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ABSTRACT The genus Cebus is one of the best extant
models for examining the role of fallback foods in primate
evolution. Cebus includes the tufted capuchins, which
exhibit skeletal features for the exploitation of hard and
tough foods. Paradoxically, these seemingly ‘‘specialized’’
taxa belong to the most ubiquitous group of closely related
primates in South America, thriving in a range of different
habitats. This appears to be a consequence of their ability
to exploit obdurate fallback foods. Here we compare the
toughness of foods exploited by two tufted capuchin species
at two ecologically distinct sites; C. apella in a tropical rain-
forest, and C. libidinosus in a cerrado forest. We include
dietary data for one untufted species (C. olivaceus) to
assess the degree of difference between the tufted species.
These data, along with information on skeletal morphology,

are used to address whether or not a fallback foraging spe-
cies exhibits a given suite of morphological and behavioral
attributes, regardless of habitat. Both tufted species ingest
and masticate a number of exceedingly tough plant tissues
that appear to be used as fallback resources, however, C.
libidinosus has the toughest diet both in terms of median
and maximal values. Morphologically, C. libidinosus is
intermediate in absolute symphyseal and mandibular
measurements, and in measures of postcranial robusticity,
but exhibits a higher intermembral index than C. apella.
We propose that this incongruence between dietary
toughness and skeletal morphology is the consequence of
C. libidinosus’ use of tools while on the ground for the
exploitation of fallback foods. Am J Phys Anthropol
140:687–699, 2009. VVC 2009Wiley-Liss, Inc.

WHY AND WHEN PRIMATES ‘‘FALLBACK’’

Primates respond to seasonal variation in resource
availability and abundance in a variety of ways includ-
ing increasing travel rates (Doran, 1997), increasing the
intensity of core area use (van Roosmalen, 1980; Sigg
and Stolba, 1981), increasing or decreasing foraging
party size (Doran, 1997; Matsumoto-Oda et al., 1998;
Watts, 1998; Dias and Strier, 2003), increasing diet
breadth (Heiduck, 1997; Hill, 1997; Overdorff et al.,
1997; Knott, 1998; White, 1998; Gursky, 2000; Martins
and Setz, 2000; Poulsen et al., 2001; Curtis, 2004) and
shifting to fallback foods (McFarland-Symington, 1988;
Leighton, 1993 Doran, 1997; Tutin et al., 1997; Conklin-
Brittain et al., 1998; Yamakoshi, 1998; Wallace, 2005;
Worman and Chapman, 2005).
The role of fallback resources in primate ecology and

evolution has recently become a topic of particular inter-
est to biological anthropologists (Lambert et al., 2004;
Wright, 2004, 2005a; Scott et al., 2005; Lambert, 2007;
Marshall and Wrangham, 2007). In earlier anthropologi-
cal and primatological literature the concept of critical

function (i.e., morphological features used during periods
of resource scarcity) touched upon the role of fallback
foods in primate evolution (Kinzey, 1978; Leighton and
Leighton, 1983; Rosenberger, 1992; Constantino and
Wright, 2009). The concept of fallback resource use has
been linked directly to questions of community diversity,
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food mechanics, morphological and behavioral specializa-
tion and, ultimately, selection pressures and evolution-
ary change (Constantino and Wright, 2009). Such
inquiry has generated questions about the ability of pri-
mates to survive periods of resource scarcity, and about
behavioral and morphological adaptations that may be
critical for survival.

DEFINING FALLBACK FOODS

At the most general level, fallback foods may be
defined as resources that are used when preferred foods
are in low supply or are unavailable (Marshall and
Wrangham, 2007; Constantino and Wright, 2009).
Although the term ‘‘fallback foods’’ and the notion of
‘‘falling back’’ have a range of ecological and evolutionary
implications (Constantino and Wright, 2009) we are
operationalizing the term fallback foods in this study
using the definitions proposed by Marshall and Wrang-
ham (2007). Marshall and Wrangham (2007) distinguish
between two subsets of fallback foods: ‘‘staple’’ and ‘‘fil-
ler.’’ Staple fallback foods are defined as resources that
are annually available, used throughout the year in
small quantities, and may make up 100% of the diet dur-
ing particular seasons. Filler fallback foods may be sea-
sonally or annually available; are used only at particular
times of the year and never comprise the majority of the
diet. It is also of particular relevance to this study that
resources that are termed fallback foods are often physi-
cally-challenging-to-exploit (Kinzey, 1974; Lambert et al.,
2004; Wright, 2005a).

CEBUS AND FALLING BACK

Adaptations among capuchins species have been iden-
tified as critical functions for the use of particular
resources that are in certain instances mechanically
challenging to ingest (Kinzey, 1974). In fact, the capu-
chin foraging strategy can be broadly described as
‘‘destructive,’’ due to its emphasis on easily digested food
parts that are embedded in mechanically challenging tis-
sues (e.g. palm fruits, colonizing insects, legume pods).
The genus Cebus includes two morphotypes: the tufted
capuchins, which exhibit relatively large teeth with the
thickest dental enamel among primates (Kay, 1981;
Wright, 2005a), as well as robust skeletal elements and
musculature (Ford and Hobbs, 1996; Wright, 2007), and
the untufted capuchins, which have relatively smaller
teeth, slightly thinner enamel, and a less robust muscu-
loskeletal system.
Various studies have detailed the differences between

tufted and untufted capuchin species in gnathic mor-
phology and have used their morphological findings to
propose ingestive behavior. Bouvier (1986a) found
greater mandibular corporal width and mandibular sym-
physeal robusticity in the tufted C. apella than in the
untufted C. albifrons and C. capucinus. The relatively
shallow mandibular corpus of C. apella along with inter-
mediately tall incisors lead Bouvier to argue for an
increase in mastication as opposed to incisor biting in C.
apella. Greater corporal and symphyseal cross-sectional
size and significantly thicker cortical bone on the lateral
surface of the corpus and throughout the symphysis
were also found to distinguish the tufted C. apella from
the untufted C. capucinus (Daegling, 1992). These
gnathic adaptations in C. apella were argued to better
resist parasagittal bending, vertical bending at the sym-

physis, wishboning, and lateral torsion as demonstrated
by Hylander (1985, 1988) and Hylander and Johnson
(1994). Daegling (1992) argued that the morphological
adaptations of C. apella may have evolved to resist high
stresses during anterior dental use or during powerful/
frequent mastication. Comparing the cranial morphology
of C. apella and C. albifrons, Cole (1992, p 274) found
that ‘‘The corporal shapes of the C. apella samples sug-
gest greater resistance to both parasagittal bending and
twisting (as predicted previously).’’ Cole in reference to
Hylander (1988) argued that twisting causes the greatest
stress regimes in the mandibular corpus, particularly
when the primate in question exhibits wide zygomatics,
as does C. apella (Masterson, 1996), and when the pre-
molars are frequently used.
In a comparison of eight Neotropical primate species,

Anapol and Lee (1994) found that C. apella exhibited the
largest canine areas and the greatest postcanine occlusal
areas (Anapol and Lee, 1994). Leverage for both the
untufted C. olivaceus’ and tufted C. apella’s masseter
muscles were intermediate among all eight primate spe-
cies, but their temporalis leverage was the highest. The
mandibles of the capuchins had symphyseal depths and
widths that were second only to those of Chiropotes sata-
nas, and they had the greatest mandibular breadth,
with intermediately wide mandibular corpora. Condylar
heights of the capuchins were comparable to those of all
other species, except the greatly exaggerated form char-
acteristic of the mandibles of Alouatta seniculus (Anapol
and Lee, 1994). The morphology exhibited by the capu-
chins was related to their relatively frugivorous diet that
included relatively hard fruits.
Wright (2005a, p 476) noted that the findings of these

previous studies ‘‘could be used in a variety of combina-
tions to argue for dependence on the postcanine teeth
(e.g., large postcanine occlusal area and wide mandibles)
or on the incisors and canines (e.g., robust canines, wide
incisors, and temporalis advantage).’’ Wright (2005a)
found that the tufted C. apella had greater jaw adductor
leverage and canine and incisor cross sectional areas
than the sympatric untufted C. olivaceus and thicker
molar enamel than the untufted C. olivaceus, C. albi-
frons, and C. capucinus. When coupled with data on
ingested and masticated food tissues from the wild,
Wright (2005a) argued that the craniodental complex of
C. apella has various biological roles permitting the
processing of soft foods as well as reliance on the ante-
rior teeth for breaching mechanically demanding foods
and occasional cheek tooth biting of exceedingly tough
foods. Wright’s (2005a) findings reveal that the biological
role of the gnathic features of any primate can only be
identified when coupled with ecological data from the
field. Without such data a seeming paradox, comparable
to that proposed by Liem (1980) for African cichlid
fishes, may be the interpretive result, i.e. the anatomical
features of the tufted capuchins may be seen as niche
narrowing specializations for the exploitation of hard
and tough foods, yet the tufted capuchins belong to the
most ubiquitous group of closely-related primates in
South America, successfully inhabiting a wide range of
different environments.
Beyond the differences in gnathic morphology that

have been identified in tufted and untufted capuchins,
previous work has also shown that tufted and untufted
capuchins differ in postcranial morphology. As is the
case with their crania, tufted capuchins exhibit robust
postcranial elements compared to their gracile untufted
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congeners (Jungers and Fleagle, 1980; Ford and Hobbs,
1996; Llorens et al., 2001; Wright, 2005b, 2007). In addi-
tion, tufted capuchins have a slightly shorter torso than
untufted capuchins (Hershkovitz, 1949), smaller joint
surfaces, and relatively shorter distal limb elements
(Ford and Hobbs, 1996; Wright, 2005b, 2007). The post-
cranial morphologies in tufted capuchins have been
largely attributed to their slower, more deliberate mode
of arboreal quadrupedalism (Fleagle and Mittermeier,
1981; Wright, 2005b, 2007), however some of these dif-
ferences, such as variation in relative limb segment
lengths, may well be attributable to foraging behavior.
In a comparative study linking differences in postcranial
morphology to differences in patterns of locomotor
behavior in the tufted C. apella and the untufted C.
olivaceus, Wright (2007) found comparable frequencies of
climbing behavior between these two species and yet rel-
atively short hind limbs and short tibiae in C. apella.
Relatively short hind limbs and tibiae have been argued
to facilitate climbing (Cartmill, 1985; Jungers, 1977).
Wright (2005b, 2007) suggested that this incongruity
between behavior and morphology was best explained by
the frequent use of postures and movements associated
with specific foraging behaviors, particularly the breach-
ing of hard and tough food items (i.e., nut-cracking).
Manual hard fruit cracking has been well-documented in
wild tufted capuchins (Izawa and Mizuno, 1977; Struh-
saker and Leland, 1977; Fragaszy et al., 2004a) and hav-
ing relatively short limbs, overall, in addition to rela-
tively shorter hind limbs, may provide a mechanical
advantage particularly when using rocks to crack palm
fruits on the ground (Liu et al., 2009).
The possibility of identifying a disassociation between

seemingly specialized morphology and niche breadth in
capuchins is reminiscent of the same disassociation iden-
tified by Liem (1980) in cichlid fish communities
(Robinson and Wilson, 1998). In modeling these fish
communities, Robinson and Wilson (1998) demonstrated
that the ability to forage optimally on a particular sub-
set of foods unique to each forager did not limit each
species dietary breadth, but rather broadened the
resources available to them. Ultimately, these authors
suggested that their model may be relevant only to
aquatic environments and they questioned the possibil-
ity of a broader application of their model to terrestrial
communities. However, there is evidence to suggest
that their model may provide an explanation for how
tufted capuchins are able to exist over such a large geo-
graphic area, succeed within diverse primate commun-
ities, and successfully exploit a broad range of habitats.
Wright (2004, 2005a) found that the average toughness
of foods ingested by six primate species, Pithecia pithe-
cia, Chiropotes satanas, Ateles paniscus, Alouatta seni-
culus, Cebus olivaceus, and Cebus apella, did not signif-
icantly differ. However, C. apella ingested and masti-
cated a few foods with extreme toughness values and
with maxima of greater than 10,000 J m22. The maxi-
mum toughness value for C. apella was roughly 10
times the average value for all six study species
(including C. apella). Wright (2004, 2005a) argued that,
as with the cichlids, the masticatory adaptations of C.
apella actually broadened, rather than restricted, their
dietary niche. Likewise, interpretations of the biological
role of the postcrania in tufted capuchins suggest that
their relatively shorter hind limbs and robust limb ele-
ments assist in the successful procurement of foods in a
broad variety of variably seasonal environments

(Wright 2005b, 2007), revealing another suite of niche-
broadening characters.
The present study represents initial analyses within

the context of a larger research program that seeks to
obtain seasonal data on feeding frequencies, food mechan-
ics, food size, and ingestive behavior among tufted capu-
chins in various habitats that differ in terms of their
resource base, geography (e.g. altitude), and seasonality.
Our goal is to use these data, along with information on
skeletal morphology, to test whether this supposedly quin-
tessential fallback foraging taxon exhibits a given suite of
morphological and behavioral attributes regardless of
habitat. We also ultimately seek to assess whether indi-
viduals that can more readily exploit fallback foods gain a
fitness advantage. It is of note that other primate taxa
such as Gorilla gorilla gorilla (Yamagiwa, 2009) Cercoce-
bus spp. and Lophocebus spp. (Fleagle and McGraw, 1999;
Lambert et al., 2004), Papio spp. and Mandrillus spp.
(Altmann, 1998; Fleagle and McGraw, 1999) and Rhinopi-
thecus spp. (Covert et al., 2008; Le et al., 2006; Grueter
et al., 2009) to name a few, appear to be species that could
provide compelling comparative data to relate to those
collected here on Cebus.
In this study we measure the dietary toughness of two

tufted capuchin species that inhabit an evergreen
tropical rainforest (C. apella, east bank of the Essequibo
River adjacent to Turtle Mountain, Iwokrama Reserve,
Guyana) and a cerrado-caatinga dry ecotone forest
(C. libidinosus, Boa Vista, Piauı́, Brazil). We evaluate
the relative difference in dietary toughness between the
two tufted species by comparing both to the dietary
toughness of an untufted capuchin species, C. olivaceus,
from the west bank of the Essequibo River at the site of
Turtle Mountain, in the Iwokrama Reserve, Guyana.
Although we can not yet assess the exact frequency with
which the tufted capuchins exploit mechanically
demanding fallback resources at each site, at Turtle
Mountain, the tufted capuchins appear to exhibit a sta-
ple fallback strategy that focuses on woody legume pods
and colonizing insects in woody substrates, with little
evidence of fallback palm fruit use. At Boa Vista the
tufted capuchins also appear to exhibit a staple fallback
strategy focusing on palm fruits. It is of particular note
that the kernels of the hardest palms exploited at Boa
Vista are accessed by inducing initial cracks with rock
hammers and wooden or rock anvils in a terrestrial
setting (Fragaszy et al., 2004a; Visalberghi et al., 2005,
2007; Madden et al., 2007; Ottoni and Izar, 2008).

PREDICTIONS

Given Wright’s (2004) findings we predict 1) that the
average dietary toughness will be comparable for each
species, and 2) the tufted species will include a limited
number of exceedingly tough plant tissues in their diets.
As a consequence of predictions 1 and 2, the distribu-
tions for the toughness of processed tissues will exhibit a
positive skew (i.e., long right-hand tails) for the tufted
species due to the inclusion of tough fallback foods, but
the distributions for all three species will have compara-
ble central tendencies (i.e., median values). Given
C. libidinosus’ well documented palm fruit foraging
behavior, which includes the use of stones and anvils for
crushing, we further predict, 3) that this tufted species
will process the toughest food items and as a conse-
quence will have the most robust jaws and postcranial
skeletons. The use of stone tools by C. libidinosus is also
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predicted 4) to be associated with relatively long fore-
limbs for increased velocity when bringing rock ham-
mers toward the palm fruit to be cracked, and shorter
hind limbs for enhanced biomechanical advantage when
lifting heavy rock hammers.

MATERIALS AND METHODS

Study sites

As previously noted, two sites that differed markedly
in rainfall, forest physiognomy, and phenology were cho-
sen for this study to determine the degree to which fall-
back strategies vary among tufted capuchins when in
distinct habitats. The east bank of the Essequibo River,
across this major waterway from the site of Turtle
Mountain, Iwokrama Reserve, Guyana (5801N, 558 340W)
is inhabited by the tufted C. apella. Cebus olivaceus was
observed on the west bank of this major waterway, at
the site of Turtle Mountain, within the reserve. Each
research area consisted of �100 km of trails along a
12,200 ha park including a 530 m (asl) mountain, and
exhibits evergreen tropical montane and lowland forest
(Wright, 2004, 2005b, 2007). The forests on either side of
the river were comparable in terms of tree species avail-
ability, abundance, and forest structure (Wright, 2004,
2005b, 2007). The site of Fazenda Boa Vista, Piauı́, Bra-
zil (98 S, 458W, about 450 m asl), is dominated by dry
caatinga-cerrado forest and woodland and is home to the
tufted species, C. libidinosus. This site is covered by
�1001 km of meandering trails. The low canopy and
more open nature of the vegetation at Boa Vista make
C. libidinosus easier to observe in close proximity, as
opposed to the difficulties of observing C. apella in the
rainforest environment, particularly during the dry
season.

Foods and food processing behavior

Uningested parts of foods processed by adult individu-
als were collected for mechanical analysis and their tis-
sues were classified according to the manner in which
they were handled. Given the dense canopy and typically
greater than 10 m viewing distance in Guyana, food tis-
sues were placed into only two primary categories: mas-
tication and ingestion. The former referred to tissues
being chewed in the oral cavity with the cheek teeth.
The latter was divided into three subcategories at Boa
Vista, where the viewing distance is often less than 5 m
and in more open terrain. These categories included use
of the incisors and/or canines without the hands; use of
the incisors and/or canines with the hands; use of the
hands alone. Use of the hands alone typically involved
using the entire forelimb, and in the case of nut cracking
with hammers at Boa Vista, ingestive behavior involved
the entire body. Given the limited number of food tissue
processing categories for the data from Guyana we
pooled the ingest categories from Boa Vista for analysis.
The physical properties of food tissues do not survive

long-term storage and must be estimated while in the
field. The best way to preserve most foods in the field is
to place them in plastic bags with damp paper towels to
preserve moisture content. Foods were tested within
12 h of collection. A comparison in Vietnam of the mate-
rial properties of leaves bagged for 12 h, left open to the
air for 12 h, and immediately tested revealed no signifi-
cant difference between the toughness of bagged and
immediately tested leaves (Wright, unpublished data).

Food mechanics

During mastication, fragmentation of food between the
teeth is largely dependent on either the food’s toughness
or a combination of its toughness and stiffness,
expressed as fragmentation indices (Agrawal et al., 1997;
Lucas et al., 2002). Given the need to process samples
quickly in Guyana, and limited time at Boa Vista, we
focused on the acquisition of toughness data using scis-
sor cutting, the samples for which are quickly made and
the tests are quickly conducted (Wright, 2005a). Tough-
ness is defined as the energy consumed in propagating a
crack of a given area and is measured as the area under
a force-displacement curve divided by crack area (Ashby,
1992; Vincent, 1992; Lucas, 2004). Food tissues that can
withstand high strains before crack propagation are
termed displacement limited (Lucas et al., 2000). Leaves
are the quintessential displacement limited foods in the
diets of primates, yet they are also thin and demand rel-
atively little force to tear with the hands, however, they
demand repetitive slicing with the molars to produce
enough small pieces for adequate breakdown by gut
fauna. Tissues that are typically breached to access less
mechanically demanding digestible components are often
highly stress limited (i.e. they can withstand relatively
high forces with little strain, yet often catastrophically
fail at a given threshold). It has also been shown that
the degree to which a food or food tissue falls in the dis-
placement or stress limited category may be expressed
as a ratio between the toughness of the given tissue and
its stiffness or Young’s modulus (Lucas et al., 2000;
Williams et al., 2005). In this study we focus on only one
of these two variables (i.e. toughness) and future analy-
ses will include data on the stiffness of tissues ingested
by these species as well as their respective ratios. Tufted
capuchins have been noted to crack hard and seemingly
stiff palm fruits with their teeth (Terborgh, 1983). This
requisite morphology, and thus the ability to orally pro-
cess stiff fallback foods, may be the primary characteris-
tic differentiating tufted from untufted capuchins, and
differentiating species of tufted capuchin, however, it is
of note that structurally complex foods, such as palm
fruits often have accessory struts that arrest cracks or
have multiple tough layers. Thus we feel that toughness
alone is an apt measurement for comparing the mechani-
cal demands that a food poses for a feeding primate.
All toughness tests were conducted using a portable

universal tester, described originally by Darvell et al.
(1996). The tester is fitted with 10 N and 100 N load
cells and furnished with attachments described by Lucas
et al. (2001). This machine resembles a portable
‘‘Instron-type’’ universal testing machine found in engi-
neering, materials science, and food science laboratories,
and has been used in ecological studies for over 10 years,
being successfully used by various researchers in the
field (See www.gwu.edu/�hebdp/fieldtech for description
of the machine, its applications, and additional refer-
ences. Also see Lucas et al., 2001; Lucas, 2004).

Cranial and postcranial morphology

We conducted preliminary comparisons of mandibular
and limb robusticity as well as limb intermembral indi-
ces among the three capuchin species to test hypotheses
linking cranial and postcranial morphological variation
with observed variation in ingestive and processing
behavior. Data were collected on specimens housed at
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the Field Museum of Natural History, the American
Museum of Natural History, and at the National Mu-
seum of Natural History, USA. Two wild-caught speci-
mens of C. olivaceus were obtained from the Georgetown
Zoo, Georgetown, Guyana. Although the provenance of
the museum specimens did not permit us to measure
individuals from the exact field study sites, specimens
for this study were chosen based on several criteria.
Specimens of C. apella, C. libidinosus, or C. olivaceus
were chosen based on the habitat type that the specimen
was collected from (wet tropical rainforest for C. apella
and C. olivaceus or cerrado-caatinga forest for C. libidi-
nosus), and, when possible, collected from Guyana
(C. apella and C. olivaceus) or areas nearest to the state
of Piaui, Brazil (C. libidinosus). All cranial specimens
were collected in Guyana (C. apella n 5 14 and C. oliva-
ceus n 5 17), or the cerrado-caatinga region of Brazil (C.
libidinosus n 5 17). Several postcranial specimens for C.
apella (N 5 7) were collected in Guyana or western Suri-
name, from highly comparable, if not identical, habitats
(Mittermeier and van Roosemalen, 1981; Wright, 2005b).
Because of a relative lack of available postcranial speci-
mens, and in order to generate a reasonable sample size,
we also included postcranial specimens of C. apella from
other wet tropical rainforest habitats in Colombia (N 5
7) and Peru (N 5 11). All specimens of C. olivaceus were
collected in Guyana (N 5 9) and eastern Suriname (N 5
1). To address the issue of body size, we turned to pub-
lished body weights for the three species, which indicate
that they are comparable (Ford and Davis, 1992; Smith
and Jungers, 1997). In addition, we compared log trans-
formed geometric means between groups (i.e., C.
apella—C. libidinosus, C. apella—C. olivaceus, and C.
libidinosus—C. olivaceus) to test for differences in body
size within our sample. In this case, comparisons of rela-
tive limb proportions and the use of limb bone length to
standardize bone breadth dimensions requires compara-
ble body size among the three study species (Schultz,
1953; Ruff, 1987). The literature suggests that the three
species are similar in body size, however, to confirm this
for our sample, we constructed a geometric mean (Sokal
and Rohlf, 1995) from a series of 22 measurements of
postcranial elements (humerus, ulna, femur, and tibia)
for each individual. The geometric mean is a measure of
total size that is commonly used in morphometric studies
as a substitute for, or in addition to, body mass or other
single variable proxies of body size (Jolicoeur, 1963; Bon-
ner, 1965; Mosimann, 1970; Mosimann and James,
1979). The choice of variables to include in the construc-
tion of a morphometric geometric mean is dependent on
both the question at hand and the taxa of study (Mosi-
mann and James, 1979; Reist, 1984; Jungers et al.,
1995), and it is generally held that a large number of
measurements appropriate to the anatomical complex in
question will produce a reliable estimate of body size
(e.g. a morphometric geometric mean constructed of cra-
nial measurements might be an inappropriate estimate
of size for a study concerned with postcranial variation,
as size-related changes in postcranial shape are most
likely best related to changes in postcranial size, as
opposed to changes in skull size). No significant differen-
ces in body size were identified for any of the three com-
parisons (Student’s t, P[ 0.05).
We compared log transformed mandibular symphyseal

height and width and mandibular depth and width (at

M2) (Bouvier, 1986a,b) with the Student’s t statistic. We
compared these measures set relative to mandibular

length to assess shape differences and we compared
absolute measures of these features. The linear external
measurements used in this study do not necessarily fully
capture the internal geometry of the jaw (Daegling,
1989, 2002; Vinyard and Ryan, 2006). Since these are
maximum rather than minimum linear measures they
also prohibit direct inference of maximum stress at the
corpus or symphysis. However, Daegling, 1992 demon-
strated that the tufted C. apella, shown previously by
Bouvier (1986a) to have relatively externally robust cor-
pora and symphyses, also exhibited more robust cross
sections in these regions that differ from the untufted C.
capucinus primarily in size as opposed to shape. While it
has been shown that load resisting ability is more
accurately captured through measuring cross-sectional
morphology, we suggest that these linear measures
represent a strong first approximation in comparing the
load resisting abilities of the three capuchin species (see
also Hylander, 1979, 1988; Smith et al., 1983; Bouvier,
1986a,b; Ravosa, 1991, 1996; Cole, 1992; Anapol and
Lee, 1994; Taylor, 2002; Vinyard et al., 2003; Plavcan
and Daegling, 2006).
We compared maximum forelimb and hind limb

lengths and intermembral indices for these species, as
well as two ratios of humeral and femoral robusticity
(AP width at midshaft divided by maximum length and
ML width at midshaft divided by maximum length).
Measurements of long bone robusticity using external
shaft diameters or cross-sectional geometry provide a
means for assessing the relative strength of a bone and
its resistance to bending and compressive forces, with
variation in robusticity reflecting differences in mechani-
cal loading regimes and functional adaptations (Ruff et
al., 2006; Stock and Shaw, 2007). In this study, we used
both AP and ML diaphyseal thickness standardized to
bone length as an indicator of skeletal robusticity and as
a preliminary measure of humeral and femoral bone
strength in the three capuchin species. Given that the
three species are comparable in both body size and body
mass, and the sample specimens are comparable in size,
this method provides a means by which to make prelimi-
nary comparisons of bone robusticity and strength
among the three species (Schultz, 1953; Ruff, 1987,
2000; Polk et al., 2000; Stock and Shaw, 2007). We do
however recognize that diaphyseal circumference is pre-
ferred over diaphyseal breadths for inferring bone
strength when cross sectional dimensions are not avail-
able (Stock and Shaw, 2007), and therefore interpret
these initial findings with caution. The parametric Stu-
dent’s t test was used for comparison of natural log
transformed limb lengths while the nonparametric Mann
Whitney U test statistic was used for comparison of
indices and ratios.

Data analysis: Dietary toughness

The predictions presented above are based on empiri-
cally-observed distributions of toughness values for six
species of Neotropical primates in Guyana (Wright,
2004). These distributions show comparable central ten-
dencies (i.e. the average and median toughness values
are broadly similar). They differ, however, in that certain
species, such as those exhibiting masticatory specializa-
tions for consuming foods with challenging mechanical
properties (e.g., C. apella and A. seniculus) exhibit right
skews for their toughness distributions. The long right-
hand tails indicate the exploitation of a few exceedingly
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tough items. These food items have been argued (Wright,
2005a) to represent fallback items that, although
exploited infrequently, have placed important selective
pressure on their feeding apparatuses. Thus, we per-
formed statistical tests that compared both the central
tendency of toughness values and maximal values
among species. We opted for a nonparametric two-sam-
ple test (Mann-Whitney U) to compare the central tend-
ency of these distributions among species. We chose this
statistic rather than the parametric Student’s t statistic
due to the heteroscedastic nature of the distributions.
To compare maximal toughness values between two

species, we developed a randomization approach because
the distribution of maximum toughness values are not
well characterized. Initially, toughness values from the
two species being compared are combined. Two distribu-
tions (equal in size to the samples of toughness values
for the two species being compared) are drawn at ran-
dom with replacement from this pooled sample. The
difference in maximum values between these two distri-
butions is quantified. This sampling procedure was
repeated 1,000 times to generate a distribution of ran-
domly generated differences in maximum toughness val-
ues. If the observed difference in maximum toughness
values between the two species exceeded the 95th per-
centile from this bootstrapped distribution, we rejected
the null hypothesis of no difference in maximum tough-
ness values between species. All test statistics were run
in Systat 11.0.

RESULTS

Masticated tissues

We divided processed tissues into ‘‘masticated’’ (those
that were chewed and ultimately swallowed) and
‘‘ingested’’ (those that typically encase the masticated
tissues and are opened with the hands alone, the ante-

rior dentition alone, or the hands and anterior denti-
tion). Ingested tissues significantly exceeded masticated
tissues in toughness (Mann-Whitney U, P \ 0.01) when
pooled for all species and when ingested and masticated
tissues were compared for each capuchin species
(Mann-Whitney U, P \ 0.01 for each comparison). In
order from the highest mean (and median) masticated
toughness to the lowest mean (and median) masticated
toughness, C. libidinosus (N 5 15) exceeded C. apella
(N 5 14), which exceeded C. olivaceus (N 5 17). How-
ever, C. libidinosus only significantly exceeded C. oliva-
ceus (P \ 0.05). C. apella was found to masticate the
toughest single food tissue (see Fig. 1). However, the
randomization test comparing differences in maximum
values did not identify a significant difference between
any of the species pairs. It is worth noting that despite
the lack of significant difference the distributions of
toughness data for the two tufted species are much
broader with longer right-hand tails than that of C. oli-
vaceus (see Fig. 1). This is a consequence of the tufted
species mastication of a few exceedingly tough tissues.

Ingested tissues

C. libidinosus (N 5 15) ingested significantly tougher
tissues than both C. apella (N 5 14) and C. olivaceus (N
5 17) on average (P \ 0.01). C. libidinosus also ingested
the maximally toughest tissue, followed by C. apella and
C. olivaceus (see Fig. 2). The difference between the
maximum values for C. libidinosus relative to C. oliva-
ceus was significant (P \ 0.05). The distributions for all
three species appear similar to those for masticated tis-
sues, however that for C. libidinosus is markedly
broader than that for C. apella and the central tendency
is also significantly higher.

Fig. 1. Distributions of toughness values for tissues masti-
cated by all three capuchin species. The distributions are
labeled with species names and arrows. Maximum toughness
values are in parentheses. Note the comparable means, but the
wider distributions with longer right hand tails for the tufted
C. apella and C. libidinosus. This is indicative of their mastica-
tion of a few extremely tough tissues.

Fig. 2. Distributions of toughness values for foods processed
manually and/or with the anterior dentition by all three capu-
chin species. The distributions are labeled with species names
and arrows. Maximum toughness values are in parentheses.
Note the comparable means, but the wider distributions with
longer right hand tails for C. apella and C. libidinosus. This is
indicative of their ingestion of a few extremely tough tissues,
particularly in the case of C. libidinosus. Note the markedly
higher ingested tissue maxima for C. libidinosus (P < 0.05
compared to both species using bootstrap methods).
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Jaw morphology

When mandibular corpus and mandibular symphysis
measures are set relative to mandibular length we
find that the tufted species (C. apella N 5 25 [12 female,
13 male], C. libidinosus N 5 35 [17 female, 18 male] do
not differ significantly, and both tufted species signifi-
cantly exceed (P \ 0.05) the untufted C. olivaceus (N 5
30 [14 female, 16 male]) (see Fig. 3). Wright (2005a)
pooled tufted species in a comparison of load (jaw length)
and lever (temporalis and masseter) lengths between
tufted capuchins and C. olivaceus and found the tufted
species to have significantly greater leverage for the
temporalis and masseter muscles. Further comparisons
of relatively small samples between each pair of the
three species in this study (C. olivaceus, N 5 42; C.
apella, N 5 9; C. libidinosus, N 5 13) revealed only one
significant difference, with C. apella exceeding C. oliva-
ceus in masseter muscle leverage (Mann-Whitney U, P\
0.01). These findings are in line with those for mandibu-
lar robusticity. However, when absolute measures are
compared among these three comparably-sized primates
(Smith and Jungers, 1997; Fragaszy et al., 2004b),

C. apella exceeds both C. libidinosus and C. olivaceus
with high significance (P \ 0.01) in every case (Fig. 4).
In addition, C. olivaceus and C. libidinosus have compa-
rable symphyseal measures.

Postcranial morphology

Our preliminary analysis of relative limb robusticity
reveals comparable levels of robusticity for both the fore-
and hind limb among all three species. Both tufted species
are slightly more robust than their gracile congener, but
they do not differ significantly from one another, nor do
they differ significantly from the untufted C. olivaceus
(N 5 10 [5 female, 5 male]) (see Fig. 5). The similarity in
robusticity between the tufted capuchins and the untufted
C. olivaceus corroborates the findings of Ford and Hobbs
(1996) which highlight the apparent intermediacy of C.
olivaceus within the spectrum of gracile and tufted
capuchin postcranial robusticity. The pattern for absolute
limb lengths is similar to that for absolute mandibular
measures. C. libidinosus (N 5 8 [2 female, 6 male]) is
intermediate in total humeral and total femoral lengths
(see Fig. 6). C. olivaceus has the longest limbs, while

Fig. 3. Box and whisker plot comparing log normal values for four mandibular measurments relative to mandibular length.
Horizontal center line 5 median, length of box 5 range within which the central 50% of the values fall, hinges 5 first and third
quartiles.
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C. apella has the shortest limbs. C. apella (N 5 25 [8
female, 17 male]) also has relatively short hind limbs
when compared to the untufted C. olivaceus and to C.
libidinosus. C. libidinosus is, in turn, intermediate
between C. apella and C. olivaceus in relative hind limb
length (see Fig. 6)

DISCUSSION

We found that the central tendency for the toughness
of masticated items was comparable for all three species,
however the inclusion of very tough ingested tissues by
C. libidinosus’ lead to a significantly greater overall
toughness and maximal toughness for this species. As
predicted, C. libidinosus includes some food items in its
diet that are potentially more difficult to breach than
those eaten by C. apella. In turn, the two tufted species
included a few exceedingly tough masticated and
ingested tissues in their diet, indicative of a dietary
strategy that is marked by the inclusion of mechanically
demanding fallback foods. Given these patterns for food
toughness, we expected that C. libidinosus would exhibit

the most robust jaws for the dissipation of high mastica-
tory loads, particularly when using the front of the
mouth, and we expected a more robust postcranial skele-
ton with rugose muscle marking for the vigorous and
powerful manipulation of fallback items. Our prelimi-
nary data on jaw shape and size, postcranial robusticity
and relative limb segment lengths reveals that this is
not the case, and suggests that C. libidinosus, lacking
the requisite jaw morphology, must rely on behaviors
that include manual processing of food items that
includes the use of tools.
How is it that the capuchin species with the toughest

diet, in terms of central tendency and maximum values,
has a cranial and postcranial skeleton that is intermedi-
ate in traits indicative of the ability to produce high
muscular forces and dissipate high reaction forces? We
presently hypothesize that this is a consequence of
C. libidinosus’ relatively high degree of terrestriality and
their propensity to use tools when exploiting mechani-
cally challenging fallback foods. A perfect example of
this is C. libidinosus’ exploitation of ubiquitous, but
mechanically challenging palm fruits, which appear to

Fig. 4. Box and whisker plot comparing log normal values for four absolute mandibular measurments. Horizontal center line 5
median, length of box 5 range within which the central 50% of the values fall, hinges 5 first and third quartiles.
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be the quintessential example of staple fallback resour-
ces for this capuchin species. These foods, the majority
of which grow close to the ground, and which are exceed-
ingly tough and hard, are initially cracked through the
use of stone hammers and anvils at the site of Boa Vista
(see Fig. 7). Cracked palm fruits are frequently further
opened by using the anterior dentition and hands or the
cheek teeth and hands. This use of tools appears to
extend to foods that offer a mechanical challenge, but
not a challenge that requires the use of tools for breach-
ing. For example Eschweilera sp. pyxidia may be hit
with stones at Boa Vista by C. libidinosus while they are
opened with the anterior and/or cheek teeth and hand
by C. apella in Guyana (Wright, personal observations).
Thus, the relatively less robust mandibles seen in
C. libidinosus may be due to relaxed selection accompa-
nying the use of stone tools for the processing of
mechanically challenging foods, or to increased selection
for a more powerful masticatory system in the non-tool
using C. apella.
From a physiological perspective, the finding that

C. libidinosus, which from a relatively young age rou-
tinely lifts heavy stones as part of their foraging
repertoire (Fragaszy et al., 2004a), do not have the most
robust skeletal elements is somewhat counterintuitive.

Previous work has shown that even moderate levels of
routine exercise increases levels of circulating growth
hormone (GH) in the bloodstream, leading to a global
response in the skeletal system, thereby producing
greater robusticity in the crania and postcrania. This
finding has been used to argue that variation in robus-
ticity levels among individuals may be caused by epige-
netic factors (Leiberman, 1996). Given Leiberman’s
(1996) argument one would predict that C. libidinosus
would have a more robust skeleton than C. apella, given
routine lifting of heavy stones throughout much of its
developmental period and through adulthood (Fragaszy
et al., 2004a). However, there are data to suggest that
all tufted capuchins have relatively robust skeletons
both cranially (Cole, 1992) and postcranially (Jungers
and Fleagle, 1980) from birth. Thus, variation in skeletal
robusticity among tufted capuchins is likely due to selec-
tion on the postcranial skeleton brought about by varia-
tion in positional behavior (possibly foraging behavior)
among sites, as opposed to variation in levels of activity
over the lifespan of individuals.
While measures of postcranial robusticity do not

support the prediction that differences in processing
behaviors (oral versus manual) would be reflected in the
postcranial skeleton, there appears to be some congruence

Fig. 5. Box and whisker plots comparing humeral and femoral robusticity in C. apella (n 5 25), C. libidinosus (n 5 8), and
C. olivaceus (n 5 10).
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between absolute and relative limb lengths and foraging
behavior among the study species. C. libidinosus at Boa

Vista have been found to spend approximately one third of
their time on the ground (Verderane, unpublished data)
and, as previously noted, the palms that it exploits are
found in bundles close to the ground, which demands
more terrestrial foraging. C. libidinosus may have limbs
that are intermediate in length between C. olivaceus and
C. apella due to increased terrestriality. The untufted C.
olivaceus appear to have the longest limbs to permit it to
move greater distances in a day and more quickly in an ar-
boreal environment (Wright, 2005b). C. apella’s relatively
short limbs pull its center of gravity closer to the substrate
when traveling and foraging in a slower more deliberate
manner in an arboreal habitus (Wright, 2005b). It is also
of note that C. libidinosus forages and travels in a deliber-
ate manner, but much of its positional behavior occurs on
the ground were there is less chance of falling.
Wright (2007) found that tufted capuchins have rela-

tively short hind limbs when compared to the untufted
C. olivaceus. Although Wright (2007) pooled tufted spe-
cies for analysis, the preliminary results of the present
study corroborate these findings, while providing addi-
tional information for the development of testable
hypotheses. C. apella appears to have relatively shorter
hind limbs than C. libidinosus. C. libidinosus is, in turn,
intermediate between C. apella and C. olivaceus in rela-
tive hind limb length. We entertain three possible
explanations for these differences. C. apella may be
derived in terms of relative limb lengths, permitting
manual processing of hard food items in an arboreal set-
ting. On the other hand, C. libidinosus, with slightly lon-
ger forelimbs relative to hind limbs may exhibit a
derived version of the tufted postcranial pattern allowing
it to more efficiently use stones and anvils in a terres-
trial as opposed to arboreal setting. Citing Wright’s
(2007) study, Liu et al. (2009), in an analysis of the kine-
matics of nut-cracking in C. libidinosus (also conducted
at the site of Boa Vista, and using the same population

Fig. 6. Comparison of limb lengths and relative limb proportions in C. libidinosus (n 5 8), C. apella (n 5 25), and C. olivaceus
(n 5 10) using diagrammatic figures and a box and whisker plot. TFL 5 total forelimb length, THL 5 total hind limb length, and
IM 5 intermembral index. Box and whisker plot compares IM index among the three species.

Fig. 7. Adult male C. libidinosus cracking half a palm fruit
(Attalea sp.) at Fazenda Boa Vista. Photo by Barth W. Wright.
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of capuchins examined in this study), further suggest
that the relative lengths of the fore- and hind limbs in
C. libidinosus facilitates more efficient movement during
stone hammer and anvil use when nut cracking. The
question of whether the slightly longer limbs of C. libidi-
nosus are an adaptation for semi-terrestriality that has
been exapted for more efficient hammer and anvil nut
cracking (or vice versa) is a question that we are cur-
rently investigating.
It is additionally possible, given that a relatively lon-

ger forelimb enhances climbing efficiency (Jungers, 1977;
Cartmill, 1985), that C. libidinosus climbs more than
other tufted species. It is of note that the terrestrial sub-
strates used by C. libidinosus at Boa Vista include large
outcroppings of rock and cliff faces that require frequent
climbing when moving across sparsely forested parts of
their habitat. A test of this final hypothesis, and explora-
tion of the multiple selective factors that may interact in
shaping the behavioral repertoire and postcranial form
of C. libidinosus at Boa Vista, are currently underway.
We additionally plan to offer both C. apella and C. libidi-
nosus foods with comparable mechanical and physical
properties, as well as tools for their exploitation, and see
how they are processed.

CONCLUSIONS

1. Both tufted species incorporate mechanically chal-
lenging staple fallback tissues/foods in their diet.

2. The more craniofacially gracile of the two tufted spe-
cies (C. libidinosus) has the tougher diet as measured
by median and maximum values. This uncoupling of
morphology and food mechanics is hypothesized to be
a consequence of C. libidinosus’ use of stone tools
when processing mechanically challenging foods.

3. The long forelimb of C. libidinosus relative to C.
apella is hypothesized to be the consequence of terres-
trial nut cracking with hammer stones and anvils or
increased climbing.
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