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Abstract

For many animals, notably herbivores, plants are often an inadequate food source given
the low content of protein and high content of C-rich material. This conception is mainly
based on studies on ectotherms. The validity of this conception for endotherms is
unclear given their much higher carbon trequirements for maintenance enetrgy
metabolism than ectotherms. Applying stoichiometric principles, we hypothesized that
endotherms can cope with diets with much higher (metabolizable) carbon to nitrogen
ratios than ectotherms. Using empirical data on birds, eutherian mammals, marsupials
and reptiles, we compiled and compared measurements and allometric equations for
energy metabolism as well as nitrogen requitements. Our analysis supports outr
hypothesis that plants, and especially their leaves, are generally sufficiently rich in
nitrogen to fulfil protein demands in endotherms, at least during maintenance
conditions, but less so in ectotherms. This has important implications with respect to
community functioning and the evolution of endothermy.
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INTRODUCTION

Chemical stoichiometry studies the amounts of elements
that are involved in chemical reactions, based on the
principles of an elemental balance in reactants and products.
Biological stoichiometry uses this mass balance principle to
link genetics, organismal physiology, community structure
and ecosystem processes involving all organisms (plants,
fungi, bacteria, animals; e.g. Sterner & Elser 2002).
Biological stoichiometry thus deals with the match that
should exist between the composition of food and its
consumers. With respect to nutritional composition the
focus is mainly on the ratio in which carbon (C), nitrogen
(N) and phosphorus (P) occur. Achieving stoichiometric
balance is especially challenging for heterotrophs consuming
autotrophs due to fundamental structural and metabolic
differences between these two groups (Hessen 2004).
Because autotrophs tend to be richer in C than hetero-
trophs, heterotrophs must often excrete or egest excess C
and other nutrients relative to the limiting resources they
seek, and this may come at a considerable metabolic cost
(Anderson ef al. 2005; Boetsma & Elser 2000). At the same
time, burning of C-rich compounds like fat or carbohydrates

and respiring C would yield much energy (Hessen 2004).
When applying the principles of stoichiometry to animals,
one should therefore take the energy, and thus C,
requirements, carefully into account. According to stoichi-
ometric theory, high energetic requirements would allow for
the ingestion of food low in metabolizable N and P content
relative to metabolizable C. This is very pertinent to
endotherms, as their metabolic requirements are one to two
orders of magnitude higher than that of ectotherms
(Bernays 1982; Sterner & Elser 2002: p. 222). This would
make the content of P and N in the diet of much less
importance for endotherms than for ectotherms.

Although it has long been known that nutritional
requirements of endotherms and ectotherms deviate largely,
the ecological consequence of this on endotherms or
systems in which they play a major role has rarely been
considered from a stoichiometric perspective, despite the
popularity of biological stoichiometry (cf. Sterner & Elser
2002; Frost et al. 2005; Boersma & Elser 20006). This is
somewhat surprising, as an understanding of the funda-
mental differences in energy metabolism, and therefore
nutrient requirements, between and among ectotherms and
endotherms has tremendous implications for understanding
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ecosystem relations of animals and plants. We therefore
explore how variations in energy requitements affect dietary
requirements with respect to the diet’s N : C ratio. In doing
so, we will focus on the energy and nitrogen requitements of
endotherms, which we will use to calculate threshold
elemental ratios (Sterner & Elser 2002), distinguishing
between birds, matsupials and eutherian mammals. For
comparison, we also examine reptiles, representing a largely
terrestrial ectothermic group with an overlapping body size
range but with a metabolic rate an order of magnitude lower
than that found in similar-sized birds and mammals (Nagy
et al. 1999). As only few species-specific data on the
P-requirements of animals are available, and because N is
often thought to be a limiting factor in most terrestrial
biomes (e.g. Mattson 1980; Hohman e a/ 1992; White 1993;
Klasing 1998), we will focus on N, which is an important
constituent of proteins. We will furthermore focus on
herbivory (i.e. folivory, granivory, frugivory and nectarivory)
as N or protein limitation is generally not considered to be a
problem for vertebrate carnivores and omnivores. We
discuss the consequences of dietary requirements on diet
choice of herbivores and the evolution of endothermy.

METHODS

Allometric relationships for maintenance nitrogen require-
ments (MNR, mgN day™"), basal metabolic rate (BMR,
kJ day™") and field metabolic rate of free-ranging animals
(FMR, kJ day™") as a function of body mass (M, kg) for
reptiles, birds, marsupials and eutherian mammals were taken
or calculated from literature data. Only the results of classical
regression procedures on log—log transformed data were
used, since (i) not all studies included phylogenetic regtession
procedures, (ii) when applied, phylogenetic regression pro-
cedures varied between studies and (iii), when tested, classical
and phylogenetic regression procedures often yielded statis-
tically indistinguishable relationships (e.g. Reynolds & Lee
1996; Nagy 2005; Withers ez a/. 20006). To assess an index of
the required nutritive quality of the diets for the four groups
of animals, we calculated the ratio between the allometric
regressions for MNR and energy metabolism (BMR and
FMR) of the animals, thus providing an estimate of the
metabolizable nitrogen content of a diet relative to its
metabolizable energy content. For the calculation of this ratio,
both BMR and FMR were used to yield a natural range of
energy needs, where the ratio MNR : BMR would represent
the minimum energy intake for maintenance costs and, thus,
the more conservative of the two.

The literature was also scanned for species-specific data
points where either both MNR and BMR or MNR and FMR
were available. Although fewer data points were involved
than in the above-mentioned allometric analysis the
resulting species-specific ratios of MNR : BMR and
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MNR : FMR provide a better impression of the within-
group variance in these ratios, also allowing for an explicit
statistical analysis for group differences and their relation-
ship with body mass (using generalized linear models on
log-transformed ratios and body mass data).

To convert the MNR : BMR and MNR : FMR ratios into
gross nitrogen over gross energy food content, protein and
energy assimilation efficiencies (i.e. the amount of metabo-
lizable energy, respectively, nitrogen, that an animal extracts
from its food through digestion relative to the gross contents
of that food) are required. Using a range of literature studies,
we compiled a database from which we extracted these values.
To allow for a comparison between MNR over energy
metabolism ratios with published data on N : C ratios in
plants, energy metabolism in animals needs to be converted to
their carbon catabolism. The conversion of energy to carbon
content depends on the composition of the metabolized diet,
with values ranging between 19.0 and 25.6 mgC k]~
depending on the catabolized plant tissue (carbohydrates,
lipids or protein) and the end product of protein catabolism
(urea or uric acid; Gessaman & Nagy 1988). Following
Buchsbaum ez a/. (1986), we assumed an average of 40, 40 and
20% of the metabolized energy of the food in herbivores to
originate from the metabolism of lipids, carbohydrates and
proteins, respectively, resulting in a conversion factor of 21.7
and 22.4 mgC k]_l for uricotelic and ureotelic animals,
respectively, of which the average of 22.1 mgC k] ™' was used
in all subsequent calculations.

RESULTS

For reptiles, marsupials, eutherian mammals and birds,
allometric relationships for MNR, BMR and FMR ate
presented in Table 1. A comparison of BMR allometric
relationships confirms the expected patterns of highest
metabolic rates in birds (typical body temperature 40 °C),
followed by eutherian mammals (37 °C), marsupials (35.5 °C)
and reptiles (ectothermic; Schmidt-Nielsen 1979). For FMR, a
very similar pattern appears although the differences between
marsupials and eutherian mammals do not extend over the
entire body mass range. The relationships for MNR are less
consistent across the animal groups as the mass exponents
vary greatly. However, the allometric exponents for MNR and
for the ratios between MNR : BMR and MNR : FMR in
reptiles should be considered with caution, as only limited data
are available for this group (» = 3). More importantly, over
the body mass ranges measured, endotherms exhibit lower
ratios than the ectothermic reptiles. For most of the body
mass range birds have the lowest MNR : BMR and
MNR : FMR ratios of all (Fig. 1).

The species-level analysis (Fig. 2; data in Appendix S1)
yields a similar pattern, with a significant species group
effects for both MNR : BMR (5 3, = 5.10, P < 0.005) and
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Table 1 Allometry of nitrogen and energy
use

Reptiles

MNR = 108 M™*" (z = 3, R* = 0.837)
BMR = 27 M*"7 (n = 44, R* = 0.828)

EMR = 91 M (, = 55, R* = 0.945)
MNR : BMR = 4.00 A %7

MNR : FMR = 1.19 a1 %41

Birds

MNR = 359 M™% (5 = 31, R* = 0.835)
BMR = 343 M>7° (4 = 254, R* = 0.958)
FEMR = 1159 M™% (5 = 95, R* = 0.938)
MNR : BMR = 1.05 "'
MNR : FMR = 0.31 M*'*

Marsupial mammals

MNR = 217 M7 (z = 16, R* = 0.850)

BMR = 200 M*™* (» = 61, B> = 0.98)
— 0.574 _ RZ —

FMR = 525 M™*™ (4 = 26, B* = 0.952)

MNR : BMR = 1.09 %

MNR : FMR = 0.41 4%

Eutherian mammals

MNR = 411 M* (4 = 11, R* = 0.980)
BMR = 241 M™% (4 = 625, B> = 0.952)
FMR = 872 M"""* (1 = 58, R* = 0.959)

MNR : BMR = 1.71 M*'®

MNR : EMR = 0.47 M

Data and references in Appendix S1
Bennett & Dawson (1976)*f
Nagy (2005)

Data and references in Appendix S1
Reynolds & Lee (1996)
Nagy (2005)

Data and references in Appendix S1
Withers e al. (2006)*
Nagy & Bradshaw (2000)

Data and references in Appendix S1
Duncan ez al. (2007)
Nagy et al. (1999)

Relationships for maintenance nitrogen requirements (MNR, mgN day™"), basal and field
metabolic rates (respectively, BMR and FMR, kJ day ") and the ratios between these entities
(respectively, MNR : BMR and MNR : FMR, mgN kJ ™) in relation to body mass (M, kg)
for reptiles, birds and marsupial and eutherian mammals. All equations were calculated using
conventional least-square regression over logo-transformed data.

*Assuming 20 kJ L0,

TAt an ambient temperature of 30 °C.

MNR : FMR (5, 17 = 8.32, P < 0.002; after correction for
body mass, see below), with least-square means being lower
in endotherms than in reptiles. Among endotherms the least
square means for both MNR : BMR and MNR : FMR
ratios were lowest in birds. Only for FMR : BMR ratios a
significant body mass effect was found (F;, 17 = 4.89,
P < 0.05; interaction between body mass and species group
being nonsignificant).

Energy assimilation efficiency (Appendix S2) wvaried
significantly among plant parts (ANOVA [ 103 = 16.00,
P < 0.001). This was mainly due to the significantly lower
assimilation efficiency of foliage (Scheffé, P < 0.05), with an
average energy assimilation efficiency of 39% (SD = 14,
n = 41), whereas most other plant parts (fruits, tubers,
flowers and seeds) had statistically indistinguishable energy
assimilation efficiencies, averaging 66% (SD = 19, » = 72).
As indicated by the telatively high standard deviations for
these values, energy assimilation values varied widely, which is
probably due to variations in fibre content and retention time
(e.g. Demment & van Soest 1985; Prop & Vulink 1992).

Protein assimilation efficiency (Appendix S2) was similar for
all plant tissues averaging 44% but also here large variations
among efficiencies were apparent within plant tissues
(SD = 40, n = 23; ANOVA F 59 = 2.97, P = 0.074).

Using the average protein assimilation efficiency, average
foliage energy assimilation efficiency, data from Table 1 and
Appendix S1, and the energy to carbon conversion factor of
22.1 mgC k]!, we calculated dietary N : C ratios as
required for folivores and compared these with the range
of N : C ratios found in tertestrial plants (Elser ez a/. 2000;
Figs 1 and 2). Although it should be realized that this
comparison is largely based on averages from which specific
plant—animal comparisons may deviate considerably, this
comparison indicates that N : C ratios among terrestrial
plants are generally sufficient to satisfy the N requirements
for endotherms. This is notably the case for birds, and at
higher than basal levels of energy metabolism. We similatly
calculated the consequences of consuming plant parts other
than leaves (using data presented in Appendix S2), resulting
in a somewhat less positive situation for endotherms with a
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Figure 1 Predicted dictaty quality in terms of metabolizable
nitrogen vs. energy content and gross N : C ratio in foliage diet
for reptiles, marsupials, eutherian mammals and birds of varying
body mass (plotted over the body mass range where MNR
measurements were conducted). Upper panel: conservative esti-
mate using the ratio between MNR : BMR (mgN k™" calculated
from allometric relations (Table 1). Lower panel: the more relaxed
estimate using the ratio between MNR : FMR calculated from
allometric relations (Table 1). N : C ratios are atomic and
corrected for assimilation efficiencies for protein and energy of
folivorous diets. For comparison the median (grey line) and 5 and
95 percentiles (shaded area) for N : C ratios in the foliage of 398
terrestrial plants are provided (Elser ef a/. 2000).

14% lower average metabolizable N : C ratio in flowers,
fruits, seeds and tubers. Notably mammals and marsupials
have higher dietary N : C requirements than those available
in flowers, seeds, fruits or tubers, if functioning at basal
metabolic levels. However, when functioning at FMR levels,
their dietary N : C requirements still largely match those of
the plants available.

DISCUSSION
Dietary nitrogen requirements in endotherms

Although maintenance nitrogen requirements and BMR are
inherently linked, as protein synthesis comes at an
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Figure 2 Predicted dictaty quality in terms of metabolizable
nitrogen vs. energy content and gross N : C ratio in foliage diet
for reptiles (open triangles), marsupials (closed dots), eutherian
mammals (closed squares) and birds (open dots) of varying body
mass. Upper panel: conservative estimate using the ratio between
MNR : BMR (mgN k] ") as measured within individual species
(Appendix S1). Lower panel: the more relaxed estimate using the
ratio between MNR : FMR measured within individual species
(Appendix S1). For these data a significant overall allometric
relationship with body mass was found (see text; least-square
regression line drawn). N : C ratios are atomic and corrected for
assimilation efficiencies for protein and energy of folivorous diets.
For comparison, the median (grey line) and 5 and 95 percentiles
(shaded area) for N : C ratios in the foliage of 398 terrestrial plants
are provided (Elser e# a/ 2000).

energetic cost (Hume 1999), there are many other factors
contributing to the energy requirements of an endotherm
of which maintaining homeothermy is a significant part.
We argue that the high levels of metabolism typical for
endotherms allow for poorer food quality in terms of N
(.e. lower N : C ratios). Our comparison of MNR : BMR
and MNR : FMR in vertebrates indeed indicates that
(ectothermic) reptiles need food with higher N content
than (endothermic) birds or mammals. Considering endo-
therms only, a trend is also apparent with birds, which
have the highest energy requirements, also having the
lowest MNR : BMR and MNR:FMR ratios of all
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Admittedly the intergroup comparisons are hampered by
the limited data for reptiles, but the argument is also
strongly supported by the more robust comparison among
endotherms. Because of data constraints for some of the
groups, it is premature to speculate on the possible reasons
and implications for the variation in MNR over energy
requirements with body mass (i.e. the slopes in Fig. 1) for
the vatious groups of animals. Besides increasing research
efforts and data on reptiles, one could also extend our
analysis by including other groups of ectotherms such as
fishes. However, the direct comparison between herbivores
from terrestrial and freshwater habitats is hampered by the
widely differing N : C ratios of their food species (Elser
et al. 2000).

For terrestrial plants in natural ecosystems, empirical
evidence shows average N : C ratios can be fairly constant,
despite variation in temperature, growth rate, nutrient
supply or biome type (e.g. Elser e al. 2000; McGroddy
et al. 2004; Kerkhoff ez al. 2005). Although terrestrial plants
generally seem to be of sufficient quality for most
endotherms to simultaneously fulfil their protein and energy
requirements, not all plants or plant parts contain the
appropriate N : C ratio to permit dietary nitrogen balance.
For example, tubers, seeds and fruit may be extremely low in
protein making it difficult for their consumers to maintain
nitrogen balance (e.g. Izhaki & Safriel 1989). However,
animals such as small herbivores that are facing foraging
time and digestive capacity constraints and very large
ruminants that are confronted by digestive time constraint
(Demment & van Soest 1985) must have a high and readily
available metabolizable energy content in their forage. This
is especially true for animals, such as birds, with very high
mass-specific energy requirements. Furthermore, apart from
secondaty plant components, certain essential, highly
specific nutrients may be important drivers for plant
selection. For birds, for instance, a balanced diet contains
¢«. 38 different nutrient compounds including various
essential amino acids, fatty acids, minerals and vitamins
(Murphy 1996). If nutrient requitements are not directly
linked to energy expenditure, high energy requirements may
reduce dietary quality requitements for these essential
nutrients too.

In summary, we consider that the high energy require-
ments of endotherms facilitate consumption of plants with a
relatively high C content and that most plants allow them to
satisfy their general protein relative to energy requirements,
at least during non-productive life stages when animals do
not grow or reproduce.

Nitrogen as a constraining resource

Our contention that endothermic herbivores can satisfy
their protein requirements by eating most plants seems to

be at odds with the work of many authors. It is typically
stated that the restricted availability of protein in plants
compared with other nutrients and energy makes choosing
N-rich foods a driving force of their foraging behaviour.
Mattson’s (1980) and White’s (1993) reviews on ‘herbivory
in relation to plant nitrogen-content’ are probably the most
influential contributions in this respect. Both mainly built
their cases using examples of invertebrate animals,
although they also included a number of studies in their
works suggesting that herbivorous birds and mammals are
protein limited. However, many of the latter studies deal
with growing, lactating or otherwise producing animals or
take the high standard nitrogen requirements of cattle as a
reference (e.g. Sinclair 1975). Still, various authors have
observed an apparent selection of the most nitrogen-rich
food plants by herbivorous birds and mammals throughout
much of the annual cycle. For a proper assessment of the
limiting resource it is, howevert, necessary to measure and
compare metabolizable energy content along with metab-
olizable nitrogen content. One study combining these
measurements found that dietary nitrogen was limiting in
(ectothermic) green iguanas (lgnana ignana) during large
parts of the year (Marken-Lichtenbelt 1993). Unfortunately,
many studies claiming selection for nitrogen-rich resources
in birds failed to simultaneously measure metabolizable
energy content of the food sources (e.g. Sedinger 1997,
Fox et al. 1998; Bucher et al. 2003). In addition, it should
be noted that protein may not only function as a building
block but also as a useful catabolic substrate. Thus protein
content may be positively correlated with the metabolizable
energy content of a food (e.g. Prop & Deerenberg 1991).
Moreover, protein content tends to be negatively correlated
with fibre content (e.g. Bucher e# a/. 2003) which in turn
importantly determines the metabolizablity of food in
combination with retention time (e.g. Demment & van
Soest 1985; Prop & Vulink 1992).

Thus, when scrutinizing the evidence for endotherms
being nitrogen limited there appears to be rather imperfect
evidence to make this case, in particular when excluding
periods of increased nitrogen demand, such as during
growth and reproduction.

Variation in nitrogen requirements

Nitrogen requitements may be increased due to the
inclusion of protein-assimilation limiting compounds into
the diet such as phenolics and tannins (Izhaki & Safriel
1989; Robbins 1993; Klasing 1998). By contrast, nitrogen
requirements may also be reduced by the ingestion of easily
digestible and non-abrasive foods (e.g. nectar, fruit),
reducing obligatory N losses (e.g. Robbins 1993; Allen &
Hume 2001; Tsahar e a/. 2000). Thus variation in such
physical traits of plants may undetlie the large coefficient of
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variation of 91% we observed in our protein assimilation
figures.

Nitrogen requirements may substantially exceed mini-
mum maintenance levels during specific stages of an
animal’s life or annual cycle. For example, immune
responses are known to increase an animal’s nitrogen
requirement (Lochmiller & Deetenberg 2000) and the ratio
between nitrogen and energy requitements will be substan-
tially higher during growth in all animals and during
reproduction in females for eggs, embryo and milk
formation. However, during these phases energy require-
ments may also be substantially increased, again mitigating
the need to seek N-rich foods (Weathers 1996). Thus,
during these demanding phases one should still consider the
possibility that food quantity or food metabolizable energy
content rather than food nitrogen content may be limiting.
In birds, moult will also increase nitrogen requirements and
notably the requirement of sulphur-rich amino acids typical
of feather protein, which are scarce in green plants
(Hohman e al. 1992). Sdll, through behavioural and
physiological adaptations during moult, these increased
protein requirements might be met without a change in diet
(Fox & Kabhlert 1999). Clearly, during periods of increased
energy demand, such as during cold spells or migration or
for many males during the reproductive phase, the nitrogen
requirements to the diet may be lower.

Finally, we wish to emphasize that we do not claim that
endotherms are never nitrogen limited and notably not
during such important and demanding life-history stages as
reproduction and growth. We only aim at suggesting that
endothermy will assist considerably in relaxing this con-
straint, even in such demanding phases.

The evolution of endothermy

Above we concluded that endothermy relaxes dietary
constraints with respect to N but, put the other way
around, could this fact also have played a role in the
evolution of endothermy? Endothermy is the ability of
animals to maintain body temperature (homeothermy) over
a broad range of environmental temperatures through high
rates of endogenous heat production. What makes endo-
thermy so intriguing is not just the fact that mammals and
birds are endothermic in the strict sense of the term but also
because of its extravagant use of energy; a life style that is
still fuelling an intensive debate on the mechanisms behind
its evolution (Koteja 2004). The debate is centred around
the idea that endothermy not only enables homeothermy,
but also at the same time allows the maintenance of high
levels of locomotor activity (Koteja 2004). The discussion is
thus very much centred on the expenditure of resources and
not so much its acquisition. It is our conjecture that high
dietary C : N ratios may have been an important impetus
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for the metabolism of C and thus would contribute to the
evolution of endothermy.

Stoichiometry has previously been considered to be an
important driver in macro-evolutionary processes (for a
review see Kay e a/ 2005). For instance, the rise of giant
herbivorous dinosaurs has been related to the 10 times
higher CO, concentration during the Cretaceous (e.g.
Burness et al. 2001; Midgley et al. 2002). Of course our
hypothesis for the evolution of endothermy need not
exclude any of the previously suggested hypotheses as
summarized by Koteja (2004). Taking a stoichiometric
petspective merely adds a potential additional benefit to the
production of heat allowing endothermy: the expulsion of C
when dietary C : N ratios are high. As endothermy can also
be found among fish, reptiles, insects and plants (see Koteja
2004 for review), studies on other endotherms beyond birds
and mammals may be an important avenue to further our
insights on the evolution of endothermy from a stoichiom-
etric perspective.
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