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Abstract

Obijectives: Morphological variation in cranial sutures is used to infer aspects of pri-
mate feeding behavior, including diet, but strain regimes across sutures are not well
documented. Our aim is to test hypotheses about sagittal suture morphology, strain
regime, feeding behavior, and muscle activity relationships in robust Sapajus and
gracile Cebus capuchin primates.

Materials and Methods: Morphometrics of sinuosity in three regions of the sagittal
suture were compared among museum specimens of Sapajus and Cebus, as well as in
robust and gracile lab specimens. In vivo strains and bilateral electromyographic
(EMG) activity were recorded from these regions in the temporalis muscles of capu-
chin primates while they fed on mechanically-varying foods.

Results: Sapajus and the anterior suture region exhibited greater sinuosity than Cebus
and posterior regions. In vivo data reveal minor differences in strain regime between
robust and gracile phenotypes but show higher strain magnitudes in the middle suture
region and higher tensile strains anteriorly. After gage location, feeding behavior has
the most consistent and strongest impact on strain regime in the sagittal suture. Strain
in the anterior suture has a high tension to compression ratio compared to the poste-
rior region, especially during forceful biting in the robust Sapajus-like individual.
Discussion: Sagittal suture complexity in robust capuchins likely reflects feeding
behaviors associated with mechanically challenging foods. Sutural strain regimes in

other anthropoid primates may also be affected by activity in feeding muscles.
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Abbreviation: ACUP, Animal Care and Use Protocol; AIC, Akaike's “An Information
Criterion”; ANOVA, Analysis of Variance; BAT, balancing anterior temporalis; BAT, balancing
side anterior temporalis; BIC, or SBC, “Schwarz's Bayesian Criterion”; BMT, balancing middle

temporalis; BPT, balancing posterior temporalis; DIC, “Deviance Information Criterion”; EMG,

Electromyography; Hz, Hertz; IACUC, Institutional Care and Use Committee; kHz, kilohertz;
LATP, Left Right anterior temporalis; LMTP, Left middle temporalis; LPTP, Left posterior
temporalis; LRT, Likelihood ratio test statistic; micro-CT, micro-computed tomography; mm,
millimeter; ms, millisecond; mV, millivolt; RATP, Right anterior temporalis; RMTP, Right
middle temporalis; RPTP, Right posterior temporalis; TMJ, temporomandibular joint; WAT,
working anterior temporalis; WMT, working middle temporalis; WPT, working side posterior
temporalis; WSM, working side masseter; £1, Maximum principal strain; 5, Minimum principal
strain; pe, microstrain.

1 | INTRODUCTION

Cranial sutures are connective tissue articulations between the dermal
bones of the vertebrate skull comprised of a dense regular extracellu-
lar matrix with collagen bundles and fibroblasts. Several different
suture morphologies are observed, including straight (or butt-ended),
beveled, and waveform. The ectocranial surfaces of waveform sutures
are made up of interdigitating convex and concave bony lingulae. The

sinuous morphology that results from alternating bone deposition and
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resorption along convex and concave surfaces suggests morphoge-

netic coordination across the suture during growth (Byron, 2006;
Byron et al, 2004; Khonsari et al, 2013; Zollikofer &
Weissmann, 2011). This growth is putatively influenced by strain and
deformation regimes in the suture (Moss, 1997a, 1997b, 1997c,
1997d) and suggests that relationships between suture morphology,
strain regime and behavior may inform functional interpretation of
cranial morphology in extant and fossil vertebrates (Markey
et al, 2006; Markey & Marshall, 2007a, 2007b; Rak, 1978; Rak &
Kimbel, 1991).

Ectocranial suture sinuosity has been related to the absorption of
impact loads during head-butting behaviors, for example in goats
(Capra hircus; Farke, 2008, Jaslow, 1990, Jaslow & Biewener, 1995),
but in most vertebrates, the repeated loading and strain regimes asso-
ciated with normal feeding are thought to be stronger influences on
sutural morphology. Among caiman alligatorids, Caiman latirostris eats
harder foods than Caiman sclerops and has more sinuous facial sutures
along its snout (Monteiro & Lessa, 2000). Myostatin deficient, hyper-
muscular mice have increased sinuosity of the sagittal suture com-
pared with controls (Byron et al., 2004) and mice with masticatory
overuse show increased sinuosity posteriorly (Byron et al., 2018). In
human archeological populations, relationships between sagittal
suture morphology and the increase in extra-oral food processing
techniques following the Mesolithic period are weak at best
(Cheronet et al., 2021). In nonhuman primates, Sapajus apella con-
sumes mechanically resistant foods (i.e.,, foods that are very stiff
and/or crack resistant) and has more sinuous sagittal sutures than
those of capuchins that avoid the most mechanically resistant plant
tissues, such as Cebus albifrons (Byron, 2009).

In vitro and finite element modeling studies provide valuable
insights into the impact of sutures on cranial mechanics (Jaslow &
Biewener, 1995; Markey et al.,, 2006; Markey & Marshall, 20073,
2007b; Moazen et al., 2009; Smith & Hylander, 1985; Wang
et al,, 2010, 2012), but in vivo data are crucial for understanding the
relationships between sagittal sutural morphology and strain regime.
Behrents et al. (1978) used single element gages to record laterally
directed tensile strains across the anterior third of the sagittal suture
of macaques during temporalis muscle stimulation. Behrents et al.
data were collected during muscle stimulation, not during natural
feeding, making their results minimally relevant to questions about
sutural morphology, sutural strain, and feeding behavior. Single ele-
ment gages are also of limited value for detailed quantification of
sutural strain regime because they only record strain magnitudes
along the long axes of the gages: they do not provide information on
principal strain orientations and magnitudes. Rosette strain gages
have been used to record the planar strain state—principal and shear
strains—across the external surface of cranial sutures during muscle
stimulation and chewing in macaques (Bourbon, 1982), minipigs
(Herring & Mucci, 1991; Herring & Teng, 2000; Rafferty &
Herring, 1999) and hyraxes (Lieberman et al., 2004). During chewing
by macaques maximum principal (tensile) strain orientations were obli-

que to the long axis of the sagittal suture, suggestive of shear or

twisting of the suture, and compressive strains were orthogonal to
the squamous suture, indicating superoinferior compression (Bourbon,
1982). Activation of temporalis during feeding or muscle stimulation
in miniature swine pulled the posterior ends of the parietal bones
apart and pushed their rostral ends together, and strain regimes along
the sagittal suture indicated twisting of the frontal and parietal bones
(Herring, 1972, Herring & Mucci, 1991, Rafferty & Herring, 1999, Sun
et al., 2004). Clearly in vivo strain data across the sagittal suture dur-
ing natural feeding are needed to evaluate links between sutural mor-
phology and feeding behavior.

In this study, we characterized the strain regimes during feeding
at three locations along the sagittal sutures of two robust, tufted
capuchins and two gracile, un-tufted capuchins. Although the individ-
uals could not be definitively assigned to species, the cranial pheno-
types suggest the tufted forms are Sapajus sp. and the untufted forms
represent Cebus sp. The more robust morphology of Sapajus relative
to Cebus is characterized by larger teeth, thicker mandibular corpora
and symphyses, prominent and anteriorly positioned feeding muscles,
greater temporalis physiological cross-sectional area, and more sinu-
ous sagittal sutures (Figure 1; Anapol & Lee, 1994; Byron, 2009;
Chai, 2020; Daegling, 1992; Kinzey, 1974; Masterson, 1997; Hogg
and Elokda, 2021; Silva Jr., 2001, 2002; Spencer, 2003; Taylor &
Vinyard, 2009; Teaford et al., 2020; Wright, 2005). These features are
probable adaptations for consumption of tougher foods in Sapajus rel-
ative to Cebus, and a seed predation strategy including obdurate
foods, such as palm nuts (Cole, 1992; Defler, 1979a; Defler, 1979b;
Freese et al., 1981; lzawa, 1979; Kinzey, 1974; Teaford, 1985;
Teaford et al., 2020; Wright, 2005).

The general exploitation of tough foods by S. apella is associ-
ated with increased sutural sinuosity (Byron, 2009). This assumes
that, as in the mandible (Ross et al., 2016), variation in food mate-
rials properties is associated with variation in some aspect of feed-
ing behavior, such as bite and muscle force magnitudes, bite point,
biting side, biting versus chewing cycles, and/or use of the hands
during ingestive behaviors (Laird, Wright, et al., 2020; Ross
et al., 2016). These behaviors are expected to vary sagittal suture
strain magnitudes and orientations, as well as temporalis muscle
activation patterns, which elicit a growth response that alters the

adult sutural phenotype.

Hypothesis 1. Suture structure and function vary with
location, food materials properties, and feeding

behavior.

Sutural and strain variability are addressed through two specific
predictions. The null hypothesis is that sagittal suture sinuosity is
homogenous among locations, and that strains are purely laterally
directed, homogeneous along the suture, and homogeneous across
food materials properties, feeding behaviors, and cranial phenotypes.
We were agnostic about the orientation (other than a lateral direction)

of sutural strains along the sagittal suture.
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FIGURE 1 Experimental sample. (a) Rostral and caudal views from

3D renders of CT scans representing experimental animals-Prediction
1.1. (b) Tracings from the ectocranial appearance of sagittal sutures in
experimental animals. (c) Log,o suture sinuosity measurement in the
museum sample and experimental animals.

Prediction 1.1: Suture morphology (sinuosity, amplitude, and
spacing-i.e., complexity) differs between the anterior, middle, and pos-
terior regions of sagittal suture.

Prediction 1.2: In robust and gracile capuchins strain regime varies
with gage location and in relation to food materials properties and

feeding behavior.

Hypothesis 2. Temporalis regions differentially contrib-

ute to sutural strain.

The second goal of this paper is to compare the contributions
of temporalis activation to strain regimes at the sagittal suture
(Dzialo et al., 2014; Herring & Teng, 2000; Rak, 1978; Rak &
Kimbel, 1991). Temporalis activation varies between the muscle's
anterior and posterior regions and between the working (loading)
and balancing (non-loading) sides (Hylander et al., 2005; Ram &

e WILEY-L_°
Ross, 2018; Vinyard, 2007; Vinyard, 2008; Vinyard et al., 2008; Wall
et al., 2008). In primates studied to date, activity in the working side

posterior temporalis (WPT) peaks before that in the balancing side
posterior temporalis (BPT) but after the balancing side anterior tem-
poralis (BAT) (Hylander et al., 2005; Ram & Ross, 2018;
Vinyard, 2007; Vinyard, 2008; Vinyard et al, 2008; Wall
et al., 2008). These timing differences make it possible to evaluate
contributions of different parts of temporalis to strain regime in the
sagittal suture. In capuchins, the frontal bone extends so far posteri-
orly that the sagittal suture is adjacent to only the posterior tempor-
alis. The null hypothesis is that temporalis activation is not
associated with strain regime locations along the sagittal suture or
with side-related changes in strain regimes.

Prediction 2.1: Posterior temporalis activity better explains the
variance in sagittal suture strain regime during feeding than the ante-
rior temporalis.

Prediction 2.2: Chewing side-related variation in relative timing of
working and balancing posterior temporalis activity is associated with
side-related variation in strain regime.

2 | MATERIALS AND METHODS

2.1 | Suture morphology measures (Prediction 1.1)
Three suture metrics were quantified in the four in vivo subject ani-
mals, as well as in a sample of 32 adult male capuchin specimens acces-
sioned in the Field Museum of Natural History, Chicago, IL as one of
four species: Sapajus apella, Cebus albifrons, Cebus capucinus, and Cebus
olivaceus. Only males were selected for the museum sample because
they generally show a more robust cranial phenotype than females in
each taxon (Masterson, 1997). Sinuosity was quantified from digital
image tracings of the sagittal sutures using a modified measure of rela-
tive suture length (Byron, 2009; Byron et al., 2004; Jaslow, 1990).
Using Image) (version 2.1.0) a chord (i.e., straight line between two
points) was drawn from the front (bregma) to the back (lambda) of each
sagittal suture (herein, “Chord length”). Anterior, middle, and posterior
thirds of the suture were distinguished in ImageJ using a custom script
that creates three even line segments from any chord. Then, freehand
lines (“Suture path length”) were traced for each suture third. These
regions of interest were measured and results saved for chord length
and path length so that a relative length measure could be compared

between each of the three sagittal suture regions

Sinuosity — Relative Length (%) = Suture Path Length/Chord Length

Sutures from experimental subjects were traced from micro-CT
(micro-computed tomography) images or photos taken during surgery
(Figure 1). The authors have no data to suggest there are differences
in suture tracings between micro-CT and digital photo derived
sources. There are data however, that tracings made from a two-
dimensional surface (i.e., photo) yield slightly larger values of suture

sinuosity than tracings made with adhesive tape on the surface of the
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cranium (Byron, 2009). In order to measure the amplitude and spacing

of each suture region the .roi files from Imagel were read into R using
the package RImageJROI (Sterratt & Vihtakari, 2021) and the suture
region XY coordinates were aligned to the mean. Peaks/valleys were
defined as up or down changes greater than 3, and spacing greater
than 3 along the suture path. Changes in spacing between peaks/
valleys and amplitude relative to chord length were compared across

genus/phenotype, sex, and sagittal suture region.

2.2 | Invivo data collection (Predictions 1.2, 2.1,

and 2.2)

Data were collected from four individual capuchins (C, M, N, and S) during
four recording sessions (experiments €224 [animal C], e180 [M], e181 [N],
€182 [S]; Figure 1). Individual N was female, the others were males. All
animals were mature adults with the third molar in occlusion. N and M
were gracile and C and S were robust with more prominent supraorbital
tori, laterally flaring mandibular rami, more acute mandibular angles, wider
zygomas, more distinct lines of temporalis origin, and greater postorbital
constriction of the calvaria. None of the animals displayed sagittal cresting
so a patent and accessible suture was available in each without a need to
reflect the temporalis muscle away from the temporal lines on the parietal
bones. In this paper, each animal will be given a specimen designation that
also denotes gracile vs. robust cranial phenotype: G(M), G(N), R(C), and
R(S). The animals had previously been trained with operant conditioning
to feed while seated in a primate chair (Laird et al., in prep; Laird,
Granatosky, et al., 2020; Ross et al., 2016). This experimental protocol
and procedure was ethically reviewed and approved by UChicago IACUC
(Institutional Care and Use Committee) ACUP (Animal Care and Use Pro-
tocol) #72382. Results were obtained in accordance with relevant institu-
tional and national guidelines for the care and use of laboratory animals.
Delta rosette strain gages (SA-06-030WY-120, Micromeasure-

ments, Raleigh, NC) wired in a three-wire quarter-bridge circuit were

P - N

Sagittal suture gage location and color key

anterior

middle

FIGURE 2 Location of strain gages on sagittal suture of Animal S
and color key for following figures.

used to record strains across the sagittal suture in anterior (adjacent
to bregma), middle (the visually inspected midpoint between the ter-
minal locations), and posterior (adjacent to lambda) locations
(Figure 2). The animals were food-deprived for 24 h before each
experiment, sedated using an intramuscular injection of ketamine and
medetomidine then anesthetized using inhalant isofluorane (Theriault
et al., 2008). Medetomidine was reversed with atipamezole soon after
induction of anesthesia; at least 3 h elapsed after ketamine adminis-
tration before data were recorded. Under isofluorane anesthesia a sin-
gle incision was made in the skin overlying the sagittal suture, the
periosteum elevated to expose the bone, a small area of cortical bone
and suture degreased with clinical grade chloroform, then the rosettes
bonded across the sagittal suture with a cyanoacrylate adhesive. The
gages were separated from the underlying sutural tissue by a thin strip
of Teflon tape to keep sutures free of adhesive (Herring &
Mucci, 1991) and the lead wires were bonded to the bone for 3-
4 mm (millimeters) for strain relief. These steps underscore another
notable reality to sutural strain gage experiments in the literature, that
the quality of gage installations may vary across studies and disagree-
ment in sutural strain estimates could be methodological rather than
an effect of sampled species, locations, or ages. The incision was
sutured closed around the lead wires and radiographs taken to docu-
ment strain gage position and orientation.

The monkeys were seated in a commercially available chair (XPL-
517-CM, Plas Labs, Lansing, MI) modified to allow the head and neck
to move freely and to allow the animals to use their arms and hands
to feed themselves during data recording (Reed & Ross, 2010; Ross
et al., 2016). Each of the three elements of the rosette gages was con-
nected to form one arm of a Wheatstone Bridge, with bridge excita-
tion at two volts. Voltage changes were conditioned and amplified on
a Vishay 2120 system, and then recorded at 2 kHz (kilohertz) and syn-
chronized with digital video records using MIDAS 2.0 (Xcitex,
Cambridge, MA). Videos of animal behavior and jaw kinematics were
recorded using a Vicon 10-camera MX T40 system (Culver City, CA).

Strains were recorded while the animals ingested and masticated
stress-limited foods (foods of high toughness and high stiffness,
i.e., Brazil nuts, walnuts, and almonds) and displacement-limited foods
(foods of high toughness and low stiffness, apricots and grapes), foods
shown previously to alter capuchin chewing behavior (Reed &
Ross, 2010). Masticatory cycle types designated “nut shell” corre-
spond to sequences in which the animals fractured the outer seed
coating. Cycle types designated as “nut” are sequences in which the
animals ate the nut kernel. Cycle types designated as “fruit” corre-
spond to sequences in which the animals ate displacement-limited
food items such as apricots and grapes. For this analysis, Brazil nuts
and walnuts included the shell, which elicited forceful cracking of the
outer seed coat prior to mastication of the softer kernel. The nuts
were relatively large, with diameters of 15-25 mm, resulting in large
gape behaviors during ingestive biting. After the recording sessions
each animal was anesthetized, the gages were removed, the site
cleaned and sutured closed, analgesics and antibiotics administered,
and the animal returned to its cage. All animals recovered without

complications.
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The strain data and videos were examined to identify movement
artifacts, feeding behaviors—incisor, canine, premolar, molar inges-
tion bites, and mastication cycles—and chewing side following Ross
et al. (2016). Sequences were selected for analysis on the basis of
clarity of food processing behaviors. Gape cycles were excluded if
the magnitudes of the strains decreased so as to be unreliably distin-
guishable from noise (5-10 mV, millivolts, in each channel). To sam-
ple the diversity of feeding behaviors, all gape cycles for which cycle
type could be identified were analyzed. The complexity of the exper-
imental design, and the naturalistic feeding data that we sought,
resulted in unevenness in data collection. For example, we have a
greater amount of data from robust individuals than from gracile
ones. There were fewer useful gape cycles processing nutshells, or
for specimen G(M) cycle types other than chewing. For the lone
female specimen G(N) data were not successfully recorded from the
anterior gage. The statistical methods selected help offset these
challenges, but it remains a possibility that some aspects of our
results are related to these unequal samples.

23 |
and 2.2)

Strain data analysis (Predictions 1.2, 2.1,

Strain data were processed in IGOR Pro 4.0 (WaveMetrics, Inc., Lake
Oswego, OR) using custom written software. The strain data were
resampled at a rate of 1 kHz then converted to microstrain (ue) using
calibration files made during the recording sessions. Strain (¢), a
dimensionless variable equaling the change in length of an object
divided by its original length, is measured in microstrain (pe). Tensile
strain is registered as a positive value and compressive strain as a
negative value. The maximum principal strains are the largest tensile
strain values (e4). The minimum principal strains are the largest com-
pressive strain values (e5). Strain mode (e1/e5) was used as an esti-
mate of strain regime with high tensile strain modes as ¢, 2 200% of
&5, high compressive strain modes as ¢1 < 50% of &,, and shear when
the ¢4 and e, magnitudes are within 50% of each other. Following
Smith et al. (2015), we used the logy transformation of this ratio so
that values 2 +0.301 represent high tension, values < —0.301 repre-
sent high compression, and values between +0.176 and —0.176 rep-
resent shear. The orientation of the maximum principal strain was
calculated relative to the mid-sagittal plane, with O degrees being
perpendicular to the sagittal plane and to the right. Strain orienta-
tions were transformed to plot on a coordinate space that is 90-
270° (i.e., to the left side of the sagittal suture if viewed from the
posterior aspect). Raw angular data from the 90-270° coordinate
space were then radian-transformed for their summary and inferen-

tial statistics (see below).

24 | EMG data analysis (Predictions 2.1 and 2.2)

Indwelling fine-wire electrodes were placed bilaterally in the superfi-

cial masseter (10 mm from the inferior border of the mandible), and

A WILEY- | °

at three locations along the temporalis muscle: anterior, middle, and

posterior. Electrodes in the temporalis were placed 10 mm inferior
to the temporal line by inserting the needle in a coronal plane at an
angle of approximately 45° to the sagittal plane until it contacted
bone. Raw EMG (electromyography) signals were sampled at a rate
of 2 kHz and band-pass filtered (100-2000 Hz, Hertz), then con-
verted to smoothed, rectified waves using a root mean square algo-
rithm with a 42 ms time constant in 2 ms increments (Hylander &
Johnson, 1985). For each chewing cycle, the relative timing and
amplitude of peak EMG in each muscle was calculated, and the rela-
tive timing of 75%, 50%, and 25% of peak prior to and following
peak were extracted and plotted. In this type of plot, muscle timing
data were standardized relative to the firing of the working side
superficial masseter. It is worth noting that muscle activity as
recorded with EMG is not the same as muscular force. Thus, to
relate muscle output to maximum principal strain, EMG amplitude
data were normalized through dividing them by the largest EMG
amplitude recorded from each electrode during the entire day's
experiment.

2.5 | Statistical methods

Data were analyzed in R 3.6.2, RStudio 1.1.456 using the tidyverse,
circular, CircStats, Ime4, multcomp, relaimpo, ImerTest, and bpnreg
packages (Agostinelli & Lund, 2017; Bates et al, 2015;
Cremers, 2018; Gromping, 2006; Hothorn et al., 2008; Kuznetsova
et al., 2017; R Core Team, 2020; Wickham et al., 2019). With all
inferential statistics, p-values that reject the null hypothesis
beyond the 0.05 level are reported as significant. Anything lower
than 0.01 (i.e., 0.001 and 0.0001) is considered to be highly
significant.

Prediction 1.1: Sagittal suture complexity (sinuosity, relative ampli-
tude, and relative spacing) was compared using a two-way ANOVA
(analysis of variance) with suture metric as the dependent variable
and genus identity (Sapajus vs. Cebus) and suture region (anterior
vs. middle vs. posterior) as independent variables. Post-hoc Tukey
tests were conducted to determine how all combinations of genus
and suture region compared to one another.

Prediction 1.2: A mixed effects ANOVA model was used to ana-
lyze the variance in three dependent strain variables quantifying
strain regime: £; and £, magnitudes, and strain mode. Variation in
each variable was examined using an increasing series of more com-
plicated linear models that included both fixed and random effects
(i.e., independent variables). Model construction began by adding
the two random effects (individual and food item type) followed by
each of the five fixed effects (gage site, cycle type, chew side, cranial
phenotype, and sex). Proceeding in a stepwise manner, AIC (Akaike's
“An Information Criterion”) was reported as lower values incremen-
tally indicating that as random and fixed effects were introduced the
model explained more of the variance in the dependent strain vari-
able. All models were significantly improved by including all these

effects.
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Generalized linear mixed model

«— Imer(Strain Regime Variable ~ (1|individual)

+ (1|food item type) + gage site + cycle type
+chewside + cranial phenotype + sex,data=".)

Each effect had multiple levels, as follows: individual (four experimen-
tal subjects, G(M), G(N), R(C), and R(S)); sex (male or female), cranial pheno-
type (gracile or robust), food type (fruit, nut, or nutshell); chew side (left or
right); cycle type (incisor bite, canine bite, premolar bite, molar bite, and
chew); and gage site, or location along the sagittal suture (anterior, adja-
cent to bregma; middle, midway between bregma and lambda; posterior,
adjacent to lambda). The Imer() and associated ANOVA and ANOVA-like
functions return a likelihood ratio test statistic (LRT) for each random
effect and an F-statistic for each fixed effect. Relative magnitudes of these
statistics and p-values were used to assess significance of effects on strain
regime. Estimates of fixed effect levels relative to other levels from that

effect included a measure of statistical significance.

Degrees of freedom Sum Sq Mean Sq
Genus 1 0.087 0.087
Suture region 2 0.017 0.008
Genus:Suture region 2 0.008 0.004
Residuals 105 0.673 0.006

Tukey-tests

The strain orientation data of £ were analyzed with a mixed effects
model designed for circular data following Cremers and Klugkist (2018).
The model was constructed by serially adding fixed effects (chew side,
gage site, cycle type, cranial phenotype, and sex) to a model initialized
with the individual level specified as a random effect. Model building pro-
ceeds step-wise with each new effect added and its DIC (Deviance Infor-
mation Criterion) statistic. This information criterion statistic decreased
after adding all effects except for sex. Adding sex as a fixed effect did
not increase the DIC value eliminating it as the best model for the orien-
tation data. Thus, the model that accounts for most variation, and also
lends itself to more straightforward interpretation, includes all combina-
tions of these fixed effects except sex (30 combinations of effect levels).

Circular mixed effects model < bpnme(pred.|
=radian_degree ~ (1|individual) + side + location + cycle type
+cranial phenotype, data = .,its = 10000, burn = 1000,n.lag =3,
seed =101)

TABLE 1 Results of tests for
heterogeneity in suture sinuosity-
Prediction 1.1.

F-value p-value
13.6 <0.001
1.3 NS

0.602 NS

Estimated difference

Sapajus-Cebus 0.061
Middle - Anterior —0.008
Posterior - Anterior -0.029
Posterior - Middle —0.021
Sapajus:Anterior - Cebus:Anterior 0.07

Cebus:Middle - Cebus:Anterior —-0.01

Sapajus:Middle - Cebus:Anterior 0.067
Cebus:Posterior - Cebus:Anterior —0.019
Sapajus:Posterior - Cebus:Anterior 0.017
Cebus:Middle - Sapajus:Anterior —-0.081
Sapajus:Middle - Sapajus:Anterior —0.003
Cebus:Posterior - Sapajus:Anterior —0.089
Sapajus:Posterior - Sapajus:Anterior —0.053
Sapajus:Middle - Cebus:Middle 0.078
Cebus:Posterior - Cebus:Middle —0.008
Sapajus:Posterior - Cebus:Middle 0.027
Cebus:Posterior - Sapajus:Middle -0.086
Sapajus:Posterior - Sapajus:Middle —-0.05

Sapajus:Posterior - Cebus:Posterior 0.036

p-value
<0.001
NS

NS

NS

NS

NS

NS

NS

NS

NS

NS
<0.05
NS

NS

NS

NS
<0.05
NS

NS

Note: All bold values represent statistical significance at the correspondingly listed p-value that is 0.05 or

lower.
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TABLE 2 . Results of tests. for Degrees of freedom Sum Sq Mean Sq F-value p-value

heterogeneity in suture amplitude to

chord length-Prediction 1.1. Genus 1 0.396 0.396 74.9 <0.0001
Suture Region 2 0.036 0.018 3.44 <0.05
Genus:Suture region 2 0.108 0.054 10.3 <0.001
Residuals 1667 8.806 0.005
Tukey-tests

Estimated difference p-value

Sapajus-Cebus 0.036 <0.0001
Middle - Anterior —0.001 NS
Posterior - Anterior -0.01 <0.05
Posterior - Middle —0.009 NS
Sapajus:Anterior - Cebus:Anterior 0.028 <0.01
Cebus:Middle - Cebus:Anterior —0.009 NS
Sapajus:Middle - Cebus:Anterior 0.056 <0.0001
Cebus:Posterior - Cebus:Anterior —0.008 NS
Sapajus:Posterior - Cebus:Anterior 0.014 NS
Cebus:Middle - Sapajus:Anterior -0.037 <0.0001
Sapajus:Middle - Sapajus:Anterior 0.029 <0.05
Cebus:Posterior - Sapajus:Anterior —0.036 <0.0001
Sapajus:Posterior - Sapajus:Anterior -0.014 NS
Sapajus:Middle - Cebus:Middle 0.066 <0.0001
Cebus:Posterior - Cebus:Middle 0.001 NS
Sapajus:Posterior - Cebus:Middle 0.023 <0.01
Cebus:Posterior - Sapajus:Middle —0.065 <0.0001
Sapajus:Posterior - Sapajus:Middle —0.042 <0.0001
Sapajus:Posterior - Cebus:Posterior 0.022 <0.05

To test Prediction 1.2—that strain regime varies with location in
the sagittal suture, with chewing side, with feeding behavior, and with
food material properties—we tested for significant effects of these
variables in our ANOVA.

Prediction 2.1 and 2.2: Peak EMG activity was first ordered in
the working and balancing temporalis, and chew side was catego-
rized as working- and balancing-side by comparing the left and right
EMG activity. Differences in the timing of working- and balancing-
side anterior temporalis and posterior temporalis peak amplitude
were tested using ANOVA and pairwise Tukey comparisons. We
then used a multiple regression analysis to evaluate how each peak
amplitude from the left and right temporalis predicts maximum prin-
cipal strain magnitude at the anterior, middle, and posterior gage

locations.

Multiple regression model < Im(maximum principal strain ~ RATP
+ LATP+RMTP+LMTP+RPTP +LPTP, data=")

The resulting model coefficients were compared using the calc.
relimp() function to determine the relative importance of each indepen-
dent variable (EMG) in the model. The two metrics used here were the
Beta Squared method which is the squared standardized coefficient and
the Genizi method which is the R? decomposition (Genizi, 1993).

3 RESULTS

3.1 | Prediction 1.1: Suture morphology (sinuosity,
amplitude, and spacing-i.e., complexity) differs
between the anterior, middle, and posterior regions of
sagittal suture

Genus identity (Sapajus and Cebus) has a significant effect on suture
sinuosity (F-ratio = 13.6, P < 0.001; Table 1; Figure 1b,c). Post-hoc
Tukey tests reveal that Sapajus sutures have greater sinuosity
(P < 0.001), and the posterior sagittal suture of Cebus is less sinu-
ous than both the anterior and middle regions in Sapajus (P < 0.05;
P < 0.05). The most robust individual in our in vivo study, S, had a
suture that was very complex overall (Figure 1b) and also more sin-
uous in its anterior and middle third compared to nearly all other
museum and experimental specimens (Figure 1c). Suture region
amplitude and spacing are consistent with these results (Tables 2
and 3). Sapajus has significantly greater spacing and higher ampli-
tudes than Cebus (P < 0.0001), and the anterior region has signifi-
cantly greater spacing and higher amplitudes than the posterior
region in both Sapajus and Cebus (P < 0.05). Broadly across factor
level contrasts, significant differences are observed between ante-
rior and posterior as well as Sapajus and Cebus groupings. The other
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experimental subjects also exhibited regional sinuosity measures

(Figure 1c) consistent with their gracile (G(N) and G(M)) and robust
(R(C) and R(S)) cranial phenotypes with posterior regions of the sag-

ittal suture showing the least sinuosity. Summary statistics for
suture sinuosity, spacing, and amplitude are provided in Supple-
mentary Data Tables 1-3 respectively. The underlying assumptions
of this work—that robust and gracile capuchins differ in sagittal
suture sinuosity—is supported and our experimental animals do
seem to be representative of the range of morphologies seen in

wild capuchins.

3.2 | Prediction 1.2: Strain regimes vary in relation
to gage location, food material properties, and feeding
behavior in robust and gracile capuchins

The morphological data suggest sinuosity, amplitude, and spacing are
not homogenous along the sagittal suture, that is, Sapajus middle and
anterior suture regions are more sinuous, with higher amplitudes, and
greater spacing than in Cebus posterior regions. Maximum principal
strain (g4) magnitude data are presented in Figure 3 (summary statis-

tics are in Supplementary Data Table 4). Minimum principal strain (e5)

Degrees of freedom Sum Sq Mean Sq
Genus 1 0.256 0.256
Suture region 2 0.099 0.050
Genus:Suture region 2 0.187 0.093
Residuals 1667 21.8 0.013

Tukey-tests

data are shown in Supplementary Figure 1 (summary statistics are in
Supplementary Data Table 5). Principal strain (e, and e,) magnitudes
were most strongly affected by gage site along the suture (Table 4).
The highest principal strain magnitudes were recorded at the middle
location (P < 0.0001); and anterior and middle locations experienced
higher £, (not &,) magnitudes than the posterior location (Figure 3;
Table 5, P < 0.001). Principal strain magnitudes were also significantly
affected by cycle type (Table 6; P < 0.0001), being highest during pre-
molar biting (P < 0.001), then canine biting (P < 0.001) and chewing
(P < 0.001), then incisor biting (P < 0.001, Table 5). Cranial phenotype,
and sex also affected maximum principal strains but to a lesser degree
(P < 0.05 and P < 0.01 respectively). Bite side did not have a signifi-
cant effect on e, magnitudes when these other effects were con-
trolled (NS), but it did impact &, magnitudes (Table 6, P < 0.0001).
Principal strain magnitudes were also significantly affected by food
type and “individual”, with the food type effects being stronger than
individual effects (LRT = 996 vs. 558; P < 0.0001; Table 6). Feeding
on nuts and nutshells was associated with higher ¢, and £, magnitudes
than fruit feeding, and the two robust individuals (R(C) and R(S))
exhibited higher principal strain magnitudes than the two gracile indi-
viduals (G(N) and G(M)) and this was significant in our models
(Figure 3; Table 5; estimate = 0.3, P < 0.001). Also in our model,

TABLE 3 Results of tests for
heterogeneity in suture spacing to chord
length-Prediction 1.1.

F-value p-value
19.6 <0.0001
3.79 <0.05

7.14 <0.001

Estimated difference

Sapajus-Cebus 0.029
Middle - Anterior —0.005
Posterior - Anterior -0.018
Posterior - Middle -0.013
Sapajus:Anterior - Cebus:Anterior 0.055
Cebus:Middle - Cebus:Anterior —0.003
Sapajus:Middle - Cebus:Anterior 0.044
Cebus:Posterior - Cebus:Anterior —0.005
Sapajus:Posterior - Cebus:Anterior —0.004
Cebus:Middle - Sapajus:Anterior —0.058
Sapajus:Middle - Sapajus:Anterior -0.011
Cebus:Posterior - Sapajus:Anterior —0.059
Sapajus:Posterior - Sapajus:Anterior —0.059

Sapajus:Middle - Cebus:Middle 0.048

Cebus:Posterior - Cebus:Middle —0.001
Sapajus:Posterior - Cebus:Middle —-0.001
Cebus:Posterior - Sapajus:Middle —0.049
Sapajus:Posterior - Sapajus:Middle —0.049
Sapajus:Posterior - Cebus:Posterior 0.000

p-value
<0.0001
NS
<0.05
NS
<0.001
NS
<0.01
NS

NS
<0.0001
NS
<0.0001
<0.001
<0.01
NS

NS
<0.001
<0.01
NS
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FIGURE 3 Maximum principal strain € 1 Strain Magnitudes

(¢) magnitudes depicted for all

experimental animals, gage locations, . - . E E

masticatory cycle types, and food item fOOd item type Fruit Nut Nutshell
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TABLE 4 Results of fixed effects ANOVAs-Prediction 1.2.
Sum of squares Mean square NumDF DenDF F value Pr(>F)
£4 magnitude gage site 323.20 161.60 2 9190.15 1277.03 <0.0001
cycle type 32.63 8.16 4 9182.55 64.46 <0.0001
bite side 043 043 1 9192.12 341 NS
cranial phenotype 2.16 2.16 1 3.58 17.05 <0.05
sex 3.19 3.19 1 3.56 25.20 <0.01
£, magnitude gage site 68.68 34.34 2 9137.13 209.75 <0.0001
cycle type 37.41 9.35 4 7955.08 57.14 <0.0001
bite side 14.57 14.57 1 8943.77 88.98 <0.0001
cranial phenotype 10.30 10.30 1 17.28 62.95 <0.0001
sex 14.23 14.23 1 16.43 86.95 <0.0001
Strain mode gage site 167.39 83.70 2 9122.22 871.69 <0.0001
cycle type 12.33 3.08 4 8370.40 32.10 <0.0001
bite side 20.54 20.54 1 9125.94 213.90 <0.0001
cranial phenotype 0.23 0.23 1 4.07 2.40 NS
sex 0.39 0.39 1 4,05 4.02 NS
Note: All bold values represent statistical significance at the correspondingly listed p-value that is 0.05 or lower.
maximum principal strains were smaller in male sutures (Table 5; Gage site also significantly affected strain mode (Table 6,

estimate = —0.43; P < 0.001). Excluding sex, the effect of cranial phe- P < 0.0001; Figure 4; summary statistics are in Supplementary Data
notypes is dwarfed by all the other effects. Table 6). Higher strain mode values (more tensile strains) were
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TABLE 5 Linear mixed model statistics-Prediction 1.2.
Log10 (e4) Log10 (e3) Log10 (e4/e2)
Predictors Estimates CI p Estimates CI p Estimates CI p
(Intercept) 2.10 1.85-2.35 <0.001 1.72 1.55-1.88 <0.001 0.38 0.26-0.51 <0.001
gage site [Middle] 0.09 0.07-0.11 <0.001 0.17 0.15-0.19 <0.001 -0.09 —0.10--0.07 <0.001
gage site [Posterior] -0.34 -0.36--0.32 <0.001 -0.02 —0.04-0.01 0.158 -0.32 -0.34--0.31 <0.001
cycle type [chew] —0.00 —0.05-0.05 0.995 0.04 —0.02-0.10 0.187 —0.04 —0.09-0.00 0.061
cycle type [incisor bite] -0.15 -0.20--0.09 <0.001 -0.18 -0.24--0.11  <0.001 0.05 0.00-0.10 0.035
cycle type [molar bite] —-0.09 -0.19-0.01 0.084 0.05 —-0.07-0.17 0.386 —-0.14 —0.23--0.05 0.002
cycle type [premolar 0.16 0.10-0.22 <0.001 0.09 0.02-0.16 0.012 0.09 0.04-0.14 0.001
bite]
CHEW Side [R] —-0.01 —0.03-0.00 0.065 0.08 0.06-0.10 <0.001 -0.10 -0.11--0.08  <0.001
Cranial Phenotype [R] 0.30 0.16-0.45 <0.001 0.22 0.16-0.27 <0.001 0.09 —-0.02-0.21 0.122
sex [M] -0.43 -0.59--0.26 <0.001 -0.29 -0.35--0.23 <0.001 -0.14 —0.27--0.00 0.045
Random effects
o’ 0.13 0.16 0.10
700 O~00individual 0~00individual O-Ooindividual
0.04Food.item.Type 0.02Fo0d.item.Type 0.00Food.Item.Type
ICC 0.24 0.10 0.06
N 3Food.item Type 3Food.Item.Type 3Food.Item. Type
Aindividual Aindividual Aindividual
Observations 9196 9142 9128
Marginal R?/Conditional R? 0.207/0.395 0.080/0.171 0.184/0.232
AIC 7142.355 9443.579 4563.832
Note: All bold values represent statistical significance at the correspondingly listed p-value that is 0.05 or lower.
npar  logLik AIC LRT Df  Pr(>Chisq) Z:g\';:s_épre;j;‘;':sl‘jm”d°m effects
&1 magnitude 13 —3558.18 7142.35
food item type 12 —4049.42 8122.84 98248 1 <0.0001
individual 12 —3659.98 734395 20360 1 <0.0001
£, magnitude 13 —4708.79 9443.58
food item type 12 —-4871.23 9766.47  324.89 1 <0.0001
individual 12 —4709.99 9443.97 240 1 NS
Strain Mode 13 —2268.92 4563.83
food item type 12 —2358.34 4740.69 178.86 1 <0.0001
individual 12 —2357.3648 473873 17690 1 <0.0001

Note: All bold values represent statistical significance at the correspondingly listed p-value that is 0.05 or

lower.

recorded at the anterior compared to the middle and posterior gage
sites (grand mean anterior vs. middle vs. posterior = 0.298 vs. 0.223
vs. —0.016). Strain mode was also affected by bite side
(F-ratio = 214.21; P < 0.0001; Table 6), with left and right side chew-
ing being modestly (but significantly) different from one another.
32.09;
P < 0.0001; Table 6): premolar biting was associated with the highest

Strain mode was also affected by cycle type (F-ratio =

strain mode values, that is, the suture is loaded more in tension. Strain

modes during chewing, canine biting, and molar biting were lower
than during incisor biting. Cranial phenotype and sex are either not at
all significant, or only marginally so (Table 5; P = 0.122 and P = 0.045
respectively). Strain mode was also significantly affected by food type
and individual, with inter-individual effects being stronger than food
type (Table 6); the two robust individuals generated more tensile
strain than the gracile individuals (LRT = 239.0; P < 0.0001; Table 6),
and feeding on nuts and nutshells produced higher (more tensile)
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FIGURE 4 Strain modes (the ratio of
maximum principal strain to minimum
principal strain: e1/¢,) depicted for all
experimental animals, gage locations,
masticatory cycle types, and food item

types-Prediction 1.2. Values above G(M)
+0.301 (upper red line) represent high 1.5-
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strain modes than feeding on tough foods (LRT = 183.9; P < 0.0001;
Table 6 and Figure 4).

Strain orientation is illustrated in Figure 5 divided across individ-
ual, bite side, and cycle type; vertical is the orientation of sagittal
planes. The summary and inferential statistics of these cycle type
groupings reveal that mean directions also have strong mean resultant
lengths and all are significantly non-uniform (reject the null hypothesis
of the Rao Spacing Test of Uniformity, summary statistics are in Sup-
plementary Data Table 7). Strain orientation was most strongly
affected by bite side, especially in animals G(M) and R(C) (Table 6;
P < 0.0001). The next strongest effect was gage site (P < 0.0001), with
strain orientations at the middle location being significantly different
from those at the anterior and posterior sites. Cycle type had a mar-
ginally significant effect on strain orientation (Table 6; P < 0.01). The
sagittal suture of G(M) experienced more laterally directed strain ori-
entations at all gage locations, the two robust individuals showed
peak strain orientations that were less uniform and less laterally
directed at the anterior and middle gage sites, and the very robust
individual S had laterally directed strain orientations at the posterior
gage site (Figure 5).

The circular mixed effects model indicated that strain orientation
is best explained by including chew side, gage location, cycle type, and
cranial phenotype into the model (Table 7; DIC = 1433.9). The poste-
rior estimates of the circular means of each group are compared to
determine whether any of the 30 combinations of effect levels are
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masticatory cycle type

significantly different. Groups are said to be significantly different if
their 95% lower bound and upper bound intervals do not overlap.
From the 95% confidence limits (Table 7) and the plot of these bound-
aries (Figure 6), it is evident that mostly chews belonging to the gracile
phenotype, posterior gage location, biting cycle type, and on mostly
the left side are significantly different from all other groupings in their
strain orientations. This supports Prediction 1.2, the direction of
strains in the posterior region of the sagittal suture are significantly
different from those in the anterior and middle regions.

3.3 | Prediction 2.1: Posterior temporalis activity
better explains the variance in sagittal suture strain
regime during feeding than the anterior temporalis

We first tested for a shared pattern of temporalis activity across indi-
viduals. Figure 7 shows the relative timing of muscle activity in the
temporalis muscles and superficial masseters of one individual (G(M))
during chewing. Table 8 summarizes the relative timing of peak ampli-
tude for all animals and both chew sides, as well as the ranked order
of peak amplitude relative to WSM (working side masseter). Despite
both inter-chew side and inter-individual variation, several patterns
are consistently seen: the working side posterior temporalis (WPT)
always peaks before working middle temporalis (WMT), before work-

ing anterior temporalis (WAT; except for animal N), and before
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FIGURE 5 Circular histograms depicted for all experimental animals, gage locations, and masticatory cycle types-Prediction 1.2. The
orientation of the maximum principal strain relative to the mid-sagittal plane was calculated, with 0° being perpendicular to the sagittal plane of
the cranium. All left and right chews have been normalized to this axis. Specimens with the designation G are gracile in phenotype. Specimens

with the designation R are robust in phenotype.
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TABLE 7 Results bayesian mixed effects model building-Prediction 1.2.
Individual Side + Side + location + Side + location +
(or intercept) Side location cycle type cycle type + cranial phenotype
DIC 16064.9 15915.0 13385.3 13373.0 13334.7
WAIC 16067.1 15918.1 13391.9 13383.3 13383.5
95% Confidence Intervals
Cat_Fac_Groups Lower Boundary Upper Boundary
Left, Anterior, Canine Bite, Gracile 30.7 116.1
Right, Anterior, Canine Bite, Gracile 25.8 143.3
Left, Posterior, Canine Bite, Gracile 1424 359.9*
Left, Middle, Canine Bite, Gracile 21.9 144.6
Left, Anterior, Chew, Gracile 26.3 113.3
Left, Anterior, Incisor Bite, Gracile 21.9 104.1
Left, Anterior, Molar Bite, Gracile 21.8 102.4
Left, Anterior, Premolar Bite, Gracile 22.0 105.5
Left, Anterior, Canine Bite, Robust 18.1 120.3
Right, Posterior, Canine Bite, Gracile 175.6 292.7*
Right, Middle, Canine Bite, Gracile 7.4 178.4
Right, Anterior, Chew, Gracile 20.1 142.7
Right, Anterior, Incisor Bite, Gracile 12.8 133.8
Right, Anterior, Molar Bite, Gracile 13.1 127.7
Right, Anterior, Premolar Bite, Gracile 17.0 136.7
Right, Anterior, Canine Bite, Robust 7.6 157.1
Left, Posterior, Chew, Gracile 167.1 356.3*
Left, Posterior, Incisor Bite, Gracile 174.9 3.3
Left, Posterior, Molar Bite, Gracile 120.3 26.6
Left, Posterior, Premolar Bite, Gracile 163.6 358.7*
Left, Posterior, Canine Bite, Robust -177.9 —23.2*
Left, Middle, Chew, Gracile 14.7 143.3
Left, Middle, Incisor Bite, Gracile 8.1 135.3
Left, Middle, Molar Bite, Gracile 11.6 131.3
Left, Middle, Premolar Bite, Gracile 13.2 138.9
Left, Middle, Canine Bite, Robust 7.4 165.7
Left, Anterior, Chew, Robust 15.3 120.0
Left, Anterior, Incisor Bite, Robust 7.0 103.9
Left, Anterior, Molar Bite, Robust 12.6 106.2
Right, Posterior, Canine Bite, Gracile 12.9 111.9

"A bold value with asterisk denotes significance, p < 0.05.

balancing anterior (BAT) and posterior temporalis (BPT). BPT always
peaks after BAT and, with the exception of animal R(C), is last out of
all the muscles (Table 8). Tests for difference in rank order reveal that:
WPT peaks significantly earlier than BMT (P < 0.05), BPT (P < 0.01),
WMT (P < 0.01), and WSM (P < 0.05); WAT peaks significantly earlier
than BPT (P < 0.05); and BPT peaks significantly later than BAT
(P < 0.01) (Table 9, Figure 8).

The multiple regression analyses produced a statistically signifi-

cant model for each of the strain gage locations as listed in Table 10

(Anterior R? = 12%, F = 61.15, P <0.0001; Middle R? = 62%,
F = 730.76, P < 0.0001; Posterior R? = 21%, F = 119.43, P < 0.0001).
Table 11 lists the multiple regression model coefficients. EMG activity
in the middle and posterior parts of the muscle is correlated with
strain at the middle gage (i.e., significant positive coefficients of 14.2,
15.7, 7.4, 14.3, P < 0.0001); posterior temporalis EMG amplitudes
best explained strain at the anterior and posterior gage sites
(i.e., significant positive coefficients of 19.1, 12.4, P < 0.0001 and a
significant negative coefficient of —10.4, P < 0.0001).
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Left, Anterior, Canine Bite, Gracile -
Left, Anterior, Canine Bite, Robust -
Left, Anterior, Chew, Gracile -

Left, Anterior, Chew, Robust -

Left, Anterior, Incisor Bite, Gracile -
Left, Anterior, Incisor Bite, Robust -
Left, Anterior, Molar Bite, Gracile -
Left, Anterior, Molar Bite, Robust -
Left, Anterior, Premolar Bite, Gracile -
Left, Anterior, Premolar Bite, Robust -
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FIGURE 6 Plot depicting 95% confidence intervals of the Bayesian Mixed Effects Model comparing all combinations of effects levels-
Prediction 1.2. Non-overlapping intervals indicates significantly different groups.

3.4 | Prediction 2.2: Chewing side-related variation
in relative timing of working and balancing posterior
temporalis activity is associated with side-related
variation in strain regime

We tested whether strain regimes vary more across chewing sides
than across individuals. The Beta Square and Ginizi methods for pro-
portioning R? of each model to EMG location also reveal that strain
at the middle gage location is best explained by all aspects of tem-
poralis function (Figure 9). The anterior gage location appears to be
better explained by right side temporalis activity. The posterior gage
location strain is best explained by left side posterior temporalis

activity.

4 | DISCUSSION

Current understanding of sutural form-function relationships is
complicated by scattered taxon sampling (Polypterus, Caiman, Sus,
Macaca, Mus, Sapajus, and other rodents) and a lack of in vivo data
from an appropriately broad range of natural feeding behaviors.
This study tested hypotheses about form-function relationships of
cranial sutures by studying the strain regime in the sagittal sutures
of gracile and robust capuchin primates during feeding on diverse
foods and employing different behaviors. By documenting sutural

strain regime during feeding on a range of foods, we hoped to

illuminate the biomechanical factors affecting sutural shape in
other vertebrates.

The four individuals available for study did not constitute an
ideal sample. Their precise species membership is unknown, and the
sex balance was uneven (three males and one female) which also
impacts the cranial phenotype variable. Experimentally, fewer useful
gape cycles were collected on the gracile specimens and the robust
specimens included a greater diversity of cycle types and food items
(Figures 3-5). This is a limitation of the existing data set. However,
the variation in craniofacial robusticity and sutural morphology in
our sample was representative of the major axes of variation in
museum samples of wild populations (Figure 1): our laboratory sam-
ple resembles museum specimens in that the more robust individuals
have more sinuous sagittal sutures than the gracile individuals. Addi-
tionally, the museum and laboratory samples provide support for
Prediction 1.1, in that greater suture sinuosity, amplitude, and spac-
ing are found in the anterior region of the sagittal suture and in
robust capuchin morphotypes. This corresponds to regions with the
largest maximum principal strain. That is, increased anterior and mid-
dle suture complexity metrics are linked to increased anterior and
middle sutural strain regimes, and these are generally decreased in
the posterior region (see Figure 4 R(C)-Anterior-Premolar Bite-
Nutshell).

Gage location along the suture had a strongly significant impact
on strain magnitude, strain mode, and strain orientation (Prediction

1.1). The highest strain magnitudes were recorded in the middle of
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FIGURE 7 Representative plot of relative timing of muscle activity in working and balancing side temporalis muscles during chewing-
Prediction 2.1 and 2.2. Points are mean timing of 25, 50, 75, and 100% of peak activity relative to peak activity in working side superficial

masseter (WSM). Gracile animal M, experiment 180, left chews.

TABLE 8

Chew side
right

left

right

left

right

left

right

left

Animal Robust (R) Gracile (G)

w v N oz z T Z
O 0 XX O OO

Relative timing of peak activity in working and balancing temporalis muscles during chewing-Prediction 2.1 and 2.2.

Before WSM After BSM

WPT WMT, WAT, BMT, BAT, BPT
WPT, WMT, WAT BAT, BMT, BPT
WAT/BAT/WPT, WMT, BMT BPT

WAT/WPT, BAT BMT, WMT, BPT

WPT, BMT, BAT, BPT WAT, WMT

BMT, BAT, WPT BPT, WAT, WMT

WPT WAT, BMT, BPT

BAT, WPT WMT, BPT

Abbreviations: BAT, balancing anterior temporalis; BMT, balancing middle temporalis; BPT, balancing posterior temporalis; LATP, Left Right anterior
temporalis; LMTP, Left middle temporalis; LPTP, Left posterior temporalis; RATP, Right anterior temporalis; RMTP, Right middle temporalis; RPTP, Right
posterior temporalis; WAT, working anterior temporalis; WMT, working middle temporalis; WPT, working side posterior temporalis; WSM, working side

masseter.

the suture and the lowest in the posterior suture, near lambda.
Unlike pigs, in which the posterior sagittal suture was tensed and
the anterior sagittal suture was compressed (Herring & Teng, 2000),
strain mode varied along the suture such that posterior gage loca-
tions had lower values than the anterior and middle locations. Strain
mode values in some cases are compression or types of strain mode
nearly < —0.301 (see Figure 4; R(C)-Posterior-Premolar Bite-Nut-

shell), indicating a less tensional environment along the more

posterior aspects of the sagittal suture. Indeed, strain mode is more
strongly affected by gage location than by bite side or individual.
Strain orientation also varied along the suture, although the effects
were small compared with variation between individuals and bite
sides and inconsistent across animals. The orientation of strains at
the posterior gage location were significantly different from those in
the middle and anterior locations. All these results are consistent

with Prediction 1.2; strain regimes varied significantly along the
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TABLE 9 Test of significance of differences in rank order- I * I
Prediction 2.1 and 2.2. I — * I
LME ANOVA results numDF  denDF  F-value p-value ! * !
(Intercept) 1 38 270.63626  <0.0001 — ]
Muscle 6 38 5.89171 <0.001
LME Tukey Estimate
contrasts Std. Error z value Pr(>|z|) 6-
BMT-BAT 1 0.809 1.236 NS ‘
BPT-BAT 2.875 0.7833 3.67 <0.01
WAT-BAT 0.2857 0.809 0.353 NS « ‘
WMT-BAT 1.7143 0.809 2.119 NS é 4
WPT-BAT —1.625 0.7833 —-2.075 NS
WSM-BAT 0.75 0.7833 0.958 NS 1
BPT-BMT 1.875 0.7833 2394 NS
WAT-BMT —0.7143 0.809 —0.883 NS “] [
WMT-BMT 0.7143 0.809 0.883 NS — |
WPT-BMT —2.625 0.7833 —-3.351 <0.05 WAT WMT WET BAT BMT BET WM
WSM-BMT -0.25 0.7833 -0.319 NS
WAT-BPT _ 25893 07833 _3.306 <0.05 FIGURE 8 Rank order of peak muscle activity in working (W) and
T e o ame w6 e et ) e
WPT-BPT —4.5 07567  —5.947  <0.001 timing significantly different at P < 0.05; **, timing significantly
WSM-BPT -2.125 0.7567 —2.808 NS different at P < 0.01; ***, timing significantly different at P < 0.001.
WMT-WAT 1.4286 0.809 1.766 NS
WPT-WAT —19107 0.7833  —2439 NS Macaca, Papio and Aotus) reveal that the calvarial bones are routinely
WSM-WAT 0.4643 0.7833 0593 NS twisted during mastication (Bourbon, 1982; Herring & Teng, 2000;
WPT-WMT —3.3393 07833 -4.263 <0.001 Hylander et al., 1991; Lieberman et al., 2004; Ravosa et al., 2000;
WSM-WMT —0.9643 07833 -1.231 NS Ross et al., 2009; Ross et al., 2011; Ross & Hylander, 1996), making it
WSM-WPT 2.375 0.7567 3.139  <0.05 unlikely that the sagittal sutures of our capuchins are under pure later-

Note: All bold values represent statistical significance at the
correspondingly listed p-value that is 0.05 or lower.

sagittal suture, with anterior and middle gage locations showing
higher strain magnitudes and more similar strain orientations than
with the posterior location which differs most substantially. These
results support the hypothesis that cranial suture waveform growth
is affected by feeding strains—greater sinuosity, amplitude, and
spacing in the anterior and middle sagittal suture regions is linked to
higher strain magnitudes and modes.

Prediction 1.2 implies that strain regimes vary with location along
the suture, with biting side, with feeding behavior, and with food
material properties, and that this includes strain orientation data.
These predictions were borne out to various degrees. An assumption
of purely laterally directed strain at the sagittal suture during feeding
is unwarranted. Muscle stimulation studies in macaques and pigs have
shown that temporalis activation puts the sagittal suture under later-
ally directed tension (Behrents et al., 1978; Herring & Teng, 2000),
but single element strain gages only give information on strains along
the axis of the gage, they do not allow inferences about twisting or
shear that might be revealed by principal strain orientation data. Strain

data from pigs and various primates (Eulemur, Varecia, Otolemur,

ally directed tensile strain. Indeed, only in one individual (G(M)) were
maximum principal strains directed mostly laterally a majority of the
time at all three gage sites, and even in this individual strain orienta-
tion varied with chew side (Figure 5). As noted, experimental chal-
lenges led to this specimen's incompleteness of data across all cycle
and food types. It might be true that simple chewing strains from
fruits and nuts can be mostly lateral in direction at all gage sites, but
these would likely change significantly as different gape cycle types
are employed. Simplistic ideas of laterally directed tension in sagittal
sutures during feeding do not describe the strain regime in capuchins.
If calvarial bone and sutural strain data of the mammals listed above
are indicative of the strain regimes in the sutures connecting them,
simplistic models of sutural strain do not apply in these species either.

Behrents et al. (1978) recorded strain magnitudes of 70 pe (micro-
strain) from the parietal bones and 180 pie across the suture.! Congru-
ent with these data, Bourbon (1982) reported sagittal suture strains
between 87-116 pe during single muscle stimulation and 183 pe dur-
ing chewing. Smith and Hylander (1985) documented tensile strains of
up to 14,000 pe, compared with several hundred microstrain from
rosette gages on adjacent bones. Our results are closer to the data
reported by Behrents et al. (1978) and Bourbon (1982). Sagittal suture
strains measured in our gracile specimens were around 200 pe, and

less for most foods at all three strain gage locations. In our most
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TABLE 10 Multiple regression summary statistics-Prediction 2.1 and 2.2.

gage r.squared adj.r.squared Sigma Statistic p.value

Anterior 0.12 0.12 0.37 61.15 <0.0001
Middle 0.62 0.61 0.26 730.76 <0.0001
Posterior ~ 0.21 0.21 0.35 119.43 <0.0001

df logLik AlC BIC Deviance df.residual
7 —1128.57 227315 232049  365.79 2740
7 —179.55 375.10 422.44 183.30 2740
7 —977.94 1971.89  2019.23  327.80 2740

Note: All bold values represent statistical significance at the correspondingly listed p-value that is 0.05 or lower.

TABLE 11 Multiple regression coefficient statistics-Prediction 2.1 and 2.2.

Model Term Estimate Std.error Statistic p-value
Anterior (Intercept) 2.0309 0.0129 157.1 <0.0001
Anterior LATP 0.0009 0.0006 14 NS
Anterior LMTP —0.0007 0.0006 -1.1 NS
Anterior LPTP 0.0048 0.0006 7.9 <0.0001
Anterior RATP -0.0103 0.0011 -9.8 <0.0001
Anterior RMTP —0.0071 0.0007 -10.1 <0.0001
Anterior RPTP 0.0062 0.0004 14.2 <0.0001
Middle (Intercept) 1.6590 0.0091 181.3 <0.0001
Middle LATP —0.0032 0.0005 -71 <0.0001
Middle LMTP 0.0064 0.0005 14.2 <0.0001
Middle LPTP 0.0067 0.0004 15.7 <0.0001
Middle RATP —0.0070 0.0007 -9.5 <0.0001
Middle RMTP 0.0036 0.0005 74 <0.0001
Middle RPTP 0.0044 0.0003 14.3 <0.0001
Posterior (Intercept) 1.4713 0.0122 120.2 <0.0001
Posterior LATP —0.0011 0.0006 -1.9 NS
Posterior LMTP —0.0001 0.0006 -0.2 NS
Posterior LPTP 0.0109 0.0006 19.1 <0.0001
Posterior RATP —0.0003 0.0010 -0.3 NS
Posterior RMTP —0.0069 0.0007 -104 <0.0001
Posterior RPTP 0.0051 0.0004 124 <0.0001

Note: All bold values represent statistical significance at the correspondingly listed p-value that is 0.05 or lower.

robust experimental animal when eating nuts and nutshells, strains
increased to 500 pe, and in some cases exceeded >1000 pe. On aver-
age across all >9000 biting or chewing cycles, food type effects on
maximum principal strains are less than those effects caused by other
independent variables such as gage site, gape cycle types, sex, and
cranial phenotype. Conversely, food type effects on maximum princi-
pal strain are greater than biting side and individual effects. In other
related analyses (Ross et al., 2016) food item effects are also not as
significant as effects caused by gape cycle type and biting side. Our
new data on sutural strains are congruent with these earlier results,
and with the prediction that gape cycle type is responsible for more
variation in a strain regime than food type. The effect of sex on strain
magnitude data indicates that male sutures experienced significantly
lower maximum and minimum principal strains (Table 5;
estimates = —0.43 and —0.29 respectively, P < 0.0001). In particular,
our data suggest that if males and females are eating the same foods

and generating the same forces (as supported by behavioral studies,

e.g., Laird, Wright, et al., 2020; Wright, 2005), this may be associated
with higher strains in a smaller animal. However, because we only
sampled one female individual, the influence of sex on strain in capu-
chins requires future research.

Our previous work with some of the animals used in this study
revealed that variation in feeding behavior had a significant effect
on strain regimes in the mandible (Ross et al, 2016), so we
expected to see variation in sagittal suture strain regime with cycle
type. Cycle type and food type were more important drivers of
strain magnitude (e, and &5) than of strain mode. Notably, when the
most robust capuchin processed obdurate foods, such as Brazil
nuts, hazelnuts, and walnuts, the anterior suture region experi-
enced significantly higher strain magnitudes than middle and poste-
rior suture regions, and higher strains than in the other capuchins.
Sutural strain, especially in the anterior region, is significantly
impacted by feeding behaviors related to gape cycle and food type,
especially nuts and nutshells. Strain magnitudes were higher during
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FIGURE 9 Comparison of multiple regression models predicting
maximum principal strain amplitude at each gage location using all six
left and right temporalis EMG locations-Prediction 2.1 and 2.2. Beta
square and Genizi represent different methods for calculating the
proportion of R? explained by each EMG location.

ingestive behaviors (specifically premolar biting) than chewing. If
sagittal suture morphology reflects strain environment, it most
likely is related to variation in feeding behavior, especially ingestive
behaviors, than diet per se (Behrents et al., 1978; Herring
et al.,, 1993; Herring & Mucci, 1991; Herring & Teng, 2000;
Hubbard et al., 1971; Oudhof & van Doorenmaalen, 1983;
Persson, 1995; Popowics & Herring, 2007; Rafferty et al., 20083;

Rafferty & Herring, 1999; Smith & Hylander, 1985; Sun
et al.,, 2002; Sun et al., 2004). We recognize that non-masticatory
muscles may also play a significant role in certain ingestive behav-
iors. For example, splenius capitis, and other extensors of the neck
may help to stabilize the back of the cranium during forceful biting.
These data are beyond the scope of this present study and so are
left unaddressed.

Our data also provide support for Prediction 2.1 that posterior
temporalis EMG effort has a stronger influence than anterior tem-
poralis effort on sagittal suture strain regime. This was true for both
left and right temporalis and both anterior and posterior gage loca-
tions. Posterior gage strain is driven by both right and left posterior
temporalis, whereas strain at the anterior gage was driven mainly by
right side posterior temporalis. Strain at the middle gage was driven
equally by middle and posterior temporalis activity from both right
and left sides. These results support the hypothesis that the poste-
rior temporalis plays a greater role than the anterior temporalis in
sagittal suture strain regimes. This probably reflects the closer prox-
imity of the posterior temporalis to the sagittal suture in capuchin
primates and its greater timing asymmetry than seen in other bilat-
eral masticatory muscles. It is worth noting that gape cycles begin
with working side posterior temporalis activity and they end with
balancing side posterior temporalis activity (Figure 8) resulting in lit-
tle to no instantaneous time overlap between working and balancing
side muscle action.

Our data did reveal significant inter-individual effects on sagittal
suture strain regime. Assuming gage locations—anterior, middle,
posterior—are homologous across the four animals, two possible
sources of inter-individual effects warrant discussion: variation in local
strain environments, perhaps associated with sutural morphology, and
inter-individual variation in muscle recruitment patterns. It is possible
that variation in the micro-anatomy of the suture between individuals
(i.e., small changes in interdigitation) may have a significant but local-
ized effect on the strain pattern at the suture. The path of each suture
is distinctive and individual, and this might influence local strain with
respect to potential regions of stress concentration. It could even be
the case that suture morphology is an emergent property of the com-
plex micromechanical environment of the suture connective tissue
fibroblast cells and their extracellular matrix. Suture waveform
increases sutural volume and this might mitigate strain at some local
level not being accounted for here.

It is also possible that inter-individual variation in sutural strain
might be related to individual variation in muscle recruitment
(Prediction 2.2). For example, Animal R(C) exhibits the largest consis-
tent differences in strain orientation with chew side (Figure 5) and dif-
fers from the other animals in showing consistent differences in
relative timing of middle and posterior temporalis muscles, the mus-
cles closest to the sagittal suture (Tables 8-10). In Animal R(C) the bal-
ancing side middle temporalis (BMT) is always active early in the
sequence and the WMT is always active last, regardless of chew side,
and the BPT shows relatively early peak activity. Exactly how these
relative timing variables might be related to sagittal suture strain

regimes is opaque and our results argue against a strong relationship
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between muscle recruitment and sagittal suture strain. Cycle type—
incisor bite, canine bite, chew—is known to be associated with signifi-
cant variation in muscle recruitment patterns (Hylander &
Johnson, 1985; Ross & Hylander, 2000), but cycle type has minimal
influence on strain orientation in the sagittal suture. Our data do show
significant effects of bite side on strain orientations, and this might be
invoked to support a link between muscle recruitment and strain ori-
entation because chewing side is known to impact muscle recruitment
patterns in the temporalis (Hylander & Johnson, 1985; Hylander et al.,
2005). However, it seems unlikely that variation in muscle recruitment
associated with bite side would be larger than variation associated
with cycle type (Vinyard et al., 2008). Instead, we hypothesize that
variation in bite side may be affecting sagittal suture strain regime
forces acting at the temporomandibular joint (TMJ). Theoretical ana-
lyses and experimental data from macaques suggest that TMJ reaction
forces can be high and vary significantly with bite side
(Panagiotopoulou et al., 2020). The possibility that TMJ reaction
forces might affect sagittal suture strain regimes warrants further
study.

Sutures are important areas that modulate cranial growth
(Opperman, 2000) while also transducing mechanical signals that help
shape craniofacial development (Roth et al., 2022). In the calvaria, this
expansion accommodates a rapidly growing brain early in life, but by
the time individuals reach adulthood brain growth has ceased and
masticatory loading continues, and probably is of higher magnitude
than at earlier life stages. Depending on the stress concentrations
within suture connective tissue, they may begin to grow increasingly
complex as a way of maximizing suture volume to protect fragile
suture connective tissue (Wang et al., 2010, 2012). We hypothesize
that the expansion of the temporalis muscle in robust capuchins, in
order to process stress-limited foods, might explain subtle differences
in suture morphology observed between gracile and robust capuchins.
More broadly across anthropoid primates adapted for feeding system
overuse, we suggest differences in sutural strain regimes may be
driven by activity of the muscles of the feeding system, warranting
future testing in other primates. However, more in-depth analysis will
depend on a better understanding of the relationships between local
morphology and strain environment in cranial joints, perhaps using
finite element modeling approaches.

This study integrates comparative cranial suture data and experi-
mental feeding data for primate taxa with contrasting feeding system
adaptations. We found increased morphological variation in the ante-
rior suture, and greater anterior sagittal suture tensional and shear
strain during premolar and canine biting on displacement limited foods
and with craniofacial robusticity—supporting Hypothesis 1. Our
results also suggest that anteroposterior, as well as working and bal-
ancing side variation in temporalis activity, are significantly related to
sagittal suture strain regime—supporting Hypothesis 2. Specifically,
the activation pattern of the posterior region of this important jaw
elevator contributes to strains at the posterior region of the sagittal
suture while strains in the anterior suture region are explained better

by biting side. The combination of these findings supports a model for
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sagittal suture biomechanics wherein a complex strain regime results

from the multivariate nature of anthropoid feeding. Cranial suture
complexity also seems to be associated with masticatory system over-
use, which will inform models of human and non-human primate feed-

ing biomechanics.
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ENDNOTE

1 The text in Behrents et al. states that 700 pe was recorded from the
parietal bones, but in a later paragraph the report states that 180 pe was
recorded from the suture and that these values were larger than the
parietal strains. We assume that 700 should read 70 pe. However, it is
possible that comparisons across suture gage studies are complicated by
high amounts of inter-experimental differences because of issues with
bonding across the suture.
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