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based on a true story 
part of the fascination of scientific writing derives from linking a story to 

real data 
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this is not a distinction between humanities/arts and 
natural sciences 
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Natural sciences Humanities/Arts 

Humanities/arts cannot compete in the  
scope-of-the-story race. 
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Why does the depth of the 
reticular honeycomb pattern 

vary among different ruminant 
species? 

from Hofmann (1969 & 1973) 
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Why were dinosaurs so large? 

Why did dinosaurs die out? 
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The plan: 

- Think 

- Extrapolate (using data 
collections that exist or have to 
be created/supplemented) 

- If possible, link to existing theories 



Different approaches to classify herbage 



Different approaches to classify herbage 



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        



(Calder 1983) 

Scaling: fundamental (conceptual) relevance of 
body mass        



Liver (kg) = 0.033 BW0.87 

Brain (kg) = 0.011 BW0.76 

Blood (kg) = 0.069 BW1.02 

Muscle (kg) = 0.450 BW1.00 

Skeleton (kg) = 0.061 BW1.09 

Integument (kg) = 0.134 BW0.92 

Gut contents (kg) = 0.093 BW1.08 

 (Parra 1978, Calder 1983) 

Organ allometry        



0 

20 

40 

60 

80 

100 

120 

140 

160 

10 100 1000 10000 

P
ro

po
rt

io
n 

of
 b

od
y 

m
as

s 
(%

) 

Body mass (kg) 

Muscles 
Fat 
Gut contents 
Skin (incl. fur) 
Skeleton 
Bood 
Internal organs 

from Hummel and Clauss (2010) 

Allometry of body composition 



0 

20 

40 

60 

80 

100 

120 

140 

160 

10 100 1000 10000 

P
ro

po
rt

io
n 

of
 b

od
y 

m
as

s 
(%

) 

Body mass (kg) 

Muscles 
Fat 
Gut contents 
Skin (incl. fur) 
Skeleton 
Blood 
Internal organs 

from Hummel and Clauss (2010) 

Allometry of body composition 



0 

20 

40 

60 

80 

100 

120 

140 

160 

10 100 1000 10000 

P
ro

po
rt

io
n 

of
 b

od
y 

m
as

s 
(%

) 

Body mass (kg) 

Muscles 
Fat 
Gut contents 
Skin (incl. fur) 
Skeleton 
Blood 
Internal organs 

from Hummel and Clauss (2010) 

Allometry of body composition 



0 

20 

40 

60 

80 

100 

120 

140 

160 

10 100 1000 10000 

P
ro

po
rt

io
n 

of
 b

od
y 

m
as

s 
(%

) 

Body mass (kg) 

Muscles 
Fat 
Gut contents 
Skin (incl. fur) 
Skeleton 
Blood 
Internal organs 

from Hummel and Clauss (2010) 

Allometry of body composition 



0

5000

10000

15000

20000

25000

30000

35000

40000

0 200 400 600 800

Body mass (kg)

B
a
s
a
l 

m
e
ta

b
o

li
c
 r

a
te

 (
k
J
/

d
)

from Kleiber (1932) 

Displaying allometries 



y = 308x
0.74

R
2
 = 0.999

0

5000

10000

15000

20000

25000

30000

35000

40000

0 200 400 600 800

Body mass (kg)

B
a
s
a
l 

m
e
ta

b
o

li
c
 r

a
te

 (
k
J
/

d
)

from Kleiber (1932) 

Displaying allometries 



y = 308x
0.74

R
2
 = 0.999

1

10

100

1000

10000

100000

0.1 1 10 100 1000

Body mass (kg)

B
a
s
a
l 

m
e
ta

b
o

li
c
 r

a
te

 (
k
J
/

d
)

from Kleiber (1932) 

Displaying allometries 



General allometric considerations 

Metabolic allometry - the influence of the exponent 
     Mammals BM0.75              Reptiles BM? 

 

  
 



General allometric considerations 

Metabolic allometry - the influence of the exponent 
     Mammals BM0.75              Reptiles BM? 

 

          Reptiles BM0.89    
 

from Nagy et al. (1999) 



General allometric considerations 

Metabolic allometry - the influence of the exponent 
     Mammals BM0.75              Reptiles BM? 

 

          Reptiles BM0.89   Reptiles BM0.77 
 

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



General allometric considerations 

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) 



General allometric considerations 

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) 



General allometric considerations 

Gut capacity 
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Are there functional constraints?       

-  Comparing (extrapolated) organ size with the 
capacity of the (reconstructed) coelomic cavity 

 

from Gunga et al. (2008) 
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38 ton brachiosaurus - coelomic cavity ~32 m2 
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Organs (excl. mesenteries and 
reproduction) 16-21 m2 

 
⇒  Ample leeway for any ‘larger 

organ size’ necessary? 

 
 
 
 
 

from Franz et al. (2009) 



 

 

 

 

 

 

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

advantage  

because of allometric principles 



General allometric considerations 
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General allometric considerations 

Gut capacity (measured as gut contents) scales linearly 
with body mass. 
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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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General allometric considerations 

... to the power of 0.25 
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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) 



 

 

 

 

 

 

our premise 





- Evidence for higher digestive efficiency in larger herbivores doubtful 
- JBP disregards potentially important negative effects of increasing body mass 

GIT geometry (longer diffusion ways) 
Chewing efficiency (particle size reduction) 
Methane losses  
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- Evidence for higher digestive efficiency in larger herbivores doubtful 
- JBP disregards potentially important negative effects of increasing body mass 

GIT geometry (longer diffusion ways) 
Chewing efficiency (particle size reduction) 
Methane losses  

- JBP-scaling apparently correct for gut capacity and food intake, but ... 
- ... no empirical evidence for a consistent scaling of digesta retention with body mass 

 



Assess principles (as much as possible) in parallel in 
different vertebrate herbivore groups  

- mammals, reptiles and birds. 



Workload: Allometries 
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Methane 
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Particle size 



Faecal particle size allometry in herbivores 

(Fritz et al. 209, 2010, 2011) 
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Extrapolating to sauropods        
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Sauropods       

Absence of mastication apparatus (no grinding teeth, no 
cheeks) and absence of gastric mill 

 sauropods are special - they did not comminute their food 

from Wings & Sander (2007) from Calvo (1994) 



General allometric considerations 

At a certain body mass, ingesta particle size will only 
depend on plant morphology 
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Foraging time and body size 

Foraging: Sum of searching, cropping and chewing 

Foraging time (%) = 19 BM0.17 

Owen-Smith (1988) 



Chewing constrains the time available for feeding 
and therefore ultimately limits the body size of 
chewers. 

 

Feeding time (in % day) = 19 Body mass0.17 
 
from app. 18 tons onwards, herbivores would have to 

feed more than 24 hours per day! 

from Owen-Smith (1988) 

Chewing limits body size 



The “Functional Response” 

Chewing = food 
processing is a rate-
limiting step 

=> at a certain amount of 
food on offer, intake 
rate cannot increase 
due to chewing 

from Gross et al. (1993) 



Feeding time and body size 

Intake rate constrained by mastication 

biomass per bite volume 
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Sauropods       

Absence of mastication is considered a “permissive 
factor” for sauropod gigantism 

 

from Sander & Clauss (2008) 



 

 

 

 

 

 

Food intake 
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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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Digesta retention 



Mean retention time 
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So what now? 



General allometric considerations 
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A serious conceptual 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 there a logical flaw in the concept? 
-  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? 
 



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) 
 
If a = 1.0 and b = 0.75 but d < 0.25, this implies that  
c < 0, i.e. a negative scaling of digestibility with BM in 

the dataset. 



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 

Measurement    Scaling (95%CI) 
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The really real exponents 
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Gut moisture content        
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Conclusions 
Jarman-Bell-principle 



Summary: little evidence for positive effect of increasing body size on digestive 
physiology 

Gut contents  
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----------- linear scaling ----------- Are birds different? 

------------------------ near-linear scaling ------------------------ 
Increase in moisture with BM  ?    ? 

----------- no indication for increase with body mass ------- 

--------------------- near-metabolic scaling ---------------------- 
Higher scaling at high BM    ?    ? 

------------------ less-than-expected scaling ------------------- 
except at low BM 



Summary: little evidence for positive effect of increasing body size on digestive 
physiology 

Gut contents  

Food intake  

Retention time  

Particle size  

Digestibility  

Methane production  

---------------------- increase with body mass ------------------ 

----------- linear scaling ----------- Are birds different? 

------------------------ near-linear scaling ------------------------ 
Increase in moisture with BM  ?    ? 

----------- no indication for increase with body mass ------- 

--------------------- near-metabolic scaling ---------------------- 
Higher scaling at high BM    ?    ? 

------------------ less-than-expected scaling ------------------- 
except at low BM 

Similarity in scaling in larger 
mammals directly contradicts the 

basic assumption of the JBP 



Conclusions 

In terms of digestive physiology, large body size 
should not be considered as an advantage in 
terms of digestive efficiency (from app. 1-10 kg 
upwards). 

 
For the evolution of large body sizes, a difference 

between metabolic scaling and intake scaling 
(which compensates for the lower diet quality) is 
the better candidate. 

The “Jarman-Bell-Principle” 



 

 

 

 

 

 

The plan: 

- Think 

- Extrapolate (using data 
collections that exist or have to 
be created/supplemented) 

- If possible, link to existing theories 



 

 

 

 

 

 

The plan: 

- Think 

- Extrapolate (using data 
collections that exist or have to 
be created/supplemented) 

- If possible, link to existing theories 



Assumptions 

- Niche stratification according to body size (=body mass) 
- Eggs cannot increase endlessly in size because of 

physical constraints on egg shell thickness (stronger 
shells needed for larger eggs) and diffusion (thicker 
shells prevent diffusion of oxygen) 

- The K-Pg extinction event affected all animals above a 
certain body size threshold 
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Resulting hypothesis I 

The reproductive mode of dinosaurs 
(ovipary), with its intrisic limited juvenile start 
size linked to ontogenetic niche 
stratification, may have led to a parallel 
decrease of small dinosaur species with the 
increase of larger species, because 
offspring of large species fill the niche space 
of the smaller species.  

A catastrophic event, truncating adult body 
size, could therefore, in theory, wipe out the 
whole reproductive dinosaur population. 

  



In contrast, the reproductive mode of 
mammals (and also that of many birds due 
to parental care) does not lead to an 
ontogenetic niche stratification, but 
offspring use the parents’ niche. 

Thus, with increasing body mass of larger 
species, niches of smaller species are not 
usurped by the larger species’ offspring to 
the same extent. 

Die-offs of larger species would not leave 
niches of smaller life forms empty.  

Resulting hypothesis II 



Check species assemblages for distribution 
patterns (is there a ‘gap’)? 

 
Design deterministic model to test effect of 
interspecific competition on body mass 
distribution of mammals and dinosaurs 
before and after a simulated K-Pg-event  

Work plan 



Species/abundance distributions - mammals 

Hutchinson & MacArthur (1958): intuitive, quantitative 
model of more niche space at lower M   



Species distributions - mammals/birds 

Brown & Maurer (1989) Science 243:1145-1150 

NORTH AMERICAN 
LAND BIRDS                             LAND MAMMALS 



Species distributions - mammals 

MAMMALS: PERSISTENT OVER MULTIPLE 
SCALES 

Smith et al. (2004) Am Nat 163:672-691 



Species distributions - dinosaurs 

DINOSAURS: FEW SMALL TAXA 

Sander et al. (2011) Biol Rev 86:117-155 

Peczkis (1995) J Vert Paleontol 14:520-533 

MULTIPLE SCALES 



Species distributions 



Deterministic model 

• Populations of different sized species of: 
Dinosaurs: i1,i2…ik = {2 g to ~131 tons} 
Mammals: i1,i2…ik = {2 g to ~16 tons} 

 Each structured by size (log2M increments, j) from neonate-
adult 

Mneonate = aMadult
b  bdinosaurs ~0.6 

 bmammals ~0.9 



Deterministic model 

• Populations of different sized species of: 
Dinosaurs: i1,i2…ik = {2 g to ~131 tons} 
Mammals: i1,i2…ik = {2 g to ~16 tons} 

 Each structured by size (log2M increments, j) from neonate-
adult 

Mneonate = aMadult
b  bdinosaurs ~0.6 

 bmammals ~0.9 

 For each Mi,j, estimate: 
 1. initial abundance n (allometry) 
 2. survivorship p (r-selecting or K-selecting) 
 3. fecundity f (allometry; add fini,k to ni,1) 

• Assume: each log2M step = ontogenetic niche shift 



Deterministic model 



Deterministic model 



Deterministic model 

• Density of each i after competition: 

Ni = pi,j ni,j – α(Σ[pi,j nj] – pi,jni,j) 

  Independent α for D on M and M on D: 

Dinosaurs: NDi = Σ[nDi,j – αDD(ΣnDj–nDi,j) - αMD(ΣnMj)] 

Mammals: NMi = Σ[nMi,j – αMM(ΣnMj – nMi,j) - αDM(ΣnDj)] 

 Simulate K-T: kill all individuals >25 kg 

Competition-induced mortality (α) occurs amongst 
all similarly-sized individuals (symmetric)  



Model results - no competition 
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Model results - mild competition-induced mortality 
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Model results - stronger competition 
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Model results - including competition from dinosaurs on mammals  
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Model results - ... and from mammals on dinosaurs 
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Model results - ... and from mammals on dinosaurs 
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Model results - after K/Pg, no competition 
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Model results - after K/Pg, with competition 
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Model results - summary 

pre K-T                                 post K-T
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Deterministic model 

• Robustness and sensitivity 
 Changes and variability in M effects on: 

  1. life history strategy 
  2. reproductive output 
  3. Madult:Mneonate ratio 
  4. competition co-efficient (α) 
  5. symmetry of α	

	
 	
6. abundance	


 Stochastic parameter estimates (bounded within 
empirical limits for birds/herpetiles or mammals), 103 iterations 



Model results - variation in life history 
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Model results - variation in neonate scaling, demography, and ecology 
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Conclusions 

Size-specific competition influences S 
- Effects largest amongst species with high intraspecific 

niche breadth (e.g. large, oviparous)… 

- … favouring large-bodied taxa 

Explains paucity of small-bodied dinosaurs 
- Dominance of large dinosaurs then limited max BM of 

other vertebrate groups in Mesozoic… 

Extinction event above BM threshhold = remaining S too 
low for recovery (even with high f) 

- … resultant dominance of small taxa amongst mammals 
further limited small dinosaurs (=aerial niche?) 







 

 

 

 

 

 


