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Abstract of Dissertation

The Effects of Feeding Strategies and Food Mechanics on the Ontogeny of Masticatory
Function in the Cebus libidinosus Cranium

Clarifying the relationships between feeding ecology and masticatory morphology
requires an understanding of the mechanical demands foods place on the masticatory
system as well as the behavioral strategies individuals employ to mitigate those demands.
The robust masticatory morphology of tufted capuchins, such as Cebus libidinosus,
characterizes animals that consume mechanically challenging foods. However little is
known about the ontogeny of feeding and food mechanics in tufted capuchins and how
changes in feeding behavior and dietary demand relate to changes in the masticatory
system. As a step toward elucidating these relationships, this study investigated the
following questions: 1) do the diets of juveniles and adults differ in terms of mechanical
demand? 2) do juveniles and adults employ the same behaviors to process foods? and 3)
how do changes in cranial shape influence biomechanical performance in adults and
juveniles? To address these questions, data on feeding behaviors and food mechanics
were collected from two wild groups of C. libidinosus during the dry season and feeding
performance was compared in an ontogenetic series of C. libidinosus crania using finite
element analysis.

Results show that the toughness and Young’s modulus values of foods were
comparable between juveniles and adults, but younger individuals required longer
ingestion durations and utilized different ingestive behaviors than adults. The diminished
feeding performance of crania from younger individuals relative to that of the adult

provides a functional explanation for age-related variation in feeding behaviors. The
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research presented in this dissertation highlights the importance of behavioral strategies
when processing mechanically demanding foods and has implications for relating

masticatory form to diet in primate taxa.



Table of Contents

Dedication i
Acknowledgements WY
Abstract of Dissertation viii
List of Figures Xi
List of Tables XV
Chapter 1: Introduction 1
Chapter 2: Age-related variation in the mechanical properties of foods processed by
Cebus libidinosus 16
Chapter 3: The development of feeding strategies in a species of tufted capuchin (Cebus
libidinosus) 60
Chapter 4: Finite element analysis of feeding performance in an ontogenetic sample of
Cebus libidinosus 108
Chapter 5: Conclusions 172
Literature cited 178
Appendix A: Methods for Determining Inter-and intra-observer Reliability 197
Appendix B: Mean von Mises stress and total strain energy data 200



List of Figures

Chapter 2 figures 51
Figure 2.1, Fruit abundance estimated from fruit traps 51

Figure 2.2, Percentage of trees with fruits or flowers present during the study

period 52
Figure 2.3, Boxplot of median fracture toughness of food tissues 53
Figure 2.4, Boxplot of maximum fracture toughness of food tissues 54
Figure 2.5, Boxplot of median Young's modulus of food tissues 55
Figure 2.6, Boxplot of maximum Young's modulus of food tissues 56

Figure 2.7, Bivariate plot of median Young's modulus and fracture toughness for
each age class 57

Figure 2.8, Bivariate plot of maximum Young's modulus and fracture toughness
for each age class 58

Figure 2.9, Boxplot of maximum diameter of fruits processed by the age classes
59

Chapter 3 figures 94
Figure 3.1, Proportion of time study groups spent engaged in daily activities 94

Figure 3.2, Proportion of time adults, subadults, and juveniles spent engaged in

daily activities 95
Figure 3.3, Proportion of food items in the diet 96
Figure 3.4, Adult, subadult, and juvenile, mean total feeding duration 97
Figure 3.5a, Adult, subadult, and juvenile mean oral ingestion duration 98

Figure 3.5b, Adult, subadult, and juvenile mean manual ingestion duration 98
Figure 3.6, Adult, subadult, and juvenile mean mastication duration 99

Figure 3.7, Age class differences in mean total feeding duration when processing
different food tissues 100

Xi



Figure 3.8, Age class differences in mean oral ingestive duration when processing
different food tissues 101

Figure 3.9 a, Median fracture toughness (R) of foods processed by the younger
juveniles using different ingestive behaviors 102

Figure 3.9 b, Median Young's modulus (E) of foods processed by the younger
juveniles using different ingestive behaviors 102

Figure 3.10 a, Median fracture toughness (R) of foods processed by the older
juveniles using different ingestive behaviors 103

Figure 3.10 b, Median Young's modulus (E) of foods processed by the older
juveniles using different ingestive behaviors 103

Figure 3.11 a, Median fracture toughness (R) of foods processed by subadults
using different ingestive behaviors 104

Figure 3.11 b, Median Young's modulus (E) of foods processed by subadults
using different ingestive behaviors 104

Figure 3.12 a, Median fracture toughness (R) of foods processed by adults using
different ingestive behaviors 105

Figure 3.12 b, Median Young's modulus (E) of foods processed by adults using
different ingestive behaviors 105

Figure 3.13 a, Median fracture toughness (R) of foods processed by juveniles
using different ingestive behaviors 106

Figure 3.13 b, Median Young's modulus (E) of foods processed by juveniles using
different ingestive behaviors 106

Figure 3.14 a, Median fracture toughness (R) of foods processed by adults using
different ingestive behaviors 107

Figure 3.14 b, Median Young's modulus (E) of foods processed by adults using
different ingestive behaviors 107

Chapter 4 figures 151
Figure 4.1a-d, Frontal views of cortical and internal volumes in the FEMs 151

Figure 4.2, Lateral view of left temporal fascia on the subadult FEM 152

xii



Figure 4.3, Relative timing of percent EMG for masticatory muscles during
canine biting 153

Figure 4.4a-d, Inferior views of the subadult FEM illustrating the constraints
applied to the FEM 154

Figure 4.5a, Frontal view of the subadult FEM showing the regions where von
Mises stress values were collected 155

Figure 4.5b, Inferior view of the subadult FEM showing the regions where von
Muises stress values were collected 155

Figure 4.5¢c, Lateral view of the subadult FEM showing the regions where von
Mises stress values were collected 155

Figure 4.6a-d, Top row: von Mises stress and strain energy density contour plots
while biting on the left incisors with scaled muscle forces 157

Figure 4.7a-d, Top row: von Mises stress and strain energy density contour plots
while biting on the left incisors with equal bite reaction muscle forces 158

Figure 4.8a-d, Top row: von Mises stress and strain energy density contour plots
while biting on the left canine with scaled muscle forces 159

Figure 4.9a-d, Top row: von Mises stress and strain energy density contour plots
while biting on the left canine with equal bite reaction muscle forces 160

Figure 4.10a-d, Top row: von Mises stress and strain energy density contour plots
while biting on the left maxillary P2 and P3 with scaled muscle forces 161

Figure 4.11a-d, Top row: von Mises stress and strain energy density contour plots
while biting on the left maxillary P2 and P3 with equal bite reaction muscle forces
162

Figure 4.12a-d, Top row: von Mises stress and strain energy density contour plots
while biting on the left maxillary M1 and M2 with scaled muscle forces 163

Figure 4.13a-d, Top row: von Mises stress and strain energy density contour plots
while biting on the left maxillary M1 and M2 with equal bite reaction muscle
forces 164

Figure 4.14a-f, von Mises stress contour plots comparing the effects of sutures
during incisor biting 165

Figure 4.15a-f, von Mises stress contour plots comparing the effects of sutures
during canine biting 166

Xiii



Figure 4.16a-f, von Mises stress contour plots comparing the effects of sutures
during premolar biting 167

Figure 4.17a-f, von Mises stress contour plots comparing the effects of sutures
during molar biting 168

Figure 4.18a-d, Comparison of mean von Mises stress between J1 suture and J1
without suture FEMSs during incisor, canine, premolar, and molar biting 169

Figure 4.18a-d, Comparison of mean von Mises stress between J2 suture and J2
without suture FEMs during incisor, canine, premolar, and molar biting 170

Figure 4.18a-d, Comparison of mean von Mises stress between subadult suture

and subadult without suture FEMSs during incisor, canine, premolar, and molar
biting 171

Xiv



List of Tables

Chapter 2 tables 41
Table 2.1, Summary statistics for food tissue types 41
Table 2.2, Summary statistics for known plant species 42

Table 2.3, Bonferroni-corrected post hoc pairwise comparisons for median

fracture toughness (R) 44
Table 2.4, Bonferroni-corrected post hoc pairwise comparisons for maximum
fracture toughness (R) 45
Table 2.5, Bonferroni-corrected post hoc pairwise comparisons for median
Young's modulus (E) 46
Table 2.6, Bonferroni-corrected post hoc pairwise comparisons for maximum
Young's modulus (E) 47
Table 2.7, Summary statistics of fracture toughness (R) and Young's modulus (E)
by age class 48
Table 2.8, Summary of the preferred generalized linear mixed models 49

Table 2.9, Variation in median and maximum Young's modulus (E) among

months 50
Chapter 3 tables 84
Table 3.1, Demographics of study groups 84
Table 3.2, Description of ingestive behaviors recorded during C. libidinosus
feeding 85
Table 3.3, Comparison of food tissue composition in the diet among age classes
86
Table 3.4, Summary statistics of feeding durations among age classes 87
Table 3.5, Bonferroni-corrected post hoc pairwise comparisons of total feeding
duration of food tissues among age classes 88
Table 3.6, Bonferroni-corrected post hoc pairwise comparisons of oral ingestion
duration of food tissues among age classes 89

XV



Table 3.7, Summary statistics of ingestive processing behavior among age classes
90

Table 3.8, Median R and E of ingestive behavior among age classes 91

Table 3.9, Bonferroni-corrected post hoc pairwise comparisons among median R
and E of ingestive behaviors 92

Table 3.10, Bonferroni-corrected post hoc pairwise comparisons among median R

and E of ingestive behaviors 93
Chapter 4 tables 138
Table 4.1, Sex and estimated ages of finite element models 138
Table 4.2, Details of finite element models 139

Table 4.3, Total muscle force (N) applied to FEMs and reaction forces (N) at each
bite point 140

Table 4.4, Validation of adult FEM 141
Table 4.5, Percent differences for von Mises stress and strain energy between the
adult and non-adult FEMs with muscle forces scaled down by the ratio of models
surface area 142
Table 4.6, Percent differences for von Mises stress and strain energy between the
adult and non-adult FEMs with muscle forces increased to yield comparable bite
reaction forces across models 145

Table 4.7, Percent differences of von Mises stress between bite points on the
anterior and postcanine dentition within each age class model 148

Table 4.8, Percent differences in total strain energy between non-adult FEMs
modeled with and without sutures 150

Appendix A tables

Table A.1. Within-observer reliability statistics for transcription observations
pairs 199

Appendix B tables

Table B.1. Mean von Mises stress collected from the non-adult and adult FEMs
200

XVi



Table B.2. Strain energy collected from the non-adult and adult FEMs under all
bite points 204

XVii



Chapter 1: Introduction

A fundamental component in understanding morphological adaptation is linking a
structure's form, or shape, and its function within an ecological context (Bock and von
Wahlert, 1965). Identifying form-function relationships is complicated by the fact that at
any stage during development a single structure can have various functions and different
structures can perform the same or similar functions. As a result, in order to interpret
adaptation, one must consider not only the form-function complex, but also the role it
plays in its ecological context over the organism's lifetime (Bock and von Wahlert, 1965).

Researchers have long been interested in relating cranial, mandibular, and dental
form to diet in extant primate taxa, particularly as a way to model the relationships
among ecology, behavior, and morphology in fossil taxa (e.g., Jolly, 1970; Kinzey, 1974;
Kay, 1981; Peters, 1987). Traditional approaches linking primate masticatory
morphology and function have focused on broad categorical definitions of diet, such as
folivory, frugivory, and omnivory (e.g., Hladik and Hladik, 1969; Kay, 1975). The
assumption of these approaches is that differences in skull and dental morphology among
primates reflect adaptations to the most frequently eaten foods. Using broad categories,
Kay (1975) demonstrated a relationship between molar shape and the amount of fruit,
leaves, and invertebrates in primate diets, attributing dental shape differences to the
physical properties of these foods and the feeding behaviors (i.e., crushing, grinding, and
shearing) required to comminute them. However, broad classifications can mask dietary
variability among eclectic feeders. For instance, within some communities, taxa show

considerable dietary overlap when preferred foods are abundant, but diversify their use of



food resources when preferred foods are unavailable (Kinzey, 1974; Terborgh, 1983;
Kinzey and Norconk, 1990; Yamashita, 1996; Wrangham et al., 1998; Dominy et al.,
2001; Lambert, 2007). For instance, two sympatric, primarily frugivorous primates,
bearded saki (Chiropotes satanas) and black spider (Ateles paniscus) monkeys, were
observed to spend more than 90% of their time feeding on fruits (Kinzey and Norconk,
1990). Using a traditional approach, these taxa are considered members of the same
dietary group defined by the most abundant food in the diet. However, Kinzey and
Norconk (1990) demonstrated that these primates use hardness to discriminate among
fruits, with Chiropotes incorporating unripe fruits not processed by Ateles. Thus, broad
descriptions fail to explain variation in masticatory form among these sympatric extant
primates and can be uninformative when constructing or testing hypotheses concerning
dietary adaptations in fossil taxa.

Rosenberger & Kinzey (1976) proposed the critical function approach as an
alternative to defining diet according to the most frequently eaten foods, and they applied
this approach to elucidate the functional role of platyrrhine molar shape. The critical
function model maintains that anatomical differences in masticatory form reflect
adaptations to performing a critical function in exploiting the most mechanically
challenging foods in the diet. Under this approach, the physical properties of foods that
are necessary for survival determine the primary selective pressure shaping or
maintaining adaptations. For instance, the reduced size and high occlusal relief of
callitrichine molars, indicate their critical function is shearing the exoskeleton of
invertebrate prey, whereas the molars of the folivorous primate Alouatta perform the

critical shearing function for efficient comminution of leaves (Rosenberger and Kinzey,



1976). Similarly, the laterally-splayed canines and procumbent incisors of pitheciines are
hypothesized to facilitate the opening of hard, unripe fruits to access nutrient-rich seeds

(Kinzey and Norconk, 1990; Kinzey, 1992; Kinzey and Norconk, 1993).

Food mechanical properties and the plasticity of masticatory form

Both the critical function model and Kay's earlier work (1975) focused on the
influence of the physical properties of foods on masticatory form (Lucas and Luke, 1984;
Lucas and Teaford, 1994; Strait, 1997). Physical properties of foods are the material
characteristics of foods that influence fragmentation. The three material properties most
frequently discussed in the primate literature are: toughness, Young's (or elastic)
modulus, and hardness. Toughness (R) is defined as the amount of work required to
propagate a crack of a given area through a material (Lucas, 2004). Young's modulus, or
elastic modulus, describes a material’s ability to resist elastic deformation and is
measured by calculating the ratio of force to deformation at small, essentially linear,
displacements (Strait, 1997; Lucas, 2004). Finally, hardness is not, strictly speaking, a
material characteristic of food, but describes the resistance of a material to plastic
deformation. Hardness is typically measured through indentation and is calculated as the
amount of force applied to the indenter divided by the projected area measured in the
same plane as the surface (Lucas, 2004). Several researchers have shown that these
mechanical properties influence primate feeding decisions (Kinzey and Norconk, 1990,
1993; Hill et al., 1995; Hill and Lucas, 1996; Strait, 1997; Strait and Vincent, 1998;
Yamashita, 1998, 2002, 2003; Dominy, 2004; Elgart-Berry, 2004; Lucas et al., 2004;

Wright, 2004; Williams et al., 2005; Teaford et al., 2006; Yamashita et al., 2007; Chalk et



al., 2008; Norconk et al., 2008; VVogel et al., 2008; Yamashita, 2008; VVogel et al., 2009;
McGraw et al., 2011).

The first aspect of masticatory form demonstrated to have a functional
relationship with food mechanical properties was tooth crown morphology (Lucas and
Luke, 1984, Strait, 1993a; Strait, 1993b; Strait, 1997; Yamashita, 1998; Lucas et al.,
2000; Lucas, 2004). For instance, rounded, wide-angled molar cusps are more efficient
than molars with sharp, pointed cusps at propagating cracks in thick blocks of material.
The latter morphology concentrates stress on a small area of a food’s surface resulting in
plastic deformation and crack suppression (Lucas, 2004). Subsequent studies have
identified other dental traits including enamel thickness (Jolly, 1970; Kay, 1981; Dumont,
1995; Lambert et al., 2004; Lucas et al., 2008; VVogel et al., 2008; Constantino et al.,
2009) and tooth root morphology (Spencer, 2003) as features that respond to the
mechanical demands of diet.

Diets that incorporate foods with high toughness, Young's modulus, or hardness
values require increased energy from the masticatory system to comminute, either
through generating large forces to produce a crack in a food with high E or frequent
repetitive loads of smaller magnitude required to process toughness foods (Horio and
Kawamura, 1989; Hylander and Johnson, 1994; Kohyama et al., 2004; Kohyama et al.,
2008). The ability to generate masticatory muscle forces can be improved by altering the
external and internal characteristics of the muscles themselves. In feeding experiments
animals that consume mechanically challenging diets had larger masticatory muscle
physiological cross-sectional areas, larger muscle fiber cross-sectional areas, increased

heterogeneity of jaw-muscle fiber type, and relatively more fast-twitch (Type I1) jaw-



muscle fibers than slow-twitch (Type I) fibers in masseter and temporalis muscles
(Maxwell et al., 1979; Kiliaridis et al., 1988; Bredman et al., 1992; Kiliaridis, 1995;
Anapol and Herring, 2000; Langenbach et al., 2003; Saito et al., 2004; Taylor et al.,
2006; Abe et al., 2007; Grunheid et al., 2009; Taylor and Vinyard, 2009; Kawai et al.,
2010; Ravosa et al., 2010). Additionally, altering the mechanical advantage of
masticatory muscles also improves masticatory force generation abilities (Spencer and
Demes, 1993; Spencer, 1998, 1999). Mechanical advantage is the ratio of lever arm
(muscle moment arm) to the load arm (bite point moment arm). Since the moment is
calculated as the force multiplied by the distance, changing the relative distance of the
moment arms alters the mechanical advantage of the system. Increasing the muscle
moment arm (e.g., a more-anteriorly placed temporalis and masseter attachments) or
decreasing the bite point moment arm (e.g., decreasing facial prognathism resulting in a
more posterior position of the dental arcade) will result in improved mechanical
advantage in the masticatory system. Experimental research using myostatin-deficient
mice suggests variation in muscle attachment sites is associated with an increase in
muscle size (Byron et al., 2006; Byron et al., 2008). In apes, capuchins, macaques, and
cercopithecines, species that consume mechanically demanding diets have been found to
have improved mechanical advantage at various bite points compared to closely-related
species, suggesting increased masticatory force resistance abilities in these taxa (Anton,
1996; Wright, 2005; Constantino, 2007; Taylor et al., 2008). Variation in food
mechanical properties has also been shown to modulate jaw movements (Agrawal et al.,
1997; Agrawal et al., 1998; Agrawal et al., 2000; Agrawal and Lucas, 2003; Lucas et al.,

2004; Reed and Ross, 2010), the amount of time spent masticating, the number of chews



required to comminute foods (Reed and Ross, 2010), and masticatory muscle recruitment
patterns (Horio and Kawamura, 1989; Hylander et al., 1992; Hylander and Johnson,
1994; Agrawal et al., 1998; Anapol and Herring, 2000; Vinyard et al., 2006; Kohyama et
al., 2008; Vinyard et al., 2008).

Increased masticatory loads result in increased bone strain levels in the face and
mandible (Hylander et al., 1992; Hylander and Johnson, 1997; Lieberman et al., 2004),
which can be reduced by improving the ability of the face and mandible to resist loads.
Experimental studies have shown that juvenile animals consuming mechanically
demanding foods have wider, taller, more orthognathic faces (Corruccini and Beecher,
1982; Beecher et al., 1983; Corruccini and Beecher, 1984), more robust zygomatic arches
(He and Kiliaridis, 2003), thicker anterior palates (Menegaz et al., 2009) and neurocranial
vaults (Menegaz et al., 2010), thicker cartilage in the mandibular condyle (Bouvier and
Hylander, 1984), wider mandibular condyles (Bouvier, 1988; He and Kiliaridis, 2003),
and more narrow mandibular rami relative to cohorts fed a soft-food diet. Comparative
studies have shown a similar list of traits associated with dissipating masticatory loads in
apes (Taylor, 2002, 2003, 2005, 20064, b; Constantino, 2007; Taylor et al., 2008),
macaques (Anton, 1996; Hanya et al., 2003; Constantino, 2007), capuchins (Bouvier,
1986; Cole, 1992; Daegling, 1992; Wright, 2005; Byron, 2009), baboons (Constantino,
2007), and mangabeys (Daegling and McGraw, 2001, 2007).

During growth, changes in bone and soft tissue morphology occur in conjunction
with increased dietary mechanical demands (Beecher and Corruccini, 1981; Bouvier and
Hylander, 1981, 1984; Bouvier, 1988; Kiliaridis et al., 1988; Kiliaridis, 1995; Bouvier

and Hylander, 1996; Lieberman et al., 2004; Ravosa et al., 2007; Ravosa et al., 2008;



Ravosa et al., 2010). Strain patterns and magnitudes are broadly similar between subadult
and adult macaques (Bouvier and Hylander, 1996), but the bone strain patterns in young
juveniles (i.e., recently weaned) may be considerably more variable than adults. Herring
et al. (2005) found differences in strain magnitudes and patterns in the zygomatic arch of
weaned piglets compared to juveniles, with piglets experiencing significantly higher
shear strains, reduced bending in the transverse plane and absence of parasagittal
bending. Additionally, piglets also required longer mastication durations, required more
chew cycles, and experienced more variable jaw-muscle activity (Huang et al., 1994;
Herring et al., 2005). In juveniles, decreases in chewing rates and jaw-muscle amplitude
are associated with an ontogenetic change in muscle fiber type and changes in jaw-
muscle recruitment patterns (Herring, 1985).

Ingestive behaviors, both manual and oral, are important means through which
primates modulate the impact of food mechanical properties on mastication by reducing
food particles to adequate volumes for mastication (Ungar, 1992; Yamashita, 2003;
Wright, 2005; Wright et al., 2008; Wright et al., 2009; Perry and Hartstone-Rose, 2010;
McGraw et al., 2011). Unfortunately, because ingestive behaviors are so diverse, they are
challenging to quantify in behavioral studies (Lucas, 2004). Ingestion modes can be
divided into two types: (1) behaviors in which the teeth puncture the food item and (2)
behaviors in which the teeth statically load and hold the food item while another force
(i.e., with the hands) is applied (Osborn et al., 1987; Ungar, 1992). In addition, primates
and some other mammals can process foods using only the hands, such as pounding

behaviors, to reduce food size and potentially remove mechanically demanding tissues.



Variation in Cebus foraging behavior

Species of Cebus offer an excellent opportunity to investigate relationships
between skull morphology and feeding strategies since capuchins are destructive foragers
that focus on high-quality foods encased in tissues that may pose a mechanical challenge
to open (lzawa, 1977; Terborgh, 1983; Janson and Boinski, 1992; Anapol and Lee, 1994;
Fragaszy and Boinski, 1995; Boinski et al., 2000; Fragaszy et al., 2004a; Fragaszy et al.,
2004b; Wright, 2005; Gunst et al., 2008, 2010a; Gunst et al., 2010b). Traditionally,
capuchins are classified as frugivorous-insectivorous primates, with fruit pulp and
invertebrates comprising 80% of their annual diet (Norconk et al., 2008). Because of their
strenuous foraging style, which often involves extensive search and food-processing time
using a range of ingestive behaviors, capuchins are considered energy maximizers as
opposed to time minimizers (Schoener, 1971; Fragaszy et al., 2004b).

Quantitative studies indicate that overall dietary toughness is similar between
tufted and untufted capuchins, owing to the fact many of the food tissues capuchins
consume are easy to process (Wright, 2004, 2005; Wright et al., 2008). However,
sympatric taxa exhibit different behavioral responses to ripe fruit scarcity during the dry
season when ripe fruit is less abundant. Optimal foraging theory predicts that during
periods of low preferred food abundance, primates can maintain comparable proportions
of high-ranked foods in the diet using behavioral strategies such as increasing day ranges
or shifting to more abundant, lower-ranked resources (Schoener, 1971; Altmann, 2009).
Generally, tufted capuchins maintain home range size and utilize mechanically
demanding foods, such as palm fruits or woody pods, during these seasonal periods of

low ripe fruit abundance (Terborgh, 1983; Wright, 2004, 2005; Wright et al., 2009).



According to Marshall and Wrangham (2007), the consumption of fallback foods is
"negatively correlated with the availability of preferred foods™ (p.1220). Low-quality
fallback foods that are available throughout the year and may compose 100 percent of the
diet are considered staple fallback foods (Marshall and Wrangham, 2007; Marshall et al.,
2009; Harrison and Marshall, 2011). Using these definitions, mechanically demanding
foods are considered staple fallback resources for tufted capuchins (Wright et al., 2009).
In contrast, sympatric untufted capuchins, like C. albifrons, range farther to maintain the
comparable proportions of ripe fruit in the diet, and when ripe fruits become even more
rare, eventually resort to palm fruits (Terborgh, 1983). Wright (2004) observed a similar
foraging pattern among capuchins at Turtle Mountain, Guyana; here, C. apella diverged
from sympatric congener C. olivaceus by increasing dietary breadth to include a few
exceedingly tough tissues during periods of fruit scarcity. Although the general trend is
for untufted species to expand their home ranges during the dry season, this is not always
the case. For instance, C. capucinus at Santa Rosa, Costa Rica contract their home range
size and increase the proportion of insects in the diet to remain close to water sources

during the dry season (Fedigan, 1996).

Adaptations to mechanically demanding foods in tufted capuchin masticatory form
Tufted capuchins, which include Cebus apella, C. libidinosus, C. xanthosternos,
C. nigritus, C. cay, C. robustus, and C. macrocephalus, exhibit a suite of cranial and
mandibular traits thought to be adaptations for generating and dissipating masticatory
forces required for processing mechanically demanding food tissues (Groves, 2001;

Fragaszy et al., 2004b). Compared to untufted species, C. apella has a more orthognathic



face with more anteriorly-placed masseter and temporalis muscle attachments resulting in
increased muscle mechanical advantage and reduced bending stresses in the face (Anton,
1996; Wright, 2005; Constantino, 2007). This facial morphology indicates that C. apella
is capable of processing mechanically demanding tissues (Wright, 2005). The supero-
inferiorly deeper mandibular corpus and symphysis with thicker cortical bone of C.
apella indicates improved resistance to torsion and sagittal plane bending in the corpus as
well as wishboning (i.e., lateral bending in the transverse plane) and vertical bending at
the symphysis during incision and mastication (Cole, 1992; Daegling, 1992; Constantino,
2007). Interestingly, this masticatory morphology appears to be adapted to consuming
mechanically demanding tissues using the anterior and postcanine dentition resulting in a
diverse mechanical loading environment consistent with the feeding behavior and food
mechanics data (Wright, 2005). Data on the internal architecture of C. apella masticatory
muscles also speak to variation in ingestion and masticatory loads. C. apella masticatory
muscles have relatively larger physiological cross-sectional areas than C. capucinus and
C. albifrons, and do not exhibit architectural traits associated with increased force
production, suggesting a selective pressure to maintain the ability to produce large gapes

(Taylor and Vinyard, 2009).

Masticatory development in tufted capuchins

Captive C. apella are born with most or all of their deciduous incisors visible
through the gums (Galliari, 1985). Deciduous teeth continue to erupt until 29 weeks for
males and 32 weeks for females. The second deciduous premolar erupts first, followed by

the third premolar, canine, and fourth premolar (Galliari, 1985). The first permanent
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molar erupts at approximately 14 months, followed by the emergence of the permanent
incisors between 14-18 months and the second molar between 25-28 months (Galliari,
1985). After 30 months, there are no data for available for C. apella on the age of
eruption of the remaining permanent teeth. After the second maxillary molar erupts, the
third premolar emerges, followed by the second then fourth premolar; the maxillary
canines and third molars are the last permanent teeth to erupt (Henderson, 2007). The
eruption sequence differs for the mandibular premolars, with the fourth premolar
appearing first, followed by the second, and then the third (Henderson, 2007). In C.
albifrons, the third and fourth premolars erupt by three years of age and the third molar
erupts by 3.6 years (Fleagle and Schaffler, 1982, Fragaszy et al., 2004b). Fragaszy et al.
(2004b) cite the canine as the last permanent tooth to erupt between the end of the fourth
year and start of the fifth; however, this eruption time is not consistent with Henderson's
(2007) sequence, which places canine eruption before the third molar.

During development interspecific differences in the cranium emerge (e.g.,
laterally-flared zygomatic arches and increased postorbital constriction) that are
hypothesized to relate to the increased use of mechanically demanding resources by C.
apella (Corner and Richtsmeier, 1991; Masterson, 1997; O'Higgins et al., 2001). C.
apella facial shape undergoes fewer changes during development than Cercocebus
torquatus, suggesting that tufted capuchin juveniles and adults are more geometrically
similar to each other than juvenile and adult collared mangabeys (O'Higgins et al., 2001).
Interspecific differences in the mandibular shape seem to appear earlier in development

than cranial traits and function to resist increased masticatory loads in C. apella

11



compared to C. albifrons (Cole, 1992). However, Cole (1992) found no evidence of

improved force production capabilities in C. apella relative to C. albifrons.

Foraging strategies of juvenile tufted capuchins

The extractive foraging strategy used by capuchins requires physical strength and
complex manual and oral foraging behaviors to remove embedded high-quality foods
(I1zawa, 1977; Terborgh, 1983; Janson and Boinski, 1992; Anapol and Lee, 1994;
Fragaszy and Boinski, 1995; Boinski et al., 2000; Fragaszy et al., 2004a; Fragaszy et al.,
2004b; Wright, 2005; Gunst et al., 2008, 2010a; Gunst et al., 2010b). Behavioral studies
have documented that, compared to adults, Cebus juveniles are less efficient foragers.
Juvenile capuchins spend more time foraging and exhibit reduced foraging success rates
compared to adults (Janson and van Schaik, 1993; Agostini and Visalberghi, 2005;
O'Malley and Fedigan, 2005a). Differences in foraging and feeding efficiency between
adults and juveniles have been explained by juveniles’ small body size, lack of physical
strength, and less developed cognitive ability (Fragaszy et al., 1994; Boinski et al., 2003,
Gunst et al., 2008; Ottoni and Izar, 2008; Rapaport and Brown, 2008; Gunst et al., 2010a;
Gunst et al., 2010Db). For instance, Gunst et al (2010b) found that by one year of age, C.
apella juveniles had mastered the sequence of behaviors required to process Maximiliana
maripa fruit, but lacked the body strength required to remove fruits from the
infructescence. In this same species, adult-level success rates when foraging for
invertebrate larvae in bamboo stalks was not attained until six years of age, suggesting
that tasks requiring strength alone are mastered well before those requiring cognitive

skills (Gunst et al., 2010b).
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Juvenile capuchins exhibit increased observation rates when conspecifics forage
for and feed on foods requiring multiple processing steps or novel foods (Fragaszy et al.,
1997a; Perry and Jimenez, 2006; Gunst et al., 2008). However, juvenile capuchins do not
seem to learn adult-like foraging and feeding behaviors through imitation; instead
increased attention and proclivity to feed result from being near a conspecific engaged in
the same behaviors (Visalberghi and Fragaszy, 1995; Visalberghi and Addessi, 2000,
2001; Visalberghi et al., 2003; Fragaszy and Visalberghi, 2004). Data collected in the
wild suggest juveniles do acquire information from observing others feeding (Perry and
Jimenez, 2006). Individuals in close proximity adopt similar food processing behaviors,
facilitating juveniles' acquisition of information about foods and food processing from
others (Panger et al., 2002). Thus becoming an ecologically competent adult is likely the

result of cognitive, social, and physical development.

Goals of the dissertation and hypotheses

The goal of this dissertation is to investigate age-related changes in feeding
behaviors, food mechanical properties, and the function of dietary adaptations in the
cranium in a species of tufted capuchin (Cebus libidinosus).

Chapter 2:

Chapter 2 describes the mechanical properties of foods consumed by two groups
of C. libidinosus at Boa Vista, Piaui, Brazil. The first aim of this study is to quantify the
variation in mechanical properties of foods processed by the two study groups during a
period of low ripe fruit abundance. The second aim of this study examines food

mechanical property variation among tufted capuchin age classes. Specifically, juveniles
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are predicted to consume foods of lower fracture toughness and Young's modulus than
adults.
Chapter 3:

Chapter 3 describes the age-related changes in feeding duration and rate as well as
the frequency of food processing behaviors employed by C. libidinosus. This study
predicts that juveniles will:

(1) spend a greater proportion of time foraging and feeding than adults,

(2) require longer feeding durations,

(3) exhibit slower feeding rates when feeding on mechanically demanding tissues,

(4) employ the same number of ingestive behaviors as adults when feeding,

(5) ingest mechanically demanding tissues using the same behaviors as adults.
Chapter 4:

Chapter 4 describes the results of a finite element analysis of an ontogenetic
sequence of C. libidinosus crania to investigate the influence of age-related changes in
cranial shape on biomechanical performance. The adult finite element model is predicted
to be:

(1) more resistant to stress and exhibit lower von Mises stress values,
(2) more energetically efficient during deformation and exhibit lower strain energy
values.

This study also examines the effects of sutures on the non-adult cranial models.
Models of the three non-adult individuals are compared to test the prediction that sutures
in the juvenile tufted capuchins models have minimal effects on overall stress and strain

energy distributions.

14



Chapter 5:
Chapter 5 summarizes the findings of the previous three studies and discusses the
implications of these results with regard to the relationship between diet and masticatory

morphology in tufted capuchins.
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Chapter 2: Age-related variation in the mechanical properties of foods processed by

Cebus libidinosus

Abstract

Food mechanical properties influence primate masticatory adaptations and are
hypothesized to explain the robust craniofacial morphology exhibited by tufted
capuchins. The differences in adult and juvenile feeding competency have been
attributed, in part, to juveniles' inability to process mechanically demanding foods.
However, little is known about how masticatory demands change once individuals begin
foraging independently, especially during times of ripe fruit scarcity when diets are
predicted to be the most mechanically challenging. Here fracture toughness (R) and
Young's modulus (E) data are presented for food tissues processed by a tufted capuchin
species (Cebus libidinosus) at Boa Vista, Brazil. These measures of food mechanical
properties are used to test the hypothesis that adults will process foods with higher
fracture toughness and Young's modulus than juveniles. Food mechanical property data
were collected with a HKU Darvell universal mechanical tester. Kruskal-Wallis tests
were used to compare food mechanical properties among tissue categories. Age-related
variation in food tissue toughness and Young's modulus was investigated using
generalized linear mixed models. Food tissues exhibited significant differences, with
outer tissues having the greatest toughness and Young's modulus. There was no effect of
age on median or maximum R and E values, suggesting juvenile and adult C. libidinosus
at Boa Vista are able to process foods of comparable mechanical properties. These results

suggest feeding competency differences observed among age classes may be explained
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by the need to master complex foraging or feeding behaviors or attain the body size

required for locating and accessing foods enclosed in mechanically demanding tissues.
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Introduction

Robust masticatory morphologies in primates are not considered adaptations to
preferred foods, but rather required to access fallback foods, defined as low-quality foods
that are available year-round but consumed during periods of preferred food scarcity
(Rosenberger and Kinzey, 1976; Rosenberger, 1992; Wright, 2005; Marshall and
Wrangham, 2007; Marshall et al., 2009; Harrison and Marshall, 2011). Seasonal shifts in
primate diets to include fallback resources have been observed, and several behavioral
(Altmann, 2009; Doran-Sheehy et al., 2009; Marlowe and Berbesque, 2009; Vogel et al.,
2009), masticatory (Lambert et al., 2004; Taylor et al., 2008; Constantino et al., 2009;
Vogel et al., 2009; Wright et al., 2009), and digestive traits (Porter et al., 2008) have been
linked to locating and processing fallback foods, which are often mechanically or
chemically protected. Food mechanical properties are one aspect of the relationship
between diet and masticatory morphology. This chapter investigates food mechanical
property variation among adult, subadult, and juvenile tufted capuchins. First, the fracture
toughness and Young's modulus of food tissues in the Cebus libidinosus diet were
quantified. Then differences among age classes, including two groups of juveniles, were
examined to determine if adults process a more mechanically demanding diet than

juveniles.

Food mechanical properties and masticatory morphology
Food mechanical properties are the physical characteristics of foods that pose
direct challenges to feeding. The two food mechanical properties that influence how food

fractures are fracture toughness (R) and Young's modulus (E). Fracture toughness is
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defined as the amount of work required to propagate a crack of a given area through a
material (Lucas, 2004). Young's modulus describes a material’s ability to resist elastic
deformation and is measured by calculating the ratio of force (stress) to deformation
(strain) at small, essentially linear, displacements (Strait, 1997; Lucas, 2004). Traits such
as enamel thickness (Jolly, 1970; Kay, 1981; Dumont, 1995; Lambert et al., 2004; Lucas
et al., 2008; Vogel et al., 2008), molar cusp morphology (Strait, 1997; Yamashita, 1998;
Lucas et al., 2000; Lucas, 2004), tooth root morphology (Spencer, 2003), cranial suture
complexity (Byron, 2009), and cranial and mandibular morphology (Daegling, 1992;
Anton, 1996; Yamashita, 1998, 2002; Wright, 2005; Taylor, 2006a, b; Constantino, 2007;
Taylor et al., 2008; Wright et al., 2009) provide compelling evidence for a functional
relationship between food mechanical properties and masticatory morphology. In
addition, processing foods with high toughness and/or Young's modulus is significantly
correlated with increased bone strain magnitudes in the facial skeleton, jaw muscle
recruitment, and inferred muscle force production ability (Horio and Kawamura, 1989;
Hylander and Johnson, 1994; Hylander and Johnson, 1997; Taylor et al., 2006; Vinyard
et al., 2008; Taylor and Vinyard, 2009).

Capuchins are extractive foragers, a strategy involving extensive manual and oral
manipulation to access high quality food items encased in mechanically demanding outer
tissues (lzawa, 1977; Terborgh, 1983; Janson and Boinski, 1992; Anapol and Lee, 1994;
Fragaszy and Boinski, 1995; Boinski et al., 2000; Fragaszy et al., 2004b; Wright, 2005;
Gunst et al., 2008, 2010a; Gunst et al., 2010b). Tufted capuchins (Cebus apella, C.
libidinosus, C. xanthosternos, C. nigritus, C. cay, C. robustus, and C. macrocephalus)

possess a suite of cranial and mandibular traits hypothesized to be adaptations for
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generating and dissipating masticatory forces necessary to fracture mechanically
challenging food tissues. Therefore, compared to untufted species, tufted capuchins are
better suited to processing a range of tissues using multiple processing behaviors
resulting in diverse mechanical loading environments (Cole 1992; Daegling 1992; Wright
et al. 2005). As a result, species of Cebus offer an excellent opportunity to investigate
relationships between feeding behaviors, food properties, and skull morphology. The first
aim of this study is to sample the variation in mechanical properties of food tissues
processed by two groups of wild C. libidinosus during a period of low ripe fruit

availability.

Age-related changes in foraging behaviors

Ecological studies indicate juvenile capuchins, like many primates, are less
competent foragers than adults and avoid eating mechanically demanding foods
(Terborgh, 1983; Fragaszy, 1986; Janson and van Schaik, 1993). Wild and captive adult
capuchins tolerate infants and juveniles feeding in close proximity, and juveniles gain
access to adult foods by collecting discarded foods (i.e., scrounging) and receiving foods
via direct transfer (Izawa, 1980; Janson, 1985; Perry and Rose, 1994; Fragaszy et al.,
1997a; Fragaszy et al., 1997b ). In an experimental study, adult tufted capuchins were
reported to transfer preferred foods and non-preferred foods equally, but infants were
more likely to initiate transfers for preferred foods encased in a shell (Fragaszy et al.,
1997D). Infants' success in obtaining food via transfer is not limited to interactions with
the mother (Fragaszy et al., 1997a, 1997b), and infants successfully solicit food from

competent adult and juvenile foragers (Fragaszy et al., 1997b). This tolerance toward
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juveniles may facilitate the acquisition of adult diet and complex foraging and feeding
behaviors (Fragaszy et al., 1994; Perry et al., 2003; Agostini and Visalberghi, 2005). In
addition to observing foraging and feeding bouts, juveniles also devote a large percentage
of time to investigating the remnants of successful foraging events, suggesting they may
be acquiring information about successful extractive foraging methods from observing
tissues post-processing (Gunst et al., 2008). By three years of age juvenile capuchins
exhibit foraging success rates comparable to adults when foraging for invertebrate prey
on tree branches (Janson, 1985; Janson and Boinski, 1992). Terborgh (1983) reports C.
apella juveniles were able to open Astrocaryum sp. palm fruits, and juveniles at
Raleighvallen, Suriname were found to be able to remove and process Maximiliana
maripa palms (Gunst et al., 2010b). They report that to harvest and process palm fruits,
adults remove fruits directly from the infructescence, peel strips of mesocarp off the
woody endocarp using a combination of oral and manual behaviors, masticate the
mesocarp, and discard the endocarp. Juveniles' access to this food depends on scrounging
for discarded peelings or gnawing on fruits that remain attached to the infructescence,
suggesting physical strength constrains the harvesting abilities of younger individuals.
Foraging efficiency for other foods is achieved later in development. For example, by
five years of age juvenile tufted capuchins are as skilled as adults when searching for
invertebrate larvae in bamboo stalks (Gunst et al., 2008; 2010a).

Gunst et al. (2008) conclude that efficient extractive foraging competence in
tufted capuchins emerges between years 3 and 5, a period coinciding with the eruption of
the permanent premolars and canines which emerge at 3 and 4-5 years of age,

respectively (Galliari, 1985). Interestingly, interspecific differences in craniofacial
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morphology associated with mastication (e.g. laterally-flared zygomatic arches and
increased mandibular robusticity) also emerge during ontogeny and may relate to
increased use of the masticatory apparatus in C. apella for processing mechanically
demanding foods (Corner and Richtsmeier, 1991; Cole, 1992; Masterson, 1997).
However, there are no quantitative data on the mechanical properties of foods consumed
by juvenile tufted capuchins in the wild. As a result, little is known about the masticatory
demands experienced by the developing craniofacial skeleton once primates begin
foraging independently, especially during times of ripe fruit scarcity when diets are
predicted to be the most mechanically challenging. Since previous ecological studies
have identified age-related differences in foraging and feeding success in tufted
capuchins and attribute those differences in part to the mechanical demands of the food,
the second aim of this study tests if food mechanical properties vary through tufted
capuchin development. Specifically, juveniles are predicted to consume foods of lower

fracture toughness and Young's modulus than adults.

Materials and Methods
Study site

The study was conducted at Fazenda Boa Vista, Piaui, Brazil (9°3 9'S, 45° 25' W)
during a seasonal period of low ripe fruit abundance (May-September 2009). This site is
a dry forest habitat located in the transition zone between the cerrado and caatinga
(Moura, 2007; Visalberghi and Fragaszy, in press). Within the site, wetter local habitats
support gallery forests and have a higher density of plant diversity, while low to medium

height trees, shrubs, and palms with underground trunks are found in the drier areas
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(Visalberghi and Fragaszy, in press). Data were collected from adults (n = 17), subadults
(n =3), and weaned juveniles (n = 8) from two groups of wild tufted capuchins (C.
libidinosus). Observers were able to recognize each individual and birth year is known
for individuals born after 2005. Methods used to determine inter-and intra-observer

reliability are presented in Appendix A.

Phenology surveys

The dry season is associated with low ripe fruit abundance in cerrado habitats
(Moura and McConkey, 2007). The 3 km line transect line consisted of 100 marked trees
selected for fruit and invertebrate traps which were monitored bi-monthly by the
EthoCebus research team. The transect crossed four habitat types present at the study site.
These habitat types include: 1. forest on the sandstone cliffs, 2. dry woodland-savannah,
3. wetland which floods during the rainy season, and 4. open savannah (Visalberghi et al.,
2009). In addition to the fruit and invertebrate traps, vegetation along this transect was
also monitored for the presence of fruits or flowers during the study period. All trees with
a>5 cm diameter at breast height (dbh) and all palms with crowns > 1 m diameter within
a 5 m circle around the marked transect point were tagged and monitored for the presence

of flowers and/or fruits every two weeks.

Behavioral and food mechanical property data collection
Behavioral data were collected from May to September 2009, with a total of 86
observation hours across 2 study groups. The two groups (C group and Z group) were

followed for five days each from 6:00 to 18:00. Follows were alternated between the
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groups to balance group observation periods during the study. C group is provisioned
year-round and provisioning foods include corn, bananas, or mature palm fruits.
Provisioning typically occurred once per day and no data were collected from individuals
foraging on provisioned foods. During experimental periods, animals experienced
prolonged provisioning which could last the entire day. In these cases, behavioral data
were collected from individuals feeding on non-provisioned foods found around the
provisioning site.

The day was divided into three four-hour periods: 06:00-10:00, 10:00-14:00, and
14:00-18:00. Focal animals were selected semi-randomly and followed for fifteen
minutes. Individuals were listed within each time period, and animals were selected for
focal follows opportunistically until all individuals were observed once. If focal data
were collected for all individuals within a time period during the five-day group
observation period, then the list was started again until all individuals were sampled
twice. One hour elapsed between focal follows of the same individual that occurred
during two consecutive time intervals.

Food specimens were obtained by collecting items dropped or discarded by the
capuchins during feeding bouts. A feeding bout was defined as continuous feeding on a
single food item in a patch in a single tree. Feeding bouts began when individuals held
the food item in hand and began processing the item. Food processing included any
ingestive behavior (Chapter 3, Table 2.2). Ingestion and mastication durations often
overlapped, since ingestion continued after mastication was initiated and multiple
mastication events occurred when an animal consumed a food item. Mastication

durations were recorded as continuous periods of chewing. If multiple mastication events
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occurred during a feeding bout, these durations were combined and reported as total
mastication duration. The feeding bout was terminated if (1) the individual finished
masticating and all tissues were consumed or discarded, (2) discarded the food item
without consuming all tissues, (3) moved to a new location within the feeding tree, or (4)
moved to another tree. If available, whole food specimens of comparable ripeness were
also collected to measure food size and provide additional food tissue samples. After
collection, foods were photographed and assigned to the most exclusive taxonomic
category when possible (Lorenzi, 2002). Foods were sealed in plastic bags to preserve
freshness and tested within 24 hours of collection. Foods were divided into tissue types
(e.g. exocarp, mesocarp, etc.) following a classification scheme adapted from (van
Roosmalen, 1985). When possible, whole and discarded food items were measured for
length, thickness, and breadth or diameter in the case of roughly circular fruits. Tissues
from the same food item were sampled three times.

The mechanical properties of interest in this study were fracture toughness (R)
and Young's modulus (E). All mechanical property tests were conducted in the field
using an HKU Darvell universal mechanical tester fitted with 10N, 100N, and 1000N
load cells (Darvell et al., 1996; Lucas et al., 2001). The tester consisted of a mechanical
testing frame with a hand-wound crosshead outfitted with the test jig appropriate to the
mechanical test being performed, an electronics box, and a notebook computer. Food
items were placed on the testing frame stage and the cross head was wound down to
either drive the jig into the food or, in the case of a particular toughness test, to depress
the scissor handle to slice the food. The electronics box measured the force and

displacement of the cross head. At the conclusion of each test a force-displacement curve
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was generated, appropriate measurements of food tissue were taken and mechanical
properties were calculated using custom LabVIEW (7.0) software (National Instruments,
2004). All measurements were taken with digital calipers (Mitutoyo) and a USB digital
portable microscope (Veho VMS-001, Eastleigh, Hants, UK). For the majority of food
tissues, scissor or wedge tests were used to determine fracture toughness and three-point
bending or compression tests were used to determine Young's modulus. Since plant tissue
toughness varies when fracturing the tissue with or against the fiber direction (Lucas et
al., 1995), observing how individuals process tissues was important for obtaining
properties relevant to feeding. Food tissues were tested in the same manner as the
capuchins processed them. For example, grass was processed by stripping portions of the
plant off parallel to the fiber direction with the anterior dentition then biting the grass
with the postcanine dentition. As a result, this food tissue was tested both parallel and
perpendicular to the fiber direction. C. libidinosus use stone tools to fracture the woody
endocarps of palm fruits to access palm fruit endosperms. Since the objective of this
study was to quantify the food material properties of orally processed tissues, and palm
fruit endocarps were primarily manually processed, they were not considered. Toughness,
Young's modulus, hardness, and force-to-failure values for palm fruit endocarps can be

found in Lucas et al. (2009) and Visalberghi et al. (2008).

Statistical Analysis
Nonparametric tests were used since the data violated the assumptions of
parametric tests after transformation. To test for variation in fracture toughness and

Young's modulus among the processed food tissues Kruskal-Wallis tests were used. If
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significant variation existed, a post hoc pairwise Mann-Whitney U test was applied to the
data. A standard Bonferroni correction, in which Mann-Whitney p values were multiplied
by the number of pairwise comparisons, was used to correct for multiple tests. Some
tissues were combined for statistical purposes. Endocarps, endosperms, and endosperm
with adherent endocarp were grouped into the seed tissue category. Fruits too small to be
separated into tissue types were tested and categorized as whole fruits. Sample size for
the whole fruit tissue category was less than 5, and whole fruit tissues were combined
with the exo-mesocarp tissue category.

Since prior studies of capuchin feeding ecology have noted differences in
foraging and feeding efficiency among juveniles (Janson and van Schaik, 1993; Gunst et
al., 2008; 2010a; Gunst et al., 2010b), the data collected from weaned juveniles were
divided into two categories. The juvenile 1 (Juv 1) category (n = 4) includes weaned
juveniles younger than three years of age and the juvenile 2 (Juv 2) category (n = 4)
includes weaned juveniles between three and four years of age. We compared groups
using nonparametric statistics (Wilcoxon signed-rank test). Groups were pooled for all
analyses, since there were no significant differences in median and maximum R and E
found between the groups.

The influences of age, month, and sex on median and maximum food toughness
and Young's modulus were analyzed by fitting generalized linear mixed models
(GLMM), where individual identification was included as a random factor to control for
variation among individuals (Bolker et al., 2009). Several GLMM's were fitted using
month, sex, and age factors individually and in combination with and without interaction

effects using the NLME package for R (2.12.1) (Pinheiro et al., 2011). Because only one
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group was observed in September, those data were combined with the data from August.
The GLMM's were compared using Akaike Information Criteria (AIC) to determine
which model best fit the data. A sequential Bonferroni correction was applied to all post
hoc pairwise comparisons (Sokal and Rohlf, 1995).

Spearman's rank correlation tests were used to examine correlations between
maximum fruit diameter and food mechanical properties. Since sample sizes are too low
for statistical comparisons when individuals are divided into four age classes, two age
classes were used. The first age class combined both groups of juveniles, and the second
combined subadults and adults. A Mann-Whitney U test was used to test for differences

in maximum fruit diameter processed by each age class.

Results
Phenology

Fruit weight (kg) per hectare was highest during the early to middle of the rainy
season (December-January) and at the end of the dry season (August-October) and lowest
during the transition from late wet season to early dry season (March-May) (Fig. 2.1).
Fruit trap data measure fruit fall but do not necessarily reflect the abundance of fruit
available to frugivores (Chapman et al., 1994). To better assess abundance, 849 trees
along the transect were monitored for the presence of fruits and flowers. Since the
transect is not divided equally across the habitat types, the number of trees sampled
within each habitat also varied. The majority of the monitored trees were found in the
forest on the sandstone cliffs (45.2%). The seasonally-flooded wetland and dry woodland

contributed 18.0% and 24.6%, respectively, of the monitored trees. The open savannah
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habitat, which consisted mostly of palms with subterranean trunks, contributed 12.1% of
the monitored trees. Figure 2.2 presents the percentage of all trees with fruit and flowers
and percentage of tree species that the capuchins are known to eat with available fruit and
flowers. The percentage of trees with available fruits and flowers increased during the
study period, which is consistent with the fruit trap data (Fig. 2.2). However, this
percentage never exceeded 8.4% (71 trees with fruit out of 849 trees). These data indicate
that this study was conducted during a period of relatively low ripe fruit and flower

abundance, which increased throughout the study period.

Comparisons among tissue types

The capuchins processed tissues from 13 known plant genera and several
unidentified plant and animal genera. Fracture toughness values ranged from 31.1-15,194
JIm? (n = 253, median = 1236.3 J/m?), and Young's modulus ranged from 0.03-10,426
MPa (n = 174, median = 27.9 MPa). Table 2.1 shows summary statistics for each tissue
type, and summary statistics for the known plant genera are presented in Table 2.2. Plant
tissues processed during the dry season showed significant differences in median fracture
toughness (Kruskal Wallis: H = 128.8, df = 7, p < 0.001), maximum fracture toughness
(Kruskal Wallis: H =135.5, df =7, p = 0.001), median Young's modulus (Kruskal
Wallis: H = 103.4, df = 6, p < 0.001), and maximum Young's modulus (Kruskal Wallis:
H =109.8, df = 6, p < 0.001). Mann-Whitney U post hoc pairwise comparisons of median
and maximum toughness and Young's modulus among tissues are given in Tables 2.3-
2.6. Grass and root tissues had median and maximum toughness values that were

significantly greater than most of the other processed tissues (Tables 2.3-2.4, Figs. 2.2-
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2.3), while grass tissue alone had the greatest values for median and maximum Young's
modulus (Tables 2.5-2.6, Figs. 2.4-2.5). In contrast, flower petals and reproductive
tissues had the lowest median and maximum toughness values. Among fruit tissues, outer
tissues such as exocarp and exo-and mesocarp were significantly tougher than inner
tissues including mesocarp and seed tissues (i.e., endocarps and endosperms) (Figs. 2.2-
2.3). In terms of Young's modulus, mesocarp and seed tissues showed significantly lower

Young's modulus values than exocarp (Figs. 2.4-2.5).

Comparisons among age classes

Summary statistics of fracture toughness and Young's modulus for food tissues
consumed by each age group are provided in Table 2.7. Adults processed grass tissues
that exhibited the highest R and E values; maximal fracture toughness and Young's
modulus for these tissues were 15194.4 J/m? (n = 213) and 10425.7 MPa (n = 139),
respectively. Subadults processed tissues with a maximum fracture toughness of 9161.1
J/Im? (n = 35) and Young's modulus of 8715.6 MPa (n = 19). The foods processed by
older juveniles had a maximum fracture toughness of 13021.2 J/m? (n = 70) and Young's
modulus of 6566.6 MPa (n = 39). Younger juveniles processed food tissues with a
maximum fracture toughness of 9346.3 J/m? (n = 66) and Young's modulus of 9245.8
MPa (n = 38). The bivariate plots of median R and E values (Fig. 2.6) and of maximum R
and E (Fig. 2.7) values show that the four age classes group together in terms of overall
dietary toughness and Young's modulus. Among the GLMM s tested, the model including
age best explained the variance in median and maximum fracture toughness (Table 2.8).

However, there was no significant difference among age classes, suggesting age is not a
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significant predictor of median or maximum fracture toughness. There was also no effect
of age on the Young's modulus of food tissues, with the model including month best
explaining the variation in median and maximum Young's modulus (Table 2.8).

To compare differences among months, we tested the larger preferred model,
which included data from all months, against simpler models including data from only
one month (Bolker et al., 2009) (Table 2.9). For example, the larger model, including
June, July, and August, was compared to a smaller model in which June was assigned a
value of "1" and July and August were assigned a value of "0" to determine if July is
significantly different from August. This process was repeated for all three months. There
was a significant difference between June and August (E median, Likelihood-ratio =
15.84, p = 0.0001; E maximum, Likelihood ratio = 18.59, p < 0.0001) and July and
August (E median, Likelihood-ratio = 8.95, p = 0.003; E maximum, Likelihood-ratio =
10.06, p < 0.002), for both median and maximum Young's modulus, but no significant
difference between June and July (Table 2.9).

Mean fruit diameter is given for known species in Table 2.2. Maximum fruit
diameter was positively correlated with median toughness and Young’s modulus (R
median, Spearman's rs = 0.34, p = 0.01338; E median, Spearman'srs =0.32, p =
0.02368), indicating that toughness and Young’s modulus increase with fruit size. Adults
and subadults were found to process fruits with larger diameter than juveniles (MWU: U

= 127.5, p = 0.0021, Fig. 2.8).
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Discussion

Our study revealed significant differences in the food tissue fracture toughness
and Young's modulus among foods orally processed by C. libidinosus during a period of
low ripe fruit abundance. C. libidinosus incorporated multiple foods with high R and E
values into their diet, which is consistent with data from previous field seasons at Boa
Vista and from C. apella (Chalk et al., 2008; Wright et al., 2009). These results provide
support for the hypothesis that the tufted capuchin masticatory morphology is adapted to
processing mechanically demanding foods, allowing these primates to broaden their

dietary niche when ripe fruit availability declines (Wright, 2005; Wright et al., 2009).

Variation in mechanical properties among food tissues

The diet of the Boa Vista capuchins is heterogenous and follows the tufted
capuchin behavioral pattern. Data presented here demonstrate that the majority of the
capuchin diet consists of foods with low toughness and Young's modulus. The addition of
exceedingly tough tissues into the diet during periods of ripe fruit scarcity distinguishes
tufted from untufted capuchin diets.

C. libidinosus at Boa Vista shows a preference for fruit, which accounts for over
half of the tested food items. Within fruit tissues, outer tissues including the exocarp or
exocarp with adherent mesocarp were tougher and, in the case of exocarp, had higher
Young's modulus than inner tissues including mesocarp and endocarp-endosperm. Outer
tissues were often breached with anterior or postcanine dentition then discarded to gain
access to mesocarp, seeds, and occasionally water in the case of immature seeds (e.g.,

Eschweileria sp. seeds).
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Grass, roots, and bark were the items with the greatest fracture toughness and
Young's modulus. Grass tissues, particularly the base of the grass, had the highest
toughness and Young's modulus in the diet. These values are similar in magnitude to
those reported by Yamashita et al. (2009) for bamboo processed by species of
Hapalemur. Like bamboo, the grasses at Boa Vista exhibit directionality to the fibers, and
the capuchins tear strips off using the anterior dentition parallel to the fibers. Grass
tissues were processed by removing portions of the grass with the postcanine dentition,
masticating and occasionally fracturing grass tissue, then expelling the fibrous remains.
Roots were dug from underground and outer tissues were stripped using the anterior
dentition. The inner tissue was often completely consumed and few samples of this inner
tissue are represented in the data set. Bark was never masticated by the capuchins, but
was stripped off tree limbs with the anterior dentition and forelimbs for access to
invertebrate prey.

Invertebrates are an important component in the capuchin diet accounting for 33%
of the diet (Norconk et al., 2008). Samples of this tissue are absent from the food
mechanics data set because difficulty in acquiring samples of the prey item consumed
and standardizing the body shapes for testing. Toughness values from wasp thorax at Boa
Vista collected in 2007 ranged from 634.6-1073.5 J/m? indicating invertebrate cuticle is
maximally as tough as some flowers.

One limitation of this study is a bias in the data introduced by the sampling
period. Since we only collected mechanical properties of foods available during the dry
season, we were potentially sampling the dietary maxima in terms of toughness and

Young's modulus. While this is relevant for deciphering relationships between diets and
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dietary adaptations (discussed below), it may overestimate annual dietary mechanical
demand. The significant differences in E between August and the previous months may
be the result of increased fruit availability at the end of the study period. However, an
increase in fruit production is expected to result in an increase in ripe fruit consumption
by the capuchins and a decrease in monthly median E. Since fewer data were collected in
August and September (n = 34) compared to June and July (n = 201), sample size may
also contribute to the observed variation in E among months. Currently, the food tissue
toughness and Young's modulus variation between wet and dry seasons is unknown and a
future step is collecting annual data over multiple seasons to provide a more

comprehensive picture of preferred foods and dietary mechanical demand.

Implications for tufted capuchin masticatory morphology

Increased masticatory strain caused by consuming hard or tough foods can be
reduced by improving structural rigidity in the face and mandible (Daegling, 1992).
Taylor et al. (2008) have shown a relationship between increased mandibular robusticity
in Pongo p. wurmbii relative to other apes, measured as moments of inertia, and maximal
R values bark and pith tissues. However, P.p. wurmbii mandibles exhibited decreased
bending resistance when maximal values of R for fruit and leaf and E for all tissues are
used as bite force estimates (Taylor et al., 2008). These results and those of Daegling and
McGraw (2001; 2007) in colobines and cercopithecoids suggest the relationship between
dietary mechanical demand and morphology is not straightforward. VVogel et al. (2008)
proposed that the increase in overall dietary toughness of orangutans, which does not

vary seasonally, places a strong selective pressure on tooth morphology and enamel
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thickness. Given the importance of bark and pith along with unripe fruits in the orangutan
diet (Vogel et al., 2009), it is perhaps not surprising that the mandible exhibits improved
resistance measures to non-fruit, non-leaf maximal R values.

C. apella mandibles exhibit deeper mandibular corpora as well as deeper
symphyses with increased cortical bone thickness suggesting improved resistance to
bending in the sagittal plane and torsional loads along the corpora and lateral bending in
the transverse plane (wishboning) and vertical bending at the symphysis during incision
and mastication compared to untufted capuchins (Cole, 1992; Daegling, 1992;
Constantino, 2007). There appears to be variation in masticatory morphology among
tufted capuchin species as well. Wright et al. (2009) demonstrated that the absolute size
of the C. apella mandible is more robust than that of C. libidinosus even though the latter
species processes foods with greater fracture toughness values. However, when the
measurements are controlled for body size, differences between the tufted capuchin
species become non-significant. The authors cite a reliance on extra-oral processing,
specifically the use of tools to open large, mature palms, as an explanation for the
decrease in absolute mandibular robusticity in C. libidinosus.

The tufted capuchin cranium also exhibits a suite of traits thought to be
adaptations for generating masticatory forces necessary to fracture mechanically
demanding plant tissues. Compared to untufted species, C. apella has a less prognathic
face with more anteriorly-placed masseter and temporalis muscle attachments resulting in
increased muscle mechanical advantage and reduced bending stresses in the face (Anton,

1996; Wright, 2005; Constantino, 2007). Combined with the posterior position of the
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dental arcade, this morphology indicates that C. apella is capable of processing a range of
mechanically demanding tissues (Wright, 2005).

Taylor et al. (2008) note the importance of an animal's ability to modulate
masticatory parameters such as applied bite force and loading environment through
behavior. Studies of sympatric Hapalemur species support the notion that food
mechanical properties alone may not directly relate to masticatory form. Bamboo lemurs
discriminate among different bamboo tissues based on mechanical properties (Yamashita
et al., 2009). They propose that bamboo lemur masticatory morphology sustains loads of
high magnitude during ingestion and repetitive loads of reduced magnitude during
mastication, both of which may be important in determining mandibular morphology
(Yamashita et al., 2009). At Boa Vista, C. libidinosus processed food tissues (e.g., grass,
bark, roots, exocarp) with higher Young's modulus than published values for mature palm
endocarp (Lucas et al., 2009). Interestingly, these tissues, including the palm endocarp,
were not often the target tissue for consumption, emphasizing the destructive nature of
tufted capuchin feeding strategies.

Together these findings highlight the importance of intra- and extra-oral food
processing behaviors in moderating the influence of food mechanical properties on skull
morphology (Rosenberger, 1992; Wright, 2005). For instance, the capuchins at Boa Vista
utilized their head and forelimb in combination to process grass, root, bark, and some
fruit tissues, which may initiate cracks facilitating subsequent fracture in the mouth.
Moreover, the Boa Vista capuchins were able to use their masticatory system to regulate
the volume of tissue breached, in part because these tissues can be manipulated with the

hands and mouth. In contrast, mature palm fruits combine high Young's modulus with
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large size requiring stone tools to initiate cracks. While food mechanical properties
undoubtedly contribute to the selective pressures influencing masticatory morphology,
examining food mechanical properties in conjunction with food processing behaviors and
food geometry will more thoroughly inform functional interpretations of the robust

masticatory apparatus in tufted capuchins.

Age-related changes in food mechanical properties

Juvenile and adult capuchin diets were largely similar, with juveniles gaining
access to most adult foods (e.g., Fragaszy and Boinski, 1995; Agostini and Visalberghi,
2005; MacKinnon, 2006). The C. libidinosus adults and juveniles at Boa Vista breached
foods of comparable fracture toughness and Young's modulus, and most foods processed
by adults were available to juveniles after weaning. The emergence of interspecific
differences in masticatory morphology during Cebus ontogeny (Cole 1992; Daegling
1992; Masterson, 1997) supports the results presented here. Although this remains to be
tested, these results suggest juvenile and adult tufted capuchins may be capable of
generating similar external masticatory forces. Moreover, if juvenile and adult diets
impose similar mechanical demand, the robust masticatory system of adult tufted
capuchins may not represent adaptations for accessing mechanically demanding foods,
but instead improve feeding efficiency in adults.

Several developmental studies in capuchins have shown that foraging and feeding
proficiency and efficiency on mechanically demanding foods improves with age
(Fragaszy et al., 1994; Boinski et al., 2003; Gunst et al., 2008; Ottoni and Izar, 2008;

Rapaport and Brown, 2008; Gunst et al., 2010a; Gunst et al., 2010b). The results
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presented here reveal that mechanical properties themselves do not limit tufted capuchin
juveniles' access to the majority of foods in their diet. One possible strategy to mitigate
the masticatory demands of processing foods with a high toughness or Young's modulus
is to reduce the size of the bite. Strepsirrhines fed melon, carrot, and sweet potato took
smaller bites of the carrot and sweet potato, which have higher fracture toughness and
Young's modulus values than melon (Perry and Hartstone-Rose, 2010). Juveniles, by
virtue of their smaller body size, may have smaller gapes and ingest smaller food
volumes than adults. This would allow juveniles to place mechanically demanding foods
on the postcanine dentition, where masticatory muscles have a greater mechanical
advantage compared to the anterior teeth. Restricted gape may also explain why juveniles
processed fruits of smaller diameter, since food size impacts food placement on the tooth
row, the amount of occlusal surface contacting the food item, and masticatory force
orientation in the temporomandibular joints (Norconk et al., 2008). Both adult and
juvenile capuchins use strenuous foraging behaviors to access embedded food items.
Juveniles may employ additional oral and manual processing behaviors, using fore-
and/or hindlimbs and nuchal musculature, to pull open a fruit to access the seed or to strip
bark from a tree to access invertebrate prey, whereas an adult processing a food of
comparable mechanical demand may employ a different suite of processing behavior
and/or require less time to carry out those behaviors.

Therefore, juveniles may be constrained by a combination of food mechanical
properties and other factors such as learning a complex sequence of foraging behaviors
(Perry and Jimenez, 2006) or attaining the body size needed to generate sufficient

physical strength to access certain foods (e.g., palm fruits or invertebrates encased in
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woody tissues). Gunst et al. (2010b) found that juvenile C. apella reach adult levels of
proficiency in accessing M. maripa palm fruits by three years of age. In contrast,
juveniles of the same species do not achieve adult success rates when foraging for
embedded invertebrate larvae in bamboo stalks until five or six years of age (Gunst et al.,
2008). Therefore, competency at foraging and feeding tasks that require mostly physical
strength such as removing a M. maripa fruit from the stalk is achieved relatively early in
development compared those tasks that demand mastering a complex series of extractive
behaviors combined with the cognitive ability to locate the embedded food (e.qg.,
accessing invertebrate prey or effective tool use) (Gunst et al., 2008, 2010a; Gunst et al.,
2010b). At Boa Vista juveniles can access most foods processed by adults. However,
juveniles and adults may employ different food processing rates and behaviors when
accessing mechanically demanding food items.

Data on age-related changes in food mechanical properties are available for a few
primate species. For example, Robl (2008) found fracture toughness of foods were
similar between juvenile and adult white faced saki monkeys (Pithecia pithecia), and
differences in diet among age classes were attributed to juveniles’ inability to access
certain adult foods. Similarly, immature and adult orangutan diets were comparable in
toughness and Young's modulus (van Schaik et al., 2009), and diets were found to be
more diverse among adult females than among adult females and their offspring (Jaeggi
et al., 2010). Juvenile and adult Cercocebus atys consumed the mechanically demanding
Sacoglottis nut using similar feeding behavior strategies (McGraw et al., 2011). Dietary
profiles and overall fracture toughness were found to be comparable across age classes of

red mantled howler monkeys (Alouatta palliata) (Raguet-Schofield, 2010). Together
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these data, along with the results of this study, demonstrate that mechanical demands of
juvenile and adult diets are largely similar in a diverse array of primate taxa, which may
be indicative of a larger pattern in primates. However, additional food mechanical

property data are required to adequately test this hypothesis.

Conclusions

This study reported the median and maximum fracture toughness and Young's
modulus for food tissues consumed by C. libidinosus during a period of low ripe fruit
availability. Food tissues exhibited significant differences, with outer tissues having the
greatest toughness and Young's modulus. Previous studies have documented differences
between adult and juvenile tufted capuchin foraging strategies. Based on these studies,
adults were predicted to process foods with higher fracture toughness and Young's
modulus than juveniles. Contrary to this expectation, no effect of age was found for
median or maximum fracture toughness and Young's modulus, suggesting juvenile and
adult C. libidinosus at Boa Vista are capable of processing foods of comparable food
mechanical properties. Differences in foraging competency observed between adults and
juveniles may be explained by the need to master complex foraging behaviors or attain
the body size required to locate and access foods enclosed in mechanically demanding

tissues.
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Table 2.1 Summary statistics for food tissue types

R (I/Im) E (MPa)

Tissue type n Mean SD  Median Max Min n Mean SD  Median Max Min
Bark 46 1579.7 13239 966.4 6956.9 243.3 25 20108 2317.5 1468.3 8886.4 0.2
Exocarp 83 15635 1054.1 11989 7677.8 200.4 61 347 83.0 55 780.3 0.05
Exo-mesocarp 38 1943.6 15729 1399.4 6945.3 115.6 30 130.3 3453 7.6 2077.7  0.06
Flower 19 3269 2258 256.1 17056 434
Grass 39 39075 3882.0 2460.9 151944 31.1 25 31326 20175 23743 104257 250.9
Mesocarp 56 7704 4450 6152 28456  28.7 39 4.8 75 3.4 48.0 0.3
Other 20 1436.6 1493.4 707.4 6740.7 1120 10 3857 7323 27.1 24311 0.03
Root 45 25024 8625 2514.1 51986 2914 23 5451 906.6 194.2 54384 8.6
Seed 38 884.6 14148 5443 98994  92.1 22 955 293.4 2.0 1399.1 0.3

SD = standard deviation
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Table 2.2 Summary statistics for known plant species

Anacardiaceae

Bignoneaceae

Caryocaraceae
Icacinaceae

Lecythidaceae

Leguminosae -
Caesalpinaceae

Leguminosae -
Caesalpinaceae

Maximum
diameter R (I/m?) E (MPa)
(mm)
Tissue . . . .
Mean (n) type Mean SD Median Max Min n Mean SD Median Max Min
Anacardium BA
occidentale 16.4 (3) 2 4097.4 3601.1 4101.7 6956.9 1072.7
EX 2 4912 258 4781 637.2 3817
EXM 5 8235 4944 624.8 1597.7 299.1 4 11 0.7 0.8 3.3 0.6
SE 1 1281 1239 1492 1113
RT 1 3245
Jacaranda sp. EXM 3 4285.6 1599.6 4463.1 6945.3 2741.8 3 321 14.7 19.2 72.3 13.1
SE 1 12705 1 1.7 1.7 2.2 1.3
Caryocar sp. BA 1 1369.1 1369.1 1738.6 999.6 1 2087.8 2087.8 2400.0 1775.6
Emmotum nitens EX 1 267.1 259.8 308.2 2333
Eschweilera sp. 56.8 (33) EX 40 1156.1 523.3 1037.6 4735.1 235.2 36 4.9 1.9 4.7 14.3 0.05
EXM 2 6351 2029 647.8 1069.6 462.2 2 49 0.4 49 6.8 2.7
ME 41 793.8 4348 623.0 2845.6 182.7 33 36 1.2 3.6 8.6 1.3
SE 19 4951 2559 4721 14533 921 12 2.0 1.3 1.8 6.7 0.3
FL 6 3509 1099 3141 833.0 1123
Dimorphandra BA
mollis 4 2533.6 2398.4 15959 6709.5 3714 1 7328 687.1 945.0 566.5
Hymenaea sp. 2913 X 4 25342 4271 2487.7 4717.7 15650 4 936 977 609 3130 112
ME 4 4789 4238 422.2 12805 28.7 3 54 8.5 0.6 17.5 0.3
SE 1 23939 2350.6 2533.4 2297.7 1 4.4 4.4 5.2 3.7

SD = standard deviation
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Table 2.2 (continued) Summary statistics for known plant species

Maximum
diameter E (MPa)
(mm) R (IIm?)
Tissue . . . .
Mean (n) type n Mean SD Median Max Min n Mean SD Median Max Min
Leguminosae - Hymenaea EX
Caesalpinaceae stigonocarpa 25.1(2) 7 1512.1 4547 1473.6 3184.3 600.1 4 19 1.1 1.4 3.7 0.7
EXM 2 105 11.2 11.0 22.7 1.2
ME 7 7157 405.7 5654 1716.1 2534 2 0.9 0.3 0.7 2.1 0.5
SE 2 639.6 139.6 593.6 8543 346.3 2 45 2.8 45 6.5 1.6
Leguminosae - Sclerolobium EX
Caesalpinaceae paniculatum 4 929.1 5247 961.3 16235 200.4
EXM 2 8.4 1.2 7.6 125 4.6
SE 3 37314 4446.0 1233.9 9899.4 913.0
Leguminosae- .
Mimosoideae - arKia pendula FL 1 1052.9 955.7 1705.6 497.5
Palmae-Arecaceae Mauritia flexuosa oT 1 709.0 709.0 10235 5368 1 05 0.4 0.7 0.3
Palmae-Arecaceae - Syagrus sp. 8001 X 1 9064 7429 13382 638.2
ME 1 5215 6715 755.7 137.3
Tiliaceae Luehea sp. EX 17 25924 9615 24943 6002.5 513.7 14 70.2 58.1 434 2873 6.9

SD = standard deviation
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Table 2.3 Bonferroni-corrected post hoc pairwise comparisons for median
fracture toughness (R)

FL SE ME oT BA EX EXM GR

FL

SE 0.086

ME 0.000  1.000

oT 0.053 1.000 1.000

BA 0.000 0.000 0.001 1.000

EX 0.000 0.000 0.000 1.000 1.000

EXM 0.000 0.001 0.001 1000 1.000 1.000

GR 0.000 0.000 0.000 0.301 0.548 0.699 1.000

RT 0.000 0.000 0.000 0.008 0.000 0.000 0.527 1.00

FL, flower; SE, seed; ME, mesocarp; EX, exocarp; EXM, exo-mesocarp; OT, other;
BA, bark; RT, root; GR, grass. Significant p-values are in bold.
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Table 2.4 Bonferroni-corrected post hoc pairwise comparisons for maximum
fracture toughness (R)

FL
SE
ME
oT
BA
EX
EXM
GR
RT

FL

0.263
0.001
0.026
0.000
0.000
0.000
0.000
0.000

SE

1.000
1.000
0.001
0.000
0.001
0.000
0.000

ME

1.000
0.001
0.000
0.001
0.000
0.000

oT

1.000
1.000
1.000
0.070
0.002

BA

1.000
1.000
0.037
0.000

EX

1.000
0.055
0.000

EXM

0.912
0.134

GR

1.000

FL, flower; SE, seed; ME, mesocarp; EX, exocarp; EXM, exo-mesocarp; OT, other;
BA, bark; RT, root; GR, grass. Significant p-values are in bold.
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Table 2.5 Bonferroni-corrected post hoc pairwise comparisons for median
Young's modulus (E)

SE ME EX EXM oT BA RT
SE
ME 1.000
EX 0.002 0.000
EXM 0.696 0.155 1.000
oT 1.000 1.000 1.000 1.000
BA 0.048 0.025 0.037 0.071 1.000
RT 0.000 0.000 0.000 0.001 0.730 1.000
GR 0.000 0.000 0.000 0.000 0.001 1.000 0.000

SE, seed; ME, mesocarp; EX, exocarp; EXM, exo-mesocarp; OT, other; BA, bark;
RT, root; GR, grass. Significant p-values are in bold.
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Table 2.6 Bonferroni-corrected post hoc pairwise comparisons for maximum
Young's modulus (E)

SE ME EX EXM oT BA RT
SE
ME 1.000
EX 0.045 0.000
EXM 0.964 0.018 1.000
oT 1.000 1.000 1.000 1.000
BA 0.175 0.036 0.068 0.152 1.000
RT 0.000 0.000 0.000 0.000 1.000 1.000
GR 0.000 0.000 0.000 0.000 0.000 0.220 0.000

SE, seed; ME, mesocarp; EX, exocarp; EXM, exo-mesocarp; OT, other; BA, bark;
RT, root; GR, grass. Significant p-values are in bold.
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Table 2.7 Summary statistics of fracture toughness (R) and Young's modulus (E) by age class

R (J/m?) E (MPa)
Age class n Mean SD Median Max Min n Mean SD Median Max Min
Adult (> 6 years) 213 15719 19255 10052 151944 434 139 6719 16315 55 104257  0.05
Subadult (4-6 years) 35 1867.4 15361 16473 91611 659 19 3875 9499 349 87156 1.6
;‘;;’fs';"e 2 (>3-4 70 19311  1859.9 13280 130212 287 39 4546 9646 211 6566.6 03
Juvenile 1 (weaned-3 oo 1206 18227 9638 93463 332 38 9236 15273 109 92458 0.3

years)

SD = standard deviation
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Table 2.8 Summary of the preferred generalized linear mixed models

Fixed Estimated

Model Dependent variable effect Random effect  AIC slope SE.  p-value
GLMM Median R Age Individual ID  914.005 Juv1vs.Juv?2 0.27 0.17 0.190
Juv 1vs. SA 0.20 0.21 0.360
Juv1vs. AD -0.15 0.44 0.320
GLMM Maximum R Age Individual ID  905.642 Juv1vs.Juv2 0.27 0.17 0.130
Juv 1vs. SA 0.22 0.21 0.300
Juv 1vs. AD -0.13 0.14 0.360
GLMM Median E Month  Individual ID 1155.323 Jun vs. Jul 3.16 0.44 0.460
Jun vs. Aug 1.83 0.61 0.003
GLMM Maximum E Month  Individual ID 1155.109 Jun vs. Jul -0.40 0.44 0.370
Jun vs. Aug 1.95 0.61 0.002

Age categories include younger juveniles (Juv 1), older juveniles (Juv 2), subadults (SA), and adults (AD), while month
categories include June (Jun), July (Jul) and August plus September (Aug). Age was not found to be a significant predictor of
toughness (R) or Young's modulus (E).
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Table 2.9 Variation in median and maximum Young's modulus (E ) among months

Preferred model  Simplified model Hypothesis p value
Log E median All months June July=August 0.001
All months July June=August 0.003
All months August June=July 0.46

Log E maximum All months June July=August <0.0001
All months July June=August 0.002
All months August June=July 0.37

Comparisons were made by testing the preferred model including data collected in all months against
simplified models including data collected from only one month.
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Figure 2.1: Fruit abundance (kg/ha) estimated from fruit traps placed along a 3km lines transect. The shaded

box represents the study period.
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Figure 2.2: Percentage of trees with fruits or flowers present during the study period collected from trees
monitored along a 3km line transects. Vegetation is divided into all trees and tree species in which capuchins
were observed feeding.
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Figure 2.3: Boxplot of median fracture toughness of food tissues. The solid line within the box represents the
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Figure 2.4: Boxplot of maximum fracture toughness of food tissues. The solid line within the box represents
the median and the dotted line represents mean.
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Figure 2.5: Boxplot of median Young's modulus of food tissues. The solid line within the box represents the
median and the dotted line represents mean.
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Figure 2.6: Boxplot of maximum Young's modulus of food tissues. The solid line within the box represents
the median and the dotted line represents mean.
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Figure 2.7: Bivariate plot of median Young's modulus and fracture toughness for each age class. The adult age class includes
all individuals estimated to over six years of age. The subadult age class includes all individuals estimated to be between the
ages of six and four. Juveniles were divided into two age classes. Juvenile 2 (Juv 2) includes juveniles between the ages of
four and three, and juvenile 1 (Juv 1) includes weaned to three year old individuals. Symbols represent the mean values, and
error bars represent one standard deviation from the mean.
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Figure 2.8: Bivariate plot of maximum Young's modulus and fracture toughness for each age class. The adult age class
includes all individuals estimated to over six years of age. The subadult age class includes all individuals estimated to be
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the ages of four and three, and juvenile 1 (Juv 1) includes weaned to three year old individuals. Symbols represent the mean
values, and error bars represent one standard deviation from the mean.
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Figure 2.9: Boxplot of maximum diameter (mm) of fruits processed by the age classes. Younger and older juveniles have
been grouped into one category and subadults and adult have been grouped into another. Lines connecting age classes
represent significant differences.
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Chapter 3. The development of feeding strategies in a species of tufted capuchin

(Cebus libidinosus)

Abstract

Age-related changes in feeding behaviors have been documented in several
primate groups, suggesting that juvenile ecological competence improves with age.
Differences in feeding duration and behaviors were investigated among age classes in a
tufted capuchin species (Cebus libidinosus) at Boa Vista, Brazil. Since previous
behavioral studies have found variation in foraging and feeding efficiency in other
primates, including capuchins, juvenile C. libidinosus are predicted to spend more time
foraging and feeding than adults. Juveniles are also expected to require longer processing
durations and employ more frequent ingestive behaviors compared to adults, when
feeding on mechanically challenging tissues. Behavioral data were collected from two
wild C. libidinosus groups using group scan and focal animal sampling methods.
Significant differences were found in total feeding duration and oral ingestion duration
among age groups. Compared to adults, younger juveniles had longer total processing
times, and both juvenile age classes devoted more time to oral ingestion. Younger
juveniles also used more incisal behaviors and less manual behaviors than adults, and
there was a trend for both juvenile age groups to employ more postcanine tooth use than
subadults and adults. Interestingly, age classes ingested foods with relatively high R and
E values in largely the same manner. These results reveal a shared feeding behavior

pattern among adults and juveniles when ingesting mechanically demanding foods tissues

60



that will improve our understanding of the role that masticatory adaptations play during

tufted capuchin cranial development.
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Introduction

Primates experience the longest juvenile period relative to body mass compared to
other mammals (Harvey and Clutton-Brock, 1985; Pereira and Fairbanks, 2003; Purvis et
al., 2003). Several models have been proposed to explain the extended juvenile period in
primates as well as foraging and feeding differences among age classes. One explanation
is that the complexity of the adult primate behavior repertoire requires long juvenile
periods in which young primates acquire the behavioral skill set of adulthood (Poirier and
Smith, 1974; Joffe, 1997). This model is also referred to as the need-to-learn (NTL)
model. Originally this hypothesis applied to social behaviors but has been extended to
include complex foraging behaviors (Joffe, 1997; Stone, 2007). An alternative
explanation, the juvenile risk aversion hypothesis (JRA hypothesis), proposes that the
extended primate juvenile period evolved as an adaptation to minimize the risk of
predation and starvation resulting from intra-group feeding competition (Janson and van
Schaik, 1993). According to this hypothesis, juvenile primates experience slow somatic
growth rates reducing energy intake requirements, feeding competition with adults, and
risk of starvation. This pattern of slow growth during development is expected to be
magnified in frugivorous primates, since they experience increased feeding competition
during seasonal shifts in ripe fruit abundance (for an exception see Godfrey et al., 2004).
Janson and van Schaik (2003) maintain that complex social and foraging behaviors are
not the cause of the lengthy juvenile period in primates; instead, these behaviors emerge
because primates spend so much time being juveniles.

Additional theories explaining foraging and feeding differences between adult and

juvenile primates are not necessarily mutually exclusive with the NTL or JRA
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hypotheses. For instance, some researchers (e.g., Oftedal, 1991; Altmann, 1998) have
suggested adult and juvenile dietary differences are related to nutritional demands among
age classes. Acquiring sufficient energy during the weaning period has been shown to
strongly influence reproductive success in baboons (Altmann, 1991). Finally, juveniles'
small body size and reduced physical strength compared to adults has been proposed as
an explanation for differences in age-related foraging efficiency and diet (Gunst et al.,
2008; Ottoni and lzar, 2008; Fragaszy et al., 2010; Gunst et al., 2010a; Gunst et al.,
2010Db). Evidence from birds (Weathers and Sullivan, 1989), mammals (Tanner et al.,
2010) and reptiles (Herrel et al., 2006; Herrel and O'Reilly, 2006) support the notion that
juveniles are unable to access the full adult diet because of lower performance abilities.
One of the primary assumptions of these hypotheses is that juveniles are
inefficient foragers compared to adults. Field studies from wild primates have provided
mixed support for this assumption. For example, juvenile primates invest more time in
foraging (Janson and van Schaik, 1993; Johnson and Bock, 2004) and are less efficient
than adults when foraging for certain foods or executing complex feeding behaviors (van
Schaik and van Noordwijk, 1986; Boinski and Fragaszy, 1989; O'Malley and Fedigan,
2005b; Jaeggi et al., 2010). However, recent evidence suggests juveniles of many primate
species are competent foragers and differences between adult and juvenile diets are
subtle. For example, juvenile squirrel monkeys at one year of age exhibit foraging
success rates and strategies comparable to adults (Stone, 2006, 2007). Several other taxa,
including marmosets (Schiel et al., 2010), lemurs (Tarnaud, 2004, 2008), capuchins
(Fragaszy and Boinski, 1995; Agostini and Visalberghi, 2005; MacKinnon, 2006),

Japanese macaques (Hanya, 2003), orangutans (Jaeggi et al., 2010), and gorillas (Watts,
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1985), show considerable overlap in juvenile and adult diets. However, while juveniles of
these taxa may be able to gain access to adult foods, they are not necessarily as proficient
as adults when feeding.

The majority of laboratory and field data collected from Cebus species are
consistent with the hypothesis that juveniles are less efficient foragers than adults. The
extractive foraging strategy used by capuchins is physically demanding and requires
complex manual and oral foraging behaviors to remove embedded high-quality foods
(I1zawa, 1977; Terborgh, 1983; Janson and Boinski, 1992; Anapol and Lee, 1994;
Fragaszy and Boinski, 1995; Boinski et al., 2000; Fragaszy et al., 2004a; Fragaszy et al.,
2004b; Wright, 2005; Gunst et al., 2008, 2010a; Gunst et al., 2010b). Juvenile capuchins
spend significantly more time engaged in foraging tasks with reduced foraging success
compared to adults (Janson and van Schaik, 1993; Agostini and Visalberghi, 2005;
O'Malley and Fedigan, 2005a). Differences between adult and juvenile capuchin foraging
and feeding abilities are attributed to the fact that juveniles lack the cognitive ability
and/or physical strength to locate, harvest, or process mechanically demanding foods, and
competence improves with age (Fragaszy et al., 1994; Boinski et al., 2003; Gunst et al.,
2008; Ottoni and Izar, 2008; Rapaport and Brown, 2008; Gunst et al., 2010a; Gunst et al.,
2010b). For instance, Gunst et al. (2010b) found that by one year of age C. apella
juveniles had mastered the sequence of behaviors required to process Maximiliana
maripa fruit, but lacked the body strength required to remove fruits from the
infructescence. In this same species, adult-level success rates when foraging for

invertebrate larvae in bamboo stalks were not attained until between five and six years of
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age, suggesting that tasks requiring strength alone are mastered before those requiring
cognitive skills (Gunst et al., 2010b).

As in orangutans (Jaeggi et al., 2010), juvenile capuchins' watching rates increase
when conspecifics forage on hard-to-process or novel foods (Fragaszy et al., 1997a; Perry
and Jimenez, 2006; Gunst et al., 2008). However, experimental evidence suggests
individuals do not mimic adult foraging behaviors, suggesting that being in the presence
of another is sufficient stimulus to initiate the similar behaviors (Visalberghi and
Fragaszy, 1995; Visalberghi and Addessi, 2000, 2001; Visalberghi et al., 2003; Fragaszy
and Visalberghi, 2004). In the wild, juveniles seem to gain some information from
observing adults (Perry and Jimenez, 2006). Individuals in close proximity adopt similar
food processing behaviors, facilitating juveniles' acquisition of information about foods
and food processing from others (Panger et al., 2002). Together these findings indicate
that ecological competency in Cebus is attained through physical, cognitive, and social
development.

Tufted capuchins (Cebus apella, C. libidinosus, C. xanthosternos, C. nigritus, C.
cay, C. robustus, and C. macrocephalus) exhibit morphological adaptations in the skull
for fracturing mechanically demanding plant tissues using the masticatory apparatus
(Teaford, 1985; Daegling, 1992; Anapol and Lee, 1994; Scott et al., 2005; Wright, 2005;
Constantino, 2007; Byron, 2009; Taylor and Vinyard, 2009). These inter-specific
adaptations which are associated with processing these foods are present at birth (e.g.,
increased mandibular robusticity) or emerge early in ontogeny (e.g., laterally-flared
zygomatic arches and increased postorbital constriction) (Corner and Richtsmeier, 1991;

Cole, 1992; Masterson, 1997). Fracture toughness and Young's modulus values of food
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tissues processed by adult and juvenile C. libidinosus are largely similar, indicating
mechanical properties alone do not hinder juvenile feeding abilities (Chapter 2). In this
study, we examine age related changes in time devoted to foraging and feeding strategies
in this species. As noted above, previous research has documented differences in foraging
and feeding efficiency in tufted capuchins (e.g., Janson and van Schaik, 1993). These
studies have primarily focused on differences in foraging and food processing durations
and rates (i.e., number of items per unit time). Given this evidence, juvenile C.
libidinosus are predicted to (1) spend a greater proportion of time foraging and feeding
than adults, (2) require longer processing durations (e.g., longer feeding bouts or
mastication durations), and (3) exhibit slower feeding rates when feeding on
mechanically demanding tissues. Age-related variation in food processing has been
documented for some foods in C. capucinus (O'Malley and Fedigan, 2005a). However,
no studies have detailed tufted capuchin feeding behaviors in the wild; therefore there is
no evidence to assume juveniles will use more processing behaviors to ingest foods than
adults. The fourth hypothesis predicts that juveniles and adults employ the same number
of ingestive behaviors when feeding. Finally, since foraging behavior patterns are
acquired early in some primates including Cebus (Gunst et al., 2010b; McGraw et al.,
2011), juvenile and adult C. libidinosus are expected to ingest mechanically demanding

tissues using the same behaviors.
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Materials and Methods
Study site and subjects

The study was conducted at Fazenda Boa Vista, Piaui, Brazil (9°3 9'S, 45° 25' W)
during a seasonal period of low ripe fruit abundance (May-September 2009). This site is
a dry woodland habitat located in the transition zone between the cerrado and caatinga
(Moura and McConkey, 2007; Visalberghi and Fragaszy, in press). The vegetation types
present at the study site include wetland which floods during the rainy season, open
savannah, dry woodland, and forest on the sandstone plateaus (Visalberghi et al., 2009).
Data were collected from two wild C. libidinosus groups with overlapping home ranges.
Together, the groups contain seven adult males, ten adult females, three subadult adult
males (between 4 to 6 years of age), four older juveniles (3 male and 1 female between 3
and 4 years of age), four younger juveniles (3 males and 1 female between 1 and 3 years
of age), six nursing juveniles and infants (0 to 1 year). The demographics of each group
are shown in Table 3.1. Observers were able to recognize all individuals and birth year is
known for individuals born after 2005. Methods describing between and within observer

reliability are presented in Appendix A.

Sampling methods and data collection

During the study, two groups (C group and Z group) were followed for five
consecutive days from 6:00 to 18:00. We alternated follows between the groups to
distribute observation periods evenly during the study period. C group is provisioned
throughout the year with corn, bananas, or mature palm fruits to increase tourist

observation opportunities. Provisioning typically occurred once per day and no data were
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collected from individuals foraging on provisioned foods. However, on days when
experiments were being conducted with C group provisioning could last the entire day.
On those days, data were recorded when individuals fed on non-provisioned foods found
around the provisioning site.

We used both group scan and continuous focal animal sampling methods to
collect behavioral data during daily group follows. Foraging was defined as behaviors
employed while searching for a food item. Feeding was defined as all behaviors required
to process, ingest, and masticate a food item. Once food was located, behaviors used to
process, ingest, and masticate food tissues were recorded. Since processing (e.g.,
rubbing) and ingestive (e.g., biting with incisors) behaviors overlapped, they were
grouped together as ingestive behaviors. Visual group scans were conducted to record the
behaviors of all individuals to determine the proportion of time spent engaged in an
activity (Altmann, 1974). Group scans were conducted at the beginning of each day and
after two consecutive focal animal follows. The individual’s primary behavior, position
on the ground or in the canopy, and nearest neighbors within three meters were recorded
during group scans (Altmann, 1974; Fragaszy et al., 1992). Individuals were scored as
foraging if they were searching for and/or consuming food items. All group members
were included and the duration of each scan was twenty minutes, regardless of whether
all individuals were located during the scan period. Scans with data from less than 75%
of the group were excluded.

Individual feeding behavior data were collected using fifteen minute continuous
focal animal sampling. Continuous sampling was selected because the low, relatively

open canopy permits observation of rapidly-occurring food processing behaviors
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(Altmann, 1974). The day was divided into three intervals: 6:00 to 10:00, 10:00 to 14:00,
and 14:00 to 18:00. Focal animals were selected semi-randomly (described in Chapter 2)
and included all weaned individuals. Study subjects were observed at least once during
each daily interval during the group's five day observation period, and individuals were
never followed more than once during each period. One hour elapsed between focal
follows of the same individual that occurred during two consecutive time intervals. All
feeding bouts, defined as continuous feeding on a single food item in the same patch,
were recorded during each focal follow. During the feeding bout, the start and end of the
bout, the food tissues consumed, the plant species if known, use of manual and oral
ingestive behaviors (e.g., food tissue placement on the tooth row), and the start and end
time of mastication were recorded using a digital voice recorder. Ingestive behaviors
include oral, manual, and oral-manual combination behaviors (Table 3.2). A total of 86
hours of feeding data were collected from focal animals. All audio files were transcribed
using the Observer XT software (Noldus, 2007).

After each feeding bout, food specimens were obtained by collecting foods
dropped or discarded by the capuchins. Food mechanical property data were collected on
these specimens using a HKU Darvell universal mechanical tester (Lucas et al., 2001).
The two food mechanical properties that influence food fragmentation are fracture
toughness (R) and Young's modulus (E). Fracture toughness is defined as the amount of
work required to propagate a crack of a given area through a material (Lucas, 2004).
Young's modulus describes a material’s ability to resist elastic deformation (Strait, 1997;

Lucas, 2004).
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Statistical analyses

Total feeding bout duration was divided into ingestion and mastication durations
per food tissue. Ingestion duration was further divided into time devoted to oral ingestive
behaviors (i.e., oral ingestion duration) or manual ingestive behaviors (i.e., manual
ingestion duration). Ingestive behaviors that included a manual component, such as biting
a food item with the incisors while pulling with the hands, were considered oral ingestive
behaviors. Feeding rates were calculated for each age class as the number of food tissues
ingested or masticated per minute per bout. Nonparametric statistical tests were used
since the data violated the assumptions of parametric tests after transformation attempts
to normalize the data. Kruskal-Wallis tests were used to compare the durations of
feeding, oral and manual ingestion, and mastication among age classes.

To assess age-related differences in ingestive behavior frequency, the number of
behaviors required to process a food tissue were summed for each feeding bout. We
grouped ingestive behaviors into six categories: 1) incisor use, 2) incisor use combined
with manual action, 3) canine use, 4) postcanine use, 5) postcanine use combined with
manual action, and 6) manual processing (Table 3.2). Behaviors were classified as either
point (i.e., lasting for a second or less such as pound) or continuous (i.e., lasting for
longer than second such as mastication). A Kruskal-Wallis test was used to compare the
frequency of ingestive behaviors among age classes.

A smaller data set in which the behavioral observations were associated with
fracture toughness and/or Young's modulus data was used to examine relationships
among food mechanical properties, feeding time, and feeding behaviors. Mean values of

R or E were used if one of these values was missing for a given food tissue. Spearman's
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rank correlation tests were used to examine correlations between food mechanical
properties and total feeding, oral ingestion, manual ingestion, and mastication durations.
Kruskal-Wallis tests were used to determine ingestive behavior differences within each
age class when processing foods of varying mechanical properties. For all tests, p-values
were determined using a Bonferroni-corrected post hoc pairwise Mann-Whitney U test.

Alpha level was set at 0.05 for all tests.

Results
Activity budget and diet composition

During the study period, activity budgets for both groups were similar (Fig. 3.1).
In C group, 41.2% of the time was spent foraging, 32.9% spent traveling, 19.8% spent
resting, 2.2% spent playing, 2.5% spent engaged in other activities, and 1.4% spent
grooming other individuals. In Z group, 40.0% of the time was spent foraging, 33.2%
spent traveling, 19.9% spent resting, 1.8% spent playing, 4.5% spent engaged in other
activities, and 0.5% spent grooming other individuals. Time spent foraging was not
significantly different between the study groups.

Among age classes, younger juveniles spent 47.9% of their time foraging, 27.0%
traveling, 15.8% resting, 3.5% spent playing, 4.6% spent engaged in other activities, and
1.2% spent grooming other individuals (Fig. 3.2). Older juveniles were observed foraging
49.3%, traveling 29.9%, resting 16%, playing 1.9%, engaging in other activities 2.6%,
and grooming 0.4% of the time. Subadults spent 44.5% of their time foraging, 32.5%
traveling, 16.8% resting, 4.7% spent playing, 1.6% spent engaged in other activities.

Subadults were not observed grooming other individuals. Adults spent 38.2% of their

71



time foraging, 34.7% traveling, 22.3% resting, .4% spent playing, 3.2% spent engaged in
other activities, and 1.2% spent grooming other individuals. There were significant
differences among age classes in time spent foraging (y* = 16.275, df = 3, p = 0.001).
Diet composition was largely similar across age classes (Table 3.3, Fig. 3.3).
Among the younger juveniles (Juv 1), invertebrates were the most frequently processed
foods (21%), followed by grasses (19%), bark (14%), and exo-mesocarp (13%). Older
juveniles (Juv 2) spent the majority of their time feeding on exocarp (20%), exo-
mesocarp (16%), insects (17%), and grasses (11%). Invertebrates (26%), grasses (13%),
bark (12%), seeds (11%), and exocarp (11%) were the most frequent processed tissue by
subadults. Adults also spent the majority of time processing insects (38%) and bark

(15%).

Age differences in feeding duration and feeding rate
Feeding duration

Mean duration of feeding, oral ingestion, manual ingestion, and mastication are
shown in Table 3.4. Total feeding duration was significantly different among age classes
(KW: H =20.15, df = 3, p < 0.001), with younger juveniles requiring more total feeding
time compared to adults (p < 0.001) (Fig. 3.4). Oral ingestion times also differed among
age classes (KW: H =29.42, df = 3, p < 0.001) (Fig. 3.5a). Younger and older juveniles
had longer oral ingestion durations compared to adults (p < 0.001). Younger juveniles
also devoted more time to oral ingestion compared to subadults (p < 0.001). The duration
of manual processing and mastication of food tissues did not differ significantly among

age classes (Table 3.4, Figs. 3.5b-3.6).
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Age-related differences in total processing duration of invertebrates were found
among age classes (KW: H = 7.959, df = 3, p = 0.04724), with young juveniles requiring
more time to process invertebrates than adults (p = 0.02799) (Table 3.5, Fig. 3.7). Time
spent feeding on grass tissues also differed among age classes (KW: H =15.98, df =3, p
=0.00115) (Table 3.5). For grasses, subadults required less time than adults (p = 0.0013)
and younger juveniles (p = 0.0130), and approached significance for the older juveniles
(p = 0.0989). Oral ingestion duration also varied among age classes when processing
exocarp (KW: H =9.841, df = 3, p =0.0231), flowers (KW: H=10.84,df =3,p =
0.0148), and grasses (KW: H =9.935, df = 3, p = 0.0203) (Table 3.6, Fig. 3.8). Post hoc
pairwise comparisons indicated that younger juveniles required longer oral ingestion
durations of exocarp tissues compared to subadults (p = 0.0343) and approached
significance for adults (p = 0.0605). Adults processed flower tissues with shorter oral
ingestions durations than both younger juveniles (p = 0.0470) and approached statistical
significance for older juveniles (p = 0.0678). Finally, subadults devoted less time to oral

ingestion when processing grass tissues than younger juveniles (p = 0.0231).

Feeding rates

Age classes differed in the number of tissues processed per minute (KW: H =
20.37, df = 3, p = 0.0001). Per feeding bout, adults processed foods faster than younger
juveniles (p = 0.0001). Although not statistically significant, adults also had faster
feeding rates than older juveniles (p = 0.1051). Significant differences in feeding rates
were found among age classes when processing grasses (KW: H = 10.65, df =3, p =

0.0138), invertebrates (KW: H = 8.064, df = 3, p = 0.045), and exocarp (KW: H = 7.834,

73



df = 3, p = 0.0497). Younger juveniles exhibited slower feeding rates relative to adults
when processing insects (p = 0.0261) as well as exocarp, though not significant (p =
0.059). When processing grass tissues, subadult feeding rates exceeded both younger
juveniles (p = 0.0124) and older juveniles, though not significant (p = 0.099).

A data set that included feeding duration and rate data with associated R and E
values was used to determine if age-related differences in durations and rate were related
to variation in food mechanical properties. Prior to a sequential Bonferroni correction
(Sokal and Rohlf, 1995), weak, but significant, positive correlations were found between
mastication duration and median Young's modulus (Spearman’s rs = 0.23, p < 0.001), oral
processing duration and median fracture toughness (Spearman's rs = 0.11, p = 0.03), and
oral processing duration and median Young's modulus (Spearman's rs = 0.12, p = 0.03).
After correcting for multiple pairwise comparisons, only the correlation between median

Young's modulus and mastication duration remained significant.

Age differences in ingestive behaviors

Total number of ingestive behaviors did not differ among adults, subadults, and
juveniles (Table 7). Within feeding behavior categories, there was age-related variation in
the frequency of manual behaviors (KW: H = 8.9, df = 3, p = 0.03) and incisal behaviors
(KW: H=10.52, df = 3, p = 0.01). Younger juveniles used less manual processing than
adults (MWU: p = 0.009) and employed more incisal processing behaviors than subadults
(MWU: p =0.006) (Table 3.8). Older juveniles also engaged in more incisal processing
behaviors, and this result approached significance (MWU: p = 0.056). Although not

significant, younger juveniles placed food tissues on the postcanine tooth row and
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combined postcanine and manual processing more frequently and used their canines less
than adults (Table 3.8).

To examine differences in how age classes ingest foods with varying material
properties, food tissues were classified according to ingestive behaviors and were
compared within each age class. Since canine and postcanine-manual use were relatively
rare compared to other behaviors, they were excluded from initial comparisons. Adults,
subadults, older juveniles, and young juveniles exhibited a similar behavioral pattern
when processing foods of increasing toughness or Young's modulus. Food tissues with
low median R and E values were processed using the incisors, hands, or incisors-hands in
combination, whereas food tissues with higher R and E values were placed on the
postcanine dentition for processing. Foods with high fracture toughness values were also
placed on the postcanine teeth, but this result was only significant for adults and
subadults (KW, subadults: H = 10.49, df = 3, p = 0.015, Fig. 3.11a; KW, adults: H =
14.61, df = 3, p = 0.002, Fig. 3. 12a) (Table 3.9). All age classes placed food tissues with
high Young's modulus values on the postcanine tooth row (KW, younger juveniles: H =
17.42, df = 3, p = 0.0006, Fig 3. 9b; KW, older juveniles: H = 14.13, df = 3, p = 0.0027,
Fig.3.10b; KW, subadults: H = 15.78, df = 3, p = 0.0012, Fig. 3.11b; KW, adults: H =
17.65, df = 3, p = 0.0005, Fig. 3.12b). When the younger and older juvenile data were
combined, sample sizes for canine and postcanine-manual behaviors were small but
sufficient to compare with adults (Table 3.10). Juveniles ingested food tissues with
significantly higher Young's modulus values using postcanine ingestive behaviors than
with the incisors (E: H = 36.35, df =5, p <0.0001, Fig. 3.13). Adults ingested food

tissues with significantly higher fracture toughness and Young's modulus values using
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postcanine ingestive behaviors alone and postcanine-manual behaviors than with incisal
ingestive behaviors (R: H =21.6, df =5, p = 0.0006; E: H = 23.49, df = 5, p = 0.0003,

Fig. 3.14).

Discussion

C. libidinosus juveniles and adults have been shown to breach foods of
comparable fracture toughness and Young's modulus, indicating that the food items
orally processed by adults are available to juveniles after weaning (Chapter 2). In this
study, differences in feeding strategies were demonstrated among age classes.
Specifically the time spent feeding, feeding rate, and frequency of ingestive behaviors
differed among age classes. When total feeding duration is divided into oral ingestive,
manual ingestive, and mastication durations, significant differences in time devoted to
oral ingestion were found between adults and juveniles, providing general support for the
assumption of reduced ecological competence in juveniles. Oral ingestion duration was
positively correlated with both median fracture toughness and median Young's modulus,
and mastication duration was positively correlated with median Young's modulus.
Comparisons within ingestive behavior categories revealed significant differences in the
number of incisal and manual ingestive behaviors among age classes. Age classes also
processed mechanically demanding tissues in largely the same manner. Adults and
juveniles used incisal ingestive behaviors when processing foods with lower fracture
toughness and Young's modulus. As R and E values increased, individuals incorporated
manual ingestive behaviors and then shifted placement to the postcanine tooth row for

tissues with the highest median R and E values.
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Variation in proportion of time spent foraging

Activity budgets were largely similar between both groups of C. libidinosus. Both
groups devoted between 40-41% of their time to foraging, and no significant differences
were found between groups in time spent foraging. Activities that showed more
variability between the groups included social behaviors, such as grooming and playing.
C group spent more time engaged in these social behaviors compared to Z group, which
may reflect the influence of provisioning on the overall behavior of the group. Although
not quantified, agonistic interactions also appeared to be more elevated in this group
compared to Z group (per. obs.).

Juvenile C. libidinosus were expected to devote more time to foraging than adults,
since previous studies have found age differences in foraging investment in a species of
howler monkey (A. palliata) (Raguet-Schofield, 2010) and other capuchin species
(Fragaszy, 1990a; Janson and van Schaik, 1993; O'Malley and Fedigan, 2005a). Results
from this study support this prediction. Younger juveniles spent 9.7% more time foraging
compared to adults. The proportion of time spent foraging relative to adults increased to

11.1% in older juveniles.

Variation in feeding duration and feeding rate among age classes

The prediction that juveniles would process mechanically demanding food tissues
for longer durations was supported. Overall, juveniles required longer total feeding
duration and exhibited lower feeding rates compared to adults as result of prolonged oral

ingestion durations. Additionally, age-related differences in feeding durations and rates
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were most pronounced for food tissues most frequently consumed during the study
period, including invertebrates, grasses, and fruit outer tissues, suggesting an increase in
energy expenditure by juveniles during feeding and overall lower food intake. Holling
(1959) proposed that energy intake rates can be predicted by the energy gained from
consuming a food item divided the sum of the time spent finding and handling the food
item (i.e., ingestion, mastication, and digestion) (Stephens and Krebs, 1986). Under this
model, locating and processing foods do not occur simultaneously (Holling, 1959).
However, recent studies have shown some birds (Caldow and Furness, 2001; Stillman
and Simmons, 2006) and mammalian herbivores (Spalinger and Hobbs, 1992; Fortin et
al., 2004) overlap time spent handling the current food item with time spent finding the
next. Primates also appear to use this foraging strategy. For instance, the Boa Vista
capuchins masticated tissues while actively searching for their next food item. Drawing
on Holling's work, functional models have demonstrated that models predicting food
intake rate perform better when incorporating time spent ingesting (i.e., cropping) and
masticating foods along with patch density (e.g., Spalinger and Hobbs, 1992; Gross et al.,
1993; Hobbs et al., 2003). When food patches are clumped in space, food geometry and
size appear to be the most important factors influencing intake rate because of their direct
effect on bite size (Hobbs et al., 2003). Based on these models, the reduced feeding rates
observed in the Boa Vista juveniles may be the result of smaller bite volumes compared
to adults. The increased vigilance of juveniles and their tendency to forage and feed near
others in the center of the group may also contribute to their prolonged ingestion duration

and lower food intake (Janson, 1985; Janson and van Schaik, 1993).
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Although the data can not directly test this hypothesis, if juveniles are less
efficient at processing the most important foods in their diets, they may be under more
nutritional stress than adults during the dry season. Moreover, such stress appears to
adversely impact recently-weaned individuals more so than older juveniles and subadults
(Altmann, 1991; Oftedal, 1991). Gladman (2011) reported preliminary results comparing
linear enamel hypoplasia (LEH) frequencies among Cebus species. C. apella was found
to have higher LEH frequencies than C. albifrons and C. olivaceus. The data presented
here support this finding, indicating that tufted capuchins undergo periods of stress
during development. It is important to note, LEH frequency is not necessarily indicative
of nutritional stress and does vary among habitats in Cebus (Chollet and Teaford, 2010).
While the degree of nutritional stress in the Boa Vista capuchins remains to be
demonstrated, the relative abundance of invertebrates in the diet likely does not positively
impact juvenile energy intake, since fruit yields more energy per unit time than searching
for insects (Janson, 1985). Instead, the high proportion of invertebrates may reflect the
relatively low fruit abundance and the low water availability during dry season (Fragaszy
et al., 2004b). However, juveniles may compensate for their reduced feeding efficiency
relative to adults by increasing their daily time spent foraging. Direct transfer or
scrounging behaviors for high-quality foods from adults, both of which were observed
during this study, may also serve to buffer younger juveniles during the dry season
(Fragaszy et al., 1997b; Gunst et al., 2010b).

Overall, mastication time was positively correlated with median Young's
modulus. There was also a positive relationship between oral ingestion duration and both

median fracture toughness and median Young's modulus, indicating foods with higher R
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and E values required longer processing times. However, there was no consistent
relationship between food tissues with greater R and E values and differences in oral
ingestion duration among the age classes. For example, processing a relatively tough
tissue, such as bark, required similar ingestion durations from juveniles and adults, but
age differences in oral ingestion times were apparent when processing other tissues (e.g.,
fruit exocarp). Therefore, food mechanical properties influenced oral ingestion durations,
but duration differences among age classes varied with tissue type and possibly varied
within food tissue types. For instance, young juvenile C. apella required longer palm fruit
harvesting times; however, time spent engaged in other ingestive processing behaviors
such as peeling the fruit's exo-mesocarp or mastication of the mesocarp was comparable
among individuals as young as one year old (Gunst et al., 2010b). Thus, age-related
differences in efficiency were found to be related to one aspect of the feeding sequence.
While food mechanical properties influence the amount of time required for ingestive
behaviors, differences in oral ingestion duration across age classes are likely food

specific.

Variation in ingestive behaviors among age classes

There was mixed support for the null hypothesis that adults and juveniles would
utilize comparable frequencies of feeding behaviors. Adults, subadults, and juveniles
were found to employ comparable numbers of ingestive behaviors. However, within each
behavior category there were notable trends among age classes generally supporting the
third prediction. Overall, juveniles more frequently processed foods on the postcanine

tooth row alone or combined with manual actions. The youngest juveniles used these
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ingestive behaviors more than any other age class. Adults more frequently ingested
tissues using the incisors and canines compared to juveniles and performed significantly
more manual ingestive behaviors than the youngest juveniles.

As expected, adults, subadults, and juveniles ingested food tissues of varying
mechanical toughness in a similar manner. All individuals placed foods with lower
fracture toughness and Young's modulus values on the anterior dentition, whereas food
tissues with greater R and E values were processed with the postcanines. Young's
modulus was found to be a significant indicator of whether tissues were ingested using
the incisors or postcanines in all age classes. These results indicate that food stiffness
plays an important role during ingestion in these primates. Fracture toughness was
significant indicator of ingestive behaviors in subadults and adults. Food size may
explain why toughness impacted tooth row use in adult and subadults but not the juvenile
age classes. Juveniles were found to select smaller fruits than adults and subadults, and
fruit size was positively correlated with increased toughness and Young’s modulus
(Chapter 2). If juveniles are gape limited because of their small body size, then they may
not be able to successfully process larger food items with higher toughness values. For
example, at Boa Vista juveniles often removed large Eschwieleria sp. fruits only to
discard them after they were unable to open them. For all age classes, combining incisor
or postcanine use with manual action allowed individuals to process tissues with greater
fracture toughness or Young's modulus values than using the dentition alone.

From a mechanical perspective, placing more demanding food tissues on the
postcanine dentition allows for greater muscle force production at the bite point relative

to anterior bite points and improves feeding efficiency. When fed fruits of different
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hardness, bat species altered feeding behaviors by increasing the frequency of postcanine
bites during hard fruit processing (Dumont, 1999). Similarly, lemurs processed foods
with high toughness values using the postcanine dentition (Yamashita, 2003). This
increase in bite force on the postcanines may provide a functional explanation for the
more frequent postcanine ingestive behaviors employed by juveniles in this study. The
cranial shape of younger juveniles may be less structurally robust and therefore more
likely to fail than adult crania when ingesting mechanically challenging foods using the
anterior dentition.

As tufted capuchins grow, features of cranium associated with a mechanically
demanding diet (e.g., palate width, postorbital constriction, bizygomatic breadth) develop
and the mechanical advantage of the masseter and temporalis muscles increase at incisal
and canine bite points (Cole, 1992). By adulthood, tufted capuchins exhibit larger
masticatory muscle physiological cross-sectional area (Taylor and Vinyard, 2009) and
greater masseter and temporalis mechanical advantage at postcanine and incisal bite
points compared to untufted species, allowing them to ingest mechanically demanding

tissues using anterior or postcanine teeth (Wright, 2005; Constantino, 2007).

Conclusion

Adult and juvenile diets were largely similar during the study period, with
invertebrates, fruits, and grasses contributing to the majority of the diet. Consistent with
the JRA hypothesis, juveniles were found to be more inefficient in terms of feeding
duration and feeding rate compared to adults and may compensate by spending more time

feeding during the day. A major implication of these results is that juvenile may be more
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nutritionally stressed than adults during the dry season. However, data on the nutritional
composition of the foods at Boa Vista are needed to test this hypothesis.

The data presented here provide little support for the notion that juvenile and
adult diets differ because juveniles lack the skill set needed to access adult foods.
Although the types of ingestive behaviors differed, with juveniles tending to use less
manual and more postcanine processing than adults, total frequency was comparable
across age classes. Placement of foods with higher toughness and Young’s modulus was
also similar across age classes. The results presented here demonstrate that varying
behavioral strategies provide a better explanation of age-related variation in diet than

food mechanical properties alone.
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Table 3.1 Demographics of study groups

C Group

Age
Adults
Male
Female
Subadults
Male
Female
Older juveniles (Juv2)
Male
Female
Younger juveniles (Juvl)
Male
Female
Infants (sex unknown)

Z Group

Age
Adults
Male
Female
Subadults
Male
Female
Older juveniles (Juv2)
Male
Female
Younger juveniles (Juvl)
Male
Female
Infants (sex unknown)
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Table 3.2 Description of ingestive behaviors recorded during C. libidinosus feeding

Behaviors Name Description Event  Processing
type category

Oral ingestive Canine bite Open/puncture tissue with canine, without pulling action Point CAN
Incisor bite Open/puncture tissue with incisors, without pulling action Point |
Postcanine bite Open/puncture food with postcanine dent, without pulling action Point P

Oral-manual Canine fulcrum Place food on canine and use hands to apply outward force (fulcrum) Point CAN

ingestive
Canine pull Open/puncture tissue with incisors, without pulling action State CAN
Incisor pull Place food on incisors and use head pull with force directed away from the body State IM
Incisor pull with fore-  Place food on incisors and use head or limbs pull with force directed away from the body State IM
/hindlimb
Incisor strip Place food on incisors and use hand to pull food apart with less force required for pull Point IM
Postcanine chew Chew food on postcanine dentition while holding item with hand without pulling action State PM
Postcanine fulcrum Place food on postcanine dentition and use hands to apply downward force (fulcrum) State PM
Postcanine strip Swallow food State PM
Postcanine pull Place food on postcanine dentition and use head pull with force directed away from the body State PM
Postcanine pull with  Place food on postcanine dentition and use head or limbs pull with force directed away from the State PM
fore-/hindlimb body

Manual ingestive Dig Dig with hands or stick State M
Pound Strike food against substrate Point M
Pull apart Pulls/break food apart with hands State M
Rub Rub food substrate/hands State M
Tap Tap food item with finger Point M
Fulcrum Force applied to food object against a substrate Point M
Finger process Use fingers to access small foods Point M

Other behaviors Drink Drinking Point
Masticate Chew food with postcanine dentition without use of hands State

CAN, canine use; I, incisor use; IM, incisor use combined with manual action; P, postcanine tooth use; PM, postcanine tooth use combined with manual action

85



Table 3.3 Comparison of food tissue composition in the diet among age classes

Juvenile 1 Juvenile 2 Subadult Adult
Bark 26 15 21 114
Exocarp 15 42 19 47
Exo-mesocarp 25 35 16 71
Flower 5 7 6 15
Grass 37 23 22 57
Insect 40 37 44 287
Mesocarp 4 7 8 14
Other 8 10 2 20
Root 12 19 13 65
Seed 18 18 18 58
Total 190 213 169 748

Values represent total number of times food tissue were processed.

86



Table 3.4 Summary statistics of feeding durations among age classes

Total feeding Oral ingestion Manual ingestion Mastication
N Mean (sec) SD Mean (sec) SD Mean (sec) SD Mean (sec) SD
Juv 1 190 44.04 57.62 7.35 19.08 3.00 17.25 18.15 29.65
Juv 2 213 47.47 99.84 7.17 15.70 5.34 21.68 22.85 60.49
Subadult 169 38.87 62.29 5.32 10.68 5.03 19.88 20.92 48.20
Adult 748 36.83 80.70 5.36 14.76 4.14 15.14 19.17 57.66

Total feeding duration is divided into oral ingestion, manual ingestion, and mastication durations.

SD = standard deviation.
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Table 3.5 Bonferroni-corrected post hoc pairwise comparisons of total feeding
duration of food tissues among age classes

Bark

Adult
Subadult
Juvenile 2
Juvenile 1

Exocarp

Adult
Subadult
Juvenile 2
Juvenile 1

Exo-mesocarp

Adult
Subadult
Juvenile 2
Juvenile 1

Flower

Adult
Subadult
Juvenile 2
Juvenile 1

Grass

Adult
Subadult
Juvenile 2
Juvenile 1

Adult

1
1
0.3945

Adult

0.0604

Adult

Adult

0.0532

Adult

0.0013
0.3515
1

Subadult

1
0.4498

Subadult

0.5933

Subadult

Subadult

Subadult

0.0989
0.0130

Juv 2

0.6060

Juv 2

0.0666

Juv 2

Juv 2

Juv 2

Invertebrates

Adult
Adult
Subadult 1
Juvenile 2 1
Juvenile 1 0.0280
Mesocarp

Adult
Adult
Subadult 0.455

Pooled juveniles 0.5126

Other

Adult-

subadult

Adult-subadult
Juvenile 2 1
Juvenile 1 0.6674
Root

Adult
Adult
Subadult 0.2014
Juvenile 2 1
Juvenile 1 1
Seed

Adult
Adult
Subadult 1
Juvenile 2 1
Juvenile 1 0.2038

Subadult

1
0.6937

Subadult

Juv 2

1

Subadult

0.2090
0.3635

Subadult

1
0.9246

Juv 2

0.2534

Juv 2

1

Juv 2

0.2668

Significant p-values are in bold.
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Table 3.6 Bonferroni-corrected post hoc pairwise comparisons of oral
ingestion duration of food tissues among age classes

Bark Invertebrates
Adult Subadult Juv 2 Adult Subadult Juv?2
Adult Adult
Subadult 1 Subadult 1
Juvenile 2 1 1 Juvenile 2 1 1
Juvenile 1 0.6480 1 1 Juvenile 1 0.2492 1 1
Exocarp Mesocarp
Adult  Subadult Juv 2 Adult Subadult
Adult Adult
Subadult 1 Subadult 0.1418
Juvenile 2 1 0.8017 0 Pooled juveniles 0.2677 1
Juvenile 1 0.0605 0.0343 0.1902
Exo-mesocarp Other
Adult Subadult Juv2 Adult- = o
subadult
Adult Adult-subadult
Subadult 1 Juvenile 2 1
Juvenile 2 1 1 0 Juvenile 1 0.6602 0.7324
Juvenile 1 1 1 1
Flower Root
Adult Subadult Juv?2 Adult Subadult Juv?2
Adult Adult
Subadult 1 Subadult 1
Juvenile 2 0.0678 1 0 Juvenile 2 1 1
Juvenile 1 0.0470 0.8538 1 Juvenile 1 1 1 1
Grass Seed
Adult Subadult Juv2 Adult Subadult Juv2
Adult Adult
Subadult 0.6990 Subadult 1
Juvenile 2 1 0.3697 Juvenile 2 1 1
Juvenile 1 0.2108 0.0231 1 Juvenile 1 1 1 1

Significant p-values are in bold.
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Table 3.7 Summary statistics of ingestive processing behavior among age classes

Incisor

Incisor-manual

Canine

Postcanine

Postcanine-
manual

Manual

N

Mean behavior/food/bout
SD
Max

Mean behavior/food/bout
SD
Max

Mean behavior/food/bout
SD
Max

Mean behavior/food/bout
SD
Max

Mean behavior/food/bout
SD
Max

Mean behavior/food/bout
SD
Max

Age class

Juv 1 Juv2 Subadult Adult
164 177 132 511
2.47 2.85 2.18 2.71
4.44 6.33 6.18 8.42
34.00 46.00 51.00 118.00
1.88 2.92 2.13 2.19
4.05 7.43 5.08 6.63
31.00 82.00 45.00 119.00
0.06 0.08 0.08 0.09
0.30 0.39 0.46 0.66
2.00 3.00 4.00 10.00
1.75 1.43 1.54 1.38
3.59 3.54 3.79 3.46
18.00 27.00 24.00 31.00
0.32 0.21 0.13 0.17
1.53 1.35 0.64 1.08
13.00 14.00 5.00 18.00
1.32 2.40 2.21 1.88
3.87 5.89 5.26 3.80
33.00 35.00 44.00 32.00

SD = standard deviation
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Table 3.8 Median R and E of ingestive behavior among age classes

Juvenile 1

Juvenile 2

Subadult

Adult

Incisor Incisor- Canine  Postcanine  Postcanine- Manual
manual manual

N 45 43 3 39 4 38
Median R (3/m?) 1032.5 1333.5 1032.5 1358.8 2601.8 1355.7
Median E (MPa) 8.3 459.2 1902.8 23125 1359.3 188.0
N 47 45 5 24 5 38
Median R (J/mz) 1806.9 1874.9 2346.5 1967.8 2098.1 1569.6
Median E (MPa) 84.3 151.1 41.8 1482.9 627.0 32.7
N 18 25 1 25 3 18
Median R (J/mz) 1346.3 2614.4 2776.8 2614.4 2919.0 2026.8
Median E (MPa) 29.3 63.2 45.3 1864.3 2530.5 15.4
N 100 101 13 76 12 105
Median R (J/mz) 827.0 1732.0 1887.0 1834.0 2339.8 1511.3
Median E (MPa) 17.8 41.9 15.6 583.2 236.8 18.9
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Table 3.9 Bonferroni-corrected post hoc pairwise comparisons among median R and E of ingestive behaviors

Age class R median E median

Juvenile 1 Incisor Ir:::l?; Manual Incisor Ir;:;:qsl?; Manual

Incisor Incisor

Incisor-manual 1 Incisor-manual 0.1693

Manual 1 1 Manual 0.7473 1

Postcanine 0.1109 0.4280 0.7485 Postcanine 0.0002 0.6087 0.0398
Juvenile 2 Incisor ::Z:Sarl Manual Incisor Ir:(;:i?; Manual

Incisor Incisor

Incisor-manual Incisor-manual 1

Manual Manual 1 1

Postcanine 1 Postcanine 0.0037 0.0583 0.0103
Subadult Incisor If:;:s; Manual Incisor :2;:3; Manual

Incisor Incisor

Incisor-manual 0.6536 Incisor-manual 1

Manual 1 1 Manual 1 1

Postcanine 0.0338 0.7124 0.0619 Postcanine 0.0014 0.0732 0.0127
Adult

Incisor Incisor- Manual Incisor Incisor- Manual
manual manual

Incisor Incisor

Incisor-manual 0.0124 Incisor-manual 0.2883

Manual 0.0339 Manual 0.9958 1

Postcanine 0.0106 1 Postcanine 0.0003 0.0613 0.0293

Significant p-values are in bold.
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Table 3.10 Bonferroni-corrected post hoc pairwise comparisons among median R and E of ingestive behaviors

Age class R median E median
I.DOOIE.d Canine Incisor Incisor- Manual Postcanine Canine Incisor Incisor- Manual Postcanine
juvenile ual manual
Canine Canine
Incisor 1 Incisor 1
Incisor- 1 1 Incisor- 1 0.2329
manual manual
Manual 1 1 1 Manual 1 1 1
Postcanine 1 1 1 1 Postcanine  0.7123 <0.0001 0.0152 0.0002
Posteanine- 5691 04288 02019 1 Posteanine- ;0860 1 0.6438 1
manual manual
Adult
Canine Incisor Incisor- Manual Postcanine Canine Incisor Incisor- Manual Postcanine
manual manual
Canine Canine
Incisor 1 Incisor 1
Incisor- 1 0.0311 Incisor- 1 0.7208
manual manual
Manual 1 0.0848 1 Manual 1 1 1
Postcanine 1 0.0266 1 1 Postcanine 1 0.0009 0.1531 0.0733
Postcanine- 4 45161 0.0921 0.1322 1 Postcanine- 781 00152 04699 0.2063 1
manual manual

Significant p-values are in bold.
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Figure 3.1: Proportion of time study groups spent engaged in daily activities. Activity budgets include data
collected from all group members.

94



100% -~

90% -
")
QL 80% -
e
=
‘g 70% -
S
- 60% -
Q
°
q>_) 50% -
©
GE) 40% -
*g ® Groom
> 30% -
H Other
20% - H Play
M Rest
10% -
A H Travel
0% - B Forage
Juv1 Juv 2 Subadult Adult
Age class

Figure 3.2: Proportion of time adults, subadults, and juveniles spent engaged in daily activities. Age classes in adults (n =
17), subadults (n = 3), and weaned juveniles (n = 8). The adult age class includes all individuals estimated to over six years
of age. The subadult age class includes all individuals estimated to be between the ages of six and four. Juveniles were
divided into two age classes. Juvenile 2 (Juv 2) includes juveniles between the ages of four and three, and juvenile 1 (Juv 1)
includes weaned to three year old individuals.
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Figure 3.3: Proportion of food items in the diet. BA, bark; EX, exocarp; EXM, exo-mesocarp; FL, flower;
GR, grass; IN, invertebrates; ME, mesocarp; OT, other; RT, roots; SE, seed.
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Figure 3.4: Adult, subadult, and juvenile, mean total feeding duration (sec).
Error bars represent one standard deviation from the mean. Lines connecting
age classes represent ages that show significant differences.
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Figure 3.5: Adult, subadult, and juvenile (a.) mean oral ingestion duration (sec)
and (b.) mean manual ingestion duration (sec). Error bars represent one
standard deviation from the mean. Lines connecting age classes represent ages
that show significant differences.
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Figure 3.6: Adult, subadult, and juvenile mean mastication durations (sec). Error
bars represent one standard deviation from the mean. There are no significant
differences in mastication duration among age classes.
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differences.
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Figure 3.8: Age class differences in mean oral ingestive duration (sec) when processing different food
tissues. Error bars represent one standard deviation from the mean. Lines connecting age classes represent
ages that show significant differences.
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Figure 3.9: (a.) Median fracture toughness R (J/m?) and (b.) Young's modulus E
(MPa) of foods processed by the younger juveniles (Juvl) using different
ingestive behaviors. Lines connecting age classes represent ages that show
significant differences.

102



Ln median R (J/m?)

4 T T T T
Incisor Incisor-manual Manual Postcanine
Ingestive behavior

b.
*
10 - ’_\_‘ ’_l_‘
*

g | . [, [ | |
< 4
o 6
=3
w
4
g
@
=
c 2 A
-

1 .
0 A o

Incisor Incisor-manual Manual Postcanine
Ingestive behavior

Figure 3.10: Median fracture toughness R (J/m?2) and (b.) Young's modulus E
(MPa) of foods processed by the older juveniles (Juv2) using different ingestive
behaviors. Lines connecting age classes represent ages that show significant
differences.
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Figure 3.11: Median fracture toughness R (J/m?) and (b.) Young's modulus E
(MPa) of foods processed by subadults using different ingestive behaviors. Lines
connecting age classes represent ages that show significant differences.
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Chapter 4. Finite element analysis of feeding performance in an ontogenetic sample

of Cebus libidinosus

Abstract

Research examining craniofacial adaptations to diet has traditionally focused on
adults, despite considerable evidence that changes in dietary consistency through
development influence adult masticatory morphology. Here the impact of age-related
changes in cranial shape on biomechanical performance was examined in a species of
tufted capuchin Cebus libidinosus using finite element analysis. Four finite element
models (FEM) were built of C. libidinosus crania at different developmental stages to test
if the adult cranium was more structurally resistant to permanent deformation and spent
less energy on deformation compared to juvenile and subadult crania. Suture volumes
were modeled in the three non-adult crania to examine the effect of sutures at multiple
stages of development in a platyrrhine species. At most bite points, the adult FEM was
more structurally resistant at the majority of sampled facial regions, but was less efficient
with respect to deformation compared to the non-adult models. When muscle forces
applied to the non-adult models are increased to yield equivalent bite point reaction
forces across age classes, the juvenile and subadult models exhibited increased stress and
strain energy density throughout the face. Sutures had little overall effect on von Mises
stress distribution but decreased the stiffness of crania, resulting in an increase in total
strain energy. These results support comparative evidence indicating that the tufted

capuchin cranium is resistant to diverse mechanical loads and the ability to produce and
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dissipate masticatory stress improves with age. These results provide a functional

explanation for feeding behavior variation observed among age classes.
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Introduction

Food properties, including fracture toughness and Young's modulus, have been
shown to influence masticatory muscle activity and jaw movements during mastication as
well as skull morphology. Electromyographic data indicate that incision and mastication
of foods with varying mechanical properties alters masticatory muscle recruitment
patterns (Horio and Kawamura, 1989; Hylander et al., 1992; Hylander and Johnson,
1994; Agrawal et al., 1998; Anapol and Herring, 2000; Vinyard et al., 2006; Kohyama et
al., 2008; Vinyard et al., 2008). Dietary variation also results in evolutionary changes to
the external and internal masticatory muscle morphology. The masticatory muscles of
animals that consume mechanically demanding diets have larger physiological cross-
sectional areas, larger muscle fiber cross-sectional areas, increased heterogeneity of jaw-
muscle fiber type, and relatively more fast-twitch (Type I1) jaw-muscle fibers than slow-
twitch (Type 1) fibers in masseter and temporalis muscles (Maxwell et al., 1979;
Kiliaridis et al., 1988; Bredman et al., 1992; Kiliaridis, 1995; Anapol and Herring, 2000;
Langenbach et al., 2003; Saito et al., 2004; Taylor et al., 2006; Abe et al., 2007; Grunheid
et al., 2009; Taylor and Vinyard, 2009; Kawai et al., 2010; Ravosa et al., 2010).

Mastication sequence durations and jaw movements also vary when processing
foods with different mechanical properties. Cebus apella exhibits shorter mastication
sequences and requires fewer chews when masticating natural foods (i.e., non-synthetics)
with high (R/E) *ratios, which are considered high toughness foods by the authors (Reed
and Ross, 2010). Reed and Ross (2010) also found that high toughness foods elicit larger
vertical jaw movements and smaller lateral jaw movements than low toughness foods.

However, in humans, foods with high (R/E) “ratios produce larger lateral jaw movements
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of the mandible than low toughness foods, and variation in vertical jaw movements is
correlated with ingested food volume (Agrawal et al., 2000).

During mastication, bone strain levels in the face and mandible are observed to be
relatively high in the masticatory apparatus, including the anterior root of the zygoma,
anterior aspect of the zygomatic arch, and postcanine mandibular corpus, but relatively
low in other regions of the skull, such as the supraorbital region and orbital walls
(Hylander et al., 1991; Hylander and Johnson, 1997; Ravosa et al., 2000; Ross, 2001).
When masticating foods of high toughness and Young's modulus, strain magnitudes in
the anterior zygomatic arch of macaques are three times greater than the posterior
zygomatic arch (Hylander and Johnson, 1997). Strain magnitudes are also more similar
between working and balancing sides during mastication of mechanically demanding
foods, suggesting an increase in balancing side masseter muscle force compared to
muscle recruitment when chewing soft foods (Hylander and Johnson, 1997).

Strain magnitudes and gradients are broadly similar between subadult and adult
macaques; however, unlike adults, high strain regions in young individuals contain high
secondary osteon densities indicative of bone remodeling, suggesting that immature bone
IS more sensitive to variation in mechanical environment than adult bone (Bouvier and
Hylander, 1996; Pearson and Lieberman, 2004). Changes in mechanical environment
may result from growth-related regional changes in bone and soft tissue orientation and
increased dietary mechanical demands (Beecher and Corruccini, 1981; Bouvier and
Hylander, 1981, 1984; Bouvier, 1988; Kiliaridis et al., 1988; Kiliaridis, 1995; Bouvier
and Hylander, 1996; Lieberman et al., 2004; Ravosa et al., 2007; Ravosa et al., 2008;

Ravosa et al., 2010). For example, juvenile rock hyraxes consuming raw food diets
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experienced increased growth and high bone strains in the lower facial compared to
animals that ate softer, cooked foods (Lieberman et al., 2004).

Increased bone strain caused by consuming mechanically demanding foods can be
reduced by improving the structural resistance of the skull. Previous research in a diverse
array of mammalian species has demonstrated that dietary differences influence cranial
and mandibular morphology, suggesting certain traits reduce stress in the skull when
processing mechanically demanding foods (Beecher and Corruccini, 1981; Bouvier and
Hylander, 1981; Beecher et al., 1983; Bouvier and Hylander, 1984; Daegling, 1992;
Daegling and McGraw, 2001; Lambert et al., 2004; Taylor et al., 2006; Constantino,
2007). Together these findings suggest not only that juvenile bone is influenced by
changes in mechanical loading environments, but that altering loads during development
has a marked influence on adult skull shape. In this study, we use finite element analysis
to investigate the influence of cranial shape changes on von Mises stress and strain

energy distributions during development in a species of tufted capuchin (C. libidinosus).

Masticatory adaptations in tufted capuchins

Tufted capuchins (C. apella, C. libidinosus, C. xanthosternos, C. nigritus, C. cay,
C. robustus, and C. macrocephalus) possess a suite of cranial and mandibular traits
hypothesized to be adaptations for generating and dissipating masticatory forces
necessary to fracture mechanically demanding tissues. Compared to untufted species, C.
apella has a more orthognathic face with more anteriorly-placed masseter and temporalis
muscle attachments resulting in increased muscle mechanical advantage and reduced

bending stresses in the face (Anton, 1996; Wright, 2005; Constantino, 2007). Combined
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with the posterior position of the dental arcade, this facial morphology indicates C. apella
is capable of processing a range of mechanically demanding tissues (Wright, 2005).
Compared to untufted species, C. apella exhibits vertically deeper corpora and
symphyses with increased cortical bone thickness suggesting improved resistance to
bending in the sagittal plane and torsional loads along the corpora as well as lateral
bending the transverse plane (wishboning) and vertical bending at the symphysis during
incision and mastication (Bouvier, 1986; Cole, 1992; Daegling, 1992; Constantino,
2007). Wright et al. (2009) present preliminary data that showed when body size is taken
into account, mandibular morphology of C. libidinosus is comparable to C. apella. Thus,
the structurally robust skull morphology of tufted capuchins appears to be adapted to
diverse mechanical loading environment (Wright, 2005). This idea has been supported
with data on the internal architecture of C. apella masticatory muscles. Despite the
relatively large physiological cross-sectional areas, C. apella masticatory muscles do not
exhibit architectural traits associated with increased force production, suggesting a
selective pressure to maintain the ability to produce large gapes (Taylor and Vinyard,
2009).

Previous studies have found that interspecific differences in craniofacial
morphology associated with mastication (e.g., laterally-flared zygomatic arches) emerge
during capuchin ontogeny and may relate to increased use of the masticatory apparatus in
C. apella for processing mechanically demanding foods (Corner and Richtsmeier, 1991,
Masterson, 1997; O'Higgins et al., 2001). C. apella facial morphology was found to
experience less shape change during development relative to Cercocebus torquatus

(O'Higgins et al., 2001), suggesting tufted capuchin juveniles are geometrically similar to
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adults and may exhibit improved masticatory forces resistance abilities in the cranium.
While relative synchrony of cranial and mandibular development is difficult to determine
because of methodological differences among studies, interspecific differences in
mandibular shape to resist increased masticatory loads may appear earlier in development
than cranial traits in C. apella compared to C. albifrons (Corner and Richtsmeier, 1991;
Cole, 1992; Masterson and Hartwig, 1998) .

Finite element analysis (FEA) provides a powerful method to evaluate
deformation of biological structures in response to loading stresses (Korioth and Versluis,
1997; Macho et al., 2005; Richmond et al., 2005; Ross, 2005; Ryan and van Rietbergen,
2005; Kupczik et al., 2007; Rayfield, 2007a, b; Wang et al., 2007b; Kupczik et al., 2009;
Panagiotopoulou, 2009; Strait et al., 2009; Wang et al., 2010b; Chalk et al., 2011;
Dumont et al., 2011; Nakashige et al., 2011; Panagiotopoulou et al., 2011; Reed et al.,
2011). This study uses FEA to test the hypothesis that the adult tufted capuchin cranium
will exhibit increased force resistance ability compared to the non-adult crania at anterior
and postcanine bite points. Specifically the adult cranium is expected to be (1) more
resistant to stress and exhibit lower values of von Mises stress (i.e., improved resistance
to permanent deformation) and (2) more energetically efficient during deformation and
exhibit lower strain energy values. Since previous studies have reported mixed results on
the impact of sutures in macaques (Kupczik et al., 2007; Wang et al., 2008; Kupczik et
al., 2009; Wang et al., 2010b), their effects on stress and strain energy variables is also
examined here. As with macaques, sutures in the juvenile tufted capuchin models are

predicted to have minimal effects on overall stress and strain energy distributions.
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Materials and Methods
Model creation

The finite element models used in this study were built from high resolution p-CT
scans of four, male, wild-captured C. libidinosus (NMNH 518338, NMNH 518467,
NMNH 518367, NMNH 518415) housed at the National Museum of Natural History
(Smithsonian Institution, Washington D.C.). Specimens were selected for completeness
and approximate ages at death, which correspond with the age categories observed at Boa
Vista. Ages at death were estimated using dental eruption and suture fusion sequences
(Fleagle and Schaffler, 1982; Galliari, 1985; Fragaszy et al., 2004b; Henderson, 2007).
Table 4.1 shows the estimated age ranges and scanning details of each specimen. Thus,
each FEM can be placed in the younger juvenile (J1), older juvenile (J2), subadult (SA),
and adult (AD) age class used in Chapters 2 and 3. Scans for each individual were
generated and processed by the University of Texas at Austin High Resolution X-Ray CT
Facility.

The p-CT scans for each individual were converted into a finite element mesh
using a two-step procedure: 1) segmentation of the scans to generate surface polygon
models and 2) refinement of those polygon models to generate volume mesh which was
then used for the finite element analysis. Scans were segmented to identify cortical and
trabecular bone as well as frontal and maxillary sinuses in all models using Mimics
software (Mimics, 2010) (Fig. 4.1). Previous sensitivity studies examining the role the
periodontal ligament (PDL) between the teeth and alveolar bone in macaques and
capuchins have found that the absence of the PDL results in higher local strains at the

dental alveolus (Panagiotopoulou et al., 2011; Wood et al., 2011 ). However, this
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structure can be omitted from FEMs if the objective is to examine broad patterns
deformations in the skull. Since this study will compare global stress and strain energy
patterns across the cranium among individuals, the PDL was not included in these FEMs.
Wood et al. (2011) have demonstrated that tooth roots and adjacent cortical bone
assigned the same material properties artificially stiffen the maxilla or mandible. In
species with tooth roots that occupy a large amount of space in the face or mandible (e.qg.,
the canines in Cebus) this modeling decision may impact a larger area than the local,
alveolar region. To avoid this problem of artificially stiffening the maxilla, tooth roots
were modeled as trabecular bone volumes. For the same reason, non-erupted permanent
teeth in the J1 and J2 FEMs were also modeled as trabecular bone volumes. Curtis et al.
(2011) have recently argued for the addition of temporal fasciae to cranial finite element
models, which reduce the high strain gradients observed in the zygomatic arch by
providing tensile forces that counter the downward pull from the masseter muscles.
Following their study, the FEMs in this study also included deep temporal fasciae, which
were modeled as 1.0 mm thick membranes. As a first approximation, these membranes
attached to the cranium along the postorbital bar following the temporalis muscle and
inserted along the lateral aspect of the zygomatic arch (Fig. 4.2). Temporal fasciae in all
models were assigned the material properties of cortical bone, which produced maximum
principal strain magnitudes in the adult FEM comparable to those produced during in
vivo experiments (see Model validation below). Finally, facial sutures were modeled as
separate volumes to create identical non-adult FEMs that, when analyzed, would vary in

material properties but not shape.
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Surface models were then refined to smooth sharp edges and remove small
formina and non-load bearing nasal conchae using Geomagics Studio 11 software
(Studio, 2010). Models were then exported to Mimics to standardize triangle shape and
generate the FE mesh. Seven models were created: J1 FEM, J2 FEM, SA FEM, J1 suture
FEM, J2 suture FEM, SA suture FEM, and AD FEM. The element number, surface area,

and volume of each model are presented in Table 4.2.

Material properties

Bone material property data are not currently available for Cebus. Instead, cortical
bone was assigned an average value from macaques (Young's modulus of 17, 300 MPa
and a Poisson's ratio of v =0.28) (Wang et al., 2006). Trabecular bone volumes were
assigned a Young's modulus value of 637 MPa and a Poisson's ratio of v = 0.28 (Ashman
etal., 1984; Ashman et al., 1989). In the J1, J2 and SA suture FEMs, sutures were
modeled as suture-bone functional units that were assigned a Young's modulus value of
50 MPa and a Poisson's ratio of v= 0.4 (Wang et al., 2010b). Cortical bone, trabecular

bone, and suture materials were modeled isotropically.

Muscle force magnitudes and orientations

The force magnitudes and orientations were estimated for eight masticatory
muscles: right and left temporalis, right and left superficial masseter, right and left deep
masseter, and right and left medial pterygoid. Relative muscle recruitment was calculated
from electromyographic (EMG) data of the anterior and posterior temporalis, superficial

and deep masseter, and medial pterygoid muscles collected from two C. apella males (C.
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Ross, unpubl. data). During the EMG experiments, food type and ingestion bite position
on the tooth row were recorded along with chewing side. These bites occurred on the left
side while the individual was processing a relatively hard food. These bite points and
foods consisted of: 1) left incisors processing a dried date, 2) left canine processing a
dried date, 3) left premolars processing a brazil nut, and 4) left chew processing an
almond in shell. Food tissue placement during the left chew was on the postcanine tooth
row. Since it was not possible to be precise about the location of bite points during
chewing, this bite was assumed to be on the molars. EMG data collected while biting at
four bite points were selected for analysis. If multiple bites were taken during the
experiment, those bites were averaged to determine mean EMG values and timing. Means
were calculated for premolar and chews only. We averaged anterior and posterior
temporalis EMG data to give a mean value for temporalis, since PCSA data are not
available for anterior and posterior portions of the muscle.

Timing differences for each muscle were plotted for peak EMG value and for
25%, 50%, and 75% of peak EMG value during loading and unloading. Figure 4.3 shows
an example of these plots for biting on the left canine. Separate plots were constructed for
EMG data for the incisors, premolar, and chew bites. Using peak activity of the working
side superficial masseter (WSM) as a reference point, the relative timing of percentage of
peak activation was determined for the remaining muscles. For each muscle group, the
muscle of interest's (MOI) EMG value when WSM is at peak was found using the
equation:

y=mx+b, (1)
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where m is the slope of the line where it crosses the vertical line indicating peak WSM
activity, x is the difference in time of peak activity between the muscle of interest and
WSM, and b is the peak EMG value of the muscle of interest. The percent activity was
calculated by dividing the MOl EMG value when WSM is at peak (y) by the peak MOI
EMG value and multiplying by 100. These MOI peak percentages relative to WSM peak
activity were calculated for each bite point listed above and used to scale the muscle
forces applied to the FEMs.

Muscle force magnitudes were calculated using published and unpublished
physiological cross-sectional areas (PCSAs) of Cebus masticatory muscles (Bouvier and
Tsang, 1990; Taylor and Vinyard, 2009; A. Taylor, pers. comm.). PCSAs were then
multiplied by the intrinsic muscle strength constant of 250 kN/m? (Curtis et al., 2011) and
the relative percent activity of each masticatory muscle (described above). Thus
masticatory muscle force (MF) was determined using the formula from Strait et al.
(2005):

MF = PCSA * 250kN/m** relative % activity. (2)

Surface models of the mandibles were rendered for the purpose of standardizing
the gape angle of the temporo-mandibular joint (TMJ) and orienting muscle forces.
Muscle force orientations were determined by identifying masticatory muscle origins and
insertions on each FEM at a 10° gape angle of TMJ. We used the program BONELOAD
(Grosse et al., 2007) to calculate the area centroids of the muscle attachments and
determine the vectors pointing from the origin centroids to the insertion centroids. Within
BONELOAD, we selected the gradient traction loading method for applying muscle force

across the cranial muscle attachment sites. This method accounted for differences in
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muscle fiber stacking by scaling the tractions (force per unit area) of each element by the
ratio of their distance away from the mandibular insertion centroid. Therefore, element
tractions farther away from the centroid decreased in magnitude, while element tractions
closer to the centroid increased in magnitude (Grosse et al., 2007; Dumont et al., 2011).
Two sets of muscle forces were generated for the non-adult FEMs (Table 4.3). In
the first set, non-adult muscle forces were determined by applying a scaling factor to the
adult muscle forces to maintain the same force to surface area ratio across the FEMs.
Each non-adult FEM scaling factor was calculated as:
SAAD/SANA, ®)
where SApp is the adult FEM surface area and SAna is the non-adult model surface area.
Theses scaled muscle forces were applied to the non-suture and suture J1, J2, and SA
FEMs. In the second set, non-adult muscle forces were increased to result in a nodal
reaction forces at each bite point that were comparable those collected from the adult
model. With these muscle forces, the non-adult models produced bite reaction forces
within 1 Newton of the AD FEM. The second set of muscle forces were applied to the

non-suture J1, J2, and SA FEMs.

Constraints

Constraints preventing movement of the FEM were placed at the TMJ and at one
of four bite points (Fig. 4.4). One node in the balancing side (right side) glenoid fossa
was constrained in X, y, and z directions and one node in the working side (left side)
glenoid fossa in y and z directions to prevent over-constraining the model. Each of the

FEMs was solved four times with a different bite point constraint applied to each FEM.,
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The incisor bite point model was constrained with one node on the occlusal surface of the
left central incisor and one node on the left lateral incisor. The canine bite point model
was constrained with one node on the occlusal surface of the left canine. In the premolar
bite point model, one node was constrained the buccal and lingual cusps of the left P? and
P3. Finally, in the molar bite model, one node was constrained on the paracone,
protocone, and hypocone of the left M* and M?. All analyses were performed in Strand 7

(Strand7, 2010).

Performance metrics

FEMSs were compared using two performance metrics (1) von Mises stress (VM
stress) and (2) strain energy (SE). VM stress is a measure of a structure's ability to resist
plastic deformation; in ductile materials, like mineralized tissue, plastic deformation
occurs when the von Mises stress is greater than the strength of the material (Dumont et
al., 2011). To compare shape differences among models of different sizes, models must
preserve the same force to area ratio. This can be accomplished by scaling the models to
equivalent surface areas and applying the same force to all models or by scaling the
applied muscle forces by the surface area ratio of those models. In this study, one set of
muscle forces was scaled down from the AD FEM resulting in equal force to area ratios
in all four FEMS. Since muscle forces in the second set have been increased to produce
comparable bite reaction forces across age classes, non-adult models with this set do not
preserve the same force to area ratio. To compare von Mises stress (o v ) Values between
models with different applied force to area ratios, values were scaled according to the

formula;
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6 vmNa' = (SANa/SAAD) * (Fao/Fna) * 6 vmNa, 4
where SAnya and SAap are the surface areas of the non-adult and adult models,
respectively, Fap is the force applied to the adult model, Fya is the force applied to the
adult model, and 6 vm na IS the von Mises stress value extracted from the non-adult model
(Dumont et al. 2009).

SE (U) measures the energy required to deform a structure (Dumont et al., 2009).
Models with lower SE values are stiffer, and therefore, require less energy in the form of
muscle force to deform and transfer forces (Dumont et al., 2009). To compare models of
different volumes, the SE values were scaled using the following formula from Dumont
et al. (2009):

Una = (Vna/Vap)™ * (Fap/Fna)® * Una, )
where Va is the volume of the non-adult FEM, V ap is the volume of the adult FEM, Fap
is the force applied to the adult FEM, Fya is the force applied to the non-adult FEM, and
Una is the strain energy of the non-adult model.

VM stress values were collected from twenty-one regions of the face (Fig. 4.5).
Previous studies have proposed that the root of the zyomga supports the palate during
biting and chewing, and high stress magnitudes have been demonstrated in this facial
region in extant and extinct primate taxa (Rak, 1983; Strait et al., 2009). In this study,
data were extracted from the working side root of the zygoma where differences among
models are predicted to be highest. Two separate node lists, each consisting of four
nodes, were used to collect VM stress from the maxilla. One node list was used for
incisor or canine biting, and the other was used for postcanine bite points (Fig. 4.5c).

Percent differences between models were calculated using average VM stress values
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collected from five, equally-spaced brick elements. Total SE (i.e., total energy spent
during deformation) was also compared among models. Percent differences of VM stress
were also calculated to investigate differences between bite points on the anterior and
postcanine dentition. Here maxillary node lists from both the anterior and postcanine
bites were included. Postcanine bites are expected to produce lower VM stress values
than anterior bites at the majority of sampled regions in all models, and the non-adult
models are predicted to have lower VM stress values in more regions during postcanine

biting than anterior biting compared to the adult.

Model validation

Maximum principal strain magnitudes from the working and balancing side
anterior pillar and zygomatic arch were collected from the adult FEM. These were
compared to maximum principal strain magnitudes from homologous regions collected in
vivo from C. apella when processing hard foods (C. Ross, unpubl. data) (Table 4.4).
Maximum principal strain magnitudes collected at these four locations from all bite
points fell within two standard deviations of the experimental mean with one exception.
Strain magnitude from the balancing side anterior pillar during premolar biting fell
outside the experimental dispersion by 42 p-strain, but remained lower than the
maximum experimental value. Together these data indicate the adult FEM behaves in a

realistic manner during anterior and postcanine tooth use.
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Results
Incisor biting

The contour maps the AD FEM and non-adult FEMs with scaled muscle forces
showed similar patterns of von Mises (VM) stress and strain energy per unit volume (i.e.,
strain energy density, or SED) (Fig. 4.6). In all models, VM stress and SED were
concentrated along the premaxilla and the lateral aspect of the nasal aperture. The AD
FEM exhibited increased stress and SED at the bite point compared to the non-adult
FEMs. Relative to the adult, all non-adult FEMs showed elevated stress magnitudes
particularly in the medial and lateral infraorbital and interorbital regions and increased
SED in the medial inferior orbital margin. Increasing the J1, J2, and SA muscle forces to
yield incisal reaction forces comparable to the adult resulted similar VM stress and SED
patterns and increased magnitudes across the face relative to the scaled muscle force J1,
J2, and SA FEMs (Fig. 4.7). These differences are apparent in regions near the bite point
(e.g., premaxilla) and in areas of the face away from the bite point (e.g., orbital region).
Compared to the scaled muscle force FEMs and the AD FEM, the equal bite reaction
force J1, J2, and SA models experienced higher VM stress values along the nasal
margins, zygomatic, and orbital regions.

The quantitative performance metrics are presented as paired comparisons
between each scaled muscle force non-adult FEM and the AD FEM at each bite point
(Table 4.5). The mean VM stress at each region and SE values for all models during at
each bite point are presented in Appendix B. The J1 model exhibited lower mean VM

stress at 6 of the 21 sampled regions, including the balancing side zygomatic arch (70%)
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and anterior pillar (9%) as well as the working side inferior lateral orbit (18%), palate
(3%), and two maxillary nodes (94% and 30%). The J2 model was more fracture resistant
than the AD FEM at only three regions; these include the working side postorbital bar
(20%), maxilla (21%), and the balancing side postorbital bar (27%). The SA FEM was
more fracture resistant than the AD FEM at four locations: the working side maxilla
(44%), postorbital bar (23%), and inferior lateral orbit (11%) and the balancing side
postorbital bar (7%). The AD FEM required more energy for deformation than the J1
(28%), J2 (22%), and SA (19%) FEM:s.

Regions where the non-adult models exhibited improved fracture resistance
abilities relative to the AD FEM remained the same after adjusting the non-adult muscle
forces to produce an equivalent bite reaction force at the incisors (Table 4.6). The J1
model continued to exhibit lower VM stress values at the balancing side zygomatic arch
(4%) and anterior pillar (12%) as well as the working side inferior lateral orbit (1%) and
maxillary nodes (97% and 34%). The J2 model showed improved fracture resistance
compared to the AD FEM at the working side postorbital bar (23%), maxilla (25%), and
the balancing side postorbital bar (23%). The SA FEM remained more fracture resistant
than the AD FEM at the working side maxilla (47%), postorbital bar (21%), and inferior
lateral orbit (7%) as well as the balancing side postorbital bar (4%). The J1 (20%), J2

(18%), and SA (15%) FEMs required less energy for deformation that the AD FEM.

Canine biting
The contour maps of biting on the left canine showed a broadly similar pattern of

VM stress and SED across the adult and scaled muscle force non-adult FEMs (Fig. 4.8).
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In all cases, VM stress was concentrated in the anterior aspects of the face with regions of
the maxilla around the canine experiencing the most stress. Stress concentrations were
also found along the lateral aspect of the nasal aperture in all models. In the J1, J2 and SA
FEMSs these concentrations extended into the interorbital regions. SED was also
concentrated in the working side maxilla near the bite point, although the SED magnitude
in the maxilla was lower in the AD FEM than the non-adult models.

Relative to the scaled muscle force models, the non-adult FEMs with increased
muscle forces exhibited elevated von Mises stress and SED magnitudes across the face
(Fig. 4.9). In these models, the increased VM stress magnitudes appeared in the working
side maxilla, infraorbital, interorbital, and balancing side supra-orbital and lateral orbital
regions. While all non-adult models showed elevated SED values in the maxilla, only the
J1 FEM also experienced elevated SED magnitudes in the balancing side supra-orbital
and lateral orbital regions.

Comparisons of VM stress between the AD FEM and scaled muscle force J1
FEM indicated that the younger juvenile was more fracture resistant at the working side
inferior lateral orbit (19%), zygomatic arch (6%) and palate (5%) as well as the balancing
side zygomatic arch (70%), anterior pillar (2%), and inferior lateral orbit (1%) (Table
4.5). The adult FEM exhibited lower VM stress values than the J2 FEM at nineteen
locations, except the balancing side postorbital bar (21%) and the working side palate
(2%). The scaled muscle force SA FEM was more fracture resistant that the AD FEM at
7 of the 21 sampled locations, including: the working side maxilla (27%), supraorbital
(19%), anterior pillar (16%), inferior lateral orbit (15%), and postorbital bar (5%) as well

as the balancing side infraorbital (5%) and anterior pillar (4%). The AD FEM required
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more energy for deformation than the J1 (17%) and J2 (23%) FEMs but less than the SA
(6%) model.

The non-adult models with equivalent canine bite reaction forces maintained
lower VM stress values compared to the AD FEM at many of the same locations
described above (Table 4.6). The J1 model continued to experience lower VM stress
values at the balancing side zygomatic arch (11%), anterior pillar (16%), and inferior
lateral orbit (2%) as well as the working side palate (13%), one maxillary node (11%),
and inferior lateral orbit (8%). The J2 model showed improved fracture resistance
compared to the AD FEM at the balancing side postorbital bar (16%) and the working
side palate (2%). The SA FEM remained more fracture resistant than the AD FEM at the
working side inferior lateral orbit (34%), maxilla (30%), supraorbital (21%), and anterior
pillar (18%) as well as the balancing side anterior pillar (8%) and infraorbital (4%). The
J1 (11%) and J2 (21%) FEMSs required less energy for deformation that the AD FEM,

while the subadult (7%) require more energy.

Premolar biting

During premolar biting, all models showed VM stress concentrations in the lateral
aspect of the working side maxilla, lateral nasal margin, infraorbital, and medial and
lateral orbital margins (Fig. 4.10). Elevated VM stress was also observed in the balancing
side lateral orbital margin. The J1 FEM also exhibited elevated stress in the working side
maxilla and balancing side supraorbital region. The SED contour maps revealed

deformations in the working side medial orbital margin, infraorbital, and zygomatic
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region in all models. Compared to the J2, SA, and AD FEMs, the J1 showed higher SED
magnitudes around the orbits and across the maxilla.

As in bite points on the anterior dentition, von Mises stress and SED magnitudes
were elevated in all equal premolar reaction force non-adult FEMs compared to the adult
and other non-adult models (Fig. 4.11). All non-adult models showed elevated VM stress
and SED magnitudes across the face relative to the AD FEM. The J1 FEM experienced
the most pronounced difference between FEMs when comparing within age classes,
where VM stress and SED concentrations were increased across the working side maxilla
and infraorbital, interorbital, and balancing side supraorbital and lateral orbital regions.

The J1 FEM was more resistant to fracture than the AD FEM at five regions.
These regions were the working inferior lateral orbit (22%), zygomatic arch (7%), and
postorbital bar (5%) and balancing side zygomatic arch (70%) and anterior pillar (35%)
(Table 4.5). The J2 FEM exhibited lower VM stress values than the AD FEM at the
interorbital (3%), the balancing side anterior pillar (120%), palate (39%), and postorbital
bar (18%), and the working side supraorbital (19%), postorbital (14%), and infraorbital
(2%). The SA FEM was more fracture resistant than the AD FEM at six locations,
including the working side postorbital (21%), supraorbital (21%), anterior pillar (17%),
and inferior lateral orbit (15%) as well as the balancing side anterior pillar (13%) and
palate (4%). With respect to total strain energy, the J1 (19%), J2 (15%), and SA (14%)
models outperformed the AD FEM during premolar biting.

When the non-adult and adult FEMs produce similar reaction forces at the
premolar bite point, the J1 FEM continued to experience lower VM stress values at the

balancing side zygomatic arch (5%), anterior pillar (40%), and inferior lateral orbit (3%).
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The J2 model remained more fracture resistance compared to the AD FEM at the
interorbital (5%), the balancing side anterior pillar (128%), palate (38%), and postorbital
bar (16%), and the working side supraorbital (21%), postorbital (16%), infraorbital (2%),
and palate (1%). The SA FEM experienced lower VM stress values than the AD FEM at
the working side supraorbital (25%), postorbital bar (23%), anterior pillar (18%), and
inferior lateral orbit (12%) as well as the balancing side anterior pillar (16%) and palate
(3%). The AD FEM required more energy for deformation than the J1 (9%), J2 (13%),

and SA (11%) FEM:s.

Molar biting

During molar biting, stress concentrations were found in the zygomatic and
infraorbital regions as well as in the lateral orbital margins (Fig. 4.12). Compared to other
models, the J1 FEM experienced higher VM stress and SED magnitudes in the working
side lateral nasal aperture, the interorbital region, and the balancing side supraorbital
regions. As in the previous bite points, the non-adult FEMs with equal molar reaction
force showed increased von Mises stress and SED magnitudes in the face relative to the
scale muscle force and the adult FEMs (Fig. 4.13). When comparing within age classes,
increased stress and SED magnitudes were most apparent in the J1 FEM. In these models
VM stress and SED concentrations are increased across the working side maxilla and
infraorbital, medial orbital margin, and balancing side supraorbital and lateral orbital
regions.

Compared to the adult, the scaled muscle force J1 FEM exhibited increased stress

resistance in 8 regions: the balancing side zygomatic arch (68%), anterior pillar (36%),
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inferior lateral orbit (23%), postorbital bar (13%), palate (3%), and infraorbital (2%) as
well as the working side supraorbital (31%) and zygomatic arch (18%) (Table 4.5). The
J2 FEM was more resistant to fracture than the AD FEM at 13 of the 21 sampled
locations. These locations include: the glabella (42%) and interorbital regions (14%), the
balancing side anterior pillar (191%), palate (41%), postorbital bar (13%), and
infraorbital (5%), and the working side palate (40%), maxilla (32%, 25%, 1%),
infraorbital (31%), anterior pillar (27%), and supraorbital (19%). The SA FEM exhibited
lower VM stress at the working side anterior pillar (103%), maxilla (73%, 70%),
supraorbital (61%), inferior lateral orbit (18%), and palate (13%) as well the balancing
side anterior pillar (37%) and palate (19%). The AD FEM outperformed both the J2
(14%) and SA (15%) FEMs, but the AD FEM required more energy for deformation than
the J1 (17%).

The equal molar reaction force J1 FEM exhibited lower VM stress values at the
working side supraorbital (47%), postorbital bar (11%), and inferior lateral orbital (6%),
and the balancing side anterior pillar (43%) and zygomatic arch (6%). The J2 model
showed improved fracture resistance compared to the AD FEM at the following
locations: the glabella (43%) and interorbital regions (16%), the balancing side anterior
pillar (191%), palate (40%), postorbital bar (11%), and infraorbital (4%), and the working
side palate (39%), maxilla (32%, 24%), infraorbital (31%), anterior pillar (27%), and
supraorbital (24%). The SA FEM remained more fracture resistant than the AD FEM at
the working side anterior pillar (102%), maxilla (73%, 69%), supraorbital (63%), inferior

lateral orbit (17%), and palate (13%) as well the balancing side anterior pillar (38%) and
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palate (19%). The AD FEM outperformed both the J2 (15%) and SA (15%) FEMs, but
the AD FEM required more energy for deformation than the J1 (7%).

As expected, biting on the postcanine dentition produced lower VM stress in the
face than biting with the anterior teeth in all models (Table 4.7). These differences in
stress magnitudes were most pronounced when comparing stress during canine or
postcanine biting. With the exception of incisor versus premolar biting, the juvenile
models showed more facial regions where the VM stress values generated during anterior

tooth use exceeded those produced during postcanine tooth use.

Suture models

The contour maps from the J1, J2, and SA FEMs with and without sutures
indicated that overall VM stress patterns were largely similar at all bites points (Figs.
4.14-4.17). At all bite points, the presence of sutures resulted in a reduction in strain at
the suture. In addition to this local effect, models that included sutures exhibited reduced
VM stress concentrations on the balancing side premaxilla during incisor biting. Incisor
biting produced the most variation in VM stress between the suture and non-suture J1 and
J2 FEMSs, while premolar biting was the most variable bite point in the SA FEM (Figs.
4.18-4.20). Differences between suture and non-suture models were most apparent in the
subadult model (SA) during premolar biting (Fig. 4.20c). Under this loading regime, the
SA suture model experienced reduced VM stress in the zygomatic arch (Region 8, 9) and
in the infraorbital region (Region 4, 5). The J1 and J2 suture FEMs showed much more
consistency with the non-suture models with respect to VM stress patterns at all locations

(Figs. 4.18, 4.19). For all bite points, total strain energy was elevated (6-21%) in the
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suture models relative to the non-suture models at all bite points, and incisor biting
produce the greatest difference between suture and non-suture FEMs (Table 4.8). These
results indicate that the suture models required more energy to deform than the non-

suture models.

Discussion

This study examined the effects of variation in tufted capuchin skull shape
through development by comparing the relative performance of an ontogenetic series of
C. libidinosus FEMs during incisor, canine, premolar, and molar biting. All bite points
produced similar overall patterns of stress concentrations in the models, indicating that
VM stress patterns exhibit low variation during cranial development. In contrast, stress
magnitudes varied with changes in facial shape during development. The first hypothesis
posits that the adult model (AD FEM) would experience less von Mises stress than the
younger juvenile (J1 FEM), older juvenile (J2 FEM), and subadult (SA FEM) models at
all bite points. The results provide mixed support for this hypothesis. At the majority of
sampled regions from all bite points the adult produced lower mean VM stress values
than non-adult models. Compared to the non-adult models, regions where the adult model
generated lower stress signify areas of increased resistance to ductile fracture in the adult.
By extension, the adult cranium could also withstand higher external loads in these areas
than the non-adult crania before failure.

The non-adult models generally exhibited reduced von Mises stress relative to the
adult in regions of the face associated with generating and resisting masticatory forces,

such as the zygomatic arch, postorbital bar, and anterior pillar. One possible explanation

132



for these results is that, when the effects of size are removed, the more prognathic adult
face experiences a combination of loading regimes including torsion, bending, or shear.
This loading environment may be more complex than that experienced by the less
prognathic juvenile. Since VM stress highlights potential areas of structural failure but
does not provide loading regime information, elevated values in these areas may signify
the presence of a complex loading regime in the adult model. Validation of the adult
FEM with experimental strain orientations will allow additional investigation of the
loading regimes occurring in the adult and non-adult crania.

The second hypothesis predicted that, compared to the non-adults, the AD FEM
would produce lower total strain energy values and expend less energy to deform the
cranium at all bite points. The results presented here provide little support for this
hypothesis. When size effects are removed, the adult model invested more energy in
cranial deformation during feeding than non-adult FEMs at most bite points. The
increased energy spent deforming the adult cranium may also reflect more complex
loading environment in the face and is likely the result of the adult’s increased facial
prognathism.

Non-adult models producing bite reaction forces equivalent to the adult
experienced elevated VM stress and SED magnitudes not only at the bite point but also
throughout the face. These differences are most apparent when the J1 FEM is compared
with the AD FEM. In the younger juvenile model, stress levels increased to magnitudes
comparable to regions near the bite point throughout the maxilla and orbital region. Thus,
the likelihood of failure in areas of the face away from the bite point increased when the

non-adult models, especially the younger juvenile, produced adult-level bite reaction
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forces. Although size-corrected comparisons between age classes suggest that the adult
cranial shape provides only a marginal advantage to resisting stress, results from these
models indicate that cranial features of the adult play a role in reducing stress in areas of
the face away from the bite point when generating high bite forces.

From a functional perspective, reduced structural resistance in the younger
juvenile face may explain feeding behavior differences among age classes. At Boa Vista,
the outer tissues of foods processed by the capuchins were shown to be higher in
toughness and Young's modulus than masticated food tissues (Chapter 2). As a result,
opening or fracturing foods is typically a more mechanically demanding task (i.e.,
requires more force) than mastication (but see Wright (2005) for an example of palm leaf
mastication). The longer oral ingestion durations observed in juveniles when processing
mechanically demanding food tissues as well as the tendency for juveniles to place these
food tissues on the postcanine dentition may be behavioral responses to improve
efficiency while feeding or prevent excessive masticatory loads in the face (Chapter 3).
Juveniles at Boa Vista were found to use postcanine ingestive behaviors more frequently
than adults. Similarly, juvenile C. apella in Suriname were unable to procure and process
palm fruits with the anterior dentition (Gunst et al., 2010b). Results from this study found
that the non-adult models generally exhibited higher von Mises stress values during
anterior biting than postcanine biting compared to the adult model, suggesting the
anterior rostrum of juveniles is less structurally robust than adults. Thus, when presented
with a mechanically demanding food item, juveniles use behavioral strategies, such as
varying feeding behaviors (e.g., tooth row position) and non-feeding behaviors (e.qg.,

scrounging), to avoid generating large bite forces with the anterior dentition. The
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abbreviated ingestion durations observed in adults may reflect the ability to breach
mechanically demanding food items faster and process larger ingestion volumes with the
anterior or postcanine dentition.

Variation in structural resistance is in part related to the stiffness of the structure
which is affected the Young's modulus assigned to the cortical bone. Here an average
Young's modulus from macaque cortical bone (Wang and Dechow, 2006) was used
because material property data for Cebus is currently not available, and cortical bone was
modeled as an isotropic material. Since there appears to considerable interspecific
material property differences in bone stiffness among cattarhines, along with intra-
individual differences among facial regions, the value used may over- or underestimate
the cortical bone stiffness in Cebus (Wang and Dechow, 2006; Wang et al., 2006; Wang
et al., 2007a; Wang et al., 2008; Wang et al., 2010a). By assigning the same material
property to adult and juvenile cortical bone, we eliminate variation in bone stiffness
among age groups. While this is beneficial for investigating relative performance
differences resulting from shape changes, it is likely juvenile and adult cortical bone
properties are not equivalent in terms of stiffness and this difference may impact the
results found here (Wang et al., 2010a).

Changes in masticatory muscle morphology, which were not considered in this
study, may also impact VM stress and SED distributions in tufted capuchins. For
example, Taylor and Vinyard (2009) found C. apella has relatively larger PCSAs
compared to C. capucinus and C. albifrons, allowing them to produce relatively larger
masticatory forces. Interestingly, C. apella masseter and temporalis did not show changes

in muscle fiber architecture, indicating tufted capuchins do not sacrifice the ability to
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produce large gapes for increased masticatory power (Taylor and Vinyard, 2009). Studies
in other mammals indicate that mechanically demanding diets can influence overall
muscle heterogeneity, muscle fiber size, and fiber type (Maxwell et al., 1979; Kiliaridis et
al., 1988; Bredman et al., 1992; Kiliaridis, 1995; Langenbach et al., 2003; Saito et al.,
2004; Taylor et al., 2006; Abe et al., 2007; Grunheid et al., 2009; Kawai et al., 2010;
Ravosa et al., 2010). Moreover, masticatory muscle recruitment patterns change as their
lines of actions change during development (Herring, 1985). In this study, adult
masticatory muscle recruitment patterns were applied all non-adult models, which could
potentially influence the stress and SED distributions and magnitudes.

Incorporating mechanically demanding foods into the diet is linked to increased
sutural complexity in C. apella (Byron, 2009). Overall, models in this study demonstrated
that sutures had a local effect on stress pattern and magnitude, but little impact on overall
patterns in the cranium, which is consistent with previous studies of juvenile and subadult
macaques (Wang et al., 2007b; Kupczik et al., 2009; Wang et al., 2010b). All non-suture
models had lower total SE than the suture FEMs indicating that the addition of more
compliant structures within the cranium resulted in decreased energy efficiency and
increased deformation. In the younger and older juveniles, differences between non-
suture and suture FEMs were most apparent during incisor biting. Under this loading
regime, suture models produced a modestly different pattern in the anterior face than in
non-suture models, resulting from increased energy absorption at the incisal suture.
However, data collected from the suture during incisor and postcanine biting is required

to understand the manner in which this suture deformed.
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Conclusions

FEA provides a powerful, non-invasive method to assess the performance of
juvenile, subadult and adult crania under multiple bite point loading regimes. We
evaluated an ontogenetic series of tufted capuchins using von Mises stress and total strain
energy. Compared to the non-adult models, the adult FEM was found to be more
structurally resistant at the majority of sampled facial regions and was less energy
efficient at most bite points. Non-adult models producing bite reaction forces comparable
to the adult model exhibited increased von Mises stress and SED in the face and
experienced elevated potential for structural failure when generating adult-level bite
forces. These results demonstrate that the adult tufted capuchin cranium is resistant to
mechanical loads at anterior and postcanine bite points and the ability to produce and
dissipate masticatory stress improves during development. These results also provide a
functional explanation for ontogenetic changes in feeding behaviors, observed here
(Chapter 3) and by others (Janson and van Schaik, 1993; Gunst et al., 2010), to facilitate

feeding on mechanically demanding tissues from a young age.
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Table 4.1 Sex and estimated ages of finite element models

FEM Accession#  Sex fgsg 8223) Notes
i 518367 Male  15-2.3  Permanent M" and incisors erupted; M? erupting
J2 518467 Male 2.3-4 Permanent M? erupted; C erupting
SA 518415 Male 4-6 Permanent C erupted; M® erupting
AD 518338 Male >6 Full permanent dentition and completely fused cranial sutures

Ages estimated from dental eruption ages in Cebus from Fleagle and Schaffer (1982), Galliari (1985), Fragaszy et al. (2004b),
and Henderson (2007).
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Table 4.2 Details of finite element models

FEM Sllce(:rr]l:rc]l)(ness Element#  FEM area (mm?) FEI\(/Im\:T(]);;Jme
J1 0.086 895,128 29267.7 19667.4
J2 0.086 995,311 32298.0 23520.9
SA 0.086 1,039,553 33991.1 26414.1
AD 0.101 1,012,703 43076.4 35437.7
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Table 4.3 Total muscle force (N) applied to FEMs and reaction forces (N) at each bite point

Bite point

Scaled muscle force FEMs

Equal bite reaction force FEMs

Incisors

Applied muscle ~ Canine
forces Premolars

Molars

Incisors

Reaction forces at Canine
bite points Premolars

Molars

SA FEM

830.3
786.4
763.7
769.2

109.6
234.6
71.6
70.9

J2 FEM

781.9
740.6
719.3
724.4

103.9
229.1
75.3
67.9

J1FEM

674.0
638.3
619.9
624.4

85.8
181.8
54.2
47.3

SA FEM
1041.6

954.7
880.3
784.1

1345
279.7
81.4
72.1

J2 FEM
1042.2

924.2
786.1
773.9

134.6
279.2
81.5
72.0

J1 FEM
1076.9

997.4
951.7
970.0

134.7
279.6
81.8
72.2

AD FEM
1001.7

948.7
921.4
928.0

134.6
279.1
81.3
72.2

Values were averaged for incisors, premolars, and molars, since nodes were constrained on multiple teeth.
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Table 4.4 VValidation of adult FEM

Working anterior pillar

Working zygomatic arch

Balancing anterior pillar

Balancing zygomatic arch

Mean 2SD Max Min

Mean 2SD Max Min

Mean 2SD Max Min

Mean 2SD Max Min

Experimental
Anterior dentition 173 208 339
Posterior dentition 156 206 581

AD FEM including temporal fasciae

Incisor bite 103 136 73
Canine bite 400 416 385
Premolar bite 284 316 261
Molar bite 221 257 196

207
293

309
320
316
319

176
136

275
410

440
451
443
440

242
246
245
247

249 300 496

73 64 197
270 326 225
154 187 130
179 219 151
119 147 100

330
242

390
345
350
370

210
138

488
352

517
461
461
483

326
286
295
317

In vivo maximum principal bone strain magnitudes from C. apella (C. Ross, unpubl. data) used to validate the adult

FEM.
SD = standard deviation.
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Table 4.5 Percent differences for von Mises stress (VM) and strain energy (SE)
between the adult and non-adult FEMs with muscle forces scaled down by the
ratio of models surface area

Incisor bite Canine bite Premolar bite Molar bite
VM  SE VM  SE VM  SE VM  SE

J1vs. AD 28% 17% 19% 17%

W Maxilla 1 -31% -1% -24% -3%

W Maxilla 2 -35% -51% -44% -33%

W Maxilla 3 94% -25% -59% 7%

W Maxilla 4 30% -22% -78% -68%

Interorbital -37% -35% -57% -41%

W Supraorbital -36% -29% -1% 31%

B Supraorbital -37% -39% -33% -28%

W Infraorbital -36% -34% -24% 0%

B Infraorbital -4% -6%0 -1% 2%

W Postorbital bar -12% -71% 5% 13%

B Postorbital bar -17% -22% -21% -20%

W Zygomatic arch -1% 6% 7% 18%

B Zygomatic arch 70% 70% 70% 68%

W Anterior pillar -39% -26% -12% -12%

B Anterior pillar 9% 2% 35% 36%

W Palate 3% 5% -6% -26%

B Palate -5% -20% -4% 3%

Glabella -70% -67% -69% -64%

W Inferior lateral orbit 18% 19% 22% 23%

B Inferior lateral orbit -2% 1% -2% 0%

W Root of zygoma -46% -34% -34% -40%

Percent difference was calculated as the adult value for the metric minus the non-adult value
divided by the non-adult value. A positive percent indicates the adult model's value was higher
than the non-adult for that metric. Comparisons in which the adult model's performance
exceeded the non-adult model are in bold.
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Table 4.5 (continued) Percent differences for von Mises stress (VM) and strain
energy (SE) between the adult and non-adult FEMs with muscle forces scaled
down by the ratio of models surface area

Incisor bite Canine bite Premolar bite Molar bite
VM  SE VM  SE VM  SE VM  SE

J2 vs. AD 22% 23% 15% -14%
W Maxilla 1 -47% -24% -14% 25%

W Maxilla 2 -18% -46% -29% 32%

W Maxilla 3 21% -42% -22% 1%

W Maxilla 4 -15% -47% -712% -28%
Interorbital -23% -18% 3% 14%

W Supraorbital -27% -19% 19% 19%

B Supraorbital -33% -35% -29% -32%

W Infraorbital -271% -18% 2% 31%

B Infraorbital -12% -1% -2% 5%

W Postorbital bar 20% -10% 14% -19%

B Postorbital bar 27% 21% 18% 13%

W Zygomatic arch -32% -31% -30% -26%

B Zygomatic arch -19% -19% -20% -21%

W Anterior pillar -39% -32% -27% 27%

B Anterior pillar -18% -9% 120% 191%

W Palate -6% 2% 0% 40%

B Palate -9% -14% 39% 41%
Glabella -32% -28% -1% 42%

W Inferior lateral orbit -11% -12% -8% -1%

B Inferior lateral orbit -46% -41% -47% -40%

W Root of zygoma -52% -36% -44% -37%
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Table 4.5 (continued) Percent differences for von Mises stress (VM) and strain
energy (SE) between the adult and non-adult FEMs with muscle forces scaled
down by the ratio of models surface area

SAvs. AD

W Maxilla 1

W Maxilla 2

W Maxilla 3

W Maxilla 4
Interorbital

W Supraorbital

B Supraorbital

W Infraorbital

B Infraorbital

W Postorbital bar
B Postorbital bar
W Zygomatic arch
B Zygomatic arch
W Anterior pillar
B Anterior pillar
W Palate

B Palate

Glabella

W Inferior lateral orbit
B Inferior lateral orbit

W Root of zygoma

Incisor bite Canine bite Premolar bite Molar bite

VM  SE VM  SE VM  SE VM  SE

19% -6% 14% -15%
-31% -9% -41% -12%

-3% -56%0 -5% 73%

44% 27% -50% 70%
-50% -49% -73% -24%
-36% -31% -33% -31%

-6% 19% 21% 61%
-24% -28% -23% -18%
-40% -48% -39% -23%
-10% 5% -6% -3%

23% 5% 21% -40%

7% -12% -4% -9%
-38% -35% -35% -33%
-18% -18% -19% -20%
-20% 16% 17% 103%

-8% 4% 13% 37%
-11% -11% -2% 13%
-10% -20% 4% 19%
-54% -54% -47% -22%

11% 15% 15% 18%
-19% -23% -20% -5%
-44% -27% -25% -30%
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Table 4.6 Percent differences for von Mises stress (VM) and strain energy (SE)
between the adult and non-adult FEMs with muscle forces increased to yield
comparable bite reaction forces across models

Incisor bite Canine bite  Premolar bite  Molar bite

VM  SE VM  SE VM  SE VM  SE

J1vs. AD 20% 11% 9% 7%
W Maxilla 1 -28% 11% -22% -2%
W Maxilla 2 -34% -45% -43% -34%
W Maxilla 3 97% -17% -57% -6%
W Maxilla 4 34% -12% -79% -64%
Interorbital -34% -24% -33% -36%
W Supraorbital -38% -26% -10% 47%
B Supraorbital -38% -33% -33% -25%
W Infraorbital -38% -29% -28% -6%
B Infraorbital -1% -1% -6% -2%
W Postorbital bar -20% -8% -6% 11%
B Postorbital bar -25% -24% -29% -26%
W Zygomatic arch -30% -13% -19% -14%
B Zygomatic arch 4% 11% 5% 6%
W Anterior pillar -36% -17% -26% -11%
B Anterior pillar 12% 16% 40% 43%
W Palate -1% 13% -8% -28%
B Palate -8% -16% -9% -4%
Glabella -69% -64% -65% -64%
W Inferior lateral orbit 1% 8% 3% 6%
B Inferior lateral orbit -15% 2% -10% -71%
W Root of zygoma -53% -34% -39% -43%

Percent difference was calculated as the adult value for the metric minus the non-adult
value divided by the non-adult value. A positive percent indicates the adult model's
value was higher than the non-adult for that metric. Comparisons in which the adult
model's performance exceeded the non-adult model are in bold.
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Table 4.6 (continued) Percent differences for von Mises stress (VM) and strain
energy (SE) between the adult and non-adult FEMs with muscle forces increased
to yield comparable bite reaction forces across models

Incisor bite Canine bite Premolar bite Molar bite
VM  SE VM  SE VM  SE VM  SE

J2 vs. AD 18% 21% 13% -15%
W Maxilla 1 -45% -22% -13% 24%

W Maxilla 2 -16% -45% -29% 32%

W Makxilla 3 25% -41% -21% 0%

W Maxilla 4 -12% -46% -72% -31%
Interorbital -20% -15% 5% 16%

W Supraorbital -25% -17% 21% 24%

B Supraorbital -31% -31% -28% -31%

W Infraorbital -23% -16% 2% 31%

B Infraorbital -12% -8% -3% 4%

W Postorbital bar 23% -8% 16% -17%

B Postorbital bar 23% 16% 16% 11%

W Zygomatic arch -44% -38% -34% -29%,

B Zygomatic arch -35% -34% 27% -26%

W Anterior pillar -37% -31% -26% 27%

B Anterior pillar -14% -4% 128% 191%

W Palate -5% 2% 1% 39%

B Palate -9% -15% 38% 40%
Glabella -31% -27% -1% 43%

W Inferior lateral orbit -17% -18% -11% -9%

B Inferior lateral orbit -47% -42% -47% -41%

W Root of zygoma -54% -38% -44% -37%

146



Table 4.6 (continued) Percent differences for von Mises stress (VM) and strain
energy (SE) between the adult and non-adult FEMs with muscle forces increased
to yield comparable bite reaction forces across models

Incisor bite Canine bite Premolar bite Molar bite
VM  SE VM  SE VM  SE VM  SE
SA vs. AD 15% -1% 11% -15%
W Maxilla 1 -29% -1% -40% -12%
W Maxilla 2 0% -55% -2% 73%
W Maxilla 3 47% 30% -49% 69%
W Maxilla 4 -49% -48% -73% -25%
Interorbital -33% -28% -31% -30%
W Supraorbital -3% 21% 25% 63%
B Supraorbital -22% -26% -21% -18%
W Infraorbital -39% -47% -39% -23%
B Infraorbital -9% 4% -6% -3%
W Postorbital bar 21% 8% 23% -40%
B Postorbital bar 4% -14% -6% -9%
W Zygomatic arch -45% -41% -39% -34%
B Zygomatic arch -33% -32% -29% -22%
W Anterior pillar -16% 18% 18% 102%
B Anterior pillar -5% 8% 16% 38%
W Palate -11% -10% -1% 13%
B Palate -10% -20% 3% 19%
Glabella -54% -54% -47% -22%
W Inferior lateral orbit 7% 34% 12% 17%
B Inferior lateral orbit -21% -22% -20% -5%
W Root of zygoma -46% -29% -26% -30%
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Table 4.7 Percent differences of von Mises stress (VM) between bite points on the anterior and postcanine

dentition within each age class model

Incisor vs. Premolars Incisors vs. Molars
J1 J2 SA AD J1 J2 SA AD

W Maxilla 1 16% 44% 32% 9% -23% -17% -25% -9%
W Maxilla 2 57% 34% -15% 0% 22% -26% -24% 19%
W Maxilla 3 52% 7% 47% 93% -27% -62% -58% -1%
W Maxilla 4 -54% -81% -65% -66% -78% -93% -91% -85%
W Maxilla s -87% -94% -93% -94% -92% -96% -96% -97%
W Maxilla 6 55% -39% -6% -4% -58% -87% -83% -71%
W Maxilla 7 264% 75% 43% 41% 35% 13% -65% 14%
W Maxilla 8 544% 525% 612% 16% 267% 148% 154% 14%
Interorbital -15% -34% -17% -14% -28% -52% -34% -31%
W Supraorbital -44% -50% -38% -20% -75% -65% -66% -42%
B Supraorbital -9% -6% -2% -2% -20% -3% -8% -3%
W Infraorbital -10% -22% 2% 4% -26% -35% -13% 11%
B Infraorbital -13% -20% -15% -12% -17% -26% -18% -13%
W Postorbital bar -41% -27% -32% -31% -75% -49% -31% -66%
B Postorbital bar 6% 7% 12% 1% 14% 24% 29% 12%
W Zygomatic arch 2% -1% 6% 17% 0% -3% 2% 23%
B Zygomatic arch -3% -14% -1% -2% 0% -11% -12% 2%

W Anterior pillar 55% 53% 27% 78% -11% -39% -49% 22%
B Anterior pillar -48% -76% -47% -35% -67% -87% -71% -57%
W Palate -11% -22% -25% -18% -11% -56% -49% -35%
B Palate -38% -60% -47% -39% -54% -69% -64% -52%
Glabella -27% -43% -29% -18% -51% -72% -66% -42%
W Inferior lateral orbit 12% 25% 26% 2% 10% -23% -19% 16%
B Inferior lateral orbit -46% -74% -60% -73% -52% -81% -65% -75%
W Root of zygoma 26% 33% 18% 62% 79% 58% 67% 117%

Regions where the anterior bite point VM value exceeded the postcanine bite point values are in bold.
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Table 4.7 (continued) Percent differences of von Mises stress (VM) between bite points on the anterior and

postcanine dentition within each age class model

W Maxilla 1

W Maxilla 2

W Maxilla 3

W Maxilla 4

W Maxilla 5

W Maxilla 6

W Maxilla 7

W Maxilla 8
Interorbital

W Supraorbital

B Supraorbital

W Infraorbital

B Infraorbital

W Postorbital bar
B Postorbital bar
W Zygomatic arch
B Zygomatic arch
W Anterior pillar
B Anterior pillar
W Palate

B Palate

Glabella

W Inferior lateral orbit
B Inferior lateral orbit
W Root of zygoma

Canine vs. Premolars

Canine vs. Molars

J1
-5%
-44%
-54%
-49%
-31%
-76%
-36%
21%
-1%
-24%
-10%
-14%
0%
-8%
-3%
0%
1%
-49%
-11%
1%
-24%
-13%
-22%
-10%
3%

J2
-8%
-39%
-67%
-82%
-63%
-90%
-712%
0%
-22%
-30%
-4%
-21%
-1%
-17%
0%
-3%
-5%
-53%
-50%
-1%
-44%
-32%
-71%
-40%
15%

SA
-14%
-8%
-59%
-17%
-15%
-75%
-66%0
-1%
0%
-1%
-6%
-17%
16%
-8%
-9%
0%
1%
-50%
10%
-17%
-31%
-20%
-57%
6%
0%

AD
-8%
-49%
-59%
-51%
-12%
-75%
-56%0
-8%
-4%
3%
0%
-4%
5%
4%
0%
3%
5%
-50%
18%
-9%
-10%
-8%
-48%
4%
3%

J1
-37%
-57%
-718%
-716%
-56%0
-93%
-716%
-31%
-17%
-66%
-20%
-29%

-4%
-61%
4%
-2%

4%
-711%
-44%

1%
-44%
-41%
-24%
-19%

46%

J2
-47%
-66%
-88%
-93%
-15%
-98%
-82%
-60%
-43%
-50%

-1%
-34%
-8%
-42%
16%
-5%
-2%
-81%
-714%
-47%
-57%
-67%
-43%
-54%
36%

SA
-51%
-17%
-88%
-94%
-49%
-96%
-92%
-65%
-21%
-45%
-11%
-30%

11%
-6%
5%
-4%
-4%
-80%
-39%
-43%
-53%
-62%
-12%
-9%
41%

AD
-23%
-40%
-80%
-79%
-57%
-92%
-64%

-9%
-23%
-26%

-1%

3%

4%
-48%

11%

8%

10%
-65%
-23%
-29%
-30%
-35%
-41%

-3%

38%

Regions where the anterior bite point VM value exceeded the postcanine bite point values are in bold.
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Table 4.8 Percent differences in total strain energy (J) between non-adult FEMs

modeled with and without sutures

SE (J)

Bite point FEM Non-suture Suture % diff
Incisor bite J1 0.016 0.018 16%
J2 0.021 0.024 15%
SA 0.023 0.028 21%
Canine bite J1 0.015 0.016 6%
J2 0.018 0.020 7%
SA 0.026 0.028 8%
Premolar bite J1 0.009 0.010 8%
J2 0.012 0.013 8%
SA 0.013 0.014 13%
Molar bite J1 0.008 0.009 8%
J2 0.014 0.015 7%
SA 0.015 0.017 10%

Percent difference was calculated as the difference between the suture FEM and the
non-suture FEM divided by the non-suture FEM. No scaling correction was required
since the volumes and forces of both FEMs are the same. Positive values indicate the
non-suture FEM performed better than the suture FEM at a given bite point.
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Figure 4.1: Frontal views of cortical (left) and internal volumes (right) included in the (a) J1, (b) J2, :I‘ X
(c) SA, and (d) AD surface models. z

151



Figure 4.2: Lateral view of left temporal fascia on the SA FEM. Fasciae
were included on right and left sides of all models.
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Figure 4.3: Relative timing of percent EMG for masticatory muscles during canine biting. Negative values on the x-axis
represent times prior to working side superficial masseter peak time, and positive values represent time after peak. W,
working; B, balancing; SM, superficial masseter; DM, deep masseter, MPT, medial pterygoid; TEM, temporalis.
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Figure 4.4: Inferior views of the SA FEM illustrating the constraints applied to the FEM.
Triangles represent constraints placed at the TMJ which were included in all models. Circles
indicate bite points on the (a) left central and lateral incisors, (b) left canine, (c) left second
and third premolars, (d) left first and second molars.
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Figure45a, b
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Figure 4.5: (a) Frontal, (b) inferior, and (c) lateral views of the SA FEM
showing the regions where von Mises stress values were collected. W,
working side; B, balancing side; 1, dorsal interorbital; 2/3, W/B dorsal
orbital; 4/5, W/B infraorbital; 6/7, W/B postorbital bar; 8/9, W/B zygomatic
arch; 10/11, W/B anterior pillar; 12/13,W/B palate; 14, interorbital; 15, W
inferior lateral orbit; 16, B inferior lateral orbit; 17, W root of the zygoma.
Two node sets consisting of four nodes each were collected from the working
side maxilla. Data extracted from red nodes were collected for bite points on
the incisors and canine, and yellow nodes were collected for premolar and
molar bite points.
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Figure 4.6: Top row: von Mises stress (MPa) contour plots of (a) J1, (b) J2, (¢) SA, and (d) AD while biting on the left

incisors. Bottom row: strain energy density (J/mm?) contour plots of (e) J1, (f) J2, (g) SA, and (h) AD while biting on the left
incisors. Scaled muscles forces were applied to the non-adult FEMs.
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Figure 4.7: Top row: von Mises stress (MPa) contour plots of (a) J1, (b) J2, (c) SA, and (d) AD while biting on the left
incisors. Bottom row: strain energy density (J/mm?2) contour plots of (e) J1, (f) J2, (g) SA, and (h) AD while biting on the left
incisors. The non-adult FEMs were analyzed using muscles forces resulting in incisor bite reaction forces equivalent to adult
FEM.
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Figure 4.8: Top row: von Mises stress (MPa) contour plots of (a) J1, (b) J2, (¢) SA, and (d) AD while biting on the left canine.
Bottom row: strain energy density (J/mm?) contour plots of (e) J1, (f) J2, (g) SA, and (h) AD while biting on the left canine.
Scaled muscles forces were applied to the non-adult FEMs.
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Figure 4.9: Top row: von Mises stress (MPa) contour plots of (a) J1, (b) J2, (c) SA, and (d) AD while biting on the left canine.
Bottom row: strain energy density (J/mm?3) contour plots of (e) J1, (f) J2, (g) SA, and (h) AD while biting on the left canine.
The non-adult FEMs were analyzed using muscles forces resulting in canine bite reaction forces equivalent to adult FEM.
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Figure 4.10: Top row: von Mises stress (MPa) contour plots of (a) J1, (b) J2, (c) SA, and (d) AD while biting on the left
maxillary P2 and P3. Bottom row: strain energy density (J/mm?3) contour plots of (e) J1, (f) J2, (g) SA, and (h) AD while biting
on the maxillary P2 and P3. Scaled muscles forces were applied to the non-adult FEMs.
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Figure 4.11: Top row: von Mises stress (MPa) contour plots of (a) J1, (b) J2, (c) SA, and (d) AD while biting on the left

maxillary P2 and P3. Bottom row: strain energy density (J/mm?) contour plots of (e) J1, (f) J2, (g) SA, and (h) AD while biting

on the maxillary P2 and P3. The non-adult FEMs were analyzed using muscles forces resulting in premolar bite reaction forces
equivalent to adult FEM.
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Figure 4.12: Top row: von Mises stress (MPa) contour plots of (a) J1, (b) J2, (c) SA, and (d) AD while biting on the left
maxillary M1 and M2. Bottom row: strain energy density (J/mm?3) contour plots of (e) J1, (f) J2, (g) SA, and (h) AD while
biting on the maxillary M1 and M2. Scaled muscles forces were applied to the non-adult FEMs.
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Figure 4.13: Top row: von Mises stress (MPa) contour plots of (a) J1, (b) J2, (c) SA, and (d) AD while biting on the left
maxillary M1 and M2. Bottom row: strain energy density (J/mm?) contour plots of () J1, (f) J2, (g) SA, and (h) AD while
biting on the maxillary M1 and M2. The non-adult FEMs were analyzed using muscles forces resulting in molar bite reaction
forces equivalent to adult FEM.
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Figure 4.14: von Mises stress (MPa) contour plots comparing the effects of sutures
during incisor biting. First row shows (a) suture J1 FEM and (b) non-suture J1 FEM.
Second row shows (c) suture J2 FEM and (d) non-suture J2 FEM. Third row shows (e)
suture SA FEM and (f) non-suture SA FEM.
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Figure 4.15: von Mises stress (MPa) contour plots comparing the effects of sutures
during canine biting. First row shows (a) suture J1 FEM and (b) non-suture J1 FEM.
Second row shows (c) suture J2 FEM and (d) non-suture J2 FEM. Third row shows (e)

suture SA FEM and (f) non-suture SA FEM.
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Figure 4.16: von Mises stress (MPa) contour plots comparing the effects of sutures
during premolar biting. First row shows (a) suture J1 FEM and (b) non-suture J1 FEM.
Second row shows (c) suture J2 FEM and (d) non-suture J2 FEM. Third row shows (e)

suture SA FEM and (f) non-suture SA FEM.
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Figure 4.17: von Mises stress (MPa) contour plots comparing the effects of sutures
during molar biting. First row shows (a) suture J1 FEM and (b) non-suture J1 FEM.

Second row shows (c) suture J2 FEM and (d) non-suture J2 FEM. Third row shows (e)
suture SA FEM and (f) non-suture SA FEM.

168



von Mises stress von Mises stress von Mises stress

von Mises stress

(MPa)

(MPa)

(MPa)

(MPa)

20.00

15.00

10.00

5.00

0.00

20.00

15.00

10.00

5.00

0.00

20.00

15.00

10.00

5.00

0.00

20.00

15.00

10.00

5.00

0.00

== ]1
=f=]1 Suture

8 9 10 11 12 13 14

Region

Region

Figure 4.18: Comparison of mean von Mises stress between J1 suture and J1
FEMs during (a) incisor, (b) canine, (c) premolar, and (d) molar biting collected
from 14 regions of the face.
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Figure 4.19: Comparison of mean von Mises stress between J2 suture and J2 FEMs
during (a) incisor, (b) canine, (c) premolar, and (d) molar biting collected from 14

regions of the face.
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Figure 4.20: Comparison of mean von Mises stress between SA suture and SA FEMs
during (a) incisor, (b) canine, (c) premolar, and (d) molar biting collected from 14

regions of the face.
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Chapter 5: Conclusions

Juvenile primates appear to be at a disadvantage when competing for food
resources with adults since they are "forced to fit partially into an adult ecological niche
when [they are] much smaller and less experienced than an adult” (Janson and van
Schaik, 1993, p.57). As a result, juveniles are expected to be less efficient than adults
when it comes to locating and consuming foods, particularly if that food requires skill or
strength to find and access. However, little is known about the strategies juveniles
employ to cope with these ecological challenges, especially in primate groups that rely on
mechanically demanding food resources during periods of preferred food scarcity. The
aims of this dissertation were to investigate how feeding behaviors and the mechanical
demands of diet differ between juveniles and adults in a species of tufted capuchins
(Cebus libidinosus) and to examine the relationship between these ecological variables
and the function of dietary adaptations in the tufted capuchin cranium during ontogeny.

Data for the behavioral components of the dissertation were collected from two
wild groups of C. libidinosus at Boa Vista, Piaui, Brazil (9°3 9'S, 45° 25' W) during a
seasonal period of low ripe fruit abundance (May-September 2009). The first goal was to
determine the mechanical properties of available foods. The second goal was to test for
mechanical property differences in foods consumed by four age classes: adults, subadults,
older juvenile, and younger juveniles. Diets were found to be largely similar in
composition across age classes during the study period (Chapter 3), with insects, grasses,
and fruits comprising most of the diet. Juvenile and adult diets were also found to be

comparable in terms of median and maximum toughness and Young's modulus (Chapter
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2). Therefore, juveniles and adults target similar foods and may face similar mechanical
challenges during feeding.

The majority of studies documenting juvenile capuchin ecological incompetence
have focused on foraging behaviors and diet acquisition, but only a few have sought to
quantify age-related feeding behavior differences in Cebus (Fragaszy, 1990b; Fragaszy et
al., 1994; Fragaszy and Boinski, 1995; Visalberghi and Fragaszy, 1995; Fragaszy et al.,
1997b; Panger, 1998; Visalberghi and Addessi, 2001; Agostini and Visalberghi, 2005;
O'Malley and Fedigan, 2005b; de Resende et al., 2008; Gunst et al., 2008, 2010a; Gunst
et al., 2010b; Moura and Lee, 2010). Younger juveniles at Boa Vista required
significantly longer feeding durations than adults, and both younger and older juveniles
required significantly longer oral ingestion durations than adults (Chapter 3). Mastication
and manual ingestions periods were comparable across age classes. Feeding rates were
also found to differ between age classes, with younger and older juveniles exhibiting
lower feeding rates than adults. These results indicate that juveniles take in less food and
potentially less energy than adults during a given period of time. Since meeting energetic
requirements seems to be particularly important during weaning in some primates
(Altmann, 1991; Oftedal, 1991; Altmann, 1998), these results suggest that the younger
juveniles may undergo elevated periods of nutritional stress compared to subadults and
adults.

Juveniles were observed using three behavioral strategies that may compensate
for their lower energy intake rate: (1) juveniles spent more of their day foraging (Chapter
3), (2) juveniles scrounged for high-quality resources such as palm fruit kernels and palm

fruit mesocarp peelings that are high in fatty acids (Bereau et al., 2001), and (3) juveniles
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engage in opportunistic nursing. Although they were less efficient when feeding,
juveniles may maintain nutrient requirements by extending the amount of time per day
spent foraging and feeding, provided travel and food processing costs do not outweigh
the energetic return of foods. Juveniles were also observed inspecting palm nut remains
for palm kernels and palm mesocarp peelings. Adult capuchins, overall, are tolerant of
juveniles co-feeding, picking up discarded or dropped foods, allowing passive transfer of
food items, and juveniles seem to employ these behavioral strategies more frequently
when an adult consumes an embedded or high-quality resource (Fragaszy et al., 1997b;
Fragaszy et al., 2004b; Gunst et al., 2010b). Similarly, females were observed to
occasionally allow recently-weaned juveniles to nurse. Given that Cebus milk is resource
rich in fats, this may serve to temporarily satisfy nutrient requirements during the dry
season (Milligan, 2009).

Juveniles did not appear to invest energy in utilizing more ingestive processing
behaviors compared to adults, but the relative frequency of behaviors used to process
foods varied among age classes (Chapter 3). Younger juveniles tended to use less manual
behaviors and more postcanine ingestive behaviors. Moreover, the types of feeding
behaviors were associated with food mechanical properties. The trend among all age
classes was to process foods with the lowest fracture toughness and Young's modulus
values with the anterior dentition, then shift to postcanine tooth use when processing
more mechanically demanding foods. Foods with the highest median fracture toughness
and Young's modulus were processed using a combination of oral and manual behaviors

in which the food was gripped with the teeth while the hands applied a force.
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The second component of this dissertation investigated the ontogeny of dietary
adaptations in the tufted capuchin masticatory system by comparing the performance of
an ontogenetic sequence of C. libidinosus crania. The robust skull morphology and dental
adaptations exhibited by species of tufted capuchins (C. apella, C. libidinosus, C.
xanthosternos, C. nigritus, C. cay, C. robustus, and C. macrocephalus) are hypothesized
to be adaptations for generating and dissipating masticatory forces when consuming
mechanically demanding tissues (Bouvier, 1986; Daegling, 1992; Anapol and Lee, 1994;
Wright, 2005; Constantino, 2007). Although these traits have been traditionally
considered specializations for processing hard foods, Wright (2005) has recently argued
these traits serve to broaden the tufted capuchin feeding niche allowing them to use the
masticatory apparatus to harvest and process a diverse range of foods. Comparative
evidence has demonstrated that interspecific morphological differences are present early
in Cebus ontogeny (Corner and Richtsmeier, 1991; Cole, 1992; Daegling, 1992;
Masterson, 1997; Masterson and Hartwig, 1998).

Strain energy density and von Mises stress distributions were largely similar
across the age classes when biting on the incisors, canine, premolars, and molars,
suggesting juvenile and adult crania exhibit similar patterns of deformation (Chapter 4).
Age-related differences in performance emerged when comparing the magnitude of the
two variables across the finite element models, especially when non-adult models
produce bite point reaction forces comparable to those of the adult model. Variation in
stress and strain energy density was most apparent when the younger juvenile and adult
models were compared, with the juvenile exhibiting elevated magnitudes of both

variables in the rostrum and circum-orbital regions. This overall increase in structural
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robusticity in the C. libidinosus cranium is consistent with findings in other vertebrates
(e.g., Herring, 1985; Herring and Wineski, 1986; Huang et al., 1994; Herring et al., 2005;
Herrel and Gibb, 2006; Herrel et al., 2006; Herrel and O'Reilly, 2006; Tanner et al.,
2010).

From a functional perspective, the relatively poor performance of the juvenile
crania under anterior and premolar loads, may explain variation observed in feeding
strategies. Juveniles' reliance on postcanine processing behaviors may be a functional
consequence of their reduced ability to processing mechanically demanding foods using
the anterior and premolar teeth. Certainly food size plays a role in ingestive behaviors.
An alternative, not necessarily mutually exclusive, hypothesis is that food size explains
this observed difference in feeding behaviors. Relative to adults, juveniles selected
smaller fruits and may be more limited in gape, resulting in additional ingestion time and
reduced food intake. Finally, the differences in performance quantified in this study
assume similar masticatory muscle recruitment among age classes. Additional variables
such as data on physiological cross-sectional area and muscle-fiber type were not
incorporated here, but potentially could impact the results.

The data presented here begin to identify relationships among behavior, ecology,
and masticatory form in Cebus by examining the development of feeding and craniofacial
morphology. This research provides evidence that: (1) juvenile and adult C. libidinosus
diets are not distinguishable in terms of mechanical demands, (2) feeding efficiency
improves with age in this species, (3) age classes utilize largely similar suites of feeding
behaviors to access mechanically demanding foods, (4) age-related shape changes

improve structural resistance of the cranium during feeding, (5) feeding behavior
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plasticity allows smaller, less morphologically and ecologically competent juveniles
access to mechanically demanding foods. This dissertation demonstrates that feeding
behaviors play an important role in mitigating dietary mechanical demand. Additional
studies of feeding behaviors, feeding efficiency, food mechanics and the influence of
these traits on fitness in other primate taxa will improve our understanding of masticatory

function and evolution of craniofacial morphology.
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Appendix A: Methods for Determining Inter-and intra-observer Reliability

Two observers (J.C. and K.S.) collected behavioral data from the habituated study
groups for the first six weeks of the study. Transcription of feeding behaviors was
performed by a single individual (J.C.). Percent agreement, Cohen's Kappa and Pearson's
rho coefficients were used to evaluate observer error in focal animal identification,
recording feeding behaviors between observers, and in transcribing feeding behavior data
(Martin and Bateson, 1993).

Behavioral data were collected using continuous focal sampling and group scan
sampling methods. Continuous focal animal sampling methods were used to collect data
on feeding behaviors following the ethogram presented in Chapter 3. Since the field site
is a low canopy, woodland-savannah habitat, observers were able to remain in proximity
of the focal animal for the fifteen minute sampling bout. Feeding behaviors were
recorded using a digital voice recorder (Sony, PX 720). Group scan sampling was
employed to compile data on activity budgets for each study group. During group scans,
observers recorded the primary behavior, position on the ground or in the canopy, and
nearest neighbors within three meters of all group members.

Observers spent the first two weeks of the study period learning to identify
individuals and judge distance between individuals and position of an individual in the
canopy. Observers were considered reliable with respect to individual identification after
several consecutive days of successfully identifying all individuals in both study groups.
If an observer was in doubt, a field guide was present at all times to confirm the identity

of an individual. To determine inter-observer reliability in accurately identifying feeding
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behaviors in the ethogram, observers followed a randomly selected individual
simultaneously and recorded all feeding behaviors within a fifteen minute period. During
these follows, observers maintained a three meter distance to prevent them hearing one
another. Observers then transcribed their audio recordings and conducted a line by line
comparison of recorded behaviors. The percent agreement was calculated as:

(A/A+D) * 100 1)

where A is the number of agreements and D is the number of disagreements. The same
procedure was conducted for the categorical variables in the group scan ethogram. We
considered a percent agreement of 90% or greater acceptable and inter-observer
agreements reached 92-95% after three fifteen-minute observation periods.

All audio files of focal follows were transcribed using the Observer XT software
(Noldus, 2007). This software measures the reliability between pairs of observations
using Cohen's Kappa and Pearson's rho coefficients. An audio file of a focal sample was
selected randomly and observations were recorded using the software. Four observations
of the same file were made two days apart, and all pairs were compared in the statistical
tests. The Cohen's Kappa and Pearson's rho coefficients for all pairs were above chance

(Table A.1).
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Table A.1. Within-observer reliability statistics for transcription observations pairs

Transcription Observations

Cohen's Kappa coefficient

p -value Pearson's rho coefficient p -value
1 versus 2 0.739 0.0001 0.985 0.0001
1 versus 3 0.759 0.0001 0.988 0.0001
1 versus 4 0.68 0.0001 0.991 0.0001
2 versus 3 0.883 0.0001 0.996 0.0001
2 versus 4 0.761 0.0001 0.99 0.0001
3 versus 4 0.881 0.0001 0.997 0.0001

Observations are numbered consecutively such that 1 is the first transcription of the focal sample audio file and 4

is final transcription.
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Appendix B: Mean von Mises stress and total strain energy data

Table B.1. Mean von Mises stress (MPa) collected from the non-adult and adult FEMs

W Maxilla 1

W Makxilla 2

W Maxilla 3

W Maxilla 4
Interorbital

W Supraorbital

B Supraorbital

W Infraorbital

B Infraorbital

W Postorbital bar
B Postorbital bar
W Zygomatic arch
B Zygomatic arch
W Anterior pillar
B Anterior pillar
W Palate

B Palate

Glabella

W Inferior lateral orbit
B Inferior lateral orbit
W Root of zygoma

Incisor bite

Scaled muscle force FEMs

Equal bite reaction force FEMs

J1
6.3
32.1
28.4
4.4
5.3
4.4
4.9
9.7
8.1
7.2
8.2
9.0
6.6
5.9
4.6
7.9
7.1
9.2
9.9
6.2
16.5

J2
8.3
25.7
45.4
6.7
4.3
3.9
4.6
8.4
8.9
5.3
5.3
13.3
14.0
5.9
6.1
8.6
7.5
4.1
7.2
7.6
18.3

SA
6.3
21.5
38.2
114
5.2
3.0
4.1
10.3
8.6
5.2
6.3
14.4
13.7
4.5
5.4
9.1
7.6
6.1
5.1
7.2
15.8

J1
9.7
50.8
44.8
6.8
8.0
7.3
8.0
15.8
13.4
12.7
144
20.5
17.4
8.9
7.1
13.0
11.8
14.6
14.9
9.3
30.1
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J2
10.6
33.4
58.9

8.6

5.5

5.0

6.0
10.7
11.7

6.9

7.3
21.5
23.2

7.5

7.7
114

9.9

5.4

9.0

9.7
25.7

SA
7.7
26.4
46.9
13.9
6.3
3.7
5.0
12.8
10.7
6.6
8.2
20.6
20.9
5.3
6.6
114
9.5
7.7
6.1
8.7
20.7

AD
4.4
21.0
55.1
5.7
3.3
2.8
3.1
6.2
7.8
6.4
6.8
9.0
11.3
3.6
5.0
8.1
6.8
2.8
5.8
5.0
8.9



Table B.1. (continued) Mean von Mises stress (MPa) collected from the non-adult and adult FEMs

Canine bite
Scaled muscle force FEMs Equal bite reaction force FEMs

J1 J2 SA J1 J2 SA AD
W Maxilla 1 19.5 25.2 21.1 29.9 30.7 25.2 19.2
W Maxilla 2 27.7 25.3 30.7 43.0 30.9 36.6 13.6
W Maxilla 3 51 6.6 3.0 8.0 8.0 3.6 3.8
W Maxilla 4 26.1 38.7 39.8 40.0 47.1 47.4 20.4
Interorbital 4.3 3.4 4.1 6.4 4.2 4.8 2.8
W Supraorbital 3.0 2.6 1.8 4.9 3.2 2.1 2.1
B Supraorbital 4.7 4.4 4.0 7.4 5.2 4.7 2.9
W Infraorbital 9.6 1.7 12.1 15.3 9.3 14.5 6.3
B Infraorbital 6.5 6.6 5.9 10.8 8.3 7.2 6.2
W Postorbital bar 4.3 4.4 3.8 7.5 54 4.5 4.0
B Postorbital bar 8.4 54 7.3 14.6 7.0 9.2 6.5
W Zygomatic arch 9.2 14.0 15.0 19.3 19.5 20.0 9.7
B Zygomatic arch 5.8 12.3 12.0 154 18.7 17.7 9.9
W Anterior pillar 16.3 17.7 10.3 25.0 21.7 12.4 12.0
B Anterior pillar 2.5 2.9 2.5 3.9 3.4 2.9 2.6
W Palate 6.6 6.8 7.8 10.6 8.4 94 6.9
B Palate 55 51 55 9.0 6.4 6.7 4.4
Glabella 7.3 3.3 52 11.3 4.0 6.3 2.4
W Inferior lateral orbit ~ 13.1 8.7 13.7 19.9 10.6 16.1 10.9
B Inferior lateral orbit 3.6 3.1 2.6 5.2 3.7 3.1 1.2
W Root of zygoma 19.9 20.8 18.1 34.2 26.4 22.4 13.2
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Table B.1. (continued) Mean von Mises stress (MPa) collected from the non-adult and adult FEMs

Premolar bite

Scaled muscle force FEMs Equal bite reaction force FEMs

J1 J2 SA J1 J2 SA AD
W Maxilla 1 9.4 8.3 12.1 14.0 9.0 13.7 7.1
W Maxilla 2 12.2 6.2 6.3 17.8 6.7 7.2 5.0
W Maxilla 3 12.6 6.6 10.3 18.4 7.1 11.6 5.1
W Maxilla 4 12.1 9.6 9.9 19.6 10.3 11.1 2.6
Interorbital 6.2 2.6 4.0 6.1 2.8 4.4 2.6
W Supraorbital 2.3 1.8 1.7 3.6 1.9 1.9 2.1
B Supraorbital 4.2 3.9 3.6 6.4 4.2 4.1 2.8
W Infraorbital 7.8 5.8 9.7 12,5 6.3 11.1 5.9
B Infraorbital 6.3 6.4 6.7 10.2 7.0 7.7 6.3
W Postorbital bar 3.9 3.6 3.3 6.6 3.8 3.8 4.0
B Postorbital bar 8.0 5.3 6.6 135 5.9 7.7 6.3
W Zygomatic arch 9.1 13.9 15.0 18.4 16.0 18.5 9.7
B Zygomatic arch 6.0 12.7 12.4 14.8 15.1 16.4 10.1
W Anterior pillar 6.6 8.0 5.0 12.2 8.7 5.7 5.8
B Anterior pillar 2.2 14 2.6 3.3 14 3.0 3.0
W Palate 6.5 6.1 6.2 10.3 6.7 7.2 6.1
B Palate 4.0 2.7 3.7 6.5 3.0 4.3 3.8
Glabella 6.7 2.1 4.0 94 2.3 4.6 2.1
W Inferior lateral orbit 9.7 7.7 5.8 14.8 8.4 6.4 5.5
B Inferior lateral orbit 3.1 1.8 2.7 4.5 1.9 3.0 1.2
W Root of zygoma 20.1 235 17.7 335 25.9 20.7 13.3
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Table B.1. (continued) Mean von Mises stress (MPa) collected from the non-adult and adult

FEMs
Molar bite
Scaled muscle force FEMs Equal bite reaction force FEMs

J1 J2 SA J1 J2 SA AD
W Maxilla 1 6.2 4.8 6.8 9.5 5.1 7.0 6.0
W Maxilla 2 9.1 3.4 5.6 14.1 3.6 5.7 6.1
W Maxilla 3 4.5 4.1 2.5 6.9 4.5 2.5 4.2
W Maxilla 4 8.1 3.6 3.4 11.4 4.0 3.5 2.6
Interorbital 3.6 19 3.1 5.2 2.0 3.1 2.1
W Supraorbital 1.2 1.3 0.9 1.6 1.3 1.0 15
B Supraorbital 3.9 4.1 3.4 5.8 4.3 3.5 2.8
W Infraorbital 6.3 4.8 8.2 10.5 5.2 8.4 6.3
B Infraorbital 6.2 6.0 6.5 10.0 6.4 6.6 6.3
W Postorbital bar 1.8 2.5 34 2.8 2.6 3.4 2.0
B Postorbital bar 8.8 6.3 7.8 14.8 6.7 7.9 7.0
W Zygomatic arch 8.7 13.9 15.3 18.4 15.4 15.8 10.2
B Zygomatic arch 6.3 13.6 13.4 15.6 154 13.9 10.7
W Anterior pillar 4.6 3.2 2.0 7.1 3.4 2.0 4.1
B Anterior pillar 14 0.7 14 2.1 0.7 15 2.0
W Palate 6.5 3.5 4.3 10.4 3.7 4.4 4.8
B Palate 2.9 2.1 2.5 4.9 2.3 2.6 3.0
Glabella 4.2 1.1 1.9 6.4 1.1 2.0 1.5
W Inferior lateral orbit 9.4 4.8 3.6 14.7 5.1 3.7 6.3
B Inferior lateral orbit 2.8 1.3 2.2 4.1 14 2.3 1.1
W Root of zygoma 29.6 28.2 25.4 48.6 30.2 25.9 17.9
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Table B.2. Strain energy (J) collected from the non-adult and adult FEMs under all
bite points

SE (J)

. . Scaled muscle force Equal bite reaction
Bite point FEM non-adult FEMs force FEMs
Incisor bite J1 0.016 0.043

J2 0.021 0.038
SA 0.023 0.037
AD 0.035
Canine bite J1 0.015 0.040
J2 0.018 0.029
SA 0.026 0.039
AD 0.031
Premolar bite J1 0.009 0.023
J2 0.012 0.014
SA 0.013 0.018
AD 0.019
Molar bite J1 0.008 0.022
J2 0.014 0.016
SA 0.015 0.016
AD 0.016
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