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a b s t r a c t

It has been hypothesized that mandibular corpus morphology of primates is related to the material
properties of the foods that they chew. However, chewing foods with different material properties is
accompanied by low levels of variation in mandibular strain patterns in macaques. We hypothesized that
if variation in primate mandible form reflects adaptations to feeding on foods with different material and
geometric properties, then this variation will be driven primarily by differences in oral food processing
behavior rather than differences in chewing per se. To test this hypothesis, we recorded in vivo bone
strain data from the lateral and medial surfaces of the mandibular corpus during complete feeding se-
quences in three adult male Sapajus as they fed on foods with a range of sizes and material properties.
We assessed whether variation in mandibular corpus strain regimes is associated with variation in
feeding behaviors and/or chewing on different foods, and we quantified the relative variation in
mandibular corpus strain regimes associated with chewing on foods of different material properties
versus a range of oral food processing behaviors (incisor, premolar, and molar biting; pulling on incisors;
mastication). Feeding behavior had a significant effect on mandibular corpus strain regimes, as did
chewing side and the cycle number in a feeding sequence. However, food type had weaker effects and
usually only through interaction effects with chewing side and/or cycle type. Strain regimes varied most
across different chew sides, then across different behaviors, and lastly between mastication cycles on
different foods. Strain magnitudes associated with premolar, molar, and incisor biting were larger than
those recorded during mastication. These data suggest that intra- and inter-specific variation in mandible
morphology is a trade-off between performance requirements of different oral food processing behaviors
and of variation in chewing side, with direct effects of food type being less important.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The relationship between diet and mandible morphology in
primates is poorly understood. Dietary category (e.g., folivory, fru-
givory) and food material properties (FMPs; e.g., toughness,
Young's modulus) have been hypothesized to be functionally
related to the shape of the primate mandibular corpus (Beecher,
1977, 1979; Hylander, 1979b, 1988; Bouvier, 1986a, b; Ravosa,
1991, 2000; Wallisch et al., 2009). However, these relationships
are not consistent across primate clades, suggesting that it is not
just dietary category and FMPs that drive form-function relation-
ships in primate mandibles (Ross et al., 2012; Ross and Iriarte-Diaz,
2014). Primates engage in a wide range of feeding and non-feeding
behaviors that place varying demands on the mandible (Smith,
1984; Daegling, 1992, 1993, 2002, 2007; Daegling and Grine,
2006; Daegling and McGraw, 2007; Terhune et al., 2011; Ross
et al., 2012; Hylander, 2013; Ross and Iriarte-Diaz, 2014). These
include pre-ingestive and ingestive food processing behaviors such
as gouging, stripping, peeling, husking, incisor biting, premolar
biting, and molar biting, as well as intra-oral food transport, food
manipulation, mastication, and swallowing. Important non-food
processing behaviors employing the mandible include yawning,
licking, drinking, grooming, agonistic threat displays, and vocal
communication.

mailto:rossc@uchicago.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhevol.2016.06.004&domain=pdf
www.sciencedirect.com/science/journal/00472484
http://www.elsevier.com/locate/jhevol
http://dx.doi.org/10.1016/j.jhevol.2016.06.004
http://dx.doi.org/10.1016/j.jhevol.2016.06.004
http://dx.doi.org/10.1016/j.jhevol.2016.06.004


C.F. Ross et al. / Journal of Human Evolution 98 (2016) 36e65 37
The relative importance of performance of these different be-
haviors for mandibular form is unknown. Some behaviors such as
vocalization, yawning, licking, threat displays, and drinking elicit
low bone strain magnitudes in the mandible and are therefore
assumed to be less important determinants of aspects of primate
mandibular form related to its mechanical strength than is feeding
(Hylander, 1979c, 1984) although for a contrasting opinion see
(Daegling, 2012). In contrast, bone strain magnitudes in the
mandibular corpus and symphysis recordedwhen animals bite on a
force transducer with their incisors, premolars, and molars can be
relatively high, and often higher than those recorded during
mastication (Hylander, 1979c, 1984; Ross and Metzger, 2004). This
suggests that an evaluation of bone strain regimes in the mandible
during a broad range of feeding behaviors might be informative
about the determinants of mandibular form. The phrase “feeding
behavior” has been used to refer to a wide range of behaviors, from
general behaviors such as grazing, browsing, “high selectivity,” and
“low selectivity” (Van Soest, 1996) to specific gape cycle types, such
as chewing, gnawing, and swallowing (Hiiemae, 2000: 244; see
Ross and Iriarte-Diaz [2014] for a recent review of the hierarchical
levels of feeding behavior terminology in primate feeding biome-
chanics and ecology.) In this study, we focus on a range of behaviors
that we define as oral food processing behaviors, including incisor,
premolar, and molar biting, pulling on incisors, and mastication,
behaviors during whichmechanical forces are applied to food items
through the mandible, accompanied by jaw muscle forces and re-
action forces acting on the mandible from the food item, teeth, and
jaw joints (e.g., Hiiemae, 1976, 1978).

1.1. Is variation in mandibular corpus morphology related to
variation in what primates masticate/chew?

One possibility is that interspecific variation inmandibular shape,
as estimated by external dimensions of the mandibular corpus, does
not reflect adaptation to variation in the nature ofmandibular stress,
strain, anddeformationwhenchewingdifferent foods (seeTable1 for
definitions), but adaptation tovariation in theamountof strain (some
integral of strain magnitude and/or number of cycles) associated
with chewing. For example, Hylander (1979b) suggested that
mastication might influence mandible morphology through selec-
tion to improve mandibular resistance to bone fatigue. Noting that
themandibular corpora of colobines are deeper than those of related
cercopithecines, that most colobines are highly folivorous, and that
leaves require more masticatory cycles than fruit, Hylander (1979b:
230) hypothesized that the relatively deeper mandibular corpora of
colobinesmight function to “preventmandibular bone fatigue due to
cyclical repetitious bending loads.” This hypothesis thenwas applied
to explain patterns of mandibular variation between grass-eating
cercopithecines (gelada baboons) and frugivorous cercopithecines
Table 1
Terminology and abbreviations.

Term Definition

Loading regime Combination of external forces acting on the mandible
Deformation regime Pattern of deformation associated with a loading regime
Stress regime Pattern of internal forces at local points associated with
Strain regime Pattern of strains (principal, shear, Von Mises) at local p
FMP Food material properties

E Young's modulus
R Toughness
31 Maximum principal strain
32 Minimum principal strain
gmax Shear strain
(Hylander, 1979b), across living and fossil prosimians (Ravosa, 1991,
1992, 2007), an extensive sample of cercopithecoids (Ravosa, 1996),
and apes (Ravosa, 2000; Taylor, 2002, 2006a, b).

Another possibility is that interspecific differences in mandible
morphology reflect differences in the nature of mandibular loading,
stress, and strain regimes associated with mastication of different
foods. In macaques, mastication of different foods (apple, dried
peach, celery) elicited different orientations of principal strains ( 31,
32; different strain regimes) on the lateral aspect of the balancing
side mandibular corpus (Fig. 1; Hylander, 1979c: Table 10). More-
over, mastication on different foods elicits differences in relative
amplitude and timing of activation of jaw elevator muscles
(Hylander and Johnson,1994). The jaw elevator muscles apply large
external forces to the mandible during the power stroke of masti-
cation, so variation in their activity associated with mastication of
different foods might be associated with variation in mandibular
strain, stress, and deformation regimes. Moreover, because the
orientation of the bite reaction force acting on the mandible is a
function of both dental occlusal morphology and the direction of
jaw movement during occlusion (Hildebrand, 1931; Beyron, 1964;
Ingervall, 1972; Suit et al., 1976; Woda et al., 1979; Ekfeldt and
Karlsson, 1996; Rilo et al., 2009), the variation in occlusal
morphology between different primates might result in different
bite force orientations during the power stroke of mastication,
which in turn could result in, for example, different twisting mo-
ments acting on the corpus (Hylander, 1979b, 1988).

Thus, theoretical considerations, as well as in vivo strain and
comparative morphometric data, can be invoked in support of the
hypothesis that variation in primate mandibular corpus
morphology reflects adaptation to variation in the amplitude and
nature of strain associated with mastication of foods with different
material properties. However, there are reasons for thinking that
the influences on external mandible morphology of masticating
foods of different material properties might be relatively minor.
Although food-related differences in principal strain orientations
on the lateral aspect of the corpus during mastication reported by
Hylander (1979c: Table 10) are statistically significant, the differ-
ences are very small (<2�; Fig. 1), raising questions about their
biological significance. Consider, for example, that the effects of
chewing side on principal strain orientations are at least as large as,
and usually larger than, effects of food type (average chew side
difference ¼ 26� in Table 8 of Hylander [1979c] and Hylander et al.
[1987]). If large differences in strain regimes associated with
chewing side demand trade-offs in mandibular corpus design,
these might swamp effects on mandible morphology of smaller
differences in strain regimes associated with chewing foods with
different material properties.

Another issue, particularly relevant to this paper, is the fact that
the majority of the variance in both the relative timing of jaw
Examples

Muscle, joint, and bite forces
Bending, twisting

a loading regime Principal, shear, Von Mises stress
oints associated with a loading regime Principal, shear, Von Mises strain

Units

MPa
Jm�2

Microstrain (m 3)
Microstrain (m 3)
Microstrain (m 3)



Figure 1. Diagrams of mean principal strain orientations and magnitudes recorded from the lateral aspect of the mandibular corpus of three Macaca fascicularis during transducer
biting and apple ingestion and chewing, as reported by Hylander (1979a, b, c). Tracings of radiographs and orientations of reference elements are taken from Hylander (1979a, b, c:
Fig. 8). Strain magnitude and orientation data are from Hylander (1979a, b, c: Tables 3 and 8).
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muscle EMGs and jaw kinematics is found between gape cycles
within feeding sequences, not between mastication sequences on
different foods (Vinyard et al., 2008; Iriarte-Diaz et al., 2011). A
feeding sequence begins when a food item is ingested and ends
with the final swallow of that item. In experimental settings, when
only one food item is ingested at a time, a large source of between-
sequence variation in jaw muscle EMG activity and jaw kinematics
is probably the different foods, which in the studies cited above
included dried fruits, nuts, bamboo, leaves, and gelatin candies.
However, there is also within-sequence variation in jaw muscle
EMG and kinematics related to, and probably elicited by, variation
in food bolus size and material properties resulting from intra-oral
processing of the ingested food item, including food transport,
fragmentation, and mixing with saliva (Hiiemae, 2000). The key
point for the current paper is that jaw kinematics and jaw muscle
EMG relative timing are important determinants of the loading,
stress, strain, and deformation regimes in the mandibular corpus
during feeding. Consequently, if jaw kinematics and EMG relative
timing varymorewithin than between sequences, thenmandibular
corpus strain regimes probably also varymorewithin than between
sequences. If mandibular corpus design has to accommodate not
only variation in stress and strain regimes associated with chewing
side, but also within-sequence variation associated with food pro-
cessing, effects on mandibular corpus morphology of inter-
sequence variation in the properties of foods being masticated
may be insignificant or undetectable.
1.2. Is variation in mandibular corpus morphology related to
variation in oral food processing behavior?

Primate mandibular corpus morphology has also been argued to
vary between species that commonly employ different oral food
processing behaviors. For example, Hylander (1979a) noted that
mangabeys (Lophocebus albigena) have relatively deeper mandib-
ular corpora than cercopithecines that spend less time using their
incisors to bite hard fruits. He hypothesized that the relatively
deeper mandibular corpora of mangabeys might have evolved to
resist high sagittal bending moments associated with frequent
incisor biting (Hylander, 1979a). Strain in the neck of the mandible
varies between incision and mastication (Hylander and Bays, 1979;
Hylander, 1979a), strain orientations on the labial surface of the
symphysis vary widely with oral food processing behavior
(Hylander, 1984), and strain orientations on the lateral aspect of the
corpus during ingestion incision and isometric biting frequently
differ from those recorded during mastication (Hylander, 1979c:
Fig. 1). Thus, not only do mandibular corpus stress, strain, and
deformation regimes differ significantly across oral food processing
behaviors, but this variation appears larger than that experienced
during mastication on different foods. If this is indeed the case, it
suggests that inter-specific variation in mandibular corpus
morphology might more directly reflect variation in the daily fre-
quency and importance of different oral food processing behaviors
(such as incisor biting versus premolar biting versus molar biting/
mastication), rather than variation in the material properties of
foods being chewed.

The relationships between variation in mandibular corpus
morphology and variation in feeding behavior have been explored
in a number of morphometric studies, with mixed results. Behav-
ioral differences are argued to underlie differences in mandible
shapes between gouging and non-gouging close-relatives (Vinyard
et al., 2003; Vinyard and Ryan, 2006). Common marmosets (Calli-
thrix jacchus) do not generate relatively high bite forces during tree
gouging, predicting no significant differences in mandibular corpus
morphology compared with Saguinus and Saimiri, a prediction
confirmed by Vinyard and Ryan (2006). However, gouging primates
do generate gouging forces at relatively wider jaw gapes, which in



1 We do not have definitive DNA evidence or geographic locality of the in-
dividuals' ancestral populations and there is considerable within-species diversity
in Sapajus. Thus, we do not assign the individuals to species.
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C. jacchus is facilitated by lower condyle heights and longer jaw-
muscle fiber lengths, a musculoskeletal configuration that allows
common marmosets to operate over a more favorable portion of
the lengthetension curve at larger gapes (Vinyard et al., 2003; Eng
et al., 2009; Taylor and Vinyard, 2009). In this case, inter-specific
variance in feeding behavior (gape) exerts a strong influence on
mandible morphology.

Daegling and McGraw (2001) compared mandibular corpus
morphology in sympatric and similar-sized Colobus polykomos and
Procolobus badius. C. polykomos not only consumesmore seeds than
P. badius, but it also harvests seeds from “thick woody pods of
Pentaclethera macrophylla” and was predicted to have absolutely
and relatively larger mandibular corpora (Daegling and McGraw,
2001). Not only were no differences found in symphyseal robus-
ticity and corporal breadth at the M2, but corpus height only dis-
tinguishes C. polykomos males from P. badius males; C. polykomos
females are not distinct in corpus height. In a later study, Daegling
and McGraw (2007) noted that Lophocebus employs incisor biting
more frequently during hard object feeding than sympatric Cerco-
cebus, predicting that Lophocebus would have a deeper symphysis
and postcanine corpus and that Cercocebus would have a labiolin-
gually thicker and larger symphysis and a larger postcanine corpus
area to resist shearing forces. Lophocebus does have a deeper
postcanine corpus, as predicted, but in contrast with predictions,
the two species do not differ significantly in corpus cross-sectional
area (at M2), Lophocebus does not have a deeper symphysis, and the
symphysis of Cercocebus is stronger in coronal bending than that of
Lophocebus (Daegling and McGraw, 2007).

Taylor (2006b) compared the load resistance abilities of man-
dibles of Pongo species from BorneodPongo pygmaeus wurmbii and
Pongo pygmaeus moriodwith those of Sumatran PongodPongo
pygmaeus abelii. Both species of Bornean orangutans eat relatively
tougher foods than P. p. abelii, using a range of behaviors, including
powerful incision during ingestion and processing. Relative to
abelii, both morio and wurmbii have deeper mandibular corpora
and larger mandibular condyles relative to their incisor load arms,
increasing their resistance to parasagittal bending and condylar
compression during incision, but neither of the Bornean species has
the broader mandibular corpus relative to abelii predicted for
resisting torsional stresses generated during incision, and only
morio has the deeper symphyseal shape predicted for resisting
coronal bending of the symphysis during incision (Taylor, 2006b;
Vogel et al., 2014). The significance of these results is constrained
by the lack of detailed data on differences in feeding behaviors
between the different species and subspecies of orangutans.
However, it is noteworthy that deeper mandibular corpora relative
to incisor load arms characterize both the hard object feeding
orangutans and Lophocebus. This suggests that variation in the
degree of powerful incisor biting might be a determinant of vari-
ation in mandibular corpus morphology.

The relationships between dietary toughness, feeding behavior,
and mandible corpus morphology among Cebus/Sapajus species,
the species studied for this paper, are also not clear-cut. Sapajus sp.
is more durophagous than Cebus capucinus, employing their jaws in
a range of extra-oral food processing and extraction behaviors. As
predicted, Sapajus apella has improved jaw-muscle leverage (e.g.,
Cole, 1992; Wright, 2005a, b; Wright et al., 2009), and female
S. apella have relatively more robust mandibular corpora than fe-
male C. capucinus, with more cortical bone in the cross-section
(Daegling, 1992). However, male apella do not differ significantly
from male capucinus, and although Sapajus libidinosus process and
consume foods of exceptionally high toughness compared to Cebus
olivaceus and S. apella, S. libidinosus' mandibular corpus shape does
not significantly differ from that of S. apella (Wright, 2005a, b;
Wright et al., 2009).
In this paper, we explore the relationships between feeding be-
haviors and patterns of strain in the mandibular corpus of Sapajus
capuchin monkeys to better understand how mandible shape might
be related to deformation and strain regimes during different be-
haviors. To evaluate the extent to which variation in food processing
behavior is related to variation in mandibular strain regimes, we
collected in vivo bone strain data from the mandibular corpora of
three robust tufted capuchins (Sapajus sp.; Lynch-Alfaro et al., 2012;
Wright et al., 2015) while they performed a wide range of food
processing behaviors. The specific aims of this study were to test the
following hypotheses: 1) variation in oral food processing behaviors,
such as incisive and premolar biting and pulling, is associated with
significant variation in strain regimes in the mandibular corpus, 2)
mastication of foods with different material properties results in
significant variation in strain regimes in the mandibular corpus, and
3) variation in strain regimes associated with different oral food
processing behaviors is greater than variation in strain produced by
mastication on foods of different material properties. The mandib-
ular corpus was selected for study because it has been the focus of
much of the prior work on mandibular biomechanics (Hylander,
1979b, 1988; Bouvier, 1986a, b; Daegling, 1989, 1990, 2007; Ravosa,
1991, 2000; Taylor, 2002, 2006b; Wallisch et al., 2009), because it
is commonly preserved in the fossil record, and because it is easily
accessed in vivo.

2. Materials and methods

2.1. Subjects

All procedures were approved by the University of Chicago
IACUC. Three adult male Sapajus sp. served as subjects. The three
individuals were robust, tufted capuchin monkeys, and can there-
fore be assigned to the genus Sapajus following Lynch-Alfaro et al.
(2012) and Wright et al. (2015).1 The subjects had all of their teeth
and displayed no obvious asymmetries, diseases, or deformities of
their feeding systems. At least threemonths prior to data recording,
four Vitallium™ bone screws were implanted in their mandibles
and four in their zygomatic arches. These percutaneous screws
served as anchoring points for reflectivemarkers used for recording
of jaw kinematic data reported elsewhere (Reed and Ross, 2010;
Iriarte-Diaz et al., 2011; Ross et al., 2012). In this study, kinematic
data for two individuals were of high enough quality to be used to
evaluate the effects of surgical strain gage placement on feeding
behavior. It was not possible to rigorously compare jaw kinematics
before and after screw placement. However, in the several months
of data collection after placement of screws, the animals appeared
to feed normally, including vigorous ingestion and mastication of a
wide range of food items. They displayed no preferences for
chewing side and their body weights were not affected by screw
placement.

2.2. Strain-gage placement

During one experiment on each animal, three delta rosette
strain gages (SA-06-030WY-120, Micromeasurements, Raleigh, NC)
wired in a three-wire quarter-bridge circuit were attached to the
mandibular corpus below M2eM3. Two gages were placed on the
lateral surface and one gage on the medial surface (Fig. 2). The
animals were food-deprived for 24 h before each experiment and
then sedated with ketamine (4 mg/kg) and dexmedetomidine



Figure 2. 3D surface renderings of CT scans of the mandibles of the three individuals used in this study showing locations, relative size, and orientations of the delta rosette strain
gages. The lateral gages were placed 5 mm rostral to the insertion of the superficial masseter, one at mid-corpus height and one near the bottom edge of the corpus. This location
corresponds to the lateral mandibular prominence in hominids where the root of the ramus merges with the corpus (Brown, 1997; Kimbel et al., 2004). The medial gage was placed
inferior to the attachment of the mylohyoid muscle. Note that gages were placed on the right corpus during experiments 183 (animal M) and 184 (animal C), and on the left corpus
in Experiment 185 (animal S). Gage positions and orientations relative to the occlusal plane were determined from radiographs taken following recording.
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(150e200 mg/kg) prior to anesthesia with inhalant isofluorane
delivered in O2 (Theriault et al., 2008). After an adequate plane of
anesthesia was achieved, a small incision was made in the skin
overlying the inferior border of the corpus. Access to the lateral
surface of the corpus required no disturbance of the masseter or
buccinator muscles. The anterior digastric muscle in Sapajus has a
large fleshy attachment to the medial surface of the corpus,
extending posteriorly from the symphysis to the medial pterygoid
attachment area and from the inferior edge of the corpus to the
mylohyoid line. Consequently, access to the medial corpus gage site
required detachment of a small portion of the anterior digastric
from the corpus. As noted below, these procedures did not signif-
icantly impact jaw kinematics in the two animals in which this
could be evaluated.
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At each gage site, the periosteum was elevated to expose the
cortical bone, a small area of the bone was degreased with clinical
grade chloroform, and then the rosette was bonded to the bone
with a cyanoacrylate adhesive. To prevent movements of the lead
wires from causing strain in the gage circuit, thewires were bonded
to the bone for 3e4 mm using the same adhesive. Following
bonding of the strain gage and wires, the incision was sutured
closed with the lead wires of the strain gage passing out through
the incision. The wires were secured to the skin in areas where skin
movement is minimal. Indwelling electromyography (EMG) elec-
trodes were implanted in the anterior and posterior temporalis,
superficial and deep masseter, and medial pterygoid muscles. Ra-
diographs were taken to document strain gage position and
orientation.

The animals were placed in a long-sleeved jacket and then
secured in a commercially available restraint (XPL-517-CM, Plas
Labs, Lansing, MI) that limited trunkmovements while enabling the
head and neck to move freely. The jacket sleeves were secured
through pulleys to friction blocks that enabled the arms to be
released to allow the animal to feed itself. The animals were
allowed to recover for at least one hour after isofluorane anesthesia
and at least two hours after ketamine sedation before data collec-
tion. Each of the three elements of the rosettes was connected to
form one arm of a Wheatstone Bridge, with excitation at two volts.
Voltage changes were conditioned and amplified on a Vishay 2310A
system and then recorded using Vicon Motion analysis software.
The animals were presented with a range of foods and bone strain,
EMG, and jaw kinematic data were recorded while the animals
ingested and chewed these foods. After each recording session
(Experiment), the animal was again anesthetized, the gages were
removed, the wound cleaned and closed with sutures, analgesics
and antibiotics were administered, and the animal was returned to
its cage. All animals recovered from all surgeries and recordings
without complications.
2.3. Foods sampled

The animals were presented a variety of foods ranging in ma-
terial and geometric properties in order to elicit the wide range of
feeding behaviors observed during prior training sessions. The
material properties of some of the foods presented to the animals
were available in the literature and are presented in Table 2. These
material properties were not used in statistical analyses and are
only presented for qualitative comparisons by the reader. Though
Table 2
Foods used and material properties.

Food Young's modulus, E, (MPa)

mean (SD)

Almond 19.42 (7.69)
Almond 21.6 (4.00)
Almond 8.7 (1.4)
Dried apricot 0.99 (0.29)
Dried apricot 5.9 (0.2)
Dried banana chip NA
Brazil nut (seed) 33.84 (7.75)
Cashew nut 11.08 (2.28)
Coconut meat NA
Dried dates 3.2 (0.48)
Hazelnut 12.2
Dried mango NA
Pecan NA
Popcorn kernel 325.4 (218.83)

NA ¼ not available.
we lack data on the material properties of all the parts of all of the
foods ingested and masticated, the data that we do have show a
substantial range of material properties in both Young's modulus
(ranging between 8.7 and 2978 MPa) and toughness (ranging be-
tween ~106 and 965 Jm�2; Table 2). Geometric properties (size and
shape) were not recorded for the food items; however, the food
items were presented whole, including Brazil nuts, almonds, and
walnuts in the shells. This represents a range of sizes, from the
Brazil nuts and walnuts in shells to almonds. Not all animals ate all
food types in all experiments, so Table 2 does not summarize the
full range of material properties in all experiments. Moreover, the
FMPs available to us (Table 2) are from the flesh on the inside of the
nuts, not the shells on the outside.
2.4. Kinematic analysis

Rigid body kinematics of the jaws were calculated in Matlab
using scripts from the KineMat toolbox (http://isbweb.org/
software/movanal/kinemat/). To describe mandibular movement
with respect to the fixed cranium, we used instantaneous helical
angles, which are similar to Cardan/Euler angles that describe the
rotation of a rigid body from one time step to the next (Woltring
et al., 1985). Feeding sequences were divided into discrete feeding
cycles (between consecutive maximum gapes). Gape cycles were
standardized in two ways: first, timing was standardized by
dividing each cycle into 100 time steps (percentages of the gape
cycle); second, actual timing was maintained, but cycles were
aligned so that maximum gape was centered at zero. For two of the
individuals (C and S), it was possible to compare average kinematic
values recorded prior to these strain gage experiments with values
recorded during the experiments themselves.
2.5. Oral food processing behavior categories

Video recordings of the experiments were used to divide gape
cycles into the following categories: incisor, canine, premolar, and
molar ingestion bites; canine and incisor pulls; and mastication
cycles. Biting side for incisor and premolar bites was determined
from the videos; biting side for the mastication cycles was deter-
mined from analysis of the 3D jaw kinematics. Gape cycles inwhich
the rightmolars weremovingmedially during the slow-close phase
of the gape cyclewere assigned to right chews; gape cycles inwhich
the left molars were moving medially during the slow-close phase
of the gape cycle were assigned to left chews.
Fracture toughness, R (Jm�2) Reference

mean (SD)

308.6 (34.85) Williams et al., 2005
245.8 (40.2) Agrawal et al., 1997
105.7 (58.7) Ross et al., 2009
565.2 (102.93) Williams et al., 2005
830.0 (72.0) Ross et al., 2009

NA
160.8 (37.9) Agrawal et al., 1997
174.8 (44.4) Agrawal et al., 1997

NA
964.6 (114.31) Agrawal et al., 2000
166.2 Dominy, pers. comm.

NA
NA

2978.8 (678.34) Williams et al., 2005

http://isbweb.org/software/movanal/kinemat/
http://isbweb.org/software/movanal/kinemat/
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2.6. Strain analysis

The strain data were sampled at a rate of �1000 Hz, then con-
verted to microstrain (m 3, 1 � 10�6) using calibration files made
during the recording sessions. Sequences were selected for analysis
on the basis of the quality of the strain data and were rejected if
there was obvious movement artifact. All gape cycles in a sequence
were included except those where the magnitude of the strains
decreased so as to be unreliably distinguishable from noise (which
ranged from 5 to 10 mV in each channel).

Strain ( 3), measured in m 3, is a dimensionless unit equaling the
change in length of an object divided by its original length. The
maximum principal strain ( 31) is usually the largest tensile strain
value, while the minimum principal strain is usually the largest
compressive strain value ( 32). The maximum shear strain (g-max) is
equal to 31 minus 32. Selected feeding sequences were analyzed
using customwritten software in IGOR Pro (Versions 4.0 and 6.43a).
Specifically, the direction of 31 relative to the A-element of the gage,
the magnitude of the shear strains, and the ratio of maximum to
minimum strains (j 31/ 32j) were calculated with standard equations.
Themagnitude and timing of the peak shear strains were calculated
for each power stroke, then the direction of the maximum principal
strain and the ratio of maximum to minimum strains at the same
point in time were calculated.

The orientations and magnitudes of 31 and 32 strain “vectors”
recorded at the time of peak strain were plotted and visualized
prior to analysis (Supplementary Online Material [SOM]
Figures S1eS3). (Although strain is not strictly speaking a vector,
the orientation and magnitude of the principal strains can be
visualized as such.) These plots facilitate estimation of relative
magnitudes of peak tensile and compressive strains, as well as an
appreciation of the range of strain orientations recorded and the
relationships between strain orientations and strain magnitudes.
The strain vector plots were created by converting strain orienta-
tions (in degrees) and magnitudes (in m 3) to polar coordinates. The
orientations of the vectors relative to the mandibles were deter-
mined from notes and radiographs taken during the surgeries, us-
ing the postcanine tooth row as the reference plane. In lateral
radiographs, this plane was defined as a line from the most pos-
terior point on the occlusal surface of the lower third molar (M3) to
the paraconid of the first lower premolar (P2).

Data from three gages placed around the circumference of the
mandible allow calculation of the normal strain distribution across
the section of the gages. From this distribution, maximum and
minimum normal strains for the cross section and the orientation
of the neutral axis within the cross section were then calculated
using a custommacro for Igor Promodified from one provided by B.
Demes, Stony Brook University (Rybicki et al., 1977; Demes, 1998,
2007; Demes et al., 2001). The orientation of the neutral axis pro-
vides one measure of the strain and deformation regimes during
feeding. To calculate the orientation of the neutral axis of bending,
normal strains (strains normal to the plane of the cross section)
were calculated from peak principal strains recorded during each
bite. Cross-sectional geometry of the mandible was determined
from CT scans (1 mm slice thickness) of the specimens. Normal
strains were calculated assuming that material properties are ho-
mogeneous through the cross section.

Data analyses were performed in Matlab (R2012B), IBM SPSS
Statistics (Version 22), Igor Pro 4.0 (Lake Oswego, OR), and Oriana
2.02e (Kovach Computing Services, www.kovcomp.com). Circular
statistics were calculated for the orientations of 31 at each gage site,
with chew cycles grouped according to cycle type (incisor biting,
premolar biting, mastication) and biting side (i.e., whether the
animal bit ipsilateral or contralateral to the gage site, yielding
“working-side” and “balancing-side” chews, respectively).
Descriptive statistics presented are: the angle (m) of the mean
vector relative to the tooth row; the length of the mean vector (r),
ranging from 0 to 1, with a larger r value indicating the observations
are clustered more closely around the mean; the concentration (k),
the maximum likelihood estimate of the population concentration
(Fisher, 1993; Mardia and Jupp, 2000) (a parameter specific to the
von Mises distribution that measures the departure of the distri-
bution from a uniform distribution, when k ¼ 0 the distribution is
uniform, with higher values converging on a normal distribution);
the circular variance V ¼ 1 � r; the circular standard deviation
S ¼ (�2 ln(r))½ (in radians); the standard error of the mean (for-
mula 4.42 in Fisher, 1993); and the weighted mean vector, which is
the mean orientation of 31 weighted by the magnitude of 31. Note
that the length of the mean vector is not an estimate of the mean
magnitude of 31, but instead an estimate of the degree to which the
31 orientations cluster. We used Rayleigh's test of uniformity to
determine whether all strain orientations are equally likely. A sig-
nificant Rayleigh's test indicates that strain or neutral axis orien-
tations are significantly non-uniform; i.e., there is a predominant
orientation.Watson's U2 Test is used to determinewhether the data
are derived from a von Mises distribution and, hence, whether
parametric tests of strain orientations were appropriate.

To test the third hypothesisdthat variation in strain regimes is
higher across different behaviors than across chews on different
foodsdat each gage site in each experiment the variation in 31

orientation was quantified across all non-chew cycle types, all
chews (including left and right chews), and for left and right chews
separately using S, the range of mean 31 orientation, and the range
of weighted mean 31 orientation. The ranges of means were
calculated by computing the differences between the highest and
lowest mean values of 31 orientations across behaviors, across
chews on different foods, and within and across chewing sides.
These values were then tabulated for comparison. Variation in
neutral axis orientationwas assessed using S and the range of mean
orientation. (Weighted means cannot be calculated for neutral axis
orientation.)

Methods for fully nested hierarchical analyses of variance for
angular data are not currently available. Instead, two-way ANOVAs
of angular data were performed using the Circular Statistics
Toolbox in Matlab 2012b to test for effects of food and behavior on
orientations of principal strain and neutral axes of bending. Games
and Howell post-hoc tests were performed. Balancing side chews
(contralateral to gages) and working side chews (ipsilateral to
gages) were tested separately. Because these failed distributional
assumptions required for parametric tests, mean 31 and neutral axis
orientations recorded during different behaviors and during eating
of different foods were compared using a nonparametric Mardia-
Watson-Wheeler test. The effects of food type and chewing side
on mean 31 magnitude and log10 j 31/ 32j ratios during chewing cycles
were tested using a parametric two-way ANOVAwith side as a fixed
effect, food type as a random effect, and chew number as a covar-
iate. Grape and date chewing were excluded because the strain
magnitudes were too low to be reliable. The effects on 31 magni-
tudes of cycle type, food type, and cycle number in the sequence
were evaluated using a parametric two-way ANOVA, with cycle
type and food as random effects and cycle number as a covariate.

3. Results

To evaluate whether gage placement affected feeding kine-
matics, we compared the jaw kinematics for two subjects (C and S)
recorded during these strain gage experiments with kinematics
recorded in previous experiments when no gages were placed. For
experimental subject C, we found no clear differences in the mean
angular velocity of the mandible (Fig. 3A, B). Kinematic patterns of
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Figure 3. Average mandible kinematics through a gape cycle comparing control (no gages, dashed lines) and experimental (with gages, solid lines) conditions for two of the
experimental subjects. Plots indicate the angular velocity of the mandible with respect to the fixed cranium. Blue traces show the rotation around the X-axis (see inset), indicating
jaw opening and closing (positive values for jaw opening and negative values for jaw closing), while green traces show the rotation around the Z-axis, indicating lateral deviation
(positive for a mandible moving towards the working side and negative for a mandible moving towards the balancing side). Top panels show the mandible kinematics of
experimental subject C for a time-standardized gape cycle (A) and in absolute time, centered around maximum gape (B). Bottom panels show the mandible kinematics of
experimental subject S for a time-standardized gape cycle (C) and in absolute time, centered around maximum gape (D). Kinematic traces are presented as mean values and their
respective standard errors of the mean (lines and shadow traces around them, respectively). Gray sections indicate the jaw-closing phase of the gape cycle. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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jaw opening/closing and lateral displacements were qualitatively
similar, reaching comparable peak points and points of inflection
(i.e., changes in angular velocity) at similar times between data
collected with the strain gages (n ¼ 1318 gape cycles) and that
collected without gages (n ¼ 828 gape cycles). For experimental
subject S, we also found similar kinematic patterns between ex-
periments when gages where present (n ¼ 747 gape cycles) and
when absent (n ¼ 1067 gape cycles; Fig. 3C, D). Slight differences in
the timing of peak angular velocity of the mandible around the Z-
axis (i.e., lateral mandible rotation) were found between experi-
ments (Fig. 3D), but otherwise the same kinematic pattern is
observed.

Strain orientations and magnitudes are presented for Experi-
ment 183 in Figures 4e6, for Experiment 184 in Figures 7e9, and for
Experiment 185 in Figure 10. SOM Figures S1e3 present all the
strain vectors for 31 and 32 recorded during these experiments. The
31 magnitude data are summarized in Figure 11. The 31 data for
Experiment 183 are presented in Tables 3 and 4, for Experiment 184
in Tables 5 and 6, and for Experiment 185 in Table 7. ANOVA results
for strain magnitudes and ratios are given in Tables 8 and 9. Ranges
of circular standard deviations, means, and weighted means are
given in Table 10.

4. Experiment 183

In Experiment 183, animal M ate almonds, banana chips,
cashews, dates, and hazelnuts, while strain data were recorded
from the right corpus. The available data on Young's modulus (E) of
these foods range from 3.2 to 12 MPa and on fracture toughness (R)
range from 105 to 965 Jm�2 (Table 2). Strain orientations during
date chews were excluded from the analyses summarized below
because the strain magnitudes were so low that they approached
the level of noise in each element of the rosette strain gage (ca.
5e10 m 3; Table 4).

4.1. Oral food processing behaviors

During oral processing behaviors, all strain orientations were
not equally likely (Rayleigh's test, Table 3). Oral food processing
behavior had a significant effect on 31 orientation at all three gage



Figure 4. Mean 31 orientation and magnitude recorded from the upper lateral gage during feeding by animal M in Experiment 183. Red lines are vectors illustrating orientation and
magnitude of 31. A) Mean 31 orientations recorded during different behaviors. Gray lines in A illustrate mean orientations where low magnitudes make it difficult to distinguish the
vectors. B) Mean 31 orientations during left (balancing side) chews, with each vector representing a different food type. C) Mean 31 orientations during right (working side) chews,
with each vector representing a different food type. Black arrows illustrate mean 31 orientations during all left chews (B) and all right chews (C). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

Figure 5. Mean 31 orientation and magnitude recorded from the lower lateral gage during feeding by animal M in Experiment 183. Red lines are vectors illustrating orientation and
magnitude of 31. A) Mean 31 orientations recorded during different behaviors. Gray lines in A illustrate mean orientations where low magnitudes make it difficult to distinguish the
vectors. B) Mean 31 orientations during left (balancing side) chews, with each vector representing a different food type. C) Mean 31 orientations during right (working side) chews,
with each vector representing a different food type. Black arrows illustrate mean 31 orientations during all left chews (B) and all right chews (C). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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Figure 6. Mean 31 orientation and magnitude recorded from the medial gage during feeding by animal M in Experiment 183. Red lines are vectors illustrating orientation and
magnitude of 31. A) Mean 31 orientations recorded during different behaviors. Gray lines in A illustrate mean orientations where low magnitudes make it difficult to distinguish the
vectors. B) Mean 31 orientations during left (balancing side) chews, with each vector representing a different food type. C) Mean 31 orientations during right (working side) chews,
with each vector representing a different food type. Black arrows illustrate mean 31 orientations during all left chews (B) and all right chews (C). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

Figure 7. Mean 31 orientation and magnitude recorded from the upper lateral gage during feeding by animal C in Experiment 184. Red lines are vectors illustrating orientation and
magnitude of 31. A) Mean 31 orientations recorded during different behaviors. Gray lines in A illustrate mean orientations where low magnitudes make it difficult to distinguish the
vectors. B) Mean 31 orientations during left (balancing side) chews, with each vector representing a different food type. C) Mean 31 orientations during right (working side) chews,
with each vector representing a different food type. Black arrows illustrate mean 31 orientations during all left chews (B) and all right chews (C). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

C.F. Ross et al. / Journal of Human Evolution 98 (2016) 36e65 45



Figure 8. Mean 31 orientation and magnitude recorded from the lower lateral gage during feeding by animal C in Experiment 184. Red lines are vectors illustrating orientation and
magnitude of 31. A) Mean 31 orientations recorded during different behaviors. Gray lines in A illustrate mean orientations where low magnitudes make it difficult to distinguish the
vectors. B) Mean 31 orientations during left (balancing side) chews, with each vector representing a different food type. C) Mean 31 orientations during right (working side) chews,
with each vector representing a different food type. Black arrows illustrate mean 31 orientations during all left chews (B) and all right chews (C). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

Figure 9. Mean 31 orientation and magnitude recorded from the medial gage during feeding by animal C in Experiment 184. Red lines are vectors illustrating orientation and
magnitude of 31. A) Mean 31 orientations recorded during different behaviors. Gray lines in A illustrate mean orientations where low magnitudes make it difficult to distinguish the
vectors. B) Mean 31 orientations during left (balancing side) chews, with each vector representing a different food type. C) Mean 31 orientations during right (working side) chews,
with each vector representing a different food type. Black arrows illustrate mean 31 orientations during all left chews (B) and all right chews (C). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

C.F. Ross et al. / Journal of Human Evolution 98 (2016) 36e6546



Figure 10. Mean 31 orientation and magnitude recorded during feeding by animal S in Experiment 185. Red lines are vectors illustrating orientation and magnitude of 31. Gray lines
illustrate mean orientations where low magnitudes make it difficult to distinguish the vectors. A) Mean 31 orientations recorded from the upper lateral gage during different
behaviors. B) Mean 31 orientations recorded from the lower lateral gage during different behaviors. C) Mean 31 orientations recorded from the medial gage during different be-
haviors. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

C.F. Ross et al. / Journal of Human Evolution 98 (2016) 36e65 47
sites, as well as on neutral axis orientation (upper lateral, F ¼ 69.5;
lower lateral, F ¼ 147.4; medial, F ¼ 17.02; neutral axis, F ¼ 18.0; all
p < 0.001). Strain magnitudes varied across oral processing be-
haviors and were always higher (mean andmaximum) at the upper
corpus than the lower corpus site (compare values for upper lateral
and lower lateral in Table 3). Mean strain magnitudes ranged from
30 to 866 m 3at the upper lateral corpus site, from 5 to 172 m 3at the
lower lateral corpus site, and from 15 to 80 m 3at the medial corpus
site (Table 3). The highest 31 magnitude recorded was 2138 m 3,
recorded from the upper lateral gage site during isometric biting on
the contralateral molars (Table 3). The highest strain magnitudes at
all gage sites were recorded during biting, not chewing.

The effects of cycle type, cycle number, and food type on 31
magnitude and j 31/ 32j ratioswere evaluated using two-way ANOVAs,
with cycle type and food as random effects and cycle number as a
covariate (Table 8a). At all gage sites, cycle number had the strongest
effect (i.e., highest F-values) on 31magnitude, andat both lateral gage
sites cycle type had the next strongest effect. Food type only had a
significant effect at themedial gage site. At the two lateral gage sites,
cycle type � food interaction effects were significant.

The most consistent effect on j 31/ 32j ratios across all gage sites
was the interaction effect between cycle type and food type: i.e., the
way that cycle type impacts j 31/ 32j ratios varies with food type. At
the upper lateral gage site, j 31/ 32j ratios were significantly impacted
by cycle type and by the interaction between cycle type and food
type, but neither food type nor cycle number was significant. At the
lower lateral gage site, j 31/ 32j ratios were significantly impacted by
all main and interaction effects, but food type and interaction ef-
fects were the weakest. At the medial gage site, j 31/ 32j ratios were
significantly impacted by cycle number, food type, and cycle type �
food interactions, but not cycle type.

4.2. Chewing

During chewing, all strain orientations were not equally likely
(Rayleigh's test, Table 4). ANOVA for circular data revealed variable
effects of food type on mandibular corpus principal strain and
neutral axis orientation during chewing cycles. During right chews,
food type had a significant effect on mean 31 orientation at the
medial (F ¼ 41.1, p < 0.001) and lower lateral gage sites (F ¼ 3.03,
p ¼ 0.03), but not at the upper lateral gage site. Food type affected
neutral axis orientation during right chews (F ¼ 3.5, p ¼ 0.02).
During left chews, food type had a significant effect on mean 31
orientation at the medial (F¼ 8.2, p < 0.001) and upper lateral gage
sites (F¼ 11.5, p < 0.001), but not at the lower lateral gage site. Food
type also affected neutral axis orientation during left chews
(F ¼ 9.5, p < 0.001).

Strain magnitudes varied during chewing on different foods and
were always higher at the upper corpus (compare upper lateral and
lower lateral strain data in Table 4) and usually higher during
chewing ipsilateral to the gage (i.e., on the right side). The lowest
mean strain magnitudes were associated with chewing dates (18
m 3), and the highest mean strain magnitudes were associated with
chewing on banana chips (128 m 3; Table 4). Maximum strain mag-
nitudes ranged between 46 m 3(dates) and 1065 m 3(banana chips).

To evaluate the effects of food type and chew side during chew
cycles on 31 magnitude and j 31/ 32j ratios, we used two-way ANOVAs
with food as a random effect, chew side as a fixed effect, and cycle
number as a covariate (Table 8b). During chewing cycles, 31 mag-
nitudes were significantly affected by cycle number at all gage sites
and by chew side at the lateral gage sites. Food type did not have a
significant effect on 31 magnitude at any gage site, but there were
significant interaction effects between chew side and food type.
The most consistent effect on j 31/ 32j ratios across all gage sites was
the interaction effect between chew side and food type: the way
that food type impacts j 31/ 32j ratios varies with chew side. j 31/ 32j
ratios are not affected by food type during chewing at lateral gage
sites, but they are at medial gage sites.

4.3. Chewing versus non-chewing oral behaviors

Table 10 compares S (circular standard deviation) and ranges of
means andweightedmeans of 31 orientations across all non-chewing
oral food processing behaviors, across all chews, and across left and
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Table 3
Experiment 183 data by behavior.

Gage site Upper lateral

Behavior Chew Isometric bite Isometric bite Isometric bite Isometric bite Isometric bite Chew

Bite point Left (contralateral)
molars

Left (contralateral)
molars

Left (contralateral)
premolars

Incisors Right (ipsilateral)
premolars

Right (ipsilateral)
molars

Right (ipsilateral)
molars

n 139 22 1 4 3 2 179
Mean Vector (m) 245.1 287.8 297.4 223.4 304.2 304.3 304.4
Length of Mean Vector (r) 0.875 0.936 1 0.166 0.999 1 0.864
Weighted Mean Vector (WMV) 253.0 294.9 297.4 212.1 303.6 304.3 307.0
Length of WMV (in variable units) 94.981 489.361 161.316 5.517 865.833 719.24 278.196
Length of WMV (r, scaled 0e1) 0.362 0.229 1 0.156 0.61 0.817 0.261
ε1 magnitude mean 105.869 499.911 161.316 30.134 866.246 719.24 283.671
ε1 magnitude standard deviation 49.678 4.53E+02 5.54E+00 576.988 228.202 1.76E+02
ε1 magnitude maximum 262.206 2137.92 161.316 35.434 1420.37 880.603 1064.89
Concentration 4.302 8.068 0 173.007 6.80E+06 3.997
Circular Standard Deviation 29.61 20.87 108.61 2.25 0.01 30.92
Rayleigh Test (Z) 106.415 19.268 1 0.11 2.995 2 133.766
Rayleigh Test (p) <1E-12 1.10E-08 0.512 0.907 0.034 0.137 <1E-12
Rao's Spacing Test (U) 250.371 283.967 150.554 307.74
Rao's Spacing Test (p) <0.01 <0.01 0.50 > p > 0.10 <0.01
Watson's U2 Test (von Mises, U2) 0.48 0.247 8.091
Watson's U2 Test (p) <0.005 <0.005 <0.005

Gage site Lower lateral

Behavior Chew Isometric bite Isometric bite Isometric bite Isometric bite Isometric bite Chew

Bite point Left (contralateral)
molars

Left (contralateral)
molars

Left (contralateral)
premolars

Incisors Right (ipsilateral)
premolars

Right (ipsilateral)
molars

Right (ipsilateral)
molars

n 139 22 1 4 3 2 179
Mean Vector (m) 239.6 239.9 269.8 320.7 296.5 286.2 303.2
Length of Mean Vector (r) 0.752 0.422 1 0.561 0.994 0.996 0.898
Weighted Mean Vector (WMV) 65.9 44.8 89.8 3.9 116.0 108.1 119.1
Length of WMV (in variable units) 43.261 57.383 54.856 1.815 171.018 122.114 88.531
Length of WMV (r, scaled 0e1) 0.299 0.098 1 0.196 0.551 0.729 0.26
ε1 magnitude mean 54.043 166.154 54.856 5.169 171.66 122.554 90.472
ε1 magnitude standard deviation 27.807 120.415 3.357 124.045 6.36E+01 55.625
ε1 magnitude maximum 144.896 585.971 54.856 9.278 310.387 167.52 340.935
Concentration 2.38 0.93 0.991 22.361 12.095 5.199
Circular Standard Deviation 43.25 75.28 61.61 6.28 5.22 26.56
Rayleigh Test (Z) 78.629 3.915 1 1.259 2.964 1.983 144.381
Rayleigh Test (p) <1E-12 0.018 0.512 0.304 0.035 0.14 <1E-12
Rao's Spacing Test (U) 259.14 253.785 158.748 299.121
Rao's Spacing Test (p) <0.01 <0.01 0.50 > p > 0.10 <0.01
Watson's U2 Test (von Mises, U2) 1.513 0.381 4.726
Watson's U2 Test (p) <0.005 <0.005 <0.005

Gage site Medial

Behavior Chew Isometric bite Isometric bite Isometric bite Isometric bite Isometric bite Chew

Bite point Left (contralateral)
molars

Left (contralateral)
molars

Left (contralateral)
premolars

Incisors Right (ipsilateral)
premolars

Right (ipsilateral)
molars

Right (ipsilateral)
molars

n 139 22 1 4 3 2 179
Mean Vector (m) 196.9 161.8 150.5 173.2 187.5 162.1 186.0
Length of Mean Vector (r) 0.92 0.932 1 0.999 0.992 0.973 0.935
Weighted Mean Vector (WMV) 201.0 164.6 150.5 174.2 187.2 162.4 183.4
Length of WMV (in variable units) 55.115 76.449 26.856 14.98 64.162 58.226 50.112
Length of WMV (r, scaled 0e1) 0.462 0.482 1 0.633 0.634 0.951 0.353
ε1 magnitude mean 60.008 79.761 26.856 15.007 64.642 59.819 54.152
ε1 magnitude standard deviation 3.00E+01 39.116 6.225 3.38E+01 1.95 30.924
ε1 magnitude maximum 119.368 158.693 26.856 23.674 101.227 61.198 141.903
Concentration 6.558 7.652 138.236 16.261 1.903 8.002
Circular Standard Deviation 23.35 21.47 3.07 7.37 13.32 20.96
Rayleigh Test (Z) 117.735 19.118 1 3.989 2.951 1.895 156.582
Rayleigh Test (p) <1E-12 1.21E-08 0.512 0.007 0.036 0.158 <1E-12
Rao's Spacing Test (U) 271.528 263.648 261.711 275.832
Rao's Spacing Test (p) <0.01 <0.01 <0.01 <0.01
Watson's U2 Test (von Mises, U2) 0.741 0.18 0.228
Watson's U2 Test (p) <0.005 <0.01 <0.005

(continued on next page)
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Table 3 (continued)

Gage site Neutral axis

Behavior Chew Isometric bite Isometric bite Isometric bite Isometric bite Isometric bite Chew

Bite point Left (contralateral)
molars

Left (contralateral)
molars

Left (contralateral)
premolars

Incisors Right (ipsilateral)
molars

Right (ipsilateral)
molars

n 139 22 1 4 3 2 179
Mean Vector (m) 32.9 �3.9 6.5 22.8 25.8 22.8 24.0
Length of Mean Vector (r) 0.888 0.893 1 0.987 1 1 0.983
Concentration 4.763 4.949 15.909 661.556 29.13
Circular Standard Deviation 27.92 27.32 9.11 3263.3 0.70 10.71
Rayleigh Test (Z) 109.62 17.527 1 3.9 0.52 2 172.854
Rayleigh Test (p) <1E-12 3.31E-08 0.512 0.009 3 0.137 <1E-12
Rao's Spacing Test (U) 258.447 249.006 246.527 0.033 302.229
Rao's Spacing Test (p) <0.01 <0.01 <0.01 <0.01
Watson's U2 Test (von Mises, U2) 0.947 0.062 1.269
Watson's U2 Test (p) <0.005 0.5 > p > 0.25 <0.005
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right chews separately. In Experiment 183, at the upper lateral gage
site, S in 31 orientations was highest across all chew cycles (working
and balancing sides pooled) and next highest across all non-chewing
behaviors; at the lower lateral gage site, S was highest across all non-
chewcycles andnexthighest across all chews; at themedial gage site,
31 orientation S was highest across all chews because of the wide
range across contralateral chews (i.e., on the balancing side) and the
next highest range was across ipsilateral chews; and in the neutral
axis orientation, Swas highest on the balancing side and next highest
across all non-chew cycles. Comparing ranges of means of 31 orien-
tations reveals that at the lateral gage sites, the highest ranges are
seen across all chews, whereas the second highest ranges are seen
across all non-chew behaviors, while the reverse is true at themedial
gage site and for the neutral axis. When ranges of weighted mean 31
orientations are compared in Experiment 183, the widest ranges are
seen across all chews, whereas the second widest are seen across all
non-chew behaviors.
5. Experiment 184

In this experiment, the animal ate walnuts, Brazil nuts, pecans,
hazelnuts, almonds, popcorn, mango, apricot, and coconut, while
strain data were recorded from the right corpus. The available data
on values of E for these foods range from 0.99 to 325 MPa and
values of R range from 105 to 2979 Jm�2.
5.1. Oral food processing behaviors

During oral processing behaviors, all strain orientations were
not equally likely (Rayleigh's test, Table 5). Oral food processing
behavior had a significant effect on 31 orientation at all gage sites,
but not on neutral axis orientation (upper lateral, F ¼ 104.6; lower
lateral, F ¼ 40.8; medial, F ¼ 12.1; all p < 0.001).

Strain magnitudes varied across oral processing behaviors and
were always higher (both mean and maximum) at the lower lateral
gage site (Table 5). Mean strain magnitudes ranged between 77 and
526 m 3at the upper lateral corpus, 98e1273 m 3at the lower lateral
corpus, and 96e603 m 3at the medial corpus gage site. The highest
mean and maximum strains were always associated with biting on
the working-side “premolars/molars.”

The effects on 31 magnitude and j 31/ 32j ratios of cycle type, cycle
number in the sequence, and food type were evaluated using two-
way ANOVAs (cycle type and food, random effects), with cycle
number as a covariate (Table 8a). As in Experiment 183, in Exper-
iment 184 cycle number had the strongest (or nearly the strongest)
effect on 31 magnitude at all gage sites. Cycle type had the next
strongest effect at all gage sites. Food type had a significant effect at
all gage sites in Experiment 184, but in all cases the F-values are
relatively low. Cycle type� food interaction effects were significant
at all gage sites.

As in Experiment 183, the most consistent effect on j 31/ 32j ratios
across all gage sites in Experiment 184 was the interaction effect
between cycle type and food type: the way that cycle type impacts
j 31/ 32j ratios varies with food type. At the lower lateral gage site,
only cycle number and cycle type � food interactions had signifi-
cant effects on j 31/ 32j ratios. At the medial gage site, cycle number
and cycle type � food interactions had significant effects on j 31/ 32j
ratios: food type was not significant.
5.2. Chewing

During chewing, all strain orientations were not equally likely
(Rayleigh's test, Table 6). During left chews (gages on balancing
side), food type had a significant effect on mean 31 orientation at
the medial (F ¼ 4.11; p < 0.001) and upper lateral gage sites
(F ¼ 11.3; p < 0.001), but not at the lower lateral gage site, nor on
neutral axis orientation. During right chews (gages on working
side), food type did not have a significant effect on mean 31
orientation at any of the corpus gage sites. A parametric two-way
ANOVA of log10 j 31/ 32j ratios revealed that at the upper gage site
both chew side and food type were significant (F ¼ 16.1 p < 0.001;
F ¼ 8.0, p ¼ 0.004, respectively), but interaction effects were not.
At the lower lateral gage site, neither food type nor chew side
effects were significant. At the medial gage site, interaction effects
(F ¼ 5.8, p < 0.001) and chew side (F ¼ 7.7, p ¼ 0.02) were sig-
nificant, but food type was not.

Strain magnitudes varied with FMP and foods being chewed,
with mean strain magnitudes ranging between 41 m 3(walnut, up-
per lateral corpus, left chew side) and 419 m 3(almond, lower lateral
corpus, right chew side), with maximum strains as high as 715 m 3

(Brazil nut, lower lateral corpus, right chews). The highest
maximum strains occur during popcorn chewing at the upper
lateral corpus (both right and left chews), the lower lateral corpus
(left chews), and the medial corpus (right and left chews). For most
foods, there is considerable overlap inmean strains during chewing
(relatively high standard deviations); mean chew strains associated
with popcorn, ourmostmechanically challenging food, stand out as
usually exhibiting the least amount of overlap with mean chew
strains associated with other foods (Table 6).

The effects on 31 magnitude and j 31/ 32j ratios of food type and
chew side during chew cycles were assessed using two-way
ANOVAs with food as a random effect, chew side as a fixed effect,
and cycle number as a covariate (Table 8b). As in Experiment 183, in
Experiment 184, 31 magnitudes at the upper lateral gage site were



Table 4
Experiment 183 chewing data by food.

Gage site Upper lateral right

Chew side Left chews Right chews

Food Almond Banana chip Cashew Hazelnut Date Almond Banana chip Cashew Hazelnut Date

n 34 13 43 37 12 57 16 33 54 19
Mean Vector (m) 253.975 254.126 232.281 257.934 201.001 127.975 129.658 128.423 126.04 187.555
Length of Mean Vector (r) 0.913 0.92 0.96 0.929 0.625 0.994 0.996 0.998 1 0.525
Weighted Mean Vector (WMV) 259.765 261.813 235.603 259.768 248.704 127.045 130.357 127.646 126.226 217.983
Length of WMV (in variable units) 101.025 121.665 87.704 116.955 27.788 281.125 491.824 229.924 339.378 16.942
Length of WMV (r, scaled 0e1) 0.385 0.575 0.582 0.544 0.185 0.465 0.462 0.61 0.531 0.114
ε1 magnitude mean 110.574 128.42 90.97 127.05 56.191 281.962 492.317 230.123 339.497 47.437
ε1 magnitude standard deviation 54.781 68.103 34.894 38.807 39.787 135.137 276.133 90.732 139.622 34.229
ε1 magnitude maximum 262.206 211.654 150.705 214.82 150.393 604.505 1064.89 376.846 639.353 148.712
Concentration 6.055 5.087 12.628 7.329 1.51 85.413 128.663 308.859 1108.021 1.228
Circular Standard Deviation 24.396 23.448 16.464 21.975 55.595 6.218 5.061 3.263 1.722 65.028
Rayleigh Test (Z) 28.362 10.995 39.592 31.939 4.68 56.333 15.876 32.893 53.951 5.24
Rayleigh Test (p) 3.90E-12 7.96E-07 <1E-12 <1E-12 0.007 <1E-12 2.08E-07 <1E-12 <1E-12 0.004
Rao's Spacing Test (U) 261.2 245.158 286.222 272.203 234.635 317.746 314.043 331.201 341.794 239.053
Rao's Spacing Test (p) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Watson's U2 Test (von Mises, U2) 0.317 0.03 0.451 0.119 0.16 0.753 0.276 0.29 0.184 0.224
Watson's U2 Test (p) <0.005 >0.5 <0.005 <0.05 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005

Gage site Lower lateral right

Chew side Left chews Right chews

Food Almond Banana
chip

Cashew Hazelnut Date Almond Banana
chip

Cashew Hazelnut Date

n 34 13 43 37 12 57 16 33 54 19
Mean Vector (m) 253.428 235.153 238.212 242.654 179.282 113.289 128.598 116.022 119.853 202.799
Length of Mean Vector (r) 0.978 0.627 0.921 0.55 0.706 0.99 0.997 0.996 0.999 0.833
Weighted Mean Vector (WMV) 254.844 247.771 241.494 245.084 170.447 112.85 127.58 115.525 120.026 184.967
Length of WMV (in variable units) 59.185 62.878 46.405 31.761 14.557 87.523 161.771 76.887 105.516 12.668
Length of WMV (r, scaled 0e1) 0.5 0.434 0.529 0.267 0.314 0.451 0.474 0.615 0.527 0.276
ε1 magnitude mean 60.563 81.492 50.155 53.501 21.446 88.049 162.184 77.149 105.626 17.421
ε1 magnitude standard deviation 23.829 50.377 20.075 20.127 11.098 44.245 86.57 29.804 42.617 9.898
ε1 magnitude maximum 118.447 144.896 87.663 118.851 46.322 194.022 340.935 125.042 200.379 45.891
Concentration 23.045 1.528 6.647 1.32 1.565 48.244 146.18 129.262 469.863 3.334
Circular Standard Deviation 12.069 55.403 23.176 62.641 47.77 8.292 4.747 5.049 2.645 34.628
Rayleigh Test (Z) 32.524 5.103 36.51 11.197 5.988 55.818 15.891 32.745 53.885 13.186
Rayleigh Test (p) <1E-12 0.004 <1E-12 5.95E-06 0.001 <1E-12 2.07E-07 <1E-12 <1E-12 4.09E-07
Rao's Spacing Test (U) 307.805 226.276 270.904 285.173 247.738 322.27 319.603 329.457 338.968 273.725
Rao's Spacing Test (p) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Watson's U2 Test (von Mises, U2) 0.155 0.178 0.429 0.593 0.176 0.181 0.047 0.034 0.05 0.304
Watson's U2 Test (p) <0.025 <0.005 <0.005 <0.005 <0.005 <0.01 >0.5 >0.5 0.5 > p > 0.25 <0.005

Gage site Medial right

Chew side Left chews Right chews

Food Almond Banana
chip

Cashew Hazelnut Date Almond Banana
chip

Cashew Hazelnut Date

n 34 13 43 37 12 57 16 33 54 19
Mean Vector (m) 181.895 208.613 197.442 209.846 177.897 168.53 204.711 187.86 199.403 178.108
Length of Mean

Vector (r)
0.827 0.984 0.969 0.978 0.999 0.921 0.981 0.981 0.977 1

Weighted Mean
Vector (WMV)

184.507 211.707 201.733 211.198 177.835 165.548 200.824 188.213 198.451 178.499

Length of WMV
(in variable units)

59.564 57.748 47.17 75.659 17.965 64.629 57.048 40.507 55.312 19.876

Length of WMV
(r, scaled 0e1)

0.509 0.591 0.538 0.634 0.512 0.481 0.402 0.49 0.616 0.551

ε1 magnitude mean 72.274 58.014 48.409 76.548 17.978 69.586 58.545 41.175 56.546 19.887
ε1 magnitude standard

deviation
27.903 31.616 23.156 24.108 9.52 39.48 28.964 16.353 18.443 9.732

ε1 magnitude maximum 116.932 97.646 87.625 119.368 35.063 134.337 141.903 82.629 89.798 36.072
Concentration 3.234 25.165 16.239 22.519 477.197 6.598 26.05 26.102 22.211 1071.34
Circular Standard

Deviation
35.321 10.18 14.448 12.213 2.295 23.269 11.337 11.325 12.299 1.751

Rayleigh Test (Z) 23.25 12.596 40.351 35.357 11.981 48.333 15.386 31.735 51.568 18.982
Rayleigh Test (p) 2.09E-10 1.33E-06 <1E-12 <1E-12 1.74E-06 <1E-12 2.68E-07 <1E-12 <1E-12 1.97E-08
Rao's Spacing Test (U) 225.784 298.627 304.522 291.262 322.288 266.669 300.494 306.945 308.356 335.769
Rao's Spacing Test (p) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Watson's U2 Test

(von Mises, U2)
0.068 0.201 0.431 0.362 0.036 0.174 0.112 0.354 0.035 0.22

Watson's U2 Test (p) 0.25 > p > 0.15 <0.005 <0.005 <0.005 >0.5 <0.01 0.1 > p > 0.05 <0.005 >0.5 <0.005

(continued on next page)
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Table 4 (continued)

Gage site Neutral axis

Chew side Left chews Right chews

Food Almond Banana chip Cashew Hazelnut Date Almond Banana chip Cashew Hazelnut Date

n 34 13 43 37 12 57 16 33 54 19
Mean Vector (m) 41.245 25.923 28.635 30.614 39.348 17.501 29.911 24.516 23.678 39.42
Length of Mean

Vector (r)
0.888 0.741 0.931 0.923 0.839 0.988 0.998 0.996 0.999 0.941

Concentration 4.753 1.79 7.479 6.746 2.623 42.989 259.061 122.311 468.071 8.785
Circular Standard

Deviation
27.952 44.375 21.737 22.989 34.003 8.79 3.563 5.191 2.65 19.937

Rayleigh Test (Z) 26.799 7.136 37.236 31.498 8.438 55.674 15.938 32.73 53.885 16.833
Rayleigh Test (p) 1.37E-11 2.72E-04 <1E-12 <1E-12 1.93E-05 <1E-12 2.01E-07 <1E-12 <1E-12 7.50E-08
Rao's Spacing

Test (U)
258.166 201.374 279.375 261.765 248.736 314.161 326.433 328.234 341.828 254.922

Rao's Spacing
Test (p)

<0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Watson's U2 Test
(von Mises, U2)

0.201 0.108 1.016 0.887 0.11 0.073 0.106 0.275 0.147 0.051

Watson's U2

Test (p)
<0.005 <0.05 <0.005 <0.005 <0.05 0.25 > p > 0.15 0.1 > p > 0.05 <0.005 <0.025 0.5 > p > 0.25
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significantly affected by chew side and cycle number. However,
unlike Experiment 183, food type did have a significant effect on 31
magnitudes at the upper lateral gage site, but chew side� food type
interaction effectswerenot significant. At the lower lateral gage site,
chewside, cycle number, and chewside� cycle number interactions
had significant effects on 31 magnitudes. Food type was not signifi-
cant. At themedial gage site, chew side, cycle number, and food type
had significant effects on 31 magnitudes, but interaction effects be-
tween chew side and food type were not significant. As in Experi-
ment 183, the most consistent effect on j 31/ 32j ratios across all gage
sites was the interaction effect between chew side and food type:
theway that food type impacts j 31/ 32j ratios varieswith chewside. At
all three gage sites, j 31/ 32j ratios are not affected by food type during
chewing and this ratio is also not impacted by chew side at lateral
gage sites.
5.3. Chewing versus non-chewing oral behaviors

Table 10 compares S and ranges of means and weighted means
of 31 orientations across all non-chewing oral food processing
behaviors, across all chews, and across left and right chews
separately. At the upper lateral gage site, 31 orientation S was
highest across all chew cycles (working and balancing sides
pooled) and second highest across all non-chews. At the lower
lateral gage site, 31 orientation S was highest across all non-chew
cycles and second highest across all chews. At themedial gage site,
31 orientation S was highest across all chews because of the high
value of S across contralateral chews (i.e., on the balancing side),
and second highest during ipsilateral chews. S in neutral axis
orientation was highest on the balancing side and second highest
across all chews. The widest range of means at the lateral gage site
was across all chews, driven by the wide range across balancing
side chews, and the second highest range was across all non-chew
behaviors. At the lower lateral gage site, the widest range was
across all non-chew behaviors and the second widest range was
across all chews. At the medial gage site and the neutral axis, the
widest range in mean orientations was across all chews, with the
second largest being across left chews. The widest range of
weighted means was across all chews (and balancing side chews)
at the two lateral gage sites, with the second highest ranges being
across all non-chew behaviors. At the medial gage site, the widest
range in weighted means was across all chews and the second
highest across all left chews.
6. Experiment 185

During this experiment, the animal only chose to eat Brazil
nuts, so the effects of food type on 31 orientation during masti-
cation were not assessed. Strains were recorded from the left
corpus.

6.1. Oral food processing behaviors and chews

During oral processing behaviors, all strain orientations were
not equally likely (Rayleigh's test, Table 7). ANOVA for circular data
using cycle type as a factor revealed cycle type to have a significant
effect on 31 orientation at the medial gage site only (F ¼ 17.8;
p < 0.001). One-way ANOVA revealed a significant effect of cycle
type on log10 j 31/ 32j ratios at all three gage sites (upper lateral,
F ¼ 7.1, p < 0.001; lower lateral F ¼ 15.3, p < 0.001; medial, F ¼ 9.8,
p < 0.001).

Strain magnitudes vary across oral processing behaviors with
average strains ranging between 180 and 763 m 3(upper lateral
corpus), 82e170 m 3 (lower lateral corpus), and 118e499 m 3

(medial corpus). Strains are always highest at the upper lateral
corpus. At medial and lower lateral corpus gage sites, the highest
strain magnitudes (both mean and maximum) are associated
with premolar biting. At the upper lateral corpus gage site, the
highest strain magnitudes were recorded during incisor biting
(Table 7).

The range of mean values for 31 orientation across oral food
processing behaviors was 3.1� at the upper lateral gage site, 5.8� at
the lower lateral gage site, and 41.3� at the medial gage site (Fig.10).
Mean neutral axis orientation across behaviors only varied by 12�.

7. Discussion

The data presented here provide insight into variation in
mandibular corpus strain regimesd 31 orientation and magnitude,
the ratio of j 31/ 32j, the orientation of the neutral axis of bend-
ingdduring a wide range of oral food processing behaviors on a
wide range of foods. Although Young's modulus and toughness data
are available for some parts of some of these foods (Table 2), ma-
terial properties data are not available for the intact Brazil nut,
walnut, and almond shells that the animals broke open during
premolar and molar biting. Thus, the FMP ranges presented in
Table 2 might under-estimate the range of FMPs presented to the



Table 5
Experiment 184 data by behavior.

Gage site Upper lateral

Behavior Bite Chew Chew Bite Bite Pull Bite Bite Bite Pull Pull Pull Bite Bite

Bite point Right
premolar

Left
molar

Right
molar

Left
premolar

Incisors Incisors Right
incisors

Left
premolar/molar

Right
premolar/molar

Left
premolar

Right
premolar/molar

Right
premolar

Right
molar

Right
canine

n 31 259 356 12 30 13 4 1 3 1 2 2 4 1
Mean Vector (m) 292.799 245.2 295.795 296.398 298.444 298.64 289.927 290.858 296.669 301.41 292.432 195.44 292.304 291.984
Length of Mean Vector (r) 0.998 0.657 0.885 0.678 0.617 0.97 0.999 1 0.999 1 1 0.178 1 1
Weighted Mean Vector (WMV) 292.285 249.965 291.563 293.213 292.94 296.539 291.44 290.858 296.11 301.41 291.989 305.563 292.348 291.984
Length of WMV
(in variable units)

370.538 39.914 231.14 176.875 120.07 90.988 311.882 297.702 525.393 103.593 256.607 42.116 261.905 361.708

Length of WMV
(r, scaled 0e1)

0.481 0.156 0.45 0.484 0.421 0.581 0.477 1 0.768 1 0.604 0.347 0.679 1

ε1 magnitude mean 370.778 76.629 235.984 204.118 140.354 93.323 312.238 297.702 525.982 103.593 256.618 81.172 261.962 361.708
ε1 magnitude standard deviation 192.901 46.39 112.685 100.241 91.212 37.163 228.593 138.212 237.514 56.838 95.773
ε1 magnitude maximum 769.914 255.587 513.726 365.634 285.393 156.715 654.14 297.702 683.722 103.593 424.565 121.362 385.767 361.708
Concentration 248.611 1.766 4.639 1.789 1.58 13.206 226.158 128.915 716.289 0 760.712
Circular Standard Deviation 3.637 52.525 28.344 50.513 56.303 14.158 2.402 2.607 0.677 106.367 1.309
Rayleigh Test (Z) 30.875 111.768 278.717 5.516 11.422 12.23 3.993 1 2.994 1 2 0.064 3.998 1
Rayleigh Test (p) <1E-12 <1E-12 <1E-12 0.002 3.53E-06 1.34E-06 0.007 0.512 0.034 0.512 0.137 0.952 0.007 0.512
Rao's Spacing Test (U) 328.913 263.287 312.853 280.608 308.24 282.452 264.139 266.735
Rao's Spacing Test (p) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Watson's U2 Test (von Mises, U2) 0.366 3.557 15.976 0.465 1.01 0.257
Watson's U2 Test (p) <0.005 <0.005 <0.005 <0.005 <0.005 <0.005

Gage site Lower lateral

Behavior Bite Chew Chew Bite Bite Pull Bite Bite Bite Pull Pull Pull Bite Bite

Bite point Right
premolar

Left
molar

Right
molar

Left
premolar

Incisors Incisors Right
Incisors

Left
premolar/molar

Right
premolar/molar

Left
premolar

Right
premolar/molar

Right
premolar

Right
molar

Right
canine

n 31 259 356 12 30.0 13 4 1 3 1 2 2 4 1
Mean Vector (m) �6.113 68.799 6.834 12.919 �6.5 �20.92 1.127 �10.886 �10.999 �21.39 �7.367 76.198 �8.472 �3.519
Length of Mean Vector (r) 0.871 0.742 0.852 0.641 0.7 0.68 0.996 1 0.998 1 0.999 0.074 0.998 1
Weighted Mean Vector (WMV) �6.829 57.537 0.169 �4.202 �10.1 �18.169 �2.772 �10.886 �10.64 �21.39 �6.145 �23.085 �9.04 �3.519
Length of WMV
(in variable units)

696.899 91.096 349.366 376.42 307.4 125.33 539.493 893.78 1270.491 98.09 458.879 70.14 390.358 301.653

Length of WMV
(r, scaled 0e1)

0.429 0.177 0.488 0.403 0.4 0.453 0.428 1 0.868 1 0.611 0.316 0.626 1

ε1 magnitude mean 710.291 123.909 360.233 466.858 362.9 177.609 542.257 893.78 1272.643 98.09 459.032 152.456 390.988 301.653
ε1 magnitude standard deviation 404.824 73.334 179.433 276.252 229.3 64.475 481.093 173.49 413.336 98.165 183.085
ε1 magnitude maximum 1625 515.514 715.401 933.136 761.8 276.864 1260.38 893.78 1464.08 98.09 751.305 221.869 623.086 301.653
Concentration 4.191 2.296 3.696 1.592 2.17 1.809 50.364 82.979 89.318 0 92.268
Circular Standard Deviation 30.069 44.289 32.407 54 45.963 50.289 5.097 3.251 1.918 130.675 3.763
Rayleigh Test (Z) 23.537 142.496 258.532 4.936 15.763 6.017 3.968 1 2.99 1 1.998 0.011 3.983 1
Rayleigh Test (p) 2.14E-10 <1E-12 <1E-12 0.005 4.46E-08 0.001 0.007 0.512 0.034 0.512 0.138 0.992 0.007 0.512
Rao's Spacing Test (U) 317.286 241.302 304.511 256.058 305.052 269.447 257.855 259.57
Rao's Spacing Test (p) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Watson's U2 Test (von Mises, U2) 1.689 1.382 11.533 0.301 1.041 0.472
Watson's U2 Test (p) <0.005 <0.005 <0.005 <0.005 <0.005 <0.005

(continued on next page)

C.F.Ross
et

al./
Journal

of
H
um

an
Evolution

98
(2016)

36
e
65

53



Table 5 (continued)

Gage site Medial

Behavior Bite Chew Chew Bite Bite Pull Bite Bite Bite Pull Pull Pull Bite Bite

Bite point Right
premolar

Left
molar

Right molar Left
premolar

Incisors Incisors Right
Incisors

Left
premolar/molar

Right
premolar/molar

Left
premolar

Right
premolar/molar

Right
premolar

Right
molar

Right
canine

n 31 259 356 12 30 13 4 1 3 1 2 2 4 1
Mean Vector (m) 92.36 60.799 89.123 85.179 76.857 89.321 89.411 78.918 90.189 110.414 92.212 79.886 90.76 94.591
Length of Mean Vector (r) 0.986 0.836 0.891 0.988 0.987 0.873 1 1 1 1 1 0.972 0.999 1
Weighted Mean Vector (WMV) 90.083 64.414 91.583 87.085 78.399 85.833 90.133 78.918 90.164 110.414 92.134 86.922 91.053 94.591
Length of WMV
(in variable units)

431.463 81.334 262.126 239.219 157.076 92.055 345.84 386.674 602.552 153.203 315.559 94.17 308.308 425.194

Length of WMV
(r, scaled 0e1)

0.441 0.277 0.397 0.525 0.512 0.489 0.46 1 0.691 1 0.592 0.65 0.665 1

ε1 magnitude mean 433.646 97.417 272.314 241.386 158.428 115.134 345.923 386.674 602.604 153.203 315.559 96.198 308.494 425.194
ε1 magnitude standard deviation 241.091 51.245 124.332 126.745 97.784 46.95 271.003 234.937 307.223 68.87 128.035
ε1 magnitude maximum 977.526 293.281 660.229 455.566 306.732 188.305 751.476 386.674 871.856 153.203 532.799 144.897 463.617 425.194
Concentration 36.254 3.387 4.883 32.768 39.581 3.308 956.472 1207.116 25 709.222 1.783 292.732
Circular Standard Deviation 9.583 34.274 27.525 8.806 9.166 29.905 1.168 0.852 0.113 13.768 2.111
Rayleigh Test (Z) 30.145 181.088 282.63 11.72 29.242 9.9 3.998 1 2.999 1 2 1.888 3.995 1
Rayleigh Test (p) 1.13E-12 <1E-12 <1E-12 1.64E-06 2.57E-12 9.05E-07 0.007 0.512 0.033 0.512 0.137 0.159 0.007 0.512
Rao's Spacing Test (U) 308.606 283.956 308.802 296.516 314.501 281.725 267 265.221
Rao's Spacing Test (p) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Watson's U2 Test (von Mises, U2) 0.588 4.158 12.377 0.064 0.127 0.419
Watson's U2 Test (p) <0.005 <0.005 <0.005 0.5 > p > 0.25 <0.05 <0.005

Gage site Neutral axis

Behavior Bite Chew Chew Bite Bite Pull Bite Bite Bite Pull Pull Pull Bite Bite

Bite point Right
premolar

Left
molar

Right
molar

Left
premolar

Incisors Incisors Right
Incisors

Left
premolar/
molar

Right
premolar/
molar

Left
premolar

Right
premolar/
molar

Right
premolar

Right
molar

Right
canine

n 31 259 356 12 30 13 4 1 3 1 2 2 4 1
Mean Vector (m) 6.724 8.346 8.981 4.866 5.543 6.992 8.653 6.003 6.351 18.296 6.538 7.611 9.393 12.963
Length of Mean Vector (r) 1 0.876 0.994 0.982 1 0.999 1 1 1 1 1 1 0.999 1
Concentration 1174.167 4.321 83.707 21.307 1744.382 482.604 1325.593 12 270.324 1005.141 324.41 211.371
Circular Standard Deviation 1.672 29.536 6.281 10.956 1.372 2.307 0.992 0.267 0.572 1.006 2.484
Rayleigh Test (Z) 30.974 198.56 351.747 11.569 29.983 12.979 3.999 1 3 1 2 1.999 3.992 1
Rayleigh Test (p) <1E-12 <1E-12 <1E-12 1.54E-06 1.39E-12 1.25E-06 0.007 0.512 0.033 0.512 0.137 0.137 0.007 0.512
Rao's Spacing Test (U) 341.901 250.799 333.148 286.536 342.223 323.102 267.234 263.979
Rao's Spacing Test (p) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Watson's U2 Test (von Mises, U2) 0.061 2.26 10.444 0.375 0.071 0.026
Watson's U2 Test (p) 0.5 > p > 0.25 <0.005 <0.005 <0.005 0.25 > p > 0.15 >0.5
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Table 6
Descriptive statistics for strain data collected during Experiment 184: Chewing data by food.

Gage site Upper lateral

Food Walnut Brazil nut Pecan Hazelnut Almond Popcorn Mango Apricot Coconut Brazil nut Pecan Hazelnut Almond Popcorn Mango Apricot Coconut

Side Left Right

n 5 61 10.0 67 26 8 26 10 24 97 13 85 25 10 46 15 25
Mean Vector (m) 239.852 239.666 255.7 260.072 255.949 305.69 205.289 328.93 253.98 292.727 303.044 299.048 293.009 292.467 299.991 299.578 291.602
Length of Mean

Vector (r)
0.997 0.628 0.9 0.837 0.93 0.453 0.533 0.872 0.711 0.938 0.771 0.856 0.955 0.999 0.778 0.898 0.982

Weighted Mean Vector
(WMV)

240.721 243.645 258.3 263.39 259.924 297.265 352.642 315.037 264.078 291.62 293.007 292.13 291.447 293.221 291.126 290.709 290.017

Length of WMV
(in variable units)

40.901 38.154 45.4 59.538 72.57 105.598 20.581 39.792 44.611 237.889 191.294 235.434 246.218 332.371 240.04 129.765 222.437

Length of WMV
(r, scaled 0e1)

0.807 0.149 0.6 0.339 0.575 0.464 0.096 0.45 0.526 0.559 0.598 0.542 0.665 0.647 0.489 0.509 0.645

ε1 magnitude mean 41.006 77.212 48.0 79.184 75.964 169.464 69.636 46.463 52.131 242.498 203.407 240.011 248.29 332.64 248.265 132.545 222.902
ε1 magnitude standard

deviation
9.118 50.184 24.0 36.262 23.21 45.736 53.611 24.331 20.07 109.366 105.67 123.141 81.71 145.032 132.943 73.45 65.877

ε1 magnitude
maximum

50.667 255.587 82.132 175.722 126.185 227.764 215.159 88.427 84.822 425.538 319.858 434.225 370.316 513.726 490.795 254.88 345.04

Concentration 80.528 1.629 5.254 3.404 7.458 0.767 1.263 3.046 2.078 8.299 1.991 3.782 11.312 262.671 2.623 4.21 28.055
Circular Standard

Deviation
4.487 55.255 2.21E+01 34.165 21.77 72.135 64.231 2.99E+01 47.3 20.552 41.359 3.20E+01 17.44 3.006 40.55 26.558 10.916

Rayleigh Test (Z) 4.969 24.067 8.623 46.952 22.505 1.64 7.399 7.609 12.14 85.288 7.721 62.272 22.788 9.973 27.876 12.1 24.109
Rayleigh Test (p) 0.001 3.53E-11 <1E-12 <1E-12 7.26E-10 0.198 3.87E-04 3.82E-05 1.02E-06 <1E-12 1.10E-04 <1E-12 6.51E-10 <1E-12 2.71E-12 8.69E-07 2.39E-10
Rao's Spacing Test (U) 275.913 266.302 271.641 294.275 287.805 217.079 231.929 267.205 277.477 319.608 266.623 307.098 320.389 313.104 306.517 274.363 323.413
Rao's Spacing Test (p) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Watson's U2 Test

(von Mises, U2)
0.981 0.371 1.356 0.466 0.072 0.215 0.676 4.319 0.443 3.669 1.377 0.182 1.808 0.501 1.139

Watson's U2 Test (p) <0.005 <0.005 <0.005 <0.005 0.15 > p > 0.1 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.01 <0.005 <0.005 <0.005

Gage site Lower lateral

Food Walnut Brazil nut Pecan Hazelnut Almond Popcorn Mango Apricot Coconut Brazil nut Pecan Hazelnut Almond Popcorn Mango Apricot Coconut

Side Left Right

n 5 61 10 67 26 8 26 10 24 97.0 13 85 25 10 46 15 25
Mean ε1 orientation (m) 74.59 79.22 79.244 69.676 75.408 �4.457 57.031 80.521 69.987 6.4 9.623 8.222 �1.007 �5.932 12.646 13.901 4.722
Length of Mean

Vector (r)
0.997 0.636 0.994 0.93 0.919 0.256 0.548 0.505 0.708 0.8 0.825 0.865 0.954 0.995 0.866 0.72 0.937

Weighted Mean Vector
(WMV)

73.6 63.929 77.976 68.831 75.108 350.035 6.535 22.3 62.023 359.8 0.325 1.122 357.221 352.805 3.227 4.003 3.156

Length of WMV
(in variable units)

127.287 52.615 126.318 141.937 146.221 138.585 78.022 35.881 53.189 359.6 318.089 372.214 414.511 378.237 319.215 169.204 307.101

Length of WMV
(r, scaled 0e1)

0.794 0.113 0.668 0.603 0.65 0.269 0.211 0.29 0.486 0.5 0.551 0.56 0.689 0.544 0.488 0.496 0.598

ε1 magnitude mean 127.522 93.268 126.862 150.554 155.215 289.206 103.759 62.11 68.289 375.8 328.944 380.559 419.256 379.556 325.057 183.298 309.405
ε1 magnitude standard

deviation
34.448 70.202 51.011 39.337 40.935 127.771 95.305 41.102 26.334 188.441 174.508 193.063 135.901 180.403 168.701 94.083 112.076

ε1 magnitude
maximum

160.359 466.841 189.178 235.19 225.097 515.514 369.083 123.858 109.352 715.401 577.661 664.113 601.284 695.371 654.285 341.055 513.351

Concentration 83.706 1.664 63.115 7.463 6.486 0.058 1.314 0.993 2.06 3.116 2.508 4.01 11.213 79.821 4.045 1.73 8.184
Circular Standard

Deviation
4.401 5.45E+01 6.145 21.762 23.489 94.573 62.823 6.70E+01 4.76E+01 36.19 35.509 30.863 17.521 5.461 3.07E+01 46.439 2.07E+01

Rayleigh Test (Z) 4.971 24.653 9.886 58 21.978 0.525 7.814 2.547 12.046 65.089 8.854 63.593 22.768 9.91 34.518 7.777 21.939
Rayleigh Test (p) 0.001 1.96E-11 <1E-12 <1E-12 1.07E-09 0.607 2.38E-04 0.075 1.14E-06 <1E-12 1.34E-05 <1E-12 6.60E-10 <1E-12 <1E-12 1.38E-04 1.22E-09
Rao's Spacing Test (U) 276.069 218.129 299.868 297.951 285.75 256.967 256.051 255.444 211.745 305.755 290.945 318.906 314.708 303.877 297.836 245.351 310.748
Rao's Spacing Test (p) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

(continued on next page)
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animals in this study, especially during ingestion cycles when the
shells were broken by the animals. Moreover, we do not know
whether we have sampled the high-end range of FMPs ingested
and chewed by tufted capuchins in the wild (Wright, 2005a, b;
Wright et al., 2009; Chalk et al., 2016). However, these limitations
do not impact the analyses performed in this study as FMP data
were not included in the statistical analyses.

What do the results presented here mean for the three hy-
potheses presented in Introduction?

7.1. Variation in strain regimes due to variation in feeding behavior

The first hypothesis, that variation in oral food processing be-
haviors elicits significant variation in strain regimes in the
mandibular corpus, is corroborated. Variation in oral food pro-
cessing behaviordrepresented here by “cycle type,” including
biting and/or pulling at incisors, premolars, and molars, as well as
chewingdhad significant effects on 31 strain magnitudes at all
gage sites, in all experiments, except the medial gage in Experi-
ment 183. Moreover, in all experiments at all gage sites, the largest
strain magnitudes were recorded during biting, not chewing.
When the highest peak strain magnitudes are considered (whis-
kers in Fig. 11), the behaviors with the highest strains in Experi-
ments 184 and 185 were incisor biting and ipsilateral and
contralateral premolar biting, whereas in Experiment 183 the
highest peak strain magnitudes at all gage sites were recorded
during contralateral molar biting. When highest mean strain
magnitudes are considered, ipsilateral molar and premolar biting
are associated with the highest magnitudes at all gage sites.

Cycle type variation significantly affected j 31/ 32j ratios at the
upper lateral gage site in Experiment 184, at the two lateral gage
sites in Experiment 183, and at all three gage sites in Experiment
185. Cycle type variation also significantly affected 31 orientation at
seven out of nine gage sites (not at the lateral gage sites in
Experiment 185) and the orientation of the neutral axis of bending
in Experiment 183, but not 184 or 185. The neutral axis of bending
is the axis about which the mandible is bent, so low variation in its
orientation suggests that variation in strain orientations and j 31/ 32j
ratios (see below) reflects variation in other deformation regimes,
such as twisting and shear.

In addition, in Experiments 183 and 184, the interaction be-
tween food and cycle type had significant effects on 31 magnitude
at all gage sites except the medial gage in Experiment 183, and on
j 31/ 32j ratios at all gage sites. This interaction effect means that the
way that food type affects strain magnitudes and principal strain
ratios depends on the cycle type, and the way that cycle type af-
fects strain regimes depends on the food being eaten.

Macaque mandibular corpus strain orientations have been
shown to vary little across the oral food processing and transducer
biting behaviors sampled: chewing, ingestive incisor biting, and
isometric transducer biting on incisors and molars (Fig. 1;
Hylander, 1979a, b). However, the variation across behaviors in the
macaque studies is narrower than that documented here. This may
be because a narrower range of behaviors was sampled in the
macaque studies and/or because their hands were restrained,
whereas the capuchins studied here used their hands to feed. It
remains to be determined whether macaques would employ as
wide a range of feeding behaviors as capuchins under the same
experimental conditions, and whether these would result in as
wide a range of mandibular loading and strain regimes.

The second hypothesis we evaluated was whether the masti-
cation of foods with different material properties is associated with
significant variation in strain regimes in the mandibular corpus.
This hypothesis receivedmixed support. Therewere only significant
effects for food type on strain regimes at the upper lateral and



Table 7
Experiment 185 data by behavior.

Gage site Upper lateral

Behavior Chew Bite

Bite point Left molar Right molar Incisors Left premolar Right premolar

n 102 82 12 9 4
Mean Vector (m) 65.7 65.2 66.0 66.9 68.4
Length of Mean Vector (r) 0.983 0.712 1 0.997 1
Weighted Mean Vector (WMV) 65.419 68.153 65.839 66.775 68.049
Length of WMV (in variable units) 333.078 159.309 596.477 761.094 745.735
Length of WMV (r, scaled 0e1) 0.533 0.345 0.505 0.675 0.725
ε1 magnitude mean 334.624 179.76 596.755 763.111 745.824
ε1 magnitude standard deviation 129.262 101.902 336.035 291.411 292.869
ε1 magnitude maximum 625.249 461.67 1180.22 1127.38 1028.27
Concentration 30.288 2.082 899.65 132.612 979.743
Circular Standard Deviation 10.5 47.2 1.7 4.2 1.2
Rayleigh Test (Z) 98.632 41.552 11.99 8.953 3.998
Rayleigh Test (p) <1E-12 <1E-12 1.75E-06 <1E-12 0.007
Rao's Spacing Test (U) 335.044 294.533 325.473 308.454 267.21
Rao's Spacing Test (p) <0.01 <0.01 <0.01 <0.01 <0.01
Watson's U2 Test (von Mises, U2) 4.041 2.083 0.106
Watson's U2 Test (p) <0.005 <0.005 0.1 > p > 0.05

Gage site Lower lateral

Behavior Chew Bite

Bite point Left molar Right molar Incisors Left premolar Right premolar

n 102 82 12 9 4
Mean Vector (m) 76.4 78.9 73.2 75.0 73.1
Length of Mean Vector (r) 0.978 0.759 0.999 0.996 1
Weighted Mean Vector (WMV) 76.874 81.251 73.222 74.808 73.337
Length of WMV (in variable units) 123.57 74.89 130.972 169.396 163.273
Length of WMV (r, scaled 0e1) 0.601 0.39 0.551 0.733 0.677
ε1 magnitude mean 124.648 81.779 131.13 170.037 163.345
ε1 magnitude standard deviation 48.222 50.257 58.969 61.133 72.605
ε1 magnitude maximum 205.545 191.852 237.499 231.082 241.289
Concentration 22.617 2.44 273.602 93.442 413.195
Circular Standard Deviation 12.2 42.5 3.0 4.9 1.8
Rayleigh Test (Z) 97.489 47.251 11.966 8.933 3.996
Rayleigh Test (p) <1E-12 <1E-12 1.74E-06 <1E-12 0.007
Rao's Spacing Test (U) 323.625 306.02 319.264 305.923 265.873
Rao's Spacing Test (p) <0.01 <0.01 <0.01 <0.01 <0.01
Watson's U2 Test (von Mises, U2) 4.245 2.743 0.033
Watson's U2 Test (p) <0.005 <0.005 >0.5

Gage site Medial

Behavior Chew Bite

Bite point Left molar Right molar Incisors Left premolar Right premolar

n 102 82 12 9 4
Mean Vector (m) 36.1 75.7 34.4 42.7 48.4
Length of Mean Vector (r) 0.83 0.85 0.925 0.973 0.999
Weighted Mean Vector (WMV) 25.624 71.4 30.734 47.402 49.126
Length of WMV (in variable units) 161.745 101.785 223.564 376.859 498.977
Length of WMV (r, scaled 0e1) 0.463 0.397 0.615 0.639 0.688
ε1 magnitude mean 175.363 117.988 240.929 383.901 499.393
ε1 magnitude standard deviation 88.246 57.975 79.384 202.582 206.396
ε1 magnitude maximum 349.573 256.158 363.521 589.746 725.635
Concentration 3.283 3.644 5.287 12.816 140.603
Circular Standard Deviation 35.0 32.7 22.7 13.5 3.0
Rayleigh Test (Z) 70.269 59.214 10.259 8.513 3.989
Rayleigh Test (p) <1E-12 <1E-12 <1E-12 <1E-12 0.007
Rao's Spacing Test (U) 262.566 260.896 246.975 271.976 261.853
Rao's Spacing Test (p) <0.01 <0.01 <0.01 <0.01 <0.01
Watson's U2 Test (von Mises, U2) 1.803 0.303 0.07
Watson's U2 Test (p) <0.005 <0.005 0.25 > p > 0.15

Gage site Neutral axis

Behavior Chew Bite

Bite point Left molar Right molar Incisors Left premolar Right premolar

n 102 82 12 9 4
Mean Vector (m) 346.5 336.6 348.6 345.0 341.0
Length of Mean Vector (r) 0.95 0.725 0.984 0.995 0.998
Concentration 10.267 2.174 23.959 64.075 112.888
Circular Standard Deviation 18.4 45.9 10.3 6.0 3.4
Rayleigh Test (Z) 92.053 43.151 11.617 8.903 3.986
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Table 7 (continued )

Gage site Neutral axis

Behavior Chew Bite

Bite point Left molar Right molar Incisors Left premolar Right premolar

Rayleigh Test (p) <1E-12 <1E-12 1.57E-06 <1E-12 0.007
Rao's Spacing Test (U) 301.827 250.068 290.136 301.191 260.961
Rao's Spacing Test (p) <0.01 <0.01 <0.01 <0.01 <0.01
Watson's U2 Test (von Mises, U2) 1.46 0.604 0.307
Watson's U2 Test (p) <0.005 <0.005 <0.005

Table 8a
Results of three-way ANOVA of effects of cycle number, cycle typea, and food type on ε1 strain magnitude and jε1/ε2j ratio.

Exp 183

Gauge location Upper lateral gauge Lower lateral gauge Medial gauge

Variable ε1 magnitude ε1/ε2 ε1 magnitude ε1/ε2 ε1 magnitude ε1/ε2

Statistic F Sig. F Sig. F Sig. F Sig. F Sig. F Sig.

Intercept 46.1 <.001 56.3 <.001 63.6 <.001 28.5 .001 40.3 <.001 0.1 .790
Cycle number (covariate) 16.2 <.001 0.1 ns 23.2 <.001 14.9 <.001 38.9 <.001 31.8 <.001
Cycle type (random) 6.7 .009 50.1 <.001 5.2 .011 8.4 .001 2.0 ns 0.5 ns
Food (random) 2.0 ns 1.2 ns 2.3 ns 4.3 .039 7.3 .006 13.6 .001
Cycle type � food interaction 8.3 <.001 3.2 .005 4.2 <.001 3.5 .002 2.1 ns 3.6 .002

Exp 184

Gauge location Upper lateral gauge Lower lateral gauge Medial gauge

Variable ε1 magnitude ε1/ε2 ε1 magnitude ε1/ε2 ε1 magnitude ε1/ε2

Statistic F Sig. F Sig. F Sig. F Sig. F Sig. F Sig.

Intercept 126.0 <.001 52.7 <.001 139.3 <.001 0.2 .641 128.5 <.001 4.6 .041
Cycle number (covariate) 21.5 <.001 5.6 .018 16.3 <.001 25.3 <.001 21.2 <.001 18.8 <.001
Cycle type (random) 17.3 <.001 2.1 .030 16.5 <.001 1.6 ns 15.5 <.001 2.5 .011
Food (random) 3.7 .002 3.4 .003 3.0 .008 1.0 ns 3.8 .002 1.3 ns
Cycle type � food interaction 2.3 .001 2.3 .001 2.9 <.001 4.5 <.001 2.8 <.001 3.2 <.001

a Cycle type includes type (chew, bite, pull) and point (left molar, left premolar, left canine, incisors, right molar, right premolar, right canine).
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medial gage sites in Experiment 184, and these effects were char-
acterized by low F-values (Table 8b). During chewing cycles, the
largest effects on 31 magnitudes were always cycle number and/or
chewing side. Similarly, out of all the six gage sites in Experiments
183 and 184 food type only significantly affected j 31/ 32j ratios at the
medial gage site in Experiment 183 (Table 8b). Again, chew side or
cycle number had larger effects on j 31/ 32j ratios than did food type.
Table 8b
Results of two-way ANOVA of effects of cycle number, chew side, and food type on ε1 st

Exp 183

Gauge location Upper lateral gauge

Variable ε1 magnitude ε1/ε2 ε1 m

Statistic F Sig. F Sig. F

Intercept 88.8 .001 37.4 <.001 124.1
Cycle number (covariate) 36.5 <.001 0.1 ns 41.7
Side (fixed) 26.5 .013 124.2 .001 14.9
Food type (random) 1.8 ns 0.6 ns 2.4
Chew side � food type 9.4 <.001 3.9 .009 6.4

Exp 184

Gauge location Upper lateral gauge

Variable ε1 magnitude ε1/ε2 ε1 ma

Statistic F Sig. F Sig. F

Intercept 234.8 <.001 9.7 .007 218.5
Cycle number (covariate) 30.3 <.001 21.6 <.001 27.0
Side (fixed) 279.1 <.001 0.2 ns 102.9
Food type (random) 7.1 .003 0.7 ns 3.1
Chew side � food type 0.8 ns 11.6 <.001 2.2
Chew side had a significant effect on 31 orientations at all gage sites
during all experiments, except the lateral gage sites in Experiment
185. Controlling for chew side, food type had a significant effect on 31
orientations at two out of six working side gage sites (i.e., the
working side medial and lower lateral gage sites in Experiment 183),
at four out of six balancing side gage sites (i.e., the balancing side
medial and upper lateral gage sites in both Experiments 183 and
rain magnitude and ε1/ε2 ratio during chewing cycles.

Lower lateral gauge Medial gauge

agnitude ε1/ε2 ε1 magnitude ε1/ε2

Sig. F Sig. F Sig. F Sig.

<.001 21.1 .014 87.0 .001 0.4 0.572
<.001 14.7 <.001 42.1 <.001 31.6 <.001
.028 14.0 .031 1.7 ns 0.0 ns

ns 4.0 ns 7.1 ns 10.3 0.042
<.001 6.9 <.001 3.3 .020 5.7 0.001

Lower lateral gauge Medial gauge

gnitude ε1/ε2 ε1 magnitude ε1/ε2

Sig. F Sig. F Sig. F Sig.

<.001 9.7 .007 236.6 <.001 35.6 <.001
<.001 21.6 <.001 31.1 <.001 18.2 <.001
<.001 0.2 ns 193.2 <.001 7.1 .026
ns 0.7 ns 5.3 .014 1.2 ns

.031 11.6 <.001 1.6 ns 6.3 <.001



Table 10
Measures of variation in 31 orientations (in degrees).a

All non-chews All chews Left chews (balancing side) Right chews (working side)

Circular standard deviations of 31 orientations.
Experiment 183
Upper lateral gauge 35 43 30 31
Lower lateral gauge 92 71 43 27
Medial gauge 20 23 23 21
Neutral axis 26 20 28 11

Experiment 184
Upper lateral gauge 52 78 53 28
Lower lateral gauge 52 50 44 32
Medial gauge 19 35 35 29
Neutral axis 6 20 31 6

Range of mean 31 orientations.
Experiment 183
Upper lateral gauge 81 132 26 4
Lower lateral gauge 81 140 18 15
Medial gauge 46 41 28 36
Neutral axis 30 24 15 16

Experiment 184
Upper lateral gauge 106 124 124 11
Lower lateral gauge 98 86 85 20
Medial gauge 37 89 66 13
Neutral axis 13 31 30 6

Range of weighted mean 31 orientations.
Experiment 183
Upper lateral gauge 92 136 26 92
Lower lateral gauge 112 142 84 72
Medial gauge 37 46 34 35

Experiment 184
Upper lateral gauge 15 112 112 3
Lower lateral gauge 20 88 88 11
Medial gauge 32 95 74 8

a Highest value in each row is in bold, second highest value in each row is in italics.

Table 9
Results of one-way ANOVA of effects of cycle type, with cycle number as a covariate, on 31 strain magnitude and j 31/ 32j ratio in Experiment 185.

Gauge location Upper lateral gauge Lower lateral gauge Medial gauge

Variable 31 magnitude 31/ 32 31 magnitude 31/ 32 31 magnitude 31/ 32

Statistic F Sig. F Sig. F Sig. F Sig. F Sig. F Sig.

Intercept 47.3 .001 99.1 .000 77.9 .000 0.9 ns 59.3 .001 4.2 ns
Cycle type (random) 38.3 .000 9.0 .000 11.2 .000 12.1 .000 26.1 .000 11.1 .000
Cycle number (covariate) 3.0 ns 9.9 .002 0.0 ns 32.9 .000 2.1 ns 5.5 .020
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184), and on neutral axis orientation on both working and balancing
sides in Experiment 183, but on neither side in Experiment 184.
Food/FMP effects on strain regimes during chewing were more
common in Experiment 183 than Experiment 184, more common at
balancing side thanworking side gage sites, andmore common for 31
orientations than 31 magnitudes or j 31/ 32j ratios. Thus, although
chewing different foods was associated with variation in strain re-
gimes, as predicted by Hypothesis 2, chew side and chew number
had larger effects than did food type. Indeed, in Experiments 183 and
184 food type had the smallest (mostly non-significant) effects on 31
magnitudes and j 31/ 32j ratios of any of the factors.

The third hypothesis that we evaluated was whether the vari-
ation in strain regimes associated with different oral food pro-
cessing behaviors is greater than that during chewing on different
foods with different material properties. The three metrics used to
quantify relative variability were the circular standard deviation
(S), the range of mean 31 orientations, and the range of weighted
mean 31 orientations. The relative variability of strain regimes
across different behaviors versus chewing on different foods differs
depending on the metric, the individual, and the gage site,
nevertheless several patterns can be observed. First, in the majority
of the 22 comparisons in Table 10, the widest range or greatest
standard deviation in 31 orientations is across all chews combined,
i.e., working and balancing sides combined. This suggests that there
is often more variation in strain regimes with chewing side than
between different feeding behaviors. Variation in mastication-
related strain regimes with chew side is documented for the
mandibular corpus of macaques, galagos, and owl monkeys
(Hylander, 1979a, b, c; Hylander et al., 1998) and for the mandibular
symphysis of macaques (Hylander, 1984). In macaques, these strain
data suggest that the working or biting side mandibular corpus in
the molar region is “primarily twisted about its long axis, directly
sheared dorsoventrally, and slightly bent in both parasagittal and
transverse planes during the power stroke of both mastication and
unilateral molar biting” (Hylander, 1988: 56), whereas “the
balancing-side mandibular corpus in the molar region is primarily
twisted about its long axis, directly sheared dorsoventrally, and
powerfully bent in the parasagittal plane during the power stroke
of both mastication and unilateral biting” (Hylander, 1988: 56e57).
Thus, in macaques, the working side corpus is subjected to



C.F. Ross et al. / Journal of Human Evolution 98 (2016) 36e65 61
relatively greater twisting and the balancing side corpus to rela-
tively greater bending. What are the implications of such working-
balancing side differences in deformation regimes for mandibular
design in primates? If individual primates spend approximately
equal amounts of time chewing on left and right sides, and
mandibular corpus morphology reflects adaptations to resist
chewing stresses and strains, then mandibular corpus geometry
must be a trade-off between resistance to twisting and resistance to
parasagittal bending. Exactly how this trade-off would be man-
ifested is difficult to predict, but it does raise the possibility that
working/balancing side variation in strain regimes could mask di-
etary effects on mandibular corpus morphology.

Second, in the majority of cases in Table 10, variation in chewing
related strain regimes is greater on the balancing side than the
working side, and in Experiment 184, the highest strain magnitudes
at all gage siteswere recorded during ipsilateral premolar biting. This
might suggest that working side strain regimes have a more consis-
tent and stronger effect onmandibular corpus design than balancing
side strain regimes, predicting greater diet-related variation in the
degree of resistance to torsional stress than bending stress. Unfor-
tunately, the exact nature of the relationship between torsional stress
and mandibular morphology in primates is unclear (Daegling and
Hylander,1991). Moreover, an argument can bemarshalled that high
bending stresses on the balancing side corpus associated with
contralateral chewing and biting might be important in driving
Figure 12. A) Food material and geometric properties can only impact mandible morpho
mandibular loading and strain regimes. B) The relative importance of these different behav
variables such as strain magnitude and the amount of time or number of times the mandible
importance of the behavior, such as whether the resource is necessary for survival (e.g., a f
mandibular corpus morphology. As summarized in the Introduction,
relatively deep mandibular corpora relative to incisor load arms
characterize the mandibles of both hard object feeding orangutans
and Lophocebus, and the highest strains in Experiment 184 were at
theupper lateral gage site during contralateral biting. If bending is the
predominant loading regime in the balancing side corpus in these
animals as in macaques, this might reflect a greater importance of
balancing side loading regimes. The significance of this greater vari-
ation in balancing side strain regimes is therefore unclear.

Third, if the effects of chew side on variation in strain regimes
are ignored, the range of 31 orientations across different feeding
behaviors exceed those recorded during chewing on either side in
10 of 22 cases, and exceed those recorded on at least one side in 19
of 22 cases. These data do not provide strong support for the hy-
pothesis that variation in strain regimes associated with different
behaviors always exceeds variation associated with chewing on
different foods, but they do suggest that variation in strain regimes
associated with different feeding behaviors can exceed that asso-
ciated with chewing on different foods. Stronger support for the
third hypothesis comes from previously published data on ma-
caques (Hylander, 1979c), in which strain orientations recorded
from the lateral aspect of the mandibular corpus show less varia-
tion during mastication of different foods (<2�) than across
different behaviors (Fig. 1; Hylander, 1979c; average
difference ¼ 26� in Table 8). Moreover, published data from non-
logy by eliciting variation in feeding behaviors that in turn result in differences in
iors for mandible morphology depends on weighting factors, including biomechanical
is subjected to a given strain regime. A range of ecological variables can also weight the
all-back food).
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primate mammals suggest that their mandibles also experience
low levels of variation in strain regimes during mastication of
different foods. Williams et al. (2011) report no significant differ-
ences between strain orientations and j 31/ 32j ratios recorded during
rumination chewing and ingestion chewing in goats (Williams
et al., 2011).2 In rabbits, mean working side 32 orientations varied
by only 1� across chewing of pellets (33� relative to occlusal plane),
hay (34�), and carrot (33�); balancing side 32 orientations varied
more (pellets, 73�; hay, 76�; carrot 92�), while strain orientations
during carrot incision were very different (49�; Weijs and De Jong,
1977). Collectively these data from non-primate mammals suggest
that strain regimes in the mammalian mandible often vary little
between chews on different foods/FMPs and are more strongly
affected by chewing side and, where data are available, chew
number.

Finally, it is worth noting that consideration of the standard
deviations in Table 10 reveals interesting patterns in variability in
strain and neutral axis orientation. In both Experiments 183 and
184, the highest values of 31 orientation S were found: at the upper
lateral gage site across all chew cycles (working and balancing sides
pooled), at the lower lateral gage site across all non-chew cycles,
and at the medial gage site and neutral axis across contralateral
chews. Confirmation of this pattern might suggest differences in
relative importance of different behaviors for the morphology of
different parts of the mandible.
8. What do our results reveal about primate mandibular
corpus form-function relationships?

In order for interspecific variation in mandibular (in this case
corpus) morphology to be consistently related to interspecific
variation in the material or geometric properties of primate foods,
three criteria must be met (Ross et al., 2012; Ross and Iriarte-Diaz,
2014: Fig. 12). First, variation in food geometric and/or material
properties must elicit variation in feeding behavior that results in
variation in mandibular corpus loading regimes (patterns of
external forces acting on the corpus) that are in turn associated
with variation in mandibular corpus stress and strain regimes. For
example, if two foods are of similarly high toughness and Young's
modulus, but one (perhaps the larger) is consistently ingested via
biting on the premolars while the other is consistently ingested via
biting on the molars, then the differences in food geometric prop-
erties do elicit different feeding behaviors characterized by
different mandibular loading regimes (different bite points by
definition imply different loading regimes, with or without
different jaw-muscle activity patterns). Similarly, if foods with
different material properties are chewed in different ways, this
might elicit variation in mandibular corpus loading regimes. If
these different loading regimes result in different strain regimes
then it is possible for natural selection to act on heritable variation
in mandibular corpus morphology (under “heritable variation” we
include pleiotropic effects of genetic loci [Ehrich et al., 2003, 2005]
and heritable mechanisms that facilitate plastic responses to vari-
ation in strain regimes [Bouvier and Hylander, 1981, 1996a, b, 1994;
Ravosa et al., 2006, 2007a, b]. This mapping from food material and
geometric material properties to strain regimes is shown in
Figure 12A.

This brings us to the second criterion. In order for natural se-
lection to produce changes in mandibular corpus morphology,
different mandibular corpus morphologies must perform better
2 Williams et al. (2011) use the term “ingestion chewing” to refer to chewing of
food when it is first ingested; in contrast with “rumination chewing,” which refers
to chewing of regurgitated food.
under different mandibular corpus stress and strain regimes, and
this must improve feeding performance and fitness. For example, if
relatively high bending stresses and strains associated with pre-
molar biting are best resisted by increasing relative dorsoventral
depth of the corpus, and animals with relatively deeper corpora
have improved feeding performance and higher fitness, then nat-
ural selection is predicted to associate premolar biting with rela-
tively deeper mandibular corpora. Or, if chewing foods with higher
toughness is associated with relatively higher bending stresses, this
might also be associated with evolution of increased depth of the
mandibular corpus. As shown in Figure 12B, this can be conceived
of as a weighting of the importance for mandibular morphology of
the range of different oral food processing behaviors and strain
regimes.

Finally, if consistent associations between oral food processing
behavior, loading regime, strain regime, and corpus morphology
are to evolve in different primate lineages, then these selective
forces must act in the same morphological and behavioral contexts
in those lineages (Kay and Cartmill, 1977; Ross et al., 2002).

The results of the experiments reported here are most germane
to evaluating the first criterion discussed above: does variation in
food geometric and material properties elicit variation in oral food
processing behaviors, including in the way animals chew, resulting
in significantly different strain regimes in the mandibular corpus?
As predicted by our first hypothesis, when the three individuals in
our study performed multiple different feeding behaviors using
different cycle types, at the majority of sites cycle type had a sig-
nificant impact on 31 orientations and magnitudes and on j 31/ 32j
ratios. Food type had either weak or non-significant effects on 31
orientations and magnitudes, and on j 31/ 32j ratios, except through
interaction effects with cycle type (Table 8a). As predicted by the
second hypothesis, mastication was also associated with variation
in strain regimes in the mandible. However, most variation was
nested between cycles within chewing sequences, as reflected in
cycle number and, to a lesser extent, across chewing sides. Food
type had either weak or non-significant effects on strain regimes
during chewing, except through chew side X food type interaction
effects (Table 8b). Contrary to the third hypothesis, the most
consistent effect on variation in 31 orientation in the mandibular
corpus is variation in chewing side, the next most consistent effect
is feeding behavior (including biting side): the effects of variation in
food material properties on variation in strain orientations are
relatively minor. Similar results are seen in Macaca fascicularis,
where variation in mandibular corpus strain regimes across be-
haviors is greater than variation between chews on different foods
ipsilateral or contralateral to the strain gages, but there are signif-
icant effects of chew side on strain orientations (Hylander, 1979c).
These results are not unexpected because variation in the most
important determinants of strain regimes in the primate mandible
(jaw kinematics and relative timing of EMG activity in jaw elevator
muscles) is higher within feeding sequences and across different
feeding behaviors than across chews on different foods (Vinyard
et al., 2008; Ross et al., 2012; Ross and Iriarte-Diaz, 2014).
Together, the results presented here and the data in the literature
suggest that if the morphology of the mandibular corpus reflects
selection for resistance to patterns of stress and strain experienced
during feeding, this morphology must be a trade-off between
different behaviors, including chewing side.

It has long been recognized that mandible design reflects trade-
offs in performance at a wide range of feeding and non-feeding
behaviors (Hylander, 1979a, b, 1984, 2013; Daegling, 1993, 2007;
Vinyard et al., 2003; Daegling and Grine, 2006; Vinyard and Ryan,
2006; Daegling and McGraw, 2007; Taylor et al., 2008; Vinyard
et al., 2009; Ross et al., 2012; Ross and Iriarte-Diaz, 2014). How-
ever, in previous work, the range of feeding behaviors elicited in the
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laboratory during measurement of bone strain has been rather
narrow. The data presented here show that when strains are
recorded in animals that can use their hands during feeding, they
employ a wide range of oral food processing behaviors and the
mandibular corpus experiences a wide range of strain regimes
(Fig. 12A). Thus, although we have not sampled the full range of
food material properties encountered and processed by Sapajus in
thewild (Wright, 2004, 2005a, b), we expect that further expansion
of this study to a wider range of FMPs will be associated with a
greater increase in variation in strain magnitudes and orientations
associated with different food processing behaviors compared with
those associated with mastication of foods with different
properties.

The question of how to evaluate the relative importance for
mandible design of these different behaviors and strain regimes
brings us to criterion 2 (Fig. 12B). It is very difficult to directly relate
variance in primate mandibular corpus morphology to ecologically
relevant measures of feeding performance (e.g., short term food or
nutritional intake rates), and it is impractical to relate it to fitness.
Consequently, the importance of different loading regimes for
mandible design has been estimated using data on strain magni-
tudes and inferences about the daily frequency at which different
behaviors occur (Hylander, 1979c). Strain magnitude is important
because very high bone strain magnitudes are associated with bone
yield and fracture (Burstein et al., 1972; Reilly and Burstein, 1974,
1975), and because strain magnitude is important in triggering
adaptive responses of bone remodeling, modeling, and repair
(Frost, 1987, 2000; Forwood and Turner, 1995; Turner, 1998).
Consequently, behaviors associated with high magnitude strain
regimes may be more important determinants of mandibular form
than behaviors associated with low strain behaviors. However,
daily frequencies of different behaviors are also important because
bones can be weakened by fatigue, so that behaviors producing
lower-than-maximum strain magnitudes over long periods of time
(in the case of tension) or many cycles (in the case of compression)
might be asdor moredimportant influences on mandibular form
than high strain magnitude behaviors (Carter et al., 1976, 1981;
Zioupos et al., 1996, 2001). The relationships between strain mag-
nitudes and effects of fatigue (loading time to yield or failure) in
primate feeding systems are therefore crucial data to obtain, but are
currently unavailable. These relationships have been studied in
some human bones and for bones in several nonprimate species,
but they vary among species, bones, loading regimes (Carter et al.,
1981; Reilly and Currey, 1999; Zioupos et al., 2001), bone material
properties (Carter et al., 1976; Currey, 2004), and temperature, so
their relevance for the evolution of the primate feeding system is
unclear. It is important to note that here and elsewhere (Ross et al.,
2012; Ross and Iriarte-Diaz, 2014), we are not arguing that fatigue
resistance has no bearing on primatemandible design, only that the
nature and importance of its effects are poorly understood. What is
clear is that in order to estimate the relative importance of different
feeding behaviors, we need data on strain regimes (including
magnitudes) for as complete a range of feeding behaviors and as
wide a range of food material properties as possible, along with
data on how often these behaviors are employed in the wild (Taylor
et al., 2008; Vogel et al., 2014).

The results of this study also show that the largest mandibular
corpus strain magnitudes were recorded during premolar and
incisor bites, rather than chewing. Hylander's (1979c) data on
mandibular corpus bone strain in Macaca and Otolemur also reveal
higher bone strain magnitudes during isometric biting on a bite
force transducer with the molars than chewing with the molars,
but lower strain magnitudes during transducer biting with the in-
cisors than ingestion incision. These results, combined with evi-
dence that cyclic loading and long loading times can cause fatigue
yielding and failure in bone, suggest that it would be valuable to
know the relative proportions of time spent in biting and chewing
behaviors in wild primates (Brown, 1997; Daegling and Grine,
2006; Taylor et al., 2008; Ross et al., 2012; Ross and Iriarte-Diaz,
2014).
9. Conclusions

The primate feeding behavior/feeding ecology literature is well-
populated with data on the relative proportions of different items
in primate diets and the proportions of time spent feeding on
different items. Recent years have seen significant progress on the
material and geometric properties of wild primate foods. The re-
sults of our study suggest that in order to understand the re-
lationships between these properties and mandibular morphology,
we need to know how these properties are related to and elicit
different oral food processing behaviors. Data are needed on as-
pects of wild primate feeding behavior that impact the loading,
stress and strain regimes, and histories of primate mandibles, such
as where on the mandible bite forces are applied, the likely mag-
nitudes of those forces, the gapes at which they are applied, and
how many times they perform different behaviors, including
number of cycles and total loading time (e.g., McGraw et al., 2011).
These data need to be collected across as wide a range of behaviors
as possible, including pre-ingestive, extractive feeding behaviors,
such as gouging (Vinyard et al., 2001, 2003, 2009; Vinyard and
Schmitt, 2004; Vinyard and Ryan, 2006) and ingestive processing,
such as incisor, canine, and molar biting, in addition to chewing.
Non-feeding behaviors such as threat displays (Hylander, 2013;
Terhune et al., 2015) can impose significant strains on themandible,
but also impose trade-offs on feeding system design that need to be
considered. Thus, the relative frequencies and importance of
feeding and non-feeding will need to be factored into more com-
plete biomechanical explanations for variation and evolution of
primate feeding system form (e.g., Taylor et al., 2008).
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