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Summary

 

1.

 

Primates meet their nutritional goals by prioritizing certain nutritional parameters when choosing
the types and quantities of different foods.

 

2.

 

There are five major models applied in primate nutritional ecology, each of which proposes that
diet selection subserves a different primary nutritional goal: (i) energy maximization; (ii) nitrogen
(protein) maximization; (iii) avoidance or regulation of  intake of  plant secondary metabolites;
(iv) limitations on the intake of dietary fibre; and (v) nutrient balancing.

 

3.

 

Here, we review the evidence in support of each of these nutritional goals as drivers of primate
diet selection. We discuss some of the costs and benefits associated with different methodological
approaches used in primate nutritional ecology.

 

4.

 

New approaches developed outside of  primatology have provided better frameworks for
understanding the nutritional goals of some primate species. We suggest that the field of primate
nutritional ecology needs to take greater advantage of  the techniques developed by nutritional
ecologists working in other fields.

 

5.

 

Specifically, we recommend (i) the increased application of  the Geometric Framework for
nutrition, (ii) the application of methodological approaches that enable the estimation of nutrient
and energy availability from food sources, and (iii) continuous follows of individual primates in the
wild for determining primary nutritional goals.
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Introduction

 

Primate nutritional ecology involves the interactions between
the environment and a primate’s nutrient intake, and the
individual’s resultant physiological state. It is a diverse field
that includes physiology (Ross 1992), morphology (Vinyard

 

et al

 

. 2003), ontogeny, growth, development (Leigh 1994),
and ecology (e.g. Oates

 

 et al

 

. 1990). Underpinning all aspects
of nutritional ecology is the need for individuals to procure
appropriate quantities of certain macro- and micro-nutrients
from their habitat. This requirement is not uniform among
different species or individuals but may vary depending on
factors such as body size, metabolic requirements, lifestyle,
and digestive system (Parra 1978; Milton 1993). Thus, dif-
ferent species may prioritize different nutritional parameters
when choosing the types and quantities of foods they consume.
We refer to this prioritization as the primates’ nutritional goals.

There are five major models in nutritional ecology that have
been applied in primatology. Each of these models proposes
that diet selection subserves a different primary nutritional

goal: (i) energy maximization (Schoener 1971); (ii) nitrogen
(protein) maximization (Mattson 1980); (iii) avoidance or
regulation of plant secondary metabolites (PSMs) (Freeland
& Janzen 1974); (iv) limitations of dietary fibre (Milton 1979);
and (v) nutrient balancing (Raubenheimer & Simpson 2004).
These different views partly reflect the diversity of species and
systems that have been studied, but are also influenced by
different approaches to studying nutritional goals.

There are several approaches to the study of primates’
nutritional goals (Table 1). We place these approaches into
three broad ‘levels of inquiry’ based on the core question
asked: Level (1) Which properties of foods determine whether
or not they are included as part of the normal diet? Level (2)
Which properties determine the preference ranking among
foods that are part of the normal diet? Level (3) What are the
nutritional goals that underlie the choice and ranking of
foods? These three levels of inquiry incur various costs in
terms of time and effort, and provide different insights into a
species’ nutritional goals (Table 1). Determining which
nutritional goal governs diet selection in a primate species can
be valuable in zoo husbandry, comparative physiology,
maintenance of primate populations in managed ecosystems,
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Table 1.

 

Three major levels of  inquiry on which a primate’s nutritional ecology can be studied and analysed

Level of inquiry and associated question(s) Approach Knowledge gained Weaknesses/costs

(1) Which properties of  foods determine 
whether or not they are included as part of  
the normal diet?

Comparison between the chemical 
compositions of  selected and rejected food 
items

The nutritional factors that 
influence overall diet selection

Results influenced by differences in 
food availability. Sensitive to subjective choice 
of ‘rejected’ foods. Does not necessarily 
explain the underlying nutritional goal†.

(2) Which properties determine the 
preference ranking among foods that are 
part of  the normal diet?

(a) Comparisons between preference 
indices‡ and the nutritional composition of  
each food item; (b) Compositional 
description of  foods eaten which are ranked 
in terms of relative feeding time and/or mass 
ingested (preference indices not calculated)

The composition of  food items that 
are (a) highly preferred versus less 
preferred‡, or (b) frequently 
selected versus rarely selected

Results influenced by differences in food 
availability and estimates of plant abundances 
(as a basis for preference indices‡). 
Uncertainties associated with preference 
indices‡. Does not necessarily explain the 
underlying nutritional goal†.

(3) What are the nutritional goals that 
underlie the choice and ranking of foods?

(a) Estimation of daily nutrient intake by 
extrapolating from scan sampling 
protocols§. (b) Detailed analysis of  daily 
nutrient intake per individual per day, 
recorded continuously all day including 
all feeding events 

Which chemical aspect of  the food 
is prioritized and therefore governs 
nutrient intake; how the 
composition of  preferred food 
items fit into the greater picture of 
the animal’s nutritional goal 
(b) provides a more accurate view 
than (a)

Labour intensive: Requires detailed data 
of nutrient intake of the same individual for 
at least one day (all feeding events included, 
feeding rates measured for each item etc), 
and relevant analyses of  all food items consumed.

†See text for an explanation.
‡Preference indices (or selection ratios) normally contrast the relative time spent feeding on a food item with the relative abundance of  this food item in the home range of the animal (Krebs 1989). Such indices 
are rough estimations of relative selectivity, as it is difficult to quantify the actual density and abundance of  leaves, fruits etc. Even when selectivity is accurately measured, it may not reflect ‘preference’ (McKey 

 

et al

 

. 1981). For example, with some behavioural sampling methods (e.g., continuous follows) some rarely eaten items that are found at a low density can be ranked as preferred when they contribute little 
to the diet.
§Researchers observe one or several group members during each sampling period (e.g. 5 min periods conducted every 20 min), often alternating between different visible focal individuals during the day or 
part of  the day (Altmann 1974).
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and for increasing our understanding of primate behaviour,
ecology and also human evolution.

In this review, we assess each of  the five major models in
the study of animal nutritional goals and their influence on
primate nutritional ecology. We also assess studies in relation
to the level of inquiry employed by the researchers. We discuss
new advances in nutritional ecology of potential interest to
primatologists. We do not review the influence of mechanical
aspects of food items (e.g. fruit hardness or pulp adhesiveness),
although we readily acknowledge their importance in the
wider framework of diet selection (see review by Lambert 2007).
In this review, we concentrate on leaf- and fruit eating primates
as more information is available for these taxa, compared to
seed-, insect- or exudate-eating primates (Lambert 1998).

 

Diverse nutritional goals of wild primates

 

ENERGY

 

 

 

MAXIMIZATION

 

The idea that an animal’s nutritional goal may revolve around
maximizing energy intake originated with optimal foraging
theory (Emlen 1966; Schoener 1971; Pyke

 

 et al

 

. 1977). This
framework hypothesizes that individuals maximize their
energy yield per unit time feeding, with this behaviour presumed
to be commensurate with an individual’s fitness. Energy
maximization models often acknowledge that an animal may
consume some foods to obtain rare nutrients, rather than for
their energy content. Further constraints on nutrient intake
built into these models include feeding time and an animal’s
digestive capacity (Belovsky & Schmidt 1991).

Empirical studies support the view that energy maximization
guides foraging behaviour in hundreds of herbivore species,
predominantly grazers (Belovsky & Schmidt 1991). Primates
are, however, rarely used as subjects for testing energy
maximization theory (but see Robinson 1986; Grether 

 

et al.

 

1992; Barton & Whiten 1994; Altmann 2006). This is partly
because their diets and the constraints under which they
forage are considered to be too complex for simple rate-
maximizing models to apply (Milton 1979; Post 1984).
Nevertheless, the view that a high energy intake equates with
a high quality diet has influenced the work of  numerous
primate ecologists (Leighton 1993; Cowlishaw & Dunbar
2000; Lambert 2007; Strier 2007).

Comparative analyses of  anatomical, behavioural and
ecological data has led researchers to conclude that some
primate species are ‘energy maximizers’ (e.g. Rosenberger &
Strier 1989; Strier 1992). For example, spider monkeys (

 

Ateles

 

spp.) are suggested to be energy maximizers (Rosenberger &
Strier 1989; Strier 1992), because of their short food retention
times (Milton 1981), large territories and fluid social structure
(Strier 1992), and their preference for consuming fruit rich in
sugars and lipids (Castellanos 1995; Dew 2005; Di Fiore

 

 et al

 

.
2008). These conclusions were reached using inquiry levels 1 and
2 (Table 1). However, more recent research, using inquiry level 3,
indicates that the underlying nutritional goal of 

 

Ateles chamek

 

is to ingest a set amount of protein each day, not to maximize
daily energy intake (Felton

 

 et al

 

., in press). Hence, what may

appear as a diet with a goal of maximizing energy intake, may
in fact be secondary to the underlying nutritional goal of protein-
dominated macronutrient balancing (Felton

 

 et al

 

. in press).
Notably, few studies quantify digestible or metabolizable

energy, that is, the fraction of  the ingested energy that is
available for the animal to use (but see Conklin-Brittain 

 

et al.

 

2006). Instead, researchers normally multiply each macronu-
trient fraction with a standard caloric factor and thus obtain
gross energy content of the food (as per National Research
Council 2003 and earlier editions). Because gross energy does
not represent the energy available to an animal (Robbins 1983),
it is preferable to estimate the digestible and/or metabolizable
energy concentrations of different foods.

 

N ITROGEN

 

 

 

(

 

PROTEIN

 

)

 

 

 

MAXIMIZATION

 

Nitrogen (N), in the form of amino acids, is the fundamental
building block of protein and plays a central role in metabolic
processes, cellular structure, and genetic coding (Mattson
1980). For this reason, nitrogen has been proposed as a
limiting factor for the growth, health, reproduction, and survival
in many organisms (Mattson 1980).

The majority of primate studies that assess the importance
of protein do so in the context of food selection (inquiry level 1,
Table 1) or food preference (inquiry level 2). It has been suggested
that some primates prefer foods high in protein, as they often
select protein-rich plant parts or supplement their herbivorous
diets with insects (Milton 1979; Oftedal 1991). For instance,
gorillas are observed to prefer foods with high protein content
(Calvert 1985; Rogers

 

 et al

 

. 1990; Rothman

 

 et al

 

. 2008b), but
it is unclear whether this is merely a consequence of the high
amounts of protein in the plants available (Rothman

 

 et al

 

. 2008b).
Another example of a behaviour that increases protein intake is
the ingestion of special faeces (a behaviour known as ‘caeco-
trophy’) by sportive lemurs (

 

Lepilemur leucopus

 

, Hladik 1978).
Although some researchers have suggested that primates

aim to maximize protein intake by careful selection of food
items (various colobine species, McKey

 

 et al

 

. 1981; Waterman

 

et al

 

. 1988; 

 

Papio anubis

 

, Barton & Whiten 1994), rarely there
is a conclusive pattern suggestive of protein maximization.
For instance, high concentrations of protein do not consistently
characterize the plants eaten even by highly folivorous pri-
mates (Oates 

 

et al.

 

 1980; Gaulin & Gaulin 1982; Kool 1992).
Furthermore, although total N may be an important influence
on food choice in some primate species, other drivers also
appear to be strongly influencing food selection, such as dietary
fibre and digestion-inhibitors (Milton 1979; McKey

 

 et al

 

. 1981).
There are very few studies that have tested protein maximi-
zation, using detailed information on daily nutrient intake by
individuals (inquiry level 3). While attempting to do so,
Felton 

 

et al

 

. (in press) found that protein maximization did not
explain the pattern of daily nutrient intake of spider monkeys.

 

AVOIDANCE

 

 

 

OF

 

 

 

PSMS

 

PSMs occur widely and can influence which plants and plant
parts that are eaten (Palo & Robbins 1991). Thousands of
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PSMs have been identified, but relatively little is known about
their effects on consumers (Lambert 1998; see also Torre-
grossa & Dearing 2009). What is known is that PSMs can have
toxic effects on the animal’s physiology and/or influence
digestion (Cork & Foley 1991; Foley & McArthur 1994). A
PSM is not inherently toxic or harmful. Rather, its effect
depends on its chemistry, the amount ingested, and the
consumer in question (Foley & McArthur 1994). For
example, leaves containing cyanogenic glycosides form the
staple food for the golden bamboo lemur (

 

Hapalemur aureus

 

).
These lemurs are capable of consuming 12 times the lethal
dose of cyanide for other similarly sized mammals (Glander

 

et al

 

. 1989).
Polyphenolic compounds, especially condensed or

hydrolyzable tannins, are one of the most frequently studied
classes of PSM (Lambert 1998; Milton 1998). Tannins have
long been considered to have widespread negative effects on
digestion and nutrient uptake, due to the capacity of some
specific types of tannins to bind with some plant proteins or
digestive enzymes and form insoluble complexes (Rhoades &
Cates 1976). Several studies have suggested that the presence
of condensed tannins in plant foods is negatively related to
primate food selection (inquiry level 1, Table 1) (

 

Colobus

guereza

 

, Oates 

 

et al.

 

 1977; 

 

Alouatta palliata

 

, Glander 1981),
or food preference (inquiry level 2) (

 

Cercopithecus aethiops

 

,
Wrangham & Waterman 1981). However, most studies have
found conflicting or unclear relationships between food
selection, food preferences, and the concentration of tannins
and other PSMs (Milton 1979; Davies 

 

et al.

 

 1988; Marks

 

 et al

 

.
1988; Waterman

 

 et al

 

. 1988; Ganzhorn 1989; Kool 1992;
Maisels 

 

et al.

 

 1994; Mowry 

 

et al.

 

 1996; Chapman & Chapman
2002; Fashing 

 

et al.

 

 2007). Studies that have conducted
parallel analyses on inquiry levels 1 and 2 indicate that while
concentrations of PSMs may influence some primates’ overall
food selection, PSMs may not satisfactorily explain the
species’ relative preferences for different food items (e.g. in
colobines, Maisels

 

 et al

 

. 1994; Fashing

 

 et al

 

. 2007).
Ambiguities of this sort are not surprising considering the

complex roles PSMs have on diet selection and food intake
(Foley & McArthur 1994; Moore & Foley 2005). First, recent
research suggests that the effect of  PSMs on an animals’
physiology is intricately linked to the relative balance of
nutrients and energy in the food, and that these factors cannot
be assessed in isolation (Simpson & Raubenheimer 2001;
Villalba & Provenza 2005). This is because although some
PSMs restrict the availability of  certain nutrients, large
quantities of nutrients also can ameliorate the negative effects
of PSMs (Villalba & Provenza 2005). A further complication
is the fact that some PSMs (such as condensed tannins)
also can have positive effects on the consumer, including
protection against intestinal parasites (Min

 

 et al

 

. 2003), and
reduction of the negative physiological effects of other
ingested PSMs (Cork & Foley 1991). To accurately study the
effects of PSMs on diet selection, researchers need to perform
careful chemical analyses, consider intra-specific variation in
PSMs, and examine large numbers of potential food items.
When analysing large numbers of food items, the use of near

infrared reflectance spectroscopy has proven particularly
useful (McIlwee

 

 et al

 

. 2001; Ortman

 

 et al

 

. 2006).
A second problem in regards to tannin assays is that the

materials used as standards vary greatly, making compari-
sons between different studies difficult or impossible (Rautio

 

et al

 

. 2007). Although there are approaches to avoid these
problems, we recommend that initial studies be conducted
with an approach that does not require external standards.
This could include the 

 

in vitro

 

 approach described by De
Gabriele 

 

et al

 

. (2008). Alternatively, if  

 

in vivo

 

 experiments are
possible, primate ecologists could also consider some of the
advances that have been made in the agricultural sciences,
especially the use of tannin-blocking agents to quantify the
effect of tannins on diet selection and nutrient digestibility
(Silanikove

 

 et al

 

. 2001). More detailed chemical studies of
tannins may be worth pursuing once broad patterns have
been identified (Marsh

 

 et al

 

. 2003).

 

REGULATION

 

 

 

OF

 

 

 

F IBRE

 

 

 

INTAKE

 

Milton (1979) suggested that to understand the food prefer-
ences of herbivorous primates, the relative amount of plant
cell wall material in diets should be considered. Plant cell wall
material is often referred to as ‘dietary fibre’ and is composed
primarily of cellulose, hemicellulose and lignin (Cork & Foley
1991). Because most animals lack the appropriate enzymes to
digest cell walls, they must rely on gut micro-organisms to
hydrolyze components of dietary fibre for the production of
short-chain fatty acids and microbial protein (Cork & Foley
1991; Clements 

 

et al

 

. 2009). The digestive tract of  some
primate species is expanded to facilitate more effective
fermentative digestion, for example, colobine monkeys
(Bauchop & Martucci 1968) and howler monkeys (Milton
1981; 1982). While some studies of captive primates have
reported high fibre digestibility of compounded synthetic
diets (e.g. Edwards & Ullrey 1999; Campbell 

 

et al.

 

 2004), it is
uncertain how well these diets reflect the lignified cellulose
found in natural diets. In the only study that has attempted to
quantify the contribution of  fermentation to energy intake
in free-ranging primates, it was found that fermentation
contributed 31% of  daily energy requirements (

 

Alouatta

palliata

 

, Milton & McBee 1983). However, these results
should be treated cautiously because the fermentation rates
and molar proportions of individual short-chain fatty acids
were very unusual (see Cork & Foley 1991). Thus, given the
small body size of most primates, it remains unclear whether
fermentative digestion of plant cell walls can be a major
source of energy intake (Cork & Foley 1991).

It has been proposed that folivorous primates deal with
digestive limitations by selecting leaves that are rich in protein
but relatively low in dietary fibre (Davies

 

 et al

 

. 1988; Waterman

 

et al

 

. 1988). Diet quality is thus defined as the ratio between
protein and dietary fibre. This ratio has been found to be a
useful indicator of whether or not certain folivorous primate
species choose to consume a particular leaf (inquiry level 1,
Table 1). For instance, this pattern has been found in 

 

Alouatta

palliata

 

 (Milton 1979, 1998), 

 

Presbytis rubicunda

 

 (Davies
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et al

 

. 1988), 

 

Colobus satanas

 

 (McKey

 

 et al

 

. 1981), 

 

Nasalis

larvatus 

 

(Yeager 

 

et al.

 

 1997), 

 

Gorilla g. gorilla

 

 (Rogers

 

 et al

 

.
1990) and several lemur species (Ganzhorn 1992). Sometimes
the ratio can also explain relative preferences of certain leaves
included in diets (inquiry level 2): 

 

Procolobus badius

 

(Chapman & Chapman 2002), 

 

Colobus guareza

 

 (Chapman

 

et al

 

. 2004; Fashing

 

 et al

 

. 2007), and 

 

Papio 

 

spp. (Whiten

 

 et al

 

.
1991).

Although these studies indicate that leaf choice by some
primates is positively related to a high ratio of protein to fibre,
many exceptions occur. Leaf types with low protein : fibre
ratios may be preferred under some circumstances (Oates

 

et al

 

. 1990; Mowry

 

 et al

 

. 1996), and rejected leaf types can
have high protein : fibre ratios (McKey

 

 et al

 

. 1981). Furthermore,
the protein : to fibre ratio may explain leaf choice for some
study groups but not others (Chapman & Chapman 2002;
Chapman

 

 et al

 

. 2004), or only for some closely related taxa
(Ganzhorn 1992; Kool 1992; Dasilva 1994). It has been
suggested that these inconsistencies may be explained by
differences in competitive pressures affecting the feeding
behaviour of study subjects (Ganzhorn 1992; Mowry

 

 et al

 

.
1996; Chapman & Chapman 2002).

We suggest that there are several additional reasons which
may account for inconsistent findings arising from assessments
of the protein : fibre ratio. First, studies often use different
measures of fibre (neutral detergent fibre (NDF) or acid
detergent fibre (ADF)). This makes inter-study comparisons
difficult. Second, what often is measured as fibre in tree leaves
(either NDF or ADF) is actually a complex mixture of fibre,
tannins and protein (Makkar

 

 et al

 

. 1995). A substantial
proportion of the crude protein found in plant material may
be unavailable because it is bound to tannins and fibre (De
Gabriel

 

 et al

 

. 2008; Rothman 

 

et al.

 

 2008a). Finally, although
the protein : fibre ratio is primarily used to explain preferences
for some leaves over others, the physiological underpinnings
of such food choices are likely to be obscured by chemical
aspects of other foods eaten. For instance, the leaf-based diet
of colobine primates is often mixed with fruits and seeds
(Dasilva 1994). Because the ingestion of one diet item can
affect the digestion of another item (Bjorndal 1991; Villalba
& Provenza 2005), the value of one food type cannot be
assessed in isolation of other food items eaten. In summary,
although correlations have been found between the protein :
fibre ratio and the types of foods selected or preferred, the
value of the approach needs careful evaluation in conjunction
with complementary analytical procedures.

 

NUTRIENT

 

 

 

BALANCING

 

Researchers have suggested for several decades that herbivores
balance their nutrient intake by mixing food items of varying
nutritional composition, rather than trying to maximize the
capture rate of a particular nutrient (Westoby 1974; Milton
1982; Whiten

 

 et al

 

. 1991). In the concept of nutrient balancing,
both digestible foliage and fruits rich in ready energy con-
stitute high-quality food items when eaten in combination
(Milton 1982). Several studies indicate that nutrient balancing

may be a fundamental aim of wild primates. For example,
Davies 

 

et al

 

. (1988) found that two colobine species selected
leaves if  they had high protein : fibre ratios, but selected seeds
on the basis of high lipid concentrations and high digestibility
(see also Whiten 

 

et al

 

. 1991). Such different selection criteria
for two different food groups suggest that the monkeys may
be aiming for a balance in their nutrient intake. However, a
complete picture does not emerge from assessing food
selection criteria alone (inquiry level 1, Table 1).

Not until recently has the field of  primate nutritional
ecology had access to an analytical framework appropriate
for empirically demonstrating nutrient balancing. The Geometric
Framework for nutrition (GF) is a multidimensional approach
designed to assess nutritional priorities of animals (Simpson
& Raubenheimer 1993; Raubenheimer & Simpson 2004;
Raubenheimer 

 

et al

 

. 2009). This framework unifies
several nutritionally relevant measures within simple geometrical
models, thus allowing for a comparison between observed
patterns, and predicted reference patterns (Fig. 1a). The GF
allows the analysis of observed patterns of nutrient intake
without the need for 

 

a priori

 

 assumptions as to what may be
guiding diet selection, and can thus assess all nutritional
parameters and the five models discussed above. This
framework has successfully been applied to a range of
vertebrate and invertebrate taxa (e.g. Chambers 

 

et al.

 

 1995;
Raubenheimer

 

 et al

 

. 2005; Simpson & Raubenheimer 2005;
Raubenheimer & Simpson 2006; Robbins

 

 et al

 

. 2007).
By applying the GF, and using inquiry level 3b (Table 1),

Felton 

 

et al

 

. (in press), concluded that the nutrient intake of
Ateles chamek was governed by protein-dominated macronu-
trient balancing, rather than energy- or protein maximization,
or avoidance of dietary tannins. Felton et al. (in press) found
that the daily intake of  available protein (when effects of
tannins and cell walls had been taken into account) was
regulated more tightly than either carbohydrates or fats
(Fig. 1b). Because regulation of protein intake in this case was
prioritized, only slight changes in diet composition had
substantial consequences for non-protein energy intake and
thus energy balance. Hence, large variation occurred in the
daily intake of non-protein energy, which was significantly
related to the availability of  ripe fruit within the spider
monkeys’ territory (Felton et al. in press). In contrast, daily
protein intake remained relatively stable, regardless of season,
sex of the individual, availability of fruit, relative proportion
of leaves or the amount of dietary tannins in their diet.

Most applications of GF to date have involved laboratory
studies, using tightly controlled experimental designs.
Additional challenges are posed in observational field studies.
First, it is difficult to determine which of two co-varying
nutritional factors may be prioritized in a non-experimental
setting. For example, in the above study, ash (crude mineral)
and protein concentrations were moderately correlated in
food items, resulting in a corresponding relationship between
mineral and protein intake by focal animals (Felton et al. in
press). More data are needed to establish the relative influence
of minerals on spider monkey diet selection. Second, it is
important to assess the potential influence of a number of
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constraining factors on food intake such as gut limitations,
time spent feeding, and intake of  indigestible cell wall
material (Mattson 1980). These analyses can be conducted in
parallel with the GF, given access to detailed observational
data (see Raubenheimer & Simpson 2006; Felton et al., in
press). We note that the above challenges apply equally to
any field-based approach to nutritional ecology. Indeed, these
issues call for a multi-dimensional approach, as these provide
greater opportunities for revealing (and analytically
resolving) potential confounds.

THE ROLE OF MINERALS

It is well known that minerals are fundamental to the health
of individuals (Robbins 1983), and some primates travel long
distances to reach rare items rich in particular minerals
(Fashing et al. 2007). Mineral availability has also been a
proposed limitation to population growth of frugivorous primates
in Ugandan rainforests (Rode et al. 2006). However, the intake
of most minerals by primates eating natural, balanced diets in
the wild often exceeds established requirements of humans,
and dietary deficiencies in minerals are suggested to be
unlikely (Milton 2003; Rothman et al. 2006). Because minerals
can be obtained from non-food sources (e.g. salt licks, soil,
egg shells), they may not influence food choice in general. Few
authors propose that minerals govern diet selection by primates,
and no general theories have been put forward. Remarkably
little is known about micronutrient content of wild primate
foods and their corresponding intake by individuals (Milton
2003). Until further data are available regarding daily mineral
intake by focal individuals, little can be concluded regarding
the role of minerals in primate diet selection.

FURTHER CONSIDERATIONS

An individual’s primary nutritional goal, or the strategy by
which it attempts to reach this goal, may change as an
individual moves between different life stages. This has been
shown to be the case for taxa as evolutionarily distinct as
insects (Raubenheimer et al. 2007; Boggs 2009) and brown
bears (Robbins et al. 2007). Adult female primates often have
higher energy intakes than adult males (Strier 2007), and
lactation in particular demands females to ingest more energy
and protein every day than at other times in their lives (e.g.
McCabe & Fedigan 2007). Likewise, infant primates have
higher relative protein requirements than adults due to their
rapid growth and development (Oftedal 1991). It is unknown
whether these differences in relative nutrient requirements are
indicative of corresponding changes in the underlying nutri-
tional goals of an individual. This may be a fruitful area for
future research.

Fig. 1. Predicted and observed outcomes of diet selection. (a) A
model using the Geometric Framework to represent potential
outcomes when animals are fed diets containing different ratios of
protein (P) versus carbohydrates (C) and lipids (L) (Simpson et al.
2003). When animals are free to choose foods representing the entire
spectrum of P : (C+L) ratios, two outcomes are plausible: (i) daily
nutritional intakes fall along line e due to energy maximization
subject to constraints, or (ii) daily intakes converge around a point in
nutritional space (dot) due to target regulation through nutrient
balancing. Lines emanating from the origin represent ‘food rails’
which indicate the food’s ratio of P : (C+L). When animals are
restricted to diets containing limited amounts of either P or C+L
(shading), three outcomes are plausible: (i) total energy intake is
prioritized (intake points fall along line segments e); (ii) C+L intake
is prioritized (segments cl ) or (iii) protein intake is prioritized
(segments p). (b) Each point represents the daily endpoint in
nutritional space of a focal individual of Ateles chamek (38 daily
follows included, Felton et al., in press). The vertical line, which
represents mean protein intake, fits protein prioritization in Fig. 1a.
Protein intake data indicate available protein and account for any
protein bound by tannins. For uniformity, protein was plotted in
energy units, although mass units could also have been used. The
exact placement of the physiological target point (dot in Fig. 1a) is

not essential for the interpretation of the pattern. This point can,
however, be estimated in a field-based study by analysing the observed
pattern of intake, if  it is assumed that a free-ranging animal, when
given the opportunity, will achieve its intake target (Raubenheimer &
Simpson 2006). Figure modified from Felton et al. (in press).
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Future directions

There are a number of methodological approaches that can be
used more extensively than at present by primate nutritional
ecologists attempting to answer questions regarding
nutritional goals. First, analyses of underlying nutritional goals
depend on the accuracy of the estimates of daily nutrient
intake. Because of the practical difficulties (or legal/ethical
restrictions, Rothman et al. 2008b) involved in conducting
continuous follows of individual primates in the wild, the vast
majority of field studies conduct focal animal scan sampling
(as per Altmann 1974). Using this methodology, researchers
observe one or several group members during short sampling
periods, alternating between different visible focal individuals
(level 3a, Table 1). Researchers then estimate relative feeding
time on different food items and the nutrient contributions of
these items, without direct assessment of the actual weights of
food ingested.

Scan sampling is an appropriate method for answering
various research questions (Altmann 1974). However, if  the
aim is to assess underlying nutritional goals (inquiry level 3,
Table 1), we suggest that it is preferable (whenever possible) to
conduct continuous behavioural observations of the same
focal individual over the course of a day. Whereas continuous
data collection involves some limitations compared to scan
sampling (e.g. a smaller number of  focal animals can be
followed, and high sensitivity to quality of data collection),
this method has several advantages. First, nutrient regulation
appears to occur over the period of approximately one day (de
Castro 2000; Robbins et al. 2007), and what an individual
consumes during the morning is likely to influence what it
consumes in the afternoon (Booth & Thibault 2000). The use
of an average daily nutrient intake based on the activities of
several individuals can obscure such patterns of daily nutrient
intake. Second, by not recording every feeding event of the
day, the relative contribution of  some nutrients may be
underestimated. A single unrecorded meal may significantly
alter the nutrient intake pattern of a day. Third, any quanti-
fication of nutrient intake that is based on feeding time rather
than weight of  ingested food is problematic (Kurland &
Gaulin 1987). The use of feeding time as a measure may
underestimate the nutritional contribution of  fruits by a
factor of  five, and overestimate the contribution of  insects
by a factor of  15 (Chivers & Hladik 1980). It is therefore
recommended that weight-based data of  food intake are
documented and intake rates established for each type of food
ingested (Oftedal 1991; Chivers 1998; Rothman et al. 2008b).
Because preference indices (or selection ratios) are usually
based on relative feeding times of certain foods (Krebs 1989),
quantitative analyses attempting to relate such indices with
the food’s nutrient composition (inquiry level 2a) should be
treated with caution.

As a second recommendation, we wish to draw attention to
the use of approaches that enable the estimation of nutrient
and energy availability (see above regarding the importance of
estimating digestible or metabolizable energy). For instance,
protein intake is often a core interest of researchers, but only

rarely do researchers attempt to determine ‘available’ protein
(but see Rothman et al. 2008a). Not all of the nitrogen in
plant foods is available to the consumer, due to the effects of
fibre and tannins (Foley & McArthur 1994). Quantifying the
effect of dietary tannins on nitrogen digestibility is one
approach that is relatively simple to apply to a wide range of
different plants (De Gabriel et al. 2008).

The importance of taking availability into account when
assessing nutrient intake cannot be overemphasized (Roth-
man et al. 2008a). For example, total protein intake by Ateles

chamek varies dramatically between seasons (A.M. Felton,
unpublished data), potentially giving the impression that
individuals obtain insufficient protein during certain times of
the year. In contrast, intake of  available protein remains
relatively stable throughout the year, regardless of  diet
composition and food availability (Felton et al., in press).
Large variations in daily intake of total protein (in relation to
seasons and diet composition) have been reported for other
primate species (Presbytis rubicunda and P. melalophos,
Davies et al. 1988; Papio spp., Whiten et al. 1991; Gorilla berengei,
Rothman et al. 2007; Rothman et al. 2008b). It is possible
that patterns of total protein intake are providing potentially
misleading impressions of the actual nutritional intake and
goals of these primates.

Finally, to understand a primate’s nutritional goal,
researchers may need to collect detailed feeding data at
several different levels of inquiry, as all levels have strengths
and weaknesses (Table 1). Food choice and associated
preferences (levels 1 and 2 respectively) may not be reliable if
used as indicators of underlying nutritional goals. This is
because animals have several other means by which to attain
their nutritional goals, such as mixing foods (‘high’ and ‘low’-
ranking alike), or selectively utilizing nutrients post-ingestion
(Booth & Thibault 2000). One means by which all three levels
of inquiry can be assessed, and hypotheses tested without a
priori assumptions, is the Geometric Framework for nutrition
(Raubenheimer & Simpson 2004; Simpson et al. 2004; Simp-
son & Raubenheimer 2005; Raubenheimer et al. 2009).
Because of its inherent advantages, we foresee the increased
use of this framework by primatologists trying to gain an
insight into the nutritional goals of wild primates.

Acknowledgement

Authors thank the editors of this Special Edition of Functional Ecology for the
invitation to write this review. Comments by two anonymous referees improved
the earlier version of this article.

References

Altmann, J. (1974) Observational study of behaviour: sampling methods.
Behaviour, 49, 227–267.

Altmann, S.A. (2006) Primate foraging adaptations: two research strategies.
Feeding Ecology in Apes and Other Primates. Ecological, Physical and Behavioral

Aspects (eds G. Hohmann, M.M. Robbins & C. Boesch), pp. 243–262.
Cambridge University Press, Cambridge.

Barton, R.A. & Whiten, A. (1994) Reducing complex diets to simple rules – food
selection by olive baboons. Behavioral Ecology and Sociobiology, 35, 283–293.

Bauchop, T. & Martucci, R.W. (1968) Ruminant-like digestion of langur monkey.
Science, 161, 698.



Review of the nutritional goals of wild primates 77

© 2009 The Authors. Journal compilation © 2009 British Ecological Society, Functional Ecology, 23, 70–78

Belovsky, G.E. & Schmidt, O.J. (1991) Mammalian herbivore optimal foraging
and the role of plant defenses. Plant Defenses Against Mammalian Herbivory

(eds R.T. Palo & C.T. Robbins), pp. 1–28, CRC Press, Boca Raton.
Bjorndal, K.A. (1991) Diet mixing – Nonadditive interactions of diet items in

an omnivorous fresh-water turtle. Ecology, 72, 1234–1241.
Boggs, C (2009) Understanding insect life histories and senescence through a

resource allocation lens, Functional Ecology, 23, 27–37.
Booth, D.A. & Thibault, L. (2000) Macronutrient-specific hungers and satieties

and their neural bases, learnt from pre- and postingestional effects of eating
particular food stuffs. Neural Control of Macronutrient Selection (eds H.-R.
Berthoud & R.J. Seeley), pp. 61–91. CRC Press, Boca Raton.

Calvert, J.J. (1985) Food selection by Western gorillas (G. g. gorilla) in relation
to food chemistry. Oecologia, 65, 236–246.

Campbell, J.L., Williams, C.V. & Eisemann, J.H. (2004) Use of total dietary
fiber across four lemur species (Propithecus verreauxi coquereli, Hapalemur

griseus griseus, Varecia variegata, and Eulemur fulvus): Does fiber type affect
digestive efficiency? American Journal of Primatology, 64, 323–335.

Castellanos, H.G. (1995) Feeding behaviour of Ateles belzebuth E. Geoffroy

1806 (Cebidae: Atelinae) in Tawadu Forest southern Venezuela. PhD thesis,
The University of Exeter, UK.

Chambers, P.G., Simpson, S.J. & Raubenheimer, D. (1995) Behavioural
mechanisms of nutrient balancing in Locusta migratoria nymphs. Animal

Behaviour, 50, 1513–1523.
Chapman, C.A. & Chapman, L.J. (2002) Foraging challenges of red colobus

monkeys: influence of nutrients and secondary compounds. Comparative

Biochemistry and Physiology a-Molecular and Integrative Physiology, 133,
861–875.

Chapman, C.A., Chapman, L.J., Naughton-Treves, L., Lawes, M.J. &
McDowell, L.R. (2004) Predicting folivorous primate abundance: validation
of a nutritional model. American Journal of Primatology, 62, 55–69.

Chivers, D.J. (1998) Measuring food intake in wild animals: primates. Proceed-

ings of the Nutrition Society, 57, 321–332.
Chivers, D.J. & Hladik, C.M. (1980) Morphology of the gastrointestinal tract

in primates – comparisons with other mammals in relation to diet. Journal of

Morphology, 166, 337–386.
Clements, K.D., Raubenheimer, D. & J.H. Choat, J.H. (2009) Nutritional

ecology of marine herbivorous fishes: ten years on. Functional Ecology, 23.
Conklin-Brittain, N.L., Knott, C.D. & Wrangham, R.W. (2006) Energy intake

by wild chimpanzees and orangutans: methodological considerations and a
preliminary comparison. Feeding Ecology in Apes and Other Primates:

Ecological, Physical and Behavioral Aspects (eds G. Hohmann, M.M.
Robbins & C. Boesch), pp. 445–471. Cambridge University Press, Cambridge.

Cork, S.J. & Foley, W.J. (1991) Digestive and metabolic strategies of arboreal
folivores in relation to chemical defenses in temperate and tropical forests.
Plant Defenses Against Mammalian Herbivory (eds R.T. Palo & C.T. Robbins),
pp. 133–166, CRC Press, Boca Raton.

Cowlishaw, G. & Dunbar, R.I.M. (2000) Primate Conservation Biology. The
University of Chicago Press, Chicago, IL.

Dasilva, G.L. (1994) Diet of Colobus polykomos on Tiwai Island – selection of
food in relation to its seasonal abundance and nutritional quality.
International Journal of Primatology, 15, 655–680.

Davies, A.G., Bennett, E.L. & Waterman, P.G. (1988) Food selection by two
Southeast Asian colobine monkeys (Presbytis rubicunda and Presbytis

melalophos) in relation to plant chemistry. Biological Journal of the Linnean

Society, 34, 33–56.
de Castro, J.M. (2000) Macronutrient selection in free-feeding humans:

evidence for long-term regulation. Neural Control of Macronutrient Selection

(eds H.-R. Berthoud & R.J. Seeley), pp. 43–51. CRC Press, Boca Raton.
De Gabriel, J.L., Wallis, I.R., Moore, B.D. & Foley, W.J. (2008) A simple,

integrative assay to quantify nutritional quality for browsing herbivores.
Oecologia, 156, 107–116.

Dew, J.L. (2005) Foraging, food choice, and food processing by sympatric
ripe-fruit specialists: Lagothrix lagotricha poeppigii and Ateles belzebuth

belzebuth. International Journal of Primatology, 26, 1107–1135.
Di Fiore, A., Link, A. & Dew, J.L. (2008) Diets of wild spider monkeys. Spider

Monkeys: Behavior, Ecology and Evolution of the Genus Ateles (ed. C.J. Campbell),
pp. 81–137. Cambridge University Press, Cambridge.

Edwards, M.S. & Ullrey, D.E. (1999) Effect of dietary fiber concentration on
apparent digestibility and digesta passage in non-human primates. II.
Hindgut- and foregut-fermenting folivores. Zoo Biology, 18, 537–549.

Emlen, J.M. (1966) Role of  time and energy in food preference. American

Naturalist, 100, 611–&.
Fashing, P.J., Dierenfeld, E.S. & Mowry, C.B. (2007) Influence of plant and soil

chemistry on food selection, ranging patterns, and biomass of Colobus

guereza in Kakamega Forest, Kenya. International Journal of Primatology,
28, 673–703.

Felton, A.M., Felton, A., Raubenheimer, D., Simpson, S.J., Foley, W.J., Wood,
J.T. & Lindenmayer, D.B. (In press) Protein content of diets dictates the daily
energy intake of a free-ranging primate. Behavioral Ecology.

Foley, W.J. & McArthur, C. (1994) The effects and costs of allelochemicals for
mammalian herbivores: an ecological perspective. The Digestive System in

Mammals: Food, Form and Function (eds D.J. Chivers & P. Langer), pp. 370–
391. Cambridge University Press, Cambridge.

Freeland, W.J. & Janzen, D.H. (1974) Strategies in herbivory by mammals – role
of plant secondary compounds. American Naturalist, 108, 269–289.

Ganzhorn, J.U. (1989) Niche separation of seven lemur species in the Eastern
rainforest of Madagascar. Oecologia, 79, 279–286.

Ganzhorn, J.U. (1992) Leaf chemistry and the biomass of folivorous primates
in tropical forests – test of a hypothesis. Oecologia, 91, 540–547.

Gaulin, S.J.C. & Gaulin, C.K. (1982) Behavioural ecology of Alouatta seniculus

in Andean cloud forest. International Journal of Primatology, 3, 1–32.
Glander, K.E. (1981) Feeding patterns in mantled howling monkeys. Foraging

Behavior: Ecological, Ethological, and Psychological Approaches (eds A.
Kamil & T.D. Sargent), pp. 231–259. Garland Press, New York.

Glander, K.E., Wright, P.C., Seigler, D.S., Randrianasolo, V. & Randrianasolo, B.
(1989) Consumption of cyanogenic bamboo by a newly discovered species of
bamboo lemur. American Journal of Primatology, 19, 119–124.

Grether, G.F., Palombit, R.A. & Rodman, P.S. (1992) Gibbon foraging decisions
and the marginal value model. International Journal of Primatology, 13, 1–17.

Hladik, C.M. (1978) Adaptive strategies of primates in relation to leaf-eating.
The Ecology of Arboreal folivores (ed. G.G. Montgomery), pp. 373–395.
Smithsonian Institution Press, Washington, DC.

Kool, K.M. (1992) Food selection by the silver leaf monkey, Trachypithecus

auratus sondaicus, in relation to plant chemistry. Oecologia, 90, 527–533.
Krebs, C. (1989) Ecological Methodology Harper & Row, New York.
Kurland, J.A. & Gaulin, S.J.C. (1987) Comparability among measures of

primate diets. Primates, 28, 71–77.
Lambert, J.E. (1998) Primate digestion: Interactions among anatomy, physiology,

and feeding ecology. Evolutionary Anthropology, 7, 8–20.
Lambert, J.E. (2007) Primate nutritional ecology: feeding biology and diet at

ecological and evolutionary scales. Primates in Perspective (eds C.J. Campbell,
A. Fuentes, K.C. MacKinnon, M. Panger & S.K. Bearder), pp. 482–495.
Oxford University Press, Oxford.

Leigh, S.R. (1994) Ontogenic correlates of  diet in anthropoid primates.
American Journal of Physical Anthropology, 94, 499–522.

Leighton, M. (1993) Modeling dietary selectivity by Bornean orangutans –
evidence for integration of multiple criteria in fruit selection. International

Journal of Primatology, 14, 257–313.
Maisels, F., Gauthierhion, A. & Gautier, J.P. (1994) Diets of two sympatric

colobines in Zaire – more evidence on seed-eating in forests on poor soils.
International Journal of Primatology, 15, 681–701.

Makkar, H.P.S., Borowy, N.K., Becker, K. & Degen, A. (1995) Some problems
in fiber determination of a tannin-rich forage (Acacia saligna leaves) and
their implications in in-vivo studies. Animal Feed Science and Technology,
55, 67–76.

Marks, D.L., Swain, T., Goldstein, S., Richard, A. & Leighton, M. (1988)
Chemical correlates of  rhesus monkey food choice – the influence of
hydrolyzable tannins. Journal of Chemical Ecology, 14, 213–235.

Marsh, K.J., Foley, W.J., Cowling, A. & Wallis, I.R. (2003) Differential
susceptibility to Eucalyptus secondary compounds explains feeding by the
common ringtail (Pseudocheirus peregrinus) and common brushtail possum
(Thichosurus vulpecula). Journal of Comparative Physiology B-Biochemical

Systemic and Environmental Physiology, 173, 69–78.
Mattson, W.J. (1980) Herbivory in relation to plant nitrogen content. Annual

Review of Ecology and Systematics, 11, 119–161.
McCabe, G.M. & Fedigan, L.M. (2007) Effects of reproductive status on

energy intake, ingestion rates, and dietary composition of female Cebus

capucinus at Santa Rosa, Costa Rica. International Journal of Primatology,
28, 837–851.

McIlwee, A.M., Lawler, I.R., Cork, S.J. & Foley, W.J. (2001) Coping with
chemical complexity in mammal-plant interactions: near-infrared spectroscopy
as a predictor of  Eucalyptus foliar nutrients and of  the feeding rates of
folivorous marsupials. Oecologia, 128, 539–548.

McKey, D.B., Gartlan, J.S., Waterman, P.G. & Choo, G.M. (1981) Food
selection by black colobus monkeys (Colobus satanas) in relation to plant
chemistry. Biological Journal of the Linnean Society, 16, 115–146.

Milton, K. (1979) Factors influencing leaf choice by howler monkeys: a test of
some hypotheses of  food selection by generalist herbivores. American

Naturalist, 114, 362–378.
Milton, K. (1981) Food choice and digestive strategies of two sympatric primate

species. American Naturalist, 117, 496–505.
Milton, K. (1982) Dietary quality and demographic regulation in a howler



78 A. M. Felton et al.

© 2009 The Authors. Journal compilation © 2009 British Ecological Society, Functional Ecology, 23, 70–78

monkey population. The Ecology of a Tropical Forest: Seasonal Rhythms and

Long-Term Changes (eds E.G. Leigh, A.S. Rand & D.M. Windsor), pp. 273–
289. Smithsonian Institution Press, Washington, DC.

Milton, K. (1993) Diet and primate evolution. Scientific American, Aug, 86–93.
Milton, K. (1998) Physiological ecology of howlers (Alouatta): energetic and

digestive considerations and comparison with the Colobinae. International

Journal of Primatology, 19, 513–548.
Milton, K. (2003) Micronutrient intakes of wild primates: Are humans different?

Comparative Biochemistry and Physiology – Part A: Molecular and Integrative

Physiology, 136, 47–59.
Milton, K. & McBee, R.H. (1983) Rates of fermentative digestion in the howler

monkey, Alouatta palliata (Primates, Ceboidea). Comparative Biochemistry

and Physiology A-Physiology, 74, 29–31.
Min, B.R., Barry, T.N., Attwood, G.T. & McNabb, W.C. (2003) The effect of

condensed tannins on the nutrition and health of  ruminants fed fresh
temperate forages: a review. Animal Feed Science and Technology, 106, 3–19.

Moore, B.D. & Foley, W.J. (2005) Tree use by koalas in a chemically complex
landscape. Nature, 435, 488–490.

Mowry, C.B., Decker, B.S. & Shure, D.J. (1996) The role of phytochemistry in
dietary choices of  Tana River red colobus monkeys (Procolobus badius

rufomitratus). International Journal of Primatology, 17, 63–84.
National Research Council (2003) Nutrient Requirements of Nonhuman Primates.

National Academy Press, Washington, DC.
Oates, J.F., Swain, T. & Zantovska, J. (1977) Secondary compounds and food

selection by colobus monkeys. Biochemical Systematics and Ecology, 5, 317–
321.

Oates, J.F., Waterman, P.G. & Choo, G.M. (1980) Food selection by the South
Indian leaf-monkey, Presbytis johnii, in relation to leaf chemistry. Oecologia,
45, 45–56.

Oates, J.F., Whitesides, G.H., Davies, A.G., Waterman, P.G., Green, S.M.,
Dasilva, G.L. & Mole, S. (1990) Determinants of variation in tropical forest
primate biomass – new evidence from West-Africa. Ecology, 71, 328–343.

Oftedal, O.T. (1991) The nutritional consequences of foraging in primates – the
relationship of nutrient intakes to nutrient-requirements. Philosophical

Transactions of the Royal Society of London Series B-Biological Sciences,
334, 161–170.

Ortman, S., Bradley, B.J., Stolter, C. & Ganzhorn, J.U. (2006) Estimating the
quality and composition of wild animal diets – a critical survey of methods.
Feeding Ecology in Apes and Other Primates: Ecological, Physical, and

Behavioral Aspects (eds G. Hohmann, M.M. Robbins & C. Boesch), pp. 397–
420. Cambridge University Press, Cambridge.

Palo, R.T. & Robbins, C.T. (1991) Plant Defenses Against Mammalian Herbivory.
CRC Press, Boca Raton, FL.

Parra, R. (1978) Comparison of foregut and hindgut fermentation in herbivores.
The Ecology of Arboreal Folivores (ed. G.G. Montgomery), pp. 205–230.
Smithsonian Institution Press, Washington, DC.

Post, D.G. (1984) Is optimization the optimal approach to primate foraging?
Adaptations for Foraging in Nonhuman Primates. Contributions to an Organismal

Biology of Prosimians, Monkeys and Apes (eds P.S. Rodman & J.G.H. Cant),
pp. 280–303. Colombia University Press, New York.

Pyke, G.H., Pulliam, H.R. & Charnov, E.L. (1977) Optimal foraging – selective
review of theory and tests. Quarterly Review of Biology, 52, 137–154.

Raubenheimer, D. & Simpson, S.J. (2004) Organismal stoichiometry: quantifying
non-independence among food components. Ecology, 85, 1203–1216.

Raubenheimer, D. & Simpson, S.J. (2006) The challenge of supplementary
feeding: can geometric analysis help save the kakapo? Notornis, 53, 100–111.

Raubenheimer, D., Zemke-White, W.L., Phillips, R.J. & Clements, K.D. (2005)
Algal macronutrients and food selection by the omnivorous marine fish
Girella tricuspidata. Ecology, 86, 2601–2610.

Raubenheimer, D., Mayntz, D., Simpson, S.J. & Toft, S. (2007) Nutrient-
specific compensation following diapause in a predator: Implications for
intraguild predation. Ecology, 88, 2598–2608.

Raubenheimer, D., Simpson, S.J. & Mayntz, D. (2009) Nutrition, ecology and
nutritional ecology: toward an integrated framework. Functional Ecology,
23, 4–16.

Rautio, P., Bergvall, U.A., Karonen, M. & Salminen, J.P. (2007) Bitter problems
in ecological feeding experiments: commercial tannin preparations and
common methods for tannin quantifications. Biochemical Systematics and

Ecology, 35, 257–262.
Rhoades, D.F. & Cates, R.G. (1976) A general theory of plant antiherbivore

chemistry. Recent Advances Phytochemistry, 10, 168–213.
Robbins, C.T. (1983) Wildlife Feeding and Nutrition. Academic Press, New

York.
Robbins, C.T., Fortin, J.K., Rode, K.D., Farley, S.D., Shipley, L.A. & Felicetti,

L.A. (2007) Optimizing protein intake as a foraging strategy to maximize
mass gain in an omnivore. Oikos, 116, 1675–1682.

Robinson, J.G. (1986) Seasonal variation in use of time and space by the wedge-
capped capuchin monkey, Cebus olivaceus: implications for foraging theory.
Smithsonian Contributions to Zoology, 431, 1–60.

Rode, K.D., Chapman, C.A., McDowell, L.R. & Stickler, C. (2006) Nutritional
correlates of population density across habitats and logging intensities in
redtail monkeys (Cercopithecus ascanius). Biotropica, 38, 625–634.

Rogers, M.E., Maisels, F., Williamson, E.A., Fernandez, M. & Tutin, C.E.G.
(1990) Gorilla diet in the Lope reserve, Gabon – a nutritional analysis. Oecologia,
84, 326–339.

Rosenberger, A.L. & Strier, K.B. (1989) Adaptive radiation of  the ateline
primates. Journal of Human Evolution, 18, 717–750.

Ross, C. (1992) Basal metabolic rate, body weight and diet in primates: an
evaluation of the evidence. Folia Primatologica, 58, 7–23.

Rothman, J.M., Dierenfeld, E.S., Molina, D.O., Shaw, A.V., Hintz, H.F. & Pell,
A.N. (2006) Nutritional chemistry of foods eaten by gorillas in Bwindi
Impenetrable National Park, Uganda. American Journal of Primatology, 68,
675–691.

Rothman, J.M., Plumptre, A.J., Dierenfeld, E.S. & Pell, A.N. (2007)
Nutritional composition of  the diet of  the gorilla (Gorilla beringei): a
comparison between two montane habitats. Journal of Tropical Ecology, 23,
673–682.

Rothman, J.M., Chapman, C.A. & Pell, A.N. (2008a) Fiber-bound nitrogen in
gorilla diets: implications for estimating dietary protein intake of primates.
American Journal of Primatology, 70, 690–694.

Rothman, J.M., Dierenfeld, E.S., Hintz, H.F. & Pell, A.N. (2008b) Nutritional
quality of gorilla diets: consequences of age, sex, and season. Oecologia, 155,
111–122.

Schoener, T.W. (1971) Theory of feeding strategies. Annual Review of Ecology

and Systematics, 2, 369–404.
Silanikove, N., Perevolotsky, A. & Provenza, F.D. (2001) Use of tannin-binding

chemicals to assay for tannins and their negative postingestive effects in
ruminants. Animal Feed Science and Technology, 91, 69–81.

Simpson, S.J. & Raubenheimer, D. (1993) A multilevel analysis of feeding
behavior – the geometry of nutritional decisions. Philosophical Transactions

of the Royal Society of London Series B-Biological Sciences, 342, 381–402.
Simpson, S.J. & Raubenheimer, D. (2001) The geometric analysis of nutrient-

allelochemical interactions: a case study using locusts. Ecology, 82, 422–439.
Simpson, S.J. & Raubenheimer, D. (2005) Obesity: the protein leverage hypothesis.

Obesity Reviews, 6, 133–142.
Simpson, S.J., Batley, R. & Raubenheimer, D. (2003) Geometric analysis of

macronutrient intake in humans: the power of  protein? Appetite, 41, 123–
140.

Simpson, S.J., Sibly, R.M., Lee, K.P., Behmer, S.T. & Raubenheimer, D. (2004)
Optimal foraging when regulating intake of multiple nutrients. Animal

Behaviour, 68, 1299–1311.
Strier, K.B. (1992) Atelinae adaptations – behavioral strategies and ecological

constraints. American Journal of Physical Anthropology, 88, 515–524.
Strier, K.B. (2007) Primate Behavioral Ecology, 3rd edn. Allyn and Bacon, Boston.
Torregrossa, A.-M. & Dearing, M.D. (2009) Nutritional toxicology of mammals:

regulated intake of plant secondary compounds. Functional Ecology, 23,
48–56.

Villalba, J.J. & Provenza, F.D. (2005) Foraging in chemically diverse environments:
energy, protein, and alternative foods influence ingestion of plant secondary
metabolites by lambs. Journal of Chemical Ecology, 31, 123–138.

Vinyard, C.J., Wall, C.E., Williams, S.H. & Hylander, W.L. (2003) Comparative
functional analysis of skull morphology of tree-gouging primates. American

Journal of Physical Anthropology, 120, 153–170.
Waterman, P.G., Ross, J.A.M., Bennett, E.L. & Davies, A.G. (1988) A

comparison of  the floristics and leaf  chemistry of  the tree flora in two
Malaysian rain forests and the influence of  leaf  chemistry on populations
of colobine monkeys in the Old World. Biological Journal of the Linnean

Society, 34, 1–32.
Westoby, M. (1974) Analysis of diet selection by large generalist herbivores.

American Naturalist, 108, 290–304.
Whiten, A., Byrne, R.W., Barton, R.A., Waterman, P.G. & Henzi, S.P. (1991)

Dietary and foraging strategies of baboons. Philosophical Transactions of the

Royal Society of London Series B-Biological Sciences, 334, 187–197.
Wrangham, R.W. & Waterman, P.G. (1981) Feeding behavior of vervet monkeys

on Acacia tortilis and Acacia xanthophloea – with special reference to reproductive
strategies and tannin production. Journal of Animal Ecology, 50, 715–731.

Yeager, C.P., Silver, S.C. & Dierenfeld, E.S. (1997) Mineral and phytochemical
influences on foliage selection by the proboscis monkey (Nasalis larvatus).
American Journal of Primatology, 41, 117–128.

Received 7 April 2008; accepted 17 July 2008

Handling Editor: David Raubenheimer



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 120
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 120
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


