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Ubiquitous dense large packages of plant food in
terrestrial systems




Productive yet minute packages of plant food in
marine systems
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Fibre analysis

Plant carbohydrates [
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Photosynthesis

photosynthesis

WATER + LIGHT = CHEMICAL ENERGY

1. Chloroplasts trap light energy

2. Water enters leaf ¥ |

3. Carbon dioxide
enters leaf through
stomata

4. Sugar leaves leaf
CHEMICAL ENERGY + CARBON DIOXIDE = SUGAR
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First fundamental question

Do you want to use plant fibre or only the plant cell
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Fibre digestion
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Two fundamental questions

1.

2.

‘In-house’ or outsourcing of fibre digestion?

‘In-house’ fibre digestion necessitates anatfomical and

physiological adaptations that might be costly in some
circumstances.

What sequence of fibre digestion and auto-
enzymatic digestione

- fibre digestion prior to aufo-enzymatic digestion allows
the use of bacterial biomass

- bacterial digestion after auto-enzymatic digestion
allows more efficient use of those substrates that can
be digested auto-enzymatically
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Body size

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
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Two fundamental questions

1.'In-house’ or outsourcing of fibre digestion?

‘In-house’ fibre digestion necessitates anatomical
and physiological adaptations that might be costly in
some circumstances.

Outsourcing is only feasible at small body sizes where
you have high encounter rates with nutritionally
relevant amounts of microorganisms.

(although there are billions of microorganisms in this room, their mass is not enough to meet
the daily energy requirements of a single member of the audience)




Two fundamental questions

2. What sequence of fibre digestion and auto-
enzymatic digestione

- fibre digestion prior fo aufo-enzymatic digestion allows
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allows more efficient use of those substrates that can
be digested auto-enzymatically
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Hindgut fermentation -
‘the conventional approach’

foregut midgut
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Cellulolytic Systems in Insects
Hirofumi Watanabe! and Gaku Tokuda?

Annu. Rev. Entomol. 2010. 55:609-32
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Hindgut Fermentation in Three Species of Marine Herbivorous Fish
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Hindgut Fermentation - Repfiles

Red-Footed Tortoise Green Iguana
A (Geochelone carbonaria) (lguana lgqana)
Body Length: 16 cm Body E.ez\ngth 19 cm

from Stevens & Hume (19995)



Hindgut Fermentation - Repfiles

Red-Footed Tortoise Green Iguana

(Geochelone carbonaria) (lguana iguana)

Body Length: 16 cm Body Length: 19 cm
— 'n\

-

oo
I

from Stevens & Hume (19995)
Photo: J. Fritz



Hindgut Fermentation - Birds




Hindgut Fermentation - Birds
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Hindgut Fermentation - Caecum

Greater Glider
(Petauroides volans)
Body Length: 40 cm

Capybara
(Hydrochoerus hydrochaeris)
Body Length: 140 cm

Rabbit
(Oryctolagus cuniculus)
Body Length: 48 cm
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from Stevens & Hume (19995)



Hindgut Fermentation - Colon

Rhinoceros African Elephant
(Diceros bicornis) (Loxodonta africana)
Body Length: 3.3 m

Body Length: 3.2 m

from Stevens & Hume (19995)



Hindgut Fermentation - Colon

Zebra Rhinoceros African Elephant
m (Equus burchelli) (Diceros bicornis) (Loxodonta africana)
Body Length: 2 m Body Length: 32 m Body Length: 3.3 —

from Stevens & Hume (19995)



Foregut Fermentation

Kangaroo
(Macropus giganteus)
Body Length: 115 cm

Sloth
(Bradypus tridactylus)
Body Length: 55 cm

Colobus Monkey
s R (Colobus abyssinicus)
Body Length: 50 cm

Hippopotamus
(Hippopotamus amphibius)
Body Length: 4 m

from Stevens & Hume (19995)




Foregut Fermentation

Kangaroo
(Macropus giganteus)
Body Length: 1f=5 cm

Photos A. Schwarm/

M. Clauss

Sloth Colobus Monkey
(Bradypus tridactylus) s R (Colobus abyssinicus)

Hippopotamus
(Hippopotamus amphibius)
Body Length-4 m




Foregut Fermentation - Ruminant

Llama Sheep
(Lama glama) (Ovis aries)
Body Length: 110 cm

aus Stevens & Hume (1995)
Photo Llama: A. Riek



Foregut/Hindgut Fermenters

With the majority of rodent species un-studied, we have not
grasped the variability, and adapftive significance, of foregut
and hindgut fermentation yet.

Demon mole rat
(Tachyoryctes daemon)
papillated forestomach

from Vrontsov (2003)




Hindgut fermenters

Rabbit
(Oryctolagus cuniculus)
Body Length: 48 cm

Fermentation:

Production of VFA
. Acetate
Propionate
Butyrate

"5
G0
A PO
..“'-l'.‘—-
2
SDFBOFF

L)
CALOD
..“::

from Stevens und Hume (1995)
Photo: B. Burger



Hindgut fermenters

Rabbit . Fermentation after
(Oryctolagus cuniculus) 4
Body Length: 48 cm sites of aut-

enzymatic digestion
and absoprtion:
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CALOD
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from Stevens und Hume (1995)
Photo: B. Burger



Hindgut fermenters

?gbg;zla us cuniculus) Fermentation arter
4 Setssirs s sites of aut-

Body Length: 48 cm
enzymatic digestion
and absoprtion:

Use of easily
digestible
substances prior to
fermentation
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from Stevens und Hume (1995)
Photo: B. Burger



Hindgut fermenters

Rabbit . Fermentation after

(Oryctolagus cuniculus) .

Body Length: 48 cm sites of aut-
enzymatic digestion

and absoprtion:

Use of easily
digestible
substances prior to
fermentation

Loss of bacterial
protein

= PO
G0
A PO
..“'-l'.‘—-
2
SDFBOFF
&3

=
XL,
J

from Stevens und Hume (1995)
Photo: B. Burger
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... but remember

After the game is before the game.




'‘Backward pass

Rabbit

Body Length: 48 cm

(Oryctolagus cuniculus)

Fermentation after
sites of aut-
enzymatic digestion
and absoprtion:

Use of easily
digestible
substances prior to
fermentation

Loss of bacterial
protein

Coprophagy/
Caecotrphy

from Stevens und Hume (1995)

Photo: B. Burger



Coprophagy/Caecotrophy

Photos: B. Burger



Coprophagy/Caecotrophy

Photos: B. Burger



Coprophagy/Caecotrophy

Photos: B. Burger



Coprophagy/Caecotrophy

Photos: B. Burger



Coprophagy/Caecotrophy

Photos: B. Burger, M. Clauss



Coprophagy/Caecotrophy

-

Photo: A. Tschudin



Detritivory, coprophagy, and the evolution of digestive mutualisms
in Dictyoptera

C.A. Nalepa', D.E. Bignell? and C. Bandi?

Insectes soc. 48 (2001) 194201
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Detritivory, coprophagy, and the evolution of digestive mutualisms
in Dictyoptera

C.A. Nalepa', D.E. Bignell? and C. Bandi?

Insectes soc. 48 (2001) 194201

ASOCIAL GREGARIOUS
DETRITIVORY,

GENERAL INTRASPECIFIC
COPROPHAGY > | COPROPHAGY




A Detritivory, coprophagy, and the evolution of digestive mutualisms
in Dictyoptera

C.A. Nalepa', D.E. Bignell? and C. Bandi?

Insectes soc. 48 (2001) 194201
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A Detritivory, coprophagy, and the evolution of digestive mutualisms
in Dictyoptera

C.A. Nalepa', D.E. Bignell? and C. Bandi?

Insectes soc. 48 (2001) 194201
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Coprophagy / Trophallaxis

5 @ > ﬁ - %

- The question is not so much -
why such a large variety of hindguft fermenters
practice coprophagy,
buf rather
why there is a certain group
of large hindgut fermenters
that does notf.

iy HA
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Foregut vs. HiIndgut Fermentation

Lower
bacterial
nifrogen losses
in the faeces?

Sheep
(Ovis aries)
Body Length: 110 cm

Zebra
(Equus burchelli)
Body Length: 2 m

from Stevens & Hume (1995)



Foregut vs. HiIndgut Fermentation

Lower Sheep Zeba Higher

bacterial e o Crr bacterial

nifrogen losses nifrogen
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faeces?

from Stevens & Hume (1995)



Foregut vs. HiIndgut Fermentation

Lower
bacterial
nifrogen losses
in the faeces?

Sheep
” (Ovis aries)
Body Length: 110 cm
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Rabbit
(Oryctolagus cuniculus)
Body Length: 48 cm

Lower
bacterial
nifrogen
losses in hard
faeces in
coprophagic
hindgut
fermenters
due to
bacterial
accumulation
in
caecotrophse

from Stevens & Hume (1995)



Metabolic faecal nitrogen in zoo herbivores

100+
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b= { Caecum fermenter
E 60- & Hyrax
= O Hindgut fermenter primates
@ Large hingut fermenters
50- A Ruminants
EI Foregut fermenter primates
Sloth
40 Bl Macropods/Peccaries
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30 L] L] L] L] L] L] L] L]
0 1 2 3 4 5 6 7 8

FN (% OM)

from Schwarm et al. (2009)



Metabolic faecal nitrogen in zoo herbivores
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Metabolic faecal nitrogen in zoo herbivores
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from Schwarm et al. (2009)



Surface/volume geometry

< >

6:1

... affects all surface-related processes

heatloss - ---» energy requirements - - - #» food intake

from Clauss & Hummel (2005)



Surface/volume geometry

<

... affects all surface-related processes

foregut midgut

from Karasov & Martinez del Rio (2007)



Surface/volume geometry
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6:1

... affects all surface-related processes

oxic
anoxic

gut contents

from Karasov & Martinez del Rio (2007)



Surface/volume geometry

<

6:1

... affects all surface-related processes

diffusion ways

from Karasov & Martinez del Rio (2007)



Gut moisture content
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Conceptualizing herbivore diversity

Traditionally, body size is considered the major driver of
herbivore diversity (in the sense that larger animals achieve
longer retention fimes and higher digestibilities).




Conceptualizing herbivore diversity

Traditionally, body size is considered the major driver of
herbivore diversity (in the sense that larger animals achieve
longer retention fimes and higher digestibilities).

However, empirical data does not indicate a relevant scaling of

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



Conceptualizing herbivore diversity

Traditionally, body size is considered the major driver of
herbivore diversity (in the sense that larger animals achieve
longer retention fimes and higher digestibilities).

However, empirical data does not indicate a relevant scaling of
digestibility or digesta retention times with body mass.

100 e . o
O ruminan ts MRT,, 1icjo= 29 BM o
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100 1000 10000 10 100 T 1000 10000
Body mass (kg)

from Clauss et al. (2009; data from Foose 1982) from Steuer et al. (2011; original data)
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Conceptualizing herbivore diversity
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Conceptualizing herbivore diversity

‘ metabolic intensity >
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To achieve a high metabolic intensity, you need

* a high food intake

* a high digestive efficiency

- long retention times < > ?
- intensive particle size reduction

- (high feeding selectivity)




Conceptualizing herbivore diversity

(
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To achieve a high metabolic intensity, you need
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* a high digestive efficiency MPS (mim)

- long retention times < >
- intensive particle size reduction

- (high feeding selectivity)

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

‘ metabolic intensity >
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To achieve a high metabolic intensity, you need
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* a high digestive efficiency oML (9 kg7 )
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- intensive particle size reduction
- (high feeding selectivity)



Conceptualizing herbivore diversity

‘ metabolic intensity >

R

.

To achieve a high metabolic intensity, you need

* a high food intake

Compensation via
gut capacity?
* a high digestive efficiency
- long retention times
- intensive particle size reduction
- (high feeding selectivity)
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Conceptualizing herbivore diversity
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A

Gut capacity is relatively constant across
metabolic intensities
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from Franz et al. (2009)




Conceptualizing herbivore diversity

Gut capacity is relatively constant across
metabolic intensities
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from Franz et al. (2009) from Franz et al. (2011)



Conceptualizing herbivore diversity

after Kirkwood (1996)



Conceptualizing herbivore diversity
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from Franz et al. (2011) after Kirkwood (1996)



Conceptualizing herbivore diversity
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Conceptualizing herbivore diversity
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Conceptualizing herbivore diversity
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Conceptualizing herbivore diversity

L

1000 A
<= 100 A
E
100 4
q =
£ 10
10 A © Mammals
* Reptiles
-?c 1 T 1 T T T T T 1
o 0.01 0.1 1 10 100 1000 10000
o= 0.1 - Body mass (kg)
E 100 7 Mammals -
0.01 -+ — m Reptiles
E .
0.001 - oMam.maIs £ n . ; . o
* Reptiles § 10 A -.- = ) o<:> c;@
0.0001 T T T T T 1 o OO %0 Oo
0.01 0.1 1 10 100 1000 10000 o So 270 Q%
Body mass (kg) 8 1 ° 00% °©0 o
5 o, 8% N
s o B¢ o D0 g’%
0.1 8 "o B

0.001 0. 01 0.1 1 10 100 1000 10000
Body mass (k
Y (ko) from Franz et al. (2011)

from Franz et al. (2011) and Fritz et al. (2010)



Conceptualizing herbivore diversity




Conceptualizing herbivore diversity




Conceptualizing herbivore diversity

=

1000000 -
y = 239.05x%7%%% o
1 -
o 100000 R? = 0.9497

S~
2

< 10000 -
©
O

° 1000 -
0
O
3

£ 100 A
3
(48]
m

10 -

1 ] I 1 ] I 1 1
0.001 0.01 0.1 1 10 100 1000 10000

Body mass (kg)

Data from Savage et al. (2004)



Conceptualizing herbivore diversity
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Conceptualizing herbivore diversity
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Conceptualizing herbivore diversity
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Conceptualizing herbivore diversity
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Conceptualizing herbivore diversity
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Conceptualizing herbivore diversity
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Two Preconditions

It Is energetically favourable to digest
‘autoenzymatically digestible’ components
autoenzymatically, not by fermentative
digestion.

Autoenzymatically digestible components are

fermented at a drastically higher rate than plant
fiber. 4.
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1
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Time (h) from Hummel et al. (2006ab)



Digestive Strategies
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Low intake
= long passage

High intake
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= short passage
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Digestive Strategies

Low intake
= long passage

= 8

Autoenzymatic
digestion followed
by thorough
fermentative 4
digestion

Fermentative digestion
followed by
autoenzymatic
digestion of products
(and remains)

High intake
= short passage

Autoenzymatic
digestion followed
by cursory v
fermentative
digestion

Cursory fermentative
digestion mainly of
autoenzymatically
digestible components
followed by ineffective
autoenzymatic digestion
of undigested fibere




Digestive Strategies

Low intake
= long passage

= 8

Autoenzymatic
digestion followed
by thorough
fermentative 4
digestion

Fermentative digestion
followed by
autoenzymatic
digestion of products
(and remains)

High intake
= short passage

Autoenzymatic
digestion followed
by cursory V4
fermentative
digestion

undigested fibe




From Digestive to Metabolic Strategies

8—

Low intake
= long passage 4 v
= low BMR

High intake 4 ><

= short passage
= high BMR




Conceptualizing herbivore diversity
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Ruminant vs. Nonruminant
Foregut Fermentation
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Ruminant vs. Nonruminant
Foregut Fermentation
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Foregut Fermentation
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Ruminant vs. Nonruminant

Foregut Fermentation
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Conceptualizing herbivore diversity
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Conceptualizing herbivore diversity
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Matsuda et al. (2011)




biology

letters

Regurgitation and
remastication in the 35 -
foregut-fermenting
proboscis monkey
(Nasalis larvatus)

Ikki Matsuda'*, Tadahiro Murai’,
Marcus Clauss2, Tomomi Yamada?,
Augustine Tuuga®, Henry Bernard®
and Seigo Higashi®
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What does metabolic infensity determinee

rDMI (g kg™ d™)
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

é— e v M

from Clauss et al. (2010)



What does metabolic infensity determinee

rDMI (g kg™ d™)
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

¢ —mmmm )— M

W = @

from Clauss et al. (2010)



What does metabolic infensity determinee

rDMI (g kg™ d™)
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

from Clauss et al. (2010)



What does metabolic infensity determinee

rDMI (g kg™ d™)
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

¢ —gm—Qy— M

iR

w
w
1

aD NDF (%)
[\%)
w

@®-Hay 1

[
wu
1

wu

20 40 60 80 100
DMI (g kg7 d™)

from Clauss et al. (2008, 2010)



What does metabolic infensity determinee

rDMI (g kg™ d™)
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

¢ —gm—Qy— M

45 -

R -

w
w

aD NDF (%)
[\%)
w

@®-Hay 1

[
wu
1

wu

20 40 60 80 100
DMI (g kg7 d™)

from Clauss et al. (2008, 2010)



What does metabolic infensity determinee

rDMI (g kg™ d™)
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

] -

@®-Hay 1

aD NDF (%)
[\%)
w

[
wu
1

wu

20 40 60 80 100
DMI (g kg7 d™)

from Clauss et al. (2008, 2010)



What does metabolic infensity determinee

rDMI (g kg™ d™)
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

'“ =

@®-Hay 1

aD NDF (%)
[\%)
w

[
wu
1

wu

20 40 60 80 100
DMI (g kg7 d™)

from Clauss et al. (2008, 2010)



What does metabolic infensity determinee

rDMI (g kg™ d™)
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

¢ —gm—Qy— M

iR

w
w
1

aD NDF (%)
[\%)
w

@®-Hay 1

[
wu
1

wu

20 40 60 80 100
DMI (g kg7 d™)

from Clauss et al. (2008, 2010)



What does metabolic infensity determinee

rDMI (g kg™ d™)
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

35

aD NDF (%)
[\%)
w

[
wu
1

wu

20 40 60 80 100
DMI (g kg7 d™)

from Clauss et al. (2008, 2010)



What does metabolic infensity determinee
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Summary |

1. Fibre digestion with the help of symbiotic
microbes is widespread in the animal kingdom

2. So s the direct use of microbial biomass - either
via coprophagy, farming, or foregut
fermentation

3. Reasons for different proportions of acetogenic
and methanogenic hydrogen sinks in ruminants
and nonruminants remain unclear

4. Due toits relevance for food encounter rates,
harvesting mechanisms and surface/volume
geometry, body size has an important influence
on foraging strategies and digestive
morphophysiology




Summary I

Different merits of foregut and hindgut
fermentation (at similar metabolic intensity)
remain to be fully elucidated

Rather than classitying herbivores according to
body size or digestion type, classifying herbivores
according to metabolic intensity is a promising
novel approach

Whereas the hindgut fermenter system allows @
large range of metabolic intensities, the
(honruminant) foregut fermenter system appears
to restrict animals to the low metabolic intensity
side of the specfrum




Summary lli

Findings on reduced digestibilities (incl. that of
fibre fractions) in low food intake-scenarios with
high-metabolic intensity species suggest that
hitherto unknown microbial and endogenous
properties exist that are linked to metabolic
INntfensity
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University Curriculum For an example of a 2-day seminar on the digestive physiology of wild animals
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7th European Zoo Nutrition Conference
University of Zurich, 27-30 January 2012

Workshop

27.01.900-1700

Feeting herbivores: lorage quality evaluation, roughage hygiene,
and herbivore diet fermulation and assessment

Conference
27 Jan 1800
28 Jan 0900-1700

icebreaker

Scientific and practical sessions

{incl. topics 1,2,3}

Practical sessions incl ¢emonstrations,
Question/Answer session, ‘Round table’
poster sessions (incl. topic 4)

30Jan 0900-1200 Scientific sessions (Inct topic 5)

29 Jan 0900-1700

Specific topics:

{1) Dietimprinting and diet changes

(2) Feeding of primates

(3) Feeding of amphibians

(4) Feeding of bears

(5) Feeding of elephants ...and free topics

The conference, including dinners, will be held at the lechel
Campus of the University of Zurich, with ample space lor
interactions and networking

Registration fees (Euros)*
Type until 30 Sept 2011 after 30 Sept 2011
Workshop 80 110

Warkshop (student) 50

Conference 280

Conterence (student) 250
{3

breaks and & lunchbag
breaker co ee breaks, i

Hotel Reservation

We recommend to book rooms (share a double room) at the
Hotel Ibis Zurich Messe Airport

Heidi Abel Weg 5, 8050 Zurich

Tel: 044 307 47 00, Fax: 044 307 47 47,

Email: H2980@accor.com, Homepage: www.ibishotel.com

hen book roo ndicate you come f¢




