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Nutrition of the grazing ruminant 

J.L. BLACK 

CSIRO, Division of Animal Production, Prospect, P.O. Box 239, Blacktown, 2148, Australia. 

ABSTRACT 

Ruminants grazing pasture rarely approach their genetic potential for meat, milk or wool production. There are wide differences also between 
plant species and betweenleaf, stem and inflorescencefractions in their capacity to sustain animal production. The relatively low productivity 
of grazing ruminants and the differences between plant components in nutritional value can be explained from an understanding of the factors 
that determine nutrient supply to the animal’s tissues and the efficiency of metabolism. Nutrient supply to the tissues depends on (i) the nutrient 
contents of the forage available, which varies between plant species, their component parts, their stage of maturity and the growing conditions; 
(ii) the pasture components actually selected by the animal which am intluenced by ease of eating, taste, odour and tactile characteristics of 
the plant material available, its water content, the structure of the sward, the dimensions of the animal’s incisor arcade and its previous 
experience; (iii)the amount of each selected component eaten, whichisinfluenced bythepotentialof theanimal to utilizenutrients,the capacity 
of the ret&lo-mmen and factors that affect the rate of digestion and outflow of organic matter from the rumen. and the time spent in eating 
and ruminating activities; (iv) modifications of consumed nutrients by rumen microbes, particularly the extent of breakdown of plant protein 
and the relative proportions of volatile fatty acids produced, (v) the efficiency of biochemical reactions metabolising the absorbed nutrients. 
Although a great deal is known about the way each of these factors influence nutrient supply to grazing animals, the complexity of the 
interactions&tweenthemoftenmakesitextremelydifficulttoidentifythespecificreasonsforreducedperformanceinanyparticularsituation. 
However, by integrating current concepts and knowledge using computer simulation techniques, the factors limiting nutrient supply to the 
animal’s tissues can be determined and the value of alternative management strategies for improving animal productivity assessed. 

Keywords Grazing ruminant, pasture composition, diet selection, feed intake, rumen function, nutrient metabolism, computer simulation. 

INTRODUCTION 

Rarely do animals grazing pasture approach their ge- 
netic potential for meat, milk or wool production. For 
example, lambs fed reconstituted cow’s milk under 
ideal environmental conditions are known to grow at 
rates in excess of 500 g/d (Hodge, 1974), but seldom do 
grazing lambs achieve growth rates over 330 - 350 g/d 
(Ulyatt, 198 1). Furthermore, individual pasture species 
and plant components all vary widely in their capacity 
to support animal production. Ulyatt (198 1) observed 
that lambs eating white clover (Trifofium repens) grew 
at 330 g/d, whereas animals consuming perennial 
ryegrass (L&urn perenne) grew at only 227 g/d. Irri- 
gated summer pasture containing predominantly 
paspalum (Paspalum dilatatum) supports lamb growth 
rates as low as 60 g/d (Black et al., 1979). Annual 
pastures that sustain growth rates of 200 - 300 g/d in 
their vegetative phase, often are unable to maintain live 
weight when mature (Purser, 1981). The leaf compo- 
nent of grasses and legumes is eaten in greater amounts 

and sustains a higher rate of animal performance than 
the stem fraction (Minson, 1981). 

The differences between plant components in 
their capacity to sustain animal performance and the 
relatively low productivity of grazing animals arise 
because the nutrients available to the animal’s tissues 
vary widely and are less than required for maximum 
production. Nevertheless,thenutritionalvahreofpasture 
plants can be improved, for example, by fertiliser ap- 
plication to the soil (Ozanne et al., 1976; Rees and 
Minson, 1978), by physical or chemical treatment 
(Thomson and Beever, 1980) and by the provision of 
supplementssuchasproteinoraminoacids(Blacketal., 
1979,Barry, 1981,Doveetal., 1985),urea(Stephenson 
andHopkins, 1985)ortraceminerals(Panggabeanetal., 
1985). The purpose of this paper is to identify the 
factors responsible for differences between plant 
components in their ability to provide nutrients to 
grazing ruminants so that ways of improving the nutri- 
tional value of pasture plants for animals may be de- 
veloped. 
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FACTORS AFFECTING NUTRIENT SUPPLY NUTRIENT CONTENT OF FORAGE 
AND UTILISATION COMPONENTS 

Most pastures contain a range of plant species and, 
within each species, the proportions and chemical 
composition of leaf, stem and inflorescencevary widely 
with season. The supply of nutrients to the tissues of a 
ruminant grazing these pastures and the efficiency with 
which the nutrients are utilised for body functions 
depend on (i) the nutrient contents of the foragecompo- 
nents available, (ii) the actual components selected by 
the animal, (iii) the amount of each selected component 
eaten, (iv) modifications to consumed nutrients by 
rumen microbes, and (v) the efficiency of biochemical 
reactions metabolising the absorbed nutrients within 
the animal. A great deal is understood about many of 
these processes, but some areas require further clarifi- 
cation. 

The chemical composition of pasture plant material 
varies widely between species and their component 
parts such as leaf, stem, flower and seed. The compo- 
sition of each component within a species can change 
markedly as the plant matures, and composition also 
varies with growing conditions. Some of these differ- 
ences are illustrated in Table 1. Clovers tend to have 
less cell wall constituents than grasses at the same stage 
of maturity, but they have greater proportions of storage 
and soluble carbohydrate, protein and lipid. Leaves 
contain considerably less total cell wall material, par- 
ticularly lignin, than stem from the same plant and this 
is compensated for by greater proportions of other 
carbohydrates, protein and lipid. Similar changes occur 
within individual leaves as they mature and senesce as 
is illustrated by the Danthonia linkii example in Table 

TABLE 1 Effect of species, plant component and maturity on the chemical composition of pasture (40 dry matter). 

Plant material CWe Lignin Pectin Soluble TN~ Non-protein Lipid Ash 

Carbohydrates Protein Nitrogen 

Whole plant: vegetativeb 

White clover 38.8 
Perennial ryegrass 44.8 

Rant components’ 

White clover: flowering 
green leaf 21.8 
stem 39.9 
flower 45.4 

Stage of maturity’ 
Danthonia linkii: vegetative 
green leaf 58.1 
stem 69.1 

Dandonia linkii: flowering 
green leaf 69.4 
dead leaf 74.0 
stem 84.6 
flower/seed 59.4 

8.2 7.1 7.9 22.0 0.62 9.3 10.3 
6.8 1.4 12.6 17.4 0.49 6.6 12.7 

6.1 10.6 6.3 29.5 0.99 5.6 9.9 
18.9 7.8 6.8 13.8 0.87 3.2 9.3 
16.4 9.7 3.8 19.9 0.99 2.7 8.0 

3.2 2.5 8.1 11.1 0.20 2.7 9.4 
5.3 2.2 10.9 5.2 0.24 1.0 6.5 

6.0 1.1 2.3 11.2 0.15 2.8 9.1 
8.4 0.9 0.7 3.8 0.11 2.3 9.3 
9.6 0.7 2.3 1.8 0.09 0.8 5.1 
5.2 0.1 0.15 8.0 0.20 2.0 4.8 

’ CelI wall constituents 

b Black ef al.. (1982) 

’ W.F. Colebrook, G.J. Faichney, J.L. Black unpublished analyses by methods of Faichney & White(1983). 
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1. Nitrogenous fertilizers increase the protein and non- 
protein nitrogen content of the plant, usually at the 
expense of water soluble carbohydrates. Fertilizers 
containing phosphorus, potassium, sulphur and trace 
elements generally increase the concentration of these 
elements in the plant material and improved growth is 
often associated with increased cell wall constituents 
(ReesandMinson, 1978). Weathercan alsoaffectplant 
composition. Low light intensity reduces the soluble 
carbohydrate content of plant cells and increases the 
non-protein nitrogen, water and ash content (Deinum, 
1966). Plants grown under shade contain less cell wall 
constituents than thosegrown in full sun andsomegrass 
species produce increased proportions of leaf when 
grownundertheseconditions(Samarakoonetal., 1990). 
Thus, within any pasture, there is normally a large range 
in the chemical composition of individual plant compo- 
nents available to a grazing animal for selection.. 

FORAGE COMPONENTS SELECTED 

Sheep and cattle grazing pastures often select a diet that 
bears little resemblance to the overall composition of 
the feed available(Leigh andMulham, 1966; Dudzinski 
and Arnold, 1973; L’Huillier et al., 1986; Lascano and 
Thomas, 1988). At the extreme, Leigh and Mulham 
(1966) observed that 80% of the diet selected by sheep 
grazing a semiarid grassland was derived from material 
that comprised only 5% of the total herbage available. 
Selection also occurs in temperate pastures which have 
less variation in the forage on offer. Barthram and 
Grant (1984) observed that sheep selectively grazed the 
leaf horizon at the top of a vegetative ryegrass sward 
and rarely penetrated to the lower levels containing 
pseudostems and dead material. Similarly, L’Huillier 
et al. (1986) found that sheep grazing a ryegrass - white 
clover pasture during summer in New Zealand largely 
bypassed the surface horizon containing predominantly 
dead reproductive stem to graze green material near the 
base of the sward. In general, sheep tend to select a diet 
containing a higher proportion of green leaf and less 
stem and dead material than is in the pasture (Rattray 
and Clark, 1984). A similar, but less pronounced, 
pattern exists with cattle (Forbes and Hodgson, 1985). 
Although there are many reports describing the diet 
selected by animals in different environments, most 
provide little basis for understanding why particular 

plant components were selected. Neither gross chemi- 
cal composition (Arnold, 198 1) nor in vine digestibility 
(Kenney and Black, 1984) of a forage are particularly 
suitable for predicting its selection by sheep. 

A series of studies was undertaken in our 
laboratory to identify and quantify some of the factors 
that determine the selection of forage components by 
sheep. These experiments showed that at least four 
factors influence diet selection; namely, (i) ease of 
eating, measured as potential intake rate when a forage 
is offered alone to trained animals for short periods, (ii) 
sensory factors relating to taste, odour and tactile stimu- 
lation, (iii) water content of the forage and (iv) the 
quantity and spatial distribution of components within 
a sward. Animal experience is also important as indi- 
cated by the increased consumption of grain in animals 
previouslyexposedtocereals(Mottersheadetal., 1985) 
and the reduced consumption of a feed by lambs when 
experiencing gastro-intestinal illness after it was first 
ingested (Burr&t and Provenza, 1989). 

MAXIMUM INTAKE RATE (g/min) 

FIG 1 Relaticx~ship between preference for forage oats (0) when 

it was offered in pairs with other forage having different potential 
intakerates. S3, wheatenstrawOmmlong;Sl,wheatenstraw 1Omm 
long; 0, dried vegetative forage oats: C, dried clover pasture; W3, 
wheaten hay 24 mm long; L, luceme hay; WI, wheaten hay 10 mm 
long (from Kenney and Black, 1984). 

Ease of Eating 

Kenney and Black (1984) showed that, when sheep 
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were given a choice between two dried forages, they 
preferred, with few exceptions, the one that could be 
eaten at a faster rate. The preference for dried forage 
oats when offered with several other forages varying 
widely in nutritional value and potential intake rate is 
shown in Figure 1. Preference was defined as the intake 
of forage oats expressed as a percentage of the total 
intake of both forages on offer; a value of 50% means 
that preference for the two forages was equal. Forage 
oats was preferred when it was offered with a forage 
with a lower potential intake rate and, except for a dried 
clover dominant pasture, the reverse occurred when it 
was offered with a forage having a higher intake rate. 

The same response was observed when poten- 
tial intake rate of a single forage was altered by chop- 
pingittodifferentlengtbs. Colebrooketul. (1987) found 
that the intakerate of a wheaten hay increased from 7 to 
25 g/min as the length of particles decreased from 30 to 
4 mm (Figure 2s). 
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FIG 2a Relationship between potential intake rate and particle 

length for a wheaten hay (from Colebrook ef al., 1987). 

When 12 mm hay was offered with one of a 
series of other lengths of the same hay, sheep consist- 
ently preferred the shorter hay that could be eaten at a 
faster rate (Figure 2b). 

Similar observations have been made for sev- 
eral other forages including luceme hay, dried forage 
oats and wheaten straw (W.F. Colebrook and J.L. 
Black,unpublished). Eachoftheseexperimentsshowed 
that sheep select strongly for forages that can be eaten 
at a faster rate and confirmed the earlier observations by 

Kenney and Black (1984) that the degree of discrimina- 
tion between forages with the same difference in intake 
rate declined as the mean intake rate of the forages 
increased. 

LENGTH OF STANDARD HAY (mm) 

FIG 2b Relationship between preference for 12 mm particles 

compared with the same hay cot to other lengths (from Colebrook et 
al., 1987). 

Sensory Factors 

When the results of all comparisons made by Kenney 
and Black (1984) wereexamined, preference was shown 
to be closely related to potential intake rate for all 
forages except the dried clover pasture. Further experi- 
ments in which small quantities of ground clover pas- 
ture were added to other forages showed that it was 
rejected because of sensory factors such as taste and 
odour. Sheep are known to respond both positively and 
negatively to the addition of various chemicals to either 
feed or water because of alterations to taste and odour 
(Arnoldetal., 1980;GherardiandBlack, 1986;Grovum 
and Chapman, 1988). 

Although the importance of sensory factors in 
determining diet preference has been recognised for 
many years (Arnold, 1966), a simple comparison be- 
tween two feeds does not necessarily give a quantitative 
measure of the difference in preference, particularly 
when one is strongly preferred. Each feed would need 
to be fed with every other feed to establish a relative 
preference ranking for a group of feeds. However, the 
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influence of sensory factors can be quantified by com- 
paring the preference for any forage with that of a 
standard forage chopped to different lengths to vary its 
potential intake rate (Colebrook et al., 1985). If the 
effects of sensory factors were similar, equal amounts 
wbuldbe selected when the test forage was offered with 
a standard forage having the same potential intake rate. 
By establishing a regression between preference for the 
test forage (e.g. Themedu, Figure 3) and the intake rate 
of different lengths of the standard forage with which it 
was offered, the intake rate of the standard hay with 
equal preference can be determined. If the intake rate 
of the standard hay that has equal preference to the test 
forage is greater than the potential intake rate of the test 
forage, the test forage is preferred relative to the stand- 
ard. Conversely, if the intake rate of the standard forage 
with equal preference to the test forage is less than that 
of the test forage, the test forage is disliked relative to 
the standard forage. The difference in potential intake 
rate of the test forage when it is fed alone and the intake 
rate of the standard forage with equal preference to the 
test forage was called IR (Colebrook el al., 1985) and is 
a quantitative measure of how much the test forage is 
liked or disliked relative to the standard forage. 

0 5 10 15 20 25 30 
POTENTIAL I.R. OF STANOARO HAY (g /mini 

I I I I 1 I 

40 32 24 16 8 0 
LENGTH OF STANDARD HAY (mm) 

FIG 3 Relationship between preference for Themeda over a 
standard hay of different lengths. PIR is potential intake rate of the 

test forage and AIRis theintake of standard hay withequalpreference 
to the test forage. IR is a quantitative measure (ghnin) of the effect 
of sensory factors on the preference of the test forage relative to the 
standard hay (from Colebrook et al., 1985). 

Colebrook et al. (1985; 1990) examined the 
preference by sheep for 23 forages relative to a standard 
wheaten hay and showed that a difference in IR of 2 g/ 
min between two forages resulted in almost complete 
preference for the forage with the higher IR. The IR 
values ranged from + 7.6 g/mm for young leaves of 
Dunfhoniu linkii, indicating that it was strongly pre- 
ferred, to - 8.4 for preflowering white clover (Trifolium 
repens) indicating that it was strongly disliked. 
Colebrook et al. (1990) showed that a ranking of pref- 
erence between forages on the basis of differences in IR 
was virtually the same as obtained when each forage 
was tested against every other forage. When the pref- 
erence between many forages is to be determined, the 
IR procedure is much quicker. 

The experiments of Colebrook er al. (1985; 
1990) suggest that over the range of potential intake 
rates from 11 to 20 g/min for the forages examined, 
sensory factors have a greater influence on preference 
than does ease of eating. The relative importance of the 
two factors is currently being studied; preliminary 
results indicate that differences in ease of eating may be 
the more important determinant of preference for for- 
ages with low potential intake rates, whereas sensory 
factors form the predominant influence for forages that 
have a high potential intake rate and are easy to eat. 

Water Content of Forage 

Kenney et al. (1984) showed that the rate of intake of 
fresh forage increased as its water content increased, 
but the rate of dry matter intake declined once the dry 
matter content of the forage fell below 40% (Figure 4). 

Limitedpreference tests with vegetative kikuyu 
grass (Pennisetum clandestinum) containing either 15 
or90%drymatter,indicatedthat watercontenthadlittle 
effect on preference. However, more extensive studies 
covering a wide range of dry matter contents showed 
that water content of a forage has a major effect on 
preference (Black et al., 1987). Preference for grass 
containing a range of dry matter contents was deter- 
mined in tests with grass containing 11,36 or 95% dry 

matter. Results of comparisons with grass containing 
11 and 36% dry matter are given in Figure 5 and show 
that sheep select strongly for grass with the higher dry 
matter content. 
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FIG4 Relationshipbetweendrymattercontentofkikuyugrassand 

the intake rate of (a) wet matter and (b) dry matter (from Kenney et 
al.. 1984). 
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FIG 5 Relationship between preference for a forage containing 

either(a) 11.4% or @) 36% dry matterand the same forage with other 
dry matter contents (from Black et al., 1987). 

Similar results were obtained when the water 
contentof driedforageoats wasincreasedbyrehydration. 
These results show that sheep select material with lower 
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water content when other forage characteristics are 
identical and that the degree of discrimination for the 
drier forage decreases as the dry matter content of the 
forage increases. A 1% increase in dry matter content 
of forages containing 10,20,35 or 95% dry matter was 
estimated to increase preference by 10,7,3 and 0.3%, 
respectively. Further studies are required to identify the 
consequences of interactions between water content of 
a forage and its potential intake rate. 

Sward Characteristics 

Sward structure can have a major influence on the rate 
ofpastureconsumption(Hodgson, 1985;Forbes, 1988). 
In order to isolate the components of sward structure 
that determine intake rate and preference, Black and 
Kenney (1984) constructed a series of artificial pastures 
in which height and density were varied independently 
by placing tillers l?om vegetative ryegrass in holes at 
different spacings in pressed hardwoodsheets. The rate 
of intake by sheep grazing thesepastures increased with 
both the height and density of pasture and was best 
described by herbage mass per unit area effectively 
covered by one bite. Intake rate of dry matter ranged 
from about 0.5 to 6 g./min and the maximum occurred 
when pasture availability was a little under 1 t/ha dry 
matter. However, subsequent studies (Kenney and 
Black, 1986) showed that both intake rate and the 
pasture availability at maximum intake rate depended 
greatly on the distribution of plant material within the 
pasture horizons. When sheep grazed artificial pastures 
of vegetative subterranean clover where most plant 
material was in thelamina at the top of the sward, intake 
rate was less affected by pasture height than for grass 
and maximum intake rate approached 27 g/min dry 
matter when pasture availability was between 2 and 3 t/ 
ha dry matter. 

Comparisons between artificial pastures vary- 
ing in height and density confirmed earlier observations 
that sheep prefer pastures that can be eaten at a fast rate 
except for the extremely dense pasture 120 mm high. 
Further comparisons with artificial pastures have been 
madetodetenninetheeffecton intakerateandpreference 
by sheep of the distribution within a pasture of com- 
ponents that are either strongly preferred or strongly 
rejected(Blacketal., 1989). Pastures wereconstructed 
with different proportions and groupings of either se- 
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nescentor young vegetative Wimmeraryegrass (Lolium 
rigidum) grass material. Sheep selected strongly for the 
young grass and the rate at which the young grass was 
eaten declined substantially as the number of tillers in 
a group decreased and it became more difficult to select 
(Figure 6). 

P 
-0 1 L 

0 10 20 

YOUNG TILLERS / GROUP 

F’IG 6 Relationshipbetweeningestion rate of vegetative. Wimmera 

tyegrass and the number of tillers in a group when interspersed with 
mature, senescent grass tillers (from Black et al., 1989). 

In addition, sheep had difficulty discriminat- 
ing between the components when they were closer 
than 20 mm from one another. There were some 
differences between animals; sheep that ate at a slower 
rate were better able to select the vegetative tillers that 
were in close proximity to the mature tillers than were 
fast eaters. Taylor et al. (1987) suggested that incisor 
arcade breadth influences the amount of forage ingested 
per bite, the minimum distance between components 
for effective discrimination and maximum eating rate. 
This could explain largely why cattle are less able to 
discriminate between forage components than sheep 
(Forbes and Hodgson, 1985). 

AMOUNT OF FORAGE CONSUMED 

Theamountoffeedconsumedbygrazingruminants has 
been estimated by Ulyatt (1984) to account for 50 to 
70% of the variation between pastures in their capacity 
to sustain animal productivity. Intake is closely cor- 
related with both the amount of pasture available per 
animal per day (pasture allowance, Rattray and Clark, 

1984)andthedigestibilityoftheforageselected(Minson, 
1982). However, there are large differences in intake 
between forages and their components when either 
pasture allowance or digestibility are similar. For 
example, the intake of white clover by grazing lambs is 
almost twice that of perennial ryegrass at the same 
pasture allowance (Rattray and Clark, 1984). Simi- 
larly, the intake of legumes offered to penned sheep is 
greater than grasses with the same digestibility 
(Demarquilly and Weiss, 1970). There is also a large 
range in the intake of individual legume and grass 
species that have thesame digestibility (hJinson, 1982). 
The intake of grass leaf is substantially greater than that 
of stem with the same digestibility (Laredo and Minson, 
1973) as is the intake of ground and pelleted forage 
comparedwiththesameforagewhenchopped(Minson, 
1982). Although intake can be correlated with certain 
pasture characteristics, this approach accounts for a 
relativelysmallamountofthevariancebetweenpastures 
(Minson, 1982) and does not explain the reason for the 
differences. 

There is now strong evidence that the volun- 
tary intake of a grazing ruminant may be limited by (i) 
the potential of the animal to use nutrients, (ii) the 
amount of digesta -mat can accumulate in the reticulo- 
rumen (hereafter called the rumen), (iii) the rate of 
removal of digesta from the rumen through digestion 
and outflow to the lower gut, and (iv) the time available 
for eating and ruminating activities (Black, 1984; 
Weston, 1985). The actual intake of an animal depends 
on its genotype and physiological state and the pasture 
components selected during grazing. 

Potential to Use Nutrients 

The upper limit to feed intake by ruminants is thought 
to be determined by the amount of energy required for 
biochemical reactions that fully satisfy the potential for 
all body functions including the maintenance of body 
temperature (Weston, 1982; Black, 1984; Weston and 
Poppi, 1987). It is likely that intake is ultimately 
controlled by “set points” in the feeding and satiety 
centresofthehypothalamuswhereperipheraIandcentral 
nervous system signals are integrated and appropriate 
responses for either feeding or the cessation of feeding 
are generated (Della-Fera and Baile, 1984). Although 
the frequency and duration of eating periods by rumi- 
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nantscanbealteredsubstantiallythroughvariousstimuli 
and management procedures, intake over a longer term 
for animals under optimal conditions appears to be 
controlled by the capacity of the animal to utilise energy 
(Weston andPoppi, 1987). Thus,maximum feed intake 
in growing animals differs between species, strain, sex 
and stage of maturity and is a summation of the energy 
needed for the net deposition of compounds in the body 
and integument, and for the animal’s maintenance re- 
quirements. Consequently, feed intake is greater in fast 
growing than in slow growing animals (Black, 1984). 
During pregnancy and lactation feed intake generally 
increases, but often not to the extent expected by the 
increase in energy demand associated with the growth 
of conceptus and milk synthesis. Weston and Poppi 
(1987) postulate that this is because hormonal changes 
occurring in the animal during these physiological 
processes result in a reduced capacity for adipose tissue 
synthesis and an increased rate of lipolysis causing a 
depression in the energy requirement for potential body 
tissue deposition. 

There is evidence that feed intake is depressed 
when the capacity of the animal to metabolise nutrients 
is reduced. Deficiencies of essential nutrients including 
amino acids, minerals and vitamins in the diet are 
consistently associated with sub-optimal feed intake 
because they reduce the rate at which the body can use 
energy (Black, 1984). Deficiencies in availability to the 
animal of either amino acids or minerals are likely to 
limit the feed intake of ruminants grazing pastures in 
many situations. 

Limits to intake due to gastro-intestinal tract 
capacity 

The feed intake required to satisfy total energy demand 
of grazing ruminants commonly may not be reached 
because of limitations due to gastro-intestinal tract 
capacity. Grovum (1987) presents evidence suggesting 
that this limit is in the capacity of the reticulum and 
rumen and not the intestines or abomasum. Thus, when 
the rumen limits feed intake, either dietary or animal 
factors that alter the amount of material that can accu- 
mulate in the rumen or its rate of disappearance from the 
rumen will affect voluntary feed intake. The magnitude 
of the effect of these factors on voluntary feed intake is 
difficult to determine experimentally, but Black et al. 
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(1982b),usingcomputer simulation techniques,showed 
that changes to the intake of sheep were particularly 
sensitive to the fractional outflow rate from the rumen 
of structural carbohydrate, its potential degradability 
within the rumen and to the amount of organic matter 
accumulation in the rumen (Table 2). 

TABLE 2 Predicted effect on voluntary feed intake by a 40 kg 

sheep given ryegrass of a 10% increase in several components known 
to affect feed intake when it is limited by mmen capacity. 

Component changed Predicted increase* in 
by 10% feed intake (g/d) 

Fractional outflow rate of plant fibre 70 

Potential degradability of plant fibre 65 

Limit to accumulation of material in rumen 40 

Proportion of fibre in forage 8 

Rate of degradation of plant fibre 7 

Fractional outflow rate of water 5 

*Basal intake was 1298 g/d dry matter. Adapted from Black ef at. 

(1982b). 

Intake appeared to be less sensitive to the 
fractional rate of digestion and the fractional rate of 
outflow from the rumen of water and solutes. 

Upper limit to rumen digesta load 

It is probable that the upper limit to rumen digesta load 
is affected by the live weight, genotype and physiologi- 
cal state of an animal., Black (1984) postulated that the 
maximum rumen digesta load of sheep increased with 
body weight in a pattern similar to that for changes in 
rumen weight with the highest value occurring at about 
50 kg body weight. However, no experiments have 
been conducted to define this relationship in different 
genotypes. Weston (1982) and Weston and Cantle 
(1982) observed that rumen digesta load was lower 
during pregnancy and higher during lactation and in 
weaners than in adult wethers. From these results, 
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Weston (1985) suggested that rumen digesta load was 
positively related to the difference between the capacity 
of the animal to use energy and the energy supplied 
from the diet; that is, the energy deficit of the animal. 
These conclusions were confirmed by Gherardi and 
Black (1989) who showed that rumen organic matter 
content in 30 kg lambs fed a poor quality wheaten hay 
decreased linearly as the amount of energy available to 
the animals was increased by infusing a balanced mix- 
ture of nutrients into the abomasum (Pigure 7). 

50 r 

0 

Ot------ 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 

Total energy infused 
(MJ/d per kg MLW) 

FIG 7 EXCZC~ of mergy infused into the abomasum per unit 

metabolic live weight &en, MLW) on the content of nnnen organic 

matter(OM)perunitdigestafreebody weight (EBW) (fromGhemrdi 
and Black, 1989). 

Thus, animals in poor condition, which have a 
higher energy demand than animals in good condition, 
eat more of a forage largely because of an increase in the 
amount of digesta accumulated in the rumen 
(Djajanegara and Doyle, 1989). 

The amount of digesta that can accumulate in 
the rumen is also affected by the packing density of the 
forage. Plant materials that contain large quantities of 
cell wall constituents tend to accumulate less material 
in a given space (Van Soest, 1975), whereas the grind- 
ing and pelleting of the stem fraction of forage is 
associated with a three-fold increase in settling volume 
when dry (Laredo and Minson, 1975). Similarly, the 
treatment of cereal straw with alkali has been shown to 
increase by 40% the amount of dry matter accumulating 
in the rumen of sheep fed ad libitum (Dunlop, 1984). 
There is also evidence that the leaf fraction of grass has 
a higher packing density than the stem fraction (Laredo 
and Minson, 1975) and that legumes pack more densely 
than grasses (Thornton and Minson, 1973). Gherardi 
(1989) showed that rumen digesta load in sheep is 
strongly associated with the concentration of organic 
matter in rumen digesta. 

Weston (1985) suggested that palatability of a 
forage also affects rumen digesta load, but recent ex- 
periments (Gherardi et al., 1990), in which the prefer- 

TABLE 3 Relative contribution of digestion, eating and rumination to dry matter (DM) clearance from the rumen of sheep fed three fresh 

forages and two hays at 950 g/d. 

Perennial Red 
tyegrass clover 

Lucerne Lucerne 

hay 

Meadow 

bay 

Rumen DM pool (g) 387 
DM digested (g/d) 569 
DM outflow (g/d) 381 
Contribution of eating to outflow (g DM/d) 189 
Contribution of rumination to OUUIOW (g DM/d) 192 

DM fractional clearance rates (d”) 

digestion 1.47 
outflow 0.99 
eating 0.49 
rumination 0.50 

341 264 554 530 
586 525 352 468 
364 427 594 475 
184 200 208 129 
180 227 386 346 

1.72 1.99 0.64 0.88 
1.07 1.62 1.08 0.89 
0.54 0.76 0.38 0.24 
0.53 0.86 0.70 0.65 

Data derived from Ulyatt et al., (1986) 
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Weston and Davis, 1986; Doyle, 1988). Interpretation 
of these studies could be confounded by other dietary or 
animal factors. In many cases, different forages were 
compared so that the differences in intake are, just as 
likely to be the result of differences in factors that are 
known to affect voluntary feed intake such as organic 
matter digestibility, rates of outflow from the rumen or 
packing density of digesta in the rumen. Other studies 
with intra-ruminal feeding techniques are unable to 
account for the possibility that a low intake rate of the 
forage presumed to be unpalatable was due to insuffi- 
cient time for ingestive and ruminating activities. 

The effect of palatability per se on long-term 
intake has been studied in our laboratory by using a 
single forage and altering its acceptability through the 
addition of chemicals that have minimal effect on 
rumen function or animal metabolism (Gherardi, 1989; 
Gherardi and Black, 1990; Gherardi et al., 1990). The 
addition of chemicals that either increase or decrease 
the preference for the forage was shown to have little 
effect on feed intake when either the treated or control 
diets were fed alone. However, when sheep were given 
a choice between treated and untreated forage over 
several weeks there was strong preference for the more 
palatable forage. These results suggest that the intake 
of a forage is little affected by palatability per se when 
only one feed is available but, when there is a choice 
between forage components with equal accessability, 
sheep will eat agreater proportion of the more palatable 
material. 

MODIFICATION OF CONSUMED 
NUTRIENTS BY RUMEN MICRO- 

ORGANISMS 

Rumen microbes are necessary for the breakdown of 
plant structural carbohydrates, but they result in a less 
efficient use of many other dietary constituents than in 
simple stomached animals. Carbohydrates, proteins, 
pectins and organic acids in the forage consumed are 
converted to volatile fatty acids (VFA), which are the 
main energy source for the ruminant animal, carbon 
dioxide and methane with the loss of heat. From 10 to 
15% of the energy from feed digested in the rumen is 
lost as methane and heat (Black, 1971). The relative 
proport.ionsofthedifferentVFAsproducedvxywidely 
depending on the chemical components degraded and 
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the pH within therumen (Murphy et al., 1982). Higher 
proportions of propionate are produced from the degra- 
dation of hemicellulose than cellulose, whereas the 
degradation of plant starch and sugars tends to produce 
VFA patterns high in both propionate and acetate and 
low in butymte. In contrast, the degradation of cereal 
starchproduceshighconcentrationsofpropionate. Thus, 
acetate production tends to be higher with forage than 
with concentrate diets. Typical molar proportions of 
VFAs produced when animals consume forage diets are 
73:20:7 (acetate:propionate:butyrate) compared with 
60:30:10 for forage-concentrate mixtures (Sutton and 
Morant, 1978). With sheep fed solely grain diets, VFA 
proportions of 50:40: 10 have been observed (Judson et 
al., 1968). The proportions of VFAproduced also vary 
with the forage species eaten and its stage of maturity. 
Milfordand Minson (1965) observed higher proportions 
of acetate and lower proportions of propionate in the 
rumens of sheep fed cocksfoot (Dactylus glomerata) 
compared with perennial ryegrass. Similarly, the rumen 
of sheep fed clovers tends to yield lower proportions of 
acetate and higher proportions of propionate than when 
grasses are eaten; Johns (1962) measured VFA molar 
proportions of 74:21:5 in sheep consuming short rota- 
tion ryegrass and 62:25: 12 in sheep eating a perennial 
ryegrass-white clover mixture. Because the synthesis 
of propionate utilises hydrogen, less methane is produced 
and more digested energy is available to the animal 
when the propionate proportion is high as is observed 
when sheep cat clovers (Graham, 1969). 

The amino acids available to ruminants for 
metabolism often bear little relation to those eaten. 
Protein flow to the intestine is of both dietary and 
microbial origin and the amount depends on the extent 
to which dietary protein is degraded and on the growth 
and outflow from the rumen of micro-organisms 
(Fiaichney and Black, 1979). With proteins that are 
rapidly and extensively degraded in the rumen, little 
dietary amino acid is absorbed from the intestine, 
whereas with other proteins less susceptible to micro- 
bial attack, significant proportions of dietary amino 
acid can be absorbed (Barry and Manley, 1984). The 
extent and rate of breakdown of forage protein are 
highly variable and depend on the nature of the protein, 
the plant tannin content and whether the protein is 
associated with structural carbohydrates in the cell 
walls. The procedure described by Gordon et al. (1987) 
indicates that the potential degradability of protein in 
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mass, species and pH within the rumen, by nutrients 
limiting the growth of the rumen microbial population 
and by the outflow rate of microbes from the rumen 
(Beever et al., 1980-81). 

Potential degradability within the rumen of 
plant fibre and protein affects the amount likely to 
remain in the rumen that has to be removed by outflow 
alone. The potential degradability of plant cell wall 
constituentsrangesatleastfrom39 to92%(Smithetal., 
1972). Black et al. (1982b) predicted that a difference 
of this magnitude would reduce the intake of perennial 
ryegrassbyabout45%. Thedeclineinpotentialdegrad- 
ability is normally associated with increasing fibre 
content and maturity of a forage. There is evidence that 
the potential degradabilityof structural carbohydrate in 
leaves is higher than that in stems with similar fibre 
concentrations (Poppi er al., 1981), and that legumes 
have lower values than grasses (Smith et al., 1972). 

Relative importance of digestion, eating and rumi- 
nating: Presented in Table 3 is an estimate of the 
relative importance of digestion, eating and ruminating 
to the removal of dry matter from therumen of sheep fed 
three fresh forages and two hays calculated from the 
results of Ulyatt et al. (1986) by Gherardi (1989). For 
the fresh forages, digestion contributed significantly 
more than outflow to the fractional rate of dry matter 
removal from the rumen, because of the high proportion 
of solubles released following comminution of the 
forage during eating. By contrast, outflow was more 
important than digestion for luceme hay, whereas both 
processes were equally important for meadow hay. The 
relative contribution of eating and ruminating to out- 
flow was similar for the fresh forages, but ruminating 
contributed two to three-times more to outflow with the 
hays. 

Time for Eating and Ruminating Activities 

The intake of pasture may be limited by the time 
available for eating and ruminating when the rate of dry 
matter intake is low. Sheep generally spend from 6 to 
10 hours a day grazing, but the actual duration depends 
on pasture availability, day length and ambient tem- 
perature (Arnold, 1981). Even under conditions of 
severe pasture shortage, sheep and cattle rarely graze 
for more that 13 and 15 hours per day, respectively 

(Arnold, 1981). Several different factors can cause the 
rate of forage intake to be so low that neither the 
animal’s potential to utilise nutrients nor its rumen 
capacity are satisfied. These include pastures with low 
availability or herbage allowance, mature forages that 
are difficult to eat and young pastures high in water 
content. Black and Kenney (1984) measured over short 
periods of time the intake rate of vegetative ryegrass 
from artificially constructed pastures and found that it 
changed from 6 to less than 1 g/min dry matter as 
pasture availability decreased from around 1 t/ha to 0.1 
t/ha. Thus, even when non-eating periods are not 
accounted for, the maximum intake of sheep eating at a 
rate of 1 g/min would be only 780 g/d. This is substan- 
tially less than the 1142 g/d dry matter reported by 
Ulyatt (1971) for young Romney Marsh wethers. 
Gherardi (1989) showed that the intake rate of chopped 
forage measured over short periods was three to four- 
fold greater than the mean intake rate during eating 
periods over a whole day. Curl1 and Davidson (1983) 
have reported feed intakes as low as 0.46 g dry matter/ 
min for sheep grazing sparse pasture. Similarly, feed 
intake has been shown to be closely related to pasture 
allowance in New Zealand grazing systems (Rattray 
and Clark, 1984). 

There is also evidence that the intake of pas- 
ture with high water content is limited by the rate of dry 
matter intake and not rumen capacity. John and Ulyatt 
(1987) found that the intake of wet forage changed little 
as the dry matter content increased from 12 to 25%, but 
the intake of dry matter increased linearly. The presence 
of a balloon containing 1.5 1 water in the rumen did not 
alter the intake of forage high in water content, suggest- 
ing that the limit to intake was not due to feedback from 
excessive bulk in the rumen. 

Effect of Forage Palatabiiity on Feed Intake 

Results from studies examining the effect of palatabil- 
ity of forage on long-term intake are equivocal 
(Greenhalgh and Reid, 1971; Minson and Bray, 1986; 
Weston and Davis; 1986; Burns et al., 1987; Doyle, 
1988). In some studies, little relationship was observed 
between preference for a forage and intake (Minson and 
Bray, 1986; Burns et al., 1987), whereas in others, pal- 
atability was inferred to be responsible for observed 
differences in intake (Greenhalgh and Reid, 1971; 
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ence for a single forage was changed by adding chemi- 
cals that either increase or decrease preference, showed 
that rumen digesta load of sheep fed ad libitum was 
unaffected by forage palatability. 

Rate of removal of digesta from the rumen 

Material can be removed from the mmen both by 
outflow to the lower gut and by digestion. The compo- 
nent of digesta most limiting the intake of pasture and 
forages by ruminants is structural carbohydrate. 

Oufflow of digesta: Flow of material from the rumen 
is determined by the frequency and amplitude of rumen 
contractions and the size and density of particles within 
therumen (Kennedy andMurphy, 1988). Many stimuli 
increase rumen motility including the physical proper- 
tiesofthediet,thedegreeofrumendistention,osmolality 
of rumen digesta, physiological state of the animal and 
climatic stress (Kennedy and Murphy, 1988). Increas- 
ing the amount of fibre in a diet generally results in a 
faster rate of passage from the rumen (Warner, 1981). 
This may be due to direct stimulation of the rumen wall 
affecting motility or it could be associated with in- 
creased salivary flow resulting from longer eating and 
ruminating times and the effect of increased osmolality 
on the outflow rate of solutes (Harrison et al., 1975). 

There are large differences between forages 
and their components in the rate of outflow of structural 
carbohydrate from the rumen. For example, the frac- 
tional outflow rate of lignin in the leaves of tropical 
grasses was 20% higher than for the stems (Poppi et al., 

1981) and that of the leaves of tropical legumes 44% 
higher than for stems (Hendricksen et al., 1981). 
Similarly, Moseley (198 1) observed that the passage of 
particulate matter during the fist three hours after 
feeding was faster when sheep were given white clover 
than when they were fed perennial ryegrass. 

Therateofoutflowofstructuralcarbohydrates 
depends primarily on the rate of breakdown of particles 
to sizes that have a high probability of passage through 
the reticula-omasal orifice (Egan and Doyle, 1984; 
Poppi et al., 1985) and on its density (Kennedy and 
Murphy, 1988). In the studies both of Hendricksen et 
al. (1981) and Moseley (1981), the material flowing 
faster from therumen was observed to be broken down 
to smaller particles during eating. It is likely that the 
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morphological structure of plants differs in such a way 
as to causes differences in tensile and shearing strength 
(Evans, 1967) 

The effectiveness of eating, as measured by 
the proportion of large feed particles reduced to small 
particles that will pass through a sieve with a pore size 
of 1 mm, varies widely between feeds and animals (Lee 
and Pearce, 1984; Ulyatt et al., 1986). It is greater for 
leaves than stems, for legumes than grasses and for 
fresh forage than hays. There are also substantial 
differences between individual grass species. Ulyatt 
(1985) found that individual sheep with slow eating 
rates were more effective in reducing particle size than 
were fast eaters. 

Rate and extent of digestion: The rate of digestion of 
a forage and the potential degradability within the 
rumen of its components can have a considerable effect 
on feed intake. Because soluble carbohydrates are 
degraded by rumen micro- organisms about 150 times 
faster and storage carbohydrates about five times faster 
than structural carbohydrates (Maeng and Baldwin, 
1976), the relative proportions of these constituents in 
a plant can affect its rate of removal from the rumen and 
its intake. For example, Black et al. (1982b) predicted 
that approximately 5% of the difference in feed intake 
betweensheepeatingwhitecloverandperennialryegrass 
could be attributed to differences in the chemical 
composition assuming the rate of fibre digestion was 
the same. However, the rate of digestion of cell wall 
constituents has been observed to vary by as much as 
eight-fold across plant materials, although variations of 
three- to four-fold are more common within a species as 
it matures (Smith et al., 1972). A three-fold change in 
the rate of degradation of structural carbohydrate in 
ryegrass was predicted to alter voluntary feed intake by 
15% (Black et al., 1982b). The results of Smith et al. 

(1972) also indicate that the rate of cell wall digestion 
in legumes is greater than that of grasses but, with both 
forage classes, the rate of digestion was positively 
related to the soluble dry matter content of the plant. 
Despite the observations of Smith et al. (1972), dif- 
ferences have not been shown in the rate of structural 
carbohydratedigestion between leafand stem fractions 
of tropical grasses and legumes (Poppi et al., 1981; 
Hendricksen et al., 1981). The rate of digestion of 
forage components is also affected by the microbial 
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both perennial ryegrass and white clover is similar after 
prolonged incubation in rumen fluid, but the rate of 
degradation is much slower for clover (Figure 8). 

PLANT PROTEIN REMAINING WI 
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INCUBATION TIME (hr) 

FIG 8 Degradation of plant protein in ryegrass and white clover 

following an in vitro incubation with mmen fluid. The plant material 
was in a young vegetative state, frozen within one. minute of harvest 
to -20°C and freeze dried. Plant protein remaining was determined by 
the method of Gordon ef al., (1987). 

This would allow more protein to flow from 
the rumen intact for sheep eating white clover than 
ryegrassaswasobservedbyMacRaeandUlyatt(1974). 
Jarrige (1989) summarisesestimates for thedegradabil- 
ity of protein in feeds measured by placing samples in 
nylon bags and incubating them within therumen for 48 
hours; values for some feeds are given in Table 4. 

This summary confirms that there is little 
difference between many temperate grasses and leg- 
umes in potential protein degradability when in a veg- 
etative state. However, potential degradability declines 
in more mature forage cured as hay and in some forms 
of silage made from mature plant material. There was 
a substantial range in potential degradability for cereal 
grains, with low values for the tannin-containing sor- 
ghum, and for oilsecds with low values in extruded 
meals. 

Condensed tannins that are found in some 
plants such as Lotus species and sainfoin (Onobrychis 
viciifoliu) bind with plant proteins during mastication 
and reduce their degradation by rumen micro-organ- 
isms. A strong positive correlation has been observed 
between the tannin content of these plants and the 
proportion of dietary protein digested post-ruminally 
(Barry and Manley, 1984). Condensed tannins vary in 
molecular weight from 7,7QO forLotu.vpeduncuZutus to 

22,000 for sainfoin. The low molecular weight tannins 
precipitate plant protein but also inactivate bacterial 
enzymes in the rumen, whereas the high molecular 
weight molecules precipitate plant proteins but do not 
affect microbial enzymes. Because of the effect on 
microbial enzymes, the low molecular weight tannins 
reduce the digestion of cellulose and hemicellulose 
(BarryandManley, 1984)andreducefeedintake(Barry 
and Duncan, 1984). 

TABLE 4 Mean values for the potential degradability of crude 

protein measured by suspending the feed in nylon bags in the nunen 
of cattle for 48 hours (after Jarrige, 1989). 

Feed Potential degradability (g/g) 

Fresh Forage 
Grasses 
Legumes 

0.73 
0.73 

Roughages 
Grasses 
Legumes 
straws 

Silages 
Grasses 
Legumes 
Maize, whole plant 
Maize, ears 

Cereal grains 
Oats 
MiliZ..Z 
Barley 
Sorghum 

Oil Seeds 
Rapeseed 
Linseed 
Pea 
Soyabean, extruded 

0.66 
0.66 
0.60 

0.78 
0.78 
0.72 
0.55 

0.78 
0.42 
0.74 
0.40 

0.90 
0.80 
0.90 
0.49 

The amount of microbial protein flowing to 
the intestine depends on the availability for microbial 
growth of energy as adenosine triphosphate derived 
from the degradation of substrates in the rumen and on 
the supply of ammonia and sulphur. The efficiency of 
microbial protein supply may be reduced when large 
numbers of protozoa are present in the rumen because 
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of they can engulf and digest bacteria and recycle 
protein within the rumen pool with a net loss of amino 
acids (Bird and Leng, 1984). The relative proportions 
of ammo acids in the major species of rumen bacteria 
and protozoa are similar and are little affected by the 
diet eaten (Purser and Buechler; 1966: Chamberlain et 
al., 1986). 

Because soluble carbohydrates are rapidly 
degraded by rumen micro-organisms, virtually no 
glucose is absorbed by ruminants eating forage diets 
(Huntington, 1984). However, when someconcentrates 
high in starch, particularly maize starch, are eaten, 
substantialamountsofglucosemaybeabsorbed(Tucker 
et al., 1968). 

Lipids generally constitute from 3 to 10% of 
plant dry matter. They are hydrolysed in the rumen 
where the fatty acids are saturated. Microbes contain up 
to 15% lipid so that the amount of lipid absorbed by 
sheepcanbegreaterthantheamounteaten (Outenetal., 
1974). In addition, rumen microbes synthesise many of 
the water-soluble vitamins required by the host animal. 

EFFICIENCY OF NUTRIENT UTILISATION 

Utilisation of Energy-Yielding Nutrients 

The efficiency of utilisation of metabolisable 
energy for growth and fattening (kr) in ruminants is 
commonly well below that observed in non-ruminants 
and varies from less than 0.2 to over 0.7 (Agricultural 
Research Council, 1980). It is negatively related to the 
metabolizability (metabolizable energy/gross energy) 
and fibre content of the diet. However, even with 
forages having similar metabolizability, values of 0.44 
and 0.33 have been observed for spring and autumn cuts 
of the same grass (Corbett et al., 1966) and of 0.51 and 
0.33 for white clover and perennial ryegrass (Rattray 
and Joyce, 1974). 

The consequences on animal performance of 
varying k, of a diet from 0.23 to 0.46 are illustrated in 
Table 5 for a 20 kg weaner lamb eating 1000 g/d dry 
matter from white clover using the simulation model 
described by Black (1984). Clearly, variation in k, of 
the magnitude commonly observed has a major effect 
on animal productivity. The variation in krbetween diets 
results from differences in the particular nutrients me- 
tabolised and the energetic efficiency of the compet- 
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ing biochemical pathways. 

TABLE 5 Predicted effect on animal performance of changing k, 

from 0.23 to 0.46 in a 20 kg weaner sheep eating 1000 g/d white 
ClOWS. 

% 
0.23 0.35 0.46 

Liveweight gain (g/d) 180 245 33s 
Fat deposition (g/d) 48 73 98 
Protein deposition (g/d) 23 33 42 

Blaxter (1962) attempted to explain the nega- 
tive relationship between kr and the fibre content of 
diets through the greater proportional production of 
acetate and its less efficient use by the animal. How- 
ever, Tyrrell et al., (1979) found that the efficiency of 
acetate utilisation depended upon the basal diet fed. 
Higher efficiencies resulted when acetate was infused 
into the rumen of cattle eating hay and concentrates than 
cattle eating only hay. MacRae and Lobley (1982) 
suggested that the efficiency of acetate utilisation is 
influenced by the production of the co-factor NADPH, 
which is needed for the biosynthesis of fatty acids from 
acetate. They argued that, when the supply of glucose 
or its precursors, propionate and amino acids, was 
insufficient to produce the NADPK, required for this 
reaction as would occur with animals fed forage diets, 
energy was lost as heat through inefficient substrate 
cycles. Limited experimental evidence supports this 
contention. A computer model that simulates the me- 
tabolism of absorbed nutrients in sheep also indicates 
that this explanation is tenable (Black et al., 1987a). 
Investigations with this model of variations in the 
pattern of absorbed nutrients and in the proportion of 
energy deposited in the body as either protein or fat, 
indicate that the efficiency of utilization of absorbed 
energy is a function of both the biochemical efficiency 
of utilization of absorbed nutrients for specific body 
functions and the inefficient use of adenosine 
triphosphate through substrate cycles when its concen- 
tration rises to unphysiological levels, such as occurs 
when the utilisation of acetate is inhibited by inad- 
equate NADPH, supply. 

Absorbed lipid was predicted to be used with 
the highest efficiency, varying from 0.69 to 0.74, de- 
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pending on the ratio of other nutrients (Black et al., 
1987b). These values are similar to experimental obser- 
vationsthatrangefrom0.61 too.84 (Czerskawskietal., 
1966; Garrett et al., 1976) Amino acids were predicted 
to be used with an efficiency of from 0.24 to 0.47 
depending largely on the proportion that was either 
incorporated into body protein or catabolized. Addi- 
tional acetate was predicted to be used with an effi- 
ciency of 0.57 to 0.70 depending on the supply of other 
nutrients when NADPH, was not limiting the conver- 
sion of acetyl-CoA to fatty acids. Tyrrell et al. (1979) 
measured an efficiency of 0.69 in cattle fed hay and 
concentrates. However, when NADPH, was predicted 
to be limiting acetate utilization, the k, of additional 
acetate was predicted to be as low as 0.16 which is 
comparable with 0.10 observed by Hovel1 et al. (1976). 
This value was predicted to increase substantially when 
the proportion of energy derived from propionate, glu- 
coseoramino acids was increased (Blacketal., 1987a). 

When the effects of increasing energy absorp- 
tion from whole diets was simulated, the ratio of VFA 
and glucose had little effect on k, for intakes near 
maintenance with predicted values ranging from 0.6 1 to 
0.64. However, the k, at higher intakes declined from 
0.55foradietprovidingVFAsintheproportion60:30:10 
(acetate:propionate:butyrate) and 10% of the absorbed 
energy as glucose to 0.32 when VFA were in the 
proportions 73:20:7 and 1% of the absorbed energy was 
from glucose. These predictions indicate that the effi- 
ciency of utilization of energy from some forages, when 
consumed at high rates, may be limited by the availabil- 
ity of NADPH,. Hence an increase in the absorption of 
glucose and other soluble carbohydrates, propionate or 
amino acids may result in an improved efficiency of 
energy utilisation of ruminants grazing poorer quality 
forages. 

The investigations using the simulation model 
indicate that the efficiency of utilisation of absorbed 
energybyruminantsisafunctionofboththebiochemical 
efficiency of utilisation of absorbed nutrients for spe- 
cific body functions and the inefficient use of adenosine 
triphosphate through substrate cycles such as the ac- 
etate - acetyl-CoA cycle when the utilisation of acetate 
is limited by insufficient NADPY. Collation of the 
predictions from all simulations (Figure 9) shows a 
strong negative dependence of k, on adenosine 
triphosphate utilisation through the degradation path- 

way. Apart from the low values associated with amino 
acid supplementation of protein deficient diets, all 
values less than 0.5 were associated with a flux of at 
least 1 mole/d through the degradation pathway. 
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FIG 9 Relationship between predicted k, and mean degradation of 

adenosine triphosphate through substrate cycles for a variety of 
conditions; o, yariation in propensity for protein synthesis; 0, varia- 
tion in protein glucose and lipid content of absorbed nutrients;& 
supplementsofaminoacids; A,supplementsoflipid;O,supplements 
of acetate. (from Black et al., 1987b). 

Utilization of Protein and Amino Acids 

The efficiency of utilisation of absorbed amino acids 
depends on the amount absorbed in relation to the 
energyavailabletotheanimal,andonthematchbetween 
the proportions of amino acid absorbed and those re- 
quired for all body functions. There appears to be a 
wide range of pasture situations where animal perform- 
ance is limited because of insufficient amino acids 
absorbed relative to the energy available. Improve- 
ments in animal performance have been observed with 
increased absorption of protein or ainino acids in young 
sheep eating a variety of grass-based pastures in their 
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vegetative state (Black et al., 1979; Barry, 1981; Poppi 
et al., 1988) or mature annual pasture (Black and 
Mulholland, 1983), in pregnant (Barry and Manley, 
1985) and lactating sheep (Dove et al., 1985), in beef 
cattle eating tropical grasses (Hennessy, 1981) and in 
dairy cows either grazing temperate pastures (Rogers et 
al., 1980) or eating pasture based silage (Rogers et al., 
1979). 

Black et al. (1976) suggested that approxi- 
mately half of the difference in performance between 
lambs eating either white clover or perennial ryegrass 
couldbeattributed toadifferenceinaminoacidabsorp- 
tion with the more rapid microbial degradation of grass 
proteins resulting in insufficient amino acid supply 
despite the grass containing over 20% crude protein. 
This explanation for inadequate amino acid absorption 
contrasts with that occurring when young sheep graze 
mature annual pastures. Computer predictions for 
young sheep grazing summer pastures in Southern 
Australia suggest that insufficient dietary inorganic 
sulphurlimitedmicrobialgrowthintherumenand, with 
only 6% true protein in the forage, total amino acid flow 
from the rumen was insufficient to maximize body 
growth for the energy available from the consumed 
forage (Black and Mulholland, 1983). 

The performance of grazing animals can be 
improved sometimes by the supply of a single amino 
acid, aclear example being the response in wool growth 
to sulphur-containing amino acids (Langlands, 1970; 
Reis, 1979). The molar proportions of absorbed amino 
acids required by an animal depend on the relative 
contributions of different body functions to total amino 
acid needs. By comparing the molar proportions of 
essential amino acids and the combinations of cystine 
plus methionine and of tyrosine plus phenylalanine 
absorbed from different diets with requirements for 
different body functions it is possible to predict the 
probable maximum efficiency of absorbed protein use 
and the order in which amino acids are limiting. Pre- 
dictions of this type suggest that the maximum efficiency 
of amino acid use for a sheep maintaining weight while 
consuming ryegrass would be around 0.5 with the order 
of the first four limiting amino acids being cystine plus 
methionine, threonine, leucine and lysine (Black et al., 
1982a). However, if the animal were to grow at a rate 
of 400 gld, the efficiency of amino acid use would 
increase to 0.82 with lysine and then the sulphur- 
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containing amino acids, threonine and histidine being 
the first to fourth most limiting amino acids. Storm and 
0rskov (1984) estimated from experiments that the 
limiting order of amino acids in microbial protein for 
the growth of Suffolk-cross lambs was methionine, 
lysine, arginine and histidine. For lactating ewes con- 
suming ryegrass, the maximum efficiency of absorbed 
protein use was predicted to range from 0.82 to 0.88 
depending on amount of milk produced and the limiting 
order of amino acids was leucine, lysine, histidine and 
valine (Black et al., 1982a). Isoleucine, lysine and 
valine havebeen estimated to be the first limiting amino 
acids for dairy cattle (Oldham, 1981). 

A deficiency in protein supply is most likely to 
occur in ruminants grazing grass-based pastures when 
growth rates are high, particularly with sheep, during 
lactation, in animals with high wool growth potentials 
and when body protein loss is enhanced during severe 
infestation with internal parasites. Studies by MacRae 
et al. (1982) indicate that energy expenditure is affected 
little by internal parasites, but severe infestation with 
Trichostrongylus colubriformis resulted in over 20 g/d 
extra protein loss in the form of sloughed cells and 
mucins passing to the ileum (Poppi et al., 1986). 

IMPROVING THE PERFORMANCE OF 
GRAZING RUMINANTS 

It is clear from the above discussion that a great deal is 
known about many of the factors that limit the perform- 
ance of grazing ruminants. Each of the improvements 
to the nutritional value of pasture plants mentioned in 
the introduction to this paper, including supplements of 
protein, urea and minerals, grinding and pelleting or 
alkali treatment of forage, and the replacement of grass 
with legumes or the provision of a more leafy pasture, 
can be explained by one or moreof the factors described. 
Thus, available knowledge provides enormous scope 
for adopting management procedures that should im- 
provetheperformanceofanimalsinparticularsituations. 

Role of Computer Simulation Models 

It is clear also that the amounts and relative proportions 
of nutrients absorbed by different classes of animal 
grazing the same pasture can vary and that the nutrient 
requirements of these animal differ depending on their 
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genotype, physiological state and environmental fac- 
tors such as the weather and parasite burden. Thus, a 
management strategy that will improve performance in 
one situation may not work in another. For a producer 
toassesswhetheraneconomicadvantagecanbeachieved 
through adopting a new procedure, he must know for 
the particular situation the factors limiting animal per- 
formance, the pattern of response to a change in these 
factors and the methods for making these changes. The 
complexity of the interactions between the animal, its 
physiological state, the pasture and the weather makes 
it extremely difficult for the human mind alone to 
assess, for any specific situation, the actual factors 
limiting animal performance and the most appropriate 
strategy for improving productivity. However, by 
integrating the fundamental concepts and knowledge 
about ruminant nutrition and physiology that has been 
generated over decades of research into computer 
programs that simulate animal function, it will be pos- 
sible to improve the precision of the decision making 
process (Black et al., 1990). Already such programs 
have given valuable insights into ways of improving 
animal productivity through changed management 
practices(Blacketal., 1979;BlackandBottomley, 1980; 
Black and Mulholland, 1983) and through identifying 
plant characteristics that could be changed to improve 
their nutritional value (Black, 1987). 

Beforecomputerprogramsarewidelyadopted 
by producers and their advisors, they must be easy to 
use and cover adequately the major components of an 
enterprise that determine profitability. Development of 
such a computer system is a major task and requires 
effective co-ordination between experts from different 
fields anddedication by both the scientists involved and 
the research funding organisations. Although the enor- 
mous amount of research that has gone into understand- 
ing the physiological processes of grazing animals and 
their interactions with pastures allows the development 
of effective simulation models, the principles derived 
cannot be applied satisfactorily in industry unless the 
situations being simulated are accurately described. 
Currently, much of the information needed is unavail- 
able. A major challenge for both animal scientists and 
managers of production enterprises is to obtain satisfac- 
tory descriptions of the chemical and physical charac- 
teristics of pasture plants and their components, of the 
growth and production characteristics of both pastures 

and different strains and sexes of animals, and of other 
climate and environmental conditions that affect pro- 
ductivity. For example, less than 1% of the analyses of 
animal feed collated by the Australian Feed Information 
Centre contained all the information required to predict 
rumen function andamino acidabsorption. Research is 
currently being undertaken to describe these character- 
istics for feeds consumed by ruminants in Australia. 
Until all the characteristics of pastures that affect ani- 
mal productivity are described for each forage eaten by 
grazing ruminants, current knowledge of the principles 
discussed in this paper cannot be effectively applied. 
Unfortunately, collection of such data is regarded as 
unattractive by many research scientists and funding 
organisations, but it is essential for the effective appli- 
cation of much existing knowledge. 
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