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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 Morzilla 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, Giriffiths 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 cattle and sheep
do.




Digestive adaptations
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What comparative digestive physiology can
offer to domestic ruminant research

e Understanding where ruminants ‘came
from’ In evolutionary terms
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What comparative digestive physiology can
offer to domestic ruminant research

e Understanding where domestic ruminants
‘came from’ among the ruminants

Odocoileinae

from Agnarsson et al. (2008)



What comparative digestive physiology can
offer to domestic ruminant research

e Understanding where domestic ruminants

‘came from’ among the ruminants ...

... and where they might
be taken to in the future

from Agnarsson et al. (2008)



(from Nickel-Schummer-Seiferle 1967)



(from Nickel-Schummer-Seiferle 1967)



(from Nickel-Schummer-Seiferle 1967)



(from Hofmann & Schnorr1982)



Reticulum

(from Nickel-Schummer-Seiferle 1967) m



(from Nickel-Schummer-Seiferle 1967) m



(from Nickel-Schummer-Seiferle 1967)



(from Nickel-Schummer-Seiferle 1967) b



(from Nickel-Schummer-Seiferle 1967) d



Abomasum -

(from Nickel-Schummer-Seiferle 1967) b
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(from Nickel-Schummer-Seiferle 1967)






Strafification of rumen contents: ‘cattle-type’
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from Clauss et al. (2003)



Strafification of rumen contents: ‘cattle-type’
gas layer
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from Hummel et al. (2009)



Strafification 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

ventral

from Tschuor & Clauss (2008)






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



Digestion and Sorting
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Rumen: Fermentation

(from Grau 1955)



Digestion and Sorting

Rumen: Fermentation

(from Grau 1955)



Digestion and Sorting

Rumen: Fermentation

(from Grau 1955)



Functional density of particles




Functional density of particles

un-fermented ingesta partficle:
entangles in fibre mat




Functional density of particles

un-fermented ingesta parficle:
entangles in fibre mat

size reduction by rumination/
attachment of bacteria




Functional density of particles

un-fermented ingesta parficle:
entangles in fibre mat

size reduction by rumination/
attachment of bacteria

=> adhesion of gas bubbles

fermentation activity = gas production  -",. A
=> ypdrift/low density




Functional density of particles

un-fermented ingesta parficle:
entangles in fibre mat

size reduction by rumination/
attachment of bacteria

fermentation activity = gas production
=> adhesion of gas bubbles
=> ypdrift/low density

fermented ingesta particles: &
high density p




Sorting in the reticulum
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(from von Engelhardt & Breves 2000)




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




Sorfing by density ...

fermentation = gas production
A gas adhesion = updrift

% % fermented particle
No 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
reticulum

(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)
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ZZ _
22733 roughage ration | ; ; concentrate ration ﬂ

Distinct rumen contents Less distinct rumen contents
stratification stratification
Distinct dry matter gradient Small dry matter gradient
between rumen contents and between rumen contents and
reticulum ouiflow reticulum ovuliflow

(from Lauwers 1973)
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Distinct rumen contents Less distinct rumen contents
stratification stratification
Distinct dry matter gradient Small dry matter gradient
between rumen contents and between rumen contents and
reticulum ouiflow reticulum ovuliflow

: |

Omasum with high resorption Omasum with low
capacity resorption capacity

(from Lauwers 1973)



until 19270:

All ruminants are similar and
function as caftle and sheep
do.




The Ruminant

EAST AFRICAN MONOGRAPHS IN BIOLOGY

VOLUME 2

Stomach Structure and Feeding Habits
of East African Game Ruminants

R. R. HOFMANN,
Dr. med. vet. (Giessen), Professor of Veterinary
Anatomy, Histology and Embryology.

EAST AFRICAN LITERATURE BUREAU




A AN AP

LN ¥ \\».u._.a\ \...m»\§§\ /

T ddd
















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

EUROPE: RUMINANT FEEDING TYPES
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from Hofmann (1989)



Ruminant feeding types (Hofmann)

IV.Asia: RUMINANT FEEDING TYPES (HOFMANN 1983) ©
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Ruminant feeding types (Hofmann)

lll.North America: RUMINANT FEEDING TYPES (HOFMANN1982)
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Ruminant feeding types (Hofmann)

classified as morphophysiological

CERVIDAE GRAY 821  Rryminant Feeding Types (Hofmann;1983)
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Oecologia (1989) 78:443-457

Oecologia

© Springer-Verlag 1989

20072

- Evolutionary steps of ecophysiological adaptation

and diversification of ruminants:

a comparative view of their digestive system * **

R.R. Hofmann

Institut fir Veterinir-Anatomie, -Histologie und -Embryologie, Abteilung Vergleichende Anatomie der Haus- und Wildtiere,
Justus-Liebig-Universitdt 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; CS concentrate sclector; DFC dis-
tal fermentation chamber (distended caecocolon); GR grass and
roughage cater; /M intermediate (mixed) feeder; PFC proximal
fermentation chumber (ruminoreticulum/forestomachs); RR Ru-
minoreticulum; SCFA Short-chain fatty acis (acetic, butyric, pro-
pionic acid set free by rumen bacteriae); SE 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

> 460 citations
(and counting)




Ruminant feeding types (Hofmann)
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Ruminant feeding types (Hofmann)
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EUROPE: RUMINANT FEEDING TYPES
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Feeding types
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Feeding types
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Ruminant feeding types (Hofmann)
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from Hofmann (1989)




Ruminant feeding types (Hofmann)
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Ruminant feeding types (Hofmann)
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Fig. 1: The African buffalo, a non-sclective roughage grazer. . Fig. 2: The roe deer, a concentrate sclector.

frorn Hofmann (1989)



Ruminant feeding types (Hofmann)
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Don't lose perspective !

contains less
alcohol than




Don't lose perspective !

an alcohol-free
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Don't lose perspective !

eats a diet of
lower fibre
content than ...




Don't lose perspective !
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Crude fibre in rumen contents
(Drescher-Kaden & Seifelnasr 1977)

(%dry matter)




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

(%dry matter)

20 % Areq 1 20 %
24 % Areq 2 34 %



Roe deer select against fibre content

(Lignocellulose)
(Duncan et al. 1998)

(%dry matter)




Roe deer select against fibre content

(Lignocellulose)
(Duncan et al. 1998)

(%dry matter)




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 differ?
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Do diets of grazers and browsers really differ?

Crude fibre in
rumen contents
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Differences between grass and browse

Sugar | Starch|Pectin| 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)




Differences between grass and browse

Sugar | Starch|Pectin| 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 Hofmann (1989)

to macerate and break down hemicellulose bonds of dicot
ingesta necessarily escaping ruminal fermentation (re-

than is ordinarily realised”. He emphasizes, that more hemi-
cellulose escapes rumen fermentation than cellulose: much
of it 1s digested in the lower tract. The final portion of
the ruminant digestive system, as will be shown, is “* better”
adapted to this function in CS (summary in Fig. 14).




Differences between grass and browse
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from Hofmann (1989)

to macerate and break down hemicellulose bonds of dicot
ingesta necessarily escaping ruminal fermentation (re-

than is ordinarily realised”. He emphasizes, that more hemi-
cellulose escapes rumen fermentation than cellulose: much
of it 1s digested in the lower tract. The final portion of
the ruminant digestive system, as will be shown, is “* better”
adapted to this function in CS (summary in Fig. 14).




Ruminant feeding types (Hofmann)

classified as morphophysiological

CERVIDAE GRAY 1821  Rryminant Feeding Types (Hofmann983)
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Ruminant feeding types (Hofmann)

classified as morphophysiological

CERVIDAE GRAY 1821  Rryminant Feeding Types (Hofmann983)
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Ruminant feeding types (Hofmann)

EUROPE: RUMINANT FEEDING TYPES
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Ruminant feeding types (Hofmann)

; 1!5”’“‘7““”)‘ | o\ I ‘L i
Rumen: | ’
> !
. '
A Y[ : :
(e.g.roe) b . (e.g.red deer) :(e.g.cattle)
Feeding rhythm (roe deer) : (chamois) (red deer) ’ ( cattle )
AMAMAAMM, JU\AAA/L AN A A Aa A
O 6 12 18 24 . 2 18 24 O 6 12 18 24 0 6 12 18 24

from Hofmann (1989)



Ruminant feeding types (Hofmann)

anatomical parameters

Rumen: ] T
1 |
. I
. 1
1 1
(e.g.roe) . (e.g.red deer) :
Feeding rhythm (roe deer) | (chamois) (red deer) ' ( cattle )
| !
AMAMAAMM, JU\AAA/L AN A A A n
Q0 6 12 18 24 b 2 18 24 0 6 12 18 28 0 6 12 18 24

from Hofmann (1989)



Ruminant feeding types (Hofmann)

5 P A0 el s dtiitoen, PN | N [PRY A %
Rumen: | 1
> !
1 I
A Y : ‘ / !
{7 1
(e.g.roe) b . (e.g.red deer) % .(eg cattle)
Feeding rhythm (roe deer) : (chamois) (red deer) ’ ( cattle )
AMAMAAMM, JU\AAA/L AN A A Aa A
O 6 12 18 24 . 2 18 24 O 6 12 18 24 0 6 12 18 24

behavioral parameters

from Hofmann (1989)




Feeding bout frequency

Table 3. Reported number of daily feeding bouts in different free-ranging ruminant species

Feeding

Species Season bouts/day Source

Browser

Roe deer Capreolus capreolus Winter/summer 6-13 Cederlund (1981)

White-tailed deer Odocoileus virginianus Winter 5 Ozoga & Verme (1970)

Mule deer Odocoileus hemionus Winter 5-6 Carpenter (1976)

Moose Alces alces Winter/summer 5-8 Risenhoover (1986): Cederlund.
Bergstrom & Sadbergen (1989);
Renecker & Hudson (1989): Van
Ballenberghe & Miquelle (1990)

Greater kudu Tragelaphus strepsiceros Winter/summer 5 Owen-Smith (1998)

Giraffe Giraffa camelopardalis 5 Pellew (1984)

Grazer

Mouflon Ovis ammon musimon Winter/summer 2-5 Langbein. Scheibe & Eichhorn
(1997): Moncorps et al. (1997)

Muskox Ovibos moschatus Winter 3-4 Jingfors (1982)

Bison Bison bison Summer/autumn 3-5 Hudson & Frank (1987)

African buffalo Syncerus caffer Autumn/winter 3 Ryan & Jordaan (2005)

from Hummel et al. (2006)
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tion rate of dry matter. the total energy concentration of
volatile_fatty acids (VFAs). the energy supplied from

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 rumen_and hindgut
weré_allometrically related to body mass (BM). These
relationships did not differ between browsing and gra-
iing ruminants. The fermentation rates in_the rumen

were strongly allometric and the intercepts of thé“}ela-
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 intercepts for browsing and
grazing ruminants. The energy supplied by VFA produc-
tion in the Tumen was inadequate to meet the energy re-
lirements for maintenance of browsers and small gra-
zet5. THe Tetention_time of digesta in the alimentary tract
was positively related t ugh there was no dif-
erence in the allometric relationships for grazers apd

browsers. The 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:
filius 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 diet of browse or forbs (browsers).

The differences in the proportions of structural carbo-
hydrates in grasses and browse are seen 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). i i
stage. browse has his s
nin but fower levelg ofholocellulose (cetlulose a
cellulose) than grasses (McDowell et al. 1983: Demment
and van Socst 1983). Conse ly. browse has higher
levels of the rapidly fermenting soluble component than

grasses. However, because o the higher lignin content
in cell_wall wse, the abso!ule dlﬁé;‘ilﬁl!l(i E)f

wse_ten e lower (White and Trudell 1980).

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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Abstract As a result of pioneering work of Hofmann
(1973, 1989), nutritional ecologists classify ruminants
into three feeding-type categories: browsers (“‘concen-
trate” feeders), grazers, and intermediate or mixed feed-
ers. Hofmann proposed that these feeding types result
from evolutionary adaptations in the anatomy of the di-
gestive system and that one consequence is shorter reten-
tion of the digesta in the rumen of browsers, and thus a
decreased efficiency of fiber digestion relative to that of
grazers. We examined the hypotheses that (1) fiber di-
gestion oFbrowsers is lower than that of grazers, (2) sali-
land size is larger in all browsers than in grazers,
(3) the browser’s larger salivary glands produce larger
volumes of thin serous saliva than those of grazers, and

) thus, browsers have higher Tiquid passage rates than
do_grazers. We found that the extent of fiber digestion is
not significantly different between browsers and grazers,
although fiber digestion is positively related to herbivore
size. In general, salivary gland size is approximately 4
times larger in browsers than grazers, but some brawsers
(e.g., greater kudu) have small, grazer-sized salivary
glands. Resting (non-feeding or ruminating) saliva flow
rates of mule deer (browser) and domestic sheep and cat-
tle (grazers) were nol significantly different from_each
other. Finally, ruminal liquid flow rates were not differ-
ent between feeding types. We conclude that many of
Hofmann's nutritional and physiological interpretations
of anatomical differences amongst ruminants are not
supportable.
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Introduction

Ruminants occupy a diverse array of feeding niches
throughout the world. Although they feed on plants of
widely divergent physical and chemical compositions
(e.g.. lichens, grasses, and woody stems), ecologists clas-
sify ruminants into one of three general feeding catego-
ries, comprising grazers, browser/concentrate feeders,
and intermediate feeders. These categories reflect the
predilection of the animals for consuming grasses,
browses/herbs/fruits, or a mixture of both, respectively
(Hofmann 1973, 1989).

In a classic work, Hofmann (1973) examined the for-
aging preferences of these groups in relation to their di-
gestive anatomy, and concluded that general digestive
system adaptations correspond to the ecological role of
the animal. He hypothesized that grazing ruminants are
better adapted for consuming slowly digested plant fiber
(typical of grasses and sedges) than are browsing rumi-
nants because grazers have larger rumens, and the struc-
ture of the rumen and omasum retards the passage of
food to the lower tract. Conversely, browsers have small-
er and less complex rumens and omasums, and they have
larger parotid salivary glands that produce a copious, se-
rous saliva to help buffer the rapidly digestible (“concen-
trate™) diet and aid in the passage of foods from the ru-
men. These differences have led Hofmann (1989, p. 453)
to suggest that “all [browsers and intermediate] species
cannot digest fibre as well as grazers”.

Hofmann’s nutritional and ecological interpretations
have been a powerful abstraction of ruminant function,
influencing the way that nutritionists and ecologists view
ruminant evolution and behavior, and the organization
and composition of herbivore communities (McNaugh-
ton and Georgiadis 1986; Owen-Smith 1991). However,
until recently, Hofmann's hypotheses have not been rig-
orously tested. In the first major attempt to test Hof-
mann’s ideas, Gordon and Illius (1994) concluded that
there_is no sighificant difference in_digestive Kinefics
(Termentation rate, daily VFA (volatile fatty acid) (VFA)
production, and mean total tract retention time of food)
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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 chalienged. 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 species
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 catcgorics (i.c., butk 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 llius 1994, 1996: Robbins ¢t
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: lius 1997). However. upon critical examination
of both Hofmann's hypotheses 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 refute 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 received some attention (Van
Soest 1982). sclective bypass of the rumenoreticular
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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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tion rate of dry matter. the total energy concentration of
volatile_fatty acids (VFAs). the energy supplied from

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 rumen_and hindgut
weré_allometrically related to body mass (BM). These
relationships did not differ between browsing and gra-
iing ruminants. The fermentation rates in_the rumen

were strongly allometric and the intercepts of thé“}ela-
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 intercepts for browsing and
grazing ruminants. The energy supplied by VFA produc-
tion in the Tumen was inadequate to meet the energy re-
lirements for maintenance of browsers and small gra-
zet5. THe Tetention_time of digesta in the alimentary tract
was positively related t ugh there was no dif-
erence in the allometric relationships for grazers apd

browsers. The 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:
filius 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 diet of browse or forbs (browsers).

The differences in the proportions of structural carbo-
hydrates in grasses and browse are seen 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). i i
stage. browse has his s
nin but fower levelg ofholocellulose (cetlulose a
cellulose) than grasses (McDowell et al. 1983: Demment
and van Socst 1983). Conse ly. browse has higher
levels of the rapidly fermenting soluble component than

grasses. However, because o the higher lignin content
in cell_wall wse, the abso!ule dlﬁé;‘ilﬁl!l(i E)f

wse_ten e lower (White and Trudell 1980).

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
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:
filius 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 diet of browse or forbs (browsers).

The differences in the proportions of structural carbo-
hydrates in grasses and browse are seen 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). i i
stage. browse has his s
nin but fower levelg ofholocellulose (cetlulose a
cellulose) than grasses (McDowell et al. 1983: Demment
and van Socst 1983). Conse ly. browse has higher
levels of the rapidly fermenting soluble component than
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wse_ten e lower (White and Trudell 1980).

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-
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zing ruminants. The fermentation rates in the rumen
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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 foxd type also significantly 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 set 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

Comparnison 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 that,
whilst there is a significant difference in the relationship
for the wet rumen contents of browsers and grazers
using the Hofmann classification there is no sigmficant
difference using the dictary classification. For the dry ru-
men contents there was no significant difference in the
allometric relationship with 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 alimemtary 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 species
consuming a poorer quality diet. Gordon and 1lius (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 1o 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 acctate: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 daa presented above suggest that small species
and particularly those consuming browse-dominated
diets are less able to meet their energy requirements
from rumen 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 1o meet maintenance energy costs is
60-90% in sheep (Ovis artes) and 20-45% in black-tai-
led deer (Odocoilens 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-
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 foxd type also significantly 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 set 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

Comparnison 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 that,
whilst there is a significant difference in the relationship
for the wet rumen contents of browsers and grazers
using the Hofmann classification there is no sigmficant
difference using the dictary classification. For the dry ru-
men contents there was no significant difference in the
allometric relationship with 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 alimemtary 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.
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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
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higher cell solubles coment of their diet (Hoppe 1977a).
Again, the data set shows that there is no significant ef-
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produced and there is also no cffect of feeding habits.
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ges cannot apparently provide high propionate yields ty-
pical of a starch-based concentrate diet (¢f. Hofmann
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(1973) found that the percentage contribution of VFAs
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species (8 browsing, 7 intermediate and 11 grazing spe-
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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 that,
whilst there is a significant difference in the relationship
for the wet rumen contents of browsers and grazers
using the Hofmann classification there is no sigmficant
difference using the dictary classification. For the dry ru-
men contents there was no significant difference in the
allometric relationship with 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 alimemtary 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 species
consuming a poorer quality diet. Gordon and 1llius (sub-
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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
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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
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East African wild ruminants

Table 3B. Mean ( £ SEM) volatile fatty acid concentration (mmol/1) as observed al various siles along the gastrointestinal
tract of the major and sub-feeding growps

Sectson of tract
Food Proximal Distad
lecti Retsculo-rumen  Ab Caecum colon colon
MAJOR GROUPS*
Browsrs 149 131 140 (53] 653 527
(7.4 @n (3.5 59 59 (2]
Intermediate 1312 187 128 669 59.2¢ 51.8
(8.0) Q.0 (14 (4.6) 4.7 5.2)
Grazers Hsor 152 164 s2S 443 4
(o9 2.5 “o 54) 3.0) (5.3)
SUB GROUPS
Fruit and dicotyledon 1486 134 n? L0 643 516
(Browsers) (64) 2.9 (34 59 4 (o
Teees and shrub 1”2 125 194 626 09 552
(Browsers) {1y 5 9.2) (165 (10.5) (137
Prefers browse 1306 214 134 T24 624 .8
(Intermediate) (1o 1.9 (1.9) 53 (6.6) 5.7
Prefers graze A 1313 16.0 121 614 56.0 46.1
(Intermediale) (13.0) .7 .1 12) (6.8) (8.5)
Fresh grass 83 123 1.8 421 78 7
(Grazers) (153 22 @n 3.3 (6.35) 94
Roughage wrs 103 58 412 337 469
(Grazers) 4.6) (1.6) (1.8) mn (4.6) (8.0)
Dry region (LR 20 as w06 740 549
(Crazers) 9.1) (.2 (6.3) (5.0) 5 (1
*Values within a column with unlike sup ipts are Iy diffe ot the 0.05 level of significance.

huonshm between the weight of the animal and

VFA (Table 3C),

However, this relationship is less clear when com-

pannz thc individual mean values for weight groups,
and small i inal VFA

sigaificantly (£ < 0.005) related within the proximal
colon, Concentrations were noted 1o increase with the
ingestion of more browse.

Reticulo-rumen lactic acid conoentrations were less
than 5% of that for VFA's. Lactic acid concen-

were considerably lower than that of the |

rumen contents. VFA concentrations within the ani.
mal’s caecum were 1/3-1/2 that observed within the
forestomach (33.2-90.6 mmol/1). While no significant
difference was noted, browsers and intermedsate feed-
ers generally had higher caccal VFA values than
grazers. VFA tended to d from

trations ined low through the entire gastro-
intestinal tract of all species (Table 4A), Caccal and
colonic lactic acsd concentrations were significantly
higher (P <0.05) in browsers and intermediate
feeders than in grazers (Table 4B). There was also a
significant negative relationship between lactic acid

cagcum 16 distal colon for most species, and feeding
groups. VFA concentration and feeding group were

and an in body weight for the
caecum and colonic sagments of the tract (Table 4C).
Reticulo-rumen osmolality ranged from 232 mOsm

Table 3C. Mean ( £ SEM) volatile fatty acid concentration (mmol/l) as observed at vanous sites along the gastrointestinal
tract of the seven weight groups of wild reminants

Section of tract

Weight Small Proximal Distal
groep icul A v Cuwn culu colon

Less than 20 kg 1418 166 10.7 69.9 &7 556
(64) (2.9) an 10.3) (14} (8.6)

2050 kg 1NES 0.7 133 s46 a7 488
(3.5) (9 (38) 40y “sn w9

S0 kg 1472 9.5 144 o “us 510
oLy (5.6) (1.9 (1% (67) (6.4)

101-150kg 1016 &3 32 m2 08 Q20
(69) (.9 o.n 39 44) [LR)]

151-200 kg 1638 27 348 804 &85 510
(20.9) (5.8) 9.3) (10.9) 60) 3.5

201-300 kg ns 146 1.3 4 456 268
{6.7) 22 “n (1.8) {39) Q9

More than 300 kg ™4 138 13.6 1 24 s
(15.0) (23) (3.4) (9.8) (12.0) (9.4)

*Regresssan analysis (P <001) ¥ « 1512681,

o
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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 * BM0-2°1

-for all feeding typesl

From lllius & Gordon (1992); no particle size given; data e.g. from Foose (1982)
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Ruminant feeding types (Hofmann)
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llus & Gordon[d (1992) equation
reliably predicts retention time 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([3 (1992) equation
overestimates retention time in browsers

(kg) calculated

Roe deer 20 32.5 23.6
Okapi 210 58.6 479 .1
Giraffe 1000 90.7 48.2

data from Clauss et al. (1998), Clauss and Lechner-Doll (2001), Behrend et al. (2004);
particle size <2 mm
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