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ABSTRACT

Objectives: The diet of tufted capuchins (Sapajus) is characterized by annual or seasonal incorporation of
mechanically protected foods. Reliance on these foods raises questions about the dietary strategies of young individu-
als that lack strength and experience to access these resources. Previous research has demonstrated differences
between the feeding competencies of adult and juvenile tufted capuchins. Here we test the hypothesis that, com-
pared to adults, juveniles will process foods with lower toughness and elastic moduli.

Materials and Methods: We present data on variation in the toughness and elastic modulus of food tissues proc-
essed by Sapajus libidinosus during the dry season at Fazenda Boa Vista, Brazil. Food mechanical property data
were collected using a portable universal mechanical tester.

Results: Results show that food tissues processed by the capuchins showed significant differences in toughness
and stiffness. However, we found no relationship between an individual’s age and mean or maximum food toughness
or elastic modulus, indicating both juvenile and adult S. libidinosus are able to process foods of comparable
properties.

Discussion: Although it has been suggested that juveniles avoid mechanically protected foods, age-related differ-
ences in feeding competence are not solely due to variation in food toughness or stiffness. Other factors related to
food type (e.g., learning complex behavioral sequences, achieving manual dexterity, obtaining physical strength to
lift stone tools, or recognizing subtle cues about food state) combined with food mechanical properties better explain
variation in juvenile feeding competency. Am J Phys Anthropol 000:000–000, 2015. VC 2015 Wiley Periodicals, Inc.

Juvenile mammals are weaned individuals that, by
definition, have not reached skeletal or sexual maturity
(Borries et al., 2014). They forage independently to meet
their nutritional needs, which, because of their small
body size and the demands of growth, are greater than
those of adult males and females without dependent off-
spring (Rothman et al., 2008). Obtaining adequate nutri-
tion has been shown to be a critical influence on growth
rates, time to sexual maturity, and lifetime reproductive
fitness in primates (Altmann, 1998; Altmann and
Alberts, 2005). Because of their increased nutritional
requirements, juvenile primates may be more vulnerable
to spatiotemporal variability in food resources than
adults (Chapman et al., 2012).

The development of adult foraging and feeding behav-
iors varies among primates. Several wild populations
exhibit few differences between juveniles and adults
with respect to diet or foraging and feeding ability (e.g.,
Watts, 1985; Tarnaud, 2004; MacKinnon, 2005; Stone,
2006; Nowell and Fletcher, 2008; Schiel et al., 2010;
McGraw et al., 2011). For example, squirrel monkeys at

1 year of age achieve prey capture rates comparable to
adults (Stone, 2006, 2007). Similarly, juvenile mountain
gorillas select similar plant foods as adults to meet the
nutritional demands of growth (Watts, 1985; Rothman
et al., 2008). However, other taxa show clear age-related
variation in time spent foraging or feeding (Janson and
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van Schaik, 1993; Corp and Bryne, 2002; Hanya, 2003;
Johnson and Bock, 2004; O’Malley and Fedigan, 2005;
Gunst et al., 2008, 2010b), food intake rates (Post et al.,
1980; van Schaik and van Noordwijk, 1986; Boinski and
Fragaszy, 1989; Janson and van Schaik, 1993; Corp and
Bryne, 2002; Hanya, 2003; Johnson and Bock, 2004;
Gunst et al., 2008; Jaeggi et al., 2010), or execution of
complex food processing behaviors (Boinski and
Fragaszy, 1989; Krakauer, 2005; Gunst et al., 2008,
2010a,b). These age differences in foraging and feeding
strategies have been explained by differences in body
size and strength, inexperience with searching or proc-
essing techniques, or the interaction of these factors
(Boinski and Fragaszy, 1989; Janson and van Schaik,
1993; Joffe, 1997; Corp and Bryne, 2002; Resende et al.,
2008, 2014; Fragaszy et al., 2010, Gunst et al., 2010b).

Tufted capuchins are ideal species to examine the
development of foraging and food processing behaviors.
They use a physically demanding foraging style to
extract relatively soft foods from tough outer tissues,
and these mechanically protected foods are important
components of their diet (Izawa, 1977; Terborgh, 1983;
Janson and Boinski, 1992; Fragaszy et al., 2004a; Gunst
et al., 2008, 2010b). Recent reclassification of the genus
Cebus has elevated the robust morphotype, including the
eight tufted capuchin species, into a sister genus Sapa-
jus (S. apella, S. libidinosus, S. xanthosternos, S. nig-
ritus¸ S. cay, S. robustus, S. macrocephalus, and S.
flavius) (Lynch Alfaro et al., 2012). While both Cebus
and Sapajus use complex manipulative behaviors to
obtain food (e.g., Panger et al., 2002), Sapajus species
possess craniomandibular traits considered to be adapta-
tions for orally fracturing mechanically demanding food
tissues (Daegling, 1992; Dumont, 1995; Spencer, 2003;
Wright, 2005; Wright et al., 2009; Wright et al., 2015). It
has been argued that this robust masticatory morphol-
ogy enables tufted capuchins to broaden their dietary
niche to include mechanically protected fruits, bro-
meliads, and other vegetation when fleshy fruit avail-
ability declines (Wright, 2005; Wright et al., 2009).
Genera-specific differences in mandibular morphology
associated with processing mechanically challenging
foods emerge during prenatal development, with tufted
capuchins exhibiting traits related to increased mastica-
tory force resistance at birth (Cole, 1992).

Both genera also exhibit relatively long juvenile peri-
ods (Fragaszy et al., 2004a). In a population of wild
black horned capuchins (S. nigritus), weaning occurs
between 12-18 months of age (Di Bitetti and Janson,
2001). Estrous cycles begin at four years of age; modal
age at first birth is seven years, but can be as early as
five years of age (Di Bitetti and Janson, 2001; Fragaszy
et al., 2004a). Interbirth interval data suggest weaning
age is similar in bearded capuchins (S. libidinosus), and
the age at first birth is around five years for females
(Fragaszy et al., Insights into life history of bearded
capuchins (S. libidinosus). Longitudinal records of body
mass and reproduction. Am J Primatol, in review). The
termination of the juvenile stage in males is less well
defined. Most authors consider males to be sexually
mature by 7 years of age, but males do not reach adult
body weight until 10 years (Fragaszy et al., 2004a).
However, Fragaszy and Adams-Curtis (1998) have
reported a male in a captive group sired offspring as
early as 4.4 years of age.

The diets of juveniles and adults overlap in terms of
food type in both capuchin genera (Fragaszy and Boin-

ski, 1995; Agostini and Visalberghi, 2005; MacKinnon,
2005). However, field studies have demonstrated age-
related differences in feeding ability when individuals
process mechanically protected foods. The age at which
juvenile tufted capuchins reach adult-level efficiency
varies among food types. For example, by 3 years of age,
tufted capuchins exhibit adult-like foraging success
(measured as the percentage of substrates where feeding
occurred) when searching for invertebrate prey types
embedded in palm fronds or woody substrates (Janson
and van Schaik, 1993). At Raleighvallen, Suriname,
Gunst et al. (2010b) found that by 1 year of age, S.
apella juveniles performed the sequence of behaviors
required to peel the Maximiliana maripa fruit using
their dentition and forelimbs, but lacked the body
strength required to remove fruits from the infructes-
cence. In the same study group, juveniles younger than
6 years of age lacked the skills to detect and the physical
strength to extract invertebrate larvae from bamboo
stalks (Gunst et al., 2010a). In S. libidinosus populations
where individuals use stone hammers and stone or wood
anvils to open the endocarps of mature palm fruits (Fra-
gaszy et al., 2004b), juveniles typically begin striking
the hard fruits against stones or other palm fruits by 2–
3 years of age and become competent tool users by 4–5
years of age (Spagnoletti et al., 2011; Fragaszy et al.,
2013). These studies demonstrate that tasks requiring
strength alone, such as processing the maripa palm
fruit, are mastered well before those requiring cognitive
skills or a combination of skill and strength (Gunst
et al., 2008, 2010b).

Age-related changes in extractive foraging competence
likely coincide with benchmarks of physical growth, such
as increased body size and the eruption of the perma-
nent dentition (Galliari, 1985; Gunst et al., 2008; Fra-
gaszy et al., 2010). Studies describing behavioral
changes in feeding competence have linked physical
strength (including masticatory strength) to the ability
to open mechanically protected foods efficiently (e.g.,
Gunst et al., 2010a,b), suggesting that when reliance on
these foods intensifies, younger (and smaller) individuals
will be more at risk of not meeting their nutritional
goals than older individuals. As a result, young juveniles
may select items of lower toughness within a food type,
capture smaller prey items, spend more time feeding, or
avoid certain food types entirely (Terborgh, 1983; Janson
and van Schaik,1993; Hanya, 2003; Johnson and Bock,
2004; Fragaszy et al., 2004a; Venkataraman et al., 2014;
Taniguchi et al., 2015). However, there are few quantita-
tive data on the mechanical properties of foods con-
sumed by juveniles.

Here, we describe variation in mechanical properties
across food tissues processed by two wild groups of S.
libidinosus. This species feeds mostly on fruit tissues,
including pulp and seeds, and invertebrate prey. The
diets of both groups differ between the dry and wet sea-
sons, with groups increasing seed consumption and
decreasing fruit and invertebrate consumption during
the dry season (Verderane et al., 2013). We then combine
these data with known ages of group members to exam-
ine how food mechanical properties vary among individ-
uals of different ages. In light of prior studies indicating
juvenile tufted capuchins achieve the physical strength
required for reaching adult-level efficiency when feeding
on certain food types by 3 years of age (e.g., inverte-
brates embedded in woody substrates, Janson and Boin-
ski, 1992; Maripa palm fruits, Gunst et al., 2010b), we
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expect to see an age-related increase in the mechanical
properties of foods processed by both S. libidinosus
groups. Specifically, we predict young juveniles less than
3 years of age will consume less mechanically challeng-
ing foods than older juveniles and adults.

MATERIALS AND METHODS

Study site and subjects

The data were collected at Fazenda Boa Vista (FBV),
Gilbu�es, Piau�ı, Brazil (98390 3600S, 458 2501000W). This site
is a semiarid forest habitat located in the transition
zone between cerrado and caatinga habitats (Izar et al.,
2012; Verderane et al., 2013). Verderane et al. (2013)
examined seasonal shifts in the diet of the FBV S. libidi-
nosus groups using data collected from 2006 to 2008.
They reported both groups decreased their time spent
feeding on fleshy fruits and invertebrates and increased
time spent feeding on seeds during the dry season
(May–September). Given these results, we conducted our
study during the dry season because the capuchins were
expected to consume more mechanically demanding
foods during this period. We assumed similar seasonal
diet variation occurred during the 2009 dry season.

We collected feeding behavior data and food samples
from two groups (CH and ZA groups) of wild S. libidino-
sus from June to September 2009. Individuals were rec-
ognizable and age is known for all individuals born after
2005. The CH group contained nine adults (individu-
als�6 years, four males, five females), three older juve-
niles ranging in age from 3 to 5 years (all males), and
four young juveniles ranging in age from 9 months to 3
years (three males, one female). The ZA group contained
eight adults (three males, five females), one older juve-
nile ranging in age from 3 to 5 years (male), and three
young juveniles ranging in age from 9 months to 3 years
(two males, one female). There were three nursing
infants of undetermined sex in each group that were
excluded from the study. These five age-sex classes were
used to facilitate comparisons in figures and in the text.

The CH group was provisioned with water, fruits, and
corn as part of tool use experiments conducted at FBV
during the study period. Spagnoletti et al. (2012) and
Verderane et al. (2013) estimated provisions accounted
for an increase of approximately 200 kcal/individual/day.
In addition, this group’s reliance on provisioned foods
varied by season. During the wet season, provisioned
foods account for 10% of CH group’s feeding time,
whereas feeding on provisioned foods increased to 30%
during the dry season (Verderane et al., 2013). To miti-
gate the effects of provisioning on our dataset, no data
were collected from individuals foraging on provisioned
foods.

Behavioral sampling and food mechanical
property testing

Groups were followed from dawn to dusk for 5 consec-
utive days, and group follows were alternated to distrib-
ute observation periods evenly during the study period.
Each observation day was divided into three time blocks.
Data were collected on all group members, except nurs-
ing infants, using continuous focal animal sampling
(Altmann, 1974). Focal animals were selected from a
randomized list and followed for 15 min until all individ-
uals were observed once within each time block. When
focal data were collected for all individuals within a time

block during the 5-day group observation period, the
randomized list was started again until all individuals
were sampled twice.

We recorded all instances of feeding and the plant tis-
sues processed during the focal sample. Focal samples
were divided in feeding bouts. Bouts were defined as
continuous feeding on a food type within a food patch.
Since plant tissue toughness varies when fracturing the
tissue with or against the fiber direction (Lucas et al.,
1995), we also noted the specific behaviors that individu-
als used to process food tissues. Behaviors recorded
include manual processing of foods (e.g., pounding, tool
use) and placement of foods on the tooth row during
ingestion. Food specimens for mechanical properties
testing were collected from food items dropped or dis-
carded by the focal animal. When possible, whole plant
food specimens of comparable phenophase were collected
if no food tissue fragments fell to the ground during a
feeding bout. We collected 344 focal samples and tested
the mechanical properties of food specimens collected
during 254 of those focal samples.

Food items were sealed in plastic bags to preserve
freshness and tested within 24 h of collection. Storing
food samples in bags for a short period of time like this
does not affect their properties (Wright et al., 2008).
Prior to testing, foods were photographed and assigned
to the most exclusive taxonomic category following Lor-
enzi (2002). Foods that were not taxonomically identified
were included in the dataset as unknown. Foods were
divided into tissue types (e.g., exocarp, mesocarp, etc.)
following a classification scheme adapted from van Roos-
malen (1985). Invertebrates are an important component
in the capuchin diet accounting for 33% of the annual
diet (Norconk et al., 2009). Feeding on invertebrates dif-
fers among age classes, contributing 25% of young juve-
nile female, 17% of young juvenile male, 23% of older
juvenile male, 39% of adult female, and 36% of adult
male focal samples, respectively (Chalk, unpublished
data). However, mechanical testing of this aspect of the
diet was unfeasible in this study because we could not
acquire and reliably identify samples of prey items as
these were being consumed during feeding bouts. We
have just one toughness measure of unidentified wasp
cuticle and viscera (mean R 5 845.43 J m22), tested dur-
ing a previous field season (Chalk, unpublished data).
This value is comparable to published fresh cricket cuti-
cle toughness of 1,345.31 J m22 (Williams et al., 2005).
As a result, invertebrates are absent from the food
mechanics dataset.

The mechanical properties of interest in this study
were toughness (R) and elastic modulus (E). Toughness
describes the energy consumed during the creation of a
fracture of given area; elastic modulus (also known as
Young’s modulus) describes a material’s ability to resist
deformation along the elastic region of the stress-strain
curve (Lucas et al., 2001; Williams et al., 2005). Here
elastic modulus is used as an estimate of food stiffness
since materials with high moduli are also characterized
as stiff materials (Ashby, 1992). All tests were conducted
in the field using a portable universal mechanical tester
kit fitted with 10 N, 100 N, and 1,000 N load cells (Dar-
vell et al., 1996; Lucas et al., 2001), with properties cal-
culated using custom software (LabVIEW, National
Instruments, version 7.0). For the majority of food tis-
sues, scissors or wedge tests were used to determine
toughness, and three-point bending or compression tests
were used to determine elastic modulus (Lucas et al.,
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2012). We used behavioral data recorded from focal ani-
mals to inform how discarded and edible food tissues
were tested. For instance, the capuchins processed
grasses by stripping portions of the plant off parallel to
the fiber direction with the incisors, then biting the
grass perpendicular to the fiber direction with the post-
canine dentition. As a result, grass toughness was deter-
mined by cutting tissues both parallel to and
transversely across the fiber direction. Tissues from the
same food item were sampled three times.

Both study groups use tools to extract endosperms
from palm species, including Attalea spp., Astrocaryum
spp., and Orbygnia spp., and tool use accounts for
�2–5% of feeding time in the wet season and �3–6% of
feeding time in the dry season (Spagnoletti et al., 2012;
Verderane et al., 2013). The objective of this study was
to quantify the food material properties of orally proc-
essed food tissues. Since palm fruit endocarps were
primarily processed with tools, they were not considered
here. For toughness, elastic modulus, hardness, and
force-to-failure values for palm fruit endocarps see Visal-
berghi et al. (2008) and Lucas et al. (2009).

Statistical analysis

Toughness and elastic modulus values were compared
among food tissues using Kruskal Wallis tests. Post-hoc
Mann-Whitney U tests were used to determine significant
pairwise comparisons between food tissues. A Bonferroni
correction was applied to all post-hoc pairwise comparisons.

Linear mixed models (LMM) using restricted maxi-
mum likelihood were employed to test the relationship
between age and food mechanical properties. Following
Vogel et al. (2008), if the capuchins processed multiple
tissues for a given food item, the food tissue with the
highest R and E value was included in the LMMs. Val-
ues of mean toughness (Rmean), mean elastic modulus
(Emean), maximum toughness (Rmax), and maximum elas-
tic modulus (Emax) for all food tissues were used in the
analysis. To examine age-related variation in mechanical
properties within one species of plant food, we also ana-
lyzed a dataset that included only toughness and elastic
modulus for Eschweilera sp. fruit tissues. We chose
Eschweilera sp. fruit tissues because of the large number
of samples for that food item. For all LMMs, food

Fig. 1. Percentage of bouts devoted to each tissue type according to age-sex class. Sample size (N) is the total number of tissues
processed for all bouts. The number of individuals within each age-sex class is given in parentheses.

TABLE 1. Toughness and elastic modulus of food tissues processed by S. libidinosus

R (J m22) E (MPa)

Tissue type N Mean SE Max Min N Mean SE Max Min

Bark 45 1,598.0 198.7 6,956.9 243.3 25 2,010.8 463.5 8,886.4 0.1
Exocarp 81 1,595.5 116.3 7,677.8 200.4 61 34.7 10.6 780.3 0.05
Exo-mesocarp 38 1,943.6 255.2 6,945.3 115.6 30 130.3 63.0 2,077.7 0.06
Flower 19 326.9 51.8 1,705.6 43.4
Grass 38 4,007.2 629.9 15,194.4 31.1 25 3,132.6 403.5 10,425.7 250.9
Mesocarp 56 770.4 59.5 2,845.6 28.7 39 4.8 1.2 48.0 0.3
Other 20 1,436.6 333.9 6,740.7 112.0 11 385.7 220.8 2,431.1 0.03
Root 45 2,502.4 128.6 5,198.6 291.4 23 545.1 189.0 5,438.4 8.6
Seed 38 885.5 229.5 9,899.4 92.1 21 95.5 64.0 1,399.1 0.3

Tissue types include food items not taxonomically identified. See Appendix for descriptive statistics of all taxonomically identified
plant foods consumed during the study period.
N 5 number of food tissue specimens. SE 5 standard error.
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mechanical property data were log transformed to nor-
malize the data. We used all available data for each indi-
vidual and included the individual’s identification as a
random factor to account for repeated sampling. Age in
months, sex, group size, and month of focal sample were
included as fixed-effect covariates. Fixed effects included
in the models were selected using Akaike’s Information
Criteria (AIC) (Bolker et al., 2009). Since only one group
was observed in September, those data were combined
with data from August. Models were fitted using the
nlme package in R (Pinheiro et al., 2013). We used post-
hoc Kruskal Wallis and Mann-Whitney U tests to com-
pare significant fixed effects. All probability levels are
two-tailed; statistical significance for all tests was
assessed at a 5 0.05 level.

RESULTS

Comparisons among food tissues

The capuchins processed tissues from 13 identified and
several unidentified plant and animal genera. Toughness
and elastic moduli of all food tissues processed by the
focal individuals during the study period are summarized
in Table 1. Overall, age-sex classes processed the same
food tissue types (Fig. 1). Fruit exocarp, mesocarp, and
seed tissues accounted for more than 50% of focal sam-
ples for each age-sex class. Fibrous, non-fruit plant tis-
sues (i.e., roots, grasses, and barks) contributed to 39% of
the older juvenile male focal samples, compared with 32%
of adult female and 33% of young juveniles and adult
male focal samples, respectively. Flowers and other vege-
tation each accounted for less than 9% of focal samples
for all age-sex classes.

Food tissue toughness values ranged from 28.7 to
15,194 J m22 (n 5 380, mean 5 1,714.8 J m22), and elastic
moduli ranged from 0.03 to 10,426 MPa (n 5 235,
mean 5 653.5 MPa). Food mechanical property data
sampled from taxonomically identified plant genera are
given in the Appendix. Food tissues processed during the
study showed significant differences in toughness (KW
Rmean: H 5 143.9, P< 0.001, Fig. 2A; KW Rmax: H 5 141.1,
P< 0.001). Grass stems and roots were the toughest tis-
sues processed by the capuchins. In contrast, flowers had
the lowest toughness values of all food tissues tested.
Within fruits, outer tissues such as exocarp and exocarp
with adherent mesocarp (exo-mesocarp) were significantly
tougher than mesocarp and seed tissues (i.e., endocarps
excluding palm fruits and endosperms), which themselves
did not differ in R values (Fig. 2A). Elastic moduli also
differed across plant tissue types (KW Emean: H 5 108.4,
P< 0.001, Fig. 2B; KW Emax: H 5 109.8, P< 0.001).
Fibrous, non-fruit plant tissues were more resistant to
deformation (i.e., with higher elastic moduli) than fruit
tissues (exocarps, mesocarps, seed tissues). Among these
non-fruit plant tissues, grasses had the greatest values
for mean and maximum elastic modulus (Table 1). Within
fruits, mesocarp and seed tissues had significantly lower
elastic moduli than exocarps (Fig. 2B).

Comparisons among age classes

Toughness and elastic modulus values for food tissues
processed by the FBV capuchins were comparable across
age-sex classes (Table 2). For analyses including all food
tissues, the best-fit model for mean toughness included
group size and age as fixed effects and the best-fit model
for maximum toughness included only age as a fixed

Fig. 2. Boxplot of mean log toughness (A) and mean log elastic modulus (B) of food tissue types. The solid line within the box
represents the median and the diamond represents the mean. Asterisks represent significant pairwise differences among tissue
types (P<0.05).

PROPERTIES OF FOODS IN THE JUVENILE CAPUCHIN DIET 5

American Journal of Physical Anthropology



effect. The best-fit models for mean and maximum elastic
modulus included group, month, and sex as fixed effects.
There was no evidence for an effect of age on food
mechanical properties, since age in months was not
selected as main predictor in the best-fit models for
toughness or elastic modulus and was not significant in

the best-fit toughness models (Rmean LMM: df 5 25,
t 5 21.6783, P 5 0.109; Rmax LMM: df 5 26, F 5 2.787,
P 5 0.107). Comparisons of maximum toughness and elas-
tic modulus of all food tissues processed by focal animals
showed overlap across individuals of different ages (Fig.
3). Similarly, age was not selected as a main predictor in

Fig. 3. Toughness and elastic modulus values for food tissues processed by focal animals in CH group (black) and ZA group
(blue). Each point represents one food tissue sample. Maximum log toughness of fruit tissues (A), maximum log elastic modulus of
fruit tissues (B), maximum log toughness of non-fruit tissues (C), maximum log elastic modulus of non-fruit tissues (D) did not dif-
fer among individuals of different ages. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

TABLE 2. Comparison of toughness and elastic modulus of foods processed by S. libidinosus for the five age-sex classes

R (J m22) E (MPa)

Age class N Mean Max Min N Mean Max Min

Young juvenile female (9 months to 3 years) 39 2,120.2 9,346.3 68.4 16 252.4 2,985.2 1.0
Young juvenile male (9 months to 3 years) 83 1,747.3 7,677.8 31.1 51 753.1 9,245.8 0.0
Older juvenile male (3 to 5 years) 46 1,915.1 13,021.2 28.7 28 602.2 8,715.6 0.3
Adult female (� 6 years) 122 1,570.0 14,230.1 43.4 70 877.9 10,425.7 0.1
Adult male (� 6 years) 89 1,605.9 15,194.4 87.7 68 469.6 9,296.9 0.1

N 5 number of food tissue specimens.
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the best-fit models for both mean and maximum tough-
ness or elastic modulus of Eschweilera sp. fruit tissues.

There was significant variation in the elastic modulus
of all food tissues processed by the two groups (Fig. 4A).
The members of the CH group consumed foods with
higher mean and maximum elastic moduli than focal
animals in the ZA group (Emean MWU: T 5 2787, P 5 0.
0222; Emax MWU: T 5 2731, P 5 0. 0139). We also found
a significant relationship between elastic modulus of all
food tissues and month (Fig. 4B). Capuchins ate foods
with higher mean and maximum elastic moduli in
August and September than June and July (Emean KW:
H 5 9.06, P 5 0.0178; Emax KW: H 5 9.984, P 5 0.0068).

DISCUSSION

Food mechanical property variation

During the dry season, the capuchin diet at FBV con-
sists of foods with a mean toughness of 1,715 J m22 and
a mean stiffness of 654 MPa. The mean toughness of
foods processed by FBV capuchins is comparable to that
reported by Wright (2005) for S. apella (mean
R 5 1,110.54 J m22 for foods processed with the incisors
or canines, mean R 5 668.56 J m22 for foods processed
with the postcanine teeth) and for C. olivaceus (mean
R 5 1,042.06 J m22 for foods processed with the incisors
or canines, mean R 5 390.04 J m22 for foods processed
with the postcanine teeth) at Turtle Mountain, Iwok-
rama Reserve, Guyana and for earlier work with S.
libidinosus at FBV (Wright et al., 2009). The FBV
groups also regularly processed foods exceeding this
mean toughness value. The greatest maximum tough-
ness value measured during this study was 15,194.4
J m22, which is nearly 9 times greater than the mean.
Similarly, S. apella has been shown to ingest food tis-
sues with maximum toughness of 10,908.8 J m22; these
maximally tough food tissues processed by both Sapajus
species are more than three times greater than the max-
imum toughness of fruit processed by C. olivaceus
(Wright, 2005).

The inclusion of exceedingly tough or stiff food tissues
in the diet is consistent with the feeding strategy previ-
ously described for S. libidinosus in which mechanically
protected foods are important and possibly preferred die-

tary components (Wright et al., 2009). Our results com-
plement previous work at FBV demonstrating that both
groups intensify their feeding on seeds in the dry season
(Verderane et al., 2013). The capuchins showed a prefer-
ence for fruit tissues (>50% of the tested foods). For
many fruit species, animals removed and discarded the
tough outer tissues to gain access to the pulp or seeds.
In the case of Eschweilera sp. fruits (�50% of the fruit
tissues tested) and palm fruits, the immature seeds
appeared to be targeted for water, with individuals open-
ing the seed and drinking the sweet liquid inside (Chalk,
personal observations).

Grass, roots, and bark were the food items with the
greatest toughness and elastic moduli. Both CH and ZA
groups have been shown to increase the proportion of
time spent feeding on roots and other fibrous, non-fruit
plant foods during the dry season (Verderane et al.,
2013). Reliance on these items in later months of the dry
season likely explains the observed increase in food tis-
sue elastic modulus from June and July to August and
September. Roots were dug from underground and outer
tissues were stripped using the anterior dentition. Often
the inner tissue was completely consumed; as a result,
few samples of this inner root tissue are represented in
the dataset. Inner root tissues were tested for three feed-
ing bouts, and the toughness values for these samples
ranged from 291.40 to 2,674.7 J m22. Bark was never
masticated by the capuchins, but was stripped off tree
limbs with the anterior dentition and forelimbs for
access to invertebrates. Grasses, particularly the grass
stem near the root, constituted the toughest and stiffest
items in the diet. Yamashita et al. (2009) reported simi-
lar toughness for bamboo processed by species of Hapale-
mur; however, the toughest bamboo tissues were not
always masticated. Similarly, the capuchins at FBV
removed portions of grass stem with the postcanine den-
tition, masticating and occasionally fracturing the tissue,
then expelling the fibrous remains.

Interestingly, we found individuals in CH group proc-
essed foods with higher elastic modulus than those in
ZA group. The provisioning of CH group provides a
potential explanation for this difference. Verderane et al.
(2013) attributed the shorter day ranges and increased
time spent resting observed in CH group compared to

Fig. 4. Comparison of elastic modulus of foods processed by the two S. libidinosus groups over the duration of the study. CH
group processed tissues with greater elastic modulus (A). Foods processed in June and July were lower in elastic modulus than
those processed in August and September (B). Data were collected from only one group in September, and these were included
with the August samples for analysis. The solid line within the box represents the median and the diamond represents the mean.
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ZA group to provisioning. It is possible that, with their
hydration and caloric needs met, CH group is free to
engage in “snacking” on foods including roots and
grasses and stripping bark to locate invertebrate prey
during periods of rest. Currently, it is unclear if these
foods provide a source of macro- or micronutrients not
present in the CH group diet.

Age-related changes in food mechanical
properties

We found no support for the hypothesis that juveniles
process less mechanically challenging foods than adults.
Juvenile and adult capuchins at FBV breached foods of
similar toughness and elastic modulus, indicating that
foods processed by adults are accessible by juveniles
after weaning. Our results fit with comparable food
mechanical property data sampled from multiple age
classes, which are available for only a few primate spe-
cies. For example, dietary toughness was similar
between juvenile and adult white faced saki monkeys
(Pithecia pithecia), and age-related differences in diet
were attributed to the lack of masticatory strength of
juveniles to access some adult foods (Robl, 2008). Over-
lap in dietary mechanical properties has also been
reported for immature and adult orangutans (van Schaik
et al., 2009), red mantled howler monkeys (Raguet-Scho-
field, 2010), and sooty mangabeys (McGraw et al., 2011).
These data provide compelling evidence that juvenile
and adult diets are largely similar in terms of mechani-
cal demand in a diverse array of primate taxa. Despite
this diversity, some taxa do exhibit significant variation
in the mechanical properties of juvenile and adult diets.
For example, Venkataraman et al. (2014) reported small
and medium juvenile geladas consume foods of lower
toughness than large juveniles and adults.

Our findings suggest that masticatory strength alone
does not limit juvenile tufted capuchins’ access to the
majority of foods in their diet. Morphological traits that
act to reduce masticatory stress in Sapajus relative to
Cebus are apparent early in development (Cole, 1992).
Although the fitness consequences are unknown, the
early emergence of robust masticatory traits may be
advantageous for processing some mechanically demand-
ing foods from a young age. However, the relationship
between food mechanical properties and primate masti-
catory morphology is far from straightforward, in part
because the behavioral flexibility that primates exhibit
while feeding plays an important role in an individual’s
ability to modulate masticatory effort.

Feeding behaviors mitigate the demands of processing
tough or stiff food tissues. Prior work has demonstrated
that juveniles require years of practice to efficiently
access foods requiring motor coordination and dexterity,
postcranial strength, and/or the ability to detect cues con-
cerning food state (e.g., larvae embedded in bamboo or
palm fruits) (Fragaszy et al., 1994; Boinski et al., 2003;
Ottoni et al., 2005; Perry and Jimenez, 2006; Gunst
et al., 2008, 2010a,b; Rapaport and Brown, 2008). Our
results support the hypothesis that juvenile competence
when performing these tasks is constrained by the inter-
action of food mechanical properties and the mastery of
the processing behaviors used to access food types (Gunst
et al., 2010a; Fragaszy et al., 2013). For example, grasses
were among the toughest plant tissues orally processed
by the FBV capuchins, but they did not involve complex
harvesting steps and were processed by individuals of all

observed age classes. By contrast, competent tool use
requires physical strength and motor coordination to lift
the stone tool and strike the fruit while standing biped-
ally and is not achieved until 4–5 years of age (reviewed
in Fragaszy et al., 2013). As a result, mechanically pro-
tected palm fruits opened using tools were the only food
item younger juveniles could not access independently. It
is worth noting that their inability to use tools does not
completely prevent young juveniles’ access to palm fruits
because they scrounged small portions of fruits from
adults. Capuchin adults tolerate infants and young juve-
niles investigating their feeding sites. This pattern of har-
vesting scraps and tolerated food theft from adults is
common in Cebus and Sapajus, but this tolerance gener-
ally does not extend to older juveniles (Fragaszy et al.,
1997, 2013; MacKinnon, 2005).

In addition to scrounging, other extraoral processing
behaviors likely facilitate young juveniles’ access to
mechanically demanding foods. Both adult and juvenile
capuchins engage in strenuous extraoral behaviors,
recruiting the use of the fore- and/or hindlimbs and
nuchal musculature, to access embedded foods or reduce
overall food size prior to ingestion. Furthermore, experi-
mental work has demonstrated that primates adjust bite
size in response to food toughness variation (Perry and
Hartstone-Rose, 2010; Hartstone-Rose et al., 2015).
Smaller bite sizes would allow juveniles to place tough
or stiff foods on the postcanine dentition, where mastica-
tory muscles have a greater mechanical advantage.
However, ingesting less food per bite could result in
lower daily caloric and key nutrient intakes, requiring
juveniles allocate more time per day to foraging and
feeding. While it is clear that capuchin juveniles and
adults process foods of comparable mechanical demand,
the data presented here cannot address whether juve-
niles require additional and/or prolonged oral and man-
ual processing behaviors to access foods of comparable
toughness or stiffness or have lower food intake rates.
For a species that routinely utilizes mechanically pro-
tected foods, the high handling costs of processing those
foods may limit daily food intake (Irwin et al., 2014); as
a result, young juveniles may find it difficult to consume
enough food to buffer themselves from periods of nutri-
tional stress when mechanically challenging resources
are significant dietary components. Further research on
the nutritional components and food intake rates is
needed to address this hypothesis.

CONCLUSIONS

We have described the variation in the toughness and
elastic modulus of food tissues consumed by S. libidino-
sus during the dry season. Although previous studies
have documented differences between adult and juvenile
tufted capuchin foraging strategies, juveniles did not
select foods with significantly lower mean or maximum
toughness and elastic modulus, suggesting juveniles and
adults are capable of processing foods of comparable food
mechanical properties. Juveniles’ inability to process
mechanically protected foods appears to be more directly
linked to the need to master foraging and feeding behav-
iors requiring fine motor control or complex sequences of
actions than food toughness or stiffness.
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