
Chapter 4
Morphological and Physiological
Adaptations for Browsing and Grazing

Daryl Codron, Reinhold R. Hofmann, and Marcus Clauss

4.1 Introduction

Woody plants and grasses are two functionally, and ecologically distinct, components
of terrestrial vegetation. For herbivores, these represent two distinct food groups—
browse and grass, which differ in spatial distribution, architecture, height above
ground, physico-mechanical, biochemical and fermentative properties, presenting dif-
ferent challenges and constraints to the animals that feed on them. Browse includes
forbs and other non-woody dicots like herbs because, in many ways, these are
structurally and biochemically similar to corresponding parts of woody plants. That
large mammal herbivores, restricting our discussion to members of the ‘ungulate’
orders Proboscidea, Hyracoidea, Perissodactyla, and Artiodactyla, differ in feeding
styles, with respect to whether species consume primarily browse or grass, was
recognized early on, based on field studies of species’ diet compositions in free-
ranging environments (Van Zyl 1965; Gwynne and Bell 1968). But it was the work
of Hofmann (Hofmann and Stewart 1972; Hofmann 1973, 1989) that truly formalized
concepts that browser and grazer species have unique morphophysiological traits
representing evolutionary adaptations to foraging differentially on browse or grass.

The evolutionary significance of browsing and grazing is generally understood,
and debated, within the context of a morphophysiological adaptive landscape. Traits
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including body size, tooth and skull anatomy, morphophysiology of the gastrointes-
tinal tract, and even various behavioural and ecological characteristics of large
mammal herbivores, have been linked, both functionally and statistically, with
browsing and grazing diet niches (Fortelius 1985; Gordon and Illius 1988; Janis
1988; Janis and Ehrhardt 1988; Hofmann 1989; Spencer 1995; Reed 1996; Owen-
Smith 1997; Brashares et al. 2000; Clauss and Lechner-Doll 2001; Clauss et al.
2002; Mendoza et al. 2002; Clauss et al. 2003b; Mendoza and Palmqvist 2006;
Clauss et al. 2008a; Mendoza and Palmqvist 2008; Clauss et al. 2009c, 2010a;
Codron and Clauss 2010; Fraser and Theodor 2011; Hummel et al. 2011; Kaiser
et al. 2013; Dittmann et al. 2015; Lazagabaster et al. 2016; Meier et al. 2016). Traits
are often found to be convergent, across unrelated taxa or clades, making the
ungulates one of the most conspicuous examples of adaptive radiation in the animal
kingdom.

Some views have favoured an alternative model for herbivore differentiation, a
diet quality-based niche structure driven by differences in feeding selectivity linked
to body size (Gordon and Illius 1994; Robbins et al. 1995; Gordon and Illius 1996;
Pérez-Barbería and Gordon 2001; Pérez-Barbería et al. 2001; Codron et al. 2007;
Clauss et al. 2013). However, such a concept is mostly reconcilable with a browser-
grazer based differentiation if one accepts that feeding selectivity (selective/unse-
lective), and botanical composition of the diet do not covary, but that there may be
unselective browsers and selective grazers (Demment and Longhurst 1987).
Allowing for variability in selectivity within the botanical niche largely adds to
our understanding of browser-grazer differences (Codron et al. 2007).

The process of large mammals acquiring nutrients from plant foods starts with
ingestion (locating and biting food), followed by extensive oral processing, and
finally achieving a level of digestive fermentation which is more intense than occurs
in any other animal group (Karasov and Martínez del Rio 2007). The number of
traits that have been discussed in this context is vast (in compiling data for this
Chapter alone we collected data for a total of 155 variables!). However, the func-
tional and/or statistical relevance (in terms of diet niche) of many of these charac-
teristics is not always clear, and in fact dubious in many instances. A comprehensive
review of the topic was presented more than a decade ago (Clauss et al. 2008b),
which recognized multiple mismatches, in that several concepts linking traits to
dietary function, while contributing substantially to the overall narrative, were not
supported by empirical/statistical evidence. In this Chapter, we present a large set of
statistical analyses of an up-to-date collection of datasets, allowing us to revisit old
hypotheses, and to address recent developments over the past decade. This Chapter,
therefore, complements the discussion presented in Clauss et al. (2008b), and we
encourage readers to consult both to gain a complete perspective on herbivore
adaptation. We reflect on specific anatomical and physiological features of browsing
and grazing herbivores that allow them to overcome foraging challenges associated
with each of the three stages, in succession, of foraging—ingestion, oral processing,
and digestion.
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4.2 Linking Form and Function

Any predicted link between an anatomical (or physiological) trait and diet niche,
i.e., an association derived from the expected functional relevance of the trait, can be
interrogated through one of two approaches: experimental or comparative. Experi-
mental approaches seek qualitative changes in traits following manipulation, from
feeding experiments and, potentially, defaunation, up to surgical removal of organs,
to determine their function by observing the effect of their diminution or absence
(Trautmann and Schmitt 1935; Sakaguchi et al. 1981; Tahas et al. 2017, 2018). Such
approaches offer the most definitive support for functional significance of traits, for
example, demonstrating that tooth wear in non-ruminants is more strongly
influenced by external (grit) rather than internal (silica in forages) abrasives (Müller
et al. 2014, 2015; and see Saarinen Chap. 2). But, in this example, the experiments
do not tell us whether wear-resistant features of herbivore teeth evolved, in response
to a shift in diet (to include foods with a higher grit load), or to prevailing
environmental conditions. In any case, for mostly logistical reasons, only a few
traits have, so far, been subject to such experimental manipulation. A more conve-
nient hypothetico-deductive approach is the comparative method, a widely-used
approach for studying adaptive trends in evolutionary biology (Harvey and Pagel
1991). Here, the relationship between traits and diet niches, across species, are
evaluated statistically, and rejection of the null hypothesis allows us to conclude
the value of the trait is an adaptive response to diet, or to something for which diet is
a proxy.

4.2.1 Definition of Herbivore Diet Niches

Statistical evaluations of niche-trait associations, in herbivores, have relied on one of
two ways to categorize diet niches. On the one hand, a categorical distinction can be
made between browser and grazer species. This categorical usage is typical of most
earlier studies (reviewed in Clauss et al. 2008b). In this scheme, mixed- or
intermediate-feeders, species that regularly feed on both browse and grass, or switch
diets across habitats and/or seasons, can be treated as a third category of feeding
style. A categorical approach is not only heuristically valuable in reducing complex
diets to simple rules, but has the advantage of being relatively non-sensitive to
dietary variations within any one species. On the other hand, diet niches can be
viewed as a continuum along the browser-grazer axis, typically depicted by the
average percentage grass in the natural diet of each species (Janis 1995; Van Wieren
1996a; Clauss et al. 2003b; Pérez-Barbería et al. 2004). A continuous classification
of diets has been favoured by most recent studies, especially following the intro-
duction of new methods, such as stable carbon isotope analysis, that provide rapid
estimates of proportions of browse:grass consumption, at least in subtropical
savanna environments dominated by C4 grasses (Cerling et al. 2003; Sponheimer
et al. 2003; Codron et al. 2007, 2008b; Lazagabaster et al. 2016). The advantage of
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such an approach is that arbitrary boundaries between niche categories do not need
to be established a priori; in a categorical scheme, the question is always at which
level of browse/grass intake can a species be classified as a browser or grazer (75%?;
90%?).

In this Chapter we adopt the latter approach, representing the current state of the
field, but also because the ‘continuous diet niche’ relaxes the assumption that
species’ niches (sensu Hutchinson 1959) are fixed. That is, we recognize that
adoption of a specific trait does not prevent a species from feeding in a different
niche space, depending upon circumstance. It simply means the species should be
more efficient, i.e., more competitive, in the primary niche space to which it is
adapted (Codron and Clauss 2010; Damuth and Janis 2011). At the same time, it
should be noted that any morpho-physiological trait that may have evolved as an
adaptation to a particular diet niche, does not necessarily reflect the average of that
niche. In many instances, the trait may simply represent a threshold, above or below
which a herbivore may become more efficient in a particular niche. While testing
predictions about such nonlinear relationships requires the development of trait-
specific models, outside the scope of a large-scale set of analysis such as we present
here, treating diet as a continuous variable is a step closer towards achieving this
ultimate goal.

4.2.2 Adaptive Value of Morphophysiological Traits

When dealing with a large number of traits, some authors have employed multivar-
iate statistics to determine whether these can distinguish between herbivore feeding
styles (Spencer 1995; Mendoza et al. 2002; Mendoza and Palmqvist 2006; Fraser
and Theodor 2011), and indeed between diet niches, of other taxonomic groups
(Stayton 2006; Martin et al. 2016). These methods offer cursory insights of relative
species positions over the adaptive ‘morphospace’ landscape, but cannot link any
single trait with a specific function, and so cannot explicitly resolve the relevance of
particular traits. Univariate analyses, on the other hand, may be misleading in this
regard, in cases where traits have developed as compensatory characteristics that
evolved to accommodate features that do have a direct link to feeding behaviour
(Raia et al. 2010). Actually, such compensation is also likely to raise, spuriously, the
‘goodness-of-fit’ of multivariate models as well. We have tried here to limit our
discussion to only those traits for which there is a specific hypothesis about their
functional relevance as a feeding tool, with some exceptions, which we note below.
Additionally, we provide some examples of correlations between individual traits
that we consider meaningful.

Comparative analyses, with species as the biological unit of interest, are
performed on datasets that are inherently non-independent because species’ traits
are inherited from common ancestors (Garland et al. 2005). A common way to
overcome this is to estimate the correlation between a trait/s and the study group’s
phylogenetic tree (Pagel 1999; Garland et al. 2005; Lajeunesse 2009). We follow the
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method employed by most recent studies on browser-grazer adaptation, using
Phylogenetic Least Squares Regression (PGLS) of the caper package for R (Orme
et al. 2013). Note, though, that from a deductive perspective, PGLS differs from
non-phylogenetically controlled analysis, e.g., Generalized Least Squares (GLS),
primarily in that only the former can be used to infer evolutionary convergence. By
contrast, lack of a significant relationship between mean percentage grass in the diet
with a specific trait does not necessarily mean lack of an adaptive response: the trait
may well have evolved as a response to diet, but only within a specific clade that
dominates the dataset. Therefore, we also provide results from GLS when these
differ from PGLS.

4.2.3 Body Size

Body size is one of the most fundamental biological traits of species, influencing not
only variables that reflect size, but also many characteristics related to physiology,
shape and even ratios of two variables. In some approaches, particularly those
expecting an effect of diet quality, body size has been treated as an alternative to
diet niche as an explanatory factor for trait differentiation (Gordon and Illius 1994;
Pérez-Barbería and Gordon 2001). Others take body size as a factor determining diet
niche itself, with browsers being small and grazers being large, although recognition
that browsers are represented across the herbivore size spectrum means that such an
approach is not always substantiated. Figure 4.1 shows the typical pattern—while
among very small species, there are no strict grazers, and among larger species, there
are less browsers, there is no clear constraint put on feeding type by body mass. Here
we treat body size as a covariate in all analyses, using body mass (log10-transformed)
as a proxy for size. This approach not only allows for patterns to be inferred while
controlling for body size variations across species, but—for traits which are also
log-transformed—provides estimates of allometric scaling exponents (slopes in
log-log regressions). Detailed discussion of differences in allometric scaling is
outside our scope, but presentation of these results should be useful for stimulating
further discussion about herbivore adaptations.

4.2.4 Data Compilation and Analysis

We compiled a database, from the published literature, of anatomical and physio-
logical measures, as well as mean percentage grass in the natural diet. Additionally,
we collated previously unpublished ruminant data on measures of the palate, the
cranial and caudal rumen pillar thickness, the area of the intraruminal,
ruminoreticular and reticuloomasal orifices (IRO, RRO, and ROO, respectively;
calculated as ovals from two length measurements), the height of the Papillae
unguiculiformes, the larger curvature of the abomasum, and liver mass. In total,
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data for 188 large mammal herbivore species and 95 craniodental, skeletal, and soft
tissue characteristics that have been (or can be) hypothesized to differ across diet
niches were analyzed. The number of species included varied between datasets,
ranging from 10 to 135. The complete dataset, including traits not included as part of
our statistical analyses, is included as an electronic supplement with the online
version of this Chapter. For PGLS, a single mammalian ‘supertree’ was used for
phylogenetic correlation (Fritz et al. 2009b), pruned to incorporate the species
included in each data set. Lambda (λ), depicting the strength of the phylogenetic
signal (0 ¼ no signal, values approaching 1 ¼ strong phylogenetic correlation), is
estimated using maximum likelihood estimates. We use a species’ mean body mass
(BM, in kg) as a proxy for body size, taking values reported in each study (where
available) or species’ means as reported in a global dataset (Smith et al. 2003).

Fig. 4.1 Although there is a general linear relationship between body size and grazing amongst
large mammal herbivores, browser and grazer species exist at all points along the body mass range
(R ¼ ruminants; NR ¼ non-ruminants)
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Herbivore digestive strategies are dichotomously distributed between ruminants
and non-ruminants (Clauss et al. 2015). Among large herbivores, non-ruminants are
primarily hindgut fermenters, barring the Hippopotamidae. Traits related, not only to
digestive physiology, but even biting and chewing of foods, are expected to respond
differently between ruminants and non-ruminants. In many instances, therefore,
studies have either been restricted to analysis of one group only (typically ruminants,
or even single families within the Ruminantia, e.g., Bovidae), or analyses have been
repeated on data subsets comprising species only from one group (Pérez-Barbería
et al. 2004; Codron et al. 2008b; Lazagabaster et al. 2016). Here, we adopt a nesting
approach, with digestive strategy treated as a binary variable within which BM and
percentage of grass are nested. Thus, we test explicitly for differences in adaptive
responses (differences in slopes) to percentage of grass between ruminants and
non-ruminants, and reduce Type I error rates that would otherwise be inflated by
conducting multiple analyses of overlapping datasets.

Ultimately, three models (four if both ruminants and non-ruminants are included
in the dataset) are tested for each trait: BM and percentage grass in the diet as single
effects, and BM + percentage grass as covariates. Model fits are compared by an
Information Theoretic approach, Akaike’s Information Criterion (AIC), applying
corrections for small sample sizes (denoted by the subscript c). Only models with
ΔAICc � 2, where ΔAICc is the difference in AICc of a candidate model from the
lowest AICc in the set, are reported when assembling tables of results (Burnham and
Anderson 2001; Burnham and Anderson 2002). Thus, if factors like percentage
grass, or ruminant vs. non-ruminant, do not feature in the best-supported models, we
exclude them as effects driving variation in the specific trait.

4.3 Ingestion

4.3.1 Searching: Perception and Posture

One of the few advantages of being an herbivore, as compared to a carnivore, is that
food is relatively easy to find, and it does not run away. This does not mean that
plants are defenceless against herbivory, just that herbivores do not require too much
in terms of perception and mobility when it comes to finding food. Nevertheless,
browse plants and grasses are distributed differently at landscape, patch, and bite
scales, presenting different searching and biting constraints for herbivores (Gross
et al. 1993; Shipley 2007). Whereas grasses grow more-or-less continuously within a
landscape or patch matrix, woody plants are more patchily dispersed. Browsers
should, therefore, spend more time searching and moving between foraging patches
than grazers. Whether browsers and grazers differ in sensory perception, as it may be
associated with locating different food types, has so far received very little attention
in empirical studies (Gordon 2003). Intuitively, we would expect that visual, hear-
ing, and olfactory senses of herbivores are more likely to represent predator-
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detection systems rather than peculiar adaptations for locating stationary food items.
Accordingly, brain and eye size, and indeed maximum visual acuity (determined by
the number of cones per degree of visual angle), is not related to the percentage grass
in species’ diets (Table 4.1).

When suggesting that grazers have a higher density of lingual taste buds, Hof-
mann (1988) also suggested that browsers should rely more on their sense of smell.
This hypothesis matches the finding that the area of the ethmoid bone is negatively
related to percentage grass intake (Table 4.1). An increased ethmoid area means a
larger area for nerves to be conducted to the nose and, ultimately, a more acute sense
of smell. The resulting interpretation that, for diet selection, grazers rely more on
their taste and browsers more on their smell, matches the concept that grasses contain
less anti-digestive or toxic substances, and hence may not exert a strong selective
pressure to evolve a pre-ingestive detection system (Fowler 1983; Mlambo et al.
2015).

Given the difference in spatial distribution of their foods, browsers and grazers
could also be expected to differ in mobility. While limbs, particular hind limbs, tend
to be longer amongst grazers (Table 4.1), such results should be treated with caution
because many elements of limb morphology, including length, likely reflect the
habitats in which species live. That is, grazers typically live in more open habitats
and thus should be expected to take flight more often than browsers, which may
often avoid predation simply by hiding. On the other hand, grasses are a seasonal
resource, dying back in dry seasons (Tainton 1999). For this reason, grazing species
are more often migratory, moving several hundred, or thousand, km to alternate
foraging areas during limiting periods (Avgar et al. 2014); a phenomenon which
could, in part, explain their longer limbs.

4.3.2 Biting: Face, Mouth, Lips, Tongue, and Palate

Browse and grass occur at different heights above ground. With the evident excep-
tion of bamboo, grasses are generally at, or near, ground-level, whereas browse
foods are more heterogeneously distributed in vertical space, from trees of several
metres in height to forbs located at or even below the grass layer (Tainton 1999). A
vertical feeding height stratification amongst browser species accounts for, in part,
the massive variation in body size of these animals (du Toit 1990). Grasses,
however, are somewhat bimodally distributed in this regard, between tall, and
short or ‘lawn’ grasses, and a feeding height stratification of grazers has been
hypothesized from field studies (Bell 1971; Prins and Olff 1998; Murray and Illius
2000), and from investigations of craniodental morphology (Codron et al. 2008b).
The various spatial arrangements of leaves, and fruit, of woody plants also means a
more heterogeneous architecture than in grasses, in terms of individual bites
presented to herbivores. Hence, grazers are typically expected to be less selective
foragers, taking larger—and probably more nutritionally homogeneous—bites than
browsers. A possible exception is amongst grazers feeding on low quality grasses—
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often the taller, more fibrous grass taxa. In these cases, leaf:stem ratios are lower than
amongst lawn grasses, meaning a lower nutritional value overall (because grass
stems are generally tougher, more fibrous, and less proteinaceous than grass leaves)
(Macandza et al. 2004; Benvenutti et al. 2006), and a possible requirement for
smaller, more selective bite sizes in grazers feeding on this resource.

A more regular ground-level feeding behaviour of grazers is best reflected in the
braincase angle—the angle between the basioccipital bone and the palate
(Lazagabaster et al. 2016). A more acute angle translates into a steeper orientation
of the jaw relative to the skull, and hence a strong negative relationship exists
between the braincase angle and percentage grass in the diet (Table 4.2).

Feeding height differences between grazers and browsers are reflected, not only
in head posture, but also the shape and size of the face. Grazers are expected to have
a longer face than browsers, allowing the former to crop bites from short grasses,
even during die-back in the dry season (Spencer 1995; Schuette et al. 1998). Even
after accounting for species differences in body size, face depth, represented by the
region in front of the orbit (measured as the distance between the orbit and the
premolar-molar transition), increases across species with higher percentage grass in
the diet, but less so in ruminants than in non-ruminants (Table 4.2). Also, amongst
ruminants, browsers have a wider distance between the last molars than do grazers
(see max palate width, Table 4.2), suggesting a more pointed face shape in browsers.
A classic explanation for this finding is a typical bauplan constraint (e.g., Janis
1995): in order to accommodate the larger teeth of more hypsodont species (mostly
grazers, see below), the orbita has to be moved posterior to the tooth row, leading,
for example, to a negative relationship between the hypsodonty index and the
masseteric fossa:face length ratio (Fig. 4.2a). Another measure that could be con-
sidered related to face depth, the length of the palate (either as total length, or as the
length of the rugated portion), available for ruminants only, did not show a relation-
ship with percentage grass intake (Table 4.2), which is in line with these measure-
ments being independent from the orbita’s position. This can be interpreted as an
indication that it is the mentioned bauplan constraint, and not a general requirement
for a snout, that leads to longer skulls in grazers.

The length of the rugated portion of the palate (anterior to the maxillary tooth
row) corresponds somewhat to the length of the diastema (the distance between the
base of the third incisor and the most anterior premolar present; Fig. 4.2b). The
diastema has been hypothesized to be longer in grazers (Mendoza et al. 2002),
although the functional relevance of this is unclear. We hypothesize that the dia-
stema is linked to a functional dichotomy of the dental apparatus (Hemae 1967)—
cropping by the incisors on the one hand, which requires that incisors can be brought
into occlusion without impediment from the cheek teeth, and grinding movements of
the cheek teeth on the other hand, which should not lead to concurrent incisor
attrition. In species in which interlocking canines prevent a wide lateral grinding
chewing stroke, such as suids, peccaries, hippos or tapirs (Kiltie 1981; Fortelius
1985; Herring 1985), this functional dilemma does not apply. The evolutionary loss
of upper incisors in ruminants (including camelids), and the extremely loose fit of
overhanging ‘hinged’ upper canines in those ruminant species that have them
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(Aitchison 1946), can be interpreted as adaptations to avoid disruption of the lateral
chewing stroke by the front teeth. The cropping function of the anterior teeth is
possible in species with a transverse chewing stroke because the mandible is
generally less wide than the maxilla, and cheek teeth, therefore, are not in full
occlusion when the incisors are. One important aspect of the transverse chewing
stroke, in those herbivores that have it, is that it is not a strictly horizontal lateral
movement, but, due to the inclination of the cheek teeth surface, a movement with
both horizontal and vertical components. A longer diastema will increase the
distance between front teeth due to the vertical component of the chewing stroke.
If we accept that grazers generally have a lower occlusal relief in their cheek teeth
(Fortelius and Solounias 2000), i.e., potentially a lesser vertical deflection during the

Fig. 4.2 Proxies for face depth (e.g., masseter:fossa face length ratio) are negatively related to M3
size (a—the hypsodonty index) and to each other (b—diastema length vs. palate length), and
hypsodonty is also correlated with cheek tooth row length in ruminants, but not in non-ruminants (c)
and with the size (mass) of the masseter (d). Diastema, palate and tooth row lengths are presented
relative to BM0.33, and masseter mass relative to BM0.75
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chewing stroke, a longer diastema would, theoretically, compensate for this, ensur-
ing the distance between the front teeth. If this was a major function of the diastema,
we would also expect this effect to be larger in non-ruminants (with upper incisors)
than in ruminants (without upper incisors). However, although the corresponding
interaction terms indicated a shorter diastema in ruminants, diastema length was only
significantly related to diet in GLS but not in PGLS, and neither was the diastema:
cheek tooth row length ratio (Table 4.2), suggesting that it is not an important
correlate of diet.

The shorter, more pointed face and mouth of browsers can be linked to a more
selective feeding behaviour, aiming for leaves or fruits of relatively higher nutri-
tional value, while attempting to avoid less nutritious stems, and defensive spines,
within the available browse matrix. Consequently, browsers also have a relatively
longer mobile portion of the tongue (Table 4.2), assisting with selective biting and
with stripping leaves from spiny branches (Meier et al. 2016). Clearly, non-selective
browsers such as elephants (although these animals also eat grass, and are more often
classified as intermediate-feeders) lack this type of facial ‘pointiness’, and while
their trunks do add to dexterity while foraging, they rely more on bulk intake of even
low quality items like bark (Codron et al. 2006; Pretorius et al. 2016).

The biting apparatus of grazers reflects cropping of resources near the ground.
Grazers have wider incisors, and a more protrusive incisor arcade (Table 4.2), that
acts almost as a spade during cropping (Gordon and Illius 1988; Pérez-Barbería and
Gordon 2001), and have a wider muzzle (represented by the absolute width of the
premaxilla, the ratio of dentary length:breadth, or the ratio of muzzle:palate width,
all showing the same relationship to diet; Table 4.2). Within ruminants, both the
palate and the tongue showed a maximum:minimum width ratio (i.e., an hourglass
shape) that increased with percentage grass intake (Table 4.2). However, the rela-
tionship only occurs in GLS for the tongue, and the two measures are not correlated
with each other (Pearson’s r ¼ �0.125, p ¼ 0.398), hence the relevance, if any, of
the hourglass shape for the natural diet is not clear.

Amongst non-ruminants, the response of the face depth/muzzle width complex to
percentage grass in the diet is stronger than amongst ruminants (steeper slopes for
non-ruminants; Table 4.2). In an analysis that evaluated relationships between
craniodental metrics with a presumed feeding height proxy amongst grazers, Codron
et al. (2008b) showed that wide muzzles, and a steeper mandibular angle (a more
direct measure of jaw position relative to the horizontal plane than the braincase
angle), are most extreme amongst short/lawn grass grazers (principally the bovid
tribe Alcelaphini—wildebeest (Connochaetes spp.), hartebeest and their kin). By
contrast, members of the Hippotragini (specifically roan antelope Hippotragus
equiinus and sable antelope H. niger) and Reduncini (waterbuck and reedbuck)
have less-derived versions of these traits, almost resembling browsers. Subse-
quently, the evolution of at least two distinct evolutionary pathways to grazing
(including between the Alcelaphini vs. Hippotragini/Reduncini clades) was detected
in a phylogenetic analysis of African bovid diet niches (Louys and Faith 2015). If
one extends this concept to include non-ruminants, the stronger response to percent-
age grass intake can be explained as a function of many non-ruminant grazers being
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large-bodied, ground-level ‘lawnmowers’, that use their wide mouths and prehensile
lips to crop large mouthfuls, as especially evident in the square-lipped rhinoceros
Ceratotherium simum or the common hippopotamus Hippopotamus amphibius
(Owen-Smith 2013).

4.3.3 Intake Amount and Feeding Time

So far, we have mentioned intake quantity mainly as a function of variations in
potential bite size. Such functions are not trivial, since bite size is the basic unit of
intake for herbivores (Shipley 2007; for carnivores, ecological roles are determined
more by the number of prey individuals taken). Nonetheless, for herbivores, for
which the relatively low nutritional quality and digestibility of food is a limiting
factor, achieving large amounts of total biomass intake is the primary foraging goal.
In herbivores, intake scales higher than metabolic rate (i.e., at a scaling exponent
higher than 0.75), which is possible because gut capacity also scales higher than
metabolic rate (Müller et al. 2013; and see Table 4.3). Indeed, daily dry matter intake
of mammalian herbivores is an order of magnitude greater than for similar-sized
carnivores (Codron et al. 2016), the latter consuming diets of higher digestibility and
digestible energy content. Consequently, herbivores require digestive tracts of larger
volume (Chivers and Hladik 1980; Clauss et al. 2017). If one postulates a difference
in digestible energy content between browse and grass, then one would also expect a
corresponding difference in intake levels and gut capacity between browsers and
grazers. So far, the available data for food intake from feeding experiments do not
suggest such a difference (Table 4.3). This most likely reflects the fact that, although
grass often contains higher digestible energy levels than browse (Hummel et al.
2006), regional, seasonal, plant species and plant part variability is so high (Paine
et al. 2018) that food-specific intake levels would be senseless. Additionally, intake
is often not aimed at meeting maintenance, but at maximizing energy gain, and,
therefore, increases with forage diet quality in experimental settings (Van Soest
1965; Meyer et al. 2010). To judge whether intake really differs systematically
between browser and grazer species, systematic feeding experiments aimed at
specifically this question would probably be required.

By contrast, another characteristic of browse and grass, namely the speed at
which the material can be fermented, has a more evident effect: browse typically
reaches its maximum fermentation gain faster than grass (Hummel et al. 2006).
Therefore, it makes sense that ruminant browsers have a higher frequency of feeding
bouts, to faster replace the material that is digested quicker, whereas ruminant
grazers have fewer, longer feeding bouts (Table 4.3). Differences in bout frequency
between browsers and grazers also reflect differences in digestive strategies
(Hummel et al. 2006; and see below), such as larger forestomach capacities in
ruminant grazers.

As far as we are aware, differences in intake requirements of short- vs. tall-grass
grazers have not been investigated. Theoretically, however, these two grazer types
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should achieve different instantaneous intakes at different feeding heights, with
species like wildebeest achieving higher intake at lower sward levels than sympatric
medium- or tall-grass grazers like hartebeest (Alcelaphus and Damaliscus spp.)
(Murray 1993; Murray and Illius 2000), or even Reduncini and Hippotragini.
Amongst non-ruminants, however, no difference in instantaneous intake was
achieved by horses of three body size classes feeding at varying sward heights
(Fleurance et al. 2009). Taking ever-increasing bite sizes during cropping might be
a feature unique to ruminant grazers, and could explain the smaller effect of
percentage grass in the diet on traits like muzzle width than in non-ruminants.
Similarly, differences in cheek tooth anatomy—although these function mainly in
chewing—reflect differences in bite sizes. In particular, ruminant grazers have
reduced premolars compared to ruminant browsers (Table 4.4: premolar:molar row
length ratio), possibly enabling larger bite sizes (Janis and Constable 1993; Reed
1996; Codron et al. 2008b; Copeland et al. 2009; Lazagabaster et al. 2016). The
emphasis of mastication is then shifted to the back of the mouth (see below).
Amongst tall-grass ruminant grazers, however, the premolar row is not reduced in
this way, probably because of the smaller bite sizes these species achieve while
cropping (Codron et al. 2008b). Similarly, non-ruminants do not have reduced
premolars, which has been hypothesized as reflecting a requirement for higher
food intake with instantaneous ingestive mastication than in ruminant grazers
(Janis and Constable 1993). We view the relatively large premolars of
non-ruminant grazers and of tall-grass ruminant grazers as convergent, both not
necessarily reflecting a greater intake, but smaller, more consistent bite sizes, and an
evenness of the distribution of chewing emphasis throughout the front and back of
the mouth. This would also explain why intake rates of horses did not vary across
sward heights.

4.4 Oral Processing

4.4.1 Chewing

Mammalian herbivores, more than any other animal group, rely on chewing as a
necessary process in preparing food for digestion (Reilly et al. 2001). The main
purpose of extensive mastication is to reduce ingesta to smaller particle sizes,
enabling passage through the gastrointestinal tract and, more importantly, increasing
the total surface area for fermentation by microbiota in the gut. Therefore, reducing
digesta particle size is a means for herbivores to reduce the need for long digesta
retention times (Clauss et al. 2009d), a trade-off particularly evident when compar-
ing non-chewing herbivorous reptiles that have large digesta particles and long
retention times, with herbivorous mammals that chew their ingesta and have smaller
digesta particles and shorter retention times (Fritz et al. 2010; Franz et al. 2011).
Among mammals, ruminants achieve distinctively finer particles in the lower diges-
tive tract than non-ruminants (Fritz et al. 2009a; Clauss et al. 2015). Although a first
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study with zoo animals indicated a more distinct particle size reduction in large
ruminant grazers compared to browsers (Clauss et al. 2002), no similar difference
was found between grazing and browsing rhinos (Steuer et al. 2010), and further
studies with naturally feeding ruminant species did not reveal any difference in
particle size between feeding types (Hummel et al. 2008; Lechner et al. 2010),
indicating that ruminant browsers are only less efficient chewers on diets fed to
them in captivity.

4.4.2 Cheek Teeth

Herbivores have evolved large, robust cheek teeth (premolars and molars) for
chewing, and an extraordinary level of morphological diversity, across species and
clades, is seen, even in early Eocene forms (Jernvall et al. 1996; and see Saarinen
Chap. 2). Cheek tooth morphology has received perhaps the most research attention,
in terms of traits that represent adaptations to various diet niches (Fortelius 1985;
Janis 1988; Archer and Sanson 2002; Heywood 2010b; Kaiser et al. 2010).

One of the most common classifications of herbivore cheek tooth morphology is
to separate species with low-crowned ‘brachydont’ from those with high-crowned
‘hypsodont’ teeth. Hypsodonty, usually measured as the ratio of the enamel crown
height:occlusal width ratio of the M3 (the hypsodonty index), is associated with
wear-resistance—an adaptation to ensure that sufficient enamel remains in occlusion
throughout the life of the animal (reviewed in Damuth and Janis 2011). Therefore,
hypsodonty is expected to be higher in species that consume more abrasive foods, as
well as species in which attrition (wear that occurs from tooth-on-tooth contact
during occlusion) is higher, although the latter has not been measured empirically.
A positive relationship between the hypsodonty index and percentage grass in the
diet (Table 4.4), based on the presumption that grasses are more abrasive foods than
browse, has been shown repeatedly (Cerling et al. 2003; Sponheimer et al. 2003;
Codron et al. 2007; Clauss et al. 2008b; Hummel et al. 2011; Kaiser et al. 2013;
Lazagabaster et al. 2016). The hypsodonty index is probably the most widely-used
proxy for interpreting diet niches of fossil mammals (Janis 1995; Palmqvist et al.
2003; Cerling et al. 2005; Janis 2008; Damuth and Janis 2011; and see Saarinen
Chap. 2); a correlation between changes in percentage grass in the diet (or inferred
from grass availability) and hypsodonty, over geological time scales, has even been
found within lineages (Feranec 2003; Strömberg 2006). The development of a high-
crowned M3 itself need not be interpreted as a factor restricting the diet niche; in
most datasets, many intermediate-feeding species have as high a hypsodonty index,
or even higher, than many grazers (Janis 1988; Copeland et al. 2009). Thus, even if
the evolution of hypsodonty evolved at faster rates amongst grazing species, the trait
does not preclude browsing, and so a high molar crown is probably an attractive
option for all herbivores, to facilitate a broader niche (Feranec 2007; Rivals et al.
2010; Damuth and Janis 2011).
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One factor driving the association between the hypsodonty index and percentage
grass intake is that plant silica bodies (phytoliths), which are more abundant in
grasses (Hodson et al. 2005), wear down tooth enamel. There has been discussion on
whether phytoliths are harder than tooth enamel or not, and whether they can lead to
tooth wear (for this reason, or irrespective of a hardness difference), or whether
external abrasives (dust, grit) are more likely causative agents for cheek tooth wear
(Baker et al. 1959; Mainland 2003; Sanson et al. 2007; Damuth and Janis 2011;
Lucas et al. 2013; Erickson 2014; Rabenold and Pearson 2014; Xia et al. 2015). On
the one hand, dental wear was caused in feeding experiments, in non-ruminants, by
both diets with high phytolith and high external abrasives content (Müller et al.
2014, 2015). A similar result was produced in an in vitro study—using a chewing
machine with horse teeth (Karme et al. 2016), and in an experiment with sheep—
sand added to a hay diet led to changes in tooth microwear (Hoffman et al. 2015). On
the other hand, other experimental findings suggest that external abrasives have less
of an effect on the teeth of ruminants than expected, based on the findings in
non-ruminants (Merceron et al. 2016; Ackermans et al. 2018). It has been suggested
that ruminant digestive physiology reduces the effect of dust and grit on molar wear,
because these external abrasives are probably washed off the plant material in the
rumen before it is regurgitated for rumination. This hypothesis could explain why
ruminants chew more cursorily during ingestion and more systematically during
rumination (Dittmann et al. 2017), and why ruminant grazers are generally less
hypsodont than non-ruminant grazers (Table 4.4), but this hypothesis awaits direct
testing.

The higher hypsodonty index of grazers is interpreted as a response to i) ground-
level feeding and ii) changing environmental conditions, with hypsodonty being
greater in more arid and ‘dusty’ environments (Mendoza and Palmqvist 2008;
Damuth and Janis 2011; but see results in Sanson and Read 2017 for lack of
differences in buffalo Syncerus caffer tooth wear across substrates). As such, the
hypsodonty index has been interpreted as a trait linked to species’ habitats, rather
than diet niches per se (Mendoza and Palmqvist 2008; Kaiser et al. 2013), and it has
been promoted as a proxy for resolving palaeoclimatic conditions (Eronen et al.
2009, 2010).

Only one study has demonstrated an empirical link between hypsodonty, per-
centage grass in the diet, and total levels of silica consumed in free-ranging condi-
tions (Hummel et al. 2011), but that study did not distinguish between silica of
exogenous versus endogenous origin. In their study of feeding height stratification
amongst grazers, Codron et al. (2008b) showed that the hypsodonty index is highest
amongst short-grass grazers, which also points to an exogenous factor (there is no
reason, at this stage, to believe levels of internal abrasives differ between short and
tall grasses).

Regardless of the relative strength of diet versus environmental effects, a higher
hypsodonty index, because this metric is measured on the third molar, reflects a shift
in chewing emphasis from homogeneously distributed throughout the mouth
(in browsers and in most non-ruminants) to the back of the mouth (in grazers,
especially ruminant grazers). Such a shift, along with a reduced premolar row in
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many ruminant grazers (see above), may help reduce torsional forces during masti-
cation (Greaves 1991). Actually, in ruminants there is a negative correlation between
the lower cheek tooth row length and the hypsodonty index (Fig. 4.2c), adding
weight to the functional interpretation of increased M3 hypsodonty shifting chewing
towards the posterior part of the tooth row. However, in tall-grass ruminant grazers
(e.g., Hippotragini and Reduncini), such a shift in chewing strategy has not occurred,
as their premolars are far more pronounced, and their M3 hypsodonty index is much
lower, than short-grass grazers (Codron et al. 2008b). Whether this difference
reflects a difference in diet niche as well requires further investigation; measures
of total enamel volume, rather than the hypsodonty of a single tooth, should answer
this question. Although enamel volume is related positively with percentage grass
intake, as is mandibular molar row length, and, also, the combined length of all
internal enamel structures (Table 4.4), no quantitative comparisons between pre-
sumed short- and tall-grass grazers have yet been made based on these traits.

Regardless of whether the majority of chewing is located at the back, or through-
out, the mouth, differences in masticatory traits between browsers and grazers
should also reflect differences in the fracture properties of these food types. Fracture
properties of leaves are associated with patterns of leaf venation, with polygonal
particles emanating from browse and elongate particles from grass (Kelly and
Sinclair 1989; Sanson 1989; Nultsch 2000). Thus, it is not only the volume of
enamel, but variations in its structural distribution that differs between browsers
and grazers (Archer and Sanson 2002). In line with the more heterogeneous fracture
properties of browse, a more homogeneous cusp wear pattern was found in grazing
rhinos compared with browsing species (Taylor et al. 2013). On a broader taxonomic
scale, the development of fused cusps in Bovidae (antelope and buffalo), and the
absence of this trait in Cervidae (deer), was proposed as an explanation for the fact
that a strictly grazing diet niche is comparatively rare amongst cervids (Heywood
2010a).

The positioning of enamel ridges along the cheek teeth of herbivores also appears
to reflect diet niche differences, in that a greater proportion of occlusal enamel is
aligned at acute angles to the direction of the chewing plane in grazers (Heywood
2010b; Kaiser et al. 2010; and see Table 4.4). One interpretation is that, although
chewing strokes are generally transverse in all herbivores (Fortelius 1985), grazers
have more anterior-posterior jaw movements during chewing than do browsers. In
the latter movement pattern, the alignment of occlusal enamel ridges in grazers could
represent compensation for the straighter alignment of grass blades between occlusal
surfaces (Kaiser et al. 2010).

4.4.3 Musculature, Teeth and Chewing Intensity

Adaptations for fracturing highly resistant plant foods include not only large, robust
teeth, but also powerful chewing muscles, of which the masseter is the most
pronounced (Hendrichs 1965). Presumably as a response to the more fracture-
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resistant properties of grass as compared with browse (see Paine et al. 2018), the size
(mass) of the masseter is positively related to percentage grass intake (Table 4.4;
Clauss et al. 2008a). Skeletal features of the mandible itself also reflect this trend,
including the size of the masseteric ridge and insertion areas, and the area dimen-
sions of the mandibular lever (Table 4.4). The latter is seen as a direct indicator that
the masseteric action in grazers entails a higher workload than browsers, as does the
fact that grazers have a longer moment arm, measured as the mean angle of the
master relative to the zygomatic arch (Varela and Fariña 2015).

The mechanical advantages of larger masseters, with greater areas of action,
implies that bite forces of grazers are greater than those of browsers. Such adapta-
tions operate alongside the differences in cheek tooth morphology described above.
Correspondingly, there are positive correlations between masseter and cheek tooth
variables (Figs. 4.2a and d; see also Fraser and Rybczynski 2014). Notably, these
traits would not preclude animals that have them (typically, grazers) from a browsing
niche, but do appear to limit the niches of browsers.

Comparative investigations of chewing intensity in herbivores have been guided
mostly by hypothesized differences between non-ruminants and ruminants. Indeed,
early observations on the size of masseters showed that this muscle accounted for
substantially less of the total jaw musculature of ruminants than non-ruminants
(Hendrichs 1965). Overall oral chewing intensity is expected to be greater amongst
non-ruminants (Turnbull 1970; Fortelius 1985), because, in ruminants, much of the
mechanical breakdown of food, into smaller particles, is achieved through chewing
by rumination (Trudell-Moore and White 1983; McLeod and Minson 1988). Exper-
imental data provided some evidence for a more regular chewing pattern during
ingestion in horses than in cattle and camels (Dittmann et al. 2017), and also for a
greater chewing intensity amongst horses than cattle—although the latter result
could not be supported statistically, because of a small sample size (Janis et al.
2010). The studies of Janis et al. (2010), and of Fletcher et al. (2010), did, however,
forward a hypothesis that the more complex (and robust) chewing apparatus of
non-ruminants, compared to that of ruminants, is a function of higher workloads
amongst non-ruminants. This concept is corroborated by the finding of a lower strain
measured in goats during rumination as compared to ingestive mastication (Williams
et al. 2011). Again, the fact that the majority of particle size-reducing chewing
occurs in ruminants during rumination, presumably on material that has likely been
washed free of dust/grit, as well as being somewhat ‘softened’ by its residence in the
rumen (Janis et al. 2010; Mihlbachler et al. 2016; Dittmann et al. 2017), is part of this
hypothesis. A comparison of the properties of swallowed ingesta in ruminants with
material regurgitated for rumination is required to address these hypotheses. We can
nevertheless provide corroborative evidence from the comparative approach for a
difference in chewing workloads of non-ruminants vs. ruminants: the responses of
craniodental traits like the hypsodonty index, cheek tooth volume, and molar row
length, as well as the masseteric ridge length and ratio of the masseteric fossa to face
length (negative relationship) to percent grass intake are all stronger (with steeper
slopes) amongst non-ruminants than ruminants (Table 4.4). Hence, the different
digestive strategies of non-ruminants and ruminants differ not only in terms of how
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an herbivore adapts to make a living out of feeding on low quality diets, but also in
terms of solutions to processing foods of increasing toughness. Under this scenario,
the entire forestomach complex of ruminants can be seen as a feature relaxing the
selective pressure on their chewing apparatus (and chewing intensity). This view
differs from a traditional outlook that sees rumination as an advantageous digestive
strategy, against which non-ruminants can only be competitive with if they achieve
higher intake levels and thereby extract more nutrients per day than ruminants (Janis
1976; Duncan et al. 1990). Rather, we propose that lower demands on oral chewing
apparatus is one of the key advantages to being a ruminant, and may even be the
factor giving ruminants a competitive edge over non-ruminants that, ultimately,
resulted in the former replacing the latter as the most speciose terrestrial herbivores
since the Oligocene (Janis et al. 1994; Janis 2008). Indeed, changes in diversity
patterns of non-ruminants and ruminants in the fossil record are broadly co-incident
with the replacement of browsers by intermediate-feeders and grazers through the
Miocene (Janis et al. 2000), and subsequently higher rates of speciation amongst
ruminant grazers (Janis 2008; Codron In review).

4.5 Digestion

4.5.1 General Digestive Tract Capacity and Digesta Retention

With a past focus on comparative digestive anatomy of browsers and grazers among
ruminants, few generalized expectations exist that apply to all large mammal
herbivores, i.e., to include non-ruminants. Because browse ferments at a faster rate
than grass, we would expect generally longer mean retention times (MRT) of digesta
particles and fluids in the digestive tract of grazers, and a corresponding larger gut
capacity (Hummel et al. 2006). The available data, however, does not corroborate
this concept across herbivores (see results for gut contents wet mass in Table 4.3, and
MRT in Table 4.5). However, across herbivores, the MRT difference between small
particles and fluids (called the selectivity factor), in the whole digestive tract,
increases significantly with percentage grass intake (Table 4.5; and see Steuer
et al. 2010). For the ruminant forestomach, however, the expected effects can be
demonstrated: a more capacious reticulorumen in grazers (results for reticulorumen
wet contents in Table 4.3, and rumen height in Table 4.6) with longer MRT of small
particles (but not of fluids) at this site (Table 4.5), and a resulting distinct increase in
the MRT difference between small particles and fluids (Table 4.5). The effect of
body mass on measures of MRT is much lower than previously suggested (reviewed
in Clauss et al. 2013), and is even absent in the case of fluid MRT in the
reticulorumen (Table 4.5). As a result of the larger rumen capacities and longer
particle MRT, ruminant grazers have been reported to digest fibre better than
ruminant browsers (Pérez-Barbería et al. 2004). Corresponding analyses that include
both ruminants and non-ruminants are lacking, but the effect has been demonstrated
across rhino species (Steuer et al. 2010). The shorter particle MRT in the
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Table 4.6 Models for diet effects on anatomy of the rumen, omasum, and abomasum, and on
stomach contents

Trait n

Best Model/s (ΔAICc � 2)

Factors r2 λ BM
%
grass

Anatomy

Rumen cranial pillar thick-
ness (mm)

61 BM + %grass 0.708 0.000 0.34 (0.031)���� +

Rumen caudal pillar thick-
ness (mm)

57 BM + %grass 0.675 0.000 0.32 (0.043)���� +

Rumen wall height (cm) 71 BM + %grass 0.856 0.282 0.35 (0.018)���� +

Reticulum height (cm) 70 BM 0.864 0.184 0.32 (0.015)���� 0

Reticulum width (cm) 66 BM + %
grass; BM

0.820 0.000 0.28 (0.019)���� 0

Reticular crest height (mm) 59 BM + %grass 0.542 0.784 0.36 (0.055)���� +

Intra-ruminal orifice area
(mm2)

52 BM + %grass 0.909 0.000 0.75 (0.052)���� +

Reticulo-ruminal orifice
area (mm2)

41 BM; BM + %
grass

0.715 0.386 0.48 (0.049)���� 0

Reticulo-omasal orifice
area (mm2)

50 BM; BM + %
grass

0.442 0.505 0.45 (0.073)���� 0

Surface papillation in
rumen (dorsal:atrium %)

57 BM + %grass 0.569 0.737 �0.34 (0.092)��� �

Max height of papillae
unguiculiformes (mm)

29 BM + %
grass; BM

0.323 0.561 0.24 (0.101)� �

Omasal laminal surface
area (cm2)

33 BM + %grass 0.881 1.000 1.29 (0.096)���� +

Abomasum fundus mucosa
thickness (mm)

41 BM; BM + %
grass; %grass

0.043 1.000 0.05 (0.037) 0 (�)

Abomasum pylorus
mucosa thickness (mm)

23 BM; BM + %
grass

0.371 0.000 0.26 (0.075)�� 0

Abomasum curvature (cm) 65 BM; BM + %
grass

0.913 0.000 0.34 (0.013)���� 0

Contents

Dry matter difference
(dorsal-ventral rumen)

13 %grass;
BM + %grass

0.732 0.000 2.42 (1.466) +

pH (rumen) 30 BM; %grass;
BM + %grass

0.112 0.375 0.01 (0.008) 0

Crude fibre (reticulorumen,
% of dry matter)

28 BM; BM + %
grass

0.181 1.000 0.07 (0.030)� 0

Volatile fatty acid concen-
tration (rumen, Mmol l�1)

29 BM 0.181 0.000 �0.07 (0.029)� 0

Volatile fatty acid concen-
tration (caecum, Mmol l�1)

16 %grass 0.339 0.000 �0.06 (0.046) �

n¼ number of species; λ¼ phylogenetic signal in PGLS; BM¼ body mass scaling exponent (s.e.);
%grass ¼ effect of mean % grass in species’ natural diets on trait (0 ¼ no effect, + ¼ positive
relationship, � ¼ negative relationship [alternative result from GLS in parenthesis if different from
PGLS]; **** ¼ p < 0.0001; *** ¼ p < 0.001; ** ¼ p < 0.01; * ¼ p < 0.05)
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reticulorumen of browsing ruminants might explain why more material, with resid-
ual fermentability, reaches their large intestine, leading to higher concentrations of
volatile fatty acids at this site (Table 4.6).

These results emphasize the difference between particle and fluid MRT for
herbivores. It has been hypothesized that a differential movement of fluid and
particles leads to a ‘washing’ of the digesta with a removal of a part of the microbiota
(Müller et al. 2011). In foregut fermenters, including ruminants, this should theoret-
ically lead to a higher inflow of microbes into the glandular stomach and small
intestine (Dittmann et al. 2015; Hummel et al. 2015). This advantage has no
relevance in hindgut fermenters, which might be the reason why the characteristic
is generally more pronounced in ruminants (interaction effects for MRT in
Table 4.5). For any herbivore (ruminant and non-ruminant), however, removal of
microbes by ‘washing’ is bound to shift the metabolism of the microbiota from
maintenance towards growth, putatively increasing their fermentative efficiency, and
shifting fermentative processes from the production of CO2 and methane towards
microbial cell mass (reviewed in Clauss and Hummel 2017). Why such an option,
which is in theory favourable for any kind of herbivore, may be not available to some
browsers, is explained in the next section.

4.5.2 Ruminant Forestomach Morphophysiology

For a historical overview of the development of interpretations of observed differ-
ences in forestomach morphophysiology between ruminant browsers and grazers see
Clauss and Hummel (2017). At first, differences were mainly linked to putative
differences in fibre content between browse and grass (Hofmann 1989), but data on
the crude fibre concentration of rumen contents do not support this interpretation
(Table 4.6). Similarly, no difference in the pH, or the volatile fatty acid concentra-
tion, in the rumen contents are evident between browsers and grazers (Table 4.6).
One of the components of the primary concept of rumen physiology had focused on
the reticular groove—the anatomical structure facilitating the bypass of milk in
suckling ruminants, and thus preventing it from entering the rumen. This structure
was thought to remain functional in adult browsers (Rowell-Schäfer et al. 2001).
Limited experimental data, however, did not corroborate this concept (Lechner et al.
2009).

In a second step, the focus shifted to another original observation by Hofmann
(1989), namely a difference in the stratification of rumen contents between browsers
and grazers (Clauss et al. 2003b), which was introduced by Hofmann et al. (2008),
and in the predecessor to the current Chapter (Clauss et al. 2008b). A series of studies
demonstrated this difference, using as proxies, either directly a difference in the dry
matter concentration (the reciprocal of the moisture content) between dorsal (upper)
and ventral (lower) rumen contents (with a higher difference in grazers; Table 4.6;
and see Clauss et al. 2009b), a difference in the presence of a gas dome in the dorsal
rumen (Tschuor and Clauss 2008), or indirectly the intraruminal papillation pattern
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(because stratified rumen contents should be linked to an inhomogenous papillation
in the rumen; Clauss et al. 2009c, corresponding to a less homogenous papillation in
grazers; Table 4.6). It was assumed that a higher fluid input in, and throughput
through, the rumen leads to a more pronounced stratification in grazers. The corre-
lations between the different stratification proxies (Fig. 4.3a–c) support this inter-
pretation. Thus, a major difference between browsers and grazers is the ratio of small
particle to fluid MRT in the reticulorumen in the latter (indicating a faster fluid
turnover), and this ratio significantly increases with percentage grass in the diet
(Table 4.5). In browsers, less fluid is put through the reticulorumen, and the rumen
fluid is more viscous (Clauss et al. 2009a, b; Lechner et al. 2010), putatively trapping

Fig. 4.3 Correlations between three proxies for rumen stratification (a–c)—the difference in dry
matter (DM) of dorsal and ventral rumen contents, the proportion of surface papilla in the atrium
relative to the dorsal rumen (SEF), and the selectivity factor (SF) of the reticulorumen contents
(i.e., the ratio of particle:solute retention time). Coping with differences in fluid throughput also
results in a correlation between parotid gland mass (expressed relative to BM0.75) and omasum size
(OLSA ¼ omasal leaf surface area, expressed relative BM0.67) (d)
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some of the fermentation gases, and resulting in less stratified rumen contents and an
even intraruminal papillation. In grazers, the clear stratification comprises a dorsal
gas dome, and a fibre ‘raft’ or ‘mat’ on top of a liquid layer (Hummel et al. 2009).

Focusing on the stratification creates a logically coherent interpretation of differ-
ent observations. Significantly larger salivary glands in browsers than in grazers
(Table 4.7; and see Hofmann et al. 2008), are no longer equated with a higher saliva
output; larger glands are considered to produce saliva with a higher protein content
(and hence viscosity), the proteins representing a defence against plant secondary
metabolites, in particular against tannins (Austin et al. 1989; Hagermann and
Robbins 1993; Fickel et al. 1998). The necessity to add these proteins to the saliva
is considered a constraint on the amount of saliva that can be produced, and,
therefore, smaller salivary glands—without the need to produce these proteins—
are equated with higher amounts of saliva (Hofmann et al. 2008). The significantly
thicker rumen muscles (the pillars) in grazers (Table 4.6) are considered an adapta-
tion to the fibre ‘mat’ that putatively requires more force for mixing peristalsis than
do homogenous rumen contents (Clauss et al. 2003b). Similarly, the larger
intraruminal orifice in grazers (Table 4.6) may be better suited to allow a mixing
of the fibre ‘mat’, which might tend to block a more narrow opening more easily.
The significantly lower reticular crests in browsers (Table 4.6) are considered to lead
to an incomplete emptying of the reticulum during contractions (Clauss et al. 2010a),
which may be important because with the putatively more viscous rumen fluid and
lower moisture saturation in the rumen of browsers, re-filling of the reticulum with
fluid might be slower. Fluid reticulum contents are a prerequisite of the ruminant
particle sorting mechanism, which operates on particle buoyancy and sedimentation
(Lechner-Doll et al. 1991). Finally, grazers, with the higher fluid throughput through
the reticulorumen, require larger omasa (Table 4.6)—with the main function of
omasa being the resorption of fluid, to prevent too diluted digesta reaching the
sites of auto-enzymatic digestion (Clauss et al. 2006). Therefore, across ruminants,
we would expect a negative relationship between salivary gland size (with smaller
glands producing higher amounts of salivary fluid) and omasum size (with larger
omasa absorbing more of the fluid), as indicated in Fig. 4.3d. A thicker acid-
producing fundic mucosa of the abomasum of browsers (Table 4.6; note that this
is only the case in GLS but not in PGLS, and in contrast to the pyloric mucosa) is
interpreted as an adaptation to putatively higher bicarbonate contents in the rumen
fluid of browsers, due to the higher viscosity and CO2 entrapment, which might
require higher amounts of acid for acidification (Clauss et al. 2008b). No functional
relevance, linked to the fluid throughput and viscosity, is attributed to the
ruminoreticular orifice, or the reticuloomasal orifice, which both do not differ
between browsers and grazers (Table 4.6); these openings do not have to accom-
modate the fibre ‘mat’ but pass on only a selection of rumen contents
(ruminoreticular orifice), or those particles intended for passage into the lower
digestive tract (reticuloomasal orifice). Neither the size of the reticulum nor that of
the abomasum differ between the feeding types (Table 4.6), and are not linked to the
concept of fluid throughput.
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Thus, characteristics of grazers were interpreted as enhancing the stratification of
the rumen contents (Clauss et al. 2008b), reinforcing a difference that was thought to
exist between browse (with little propensity to stratify) and grass, based on in vitro
experiments (Sutherland 1988; Wattiaux et al. 1992; Clauss et al. 2001). Note that
this interpretation is still focused on a general difference between the diets, which is
putatively amplified by the morphophysiological characteristics. The hypothesized
adaptive value was supposed to lie in an enhanced ‘filter bed effect’, i.e., the
entrapment of smaller particles in the fibre ‘mat’, with a corresponding longer
particle retention and digestion, which appeared suitable for grass forage; addition-
ally, it was thought that the greater amount of low-viscosity fluid, with a pre-sorting
of particles already in the rumen, would facilitate a more efficient particle sorting
mechanism (that should also lead to more intensive rumination in grazers; Clauss
et al. 2003b). The, presumably, larger particles escaping the forestomach of browsers
(Clauss et al. 2002) were considered an indication for a less efficient sorting
mechanism, and the larger papillae unguiculiformes—papillae around the
reticuloomasal orifice—in browsers (Table 4.6) were interpreted as a compensatory
straining mechanism that partially prevents the escape of large particles (Nygren
et al. 2001).

However, while the basis of fluid throughput as the main determinant of these
morphophysiological interrelationships remains unchallenged, a revision of the
interpretation of its adaptive value became necessary. During an experimental
study, with fistulated non-domestic ruminants, in which differences in rumen con-
tents stratification, rumen fluid viscosity and the ratio of particle to fluid MRT in the
reticulorumen were demonstrated, no difference in the sorting mechanism (of large
vs. small particles), or the size of particles escaping the forestomach, were evident,
suggesting that these factors were not affected by adaptations related to fluid
throughput and stratification (Lechner et al. 2010). The previously documented
differences in particle size were related to the use of artificial diets in captivity
(Hummel et al. 2008; Lechner et al. 2010), and the previous assumption that browse
does not tend to stratify by particle size in in vitro systems was corrected (Clauss
et al. 2009b; Lechner et al. 2010). Additionally, a ‘filter-bed’ effect could be detected
on grass vs. browse diets, irrespective of the feeding type of the animals (Clauss et al.
2011a; Lauper et al. 2013), and no general difference in the time spent in rumination
appears to exist between browsers and grazers (Table 4.5).

Therefore, the interpretation of the adaptive value of the various characteristics
underwent another revision, and is currently focused on the relevance of the high
fluid throughput itself. In order to avoid semantic circular reasoning, two digestive
strategies in ruminants were defined (the ‘moose-type’ and the ‘cattle-type’), that can
then be compared to the feeding types of browsers and grazers (Clauss et al. 2010b).
As stated above, a high fluid throughput most likely increases the harvest of
microbes from the forestomach and, thus, makes this system more efficient, and
should, therefore, be an adaptation in any ruminant, irrespective of feeding type
(Clauss et al. 2010b; Clauss and Hummel 2017). Note that now, corresponding
adaptations are not linked to a diet property, but to a putative optimization of the
digestive tract itself. While any diet, that does not comprise extreme amounts of
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browse, appears to allow such adaptations, strict browsers, due to their salivary
defence mechanisms, cannot use the advantages of a high fluid throughput (Codron
and Clauss 2010). Correspondingly, while ‘moose-type’ ruminants appear to be
constrained to pure browse diets (and are browsers), ‘cattle-type’ ruminants have a
much broader diet spectrum. In particular, this new concept explains the lack of
‘escalation’ of morphophysiological adaptations from intermediate-feeding to graz-
ing, i.e., many traits considered typical for grazers, including the selectivity factor,
do not become more pronounced from intermediate-feeders to grazers (see also
discussion on hypsodonty index above). Indeed, many of those species that show
particularly extreme ‘cattle-type’ characteristics, such as the Bovini or the muskox
(Ovibos moschatus), with a very high fluid throughput, a distinct rumen contents
stratification, and intraruminal papillation pattern, and extremely large omasa, are
not the strictest grazers, but often intermediate-feeders (Clauss and Hofmann 2014).
The reasons for the differences within ‘cattle-type’ ruminants, as in the various
characteristics linked to fluid throughput, are not considered direct reflections of a
diet niche in this scenario, but expressions of different degrees of ‘escalation’ (sensu
Vermeij 1994, 2013), during the evolutionary optimization of their digestive
physiology.

4.5.3 Organ Size

The original suggestion that liver size is related to diet, with browsers putatively
requiring larger livers for the detoxification of secondary plant compounds (Hof-
mann 1989; Duncan et al. 1998), was detectable in GLS, but not confirmed in PGLS
in the current dataset, also not for ruminants (Table 4.7, interaction). However, the
finding that among ruminants, the proportion of connective (i.e., non-functional)
liver tissue increased significantly with percentage grass in the diet (Table 4.7),
supports the concept that browsers require more functional liver tissue. The masses
of the heart, kidney or lung show no relationship with diet (Table 4.7; even though it
could be expected that some reduction in organ size compensates for larger rumens
of grazers; Clauss et al. 2003a). The general tendencies for a lower organ size
increase in ruminants compared to non-ruminants (Table 4.7, interaction) might
correspond to such a concept of organ reduction in ruminants, in compensation for
large forestomachs (Mortolaa and Lanthier 2005). However, more detailed data
would be required to corroborate these findings.

4.6 Conclusions: Where to from Here?

The morphological and physiological traits of herbivores reflect different constraints
imposed by browse- versus grass-based diet niches. The most prominent complex is
that of putatively diet-specific adaptations in orocranial (and especially dental)
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anatomy. Morphophysiological characteristics of the digestive tract also show sig-
nificant correlations with diet, even after accounting for the phylogenetic structure of
datasets. Clearly, large mammalian herbivores remain an important model for our
understanding of key macroevolutionary concepts such as adaptive radiation, and
convergence.

An aspect of digestive physiology that has received comparatively little attention
so far, in spite of an enormous increase in the availability of methodological
approaches in recent years, is the bacterial, archaeal, fungal and protozoan
microbiome of herbivores. Available data (e.g., wild ruminants; Henderson et al.
2015) has not yet been evaluated, either with respect to feeding type (browser vs
grazer) or digestion type (‘moose-type’ vs ‘cattle-type’); our own lack of methodo-
logical expertise prevented us from exploring those data here. Given that the
microbiota may be involved in detoxification or defence processes, more studies
would be highly interesting. To our knowledge, the only systematic comparison,
with respect to the microbiome, is restricted to literature data (gained from traditional
microscopic analyses) of the composition of the protozoal microbiome (Clauss et al.
2011b) in ruminants of different dietary niches. The case of rumen protozoa can
serve as an illustration of why a detailed look at the data, and at the conceptual
design of studies, is necessary to prevent fallacies and meaningless findings in the
following paragraphs.

A subjective, put potentially widely shared impression, when reading literature
about browsers and grazers, is that the categorisation of a species into a feeding type
is often presented as an aim in itself, as if it had relevant heuristic value. Therefore,
the impression is that studies involving morphophysiological measurements are
often justified by their use of proxies to facilitate that categorisation. To single
out—admittedly unfairly—a particular study as an example, it appears conceptually
awkward to attempt to categorize a ruminant species, such as the mouflon (Ovis
ammon musimon), in the feeding type spectrum by analysing its rumen protozoa as a
proxy (Obidziński et al. 2017). When dealing with extant species, this approach has
the evident flaw that the real proxy for a feeding type is the botanical investigation of
the diet consumed; in the case of mouflon, stating that they are intermediate-feeders
based on a review of their natural diet (Marchand et al. 2013) is the superior
conceptual approach. The additional heuristic value of investigating their protozoal
microbiome lies in revealing effects of differences in the actually consumed diet on
that microbiome (as done very elegantly by Obidziński et al. 2017).

When dealing with extinct species, proxy-based approaches are the only ones
available and very common, particularly for dental anatomical characters and dental
wear proxies, often supplemented by stable isotope measurements (we refrain from
reviewing that literature, but see Saarinen Chap. 2 for more detail). For dental
anatomy and isotope values, such reconstructions often under-emphasize the degree
of uncertainty linked to these proxies (for example, as mentioned above, that many
extant ruminant intermediate-feeders have a higher hypsodonty index than strict
grazers, and that the degree of wear experienced by herbivores differs between
ruminants and non-ruminants), and the use of wear-related proxies is mostly not
based on experimentally derived results.
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The actually observed pattern of the distribution of a character, across feeding
types, is highly relevant for a functional understanding of digestive morphology and
physiology. For example, differences in the ratio of small particle to fluid MRT in
the reticulorumen (selectivity factor, Table 4.5; Dittmann et al. 2015), and in the
composition of rumen protozoa (Clauss et al. 2011b), could be correctly summarized
by the statement “in ruminants, browsers and grazers differ in characteristics of
rumen fluid throughput and rumen protozoa”. However, such a superficial view
omits the fact that the seeming thresholds of change for the respective characteristic
differs dramatically between the two datasets (Fig. 4.4a and b): while the selectivity
factor increases dramatically at a threshold of 15–20% grass in the natural diet

Fig. 4.4 Discordance in how morphophysiological traits respond to diet. The ratio of particle:
solute mean retention time in the reticulorumen (called SF RR) increases dramatically in species
with >15–20% grass in the natural diet (a), whereas the proportion of gut protozoa represented by
the Entodiniinae decreases dramatically at around 80% grass in the natural diet (b; note that the
proportion of Diplodiniinae increases at more or less the same rate at this diet). Consequently, the
two traits are not correlated (c)
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(as does the intraruminal papillation pattern; Codron and Clauss 2010), the propor-
tion of Entodiniinae to Diplodiniinae protozoa changes at a threshold of about 80%
grass in the natural diet. Consequently, the two measurements—the selectivity factor
and the relative proportion of Entodiniinae—do not correlate well with each other
(Fig. 4.4c). This closer look informs us that different mechanisms may be at play in
these two complexes; at the moment we do not have a detailed understanding of
these processes.

Another important aspect of comparative analyses is that statistical support for a
link between a species’ traits and their dietary niches should not lead to rigid views
of exclusive solutions. Nor, on the other hand, should such links be interpreted to
exclude species from certain niches (Codron and Clauss 2010). Rather, taxon-
specific peculiarities need to be acknowledged that may deviate from general trends
and might, depending on the number of corresponding species present in a dataset,
allow, or prevent, the detection of these trends. For example, differences exist in the
method of cropping plant material, whereby some species (like goats) use their lips,
while others (like cattle) use their tongue more extensively (Meier et al. 2016). This
does not invalidate the statistical finding that, across a certain dataset, ruminant
browsers differ in tongue morphology from grazers in having higher proportions of a
“freely mobile” part of their tongue. However, the outlier of cattle in this respect
precludes the opposite conclusion, that species with a highly mobile tongue must be
browsers, and also precludes the interpretation that grazers cannot have mobile
tongues. Additionally, it highlights that conclusions might change, depending on
the nature of the dataset: in a hypothetical dataset with mainly bovine grazers and
only goat-type browsers, the analysis might have found a more mobile tongue in
grazers than in browsers.

Other important examples are that, amongst grazers, some species have extremely
wide muzzles (grazing rhinos, hippos, Alcelaphini), whereas others (Equidae,
Hippotragini) have more pointed faces. Determining whether these differences
reflect different dietary niches, for instance foraging at different sward heights, or
merely different solutions to the same problem, requires taxon-specific hypotheses
and, ideally, experimentation. The existence of outliers, for instance blackbuck
(Antilope cervicapra), which have a high particle to fluid MRT ratio in the
reticulorumen (i.e., a high fluid thoughput; Hummel et al. 2015), but a very small
omasum (Sauer et al. 2016), emphasizes that general trends are not obligatory.
Amongst ruminant browsers, cervids and giraffids are typically better represented
in datasets than are bovids, and hence might unduly influence current interpretations.
In particular, comparative physiological data for Tragelaphini are lacking in many
datasets, but may represent an alternate solution to browsing from giraffids and
cervids, as indicated by their deviation from the typical salivary gland size-diet
relationship observed across ruminants (Robbins et al. 1995; Hofmann et al. 2008).

Apart from the self-evident request for more data on more species, and for
additional corroboration of once-only measurements that are then analysed again
and again with new statistical approaches, we believe that, in order to interrogate the
question of exclusivity in trait-niche relationships, our description of diet niches
themselves needs to shift from one based on species’ means to a more inclusive
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approach depicting niche breadths. One such approach considers whether
morphophysiological characteristics are more closely aligned with minimum or
maximum levels of grass in species’ natural diets (Codron and Clauss 2010),
potentially allowing us to define thresholds around which species may or may not
be excluded from certain niches. For example, there appears to be no continuous
relationship between the amount of browse/grass in the diet and the digestion type
(‘moose-type’ vs ‘cattle-type’) amongst ruminants, but rather a dichotomy between
species that do, and do not, eat grass. Similarly, the hypsodonty index is not
continuously distributed along a percentage grass in the diet axis; rather, species
that lack sufficiently large tooth crowns typically do not eat grass, whereas species
that have large tooth crowns may occupy almost any diet niche (Damuth and Janis
2011). These statements echo the one by Van Wieren (1996b) that “browsers are
non-grazers”. Broadening our representation of niches, to include ‘niche breadths’,
would allow investigations not only of exclusiveness in adaptation, but also poten-
tially raises important questions that could lead to a more complete functional
interpretation. A potentially interesting addition to this niche breadth approach is
to include the niche history of species, i.e., a measure of how long the species has
existed in a given dietary niche space. Examples do exist of diet niche shifts within
lineages, sometimes coupled with evidence for morphological shifts (Strömberg
2006; Feranec 2007; Codron et al. 2008a; Cerling et al. 2015; Ecker et al. 2018).
These studies differ with respect to whether dietary niches were interpreted to have
become more specialized or generalized over evolutionary time, further emphasizing
a lack of dietary niche exclusivity.

What is also lacking from many discussions, and a topic we have only sporadically
addressed here, is the covariance amongst traits. For the most part, investigations of
multiple traits have attempted only to define species’ distributions in multivariate
morphospace. We expect, however, that covariance emanates because certain traits/
organ systems have evolved as functional units, or as anatomical trade-offs. The
relative size of salivary glands is an important example of this; only when considered
together with the size of the omasum does the functional relevance of variations in
both organ systems become clear. Thus, correlations between traits should be studied,
and interpreted, in terms of both the overall bauplan of species, and the way in which
components interact to make the organism more efficient at exploiting a particular
niche. In doing so, we must be open to the outcome that what we considered an
adaptation to a particular diet, or a particular characteristic of a diet, might ultimately
be an adaptation to a different characteristic of the same diet, or an adaptation to a
nondietary selective pressure that only correlated with the dietary niche.
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