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a  b  s  t  r  a  c  t  

Like  other  members  of  the  odd-toed  ungulates  (the  perissodactyls),  equids  once  had  a  higher  species  
diversity  in  the  fossil  record  than  they  have  today.  This  is  generally  explained  in  comparison  to  the  enor-  
mous  diversity  of  bovid  ruminants.  Theories  on  putative  competitive  disadvantages  of  equids  include  the  
use  of  a  single  toe  as  opposed  to  two  toes  per  leg,  the  lack  of  a  specific  brain  cooling  (and  hence  water-  
saving)  mechanism,  longer  gestation  periods  that  delay  reproductive  output,  and  in  particular  digestive  
physiology.  To  date,  there  is  no  empirical  support  for  the  theory  that  equids  fare  better  on  low-quality  
forage  than  ruminants.  In  contrast  to  the  traditional  juxtaposition  of  hindgut  and  foregut  fermenters,  we  
suggest  that  it  is  more  insightful  to  sketch  the  evolution  of  equid  and  ruminant  digestive  physiology  as  a  
case  of  convergence:  both  evolved  a  particularly  high  chewing  efficacy  in  their  respective  groups,  which  
facilitates  comparatively  high  feed  and  hence  energy  intakes.  But  because  the  ruminant  system,  less  based  
on  tooth  anatomy  but  more  on  a  forestomach  sorting  mechanism,  is  more  effective,  equids  depend  more  
on  high  feed  intakes  than  ruminants  and  may  well  be  more  susceptible  to  feed  shortages.  Arguably,  the  
most  underemphasized  characteristic  of  equids  may  be  that  in  contrast  to  many  other  herbivores  includ-  
ing  ruminants  and  coprophageous  hindgut  fermenters,  equids  do  not  use  the  microbial  biomass  grow-  
ing  in  their  gastrointestinal  tract.  Equids  display  behavioral  and  morphophysiological  adaptations  to  high  
feed  intakes,  and  their  cranial  anatomy  that  facilitates  the  cropping  of  forage  while  performing  grind-  
ing  chewing  at  the  same  time  might  be  unique.  Rather  than  looking  for  explanations  how  equids  are  
better  adapted  to  their  present  niches  than  other  organisms,  considering  them  remnants  of  a  different  
morphophysiological  solution  may  be  more  appropriate.  

© 2023  The  Author(s).  Published  by  Elsevier  Inc.  
This  is  an  open  access  article  under  the  CC  BY-NC-ND  license  

(  http://creativecommons.org/licenses/by-nc-nd/4.0/  )  

1.  Introduction  

Many  of  us  deal  with  living  animals,  whether  for  professional  

reasons  as  veterinarians  and  farmers,  or  for  leisure  as  pet  owners  

or  animal  enthusiasts.  Although  we  have  learned  of  evolution  and  

fossils  during  our  various  forms  of  education,  many  of  us  are  usu-  

ally  unaware  in  our  daily  business  that  the  extant  (living)  fauna  
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was  preceded  by  an  array  of  "endless  forms"  [1]  that  are  now  ex-  

tinct.  For  many  practical  day-to-day  decisions,  knowledge  of  the  

evolutionary  background  of  a  species  may  not  be  critical.  By  con-  

trast,  when  it  comes  to  understanding  patterns  of  species  diver-  

sity,  and  understanding  anatomical,  physiological  and  behavioral  

differences  between  species  or  taxa,  evolutionary  narratives  are  

paramount.  

As  any  other  knowledge  system,  evolutionary  biology  is  in  con-  

stant  development,  and  narratives  that  have  previously  been  in  cir-  

culation  may  not  necessarily  stand  the  test  of  time.  This  is  often  

the  case  when  new  fossil  discoveries  are  made,  or  when  theories  

are  freshly  tested  with  empirical  evidence,  whether  from  fossil  or  

extant  animals.  In  this  review,  we  present  various  current  theo-  

ries  on  characteristics  evolved  by  equids  over  evolutionary  time.  

In  doing  so,  we  have  tried  to  use  an  accessible  language  that  uses  

colloquial  idioms  for  the  sake  of  clarity,  without  disrespect  for  the  

https://doi.org/10.1016/j.jevs.2023.104265  
0737-0806/© 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license  
(  http://creativecommons.org/licenses/by-nc-nd/4.0/  )  
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Large herbivore diversity in deep time: Perissodactyls



Large herbivore diversity in deep time: Perissodactyls

Chalicotheres



Large herbivore diversity in deep time: Perissodactyls

Brontotheres Chalicotheres



Large herbivore diversity in deep time: Perissodactyls

Brontotheres Chalicotheres



Large herbivore diversity in deep time: Perissodactyls

Brontotheres Chalicotheres



Large herbivore diversity in deep time: Perissodactyls



Large herbivore diversity in deep time: Perissodactyls



Large herbivore diversity in deep time: Perissodactyls

Brontotheres Chalicotheres



Large herbivore diversity in deep time: Perissodactyls

Brontotheres Chalicotheres





























What led to the decline of equid diversity ?

































≈ 16 species

Large herbivore diversity in deep time: hoofed mammals



≈ 16 species > 300 species

Large herbivore diversity in deep time: hoofed mammals



What are possible reasons for an 
evolutionary advantage of ruminants ?



Differences in hoof function ?
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Differences in water dependence flexibility ?



Differences in water dependence flexibility ?

from Hill et al. (2004)



Differences in water dependence flexibility ?

from Hill et al. (2004) from O’Brian (2020)
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Differences in water dependence flexibility ?

from Strauss et al. (2017) from O’Brian (2020)



Differences in water dependence flexibility ?

from Strauss et al. (2017) from Mitchell & Lust (2008)



Differences in water dependence flexibility ?

from Strauss et al. (2017) from Mitchell & Lust (2008)



Differences in water dependence flexibility ?

from Strauss et al. (2017)



Differences in reproductive rate ?
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280 
days

340 
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Differences in digestive physiology between 
equids and ruminants: 

digestive efficiency and intake



Differences in digestive efficiency ?

from Clauss et al. (2009; data from Foose 1982)

Ruminants achieve higher digestive efficiencies
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Differences in digestive physiology between 
equids and ruminants: 

a historical myth ?



A drawing dominates comparative concepts
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A drawing dominates comparative concepts

Janis (1976)



A drawing dominates comparative concepts

COMPARATIVE DIGESTIVE CAPACITIES
OF HERBIVOROUS ANIMALS

P.J. Van Soest, T. Foose and J.B. Robertson
Proceedings of the Conrell Nutrition Conference 1983, 51-59



A drawing dominates comparative concepts

COMPARATIVE DIGESTIVE CAPACITIES
OF HERBIVOROUS ANIMALS

P.J. Van Soest, T. Foose and J.B. Robertson
Proceedings of the Conrell Nutrition Conference 1983, 51-59
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Journal of Animal 
Science 1965 24: 834-843
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A drawing dominates comparative concepts
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Differences in digestive physiology between 
equids and ruminants: 

selective particle retention



Selective particle retention

In ruminants, large particles are selectively 
retained in the rumen.
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from Lechner et al. (2010)
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Selective particle retention

from Lechner et al. (2010)

In ruminants, large particles are selectively 
retained in the rumen.

In equids, the situation is not so clear.

Clauss et al. (pers. obs.)
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Selective particle retention

from Lechner et al. (2010)

In ruminants, large particles are selectively 
retained in the rumen.

In equids, the situation is not so clear.

Clauss et al. (pers. obs.)
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Selective particle retention

from Lechner et al. (2010)

In ruminants, large particles are selectively 
retained in the rumen.

In equids, there is no net selective retention by 
particle size.

2 mm
10-20 mm



Differences in digestive physiology between 
equids and ruminants: 

chewing efficiency



0

5

10

15

20

25

30

35

10 100 1000 10000

GP
 9

6h
 (m

l 2
00

m
g-

1 )

Body mass (kg)

RUM
HF

Residual digestibility in faeces



0

5

10

15

20

25

30

35

10 100 1000 10000

GP
 9

6h
 (m

l 2
00

m
g-

1 )

Body mass (kg)

RUM
HF

Residual digestibility in faeces



0

5

10

15

20

25

30

35

10 100 1000 10000

GP
 9

6h
 (m

l 2
00

m
g-

1 )

Body mass (kg)

RUM
HF

0

10

20

30

40

50

60

70

80

10 100 1000 10000

M
RT

pa
rt

(h
)

Body mass (kg)

RUM
HF

Digesta retentionResidual digestibility in faeces



0

5

10

15

20

25

30

35

10 100 1000 10000

GP
 9

6h
 (m

l 2
00

m
g-

1 )

Body mass (kg)

RUM
HF

0

10

20

30

40

50

60

70

80

10 100 1000 10000

M
RT

pa
rt

(h
)

Body mass (kg)

RUM
HF

Digesta retentionResidual digestibility in faeces



0.1

1.0

10.0

10 100 1000 10000

M
PS

 (m
m

)

Body mass (kg)

RUM
HF

0

5

10

15

20

25

30

35

10 100 1000 10000

GP
 9

6h
 (m

l 2
00

m
g-

1 )

Body mass (kg)

RUM
HF

0

10

20

30

40

50

60

70

80

10 100 1000 10000

M
RT

pa
rt

(h
)

Body mass (kg)

RUM
HF

Digesta retentionResidual digestibility in faecesFaecal particle size



0.1

1.0

10.0

10 100 1000 10000

M
PS

 (m
m

)

Body mass (kg)

RUM
HF

0

5

10

15

20

25

30

35

10 100 1000 10000

GP
 9

6h
 (m

l 2
00

m
g-

1 )

Body mass (kg)

RUM
HF

0

10

20

30

40

50

60

70

80

10 100 1000 10000

M
RT

pa
rt

(h
)

Body mass (kg)

RUM
HF

Digesta retentionResidual digestibility in faecesFaecal particle size



0

5

10

15

20

25

30

35

20 40 60 80

GP
 9

6h
 (m

l 2
00

m
g-

1 )

MRTpart (h)

RUM
HF

0

5

10

15

20

25

30

35

10 100 1000 10000

GP
 9

6h
 (m

l 2
00

m
g-

1 )

Body mass (kg)

RUM
HF

Digesta retention vs. digestibilityResidual digestibility in faeces



0

5

10

15

20

25

30

35

20 40 60 80

GP
 9

6h
 (m

l 2
00

m
g-

1 )

MRTpart (h)

RUM
HF

0

5

10

15

20

25

30

35

10 100 1000 10000

GP
 9

6h
 (m

l 2
00

m
g-

1 )

Body mass (kg)

RUM
HF

Digesta retention vs. digestibilityResidual digestibility in faeces



0

5

10

15

20

25

30

35

0.1 1.0 10.0

GP
 9

6h
 (m

l 2
00

m
g-

1 )

MPS (mm)

RUM
HF

0

5

10

15

20

25

30

35

20 40 60 80

GP
 9

6h
 (m

l 2
00

m
g-

1 )

MRTpart (h)

RUM
HF

0

5

10

15

20

25

30

35

10 100 1000 10000

GP
 9

6h
 (m

l 2
00

m
g-

1 )

Body mass (kg)

RUM
HF

Digesta retention vs. digestibilityResidual digestibility in faecesFaecal particle size vs digestibility



0

5

10

15

20

25

30

35

0.1 1.0 10.0

GP
 9

6h
 (m

l 2
00

m
g-

1 )

MPS (mm)

RUM
HF

0

5

10

15

20

25

30

35

20 40 60 80

GP
 9

6h
 (m

l 2
00

m
g-

1 )

MRTpart (h)

RUM
HF

0

5

10

15

20

25

30

35

10 100 1000 10000

GP
 9

6h
 (m

l 2
00

m
g-

1 )

Body mass (kg)

RUM
HF

Digesta retention vs. digestibilityResidual digestibility in faecesFaecal particle size vs digestibility



0

5

10

15

20

25

30

35

0.1 1.0 10.0

GP
 9

6h
 (m

l 2
00

m
g-

1 )

MPS (mm)

RUM
HF

0

5

10

15

20

25

30

35

20 40 60 80

GP
 9

6h
 (m

l 2
00

m
g-

1 )

MRTpart (h)

RUM
HF

0

5

10

15

20

25

30

35

10 100 1000 10000

GP
 9

6h
 (m

l 2
00

m
g-

1 )

Body mass (kg)

RUM
HF

Digesta retention vs. digestibilityResidual digestibility in faecesFaecal particle size vs digestibility



among

Perissodactyls Artiodactyls

Parallel evolution



among

Perissodactyls Artiodactyls

achieve 
comparatively high 
chewing efficiencies 

and food intakes

Equids

Parallel evolution



from Jernvall et al. (1996)

Large mammal molar surfaces



Large mammal molar surfaces

from Jernvall et al. (1996)



Large mammal molar surfaces

from Jernvall et al. (1996)



https://www.sciencedaily.com/releases/2011/04/110404151341.htm

Equids: masters of complex enamel folding
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… but ruminants have evolved 
the more efficient system
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Summary

1. The evolutionary decline in equid diversity has been linked to 
‘disadvantages’ compared to bovid/cervid ruminants

2. Digestive efficiency is prominent among these disadvantages

3. Equids do not have a proven tolerance for lower-quality forage and no 
size-discriminating retention mechanism

4. The most distinct feature of both equids and ruminants is the relatively 
high chewing efficiency within their respective orders

5. The ruminant approach to achieving a high chewing efficiency is more 
efficient (and conveys additional advantages)
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“why have equids largely disappeared?” 



… so maybe the most intriguing question is not 
“why have equids largely disappeared?” 

… but 
“why have some equid species survived?”
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thank you 
for your attention











Kaiser and Fortelius (2003)





Adapted to abrasive diets
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al. (in prep.)
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Wild equids in captivity

Similar as in grazing ruminants, few health problems related to 
nutrition in captive wild equids (because zoo diets are typically 
more forage dominated?)

- Incidents of dental abnormalities

- Hoof overgrowth/laminitis

- Obesity
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from Stevens & Hume (1995)
hypothesis by Clauss & Hummel (2008)

Phosphorus is 
supplied 
directly to 
microbes via 
saliva

P
In order to 
guarantee 
phosphorus
availability in 
the hindgut, 
calcium is 
actively 
absorbed 
from ingesta 
and excreted 
via urine

Ca

Other differences: Calcium digestibility



Why equids?

Other perissodactyls survive in body size ranges 
beyond the ruminant range (rhinos) or in absence of 
ruminant competition (tapirs).

Why / how do equids survive (only in the upper 
ruminant body size range, and only in the grazing 
niche)?
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