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from Tschuor & Clauss (2008) 

Testing stratification by ultrasound - cattle        



from Clauss, Hofmann et al. (2009) 
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Stratification and rumen papillation        
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until 1970: 
 

All ruminants are similar and 
function as cattle and sheep. 
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Ruminant feeding types (Hofmann) 
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Evolutionary steps of ecophysiological adaptation 
and diversification of ruminants: 
a comparative view of their digestive system*'** 
R.R. Hofmann 
Institut ffir Veterin/ir-Anatomie, -Histologie und -Embryologie, Abteilung Vergleichende Anatomie der Haus- und Wildtiere, 
Justus-Liebig-Universitfit Giessen, D-6300 Giessen, Federal Republic of Germany 

Summary. A review is made of the ruminant digestive sys- 
tem in its morphophysiological variations and adaptations 
relating to foraging behaviour, digestive physiology, to in- 
teractions between plants and ruminants and to geographic 
and climatic diversity of ruminants' ecological niches. Evi- 
dence is provided for evolutionary trends from an extreme 
selectivity mainly for plant cell contents and dependence 
upon a fractionated fore- and hindgut fermentation, to an 
unselective intake of bulk roughage subjected to an efficient 
plant cell wall fermentation, mainly in the forestomachs. 
The review is based on detailed comparative morphological 
studies of all portions of the digestive system of 65 ruminant 
species from four continents. Their results are related to 
physiological evidence and to the classification of all extant 
ruminants into a flexible system of three overlapping mor- 
phophysiological feeding types: concentrate selectors 
(40%), grass and roughage eaters (25%) and intermediate, 
opportunistic, mixed feeders (35%). Several examples are 
discussed how ruminants of different feeding types are gain- 
ing ecological advantage and it is concluded that ruminants 
have achieved high levels of digestive efficiency at each evo- 
lutionary stage, (including well-documented seasonal adap- 
tations of the digestive system) and that ruminant evolution 
is still going on. Deductions made from the few domesti- 
cated ruminant species may have, in the past, biased scien- 
tific evaluation of the free-ranging species' ecology. The 
main threat to a continuous ruminant evolution and diver- 
sity appears to be man's neglect for essential ecological in- 
teractions between wild ruminants and their specific habi- 
tats, which he alters or destroys. 

Key words: Wild ruminants - Digestive system - Morpho- 
physiological adaptation - Evolutionary trends - Plant-her- 
bivore interactions 

* Supported by German Research Community grant DFG Ho 
273/6 
** Dedicated to Professor Dr. Dr. h.c. Dietrich Starck on the occa- 
sion of his 80th birthday 
Abbreviations." bw body weight; C S  concentrate selector; D F C  dis- 
tal fermentation chamber (distended caecocolon); GR grass and 
roughage eater; I M  intermediate (mixed) feeder; P F C  proximal 
fermentation chamber (ruminoreticulum/forestomachs); R R  Ru- 
minoreticulum; S C F A  Short-chain fatty acis (acetic, butyric, pro- 
pionic acid set free by rumen bacteriae); S E  Surface enlargement 
(of absorptive mucosa) 

Our growing scientific knowledge of the nutritional physiol- 
ogy of ruminants is documented in a vast number of publi- 
cations annually, and every five years more than 600 re- 
searchers from all over the world meet in a different place 
to review and present new results. They discuss highly spe- 
cialised aspects of physiology, metabolism, nutrition, bio- 
chemistry and digestive problems of these remarkable mam- 
mals - yet very few of them or of the thousands of others 
who deal scientifically with ruminants appear to be con- 
cerned that almost all of their results, their methods and 
models are based on merely two out of 150 species of extant 
ruminants. These two are sheep and cattle. Much fewer 
physiological and nutritional data available refer to the goat 
and far fewer still to the Asiatic water buffalo. Compared 
to all this, experimental data on wild African bovids, Eura- 
sian cervids or American deer (let alone such oddities as 
the pronghorn "antelope", the giraffe or the musk ox - 
all of which are ruminants) cannot even be regarded as 
minimal. However, each new study on ruminants other than 
cattle, sheep and goats shakes the established ruminant im- 
age. It is different, though similar. 

Ruminants are animals important to man. Some species 
are bioindicators of the first order in polluted human envi- 
ronments. More species are living barometers of man's in- 
ability to understand and handle ecological interactions and 
most, if not all ruminant species can benefit nutritionally 
from what man cannot digest. 

Because they convert apparently indigestible carbohy- 
drates and chemically trapped or protected proteins into 
nutritious and useful products, they deserve more than one  
approach. Ruminants are late-comers in evolution. Their 
stomach is a phylogenetic peak of complexity, not only 
compared with our own digestive tract. 

But it is wrong to define ruminants simply as specialised 
fermentation machines which break down cellulose after 
chewing the cud. 

Their digestive physiology is not based on an "all or 
nothing" principle and none of them is "primitive", al- 
though embryological evidence strongly suggests that roe 
deer or white-tailed deer, dik-diks or muntjac, kudu or 
moose are "older",  earlier and still inefficient in breaking 
down cellulose. It will be shown, that ruminant evolution 
in the light of todays' 150 living species is certainly "a  bush, 
not a ladder" (Gould 1986). It has produced a fascinating 
array of animal forms ranging from 3 kg to over 1000 
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ABSTRACT Various morphological measures demon-
strate convergent evolution in ruminants with their natu-
ral diet, in particular with respect to the browser/grazer
dichotomy. Here, we report quantitative macroanatomical
measures of the tongue (length and width of specific parts)
of 65 ruminant species and relate them to either body
mass (BM) or total tongue length, and to the percentage of
grass in the natural diet (%grass). Models without and
with accounting for the phylogenetic structures of the
dataset were used, and models were ranked using Akaike’s
Information Criterion. Scaling relationships followed geo-
metric principles, that is, length measures scaled with BM
to the power of 0.33. Models that used tongue length
rather than BM as a body size proxy were consistently
ranked better, indicating that using size proxies that are
less susceptible to a wider variety of factors (such as BM
that fluctuates with body condition) should be attempted
whenever possible. The proportion of the freely mobile
tongue tip of the total tongue (and hence also the corpus
length) was negatively correlated to %grass, in accordance
with concepts that the feeding mechanism of browsers
requires more mobile tongues. It should be noted that
some nonbrowsers, such as cattle, use a peculiar mecha-
nism for grazing that also requires long, mobile tongues,
but they appear to be exceptions. A larger corpus width
with increasing %grass corresponds to differences in snout
shape with broader snouts in grazers. The Torus linguae is
longer with increasing %grass, a finding that still war-
rants functional interpretation. This study shows that
tongue measures covary with diet in ruminants. In con-
trast, the shape of the tongue (straight or “hourglass-
shaped” as measured by the ratio of the widest and small-
est corpus width) is unrelated to diet and is influenced
strongly by phylogeny. J. Morphol. 277:351–362, 2016.
VC 2015 Wiley Periodicals, Inc.

KEY WORDS: browser; grazer; oral processing; lip;
muzzle; palate

INTRODUCTION

In herbivores, the tongue is used as a prehensile
organ that is involved in grasping diet items.
Fundamental differences in feeding modes in

grazing and browsing ruminants (Hofmann and
Stewart, 1972; Gagnon and Chew, 2000) correspond
to differences in the spatial arrangement and phys-
ical properties of diet items (reviewed in Clauss
et al., 2008b). As part of these adaptations, differ-
ences in tongue anatomy between the feeding-types
could be expected. Based on the unpublished thesis
by Schmuck (1986), Hofmann (1988; 1989) sug-
gested that torus length, in relation to total tongue
length, is shorter in browsers than in grazers, and
that the freely mobile part of the tongue is longer
in browsers than in grazers. This observation
appears plausible under the assumption that a
long, freely movable part of the tongue is a prereq-
uisite for the manipulation of heterogeneous diet
objects as in browse, where selected leaves may be
arranged in very close proximity to undesirable
plant parts such as thorns or twigs. Grazers, con-
versely, have often been perceived of showing adap-
tations of a wide distal snout that allows them to
achieve higher bite sizes during grazing (Gordon
and Illius, 1988; Fraser and Theodor, 2011; Tennant
and MacLeod, 2014), particularly in short-grass
grazers (Codron et al., 2008). Such anatomical
adaptations could also be reflected in tongues that
have wider tips.

Additional Supporting Information may be found in the online
version of this article.
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BM data to correlate with her cranial skeletal
measurements, Spencer (1995) or Codron et al.
(2008) used the length of the maxillary molar row
as a body size proxy. The fact that relationships
with tongue length were nearly always better sup-
ported than those with BM (Tables 2 and Support-
ing Information, Table S1) emphasizes the
relevance of this approach.

Our results must be considered with caution
due to the unknown influence of the different pres-
ervation stages of the material from which meas-
urements were taken. As they are, they clearly
support the conclusions of Hofmann (1988; 1989)
that torus length, in relation to total tongue
length, is shorter in browsers than in grazers, and
that the tongue of browsers generally has a longer
freely mobile part than that of grazers. Our
results suggest that using the characteristic of an
“extensible tongue” as a phylogenetic peculiarity of
giraffids only (Hassanin et al., 2012) is not correct.
The estimation of the phylogenetic signal k in sev-
eral of the PGLS models indicates a certain phylo-
genetic structure in tongue morphology, most
prominent in the corpus width ratio, that is,
whether a tongue is straight or “hourglass-
shaped.” This characteristic might be particularly
useful as a soft tissue phylogenetic signal because
it is apparently not subject of convergent evolution
as an adaptation to diet.

When discussing tongue function, it should be
remembered that the tongue is a muscular hydro-
stat (Smith and Kier, 1985), and the degree to
which it can be protruded from the mouth cannot
really be deducted from static macroanatomical
measurements. How much the tongue can be elon-
gated will not only depend on its resting shape, but
also on the arrangement of internal muscle fibres.
In the absence of comparative data on such
arrangements, or on measurements of tongue pro-
trusion in live animals, conclusions drawn from

macroscopic resting shapes must remain prelimi-
nary. Comparative studies on the internal architec-
ture of ruminant tongues, including quantification
of the relative contributions of longitudinal, trans-
verse, and perpendicular muscle fibres, would be
welcome.

The findings of Hofmann (1973; 1985; 1988;
1989; 2000) on convergent morphological charac-
teristics of the feeding apparatus and digestive
tract of different ruminant feeding-types have not
only inspired a variety of similar studies (reviewed
in Clauss et al., 2008b), but have also been ques-
tioned based on a lack of feeding-type differentia-
tion when a large set of morphological variables
taken from Hofmann (1973) was analyzed together
(P!erez-Barber!ıa et al., 2001). Criticism against
that latter work includes the fact that character
choice was not based on considerations of function-
ality but on sheer availability (similar to our
approach in this study for some of our characters),
and not even backed by speculative explanations
(Clauss et al., 2008b). In contrast, a series of tests
on selected, putatively functionally relevant meas-
ures has confirmed convergence among feeding-
types in anatomical measures related to muzzle
and snout shape (Fraser and Theodor, 2011; Ten-
nant and MacLeod, 2014), the salivary glands
(Hofmann et al., 2008) and the masseter (Clauss
et al., 2008a), teeth (Heywood, 2010; Kaiser et al.,
2010), the intraruminal papillation (Clauss et al.,
2009), the rumen and the reticulum (Clauss et al.,
2010) as well as the omasum (Clauss et al.,
2006a), and in measures related to digestive effi-
ciency (P!erez-Barber!ıa et al., 2004) and rumen
physiology (Dittmann et al., 2015). Similar to the
findings of this study, the results of these analyses
usually demonstrate convergence, but also indicate
an interspecific measurement variability that
makes a confident allocation of a feeding-type
based on any single measure questionable. In this
study, this is evident in the data scatter even in
those relationships that are statistically signifi-
cant. Additionally, adaptations of the digestive
tract may also have evolved in response to other
selective pressures than the botanical grass-
browse dichotomy, in particular among grazers
and mixed feeders (Codron et al., 2008; Dittmann
et al., 2015), so that a tight correlation between
diet and morphology need not be expected within
certain sections of the feeding-type continuum
(Clauss and Hofmann, 2014). Also, not all morpho-
logical adaptations need to be convergent in all
phylogenetic groups, as e.g. evident in the compa-
ratively small salivary glands reported in giraffids
regardless of the fact that they are strict browsers
(Clauss et al., 2006b; Sauer et al., 2016).

A functional interpretation of the findings of
this study must remain hypothetical, and will
revolve around the process of food ingestion. An
intuitive assumption is that browsers, which have

Fig. 4. Relationship between the percentage of grass in the
natural diet and the proportion of the free part of the tongue of
the total tongue length in all ruminant species in which this
measurement was taken. For statistics, see Table 2.
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Convergent Evolution in Feeding Types: Salivary Gland
Mass Differences in Wild Ruminant Species

Reinold R. Hofmann,1 W. Jürgen Streich,1 Jörns Fickel,1 Jürgen Hummel,2 and Marcus Clauss3*
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ABSTRACT In the ongoing debate about divergent evo-
lutionary morphophysiological adaptations of grazing
and browsing ruminants, the size of the salivary glands
has received special attention. Here, we report the most
comprehensive dataset on ruminant salivary glands so
far, with data on the Glandula parotis (n 5 62 species),
Gl. mandibularis (n 5 61), Gl. buccalis ventralis (n 5 44),
and Gl. sublingualis (n 5 30). All four salivary gland
complexes showed allometric scaling with body mass
(BM); in all cases, the 95% confidence interval for the
allometric exponent included 0.75 but did not include 1.0
(linearity); therefore, like other parameters linked to the
process of food intake, salivary gland mass appears to be
correlated to metabolic body weight (BM0.75), and com-
parisons of relative salivary gland mass between species
should rather be made on the basis of BM0.75 than as a
percentage of BM. In the subsequent analyses, the per-
centage of grass (%grass) in the natural diet was used to
characterize the feeding type; the phylogenetic tree used
for a controlled statistical evaluation was entirely based
on mitochondrial DNA information. Regardless of phylo-
genetic control in the statistical treatment, there was, for
all four gland complexes, a significant positive correlation
of BM and gland mass, and a significant negative correla-
tion between %grass in the natural diet and gland mass.
If the Gl. parotis was analyzed either for cervid or for
bovid species only, the negative correlation of gland mass
and %grass was still significant in either case; an inspec-
tion of certain ruminant subfamilies, however, suggested
that a convergent evolutionary adaptation can only be
demonstrated if a sufficient variety of ruminant sub-
families are included in a dataset. The results support
the concept that ruminant species that ingest more grass
have smaller salivary glands, possibly indicating a
reduced requirement for the production of salivary
tannin-binding proteins. J. Morphol. 269:240–257, 2008.
! 2007 Wiley-Liss, Inc.

KEY WORDS: parotid gland; mandibular gland; buccal
gland; sublingual gland; phylogeny; grazer; browser;
morphology; physiology; tannin; saliva

In the discussion on morphophysiological differ-
ences between ruminant feeding types (browsers/
‘‘concentrate selectors,’’ intermediate feeders, graz-
ers) initiated by Hofmann (Hofmann, 1968, 1969,
1973), the relative size of the salivary glands, in

particular of the parotid gland, has received
special attention. Kay et al. (1980) recorded the
relative mass of the parotid of several wild rumi-
nants, which suggested that browsing ruminants
had larger parotid glands than grazing rumi-
nants. In additional studies on more limited num-
bers of species, Saber and Hofmann (1984) and
Kay (1987) generated more data that supported
this interpretation. Finally, Hofmann (1988, 1989)
stated that a difference in salivary gland weight
was a consistent finding in the morphological
comparison of the ruminant feeding types, giving
examples that documented this statement.
According to the latter publication, the relative
parotid mass was 0.18–0.22% of body mass (BM)
in browsers, 0.08–0.15% in intermediate feeders,
and 0.05–0.07% in grazers. The compiled data
from Kay et al. (1980) and Kay (1987) were sub-
mitted to a statistical evaluation by Jiang and
Takatsuki (1999) and by Robbins et al. (1995); the
latter authors added their own measurements on
additional species to their data set. Both author
groups confirmed the principal difference in rela-
tive parotid mass between the feeding types in
statistical terms; however, Robbins et al. (1995)
noted in one specimen of a greater kudu (Tragela-
phus strepsiceros), a browser, a relative parotid
mass that was within the range normally meas-
ured in grazing ruminants only, and a specimen
each of the browsers nyala (Tragelaphus angasii)
and bushbuck (Tragelaphus scriptus) had relative
parotid masses in the range of the intermediate
feeders. On the basis of these exceptions, these
authors concluded that a universal principle of
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Mark, Germany.
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Abstract

The reticulum is the second part of the ruminant forestomach, located between the
rumen and the omasum and characterized by honeycomb-like internal mucosa.
With its fluid contents, it plays a decisive role in particle separation. Differences
among species have been linked to their feeding style. We investigated whether
reticulum size (absolute and in relation to rumen size) and size of the crests that
form the mucosal honeycomb pattern differ among over 60 ruminant species of
various body sizes and feeding type, controlling for phylogeny. Linear dimensions
generally scaled allometrically, that is to body mass0.33. With or without control-
ling for phylogeny, species that ingest a higher proportion of grass in their natural
diet had both significantly larger (higher) rumens and higher reticular mucosa
crests, but neither reticulum height nor reticulum width varied with feeding type.
The height of the reticular mucosa crests represents a dietary adaptation in
ruminants. We suggest that the reticular honeycomb structures do not separate
particles by acting as traps (neither for small nor for large particles), but that the
structures reduce the lumen of the reticulum during contractions – at varying
degrees of completeness in the different feeding types. In browsing species with rumen
contents that may be less fluid and more viscous than those of the reticulum,
incomplete closure of the lumen may allow the reticulum to retain the fluid necessary
for particle separation. In grazing species, whose rumen contents are more stratified
with a larger distinct fluid pool, a more complete closure of the reticular lumen due to
higher crests may be beneficial as the reticulum can quickly re-fill with fluid rumen
contents that contain pre-sorted particles.

Introduction

The process of rumination and the complicated forestomach
of ruminants have fascinated scientists for centuries (Peyer,
1685; Haubner, 1837). Apart from the function of ferment-
ing plant material, which the ruminant forestomach shares
with the foregut or hindgut of many other herbivores
(Stevens & Hume, 1998), the forestomachs of ruminants
and camelids have a unique sorting function (Schwarm
et al., 2008; Schwarm et al., 2009a), which ensures that large
ingesta particles are regurgitated and remasticated (Fritz
et al., 2009). This sorting mechanism facilitates a high
digestive efficiency (Clauss et al., 2009d) at comparatively
high intakes in ruminants, especially when compared with
other foregut fermenters (Schwarm et al., 2009b).

The second section of the ruminant forestomach, the
reticulum, has long been recognized in domestic ruminants
as the site of particle sorting (Reid, 1985; Mathison et al.,

1995; Okine et al., 1998). In wild ruminants, empirical
evidence also points towards the reticulum as the major site
of particle sorting (Clauss et al., 2009a,b). The bisphasic
contractions of the reticulum in domestic ruminants lead to
a re-ejection of larger, floating particles into the rumen,
while the opening of the reticulo-omasal orifice allows the
passage of fluids and finer, denser particles; in the second
contraction phase, the reticulum contracts completely in
cattle so that its lumen disappears, and the then empty
reticulum relaxes and re-fills again with contents from the
ventral rumen with a high proportion of fluids. An impor-
tant precondition for the sorting function, apart from the
precise timing of contractions and opening of the reticulo-
omasal orifice, is the correlation between the density and the
size of reticulo-ruminal contents – smaller particles are usually
more dense, and are hence passed on to the omasum by the
reticulum (Sutherland, 1988; Beaumont & Deswysen, 1991;
Lechner-Doll, Kaske & Engelhardt, 1991; Allen, 1996;
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Abstract

The function of the ‘third compartment’ of the ruminant forestomach, the omasum,
has been debated for a long time. To date, it is assumed that its major function is
fluid reabsorption. In order to investigate differences in this organ between
ruminant feeding types, we first compared macroscopic measurements of the omasa
of free-ranging muskoxen Ovibos moschatus [n=6, mean body mass (BM) 207kg,
range 180–221], a grazer, and free-ranging moose Alces alces (n=11, mean BM
291kg, range 144–418), a strict browser. Despite the similar BM range, omasa of
muskoxen contained more ingesta, had a higher empty organ weight, had more
third- and fourth-order laminae, and represented a higher proportion of the total
forestomach weight. In particular, the surface area of the omasal leaves – the area
available for fluid absorption – was significantly larger in muskoxen
(10933! 940 cm2) than in moose (2228! 885 cm2). In order to test whether the
difference in available surface area is a true functional correlate of feeding type,
additional data on the omasal laminar surface area were generated for
83 individuals of 19 species. These datawere supplemented with data on 13 additional
species from the literature. The percentage of grass (%grass) in the natural diet was
used to characterize the feeding type; the phylogenetic tree used for a controlled
statistical evaluation was entirely based on mitochondrial DNA information.
Regardless of phylogenetic control in the statistical treatment, there was a
significant positive correlation of both BM and %grass in the natural diet with
omasal laminar surface area. The data suggest that certain ruminant species that
ingest more grass have larger omasal leaf surface areas, possibly indicating a higher
need for water reabsorption distal to the ruminoreticulum, which could be explained
as a consequence of the more distinct rumen contents stratification in these species.

Introduction

Ever since the presentation of the variety in ruminant
forestomach design by Hofmann (1968, 1969, 1973) and his
observation that differences among species followed a sys-
tematic pattern according to their feeding type (grazers,
intermediate feeders and browsers/‘concentrate selectors’),
there has been an ongoing debate on whether a true correla-
tion between feeding type and morphological measurements
can be demonstrated, or whether these differences are just a
correlate of body mass (BM) and phylogenetic descendance

(Hofmann, 1988, 1989, 1999; Gordon & Illius, 1994; Rob-
bins, Spalinger & Van Hoven, 1995; Illius & Gordon, 1999;
Jiang & Takatsuki, 1999; Pérez-Barberı́a, Gordon & Illius,
2001; Clauss, Lechner-Doll & Streich, 2003b).

Among the keystone parameters Hofmann (1973) de-
scribed for the differentiation of ruminant feeding types by
morphological characteristics is the size of the omasum –
that part of the ruminant forestomach that connects the
reticulum with its honeycomb-structured mucosa to the
glandular abomasum. The function of the omasum has long
been under debate, and it was speculated that its cornified
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The function of the ‘third compartment’ of the ruminant forestomach, the omasum,
has been debated for a long time. To date, it is assumed that its major function is
fluid reabsorption. In order to investigate differences in this organ between
ruminant feeding types, we first compared macroscopic measurements of the omasa
of free-ranging muskoxen Ovibos moschatus [n=6, mean body mass (BM) 207kg,
range 180–221], a grazer, and free-ranging moose Alces alces (n=11, mean BM
291kg, range 144–418), a strict browser. Despite the similar BM range, omasa of
muskoxen contained more ingesta, had a higher empty organ weight, had more
third- and fourth-order laminae, and represented a higher proportion of the total
forestomach weight. In particular, the surface area of the omasal leaves – the area
available for fluid absorption – was significantly larger in muskoxen
(10933! 940 cm2) than in moose (2228! 885 cm2). In order to test whether the
difference in available surface area is a true functional correlate of feeding type,
additional data on the omasal laminar surface area were generated for
83 individuals of 19 species. These datawere supplemented with data on 13 additional
species from the literature. The percentage of grass (%grass) in the natural diet was
used to characterize the feeding type; the phylogenetic tree used for a controlled
statistical evaluation was entirely based on mitochondrial DNA information.
Regardless of phylogenetic control in the statistical treatment, there was a
significant positive correlation of both BM and %grass in the natural diet with
omasal laminar surface area. The data suggest that certain ruminant species that
ingest more grass have larger omasal leaf surface areas, possibly indicating a higher
need for water reabsorption distal to the ruminoreticulum, which could be explained
as a consequence of the more distinct rumen contents stratification in these species.
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observation that differences among species followed a sys-
tematic pattern according to their feeding type (grazers,
intermediate feeders and browsers/‘concentrate selectors’),
there has been an ongoing debate on whether a true correla-
tion between feeding type and morphological measurements
can be demonstrated, or whether these differences are just a
correlate of body mass (BM) and phylogenetic descendance

(Hofmann, 1988, 1989, 1999; Gordon & Illius, 1994; Rob-
bins, Spalinger & Van Hoven, 1995; Illius & Gordon, 1999;
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A measure of ‘stratification’ 

from Clauss et al. (2009) 
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Another measure of ‘stratification’ 

from Clauss et al. (2009) 



from Tschuor & Clauss (2008) 

Testing stratification by ultrasound - moose 
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from Dittmann et al. (2015) 
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Browse 

polygonal 
particles 

Grass 
longish, 

“fibre-like” 
particles 

Low viscosity fluid: 
Separation due to 
flotations/sedimentation; 
clear separation of gas 
dome 

High viscosity fluid: 
Separation due to 
flotation/sedimentation 
less possible; gas 
bubbles distributed 
evenly in the contents  

OIKOS 102: 253–262, 2003

Ruminant diversification as an adaptation to the
physicomechanical characteristics of forage.
A reevaluation of an old debate and a new hypothesis

Marcus Clauss, Matthias Lechner-Doll and W. Jürgen Streich

Clauss, M., Lechner-Doll, M. and Streich, W. J. 2003. Ruminant diversification as an
adaptation to the physicomechanical characteristics of forage. A reevaluation of an
old debate and a new hypothesis. – Oikos 102: 253–262.

The validity of Hofmann’s classification of ruminants into browsers : ‘‘concentrate
selectors’’, intermediate feeders and grazers : ‘‘grass and roughage eaters’’ and of his
consecutive physiological postulates has repeatedly been questioned. In contrast to
former concepts, which all focused on the chemical characteristics of the respective
forages, we propose a new hypothesis on the main driving force of ruminant
diversification, namely the physicomechanical characteristics of the respective for-
ages. In contrast to browse, grass tends to stratify and form a ‘‘fibrous raft’’ in the
reticulorumen. The significantly more capacious forestomachs of grazers, and the
significantly thicker rumen pillars (indicating the strength of reticulorumen muscle
equipment) of their forestomachs, are interpreted as particular adaptations to this
forage characteristic. With these parameters, we present, for the first time, two single
morphological measurements that allow the statistical reconstruction of Hofmann’s
classification. A small forestomach capacity and the lack of strong reticulorumen
muscles in browsers would explain the observed exclusiveness with which browsers
avoid grass forage under natural conditions, which we confirmed using two datasets
on the composition of the natural diet. Both rumen pillar thickness and relative
forestomach capacity were significantly correlated to the grass content of the natural
diet, respectively. Our functional interpretation was also supported by a stepwise
regression analysis with the proportion of grass in the natural diet as dependent
variable and the rumen pillar thickness, the relative forestomach capacity, and the
body weight as independent variables, which revealed significant equations.

M. Clauss, Inst. of Animal Physiology, Physiological Chemistry and Animal Nutrition,
Veterinaerstr. 13, DE-80539 Muenchen, Germany (clauss@tiph.!etmed.uni-
muenchen.de). – M. Lechner-Doll and W. J. Streich, Inst. of Zoo Biology and Wildlife
Research (IZW) Berlin, Germany.

Ruminants have been classified according to their feed-
ing habits for a long time (Talbot and Talbot 1962,
Lamprey 1963, Van Zyl 1965, Jarman 1974, Hansen et
al. 1985, Bodmer 1990, Gagnon and Chew 2000) and
differences in ecology and behaviour have been noted.
However, it was the pioneering work of Hofmann
(1969, 1973, 1988, 1989) that brought the concept of
different feeding types to the high level of attention it is
still receiving today. Hofmann observed morphological
differences between the feeding types – the ‘‘concen-

trate selectors’’1: browsers (BR), intermediate feeders
(IM) and grazers (GR) – and hypothesized consequent
physiological differences.

There are several limitations to Hofmann’s presenta-
tions. Hofmann (1973) did not record the body weights
for most individuals he investigated but gave mostly

1 The use of the term ‘concentrate selectors’ has been criticised
by Hoppe (1984), Robbins et al. (1995), Owen-Smith (1997)
and Clauss et al. (2002b); we prefer the term ‘‘browser’’, even
when referring to Hofmann’s morphological classification.
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•! High fluid throughput not 
possible 
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Why a higher fluid throughput?        















•! A high fluid throughput increases microbial harvest 
from the forestomach - microbes are washed out 
faster, more energy used for microbial growth than 
for microbial maintenance ... 

Why a higher fluid throughput?        











•! A high fluid throughput increases microbial harvest 
from the forestomach - microbes are washed out 
faster, more energy used for microbial growth than 
for microbial maintenance ... 

•! ... and reduces methane losses 

Why a higher fluid throughput?        
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Ecological consequences   

from Hummel et al. (2015) 

model calculation for a ration of 
50:50 alfalfa hay:concentrates 



Ecological consequences   

from Hummel et al. (2015) 

model calculation for a ration of 
50:50 alfalfa hay:concentrates 

microbial efficiency 
(microbial N g / kg fermented organic matter)  



Ecological consequences   

from Hummel et al. (2015) 

model calculation for a ration of 
50:50 alfalfa hay:concentrates 

microbial efficiency 
(microbial N g / kg fermented organic matter)  

34.7 



Ecological consequences   

from Hummel et al. (2015) 

model calculation for a ration of 
50:50 alfalfa hay:concentrates 

microbial efficiency 
(microbial N g / kg fermented organic matter)  

34.7 38.5 



Ecological consequences   

from Hummel et al. (2015) 

model calculation for a ration of 
50:50 alfalfa hay:concentrates 

microbial efficiency 
(microbial N g / kg fermented organic matter)  

34.7 38.5 
10 % 
higher 
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anatomy/physiology? 

•!Not a typical “grazer” adaptation but one that 
evidently also facilitates mixed feeding/browse 
diets: 
  African buffalo - Red forest buffalo 
  Plains bison - Wood bison - Europ. Bison 
  Yak - Gaur - Banteng 
  Muskoxen 

Ruminant questions 



•!What is the success of the buffalo/cattle-type 
anatomy/physiology? 

•!Not a typical “grazer” adaptation but one that 
evidently also facilitates mixed feeding/browse 
diets: 
  African buffalo - Red forest buffalo 
  Plains bison - Wood bison - Europ. Bison 
  Yak - Gaur - Banteng 
  Muskoxen 
  tradition of supplementing cattle with browse 

Ruminant questions 



•!The strategy of 
–!Distinct contents stratification 
–!High rumen fluid throughput 
–!Large omasum 

... does not increase particle sorting efficiency 
 
... but it might: 

•!Enhance harvesting of forestomach microbe 
populations and keeping methane losses at 
bay ? 

Form & Function 



•! Continuous infusion of artificial saliva in fistulated 
animals 

•! Feeding of mineral salts 
•! Offering of isotonic fluids instead of drinking 

water? 

Attempts to increase rumen fluid throughput        

Chalupa (1977) Manipulating rumen fermentation. J Anim Sci 46, 585 
Harrison & McAllan (1980) Factors affecting microbial growth yields in the reticulo-rumen. In Digestive physiology and 
metabolism in ruminants (eds. Ruckebush & Thivend), p 205, MTP Press, Lancaster 

Croom et al. (1993) Manipulation of gastrointestinal nutrient delivery in livestock. J Dairy Sci 76, 2112 
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•! Continuous infusion of artificial saliva in fistulated 
animals 

•! Feeding of mineral salts 
•! Offering of isotonic fluids instead of drinking 

water? 

•! ... selective breeding ? 

Attempts to increase rumen fluid throughput        



Frothy bloat        

from Cheng et al. (1998) 
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frothy rumen 
contents 

Frothy bloat        

dry  rumen 
contents from Cheng et al. (1998), Morris et al. (1997) 

selective breeding against bloat susceptibility possible 
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phenotypes exist 
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from Agnarsson et al. (2008) 

Conclusion: ruminants and fluids        

Evidence for convergent 
evolution of high fluid 
throughput in ruminant 
lineages suggests that 
benefits are substantial. 
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from Agnarsson et al. (2008) 

Conclusion: ruminants and fluids        

Further increase of RR fluid 
throughput by selective 
breeding could 

–! increase microbial yield from 
RR 

–! increase buffering capacity 
(capacity to deal with 
concentrate diets) 

–! reduce methane emissions 

 



•! Proof of concept (experiments with fistulated 
animals/fluid infusions & salivary stimulation) in 
which not only microbial N yield but also CH4 and 
complete energy budgets are measured 

 
•! Develop a proxy to identify high-fluid-throughput 

phenotypes that is easier to measure than ‘mean 
retention times’ 

Work to be done 






