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Abstract An oft-cited nutritional advantage of large body
size is that larger animals have lower relative energy
requirements and that, due to their increased gastrointes-
tinal tract (GIT) capacity, they achieve longer ingesta
passage rates, which allows them to use forage of lower
quality. However, the fermentation of plant material
cannot be optimized endlessly; there is a time when plant
fibre is totally fermented, and another when energy losses
due to methanogenic bacteria become punitive. Therefore,
very large herbivores would need to evolve adaptations for
a comparative acceleration of ingesta passage. To our
knowledge, this phenomenon has not been emphasized in
the literature to date. We propose that, among the extant
herbivores, elephants, with their comparatively fast pas-
sage rate and low digestibility coefficients, are indicators
of a trend that allowed even larger hindgut fermenting
mammals to exist. The limited existing anatomical data on
large hindgut fermenters suggests that both a relative
shortening of the GIT, an increase in GIT diameter, and a
reduced caecum might contribute to relatively faster
ingesta passage; however, more anatomical data is needed
to verify these hypotheses. The digestive physiology of
large foregut fermenters presents a unique problem:
ruminant—and nonruminant—forestomachs were de-
signed to delay ingesta passage, and they limit food
intake as a side effect. Therefore, with increasing body

size and increasing absolute energy requirements, their
relative capacity has to increase in order to compensate for
this intake limitation. It seems that the foregut fermenting
ungulates did not evolve species in which the intake-
limiting effect of the foregut could be reduced, e.g. by
special bypass structures, and hence this digestive model
imposed an intrinsic body size limit. This limit will be
lower the more the natural diet enhances the ingesta
retention and hence the intake-limiting effect. Therefore,
due to the mechanical characteristics of grass, grazing
ruminants cannot become as big as the largest browsing
ruminant. Ruminants are not absent from the very large
body size classes because their digestive physiology offers
no particular advantage, but because their digestive
physiology itself intrinsically imposes a body size limit.
We suggest that the decreasing ability for colonic water
absorption in large grazing ruminants and the largest
extant foregut fermenter, the hippopotamus, are an
indication of this limit, and are the outcome of the
competition of organs for the available space within the
abdominal cavity. Our hypotheses are supported by the
fossil record on extinct ruminant/tylopod species which
did not, with the possible exception of the Sivatheriinae,
surpass extant species in maximum body size. In contrast
to foregut fermentation, the GIT design of hindgut
fermenters allows adaptations for relative passage accel-
eration, which explains why very large extinct mammalian
herbivores are thought to have been hindgut fermenters.

Keywords Ruminants · Browsers · Grazers · Passage
rate · Fermentation

Introduction

Large body size provides a number of ecological advan-
tages. The advantage cited most often is a reduced
relative energy requirement for maintenance, and a
relative increase in gastrointestinal capacity in relation
to energy requirements (Parra 1978). This allows, but
does not oblige, larger animals to use forage of lower
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quality (Demment and Van Soest 1985) due to potentially
longer passage rates and consequently more thorough
digestion. Larger animals can facilitate larger movement
ranges (Altman 1987). Large body size enables large
species to successfully compete with smaller species for
the same resource (e.g. elephants; Fritz et al. 2002) by
means of interference (Persson 1985), or enables large
species to use habitat resources unattainable for other
species (e.g. the giraffe; Woolnough and du Toit 2001).
Finally, large body size provides an organism with the
ability to avoid predation (Owen-Smith 1988).

On the other hand, larger animals tend to have fewer
offspring, mature sexually at a later age, and have longer
gestation times (Peters 1983), all of which lead to long
generation intervals, which drastically prolongs the evo-
lutionary reaction time of larger species. In evolutionary
terms, large mammalian species are “inert”, and probably
much more so than large dinosaurs in which the number
of offspring was not as limited (Janis and Carrano 1992).
Large animals obviously have high absolute energy
requirements and therefore need abundant forage. Due
to their low surface-to-volume ratio, they can have
difficulties in dissipating heat, a fact that accounts for
nocturnal habits and other adaptations of megaherbivores
(Owen-Smith 1988); in fact, surface-to-volume ratio is
considered a constraint on the potential upper body size of
terrestrial mammals (Alexander 1989). Finally, larger
animals are more conspicuous, a distinct disadvantage in
the era of human predation. Humans have been held
responsible for the extinction of very large animals like
mammoths, giant ground sloths and temperate rhinoceros-
es. Economos (1981) demonstrated that due to the
metabolic costs of gravity, 20 tons should be the
maximum attainable body size of terrestrial mammals.

The relevance of body size for the morphophysiolog-
ical design of different organ systems is well documented
(e.g. Schmidt-Nielsen 1984; Damuth and MacFadden
1990). In this review, we want to draw attention to
interactions between body size and particular digestive
strategies. The omission of other factors important for the
understanding of body size, such as resource availability,
or allometric constraints on other organ systems, reflects
the limitations of both the space available for this review
and our own expertise, rather than the assumption that
they have less significance.

Ecophysiological theories on the digestive relevance
of body size

The influence of the body sizes of large herbivores has
been a major area of ecophysiological research. Jarman
(1968, 1974) and Bell (1969, 1971) focused attention on
patterns of food selection among African ungulates of
varying body size. They noted that, while specific
metabolic rate decreases with increasing body weight,
gut capacity remains a constant fraction of body weight;
hence, larger ungulates should be able to tolerate a lower
minimum dietary quality than smaller species. Geist

(1974) labelled this concept the “Jarman-Bell Principle”.
This principle has since been applied to other animals
(e.g. Gaulin 1979; Demment 1983), and has been used to
explain the phenomenon of sexual dimorphism in ungu-
lates (e.g. Barboza and Bowyer 2000). Parra (1978)
supplied a quantitative verification of the concept by
demonstrating that gut capacity, measured as gut contents,
increases linearly with body weight. Demment and Van
Soest (1985) postulated that the main effect of increasing
body weight, and hence gut capacity, should be an
increase in ingesta retention (mean retention time, MRT)
and thus time available for digestion. Illius and Gordon
(1992) finally provided the quantification of this influ-
ence, demonstrating that MRT (h) = 9.4 body weight0.255

in hindgut fermenters and MRT (h) = 15.3 body
weight0.251 in ruminants.

Modifications to the general concept of the direct
correlation of body weight and digestive potential were
added, e.g. for small (rodent) herbivores (Justice and
Smith 1992; Smith 1995), to include effects of differences
in relative intake and food sorting; Owen-Smith (1988)
and Van Soest (1996) also emphasized that larger
ungulates can support their lower specific metabolic
requirements either by accepting forage of lower quality,
or by ingesting lesser amounts of regular quality forage
per day, or some combination of both. Thus, larger
animals should eat diets of lower nutritional quality than
those selected by smaller herbivores, but the difference
should be less marked than predicted simply on the basis
of the body size-metabolic rate relationship.

Open questions in large herbivore
digestive physiology

Why does the elephant deviate
from the common body size scheme?

In recent studies on the digestive physiology of elephants
(Clauss et al. 2003; Loehlein et al. 2003), we raised the
question of why elephants so obviously deviate from the
common digestive scheme postulated for herbivores of
increasing body mass: they do not have long ingesta
passage rates, and achieve only comparatively low
digestibility coefficients. This is not only true in free-
ranging animals, where one could be tempted to explain
low digestibilities on the basis of a very low quality diet,
but also in captive animals where food quality is higher.

Why is the largest ruminant smaller than
the largest hindgut fermenter,
and why is the largest ruminant a browser?

It has been repeatedly observed that browsing ruminants
are mainly represented by smaller species, and grazing
ruminants mainly by larger species (e.g. Case 1979;
Owen-Smith 1988; Van Wieren 1996; Brashares et al.
2000; Gagnon and Chew 2000). This is not due to
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A number of researchers have discussed the importance of the relationship of 
metabolism and gut capacity to body size to explain diet composition in animals 
that consume primarily plant material (Short 1963; Prins and Geelen 1971; Janis 
1976; Parra 1978; Hanley 1980; Demment 1983). The kinetics of food-particle 
passage in the gut determines the digestibility of the diet and is dependent upon 
gut volume and food intake (Van Soest 1982). Gut volume is a constant proportion 
of body weight (Parra 1978; Demment 1982), while maintenance metabolism (a 
prime determinant of intake) is a fractional power of body weight (Kleiber 1975). 
Since these two factors influence retention times of food particles and hence affect 
the extent of digestion of the diet, body size has been considered as a possible 
mechanism for interspecific differences in diet (Bell 1970; Hanley and Hanley 
1980; Sinclair 1977; Demment 1980; Van Soest 1982). 


In this paper, the relationship between body size and digestive capacity is used 
in conjunction with the relationship between abundance and quality of plant food 
to discuss the relative efficiencies of ruminant and nonruminant digestion at 
different body sizes. The relative efficiencies of digestion are used as a basis to 
explain the number of species of ruminant and nonruminant herbivores relative to 
body weight. While arguments are presented about physiological constraints on 
extant animal species, the principles discussed are considered as factors that have 
shaped the evolution of body size in these groups. 


BODY SIZE AND DIGESTIVE CAPACITY 


Because basal metabolic rate (kcallkglday) decreases nonlinearly with body 
weight, the total metabolic requirement of mammalian herbivores, MR (kcallday), 
increases as 


(Kleiber 1975) where W is weight in kg. The exponent .75 is used because the 
problems considered in this paper deal largely with interspecific comparison 
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FIG.1.-Log of gut contents is regressed against body weight for herbivores. Regression 
equation for all herbivores is log y = 1.032 log x - ,936, 1.  = .99, n = 59. Regression 
equations for ruminants and nonruminants were determined separately and were not 
significantly different in slope ( F  = 1.745: V ,  = 1 ,  V 2  = 53: P = .38). The confidence 
intervals (?  5%) of the slope are indicated. 


across a wide range of body sizes. Intraspecific regressions often yield exponents 
for this relationship quite different from .75 (Thonney et al. 1976). Weight and age 
are correlated and older animals have a greater proportion of their weight in fat. 
Since fat requires less maintenance energy than the equivalent muscle weight, the 
slope of the metabolism-to-body-weight curve is often less than .75. These lower 
exponents within species will accentuate the MRIGC (metabolic requirement to 
gut-capacity ratio) effect discussed below. Because MR increases with weight at a 
decreasing rate, large animals always require more total energy, but small animals 
require more energy relative to their body weight. 


The capacity of the gut determines, in part. the capacity for digestion in an 
herbivore. Parra (1978) plotted the wet weight of gut contents of both ruminant 
and nonruminant herbivores against body weight. Additional data on this relation-
ship, especially in the very large and small body sizes, have been collected 
(Demment, unpubl. data) and gathered from the literature to give a more complete 
sample. These data and those of Parra (1978) are plotted in figure 1. For the 
purposes of this figure, we are considering only those foregut fermenters that do 
not ruminate (i.e., chew their cud). The regression is highly significant with a 
slope of 1.043. Demment (1982) discussed the bias of gut contents as an estimate 
of gut capacity and concluded that the actual relationship between gut capacity 
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and body weight is likely to be isometric. Ruminants and nonruminants fit the 
same regression line. 


If the metabolic rate determines the energetic requirement and the gut size 
determines the capacity to process food into nutrients, then the nonlinear re-
sponse of metabolism and the approximately linear response of gut size produce 
higher ratios of metabolism to processing capacity in small animals than in large 
ones. Demment (1983) presented a simple kinetic model of this relationship and 
showed that, mathematically, retention time, T,. for a food particle is related to 
body weight: 


T,. = .589 D w.'~ 
where D is digestibility of the diet and W is body weight (kg). While the first-order 
models have been widely used to model herbivore digestion (Van Soest 1982), all 
particles do not behave according to first-order kinetics. (Some aspects of this 
complexity are discussed in detail below.) 


This formulation states that retention times, at the same factor of metabolism, 
will be shorter for smaller than larger animals when fed the same diet. Two 
assumptions are made in the model that do not hold in reality. First. food (plant 
material) is considered as homogeneous relative to digestion; and second, digesti- 
bility is constant relative to retention time. In the following sections, the effects of 
these assumptions will be discussed. 


PLANT MATERIAL 


Plant material is not homogeneous in its response to animal digestive systems. 
Chemical components of plants differ in their rates of digestion by vertebrate and 
microbial enzymes. Therefore, ideally, plant material should be characterized by 
the component fractions that show uniform reaction to digestive enzymes. To 
establish relative digestibility would then require the determination of the propor- 
tions of the component fractions in the foods. Chemical analyses, however, do not 
necessarily act on forages to separate nutritionally uniform elements (Van Soest 
1982). 


The major functional division of plant material is between the cell constituents 
and the cell wall. The contents of the cell are the fraction active in plant metabo- 
lism and are composed primarily of sugars, proteins, and storage carbohydrates. 
This fraction can be digested directly by vertebrate enzymes or fermented rapidly 
by microbes. The cell-wall fraction provides the structural matter for the plant 
that cannot be degraded by vertebrate digestion but can be hydrolyzed slowly by 
bacterial and fungal enzymes (Gibson 1968). Therefore. the use of the cell wall for 
a nutrient source is dependent on microbial symbiosis (Hungate 1966). The cell 
wall. while providing the plant with structural support, also functions to defend 
the plant against herbivores. Because the rapidly and slowly digestible compo- 
nents of forages are complementary fractions of the total dry matter. overall 
fermentation rate will generally decrease with increasing concentration of cell 
wall. 


The availability of cellulose and hemicellulose for fermentation varies with the 
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lignin content of the cell wall (Van Soest 1967). The chemical basis for lignin's 
effects is unclear, but may involve the cross linkages that occur between the lignin 
and structural carbohydrates of the cell wall (Van Soest 1977). How much cell 
wall can be degraded is a function of the rate constant of digestion of the cell wall 
(i.e., the digestion rate), the retention time (how long the digestion rate operates 
on this cell wall), and the amount of potentially digestible cell wall in the forage (a 
function of its lignin content [Mertens 19731). The effect of lignin on digestibility is 
only important when digestion rates and retention times would otherwise be 
sufficient to allow greater digestion of the cell wall. 


Table 1 is a compilation of chemical analyses of plant materials grouped on the 
basis of their functions. Several interesting patterns are apparent. In general, 
there is a positive association between the permanency of a structure and its cell 
wall and lignin contents. Since plants usually put the most energy into the defense 
of more permanent parts (McKey 1974), and these structures are most likely to be 
supportive, both functions are likely to produce a positive relationship between 
permanence of the plant part and its cell-wall and lignin content. Therefore, 
herbivores are apt to be sensitive to differences between the functional categories 
of plant material when making feeding decisions. 


Reproductive and storage organs have little fiber content when separated from 
their protective hulls that are high in cell wall and lignin. The fiber and lignin 
values for seeds (as well as their potential toxicity) often depress the overall 
nutritive value of fruits. The selective removal of hulls and seeds from fruits can 
increase the energy density of the reproductive plant parts. Storage organs or 
storage sites, however, are often located where they are difficult to harvest (i.e., 
underground) or  within indigestible structures (i.e., stems in tropical grasses). 


Tropical grasses have higher cell-wall and lignin concentration (and lower 
digestibility) than temperate grasses (Minson and McLeod 1970). Cell-wall forma- 
tion and lignification are primarily affected by temperature, and this temperature 
response creates greater differentiation in forage quality between the stem and 
leaf fraction in tropical grasses (Deinum and Dirven 1975). The preponderance of 
C4grasses in the tropics accentuates the low-quality component in these ecosys- 
tems (Caswell et al. 1973). 


Resoilrce Axis: Fiber Curve 


The availability of nutrients to the herbivore is a function not only of the 
chemical composition of the forage, but also of the spatial distribution and abun- 
dance of the nutrients. An understanding of availability requires that one consider 
the biomass of plant material in a habitat on the basis of its quality. Quality is 
defined in this model as the digestion rate of the forage (proportional to its cell- 
wall content) and the extent of its potential digestibility (proportional to its 
lignification). Therefore, initially, forage quality is considered as inversely related 
to the amount of cell wall and lignification. 


Demment (1983) presented a model (a fiber curve) to describe the relationship 
between abundance and quality of foods for baboons and explored its implications 
for dietary changes with body size. A similar concept of a fiber spectrum as a 
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resource axis was presented independently by Foose (1978). Owen-Smith and 
Novellie (1982) used a comparable formulation based on protein content, cell 
contents, and cell wall to model ungulate diets. The fiber curve is a resource axis 
on which the cell-wall content is an index of digestion rate (the rate at which 
energy is released from ingested food). As the rapidly digesting cell contents are 
replaced by cell wall along the abscissa, digestion rate decreases. In this initial 
formulation, the effect of lignin is ignored. The density of biomass in frequency 
classes of percentage of cell-wall content (a fiber curve) for different habitats is 
presented in table 2. Table 2 was constructed by combining biomass and chemical 
composition data for functional categories with relatively homogeneous nutri- 
tional characteristics. For the grasslands, IBP data provided both the neutral 
detergent analysis (cell-wall content) and biomass data by plant species for 
specific sites and dates. The Hubbard Brook estimates were produced by obtain- 
ing cell-wall values from the literature for functional categories such as stemwood, 
bark, branches, twigs, leaves, etc. ,  and assigning biomass values for these catego- 
ries from Whittaker et al. (1974). 


In this limited compilation some general trends are evident. With increasing 
standing crop, greater percentages of the biomass tend to be concentrated in the 
high-fiber categories. Within all habitats there is a general positive association of 
abundance and cell-wall content. This latter trend was observed in forest data by 
Lieth (1975). High-quality forage for herbivores is rare and low-quality is com- 
mon. In the grasslands (one is annual and the other perennial in the temperate 
zone), the biomass shifts seasonally into higher-fiber categories. This response 
occurs because maturity and the late-season temperatures influence the cell-wall 
content of grasses (Deinum and Dervin 1971). A similar shift, but temporally more 
rapid, would be expected in tropical grasslands as accelerated early growth in 
conjunction with high temperatures increases cell-wall and lignin content after the 
seasonal rains. The distribution of biomass in fiber categories is spatially and 
temporarily dynamic, and herbivores can be expected to manipulate their food 
intake not only by dietary selection, but also by habitat choice and seasonal 
movement (e.g., Bell 1970; McNaughton 1978). 


The values presented in table 2 indicate a general pattern, but are incomplete in 
certain aspects. The data necessary to construct habitat fiber curves are not 
widely available or  detailed enough to consider important variability. For ex- 
ample, the grassland data for cell-wall content results from the analysis of the 
whole plant. Undoubtedly, there are differences in cell-wall content between plant 
parts on a scale distinguishable by mammalian herbivores. A small animal can eat 
a higher-quality diet than would seem possible by the estimates in table 2 simply 
by selecting parts at a finer grain than the nutritional analysis. Moreover, the 
peaks and valleys in such a curve may be accentuated because the natural 
variability between and within individual plant parts is removed. 


Although the initial model used a linear relationship between abundance and 
quality (Demment 1983), for reasons discussed above, real fiber curves will 
probably show distinct changes in slope, especially in habitats where large quan- 
tities of relatively homogeneous nutritive value are present. In forests, where a 
great deal of the standing crop occurs as wood and leaves, a bimodal curve might 
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FIG.2.-Fiber curves for different habitats are drawn as suggested by data in table 2. 


be expected (fig. 2), as suggested by the Hubbard Brook data in table 2 .  In 
grasslands, where the majority of plant material has intermediate cell-wall con- 
tent, the curve might rise and fall. As trees are added to grasslands, the curve 
would be expected to show elements of both the forest and grassland curves. The 
area under the curves represents the total biomass per area in the habitat. 


Demment (1983) used the concept of a linear fiber curve to argue that baboon 
diets increased in fiber content more rapidly with increasing size. His analysis 
made the assumption that as body size increased, animals expanded their diets to 
include lower-quality foods. An increase in the fiber fraction means that propor- 
tionally more of the intake occurs in slowly digesting and indigestible fractions. At 
the same time, however, an increase in body size provides greater digestibility of 
the slowly digestible fraction. Therefore, the shape of the fiber curve in conjunc- 
tion with the rate of change in digestive capacity with size will determine the 
functional relationship between body size and diet quality. An implicit assumption 
of the formulation is that with increasing body size, animals will expand their diets 
to include lower-quality foods. Alternatively, however, they could expand their 
feeding area and eat the same diet or feed longer. In reality, it seems probable that 
animals use all these alternatives. These trade-offs are important, and although 
the point needs further consideration, it is beyond the scope of this paper. 
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DIGESTIBILITY AND BODY SIZE 


The digestibility of a forage is a function of the digestion rate acting on a particle 
for the duration of its retention within the gut. Using both in vitro and in vivo 
techniques, Smith et al. (1971, 1972) established that digestion rates were first 
order. Waldo et al. (1972) incorporated first-order kinetics in a digestion model in 
which rumen contents were divided into digestible and indigestible pool. Mertens 
(1973) tested the ability of a series of models to predict digestibility and intake and 
found Waldo's model with a discrete lag phase for the onset of digestion to be 
most satisfactory. 


For our purposes, digestion rates are treated as rate constants. These rate 
constants are specific to the particular chemical fraction of the food, but are 
assumed to remain constant with body size. The assumption of constant digestion 
rate for cell contents assumes that the enzymatic activity of vertebrates is similar 
regardless of body size, and that vertebrate enzymes act at rates similar to those 
of microbes. The cell-wall fraction, because it is degradable only by microbial 
action, is assumed to be digested by microbes at similar rates, regardless of body 
size of the host or digestion site (foregut or  hindgut). Higher fermentation rates 
recorded in smaller ruminants (Hungate 1966; Hoppe 1977) do not result from 
more-efficient microbial enzymes, but merely indicate that the food selected is 
composed of a greater proportion of rapidly fermentable components (Hoppe 
1977). 


Retention time is the most important factor in predicting intake and digestibility 
(Mertens 1973). Studies have demonstrated that digestibility can be depressed 
with high intakes (Raymond et al. 1959; Pearce and Moir 1964; Alwash and 
Thomas 1971, 1974; Tyrrell and Moe 1975). Tyrrell and Moe (1975) show that 
digestibility decreases linearly with increasing metabolic requirement in milking 
cows. Alwash and Thomas (1974) found retention times on all diets fed to sheep 
decreased with increasing intake, and the depression in digestibility was related to 
decreased retention times. Furthermore, particle size was positively correlated 
with retention time (discussed in more detail later) and digestibility. 


Equation (2) predicts longer retention times with increased body size when the 
animals are fed at the same multiple of basal metabolism. Increasing body size 
should produce higher digestibilities because of longer retention times. The diges- 
tibility of roughage is higher in cows than in sheep on the same diet (Blaxter and 
Wainman 1964; Playne 1970; Prigge et al. 1984). The lower digestibility of 
roughages in sheep relative to cattle has been shown to be correlated with shorter 
retention times in the ruminoreticulum (Prigge et al. 1984). Van Soest et al. (1983) 
have summarized data on the relationship between body size, retention time, and 
digestibility of cellulose for a wide range of herbivores and show a positive 
correlation between these variables. Increased body size not only raises the 
digestibility of a forage, but also increases the total metabolic requirement of the 
animal. The fiber in the diet should increase with increasing body size at a rate 
dependent on the slope of the fiber curve. 


In general, small animals that have high MRIGC ratios must eat food composed 
largely of a rapidly digestible fraction. Small nonruminants, however, can com- 
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BODY W E I G H T  (kg) 
FIG.3.-Percentages of 186 East African herbivore species that are ruminants (open 


histogram), nonruminants (solid circles), and foregut fermenters that do not ruminate 
(hatched histogram) are plotted in relationship to body weight. Data from Sachs 1967: Ledger 
1968; Dorst and Dandelot 1969; Kingdon 1971; Clutton-Brock and Harvey 1977. 


pensate for low quality to some degree by increasing intake (Batzli 1981). These 
small nonruminants show selectivity when faced with mature, fibrous plant mate- 
rial (Batzli et al. 1981). As the slowly digestible and(1or) indigestible portions 
predominate, increased intakes cannot compensate for the depression in digesti- 
bility (Baumgardt 1970). Keys and Van Soest (1970) found high mortality in voles 
(Micr.otl4s pennsylvanicus) fed pelleted diets of 55.6% and 62.7% cell wall when 
selectivity was not possible. Laboratory rats showed 30% mortality on diets of 
38% cell wall and a rate of weight gain inversely correlated with cell wall in the 
diet (Keys et al. 1969). Small animals probably are limited by the time and energy 
requirements of finding rare high-quality foods required by their low digestive 
capacity or sufficient abundance of lower-quality foods to compensate with high 
intake. Since small animals have low total metabolic requirements, they have a 
greater ability to fulfill their metabolic requirements with rare high-quality foods 
than do larger herbivores. With increased body size, the total metabolic require- 
ment increases and the animal expands its diet to lower-quality foods. Cows show 
a lower-quality diet than do sheep when grazing the same pasture (Dudzinski and 
Arnold 1973). In the dry season in the Serengeti, buffalo diets decrease in quality. 
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Because the buffalo must take in nutrients at some minimum rate, and it is 
impossible to maintain this rate by choosing rare high-quality leaves. they expand 
their diets to include lower-quality grass components (Sinclair 1977). They also 
catabolize body stores in the dry season. The extent to which the diet can be 
expanded is limited by the ability to process low-quality food (see section on large 
herbivores). The positive relationship between body size and home range (McNab 
1963) indicates that animals also respond by using a larger area. 


The evolutionary response of herbivores to these constraints has produced 
several digestion systems. The primary functional dichotomies are based on the 
location of the fermentation site (Foose 1978) and the existence of the rumination 
process. While all ruminants carry on fermentation in the foregut, nonruminants 
have fermentation sites in either the foregut or hindgut. The rumination process, 
as discussed below. is ecologically significant and should be distinguished from 
foregut fermentation alone. 


Data on the relationship between digestive strategy and body size in East 
African nonforest herbivores indicate that ruminant species dominate the medium 
body sizes, while nonruminants are the prevalent small and very large herbivores 
(fig. 3). In the following discussion we consider how the constraints of body size 
may be responsible for this pattern and how differences in the physiology of 
digestion between ruminants and nonruminants result in differences in their feed- 
ing ecology. For ease of discussion, and keeping in mind that the range of body 
sizes is a continuum, we consider groups as small, medium. or large herbivores. 


R U M I N A N T  DOMINANCE OF THE MEDIUM BODY-SIZE RANGE 


As body size increases, the reduction in the MRIGC ratio allows slower rates of 
passage of ingesta for the medium-sized herbivore. The longer retention times 
result in greater digestibility of the slowly digestible fraction of forages. The larger 
body size increases the total amount of energy required for maintenance (and 
locomotion per unit distance) and therefore, as Demment (1983) argued, increases 
the fiber content of the diet. The relaxation of the constraints of rapid passage, 
coupled with the greater metabolic requirements, is a prerequisite for the evolu- 
tion of gut structures that selectively delay the passage of fibrous foods. 


Foose (personal communication in Janis 1976) postulates that differences in 
digestive systems resulted in the radiation of the artiodactyls at the expense of the 
perissodactyls when the grasslands expanded in the Tertiary. In the present 
tropical grasslands and savannas, the medium-sized ruminants dominate by feed- 
ing on forage that contains most of its energy in the fermentable fraction of the cell 
wall. A comparison of feeding trials (fig. 4) on similar-sized herbivores (cows and 
horses) indicates similar digestion capabilities for low-fiber foods. but increasing 
relative efficiency per unit of intake for the ruminant on higher-fiber diets. The 
differences in efficiency reflect the effect of selective delay in the rumen. 


The rumen functions more efficiently (nutrients extracted per unit intake) than 
does the cecum or colon because of its selective delay of forage. Selective delay 
reduces the probability that food recently ingested will pass out of the rumen 
incompletely digested. Consider a volume within which perfect mixing occurs. 
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FIG.4.-Total digestible nutrients (TDN) of foods for horses and dairy cattle are plotted 
against their crude-fiber values. Data are from digestibility trials and crude-fiber assays 
reported by the NRC (1973, 1978). Foods which received processing (i.e., grinding) were 
excluded. The slopes of the regression equations are different (F = 7.019; V ,  = I ,  VZ = 170; 
P = ,018). 5% C1 on the slopes of the regression lines are shown. 


Once a particle enters the volume, the probability that it will be passed is constant 
with residence time. The rumen has a mechanism to ensure that the probability of 
passage increases with residence time. In figure 5 we use data from Smith (1968) to 
show calculated passage rates as a function of particle size in sheep. Large 
particles have very low passage rates. As particles are reduced in size. their 
probability of passage increases. (Very small particles of less than 200 km and of 
high specific gravity sink to the bottom of the rumen and are retained for long 
periods [J. Welch, personal communication].) Therefore, the efficiency of the 
rumen is produced by linking probability of passage to residence time in the rumen 
(and thereby, extent of digestion) via particle size. Since the cecum and colon, 
although somewhat selective in retention (Stevens et al. 1980), cause particles to 
behave more like perfect mixing, more particles are lost before complete diges-
tion. The actual mechanism for the selective delay in the rumen has not been 
identified. 


The greater efficiency of energy extraction of the ruminant digestive system for 
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P A R T I C L E  S I Z E  ( M I C R O N S )  


FIG.5.-The passage rate of particles from the rumen of sheep is plotted as n function of 
their size; data from Smith (1968). 


conditions encountered by the medium-sized grassland herbivore appears to be 
limited to a range of body sizes (fig. 3). Of importance to the discussion of the role 
of body size and its possible effect on competition are the factors that limit the 
range of body sizes over which one particular morphological strategy is more 
efficient than another. In this context, those factors that constrain the ruminants 
in the small and large body sizes are considered. 


CONSTRAINTS ON SMALL RUMINANTS AND THE EFFICIENCIES OF SMALL NONRUMINANTS 


The constraints imposed by a high MRIGC ratio should affect the ability of 
smaller ruminants to delay the passage of ingesta. The absence of morphological 
adaptations for delay in the small African antelope are discussed extensively by 
Hofmann (1973). Besides the finer morphological adaptations to rapid passage, the 
rumens of small antelope studied by Hofmann show gross structural design 
necessary for rapid transit. 


Small ruminants must compensate for the proportionately greater MRIGC ratio 
by higher rates of energy production per unit volume of the rumen. Hoppe (1977) 
measured the fermentation rates of wild East African antelope in the dry season. 
His data are converted to energy production per day for the rumen of each species 
(table 3) and plotted with different isoclines of metabolism in figure 6. The 
calculations show that energy available above basal metabolisms increases with 
size within this group. If the foregut produces 97.8% of all volatile fatty acids 
(VFA) in the gut (Hungate et al. 1959), then African antelope below 9.4 kg do not 
balance basal energetic requirements in the dry season on VFA production. 







- ---- -- -- - - 


BY IN THE RUMINORETICULUMENERGYI'KODUCEI) FEKMLNTATION 01: EAST AFRICAN ANTEI.OPF. 
A- - --.--- -- - - -


Kumino- Energy Fermentation Fermentative 
reticulum Content Rate Energy Production 


Body Wt Content of V F A  (moleslkg of Ruminoreticulum 
Species (kg)* (kg L)M)t (kcallmole) DMlday)' (kcallday)$ 


A --pp
- ---- -- - -- -- -. - -- --


Nesotrc~gus m o ~ c l ~ i t r i ~  3.6 .05 279.4 13.74 191.9 
R1iynchotrugu.s kirki 4.2 .04 281.6 13.28 149.6 
Ruphicerus c,crtnpe~tri.c 10.5 .12 274.8 10.85 357.8 
Syh,icuprc~ grimmicr 13.0 .20 257.9 10.36 534.7 
~;uzellu tl~omsoni 18.0 .32 250.6 9.64 773.0 
Trugrluphus scriptu.\ 27.0 .28 260.0 8.82 642.1 
G ~ z r l l ugrant; 49.0 .66 255.8 7.73 1305.0 
Aepyc,rros melumprrs 51.0 .59 262.1 7.66 1184.5 
Dumuliscrr~ korrigrrm 114.0 1.94 283.1 6.42 3526.0 
Alcephulus h~rse1uphrr.s 120.0 2.08 267.8 6.35 3537.1 
Connochuetes torrrin~r~ 200.0 4.23 270.5 5.68 6499.1 
-~ -- pp- -- -- -


* Body-weight data, Hoppe 1977; fermentation rate for regression equation on wild species (i.e., those included in this table), Hoppe 1977. 

t Dry weights from Hoppe (personal communication). 

t Energy value of a mole of V F A  calculated on the basis of V F A  composition of ruminoreticulum sample (see I.eng and Brett 1966). Caloric values used 



for acids are acetic, 209 kcal; propionic, 367; iso- and n-butyric, 524: iso- and N-valeric, 628. 
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FIG.6.-Rate of fermentative energy production of the rumen calculated in table 3 is 
plotted against weight. Isoclines of multiples of basal metabolic requirement relative to body 
weight are drawn to show weights below which these levels of metabolism cannot be 
supported on  energy production of the rumen. 


Fermentation rates are a function of food quality and intake rates. Food quality 
affects the proportion of substrates that are digested slowly in the rurnen. More- 
over, high-quality foods probably provide a balanced nutritional environment 
within which microbial digestion can more closely approach its maximal rate. 
Hoppe (1977) interprets the negative correlation between fermentation rate and 
body weight as  a decrease in the proportion of dicotyledons to monocotyledons in 
the diet as  body size increases. 


Intake can affect fermentation rates because, like diet quality, it can determine 
the proportion of different substrates in the rumen. The rapidly fermentable 
fraction is underrepresented in the rumen relative to the total diet because it is 
being digested quickly. As intake is increased, the proportion of the fractions in 
the rumen approach those in the diet. At that point, no greater energy production 
rate can be achieved on that mix of forages. Initial modeling of this problem (M. 
Demment and T. Starr, in prep.) indicates that the response of energy production 
to increasing intake is curvilinear, asymptotic at the point at which diet and rumen 
fractions are equal. These results suggest that increasing intake yields diminishing 
increases in energy production. Two factors constrain the ability of small rumi- 
nants to respond by increasing intake. First, since high-quality foods are rare, 
their ability to maintain high levels of intake is limited by their ability to find these 
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foods. Second, the small ruminant is limited in its ability to expand its diet to more 
common, lower-quality foods. Any potential increases in energy production re- 
sulting from greater intake would be affected by decreases in energy production 
caused by diminished dietary quality. 


Hoppe's data (1977) give an integrated measure of all factors determining the 
fermentation rate and are therefore likely to reflect a realistic energetic picture of 
this group during the dry season. Fermentation rates, however, may not be the 
entire energy source for small ruminants. Orskov et al. (1969, 1970) have shown 
that diets that pass rapidly through the rumen provide soluble energy sources to 
the lower tract. Therefore, small herbivores may derive progressively larger 
amounts of energy from direct digestion in the abomasum. As an herbivore moves 
to a strategy of allowing greater escape to the lower tract, however, the digestive 
system acts less like that of a ruminant. 


Kinnear et al. (1979) suggest that in the very small ( -2  kg) macropods that 
possess foregut fermentation, there may exist selective direction of ingesta to 
areas of the stomach for either fermentation or gastric digestion. If this physiologi- 
cal adaptation is not available to small animals, then with decreasing size the 
required diet will be used more efficiently by direct digestion. Black (1971) 
modeled a comparison of ruminant and nonruminant lambs ( = 20 kg). On diets of 
low fiber and high protein, he calculated that the nonruminant model had 39% to 
45% more energy available for maintenance and 22% to 61% more for production 
(i.e., growth, wool). His model indicated that a dietary level of 22% crude fiber 
was necessary before the ruminant lamb was more efficient. These calculations 
emphasize the obvious point: if the diet contains a large portion of soluble 
nutrients, fermentation extracts less energy than direct digestion. Fermentation in 
the foregut for food of low fiber content unnecessarily places another trophic level 
between the herbivore and its food supply. The costs of heat and methane 
production can reduce energy assimilated by the herbivore by 20% of what is 
digested. Only when an appreciable amount of energy is present in the cell-wall 
fraction does fermentation in the foregut become advantageous. Hoppe's data 
demonstrate that animals below 9.4 kg must receive substantial energy from 
sources other than fermentation (i.e., direct digestion, body stores) in the dry 
season. These calculations suggest that fermentation rates may be an important 
constraint on the lower limits of ruminant body size in the African savanna. 


The solution for the small animal is to digest the soluble fraction directly in the 
foregut and ferment the cell wall posteriorly. The gut microbes do more than make 
the energy of structural carbohydrates available to the herbivore. Microorganisms 
provide the small animal with essential nutrients (McBee 1971), such as the B- 
vitamins and amino acids which are synthesized from ammonia nitrogen. Luckey 
et al. (1955) demonstrated that germ-free rats (i.e., rats whose intestinal microor- 
ganisms had been removed with antibiotics) required vitamins that conventional 
rats received from microbes. Evidence of B-vitamin synthesis has been reported 
in rats (Barnes and Fiala 1958), rabbits (Huang et al. 1954), pigs (Howie and Baker 
1952), and horses (Carroll et al. 1949). 


For the herbivore, the major energy sources from fermentation are the waste 
products of microbial respiration, VFA, which are absorbed directly by the host. 
Most of the dietary nutrients which enter the fermentation site are assimilated by 
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the microbes and used either for respiration or for synthesis of organic compounds 
which are incorporated into microbial tissue. The recovery of these nutrients 
requires the digestion of microbial bodies and the absorption of the resulting 
nutrient components. The digestive process cannot occur within the fermentation 
site because the change in pH required for digestion would depopulate the organ. 
For this reason, a digestion and absorption site must be present posterior to the 
fermentation site to reclaim these nutrients. Furthermore, sufficient time must be 
available to allow for digestion and absorption before defecation occurs. There- 
fore, the positioning of the fermentation site (anterior vs. posterior) and the size of 
the animal (which determines its retention time) are important factors constraining 
herbivores' ability to recover microbial nutrients. 


The small animal has, in an evolutionary sense, traded off the high fecal 
nutrient losses (primarily of microbial origin) for the greater efficiency of direct 
digestion of this diet by the nonruminant system. To counteract this disadvantage, 
small animals practice coprophagy, which allows the reingestion of fecal material 
for direct digestion and absorption of nutrients in the foregut. Coprophagy is 
common in the rodents and lagomorphs (McBee 1977), has been reported in 
primates (Hladik et al. 1971; A. Vedder, personal communication), and occurs in 
horses under dietary restrictions (Willard et al. 1973). The efficiency of co-
prophagy is increased by production of either soft or hard feces. The soft feces in 
the rabbit are low in fiber (Uden 1978) and high in protein and B-vitamins. The 
protein content of soft feces was 28.5% in the rabbit (Kulwich et al. 1953); similar 
values for soft feces are reported by Huang et al. (1954) and Griffiths and Davies 
(1963), while the hard feces contained 9.2% protein. The concentration of vitamin 
B-12 in the feces of rabbits was 221 times that in the diet (Kulwich et a!. 1953). 
Tadayyon and Lutwak (1969), working with rats, observed that coprophagy 
improved the use of poorly absorbed fats and increased the intake of calcium, 
magnesium, and phosphorus. 


The role of the microbial synthesis of nutrients may be of major importance in 
the evolution of hindgut fermentation in small herbivores. The high MRIGC ratio 
of this group argues strongly that hindgut fermentation has not evolved primarily 
to supply energy. The volume of the gut devoted to fermentation of the slowly 
digesting fraction could supply energy more efficiently if it were redistributed to 
the foregut and used for direct digestion of rapidly digesting soluble nutrients. The 
synthetic capability may be of importance in extending the range of foods and 
environments used by small mammals (Kinnear et al. 1979). 


CONSTRAINTS ON LARGE RUMINANTS A N D  ADVANTAGES 


OF VERY LARGE NONRUMINANTS 


In this section, we suggest that the upper limits on ruminant body size are 
influenced by the ability of herbivores to maintain adequate intake on low-quality 
forages. Because intake is the most important factor affecting productivity in 
domestic herbivores (Reid 1961), one of the central themes of ruminant research 
has been to determine factors that influence intake under different dietary re- 
gimes. 


Early research on several herbivorous species showed their ability to increase 
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the intake of concentrate diets, progressively diluted with a nutritionally inert 
substance, until the diets reached a dilution level at which lower intakes were 
observed (rats, Peterson and Baumgardt 1971; chickens, Mraz et al. 1957; sheep, 
Weston 1966; cattle, Conrad et al. 1964). The initial response to decreasing caloric 
density has been labeled a physiological response to balance energy requirements, 
while the depression in intake is interpreted as a response to the volumetric limits 
of the gut or rumen (Baumgardt 1970; Baile and Forbes 1974). 


The observation that the amount of digesta in the gastrointestinal tract and the 
rumen is a relatively constant maximal value, regardless of dilution source, has 
led to the concept of fill  models (Blaxter et al. 1961; Campling et al. 1961). These 
models predict intake on the basis of the determinants of rumen fill. From the 
simple concept that the volume of the rumen limits intake (Adolph 1947), the 
models have developed into formulations of processes that determine rumen fill 
(Ellis 1978). The importance of a particular parameter in determining intake varies 
with the conditions of the experiment, and since the upper limits on the size of 
ruminants are the focus (i.e., animals that eat low-quality diets), the following 
discussion concentrates on the limiting factors on roughage diets. 


Recent work with natural forages, which vary widely in digestibility, has pro- 
duced results contrary to work with dilution diets. Both Mertens (1973) and 
Osbourn et al. (1974) found that the intake of sheep was linearly related and highly 
correlated (r .  = - .76, - .83, respectively) with cell-wall concentration. In con- 
trast to the work described above, there was no indication that animals restricted 
their intake on high-quality foods just to balance energy requirements. In fact, 
using data from 179 forages, Mertens (1973) found that animals eat to a constant 
cell-wall intake (g CWIday). He interpreted the importance of the cell-wall correla- 
tion, as had Van Soest (1967), as an indicator of the volumetric characteristics of 
the forage. In recent unpublished work, P. Van Der Aar (in Van Soest's labora- 
tory) has measured the volumetric properties of the forages used by Mertens 
(1973). Van Der Aar found a low correlation ( r .  = - .43) between bulk volume and 
intake. His examination indicates that the volume of forages is determined by the 
cell-wall structure in early growth stages. As the plant matures, the cell volume 
does not change but the cell wall thickens. Therefore, the density and percentage 
dry matter of the cell wall increase with age. These results raise questions about 
the interpretations of Van Soest (1967) and Mertens (1973) that there is a strong 
volumetric relationship between cell-wall content and bulk volume of forages 
which, in turn, produces the high correlation between intake and cell-wall con- 
tent. 


If cell-wall content is not a good measure of bulk volume, then why is cell-wall 
content a good predictor of intake'? If the rumen works as a filtering system, which 
Smith's data (1968) suggest, then intake should be related, especially on low- 
quality forages, to the ability to move ingesta through this filter (i.e., relieve fill). 
Mertens (1973) evaluated the ability of f i l l  models to predict the intake values he 
measured. He concluded that passage rate is a more important determinant of f i l l  
than digestion rate. Rate of passage can be increased either by increasing the rate 
of particle breakdown or by increasing the size of particles which escape the 
rumen. Although little is known of factors affecting the latter, particle breakdown 







659 RUMINANT AND NONRUMINANT BODY SIZES 


occurs by the processes of rumination and digestion. Troelsen and Bigsby (1964) 
found a high correlation between the particle sizes produced by artificial mastica- 
tion of a forage and its intake. More recently, cell-wall intake has been shown to 
be highly correlated with rumination time of sheep and cattle on a wide range of 
forages (Welch and Smith 1969, 1970). These results suggest that the link between 
intake and cell wall exists because the rate at which particles can be broken down 
is constant relative to their cell-wall content. 


These interpretations indicate that the same mechanism (selective delay based 
on particle size) that provides the greater efficiency per unit of intake for rumi- 
nants on diets of intermediate fiber content is also the one that may limit their 
ability to function well on high-fiber diets at high levels of intake. Welch (1979, 
personal communication) has examined rumination capacity in two contexts. 
First, he measured rumination rates of sheep, goats, and cattle fed a single meal of 
hay preceded by 2 days of fasting. Rumination rate is calculated by dividing the 
measured intake of cell wall (g) by the rumination time. These data show that 
rumination rate ( y ,  g CWImin) is related to body weight (x,kg) by the following 
regression equation: 


logy = . 9 6 l o g x - 1.69 r . =  .92. 


In a second series of trials, cattle were fed ad libitum. Rumination rate was related 
to body weight as 


logy = .63 log s - .68 r = .73. (3) 


Both equations indicate a decreasing ability to ruminate cell wall with increas- 
ing body size; however, the exponents are considerably different. Since the 
primary concern is to relate body size to the ability to relieve rumen fill, the fasting 
trials are probably not appropriate because during the fasting the animals are 
likely to be emptying their rumens. In this case, intake will reflect more the empty 
volume of the rumen than passage, and the rumination rate will not reflect particle 
breakdown necessary for passage. The trials may also differ because of the 
difference between inter- and intraspecific relationships. In the ad libitum trials, 
rumination rates on the high-fiber diets are likely to reflect the animals' ability to 
relieve rumen fill. The ad libitum data may be limited, however, because the 
animals are not being pushed to ruminate at their maximum capacity. Never- 
theless, with these considerations in mind, the ad libitum data have been selected 
as the most appropriate for the following examination. 


Qualitative evidence has indicated that some ruminants, particularly the graz- 
ers, are adversely affected by low-quality diets. Hofmann (1973) reports the 
impaction of the rumen on coarse diets. Within a species, as dietary quality 
decreases, the ratio of rumination to feeding time increases. African buffalo in the 
Serengeti have a ratio of rumination to feeding time of .75 in the wet season, but in 
the dry season the ratio increases to .94 (Sinclair 1977). 


Adequate data are not available to examine interspecifically the relative rates of 
change in rumination capacity relative to dietary cell wall with increasing body 
size. Sufficient data, however, are available to consider the effect of body-size 
increases on the African buffalo. Since the buffalo is the largest grazing ruminant 
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in the African grasslands and savannas, factors limiting its size may constrain the 
upper size of ruminants in general. 


Buffalo prefer a diet of grass leaves followed by sheaths and stems (Sinclair 
1977). In the wet season when leaves are abundant, they form the majority of the 
diet and decline in importance as the dry season advances (Sinclair 1977). Sinclair 
proposed that as the density of leaves decreases, buffalo cannot maintain their 
required rate of intake on these rare items and expand their diets to eat the more 
abundant (but less digestible) stems. 


Using this same logic, the cell wall (g) in the diet of a hypothetical buffalo (of 
greater than actual size) was calculated by assuming that the energy required for 
increased size would come from the selection of grass stems (see Appendix). 
Since October is the height of the dry season, the calculations used values for this 
month as the worst-case situation for the buffalo. In this month, the dry-matter 
cell-wall content of the diet, CW, (g CWIday) is CW, = 61.7 kv 75 - 539.5. (This 
result is the same as equation [A61 in the Appendix.) 


J .  Welch (personal communication) has found that domestic cattle and sheep 
cannot be forced to ruminate longer than 10 h per day. Using this value as the 
maximum rumination time possible for buffalo, the amount of cell wall (g) that can 
be processed in this period can be calculated from equation (3). The total cell-wall 
content of the diet of buffalo of increasing size can be estimated by equation (A6). 
At approximately 655 kg, buffalo cannot ruminate sufficient cell wall to balance 
metabolic requirements. This weight, 655 kg, is smaller than the largest of the 
buffalo sampled by Sinclair (1977; 690 kg). 


Although our objective is to suggest that rumination rate and declining dietary 
quality are a limit on the upper size of ruminants, the calculations presented above 
should be viewed cautiously. First, the two regressions used have sufficiently 
similar slopes so that small changes in the constants of either equations will 
produce substantially different solutions. Second, because the body composition 
of animals changes with size and age (i.e., proportion of muscle and fat), 
intraspecific exponents relating weight to metabolism vary from .75 (Thonney et 
al. 1976). Therefore, although the .75 exponent seems appropriate for the calcula- 
tion in an evolutionary framework, it may not be acceptable when applied to the 
buffalo in a practical context. Third, as well demonstrated by Sinclair (1977), the 
body stores are used by large animals as a strategy to deal with reproduction in a 
fluctuating environment. Therefore, comparison of weight prediction with field 
data are approximations with a great deal of variability, an inherent biological 
property of the animal. 


If retention times increase with body size, and digestibility is a function of 
retention time, then as body size is increased, a point is reached at which 
complete digestion of the potentially digestible cell wall will occur even without 
selective delay of ingesta (i.e., perfect mixing). This factor may be an additional 
reason for the lack of many large ruminant species. To examine this hypothesis 
requires a function expressing the rate at which forages digest when in contact 
with microbes. 


Because large herbivores have retention times much longer than those required 
for complete digestion of the soluble fraction, and because their diets are com- 
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posed primarily of cell wall, this discussion focuses on the digestion rates of the 
fiber fraction. Since cell walls are digested by microbial fermentation, TI (reten- 
tion time) must be calculated for the fermentation site and not the entire gut. The 
net weight (kg) of the fermentation site contents, F, can be calculated from a 
regression against body weight, W (kg) (Parra 1978), but keep in mind that 
ruminants and nonruminants fit the same regression line: F = .0761 W' OMh.  The T,. 
(h) of the fermentation site can be calculated for an animal at 1.5 times basal 
metabolism by dividing, as above, F by the intake required by metabolism: 


T,. = 7.67 D w ' ~ ~  (4) 


where D is the digestibility of the intake. The dry weight of the contents was 
estimated as 10%. 


We now link the energy production of ingesta, its volume, and retention time 
within the fermentation site. The volume of a forage is primarily composed of its 
structural components. Smith et al. (1972) have shown that the cell wall can be 
separated into digestible and indigestible fractions and that digestion (in vitro) of 
the digestible fraction occurs as a constant proportion per unit time. The indigest- 
ible portion can be estimated by the fraction remaining after no change in forage 
mass is observed; in this case 72 h after initiation of the digestion trial. 


If digestion of the digestible cell wall, CWLl, proceeds according to first-order 
kinetics, then the amount of CWD remaining at some retention time. t,. after 
digestion begins is 


where r is the rate constant of digestion. If the digestion of a unit mass of forage 
produces a quantity a (4409 kcallkg), then the digestible energy, DE, produced at 
t,. is the derivative of CWD (t,) converted to kcal per unit time: 


DE  (t,) = u CWu(0)r P ~ ' " ~ .  


In this case, the loss of mass is positive energy for the herbivore. Therefore, DE 
(t) is a positive term because the constant, a ,  is a negative. 


The volume of a unit of intake, V, decreases through time as 


V (t,) = Vo - CWn (1  - e-"~)  


where Vo is the initial intake volume. Therefore, the energy production of a unit 
volume of forage cell wall, Ecw, can be formulated as a function of the length of 
time it has been resident in the rumen, the retention time (t,.): 


Using the in vitro fermentation data from Smith et al. (1972) for 32 forages, 
average values were calculated for r and CWn for early and mature legumes and 
grasses (within-group values were consistent). Figure 7 shows the values of 
Ecw(tl) calculated for these forage classes. This figure indicates that the energy 
production of a unit of forage is always a decreasing function of retention time, 
and therefore the maintenance of high intake will always produce higher digest- 







THE AMEKICAN NATURALIST 


E A R L Y  L E G U M E S  


L A T E  G R A S S E S  


0 20 40 60 
T I M E  ( H )  


FIG.7.-Energy production of the digesting cell walls of forages (kcallkg) is plotted against 
retention time (h); data from Smith et al. (1972). Most of the energy in a unit of intake is 
released by 35 to 45 h (arrows). 


ible-energy values for a unit of rumen volume. Intake is limited by the availability 
of forage and, for ruminants, potentially by the rate at which forage can be 
reduced to small particles. The question raised here is, At what point does body 
size become sufficiently large to produce retention times long enough so that a 
unit volume of ingesta is producing little energy? Approached qualitatively. an 
answer can be obtained by indicating the range o f t ,  in figure 7 where the energy 
present in a unit volume of intake has been almost completely removed. If 
complete digestion is considered t.o be 72 h, then the percentage of total energy 
available that has been digested at t, can be calculated. Of the forages given by 
Smith et al. (1972), all reached 90% maximum digestion before 40 h. The arrows in 
figure 7 indicate a range of retention times, chosen qualitatively, when little 
energy remains to be digested by further retention within the fermentation site. 
Obviously, a consideration of optimal retention times must include aspects of 
forage availability, harvesting rates, and resource distribution. 


In figure 8. the retention time has been plotted against body weight according to 
equation (4) for forages of different digestibilities. The retention times indicated 
by the crosshatching are those from figure 7 corresponding to the range of 
complete digestion values. These values indicate that at a dry-matter digestibility 
of 50%, forages with rapid digestion rates show complete digestion in animals of 
greater than 600 kg. Forages with very slow digestion rates require an animal of 
greater than 1200 kg for maximal digestion. The extent to which perfect mixing 
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FIG.8.-Retention time of foods in the fermentation chamber is plotted as a function of 
weight for foods of different digestibilities. Shaded area indicates retention time necessary to 
digest almost all the energy in a forage (see fig. 7) and the corresponding range of body sizes 
for this range of retention times when the digestibility of the food is 50%. If foods are 50% 
digestible and retention time is 45 h, then an animal of 1200 kg will show maximum extent of 
digestion of the food regardless of whether the fermentation site has selective delay or  perfect 
mixing. 


does not occur in the fermentation site will decrease the body sizes of these 
estimates. Nevertheless, given our assumptions and depending on the mix of 
forages. animals larger than 600 kg to 1200 kg will show equivalent digestive 
abilities, regardless of whether they are capable of highly developed selective 
retention or not. 


The absolute magnitude of the metabolic requirement of large herbivores con- 
strains them to a high-fiber diet, which is difficult to ruminate (a process necessary 
for selective retention). At the same time, their weight-specific metabolic require- 
ment decreases to levels at which retention times make selective retention un- 
necessary. These findings suggest reasons for the upper limits of ruminant body 
size and the predominance of nonruminants among the largest herbivores. 


DISCUSSION 


The data presented indicate that along a continuum of body sizes, from small to 
large herbivores, digestive capacity and total metabolic requirements increase. 
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The fiber composition of plant material is the scaling variable for the resource 
axis, and abundance of food items with different fiber content can be plotted for 
individual habitats (a fiber curve). If competition is important in structuring 
communities (Diamond 1978), then body size is a factor providing a mechanism by 
which herbivores can differentially use this resource axis. Body size provides 
asymmetry in competition effects for digestive capacity of fiber (small animals 
always at a disadvantage), but may be balanced by the restriction resulting from 
the metabolic requirements of large animals. Herbivores are constrained to a 
range of foods on a particular fiber curve on which the lower limits (i.e., low fiber) 
are determined by abundance and the upper limits by digestive capacity. The 
relationship is similar in concept to that discussed by Wilson (1975) for predators, 
except that the resource-axis variable is different. 


Although body size is considered an important variable for predicting feeding 
behavior and digestive strategy, its power, in this respect, can be diluted. Once 
there has been an initial evolutionary response involving body size (such as the 
evolution of the rumen), then body size becomes less capable of predicting feeding 
differences because the effects of size are confounded with those of gut anatomy. 
This point is reflected in figure 4. Cattle and horses, approximately equal in 
weight, have different digestive capacities. Body size is viewed as an important 
background evolutionary force that imposes constraints on what is possible for a 
given size. Within a range of responses, anatomical and behavioral differences can 
produce multiple solutions. 


This point can be illustrated by the evolution of the horse. Janis (1976) attributes 
the evolutionary size increase of horses to both the evolution of ruminants and the 
increased fiber composition of forages as a response to climatic change. The 
constraints on small herbivores enumerated in this paper, considered in conjunc- 
tion with morphological characteristics of the rumen of small antelope (Hofmann 
1973), suggest that early ruminants possessed foregut fermentation for reasons 
other than fiber digestion. The spread of the grasslands created an environment 
where ruminants could more efficiently graze the available forages by increasing 
their size and further modifying their gut. Constraints on the ability of ruminants 
to process high-fiber foods may have limited the upper range of this body-size 
response. Unrestricted by their gut morphology, horses' tolerance to high fiber is 
set by body size. They probably responded to this competition by increasing their 
size to a point at which they could eat higher-fiber diets than could the ruminants 
because their intake was not restricted by the rate of particle-size breakdown. 
When the body-size effect is confounded by differences in digestive strategy, 
however, it alone is insufficiently precise an indicator to predict feeding differ- 
ences (Milton 1981). 


The model treats the MRIGC ratio as the primary determinant of body-size 
evolution and feeding behavior. A great number of biological parameters vary 
systematically with body weight (see Western 1979; Peters 1983) and the evolution 
of body size is an integrated response. Thus, the singular emphasis of this paper is 
a result of the focus of the paper, not a contention of exclusive importance. 
Similarly, feeding behavior is treated as a response to only digestive capacity and 
food abundance. In reality, an animal has nutrient-storage capabilities that allow 
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excess nutrients from an abundance of food to be carried over to periods of 
scarcity or high metabolic demand. Interestingly, the storage capabilities of ani- 
mals are an isometric function of body weight. If short-term capacity is considered 
to be gut fill, and long-term considered to be body stores (isometric with weight, 
Kleiber 1975), then the time an animal can maintain itself on each of the sources 
increases with body weight as a fractional power. In fluctuating environments, 
this body-size effect can be an important determinant of the species composition 
of permanently resident herbivores (Sinclair 1975). 


SUMMARY 


The gut capacity of mammalian herbivores increases linearly with body weight. 
This relationship, coupled with the change in basal metabolism with weight, 
produces an MRIGC ratio (metabolic requirementigut capacity) that decreases 
with increasing body size. Since the retention of a food particle within the gut is 
proportional to this ratio, the extent to which food particles are digested will be 
related to body size. 


Plant material is made up of chemical components that react differently to 
digestive enzymes. The fiber fraction of plant material (i.e., cell wall) is digested 
slowly and exclusively by microbial symbiotes. A positive relationship probably 
exists between the fiber content of plant parts and their biomass in the environ- 
ment. This relationship is used to describe a resource axis on which digestion rate 
is the scaling variable. In response to this resource axis and metabolic require- 
ments, the fiber content of the diet of herbivores increases with body size. 


Ruminants are the predominant medium-sized herbivores in East Africa, while 
nonruminants are mainly small or very large animals. Small herbivores are con- 
strained to rapid passage of ingesta by their high MRIGC ratio. In response, they 
have evolved hindgut fermentation and feed selectively on rapidly digestible (i.e., 
low-fiber) foods. Both responses contribute to loss of nutrients (synthesized by 
gut microbes) in the feces, and thus contribute to coprophagy in this group. To eat 
a diet higher in fiber, the herbivore must increase its body size. The reduced MRI 
GC ratio of medium-sized herbivores allows the evolution of gut structures that 
selectively delay the passage of ingesta. Selective delay results from the rumina- 
tion process because the probability of passage is tied to particle size. This 
process produces more efficient fiber digestion in ruminants than that in nonru- 
minant~of similar size. Rumination, however, is advantageous over only a limited 
range of body sizes. The lower limits of ruminant body size are set by maximal 
fermentation rates. Foregut fermentation will not only digest the cell wall, but also 
use many of the soluble nutrients before their direct absorption is possible. 
Therefore, ruminants must rely almost entirely on the production of microbial 
volatile fatty acids (VFA) for energy and postruminal digestion of microbes for 
other nutrients. With decreasing body size, the increasing rate at which energy 
must be produced per unit volume of the rumen cannot be matched by a concomi- 
tant increase in the fermentation rate of forages. Nonruminants are favored by the 
more efficient energy transfer of enzymatic digestion in the foregut of the low-fiber 
foods often required by small animals. 
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The upper limits may be imposed by two factors. First, rumination rates (g cell 
wall ruminated per unit time) increase with body size more slowly than does the 
cell-wall content of the diet. Using the case of the African buffalo, we arrived at 
calculations which suggest that sufficient intake of a high-fiber diet cannot be 
maintained to provide the energy necessary to support larger body sizes. Second, 
with increased body size the very low MRIGC ratio allows very long retention 
times. A point in body size is reached (600-1200 kg) at which retention times are 
sufficient to achieve relatively complete digestion of the potentially digestible 
component of forages, regardless of whether the herbivore possesses a selective 
delay mechanism of the rumen or the "perfect mixing" of the nonruminant model. 


Because of the small body size of early ruminants, the evolution of the rumen 
was probably initiated by selection for the detoxification or synthetic capabilities 
of foregut fermentation. The foregut then was preadapted for development as a 
structure for the selective delay of forages when the grasslands expanded. 


Changing body size is postulated as a mechanism for differentiating the feeding 
requirements of herbivores. The fiber composition of plant material is the scaling 
variable for a resource axis for herbivores. Large herbivores can extract more 
energy from plant material than can smaller herbivores, but cannot concentrate on 
the rapidly digestible foods used by small animals because these foods are rare. 
Therefore, if competition is important in structuring herbivore communities, then 
body size is probably a factor that contributes to feeding differences. 
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APPENDIX 


FORAGE QUALITY 


The digestibility (%DM) of leaves, sheaths, and stems was calculated from a regression 
of % crude protein obtained by Brendon et al. (1963) working with Ugandan cattle and 
tropical grass. Crude protein values from Sinclair (1977, p. 322, table 34) were used to 
predict digestibility of the grass parts. For  October, digestibility values are estimated as 
49.3%, 46.096, and 43.9% for leaves, sheaths, and stems, respectively. These dry-matter 
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digestibilities appear to be higher than those measured by Stanley-Price (1977). His values 
were determined on an organic-matter basis, and his procedure is not described or refer- 
enced. 


The cell-wall content of the leaves. sheaths. and stems at the end of the dry season was 
estimated at 65%. 77470. and 85%. respectively, from unpublished analysis of dry-season 
tropical grasses by M. W. Demment. 


DIET AND INTAKE 


The amount of leaf. sheath, and stem in the diet of a 424-kg buffalo (the average weight of 
animals sampled in fig. 21 and table 24 of Sinclair's monograph: Sinclair, personal com- 
munication) can be calculated. 


Digestibility of the diet, as a whole, was calculated by averaging the digestibilities of the 
grass parts, weighted for their proportion in the diet for October ( I  1% leaves. 39% sheath. 
49% stem: Sinclair 1977, fig. 20). The diet's digestibility was estimated as 44.956. 


The total intake of forage (g DMlday) for a 424-kg buffalo was calculated by 


I = -011' 75 


bcd 


where I is the intake (g DMlday) and n is a metabolic constant (105 kcaliday). This value is 
1.5 x basal metabolism and is used to approximate an animal which is standing most of the 
day. Taylor et al. (1970) estimate that standing requires 1.7 times basal metabolism. Given 
the additional costs of locomotion. l .5 is probably a conservative estimate of a reproduc- 
tively inactive animal. b is a constant to convert intake from kcal to g D M  (4.409 kcallg): (, 
is the proportion of digestible energy not lost to microbial respiration (7.2% lost) o r  
methane production (18% lost: Baldwin et al. 1977); d is the proportion of the intake which 
is digestible: 11%is body weight (kg). 


Total dietary intake in October for a 424-kg buffalo is 6634.8 g DM. This estimate is 
conservative relative to those made by Sinclair (1977) and is probably the result of higher 
metabolic requirements andlor lower digestibilities than those ~ ~ s e d  in this calculation. 


CELL-WALL CONTENT OF T H E  DIET 


The cell-wall content of the diet for a buffalo greater than 424 kg is calculated as follows. 
A mass-balance equation (g DM) for the buffalo is 


where B is the biomass of the diet (g DM) in leaves (L), sheath ( S H ) ,and stem (ST):D is the 
digestibility of leaves (L), sheath ( S H ) ,and stem (ST): M is the mass expenditure ( o r r t )  and 
assimilation (it?) (g DM); both in net energy. Setting Mi,, e q ~ ~ a l  and solving for BS./to ,ti',,,,, 
yields 


B s r  = -I -r r l c ~ ~ "  
- DL BL - DSHB I H ) .  (A4)


D,, i bc 


The amount of cell wall (g DM) in this diet is 


where CW, is the cell-wall content of the diet (g DMiday); CL,  C5H. and CS7 are the cell-wall 
content (proportion of DM) of the leaves, sheath. and stem, respectively. Substituting into 
eq. (A4) yields 
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Since BL, BSH,  CL, C S H ,  DL,  and D S Hare all constants (i.e., the assumption that increased 
costs of body size are met with increased amounts of stem in the diet). the numerical values 
can be inserted and the equation reduced to the form 


CW, = 61.7 M , . ~ ~539.5.- (A61 
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Summary. A simulation model is used to quantify rela- 
tionships between diet quality, digestive processes and 
body weight in ungulate herbivores. Retention time of 
food in the digestive tract is shown by regression to scale 
with W ~ and to be longer in ruminants than in hindgut 
fermenters. Allometric relationships between whole gut 
mean retention time (MRT, h) and weight (W) were: 
MRT = 9.4 W ~ (r 2 = 0.80) for hindgut fermenters and 
M R T =  15.3 W ~ (r2=0.76) in ruminants. Longer re- 
tention of ingesta by large-bodied ruminants and hindgut 
fermenters increases digestive efficiency relative to small 
animals and permits them to survive on lower-quality 
foods. Compared with ruminants, hindgut fermenters' 
faster throughput is an advantage which outweighs their 
lower digestive efficiency, particularly on poor quality 
foods, provided that food resources are not limiting. This 
suggests that the predominance of ruminants in the mid- 
dle range of body weights results from their more effi- 
cient use of scarce resources under conditions of resource 
depletion. Considering only physical limitations on in- 
take, the model shows that the allometric coefficient 
which scales energy intake to body mass is 0.88 in rumi- 
nants and 0.82 in hindgut fermenters. The advantages of 
large body size are countered by disadvantages where 
food quantity is limited, and we suggest that the upper 
limit to ungulate body size is determined by the ability 
to extract nutrients from feeding niches during the nadir 
of the seasonal cycle of resource quality and abundance. 


Key words: Ruminant - Hindgut fermenter - Nutritional 
ecology - Evolution - Body size 


The body size of mammalian herbivores has implications 
for the minimum quality of food necessary for survival, 
and hence for the feeding niche selected. This hypothesis 
was first proposed by Bell (1970) and Jarman (1974), 
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from a consideration of the allometric scaling of meta- 
bolic rate in ruminants, and is now termed the Bell- 
Jarman principle (Geist 1974). They argued that small 
antelope require high quality (low fibre) food to satisfy 
their relatively high metabolic rates, assuming all ante- 
lope are able to digest similar quantities of food relative 
to body mass. An influential paper by Demment and Van 
Soest (1985) explored these relationships, and expressed 
support for the principle by inference from a number of 
lines of evidence. In particular, they argued that larger 
animals had a greater capacity to process and survive on 
poor quality forages with low fermentation rates, since 
metabolic needs scale with weight (W) as W ~ and gut 
contents scale isometrically with W. They also argued 
that forestomach fermenting species (ruminants) were 
likely to be less tolerant of poor quality diets than nonru- 
minant hindgut fermenting species, and that the more 
severe constraints on the upper limit to ruminant body 
size could explain the predominance of nonruminants 
among the largest herbivores. 'Despite their detailed 
treatment, Demment and Van Soest (1985) ultimately 
only provided qualitative support for their arguments. In 
this paper we use a dynamic deterministic model of food 
intake and clearance (Illius and Gordon 1991) to quanti- 
fy the relationships between diet quality, energy require- 
ments and body size more rigorously. The model is then 
used to examine differences between ruminants and 
hindgut fermenting species in their ability to extract nu- 
trients from forages. This allows a test of the hypothesis 
of Janis (1976) that over evolutionary time perissodactyls 
(hindgut fermenters) were able to survive in the face of 
competition from the apparently superior ruminant ar- 
tiodactyls only by their ability to tolerate more fibrous 
herbage. 


The model  


Model  structure 


We wish to determine the energy yield to an animal whose intake 
of a food is determined by gut capacity constraints: that is to say 
the food is abundant and is eaten at the maximum rate allowed by 
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Fig. 1. Flow diagram of forage digestion; see Table 1 for definition 
of symbols. Compartments in the lag phase, foregut and large 
intestine are distinguished by suffix: 0, 1 and 2 respectively. Dashed 
lines ( - - - - ) indica te  functions which do not exist in hindgut fermen- 
ters 


Table 1. Definition of symbols used in the model 


State variables . expressed in DM, proportion of standard" DM load 


LIQCC cell contents released into 
the liquid phase 


cell contents trapped 
in cell wall 


large, small particles 
of digestible cell wall 


large, small particles 
of indigestible cell wall 


rumen, large intestine 
microbial DM 


CELCC 


LDCW, SDCW 


LINDF, SINDF 


MICR 


Rate variables: fi'actional rates per hour 


k o liquid passage rate 
kl,  k6 digestion rate of cell contents in foregut, 


large intestine 
k 2, k v digestion rate of cell wall in foregut, 


large intestine 
k 3, k 8 passage rate of small particles in foregut, 


large intestine 
k4 breakdown rate of large 


particles to small 
ks escape rate from the foregut 


of large particles 


a defined as the DM load of the primary site of fermentation : Eq. 1 


clearance of digesta and residues from the gut. We have developed 
a compartment model of digesta kinetics applicable to ruminants 
(Illius and Gordon 1991), and there follows a brief overview of the 
model and of its modification for hindgut fermenting species. The 
model describes how animal characteristics and food properties 
influence the kinetics of digestion and passage. Components of the 
digesta, such as the cell contents, particles of cell wall and microbial 
matter, are depicted as a number of compartments, with unidirec- 


tional flow between them, in the rumen or stomach and large 
intestines (Fig. 1, Table 1). The modelling of fibre kinetics is similar 
to the approach adopted by Mertens (e.g. Mertens 1977; Allen and 
Mertens 1988). The primary site of fermentation (either tureen or 
large intestine) is taken to be the site of physical intake control, and 
when, due to digestion and passage, the digesta load falls below a 
threshold, further ingestion takes place to refill the guts and main- 
tain a specified average daytime digesta load. The model determines 
stable solutions to the combination of meal size, daily meal numbers 
and the semisteady state digesta composition by iteration over 20 
days. Copies of the program may be obtained from the authors. 


Food and animal descriptions 


Forages consist of a proportion of cell contents (CC) which are 
wholly or largely digestible (Van Soest 1982), a proportion of 
digestible cell wall (DCW) and an indigestible residue. The clear- 
ance of food from the digestive tract is the result of the differential 
rates of digestion and passage of cell contents, cell wall and indigest- 
ible residues. Ruminants selectively retain large fibre particles in the 
rumen until digestion and physical comminution have reduced 
particle size to about 1 mm (Poppi et al. 1981). This acts to delay 
passage and allow more extensive microbial digestion of a food 
fraction which the animal is otherwise incapable of digesting. 


This model of digesta flow and nutrient uptake in ruminants was 
adapted to hindgut fermenters such as the equids by some simple 
changes. Modification to enzymatic digestion of cell contents was 
achieved by assuming that 2/3 of cell contents provide an energy 
substrate (Fonnesbeck 1969), converted to glucose with an energy 
content of 15.6 MJ kg-1, and used for maintenance with an effi- 
ciency close to 100% (Blaxter 1971). Next, it was assumed that tong 
fibre particles are not selectively retained in the digestive tract and 
that liquid and solid phases flow at the same rate (ie. k5 = k3 = k0, 
Fig. 1) and that sufficient processing of foods has occured anterior 
to the site of digestion to abolish digestion lag times. In equids, the 
majority of particle size reduction is considered to occur through 
mastication during eating (Grenet et al. 1984) and accordingly 0.5 
of the fibre entering the stomach of hindgut fermenters was assumed 
to be in the form of large particles. 


Quantification o f  model  parameters  


The average daytime digesta load in the foregut and hindgut was 
defined by the aUometric regression of digesta dry matter (DM) load 
on body weight in ruminant and hindgut fermenting species (Ta- 
ble 2). The allometric exponents were not significantly different 
from 1, and the regressions were recalculated as: 


Ruminants: Foregut DM load = 0.023(=k 0.0014) W 
Hindgut DM load = 0.0032(:t: 0.00028) W 
Total DM load = 0.027(4- 0.0014) W 


Hindgut fermenters: Foregut DM load = 0.0044(4- 0.00083) W 
Hindgut DM load= 0.020(4-0.0003) W 
Total DM load = 0.026( 4- 0.0009) W (1) 


It will be noted that the digesta load of the primary fermentation 
site does not differ between types of animal, and is about 80% of 
the total digesta DM load. 


Passage rate (k3, k8; Fig 1, Table 1) is the inverse of retention 
time, which is assumed to scale with W ~ in common with the 
scaling of the duration of other time-related physiological variables 
(Peters 1983; Taylor 1980). Empirical support for this is provided 
by allometric regression of mean retention times on body weight 
using the data of Warner (1981) and Foose (1982, hay diet). This 
gave retention time in the whole gut for ruminants (h)=15.26 
W ~176176 ra=76.2%, n=26,  residual SD= 11.8 (Fig. 2). The 
data represent the retention of particulate matter in animals fed 
grass hays or other roughage diets at a rate of intake roughly 
equivalent to maintenance. The range in weights was from 3.7 kg 
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Table 2. Digesta DM load in gut compartments of ruminants and hindgut fermenters 


Species Body Foregut Small Hindgut 
weight DM load intestine DM load 
(kg) (kg) DM load (kg) 


(kg) 


Reference 


Ruminants 
Dikdik 4.2 0.050 0.002" 0.008 16 b 
Gerenuk 34 0.559 0.023 0.094 10 
Oryx 174 5.253 0.175 0.651 8 
Waterbuck 229 4.435 0.215 0.820 8 
Eland 459 10.24 0.464 1.252 8 
African buffalo 536 15.61 0.670 2.150 8 
Giraffe 702 13.33 0.787 2.414 6 
Wildebeest 125 2.63 0.093" 0.175 7 
Red deer 100" 1.85 0.114 0.270 1 
Sheep 82 0.75 0.087 0.324 3 
Ox 364 8.70 0.483 0.388 1 
Allometric regression 0.091W 1'1s 0.002W 1"~ 
r 2 0.972 0.92 


Hindgu t fermenters 
Elephant 2500" 9.40 3.620 50.08 3 
Black rhino 1000" 8.490 0.915 20.77 3 
Horse 317 0.790 0.387 4.93 7 


Donkey 91 0.304 0.110 1.572 17 


Mountain hare 2.7 0.028 0.006 0.037 6 
Allometric regression 0.0093W ~ 0.012W 1'~ 
r 2 0.942 0.999 


Hoppe et al. (1983) 
Maloiy et al. (1982) 
Maloiy et al. (1982) 
Maloiy et al. (1982) 
Maloiy et al. (1982) 
Maloiy et al. (1982) 
Maloiy et al. (1982) 
van Hoven et al. (1980) 
Elsden et al. (1946) 
Elsden et al. (1946) 
Elsden et al. (1946) 


Clemens et al. (1982) 
Clemens et al. (1982) 
Clemens et al. (1982); 
P. Duncan, personal communication 
H. Kasirer-Izraely, 
personal communication 
J. D. Milne, personal communication 


a estimated b For hindgut DM load, n = 4  


(suni, Nesotragus mosehatus) to 1000 kg (water buffalo, Bubalis 
bubalis). Since the exponent is not significantly different from 0.27, 
the relationship was recalculated as 14.1 W ~ and hence passage 
rate is 0.071 W -~ A comparable relationship for hindgut fer- 
menting species was also obtained using the data of Warner (1981) 
and Foose (1982), which gave retention time in the whole gut as 9.42 
W 0.255(~:0.036) h with r2=80.4%, or 8.89 W 0"27. The range in 
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Fig, 2. Relationship between mean whole-gut retention time (h) of 
particulate matter and body weight (kg) in ruminants (1) and 
hindgut fermenters (2). Data from Warner (1981) and Foose (1982) 
for animals fed grass hays or other roughage diets 


weights was from 2.25 kg (rabbit, Oryetolagus cuniculus) to 2873 kg 
(African elephant, Loxodonta afrieana). Warner (1981, Table 4) 
presented data relating rumen, small intestine and hindgut mean 
retention times to total mean retention time in the whole gut. In 
animals fed hay ad libitum the mean particle retention time in the 
rumen and hindgut, expressed as proportions of the total retention 
time, were 0.77 and 0.19 respectively. It can be seen that the appor- 
tionment of passage rate between gut compartments approximates 
to that of digesta load in ruminants, and we have assumed that the 
same applies in hindgut fermenters. 


Determinations of cell wall digestion rates (kv) in the caecum 
and colon of  hindgut fermenters are few. Comparision of cell wall 
digestion rate in caecal and rumen fermentation by Koller et al. 
(1978), Johnson et al. (1982) and Uden and Van Soest (1984) 
suggest slightly lower rates in horses than cattle. Koller et al. (1978) 
suggested that there was greater disparity between rates in rumi- 
nants and hindgut fermenters as lignification increases. However, 
because of methodological difficulties which may bias these com- 
parisons, we are not convinced that there are real differences be- 
tween cell wall digestion rates in the rumen and the hindgut, and 
have accordingly adopted the conservative assumption that they are 
the same. 


Model  testing 


The model has been tested by examining the effect of plant charac- 
teristics on predicted intake and digestion in ruminant animals of 
different size, showing that predictions are in close agreement with 
published observations (Illius and Gordon 1991). To examine dif- 
ferences between animals with ruminant and hindgut fermentation, 
data from Foose (1982) on intake and digestion of  timothy (Phleum 
pratense) hays by 11 species of hindgut fermenters and 16 species 







of ruminant were compared with predicted values from the modet. 
Values for cell wall digestion rate were estimated from log(lignin/ 
cellulose) ratios using the equations of Smith et al. (1972). 


Results 


Assessment of model predictions 


Comparison of predicted intakes with the data of Foose 
(1982) gave the following regression: observed in- 
take=0.77 (_+0.031) predicted intake (r:=0.641, re- 
sidual SD = 17.1 g kg W-o.va) with an intercept not signifi- 
cantly different from zero. Mean observed and predicted 
intakes for ruminants were 57.5 and 68.8 (SED 3.74, 
n-- 18) g DM kg W -~ and for hindgut fermenters were 
105.9 and 139.9 (SED 6.04, n = 12) g DM kg W -~ 
respectively. Thus the model over-predicted intake by 
about 20-30 % in ruminants and hindgut fermenters. The 
animals used in Foose's (1982) study were mature, re- 
productively inactive, zoo animals, and many had in- 
takes at or below maintenance (range: 1.5 to 0.34 times 
maintenance). The model predicts that all animals in the 
weight range covered by Foose's data set (77-2873 kg) 
could consume greater than maintenance at maximum 
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intake. We must therefore conclude that many animals 
were not eating to the limits of their intake, as the model 
assumes, but according to some metabolic limit related 
to their low productive requirements, or found the food 
unpalatable (T. Foose, personal communication). 


Digestibility observed in hindgut fermenters was very 
close to that predicted, at 0.476 v. 0.468 (SED 0.010) but 
was higher than predicted in ruminants (0.566 v. 0.502, 
SED 0.015). The regression was: Observed=l.084 
( 4- 0.024) Predicted. This explained 27.6 % of variance in 
the narrow range of observed digestibility (0.395-0.658), 
with residual SD=0.061, or 11.3% of the mean. This 
indicates a degree of precision within the range of experi- 
mental variation in digestibility determinations. Varia- 
tion may also have arisen through many of the animals 
having low intakes, since this would be expected to de- 
press passage rate and allow more complete digestion 
(Van Soest 1982). The high digestibility observed in some 
species is also surprising considering the quality of the 
food, and probably reflects the difficulties of experi- 
mentation with these animals, and the fact that only 1 to 
3 animals per species were available. Alternatively the 
variation in digestion other than that related to weight 
(and thus modelled) may be due to genuine species dif- 
ferences in ability to digest the standard hay. 
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Differences between ruminant and hindgut fermenters 
in intake and digestion are known to be of a similar order 
to that predicted by the model (Hintz 1969; Johnson et 
al. 1982). In one of the few studies to compare ruminants 
and hindgut fermenters of similar body weights, Johnson 
et al. (1982) observed that the ratio of horse to cattle DM 
intake averaged 1.73 [cf. 1.84 and 2.03 by Foose (1982) 
and the model, respectively]; the ratio of digestibility was 
0.89 [cf. 0.84 and 0.93 by Foose (1982) and the model]; 
and the ratio of intakes of metabolizable energy was 1.48 
[cf. 1.47 and 1.39 by Foose (1982) and the model]. Taken 
overall, and allowing for the use in the model of inter- 
specific means of digesta DM loads and passage rates, we 
conclude that the model adequately predicts the general 
and weight-related differences between species possessing 
each type of digestive system, but leaves open the ques- 
tion of specific adaptations or deviations from the inter- 
specific trends. 


The effect of  size on intake and digestion 


Differences in intake (g kgW-0.73) and digestion between 
fore-gut and hindgut fermenting species at contrasting 
body weights on foods varying in potential digestibility 
(the sum of cell contents and digestible cell wall) are 
shown in Fig. 3a and b. Two main conclusions can be 
drawn from the comparison. First, it is apparent that the 
potential intake of any given food by hindgut fermenters 
is greater than that of ruminants, and that large animals 
of both types can ingest more of the food relative to 
W ~ than small animals. Second, the model predicts 
higher digestive efficiency in ruminants (Fig. 3b), and in 
larger animals of each type, due to the longer retention 
of fibre. Combining intake and digestion in terms of the 
proportion of maintenance requirements (Fig. 3c) shows 
hindgut fermenters have an advantage over ruminants of 
the same weight when compared on abundant foods of 
the same quality. The quality of food required for the 
modelled animals' survival (i.e. 1 x maintenance) is in- 
dicated by the dotted line in Fig. 3c, showing segregation 
by weight within digestive system type, and overlap be- 
tween 1000 kg ruminants and 100 kg hindgut fermenters. 
The ratio of hindgut fermenter: ruminant metabolizable 
energy intake (Fig. 3d) shows that the hindgut fermen- 
ters' advantage over ruminants is greater in small ani- 
mals and on lower quality foods. 


Discussion 


The performance of the model when compared with 
empirical data suggests that it is a sufficiently realistic 
description of the mechanisms of fibrous food intake, 
digestion and clearance to satisfy the objectives of com- 
paring ruminant with hindgut fermentation and examin- 
ing the effect of body size. The model clearly supports the 
argument that large animals can obtain a greater propor- 
tion of their energy requirements from abundant poor- 
quality foods than small animals (Demment and Van 
Soest 1985; Duncan et al. 1990). However, unlike these 


largely empirical studies, our modelling approach inte- 
grates the causal relationships and allows us to compare 
the efficiency of each digestive system across a wide range 
of food variables and over a range of weights. This 
overcomes the biggest limitation on empirical studies: 
the inability to generalize comparisons across a range of 
body sizes. On the other hand, our conclusions depend 
on the assumption that the model is an appropriate 
description of the physiological processes governing nu- 
trient intake. We assume, for example, that the loss of 
DM due to digestion can be equated directly with a 
corresponding absorption of nutrients. Other criticisms 
of the modelling approach stem in part from the point 
of view that generalisations covering animals of widely 
differing feeding ecology obscures specific adaptations 
(e.g. White et al. 1987) treating them merely as deviations 
from the general trend. This is largely a matter of stand- 
point, since although the investigation of a specific ad- 
aptation is challenging to the physiological ecologist, the 
existence and possible function of an adaptation is illumi- 
nated by knowledge of a strong underlying trend (see 
Baker and Hobbs 1987). 


Modellin9 assumptions. The model applies specifically to 
abundant foods containing sufficient fibre to place physi- 
cal restrictions on nutrient intake. It does not attempt to 
describe how metabolic regulation of nutrient intake may 
limit intake of high quality forages (see Forbes 1980). 
The inverse relationship between food quality and abun- 
dance (Gordon 1989) suggests that the scarcity of high 
quality foods is more likely to limit their intake than 
metabolic regulation thresholds. The case of survival on 
scarce or depleted resources has been considered else- 
where (Illius and Gordon 1987). Nitrogen and mineral 
contents of foods may also impose limits on digestion 
and survival, but have not been included in the model, 
which assumes their supply is adequate. The essential 
feature of the model is the observation that retention 
time scales with W 0"27, in the manner of other temporal 
variables such as the time between heart beats and intesti- 
nal contractions (Clark 1927). The duration of physio- 
logical events is simply longer in large animals. It is as- 
sumed that gut contraction rate is an important deter- 
minant of the rate of passage, and our empirical analysis 
supports the expected scaling rule. Other factors may 
influence retention time, notably the level of intake (Van 
Soest 1982), but this is irrelevant to the conditions of 
maximal intake addressed by the model. Digestion rate, 
determined by the rate of microbial fermentation, would 
not be expected to differ much with animal size, given 
that microbes' homeothermic hosts show little variation 
in body temperature. Van Soest et al. (1983) found that 
ruminants and hindgut fermenters fall on the same re- 
gression line of digestibility of cell wall against mean 
retention time. However, there is limited evidence that 
hindgut fermenters achieve a lower extent of cell wall 
digestion than ruminants for the same retention time 
(Owen-Smith 1988). 


Comparison of  digestive systems and the upper limit to 
ungulate body size. The comparison between hindgut and 
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foregut fermentation shows that hindgut fermenters can 
obtain higher energy intakes than ruminants when com- 
pared on abundant foods of the same quality. This is 
counter to the hypothesis of Bell (1971) and Janis (1976), 
who assumed that hindgut fermenters were only superior 
on forages containing high levels of fibre. Our results are 
in agreement with those of Kinnear et al. (1979) and 
Duncan et al. (1990). Large-bodied hindgut fermenters 
can obtain higher energy intakes than ruminants by fas- 
ter throughput, despite less efficient nutrient extraction 
(see Owen-Smith 1988 and Duncan et al. 1990). How- 
ever, where resources are limited and food intake is 
restricted, the more efficient digestion by ruminants 
would give them the advantage, since they require about 
20 % less food to obtain the same energy yield. This could 
explain the observation that zebra (Equus burchelli) are 
the first to leave the short but high-quality grasslands in 
the Serengeti grazing succession (Bell 197 t). We suggest 
that the predominance of ruminant species in the inter- 
mediate body weight range (Demment and Van Soest 
1985) has arisen through superiority under conditions of 
resource limitation rather than their superior ability to 
extract nutrients from abundant food. 


With abundant resources, hindgut fermenting species 
should predominate, unless the longer feeding times 
needed to exploit their higher intake potential carries 
significantly higher predation risk. Predation risk is dis- 
counted as a factor by Janis (1976). We therefore suggest 
that the adaptive significance of ruminant digestion is 
through more efficient use of scarce resources. This is 
contrary to the emphasis of Demment and Van Soest 
(1985) who argue that the upper limit to ruminant body 
size and the predominance of nonruminants among the 
largest herbivores results from the low marginal benefit 
of longer retention of low quality foods in the rumen. We 
find a nearly equivalent disadvantage in hindgut fermen- 
ters compared on the same foods, resulting from lower 
digestive efficiency. Therefore the low marginal benefit of 
retaining low quality foods does not distinguish digestive 
systems; indeed neither type of animal can afford to 
consume low quality foods (below about 0.65 potential 
digestibility, Fig. 3c). On higher quality foods, the long 
retention of food particles does not impose a constraint 
on body size if food is abundant. Therefore neither model 
accounts for the upper limit to body size under con- 
ditions of non-limiting food resources. Nor do they ex- 
plain the absence from the contemporary fauna of equids 
at or above the present maximum size of the ruminants. 


Evolution of body s&e. The model shows that large ani- 
mals have higher DM intakes and higher energy intakes 
relative to requirements (which scale with W ~ than 
small animals. Their longer retention time allows more 
extensive digestion and permits higher DM intake (see 
Illius and Gordon 1991). The scaling of potential energy 
intake (assuming no metabolic regulation, and that the 
efficiency of nutrient absorption is independent of W) 
with body weight averaged W ~ in ruminants over the 
range of food quality modelled. The equivalent value for 
hindgut fermenters from the present study was W ~ 
Both cases produce a marked selection pressure for the 


evolution of large body size under conditions of abun- 
dant food. This is substantiated by the palaeontological 
data which shows a general increase in ungulate body size 
during the Miocene (Janis et al. 1990). However, the 
model also provides evidence for differential selection 
pressure on body size in ruminants and hindgut fermen- 
ters. The scaling of potential energy intake as a propor- 
tion of maintenance requirements is W ~ and W ~176 
in ruminants and hindgut fermenters respectively, sug- 
gesting that selection pressure is stronger on ruminants. 
This difference, though small, was consistent for all foods 
examined, and on the present evidence we have no reason 
to doubt that it is real. 


We suggest the upper limit to body size is imposed by 
restricted nutrient intake rate under conditions of re- 
source depletion, when the scaling of energy intake tends 
to W ~ (Illius and Gordon 1987). Therefore, given a 
seasonal cycle of food quality and quantity, the scaling 
of energy intake ranges from W ~ to W TM. On this 
view, body size is the resultant of counterbalancing selec- 
tion pressures during seasons of abundance and of de- 
pletion, modified by the relative duration of those sea- 
sons and by the size of the body reserves. The absence of 
large equids may thus arise from their lower tolerance of 
food shortages than ruminants, and from seasonality in 
the food supply (see Janis 1989; Janis et al. 1992). 


Competitive interactions between ungulates: effects of 
body size and type of digestive system. The model suggests 
that species of similar size but with different digestive 
systems are unlikely to be competitive in similar food 
quality niches (Fig. 3c). Likewise, separation of small 
ruminants and large hindgut fermenters arises because 
these animals can and often must use different food 
quality niches. However, smaller hindgut fermenters, 
which can consume a medium quality diet, are likely to 
compete directly with large ruminant species, because the 
former can tolerate lower food availability. For example, 
the 200 kg plains zebra probably competes directly with 
the 600 kg African buffalo (Synceros caffer) for the same 
feeding niche (Hansen et al. 1985), to a greater extent 
than it competes with the similarly-sized wildebeest 
(Connochaetes taurinus; Gwynne and Bell 1968; Owaga 
1975). During the dry season, zebra have been found to 
consume a grass diet with nearly equal proportions of 
stem and leaf plus sheath (Gwynne and Bell 1968). A 
separate study at the same time and place showed buffalo 
diets to have the same diet composition (Sinclair and 
Gwynne 1972). Botanical similarity of zebra and buffalo 
dry season diets was found by McNaughton (1985, Table 
2): 40 % of their diets consisted of the same plant species 
and they used vegetation of similar biomass concentra- 
tion and structure. Thus their feeding niches are similar 
in both food quality and quantity, and this supports our 
argument that differences between these two species in 
body size and digestive system combine to place them in 
competition when resources are scarce. 
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REVIEW ARTICLE 


Allometry and Ecology of Feeding 
Behavior and Digestive Capacity in 
Herbivores: A Review 
Peter J. Van Soest 
Department of Animal Science, Cornell University, Ifhaca, New York 


The purpose of this review is to give some perspective of the factors that influence 
feeding behaviors and the ability of herbivores to adapt to diets. The most im- 
portant of these are digestibility, ability to select feed, and achievement of a 
nutritionally adequate intake. Plant morphology, observed feeding behavior, body 
size, and gut architecture and size impinge upon these factors. Feeding behavior 
and dietary specializations are associated with adaptations of gut and mouth parts 
as well as body size. Parallel and overlapping behaviors occur among herbivores 
and particularly between ruminants and nonruminants. The conventional classi- 
fications of grazers, browsers, and selective feeders are blurred by these evolu- 
tionary developments. @ 1996 wiley-Liss, Inc. 


Key words: herbivores, feeding behavior, digestion 


INTRODUCTION 


The feeding of animals in zoos has the challenge of diversity in feeding behavior 
and nutritional requirements. Unlike domesticated animal species , there are few 
guides as to standards for requirements or for nutritive value of feedstuffs. Nutritive 
value is a particular problem for herbivores because of the variation in composition 
of plants and the variable abilities of different herbivorous species to extract energy 
from cellulosic carbohydrates. 


Evolution of herbivores has followed that of plants and plant interactions with 
the animals. Many plants have utilized animal vectors for seed dispersal, while 
maintaining some quality as feed either as forage, seeds or fruit. However, plants also 
have evolved protection mechanisms against animals that lower availability of nutri- 
ents. Animal evolution has responded with various alternative strategies. One is to 
select against the unavailable fractions; another is to consume large volumes and 
tolerate low extraction. The most complex adaptation is that of microbial fennenta- 
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tion in the gut to make better use of valuable cellulose, hemicellulose, and pectin for 
which animals lack the enzymes for digestion. Evolution of gut morphology has led 
to two major adaptations, pregastric and postgastric fermentations [Janis, 1976; 
Langer, 19877. There are important subdivisions within these groups. The capacity 
for fermentive digestion tends to be limited by body size. However, evolutionary 
modifications of the gut have altered the limits of size, particularly in ruminants. For 
this reason allometric relationships are examined. 


ALLOMETRY 


Allometry involves the relationship between organism size and biological func- 
tion and is too large a topic for full coverage here. A selective review in relation to 
feeding and digestion is given. For further reading, see the book by Peters [1986]. 


Body size influences the ability of herbivorous animals to feed and digest. As 
will be shown in the following discussions, increased body size promotes gastrointes- 
tinal retention and digestive capacity, while smaller size promotes selective feeding 
behavior for more immature plant parts. These two factors, retention and selection, 
are compensatory relative to the achievement of a sufficient nutrient intake and lead 
to specializations in diverse species. 


Allometric relationships between body parts and body mass tend to be isometric 
(power one) when the body part parameter is a weight measurement and the part 
(head, gastrointestinal tract, etc.) is three-dimensional [Peters, 19861. Surface rela- 
tionships (viz. heat loss, energy requirements) are two-dimensional and tend to relate 
to body mass in an exponential relationship at two-thirds to three-quarter power. 
Linear measurements (length of limbs, etc.) may relate at the one-third power [Peters, 
19861. Functions like the amount of food per bite or ingesta per rumination chew 
relate isometrically to body weight of adult ruminant species [Van Soest, 19941. 


The size of the intestinal tract in mammals, from mice to elephants, is isometric 
(power one) with body weight. All species fall into this relationship without separa- 
tion between ruminants and nonruminants [Parra, 1978; Demment and Van Soest, 
1985; Van Soest, 19941. On the other hand, energy requirements are generally related 
to the three-quarter power of body weight. Thus, gut capacity increases in proportion 
to body weight, while energy requirements lag at the three-quarter power of body 
weight. This leads to an expected greater retention time in larger animals. The greater 
retention time is associated with an ability to utilize the slower digesting substrates 
like mature plant fiber and crystalline celluloses (see section on digestibility) but is 
not an important advantage for the faster digesting proteins and carbohydrates (see 
section on dietary fiber). 


The expected limitation of body size upon retention and digestion must not be 
taken as a fixed limitation because evolution has stretched the limits relative to certain 
adaptations. Selective retention in combination with pregastric fermentation has al- 
lowed ruminants to achieve retentive capacity at a relatively smaller size as compared 
with nonruminants [Foose, 19821. However, the size limitation appears to exert its 
limits in ruminants and nonruminants with different calibrations [Van Soest et al., 
19821. 


Other adaptations may be the water content of the gut, stretching of the gut 
[Brosh et al., 19881, adjustment in feed intake [Foose, 19821 and lowering of the 
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metabolic rate in small animals, hibernation, etc. [McNab, 19801 (see also the section 
on selective feeding and small ruminants). 


The problem of size impinges not only upon interspecific ranges but also upon 
intraspecific disparities between immature and mature individuals of the same spe- 
cies. Infant animals are generally unable to cope with adult diets and reflect the lack 
of gastrointestinal development and also disparate small size. This has been most 
commonly observed in ruminants, such as calves, lambs, kids, and fawns, where 
rumen development is lacking. However, here the disparity between infant and adult 
capacity is greater than what would be expected from the size differences alone 
[Hooper and Welch, 1983; Welch, 19821. 


DIETARY FIBER 


All higher animals lack enzymes to digest structural carbohydrates of plants, 
and herbivores that utilize these carbohydrates have evolved symbiosis with gut 
microorganisms that have enzymes to digest the respective carbohydrates. The cur- 
rent definition of dietary fiber evolved out of the developments regarding fiber and 
human health since about 1970 [Southgate, 1969, 1976al. Dietary fiber is defined 
as the polysaccharides and lignin that are not degradable by mammalian enzymes. 
The defined entity includes the insoluble fiber (neutral-detergent fiber [NDF]) and 
also gums including pectin, beta glucans, and other relatively soluble polysaccha- 
rides not physically fibrous but nevertheless resistant to mammalian enzymes. This 
latter fraction is termed (somewhat self-contradictorily) in the human literature as 
“soluble fiber” and is an important category in nonruminant nutrition [Southgate, 
1976bl. 


The distinction between soluble and insoluble fibrous fractions is physiologi- 
cally significant in that the soluble fraction has high water-holding capacity (gelling 
capacity) and delays gastric emptying and absorption of sugar and vitamins in the 
upper digestive tract of nonruminants and humans [Anderson, 19851. These soluble 
carbohydrates are rapidly fermentable in the cecum, or colon, as well as in the rumen. 
In ruminants, the distinction between soluble and insoluble fiber has not been em- 
phasized, since the distinction between available polysaccharides like starch as op- 
posed to pectin, unavailable to mammalian enzymes but relatively soluble, becomes 
moot, as all are fermentable in the rumen. The soluble fiber-related carbohydrates do 
not yield lactic acid as can starch and sugar [Strobel and Russell, 19861, and high 
pectin feeds (viz. citrus pulp, beet pulp) may be effective in regulating rumen acidosis 
associated with high grain feeding [McBurney et al., 19831. 


Lignif icatian 
The vascular tissues of most higher plants tend to lignify with maturity. This is 


most pronounced in cultivated forages but is unimportant in vegetables. Lignification 
leads to rendering of a portion of the structural carbohydrate indigestible. The relation 
of lignin content to indegradability is exponential to the two-thirds power and follows 
the law of surface limitation [Conrad et al., 1984; Weiss et al., 19923. The most 
lignified plant materials are perennial woods of very low digestibility. This is an 
important factor in the selective feeding of browsers upon less lignified vegetative 
parts and cambial layers. 


The non-cell wall fractions of plants, exclusive of the soluble fiber components, 
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are highly available to all animals without any fermentation [Fonnesbeck, 1968; Van 
Soest, 1967, 19943. For example, the panda which specializes upon bamboo is able 
to utilize the non-cell wall fraction, mostly proteins and available carbohydrates, of 
bamboo (about 15% of dry matter) even though fiber fermentation is virtually non- 
existent [Dierenfeld et al., 19821. Mean digestibility for pandas in the natural habitat 
in China is about 17% of dry matter [Schaller et al., 19851. 


NUTRITIVE DIFFERENTIATION IN FORAGES 


The indigestible parts of forages and browses alike consist of a lignified matrix 
that is an unavailable sink to plant metabolism. This unavailable fraction, exclusively 
a part of plant cell walls, tends to accumulate in the plant with maturity and is 
composed of lignin and part of the cellulose and hemicellulose. 


The two major plant families, Graminae and Fabaceae (legumes), form the bulk 
of cereals, forages, and browses offering food to herbivores. These plant sources 
contrast greatly in their morphology, offering the opportunity of alternative feeding 
behaviors. Grasses contain the greater part of lignified tissue in the midrib portions of 
leaves [Deinum, 19761, while stems can be more digestible if the pith is a storage site 
for plant reserve carbohydrates. Only the cortex of the stems of grasses is lignified 
[Van Soest, 19941. Because of this, grasses may be more difficult than legumes to 
selectively feed upon. In contrast, the leaves of legumes and other forbs are unlig- 
nified, with leaves occurring at the end of lignified stems, allowing animals to 
selectively pick. Legume leaves do not decline in digestibility with age; only ligni- 
fying stems do. Grass leaves, on the other hand, decline in digestibility as well as the 
stems [Mowat et al., 19651. 


Both grass and legumes have a varied digestibility of parts within a standing 
plant. This variation is larger in warm season forages and narrower in herbaceous cool 
season forages [Deinum and Dirven, 1975, 19761, particularly temperate grasses. 
Tropical and warm season forages are less digestible than cool season forages [Dei- 
num et al., 1968; Van Soest et al. , 19781. This is due to the promotion of lignification 
by higher temperatures and the higher contents of cell wall in forage species adapted 
to warm climates [Reid et al., 1988; Wilson, 19811. Tropical grasses generally offer 
a greater range in dietary selection, because the morphology and differentiation of 
nutritional parts (e.g., leaves vs. stems) is much more pronounced in warm season 
forages. Temperate grazers, particularly cattle, are less adapted to selective feeding 
because of their evolutionary adaptation to more uniform temperate pastures [Van 
Soest, 19941. For the same reasons, many tropical herbivores tend to be more selec- 
tive feeders [Hofmann, 19881. Most temperate grazers are larger animals, while most 
small ruminants originated from warmer climates. Sheep and mountain goats are 
exceptions. Many tropical ruminants, large or small, are probably more selective 
feeders than temperate grazers. 


Legumes and grasses contrast in relation to their consumptive intake and di- 
gestibility. Under similar growth conditions, legumes have low NDF but high 
lignification of cell wall, while grasses have high NDF and low lignification of cell 
wall. This promotes equal digestibility in grasses at higher NDF content than legumes 
but also lower intake at equivalent digestibility [Van Soest, 1965; Osbourn et al., 
19741. 
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SEQUENCES OF DIGESTION IN HERBIVORES 


Fibrous carbohydrates must be digested symbiotically by gut microorganisms in 
all higher animals, which have not evolved to produce cellulases, hemicellulases , or 
pectinases. These carbohydrases are produced by various microorganisms in the guts 
of herbivores; thus, fermentation chambers to harbor microbes are important evolu- 
tionary adaptations in the digestive sequence. Characteristic organisms normal to the 
rumen are also found in many nonruminant herbivores, occurring in the cecum and 
colon [Hobson, 19881. These organisms consist of anaerobic bacteria, protozoa, and 
fungi [Theodorou et al. , 19941 that are adapted to the utilization of available carbo- 
hydrates (largely fibrous) upon which they grow. They collectively secrete a wide 
spectrum of carbohydrases for digestion of pectins, hemicellulose, and cellulose but 
not lignin, which is phenolic. Some microbial species live on by-products of fermen- 
tation. The main net products of mixed gut fermentation are volatile fatty acids 
(VFA), principally acetic, propionic, and butyric acids, CO,, methane, and possibly 
hydrogen, and the cellular growth of the microorganisms containing potential protein 
(amino acids), vitamins, and some lipids. 


The VFA are permeable to the gut wall and are utilized as an energy source by 
all higher animals [Stevens, 1988; McNeil et al., 19781. However, utilization of the 
microbial bodies requires gastric digestion, so that pregastric fermenters (e.g., rumi- 
nants) will utilize this source of amino acids and vitamins efficiently, whereas post- 
gastric fermenters (colonic and cecal) will tend to lose this microbial resource in the 
feces. Some postgastric fermenters have adapted to the eating of feces (coprophagy 
or cecotrophy) to utilize gut microbial nutrient resources. 


The ability of microbial organisms to grow in the gut is related to their gener- 
ation time, which must be less than the retention time of the gut or else they will not 
survive and be washed out. Thus, slow fermenting species, adapted to slow digesting 
substrates like crystalline cellulose, may not occur in animal species with fast gut 
transit. Examples of these microbes include some cellulolytic bacteria, methanogens, 
protozoa, and fungi. 


The health and well-being of gut microbes is dependent upon the dietary quality 
of the fibrous carbohydrates. These are supplied by good forage and by-product 
feeds. 


Digestive sequences and associated gut morphology show considerable varia- 
tion [Stevens, 19881. The simplest digestive sequence is that exemplified by man, 
dog, and carnivores in which a cecum as a separate compartment is essentially lacking 
(Fig. 1). Many herbivorous animals, including man, have sacculated colons. Saccu- 
lation probably helps slow the passage of fibrous solids and leads to more efficient 
extraction of fermentable energy and likely represents an herbivorous evolutionary 
ancestry [Stevens, 19881. Nonruminants like the pig, horse, and elephant, also pos- 
sess a sizeable cecum (though relatively smaller than the colon), which is the main 
site of fermentation [Stevens, 19881. The ostrich has a dominant colonic fermentation 
and a secondary one in the cecum [Swart et al., 1993a,b]. 


The main site of fermentation in many rodents lies in the cecum, which is 
dominant over the colon (Fig.2). Many of these animals practice coprophagy, which 
is a device to capture microbial protein and vitamins. Within this group there are even 
more specialized species, such as rabbits and lemmings, where the cecum selectively 
admits only fine matter, coarse fiber being excluded and excreted in day feces [Bjorn- 
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Dog 
Case 


i Diet __.c Gastric =+Colonic - Feces Humans 


Pig II Diet - Gastric .~lr Colonic - Feces Horse 


i t  
Cecal 


Fig. 1 .  Sequence of digestion in nonruminants. The simplest case with little or no cecal digestion occurs 
in most carnivores, dog, and man. The main site of fermentation is in the colon of large herbivores 
[Stevens, 19881. 


hag, 1972; Uden et al., 19821. Night feces are reingested, allowing utilization of 
microbial protein and vitamins derived from the most fermentable substrates. Because 
the coarse fiber is rejected, fiber utilization is very low in these animals. These 
animals probably exploit vegetative tissues containing pectin and other rapidly fer- 
mentable unlignified carbohydrates. Coprophagy can be viewed as an adaptation of 
small herbivores to overcome the limiting effect of rapid rate of passage, due to high 
energy demand relative to the size of their gastrointestinal tracts. This strategy allows 
these small herbivores to consume fiber with reduced penalty of energy intake re- 
striction, although many potentially digestible cellulosic carbohydrates may be lost in 
the feces. 


There are also animals that possess pregastric fermentation without rumination 
(Fig. 3). These comprise a wide spectrum of mammals, including some kangaroos 
[Hume, 19821, hamsters [Ehle and Warner, 19781, voles [Keys and Van Soest, 
19701, colobine [Stevens, 19881 and langur monkeys, [Bauchop and Martucci, 
19681, and hippopotamus, [Moir, 19681. At least one bird, the hoatzin, possesses 
pregastric fermentation [Grajal et al., 19891. Probably, other species remain to be 
discovered and described. Pregastric fermentation was discovered in the hamster 
when it was noted that these animals were not responsive to amino acid deficient diets 
[Banta et al. , 19751. Subsequent examination revealed cellulolytic digestion in the 
distal sac of the stomach [Ehle and Warner, 19781. It is speculated that some of 
the large herbivorous dinosaurs may have had a pregastric fermentation chamber 
in the crop [Farlow, 19871. Cannonball sized stones plus a heavy musculature al- 
lowed the gizzard-like organ to do the equivalent of rumination, while the animal was 
allowed greater freedom to feed, in contrast to modern ruminants [Bakker, 19861. 


Grazing ruminants are animals that have evolved a filter system to enhance 
retention of slow digesting cellulosic carbohydrates, and passage is promoted by 
rumination of ingesta to a particular size that will pass (Fig. 4). This strategy allows 
a more efficient extraction of available energy in forages somewhat at the expense of 
feed intake. Selector ruminants tend to have smaller rumens and larger hindguts than 
do grazers. There is thus compensation between gut capacity for fermentation be- 
tween the rumen and the hindgut across species [Hofmann, 1988, 19891. Most non- 
ruminant herbivores have hindgut capacities that compare to ruminants of similar 
body size [Van Soest, 19941. 







Feeding Behavior and Digestibility 461 


t r  
Diet - Gastric -+ Colonic - Feces 


t Coprophagy I 
Fig. 2. 
dominant over a secondary colonic one. Some rodents (hamster and vole) have pregastric digestion. 


Sequence of digestion in rodents, most of which practice coprophagy. Cecal fermentation is 


1. Kangaroos, 
Diet - Pregastric d Gastric hippos, 


Colonic --c- Feces hoatzin, 


colobine and 
langur monkeys, 


some peccaries, and 
I 


1 
I f  


fermentation f 


I l (probably) large 
I ; herbivorous 
\ dinosaurs 


t 2. Vole, 
hamster 


wlcoprophagy Cecal 
.__-_-____-________________’ 


Fig. 3. Sequence of digestion in nonruminants with pregastric digestion. Two modifications are shown: 
one without coprophagy and one with. For discussion of digestive physiology in herbivorous dinosaurs, 
see Bakker [1986] and Farlow [1987]. 


Diet - Pregastric Omasal 
fermentation /L’ sieve 


Ir Cecal - Colonic + Feces 
Fig. 4. Sequence of digestion in ruminants. The sieving system of the omasurn is much more devefoped 
in grazing species, which makes them more sensitive to the particle size of fiber. The capacity of the colon 
and cecum in grazers is comparatively small relative to other nonruminants. For discussion of newer 
views on ruminant bypass, see Hofmann [1989]. 


Thus, the classification of ruminants and nonruminants is an oversimplification. 
Ruminant-like capacities (e.g., pregastric fermentation) exist in combination with 
grazing and selector types of feeding and in true ruminant and nonruminant groups. 
Small African ruminants may be competitive with primates [Van Soest, 19941. 
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CLASSIFICATION OF FEEDING BEHAVIOR OF HERBIVORES 


Hofmann [ 1973, 19891 has classified mammalian herbivorous animals into 
three major classes based on dietary selectivity, including concentrate selectors, 
intermediate feeders, and bulk and roughage eaters. Langer [ 19881 has classified 
these animals according to a herbivory rating from 1 to 6, which is parallel to that of 
Hofmann. Yet another system is that of Bodmer [1990], which is based on the 
proportion of grass in the diet as a criterion for classification, suggesting a continuum 
between grazing and browsing. The problem with all of these classifications is the 
assumption that grazers are less selective than browsers. All are unidirectional sys- 
tems describing niches going from most to least, whether grazing or selecting. How- 
ever, there can be very selective grazers [Hofmann, 19891 as well as less selective 
browsers, such as elephants. 


Concentrate selectors are unable to tolerate large amounts of fiber in their diet 
and are thus limited to selective feeding on low fiber portions of plants. Examples are 
primates and very small ruminants. Humans, if considered as herbivores, would fall 
into this group, although they may also be claimed as omnivores. An intermediate 
group includes animals adapted to rapid digestive passage and limited use of the plant 
cell wall components in order to ingest sufficient amounts of the readily available 
plant parts. They may be adapted to either browsing or grazing. Thirdly, there are 
those animals adapted to the use of the potentially digestible cell wall components. 
They are the grazing ruminants and some large nonruminant herbivores. 


The system of Langer [1988] presumes that grasses are more fibrous and less 
utilizable than nongrass forage. On the average this is true, but not universal. For 
example, in browsing, fiber intake may depend upon how much wood is eaten. Most 
woods contain more fiber and lignin than any grass. 


The complexity of feeding behavior has led to a two-dimensional classification 
in which both ruminant and nonruminant herbivores may be compared (Fig. 5) and 
allows the demonstration of intermediate species like the goat that have considerable 
versatility in feeding behavior. The goat, a well-described species, is a comparatively 
selective feeder and is inferior to cattle and sheep as a digester of fiber [Huston et al., 
19861, despite the claims in the literature that the goat can digest almost anything 
[Devendra, 19781. 


Body size is likely negatively related to selective feeding if for no other reason 
than clumsiness in feeding upon small items of food. All small herbivores are selec- 
tors, being constrained in digestive capacity (mean retention) by their size. However, 
there are a few large selectors, as, for example, the eland that has a small rumen and 
poor ability to utilize the fiber [Arman and Hopcraft, 19751. Some large ruminants 
such as the giraffe are browsers but are likely less selective than the small ruminants. 
The giraffe has a greater digestive capacity than the smaller selectors, and for its size 
should be more tolerant to lower quality browse. In contrast, the oribi (16 kg ante- 
lope) appears to be a highly selective grazer [Hofmann, 19893. Research in North 
America by Kautz and Van Dyne [1978] reported the order of selectivity: deer > 
pronghorn > cattle = sheep > bison. 


The intermediate feeders are adapted to either browsing or grazing and can eat 
a wide variety of plants. This group shifts feeding behavior according to the avail- 
ability of forage and season and is more versatile than concentrate selectors or obli- 
gate grazers. Grasses are usually eaten only when immature, and, as forage matures, 
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GRAZING 
SELECTORS 


FEEDERS 


,' UNSELECTIVE 
BROWSERS 


I 


Grass 4 * Browse 
(fermentatton rate of forage) 


Fig. 5 .  An ordination of herbivore species based on diet. The axes are the degree of feeding selectivity 
and the amount of grass vs. browse in the diet. The arrows indicate mobility of a species with respect to 
these axes [Van Soest, 19881. 


animals move to browses. Northern and Arctic species such as moose similarly need 
to adapt to summer and winter conditions and forage availabilities. Moose are clas- 
sified as concentrate selectors, yet vary their diet seasonally because of the problem 
of available forage in winter. In Alaska considerable wood may be taken from willow 
species, but even in this case moose are very selective, consuming cambial layers, 
buds, etc. [Nygren and Hofmann, 1990; Hofmann and Nygren, 19921. Other animal 
species adapted to tundra conditions include the yak in the Tibetan plateau that 
selectively feed on sparsely distributed grasses, sedges, and forbs. These very large 
animals are able to cope on coarse forage as well as selectively feed [Cincotta et al. , 
19911. Other species of similar behavior are the camelids in the Altiplano of South 
America [Van Soest, 19941. 


Some of the smaller African intermediate feeders and grazers may selectively 
feed on the nutritively differentiated tropical grasses between wet and dry seasons 
such that there is some inexactitude about the definition of a grazer and its supposedly 
poorer ability to select. The problem of selective feeding is related to the range in 
nutritive classes available in a habitat. 


The small rumens in selector ruminants indicates that rumen size may not be a 
limitation in these animals and that selective feeding for faster digestion and more 
digestible food is the principal means by which these animals obtain their energy 
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Fig. 6. Plot of muzzle width index vs. hypsodonty index of herbivores classed according to feeding 
habit. Based on Janis and Ehrhardt [1988] in Van Soest [1994]. Equids (H, Z), grazing bovids including 
antelope (G),  selective grazers (X), mixed and intermediate feeders (M), caprids (C), ruminant concen- 
trate selectors (S), rhinos (P), and tapirs (T). Classification system includes Hofmann’s (1973) system. 
See also Janis and Fortelius (1988). 


requirements. In line with this observation are their adaptations relative to mouth 
parts and dentition [Janis and Erhardt, 1988; Janis and Fortelius, 19881. Narrow 
muzzles and prehensile lips are featares of selective feeding, while wide muzzles and 
high-crowned molars (a feature of chewing and rumination) are present in both 
ruminant and nonruminant grazers (Fig. 6). There is divergence in both muzzle width 
and hypsodonty (crown height) index. For example, arctic ruminants and rhinocer- 
oses have low hypsodonty but wide muzzle width, which must have some signifi- 
cance in their feeding behaviors. 


Subclasses of the bulk and roughage eaters include (in decreasing order of their 
need for water) fresh grass eaters, roughage eaters, and dry region grazers [Hofmann, 
1973; Janis and Erhardt, 19881. Temperate cattle are listed under fresh grass eaters, 
mainly because of their need for water. Actually, they are among the most unselec- 
tive. The adaptation to dry conditions involves a variety of factors which include the 
ability for renal concentration, colonic absorption of water, and use of the rumen as 
a water reservoir [Brosh et al., 19881. The use of the rumen as a reservoir for water 
slows passage and increases digestion. 


COMPARATIVE DIGESTION STUDIES 


A number of digestion and passage studies has been conducted to obtain com- 
parative abilities of herbivores to utilize fiber [Foose, 1982; Uden and Van Soest, 


I 
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Fig. 7. The relation between digestion of hemicellulose and cellulose of alfalfa- and grass-based diets 
and body weight for diverse species of ruminants and nonruminants [Van Soest, 19941. Data of Dierenfeld 
et al. 119821, Ehle et al. [1982], Foose 119821, Keys et al. [1969], Keys and Van Soest [1970], Milton 
and Dement  [1988], Uden and Van Soest [1982a], and Van Soest et at. [1978]. Identification of species: 
antelope, A; grazing bovids, B; camelids, C; deer, D; elephants, E; giraffe, G; humans, H (shown in the 
figure by the vertical lines); baboons, M, hippo, 0; rhino, P; horses, Q; rodents and lagomorphs, R, sheep 
and goats, S; tapirs, T; pigs, U; panda, X; zebras, Z. 


1982al. These studies utilized standard sources of fiber. Other studies by Prins et al. 
[1983] compared diverse diets containing fiber of varying quality. Variation in fiber 
quality was accounted for by making the comparisons on the basis of degradable fiber 
only. Values for efficiency of fiber utilization were presented as the proportion of 
available potentially digestible fiber actually digested by the respective species. 


The thesis of Foose [ 19821 presents comparative digestion data on 36 species of 
ruminants and nonruminants of widely differing feeding strategies, conducted at 
Franklin Park (Boston), Oklahoma City, Philadelphia, Burnet Park (Syracuse), and 
Metro Toronto zoos. Two standard diets were offered: low quality grass (timothy) and 
alfalfa hays. The timothy diets offered the more stringent test for digestive capacity 
for cellulose. Results of this study are included in Figure 7. 


Other digestion passage trials on domestic species were conducted at Cornell by 
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Foose [ 19821 and Uden [ 19781. Human data were studied from the Cornell dietary 
fiber study with 24 men [Heller et al., 19801 using standard wheat bran. Similar 
nonhuman primate studies are reported by Milton and Demment [1988]. Results of 
these studies are included in Figure 7. 


A summary of the comparative digestion data for various species of ruminants 
and nonruminants of various sizes is shown in Figure 7A-D. The forages were 
offered as sole feed under restricted feeding to limit selective feeding. The data are 
shown for digestibilities of cellulose and hemicellulose in low quality timothy and 
higher quality alfalfa. These carbohydrate fractions show a range in digestion rates 
that are related to carbohydrate structure. Linear molecules like cellulose may be 
more crystalline when mature, thus slower digesting, and present a harsher test for 
digestive capacity. Hemicelluloses and pectin, on the other hand, are branched mol- 
ecules, making it more difficult for them to crystallize [Van Soest, 19941. Legume 
fiber (alfalfa) tends to be of higher nutritional quality than of grasses. 


The digestive capacities of ruminants, including antelope, grazing bovids, cam- 
elids, deer, giraffe, sheep, and goats, to digest grass cellulose is somewhat greater 
than nonruminants, but in both cases smaller species are at a disadvantage. Values for 
man are somewhat less than the figure for pigs or baboons but more than that for 
rodents. Some large animals (hippo, rhino) may approach the capacity of ruminants, 
but elephants, equids, and tapirs are less efficient. Very small animals (rodents and 
lagomorphs) have very low digestibilities. The giant panda, while not small, is lowest 
of all [Dierenfeld et al., 19821. 


Faster fermentive digestion of the more branched hemicelluloses as compared 
with linear (and more crystalline) cellulose is expected [Van Soest, 19941. For ex- 
ample, nonruminants typically digest hemicellulose better than cellulose [Keys et al., 
19691. Moreover, rates of digestion of structural carbohydrates are almost always 
faster in legumes as compared to mature grasses. Only in the case of grass cellulose 
is the association of digestibility and body size significant, although reduced digest- 
ibilities of cellulose and hemicellulose appear in small nonruminants. The difference 
between ruminants and nonruminants becomes increasingly difficult to distinguish as 
one proceeds from grass cellulose to grass hemicellulose to alfalfa cellulose and to 
alfalfa hemicellulose as shown in Figure 7A-D. 


The body weight above which no effect of body weight upon digestibility can 
be discerned is about 90 kg for alfalfa cellulose. It appears that any constraint of body 
size becomes nonlimiting in the case of quality forage carbohydrates. This is about 
the size range suggested by D e m e n t  and Van Soest [ 19851 as the critical size relative 
to sexual dimorphism and the need for females to select a higher quality diet. 


Digestive capacity in larger animals is constrained only in the case of low 
quality grass, although there is some advantage of grazing ruminants over grazing 
nonruminants, as shown in Figure 7. The principal advantage of ruminant digestive 
anatomy is that it allows greater digestion of cellulose at a smaller animal size, and 
this ability is somewhat at the expense of food intake [Foose, 19821. 


Comparative digestion trials such as those presented in Figure 7 represent at- 
tempts to feed identical diets in several species. For grazing species such as cattle and 
sheep, the problems of disparity of the diet offered relative to the dietary preference 
is not large, although significant. However, as the disparity in feeding behavior 
widens, choice of a common diet for comparison becomes more problematic. Feeding 
of a diet closer to the adaptive preference for species A will disadvantage species B. 
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Fig. 8. Comparative intakes of poor grass hay (intake of digestible dry matter divided by the estimate 
for maintenance) relative to body weight. Note the high intake by equids (Q, Z). Some of the selector 
ruminants cannot achieve maintenance on this diet [Data of Foose, 19821. Antelope, A; camelids, C; deer, 
D, giraffe, G .  Data also is shown for some nonruminants: hippopotamus, 0; tapirs, T. Other species 
shown are bovids (B), rhinos (P), and elephants (E). 


A particular problem is that it may be difficult or impossible to force certain selector 
species to consume the standard diet of comparison [Tessema, 1972; Sands, 19821. 


Selector types did not eat enough of the timothy forage in the Foose study to 
achieve maintenance (Fig. 8). Only equids were able to consume low quality timothy 
hay at reportable levels of feed intake. Higher intakes tend to promote faster passage 
rates and lower digestibilities in equids [Van Soest, 19941. Thus, digestibilities in 
Figure 7A-D may be overestimated in cases where maintenance intake was not 
achieved. Retention is highly associated with digestibility [Van Soest, 19941; hence, 
mere digestion coefficients apart from other data may overvalue the capacity of 
smaller animals and selectors. 


OTHER DIGESTION STUDIES 


Prins et al. [1983] compared ruminants eating diverse diets by making a cor- 
rection for indigestible matter, the assumption being that the proportion of available 
fermented plant cell wall utilized by an animal species is a basis of comparison. 
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Indigestible matter was measured as the residue remaining after 14 days in vitro 
rumen fermentation of the various feedstuffs. Results of this study were obtained 
from several European zoos and are shown in Table 1. 


This kind of comparison has the advantage of demonstrating the utilization of 
neutral-detergent fiber (plant cell wall) under practical zoo feeding conditions and 
avoids the problem of offering unsustainable diets for some selector animals. It, 
however, ignores the problem of selection and variable rates of fermentation of the 
available substrates. 


The data do disclose important differences in efficiency of cellulose digestion 
within the classified groups. For example, tedal sheep and European mouflon are less 
efficient than other grazers and intermediate feeders. Similarly, red deer are less 
efficient than other cervids, while the kudu and pudu are less efficient than the 
giraffes. 


A variety of digestion studies not included in Figure 7 exist in the literature, 
which are difficult to compare because of dietary diversity and lack of compositional 
data. These are summarized in Table 2. Comparison of different feeding studies for 
a given animal species discloses wide variability in digestibility, depending on fiber 
sources. An example is the pig. Immature pigs utilize alfalfa less well than adults 
[Kass et al., 19801. 


Asian elephants, though slightly smaller than African elephants, tend to have 
higher digestion of hemicellulose and cellulose and longer retention times than do 
African elephants. The digestion coefficients are low by ruminant standards, and both 
species tend toward higher intakes and faster passage than many other large herbi- 
vores. Equids tend to have a similar feeding and digestive behavior [Foose, 19821. 


VERY SMALL RUMINANTS 


While sheep and goats are the smallest domesticated ruminants, a variety of 
smaller wild species exist down to 1-3 kg body weight, occurring principally in the 
tropics. Most of these species are forest dwellers and feed upon fruits and leaves. 
Their feeding ecology is poorly understood, leading to problems in managing them in 
zoos and in attempts to domesticate them. Maintaining them on coarse forages in the 
manner of larger ruminants has led to mortality, as, for example, the blue duikers that 
were imported to Pennsylvania State University for the naive purpose of evaluating 
forages more cheaply [Cowan, 19821. 


However, high digestibilities and retention times in very small ruminants are 
reported [Conklin and Dierenfeld, 1994; Conklin-Brittain et al., in press]. Cases in 
point are recent digestion and passage studies on small ruminants shown in Table 3; 
duikers are African bovid antelope, while pudu and brocket are South American 
forest deer. Notice in all cases that digestibilities of hemicellulose are consistently 
higher than cellulose, as in many nonruminants. Fecal metabolic losses, an indication 
of the magnitude of microbial fermentation, varies upward with body weight. Such 
observations must be understood in the context of possible adaptations that reduce 
potential limitations of size. 


Asian mouse deer were offered a concentrate pellet, produce, and no coarse 
forage [Conklin and Dierenfeld, 19941; other species were offered grass (64% NDF, 
pudu, and brocket) or mixed grass-legume hay (53% NDF, duikers) in addition to 
pellets and produce. Only small amounts of the hays (3-22% of that offered) were 
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TABLE 1. Digestibilities of ruminants in zoos [from Prins et al., 19831 


Species Zoo R/Ca NDR Dig.b ANDR Dig.' 


Temperate species, Grazers and mixed 
American bison 
American bison 
American bison 
American bison 
European bison 
European bison 
European bison 
European bison 
Dwarf goat 
Tedal sheep 
European mouflon 


Mean 
Mixed feeders, tropical 


Springbok 
Springbok 


Mixed Temperate 
Fallow deer 
Fallow deer 
Fallow deer 
Wapiti 
Pere David's 
Red deer 


Mean 
Arctic ruminants 


Reindeer 
Reindeer 
Moose 
Moose 


Mean 
African concentrate selectors (except as noted) 


Giraffe 
Giraffe 
Giraffe 
Giraffe 
Pudu (S. America) 
Greater Kudu 


African buffalo 
Watusi 
Watusi 
Banteng (Asiatic) 
Blesbok 
Roan antelope 


Gayal (Asiatic) 
Gayal (Asiatic) 
Waterbuck 
Waterbuck 
Hartebeest 


African Grazers, except as noted 


OrYX 


C 
C 
A 
B 
B 
A 
A 
A 
B 
A 
A 


B 
A 


B 
C 
C 
B 
A 
C 


A 
B 
A 
B 


A 
B 
C 
C 
B 
B 


A 
B 
C 
B 
C 
B 
B 
A 
C 
A 
B 
A 


.6 
1.7 
3.5 
1.7 
3.0 
2.2 
2.7 
1.5 
.7 


4.1 
6.4 


.9 
2.3 


1.1 
.6 
.6 


2.5 
1 .o 
.3 


4.4 
1.8 
0.4 
1.9 


1.9 
1.3 
0.5 
0.8 
2.4 
1.7 


5.3 
9.3 


11.2 
6.3 
0.3 
1.6 
3.8 
2.9 
0.8 
2.6 
1.1 
4.1 


63.5 
60.6 
59.7 
62.9 
63.0 
52.2 
56.4 
46.0 
53.6 
44.6 
45.7 


52.0 
37.9 


59.1 
59.0 
53.4 
57.9 
53.0 
41.3 


68.3 
53.7 
41.8 
48.7 


49.4 
34.8 
59.0 
61.7 
33.4 
14.7 


57.6 
62.2 
65.5 
62.2 
61.6 
57.7 
48.8 
50.8 
50.5 
38.0 
58.5 
38.6 


85.6 t. 2.4 (3) 
90.4 
92.0 t. 4.1 (3) 
86.3 t. 2.9 (5) 
86.0 * .9 (6) 
82.7 C 6.1 (5) 
86.6 2 5.3 (3) 
77.4 -e .9 (2) 
75.4 
69.2 
69.0 
81.9 If: 8.0 


73.4 * 9.4 (2) 
62.7 


81.6 
80.3 
83.1 
75.2 2 1.5 (6) 
74.5 
56.1 
75.8 + 10.0 


88.4 
83.7 
78.3 
86.5 * 3.4 (2) 
84.2 + 4.4 


83.4 t. 2.2 (6) 
66.7 2 8.5 (6) 
80.3 
87.9 
54.8 * 13.5 (2) 
34.6 + .4 (2) 


88.6 * 2.2 (3) 
85.7 C .2 (2) 
87.9 
84.3 f .9 (4) 
84.0 
80.2 f 8.3 (4) 
80.6 
81.4 t. 3.5 (4) 
78.6 f 2.4 (3) 
70.8 t. .7 (2) 
81.1 f 2.6 (4) 
63.1 
82.1 t. 4.9 Mean 


"Roughage to concentrate ratio. 
bobserved cell wall digestibility in vivo. 
cANDR: available neutral-detergent residue (cell wall) obtained by dividing animal digestible cell wall 
with the result of long time in vitro digestion with rumen microorganisms. 







TABLE 2. Some reported digestibilities of fiber components in various species* 


Digestibility Body weight 
Species (kg) Diet Hemicellulose Cellulose Reference 


Rat 


Guinea 


Rabbit 
Pig 


Turkey 
Howler Monkey 


Dog 


Beaver 


Kangaroos 
Euro 


Red 


Ostrich 


Capybara 


Red deer 


Pig 


Obese (fat) 
Lean (thin) 


Onager 
Ponies 


Przewalski horse 
Zebra 
Horse 


Asian elephants 


0.2 


3 


4-6 
5.2-8.4 


10 


14-22 


23-31 


27-33 


5-10 
15-18 
42-50 
41 


43-53 


44 
48-90 
83-100 
92-1 10 


120 


__ 
115-147 


__ 
250 
450 
- 


__ 


Microcrystalline 
cellulose 


Vegetables 
Alfalfa 
Cellulose 
Timothy 


Alfalfa 


Cellulose 
Fruit 
Leaves 
Cellulosea 
Brewer's grains 


Poplar 


Alfalfa 
Oat straw 
Wheat straw 
Alfalfa 
Oat straw 
Wheat straw 
Mixed feed 
Mixed feed 
Mixed feed 
Tropical 


grasses 
Alfalfa 


Ryegrass 


Alfalfa 
Alfalfa 
Alfalfa 
Alfalfa 
Cellulosea 
Rutabaga 


Wheat bran 


Pellet diet 
Alfalfa 
Timothy 
Pellet diet 
Pellet diet 
Alfalfa 
Alfalfa 
Grasses 


2,623 t: 506 Grass hay 


__ 


50-95 
__ 
- 


11-13 


47 


__ 
16-21 
57-69 


__ 
30-60 


- 


38 
27 
40 
33 
17 
43 
69 
63 
66 
__ 


- 


- 


18-28 
23 


34-65 
44-84 


88 
93" 


43" 


9 


38-63 
49 
84 


7-9 


21 


3 
20-33 
66-69 
5-10 
7-25 


30 


46b 
2 lb 
39b 
36b 
17b 
33b 
42 
38 
35 


52-61 


64 


52-64 


28-33 
7 


14-64 
30-78 


48 


47 59 
60 51 
45 35 
42 46 
39 50 


55-72 45-66 
33 45 


42-53 42-49 
46 44 
41 40 


Hsu and Penner, 


Nyman et al., 1990 
Fahey et al., 1979 
Fahey et al., 1979 
Uden and Van Soest, 


Uden and Van Soest, 


Duke et al., 1984 
Milton et al., 1980 
Milton et al., 1980 
Burrows et al., 1982 
Visek and 


Robertson, 1973 
Hoover and Clarke, 


1972 


1989 


1982a 


1982a 


Hume, 1974 
Hume, 1974 
Hume, 1974 
Hume, 1974 
Hume, 1974 
Hume, 1974 
Swart et al., 1993a 
Swart et al., 1993a 
Swart et al., 1993a 
Parra, 1978 


Maloiy and Kay, 


Maloiy and Kay, 


Kuan et al., 1983 
Kass et al., 1980 
Varel et al., 1988 
Varel et al., 1988 
Varel et al., 1988 


1971 


1971 


Robertson et al., 


Robertson et al., 


Hintz et al., 1976 
Hintz et al., 1973 
Hintz et al., 1973 
Hintz et al., 1976 
Hintz et al., 1976 
Hintz et al., 1971 
Fonnesbeck, 1968 
Fonnesbeck, 1968 
Hackenberger, 1987 
Hackenberger. 1987 


1987 


1987 


African elephants 2,805 * 813 Grass hay 
" I  


*This table reports values for species not reported in Fig. 6. 
aSolka floe. 
'Digestibility of acid detergent fiber. Control sheep had digestibilities for hemicellulose in alfalfa of 43%, 
oat straw of 23%, wheat straw of 43%, and for ADF of 44%, 21%, and 39%, respectively. 
"Hemicellulose and cellulose. 
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TABLE 3. Body weights, intake, retention time, and digestibility for some small ruminants 
[from Van Soest et al., 19951 


Digestibility Body DM Mean retention 
Species weight (kg) intake (g) time (hr) Dry matter NDF C" HCb Me 
Asian mouse deer 2.8 129 49 76 42 45 58 9.6 
Pudu 9.1 299 30 75 59 62 67 9.9 
Maxwell's duiker 9.4 305 42 74 49 53 55 10.8 


67 39 40 49 10.8 
Brocket 20.2 43 1 - 73 54 50 67 11.3 
Bay duiker 12.1 303 __ 


Tellulose. 
'Hemicellulose. 
"Non-NDF matter in feces as a percent of dietary intake. 


eaten by these small ruminants (Table 4), although the amounts of hay eaten repre- 
sented larger proportions of the diet actually consumed (14-40%). These species 
clearly selected away from NDF and for the cell contents which include sugar, 
protein, pectin, and starch that have fast digestion rates. By selecting for the more 
rapidly degrading fractions, these animals were able to retain the digesta for a longer 
retention time and thus achieve good digestion of the cell wall fractions that they did 
eat. Because of the very high degree of selection of the hays, the analyzed compo- 
sition of the hays has likely little relationship to the composition actually consumed. 


EFFECTIVE FIBER 


The problem of effective fiber is peculiar to ruminants that are required to 
ruminate coarse fiber entering the rumen down to a particle size that will pass the 
omasum. The limiting size is on the order of 2-4 mm for cattle and less than 1 mm 
for goats and sheep. The size limitation is probably related to body size in other 
ruminants, less well studied. 


Particle sizes in the feces of horses and ponies are larger than those of ruminants 
(Table 5) .  Particle sizes in the rumen and feces of cattle are larger than in sheep and 
goats. Rumen contents of forage-fed small ruminants also tend to be less stratified 
than those of cattle, and do not possess a floating mat [J.G. Welch, University of 
Vermont, personal communication]. In the nonruminant, fine fiber tends to pass more 
slowly and can cause constipation. Thus, effective particle size of fiber has a role in 
nonruminants in promoting passage and gut motility [Heller et al., 1980; Stevens, 
19881. 


The rumination and chewing capacity of goats [Hooper and Welch, 19831 and 
of sheep and cattle [Welch, 1982; Bae, 19781 indicates that rumination capacity (gram 
coarse NDF ruminated per minute) is isometric (power one with body weight) with 
body size of adults [Van Soest, 19941. Immature animals have an inferior ability to 
ruminate relative to adult animals [Van Soest, 19941. 


Thus, it appears that goats and sheep are smaller machines relative to chewing 
capacity, processing less ingested coarse fiber for unit of body size, but at the same 
time chewing it to a smaller particle size. Because the rumination capacity (grams 
NDF/min) and digestive capacity are isometric (power one with body weight), while 
their energy requirements are related to body weight to the three-quarter power, small 
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TABLE 4. Hay consumption by four species of very small ruminants in zoo studies 
Konklin-Brittain et al., in Dress: Van Soest et al.. 19951 


Total diet NDF 


Hay in diet Offered Eaten 
Species Hay refusal (%) eaten (%) (8) (%) 


Pudu 96 23 56 36 
Maxwell's duiker 81 14 42 31 
Bay duiker 78 40 42 36 
Brocket 97 19 56 34 


TABLE 5. Comparison of fiber mean particle size (microns) of gastrointestinal 
contents for various animal species [Uden and Van Soest, 1982b]* 


Reticulo 
rumen Omasum Abomasum Cecum Feces 


Large heifers 2,290 890 
Small heifers 1,670 640 
Goats 1,470 530 570 520" 460 
Sheep 1,290 550 530 490" 460 
Ponies 1,600 
Horses 1,630 
Rabbits 450 520 


*Timothy hay was the sole feed except for rabbits, which were fed 60% hay and 40% 
concentrate. The hay was fed in long form to the horses, chopped to 5 cm for the heifers, 
goats, sheep, and ponies, and ground to 2 nun for the rabbits. 
"Cecum-proximal colon. 


ruminants are at a disadvantage relative to larger species. The available data suggest 
that the limiting particle size is smaller for goats than sheep and that NDF in concen- 
trate sources provides effective fiber for goats and sheep. 


PROBLEMS WITH PELLETED FORAGE AND FIBROUS 
BY-PRODUCT FEEDS 


The practical aspects for the nutritionist compounding diets in zoos is that many 
herbivorous animals are likely intolerant of forage as a sole diet. This is particularly 
a problem with pelleted forage and high fiber by-products, because these feeds limit 
selection, leading to consumption of lignified fiber and forcing these animals to 
ruminate low quality plant parts not normally eaten. The limiting particle size for very 
small ruminants (i.e., dik dik or mouse deer) is likely even smaller than that for sheep 
and goats [Van Soest et al., 19951. 


High fiber by-products, includhg feeds such as brewer's and distiller's grains, 
have the common characteristic of high NDF. They are often fed as protein supple- 
ments in prepared feeds. Because these feeds are of a small particle size, selective 
feeding is precluded. Recall, however, the finer fiber from prepared feeds is effective 
in the rumens of sheep and goats [Van Soest et al., 19941 and as such it competes with 
the forage source in contributing net fiber. This likely indicates a limitation to feeding 
pelleted forage to small ruminants in zoos. 


Because of the finer particle size of prepared feeds, fiber quality becomes a 







Feeding Behavior and Digestibility 473 


more stringent requirement, since selection is abolished and the poorer quality fiber 
must be consumed. Because the limiting particle size for rumination is smaller than 
that of the by-product feed, the small ruminant (as seen in goats) is at a disadvantage 
in utilizing these feeds, and intake suffers [Van Soest et al., 19941. 


Hofmann [ 19891 points out that selective ruminants have comparatively larger 
lower digestive tracts relative to the rumen, emphasizing perhaps a reduced role for 
the rumen, which, despite the very high rates of production, appears to supply only 
4540% of the metabolizable energy for small ruminants in the form of VFA (shown 
in Fig. 9). The high rates reported in the smallest ruminants [Hoppe, 19771 are 
possible only on highly selected concentrate diets. Selectors do not seem to show any 
consistent trend, although their VFA yields are well below those for maintenance 
energy. This holds even for the small selectors like the suni and dik dik that have very 
high fermentation rates. Another possibility is that some of these species have low 
metabolic rates [McNab, 19801. This leads to the probability suggested by Hofmann 
[1989] that there is important bypass or escape of high quality feed to the lower 
digestive tract in small selector ruminants. Hofmann 119891 compares these to other 
small nonruminant selectors. 


TOTAL DIGESTIBLE NUTRIENT (TDN) VALUES FOR HERBIVORES IN 
ZOOS AND THEIR REQUIREMENTS 


Most digestion balance data derive from cattle and sheep and were conducted at 
restricted intake to insure identical compositional intakes between the two species 
[Van Soest et al., 19781. Thus, even these data have limited value in regard to 
practical intakes for production purposes in goats, sheep, and deer, which have lower 
digestibilities of fiber consistent with their metabolic size and expected shorter rumen 
retention times [Huston et al., 19861. This relates to the problem of how one extrap- 
olates domestic information to zoo animals of disparate size and feeding behavior. 


A further problem in calculating the correct TDN value for zoo herbivores 
involves the question whether one estimates based on the whole forage offered or on 
those portions actually ingested. As selection increases, net utilization of forage 
offered declines, while digestion and utilization of that consumed increase (Table 6). 
The degree of this disparity varies with the range in relative value of the respective 
plant parts and the level of refusal allowed. Tessema [1972] found that while heifers 
would completely consume tropical grass, sheep could not be forced to consume the 
coarser stems. Olubajo et al. [1974] reported 5040% refusal of tropical grasses 
offered to dwarf African sheep in Nigeria. Refusal was highly correlated with NDF 
content. Sands [ 19821 reported similar refusals in Napier grass fed to goats in Kenya. 
These observations probably apply to small selective herbivores, both ruminant and 
nonruminant. 


In order to use TDN and net energy values for selector animals, it is necessary 
to comprehend the problem of selectivity. When goats were fed ad libitum with 
excess forage, the diet consumed had a higher nutritive value than that offered, the 
rejected parts being of correspondingly lower value [Van Soest et al., 19941. As more 
feed is offered, net feed intake also increases because of the opportunity of selecting 
a better diet. There are thus two separate problems in adapting TDN values for 
practical feeding of small ruminants. First, the conversion to species-specific digest- 
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Fig. 9. Relationship between the percentage of dietary energy from VFA and body weight calculated as 
the percentage of calories from VFA that contribute to maintenance [Van Soest, 19941. Summarized from 
Hungate et al. [1959, 19611, Alto et al. [1973], Giesecke and Van Gylswyck [1975], Hoppe [1977], and 
Parra [1978]. The regression line is for grazers (bulk and roughage eaters) and intermediate feeders (r = 
+0.86). Ranges in values for dairy cattle [Hungate et al., 19611 are indicated by arrows. 


TABLE 6. Estimates of practical refusals for optimal lactational performance in 
goats [Van Soest et al., 19941 


Digestibility 
Predicted of ingested 


digestibilitya Refusal forage Utilizationb 
Forage (%) (a) (%) 


Alfalfa 65 15 69 59 
58 25 66 50 
50 35 60 39 


Grass 70 20 75 60 
60 35 69 45 
50 50 60 30 


"From composition of the offered forage. 
'Digested matter actually ingested as percent of amount offered. 


ibility , accounting for animal retention and metabolic losses (physiological), and, 
second, accounting for practical refusals at practical intakes (behavioral). 


Because forages are generally analyzed as offered, the analytical values of 
composition do not represent what is eaten. Thus, at effective levels of feeding, the 
selective consumption of feed will need to be taken into account. The value of feed 
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offered underestimates the value of that actually eaten, while the overall utilization 
taking into account the refusal is a lower value (Table 6). The consequence is that the 
conversion of TDN relative to domestic ruminants (cattle and sheep) will be severely 
discounted if the feeding value is expressed in units of utilized (selected) energy per 
unit of feed offered. 


The amount of information comparing other nondomestic species is much more 
limited, often relying only on a single or, at most, a few diets. In sorting through these 
types of data, it is important to examine digestion trial procedures, especially in the 
case of tropical and warm season forages that have nutritively disparate parts which 
offer animals adapted to specialization the opportunity to select. 


CONCLUSIONS 


1.  Feeding behaviors of herbivores are diverse and involve interactions among 
types of plants, selectivity, and tolerance to plant diversity. The physical mechanisms 
that allow diversity in feeding behavior are dentition, mouth proportions, and gut 
morphology involved in the sequence of digestion. The largest contrast in gut mor- 
phology is between the large colonic fermentors and the pregastric fermentors, in- 
cluding ruminants. Both nonruminant herbivores and ruminants are diversified into 
parallel feeding types, including such adaptations as cecal fermentation dominant 
over colonic fermentation (as in rodents) and extreme selective behavior in small 
ruminants. In contrast, equids, elephants, and pandas are extreme bulk and roughage 
eaters and tend to consume volumes with lower extraction. 


2. There is a probable coarse fiber requirement for normal gastrointestinal 
function in all grazing species, whether ruminant or nonruminant. There appears to be 
a critical size limit to unselective grazing behavior at about 90 kg which is the result 
of competition between required intake and gastrointestinal capacity. There is also a 
body size association between digestive capacity for cellulose in grasses for all grazing 
herbivores. This association is not found when faster-digesting carbohydrates are fed. 


3. Ruminants smaller than 30 kg can have longer retention times than would be 
expected. These animals are extreme selectors, consume low cell wall diets, and 
appear intolerant to lignified fiber. Although small ruminants achieve rapid rates of 
fermentation by selective feeding, the net contribution of VFA to net digestible 
energy is lower than in larger ruminants. 


4. There is a tendency to match the nutrition of wild species to related domestic 
species that have known requirements and nutritional values for feeds. However, this 
is not a safe extrapolation, since the feeding behavior of wild species in their native 
habitats is understudied and may significantly deviate from their matched domestic 
counterparts. A further problem, particularly with tropical herbivores kept in tem- 
perate zoos, is finding nutritionally similar substitutes for their native feeds, even 
when they are known. 
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physiological limitations but to forage abundance (Van
Soest 1996). Large species cannot be as selective as small
species, and the large amounts of forage necessary to
supply large species are available mainly as grasses. If
there is, however, an abundant food resource for
browsers, they can also reach large body mass, e.g. the
moose (Alces alces) or the giraffe (Giraffa cameloparda-
lis; Renecker and Hudson 1992). The ruminant body
weight range has been explained theoretically by Dem-
ment and Van Soest (1985). Whereas their explanation for
the lower ruminant body weight limit is widely accepted
(Prins and Kreulen 1991), their explanation for the upper
body weight limit remains under debate (Van Soest
1994). By calculating the time necessary for optimum
digestion of grass and browse forages, and using one
correlation between body weight and passage rate for all
feeding types, the authors demonstrate that above a
certain body weight—600 kg for browse, 1,200 kg for
grass forage—ruminants no longer have an advantage
over hindgut fermenters in terms of digestive efficiency.
The absence of ruminants in the larger body weight
ranges is explained by this lack of digestive advantage. A
“lack of digestive advantage”, however, does not explain
the complete absence of species from the higher body
weight range. This absence needs to be explained in terms
of a distinctive disadvantage or limitation.

Is the gastrointestinal capacity really a constant
of body weight?

The Jarman-Bell Principle (see above) is based on the
observation that gastrointestinal capacity remains a con-
stant proportion of body weight. The correlation between

body weight and gastrointestinal capacity determined by
Parra (1978) for all herbivores of gut capacity = 0.0936
body weight1.0768 is generally interpreted as an indication
that the “true” exponent is 1. If that was the case,
gastrointestinal capacity of herbivores of all body sizes
would always be 9.36% of body weight. If Parra’s
exponent, however, is taken literally, we can deduce that
gut capacity, expressed as a percentage of body weight,
increases with increasing body weight, and the increase
becomes less as body size increases.

Given the fact that the largest extant and probably all
larger extinct mammalian herbivores were hindgut fer-
menters (Langer 1994), we intended to elucidate the
reason and possible morphophysiological correlates of
these observations. We hypothesize that buffaloes, gi-
raffes, and the common hippopotamus (Hippopotamus
amphibious) represent, in general, the maximum attain-
able body size limits for grazing and browsing ruminants
and non-ruminant foregut fermenters, respectively, and
that the elephant indicates a digestive trend all other, even
larger, extinct hindgut fermenters would have had to
follow (Colbert 1993). In order to test the hypothesis on
the limiting effect of foregut fermentation as we know it
in large ungulates, we surveyed the existing data on fossil
ungulates, looking for potentially larger ruminant species.

Body sizes of herbivores

Although various, and at times incredibly high, body
weights have been reported for some ruminant species,
for the purpose of this review we will follow Owen-Smith
(1988) in his allocation of body weight ranges to ruminant
species and hippos (cf. Table 1). The most notable

Table 1 Body weights for large ruminant species and the hippopotamus from different sources

Species Body mass
range (kg)

Average/maximal body
mass (female)

Average/maximal body
mass (male)

Source

Grazers

Bison bison 361–1,000 Silva and Downing (1995)
495 808/907 Owen-Smith (1988)

Bos gaurus 650–1,000 Silva and Downing (1995)
590/700 880/940 Owen-Smith (1988)

Bos javanicus 400–800 Silva and Downing (1995)

Bos sauveli 700–900 Silva and Downing (1995)

Bubalus arnee 248–1,200 Silva and Downing (1995)

Syncerus caffer 295–667 Silva and Downing (1995)
520/636 650/860 Owen-Smith (1988)

Browsers

Giraffa camelopardalis 680–1,400 Silva and Downing (1995)
825/1,125 1,200/1,400 Owen-Smith (1988)

550–1,900 Kingdon (1979)

Nonruminant

Choeropsis liberiensis 200–270 Silva and Downing (1995)
160 200 Owen-Smith (1988)

Hippopotamus amphibius 600–2,000 Silva and Downing (1995)
1,350/2,352 1,500/2,669 Owen-Smith (1988)
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difference is that giraffes are, for both sexes, generally
about 400 kg heavier than the respective buffaloes. Body
weights for extant very large hindgut fermenters are
summarized in Table 2. Additionally, probably the most
accurate weight estimate for Indricotherium tran-
souralicum, the “largest land mammal ever imagined”,
is given (Fortelius and Kappelman 1993). This extinct
giant is considered to represent the actual upper size limit
ever attained by terrestrial mammals. Its body weight is
thought to not have exceeded 20 tons. In contrast, the
largest dinosaurs, the sauropods, are thought to have
weighed 10–75 tons (Farlow 1987).

Limits to forage fermentation

All mammalian herbivores depend on the fermentation of
plant cell walls by gastrointestinal bacteria. Within the
body size range usually studied, the efficacy of this
fermentation is directly correlated to fermentation time,
i.e. to passage rates. The longer passage rates that larger
animals can achieve is regarded as the main digestive
advantage of large body size (Demment and Van Soest
1985). However, the usefulness of ingesta passage delay
is clearly limited: there will be a point at which any
forage is completely digested, and retention beyond this
point will not yield further benefit. Demment and Van
Soest (1985) demonstrated that, after 60–70 h, digestion
of plant material was complete. Interestingly, this limit,
though recognized by many scientists, has never been
understood as an actual limitation. Demment and Van
Soest (1985) state that at a certain body size “a point is

reached at which complete digestion of the potentially
digestible cell wall will occur even without selective
delay of ingesta”; they leave open the question of what
will happen if a species surpasses this body size limit.
Farlow (1987), speculating on the digestive physiology of
large dinosaurs, cited Demment and Van Soest and stated
there would “come a time when an animal could not
accomplish any more by retaining digesta in its fermen-
tation chamber”. Prins and Kreulen (1991) and Van Soest
(1994) introduced another variable to these considera-
tions—the fact that with increasing passage times,
methanogenes could grow in increasing proportions.
Methanogenes are bacteria that convert acetic acid—the
dominant volatile fatty acid in both fore- and hindgut
fermenters, and the major energy source of large herbi-
vores—to methane and carbon dioxide, thus causing
severe energy losses. Prins and Kreulen (1991) actually
used methanogene growth rates to calculate a ruminant
upper body size threshold, without considering the same
consequences for hindgut fermenters. Van Soest (1994)
stated that “very large herbivores [...] have no need to
reduce passage to optimize the yield of metabolizable
energy”. To our knowledge, the consequence of these
concepts, namely that very large herbivores not only have
no need for an increased passage delay, but are actually
obliged to accelerate passage rate relative to their body
mass, has not been emphasized.

Table 2 Body weights for large herbivore species from different sources

Species Body mass
range (kg)

Average/maximal body
mass (female)

Average/maximal
body mass (male)

Source

Wild equids 136–410 Silva and Downing (1995)
220–380/242–450 250–400/284–450 Owen-Smith (1988)

Tapirus indicus 250–375 Silva and Downing (1995)
160 275 Owen-Smith (1988)

Tapirus terrestris 77–300 Silva and Downing (1995)
135 160 Owen-Smith (1988)

Dicerorhinus sumatrensis 900–1,000 Silva and Downing (1995)
800 800 Owen-Smith (1988)

Rhinoceros sondaicus 1,500–2,000 Silva and Downing (1995)
1,300 1,300 Owen-Smith (1988)

Diceros bicornis 816–1,300 Silva and Downing (1995)
932–1,080/1,134–1,316 931–1,124/1,022–1,316 Owen-Smith (1988)

Ceratotherium simum 1,400–2,300 Silva and Downing (1995)
1,600/1,800 2,200/2,400 Owen-Smith (1988)

Rhinoceros unicornis 1,410–2,000 Silva and Downing (1995)
1,600 2,100 Owen-Smith (1988)

Loxodonta africana 1,700–6,100 Silva and Downing (1995)
2,800/4,000 5,000/8,000 Owen-Smith (1988)

Elephas maximus 1,810–5,000 Silva and Downing (1995)
2,500/4,160 4,000/5,400 Owen-Smith (1988)

(Indricotherium
transouricalium=)

11,000/15,000 11,000/15,000 Fortelius and Kappelman
(1993)
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Ingesta passage in large hindgut fermenters

The most comprehensive comparative study of herbivore
passage rates is the one by Foose (1982, Fig. 1). This
dataset was the major source for the quantification of
herbivore passage rates by Illius and Gordon (1992). The
equation for hindgut fermenters given by these authors is
MRT (h) = 9.4 body weight0.255. Thus, the MRT of a 3 ton
elephant or a hypothetical 15 ton Indricotherium therefore
should be 72 or 109 h, respectively. But, according to
Foose (1982), an elephant of this size has an MRT below
50 h, and an MRT of 109 h for Indricotherium would
have surpassed the 4-day threshold that Van Soest (1994)
postulates for the disproportionate growth of methano-
gene bacteria. We therefore suggest that the compara-
tively fast ingesta passage in elephants indicates the trend
that must have also been present in past very large
herbivore faunas.

The main limitation of Foose’s dataset is that the
experimental set-up allowed only one pooled faecal
sample to be taken per day. If other studies with frequent
daily sampling are compared to Foose’s data (Hacken-
berger 1987; Kiefer 2002; Clauss et al. 2002a; Polster, in
preparation), lower absolute values for MRTs result, but
the pattern does not change qualitatively for hindgut
fermenters (in contrast to the ruminant data, for which
differences between browsers and grazers become evi-
dent, Clauss and Lechner-Doll 2001). These lower MRTs
indicate that the trade-off between a fibre fermentation
and methanogene growth on the one hand, and ingestion
of fresh material on the other hand, might not lie as close
to the absolute time necessary for complete fibre diges-
tion as suggested by Foose’s data.

Morphological correlates of MRT acceleration

When investigating potential morphological correlates for
the comparatively fast passage in large herbivores, the

Fig. 1 Passage rates of large hindgut fermenters. Average data for
wild equids, rhinos and elephants from Foose (1982); regression
line according to Illius and Gordon (1992). Elephants do not match
the common pattern of increased mean retention times (MRT) with
increasing body weight
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paucity of existing data is striking, especially in view of
the fact that these animals have lived and died in captivity
for centuries. A great proportion of the data we draw upon
stems from the nineteenth century. All elephant data
refers to the African species, Loxodonta africana. The
data from Stevens and Hume (1995) were derived by
measurements from the drawings in their monograph.

There are two basic ways to accelerate passage through
a tubular system, namely either a shortening of the tube,

or an increase of its diameter. Data on the length of the
GIT of large hindgut fermenters (Table 3) do not seem to
indicate an increase in GIT length as would be expected
from body size alone. Not only domestic horses—whose
long small intestine could well be interpreted as an
adaptation to concentrate feeding throughout their do-
mestication period—but also a Malayan tapir (Tapirus
indicus) seems to have a generally longer GIT than an
elephant. The proportions of the different GIT sections,
based on length measurements (Table 4), do not indicate
any systematic shifts in GIT design, maybe with the
exception of the caecum which seems to be shorter in
larger species. Several authors have commented upon a
comparatively short but wide caecum in rhinos (Owen
1862; Mitchell 1903/6; Bourdelle and Lavocat 1955;
Endo et al. 1999) and elephants (Mullen 1682).

The few available measurements on the diameter of
the small intestine (Table 5) seem to indicate a drastic
increase in this parameter in elephants. A wide small
intestine could account for low digestibility values of
protein and nitrogen-free extracts (Clauss et al. 2003) due
to unfavourable proportions of absorptive surface and
ingesta volume; similarly, a voluminous small intestine
with potentially incomplete mixing of ingesta and GIT
secretions could account for the fact that GIT bacteria are
regularly found in the small intestine of elephants (Eloff
and Van Hoven 1980; Van Hoven et al. 1981). Existing
data on the diameter of the base of the caecum does not
indicate a particular trend, except that this organ seems to
be wider in rhinos and elephants than in horses (Table 6).

The existing data on GIT capacity, measured as GIT
contents (Table 7), emphasizes the need for measure-
ments that can be correlated to the body weight of the
same individual. The absolute values do not allow any
conclusive observation. The average body weights of the
ponies were 154 (Coenen et al. 1990) and 213 kg (Meyer
et al. 1993). If we assume a body weight of 1000 kg for
the black rhinoceros (Diceros bicornis), then we can
create regression lines and adjust the elephant body
weights accordingly (Fig. 2): if the body weights for the
elephants are chosen to match expected values for small
intestinal and colonic capacity, then caecal and total GIT
capacity of these elephants would be less than expected
(Fig. 2A). This finding is in accord with the postulate that
elephants must show morphological adaptations for
comparatively faster passage rates. If, however, the body
weights are chosen so that the total GIT capacity is in
accord with the pony-rhino regression line (Fig. 2B), then

Source a

Pony

c

Tapir

d e a

Zebra

a h i j

White
rhino

k k a l m n

Horse Black rhino Indian rhino Elephant

Stomach 2 2 1 1 1 1 9 5 – 4 4 5 4 6 6
Small intestine 61 76 72 76 66 66 61 68 61 64 66 57 73 57 58
Caecum 5 1 3 3 5 5 8 – 4 3 3 3 2 3 5
Colon and rectum 33 21 24 20 28 28 22 – 32 29 28 35 21 34 32
DFC total 23 – 14 13 20 20 – – – – – 25 – – –

Table 4 Proportion of different GIT sections in percent of total GIT length. For sources, see notes to Table 3

Table 5 The diameter of the small intestine in different hindgut
fermenters

Species Small intestine
diameter (cm)

Frewein et al. (1999) Horse 5–7
Garrod (1873) Sumatran rhino 5–6
Kiefer (2002) White rhino 5–6
Owen (1862) Indian rhino 5–8
Sikes (1971) Elephant 13–20

Table 6 The diameter of the caecum in different hindgut fer-
menters

Species Caecum
diameter (cm)

Bourdelle and Lavocat (1955) Horse 15–18
Garrod (1877), Beddard (1887) Javan rhino 38–51
Home (1821), Garrod (1873) Sumatran rhino 46–91
Endo et al. (1999), Kiefer (2002) White rhino 21–30
Owen (1862) Indian rhino 24–44
Mullan (1682), Sikes (1971) Elephant 25–57

Table 7 Capacities (measured as wet contents, kg) of GIT sections
of different hindgut fermenters. DFC Distal fermentation chamber

Source a

Pony

b c

Black rhino

d c

Elephant

Stomach 3 4 37 51 58
Small intestine 2 3 9 38 28
Caecum 4 5 40 86 75
Colon total 19 18 87 312 254
DFC 22 22 113 – 279
Total tract 29 31 173 487 415

a Meyer et al. (1993)
b Coenen et al. (1990)
c Clemens and Maloiy (1982)
d Van Hoven et al. (1981)
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these elephants would have higher small intestinal and
colonic capacities than expected. As long as comprehen-
sive measurements are lacking, this second, albeit seem-
ingly unlikely, interpretation cannot be ruled out. It is
notable, however, that for either solution, the caecal
capacity remains below the regression line.

A last qualitative observation can be made on the
drawings of the GIT of hindgut fermenters from Stevens
and Hume (1995, Fig. 3). The transition from the dorsal
layer of the colon ascendens to the colon transversum is
relatively abrupt in equids—the diameter of the large,
“stomach-like” colonic fermentation chamber is reduced
without transition to the small tube of the colon
transversum (Frewein et al. 1999). The same abrupt
change of diameter at this point can be deduced for the
Malayan tapir from Home (1821). For the Indian rhino,
however, Owen (1862) observed that this transition is a
gradual one, as can be deduced from Fig. 3 for the black
rhino. In the elephant, it seems that at the colonic
localization there is hardly any reduction in diameter.
These differences in morphological design might also
contribute to a comparatively faster ingesta passage in the
larger species.

Ruminant forestomach capacity

We propose that the most important (and mostly
overlooked) feature of ruminant morphophysiology, with
respect to the subject of this review, is the fact that not
only the absolute but also the relative proportion of
reticulorumen contents increases linearly with body size
for both grazers and browsers (Fig. 4). As the rumi-
noreticulum delays the passage of ingesta and thereby
limits intake, larger ruminants need to increase their
ruminoreticulum capacity in order to compensate for
intake limitation and accommodate higher energy re-
quirements. If the regressions of Fig. 4 are used, one can
theoretically calculate that at a body weight of 12 tons, a
ruminant would consist of nothing but rumen contents.
Obviously, such a calculation has little practical rele-
vance, but it stresses the point that there must be either:
(1) a certain body weight threshold at which the relative
ruminoreticulum capacity does not increase further, a fact
for which there is currently no evidence; or (2) a certain
threshold of ruminoreticulum capacity that cannot be
surpassed, and therefore limits the maximum attainable
body weight of ruminants. The different intercept

Fig. 2A, B Capacities (measured as wet contents, kg) of different
gastrointestinal tract (GIT) sections of ponies, black rhinos and
elephants. Data from references listed in Table 6, including pony
body weights. Black rhino body weight was assumed to be 1,000 kg.

The body weights of the elephants were adjusted to match either: A
the regression lines on small intestinal and colonic capacity; or B
the regression lines on total GIT capacity
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(P<0.001) 1 of the two regression lines of Fig. 4 suggests
that such a maximum body weight should be reached
earlier by grazers than by browsers. The slopes of the
regression lines for grazers and browsers do not differ
(P=0.843). This allows the calculation of a common slope
for both equations which amounts to 0.00753. Based on
this common slope, we can adjust the intercepts yielding

ygrazer = 0.00753body weightgrazer + 11.46 and
ybrowser = 0.00753body weightbrowser + 8.43.

The scope of the theoretical size difference between
maximum grazers and browsers can then be estimated
from:

0.00753body

weightgrazer + 11.46=0.00753body weightbrowser + 8.43

which yields

body weightgrazer + 402 = body weightbrowser

This means that, at any threshold for the relative
ruminoreticulum capacity, a browser could be about
400 kg bigger than the largest possible grazer. This
difference is in good accord with the observed difference
between species maxima for large male and female
Bovinae and giraffes according to Owen-Smith (1988) of
940 versus 1,400 and 700 versus 1,125 kg, respectively
(Table 1).

The reason for the larger ruminoreticulum in grazers
was put forward by Owen-Smith (1982) and elaborated
further by Clauss et al. (2002b): the forage of a browser
does not form a “fibrous raft” and a stratification of
ruminoreticulum contents, and can therefore be passed
through the ruminoreticulum comparatively fast. This
permits a selective particle retention that is nearly
constant across a wide range of body sizes. The forage
of grazers, however, automatically induces a stratification
of rumen contents, and is thus responsible for longer
passage rates and a selective particle retention that might
increase with body weight (c.f. Clauss and Lechner-Doll
2001). In order to meet their energetic demands, grazers
therefore had to increase their forestomach fermenting
capacity more than browsers in order to compensate for
the increase in particle retention and food intake limita-
tion (Owen-Smith 1982).

Fig. 3 Digestive tracts of large
hindgut fermenters, with special
emphasis on the transition from
the colon ascendens to the colon
transversum. Adapted from
Stevens and Hume (1995)

Fig. 4 The correlation of body weight and relative weight of the
reticulo-rumen contents (wet weight as % of body weight) for free-
ranging ruminant species of different feeding types. Data from
Giesecke and Van Gylswyk (1975), Hoppe (1977) and Maloiy and
Clemens (1982)

1 Regression lines were calculated and compared according to
Sachs (1997) using the SSS software (Rubisoft software GmbH,
Puchheim, Germany, 1998).
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Ruminant passage rates

One of the consequences of increased particle retention in
a larger ruminoreticulum should be longer ingesta reten-
tion times in grazers. The question of potential differences
in passage rates between grazers and browsers has already
been addressed in Clauss and Lechner-Doll (2001). If we
use four data points on the MRT of particles of a defined
size to create Fig. 5—a small and a large grazer (mouflon
Ovis ammon musimon: body weight 33 kg/MRT 36.0 h,
Behrend 2000; Asian buffalo Bubalus bubalus: 417 kg/
52.7 h, Bartocci et al. 1997) and a small and a large
browser (roe deer Capreolus capreolus: 20 kg/23.6 h,
Behrend 2000; giraffe Giraffa camelopardalis: 1,000 kg/
48.2 h, Clauss et al. 1998)—it becomes obvious that a
potential difference in ingesta MRT between the feeding
types is of particular importance. Given the difference in
the time necessary to attain a reasonable energy gain from
the fermentation of the different forages as described by
Demment and Van Soest (1985, see above), the browsers
can, due to their faster passage rates, still function
economically at larger body sizes than the grazers. Thus,
both the difference in forestomach capacity and in
ruminoreticulum ingesta retention can explain the ob-
served tendency for the largest extant browsers to be
bigger than grazers.

Limitations to forestomach capacity increase

The question remains, however, how the maximum
ruminant body weight, determined by the maximum
attainable relative ruminoreticulum capacity, can be
defined. We propose that the first limiting factor for an
increase in ruminoreticulum capacity is the available
space in the abdominal cavity for which all abdominal
organs compete. This concept is rarely addressed in the

literature (Roux 1881; Gutmann 1989). As the rumi-
noreticulum reduces the space available to other organs,
one or several of these organs should become signifi-
cantly affected in their physiological function (Demment
and Longhurst 1987). Mitchell (1903/6, p 523) and
Langer (1991, Table 7) pointed out that herbivores with a
complex forestomach generally tend to have small caeca,
but did not interpret this fact as an outcome of intra-
abdominal space competition.

A suggestion of what physiological function could be
the first to be affected by a decrease in available intra-
abdominal space can be deduced from Clauss et al.
(2002c). In that work, the authors presented faecal dry
matter data for 81 captive wild ruminant species from
temperate zone zoos during the winter, and concluded
that, as the animals investigated were not subjected to
heat stress and had ad libitum access to drinking water,
the resulting faecal water content should directly reflect
the length of the colon descendens (see also Woodall and
Skinner 1993). Clauss et al. (2002c) reported a mono-
tonous decrease in faecal dry matter content with
increasing body weight for ruminants. In our recent
studies, we found a negative monotonous trend for grazers
(Spearman coefficient = �0.80, P<0.001) and intermedi-
ate feeders (Spearm. coeff. = �0.44, P=0.008), but not for
browsers (Spearm. coeff. = �0.10, P=0.708) or frugivores
(Spearm. coeff. = 0.21, P=0.741). From Fig. 6 it is
obvious that grazers have a general tendency to increase
their faecal water content with body size. If data on free-
ranging animals is collated (Clemens and Maloiy 1983;
Woodall and Skinner 1993), a similar trend can be
observed. These results are in accordance with the
observation that all large grazers defecate “pies”, not
“pellets”. Clemens and Maloiy (1983, 1984) stated the
curious fact that the African buffalo (Syncerus caffer) is
the only ruminant species in its habitat that does not
produce a faecal pellet. In their study, the buffalo had the
lowest value for colonic water absorption of all species
investigated. Accordingly, African buffalo depend on the
availability of drinking water (Sinclair 1974; Field 1976).

Fig. 5 A qualitative model of ruminant mean MRT for grazers and
browsers. Data from Bartocci et al. (1997), Clauss et al. (1998) and
Behrend (2000). Demment and Van Soest (1985) calculated
optimal energy gains from grass and browse forages for a rumen
MRT of 45 and 35 h, respectively. 10 h were added for passage
through the rest of the alimentary tract

Fig. 6 The correlation of body weight and faecal dry matter content
for captive ruminant species of different feeding types. Data from
Clauss et al. (2002c)
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In an earlier work, Maloiy and Clemens (1980) had
shown that among five species of eastern African
herbivores the zebu cattle—another large ruminant that
does not produce faecal pellets—was the least efficient in
colonic water re-absorption. The data from Clauss et al.
(2002c) show that African buffalo and zebu share a high
faecal water content with all other representatives of the
Bovinae. This family represents the largest grazers, and
the question arises why there is not one species among
them with a higher faecal dry matter content—an option
so evidently open to other ruminants.

We hypothesize that the larger ruminoreticulum of
grazers leads to an obligatory size reduction in other
organs, e.g. the colon descendens. Therefore for very
large grazers, a “regular” faecal water absorption as in
other ruminant species is no longer possible. This
hypothesis could also explain the observed differences
in hindgut anatomy between the feeding types. Hofmann
(1988) states that grazers have a smaller caecum and a
shorter spiral colon with fewer coils than browsers, and
Gordon and Illius (1994) found that the difference in
hindgut contents between Hofmann’s feeding types was
significant. The largest existing grazers could therefore
represent the largest possible increase in ruminoreticulum
capacity that can be achieved without risking the integrity
of colonic function.

The case of the hippopotamus

Our hypothesis on the abdominal space limitation gains
support from the only other very large, non-ruminant
foregut-fermenting herbivore, the hippopotamus. The
hippo feeds on grass and has a complex forestomach;
however, in contrast to grazing ruminants, and similar to
other foregut fermenters, a stratification of contents has
not been demonstrated (Langer 1976) and a distinct
selective particle retention seems unlikely. Langer (1988)
quotes different sources that give a range of stomach
capacity of 11–26.6% of body weight, which is higher
than that of any ruminants investigated; accordingly,
hippos seem to achieve particularly long ingesta retention
times (Foose 1982). If the equation for browsers (i.e.
animals not impeded by an intake limitation due to
forestomach content stratification) from Fig. 4 on relative
ruminoreticulum capacity is used, then the hippo body
weight range from Table 1 would yield values of 18.8%
and 20.0% for average females and males (Owen-Smith
1988) and 26.5% for the maximum female body weight.
Such an enormous foregut capacity in the hippo comes at
a price: Stevens and Hume (1995) state that the hippo,
while having one of the most complex forestomachs, has
the simplest and shortest hindgut of the Artiodactyla. A
caecum is absent, the colon is undifferentiated (Van
Hoven 1978; Clemens and Maloiy 1982), and the dry
matter concentration of hindgut contents measured by
Clemens and Maloiy (1982) was low (10.7%). It could be
hypothesized that the hippo can only tolerate high faecal
water losses due to its amphibious lifestyle, and is limited

to this habitat niche by its gastrointestinal morphology.
For the pygmy hippo (Choeropsis liberiensis), data on the
relative capacity of the forestomach is lacking (Langer
1988).

The fossil evidence

If we assume our hypothesis on abdominal space
limitation to be universally valid, then we would expect
to find no ruminants (or tylopods) in the fossil evidence
that exceed the largest extant Bovinae or giraffe in body
size.

The super-buffaloes (Pelovoris ssp.)

We used the data from Gentry (1967) and from Gentry
and Gentry (1978) on skeletal measurements of Pelovoris
to calculate body weight estimates, using the regression
equations from Janis (1990) and Scott (1990). This
resulted in a body weight estimate of 660 kg based on
femur length, and a range of 827–1,205 kg (mean
1,016 kg) based on dental measurements. From the same
sources, the estimated body weight of Homoioceras spp.
and Bos primigenus were 940 and 906 kg based on femur
length and 731 and 700 kg based on dental measurements,
respectively. These calculations indicate that these extinct
large bovids did not significantly surpass the largest
extant buffaloes in size.

The giraffids

Giraffa camelopardalis is the largest ruminant that is
listed in the Neogene of the Old World database (NOW
2002). For the grazer Samotherium, body weight esti-
mates of 600 kg are given. The Sivatheriinae could
represent the only detectable deviation from the trend that
fossil ruminants did not exceed extant forms in body size.
No quantitative body size estimate has, to our knowledge,
been published for this group. According to Solounias et
al. (2000), the Sivatheriinae comprised mainly interme-
diate feeders or grazers. Applying the equation for total
skull length from Janis (1990) to the data provided by
Harris (1991), we estimate a body weight of 1,230 kg.
Using maximum bone length measurements from Geraads
(1996) and Singer and Bon� (1960) and the equations
from Scott (1990), we estimate a mean of 937 kg (range
529–1,739 kg). However, length measurements are not
considered very reliable predictors (Scott 1990); calcula-
tions with length measurements on the extant giraffe yield
a mean estimate of 3,013 kg (range 2,100–4,467 kg). If
data on the breadth of the metacarpal/metatarsal bones are
used from the same sources, the estimate for the giraffe is
more realistic with 1,522 kg (range 1,215–1,829 kg), and
gives 2,018 kg (range 1,727–2,310 kg) for Sivatheriinae.
Data on maximal tooth measurements (Singer and Bon�
1960; Geraads 1996), transformed according to Janis
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(1990), yield even higher body weight estimates of 1,020–
3,720 kg (for extant giraffe 530–1,880 kg). All these
estimates confirm the qualitative interpretation of Singer
and Bon� (1960) that the Sivatheriinae have larger teeth
and shorter but thicker bones than the extant giraffe. One
could, on the one hand, speculate that the data—short but
very strong limb bones—suggest a rather stout animal
with a potentially fundamentally more capacious abdom-
inal cavity. One could doubt that an extrapolation of
estimates based on measurements that distinctively
exceed the range of values that were used for the
establishment of the predictive equations (Janis 1990) is
methodologically sound, or speculate that the Sivatheri-
inae deviate from the general body design of those groups
from which the predictive equations were derived. Either
way, the Sivatheriinae remain the most likely candidates
for an exception to our hypothesis.

The giraffe camel (Aepycamelus major)

The estimated body weight of this giant browsing tylopod
is discussed extensively by MacFadden and Hulbert
(1990), who conclude that an estimate of 1,026 kg is
realistic. Scott (1990) gives a range of estimates of 501–
1,013 kg based on different techniques.

Thus, with the exception of the Sivatheriinae, the
ungulate fossil record supports the notion that the delayed
ingesta passage, the thereby necessitated increase in
forestomach capacity, and the space limitation of the
abdominal cavity, prevented any larger ruminant life
forms from evolving. The ruminant digestive tract does
not allow a relative acceleration of ingesta passage. Any
larger fossil herbivorous ungulates (giant rhinos, mam-
moths, etc.) belonged to modern taxa that are hindgut
fermenters. Interestingly, it has been suggested that, due
to the intake-limiting effect of a rumen-like forestomach,
dinosaurs should have been hindgut fermenters (Farlow
1987). In this context, we suggest that from their body
size alone one could argue that the fossil giant ground
sloths were, unlike their rather distant relatives, the extant
and comparatively small arboreal sloths2, hindgut fer-
menters (cf. Guthrie 1984). This is in contrast to Naples
(1987, 1989) who claims that ground sloths, too,
possessed a foregut fermentation chamber.

Macropods

The largest extant macropodid herbivores, the red and
grey kangaroos (Macropus giganteus and Macropus

rufus), achieve a relative capacity of their foregut (wet
contents in kg) of 5.4–6.0% body weight (Langer 1988),
and are thus even below the intercept for browsing
ruminants (Fig. 3). Macropodid marsupials have evolved
foregut fermentation based on a stomach anatomy that
resembles, anatomically, a large intestine, and are not as
intake-limited as ruminants of comparable size on high-
fibre diets (Hume 1999, Fig. 6). The interesting question
remains why other herbivore taxa did not evolve a
comparable foregut that would potentially have allowed
them to achieve a larger body weight than the existing
foregut fermenters. A potential answer is that foregut
development was initiated and perfected in species of
small body weight (cf. P�rez-Barber�a et al. 2001). This
allowed very efficient systems to evolve, whose body
size-limiting effects came to play a role, if at all, only
much later.

Primates

In his fundamental publication, Parra (1978) could not
include any data on wild equids, tapirs, rhinos or
elephants (for elephants, only a measurement for the
capacity of the distal fermentation chamber was available
but no measurement of total gut capacity). In contrast to
his work, in which he did not find a difference in the
capacity of the fermentation chambers between hindgut
and foregut fermenters, Chivers and Hladik (1980)
reported that in their sample of 27 small folivores, the
capacity of the hindgut fermentation chamber in hindgut
fermenters scaled to body weight1.20, whereas the capacity
of the forestomach in foregut fermenters scaled to body
weight0.78 (unfortunately, these authors did not measure
actual body weight but an extrapolation from body
length). The fact that foregut fermenters actually reduce
their relative forestomach capacity in folivorous primates
indicates that, in this group, different retention- and
intake-limiting mechanisms must be operating than in the
larger ungulates.

Palaeoecology

We hypothesize that one reason for the success of hindgut
fermenters, in terms of attainable body size, is the fact
that their gastrointestinal design allowed for modifica-
tions that accelerated relative ingesta passage. Compared
to foregut fermenters, hindgut fermenters are, however, at
a disadvantage when having to deal with secondary plant
compounds. These potentially dangerous substances can
be detoxified by forestomach bacteria, but reach the
intestinal absorption sites unmodified in hindgut fer-
menters. This fact could suggest a digestive contribution
to the decline of very large herbivorous species. Janis et
al. (1994, 2000) noted a decrease in browsing hindgut
fermenters in the Miocene, and in the latter work it is
demonstrated that this could be due to a decline in
productivity of dicotyledonous forage. Guthrie (1984) is,

2 The proportionally largest forestomach occurs in sloths, in which
its capacity can be up to 30% of body weight (Langer 1988). Sloths
have, if at all, only rudimentary caeca and a short large intestine
(Stevens and Hume 1995). These animals have very low metabolic
rates (McNab 1978), a low food intake (Nagy and Montgomery
1980), long retention times, and defecate only about once per week
(Montgomery and Sunquist 1978)—options obviously not available
for large ungulates.
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to our knowledge, the first to speculate in detail on the
consequences of an increase in antiherbivore defences by
dicotyledonous plants that could have accompanied their
biomass decline. As hindgut fermenters are regarded as
less well adapted to the potentially toxic effects, they
should have suffered more losses than foregut fermenters
and ruminants. With respect to large body masses,
Freeland (1991) proposed that, due to their relatively
lower metabolic turnover, larger animals should be less
well adapted to fast metabolic de-toxification rates, and
therefore cannot ingest the same amount of any particular
toxin as small animals. This author demonstrated that the
number of plant species included in a natural diet
increases with the size of the herbivore. These findings
are in accord with Guthrie’s (1984) hypothesis that a
reduction in available plant variety caused the decline of
very large animals, a case he exemplifies with the well
recorded decline in variety of diet that preceded the
extinction of the Shasta ground sloth (Nothrotheriops
shastense), which he assumes to have been a hindgut
fermenter. Thus, while morphophysiological constraints
alone could limit the potential body size in foregut
fermenters, ecological constraints might limit that of the
morphophysiologically unconstrained hindgut fermenters.
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