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Comparative approaches
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Form and Function

*the probably oldest approach to biology:
linking form and function




Form and Function

* An evident link: hypsodonty index and grass
consumption
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from Cerling et al. (2003)



Form and Function

* An evident link: hypsodonty index and grass
consumption

Own evaluation
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Form and Function

e Conclusion: diets of grazers must be more
abrasive - but this has never been tested!

Hummel et al. (2011)



Form and Function

e Often, the pattern may be obvious but the
underlying cause (function) is not
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The Comparative Method

* A certain type of food is, in many different
species, associated with a certain set of
adaptations

(i.e. we determine convergence)
e ‘becavuse...’
... and we assume a function
... and we use words to label our findings




Don ‘t believe names, think for yourself

What is a ‘concentrate selector’?

fromm Hofmann (1989)
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The Comparative Method

* A certain type of food is, in many different
species, associated with a certain set of
adaptations

(i.e. we determine convergence)
e ‘becavuse...’
... and we assume a function
... and we use words to label our findings

... and we design concepts = we are telling
stories!

Convergence is not a proof of function (only
circumstantial evidence).
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the browser wars




The term "browser wars" is the name given to
the competition for dominance in the web
browser marketplace - the struggle between
Internet Explorer and Netscape Navigator

during the late 1990s, and the growing threat
which Mozilla Firefox poses to Internet

Explorer from 2004 onward.
(Wikipedia)



But why is the web-browser
called “browser”?



browser = animal that eats
(mainly) browse?

especially as opposed to

grazer = animal that eats
(mainly) grass?



Did you know that there are
‘grazing’ and ‘browsing’ mites?

Siepel H, de Ruiter-Dijkman EM (1993)
Feeding guilds of oribatid mites based on their carbohydrase activities.
Soil Biol Biochem 25:1491-1497



Did you know that there are
‘grazing’ and ‘browsing’
carnivorous fish?

Lechanteur YARG, Griffiths CL (2003)
Diets of common suprabenthic reef fish in False Bay, South Africa.
Afr Zool 38:213-227



Coupled with Hofmann'’s
term “concentrate selector’,
the word “browser” has
become a synonym for an
organism selectively feeding
on highly digestible material.







until 1970:

All ruminants are similar and

function as cafttle and sheep
do.
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Omasum

Abomasum

(from Nickel-Schummer-Seiferle 1967)
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Stratification of rumen contents: ‘cattle-type’
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Stratification of rumen contents: ‘cattle-type’
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fromm Hummel et al. (2009)



Stratification of rumen contents: ‘cattle-type’

from Clauss et al. (2010)



Rumen of addax -
a grazer

et al. (2009)



Stratification of rumen contents
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from Clauss et al. (2010)



Testing stratification by ultrasound - cattle

from Tschuor & Clauss (2008)






Strafification and rumen papillation
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Digestion and Sorting

Rumen: Fermentation

(from Grau 1955)
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Reticulum: Sorting
Rumen: Fermentation

(from Grau 1955)
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Functional density of parficles

un-fermented ingesta particle:
entangles in fibre mat

size reduction by rumination/
attachment of bacteria

fermentation activity = gas production A
=> adhesion of gas bubbles :
=> ypdrift/low density
fermented ingesta particles; &
high density %




Sorting in the reficulum

un-fermented
particles, low
density, large

fermented
particles, high
density, small

(from von Engelhardt & Breves 2000)




Ruminants always rest in sternal recumbency
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Fine mechanics at highest level
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(there may be pigs in space,
but no sheep on the moon!)



Sorting by density ...

fermentation = gas production
gas adhesion = updrift

% fermented particle
Nno gas bubbles = high density



Sorting by denisty ...

flotation and sedimentation
only works in a fluid medium




the fluid must be removed ...

high moisture content in the
reficulum

(from Nickel-Schummer-Seiferle 1967)




the fluid must be removed ...

It would be difficult for the
abomasum to work against
the dilution

(from Nickel-Schummer-Seiferle 1967)



the fluid must be removed ...

therefore the omasum
removes fluid

(from Nickel-Schummer-Seiferle 1967)



until 1970:

All ruminants are similar and

function as cattle and sheep
do.
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Ruminant feeding types (Hofmann)

CONCENTRATE SELECTORS: INTERMEDIATE TYPES {GRASS/ROUGHAGE EA]

Dikdik
Impala
= Fea m H
e Soe KD AN

Klippspringer

Suni

Thomsen Gazelle

Bohor Reedbuck

Oribi
i ! .
e hfig L % 5
Eland Antelope : \lﬁ((h
P \* Gnu
Steenbok

fromm Hofmann (1989)
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fromm Hofmann (1989)
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fromm Hofmann (1991)



Ruminant feeding types (Hofmann)

fromm Hofmann (unpubl.)



Ruminant feeding types (Hofmann)

fromm Hofmann (1985)



> 460 citations
(and counting)



Ruminant feeding types (Hofmann)

(Hofmann 1989)
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Ruminant feeding types (Hofmann)

(Hofmann 1989)
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Feeding types

dicot monocot
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Feeding types
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Feeding types
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Ruminant feeding types (Hofmann)
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Do diets of grazers and browsers really
differe

Species Crude fiber NDF
(% dry (% dry matter)
matter)
Giraffe (Giraffa - 50-70
camelopardalis)
Okapi (Okapia johnstoni) - 43-48
Moose (Alces alces) 20-45 50-70
White-tailed deer - 35-50

(Odocoileus virginianus)

Buffalo (Syncerus caffer) 30-40 -
Waterbuck (Kobus 30-40 -
ellipsiprymnus)

from Clauss & Dierenfeld (2008)



Do diets of grazers and browsers really differe

CONCENTRATE SELECTORS! INTERMEDIATE TYPES |GRASS/ROUGHAGE EATE|
. . Dikdik
Crude fibre in impola
rumen contents

(%DM)

Gront Gazelle

5
P s ey

Eland Antelope
%- -
AN i .
H

Steenbok

from Hofmann (1989)
and Woodall (1992)




Do diets of grazers and browsers really differe

Crude fibre in
rumen contents
(%DM)
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fromm Hofmann (1989)
and Woodall (1992)



Crude fibre in rumen contents
(Drescher-Kaden & Seifelnasr 1977)

(%dry matter)




Crude fibre in rumen contents
(Drescher-Kaden & Seifelnasr 1977)

(%dry matter)

20 % Ared | 20 %



Crude fibre in rumen contents
(Drescher-Kaden & Seifelnasr 1977)

(%dry matter)

20 % Ared | 20 %
24 % Areqd 2 34 %



Differences between grass and browse

Sugar | Starch|[Pectinl Hemi- | Cellu-
cellulose| lose

(% DM] | [%DM] | [%DM] | [% DM] (% DM]

Grass | 5-15 1-5 1-2 15-40 | 20-40
Browse| 5-15 - 6-12 8-12 12-30

from Robbins (1993)
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IS
slower
than ...




Don't lose perspective |

a slow car ?
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Don't lose perspective |

contains less
alcohol than




Don't lose perspective |

an alcohol-free
beverage ?



Don't lose perspective |




Don't lose perspective |

eals a diet of
lower fibre
content than ...




Don't lose perspective |

a
‘concentrate-
selector?’



Ruminant feeding types (Hofmann)
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Ruminant feeding types (Hofmann)

“... based on
anatomical
and dietary
observations

1

fromm Hofmann (1985)
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fromm Hofmann (1989)



Ruminant feeding types (Hofmann)

anatomical parameters

AN

fromm Hofmann (1989)



Ruminant feeding types (Hofmann)

|

behavioral parameters

from Hofmann (1989)



Feeding bout frequency

fromm Hummel et al. (2006)



Differences between grazers and browsers:
anatomy ... and physiology?

from Kay et al. (1984)




Differences between grazers and browsers:
anatomy ... and physiology?

ok

from Kay et al. (1984)
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from Kay et al. (1984)
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Differences between grazers and browsers:
anatomy ... and physiology?

from Kay et al. (1984)




Differences between grazers and browsers:
anatomy ... and physiology?

from Kay et al. (1984)




AN Pyhsiological
. postulates based on
— anatomical

observations without
experimental data!




Body size is not explaining
morpho - physiological feeding type ....

Eland Steenbuck Buffalo
800 kg 12 kg 800 kg Oribi
15 kg

concentrate selectors intermediate, mixed feeders  bulk+ roughage grazers

fromm Hofmann (1989)



. Additionally, Hofmann

claimed that the most influential _

factor for all physiological -
- processes — body size - was less —
~ important than the feeding type ~S
7 classification!
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The functional significance of the browser-grazer dichotomy

in African ruminants
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Abstract The allometric relationships for the fermenta-
tion rate of dry matter. the total energy concentration of
volatite fatty acids (VFAs). encrgy supplied from
VFA production and the mass of the digesta contents
within the rumen or caecum and proximal colon (hind-
gut) were used to test whether the digestive strategies of
grazing and browsing African ruminants differ. The wet
and dry mass of the contents ¢ of the rume_u_and_hmdgut
weré_allometrically related to_body mass (BM). These
relauonshl s did_not differ between br wsmg_and%ra-
zing ruminants. The fermentation rates in_the rumen
were strongly allometric anW pls of the rela-
tionships did not_differ between browsers razers.
The Termentation rates in the hindgut were not allometri-
cally related to BM and did not differ between ruminants
with different feeding habits. Likewise, the total energy
concentration of the VFAs in the rumen and hindgut
showed no allometric scaling and did not differ between
browsing and grazing ruminants. The energy supplied by
VFA production in both the rumen and hindgut of Afri-
can ruminants scaled at around 0.8 with BM. Only in the
case of the energy supplied by VFAs in the rumen were
there significantly different intercep _r0w§_n_1%d and
grazing ruminants. The energy supplied by VFA produc-
tion in the Fumen was mad“iatc 10 mcet“tlﬁ'e?;%g‘yje-
llrementt for maintenance of rowsers and small_gra-
7818, e

71 fetention Gime of digesta in the alimentary tract
was positivel ¢ _was no dif-

crence in the allometric relationships for grazers and

rS. results of these analyses suggest that. after
controlling for the effects of body mass. there is little
difference in digestive strategy between African rumi-
nants with different morphological adaptations of the gut.

1.J. Gordon ([%3)
Macaulay Land Use Research Institute, Craigicbuckler,
Aberdeen, AB9 2QJ, Scotland, UK

A. W. Hiius

Institute of Cell, Animal and Population Biology.

Division of Biological Scicnces, Universily of Edinburgh,
West Mains Road, Edinburgh,

EH9 3T, Scotland. UK

Key words Feeding habits - Rumen - Digestive strategy
Allometry - Retention time

Introduction

African ruminants have diversified to fill a wide variety
of ecological niches and vary considerably in body mass
and the type of diet consumed (Sinclair 1983). Body
mass (Bell 1971: Jarman 1974), feeding facilitation (Bell
1971), competitive exclusion (Murray and Brown 1992:
Illius and Gordon 1993) and predation (Sinclair 1985)
have been hypothesized as the primary ecological pres-
sures shaping the community structure of African rumi-
nants. Hofmann and Stewart (1972) and Hofmann (1973,
1989) suggested that the major dichotomy separating
species of ruminants is in their adaptations for consum-
ing a bulk/roughage diet of primarily grasses (grazers) or
a concentrate dict of browse or forbs (browsers).

The differences in the proportions of structural carbo-
hydrates in grasses and browse are scen as leading to dif-
ferences in the structure and function of the digestive
tract of grazing and browsing ruminants. Forages consist
of cell contents which are wholly digestible (van Soest
1982). digestible cell wall and an indigestible residue

(predominately lignin). For_any piven phenological
stage, browse has higher fevere 0 Cell solt E‘ S d lig-

se) than gra (McDoweli et al. 1983: Demment
and van Socst 1985). Consequently, browse has higher
levels of the rapidly fermenting soluble component than

grac\ec However, because of the higher 3inin content

erefore. browsers are expected to have a digestive sy-
stem adapted for the rapid excretion of the highly ligni-
fied. less digestible celt wall fraction, whereas grazers
have adaptations to slow down the passage of plant mate-
rial in the rumen. thereby increasing the extent of diges-
tion of the less lignified cell wall component. Hofmann
(1973) demonstrated anatomical adaptations of the ali-
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Stephen S. Ditchkoff
A decade since “diversification of ruminants”:
has our knowledge improved?

Received: 11 October 1999 / Accepted: 6 April 2000

Abstract In his landmark 1989 paper. R.R. Hofmann
classified ruminants into three categories based upon di-
gestive anatomy and preferred forages. and proposed that
divergence of feeding strategies among ruminants is a re-
sult of morphological evolution of the digestive tract. Be-
cause of the hypothetical nature of these views and the in-
grained beliefs that they chalicnged. several papers were
published that reported tests of Hofmann's predictions.
The consensus among these papers was that Hofmann's
predictions were inadequate. | describe the experimental
evidence that has been put forth in opposition to the rumi-
nant diversification hypothesis and contend that we have
failed to adequately test Hofmann's predictions.

Key words Concentrate selectors - Intermediate
feeders - Roughage eaters - Rumen bypass - Ruminant
diversification

Early attempts to explain variation found in feeding strate-
gies of free-ranging ruminants classified individual specics
as “browsers” or “grazers” based upon types of forage con-
sumed. Though an important step in understanding the
complexities of ruminant nutrition. Hofmann and Stewart
(1972) recognized that feeding strategies of ruminants
could not simply be classified into two categories. and pro-
posed three categories (i.c.. bulk and roughage eaters, se-
lectors of concentrate forages. and intermediate feeders)
based upon stomach structure and feeding ecology. Hof-
mann (1984) later documented variation in all portions of
the digestive anatomy among the three categories of his
system of ruminant classification. The dynamic interac-
tions among body size. fermentation and passage rates. and
energetic requirements. and their influence on dietary strat-
egy formed the basis for these carly classifications.

S.S. Ditchkoff (T=1)

Department of Zoology, Oklahoma State University, Stillwater.
OK 74078, USA

e-mail: steved@okstate.edu

Fax: +1-405-7447824

© Springer-Verlag 2000

In a landmark paper. Hofmann (1989) expanded upon
the concepts proposed by Hofmann and Stewart (1972)
and Hofmann (1984) by providing a working hypothesis
of the functional and morphological basis for diversity in
ruminant feeding strategies. Hofmann (1989) proposed
that feeding strategies ranged from nonselective intake
of bulk roughage and efficient fermentation in the fore-
stomach. to selectivity for concentrate forages (high in
plant cell content) with increased post-ruminal digestion.
This hypothesis challenged many beliefs regarding di-
gestion in free-ranging ruminants and proposed that we
reexamine the manner in which ruminant herhivores ob-
tain nutrients from the environment.

Because of the magnitude of Hofmann's hypothesis.
several papers (Gordon and Illius 1994, 1996: Robbins ct
al. 1995) were published describing tests of his predic-
tions. These researchers examined components of Hof-
mann’s hypothesis and concluded that they did not find
support for morpho-physiological adaptations to diet
type within classes of ruminants, They attributed differ-
ences in digestive function to body mass or food charac-
teristics. As a result. the consensus has been that Hof-
mann’s hypothesis regarding gut morphology and func-
tion in classes of ruminants is inadequate (Robbins et al.
1995: Hlius 1997). However. upon critical examination
of both Hofmann's hypothescs and subsequent critiques.
I contend that we have not adequately tested Hofmann
(1989). Although scieatifically sound. the studies of
Gordon and Itlius (1994, 1996) and Robbins et al. (1995)
did not completely examine components of the ruminant
diversification hypothesis and therefore should not be
considered to support or refutc Hofmann (1989).

Hofmann (1989) proposed variations on the tradition-
al theme of foregut fermentation in the ruminant. In ad-
dition to suggesting that hindgut fermentation may play
an important role in some ruminant animals, he also
commented on postruminal digestion of soluble compo-
nents of the diet after rumen bypass via the reticular
groove (Hofmann 1989, p. 448). While post-ruminal fer-
mentation had previously reccived some attention (Van
Socst 1982). sclective bypass of the rumenoreticular
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Abstract The stomach morphology of 28 species of art-
iodactyls that differ in feeding style (browser, mixed
feeder, grazer) was analysed using a multivariate ap-
proach and phylogenetic correction in order to test
whether stomach morphology was correlated with feed-
ing style when body mass was controlled for. A total of
25 morphological traits of the stomach were used in the
analysis. After the effects of body mass and phylogeny
on stomach morphology were taken into account, there
was no significant grouping of species according to feed-
ing style. When information about the feeding style of
each species was included in the analysis, the set of mor-
phological traits separated the mixed feeders from the
other two feeding styles, but grazers and browsers had
similar morphological features. Most of the variance in
stomach morphology was explained by body mass and a
lesser proportion by phylogeny. The main morphological
features that have previously been proposed as being ad-
aptations in grazing species, namely, lengthening of the
retention time of ingesta to achieve an increase in their
fibre digestion capability by means of a larger relative
stomach capacity, a greater subdivision of chambers and
smaller openings, are not supported by the findings of
this study. Thus, there is no consistent evidence to sup-
port a significant adaptive effect of stomach morphology
to different diets in the Artiodactyla.

Keywords Allometry - Body mass - Comparative
method - Feeding styles - Gut morphology

EJ. Pérez-Barberfa (&) - LJ. Gordon

The Macaulay Land Use Research Institute, Craigiebuckler,
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Institute of Cell, Animal and Population Biology,
University of Edinburgh, West Mains Road,

Edinburgh EH9 3JT, UK

Introduction

The feeding habits of some ungulates in a natural habitat
were, to our knowledge, first defined by Van Zyl (1965),
but it was Hofmann who classified African ruminants in-
to three feeding styles according to morphological adap-
tations of the digestive system (Hofmann 1973, 1989), as
related to differences in diet composition (Hofmann
1968, 1984, 1988; Hofmann and Stewart 1972; Hofmann
et al. 1995). Hofmann's categorisation of feeding styles
has been extensively used in grazing ecology (Owen-
Smith 1982; Gordon and Illius 1988, 1994, 1996;
McNaughton 1991; Van Wieren 1996). Differences in
stomach morphology between species that differ in diet
triggered subsequent studies on other parts of the diges-
tive system, for example, morphological adaptations of
the organs involved in the selection (lips, muzzle: Janis
and Ehrhardt 1988; Pérez-Barberfa and Gordon 2001a)
and the processing of food (teeth, jaws, jaw muscles:
Fortelius 1985; Axmacher and Hofmann 1988; Janis
1988; Pérez-Barberfa and Gordon 1999a, 2001a) and
also in behavioural variables (activity time: Mysterud
1998; Pérez-Barberfa and Gordon 1999b; home range:
Mysterud et al. 2001; habitat use: Pérez-Barberfa et al.
2001b). Based on Hofmann's (1973) classification, it has
been assumed that grazing species achieve a greater ex-
tent of digestion of fibre in comparison with browsing
species by means of food retention in the rumen, large
stomach capacity, higher degree of stomach compart-
mentalisation and smaller openings between the rumen
and omasum. However, a statistical relationship between
the differences in .stomach morphology, described by
Hofmann (1973), and diet composition has not yet been
demonstrated.

A recurrent problem which arises when studying the
differences in the morphology or function of the diges-
tive system, in relation to Hofmann's classification, is the
possible confounding effect of body mass (Gordon and
Illius 1994; Robbins et al. 1995; Iason and Van Wieren
1998). After controlling for body mass, Gordon and
Ilius (1994) found that there were no differences in wet
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Introduction

The feeding habits of some ungulates in a natural habitat
were, to our knowledge, first defined by Van Zyl (1965),
but it was Hofmann who classified African ruminants in-
to three feeding styles according to morphological adap-
tations of the digestive system (Hofmann 1973, 1989), as
related to differences in diet composition (Hofmann
1968, 1984, 1988; Hofmann and Stewart 1972; Hofmann
et al. 1995). Hofmann's categorisation of feeding styles
has been extensively used in grazing ecology (Owen-
Smith 1982; Gordon and Illius 1988, 1994, 1996;
McNaughton 1991; Van Wieren 1996). Differences in
stomach morphology between species that differ in diet
triggered subsequent studies on other parts of the diges-
tive system, for example, morphological adaptations of
the organs involved in the selection (lips, muzzle: Janis
and Ehrhardt 1988; Pérez-Barberfa and Gordon 2001a)
and the processing of food (teeth, jaws, jaw muscles:
Fortelius 1985; Axmacher and Hofmann 1988; Janis
1988; Pérez-Barberfa and Gordon 1999a, 2001a) and
also in behavioural variables (activity time: Mysterud
1998; Pérez-Barberfa and Gordon 1999b; home range:
Mysterud et al. 2001; habitat use: Pérez-Barberia et al.
2001b). Based on Hofmann's (1973) classification, it has
been assumed that grazing species achieve a greater ex-
tent of digestion of fibre in comparison with browsing
species by means of food retention in the rumen, large
stomach capacity, higher degree of stomach compart-
mentalisation and smaller openings between the rumen
and omasum. However, a statistical relationship between
the differences in stomach morphology, described by
Hofmann (1973), and diet composition has not yet been
demonstrated.

A recurrent problem which arises when studying the
differences in the morphology or function of the diges-
tive system, in relation to Hofmann's classification, is the
possible confounding effect of body mass (Gordon and
Illius 1994; Robbins et al. 1995; Iason and Van Wieren
1998). After controlling for body mass, Gordon and
Illius (1994) found that there were no differences in wet
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to three feeding styles according to morphological adap-
tations of the digestive system (Hofmann 1973, 1989), as
related to differences in diet composition (Hofmann
1968, 1984, 1988; Hofmann and Stewart 1972; Hofmann
et al. 1995). Hofmann's categorisation of feeding styles
has been extensively used in grazing ecology (Owen-
Smith 1982; Gordon and Illius 1988, 1994, 1996;
McNaughton 1991; Van Wieren 1996). Differences in
stomach morphology between species that differ in diet
triggered subsequent studies on other parts of the diges-
tive system, for example, morphological adaptations of
the organs involved in the selection (lips, muzzle: Janis
and Ehrhardt 1988; Pérez-Barberfa and Gordon 2001a)
and the processing of food (teeth, jaws, jaw muscles:
Fortelius 1985; Axmacher and Hofmann 1988; Janis
1988; Pérez-Barberfa and Gordon 1999a, 2001a) and
also in behavioural variables (activity time: Mysterud
1998; Pérez-Barberfa and Gordon 1999b; home range:
Mysterud et al. 2001; habitat use: Pérez-Barberia et al.
2001b). Based on Hofmann's (1973) classification, it has
been assumed that grazing species achieve a greater ex-
tent of digestion of fibre in comparison with browsing
species by means of food retention in the rumen, large
stomach capacity, higher degree of stomach compart-
mentalisation and smaller openings between the rumen
and omasum. However, a statistical relationship between
the differences in stomach morphology, described by
Hofmann (1973), and diet composition has not yet been
demonstrated.

A recurrent problem which arises when studying the
differences in the morphology or function of the diges-
tive system, in relation to Hofmann's classification, is the
possible confounding effect of body mass (Gordon and
Tllius 1994; Robbins et al. 1995; Iason and Van Wieren
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Problems with hay acceptance

Giraffe Fox (1938), Gradwell (1976), Kloeppel (1976), Altmann (1978), Gorgas et
al. (1978), Brancker (1980), Foose (1982), Franz et al. (1984), Gutzwiller (1984),
Hofmann and Matern (1988), Matern and Kloeppel (1995)

Moose Baines (1965), Landowski (1969), Heptner and Nasimowitsch (1974), Bo
and Hjeljord (1991), Schwartz (1992), Schwartz and Hundertmark (1993),
Shochat et al. (1997)

Mule deer Cahart (1943), Doman and Rasmussen (1944), Nagy et al. (1969),
Schoonveld et al. (1974)

Roe deer Dissen (1983)

Chinese water deer Hofmann et al. (1988)

Duiker Cowan (1982), Luginbuhl et al. (1991), Van Soest et al. (1995)
Reindeer Eriksson and Schmekel (1962), Kurkela (1976), Valtonen et al. (1983)

Eland Hofmann (1973, p. 40), Miller et al. (2010)
Kudu Miller et al. (2010)
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Abstract The allometric relationships for the fermenta-
tion rate of dry matter. the total energy concentration of
volatite fatty acids (VFAs). encrgy supplied from
VFA production and the mass of the digesta contents
within the rumen or caecum and proximal colon (hind-
gut) were used to test whether the digestive strategies of
grazing and browsing African ruminants differ. The wet
and dry mass of the contents ¢ of the rume_u_and_hmdgut
weré_allometrically related to_body mass (BM). These
relauonshl s did_not differ between br wsmg_and%ra-
zing ruminants. The fermentation rates in_the rumen
were strongly allometric anW pls of the rela-
tionships did not_differ between browsers razers.
The Termentation rates in the hindgut were not allometri-
cally related to BM and did not differ between ruminants
with different feeding habits. Likewise, the total energy
concentration of the VFAs in the rumen and hindgut
showed no allometric scaling and did not differ between
browsing and grazing ruminants. The energy supplied by
VFA production in both the rumen and hindgut of Afri-
can ruminants scaled at around 0.8 with BM. Only in the
case of the energy supplied by VFAs in the rumen were
there significantly different intercep _r0w§_n_1%d and
grazing ruminants. The energy supplied by VFA produc-
tion in the Fumen was mad“iatc 10 mcet“tlﬁ'e?;%g‘yje-
llrementt for maintenance of rowsers and small_gra-
7818, e

71 fetention Gime of digesta in the alimentary tract
was positivel ¢ _was no dif-

crence in the allometric relationships for grazers and

rS. results of these analyses suggest that. after
controlling for the effects of body mass. there is little
difference in digestive strategy between African rumi-
nants with different morphological adaptations of the gut.
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Introduction

African ruminants have diversified to fill a wide variety
of ecological niches and vary considerably in body mass
and the type of diet consumed (Sinclair 1983). Body
mass (Bell 1971: Jarman 1974), feeding facilitation (Bell
1971), competitive exclusion (Murray and Brown 1992:
Illius and Gordon 1993) and predation (Sinclair 1985)
have been hypothesized as the primary ecological pres-
sures shaping the community structure of African rumi-
nants. Hofmann and Stewart (1972) and Hofmann (1973,
1989) suggested that the major dichotomy separating
species of ruminants is in their adaptations for consum-
ing a bulk/roughage diet of primarily grasses (grazers) or
a concentrate dict of browse or forbs (browsers).

The differences in the proportions of structural carbo-
hydrates in grasses and browse are scen as leading to dif-
ferences in the structure and function of the digestive
tract of grazing and browsing ruminants. Forages consist
of cell contents which are wholly digestible (van Soest
1982). digestible cell wall and an indigestible residue

(predominately lignin). For_any piven phenological
stage, browse has higher fevere 0 Cell solt E‘ S d lig-

se) than gra (McDoweli et al. 1983: Demment
and van Socst 1985). Consequently, browse has higher
levels of the rapidly fermenting soluble component than

grac\ec However, because of the higher 3inin content

erefore. browsers are expected to have a digestive sy-
stem adapted for the rapid excretion of the highly ligni-
fied. less digestible celt wall fraction, whereas grazers
have adaptations to slow down the passage of plant mate-
rial in the rumen. thereby increasing the extent of diges-
tion of the less lignified cell wall component. Hofmann
(1973) demonstrated anatomical adaptations of the ali-
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Introduction

African ruminants have diversified to fill a wide variety
ecological niches and vary considerably in body mass
the type of diet consumed (Sinclair 1983). Body
ass (Bell 1971: Jarman 1974), feeding facilitation (Bell
1971), competitive exclusion (Murray and Brown 1992:
Illius and Gordon 1993) and predation (Sinclair 1985)
have been hypothesized as the primary ecological pres-
sures shaping the community structure of African rumi-
nants. Hofmann and Stewart (1972) and Hofmann (1973,
1989) suggested that the major dichotomy separating
species of ruminants is in their adaptations for consum-
ing a bulk/roughage diet of primarily grasses (grazers) or
a concentrate dict of browse or forbs (browsers).

The differences in the proportions of structural carbo-
hydrates in grasses and browse are scen as leading to dif-
ferences in the structure and function of the digestive
tract of grazing and browsing ruminants. Forages consist
of cell contents which are wholly digestible (van Soest
1982). digestible cell wall and an indigestible residue
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species (8 browsing, 7 intermediate and 11 grazing spe-
cies of ruminant). In all 99.6% of the variance was ex-
plained by a model including the body mass of the spe-
cies and the food type. Mean retention time was allome-
trically related to body mass (Fig. 4; exponent 0.22; F, ,,
= 88.1, P<0.001). The fooxd type als nificantly added
to the regression model: animals which were fed alfalfa
hay had shorter retention times than did those fed grass
hay (imercepts: alfalfa= 15.1 h, grass = 17.6 h; 1= 2.98,
P<0.01). After controlling for body mass and food type
no other parameter was significant (i.e. feeding type:
F,,, = 2.88, NS). Thus from the limited data sct available
there was no difference in the mean retention times in
the gut between browsing, grazing and intermediate
feeders of ruminants after accounting for vanation due to
body mass and food type.

Discussion
Comparison with other studies

Much has been written on the relationship between dige-
stive function and feeding habits in ruminants but only
two other studies (Demment and Longhurst 1987; Ma-
loiy and Clemens 1991) have adopted the allometric ap-
proach to compare the scaling factors involved in rumi-
nants with different feeding habits. From studies using
less controlled analyses (Prins and Geelen 1971 Hof-
mann 1973, 1989; Kay et al. 1980), it was concluded that
browsers have a lower rumen capacily than grazers. Ho-
wever, the results of the present study indicate thart,
whilst there is a significant difference in the relationship
for the wet rumen contemts of browsers and grazers
using the Hofmann classification there is no significant
difference using the dictary classification. For the dry ru-
men contents there was no significant difference in the
allometric relationshi body mass for species which
consume different diets, The previous studies measured
either rumen volume or only wet rumen contents, combi-
ned the data from animals shot in different seasons (and
therefore varying in diet and intake) and did not employ
an estimate of body mass net of gut contents, These po-
tential sources of bias are minimized in the present data
set, which thus provides a more reliable guide to trends
in rumen wet and dry matter load. Comparative studics
have found differences in the relative sizes of the organs
of alimentary tract of browsers and grazers, Hofmann
(1989) found that the small intestine and hindgut were
larger in browsing ruminants than in grazers. However,
using allometric analyses we found no difference in the
wet or dry masses of material in the hindgut of browsers
as compared to grazers.

As found in other studies (Hungate et al. 1959; Hoppe
1977a; Maloiy et al. 1982), the fermentation rate within
the rumen scales negatively with body mass. It has pre-
viously been assumed that this is due to larger specics
consuming a poorer quality diet. Gordon and 1llius (sub-
mitted) have shown that this may not a valid conclusion.

It has been assumed that, within a given body mass
range, browsers would have a higher fermentation rate in
the rumen than grazers because they consume a diet
which is higher in rapidly fermented cell solubles (see
above and Hofmann 1989 for a review), although this as-
sumption has not previously been examined quantitative-
ly. The assumption is not supported by the data set used
in this study which shows no significant difference be-
tween browsers and grazers in the relationship between
rumen fermentation rate and body mass. Similarly, de-
spite the absence of a quantitative test, it has been assu-
med that the molar proportions of propionate and thus
the energy concentration of the VFAs produced within
the rumen would be higher relative to body mass in
small species and in browsers than in grazers, due to the
higher cell solubles coment of their diet (Hoppe 1977a).
Again, the data set shows that there is no significant ef-
fect of body mass on total energy concentration of VFAs
produced and there is also no cffect of feeding habits,
Other studies support this: Clemens et al. (1983) found
that acelate:propionate ratio in the rumen did not differ
between browsing, intermediate or grazing East African
ruminants (n= 4, 5, 7 respectively) and concluded that
body mass has more influence than feeding habits on ru-
men fermentation rate and the ratio of VFAs present.
Maloiy and Clemens (1991) found no difference in cae-
cal VFA composition due to feeding habits, Murphy et
al. (1982) showed that the stoichiometry of VFA yield
from forage rations gave a limited range in VFA propor-
tons as compared to the starch-based diets upon which
previous assumptions may have been based. Thus fora-
ges cannot apparently provide high propionate yields ty-
pical of a starch-based concentrate diet (¢f. Hofmann
1989).

The data presented above suggest that small species
and particularly those consuming browse-dominated
diets are less able to meet their energy requirements
from ramen fermentation alone than are larger species,
especially grazers. Other studies also find that the fer-
mentation in the rumen docs not supply all the energetic
requirements of the amimal, For example, Allo et al.
(1973) found that the percentage contribution of VFAs
from the rumen to meet maintenance energy costs is
60-90% in sheep (Ovis artes) and 20-45% in black-tai-
led deer (Odocoilenus hemionus). Stewart ¢t al. (1958)
present a figure of 37% in goats (Capra hircus) and van
Hoven and Boomker (1981) give 67% for the black
wildebeest (Connochares gnow). In a broad comparative
study, Prins et al. (1984) found that few species of rumi-
nants were able to meet twice their maintenance energy
requirements (assumed to be the requirements for a free-
living animal) from VFA production in the rumen. This
was particularly the case for small browsers,

It is widely held that food particles flow through the
rumens of browsers faster than through the rumens of
grazers (e.g. Hofmann 1973, 1989; Demment and Long-
hurst 1987; Kay 1987). This assumption is primarily
based on differences in the comparative anatomical
structure of the ramen and omasum of grazing and brow-
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cies of ruminant). In all 99.6% of the variance was ex-
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Discussion
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have found differences in the relative sizes of the organs
of alimentary tract of browsers and grazers, Hofmann
(1989) found that the small intestine and hindgut were
larger in browsing ruminants than in grazers. However,
using allometric analyses we found no difference in the
wet or dry masses of material in the hindgut of browsers
as compared to grazers.

As found in other studies (Hungate et al. 1959; Hoppe
1977a; Maloiy et al. 1982), the fermentation rate within
the rumen scales negatively with body mass. It has pre-
viously been assumed that this is due to larger specics
consuming a poorer quality diet. Gordon and 1llius (sub-
mitted) have shown that this may not a valid conclusion.

It has been assumed that, within a given body mass
range, browsers would have a higher fermentation rate in
the rumen than grazers because they consume a diet
which is higher in rapidly fermented cell solubles (see
above and Hofmann 1989 for a review), although this as-
sumption has not previously been examined quantitative-
ly. The assumption is not supported by the data set used
in this study which shows no significant difference be-
tween browsers and grazers in the relationship between
rumen fermentation rate and body mass. Similarly, de-
spite the absence of a quantitative test, it has been assu-
med that the molar proportions of propionate and thus
the energy concentration of the VFAs produced within
the rumen would be higher relative to body mass in
small species and in browsers than in grazers, due to the
higher cell solubles coment of their diet (Hoppe 1977a).
Again, the data set shows that there is no significant ef-
fect of body mass on total energy concentration of VFAs
produced and there is also no cffect of feeding habits,
Other studies support this: Clemens et al. (1983) found
that acelate:propionate ratio in the rumen did not differ
between browsing, intermediate or grazing East African
ruminants (n= 4, 5, 7 respectively) and concluded that
body mass has more influence than feeding habits on ru-
men fermentation rate and the ratio of VFAs present.
Maloiy and Clemens (1991) found no difference in cae-
cal VFA composition due to feeding habits, Murphy et
al. (1982) showed that the stoichiometry of VFA yield
from forage rations gave a limited range in VFA propor-
tons as compared to the starch-based diets upon which
previous assumptions may have been based. Thus fora-
ges cannot apparently provide high propionate yields ty-

il of a starch-based concentrate diet (¢f. Hofmann

The data presented above suggest that small species
and particularly those consuming browse-dominated
diets are less able to meet their energy requirements
from ramen fermentation alone than are larger species,
especially grazers. Other studies also find that the fer-
mentation in the rumen docs not supply all the energetic
requirements of the amimal, For example, Allo et al.
(1973) found that the percentage contribution of VFAs
from the rumen to meet maintenance energy costs is
60-90% in sheep (Ovis artes) and 20-45% in black-tai-
led deer (Odocoilenus hemionus). Stewart ¢t al. (1958)
present a figure of 37% in goats (Capra hircus) and van
Hoven and Boomker (1981) give 67% for the black
wildebeest (Connochates gnow). In a broad comparative
study, Prins et al. (1984) found that few species of rumi-
nants were able to meet twice their maintenance energy
requirements (assumed to be the requirements for a free-
living animal) from VFA production in the rumen. This
was particularly the case for small browsers,

It is widely held that food particles flow through the
rumens of browsers faster than through the rumens of
grazers (e.g. Hofmann 1973, 1989; Demment and Long-
hurst 1987; Kay 1987). This assumption is primarily
based on differences in the comparative anatomical
structure of the ramen and omasum of grazing and brow-
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species (8 browsing, 7 intermediate and 11 grazing spe-
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diets are less able to meet their energy requirements
from ramen fermentation alone than are larger species,
especially grazers. Other studies also find that the fer-
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(1973) found that the percentage contribution of VFAs
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study, Prins et al. (1984) found that few species of rumi-
nants were able to meet twice their maintenance energy
requirements (assumed to be the requirements for a free-
living animal) from VFA production in the rumen. This
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Tuble 1 The body mass, rumen content mass, rumen fermentation parametens aad energy prodaction from the rumen of Afncas rom
nants classified by feeding habits asscssed from diel composition in the rumen

Body mass Dry mass Fermentatxm Encrgy comtent Encigy Reference *
of rumen rate in the of VEAs production
conenls rumen (B ) mol ™) from the ramen
(D, kg DM) (F,. moles VFA FPJd™)
kgDM'd )

Heowsers

Nesotragus moschatus 861 10964 2060
Riynochotragur birki : £70 11694 4378
Raphicerus campertris ! 857 12250 1086.2
Sylvicapea grivemia S8 1940 15300
Tragelophus seripius 69 11476 245
Lisocramius waller! L1 S S.08 I W243
Antudorcas marsupaalis 3 402 12193 4346
Acypyceron melawpay 141 0775 &454 8
Gazella grasti 126 10812 44554
Tragpelaphus serepricerns s i3 14 84090
Girgffa cawelopandalis L i 10782 35280
Girazers

Gazella thomoni 79 T 24364
Acypyceros melampa . .12 1414 w27
Damaliscus Lorrigum S8 12214 104901
Alcelaphus buselaphus . 493 1058 91509
Connochaetes grow 2 s 12203 a3
Oryx beisa 1743 s 453 "o 23170
Connochartes taurings 2178 30 133 ISTRI 8
Kobus defassa 2293 : i63 1066 6 14767 8
Symcerus caffer 8070 i3 113458 2

Imermediste feeder
Tavrotragus ovyx 458% i66 110646 3873 s

R R ol e

A AN e

* Reference soueces: [ Goesecke and vas Gylswyk (1975), 2 Hoppe et sl (1977 a), J Hoppe et al. (1977 b, 4 Hoppe (1977, 5 Malody
et 2l 1982, 6 van Hoves and Boombker (1951), 7 Hoppe et al. (1983)

Table 2 The body mass, hiadgut (caccum and proximal colon)  habits assessod from diet composition m the rumen (data from
content mass, hindgt fermentation parameters and coergy produc-  Clemess ¢t al. 1983 Clemons and Malory 19835 Malory and Cle
ton from the hindgut of African ruminants chissified by feadag  mens 1991 Clemens pers. comm )

Hody mass Dey mass Fermentation Encrgy comtert Encrgy
kg) of hindgut e in the of VFAs productson
coments beadgut (E: K mol™) from the hindpet
(D, kg DM (F_: mol VFA Foxld)
LEDM'a")

Heowsers

Riynochormagues kirkd | . 15744 %64
Nesotragus moschatus | 127%.6 S0
Raphicerss campertris 5 1N 09
Litocranius walleri 10523 M4
Gazella gramei 12271 108}
Giraffa comeloparadalis 2 . 12063 25303
Grazen

Gazella thomsoni : 1789 4209
Redwnca fulvongvla ! : 1145 07
Acypyceros melampws X 11469 1463
Damalivess borrigam . 11256 3333
Alceluphur dusalopbes 11584 W
Oryx beisa 53 11247 s
Connochaetes sawrinmus : 13¥»3 a4
Kobws defaca h 11566 8547
Syncerus caffer 1w 1423.6

Inemediale feeders
Tawrotrages oryx . 12263 T899
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et 2l 1982, 6 van Hoves and Boombker (1951), 7 Hoppe et al. (1983)

Table 2 The body mass, hiadgut (caccum and proxsmal colon) is assessod from diet composition in the rom
content mass, hindgat fermentation paramesers and coergy produc-( Clemens ¢t al. 1983 Clemons and Malory 1985 Malg
ton from the hindgut of African ruminants chissificd by feokag 21771 Clemens pers. comm )

Fermentation Encrgy comtert Encrgy

e in the of VFAs productson
baadgut (£ mol™) from the hindput
(F ;. mol VFA Foxd
LEDM'a")

Heowsers

Riynochormagues kirkd | . 15744 %64
Nesotragus moschatus | 127%.6 S0
Raphicerss campertris 5 1N 09
Litocranius walleri 10523 M4
Gazella gramei 12271 108}
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Redwnca fulvongvla ! : 1145 07
Acypyceros melampws X 11469 1463
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habits assessed from diet composition in the rumen (data from
Clemens ¢t al. 1983; Clemens and Maloiy 1983; Maloiy and Cle-
mens 1991 Clemens pers, comm. ).

Tragelophus scripius 270 028 657 11476 MW24.3 4
Lisocranius wallerl 16 056 S.08 I W243 s
Anndorcas marsupaalis 3 060 402 12193 4346 1
Acypyceron melawpay 435 1.00 341 077s &4548 1
Gazella grasi »Ho 066 126 10812 44554 3
Trapelaphus strepricers 1450 270 i3 14 809 0 1
Girgffa cawelopandalis s 1284 i 10782 35280 s
Girazers

Gazella thomeoni IR0 032 79 N 24364 3
Acypyceros melampa 510 0sy T2 a4 Lo 3
Damaliscus korrigsm 1140 154 S8 12214 104901 2
Alcelaphus buselaphus 12200 208 493 105 % 91509 2
Connochaetes gmon 1272 259 s 12203 43 6
Oryx beisa 1743 S 453 "o 23170 b
Connochaetes taurinus 21758 .26 370 133 ISTRY 8 1.2
Kobus defassa 2293 444 i63 1066 .6 147678 S
Symcerus caffer 8070 2285 132 11348 739712 1
Intermediane feeder

Tawrotragus ovyx 458% 1024 166 11066 36673 S

* Reference soseces: [ Goesecke and vas Gyls ?hjl‘ﬂﬁl..’uoppeu #l (1977 a), J Hoppe ex al. (1977 b), 4 Hoppe (1977), 5 Maloty
et 2l 1982, 6 van Hoves and Boombker (1951), 7 Hoppe et al. (1983)

content mass, b sers and coergy produc-( Clemens ¢t al. 1983 Clomons and Malory 1983; M,
ton from the hmdgu of Mru:n ruminants chassificd by feokag O

Hody mass mass )
1kg) of hindgut e in the of VFAs
conlents baadgut (£ mol™)
(D, kg DM (F_: mol VFA
LEDM'a")
Heowsers
Rivwnochorragss kirkd is LU ) 1.47 13744 764
Nesotragws moschatus 60 003 1.5% 127%.6 S0
Raphicerss campertris 958 o 168 O 09
Litocranius walleri 40 on 106 10523 424
Gazella gramei ss0 006 1.60 12271 108}
Giraffa comeloparadalis 6250 2m 118 12063 25303
Grazen
Gazella thomsoni 238 a0 L5 1789 429
Redwnca fulvorvla 255 0 151 1145 07
Acypyceros melampws 20 a0y 163 11469 1463
Damalizcus korrigsm 1290 02 1.5 11256 3333
Alcelagphaer dusalopbas 1380 L& 116 11584 Mo
Oryx beisa 1885 074 153 11247 noes
Connochaetes sawrinmus 2065 R 1.36 1»7 < a
Kobwr defara W0 068 1.26 1156 £547
Syncerus caffer 7250 0ss 162 W 14256
Isemediate feeders

Tawrotrages ovyx S50 129 208 12263 2T8R9




habits assessed from diet composition in the rumen (data from
Clemens ¢t al. 1983; Clemens and Maloiy 1983; Maloiy and Cle-
mens 1991; Clemeny pers, comm,).
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Absteact— 1. The phywology of degestion of wild ruminants in theer natural habitat was determined. The
study consisted of fifly-onc adult male animals representing sxieen species,

2. While diet and body wesght were both relat
appeared 10 be the more influential factor.

ed 10 the gastrointestinal compostion, body weight

3. Retwwdo-rumen and caecal-colon composition, relative 1o abomasal and small intestinal com-

position, showed the greater specees, diet and bod!

ly weight effects.

4, The buffalo, oryx and gerenuk were somewhat more wnique in gastrointestinal composition than
were other speass of wild ruminants, and were deserving of special consideration

INTRODUCTION

With the continued studses of both domestic and wild
ruminants, knowledge of reticulo-rumen physiology
is rapidly expanding. Comparative information and,
o @ lesser extent, post-rurminal digestion studses have
not been as fruitful. Furthermore, quantitative infor-
mation denived from studies of different species is
difficult to compare, owing (0 the variation in tech-
nique. The present investigation allowed for an in-
tensive, comparative study without the variance due
to technique. In addition, these animals were studied
in their natural habitat, thus providing a more real-
istic comparison of wild ruminants.

MATERIALS AND METHODS

Fifty-one adult, male animals representing 16 species of
East African wild ruminants were used in the study. These
included: five Kirk's dik-Gik (Modogua kirki), two sumi
(Nesotragus  moscharwe ), three giralfe (Giraffa camelo-
pardalis), three gerenuk (Litocramivs walleri), three eland
{Tarptragus oryx ), four Grant's gazelle (Gazelle graui), two
steenbok (Raphicerus campestris). four impala (Aepyceros
melampur). four Thomson's garelle (Gasella thomsoni),
three buffalo (Bubalus caffer), two waterbuck (Kobus ellip-
siprymmes ), three wilkdebeest (Connochaefes farmimus ), three
hartcbeest (Alcephalus duselaphus ), three topi (Damalisons
funarus ), three mountasn reedbuck (Redinca fulvorsfia),
and four oryx (Oryx gazella). All anmmals were collected
from their natural habitat i conjunction with wildlife
management programs. Field analysis and sample colbection
were begun smmediately after sacrifice and generally coms
pleted within | hour after the death of the amimal Body
weights of the animals were taken as those reported for the
average specwes weight (Hofmans, 1973)

The abdomin; Wy of cach animal
duately after death. Unine and blood samples were collected
and refngerated. Ligatures were used 1o tic off the oe-
sophagus at the cardia and the lurge bowel at the rectal-anal
Juncti nd the gastrointestinal tract removed. The gastro-
intestnal tract of each ansmal was further separated by
ligatures into six selected sepments. These consisted of the

reticudo-rumen, abomasum, small intestine, caecum, and
proximal and distal halves of the colon. Total contents were
removed from each segment, weighed, and a representative
sample refrigerated for later analysis. Additionsl samples
were straaned Lhrough cheese cdoth, the ¢ acidified
with concentrated H,SO, (approx 0.5 ml per 20 ml sample),
and refrigerated for later analyses of volaule fatry acids,

The dry malter content was determined by drying a
portion of each sample 10 a constant weght ia a lorced-air
oven at 105°C. Samples of whole gut contents were centri-
fuged and the supernatant collected for laboratory analysis
The osmolality of the supernatant fraction was determined
on a laboratory osmometer, the sodsum and potassium
concentrations by flame photometry, and the chlonde con-
ceniration was determined with (he aid of a chlondometer
The lactic aaid concentratson of cach sample was determined
by the methods of Barker and Summerson (1941). Volatile
fauy acid concentrations were determined by the steam
distillation method of Markham (1942), and by parttion
chromatography of short ¢hasn fatty acids

Data were subjoct 10 analysis of variance, Duncan's
Multiple Range test, and regression analysis for deter.
mination of significant differences (Steel and Torne, 1960),

RESULTS

The serics of Tables 2-8 present the analytical data
for seven parameters measured in this study. Tables
are further divided according to species, major and
sub-feeding groups, and weight of the animal. Table
1 presents the live weight, food selection and mean
weight of gastrointestinal contents, by species and for
the six primary gut segments,

The percent dry matter within the reticulo-rumen
showed considerable variability for the species in-
vestigated, ranging from a low of 10.5% (suni) to
21.87, (oryx) (Table 2A). However, when comparing
sub-feeding groups, dry region grazers' reticulo-
rumen dry matter was significantly greater (P < 0.05)
than other groups (Table 2B). The intermediated
feeders also appeared to have a higher dry matter
value than most browsers or grazers, Abomasal

ne



habits assessed from diet composition in the rumen (data from
Clemens ¢t al. 1983 Clemens and Maloiy 1983; Maloiy and Cle-
mens 1991; Clemeny pers, comm.).
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physology of digestion of wild ruminants in therr natural habitat was determined. The
of fifiy-one adult male animals representing sxieen species,
and body weight were both related 10 the gastrointestinal composition, body weight

I—

East African wild ruminasts

Tabie 3B. Mean (£ SEM) volatile fatty acid concentration (mmol/1) as observed at various siles along the gastrointestinal

tract of the major and sub-feeding growps

Food
o _-hﬁlm
MAJOR GROUPS®
Browwers

Intermediate

Grazers

SUB GROUPS

Fruit and dicotyledon

(Browsers)
Teees and shrud

Dry regron

reticudo-rumen, abomasum, small intestine, caecum, and
proxirsal and distal halves of the colon. Total contents were
removed from each segment, weighed, and a representative
sample refrigerated for later analysis. Additionsl samples
were straaned through chees cloth, the ¢ acidified
with concentrated H,SO, (approx 0.5 ml per 20 ml sample),
and refrigerated for later analyses of volaule fatry acids,
The dry malter content was determined by drying a
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RESULTS
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habits assessed from diet composition in the rumen (data from
Clemens ¢t al. 1983; Clemens and Maloiy 1983; Maloiy and Cle-

mens 1991; Clemeny pers., comm.).
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physology of digestion of wild ruminants in therr natural habitat was determined. The
of fifiy-one adult male animals representing sxieen species,
and body weight were both related 10 the gastrointestinal composition, body weight
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reticulo-rumen, a°

proximal and disti
removed from eac

is rapidly expanding. Ci infi and,
to a lesser extent, post-ruminal digestion studses have
not been as fruitful. Furthermore, quantitative infor-
mation derived from studies of different species is
difficult to P owing (0 the ion in tech-
nique. The present investigation allowed for an in-
tensive, comparative study without the variance due
to technique. In addition, these animals were studied
in their natural habitat, thus providing a more real-
istic comparison of wild ruminants.

MATERIALS AND METHODS

Fifty-one adult, male animals representing 16 species of
East African wild ruminants were used in the study. These
included: five Kisk's dikstik (Madogua Kirki), two sumi
(Nesotragus  moscharwe ), three giralfe (Giraffa camelo-
pardalis), three gerenuk (Lirocramivg walleri), three eland
{Tarptragus oryx ), four Grant's gazelle (Gazelle graui), two
steenbok (Raphi four impala (Aep,
melampur ), four Thuunouu parelle (Garella thomsoni),
three buffalo (Bubalus caffer), two waterbuck (Kobus ellip-
;wwns), three -‘ldduu (Connochaetes farwinur ), three

buselaph thtlnw"‘ J

funarus), lhree L (Redwnca fi il
and four oryx (Oryx mrdkl All animals were oulleeld
from their natural habitat i conjunction with wildlife
management programs. Field analysis and sample colbection
were begun smmediatcly after sacrifice and generally com-
pleted within | hour after the death of the amimal Body
weights of the animals were taken as those reported for the
average specwes weight (Hofmans, 1973)

The abdominal cavity of cach animal was opened imme-
duately after death. Unine and blood samples were coliected
and refngeral Ligatures were used 1o tie off the oe-
mphmnauheuduud the laurge bowel at the rectal-anal
junction, and the gastrointestinal tract removed. The gastro-
imestinal tract of each ansmal was further separated by
ligatures into six selected sepments. These consisted of the
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“No difference in ingesta
retention time between the
feeding types.

All differences in ingesta
retention can be explained
by body weight.”

according to Gordon and lllius (1992, 1994)



Mean retention time (particles) = 15.3 * BM0-251

-for all feeding types”

From lllius & Gordon (1992); no particle size given; data e.q. from Foose (1982)
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llius & Gordon ‘s (1992) equation
reliably predicts retention fime in grazers

Species BM MRT (h)
(kg) calculated

Mouflon 33 37.3 36.0
Mountain 90 47.3 51.0
sheep

Cattle 450 /1.0 /4.0

data from Udén et al. (1982), Baker & Hobbs (1987), Behrend et al. (2004)



lllius & Gordon ‘s (1992) equation
overestimates retention time in browsers

Species MRT (h)
(kg) calculated measured

Roe deer 20 32.5 23.6

Okapi 53.6 42.1

Giraffe 90.7

data from Clauss et al. (1998), Clauss and Lechner-Doll (2001), Behrend et al. (2004);
particle size <2 mm
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Adaptation of ruminants to browse and grass diets:
are anatomical-based browser-grazer interpretations valid?
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1989, p.449). We tested that statement by dissccting the salivary
glands (parotid, mandibular and buccal) of five browsers [greater
kudu (Tragelaphus strepsiceros), bushbuck (7. scriptus), nyala
(I angasii), giraffe, and common duiker (Sylvicapra grimmia)),
five grazers [common reedbuck (Redunca arundinum), red hart-
eheest (Alcelaphus buselaphus), blesbok (Damaliscus dorcas),
black wildebeest (Connochaetes gnou), gemsbok (Oryx gazel-
la)], and two intermediate feeders [springbok (Antidorcas mars-
upialis) and impala (Aepyceros melampus)] killed during culling
operations in South African game parks. Additionally, salivary
gland and body weights were obtained for mule deer, black-
tailed deer, white-tailed deer and moose (Alces alces) (browsers),
domestic goats, fallow deer (Cervus dama), axis deer (C. axis),
and mountain goats (Oreamnos americanus) (intermediate feed-
ers), and domestic sheep and cattle (grazers) in the United
States. The parotid lymph node was removed from all parotid
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Abstract In his landmark 1989 paper. R.R. Hofmann
classified ruminants into three categories based upon di-
gestive anatomy and preferred forages. and proposed that
divergence of feeding strategies among ruminants is a re-
sult of morphological evolution of the digestive tract. Be-
cause of the hypothetical nature of these views and the in-
grained beliefs that they chalicnged. several papers were
published that reported tests of Hofmann's predictions.
The consensus among these papers was that Hofmann's
predictions were inadequate. | describe the experimental
evidence that has been put forth in opposition to the rumi-
nant diversification hypothesis and contend that we have
failed to adequately test Hofmann's predictions.

Key words Concentrate selectors - Intermediate
feeders - Roughage eaters - Rumen bypass - Ruminant
diversification

Early attempts to explain variation found in feeding strate-
gies of free-ranging ruminants classified individual specics
as “browsers” or “grazers” based upon types of forage con-
sumed. Though an important step in understanding the
complexities of ruminant nutrition. Hofmann and Stewart
(1972) recognized that feeding strategies of ruminants
could not simply be classified into two categories. and pro-
posed three categories (i.c.. bulk and roughage eaters, se-
lectors of concentrate forages. and intermediate feeders)
based upon stomach structure and feeding ecology. Hof-
mann (1984) later documented variation in all portions of
the digestive anatomy among the three categories of his
system of ruminant classification. The dynamic interac-
tions among body size. fermentation and passage rates. and
energetic requirements. and their influence on dietary strat-
egy formed the basis for these carly classifications.
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In a landmark paper. Hofmann (1989) expanded upon
the concepts proposed by Hofmann and Stewart (1972)
and Hofmann (1984) by providing a working hypothesis
of the functional and morphological basis for diversity in
ruminant feeding strategies. Hofmann (1989) proposed
that feeding strategies ranged from nonselective intake
of bulk roughage and efficient fermentation in the fore-
stomach. to selectivity for concentrate forages (high in
plant cell content) with increased post-ruminal digestion.
This hypothesis challenged many beliefs regarding di-
gestion in free-ranging ruminants and proposed that we
reexamine the manner in which ruminant herhivores ob-
tain nutrients from the environment.

Because of the magnitude of Hofmann's hypothesis.
several papers (Gordon and Illius 1994, 1996: Robbins ct
al. 1995) were published describing tests of his predic-
tions. These researchers examined components of Hof-
mann’s hypothesis and concluded that they did not find
support for morpho-physiological adaptations to diet
type within classes of ruminants, They attributed differ-
ences in digestive function to body mass or food charac-
teristics. As a result. the consensus has been that Hof-
mann’s hypothesis regarding gut morphology and func-
tion in classes of ruminants is inadequate (Robbins et al.
1995: Hlius 1997). However. upon critical examination
of both Hofmann's hypothescs and subsequent critiques.
I contend that we have not adequately tested Hofmann
(1989). Although scieatifically sound. the studies of
Gordon and Itlius (1994, 1996) and Robbins et al. (1995)
did not completely examine components of the ruminant
diversification hypothesis and therefore should not be
considered to support or refutc Hofmann (1989).

Hofmann (1989) proposed variations on the tradition-
al theme of foregut fermentation in the ruminant. In ad-
dition to suggesting that hindgut fermentation may play
an important role in some ruminant animals, he also
commented on postruminal digestion of soluble compo-
nents of the diet after rumen bypass via the reticular
groove (Hofmann 1989, p. 448). While post-ruminal fer-
mentation had previously reccived some attention (Van
Socst 1982). sclective bypass of the rumenoreticular
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Abstract The stomach morphology of 28 species of art-
iodactyls that differ in feeding style (browser, mixed
feeder, grazer) was analysed using a multivariate ap-
proach and phylogenetic correction in order to test
whether stomach morphology was correlated with feed-
ing style when body mass was controlled for. A total of
25 morphological traits of the stomach were used in the
analysis. After the effects of body mass and phylogeny
on stomach morphology were taken into account, there
was no significant grouping of species according to feed-
ing style. When information about the feeding style of
each species was included in the analysis, the set of mor-
phological traits separated the mixed feeders from the
other two feeding styles, but grazers and browsers had
similar morphological features. Most of the variance in
stomach morphology was explained by body mass and a
lesser proportion by phylogeny. The main morphological
features that have previously been proposed as being ad-
aptations in grazing species, namely, lengthening of the
retention time of ingesta to achieve an increase in their
fibre digestion capability by means of a larger relative
stomach capacity, a greater subdivision of chambers and
smaller openings, are not supported by the findings of
this study. Thus, there is no consistent evidence to sup-
port a significant adaptive effect of stomach morphology
to different diets in the Artiodactyla.
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Introduction

The feeding habits of some ungulates in a natural habitat
were, to our knowledge, first defined by Van Zyl (1965),
but it was Hofmann who classified African ruminants in-
to three feeding styles according to morphological adap-
tations of the digestive system (Hofmann 1973, 1989), as
related to differences in diet composition (Hofmann
1968, 1984, 1988; Hofmann and Stewart 1972; Hofmann
et al. 1995). Hofmann's categorisation of feeding styles
has been extensively used in grazing ecology (Owen-
Smith 1982; Gordon and Illius 1988, 1994, 1996;
McNaughton 1991; Van Wieren 1996). Differences in
stomach morphology between species that differ in diet
triggered subsequent studies on other parts of the diges-
tive system, for example, morphological adaptations of
the organs involved in the selection (lips, muzzle: Janis
and Ehrhardt 1988; Pérez-Barberfa and Gordon 2001a)
and the processing of food (teeth, jaws, jaw muscles:
Fortelius 1985; Axmacher and Hofmann 1988; Janis
1988; Pérez-Barberfa and Gordon 1999a, 2001a) and
also in behavioural variables (activity time: Mysterud
1998; Pérez-Barberfa and Gordon 1999b; home range:
Mysterud et al. 2001; habitat use: Pérez-Barberfa et al.
2001b). Based on Hofmann's (1973) classification, it has
been assumed that grazing species achieve a greater ex-
tent of digestion of fibre in comparison with browsing
species by means of food retention in the rumen, large
stomach capacity, higher degree of stomach compart-
mentalisation and smaller openings between the rumen
and omasum. However, a statistical relationship between
the differences in .stomach morphology, described by
Hofmann (1973), and diet composition has not yet been
demonstrated.

A recurrent problem which arises when studying the
differences in the morphology or function of the diges-
tive system, in relation to Hofmann's classification, is the
possible confounding effect of body mass (Gordon and
Illius 1994; Robbins et al. 1995; Iason and Van Wieren
1998). After controlling for body mass, Gordon and
Ilius (1994) found that there were no differences in wet
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smaller openings, are not supported by the findings of

this study. Thus, there is no consistent evidence to sup-
port a significant adaptive effect of stomach morphology
to different diets in the Artiodactyla.
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Different salivary gland size
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Different omasum size
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Different omasum size

from Clauss, Hofmann et
al. (2006)



Different omasum size
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Different omasum size
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a shorter retention time of ingesta. At the end of long graz-
ing periods the maximally filled GR ruminoreticulum shows
a stratification of ingesta according to specific weight and

particle size with hghter, longer parts floating above. CS
normally do nor [ill their rumen above the “bottleneck ™
outlet to the omasum (reuculo-omasal onfice) and thair

better diluted mass ol short-broken dicot material does nor
stratify. Their relatively larger reticulum 1s In wide connec-
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No stratification of rumen contents: ‘moose-
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Stratification of rumen contents
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Testing stratification by ultrasound - moose

from Tschuor & Clauss (2008)



Testing stratification by dry matter content
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Testing stratification by rumen morphology

-Rumen papilla growth is stimulated by volatile
fatty acids

-Differences in ruminal papillation should indicate
differences in rumen contents stratification (e.g.,
a gas accumulation (CO,, methane) will
displace volatile fatty acids




Testing stratification by rumen morphology
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Strafification and rumen papillation
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Strafification and rumen papillation
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Strafification and rumen papillation
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Different salivary gland size
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Sorting by density ...

Flotation and sedimentation
only work in a fluid medium




Sorting by density ...

Flotation and sedimentation
only work in a fluid medium
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Why a higher fluid throughpute

e First hypothesis:

A high fluid throughput ensures a fluid,
low viscosity medium in the rumen -
stratification, building of a mat, ‘filter-bed
effect’ — more efficient particle retention




Differences in RR contents stratification could
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... not only the reticulum, but the whole rumen
helps with sorting particles in grazers!  from ciauss et al. (2009)



Differences in RR contents stratification could
mean ...

escape of larger
particles possible

only small particles
escape the rumen



Faecal particle size in captive wild ruminants
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Faecal particle size in ruminants
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Does digestion type influence the
‘filter-bed effect’?

from Lechner et al. (2010)
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Does digestion type influence the
‘filter-bed effect’?

from Lechner et al. (2010)
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No difference in sorfing mechanism
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No difference in sorfing mechanism
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Grazers Vvs. browsers: where are wee

What is the relevance of the ‘cattle-type’
forestomach anafomy/physiology¢ To
what diet is it really linked?



Ruminant questions

e What is the success of the buffalo/cattle-
type anatomy/physiology?¢

from Hofmann (1989)
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Ruminant feeding types (Hofmann)
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from Hofmann (1989, 1991, unpubl.) and Geist (1999)



Ruminant questions

e 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 diefs:

African buffalo - Red forest buffalo

Plains bison - Wood bison - Europ. Bison
Yak - Gaur - Banteng
Muskoxen




Form & Function

*The strategy of
—Distinict contents stratification
—High rumen fluid throughput
—Large omasum

.. does not increase particle sorting efficiency

.. but it might:

Enhance harvesting of forestomach
microbe populations?



Why a higher fluid throughpute

e Firstvpothesis:

A high 1l0re=roughput epseret a fluid,
low viscosity meatom=a ihe rumen -
stratifieertion, building of a modilfer-bed
effect’

e New hypothesis:

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



New hypothesis

e Extfreme browsers need saliva with high
amount of tfannin-binding proteins (=viscous
saliva, production limited)

= ‘moose-type physiology’
= can live on grass, but not as efficient
as ‘cattle-type’

Due to bacterial harvest, ‘cattle-type’ are
more efficient in all other diet niches (mixed
feeding and grazing) that do not depend
on salivary defences



‘cattle-type’ (grazere/universalist)




Strafification and rumen papillation
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Strafification and rumen papillation
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Attempts to increase rumen fluid throughput

e Continuous infusion of artificial saliva in
fistulated animals

e Feeding of mineral salts

e Offering of isotonic fluids instead of drinking
watere

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



Attempts to increase rumen fluid throughput

EFFECTS OF A SALIVARY STIMULANT, SLAFRAMINE, ON
RUMINAL FERMENTATION, BACTERIAL PROTEIN SYNTHESIS
AND DIGESTION IN FREQUENTLY FED STEERS'

M. A. Froetschel?, H. E. Amos? J. J. Evans’,
W. J. Croom, Jr® and W. M. Hagler, Jr°

J. Anim. Sci. 1989. 67:827-834

With SF administration, as much as 13% more bacterial proteiri exited the rumen, resulting

in a 16.5% linear improvement (P < .1) in the efficiency of ruminal bacterial protein
production per 100 g of OM fermented. |

These results demonstrate a positive relationship between
salivation and ruminal bacterial protein synthesis and suggest that feed utilization by
ruminants may be improved by pharmacological stimulation of salivary secretions.
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Seqguence of hypotheses

Soft tissue variation and forestomach physiology is
inked to

—dietfiere-certent
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RR stratification enhancement for better fibre
use

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. Jiirgen Streich
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difference in salivary defence and potential
for RR microbial harvest







... The browser wars are
over!

Gordon 1J, Prins HHT (eds) (2008) The ecology of large mammalian
herbivore browsing and grazing. Springer, Heidelberg

with a foreword by R. R. Hofmann






