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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

from Cerling et al. (2003)
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Form and Function

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

Hummel et al. (2011)



Form and Function

•Often, the pattern may be obvious but the 
underlying cause (function) is not

from Spencer (1995)



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)

• ‘because...’
... 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’?

from Hofmann (1989)



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)

• ‘because...’
... and we assume a function
... and we use words to label our findings
... and we design concepts



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)

• ‘because...’
... and we assume a function
... and we use words to label our findings
... and we design concepts = we are telling

stories!



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)

• ‘because...’
... 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).









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?

grazer = animal that eats 
(mainly) grass?

especially as opposed to



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 cattle and sheep 

do.



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

Rumen



(from Hofmann & Schnorr1982)
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RumenReticulum
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Abomasum

(from Nickel-Schummer-Seiferle 1967)

Omasum



(from Nickel-Schummer-Seiferle 1967)





grass

longish, fibre-
like particles

fibre mat : large 
particles of low 
density

small 
particles of 
high density

gas layer

liquid layer

Stratification of rumen contents: ‘cattle-type’       

from Clauss et al. (2003)



gas layer

liquid layer

fibre mat : large 
particles of low 

density

small particles of high density

Stratification of rumen contents: ‘cattle-type’       

from Hummel et al. (2009)



from Clauss et al. (2010)

Stratification of rumen contents: ‘cattle-type’       



from Clauss et al. (2009)

Rumen of addax -
a grazer



Stratification of rumen contents       

from Clauss et al. (2010)
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from Tschuor & Clauss (2008)

Testing stratification by ultrasound - cattle





from Clauss, Hofmann et al. (2009)

dorsal

Atrium

ventral

Stratification and rumen papillation       



(from Grau 1955)

Rumen: Fermentation

Digestion and Sorting



(from Grau 1955)

Rumen: Fermentation

Digestion and Sorting

Reticulum: Sorting



(from Grau 1955)

Rumen: Fermentation

Digestion and Sorting

Reticulum: Sorting



Functional density of particles
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un-fermented ingesta particle: 
entangles in fibre mat

size reduction by rumination/
attachment of bacteria

un-fermented ingesta particle: 
entangles in fibre mat

fermentation activity = gas production 
=> adhesion of gas bubbles 

=> updrift/low density

fermentation activity = gas production 
=> adhesion of gas bubbles 

=> updrift/low density

fermented ingesta particles: 
high density

size reduction by rumination/
attachment of bacteria

Functional density of particles



(from von Engelhardt & Breves 2000)

un-fermented 
particles, low 
density, large

fermented 
particles, high 
density, small

Sorting in the reticulum



Ruminants always rest in sternal recumbency



Fine mechanics at highest level       



(there may be pigs in space, 
but no sheep on the moon!)



fermentation = gas production
gas adhesion = updrift

fermented particle
no gas bubbles = high density

Sorting by density ...



flotation and sedimentation
only works in a fluid medium

Sorting by denisty ...



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

the fluid must be removed ...

high moisture content in the
reticulum

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

therefore the omasum
removes fluid



until 1970:

All ruminants are similar and 
function as cattle and sheep 

do.
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from Hofmann (1991)

Ruminant feeding types (Hofmann)



from Hofmann (unpubl.)

Ruminant feeding types (Hofmann)



from Hofmann (1985)

Ruminant feeding types (Hofmann)



> 460 citations 
(and counting)



dicot  monocots
‘browser’ ‘grazer’
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dicot  monocots
‘browser’ ‘grazer’
“selective”? “un-selective”?
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Ruminant feeding types (Hofmann)
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Feeding types

from Van Soest 
(1996)
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from Hofmann (1989)

Ruminant feeding types (Hofmann)



Species Crude fiber  
(% dry 
matter) 

NDF  
(% dry matter) 

Giraffe (Giraffa 
camelopardalis) 

- 50-70 

Okapi (Okapia johnstoni) - 43-48 
Moose (Alces alces) 20-45 50-70 
White-tailed deer 
(Odocoileus virginianus) 

- 35-50 

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

30-40 - 

 

from Clauss & Dierenfeld (2008)

Do diets of grazers and browsers really
differ?



from Hofmann (1989) 
and Woodall (1992)

Crude fibre in 
rumen contents
(%DM)

Do diets of grazers and browsers really differ?



from Hofmann (1989) 
and Woodall (1992)

31%

21%

25%

24%

31%

21%

23%

20%

18%

21%

16%

Crude fibre in 
rumen contents
(%DM)

Do diets of grazers and browsers really differ?



(%dry matter)

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



20 % Area 1 20 %

(%dry matter)

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



20 % Area 1 20 %
24 % Area 2 34 %

(%dry matter)

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



 Sugar 
 

Starch Pectin Hemi-
cellulose 

Cellu-
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



Don‘t lose perspective !
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a slow car ?

Don‘t lose perspective !
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an alcohol-free 
beverage ?

Don‘t lose perspective !



Don‘t lose perspective !
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Don‘t lose perspective !



a 
‘concentrate-
selector?’

Don‘t lose perspective !



from Hofmann (1985)

Ruminant feeding types (Hofmann)



from Hofmann (1985)

“... based on 
anatomical 
and dietary 
observations 
...” 

Ruminant feeding types (Hofmann)



from Hofmann (1989)

Ruminant feeding types (Hofmann)



from Hofmann (1989)

Ruminant feeding types (Hofmann)



anatomical parameters

from Hofmann (1989)

Ruminant feeding types (Hofmann)



behavioral parameters
from Hofmann (1989)

Ruminant feeding types (Hofmann)



from Hummel et al. (2006)

Feeding bout frequency



from Kay et al. (1984)  

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

ok

from Kay et al. (1984)  

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



Pyhsiological
postulates based on 

anatomical 
observations without 
experimental data!



from Hofmann (1989)



Additionally, Hofmann 
claimed that the most influential 

factor for all physiological 
processes – body size – was less 
important than the feeding type 

classification!

















from Foose (1982)
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from Clauss (2000)

Moose study: energy offered as
concentrates
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from Clauss (2000)

Moose study: energy offered as
concentrates





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)

Problems with hay acceptance





























“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 Illius (1992, 1994)



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

„for all feeding types

From Illius & Gordon (1992); no particle size given; data e.g. from Foose (1982)



from Hofmann (1989)

Ruminant feeding types (Hofmann)



from Hofmann (1989)

Ruminant feeding types (Hofmann)



Illius & Gordon s (1992) equation
reliably predicts retention time in grazers

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

 

Species  BM MRT (h) 
 (kg) calculated measured 
    
Mouflon 33 37.3 36.0 
    
Mountain 
sheep 

90 47.3 51.0 

    
Cattle 450 71.0 74.0 



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

 
Species  B W  MRT (h) 
 (kg)  calculated  measured 
    
Roe deer 2 0  32.5  23.6  
    
Okapi 2 1 0  58.6  42.1  
    
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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from Hofmann (1989)

? ?

Explaining a putative contradiction



from Hofmann (1989)

? ?

If browsers produce more saliva and have a higher 
fluid throughput through the rumen, why don’t they

have the larger omasa?

Explaining a putative contradiction



from Hofmann (1989)

Different salivary gland size



from Hofmann et al. (2008)

Different salivary gland size



from Hofmann et al. (2008)

Different salivary gland size
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aus Hofmann (1973)
& Nickel et al. (1967)

Different omasum size



Different omasum size



from Clauss, Hofmann et 
al. (2006)

 

 

 

Different omasum size



from Clauss, Hofmann et al. (2006)
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from Ehrlich et al. (2019)

Different omasum size



from Ehrlich et al. (2019)

Different omasum size







Browse

polygonal
particles

Grass
longish, 

“fibre-like”
particles

Grazer

Browser

from Clauss et al. (2003)

Fibre „mat / „raft
Stratification

No fibre „mat / 
„raft
No stratification



No stratification of rumen contents: ‘moose-
type’       

from Clauss et al. (2010)



Photo: M. Lechner-Doll

No stratification of rumen contents: ‘moose-
type’       



Stratification of rumen contents       

from Clauss et al. (2010)
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from Tschuor & Clauss (2008)

Testing stratification by ultrasound - moose
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from Clauss et al. (2009)

Testing stratification by dry matter content



-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 (CO2, methane) will 
displace volatile fatty acids

Testing stratification by rumen morphology



from Clauss, Hofmann et al. (2009)

Testing stratification by rumen morphology



from Clauss, Hofmann et al. (2009)

Testing stratification by rumen morphology



from Clauss, Hofmann et al. (2009)

Testing stratification by rumen morphology



from Clauss, Hofmann et al. (2009)

Stratification and rumen papillation       

dorsal

Atrium

ventral



from Clauss, Hofmann et al. (2009)

dorsal

Atrium

ventral

Stratification and rumen papillation       



from Codron & Clauss (2010)

Stratification and rumen papillation       



Browse

polygonal
particles

Grass
longish, 

“fibre-like”
particles

Grazer

Browser

from Clauss et al. (2003)

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

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



from Hummel et al. (2009) and Clauss et al. (2009ab)
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from Hofmann et al. (2008)

Different salivary gland size
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large omasum – high 
water absorption 
capacity

small omasum – lower 
water absorption 
capacity

from Hofmann (1973, 1992)



Flotation and sedimentation 
only work in a fluid medium

Sorting by density ...



Flotation and sedimentation 
only work in a fluid medium

Indication for a difference in 
sorting mechanism between 

browsers and grazers?

Sorting by density ...



• 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

Why a higher fluid throughput?       
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... not only the reticulum, but the whole rumen 
helps with sorting particles in grazers! from Clauss et al. (2009)

Differences in RR contents stratification could
mean ...



escape of larger 
particles possible

only small particles 
escape the rumen

Differences in RR contents stratification could
mean ...



from Clauss et al. (2002)from Clauss et al. (2002)
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from Lechner et al. (2010)

Faecal particle size in ruminants



from Lechner et al. (2010)

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

Does digestion type influence the 
‘filter-bed effect’?



No difference in sorting mechanism       

from Clauss et al. (2010)
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No difference in sorting mechanism       

from Clauss et al. (2010)
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No difference in sorting mechanism       

from Clauss et al. (2010)
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What is the relevance of the ‘cattle-type’ 
forestomach anatomy/physiology? To 

what diet is it really linked? 

Grazers vs. browsers: where are we?



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

from Hofmann (1989)

Ruminant questions



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

from Hofmann (1989)

Ruminant questions



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

Ruminant feeding types (Hofmann)



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

•Not a typical “grazer” adaptation but one 
that evidently also facilitates mixed 
feeding/browse diets:

African buffalo - Red forest buffalo
Plains bison - Wood bison - Europ. Bison
Yak - Gaur - Banteng
Muskoxen

Ruminant questions



•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?

Form & Function



• First hypothesis: 
A high fluid throughput ensures a fluid, 
low viscosity medium in the rumen -
stratification, building of a mat, ‘filter-bed 
effect’

• 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

Why a higher fluid throughput?       



•Extreme browsers need saliva with high 
amount of tannin-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

New hypothesis



‘cattle-type’ (grazer?/universalist)

‘moose-type’ (non-grazer/browser)



from Codron & Clauss (2010)

Stratification and rumen papillation       



from Codron & Clauss (2010)

Stratification and rumen papillation       



• Continuous infusion of artificial saliva in 
fistulated animals

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

water?

Attempts to increase rumen fluid throughput       

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

Croom et al. (1993) Manipulation of gastrointestinal nutrient delivery in livestock. J Dairy Sci 76, 2112



Attempts to increase rumen fluid throughput       
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Soft tissue variation and forestomach physiology is 
linked to

diet fibre content

RR stratification enhancement for better fibre
use

difference in salivary defence and potential 
for RR microbial harvest

Sequence of hypotheses

RR stratification enhancement for better fibre





... the browser wars are 
over!

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

-
with a foreword by R. R. Hofmann




