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Summary
1. A key concept of body mass (BM) in niche separation of large herbivores assumes that the
decrease in diet quality inherent to increasing BM (due to less selective feeding behaviour) is
balanced by a simultaneous increase in digestive ability (due to longer retention times), resulting in no or less-than-expected reduction in digestibility (as measured in the animal as a result
of diet quality and digestive ability). However, the second part of this concept has been challenged recently due to theoretical problems and mismatch with empirical data.
2. A proxy for digestibility, such as metabolic faecal nitrogen (MFN), will comprise both
information on diet quality and digestive ability in free-ranging animals. In captive animals, if
diet is kept constant, such a proxy can exclusively indicate digestive ability. Comparing freeranging and captive animals under such conditions, one would expect an increase in MFN
with BM in captive animals and no relationship between these measures in free-ranging animals if BM was related to digestive ability.
3. We compared captive ungulates on a consistent grass hay diet (17 species; 30–4000 kg BM)
to a sample of free-ranging East African ungulates (19 species; 12–4000 kg BM). MFN was
used as the major proxy for digestibility.
4. In captive animals, there was no inﬂuence of BM on MFN (P = 0466); for free-ranging
animals, a signiﬁcant decreasing eﬀect of body mass on MFN (P = 0002) and therefore diet
quality was found at a scaling of BM015.
5. In conclusion, scenarios that assume a compensation of the evident decrease in diet quality
with BM via an increased digestive ability are not supported by this study. This does not rule
out other feeding-related factors in facilitating large BM, such as compensation by an
increased diet intake.
Key-words: African ungulates, Diet quality, faecal nitrogen, feeding ecology, Jarman–Bell
principle
Introduction
Body size is an important biological characteristic that
determines many anatomical, physiological, ecological
and life-history characteristics of animals and hence represents an important feature in evolutionary scenarios
(Case 1979; Clutton-Brock & Harvey 1983; Peters 1983;
Schmidt-Nielsen 1984; Sibly, Brown & Kodric-Brown
2012). According to Cope0 s rule, an increase in body
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mass (BM) is a typical feature in many lineages, implying
a general advantage, which is likely to be composed of a
variety of factors related directly to reproductive success
or predation avoidance (Hone & Benton 2005). As a particularity of herbivores and especially ungulates, large
BM has also been assumed to have an advantageous
eﬀect on the species-speciﬁc digestibility an animal can
achieve on a given food source (digestive ability), inﬂuenced, for example, by food retention time (Demment &
Van Soest 1985). The latter consideration is based on an
inﬂuential concept of herbivore nutritional ecology, the
Jarman–Bell principle (Bell 1970; Geist 1974; Jarman
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1974), stating that diet quality is negatively correlated
with BM in herbivores. Demment and Van Soest (1985)
suggested that the scaling of metabolic requirements and
food intake (BM075) is opposed by a scaling of gut
capacity with BM10, which leads to less energy requirement (or food intake) per unit gut capacity with increasing BM. Longer retention times are therefore considered
a consequence of larger BM, which putatively leads to a
higher digestive ability in large animals, and therefore, a
higher digestibility realized on a given diet compared with
smaller herbivores (Demment & Van Soest 1985). This
concept is often accepted in its original form, but it has
recently been challenged conceptually (M€
uller et al. 2013).
Notably, tests using empirical data from the literature
(Perez-Barberıa et al. 2004; Clauss et al. 2007; M€
uller
et al. 2013) or our own trials (Steuer et al. 2011, 2013)
did not support essential parts of this concept (reviewed
in Clauss et al. 2013).
To avoid conceptual confusion, we deﬁne digestibility as
the realized digestibility, a measure obtained from a speciﬁc animal. Digestibility can be regarded to be the consequence of the ‘animal factor’ digestive ability (which can
be seen as the product of species-speciﬁc retention time,
food comminution and other animal-speciﬁc characteristics) and the ‘diet factor’ diet quality (which means the
degradability of the selected forage, which varies due to
selected plant species and plant parts). Any measures of
digestibility will automatically represent the result of the
combination of both digestive ability and diet quality. Differences in digestive ability between species have, for example, been extensively documented between ruminant and
nonruminant herbivores (Foose 1982; Steuer et al. 2013).
Diﬀerences in diet quality due to diﬀerent nutrient and
ﬁbre levels in forage plants have been extensively demonstrated by in vitro and in vivo experiments (e.g. Hummel
et al. 2006).
To separate the eﬀects of digestive ability and diet quality on digestibility in free-ranging animals, a comparison of
measurements on a consistent test diet fed to various herbivore species with measurements on a comparable sample
of species foraging freely in the wild can be used. If digestive ability increases signiﬁcantly with BM, this should be
evident on the consistent diet as an increase in digestibility
with BM (Fig. 1a,c); conversely, if digestive ability is not
linked to BM, then no scaling between digestibility of the
consistent diet with BM should be evident (Fig. 1b,d), as
indicated by Foose (1982). Additionally, if diet quality in
the wild does not decrease with BM, then no diﬀerence in
the scaling of digestibility on the consistent diet and the
free-range diets should occur (Fig. 1a,b). If, however, diet
quality in the wild decreases with BM (as suggested theoretically by the relationship between forage quality and
abundance – Demment & Van Soest 1985, and empirically
by various data collections – Clauss et al. 2013), then the
scaling exponent for digestibility on the free-range diet
should be lower than that on the consistent diet (Fig. 1c,
d). When assuming an increase in the gut capacity/energy

requirements ratio, the hypothetical increase in digestive
ability in larger herbivores has been assumed to compensate largely for the unavoidable decrease in diet quality,
resulting in a less severe or no drop (or even an increase)
in digestibility (Demment & Van Soest 1985). However, as
mentioned above, important aspects of this hypotheses
have been challenged in a way that would make such compensation less likely.
Given this situation, an evaluation of digestibility (as
realized by herbivores of varying BM) appears highly
desirable. However, measuring digestibility directly (which
is traditionally carried out in digestion studies that require
some manipulation or even conﬁnement of animals to
quantify food intake and faecal elimination) cannot be
considered a viable option in free-ranging conditions;
therefore, any such evaluation basically depends on the
availability of an appropriate proxy that can quantify, or
at least rank, digestibility under free-range conditions. The
most common method in this respect is (total) faecal nitrogen (TFN), which was established ﬁrst by Lancaster 1949,
but has been used routinely since, mostly in ruminants
(Lambourne & Reardon 1963; Wallace & Van Dyne 1970;
Hofmann & Musangi 1973; Boval et al. 2003; Lukas et al.
2005; Wang et al. 2009), but also in equids (Mesochina
et al. 1998). Although regularly misinterpreted as a measure for the protein content or protein digestibility of the
diet, it should be basically regarded as a proxy for organic
matter (OM) digestibility. The major proportion of TFN is
based on microbial N (either as residues of microbial cell
wall or intact microbial cells). The growth of microbes in
the gut will be largely triggered by their energy supply,
which is closely linked to the OM digestibility of the diet
(Lukas et al. 2005). To improve the proxy TFN, it is generally related to OM (and not dry matter) to integrate the
eﬀect of the digestion of OM (the majority of which is carbohydrates) into the proxy (as nitrogen concentration in
faeces will obviously be increased by more nitrogen ﬁrst,
but to some degree also by less OM). An approach to further increase the correlation between faecal N and OM
digestibility is the elimination of N not digested in the gut.
Following the elimination of undigested N from TFN, the
remaining N fraction in the faeces is deﬁned as metabolic
faecal N (MFN). Metabolic faecal N is based predominantly on microbial growth and to a much lower degree
on endogenous N losses like sloughed gut cells. A separation between these TFN and MFN fractions is feasible via
neutral-detergent ﬁbre analysis, which solubilizes, for
example, all microbial matter (Van Soest 1994); the neutral-detergent insoluble N (NDIN) therefore largely represents indigestible N bound to plant cell wall, and its
diﬀerence to TFN thus represents MFN (Mason 1969;
Schwarm et al. 2009). The use of MFN facilitates the
integration of data from animals feeding on browse.
In contrast, the use of TFN as a diet quality or OM
digestibility proxy for animals feeding on browse is problematic (Wehausen 1995; Holechek, Pieper & Herbel 2004;
Schlecht & Susenbeth 2006), because tannins from such
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Species-specific digestive ability (animal factor)
Digestive ability does not vary with
Digestive ability increases with
increasing body mass
body mass
No difference in the scaling of free-range
and consistent diet

No scaling between digestibility and BM for
consistent diet

(a)

(b)

Scaling of free-range diet lower than that of
consistent diet

Diet quality does not vary
with body mass
Diet quality decreases with
body mass

Fig. 1. Schematic presentation of predicted
patterns of the scaling of the realized
digestibility (digestibility) with body mass
(BM) on a consistent diet fed in captivity,
and diets selected by free-ranging animals,
depending on diﬀerent hypotheses related
to the scaling of species-speciﬁc digestive
ability (animal factor contributing to the
digestibility measurement) and the scaling
of selected diet quality (diet factor contributing to the digestibility measurement) (all
axes log-scaled).

Selected diet quality (diet factor)

Positive scaling between digestibility and BM
for consistent diet

(c)

(d)

diets form insoluble complexes with proteins, which are
excreted via faeces and hence inﬂate the TFN value
(Robbins et al. 1987; Carulla et al. 2005). At least part of
the eﬀect of such tannins is eliminated by the use of MFN
(Van Soest 1994 page 206).
This study aimed to re-evaluate the connection between
BM and digestibility in free-ranging herbivores using MFN
and TFN as measures of OM digestibility of the diet. To
separate the eﬀect of digestive ability (animal factor) and
diet quality (diet factor) (Fig. 1), this was approached with
two samples of ungulate herbivores of varying BM, either
free-ranging and thus selecting their natural diets, or fed
ad libitum on a uniform grass hay diet in captivity. While
the former ranks the species according to the digestibility
of their diets in their natural habitat, the latter allows
separation of potential eﬀects of body mass (via digestive
ability) on digestibility.

Materials and methods
Seventeen species (10 ruminants, including one camelid, and 7
hindgut fermenters) were used on the consistent diet in captivity
(Table 1). Sampling periods were during winter seasons 2008 and
2009; wild animals were investigated at Safari Park Beekse Bergen,
The Netherlands, and domestic animals at University of Bonn,
Germany (steers and goats), ETH Zurich, Switzerland (ponies,
sheep) and a private riding stable close to Wuppertal, Germany
(riding horses). Faecal samples were taken after an adaptation
period of 14 days during which all animals had ad libitum access
to a ration of meadow grass hay (unchopped). Chemical composition (in%  SD organic matter, OM) of the grass hay was neutral-detergent ﬁbre (NDF): 72  36%, acid detergent ﬁbre
(ADF): 39  37%, acid detergent lignin (ADL): 5  14%, and
crude protein (CP): 10  18%. Details of this part of the study
can be found in Steuer et al. (2011, 2013). The BM of the animals

Table 1. Body mass (BM), total faecal nitrogen (TFN), metabolic
faecal nitrogen (MFN), faecal NDF (FNDF) of herbivores on a
consistent (captive) diet

Antidorcas marsupialis
Capra aegagrus hircus
Ovis orientalis aries
Connochaetes taurinus
Oryx gazella
Hippotragus niger
Kobus ellipsiprymnus
Syncerus caﬀer nanus
Camelus bactrianus
Bos primigenius taurus
Phacochoerus africanus
Equus ferus caballus*
Equus ferus przewalski
Equus grevyi
Equus ferus caballus†
Ceratotherium simum
Loxodonta africana

N

BM
Kg

TFN
% OM

MFN
% OM

FNDF
% DM

2
6
3
5
3
3
2
2
4
3
1
3
4
4
6
7
6

30
58
94
160
170
170
210
350
450
1287
77
97
250
390
564
1800
4000

235
156
172
218
205
210
213
213
204
163
135
140
149
139
124
206
166

190
120
142
176
160
173
179
173
164
132
099
110
117
111
091
162
131

509
641
548
529
561
527
484
570
477
561
671
687
707
668
702
558
638

*Shetland pony.
†German riding horse.
ranged from 49 kg (a domestic goat) up to 6500 kg (an African
elephant bull).
Samples from free-ranging animals were collected during the
dry season in a private sanctuary for wild animals (Lewa Wildlife
Conservancy) in Kenya (October/November 2006). Nineteen species of wild ungulates were used including 13 ruminants and 6
hindgut fermenters (Table 1). Faecal samples were collected immediately after observed defecations and dried in a well-ventilated
tent placed in the shade. The body mass of all animals was
determined using literature data (Robinette 1963; Ledger 1968;
Owen-Smith 1988; Estes 1991; Grand 1997).
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Dried samples from both trials were ground through a 1-mm
sieve. Ash was measured by combustion at 550 °C (VDLUFA
2007; method 8.1), and OM calculated as 100-ash. TFN was
measured in dried samples. The undigested N from the diet was
quantiﬁed by analysing NDIN. Samples were boiled with neutraldetergent solution (Van Soest & Robertson 1985) using the NDF
analysis (Van Soest, Robertson & Lewis 1991) with the Gerhardt
ﬁbre-bag system (Gerhardt, K€
onigswinter, Germany). For both,
whole faeces and faecal NDF residue, N was analysed by the
Dumas method (VDLUFA 2007; method 4.1.2; Dumas method)
(instrument: FP-328, Leco Inc., St. Joseph, MI, USA). Metabolic
faecal N was calculated as MFN = TFN - NDIN (Mason & Frederiksen 1979). This fraction includes mainly microbial debris, but
also some sloughed-oﬀ animal cells, mucus and gut enzymes
(Mason 1969). N concentrations are expressed as related to OM.
Faecal NDF (FNDF) values were corrected for ash in NDF residues. FNDF values for captive animals have been reported in
Steuer et al. (2013).
For the free-ranging animals, actual composition of food
ingested during the sampling period (% of grass in diet) was estimated from the faecal stable C-isotope signature (Codron et al.
2005). In environments where all grasses are C4 plants, isotope
signature can be used as a proxy for grass intake. Estimation was
carried out by setting the highest d13C as a 100% grazer (Equus
grevyi) and the lowest d13C as 100% browser (Tragelaphus scriptus). For C-isotope analysis, powdered (Retsch ZM1, Retsch
GmbH, Haan, Germany) faecal samples were combusted in an
automated Carlo Erba Elemental Analyser (NC 2500) and the
resultant CO2 gas was measured in a Thermo Delta Plus XL gas
isotope ratio mass spectrometer in the stable isotope laboratory of
the Department of Geosciences at the University of T€
ubingen.
The reproducibility of d13C measurements was better than 01&.
All statistical comparisons were performed with species’ means.
Relationships between the variables were tested by correlation
analysis and general linear models that included digestion type
(DT, hindgut fermenter or ruminant) and origin (free-range or
captivity) as cofactors (see Supporting information). To account
for ancestry-based correlations in the data sets (Felsenstein 1985;
Pagel 1999), the data were controlled for phylogenetic inﬂuences
using phylogenetic leneralized least squares (PGLS) (Martins &
Hansen 1997; Rohlf 2001), estimating a covariance matrix of the
species due to their ancestral roots and including it in a generalized least squares algorithm to determine model parameters. The
phylogenetic trees for the two data sets were derived by pruning
the mammalian supertree (Bininda-Emonds et al. 2007, 2008) to
include only the species of concern for our study, using mesquite
(Maddison & Maddison 2008). In the data set on captive animals,
the two diﬀerent domestic horse breeds were represented as direct
relatives in the tree. Because the resulting trees were not based on
our own calculations of branch lengths with consistently the same
characters, we used trees with all branch lengths set to one. Statistical analyses were performed using ordinary least squares (OLS),
which do not account for phylogeny, and PGLS. Statistical data
evaluations (dependent variables: TFN, MFN and FNDF) were
performed with general linear models with log-transformed BM
and the% of grass in the natural diet as covariables and digestion
type (DT, hindgut fermenter or ruminant) as a cofactor. Even
though hay from a single batch was used in captivity, diﬀerences
between parts of the hay batch fed were controlled for using the
gas production after 24 h in the Hohenheim gas test, an in vitro
fermentation procedure (Menke & Steingass 1988), as a covariable.
In the sample from free-ranging animals, allometric regressions
(y = aBMb) were derived for TFN, MFN and FNDF for all ungulates with log-transformed data. The statistical calculations were
performed with PASW 18.0 (SPSS Inc., Chicago, IL, USA) and
COMPARE 46 (Martins 2004). The signiﬁcance level was set to
a = 005.

Results
On the consistent diet, TFN was 199  026% OM
(mean  SD), MFN was 161  023% OM, and FNDF
was 541  48% DM in ruminants and 151  027%
OM, 117  023% OM and 662  51% DM in hindgut
fermenters, respectively (Table 1, Fig 2). A signiﬁcant
eﬀect of BM was not found for TFN or MFN (PGLS:
P = 0531 and P = 0466; Table 2). In contrast, digestion
type generally had an eﬀect on both TFN (P = 0004) and
MFN (P = 0003), indicating a higher digestive ability in
ruminants; similarly, FNDF was lower in ruminants (Steuer et al. 2013). Notably, 24 h gas production, the proxy
for diet quality of the diﬀerent parts of the grass hay batch
used in the trial, never had a signiﬁcant eﬀect on the
results (Table 2).
In free-ranging animals, TFN ranged from 168% OM
(hartebeest) to 378% OM (gerenuk) in ruminants and
from 105% OM (elephant) to 182% OM (warthog) in
hindgut fermenters (Table 3). In the GLM, BM and DT
both had a signiﬁcant eﬀect on TFN, while% grass only
had an inﬂuence in the OLS data set (Table 4). MFN ranged from 079% OM (giraﬀe) to 185% OM (Grant’s
gazelle) in ruminants and 046% OM (black rhino) to
106% OM (warthog) in hindgut fermenters (Table 3;
Fig 2). In the GLM, both BM and DT had an inﬂuence
on MFN values, while% grass did not (Table 4). FNDF
values ranged from 364% DM (hartebeest) to 679% DM
(giraﬀe) in ruminants and from 592% DM (warthog) to
798% DM (black rhinoceros) in hindgut fermenters
(Table 3). BM, DT and % grass all had signiﬁcant eﬀects
on FNDF (Table 4).
Allometric regressions for data of free-ranging animals
(all PGLS) were
TFN = 29 (95% CI: 16; 54) * BM009 (95% CI: 017;
001)
; P = 0054, R2 = 020,

Fig. 2. Original data from this study on the relation of metabolic
faecal nitrogen (MFN, in% organic matter; a proxy for the realized digestibility) and body mass (BM) in herbivores fed a consistent diet in captivity and feeding on their natural diets as selected
by wild, free-ranging animals (axes log-scaled).
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Table 2. Results of the statistical analysis of the data set of captive animals using OLS and PGLS (Dependent variables: TFN, MFN,
FNDF; independent variables/factors: BM, DT, 24 h GP).
Dependent
Variables

Independent
Variables

OLS
F

P

R2

TFN

BM
DT
24 h GP
BM
DT
24 h GP
BM
DT
24 h GP

0450
11958
0000
0604
13470
0005
1909
26500
0006

0514
0004
0987
0451
0003
0942
0190
<0001
0941

049

MFN

FNDF*

052

068

PGLS
t
064
340
000
075
362
000
129
493
019

P
0531
0004
100
0466
0003
100
0221
<0001
0850

R2
047

051

065

TFN, total faecal nitrogen; MFN, metabolic faecal nitrogen; FNDF, faecal neutral-detergent ﬁbre; BM, body mass; DT, digestion type
(ruminant foregut fermenter or hindgut fermenter); 24-h GP, gas production of hay in Hohenheim gas test (24 h); OLS, ordinary least
squares; PGLS, phylogenetic generalized least squares.
*Data from Steuer et al. (2013).

Table 3. Body mass (BM), total faecal nitrogen (TFN), metabolic
faecal nitrogen (MFN), faecal NDF (FNDF) and % grass in the
natural diet as estimated from faecal stable C-isotope composition
for free-ranging herbivores on a natural diet
BM
N
Tragelaphus spekii
Alcelaphus
buselaphus
Oryx beisa
Kobus
ellipsiprymnus
Syncerus caﬀer
Aepyceros
melampus
Oreotragus
oreotragus
Lithocranius
walleri
Tragelaphus
scriptus
Nanger granti
Tragelaphus
strepsiceros
Taurotragus oryx
Giraﬀa
camelopardalis
Phacochoerus
africanus
Equus quagga
Equus grevyi
Ceratotherium
simum
Diceros bicornis
Loxodonta
africana

Kg

TFN
%
OM

MFN
%
OM

FNDF
%
DM

Grass
% in
diet

3
1

80
130

296
168

130
131

584
364

921
934

10
8

170
215

177
206

137
118

398
463

928
867

10
10

630
50

205
277

123
165

597
506

893
389

9

12

281

129

429

190

4

40

378

176

534

138

12

60

265

158

448

00

13
10

65
200

299
229

185
109

419
613

195
130

12
9

500
850

212
287

113
079

588
679

73
89

11

73

182

106

592

948

12
11
10

230
410
1900

119
135
112

071
089
068

641
640
653

970
1000
958

10
11

1000
4000

119
105

046
048

798
797

114
336

MFN = 23 (95% CI: 14; 41) * BM015 (95% CI: 023;
007)
; P = 0004, R2 = 040, and
FNDF = 363 (95% CI: 263; 501) * BM008 (95% CI:
002; 014)
; P = 0014, R2 = 031.

Relationships between the variables are presented in the
Supplement. Notably, FNDF did not signiﬁcantly relate to
TFN, but to MFN, in general linear models, emphasizing
that variability in TFN most likely introduced by dietary
tannins is less when using MFN as digestibility proxy.

Discussion
Questions on resource partitioning and coexistence of large
herbivores in diversity hotspots such as East Africa have
triggered many investigations and considerations on this
topic (Jarman 1974; Hofmann 1989; Duncan et al. 1990).
Body mass plays an important role in most explanations
(Owen-Smith 1988; Gordon & Illius 1994, 1996; Cromsigt,
Prins & Olﬀ 2010; Sensenig, Demment & Laca 2010), with
potential eﬀects of body size on both an animal0 s ability to
select forage of a certain degradability (diet quality) and to
digest food with a species-speciﬁc digestive ability, the
combination of which being the realized digestibility. A
clear diﬀerentiation between these three variables appears
essential to the understanding of the problem, and diﬀerent scenarios can be imagined concerning the combination
of the factors (summarized in Fig 1). It was the major goal
of this study to test which of these scenarios were best
reﬂected by data.
Data clearly supported scenario 1d (Fig 2): there is no
indication for a signiﬁcant inﬂuence of BM on MFN values on a consistent diet, which is in line with results on
mean retention times and ﬁbre digestion from the same
trial (Steuer et al. 2011, 2013). In contrast, MFN data
from free-ranging animals decreased signiﬁcantly with
BM. Due to the absence of a signiﬁcant eﬀect of BM on a
consistent diet on digestibility and hence digestive ability in
our captive sample, it may be assumed that the decrease in
digestibility with BM in the free-ranging animals is attributable to the eﬀect of a decreasing diet quality.
A direct evaluation of a variable such as digestibility may
be unrealistic under free-ranging conditions, so any attempt
to establish and quantify relations as outlined above will
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Table 4. Results of the statistical analysis of the data set on free-ranging animals using OLS and PGLS (Dependent variables: TFN,
MFN, FNDF; independent variables/factors: BM, DT,% grass in diet)
Dependent
Variables

Independent
Variables

OLS
F

P

R2

TFN

BM
DT
% grass
BM
DT
% grass
BM
DT
% grass

809
855
451
142
103
0143
119
115
617

0012
0010
0051
0002
0006
0711
0004
0004
0025

076

MFN

FNDF

078

076

PGLS
t

P

R2

256
304
162
378
315
0380
342
333
242

0022
0008
0127
0002
0007
0706
0004
0005
0028

072

077

076

TFN, total faecal nitrogen; MFN, metabolic faecal nitrogen; FNDF, faecal neutral-detergent ﬁbre; BM, body mass; DT, digestion type
(ruminant foregut fermenter or hindgut fermenter); OLS, ordinary least squares; PGLS, phylogenetic generalized least squares.

ultimately depend on the suitability of the digestibility
proxies used. These proxies generally each have speciﬁc
assumptions and potential shortcomings (Barboza, Parker
& Hume 2009). Of the three measures used in this study –
TFN, MFN, FNDF –, the latter has the disadvantage that
it can be inﬂuenced in a misleading way by digestibility of
the non-NDF fraction: increasing digestibility of this fraction (clearly an indication of higher diet quality) increases
FNDF, which is regarded as being negatively correlated to
diet quality (in addition, FNDF was most distinctively
aﬀected by the botanical composition of the diet). This
shortcoming is not present in TFN and MFN where,
besides the increase in faecal N due to the digestibility
induced increased microbial growth, an increase in OM
digestibility itself is reinforcing the increasing eﬀect on the
proxy. While TFN is the value used in most studies, we
consider subtracting indigestible N (NDIN) as a logical
way to exclude this interference factor and to improve the
relation. This approach has been suggested and applied by
several studies (e.g. Mason 1969; Schwarm et al. 2009). In
a sample of animals ingesting some tannin-rich forage, the
use of MFN instead of TFN also has the capacity to
exclude this potentially interfering factor at least partly
from analyses (see a detailed discussion of the solubility of
tannins in detergent solutions in Van Soest 1994). This is
strongly supported by the fact that botanical composition
of the diet had much less inﬂuence on MFN than on TFN
or FNDF (Table 4). MFN is therefore clearly the proxy of
choice for DIGESTIBILITY in this study; however, reference to TFN or FNDF would not change conclusions
(although generally putting them on a slightly lower statistical signiﬁcance level than for MFN). While the approach
of subtracting undegradable fractions to increase validity
of a proxy for diet quality is straightforward, further
detailed validations of MFN as a digestibility proxy superior to TFN are encouraged for diﬀerent feeding situations.
Indications for a negative correlation of BM and diet
quality have been found in several studies on East African
herbivores. Depending on the proxy used for diet quality,
they may represent more the level of digestibility, for
example, TFN or FNDF (as used in Codron et al. 2007)

or more the level of diet quality, for example, protein content of gut contents or the proportion of non-stem material in gut contents (Owen-Smith 1988). Owen-Smith
(1988) also gives estimations for allometric scaling of these
diet quality proxies: The proportion of non-stem material
in gut contents was related to BM012, while the protein
content of gut contents was related to BM023 (see Illius
& Gordon 1999; and Clauss et al. 2013 for comprehensive
summaries and discussions of estimated allometries). In
the allometric equation of our free-range sample, a
decrease in MFN proportional to BM015 was found. It
is tempting to make direct comparisons of allometric
exponents of diﬀerent proxies for one trait; however, the
shortcomings linked to such comparison can best be demonstrated for the pair ‘faecal N’ and ‘digestibility’, both
proxies for the trait ‘diet quality’: For these variables (that
have an identical biological meaning), signiﬁcantly diﬀerent allometric exponents will be derived in a data set as
the values of these variables fall within a diﬀerent range of
numerical magnitudes (for DM digestibility, assumed
range is between 40 and 70%, resulting in a multiplying
factor of 175; corresponding MFN values range from 04
to 18, resulting in a multiplying factor of 45). Allometries
based on the proxy with the larger numerical range/multiplying factor will inevitably result in numerically larger
exponents. For the example of MFN and digestibility, this
means that the eﬀect of BM on digestibility is overestimated by the use of MFN as a proxy.
A decrease in diet quality with BM can be regarded as a
safe assumption in a sample of large herbivores; however,
it was not clear to which extent its reﬂection in digestibility
could have been masked by an increased digestive ability in
larger animals. Such an increase in digestive ability (via a
prolonging of retention time) with BM is a major postulate
in descriptions of diﬀerentiation of nutritional niches of
large herbivores. However, given the lack of evidence for
an eﬀect of BM on MFN in animals on a consistent diet,
this relation is not supported by data of this study. It has
been implied that an increase in retention time always has
the capacity to balance a decrease in diet quality; however,
this assumes a decrease in forage degradability mainly as a
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decrease in degradation rate (as a consequence of an
increase in content of slower-fermenting cell wall), and not
due to a decrease in overall potential degradability (more
lignin in the cell walls). In the latter case, which is present
in any decrease in diet quality, an increase in fermentation
time would not improve digestibility, as lignin and ligniﬁed
cellulose can be considered completely indigestible in the
anaerobic condition of the gut irrespective of how long
they are retained (Van Soest 1994). Therefore, an increased
retention time may be considered much less of an advantage (perhaps even a disadvantage) if the decrease in diet
quality is due to lignin contents (Hummel et al. 2006).
The results of this study provoke the question whether
diﬀerences in BM of herbivores represent any advantage
for their capacity to handle high ﬁbre diets. Is the presence
of large animals in low-quality diet niches a result of the
fact that this is the only niche representing enough biomass? Do small herbivores actually not require high-quality forage, but, in contrast to larger species, may they
simply be able to be as selective as to get it (Clauss et al.
2013), for example, due to smaller muzzles? At this stage,
other advantages of large body size related to digestive
physiology must not be discounted, for example, the postulate of a more favourable relation of gut ﬁll to energy
requirements with increasing body mass has been conﬁrmed, allowing large animals a higher intake per unit of
energy requirement (Hackmann & Spain 2010; M€
uller
et al. 2013). In addition, the ability to harvest physically
more resistant parts of plants should be considered a
potential positive outcome on the capability to handle high
ﬁbre food in large herbivores that contributes to high biomass availability for larger animals.
To conclude, while an increase in BM in herbivores
results in a signiﬁcant decrease in the quality of forage
generally ingested, this is apparently not balanced by a
higher digestive ability of larger animals. The latter result
clearly contradicts former views on herbivore nutritional
physiology. Data do not indicate the existence of an
advantage of large BM for chemical digestion; however,
such an advantage should not be ruled out for more
physical aspects of ingestion. Other concepts of large herbivore species diversiﬁcation and niche diﬀerentiation
than those based on digestive physiology should be
further explored.
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