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Fundamental aim 



Fundamental aim: 
 
to use physiological / biological characteristics to 
explain diversity and differentiation 
 
to reduce these characteristics to simple rules 
 
the ‘most simple rule’: body size-related allometries 
 

Herbivore diversity and niche differentiation 



Rules 

• Varying complexity and ease of 
measurement  

from Clauss et al. (2007) 



Rules 

• Varying complexity and ease of 
measurement  

from McNab (2008) 



Rules 

• Varying complexity and ease of 
measurement  

from Fritz et al. (2009) 



 

 

 

 

 

 

Allometry basics 



Most biologists consider body mass the most 
important characteristic of an organism. It is also 
(mostly) easy to measure.  
All morphological and physiological traits scale 
somehow with body mass. 
"Scaling is interesting because, aside from natural selection, it is one of the few 
laws we really have in biology." John Gittleman 

Scaling: fundamental (conceptual) relevance 
of body mass        



Rules ? 

• body mass does not explain everything  

from Jäger (2010) 



Morphological, physiological and life history variables 
scale with body mass. 

  

  

Allometries 



Morphological, physiological and life history variables 
scale with body mass. 

  

  

Allometries 

Linear scaling:    y = a BM1.0 or log y = log a + 1.0 BM 
 
Allometric scaling:  y = a BMb   or log y = log a + b BM 
 
 

  
  



Morphological, physiological and life history variables 
scale with body mass. 

  

  

Allometries 

Linear scaling:    y = a BM1.0 or log y = log a + 1.0 BM 
 
Allometric scaling:  y = a BMb   or log y = log a + b BM 
 
(allometric scaling mostly explained by geometry – e.g. surface-

volume shifts, distribution networks etc.) 

 

6:1 24:8=3:1 



Morphological, physiological and life history variables 
scale with body mass. 

  

  

Allometries 
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x (body mass) 



Morphological, physiological and life history variables 
scale with body mass. 

  

  

Allometries 

y 

x (body mass) 

double-logarithmic space 
  

  



Morphological, physiological and life history variables 
scale with body mass. 

  

  

Allometries 

(Calder 1983) 



Morphological, physiological and life history variables 
scale with body mass. 

  

  

Interpreting allometries 
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Morphological, physiological and life history variables 
scale with body mass. 

  

  

Interpreting allometries 
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Morphological, physiological and life history variables 
scale with body mass. 

  

  

Interpreting allometries 

y 

x (body mass) 

The scaling pattern is 
often interpreted as a 
‘biological law’ (based on 
physical principles).  



Using allometric relationships to extrapolate data for 
other species. 
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Using allometric relationships to extrapolate data for 
other species. 
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Using allometric relationships to extrapolate data for 
other species. 
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Using allometric relationships to compare different 
animal groups. 
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Using allometric relationships to compare different 
animal groups. 

  

  

Using allometries 

 (work in progress) 



Differences in allometric relationships between animal 
groups can explain different ecological scenarios. 
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Differences in allometric relationships between animal 
groups can explain different ecological scenarios. 

  

  

Using allometries 



Differences in allometric relationships between animal 
groups can explain different ecological scenarios. 

  

  

Using allometries 



 

 

 

 

 

 

Allometry fallacies 



Using allometries: a call for caution 



Using allometries: a call for caution 

The probably most-often committed fallacy in 
ecophysiological manuscripts: 
Metabolic rate = requirements 

 scale to BM0.75 
 

This can be expressed in three different ways: 
 
1.  larger animals have higher absolute requirements 

(in joules (per day)) 
 

  

  



Using allometries: a call for caution 

The probably most-often committed fallacy in 
ecophysiological manuscripts: 
Metabolic rate = requirements 

 scale to BM0.75 
 

This can be expressed in three different ways: 
 
2.  smaller animals have higher ‘mass-specific’ 

requirements (in joules per kg (per day)) 
 

  

  



Using allometries: a call for caution 

The probably most-often committed fallacy in 
ecophysiological manuscripts: 
Metabolic rate = requirements 

 scale to BM0.75 
 

This can be expressed in three different ways: 
 
3.  all animals have the same requirements (in joules 

per kg0.75 (per day)) 

  

  



Using allometries: a call for caution 

1.  larger animals have higher absolute requirements (in joules (per 
day)) 

2.  smaller animals have higher ‘mass-specific’ requirements (in joules 
per kg (per day)) 

3.  all animals have the same requirements (in joules per kg0.75 (per day)) 

The choice of words very often depends on a rhetoric 
argument, as if ‘higher’ had any relevant meaning. 

  

  

1 2 3 



Using allometries: a call for caution 

Any scaling can only be used as an 
argument if it is compared to another 

scaling ! 
 
 

  

  



Using allometries: a call for caution 

Any scaling can only be used as an 
argument if it is compared to another 

scaling ! 
 
e.g. 

“Smaller animals have higher ‘mass-specific’ 
requirements” means nothing for diet quality if smaller 
animals also have higher ‘mass-specific’ food intake. 
 
Only if the scalings of requirements and food intake 
differed could we postulate a consequence for diet 
quality. 

  

  



Using allometries: a call for caution 

Any scaling can only be used as an 
argument if it is compared to another 

scaling ! 
 
 

Do not trust one-scaling statements. 
  

  



Using allometries: a call for caution 

A difference in the scaling of two 
characteristics has a promising potential 

to explain diversification and niche 
differentiation along a body size 

gradient! 
 

If x ~ BM0.95 and y ~ BM0.75 , it follows that with increasing body size, 
the difference between x and y increases => a systematic shift in 
animal design along the BM gradient. 
Larger animals have more x per y. This could allow them to use a 
different niche than smaller animals. 

  

  



Metabolic allometry - the influence of the exponent 
     Mammals: a BM0.75  Reptiles: a/10 BM? 

 

  
 

Using allometries: a call for caution 



Metabolic allometry - the influence of the exponent 
     Mammals: a BM0.75  Reptiles: a/10 BM? 

 

          Reptiles BM0.89   Reptiles BM0.77 
 

from Nagy et al. (1999) from Bennett & Dawson (1976) 

Using allometries: a call for caution 



Metabolic allometry - the influence of the exponent 
     Mammals: a BM0.75  Reptiles: a/10 BM? 
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Metabolic allometry - the influence of the exponent 
     Mammals: a BM0.75  Reptiles: a/10 BM? 

 

          Reptiles BM0.89   Reptiles BM0.77 
 

10 

100 

1000 

10000 

100000 

1000000 

10000000 

1000 10000 100000 1000000 10000000 100000000 

FM
R
 (

kJ
/d

) 

BM (g) 

Mammal 
Reptile 

10 

100 

1000 

10000 

100000 

1000000 

10000000 

1 10 100 1000 10000 100000 

B
M

R
 (

kJ
/d

) 

BM (kg) 

Mammal 
Reptile 

from Nagy et al. (1999) from Bennett & Dawson (1976) 

Using allometries: a call for caution 



Metabolic allometry - the influence of the exponent 
     Mammals: a BM0.75  Reptiles: a/10 BM? 

 

          Reptiles BM0.89   Reptiles BM0.77 
 

10 

100 

1000 

10000 

100000 

1000000 

10000000 

1000 10000 100000 1000000 10000000 100000000 

FM
R
 (

kJ
/d

) 

BM (g) 

Mammal 
Reptile 

10 

100 

1000 

10000 

100000 

1000000 

10000000 

1 10 100 1000 10000 100000 

B
M

R
 (

kJ
/d

) 

BM (kg) 

Mammal 
Reptile 

from Nagy et al. (1999) from Bennett & Dawson (1976) 

Using allometries: a call for caution 



Gut capacity 

 

0.0001

0.001

0.01

0.1

1

10

100

1000

0.01 0.1 1 10 100 1000 10000

Body Mass (kg)

G
IT

 c
o
n
te

n
ts

 (
k
g
)

Mammals

Reptiles

Birds

~0.10 BM1.0 

from Franz et al. (2009) 

Using allometries: a call for caution 



Gut capacity 

 

0.0001

0.001

0.01

0.1

1

10

100

1000

0.01 0.1 1 10 100 1000 10000

Body Mass (kg)

G
IT

 c
o
n
te

n
ts

 (
k
g
)

Mammals

Reptiles

Birds

~0.10 BM1.0 

~0.06 BM1.3 

from Franz et al. (2009) 

Using allometries: a call for caution 



Gut capacity 

 

0.0001

0.001

0.01

0.1

1

10

100

1000

0.01 0.1 1 10 100 1000 10000

Body Mass (kg)

G
IT

 c
o
n
te

n
ts

 (
k
g
)

Mammals

Reptiles

Birds

~0.10 BM1.0 

~0.06 BM1.3 

from Franz et al. (2009) 

Using allometries: a call for caution 



Using allometries: a call for caution 



Using allometries: a call for caution 



Using allometries: a call for caution 
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Using allometries: a call for caution 

Reptiles 
MNR = 108 M0.47 

FMR = 91 M0.89 
MNR/FMR = 1.19 M-0.42 
 
Mammals 
MNR = 411 M0.86 
FMR = 872 M0.77 
MNR/FMR = 0.47 M0.09 
 
Conclusion: 
Difference in C:N ratio in 
plants favours different 
body sizes in ecto- / endo-
therms 
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The underlying Null 
hypothesis is that 
there are no 
differences in the 
exponents! 
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Using allometries: a call for caution 

Reptiles 
MNR = 108 M0.47 

FMR = 91 M0.89 
MNR/FMR = 1.19 M-0.42 
 
Mammals 
MNR = 411 M0.86 
FMR = 872 M0.77 
MNR/FMR = 0.47 M0.09 
 
Conclusion: 
Difference in C:N ratio in 
plants favours different 
body sizes in ecto- / endo-
therms 

The fundmental 
physiological 
difference (less N 
than energy with 
increasing M in 
reptiles, opposite in 
mammals) would 
require a very 
convincing 
explanation! 



Using allometries: a call for caution 

Reptiles 
MNR = 108 M0.47 

FMR = 91 M0.89 
MNR/FMR = 1.19 M-0.42 
 
Mammals 
MNR = 411 M0.86 
FMR = 872 M0.77 
MNR/FMR = 0.47 M0.09 
 
Conclusion: 
Difference in C:N ratio in 
plants favours different 
body sizes in ecto- / endo-
therms 

95%CI of exponents: 
-2.179 to 3.126 (n.s.!) 
0.830 to 0.948  
  
 
  
0.769 to 0.956  
0.730 to 0.815  
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Using allometries: a call for caution 

Reptiles 
MNR = 108 M0.47 

FMR = 91 M0.89 
MNR/FMR = 1.19 M-0.42 
 
Mammals 
MNR = 411 M0.86 
FMR = 872 M0.77 
MNR/FMR = 0.47 M0.09 
 
Conclusion: 
Difference in C:N ratio in 
plants favours different 
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95%CI of exponents: 
-2.179 to 3.126 (n.s.!) 
0.830 to 0.948  
  
 
  
0.769 to 0.956  
0.730 to 0.815  
 
 
 

  

  
 

Difference, but note the 
phylogenetic composition of 
the reptile dataset! 



Using allometries: a call for caution 

Reptiles 
MNR = 108 M0.47 

FMR = 91 M0.89 
MNR/FMR = 1.19 M-0.42 
 
Mammals 
MNR = 411 M0.86 
FMR = 872 M0.77 
MNR/FMR = 0.47 M0.09 
 
Conclusion: 
Difference in C:N ratio in 
plants favours different 
body sizes in ecto- / endo-
therms 

95%CI of slopes: 
-2.179 to 3.126 (n.s.!) 
0.830 to 0.948  
  
 
  
0.769 to 0.956  
0.730 to 0.815  
 
 
Conclusion: 
Difference in C:N ratio in 
plants has no body size 
effect in ecto- / endo-
therms 



Using allometries: a call for caution 

Reptiles 
MNR = 108 M0.47 

FMR = 91 M0.89 
MNR/FMR = 1.19 M-0.42 
 
Mammals 
MNR = 411 M0.86 
FMR = 872 M0.77 
MNR/FMR = 0.47 M0.09 
 
Conclusion: 
Difference in C:N ratio in 
plants favours different 
body sizes in ecto- / endo-
therms 

95%CI of slopes: 
-2.179 to 3.126 (n.s.!) 
0.830 to 0.948  
  
 
  
0.769 to 0.956  
0.730 to 0.815  
 
 
Conclusion: 
(… and maybe not work 
with such data at all in the 
first place) 
 



 

 

 

 

 

 

The ‘Jarman-Bell-principle’: 
Larger herbivores have a digestive 

advantage  

because of allometric principles 



Differences in allometric relationships within animal 
groups can explain species diversification and niche 
differentiation along a body mass gradient. 

  

  
 

Using allometries 



Differences in allometric relationships within animal 
groups can explain species diversification and niche 
differentiation along a body mass gradient. 
 
One of the most promiment examples of such an 
argument: the ‘Jarman-Bell principle’ 

  
1.  Larger herbivores eat lower quality food 
2.  The can do so because they have a digestive 

advantage due to their large body size (because 
of allometric principles) 

 

Using allometries 



General allometric considerations 
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 from Parra (1978), Demment & Van Soest (1985), Illius & Gordon (1992); McNab (2002)  



General allometric considerations 

Gut capacity (measured as gut contents) scales 
linearly with body mass. 
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 from Parra (1978), Demment & Van Soest (1985), Illius & Gordon (1992); McNab (2002)  



General allometric considerations 

Food intake (relating to energy requirements) scales 
to metabolic body mass (body mass0.75) 
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General allometric considerations 

The difference between gut capacity and food 
intake increases with body mass 
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General allometric considerations 
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Therefore more gut capacity per unit food intake 
with increasing body mass is available  

=> longer digesta retention 
 



General allometric considerations 

Digesta retention scales to body mass ... 
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 from Parra (1978), Demment & Van Soest (1985), Illius & Gordon (1992); McNab (2002) -  

y ~ BM0.75 

y ~ BM1.0 



General allometric considerations 

... to the power of 0.25 
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y ~ BM0.75 

y ~ BM1.0 



General allometric considerations 

“Therefore, larger herbivores can achieve  
higher digestive efficiencies” 
 

    in theory: larger animals have 

     - longer digesta retention times 
     - capacity to subsist on lower quality food 

     (that requires longer retention) 
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The ‘Jarman-Bell-principle’ 
is used widely to infer (herbivore) 
niche differentiation along a body 

size gradient 
(incl. e.g. sexual segregation in dimorphic species) 



 

 

 

 

 

 

The ‘Jarman-Bell-principle’ 
is used widely to infer (herbivore) 
niche differentiation along a body 

size gradient 
(incl. e.g. sexual segregation in dimorphic species) 



1.  Check if empirical data matches the hypothesis 

2.  Check the mathematical validity 

3.  Check conceptual background 
 

(vary sequence to suit your preference or intellectual 
capacity) 
 

Checking the validity of a concept 



1.  Check if empirical data matches the hypothesis 

2.  Check the mathematical validity 

3.  Check conceptual background 
 

(vary sequence to suit your preference or intellectual 
capacity) 
 

Checking the validity of a concept 



 

 

 

 

 

 

Gut capacity 



Wet gut content mass 
(measured by slaughtering) 

mammal data collection Clauss et al. (2007), reptile from Franz et al. (2009), bird from Fritz et al. (subm.) 
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Wet gut content mass 
(measured by slaughtering) 

mammal data collection Clauss et al. (2007), reptile from Franz et al. (2009), bird from Fritz et al. (subm.) 
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Food intake 



Food intake 
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Food intake 

y = 0.05x
0.76
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Digesta retention 
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So what now? 



General allometric considerations 
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A serious problem 

If gut capacity scales to BM1.0, and food intake to 
BM0.75, then a lack of scaling of retention time to 
BM0.25 begs for an explanation! 

 
-  is this an effect of different datasets (intake/retention 

from feeding trials; gut contents from slaughter measurements)? 
-  are 1.0 and 0.75 the really real exponents? 
 



Using a single dataset 

Gut capacity (not as wet mass, but as dry mass) can 
be calculated from food intake, digesta 
retention time and digestibility. 

Hence, a data collection can be created (sufficient 
data available in mammals) of studies that 
measured these parameters that includes a gut 
capacity estimate in the same animals. 

 



Using a single dataset 
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The really real exponents 
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not 1.0 
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The curvature in herbivore digestive 
physiology - plotting residuals 
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The curvature in herbivore digestive 
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The really real exponents 

Measurement     Scaling (95%CI) 
 

            > 1 Litter size = 1 
 
Dry matter intake   0.66 (0.63-0.70)   0.86 (0.82-0.91) 
Digestibility               -0.02 (-0.05--0.01)     -0.05 (-0.07--0.03)  
Dry matter gut fill   0.91 (0.83-0.99)   0.94 (0.89-0.98)  
Particle retention time  0.23 (0.16-0.31)   0.05 (0.01-0.09)  

 
      < 10 kg body mass > 10 kg 

 

Dry matter intake   0.62 (0.57-0.68)   0.89 (0.82-0.96) 
Digestibility                0.02 (-0.01-0.05)      -0.03 (-0.07-0.01)  
Dry matter gut fill   0.91 (0.83-0.98)   0.92 (0.85-0.99)  
Particle retention time  0.30 (0.22-0.37)   0.03 (-0.04-0.09)  
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1.  Check if empirical data matches the hypothesis          
(it does not – no difference in intake and gut capacity in large species) 

2.  Check the mathematical validity 

3.  Check conceptual background 
 

(vary sequence to suit your preference or intellectual 
capacity) 
 

Checking the validity of a concept 
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A logical flaw 

The time digesta passes through the gut depends on 
-  the size of the gut (capacity) BMa 
-  the intake rate (how much per unit time) BMb 
-  ... and the digestibility (how much material 

disappears without ‘pushing on’! ) BMc 

Digesta retention then scales to BMd = BM(a-b+c) 
 
One cannot use the thus-derived scaling of MRT to 

make conclusions on the scaling of digestibility! 
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Circular reasoning 

Due to physical laws, the link between intake, 
capacity and retention time implicitly assumes 
no scaling of digestibility! 
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1.  Check if empirical data matches the hypothesis          
(it does not – no difference in intake and gut capacity in large species) 

2.  Check the mathematical validity                    
(the concept is mathematically not valid) 

3.  Check conceptual background 
 

(vary sequence to suit your preference or intellectual 
capacity) 
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1.  One important aspect of ‘decreasing diet quality’ 
in large herbivores is a higher proportion of lignified 
fibre. Lignin is indigestible, no matter how long the 
retention time. The assumed ‘advantage’ would 
therefore only apply for herbivores where ‘lower 
diet quality’ means ‘higher levels of cellulose but 
not lignin’ – an unlikely scenario to start with. 

Conceptual problems 
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2.  What about other, potential digestive 
disadvantages linked to larger body size – such as 
 
-  digesta particle size 

-  methane losses 

Conceptual problems 



 

 

 

 

 

 

Particle size 
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Methane 
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2.  What about other, potential digestive 
disadvantages linked to larger body size – such as 
 
-  digesta particle size – less with higher BM 

-  methane losses – more with higher BM 

Conceptual problems 



3.  Possible reactions if diet quality decreases with 
body mass: 
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b)  if digestive efficiency can’t increase, then  

intake must scale higher than requirements to 
compensate for the lower food quality 

Conceptual problems 



3.  Possible reactions if diet quality decreases with 
body mass: 

a)  if intake scales as requirements, then digestive 
efficiency must increase – not in accord with 
other concepts and empirical data! 

 
b)  if digestive efficiency can’t increase, then  

intake must scale higher than requirements to 
compensate for the lower food quality 
                dry matter intake BM0.89                                                    

            requirements BM0.75 

Conceptual problems – and a solution 



 

 

 

 

 

 

Phylogenetic statistics 



Conventional regression analysis assumes 
independence of data points. 
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Conventional regression analysis assumes 
independence of data points. 
But this is violated by phylogenetic relationships. 
 
Therefore, we perform allometric analyses also with 
accounting for phylogeny, using PGLS (Phylogenetic 
Generalized Least Squares). 
 
 

  

  

Comparative statistics 



Conventional regression analysis assumes 
independence of data points. 
But this is violated by phylogenetic relationships. 
 
Therefore, we perform allometric analyses also with 
accounting for phylogeny, using PGLS (Phylogenetic 
Generalized Least Squares). 
 
Results mostly did not differ from conventional 
statistics in a relevant way, but the intensive use of 
comparative statistics (also with additional examples) 
led to formulation of some concepts new to 
ourselves. 
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no difference in 95%CI for 
intercept or slope expected 



Example I: gut contents 

from Müller et al. (2013) CBP A 

OLS: 0.03 (0.025-0.032) BM0.93 (0.90-0.96) 

PGLS: 0.03 (0.010-0.075) BM0.92 (0.85-0.98) 
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Example II: basal metabolic rate 

from Müller et al. (2012) Oikos 

OLS: 2.38 (2.37-2.40) BM0.72 (0.71-0.73) 

PGLS: 2.25 (2.05-2.44) BM0.73 (0.71-0.75) 
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Accounting for phylogeny 



Example III: retention/digestibility 

from Müller et al. (2013) CBP A 

OLS: significant 

PGLS: not significant 
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wider SE or 95%CI for intercept 
but narrower one for slope 
expected in PGLS 
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OLS: 2.19 (±0.03) -  0.0012 (±0.0013) Lat. 

PGLS: 2.79 (±0.47) + 0.0016 (±0.0005) Lat. 
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wider 95%CI for intercept but 
narrower one for slope 
expected in PGLS 



Example V: Gestation time 

from Clauss et al. (in press) 

OLS: 21.5 (19.9-23.3) BM0.19 (0.18-0.20) 

PGLS: 52.4 (41.3-66.3) BM0.09 (0.08-0.10) 
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Allometries as snapshots in 
evolutionary time 
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What are the causes (and 
patterns) of diversity 
(=different organismal 
designs)? 
a)  Adaptation to different 

environments 
b)  Evolutionary history 
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‘laws’ around which adaptation works? 
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Easy to understand at high taxonomic level 
e.g. ectotherm vs. endotherm 
 
 
… but at lower taxonomic levels, e.g. within 

mammals, within ruminants …? 
 

  

  



Interpreting allometries 

Phylogenetic structure represents not only taxonomy 
but also evolutionary time (incl. radiation events) 
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In this scenario, the allometry is a 
snapshot in evolutionary time. 

The allometry would have been 
different at different moments in 

evolutionary time (depending 
on extinction and radiation 

events) 

Interpreting allometries 

Is there a systematic phylogenetic structure in the 
dataset? 

  

  



‘Evolutionary progress’ – directed evolution 

Conceptualizing evolution as ‘directed’ in terms of a 
sequence of innovations means assuming that 
some characteristics are advantageous for 
basically all animals in a particular niche range. 

 
Because niche space is less diverse at larger body 

sizes, large herbivores may be a particularly 
fruitful area of research for ‘directed evolution’. 

  

  

Herbivore 
basicTM 
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professionalTM 

Herbivore 
ultimateTM 



Example I: Mammal chewing efficiency 

For any herbivore, increasing chewing efficiency – if 
not associated with higher costs – should be 
advantageous (higher feeding efficiency due to 
higher digestibility). 

 
We would predict that herbivore group with the 

highest chewing efficiency should be particularly 
‘successful’ (e.g. in terms of species diversity). 
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Example II: (Precocial) Mammal gestation period 

For any mammal, achieving the same degree of neonatal 
development in a shorter gestation period – if not associated with 
higher costs – should be advantageous (higher fecundity due to 
shorter generation times). 
 
Days of gestation period (to apparently similar level of 
precociality)  

 Cattle:   app. 280 days  
 Horse:   app. 340 days  
 Dromedary:  app. 390 days 
 Okapi:   app. 440 days  

    
 
We would predict that animals with a shorter gestation period 
should be particularly ‘successful’ (e.g. in terms of species 
diversity). 
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The interesting question … 

… what allowed the remaining extant species of the 
‘disadvantaged’ species to survive? 
 
 
 



Final words 

Allometries are useful tools for comparing, 
extrapolating and explaining differences between or 
among animal groups. 
 
Comparative datasets, combined with information 
on phylogeny and diversification history, have 
enormous potential for the generation of hypotheses 
on evolutionary constraints and innovations – mainly 
‘changes in the intercept’ (for which then 
physiological mechanisms would have to be 
identified that could be innovations, constraints, and 
parts of evolutionary cascades). 
 


