in the agri
business sector as is evident when one considers recent 
institutional changes in the poultry, red meat, agricul
tural credit, fertilizer, and machinery industries. Ge
netic engineering is an important new focus ot private 
sector research. In recent years, multinational seed 
and agricultural chemical firms, including Pioneer, 
W . R. Grace, Cargill. Dekalb, Upjohn, and Mont- 
santo, have launched applied research initiatives in 
less developed countries.

II. International Agricultural Research

A. Colonial Research Systems

Until the 195Us, the primary source o f international 
assistance to agricultural research came trom Euro
pean countries and the United States as they attempted 
to expand exports from their overseas possessions. 
The Netherlands has a long history ot support to 
export crop research in Indonesia and Surinam, as did 
the United States in the Philippines, Liberia, Cuba, 
and Puerto Rico. At the turn ot the century, British 
supported an empirewide research network, with ex
port crop research institutes in India, Canada, Austra
lia, and N ew  Zealand and later a system of autono
mous interterritorial com modity research institutes in 
Anglophone Africa. France supported little agricul
tural research 111 her colonies prior to W W  II, but 
thereafter set up a network ot commodity institutes 
in Francophone Africa that were centrally controlled 
by the associated French research center. Belgium , 
011 the other hand, provided little financial assistance 
to its colonies but rather set up research centers (i.e., 
IN E A C  in the Belgium  Congo, founded in 1933) that 
were financed by the colonial states. These research 
centers, designed to support the commercial policies 
o f European and American powers, generally focused 
011 cash crops such as cotton, sugar cane, natural rub
ber, tea, coffee, cacao, and livestock, including tsetse 
fly control. Although food crop research was much 
less emphasized, stress 011 export crops had the advan
tage o f generating income with which the colonial 
populations could purchase tood and other necessities. 
The post-W W  II stress on food crop production was 
probably as imbalanced in the opposite direction a:s 
the pre-W W  II stress 011 export crop production.

B. Post-World War II Efforts to Support 
Agricultural Research

In the early 1940s the industrialized nations recognize d 
the need to increase food production in developing
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countries and began to set in place the network ot 
domestic and international institutions mentioned 
abov e that were designed to provide technical, finan
cial, and educational assistance to increase tood pro
duction in the Third World. Unfortunately, it was 
accompanied by neglect ot technologies tor income- 
producing export crops.

In 1941 the Rockefeller Foundation sent a team to 
Mexico, which led to the establishment ot a collabora
tive research program to expand wheat and corn (tor 
tood) production. O ver the next 50 years, numerous 
organizations and programs were established in less 
developed countries to support agricultural research 
and development oriented to increasing food crop 
production. The trend began in the mid- 1940s with 
the founding ofthe Food and Agricultural Organiza
tion (F A Q ) (1945) o f the United Nations and the 
W orld  Bank (1946). The 1950s saw the establishment 
ot the United State's Point-Four foreign aid program 
(1950); the beginning of Ford Foundation (1950) sup
port to agriculture; and several bilateral assistance pro
grams (initially by Britain, France. Germ any, Can
ada, Australia, and, later, by Japan and O P E C  
countries). U S A IF ) was created in 1961 to promote 
development; its program to strengthen agricultural 
universities eventually targeted 40 developing coun
tries. The Inter-American Development Bank was 
created in 1959. The 1960s saw the creation of the 
International Rice Research Institute (1961) (the first 
of 13 such centers), the establishment o f regional 
banks for Africa (1964) and Asia (1966); and the 
United Nations Development Program (1966). The 
1970s saw the establishment o f Canada's International 
Development Research Center (1970), the Consulta
tive Group tor International Agricultural Research 
(1971), the International Fertilizer Development Cen
ter ( 1974), and the Small Ruminant C R S P  (1979)— the 
first ot several USA ID-funded collaborative research 
support programs. The 1980s saw the creation ot the 
Australia’s Center for International Agricultural Re
search (1982) and the Special Program tor African 
Agricultural Research (1985). Several key initiatives 
are discussed below.

1. U.S. Foundations, Non-Governmental, and 
Private Voluntary Organizations

Both the Rockefeller and Ford Foundations were 
catalysts in promoting and funding the initial interna
tional agricultural research centers ( IA R C s ) and con
tinue to provide modest support to these centers. 
W inrock International Livestock Research and Train 
ing Center (W inrock) initially focused on livestock 
research, but broadened its mandate to include sup

port to crops, natural resources, and policy analysis 
m the early 1980s. The Farm Foundation has used 
its small budget effectively in support ot extension 
education more than research and to support agricul
tural economics and rural sociology internationally. 
During the 1960s and 1970s the Agricultural Develop
ment Council made a major contribution to training 
Asian social scientists. In recent years, N G O s  have 
supported research efforts through their work with 
local organizations to diffuse research to farmers 
throughout the developing world.

a. Rockefeller Foundation (RF) RF has focused 
on strengthening the technical agricultural sci
ences— through its support to the I A R C s  (see C G IA R  
system) and by assigning leading U .S . scientists to 
work in national food crop research programs (i.e., 
Mexico, India, Colombia). In addition, RF has trained 
many scientists who have assumed leadership roles 
m their national research programs. Current RF  initia
tives include support to biotechnology research on 
rice throughout Asia; grants to faculty members in 
Uganda, Kenya. Malawi, and Zim babwe to conduct 
problem-oriented research to improve the productiv
ity o f small farmer; and support to research on natural 
resource management in a few countries.

b. Ford Foundation (FF) In contrast to RF, the
Ford Foundation has sought to strengthen the social 
sciences. In the 1950s Ford became the "first major 
U S  foundation to set up an international program of 
multi-purpose grant-making offices overseas, focus
ing on problems rather than disciplinary subjects." 
During the 1960s and early 1970s, the FF joined RF  
to help establish the initial IA R C s  and supported ef
forts to create policy analysis capacity and administra
tive expertise m the agricultural ministries of devel
oping countries. Initiatives to extend the benefits ot 
the green revolution more broadly include the India 
Intensive Agricultural Districts Program (IA D P ) dur
ing the 1960s, support to universities and government 
ministries to strengthen their agricultural research and 
training capacity, programs to better integrate 
women into development, and interdisciplinary farm
ing systems research— with emphasis on bringing 
together university, ministries, and N G O s  to ad
dress farmers’ problems. Current initiatives include 
strengthening the capacity ot N G O s  to implement 
grass roots development projects, linking rural 
N G O ’s efforts with government-sponsored initia
tives, initiatives to insure that government policies 
support these efforts, and involving N G O s  and the
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public sector in natural resource management— in
cluding irrigation and forestry.

c. Private Voluntary (PVOs) and Non-Govern
mental Organizations (NGOs) PV O s and N G O s  
engaged in development work include C A R E , Catho
lic Relief Service, O X F A M . Africare. Norwegian 
Church. World Vision, Save the Children, and Heifer 
Project (livestock). Historically, most P V O s/N C O s  
focused on food distribution in suppport of disaster 
relief, but increasingly manv also support community 
development projects, applied commodity and tann
ing systems research, and agricultural extension to 
help insure that research results are made available to 
limited resource farmers.

2. The CGIAR System
By the early I 95( Is, agricultural scientists had recog

nized that new agricultural technologies could not be 
simply transferred to developing countries, but rather 
countries must develop their own capacity to generate 
new technology. [.Sec C o n su i iATiVfc G ro u p  on In 
I I UNA I IONAI AtiRK.UI TIJKAI Rl si ARC II. |

Building on the success ot the program which 
helped Mexico become selt-sutticient in gram, in 196(1 
the Rockefeller and Ford Foundations joined forces 
to establish a center in Asia — the International Rice 
Research Institute— to do the same thing tor rice. In 
the years that followed, additional centers ( IA R C s ) 
were launched to increase tood production in the less 
developed world, each with a regional or specific 
commodity mandate: including C IM M Y T  (1969), lo
cated in Mexico which focuses on corn and wheat; 
C l A T  ( 1967) m Colombia tor cassava, field beans and 
rice, and pastures in the American tropics: 1 IT  A ( 1967) 
m Nigeria tor the improvement of agriculture in the 
humid and subhumid tropics; C IP  (1970) in Peru for 
potatoes; W A R D A  (1970) in the Ivory Coast for rice 
in West Africa; IC R IS A T  ( I 972) in India for sorghum, 
millet, chickpea, pigeonpea, and peanuts; ILR A 1 )
(1973) in Kenya tor the control o f the livestock dis
eases ot sleeping sickness and East Coast fever; IL C A
(1974) in Ethiopia for livestock production; 1BPG R 
(1974) in Italy for the conservation o f genetic diver
sity; IC A R D A  (1975) in Syria for barley, lentil, and 
taba beans worldwide and wheat, chickpea, pasture 
and forage crops in West Asia and North Africa; IF P R I 
1975) in the United States tor police research to pro
mote tood production, distribution, and consump
tion; and 1SN AR 11980) in the Netherlands to assist 
developing countries to strengthen their research 
systems.

As the number ot IA R C s  increased, the need to 
coordinate funding and oversight became apparent. 
In 1971 the Consultative Group on International Ag
ricultural Research (C G IA R ) was established as an 
informal consortium ot governments, international 
and regional organizations, and private foundations.

Today, the C G IA R  constitutes a network of 13 
research centers with a mandate to nurture agricul
tural research to improve the quantity and quality ot 
tood production in the less developed countries. In 
addition, the C G IA R  system works w ith I I affiliated 
research centers. Since the early 1970s. the C G IA R  
has broadened its tocus trom initially supporting oiilv 
commodity research, to support ot genetic resource 
conservation, tood policy research, and the manage
ment ot national agricultural research systems.

Ihe I ARC is, in collaboration w ith national research 
programs, pursue a variety of activities that contribute 
to crop improvement; including collecting, storing, 
and distributing germ plasm; breeding new varieties, 
agronomic and related research; training national sci
entists; publishing report ot the latest research results; 
and holding workshops and conferences which enable 
scientists to interact and learn from each other. Since 
1971 the C G IA R  budget has grown trom S2() million 
to over U .S . S250 million (1992). M ajor donors in 
clude the United States, Japan, Canada, W orld  Bank, 
E E C . U N D P ,  and the Rockefeller and Ford Founda
tions.

3. Bilateral Assistance Programs
The United States, United Kingdom, France, C an 

ada, Japan'-, and Australia provide a major share o f  
direct assistance to agricultural research. In addition, 
24 developed and developing countries support ag
ricultural research through contributions to the 
C G IA R  system and other international organizations.

a. United States In an effort to alleviate severe 
shortages o f research and extension manpower, 
U S A ID  enlisted the support o f U .S . Iand-grant um- 
versities to build and strengthen agricultural science 
capacity in Asian, Latin American, and African uni
versities. Forty Iand-grant universities have been 
paired as partners with developing country institu
tion—  the largest programs involving India. Nigeria, 
Brazil, and. Indonesia. Fliese "institution building 
projects," implemented primarily trom 1952 through 
the 1970s, helped iand-grant universities send the r 
faculty on long- and short-term overseas assignments 
to assist in developing curricula and research capacity. 
While greatest priority was given to strengthening
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undergraduate education, graduate degree and re
search programs were established. M ajor fields ot 
training included crop and animal science, with much 
less emphasis on the social science. In addition, local 
staff were sent to U .S . universitites tor graduate train
ing and technical assistance was provided tor campus 
construction, laboratory equipment, and library facil
ities. W hile  many of the larger host-country universi
ties continued to support significant levels o f applied 
research, tew took 011 major extension roles or pro
vided leadership to national rural development policy 
making. W hile  most universities successfully retained 
their trained staff, many of the faculty now approach 
retirement. As opportunities for overseas training 
have declined over the past decade, and their govern
ments face severe financial constraints, many ot these 
universities face an uncertain future.

In the late 1970s, U S A  11) established the Collabora
tive Research Support Program (C R S P )— a new ap
proach to mobilizing the research capacity ot U .S . 
higher education to implement multidisciplinary, 
problem-oriented, collaborative agricultural research 
with scientists 111 developing countries and the 1ARC!s. 
The C R SP s , coordinated by a Council ot U S A I I ) and 
participating university representatives, link over 700 
scientists in 32 U .S . universities and over SO interna
tional research institutions. Each of the 10 C R SPs  is 
guided bv a global research mandate, which gives 
priority to high-payoff problem-solving and issue- 
oriented research that benefits limited resource pro
ducers and consumers in the collaborating countries 
and U .S . agriculture. The C R SPs  provide funding 
for joint U.S.-based and developing country scientists 
to plan and carry out long-term research to increase 
the production, storage, and utilization ot neglected 
crops (beans/cow peas, peanuts, sorghum/millet) and 
small ruminants, and address critical research 011 soil 
management, fisheries stock assessment, pond dy
namics/aquaculture, human nutrition, integrated pest 
management and sustainable agriculture. I11 addition, 
funds are used to train host-country scientists.

Since the early 1960s, U S A ID  has financed several 
hundred projects to increase agricultural research ca
pacity 111 developing countries. U S A ID  has limited 
capacity to implement research projects. Thus, it con
tracts with U .S . universities, private consulting firms, 
the U S D A , and IA R C s  to provide short- and long
term technical assistance, train staff, and build re
search facilities to strengthen government-supported 
crop and livestock research institutes 111 developing 
countries. In response to the "N e w  Directions”  Con
gressional mandate, the mid-1970s saw a refocusing

ot research to place more emphasis on the needs ot 
the "poor m ajoritv." This laid the groundwork tor 
multidisciplinary, participatory. 011-farm, farming 
systems research to better address farmer’s needs, and 
the important roles ot women 111 development, lion- 
traditional crops, and less well-endowed environ
ments. While many USA ID-funded research efforts 
contributed to increased agricultural production, it 
became increasing clear in the 1980s that technology 
alone could not increase rural welfare. W ithout appro
priate policy reforms, macroeconomic adjustments, 
human development, and an expanding resource base, 
farmers lacked important essential ingredients tor us
ing new technologies.

b. United Kingdom Support to agricultural re
search is funded by the Office ot Development Assis
tance (O D A ).  Short- and long-term technical assis
tance activities are implemented by O D A  program 
staff, and via contract to universities, the institutes ot 
the National Research Institute, private consulting 
firms, and individuals. In contrast to the U .S . model, 
universities in the U .K . have been far less involved 
in implementing large institution-building research 
projects, but do play a important role 111 training Third 
World scientists.

c. Australia Established 111 1982, Australia’s
Center for International Agricultural Research 
(A C IA R ) mobilizes Australian's agricultural research 
capacity for the benefit o f developing countries. S im i
lar to the C R SPs , A C IA R  implements its mandate 
by commissioning Australian institutions (especially 
universities) and individuals, in partnership with de
veloping country research groups, to implement re
search in Australia and in developing countries. Prior
ity is given to problem-oriented research 011 animal 
and crop production, farming systems, land use, 
fisheries, forestry, postharvest technology, and the 
socioeconomics o f agriculture. Projects are generally 
funded for 2-3 years with possible renewal. A C IA R ’s 
approach emphasizes responding to needs expressed 
by developing countries, addressing problems ot na
tional importance, significant local scientist participa
tion, and problems with a potential to exploit Austra
lia’s special research capacity. W hile most projects 
involve Southeast Asian and Pacific country scientists, 
A C IA R  support research in other regions w ith envi
ronments similar to Australia.

d. France The Center for International Cooper
ation in Agronomic Research (C IR A D ) was estab-
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lishcd in 1984, following consolidation o f several 
tropical commodity research institutes formerly un
der G E R D A T . The C IR A D  is organized into seven 
departments, each with a specific commodity/subject 
matter mandate (i.e., C IR A D - C A  tor annual crops 
and C IR A D - C P  for cotton). The center supports re
search, training, and dissemination activities at C IR-  
AD 's  own centers, within host-country agricultural 
institutes, universities, and parastatals and in support 
o f development projects. About one-half o f C IR A D ’s 
activities are funded by the French government and 
one-halt through contracts from the W orld Bank, 
FAC), and the European Economic Com m unity. In 
contrast to U S A ID  which contracts its research proj
ects, C IR A D  implements it mandate through its staff 
ot over 100(1 senior scientists— approximately 40% 
ot whom work overseas in about 50 developing coun
tries. While private consulting firms and universities 
play only a minor role in implementing research over
seas. two French centers located in Montpellier train 
agricultural researchers and technicians trom devel
oping countries, Europe, and France.

e. Canada The International Development Re
search Center ( I l )R C )  programs Canada's aid for re
search in agriculture and natural resources. Estab
lished in 1970 to assist developing countries solve 
pressing problems, it provides direct support to Third 
W orld institutions, with minimal reliance on long
term expatriate technical assistance. Projects build re
search capacity through support to training and stud
ies o f locally identified problems. IDRC. projects focus 
on neglected crops grown by the poor (including cas
sava, millet, and sorghum), ruminant animals, fisher
ies, forestry, agricultural economics, postproduction 
systems, human nutrition, and environment and sus
tainable development. ID R C  also sponsors research 
and information networks that enable Third W orld 
scientists to learn from each other. Research projects 
are guided by a holistic approach and implemented 
by interdisciplinary teams o f scientists.

4. Multilateral Assistance

a. The World Bank Since the late l% 0 s , the 
Bank has provided loans to developing countries to 
strengthen their capacity to generate new technology. 
Applied and/or adaptive research is the approach em
phasized in most projects. Bank loans have financed 
six types o f agricultural research and extension initia
tives m over countries— agricultural and rural de
velopment projects with adaptive research and exten
sion components, national adaptive research and

extension programs, research components in educi- 
tion projects, agricultural research reform and re
organization, special grants to n o n -C G IA R  centers, 
and financial and administrative support to the 
C C IA R — channeled to the various lA R C s . Dur
ing the period 1981-1987 the Bank invested abo.it 
S98 billion in 21 “ free standing”  research projects and 
209 agricultural and rural development projects wi:h 
research components. The total cost o f the research 
element in these projects was about S2 .1 billion. Most 
“ free standing”  projects have provided for graduate 
training fellowships. Where a gap existed between 
research and extension, projects have included strate
gies for strengthening linkages between research and 
extension efforts.

b. The Food and Agricultural Organization of 
the United Nations W hile perhaps best known as 
the sponsor o f conferences designed to focus attention 
on world food and natural resource issues, F A O  also 
plays an important role in supporting agricultural re
search. These efforts have taken three forms— assis
tance to projects designed to strengthen national ag
ricultural systems, co-sponsorship ot the C G I A R , and 
the promotion ot regional and interregional research 
networks. Projects have focused on a variety ot fields, 
including sorghum and millet development, sheep 
and goat production, irrigation, tick-borne cattle dis
eases, horticulture, integrated pest management, 
agricultural equipment development, and remote 
sensing. Most projects include a major training com
ponent. Agriculture and trade statistics collected by 
F A O  are widely used in analyzing the state o f world 
agriculture. In addition, F A O  has supported cam
paigns (typically with an applied research component) 
to increase food production and farmers’ income 
(e.g., fertilizer program, locust control) and eradicate 
livestock diseases (e.g.. rinderpest, foot-and-mouth. 
African swine fever, and trypanosomiasis), carried 
out worldwide surveys (e.g.. W orld  Food Surveys), 
and sponsored studies on famine relief, food security, 
marketing, desertification, agrarian reform, posthar
vest losses, trade, and environmental issues.

c. Institute of Applied Systems Science Analysis 
(IASSA) Headquartered in Austria, the IA S S A  was 
established by the U .S . and Soviet governments, with 
several European countries and Canada providing 
support. Initially, the National Academy of Sciences 
was the administering U .S . agency. It has carried 
out research on global models pertaining to natural 
resources, acid rain, water, energy, food, and agricul
tural policy.
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5. Consulting Firms
Numerous private nonprofit and consulting firms 

provide technical assistance to agricultural research 
projects 011 a contractual basis, through funding from 
bilateral aid programs or international organizations 
like the W orld  Bank.

6. National Agricultural Research Systems in 
Developing Countries

In most developing countries, agricultural research 
is generally carried out by institutes under the minis
try o f  agriculture or by autonomous research insti
tutes. Few countries have significant private research 
capacity. Although universities have played a minor 
role 111 agricultural research, their undergraduate and 
graduate training programs have contributed to 
strengthening research capacity. At the end of the 
colonial period, most research systems were weak 
and had insufficient trained personnel to implement 
research. O ve r the past 30 years, national govern
ments and donors have invested heavily to strengthen 
these systems— by both upgrading physical facilities 
and training scientific manpower. Since independence 
most countries have given priority to tood crop re
search. Training efforts have emphasized technical 
agricultural disciplines (e.g., plan breeding, agron
om y, veterinary medicine), resulting in a severe short
age o f social scientists working in national research 
programs. Since the m id-ll/7()s, most countries have 
given greater emphasis to adaptive research including 
tanning systems research. Research capacity varies 
greatly across national systems. In general, research 
systems are strongest in Asia and Latin America and 
weakest in Sub-Saharan Africa. Today, national re
search systems face a variety o f challenges. Rapid 
population growth, rising incomes, and urbanization 
w ill increase the demand for food. Greater recognition 
ot environment issues, resource degradation, sus
tainability. postliarvest problems, and the potential 
contribution ot biotechnology requires that research 
systems expand their research agendas. On the other 
hand, national and international resources to support 
agricultural research are declining in both relative and 
absolute terms, resulting in staff attrition, shortages 
in operating funds, and facility deterioration. To  meet 
these challenges, it w ill be necessary to find ways to 
increase support to agricultural research, expand so
cial science research capacity, utilize available re
sources more effectively, promote greater intraregio- 
nal cooperation, expand the role o f private sector 
research, and reassess the role ot CXI1AR system to

determine how it can best serve national research sys
tems 111 the future.

III. Lessons Learned

Since W orld  W ar II. we have learned as a first lesson 
that progress in and tor agriculture, rural societies, 
and consumers depends 011 research to achieve reason
able levels and combinations o f (1) improved technol
ogy, including both tood and cash crop technologies,
(2) a wide range o f human capacities, (3) natural and 
man-made resources, and (4) private and public insti
tutions including policies, programs, facilities, and 
infrastructure. Agricultural researchers bear responsi
bility for researching all tour ot these "driv ing  forces 
for progress. "  Research administrators bear responsi
bility for maintaining these and several other kinds 
o f balances in agricultural research systems.

If  a society allows any one ot these four forces to 
be deficient, the other three are constrained by the 
deficient one. Technologies without capable people- 
qualified to use them are ot little value. W ithout the 
adequate support o f private and public institutions 
(including appropriate policies), advanced technology 
and well-trained people are frustrated. Equally con
straining on technologies, institutions, and well- 
trained people is a lack o f resources both natural and 
especially man-made ones secured by converting nat
ural resources into capital that embodies appropriate 
improved technologies. Food production without 
generation ot income to buy tood and other necessities 
does not overcome hunger and poverty.

Assessing agricultural research systems is a norma
tive matter. It involves the impacts ot a research sys
tem's output 011 such important considerations as the 
security o f food supplies; the distribution of poverty, 
affluence, and opportunities; the avoidance ot tood 
chain contamination and environmental pollution; the 
sustainability o f our natural resources; the mainte
nance o f estheticallv pleasing living conditions; the 
arts; bio-diversity; and health and nutrition. Conse
quently agricultural research systems need to research 
the values that guide the development o f farm and 
rural systems and society. Such systems must be con
cerned with ends or values as well as means as they 
pursue progress 011 technology, human capabilities, 
institutions, policies, and natural and man-made re
sources. This. then, is a second kind ot balance re
quired in our research institutions. Because practical 
problems require both value and value tree knowledge 
for their definitions and solutions, our agricultural
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research institutions must have balance with respect 
to these two kinds ot knowledge. The need is tor 
objective knowledge about values as opposed to non
objective advocacy of emotionally held values. Objec
tive knowledge is possible about monetary values 
and about many nonmonetary values including the 
value of healthy well-nourished bodies, freedom, bio
diversity. gender equality, unpolluted environments, 
and uncontaminated tood chains— the list can be ex
tended almost indefinitely. Further, knowledge is re
quired about exchange or extrinsic values. Prices tor 
instance are values in exchange but we need knowl
edge of rates ot exchange between nonmonetary wil
lies as. tor instance, when making trade otts between 
preserving a wilderness area and providing access to 
it. At other tunes we need knowledge o f more intrin
sic values. In appraising agricultural research systems, 
tor instance, we often have to consider the intrinsic 
value ol a human life rather than considering trade 
otts between human lives and, say, freedom from 
tood safety regulations. Ideally our knowledge about 
values should also be interpersonally valid and 
cardinal, not just ordinal.

A third kind of balance is also important in design
ing, guiding, and controlling the work o f agricul
tural research systems. This is the balance between:
( I ) direct research on the problems ot private and public 
decision makers, (2) research on such subjects as re
source sustainability, poverty, animal welfare, hun
ger, tood chain contamination, gender inequality, 
global warming (or cooling?), community develop
ment, acid rain, farming systems, desertification, 
tood quality (nutrition and taste), family develop
ment. and international trade, and (3) underlying basic 
disciplinary research in such disciplines as anthropology, 
biology, economics, genetics, sociology, chemistry, 
philosophy, bacteriology, psychology, hydrology, 
history, physics, geography, geology,— the list goes 
on. The first two o f these three kinds o f research are 
multidisciplinary and holistic due to the nature o f the 
individual practical problems ot concern in the first 
and of the sets o f practical problems o f concern in the 
second. I he third kind o f research considered above 
was disciplinary which is often highly specialized 
within disciplines that are themselves specialized. In 
attaining balance between the above three kinds o f 
research and the tour driving forces, value knowledge 
is crucial. Practical problems are defined and solved 
using knowledge ot values as well as relatively value- 
free knowledge. Values are also important even tor 
the basic disciplinary work done in agricultural re
search s\stems as it is know ledge ot \ allies that indi

cates what kinds o f basic research have practical rele
vance for farmers, consumers, and rural societies. 
There is a justified expectation that the basic disciplin
ary research done in agricultural research centers be 
relevant for farming, rural societies, and/or the con
sumers o f farm and rural products and services.

Site, time, society, and situational specificity de
crease in importance as emphasis shifts from problem 
solving to subject matter or issue oriented and then 
to basic disciplinary research. So do multidisciplinar- 
itv and the importance ot values. Sim ilarly, holism 
decreases in importance while specialization and re
ductionism become more tolerable and less damaging 
as the three kinds ot research are considered in the 
above order. Again, a need tor balance exists. Speci
ficity with respect to problems must be balanced 
against disciplinary specificity. In seeking this fourth 
kind ot balance it must be recognized that somewhat 
paradoxically problem specificity goes along with 
multidisciplinary holism.

In the history ot international agricultural research 
institutions, it is clear that both food and cash crop 
(income-producing crops) are important. Before W W
II the imbalance neglected food crops. Since W W  II, 
cash crops (often tor export) have been neglected. As 
a fifth lession, we have learned that it is important 
to establish a better balance than now exists between 
the two.

The above five balances indicate in turn the impor
tance o f maintaining a balance in agricultural research 
systems. This sixth kind o f balance is that between 
the social sciences and humanities, oil one hand, and 
the biological and physical sciences, oil the other. A 
major study o f social science agricultural agendas in 
the late 1980s and early 1990s stresses (1) that main
taining the above five balances requires strong social 
science programs in agricultural institutions, (2) that 
most agricultural research establishments neglect the 
social sciences and humanities, and (3) that most ag
ricultural researchers and administrators are not philo
sophically oriented to do and administer the objective 
research on values that is needed to determine those 
balances. The same study also indicates that our ag
ricultural establishment institutions are increasingly 
criticized for being imbalanced in the first four re
spects listed above. These criticisms are in substantial 
part justified. The criticisms come from ecological 
movements, hunger .ictivists, nutritionist's, animal 
rightists, feminists, the “ greens." humanists, the 
buisness w orld, human rightists, community and po
litical leaders, the press, religious communities, con
sumers. farmers, rural residents, youth, and the like
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M any ot these erities h.ivc .i partially inaccurate view 
of agrieultnr.il research institutions as irresponsible 
pursuers ot technical advance and profits tor them
selves, farmers, and agribusinesses without regard tor 
the environment, taniily tarms. poverty, equity and 
justice, animal welfare, gender equality, nutritional 
values, consumer tastes and pcrtercncc. health, food 
chain contamination. Third. W orld  farmers, etc. 
Where and when this perception is true, correcting 
the difficulties requires more input from the social 
sciences, Even when such perceptions are untrue, cor
rection of the misperceptions requires social science 
inputs.

luture Priorities lor Agricultural Research Svstems (ARSs)

I. Technological advance must continue to have priority in 
ARSs. However, most ARSs need to place greater relative 
emphasis on
A. I he generation ol new and improved public and private 

institutional arrangements, policies, mlrastructura! 
facilities, and programs including those that do research.

B. I he enhancement, preservation, and maintenance of 
natural and man-made resources including those man- 
made resources that embody new advanced 
technologies.

( I he generation of a wide range ol human capabilities to
1. Handle and generate new technologies.
2. Manage and generate new and improved private and 

public institutional arrangements, policies, 
infrastructural facilities, and programs.

3. Manage new and improved human capabilities.
I). Income generation as well as tood production.

II I he philosophic orientations ot the A R S  personnel 
(including administrators) need to be broadened ami 
diversified to improve capacity to generate and use 
knowledge
A. Both monetary and nonmonetary values.
B. Intrinsic as well as extrinsic or “ in exchange" values. 
More specifically the need is to go beyond the reductiomstic 
positivistic orientations common among biological and 
physical scientists to include normative and pragmatic 
orientations capable ot supporting objective work on values 
and more holistic analyses ot multidisciplinarv problems 
and issues dealing with institutions, human capabilities, and 
resource enhancement as well as technical advances.

III. M any ARSs need to reverse their present trends toward 
emphasis on basic disciplinary work to the increasing 
neglect and exclusion of multidisciplinarv problem-solving 
and issue-oriented research
A. Without abandoning the disciplinarv work that is 

synergistic with and relevant tor multidisciplinary 
problem-solving and issue-oriented research.

B. 1 o serve farmers, rural people, and societies and 
consumers better with problem-solving and issue- 
oriented research results.

IV . listablish more and better interactive / interaction w ith 
farmers, rural societies, and the consumers ot goods and 
services geneiated m rural areas m order to

A Improve uleiiuf u at ion. definition, and resolutions of 
practical problems ,md issues 

B l.uihtate participation ot relevant private and public 
decision makers and choosers nr
1. 1 he preassessinent of research projects.
2. I he generation ot know ledge both value-free and 

about values.
3. Postassessments and evaluation ot research efforts 

and outputs.
V. Develop the social science and human capacity needed to 

attain the balances called for in I through IV  above.
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Irrigation Engineering, 
Evapotranspiration
Terry A. Howell, USDA-Agricultural Research Service, Texas

I. Evapotranspiration and Irrigation Engineering
II. Irrigation Engineering

III. Irrigation Water Management

management. Irrigation design and management di
rectly affect plant growth processes, crop yield, envi
ronmental impact of irrigation on soil and water re
sources.. and individual producer net profits.

Glossary
C rop coefficient Ratio of evapotranspiration for a 
specific crop at a specific growth stage to the reference 
crop ET  for that same time period and climatic condi
tions
Irrigation  capacity Gross flow rate per unit land 
area irrigated
Irrigation  scheduling Systematic determination of 
the need for irrigation and the timing and amount of 
irrigation water to apply to a specific crop and/or 
field with a specific irrigation system 
L im ited  irrigation Planned irrigation management 
that does not meet the full crop water requirement; 
also called deficit irrigation
L ysim eter A device, generally a tank or container, 
that defines the soil boundaries, particularly the lower 
boundary, for measuring the water and/or solute 
movement and the soil water balance of the enclosed 
soil
R eference C rop E T  Evapotranspiration from a 
specified crop (most often short grass or alfalfa) which 
is well supplied with water and has full ground cover 
(near maximum vegetative cover) and minimum ex
posed soil

Irrigation engineering is the application of science to 
irrigation design, management, and operation for the 
benefit of mankind. Evapotranspiration is the com
bined processes of water evaporation from soil, plant, 
or water surfaces and water evaporation from plant 
tissue (internal plant surfaces) by transpiration. 
Evapotranspiration influences irrigation design and
This article is a governmental work not subject to copyright.

I. Evapotranspiration and  
Irrigation Engineering

A. Description
Evaporation is the vaporization process whereby a 
substance, either liquid or solid, is converted into 
a vapor. For solids, the process is generally called 
sublimation. In agriculture and irrigation engineering, 
usually evaporation refers to the water vaporization 
from soil, plant, or water surfaces, and transpiration 
usually refers to the vaporization ot water from plant 
tissues generally through the stomata of plant leaves. 
Evapotranspiration is the combined processes of wa
ter vaporization from evaporation and transpiration 
and is also called consumptive use in some literature. In 
addition, water retained in the living tissue is generally 
ignored since it is such a small amount compared to 
the mass and/or rates of water vaporization consumed 
in either evaporation or transpiration. Although 
evapotranspiration cannot be defined as a single pro
cess, it is considerably easier to measure than evapora
tion or transpiration; hence, its use as both an identi
fying term and a measured parameter is widespread 
in the agricultural and irrigation sciences to describe 
the use of water by vegetation.

Irrigation engineering is a specialized branch of en
gineering dealing with the application of science to 
irrigation design, management, and operation. Irriga
tion engineering is a subdiscipline of the larger ag
ricultural and civil engineering fields. Traditionally, 
civil engineers specializing in irrigation engineering 
have been more directly involved with off-farm engi
neering applications (water supply, dams, canals,

Encyclopedia o f  Agricultural Science, Volume 2 591
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drainage, etc.) while agricultural engineers specializ
ing in irrigation engineering have been invo lved  w ith 
on-tarm applications (application methods, system 
design, irrigation scheduling, etc.). An overlap ot ag
ricultural and civil engineering in irrigation engi
neering is w ide ly  visible. Since this encyclopedia is 
intended tor agricultural sciences, on-farm irrigation 
engineering w ill be emphasized. |.SYr I k h ic .m  k in  E n - 
c,in i i k in g : F a r m  P h a c t ic k s , M i : i h o d s , a n d  S y s t k m s ; 
W a ih i  C o n t r o i AND U si . I

B. Measurement and Estimation 
of Evapotranspiration

1. ET Measurement
M an y  methods have been proposed and used to 

measure water use by vegetation. Generally, the 
lum ping ot evaporation and transpiration into cvapo- 
transpiratioii does not pose a severe theoretical restric
tion. H ow ever, in some cases the distinc tion o f  water 
use in evaporation and in transpiration (as separate 
physical processes) is clearly more desirable. For sim 
plicity, the term evapotranspiration w ill be designated 
by the sym bol H I , evaporation by E , and transpira
tion by I , henceforth in this chapter (rem em bering 
that E T  = F. + I ). "

E T  can be directly measured bv tw o  
means— w eighing lysimeters and bv eddy correla
tion. E T  can be ind irectly inferred by water balance 
or energy balance based 0 11 the principle o f  the conser
vation ot mass and energy, respectively. W eigh ing  
lysimeters are devices w ith  a soil container w hich is 
mounted 0 11 a scale that can precisely determine the 
change of the soil mass due to the vaporization o f  
water by E  and T  (F ig . 1). Som etim es the lysim eter 
soil surface may be covered to elim inate E. and 
thereby perm itting T  to be measured. Sm all lysim e
ters (called iniao-lysiinctcrs), usually about 200 m m  or 
less in diameter and 100 to 200 111111 deep, have been 
used to m anually measure E  over short periods (a day 
to perhaps 2 or 3 days) for bare soil or beneath crop 
canopies. Th is method is basically a simple soil water 
balance ot the surface soil water w here most o f  the soil 
water evaporation occurs, and the soil water content 
vo lum e change (measured as mass) is determined bv 
rem oving and weighing the lysim eter containers and 
then replacing them back into the soil for evaporation 
to occur These m icro-lvsim eter measurements ot E 
require routine soil vo lum etric sampling to "re fresh " 
the soil in the m icro-lvsim eter and to relocate the 
measurement sites. T h ey  cannot be used reliably dur
ing rain or irrigation events and 111.1 \ not correctly
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represent the soil d ry ing  since plant root extraction 
is elim inated. W e igh ing  lysimeters (and percolation 
lysimeters as w ell) provide a defined water Hux at the 
lysim eter boundary (generally zero; although chain- 
age water can be rem oved, water can be added to 
simulate upward How trom  a water table, or a con
stant water table elevation can be maintained).

Ed d v  correlation measurement o f  E T  requires pre
cise and fast-rcsponsc instrum ents to measure the co
variance o f  the perturbations (fluctuations trom  the 
mean) o f  vertical w ind  and water vapor m ovem ents. 
W ith  higher speed and m ore accurate portable, 1 ) 0  
powered data acquisition systems, eddy correlation 
methods are becom ing m ore w ide ly  used. Eddies are 
gusts ot w ind created by the turbulent flow  and m ix 
ing ot the atmosphere controlled by the forces of 
m om entum , heat, and water vapor transfer.

E T  can be determ ined bv a water balance as

E  I = (), 1 + R + I - Q  , -  D,. (1)

w here I 1 is the water use during period i, ( )  is the 
profile soil water content (over some specified depth 
X  as ( )  /  O  t i z  from  0 to /.) at the end ot period
i. R. is precipitation, /, is irrigation, Q, is runoff (or 
runon it negative), and /), is drainage at depth /. (or
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upward How it negative) during period i , and all terms 
are expressed in units ot length (usually mm; equated 
to I kg m 1 tor water). For most agricultural applica
tions 0 , R , and I can he measured by several methods; 
however, Q and certainly /) are more difficult to 
determine. Often, Q and /) can be neglected in certain 
situations. The E l rate is determined by dividing E T 
by the period length.

E T  can be determined by an energy balance as

ET  = (Rn -  -  / /),' A. (2)

where ET  is in mm sec (positive during evaporation 
or transpiration), Rn is net radiation in W nr2 (positive 
when incoming exceeds outgoing radiation), C  is soil 
heat Hux in W  m"2 (positive when the soil is warming), 
H  is sensible heat Hux in W m"J (positive when the 
air is warming), and A is the latent heat ot vaporization 
in J  kg ' [approximately 2.45 x  K )1’ ) kg'1 at 25°C|. 
Rn can be measured with net radiometers, and ( j  can 
be measured with soil heat Hux plates buried at 
a shallow depth (usually about 20 to 5(1 mill deep) 
and soil calorinictric correction tor the thermal 
energy storage in the soil layer above the plates. 
H can be measured using profile techniques (micro- 
meteorological methods) or using surface tempera
ture measurements (these are usually made with infra
red thermometers). In Eq. (2), ET  is determined as 
the residual |i.e., the remainder of (Rn - - //)/A|.
Most often, however, the Bowen ratio method is used 
where

fi =  H/(AET) ~ y  [ K , / K  ) |(AT/Ac)| (3)

and

ET  - (Rn -  C;)/[\ (I + (3) |, (4)

where fS is the Bowen ratio (fraction), y  is the psychro- 
mctric constant in k Pa °C  (approximately 
(6 .6  x ] ( )  1 P , where P is barometric pressure in kPa). 
K h and K, are the eddy transfer coefficients tor sensible 
and latent heat (usually equality between K h and K,, is 
assumed), respectively, and A T an d  Ac are the vertical 
gradients for temperature in °C  and for vapor pressure 
in kPa, respectively. The Bowen ratio method can 
reduce instrumentation detail required in the micro- 
meteorological profile methods; however, precise 
measurements of A / and Ac are required as w ell as 
the assumption.that K tl K',, 1 = 1.0. The Bowen ratio 
energy balance method cannot be used when fi is 
equals -1.(1, which occurs most often at neutral atmo
spheric conditions before sunrise and late evening 
after sunset. Often the magnitude ot the energy bal
ance riuxes at night are too small to be reliably mea

sured bv the Bowen ratio. The Bowen ratio energy 
balance method and other energy balance methods 
require highly accurate measurements ot Rn and ( j, 
which com monly can contain errors ot ± 5 %  or more. 
These Rn and (1 errors directly affect the accuracy ot 
// and AET.

Transpiration (T ) can be measured using a heat 
balance method for certain species with a main stem 
(at least 5 mm in diameter tor small plants to over 
10(1 mm for trees). Figure 2 illustrates a heat-balance 
gauge. The gauge consists ot a small heater that is 
placed in contact with the plant stem and several ther
mopiles (or thermocouples) that measure the radial 
and vertical heat migration trom the heater. A con
stant power is applied to the heater and the transpira
tion Hux through the plant stem is related to the heat 
migration rate along the stem accounting tor radial 
heat dissipation away trom the heater. The device is 
carefully insulated to avoid heat transmissions to or 
from the environment. The areal transpiration can 
be computed based on the plant or crop density. In 
practice, many individual gauges need to be measured 
and averaged to account for plant to plant variations.

2. ET Estimation
E T  (as well as E and T ) is influenced by many 

factors— climatic factors (mainly solar radiation, air 
temperature, relative humidity, and wind speed), soil 
factors (i.e., water content, thermal properties, physi—

FIGURE 2 Schematic diagram ot a scorn heat balance gauge used 
to measure plant transpiration. A. li, 1 la, and Hb are thermocouple 
temperature measurement locations; and ( !  and He are radial ther
mopile temperature measurement locations; P is input power trom 
the heater; qd is the downward heat How, qu is the upward heat 
flow, Q rx£itlji is the radial heat flow, and Q titiu is the net upward heat 
flow; dx is the increment tor upward and downward temperature 
gradients- and d l is the temperature gradient 111 C’ measured 
as |(A  — Ha) + (b - l ib ) I'12. |.S<wfiv< Dvnamax. Inc.. Houston. 
I exas. |
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cal layers, soil strength, and root-zone salinity), and 
plant factors (i.e.. plant density, plant height, rooting 
depth, leaf area, and stomata! conductance). Crop E T  
is often characterized tor hypothetical crops called 
rcfcrcncc crops (E T  tor a reference crop will be called 
E T r). Short grass (usually a cool season type species) 
and alfalfa are the most common reference crops. The 
E T  o f these crops when "well-supplied with water" 
and with a “ full ground cover" generally defines E T r. 
E T r is often computed using the Penman combination 
type equation which is given below for a grass E T r 
case as

\ E T r = |A (Rn - G ) + (y E a )|/(A + y). (5)

where A is the slope ot the saturation vapor pressure 
curve |rte r l f 11 in kPa °C _I |usually evaluated at the 
mean air temperature, T,. in °C | and Ea = 74.42 
(l.t) + 0.53 U i) (<■* - (’,) m W  m '2 tor grass reference 
ET,, where ( \  is the mean wind speed in m sec at 
a 2 m elevation above the ground, e* is the saturation 
vapor pressure in kPa at T , . and c, is the ambient 
vapor pressure in kPa. The Penman equation was 
later modified using resistance factors to apply more 
generally to any crop or vegetation and is known as 
the Pen mail—IVtonteith equation which is given as

AET, = |A (Rn -  ('.) + (y  Ea)|/(A  + / ) ,  (6)

where y ‘ = y  (I + i\ /r,) where r is the canopy resis
tance to vapor transfer in sec in ', i, is the aerody
namic resistance to vapor transfer m sec m ', and Ea 
is now defined as Ea = | (//; p, K )/P | |(c* — (’.,) |/ | in 
W  m ", where in is the molecular mass o f water vapor 
to air mass [l).622| and p, is the air density in kg in \ 
The aerodynamic resistance (r,) includes the effect o f 
wind on the evaporation process (note: r, is inversely- 
related to wind speed). E T r will be crop specific be
cause Rn w ill depend on the crop and soil albedo 
(short-wave or solar radiation reflection ratio) and the 
crop and soil emissivity (long-wave emittance factor), 
the effects ot the crop on energy flux into the soil 
( ( j ) ,  the aerodynamic factors ot the crop that influence 
r, (mainly crop height, crop roughness, and atmo
spheric stability), and the crop resistance factors that 
influence i\ (mainlv leaf area and stomata! resistance). 
For time periods o f a day, G  is often assumed to 
be negligible; however, for longer periods (weeks 
or months) or shorter periods (hours) G  can be a 
significant tact.ir and should not be neglected HT, is 
defined ui terms of the crop canopy resistance. i\. for 
a specific reference condition.

Many other t: I , estimation methods and equations 
have been developed, particularly tor applications

where climatic data may be limited and all the parame
ters required for Eqs. (5) and (6) may be unavailable. 
A few of the more widely used empirical reference 
E T  equations tor grass are given below

Priestley—Taylor A E T r = a  A (Rn -  G )/ (y  + A) (7)
Jensen-Haise A E T r = C ,  ( T  -  7\) R t (8)
Hargreaves \ E T r = 0.01)23 , 7’D 1 2

( T  + 17.8), (9)

where a  is an empirical coetficient (dimensionless) 
which is approximately 1.26 for wet surface condi
tions, C r  and 1\ are determined by empirical equa
tions based on site elevation and the warmest month’s 
mean maximum and minimum temperatures, R is 
solar radiation m W  m “. R  , is extraterrestrial solar 
radiation (solar radiation outside o f the earth's atmo
spheric layer) in W  m 2. and I I )  is the mean monthly 
temperature difference (maximum minus m inim um ) 
in °C . The Priestley-Taylor equation is most often 
applied to more humid locations; the )ensen-Haise 
and 1 Iargreaves equations are more appropriate for 
weekly or longer-term E T  estimates. In addition, 
evaporation pans are widely used as methods to esti
mate ET,; however, pan location and the site condi
tions surrounding the pan can greatly affect pan evap
oration.

Empirical crop coefficients are used to compute the 
crop (or other vegetation as specified) water use as

E T  = |(K ,, K„.) + K .| ET , (10)

where ET, is the computed reference E T  tor a speci
fied reference crop m 111111 d 1, K h is the basal crop 
coefficient (traction), is .1 water deficit E T  reduc
tion factor (traction). K’s is a soil evaporation factor 
(fraction), and E T  is the actual crop water use in 
111111 d . Figure 3 illustrates a generalized crop coeffi
cient curve. Ideally, the empirical factors (K ih, K u„ and 
K’J  could be developed using Eq. (6) with appropriate
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willies tor r : and i . I he basal crop coefficient. K J%. is 
defined tor the ease with .1 "well-watered”  crop but 
dry ''" il surface (several days after irrigation or rain
fall). Kj, is determined for a specific crop and tor a 
specific method ot determining H I ,, fo r  this reason, 
the use ot published values ot Kj, must carefully deter
mine the appropriate ET , and method ot estimating 
H I ,. K„ is defined by the reduction in E T  caused by 
reduced soil water, may be both soil and crop specific, 
and normally decreases exponentially (or logarithmi
cally) with increased soil drying. K  is specific tor a 
particular soil and w ill generally decline exponentially 
to zero following several days o f drying.

II. Irrigation Engineering

Engineering designs tor irrigation systems provide 
detailed information 011 water supply (rate and vol
ume), application rates, hydraulic design ot water de
livery components, operation criteria for the systems, 
and maintenance schedules for the irrigation system. 
E l impacts the water supply or demand for the irriga
tion project (field, tarm. or entire project 011 .1 hydro
logic basin or region scale). This chapter w ill deal 
only with the effects of E T  011 irrigation engineering 
applied to 011-farm irrigation design and management; 
however, the impact of off-farm, district, or project 
engineering is recognized to impact 011-farm irriga
tion engineering.

A. Irrigation Capacity
Irrigation capacity (1(1) is defined as the gross How 
rate per unit land area, and it is usually characterized
111 units o f liter sec 1 111 ’ (or 111111 s ') or more com
monly converted to 111111 d"1 (111111 d 1 = <X.()4 x lo 4 
liter sec 1 111 ’). IC! includes all the application con
veyance losses (only on-farm losses are considered in 
this chapter). IC! should be optimized through the 
engineering design because 1C.' directly affects the 
fixed irrigation system costs since the size o f the water 
supply and conveyance structures (pipelines, canals, 
pumps, valves, power demand costs, power distribu
tion component sizes, etc.) are directly related to I C .  

I ( ’ is an irrigation rate constraint, and it can affect 
crop growth and yield performance for the particular 
climatic regime in which the system is intended to 
function as well as irrigation efficiency (traction ot 
applied water actually being used by the crop). IC  is 
sometimes indirectly and/or directly constrained by 
regulations (i.e., well sizing, well spacing, turn-out

How controls). In certain cases, irrigation volume w ill 
also, be constrained (i.e., water allotments, water 
depletion regulations). Generally, IC  is one of the 
primary factors affecting variable irrigation costs, par
ticularly when ground water is the main irrigation 
water supply, through the gross How rate which is 
directly proportional to energy consumption where 
pumping is necessary.

As IC! is reduced, the ability o f  the irrigation system 
(with its efficiency and uniform ity) and irrigation 
management to meet the full crop irrigation needs is 
sacrificed. Irrigation capacity in excess o f the m ini
mum IC  necessary to meet the crop water needs (in
cluding any necessary leaching for salinity manage
ment) in all years requires additional capital 
investment tor irrigation equipment. Since the irriga
tion system peak application rate is also directly pro
portional to 1C, runoff trom irrigation applications 
can result if  1C is too large; however, the irrigation 
hydrology (the partitioning o f irrigation applications 
into infiltration, runoff, deep percolation or drainage, 
and E T ) is complex and difficult to predict. The goal 
of irrigation should be to achieve a high partitioning 
o f irrigation applications into E T  (especially T ) while 
minimizing application losses to runoff and drainage 
resulting in high irrigation efficiency, irrigation appli
cation efficiency (defined as the fraction o f applied 
water actually being stored in the crop root-zone), 
water use efficiency (W U E  is defined as the ratio of 
crop yield to seasonal crop water use (E T ) usually 
expressed in units o f kg 111 \ where 1 g 111 ~ per 111111 

equals 1 kg 111 ' or 111 kg ha 1 per 111111 equals 1 kg
111 "■), and irrigation water use efficiency (1 W U E  is 
defined as the ratio of crop yield to total seasonal 
irrigation amount with the same units as W U E ) .  The 
optimum IC! is somewhat difficult to precisely deter
mine since the acceptable risk level associated with 
reduced crop yields resulting trom soil water deficits 
depends 011 the philosophies and financial resources 
o f the individual grower (i.e., a particular design with 
a specific IC! may meet the crop needs in 9 years 
out of ID, 011 the average, with a maximum yield 
reduction o f 1(1%). The grower needs to specify the 
risk level that is acceptable, and then the IC! and system 
design can then be determined to meet or exceed that 
criterion. Figure 4 illustrates the simulated effect of 
net sprinkler IC! 011 corn yields at Ihishland, Texas 
(Pullman clay loam soil), for a specific irrigation man
agement strategy for 2K years o f climatic record 
(1958-19H5). This illustration shows for this particu
lar case that a net 1C! above 8 111111 d 1 did not im prove 
expected corn yield. However, as net IC! declined to
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Net Sprinkler Irrigation Capacity, mm d 1

FIGURE 4 Simulated relative corn ^r.un yield reduction tor .1 
Pullman clay loam soil at Hushland. I exas. as affected bv net 
sprinkler irrigation capacitv for 2n-mni applications with a 75-nun 
allowable soil w a ter depletion prior to irrigation for a 2S-\ r period.
11 ‘rum llow ell. I A.. Copeland. K S.. Schneider. A. I)., ami 
Dusek. I). A. Sprinkler irrigation management tor
corn — Southern ( ireat Pl. 1111s. \.S.W:32, M7-IS4. U>0. Re
printed by permission ol the American Societv of Agricultural 
1 ii^meers. Si. |oscph. M l.|

4 mm d 1 the mean corn yield would be reduced 
about 10% while 1 year in 4 (25% excecdencc proba
bility) the corn yield could be reduced almost 30%.

1C necessary to meet the lull irrigation needs ot a 
crop is largely based on ( I)  the maximum crop E T  
rate over some specified planning interval, (2) the 
plant available soil water that can be extracted by 
the crop without any serious yield reduction, and
(3) effective precipitation during the planning inter
val. The first factor is well defined in many sources 
while the second factor is more difficult to precisely 
characterize for particular crops and sen Is. The third 
factor can be estimated in many ways, but it is influ
enced strongly by the precipitation pattern (fre
quency, amount, and intensity), soil factors (slope, 
surface cover, soil type, etc.). and normal F.T rates 
during the specific time interval. Equation ( I )  can be 
rearranged to solve for I as the irrigation requirement. 
It" can be bracketed in several ways. At some soil 
water content level (0  ). the crop cannot take lip water 
trom the soil at a rate sufficient to meet the atmo
spheric demand rate for transpiration (the value o f K„ 
m Eq. (10) w ill begin declining below a value ot 1.0 
and the value ot r in Eq. ((>) w ill begin to increase 
above the value defined for the reference condition), 
ar.d the crop w ill develop a water deficit which will 
reduce growth (and eventuallv yield) and E T  through 
mechanisms that regulate the stomai.il opening and 
biochemical processes in the leaves. This critical soil 
water content is not necessarily the same for these two

processes— normally growth (photosynthesis) w ill be 
reduced before E T  is greatly affected— and may even 
vary with several environmental conditions. In addi
tion. it the soil water content is too large, exceeding 
some value O,,, then water more easily moves through 
the profile resulting in water losses to D  w ith its 
associated nutrient leaching losses and rainfall losses 
to Q  may increase.

The irrigation management goal is therefore to 
maintain 0  within this range (0 „ — 0  ) while min
imizing irrigation application losses to I )  and Q  with I 
constrained bv the irrigation design to be 5S to IC *7 '. 
where I' is the design time period in days and IC  is 
in mm d '. The maximum 1C can be estimated as 
J ( E T  — R )<// over time period T  in days, when no 
soil water ((),., = 0  ) can be extracted without reduc
ing crop growth and yield, div ided bv the irrigation 
application efficiency (as a fraction). This maximum 
1C will clearly depend on effective rainfall. In most 
cases, the expected effective rainfall tor short duration 
planning periods (one week or less) will be zero. As 
the soil water content increases above 0 .  available 
soil water can be extracted by the crop to meet its 
E T  demand without reducing crop growth and yield, 
thereby reducing the irrigation amount and 1C re
quired to meet the crop water needs. Likewise precipi
tation. groundwater contributions (negative I ) ) ,  and 
water harvesting (negative Q ) (see Eq. ( I) )  directly 
offset E l thereby reducing irrigation needs and irriga
tion capacity. 1C can be estimated using an equation 
developed by the U SD A -So il Conservation Service 
given as

ic: = 0.034 (E T A l )...), (II)
where 1C! is in mm d 1. E T m is the monthly mean 
E T  for the peak month in mm month ', and A l )  is 
the allowable soil water depletion in mm between 
irrigations which avoids crop water deficits.

B. Irrigation Scheduling

Irrigation scheduling (IS ) comprises of strategic 
(long-term) decisions (i.e., selection o f methods for 
detecting plant water needs, planning tor seasonal 
water allotments to specific fields or crops, etc.) and 
tactical (short-term) decisions that mainly determine 
when to irrigate and how much irrigation water to 
apph . In some ca.ies. irrigation applications may be 
desired tot reasons beyond meeting crop water needs 
(i.e.. frost protection, crop stand establishment, salin
ity management, chemical applications— herbicides 
or pesticides, etc.}. IS needs to consider the crop water
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needs. irrigation system constraints (1C am) applica
tion rate), energy conservation. soil water contents, 
weather and precipitation patterns, and cultural prac
tices like harvesting, fertilizing. etc. IS will directly 
affect the crop production economics through its ef
fect on crop yield and crop quality and on irrigation 
costs (labor, energy, and/or water).

IS strategic decisions include the method of crop 
irrigation need determination, the desired range ot 
single irrigation application amounts tor best unifor
mity and efficiency, and the crop yield goals. Tactical 
IS decisions include the day-to-day integration o f irri
gation with other farming practices (planting, cultiva
tion, harvesting, pest control, immediate weather 
forecasts, etc.).

Figure 5 illustrates a simple example crop produc
tion function (relationship between crop yield and 
applied irrigation water) and irrigation economics. 
The crop production function is assumed to follow a 
quadratic function in this example. The middle graph 
( l :ig. 5A) shows a low  fixed irrigation cost while the 
lower graph (Fig. 515) shows a higher fixed irrigation

FIGURE 5 A livpothetic.il c xample ot a crop production function 
aiu! irrigation economics tor linear irrigation costs with both low 
(A) and high (15) fixed and variable costs (water costs).

cost. Both graphs (Figs. 5A and iSB) show low and 
high variable irrigation costs associated mainly with 
the costs ot irrigation water. I hese examples assume 
that income is directly proportional to crop yield and 
that irrigation costs are linear. Several important 
points can be illustrated with this simple example. 
First, as either fixed or variable costs increase, the net 
profit (vertical distance between the income and cost 
curves) and range ot positive net profits (horizontal 
distance between the points ot intersection ot the in
come and cost curves) decrease. The fixed costs do 
not greatly affect the optimum irrigation amount that 
maximizes net profit. The optimum irrigation 
amount (the point where the slopes o f the income 
curve is equal to the slope of the cost line) decreases 
with increased variable irrigation costs. An additional 
point is that maximum net profit is not overly sensi
tive to the irrigation amount near the optimum irriga
tion amount (the slopes are relatively low). O t course, 
relationships like those illustrated here arc simplified 
and do not consider many additional production eco
nomic and engineering parameters.

Many irrigation systems are designed and managed 
to operate near the maximum crop production level 
and this is usually called full irrigation. As Fig. 5 
shows, this may not necessarily be the maximum net 
profit or the most optimum use ot irrigation water; 
however, it may reduce the production risks that are 
faced by the grower. As the irrigation amount is re
duced from that necessary to produce maximum crop 
yield, the risks (reduced net profits) increase. In addi
tion. irrigation systems apply water with differing 
distributions o f application amounts called application 
uniform ity, and the application uniform ity can affect 
irrigation economics (both net profit and system capi
tal costs) as well. Traditionally, when lower irrigation 
amounts from those necessary tor maximum crop 
yield are used, the irrigation management strategy is 
called limited or deficit irrigation. These strategies 
rely 011 avoidance o f critical crop water stress, particu
larly in the sensitive crop growth phases normally 
associated with reproductive growth (i.e., anthesis in 
most cereal crops). Figure 5 illustrates that a deficit- 
or limited-irrigation strategy may not necessarily 
result 111 a reduced net profit. Limited- and dcficit- 
irrigation management can be constrained by either 
volume or rate irrigation constraints. The rate con
straint is the 1C (or a well spacing or sizing regulation 
constraint) while a volumetric constraint could be a 
pumping volume regulation (i.e.. so many m 5 per unit 
land area) or a water right constraint (legal permit).
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Additional legal or regulatory constraints on drain
age, runoff, or water quality (both drainage and run
off) can impact irrigation design and management. 
These later regulations are called nonpoint source dis
charge regulations. Irrigation system design affects 
the fixed irrigation costs though the size o f pipe size, 
canal size, pump size, power demand charge, etc., 
and the variable irrigation costs through the pumping 
rate, pumping pressure, labor, etc. Irrigation manage
ment and IS affect net profit through the resulting 
crop yield and quality and the variable irrigation costs, 
which are proportional to the total seasonal irrigation 
applications.

1. Irrigation Timing
M any methods are used to aid and determine irriga

tion timing decisions, which are a critical component 
of IS. IS should be based on plant water needs rather 
than indirect parameters such as soil water content, 
etc. However, plant measurements are often less 
quantitative, more time consuming, and often more 
difficult to automate. Plant water stress symptoms 
include visual signs like color changes, growth pat
terns, leaf rolling or curling, leaf wilting, etc . Often 
by the time that these visual observations are evident, 
significant damage to the crop yield potential may 
have already occurred. More quantitative measures of 
direct plant water deficits include plant temperature, 
reflected or emitted radiation, stem diameter, leaf dif
fusion resistance, leaf water potential, plant transpira
tion, etc. A major difficulty in using quantitative plant 
water stress measurements is the separation o f the 
influences caused by the environmental parameters 
and those caused by plant water deficits. Many times 
some of the above plant measurements are made be
fore sunrise to determine the rehydrated level of plant 
water stress. O ther daytime measurements of plant 
water deficit may rely 011 air temperature, relative 
humidity (or combined into the vapor pressure defi
cit), or solar radiation. I11 some cases, dynamic atmo
spheric changes (clouds, wind, etc.) greatly affect the 
plant water status and its measurement. In some in
stances, a portion o f the field may be managed with 
low  soil water deficits to serve as .1 check or reference 
field tor nearby fields using plant-based IS timing. 
Plant-based measurements are sometimes unreliable 
when extrapolated for several days, which may be 
necessary to schedule or order irrigation water antici
pating irrigation needs.

Soil water parameters are often used in IS timing. 
Soil water can be estimated from simple soil sampling 
and judgment based on visual and feel methods: gravi
metric methods requiring soil samples to be weighed.

dried, and reweighed; soil water potential sensors 
(tensiometers and thermocouple psychrometers); po
rous block sensors (in equilibrium with the soil of 
electrical resistance, capacitance, and/or heat dissipa
tion types): neutron attenuation meters (gauges that 
emit low levels ot nuclear radiation and count the 
slow neutrons that are reflected back trom water or 
other hydrogen elements); or soil dielectric gauges 
(time domain reflectometry). Several o f the soil water 
sensors can be automated for measurement speed; 
however, soil contact and placement are major limita
tions. Soil water content or potential is an indicator 
o f expected plant water stress. Soil water content or 
potential w ill usually permit longer-range IS timing 
forecasts than w ill plant based measurements. I11 addi
tion. soil water measurements can be used more di
rectly than plant indicators to determine irrigation 
amounts necessary to refill the soil profile.

Irrigation timing sensing methods should be 
viewed as information rather than one method versus 
another. Each method adds potentially greater collab
oration or support for each o f the other measure
ments. The grower or irrigation consultant needs to 
gather sufficient information, either soil or plant 
based, to make the irrigation timing decisions. These 
decisions should be presented 111 the context o f .1 

scheduling opportunity window. The earliest irriga
tion date in this scheduling w indow will avoid appli
cation losses to drainage and runoff while the later 
date in this scheduling w indow will avoid the devel
opment o f plant water stress and associated future 
yield reductions.

2. Irrigation Amount
Irrigation amount is largely dictated by the irriga

tion application method, application efficiency, and 
the available soil water storage capacity. The irriga
tion amount is largely constrained by the IC  and the 
frequency o f irrigation applications. I he irrigation 
application method will have a specific range ot appli
cation amounts in which its efficiency and uniformity 
may be optimized. This optimum range could be 
about 5(1 to 100 111111 for surface irrigations, 15 to 
50 111111 for sprinkler irrigations, or 5 to 25 111111 for 
microirrigation (drip, trickle, bubbler, micro-spray, 
ere.). Available soil water storage dictates how much 
water could be stored within the soil profile without 
excessive losses to drainage. However, it may be de
sirable in main cases, panitularly in subhuinid anil 
semi-arid climates, to avoid refilling the soil profile 
to leave potential storage tor precipitation to minimize 
precipitation runoff losses.
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III. Irrigation W ater M anagement

On-t.irm irrigation water management is the com
bined utilization of irrigation system design with IS 
to enhance effectiveness ot irrigation. Irrigation water 
management involves the integration ot many strate
gic (long-range) and tactical (short-range) decisions 
with the farm management decisions (again both stra
tegic and tactical), water supply, and legal and institu
tion constraints.

Farm management decisions of'cropping sequence 
and variety selections affect irrigation management. 
In addition, farm cultural operations such as tillage, 
pest control (both weeds and insects), fertility, crop 
harvesting, and other farming activities must be inte
grated with irrigation management to achieve the 
farm production goals. In many cases, these farm and 
crop management decisions may be more critical than 
irrigation decisions. In the United States, many times 
these farm management decisions are constrained by 
government farm programs or natural resource regu
lations.

Irrigation water supply has additional management 
constraints. Off-farm water supply may involve wa
ter “ ordering”  (advance forecast o f water demand) 
trom a water district or a water management agency. 
The E T  ot the crops being irrigated and the irrigation 
methods directly affect the water order. In other cases, 
the control ot the water supply is simply the regula
tion or limit on water pumping, particularly from 
groundwater sources. These pumping restrictions 
have many forms trom taxes or fees to absolute water 
withdrawal limits or regulations. For example, 111 

southeastern Texas, groundwater withdrawal in cer
tain areas is subject to tees charged by ground water 
districts to control and reduce land subsidence; in 
southwest Nebraska, the local natural resource con
servation districts have imposed a fixed limit over a 
5-year period on irrigation pumping volume; and in 
many western states, rigid water right laws control 
the water allocations for irrigation.

Energy consumption in irrigation also has empha
sized the need tor integrated management o f irrigation 
with power distribution. In many situations with 
electrical-powered irrigation water supplies, electrical 
load management integration with irrigation manage
ment is necessary to reduce energy consumption (and 
therefore reduce irrigation variable costs) or to control 
the power demand by regulation to “ off-peak" time 
periods. In the United States during the 1970s when 
energy rates were rapidly escalating, electrical load 
management became a critical component to preserve 
and/or maintain irrigation power availability.

Water quality issues have become major irrigation 
management factors. The impact ot irrigation 011 the 
sustainability o f irrigated agriculture has become im 
portant globally. The increased demand tor the de
clining developed, high-quality water resources 
within the United States is one example ot this envi
ronmental awareness. This awareness is heightened 
in areas with conjunctive use ot groundwater and 
surface water for multi-purpose use (irrigation, do
mestic, municipal, and industrial), For example, 
groundwater contamination from leached nitrogen 
beneath irrigated lands along the central Platte Valley 
in Nebraska has heightened awareness about the ne
cessity to integrate farm fertility management with 
irrigation management; in the San Joaquin Valley 111 

central California, the leaching ot naturally occurring 
toxic elements such as selenium into drainage waters 
has caused farm drainage discharge elimination with 
its associated perched water table creation and land 
degradation; in the Grand Valley o f  Colorado, perco
lating waters beneath irrigated lands leach naturally 
occurring salts into the Colorado R iver with many- 
downstream impacts all the way to California and 
even into Mexico, affecting international treaties and 
compacts.

Often irrigation management is focused 011 annual 
or shorter-term objectives— crop variety or species 
chosen, crop yield and/or quality, irrigation method, 
irrigation amount, energy costs, etc. Longer-term ob
jectives for irrigation management include sus
tainability (water availability), water quality issues, 
and producer risk. C learly, irrigation must be profit
able or it w ill 110 longer remain viable and feasible. 
ET . irrigation design, and irrigation management af
fect both the short- and long-term value of irrigation. 
In many cases, the value ot irrigation far exceeds its 
value to an individual producer extending to local, 
regional, national, and world economies. It remains 
increasingly important to conserve limited natural re
sources both (soils, water, and energy) and to use 
these resources wisely to insure long-term food and 
fiber production for a growing world population. 
Irrigation engineering w ill continue to serve an im 
portant function in meeting this global need.
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I. Irrigation Purposes
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Glossary

E va p o ra t iv e  dem and Am ount o f  water that could 
be evaporated, it water was not limited, in response 
to the atmospheric energy available as solar radiation 
or circulation ot warm, drv air masses 
E vap o tran sp ira tio n  ( E T )  Evaporation ot water in 
an area ot growing plants, including both transpira
tion and evaporation ot water from soil and other 
surfaces wetted by rain tall
In fd tra tion  Process o f absorption bv soil ot water 
applied to the soil surface
In filtra tio n  capacity  Measure o f a soil's ability to 
absorb water that is ponded on the soil surface, usually 
expressed in depth of water per unit ot time 
Ir r ig a tio n  set Land area, typically a fraction ot a 
held, that can be irrigated at one time by the available 
irrigation water stream
Transp ira tion  Evaporation o f water from the sto
mata ot plants
W a te r app lica tion  effic iency Ratio o f the average 
depth ot irrigation water stored in the root zone to 
the average depth o f irrigation water applied 
W a te r stress Condition o f  subnormal plant growth 
caused by the root's inability to extract soil water at 
an adequate rate
W ate r use e ffic iency Ratio o f crop dry matter pro
duced, per unit ot land area, to the total evapotranspi
ration from the area

Irrigation is defined m dictionaries as the artifical 
watering ot land (as by canals, ditches, pipes, or

flooding) to supply moisture tor plant growth. Irriga
tion is used for other purposes as well, some ot which 
will be discussed 111 this chapter, Thus, another defi
nition might be: The application ot water to crops, in 
excess o f naturally occurring precipitation or shallow 
groundwater, to augment their growth and enhance 
their environment.

i. Irrigation Purposes

A. Plant Water Needs
In order for agricultural crops to be grown produc
tively. they must be able to obtain water from the 
soil. Individual plants must be able to extract this 
water roughly in proportion to the rate at which they 
transpire in response to atmospheric evaporative de
mand. I f  water is lacking, plants may wilt and die. It 
precipitation is too little to maintain soil water levels, 
even for periods o f a tew days for some crops and 
soils, irrigation is needed to prevent stress. |.SYc W a - 
i i n: C ’.o n  i uo i a n d  Usi:. |

B. Other Purposes of Irrigation
Irrigations arc often applied to leach salts from the 
soil, a salinity control measure described in more de
tail later. The unique thermodynamic properties ot 
water, as it evaporates or freezes, make certain types 
o f irrigation useful tor micro-climate control on a 
field. In hot weather, evaporation of sprinkled water 
cools heat-sensitive crops. When high value crops are 
threatened by frost, sprinkled water w ill freeze on the 
plant surfaces, releasing heat that protects the vegeta
tion. Sprinkling has been used to keep truit trees cool 
during late winter warm spells, so that blossoming 
is delayed until danger o f frost damage is low.

II. W ater Supply

Water for irrigation comes from either surface- or 
groundwater supplies. („SYc W a t i-ir R i sol h c i.s . |
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III. Irrigation Methods

A. Surface Irrigation

Surface irrigation methods arc those in which water 
is made to flow over the soil surface, with a part o f 
the flow infiltrating. Surface irrigation is often called 
“ gravity irrigation,”  but the latter term is better re
served tor irrigation systems that rely on gravity to 
pressurize held pipelines. Gravity systems can thus 
include sprinkler or micro-irrigation, as well as sur
face irrigation.

Engineers, in analyzing surface irrigations, often 
refer to an advance phase, the flow of irrigation 
streams from the point o f inflow to the tar field 
boundary; the ponding phase, during which the entire 
field surface is inundated; and the recession phase, 
extending trom the time inflow is stopped until infil
tration and runoff cause free water to disappear from 
the field surface.

Assuming that infiltration conditions are every
where the same on the field surface (an assumption 
that is seldom valid), irrigation will be uniform if  the 
intake opportunity time is the same at every point on 
the field. That is, all parts o f the field surface should 
be inundated for the same length ot time. Considering 
the phases defined in the previous paragraph, intake 
time will be everywhere equal it the advance and 
recession phenomena take place at the same rate. Be
cause recession, at least 111 furrows, is often faster than 
advance, another way to approach uniform irrigation 
application is to make the advance phase as short as 
possible relative to the ponding phase. Surface irriga
tions will be acceptably uniform if  advance takes place 
in 20 to 25% of the time o f ponding. The ratio can 
be improved by increasing the flow rate onto the field, 
to speed advance; or to decrease the field length, so 
a given stream size w ill complete advance in a shorter 
time.

Furrow irrigation is a common method o f surface 
irrigation, used with row crops. It is named for the 
channels that arc created parallel to and between crop 
rows to contain the irrigation streams. Thus, inunda
tion. and infiltration, is confined to a fraction o f the 
soil surface between crop rows. There is little plant 
impedance to advance ot irrigation streams across a 
field: the seed bed is not inundated, minimizing crust- 
:ns; that might hamper plant ■.•mergence; the vegeta
tion is not wetted, an advantage tor disease preven
tion; and irrigation cm be limited to everv other 
furrow, speeding watering of a field when water sup
ply is limited. Furrows usually run in the direction

of greatest field slope. To irrigate, water is introduced 
to each furrow, usually by siphon tubes from field 
ditches or from gated pipe (lightweight aluminum or 
plastic pipe carrying flow at low  pressure, and fitted 
with adjustable outlets or "gates”  at spacing equiva
lent to the furrow intervals.)

Border irrigation is a surface irrigation method for 
close growing crops such as small grains, hay, or 
pasture crops. A field is divided by parallel soil ridges 
running in direction o f greatest slope. Ridges may be 
on the order o f 10 to 20 cm high and spaced at intervals 
of 5 to 20 m. Spacing should depend on size of irriga
tion stream, but should also allow easy operation of 
cultural and harvesting equipment such as, say, hay 
swathers. Large irrigation streams are introduced at 
one or more points at the upstream end of each border, 
by siphon tubes or special water control structures. 
The stream spreads across the width o f border and 
flows toward the downslope end. CJood efficiency is 
often obtained if inflow is terminated when stream 
advance has reached about three-fourths to four-fifths 
the length o f the border. The surface flow continues 
until the entire border length has been covered for an 
adequate intake opportunity time.

Level or low gradient basin irrigation can be a very 
efficient surface irrigation method under suitable site 
conditions. A basin is a field, or portion o f  field, 
that has been leveled so as to have no slope, either 
transverse or longitudinal. Very large streams ot wa
ter are introduced at one or more points at the perime
ter ot the basin. The large streams cover the basin 
surface rapidly, then infiltrate over whatever time is 
necessary, sometimes long after water inflow has been 
terminated. Level basins are suited to soils w ith me
dium infiltration capacities. Natural land slope must 
be small, so that too much soil w ill not have to be 
moved in levelling and so that unproductive subsoils 
w ill not be exposed. Row  crops can be grown, either 
flooded or irrigated by level furrows w ithin the 
basins.

W ild  flooding is a term tor surface irrigation meth
ods that use a minimum ot land preparation and water 
control. An example is the irrigation ot mountain 
meadows in the western United States. In these areas 
water is usually plentiful. Shallow, rocky soils prevent 
land shaping to form a surface over which water can 
be distributed uniformh . Value ot the crop produced 
is low and does not justify much expenditure for 
irrigator's time or physical improvements. Water is 
turned out at multiple points along unlined ditches 
and allowed to flow as it w ill over the soil surface. It
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water distribution turns out to he somewhat uniform, 
it is a tribute to the art and experience ot the irrigator.

B. Sprinkler Irrigation

Sprinkler irrigation generally involves distribution ot 
pressurized water trom pipelines, through devices 
(sprinkler heads) that cause the water to be sprayed 
through the air to the soil surface. Sprinkler systems 
allow greater control o f rate and uniform ity ot water 
application than most surface methods and therefore 
can be expected to use water more efficiently. A l
though sprinkler systems have the potential tor effi
cient water use, they must be well designed and man
aged it the benefits are to be realized. Plant nutrients 
and some pesticides can be injected into irrigation 
water and applied effectively through well designed 
and managed sprinkler systems. Systems can be classi
fied as set or m oving— examples of each are described 
below and illustrated in Fig. 1.

1. Set Systems
A set sprinkler system is one in which the heads 

are not moving while they are in operation. In a hand 
move system, pressurized water is distributed 
through a network ot pipes, usually aluminum, 5 to 
15 cm in diameter and 6 to 10 m in length. The pipes 
are fitted with quick couplers so they can be easily 
connected and disconnected. Sprinkler heads are 
mounted in a regular grid on pipe risers from the 
aluminum pipes. Typically, the network is laid in 
place, pressurized with water, and allowed to irrigate 
one portion o f the field (a set) until the necessary 
depth o f water has been applied. Water is then turned 
off and the system is moved, one piece at a time, to 
the next set, where the process is repeated. The system 
is called “ solid set" if  there are enough sprinklers and 
piping to serve an entire field for multiple irrigations 
without being moved. Set systems are sometimes 
used only for seed germination under difficult soil or 
climate conditions. Surface or micro-irrigation is then 
used for the remainder o f the growing season.

Side roll and tow line systems (Fig. 1) are mecha
nized variations of set systems. In a side roll, sprinkler 
heads are mounted on a lateral pipe that also serves 
as the axle running through the centers o f a series of 
wheels 1 to 2 m in diameter. After the irrigation of 
one set, the system is dewatered and rolled, parallel 
to itself, to the next set. The tow line has small wheels 
or skids at intervals along each lateral so a tractor can 
be used to tow the lateral from one set to the next.

“ (in n s" or “ big guns”  are large sprinkler heads that 
operate at high pressures and discharge high flow 
rates. A single gun irrigates a relatively large area and 
can be moved from set to set manually or mechani
cally.

2. Moving Systems
The center pivot is a moving sprinkler system, first 

marketed in the 1950s, and is by far the most com
mon, even in the 1990s. The name derives from the 
circular movement o f the sprinkler lateral about a 
pivot point m the center ot the field being irrigated. 
Water is supplied under pressure to the lateral through 
special piping at the pivot. The lateral is carried by 
wheeled “ towers”  spaced at 30 to 60 m. at a height 
sufficient to clear most agricultural crops. Tow er 
wheels on the early center pivots were rotated by a 
rachet mechanism, activated by hydraulic cylinders 
driven by the pressurized irrigation water. At present 
most center pivots use electric motors and gear reduc
tion drive trains to propel each tower. Sprinkler 
heads, spray heads, or other emitters on the lateral 
discharge W'atcr at a constant rate. The effective rate 
o f application on the soil surface is then controlled 
by the speed of rotation o f the lateral about the pivot. 
Com m only, the operator controls this speed by set
ting the ratio o f on/off time o f the motor on the 
outermost tower. Mechanisms start or stop interme
diate towers to keep the lateral in alignment.

Center pivot laterals can be designed for many field 
shapes, by varying lateral length or by operating 
through less than a full circle. The most common 
“ p ivot”  is 400 m long and waters a circular area ot 
50 ha within a 65 ha square field, a quarter-section.

Since the outer portion o f the center pivot lateral 
moves faster than the inner portion, rate o f discharge 
per length o f lateral must increase continuously from 
the inner to the outer portion, if  application rate is to 
be radially uniform. This is controlled by increasing 
size o f orifices in emitters or by spacing emitters more 
closely as radius increases. Com puter programs are 
available to calculate size and spacing ot emitters for 
given lateral lengths and water supply rates, to pro
duce uniform water applications.

To  avoid the unirrigated field corners that result 
from applying center pivots to square fields, “ corner 
systems”  have been developed. A corner system con
sists o f  an extension (sw'ing boom) to the lateral that 
folds back and ceases discharge when field radius is 
short. The swing boom extends and begins to dis
charge water when a longer irrigated radius is needed. 
Sophisticated electronic guidance systems direct the
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Linear move

Solid set sprinkler Side roll Boom type

FIGURE 1 Agricultural sprinkler systems, i F rom Fischh.uh. I’ K . "Irrigation Management Handbook 
liiosystinis Engineering I)ept .. Liniversitv ot Nebraska. Lincoln.)

corncr systems around farm buildings or other ob
stacles.

As methods have been developed to supply water 
under pressure to a moving sprinkler lateral, attach
ment to a pivot is no longer necessary. Linear move 
sprinklers consist ol laterals supported by center- 
pivot-like towers. All towers move at the same speed, 
however, so the lateral moves parallel to itself while 
irrigating a rectangular field area. Water supply can 
be pumped from an open ditch along the lateral's path 
by a pump and power unit mounted on the sprinkler 
system, it can be supplied by flexible hose, or it can

be obtained trom a series ot valved pipeline outlets 
that the linear system locates, attaches to, opens, then 
releases after it has attached to the next.

"T rave lers" are an adaptation ot the big gun sprin
klers described earlier. The guns are mounted 011 a 
wheeled carriage that is towed slowly across a field, 
by a cable or by the hose that supplies water. The 
water supply hose can be flexible c r rig’d and connects 
the sprinkler to .1 pressurized supply. Boom-type 
sprinklers are similar; ,1 long boom with spray heads 
substitutes tor the big gun. Application rates are high 
with high volume sprinklers, and the soil's infiltration
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capacity must also he high it the applied water is to 
infiltrate .is intended and not run ott the field surface.

C. Micro-irrigation

Micro-irrigation is a term encompassing several irri
gation methods that have been developed since World 
War II. They have in common the distribution ot 
water under low pressure in plastic tubing. M icro 
irrigation methods include drip or trickle (synony
mous terms), subsurface irrigation, and mist, spray, 
or bubbler irrigation.

Surface drip irrigation systems distribute water to 
the point 011 the field where it is to be applied to the 
soil. The water is then discharged through emitters 
at rates such that it infiltrates immediately. There is 
no ponding or redistribution of water on the soil 
surface. I)rip  systems can be easily automated, 
allowing small, frequent applications. Nutrients, and 
sometimes pesticides, can be added to and applied 
with the water. Disadvantages are expense and main
tenance ot the network ot plastic tubing that distrib
utes the water to each o fthe  emission points, which 
have to be within a tew centimeters ot every plant. 
Com m only one or more drip irrigation laterals will 
be supplied tor every row o f trees in an orchard, one 
for each row in a vineyard, and perhaps one tor every 
one or two rows ot specialty crops such as melons 
or tomatoes.

Perforations in plastic tubing and discrete plastic 
emitters arc two methods that have been developed 
to dissipate water pressure, such that water drops arc 
released slowly onto the soil and so that the water 
will be distributed uniformly along drip lines (Fig. 
2). The small flow passages in emitters make them 
subject to clogging by small particles ot sediment, 
organic matter, or chemical precipitates in the water. 
1 bus, drip systems often require complex water treat
ment and filtration facilities upstream ot the emission 
points. Design ot emitters that resist clogging is con
tinually improving.

it the drip system is designed and operated to emit 
water uniformly, infiltration into the soil w ill be 
equally uniform and will not be affected by varying 
soil properties. Nonuniform water application is 
caused by variations in the hydraulic properties ot 
emitters, as manufactured, by poor design of the dis
tribution network, or by differential clogging ot emit
ters in the field.

Plastic laterals and emitters, similar to those used 
tor surface drip systems, can be buried in the soil 
root /one to create subsurface irrigation systems. An

alternate to laterals w ith discrete emitters are those 
with porous walls, so that pressurized water w ill ooze 
through the tubing. Laterals are buried at depths ot
5 to 45 cm below the soil surface and emit water 
directly into the soil. Some subsurface irrigation later
als are placed so as to not be damaged when fields 
arc harvested. 1 bus, they do not have to be replaced 
after replanting. A disadvantage ot subsurface irriga
tion is that clogging ot buried emitters is difficult to 
detect and remedy.

Micro-irrigation sprayers or misters have larger 
How passages than drip emitters. They operate at 
slightly higher pressures and discharge water m small 
droplets over a radius ot I or 2 m. They are used 
more for shrubs and ornamentals than tor agricultural 
crops, although sprayers have application in orchards. 
Bubbler irrigation systems discharge water at low 
pressures, but relatively high rates. Water then tends 
to pond on the soil surface, but the ponds can be 
confined to small basins near the plant to be watered. 
Bubbler irrigation has been used for orchards and for 
ornamental plantings.

D. Recent Developments

The L F P A  system, an acronym tor Lo w  Energy Pre
cision Application, is based on a modification ot linear 
move or center pivot sprinkler systems. Instead ot 
emitting the water through sprinkler heads, the m ov
ing lateral is fitted with "drop tubes" at close spacing. 
An emitter at the end ot each drop tube discharges 
water a few centimeters above the soil surface, at low  
pressure. Energy requirements are less than for most 
other center pivot or linear move systems, because 
ofthe low pressure discharge. Because instantaneous 
discharge rates are greater than the infiltration capac
ity of most soils, small basins, a meter (ir two long 
and one row width wide, may be created on the soil 
surface to hold the irrigation water until it infiltrates. 
Such basins may also retain precipitation that would 
otherwise run ott the field. Recent F E P A  develop
ments include emitters that can discharge a stream or 
spray water onto the soil or be adjusted to spray water 
w ith injected pesticides onto plant surfaces along the 
path of each drop tube.

Surge irrigation, patented in 1986 by Utah State 
University, is a modification ot turrow irrigation 
methods and apparatus. Water is applied interm it
tently to furrows in surge irrigation, perhaps cycled 
on and off at intervals trom a tew minutes to an hour 
or more. In traditional turrow irrigation, by contrast, 
a stream is applied continuously tor several hours.
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E m itter

Single-exit long-path emitter

Multiexit long-path emitter

Orifice-vortex-type emitter

FIGURE 2 Drip irrigation emitters. (From "  
U S D A  National Engineering Handbook.)

On many soils, a given volume o f water, applied in 
surges, causes the stream to advance down the furrow 
faster than if  applied continuously. The rapid advance 
helps obtain uniform infiltration times along the fur
row. Several types ot apparatus arc commercially 
available to automate surge applications, usually by 
switching an irrigation stream alternately between 
two sections of gated pipe.

Subirrigation was one o f the early irrigation meth
ods in the United States. It was used in areas where 
shallow groundwater occurred naturally or where to

Flexible

Trickle* Irrigation,”  Chapter 7. Section 15 of SC'S-

pography and slowly permeable soil layers were such 
that water seeping from unlined ditches would create 
perched water tables shallow enough that plant roots 
could draw water from the capillary fringe. A recent 
variation is a system referred to as controlled drainage, 
integrated subsurfacc drainage/irrigation, or water ta
ble management. Used m the more humid, central 
and eastern parts of the United States, controlled 
drainage uses ditches and control structures to drain 
shallow groundwater if levels get high enough to 
restrict crop growth. During periods ot inadequate
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precipitation, water is ponded in the ditches and seeps 
trom them to raise levels ot shallow groundwater, 
so it w ill be available to the plant roots. Computer 
simulations ot the water depths and How patterns 
allow rational design ot the systems. Development is 
progressing to allow prediction ot crop needs and 
weather so the control structures can be operated to 
provide nearly constant water table levels during a 
cropping season.

IV. Selection of Irrigation Method

A. Crop
Most crops can be irrigated by any ot the common 
irrigation methods. Furrow irrigation is used almost 
exclusively for row crops while border irrigation is 
used more com monly tor close growing crops such 
as hay or small grains. Beans may be susceptible to 
disease it the foliage is wet frequently by sprinklers. 
“ Paddy rice." little grown in the United States, is 
kept inundated during much o f its growth cycle, as 
a method o f weed control. O n ly  level basin irrigation 
can maintain the inundation with acceptable effi
ciency.

The expense ot micro-irrigation systems is most 
easily justified for high value crops where individual 
plants are not closely spaced, such as orchards or 
vineyards. Sidc-roll sprinklers cannot be moved over 
tall crops and are most often used on hay. small grains, 
and low-growing row crops. Permanent sprinkler 
systems, rather than movable, are used for climate 
control and in vineyards and orchards.

B. Soil
1. Infiltration
Sprinkler systems, especially center pivot and big 

guns, are generally suited for soils with high infiltra
tion capacities, so that all applied water is absorbed 
and there is 110 runoff. Surface systems, 011 the other 
hand, are appropriate for low to moderate intake soils 
where the stream can complete its advance before 
excessive infiltration occurs near where water is intro
duced.

2. Water Holding Capacity
Shallow soils, coarse-textured soils, or crops with 

shallow root systems may not be able to take advan
tage ot large depths ot water applied in a single irriga
tion. Few surface irrigation systems can apply water

depths o f less than about 5 cm practically and effi
ciently. so sprinkler or micro-irrigation methods arc 
more apt to be appropriate. Because depth ot each 
application is small, the time interval between irriga
tions must be short if  crop water stress is to be pre
vented. Thus, automated systems are desirable, to 
eliminate the need for frequent, manual irrigations.

3. Topography
Surface irrigated fields must have a continuous, and 

preferably uniform, slope from the edge where water 
is introduced to the downstream end ot the field. 
Very few fields have natural topography conducive 
to efficient surface irrigation, but many can be made 
to irrigate well after soil is moved, to create a plane 
surface. For level basins, unless the initial field slope 
is very small, considerable volumes ot earth may have 
to be moved to create a surface that is both plane and 
level. If  the cost o f moving earth is too great, or if  
subsurface materials would be exposed that cannot 
be restored to fertility or otherwise farmed, level basin 
irrigation methods may not be practical. Erosion can 
be excessive with surface irrigation on high slopes 
or erodible soils. Such lands are often suitable tor 
sprinkler systems, if  water can be applied at rates that 
are lower than the soil's infiltration capacity. In the 
most extreme cases o f severe topography and/or low 
infiltration capacities, some type o f micro-irrigation 
system can usually be designed that w ill apply water 
effectively.

Sprinkler systems are suitable for most agricultural 
lands, except those w ith low infiltration capacities 
such that water cannot be applied slow ly enough to 
prevent runoff. O n rolling topography, special valv- 
ing can be provided to compensate for the pressure 
differences caused by different elevations o f  sprinkler 
heads, and thus prevent nonuniform discharges.

V. M anagement

A. Plant, Soil, Water Relations
The primary purpose of irrigation is to maintain fa
vorable soil water conditions, so that crop growth and 
production are not restricted. For most agricultural 
crops, soil water should be kept at high enough levels 
that plant roots can readily extract it. The soil should 
not be saturated for prolonged periods, because the 
roots also need oxygen. Irrigation is managed by de
termining the water holding capacity o f the soil on 
the field in question, then maintaining water levels
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within a certain range th.it depends on that capacity. 
|.SYc Son - W .v m  R i i  a  i k i n s h i p s . |

The traditional rule o f thumb of irrigation manage- 
nient is to maintain soil water levels so that no more 
than 50%  of the water contained between wilting 
point and field capacity is extracted. The percentage 
may vary, depending on the sensitivity ot the particu
lar crop to water stress.

1. Salinity
All sources ot water in nature contain at least small 

amounts ot dissolved salts. Rainfall is. ot course, rela
tively pure. Melting snow packs also furnish good 
quality water. Streams m the Rocky Mountains may 
have dissolved solids content, in the spring, on the 
order ot 50 parts per m illion— very high quality, 
(iroundw aters, on the other hand, often contain min
erals that were dissolved as the water percolated 
through geologic formations. Lower readies ol 
streams that have collected return flows from one or 
more irrigation projects, or municipal or industrial 
users, m.iv contain dissolved solids levels equal to 
or greater than the recommended limits for human 
drinking water, 500 ppm.

Ev.ipotranspir.Uion (E T ) from irrigated fields re
moves pure water but leaves salts behind, mostly in 
the soil and to a lesser extent in the vegetation. It salts 
accumulate in the soil over a period of months or 
years, the osmotic pressure of the soil solution can 
increase enough to restrict plant extraction ot water. 
Effects on the crop are very similar to stresses re
sulting from low soil water levels. In addition, certain 
ions, such as those of chlorine and boron, if  concen
trated enough, may be directly toxic to plants. [.Sec 
I r r ig a t i o n  E n g i n e e r i n g . E v a p o t r a n s p i r a t i o n . |

(rood irrigation management can help prevent salt- 
caused stresses on irrigated crops. It water can drain 
from the root zone, either naturally or through in
stalled drainage systems, extra irrigation water can 
be applied to dissolve and transport salts from the 
root zone in a process known as leaching. Soil may 
be leached by applying more water than is needed to 
restore the root zone to field capacity at each irrigation 
or by special irrigations for leaching before or atter 
the main irrigation season. To maintain a balance of 
salt m the soil (no long-term increases or decreases), 
the ratio o f the leaching depth to the total infiltrated 
irrigation and precipitation amounts must equal the 
ratio ot the weighted salt concentration o f irrigation 
water and precipitation to the salt content o f the soil 
water that drains below the root zone. |.SYc Son 
D r a i n  a c l . I

In humid regions, where irrigation water tends tc 
be of good quality, seasonal irrigation applications 
are small, and precipitation naturally causes leaching, 
leaching by irrigation may not be necessary. |.SYc I r r i 
g a t io n  IN H i M il)  R r.G I()N S .|

2. Sodicity
Sodium ions in the soil solution cause clay particles 

to disperse, decreasing pore volume, and causing in
filtration capacity ot a soil to decrease dramatically. 
As the concentration ot calcium or magnesium ions 
increases, the effect ot the sodium ions diminishes. A 
sodic soil, one with a high sodium content, can be 
difficult to reclaim because the lowered infiltration 
capacity makes it hard to introduce adequate quanti
ties ot leaching water containing beneficial ions. On 
new irrigation projects, the water quality should be 
examined carefully, relative to soil characteristics, to 
assure that sodic conditions are not created by irri
gation.

3. Soil Swelling and Cracking
Some soils, by virtue ot the clay minerals they 

contain, shrink as their water content decreases, and 
large cracks open. These soils, as a result, have high 
initial infiltration capacities. As the soil wets, the clays 
expand and the cracks close, sometimes before the 
desired volume ot water has infiltrated. Depending 
on the soil, the best management technique may be to 
irrigate lightly and frequently, so that each irrigation 
infiltrates before the infiltration capacity drops too 
low; or it may be to irrigate at large time intervals, 
when cracks have opened to their maximum, and the 
irrigation application can infiltrate before cracks close.

4. Surface Sealing
As water drops strike aggregated soil particles, or 

as water Hows over them, the aggregates disperse. 
Soil particles from the aggregates tend to be carried 
into pores so that the permeability o f a thin surface 
layer, perhaps a few millimeters thick, is reduced. 
The layer ot reduced permeability controls infiltration 
capacity for the soil as a whole. Large water drops 
from sprinklers have high impact energy when they 
hit the soil surface and soil surface sealing is especially 
severe. Surface sealing can be managed by using sprin
klers with reduced drop energy, by providing mulch 
o r  vegetative cover that dissipates energy ot drops 
before they reach the soil, or by maintaining high soil 
organic matter content, which tends to increase the 
strength with which the soil aggregates resist dis
persion.



IRRIGATION ENGINEERING: FARM PRACTICES, METHODS, AND SYSTEMS
609

B. Irrigation Requirement

Flic irrigation requirement tor a crop, in a given area, 
is the seasonal total ET . reduced bv the amount ol 
water that precipitation and shallow groundwater can 
he expected to provide, and adjusted upward ac
cording to the efficiency with which irrigations can be 
applied. For a project ot multiple farms, the irrigation 
requirement is an area-weighted average tor all crops 
expected to be planted and irrigated.

C. Irrigation Scheduling

Irrigation scheduling is a management practice by 
which proper time and amount of an irrigation are 
predicted far enough in advance so that water can be 
applied to minimize crop stress and maximize water 
use effectiveness. Many techniques are used tor irriga
tion scheduling, the simplest being the intuition and 
experience of irrigators, perhaps triggered by changes 
in crop or soil appearance. A more exacting irrigator 
may take samples ot soil trom representative locations 
in a field and determine its water content by “ teel.”  
Irrigations may be scheduled on a more scientific basis 
by using direct or indirect measurements of plant or 
soil water content, predetermined relations between 
daily weather variables and plant water use, or re
motely sensed plant canopy temperatures, among 
others.

A limitation o f soil- and plant-based water status 
measurements tor irrigation scheduling is the diffi
culty in projecting status at the time of measurement 
to that at the time irrigation will be required. To 
predict need for irrigations, the measurements may 
have to be taken at 2- or 3-day intervals, and the 
trends extrapolated to indicate the desired day ot irri
gation. A second limitation is the difficulty of select
ing one, or a few, plants or soil sampling sites that 
represent the entire field.

D. Coordination of Irrigation with 
Farming Systems

Irrigation management involves more than just 
applying water at proper depths and intervals to pre
vent plant stress. The grower must also schedule irri
gations to avoid those moisture-related conditions 
that would encourage proliferation ot damaging 
fungi, disease, or insects. Field soils need to be dry 
enough to allow equipment operation when cultiva
tion, hay cutting, or other cultural operations are nec
essary. Nutrients and pesticides are increasingly being

applied to plants and soils bv injection into and distri
bution with irrigation water, especially with pressur
ized irrigation. Such applications complicate manage
ment. because they need to be made (1) when both 
the chemical and the water can be used by the crop 
and (2) so as to minimize detrimental environmental 
effects.

Soon after applications o f soluble nutrients or pesti
cides, irrigation should be avoided or controlled care
fully to prevent leaching ot the chemicals below the 
root zone. Such leaching represents the loss ot a costly 
input and may contaminate groundwater.

VI. Effectiveness of W ater Use

A. Application and Water-Use Efficiencies

Water application efficiency is a useful parameter for 
comparing two irrigation methods or for comparing 
effects o f different management techniques on a 
given field. It is not the only important measure 
o f irrigation effectiveness. The extent to which root 
zone soil moisture is replaced by a given irrigation, 
uniform ity o f application, the fraction ot applied 
water that runs off the field surface and the fraction 
that percolates below the root zone can all be 
quantified to aid in evaluating and im proving irriga
tion technqiues.

Water application efficiencies com monly range 
from 4(1 to 85% . Many people, seeing these values, 
think that much o f the applied water is being wasted. 
This is not necessarily so. It deep percolation or runoff 
from a given field is not available for any other bene
ficial use, it is indeed wasted. More com monly, how 
ever, surface runoff returns to streams, trom which 
it is diverted by downstream users. In some river 
systems in the western United States, such return 
flows are “ reused" several times. Surface runoff may 
be reused on the same farm or even the same field, 
by pumping collected runoff back to the point ot 
application. Water percolating below the root zone 
o f a field often recharges groundwater aquifers, trom 
which it can be pumped.

Low  water application efficiencies are ot concern 
when the water comes from a nonrenewable water 
supply— perhaps an aquifer that is being mined. They 
indicate a more rapid depletion ot the supply than 
might be necessary. Also runoff and deep-percolated 
water, the causes of low efficiencies, are almost always 
o f poorer quality than the water applied, as a result 
ot sediments or dissolved solids picked up trom the
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soil. Water use efficiency is .1 useful parameter for 
comparing different management techniques for a 
given crop 011 a given site.

VII. Economic Importance

Farmers would not irrigate if  they did not expect 
economic returns. Although the capital costs o f irriga
tions systems are often high, and labor, water, and 
energy costs may be significant annual expenses, irri
gation must provide a net economic return. Irrigation 
helps to stabilize farm income. Crop failures that 
might result from water stress are prevented. K n ow 
ing that crop production will not be limited by water 
stress also helps the grower justify expenditures tor 
improved seed, fertilizer, and pest control.

Irrigation has economic importance 011 a scale larger 
than that o f the individual irrigator. In 1987, farms 
with some irrigated land totaled 25%  of the agricul
tural land in the United States, but produced 51% o f 
crop sales and 33%  ot total agricultural sales. Crop 
sales from farms having even a fraction o f land irri
gated totaled $30 billion. Total value o f irrigation in 
any region is even greater because o f livestock that 
are fed irrigated crops and the economic multiplier

effect that considers benefits to those businesses that 
supply irrigated farms and pack, ship, and market 
their products.
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Irrigation in Humid Regions
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Glossary

Evapotranspiration Quantity o f water used in the 
combined processes o f evaporation from plants (tran
spiration) and soils (evaporation) for a unit o f time, 
usually 24 hr; potential evapotranspiration (P E T ) is 
the maximum evapotranspiration rate possible from 
freely evaporating surfaces and is expressed in depth 
o f water; typical humid region summertime P E T  
value is 4 mm/day; the P E T  is calculated from equa
tions using weather data elements o f solar radiation, 
temperature, and, in some cases, wind and vapor pres
sure deficits
Plant extractable soil w ater Quantity o f water 
stored in the soil that can be extracted by plant roots; 
expressed in depth o f water (111111) and useful in evalu
ating how long plants can grow in an initially wet 
soil before needing irrigation; the potentially extract- 
able soil water is the extractable water for the maxi
mum anticipated rooting depth when the soil is wet 
to maximum capacity to hold water without rapid 
drainage; soils in humid regions with low  extractable 
water values ot about 40 to 90 mm w ill need irrigation 
more than soils with higher values to prevent plant 
water deficits
Irrigation system Equipment needed to supply and 
distribute water on a field; distribution can be done 
by sprinkling, using below ground tubes, surface ap
plication. or slow dripping
Irrigation scheduling Determination o f when to ir
rigate a crop during a drying cycle between rainfalls 
or irrigation. When proper scheduling is practiced, 
irrigation water is usually conserved; scheduling is

done by computing the water balance in the soil, 
taking account o f water inputs (irrigation and rainfall) 
and outputs (evapotranspiration. drainage, and run
off); usually provides farmers with advance notice o f 
the probable date to irrigate if there is no rainfall; 
sometimes takes into account a short-term weather 
forecast
W ater use efficiency Ratio o f the volume or mass 
o f water used per unit plant biomass growth or the 
total water used in producing the biomass or eco
nomic yield o f a crop; water use efficiency o f 2.5 g 
o f corn grain yield per kilogram (liter) o f evapotrans
piration is typical, but the value varies with the climate 
and yield levels o f  the crop; is usually higher in humid 
than in arid regions
Radiation use efficiency Ratio o f the mass of bio
mass produced by plants per unit o f light energy inter
cepted; provides a reasonable approximation tor daily 
or weekly net photosynthesis values; typical values 
are about 3.5 M J per gram o f plant dry matter growth 
o f plants like corn and 2.5 for plants w ith less efficient 
photosynthetic systems like wheat and soybeans; for 
radiation, use efficiency calculations are expressed as 
photosvnthetically active radiation, which is about 
half the incoming solar radiation 
Net revenue The price o f the harvested yield ot a 
crop minus the production costs associated w ith 
the irrigation (equipment, interest, fuel, operation) 
have to be considered; fixed costs that would be the 
same for irrigated or rainfed crops are not needed 
although they are important for determining final 
profitability
Leaching Process o f movement ot water soluble 
chemicals out o f  (below) the soil root zone with 
the water that drains out o f the soil; m humid 
climates, this leached material (usually nitrates and 
small amounts o f some pesticides) w ill slowly 
drain into groundwater, causing possible contamina
tion o f the water if  the concentrations reach critical 
levels
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Irrigation in luimid climates usually enhances crop 
yield as a supplement to natural rainfall. However, 
several factors are important for successful and 
profitable irrigation systems. Variations in climate, 
soils, topography, and reliable water supplies can de
termine the feasibility o f an irrigation system. De
termining the water use efficiency and evapotranspi- 
ration rates of the plants and assessing the plant water 
available in the soil are important when managing 
and selecting the system.

O o p s  that provide food, feed, and fiber for the 
world population require a relatively large supply of 
water for adequate productivity. Crop yields in hu
mid climates arc usually enhanced through the use 
ot irrigation to supplement the natural rainfall, but 
several factors must be taken into account to assess 
its value. Irrigation is growing rapidly in many 
humid regions and will likely continue to grow be
cause ot the gradual decline of irrigation in arid re
gions. In arid regions the demand tor water supplies 
by nonagrieultur.il users is increasing and large irri
gated land areas are vulnerable to being lost because 
of salinization. It policies and economic conditions arc 
suitable, irrigation in humid climates not traditionally 
irrigated w ill play an increasingly important role in 
strategies tor raising and stabilizing world food pro
duction.

I. Introduction

1 lie belief that humid regions have adequate water 
tor rain ted agriculture comes from the assumption 
that the annual rainfall provides sufficient water for 
the plants to grow, given evaporation is occurring. 
The problem with this assumption is that it does not 
consider the temporal distribution o f rainfall and that 
large amounts o f the water w ill not stay in the soil 
long enough to be used by plants. | See Sou 
1 ) r a in a g i :. ]

In temperate climates, the warm season-— when 
crops are growing optimally— usually is character
ized by higher than average evaporation rates and 
lower than average rainfall. Many ot the larger 
rainfall amounts occur when storms produce runoff 
from the soil, decreasing water infiltration into the 
soil. When rainfall enters wet soil, large amounts 
ot the water will drain into the subsoil af depths 
out ot reach ot plant roots. In most humid regions, 
water that moves rapidly through the soil w ill 
ultimately reach the groundwater The unpredictable 
distribution ot natural water supplies tor raintcd

crops often causes plant water deficits and may be 
a major factor influencing tarm decisions such as 
selection of the crop species and variety, planting 
date, plant density, fertilizer amounts, and pest 
control strategies.

In tropical climates characterized by wet and dry 
seasons, most crop growth occurs during and imme
diately following the wet season. During this time 
the rain will provide most ot the water needed to 
support plant growth. The wet season is also influ
enced by the same rainfall distribution problems fac
ing temperate humid climates, creating a potential 
plant water deficit during some part ot the growing 
season. Consequently, crop production in the humid 
environments o f temperate and tropical regions can 
often benefit from irrigation as a supplemental supply 
ot water tor crops.

II. Humid Regions

A humid climate is characterized by having an average 
annual precipitation o f 102 cm, and for the 4K contigu
ous United States this area includes most ot the land 
east ot the Great Plains or approximately the area east 
o f a line bounded by the Minnesota and Wisconsin 
border in the North to the I’exasand Louisiana border 
in the South. T here is a small humid region in the 
Northwest that includes the western third o f W ash
ington and Oregon and a small part o f northern C a li
fornia. These areas are characterized by a higher rela
tive humidity, especially during the warm season, 
and more cloudy days than occur in arid regions. 
Hum id climates often have lower quality soils with 
several special problems, but the water supply from 
rainfall is usually adequate for irrigation if  properly 
protected and conserved.

The transition from the humid East to the arid West 
is a gradual continuum in several elements of the 
climate. Figure I depicts the variations in climates 
at several locations (Table I) during June, Ju ly , and 
August from east o f the Rocky Mountains. C loud i
ness causes reduced solar radiation, higher relative 
humidity (smaller vapor pressure deficits), and lower 
potential evapotranspiration m humid regions. The 
3-month total rainfall minus potential evapotranspira
tion varies from about zero near the Atlantic Coast 
to a ;iefic ;t of about 2'llt mm near the eastern edge of 
the Cireat Plains To obtain optimum crop productiv
ity, the water supply for this deficiency can come 
from water stored in the soil before the active crop 
growing season .is well as trom irrigation.
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FIGURE 1 Several aspects ot the clim ate and other factors related 
water supp ly and demand at various longitudes o f  the eastern 
U n ited  States during June . Ju ly ,  and August. The  locations o f  the 
sites used tor the graphs are given in Table I

A. Potential Crop Productivity
The maximum rate o f plant gro wth is larger for most 
arid climates than that for humid climates because the 
greater solar radiation provides more light energy for 
plant photosynthesis. However, the evapotranspira- 
tion rates are higher in the arid climates because of 
the higher radiation and vapor pressure deficit. An 
index used by agronomists and agricultural climatolo
gists to compare growth and evapotranspiration is 
water use efficiency. This efficiency index is the ratio 
of plant growth rates to evapotranspiration rates. The 
economic yield and total water used by the crop is also 
a useful water use efficiency concept. |See I r r ig a t io n  
E n g i n e e r i n g . E v a p o t r a n s p i r a t i o n . |
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Water use efficiency tor corn production in the 
United St.ites can be demonstrated by contrasting 
climates. A corn yield of about 12 Mg/ha is ,i rela
tively common observation tor optimum soil water 
and fertility conditions in the humid Indiana and arid 
California environments. The crops use about 440 and 
(SOI) 1 1 1 1 1 1  ot water, respectively, in evapotranspiration. 
Conversion o f the total season evapotranspiration into 
an equivalent mass of water, the water use efficiency 
for these examples is 2.7 and 2.0 g ot grain per kilo
gram of water used tor the two climate regions or 
about a 3 0 %  increase in efficiency in the humid 
region.

To provide a comparison of water use efficiency 
across the spectrum o f climate conditions in the east
ern United States, a concept o f  radiation use efficiency 
can provide useful insights into this important con
cept. This efficiency index expresses the mass o f crop 
dry matter produced per unit ot radiation intercepted.

TABLE I
A  Listing of the Sites and Their Corresponding Longi
tude and Latitude Used for the Climate and Irrigation 
Analysis for Fig. 1

C ity/S ta te Longitude Latitude

Little Rock . A R «J2 3 34.8
W ash ing ton , D U 77.(1 39.11
G rith n , G A 84.3 33.3
Springfie ld , IL 89.6 39.7
Indianapolis. IN 86.2 39.7
1 )odge ( ' 1 1 y , K S 11)11.0 37.5
M anhattan, K S 96.6 39.3
Shreveport, L A 93.8 32.5
C aribou , M L 68.11 46.9
Blue H ill. M A 71,2 42.3
Lansing. M l 84.(i 42.7
Saulte Ste. M arie . M l 8 4.4 46.6
St. C lo u d . M N 94.2 45.6
Great Falls, M  I 111.4 47.5
Lincoln , N  F, 96.7 40.8
Syracuse. N Y 76.2 43.1
Raleigh, N C 78. (> 35.6
liism ark , N l ) 10(1.4 47.8
C leve land , O H 81.7 41.5
C o lum bus. O H 83,11 39.9
O k lah o m a C ity, O K 97.5 35.5
Stillw ate r, O K 97.1 3(i.2
H arrisbu rg . I’ A 76.8 40.3
Rapid C ity ,  S I ) 1112.6 44.1
N ashville . I N 86.8 36.3
Fort W o rth . I X 97.2 33.2
M adison. W l 89.4 43.3

X'orc I he sites were .ill inland .Hid represent a cross 
section ot the clim ates across the Un ited  States cast 
ot the R o ck v  M ounta ins.
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It has been tound to bo .1 relatively reliable and stable 
means ot predicting crop growth rates. Using a radia
tion use efficiency value of 1,3 g/M J and assuming 
all radiation is intercepted by the crop during the 
months otjunc, |nlv, and August, the calculated wa
ter use efficiencies for the climate conditions given 111 

the upper graphs of Fig. I are given in the bottom 
graph ot Fig. I. The trend toward higher water use 
efficiency in the humid regions is also true for other 
crop species.

III. Use of Irrigation in Humid Regions

Irrigation ot crops in humid regions increases crop 
yields most ot the time. The irrigation amounts are 
significantly less than those needed in arid regions 
because precipitation provides most ot the water 
needed to meet the crop water demand. In contrast 
to more arid regions, the higher rainfall 111 humid 
regions provides a greater supply ot water, its quality 
is higher, and soil salinization is not a problem. I low- 
cvcr, several economic, technological, and institu
tional barriers have prevented irrigation trom being 
introduced 011 a large scale 111 the humid regions ot the 
United States and other parts ot the world. Although 
investment in irrigation in humid climates is margin
ally profitable, there has been a notable increase 111 

irrigated land ot the eastern United States. Govern
ment census information summarized 111 Fig. 2 depicts 
the trend of more irrigated land in humid regions and 
less tor arid regions ot the 4<S contiguous states It the 
trends ot the past 15 years continue, the eastern United 
States w ill have as much land under irrigation as the
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a major increase since the mid 1970s. A major reason 
tor the increase is a rapid expansion ot the hybrid 
seed corn industry in the southwestern part ot the 
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in the price ot other field crops that occupy large land 
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A. Crop Yield Improvement
Significant yield increases o f field crops almost always 
result from irrigation in humid regions. In a 21-year 
comparison o f irrigated and rainfed corn yields 111 

Michigan, it was reported that rainfed yields averag
ing 7.31 Mg/ha were always lower than irrigated 
yields. I he average irrigated yields were 3.92 M g/ 
ha higher than the rainfed yields. The yield increases 
for the irrigated trials ranged from 0.69 to 10.39 Mg/ 
I1.1. demonstrating the possible differences in rainfall 
amount and distribution between years. A similar 
study 111 the Southeast revealed that irrigated corn 
yields increased by a range o f 1.44 to 4.70 Mg/ha. 
Another location in the Southeast reported that soy
bean yield increases ranged from 0.31 to 0.81 M g/ 
ha. with the optimum yield increases occurring trom



IRRIGATION IN HUMID REGIONS
---------------------------------------------------------615

irrigation applied at the bloom stage ot plant devel
opment.

B. Sources of Irrigation Water

The most important requirement ot an irrigation sys
tem is that it must have a reliable water supply. Water 
tor irrigation may be drawn trom surface supplies 
such as rivers, lakes, streams, and ponds or reservoirs 
developed tor agricultural use, but in some areas lo w 
ering aquifer levels that do not recharge annually w ill 
limit future water availability for irrigation. This is 
not .1 widespread problem m humid regions as much 
as it is in the (Ire.it Plains region.|M<v W ateh Re-
S( lU U C IiS . |

C. Types of Irrigation Systems and 
Their Management

I he types ot irrigation systems used in arid and humid 
regions are generally the same, with the size ot the 
system depending upon the crop, topography, field 
si/e, and availability ot a sufficient water supply. The 
primary systems used in humid areas ot the United 
States include sprinkler and subirrigation. w ith the 
type ot system determined by the crop to be irrigated, 
soil, and land slope. Types ot sprinkler systems in
clude center pivot, solid set, linear move, and travel
ling gun, with center pivot likely to be the most 
popular because ot low costs per hectare and mini
mum labor requirements. Tile typical costs ot a center 
pivot system in 1993 is given in the Econom ic Risks 
section. Subirrigation systems can include pipes bur
ied just below the tillage zone or irrigation can be done 
by reversing the How in drainage pipes. Irrigation by 
reversing the How is sometimes referred to as water 
table management and is becoming popular in several 
regions where the land is nearly level and the soil has 
a near impermeable layer below about 100 cm depth. 
The cost ot irrigating by water table management 
and the energy requirements tor pumping water are 
usually low. A key factor when irrigating with any 
system is scheduling when water is applied to the 
crop. Water should be applied when it is needed, and 
scheduling an irrigation system by computer ac
cording to soil type and weather patterns may allow 
farmers to decrease the overall amount ot water ap
plied and lower irrigation Costs. | S ir  I iu ug at io n  E n c i- 
n e k r in c : F arm  Pr a c t ic e s , M i ih o d s . an d  S y st em s ; 
W a t e r : C on tro i  an d  Use. |

D. Irrigation Amounts and Soil Properties

In humid regions irrigation is a supplement to rainfall. 
Although water supplies are more abundant in humid 
regions, it is important to use precipitation as effi
ciently as possible. The amount ot irrigation water 
required to ensure optimum crop growing conditions 
primarily depends on the rainfall distribution during 
the crop growing season and the amount ot water 
plants can extract from the soil before there is a plant 
water deficit.

Plant roots extract water trom soil for use m the 
transpiration process. Approximations ot the effective 
root depth and in soil water holding capacity are re
quired for determining the time in a drying cycle 
when irrigation water should be applied. For extrac
tion o f water from the soil, roots must grow to within 
1 or 2 mm of the soil water. Some ot the soil water 
cannot be extracted because ot a large suction caused 
by the small capillary pores in the soil. The soil water 
content at this lower limit ot extraction is called the 
wilting point. The pressure potential ot the soil water 
at this degree ot dryness is about — 1.5 kPa. The water 
reservoir for root extraction is constantly changing 
because o f root growth into wetter soil regions and 
drying ot the soil where roots already exist.

To evaluate the timing and amount ot irrigation, 
there is an approximate water content above which 
additional water cannot be held in the soil because 
the force o f gravity is greater than the soil suction. 
This upper limit of soil water content is often called 
field capacity. T he pressure potential ot the soil water 
at this water content varies with soil type m the range 
o f —0.01 kPa for clay soils to —0.03 kPa for sandy 
soils. Some soils have poor internal drainage caused 
by a soil layer with low  hydraulic conductivity. When 
all the pores in poorly drained soils become saturated 
with water, plant roots w ill have an extra supply of 
water because o f the lack o f drainage. However, soils 
that are saturated for several continuous days cannot 
be tilled when needed and the roots ot most crop 
plants will not grow further because of a depleted 
oxygen supply. These poorly drained soils must be 
artificially drained to be useful tor crop production.

By  applying the concepts ot root depth and the 
water content at field capacity and wilting point, the 
approximate capacity of the soil pores as a reservoir 
o f plant water can be determined. A useful term to 
describe the apparent capacity ot the soil water supply 
for plants is the potentially extractable soil water 
(P E S W ). Most soils considered suitable for crop pro
duction have P E S W  values ot about 1.35 mm ot water
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tor cadi 1 cm ot effective rooting depth. An exception 
is sanely soils, which have P E S W  values between 0.6 
and 1.1 mm per centimeter ot soil rooting depth. Soils 
with stones will also have lower P E S W  values.

Plants growing in soils initially wet to field capacity 
can go longer without a water deficit during a drying 
cycle if  the P E S W  is large. The total P E S W  depends 
on the effective rooting depth. When annual crop 
plants reach their maximum rooting depths in a soil, 
the soil properties influencing rooting depth w ill in
fluence the P E S W  values. Rooting in poor soils may 
be in) deeper than 25 to 30 cm in the tillage zone. In 
good soils, rooting depth may be as much as 
200 cm. Thus by using the approximate value o f avail
able water as 1.35 mm/cm, the total P E S W  for soil 
can vary between 35 and 270 mm.

The effective rooting depth is influenced by the age 
ot a plant and by several physical and chemical soil 
barriers. A large percentage ot tile arable soils in the 
eastern United States has some degree ol these barri
ers. T he main physical problem is the existence ot 
rock or compacted zones in the soil that are barriers 
to optimum root growth. T he physical barriers for 
compacted soils are termed fragipans and tillage pans. 
T he tillage pans are caused by compaction during 
tillage operations. If  these compacted zones are near 
the surface, deep tillage can help provide a condition 
for deeper root growth. The deep tillage improve
ment, however, often lasts only I or 2 years.

The principal chemical barrier to root growth is 
aluminum toxicity. This condition occurs in highly 
acid soils containing aluminum. Roots w ill cease 
growing deeper when they reach this toxic layer. 
Adding limestone to affected soils helps reduce this 
problem, but application below 30 cm is often too 
costly tor producers.

Another important factor influencing rooting depth 
is the lack o f oxygen in poorly drained soils that 
are frequently saturated. Roots o f upland crops are 
sensitive to low oxygen and usually do not extend 
their new growth to other soil layers, i f  saturation is 
likely to occur often, soils o f this type need to be 
artificially drained to allow roots to grow at deeper 
depths to increase the P E S W  for times o f low rainfall 
when the soils become dry. The depth o f drainage 
tiles or tubes is usually about 100 cm.

Once rooting depth is known for determining 
P E S W , the timing and number o f irrigations can be 
determined. On lv 50 to 70% of the P E S W  can be 
extracted by plant roots before the soil dryness will 
cause a plant water deficiency. Thus tor optimum

plant growth, irrigation is required before the roots 
extract soil water to its lower limit o f availability.

The potential evapotranspiration (P E T ) conditions 
determine the rate o f soil drying. In humid climat.'s 
PET  values are quite diverse because o f variable 
cloudiness. Assuming that an average P E T  for a hu
mid climate is 4.0 111111 per day, a soil initially wet to 
field capacity with 150 111111 o f P E S W  w ill provide 
crops with an unlimited supply ot water for about 22 
days before more rainfall or irrigation is required. For 
soils initially wet with a variation o f 40 and 25(1 111111 

P E S W , the time o f unlimited growth without irriga
tion is about 6 and 37 days, respectively. This degree 
ot soil variability emphasizes the importance ot the 
soil properties in evaluation o f the value o f irrigation 
in humid regions.

In soils that have some restriction ot rooting depth, 
there is usually a high probability that the frequency 
ot rainfall deficits during the growing season will 
cause some crop growth or yield loss without irriga
tion. Evaluation o f the actual probabilities for irriga
tion requirements can be done by simulating the soil 
water balance every day and determining the fre
quency ot times the soil water deficit reaches a level 
where plants need additional water. The soil water 
balance can be reasonably simulated when the daily 
weather variables o f solar radiation, temperature, and 
rainfall are known and when the root depth can be 
reasonably approximated. Such a water balance is 
contained in the C E R E S —Maize crop simulation 
model for corn. The C E R E S  model simulates the soil 
water balance, plant growth, and yield. It has been 
validated in Michigan for both irrigated and rainfed 
conditions.

Assuming the C E R E S  model is accurate, it is possi
ble to determine some ot the required information 
regarding irrigation needs and risks. Using a 30-year 
sequence o f weather as measured in previous years to 
represent the probable weather variations in the fu
ture, some ot the information required for irrigation 
decisions can be obtained. Weather typical o f a site 
in St. Joseph County, Michigan, provided a simulated 
record o f irrigated and rainfed yield results and irriga
tion amounts for soils with contrasting P E S W  values. 
The irrigation simulations assumed typical conditions 
for .1 center pivot sprinkler irrigation system of 
25 111111 irrigation added each time the water deficit 
reached the 507» P E S W  value. Fhe P E S W  values as
sumed were 90 and 160 mm, representing relatively 
low and high water holding capacities. To  obtain 
a cumulative probability distribution of the desired 
information, yields and irrigation numbers from the
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30-year siiinil.ition were sorted in ascending order 
.mil plotted .is .1 cumulative probability ot 1/30.

I he simulation revealed that the number ot irri
gations needed each season ( I i ” . 4) varied trom a 
low ot none tor years tor the high P E S W  to 1 I 
(273 mm) for 1 year on the low P E S W  soil. Tin- 
average number of irrigations was 4.23 and 5.90 for 
the two soils, respectively. The predominant number 
ot irrigations needed (60%  probability) was in the 
range ot five to seven for the low P E S W  soil and six 
to eight for the high P E S W  soil. Simulated rain fed 
yields trom the lower P E S W  condition were always 
lower than the higher P E S W  condition. W ith the ex
ception ot 1 year, the yields for the irrigated crops 
were always higher than rainfed crops. The differ
ences in irrigated yields are caused by variations in 
(actors other than the water supply. Variations in the 
length ot the warm season was the primary cause ot 
the year-to-year yield differences.

Most ot the eastern United States is likely to have 
similar variations in year-to-year irrigation amounts 
as the results shown in Fig. 4. Even tor the contrasting

Cumulative probability

FIGURE 4 l ive cumulative probability distribution (bottom) ot 
the number ot 25-mm irrigations required tor optimum corn pro
duction m St. |oseph Canmty. Michigan, tor a soil with low and 
high IM iSW  values: and (top) the cumulative probability distribu
tion of rainted yields for two contrasting s o ils  and tor irrigated
vields.

soils with the same weather conditions, the variation 
in the two cumulative probability distributions ot irri
gation numbers was i|tiite similar, and only the aver
ages changed. The seasonal variation in rain tall for 
much o f the humid United States is similar to that tor 
southwestern Michigan, with only the mean values 
changing with the location. The mean irrigation re
quirement for various locations is likely influenced 
by the soil P E S W  and the seasonal difference between 
rainfall and P E T . The average irrigation amount tor 
the low P E S W  soil of Fig. 4 was I4S mm (5.9 irriga
tion applications ot 25 mm). The 3-month average 
difference between P E T  and rainfall tor two locations 
shown in Fig. I north and south ot St. Joseph County. 
M ichigan, was ()3 111111 (Lansing, M l), and 100 111111 

(Indianapolis, IN ). An approximation of the average 
amount o f irrigation water required tor various sites 
111 the United States would be about 5(1 111111 more 
than the average difference between P E T  and rainfall 
for low P E S W  soils and about 10 mm more tor higher 
P E S W  soils (Fig. I).

E. Economic Risks

The question o f whether to irrigate in humid regions 
is a strategic decision that impacts the farm business 
for many years to come. A strategy is devising plans 
to reach .1 goal. When the goal is to improve or reduce 
variability of net income, the financial impacts should 
be evaluated before investing in an irrigation system. 
Since yield increases are almost always possible with 
irrigation and yield variability is reduced, the price 
the increase 111 yields is expected to bring and the costs 
o f the irrigation system are required to project net 
income generating capacity. In addition to the cost 
and price information, more intensive management 
is required with irrigation than with minted farming. 
Yield increases expected tor the farm soil type, such 
as those provided in Fig. 3, provide critical informa
tion for the economic evaluation. A price for the in
creased yield must be assumed along with the annual 
ownership costs associated with the investment and 
the increased variable costs due to increased seeding 
rates, fertilizer, fuel, electricity, and labor.

The principles needed to develop .111 economic as
sessment of irrigation systems in humid regions are 
illustrated by the production of corn in southwestern 
Michigan with the low and high P E S W  soils. The 
irrigation system is a center pivot that will irrigate 
52.6 I1.1 (130 acres). The yield information from Fig. 
3 and .111 assumed price ot SN(>.28/Mg (S2.50 per 
bushel) for grain provides the gross income. The yield
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dependent costs (transportation and drying) were as
sumed to be S I 1.22/Mg. The annual ownership cost 
for the example is $9470. The ownership cost assumes 
a 10-year life o f the system and a 10% interest rate. 
The system costs $60,300; 42%  o f which is the well, 
pump, and power supply. The distribution system is 
58%  o f the cost. The assumed variable costs (seed, 
fertilizer, pesticides) for an irrigated system were 
$18,620 and $15,491 for the rainfed system. These 
differences are prim arily caused by the need for more 
fertilizer since there w ill be a greater expected yield 
and more seeds per hectare are planted. The cost per 
25 mm irrigation is S600. Other fixed operational 
costs are not required tor this assessment because they 
are the same for both irrigated and rainfed conditions.

The net revenue from the 52.6-ha area for irrigated 
and rainfed conditions o f the two soils is depicted as 
cumulative probabilities m Fig. 4. In this case, if  the 
goal is to maximize net revenue, the goal is best 
reached with the rainfed crop on high P E S W  soil. 
However, for the low  P E S W  soil, the net returns for 
the irrigated crop are larger only about 50%  o f the 
time. The variability o f net returns is reduced by 
irrigation. The bottom o f Fig. 5 depicts the revenue

Cumulative probability

FIGURE 5 T he  cum ulative p robab ility distribution of’net revenue 
tor irrigated and minted conditions o f  Fii». 4 (top) and tor the 
revenue benefit (irrigated returns m inus raintcd returns; o f  irriga
tion (bottom ).

benefit (irrigated minus rainfed) from irrigation. Only 
1 year in the 30 was an extreme drought year with a 
revenue benefit for the high P E S W  soil. The low 
P E S W  soil had a benefit half the time. Although the 
greatest benefit was for the low  P E S W  soil, the net 
revenue was lower because it required more irriga
tion. As a scenario to demonstrate the sensitivity of 
an analysis like this to the price o f the crop, if  the 
price for the grain was doubled and the other costs 
remain the same, the average net revenue for the irri
gated crops would increase about $45,000 and about
S38.000 and S28.000 for the high and low P E S W  soils 
under rainfed conditions.

The yield benefit, prices, and costs for an economic 
analysis can be obtained from agricultural experiment 
station trials, validated simulation model results, and 
farmer experience. Experiment station trials should 
be used with caution because ot the difficulty o f ex
trapolating them from one soil, climate, and manage
ment system to another. Sim ulation results should 
agree w ith experimental results and farmer experi
ence. Simulation usually does not take into account 
pest or other yield reducing factors except for water 
and nutrients. Farmer experience is very helpful, espe
cially in areas with comparable soils and climate. It 
provides a reality check o f practical management.
1 lowever, caution should be used because there may 
not be a valid comparison o f irrigated and rainfed 
yields over several years, as done by experiment sta
tions. Good managers should use a combination of 
all three sources o f information when deciding about 
investing in an irrigation system for humid regions.

Irrigation may be beneficial to crops, but it also 
increases the potential for environmental contamina
tion. As environmental concerns increase, this dimen
sion o f managing irrigation systems w ill become 
more critical. Therefore, the decision to minimize 
possible contamination o f the environment should 
be linked w ith the goals o f maximizing economic 
returns. The principal environmental degradation that 
may increase w ith irrigation includes nitrate and pesti
cide leaching into ground water and the runoff o f 
agricultural chemicals and topsoil into surface water.
(See G r o u n d  W a t f . k .  |

The prim ary concern about nitrate leaching into 
ground water is the public health concern. Nitrate 
poisoning in humans is rare, but there have been re
ports o f infant deaths due to methemoglobinemia, a 
condition caused by a high nitrate content in drinking 
water. The U .S . Public Health standard for nitrates 
in drinking water is 1(1 parts per million or less. This 
is a lim it well below where any problems with methe-
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moglobincniia have been identified. The concentra
tion of nitrates in several aquifers in lnim id regions 
used for public water supplies has been increasing in 
the past 2 decades, creating concern tor the future use 
ot nitrogen fertilizer in those regions.

Leaching occurs when water soluble compounds 
(such as fertilizer) flow below the root zone with the 
excess water that drains out o fthe soil. This happens 
when the soils become saturated due to heavy or fre
quent rainfall. In humid regions the drainage is likely 
to be greatest during spring and autumn it the subsoil 
docs not contain a barrier to downward water How. 
For soils that are artificially drained, the equivalent 
leaching losses w ill end up in surface water from tile 
drain outlets.

Irrigation usually ensures that crop yields w ill not 
be reduced by water deficits. However, w ith higher 
yields, there is a greater demand for fertilizer nutri
ents. The larger fertilizer applications w ill temporarily 
cause higher concentrations ot nutrients in the soil 
before being used by plants. However, leaching losses 
are usually small during the grow ing season because 
there is seldom excess water that is not used in evapo
transpiration. The main problem is that any excess 
nitrates not used by plants after nutrient uptake ceases 
are vulnerable to leaching losses. These losses are usu
ally greatest in sandy soils or where there is a large 
annual How o f water through the soil.

T o  minimize nitrate leaching, fertilizer amounts 
need to match the plant requirement as close as possi
ble. One method that usually helps minimize nitrate 
leaching losses and im prove nitrate uptake is to apply 
the fertilizer on two or more occasions during the 
active nutrient uptake period. Tor annual crops, one 
small fertilization is usually beneficial at planting time. 
The other application can be applied about 2 weeks 
before anticipated plant deficiencies might occur. 
These methods are more management intensive, but 
greatly decrease the probability ol' leaching from 
heavy rains that might occur if  a single application is 
applied on or before planting. The multiple or split 
fertilization procedures are more management inten
sive and costly, but provide the best way to minimize 
leaching losses. |See F e r t i i  iz k k  M a n a g e m e n t  a n d  
T hc:h n o i .o g y . |

Irrigation provides a good possibility for reducing 
nitrate leaching because yields have less variability in 
the amount o f nutrients required than rain fed crops. 
For raintcd crops, the weather conditions o fthe  near 
future are not known, making the nutrient require
ments ot the crop more uncertain. Farmers who apply 
larger fertilizer amounts anticipating a good weather

vcar mav have greater leaching losses in years when 
water deficits reduce yield.

On land that is vulnerable to soil erosion and nutri
ent losses, irrigation can enhance these losses because 
o f the increased use ot chemicals needed tor crop 
production. In humid regions ot the United States, 
the most vulnerable time is likely to be in the spring 
when the chemicals have been applied to the bare soil 
before being needed by the plants, and chemicals are 
at a higher concentration. The center pivot sprinkler 
irrigation systems are more likely to be used on a 
large field area o f marginal land such as steeper slopes. 
O n land with steeper slopes, there may be erosion 
problems during irrigation application at the end of 
the distribution pipeline because the application rate 
may exceed the water infiltration rate. Terracing and 
use of grassed strips can help overcome this problem 
in the same way that it does for rainfed systems.

IV. Conclusion

The use o f irrigation in humid regions w ill likely 
continue to increase as pressure trom a grow ing popu
lation increases the need for food production and as 
the area irrigated in the traditional arid regions de
clines. The supply o f irrigation water from aquifers 
and surface sources is usually adequate in humid re
gions and its use, if  planned carefully, should not 
cause great societal or environmental problems. There 
are large areas in the U .S . humid regions that can be 
potentially irrigated without causing major problems. 
When the value ofthe crops produced is high enough, 
the introduction o f irrigation into a region can greatly 
enhance the regional economy. I f  decisions are made 
to invest in an irrigation svstein after experiencing a 
low probability drought year, there is a good chance 
that the investment w ill result in financial losses. 
Therefore it is important to consider carefully the 
weather, soil type, and management requirements be
fore investing in expensive irrigation systems.

In humid regions there is a long history ot nonagri- 
cultural water use and a short history o f irrigation. 
In irrigated arid regions, the opposite is usually true. 
Thus, priority for allocation ot water tor agricultural 
use in humid regions is usually low. Development 
o f water supplies in humid regions, unlike the arid 
regions, is usually left to the individual. Federal poli
cies in the United States have made it possible for tax 
dollars from humid regions to be expended on water 
development for irrigation in the arid regions. Even 
taxes for application o f municipal waste water on land
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in humid regions has been devoted to the clean lip o f 
the water rather than viewing it as a source for irriga
tion water. Thus we should anticipate the need for 
new government policies as irrigation increases in the 
humid regions. These policies will likely be related 
to water supplies for irrigation as well as public health 
issues. N ew  research will be required to overcome 
the technological problems unique to humid regions.
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Glossary

Annual earnings Total incomc received from farm 
and nonfarm work in a calendar year 
California A gricultural  L a b o r  Relations A ct  A
compromise piece o f legislation passed in 1975 by the 
California state legislature to provide legal boundaries 
for collective bargaining tor tarm workers in the state; 
it provides for secret ballot elections for union repre
sentation and an Agricultural Labor Relations Board, 
but specifically exempts farm labor contractors from 
employer status
C ollectiv e  bargaining  Involves the determination 
ot wages, hours, and working conditions between 
employers and an organization of workers; the orga
nization o f workers is commonly called a labor union 
F a rm  labor co n tracto rs  Independent employers of 
agricultural labor who recruit farm workers and pay 
these workers for their services; these employers may 
contract with farmers, intermediaries (bird dogs), 
processing plants, or packing houses to execute cer
tain prescribed functions o f  the farming operations 
H ired  labor Workers paid for hourly work or for 
work done on a piece rate basis
H o u rly  w age rate  A common method ot payment 
for agricultural tasks performed; tarm work is exempt 
from federal overtime hour provisions ot the mini
mum wage law

Im m ig ra t io n  R e fo r m  and C o n tro l  A ct  Passed in 
1986 at the federal level to provide mechanisms tor 
providing special agricultural workers (S A W S ), re
placement agricultural workers (R A W S ),  sanctions 
for employing illegal workers, temporary foreign ag
ricultural workers (H-2A), antidiscrimination provis
ions, and other objectives
L a b o r  in ag ricu ltu re  The human resource compo
nent o f the agricultural sector of the economy 
L a b o r  dem an d  Derived from the demand tor ag
ricultural products; assuming production technology 
is constant, an increase in the demand for the product 
increases the demand for agricultural labor 
L a b o r  p ro d u ctiv ity  Usually measured in terms ot 
the annual average percentage change ot output in 
relation to man hours ot physical work; has achieved 
dramatic upward growth for several past decades be
cause o f the division of agricultural labor and the 
combination of biological and mechanical innovation 
111 agriculture
L a b o r  supply Relates to the number ot persons w ill
ing to work in agricultural pursuits tor various levels 
o f  wage rates; in general, more people are w illing to 
engage in agricultural work as wage rates increase, 
and vice versa
M ig ran t  labor Workers who leave their permanent 
place o f residence for at least one night are considered 
migrant agricultural workers; usually intrastate m i
grants or interstate migrants
M in im u m  w ages The Fair Labor Standards Act of 
1935, as amended, established minimum wage rates 
for agricultural workers that are now identical to m in
im um  wage rates for nonagricultural workers; small 
farmers with highly seasonal employment patterns 
may not be required to pay their workers m inim um 
wage rates; the federal m inimum wage law also pre
scribes stringent rules for employing children in ag
ricultural work
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O ccupational Safety and H ealth A ct  (O S H A ) A
federal program that seeks to assure a safe and health
ful working environment for workers; farmers hiring 
fewer than 11 employees are exempt from O S H A ; 
however, any farm employer may be subject to cita
tion tor serious, willful, and repeated violations o f 
O S H A  rules
Piece rate A method o f payment to agricultural 
workers based 011 the number o f units (boxes, trees, 
rows. Hats, bushels) harvested or worked; hourly 
wage rates can be estimated from piece rates if  data 
regarding the number o f units worked and the length 
of time involved are known
U n e m p lo y m e n t  insurance A federal-state pro
gram that provides eligible farm workers with re
duced income payments when workers are laid off 
through 110 fault ol their own; although differences 
in benefit provisions exist from state to state, unem
ployment compensation covers essentially all but the 
small employers; the cost ot this program is born by 
employers, who pay taxes based 111 large part 011 their 
experience rating; although workers do not contribute 
to the unemployment insurance fund, occasionally 
unemployed workers are provided "extended" bene
fits from federal funds
Unpaid fam ily  labor Family members who engage 
in farm work for zero cash remuneration at the time 
ot labor, but may share in the profits of the farm 
firm, if  any, at the end o f the season or crop year 
W orkers com pensation  Each state usually provides 
workers coverage for work-related injuries and dis
eases; costs for these programs generally vary de
pending on experience rating and the particular lan
guage ot state laws

In  its broadest context, labor in agriculture refers to 
the human resource component o f the agricultural 
sector ot the economy. These "laborers’’ include hired 
workers as well as unpaid farm operators and family 
members. The skill levels in American agriculture 
vary widely from airplane pilots, biotechnologists, 
and computer programmers to seasonal hoe hands 
and fruit and vegetable pickers.

Science and technology have reduced the number 
ot manual laborers utilized for many agricultural op
erations. although in the past, most farms were too 
small to develop new technologies 011 their own. The 
research and development for agriculture is supported 
by government research agencies, input suppliers, and 
industry organizations. Thus, personnel trained at the 
M .S . and Ph .D . levels 111 the agricultural sciences

tend to be employed by nonfarm, but agriculturally 
related, organizations. These personnel, although ex
tremely important, represent only a m inor fraction 
of the total number o f persons engaged 111 agriculture.

Farm operators represent the largest human re
source base in agriculture. Whether individual propri
etors or integrated into a family farm corporation, 
farm operators receive their compensation as a resid
ual return or profit from engaging in the risks of 
agricultural enterprises. N ot only must these farm 
operators increasingly have sound scientific training 
111 agricultural production, but also business man
agement.

Focus ot any discussion o f labor in agriculture, 
however, is 011 the hired farm worker. These hired 
workers represent a significant portion ot total farm 
expenditures, particularly tor fruit, vegetable, and 
other horticultural crops. Moreover, considerable at
tention is placed on the "h ired " portion o f the farm 
work force because ot the complex set ot public poli
cies enacted at the state and federal levels.

I. Introduction

Labor involves physical and mental work. Although 
considerable mental work is associated w ith most ag
ricultural tasks, the focus is on the amount o f physical 
work or time needed to perform given agricultural 
labor jobs. Labor also represents one ot the three 
major factors ot agricultural production, the other 
two factors being capital and land.

Labor productivity in agriculture has achieved re
markable upward growth trends over several decades 
because ot two basic tenets; ( I)  the division o f labor 
and (2) biological and mechanical innovation in agri
culture. Specialization and division ot labor are the 
bases ot economic development ot industrialized soci
eties. Efficiency gains occur 111 part from the enhanced 
dexterity acquired by repetition o f particular tasks. 
Technological improvements in agriculture have also 
tended to reduce the man hours and drudgery o f many 
agricultural jobs.

The demand for agricultural labor is derived from 
the demand tor agricultural products. It we assume 
constant technologv. an increase in the demand tor 
agricultural products increases the demand tor ag
ricultural labor. However, increases in product de
mand have not necessarily been accompanied by in
creases 111 the demand tor agricultural labor, because 
ol labor-sav ing technology on farms, as well as 11111c-
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wit ions in the harvest iii^ , handling. and packing pro
cessing ot agricultural products.

The supply ot agricultural labor relates to the num
ber ot persons willing to work m agricultural pursuits 
tor various levels ot wage rates. In general, more 
people are willing to engage in agricultural work as 
the w age rate increases. Supply ot tarm labor is also 
attcctcd by wage rates and working conditions in 
nontarm labor sectors and bv immigration policies. 
As the general economy worsens and/or enforcement 
ot immigration laws slackens, the supply ot tarm la
bor increases.

II. Changing Patterns of Labor Use

For the United States as a whole, the persistence of 
family farms has meant that unpaid family labor rep
resents the largest component of the farm labor force.
I lired tarm workers, however, continue to receive 
public attention in terms ot social welfare legislation 
and other programs designed to improve the working 
conditions ot seasonal and migrant farm workers.

|obs performed by seasonal and migratory farm 
workers tend to be narrowly defined, because they 
generally involve a single specific task such as harvest
ing fruit or vegetables. The employee-employer rela
tionship tends to be casual, with essentially 110 prefer
ences tor rehiring in successive years. The worker-job 
relationship also tends to be casual, rather than a con
tinuing relationship that might develop into more 
skilled work categories.

Although seasonal farm work has attracted the 
dominant share ot public and private attention over 
the past few decades, numerous semi-skilled, skilled, 
supervisory, and management jobs have evolved on 
large-scale commercial farms. These jobs have their 
origin in the application of modern science and tech
nology to agriculture and to the emerging manage
ment structure 011 industrialized farms.

Despite the application ot science and technology 
to agricultural production processes, the specter ot 
seasonality has not been obviated or eliminated. In 
some cases, mechanization and other scientific devel
opments in agriculture have actually shortened the 
seasonality ot labor requirements. Seasonality o f ag
ricultural production has the effects o f disrupting the 
How ot wage earnings to tarm workers, skilled and 
unskilled, and ot lowering annual earnings below 
those received in nonfarm jobs. Finding .1 solution to 
the problem ot seasonality 111 agriculture has been the 
desire ot many forward-thinking agribusiness firms.

For example, some large tarm employers have been 
able to select crops, schedule plantings, and otherwise 
arrange operations to employ crew s throughout the 
\ ear. This change has permitted high rates of retention 
ot employment trom year to year, higher annual earn
ings, and increased productivity ot the farm work 
force.

A. Unpaid Family Labor versus Hired Labor

In the United States 111 1990, there were on average 
two unpaid family farm workers for every hired tarm 
worker. There is also seasonality of farm work. In 
199(1, for example, the total farm work force (hired 
and unpaid family) ranged from 2.5 million in Janu
ary. to 2.7 million in April, to 3.3 million 111 Ju ly , 
and back to 3.0 million workers in October. The 
hired farm work force is relatively more important 
in the summer month o f Ju ly  with 33%  ot the total, 
compared with the winter month of January with 
28%  o f the total farm work force. |.SYc F a r m in g
S ' !  S l  I M S .  I

C lalifornia and Florida, two ot the three largest states 
111 terms o f hired farm workers, both have relatively 
large components o f hired farm workers compared 
with unpaid family farm workers. I11 these states, the 
ratio o f hired w orkers to unpaid workers is approxi
mately two himI workers tor every unpaid worker, just 
opposite the situation for the United States as a whole.

O ver time, the total number o f farm workers has 
dropped substantially, from 13.3 million 111 the I9l0s 
to 3.0 million 111 the 1990s. Most ot this decrease is 
due to the gradual but persistent reduction in the 
number o f farms in America, which caused the num
ber o f unpaid family workers to decline from 10 m il
lion in the 1910s to 2 million in the 1990s. The hired 
farm work force has also decreased over this same 
time span, but only from 3 million in the 1910s to 
approximately I million in the 1990s. O fcoursc. sea
sonality affects hiring o f tarm workers each year, 
varying from 700,000 hired workers 111 January of 
1990, for example, to 1.1 million hired workers in 
July o f 1990, .1 spread ot 400,000 workers.

The decrease in tarm employment, whether hired 
workers or unpaid family workers, has been related to 
increased productivity from mechanization and other 
technological innovations. Mechanization, higher 
yielding crops and livestock, and improved fertilizers, 
pesticides / fungicides, and irrigation equipment have 
reduced the labor input per unit o f output while per
mitting aggregate agricultural output to expand. In 
the period between 1943 and 1990, which witnessed
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a reduction in total farm employment from 9.8 m il
lion to 2.9 million, farm production increased 9(1%.

B. Migrant Labor Patterns
Migrant farm workers constitute a small but im 
portant subgroup o f the domestic hired farm work 
force. M igrant laborers are defined as persons who 
temporarily leave their home county and stay away 
trom home overnight to engage in farm work. The 
reason tor migrant workers in agriculture is. particu
larly, the seasonality ot farm production and harvest
ing. The seasonal demand for labor m agriculture 
gives rise to incentives tor people to migrate tor ag
ricultural work. The economic and physical condi
tions surrounding these workers has been o f consider
able social concern.

Migration is the result o f a response by individuals 
to potential wage differentials, that is, those lor whom 
migration would result in higher earnings are more 
likely to migrate than others. Certain government 
programs, such as unemployment insurance for farm 
workers, act as depressants o f farm labor migration. 
Also, public policies toward undocumented workers 
can significantly altect the incidence ot migration of 
domestic farm workers. A lax policy on enforcement 
ot illegal immigrants tends to reduce the stimulus tor 
domestic worker migration, whereas tight enforce
ment encourages more migration o f domestic 
workers.

Migrants supplement the local labor force during 
peak use seasons when the demand tor farm workers 
frequently exceeds the supply o f farm workers living 
in the local area. Their work is greatlv affected by 
weather conditions, variations in crop yield, and 
availability o f local labor. Vegetable, fruit and nut. 
and horticultural specialty farms are most likely to 
employ migrant farm workers.

The number of domestic migrant farm workers has 
decreased from almost one-half million in 1959 to less 
than 200,000 in 1985. Their relative importance has 
also fallen from 13% o f the total hired farm work 
force in 1959 to (>% of the total in 1985. The decrease 
in the aggregate number and relative importance o f 
domestic migrant farm workers reflects the general 
trend toward increased mechanization. M igrant la
borers have, however, continued to be relatively im 
portant to’- those commodities for which mechanical 
harvesting is either not economically feasible or not 
conducive to quality fresh produce.

Because ot the emergence of an unknown number 
of documented illegal aliens employed in American

agriculture in the late 1980s and early 1990s, the statis
tical validity o f migrant worker data is questionable. 
These workers, for example, may show local ad
dresses and may be defined as domestic nonmigrant 
farm workers, only to migrate back to Mexico each 
year and live briefly in their real native home area.

Historically, three major routes have been taken by 
migrant workers in search o f farm work. One route 
leads from the Caribbean and southern Florida up to 
N ew  England. Another route leads trom northeastern 
Mexico and southern Texas up to Michigan. The third 
route leads from northwestern Mexico and southern 
California up to the state o f Washington. Correspond
ing to each route is a group of migrants: the Atlantic 
Coast stream, the M idwest stream, and the Pacific 
Coast stream. Although public interest centers on 
these interstate migrant workers, most migrant farm 
workers .ire really iniiasiatc migrants.

C. Contract Labor
Growers have increasingly looked to labor contrac
tors to deliver a supply o f labor sufficient to meet their 
highly seasonal labor needs. Growers also depend on 
labor contractors to manage the work performed by 
seasonal farm employees. Labor contractors also per
mit growers to disengage from the details of field 
labor management and to avoid the problems associ
ated with recruitment, retention, productivity, pay
roll, transportation, meals, and housing. This permits 
the grower to treat labor like any other input.

Labor contractors are particularly advantageous 
when workers are likely to be foreign-born, migrant, 
illegal, unskilled, uneducated, and unorganized. 
Workers with these characteristics face difficulties in 
finding jobs and, consequently, rely on informal net
works o f friends, relatives, and contractors tor em 
ployment information.

Labor contractors have become indispensable to 
seasonal labor markets because of their extensive con
tacts with farm worker communities and migration 
networks. They also have bilingual skills that bring 
non-English-speaking workers into seasonal agricul
tural job markets. Their networks also provide entry 
possibilities for undocumented workers and workers 
with little or no previous farm work experience in 
the United States.

Contract labor in agriculture is particularly p rom i
nent in California, Florida, and Texas. Ot the S I. 8 
billion expended tor farm contract labor in the United  
States in 1987, S I .04 billion (over 50% ) occurred in  
these three states. Moreover, the bulk of farm labor
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contractor expenditures w.is tied to fruit .nut vegetable 
operations in California, Florida, and Texas.

Labor contractors provide harvest labor options not 
only tor growers, but also tor other owners ot agricul
tural commodities, tor example, processors, packing 
houses, and independent buyers. As labor contractors 
increase their si/e ot operations, they behave like other 
entrepreneurs in terms o f labor organization and man
agement, that is. they hire crew leaders for the super
vision and management ot two or more crews, handle 
payroll, tax, and insurance matters; and increasingly 
perform assembly and transportation functions. 
Compensation rates paid to labor contractors reflect 
the functions performed by them.

III. Productivity of Agricultural Labor

Technology, not land or labor, is the cornerstone ot 
the productive capacity o f United States agriculture. 
The massive increases in agricultural output in 
America over the past 200 years have been accom
plished by successive changes in the technological base 
ot agricultural production. Just prior to the ( Iivil W ar 
o f the I8(>0s, horse power replaced hand power. The 
tractor became the symbol ot the mechanical power era, 
which came into prominence after W orld  W ar I. After 
W orld  W ar II, however, the major impetus behind 
increases in agricultural productivity became science 
based. The two components or phases of science 
power involved the chemical and biological revolutions 
in agriculture.

I he chemical revolution in agriculture involves the 
proper application o f fertilizers, insecticides, herbi
cides, and fungicides in agricultural production. 
T hese applications are intended to increase yields. 
However, because o f environmental and other con
cerns, focus ill recent years has shifted to the applica
tion of biological science to increase yields ot' plants 
and animals. T he biological revolution in agriculture 
includes such diverse fields as genetics, plant and ani
mal breeding, animal nutrition, sanitation, biological 
disease control, and other biotechnological sciences.

The gradual historical transition from hand power, 
to horse power, to mechanical power, and finally to 
science power has had a profound effect on labor in 
agriculture. These technological advances over time 
have permitted agricultural output to increase dramat
ically with fewer and fewer agricultural workers. In 
effect, capital investments 111 the form of tractors, 
other machinery, tarm chemicals, and new breeds ot

TABLE I
Labor Productivity in Agribusiness, 1948-1980

Average annual change in output per man
hour ("<>)

1<)4H-|«w,3 IW i3-1‘J73 1 ‘>73-1 *>S()

larm m g 5.7 N.l) 7.1)
hood stores 5.3 l.s - 1.2
Food

processors 3.7 2.5 l . s

Soilin': Polopolus ( | ‘JK(»).

livestock and new plant varieties have increased ag
ricultural output per unit ot agricultural labor.

The labor productivity o f American agriculture is 
measured by an index number that defines the ratio 
o f agricultural output, expressed in constant prices, 
to man hours o f input. H istorically, tarm worker 
productivity doubled between 1810 and 1880, dou
bling again by the early years ot W orld  W ar II. Since 
1950, farm worker productivity has more than dou
bled. However, the rate o f labor productivity growth 
in farming has tended to decline in recent years.

Compared with other sectors ot the American 
economy, the labor productivity growth record ot 
the farming sector has been phenomenal. W ith in  the 
agribusiness economy, labor productivity growth in 
farming is considerably higher than the labor produc
tivity growth rates for food stores or tood processing 
(Table I). Labor productivity growth rates for food 
stores and tood processors have actually declined over 
the 1948-1980 period. T he negative labor productiv
ity rate for food stores m the 1973-1980 period sug
gests that output per man hour decreased in absolute 
terms. In contrast, labor productivity growth tor 
American farms is at a relatively high level. [See P r o 
d u c t i o n  E c o n o m ic s .  |

IV. Changes in Location of 
Agricultural Production

Locational adjustments o f agricultural production 
have occurred frequently over time. These locational 
shifts are caused by many factors including changes 
in international trade policies, domestic farm policies, 
product and/or farm input prices, and consumer de
mand. The irony o f locational adjustments ot agricul
tural production is that both “ w inners" and "losers" 
are created almost simultaneously. For example, trade 
liberalization policies can have the effect ot reducing 
agricultural production of oranges in the United
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States, tor example, but increasing orange production 
in Mexico. This change could translate into fewer 
citrus jobs in the United States, with an increase in 
citrus jobs in Mexico, assuming technology remains 
reasonably constant. Any unemployed American cit
rus workers are not expected to travel to Mexico to 
seek the new jobs because o f the huge disparity in 
wages and benefits in the United States and Mexico.

Adjustments in the location o f agricultural produc
tion can occur from interregional competitive factors 
within a country or from iittmuuioiial competitive fac
tors. Domestic farm policies tend to insulate regions 
from competitive and volatile world markets. H o w 
ever. these programs were not sufficient to prevent 
cattle and broilers from becoming leading agricultural 
commodities in the South, displacing cotton and to
bacco as the top commodities in this region 111 terms 
ot cash farm receipts. Because of the specialized nature 
o f agricultural jobs, although many are in the un
skilled category, changes in agricultural production 
patterns cause changes m the nature and structure of 
agricultural employment. Thus, farm labor is affected 
not only by technological changes, but by the vagaries 
ot interregional and international competition.

V. Evolution and Development of 
Federal Policies Regarding 
Farm Workers

From almost complete exclusion 111 the 1930s, farm 
labor is now covered under most social and protective 
federal programs. In some cases, parallel state laws 
exist to protect farm workers. Thus, farm workers 
are now covered on approximately the same basis 
as nonfarm workers in such program areas as social 
security, minimum wage, child labor, unemployment 
insurance, workers’ compensation, occupational 
safety and health, and immigration reform.

The closing of the gap between farm workers and 
nonfarm workers on social legislation, as well as the 
increased average size ot agricultural production 
firms, permits the hypothesis that farming in America 
has become "industrialized." In reality, consider
able differences remain between agricultural and 
“ industrial-manufacturing'' production systems. The 
notable distinctions involve the seasonality and per
ishability o f agricultural production processes. Ag
ricultural production is a biological, rather than a me
chanical. production process. The production units 
are spatially dispersed. Weather effects— such as se

vere freezes. Hoods, hurricanes, or excessive 
drought— can cause unexpected financial losses to 
farm employers and farm workers.

Nevertheless, large-scale agricultural employers 
have become increasingly attuned to the need tor 
wage rates, fringe benefits, and working conditions 
roughly comparable to those provided by nonfarm 
employers. However, in periods o f excessive farm 
labor supply, the economic incentives for closing the 
gap in wages, fringe benefits, and working conditions 
between farm and nonfarm industries are lacking.

A. Social Security
The objective o f the federal Social Security program 
is to provide monthly cash benefits to replace .1 part 
o f the earnings lost through <111 employee’s retirement, 
death, disability, or hospitalization.

Essentially all farm employers must comply with 
federal Social Security regulations. To  avoid em
ployer coverage, farms in America in 199(1 would 
have to pay .111 employee less than S I 50 in cash wages 
during a calendar year or pay total wages ot less than 
S25oo per year to all employees. Employers and em
ployees contribute to the tax base. In 1990, employers 
withheld 7.(>5% o f an employee's cash wages up to 
a limit o f S51.300 in annual wages. Employers also 
were required to add 7.65% of cash wages as the 
employer's contribution to the program.

The Social Security program prescribes an assort
ment o f forms to be tiled and data to be recorded. 
When labor contractors are involved, a farm operator 
may be held liable as a jo int employer if  the labor 
contractor fails to pay the Social Security tax.

B. Fair Labor Standards Act
This federal act is more com monly known as the 
M inim um  Wage Law. It generally is concerned with 
the m inimum standard o f living in terms ot m inimum 
wages, equal pay, overtime pay, record keeping, and 
child labor. Farm employers are exempt from the 
overtime pay provisions ot the act. whereas the m ini
mum wage o f S4.25 (1993) is required o f farm (and 
nonfarm) employers covered under the statute.

Farmers who use more than 500 man days of labor 
during any calendar quarter (approximately 7 full
time employees working 5 days .1 week) must comph 
with the provisions ot the M inim um  Wage Law  Fam
ily members (parent, spouse, child) are excluded train 
the 111111111111111 wage requirement, as well as from the 
5oo man day test. Also, the act permits teenagers
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between l(> and 19 years ot age to be employed at 
wage rates somewhat below the m iniim ini wage.

The federal law establishes 1C) as the minimum age 
tor working in agricultural jobs declared hazardous 
by the Secretary ot Labor and tor working during 
school hours. Children 14 and 15 years ot age can be 
employed in any nonhazardous agricultural occupa
tion outside school hours. A child 12 or 13 years ot 
age can also be employed outside school hours it she/ 
he has written consent ot'parents or it the employment 
is on the same farm where his/her parents are em
ployed.

The primary issue o f the M inim um  Wage Law  is 
its impact on farm jobs. Historically, each movement 
upward ot the minimum wage has had the net effect 
ot displacing tarm jobs with the lowest skill require
ments, because many unskilled farm jobs are paid at 
hourly rates at or very near the minimum wage. Thus, 
increasing the minimum wage has had the effect ot 
increasing the adoption ot capital-intensive or labor- 
saving technology on farms. The m inim um wage 
requirement is also a factor causing the number o f 
hired tarm workers to decline over time, particularly 
in the southern region o f the United States.

C. Unemployment Insurance
Although considerable variation exists from state to 
state in employer coverage and worker benefits, the 
overall purpose of unemployment insurance is to pro
vide a partial and temporary income supplement to 
persons who lose their jobs through no fault ot their 
own. M inim um  federal coverage standards o f agricul
tural employers are established, but individual states 
may have more extensive coverage.

Covered tarm employers are required to pay a fed
eral tax and a state tax. The state tax is usually variable 
and dependent on the experience rating o f the particu
lar employer. In Florida, for example, a farm is re
quired to participate in the program if  its farm payroll 
is at least SIO.OOO in any calendar quarter or if  the 
tarm has 5 or more employees for some portion ol a 
day in 20 or more weeks ot the year.

T o  be eligible to receive unemployment insurance 
benefits, an unemployed farm worker would gener
ally have to be unemployed, be able to and available 
tor work, not be subject to disqualification, and to 
have sufficient wage credits under state law. Once 
meeting the benefit eligibility requirements, claimants 
are entitled to receive weekly benefits ot some per
centage ot the weekiv average wage, but not more 
than some maximum defined bv state law. Farm

workers, however, can be denied unemployment 
compensation if  they, among other factors, volunta
rily quit their job without good cause, are discharged 
for misconduct, tail to apply tor or accept suitable 
work, or are illegal immigrants.

A feature o f the unemployment insurance program 
that is somewhat misunderstood is the burden of 
taxes. Employees do not pay any part of iliac ui.xes. Costs 
are borne by the employer, except for extended fed
eral benefits which are subsidized by the federal 
treasury.

The equity issue is key here. Relatively small farms 
do not have to pay the unemployment insurance tax, 
whereas larger farms must pay the tax. This can in
crease average unit production costs tor the larger 
farm units, other factors being equal. From a public 
relations standpoint, however, workers tend to prefer 
being employed by farms that provide unemploy
ment insurance benefits. This factor could improve 
the quality o f labor available for open positions at 
farms covered with unemployment insurance.

D. Immigration Reform
Immigration reform policy is focused on the provis
ions and administration ot the Immigration Retorm 
and Control Act ( IR C A ) of I98(>. IR C A  makes it 
unlawful for any employer in the United States to 
employ an alien not legally entitled to work in the 
United States. It requires that farm employers care
fully monitor Form 1-9 for completeness, making this 
form available to officers o f the U .S . Immigration 
and Naturalization Service or U .S . Department of 
Labor tor inspection on advance (3 days) notice.

In addition to record keeping and 1-9 requirements, 
IR C A  has a broad array o f provisions that include
(1) imposition o f civil and criminal sanctions or pen
alties for knowingly hiring illegal immigrants, (2) vio
lation o f the law for improper discrimination in hiring 
or recruiting individuals on the basis ot nationality 
or citizenship status. (3) a broader program (H-2A) 
for obtaining temporary foreign agricultural workers, 
(4) a Special Agricultural Worker (S A W ) program 
that provides opportunity tor eventual United States 
citizenship o f previous illegal immigrants working in 
United States agriculture, and (5) a Replenishment 
Agricultural W orker (R A W ) program to replace per
ishable crop agricultural workers (S A W ) who do not 
qualify for legalization or who leave agriculture tor 
other jobs.

Heavy penalties are imposed by IR C A  on persons 
knowingly hiring illegal immigrants. The maximum



LABOR
628 ----------

penalty is SlO.IMM) tor each unauthorized worker em
ployed. IR C A  also provides additional hinds for en
forcement to bar illegal entry into the United States. 
At the time ot the enactment o f 1RCA, most econo
mists predicted that this new immigration law would 
have the effect o f legalizing a large number o f pre
viously illegal workers. M any o f these SA W s  fraudu
lently certified themselves to be agricultural workers 
but were not involved in agricultural employment. 
M any ot the bona tide agricultural workers with S A W  
status were expected to abandon seasonal farm work 
tor year-round nonfarm work, given their new Am er
ican citizenship status. W ith stronger enforcement at 
the borders and with a dwindling supply o f farm 
workers, the initial expectation was that farm labor 
supplies would tighten after l (W>and farm wage rates 
would escalate.

This preliminary analysis o f the likely impact o f 
IRC 'A  011 tarm labor markets turned out to be incor
rect. What actually happened was that new waves o f 
illegal immigrants entered the United States seeking 
tarm work, after the passage ot IR C A . In many cases, 
these illegal workers simply purchased documents to 
portray themselves as legalized workers. The "docu
mented illegals’" have had the effect o f increasing the 
supply of tarm labor and keeping wage rates trom 
rising above the inflation rate.

E. Workers' Compensation
W hile each state has its own rules and regulations 
regarding workers’ compensation, some states do not 
provide farm worker coverage. Where coverage is 
provided, workers compensation protects workers 
that receive job-related injuries or diseases.

Coverage for agricultural firms is applicable to the 
medium-sized to larger employers. In Florida, for 
example, agricultural employers o f 6 or more regular 
employees are required to purchase workers’ compen
sation insurance. Farms that qualify for coverage must 
purchase workers’ compensation insurance from an 
insurance carrier, qualify as a self-insurer, or join a 
group self-insurer fund. Cost o f insurance varies de
pending 011 employment activity and experience rat
ing ot each employer.

A significant policy issue has arisen from a recent 
United States Supreme Court case. In the Adams 
Fruit Company case, the Supreme Court held that 
injured agricultural workers may sue their employer 
tor damages under the Federal Migrant and Seasonal 
Agricultural Worker Protection Act, as well as receive 
benefits tor work-related injuries under a state w ork
ers’ compensation law. This decision erodes the dot-

trine ot exclusivity ot workers' compensation reme
dies which allow tor quick, no-fault relief tor 
workplace injuries 111 exchange for foregoing expen
sive private lawsuits.

The Adams case also exposes employers to double 
liability in workers' compensation cases. Certain farm 
employers must now pav the insurance premium tor 
the state workers' compensation program, as well as 
provide additional liability insurance coverage in the 
event that state insurance does not provide sufficient 
relief to workers seeking even larger benefits tor 
workplace injuries.

Some effort is being made in Congress to reverse 
the thrust ot the Adams Supreme Court decision 
through new legislation. These efforts are designed 
to restore state workers’ compensation laws as the 
exclusive remedy tor workplace injuries.

F. Occupational Safety and Health Act (OSHA)
The O S ! IA  program seeks to insure a safe and health
ful working environment, as well as preserve human 
resources. Although this federal law covers every em
ployer engaged in a business that affects interstate 
commerce, farmers hiring In or fewer employees are 
exempt trom O S I IA  inspection and all subsequent 
rules and penalties. However, serious, w illfu l, or re
peated violations by anv tarm employer are subject 
to citation.

For tarm employers ot I I or more workers, O S H A  
imposes several requirements, such as (1) inform ing 
employees ot safety regulations and displaying post
ers; (2) reporting serious accidents w ithin 48 hr; 
(3) maintaining up-to-date records o f all occupational 
injuries and illnesses; (4) posting summary o f prior 
year's occupational injuries and illnesses; (5) com ply
ing with special agricultural standards for anhydrous 
ammonia, slow-moving-vehicles emblems, roll-over 
protection structures, and field sanitation; and (6) in
structing each employee 011 safe operation and servic
ing procedures tor tractors and the handling ot hazard
ous materials.

Although worker’s compensation and O S H A  pro
grams both relate to accidents and illnesses in the 
workplace, their reporting requirements are different 
T here is also a difference 111 coverage or applicability 
O S H A  regulates only the larger agricultural em ploy
ers. whereas workers’ compensation covers medium- 
and large-sized employers.

G. Overall Impact of Labor Laws 
and Regulations

Labor laws and regulations usually have a differentia] 
impact 011 the two major groups ot participants— cm-
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plovers and workers. Itirm employers affected bv these 
laws and regulations usually are burdened or ad
versely affected by the ( I )  additional and excessive 
paper work; (2) complexities oi dealing simultane
ously w ith parallel, but not identical, programs of 
federal and state governments; (3) inequity among 
farmers for identical programs (larger farmers cov
ered whereas smaller farmers not covered); (4) lack 
ot uniform ity ot criteria tor employer coverage across 
labor programs; (5) difficulty in utilizing labor pro
grams for enhancing individual worker productivity; 
and (6) weak enforcement ot existing labor programs.

O verall, many farmers in the United States view  
federal and state labor laws as a required form of 
bureaucracy or a nuisance. However, enlightened 
farmers have increasingly softened their opposition 
to labor programs over time. The real issue then is 
how to improve the effectiveness of existing pro
grams, while diminishing the inequities.

I'lirni workers are generally pleased that such pro
grams as social security, m inimum wage, unemploy
ment insurance, and workers’ compensation have be
come increasingly available to them. Claps in worker 
coverage still exist, however, particularly for workers 
ot relatively small farms.

fo r larger farms that also provide opportunities 
tor year-round employment, attracting good quality 
labor has not been a problem. M any o f the larger 
dairy farms, tor example, provide benefit packages 
that include paid vacations, health insurance, and free 
housing tor regular or year-round employees.

fo r  many farm employers caught in adverse com
petitive situations m product markets, the costs ot 
mandated labor programs may have contributed to 
marginal or negative profits, leading to the closing 
down o f  farm operations altogether. Thus, the long
term effect ot providing increased labor program 
benefits to farm workers has been better and larger 
benefits for fewer workers over time. If  the industrial
ization ot agriculture continues, those remaining ag
ricultural workers are likely to have labor program 
benefits essentially equal to those ot nonfarm workers 
m the future.

VI. Collective Bargaining in Agriculture

Collective bargaining represents a conflict resolution 
process in which workers organize collectively to ne
gotiate wages and working conditions with their em
ployers. Because labor-management conflicts can 
erupt into physical violence and chaos for workers 
and employers, federal labor relations legislation was

enacted m 1935. including the Wagner Act to establish 
the basic rules o f behavior tor dealing with la- 
bor-managenient relations. However, this act and its 
subsequent amendments excluded tarm workers.

O riginally, farm workers were excluded from 
coverage under the National Labor Relations Act 
(N L R A ) on the basis that they were not employees 
within the meaning of the act. Farms were considered 
family and household enterprises. Also, strikes at har
vest time could jeopardize the national food supply. 
In 1935, however. Congress intended to provide cov
erage for tarm workers at a later date.

The original Wagner Act ot 1935 was excessively 
pro-labor. It protected the rights ot workers to orga
nize. However, the Taft-Hartley Amendments o f 
1947 constrained labor union behavior. For example, 
these amendments prohibited secondary boycotts by 
labor unions. The Landrum—Griffin amendments ot 
1959 further constrained and proscribed union be
havior.

All attempts by the Congress to provide N L R A  
coverage to farm workers unions have tailed. The 
1960s experienced flurries of proposed legislation, 
hearings, and debate. Through the years and until 
1969, the arguments o f tarm labor and tarm em ploy
ers were quite stable and predictable. Organized labor 
and pro-labor supporters argued that tarm worker 
exclusion was discriminatory. O n  the other hand, 
farm employers argued that it farm workers had the 
protection of N L U A , they would organize unions. 
These farm labor unions would, in turn, strike at 
harvest time and jeopardize the nation's tood supply.

Since 1969, the positions ot farm workers and tarm 
employers have been reversed. Farm labor unions, 
positively influenced by the impact ot secondary boy
cotts on California table grapes in the 1970s. have 
come to view  exclusion o f tarm workers under the 
amended N L R A  as beneficial to their cause. O n  the 
other hand, farm employers have tended to argue that 
national uniform ity of farm worker coverage under 
the N L R A  is preferable to state-by-state coverage.

A. The California Experience
In 1975, California enacted the Agricultural Labor 
Relations Act (A L R A ).  This state legislation differed 
from the national labor relations law because it fo
cused on the provisions for and administration of tarm 
worker elections. Whereas the N L R A  constrained 
against secondary boycotts for any purpose, the state 
law permitted certified unions to use secondary boy
cotts to obtain and maintain collective bargaining 
agreements. The California law. however, severely



LABOR
630 -------------------

restricts strikes and boycotts prior to the establish
ment ot a certified bargaining agent.

One ot the distinctive features ol the California 
A L R A  is its special provision regarding the seasonal 
nature ot agricultural employment. For example. 
A L R A  permits elections to be held during periods 
ot peak employment. The state law. however, does 
exclude farm labor contractors from consideration as 
farm employers.

In the first year following passage of the California 
A L R A . 429 elections involving approximately 50.IKK) 
workers occurred. The United Farm Worker (U F W ) 
union won 82% o f its organizing attempts, whereas 
the I canisters' Union won 57% ot its organizing 
ettorts. Election activity greatly diminished after |ulv
I. 1976.

In 1976. CCalifornia voters soundly rejected Proposi
tion 14. which would have increased funding tor the 
Agricultural L abor Relations Hoard and. more im 
portantly. would have given labor unions rights to 
access tarm property to organize farm workers.

B. The Hawaii Experience
Although California’s experience with collective bar
gaining in the 1970s received national atten
tion, Hawaii has included agricultural workers in its 
labor relations act since 1945. In 1 ‘>45. the Inter
national Longshoremen's and Warehousemen's 
Union (11.W U ) signed an agreement with the Hawai
ian sugar industry. This agreement was signed w ith
out any violence; it has also been a durable collective 
bargaining agreement over the decades.

C. The Potential For Farm Worker Organization
Several factors inhibit extensive collective bargaining 
in the farm labor market in the United States, whether 
or not coverage is provided under federal or state 
laws. First, most farm laborers in America are unpaid 
family workers. In many regions, the seasonal hired 
tarm work force is heavily tilted toward students and 
housewives. These workers are certainly poor candi 
dates tor collective bargaining units. In other regions, 
seasonal hired farm workers have only a casual attach
ment to the farm labor market and are quite mobile. 
Workers are also geographically dispersed, miking 
communication w ith organizers difficult. A piece-rate 
system of payment tor harvcstinu crops also dimin
ishes the potential effectiveness ot tarm labor unions.

When the increasing role ot independent t irm labor 
contractors is added to the mi reasnm supply ot “ doc

umented'' illegal workers available for farm wort, 
the potential tor greatly expanding the influence )t 
farm labor unions in America becomes dubious. Un
less subsidized by outside sources, farm labor unions 
need to maintain their viability by collecting dues 
from members in excess ot the aggregate expenses 
required to organize workers and pay tor the union's 
financial commitments. Since hired tarm workers 
tend to be seasonal workers— unattached, mobile, ge
ographically dispersed, culturally divergent, and rela
tively poor— the chances ot developing viable tarm 
labor organizations become quite slim.

D. Impact of IRCA on Labor Organizing
M any labor advocates theorized that when slightly 
over 1 million unauthorized workers gained legal sta
tus under IR C A . these workers would attempt to 
im prove their wages and working conditions even 
further by getting involved with collective bargaining 
efforts. 1 lowcver, the overall surplus ot agricultural 
workers since the passage ot IR C A  in 1986 has worked 
against widespread labor organizing ettorts in Am eri
can agriculture. The proportion ot tarm workers cov
ered by union contracts declined throughout the 
1980s. T his trend also occurred for nontarm workers.

Several major factors explain the decline in the im
portance ot labor unions, both within and outside ot 
agriculture. These factors include the surge ot foreign 
imports and the increasingly competitive interna
tional economic environment, a less hospitable politi
cal environment tor labor unions, a shift in population 
base toward the Sun Belt states or states with right- 
to-work legislation, and a growing perception that 
unions do not necessarily provide workers w ith better 
wages and working conditions.

(liven  the excess o f farm labor supply and the rela
tive ease o f worker entry, the threat o f strikes dim in
ishes greatly. Thus, it is not surprising that collective 
bargaining in agriculture has declined in the 1980s 
and 1990s.

V II. The Farm Labor Market

O f  course, in many sectors in American agriculture 
year-round employment is available. These sectors 
include poultry, egg. dairy, beet. a.id. to son,e extent, 
ornamental horticulture industries. In mans' ot these 
industries, a tairlv stable employment relationship ex
ists between tarm employers and their workers. H o w 
ever. the total employment represented by these sec
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tors is small relative to the total employment ot the 
seasonal agricultural industries.

Seasonal agricultural employment is characterized 
by casual employment relationships between the 
worker and the employer. Very  frequently, seasonal 
farm workers do not know the names ot their em
ployer, whether they are farmers or labor contractors. 
Since the great majority ot this work is performed at 
piece rates, neither the contractor nor the farmer hires 
these workers as individuals.

Although the employer now usually provides these 
workers with coverage for such benefits as unemploy
ment insurance, social security, and workers' com 
pensation. the employer is not concerned with 
whether a crop is picked by 10 people or 100, as long 
as it is harvested in a timely manner. Sim ilarly, little 
concern exists on the part ot the employer w ith 
whether those who pick the crop today are the same 
individuals who harvested the crop last week or last 
year, as long as sufficient hands are available to harvest 
today's crop on time. Thus, not only is the seasonal 
job  market casual, but it encourages considerable en
try and exit o f workers within a given season.

A. Wage Rate Trends
Nom inal wage rates for United States farm workers 
have risen from about S2.25 per hour in 197.5 to S5.57 
per hour in 1991. Considerable variability in wage 
rate trends occurs over crop and region. In relation 
to the nontarm sector, hourly farm earnings are per
sistently only 5(1% ot nontarm hourly wage rates.

In terms ot real United States farm hourly wages, 
wage rates have been Hat or declining since the passage 
ot lUC 'A . For example, real United States farm hourly 
wages decreased 2 %  for the 1986-1991 period, com 
pared w ith a 4 %  per annual increase in nominal wages 
over the same period.

Regional data show substantial differences in wage 
trends. Between 1986 and 1991, real wages for hired 
farm workers decreased by 13% in California and by 
8 %  in the Southern Plains region. There was no 
change in Florida and a slight increase in the Pacific 
region.

A  long-term view  ot United States trends in real 
farm wage rates show that these wage rates rose stead
ily throughout the 1950s and 1960s, peaking in 1969. 
Real farm wages then fell briefly, rising again until 
1977. They then tell for 8 yr, increasing in 1986. Real 
farm wage rates have sloped gently downward in 
the post-1 R C A  period. Based on an analysis by the 
Commission on Agricultural Workers in 1992. farm

wages have followed the same overall patterns as non
farm wages since 1948.

When comparing recent wage trends tor the em
ployees o f farm labor contractors and farm workers 
hired directly bv farmers, real wages ot contractors' 
employees dropped 16% over the 1989-1991 period, 
compared with no change in real wages tor employees 
o f farmers over the same period.

Looking to the future, it is unlikely that wage rates 
for hired farm workers w ill outpace the rate ot infla
tion as long as new streams ot documented illegal 
workers enter the United States farm labor market. 
Stricter enforcement ot the present 1RCA legislation 
and/or any new federal program to tighten illegal 
immigration could have the effect ot increasing both 
nominal and real farm wage rates in the United States.

B. Annual Earnings of Hired Farm Workers
The eminent scholar on farm labor, Vardcn Fuller, 
succinctly summarized the income status ot farm 
workers w ith the following statement:

The people have not become poor from working in agri
culture; tliev have become agricultural workers because 
they were already poor. (Fuller, 1968, p. 434)

As an occupational category, farm laborers and super
visors have, for many years, ranked second only to 
domestic household workers at the bottom ot the 
income scale. The low earnings o f hired farm workers 
result from the short or intermittent nature ot farm 
work, as well as trom low earnings on the job. Even 
farm workers who also performed some nontarm 
w'ork achieved near rock-bottom annual income 
levels.

Agricultural work is considered one ot the last em
ployment opportunities remaining tor the redundant 
unskilled labor pool. Some o f these workers, unable 
to obtain permanent employment, try to meet year- 
round economic needs by patching together a se
quence o f seasonal jobs, sometimes including m igra
tory work. These jobs are o f low productivity and 
are low paying. Thus, these workers achieve low  
annual earnings— not because they work in agricul
ture, but because they are a part ot a pool ot low  
skilled or unskilled laborers who are in surplus supply 
throughout the nation.

C. Changing Demographics of 
Seasonal Workers

In years past, the non-1 lispamc Caucasian worker was 
the dominant seasonal farm worker in the United
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States, except in certain Southern regions where the 
African-American worker was dominant. This was 
during the era when students, housewives, and under
employed local individuals formed the basis o f the 
seasonal hired farm work force. Beginning in the West 
and M idwest in the 1960s, however, a growing num
ber o f Mexican and Mexican-American workers has 
entered United States agriculture. W ith Hispanic 
workers now fully diffused in eastern United States 
farm labor markets, the “ Latinization" o f the seasonal 
United States farm labor force is now fairly com
plete.

B y  the late 1980s, Mexicans had become the largest 
single ethnic group among seasonal farm workers 
throughout the country. Their presence in the farm 
labor force, in contrast to that o f United States citi
zens, has been increasing since many employers prefer 
to hire young, highly productive workers w illing to 
work tor lower wages. The shift to Mexican-born 
workers has also been accompanied by a decrease in 
families and older workers, since new arrivals are 
more likely to be young men and, at least initially, 
without families.

1. California
In the second half of the 19th century, Chinese 

immigrants provided needed labor for California agri
culture. The Chinese were succeeded by the Japanese, 
Hindustanis, and Filipinos. Mexican and Mexican- 
American workers, however, have provided most o f 
the labor for California agriculture since the beginning 
o f the 20th century.

In 1983, nearly three-fourths o f the California farm 
labor force was born in Mexico. The next largest 
group o f  workers (10% ) was composed o f Mexican- 
American workers born in California and other south
western states. What has changed in recent years is 
the increasing proportion o f workers from Indian 
towns and villages in Mexico, primarily Mixtecos 
from Oaxaca.

2. East Coast
Until recently, east coast agriculture had relied on 

its own sources o f farm laborers. European im m i
grants. for example, were employed extensively in 
New Jersey truck farming in the 1920s. Appala
chian w hites were recruited for the N ew  York  apple 
harvest, whereas southern-born African-Americans 
made up the bulk o f the farm labor force in Delaware 
and Maryland. Puerto Rican workers replaced many 
ot these groups.

The large-scale penetration o f Mexican-born work
ers into eastern United States labor markets did not 
begin until the 1960s. Although influxes o f Haitian 
workers took place in the early 1980s and Guatemalan 
workers appeared in the mid-1980s, Mexicans had 
become the largest single immigrant group in South 
Florida and much o f  the East Coast by the end o f the 
decade.

The increase o f Mexican and Mexican-American 
farm workers in the East coincided w ith the dramatic 
decline in the number of United States-born African- 
American farm workers. African-Americans who 
choose to stay m farm work have found increased 
competition for their long-held jobs by relatively re
cent immigrants from Mexico and Central America.

V III. Concluding Remarks

Human labor resources w ill continue to be crucial to 
the agricultural production process. Although some 
labor scarcity may occur in the future for year-round 
management, scientific, and technical positions, the 
supplies o f labor for positions at the lower paying 
and lower skill levels will continue to be more than 
ample. Latinization of the seasonal farm labor work 
force w ill be essentially complete by the beginning 
ot the 21st century.

The biotechnology revolution in American agricul
ture w ill gradually reduce the demand for human 
labor per unit ot agricultural output. These technolog
ical innovations w ill, however, shift upward the train
ing and skill requirements o f agricultural workers 
over time. The largest structural changes in the farm 
labor market w ill occur if and when effective enforce
ment o f United States immigration laws occurs. A 
stricter enforcement program would cause farm wage 
rates to rise. This, in turn, would bring into play 
enhanced technological innovation to reduce manual 
labor demand in United States agriculture.

As farm employment becomes somewhat more 
concentrated into the hands o f relatively large-scale 
growers and/or labor contractors, the social benefit 
package for farm workers w ill improve. This ‘indus
trialization" ot the farm work force will lead to in
creased parity in wages and working conditions be
tween farm and nontarm workers, although a gap in 
favor o f  nonfarm workers w ill continue to exist. The 
economic and social conditions necessary for in
creased collective bargaining in United States agricul
ture w ill not be present m the near future.
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Lactation
R. MICHAEL AKERS, Virginia Polytechnic Institute and State University

I. Mammary Development
II. Milk Synthesis and Secretion
III. Regulators of Mammary Function
IV. Molecular Biology, Transgenic Animals, and 

Milk Production

Glossary
A lveolus M ilk producing unit o f  the mature mam
mary gland, composed o f a hollow sphere o f secretory 
epithelial cells surrounding a lumen 
Caseins Major class o f specific milk proteins made 
by the mammary secretory cells, account for 82%  ot 
milk proteins, packaged into colloidal micelles tor 
secretion
C o lo s tru m  Thick, straw-colored secretion, rich in 
immunoglobulins, which accumulates in the mam
mary alveoli late in gestation
D ucts H ollow  tubes made o f a double layer o f nonse
creting epithelial cells which direct secretions from 
the alveolar lumen to the teat or nipple 
Galactopoiesis Maintenance o f lactation 
a -L a c ta lb u m in  Specific milk whey protein, in
duced by prolactin, part o f the enzyme lactose synthe
tase necessary for production of lactose (the primary 
milk carbohydrate)
Lactogenesis  Last stages o f biochemical and struc
tural differentiation o f the alveolar epithelial cells dur
ing the periparturient period, required for onset o f 
copious milk secretion
M am m o g en esis  Grow th and morphological devel
opment of the mammary gland 
M yoepithelial cells Elongated, stellate cells which 
form a mesh-like network o f cells around the secre
tory cells of the alveolus. In response to oxytocin the 
myoepithelial cells contract to intitiate milk letdown 
T ransgen ic  Usually refers to an animal containing 
a stable foreign gene inserted into its genome

F o r  all mammals in the w ild, lactation is the culm ina
tion o f the reproductive cycle. W hile  specific strate
gies for successful rearing o f young vary depending on 
the particular species, milk o f  all mammals contains 
variable ratios o f proteins, carbohydrates, and lipids 
in an aqueous medium. These macronutrients serve to 
support the growth and development of the offspring, 
and in the case o f the dairy animals, support the nutri
tional needs and food desires o f  millions of Homo 
sapicti consumers. The purpose ot this article is to 
provide an overview  o f development o f the mammary 
gland, describe the biochemical and structural differ
entiation o f the m ilk synthesizing m am m ary epithelial 
cells, define physiological factors influencing cyclic 
mammary function, and finally to speculate concern
ing the role new techniques o f molecular biology 
might have on the future o f m ilk production.

I. M ammary Developm ent

A. Ductular and Alveolar Formation
Derived from the em bryonic ectoderm, m am m ary 
epithelial cells, w ith impetus from secretion o f estro
gen and progesterone postpubertlv, prolactin and 
growth hormone, and placental hormones during 
pregnancy, proliferate to form the m ammary alveoli. 
Connected via a terminal duct to progressively larger 
ducts and ultimately the teat or nipple, the epithelial 
cells o f  an alveolus synthesize and secrete milk. Se
creted milk is stored in lumenal spaces ot the alveoli 
and ducts between m ilking or suckling episodes (Fig. 
1). There is also storage o f m ilk in the gland and 
teat cisterns o f those animals w ith m am m ary glands 
organized into an udder (cattle, sheep, goats, and 
other ruminants). W ith  the exception ot a few ot the 
epithelial cells which line the terminal duct directly 
leading into the alveolus, all m ilk is synthesized by the 
single layer o f epithelial cells which line the internal
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F IG U R E  1 Light microscopc view ot section ot mammary tissue 
from a lactating cow. Several alveoli cut in cross-section are illus
trated. Lighter stained areas are alveolar lumcna. Secretory tells 
form a single layer around the periphery of each alveolus. Because 
of accumulation of secretions within the lumenal spaces, alveoli 
are closely packed together with little apparent stromal or vascular 
tissue. Approximate magnification Ittnx . The following abbrevia
tions are used in the figures: AL. alveolar lumen: S. stromal tissue; 
I . fat droplets; SV . secretory vesicles; ( ’». (io lg i apparatus; I.K, 
rough endoplasmic reticulum; N. nucleus; M Y O . mvoepithclial 
cell.

surface o f the alveoli. Thus, the multicellular alveoli 
are the functional milk synthesizing structures o f the 
hilly developed mammary gland.

W ith preparation o f the mammary gland for m ilk
ing or stimulation by the young, oxytocin from the 
posterior pituitary is released into the blood stream. 
Oxytocin binds to receptors on the myoepithelial cells 
surrounding the alveoli, inducing these stellate cells 
to contract, reduce the volume o f the alveolar lunicna, 
and force milk into the mammary ducts for removal. 
Successful lactation requires that the mammary gland 
acquire a large number o f milk secreting cells. Sim ply 
stated, abundant milk production is directly related 
to the number o f potential milk producing alveolar 
cells in the mammary gland and the functional capac
ity of these cells. Not only must alveoli be abundant in 
the mature gland, the epithelial cells must differentiate 
during the periparturient period such that the bio
chemical and cytological machinery necessary for 
synthesis and secretion o f milk is highly developed. 
The importance ot these processes is illustrated in 
comparative studies ot mammary development in 
first gestation beet and dairy cattle reared and man
aged under identical conditions. Specifically, reduced 
milk production in beet cows is only partially a conse
quence ot failure ot mammary alveolar cells to prolif
erate. N ot only are there fewer potential milk produc
ing cells at the end ot gestation in beet heifers, but

those which enter lactation exhibit less biochemical 
and structural differentation than alveolar cells o f the 
dairy heifers.

During gestation it is believed that the combined 
synchronous secretion of estrogen and progesterone 
(and placental lactogens in some species) is responsible 
for the rapid, exponential increase in mammary 
growth. Early gestation is associated with elongation 
and branching of mammary ducts, mid-gestation 
with formation o f alveoli, and the later third o f gesta
tion with final proliferation and differentiation o f the 
secretory cells. Hormone ablation/replacement ex
periments in rodents indicate that estrogen is espe
cially important in stimulation o f ductular growth 
while progesterone induces morphological differenti
ation to form alveoli. An observed increase in mam
mary progesterone receptors in association with 
lobulo-alveolar formation in sheep suggests the role 
ot progesterone is similar in rodents and ruminants. 
While some species exhibit continuing growth ot the 
mammary gland during lactation, i.e.. rats exhibit 
as much as 40%  of total mammary growth during 
lactation, it is believed that for most dairy animals 
mammary growth is complete shortly after parturi
tion. This does not however, mean that it might not 
be possible to stimulate additional mammary growth 
during lactation with appropiate treatments or physi
ological circumstances. In goats, unilateral inhibition 
of milk secretion results in a compensatory increase 
in milk production by the remaining gland. Based on 
nuclear magnetic resonance imaging o f goat udders 
there is also evidence that the mammary gland contin
ues to grow during early lactation, particularly in 
primiparous does. It has also been reported that inhi
bition o f milk removal o f two mammary glands o f 
lactating beet cows induced increased tritiated thym i
dine incorporation (an indicator o f cell proliferation) 
into alveolar epithelial cells of the lactating glands.
| S e c  A n i m a l  R e p r o d u c t i o n , N o n p r e g n a n t  F e m a l e : 
A n im a l  R e p r o d u c t i o n , P r e g n a n c y . |

B. Tissue and Cell Interactions
Although most mammary growth occurs during 
pregnancy (48 to 94%  depending on the species), the 
epithelial precursors which make alveolar formation 
possible depend on ducts which arise during the peri- 
pubertal period. Based primarly on studies with ro
dents. neonatal mammary growth invokes prolifera
tion and branching of a primary ductal sprout into 
underlying mesodermally derived stromal tissue. 
Rate ot mammary growth continues in proportion to 
body growth (isometric) untii just before puberty.
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when the rate is increased relative to the body (allo- 
metric). Dunns' the allometric phase, ducts rapidly 
elongate and till the fatty stroma with subsequent 
secondary branching o f existing ducts. Thus, mam
mary development involves intimate interaction be
tween the epithelial cells, stromal fibroblasts, and adi
pocytes. In mice, ductular elongation requires the 
penetration ot the tat pad by a highly specialized struc
ture, the terminal end-bud. These club-shaped struc
tures are 0.1 to 0.8 mm in diameter and form at the 
proliferating ends o f ducts. Between 4 and 8 weeks, 
the end-buds extend through the fat pad and occasion
ally bifurcate to create new growth points. Elongation 
continues until the end-buds reach the margin ot the 
tat pad where they regress. Consequently, at the end 
ot the puberty associated allometric growth phase, 
the mammary fat pad is filled with ducts waiting for 
signals to initiate development o f side branches and 
subsequently alveolar structures during gestation.

The situation in ruminants is less well defined. 
There is no compelling evidence that the end-bud 
structure exists; neither is the entire area of the mam
mary stromal tissue completely filled with ducts dur
ing the peripubertal period. Regardless, certainly in 
most species, allometric mammary growth associated 
with puberty is abolished by ovariectomy and re
stored by replacement therapy w ith estrogens. In ad
dition, nutrition and management practices which 
modify animal development generally also influence 
development o f the mammary gland. As a specific 
example, mammary growth and subsequent milk 
production can be markedly reduced by high energy 
feeding during a seemingly critical interval o f several 
months prior to puberty in dairy heifers. There is 
also evidence that exogenous growth hormone can 
stimulate mammary development during the same 
interval.

A major boost to understanding o f cell type interac
tions in mammary development has been the intro
duction o f cell culture methods which allow long
term culture o f isolated mammary epithelial cells. In 
particular, introduction o f techniques using collagen 
and other extracellular matrix proteins has revitalized 
mammary cell culture. A  number o f workers have 
demonstrated that mammary cells from numerous 
species are capable o f prolonged growth, formation 
of duct-like or alveolar-like structures, and synthesis 
and secretion of specific milk constituents. A related 
technique has been the development o f lines o f im 
mortalized num m ary epithelial cells. Initial reports 
suggest that data trom these methodologies approxi
mate cellular events in natural mammary develop
ment and thus support use o f these techniques as

model systems for study ot mammary cells. Parallel 
development o f cell lines of mammary stromal cells 
and o f myoepithelial cells otters the possibility ot cre
ation o f functional mammary tissue in the controlled 
environment o f the culture dish.

C. Secretory Cell Differentiation
Lactation requires at least three distinct events: (1) the 
prepartum proliferation o f alveolar epithelial cells;
(2) biochemical and structural differentiation ot these 
cells; and (3) synthesis and secretion o f the milk con
stituents. During lactation the alveolar cells synthesize 
and secrete copious amounts ot carbohydrate, pro
tein, and lipid. Lactation places dramatic physiologi
cal demands on any mother, but especially so on the 
high-yielding dairy cow. To  emphasize, uptake o f 
glucose and acetate by the mammary gland may ac
count for 85 and 45% . respectively, o f quantities 
available to the body during peak lactation. It has 
been calculated that high-producing dairy cows must 
mobilize adipose and tissue nutrient reserves energeti
cally equal to one-third of the milk produced during 
the first month o f lactation. Such animals generally 
remain in a net negative energy balance until several 
weeks after peak lactation (about 60 days postpar
tum). Certainly, dramatic adjustments in control o f  
intermediary metabolism are necessary to support the 
demands o f the mammary gland. Despite this appar
ent “ native" demand, sustained increases (10 to 40%  
depending on stage o f lactation) in milk yield are 
consistently observed in high-yielding cows given ex
ogenous growth hormone. Increases are associated 
w ith improvements in mammary blood How, en
hanced tissue mobilization (initially), increased appe
tite, increased secretion o f insulin-like growth factor 
one (IG F- I), and improved nutrient absorption from 
the intestinal tract. Such observations suggest that 
despite great increases in average milk production 
among dairy cows in the last 25 years, ultimate aver
age capacity may be much greater, and thus even 
greater efficiency o f  milk production can be realized.

Although it is evident that biochemical differentia
tion o f the alveolar epithelial cells must precede lacto- 
genesis, it must also be appreciated that the cells must 
acquire the structural machinery for packaging and 
transport o f m ilk constituents (Fig. 2). The ultrastruc
ture o f the mammary alveolar cells is dramatically 
altered during the interval just prior to parturition. 
W hen the alveoli first develop during mid-gestation, 
the cells exhibit few o f the organelles necessary for 
copious milk component biosynthesis and secretion.
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FIGURE 2 (A ) Mammary tissue taken from a first gestation heifci
approximately 4 months prepartum. Several alveoli are shown. 
Secretory cells are poorly differentiated with no evidence o f secre
tory activity. (B ) Mammary tissue from the same heifer taken 1 
week postpartum. Illustrated are parts o f two alveoli. The secretory 
cells are well differentiated, basal areas o f the cells are darkly stained, 
and apical regions have a distinct lacy appearance because o f the 
presence o f numerous secretory vesicles and lipid droplets. Approx
imate magnification 350 and 900 x ,  respectively.

The cells are characterized by a sparse cytoplasm with 
only scattered polyribosomes, free ribosomes, a few 
strands o f rough endoplasmic reticulum, rudimentary 
Golgi elements consisting ot dictyosomes adjacent to 
the cell nucleus, scattered mitochondria, and a few 
scattered vesicles. Individual cells often contain large 
lipid droplets, and nuclei are most often irregular in 
shape and occupy most o f the cell area. Soon after 
the alveoli develop, the alveolar lumen begins to accu
mulate fluid and progressively increased amounts ot 
serum and cell-derived proteins. These secretions sub
sequently result in formation o f colostrum which is 
rich m immunoglobulins. For many species the pas
sive im m unity provided to the suckling young as a 
result ot ingestion ot the colostrum is essential for

survival ot the offspring. As parturition approaches 
the cells undergo a dramatic structural transforma
tion. Poorly developed cells characteristic o f gestation 
are rarely observed. The cell nuclei become rounded 
and positioned in the basal area o f the cell. The areas 
lateral and basal to the nuclei become filled w ith rough 
endoplasmic reticulum, and small lipid droplets (Fig. 
3). The apical cell area is populated with Golg i mem
branes with budding secretory vesicles and enlarged 
lipid droplets destined for secretion through the apical 
plasma membrane into the alveolar lumen. These 
changes are evident even m the light microscope. The 
basal area ot the cell becomes darkly stained (the ergas- 
toplasm), the nuclei rounded, and the apical region 
lacy in appearance because ot the abundant secretory 
vesicles (Fig. 213). The mature cell thus takes 011 a 
polarized appearance, with the basol-lateral area ot 
the cell dedicated to uptake o f precursors from the 
blood stream and synthesis o f proteins and lipids and 
the apical area with its Golgi apparatus dedicated to 
carbohydrate biosynthesis, glycosylation ot proteins, 
and packaging ot proteins and lactose tor secretion 
from the cell.

Control of differentiation depends primarly on se
cretion of prolactin and glucocorticoids. M am m ary 
tissue explants from pregnant donors o f essentially 
all species tested exhibit biochemical and structural 
differentiation of the alveolar cells when tissues are 
incubated in media containing insulin, glucocorti
coids, and prolactin. While insulin appears to be nec
essary for maintenence ot mammary explains in cul
ture, tor most species the key hormones necessary to 
induce differentiation are glucocorticoids and prolac
tin. Experiments in which inhibition o f prolactin se
cretion during the periparturient period reduces milk 
production provide additional evidence o f the require
ment for prolactin in lactogencsis. Finally, it is also 
clear that adequate removal ot secretions is needed to 
insure copious milk production as well as removal o f 
inhibitory influences of progesterone.

II. M ilk Synthesis and Secretion

A. Milk Composition
Across species there are dramatic differences in milk 
composition. M ilk  from Holstein cows (the source 
o f the majority o f milk for human consumption in 
Western societies) has about 3 .2%  protein. 3 .4%  fat. 
and 4 .6 %  lactose. In contrast, hooded seals produce 
milk w ith about 6 .0%  protein, 30% fat. and virtually
110 carbohydrate. Much ot the variation likely reflects
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F IG U R E  3 Transm ission electron m icroscope v ie w  ot m am m ary alveolar cells taken trom  a lactating co w  2 Ja y s  postpartum . 1 be 
p rofile  ot three epithelial cells illustrates a stage ot intermediate structural d ifferentiation ot the alveo lar epithelium  as copious m ilk  
production is initiated. Com pared  w ith  cells prior to parturition, cell nuclei are more rounded and basally displaced, secretory vesicles 
appear juxtapositioncd  to the (io lg i. and the basal area ot the cells contains m any strands ot rough endoplasm ic reticulum . N um ero us  
casein micelles (black particles) and tat globules are present m the alveolar lumen. Approxim ate  m agnification (>000 x .

evolution-induced effects which provide the best 
stratagem tor offspring survival. In the case o f the 
hooded seal, pups are born on potentially unstable 
pack ice and must rapidly gain sufficient strength and 
insulation to survive. In fact, the mothers suckle their 
pups for only 4 days but during this period pups may 
increase their weight from about 20 kg at birth to 
more than 40 kg on Day 4. W hile the hooded seal 
has the shortest lactation ot any known mammal, the 
high-fat milk provided to the pup supplies the energy 
and metabolic water necessary for an abrupt introduc
tion into a polar environment.

B. Biosynthesis of Proteins
Total protein content o f milk varies among species, 
but the two major groups o f proteins are the caseins 
and whey proteins. A large number o f other proteins 
usually present in trace amounts include serum pro
teins (immunoglobulins, albumins, and enzymes) and 
proteins from the tat globule membranes. The caseins 
are phosphoproteins and in cow ’s milk are empirically 
defined as those proteins which precipitate from skim 
milk when it is acidified to pH 4.6. As a consequence

of the hydrophobic nature o f the caseins in m ilk, 
these proteins form complex colloidal particles called 
micelles. These micelles are not only nutritionally rich 
sources o f amino acids but additionally allow large 
amounts o f calcium and phosphorous to be main
tained in a stable form in milk. Proteins which remain 
in solution when milk is acidified are collectively re
ferred to as whey proteins. As standardized to cow 's 
milk, there are four major types o f caseins: a-S l and 
S2, (3, k, and y  . These classes account for approxi
mately 38,36,13,10, and 3 %  o f total caseins, respec
tively. Under normal circumstances all o f the caseins 
combined account for 82%  o f the total protein in 
milk and the whey proteins for about 18%. M ajo r 
mammary cell specific proteins o f the whey fraction 
include a-lactalbumin and /3-lactoglobulin. A ll o f  the 
specific milk proteins are synthesized from amino 
acids taken up from the blood stream by the alveolar 
epithelial cells.

Autoradiographic studies with radiolabeled leucine 
show that amino acids are rapidly taken up from the 
vasculature or culture media into the rough endoplas
mic rich baso-lateral area o f the alveolar cells. W ith in  
3 to 15 min, label in the crgastoplasm tails with con
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currently increased labeling in the apical Golgi region 
o f the cell and peak labeling 30 to 60 mill postexpo
sure. Thereafter, radiolabeled proteins appear in se
cretory vesicles and in the alveolar lumena. Elaborate 
studies have since demonstrated that all o f the specific 
milk proteins are synthesized with short amino acid 
extensions (signal peptides) which direct the transfer 
of nascent peptides into the cisternal space o f the 
rough endoplasmic reticulum and consequently the 
Golgi and secretory vesicles for release from the cell. 
In ultrathin sections prepared tor the electron micro
scope, secretory vesicles appear as membrane profiles 
with scattered dense granules. These densely stained 
particles are the casein micelles and the space around 
the granules is a result of presence ot lactose packaged 
in the same secretory vesicles. The individual caseins 
begin to assume their tertiary structure and aggregate 
into rudimentary casein micelles as vesicles bud from 
the Golgi. Mature micelles form as the vesicles are 
transported to the apical plasma membrane. Trans
port ot lactose and protein containing secretory vesi
cles is believed to be at least partially directed by 
microtubules and other cytoskeletal elements. In cells 
from lactating glands, numbers o f microtubules in
crease and orient themselves along the longitudinal 
axis ot the cells. This orientation likely directs move
ment o f secretory vesicles to the apical plasma mem
brane. In addition, drug-induced disruption o f micro
tubules reversibly blocks milk secretion. Once 
positioned near the plasma membrane the vesicles 
fuse with the plasma membrane and the contents are 
released via exocytosis from the cell. Groups o f vesi
cles may also fuse in chains simultaneously with the 
plasma membrane and release the contents of multiple 
vesicles at once.

C. Biosynthesis of Lactose
Composed ot glucose and galactose, the disaccharide 
lactose is unique to the mammary gland. The enzymes 
necessary for lactose synthesis are located in the Golgi 
apparatus. The whey protein a-lactalbumin when 
combined with Golgi membrane bound galactosyl- 
transferase forms the active enzyme lactose synthe
tase. This means that lactogenesis is closely linked 
to the initiation o f synthesis o f a-lactalbumin. Pro
lactin is especially important in activation o f the a- 
lactalbumin gene and thus synthesis o f lactose. 
As the a-lactalbumin is tiansportcd from the rough 
endoplasmic reticulum to the Golgi, lactose produc
tion begins. Because lactose cannot pass across the 
secretory vesicle membranes, water is drawn osmoti-
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cally into the secretory vesicles. This explains the 
ultrastructural appearance o f the secretory vesicles ot 
the mammary cells compared with other protein se
creting glands, i.e. pancreas, pituitary. W ith  exo
cytosis o f the secretory vesicles, lactose is released 
into the alveolar lumena to become part o f milk. Like 
the secretory vesicles, cell membranes do not trans
port lactose; thus, the osmotic gradient is maintained 
and water remains in milk. It is relevant to note that 
marine mammals which produce little lactose also 
produce very thick, rich secretions with little water.

D. Biosynthesis of Fat
Lipid synthesis is intitiated in the eragastoplasm of 
the alveolar cells and is first evident in appearance ot 
small lipid droplets. These droplets appear to combine 
and otherwise enlarge, and move to the apical region 
o f the cell. Mature droplets begin to protrude from 
the cell pushing an envelope o f plasma membrane. 
The droplets are progressively surrounded by the 
membrane and the droplets are released into the alveo
lar lumena. Consequently milk fat droplets appear in 
milk as membrane-bound globules. Exact mecha
nisms responsible tor transport ot the growing drop
lets to the apical plasma membrane are currently an 
active area ot study. However, it is believed that pro
teins which associate with the surface o f the fat droplet 
as it matures in the cell are involved in control ot 
transport through the cell and direction o f the droplets 
for interaction with sites on the apical plasma mem
brane.

A comparison across species demonstrates that lipid 
is the most variable general component o f milk. The 
fat content of human and cow ’s milk is about 4 % , 
6-12% for many rodents, but 50%  for many aquatic 
mammals. A general inverse relationship between lac
tose content and tat content o f milk may reflect a 
need for the mother to conserve water by minimizing 
lactose production (thereby limiting the osmotic draw 
o f water into milk) while providing the suckling 
young with high energy. O f  the lipids in the fat glob
ules, triglycerides account tor 97-98%. How ever, the 
degree o f saturation o f the long chain fatty acids is 
variable as is the relative proportions ot short, me
dium, and long chain fatty acids. M ilk  lipids are de
rived from uptake o f fatty acids absorbed from the 
diet and as well as lipids mobilized from tissue stores. 
In addition, the mammary gland synthesizes tatty 
acids from precursors. In nonruminants, glucose pro
vides the carbon skeleton for fatty acid synthesis, but 
in ruminants acetate and /3-hydroxybutyrate provide
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the starting materials. Because ot rumen fermentation 
ot dietary carbohydrates, glucose needs must be satis
fied bv extensive gluconeogcncsis in the liver via con
version ot rumen-derived propionate. Much ot the 
available glucose is utilized in the synthesis ot lactose.
I he striking difference between ruminants and 11011- 
rummants comes about by the inability of ruminant 
mammary cells to convert glucose to acetyl-CoA in 
the mitochondria for transport to the cytoplasm (the 
site ot fatty acid synthesis). Consequently, ruminants 
utilize abundant amounts ot acetate from rumen fer
mentation tor synthesis ot A T I ’ and fatty acids in the 
mammary cells. |S i r  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 , R u m i n a n t .|

III. Regulators of Mammary Function

A. Proliferation vs Product Formation
Coordination between proliferation and differentia
tion is governed by complex interactions among hy
pophyseal, adrenal, ovarian, and placental hormones. 
Moreover, it is increasingly clear that effects o f many 
o fthe  classic mamniogenic hormones are modulated 
or mediated by a plethora o f growth factors via endo
crine, paracrine, and/or autocrine modes o f action. 
As examples, ICF-1 directly stimulates proliferation 
ot mammary epithelial cells and the number ot ICF- 
I receptors in the mammary gland change in corre
spondence with rates ot proliferation. Increased 
growth ot mammary tissue in response to exogenous 
growth hormone or placental lactogen in cattle ap
pears to depend on local production or uptake o f ICF- 
I by the mammary gland. To  add to the complexity, 
local tissue synthesis ot IG F  binding proteins 
(IFC lSPs ) likely alters the biological activity ot this 
potent mammary mitogen. Epidermal growth factor 
(F C F )  and transforming growth faetor-a (TCFor) also 
stimulate mammary cells and can enhance the effect 
o f 1CF-I.

B. Role of the Endocrine and Nervous Systems
Lactogencsis— the onset ot copious milk production 
in concert with parturition— is driven by coordinated 
action ot prolactin, growth hormone, estrogen, glu
cocorticoids, and progesterone. Maintenance o f ele
vated serum concentrations ot progesterone and ot 
progesterone receptors in the epithelial cells during 
gestation serve to prevent premature onset o f milk 
component biosynthesis. As parturition approaches, 
serum concentrations ot progesterone decrease with

a consequent reduction in inhibition. 1 Hiring the same 
interval, enhanced secretion ot estrogens serves to 
increase prolactin receptors in the mammary gland 
and prolactin and glucocorticoid concentrations in
crease. Thus, lactogencsis relies on increasing positive 
stimulation and removal o f inhibition. In particular, 
prolactin has been shown to increase m R N  A synthesis 
o f  milk protein genes (or-lactalbumin and caseins) and 
promote differentiation o f the epithelial cells, while 
glucocorticoids enhance structural differentiation ot 
the alveolar cells and increase the halt-life ot m R N  As 
for the milk proteins. (lalactopoicsis or maintenance 
o f milk production requires delivery of vital precur
sors (glucose, animo acids, tatty acids, acetate) and 
trace nutrients to the alveolar epithelial cells and re
moval ot waste products. In most species studied, 
secretion o f prolactin during lactation is critical for 
galactopoicsis, since experiments which reduce serum 
prolactin concentrations markedly reduce or even 
stop milk production. B y  contrast, in cattle, circulat
ing concentrations ot prolactin are certainly not lim 
iting in that neither reductions in prolactin concentra
tions to very low levels nor administration of 
exogenous prolactin appreciably alters milk produc
tion. Circulating concentrations ot growth hormone, 
however, are closely associated with maintenance or 
enhanced milk production. For example, genetically 
superior dairy cattle exhibit increased basal circulating 
concentrations o f growth hormone and capacity to 
secrete growth hormone. There is also ample evidence 
that administration o f exogenous growth hormone 
increases milk protluction. Such increases are associ
ated with parallel increases in mammary blood How, 
increased nutrient mobilization trom body stores, in
creased voluntary feed intake, and greater efficiency 
o f nutrient absorption from the intestinal tract. The 
marked physiological adjustments needed to sustain 
high levels o f milk production in superior dairy ani
mals are dramatic and regulated by actions ot the 
endocrine system.

C. Local Tissue Regulators
W hile the ovary is a prim ary regulator of mammary 
development via its production o f estrogens and pro
gesterone, increasing evidence suggests that at least 
some ofthe effects o fthe classic mammary mitogens 
(estrogens, progesterone, prolactin, and growth hor
mone) arc mediated indirectly. Specifically, produc
tion o f ICFs and their binding proteins w ithin the 
m am m ary gland likely modulate mammary develop
ment via paracrine and/or autocrine modes ot action. 
Production o f ICFs is believed to be associated w ith
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stromal cells and the binding proteins associated with 
the epithelial cells. Especially in rodents, EG F  and 
T G F- a  appear to be naturally important mammary 
mitogens. The number o f E G F  receptors changes in 
correspondence with mammary growth (i.e., highest 
in mid-gestation, lowest in lactation). Furthermore, 
apparent number o f E G F  receptors is increased in the 
distal areas o f elongating mammary end-buds. TGF- 
a  m R N A  has been localized in ductular and alveolar 
epithelial cells in mammary tissue from rats and 
humans.

M am m ary growth ultimately depends on a balance 
of positive growth stimulators and growth inhibitors 
which act to prevent inappropriate proliferation. A 
number o f proteins with growth inhibiting properties 
have been described. These include the transforming 
growth factor-/? family (TGF-/3), interferons, and tu
mor necrosis factor (T N F ). A protein referred to as 
mammostatin, isolated from mammary cell culture 
media, has been shown to inhibit the proliferation o f 
a variety o f both normal and tumorgenic mammary 
epithelial cells but not other types o f cells. An 
other 13-kDa inibitory protein— mammary-derived 
growth inhibitor (M D G I)— has been isolated from 
the bovine mammary gland. The protein is structur
ally distinct from known growth factors and tissue 
concentrations o f M D G I are high in tissue from lactat- 
ing cows but low in tissue taken after cessation o f 
m ilking. A reduction in concentration o f the inhibitor 
would be consistent with the need for proliferation 
of mammary cells to begin a subsequent lactation 
follow ing a nonlactating period. TGF-/3, which con
sists ot five closely related polypeptides, was first 
described 011 the basis o f the ability o f the molecules to 
promote anchorage independent growth o f rat kidney 
cells. Since that time, TGF-/32 has been isolated from 
cows’ m ilk and expression o f m R N A s  for TGF-/31,2, 
and 3 have been studied by /’// situ hybridization 111 

bovine mammary tissue. Greatest amounts o f TGF- 
(3\ were in the alveolar cells, with lesser expression 
in subepithclial areas. Unlike TGF-/31 and 3, TGF- 
[32 was expressed only in the epithelial cells o f the 
m ammary gland. Experimentally, local implants o f 
TGF-/31 reversibly inhibit proliferation ofend-buds in 
rodents and proliferation o f mammary cells in culture.

IV. M olecular Biology, Transgenic 
Anim als, and Milk Production

A. Mammary Gland as Bioreactor
Likely no single aspect o f biotechnology has elicited 
a greater array ot hopes, concerns, w ishes. and prom

ises than the opportunity o f engineering “ new and 
im proved”  animals. One aspect o f this speculation 
specific to lactation is the use o f the mammary gland 
as a bioreactor for the biosynthesis o f important pro
teins. Production ot recombinant proteins via activa
tion o f foreign genes in bacterial cell cultures is a 
reality for several structurally simple proteins (insulin, 
human and bovine growth hormone, interferons, 
EG F , etc.). However, bacterial cells lack the ability 
to process (glycosvlation. secretion) other clinically 
or economically important complex proteins because 
these cells lack the biochemical machinery. This has 
resulted in a search for other systems to make these 
proteins. In some cases cultures o f mammalian cells 
are successful but 011 a large scale such systems are 
technically difficult to maintain. The mammary gland 
with its pronounced capacity to synthesize and secrete 
a variety ot proteins 111 a manner for easy harvest 
(m ilk) is an apparent alternative. Simplisticallv, the 
idea involves production of a c D N A  containing the 
gene o f interest, linking it to a promoter region for 
one ot the specific milk proteins, delivering the hybrid 
gene construct to the fertilized egg (most often t>v 
microinjection), incorporation ot the gene construct 
into the embryonic genome, breeding, induction ot 
lactation in female gene recipients, and testing ot m ilk 
to determine it synthesis ot the gene product is d i
rected into milk. G iven the uncertainties o f successful 
incorporation o f constructs following microinjection 
and subsequent mammary expression, production o f  
transgenic cattle is sure to be an expensive, patience 
requiring activity. Regardless, successful production 
of pigs producing human protein C  and sheep ex
pressing human a- 1-antitrypsin in their m ilk forecasts 
the practical generation o f dairy ruminants producing 
recombinant proteins 111 their milk. [Sec T r a n s g e n i c  
A n im a i.s .  |

B. Molecular Mechanisms of Milk Synthesis
A secondary consequence o f biotechnology applie d 
to lactation w ill be an explosion o f knowledge con 
cerning details of mammary function. It w ill be a 
challenge to integrate facts derived from model sys
tems, determine relevance to animal agriculture, an d 
to design strategies for a positive impact 011 produc
tion. Although likely few dairy producers w ill be 
directly involved in efforts to supply transgenic p ro 
teins, related efforts to modify normal milk constit
uents could have widespread impact. Reduction o f  
lactose content o f milk (less water to transport, inn- 
proved cheese-making capacity), suppression of j£i-
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lactogloluilin synthesis for milk destined tor infants, 
and modifications of fat content or composition are 
appropiate targets. Other possibilities might include: 
increased activity of mammary desaturase enzyme to 
increase nnsaturated fatty acids in milk, secretion ot 
protectors against proteolysis or lipolysis to improve 
storage o f  milk, or activation of receptors for im m u
noglobulins m the mature gland to improve the im
mune competence o f milk. It might also be reasonable 
to direct the secretion o f known growth factors or 
other biologically active proteins into milk to pro
mote the development or performance o f suckling 
young or to prepare milk for a specific therapeutic 
need.

Although lactation can be viewed as simply the 
end of the reproductive cycle, it is clear that the 
mam m ary gland and its activity provide a fertile 
ground for numerous scientific specialists. Tum or 
biologists, immunologists, and microbiologists seek 
to control breast cancer and mastitis. Endocrinolo
gists, cell biologists, and the new ly arrived molecu
lar biologists scurry for the Rosetta Stone to inter
pret the language of the chemical milieu that drives 
mammogcnesis, lactogenesis, and galactopoiesis. It 
is somehow fitting that the mammary gland, long 
the symbol o f  nurturing and care, should till this 
scientific role and perhaps, as a consequence ot

biotechnological intervention provide even more
than food to human society.
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Glossary
A g ricu ltu ra l  land Rural land including farmland, 
11011-Federal rangeland, and any other lands that can be 
used for crops or pasture, such as portions o f wildlife 
refuges; agricultural land excludes some rural land 
such as forest land, parks, roads, and wildlife refuge 
areas not in crops and pasture
E a se m e n t  Agreement held by an individual or pub
lic trust that entitles the holder to certain rights, typi
cally in exchange tor payments
F arm lan d  Land in farms, including cropland, pas
ture, and land that is part o f a farm but idle; in 1987, 
the U .S . Census o f Agriculture defined a farm as any 
place generating agricultural sales o f S1000 01 more 
Infrastructu re  Roads, sewers, schools, hospitals, 
and other facilities that provide services to a com
munity
Land trust Organization established to hold prop
erty (or special uses
M arket values Prices at which both buyers and sell
ers are w illing to do business
Rural land All land not classified as urban, including 
agricultural land, farmland, cropland, rangeland, and 
forest land; it includes land owned by local, state, and 
Federal governments
U rb an  land Land for residential, commercial, indus
trial, institutional, transportation, communications, 
utilities, and other built-up uses

1’l'lit views expressed are the .liitliors' and do not necessarily 
represent policies or views otthc U .S . I )epamuent ot Agriculture.

U rb an iza tio n  The conversion o f rural land to urban 
uses

L a n d  use planning, in a broad sense, is the collec
tion o f Federal, state, and local government finan
cial, production, regulatory, and other activities that 
influence the location, amount, and rate o f change 
o f major land uses. Policy instruments used under 
the rubric o f “ planning" include the public provision 
o f infrastructure, tax laws, subsidy programs, zon
ing. impact fees, and development rights purchases, 
to name a few. The purpose ot the policies is to 
address problems caused by conflicting land uses. 
Land use planning in the United States is left mostly 
to tine states which usually delegate it to counties, 
cities, and towns. States may provide enabling legis
lation to help local planning efforts. W hile the 
Federal government manages land use 011 Federally 
owned lands, it seldom participates directly at state 
and local levels. However, Federal law does encour
age U .S . agencies to find alternatives when their 
actions might result in damage to important agricul
tural lands. For example, plans might be changed 
to relocate a Federal facility to avoid using “ prim e”  
agricultural land.

O n ly  limited attempts have been made to coordi
nate land use policies across and w ithin the three 
levels o f  government, to reconcile conflicts in the 
objectives o f urban and rural planning, or to estab
lish a coherent system o f rights and entitlements 
between developers, land-owners, current and future 
residents, and their political representatives. For 
brevity, this article focuses 011 land use policies that 
specifically apply to rural communities where the 
principle concern is the protection ot farmland 
against conversion to urban uses. Some attention 
is given to the relation between agricultural planning 
and broader land use problems.

Encyclopedia o f  Agricultural Science, Volume 2 Copyright c 1994 by Academic Press, Inc. All rights of reproduction in any form reserved.
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I. An Inventory of M ajor Land Uses

The classification ot land into its various uses and 
how these uses change over time provide the back
ground to planning issues. There are about 2.3 billion 
acres of land in the United States (Table I). In 1987, 
56 million acres were urban (residential, industrial, 
commercial, institutional). Rural land (everything not 
urban) encompasses forest land, rangeland, cropland, 
and pasture, and other uses such as roads, parks, and 
swamps. Less than one-halt ot rural land qualities as 
land in farms according to the U .S . Bureau o f the 
Census definition of farms. There were 964 million 
acres of land in farms and 1.2 billion acres of other 
rural land. “ Land in farms" does not include public 
rangeland grazed on a permit or most forest land.

A. Urban Land
From I960 to 199(1 urban land increased by I 19%, 
from 26 to 56 million acres (Table II). Despite the 
large rate of increase, urban land occupied less than 
2 .5%  o f total land area in the United States m 1990. 
The rate o f expansion decreased from 37% in the 
1970s to 18% in the 1980s.

B. Range
From 1950 to 1987, grassland pasture and range 
(which excludes cropland used only tor pasture and

TABLE I
M ajor Uses of Land in the United States (1987)

Major land use
Land in 
farms1'

t Jtlier rural 
land All land

Million acres
Urban 56 56
Rural ‘>64 1245 22119

Range •00 1X1 5‘>l
Cropland and pasture 44.1 21 4(>4
Farmsteads and roads 7 II 7
Forest1, SI) 65 1 731
Other rural land' 24 ,W2 411.

Total U .S . land" l>64 1301 22(0

Sonnes. U .S . Department ot Commerce ( l ‘>8‘)V '* 1 *>S7 Census ot 
Agriculture," AC87-A-51. Daugherty. A l>. (1'W l). "M ajo r Uses 
ot Land in the United States: 1 *>S7.'' A l.R--(>43. L.conomie Research 
Service. U S D  A.
J  “ Land m farms*' must generate at icast SI non m product sales 
according to the Bureau ot Census definition o f a farm.

Includes timber land and reserved timber land, both federal and 
non-Fcderal: parks; wildlife areas, and other speuai use areas.

Includes areas used tor transportation. re«. reation. defense, 
swamps, bare rock areas and deserts 
*' Includes Alaska and Hawaii.

TABLE II
Urban Land Area in the United States

Year Iotal Rural Urban
Urban area 
percentage increase

Million acres
m i 22(0 221)7 56 18%
1 'Ml 1 22(o 22 l.s 47 37%
l lJ7D 2264 33 36%
l ‘J60 22(i(i 2241 2(i —

r.v Frey. H. 1. (I<>83). “  Expansion ot Urban Area in the
United States: 1W»0—80.”  Staff Report A(»hS830f>l5. U .S . Depart
ment ot Agriculture, Washington. DC!. U .S . Department of Com 
merce (\l){)2). "Population and Housing Units by Urban and Ru
ral.”  U .S . Department o f Com m erce (1988). "Statistical Abstract 
of the United States: 1988.”  108th ed.

grazed forest land) decreased from 701 to 591 million 
acres, 16%. O ver 90%  ot all rangeland is west of 
the Mississippi River. When grazed forest land and 
cropland pasture are included with grassland pasture 
and range, the combined use accounts tor over one- 
tlurd ot the total land area in the United States, includ
ing Alaska and Hawaii. [See R a n g e i .a n d  M a n a g e -  
mi n i a n d  P la n n in g .  |

C. Cropland and Pasture
Since 1945, cropland and pasture in the United States 
have remained stable, at about 460 million acres (Fig. 
1). However, although cropland and pasture stayed 
roughly constant for 42 years, other land in farms, 
primarily range and woodland, decreased by 15% 
from 1945 to 1987. Some variation occurs in cropland 
actually used for crops each year because o f changes 
in government com m odity programs such as the 
Acreage Reserve Program and the Conservation Re 
serve Program. In 1992, all Federal programs idled 
about 63 million acres o f cropland. |S<r U .S . F a r m s :  
C h a n g in g  S izh  a n d  S t r u c t u r e . ]

D. Forest Land
Forest land decreased trom 773 to 731 million acres 
from 1959 to 1987. Forest land includes timberland 
and special use land in parks and wildlife areas. Land 
in special uses increased while timberland decreased.

E. Other Rurai Land
Other rur.il land includes special and miscellaneous 
uses such as rural transportation, defense areas, 
marshes, open swamps, bare rock areas, deserts, and
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FIGURE 1 Use o f land in farms m the United States 1945-1987. 
| .S \ ) fD a u g h e r t y ,  A. B. (1991). “ M ajor Uses ot Land in tlu* 
United States: 1987.”  AFR-64.V Economic Research Service, U .S . 
Department ot Agriculture. Krupa, K. S.. and Daugherty. A. H. 
(IW O ). "M a jo r Land Uses." Data product 89003. Econom ic Re
search Service, U .S . 1 )epartment ot Agriculture. |

recreation and w ildlife areas not included as forest 
land. O ther rural land increased from 1959 to 1987 
from 389 to 416 million acres (7 % ), prim arily due to 
increases in recreation and wildlife areas.

II. Dynamics of Land Use Change

Most land is in the same use from the beginning to 
the end o f a decade. However, some land uses do 
change. Furthermore, changes are dynamic in the 
sense that a use such as cropland may lose and gain 
area over the same period. Cropland may convert to 
range, and range may convert to cropland; the same 
dynamic process happens with forest land. In con
trast, shifts to urban land are essentially irrevers
ible— once urbanized, land seldom converts back to 
a rural use.

A. Land Use Change Studies
Several studies examine land use change in the United 
States. The Econom ic Research Service (E R S ) of the 
U .S . Department o f  Agriculture (U S D A )  has docu

232 Cropland and Pasture 
22,985

124

Forest
25.003

i t 706

f  303
B  530 ^  |

230
Range
24,965

1987

FIGURE 2 Shifts m major land uses: fast-growth counties,
1 97<»-198*I. Numbers in boxes are 1970; numbers along arrows 
are changes from 1970 to 1980. Cropland and pasture include feed 
lots, orchards, ornamentals, and other miscellaneous agricultural 
land. Forest includes wetland. About 250,000 acre o f miscellaneous 
minor uses that converted to urban are not shown. |Sourcc: Heim 
lich, R. K., Vesterby. M ., and Krupa, K. S. (1991). “ Urbanizing 
Farmland: Dynamics o f Land Use Change in Fast-Growth Coun
ties.”  A1B-629. Economic Research Service, U .S . Department o f 
Agriculture. |

mented land use changes in the fast-growth counties 
o f the 1970s. Counties qualified as fast growth if  they 
had at least 25,000 residents and a 25%  increase in 
population over the decade. There were only 139 such 
counties in the 1970s (4 .5%  o f all 3100 U .S . counties), 
but these fast-growth counties accounted for about 
50%  o f the 1970s’ population increase in the United 
States. Shifts in major land uses, shown by the arrows 
in Fig. 2, depict changes to and trom each use over 
the decade.

B. Large Urban Increases 
Small Rural Decreases

The E R S  study showed that the residential compo
nent o f urban land increased by 50% , the largest gain 
o f all categories (Fig. 3). Commercial land claimed 
the second largest increase, 35% , during the decade. 
Gains for one major land use mean losses for another. 
Forest, cropland, pasture, rangeland, and wetland all 
had net losses during the decade. Because rural catego
ries had large beginning bases, percentage losses were 
small— 3.9%  for cropland and pasture and 2 .8%  for 
forest land.

Land in a use category at the beginning ot a decadc 
tended to stay in that category during the decade. The 
E R S  study showed that over 90%  o f all major land 
uses in 1970 were still in the same land use in 1980 
(Table 111). Residential land was especially immuta
ble, remaining over 99%  urban from the beginning 
to the end o f the decade.

o
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FIGURE 3 Not thangcs in major land uses. | Sou in': Heimlich.
R. L., Vesterby. M ., and Krupa, K. S. (1991). 'Urbanizing I arm- 
land: Dynamics ot Land Use Change in Fast-(irowth Counties,”  
AIB-^29. Economic Research Service. U .S. Department o f Agri
culture.

C. Rates of Urban Conversion
Estimates ot rural to urban conversion rates vary de
pending on the sources of'data for a particular study 
and the definitions used. The E R S  study estimated 
rural to urban conversion in the United States at 740

thousand acres per year during the 1970s. Using the 
U .S . Bureau ot the Census definition o f urban area, 
the annual rate ot urbanization was 913, 1269, and 
861 thousand acres in the 1960s, 1970s, and 1980s, 
respectively. An estimate derived from the National 
Resources Inventory conducted by the Soil Conserva
tion Service o f the US1 )A  showed 726 thousand acres 
per year urbanized from 1982 to 1987.

Urban conversions o f rural land depend on demo
graphic and economic factors. The ratio o f land use 
change per household is a more useful relationship 
for analysis and projection than change per person, 
since most decisions about new residential develop
ment depend on households, not each individual. Ac
cording to the E R S  fast-growth study, the amount 
o f land consumed by each additional household was
0.47 acres ( Table IV ). In .1 similar study o f rapidly 
growing counties in the 1960s the rate was almost the 
same, 0.46 acres. However, these coefficients vary 
by locality depending on previous urbanization, land 
costs, and infilling ot urbanized areas.

D. Urban Expansion Greatest in Southern States
The E R S  study found that the Southeast and South
west had the greatest urban expansion during the 
1970s, 43 and 44% , respectively. The Southwest had 
the greatest percentage increase in households, 73%  
(I ig. 4). The North had the smallest increase, 28% . 
The results reflect difference in the stages o f economic 
development in the South and the North and may 
reflect a “ sunbelt" shift ot population from colder 
northern climates to warmer southern states.

TABLE III
Distribution of Land Use: Fast-Growth Counties (1970s)

1980s land uses Urban Cropland Range Forest Other Total
and

pasture

1970s land uses Percent'
Urban 98.8 0.3 0.7 0.1 0.2 100
Cropland, pasture. 4.3 93.4 1.4 0.5 0.4 100

and range
Range 2.8 2.8 92.5 1.2 0.7 loo
Forest 3.2 0.8 0.9 94.9 0.3 loo
Other 1.7 1.4 2.3 0.7 93.8 100

Sonin' Vcsterbv. M . ( i 988). *‘Land Use ( ’hange in the 1970s. "  1 >ata Product 88018.
Economic Research Service. U .S . I Icpartnieiit ot Agriculture.
11 I he di.igon.il (underlined numbers) shows percentage ot land remaining in its use 
through the l*l70s. 1 he olt-di.igon.il shows the percentage ot' I *>70 land uses (left 
column) that converted to land uses in the l'ISlls (top row).
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TABLE IV
Demographic and Land Use Change: Fast-Growth Counties, 1960-1980

Urb. in land in fast-growth counties

Persons
All urban Residential Nonresidenti.il

Year and 
category Population Households

per
household Total

I’er
household Total

Per
household Total

Per
household

Million Million Number 1000 acres Acres 1000 acres Acres 1000 acres Acres
l% 0 s  study'

1 961 1 I I I 3.1 — 2748 — 1454 — 1294 —
1971) 16.3 4.8 — 3523 — 1918 — 1605 —

1 htVercnce 5.2 1.7 — 775 — 464 - 31 1 —
Average

I960 — — 3.54 — 0.87 — 0.46 — 0.41
1970 — — 3.37 — 0.73 — 0.40 — 0.33

Marginal1, — — 3.0fi — 0.46 — 0.27 — 0.18
1970s study

1970 24.2 7.5 — (.485 — 3854 — 2631 —
1980 35.2

ir,ri — 8865 — 5728 — 3136 —
1 )itference 11.0 5.1 — 2380 — 1874 — 505 —
Average

1970 — — 3.23 — 0.87 — 0.51 — 0.35
19,SO — — 2.81 — 0.71 — 0.46 — 0.25

Marginal* — — 2.18 — 0.47 — 0.37 — 0.10

Si’iirus: Heim lich. R. H.. and Vesterby, M . (1992). Farmland Loss to Urban Encroachment N o Threat to U .S . Agriculture. "Ru ra l 
Development Perspectives." 8(1), 2-7. Economic Research Service, U .S . Department ot Agriculture. Zeimetz <•/ .i/. (1976). "D ynam ics  
ol Land Use in Fast G rowth Areas," AER-325. Economic Research Service, U .S . Department ot Agriculture.
J  Fifty-three counties with greater than 20.0011 population gain and .it least 30% increase between 1960 and 197(1.

Net change in urban land divided by the change in household numbers.

ca p tu re s  m a n y  asp ec ts  o f  m a rk e t  fa ilu r e  a rg u m e n t  as it 
p e rta in s  to  the  ru ra l- u r b a n  lan d  c o n v e r s io n  p ro b le m .

Recent public investments in roads and sewers by a 
nearby urban government have greatly increased the 
market values of a nearby community ot farms. Harm 
owners next to the urban area are faced with the choice 
of selling to developers and realizing substantial capital 
gains or holding out. either in anticipation ot higher land 
values or because of personal reasons. These personal 
reasons may be sufficiently strong to encourage farmers 
to form a temporary alliance against selling out. How 
ever, in time, some farmers do sell all or parts of their 
farms. Those remaining suffer increased urban conges
tion and complaints about unpleasant odors and noises 
associated with farming. Eventually, the character ot 
agriculture changes in response to demands trom new 
urban residents. Remaining farms, that once raised hogs, 
chickens, livestock, small grains, and hay crops, shift 
to intensive agriculture— fruits, vegetables, and nursery 
products. Because of the changes, some local farm supply 
dealers leave the area or go out ot business. Others begin 
supplying lawn and garden products to new urbanites 
or specialize in supplies needed tor the new intensive 
agriculture. In the long run, many of the farms on the
rmal-urban fringe convert to urban uses.

III. Legal and Economic Context of 
Agricultural Land Use Planning

W h a t  ju s t i f ie s  lan d  use p la n n in g ?  W h y  n o t  let th e  free  
m a rk e t  a llo c a te  la n d  in to  c o m p e t in g  uses o v e r  t im e ?  
M o s t  e c o n o m ic  a rg u m e n ts  s u p p o r t in g  in t e r v e n t io n  
c la im  to  h a v e  id e n t if ie d  “ m a rk e t  f a i lu r e , ”  th e  in a b il i t y  
o f  m a rk e ts  to  a c h ie v e  e f f ic ie n t  a llo c a t io n s  o f  g o o d s  
an d  s e rv ic e s . T h e  f o l lo w in g  h y p o th e t ic a l  s c e n a r io

Region

Pacific ; 
North f 

Southeast1 
Southwest 

Total -
0 20 40 60 60

Percent increase

Households lJ  Acres

FIGURE 4 Household and urban area increase: Fast-growth coun
ties, 1970-1980. |NwmT: Vesterby, M . (1988). "Land  Use Change 
in the 1970’s ."  Data Product 88018. Economic Research Service. 
U S D A .

a



LAND USE PLANNING IN AGRICULTURE
650 ------------------------------------------------------------------

Many variations ot the scenario exist, but the above 
example illustrates the main points o f contention. The 
problem begins with public infrastructure invest
ments for roads and sewers. When these investments 
result in a gain or loss to others who had no financial 
interest in the activity, we have what economists refer 
to as an externality or entitlement problem. Beneficial 
and adverse externalities accrue to farmers who did 
not finance construction o f the infrastructure. Re
duced land values may occur for some farmers further 
from the new urban center. Other farmers, closer 
to the new development, experience increased land 
values caused by new urbanization. When some land 
sales occur the alliance o f farmers fails, resulting in 
potentially numerous conversions. Economics o f ag
glomeration draw economic activities together, creat
ing urban areas. As farms are sold, the old interdepen
dence among farmers’ production supply and 
marketing activities changes, causing a restructuring 
o f agriculture in the area.

H ow  do writers o f U .S . land use policies attempt 
to resolve the economic conflicts exemplified in the 
scenario? The Tenth Amendment to the U .S . Consti
tution gives the states powers not delegated to the 
Federal government. Enabling legislation from state 
governments endows thousands o f local jurisdictions 
in the United States with considerable autonomy over 
zoning plans, property taxes, and the provision o f 
public goods and services. Local powers may be con
strained by Federal laws and statutes, such as the tak
ings clause o f the Fifth Amendment to the U .S . Con
stitution, or a state law, such as Proposition 13 in 
California. (The Fifth Amendment o f the U .S . Con
stitution states, in part, . . nor shall private prop
erty be taken for public use without just compensa
tion.”  Proposition 13 places limits on property tax 
assessments.) This decentralized approach to land use 
policy is decisively American: the expression o f soci
etal preferences necessarily strikes some balance be
tween equity, efficiency, and liberty (autonomy). In 
land market allocations, U .S . institutions seem to fa
vor autonomy, sometimes at the expense o f efficiency 
and equity. For example, in the scenario, a regional 
planning agency may have recognized the effect that 
the new infrastructure would have had on the farm 
sector and could have suggested an alternative plan 
(although there is no guarantee that they would). The 
process of deciding land use in the United States sel
dom includes selling development rights. To  achieve 
equity and efficiency gains, a redistribution or trading 
of development rights may be one possible alter
native.

IV. O bjectives of Agricultural Land 
Use Planning

Governmental entities plan land use for many reasons. 
In agricultural areas, a common reason cited is to 
maintain the Nation's capacity to produce food and 
fiber. This and other reasons are discussed below.

A. Maintenance of Open Space
Preservation programs sometimes purchase land or 
development rights to provide open space for esthetic 
and environmental reasons. Urban dwellers often en
joy  visiting rural areas as a respite from central city 
living.

B. Environmental Protection
Areas protected from development may help preserve 
and improve water and air quality. Undeveloped wa
tersheds, for example, can buffer streams and rivers 
trom soil sediments, pesticides, and other residues. 
Vegetative planting, the construction ot dams and 
diversions, streambank stabilization, and other mea
sures preserve or restore water and air quality in wa
tersheds.

C. Prevention of Urban Sprawl
Urban sprawl denotes scattered, “ buckshot,”  or 
“ leapfrog”  development erratically spread through a 
predominantly rural area. The nuisances associated 
with urban sprawl— such as congestion and 
crime— and the nuisances o f agricultural produc
tion— such as odor, dust, and pesticide usage— often 
render urban and rural land uses incompatible. Vari
ous planning devices, such as zoning and agricultural 
districts, arc designed to separate land uses to avoid 
conflicts.

D. Controlling Infrastructure Costs
By  keeping development w ith in growth boundaries 
that delineate eligibility for public services, the costs 
o f providing roads, schools, and hospitals arc lower 
than if  spread over wider, less densely populated 
areas. This planning tool occasionally faces legal chal
lenges similar to those faced by exclusionary zoning.

E. Preserving the Local Farm Economy
Some farming locales may specialize in the production 
o f crops grown exclusively in the area or that have
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unique brand names or slogans. Managing the rate 
and location ot Urbanization may prevent cases where 
interdependent farm sectors lose viability due to the 
high property taxes based on urban development po
tential, the loss ot supporting farm businesses, and 
the nuisance o f road and neighborhood congestion.
| See Rukai S<k.ioi (h;y. |

F. Assuring Food and Fiber Production
The preservation ot cropland to maintain the capacity 
o f  the Nation or a region to produce food and fiber 
lias been a strong motivation for public efforts to 
save farmland, particularly, prime agricultural land. 
Nationally, however, protecting food and fiber pro
duction has no real urgency. Cropland productivity 
m the United States doubled since l lM lJ  and w ill likely 
increase in the future with productivity gains from 
new technology (fig . 5). While urbanization converts 
about three-fourths to one million acres per year of 
rural land, only about one-third of that is from crop
land and pasture, which is partly replaced by conver
sion trom forest and range lands. Government pro
grams designed to reduce surpluses, by setting aside 
cropland in acreage reserves, and encouraging agricul
tural exports through export enhancements, reveal 
the basic strength ot the U . S. agricultural sector. In 
the unlikelv event ot ,i tood crisis, reserved crop land

could quickly be brought back into production if 
needed. Regionally, however, some areas, such as 
the Northeast, have lost substantial farmland acreage. 
Several programs have been developed to protect 
against further losses.

V. Agricultural Planning Tools 
and Legislation

Losses o f rural land to urban uses became a major 
concern o f public policy during the mid-1970s, and 
in response, a variety ot new legislation started to 
appear. Private conservation initiatives— such as the 
establishment ot special land trusts— also have been 
developed in an attempt to save farmland and to 
achieve land use policy objectives. Public initiatives 
to protect rural lands have originated at all three levels 
o f government —  Federal, state, and local— but never 
have been coordinated into a cohesive national policy.

A. Direct Federal Role in Farmland Protection
!. As part ot the 1981 omnibus farm legislation, the 
Farmland Protection Policy Act encourages Federal 
agencies to identify adverse effects o f programs on 
farmland conservation and to minimize the extent to
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which Federal programs contribute to unnecessary 
farmland conversion.

2. Section 170(h) of the Internal Revenue Code 
enables taxpayers to claim income tax deductions for 
charitable contributions o f development rights ease
ments to qualifying nonprofit organizations. Such tax 
advantages provide ail incentive for participation in 
private farmland protection programs, such as the 
American Farmland Trust or similar regional and lo
cal land trusts.

3. The Farms for the Future Act, a small part o f the 
1990 omnibus farm bill, established the Agricultural 
Resource Conservation Demonstration Program. 
This program provides Federal guarantees and inter
est rate assistance for loans made by lending institu
tions to state trust funds that invest in the protection 
or preservation of farmland for agricultural purposes. 
For example, an authorized agency o f a state govern
ment could use the loans to purchase development 
rights on farmland. | .Sec G o v k k n m k n  i A g h i c u i  i u r a i  
P o l i c y , U n i  i i d  S i a i i s |

B. Indirect Federal Role
Besides these three explicit Federal laws, there are 
several indirect Federal tax regulations that influence 
land use. The impact o f these regulations on the 
amount and value o f farmland preserved is largely 
unknown. However, tor some regulations, it is possi
ble to surmise whether the impact tends to favor or 
dissuade farmland preservation.

1. Capital gains are taxed on realization instead o f 
accrual under current U .S . law. Farmers who would 
receive real estate capital gains by selling to an urban 
developer have an incentive to postpone selling so 
that farm real estate values can continue to accrue 
without the penalty o f capital gains taxes that would 
be levied at the time o f sale. In short, the "lock-in 
c fleet" applies to real estate just as it does to any other 
capital asset and results in an inadvertent contribution 
to farmland protection.

2. The deductibility ot debt interest payments and 
state and local taxes from income that is Federally 
taxable also influences a farmer’s sell or hold decision. 
For example, deducting local property taxes is analo
gous to a tarm sector investment tax credit or depreci
ation allowance (taking into account that the former 
is a deduction trom income and the latter a direct tax 
credit). The deductibility ot property taxes provides 
an incentive for employing investment capital (such 
as farmland) resulting in lower user costs o f capita!

and higher investment in the farm sector compared 
to the case m which no deductibility is allowed.

3. A potential offset to the above farmland protec
tion benefit, however, is that the urban sector receives 
the same deductions. The deductibility o f mortgage 
interest payments and local property taxes to a whole 
community o f new urban dwellers would likely over
whelm the same deductibility value to the single farm 
owner—dweller whose land could be used to build the 
new community. Thus, the deductibility provisions 
in the Federal tax code can impart a bias for urban 
use over less dense rural uses of land, since urbanites 
have an indirect incentive to raise their bid for 
farmland.

This bias is intensified in a subtle way. Federal tax 
laws provide capital gains tax exclusions to homeown
ers who sell their existing homes and "trade-lip" to 
more expensive ones. To  the extent that urban dwell
ers trade-lip by giving developers market signals to 
increase the urban boundary, the urban-valued bids 
for farmland capitalize the tax breaks and make the 
increased bids more attractive to the tarm owner. The 
people who lose by the shifting ot tax benefits are the 
urban and rural residents who are averse to increasing 
urbanization and the disamenities it can bring, such 
as congestion, or who enjoy the direct amenities pro
vided by farm liv ing on the urban fringe.

4. While the lock-in, deductibility, and exemption 
features o f the Federal tax code have .111 ambiguous 
net influence on farmland preservation, the Federal 
tarm programs should retard conversions of farmland 
to urban uses to the extent that recipients o f program 
benefits are located in urbanizing areas. In 1990, farm
ers received S9 billion in direct government payments 
for participating in Federal com modity and soil con
servation programs. The farm subsidies average about 
S in ,000 per year for each tarm that participates in the 
programs. However, farms at the rural—urban fringe 
probably tend to be smaller than average and concen
trate more 011 nonprogram crops, such as fruits, vege
tables. and nursery products. Governm ent program 
subsidies for these farms are likely much less than 
the National average. Nevertheless, the Federal farm 
programs can financially assist farmers to remain in 
farming despite competing urban pressures.

C. State and Local Farmland Protection
There are several state .11111 local farmland protection 
programs.

1. Use Value Assessment (UVA)
Aiken's survey of state laws up to 1989 revealed 

that all 50 states have enabling legislation that permits
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the portion ot market or urban value that exceeds 
agricultural use value on farms to be exempt trom 
local property taxation. 15y 1 W<S, 27 states authorized 
the taxing jurisdiction to recover deterred taxes (‘'roll
back" penalties), and many of these states allowed 
interest to be charged on the deferred taxes. Six states 
required the landowner to enter an explicit agreement 
to restrict land use (easement). State laws enumerate 
which lands are eligible for the program, how to 
calculate market and use values, what interest rates 
and capitalization rates to use, and what rollback pen
alties apply after shifting into nonfarm uses.

A benefit o f U V A  is that it lessens the farmers’ 
liquidity problem. I f  urban pressures increase prop
erty values, taxing the farmer on actual instead o f use 
value could force the farmer to sell to an urban bidder 
just to pay taxes. In addition. Federal laws require 
payment o f capital gains taxes on realization, not on 
accrual o f value. In contrast, in the absence o f U V A  
at the local level, property taxes would be based on 
accrual. Finally, the pattern o f accrual is not easily 
observable by tax assessors unless transactions take 
place, but then it is too late to preserve the farmland. 
O f  the many criticisms o f U V A ,  four o f the most 
common criticisms are:

.1 . The local tax burden shifts from the urbanizing farm 
sector to other areas, including other farmers who 
have not realized a gain in property values and cannot 
benefit from U V A . In other words, the tax burden is 
shifted to others who do not or cannot participate in .1 

U V A . However, rollback provisions may ameliorate 
some of the shift.

1>. The tax breaks decrease the holding costs o f land 
speculation, providing pressure tor more urban 
conversion.

c. T he tax breaks can benefit any owner ot agricultural 
land and not just farm owner—operators.

d. The value ot the tax break is small compared to 
potentially large capital gains, so the farmer might sell 
even it there were no local taxes. The penalties are 
often not severe enough to prevent conversion to 
nonagricultur.il uses.

In view ot these issues, many argue that U V A  does 
not work to protect farmland from urban develop
ment and that it results in unintended and even regres
sive income redistribution. Other criticisms could be 
based iin how U V A  is administrated, such as the 
selection ot ad-hoc capitalization rates that are used 
in income-capitalization formulas and the ways farm 
income is estimated.

M any states have adopted rollback provisions that 
require payment o f all or part o f the taxes deferred

bv U V A  when the farm is sold. These penalties are 
.m attempt to remedy some criticisms just itemized. 
First, the unintended tax shitting is redressed it the 
farmer has to pay deterred taxes when he sells or 
converts to nontarm use. Second, by charging the 
rollback, selling becomes less profitable since some 
o f those profits are paid in back taxes, presumably 
strengthening the local property tax lock-in effect that 
aids farmland protection by lengthening the farmer's 
holding period. However, the last argument is true 
only if  the farmer has committed to the U V A  pro
gram and if  the program has a mandatory rollback 
provision. Prior to participation, U V A  with a full 
rollback (with interest on the deferred taxes) will 
make the farmer "holding-period neutral": the farm
er's after tax rate o f return on farmland as an asset 
would not depend on the holding period if  U V A  had 
a full rollback. In practice, most states only have a 
partial rollback, which is a futile compromise between 
wanting to create a local lock-in effect blit not wanting 
to deter participation.

The objectives o f protecting farmland from urban
ization and having a sensible and equitable local prop
erty tax system do not appear to be jo in tly  achievable. 
The farmers' liquidity problem may be softened by 
U V A .  but rollback provisions, which are analogous 
to Federal capital gains tax laws, are used to more 
evenly distribute tax burdens. Otherwise, the benefi
ciaries o f property value appreciation do not compen
sate the community for the public investments that 
helped create the urban land value nor do they repay 
the tax breaks provided. In fact, more states are m ov
ing to the use o f rollbacks to recoup deferred taxes 
even though such penalties can weaken the local lock- 
in effect and undermine farmland protection.

2. Purchase of Development Rights (PDR)
B y  1991, about 14 states, mostly in the Northeast 

and mid-Atlantic regions, had established purchase- 
of-dcvclopment-rights programs, to go beyond 
U V A 's  ability to control farmland losses. Under these 
policies, state and local governments can acquire ease
ments which transfer the rights to develop land trom 
private to public ownership in exchange tor payment. 
Landowners retain ownership ot the residual land use 
rights. Administration o f PD R s  occurs mostly at the 
state level and sometimes entails cost-sharing with 
local jurisdictions. The eligibility ot land depends on 
the trade-offs inherent in such factors as the cost ot 
the easements, the degree o f development pressure, 
soil types o f the land, the specific land use, and others. 
Methods o f funding include issuing bonds, collecting
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real estate transfer taxes, and earmarking general reve
nues for the programs. The price o f an easement is 
equal to the approximate difference between the farm
land’s estimated market and agricultural use value.

Unlike zoning, which sometimes conflicts with the 
takings doctrine o f the Fifth Amendment, 1M)R pro
grams are based on voluntary participation by farmers 
who are compensated tor separating and transferring 
the development rights o f their land from the broader 
bundle ot rights associated with land ownership. Since 
only the margin o f market value above use value has 
to be paid, F D R  programs demand fewer public funds 
than would be needed tor a program which purchases 
land outright. An advantage the P D R  program has 
over U V A  is its ability to target threatened farmland 
without providing benefits to all parcels.

F D R  programs are also subject to criticisms.

a. The programs arc expensive and can be difficult to 
budget, especially when state and local governments 
are having fiscal problems.

I). Despite some advantages over U V A , 1*1511 programs 
also have the targeting problem. I lie farmers with the 
least opportunities to convert have the most to gain 
by voluntarily coming forward to negotiate an 
easement. In contrast, the farmer who is simply ready 
to retire and take his pension as a capital gain may not 
volunteer lor an easement.

c. I.ike squeezing a balloon, placing easements on some 
parcels merely increases the urbanising pressure on 
unprotected parcels and can result in leapfrog 
development that is even more incoherent than would 
have resulted without interference.

d. Estimations ot market and use values are as prone to 
inaccuracies as they are in U V A

The effectiveness o f both I’D R  and U V A  is not 
independent of the characteristics o f a particular parcel 
nor even the socioeconomic characteristics o f the 
farm-owner. The path o f development can depend 
on such things as the location o f existing infrastruc
ture, and the timing of development can depend on 
such things as the farm-owner's age and income.

3. Other Methods of Farmland Protection
Local governments or regional bodies implement 

exclusive and nonexclusive zones where development 
is restricted and farming is the preferred use. These 
land use regulations and zoning laws include state com
prehensive planning requiring counties and munici
palities to prepare and execute land use plans and 
ordinances. State or regional land use regulations mav 
have many goals, but primarily focus on controlling 
growth associated with large developments that have 
nuilti-jurisdictionai effects. States usually delegate

regulation and zoning authority to local governments. 
About thirty states had such regulations as o f 1991.

Transfer oj Development Rights <TDR)  programs 
have been used to compensate tarm-owners who have 
had the urban value ot their land zoned away. Under 
the program, developers must buy development 
rights from a landowner in an agriculturally preserved 
area and exercise it in an area in which development 
is permitted. T D R s  are also used, in essence, to facili
tate the “ sale" of zoning variances. The price ot the 
zoning variance is the cost of having to buy compen
sating development rights.

Like PD Rs, T D R s  avoid conflicts w ith the takings 
doctrine o f the Fifth Amendment by providing com
pensation to land owners who are subject to regula
tions. I Iowever, T D R  programs have problems ot 
their ow n. Under FD R  programs, the costs ot farm
land protection shift to developers and can provide a 
significant savings to the public budget. However, 
developers face having to double-pay. They buy land 
in the urban zone and pay the urban premium and 
then pay another premium by purchasing develop
ment rights oft other land in the preserved zone. These 
costs can be partly or completely shifted as higher 
housing prices to new residents. Thus, developers 
and new residents may pay for farmland preservation 
in other zones. Other criticisms challenge the opti
mality o f a prespecified land-use plan, point out the 
difficulties o f matching developers and the holders o f 
development rights, and question the ability ot T D R  
programs to compensate all land-owners who have 
had urban land value zoned away.

To  briefly enumerate the remaining planning poli
cies, every state has Riglit-to-l'ann laws, which endow 
farmers with protection against nuisance suits in cases 
where farm and nonfarm interests collide. States also 
organize agricultural districts to administer farmland 
retention programs (such as current use assessment), 
require modifications to local regulations to encour
age farming as a preferred use, and restrict local gov
ernment authority to regulate farm structures or ac
quire farmland by eminent domain. Fifteen states had 
such programs in 1991. State legislative <>r executive 
orders declare the importance of agriculture to the 
state, address the rate and causes ot farmland loss, 
and order state agencies to reduce or restrict activities 
that would convert farmland. Sixteen states have leg
islative or executive policies.

VI. Summary

Farmland preservation at local and state levels is an 
important means ot maintaining open space, pre
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venting urban sprawl, and controlling infrastructure' 
costs. At the Federal level a primary reason cited tor 
Federal participation in farmland preservation pro
grams is to ensure adequate farmland for the produc
tion ot tood and fiber. However, urban land consti
tutes less than 3 %  o f all land in the United States. 
Even though urban expansion lias been rapid, the 
decrease in farmland has been small, less than 4 %  per 
decade tor the 1 Wills and the 1970s. and the decrease 
was primarily trom farm woodland and rangeland, 
not cropland. There has been no net decrease in crop
land in the United States since the early 1940s.

Federal, state, and local policies directly and indi
rectly influence the conversion of rural lands to urban 
uses. Direct Federal participation in farmland protec
tion has been small compared to state and local gov
ernments, while indirect Federal influences through 
t.ix laws could be stronger. Administration ot farm
land protection programs occurs at state and local 
levels and includes tools such as use value assessment, 
purchase of development rights, transfer o f  develop
ment rights, establishment o f agricultural districts, 
zoning, and right to farm laws. Even though local 
governments have the most direct control ot land use 
regulations, the sometimes hidden interdependencies 
among the policies o f the three levels o f government 
suggest that a more coordinated and comprehensive 
approach to land use planning stands as a serious alter
native to the decentralized approach. Alternatively, 
policy conflicts could be mitigated within the decen
tralized framework bv amending the appropriate 
laws.
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Livestock Pests
S. E. KUNZ, USDA-Agricultural Research Service, Texas

I. Role of Ectoparasites in the Efficiency of 
Livestock Production

II. Insect Pest Management (IPAA) in Livestock 
Pest Control

III. Resistance Management
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V. Role of Introduced Pest Species in 

U.S. Production

Glossary
Ectop arasites  Tlmsc arthropod species that teed or 
oviposit their eggs on the external body parts ot the 
host; these parasites obtain nourishment by piercing 
the skin and teeding on blood or by (ceding 011 skin 
debris, hair, or body secretions
IP M  Combination ot .1 number o f control technolo
gies such as use ot insecticides, biological control or
ganisms, practice ot sanitary procedures, and the prac
tice o f  cultural procedures integrated in such ,1 way 
to cause a decrease in the pest populations 
L iv e sto ck  (v e terinary)  e n to m o lo g y  Science ot 
dealing with insects, ticks, and mites, that parasitize 
or otherwise affect a number ol domestic animals, 
especially those livestock raised 011 food produce sys
tems; the study ot biological distribution, economics, 
and control ot these pests 011 animal husbandry 
M ange Condition caused by the feeding of several 
species o f mites 011 the host. Mites feed on the surface 
or burrough into the skin and, while feeding, cause 
secretions to be produced under which they may sur
vive and continue to reproduce
R esistance Mechanism by which .111 insect protects 
itself against pesticides applied tor parasite control 
or mechanisms built up by the host which prevent 
damage ot the host by a parasite or by lowering the 
acceptability ofthe parasite to the host so that parasite 
damage possibilities are decreased

V e c to r  Arthropod that is capable o f transmitting dis
ease organisms from host to host causing the disease 
to be transferred from an infected animal to a healthy 
animal; some vectors are simply mechanical in nature 
by transferring blood cells on their mouth parts from 
an infested host to .1 healthy host, but other vectors 
allow the disease organisms to undergo development 
within the vector species for transmission to other 
hosts at a later time

L ive sto ck  ectoparasites include a number ot insect, 
tick, and mite species which can cause economic dam
age to liv estock. The study of these pests to determine 
their biology, ecology, and control is usually carried 
out by individuals trained in livestock or veterinary 
entomology. In many countries outside ot the United 
States this function is often carried out by veterinari
ans. Ectoparasites are those pests which intest the 
outside o f the host as compared to endoparasites 
which inhabit the internal system o fthe host, usually 
the digestive system.

I. Role of Ectoparasites in the Efficiency 
of Livestock Production

A. Type of Damage

Arthropod pests affect the efficiency ot livestock pro
duction. Ectoparasites inflict damage by taking blood, 
transmitting diseases, and causing irritation which 
impedes the feeding or resting ot the host. These 
parasites can also cut holes or otherwise blemish the 
hides o fthe  animals which devalues finished leather 
products. They decrease weight gains and milk pro
duction as well as reduce production ot wool and 
mohair. Some pests can predispose animals to second
ary infestations by other insects or infections by other 
disease-causing organisms. They can cause paralysis,
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abortion, unthriftiness, and in severe cases cause 
death.

B. Production Losses
Bloodsucking Hies, often called “ biting”  Hies, attack 
cattle and interfere with normal feeding and resting 
activities. This feeding results in the loss o f blood, 
reduced weight gains, and increased susceptibility to 
diseases and even death o f cattle in extreme situations. 
These pests may also spread diseases such as an- 
aplasmosis, anthrax, tularemia, and bluctonguc. The 
most important biting Hies are the horn Hy, Hacma- 
tobiit irrilaus, found 011 cattle in pastures, and the stable 
fly, Stowoxy caliitiwis, primarily found 011 cattle in 
confinement. |See A n im a i.  D i s i a s is .  |

1'he horn fly is considered the most important and 
economically damaging pest o f range cattle and can 
cause weight losses up to 14%. Although losses can 
occur on mature cows, these animals probably com
pensate tor this loss after the Hy season. However, 
the weights ot calves trom cows experiencing flv con
trol can be about 6 kilos per head heavier at weaning 
time than similar calves weaned from cows infested 
with horn flies. This increased gain in weight o f young 
calves is considered to be due to increased milk pro
duction ot the cow. Hxact economic population 
thresholds tor horn flies are difficult to determine. 
Populations in Canada o f less than 100 flies per head 
have been said to be an economic level whereas popu
lations o f 300 to 500 flies per head are responsible for 
economic losses in the southern areas ot the United 
States. |.S'<r B i l l  C A r n .h  P r o d u c t i o n ; D a i r y  C a t t i  i 
P r o d u c t i o n . |

Stable flies on beet cattle can reduce average daily 
gains by about 0.25 kilos per calf in .1 t'eedlot situation. 
Stable Hies can also reduce milk production in dairy 
cattle. Although stable flies have generally not been 
considered to be a problem on range cattle, in recent 
years there are more reports of the stable Hy moving 
out into range situations. Stable flies feeding on cattle 
in the United States will cause economic damage and 
there are reports ot S. infestations 111 Africa caus
ing death to animals due to exsanguination bv very 
large numbers ot flies.

Horse flies cause considerable annov.mcc to ani
mals. The “ bite”  ot a horse fly is much more irritating 
and the loss ot blood per feeding is greater than for 
other biting flies. Horse flies are also vectors o f ail— 
aplasmosis which results 111 considerable weight losses 
and death it left untreated. Oftentimes large numbers 
ot horse flies or mosquitoes will feed 011 livestock. 
Generally, chemical controls provide little protection

trom horse Hies or mosquitoes so weight gain losses 
and milk production losses from these pests can be 
expected although little specific data have been de
veloped.

Nonbiting flies also adversely affect cattle. The face 
Hy, Muse<1 iiuruiiuiii/is, causes little direct damage, but 
contributes to the spread o f pinkeye caused by Mora- 
xcILt boi’is which can result in considerable losses to 
range cattle. Losses attributable to face flies transmit
ting pinkeye are estimated at 15 kg per head in young 
calves at weaning time. Face flies have also been in
criminated in the spread o f eye worms ( 77/c7<iciii spp.).

Cattle infested with the northern cattle grub. Hypo- 
lienihi boris, and the common cattle grub. H . liucatuin. 
suffer considerable damage in finished carcasses as .1 

result ot the need tor excessive trimming of the dam
aged carcass. More serious damage can occur, re
sulting in the downgrading ot finished hides. Hide 
losses due to grub damage can range from S lo  to 25 
per head and upward to S42 losses per 1000-lb. animal 
from carcass trim. Weight gain losses are insignificant 
when compared to hide and trim losses.

Prior to 1970. cattle in the southwestern United 
States were attacked by the screwworm  Hy, Coehlio- 
inyiii hoininii’oiiix, but .1 highly successful eradication 
campaign has eliminated this pest trom the United 
States and Mexico. Benefits from this program are 
estimated at billions ot dollars.

Cattle are typically intested with a number ot spe
cies o f lice. Cattle lice cause irritation, unthriftiness, 
and anemia and are most prevalent in the cooler 
months ot the year. Losses ot 0.02 kg per head (aver
age daily gain) have been observed. Nutritional levels 
o f the host animals will greatly affect these losses 
with little or no loss caused from light to moderate 
infestations 011 well-nourished animals.

Cattle are also infested with scabies and mange 
mites that live 011 or in the skin and cause severe 
dermatitis in the host. Losses by these parasites are 
limited to the colder periods o f the year and not found 
111 all states.

Cattle are parasitised by several species o f ticks that 
feed 011 the blood ot their host. These ticks inject 
toxins while feeding that c.111 cause paralysis, damage 
to hides, irritation, and disease transmission. The 
most common ticks in the United States feed onlv 
periodically and cause limited damage, lioopliilus ticks 
(Texas cattle fever ticks) lia 'e  been climm.ued from 
the United States, but threats to the United States 
cattle industry remain with their continued presence 
111 Mexico and the Caribbean. These ticks are the 
vectors ot Texas cattle fever (Biihesiii higeiiiiiui) which 
tail 1.1 use serious losses it infected ticks are allowed
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to become established in areas in which ticks have 
been previously eliminated and animals have lost im
munity to the Texas cattle lever disease. Ainhlyoninia 
I ’ i i r i c t f t i h i H i ,  a tick present in the Caribbean, is a vector 
o f heartwater fever and a threat to United States cattle 
production. Damaging populations ot endemic ticks 
111 the United States are limited by seasonal activity. 
H igh numbers o f ticks can cause economic losses due 
to blood loss, irritation, and decrease in milk produc
tion which can result in weight gain losses to young 
calves.

Sheep and goats are parasitized by arthropods that 
teed 011 blood, skin scales, hair, or wool. Some invade 
tissues or inhabit the nasal chambers. These pests 
cause decreased production o f wool and mohair and 
can decrease the value o f pelts. Sheep are infested with 
lice, sheep keds, and mites. Larvae o f the sheep nose 
hot Hy, Oestrus oris, live 011 the mucous surface ot 
the nasal passages and sinuses ot sheep. The biting Hy, 
(Ailicoidvs I'ltriipciinis, transmits bluetonguc 111 sheep.
| S i r  C ioA 'i P h o d u c t i o n ;  W oo l a n d  M o i i a ik  P r o 
d u c t i o n  a n d  P r o c e s s in g .  )

Sw ine in the United States are parasitized by hog 
lice, Hacnuitopiiuis suis, and mange mites, Sanoptes 
suibiei suis. These pests cause irritation, decreased 
weight gains, and stunted growth. Table I summa
rizes the potential damage o f these ectoparasites. | Sec 
S w in e  P r o d u c t i o n .  |

II. Insect Pest Management (IPM) in 
Livestock Pest Control

A. Principles of Control
The principal reasons for controlling ectoparasites 011 

livestock are to reduce or to prevent losses to the

TABLE I
Potential Losses due to Ectoparasites of Cattle in the 
United States0

IVst
1 otal losses 
(S millions)

1 lorn Hy N7(>
Stable H\ 432
1 acc H\ 123
Horse Hy 1UD
Mosquitoes 5n
Cattle ^rub >
Lice 3K
Scabies 25(i
1 icks 104

'' I osscs t iiiit uh hklr eost nl i lifmie.il amtrols .uul 
l.ibor.
’ I J lH 's  IHIt  l l H ' l l u l c  l|U.IIMIltl lK' I l i s t  l i t  t ic  k s .

supply o f food and fiber for humans. Since the late 
I ‘Mils the main technology used to control these pests 
has been the application ot pesticides. Generally, pes
ticides have been inexpensive, effective, and sate to 
use. It is only within the last three decades that there 
has been increased public concern about the possible 
effects o f toxic substances 111 the environment. These 
concerns have brought about changes in pest control 
practices. Insect pest management (1 P M )  has resulted 
from these concerns and has brought about changes 
in control practices. In I P M  programs many factors 
are considered before toxic chemicals are applied to 
animals. The ability to establish and observe eco
nomic thresholds can reduce the number ot pesticide 
applications required to maintain pest populations at 
acceptable levels. In control programs, it is necessary 
to correctly identify the pest species in question and 
the magnitude o f damage being done. Using informa
tion available about the biology and behavior ot the 
pest species in question may alleviate the need tor 
pesticide application. |.SYc I n t e g r a t e d  P f s i  M a n 
a g e m e n t . |

Oftentimes cultural or mechanical control proce
dures can be initiated to eliminate the source ot the 
infestation. Waste management, including the drying 
o f accumulated manure ill feedlots or other livestock 
facilities, prev ents the development ot several fly spe
cies and reduces or eliminates the need tor pesticide 
application. Animals rotated away from pasture along 
waterways where horse Hies and mosquitoes are prev
alent during the summer season can reduce the inten
sity of feeding by these insects. |.Scc A n i.m a i W a s t e  
M a n a c h .m h n t :  P i  s i  M a n a g e m e n t ,  Cut i u r a i .  C o n -
1ro i . |

Mechanical traps can be used to trap insects such 
as horn Hies from the backs ot animals. Although 
developed 50 years ago these traps have been rede
signed to be more efficient and can be used especially 
111 situations where animals have access to them 0 11 .1 

regular basis. These traps are most efficient in areas 
where animals are compelled to use them on a daily 
basis such as in paths to and trom water or teed.

Biological control consists ot the use ot one life 
form to suppress populations ot another Com m on 
biological control organisms include parasites, preda
tors, and pathogens. Under certain conditions such 
as confined poultry units, the release ot parasites has 
been effective. The use ot' parasites in feedlot opera
tions 111 the midwestcrn United States lias not been 
successful in controlling house Hies and stable flies. 
A significant problem in biological control has been 
one o f quality control practiced by the providers ot 
the parasitic species. Oftentimes releases are made ot
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inadequately known species, or o f species not de
signed to control a particular pest species. In some 
cases, adequate care is not taken in the rearing o f a 
particular parasite species whereby contamination by 
another species resulted in the displacement o f the 
desired parasite. Cenerally, pest control resulting 
from parasite releases in other than some confined 
instances is inadequate. In some field conditions, natu
ral competition by other insect species can reduce 
horn fly populations by as much as 90%  but the re
maining 10% survivorship is sufficient to create ex
tremely large populations. Although biological con
trol should be considered as part o f an IP M  system, 
it in itself has generally not been satisfactory to control 
the pest species o f most livestock. |,S'cr P int M a n a c i-.- 
MHNT. HlOl <)<;l(AI C(>NTKOI.|

It has been observed chat certain breeds o f livestock 
and also certain individuals within breeds are more 
or less refractory to ectoparasites. This observation 
has resulted in crossbreeding Zebu x British breeds 
in Australia resulting in a tick-resistant crossbreed. It 
has been demonstrated that many species o f animals 
develop antibodies to ectoparasites. T his observation 
has led to research to develop vaccines for some ecto
parasites. Vaccines to provide immunity o f hosts to 
their parasites otters long-term prospects tor control
ling ectoparasites on livestock without the use o f toxic 
chemicals.

Although the promising results with crossbred ani
mals. vaccines, biological control, and the use o f me
chanical and cultural procedures are all important 
parts ot an 1PM program, the basis for most ectopara
site control on livestock currently remains centered 
around chemical control. Insecticide use has evolved 
considerably since the first use o f D D T  in the 1950s 
and 1960s. Although more toxic, but less long-lived, 
the organophosphates replaced D D T  and continue 
to be used today. A newer class o f compounds, the 
pyrethroids, have replaced some o f the organophos
phates. O ther insecticidal chemicals used for ectopara
site control are known as insect growth regulators 
(K IR )  which m imic hormones regulating the growth 
o f insects. The application o f IC R 's  results in the 
failure o f the insects’ ability to complete its develop
ment. O ther compounds ot this nature produce 
chitin-inhibiting hormones that block the proper for
mation ot the insect exoskeleton. |.S<r Pi si M anagk- 
Ml.N I. C lIIM ICAl C'ONTHOI . |

Insecticides tor control ot livestock pests can be 
applied bv many different methods. These include 
topical sprays, dusts, dips, pour-ons. spotons. feed 
additives, injections, and self-applicating methods

such as dust bags, back rubbers and insecticide treated 
ear tags. The self-applicator methods are used primar
ily on range or pastured animals. For maximum effec
tiveness, dust bags and backrubbers should be em
ployed in a forced-use situation. A common way to 
achieve this is to design fences and gates so that cattle 
must pass the self-applicator in order to obtain water 
or feed. Plastic ear tags containing insecticide have 
been in use for about 10 years to control horn flies. 
This technology was so well accepted and its use was 
so widespread that large populations o f horn flies were 
exposed to continuous use o f pyrethroid insecticides. 
After about 3 years use, horn flies became resistant 
to these compounds so that now horn fly resistance 
to pyrethroids is present to some degree in all major 
cattle producing areas o f the United States and M ex
ico. ’This problem also extends into central Canada.

Sprays are used to some extent on pastured cattle 
but sprays are practical only on small herds or when 
larger herds are being transferred from pasture to 
pasture. Insecticides applied as sprays do not provide 
control tor long periods o f time but are effective 
against some pests.

Insecticidal dips are used for the control ot ticks 
and to a lesser extent cattle grub, cattle lice, or scabies. 
Dips are used extensively in areas where tioophilus 
ticks require treatment on a periodic basis such as in 
Mexico or in some areas ot the Caribbean. Dips are 
not extensively used in the United States outside ot 
limited tick control areas along the Texas-Mexico 
border.

Systemics are insecticides that are absorbed through 
the skin. Systemics remain in the animals system tor 
24 to 72 hr during which time it is toxic to feeding 
insects. Systemics can be applied topically in various 
ways or as feed additives and were first developed to 
control the cattle grub.

III. Resistance Management

Insect pests are very capable o f surviving adversity. 
One ot those adversities is exposure to pesticides. 
Currently over 500 species have developed resistance 
to one or more chemicals. Insects and ticks ot live
stock are listed among this group and have developed 
resistance at various levels to several compounds on 
a worldwide basis In the United St.ites. livestock 
producers were relatively free o f the resistance prob
lem until recently. W ith the development and use o f 
ear ta^s in the early l9.X0s. U .S  producers encoun
tered their first resistance problem.
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I he frequency of resistance in a pest population is 
in large part a result o f selection pressure trom pesti
cide use. Strategies to manage resistance aim to reduce 
this pressure to the minimum yet accomplish control. 
Recommended strategies involve the use ot tactics 
designed to increase the useful life tit a pesticide and 
to decrease the interval ot time required tor a pest to 
again become susceptible to a given pesticide.

Some ot the most important issues impinging on 
the development and selection o f management tactics 
to prevent, delay, or manage resistance to pesticides 
are the biology o f the pest and the type o f pesticide 
and application used, the dynamics ot resistance, and 
the lack o f supporting data and field validation ot 
data.

The rate at which pesticide resistance develops is 
extremely variable among species. Such factors as the 
rate ot reproduction, pest movement, and relative 
fitness ot resistant members all contribute to the dy
namics of resistance.

Resistance is not absolute throughout a pest's range, 
and susceptible populations ot some pests continue 
to exist. Furthermore, 111 an area where resistance has 
occurred, continued use o f a pesticide may be required 
to control other pests that are still susceptible which 
confounds management attempts.

(lenerally, insects resistant to an insecticide in .1 

given stage w ill also, to a lesser or greater extent, be 
resistant in another life stage. W ith the bolus formula
tions, there is a risk ot introducing resistance in the 
larval stage to a different class o f chemicals. Boluses 
provide long-term continuous treatment and thus 
could cause resistance in adult insects ifnot monitored 
and managed properly. A benefit o f the bolus treat
ment. however, would be that the treatment would 
not kill migrating susceptible adults so that the inter
breeding effect o f susceptible adults with resistant Hies 
would be fully utilized as an alternate method for 
managing pyrethroid resistance.

By  using variations 111 dose or rate o f application, 
resistance may be delayed or minimized by preserving 
a sufficient population o f susceptible individuals. 
Lower rates ot a given pesticide can be used so as not 
to select in favor ot heterozvgotes where resistance is 
recessive. However, a higher dose or more toxic, 
long-term pyrethroid treatment (ear tag) adminis
tered to a resistant population may provide some very 
short-term control but the resistant population w ill 
become only more resistant in time. In hindsight, the 
highly selective continuous dose provided by pyre
throid ear tags is no doubt responsible for pyrethroid 
resistance. However, intensified use ot any compound

by anv method o f application that simulates ear tag 
intensity can and w ill cause a resistance problem.

Fewer or less frequent applications, which reduce 
the selection pressure over time, should decrease the 
rate and probability ot resistance development. Be 
cause o f their inefficiency and the lack ot maintenance, 
the dust bag or oiler applications did not provide the 
same persistent pressure as ear tags. Even where these 
systems were well maintained their use was not so 
widespread as to eliminate all susceptible individuals 
from an area. Any application that is less frequent 
and less persistent w ill discourage the development 
o f resistance and restore a less resistant population.

Control o f a pest w ith a particular pesticide in a 
single field or site, rather than over a large area, w ill 
leave untreated insects in surrounding areas to aid in 
deterring resistance development. Susceptible indi
viduals w ill move into previously treated areas, thus 
diluting the frequency ot resistant genes. The success 
o f this tactic may vary with insect species, refugia, 
and other factors. Anything that w ill reduce the over
wintering population should also delay spring treat
ment. Although treatment o f the overw intering gen
eration would reduce the numbers available tor 
reproduction in the spring, it w ill not reduce the fre
quency o f the resistant genes in that population. A n y 
thing done to achieve late season control o f resistant 
pests would probably also help reduce the spring pop
ulation o f these resistant pests. I f  susceptible insects 
in untreated refugia were available in the spring then 
their effect 111 diluting resistant genes would be greatly 
increased.

The delav o f pesticide applications until an eco
nomic threshold is reached reduces the selection pres
sure for resistance. Econom ic threshold levels w ill 
vary with regions. Even within regions, these levels 
w ill vary from producer to producer. For example, 
a producer with a purebred herd ot show cattle may 
have his acceptable threshold level at 0 parasites 
whereas another producer w ith aged animals without 
calves may tolerate 200 or more pests per animal.

The selection and use o f pesticides or formulations 
having a lower biological persistence can be a useful 
tactic for managing resistance. Insecticides w ith short 
residual levels tend to slow the development ot resis
tance due to reduced exposure. This is probably the 
single most important factor causing the current resis
tance problem in horn Hies because pyrethroids be
came a long-lasting compound in ear tag formula
tions. A return to more conventional procedures in 
applying pesticides, ifn o t the pesticides themselves,
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could result in reversion to a more susceptible popu
lation.

The use ot pesticides of differing classes or modes 
and sites ot action in rotation, alternation, or sequence 
to control the same pests has been much studied and 
is accepted as a valid strategy to avoid resistance. It 
assumes that the number o f generations or length o f 
time between uses o f  any one material is sufficient to 
allow the level ot resistant genes to decline below a 
critical frequency. A bolus formulation used against 
resistant horn Hies leaving the pyrcthroid-stisceptible 
adult fly population intact would be useful. The alter
native chemistry o f the bolus formulation would have 
its full effect against the larval stage but would leave 
the adult population free to interbreed with suscepti
ble Hies. As with some ot the other tactics, voluntary 
compliance or enforceability often prevents the gen
eral use or success ot this tactic in management ot 
resistance.

Excessive use ot pesticides tor short-term gains can 
be the least desired practice in the long term because 
it can lead to the permanent loss o f valuable, efficient, 
and often irreplaceable pesticides and convenient de
livers' systems.

IV. Important Pest Species of Livestock

A. Horn Fly (Haematobia irritans)

I he horn fly is a severe pest o f cattle and is found in 
.ill cattle producing areas o f the world. ILiciinitobia 
irritiins is a species found throughout Europe and 
North and South America. Haaiuuolrio inihins cxigihi, 
commonly known as a buffalo Hy. is found in Austra
lia. Horn flies were introduced into North America
011 cattle shipped from Europe and were first collected 
in N ew  Jersey in 1887. B y  1898 the pest had spread 
throughout the United States and Canada. Although 
horn Hies can feed 011 a variety o f hosts, cattle are the 
only host on which reproduction can take place since 
the larvae develop in fresh bovine dung. Horn Hies 
remain on the animal continuously with the exception 
ot the tune females leave the host to oviposit. Each 
temale may produce 20-24 eggs per oviposition cycle 
with a total ot up to 400 eggs per lifetime. Eggs 
usually hatch within 24 hr and depending 011 the tem
perature conditions, adults can be produced within 8 
to Ifi days after oviposition Very large numbers ot 
adult Hies can occur on cattle, with two population 
peaks common 111 the southern United States, oc
curring in early and late summer. In the more north

ern reaches ot the distribution .1 single population 
peak occurs in midsummer. Since numbers can range 
trom 500 to several thousand Hies per head on grown 
cows, significant blood loss and irritation can result 
as the horn Hy feeds 20 to 30 times per clay and both 
sexes pierce the skin to feed.

B. Stable Fly (Stomoxys calcitrans)

The stable Hy is the only Stomoxys species occurring 
in North and South America. I11 Africa, .S', nigni is a 
very important species. Stable Hy eggs are deposited 
in animal fecal matter mixed with soil, straw, hay. 
or silage. They can also be found 111 wet straw or hay. 
grass clippings, and fermenting algae 011 sea coast 
beaches. Recently, breeding sites have been associated 
with retuse collecting around the base ot round hay 
bales. This situation lias caused stable Hies to become 
more o f a pasture pest. Incubation o f eggs ranges 
trom I to 3 days with the life cycle being completed in
2 to 3 weeks depending 011 moisture and temperature 
conditions. T he adult stable Hv can be distinguished 
trom other Hies ot its si/e bv their distinct biting 
mouth parts which appear as .1 bayonet protruding 
from under the head. The adult stable Hv. both males 
and females, is a persistent feeder and can cause con
siderable irritation to host animals. Stable Hies gener
ally feet! only once a day but those Hies feeding early 
111 the morning may feed a second time later in the 
day. The average life o f an adult stable Hv is approxi
mately 2 to 3 weeks.

C. Face Fly (Musca autumnalis)

The face Hy was introduced into North America 111 

1951 and spread from Nova Scotia south to South 
Carolina and west to California. The adults feed on 
body secretions and become especially annoying to 
animals as they feed 011 facial secretions such as tears, 
nasal mucous, and saliva. Flies also teed 011 other body 
discharges such as blood and milk trom which they 
obtain their protein source tor development ot their 
eggs. Face Hies spend only a short period o f time 011 

the animals with the remainder o f time being spent
111 bushes, trees, and other vegetative and stationary 
objects. Adult face Hies can be found on cattle 111 

pastures from March to November depending on the 
locality 111 the States. Face Hies lav their eggs on the 
surface ot fresh cattle dung deposited on pasture and 
range land, l arvae burrow into and feed 111 the dung 
and after maturation they disperse into surrounding 
soil when they pupate. 1 X  velopmental times for eggs.
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larvae, and pupae depend on environmental condi
tions with av erage time trom eggs to adult requiring
12 to 20 days. Adults have a life span ot 2 to 4 weeks. 
Adult tacc Hies are strong flyers capable ot transfer 
between widely separated herds ot cattle. Diapause 
occurs in the adult stage where clusters of overwinter
ing face flies can be found inside buildings and other 
man-made structures. The effects ot face flies on cattle 
are both direct and indirect. Feeding flies can damage 
eye tissue which enhances the transmission of the 
bacterium .Moraxella bovis the etiological agent ot 
“ pinkeye" (infectious bovine keratoconjunctivitis). 
Face flies also vector nematode eyeworms in the genus 
Tlwhi'iti for which they serve as a necessary alternate 
host in North America.

D. House Fly (Musca domestica)

I louse flies are generally associated with livestock fed 
in confinement. The fly feeds on a variety o f animal 
excreta and garbage and provides very little direct 
irritation to cattle. Eggs are laid as clusters within 
cracks and crevices in moist decaying organic sub
strates. Fgg developmental time varies with tempera
ture conditions with about 3 to S days to complete 
the larval period. The pupal stage lasts from 3 to 10 
days, with the adult stage lasting for 3 or more weeks.
I louse fly populations can become very large near 
poorly managed livestock facilities and may become 
a public annoyance. In this regard, they are one of 
the insect species most important to livestock produc
tion as an increasing number o f producers have suf
fered legal action when they have tailed to adequately 
control house flies. This is especially important as 
housing developments encroach on livestock opera
tions.

E. Tabanids (Numerous Species)
The biting flies in the family Tabanidac are a large 
and cosmopolitan family o f bloodsucking flies, com
monly known as horse flies or deer flies. Tabanids 
can range in size from (i to 10 mm in the smaller 
species up to 25 111111 in the larger ones. They are 
strong flyers and serious pests ot cattle, horse, deer, 
and other warm-blooded animals. At times the genus 
(Clnysops can be particularly persistent to man. On ly 
the females take blood meals but the mouth parts are 
bladelike and function as cutting instruments which 
cause .1 very irritating wound. The breeding habits 
are aquatic or semi-aquatic although some persistent 
species can be terrestrial. Most Tabanid species have

one generation per year; however, some species may 
require 2 or 3 years to complete a generation. A l
though Tabanids may be involved in the transmission 
o f protozan, helminthic, bacterial, or viral diseases 
of animals, in most cases the transmission is merely 
mechanical. T w o  of the more important diseases 
transmitted in cattle are anaplasmosis and anthrax.

F. Mosquitoes (Numerous Species)
Mosquitoes are a large group of biting flies con
sisting o f approximately 3000 species worldwide. 
As in all dipterous insects there are four stages in 
the life cycle o f mosquitoes, the egg, larvae, pupae, 
and adult. The life cycles and behavior ot individual 
species vary considerably, but most can be placed 
into one o f three representative groups typical ot 
those found in the genera Aetles. Anopheles, or Of/e.v. 
Ch/c.y mosquitoes lay their eggs side by side formed 
into a “ raft" that generally contains between 100 
and 300 eggs. When these eggs mature, they w ill 
hatch regardless o f the availability o f  water. Anophe
les mosquitoes lay eggs singly on the water surface 
and can produce over 200 eggs per oviposition 
cycle. These eggs usually hatch w ithin 2 to 3 days 
with development continuing in the water. Aeries 
lay their eggs on moist substraits where they mature 
and await adequate moisture to stimulate hatch. In 
some cases, such eggs remain viable tor up to 3 
years if  hatching conditions are unfavorable. The 
larvae o f all mosquitoes are aquatic and occur in a 
wide varictv o f habitats. These include permanent 
ponds and marshes, flooded pastures, tree holes, 
indentations in the ground, and an assortment ot 
water-holding artificial containers. O n ly  the female 
mosquito feeds 011 blood and most species require 
a blood meal before oviposition can occur. Female 
mosquitoes take several blood meals and can pro
duce multiple batches of eggs. The females that 
oviposit 011 water are capable ot hibernation and 
may live for 6 months or longer. Female mosquitoes 
are also good flyers and can migrate long distances 
o f up to 20 miles. Mosquito populations vary greatly 
in numbers and can reach large populations under 
suitable conditions. Mosquitoes are vectors o f Vene
zuelan, Western, and Eastern equine encephalitis in 
horses.

G. Simulium (Numerous Species)
A number o f species com m only known as black flies, 
buffalo gnats, or turkey gnats are included 111 this
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group. Female black Hies deposit their eggs on the 
surface of objects near water where they are kept 
moist. Some species occurring along rivers often lay 
eggs on the surface o f moving water. These eggs will 
eventually sink to the bottom and as the larvae hatch 
they w ill become attached to stones, branches, plants, 
or other debris in swift-flowing water. The duration 
o f the larval period varies from a few weeks to almost 
a year depending 011 the species. Pupal development 
ranging from several days to several weeks is followed 
by adult emergence. The females o f most black fly 
species are blood feeders and some species may attack 
domestic animals. Siiuuliuni I'ittatiim often feeds 011 

the ears ot horses and cattle causing pain, scabbing, 
and irritability. The southern buffalo gnat. Cnepliia 
pcaiiHum, attacks livestock and can reach such large 
population levels that livestock are sometimes suffo
cated.

H. Culicoides (Numerous Species)
The primary genera o f biting gnats. C.ulicoides, con
tains species that are pests o f livestock. These biting 
gnats are almost exclusively aquatic in the larval stages 
and w ill occur in a variety o f habitats including the 
margins o f streams and lakes, ponds, salt marshes, 
swamps, and rice fields. Species o f (jilieoiiles are dis
tributed widely throughout the United States and feed 
principally 011 livestock in the early evening and night
time. Livestock maintained outdoors may be exposed 
to nocturnal attacks throughout most o f the summer. 
Numerous viral pathogens have been isolated from 
Culicoides and these include the important livestock 
diseases bluetongue, Eastern equine encephalitis 
(E E E ) ,  Venezuelan equine encephalitis (V E E ) .  and 
bovine ephemeral fever.

I. Screwworm (Cochliomyia hominivorax)

There are several species o f Hies that cause myiasis or 
the infestation ot organs and tissues o f animals by Hy 
larvae where they feed upon either the live or dead 
tissues or 011 the ingested food o f the host. There are 
three species o f Hies that produce obligate myiasis, 
Coiltlioniyia hominii'orax. Chrysoiuya bczziana, and 
IVohlJiilntiii inagnifica. Cochlioniyia hoiuinii’orax screw
worm is the primary screwworm (N W S ) distributed 
throughout the Americas. The New World screw
worm (N W S ) is strongly attracted to the wounds and 
sores ot animals and can inflict damage to an animal 
suttering from a wound as small as .1 tick bite. Eggs 
are attached to the host immediately surrounding the

wound and incubation takes place in less than 24 hr 
under suitable conditions. Larvae may feed from 3 to 
5 days after which the mature larvae fall to the ground 
and pupate. The pupal stage lasts about 7 days fol
lowed by adult emergence. Egg to egg development 
time usually requires about 3 weeks under optimal 
conditions. The N W S  has been eliminated from the 
United States and Mexico by releasing sterile flies to 
mate with fertile native females. This cross-mating 
between the sterilized male and the w ild  female results 
in sterile egg production, thus eliminating or control
ling this species. In the old world, C . bczziaua occu
pies a position similar to that o f  the N W S . They 
mostly attack domestic animals or cattle but as is the 
case with the N W S  any warm-blooded animal can be 
infested including man.

J. Cattle Grub (Hypoderma spp.)
There are two species ot cattle grub that exist through
out North America and Europe. The common cattle 
grub, Hypoderma linealuin, is present in the southern 
United States and Canada whereas the northern cattle 
grub, / /. boi’is, is present in the northern half o f the 
United States and Canada. These two species are host 
specific, and under normal conditions infest only cat
tle. I he adults (heel Hy) o f these tw o species have 
mouth parts which are nonfunctional; thus, they only 
live 2 or 3 days. The female heel Hy is capable o f 
laying eggs immediately upon emergence from the 
puparium once she is fertilized. Eggs are oviposited 
011 the hairs, usually 011 the legs ot animals with 500 
to 800 eggs being produced by one female. These 
larvae hatch in 4 to 5 days and crawl down the hairs 
o f the animal and enter the skin. Upon entering the 
animal the common cattle grub arrives in the gullet 
after about 2 months o f  migration. The northern cattle 
grub migrates to the tissue surrounding the spinal 
column. At these sites the larvae feed for a variable 
length ot time after which they migrate to the back 
ot the animal where they cut holes in the hide and 
complete development for an additional 2 or 3 
months. These grubs cause warbles, a condition visi
ble 011 the backs o f animals, usually occurring between 
September and February depending 011 the locality. 
Upon completion o f the development cycle, the third 
instar larva drops from the back o f the animal and 
pupates in the soil. The adult emerges in 1 to 2 
months. Although there can be considerable irritation 
caused by the first instar larvae penetrating the skin 
or by the adult Hy 111 her efforts to oviposit on the 
animal, most o f the damage is done by the larvae
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cutting holes 111 the hide. There .ire no known effective 
cultural controls tor this pest but many ot the systemic 
pesticides registered tor use are efficient 111 the control 
o f these pests.

K. Sheep Bot Fly (Oestrus ovis)

The sheep bot fly. Oestrus ovis, commonly intests 
sheep and goats. The adult bot flies have nonfunc
tional mouth parts resulting in very short life periods. 
Females are active during the heat o f the day from 
late spring to autumn. They deposit newly hatched 
larvae near the nostrils ofthe host. These first instar 
larvae crawl into the nasal passages and feed 011 mu
cous secretions. Larvae finally reach the upper nasal 
passages and sinuses where they attach and complete 
their development. Mature larvae crawl out ot the 
nostril, drop to the ground, and pupate in the soil. 
Although animals are seldom killed by these flies, the 
larvae cause inflammation o f the nasal membranes 
w hich is annoying to the sheep and interferes with 
normal grazing habits.

L. Horse Bot Fly (Numerous Species)

There are three species o f horse bot flies, ( uistcrophi- 
lus intfstiihilis (horse bot fly), ( j. thisdlis (throat bot 
fly), ( j .  Ihiciiionlioiiliilis (nose bot fly), which can 
cause considerable annoyance to horses. As the adult 
mouth parts ot these species are nonfunctional, the 
duration o f the adult stage is relatively short. The 
adults mate shortly after emergence and the female 
begins ovipositing almost immediately thereafter, 
liggs are attached to hairs 011 the host's body and 
the newly hatched larvae penetrate the soft tissues 
of the mouth where they remain approximately 3 
weeks. After this time the larvae migrate to the 
stomach or small intestine where they become 
attached to the walls. Upon completion o fthe larval 
cycle which lasts several months, the full grown 
larvae pass out with the feces. Pupation takes place 
in the soil and adults emerge 2 weeks to 2 months 
later depending 011 climatic conditions. The horse 
bot fly may oviposit 500 to 1000 eggs per female. 
Incubation period tor horse bot fly eggs is about 5 
days after which they can be stimulated to hatch 
by the warmth and moisture from the host's tongue. 
This fly usually attaches its eggs to the inside ot 
the tore legs but may also attach eggs to the outside 
o fthe  legs and the flanks. The throat bot fly attaches 
us eggs to the host beneath the jaw. These eggs 
may hatch within 4 to 5 days without a required

external stimulus. T he new ly hatched larvae crawl 
along the skin to the horse's mouth where they 
penetrate the soft tissue. This species attaches itself 
to the pyloric region o f the stomach or to the upper 
portion o fth e  duodenum. The nose bot fly attaches 
its eggs 011 the upper and lower lips ot horses. 
Hatch occurs 111 approximately 2 days and the larvae 
burrow into the tongue or lips where they remain 
for about (> weeks. After migration, they attach 
themselves to the pyloric region ot the stomach or 
to the duodenum.

Reactions o f horses to ovipositing female bot flies 
may be so violent that they injure themselves. First 
instar larvae cause irritation and pus pockets when 
burrowing in the oral tissue. The attachment ot larvae 
to the stomach and duodenum walls interferes with 
digestion. Although chemical treatments are effec
tive, sponging the eggs ot these flies while attached 
to the hair o f the horses can induce hatching after 
which the larvae may be washed away thus reducing 
the worm  burden 011 the animal.

M. Ticks and Mites

Ticks and mites belong to the order Acarina and al
most all terrestrial vertebrates are subject to attack by 
these pests. The lxodidae or hard ticks attach to their 
hosts for long periods o f time and are the ones most 
often seen on livestock. The Argasidae or soft ticks 
feed for short periods and prim arily at night. Ticks 
feeding alone, even without the transmission ot 
pathogens, can cause damage to livestock, l icks can 
cause anemia and irritation trom their presence 011 

the animal. Flost nutrition influences ticks feeding 
success. It has been noted that animals 011 low  protein 
diets produce more ticks than animals on proper diets, 
with cattle in a weight loss situation producing more 
ticks than those in a gaining stage. Blood losses are 
accompanied by some toxicosis caused by the ticks 
salivary secretions. Toxicosis and paralysis from tick 
bites are two serious conditions ot tick feedings. Der
matosis, exsanguination, and disease transmission are 
effects of tick feedings. Because ticks are persistent 
bloodsuckers, their slow feeding 011 a wide range ot 
hosts and their longevity make them especially im 
portant as vectors o f diseases. The reproductive po
tential o f ticks is great as some species may deposit 
up to 20,000 eggs. A ll tick species pass through tour 
stages as eggs, larvae, nymphs, and adults. T im e re
quired for complete development from egg to adult 
is from several weeks to 3 years. Larval ticks emerging 
from eggs 011 the ground com monly climb onto
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grasses or other low  vegetation from which they are 
picked up by grazing or passing animals. Ticks can 
be classified as one-, two-, or three-host ticks. When 
feeding is completed on one animal, as in the case o f 
Boopliilns tinnuLitus, it is a one-host tick. In Rliipiccplia- 
Itis crcrtsi, a two-host tick, the larvae and nymph w ill 
feed on one host and a second host is required by the 
adult to feed and complete its development. Dcnnaccn- 
tor andcrsoni is an example o f a three-host tick. The 
larvae engorges 011 small mammals after which it 
drops to the ground to molt. The nymphal stage 
feeds 011 other small mammals and then drops to the 
ground, molts, and then becomes an adult. As an 
adult, the tick requires a third host upon which it 
feeds and then returns to the ground where the female 
lays her eggs. There are about 661) species o f hard 
ticks. The species most commonly found are Ixodes 
suipuLiris (black legged tick), Amblyoniniti iinicnciinimi 
(Lone Star tick), .4. cajcnncnsc (cajenne tick). \. niacu- 
Litnnt (C u lf  Coast tick), /). iilbipictus (w inter tick), B. 
annuhuus (cattle fever tick), and B. niicropliis (southern 
cattle tick). Amblyoniniii I’liricgatmn is an African spe
cies which has been introduced into the Caribbean 
from Africa and is a threat to cattle production in the 
Southern United States as it is a vector o f heartwater 
fever. Boopliilns niicropliis and B. aiuiuLiins, officially 
eradicated from the United States, are both found 111 

Mexico and continue to be threats to the United States 
cattle producers as these ticks are v ectors o f the Texas 
cattle fever. Strict quarantine procedures are in effect 
to prevent these species from being imported 011 live 
animal shipments from Mexico. Boopliilns niicropliis 
is also a serious pest o f cattle in Australia, Central 
and South America, and Africa.

Closely related parasites o f livestock are species o f 
mites which can affect the health ofanimals by causing 
dermatitis, loss o f blood or other tissue fluids, transfer 
of pathogenic agents, and strong allergic reactions to 
their host. Psoroptcs oris (sheep scab mite) and P. boris 
are found 011 sheep and cattle. The life cycles can be 
completed entirely on the host animal. The parasitic 
stages do not burrow into the hosts’ skin but the host 
may become covered by scab formations caused bv 
the feeding o f this pest. Infestations 0 1 1  sheep generally 
affect the body parts most densely covered with wool. 
The irritation causes the wool to become rough and 
matted at the site o f infestation. These mites are 
usually at their highest population peaks during the 
winter months. Sheep scab has been eliminated from 
U .S . flocks. Psoroptcs boris scab 011 cattle is related to 
the mite found on sheep and is still present 111 the

United States. Severe dermatitis can result in the death 
of the animal if  left untreated.

Females of the itch mite (Sarcoptcs scnbici) burrow 
into the outer layers o f skin depositing eggs as they 
do so. Larvae and nymphs may burrow also but are 
most frequently found in hair follicles in the skin and 
reaction o f the host caused by the burrowing activity 
results in intense itching. This often is complicated 
by secondary infections known as sarcoptic mange 
subsequent to the scratching. One o f the more im 
portant species belonging to this group is Sarcoptcs 
sciibici variety suis which occurs on swine.

Chonoptcs boris. the chorioptic mange mite, spends 
its entire life cycle 011 its host which includes cattle, 
horses, sheep, and goats. These mites do not burrow 
into host skin but the mouth parts are used to prick 
the skin as the mite feeds. The resulting mange is 
usually confined to certain areas o f the body such as 
tile neck, tail, or lower legs.

V. Role of Introduced Pest Species in 
U.S. Production

Many of the livestock pest species present in the 
United States today are species that have been intro
duced from other countries as demonstrated by the 
horn fly and face fly which were introduced from 
Europe. Boopliilns ticks and the N ew  World Screw- 
worm as well as sheep scabies have been eradicated 
from the United States. However, since these species 
all still reside in land masses near to or adjacent to 
the U .S . mainland, the possibility o f reintroduction 
continues. The tropical bont tick. Aniblyoninui I’liricgn- 
tmi 1, is present in the Caribbean and poses a threat to 
U .S . livestock production especially in the southeast
ern states. All ot these species are capable o f reducing 
the efficiency o f animal production in the United 
States and strict quarantine procedures to prevent 
their introduction are carried out by U .S . regulatory 
agencies. United States producers need to be aware 
o f the threat o f the reintroduction of these species and 
must report any suspect pest species to regulatory 
agencies. To guard against importation o f these spe
cies. animal imports should be certified free of these 
pests upon departure trom the exporting country. 
Upon arrival in the United States they should be 
adeuuatcly inspected for pest species and treated with 
appropriate prophylactic insecticides. Upon treat
ment. animals are held in quarantine facilities prior 
to their transport to final destinations in the United 
States.
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