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Abstract All free-living animals must make choices regarding which foods to eat,
with the choices influencing their health and fitness. An important goal in nutritional
ecology is therefore to understand what governs animals’ diet selection. Despite
large variation in the availability of different food items, Peruvian spider monkeys
(Ateles chamek) maintain a relatively stable daily protein intake, but allow total
energy intake to vary as a function of the composition of available food items. This
is referred to as protein-dominated macronutrient balancing. Here we assess the
influence of this nutritional strategy on daily and seasonal nutritional intakes,
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estimate the nutritional value of different foods, and interpret unusual food choices.
We conducted continuous all-day observations of focal spider monkeys inhabiting a
semideciduous forest in Bolivia. We recorded feeding events, collected foods, and
analyzed their nutrient content. By using the Geometric Framework for nutrition, we
show that individuals reached their daily end-point in nutrient space —balance
between protein and nonprotein energy intake— by consuming nutritionally
balanced foods or by alternating between nutritionally complementary foods. The
macronutritionally balanced figs of Ficus boliviana were their primary staple food
and therefore dominated their overall nutritional intake. Our results also demonstrate
that spider monkeys consumed a diverse array of ripe fruits to overcome periods of
fig scarcity rather than vice versa; they could obtain sufficient protein on a diet of
pure fruit; and unripe figs constituted a nutritionally rewarding and reliable food
resource. We hope that the approaches taken and the conclusions reached in this
study will catalyze further inquiries into the nutritional ecology of frugivorous
primates.

Keywords Ficus . macronutrients . protein . staple food . unripe figs

Introduction

Primates must make choices regarding which foods to include in their daily diet,
with these choices influencing their nutritional state and ultimately their health and
fitness (Altmann 1998; Beehner et al. 2006). The food choices made will be
determined primarily by the animal’s regulatory phenotype, but constrained by the
nutritional, chemical, and structural composition of the foods in the environment
(Lambert 2007; Milton 1993). Quantifying the underpinnings of diet selection is
challenging, especially in studies of wild animals, because it requires precise feeding
observations of individuals over continuous periods, relevant analyses of all foods
consumed, and a framework to analyze the complex, multivariate nature of the data.

The Geometric Framework for nutrition (GF) is an analytical technique that enables
an understanding of the nutritional strategies of animals (Simpson and Raubenheimer
1993; Raubenheimer and Simpson 2004) and the interpretation of food choices that
are otherwise difficult to explain (Robbins et al. 2007). Researchers have successfully
applied the framework to a range of vertebrate and invertebrate taxa (Chambers et al.
1995; Felton et al. 2009b; Raubenheimer and Simpson 2006; Robbins et al. 2007;
Ruohonen et al. 2007; Simpson and Raubenheimer 2001, 2005). The GF describes
feeding behavior within an n-dimensional space delineated by axes representing
nutrients of interest (Raubenheimer and Simpson 2004). It is possible to identify an
animal’s nutritional intake target within this nutrient space and to relate this target to
the nutritional content of the foods available (Felton et al. 2009a).

Spider monkeys (genus Ateles, subfamily Atelinae) are arboreal primates that
inhabit the canopies of Neotropical forests and primarily consume ripe fruit (Di Fiore
et al. 2008; Kinzey 1997). Energy is often proposed to be the primary driver behind
atelines’ diet selection (Di Fiore and Rodman 2001; Rosenberger and Strier 1989;
Strier 1992), because they frequently select and ingest large volumes of fruits that
are rich in lipids and soluble carbohydrates (Castellanos 1995; Dew 2005). In
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contrast to this view and other major schools of thought in nutritional ecology
(Dearing et al. 2005; Freeland and Janzen 1974; Mattson 1980; Schoener 1971;
White 1993), Felton et al. (2009b) determined that spider monkeys (Ateles chamek)
in La Chonta, Bolivia, select diets that supply a set amount of protein, rather than
attempting to maximize the ingestion of energy or protein, or to regulate plant
secondary metabolites. Daily protein intake was regulated more tightly than
carbohydrates or fats, and thus disproportionately influenced total energy intake.
Further, protein intake did not vary across seasons despite dramatic fluctuations in
food availability (Felton et al. 2009b). Research on the spider monkeys in La Chonta
further showed that although their diet contained as much fruit as other Ateles
species, it differed in 2 respects (Felton et al. 2008). First, figs (Ficus) were a staple
food all through the year. There are no similar reports of a comparable reliance on
Ficus by this primate genus even though all spider monkeys eat figs (Di Fiore et al.
2008). Second, the spider monkeys in La Chonta spent much time consuming unripe
figs, even when ripe figs and other ripe fruits were abundant (Felton et al. 2008).

Here we build on the knowledge that diet selection of the La Chonta spider
monkey community is governed by protein-dominated macronutrient balancing. We
use the Geometric Framework to assess the influence of this nutritional strategy on
daily and seasonal nutritional states of individuals by analyzing the intake
trajectories of individuals and the macronutritional balance of foods consumed. We
also estimate the nutritional value of different foods, and interpret the unusual food
choices described in the preceding text in nutritional terms.

Methods

The lead author together with field assistants collected data in the lowland
subtropical semihumid forest (Holdridge Life Zone System) of the Guarayos Forest
Reserve, Departmento Santa Cruz, Bolivia. The study area (S: 15°36´26´´ to 15°37´
45´´ and W: 62°46´59´´ to 62°47´56´´) was located in an unlogged section of the
100,000 hectare forestry concession La Chonta, owned by Agroindustría Forestal La
Chonta Ltda. The average annual temperature and precipitation for La Chonta are
25°C and 1580 mm, with 4 dry months (<100 mm rain; May–September).

Tall forest dominates the study area, with small sections of low vine forest,
chaparral, and swamp (Felton et al. 2008). There were 3 distinct phenological
periods (seasons) during the study, including a period of high ripe fruit abundance
(late wet season; February to mid-April) followed by a 10-wk period of fruit scarcity
(early–mid dry season; mid-April to June) before ripe fruits became more abundant
again (late dry–early wet season; July to September; Felton et al. 2008).

We established a network of trails in the focal individuals’ 360–400 ha territory
and used it for daily observations of focal individuals, monthly phenological
surveys, and 1 vegetation survey. We collected basal area information from all trees
>10 cm diameter at breast height (DBH) within 71 0.1-ha plots distributed
throughout the home range. A detailed description of the design and sampling of
our phenology surveys appears in Felton et al. (2008).

We spent 5 mo habituating the study community, and thereafter (February 2004–
September 2004) systematically collected feeding data via continuous observations
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of a focal animal (FA) from dawn to dusk. We observed a total of 18 adult FAs:
8 males and 10 females. Females were either lactating or pregnant while caring for a
juvenile. When possible, we followed 10–15 of the FAs for a whole day each month,
over 20 d, alternating daily between males and females. For the purpose of the
detailed dietary analyses used here, we include 51 full days during which we
successfully observed the individual the entire day and, at most, only brief moments
of feeding were unrecorded (32 d of observations of 8 females, 19 d of 8 males; see
Table III for the distribution of follow days between seasons). We also use data from
an additional 19 partial follow days when presenting the nutritional content of
commonly eaten food items. Because there are no significant differences in
macronutrient intake between sexes or individuals (Felton et al. 2009b), it is unlikely
that the greater number of female follow days represented a bias in our analysis.

We recorded the time of the start and end of each feeding event, and the foods
eaten from the categories of ripe fruit/fig, unripe fruit/fig, flower, young leaf, mature
leaf, or other. We took detailed notes on which parts of the fruits subjects consumed.
We used differences in fruit size, color, and consistency to differentiate between
immature and ripe fruits. We calculated feeding rates (number of items consumed/
minute) for all food types. We identified and tagged all plants from which the
monkeys ate. Within 1 or 2 days of feeding observations, we collected and dried
(40–50°C) samples of the food items from these trees (Felton et al. 2009b). During
the 51 full day follows, we observed monkeys eating 84 different foods, 69 of which
we collected and analyzed. FAs spent <1% of their total feeding time eating items we
did not analyze.

We used near infrared reflectance spectroscopy (NIRS; Foley et al. 1998) to
estimate the concentrations of total nitrogen, lipid, starch, neutral detergent fiber,
ash, polyethylene glycol (PEG) binding capacity, and in vitro digestible nitrogen and
dry matter (DM) in all food items. We did this by using standard NIRS procedures
(ANON 1995). We refer to Felton et al. (2009b) for descriptions of chemical
analyses of total nitrogen (total N), water-soluble carbohydrates, starch, and neutral
detergent fiber. We combine values for water-soluble carbohydrates and starch and
present them as total nonstructural carbohydrates (TNC). We assayed tannins as the
amount of PEG bound per unit DM and we estimated the effect of tannins on
nitrogen and DM availability via the in vitro digestion procedure described by De
Gabriel and others (2008). We estimated available protein as (total N) × (in vitro N
digestibility) × 6.25. There is some uncertainty whether 6.25 is the best conversion
factor for tropical fruits (Milton and Dintzis 1981), but we use it here to allow for
comparison with other studies. We assumed that lipids were 100% available. We
present dry matter digestibility (DMD) as DMD in the absence of PEG (DMD-PEG).

The in vitro measure of protein availability (and DMD) may not accurately
represent in vivo availability, but it at least allowed us to estimate the proportion of
total nitrogen available to the consumer versus how much was bound up by dietary
tannins. To highlight the disparity between concentrations and intakes of available
protein (available N×6.25) and crude protein (total N×6.25), we include both
measures in the tables. We did not analyze termites but instead used the nutrient
concentrations reported by Dufour (1987).

We applied the Geometric Framework to our data (Raubenheimer and Simpson
1997; Simpson and Raubenheimer 1995). The framework unifies several nutrition-
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ally relevant measures within simple geometrical models, thus allowing for a comparison
between observed patterns and predicted reference patterns. For the purpose of our
analysis, TNC and lipids can be regarded as interchangeable energy sources (Ruohonen
et al. 2007), because when TNC and lipids are plotted separately against protein intake,
they contribute similarly to the nonprotein energy curve. We therefore combined TNC
and lipids into one axis (nonprotein energy), with available protein on the other axis.
We refer to this 2-dimensional space as the nutritional space. For uniformity, we plotted
protein in energy units (mega joule, MJ), although we could have also used mass units.
We calculated the energetic value of each food, using the following conversion factors:
16.7 kJ/g TNC, 37.7 kJ/g lipid, and 16.7 kJ g available protein.

Data Analysis

We estimated nutrient intake from each feeding event by multiplying the ingestion time
with the corresponding feeding rate and the nutrient content of the item (Felton et al.
2009b). We summed all daily events to obtain the daily nutrient intake. To compare
differences in nutrient gain versus time spent feeding (nutrient intake efficiency) on
ripe and unripe figs of Ficus boliviana, we divided the estimated total intake of
nutrient x (g) from item i with the total time spent feeding (minutes) on item i.

We used linear regression to assess the relationship between feeding rates (population
means of #items consumed/min) and wet weight of immature and ripe figs belonging to
Ficus boliviana and F. trigona. We used 1-way ANOVA to test differences in nutrient
intake efficiency between unripe and ripe figs of Ficus boliviana. We assessed whether
the mean observed intake ratio was purely a product of the dominance of figs in their
diet or whether the nutrient intake balance of individuals was the same regardless of
the presence of figs. For this purpose, we used 1-way ANOVA to test whether mean
intake ratio of days when figs were included in the diet (n=25) was different from the
observed daily intake ratio of days when figs were not consumed at all (n=13).

We plotted daily cumulative intake (x = available protein; y = TNC + lipids) of
individual spider monkeys and placed these intakes into 3 different categories based on
the following visual characteristics: 1) straight intake trajectories toward the mean intake
ratio (population mean of x/y); 2) zigzagging intake trajectories toward the mean intake
ratio; and 3) straight intake trajectories toward a point representing a greater intake of
nonprotein energy than average. We used 1-way ANOVA to assess the relationship
between the type of intake strategy and habitat-wide food availability (scores originating
from phenology surveys). We also used 1-way ANOVA to test the relationship between
the type of intake strategy and diet composition (% ripe nonfig fruit and % figs). For the
2 latter statistical tests we included data from 38 full follow days where we had complete
observational and nutritional data of everything the focal individuals consumed.

Results

Nutritional Composition of Food Items

Ripe fruit usually contained almost 50% more TNC and lipids than did immature
fruit, which instead had lower DMD and contained more fiber and ash, but similar
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concentrations of available protein (Fig. 1). Young leaves contained more available
protein and had higher DMD than did mature leaves (Fig. 1). For figs, we refer to the
emerging buds, immature figs, and medium-ripe figs collectively as unripe figs,
because they had similar composition that was unlike that of ripe figs. Individuals
consumed different combinations of wall/pulp of ripe figs depending on the species
of Ficus. The nutritional composition of the most commonly eaten combinations of
figs and other items is provided in Table I.

Feeding Rates

We recorded 775 different feeding rates (including several replicates per feeding event),
thereby supplying information on the rate of ingestion of 76 different food items. We
used this information in calculations of daily nutrient intake. Spider monkeys consumed
small figs, i.e., less mature for interspecific comparisons, faster than they did larger figs
(data for Ficus boliviana and F. trigona, R2=0.70, n=7, p=0.011).

Daily Nutrient Intake and Major Sources of Nutrients

We recorded 904 different feeding events, amounting to 175 h of observation. Spider
monkeys ate 0.4–2.4 kg (mean 1.0 kg ; SE 0.07 kg) of fresh food per day, which
corresponded to an average of 262 g of DM (Table II). The daily intake of available
protein remained steady across all 3 phenological seasons, whereas the intake of
crude protein fluctuated by 75%.

On only 8 of the 51 full follow days did monkeys not eat fruits or leaves of Ficus,
with 7 of these days occurring during the period of general fruit scarcity. Spider
monkeys predominantly consumed food items from Ficus boliviana and F. trigona,
but also ate figs from 4 less common Ficus sp. (Table I). Ficus trees represented 23%
of all food trees, and FAs spent 50% of their feeding time eating various items from
Ficus (Table II). This resulted in Ficus supplying the spider monkeys with the
majority of their protein, lipids, fiber, and water (Table II). Other main sources of
nutrients were Pseudolmedia laevis and Myrciaria sp. (locally called sahuinto;
Table II).
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Fig. 1 Average nutritional composition of food categories eaten by Ateles chamek in La Chonta. EB =
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Seasonal Differences in Sources of Nutrients

The relative contributions of different food categories to spider monkeys’ nutrient
intake varied among the 3 phenological seasons (Fig. 2), although ripe fruit was
prominent in all seasons. During the period of relative ripe fruit scarcity (dry
season), monkeys relied more on immature fruit and mature leaves than during the
previous peak fruiting season (Fig. 2b vs. 2a). At the beginning of the next peak
fruiting season (early wet season), individuals changed from eating mature leaves to
young leaves, but immature fruit (of which unripe figs constituted 84% of feeding
time) still provided >20% of all nutrients except TNC (Fig. 2c). The effects of these
dietary differences are reflected in the average nutritional state of individuals during
the study (Fig. 2d). While protein intake remained stable across seasons, the
abundance of TNC- and lipid-rich fruit in the habitat during the late peak fruiting
season resulted in monkeys ingesting an average of 52% more nonprotein energy
than they did in the period of fruit scarcity (the latter being their fall-back diet;
Fig. 2d). Some individuals consumed almost 6 times more energy per day during the
peak fruiting season versus the fruit-scarce period.

Fig Nutrition and Macronutritional Balance of Food Items

Figs were major sources of nutrients for FAs during 6 of the 8 sample months
(Table III). Nutrient concentrations of figs varied greatly between species and
stages of maturity (Table I). Compared with other fruit, figs contained low to
medium concentrations of lipids, available protein, and TNC (Table I). However,
ripe figs of Ficus boliviana, 1 of the 2 most eaten fig species, have a macronutrient
balance that resembles the intake trajectories of the spider monkeys (Fig. 3). In
contrast, most other ripe fruits had higher TNC or lipid content than these ripe figs
(Fig. 3). The mean observed ratio of protein energy to nonprotein energy intake of
days when figs were consumed did not differ significantly from the ratio on those
days when monkeys did not eat figs (F=3.62, df=36, p=0.07). This supports the
conclusion that the ripe figs of Ficus boliviana, 2 other types of figs, and 3 kinds of
nonfig fruits are nutritionally balanced for the spider monkeys (shaded section in
Fig. 3).

Most (88%) of the unripe figs consumed came from Ficus boliviana. These
unripe figs had high ratios of protein energy to nonprotein energy (Fig. 3), and had
more available protein, lipid, and ash than did the ripe figs of the species (Table I).
Although the ripe figs of Ficus boliviana contained higher concentrations of crude
protein than did the immature figs, the reverse was true for available protein
(Table I). Also, spider monkeys ingested both available protein (ANOVA, F=19.21,
df=32, p<0.001) and lipids (F=4.61, df=32, p=0.039) more efficiently (g nutrient
ingested/minute feeding) when eating immature figs versus ripe figs of Ficus
boliviana, whereas there is no difference in the intake efficiency of TNC (F=2.74,
df=26, p=0.11). Spider monkeys always ate unripe figs in combination with other
food types (mean 5.8 other food types ± 0.7 SE, range 1–10). Usually (79% of days),
the other food was predominantly ripe fruit, rich in TNC or lipids (mean 55% of
DM; SE = 7% SE). In the remaining cases, individuals supplemented their unripe fig
consumption with nutritionally balanced foods, such as ripe figs or palm fruit.
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tein energy that result from
changing dietary composition in
seasons a–c. Vertical bars indi-
cate 95% confidence limits. The
unit mega joule (MJ) is used for
both axes for the sake of
uniformity.
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Daily Tracking Between Feeding Events

By assessing cumulative nutrient intake trajectories across consecutive feeding
events, we found that individuals would attain an average balance between available
protein and nonprotein energy (TNC+lipids) by maintaining: 1) a straight intake
trajectory (13% of days) or 2) zigzagging trajectory (83% of days). The straight
intake trajectory (1) was a result of individuals eating nutritionally balanced foods,
whereas the zigzagging trajectory (2) was a result of alternating between foods with
high or low protein:(TNC+lipid) ratios. Alternatively, they would ingest more
nonprotein energy than average by 3) staying on a straight intake trajectory while
eating foods extremely rich in TNC and lipids (4% of days). Individuals were more
likely to concentrate on nutritionally balanced foods (option 1) when ripe figs were
abundant and made up a large part of their diets (Table IV). In contrast, individuals
were more likely to mix complementary foods on a daily basis (option 2) when both
ripe figs and other ripe fruit were in moderate abundance. Finally, they were more
likely to ingest extremely large amounts of nonprotein energy (option 3) when figs
were scarce but other ripe fruits were abundant and therefore highly prominent in
their diet (Table IV). We assume that spider monkeys consumed surplus energy
when using option 3, i.e., more energy than needed to maintain body weight.

During the months when ripe nonfig fruit was abundant (late wet season, n=3
monthly phenological surveys; and early wet season, n=2), there was a negative
hyperbolic relationship between the availability of ripe figs and the mean number of
different nonfig fruit types consumed per day (R2=0.72; Fig. 4). During these
months, individuals could choose whether to eat a multitude of ripe fruit types, but
they did so only when the availability of ripe figs was low (Fig. 4).
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Fig. 3 Ratios of the available protein energy versus nonprotein energy of the 17 most commonly eaten
foods (dashed lines), in relation to the mean observed intake ratio across all observation days (solid line,
95% confidence intervals depicted with a shaded area). Each food item is depicted by a dashed line that
represents its macronutritional balance in nutritional space and shows the hypothetical intake trajectory of
an individual that is restricted to this food item. We include 2 additional species of Ficus for comparison.
R = ripe fruits; I = immature fruits; L = leaves; YL = young leaves; LB = leaf buds; FB = flower buds.
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Discussion

Spider monkeys ate food items of widely varying macronutrient composition.
Despite this variation, individuals often managed to ingest a similar daily balance of
available protein and non-nitrogenous energy sources. We consider this mean ratio to
be their preferred region in nutritional space, as it appears to be defended by
individuals in the face of large variation in diet composition (Simpson and
Raubenheimer 1993, 1995). They reached this point in nutritional space either by
consuming a small number of nutritionally balanced foods over the course of a day
(here: foods that have a ratio of available protein:(TNC+lipids) similar to their

Table IV Ecological parameters that differed significantly among 3 different strategies which individuals
used to reach their daily nutritional requirements

A: Straight/
balanced

B: Zigzagging/
balanced

C: Straight/ surplus
TNC+L

p-valueb

Number of daysa 4 32 2

Dietary composition

Mean % of diet consisting
of nonfig fruits (±SE)

18 (±11) 45 (±5) 95 and 100 0.007

Mean % of diet consisting of figs (±SE) 80 (±13) 31 (±5) 0 0.005

Habitat-wide food availability

Availability of ripe figs (score) 31 13 8 0.007

Availability of ripe nonfig fruits (score) 13 25 40 0.049

For a description of how feeding behavior and diet composition in general was influenced by phenological
changes, see Felton et al. (2008).

A: Individuals followed a straight intake trajectory reaching a balanced end- point in nutritional space (see
text for definition) by eating nutritionally balanced foods. B: Individuals reached a balanced end-point in
nutritional space by alternating between complementary foods. C: Individuals followed a straight intake
trajectory but reached their daily end-point by ingesting a surplus of nonprotein energy (TNC+L).
a The analysis uses 38 of the 51 full-day follows, i.e., those with detailed data from every feeding event.
b Results from 1-way ANOVA.
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Fig. 4 The hyperbolic relationship between habitat-wide availability of ripe figs and the mean number of
nonfig fruit types consumed. We measured availability of fruit in monthly phenological surveys.
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observed mean intake), or by alternating between nutritionally complementary foods
that contained either high or low ratios. We discuss each of these alternatives in turn.

Consuming nutritionally balanced foods represents the most direct route to a
preferred region of nutritional space. Three types of figs were nutritionally balanced,
as were food items from 3 other plant species: ripe fruit of the tree Jacaratia
spinosa, the liana Celtis iguanea, and the palm Socratea exorrhiza (Fig. 3). Of these
plant species, figs played a disproportionately large role in the spider monkey’s diet.
Spider monkeys spent 45% of their feeding time eating figs that provided them with
approximately a third of their total intake of lipids and available protein. Individuals
were more likely to follow a straight intake trajectory toward a balanced
macronutritional end-point when ripe figs were highly abundant and comprised a
large proportion of their diet.

We suggest that there are several reasons why figs played a pivotal role in the diet
of these spider monkeys. First, Ficus boliviana and F. trigona were relatively
common in their territory and produced large fruit crops for 8–9 mo of the year
(Felton et al. 2008). Second, our findings suggest that these figs are balanced
nutritionally in relation to the spider monkeys’ nutritional target. As such, the
nutrient balance of figs may be more indicative of their value than the concentrations
of individual macronutrients per se, which are generally moderate to low (this study;
Conklin and Wrangham 1994; Herbst 1986; Jordano 1983). Our conclusion that figs
are nutritionally balanced is not a byproduct of their dominating the diet because the
mean observed ratio of protein to nonprotein energy intake across days when figs
were consumed did not differ significantly from the ratio on days when monkeys did
not eat figs at all. Third, figs contained high concentrations of inorganic material,
presumably minerals (ash), and contributed 44% of the monkeys’ total intake of
inorganic material. Figs are extremely rich sources of available calcium (Duhan et al.
1992; O’Brien et al. 1998; Ruby et al. 2000; Silver et al. 2000; Wendeln et al.
2000), which is critical for maintenance and reproduction (Robbins 1993). We
suggest that all of these factors contributed to figs being the staple food of spider
monkeys in La Chonta.

Interestingly, the spider monkeys included a large number of other ripe fruit types
in their diet only when ripe figs were scarce, despite the opportunity to do otherwise
(Fig. 4). There is a common perception that tropical frugivores regard figs as critical
fall-back foods, rather than as preferred foods when other options are available
(Milton et al. 1982; Shanahan et al. 2001). Our results are not congruent with this
opinion and indicate that these spider monkeys eat a diverse array of different fruit to
endure periods of fig scarcity (Kinnaird and O’Brien 2005). We tentatively suggest
that the unusually large size of this spider monkey community —55 individuals,
mean for communities of Ateles is 31 (Campbell 2008)— is partly attributable to the
preponderance of this nutritionally balanced and mineral-rich staple food. This
conclusion is relevant to the conservation of spider monkeys in Bolivia because
Ficus boliviana is commercially harvested for timber in this country.

If nutritionally balanced foods were not sufficiently available for spider monkeys
to meet their daily requirements, individuals could reach their preferred region in
nutritional space by eating nutritionally imbalanced but complementary foods
(Milton 1982). Although this zigzagging feeding strategy was by far the most
commonly used (84% of cases), it may have associated costs. Repeated alternation
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between foods involves lost feeding time, higher energetic costs of locomotion, and
presumably increased risk of predation (Chambers et al. 1995; Dunbar 1988).
Individuals were more likely to employ this zigzagging strategy when ripe figs and
other ripe fruit were of low to moderate availability. For example, monkeys always
used the zigzagging strategy during the early–mid dry season when ripe fruit was
scarce. Leaves were frequently part of this fall-back diet and individuals would
systematically alternate between leaves and the few ripe fruits available. Notably, the
presence or absence of leaves and flowers in the diet did not influence the daily
protein intake of these monkeys. Researchers often assume that frugivorous primates
must eat some leaves to obtain sufficient protein (Chapman and Russo 2007;
Lambert 2007; Milton 1981, 1993; Oates 1987; Oftedal 1991; Strier 2007; cf. Milton
1999). Our results show that this is not the case for spider monkeys at least on a
daily basis, because they consistently reached the protein intake target even when
eating only ripe fruit.

During the late wet season when ripe fruits were highly abundant, individuals
consumed large amounts of fruit rich in TNC or lipids (energy-dense fruit, e.g.,
Spondias mombin and Pouteria nemorosa), resulting in a dramatically higher total
energy intake than average (Fig. 2d). We hypothesize that the spider monkeys took
advantage of these peak season foods by ingesting surplus energy and storing it as
fat in preparation for the impending period of food scarcity when total energy intake
halved. This and other ateline species (Ateles paniscus: Milton 1998; Lagothrix
lagotricha cana: Peres 1994; Ateles chamek: Wallace 2005) accumulate fat during
periods of peak fruit abundance, which is a logical strategy for animals experiencing
fluctuating food supply. Seasonal accumulation of fat reserves may be crucial for
survival and reproduction in spider monkeys, and we therefore suggest that energy-
dense peak-season foods be given appropriate attention in conservation planning
(see also Stevenson 2005).

Researchers can use the framework of protein-dominated nutrient balancing to
unravel spider monkey food choices that are difficult to explain using traditional
schools of thought in nutritional ecology. For example, in contrast to other spider
monkey communities studied, the spider monkeys at La Chonta spent much time
consuming unripe figs (18% of feeding time, primarily from Ficus boliviana) both
during periods of abundance and scarcity of ripe figs and other fruit (Felton et al.
2008). When ripe figs and other fruits were scarce, the consumption of unripe figs
was likely a matter of availability (Norconk et al. 1998; Schaefer and Schaefer
2006). Unripe figs were always available in the home range, making them a more
reliable food source than ripe figs. The more intriguing issue is why spider monkeys
ate unripe figs when ripe figs and other fruits were available.

Ripe-fruit specialists often avoid unripe fruits because they are usually less
palatable than ripe fruits (Venu et al. 2005), contain less gross energy (Schaefer et al.
2003), and often contain toxins or antifeedants (Cipollini and Levey 1997a, b). Some
of this may be true for the unripe figs in this study but, importantly, the unripe figs of
Ficus boliviana provided spider monkeys with more lipids and available protein per
minute feeding than did their ripe counterparts. This greater efficiency was partly
due to the high concentrations of lipids and available protein, the latter likely
enhanced by the inclusion of protein-rich wasp bodies (Herbst 1986). Another
reason for the high intake efficiency was the speed at which monkeys could consume
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the small unripe figs in their entirety. When eating ripe figs monkeys usually
separated the juicy pulp from the husk in a relatively time-consuming manner.
Further, our data show that the consumption of unripe figs always occurred in
combination with other food types, and usually the alternative foods contained
relatively high concentrations of nonprotein energy. Unripe figs thus constituted an
easily harvestable, nutritionally rewarding, and continuously available complemen-
tary food.

We emphasize that unripe figs contained less crude protein than their ripe
counterparts, whereas the reverse was true for available protein. Further, daily intake
of crude protein by spider monkeys fluctuated by 75% across all 3 seasons, whereas
available protein intake remained steady. Both of these examples provide ample
evidence of the importance of estimating nitrogen availability to understand
accurately food choice and underlying nutritional goals (Felton et al. 2009a).

Conclusions

We highlight 4 important findings from this study: 1) To reach their daily protein
target spider monkeys followed 1 of 3 nutrient intake trajectories, the choice of
which was influenced by seasonal variation in fruit availability. 2) In contrast to
prevailing theory, spider monkeys did not need to supplement their frugivorous diet
with leaves to reach their daily protein target. 3) Our data provided an exception to
the general rule that figs are a less-preferred food that assists animals in overcoming
lean periods. In our study, spider monkeys consumed a diverse array of different
fruits to endure periods of fig scarcity. 4) During all seasons, unripe figs were a
substantial component of the spider monkeys’ diet. We suggest the reason is that
unripe figs constituted a nutritionally rewarding food resource, especially in terms of
protein and lipids, that was efficiently harvestable and available throughout the
entire year.
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