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ABSTRACT

Functional shape analyses have long relied on the use of shape ratios
to test biomechanical hypotheses. This method is powerful because of the
ease with which results are interpreted, but these techniques fall short in
quantifying complex morphologies that may not have a strong biomechan-
ical foundation but may still be functionally informative. In contrast, geo-
metric morphometric methods are continually being adopted for
quantifying complex shapes, but they tend to prove inadequate in func-
tional analyses because they have little foundation in an explicit biome-
chanical framework. The goal of this study was to evaluate the
intersection of these two methods using the great ape temporomandibular
joint as a case study. Three-dimensional coordinates of glenoid fossa and
mandibular condyle shape were collected using a Microscribe digitizer.
Linear distances extracted from these landmarks were analyzed using a
series of one-way ANOVAs; further, the landmark configurations were
analyzed using geometric morphometric techniques. Results suggest that
the two methods are broadly similar, although the geometric morphomet-
ric data allow for the identification of shape differences among taxa that
were not immediately apparent in the univariate analyses. Furthermore,
this study suggests several new approaches for translating these shape
data into a biomechanical context by adjusting the data using a biome-
chanically relevant variable. Anat Rec, 296:1264-1282, 2013. © 2013
Wiley Periodicals, Inc.
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Biomechanical analyses seeking to quantify and com- by theoretical models, or they expand upon experimental
pare morphological variation among species may take studies that have previously identified functionally signif-
many forms. These functional shape analyses typically icant features (e.g., Hylander, 1975, 1979; Greaves, 1978;
assess specific morphological features predicted to vary Smith, 1978; Hylander and Bays, 1979; Bouvier, 1986a,b;
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Anton, 1996; Wall, 1999; Daegling and McGraw, 2001;
Vinyard et al., 2003; Taylor, 2005, 2006; Norconk et al.,
2009). These analyses are primarily restricted to evaluat-
ing discrete features and they rely on the use of scaling
variables that have some biomechanical significance for
the shape under investigation (Jungers, 1984; Hylander,
1985; Bouvier, 1986a,b; Smith, 1993; Vinyard, 2008).
These methods are powerful because of their ease of
interpretation in the context of biomechanical models,
but they are not as well equipped for evaluating func-
tional shape variation in complex morphological features.

In contrast, geometric morphometric (GM) techniques
for analyzing shape variation have gained considerable
popularity over the last 20 years and are now widely
employed in many disciplines (e.g., Lynch et al., 1996;
O’Higgins and dJones, 1998; Adams and Rohlf, 2000;
Klingenberg et al., 2001; Lockwood et al., 2002, 2004;
Adams, 2004; Bonnan, 2007; Pierce et al., 2008; Brusatte
et al.,, 2012). These methodologies, which use two- or
three-dimensional coordinates (2D and 3D, respectively)
to capture shape, are excellent at summarizing shape
variation in entire configurations of coordinates both
among and within operational units. The chief use of
this methodology is often to explore and describe intra-
and interspecific shape variation (e.g., Lockwood et al.,
2002; Harvati, 2003; Smith et al., 2007; Gunz et al.,
2009), and the adoption of these methods has led to the
development and refinement of techniques that allow for
the analysis of size-related shape variation (e.g.,
Vidarsdottir et al., 2002; Mitteroecker et al., 2004; Baab
and McNulty, 2009), covariance in and among structures
(Bookstein et al., 1999, 2003; Klingenberg, 2009), and
many others. However, the utility of geometric morpho-
metric methods for analyses specifically designed to
assess biomechanical variation has lagged behind.

The goal of this study is to compare and contrast
these two distinct methodologies, with the ultimate goal
of proposing ways in which these methods may be com-
bined to more effectively evaluate shape variation in a
biomechanical context. Although there are a number of
ways in which these methods may differ, I focus here on
two specific differences: (1) considerations of size and
scaling; and (2) wunivariate vs. multivariate shape
analysis.

SIZE AND SCALING

Functional shape analyses typically employ either
body size or a geometric mean of the features being
examined as a scaling variable (e.g., Smith et al., 1983;
Jungers, 1984; Dumont, 1997; Lewton, 2012; and
others). In studies analyzing components of the locomo-
tory system, or when the focus of the research is the
relationship to body mass (e.g., as an indicator of meta-
bolic demands), these variables are appropriate. How-
ever, as argued by Hylander (1985), biomechanical
analyses of the facial skeleton do not benefit from the
exclusive use of body mass, since “primates do not rou-
tinely transmit body weight or locomotor stress through
their faces” (Hylander, 1985:325). Thus, in the mastica-
tory literature mandible length, which serves as an esti-
mate of the bite force lever arm during incision
(Hylander, 1985; Bouvier, 1986a,b; Vinyard et al., 2003;
Vinyard, 2008), has become the preferred scaling vari-
able. Some authors have also used the distance from the
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mandibular condyle to the first molar (TMJ-M;) as a
measure of the lever arm during postcanine masticatory
behaviors (e.g., Ravosa, 1990; Taylor, 2006). In either
case, analyses using these biomechanically relevant vari-
ables can differ substantially from those where estimates
of overall cranial or body size are employed (Vinyard,
2008). Thus, the measure of size against which features
are evaluated may substantially influence the outcome
and interpretation of the analysis.

Size data are commonly used in two ways in tradi-
tional morphometric analyses. First, when the goal of
the analysis is to evaluate differences among taxa, size
is often “accounted for” by the creation of shape ratios
that divide the feature in question by a relevant size
variable, or through the use of residuals where the fea-
ture being examined is regressed on a size variable and
the regression residuals extracted for further analysis
(see Jungers et al. [1995] and Smith (2005) for detailed
reviews of these and other methods). Both of these tech-
niques (and particularly the former) allow for the analy-
sis of relative shape differences among taxa. Second,
analyses focusing on functional scaling patterns must
also necessarily utilize a size variable; these analyses
classically regress a variable of interest (e.g., molar
area) on a relevant size variable (e.g., body mass) to
examine whether the scaling relationship between these
two variables is positively or negatively allometric, or
isometric in nature (e.g., Vinyard and Hanna, 2005).

The treatment of size in GM differs from that of tradi-
tional morphometric analyses. The first step in most GM
analyses is superimposition, which translates, rotates,
and scales all landmark configurations such that only
shape remains. During this process, all specimens are
scaled to unit centroid size (defined as the square root of
the sum of squared distances from each landmark to the
centroid of the landmark configuration; Zelditch et al.,
2004), and the centroid size of each specimen is
extracted as a separate variable. Centroid size can then
be used in further analyses. However, it is important to
note that, although size is held constant across land-
mark configurations, allometric shape differences
remain; thus, regressions of the PC axes or Procrustes
rotated coordinates (i.e., Procrustes residuals) on cent-
roid size are powerful tools for indicating whether allo-
metric shape variation exists within the sample. In
many ways, the GM “removal” of size during superimpo-
sition is similar to the creation of shape ratios discussed
above; both analyses examine shape variation among
specimens when size is held constant across specimens.
However, the main difference between these approaches
is the size variable with which shape variation is stand-
ardized. One major drawback to the approach taken by
GM methods is that the centroid size of the configura-
tion being examined is not necessarily biomechanically
relevant. Examining shape variation in the sample as it
relates to size of the configuration is therefore unlikely
to be functionally meaningful.

UNIVARIATE VS. MULTIVARIATE SHAPE
ANALYSIS

Biomechanical hypotheses are often framed to examine
features in isolation from one another. For example,
measures of joint width are typically not also able to
describe joint convexity; instead, these two measures
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would be quantified separately. These analyses therefore
highlight specific features which vary in functional pre-
dictable ways (e.g., relative to a specific lever arm or body
mass). However, functional shape ratios sometimes limit
our inferences regarding shape variation. For example,
mandibular condylar width and curvature may both be of
interest for evaluating joint loading and range of motion
at the temporomandibular joint, but these two variables
would most commonly be examined separately. Although
when multiple variables are included in the same study
the general pattern of shape differences among species
may be apparent (e.g., species X has both a long and
curved condyle), the overall form of the specimen or spe-
cies being examined is lost by atomizing the morphology
in this way. In other words, by breaking down shape into
its component parts, we often lose the ability to assess
how those parts may covary with one another. Further-
more, and perhaps more importantly, by targeting our
analyses to specific components of the morphology in
question we limit the extent to which we can make novel
observations about shape.

Geometric morphometric analyses are well known for
their ability to quantify complex morphologies. However,
this ability to examine multiple features in a single analy-
sis also makes it difficult to place this shape variation in
a biomechanical framework and to test hypotheses that
are explicitly functional in nature. This difficulty results
from the inclusion of multiple additional aspects of shape
that may or may not covary with other aspects of the mor-
phology being examined, and which may or may not have
functional significance. One way to partly overcome this
difficulty is for researchers to carefully consider the func-
tional significance of each landmark in their dataset and
to target their analyses to just those regions that may be
functionally informative. For example, analyses of the
masticatory apparatus should attempt to only evaluate
those features that are functionally significant (e.g., the
mandible) while avoiding capturing the morphology of
regions that may be part of other functional units in the
skulls (e.g., orbital morphology). However, given the often
complex interactions between different morphological
regions this may not always be an easy task, and further
consideration of other potential factors influencing the
observed morphology is critical.

STUDY GOALS

The purpose of this investigation is to compare and
contrast functional shape analyses and geometric mor-
phometric techniques. I highlight the pros and cons of
these techniques rather than advocate that one is supe-
rior to the other. Furthermore, I suggest novel ways in
which we might adjust GM techniques to better address
biomechanical hypotheses and/or to identify the ways we
might revise our biomechanical hypotheses to be more
amenable to GM methods.

To contrast these two techniques I examine functional
shape variation in the temporomandibular joint (TMJ) of
the great apes. I use this region of the skull as a case
study for several reasons. First, the extensive use of GM
in studies of great ape, hominin, and human cranial
form (e.g., Lockwood et al., 2002, 2004; Harvati, 2003;
Mitteroecker et al., 2004; Rosas and Bastir, 2004; Smith
et al., 2007; Terhune et al., 2007; Baab, 2008; Baab and
McNulty, 2009; Smith, 2009; von Cramon-Taubadel and
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Smith, 2012) makes analysis of this region particularly
relevant to functional questions regarding the evolution
of the masticatory apparatus in the human lineage. Per-
haps more importantly, theoretical, experimental, and
comparative data for the masticatory apparatus (e.g.,
Hylander, 1975, 1979; Greaves, 1978; Hylander and
Bays, 1979; Bouvier, 1986a,b; Hylander et al., 1987,
Spencer, 1998; Vinyard, 1999; Wall, 1999; Anderson
et al., 2002; Komiyama et al., 2003; Vinyard et al., 2003;
Wall et al., 2006), along with behavioral and food mate-
rial property data for several great ape taxa (Badrian
and Malenky, 1984; Watts, 1984; Williamson et al., 1990;
Tutin and Fernandez, 1993; Malenky and Wrangham,
1994; Elgart-Berry, 2004; Fox et al., 2004; Vogel et al.,
2008) allow for the formulation of specific predictions for
how ape taxa may vary in their biomechanical abilities.
Terhune (2013) recently summarized this previous
research as it applies to the TMJ, and tested a series of
biomechanical hypotheses using univariate data. In this
previous study I specifically addressed two research
questions: 1) can features of the great ape TMdJ be pre-
dictably linked to variation in joint load resistance?; and
2) can features of the great ape TMJ be predictably
linked to variation in joint range of motion ? Given pre-
vious behavioral and biomechanical data (see references
above and details in Terhune [2013]), I predicted that
taxa masticating more resistant foods (e.g., Gorilla and
Pongo vs. Pan) would have larger and relatively wider
condyles. Further, I predicted that taxa with increased
gape requirements, as might be necessary for incisal
behaviors or for placing and crushing small resistant
foods on the posterior dentition (e.g., Pongo and Pan),
would have relatively anteroposteriorly elongated TMJ
articular surfaces. Results of this work suggested that
great ape taxa do differ in TMJ shape, but this shape
variation is primarily linked to facilitating joint range of
motion rather than load resistance.

To further examine morphological variation in the
great ape TMdJ using geometric morphometrics, and to
compare and contrast these methods with those
employed in Terhune (2013), the present study investi-
gated several interrelated research questions:

1. Do taxa differ significantly in TMJ shape when ana-
lyzed using GM methods?

2. Do the GM data reflect the same shape variation
observed in the univariate data?

3. Are there additional aspects of TMdJ form that exhibit
significant variation among taxa?

MATERIALS AND METHODS

Three- dimensional coordinates describing glenoid
fossa and mandibular condyle shape (Table 1, Fig. 1)
were collected for females and males from eight great
ape taxa (Table 2). Data were collected using a Micro-
scribe G2X digitizer (Immersion Corp). The measured
accuracy for the Microscribe G2X is =0.23mm, and an
analysis of intraobserver error for this dataset found an
average error of ~0.03 mm for the skull and 0.04 mm
for the mandible (Terhune, 2010).

Univariate Analyses

For the univariate analyses (presented fully in Ter-
hune, 2013), linear measurements were extracted from
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TABLE 1. Temporomandibular joint landmark definitions

Landmark number Landmark description

Glenoid landmarks

of the articular eminence

NeNo o ltN| YU LoD

of the articular eminence

Most inferior point on entoglenoid process

Most inferior point on articular tubercle

Most inferior point on postglenoid process

Deepest point in mandibular fossa in sagittal plane of postglenoid process point

Most anterior point on the articular surface of the mandibular fossa

Most lateral point on the articular surface of the mandibular fossa at the end of the long axis

Most lateral point on the surface of the articular eminence
Most medial point on the surface of the articular eminence
Most medial point on the articular surface of the mandibular fossa at the end of the long axis

10 Midpoint of the crest of the articular eminence

11 Most anterior point on the articular surface of the mandibular fossa along a line perpendicular
to the long axis of the articular eminence

12 Point on the posterior edge of the articular eminence along a line perpendicular to the long axis

of the articular eminence
Condyle landmarks

13 Most lateral point on the articular surface of the mandibular condyle

14 Most medial point on the articular surface of the mandibular condyle

15 Midpoint of line connecting the medial and lateral poles of the mandibular condyle

16 Most posterior point on the articular surface of the mandibular condyle at the midpoint of the

mediolateral curve

17 Most anterior point on the mandibular condyle at the midpoint of the mediolateral curve

Semilandmarks describing anteroposterior condylar curvature we also collected on the articular surface of the condyle

between landmarks 16 and 17.

the coordinate data using the programs MacMorph
(Spencer and Spencer, 1993) and Rhino 3D (McNeel &
Associates, 2008) and used to create traditional functional
shape ratios. Three dimensional renderings of the articu-
lar surfaces of the glenoid and condyle were created by
collecting a dense cloud of 3D landmarks describing each
of these surfaces; articular surface area was calculated
using these point clouds. Biomechanical shape ratios
were created in one of two ways (Hylander, 1985; Taylor,
2006; Vinyard, 2008). Features predicted to be related to
masticatory behaviors were adjusted by dividing by the
distance from the mandibular condyle to M; (as a mea-
sure of the load-arm during mastication). Variables pre-
dicted to be related to ingestive behaviors were adjusted
by dividing by mandibular length (as a measure of the
load-arm during incision). Great ape genera were com-
pared using a one-way analysis of variance (ANOVA)
with a Tukey’s honestly significant difference (HSD) test
for multiple post-hoc comparisons. Data for each of the
Gorilla and Pongo species were pooled because they dif-
fered in the same direction when compared to the other
genera and differed in very few features of the TMdJ (see
Terhune, 2013). However, the data for P. paniscus and P.
troglodytes were kept separate because of substantial dif-
ferences between these two species. Results for similar
analyses where all species were considered separately
were virtually identical to those presented here. Males
and females were pooled because there were no a priori
expectations of functional differences between sexes, and
because preliminary t-tests for significant differences in
the wunivariate measurements suggested males and
females do not differ in these measures of TMdJ shape.

Geometric Morphometric Analyses

configurations
the 3D

To standardize for differences in
related to orientation, size, and position,

coordinates were first superimposed using Generalized
Procrustes Analysis (GPA). To address the first research
question, Procrustes distances among species and among
genera were calculated to determine whether taxa were
statistically distinct in morphospace, and the signifi-
cance of each of these distances was assessed using a
permutation test with 9,999 iterations. To correct for
type I error, a sequential Bonferroni adjustment was
employed (Rice, 1989). Variation in the sample was sum-
marized and evaluated using principal components anal-
ysis (PCA), and shape variation along each axis was
visualized using wireframe diagrams. Individual PC
axes were regressed on the natural log of glenoid or con-
dylar centroid size to examine whether shape variation
along each axis varied allometrically. Each of these anal-
yses (GPA, Procrustes distances, and PCA) was con-
ducted separately for the glenoid and condylar
configurations, and all taxa were included in these anal-
yses. In all analyses, subspecies of P. troglodytes were
pooled, as were males and females of each species, since
there are no a priori expectations of functional differen-
ces among these groups. Landmark data were analyzed
using the software programs Morphologika (O’Higgins
and Jones, 1998) and Morphod (Klingenberg, 2011).
Landmarks used in the GM analyses and their corre-
sponding wireframe diagrams are listed in Table 1 and
illustrated in Figure 1.

One problem GM analyses encounter when trying to
address functional questions is the lack of an appropri-
ate scaling variable. What does it mean to examine
glenoid fossa shape as it relates to size of the glenoid
fossa? As discussed in the introduction, analyses of
masticatory variation most commonly incorporate man-
dible length (as a representation of the load arm dur-
ing incision) and/or the distance from the TMdJ to M;
(i.e., the load arm during mastication on the posterior
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Fig. 1. Pan troglodytes glenoid (inferior view, top) and mandibular condylar (oblique view, bottom) show-
ing landmarks and wireframe diagrams used in this study. Numbers correspond to landmarks listed in
Table 1. Features indicated on the lateral view wireframe are the articular eminence (AE) and postglenoid

process (PGP).

dentition). However, neither of these measures is
encompassed by the coordinates of the glenoid fossa or
mandibular condyle. To address this problem, I exam-
ine TMdJ shape relative to the natural log of mandible
length and relative to the natural log of the distance
from the TMJ to M;. Some researchers also suggest
that scaling features relative to a geometric mean of
multiple cranial dimensions is appropriate in analyses
such as this (e.g., Jungers et al., 1995; Vinyard et al.,
2003 [Appendix]; but see Vinyard, 2008); I therefore
also examine TMdJ shape variation relative to cent-
roid size calculated from a configuration capturing
the entire skull, which is analogous to a cranial geo-
metric mean. Variation among taxa for each of these
scaling variables was evaluated wusing one-way
ANOVA with a Tukey’s HSD test for multiple com-
parisons, and Pearson’s product-moment correlations
were calculated to assess covariation among these
scaling variables.

TABLE 2. Comparative taxa used in this study

Species Female Male
Pan troglodytes schweinfurthii 12 12
Pan troglodytes troglodytes 7 9
Pan troglodytes verus 4 5
Pan paniscus 12 10
Gorilla beringei 8 10
Gorilla gorilla 12 12
Pongo abelii 9 10
Pongo pygmaeus 12 12

In this study I present two methods for incorporating
biomechanical variables such as these into geometric
morphometric analyses: multivariate regression (Mon-
teiro, 1999) and a modification of Procrustes form space
(Mitteroecker et al., 2004).
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Regression analyses. First, I performed a multi-
variate regression and regressed the Procrustes coordi-
nates of the configurations onto a biomechanically
relevant variable. A permutation test with 9,999 itera-
tions was performed to determine the significance of the
regression, and shape variation along the regression line
was examined using wireframe diagrams. Because all of
the configurations had previously been scaled to unit
centroid size, this analysis examines only allometric
shape variation relative to the independent variable. In
many ways this is analogous to regressing functional
shape ratios, which have already been size-standardized,
onto another size variable. Therefore, to more closely
approximate functional scaling analyses (i.e., where the
feature in question is regressed on a size variable in
order to examine isometry or allometry), I further ana-
lyzed how form (i.e., size and shape) covaried with the
biomechanical variables in question. For this analysis,
size was added back to the Procrustes rotated coordi-
nates by scaling the landmark coordinates by their origi-
nal centroid size. By adding size back to the
configurations in this way isometric shape variation is
included in the analysis, as would be the case in tradi-
tional functional scaling analyses.

The multivariate regressions and permutation tests
described above were performed for each independent
variable. For both the regressions without size (shape
regressions) and those that incorporated centroid size
(form regressions), scaling relationships were analyzed
for each species separately and for a pooled sample of all
specimens. Again, the glenoid and condyle configura-
tions were analyzed separately.

As in a traditional functional scaling analysis, these
multivariate regressions identify whether the relation-
ship between the dependent and independent variables
is significant, and they also identify the percentage of
the variance explained by the independent variable.
However, these regressions do little to identify whether
the shape or form trajectories differ across taxa. I there-
fore also examined the extent to which the regression
trajectories for each of these species differed in morpho-
space by calculating an angle (i.e., the arccosine of the
dot product) between the vectors of regression coeffi-
cients for each pair of species (e.g., McNulty et al.,
2006). The significance of these angles was assessed
using a permutation test with 9,999 iterations of the
regression residuals (following Anderson and Ter Braak,
2003; Collyer and Adams, 2007; Adams and Collyer,
2009; Piras et al., 2010; Smith et al., in press). Because
of the high number of statistical tests employed here, a
sequential Bonferroni adjustment (Rice, 1989) was per-
formed to guard against type 1 error. These analyses
were performed in the program R (R Development Core
Team, 2008) using the package geomorph (Adams and
Otarola-Castillo, 2012).

Functional PCAs. The second method I present
draws on size-shape space (i.e., Procrustes form space) as
outlined by Mitteroecker et al. (2004). This method places
size, which is represented as the natural log of the cent-
roid size of the configurations being examined, back into
the principal component analysis by including log cent-
roid size as an additional variable in the calculation of
the variance/covariance (V/CV) matrix. Because centroid
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size tends to have a higher variance than the Procrustes
coordinates, including this variable in the V/CV matrix
forces almost all of the size-related shape variation that
is common to the entire sample onto the first axis of the
subsequent principal components analysis. Compressing
the size-related shape variation common to all specimens
onto a single axis in this way is particularly useful in
analyses that examine both multiple species and speci-
mens across a wide range of sizes. This contrasts with PC
1 of a standard PCA for such a sample, that would
instead represent a combination of size-correlated shape
differences and shape differences among taxa not related
to size (i.e., phylogenetic differences).

Although analyzing specimens in Procrustes form
space does not add additional shape information to the
analysis, the inclusion of a size variable in the V/CV
matrix does augment the interpretation of shape space
and the relationships among specimens in the subse-
quent PCA. For example, if one calculates Euclidean dis-
tances among specimens in a standard PCA, the
distance between two specimens of similar shapes but
different sizes would be relatively small. However, in
form space the Euclidean distance among these same
specimens is relatively large, simply because size has
been used to augment the position of these specimens
relative to one another. In fact, in the sample of glenoid
configurations examined here, FEuclidean distances
between specimens in shape space show a low, although
significant (r=0.211, P < 0.001), correlation with abso-
lute differences among specimens in centroid size. In
contrast, in form space Euclidean distances among speci-
mens are highly significantly correlated with absolute
centroid size (r = 0.969, P < 0.001).

Although incorporating the centroid size of the config-
uration being examined is appropriate in Procrustes
form space analyses that are explicitly interested in the
relationship between shape and centroid size, examining
shape in relation to centroid size of the glenoid fossa or
condyle is less likely to be meaningful from a biome-
chanical standpoint. Instead, I include a biomechanically
relevant variable in the V/CV matrix that then com-
presses the variation related to this variable that is com-
mon to all taxa onto PC 1. Separate PCAs were
performed using the natural log of each of the biome-
chanical scaling variables (i.e., mandible length, TMd-
M; distance, and skull centroid size). These V/CV matri-
ces and PCAs were performed in SAS version 9.3 (SAS
Institute, Inc., 2011) and their corresponding wireframes
visualized using Morphologika (O’Higgins and dJones,
1998). These augmented PC analyses are referred to
here as “functional PCAs.”

RESULTS
Univariate Analyses

Glenoid fossa dimensions. Great ape taxa differ
primarily in the relative anteroposterior (AP) dimensions
of the glenoid fossa (Fig. 2). Preglenoid plane length (both
relative to mandible length and AP length of the glenoid
fossa) differs strongly among taxa. Gorilla has the AP
shortest preglenoid plane, whereas Pan (both P. paniscus
and P. troglodytes) have relatively AP longer preglenoid
planes. However, overall glenoid length (as a proportion
of mandible length and as a ratio of glenoid length to
condyle length) is relatively large in Gorilla and
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Fig. 2. Boxplots of univariate analyses (adapted from Terhune, 2013)
their corresponding ANOVA results with the post-hoc P-values for
multiple comparisons. Darkened bars represent the median value for
each group, the boxes show the interquartile range (25th to 75th per-
centile), and the whiskers extend to 1.5 times the interquartile range.

P. troglodytes when compared to Pongo. Thus, gorillas
tend to have a long glenoid but small preglenoid plane,
which may indicate relatively less condylar translation in
this clade compared to Pan and Pongo (Wall, 1999; Vin-
yard et al., 2003). Although there are no significant differ-
ences in relative entoglenoid process projection, articular
tubercle projection (relative to TMdJ-M; distance) is small-
est in Gorilla when compared to all other taxa. The bio-
mechanical significance of these two features is unclear,
but experimental data suggest that the entoglenoid may
act to guide movements of the mandibular condyle (Wall,
1995, 1999), while the articular tubercle (as the attach-
ment for the temporomandibular ligament) likely acts to
resist tensile forces at the joint (Greaves, 1978; Hylander,
1979; Spencer, 1995; Wall, 1995).

Condylar dimensions. Pan tends to have the rela-
tively flattest condyle, while the mandibular condyle is

There were no statistically significant differences among taxa in rela-
tive condylar width (CondWid/TMJ-M;: F = 7.66, P = 0.311), relative
condylar length (CondLg/MandLg: F = 2.025, P = 0.113), or relative
entoglenoid process projection (EntGlI/TMJ-M4: F = 1.041, P = 0.376).

relatively more curved in Gorilla and Pongo. This
increased condylar curvature in Gorilla and Pongo may
indicate increased condylar rotation in these taxa rela-
tive to Pan. Taxa also differ significantly in condylar
area, which likely reflects differences in joint reaction
forces. However, although the pattern of shape differen-
ces is roughly similar when condylar area is scaled rela-
tive to TMJ-M; distance and mandible length, more
significant differences among taxa are apparent when
condylar area is assessed relative to TMJ-M; distance.
Relative to TMJ-M; distance, condylar area is smallest
in Gorilla when compared to Pongo and P. paniscus (but
not P. troglodytes), and is relatively larger in Pongo than
P troglodytes. However, when scaled by mandible
length, condylar area is relatively larger in Gorilla,
Pongo, and P. paniscus when compared to P. troglodytes,
but there are no significant differences in condylar area
among Gorilla, P. paniscus, and Pongo.
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TABLE 3. Procrustes distances and corresponding P-values among species for the glenoid fossa (upper trian-
gle) and mandibular condyle (lower triangle). All distances are statistically significant after sequential
Bonferroni correction

P. troglodytes P. paniscus P. abelii P. pygmaeus G. beringei G. gorilla
P. troglodytes 0.0834 0.1118 0.0902 0.1819 0.1369
P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001
P. paniscus 0.0771 0.0865 0.1055 0.1502 0.0983
P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001
P. abelii 0.0453 0.0595 0.0799 0.1221 0.0959
P =0.016 P =0.013 P =0.0006 P < 0.0001 P < 0.0001
P. pygmaeus 0.0888 0.0752 0.061 0.138 0.1325
P <0.0001 P =0.001 P =0.02 P < 0.0001 P < 0.0001
G. beringei 0.0934 0.154 0.1219 0.1739 0.097
P <0.0001 P <0.0001 P <0.0001 P <0.0001 P < 0.0001
G. gorilla 0.0716 0.1058 0.0877 0.1435 0.0744
P <0.0001 P <0.0001 P =0.0007 P <0.0001 P =0.005

TABLE 4. Procrustes distances and corresponding P-
values among genera for the glenoid fossa (upper
triangle) and mandibular condyle (lower triangle).
All distances are statistically significant

Pan Pongo Gorilla
Pan 0.0827 0.1326
P <0.0001 P <0.0001
Pongo 0.0535 0.107
P =0.0001 P <0.0001
Gorilla 0.0837 0.1263
P <0.0001 P <0.0001

Geometric Morphometric Analyses

Procrustes distances. The permutation test of
Procrustes distances among group centroids found statis-
tically significant distances among all pairs of taxa in
shape space for both the glenoid fossa and mandibular
condyle, even among congeners (Table 3). These distan-
ces were also statistically significant when species were
lumped into genera (Table 4).

Principal components analysis. When variation
in glenoid shape in the entire sample is examined (Fig.
3), Gorilla and Pan are relatively well differentiated
along PC 1, but Pongo overlaps both groups considerably
on this axis (which explains 29.2% of sample variance).
There are also no strong patterns of shape variation
between species within genera. Shape variation along
PC 1 is associated with mediolateral (ML) and AP
dimensions of the glenoid, as well as general relief of the
joint. At the negative end of this axis Pan has a rela-
tively AP long glenoid that is very flat, while at the posi-
tive end of the axis Gorilla has a very AP compressed
glenoid that is ML wide and has considerably more topo-
graphic relief. This axis is also significantly related to
glenoid centroid size (*> = 0.3, P < 0.0001). In contrast,
PC 2 (17% of variation) does not consistently separate
any of the taxa examined, and shape variation along
this axis is relatively subtle (related primarily to ento-
glenoid and articular tubercle size and to the position of
the most anterior point on the glenoid articular surface).

Principal component analyses of the condylar land-
marks were less able to distinguish consistently among
taxa. When all taxa were examined (Fig. 3), Gorilla and

Pongo are roughly separated along PC 1 (although with
considerable overlap), with the distribution for Pan over-
lapping both of these taxa entirely. This axis (48% of
sample variance) was significantly related to condylar
centroid size (¥ = 0.111, P < 0.0001). Shape variation
along this axis primarily reflects differences in AP
length of the condyle (especially the posterior aspect of
the articular surface), and ML convexity of the condyle.
Gorilla loaded most positively on PC 1, and tends to
have the most AP compressed and ML convex condyle.
In contrast, Pongo and Pan tend to loaded more nega-
tively and appear to have more AP elongated and ML
flat condylar articular surfaces.

Biomechanical size variables. Correlations
among the log-transformed size variables (mandible
length, TMJ-M; distance, skull centroid size, glenoid
centroid size, and condyle centroid size) indicate that all
of these values are strongly correlated within each spe-
cies (Table 5). The only correlation that was not statisti-
cally significant was for the natural log of mandible
length (LnMandLg) versus glenoid centroid size in P.
paniscus. When differences in mandible length, TMJ-M;
distance, glenoid centroid size, and condyle centroid size
are examined relative to skull centroid size, it is clear
that taxa differ in these relative size measures as well
(Fig. 4). P. paniscus and (to a lesser extent) P. troglo-
dytes tend to have relatively smaller values when com-
pared with Pongo and Gorilla. These data suggest that
Pan, and particularly P. paniscus, appears to differ in
these variables most consistently from the other taxa in
this sample.

Shape regression analyses. The multivariate
regressions of the fully GPA’d coordinates (e.g., shape)
on the size variables (glenoid centroid size, mandible
length, TMJ-M; length, and skull centroid size) indicate
that when the entire sample is examined only about
10% of shape variation in the glenoid covaries with size,
and ~6% of condylar shape variation was related to size
(Table 6). However, although the relationship between
the Procrustes residuals and each size variable is statis-
tically significant at P < 0.0001 for the entire sample,
these regressions largely fail to be significant at the spe-
cies level, regardless of independent variable. The low
percentage of variance explained by these regressions is
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Fig. 3. Bivariate plots of the first two principal component (PC) axes for the glenoid (top) and mandibu-
lar condyle (bottom). Refer to Fig. 1 for interpretation of the wireframe diagrams.

likely explained by the initial scaling of each of these
specimens to unit centroid size. As centroid size and
each of the biomechanical scaling variables are strongly
correlated, much of the size-related shape variation has
been previously controlled for and isometric shape varia-
tion has been removed; the remaining variance
explained is therefore that component of allometric
shape variation that is related specifically to the biome-
chanical variables.

Visualization of the regression plots indicates that the
pattern of shape variation differed only slightly depend-
ing upon the size variable examined, since all of these size
variables covary strongly with one another. I therefore
only present figures and discuss results for the shape
coordinates regressed against LnMandLg here (Fig. 5).
For the glenoid fossa configuration, this regression
entirely separates the distributions for Pan and Gorilla,
whereas Pongo is still largely intermediate. The distribu-
tions for P. paniscus and P. troglodytes are also entirely
separate primarily due to the large difference in mandible
length among these taxa. Shape variation along the

regression vector is similar to the shape variation
observed in the original PC plots, with bonobos and
chimps having AP long, flat glenoids, whereas gorillas
have AP shorter, ML wider glenoids with more topo-
graphic relief (Fig. 6). Angles between the regression tra-
jectories indicate that the trajectories for P. pygmaeus and
P. paniscus are the most distinct (Table 7, upper triangle).

As with the glenoid fossa, regression of the condylar
coordinates on LnMandLg does a better job of differenti-
ating among taxa than the standard PCA; again, the dis-
tributions for Pan and Gorilla are entirely separate,
while Pongo is intermediate. Shape variation along the
condylar regression vector reflects AP length and ML
curvature of the condyle (Fig. 6). Angles between the
regression trajectories indicate that the trajectories for
P. pygmaeus, P. troglodytes, and P. abelii are the most
distinct (Table 7, lower triangle).

Form regression analyses. The regression analy-
ses of the GPAd coordinates scaled by centroid size
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TABLE 5. Pearson product-moment correlation results for size variables
G. beringei G. gorilla P, abelii P. pygmaeus P. paniscus P, troglodytes
Variables® r P-value r P-value r P-value r P-value r P-value r  P-value
LnSkullCS vs.LnMandLg 0.98 <0.0001 0.65 0.0007 0.93 <0.0001 0.99 <0.0001 0.88 <0.0001 0.92 <0.0001
LnSkullCS vs. LnTMJ-M; 0.94 <0.0001 0.98 <0.0001 0.92 <0.0001 0.98 <0.0001 0.83 0.0001 0.91 <0.0001
LnSkull CS vs. LnGlenCS 0.88 <0.0001 0.89 <0.0001 0.88 <0.0001 0.97 <0.0001 0.46 0.039 0.76 <0.0001
LnSkullCS vs. LnCondCS 0.79 0.0007 0.86 <0.0001 0.81 0.0001 0.90 <0.0001 0.58 0.007 0.51 0.0003
LnMandLg vs. LnTMJ-M; 0.98 <0.0001 0.61 0.002 0.97 <0.0001 0.98 <0.0001 0.90 <0.0001 0.90 <0.0001
LnMandLg vs. LnGlenCS 0.84 0.0002 0.58 0.003 0.80 0.0004 0.95 <0.0001 0.42 0.064* 0.69 <0.0001
LnMandLg vs. LnCondCS 0.71 0.0014 0.55 0.007 0.65 0.002 0.92 <0.0001 0.49 0.029 0.49 0.0005
LnTMJ-M1 vs. LnGlenCS 0.80 0.0005 0.88 <0.0001 0.84 0.0001 0.94 <0.0001 0.46 0.042 0.74 <0.0001
LnTMJ-M1 vs. LnCondCS 0.65 0.0051 0.85 <0.0001 0.74 0.0003 0.91 <0.0001 0.54 0.013 0.51 0.0003
LnGlenCS vs. LnCondCS 0.82 0.0003 0.94 <0.0001 0.87 0.0000 0.92 <0.0001 0.66 0.001 0.72 <0.0001

All comparisons are statistically significant after sequential Bonferroni correction except for LnMandLg vs. LnGlenCS for
P. paniscus (indicated with *)
LnSkullCS = natural log of skull centroid size; LnMandLg= natural log of mandible length; LnTMJ-M;= natural log of
the distance from the mandibular condyle to M;; LnGlenCS= natural log of glenoid centroid size; LnCondCS= natural log
of condyle centroid size.
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TABLE 6. Results of the shape and form regressions for each of the size variables

Shape regressions

Form regressions

Mandibular Mandibular
N (glen/ Glenoid Fossa Condyle Glenoid Fossa Condyle
Variables cond) Jovar P-value Jovar P-value Jovar P-value Jovar P-value
Ln Configuration Centroid Size 138/148 11.13 <0.0001* 5.78 <0.0001* 71.76 <0.0001* 74.54 <0.0001*
G. beringei 14/17 4.57 0.847 7.97 0.262 45.79 <0.0001* 53.22 <0.0001*
G. gorilla 23/23 12.63 0.003* 12.46 0.041 51.07 <0.0001* 55.25 <0.0001%*
P. abelii 15/19 8.30 0.323 10.94 0.098 53.02 <0.0001* 57.60 <0.0001%*
P. pygmaeus 20/22 6.38 0.273 21.21 0.001* 61.81 <0.0001* 7091 <0.0001%*
P. paniscus 20/20 4.75 0.501 12.51 0.055 18.86 0.0002* 56.22 <0.0001*
P. troglodytes 46/47 3.66 0.088 4.45 0.066 25.26 <0.0001* 47.65 <0.0001*
Ln Mandible Length 138/148 9.51 <0.0001* 6.12 <0.0001* 65.61 <0.0001* 62.98 <0.0001*
G. beringei 14/17 10.83 0.158 9.59 0.180 36.48 <0.0001* 29.12 0.002%
G. gorilla 23/23 7.36 0.094 6.01 0.241 38.05 <0.0001* 17.15 0.012*
P. abelii 15/19 9.44 0.223 15.37 0.030 36.88  0.0003* 31.04 0.001*
P. pygmaeus 20/22 6.52 0.259 23.19 0.001* 56.63 <0.0001* 61.81 <0.0001*
P. paniscus 20/20 3.79 0.709 7.26 0.212 5.76 0.3429 15.42 0.033*
P. troglodytes 46/47 1.92 0.559 1.72 0.552 12.07 <0.0001* 12.25 0.001*
Ln TMJ-M; 138/148 10.14 <0.0001* 6.09 <0.0001* 66.46 <0.0001* 65.25 <0.0001*
G. beringei 14/17 10.33 0.185 6.29 0.384 33.11  0.0003*  23.04 0.008*
G. gorilla 23/23 7.05 0.111 14.12 0.027 38.57 <0.0001* 4292 <0.0001*
P. abelii 15/19 10.23 0.171 15.70 0.028 40.00 <0.0001* 37.08 <0.0001*
P. pygmaeus 20/22 5.98 0.324 18.71 0.006* 56.23 <0.0001* 58.26 <0.0001*
P. paniscus 20/20 3.83 0.699 10.93 0.082 6.23 0.2823 19.79 0.012%
P. troglodytes 46/47 2.35 0.375 1.34 0.681 13.89 <0.0001* 13.08 0.001*
Ln Skull Centroid Size 138/140 10.86 <0.0001* 6.29 <0.0001* 68.68 <0.0001* 66.65 <0.0001*
G. beringei 14/14 10.26 0.186 9.34 0.291 38.85 <0.0001* 36.03 0.002%
G. gorilla 23/23 7.43 0.081 14.44 0.023 39.57 <0.0001* 43.77 <0.0001*
P. abelii 15/17 8.35 0.306 14.77 0.058 42,01 <0.0001* 42.21 <0.0001*
P. pygmaeus 20/20 6.35 0.274 18.26 0.011 58.62 <0.0001* 53.45 <0.0001%*
P. paniscus 20/20 5.69 0.350 5.81 0.324 8.13 0.1077 19.83 0.011*
P. troglodytes 46/46 2.43 0.342 0.81 0.886 14.83 <0.0001* 11.64 0.001*

Data are presented both for the entire sample and for each species separately. Bolded values are significant at P < 0.05,
starred P-values are significant after sequential Bonferroni correction. %var= percentage variance explained by the

regression.

identified significant relationships between the Pro-
crustes residuals and the size variables (mandible
length, TMJ-M; length, and centroid size) for almost all
analyses (Table 6). When the entire sample is examined,
these regressions explain between 66 and 72% of the
size and shape variation for the glenoid, and between 63
and 75% of size and shape variation is explained for the
condyle. Regression analyses for each species are highly
variable; for all size variables, the lowest amount of vari-
ation is explained for P. paniscus, and these relation-
ships are not significant when glenoid form is regressed
on mandible length, TMJ-M; distance, or skull centroid
size. However, regression of mandibular condyle form
identified statistically significant regression relation-
ships for all taxa and all size variables.

Visualization of the regression plot of LnMandLg dem-
onstrates a stronger relationship between size and form
than was observed when the specimens were fully GPA'd
(Fig. 5). Again, glenoid form in Pan and Gorilla is
strongly differentiated, and Pongo lies intermediate
between these two groups. Furthermore, the distribution
for P. paniscus is entirely separate from all other taxa.
Only the angle between the regression trajectories for P.
pygmaeus and P. abelii was statistically significant after
Bonferroni correction (Table 8). In the mandibular con-
dyle, regression of the scaled Procrustes residuals on
LnMandLg results in a stronger overlap between Pongo

and Gorilla, but the distributions for Gorilla and Pan
remain similarly differentiated. No angles between the
regression trajectories for the condyle were statistically
significant after Bonferroni correction (Table 8).

Principal components analysis incorporating
biomechanical variables. Incorporating the biome-
chanically relevant scaling variables into the V/CV
matrix of the principal components analysis considerably
changes the visualization of specimens in morphospace
for both the glenoid and the condyle (Fig. 7). As with the
regression analyses, I present only results for the V/CV
using mandible length, but results for all analyses were
very similar because of the high degree of covariance
among the biomechanical scaling variables.

When the glenoid fossa configuration is examined, PC
1 (which explains 67% of the shape variance) entirely
separates the distributions for Pan and Gorilla, as well
as P. paniscus and P. troglodytes. Again, Pongo is inter-
mediate between Gorilla and Pan. G. beringei also loads
more positively along PC 1 than does G. gorilla,
although there is still considerable overlap between
these two species. Unsurprisingly, this axis is strongly
correlated with LnMandLg (1*=0.994, P < 0.0001). On
PC 2 (which explains 28% of the variance), all three gen-
era overlap, though there is a substantial separation
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between P. paniscus (which loads more negatively) and
P. troglodytes (which loads more positively). Pongo also
tends to load more positively along this axis than
Gorilla. Wireframe diagrams of shape variation along
these two axes suggest that Pan and Pongo both tend to
have relatively flatter, AP longer glenoids than does
Gorilla, as does P. troglodytes when compared to P.
paniscus.

For the condylar configuration, Gorilla and Pan are
also strongly differentiated along PC 1 (which accounts
for 71% of the sample variance). Again, this axis is
highly correlated with LnMandLg (* = 0.994, P <
0.0001). As in the standard PCA, PC 1 represents varia-
tion in the size of the posterior condylar articular sur-
face and the ML curvature of the condyle. PC 2 also
largely reflects this same shape variation; thus gorillas,
which load positively on PC 1 and negatively on PC 2,
tend to have flatter condyles that are AP compressed
when compared to both Pongo and Pan.

DISCUSSION

The great apes are a diverse, well-studied group of
primates that encompass a variety of feeding behaviors
(e.g., Badrian and Malenky, 1984; Watts, 1984;

Williamson et al., 1990; Tutin and Fernandez, 1993;
Lucas et al.,, 1994; Elgart-Berry, 2004; Vogel et al.,
2008). These factors make the great apes an ideal clade
in which to assess the degree to which features of the
TMJ are linked to these documented differences in feed-
ing behavior, and to compare and contrast univariate
and multivariate methods for assessing functional shape
variation. Previous analyses of great ape masticatory
morphology provide conflicting reports as to whether the
shape of the masticatory apparatus accurately reflects
these behavioral differences (Krogman, 1931a,b; Schultz,
1969; Daegling, 1989, 2007; Taylor, 2002, 2005, 2006a,b;
Constantino, 2007; McCollum, 2007; Taylor et al., 2008).
The data presented here and in Terhune (2013) are no
exception.

Comparing the Univariate and Geometric
Morphometric Analyses

Univariate analyses of great ape TMdJ form (Terhune,
2013) suggest that much of the variation in the glenoid
fossa and condyle of the great apes is linked to differen-
ces in AP dimensions of this joint. However, perhaps
with the exception of the preglenoid plane—which shows
strong differentiation among taxa—these differences are
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relatively subtle. Several features that were originally
predicted to vary in relation to joint reaction forces (Ter-
hune, 2013) failed to be significantly different among
taxa, or did not vary in a systematic way. For example,
the results for condylar area differ depending upon the
scaling variable employed. This feature did not conform
to my original predictions that condylar area would be
relatively larger in Gorilla and Pongo compared to Pan,
and this result may suggest that taxa do not differ
strongly in their ability to dissipate reaction forces at
the TMdJ. Furthermore, these univariate data suggest
that Pongo is largely intermediate in TMdJ form between
Gorilla and Pan, and that there are substantial differen-
ces in TMdJ form between P. paniscus and P. troglodytes.
The results of the GM analyses are largely consistent
with the univariate results but allow for a more nuanced
examination of shape differences among taxa. Interest-
ingly, the Procrustes distances among all taxa were sig-
nificant, suggesting that there are substantial
differences in TMdJ shape among all species and genera
that are not reflected in the univariate data. This result
directly addresses my first research question, which
asked whether taxa differ significantly in TMdJ shape
when analyzed using GM methods. However, the signifi-
cant Procrustes distances were difficult to visualize
using a standard PCA. Instead, taxa overlapped

TERHUNE

considerably on all of the top PC axes, which each
explained relatively small amounts of the sample
variance.

Incorporating a biomechanically relevant variable
such as mandible length, either via regression or by
inclusion in the V/CV did help to visually differentiate
taxa further. Although these analyses do not change the
initial relationships of the specimens in shape space,
augmenting the visualizations in these ways helps to
more easily identify shape variation that may be func-
tionally significant. For example, in both the regression
analysis and functional PCAs, Gorilla and Pan were
strongly differentiated in the regression plots and along
the top PC axes, whereas Pongo again appeared largely
intermediate in form. Separation of taxa in these plots
also extended below the generic level, with P. paniscus
and P. troglodytes strongly separating from one another.
G. beringei and G. gorilla were also differentiated from
one another when assessed relative to a biomechanical
variable, although this separation was less distinct. This
differentiation appears to be largely due to the strong
differences in absolute and relative mandible length
among these taxa. Thus, shape variation along the
regression vectors, or along PC 1 in the functional PCAs,
reflects glenoid shape or form variation in relation to
mandible length, an important measure of lever arm
length during incision (Bouvier, 1986a,b; Hylander,
1985; Vinyard, 2008).

Masticatory Variation in the Great Apes

Given these data, what can we infer about great ape
TMJ function? Previous research examining great ape
masticatory shape has revealed some differences in con-
dylar dimensions among taxa. Taylor (2002, 2005, 2006)
found few ontogenetic or adult differences in condylar
shape between P. paniscus and P. troglodytes, despite
documented behavioral differences between these spe-
cies. However, Taylor (2005) did identify wider mandibu-
lar condyles in mountain gorillas (G. beringei) relative to
all other African apes, and she similarly identified that
all gorillas showed this same feature relative to Pan.
Taylor (2006) also found that Bornean orangutans have
relatively larger condyles than Sumatran orangutans, a
result which is consistent with observations that P. pyg-
maeus tends to rely on more resistant foods than does P.
abelii. This prior work hints at differences in TMdJ shape
among taxa, but no direct comparisons of TMdJ form
among great ape genera have been previously conducted,
and no studies have examined the cranial component of
this functionally important joint.

Documented behavioral differences suggest a gradient
in dietary resistance (e.g., fracture toughness and/or
stiffness) among great ape genera, with members of Pan
perhaps consuming the least resistant foods and Pongo
consuming the most resistant foods (Elgart-Berry, 2004;
Vogel et al., 2008). However, these data are limited to a
single species in each genus, and they do not reflect the
frequency at which exceptionally resistant or moderately
resistant foods are consumed. For example, it is well
known that G. beringei rely heavily on food items such
as THV that require cyclical loading of the mandible to
process (Elgart-Berry, 2004). In contrast, behavioral data
suggest that orangutans utilize exceptionally resistant
food items that require very high occlusal forces (e.g.,
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TABLE 7. Angles (in degrees) between species trajectories for the glenoid (upper triangle) and condyle (lower
triangle) when shape was regressed on the natural log of mandible length

P, troglodytes P, paniscus P. abelii P. pygmaeus G. beringel G. gorilla
P. troglodytes 75 68 98 67 78
P =0.54 P =0.53 P < 0.0001%* P =0.59 P =0.29
P. paniscus 99 63 93 50 93
P < 0.0001* P =0.82 P < 0.0001%* P =0.97 P < 0.0001%*
P. abelii 109 72 24.08 69 59
P < 0.0001* P =0.40 P =0.10 P = 0.46 P =0.70
P. pygmaeus 53 77 45 96 77
P =0.65 P =0.29 P = 0.0013* P < 0.0001%* P =10.20
G. beringei 86 46 106 56 83
P =0.07 P =0.84 P < 0.0001* P =0.53 P =0.13
G. gorilla 83 78 63 98 71
P =013 P =0.28 P =0.45 P < 0.0001%* P =0.32

Bolded values are significant at P < 0.05, starred P-values
percentage variance explained by the regression.

are significant after sequential Bonferroni correction. %var=

TABLE 8. Angles (in degrees) between species trajectories for the glenoid (upper triangle) and condyle (lower
triangle) when form (shape and size) was regressed on the natural log of mandible length

P. troglodytes P. paniscus P. abelii P. pygmaeus G. beringei G. gorilla
P. troglodytes 36 40 18 26 24
P =051 P = 0.036 P = 0.60 P =031 P = 0.40
P. paniscus 44 34 30 24 33
P =0.23 P =051 P =0.58 P =0.77 P =0.54
P, abelii 24 42 128 47 31
P =0.32 P =0.25 P < 0.0001% P = 0.002 P = 0.06
P. pygmaeus 27 48 88 18 31
P =0.13 P =0.12 P = 0.021 P =041 P = 0.05
G. beringei 27 38 28 26 28
P =0.23 P =10.38 P =0.05 P =0.09 P =0.13
G. gorilla 28 52 21 19 31
P =0.16 P =0.08 P =10.33 P =10.39 P = 0.02

Bolded values are significant at P < 0.05, starred P-values
percentage variance explained by the regression.

Vogel et al., 2008). These data set up a distinction
between taxa that frequently experience only moderate
masticatory stresses (as in Gorilla) vs. those that may
infrequently experience extremely high stresses (as in
Pongo). Although this is most certainly a simplified
description of complex feeding behaviors, such a scenario
outlines two extremes of the spectrum of masticatory
behaviors, and it is unclear how we should expect the
masticatory morphologies of taxa such as these to
compare.

On the basis of the food material property data, previ-
ous authors have hypothesized that the masticatory
apparatus of Pongo should be more robust than that of
Pan or Gorilla, so that members of this genus can
accommodate the increased masticatory loads associated
with resistant foods. However, previous morphological
work has failed to demonstrate that Pongo displays any
features of the masticatory apparatus that can be linked
to this increased dietary resistance (Daegling, 1989,
2007; Constantino, 2007), and bite force estimates are
only highest in Pongo when maximum fracture tough-
ness values of nonfruit, nonleaf vegetation were used to
estimate bite force (Taylor et al., 2008). As with previous
work, both the univariate and GM analyses presented

are significant after sequential Bonferroni correction. %var=

here fail to support the assertion that the masticatory
apparatus of Pongo is more robust than Gorilla, and
instead place Pongo intermediate in TMdJ form between
Gorilla and Pan.

Similarly, although behavioral data indicate that P.
paniscus tends to rely more consistently on terrestrial
herbaceous vegetation (THV) than does P. troglodytes,
previous analyses have found few morphological differ-
ences in the masticatory apparatus of these species (e.g.,
Taylor, 2002, 2005). Some researchers have suggested
that this lack of morphological differentiation may be
due to the fact that P. paniscus does not rely heavily on
THYV at all feeding sites (Chapman et al., 1994). How-
ever, the data presented here and in Terhune (2013) are
consistent with improved load resistance in P. paniscus
relative to P. troglodytes, as evidenced by the relatively
larger condylar area, ML wider joints, and more inclined
articular eminences observed in P. paniscus.

What is clear from both the univariate and multivari-
ate data presented here, as well as from previous studies
of great ape masticatory form (Daegling, 1989, 2007;
Taylor, 2002, 2003, 2005, 2006; Constantino, 2007) is
that there does not appear to be a straightforward rela-
tionship between food material property and/or
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behavioral data and the ability of the masticatory appa-
ratus to resist the loads generated to perform these feed-
ing behaviors. One potential reason for this lack of a
clear relationship is that perhaps other features in the
joint are acting to mediate joint loads. The feature most
clearly linked to load resistance in the TMJ is condylar
area; increasing condylar area spreads joint loads out
over a larger area of the glenoid fossa, decreasing
stresses in the joint. Mediolaterally wide condyles have
also been suggested to reflect high joint reaction forces
in the lateral aspect of the TMJ, as would be produced
by twisting of the mandibular corpus during the power
stroke (Hylander, 1979, 2006; Hylander and Bays, 1979;
Bouvier, 1986a). However, these features do not vary
predictably among great ape taxa. Perhaps soft tissue
structures are mediating these joint forces, or it is possi-
ble that articular eminence (AE) morphology influences
joint loading (Terhune, 2011). Although it is not possible
to evaluate the role of soft tissue structures here, Gorilla

and Pongo do tend to have relatively more inclined AEs
than does Pan. This feature may therefore represent a
morphology for which there are few experimental data
with which to formulate a prediction, but which is easily
evaluated using GM methods.

Although these data suggest we are limited in our
ability to infer the loading regimes of great ape taxa
based on masticatory morphology, the overall form of the
TMJ does vary strongly among these taxa and may
instead be a better reflection of mandibular range of
motion. As with the food material property data, inges-
tive behaviors have also been documented to vary among
great ape taxa, with Pongo and Pan tending to rely
more heavily on their anterior dentition for food process-
ing (Ungar, 1994; Lambert, 1999). The strong differences
in the anteroposterior dimensions of the glenoid fossa
and mandibular condyle likely reflect differences in the
amount of sagittal sliding (Wall, 1999) that occur at the
TMJ in these taxa. Whether these apparent differences
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in range of motion are indicative of quantitative differ-
ences in maximum jaw gape requires further
investigation.

Is the Observed Shape Variation Consistent
Between Methods?

My second and third research questions asked
whether the GM analyses observed the same shape vari-
ation as seen in the univariate data and whether the
GM analyses were able to identify any additional fea-
tures of the TMJ that varied among taxa. For the most
part, these two methods identified the same patterns of
shape variation among taxa. Both the univariate data
and the GM analyses primarily suggest that shape dif-
ferences among taxa are related to changes in the ante-
roposterior dimensions of the glenoid fossa and
mandibular condyle. However the GM analyses demon-
strated morphological differences among taxa linked to
differences in the overall topography of the glenoid fossa
that were not obvious in the univariate data (e.g., rela-
tive entoglenoid process size). Several features that were
not examined in the univariate analyses were also
observed to vary among taxa, including articular emi-
nence (AE) inclination and mediolateral condylar curva-
ture. Although relative condylar area was examined in
the univariate study, the univariate analysis was unable
to reveal the striking differences observed in the size of
the posterior condylar articular surface, which is
enlarged in Pan and Pongo. These results therefore sug-
gest that there are indeed aspects of TMJ shape varia-
tion among taxa not revealed by the univariate data.

The Importance of Biomechanical Variables in
GM Analyses

As evidenced by the Procrustes distances, species and
genera differ significantly in shape space even before a
biomechanical variable is incorporated into the analysis.
However, this separation in morphospace is not clear
using a standard PCA, and it was not until a biome-
chanically significant variable was incorporated into the
GM analyses that any of the taxa were differentiated
visually. These results suggest that assessing shape vari-
ation in relation to a biomechanically significant vari-
able augments the existing shape variation in such a
way that visualization and interpretation of the existing
shape variation is facilitated. The results for P. ¢roglo-
dytes and P. paniscus provide a case in point. P. paniscus
has a significantly shorter mandible relative to overall
skull size than does P troglodytes; biomechanically,
shorter mandibles result in shorter lever arms during
biting on the anterior dentition. Changes in lever arm
length relative to the load arm have important implica-
tions for masticatory function; assuming that muscle
forces are held constant, smaller lever to load arm ratios
allow more of the muscle force to be converted into bite
force, thereby increasing bite force while decreasing joint
reaction force. However, although P. paniscus may have
more efficient leverage than P. troglodytes, the results
here suggest that P. paniscus displays several features
linked to increased joint loading (e.g., larger mandibular
condyles, ML wider joints, and a more inclined articular
eminence [Bouvier, 1986a,b; Terhune, 2011). This may
indicate that P paniscus is capable of recruiting
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relatively larger muscle forces that in turn result in
increased bite forces and increased joint reaction forces
when compared to P. troglodytes, or could suggest that
the TMJ of P. paniscus is overdesigned. Importantly, the
glenoid morphology of P. paniscus is markedly different
from that of P. troglodytes, the TMdJ of which appears to
be optimized for increased range of motion rather than
load resistance. Some of these differences were apparent
in the univariate data. However, the standard PCA
failed to consistently differentiate among these taxa. By
incorporating a biomechanical variable, the GM analyses
were better able to differentiate between P. paniscus and
P. troglodytes, and therefore were better able to replicate
the univariate results.

Although I focus on the utility of mandible length as a
biomechanical variable against which to assess shape
variation, the pattern of shape variation relative to gle-
noid centroid size, skull centroid size, and the distance
from the TMJ to M; was very similar as all of these var-
iables are highly correlated. However, although centroid
size and mandibular length covary here and yield very
similar results, in taxa where centroid size and mandible
length show a markedly different scaling relationship
(e.g., Old World monkeys), taxa may show a fundamen-
tally different pattern of shape variation. Additionally,
other biomechanically important variables may prove
useful for evaluating the functional significance of shape
variation. In the masticatory apparatus, such variables
may include the height of the TMdJ above the occlusal
plane, or perhaps lever to load arm ratios; similar analy-
ses examining the postcranium could include body mass,
a geometric mean of the region under investigation, or
other relevant lever arm measures.

Methodological Strengths and Weaknesses

Univariate analyses of shape variation have a long
history of use in physical anthropology and are by no
means inappropriate for testing functional hypotheses.
Yet these analyses only have the power to identify differ-
ences in shape variation in features that are explicitly
assessed. Similarly, there is little doubt that geometric
morphometric methods are useful for exploring and ana-
lyzing complex shape variation. However, the utility of
this tool for examining functional morphology is debated
(Baab et al.,, 2012). The data presented here indicate
that GM can be a powerful tool for assessing function-
ally significant shape variation, and incorporating bio-
mechanically significant variables in either of the ways
proposed here is a simple method for placing these com-
plex shape data into a biomechanical framework similar
to that of univariate shape analyses.

Caution is of course warranted in the implementation
of GM methods in functional analyses, since care should
be taken to incorporate only those features that are
functionally relevant. The results of this study are per-
haps a bit of a red herring in that if the univariate anal-
yses had evaluated other features (e.g., ML condylar
curvature or posterior condylar articular surface area),
the results of these two methods may have been more
comparable. However, one major limitation of univariate
analyses such as the one presented here is that they are
restricted to those features that have a specific founda-
tion in the existing biomechanical literature, which is
why these (and other) features were not examined. It
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goes without saying that foundational experimental and
theoretical work will continue to be necessary for evalu-
ating functional shape variation; this is an area in which
geometric morphometrics currently has little insight
(but see O’'Higgins et al., 2011).

One conclusion of this study should not be that mor-
phologies examined using GM methods should not have
a strong biomechanical framework; instead, GM methods
are more amenable to the inclusion of features for which
the functional significance is unclear. One way in which
we may be able to maximize the utility of these methods
for examining functional differences among taxa is to
alter the way in which we phrase our biomechanical
hypotheses. For example, while many biomechanical pre-
dictions highlight specific features that are expected to
vary in a particular direction, perhaps GM analyses
would best be served by more holistically addressing
how the shape of the entire region may or may not vary
in relation to function. An additional difficulty with test-
ing specific hypotheses using GM methods is that, unlike
traditional methods, P-values are likely to be linked to
overall differences in shape (e.g., Procrustes distances
among specimens or taxa). In the skull, for example,
space is at a premium; cranial morphology is therefore a
result of complex interactions between multiple func-
tional, developmental, and phylogenetic demands. For
instance, the glenoid fossa, although most tightly linked
to masticatory function, may also vary in relation to
functional units immediately surrounding the joint (e.g.,
hearing, balance, posture). Morphometric analyses
designed to assess functional variation should therefore
be coupled with further analyses that assess shape vari-
ation in a larger functional and morphological context.
One way in which we might be able to at least partly
limit our analyses to functionally relevant morphologies
is to extract only those components of shape variation
(e.g., PC axes or regression scores) that are significantly
correlated with a biomechanical variable. These data,
which should more closely reflection function, could then
be the subject of further analysis. Finally, phylogenetic
inertia and/or constraint likely play an important role in
governing shape variation. Although the limited taxo-
nomic scope of this study does not necessitate an exten-
sive consideration of phylogeny, taxonomically broader
analyses should employ appropriate phylogenetic con-
trols and/or analyses designed to assess the presence or
absence of a phylogenetic signal (e.g., Felsentein, 1985;
Nunn and Barton, 2001; Klingenberg and Gidaszewski,
2010; Nunn, 2011).

There is no reason that the best of both of the meth-
ods contrasted here cannot be employed profitably to
better understand functional shape variation. As demon-
strated in this study, some baseline understanding of
variation in the biomechanical variables of interest is
necessary, and this assessment is most easily employed
in a univariate context. Simple evaluations of relative
differences in these variables are powerful tools for fur-
ther examining how and why multivariate shape differ-
ences might vary among taxa. The first step in any GM
analysis that incorporates a biomechanical variable that
is external to the landmark configuration in question
should be a univariate analysis of the biomechanical var-
iables themselves. Furthermore, if specific morphological
features are of interest as a result of either previous
experimental work or initial geometric morphometric
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analysis, GM analyses could and should be coupled with
univariate analyses of linear data extracted from the
landmark coordinates.
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