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ABSTRACT

The temporomandibular joint (TMJ) is@orphologically and functionally complex
component of the skull. Temporomandibular jahape varies considerably across mammals and
within primates, and some aspects of the TMJ have been linked to differences in feeding
behavior. However, a broad comparative contiscribing TMJ variation across primates is
lacking. This dissertation therefore evaluaiéJ shape variation in the context of
biomechanical hypotheses regarding TMJ functamd in light of phylogenetic and body size
variation across anthropoid primates.

Three-dimensional geometric morphometricsemgsed to quantify TMJ shape across a
broad sample of 48 anthropoid primates, anote narrowly among small groups of closely
related taxa with documented dietary differences. Linear measurements of the TMJ (e.g., glenoid
length) were subsequently calculated and cosghbamong taxa. Results of the dietary analyses
indicate that taxa with more resistant diets tend to have larger joint surface areas, as well as
mediolaterally wider and anteroposteriorly gkoiTMJs. Strong correlations were found between
glenoid length and measures of gape, sugugstiat one way increased gape is achieved is
through increased translation at the TMJ. Analyses of scaling in the TMJ found that many
variables scaled with positive allometry agairsinial and body size, although differences in
scaling patterns among platyrrhines, cercopithex;@dd hominoids were identified. In the
phylogenetic analysis, genetic and morphologitallogenies were compared and not found to
be particularly congruent. Théngruence varied across clades, however, and in many instances
dietary and body size variation were correthwith morphology, suggesting that TMJ
morphology is adaptive. These data highlight the myriad ways in which multiple factors may
influence TMJ shape, which may or may not be congruent with known genetic relationships

among taxa.



Although the TMJ is only a small portion of the skeleton, the morphology of this joint
can provide valuable information with which tdenor reconstruct the biology of primate taxa.
Ultimately, these data will help to provide a framework for future analyses of primate, and
particularly fossil hominin, TMJ variation, and neagenerally to contribute to the growing body

of literature regarding form and function in the primate masticatory apparatus.
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CHAPTER 1. INTRODUCTION

Variation in cranial shape can indicate phylogenetic, dietary, or locomotor patterns, as
well as changes in cognition. The ability to tease apart these influences over cranial shape is
critical to the accurate interpretation of fossil remains, and the reconstruction of the biology of
fossil taxa. One portion of the skull that can provide important insight into the biology of living
and extinct species is the masticatory apparatus. In mammals, this complex is uniquely
characterized by a mandible made up of a single bone (or of two bones if it not fused at the
mandibular symphysis) which articulates with the cranium at the temporomandibular joints
(TMJ). Masticatory variation has been examined extensively across many orders of mammals
(e.g., Davis, 1955, 1961; Maynard Smith and Savage, 1959; Crompton and Parker, 1978; Woods
and Howland, 1979; Greaves, 1980; Weijs and Dantuma, 1981; Janis, 1983; Reduker, 1983;
Gorniak, 1985; Radinsky, 1985; Riley, 1985; Smith and Redford, 1990; Dumont, 1997; Perez-
Barbeia and Gordon, 1999; Dumont and Herrel, 2003; Sacco and Van Valkenburgh, 2004;
Nogueira et al., 2005), and has been a particular focus of interest in primates (e.g., DuBrul, 1974,
1977; Hylander and Bays, 1978; 1979; Hylander, 1979a,1979b, 1985, 2006; Bouvier 1986a,b;
Ravosa, 1990, 1996, Daegling, 1992; Jablonski, 1993; Anapol and Lee, 1994; Anton, 1994; 1996,
1999, 2000; Wood 1994; Pan et al., 1995; Spencer, 1995, 1998, 1999; Daegling and McGraw,
2001, 2007, 2008; Williams et al., 2002; Vinyard et al., 2003; Burrows and Smith, 2005;
Singleton, 2005; Wright, 2005; Constantino, 2007).

One aspect of the masticatory apparatus that varies considerably across mammals is the
TMIJ. In carnivores, range of motion at the joint is limited by multiple processes that wrap around
the mandibular condyle, whereas in other groups such as ungulates and primates, the joint is
open, allowing for increased mediolateral (ML) and anteroposterior (AP) excursion of the
mandible during mastication (e.g., Maynard Smith and Savage, 1959; DuBrul, 1974; Crompton,
1989; Herring, 2003). Temporomandibular joint form has also been documented to vary within

humans (Sullivan, 1917; Weidenreich, 1943; Angel, 1948; Van Gerven et al., 1978; Carlson and



Van Gerven, 1977; Hinton and Carlson, 1979; Hinton, 1983; Kozam, 1985; Spencer and Demes,
1993; Harvati, 2001, 2003; Lockwood et al., 2002; Terhune et al., 2007), and across primates as a
whole (Weidenreich, 1943; Ashton and Zuckerman, 1954; Bouvier, 1986a,b; Wall, 1995;
Vinyard, 1999; Lockwood et al., 2002; Kimbel et al., 2004), and some of these analyses have
directly linked this variation to functional differences among taxa (e.g., Bouvier, 1986a,b; Wall,
1995, 1999; Vinyard, 1999; Vinyard et al., 2003). The goal of the current research was to
evaluate this variation in the context of biomechanical hypotheses regarding TMJ function, and in
light of phylogenetic and body size variation across anthropoid primates. Ultimately, these data
will help to provide a framework for future analyses of primate, and particularly fossil hominin,
TMJ variation, and more generally to contribute to the growing body of literature regarding form
and function in the primate masticatory apparatus. In the following sections I will outline
previous analyses of morphological variation in the TMJ, discuss the functional significance of
this region and the use of the TMJ in phylogenetic analyses, and evaluate scaling in the

masticatory apparatus.

MORPHOLOGICAL VARIATION IN THE TMJ

One of the first researchers to document variation in the modern human
temporomandibular joint was Sullivan (1917). Sullivan was particularly interested in glenoid
fossa variation, as one of his colleagues had, two years earlier, suggested that Eskimo possess a
very shallow glenoid fossa as a consequence of their mastication of very tough foods. Sullivan
(1917) therefore questioned whether this morphology was a “racial characteristic” or was
environmentally determined. After noting a great deal of variation in glenoid depth in Eskimo and
other human populations, Sullivan concluded that this feature must be functionally modified,
suggesting that “such a structure [the articular eminence] would be depressed by pressure.”

(Sullivan, 1917:22). Notable analyses of glenoid variation following Sullivan include those of
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Weidenreich (1943) and Angel (1948), with the former author’s observations of human TMJ form
embedded in his detailed comparative analysis of the temporal bones of the Snanthropus fossil
specimens. Drawing on descriptions by previous researchers as well as his own observations and
measurements, Weidenreich (1943) described the distinctiveness of the modern human
mandibular fossa in relation to the great apes and Snanthropus, and attributed this unique
morphology to expansion of the brain, rather than a consequence of differences in diet. In
contrast, Angel (1948), in his examination of TMJ variation and differences in glenoid fossa
depth and articular eminence slope, concluded that, while genetics may play a large role in
determining the shape of the glenoid fossa, external factors such as mastication were also
important.

Differences in TMJ shape among modern human populations have been further
documented since these early studies (Van Gerven et al., 1978; Carlson and Van Gerven, 1977,
Hinton and Carlson, 1979; Hinton, 1983; Kozam, 1985; Spencer and Demes, 1993; Harvati,
2001, 2003; Lockwood et al., 2002; Terhune et al., 2007). Rather than discussing the
morphological features that vary among populations, however, a number of these researchers
have simply stated that variation within this morphology exists (Harvati, 2001, 2003; Lockwood
et al., 2002; Terhune et al, 2007). Those authors who have quantified morphological differences
have documented temporal changes in TMJ morphology (Hinton and Carlson, 1979) as well as
changes in TMJ shape associated with craniofacial (Hinton, 1983) and orthodontic (Kozam,
1985) variation.

Although a number of analyses have evaluated variation in the masticatory apparatus
(e.g., Hylander, 1979b; Bouvier 1986a,b; Ravosa, 1990; Anapol and Lee, 1994; Wood 1994; Pan
et al., 1995; Spencer, 1999; Williams et al., 2002; Vinyard et al., 2003; Wright, 2005; Burrows
and Smith, 2005; Singleton, 2005) and basicranium (e.g., Strait; 1999, 2001; Lieberman et al.,

2000a; McCarthy, 2001) of non-hominoid primates, details of TMJ morphology in primates other



than the great apes and humans are few and far between. Among non-human primates, few
comprehensive analyses have focused specifically on variation in the TMJ, and the majority of
work that has been done has almost exclusively included the great apes. As a result, there are
many data regarding how the TMJ differs among the great apes, especially in comparison to
generalized human TMJ morphology. In general, the ape mandibular fossa is very shallow, with a
weak articular eminence. This ‘open’ morphology contrasts sharply with that observed in
humans, where the glenoid is considered very ‘deep’ (Weidenreich, 1943; Ashton and
Zuckerman, 1954; Kimbel, 1986; Lockwood et al., 2002; Kimbel et al., 2004). Details of this

morphology are discussed in more detail in Chapter 2.

THE FUNCTIONAL SIGNIFICANCE OF THE TMJ

Considerable debate regarding the role of the TMJ during mastication has taken place in
the literature, with some researchers hypothesizing that the TMJ is not loaded and that the
mandible serves only as a link between the bite force and muscle resultant force (the “link”
hypothesis) (Robinson, 1946; Scott, 1955; Steinhardt, 1958; Gingerich, 1971; Tattersall, 1973).
Other researchers argue that the TMJ is load bearing and the function of the mandible can be
modeled as a class three lever (the “lever” hypothesis) (Hylander, 1975, 1979a, 1991, 2006;
Hylander and Crompton, 1980; Hylander and Johnson, 1985; Hylander et al., 1992; Hylander et
al., 2005).

Early observations of the TMJ by Robinson (1946) led him to conclude that the TMJ was
unable to withstand stress because the bone of the roof of the mandibular fossa was paper thin,
and because synovial tissue, nerves, and blood vessels were located within the articular disc.
These observations, as well as the absence of epiphyses at this joint, suggested to several authors
that this region was non-stress bearing (Robinson, 1946; Scott, 1955; Steinhardt, 1958). Tattersall

(1973) further proposed the idea that the morphology of the TMJ was inadequate to withstand any



5

forces generated during mastication, by suggesting that 1) the thin condylar neck would be unable
to dissipate any stresses generated within the joint, and 2) the fibrocartilage within the joint is
more adapted to sliding rather than compression.

As discussed in detail by Hylander (1975), these conclusions are flawed for several
reasons. First, while the bone at the roof of the mandibular fossa is indeed thin, this portion of the
glenoid is not actually the stress-bearing portion- it is instead the articular eminence, which is
composed of thick cancellous bone with a dense cortical plate (Moss, 1960; Sicher, 1950) that
articulates with the mandibular condyle and is well suited to bearing joint reaction forces.
Similarly, that the TMJ incorporates synovial tissues as well as nerves and blood vessels is also
not of significance in this debate, as the center and anterior of the articular disc (i.e., that portion
lying between the mandibular condyle and the glenoid) is avascular and lacks both nerves and a
synovial layer (Hylander, 1975). The proposition that the fibrocartilagenous articular disc itself is
not adapted to withstand stress was addressed by Leeson and Leeson (1970) and Ham (1969),
who concluded that fibrocartilage is equally capable of withstanding stresses, and may actually be
more adapted to tensile and shearing forces than hyaline cartilage (as suggested by Moss, 1959,
1960). Furthermore, the fact that fibrocartilage rather than hyaline cartilage, exists in this joint at
all, as well as the lack of epiphyses at the TMJ, can be explained by the unique evolutionary
history and intramembranous ossification of these elements (Moffett, 1966; Barbenel, 1972;
Nobel, 1973; DuBrul, 1974; Himalstein, 1978; Taylor, 1986). Hylander (1975) addressed the
suggestion by Tattersall (1973) that the neck of the mandibular condyle was insufficient to
withstand stresses at the TMJ by demonstrating that the distribution of cortical bone within the
neck was optimally deployed to resist tensile stresses during incisal biting. Finally, additional
refutation of this tenet of the link hypothesis has come from theoretical modeling of forces within
the masticatory apparatus (Barbenel, 1972, 1974; Faulkner et al., 1987), and the direct

measurement of joint reaction forces in the TMJ via experimental studies (Hylander, 1979a;



Smith, 1978; Brehnan and Boyd, 1979; Brehnan et al., 1981; Boyd et al., 1982, 1990), which
have shown that the TMI is in fact load-bearing.

That the TMJ is indeed a load bearing joint has been further supported by analyses of
joint remodeling by Bouvier and Hylander (1982, 1984) and more recently by Ravosa and
colleagues (2007, 2008). These studies, which evaluated condylar dimensions in lab animals that
were fed diets with different material properties, have indicated that the mandibular condyle
experiences substantial levels of remodeling as a result of masticatory function. Groups that were
habitually fed more resistant diets were found to have relatively larger condylar dimensions and
thicker articular discs than subjects that were fed less resistant diets. These findings suggest that
the TMJ continuously remodels in response to changes in joint loading during the life of an
individual.

These data therefore suggest that the form of the TMJ varies as a consequence of joint
loading, and further indicate the likelihood that TMJ shape varies across species as a consequence
of functional demands of the masticatory apparatus. In other words, specific TMJ forms are better
adapted to particular loading regimes than others. This premise has been demonstrated for the
masticatory apparatus as a whole (e.g., Spencer, 1995; Taylor, 2002; Wright, 2005; Constantino,
2007) but fewer studies have focused on the morphology of the TMJ as it relates to dietary
variation. However, more recent work by Wall (1995, 1999) and Vinyard (Vinyard, 1999;
Vinyard et al., 2003) has examined the morphological correlates of particular movements at the
TMIJ. Wall (1995, 1999) evaluated the shape of the TMJ in Ateles, Macaca, Papio, and Pan and
identified a suite of features that were significantly correlated with the amount of sagittal sliding
that takes place at the TMJ during mastication. Similarly, Vinyard (Vinyard, 1999; Vinyard et al.,
2003) found that some of the variation in TMJ form in extant strepsirrhines and Eocene primates
can be linked to estimates of joint reaction forces, and that some aspects of TMJ shape are

correlated with gape in tree-gouging primates. In the great apes, Taylor (2005) also assessed
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variation in the mandibular condyle, and found that Gorilla morphology was better adapted to the
utilization of tougher food objects (e.g., leaves) than Pan.

This previous research has therefore established that the TMJ is a load-bearing structure,
the morphology of which is likely to be shaped as a consequence of masticatory function. It
largely remains unclear, however, the extent to which this morphology varies among closely
related species with different diets, and particularly whether variation in this morphology is likely

to be adaptive.

I dentifying adaptive mor phologies

What does it mean to say that a particular feature is adaptive? What is an adaptation?
Although the answer to this question continues to be debated in the literature (e.g., Bock and von
Wahlert, 1965; Clutton-Brock and Harvey, 1979; Bock, 1980; Gould and Vrba, 1982; Mayr,
1982; Harvey and Pagel, 1991; Reeve and Sherman, 1993), adaptation can be broadly defined in
two ways. The most common definition is similar to what one might consider to be the non-
scientific meaning of the term: a feature is an adaptation if it was shaped by natural selection for
the function it is currently performing. This definition regards an adaptation as static, and refers
to the current fitness or immediate utility of that feature, regardless of how it originally arose
(Bock and von Wahlert, 1965; Gould and Vrba, 1982; Harvey and Pagel, 1991). In contrast,
adaptation may also be defined in an historical perspective, as a feature that arose as a result of
selection for a particular function, but need not necessarily be the function it currently performs
(Harvey and Pagel, 1991). These two definitions outline the difference between a historical and
non-historical approach for identifying adaptations, which will be discussed in more detail below.
Regardless of its origin, however, in both of these definitions, an adaptation refers to a feature

that confers some sort of advantage to its possessor.



Attempts to identify adaptations are centered on the concept that, where taxa live in
similar environments, they are likely to evolve similar characters through the process of natural
selection. These studies have relied heavily on the comparative method, a means by which
questions regarding common patterns of evolutionary change can be addressed (Harvey and
Pagel, 1991). In essence, the comparative method is a search for evolutionary regularities or
phenomena from which a particular conclusion regarding adaptation can be drawn, and
potentially applied to extinct forms. This particular methodology has been used extensively in
evolutionary biology, and was the primary foundation upon which Darwin built his theory of
natural selection (Darwin, 1859). In essence, the comparative method searches for correlations
among characters or between characters and environments. However, an observed correlation can
only suggest a particular adaptive scenario, not prove its validity (Harvey and Pagel, 1991). The
finding of a correlation therefore necessitates further study of the form-function relationship.

As outlined by Bock and von Wahlert (1965), the form-function complex consists of the
appearance of specific features (=form) and the action (or multiple actions) of those features
(=function), that together have a specific “biological role” in the life history of an organism. This
biological role, as argued by Bock and von Wabhlert (1965), is closely linked to, but not
necessarily inferable from, the form-function complex, except through observation of the
organism in its natural environment. The extent to which this form-function complex then can be
linked to a specific biological role depends on whether the organism in question can be directly
observed carrying out this biological role. As a result, comparative morphometric analyses such
as the one presented here are a search for correspondence between a specific form and a predicted
function, but cannot confirm the biological role of a particular form-function complex. The study
of form-function relationships is inherently tied to understanding adaptation, and in many cases,
the finding that a specific form-function complex is used in a specific biological role allows for

the inference that the complex in question is an adaptation.



It is also important to be able to place adaptations in an historical context. In the strictest
definition of adaptation, adaptive characters are those that arose historically in response to a
specific selective agent (Harvey and Pagel, 1991). However, characters that are of current utility
may not necessarily be indicative of the origin of the trait; in other words, such a trait would be
considered an exaptation (Gould and Vrba, 1982). Furthermore, understanding the evolutionary
relationships among the taxa of interest is important for inferring adaptation, since some
adaptations may be shared as a result of common ancestry whereas others may be independently
derived. There are two different approaches to studying adaptation, one of which makes use of
phylogenetic information to examine the rates and directions of evolutionary change within a
particular clade. Harvey and Pagel (1991) define this as the directional approach. In contrast, non-
directional analyses examine covariation among different phylogenetic groups. This approach
(which is the one used in the analyses presented here) considers those features that are
independently derived in distinct lineages to be of the most interest, since they should indicate
similar selective pressures that have resulted in the same morphologies, or in other words,
features that have evolved convergently. However, this approach has little power to identify the
original selective pressure under which a particular feature evolved, and can only describe the
current utility of the feature of interest (Harvey and Pagel, 1991).

Harvey Pagel (1991) proposed three steps in the identification of an adaptation. First, one
must observe phenotypic variation among taxa. Given this variation, the second step is to propose
an adapative explanation for the variation. Finally, the proposed explanation must be tested by
predicting particular environmental or constitutional correlates of the variation and, where
possible, compare ancestral and derived states of the feature. Kay and Cartmill (1977) further
identified several criteria for supporting a comparative hypothesis between a morphological trait

and an ecological or behavioral trait (as summarized by Anthony and Kay, 1993):
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1) There must be a functional relationship between the morphology and the behavior in
question.
2) The hypothesis cannot be based on a unique co-occurrence of the two traits in question.
3) All observed forms that possess the morphological trait must also possess the behavioral

trait. The relationship must hold true for all taxa in which it can be observed.

There have been critiques of the adaptationist program, however, the most notable of
which was outlined by Gould and Lewontin (1979). These critiques primarily center around the
adaptationist view that all features of an organism must be the result of some selective process.
Alternatively, Gould and Lewontin (1979) outline the numerous ways in which traits of no
particular adaptive significance may arise, including genetic drift, allometry, pleiotropy, and
others. Instead, these authors advocate that it is more useful to view the entire Bauplan of an
organism since multiple constraints within an organism (developmental, mechanical,
phylogenetic) will likely mediate the effects of natural selection. It is therefore important to
consider alternative explanations in any analysis of adaptation, since some observed correlations
may not be easily interpretable in an adaptive context. Furthermore there may be multiple
morphological solutions to a single adaptive demand (Harvey and Pagel, 1991; Anthony and Kay,

1993).

Critical function
What are the selective pressures that are likely to have shaped the morphology of the
masticatory apparatus and the TMJ? One major consideration is that of food processing behavior
(or generally, diet). Characterization of the diets of primate species has most frequently been
based on the trichotomous system proposed by Kay (1973), which separated taxa into frugivores,

folivores, and insectivores. This approach has been particularly useful for analyses of tooth crown
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morphology, as particular crown shapes are likely to be more or less efficient at processing these
foods (e.g., Kay, 1973, 1975, Rosenberger and Kinzey, 1976; Anapol and Lee, 1992;
Rosenberger, 1992; Anthony and Kay, 1993). For example, frugivores tend to have relatively
smaller teeth with less relief to the tooth crown, whereas folivores tend to have larger teeth in
relation to their body size, which have well developed shearing crests (Kay, 1975). These
correlations have also been applied to fossil species in attempts to identify their dietary regimes
(Kay, 1977; Kay and Cartmill, 1977; Kay, 1985). There are some limitations to this method of
categorizing diet, however. Most critically, food items that fall into one category may not all
share the same mechanical properties, and therefore they are unlikely to present the same
mechanical challenges during food processing (Rosenberger and Kinzey, 1976; Rosenberger,
1992). Items that fall in the category of fruit are particularly prone to variation in material
properties (e.g., fruit pulp vs. seeds).

As a result, more recent categorizations of primate diets have incorporates aspects of food
material property (i.e., Rosenberger and Kinzey, 1976; Kinzey and Norconk, 1990; Rosenberger,
1992; Lucas et al., 2001; Elgart-Berry, 2004; Lucas, 2004; Williams et al., 2005; Marshall and
Wrangham, 2007; Taylor et al., 2009). Rosenberger and Kinzey (1976:293) first identified this
need by stating “selection for a particular molar form can often be related to some ‘critical
function’” and they linked this critical function most closely with the physical properties of food
items. As elaborated upon by Rosenberger (1992), the terms advocated by Kay (1973) do not
accurately reflect the mechanical demands of the food items being processed, particularly in
regard to frugivory, where different portions of fruits (e.g., sclerocarp, pulp, seeds, shells, nuts,
skins, etc.) can have radically different material properties. Thus, a critical function such as
harvesting or masticating hard food objects such as seeds may directly select for a specific
morphology, whereas noncritical functions such as crushing soft fruits would not provide a strong

selective pressure for a particular masticatory shape (Rosenberger, 1992). Rosenberger (1992)
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therefore argues that the selective pressure driving adaptive change in the masticatory apparatus
is the material property of foods, and that a critical function therefore arises to enable an
organism to harvest or process a food item of a particular material property which is crucial for
their continued survival. This critical function could be a food item that is utilized year round, or
alternatively could be a resource that is utilized only during a short time period but which is
important for that organism to access when other resources are not available (Rosenberger, 1992;
Marshall and Wrangham, 2007; Lambert, 2009; Marshall et al., 2009). This latter concept is
referred to as a fallback food. As defined by Marshall and Wrangham (2007) fallback foods are
most commonly considered to be foods of poor nutritional quality but high abundance that are
eaten during periods when there is a lack of preferred food items available (Laden and
Wrangham, 2005; Lambert et al., 2004; Ungar, 2004). In other words, fallback foods tend to be
foods that are less preferred (either because they are of lower nutritional value and/or are more
difficult to process) but are seasonally important (Marshall and Wrangham, 2007).

The significance of fallback foods for shaping masticatory adaptations has been a point of
debate. How frequently does a primate need to utilize a particular resource for the mechanical
processing of the resources to be selected for? Do observable traits represent adaptations to food
items that are only occasionally exploited, and do the morphologies we observe have any
relationship to preferred, rather than fallback, food items? How can we explain the avoidance of
particular food items by taxa that appear adapted to utilize these very foods (e.g., Liem’s Paradox
[Robinson and Wilson, 1998])? As initially outlined by Rosenberger and Kinzey (1976) and
Rosenberger (1992), morphological adaptations should reflect the use of particularly important
foods that may be mechanically more challenging, since adaptations for fallback foods are not
likely to preclude the use of preferred food items that require little specialization to process

(Robinson and Wilson, 1998; Marshall and Wrangham, 2007).
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What does this mean for the analysis presented here? The species analyzed as part of the
comparative groups examined (the composition of which is discussed in Chapter 4) all either
differ from other closely related species in their consistent reliance on food items that are more
resistant (e.g., Theropithecus, Alouatta), or more commonly, have been documented to exploit
food items that are more mechanically challenging during times of food scarcity (e.g., Cebus
apella, Macaca fuscata/ sylvanus, Gorilla). As a result, the comparative approach employed here
allows for the comparison of taxa with different masticatory adaptations for a critical function
(whether related to fallback foods or not), to other closely related taxa. If a link is found between
TMJ morphology and the hypothesized function of the masticatory apparatus, as predicted by the
existing data regarding dietary variation among primate taxa, the data can therefore suggest that
the TMJ is adapted to specific masticatory functions. This will be elaborated upon in the project

description below and in further chapters.

TMJ SHAPE IN RELATION TO PHYLOGENTIC AND ALLOMETRIC VARIATION
Not only is a consideration of how variation in TMJ shapes corresponds to phylogenetic

variation important for identifying adaptation in the TMJ, the extent to which TMJ morphology
covaries with phylogeny may indicate whether this region is useful for recovering relationships
among fossil taxa. Allometry may also drive variation in TMJ shape, such that features of the
TMJ vary as a function of size, rather than because of some functional or phylogenetic difference
(although these factors are not mutually exclusive). This section will outline how these two
avenues of research have been employed in analyses of TMJ variation, and how they may inform

the current study.
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Phylogenetic signalsin the cranial base

An alternative approach to examining variation in TMJ morphology has focused on the
utility of the temporal bone (including the glenoid fossa) in phylogenetic analyses. Characters on
and around the TMJ are frequently used in taxonomic and phylogenetic analyses of living and
fossil primates (e.g., Kimbel, 1986; Strait et al., 1997; Martinez and Arsuaga, 1997; Harvati,
2001; Kimbel et al., 2004; Lockwood et al., 2002, 2004; Harvati and Weaver, 2006a,b; Smith et
al., 2007; Terhune et al., 2007; Gilbert, 2008; HF Smith, 2009; von Crammon-Taubadel, 2009).
The use of this region has a long history in physical anthropology (Weidenreich, 1943; Tobias,
1967; Olson, 1981; Kimbel, 1986; Strait et al., 1997; Martinez and Arsuaga, 1997; Lockwood et
al., 2002, 2004; Kimbel et al., 2004). This heavy reliance on the temporal bone is primarily
because this region (and the basicranium as a whole) is thought to more directly reflect genetic
variation than variation that might be caused by environmental factors (Olson, 1981; Strait et al.,
1997; Lieberman et al., 2000; Harvati, 2001; Wood and Lieberman, 2001; Harvati and Weaver,
2006a,b), because of its early development, enchondral ossification, and relationship to the
developing brain (Houghton, 1996; Scheuer and Black, 2000; White, 2000). Recent analyses
focusing on the temporal bone have supported this assumption, and indicate that the complex
morphology of the temporal bone strongly reflects phylogenetic variation in great apes and
relationships among human populations (Lockwood et al., 2004; Harvati and Weaver, 2006a,b;
Smith et al., 2007; HF Smith, 2009; von Crammon-Taubadel, 2009). Additional work needs to be
done to assess whether this relationship is consistent across primate clades.

It is unclear what components of the temporal bone are driving the observed phylogenetic
signal, since the temporal bone itself is functionally and developmentally complex. The temporal
bone lies at the confluence of a number of different functional complexes in the skull. Portions of
the temporal bone are associated with the mastication, hearing, posture, balance, and formation of

the braincase. As a result, any of these functional complexes may constrain other aspects of
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temporal bone morphology. Ontogenetically, the temporal bone forms from four separate parts:
the petromastoid, squamous, tympanic, and the styloid process (Scheuer and Black, 2000). The
bulk of the glenoid is composed of squamous temporal, with the exception of the posterior
portion, which is formed by the tympanic, a separate developmental component to which the joint
capsule attaches (Hylander, 1991; Mérida-Velasco et al., 1999). During prenatal development, the
most critical period for TMJ morphogenesis is between 7 and 11 weeks, with intramembranous
ossification of the squamous part of the temporal beginning at approximately 8 weeks, the same
time at which the articular disc starts to appear (Mérida-Velasco et al., 1999; Radlanski et al.,
1999). Notably, though, it is not until this time (9 to 11 weeks) that movement begins at the TMJ.
Given these data, most authors agree that the major components of the TMJ are in place by week
12, with the morphological relationships between these portions similar to those observed in
adults (Symons, 1952; Baume, 1962; Baume and Holz, 1972; Ogiitcen-Toller and Juniper, 1994
as reviewed in Mérida-Velasco et al., 1999).

The prenatal development and ossification of the TMJ continues until birth, with major
changes in morphology involving increasing convexity of the glenoid fossa and an overall
increase in size (Radlanski et al., 1999; Ogiitcen-Toller and Juniper, 1994). In comparison, the
bony labyrinth, auditory ossicles, and tympanic ring reach their adult proportions by fetal
midterm (~20 weeks) with no subsequent increase in size (Scheuer and Black, 2000). Thus, at
birth, the petrous portion is well ossified, and the structures of the middle ear and the squamous
portion are obvious, as is the small mastoid region. Postnatal development of the TMJ is
associated with continued ossification of the components of the TMJ, and growth of the articular
eminence and postglenoid process, with subsequent deepening of the glenoid fossa (Keith, 1982;
Wright and Moffett, 1974; Nickel et al., 1988a; Itoh et al., 1995; Katsavrias and Dibbets, 2001,
2002; Katsavrias, 2002). This complex and early development of the components of the temporal

bone have therefore led a number of authors to suggest that the morphology of the temporal bone
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(including the glenoid fossa) is less likely to be influenced by epigenetic factors, and is therefore
more likely to display a phylogenetic signal.

It is unclear to what extent the morphology of the TMJ will reflect the results of the
previous analyses of the temporal bone as a whole. There are two alternative expectations for how
TMIJ shape may covary with neutral genetic variation. First, results of analyses of TMJ shape may
be consistent with previous studies that have analyzed the entire temporal bone, suggesting that
this morphology does contain a phylogenetic signal. Alternatively, because of this region’s
importance in the masticatory apparatus, the components of the temporal bone associated with the

TMJ may be more variable, and therefore poorly reflect phylogenetic history.

Size and scaling in the masticatory apparatus

To what extent do body or cranial size variation influence the shape of the TMJ?
Previous analyses of scaling in the masticatory apparatus have found that features of the
masticatory apparatus tend to scale with positive allometry (Smith et al., 1983; Hylander, 1985;
Bouvier, 1986a,b; Ravosa, 1996, 2000; Vinyard, 1999). These authors have interpreted this
scaling relationship to indicate functional differences among different sized primates. Hylander
(1985), who identified a series of positively allometric relationships between aspects of
mandibular morphology when scaled against mandibular length in cercopithecines, concluded
that perhaps larger cercopithecines also engage in more repetitive chewing cycles due to their
more mechanically resistant diets, which therefore necessitates larger mandibular dimensions.
Comparisons of mandibular scaling patterns in the frugivorous cercopithecines and the more
folivorous colobines have also been explained in the context of biomechanical differences as a
consequence of diet (Ravosa, 1996). Positive allometry of mandibular dimensions in living and
fossil apes has been identified by Ravosa (2000), again suggesting a size-related increase in

dietary toughness. Analyses of TMJ shape have largely supported this signal of positive
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allometry. Smith et al. (1983) examined condylar shape across anthropoid primates and found
that condylar length, width, and area scaled with slight positive allometry relative to body size. In
strepsirrhines, Vinyard (1999) also found that glenoid and condylar width and area scaled with
positive allometry (although condyle and glenoid length scaled with isometry). In contrast,
Bouvier (1986a,b) evaluated scaling of mandibular and condylar dimensions in both Old and New
World monkeys and found that, when scaled against either mandibular length or body size, most
of these dimensions scaled with isometry. However Bouvier (1986a,b) did identify a number of
different scaling patterns between platyrrhines and cercopithecoids, and within cercopithecoids,
that she interpreted in light of biomechanical differences in these groups.

Scaling of the masticatory musculature has also been of particular interest in recent years.
Cachel (1984) initially analyzed masticatory muscle mass scaling in relation to body size across
primates and found that these variables scaled with isometry. Similarly, in her analysis of
masticatory muscle variation in macaques, Anton (1999, 2000) found that masseter and medial
pterygoid physiological cross sectional area (PCSA) scaled with isometry in relation to body size.
More recently, Anapol et al. (2008) found that PCSA scaled with positive allometry in both
prosimians and catarrhines, although a similar analysis within prosimians conducted by Perry and
Wall (2008) concluded that muscle cross-sectional area scales primarily with isometry or only
slight positive allometry. These data are therefore unclear on the extent to which the masticatory
muscles reflect geometric isometry or positive allometry.

What can we infer from these previous analyses? The above outlined analyses would
seem to suggest that the bony morphology of the masticatory apparatus scales primarily with
positive allometry, and to some extent the masticatory musculature does as well. There are gaps
in these analyses, however. Many of these studies have been restricted to a single clade
(Hylander, 1985; Ravosa, 1996, 2000; Vinyard, 1999; Bouvier, 1986a,b; but see Smith et al.,

1983) or have examined relatively small samples, particularly in analyses of muscle parameters
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(Anapol et al., 2008; Cachel, 1984; Perry and Wall, 2008). There are also considerable
methodological differences among these studies, particularly in regard to which size variable
aspects of masticatory morphology should be examined regressed against (Hylander, 1985;
Smith, 1993), and the regression equations that should be used (RJ Smith, 1993, 2009).
Furthermore, only a few studies have explicitly examined features of the TMJ (Smith et al., 1983;
Bouvier, 1986a,b; Vinyard, 1999), only one of which included the cranial component of the TMJ,
the glenoid fossa (Vinyard, 1999). It is therefore unclear how the components of the TMJ should
scale in relation to body or cranial size. Given these previous findings, and the hypothesis of a
size-related increase in dietary toughness (Hylander, 1985; Sailer et al., 1985; Ravosa, 1996,
2000) which would result in increased stresses at the TMJ, it could be therefore be predicted that

features of the TMJ should scale with positive allometry.

PROJECT DESIGN

The above review outlines a number of outstanding questions regarding morphological
variation in TMJ shape. Attempts to fill these gaps in our current understanding of the biology of
the TMJ can further enhance our understanding of the functional and phylogenetic significance of
this region in both living and extinct primate taxa. These three areas of interest are by no means
the only possible influences over TMJ morphology, but they represent the three main ways in
which previous authors have assessed variation in TMJ shape, and therefore represent a logical
starting point for a comprehensive look at morphological variation in the TMJ.

For this study, these outstanding questions can be summarized by three main research
questions that will be addressed in the course of this dissertation:

1. Can the morphology of the TMJ be used to infer functional differences among
primate taxa?

2. What role does allometric variation play in governing TMJ shape?
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3. To what extent does variation in TMJ morphology reflect phylogenetic
differences among primate taxa?

Each of these research questions will be addressed by testing a series of predictions
formulated on the basis of previous work. These predictions are outlined in detail in subsequent
chapters. It is important to note that none of these research questions are mutually exclusive. All
of these factors — masticatory function, allometry, and phylogeny — are likely to influence TMJ
shape to varying degrees. Furthermore, different combinations of factors may influence the shape
of the TMJ within different groups of primates; as such, each of these analyses were conducted at
multiple taxonomic levels (e.g., all taxa, platyrrhines only, hominoids only, etc.). It is the goal of
this dissertation, therefore, to investigate each of these influences, as well as the correlations that
may be present among the factors themselves, to develop a comprehensive picture of how and
why TMJ shape varies across anthropoid primates.

These predictions were tested using three-dimensional landmark data of the skull and
geometric morphometrics, a powerful quantitative method that allows shape differences among
individuals and groups to be summarized and compared. This methodology is particularly useful
for quantification of the TMJ, the complexity of which has hindered previous analyses. Use of
these methods allows for the identification of previously unquantified differences in TMJ
morphology among primate taxa. The results of this research will therefore provide important
insight into the utility of this region for testing hypotheses regarding phylogeny and function, the
results of which can then be applied to understanding variation in fossil primates. Specifically,
variation in the shape of the TMJ in great ape and fossil hominin taxa has been discussed
frequently in regard to understanding evolutionary relationships, particularly because the
temporal bone is frequently preserved in the fossil record. In particular, the basicrania of the
robust australopith (i.e., Paranthropus) species and Homo are similar in many aspects of

morphology, including the mandibular fossa (DuBrul, 1974, 1977; Dean and Wood, 1981, 1982;
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Kimbel et al., 1984, 2004). These similarities are considered convergent because of the more
primitive morphology present in the presumed ancestor of the robust australopith clade, A.
aethiopicus. However, while several studies have focused on the implications of this similar
morphology for reconstructing phylogenetic relationships (Kimbel et al., 1984; Skelton and
McHenry, 1992; Strait, 2001; Kimbel et al., 2004), and possible functional implications of this
morphology have been suggested (DuBrul, 1974, 1977), few rigorous tests of the functional or
structural implications of this convergence have been conducted. Application of the data collected
and analyzed as part of this dissertation for this and other questions regarding fossil hominin
morphology will be discussed in the concluding chapter.

The TMJ is only a small portion of the skeleton, yet this single joint can provide
information regarding a number of topics that are important for accurately reconstructing the
biology of fossil species. Understanding how and why TMJ shape varies is particularly critical for
analyses of fossil hominin cranial remains, since this region is frequently discussed in taxonomic
and phylogenetic analyses of fossil hominins. As a result, the construction of a framework for
understanding TMJ shape variation is crucial, and it is this task that the proposed research will

undertake.

STRUCTURE OF THE DISSERTATION
This dissertation is organized around the three research questions presented in this
chapter. First in Chapter 2, I provide the necessary background information for understanding the
morphology of the TMJ and its role in the function of the masticatory apparatus. Chapter 3
outlines the samples used and the methods by which the data were collected. The remaining
chapters provide the results of the investigations into each of the three research questions, in the
order they are listed above. Results of the functional analyses are presented in Chapter 4,

followed by an evaluation of scaling in the TMJ in Chapter 5. The last data chapter (Chapter 6)



21
further evaluates TMJ shape variation in phylogenetic perspective. In the closing chapter
(Chapter 7), I critically evaluate the results of my analyses, and examine the extent to which each
of these three major factors contributes to morphological variation in the TMJ, particularly in the

context of outstanding hypotheses regarding TMJ shape in fossil hominin taxa.



CHAPTER 2: BACKGROUND
To provide a background for the research presented in this dissertation, in this chapter I

first review the hard and soft tissue anatomy of the TMJ; these descriptions focus on TMJ
anatomy in humans since the bulk of the existing literature is clinical in nature. Known variations
in TMJ morphology and departures from human TMJ shape are also discussed. Next, a review of
masticatory biomechanics focuses on the generation of forces and range of motion at the TMJ.
This biomechanical framework provides a basis for more detailed discussions of previous
analyses regarding TMJ function and the corresponding expectations that will be tested in this

study, which are presented in Chapter 4.

ANATOMY

The TM] is a true synovial joint, and consists of two discrete units: the glenoid fossa of
the temporal bone, and the mandibular condyle of the mandible. A pad of dense fibrous tissue, the
articular disc, separates these two components, dividing the articular space into upper and lower
joint spaces (Hylander, 1991, 2006). Motion at this joint is complex; gliding (or translatory)
movements are primarily confined to the upper joint compartment and rotary or hinge movements
to the lower. As a result, the TMJ is frequently referred to as a hinge joint with a moveable socket
(Sicher, 1951; Hylander, 1991).

Although multiple terms have been coined to refer to different portions of TMJ anatomy,
the terminology used here follows Hylander (1991, 2006), and unless otherwise noted, the bulk of
the descriptive discussion of TMJ anatomy is drawn from Sicher (1951), Walker (1978),

Hylander (1991, 2006), and Aiello and Dean (1990).
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Hard tissue anatomy

The most prominent feature of the temporal bone’s glenoid region is the articular
eminence (Fig. 2-1), a transverse bar of dense bone that forms the anterior boundary of the
concave articular fossa. This fossa is the main articulation for the mandibular condyle (via the
articular disc), and during occlusion the head of the condyle directly abuts the posterior slope of
the articular eminence, rather than lying in the depth of the fossa (Hylander, 2006). The articular
eminence in humans is a raised bar that is convex anteroposteriorly (AP) and slightly concave
mediolaterally (ML). In most other primates, the articular eminence is relatively flat and
undefined, resulting in a gradually sloping anterior border to the articular fossa. Medially, the
articular eminence gives rise to the entoglenoid process, which curves slightly posteriorly and
projects posteroinferiorly in humans. In apes, and many other primate taxa, this process is greatly
enlarged and projects inferiorly, prohibiting medial migration of the mandibular condyle during
translatory movements when the mandibular condyle is positioned at the apex of the articular
eminence (Aiello and Dean, 1990).

The anterior slope of the articular eminence, from the apex of the articular eminence to
the most anterior border of the joint capsule, is the preglenoid plane (Fig. 2-1). This plane is
relatively small in humans compared to other primates (particularly Pan and Gorilla), and its
anterior boundary is often indistinct. At the lateral edge of the articular eminence, where it joins
the posterior root of the zygomatic arch, is a small rugose projection of bone called the articular
tubercle. Although this term is frequently used to refer to the articular eminence (Weidenreich,
1943; Rightmire, 1993), these two structures are distinct, since the articular tubercle is non-
articulating, and serves as an attachment point for the temporomandibular ligament.

Posterior to the articular fossa is a small ridge of bone that in humans is frequently
enlarged into the postglenoid process (Fig. 2-1). This feature, in conjunction with the vertically

oriented tympanic plate, forms the posterior border of the fossa in modern humans. This process
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Fig. 2-1. Photographs of the mandibular fossa (A) and mandibular condyle (B) in Pan. AE=
articular eminence, PGP= postglenoid process, EGP= entoglenoid process, PrGl= preglenoid
plane, AT= articular tubercle, LAS= lateral articular surface, LP= lateral pole, MAS= medial

articular surface, MP= medial pole. Photographs not to scale.
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is often higher and thicker at its lateral end, forming a triangular outline in lateral view.

The postglenoid process is variable in size in modern humans, but is markedly larger and
significantly more projecting in non-human primates. Sicher (1951) noted that the presence of the
postglenoid process is important, as it would limit any posterior displacement of the condyle,
which would therefore not impinge upon the tympanic bone. However, such displacement of the
mandibular condyle and its impingement of the tympanic in humans remains to be demonstrated
(Hylander, 1991, 2006).

In comparison to the glenoid, the morphology of the mandibular condyle is relatively
simple (Fig. 2-1). In most primates, the mandibular condyle, when viewed superiorly, is
cylindrically shaped, with its mediolateral width approximately twice its anteroposterior length
(Hylander, 2006). The condyle is situated perpendicular to the long axis of the body of the
mandible, but because of the flare of the ascending ramus, the long axes of the articular condyles
are offset from one another, crossing approximately at the anterior margin of the foramen
magnum (Hylander, 2006). The condyle is offset medially in relation to the ascending ramus of
the mandible, and both the medial and lateral poles of the condyle are slightly roughened due to
the attachment of the temporomandibular ligament (laterally) and articular disc (both medially
and laterally).

The articular surface of the condyle is strongly convex in both lateral and anterior view,
with the anteroposterior curvature of the condyle much stronger than the mediolateral curvature.
This convexity corresponds to the marked mediolateral concavity of the articular eminence often
observed in modern humans. In superior view, the condyle can be divided into three articular
areas: anterior, superior, and posterior. These surfaces are varyingly emphasized in different
primate taxa (Wall, 1995) and are important during movement of the condyle. Additionally, when
viewed anteriorly the condyle can be described as “tentlike” (Hylander, 2006) in shape, with

distinct medial and lateral slopes; the medial slope is often particularly pronounced in many taxa,
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including humans, as it articulates with the medial wall of the articular fossa and the entoglenoid

process.

Soft tissue anatomy

In contrast to other synovial joints in which hyaline cartilage lines the articular surfaces,
the TMJ instead incorporates dense, avascular fibrous connective tissue. The presence of this type
of tissue in the TMI is a result of its type of ossification. Rather than ossifying from a
cartilaginous anlage as in enchondrally formed bones (which incorporate hyaline cartilage to line
joint surfaces), the components of the TMJ ossify intramembranously (i.e., dermal bone), and the
periosteum surrounding these elements is co-opted early in development to form the major
articular tissues of the TMJ (Nobel, 1973; Hylander, 2006).

The articular disc (Fig. 2-2) is an important component of the TMJ that facilitates
movement in the superior and inferior joint compartments, and also gives rise to the articular
capsule. The disc is oval in shape, with its greatest diameter oriented mediolaterally. The
peripheral portions of the disc are considerably thicker than the central and intermediate zones.
Anteriorly, the disc is bound to the anterior portion of the joint capsule, and posteriorly it splits
into a double layer of connective tissue, the superiormost portion of which attaches to the
postglenoid process and squamotympanic fissure, with the inferior portion attaching to the
posterior portion of the condylar neck. Medially and laterally, the disc is not connected to the
articular capsule, but is instead bound tightly to the medial and lateral edges of the articular
component of the mandibular condyle.

In addition to fusing with the articular disc, the articular (or synovial) capsule attaches to
the rim of the temporal bone’s articular surface. Anteriorly, the capsule attaches along the anterior
surface of the articular eminence, posteriorly to the postglenoid process and squamotympanic

fissure, medially to the entoglenoid process/articular eminence, and laterally to the articular
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Fig. 2-2. Parasagittal section of the TMJ showing the articular tissues. Abbreviations are as in
Figure 1. Components of the articular tissues include (1) upper joint compartment; (2)
intermediate zone; (3) posterior band of articular disc; (4) bilaminar zone; (5) upper portion of
bilaminar zone; (7) posterior portion of joint capsule; (8) lower joint compartment; (9) lower
portion of bilaminar zone; (10) anterior portion of joint capsule; (11) anterior band of articular

disc (Modified from Hylander, 2006).
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tubercle. The entire capsule is fused inferiorly to the articular disc and head of the mandibular
condyle. Whereas the articular capsule is relatively thin anteromedially, posteriorly, and medially,
this fibrous tissue is markedly thickened laterally and anterolaterally and is referred to as the
temporomandibular ligament (TML) (Hylander, 1991). The morphology of this ligament has been
debated in the literature (DuBrul, 1988; Savelle, 1988; Hylander, 1991), with disagreement as to
how frequently the articular capsule thickens to form a true TML. The consensus, however, is that
the TML (at least in humans) is more frequently present than not, and that this structure is divided
into two layers: a wide, fan-shaped superficial portion that runs anteroposteriorly and inferiorly,
and a narrow deep portion that runs horizontally (Hylander, 1991). The organization of the fibers
constituting the TML helps resist lateral displacement of the condyle, as well as forward
excursion (resisted by the posterior fibers) and backward excursion (resisted by the anterior

fibers).

Variation in TMJ mor phology

Among the many species of non-human primates, few analyses have focused
comprehensively on variation observed within the TMJ. Of these, the majority have focused
almost exclusively on the great apes, likely because of their close relationship to hominins. As a
result, there are many data regarding TMJ variation among the great apes, especially in
comparison to human TMJ morphology. In general, the ape mandibular fossa is very shallow,
with a poorly formed articular eminence. This ‘open’ morphology contrasts sharply with that
observed in humans, where the glenoid fossa is considered very ‘deep,” primarily as a
consequence of the vertical reorientation of the tympanic (with the coincident merging of the
tympanic and greatly reduced postglenoid process), the steep preglenoid plane, and highly angled
posterior slope of the articular eminence (Weidenreich, 1943; Ashton and Zuckerman, 1954;

Kimbel, 1986; Lockwood et al., 2002; Kimbel et al., 2004). The dimensions of the glenoid fossa
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differ among the apes and between apes and humans. The glenoids of Pongo and Gorilla can be
characterized as relatively short AP and wide ML, while chimps have a relatively AP longer and
ML narrower glenoid. In comparison, the human glenoid fossa is anteroposteriorly compressed,
making it generally wider than it is long, but is still both absolutely and relatively smaller than the
fossae of apes (Ashton and Zuckerman, 1954; Lockwood et al., 2002).

Other particularly notable differences in morphology include variations in the size of the
preglenoid plane, entoglenoid process position and projection, and the overall position of the TMJ
in relation to the lateral wall of the braincase (Lockwood et al., 2002). In all of the apes, the
preglenoid plane is larger than in modern humans, with Pan possessing the largest preglenoid
plane. This difference is especially significant, as it may help to explain the appearance of an AP
compressed glenoid fossa in humans (i.e., the glenoid fossa seems AP compressed because of its
reduced preglenoid plane), as well as the long narrow conformation of the glenoid in Pan (in
which the preglenoid plane is enlarged and acts to elongate the glenoid fossa anteroposteriorly).
Variation in the morphology of the entoglenoid process is also noteworthy; in the apes, the
entoglenoid is absolutely much larger than it is in humans and is directed inferiorly from the
medial edge of the articular eminence (DuBrul, 1974; Aiello and Dean, 1990; Lockwood et al.,
2002). In humans, the entoglenoid is reduced in size and angles inferiorly and posteriorly. This
distinct morphology can been explained as a consequence of the ‘twisting” of the articular
eminence about its transverse axis, which causes the lateral portion of the articular eminence to
face inferiorly, while the medial portion faces primarily posteriorly (Kimbel, 1986; Aiello and
Dean, 1990; Lockwood et al., 2002; Kimbel et al., 2004).

There are also marked differences in the mediolateral positioning of the glenoid fossa in
the great apes and humans. In the great apes, the glenoid fossa has frequently been characterized
as medially positioned in relation to the lateral wall of the cranial vault. However, the large

degree of pneumatization of the temporal squama in the apes (and particularly Pan) means that
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the glenoid is actually more laterally positioned, in contrast to the more medially placed fossa of
humans (Sherwood 1995; Sherwood et al., 2002). In addition, Sherwood (1995) noted that
pneumatization of the temporal squama also affects the size of the postglenoid process in the
apes. Sherwood (1995) characterized the postglenoid processes of Pongo, Gorilla, and Pan as
variable in size, stating that “to classify the postglenoids as ‘large’ for this mixed group (Pan +
Gorilla) is misleading. Pongo tends to show a sizable postglenoid and, interestingly, this often
shows no signs of pneumatization” (Sherwood, 1995:90). However, in comparison to the human
postglenoid process, there is little doubt that the great ape postglenoid is considerably larger,
despite apparent variation within and among ape species (Ashton and Zuckerman, 1954; Kimbel,
1986; Sherwood, 1995; Lockwood et al., 2002). The highly variable postglenoid process of
megaladapid strepsirrhines was also evaluated by Wall (1997), who proposed that the expanded
posterior articular surface of the mandibular condyle in this group articulates with the postglenoid
process during browsing.

The shape and orientation of the tympanic element is also distinctive in humans in
comparison to other primates. In the great apes, the large postglenoid process is coupled with a
horizontally oriented tympanic element, from which the postglenoid is spatially distinct. The
tympanic element itself appears as a rounded tube, particularly in chimpanzees; Gorilla and
Pongo have relatively more inferiorly projecting and vertically oriented tympanic elements, but
these elements are still more tubular than the platelike form the tympanic assumes in humans
(Kimbel et al., 2004). In this position, it is the postglenoid process, rather than the tympanic, that
forms the posterior border of the mandibular fossa in all primates except humans. In contrast, the
morphology of this region in humans is characterized by a tympanic element that directly abuts
(and often merges with) the small postglenoid process, and the tympanic element is very platelike
in form and vertically oriented so that it functions as the posterior border of the deep mandibular

fossa (Weidenreich, 1943; Kimbel, 1986; Lockwood et al., 2002; Kimbel et al., 2004).
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FUNCTIONAL ANATOMY
The TMJ is a mechanically complex joint that has been the subject of much investigation
and debate in the scientific literature. Numerous biomechanical models have been proposed to
explain the function of the masticatory apparatus, and many experimental analyses have been
conducted to test these hypotheses. This section provides a brief overview of the primary models
of the biomechanics of the masticatory apparatus and TMJ, including a review of the movements
of the mandible, the muscles of mastication, and masticatory muscle activity, followed by a

discussion of reaction forces in the masticatory apparatus and, in particular, at the TMJ.

Free movements of the mandible

There are two basic movements of the mandible: translation and rotation. Translatory
movements primarily take place in the upper joint compartment, while rotary movements
primarily occur in the lower compartment. Free movements of the mandible, which include
depression and elevation (i.e., opening and closing), protrusion and retrusion, and lateral shifting,
combine translation and rotation and these two movements therefore rarely occur independently.
During opening and closing actions, both translatory and rotatory movements occur, although
experimental analyses suggest that rotation may account for 75% of movement during jaw
opening (Ferrario et al., 2005). As the mouth is opened, translation begins in the upper joint
compartment and the condyle moves anteriorly and inferiorly along the slope of the articular
eminence in conjunction with the articular disc. Coincidently, the condyle begins to rotate against
the disc in the lower joint compartment. Protrusion and retrusion are simply the forward and
backward shifting of the mandible, which are primarily (but not exclusively) translatory (Travers

et al., 2000; Buschang et al., 2001). These movements mostly take place in the upper joint
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compartment, and are therefore limited by the TMJ joint capsule and the bony morphology of the
mandibular fossa itself (Hylander, 2006).

Lateral deviation can occur at the TMJ, where the mandible rotates around a
dorsoventrally oriented axis. This movement results from the unilateral translation of the
balancing-side (non-biting) condyle anteriorly along the articular eminence (Harper, 1990;
Piehslinger et al., 1994). The condyle on the opposite side (the resting or working condyle) does
not translate as much as the balancing-side condyle, and there is slight rotation at this joint
(Miyawaki et al., 2000). Additionally, during the opening stroke of mastication involving lateral
deviation, the entire mandible is shifted transversely toward the working-side; this movement is
referred to as the “Bennett shift” (Miyawaki et al., 2001; Hylander, 2006).

The morphology of the TMJ is a result of the trade-off between stability and mobility.
For instance, the TMJ in carnivores, particularly some groups of canids, is shaped in such a way
as to make the joint extremely stable, and therefore less mobile. In these groups, this stability is
accomplished via the enlargement of the postglenoid and preglenoid processes, which wrap
around the mandibular condyle, prohibiting mandibular translation (DuBrul, 1974). This
increased stability is required to minimize the risk of TMJ dislocation associated with the use of
the masticatory apparatus in capturing and subduing struggling prey (Maynard Smith and Savage,
1959).

As reviewed above, the primate TMJ is a relatively open joint with increased mobility,
which is characterized by large amounts of anteroposterior translation. This ability, however, is
not unique to primates, as it is also found in many omnivores and herbivores (Aiello and Dean,
1990; Wall, 1995). That primates possess this ability suggests increased mobility in this joint,
which in turn results in more mobility of the mandible during mastication (Hylander, 2006).
However, even this increase in mandibular mobility cannot adequately explain the full range of

AP translation, an observation that has engendered discussion of the significance of AP
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translation, with two primary hypotheses proposed. The first, the airway impingement hypothesis
(Smith, 1984), suggests that translation at the TMJ occurs as a consequence of raising the TMJ
above the occlusal plane, which increases the depth of the mandible and therefore increases the
likelihood that the mandible could impinge upon the airway during opening if only rotation
occurs at the TMJ. Translation therefore occurs to move the mandible forward at the TMJ during
opening, thus reducing the chances that the airway will be impaired. As discussed by Hylander
(2006), two problems exist with this hypothesis: 1) it does not explain why AP translation occurs
in those mammals with TMJs at or near the occlusal plane; and 2) there is no convincing evidence
in humans that the airway would be obstructed if translation did not take place when opening the
mouth. Alternatively, Hylander (1978, 2006) and Carlson (1977) have proposed a second
explanation for translation at the TMJ: the sarcomere-length hypothesis. This hypothesis states
that AP condylar translation is a mechanism to improve the mechanics of the masseter-medial
pterygoid complex by minimizing the sarcomere length changes in these muscles during wide
gapes. In other words, by translating the mandibular condyle forward and/or down onto the
articular eminence, the masseter and medial pterygoid are stretched less than would be the case if
the mandible were a simple hinge joint. As the force output of muscle fibers is inversely
proportional to the amount they are stretched, this decreased stretch during translation allows for
increased force output at a wide variety of gapes.

Although Hylander’s (2006) objections to the air-way impingement hypothesis are
convincing, Wall (1995, 1999) found a positive correlation between the amount of gape and
sagittal sliding (i.e., movement of the condyle in the sagittal plane whether due to rotation or
translation). This finding suggests that the relative amount of gape is indeed linked to translatory
movements of the mandible, and therefore translation in the mammalian TMJ cannot solely be
explained via maximization of force output as suggested by Hylander (1978, 2006) and Carlson

(1977).
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M ovements of the mandible during mastication

Masticatory movements are divided into two different types that incorporate elements of
the free movements discussed above: incision (cutting with the anterior teeth) and mastication
(grinding with the posterior teeth). Incision consists of three parts: opening, closing, and the
power stroke, the first two of which can be almost directly equated to the free mandibular
opening and closing movements. In these movements, the depressors of the mandible act to
translate and rotate the mandibular condyles forward onto the articular eminence; the extent of
this opening movement is governed by the size of the food object (Hylander, 2006). Next, the
mandible swings anteriorly and superiorly via the actions of the elevators. As the incisors contact
the food object, the power stroke begins, at which time force is applied to the food object as the
jaw continues to close. During these movements, opening of the mandible is generally bilateral
(i.e., movements occurring at the left and right TMJ are approximately equal). Correspondingly,
the joint reaction force is approximately the same at each TMJ (Hylander, 2006).

Movements of the mandible during mastication include the opening, closing, and power
strokes; together these three movements constitute a single chewing cycle. Multiple chewing
cycles, often interspersed with multiple swallows makes up a chewing sequence (Hylander, 2006;
Vinyard et al., 2008). However, in contrast to the movements occurring during incision, the
actions of opening and closing of the jaw in mastication are very different from opening and
closing of the free mandible. This difference is primarily a consequence of the lateral deviation of
the mandible during opening, where the midline is shifted to the nonchewing or balancing-side
and then back again to the working-side during closing (Byrd et al., 1978; Miyawaki et al., 2001;
Hylander, 2006). During unilateral mastication, the working-side condyle does not move far from
its starting position (at rest on the posterior slope of the articular eminence) with only slight

rotation and lateral movement of the condyle, whereas the balancing-side condyle shifts
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downward and medially along the articular eminence (Komiyama et al., 2003; Miyawaki et al.,

2000, 2001).

Masticatory musculature

The muscles governing movement at the TMJ are referred to as the muscles of
mastication. Traditionally, this term refers to five paired muscles, the temporalis, the masseter,
the medial and lateral pterygoids, and the digastric (Fig. 2-3 and 2-4). Four of these five muscles
are most active during jaw closing, whereas the remaining muscle, the digastric (along with
gravity), acts to depress the mandible during jaw opening. As with the preceding sections,
terminology follows Hylander (1991, 2006), and the bulk of the descriptive detail for this
discussion, unless otherwise noted, is drawn from Sicher (1951), Walker (1978), Hylander (1991,
2006), and Aiello and Dean (1990).

The masseter muscle is located on the lateral side of the skull, and originates superiorly
from the zygomatic arch and inserts inferiorly on the ascending ramus of the mandible. This
muscle can be divided into two portions, the superficial masseter and the deep masseter, and
although these muscles can be divided posteriorly, anteriorly they are indistinguishable. The
superficial masseter, which makes up the bulk of the muscle as a whole, arises along the lower
border of the zygomatic arch via strong tendinous fibers. This attachment extends as far anteriorly
as the zygomatic process of the maxilla, and may extend as far posteriorly as the
zygomaticotemporal suture. These fibers are directed inferiorly and slightly posterior to attach
along the lower one third of the ascending ramus of the mandible.

The deep masseter also arises from the lower border of the zygomatic arch but is located

further posteriorly, extending as far as the articular eminence or zygomatic process root. On the



Fig. 2-3. Human cranium showing the temporalis and masseter muscles. (PT)
posterior temporal; (MT) middle temporal; (AT) anterior temporal; (DM) deep
masseter; (SM) superficial masseter (From Hylander, 2006).
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Fig. 2-4. Coronal section through a human skull showing the muscles of mastication.
Direction of muscle forces are indicated by the heavy arrows. (T) temporalis; (TT)
central tendon of temporalis muscle; (Z) zygomatic arch; (C) coronoid process; (LPS)
lateral pterygoid, superior head; (PP) pterygoid process (lateral); (LPI) lateral
pterygoid, inferior head; (MP) medial pterygoid; (MR) mandibular ramus; (M)
masseter. (From Hylander, 2006).
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mandible, the deep masseter inserts above the superficial portion, along the upper part of the
ascending ramus. The two portions of the masseter act together as powerful elevators of the
mandible, although these muscles are active at slightly different times during movements of the
mandible (Van Eijden et al., 1993). The line of action of the deep masseter is primarily vertical,
whereas the superficial masseter exerts a force that is directed slightly anteriorly. There is also a
lateral component of the force exerted by these muscles, since the zygomatic arch flares more
laterally than does the ascending ramus of the mandible.

A third portion of the masseter is sometimes also distinguishable, particularly in non-
human primates. This portion of the masseter is referred to as the zygomaticomandibularis
muscle, and is often considered part of the deep masseter. The fibers of the
zygomaticomandibularis muscle are fused with the superficial fibers of the anterior temporalis
muscle and run from the inner border of the zygomatic arch to the base of the coronoid process
(Aiello and Dean, 1990).

The temporalis is a fan-shaped muscle that originates along the lateral surface of the
cranium and runs inferiorly and anteriorly to insert on the coronoid process of the mandible. The
origin of this muscle leaves two elevated bony markings, the inferior and superior temporal lines,
which run along the frontal, sphenoid, parietal and temporal bones. These two lines are formed by
the attachment of the temporalis fascia (a tough layer of investing tissue surrounding the exterior
of the temporalis) and the central tendon of the temporalis muscle, respectively (Aiello and Dean,
1990). The main action of this muscle, like the masseter, is to elevate the mandible. Furthermore,
like the masseter, the temporalis can be divided into several portions. These portions, however,
are less discrete than those of the masseter, and are primarily differentiated on the basis of their
fiber orientation and lines of action. Within the fan-shaped structure of the temporalis, there are
roughly three groups of fibers: the anterior fibers, which constitute the bulk of the muscle and run

almost vertically; the posterior fibers, which are oriented almost horizontally and bend around the
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posterior root of the zygomatic arch before becoming vertical and attaching to the coronoid
process, and the middle fibers, which become increasingly oblique posteriorly. Because of this
arrangement of muscle fibers, the temporalis can exert varying degrees and directions of force,
depending on which fibers are active at any given time (Blanksma and van Eijden, 1990; van
Eijden et al., 1996, 1997). For instance, action of the vertically oriented anterior fibers acts simply
to exert an upward force on the mandible. In contrast, differential use of the posterior fibers, for
which the line of action is primarily posterior, would serve to retrude or retract the mandible.
Further division of the temporalis was proposed by Lovejoy and Ferrini (1974), who identified
seven biomechanically distinct portions of this muscle during dissections of rhesus macaque
masticatory musculature. Subsequent EMG studies by van Eijden and colleagues (e.g., Blanksma
and van Eijden, 1990; van Eijden et al., 1996, 1997) have identified at least six regions of the
temporalis, the activity of which varies as a result of the bite force. This increased segmentation
could influence patterns of mechanical action of the mandible, as these different portions each
possess varying lines of action and cross-sectional areas.

The pterygoid muscles are situated medial to the temporalis and masseter muscles and
attach along the medial side of the mandible and to the pterygoid plates of the sphenoid. Of these
two muscles, the medial pterygoid is the largest, and is often referred to as the anatomical
counterpart of the masseter, because it exerts a medially directed force on the mandible that
opposes the slightly laterally directed force of the masseter. The medial pterygoid originates
medially primarily within the pterygoid fossa of the sphenoid, and runs inferiorly, posteriorly, and
laterally to insert along the medial surface of the mandibular angle. As with the temporalis and
masseter, the medial pterygoid also acts as an elevator of the mandible. Additionally, the
orientation of its fibers allows for a medial component of the exerted force.

The lateral pterygoid is located just lateral and superior to the medial pterygoid. This

muscle can also be divided into two portions, the superior and inferior heads, which originate
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separately (superior: inferior surface of the greater wing of the sphenoid; inferior: lateral aspect of
the lateral pterygoid plate) but are indistinguishable at their insertion, a small depression along
the antero-medial surface of the neck of the mandibular condyle (termed the pterygoid fovea). A
small portion of the superior head also attaches to the TMJ capsule and disc, and has been
suggested to have a ligamentous attachment to the malleus (Ogiitcen-Toller and Juniper, 1994;
Ogiitcen-Toller and Keskin, 2000). The two portions of the lateral pterygoid have slightly
different actions. The inferior head, which runs slightly superiorly and posteriorly from the
cranium to the mandible, acts primarily to open and protrude the mandible. In contrast, the fibers
of the superior head run inferiorly and posteriorly, and act to elevate the mandible. Unilateral
action of either head, however, acts to shift the midline of the mandible to the opposite side
(lateral excursion).

The digastric, while not as large as the four muscles discussed above, is also considered
to be an important muscle of mastication. This muscle, which as its name implies has two distinct
bellies, is a long, thin muscle with anterior and posterior bellies that are connected via a strong
intermediate tendon. The posterior belly arises posteriorly from the medial side of the mastoid
process in the digastric groove, and runs anteriorly and inferiorly to the hyoid, where the
intermediate tendon is connected via a loop of fascia. The anterior belly then rises superiorly to
attach at the digastric fossa, which is located along the midline lingual surface of the mandible.
Although small, the digastric muscles act as the primary depressors of the mandible (with gravity
providing most of the force required to depress the mandible and open the mouth). In addition,
the digastric has also been suggested to assist in retrusion of the mandible. The anatomy of this
muscle is especially variable, both within and between species. In particular, the anterior belly is
most frequently altered, with fusion of the two parts of the anterior belly along the midline
common. An especially notable variation in the morphology of the digastric is found in

orangutans, which lack the anterior belly completely, with the posterior belly attaching via a thick
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round tendon to the angle of the mandible between the medial pterygoid and masseter (Aiello and
Dean, 1990).

Finally, a number of other muscles that attach to the hyoid and run to the mandible and
the styloid are also active during mastication. These include the mylohyoid (hyoid to lingual
surface of mandibular corpus), geniohyoid (hyoid to midline lingual surface of mandible),
stylohyoid (hyoid to styloid), and infrahyoid (hyoid to thyroid cartilage and manubrium). The
geniohyoid and mylohyoid muscles together form the floor of the oral cavity, and both act to
slightly raise the hyoid and the floor of the mouth, or when the hyoid is fixed, they can function
to depress the mandible. In contrast, the stylohyoid and infrahyoid muscles play larger roles in
governing the movements of the hyoid; the stylohyoid functions as a stabilizer, retractor, and
elevator of the hyoid, while the infrahyoid acts to stabilize and lower the hyoid.

All of these masticatory muscles fire at different times during a chewing cycle. Although
there is considerable variation across mammals in the firing patterns of these muscles during
chewing, some researchers have suggested that there is a common, primitive firing pattern that
can be found in many mammals, including some primates (Hiiiemae, 1978; Gorniak, 1985;
Weijs, 1994; Langenbach and van Eijden, 2001). This pattern is characterized by three groups of
muscles that fire together. The first is referred to as the vertically oriented group of symmetric
closers (VSC), which includes the anterior and deep portions of the temporalis and
zygomaticomandibularis muscles on both the working- and balancing- sides. These muscles are
thought to fire first in the chewing cycle, with their peak activity occurring during the closing
stroke. The second group is referred to as Triplet I, and includes the working-side posterior
temporalis, balancing-side medial pterygoid, and balancing-side superficial masseter. Activity in
these muscles peaks after the VSC group and near the start of the power stroke. Finally, muscles

in Triplet II, which includes the balancing-side posterior temporalis, working-side medial
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pterygoid, and working-side superficial masseter, peak just after Triplet I and later during the
power stroke (Hylander et al., 2005; Vinyard et al., 2005; Vinyard et al., 2008).

The relative proportion of the balancing- and working- side forces of these muscles have
been shown to vary among taxa. In particular, the activity of the deep masseters varies among
species and has not been consistently linked to either Triplet I or II (Vinyard et al., 2008).
Activity of the balancing-side deep masseter has been associated with wishboning stresses at the
mandibular symphysis (Hylander et al., 1987; Hylander and Johnson, 1994). In anthropoid
primates, the balancing-side deep masseter is consistently recruited late in the power stroke,
whereas no such pattern has been observed in nonanthropoid primates (Hylander et al., 2000,
2002). This finding led Hylander and colleagues (2000, 2002) to hypothesize that fusion of the
mandibular symphysis in anthropoids is associated with wishboning stresses created when the

balancing-side deep masseter is recruited in this way.

For ceswithin the masticatory apparatus

The masticatory apparatus has frequently been conceptualized as a class-three lever,
primarily on the basis of work performed by Hylander and colleagues (Hylander, 1975a,b,
1979a,b, 1991, 2006; Hylander and Crompton, 1980; Hylander and Johnson, 1985; Hylander et
al., 1992; Hylander et al., 2005). This model indicates that the TMJ is loaded during mastication,
and that this load (the joint reaction force) resists the adducting force of the muscle resultant in
conjunction with the bite force. In order to maintain static equilibrium, the magnitudes of these
forces and their respective moment arms must then cancel one another out. These forces act to
maintain static equilibrium, with the assumption that no motion is occurring (i.e., translatory and
rotary forces cancel one another out) (Spencer, 1995). This system can be modeled in either two
or three dimensions. Modeling the mandible two-dimensionally requires a number of assumptions

and/or simplifications. First and foremost, all loads and reaction forces are projected into a single
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plane, and then are often analyzed in lateral projection. Such a model is simplistic, since it does
not allow for the analysis of how joint reaction forces vary between the working- and balancing-
side condyles. Neither does it consider how the balancing- and working-side muscle resultant
forces vary, since joint reaction forces and muscle resultant forces along both the working- and
balancing-sides are summed (Smith, 1978; Spencer, 1995; Hylander, 2006). Incorporation of
these aspects of jaw biomechanics is particularly critical when the goal of the analysis is to
understand the forces involved in unilateral mastication or biting (Hylander, 2006). This model is
sufficient, however, for analyses of bilateral biting or incision, which would therefore load both
condyles equally, making the force output of the balancing- and working-side musculature equal
(Hylander, 2006). Calculation of joint reaction forces under this model indicate that, as the bite
point moves posterior to the muscle resultant force, the joint reaction force becomes negative, or
tensile (i.e., the condyle is pulled away from the articular eminence) and when the bite point is
anterior to the muscle resultant force, the joint reaction force is positive, or compressive. Tensile
loading can cause distraction and injury of the joint, and comparative analyses of the primate
masticatory apparatus suggest the bite point is situated well anterior to the muscle resultant to
avoid this type of loading (Spencer, 1999). Furthermore, the bite force increases curvilinearly as
it approaches the TMJ, indicating that bite forces are greatest along the posterior dentition.

In contrast, viewing the mandible as a three-dimensional unit allows for a consideration
of unequal joint reaction and muscle resultant forces on the working- and balancing-sides of the
masticatory apparatus. The most frequently utilized three-dimensional model is the one developed
by Greaves (1978), who proposed that forces within the masticatory apparatus were best
understood by viewing the mandible occlusally, with force vectors mapped onto the mandible in
the occlusal plane (Fig. 2-5). In this model, the force vectors are viewed anteriorly, and the
working-side joint reaction force, the balancing-side joint reaction force, and the bite force form

the corners of what Greaves (1978) refers to as the “triangle of support.” The three components of
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Working side Balancing side

Fig. 2-5. Occlusal view of a macaque mandible showing three “triangles of support” as defined
by Greaves (1978). Bite points are located along the first, second, and third molars, and the
muscle resultant is indicated by the solid circles and ratios. Ratios indicate the pattern of muscle
recruitment on the working- and balancing- sides; for instance, when the working- side muscle
force is 2.0 times the balancing- side muscle force, the muscle resultant is located at 2:1. (From

Hylander, 2006).
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this triangle must therefore provide an equal amount of force to the muscle resultant in order to
maintain static equilibrium. The magnitude of joint reaction force and how it is distributed
between the working- and balancing-side condyles during incision or mastication is dependent
upon the magnitude of the muscle resultant force but also on the position of the bite point. If the
bite point is located on the anterior teeth, the bite force will be relatively low, and therefore most
of the muscle resultant force must be resisted at the TMJs; since the muscle resultant is likely to
lie close to the midline (e.g., mid-sagittal plane), forces in both TMJs should be approximately
equal (Spencer, 1995; Hylander, 2006). As the bite point moves posteriorly, the bite force
increases and TMJ reaction force decreases (Hylander, 1979a; Brehnan et al., 1981). Since the
bite point is no longer in the midline, the side of the triangle of support connecting the balancing-
side condyle and the bite point approaches the muscle resultant force (assuming that it still lies in
the midline; i.e., the force produced by the working- and balancing-side musculature is equal).
This shift results in the balancing-side reaction force resisting more of the muscle resultant force
than the working-side. Further posterior movement of the bite point should result in the muscle
resultant force lying outside of the triangle of support, which causes the mandible to rotate about
the axis between the balancing-side condyle and the bite point, with the working-side condyle
pulled away from the articular eminence, results in tensile forces in the TMJ (Greaves, 1978;
Hylander, 1979a; Spencer, 1995).

Greaves (1978) argued that, since the TMJ is poorly suited to resist tensile forces, the
optimal configuration of the masticatory apparatus is one in which the muscle resultant does not
fall outside of the triangle of support. The primary mechanism by which this is accomplished is
the shifting of the muscle resultant force away from the midline towards the working-side by the
generation of unequal force in the working- and balancing-side masticatory musculature. Greaves
(1978) acknowledged, however, that differential activity of the masticatory musculature could not

necessarily always adequately shift the muscle resultant so that it remained within the triangle of
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support. For example, if the muscle resultant force vector was located anterior to the bite point,
the triangle of support would lie entirely posterior to the muscle resultant, which would then
cause the TMJ to be loaded in tension. Greaves therefore hypothesized that the molar dentition
should be located immediately anterior to the muscle resultant force, in order to maximize bite
force and minimize joint reaction forces. Experimental analyses of joint loading support Greaves’
model; at various bite points along the tooth row, Hylander and colleagues (Hylander, 1979a,
Hylander and Bays, 1978, 1979) observed that joint reaction forces were compressive when
located anteriorly (along the premolars and M1-M?2), whereas the condyle was either only slightly
compressed, was not stressed, or was loaded in tension at more posterior bite points. Analyses by
Hylander (1979a) and Hylander and Bays (1978, 1979) found that forces on the balancing-side
condyle were, on average, greater than those recorded on the working-side. Spencer (1995, 1999)
confirmed that, at least in anthropoid primates, the expectations of Greaves’ (1978) “constrained
lever model” (Spencer, 1995, 1999) are met, although the muscle resultant force was found to lie
further posterior than was expected (i.e., not immediately posterior to the dentition). These results
suggest that the form of the masticatory apparatus is relatively conserved in the taxa examined, so
that unpredictable loading scenarios that may result in tensile forces at the TMJ can be avoided.
In their most basic incarnations, both the two- and three-dimensional models are
simplified by assuming that 1) the mandible is a homogenous, rigid body, 2) all muscle vectors
are added to create a single muscle resultant force, 3) the TMIJ is level with the occlusal plane,
and 4) the vectors of the muscle resultant, joint reaction, and bite forces are perpendicular to the
reference plane (defined here as the axis between the bite point and the TMJ) (e.g., Gysi, 1921;
Barbenel, 1972; Grant, 1973; Hylander, 1975b; Greaves, 1978; Smith, 1978; Baragar and Osborn,
1984, 1987; Spencer, 1995; Gallo et al., 1997; Wall and Hylander, 1999; Hylander, 2006). Of
these assumptions, variations on the latter three are the easiest to incorporate into biomechanical

models. With a TMJ positioned above the occlusal plane, as it is in most primates and many other
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mammals (which is contrary to the third assumption above), a single reference plane drawn
between the occlusal plane (which encompasses all possible bite points) and the joint is no longer
possible. Instead, multiple reference planes must be considered depending upon the position of
the bite point in either the two- or three-dimensional models. In conjunction with the retention of
a vertical muscle resultant force, this change reduces forces at both the bite point and at the TMJ.
However, inclining the muscle resultant force anteriorly (therefore making it once again
perpendicular to the reference plane) causes an increase in bite forces and a decrease in TMJ
reaction forces (Spencer, 1995).

Incorporating forces that are not perpendicular to the reference plane (i.e., non-normal) is
even more complicated than understanding the effects of raising the TMJ above the occlusal
plane (Barbenel, 1972; Baragar and Osborn, 1987; Spencer, 1995). Assuming that the muscle
resultant is perpendicular (or normal) to the reference plane automatically implies that the vectors
of the joint reaction and bite forces are also normal. However, inclination of the muscle resultant
requires that the non-normal components of this force be resisted by non-normal forces at the
TMJ and/or the bite point (Throckmorton and Throckmorton, 1985; Throckmorton, 1985;
Faulkner et al., 1987). While shifts in the positioning of the muscle resultant are accomplished via
changes in the positioning or size of the masticatory muscles, non-normal forces in the TMJ or
bite point must be generated primarily via hard tissue changes (i.e., inclination of the articular
eminence, occlusal topography, etc.); whether the bite force or the joint reaction force contribute
more in resisting the muscle resultant is likely dependent upon bony morphology of the TMJ or
the dentition.

The instantaneous center of rotation (ICR) has been proposed to be either stationary
within the mandibular condyle or changing during movement of the mandible (Grant, 1973;
Hylander, 1975b; Baragar and Osborn, 1984). Most recent calculations of the ICR favor the latter

of these two interpretations, suggesting that the ICR is most frequently found in the gonial region
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along the lower border of the mandible and that its path forms a U-shaped arch in lateral view
during mouth opening (Grant, 1973; Gallo et al., 1997; Wall and Hylander, 1999). Several
authors have argued that incorporating the ICR into analyses of TMJ biomechanics is critical, as
the ICR influences the calculation of muscle moments. However, for the lever model of jaw
biomechanics, it has been demonstrated that the analysis of the ICR does not influence estimates
of reaction fores and muscle force vectors, as is needed in this model (Stern, 1974; Hylander,
1975b; Smith, 1978).

The conceptualization that different amounts of force may be acting on each of the TMJs
simultaneously (i.e., one is loaded in compression while the other is in tension) may give the
impression that forces are evenly distributed within a single condyle. Evidence to suggest
otherwise, however, has been proposed primarily via studies of joint remodeling and dysfunction
(Moffett et al., 1964; Richards and Brown, 1981; Hinton, 1981; Richards, 1987, 1988, 1990;
Sheridan et al., 1991). Remodeling of the TMJ is continuous following the attainment of adult
TMJ proportions. Histological examination of normal human TMJs by Moffett et al. (1964)
showed that both progressive (where bone is added) and regressive (where bone is resorbed)
remodeling can occur simultaneously in different portions of the same joint. More specifically,
progressive remodeling was primarily identified on the medial portion of the articular eminence,
and on the roof of the mandibular fossa. In contrast, regressive remodeling was mostly identified
on the lateral part of the articular eminence. These findings suggest that different portions within
the TMJ experience different patterns of loading. The biomechanical reasons for differential
loading within the TMJ are not clear, although it has been suggested that these patterns are a
result of twisting of the mandibular condyle during the power stroke of mastication and during
isometric biting (Hylander, 1979b, 2006). Twisting results in eversion of the lower border of the
mandible with coincident inversion of the coronoid process, which may cause the lateral border

of the condyle to be pressed firmly against the lateral portion of the articular eminence. Increased
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stresses within the lateral component of the working-side TMJ may also be related to the
mediolateral shifting of the condyle during unilateral mastication. Both of these explanations
invoke higher compressive stresses along the lateral edge of the articular eminence, which is
consistent with the finding by Moffett et al. (1964) that this portion of the articular eminence
experiences a larger degree of regressive remodeling than the medial portion of the articular
eminence. These forces may then explain the higher degree of degenerative pathologies identified
in this region of the glenoid (Richards and Brown, 1981), as well as an increased incidence of

perforations of the articular disk along its lateral edge (Oberg et al., 1971).

FACTORSINFLUENCING TMJ SHAPE
Given this model of TMJ function, three main factors that primarily influence TMJ
morphology can be identified. First, the amount of muscle force required to process a food item
will vary depending upon the material properties of the food (e.g., Lucas, 2004; Williams et al.,
2005). Second, the location of the bite point will influence the amount of bite force versus joint
reaction force, as well as the distribution of the joint reaction force across the balancing- side and
working- side condyles (e.g., Hylander, 1979a; Hylander and Bays, 1979; Brehnan et al., 1981).
Finally, behavioral and dietary demands associated with gape requirements will also influence the
range of motion within the TMJ (e.g., Lucas, 1981, 1982; Wall, 1995, 1999; Vinyard et al., 2003;

Hylander and Vinyard, 2006; Hylander et al., 2008).

Food material properties
The material property of a given food object is largely a function of that object’s elastic
modulus and toughness. The elastic modulus refers to the rigidity or stiffness of an object (e.g.,
the ratio of stress to strain); food objects are defined along a continuum of elasticity, the

endpoints of which can be referred to as rigid (difficult to deform) or soft (easily deformable). In
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contrast, toughness refers to the energy required to propagate cracks within a given material. The
toughness of an object can then be identified as either tough (difficult to propagate cracks) or
brittle (easy to propagate cracks). Thus, the elastic modulus describes the initial resistance of an
object to crack propagation, and the relative toughness of the food object determines the amount
of energy required to further break down the food item (Lucas, 2004; Williams et al., 2005). A
further way in which food items may be characterized is hardness. Although not a material
property in the same way as elastic modulus and toughness, hardness is defined as the resistance
of an object to deforming under indentation (Lucas, 2004). On the basis of these material
properties, primate diets primarily include three major combinations of these variables; hard/rigid
and brittle, soft and brittle, and soft and tough (Lucas and Luke, 1984; Spencer, 1995; Williams et
al., 2005). Hard/rigid and brittle foods such as seeds and nuts tend to resist fracture initiation, but
once punctured, shatter easily. Soft and brittle foods, in contrast, are easily fractured and do not
require much energy to further break down; examples of this type of food are fleshy fruit parts or
soft-bodied insects. Finally, foods that are both soft and tough, such as leaves, require little
energy to initially fracture, but are generally made of a fibrous material that reduces crack
propagation, therefore increasing the amount of energy needed to fully break down the food item
(Spencer, 1995; Lucas, 2004; Williams et al., 2005).

For the purposes of the discussion here, these categories are referred to simply as hard,
soft, and tough food objects. Hard and tough food objects may be referred to collectively as
resistant foods, as both require increased force production either via an increase in the magnitude
or frequency of the force applied to the food object. For primates to adequately process more
resistant food objects, higher magnitude and/or higher frequency bite forces must be produced by
the masticatory apparatus, which, in turn, increases the total magnitude of the joint reaction force
at the TMJ. Analyses of masticatory movements during the comminution of foods with different

food material properties suggest that, as the food-object becomes more resistant (either because of
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toughness or hardness), lateral deviation of the mandible increases (Byrd et al., 1978; Anderson et
al., 2002; Komiyama et al., 2003; Wall et al., 2006). Therefore, in addition to increased forces
occurring at the TMJ, taxa that masticate hard and/or tough foods may have adaptations within
the TMJ associated with this increased range of motion. In comparison to soft-object feeders,
hard- and tough- object feeders should have TMJs that are designed to 1) withstand larger and/or

minimize joint reaction forces, and 2) accommodate increased movement of the condyle.

Bite point location

The location of the bite point (i.e., on the anterior or the posterior teeth) plays a major
role in the amount of force occurring at the TM joints. Theoretical and experimental analyses
have shown that bite force increases as the bite point moves posteriorly and the TMJ reaction
force concurrently decreases (Hylander, 1979a; Hylander and Bays, 1979; Brehnan et al., 1981).
Thus, bite forces are lowest on the anterior teeth and highest on more posterior teeth, while the
joint reaction force is higher during use of the anterior teeth than during mastication on the
posterior teeth (Hylander, 1979a; Hylander and Bays, 1979; Brehnan et al., 1981). All other
factors being equal, taxa that extensively use their anterior teeth should therefore need to
withstand larger joint reaction forces than taxa that rarely use their anterior teeth. However, such
a distinction is difficult to test, primarily due to the difficulty of finding taxa that represent a pure
comparison between anterior versus posterior tooth use. For example, many taxa that use their
anterior dentition to process resistant food objects may still produce increased forces along the
posterior dentition during mastication of the same food objects. Alternatively, taxa that tend not
to process food items on their anterior dentition tend to rely very heavily on repetitive mastication
of food objects along their posterior dentition. However, it is unclear whether the force associated
with increased use of the anterior teeth is more intensive than repetitive loading of the posterior

teeth, and only a few analyses have addressed this topic (Smith et al., 1983; Bouvier, 1986a,b;
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Taylor, 2006, 2009). As a result, although a series of expectations are laid out in Chapter 4 in
regard to the relative influence of anterior versus posterior tooth use, the present study may serve
to provide initial data regarding masticatory apparatus variation in relation to differential tooth
use that may be explored in more detail in subsequent analyses, particularly in conjunction with
addition experimental analyses of the forces associated with anterior or posterior dental use and

food material property data.

Gape requirements

The shape of the TM1 is also likely to be related to the range of motion at the joint. In
particular, gape requirements should necessitate specific morphological characters at the joint
which may function to maximize the distance that the mouth can be opened. Large gapes in
primates have been linked to the incision or mastication of large food objects, tree-gouging
associated with exudate feeding, as well as social displays and canine length (Lucas, 1981, 1982;
Ravosa, 1990; Wall, 1995, 1999; Spencer, 1999; Vinyard et al., 2003; Burrows and Smith, 2005;
Hylander and Vinyard, 2006; Hylander et al., 2008). Gape can be increased in several ways.
Linear gape (the distance between the upper and lower incisors at maximum jaw opening) can be
increased by lengthening the mandible or decreasing the distance between the occlusal plane and
the TMJ (Herring and Herring, 1974; Smith, 1984; Ravosa, 1990; Wall, 1995; Singleton, 2005).
Minimizing muscular constraints on gape is also important; more posteriorly positioned
masticatory muscles (particularly the masseter) are more advantageous for increased jaw gapes,
whereas anteriorly positioned muscles act to decrease gape (but increase muscle force by
decreasing the ratio between the bite force and muscle force moment arms) (Herring and Herring,
1974; Smith, 1984; Spencer, 1999). Since gape is essentially achieved by the mandible rotating
around the skull, the amount and type of movement at the TMJ is also correlated with gape;

accordingly, the amount of sagittal sliding in the TMJ has been shown by Wall (1995, 1999) to be
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positively correlated with gape. Consequently, in taxa with large gapes (whether for behavioral or
dietary reasons), adaptations that allow for increased sagittal sliding in the TMJ should be
observed (Wall, 1995, 1999; Hylander and Vinyard, 2006). In the TMJ, features that increase
movement at the joint should be observed in those taxa that have relatively larger gape, and
particularly those features that increase the anteroposterior movement at the joint (e.g., a
relatively AP long glenoid and postglenoid plane, and larger articular area of the mandibular

condyle).

SUMMARY

The bony and soft tissue components of the TMJ are variable within and among taxa. Yet
most of what is known regarding variation in the shape of this joint is only applicable to humans.
As a result, much work remains to quantify variation in this joint across primates as a whole.
Furthermore, as part of the masticatory apparatus, the TMJ is a functionally complex joint that in
primates is optimized for increased mobility, which may be associated with the wide array of
food items ingested by members of this order. The loading regimes experienced in this joint are
also highly variable, and dependent upon the position of the bite point and the recruitment of
working- versus balancing- side muscles.

As outlined in the preceding chapter, much of the variation in TMJ morphology that has
been observed across primate taxa has been linked to variation in masticatory demands associated
with the use of different diets. In particular, this variation can potentially be linked to observed
variation across taxa in the utilization of foods with different material properties, the use of the
anterior vs. posterior dentition, and relative gape. These three aspects of variation in primate
masticatory function tie in more generally to differences in the relative amount of joint reaction
force and the range of motion allowed by the TMJ. The biomechanical framework presented here

provides the basis upon which more detailed experimental and comparative research regarding
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TMJ function has been founded (which will be presented in Chapter 4), and with which a series
of predictions regarding the function of the specific components of the TMJ will be proposed and

tested.



CHAPTER 3: MATERIALSAND METHODS
DATA COLLECTION METHODS
Geometric morphometrics

By far the predominant way in which TMJ fotmas previously been quantified has been
through linear measurements describing the length and width of the joint (e.g., Weidenreich,
1943; Ashton and Zuckerman, 1954; Smith et1#883; Bouvier, 1986a,b; Wall, 1999, Taylor,
2005, 2006). Other analyses have employedisieeof angular measurements or indices of
curvature (e.g., Angel, 1948; Wall, 1995, 899%Although many of these measurements are
employed here, a great deal of shape variatitwstdn these analyses, faularly in regard to
the topography of the glenoid fossa. Fortunatiélg increasing use of geometric morphometrics
in physical anthropology (Lynch et al., 1998'Higgins and Jones 1998; Delson et al. 2001,
Harvati, 2001, 2003; HennessaydaStringer, 2002; Lockwood et al., 2002, 2004; Guy et al.,
2003; Harvati et al., 2004; Slice, 2005; McNulty et al., 2006; Baab 2007; Constantino, 2008;
Gunz et al., 2009; and many more) provides an alternative to traditional methodologies.
Geometric morphometrics is a powerful quantig@timethod that allows shape differences among
individuals and groups to be summarized andgared. The use of 3D coordinate data in
conjunction with the analytical methodologies of geometric morphometrics can therefore evaluate
aspects of TMJ shape that have previously laiicult to quantify and compare among taxa,
with considerably less loss ofagbe information. Aspects of shape that would have previously
been broken into specific measurements of compisne the TMJ can be analyzed together as a
single unit. Although not employed here becaugh®fcurrent lack of software infrastructure,
three-dimensional semilandmarks describingethiire surface and/or outline of the joint surfaces
will capture additional shape information and W# incorporated inttuture analyses.

Geometric morphometrics is defined as aemilbn of approaches for the multivariate
statistical analysis of Cartesian coordinddga, usually limited ttandmark point locations

(Bookstein, 1991). Simply put, these methods allow for the analysis of complex shapes that
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would otherwise be virtually impossible to measure via traditional craniometric or morphometric
methods. Superimposition methods allow for the decomposition of complex forms, such as the
temporal bone, into size and shape (Zelditch et al., 2004). Shape in geometric morphometrics is
defined as “all the geometric information that remains when location, scale, and rotational effects
are filtered out from an object” (Kendall, 1977). Size of an object in geometric morphometric
analyses is retained after superimposition as centroid size: the sum of squared Euclidean distances
from each landmark to the centroid of the sh&peneralized Procrustes Analysis (GPA), the
method of superimposition used here, minigsidifferences between landmark configurations
(Zelditch et al., 2004). This method works by centering, scaling, and rotating objects so that the
sum of the squared distances between equivkdadimarks in a group of forms is minimized
(Zelditch et al., 2004; Rohlf,990). Following GPA, landmark coordinates are represented as
points in Kendall's Shape space, where each joithtis shape space regents the shape of a
configuration of points in space, irrespective of size, position, and orientation (Slice et al., 1998).
Procrustes residuals, the set of vectors conmgdiie landmarks in the final Procrustes rotated
consensus configuration (Slice et al., 1998) floem the basis for all subsequent statistical
analyses, which were conducted using StatigiRelease 8.1, Statsoft, Inc.). Geometric
morphometric analyses were carried out using the prolytarphologika (O’Higgins and Jones,
1998), and the program MorphoJ (Klingenberger, 2008).

Because of the very specific nature of élmalyses conducted for each of the three main
sections of this dissertation, the analyticatmes used subsequent to the initial geometric

morphometric analyses outlined above willdescribed in detail in each chapter.

Landmark data
A total of 81 geometrically homologousi@marks (e.g., landmarks representing the

same geometric feature on all specimens) (Zelditc., 2004; Gunz et al., 2005) were digitized
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for this study (Table 3-1, Fig. 3-1) using a Microscribe G2X digitizer (Immersion Corp., San
Jose, CA). These landmarks were chosen bedhegeeflect aspects of variation in the
masticatory apparatus and cranium, and nwdrijese same landmarks have been used in
previous analyses of these regions (e.g., &reri995; Lockwood et al., 2002, 2004). During
data collection, landmarks were identified and marked using pencil or artist’s putty prior to
digitization. Each specimen was mounted upsidendin a stable elevated ring and the mandible
placed in occlusion so that all cranial and sonaadibular landmarks could be obtained in a
single series. Additional points were captured that were not accessible when the mandible is in
occlusion (e.g., points on the mandibular condyl®ordinate data were then used in a series of
geometric morphometric analyses, primarily utilizing landmarks on the articular surfaces of the
TMJ, relationships among which were then visualized using wireframe diagrams (Fig. 3-2).

The coordinate data were further used tewate linear and angulareasurements using
the program MacMorph (Spencer and Spencer, 1993). These measurements included variables
designed to quantify aspects of TMJ morphology (e.g., glenoid length and width), bony
masticatory morphology (e.g., TMJ height, mandible length), variation in masticatory
musculature (e.g., temporalis ariation), and overall cranial size (e.g., cranial length and height)
(Table 3-2, Figure 3-3). Many of these variables were measured as distances or angles in relation
to several standard references planes (Frankfoiizontal, midsagittal plane, and the occlusal
plane). Additional indices describing the shapéefglenoid and condylar articular surfaces
were also calculated using these measurements géenoid shape index). These variables (not
including dimensionless indices) were standardfeedariation in size by dividing each variable
by a geometric mean calculated from size measengs of calvarial size (bi-asterionic breadth,
bi-porionic breadth, basioccipital length, crarialght, cranial length, and orbital width). This

procedure follows the recommendation of Jungesd.€1995), who evaluated a series of size-
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TABLE 3-1. Landmark definitions. Asterisks denote landmarks excluded from the geometric
mor phometrics analyses.

Landmark
Number Landmarescription
Skull Landmarks
1 Gnathion
2 Infradentale
3 Most inferior point on mental foramen
4 Point on lateral alveolar margin of mandibular canine*
5 Tip of mandibular canine*
6 Point on lateral alveolar margaf mandibular fourth premolar
7 Point on lateral alveolar margin of mandibular first molar
8 Point on lateral alveolar margin of mandibular second molar
9 Point on lateral alveolar margin of mandibular third molar*
10 Coronion*
11 Centroid of masseteric scar on mandible*
Centroid of medial pterygoid scar on medial surface of angle of ascending
12 "
ramus
13 Prosthion
14 Nasospinale
15 Sellion*
16 Nasion
17 Glabella
18 Bregma
19 Inion*
20 Opisthion*
21 Basion
22 Midpoint of spheno-occipital synchondrosis
23 Hormion
24 Intersection of median and transverse palatine sutures
25 Point on alveolar margin of maxillary canine*
26 Tip of maxillary canine*
27 Point on alveolar margin of maxillary fourth premolar
28 Point on alveolar margin of maxillary first molar
29 Point on alveolar margin of maxillary second molar
30 Point on alveolar margin of maxillary third molar*
31 Point just posterior to the alveolus of the last maxillary molar
32 Orbitale
33 Opposite side orbitale
34 Maxillofrontale
35 Frontomolare orbitale
36 Point where temporal line and coronal suture meet
37 Intersection of fronto-zygomat&uture and temporal line*
38 Jugale
39 Point on the superior border of the zygomatico-temporal suture
40 Point on inferior edge of zygomatic arch in coronal plane of zygomatico-

temporal suture*
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Landmark
Number Landmarlescription

41 Most medial point on margin of temporal fossa in transverse plane*

42 Most posterior point on margin of temporal fossa in sagittal plane

43 Point on the ectocranial surface of the sphenoid at maximum postorbital
constriction*

44 Deepest and most superior point in the pterygoid fossa*

45 Most anterior point on cranial masseteric scar

46 Midpoint of cranial masseteric scar*

47 Most posterior point on cranial masseteric scar*

48 Most lateral point on anterior basicranium at the spheno-occipital
synchondrosis

49 ]Ic\/Iost lateral point on posterior basicranium/ most medial point on jugular
0ssa

50 Point at intersection of infratembcrest and sphenotemporal suture

51 Most lateral point on foramen ovale

52 Apex of the petrous

53 Most inferolateral point on the carotid canal

54 Most anterosuperior point on the tympaplate at the external auditory
meatus*

55 Most inferior point on the tympanic plate/ tube in the coronal plane of porion

56 Porion

57 Opposite side porion

58 Most lateral point on jugular fossa*

59 Most lateral point on stylomastoid foramen*

60 Apex of mastoid process*

61 Point of inflection where the braincase curves laterally into the supraglenoid
gutter, in the coronal plane of mandibular fossa*

62 Point on superolateral margin gfgomatic arch at the anteroposterior
location of the postglenoid process*

63 Asterion

64 Most inferior point on entoglenoid process

65 Most inferior point on articular tubercle

66 Most inferior point on postglenoid process

67 De_epest point in mandibular fossa in sagittal plane of postglenoid process
point

68 Most anterior point on the articular surface of the glenoid fossa

69 Most lateral point on the articular surfagiethe glenoid at the end of the long
axis of the articular eminence

70 Most lateral point on the surface of the articular eminence

71 Most medial point on the surface of the articular eminence

72 Most medial point on the articular surface of the glenoid at the end of the long
axis of the articular eminence

73 Midpoint of the crest of the articular eminence

74 Most anterior point on the articular surface of the glenoid along a line
perpendicular to the long axis of the articular eminence

75 Point on the posterior edge of the articular eminence along a line perp to the

long axis of the articular eminence
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Landmark
Number Landmarlescription

76 Most posterior point on articular surfaseglenoid along line perp to long

axis of the articular eminence*
Condyle Landmarks

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

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

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

80 Most posterior point on the articular surface of the mandibular condyle at the
midpoint of the mediolateral curve

81 Most anterior point on the mandibular condyle at the midpoint of the

mediolateral curve
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Fig. 3-1. Lateral (A), inferior (B), and mandibular condyle (C) views &fapio anubis cranium
illustrating the landmarks to be used ie fhroposed study. Orange lines illustrate the

mediolateral and anteroposterior axes running through the cranial and mandibular components of
the TMJ. Numbers correspond to landmarks dbedrin Table 3-1. Photographs not to scale.
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Inferior Anterior
View

Lateral
Medial
Posterior
PGP
Anterior q‘7 Posterior
AE
Lateral View

Fig. 3-2. Inferior views of &. anubis glenoid showing landmarksd wireframe diagrams used
in this study. Numbers correspond to landmarksdigtdable 3-1 in chapter 3. Features indicated
on the lateral view wireframe are the articidaninence (AE) and postglenoid process (PGP).



TABLE 3-2. Mandibular and cranial measurements extracted from the 3D landmark and surface data. ML= mediolateral,
AP=anteroposterior. All distances were measured in millimeters and angles were calculated as degrees.

Measurement  Landmarks or measurements
Measurement name e . Measurement type
abbreviation used to calculate variable

Frankfurt Horizontal FH 32-33-56 Reference Plane
Occlusal plane (on alveolar margin) OoP 13-27-29 Reference Plane
Sagittal plane SP 13-18-21 Reference Plane
TMJ MEASUREMENTS
Articular eminence inclination (against FH) AEIncl-FH 7310 75 Angle against FH
Articular eminence inclination (against OP) AEIncl-OP 7310 75 Angle against OP
Articular tubercle height (to FH) ArtTubHtFH 65 Distance to FH
Entoglenoid height (to FH) EntGIHtFH 64 Distance to FH
Glenoid AP curvature index GlenAPIndex Glenoid AP arc length/ Index

chord length
Glenoid ML curvature index GlenMLIndex Glenoid ML arc length/ Index

chord length
Glenoid area GlenArea n/a Area
Glenoid length GlenLg 66 to 68 Distance
Glenoid shape index GlenShape GlenWid / GlenLg Index
Glenoid width GlenWwid 64 to 65 Distance
Postglenoid process height (to FH) PGPHtFH 66 Distance to FH
Preglenoid plane length PreglenLg 68 to 73 Distance
Condyle AP curvature index CondAPIndex Cond AP arc length/ Index

chord length
Condyle ML curvature index CondMLIndex Cond ML arc length/ Index

chord length
Condyle length CondLg 80 to 81 Distance
Condyle width Condwid 771078 Distance

€9



Measurement name

Measurement
abbreviation

Landmarks or measurements
used to calculate variable

Measurement type

Condyle shape index CondShape CondWid * CondLg Index
Condyle area CondArea n/a Area (ArcMap)
OVERALL SKULL MEASUREMENTS
Asterionic breadth AstBr 63 Distance to SP
Biporionic breadth BiPorBr 56 to 57 Distance to SP
Cranial height CranHt 18to 21 Distance
Cranial length CranLg 17t0 19 Distance
Face height FaceHt 17t0 24 Distance
Face length Facelg 13to 21 Distance
Orbital width Orbwid 35 Distance to SP
MASTICATORY SYSTEM MEASUREMENTS
Palate breadth PalateBr 29 Distance to SP
Palate/ tooth row length PalateLg 13to 31 Distance in SP
Maxillary canine height MaxCanLg 25to 26 Distance
Mandibular canine height MandCanLg 4t05 Distance
. Distance to line between L&R
Mandible length MandLg 13 . . .
articular eminences in OP
TMJ height (above OP) TMJIHt 73 Distance to OP
MUSCLE MEASUREMENTS
Temporalis angle TempAng 10to 43 Angle against OP
Masseter angle MassAng 11 to 46 Angle against OP
Medial pterygoid angle MedPtAng 12 to 44 Angle against OP

9
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Anterior < » Posterior
A FH
B

"f./’ FH
L qatiol
5 c\\“ﬁ
AEMS
C FH
- Glenoid Iencthl
Preglenoid
length
D
Chord length
Arc length

Fig. 3-3. Schematic cross-section through thenglid cavity of the TMJ showing:. (A)
measurements of articular tubercle and emtogid process projection (both represented by AE),
and postglenoid process projection as measuredFrankfurt Horizontal (FH); (B) inclination

of the articular eminence (AE) as measured bgregie between a line through the apex of the
AE and the most posterior point on the AE &mndnkfurt Horizontal; (C) measurements of
glenoid length (most anterior point on tenoid cavity to the postglenoid process) and
preglenoid plane length (most anterior point on the glenoid cavity to the apex of the articular
eminence; (D) measurement of curvature of tleagjd (illustrated here in the AP direction).
Indices of curvature were calculated by sumnilgdistance between points along the curve (arc
length), and dividing that value by the length between the two end points of the curve (chord
length).
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adjustment methods and found that variablekeénMosimann family of shape ratios (including
raw values divided by a geometric mean) were most effective for size-standardization.
Orientation of the temporalis, superficrabsseter, and medial pterygoid muscles was
guantified to assess correlations between musigdatation and articular eminence inclination.
This was done by estimating the centroid of the muscle scar for the origin and insertion of each of
these muscles, and calculating a three-dimensional angle between a line connecting these
centroids and the occlusal plane (Figure 3-4). The quantification of muscle orientation involves
multiple assumptions regarding the positiorthef muscle force vector and the magnitude of
muscle force produced during mastication. In particular, the method of quantification here
assumes that all of the muscle fibers of\egimuscle are firing equally and therefore the
orientation of the muscle force vector corresponds to the centroid of the muscle scar.
Experimental data suggest that this is unlikely to occur on a regular basis during mastication,
however (Herring 1992; Blanksma and van Eijder@Qt Blanksma et al., 1992; van Eijden et al.,
1997; Spencer, 1998; Murray et al., 1999). Isidraspects of muscle architecture such as fiber
number, direction, and pinnation, location aunber of intramuscular tendons, and sarcomere
length have also been documented to vary among species of primates (e.g., Cachel, 1984;
Lovejoy and Ferrini, 1987; Hannam and Wood, 1988plstra et al., 1990; Anton, 1994, 1999,

2000; Taylor and Vinyard, 2004).

Surface data
Data describing the surfaces of the mandibular fossa and condyle were also collected.
These data were obtained by collecting asderioud of XYZ coordinates along the articular
surfaces of both the mandibular fossa and condyle using the Microscribe digitizer (e.g., Gunz et

al., 2005) (Fig. 3-5). These point clouds were collected by running the stylus of the Microscribe



Superficial Medial
masseter pterygoid

Fig. 3-4. Lateral views of &apio cranium showing approximate areas of attachment (dashed lines) for the superficial masseter,
medial pterygoid, and anterior temporalis muscles. Red diitsaie the centroids of these muscle attachments. Orientations of
each of these muscles were measured as a three-dimensioediemglen a line connecting the centroids of the origin and

insertion and the occlusal plane (OP).
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Geomagic and Landmark

Resampling and
curvature analyses

Fig. 3-5. Surface data collection. 1) Point cloud data are collected using the Microscribe digitizer and are exported into ArcMap for
surface area quantification and into Geomagic and Landmarkrfaceuendering; 2) XYZ coordinates are used to create asurfa
rendering of the glenoid fossa; 3) mediolateral and anteroostarves are identified on the glenoid surface and exposteg@$ampling
and curvature analyses. Refer to the texafdescription of how these curves were defined.

89
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over the surface in question while points wesatinuously collected. The point cloud was
visualized during the procedure using the program Rhino 3D (McNeel & Associates, 2008) to
ensure that no areas of the articular surface lgéiransampled. These point clouds were used to
capture the articular surfaces of the mandibular fossa and condyle as delineated by the attachment
of the joint capsule (which is generally viglds a smooth articular surface contrasting with the
nonarticular surfaces of the surrounding bone).

Point cloud data were used in two wayg(RB-5). Raw XYZ coordinates were imported
into the program Rhino 3D, and a surface readdy connecting the XYZ coordinates with a
triangular mesh. Three-dimensional surface areas then calculated, and the surfaces were
used to delineate curves running mediolaterally and anteroposteriorly through the glenoid fossa
and mandibular condyle usingetiprogram Landmark (IDAV veian 3.0). The mediolateral
curve was oriented along the apex of the aricaminence between the tip of the entoglenoid
process and the most inferior point on the aldictubercle; this line may or may not be
coincident with the coronal plane depending uph@norientation of the TMJ. The anteroposterior
curve was defined as a curve running perpendicalthe ML curve, and located approximately
at the midpoint of the ML curve. Once extracted, curves were resampled using the program
Resample.exe (NYCEP Morphometrics Group). For example, curves were generated for each
specimen in Landmark, with points digitized durdega collection used to anchor the two ends
of each curve (Table 3-1, landmarks 69, 72-These points were then exported and resampled
so that the curve for each specimen included fifteen evenly spaced points. The arch length for
each of these curves was then calculated and divided by the chord distance between points at
either end of the curve, resulting in a cunvatindex for each of the four curves analyzed

(glenoid AP curvature, glenoid ML curvature, condyle AP curvature, and condyle ML curvature).
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STUDY SAMPLE

This study involved collecting three-dimensional (3D) coordinate data for 1023
specimens from 48 primate taxa (Table 3-3). The sample for most taxa includes between 20 and
24 specimens, with approximately equal numio¢mmales and females. Some taxa, however,
were less well represented in the museum collections visited, and therefore are present in smaller
numbers. Data were collected from specimamssed in five separate museums: the National
Museum of Natural History at the Smithsonlastitution (Washington, DC), the American
Museum of Natural History (New York, NY), the Field Museum (Chicago, IL), the Royal
Museum for Central Africa (Tervuren, Belgium), and the Department of Primatology at the State
Collection of Anthropology and Palaeoanatomy (Munich, Germany).

Only adult specimens with all permaneseth erupted were included in the analysis,
although no special effort was made to arlel specimens with unfused sphenoccipital
synchondroses. Specimens displaying any pathtdbghanges to the skull were excluded, and
specimens with extensive dental attrition wereagally avoided, although this was difficult for
some taxa, particularly the hominoid and human samples.

Taxa were chosen to represent all majadek of anthropoid primates, as well as species
with a range of body sizes and diets. Becausdegjaxstimates of body size cannot be accurately
obtained from a relatively small sample of skelsf@cimens, these data were collected from the

literature (Smith and Jungers, 1997; Fleagle, 1999).

ERROR TESTING
To gauge intraobserver error, 43 specinfem® a wide range of taxa and of varying
body sizes were digitized two times on separate days, and these digitizations were statistically

compared in several ways. Following methods outlined by von Crammon-Taubadel et al. (2007)



TABLE 3-3. Comparative taxa used in this study.
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Species Female Male Total Museum
Alouatta belzebul 12 12 24 1
Alouatta palliata 12 12 24 1
Alouatta seniculus 12 12 24 1
Aotus trivirgatus 11 10 21 1
Ateles geoffroyi 12 12 24 1
Cacajao melanocephalus 11 11 22 1,2,3
Cebus albifrons 12 11 23 1
Cebus apella 11 12 23 1
Cebus capucinus 13 11 24 1
Cercocebus torquatus 4 5 9 1,3
Cercopithecus mitis 12 12 24 4
Cercopithecus nictitans 10 12 22 4
Chiropotes satanas 12 12 24 1,3
Colobus polykomos 12 12 24 4
Erythrocebus patas 7 12 19 12,4
Gorilla beringei 8 10 18 1,2,3,4
Gorilla gorilla 12 12 24 1,4
Homo sapiens (Aleutians) 11 10 21 1
Homo sapiens (Arikara) 10 10 20 1
Homo sapiens (lllinois Bluff) 10 10 20 1
Hylobates agilis 9 12 21 1,2
Hylobates klossi 10 8 18 1,2
Hylobates lar 10 12 22 1,3
Lagothrix lagothrica 11 12 23 1,2
Lophocebus albigena 12 12 24 1,4
Macaca fascicularis 12 12 24 1,5
Macaca fuscata 12 9 21 1,2,5
Macaca nemestrina 11 12 23 1,2,3,5
Macaca sylvanus 9 4 13 1,2,5
Macaca thibetana 3 7 10 1,2,3
Mandrillus sphinx 5 9 14 2,45
Miopithecus talapoin 5 9 14 1,3,4,5
Nasalis larvatus 12 12 24 1,5
Pan paniscus 12 10 22 4
Pan troglodytes schweinfurthii 12 12 24 12,4
Pan troglodytes troglodytes 7 9 16 1,24
Pan troglodytes verus 4 5 9 1,2
Papio anubis 9 12 21 1,4
Papio cynocephalus 9 12 21 1,45
Papio ursinus 3 11 14 1,2,45
Pithecia pithecia 11 12 23 1,2,3
Pongo abdlii 9 10 19 1,5
Pongo pygmaeus 12 12 24 1,5
Procol obus badius 12 12 24 1,4
Procolobus verus 11 12 23 4




Species Female Male Total Museum

Saimiri sciurius 10 10 20 1
Semnopithecus entellus 12 11 23 1,3,5
Symphalangus syndactylus 10 12 22 1,25
Theropithecus gelada 3 10 13 1,2,3,5
Trachypithecus obscurus 10 10 20 13

1- National Museum of Natural History, Washington, DC, USA

2- American Museum of Natural History, New York, NY, USA

3- Field Museum, Chicago, IL, USA

4- Royal Museum for Central Africa, Tervuren, Belgium

5- Department of Primatology at the Statdl€xion of Anthropologyand Palaeoanatomy,
Munich, Germany
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all specimens were registered via generalRextrustes analysis using three control points
(basion, point on the lateral alveolar margimmaxillary M1, and the most inferior process on the
postglenoid process). Linear distances weea ttalculated for each landmark between the
original and repeated digitizations. For exampféer GPA, the linear distance between landmark
1 for a given specimen and the same landrfarthe redigitization of the same specimen was
calculated. This was done for all landmarks, altayihe error for each landmark to be quantified
and examined. For the skullgtlaverage error between trials per landmark was 0.03 mm, with a
minimum of 0.014 mm and a maximum of 0.11 nwahile the average error for the mandible was
0.04 mm, with a minimum of 0.01 mm and a maximum of 0.07 mm.

Procrustes distances were also calculateddstwepeated digitizations of the same
specimen, between individuals in the same speamabbetween specimens of different species,
following Lockwood et al., (2002). Figure 3-6 shows a box-plot of these distances. Two-sample t-
tests were performed to assess whether these Procrustes distance measurements differed
significantly between these three categorids;@nparisons were significantly different at
p<0.00001.

These low error rates indicate that landmarks could be precisely relocated during repeated
digitizations of the same specimen, and error between trials of the same specimen was smaller
than differences between individuals within Hzene species and between specimens of different

species.
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0.0

Eletweeh Trials Intrasp::ecific Intersp;ecific

Fig. 3-6. Box plot showing the distributions of Procrustes distances between repeated
digitizations of the same specimen (Betw@&eials), between specimens in same species
(Intraspecific), and between different species (Interspecific). Darkened bars represent the median
value for each group, while the boxé®w the interquartiles range, from thé"a6 the 75

percentile, and the whiskers extend to dataiwite 1.5 times the interquartile range. Outliers

are designated by open circles and extremes are designated by asterisks.



CHAPTER 4: DIETARY CORRELATES OF TEMPOROMANDIBULAR JOINT SHAPE

INTRODUCTION

A number of analyses have assessed variation in the masticatory apparatus in conjunction
with biomechanical demands, how different components of the masticatory apparatus may be
altered to create more favoratdrrangements of the moment arms of the muscle resultant, and
bite forces and to accommodate bone strainémihsticatory apparatus (e.g., Hylander, 1977,
1984; 1985; Ward and Molnar, 1980; Bouvier, 1986a,b; Ravosa, 1990; Spencer and Demes,
1993; Spencer, 1995, 1999; Hylander and Johnson, 2002; Taylor, 2002, 2005, 2006; Wright,
2005; Constantino, 2007; Ross, 2008; Strait et al., 2008). For instance, one way to maximize bite
force is to decrease the distance betweenitbgbint and the muscle resultant; consequently,
Spencer (1995) showed that, within a group of closely related taxa, harder and/or tougher object
feeders have more anteriorly placed muscleltasts and more posteriorly placed bite points
than taxa that tend to masticate softer fooacisj Several analyses have suggested that the
elevation of the TMJ high above the occlysiaine is related to increased postcanine force
production and an even distribution of occlusal loads along the posterior teeth (Aresden de Wolff-
Exalto 1951 a, b; Herring and Herring, 1974; Ward and Molnar, 1980; Greaves, 1995; Spencer,
1995, 1999; Taylor, 2002, 2005). Taxa that masticougher and/or harder food-objects tend to
have a higher TMJ in relation to taxa that eat softer foods.

Given these differences in the configunatiof the masticatory apparatus among taxa
with diets that differ in the mechanical demands on the masticatory system, it may be expected
that components of the TMJ also vary as a consexguef masticatory function. It is the goal of
this chapter to evaluate variation in anthrolb®MJ morphology in the context of functional and
dietary differences among taxa.

As discussed in Chapter 2, the TMJ is ptmlogically and functionally complex, and is

an integral part of the masticatory apparalisee main factors that are most likely to
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significantly influence variation in the TMJ were identified and discussed: food material
properties, bite point location, and gape reguients. The following section reviews previous
research regarding TMJ function and lays oet#jr predictions regarding how particular
features of the TMJ will vary in association wittese factors, drawing heavily on the functional
background presented in Chapter 2. Subsdfyyémutline three main research predictions

associated with these factors thdit e tested in this chapter.

Previousresearch on the TMJ
TMJ size and shape. Perhaps the most frequently exploesghect of TMJ variation has been the
overall size of the two major components of this joint, the mandibular fossa and condyle.
Differences in the structure of the glenoid in ntodeumans have been examined by a number of
authors (Carlson and Van Gerven, 1977; Van &eset al., 1978; Hinton and Carlson, 1979;
Hinton, 1983; Kozam, 1985), with particular attention paid to changes in TMJ morphology in the
archaeological record (Hinton and Carlson{9;9Hinton, 1983) and orthodontic variation
(Kozam, 1985). Hinton and Carlson (1979) denmd@ted that, over a span of 10,000 years in
medieval Nubia, the TMJ decreased in size—Whiey associated with decreases in masticatory
apparatus robusticity coincident with theéfsfrom hunting and gathering to agriculture.
Similarly, Hinton (1983) investigated thdatonship between overall TMJ size, masticatory
stress, and craniofacial size, finding that TMeksiaried predictably as a function of the intensity
of masticatory stress. Hunter-gatherers (which presumably masticate the hardest or coarsest food
items, although this may not necessarily hasterbthe case) had the largest TMJs, while
industrialized American Caucasians and &&ntury British had the smallest TMJs (prehistoric
agriculturalists were intermediate in size). Thasalyses are of particular interest because they
suggest that diet is an important factor in driving morphological differences between human

populations.
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Size and shape variation of the mandibular condyle, in contrast to the glenoid, has been
evaluated in more detail and this variation hasn explicitly discussed in terms of functional
differences between taxa. Smith et al. (1983neixed condylar variation across anthropoid
primates, looking at the overall size of the condyle. Their analysis indicated that folivores tend to
have smaller condyles than frugivores, and Varge condylar areas were associated with hard
object feeding (as seenongo pygmaeus and Cercocebus torquatus). These findings are
consistent with those of Hinton and Carlson (1979), who found that TMJ size varied predictably
with intensity of masticatory fution, and with the idea that taxaing their anterior teeth have
higher joint reaction forces than taxa that tsar posterior teeth (Hylander, 1979a; Hylander
and Bays, 1979).

Bouvier (1986a,b) examined this relationshigher. She broke the dimensions of the
condyle down into mediolateral (ML) and amposterior widths (AP) and assessed variation in
these dimensions in relation to increased use of the posterior or anterior dentition during
mastication or food processing. Bouvier (198@ajnid that cercopithecines had AP long condyles
associated with increased use of the anterior dentition, while coldiaddgL wide condyles
associated with intensive use of the postcai@ntition as in processing large quantities of
leaves. As outlined by Bouvier (1986a), this fimglis consistent with previous biomechanical
analyses by Hylander (1979) and Hylander and Bays (1979), which point to twisting of the
mandibular ramus and differentially higher compressive loads on the lateral surface of the
mandibular condyle, which result in ML wider condyles in taxa that intensively use their
postcanine dentition. Taylor (2005) found that, in comparison to Gibrélla species and
subspecies, the more folivoroGsrilla beringei had relatively wider condyles, as dirilla
species in comparison Ran. Comparable results were obtained by Taylor (2006) in her
evaluation of masticatory variation Rongo pygmaeus andP. abelii. Finally, in her

cineradiographic studies of mandibular movem@rd|l (1995, 1999) observed that a flattened
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mandibular condyle ifPan andAteles was associated with increassabyittal sliding. Wall first
guantified the amount of movement at the Jturing masticatory behaviors and assessed the
correlation between this measure of sagittal slidind gape. Results of this analysis indicated
that these two variables were highly positivelyretated. Wall (1995, 1999) then also assessed
the shape of the components of the TMJ lati@n to sagittal sliding, and found that AP
curvature of the condyle was highly negativelyretated with sagittal sliding, suggesting that a
flatter condyle increases the congruence @jaint and facilitates sagittal sliding.

Given these previous analyses, it is predicted that:

1) where forces within the TMJ are high, both the glenoid and the mandibular
condyle should have relatively largerface areas to improve the load resistance
capabilities of the TMJ by increasing thea over which force is applied;

2) taxa that use their anterior teeth extensively should have a relatively AP long
TMJ in contrast to taxa that do not regularly use their anterior teeth. Conversely,
where intensive unilateral masticationfobd items is emphasized (i.e., in hard-
and tough- object feeders), the TMJ shdutdwide mediolaterally to withstand
increased stresses on the lateral portion of the glenoid and condyle; and

3) increased sagittal sliding associated with gape should be manifested by an

elongation of the glenoid AP as well as anteroposterior flattening of the condyle.

Entoglenoid processand articular tubercle shape. The functional significance of the
entoglenoid process, which borders the glenoidtgavedially, and the articular tubercle, which
borders it laterally are unclear, since very fewlgses have explored variation in entoglenoid
process and articular tubercle morphology. In his 1974 functional comparison of gracile and
robust australopiths, DuBrul proposed that the size and orientation of the entoglenoid was

associated with mediolateral shifting of the coedyh hominoids, the large, inferiorly projecting
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entoglenoid therefore assists in prohibiting medislocation of the condyle, whereas in humans,
the entoglenoid is small and often posteriorly @cting, and more mediolateral movement of the
condyle is allowed. Cineradiographic analysegormed by Wall (1995,999) confirmed that
the mandibular condyle does contact the entagteduring opening and closing movements of
the mandible. However, Wall observed that thedyle frequently translated anterior to the
anterior border of the entoglenoid. This finding, in conjunction with the observation that the
entoglenoid is small in many primate species ledl {¥895) to conclude that the entoglenoid is
unlikely to function as a bony stop, at least wtiencondyle is translated anteriorly. Wall (1999)
did, nevertheless, find an association betweesliape of the entoglenoid and the shape of the
mandibular condyle. In fact, in bo#ieles andPan, Wall observed that ML wide entoglenoid
processes were correlated with curvature of the medial aspect of the mandibular condyle, and
suggested that this correlation indicated increasedruence of the medial portion of the joint.
Functionally, this congruency was considerethtbicate that the entoglenoid acts to guide the
mandibular condyle during sagittal sliding, graksibly to prevent eessive mediolateral
movements.

The articular tubercle serves primarily as the bony attachment site for the
temporomandibular ligament (TML), and therefore the size of the articular tubercle is likely a
reflection of the size of the TML. Wall (1995) observed that this ligament was most fibrous in
taxa that were seed predators, and suggesitd gtronger TML may serve to increase the ability
of the condyle to maintain contact with the articular eminence during relatively high loads.
Osborn (1989) proposed that the TML is pulled taut during jaw opening, and that the mandible
rotates around the lowest attachment of the TMhcfionally, this situation is advantageous in
that the TML acts to keep the mandibular coadytbse to the articular eminence during jaw
opening so there are no eccentric movementiseo€ondyle during the power stroke and jaw

closing. Maintaining contact between the méaunéar and cranial components of the TMJ would
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be advantageous for decreasing tensile forcmgoint (the potential for which has been
indicated in work by Greaves [1978], Hylander [1979] and Spencer [1995, 1999]) as accidental
tensile loading of the condyle can cause severeyibjuthe temporomandibular joint capsule and
its ligaments (Greaves, 1978; Spencer, 1995; 1998). Sun et al.’s (2002) analysis of the TMJ
tissues of miniature pigs concluded that the prinfunction of the lateral joint capsule was to
stabilize the TMJ when the condyle performetal movements, such as occur at both the
working and balancing side condyles during lateral deviation. Increased lateral deviation as a
result of increased food object resistance (Byrd et al., 1978; Anderson et al., 2002; Komiyama et
al., 2003; Wall et al., 2006) would therefore beaotpd to be correlated with articular tubercle
size.

Several predictions can benerated from these data:

1) in hard- and tough-object feeders the entoglenoid process will be large to prohibit
medial movements of the working side condyle during mastication and to
increase joint surface area anduee stress at the joint;

2) where sagittal sliding has been shown to be high (e.g., taxa with large gapes), the
entoglenoid should be large to guide the anterior-posterior movement of the
condyle and to prohibit excessive mediolateral sliding; and

3) where lateral deviation has been showbedigh (e.g., during resistant object
feeding), the articular tubercle should be larger than in soft-object feeders to
prohibit both medial and lateral dislocation of the condyle and/or the articular
disc. This should be particularly triretough object feeders where repetitive
masticatory movements result in very high levels of lateral deviation in a given

chew cycle.
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Preglenoid plane shape. The preglenoid plane is located anterior to the articular eminence; in
humans, this plane is small in relation te thverall joint surface area, whereas the preglenoid
plane in other primates can take up a substgmidion of the glenoid surface. As with many of
the other components of the TMJ, variation iis gtructure is poorly understood. However, the
preglenoid is the primary surface upon which the condyle translates, and as observed by Wall
(1995) the posterior articular surface of the condyle was observed to articulate with the
preglenoid plane (via the articular disc) during large gapes. Furthermore, Vinyard et al. (2003)
observed that tree-gouging primates tend to have an anteroposteriorly elongated temporal
articular surface. Thus, it can be predicted thatanteroposterior length of the preglenoid plane
should be relatively large in taxa with largapes; correspondingly, preglenoid plane length
should be positively correlated with canine crown height and height of the TMJ above the

occlusal plane, which are proxies for gape (Hylander and Vinyard, 2006; Hylander, 2008).

Articular eminence shape. Of the various components of the TMJ, variation in the shape of the
articular eminence (AE) has been the most fratiy@nalyzed. This is in part because it is
considered one of the most functionally criticaltwors of the TMJ, as it is the primary articular
surface upon which the mandibular condyle rotates and translates during movements of the
mandible. In comparison to many primates, the articular eminence of humans is described as
raised (or inclined) and bar-like in form. A number of functional reasons have been proposed to
account for this morphology. Nickel et al. (1988a,b) suggested that the articular eminence forms
as a response to joint loading; however, tyipothesis doesn’t explain why the articular

eminence is not raised and bar-like in alii@te taxa, since joint reaction forces are not

exclusive to humans. Several analyses Isasvn that increased loading causes the cartilage
cells located in the proliferative zones along tienoid fossa and mandibular condyle to form

mesenchymal precursor cells, which inhibit osteogenesis (Petrovic, 1972; Hall, 1979; Hinton,
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1981); thus, increased loading at the TMJ, in @sttto many other joints, results in regressive
remodeling of bone, rather than progressive remodeling.

Conversely, Osborn (1989, 1996) proposed that an inferiorly inclined articular eminence
(where the face of the AE is directed posteriorly or postero-inferiorly) acted to maximize vertical
bite force by resisting the translatory comporardn anteriorly directed muscle resultant force
and also to standardize the opening movemetiteomandibular condyle, which is held against
the eminence by the temporomandibular ligament (Osborn, 1989). Of these two proposed
functions, the former, that the AE acts to resetslatory (or non-normal forces) at the TMJ, will
be expanded and alated here.

In a simplified model of masticatory functidhge TMJ is often assumed to be level with
the bite point and occlusal plane (e.g., Hylander, 1975; Walker, 1978; Spencer, 1995). In such a
configuration, and assuming that all of the forcethexmodel are normal , or perpendicular to the
reference plane (e.g., a plane between the jointioeaiorce and bite force), there need not be a
translatory component of the joint reaction force thast be resisted by the articular eminence in
order to maintain static equilibrium. As a cogsence, the articular eminence would be expected
to be relatively flat, since all forces will be tieal (Fig. 4-1a). However, a TMJ level with the
occlusal plane is observed in very few primate taxa (e.g., patas monkey, aye-aye), and in most
primate species the TMJ is raisedll above the occlusal plane. such an instance, and
assuming that the forces acting upon the joint remain normal, the slope of the articular eminence
might be expected to covary with the heightred TMJ above the occlusal plane, simply to
maintain the same spatial relationships ofdbeponents of the masticatory apparatus (Fig. 4-
1b). Alternatively, in the absence of change$iJ height, changes in the orientation of the
muscle resultant force that would produce a non-normal component of the JRF could necessitate

changes in the orientation of the articular emasefFig. 4-1c). A correlation between orientation
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Fig. 4-1. Simplified two dimensional biomechaail models of the components of the

masticatory apparatus showing the TMJ levighwihe occlusal plane and the force vectors

normal to the reference plane (a), the TMJ raised above the occlusal plane and the force vectors
normal (b), the TMJ level with the occlusahpk and the force vectors non-normal (c), and the

TMJ raised above the occlusal plane and the muscle resultant force more vertically oriented
(top) or anteriorly oriented (bottom). ABEiaular eminence; JRF= joint reaction force;
MRF=muscle resultant force; BF=bite force.
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of the muscle resultant force and the orientatibthe articular eminence would consequently be
expected.

We can therefore identify two potential factdhat may influence the slope of the AE:
height of the TMJ above the occlusal plane and orientation of the muscle resultant. These two
factors could also be expected to work in cofion with one another (Fig. 4-1d), such that a
TMJ raised well above the occlusal plane but w@ifirimarily vertical muscle resultant force,
should be expected to have a relatively flat alticeminence. Conversely, if the TMJ is raised
above the occlusal plane and the muscle resultant force is significantly anteriorly oriented, the AE
would be predicted to have an increased slope so that the joint reaction force is normalized and
static equilibrium is maintained. Changes indhientation of the AE in both of these scenarios
would assist in counteracting the bulk of the nommaidrforces at the TMJ rather than the bite
point, and would therefore function to maximize the bite force during mastication (e.g., Osborn,
1996).

Given these data, it is predicted that:

1) in the absence of variation in the origtidn of the muscle resultant force in
relation to the reference plane, variation in the inclination of the articular
eminence should be correlated with the height of the TMJ above the occlusal
plane; and

2) inclination of the muscle resultant force should be correlated with the inclination

of the articular eminence.

Postglenoid process shape. The postglenid process (PGP) has been suggested to limit the
posterior displacement of the mandibular condyle within the fossa (Sicher, 1951), and also to
articulate with the mandibular condyle during mastication, as indicated by the posterior and

inferior extension of the articular surface of tondyle in some strepsirrhine primates (Wall,
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1997). However, examinations of the anatomy efghstglenoid by Carlson et al. (1980), DuBrul
(1980) and Wall (1995) indicate that the postglenoid is almost exclusively non-articular. Wall
(1995) proposed that variation in the size offibstglenoid process is at least in part a function
of the size of the postglenoid ligament, which is poorly formed in the great apes and absent in
humans, and therefore corresponds to a small (or sometimes absent) postglenoid process (Wall,
1995). The posterior articular surface of the condgther than articulating with the postglenoid,
was suggested by Wall (1995, 1997) to articulate with the preglenoid plane during large gapes.

Although it is unclear given this lack of data what exactly the function of the postglenoid
process is, quantification of this portionTd¥1J anatomy will provideletailed information
regarding the extent to which postglenoid ptawiogy varies and whether this variation is

biomechanically significant.

RESEARCH PREDICTIONS

These various predictions regarding spe@8pects of the TMJ can be summarized in
three main predictions related to the three nfaotors outlined in Chaer 2. These three issues
tie in more generally to differences in the praitut of force (food material properties, anterior
vs. posterior tooth use) and range of motiowdfonaterial properties, gape) at the TMJ.
Differences in the amount of force applied at thetjshould result in changes in the size of the
condyle and the glenoid fossa, and with the efzéie various processes present within the joint;
larger processes should lend more stability &ojéimt by increasing the surface area for contact
with the condyle, therefore improving the abilitfthe TMJ to accommodiaincreased loads.
The range of motion within the joint is influenced by both food material properties and gape
requirements. For instance, the mastication afernesistant foods is associated with larger
degrees of lateral deviation, and larger gapesilsl be associated with relatively larger amounts

of sagittal sliding; therefore, increased movenweititin the TMJ may be associated with the
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enlargement of structures that guide movemeth@tondyle, and alsoith differences in the
shape of the articular surfaces of both the mandibular fossa and condyle.

These expectations can be summarized by thiemiigtions that will be tested as part of

this study. These predictions are listed taedmd summarized in Tables 4-1 and 4-2.

Prediction 1:1n comparison to closely related tatkat masticate soft food items, taxa
that consume more resistant food objects will exhibit adaptations within their TMJs
associated with increased joint reaction fonee eange of motion, such as increased joint

surface area, and a larger entoglenoid process and articular tubercle.

Prediction 2in comparison to closely related taxatthely less heavily on their anterior
dentition for food processing and do not infealy and repetitively load their posterior
teeth, the TMJs of taxa that intensively tis&ir anterior teeth are expected to show
adaptations to resist larger centrally or naéiflilocated joint reaction forces. Taxa that
repetitively load their posterior teeth shosltbw adaptations within their TMJs related
to increased joint reaction forces on theratsurface of the TMJ. These adaptations
would be represented by changes in tietiree mediolateral and anteroposterior

dimensions of the joint and the size of the entoglenoid process and articular tubercle.

Prediction 3:1n comparison to closely related taxdh small gapes, taxa with relatively
larger gapes (whether for dietary or behaalioeasons) should have adaptations in their
TMJ related to increased range of motion (e.g., sagittal sliding), such as an
anteroposteriorly longer TMJ, large preglenoid plane, and anteroposteriorly flat

mandibular condyle.
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TABLE 4-1. Predicted relationships between dietary variables to be assessed in the current study
and force and range of motion at the TMJ.

Food Material Property Tooth Use Gape
Soft  Hard Tough Anterior Posterior Low High
Force low high high high low - --
LateralDeviation less most more low high -- --
Sagittal Sliding -- -- -- -- -- low high

TABLE 4-2. Predicted relationships between aspects of TMJ shape and force, lateral deviation,
and sagittal dliding at the TMJ. ML= mediolateral, AP=anteroposterior.

Force Lateral Deviation Sagittal Sliding

Low High Low High Low High
Glenoid size small large - -- -- --
Glenoid shape - -- AP<ML AP>ML AP<ML AP>ML
Entoglenoid small large small large small large
Articular tubercle small large small large small large
Preglenoid plane -- - -- - small large
Condyle size small large -- -- -- --
Condyle shape -- -- flat ML curved ML  curved AP flat AP

* Note that articular eminence shape and postgiepmcess size are not included in this set of
predictions, since there is little existing evidetwsuggest that variation in either of these
features is directly related to the amount of fotasral deviation, or sagittal sliding at the TMJ.
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DIETARY ECOLOGY OF COMPARATIVE GROUPS AND PREDICTED VARIATION

Analyses of TMJ shape were performed byudahg several sets of closely related taxa
with different diets, which allowed multipfgairwise comparisons of TMJ morphology between
closely related taxa in a single clade. These @atfve groups of taxa are composed of between
three and six species that are relatively closglgted, but which utilize foods with different
material properties and/or have been documenteslytan the use of their anterior or posterior
dentition to differing degrees. These groups are defined relatively loosely; two of the six
comparative groups examined here are restricted to a single genuSdsugandMacaca),
whereas the remaining groups include midtgpecies from as many as three genera. These
comparative groups were drawn from all major goof anthropoid primates, and include three
groups of platyrrhines and three groups of chtaes, generally at the level of subfamily:
atelines, cebines, pitheciines, papimicolobines, and hominids.

This pairwise approach is useful becatisdiows for the comparison of taxa with
different diets, even though the specific paramseté their diet that differ may not have been
guantified in such a way that lends itself tatistical analyses of the diets themselves. For
instance, it has long been known tRah andGorilla differ substantially in their use of terrestrial
herbaceous vegetation (THV) (e.Badrian and Malenky, 198%Vatts, 1984; Williamson et al.,
1990; Tutin and Fernandez, 1993; Malenky ®Wrdngham, 1994; Nishihara, 1995; Elgart-Berry,
2004), but few data are available regarding the actual frequency at which these genera utilize this
resource in comparison to one anotfidrus, the general observation tatilla tends to rely
more heavily on THV than doé%an is sufficient here because only the relative differences in
masticatory morphology are being compared antbagwo genera (rather than their correlation
with the dietary data).

By comparing closely related taxa inghvay, differences in TMJ shape due to

phylogeny (and for the most part size) are miaed. In other words, since closely related
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species are being compared, there is no nedtidadata to be corrected for phylogenetic
codependence (e.g., independent contrastsef&lein, 1985), because there are likely to be
considerably fewer differences due to phylodengistance than if taxa from two families,
superfamilies, or infraorders were being compared.

Finally, this approach is beneficial since mariyhe taxa examined here have been used
by other researchers to quantify differences asticatory morphology based on dietary variation
(e.g., Daegling, 1992; Takahaski and Pan41Spencer, 1995; Anton, 1996; Daegling and
McGraw, 2001; Taylor, 2002; Wirig, 2005; Constantino, 200Zhis will allow differences in
TMJ shape to be discussed in the context e¥ipusly identified differences in masticatory
shape.

The following section reviews the dietary ecology of the taxa included in the comparative
groups, and will identify which of the taxa examirag@ soft/tough/hard object feeders (Table 4-
3). Predicted variation for each group is discussehe text below, andutlined in Table 4-4.
Photographs of glenoid morphology in many of the species included in the comparative groups

are provided in Appendix A.

Atelines

Three ateline species were studiat es geoffroyi, Lagothrix lagothrica, andAlouatta
seniculus. Like other New World primates, fruits make up a large portion of the diet for these
three species, although to varying degréesgeoffroyi andL. lagothrica are the most
frugivorous species in this sample, consuntietyveen 74 and 87% fruit parts in their diets
(Chapman, 1987, 1989; Peres, 1994, Di Fiore, 2004; Russo et al., 2005). Estimates of the
percentage of leaves consumed by these spawesriable, ranging between 6 and 17%, but
suggest that roughly the same amount of foliage is included in each of their respective diets

(Chapman, 1987, 1989; Peres, 1994; Di Fiore, 2004; Russo et al., 2005). These species differ,
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TABLE 4-3. Comparative groups examined in the dietary analyses, divided by food material

property category.
Comparative
Group Soft Tough Hard
) Cebus capucinus -
Cebines , Cebus apella
Cebus albifrons
Chiropotes satanas
Pitheciines -- Pithecia pithecia .
Cacajao melanocephalus
Atelines Ateles geoffroyi Alouatta seniculus Lagothrix lagothrica
Macaca fascicularis Macaca sylvanus
Macaques _ Macaca thibetana
Macaca nemestrina Macaca fuscata
Papionins Papio cynocephalus  Theropithecus gelada Papio ursinus
Gorillagorilla Pongo pygmaeus
Hominids Pan troglodytes J 9o PYd

Gorilla beringei Pongo abelii




TABLE 4-4. Predicted variation in aspects of TMJ shape in each comparative group examined in the dietary analyses.

Atelines

Cebines

Pitheciines

Articular Tubercle Ht
Entoglenoid Ht
Glenoid Length
Glenoid Width

2D Glenoid Area
3D Glenoid Area
Preglenoid Length

Glenoid Shape Index
Condyle Width
Condyle Length

2D Condyle Area
3D Condyle Area
Glenoid ML Index
Glenoid AP Index
Condyle ML Index
Condyle AP Index

Alouatta > Lagothrix > Ateles
Alouatta > Lagothrix > Ateles
Alouatta > Lagothrix/ Ateles
Alouatta > Lagothrix > Ateles
Alouatta > Lagothrix > Ateles
Alouatta > Lagothrix > Ateles
Alouatta > Lagothrix/ Ateles
Lagothrix/ Ateles > Alouatta
Alouatta > Lagothrix > Ateles
Alouatta > Lagothrix/ Ateles
Alouatta > Lagothrix > Ateles
Alouatta > Lagothrix > Ateles
Alouatta > Lagothrix > Ateles
Lagothrix/ Ateles > Alouatta
Alouatta > Lagothrix > Ateles
Lagothrix/ Ateles > Alouatta

C. apella> C. albifrons/ C. capucinus
C. apella> C. albifrons/ C. capucinus
C. apella> C. albifrons/ C. capucinus
C. apella> C. albifrons/ C. capucinus
C. apella> C. albifrons/ C. capucinus
C. apella> C. albifrons/ C. capucinus
C. apella> C. albifrons/ C. capucinus
C. albifrong/ C. capucinus > C. apella
C. apella> C. albifrons/ C. capucinus
C. apella> C. albifrons/ C. capucinus
C. apella> C. albifrons/ C. capucinus
C. apella> C. albifrons/ C. capucinus
C. apella> C. albifrons/ C. capucinus
C. albifrong/ C. capucinus > C. apella
C. apella> C. albifrons/ C. capucinus
C. albifrong/ C. capucinus > C. apella

Cacajao/ Chiropotes > Pithecia
Cacajao/ Chiropotes > Pithecia
Cacajao/ Chiropotes > Pithecia
Pithecia > Cacajao/ Chiropotes
Cacajao/ Chiropotes > Pithecia
Cacajao/ Chiropotes > Pithecia
Cacajao/ Chiropotes > Pithecia
Pithecia > Cacajao/ Chiropotes
Pithecia > Cacajao/ Chiropotes
Cacajao/ Chiropotes > Pithecia
Cacajao/ Chiropotes > Pithecia
Cacajao/ Chiropotes > Pithecia
Cacajao/ Chiropotes > Pithecia
Pithecia > Cacajao/ Chiropotes
Cacajao/ Chiropotes > Pithecia
Pithecia > Cacajao/ Chiropotes

T6



TABLE 4-4.Continued.

Macaques

Papionins

Articular Tubercle Ht
Entoglenoid Ht
Glenoid Length
Glenoid Width

2D Glenoid Area
3D Glenoid Area
Preglenoid Length

Glenoid Shape Index
Condyle Width
Condyle Length

2D Condyle Area
3D Condyle Area
Glenoid ML Index
Glenoid AP Index
Condyle ML Index
Condyle AP Index

M. thibetana/ M. sylvanus/ M. fuscata > M. fascicularis/ M. nemestrina
M. thibetana/ M. sylvanus/ M. fuscata > M. fascicularis/ M. nemestrina
M. fascicularig/ M. nemestrina > M. sylvanus/ M. fuscata > M. thibetana
M. thibetana > M. sylvanus/ M. fuscata > M. fascicularis/ M. nemestrina
M. thibetana/ M. sylvanus/ M. fuscata > M. fascicularis/ M. nemestrina
M. thibetana/ M. sylvanus/ M. fuscata > M. fascicularis/ M. nemestrina
M. fascicularig/ M. nemestrina > M. sylvanus/ M. fuscata > M. thibetana
M. thibetana > M. sylvanus/ M. fuscata > M. fascicularis/ M. nemestrina
M. thibetana > M. sylvanus/ M. fuscata > M. fascicularis/ M. nemestrina
. fascicularis/ M. nemestrina > M. thibetana/ M. sylvanus/ M. fuscata
. thibetana/ M. sylvanug/ M. fuscata > M. fascicularis/ M. nemestrina
. thibetana/ M. sylvanus/ M. fuscata > M. fascicularis/ M. nemestrina
. thibetana/ M. sylvanug/ M. fuscata > M. fascicularis/ M. nemestrina
. thibetana/ M. sylvanus/ M. fuscata > M. fascicularis/ M. nemestrina
. thibetana/ M. sylvanug/ M. fuscata > M. fascicularis/ M. nemestrina
. thibetana/ M. sylvanug/ M. fuscata > M. fascicularis/ M. nemestrina

=TI L

Theropithecus > Papio
Theropithecus > Papio
Papio > Theropithecus
Theropithecus > Papio
Theropithecus > Papio
Theropithecus > Papio
Papio > Theropithecus
Theropithecus > Papio
Theropithecus > Papio
Papio > Theropithecus
Theropithecus > Papio
Theropithecus > Papio
Theropithecus > Papio
Theropithecus > Papio
Theropithecus > Papio
Theropithecus > Papio

6



TABLE 4-4.Continued.

Hominids

Gorilla

Pongo

Pan

Articular Tubercle Ht
Entoglenoid Ht
Glenoid Length
Glenoid Width

2D Glenoid Area
3D Glenoid Area
Preglenoid Length

Glenoid Shape Index
Condyle Width
Condyle Length

2D Condyle Area
3D Condyle Area
Glenoid ML Index
Glenoid AP Index
Condyle ML Index
Condyle AP Index

Gorilla> Pongo > Pan
Gorilla> Pongo > Pan
Pan > Pongo > Gorilla
Gorilla> Pongo > Pan
Gorilla> Pongo > Pan
Gorilla> Pongo > Pan
Pan > Pongo > Gorilla
Gorilla> Pongo > Pan
Gorilla> Pongo > Pan
Pan > Pongo > Gorilla
Gorilla> Pongo > Pan
Gorilla> Pongo > Pan
Gorilla> Pongo > Pan
Gorilla> Pongo > Pan
Gorilla> Pongo > Pan
Gorilla> Pongo > Pan

O ONONONININONANONONANONONANONO]

. beringei > G. gorilla
. beringei > G. gorilla
.gorilla> G. beringei
. beringei > G. gorilla
. beringei > G. gorilla
. beringei > G. gorilla
.gorilla> G. beringei
. beringei > G. gorilla
. beringei > G. gorilla
. gorilla> G. beringei
. beringei > G. gorilla
. beringei > G. gorilla
. beringei > G. gorilla
. beringei > G. gorilla
. beringei > G. gorilla
. beringei > G. gorilla

P. pygmaeus > P. abelii
P. pygmaeus > P. abdlii
P. abelii > P. pygmaeus
P. pygmaeus > P. abdlii
P. pygmaeus > P. abelii
P. pygmaeus > P. abdlii
P. abelii > P. pygmaeus
P. pygmaeus > P. abdlii
P. pygmaeus > P. abelii
P. abelii > P. pygmaeus
P. pygmaeus > P. abelii
P. pygmaeus > P. abdlii
P. pygmaeus > P. abelii
P. pygmaeus > P. abdlii
P. pygmaeus > P. abelii
P. pygmaeus > P. abelii

W U U U U TUUUUTUTUTUTUTUTUTDO

. paniscus > P. troglodytes
. paniscus > P. troglodytes
. troglodytes > P. paniscus
. paniscus > P. troglodytes
. paniscus > P. troglodytes
. paniscus > P. troglodytes
. troglodytes > P. paniscus
. paniscus > P. troglodytes
. paniscus > P. troglodytes
. troglodytes > P. paniscus
. paniscus > P. troglodytes
. paniscus > P. troglodytes
. paniscus > P. troglodytes
. paniscus > P. troglodytes
. paniscus > P. troglodytes
. paniscus > P. troglodytes

€6
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however, in their relative consumption of seeds and animal prey. Peres (1994) repoltted that
lagothrica included a relatively large proportion of seeds in its diet, and that young seeds were
exploited more frequently at certain times of the year, therefore indicating that this species
(particularly the subspeciés lagothrica cana) is a seasonal seed predator. In contrast, Russo et
al. (2005) found that only 1% of the feeding observation&togeoffroyi in Panama were for
seed predation. Di Fiore (2004) reported that the dikt laigothrica contained a substantial
component of animal parts (approximately 9.3%lbfeeding observations) and that this species
spent a large amount of time searching for insexmt.[fPrevious studies have indicated that spider
monkeys rarely deliberately forage for inseantsl that animal prey makes up a very small
component of their diet (van Roosmalen, 398ymington, 1987; Chapman, 1988, 1990; van
Roosmalen and Klein, 1988).

The diet ofAl. seniculus sharply contrasts with that 8f. geoffroyi andL. lagothrica. Al.
seniculus consumes approximately 50% leaves, with a preference for young, rather than mature,
leaves; the remainder of its diet is composefiuit and flowers (Gaulin and Gaulin 1982;

Julliot, 1996). The genualouatta is the most folivorous of all New World primates, but there is
considerable variability within this group. Hladik and Hladik (1969) and Gaulin et al. (1980)
suggest that over 50% (by weight) of all food consumedlbpalliata is fruit. Julliot (1996)
indicates that the frugivory of howler monkey#idars seasonal variation in fruit availability.

The majority of the comparative analysesitdlines have focused on molar occlusal
morphology, which indicates a sharp distinntbetween the high shearing crests and expanded
occlusal surfaces dlouatta and the relatively smaller and lower occlusal reliefafes, with
Lagothrix displaying an intermediate morphology (Kay, 1975; Rosenberger and Kinzey, 1976;
Rosenberger and Strier, 1989; Anapol and 1884). Incisor morphology also differs among
these taxa, wittteles andLagothrix having larger spatulate incisors, akiduatta with

considerably reduced incisor dimensions @iyler, 1975a; Eaglen, 1984; Anapol and Lee,
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1994). All of these differences are attributatiéhe dietary differences between the more
frugivorousAteles andLagothrix and the folivoroug\louatta. Several analyses of craniofacial
variation have also been conducted; RosenbamiStrier (1989) identified a suite of features
(e.g., high TMJ, more robust mandible, larger temporal forameNpuatta andAteles relative
to Lagothrix that together indicate a more powerful masticatory apparaflsuatta in
comparison to a relatively weaker masticatory systeAtdies. These visual observations were
supported by quantification of the masticatapparatus in these taxa by Spencer (1995).

An additional factor that must be considerethe highly derived nature of the vocal
apparatus ilouatta, and its variation within this genus. In comparison to other Atelines,
Alouatta has a relatively smaller cranial capacity anzbnsiderably less flexed cranial base, a
unique characteristic that has been relatatlg@agyreatly expanded hyoid apparatus used for
producing the territorial calls characteristic of this genus (Fleagle, 1999). As documented by
Hershkovitz (1949) and Hill (1962), there is aga of variation in size and shape of this
structure, with the most expanded hyoid observed.igeniculus, and the least expandedAh
palliata. At present it is unclear how this variation is reflected in cranial anatomy, although
preliminary work by Halenar (2008) suggests thatal variation is reflected in basicranial
morphology, and potentially some aspects of Bkidpe. As a consequence, potential correlates
between TMJ shape and vocal behaviors, partigulatative gape, will need to be examined in
this analysis.

Given these observations, the TMJ morphologtheée three taxa is predicted to be the
most robust iMlouatta, slightly less so itagothrix, and the most generalizedAteles. In
particular,Alouatta should have relatively larger jdgiaurface areas because of their heavy
reliance on tough food objects. In other taxa this would suggest that the Piliatta should
also be relatively mediolaterally wider thamsitanteroposteriorly, but given the vocal behaviors

in this species, it is predicted thidbuatta should have significant anteroposteriorly longer joints.
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Accordingly,Alouatta should also have the largest entoglenoid processes to guide movement of
the condyle during jaw opening and closing. In conttasipthrix andAteles should have
relatively smaller joint surface areas and processekalso have relatively shorter joints in the
anteroposterior dimension. Given the slightly heavier reliantagithrix on seeds, it is also

predicted that the morphology bagothrix will be intermediate betweelouatta andAteles.

Cebines

Three taxa from the subfamily Cebinae were included in this sQetbyts capucinus, C.
albifrons, andC. apella. This closely related group has a long history of field observation and
study, and as a consequence a great deal ohdatvailable regarding their dietary ecology.
Although primarily frugivorous, all three of thesedaconsume vertebrates, invertebrates, leaves,
and flowers to some extent (Izawa and ifia, 1977; Izawa, 1979; Freese and Oppenheimer,
1981; Chapman and Fedigan, 1990; Janson and Boinski, 1992; Rose, 1994; Port-Carvalho et al
2004). In addition, all three species are known to use their anterior teeth during food processing
and to incorporate seeds into their diet (Terbot@86; Janson and Boinski, 1992). However, the
diet of C. apella differs substantially from those 6f albifrons andC. capucinusin the relative
amounts of resistant food objects exploited (Terborgh, 1983). In partiCulgpella spends a
larger percentage of time feeding Astrocaryum nuts, the hard outer husks of which require
either manual preparation (e.g., cracking open usirggf@nd/or dental preparation, often in the
form of the use of the caninas a wrench to further propagate cracks (Izawa and Mizuno, 1977;
Izawa, 1979; Terborgh, 1983; Janson and Boinski, 1992). Izawa and Mizuno (1977: 782) report
that “after completely cracking the husk, the cdyput¢akes out some part of the hardened coco
inside the husk with its teeth.”

Previous morphological analyses of cehimasticatory morphology are consistent with

the finding thatC. apella exploits much harder food objects than other species in its genus. In
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comparison taC. capucinus, Kinzey (1974) and Rosenberger and Kinzey (1976) identified the
low crowned occlusal morphology 6f apella as better adapted to powerful grinding and
crushing behaviors, and noted a suite of mompdioll characters that they linked with this
occlusal morphology, including a higher TMJ, frequent development of a sagittal crest, a thick
mandibular body, and wide zygomatic arches. Teaford (1985) found evidence for hard-object
feeding inC. apella in molar microwear patterns; in relation to otfiebus species, microwear in
C. apella shows more enamel pitting, a feature thamdscative of hard-object feeding. Spencer
(1995) and Wright (2005) both examined variatiolCébus masticatory morphology in the
context of Greaves’s (1978) model, with somewhat mixed results. Spencer (1995) did not find
any consistent differences in masticatory egystonfiguration among the various species of
Cebus and hypothesized instead that their differdtjities to utilize resisint food objects were
related to a greater maximum force potential of the masticatory mus@eapdla. In contrast,
Wright (2005) found that the masticatory apparatus.@dpella was more advantageous for
generating and dissipating higher masticatory forces than G¢has species, with very
anteriorly positioned masticatory muscles thettto increase bite forces along the anterior
dentition. However, field data bected by Wright indicate th&k. apella only occasionally
ingests food items of exceptional toughnessl, therefore the masticatory morphologyQof
apella is advantageous for producing high buatigely infrequent bite forces. Constantino
(2007) found that in four comparative groups, including cebines, resistant object feeders could be
reliably distinguished from other closely relatedataising four primary traits: taller mandibular
symphyses, corpora, and rami, and more orthognathic faces.

Given these data, it is predicted tRatpella will exhibit relatively larger joint surface
areas as a consequence of larger reaction fortes mtint. In additionthe increased use of the
anterior dentition byC. apella suggests that this species should have a relatively anteroposteriorly

longer glenoid and mandibular condyle, whitlowld allow this species to achieve the larger
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gapes necessary during food processing. This increased gape should also be accompanied by

relatively large entoglenoid processes that@guide the movement of the condyle.

Pitheciines

The comparative sample from the sarily Pitheciinae includes three tax2acajao
melanocephalus, Chiropotes satanas, andPithecia pithecia. All three of these species feed
primarily on fruit, with approximately 90% onore of the food items in their diet being fruit
(Buchannon et al., 1981; van Roosmalen €1@81, 1988; Kinzey, 1992; Ayres, 1989; Boubli,
1999). In addition, all three taxa rely heavily on seeds, particularly during times of resource stress
(Ayres, 1989; Kinzey, 1992; Boubli, 1999). Together, these three taxa have been identified as
“sclerocarp harvesters” (Kinzey, 1992). Kinzey (1992) noted that this type of foraging involves
two distinct stages: initial removal of the hardesuiusk of seeds with the anterior dentition, and
mastication by the posterior dentition of the soift@er seed parts. The first part of this process
requires the use of the pitheciine’s large wedugped canines and procumbent incisors to open
tough food items (van Roosmalen et al., 1988; Ayres, 1989; Kinzey, 1992). Of these three taxa,
Pithecia has been suggested to be the least spexidiar seed predation, primarily on account of
its more generalized masticatory morphologwdo molar relief, and less well-developed canines
(Kinzey, 1992; Kinzey and Norconk, 1993). Spencer (1995) tested this hypothesis, and found that
the mechanical advantage of the masticatory muscleithecia was substantially lower than in
Chiropotes andCacajao, and that the masticatory systenPithecia was much more generalized,
with lower mechanical advantage found for bitorgthe anterior teeth, which is potentially
associated with the greater proportion of leavetsidiet than is the case for the remaining two
taxa.

These data suggest thzdcajao andChiropotes should both have relatively larger joint

surface areas as a consequence of their irelgatiance on seed predation (and therefore
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presumably larger joint reaction forces). Bothhase taxa may also be expected to have
relatively anteroposteriorly longer joint sack areas because of theitensive use of the
anterior dentition. In contrad®jthecia should have relatively mediolaterally wider joints with a

larger articular tubercle.

Macaques

Five species of macaques were exadim this comparative grouplacaca fuscata, M.
sylvanus, M. thibetana, M. nemestrina, andM. fascicularis. Field data for the first three species
suggest that they routinely masticate relatively more resistant food objects thaieither
nemestrina or M. fascicularis.

Living at the highest latitude of any non-human primate spddicfiscata, or the
Japanese Macaque, must deal with pronouncetilifitions in food availability due to extreme
seasonality (Tsuiji et al., 2006). A number of studies suggest that this species’ diet shifts
considerably seasonally (Maruhashi, 1980; H897; Tsuiji et al., 2006)n spring and fallM.
fuscata relies most heavily on fruit, leaves, dialvers, whereas in the summer and winter
months nuts are the primary food source, wiscsupplemented by buds and bark in winter
(Maruhashi, 1980; Hill, 1997; Tsuiji et al., 2006).rB&s relatively more fracture resistant than
food consumed during the summer months, eatigg that the Japanese Macaque'’s ability to
masticate this resistant food object may be impoftants ability to survive winter (Constantino,
2007), making bark a critical resource or “fallback” food (Rosenberger and Kinzey, 1976).

Like M. fuscata, the Barbary macaqu#( sylvanus) also lives in areas with high
seasonal variation in resource availability (DreigkLl982; Deag, 1983; Mard and Vallet, 1997,
Menard, 2002). This species is frequently considargdneralist feeder because its diet is highly
flexible across seasons and habitats (Mer20€2), and different food items can make up the

major component of their diet depending ongbason. Menard and Vallet (1997) compared two



100
populations oM. sylvanus and found that observations for leaf eating made up 49% of the
feeding time in the cedar-oak forest populatiopfrdjura, Algeria, and seeds made up 32% of
the diet of Barbary macaques living in the oak forest of Akfadou, Algeria. Marked seasonal
variation was also present, with a folivorouspd documented in winter and early spring, a
gramnivorous phase in fall with an increased cormion of herbaceous seeds and/or acorns, and
an insectivorous phase in early spring (lsliehand Vallet, 1997; Menard, 2002). Increasing
human pressure may also impact the diet @Bharbary macaque; Menard (2002) documented an
increase in bark stripping in the Middle Atlas @giwhich she attributed to modifications of the
forest system by increased human pressure.

Fewer data are available regarding the dietary ecololy, tfibetana. Zhao et al. (1991)
report that the majority of this species’ unprastieed diet includes bamboo shoots and fruits in
autumn and mature leaves and bark for the negeaiof the year. These authors suggest that this
unique diet may explain why this species has the largest body size of all macaques (Zhao and
Deng, 1988; Zhao et al., 1991).

The remaining two species in this comparative sanyblégascicularis andM.
nemestrina, have diets with considerably higher gemtages of fruits than the macaque species
already discussed (Wheatley, 1976, 1980; Crivgeed Wilson, 1980; Lucas and Corlett, 1991).
Both taxa live in Southeast Asia, with much of their ranges overlapping (Rowe, 1996). Their diets
are very similar, and consist mostly of fruttewever, Crockett and Wilson (1980) suggested that
M. nemestrina is able to masticate larger food itemsaaonsequence of their larger size, whereas
M. fascicularis can access food items on smaliesnches that are inaccessiblé/onemestrina.

Several studies have evaluated and compiueedhasticatory morphology of macaque
species in the context of dietary differences among taxa. Takahashi and Pan (1994) found that the
pattern of mandibular morphology M. thibetana was consistent with Zhao et al.’s (1991)

observations that this species is considerataye folivorous than other macaque species. In
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particular, Takahashi and Pan found tHathibetana had relatively wider mandibular condyles
and thick mandibular corpora. Subsequently, Anton (1996) suggestéd. thiatata has a
vertically deeper and anteroposteriorly shoféee, a broader mandibular corpus, and more
anteriorly placed masseter tharMinnemestrina andM. fascicularis; all three of these characters
suggest thall. fuscata can more effectively dissipate large occlusal forces khamemestrina
andM. fascicularis, as was expected from field observatiohtheir feeding habits. Constantino
(2007) performed a geometric morphometric analysis of cranial and masticatory sklpe in
sylvanus, M. fuscata, M. nemestrina, M. fascicularis, andM. mulatta. Constantino found that the
two resistant-object feeders in the sample gylvanus andfuscata) had similar masticatory
morphologies that were consistent with exp@ons of Greaves (1978) and Spencer’s (1995)
constrained lever model, suggesting that thesddwa are indeed adapted for the consumption of
fracture-resistant food objects.

These data indicate thislt sylvanus, M. fuscata, andM. thibetana consume relatively
more resistant food objects than eitherfascicularis or M. nemestrina. As a result, it is
predicted that these three resistant taxahvaille relatively larger joint surface areas than
fascicularis or M. nemestrina. In addition, the resistant taxa will have relatively larger
entoglenoid processes to guide movement ottmelyle and to further increase joint surface area
for the dissipation of joint reaction forces. ltiso predicted that the resistant object feeders
should have relatively shorter (ABhd wider (ML) joints than the non-resistant object feeders, as
a consequence of their increased reliance opdbkterior dentition. This pattern should be the

most extreme . thibetana, which relies heavily on tough objects such as leaves.

Papionins
Members of the papionin clade have ofteet characterized as having a diverse diet.

This is particularly true of the gen&spio, which, depending upon the species definition in use,
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may contain a single highly variable species or as many as five distinct species (Jolly, 1993). All
of these taxa (whether consideredasape species or multiple subspecieB.diamadryas)
exploit a wide variety of food items, including leaves, flowers, fruit, bark, exudates, birds’ eggs,
vertebrate prey, roots, underground storagermgaerbs, grasses, and sedges (Moreno-Black and
Maples, 1977; Hamilton et al., 1978; Whiten et H991; Byrne et al., 1993; Pochron, 2000; Hill
and Dunbar, 2002; Swedell, 2002). In this study, the morphology of Bapee speciesP.
anubis, P. cynocephalus, andP. ursinus will be compared to that dteropithecus gelada. These
three species (or subspecies, if preferred®apio were chosen for comparison because they
represent a range of body sizes (Fleagle, 1999)rdnadbit a variety of habitats that allows them
to exploit similar food items with varying mechanical properties.

Like Papio, the gelada babooiitieropithecus gelada) also eats a wide variety of foods
(including fruit, seeds, flowers, insects, and leaves), but in contrBapto, Theropithecus
focuses heavily on grasses. Dunbar (1977) and Iwa(879, 1993) report that over 90% of the
gelada’s time spent foraging is on grass, including grass leaves, seeds, roots and flower parts
(Dunbar, 1977; lwamoto, 1993). Furthermdretween the wet and dry seasons, geladas focus
primarily on seeds (Dunbar, 1977), and during the dry season rhizomes form the bulk of their diet
(lwamoto, 1993). These data suggest &t opithecus consumes considerably more fracture-
resistant food items thdPapio, and spends a greater proportion of their waking time feeding,
likely because of the low nutrient quality of their food items (Dunbar, 1977).

Together, these data indicate that the masticatory appardtheropithecus should be
better adapted to dissipating higher magphét and/or higher frequency forces ttRapio. Several
analyses have tested this hypothesis. Jablonski (1981, 1993) firsfigddahe masticatory
apparatus ofTheropithecus, and compared it to those of several speci¢%apifo andMacaca.
Jablonski (1993) found that gelada is highly specialized for chewing grass parts, as evidenced

by relatively longer moment arms of the massand temporalis muscles (e.g., more anteriorly
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positioned musculature and a shorter mandibutaythg, a higher TMJ, and generally enlarged
masticatory muscles. Spencer (1995) and Consta(2007) further evaluated the masticatory
apparatus ofheropithecus in the context of the constrained lever model. Spencer (1995) found
that the observed differences in masticatory shape were consistent with an increased area over
which force is dispersed on the postcanine dentitidrh@nopithecus in comparison téapio.
Constantino (2007) found marked differences aghape of the masticatory apparatus between
these two genera, wiffheropithecus distinguished by a taller mandibular symphysis, corpus, and
ramus, and a more orthognathic face; all of these features suggds$ktiopithecus is adapted
for processing more fracture-resistant food objects Eagio.

These observations of the dietary ecologytwropithecus andPapio indicate that the
TMJ morphology ofTheropithecus should be considerably moaeapted to the mastication of
resistant food objects th&apio. This should be exemplified by larger joint surface areas and

joint processes, and a relatively ML wider joinfTimer opithecus than inPapio.

Hominids

The hominid comparative sample examined leckides species from all three genera of
living great apesPan troglodytes, P. paniscus, Gorilla gorilla, G. beringei, Pongo pygmaeus,
andP. abdlii. Each of these genera includes two spdtiashave been documented to differ in
the amount of resistant food objects incorporated into their diets. Field studies of the dietary
ecology of the common chimpanzé® {roglodytes) and the bonobd? paniscus) suggest that
bonobos have a greater reliance on piths andteakterrestrial herbaceous vegetation (THV)
than do chimpanzees (Badrian and Malenky 4)9Burther work by Malenky and Wrangham
(1994) confirmed this initial observation using feanhlyses, and indicated that, while chimps
consume more THV during times of fruit scarclpnobos ingest similar levels of THV year

round, regardless of fruit availability.
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Similar differences in diet have been documented between lowkagdr{lla) and
highland G. beringei) gorillas. Populations of lowland gorillas have been documented to
consume relatively large quantities of fruit (appmately 63.2%), and thus fruits are their
preferred food; however, THV consumption was notedr round, and particularly in times of
low fruit availability (Williamson et al., 1990; Tutiand Fernandez, 1993; Nishihara, 1995). In
contrast, the diet dB. beringei consists almost entirely of terrestrial vegetation, including leaves,
stems, vines, and shrubs at ground level, Watlvers, pith, bark, and roots making up a small
component of their diet (Watts, 1984). Furtherepdlgart-Berry (2004) measured the fracture
toughness of foods consumed®yberingei and found that tree barks were the toughest food
items eaten, followed by piths, stems, and wolothgi, although the top five ranked food items
were low to moderately tough.
Species in the remaining genus include the Borneapygmaeus) and Sumatrar™

abelii) orangutans. Bornean orangs were founilagKinnon (1977) to eat a wide variety of
foods, but preferred fruit. Fruit was highly seaal, however, and in times of fruit abundance
they accounted for over 90% of the feeding observations, versus only 10% of feeding
observations when fruit was scarce. Galdikas (1988grved that fruit accounted for 61% of all
foraging time (over four years) for Bornean orarigypygmaeus also ate many other food items,
including buds, flowers, leaves (usually young), bark, sap, vines, insects, fungi, honey, and
others. Bark, small vines, insects, and youngdsawere further characterized as fallback foods
that were relied upon during times of fruit scar¢iBaldikas, 1988). For instance, bark accounted
for 11% of all documented foraging time, althbufe orangs went for long periods before
heavily exploiting this resource. Notably, bark accounted for 47% of foraging time for a single
wet month, in which it was the predominant fdgde. Sumatran orangs have been documented
to consume similar quantities of fruit (Rodman, 1988; Knott, 1998; Fox et al., 2004; Wich et al.,

2006). However, fewer fluctuations in fruit availability in Sumatra alRwabelii to rely on fruit
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throughout the year, and therefore bark and otlat arts make up a very small percentage of
their diet (2.7% vs. 9.3-14.2% f&x pygmaeus). Notably, howeverP. abelii incorporates a much
larger percentage of insects into thdiet (8.8-13.4% vs. 0.8-4.3% fBx pygmaeus).

In addition to the documented dietary difeces among the species in each genus, the
dietary ecology of each of these genera vamesicerably, and these differences have formed
the basis of a number of comparative analyses of masticatory morphology. A series of studies
conducted by Taylor (2002, 2005, 2006) examined the mandibular morpholBgy, &orilla,
andPongo in light of the above discussed dietary differences. Taylor (2002) compared the
mandibular shape @orilla andPan, as well as the species within both of these genera, with the
expectation that the more folivorous specigsheringei andP. paniscus, respectively) would
differ from other members of their genus as a consequence of their more mechanically demanding
diets. Furthermore, Taylor expected t@arilla would differ fromPan in the same ways as the
more folivorous species in each genus. Tayl@&ilts indicate that the taxa with the more
mechanically resistant diets were significarmtifferent, with relatively wider mandibular corpora
and symphyses, larger area for the masseter muscle, and a higher mandibular ramus and condyle.
However, Taylor's data failed find a statistically significant difference between the mandibular
morphology ofP. troglodytes andP. paniscus. Taylor (2005) extended these analyses to the
temporomandibular joint with similar results: beringei was significantly different in shape
from G. gorilla, no significant difference was found betweé®paniscus andP. troglodytes, and
Gorilla differed significantly fromPan. In the more folivorous taxa, the TMJ was placed higher
above the occlusal plane, and the mandibwadgles were significantly wider; these features
allow for a more even distribution of occlusatces along the posterior teeth, and increased
ability to resist compressive loads along the ldi@spect of the condyle, respectively, both of

which are associated with increased folivory.
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Following on these analyses of the AfricaregpTaylor (2006) examined mandibular
shape irPongo, finding that several populations of the more folivorBupygmaeus had a
relatively deeper mandibular corpus, deepet wider mandibular symphysis, and a larger
condylar area than the more frugivordusabelii, suggesting tha. pygmaeus is better suited to
resisting larger and/or more frequent masticatory loadsRhalpelii. Similarly, Constantino
(2007) examined the overall masticatory morphology of the African apes, and fou@d that
beringei had a relatively taller mandibular symphysis, corpus, and ramus, and a more
orthognathic face compared® gorilla andPan. However, althougP. paniscus was included
in the sample, the morphology in this species did not vary Ramoglodytes in the same way
thatG. beringei varied fromG. gorilla, suggesting that the masticatory morphologi.of
paniscus may not be adapted for masticating masistant food objects. Furthermore,
Constantino (2007) later incorporatedpygmaeus into the analysis witthe African apes, with
the expectation thd&ongo would better adapted to masticating resistant food objects due to field
observations that orangs regularly masticate very hard fruits and seeds (Galdikas, 1988; Lucas et
al., 1994; Conklin-Brittairet al., 2001). AlthougPongo differed fromPan in the same way as
Gorilla, no significant difference was found betwd#@mgo andGorilla.

These data suggest that there should be deuof differences aong hominid taxa if
TMJ morphology is associated with dietary differences. At the generic &wel|a andPongo
should have relatively larger joiatirface areas and joint processes t#am and it is expected
thatPongo should be intermediate betwe@orilla andPan because of the very heavy and more
continuous utilization of resistant food object&Gorilla (as opposed to the more seasonal use of
these resources Pongo). FurthermoreGorilla should have the widest (ML) TMJs, whitan is
expected to have considerably narrodL) and longer (AP) joint dimensionBpngo is
predicted to be intermediate betwegaorilla andPan in these variables. Two species were also

examined in each of these genera, one of which exploits more resistant food objects than the
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other. InPan, P. paniscus is predicted to exhibit features associated with a more resistant diet
when compared tB. troglodytes; thus,P. paniscus should have a larger joint surface area and
joint processes, as well as a mediolaterally wider join&drilla, the same differences should be
observed betweeB. beringei andG. gorilla, with the former utilizing resistant food objects more
habitually than the latter. Finally, in Pondd,pygmaeus has been shown to rely more heavily on
resistant food objects during times of food scarcity thaabelii, and therefor®. pygmaeus
should have a relatively larger joint area @ndcesses, and likely should have a relatively ML

wider and AP compressed joint thenabelii.

MATERIALSAND METHODS

Data used in this analysis included three-dimensional (3D) coordinate data for 48
anthropoid taxa, as previously described in Chept&he coordinate data were used to calculate
linear and angular measurements describing 3itek) and aspects of TMJ shape in the programs
MacMorph (Spencer and Spencer, 1993) and &RBM (McNeel & Associates, 2008). Variables
measured included glenoid and condyle lengthh@AP dimension), glenoid and condyle width
(in the ML dimension), two-dimensional (2D) and 3D glenoid and condylar area, preglenoid
plane length, entoglenoid and postglenoid procegghbarticular tubercle height, and articular
eminence inclination (refer to Chapter 3 for mdegailed descriptions of these variables). Three
dimensional coordinates describing AP and Mtvature of the glenoid and condyle were also
used to calculate curvature indices (arc/ chord length). Geometric morphometric (GM) analyses
were performed using the twelve landmarksatibing glenoid fossa shape (as outlined in
Chapter 3).

Several complimentary analyses were performed to assess how the shape of the TMJ was
related to masticatory function. First, GM methagse used to visually evaluate variation in

glenoid fossa shape among taxa in the six comparative groups discussed above. Landmark data
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were first standardized using @ealized Procrustes Analysis (GPA), and a principal components
analysis (PCA) was then performed to assessthewgample varied in morphospace. Wireframe
diagrams were used to examine how landmark configurations diféeneng taxa. Wireframe
diagrams in all figures are as illustrated in FigBu2. Results of these analyses were then further
evaluated by performing a two-tailed Kruskal-Ngatest with multiple (post-hoc) comparisons
for each linear measurement calculated from thérteark data. Alternatively, where only two
genera were compared (e Bapio vs. Theropithecus) a Mann-Whitney U test was performed.

All variables were standardized for variatiorsize by dividing each variable by a geometric
mean calculated from measurements of calvarial size (bi-asterionic breadth, bi-porionic breadth,
basioccipital length, cranial height, cranial length, and orbital width). All pairwise comparisons
were performed using individual specimens, rathan species means, and in most comparative
groups, analyses were confined to the femaigpéa so as to minimize the effects of sexual
dimorphism. However, in one instance (Papionins) the sample siZbdmpithecus females was
too small to achieve statistical significance (n=8)J the male sample was analyzed instead. The
GM analyses were performed in the progidorphologika, and the Kiskal-Wallis and Mann-
Whitney U tests were calculated using the program Statistica (Release 8.1, Statsoft, Inc.).
Correlation analyses were then performed to test for correlations between articular
eminence orientation, muscle resultant origote and TMJ height, and between measures of
gape, glenoid length, and AP condylar curvafdedails of these measurements are outlined in
Chapter 3). For each of these sets of datasBearoduct-moment cotegions (r) and p-values
were calculated using species means, which wergategl by sex. In addition, as the data points
are not considered to be phylogeneticallgdpendent, independent contrasts analysis
(Felsenstein, 1985) was used to correct for canag due to phylogeny (refer to Chapter 6 for a

review of this method).
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Criteriafor hypothesistesting

It is expected that the results of these analyses will vary across taxa. As stated by
Anthony and Kay (1993) and outlined in the intiotbry chapter, there may be multiple solutions
to a particular functional demanidere, | am only testing one way in which this morphology is
expected to vary in association with masticatanction, but this does not mean that the same
end is not being achieved in different waty®ther comparative groups. However, for the
purpose of hypothesis testing, it is expectedtti@amajority of the comparative groups examined
should show the predicted trend in a particular feature or suite of features in order for that
prediction to be upheld. At the beginning of thiepter | outlined three main predictions of the
overarching research question regarding the relationship between masticatory function and TMJ
morphology. These predictions were in regard to material food properties, use of the anterior vs.
posterior dentition, and gape requirements. It is these main predictions that | will return to in my

discussion of the validity of my research question later in this chapter.

RESULTS
Comparative groups
Atelines. Results of the GM analyses for the atelines indicated marked differences in TMJ shape
among taxaAlouatta was separated frofragothrix andAteles along PC 1 (30.3% of sample
variation) (Fig. 4-2). This separation may be a result of size differences among these taxa, since
this axis was significantly correlated with centroid size (.539, p<0.001). Variation in shape
along this axis was primarily associated with rtblative size of the PGP, which is considerably
larger inAlouatta, but also with the AP length of theegloid. A separate GM analysis including
the condylar configurations, however, did not appear to separate these taxa.
Results of the Kruskal-Wallis test (Tlal-5; refer to Appendix B for box plots

illustrating these variables) indicate that mostparisons among these three taxa are statistically
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Fig. 4-2. Bivariate plot of PC 1 (x-axis) and PC 2 (y-axis) from the PC analysis of the glenoid configurations in the
Atelinae females. Wireframe diagrams dittate the shape variation from the seit to soft-object feeders in the
sample.
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TABLE 4-5. Resullts of the Kruskal-Wallis test for the Atelinae (females only). Values represent the meansof each variable by taxon (reported
either as angles or dimensionlessindices), the H-value and p-value for each variable, and significantly different pairs of taxa, as indicated by
a Tukey post-hoc test for significance between groups. Critical alpha was set at 0.05/18 = 0.0028, with statistically significant results
highlighted in grey. Bolded but unhighlighted values indicate marginally significant (0.05> p > 0.0028) H-values.

Mean As

Variable Ateles Lagothrix  Alouatta H p-value SignificanPairs predicted?
AE Inclination 22.929 20.445 26.935 5.45 0.066 n/a n/a
Articular Tubercle Ht 0.129 0.182 0.225 28.98 <0.0001 Alouatta > Ateles/ Lagothrix Yes
Entoglenoid Ht 0.159 0.173 0.253 | 23.67 <0.0001 Alouatta > Ateles/ Lagothrix Yes
Glenoid Length 0.364 0.394 0.493 240 <0.0001 Alouatta > Ateles/ Lagothrix Yes
Glenoid Width 0.323 0.347 0.402 | 23.84 <0.0001 Alouatta > Ateles/ Lagothrix Yes
2D Glenoid Area 3.706 4.146 5.874| 23.38 <0.0001 Alouatta > Ateles/ Lagothrix Yes
3D Glenoid Area 5.082 5.283 7.265 2141 <0.0001 Alouatta > Ateles/ Lagothrix Yes
Postglenoid Length 0.200 0.235 0.328 25.42 <0.0001 Alouatta > Ateles/ Lagothrix n/a
Preglenoid Length 0.220 0.242 0.274 21.54 <0.0001 Alouatta > Ateles/ Lagothrix Yes
Glenoid Shape Index 0.887 0.882 0.818 8.98 0.011 Alouatta/ Lagothrix > Ateles No
Condyle Width 0.247 0.276 0.316 = 21.01 <0.0001 Alouatta > Ateles/ Lagothrix Yes
Condyle Length 0.105 0.122 0.124 15.43 0.0004 Alouatta/ Lagothrix > Ateles Yes
2D Condyle Area 0.813 1.020 1.161 20.30 <0.0001 Alouatta/ Lagothrix > Ateles Yes
3D Condyle Area 1.758 2.096 2701 2511 <0.0001 Alouatta > Ateles/ Lagothrix Yes
Glenoid ML Index 1.149 1.119 1.062 = 17.57 0.0002 Ateles/ Lagothrix > Alouatta No
Glenoid AP Index 1.015 1.014 1.018 1.95 0.378 n/a n/a
Condyle ML Index 1.134 1.156 1.088 11.43 0.0033 Ateles > Alouatta No
Condyle AP Index 1.191 1.200 1.170 1.83 0.400 n/a n/a

TTT
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significant, withAlouatta having larger mean values in comparisoAt®es andLagothrix.

Notably, glenoid and preglenoid plane length are significantly largalr seniculus, potentially

as a result of the wider relative gapes that magxpected in this species due to their vocal
behaviors (refer to discussion in Chapter 4). THieskngs are consistent with the predictions
outlined above for this group, which indicated tthet dimensions of the TMJ would be relatively
larger inAlouatta than in other atelines. In most of these comparisons, the valugtelfsrand
Lagothrix were not statistically significantly diffent, although examination of the box plots
indicates that the mean values for eachade tended to be slightly higherliagothrix. This
indicates that the morphology observed in this genus is somewhat intermediate Bétnatta

andAteles, as was predicted based on their dietary ecology.

Cebines. The PC analysis for the cebine glenoid configuration sepatatgella from C.
capucinus andC. albifrons along PC 1 (27.2% of variationhé PC 2 (15.2% of variation) (Fig.
4-3). The wireframe diagrams indicate tRatpella differs from the other species in the AP
length and ML width of the glenoid, and in the relative size of the RG&hella also separated
from C. albifrons/ capucinus in condylar morphology (Fig. 4-4), with a relatively AP shorter
condyle that is less ML convex. No consigtpattern of differences in shape betw€en
albifrons andC. capucinus was observed in the sample.

In contrast to the GM analyses, howevee, Kruskal-Wallis test (Table 4-6, Appendix
B) indicated that most comparisons among these taxa were not statistically significant, and those
that were significant were not the expected direction (e.qg., ti&atapella would have larger
joint dimensions thag. albifrons or C. capucinus). These significant comparisons showed that
C. apella has a relatively smallerticular tubercle, entoglenoid process, and less ML curved
glenoid and condyle tha. albifrons or C. capucinus. However, area measurements of the

glenoid and condyle suggest titatapella does have a slightly larger joint surface area, and also
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Fig. 4-3. Bivariate plot of PC 1 (x-axis) and PC 2 (y-axis) from the PC analysis of the glenoid configurations in the
Cebinae females. Wireframe diagrams illustrate the shajaioa from the resistant to soft-object feeders in the
sample.
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Fig. 4-4. Bivariate plot of PC 1 (x-axis) and PC 2 (y-axis) frdra PC analysis of the condylar configurations in the
Cebinae females. Wireframe diagrams illustrate the shafsion from the resistant to soft-object feeders in the
sample.
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TABLE 4-6. Resullts of the Kruskal-Wallis test for the Cebinae (females only). Values represent the meansof each variable by taxon
(reported either as angles or dimensionless indices), the H-value and p-value for each variable, and significantly different pairs of taxa, as
indicated by a Tukey post-hoc test for significance between groups. Critical alpha was set at 0.05/18 = 0.0028, with statistically
significant results highlighted in grey. Bolded but unhighlighted values indicate marginally significant (0.05> p > 0.0028) H-values.

Mean As
Variable C.capucinus C. albifrons C. apella H p-value SignificanPairs predicted?
AE Inclination 22.042 21.002 26.389 5.32 0.070 n/a n/a
Articular Tubercle 0.125 0.134 0092 1664 0.0002 C. alhifrong C. capucinus >
Ht C. apella No
Entoglenoid Ht 0.129 0.122 0.104 11.77 0.0028 C. capucinus > C. apella No
Glenoid Length 0.331 0.322 0.341 4.10 0.129 n/a n/a
Glenoid Width 0.322 0.318 0.342 631 0.043 none n/a
2D Glenoid Area 2.996 2.750 3.130 8.37 0.015 C. apella > C. albifrons Yes
3D Glenoid Area 4.071 3.526 4184 1346 o001 O 2pella>C albifrons/ C.
capucinus Yes
Postglenoid Length 0.148 0.153 0.141 0.51 0.777 n/a n/a
Preglenoid Length 0.193 0.186 0.192 1.29 0.524 n/a n/a
Glenoid Shape Index 0.973 0.991 1.007 2.16 0.340 n/a n/a
Condyle Width 0.257 0.240 0.274 10.16 0.006 C. apella > C. albifrons Yes
Condyle Length 0.101 0.095 0.101 3.77 0.152 n/a n/a
2D Condyle Area 0.737 0.614 0.747 8.19 0.017 C. apella > C. albifrons Yes
3D Condyle Area 1.638 1.415 1.651 5.99 0.050 n/a n/a
Glenoid ML Index 1.094 1.104 1.061 12,99 0.002 C. albifrons> C. apella No
Glenoid AP Index 1.021 1.020 1.025 2.20 0.333 n/a n/a
Condyle ML Index 1.134 1.123 1.086 1195 0.0025 C. albifrons> C. apella No
Condyle AP Index 1.225 1.217 1.222 0.31 0.856 n/a n/a
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a greater condylar width than is founddnalbifrons (and to some extent,. capucinus). These
findings are only partly consistent with theedictions outlined based on these species’ dietary
ecology. In particular, the wide condyle and tiekely small articular tubercle and entoglenoid
processes, as well as a lack of difference ind&Rensions of the joint indicate that the
morphology of the TMJ iI€C. apella is not particularly specialized for relatively wider gapes than
in C. albifrons or C. capucinus, as was predicted based on the observed use of the anterior

dentition in this species.

Pitheciines. For both glenoid and condylar morpholo@¢ analysis of the 3D landmarks failed
to significantly distinguish amon@. melanocephalus, Ch. satanas, andP. pithecia (Fig. 4-5 and
4-6). However, the Kruskal-Wallis test (Taldle’, Appendix B) did identify several significant
differences in TMJ shape among these three species, all of which indicatét. tseiinas
and/orC. melanocephalus have relatively larger joint surface areas and dimensiongPthan
pithecia. These findings are largely consistent vifth above outlined predictions (e.g., that
Pithecia would have relatively smaller joint dimensions tizatajao or Chiropotes). The only
exception is in the width of the TMJebause of their increased reliance on folidiecia was
predicted to have a relatively wider joint th@acajao or Chiropotes, in fact the reverse was
found.Cacajao andChiropotes did tend to have relatively longer glenoids (AP) tRéhecia,
however, which was consistent with the predits outlined above based on these taxa’s use of

their anterior dentition during food processing.

Macaques. The GM analysis for the macaques intéchseparation among taxa that masticate
relatively more resistani. fuscata, M. sylvanus, andM. thibetana) foods and those that utilize
softer foods M. nemestrina andM. fascicularis), as was predicted (Fig. 4-7). Although there was

a small sample size fdd. thibetana, these specimens loaded more negatively along PC 1 (19.4%
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Fig. 4-5. Bivariate plot of PC 1 (x-axis) and PC 2 (y-axis) from the PC analysis of the glenoid configurations in the
Pitheciinae females.
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Fig. 4-6. Bivariate plot of PC 1 (x-axis) and PC 2 (y-axis) fridra PC analysis of the condylar configurations in the

Pitheciinae females.
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TABLE 4-7. Results of the Kruskal-Wallis test for the Pitheciinae (females only). Values represent the meansof each variable by taxon
(reported either as angles or dimensionless indices), the H-value and p-value for each variable, and significantly different pairs of taxa, as
indicated by a Tukey post-hoc test for significance between groups. Critical alpha was set at 0.05/18 = 0.0028, with statistically
significant results highlighted in grey. Bolded but unhighlighted values indicate marginally significant (0.05> p > 0.0028) H-values.

Means As
Variable P. pithecia C.melan. Ch. satanas H p-value SignificanPairs predicted?
AE Inclination 22.664 16.153 17.263 6.29 0.043 none n/a
A”'C“'aLtT“berC'e 0.120 0.104 0.126 539  0.067 n/a a
Entoglenoid Ht 0.136 0.125 0.147 7.39 0.025 Ch. satanas > C. melanocephalus No
Glenoid Length 0.361 0.381 0.401 10.95 0.004 Ch. satanas > P. pithecia Yes
Glenoid Width 0.342 0.374 0.368 8.23 0.016 C. melanocephalus > P. pithecia No
2D Glenoid Area 2.755 3.757 3719 = 1952 0001 CMsatanas/C. melanocephalus> P.
pithecia Yes
3D Glenoid Area 3.651 4.954 4607 1609 00003 N satanas/C.melanocephalus> P.
pithecia Yes
Postglenoid Length 0.168 0.154 0.194 = 145 0.001 Ch. satanas > P. pithecia n/a
Preglenoid Length 0.217 0.224 0.229 1.49 0.476 n/a n/a
Glenoid Shape Index 0.950 0.986 0.921 3.22 0.200 n/a n/a
Condyle Width 0.273 0.282 0.283 1.87 0.393 n/a n/a
Condyle Length 0.110 0.116 0.126 4.59 0.101 n/a n/a
2D Condyle Area 0.704 0.863 0908 815 0017 Chsaanas/C. melanocephalus> P.
pithecia Yes
3D Condyle Area 1.252 1.951 1.960 1202 0003 O satanas/C.melanocephalus> P.
pithecia Yes
Glenoid ML Index 1.115 1.087 1.111 2.13 0.344 n/a n/a
Glenoid AP Index 1.017 1.012 1.016 4.20 0.122 n/a n/a
Condyle ML Index 1.132 1.109 1.158 4.06 0.131 n/a n/a
Condyle AP Index 1.214 1.166 1.217 2.62 0.270 n/a n/a
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of variation) than most other specimeasd PC 2 (15% of variation) separaMdsylvanus and
M. fuscata (which loaded negatively) froi. nemestrina andM. fascicularis (which loaded
positively). Centroid size was not correlated with B®ut was found to be correlated with shape
variation along PC 2 { 0.1, p=0.037), although this correlation was not very high. The
wireframe diagrams indicate that variation aldimgse axes is primarily associated with size of
the PGP, inclination of the AE, and relative ARlaML dimensions of the glenoid. Taxa that eat
more resistant foodd/. fuscata, M. sylvanus, andM. thibetana) tend to have a ML wider and AP
shorter joint, with a more inclined AE, whereas tBverse is true for the taxa that eat relatively
softer food itemsN]. fascicularis, M. nemestrina). In contrast, analysis of the condylar
configurations did not successfully separate taxa in shape space.

The Kruskal-Wallis test found that mostriadles differed significantly among the taxa
examined (Table 4-8, Appendix B). Glenoid awhdylar area measurements were significantly
greater inM. thibetana, M. fuscata, andM. sylvanus, especially in comparison id. fascicularis
(values forM. nemestrina were relatively higher thaM. fascicularis). Similarly, condylar and
glenoid width were also significantly larger irxéathat regularly masticate resistant-food objects
in comparison tod. fascicularis andM. nemestrina. These findings are therefore consistent with
the predictions based on dietary ecology ekthspecies. The remaining measurements that
differed significantly among taxa, however, did not appear to be patterned on the basis of dietary

differences (e.g., entoglenoid height, posigid height, and glenoid AP curvature).

Papionins. Based on their dietary ecology, it was predicted Thatopithecus would show
adaptations in the TMJ related to more resistant object feedin@#pam Although the sample
size forTheropithecus was very small, specimens bfgelada separated frorRapio along PC 1
(27.2% of variation) when ghoid morphology was examined (Fig. 4-8). There was still a large

amount of overlap among taxa, howewariation along this axis was associated with relative
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Fig. 4-7. Bivariate plot of PC 1 (x-axis) and PC 2 (y-axis) from the PC analysis of the glenoid configurations in the
Macaca females. Wireframe diagrams illustrate shape variation along the PC axes.

TZT



TABLE 4-8. Resullts of the Kruskal-Wallis test for Macaca(females only). Values represent the meansof each variable by taxon (reported
either as angles or dimensionless indices), the H-value and p-value for each variable, and significantly different pairs of taxa, asindicated
by a Tukey post-hoc test for significance between groups. Critical alpha was set at 0.05/18 = 0.0028, with statistically significant results

highlighted in grey. Bolded but unhighlighted values indicate marginally significant (0.05> p > 0.0028) H-values.

Means
Variable M. M. M. As
fasc. M.nem.  fusc. sylv. M. thib. H p-value SignificanPairs predicted?
AE Inclination 19.763 21.912 30.243 19.499 21.7931.20 0.024 M. fuscata > M. sylvanus n/a
Articular Tubercle Ht  0.170 0.184 0.133 0.175 0.1525.42  0.004 M. sylvanus/ nemestrina > M. fuscata No
EntoglenoidHt 0.168 0.195 0.159 0.185 0.15( 17.74  0.001 M. nemestrina > M. fuscata/ thibetana No
GlenoidLength 0.350 0.361 0.373 0.380 0.363 6.16 0.187 n/a n/a
o M. fuscata/ sylvanus/ thibetana > M.
GlenoidWidth 0.318 0.321 0.352 0.362 0.38 30.33 <0.0001 fascicularis’ n rina Yes
oD GlenoidArea  3.532 4398 5031 5160 544 290 <00001 M- fuscata/sylvanus thibetana > M.
fascicularis Yes
. M. fuscata/ sylvanug/ thibetana > M.
3D GlenoidArea 4.551 5.483 6.230 6.054 6.11 30.0 <0.0001 fascicularis Yes
Postglenoid_ength 0.212 0.246 0.186 0.194 0.20 17.24  0.002 M. nemestrina > M. fuscata/ sylvanus n/a
Preglenoid_ength 0.194 0.195 0.205 0.216 0.215 7.42 0.115 n/a n/a
GlenoidShapdndex 0.909 0.893 0.949 0.959 1.047 9.36 0.053 n/a n/a
CondyleWidth 0.262 0.255 0.279 0.283 0.31! 16,52 0.002 M. thibetana > M. fascicularis/ nemestrina Yes
CondyleLength 0.102 0.103 0.109 0.114 0.11310.9 0.028 none n/a
M. fuscata/ sylvanug/ thibetana > M.
2D CondyleArea 0.862 1.003 1.175 1.216 1.38 21.18 0.0003 fascicularis Yes
M. fuscata/ sylvanug/ thibetana > M.
3D CondyleArea 1.891 2.271 2.368 2.466 2.85 1848 0.001 fascicularis Yes
Glenoid ML Index 1.053 1.052 1.058 1.038 1.033 7.23 0.124 n/a n/a
GlenoidAP Index ~ 1.025 1029 1054 1023 103 1619 00028 M- fuscata> M. nemestrina/ sylvanus/
fascicularis No
Condyle ML Index 1.091 1.087 1.096 1.080 1.057 3.85 0.427 n/a n/a
Condyle AP Index 1.217 1.213 1.228 1.221 1.187 1.21 0.876 n/a n/a
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size of the PGP, AP length and ML width of the glenoid, and inclination of the AE. Results of the
Mann-Whitney U test for differences betweBmeropithecus andPapio indicated significant
differences between these two genera ires#wariables (Table 4-9, Appendix B).
Theropithecus had relatively larger entoglenoid apdstglenoid processes, a longer preglenoid
plane, a wider condyle, and a more inclined AE. These findings are only partly consistent with
the predicted variation in this group, since no significant differences were found in joint surface

area, as was expected given the heavy reliance on grass pénesdyythecus.

Hominids. The GM analysis of glenoid morphologytime hominid sample separated the three
genera included in the analysis (Fig. 4-9)eTinst axis (30.3% of variation) separatédrilla
from Pan/ Pongo. Variation along this axis is primarily associated with ML width and AP length
of the glenoid, as well as general relief of the joint. At the negative end of this PRaxigs a
relatively AP long glenoid that is very flat, while at the positive end of the @gislla has a
very AP compressed glenoid that is ML wideldas considerably more topographic relief. Axis
two (15% of variation) separat®an andPongo, and shape variation along this axis is a result of
variation in the anterior border of the glethairticular surface and angulation of the PGHRan,
the most anterior point on the preglenoid plameisgto be more laterally positioned, as does the
postglenoid process, whereadliongo this morphology is reversed with both the anterior border
of the glenoid and postglenoid placed moredially. Both of these axes are significantly
correlated with centroid size (PC #10.359, p<0.001; PC 2*50.194, p<0.001), indicating that
at least some of this variation is associated with allometry.

The condylar landmarks also discriminate well among these three genera (Fig. 4-10);
most of the separation is along PC 1, v@ibrilla loading more positively angan andPongo
more negatively. Condylar variation along this axis ranges from very AP short, ML wide, and ML

curved inGorilla, to a relatively more AP long and much less ML curved condyReigo.
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Fig. 4-8. Bivariate plot of PC 1 (x-axis) and PC 2 (y-axis) from the PC analysis of the glenoid configurations in the
Papio andTheropithecus females. Wireframe diagms illustrate the shape variation along PC 1.
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TABLE 4-9. Results of the Mann-Whitney U-test comparing Papioand Theropithecugmales only). Values represent the meansof each
variable by taxon (reported either as angles or dimensionlessindices) followed by the U-value and p-value for each variable. Critical
alpha was set at 0.05/18 = 0.0028, with statistically significant results highlighted in grey. Bolded but unhighlighted values indicate
marginally significant (0.05> p > 0.0028) U-values.

Means As
Papio  Theropithecus U p-level Significant Pairs predicted?

AE Inclination 22.767 31.938 56 0.004 Theropithecus > Papio n/a
Articular Tubercle Ht 0.223 0.237 115 0.257 n/a n/a
Entoglenoid Ht 0.233 0.268 53 0.0028 Theropithecus > Papio Yes
Glenoid Length 0.397 0.416 88 0.052 n/a n/a
Glenoid Width 0.367 0.388 98 0.101 n/a n/a
2D Glenoid Area 7.750 7.876 145 0.811 n/a n/a
3D Glenoid Area 8.771 9.331 107 0.293 n/a n/a
Postglenoid Length 0.241 0.302 24 0.0001 Theropithecus > Papio n/a
Preglenoid Length 0.234 0.259 63 0.007 Theropithecus > Papio No
Glenoid Shape Index 0.926 0.934 152 0.976 n/a n/a
Condyle Width 0.265 0.298 82 0.034 Theropithecus > Papio Yes
Condyle Length 0.107 0.118 96 0.089 n/a n/a
2D Condyle Area 1.569 1.727 124 0.387 n/a n/a
3D Condyle Area 3.921 4.259 103 0.345 n/a n/a
Glenoid ML Index 1.027 1.020 95 0.182 n/a n/a
Glenoid AP Index 1.021 1.042 32 0.001 Theropithecus > Papio Yes
Condyle ML Index 1.062 1.045 57 0.036 Papio > Theropithecus No
Condyle AP Index 1.233 1.265 74 0.148 n/a n/a
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The results of the Kruskal-Wallis test indicate significant differences among these taxa
for almost all variables (Table 4-10, Appen&ix Most of the significant comparisons indicate
thatGorilla andPongo had relatively greater mean values tRan. Notably, articular tubercle
height, glenoid lengtrand postglenoid process length weresiatistically significant after
Bonferroni correction, whereas preglenoid plergth was marginally significantly different,
with the multiple comparisons test indicating t@arilla had a significantly smaller preglenoid
plane than eithdPongo or Pan.
Mann-Whitney U tests were performed targmare species within each of these genera

(Table 4-11). InGorilla, only two significant differences weidentified after Bonferroni
correction of the p-values; glenoid and condylar width were both significantly gre&@er in
beringei than inG. gorilla; this finding is consistent with predictions based on these species’
dietary ecology. Similarly, two significant differences separated the spedfesgd (glenoid
shape index and glenoid ML curvature), with eatthese dimensions significantly largefin
abelii than inP. pygmaeus. These findings indicate a relatively AP longer glenoid with a larger
entoglenoid process i abelii, which would be consistent withrger gapes and less reliance on
the posterior dentition for food processing in #pecies. Finally, multiple significant differences
were found betweeR. troglodytes andP. paniscus, although many of these differences did not
show the directionality of changkat was expected (e.g., thatpaniscus would have relatively
larger joint dimensions tha troglodytes). In other words, for seven out of nine of the
significant comparison$. paniscus had smaller mean values thrtroglodytes. These
variables included glenoid and condylar length, glenoid and condylar area, and preglenoid plane
length. In contras®. troglodytes only had significantly smaller mean values for the glenoid
shape index (indicating a relatively wider glenoidPiriroglodytes thanP. paniscus) and glenoid

AP curvature (e.g., AE inclination).
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Fig. 4-9. Bivariate plot of PC 1 (x-axis) and PC 2 (y-axis) from the PC analysis of the glenoid configurations in the

Hominidae females. Wireframeadjrams illustrate shape variation along the first two PCs.
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Fig. 4-10. Bivariate plot of PC 1 (x-axis) and PC 2 (y-axisyfrthe PC analysis of the condylar configurations in
the Hominidae females. Wireframe diagrams illustrate shape variation along PC 1.
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TABLE 4-10. Results of the Kruskal-Wallis test for the Hominidae (females only). Values represent the meansof each variable by taxon
(reported either as angles or dimensionless indices), the H-value and p-value for each variable, and significantly different pairs of taxa, as
indicated by a Tukey post-hoc test for significance between groups. Critical alpha was set at 0.05/18 = 0.0028, with statistically
significant results highlighted in grey. Bolded but unhighlighted values indicate marginally significant (0.05> p > 0.0028) H-values.

Means As

Variables Pan Pongo Gorilla H p-value SignificanPairs predicted?
AE Inclination 22.095 26.17 38.348 @ 2857 <0.0001 Gorilla > Pan/ Pongo n/a
Articular Tubercle Ht 0.178 0.198 0.186 6.86 0.032 Pongo > Pan Yes
Entoglenoid Ht 0.258 0.297 0.299 @ 1323 0.001 Gorilla/ Pongo > Pan Yes
Glenoid Length 0.383 0.386 0.412 4.59 0.101 n/a n/a
Glenoid Width 0.377 0.441 0.445 3826 <0.0001 Gorilla/ Pongo > Pan Yes
2D Glenoid Area 7.847 9.954 12.649 42.45 <0.0001 Gorilla > Pongo > Pan Yes
3D Glenoid Area 8.772 12.15 15.919 4299 <0.0001 Gorilla> Pongo > Pan Yes
Postglenoid Length 0.183 0.202 0.205 8.72 0.013 Gorilla/ Pongo > Pan n/a
Preglenoid Length 0.206 0.200 0.179 1164 0.003 Pongo/ Pan > Gorilla Yes
Glenoid Shape Index 0.991 1.155 1.081/ 1896 0.0001 Gorilla/ Pongo > Pan Yes
Condyle Width 0.313 0.348 0.358 ' 1917 0.0001 Gorilla/ Pongo > Pan Yes
Condyle Length 0.129 0.145 0.132 ' 1503 0.001 Pongo > Gorilla/ Pan No
2D Condyle Area 2.201 2.960 3.273 27.95 <0.0001 Gorilla/ Pongo > Pan Yes
3D Condyle Area 4.613 6.488 6.638 | 27.05 <0.0001 Gorilla/ Pongo > Pan Yes
Glenoid ML Index 1.089 1.053 1.150 ' 30.79 <0.0001 Gorilla> Pan > Pongo Yes
Glenoid AP Index 1.034 1.058 1.092 2991 <0.0001 Gorilla> Pongo > Pan Yes
Condyle ML Index 1.113 1.092 1.160 | 22.87 <0.0001 Gorilla > Pan/ Pongo Yes
Condyle AP Index 1.199 1.256 1.282 16.84 0.0002 Gorilla/ Pongo > Pan Yes
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TABLE 4-11. Results of the Mann-Whitney U-test comparing the subspecies of the three great ape genera analyzed (females only). Values
represent the meansof each variable by taxon (reported either as angles or dimensionless indices) followed by the U-value and p-value for each
variable. Critical alpha was set at 0.05/18 = 0.0028, with statistically significant results highlighted in grey. Bolded but unhighlighted values
indicate marginally significant (0.05> p > 0.0028) U-values.

Means G. gorilla vs.G. beringei As
Variable G.gorilla  G. beringei U p-value Direction of Change predicted?

AE Inclination 38.130 38.649 35 0.457 n/a n/a
Articular Tubercle Ht 0.191 0.180 34 0.409 n/a n/a
Entoglenoid Ht 0.306 0.289 31 0.283 n/a n/a
Glenoid Length 0.402 0.425 29 0.216 n/a n/a
Glenoid Width 0.419 0.480 6 0.002 G. beringei > G. gorilla Yes
2D Glenoid Area 11.541 14.171 13 0.010 G. beringei > G. gorilla Yes
3D Glenoid Area 14.838 17.406 14 0.013 G. beringei > G. gorilla Yes
Postglenoid Length 0.214 0.193 12 0.008 G. gorilla> G. beringel n/a
Preglenoid Length 0.178 0.181 35 0.457 n/a n/a
Glenoid Shape Index 1.044 1.132 15 0.017 G. beringei > G. gorilla Yes
Condyle Width 0.337 0.391 3 0.001 G. beringei > G. gorilla Yes
Condyle Length 0.127 0.140 19 0.077 n/a n/a
2D Condyle Area 2.940 3.797 10 0.010 G. beringei > G. gorilla Yes
3D Condyle Area 5.896 7.805 9 0.008 G. beringei > G. gorilla Yes
Glenoid ML Index 1.146 1.156 36 0.722 n/a n/a
Glenoid AP Index 1.078 1.109 25 0.183 n/a n/a
Condyle ML Index 1.172 1.140 26 0.258 n/a n/a
Condyle AP Index 1.280 1.284 36 0.821 n/a n/a
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TABLE 4-11. Continued.

Means P. abelii vs. P. pygmaeus As
Variable P.abelii  P. pygmaeus U p-value Direction of change predicted?

AE Inclination 30.591 22.547 26 0.074 P. abelii > P. pygmaeus n/a
Articular Tubercle Ht 0.195 0.201 46 0.790 n/a n/a
Entoglenoid Ht 0.334 0.266 4 0.001 P. abelii > P. pygmaeus No
Glenoid Length 0.361 0.407 16 0.011 P. pygmaeus > P. abelii No
Glenoid Width 0.453 0.431 30 0.138 n/a n/a
2D Glenoid Area 9.592 10.249 34 0.239 n/a n/a
3D Glenoid Area 11.527 12.490 23 0.315 n/a n/a
Postglenoid Length 0.187 0.214 34 0.239 n/a n/a
Preglenoid Length 0.180 0.216 15 0.009 P. pygmaeus > P. abdlii No
Glenoid Shape Index 1.268 1.063 8 0.002 P. abelii > P. pygmaeus No
Condyle Width 0.358 0.339 29 0.119 n/a n/a
Condyle Length 0.146 0.145 48 0.909 n/a n/a
2D Condyle Area 3.068 2.871 39 0.425 n/a n/a
3D Condyle Area 6.249 6.684 33 0.210 n/a n/a
Glenoid ML Index 1.082 1.037 9 0.016 P. abelii > P. pygmaeus No
Glenoid AP Index 1.068 1.052 14 0.056 n/a n/a
Condyle ML Index 1.101 1.085 32 0.288 n/a n/a
Condyle AP Index 1.259 1.255 39 0.624 n/a n/a
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TABLE 4-11. Continued.

Means P. paniscus vs. P. As
troglodytes Direction of change dicted?
Variable P. paniscus  P.troglodytes U p-value predicteaq:

AE Inclination 26.236 17.955 23 0.005 P. paniscus > P. troglodytes n/a
Articular Tubercle Ht 0.175 0.181 67 0.773 n/a n/a
Entoglenoid Ht 0.248 0.268 57 0.386 n/a n/a
Glenoid Length 0.352 0.413 0 0.00003 P. troglodytes > P. paniscus Yes
Glenoid Width 0.371 0.382 47 0.149 n/a n/a
2D Glenoid Area 6.744 8.949 0 0.00003 P. troglodytes > P. paniscus No
3D Glenoid Area 7.747 9.797 0 0.00007 P. troglodytes > P. paniscus No
Postglenoid Length 0.176 0.189 49 0.184 n/a n/a
Preglenoid Length 0.186 0.226 5 0.0001 P. troglodytes >P. paniscus Yes
Glenoid Shape Index 1.057 0.925 6 0.0001 P. paniscus > P. troglodytes Yes
Condyle Width 0.298 0.329 26 0.014 P. troglodytes > P. paniscus No
Condyle Length 0.122 0.137 16 0.002 P. troglodytes > P. paniscus Yes
2D Condyle Area 1.878 2.554 5 0.0002 P. troglodytes > P. paniscus No
3D Condyle Area 4.104 5.123 13 0.002 P. troglodytes >P. paniscus No
Glenoid ML Index 1.074 1.106 27 0.049 P. troglodytes >P. paniscus No
Glenoid AP Index 1.045 1.021 10 0.002 P. paniscus > P. troglodytes Yes
Condyle ML Index 1.103 1.124 32 0.174 n/a n/a
Condyle AP Index 1.222 1.176 16 0.010 P. paniscus > P. troglodytes Yes
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Summary. In all, the analyses of the comparative groups indicate that there are some general

patterns of differences among taxa with diets made up of different food material properties (Table

4-12). In most of the comparative groups the rasisbbject taxa tended to have relatively larger
joint surface areas, as well as relatively ML wigents; this findingis consistent with

predictions based on the biomechanical data. Entoglesize also tended to be larger in taxa that
masticated more resistant food objeclhaagh this was not the case for cebineBango,

where the more resistant feeders actually i@uad to have relatively small entoglenoid
processes. In addition, taxa that have been wbddo have relatively large gapes (whether for
behavioral or functional reasons) also tended to have relativeigated joints anteroposteriorly
(e.g.,Alouatta, Cacajao, Chiropotes, Pongo, Pan). The most significant differences in glenoid
fossa shape were observed among the atediméfiominids, whereas fewer significant

differences were observed in the casinpitheciines, and papionins.

Correlation analysis
Articular eminenceinclination. Very few significant correlations between articular eminence
inclination and angulation of the muscles adstication were identified (Table 4-13). After
Bonferroni correction, the only significant correlation found for the raw data was a negative
relationship between AE inclination and temgisrangle in females (r=-0.384, p= 0.007).
However, this correlation disappeared when ahelent contrasts were used in the analysis.
Articular eminence inclination is strongly correldteith TMJ height (e.g., the articular eminence
becomes more inferoposteriorly oriented as the TMJ increases in height above the occlusal
plane), although more significantly so when AElimation is measured as an angle against the
occlusal plane than when measured agairsikfurt Horizontal. This correlation decreased, but

was still significant, after independent contrasts were used in the analysis.



TABLE 4-12. Summary table illustrating the results of the Kruskal-Wallis and Mann-Whitney U tests. Yes= results were consistent with predicted
variation, No= results were not consistent with predicted variation, NS= comparison was not significant (p>0.05).

Atelines Cebines PitheciinedMacaca Papionins Hominids Gorilla Pongo Pan #Yes #No

AE Inclination n/a n/a n/a n/a n/a n/a n/a n/a na n/a nla
Articular Tubercle Ht Yes No NS No NS Yes NS NS NS 2 2
Entoglenoid Ht Yes No No No Yes Yes NS No NS 3 4
Glenoid Length Yes NS Yes NS NS NS NS No Yes 3 1
Glenoid Width Yes NS No Yes NS Yes Yes NS NS 4 1
2D Glenoid Area Yes Yes Yes Yes NS Yes Yes NS No 6 1
3D Glenoid Area Yes Yes Yes Yes NS Yes Yes NS No 6 1
Postglenoid Length n/a n/a n/a n/a n/a n/a n/a n/a na n/a nla
Preglenoid Length Yes NS NS NS No Yes NS No Yes 3 2
Glenoid Shape Index No NS NS NS NS Yes Yes No Yes 3 2
CondyleWidth Yes Yes NS Yes Yes Yes Yes NS No 6 1
Condyle Length Yes NS NS NS NS No NS NS Yes 2 1
2D Condyle Area Yes Yes Yes Yes NS Yes Yes NS No 6 1
3D Condyle Area Yes NS Yes Yes NS Yes Yes NS No 5 1
Glenoid ML Index No No NS NS NS Yes NS No No 1 4
Glenoid AP Index NS NS NS No Yes Yes NS NS Yes 3 1
Condyle ML Index No No NS NS No Yes NS NS NS 1 3
Condyle AP Index NS NS NS NS NS Yes NS NS Yes 2 0
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TABLE 4-13. Results of the correlation analyses, showing the Pearson product-moment correlation (r) and p-value for the original and contrast
data, separated by sex. Critical alpha was set at 0.05/ 4= 0.0125, with significant results highlighted in grey.

Original data Contrast data
females males females males
r p-value r p-value r p-value r p-value
MassAngle 0.226 0.123 0.268 0.066 0.122 0.420 0.032 0.818
AEIncl (FH) vs MPAnNgle -0.011 0.941 0.143 0.332 0.063 0.663 0.089 0.542
" TempAngle -0.193 0.188 -0.129 0.383 0.176 0.238 0.000 0.893
TMJHt 0.520 <0.001 0.301 0.038 0.272 0.065 0.055 0.706
MassAngle -0.038 0.796 -0.072 0.625 0.126 0.396 0.071 0.629
AEIncl (OP) vs MPAnNgle -0.292 0.044 -0.195 0.185 0.063 0.685 0.110 0.465
" TempAngle -0.384 0.007 -0.290 0.046 0.281 0.055 0.270 0.067
TMJHt 0.828 <0.001 0.789 <0.001 0.663 <0.001 0571  <0.001
MandCanine 0.201 0.171 0.019 0.901 0.268 0.068 0.565  <0.001
GlenLg vs MaxCanine 0.131 0.373 0.037 0.805 0.217 0.145 0.469 0.001
' TMJHt 0.688 <0.001 0.756 <0.001 0.511 <0.001 0.54 <0.001
TMJHt* 0.7375  <0.001 0.884 <0.001 0.7392 <0.0010 0.7993 <0.001
MandCanine 0.379 0.008 0.209 0.154  0.276 0.060 0.549  <0.001
PreGlenLg vs. MaxCanine 0.380 0.008 0.354 0.014 0.345 0.017 0532 <0.001
TMJHt 0.199 0.1754 0.407 0.004 0.176 0.003 0.31 <0.001
TMJHt* 0.3493 0.016 0.6512 <0.001  0.4584 0.001 0.6176  <0.001
MandCanine -0.260 0.078 -0.076 0.615 -0.170 0.259 -0.321 0.031
CondAP Curve vs. MaxCanine -0.209 0.159 -0.013 0.932 -0.071 0.643 -0.277 0.065
TMJHt 0.099 0.507 -0.184 0.220 0.167 0.271 -0.084  0.597

*Second values for TMJHt are partial corredas controlling for maxillary canine length
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AP Condyle curvature. No significant (or even marginally significant) correlations were found
between AP condylar curvature and aspects pé ga.g., TMJ height and canine length), either

before or after independent contrasts (Table 4-13).

Glenoid length. Several significant correlations betweearglid and preglenoid plane length and

the proxies for gape were found (Table 4-I3)ere were strong correlations between canine

crown height and glenoid/ preglenoid planegt in males, but only after phylogenetic

covariance was taken into account using independent contrasts. In comparison, after independent
contrasts were included no significant correlations were found between canine length and aspects
of glenoid morphology in females. TMJ height above the occlusal plane was found to be
significantly correlated with gleid/ preglenoid plane length,&in this case, correlations for

both males and females were significant afteependent contrasts. Correlations between TMJ
height and glenoid/ preglenoid plane lengthhevalso examined while holding canine crown

height constant; TMJ height was strongly clated with both of these aspects of glenoid

morphology. In all of these analyses, r-valuegjlenoid length tended to be larger than for

preglenoid plane length, particularly in females.

DISCUSSION
The goal of this chapter was to test for assiions between TMJ shape variation and the
mechanical demands of the masticatory apparbitsg, | will review the results of these analyses
for each variable describing TMJ shape (summaiiizéable 4-12), which will then be used to

evaluate the three main predictions outlined at the beginning of this chapter.
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Predictionsfor the components of the TMJ

TMJ size and shape. The size and relative dimensions of the glenoid and condylar articular
surfaces were predicted to differ among taxanmeadticate more resistant food-objects and/or use
their anterior or posterior teeth during food processing or mastication. Resistant-object feeders
were expected to have relatively larger joint surface areas in order to improve the load resistance
capabilities of the TMJ, and in almost all of the comparative groups examined, this was the case.
Of the nine comparisons performed (e.g., tkecemparative groups and comparisons between
species irGorilla, Pongo, andPan), glenoid and condylar area were significantly larger in taxa
that masticated more resistant foodealt§, except for the comparisons betwkapio and
Theropithecus and between the speciesRaingo, in which no significant difference was
observed. Notably, TMJ surface area was significantly smallerpaniscus when compared to
P. troglodytes, a difference which was in the opposite direction from expected §ivgamiscus
increased reliance on terrestrial herbaceous vegetation in comparizdrogodytes (Badrian
and Malenky, 1984; Malenky and Stiles, 19®Bklenky and Wrangham, 1994). However, reports
of dietary differences betweéh paniscus andP. troglodytes are conflicting. The initial studies
reporting increased THV consumptionRnpaniscus (Badrian and Malenky, 1984; Malenky and
Stiles, 1991) have come under increasing scrutiny, with some authors suggesting that this
distinction may not hold true at all studyesit(Chapman et al., 1996) or that these dietary
differences are not significant enough to explain variation in masticatory morphology (Taylor,
2002, 2005; Deane, 2009). Given this uncertaiegarding the food material property data for
the diets of these two species, it is difficult to determine whether the structural properties of these
food items differ enough to impact variationTiMJ shape. The data presented here, however,
would seem to suggest tHatpaniscus experiences decreased foratshe TMJ (as evidenced by
significantly smaller glenoid and condylar surface area) and also potentialB; el scus

relies less heavily on incisal preparation of food objects (as evidenced by a significantly AP
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shorter TMJ). Additional field studies of feedibehavior and food material properties in
chimpanzees and bonobos are required to test this hypothesis.

Taxa were also predicted to differ signifitdgrin the relative AP and ML dimensions of
the joint surfaces, depending upon the use of theiante posterior teeth. Taxa that repetitively
masticate low quality food items (e.g., leaves) a@irthosterior teeth were expected to have
relatively ML wider joints than taxa that udeir anterior teeth to process food items (which
should have very AP long joints as a consequence of intensive AP loading in the absence of
lateral deviation or twisting of the mandibl@mith et al., 1983; Bouvier, 1986a,b). Mixed
support was found for this predictiddebus apella has been documented to process food items
using its anterior dentition (in this case, the canines or first premolars), and it was therefore
expected that this species shoulgéeelatively AP longer TMJs thad capucinus or C.
albifrons; however, no significant differences were found for variables describing TMJ width or
length among these taxa. Similar results were founBdpio/Theropithecus andPongo. The
only comparison that did perform agpected was the comparison betw@&epaniscus andP.
trologlodytes, with P. paniscus having a relatively AP shorter joint th&ntroglodytes, as might
be expected if this taxon does indeed rely ni@avily on mastication of THV on the postcanine
dentition than incisal preparation of food iteasshas been suggested. However, taxa that
repetitively load their posterior dentition ovér@mingly had relativig wider glenoid and
condylar articular surfaces (except ag&inpaniscus) than other closely related species (Table 4-
12).

Previous analyses by Wall (1995, 1999) and Vinyard et al. (2003) suggest that increased
gape can be obtained by increased sagittahglidi the TMJ, which is itself a function of the
anteroposterior flattening of the mandibular condyle, and also the AP length of the glenoid
articular surface. It was therefore predicteat tthere should be a positive correlation between

measures of gape and AP curvature of the glen@.g., as measures of gape increase when AP
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curvature of the condyle approaches one), asagelP length of the glenoid and the preglenoid
plane, and that taxa with relatively larggpes should have AP longer glenoids and/or
preglenoid planes than other closely related taith smaller gapes. Correlation analyses
indicated no relationship between AP curvature of the mandibular condyle and canine crown
height or TMJ height, which were used asxpes for relative gape. These findings cast doubt on
the relationship suggested by Wall (1995, 1999) between condylar curvature and the amount of
sagittal sliding at the TMJ. Anteroposterior ldmgf the glenoid and preglenoid plane, however,
were found to be significantly correlated with gaged particularly the height of the TMJ above
the occlusal plane. These results are consisténtfivwdings by Vinyard et al. (2003), who found
that these measures of gape were also signilickamger in tree-gouging primates than non-tree
gouging taxa, and implies that one way in which ptirtaxa achieve larger gapes is to increase
the amount of AP translation (rather than rotation) of the condyle occurring at the TMJ during
jaw opening. Furthermore, taxa that were expetddthve relatively larger gapes for behavioral
reasons (e.gAlouatta) did have significantly longer glenoids and preglenoid planes than closely

related taxa without these behavioral specializations.

Entoglenoid process and articular tubercle shape. The relative size of the entoglenoid process
and articular tubercle were expected to vasya function of joint reaction forces and range of
motion at the TMJ. For both features, it was poted that their relative size would increase with
increasing joint reaction force (so as to increasd gurface area of the joint) and with increasing
range of motion (to guide movement of the cordyhd counteract tensile forces at the joint).
Thus, in resistant-object feeders, the entoglenoid process and articular tubercle should be
relatively larger than in taxa that masticate exoftbod-objects. The results were mixed. Resistant-
object feeders did indeed have relatively larggcaar tubercles and/or entoglenoid processes in

the atelines, papionins, and hominids, betdther comparative groups showed either no
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significant differences among tax@drilla andPan), or, in several cases, resistant-object feeders
had relatively smaller processes than other t&ehus andPongo).

It is worth noting tha€C. apella andP. pygmaeus, the more resistant-food-object eaters of
their respective comparative groups, have be#nhdentified to process food items extensively
on their anterior teeth that are then masticatetheir posterior teeth. As discussed in the section
on dietary ecology above, extensive usthefanterior dentition for preparation Adtrocaryum
nuts has been documenteddnapella, often with the use of the caes as a wrench to propagate
cracks (Izawa and Mizuno, 1977; Izawa, 1979p®egh, 1983; Janson and Boinski, 1992).
Similarly, during times of fruit scarcity. pygmaeus has been observed to feed extensively on
bark, often gnawing directly on the trunk or usingisors to strip bark from the ends of twigs
using their canines to split bark (Rodman, 1988ghton, 1993). Such behaviors provide an
interesting parallel between these two groupd,may suggest that their similarly small
entoglenoid processes (at least in comparisaosely related taxa) may function to
accommodate increased ML movement of the condyle during use of the canines as a wedge.
Conversely, where resistant-object feeders temdlyomore heavily on the posterior dentition for
repetitive mastication of Weer quality food items (e.gAlouatta, Gorilla) these two processes
may play a larger role in guiding the movenseot the mandibular condyle, acting to decrease

the range of motion at the TMJ.

Articular eminence shape. The model of articular eminence function presented here posits that
articular eminence form is optimized to nmimke translatory forces at the TMJ, thereby

maximizing vertical bite force. This could be accomplished in two non-mutually exclusive ways:

1) maintaining the same spatial relationships with other components of the masticatory apparatus

by covarying with the height of the TMJ above the occlusal plane and 2) covarying with the
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orientation of the masticatory musculatureasdo counteract non-normal forces produced by the
muscle resultant force.

Partial support for this model was providedtbg results found here. Articular eminence
form was found to be particularly stronglyroelated with the height of the TMJ above the
occlusal plane. This finding suggests that thaintenance of spatial relationships among the
various components of the masticatory apparatod,particularly maintaining the relationship
between the inclination of the AE and the refieesplane is important for masticatory function
and the maximization of bite force.

In contrast, substantially less support wasd for the prediction that AE inclination
covaries with muscle orientation. This result suggests two possible interpretations. First, this
portion of the model may be invalid; although tmerelations found between TMJ height and AE
inclination suggest that the articular eminence foagtion to resist translation at the TMJ, lack
of a correlation between muscle orientation andiddiination may indicate that orientation of
the muscle resultant is not a reliable enough indiaztttre direction of the joint reaction force.

In other words, variation in the extent to whijgarticular portions of each of the masticatory
muscles function during chewing (e.g., Vinyard et2008) could result in so much variation in
the orientation and position of the muscle hesu force that a straight forward correlation
between AE inclination and the orientationtleé muscle resultant force is unlikely.

Second, the lack of widespread correlations between muscle resultant orientation and AE
inclination could be due to problems with theccddtion of muscle resultant angulation. In this
study, 3D angles between the three muscles efioadion (the medial pterygoid, masseter, and
temporalis) and the occlusal plane were catedland their individual correlations with AE
inclination calculated. There are several potemiablems with this approach. First, 3D angles
may not be the most appropriate measure afabeworientation, and these results could differ

with the use of 2D angles. A more significant problem, however, lies with the general issue of



142
estimating muscle angulation from skeletal mateFat. this analysis, the orientation of the three
muscles examined were estimated based ohadstdeveloped and used by Spencer (1995). But
as he acknowledges, these estimates are fargdesfact in that they make a number of
assumptions regarding the mean position of the ladsice vector (based on the centroid of the
muscle scar) and for determining the distributioa efiuscle over the entire area of its attachment
(which is particularly difficult for the temporalimuscle). The magnitude and orientation of the
force vector may differ considerably deperglupon which muscles are recruited during
mastication, as well as which portions of thougscles are recruited; this method therefore
estimates only the mean force assuming that all fibers of the muscle (as well as all muscles) are
firing equally. This is, however, highly unlikely tecur on a regular basis during mastication of
food objects. Furthermore, although there is lifileumentation in this regard, there are many
factors regarding intrinsic muscle architecture that can vary among individuals and among
species, including fiber direction and muscle pinnation, location and number of intramuscular
tendons, sarcomere length, and muscle attachameat(e.g., Cachel, 1984; Lovejoy and Ferrini,
1987; Hannam and Wood, 1989; Koolstra etl@90; Anton, 1994, 1999, 2000; Taylor and

Vinyard, 2004).

Postglenoid process shape. No specific predictions were ma regarding postglenoid process

height, given the lack of data regarding the fuorcof this feature. Unfortunately, the data here

do not seem any more enlightening than prevamayses. The pattern of differences for the
postglenoid process in resistant-object feeders is relatively mixed among the comparative groups.
In several groups, resistant-object feeders tend to have larger PGPs than taxa that eat softer food
items, whereas other comparisons were not statistically significant, or in the Gadmohge,

show a decrease in PGP size in comparis@ gorilla. Future analyses of postglenoid process

variation and function shoulgerhaps therefore focus on assessing the extent to which PGP size
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varies with other features of the masticatory agies, and further experimental analyses of TMJ

function may be required to elucidate the role of the PGP.

Comparisonsto previous analyses
Atelines. The data presented for the atelines are consistent with previous analyses of masticatory
morphology variation in this gup. Previous research by Kay (1975), Rosenberger and Kinzey
(1976), Rosenberger and Strier (1989), and Sp€i®85) found strong differences in occlusal
and mandibular morphology #Wouatta in comparison tételes andLagothrix that suggest a
more powerful masticatory apparatus in thiaugge Similarly, the data presented here indicate
thatAlouatta has a relatively larger joint surfaaeea and enlarged processes surrounding the
glenoid fossa, which would support the conclusion that the TMJlontta must accommodate
higher joint reaction forces as a consequencegtfdniintensity and/or higher frequency occlusal
loads. Another major consideration in thiade is the vocal behaviors engaged ilpuatta,
which could theoretically be associated with tigily higher gapes in this taxon. The results
found here foAlouatta are also consistent with this preibe, since this species has a very AP
elongated TMJ which would function to increase sdgittding, and therefore gape, at the joint.

This will be discussed in furtheetail in subsequent chapters.

Cebines. The masticatory morphology &f apella has perhaps been one of the most frequently
studied of any of the resistant object feead@mined here. Previous analyses of occlusal
morphology (Kinzey, 1974; Rosenberger and Kinzey, 1976), microwear patterns (Teaford, 1985),
and masticatory apparatus configuration (Wrig@B05; Constantino, 2007) have all suggested

that of theCebus species examined. apella is adapted for generatitggher masticatory forces.
While the PC analysis presented here generally sepaaspdlla from the two otheCebus

species, the results of the Kruskal-Wallis test indicated only a few significant differences in TMJ
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shape betwee@. apella andC. capucinug albifrons. Variables that were significantly different
and that were in the predicted direction of change included glenoid area and condylar width
(which was marginally significant). These results are therefore slightly more consistent with
previous findings by Spencer (1995), who didfivad any consistent differences in masticatory
configuration among the species@dbus, although they do suggest an increased ability to
accommodate higher forces at the TMJ. It is unclear why these studies would differ, but it may be
that soft tissue changes (e.g., muscle architectupesition), rather than hard tissue morphology,
may be the driving factors that allow this taxtorgenerate higher masticatory forces than other

closely related species.

Pitheciines. Relatively few analyses have evaluhtbe masticatory morphology of the

pitheciines (Spencer, 1995; Norconk et al., 2009), but previous studies fouGdd#jab and
Chiropotes both display adaptations of the mandibhel anasticatory musculature that suggest an
increased mechanical advantage in comparis@ithecia. Although the PC analysis performed
here did not strongly separate the glenoid fossa or condylar morphology of these three genera, the
Kruskal-Wallis test did indicate significant differences in glenoid and condylar area, and
marginally significant differences in glenoid length and width betviRétkrecia andChiropotes/
Cacajao. These results are consistent with prasifindings, and therefore suggest thidhecia

is less specialized for seed predation thanrgihibeciine genera. The disparity in these two
analyses indicate that the difference in glenoid shape identified by the Kruskal-Wallis test is too
subtle to be detected in the 3D analyses, a@irpghrhaps the sample sizes were not large enough to

adequately distinguish among these taxa.

Macaques. The data presented here point tosirdifferences in TMJ shape betwddacaca

species that routinely mastite resistant food objectdl (thibetana, M. sylvanus, andM. fuscata)
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and those that do nd¥( fascicularis andM. nemestrina). These taxa differed in a number of
features of the TMJ, particularly glenoid arahdylar width and area, with the resistant-object
feeders having significantly wider and larger jantfaces than taxa that eat relatively softer
foods. These results are consistent with seyegealious studies by Takahaski and Pan (1994),
Anton (1996), and Constantino (2007), who previourstiicated that the masticatory apparatus in
the resistant-object taxa examined hereavgggnificantly more robust than otHdacaca species,

and therefore adapted to the consumption of resistant-food objects.

Papionins. Surprisingly few differences in TMJ shape were found betweropithecus and
Papio, although these taxa did differ significantlyentoglenoid and postglenoid process height,
and relative curvature/ inclination of the articidaninence. This result is in contrast to previous
analyses of masticatory configuration ies$k two genera that indicate an increased
biomechanical advantage Timer opithecus for the mastication of grass parts (Jablonski, 1981,
1993; Spencer, 1995; Constantino, 2007). Notably, howBapro has a very long mandible and
tends to rely heavily on the anterior dentition for incisal processing. This masticatory
configuration may result in very high TMJads (e.g., Hylander, 1979a; Hylander and Bays,
1979; Brehnan et al., 1981), that may rival thos&hef opithecus, and therefore this lack of
differentiation in TMJ dimensions is not necadly indicative of a lack of difference in

masticatory function.

Hominids. The results for the hominids were somewtnated. When specimens from all three
genera were compared, taxa separated stronglyape space and almost all of the variables were
statistically significantly different among thergga. These results suggest substantial differences

in glenoid and condylar shape across hominid spétatsare correlated with the use of resistant-
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food objects, and these findings are consistent with previous analyses of overall masticatory
shape by Taylor (2002, 2005, 2006) and Constantino (2007).

When species within each of the thggeat ape genera were compared, however,
substantially fewer differences in TMJ shape were founaiilla, glenoid and condylar width
(and to some extent glenoid and condglaiface area) were significantly largeiGnberingei.
These differences were consistent with pored differences among these two taxaGas
beringei routinely masticates more resistant food objects @hagorilla. In Pongo andPan, there
were no consistent differences in TMJ shapeweate predicted based on previous research. As
discussed above, the results of the comparison beterrglodytes andP. paniscus were
particularly unexpected, witR. paniscus having significantly smaller joint dimensions than
troglodytes, a result which was opposite the predicteéation of change given previous reports

of the diets of these two species.

Resear ch predictions

The patterns of variation in TMJ shape identified here are complex and somewhat
variable among the comparative groups exam{nefér to Table 4-12). However, these data
provide support for many of the predictions laid out at the beginning of this chapter, and indicate
general support for the three main research piedtested here regarding the influence of food
material properties, anterior versus postenoth use, and relative gape. As predicted, joint
surface area tends to be significantly greater in tiaaiamasticate more resistant food-objects. In
fact, the features of the TMJ that were most itestly statistically significantly different among
taxa, and varied in the predicted directionreveeasures of joint surface area. Similarly the
entoglenoid process tends to be larger in thaarepetitively masticate resistant food objects,
such as leaves (e.d\louatta, Gorilla). However, data for two species that tend to heavily use

their anterior dentition for food processirig) pygmaeus andC. apella), indicated that these
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species have smaller entoglenoid processes ttpated. This may indicate that the entoglenoid
process may be more strongly related to range of motion at the TMJ, rather than loading. Overall,
these findings suggest that Prediction 1- that taxa that consume more resistant food objects
exhibit adaptations in their TMJs associated with increased joint reaction force and range of
motion- should not be rejected.

Results of the analyses regarding the rolaraérior versus posterior tooth use are
somewhat more difficult to interpret, howev&he comparative groups examined here present a
mixture of taxa that use their posterior teeth extensively for the repetitive mastication of food
objects, as well as some taxa that use their anteedn for initial food pwcessing, but still likely
need to generate high magnitude bite forcetheim posterior dentition. This distinction is
particularly important because the significan€éigh bite-force magnitudes versus high bite-
force frequencies is poorly understood (e.gm#éahita, 2003; Taylor, 2006; Daegling and
McGraw, 2007). For example, the magnitude cingle chew may be higher for biting on the
incisors in comparison to the molars (as shdwy Hylander et al., 1979a; Brehnan et al., 1981),
but what about repetitive processing (e.g., incre&segiency of forces) on the posterior teeth?
Is the magnitude or frequency of forces mogm#icant for influencing TMJ form? As concluded
by Daegling and McGraw (2007), more data onube of the anterior versus posterior dentition
(in their case, for mangabeys), coupled with defailata regarding food material properties, are
needed to adequately test models regarding theveeinfluence of anterior or posterior tooth use
during resistant object feeding. Despite this latHata, the analysis presented here was designed
to provide a starting point for further analyseS&fJ shape, which hopefully will be able to be
coupled with enhanced data redjag food material properties.

In addition to the difficulties with identifyingdequate taxa for comparison, the lack of
statistically significant differences in AP lengthtbé joint in taxa that do and do not use their

anterior teeth for food processing could repreadrade-off between relative gape and increased
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bite forces. One way in which large gapes lsarachieved is by a relatively posterior position
and/or amount of stretch of the jaw adductosoulature, and particularly the masseter (e.g.,
Herring and Herring, 1974). However, this postenogration of the masticatory musculature is
achieved at the expense of the bite force; a mosteriorly positioned muscle resultant force acts
to decrease the muscle resultant to bite force moaren ratio, which results in a decreased bite
force magnitude (e.g., Greaves, 1978; Spencer, 1995, 1999). As a result, taxaGagelfsor
P. pygmaeus, may sacrifice increased gzgp(despite the utility of ineased gapes for use of the
anterior teeth during food processing) in favottaf generation of relatively large bite forces
along their posterior dentitions.

Based on previous research, it was predicted here that taxa that rely on the anterior
dentition for food processing would have relatwvaP longer joint dimensions and somewhat
smaller entoglenoid process and articular tubefnleontrast, taxa that repetitively masticate
tough food objects on their posterior dentitghrould have ML wide joints with a large
entoglenoid process and articular tubercle. These results of the analyses presented here are mixed.
There was no observable pattern in artictudercle size among the groups examined, and
therefore the function of this feature duringstication remains unclear. As mentioned above,
entoglenoid process size tended to vary more assequence of range of motion at the TMJ. In
taxa that repetitively masticate tough food olgemt the posterior dentition, the entoglenoid
processes tended to be large, while taxa thatheseanterior dentitiofior food processing, the
entoglenoid was small. These data are consigtigéintthe predicted function of the entoglenoid as
a feature that helps to guide or restrict moveroétite condyle. The relative dimensions of the
TMJ were also found to vary castently with use of the anterior vs. posterior dentition. Width of
the TMJ in particular varied as was predictad] was consistently larger in taxa that use their
posterior teeth heavily. These data therefore ssigifpat rejection of this prediction is not

warranted at this time, although further research may be necessary to fully link the function of
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these features with variation in anterior vs.tpasr tooth use. Experimental data may be
particularly useful in this regard.

Strong support was found for the final predictitirat taxa with relatively larger gapes
should have adaptations in their TMJ relatethtwmeased range of motion (e.g., sagittal sliding).
Significant correlations were found between measafdMJ length such as glenoid length and
preglenoid plane length and several measures that were used as proxies for gape, including canine
crown height and TMJ height. Caei height was found to begsificantly correlated with these
aspects of TMJ shape in male primates (espeaétidy the data were corrected for phylogenetic
codependence via independent contrasts); thisnignidi consistent withecent work conducted
by Hylander (Hylander and Vinyard, 2006; Hytier, 2008) suggesting that canine height is
significantly correlated with linear gape, and thape is significantly larger in male primates.
The data presented here found that height of M& above the occlusal plane was significantly
correlated with length of the glenoid and pregle plane, perhaps suggesting that, as the TMJ
increases in height above the occlusal plane, tnanslation is needed at the TMJ to maintain
the same amount of linear gape at the incistinese data therefore indicate that this prediction

should not be rejected.

CONCLUSIONS
The data presented here suggest thaetises correlation between the mechanical
demands of particular diets and some aspects of the morphology of the TMJ. Analyses of 3D
TMJ shape variation in each comparative grimglicate that, for the most part, species with
different diets can be distinguished on the basis of their TMJ morphology. Furthermore, in five
out of six comparative groups, taxa with morechranically demanding diets separated from taxa
with less demanding diets in morphospace, suggesting an association between diet and the form

of the TMJ. Aspects of TMJ shape that variedshamnsistently among taxa that masticate foods
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with different material properties were joint surface area, mandibular condyle width, and height
of the entoglenoid process. Some of the strong@selations were found between AP length of
the glenoid and preglenoid plane and measurgsé, perhaps indicating that one way increased
gapes can be achieved is through increasedlxtion at the TMJ (as opposed to increased
rotation at the joint).

The pattern of change for the variablescribing TMJ shape differed for each of the
comparative groups, however, and there were some notable differences in the variation of specific
components of the TMJ among taxa with different diets. These results may imply that while some
features can be reliably associated with inadderce production and range of motion in the
masticatory apparatus, other features areseeagly correlated with masticatory function.

Further analyses, particularly regarding thécatar eminence and postglenoid process, will be
needed to fully understand the functions of these specific features.

In sum, these data indicate that TMJ shape is influenced by the function of the
masticatory apparatus, particularly as relateldéal material properties and relative gape. These
findings correspond well to previous analysestber aspects of the masticatory apparatus in
many of the same taxa examined here. Togetihese data can provide important insight into the

adaptive response of the masticatory agjpes in anthropoid primates.



CHAPTER 5: SCALING RELATIONSHIPSIN THE ANTHROPOID

TEMPOROMANDIBULAR JOINT

INTRODUCTION

Knowledge of scaling differences in the masticatory apparatus among groups of primate
taxa is informative in interptations of both phylogenetic and biomechanical variation. For
example, previous analyses of scaling within the mandible (Smith et al., 1983; Bouvier, 1986a,b;
Ravosa, 2000) have shown that, where scalilagioaships for particular taxa deviate from
isometry, there is a concurrent change in the use of foods of varying mechanical properties. In
taxa that masticate tougher foods (e.g., colobines) the mandible is significantly shorter
(anteroposteriorly) than in taxa of similar bagige that tend to eat less mechanically demanding
foods (e.g., frugivorous cercopithecines). Therefore in a regression analysis of mandibular length
on body size which incorporates both colobined eercopithecines, colobines tend to fall below
the regression line, and cercopithecines above it (Bouvier, 1986a).

These scaling relationships can be explored in two ways. The “criterion of subtraction”
approach (Gould, 1966, 1975a; Shea, 1985a,bjspbat departure of a taxon from a common
pattern of scaling may suggest a novel shapegshadicative of adaptation to a particular
selective pressure. The use of this apprp#cbonjunction with knowledge regarding
biomechanical differences or changes in craniafammnfiguration in particular taxa, therefore
allows for the identification of unique changesirape which may be functionally or structurally
important.

Alternatively, assessing the rates at which particular aspects of shape change in relation
to size can also be particularly informativeaibbiomechanical context. This approach emphasizes
the slope of the regression line between two particular variables as the result of interest, rather
than just departures from the line, and degwithe relationship between these two variables as

either positive or negative allomg (Schmidt-Nielsen, 1984).
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Significant debate exists regarding what naea®f size the variables of interest should
be scaled against. Smith (1993) defined two tygedlometric analyses: body size allometry and
biomechanical allometry. Body size allometry @mcerned with the investigation of relationships
between body size (as the explanatory variablegaspEcific feature. This type of analysis is
generally exploratory in nature and is “concermgth an underlying relationship that may be
powerful, predictive, and founded on physipehciples, but not well understood” (Smith,
1993:180). As a consequence, specific hypotheses for scaling relationships among variables are
generally not formulated prior to analysis in this type of allometric analysis.

In contrast, biomechanical allometrycisncerned with the study of patterns of
relationships between two variables as size chaf®mgh, 1993). In this type of analysis, the
guestion of interest is not how variables chainggze, but whether a relationship is maintained
between two variables as size changes. Sualyses usually predict a specific slope given a
biomechanical model relating two variablesitimer of which represents overall size of the
organism (Smith, 1993). Hylander (1985) approptiapointed out that the utility of body mass
as the independent variable in analyses itiyating the effects of size may be limited,
particularly where the variables being analyzed are those that reflect the ability of the facial bones
to resist stress, since the relationship betweenwaghbles is unlikely to be direct. Subsequent
scaling analyses by Hylander and others have therefore focused @e thfevariables such as
mandibular length, which approximates the moment arm associated with bending moments along
the mandible (e.g., Hylander, 1985; Bouvier, 1986a,b; Ravosa, 1990, 1996, 2000; Vinyard, 1999;
Taylor, 2002, 2005).

Given the wide range of body sizes in this sample, and more generally across primates, it
is important to consider how the structureted skeleton changes across a range of body sizes
(Schmidt-Nielsen, 1984). Indeed, a substantial pomiicthe observed variation in shape within

the masticatory apparatus and TMJ has bededi to changes in body size (e.g., Freedman,
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1962; Cachel, 1984; Bouvier, 1986a,b; Anton, 1999; Ravosa, 2000; Daegling, 2001; Singleton,
2005). As outlined in Chapter 1, analyses of mandibular scaling relationships across primate size
classes indicate that there is a positively allimimeelationship between mandibular dimensions
and body/cranial size which also corresponds $ze-related increase in dietary toughness
and/or hardness (Hylander, 198m®ier, 1986a,b; Ravosa, 1996, 2000).

What does this mean for the TMJ? Thessvjmus analyses suggest that the bony
morphology of the masticatory apparatus scales with positive allometry, and that to some extent,
the masticatory musculature may as well. helogical differences in these analyses make
direct comparisons difficult. Moreover, manytbése studies are restricted to particular clades
(Hylander, 1985; Bouvier, 1986a,b; Ravosa, 1298)0; Vinyard, 1999; but see Smith et al.,

1983), or are methodologically distinct in thegse of which size variable aspects of the
masticatory apparatus should be scaled ag@itysander, 1985; Smith, 1993) or the regression
equations used (RJ Smith, 192809). To date, four analyses have specifically addressed how
aspects of the TMJ scale in relation to size (Setithl., 1983; Bouvier 1986a,b, Vinyard, 1999),
and of these, the majority have examined ondyrttandibular condyle, rather than the cranial
component of the TMJ (but see Vinyard, 1999). Smith et al. (1983) examined condylar shape
across anthropoid primates and found that the dimensions of the condyle (length, width, area)
scale with slight positive allometry relative tody size. In contrast, Bouvier's (1986a,b) analyses
of condylar scaling in Old and New World monkdégand that the same dimensions were largely
isometric in relation to body size. More receniynyard (1999) examined the scaling patterns of
mandibular condyle and glenoid length, widthdarea in strepsirrhines, and found that most
dimensions scaled with positive allometry whregressed against mandible length and cranial
size (although condyle and glenoid length scaled with isometry). These results of these studies are
therefore mixed, and it is unclear whether tieas$ of the TMJ scale with positive allometry or

isometry, either in relation to body size orndible length. However, these studies, coupled with
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the hypothesized size-related increases in dietary resistance (i.e., small primates eat less resistant
foods than larger primates) (Kay, 1975; Hyland®85; Sailer et al., 1985; Ravosa, 1996, 2000)
suggest that many aspects of TMJ size are likeelcale with positive allometry against body or
cranial size. It is this general hypottethat is tested in this chapter.

In addition to evaluating the general patterns of scalinky@riTMJ, scaling can also be
used to further test the dietary hypotheses adlin Chapter 4. Ifndeed the TMJ varies as a
consequence of functional differees among taxa, then these differences should be evident in the
way in which aspects of TMJ shape scale witle siFor example, as indicated above, previous
analyses of mandibular scaling across anthropoid primates have indicated a positively allometric
relationship between body size and mandibular dimensions (Hylander, 1985; Ravosa, 1996,
2000), and this relationship was interpreted flect a size-related increase in dietary hardness
and/or toughness (Kay, 1975; Hylander, 1985; Satlatl., 1985). In other words, smaller primate
species tend to eat relatively softer foods thegelaspecies, which sugsts that the magnitudes
of forces generated and dissipated during mdgiicare relatively larger in large-bodied taxa
compared to small-bodied species. Alternatively, it has been suggested that daily ingested food
volume scales with positive allometry (Rosslet 2009), which would result in larger-bodied
primates spending relatively more time feeding ahewing than smaller taxa. As a result, it
could be expected that dimensions of the T&&Jd whole) will show the same pattern of scaling
as previous analyses of mandibular dimens{ers, Hylander, 1985; Ravosa, 1996, 2000), if
indeed dietary resistance and/or magnitude ofifigeidcreases at a greater rate than body size.

Similarly, as body size increases, the peraggntaf foods that are relatively large in
relation to body size should decrease (Single2005). In other words, large gapes may be
advantageous in taxa with relatively small bai#es so that large-diameter food items can be
more easily processed and/or masticatecceSiewer food objects should present a mechanical

challenge on the basis of food diameter for lalymtied primates, relatively large gapes may not
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be maintained in taxa with increased body siaesordingly, it would be expected that gape
scales with negative allometry when regressed against body size.
These data suggest two hypothesesdhatbe tested by this study:
H1: If the magnitude and/or fye@ency of joint reaction forces increase with body size, the size
of the TMJ and its processes should scale with positive allometry.
H2: If relative food-object size decreases with yostze, then larger bodied primates should
have smaller gapes. Accordingly, in thesaihce of differences in canine size, aspects of

TMJ morphology related to gape should sheegative allometry with body size.

MATERIALSAND METHODS
Samples used for this study included @wrdinate data for 48 anthropoid taxa, as
described in Chapter 3. These coordinate dat® used to calculate linear and angular
measurements describing TMJ size and shagieeiprogram MacMorph (Spencer and Spencer,
1993), and were also used in further geometrigpmametric analyses, the goals of which were
to qualitatively describe size related shape chaimg® joint. As a result, two separate groups

of analyses were performed, first for the univaridata, and then on tB® coordinate data.

Univariate analyses
Twelve variables describing TMJ size (Table 5-1) were regressed against several
measures of overall size, including body mass I &8k2; data from Smithnd Jungers, 1997 and
Fleagle, 1999), and a geometric mean of six variables describing the size of the calvarium (bi-
asterionic breadth, bi-porionic breadth, basioccipital length, cranial height, cranial length, and

orbital width). This variable is referred to neagenerally throughout the text as the cranial
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TABLE 5-1. Measurements included in the univariate scaling analysis. Refer to table 3-2in
chapter 3 for definitions of how each variable was cal culated.

Variable Name Abbreviation
Articular tubercle (to FH) ArtTubHt
Entoglenoid height (to FH) EntGIHt
Glenoid length GlenLg
Glenoid width GlenWid
Glenoid area (2D) GlenArea
Three-dimensional glenoid area 3DGlenArea
Postglenoid process height (to FH) PGPHt
Preglenoid plane length PreglenLg
Condyle length CondLg
Condyle width CondWid
Condyle area (2D) CondArea

Three-dimensional condyle area 3DCondArea




TABLE 5-2. Body mass measurements used in the univariate scaling analyses.
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Species

Body Mass (g)

Species

Body Mass (g)

F M F M

Alouatta belzebul 5520 7270 Macaca fuscata 8030 11000
Ateles geoffroyi 7290 7780 Macaca nemestrina 6500 11200
Alouatta palliata 5350 7150 Macaca sylvanus 11000 16000
Alouatta seniculus 5210 6690 Macaca thibetana 9500 12200
Lagothrix lagotricha 7020 7280 Cercocebus torquatus 6230 11000
Cebus albifrons 2290 3180 Lophocebus albigena 6020 8250
Cebus apella 2520 3650 Papio anubis 13300 25100
Cebus capucinus 2540 3680 Papio cynocephalus 12300 21800
Chiropotes satanas 2580 2900 Papio ursinus 14800 29800
Cacajao melanocephalus 2710 3160 Theropithecus gelada 11700 19000
Pithecia pithecia 1580 1940 Mandrillus sphinx 12900 31600
Saimiri sciureus 668 779 Hylobates agilis 5820 5880
Aotustrivirgatus 736 813 Hylobates klossii 5920 5670
Colobus polykomos 8300 9900 Hylobates lar 5340 5900
Presbytis obscurus 6260 7900 Symphalangus syndactylus 10700 11900
Semnopithecus entellus 9890 13000  Pan paniscus 33200 45000
Procolobus verus 4200 4700 Pan t. schweinfurthii 33700 42700
Nasalis larvatus 9820 20400  Pant. troglodytes 45800 59700
Procolobus badius 8210 8360 Pant. verus 44600 46300
Cercopithecus mitis 4250 7930 Gorilla beringei 97500 162500
Cercopithecus nictitans 4260 6670 Gorilla gorilla 71500 170400
Miopithecus talapoin 1120 1380 Pongo abelii 35800 78500
Erythrocebus patas 5770 10600  Pongo pygmaeus 35600 77900
Macaca fascicularis 3590 5360 Homo sapiens* 54425 62200

*Values for H. sapiensre averages of multiple populations listed in Smith and Jungers, 1997
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geometric mean. Data points included in thalyses were means (by sex) for each species. The
data were analyzed separately for males amalies, as well as by taxonomic group (platyrrhines
vs. cercopithecoids vs. hominoids). Analysesensdso performed with humans removed from
the sample, to assess their impact on the regressjuations. This was done because the human
sample differs considerably from the rest of phienates analyzed in cranial size relative to body
or masticatory apparatus size, and was therefceyltk be a considerable outlier. All data were
log-transformed prior to analysis. Regressionsavealculated using the freely available program
SMATR (Falster et al., 2006). For all analyses, alpha was set at 0.05 and was further adjusted for
multiple comparisons using the Bonferroni metii@dnferroni, 1936), where alpha is divided by
the number of tests (which in most cases here was twelve).

There has been considerable debate réggttle most appropriate regression method to
be used in scaling analyses such as this. Althoudimary least squares (LS) regression is the
more traditional approach, reduced major &RiBI1A) regressions are also frequently used in
scaling analyses because this type of regressimois appropriately used when the causality
between the variables of interest is unknown and both variables are likely to contain error
(Rayner, 1985; Sokal and Rohlf, 1995), as is likely the case here. RJ Smith (1993, 2009) argues
strongly that RMA is the most methodologically appropriate choice to use in analyses where the
slope of the regression line will be used to undadsfatterns of shape change in relation to size.
RJ Smith (2009) makes this argument for seweraons. First, the patterns of error assumed by
each of these methods differs considerably;Srthe X variable is assumed to have been
measured without error, while in RMA regression both X and Y variables are assumed to
incorporate error. Second, and more importantly according to RJ Smith (2009), is that LS
regressions are asymmetric, while RMA regressions are symmetric. In other words, in RMA, the
outcome of the regression analysis is not depanggon which variable is placed on the X axis.

Because of this, no causality of the relationshimimtentionally inferred with the use of RMA.
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For these reasons, RMA is the most methodologically appropriate regression technique for this
study, and is therefore used here instead of LS regression.

Because of the phylogenetidatonships among the taxa used for this analysis, many of
the data points analyzed are unlikely to be independent of one another. To correct for this
codependence, phylogeneticalylependent contrasts (PIC) were used (Felsenstein, 1985; Nunn
and Barton, 2001). This method requires the canstm of a phylogenetic tree (Fig. 5-1), which
is then used to estimate nodal values througkhe phylogeny which represent comparisons
between sister taxa. These contrasts canlibersed as the basis for further regression or
correlation analyses in place of the original data fhylogeny used in this analysis was adapted
from Purvis (1995) with supplemental data from Disotell (1996), Morales and Melnick (1998),
Canavez et al. (1999), Page et al. (1999), €bal. (2000, 2005), Page and Goodman (2001),
Cortes-Ortiz et al. (2003), Newman et al. (2004), Takacs et al. (2005), Xing et al. (2005), Opazo
et al. (2006), Whittaker et al. (2007), and Ting et al. (2008). All branch lengths used in the
phylogeny were set equal to one another, as divergence dates are poorly known or missing for
most of the nodes in the phylogeny. Consastre calculated using PHYLIP (version 3.68,
Felsenstein, 2008). Regression analyses were dudrsigre-run using the contrast data and
compared to the raw data. In most cases, the corrected data (i.e., results of analyses run using the
contrasts rather than the raw data) were considered more reliable because the datapoints were
phylogenetically independent.

The expected slope of isometry for geontesiimilarity between the cranial geometric
mean and linear variables was 1.0, betweewriiweial geometric mean and area measurements
was 2.0, between body mass and a linear measnt was 0.33 and between body mass and area
measurements was 0.66. Variables examinethéofirst biomechanical scaling hypothesis were
expected to scale with positive allometry agaomsty size; accordingly, when regressed against

the cranial geometric mean, the linear variables wepected to have a slope of greater than
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0.33, and the area measurements were exptctele a slope of greater than 0.66. When
regressed against the cranial geometric mearinter and area measurements were expected to
have slopes of greater than 1.0 and 2.0,e&tsgely. Where negative isometry was expected
(hypothesis 2), the variables were predictedawe slopes of less than 0.33 and 1.0 when
regressed against body mass and the cranialgeormean, respectively. These predictions are

for the sample as a whole and for lowemtaomic levels as well (e.g., superfamily).

Geometric morphometric analyses

Following registration of the 3D coordinatata using Generalized Procrustes Analysis
(GPA), a principal components analysis (A@as performed to summarize and evaluate
variation in the 3D datasets. The resulting ppatcomponent (PC) axes are interpreted as shape
changes around a mean form, or consensus configuration, and the distribution of taxa along these
axes then summarizes informatie@garding shape variation within the sample (Slice et al., 1998;
Zelditch et al., 2004). Variation along each axis can be visualized using wireframe diagrams and
thin-plate spline analysis (TPSA), which uses a&3an transformation grid to visualize changes
in the relative placement of landmarks amtarmgimark configurations (Thompson, 1917;
Bookstein, 1991). Although GPA scales all specinterthe same unit centroid size, size related
shape changes (i.e., allometry) are not eliminaed consequence, the extent to which shape
covaries with size was evaluated by regressingPeacores for each axis on centroid size using
least squares regression. In this analysis, onljitstfive PC axes were examined for allometry;
together these PCs represented between 85 and 95% of the total variation in the sample. All data
points analyzed were average configurations by sex for each species, and as with the univariate
analyses, separate regressions were run for rmatefemales, and the overall dataset was further
divided by family and separate regressions peréa. In addition, the lack of phylogenetic

independence of the PC scores among closely related taxa was subsequently corrected for using
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PIC, as discussed above for the univariate. ddtaegression analyses were then re-run in
SMATR using the contrasts for each PC axis agdépendent variables. Finally, shape variation
along axes that covaried with centroid sizs described for each taxonomic group using
wireframe diagrams and TPSA. All geometric morphometric data were analyzed using the
programMorphologika (O’Higgins and Jones, 1998). Landmarks used in the geometric

morphometric analyses and their corresponding wireframe diagrams are illustrated in Figure 3-2.

RESULTS
Univariate data

Results of the regressions for the univariate data for both cranial and body size (Tables 5-
3 through 5-14) indicate that the TMJ scales prity with positive allometry, both across the
entire sample and in lower taxonomic groups. The majority of the statistically significant
relationships among variables were positively allometric or isometric, with only a couple of
negatively allometric scaling legionships identified. Howevethe regression results varied
depending on the size measure used. Fewer positively allometric relationships were identified
when body mass was used as the independent variable than when TMJ size was scaled against the
cranial geometric mean. This inconsistency caxXpgained by the strong negatively allometric
scaling relationship between body mass andtaeial geometric mean. These two variables
were strongly correlated’& 0.963, p<0.001), but the slope was considerably lower (slope=0.249
[+/- 0.014]) than would be expected if thes® tsize measures scaled with isometry (slope of
isometry= 0.33).

After independent contrasts were calculdtegdhe univariate data, the regressions were
rerun (refer to Tables 5-3 through 5-10). In gahdéhe patterns observed for the original data

remained after phylogenetic correction of the dalitnough fewer correlatns were statistically



TABLE 5-3. Results of the scaling analyses for the TMJ variables on cranial geometric mean for all taxa (including humans) (n=48). Data include
the reduced major axis (RMA) slopes and their corresponding confidence intervals and significant r-squared values. Critical alpha was set at
0.05/12= 0.0042. Highlighted cellsindicate positively allometric relationships.

ALL TAXA Original Data Independent Contrasts
Females Slope LowCl HiCl R-sq p-value Slope LowCl HiCl R-sq p-value

ArtTubHt 1.59 1.37 1.84 0.75 <0.00 1.88 1.50 2.35 0.44 <0.001
EntGIHt 1.96 1.73 2.22 0.82 <0.00 2.16 1.77 2.64 0.54 <0.001
GlenLg 1.22 1.10 1.36 0.87 <0.00 1.40 1.22 1.61 0.78 <0.001
GlenWid 1.34 1.22 1.47 0.90 <0.00 1.54 1.33 1.78 0.76 <0.001
GlenArea 2.54 2.31 2.80 0.90 <0.00 2.90 2.53 3.33 0.79 <0.001
3DGlenArea 2.47 2.22 2.75 0.87 <0.00f 2.95 2.54 3.44 0.75 <0.001
PGPHt 1.40 1.14 1.72 0.52 <0.001 210 1.64 2.68 0.31 <0.001
PreglenLg 1.07 0.94 1.24 0.78 <0.001 1.32 1.10 1.57 0.65 <0.001
CondWid 1.42 1.28 1.56 0.89 <0.00 1.64 1.41 1.91 0.74 <0.001
CondLg 1.37 1.24 1.50 0.90 <0.00 1.53 1.32 1.77 0.75 <0.001
CondArea 2.78 2.52 3.05 0.90 <0.00 3.15 2.72 3.66 0.76 <0.001
3DCondArea 2.62 2.38 2.89 0.90 <0.00 2.97 2.54 3.47 0.74 <0.001
Males

ArtTubHt 1.66 1.42 1.94 0.72 <0.00}f 2.13 1.73 2.63 0.51 <0.001
EntGIHt 2.02 1.79 2.29 0.83 <0.00 2.31 1.93 2.75 0.65 <0.001
GlenLg 1.26 1.13 1.41 0.86 <0.00 1.48 1.29 1.70 0.79 <0.001
Glenwid 1.37 1.24 1.50 0.89 <0.00 1.61 1.41 1.84 0.81 <0.001
GlenArea 2.61 2.37 2.89 0.89 <0.00 3.06 2.69 3.48 0.82 <0.001
3DGlenArea 2.53 2.26 2.83 0.86 <0.00 3.04 2.65 3.47 0.81 <0.001
PGPHt 1.55 1.28 1.88 0.57 <0.001| 2.26 1.82 2.80 0.49 <0.001
PreglenLg 1.13 0.98 1.30 0.78 <0.001 142 1.21 1.67 0.70 <0.001
CondWid 1.44 1.32 1.57 0.91 <0.00f 1.66 1.46 1.89 0.81 <0.001
CondLg 1.43 1.30 1.56 091 <0.00 1.60 1.41 1.83 0.81 <0.001
CondArea 2.86 2.62 3.12 0.92 <0.00 3.25 2.86 3.69 0.82 <0.001
3DCondArea 2.60 2.35 2.88 0.89 <0.000 2.92 2.54 3.35 0.80 <0.001
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TABLE 5-4. Results of the scaling analyses for the TMJ variables on cranial geometric mean for platyrrhines only (n=13). Data include the
reduced major axis (RMA) slopes and their corresponding confidence intervals and significant r-squared values. Critical alpha was set at
0.05/12= 0.0042. Highlighted cellsindicate positively allometric relationships.

Platyrrhines OriginaData Independer@ontrasts

Females Slope LowCl HiCl R-sqg p-value Slope LowClI HiCl R-sq p-value
ArtTubHt 2.32 1.48 3.64 0.51 0.006 1.27 0.66 245 0.01 0.796
EntGIHt 2.81 1.90 4.15 0.64 0.001 1.89 1.21 2.95 0.57 0.004
GlenLg 1.82 1.28 2.58 0.71 <0.001 141 0.97 2.06 0.70 0.001
GlenWid 1.46 1.06 2.00 0.77 <0.001 1.24 0.87 1.77 0.73  <0.001
GlenArea 3.27 2.34 4.55 0.74 <0.001 2.64 1.83 3.80 0.72 <0.001
3DGlenArea 3.33 1.91 5.81 0.40 0.038 2.49 1.41 440 0.46 0.032
PGPHt 2.57 1.65 4.01 0.52 0.005 1.68 0.98 287 037 0.037
PreglenLg 1.71 1.22 2.41 0.73 <0.001 1.29 0.90 1.85 0.73  <0.001
CondWid 151 1.09 2.09 0.75 <0.001 1.36 0.94 1.97 0.71 0.001
CondLg 1.52 1.10 2.10 0.76 <0.001 1.34 0.92 1.96 0.70 0.001
CondArea 3.02 2.20 4.15 0.76 <0.001 2.68 1.85 3.87 0.71 0.001
3DCondArea 3.29 1.91 5.69 0.42 082 2.82 1.58 5.01 0.44 0.035
Males
ArtTubHt 2.42 1.66 3.52 0.66 0.001 1.76 0.93 3.33 0.06 0.443
EntGIHt 2.97 2.13 4.14 0.74 <0.00 2.18 1.42 3.34 0.61 0.003
GlenLg 1.95 1.42 2.67 0.77 <0.00. 1.56 1.04 2.33 0.65 0.001
GlenWid 1.53 1.16 2.02 0.82 <0.001 1.34 0.96 1.89 0.76  <0.001
GlenArea 3.47 2.58 4.67 0.80 <0.001 2.88 1.99 4.17 0.71 0.001
3DGlenArea 3.77 2.34 6.08 0.57 0.008 2.96 1.71 5.13 0.50 0.022
PGPHt 2.65 1.82 3.88 0.66 0.001 2.00 1.22 3.28 0.46 0.015
PreglenLg 1.82 1.33 2.48 0.77 <0.001 1.8 0.98 2.23 0.64 0.002
CondWid 1.64 1.29 2.09 0.87 <0.00 1.53 1.15 2.03 0.84 <0.001
CondLg 1.68 1.31 2.15 0.86 <0.00 1.54 1.16 2.04 0.84 <0.001
CondArea 3.31 2.61 4.20 0.87 <0.00. 3.05 2.33 3.99 0.85 <0.001
3DCondArea 3.83 2.42 6.07 0.60 0.00%5 3.40 2.03 5.69 0.57 0.012
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TABLE 5-5. Results of the scaling analyses for the TMJ variables on cranial geometric mean for cercopithecoids only (n=22). Data include the
reduced major axis (RMA) slopes and their corresponding confidence intervals and significant r-squared values. Critical alpha was set at
0.05/12= 0.0042. Highlighted cellsindicate positively allometric relationships.

Cercopithecoids Original Data Independent Contrasts
Females Slope LowCl HiCl R-sq p-value Slope LowCl HiCl R-sq p-value

ArtTubHt 2.41 1.90 3.06 0.73 <0.000 2.30 1.71 3.10 0.60 <0.001
EntGIHt 2.41 2.01 2.89 0.85 <0.000 2.12 1.68 2.67 0.76 <0.001
GlenLg 1.57 1.40 1.76 0.94 <0.00 1.54 1.33 1.79 0.90 <0.001
GlenWid 1.73 1.47 2.04 0.87 <0.000 1.73 1.41 2.13 0.81 <0.001
GlenArea 3.27 2.87 3.71 0.92 <0.00f 3.23 2.73 3.82 0.88 <0.001
3DGlenArea 3.38 2.96 3.87 0.92 <0.00f 3.33 2.75 4.04 0.84 <0.001
PGPHt 2.07 1.66 2.58 0.77 <0.000 2.42 1.82 3.21 0.64 <0.001
PreglenLg 1.60 1.36 1.89 0.88 <0.000 1.57 1.31 1.88 0.86 <0.001
CondWid 1.95 1.65 2.31 0.87 <0.00f 1.93 1.56 2.38 0.80 <0.001
CondLg 1.82 1.58 2.10 0.91 <0.000 1.75 1.43 2.13 0.83 <0.001
CondArea 3.75 3.23 4.37 0.89 <0.00 3.66 2.99 4.47 0.82 <0.001
3DCondArea 3.21 2.83 3.63 0.93 <0.00. 3.11 2.59 3.74 0.85 <0.001
Males

ArtTubHt 2.53 2.00 3.19 0.75 <0.00f 2.65 2.01 3.49 0.66 <0.001
EntGIHt 2.59 2.17 3.09 0.86 <0.000 2.43 1.98 2.99 0.82 <0.001
GlenLg 1.54 1.38 1.71 0.95 <0.000 1.51 1.33 1.72 0.93 <0.001
Glenwid 1.70 1.46 1.97 0.90 <0.000 1.77 1.52 2.08 0.89 <0.001
GlenArea 3.20 2.86 3.58 0.94  <0.00f 3.25 2.86 3.69 0.93 <0.001
3DGlenArea 3.30 2.92 3.73 0.93 <0.00 3.25 2.84 3.71 0.92 <0.001
PGPHt 2.23 1.81 2.75 0.80 <0.00 2.61 2.05 3.31 0.75 <0.001
PreglenLg 1.57 1.35 1.82 0.90 <0.000 1.54 1.32 1.81 0.89 <0.001
CondWid 1.70 1.43 2.03 0.86 <0.000 1.78 1.46 2.16 0.84 <0.001
CondLg 1.71 1.46 2.01 0.88 <0.00f 1.68 1.38 2.05 0.83 <0.001
CondArea 3.40 2.89 3.99 0.88 <0.000 3.44 2.85 4.16 0.84 <0.001

3DCondArea 3.05 2.70 3.45 0.93 <0.00_ 2.92 2.47 3.45 0.88 <0.001
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TABLE 5-6. Results of the scaling analyses for the TMJ variables on cranial geometric mean for hominoids only (including humans) (n=13). Data
include the reduced major axis (RMA) slopes and their corresponding confidence intervals and significant r-squared values. Critical alpha was
set at 0.05/12= 0.0042. Highlighted cellsindicate positively allometric relationships.

Hominoids Original Data Independent Contrasts

Females Slope  LowCl HiCl R-sq p-value Slope LowCl HiCl R-sq p-value
ArtTubHt 1.46 1.02 2.09 0.69 <0.001 1.55 0.86 2.80 0.22 0.127
EntGIHt 1.86 1.25 2.76 0.62 0.001 2.29 1.24 4.23 0.14 0.231
GlenLg 1.21 0.96 1.54 0.87 <0.001 1.25 0.80 1.95 0.57 0.004
GlenWid 1.58 1.25 1.99 0.88 <0.001 1.56 1.04 2.35 0.64 0.002
GlenArea 2.78 2.22 3.48 0.88 <0.001 2.75 1.82 4.16 0.64 0.002
3DGlenArea 281 2.28 3.48 0.90 <0.001 2.81 1.95 4.04 0.72 <0.001
PGPHt 1.55 0.92 2.61 0.32 0.044 2.35 1.22 4.52 0.01 0.773
PreglenLg 0.91 0.62 1.33 0.65 0.001 1.08 0.59 1.98 0.17 0.187
CondWid 1.66 1.33 2.09 0.88 <0.001 1.71 1.12 2.61 0.62 0.002
CondLg 1.59 1.26 2.00 0.88 <0.001 1.56 1.02 2.39 0.61 0.003
CondArea 3.24 2.59 4.07 0.88 <0.001  3.25 2.14 4.95 0.62 0.002
3DCondArea  2.99 2.38 3.75 0.88 <0.001 3.01 2.00 4.52 0.65 0.002
Males

ArtTubHt 1.46 1.05 2.04 0.74 <0.001 1.46 0.86 2.49 0.38 0.034
EntGIHt 1.94 1.39 2.71 0.74 <0.001 2.21 1.28 3.82 0.33 0.049
GlenLg 1.30 1.04 1.63 0.88 <0.001 1.32 0.89 1.97 0.67 0.001
GlenWid 1.60 1.29 1.98 0.90 <0.001  1.57 1.09 2.27 0.72 0.001
GlenArea 2.90 2.34 3.60 0.89 <0.001 2.87 1.97 4.17 0.70 0.001
3DGlenArea 2.90 2.37 3.54 0.91 <0.0C 2.87 2.08 3.94 0.79 <0.001
PGPHt 1.64 1.04 2.58 0.50 0.007 2.35 1.28 4.32 0.15 0.210
PreglenLg 1.05 0.75 1.47 0.73 <0.001 1.23 0.72 2.10 0.36 0.040
CondWid 1.64 1.35 2.00 0.91 <0.001 1.63 1.15 2.33 0.74 <0.001
CondLg 1.63 1.33 2.00 0.90 <0.001 1.59 111 2.29 0.72 <0.001
CondArea 3.27 2.68 4.00 0.91 <0.001 3.21 2.25 4.59 0.73 <0.001

3DCondArea  2.99 2.48 3.61 0.92 <0.001  2.83 2.07 3.87 0.80 <0.001
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0.0042. Highlighted cellsindicate positively allometric relationships and values in italics indicate negatively allometric relationships.

ALL TAXA Original Data Independent Contrasts

Females Slope LowCl HiCl R-sq p-value Slope LowCl HiCl R-sq p-value
ArtTubHt 0.43 0.37 0.49 0.76 <0.00: 0.47 0.38 0.58 0.51 <0.001
EntGIHt 0.53 0.47 0.59 0.83 <0.00; 0.54 0.45 0.65 0.60 <0.001
GlenLg 0.33 0.30 0.36 0.92 <0.001 0.35 0.31 0.39 0.85 <0.001
GlenWid 0.36 0.33 0.39 0.92 <0.001 0.38 0.34 0.43 0.84 <0.001
GlenArea 0.68 0.63 0.74 0.93 <0.001 0.73 0.65 0.81 0.87 <0.001
3DGlenArea 0.68 0.62 0.75 0.90 <0.001 0.73 0.65 0.83 0.83 <0.001
PGPHt 0.38 0.31 0.45 0.61 <0.001 0.52 0.42 0.66 0.42 <0.001
PreglenLg 0.29 0.26 0.32 0.84 <0.001 0.33 0.28 0.38 0.75 <0.001
CondWid 0.38 0.35 0.42 0.91 <0.00: 041 0.36 0.47 0.82 <0.001
CondLg 0.37 0.33 0.40 0.90 <0.001 0.38 0.33 0.44 0.80 <0.001
CondArea 0.75 0.68 0.82 0.91 <0.00; 0.79 0.69 0.90 0.82 <0.001
3DCondArea 0.72 0.66 0.79 0.90 <0.001 0.74 0.64 0.85 0.79 <0.001
Males

ArtTubHt 0.42 0.37 0.49 0.77 <0.00: 0.52 0.43 0.62 0.63 <0.001
EntGIHt 0.51 0.46 0.57 0.86 <0.007 0.56 0.48 0.65 0.75 <0.001
GlenLg 0.32 0.29 0.35 0.90 <0.001 0.36 0.32 0.40 0.86 <0.001
GlenWid 0.35 0.32 0.38 0.93 <0.001 0.39 0.35 0.44 0.86 <0.001
GlenArea 0.66 0.61 0.72 0.93 <0.0C  0.74 0.67 0.82 0.88 <0.001
3DGlenArea 0.65 0.59 0.72 0.90 <0.001 0.74 0.66 0.83 0.87 <0.001
PGPHt 0.39 0.33 0.47 0.66 <0.001 0.55 0.45 0.66 0.62 <0.001
PreglenLg 0.29 0.25 0.33 0.82 <0.001 0.34 0.30 0.40 0.78 <0.001
Condwid 0.37 0.34 0.40 0.93 <0.00: 0.40 0.36 0.46 0.82 <0.001
CondLg 0.36 0.33 0.39 0.92 <0.001 0.39 0.34 0.44 0.82 <0.001
CondArea 0.73 0.67 0.79 0.93 <0.00: 0.79 0.70 0.89 0.83 <0.001
3DCondArea 0.67 0.62 0.73 0.92 <0.001 0.71 0.63 0.80 0.84 <0.001

TABLE 5-7. Resullts of the scaling analyses for the TMJ variables on body mass for all taxa (including humans) (n=48). Data include the reduced
major axis (RMA) slopes and their corresponding confidence intervals and significant r-squared values. Critical alpha was set at 0.05/12=
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TABLE 5-8. Results of the scaling analyses for the TMJ variables on body mass for platyrrhines only (n=13). Data include the reduced major axis
(RMA) slopes and their corresponding confidence intervals and significant r-squared values. Critical alpha was set at 0.05/12= 0.0042.
Highlighted cells indicate positively allometric relationships and values in italics indicate negatively allometric relationships.

Platyrrhines OriginaData Independer@ontrasts

Females Slope  LowCl Hi CI R-sq p-value Slope LowCl HiCl R-sq p-value
ArtTubHt 0.52 0.37 0.74 0.70 <0.001 0.46 0.26 0.79 0.16 0.055
EntGIHt 0.63 0.48 0.83 0.83 <0.001 0.52 0.35 0.75 0.69 0.001
GlenLg 0.41 0.32 0.52 0.88 <0.001 0.38 0.29 0.51 0.83 <0.001
Glenwid 0.33 0.26 0.41 0.88 <0.001 0.34 0.25 0.45 0.83 <0.001
GlenArea 0.73 0.59 0.92 0.88 <0.001 0.72 0.54 0.95 0.84 <0.001
3DGlenArea 0.69 0.47 1.02 0.72 0.001 0.70 0.43 1.13 0.63 0.006
PGPHt 0.58 0.42 0.80 0.76 <0.001 0.46 0.29 0.72 0.55 0.006
PreglenLg 0.38 0.31 0.47 0.90 <0.001 0.35 0.27 046 0.86 <0.001
CondWid 0.34 0.27 0.43 0.87 <0.001 0.37 0.27 0.50 0.81 <0.001
CondLg 0.34 0.28 0.42 0.90 <0.001 0.37 0.27 0.49 0.82 <0.001
CondArea 0.68 0.55 0.84 0.89 <0.001 0.73 0.55 097 0.83 <0.001
3DCondArea 0.69 0.45 1.04 0.68 0.002 0.79 0.49 1.30 0.61 0.008
Males

ArtTubHt 0.57 0.42 0.78 0.78 <0.001 0.54 0.32 0.90 0.42 0.022
EntGIHt 0.70 0.54 0.92 0.84 <0.001 0.60 0.42 0.86 0.73 <0.001
GlenLg 0.46 0.36 0.59 0.85 <0.001 0.43 0.31 0.60 0.78 <0.001
Glenwid 0.36 0.29 0.46 0.88 <0.001 0.37 0.28 0.49 0.83 <0.001
GlenArea 0.82 0.65 1.05 0.87 <0.001 0.79 0.59 1.07 0.81 <0.001
3DGlenArea 0.91 0.61 1.38 0.69 0.0020 0.92 0.56 1.52 0.59 0.009
PGPHt 0.63 0.46 0.87 0.76 <0.001 0.55 0.36 0.85 0.60 0.003
PreglenLg 0.43 0.34 0.55 0.86 <0.001 0.41 0.29 0.57 0.77 <0.001
CondWid 0.39 0.31 0.49 0.88 <0.001 0.42 0.32 0.56 0.83  <0.001
CondLg 0.40 0.32 0.50 0.87 <0.001 0.42 0.32 0.56 0.83 <0.001
CondArea 0.78 0.63 0.98 0.88 <0.001 0.84 0.64 111 085 <0.001
3DCondArea 0.93 0.61 1.40 0.68 0020 1.06 0.65 1.72 0.62 0.007
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TABLE 5-9. Resullts of the scaling analyses for the TMJ variables on body mass for cercopithecoids only (n=22). Data include the reduced major
axis (RMA) slopes and their corresponding confidence intervals and significant r-squared values. Critical alpha was set at 0.05/12= 0.0042.
Highlighted cells indicate positively allometric relationships and values in italics indicate negatively allometric relationships.

Cercopithecoids Originddata Independer@ontrasts

Females Slope Low CI Hi ClI R-sq p-value Slope Low CI HiCl R-sq p-value
ArtTubHt 0.60 0.43 0.84 0.47  <0.00; 0.50 0.36 0.68 0.55 <0.001
EntGIHt 0.61 0.45 0.82 0.58 <0.00! 0.46 0.35 0.60 0.69  <0.001
GlenLg 0.39 0.33 0.48 0.83 <0.001 0.33 0.28 0.39 0.89 <0.001
GlenWwid 0.43 0.37 0.51 0.88 <0.001 0.37 0.31 0.45 0.86  <0.001
GlenArea 0.82 0.70 0.97 0.88 <0.001 0.70 0.60 0.81 0.90 <0.001
3DGlenArea 0.85 0.71 1.02 0.85 <0.001 0.72 0.60 0.86 0.86  <0.001
PGPHt 0.52 0.40 0.68 0.68  <0.00! 0.52 0.39 0.70 0.62 <0.001
PreglenLg 0.40 0.32 0.50 0.78 <0.001 0.34 0.28 0.40 0.87 <0.001
Condwid 0.49 0.41 0.59 0.84  <0.001 0.42 0.34 0.50 0.84  <0.001
CondLg 0.46 0.37 0.56 0.79  <0.001 0.38 0.31 0.46 0.84  <0.001
CondArea 0.94 0.78 1.15 0.82 <0.001 0.79 0.65 0.95 0.85 <0.001
3DCondArea 0.81 0.66 0.98 0.82  <0.001 0.67 0.56 0.80 0.86 <0.001
Males

ArtTubHt 0.61 0.46 0.80 0.64  <0.00! 0.59 0.45 0.77 0.68  <0.001
EntGIHt 0.62 0.49 0.79 0.72  <0.00! 0.54 0.43 0.68 0.78 <0.001
GlenLg 0.37 0.31 0.44 0.87 <0.001 0.34 0.29 0.39 0.89 <0.001
GlenWid 0.41 0.34 0.48 0.87  <0.001 0.40 0.33 0.48 0.84  <0.001
GlenArea 0.77 0.66 0.89 0.89  <0.001 0.73 0.62 0.85 0.88  <0.001
3DGlenArea 0.79 0.68 0.92 0.89 <0.001 0.72 0.62 0.84 0.90 <0.001
PGPHt 0.54 0.43 0.67 0.77  <0.00! 0.58 0.46 0.74 0.76  <0.001
PreglenLg 0.38 0.31 0.46 0.80 <0.001 0.34 0.28 0.42 0.84 <0.001
Condwid 0.41 0.33 050 0.81 <0.001 0.40 0.31 0.50 0.76 <0.001
CondLg 0.41 0.33 0.51 0.79 <0.001 0.38 0.30 0.47 0.77 <0.001
CondArea 0.81 0.67 1.00 0.81  <0.001 0.77 0.61 0.96 0.78  <0.001
3DCondArea 0.73 0.61 0.88 0.85 <0.001 0.65 0.55 0.78 0.86 <0.001
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TABLE 5-10. Results of the scaling analyses for the TMJ variables on body mass for hominoids only (including humans) (n=13). Data include the
reduced major axis (RMA) slopes and their corresponding confidence intervals and significant r-squared values. Critical alpha was set at
0.05/12= 0.0042. Highlighted cells indicate positively allometric relationships and values in italics indicate negatively allometric relationships.

Hominoids OriginaData Independer@ontrasts

Females Slope Low Cl Hi ClI R-sq p-value Slope LowCl HiCl R-sq p-value
ArtTubHt 0.40 0.29 0.56 0.74 <0.001 0.45 0.25 0.81 0.24 0.107
EntGIHt 0.51 0.35 0.73 0.69 <0.001 0.67 0.137
GlenLg 0.33 0.28 0.40 0.92 <0.001 0.36 0.66 0.001
GlenWid 0.43 0.36 0.52 0.91 <0.001 0.46 <0.001
GlenArea 0.76 0.63 0.91 0.93 <0.001 0.80 0.73 <0.001
3DGlenArea 0.77 0.65 0.91 0.93 <0.001 0.82 0.79 <0.001
PGPHLt 0.42 0.26 0.69 0.40 0.02 0.69 0.574
PreglenLg 0.25 0.17 0.35 0.70 <0.001 0.31 0.116
CondWid 0.46 0.37 0.55 0.91 <0.00; 0.50 0.001
CondLg 0.43 0.35 0.54 0.89 <0.001 0.45 0.002
CondArea 0.89 0.72 1.09 0.91 <0.001 0.95 0.001
3DCondArea 0.82 0.66 1.01 0.90 <0.001 0.88 0.66 0.001
Males

ArtTubHt 0.36 0.28 0.47 0.84 <0.001 041 0.007
EntGIHt 0.48 0.37 0.63 0.84 <0.001 0.61 0.006
GlenLg 0.32 0.28 0.38 0.94 <0.001 0.37 <0.001
Glenwid 0.40 0.35 0.46 0.96 <0.001 0.44 <0.001
GlenArea 0.72 0.62 0.83 0.95 <0.001 0.80 0.82 <0.001
3DGlenArea 0.72 0.63 0.82 0.96 <0.001 0.80 0.87 <0.001
PGPHt 0.41 0.27 0.61 0.62 <0.001 0.65 0.064
PreglenLg 0.26 0.19 0.35 0.80 <0.001 0.34 0.012
CondWid 0.41 0.36 0.47 0.96 <0.00; 0.45 <0.001
CondLg 0.41 0.35 0.47 0.95 <0.001 0.44 <0.001
CondArea 0.81 0.71 0.93 0.96 <0.001 0.89 <0.001
3DCondArea 0.74 0.66 0.84 0.97 <0.001 0.79 0.87 <0.001
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TABLE 5-11. Results of the scaling analyses for the TMJ variables on cranial geometric mean for all taxa (excluding humans) (n=47). Data
include the reduced major axis (RMA) slopes and their corresponding confidence intervals and significant r-squared values. Critical alpha was
set at 0.05/12= 0.0042. Highlighted cells indicate positively allometric relationships.

ALL TAXA Original Data Independent Contrasts

Females Slope Low CI Hi ClI R-sq p-value  Slope Low Cl HiCl R-sq p-value
ArtTubHt 1.67 1.47 1.90 0.81 <0.00; 1.86 1.53 2.26 0.58 <0.001
EntGIHt 2.07 1.88 2.28 0.90 <0.00: 2.08 1.80 2.41 0.77 <0.001
GlenLg 1.28 1.16 1.41 0.90 <0.00; 1.43 1.27 1.61 0.85 <0.001
GlenWid 1.39 1.28 1.52 0.92 <0.00; 1.57 1.39 1.78 0.83  <0.001
GlenArea 2.65 2.44 2.89 0.92 <0.00; 2.96 2.65 3.31 0.87 <0.001
3DGlenArea 2.58 2.33 2.86 0.89 <0.00; 3.06 2.68 3.50 0.82 <0.001
PGPHt 1.45 1.23 1.70 0.71 <0.00; 1.88 1.55 2.28 0.60 <0.001
PreglenLg 1.13 1.00 1.28 0.84 <0.001 | 1.32 1.15 151 0.79 <0.001
Condwid 1.47 1.35 1.62 0.91 <0.00! 1.68 1.47 1.91 0.81 <0.001
CondLg 1.42 1.31 1.55 0.92 <0.00; 1.56 1.37 1.77 0.83 <0.001
CondArea 2.89 2.65 3.15 0.92 <0.00; 3.22 2.84 3.65 0.83  <0.001
3DCondArea 2.74 2.51 2.99 0.92 <0.00. 3.07 2.69 3.50 0.82 <0.001
Males

ArtTubHt 1.74 151 2.00 0.78 <0.00; 2.14 1.77 2.59 0.60 <0.001
EntGIHt 2.12 1.92 2.34 0.89 <0.00; 2.28 1.99 2.60 0.81 <0.001
GlenLg 1.32 1.19 1.45 0.89 <0.00; 1.50 1.35 1.68 0.87 <0.001
Glenwid 1.42 1.30 1.55 0.92 <0.00; 1.64 1.47 1.82 0.88 <0.001
GlenArea 2.72 2.49 2.97 0.92 <0.00; 3.11 2.81 3.44 0.89  <0.001
3DGlenArea 2.64 2.38 2.93 0.89 <0.00; 3.13 2.80 3.50 0.87 <0.001
PGPHt 1.61 1.37 1.89 0.71 <0.00; 2.17 1.83 2.58 0.68 <0.001
PreglenLg 1.19 1.05 1.34 0.84 <0.00; 1.43 1.25 1.62 0.81 <0.001
Condwid 1.49 1.38 1.61 0.93 <0.00; 1.69 1.52 1.88 0.88 <0.001
CondLg 1.48 1.37 1.60 0.93 <0.00; 1.63 1.46 1.81 0.88 <0.001
CondArea 2.97 2.75 3.20 0.94 <0.00; 3.31 2.98 3.66 0.88  <0.001

3DCondArea 2.71 2.47 2.97 0.91 <0.00; 3.00 2.67 3.37 0.86 <0.001
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TABLE 5-12. Results of the scaling analyses for the TMJ variables on cranial geometric mean for hominoids (excluding humans) (n=12). Data
include the reduced major axis (RMA) slopes and their corresponding confidence intervals and significant r-squared values. Critical alpha was
set at 0.05/12= 0.0042. Highlighted cellsindicate positively allometric relationships.

Hominoids OriginaData Independer@ontrasts

Females Slope LowCl HiCl R-sq p-value Slope Low CI Hi CI R-sq p-value
ArtTubHt 1.50 1.33 1.70 0.96 <0.00 1.53 1.23 1.91 0.92 <0.001
EntGIHt 1.88 1.61 2.20 0.95 <0.00 2.18 1.56 3.05 0.80 <0.001
GlenLg 1.29 1.14 1.45 0.97 <0.00 1.42 1.06 1.91 0.85 <0.001
GlenWid 1.67 1.45 1.92 0.96 <0.00 1.79 1.41 2.25 0.90 <0.001
GlenArea 2.94 2.62 3.29 0.97 <0.00 3.14 2.53 3.91 0.92 <0.001
3DGlenArea 2.97 2.58 3.42 0.96 <0.00 3.21 2.52 4.09 0.90 <0.001
PGPHt 1.35 1.10 1.66 0.91 <0.00. 1.74 1.16 2.60 0.70 0.001
PreglenLg 0.94 0.75 1.18 0.89 <0.001 1.13 0.71 1.80 0.59 0.006
Condwid 1.76 1.54 2.02 0.96 <0.00 1.95 1.50 2.55 0.87 <0.001
CondLg 1.68 1.46 1.93 0.96 <0.00 1.78 1.37 2.32 0.87 <0.001
CondArea 3.43 3.01 3.92 0.97 <0.00 3.72 2.88 4.80 0.88 <0.001
3DCondArea 3.16 2.72 3.67 0.95 <0.00 3.44 2.63 4.50 0.87 <0.001
Males

ArtTubHt 151 1.26 1.80 0.93 <0.000 1.54 1.14 2.08 0.84 <0.001
EntGIHt 1.98 1.76 2.23 0.97 <0.00 2.25 1.80 2.81 0.91 <0.001
GlenLg 1.36 1.23 1.52 0.98 <0.00 1.48 1.20 1.84 0.92 <0.001
GlenWid 1.68 1.50 1.87 0.98 <0.00 1.76 1.46 2.12 0.94 <0.001
GlenArea 3.03 2.74 3.36 0.98 <0.00 3.21 2.69 3.84 0.94 <0.001
3DGlenArea 3.03 2.68 3.43 0.97 <0.00 3.20 2.65 3.87 0.94 <0.001
PGPHt 1.58 1.23 2.03 0.87 <0.00. 2.20 1.52 3.17 0.75 0.001
PreglenLg 1.08 0.88 1.32 092 <0.001 1.32 0.91 1.91 0.75 0.001
Condwid 1.72 1.56 1.89 0.98 <0.000 1.83 1.52 2.21 0.94 <0.001
CondLg 1.71 1.55 1.88 0.98 <0.000 1.78 1.50 2.12 0.95 <0.001
CondArea 3.42 3.12 3.76 0.98 <0.00 3.60 3.04 4.27 0.95 <0.001
3DCondArea 3.13 2.82 3.47 0.98 <0.00 3.16 2.71 3.70 0.96 <0.001

LT



TABLE 5-13. Results of the scaling analyses for the TMJ variables on body mass for all taxa (excluding humans) (n=47). Data include the
reduced major axis (RMA) slopes and their corresponding confidence intervals and significant r-squared values. Critical alpha was set at
0.05/12= 0.0042. Highlighted cells indicate positively allometric relationships and values in italics indicate negatively allometric relationships.

ALL TAXA Original Data Independent Contrasts

Females Slope Low CI Hi ClI R-sq p-value Slope LowCl HiCl R-sq p-value
ArtTubHt 0.44 0.38 0.50 0.80 <0.001 0.46 0.37 0.55 0.58 <0.001
EntGIHt 0.55 0.49 0.61 0.88 <0.001 0.51 0.44 0.60 0.74 <0.001
GlenLg 0.34 0.31 0.36 0.93 <0.001 0.35 0.32 0.39 0.88 <0.001
GlenWid 0.37 0.34 0.40 0.93 <0.001 0.39 0.35 0.43 0.87 <0.001
GlenArea 0.70 0.65 0.75 0.94 <0.001 0.73 0.66 0.80 0.90 <0.001
3DGlenArea 0.70 0.63 0.77 0.90 <0.001 0.74 0.65 0.84 0.85 <0.001
PGPHt 0.38 0.33 0.44 0.77 <0.001 0.46 0.38 0.56 0.63 <0.001
PreglenLg 0.30 0.27 0.33 0.88 <0.001 0.32 0.29 0.3D0.83 <0.001
CondWid 0.39 0.36 0.42 0.91 <0.001 0.41 0.36 0.47 0.84 <0.001
CondLg 0.37 0.34 0.41 0.91 <0.001 0.38 0.34 0.43 0.83 <0.001
CondArea 0.76 0.70 0.83 0.91 <0.001 0.79 0.70 0.89 0.84 <0.001
3DCondArea | 0.74 0.67 0.81 0.91 <0.001 0.74 0.65 0.85 0.81 <0.001
Males

ArtTubHt 0.43 0.38 0.49 0.80 <0.001 0.51 0.43 0.61 0.66 <0.001
EntGIHt 0.52 0.47 0.58 0.89 <0.001 0.54 0.47 0.62 0.81 <0.001
GlenLg 0.33 0.30 0.36 0.91 <0.001 0.36 0.32 0.40 0.88 <0.001
GlenWwid 0.35 0.33 0.38 0.93 <0.001 0.39 0.35 0.43 0.87 <0.001
GlenArea 0.67 0.62 0.73 0.93 <0.00. 0.74 0.67 0.82 0.89 <0.001
3DGlenArea 0.66 0.60 0.73 0.90 <0.001 0.74 0.66 0.83 0.87 <0.001
PGPHt 0.40 0.34 0.46 0.75 <0.001 0.52 0.44 0.61 0.70  <0.001
PreglenLg 0.29 0.26 0.33 0.85 <0.001 0.34 0.30 0.39.81 <0.001
CondWid 0.37 0.34 0.40 0.93 <0.001 0.40 0.36 0.46 0.83 <0.001
CondLg 0.37 0.34 0.40 0.92 <0.001 0.39 0.34 0.44 0.83 <0.001
CondArea 0.74 0.68 0.80 0.93 <0.001 0.79 0.70 0.89 0.84 <0.001
3DCondArea 0.68 0.62 0.74 0.92 <0.001 0.71 0.63 0.80 0.85 <0.001
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TABLE 5-14. Results of the scaling analyses for the TMJ variables on body mass for hominoids (excluding humans) (n=12). Data include the
reduced major axis (RMA) slopes and their corresponding confidence intervals and significant r-squared values. Critical alpha was set at
0.05/12= 0.0042. Highlighted cells indicate positively allometric relationships and values in italics indicate negatively allometric relationships.

Hominoids OriginaData Independer@@ontrasts

Females Slope LowCl HiCl R-sq p-value  Slope LowCl HiCl R-sq p-value
ArtTubHt 0.40 0.33 0.48 0.93 <0.001 041 0.27 0.63 0.66 0.003
EntGIHt 0.50 0.41 0.61 0.92 <0.001 | 0.59 0.38 0.90 0.66 0.002
GlenLg 0.34 0.30 0.39 0.96 <0.001 0.38 0.27 0.54 0.79 <0.001
GlenWid 0.44 0.38 0.52 0.95 <0.00; 0.48 0.36 0.64 0.85 <0.001
GlenArea 0.78 0.68 0.89 0.97 <0.001 0.85 0.64 1.12 0.86 <0.001
3DGlenArea 0.79 0.68 0.91 0.96 <0.001 0.86 0.65 1.16 0.85 <0.001
PGPHt 0.36 0.28 0.46 0.88 <0.001 0.47 0.28 0.78 051 0.014
PreglenLg 0.25 0.19 0.32 0.86 <0.001 0.30 0.18 0.51 0.51 0.014
CondWwid 0.47 0.40 0.55 0.95 <0.00; 0.53 0.37 0.74 0.79  <0.001
CondLg 0.44 0.37 0.54 0.93 <0.001 0.48 0.33 0.70 0.73 0.001
CondArea 0.91 0.77 1.08 0.94 <0.00; 1.00 0.70 1.43 0.77 <0.001
3DCondArea 0.84 0.69 1.01 0.93 <0.001 0.93 0.64 1.34 0.75 0.001
Males

ArtTubHt 0.36 0.30 0.44 0.92 <0.001 0.39 0.28 056 0.77 <0.001
EntGIHt 0.48 0.41 0.55 0.96 <0.00; 0.57 0.44 0.75 0.87 <0.001
GlenLg 0.33 0.29 0.37 0.97 <0.001 0.38 0.28 0.50 0.85 <0.001
Glenwid 0.40 0.36 0.45 0.97 <0.00; 0.45 0.34 0.59 0.87 <0.001
GlenArea 0.73 0.65 0.82 0.97 <0.001 0.82 0.63 1.07 0.87 <0.001
3DGlenArea 0.73 0.64 0.82 0.97 <0.001 0.82 0.63 1.06 0.88 <0.001
PGPHt 0.38 0.29 0.49 0.85 <0.001 | 0.56 0.37 0.85 0.67 0.002
PreglenLg 0.26 0.20 0.33 0.89 <0.001 0.34 0.22 0.52 0.66 0.002
Condwid 0.41 0.36 0.47 0.97 <0.00; 0.47 0.35 0.63 0.85 <0.001
CondLg 0.41 0.36 0.46 0.97 <0.00; 0.45 0.35 0.60 0.86 <0.001
CondArea 0.82 0.73 0.93 0.97 <0.00; 0.92 0.70 1.22 0.86 <0.001
3DCondArea 0.75 0.67 0.84 0.97 <0.001 0.81 0.63 1.04 0.89 <0.001
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significant, and as a result fewer positively alloncatelationships and nmegatively allometric
relationships were found.

All analyses were run both for the entirengde, and for the individual subfamilies
(platyrrhines, cercopithecoids, and hominoids) imithe sample. When all taxa were considered
in the analysis, most variables scaled withitpasallometry, particularly against the cranial
geometric mean (Tables 5-3, 5-7, 5-11, and 5-13). This was true for both males and females,
regardless of whether humans were included iratfadysis, and after independent contrasts were
calculated. Separate examination of the platyrrhines indicated considerably fewer positively
allometric relationships, particularly when impé@dent contrasts were used instead of the raw
data (Tables 5-4 and 5-8). Only entoglenoid hesglated consistently with positive allometry in
males and females, against both the cranial geammeéan and body mass, and after independent
contrasts. Results of the analyses for theag@thecoids varied strongly depending upon which
variable the measures of TMJ shape were scaled against. When variables were regressed against
the cranial geometric mean, all aspects offthid shape scaled with positive allometry, both
before and after independent contrasts (Table 5-5). However, when variables were regressed
against body mass (5-9), only articular tulteefeight, entoglenoid height, and postglenoid
process height were found to scale with positivenadioy (after independent contrasts). A similar
pattern was found in hominoids when humans virgkeided in the sample (Tables 5-6 and 5-10).
When scaled against the cranial geometric mean, glenoid width and area, as well as condyle
length, width, and area were positively allome#fier independent contrasts. Only one variable
(condyle width) scaled with positive allometinen regressed against body mass, however
(Table 5-10).

Exclusion of the human sample from the dataset (Tables 5-11 through 5-14) yielded
broadly similar results to the analyses thatudeld humans, particularly when the entire sample

was examined. However, for the hominoid only analyses, humans represented enough of an
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outlier in most regressions that their remaaareased the r-squared values and levels of
significance for all analyses, allowing some jpoegly borderline values to be identified as
positively allometric (or negatively allometiiic the case of the preglenoid plane regressions
against body mass). There were particulartyre positively allometric relationships for
hominoids when humans were excluded endependent contrasts were used.

The extent to which specific features of the TMJ scaled with allometry or isometry
depended upon the taxonomic group examineticar tubercle, entoglenoid process, and
postglenoid process height all tended to seétlle positive allometry in platyrrhines and
cercopithecoids. However, this was less shdminoids, where these variables scaled with
isometry when humans were included, but vpitisitive allometry with humans excluded.
Similarly, glenoid length tended to scale with positive allometry in cercopithecoids and
platyrrhines (particularly when the raw datarevanalyzed), but not in hominoids. Instead,
glenoid length generally scaled with isometry in hominoids, although when humans were
removed glenoid length scaled witbsitive allometry against the cranial geometric mean. This
result is likely a consequence of the inclusiothef preglenoid plane in the overall measurement
of glenoid length; preglenoid plane length scaléth isometry or slight positive allometry in
platyrrhines and cercopithecoids, but scaled wither negative allometry or isometry in

hominoids (both in analyses with and without humans).

Geometric morphometric data
Regressions of glenoid shape on centroid size. Regression of the first five PC axes on centroid
size found a strong correlation between glenoapstand PC 1 for platyrrhines and hominoids,
but not cercopithecoids (Table 5-15). Centroibsias instead a significant explanatory variable

for variation along PC 3 in this group. Examioatiof the scatterplots of PCs 1 through 3 versus
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TABLE 5-15. Results for the regression of PC scores against centroid size for the glenoid. Critical alpha was set at 0.05/4= 0.0125. Highlighted
cellsindicate significant relationships.

Original Data Contrasts
Females Males Females Males
R-sq p-value p-value R-sq p-value R-sq p-value
All Taxa 0.422 <0.001 <0.001 0.130 0.013 0.070 0.073
PC 1 Platyrrhine 0.497 0.007 0.001 0.123 0.265 0.297 0.067
Cercopithecoid 0.107 0.137 0.699 0.011 0.651 0.154 0.079
Hominoid 0.804 <0.001 <0.001 0.489 0.011 0.341 0.046
All Taxa 0.108 0.022 0.027 0.020 0.339 0.116 0.019
PC 2 Platyrrhine 0.234 0.094 0.498 0.127 0.256 0.080 0.373
Cercopithecoid 0.139 0.088 0.849 0.058 0.291 0.177 0.057
Hominoid 0.004 0.842 0.521 0.094 0.333 0.064 0.426
All Taxa 0.004 0.685 0.185 0.032 0.230 0.013 0.445
PC 3 Platyrrhine 0.026 0.602 0.637 0.073 0.394 0.005 0.828
Cercopithecoid 0.314 0.007 <0.001 0.200 0.042 | 0.407 0.002
Hominoid 0.011 0.730 0.998 0.000 0.979 0.151 0.212
All Taxa 0.009 0.526 0.060 0.000 0.918 0.011 0.495
PC 4 Platyrrhine 0.004 0.840 0.816 0.176 0.174 0.016 0.698
Cercopithecoid 0.003 0.822 0.540 0.027 0.479 0.177 0.057
Hominoid 0.030 0.571 0.259 0.087 0.351 0.031 0.581
All Taxa 0.006 0.595 0.002 0.045 0.154 | 0.269 <0.001
PC 5 Platyrrhine _ 0.010 0.743 0.824 0.162 0.194 0.024 0.634
Cercopithecoid 0.000 0.974 0.996 0.015 0.597 0.037 0.402
Hominoid 0.011 0.735 0.880 0.035 0.562 0.001 0.932
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centroid size indicates that this result may be due to the fadflibpithecus talapoin (a species
which is considerably smaller in body size tladirof the other cercopithecoids examined) is a
strong outlier along PC 1; however, removalbftalapoin does not change the pattern of the
significance among these PC axes and centroid size.

Hominoids showed the highest correlations with centroid size along PC 1, with r-squared
vales of 0.804 and 0.803 for females and matespectively. To some extent, these significant
correlations disappeared when independent contrasts were used in place of the original PC scores,
although female hominoids still showed a sigrfit correlation between centroid size and PC 1
(r*=0.489, p=0.011), while centroid size for malecogithecoids remained correlated with PC 3
(r*=0.407, p=0.002). This decrease in the nunatbeorrelations after independent contrasts

indicates at least moderate levels oflpbenetic codependence in the sample.

Size-related shape changesin the TMJ. Using wireframe diagrams, how shape changes in
relation to size (or the allometric scaling)tbé glenoid was examined (Figs. 5-2 through 5-5).
Size related shape changes in the entire safRfge5-2) ranged from small taxa with
anteroposteriorly long glenoids with less glenoid relief (although relatively large postglenoid
processes) to large bodied taxa with mediotdiewide joints with considerably more
topographic relief to the joint.

In platyrrhines (Fig. 5-3), smaller-bodied taxa (eSgimiri, Aotus) tended to have
anteroposteriorly shorter and mediolateraliger glenoid fossae, with a relatively small
postglenoid process and large entoglenoid progesamicular tubercle. In contrast, larger
bodied platyrrhines, such Aseles, Lagothrix, and particularlyAlouatta, tended to have
anteroposteriorly long and mediolaterally narrglenoids, with a large postglenoid process and
small entoglenoid process and articular tubeldlfle difference was observed in articular

eminence inclination relative to Frankfurt Horizontal among small and large bodied taxa.
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Size related shape variation was not parsidylmarked in cercopithecoids (Fig. 5-4),
even afteM. talapoin was removed from the analysis besaof its considerably smaller body
size. In larger bodied taxa, the preglenoid plapeeared slightly longer, the entoglenoid process
and articular tubercle slightiyjore projecting in larger species, and the articular eminence was
somewhat more inferiorly inclined (i.e., more raised) in larger bodied taxa. However, in general,
shape stayed relatively the saasesize increased in this group.

Finally, hominoids displayed the strongest relationship between size and glenoid shape,
with clear and marked differences in glenoid shape between smalleHgopates) and larger
bodied (e.g.Gorilla andPongo) taxa (Fig. 5-5). Smaller taxarté to have a very flat glenoid
region, with little topographic relief, that is very anteroposteriorly long and mediolaterally
narrow. In contrast, larger bodied taxa haverg vaised articular eminence, larger postglenoid
and entoglenoid processes and articular tubength an anteroposteriorly short and very

mediolaterally wide glenoid shape.

Regressions of condylar shape on centroid size. Fewer significant correlations between
centroid size and condylar shape were fourabl@ 5-16), and the r-squared values were
generally lower for condylar shape than for gleinshape. These results suggest that variation in
condylar shape among taxa is lessrgjly related to size than is glenoid shape variation, or that
condylar shape is too plastic. No significantretations were found beten PC 1 and centroid
size; instead, significant correlations were found between centroid size and PCs 3 and 4 when the
uncorrected PC scores were used. When contrasts were used in place of the original PC scores,
significant correlations were found between caidtsize and PCs 2 and 4, but only for the
cercopithecoid sample.

Shape variation in relation to size in thandibular condyle was also evaluated, but

because of the general lack of strong correlatimt®&/een size and shape, visualization of the



TABLE 5-16. Results for the regression of PC scores against centroid size for the mandibular condyle. Critical alpha was set at 0.05/4= 0.0125.

Highlighted cells indicate significant relationships.

Condyle Points

Condyle Points- Contrasts

Females Males Females Males
R-sq p-value R-sq p-value R-sq p-value R-sq p-value
All taxa 0.002 0.790 0.027 0.266 0.018 0.363 0.002 0.739
PC 1 Platyrrhine 0.157 0.180 0.219 0.106 0.000 0.985 0.017 0.687
Cercopithecoid 0.109 0.133 0.026 0.472 0.037 0.404 0.010 0.669
Hominoid 0.154 0.185 0.122 0.242 0.182 0.166 0.144 0.224
All taxa 0.012 0.452 0.002 0.781 0.046 0.147 0.024 0.297
PC 2 Platyrrhine 0.040 0.513 0.370 0.027 0.001 0.916 0.094 0.333
Cercopithecoid 0.031 0.430 0.075 0.218 0.263 0.07 0.386 0.003
Hominoid 0.026 0.599 0.149 0.192 0.013 0.729 0.013 0.723
All taxa 0.133 0.011 0.084 0.046 0.081 0.053 0.042 0.166
PC 3 Platyrrhine 0.073 0.371 0.011 0.737 0.009 0.775 0.028 0.603
Cercopithecoid 0.286 0.010 | 0.002 0.859 0.274  0.015 0.021 0.528
Hominoid 0.394 0.022 0.422 0.016 0.186 0.161 0.162 0.195
All taxa 0.072 0.066 0.001 0.857 0.002 0.789 0.036 0.200
PC 4 Platyrrh_ine _ 0.058 0.429 0.003 0.859 0.001 0.934 0.036 0.557
Cercopithecoid 0.006 0.732| 0.312 0.007 0.004 0.781 | 0.377 0.003
Hominoid 0.081 0.345 0.098 0.298 0.043 0.516 0.017 0.689
All taxa 0.037 0.193 0.039 0.180 0.005 0.636 0.006 0.611
PC 5 Platyrrhine 0.027 0.591 0.125 0.236 0.101 0.314 0.151 0.212
Cercopithecoid 0.001 0.885 0.024 0.493 0.006 0.748 0.089 0.188
Hominoid 0.000 0.993 0.053 0.449 0.024 0.627 0.141 0.229
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shape changes related to size was not particutahningful, and is not discussed here. This may
be a result of the fact that only five landmankere used to quantify éhshape of the mandibular

condyle.

DISCUSSION

The goal of this chapter was to evalutie extent to which aspects of the bony
morphology of the TMJ scale in relation to baahd cranial size. Given previous analyses of
scaling in the masticatory apparatus and TMdais predicted that features of the TMJ should
scale primarily with positive allometry. Furtimeore, several specific biomechanical scaling
hypotheses were generated to further test theqgtieus of TMJ function outlined in Chapter 4.

The first of these hypotheses posited that, ifadietesistance increases with body size, it was
predicted that the size of the TMJ and itsqasses should scale with positive allometry against
either body or cranial size. The second hypothesis predicted that features of the TMJ associated
with gape would show negative allometry,carelative food-object size should decrease with
increasing body size.

To test these hypotheses, a number of univariate regression and geometric morphometric
analyses were performed. Results of the univariate regression analyses indicate that features of
the TMJ scale, for the most part, with positive allometry against size, as was predicted based on
previous research. These results were somesdp®ndent upon whether the TMJ variables were
scaled against body mass or the cranial geocn@igan, since cranial size scaled with strong
negative allometry when regressed againsybodss. Since the cranial geometric mean
represents aspects of calvarial size, this scaling relationship likely reflects the strong negatively
allometric relationship that has been previgamcumented between body and brain size (e.qg.,

Gould, 1975b; Hoffman, 1982; Martin and Harvey, 1985; Pagel and Harvey, 1988).
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Of the specific features within the TMJetheight of processes in the joint (the
entoglenoid process, postglenoid process, andikatitubercle) all tended to scale with positive
allometry in platyrrhines and cercopithecoids, touh lesser extent in hominoids. Overall, these
data support the hypothesis that the size ®fTtMlJ and its various processes scale with positive
allometry. Since dietary resistance and daibyeisted feeding volume have been suggested to
scale with positive allometry against body size (Hylander, 1985; Sailer et al., 1985; Ross et al.,
2009), this finding provides further support foe#iction 1 from Chapter 4, that resistant-object
feeders have relatively larger joint surface ar@ad processes than closely related taxa that
masticate more compliant food objects.

Similarly, glenoid length and preglenoid plane length scaled with slight positive
allometry in platyrrhines and cercopithecoids, With isometry or slight negative allometry in
hominoids. The negative allometry/ isometrysetved for preglenoid plane length in hominoids
may indicate decreased relative gape in labgelied hominoids, since preglenoid plane length
has been shown by Vinyard et al. (2003) to be positively correlatkdelative gape, and
particularly translation potential of the mandibular condyle during jaw opening. However, given
the mixed nature of these results, these data suggest that there is unlikely to be a significant
relationship between food-object size and bodg,ssuch that relative gape does not necessarily
decrease with size as was suggested by Singleton (2005).

Regression of the principal component axes representing shape on centroid size in the
geometric morphometric analyses suggest that glenoid shape tends to have a strong relationship
with size in hominoids and platyrrhines, but lesénscercopithecoids. This finding is reflected in
the evaluation of the wireframe diagramatthuggest shape does not vary as much in
cercopithecoids as in platyrrhines and particuladyninoids. One possible explanation for this
lack of size-related shape variation may be pighetic constraint within this group. Although

recent analyses (Steiper et al., 2004) suggestecuaiar divergence date of 29.2 to 34.5 million
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years ago (Ma) between cercopithecoids and hodsnédssil data indicate a much more recent
adaptive radiation of the cercopithecoids beginmmithe Miocene, and peaking in the Pliocene
and Pleistocene (Delson, 1994; Benefit, 199%1eBie and McCrossin, 2002; Jablonski, 2002;
Elton, 2007). Species of extargrcopithecoids represent this talaly recent radiation, and the
diversity of adaptations within this groupsimade this clade highly successful. However, the
rapidity and recency of this radiation has te=liin conserved skeletal and dental morphology
and a general lack of morphological differentiation among lineages that may otherwise be
expected if lineages had diverged more distantly (Schultz, 1970; Disotell, 1996; Jablonski, 2002).
Moreover, several instances of morphologa@ivergence among cercopithecoid primates have
recently been indicated by molecular analyses (Bisotell, 1994, 1996). The conserved nature
of the morphology of this group has therefore made the interpretation of cercopithecoid evolution
a complicated endeavor. This analysis supgbese previous observations, and suggests that the
bony morphology of the TMJ is relatively stableang taxa, despite the relatively high degree of
size variation within this group. This could pati@lly indicate that the masticatory apparatus
functions in very similar ways across body siZéss result is not necessarily unexpected given
the dietary heterogeneity of this group, andipalarly of the species within this clade, which
have often been noted to have very divelists (e.g., Wheatley, 1976, 1980; Dunbar, 1977,
Moreno-Black and Maples, 1977; Hamilton et al., 1978; Crockett and Wilson, 1980; Maruhashi,
1980; Drucker, 1982; Deag, 1983; Lucas and €19rL991; Whiten et al., 1991; Byrne et al.,

1993; lIwamoto, 1993; Jablonski, 1993; HIIB97; Menard and Vallet, 1997; Fleagle, 1999;
Pochron, 2000; Chapman et al., 2002; Hill and Dunbar, 2002; Lambert 2002; Menard, 2002;
Swedell, 2002; Lambert et al., 2004; Tsuji et al., 2006).

Notably, however, the results of the geometric morphometric and univariate analyses
yielded strikingly different signals for the cepithecoid sample. In the univariate analyses,

cercopithecoids showed the most consisterlirgcpatterns, where many of the variables
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examined scaled with strong positive allomegprgrticularly when measured against the cranial
geometric mean. However, as discussed abogeggbmetric morphometric analyses failed to
find a very high correlation between size and shape. It is unclear why these analyses differ. It is
possible that the combination of variables thatsckided in the overall sipe of the TMJ in this
group is not able to discern among the scaling patiefrthe individual features, as the univariate
analyses do, and that perhaps the different patterns of scaling for these features cancel one
another out in the geometric morphometrialgses. Further analyses will be necessary to
determine whether this is indeed the case, arfthps increased sampizes at lower taxonomic
levels (e.g., cercopithecines vs. colobines) allbbw for examination of scaling patterns within
the cercopithecoid sample.

In contrast, hominoids show a more draaticount of shape change between small and
large bodied taxa, which is likely a result oé tiwo size classes included in this group: the
smaller bodied hylobatids and large bodied honsinks evidenced by the regression analyses
where humans were excluded, humans tended toseagireutliers in comparison to the rest of the
hominoid sample. This result highlights the unighape of the TMJ in this species, and indicates
that humans tend not to lie along the same scaling trajectory as the rest of the hominoids.
Analyses of TMJ morphology in fossil hominin speccould help shed light on exactly when the
hominin lineage began to deviate from th@ninoid scaling pattern, and whether this
morphology is at all related to increases in besme and shape (and concurrently basicranial and
facial morphology and paosition) in hominins (e.g., Todd, 1930; Weidenreich, 1943; Kimbel et al.,
1984; Ross and Ravosa, 1993).

Interestingly, the pattern of shape efes with size in platyrrhines and hominoids
differs substantially, with opposigze-related shape changes from small to large bodied taxa. In
particular, the overall dimensions of the glenoidnsuch that in platyrrhines, the glenoid is

mediolaterally wide and anteroposteriorly shinrsmall-bodied taxa, and gradually becomes both
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anteroposteriorly long and mediolaterally narrow in larger species. In hominoids this is reversed.
These data could be interpreted to indicatas®e of convergence between large bodied atelines
(i.e.,Alouatta) and the small-bodied hylobatids. Bothtlkése groups are noted for their unique
vocal behaviors, and although no analyses have quantified gape during vocalization in these taxa,
it could be hypothesized that these vocal bedrashould necessitate relatively larger gapes.

Gape data recently collected by Hylandeale{2008) indicate that gibbons and siamangs do
indeed have relatively large gapes, althotighfew data points currently available fdpuatta

may suggest relatively smaller gapes in geésus (Hylander, pgonal communication).

However, mandibular and canine morphology differs radically betwbmmtta and hylobatids,
with the TMJ raised well above the occlusam® in howlers, while the TMJ is positioned very
close to the occlusal plane in gibbons and siagraAs a result, even given the same amount of
condylar translation in these two groups, hytatsawould attain greater relative gapes than
Alouatta, simply by virtue of their mandibulaonfiguration (Herring and Herring, 1974;
Singleton, 2005). This substantial differencenandibular morphology is likely a consequence

of the radical reorganization of the cranial bas@louatta, as associated with the enlargement of
the vocal apparatus (Hershkovitz, 1949; HiB62; Fleagle, 1999). A number of features of the
cranial base and masticatory apparatus have fresiously linked tdahe highly autapomorphic
vocal apparatus in this genus, including alkoranial capacity, decreased cranial flexion,
increased bigonial breadth, a deep mandibular comithsan enlargedrad rounded gonial angle,
and a TMJ raised above the occlusal plane (Watanabe, 1982; Anapol and Lee, 1994; Fleagle,
1999). Among these, several characters can also be interpreted as providing increased mechanical
advantage for the mastication otigh food objects such as leaves, wiibbuatta relies on

heavily. In particular, the raised TMJ Alfouatta can be interpreted as acting to maximize the
dispersion of bite forces along the postcaningitlen (Greaves, 1980; Spencer, 1995). Thus, the

unique configuration of the masticatory apparatus and TMloumtta is likely due to a
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combination of factors, which further analysevafiation within this geus may be able to tease

apart.

Comparisonsto previousresearch

These findings are broadly consisteritiwthe scaling relationships documented
previously by Smith et al. (1983), Bouvidi9g86a,b), and Vinyard (1999), although with some
important differences. Smith et al. (1983) fouhdt the dimensions of the mandibular condyle
scaled with slight positive allometry, whereas nafghe data here indicate that the condylar
dimensions scale with strong positive allomettyen regressed against cranial size, but only
scaled with positive allometry in hominoids dedale cercopithecoids when regressed against
body mass. Smith et al. did not split their sanipte smaller taxonomic groups, and therefore the
positive allometry in the hominoid and cercopitbid samples likely swamped the isometric
relationships identified in platyrrhines here.

Similarly, Bouvier (1986a,b) analyzed scaling of the condylar dimensions in platyrrhines
and cercopithecoids separately and found thestetldimensions scaled with isometry in both
groups; the data here are consistent witlnBer’s results for platyrrhines, but not for
cercopithecoids, which tended to scale moith wositive allometry in the current study.

Although the number of cercopithecoid species analyzed was identical and 14 of the 22 species
included were the same, the difference in these results is likely to have occurred for several
methodological reasons. First, Bouvier (1986b) wsedihary least squares rather than reduced
major axis regression. Next, Bouvier regressaadylar width, length, and area against body

mass and found that these variables all scaledisathetry. This result was also found in this

study; however, additional variables analyzeatidalar tubercle, entoglenoid, and postglenoid
height) were all found to scale with positivometry against body mass. Finally, regression of

variables against the cranial geometric meanigstudy resulted in substantially more positively
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allometric relationships than did regression agabody mass. Bouvier (1986a,b) recognized that
body mass may not have been the most appropneésure of size, but did not assess scaling
relationships against overall cranial size, (instelael regressed her variables against mandibular
length as a measure of biomechanical function).

Vinyard (1999)’s data are not directgmparable to this analysis because only
strepsirrhines were included in his analys¢mwever, the patterns identified by Vinyard are
largely consistent with the awals conducted here, with maitnensions of the condyle and
glenoid scaling with positive allometry, withe notable exception of condylar and glenoid
length, which was also the case here (althougHdeszr extent for condylar length than for

glenoid length).

CONCLUSIONS

The data presented in this chapter indita#ée many aspects of TMJ shape scale with
positive allometry, particularly when regressediagt cranial size. These findings are consistent
with previous findings that suggest mostexdp of the masticatory apparatus are positively
allometric. Furthermore, these results support timelosions arrived at in the preceding chapter;
that is, aspects of the TMJ shape tend to iragssociation with functional differences among
anthropoid taxa.

Phylogenetically, these analyses suggestthi®ataxonomic groups examined do not vary
in the same ways. The inconsistency in thitepa of scaling relationships among platyrrhines,
cercopithecoids, and hominoids may indicate urdtegladaptive strategies present in each of
these groups that can influence phylogenetic patternmarticular, this can be demonstrated well
for the atelines, with the large bodi@tbuatta displaying a unique behavioral trait that is likely to

have a significant influence over TMJ function and shape (Fleagle, 1999; Halenar, 2008).



CHAPTER 6: TEMPOROMANDIBULAR JOINT VARIATION IN PHYLOGENETIC

PERSPECTIVE

INTRODUCTION

There is a long history of use of the cranial base, and particularly features on the temporal
bone, in taxonomic and phylaggtic analyses of extant and fossil primate species (e.g.,
Weidenreich, 1943; Tobias, 1967; Olson, 1981; Kimbel, 1986; Strait et al., 1997; Martinez and
Arsuaga, 1997; Kimbel et al., 2004). Many authors have suggested that particular portions of the
cranium may be more phylogenetically informative because they are less prone to variation
caused by environmental variables (Olson, 1981; Strait et al., 1997; Lieberman et al., 2000;
Harvati, 2001; Wood and Lieberman, 2001; Harvati and Weaver, 2006a,b). The basicranium in
particular has been a focus of attention, becthiseegion forms very early during fetal growth
and primarily ossifies endochondrally (Scheaied Black, 2000; White, 2000). This region also
mirrors the shape of the developing brain,ti@phology of which is relatively constrained
(Houghton, 1996). Practically speaking, the cranial base is one of the most frequently preserved
portions of the cranium in the hominin fossil restcand the complex morphology of this region
lends itself well to analyses of both discrete and continuous characters (Weidenreich, 1943; Dean
and Wood, 1981, 1982; Olson, 1981, 1985; Kimbel et al., 1984, 2004; Rightmire, 1984, 1990;
Wood, 1984; Andrews, 1984; Kimbel, 1986; Locladoet al., 2002; Villmoare, 2005; Terhune et
al., 2007).

Recent analyses of the temporal bone and cranial base have centered on the use of the
temporal region for distinguishing among speeied subspecies of extant great apes and for
guantifying expected levels of variation witiossil and extant taxa (Harvati, 2001, 2003;

Lockwood et al., 2002, 2004, 2005; Terhune et al., 2007). Lockwood et al. (2002, 2004)
demonstrated that three-dimensional (3D) coordinate data describing temporal bone morphology

(including aspects of mandibular fossa shape)dtbe used to differentiate among species and
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subspecies of extant apes and modern humans, and a phenogram created using these data was
nearly identical to published molecular phyloges of these species. Similarly, several recent
analyses have assessed the extenthich temporal bone morphology reflects genetic variation
among modern human populations, with ressiiggesting that the temporal bone covaries
significantly with molecular variation, particulgin contrast to other regions of the skull
(Harvati and Weaver, 2006a,b; Smith et al., 208F;Smith, 2009; von Cramon-Taubadel, 2009).
Finally, temporal bone morphology has also been used to test hypothesized taxonomic divisions
among late Pleistocene hominins (Harvati, 2001, 2003Hanab erectus (Terhune et al., 2007),
and to evaluate morphological variatiorextant and fossil papionins (Gilbert, 2008).

These analyses all rely on the use of the temporal bone (including aspects of the
mandibular fossa) for the reconstruction of gigg@netic history, and therefore assume that
morphological variation is a reliable indicator of genetic relatednesgyddief this chapter,
therefore, is to evaluate variation in the Ti& phylogenetic context, and particularly to assess

the extent to which TMJ morphology covaries with molecular phylogenies of anthropoid taxa.

Phenetic vs. cladistic approaches to phylogenetic reconstruction

Considerable debate has taken place invbkigonary biology conmunity regarding the
most appropriate methodology for classifying biological organisms and for inferring phylogenetic
relatedness. The two prevailing schools of thougkiisidebate are phenetics and cladistics (e.qg.,
Hennig, 1966; Bock, 1973; Sokal, 1986; Mayr, 1994; Sneath, 1995). Phenetics as an approach
relies on the overall similarity of organisms foassification. Similar organisms are inferred to
be more closely related to oarother than more dissimilar organisms. This approach therefore
assumes that morphological similarity is prdaforal to genetic relatedness (Bock, 1973).
However, there is no assumption in phenetics that a particular character state is more or less

evolutionarily derived than another, and #fere phenetics does not require knowledge of the
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evolutionary history of the feature(s) in gties. Proponents of cladistics (aka phylogenetic
systematics) reject the use of measures ofaiity, and instead rely on the presence or absence
of derived (e.g., apomorphic) features (Hennig, 1986dther words, related taxa must share one
or more derived features, and hierarchical classifications are then based on hierarchies of derived
characters. This methodology therefore requires knowledge of the evolutionary history of the
feature in question.

The analyses presented here are inherentlygileein nature. This approach was taken
for several reasons. The complex morphology offtd is not particularly amenable to analyses
that require the identification of discrete chagadtates (as would be necessary with cladistics).
Instead, the continuous variation in this tegliends itself well to analyses such as geometric
morphometrics, which are inherently phenetiaature (Rohlf, 1990; Bookstein, 1991; Sneath,
1995). In other words, geometric morphometric analyses search for patterns of similarity in
morphology and further analyses using the resulting geometric morphometric data (e.qg.,
UPGMA) clustering were designed specificallyaimalyze matrices that describe “dissimilarity”
among the operational taxonomic units in questRohlf and Sokal, 1981). The use of geometric
morphometric data is therefore well suitedt@lyses such as thosefpemed here, which seek
to evaluate the covariance between a complex morphological region such as the TMJ and other

datasets.

RESEARCH QUESTIONS
As outlined in the introduction, TMJ shape may or may not be covary with phylogenetic
variation. Previous research suggests that the morphology of the temporal bone as a whole
strongly reflects phylogenetic variation. Similarly, TMJ morphology may also reflect
phylogenetic variation across anthropoid primates. Alternatively, TMJ morphology may not

strongly reflect genetic variation, and may instbadnore strongly tied to other factors. Many
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factors influence the ways in which taxa in atisalar clade become phylogenetically distinct.
For example, dietary differences among congjuetzixa may drive speciation such that
differences in diet (and perhaps also ntastiry configurationjnap onto genetic or
morphological phylogenies with a high degree of consistency. Thus, results indicating high levels
of congruence between the genetic and morphological data are not unexpected. In other words,
adaptive explanations for the observed variation in TMJ morphology cannot be excluded where
TMJ morphology strongly reflects genetic rataships. Alternatively, instances of low
congruence between these datasets may servghiight morphologies in more distantly related
taxa that are convergent upon one another. 8xaimples will then necessitate further analysis to
evaluate potential reasons for this convergence.

The objective of this analysis was to asghesextent to which TMJ morphology reflects
known genetic relationships amg primate taxa. Although many studies place an emphasis on
the reliability of molecular data, and elevagsults obtained from genetic analyses over analyses
of morphology, this is not the intent of tlakapter. Genetic analyses may indeed uncover the
“true” phylogeny of a clade; however, genetic analyses are impractical, or more commonly,
impossible for fossil species, and therefore photogical analyses must necessarily be relied
upon. This chapter therefore sought to comparestives datasets in an attempt to evaluate their
congruence.

The analyses presented here will therefore provide a discussion of the congruence of the
morphological and molecular data for each clade examined, and will also evaluate the extent to
which phylogenies created using TMJ morphglogvary with other potential influences over
TMJ shape, such as dietary or body sizeatemn. These potential alternative influences over
TMJ shape will likely vary among the clades being exaioh as part of this study. Notably, these
factors are not mutually exclusive and can thareefvork in conjunction with one another to

produce a unique pattern of morphology. In particular, it is likely that diet and body size
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differences are not independent of one anotherpdg ize is known to vary as a function of diet
(Kay, 1975; Hylander, 1985; Sailer et al., 1985; Ravosa, 1996, 2000). Alternatively, a lack of
correlation between the molecular data and artiiede factors could suggest that stochastic
processes were primarily responsible for thel@ionary relationships observed among extant
taxa, or simply that the main influence(s) over the observed variation are not addressed by this

study.

MATERIALSAND METHODS

Data used in this study included thremdnsional (3D) coordinate data describing
glenoid fossa and mandibular condyle morphology (refer to Chapter 3 for landmark definitions).
These data included twelve landmarks on thaajtéfossa and five landmarks on the mandibular
condyle. These two regions were analyzed seggrat all analyses to minimize potential error
associated with attempting to place these two configurations in the same reference system. For all
analyses, Generalized Procrustes Anal{GGRA) was used to superimpose landmark
configurations, and subsequent analyses werformed on the rotated coordinate data.

Shape variation within the sample as a whole was examined first, so that the extent to
which clades were distinguishable in iploospace could be assessed. Differences among taxa
were summarized and described using principalgmments analysis (PCA), and shape variation
along the principal component (PC) axes wasalizad using wireframdiagrams representing
glenoid and condylar morpholggrefer to Fig. 3-2). Procrustes distances among species in
morphospace were then calculated and a matrix of distances created. All geometric morphometric
analyses, including the calculation of Processiistances, were performed in the program
Morphologika (O’Higgins and Jones, 1998). Using ttop fifteen PC axes (which together
represented approximately 95% of the sample variation) a Discriminant Function Analysis (DFA)

with jackknife cross-validation was then condudizéxamine the extent to which specific clades
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were able to be differentiated on the basis of TMJ morphology. Prior probabilities for
classification were set equal to group siZ&sSAs were conducted ugj SPSS (version 11.0.1).

Two types of analyses were performed using the Procrustes distance matrices. First,
UPGMA cluster diagrams were created to illugtnahenetic similarities among species at various
taxonomic levels using the program Neighbor, Whgpart of the PHYLIP package (version
3.68, Felsenstein, 2008). These trees were then compared visually to a consensus molecular
phylogeny compiled from Purvis (1995), with supplemental data from Disotell (1996), Morales
and Melnick (1998), Canavez et al. (1999), Pagd.€1999), Tosi et al. (2000, 2005), Page and
Goodman (2001), Cortes-Ortiz et al. (2003), Newman et al. (2004), Takacs et al. (2005), Xing et
al. (2005), Opazo et al. (2006), Whittaker et al. (208@y, Ting et al. (2008) (refer to Fig. 5-1).
Because similarities among trees containing maaa #pproximately nine taxa were difficult to
ascertain visually, the program TreeDist (dleon PHYLIP) was used to compare complex tree
topologies. This program compares two input trees and calculates the Symmetric Difference of
Robinson and Foulds (1981) between the two treegariest. This statistic is simply a count of
the number of partitions among the two trees that are present on one tree but not the other. For
example, given two trees, {A, C | B, D, E} and {A, D | B, C, E}, which each contain the same
species but which are partitioned differently, the symmetric difference between the two trees is
two (Felsenstein, 2006). The maximum number of differences among two trees was calculated
using the formula 23, wheren equals the number of species examined (Pattengale et al., 2007;
Bryant and Steel, 2009).

To assess the influence of size variationPaticrustes distance matrices were compared
to size matrices that calculated the absdtifference in centroid size among groups using a
Mantel test (Mantel, 1976; Smouse et al., 1986) in the free Excel add-on PopTools. The influence
of dietary variation was examined by assessingibtent to which taxa with diets composed of

similar food material properties or mechanigaimands (as outlined in Chapter 3) clustered
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together. In addition, published dietary dataoming the percentage of particular food items
included in the diets of approximately 38 of the 48 species were compiled and a Euclidean
distance matrix was created using PopToolss Was done by summing the percentage the food
items that were relatively less resistant (e.qg., ffioityer, animal prey) versus more resistant food
items (e.g., leaves, bark, roots) for each taxomvfuch these data were available (Table 6-1).
Mantel tests were then used to examine theetation between TMJ shape and dietary variation.
Where shape was significantly correlated with batle sind diet, partial Mantel tests were used to
examine the correlation between shape and size while controlling for diet, and the correlation
between shape and diet while controlling for sRartial Mantel tests were performed in the free
program zt.exe (Bonnet and Van de Peer, 2002).

For the principal component and Procrustes distance analyses, the data points included
were species means, separated by sex. F@FRAe individual specimens were analyzed. All
analyses were also performed at multiple taxonomielde data were first analyzed for the entire
sample, then at the level of superfamily (celsde.qg., platyrrhines], cercopithecoids, and
hominoids), and finally at the subfamily levalthough the cercopithecoids were separated into a

papionin and macaque sample (clfisation follows Fleagle, 1999).

Predictions
Prior to analysis, predictions regardinbich potential factors may covary with
morphological variation were formulated for each group based on existing descriptions of
morphological, dietary, and behavioral vaatamong the taxa included in this study. These
factors may covary with morphology regardlessvbkther the morphological and genetic data
are congruent with one another. All body madsa deported below were compiled from Fleagle

(1999) and Smith and Jungers (1997).
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TABLE 6-1. Dietary data compiled from previously published analyses, indicating the percentage
of soft vs. resistant food items consumed by each species. Data for some species do not add up to
100% because some authors chose to only report selected values, and because of rounding

errors.

Species %Soft %Resistant References
Alouatta belzebul 39 61 DeSouza et al., 2002
Alouatta palliata 51.7 48.2 Milton 1980
Alouatta seniculus 38.1 57 Julliot and Sabatier, 1993
Ateles geoffroyi 83.2 17.2 Russo et al., 2005
Lagothrix lagotricha 84.1 16.2 Pere4,994
Cebus apella 96.25 3.75 Terborgh,983
Cebus albifrons 99.5 0.25 Terborgh,983
Saimiri sciureus 102 0 Terborghl983
Chiropotes satanas 97.3 0.2 Kinzey and Norconk, 1993
Pithecia pithecia 92.9 7.1 Kinzey and Norconk, 1993
Cacajao calvus 96 0 Ayres,1986,1989
Erythrocebus patas 93.82 0.82 Nakagawap03
Cercopithecus mitis 72 24.5 Cords, 1986; Fairgrieve, 1995
Cercopithecus nictitans 77.6 22.4 Tutin et al., 1997
Papio ursinus 52 47 Kamilar2006
Theropithecus gelada 7.45 95.73 Dunbad, 977
Cercocebus torquatus 78.75 20 Mitani 1989
Lophocebus albigena 78.5 18.7 Lambert et al., 2004
Mandrillus sphinx 84.9 15 Tutin et al., 1997
Macaca fascicularis 82.9 17.2 Yeaged, 996
Macaca sylvanus 45.5 45 Menard and Vallet, 1996
Macaca fuscata 63.9 36.3 Hill, 1997
Semnopithecus entellus 45 48 Hladik, 1977
Nasalis larvatus 53 47 Bennett and Sebastian, 1988
Presbytis obscurus 35 56 Curtin 1980
Procolobus badius 25 48 Marsh1981
Colobus polykomos 37.2 56.1 Dasilval994
Procolobus verus 25 69 Oatesl988
Hylobates agilis 62 39 Gittins 1979
Hylobates klossii 97 2 Whitten 1984
Hylobates lar 70 29 Raemaker4 984
Symphalangus syndactylus 57 43 Raemaker4 984
Pan troglodytes troglodytes 85.1 14.8 Tutin et al., 1997
Pan troglodytes verus 77 10 McGrew et al., 1988
Pongo abelii 80 19 Fox et al., 2004
Pongo pygmaeus 65 26 Galdikas1988
Gorilla beringei 1.38 96.96 Watts] 984
Gorilla gorilla 71.1 29.1 Tutin et al., 1997
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Entire sample. For the entire sample, the scaling data presented in Chapter 5 suggest that there is
a large allometric component to the observed shape variation, and therefore morphological
variation is predicted to covary with bodyaj which itself may be associated with dietary

differences (Kay, 1975; Hylander, 1985;l8get al., 1985; Ravosa, 1996, 2000).

Platyrrhines. Allometry may significantly influenceariation in the platyrrhine sample, as
indicated in Chapter 5. In addition, there @msiderable dietary variation in this group (e.g.,
Rosenberger, 1992; Anapol and Lee, 19944, this variation may not necessarily map onto
molecular relationships. However, a rapid dietagiation of the platyrihes has been suggested
to have been a primary factor in the early atioh of this clade (Rosenberger, 1980, 1992), and

therefore it could be expected that the morphological data covary with diet in this group

Atelines. Because of the unique vocal specializations and marked dietary differeridesatta

in comparison to other atelines (e.g., Hershkowig49; Hill, 1962; Hladik and Hladik, 1969;

Gaulin and Gaulin 1982; Chapman, 1987, 1989; Julliot, 1996; Di Fiore, 2004; Russo et al., 2005),
it is expected that species in this genus shouldistemsly cluster together to the exclusion of the
other taxa in this groupt. geoffroyi andL. lagothrica. A high degree of congruence between

the, morphological, dietary, and behavioral datdnerefore expected in this clade.

Cebines. Morphological variation in the cebines could covary with either diet or size. If
similarities in diet are driving phenetic similarities among taxa, Gabs apella andC.

albifrons should cluster together as a result ofrthelatively more similar diets (Izawa, 1979;
Izawa and Mizuno, 1977; Terborgh, 1983, 1986; darad Boinski, 1992). However, if size is a

significant source of variation in this group,apella andC. capucinus should cluster together



201
because of their similar body sizes (3,08%d 8,110 g, respectively, versus 2,735 gGor

albifrons).

Pitheciines. Pitheciine taxa are differentiated primarily on the basis of diet, and therefore it is
predicted that dietary variation in this group will covary with TMJ morphology. Furthermore,
Ch. satanas andC. melanocephalus are more similar in diet and body size than either & to
pithecia (Ayres, 1989; Kinzey, 1992; Kinzey and Norconk, 1993; Boubli, 1999), and therefore

body size may also covary with TMJ shape.

Cercopithecoids. Data presented in Chapter 5, which suggest that TMJ shape tends not to vary
significantly as a function of size in cercopithielsy indicate that, of the three super-family
analyses, allometric variation may be less important in this clade (at least in the geometric
morphometric analyses). However, members ofdlaide vary considerably in diet, and broad
dietary divisions should reflect phylogenetic &éion (e.g., the split between cercopithecines and
colobines; Fleagle, 1999). Therefore it is possiblediettary variation in this clade covaries with

morphology.

M acaques. Morphological variation in the sample of macaques may be associated with diet or
body size variation. If dietary differences areraportant source of variation, then macaque
species that tend to have more similar diets beagxpected to be more similar morphologically.
If this is the case, it might also be predicteat the congruence between the morphological and
genetic data be low, since those taxa with marélai diets tend to be very distantly related. For
example M. fuscata andM. fascicularis are closely related (Purvis, 1995). Howevit, fuscata
andM. sylvanus both exploit relatively harder food objects thdnfascicularis (Menard and

Vallet, 1996; Yeager, 1996; Hill, 1997), and therefore if dietary differences are driving the
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morphological differences in TMJ shape in thisgg these two taxa should be more similar in
shape than either is M. fascicularis. However M. fuscata andM. sylvanus have quite disparate
body sizesl. fuscata = 9,515 g and/. sylvanus= 13,500 g [Fleagle, 1999]), and therefore if
allometry covaries with morphology, then thése taxa may be relatively morphologically

distinct.

Papionins. Molecular analyses have recently plagedimportant role in resolving the
phylogenetic relationships amongaain this group, which was previously obscured by drastic
size and dietary differences among papionecsgs (Disotell 1994, 1996). As a result, it is
unlikely that the morphological phylogeny will bengruent with the genetic data. Instead, if size
differences among taxa are driving phenetic similaritiephocebus albigena andCercocebus
torquatus (7,135 g and 8,615 g, respectively) should cluster together to the exclusion of the other
papionin taxa (15,350 to 22,250 g). If dietarffetiences are a significant source of variation in
this group, theMandrillus sphinx, C. torquatus, andL. albigena should cluster together as a
result of their reliance on relatively hard food objects (Hoshino, 1985; Norris, 1988; Mitani,
1989; Olupot et al., 1997; Olupot 1998; Poulsen et al., 2001; Lambert et al., 2004), to the
exclusion of all other taxa. Gape may also be aideretion in this group; if this is the case, taxa
with relatively large gapes (potentially gauged by mandible length) siRdpasandMandrillus
should be more similar morphologically théwo$e taxa with relatively shorter mandibles (e.qg.,

Theropithecus and the mangabeys).

Colobines. If the morphological data approximétee molecular relationships among the
colobine taxa, then there should be a dividgietween the Asian and African colobines. If body
size is driving morphological variation within the samgielobus polykomos, Semnopithecus

entellus, andPresbytis obscurus are all likely to cluster together because of their similar body
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sizes (9,100, 11,445, and 7,080 grams, respectively), Waddis larvatus (15,110 g) and
Procolobus verus (4,450 g) should be distinct. Since fewer dietary data are available to compare
the mechanical properties of food items consdry colobines, it is difficult to formulate
predictions based on dietary variationviwer, at least in the African sampie badius andC.
polykomos are more similar because of the@avy reliance on seeds and leaves, whiblerus
relies more heavily on mature leaves, rather than seeds, and thErdfadaus andC. polykomos
would be expected to cluster together to the exclusiéhafrus (e.g., Oates, 1994; Wachter et
al., 1997; Davies et al., 1999; Daegling and Moggr2001; Korstjens et al., 2007; McGraw and

Zuberbuhler, 2007).

Hominoids. There is a great deal of size variation in the hominoids (5,620 to 130,000 g), and
much of the observed variation in TMJ shapeloatinked to allometry (as indicated in Chapter
5). It is therefore expected that the morphologthef TMJ in this group will covary strongly with
size, and size as a function of dietary déferes among taxa. The division between the
hylobatids and the hominids should be relativesily reflected in morphology given the size

differences between these two groups.

Hylobatids. Dietary and size differences are likely a significant source of variation between
Hyl obates andSymphalangus. However, variation withinHylobates could be a function of diet,
with the more distantly genetically relateldlar andH. klossii expected to cluster together based
on the relatively lower percentage of leaves in their diet in comparidératglis (Chivers,

1974; MacKinnon and MacKinnon, 1978; Gijnl979; Raemakers 1984; Whitten, 1984;
Palombit, 1997). Body size estimates for these ttavege are virtually indistinguishable, however,

suggesting that body sizelitylobates is unlikely to strongly covary with TMJ morphology.
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Hominids. Temporal bone variation in the hominid taeeamined here was previously evaluated
by Lockwood et al. (2002, 2004) and was found to reliably reflect molecular relationships.
Therefore, if the TMJ represents a significannponent of this phylogenetic signal, then there
should be a high degree of congruence betwee mbrphology and the molecular data as well.
Taxa within this clade differ significantly in djdiut it has been suggested that this ecological
differentiation drove the phylogenetic differentiatiof these taxa (e.g., Fleagle, 1999; Pilbeam,
2002; Taylor, 2002), particularly in the casePah andGorilla and for the species within each of
the three genera examined. As a resutttadlyy differences among species should map onto the
molecular phylogeny well. HowevdPpngo andGorilla both consume relatively more resistant
food objects thaian (Watts, 1984; Galdikas, 1988; Williamson et al., 1990; Tutin and
Fernandez, 1993; Nishihara, 1995; Wich et al0&0and both have relatively larger body sizes
thanPan; therefore body size and dietary differences may covary with morphological variation,

regardless of the congruence betweenntorphological and genetic data. .

RESULTS

Principal component analysis
All taxa. In the PC analysis performed for the glehlsindmarks and including all taxa (Fig. 6-
1), the first PC axis summarizes approximately 42% of the sample variance and separates
hominids from cercopithecoids, platigmes, and the hylobatids. This PC axis is correlated with
size in both females%0.422, p<0.001) and male$<0.352, p<0.001), although given these
relatively low coefficients of variation, most tfis variation is likely to be unrelated to size.
Shape variation along this PC is primarily associated with the relative mediolateral (ML) and
anteroposterior (AP) dimensions of the glehais well as the overall topographic relief of the
glenoid region. Hominids, which load positivelypaf PC 1, have very ML wide and AP short

joints, with a great deal of topographic relief provided by an enlarged entoglenoid process and
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articular tubercle, as well as a raised articulainence. Conversely, all other taxa have relatively
AP longer joints that have considerably less topographic relief.

The second PC axis represents approxima2%g of the variation in the sample, and
separates cercopithecoids and platyrrhines (and to some extent platyrrhines vs. catarrhines as a
whole). Shape variation along this PC axis mostly concerns the topography of the joint and the
size of the postglenoid process. Téxading negatively (i.e., phatrhines), have relatively large
articular tubercles, entoglenoid processes, and postglenoid processes. To some extent, the
apparent enlargement of the articular tuberokk entoglenoid process is associated with the ML
concave nature of the glenoid fossa in this €l&ercopithecoids, whidoad positively along
this axis, have very flat glenoi@gth little topography in comparison.

Principal component axis three (Fig. 6eXplained 7% of the sample variance, and
separates out the hylobatids, altho&gkyndactylus does not group witklylobates on this axis.
Hylobates loads at the positive end of this PC, wiSleyndactylus is solidly in the middle of the
cercopithecoid and platyrrhine scatt8hape variation along this axis is associated with ML and
AP variation in the joint, but primarily has ¢m with the size of the postglenoid process. In

particular,Hylobates is distinguished by its AP long glenoid and small postglenoid process.

Platyrrhines. In the platyrrhine analysis (Fig. 6-BC 1 (which explains 43% of the sample
variance) separates the thideuatta species from the rest of the taxa. This PC is significantly
correlated with size in females%r0.497, p=0.007) and male$<10.680, p=0.007), and shape
variation along this axis is primarily associateith size of the postglenoid process, and to a

lesser degree, the relative AP and ML dimensions of the joint. Axis two separates the remaining
atelines ILagothrix andAteles) and pitheciines from the cebines (includigus andSaimiri).

This axis is not correlated with size, and shap&tian along this PC is associated with the angle

of the entoglenoid process and to a lesser extent, ML width of the glenoid fossa.
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Cercopithecoids. In the cercopithecoids (Fig. 6-4), PG4D% of the sample variance) separates
the colobines and cercopithecines. Variation angld shape along this axis is associated with
size and ML placement of the postglenoid prockiisdimensions of the glenoid, height of the
articular eminence, and potentially also angling of the glenoid in the sagittal plane. Principal
component two doesn’t separate taxa in any meaningful way, but does represent variation in AP
length of the glenoid, inclination of the artiauleminence, and a small amount of variation in
postglenoid process size. Similarly, PC 3 (13%hefsample variance) does not meaningfully
separate any specific taxonomic groups withindégreopithecoid sample, but it is significantly
correlated with size in females£0.314, p=0.007) and male$<6.548, p<0.001). Shape
variation along this axis is pranily related to angulation of the glenoid in the sagittal plane, and

also the size of the variopsocesses within the joint.

Hominoids. In the hominoid taxa (Fig. 6-5), PC 1 (72%sample variance) is strongly correlated
with size in both sexes (female$=r0.804, p<0.001; males=0.803, p<0.001), and separates
the small-bodied hylobatids and the large-bodied hominids. Shape variation along this axis is
related to the relative ML and AP dimensiongha joint, and with increased topographic relief
of the joint in hominids. The second R&is (9.6% of variance) separatésklossii from the

other hylobatids, and al$tan, Pongo, andH. sapiens from Gorilla. This axis is not significantly
correlated with size, and shape variation along thsiaxmostly related to the relative height of

the various processes in the joint.

Condylar data. Shape variation in condylar morphology was also examined using PCA (Fig. 6-
6). However, unlike the glenoid configuratiotisere was no clear separation among taxa in
condylar morphology. Shape variation along PC 1 was associated with the AP length of the

condyle and the convexity of the articular surfa¢ariation in shape along PC 2 was driven by
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these same variables, although to a lesseededihere was very little correlation between
centroid size and any of the PC axes, suggesting that size does not drive variation within condylar
morphology. As a result of this analysis, nodtustes distance analyses were performed on the
condylar landmarks, since these data suggestthttt® phylogenetic patterning in condylar

morphology across the entire sample.

Discriminant function analysis

The results of the discriminant function analysis with cross-validation indicate that
specimens can frequently be correctly allocatesjmer- and sub-family groupings at relatively
high frequencies on the basis of glenoid morphology (Tables 6-2 and 6-3). When specimens were
categorized by superfamily (e.qg., platyrrhine vs. cercopithecoid, vs. hominoid) correct
classification rates were approximately 87.5%hwa range between 81.2 and 90.9% correct. In
this analysis, platyrrhines were most frequentdyrectly identified to clade, while hominoids
were the least frequently correctly allocat€dese classification rates dropped slightly when
specimens were identified to subfamily, with an average correct classification rate of 78.3%, with
a range of 66.7 to 94.8%. Hylobatids and cebimeie correctly identified the least number of
times, and were either misidentified as ceitt@zines (in the case of the hylobatids) or as
atelines, pitheciines or cercopithecines (indase of the cebines). Hominids had a very high

frequency of correct classification (94.8% correct).

Procrustes distance analyses
All taxa. UPGMA cluster analyses that included aksjes (Fig. 6-7 and 6-8) in the sample
indicate that many taxa that are distantly genetically related cluster together on the basis of
morphological similarities in the glenoid. Visuaspection of the cluster diagrams for females

(Fig. 6-7) indicate that the platyrrhines priiihacluster together, but some taxa (notaBGly



TABLE 6-2. Classification results of the discriminant function analysis using jackknife cross-validation at the superfamily level. A priori
probabilities of a specimen randomly being placed in the correct group were based on group sample size. Each horizontal row summarizes the
number of correct classifications for each group, as well as misclassifications.

% Correct Platyrrhine Cercopithecoid Hominoid

Platyrrhine 90.9 251 19 6
Cercopithecoid 89.4 21 356 21
Hominoid 81.2 20 31 220

TABLE 6-3. Classification results of the discriminant function analysis using jackknife cross-validation at the subfamily level. A priori
probabilities of a specimen randomly being placed in the correct group were based on group sample size. Each horizontal row summarizesthe
number of correct classifications for each group, as well as misclassifications.

% Correct  Ateline  Cebine  Pitheciine  Addin Cercopithecine  Colobine  Hylobatid  Hominid

Ateline 69.7 76 4 20 2 6 0 1 0
Cebine 66.7 8 54 8 0 7 0 4 0
Pitheciine 69.2 7 8 45 0 1 0 4 0
Aotine 85.7 0 2 1 18 0 0 0 0
Cercopithecine 83.3 5 7 1 0 220 23 5 3
Colobine 68.7 2 0 0 0 39 92 1 0
Hylobatid 66.7 4 0 6 0 14 0 52 2
Hominid 94.8 0 0 0 0 3 2 5 183

14%4
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Fig. 6-7. UPGMA cluster diagram showing phemesimilarities among all taxa (females

only).
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apella andS. sciureus) group with the cercopithecines. Interestingly, the hylobatids have a
tendency to cluster with the cercopithecoids (efdmale analysis) and with platyrrhines (in the
male analysis). In both sex&s syndactylus groups with the platyrrhines. This could be due to
the overall low topography of the hylobatid glenoid, which is more similar to cercopithecoids and
platyrrhines than to hominidMacaca thibetana clusters with several colobine species
(potentially suggesting some influence of diet since this speclaaaca is highly folivorous).
The hominid taxa consistenttjuster together to the exclusion of all other taxa.

Comparison of the morphological and molecutaes for both sexes similarly indicates a
substantial number of differences between thasgds. In the female sample, there were 66
symmetric differences between the morphologicdl molecular trees, while in the male sample
there were 74 differences (out of a possible 93 differences). These data indicate substantial
incongruence of the morphological and moleculda déhen all taxa are analyzed together.

The Mantel tests indicate a strong correlatietween the shape and size matrices (Table
6-4) for the female analysis (r =0.576, p<@pand slightly less so for males (r =0.459,
p<0.001), suggesting a significant size component to the observed variation in glenoid
morphology for both sexes. In addition, the shapd diet matrices were also significantly
correlated in both sexes (females: r =0.235, @a0. males: r =0.263, p=0.001), although these
correlations were relatively low. Results of thetighmantel test further indicate that size is the
major factor influencing shape variation acrogsehtire sample (Table 6-5), while diet is

marginally significant when size is held constant.

Platyrrhines. In all analyses (by sex, and for the family-level analyses, e.g., atelines only; Fig. 6-
9), the three species Afouatta cluster together, and their pattern of clustering, Wittseniculus
andAl. belzebul more similar to one another than&b palliata, is consistent with the molecular

data regarding the phylogenetalationships among these taxa. étther taxa cluster to the
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TABLE 6-4. Results of the mantel tests between the Procrustes distance (shape) matrices and the
centroid size matrices (top) and the dietary matrices (bottom). Mantel tests were only performed
for clades with more than three species. Sgnificant correlations are shown in bold.

Female Male
VS. Size n r p-value r p-value
All Taxa 48 0576 <0.001 0459 <0.001
Platyrrhines 13 0.718 <0.001 0.760 <0.001
Cercopithecoids 22 0.047 0.327 -0.058 0.667
Hominoids 13 0.764 <0.001 0.706  <0.001
Atelines 5 0.924 0.014 0.628 0.005
Cebines 3 n/a
Pitheciines 3 n/a
Macaques 5 -0.333 0.755 0.123 0.267
Papionins 7 0.351 0.105 0.615 0.012
Colobines 6 -0.004 0.489 0.116 0.279
Hylobatids 4 n/a
Hominids 9 0.543 0.003 0.519 0.008
vs. diet
All Taxa 38 0.235 0.004 0.263 0.001
Platyrrhines 11 0599 <0.001 0.736 <0.001
Cercopithecoids 17 0.159 0.100 0.202 0.074
Hominoids 10 0.278 0.067 0.287 0.093
Atelines 5 >0.999 0.008 0.665 0.017
Cebines 2 n/a
Pitheciines 3 n/a
Macaques 3 n/a
Papionins 5 0.300 0.217 -0.058 0.492
Colobines 6 -0.119 0.378 0.021 0.433
Hylobatids 4 n/a
Hominids 7 0.332 0.025 0.667 0.022
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TABLE 6-5. Results of the partial mantel tests between the Procrustes distance (shape) matrices

and size (controlling for diet) and the dietary matrices (controlling for size). Sgnificant

correlations are shown in bold.

Female Male

vs. size (no diet) n r p-value r p-value
All Taxa 48 0.612 <0.001 0.520 <0.001
Platyrrhines 13 0.501 0.013 0.319 0.075
Atelines 22 0.669 0.075 0.069 0.458
Hominids 13 0.444 0.100 0.761 0.004
vs. diet (no size)

All Taxa 38 0.146 0.031 0.201 0.008
Platyrrhines 11 0.279 0.045 0.384 0.035
Atelines 17 0.528 0.133 0.287 0.217
Hominids 10 -0.143 0.281 0.674 0.040
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Fig. 6-9. UPGMA cluster diagram showing phenetic similarities among platyrrhine

females (A) and males (B).
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exclusion ofAlouatta, including the other atelineateles andLagothrix. Patterns of clustering
among these taxa are relatively inconsistent éetwthe female and male samples and are not
consistent with molecular variation. Caldida of the symmetric differences between the
morphological and molecular trees further suppastititerpretation, with 14 and 16 symmetric
differences for the female and male analysespectively (out of 23 possible differences).
Although there is no obvious clustering of species with similar diets, the mantel test between the
shape and dietary matrices indicates a strong correlation between diet and shape in both sexes
(females: r =0.599, p<0.001; males: r =0.%360.001). There is also a significant correlation
between the shape and size matrices for both females (r =0.718, p<0.001) and males (r =0.760,
p<0.001). Partial mantel tests were also perfortoatetermine the relative influence of size and
diet, and suggest that size is the primary factor (Table 6-5), while diet is not as significant of an
influence on glenoid shape.

Similar patterns were observed at lowasot@omic levels. In the atelines (Fig. 6-10A),
the threeAlouatta species clustered together to the exclusioft@es andLagothrix; this
clustering is consistent with molecular deg¢garding the relainships among these taxa,
suggesting a congruence between the genetic and morphological data in this clade. Furthermore,
size and diet were also significantly correlatéth shape (Tables 6-4 and 6-5), although the
partial mantel did not have enough power with #mgll sample to differentiate between these
two influences. A phylogenetic signal was also observed in the cebine sample (Fig. 6-10B), with
C. capucinus andC. albifrons clustering together to the exclusion@fapella; this pattern is
identical to the molecular relationships among these taxa. Finally, the morphological and
molecular data were also castent with one another for the pitheciines (Fig. 6-10C), @hh

satanas andC. melanocephalus clustering together to the exclusionRithecia.
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Cercopithecoids. The cercopithecoid taxa generally did not cluster on the basis of phylogenetic
relatedness (Fig. 6-11), although some taxa didistamly cluster together in multiple analyses,
including M. nemestrina with M. fascicularis, C. mitis with C. nictitans, E. patas with P. verus,
andM. thibetana with several colobine specieS éntellus, P. badius, andP. obscurus). This
final example may suggest a convergencéNid morphology associated with increased
utilization of tough food objects, as is the caseMothibetana and the colobines. The number of
symmetric differences between the molecutat enorphological trees was also relatively high,
further suggesting the lack of congruence betwbergenetic and morphological data in this
clade, with 30 differences found for females andd34males (out of 41 possible differences). No
significant correlation between the size and shapeicaa or the shape and dietary matrices for
the cercopithecoid sample were found for either sex.

This general lack of phylogenetic patternimgs also found at lower taxonomic levels. In
the colobines (Fig. 6-12A and 6-12B), theresws@ separation of the Asian and African taxa.
Similarly, there was no observable influence of diethe clustering of taxa, although taxa with
similar body sizes§ entellus, P. obscurus, andP. badius) did tend to cluster togetheHowever,
there was no significant correlation between the shsige, or dietary matrices (Table 6-4).
Although there was little congruence betweenphotogy and genetics in the papionin sample,
taxa in this clade did seem to cluster on the basis of diet and size in females and males,
respectively (Fig. 6-12C and 6-12D). In the femabalysis, taxa with relatively similar diets
(e.g., the thre®apio species, anMandrillus, Cercocebus, andLophocebus) clustered together,
with T. gelada distinct from the rest of the sample. However, no significant correlation between
the shape and dietary matrices was fol@mhversely, in papionin males, taxa of similar body
sizes tended to cluster together. In additioardgtwas a correlation between the size and shape
matrices (r=0.615, p=0.012) in male papionins, further suggesting that these taxa clustered on the

basis of size. Similarly, there appears to beralined body size/ dietary signal in the macaque
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sample that is not consistent with the molacdata (Fig. 6-12E). The smallest two tala,
nemestrina andM. fascicularis, which also tend to eat the least resistant food objects, clustered
together in both males and females to theuwesich of all other taxa. However, no significant

correlation between the diet, size, or shape nestnicas found for either males or females.

Hominoids. The UPGMA cluster analysis for timinoid sample clearly separates the
hylobatids and the hominids (Fig. 6-13). Thisra strong correlation between the size and shape
matrices in this clade for bofemales (r =0.764 p<0.001) and males (r =0.706, p<0.001). This
result is unsurprising given the substantial difference in body size among these two clades, which
helps to distinguish them morphologically. Overall, there was a relatively strong congruence
between the morphological and genetic data ingaimple, potentially as a result of the division
between the hylobatids and the hominids; Iametric differences between the morphological
and molecular trees were found for both sexesdb@8 possible differences). This number is
lower than the number of differences foundtia cercopithecoid and platyrrhines analyses,
although comparison of these numbers may not be statistically meaningful since there is no way
to assign significance to these values (Felsenstein, 2006).

In the hylobatids (Fig. 6-14A and 6-14Bkgither the male nor female trees were
consistent with the molecular data, sitgeyndactylus was not found to be the most basal as is
suggested by genetic analysis (e.g., Whittaket.eP007). Additionally, in the females, the most
closely related taxeH. agilis andH. lar) did cluster together; this was not the case in the male
analysis, however. Although size was not able texamined statistically in this group due to
small samples, the observed shape variation doeseeat to be correlated with size given the
placement of the relatively large bodigdsyndactylus. There may be a dietary signal present in
the males, however, witH. agilis andS. syndactylus clustering together, potentially on the basis

of their increased consumption of more resistant food objects (Chivers, 1974; Gittins, 1979).
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Clustering of taxa was relativelariable in the hominid analysis (Fig. 6-14C and 6-14D), and
although the clustering of some taxa was consistent with motetatia (e.g., the subspeciedof
troglodytes, and to some exte®ongo andGorilla), congruence between the molecular and
morphological datasets was relatively low. NotabByeral more distantly related taxa clustered
together. For example, in the female analifsigygmaeus was most similar to the species and
subspecies dPan, whereas for both sexes, humans were more simifaortila than toPan.
These results may suggest similarities in mastigdtunction in these species, such that their
TMJ morphology is convergent.

A strong correlation was found between the size and shape matrices for both sexes
(females: r =0.543 p=0.003; males: r =0.519, pB8), suggesting that the taxa in this clade
tende to cluster together on the basis of size. In addition, a significant correlation between the
shape and dietary matrices (Table 6-4) foasd for both sexes (females: r =0.332 p=0.025;
males: r =0.667, p=0.022); results of the partial mantel tests, however, indicated a significant
influence of both diet and size over glenoid variation in the male hominids, but not in the females

(Table 6-5).

DISCUSSION
The goal of this chapter was to assess tienexo which the bony morphology of the
TMJ maps onto genetic relatidrips among anthropoid primate taxa. The results of these
analyses indicate that, although there are diffszen TMJ shape that reflect broad phylogenetic
differences, phylogenies created using TMJ morphology are not generally congruent with
molecular phylogenies. Furthermore the lesfetongruence between the morphological and

genetic datasets was variable across taxongroigps and levels. The datasets were least
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congruent when all of the taxa were examirtéowever, broad differences in TMJ shape among
platyrrhines, cercopithecoids, and hominoidsalidw these groups to be distinguished from one
another at high frequencies. At the subfamilyeleplatyrrhine taxa tended to show the most
congruence between morphology and genetics, whereas the least amount of congruence was
found in the cercopithecoid subfamilies examirideny of the clades examined also showed
strong correlations with the size and dietary mas;i¢herefore suggesting that the morphology of
the TMJ is strongly tied to differences in feeding behavior, as indicated by the analyses presented

in Chapter 4. These findings are discussed in more detail below.

M orphological variation in the TMJ

As indicated by the principal components analysis, the anthropoid glenoid varies
considerably in anteroposterior and mediokitdimensions, and the relative topographic relief
of the joint as related to the inclination oétarticular eminence, and the size of the various
processes in the joint is highly variable. The imbdhtaxa in particular can be distinguished
relatively easily from the rest of the species exaujmased on their mediolaterally wide joints
with raised articular eminences and large procs$aecontrast, platyrrhines and cercopithecoids
tend to have very flat joints, although these tvamlek also differ from one another in the relative
amount of relief in the glenoid region. The discriminant function analysis further indicates the
disparity in glenoid shape among taxa at the gapely and subfamily levels. It also suggests
that taxa can be relatively reliably distinguisivedthe basis of glenoid morphology. In addition,
this analysis further highlights the unique glenoid morphology observed in hominids.

These results for the glenoid provide anneséing contrast to the results obtained from
the morphology of the mandibular condyle. Principal components analysis of condylar
morphology suggests that this region is regful for distinguishing among anthropoid taxa.

Instead, this region tends to show less varidtia is attributable to phylogeny. These results
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could be explained in two ways. First, the methasksd here to capture condylar shape may not
have been adequate to capture those aspesltgmpé that vary as a function of phylogenetic
relationships. This is entirely plausible, sinceydive landmarks were used to describe condyle
shape. Alternatively, there may simply be too much variation in condyle shape as a consequence
of plastic changes in condylar morphology reddi® diet, or there is simply too little (or no)
systematic variation in this morphology. This explanation is favored here since visual observation
during data collection indicated a high degree oia¢i@n in condylar morphology within species,
indicating that condylar morphology is not maagful in the context in which it was employed
here. Analyses of remodeling in the TMJ have preslipindicated that the frequency of condylar
remodeling increases with age and is also assoaidgtednterior tooth wear (Richards, 1990).
These data suggest that the mandibular cendytiergoes extensive remodeling throughout the
life of an individual and that the extent of remodeling likely varies among individuals as a
function of masticatory demands. However, tBisult may be tempered by additional findings of
the same author suggesting that the craniapomant of the TMJ begins to show degenerative

changes at earlier ages than does the corf@ytbards and Brown, 1981; Richards, 1988).

Correlationswith TMJ mor phology

The Procrustes distance analyses providefferelt view of glenoid variation in the
study sample. At the level of superfamily, thexeelatively little phylogenetic patterning of TMJ
shape. This could partially be a result of tinenching diagrams used here which could be
misleading since they may force two taxa to idusogether to the exclusion of another species
that may differ only in very subtle aspeofdts morphology, therefore over-exaggerating the
differences among taxa.

A large influence of size variation was identifiatthis analysis. This is particularly true

for the platyrrhines and hominoids, but not for the cercopithecoids; these findings are consistent
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with the results presented in Chapter 5, whichdawi that cercopithecoids tend to have very little
size-related shape variation in glenoid morphgldgjet was also found to be a reasonably
significant influence on glenoid shape variatiegpecially in platyrrhines and hominids. These
results are also consistent with the data preee@bhapter 4, which indicated a strong relationship
between TMJ shape and masticatory function.

However, one caveat regarding the dietary analyses that should be addressed is the
imperfection of the data used to create the dietary matrices. The ideal dataset for this analysis
would include the food material properties for each food item ingested by the species included in
this analysis. This type of analysis (see Wri@®05) would then allow for the direct comparison
of the masticatory demands of particuiaod items (or classes of food items) among taxa.
However, these data are currently availabtevéry few primate species (Kinzey and Norconk,
1990; 1993; Elgart-Berry, 2004; Williams et al., 20@&;ght, 2005; Chalk et al., 2008; Wright
et al., 2008; Yamashita et al., 2009). Insteaddtia used here represented the percentage of
feeding records and/or the percentage of timetdpeding on foods of a particular group (e.g.,
leaves, animal prey, fruit, etc.). One major problgith these data is that these categories of food
types are not standardized across analyses, arefdhe may not be comparable to one another.

In addition, some researchers differentiat@agithe parts of a specific food item (e.g., seeds vs.
fruit pulp) or the relative maturation of foodrts (e.g., young vs. mature leaves), since these
different categories may have different food material properties and/or require different
masticatory abilities. If all researchers presented ttypss of data, it is possible that the dietary
matrix used here would be marecurate; unfortunately, several categories that would have been
particularly important to distinguish from one another (fruit pulp vs. seeds, for instance) could not
be included and instead were summed into a single fruit category. Future work will hopefully be
able to incorporate the continuously growing datesgarding food material properties to refine

these analyses.
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Platyrrhines. The three species #fouatta included in this analysisave a unique glenoid shape
in comparison té\teles andLagothrix. Given the highly specialized nature of the vocal apparatus
and basicranium iAlouatta, it is hypothesized that this unique glenoid morphology is correlated
with their vocal behaviors. Howevehis genus is also distinct froAteles andLagothrix in both

size and diet, potentially suggesting a combamatf factors that contribute to this unique

glenoid morphology. Whatever the reason for this unique morphology, variation in all of these
factors (diet, size, and vocal behaviors) map® the molecular phylogeny of these species with
a high degree of congruency. Furthermore, thg otiler groups within this study that showed
phenetic clustering identical to the genetic dedae the cebines and pitheciines. These results
therefore suggest that variation in glenoid morphology in platyrrhines reflects phylogenetic
relationships in this group. This could be a hestiadaptive radiations within platyrrhines that
were associated with dietary diversification which drove speciation events within this clade, as
has been discussed extensively by Rosemb¢i®80, 1992). These findings are largely
consistent with the predictiotesid out for each of these subfamilies (and platyrrhines as a whole)

above.

Cercopithecoids. Very little congruence between the mpbological and genetic data was found
in the glenoid region in the cercopithecoid séannstead, the cercopéboid clades analyzed
tend to show a more consisteatationship between morphological variation and the diet/size
data, particularly in papionins and macaqéast interestingly, these correlations varied
between sexes; in the papionin sample the fenmadBguirations tended to cluster on the basis of
diet, while the males clustered on the basisz#.ssince many of these taxa are highly sexually
dimorphic (Fleagle, 1999) these results may indicate a potentially important role of shape

dimorphism in glenoid morphology within speciesisTpattern of variation (e.g., that males tend
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to cluster on the basis of body size rather tiiat) could also be indicative of increased sexual
selection for larger body sizes, which resultsiore disparate glenoid morphologies between the
sexes. The high levels of sexual dimorphisrthigse species could be also associated with
differences in resource utilization (e.g., femaleseas foods with different material properties
than do males). Further data regarding the dietisese species, and particularly comparing and
contrasting resources used by males and females, would be useful in this regard.

These results were partly expected givengtedictions outlined for these clades above.
Both size and diet were expected to covaryiigantly with morphology in the cercopithecoids,
and low correlations between the morphological gerktic data were egpted given previous

difficulties with classification of these taxa (e.g., mangabeys).

Hominoids. The hominoids also showed a mixture of potential influences on glenoid shape that
were somewhat consistent with the predictiomgtics group outlined at the beginning of this
chapter. In the hylobatids, the most basal taxon of the sagglmdactylus, which is also
generally considered to be dietarilygtinct and is double the body massHyfobates (Fleagle,
1999), did not have a distinct glenoid shape in comparison to theHilezates species
examined. However, the similarin glenoid shape betweéh agilis andS. syndactylus males
(although not females) suggests that perhaps sityila diet (both of these taxa have been
documented to eat relatively more resistant food objects$itHat andH. klossii) is associated
with morphological variation in this group.

Given previous research by Lockwood et(2002, 2004), the most surprising result of
this analysis was the general lack of phylugiéec patterning of glenoid morphology in the
hominid species examined. Although some tasghwere more closelelated to one another
tended to cluster together (the subspecidanftroglodytes, for instance), other species that

were expected to be more similar in morpholggsen their close molecular relationships (e.qg.,
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P. paniscus andP. troglodytes; P. abelii andP. pygmaeus; andG. gorilla andG. beringei) did not
reliably cluster together. For example, in the female ana®/giggmaeus was found to be most
similar toPan, suggesting similar masticatory functiortiirese taxa. As noted in Chapter 4, both
P. pygmaeus andPan tend to rely more heavily on tlamaterior dentition for food processing
behaviors (or in the case Bf pygmaeus, bark stripping) than doé&3orilla. Therefore, some of
the morphological similarity betwedh pygmaeus andPan may be associated with this increased
use of the anterior dentition. Similarly, thle sapiens sample most consistently clustered with
Gorilla, likely on the basis of the stigly reduced preglenoid plane and more inclined articular
eminence, which suggests similarities in relative gape capacity in these two taxa.

Thus, at least for the glenoid regitime congruence between the morphological and
genetic data is relatively lowlthough this may in part be associated with the strong influence of
allometry in this clade (as disssed in Chapter 5). Given the previous findings that the hominid
temporal bone as a whole tends to reflect phylogenetic history (Lockwood et al., 2002, 2004;
Harvati and Weaver, 2006a,b; Smith et al., 200W8se results suggest an additional hypothesis,
that different regions of the temporal bone (e.g., the glenoid region vs. the tympanic and petrous
portions) are more or less useful for disgeg phylogenetic reteonships among taxa.

Preliminary analyses support this hypothesis,iaditate that the tympanic and petrous portions
of the temporal bone are driving the previously documented phylogenetic signal in this region of

the cranium (Terhune, unpublished data).

Phylogenetic utility of the TMJ
In all, these results suggest that tHatienship between morphology and genetics as
exhibited by TMJ shape is not consistent acrofisrapoid primates. This is likely a result of the
many and varied selective pressures that haveesdithp evolutionary history of this primate

group. Results presented in the prior chaptesaating indicate that TMJ shape scales largely
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with positive allometry and isometry, and thereftite clustering of similarly sized taxa in
several of the analyses presented above is unsugpr@@iitically, it is important to realize that
none of these factors (genetics, diet, body size) are likely to be independent of one another.
Dietary differentiation among primate taxa hagjfrently been cited as a possible explanation for
speciation events (e.g., the radiation of platyrrhines [Rosenberger, 1980, 1992]; cercopithecines
and colobines [Jablonski, 2002]; and the geges [Fleagle, 1999; Pilbeam, 2002]), and for
subsequent differences in ogenetic scaling among taxa whiglow for the attainment of
different adult body sizes andpdoitation of different resowges (e.g., Shea, 1984, 1985). As
illustrated by the platyrrhine data, dietary aresdifferences among taxa need not be incongruent
with known genetic relationships among speciegadtt, it seems highly likely that dietary
divergence, and subsequent changes in bodyregg have been the primary factors which drove
the widespread adaptive radiation observed in the platyrrhines (Rosenberger, 1992).

The initial impetus for the resedr presented in this chaptame from the inability of
molecular analyses to adequately address oalkstiips among extinct species. Examinations of
these relationships must therefore necesseaefjyupon analyses of morphology, which is
assumed to have a genetic component. Theaasum in particular, because of its unique
development and relation to the brain, has Besgquently identified as a region of morphology
that more accurately reflects molecular relatiops (Lockwood et al., 2004; Smith et al., 2007;
HF Smith, 2009; von Cramon-Taubadel, 2009)east within humans and great apes. However,
as identified here, the TMJ appears to be lesstelthan the basicranium or temporal bone in
this regard. This is not to say that previamsilyses incorporating aspects of TMJ shape should
be disregarded, but rather that phylogenetadyemes solely of TMJ shape are likely to be
considerably less reliable than analyses obtmcranium or temporal bone as a whole. This
interpretation is demonstrated well here in¢hse of the great apes. Previous analyses of the

entire temporal support the conclusion that tbgion reliably reflects molecular relationships
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(i.e., Lockwood et al., 2004), but when only the glenoid region is examined, the congruence
between these two datasets @ases considerably. Additioraalyses will be necessary to
evaluate whether this pattern holds true faugis other than the great apes and humans, but
given the range of results found here, it seems likely that the congruence of the molecular data
and the morphology of the TMJ and the entire basicranium varies considerably among taxonomic
groups, probably as a result of the variation in selective pressures driving morphological variation

among these groups.

CONCLUSIONS

The goal of this analysis was to assessektent to which TMJ morphology reflects
genetic relationships among anthoad primates. The data presented here suggest that, althgouh
TMJ morphology does not strongly reflect phylogenetic variation among species, TMJ shape
does vary in association with diet, body siaeg other ecological specializations among taxa.
This does not mean that TMJ morphology is not useful in a phylogenetic context; in several
clades TMJ morphology was strongly congruent \gighetic variation. However, a lack of
congruence between the morphological and genetic data in other clades indicates that
phylogenetic inferences based on aspects of glenoid or condylar morphology are limited without
the analysis of additional temporal bone morphology. These data highlight the myriad ways in
which multiple factors may influence TMJ shapdich may or may not be congruent with
known genetic relationships among taxa. These fadctdrish are clearly not mutually exclusive,
have worked in concert with one another to result in the wide range of glenoid and condylar

morphologies observed in extant anthropoid primates.



CHAPTER 7: DISCUSSION

| began this dissertation with a discussion of known variation in TMJ morphology across
primates. This review highlighted the curréantk of a broad framework comparing and
contrasting TMJ morphology in anthropoid patas. However, knowledge of variation in TMJ
form is crucial for further understanding therfoand function of the masticatory apparatus.
Three main avenues of research regarding Tdrphology were identified. These included
assessing functional variation in TMJ shape, evaluating TMJ form in the context of changes in
body or cranial size, and use of the TMJ to infer phylogenetic history.

The first of these research areas is perhapstst critical given the integral role the
TMJ plays in the masticatory apparatus. Previessarch has shown that tjost is indeed load
bearing (Hylander, 1979a; Smith, 1978; Brehaad Boyd, 1979; Brehnan et al., 1981; Boyd et
al., 1982, 1990), and the masticatory apparatgeineral is best classified as a class three lever
system (Hylander, 1975, 1979a, 1991, 2@@gander and Crompton, 1980; Hylander and
Johnson, 1985; Hylander et al., 1992; Hylanded.eR005). In such a system, the joint reaction
force and bite force must cancel out the musesaltant force to maintain static equilibrium.
However, there is likely to be considerable atidn in the magnitude of the joint reaction force
vs. the bite force depending upon multiple vdgabsuch as muscle firing patterns, position of
the bite point, height of the TMJ above the occlusal plane, and the overall configuration of the
masticatory apparatus. The goal of a major pontiathis dissertation was therefore to evaluate
shape variation in the TMJ, and to link thigiation to differences in feeding behavior among
anthropoid primates. Three main researchiptieths were generated in this regard. These
predictions had to do with three primary waysvimich the TMJ is likely to vary as a function of
masticatory demands: food material propertiés, foint location, and gape requirements.

In regard to variation in food material propes, it was predicted that taxa who tend to
consume more resistant food objects (whether this utilization is continuous or only as a fallback

food) should exhibit adaptations in their TMaksociated with increased joint reaction force and
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range of motion, such as increased joimfasze area and larger joint processes (entoglenoid
process and articular tubercle).

Similarly, the second prediction posited that the TMJs of taxa that intensively use their
anterior teeth should show adaptations to resigefecentrally or medially located joint reaction
forces. Taxa that repetitively load their postetaeth should show adaptations within their TMJs
related to increased joint reaction forces onlakeral surface of the TMJ. These adaptations
would be represented by changes in the relativdiotageral and anteroposterior dimensions of
the joint and the size of the entoglenoid process and articular tubercle.

Finally, | predicted that taxa with relativdgrge gapes (whether for behavioral or dietary
reasons) should have adaptations in their TMJ related to increased range of motion (e.g., sagittal
sliding), such as an anteroposteriorly longerJTMrge preglenoid plane, and anteroposteriorly
flat mandibular condyle.

Results of the detailed analyses of theiparative groups examined (in Chapter 4)
suggest that these predictions are supported, altheiily some exceptions. In almost all of the
comparative groups, those taxa with more resistists (especially those that use their posterior
teeth more extensively) tended have sigaiitly larger joint surface areas, relatively
mediolaterally (ML) wider and anteroposterio(AP) shorter TMJs, and larger entoglenoid
processes. In contrast, taxa that utilize resigtantt objects, but process them on their anterior
teeth (e.g.Cebus apella andPongo pygmaeus) were found to have relgely small entoglenoid
processes. This may suggest that the entoglgmocess is associated with increasing the range
of motion of the condyle at larger gapes. A smaller entoglenoid process at wide gapes would
allow for increased range of motion of the condyle, and consequently the anterior dentition,
which would be necessary when using the ain food processing as is the case for these two
species (Izawa and Mizuno, 1977; Izawa, 19&borgh, 1983; Rodman, 1988; Janson and

Boinski, 1992). These data therefore stronglygest that TMJ shape varies as a function of food
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material property and relative use of the antesigposterior dentition. However, further data
regarding the magnitude of joint forces on émerior teeth in comparison to taxa that
repetitively load their posterior teeth is nesay to evaluate which of these patterns of
masticatory loading are most signifitlgrliinked to TMJ shape variation.

A very strong correlation between measuregagfe (e.g., canine crown height and height
of the TMJ above the occlusal plane) and aspects of the AP length of the glenoid (glenoid length
and preglenoid plane length) was also found indahalysis. These data indicate that the amount
of translation occurring at the TMJ during jaw oppey and closing is important for maximizing
linear gape, and those taxa with relatively widgragahave more extensive anterior excursion of
the mandibular condyle during wide jaw openifgese finding are consistent with recent
analyses by Hylander and colleagues (Hylanddrn\ényard, 2006; Hylander et al., 2008), who
found a significant correlation between relativp@and canine crown height, and support the
hypothesis that increased gape is partly mamriteby alterations in joint surface area (Hylander,
personal communication). Similarly, these datpport the findings of Vinyard et al., (2003) who
found that tree-gouging primates tended to haveivels AP longer glenoids than closely related
taxa that do not practice tree-gouging.

Any consideration of functional variation must also account for variation in size across
the sample in question. Previous research dingda the masticatory apparatus has yielded
mixed results. Multiple analyses have indicated soae features of the masticatory apparatus
scale with positive allometry (Smith et al., 1983; Hylander, 1985; Ravosa, 1996; 2000; Vinyard,
1999; Anapol et al., 2008). Several authors haterpneted this scaling pattern to indicate a size-
related increase in dietary toughness across prinather researchers have suggested that some
of these features scale instead with isometac(@l, 1984; Bouvier, 1986a,b; Anton, 1999, 2000;
Perry and Wall, 2008). It was predicted here that most features of the TMJ should scale with

positive allometry, particularly if the hypothesia size-related increase in dietary toughness is
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correct. Scaling of food items relative to body size also suggests that, as taxa grow larger, food
items should be relatively smaller, and therefnegative allometry in aspects of gape was
predicted.

Results of the scaling analyses (presentdthiapter 5) indicated that many features of
the TMJ do indeed tend to scale with positive allsyndut when these patterns are evaluated in
platyrrhines, cercopithecoids, and hominoids sepbrateveral distinct trends emerge. In both
platyrrhines and cercopithecoids, the sizéhefprocesses in the joife.g., entoglenoid,
postglenoid, and articular tuberrkrales with positive allometry, but these same relationships in
hominoids are generally isometric. Similardyenoid length and preglenoid plane length tend to
show a slightly negatively allometric scalirgationship in hominoids whereas in platyrrhines
and cercopithecoids these varialdeale with either isometry or positive allometry. These data
may point to relative differences in gape in hoaids, since previous analyses by Vinyard et al.
(2003) have demonstrated a correlation between relative gape and the anteroposterior length of
the TMJ that is further supported by the strongelation found here between aspects of glenoid
shape and canine length and height of the TMJ above the occlusal plane.

The geometric morphometric analyses of scaling in the TMJ provide an interesting
contrast to the univariate analyses conducted. The geometric morphometric scaling data indicated
that TMJ shape is strongly correlated with variation in body size in platyrrhines and hominoids,
but not in cercopithecoids, and that the patteriMf shape change as related to size is reversed
in platyrrhines and hominoids. These disparate pettef shape change may again be associated
with relative differences in gape, suclatlthe larger bodied platyrrhines (e Aouatta) and the
smaller bodied hominoids (e.g., hylobatids) hawmilarly increased gape requirements that
necessitate relatively anterioposteriorly long glenttid$ would facilitate increased translation of
the mandibular condyle during jaw opening and closidgwever, mandibular and canine

morphology differs considerably between these grofipsiatta has a TMJ raised well above the
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occlusal plane and relatively smaller caninelsile the hylobatids have TMJs that are
considerably closer to the occlugddine but very large canines.Afouatta, increased AP
translation of the condyle on the glenoitl@nar surface may somewhat compensate for the
reduced linear gape associated with such high TMJs, regardlesscahthe size in this taxon. In
contrast, hylobatids may have wider gapea asnsequence of their enlarged canines.

Recent work with the temporal bone suggests tifis region is particularly useful for
uncovering the phylogenetic history of primatades (Lockwood et al., 2002, 2004; Harvati and
Weaver, 2006a,b; Smith et al., 2007; HF Smith, 2009; von Crammon-Taubadel, 2009). This has
been demonstrated for great apes and humand,rbaotains unclear whether this technique is
broadly applicable across primates. Furthermore, whether different portions of the temporal bone
are more or less useful for phylogenetic reconstruction is unknown. Yet researchers rely heavily
on features of the temporal bone (including aspects of TMJ shape) to evaluate taxonomic and
phylogenetic hypotheses, particularly in the ldssminins. The third and final research question
that was addressed in this dissertation invastidjthe extent to which TMJ morphology is
congruent with genetic data.

Analyses of the congruence between the tiga@d morphological data for the TMJ in
Chapter 6 indicated that these datasets argerwrally congruenglthough again, this
relationship varied across taxonomic groupslamdls. The highest degree of congruence was
observed in platyrrhines; in all three of the platyrrhine family groups phylogenies created using
the genetic data and TMJ morpbgy were highly congruent. In contrast, the least congruence
between these datasets was found for cercopitiiecbhe analyses of the hominid sample
presented a particularly interesting result. Previous analyses by Lockwood et al. (2002, 2004),
have indicated that temporal bone shape in this group can be used reliably to reflect phylogenetic
relationships. This finding was not replicateden only landmarks on the glenoid fossa were

used, suggesting that the bulk of the phylogenetic signal of the temporal bone lies in the petrous
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and tympanic portions. In general, the resoftthe phylogeny chapter indicate that the
relationship between the molecular and morphalagiata is not consistent across anthropoid
primates, and caution is therefore warranted iar&uanalyses of TMJ and basicranial variation
of fossil and extant primates.

Further analysis of the covariance between TMJ morphology and distance matrices
describing size and dietary variation in thenpte found strong correlations among these datasets
in several clades. Shape variation in the platyrrhines and hominoids in particular was strongly
correlated with body diet and size. Coupleith the relative congruence between the
morphological and genetic datasets for the platyrrhines, these findings suggest that perhaps
dietary differences, accompanied by changeslative body size, were the main selective
pressure driving the adaptive radiation of tele that has previolysbeen suggested by
Rosenberger (1992). In contrast, data forcdeopithecoids do not suggest any particularly
strong correlations among morphology, body sizaliet; although the observed patterns of
variation in each of these datasets may suggasttht relative influence of these factors varies
across taxa in this group.

In sum, the analyses presented here indicate that the morphology of the TMJ covaries
strongly with both masticatory function and lpagze, and to some extent TMJ morphology
reflects phylogenetic history. To what extent are the findings of the dietary, scaling, and
phylogenetic analyses related to one anotAsr@iscussed throughout this dissertation, none of
the three factors analyzed are likely to functiomswoiation, nor are they likely to be the only
influences over TMJ shape variation. Dietary differentiation among clodetgdepopulations or
species can easily drive changes in body sizeuliimdately lead to phylogenetic differentiation.
For example, the data examined here seemggest that dietary diveegce in platyrrhines is
strongly correlated with both size and phylogenétiergence, perhaps indicating that initial

diversification of this clade was related to difeces in feeding behavior (Rosenberger, 1980,
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1992). Similarly, changes in body size as altasfother selective pressures (e.g., predation,
climate, etc.) could necessitate a shift in nutritional requirements and therefore dietary intake. The
goal of this study was to examine whetherJriviorphology accurately reflects differences in
feeding behavior, body size, or phylogeny. Tésutts presented here suggest that the extent to
which these factors were acting on TMJ morphology varies across anthropoid primates, and,
perhaps most critically, these data indicate that no single factor is responsible for the variation in
TMJ morphology observed across primates. Functional differences in the masticatory apparatus
appear to be particularly important in hominag atelines, but both of these groups also tended
to show a strong allometric signal, suggesting, thiglieast in these groups, diet and body size are
interrelated. Results of the biomechanical scpéinalysis also suggest this may be the case
across the entire sample, as the overall size and most features of the TMJ scale with positive
allometry against cranial size. This finding @nsistent with previous analyses suggesting that
dietary resistance also scales with positive allometry with body size (Kay, 1975; Hylander, 1985;

Sailer et al., 1985; Ravosa, 1996, 2000).

OTHER POTENTIAL INFLUENCESOVER TMJ MORPHOLOGY

Other factors that may influence TMJ shap thiere not evaluated as part of this study
include adaptive plasticity and soft tissue stites of the TMJ. Adaptive plasticity is defined as
the ability of an organism to respond tteeed environmentalanditions during ontogeny
(Gotthard and Nylin, 1995; Ravosa et al., 2007). In Chapter 5, plastic variation in condylar
morphology was discussed as a potential explanation for the lack of patterning in condylar
morphology. In particular, Richard's (1990) dataygest that the mandibular condyle undergoes
increased remodeling with age and as a functionasticatory demands. Studies by Bouvier and
Hylander (1982, 1984) and more recently by Ravand colleagues (2007, 2008) indicate that the

mandibular condyle experiences varying lewlsemodeling as a result of variation in
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masticatory function. In particular, these studies demonstrated that condylar dimensions and
articular disc thickness were significantly larger in lab animals (Bouvier and Hylander = rats and
macaques, Ravosa et al. = rabbits) that were h#lpifad a more resistant diet, in comparison to
other groups that were not required to mastitetrd or tough food objects. These data suggest
that the plastic response of the TMJ to clesnig loading magnitude and/or frequency is
important for continual adjustment of therfefunction relationshigluring an organism’s
lifespan. What is unclear from these studies, h@wngs whether some taxa are more able to
respond plastically to changes in masticatory fioncthan others. In other words, how do the
reaction norms differ among taxa, and to whatrexere modifications of an ancestral reaction
norm selected for or against in particular téea., Gotthard and Nylin, 1995)? Furthermore, the
mandibular condyle has frequently been studied lzasitbeen considered to be more sensitive to
variation in the local mechanical environment (e.g., Petrovic et al., 1975, 1981; Burke and
McNamara, 1979; McNamara andrBan, 1979; Carlson et al., 1980; Beecher and Corruccini,
1981; McNamara, 1981). It remains unclear whethemorphology of the glenoid fossa is more
or less plastic than the mandibular condyle, afigture extension of the research presented here,
in conjunction with the morphological data on rabbit TMJ morphology from Ravosa and
colleagues, will hopefully help telucidate this relationship.

This study evaluated only the bony components of the TMJ. However, soft tissue
structures of the TMJ are critical for regulating loads and range of motion at the TMJ. The
articular disc in particular is likely to play a major role in TMJ function, as it is interposed
between the cranial and mandibular components of the joint. But while the morphology of the
articular disc has been extensivahalyzed in humans, few studies have evaluated the articular
disc of non-human primates. The disc itself is an oval pad of dense avascular connective tissue
(rather than hyaline cartilage) that is thinrmesttrally and thickened gpherally. Osborn (1985)

suggested that this thin intermediate zdaeelops during ontogeny as a result of increased
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compressive forces, and analyses of loading oflistesuggest that the highest loads are incurred
in this region (DeVocht et al., 1996; Beek et al., 2000, 2001). As with other soft tissue structures
associated with joints that are incongruent.(atge knee), the soft tissue structures are assumed
to decrease the contact pressure of the comp®péttte joint by increasing the contact area of
the joint surfaces (Beek et al., 2000), thereby decreasing or preventing high-magnitude stresses
that could consequently result in degeneration and perforation of the disc (Tanaka and van Eijden,
2003). More analyses need to be conducted taatathe extent to which the morphology of the
articular disc varies in non-human primates, butlikedy that this structure exhibits a diversity
of form that is linked to the bony morphology of the joint.

These two areas of research represent majwsiderations in studies of TMJ shape.
Remodeling of the joint may significantly influence the morphology observed such that it is
difficult to determine whether shape variatioraisonsequence of adaptation or plastic changes
over an individual’s lifetime. Givethese considerations it is therefore particularly important that
studies of TMJ shape be conducted using wildgbapopulations rather than zoo collections,
where feeding behaviors are less likely to be ceersisvith wild behaviors. A consideration of
soft tissue structures at the TMJ is equally important, as these structures may significantly
influence the function of the bony components ofjtiat, and particularly may alter the range of
motion or the distribution of forces in the jointcéuthat these variables are not inferable from the

bony morphology alone.

TMJVARIATION IN FOSSIL HOMININS
One major goal of the research presented Wwaseto provide a framework for analyses
of fossil craniofacial variation. How might previously observed variation in TMJ morphology
across hominins be explained in light of the gatsented here? In order to address this question,

the following section provides an overview oépious analyses regarding TMJ shape variation
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in fossil hominins. | will conclude by presentiegveral outstanding research questions that can

be addressed using the methodology and deesented in this dissertation.

Fossil hominin morphology

In many respects, the morphology of the J{particularly the glenoid fossa) in fossil
hominins is intermediate between the gaga¢ and modern human conditions. In the
australopiths, this morphology is considerably numimitive and thus more similar to that of the
great apes (although the robust australgpitte an important exception), whereas the
morphology of the species of the geisno are more like the glenoid of modern humans. Many
of these differences in morphology may potentially be explained by differences in masticatory
function, as discussed below. Body size diffiees among these taxa are also important to
consider given the scaling relatitmiyzs identified in this study-However, current data regarding
body size estimates for fossil hominins suggesethey not be appreciable differences in body
mass among species, except between the australopithsHeandyand later species éfomo

(e.g., Jungers, 1988; McHendQ92; Kappelman, 1996).

The australopiths. Few details are available regarding the morphology of the glenoid fossa of
the earliest australopitustralopithecus anamensis. Information that has been published
suggests that this morphology is relatively ptive, with a very shallow glenoid fossa, an
indistinct articular eminence, and a small ergagid process (Leakey et al., 1995; Ward et al.,
1999). In comparison, the glenoid fossadoéfarensisis slightly more derived, with increased
relief, but this morphology is still extremelyeatike, as it retains many primitive characteristics
(Kimbel, 1986; Kimbel et al., 2004), including ade, “open” fossa with an extensive preglenoid
plane, a weakly developed articular eminenad, @an inflated and latally placed postglenoid

process. In comparison to the apes, the glenoid fossaatdrensisis shortened
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anteroposteriorly, but is very broad mediolaterally. Ahafricanus glenoid differs somewhat in
this regard, with a slightly longer, narrower glahdihere is a great deal of overlap, however, in
the morphology of the glenoid betwe&nafarensis andA. africanus, with some representatives
of the former species displaying a markeitiyter “open” glenoid than is presentAnafricanus,
in which the articular eminence is slightly meagsed, resulting (on average) in a marginally
deeper fossa in this species (Aiello and Dean, 1990; Kimbel et al., 2@@4lionally, one
particularA. africanus specimen (MLD 37/38) is distinctly more derived in some characters than
other specimens attributed to this taxon, digplga more bar-like articular eminence, which is
also twisted around its transverse axis (as is obsentddmo) (DuBrul, 1974; Kimbel et al.,
2004). Laterally, DuBrul (1974) describes a strong articular tubercle in this species, a feature
which does not seem to be as distincAiafarensis.

Given the comparative analyses conducted here, these data indicate that the glenoid
region of the “gracile australopiths” is very similar to thaPaf, with an AP elongated glenoid
articular surface which is likely suggestive of increased translation of the mandibular condyle and
thus wider gapes. This could indicate thaist species still relied heavily on the use of the
anterior dentition for food processj. This observation is consistemth reviews of the dentition
in A. afarensis andA. africanus, which suggest these species retairedtively larger incisors
(although incisor size is slightly reducedAnafricanus in comparison té\. afarensis), as well as
relatively large canines (see measuremenkSnmel and Delezene, 2009). However, increased
size of the postcanine dentition and thickened eham the molars (e.g., Rak, 1983; Grine and
Martin, 1988; Schwartz, 2000; Kimbel et al., 20@hite et al., 2006; Olejniczak et al., 2008;
Kimbel and Delezene, 2009) may indicate thaise species also w#id their postcanine
dentition extensively for the mastication of moesistant food objects, at least in comparison to

Pan and older species of hominins. This interpretation is supported by the somewhat
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mediolaterally wider TMJs found ifA. afarensis andA. africanus, which indicate increased
lateral shifting of the mandible during mastication.

How can the observed differences in TMJ morphology betweafarensis andA.
africanus be explained? As noted above, the TMAdfricanus is slightly anteroposteriorly
longer, with a more raised articular eminencetalaesented in this dissertation suggest that both
of these morphologies may be linked to increased height of the TMJ above the occlusal plane. If
canine size is comparable in these two spd&iasbel and Delezene, 2009), but the TMJ is
positioned higher above the occlusal planA.iafricanus, then more anteroposterior translation
of the condyle would be necessary to achieeesdime amount of linear gape, thus requiring a
anteroposteriorly longer preglenoid plane. Incredssgdht of the TMJ above the occlusal plane
would also explain the increased indliion of the articular eminence An africanus, as indicated
by the strong correlation between these variables observed in the ertaas gxamined in this
study. However, current data regarding ramus height @ferensis andA. africanus are scarce,
and perhaps do not currently support the suggestion of a higher PMafrincanus (W. Kimbel,
personal communication). Further data regardiffgrences in glenoid (and more generally
masticatory system) shape in these two taganacessary to identify how extensively these
species differ in this morphology.

GeologicallyyoungerAustral opithecus species primarily include the “robust
australopiths.” Phylogenetically, these species (which inddudethiopicus, A. robustus, andA.
boisei), have been considered to be both monggittyand paraphyletic (Skelton et al., 1986;
Wood, 1988; Skelton and McHenry, 1992; Liebenrefial., 1996; Strait et al., 1997; Kimbel et
al., 2004). The argument for paraphyly of this group has centered around the suggestion that, as
the masticatory apparatus is a functional complex, characters associated with such a complex
should be more prone to homoplasy (Skeltoal.etL986; Skelton and McHenry, 1992; McHenry,

1994). If this is the case, then it would be reasonable to expect that multiple taxa with the same
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adaptive characters may arise independently (Skelton et al., 1986; Skelton and McHenry, 1992).
More recently, however, there is a gragriconsensus that these specimens are most
appropriately considered a monophyletic groupictvisome researchers attribute to a separate
genus Paranthropus (e.g., Jungers and Grine, 1986; Grine, 1988; Grine and Daegling, 1993;
Strait, 1998, 2001; Wood and Constantino, 2007; Villmoare, 2008).

In A. robustus, although the shape of the glenoid is generally simil&x. &ricanus, the
size of the fossa is considerably larger (Kimdtedl., 2004). The fossae of these two taxa differ
primarily in the deeper glenoid éf robustus, which is associated with a distinctly stronger
articular eminence. Additionally, the glenoid can be characterized as somewhat more
anteroposteriorly compressed tharirafricanus, although again, the glenoid is absolutely larger
in A. robustus (Aiello and Dean, 1990; Kimbel et al., 2004). Like the bullAcdfarensis
specimens, however, the articular eminence istwigted’ and the preglenoid plane is roughly
the same size (Aiello and Dean, 1990; Sherwood, 1995; Sherwood et al., 2002; Kimbel et al.,
2004).

Austral opithecus boisei, on the other hand, is distinctly more derived in morphology than
is A. robustus, a characteristic that was first notedbyBrul (1974, 1977). Specifically, the
glenoid fossa is considerably deeper than in any earlier hominins. This is, again, a consequence of
changes in several characters, includingeay sloped articular eminence, as well as a
vertically oriented tympanic which is mergedth the small, medially placed postglenoid
(Kimbel et al., 2004; Aiello and Dean, 1990;eBvood, 1995; Sherwood et al., 2002). With this
reorientation of the tympanic and concomitant reduction in postglenoid size, the tympanic
replaces the postglenoid as the posterior wall of the fossa, as is obsdfarai(Kimbel et al.,
2004). Additionally, the preglenoid plane is markedly reduced in overall size, both in AP and ML
dimensions. The morphology of the entoglenoid is particularly of note, as the articular eminence

is twisted so that the entoglenoid is diregbedteriorly, overlapping the tympanic element and
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creating a unique morphology: the “medial glenoid plane” as termed by DuBrul (1977). This
researcher devotes a significant amount of time to discussion of this character, as it is distinct
from that observed iA. africanus. As noted by DuBrul (1977: 315, italics in original):

“Medially, however, the eminence haswall. As the articular eminence was

lowered anteriorly to increase its steeps the entoglenoid process was rotated

up and back to wall the fossa insteadhaf eminence. The lower border of the

process... is well rounded and forms an extengiedial glenoid plane.”

Thus, in essence the medial glenoid plane of DuBrul is a flattened platform between the medial
edge of the articular fossa and the forameneoiiéimbel et al., 2004). DuBrul (1974, 1977)
hypothesized that the small, posteriorly directatbglenoid, which helps to form the “medial
glenoid plane,” would be necessary in taxa thguire increased excursion of the mandibular
condyle during mastication.

As noted, the morphology of the glenoid regiorimoisei is highly derived.

Furthermore, this morphology shares many sintiés with the morphology of the glenoid region
in modern humans. Another quote from DuBrul (1974: 26) sums this similarity up nicely: “This
entire arrangement is amazingly similar to thiatnodern man except for its enormous
dimensions.”

In contrast to the synapomorphic morphologied.abbustus andA. boisei, the glenoid
fossa ofA. aethiopicus is distinctlydissimilar in morphology, with the majority of the glenoid
composed of primitive, rather than derived features (Kimbel et al., 1988; Leakey and Walker,
1988; Kimbel et al., 2004). This distinctionristable, as the type spa@n for this species has
also been considered insteadtoan early representative/fboisel (Walker et al., 1986). If this
is the case, this early specimen could represent a more generalized form, which eventually
evolved into the highly apomorphic morphology traditionally linked.tboisei (Kimbel et al.,

2004) Nonetheless, this specimen, KNM-WT 1708&ains the primitive glenoid shape,
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characterized by a shallow fossdh a large preglenoid plane and a large, laterally placed
postglenoid process that is separated from thmpénic. Moreover, twisting of the articular
eminence and posterior inclination of the entoglenoid are conspicuously lacking in this taxon.

In general, the morphology of the glenoid region in the robust australopiths can be
summed up as more “closed” in shape, withisedharticular eminence and anteroposteriorly
compressed articular surface with a small pregjl plane. Furthermore, the joint surface area is
considerably larger in the robust aaspiths when compared to eithrafarensis or A.
africanus. These morphological changes are consistéhtam increase in joint reaction forces at
the TMJ as might be associated with increasedmed on the posterior dentition for masticatory
behaviors. This interpretation umsurprising given the massive postcanine dentition of the robust
australopiths and the overall robusticity of their masticatory apparatus, which strongly suggests
extensive use of the postcanine dentition ferrtiastication of resistant food objects (Tobias,
1967; Rak, 1983; Demes and Creel, 1988; Kay and Grine, 1988; Hylander, 1988; Wood, 1991;
Wood and Strait, 2004; Constantino, 2007; Wood and Constantino, 2007).

Given the data presented here, the robustralopith glenoid configuration further
suggests that this taxon had smaller linear gégmesvidenced by AP compression of the joint),
although AP length of the joint decreases considerably faaethiopicus to A. robustus and
finally to A. boisei. This suggests th#t aethiopicus retained a relatively large gape in
association with relatively larger anterior dgan (Walker et al., 1986; Kimbel et al., 1988).
Inclination of the articular eminence also appears to increaseraathiopicus to A. boisai; this
morphology is most likely correlated with theirased height of the TMJ above the occlusal
plane in these taxa. These findings, along Withreduced anterior dentition of these species
(Tobias, 1967; Hylander, 1975a; Wood, 1991;a/and Constantino, 2007; Kimbel and
Delezene, 2009) strongly indicate that these species did not rely on the anterior dentition for food

processing.
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The morphology of the entoglenoid process is unique boisei. The analyses presented
here found mixed results for the hypothesis &mbglenoid variation is associated with overall
size of the joint and processing and/or mastication of resistant food-objects. Several taxa
examined hereQebus apella andPongo pygmaeus) that process hard food objects were actually
found to have relatively smaller entoglenoidqasses than other closely related species. It was
therefore suggested that the small entogktpodcesses in these taxa facilitated use of the
anterior dentition during foogrocessing. This interpretation may be generalized to indicate
increased mediolateral movement of thendible during food processj, which would be
facilitated by a relatively small entoglenoid procédss finding is consistent with DuBrul’'s
(1974, 1977) hypothesized function for the “medial glenoid plan&’ bbisei, and suggests that
masticatory behaviors in this species involvedsiderable amount of mediolateral movement of

the mandible (as recently discussed by Rak and Hylander, 2008).

The genus Homo. Descriptions of the glenoid region in the gehlosno, while still figuring

prominently in the literature, seesomewhat less detailed, and are primarily embedded within
more general descriptions of individual deafe.g., Rightmire, 1993; Delson et al., 2001).
Furthermore, understanding these descriptions is licewgd by a lack of standardized terms for
many of the characters being discussed (i.e., the articular tubercle, ‘Glaserian fissure’ and medial
recess of Weidenreich [1943]), and somewhat reelsutlescriptions of morphology for particular
taxa or specimens which are phrased only in relation to other taxa. For instance, many authors
state that the glenoid &f. habilisis shallower than ii. erectus (Picq, 1990; Martinez and

Arsuaga, 1997), but what does such a statement imggypecially in light of the fact that there is

a large amount of variation in this characteHirerectus? These problems make comprehensive

descriptions of the glenoid for several of the specid4onfio difficult. Compounding this is the
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fact that few empirical analyses of variation in temporal bone morphology have been conducted
for these taxa (but see Martinez and Arsuaga, 1997).

With the appearance of eaHomo (which here includes botH. habilis andH.
rudolfensis), the glenoid region is much more modern human-like. The Earty glenoid is
frequently categorized as being narrow and dedh,an articular eminence that is more
pronounced than in the gracile australopiths Aeanamensis, A. afarensis, A. africanus), but
which is flatter on average thantih erectus and laterHomo, with the possible exception of
Neandertals (Sherwood, 1995; Martinez and Arayag97). Deepening of the fossa is, as in the
robust australopiths and modern humans, primardgnsequence of the vertical reorientation of
the tympanic plate, which is merged with dueed postglenoid process (Kimbel, 1986; Kimbel
and Rak, 1993), as well as a slightly mordiied articular eminence (Martinez and Arsuaga,
1997). EarlyHomo is also unique in that this taxon has a preglenoid plane which is reduced in
size and is directed anteriorly, rather thaderiorly (Kimbel, 1986). Medially, the articular
eminence is not twisted, and the entoglenoid proedssh is reduced in size, is relatively small
in comparison to the australopiths. Witltiivis group, Wood (1993) recognizes two distinct
speciesH.habilisandH. rudolfensis, and cites a shallower glenoid fossa as one of the characters
differentiating these two taxa, witt. habilis having a deeper glenoid fossa théurudolfensis,
although few details regarding thiistinction are provided and this difference is not quantified.

The condition of the glenoid iHomo erectus (sensu lato) has bebetter described in the
literature, primarily as a result of disputes regagdaxonomic diversity within this species (i.e.,
are the African specimens more appropriately attributalite épgaster? [e.g., Wood, 1984;
Andrews, 1984]), as well as the detailed analgsiemporal bone morphology discussed for the
Snanthropus materials from Zhoukoudian by Weidenreich (1943). The glenoid of the African
specimens is on average more similar to the é4oiyo condition described above; the articular

eminence is more gently sloping, wildeeper glenoid fossa than in edilymo, as well as a
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reduced postglenoid that is merged witht§hapanic. The preglenoid plane appears to be
approximately the same size as in e&lymo, and the articular eminence is not twisted and
terminates medially in a large, imi@rly projecting entoglenoid process.

In contrast, the condition observed in the Astharrectus specimens is more derived,
with a glenoid that is, on average, considrabduced in size in comparison to the African
specimens, and is also markedly deeper. Téépedning is a result of a highly angled articular
eminence, as well as a marked anteroposterior @ssjpn of the fossa, which is coincident with
a reduction in size of the preglenoid plane (auieatvhich in some specimens is virtually non-
existent) (Weidenreich, 1943; Condemi, 1989; Pope, 1992; Etler, 1994; Martinez and Arsuaga,
1997; Terhune et al., 2007). Medially, the articular eminence is twisted, and the reduced
entoglenoid is directed slightly posteriorly and inferiorly (Weidenreich, 1943; Howells, 1980;
Rightmire, 1985, 1993; Martinez and Arsuaga 1997).

Like earlyHomo andHomo erectus (s.1.), the collection of specimens frequently referred
to as “ArchaicHomo sapiens’ or generallyH. heidelbergensis (Stringer et al., 1979; Rightmire,
1993, 1998; Clarke, 1990; Martinez and Arsuaga, 1997; Arsuaga et al., 1997; Manzi et al., 2003)
also displays a large amount of variatiorgianoid morphology. The glenoid fossa morphology
of the Middle Pleistocene specimens from Afrigaon average, distinct from that of the
European specimens (Martinez and Arsud§8y), although further research is necessary to
quantify any such differences. In comparisothi earlier African specimens that have been
attributed taH. erectus, the glenoid fossa is deeper i thfrican Middle Pleistocene specimens
(e.g., Omo 2, ES-11693, Kabwe), which haveeapér articular eminence; how this morphology
compares to the Asian representativesl oérectusis unclear, however, although Martinez and
Arsuaga (1997) place the articular eminenc.ierectus (s.l.) at approximately the same degree
of slope as found in the African Middle Pleistoeepecimens. In contrast, the articular eminence

of the European specimens (as represented printgrillge Sima de los Huesos remains) is much
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more gradually sloping, with a shallower igbéd fossa overall (Arsuaga et al., 1993; Martinez
and Arsuaga, 1997).

As demonstrated by Martinez and Arsuaga (1997), the postglenoid process in Bfrican
heidelbergensisis approximately the same size as that of Afriglalerectus, both of which fall
within the size range of modern humalmscontrast, the postglenoid of Asibherectusis
smaller than in both of these taxa; moreover, @$® considerably smaller than the postglenoid
of the Europeahl. heidelbergensis specimens, which is large andl@ed (Arsuaga et al., 1993;
Martinez and Arsuaga, 1997). The features of the medial portion of the glenoid fossa in both the
African and EuropeaHl. heidelbergensis specimens have rarely been described other than to say
that the entoglenoid is large and inferiorly prdijeg (Rightmire, 1993). This finding is consistent
with observations by the author that suggesttti@twisting of the articular eminence is variable
within both of these groups, although this featuredseo be quantified in further detail for any
substantial conclusions to be drawn.

More authors have evaluated the morphology of the Neandertal glenoid region than of the
H. heidelbergensis samples discussed above. However, analyses focusing on the temporal bone in
Neandertals tend to dwell on the unique piaiogy of the mastoid region in this taxon
(Weidenreich, 1943; Vallois, 1969; VandermeerskdB1; 1985; Stringer and Trinkaus, 1981;
Trinkaus, 1983; Aiello and Dean, 1990), rattiean the morphology of the mandibular fossa.
Consequently, concrete comparative data @teedatively rare (but see Martinez and Arsuaga,
1997). Further complicating matters, thougtthis debate regarding the morphology of the
glenoid. While most authors agree that thenglé fossa is very large (Smith, 1976; Vallois,
1969; Stringer and Trinkaus, 1981) and that thiewdar eminence is dttened (Vandermeersch,
1981; Trinkaus, 1983; Condemi, 1989; AiellndeDean 1990; Bar Yosef and Vandermeersch,
1991; Martinez and Arsuaga 1997) there is detegarding the size and development of the

postglenoid process. Some authors have suggedsteNeandertals have a mediolaterally well
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developed postglenoid that forms the postesiall of the articular fossa (Vandermeersch, 1981;
Condemi, 1989; Bar Yosef and Vandermeersch119thers, (Martinez and Arsuaga, 1997)
suggest that the height of the postglenoid ésshme as observed in modern humans, which is
inconsistent with previous descriptions afrell developed postglenoid this taxon (Vallois,
1969; Smith, 1976).

Few authors have made reference to the size or projection of the entoglenoid in
Neandertals or to the twisting of the articidaninence, though observations made in association
with this discussion would suggest that, while twisting of the articular eminence is variable (and
also hard to assess given the high degreegdrigrative remodeling that has taken place on some
of the Neandertal glenoids), the entoglenoivédl developed and appears to project inferiorly,
rather than infero-posteriorly.

These descriptions indicate that, although the glenoid morphology of thelgamass
more derived than that of the gracile auspéhs, the morphology of this region begins
primitively in earlyHomo and becomes more derived in younger taxa. In é&oiygo, the glenoid
is considerably more australopith like, with ggker preglenoid plane and relatively flat articular
eminence. The morphology of Africéh erectus is also primitive, and it is not until Asidh
erectus andH. heidelbergensis that the morphology of the glenoid becomes more similar to the
modern human configuration. These data suggasnthsticatory function may have been similar
in the gracile australopiths and eafgmo, particularly in regard to the degree of anteroposterior
translation at the glenoid, and that geologicgtiynger taxa may have had decreased translatory
potential (and joint reaction forces?) at the TM&andertals may represent a departure from this
pattern however; if the joint surface areas of Neandertals are indeed largerkhan in
heidelbergensis, this may suggest increased loading of the TMJ during masticatory (or

paramasticatory) behaviors.
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Some of the observed variation in TMJ shape in the gdom® may be correlated with
height of the TMJ above the occlusal planewv Eata regarding variation in this feature are
available, however, as a result of infrequent fossilization of the entire ascending ramus of the
mandible. Several authors have discussed thelearglenoid of Neandertals (Rak et al., 2003;
Nicholson and Harvati, 2006), wdh is consistent with the relatively flat articular eminence
observed in this species. More data are necgssaetermine whether variation in articular
eminence inclination across hominins is a funcadmMJ height above the occlusal plane.

One further consideration is variationentoglenoid morphology. Although the
entoglenoid is generally smallerlitomo than in the australopith#je descriptions provided
above seem to indicate that entoglenoid shapes/aonsiderably among taxa. However, few of
these descriptions directly compare entoglenoid shape among species, and therefore it is unclear
which species possess relatively larger or smaller processes. This present lack of comparative
data across hominins precludes any meaningful discussion of what this variation may signify in

regard to masticatory function.

Trendsin fossil hominin glenoid mor phology. The goal of this review was to highlight the

large amount of variation in glenoid fossa falmoughout the hominin lineage. In general, the
glenoids of the earliest hominins are very apeilikeharacter, with very little relief (i.e., a very

flat articular eminence), enlarged surface araad,an anteroposteriorly elongated joint. This
morphology, along with other features of the titagory apparatus and dentition, suggest that
these species tended to rely more heavily on utigeanterior dentition for food processing. In
contrast, more derived morphologies, as observed in the robust australopith species as well as
laterHomo, indicate a shift toward more intensiveewof the posterior dentition and/or decreased
reliance on the anterior dentition. This is eviceh primarily by changes in joint surface area and

anteroposterior dimensions of the joint. In tase of the robust australopiths, joint surface area is
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considerably larger than earlier species, irtiigaincreased joint reactions forces as would be
associated with mastication of very stant food objects. For species of latemo, joint surface
areas do not appear to change considerably aspeaies (except possibly in Neandertals), but
the glenoid becomes considerably more anteroposterioly compressed, perhaps indicating
decreased relative gape in these species.

All of these findings are strongly consistavith previous analyses of masticatory
variation across the hominin lineage that indieatencrease in masticatory size likely associated
with the use of more resistant food objects (Walker, 1981; Teaford and Ungar, 2000; Wood and
Strait, 2004; Laden and Wrangham, 2005; @amisno, 2007; Ungar, 2007; Kimbel and
Delezene, 2009). This initial trend culminatedtie extreme masticatory configuration observed
in the robust australopiths, and was follovisgda gradual gracilization of the masticatory
apparatus in the gentomo, which may have been associatethvan increase in premasticatory

food processing (e.g., cooking) (Ungar et al.,@00ngar, 2007 and chapters therein).

Futureresearch questions

If there is one conclusion that can be drdwam the data above, it is that there is
considerable variation in glenoid morpholaagross extinct hominins. However, the data
presented above are all qualitative; more qudivialata are necessary to fully evaluate
differences in TMJ morphology across fossil homispecies. Knowledge of this variation may
be useful for elucidating differences in nieatory function among species, and/or could be
indicative of body size differences among takaalyses of TMJ scaling may be particularly
useful in this regard. Given the suggestion that dietary resistance decreased through time in the
genusHomo (likely as a function of increased premasticatory food processing; Ungar et al., 2006;
Ungar, 2007), we might hypothesize a negatiadliymetric relationship between body/ cranial

size and TMJ surface area in this genus. If dietary resistance increased through time in the
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australopiths (Walker, 1981; Teaford and Un@®00; Wood and Strait, 2004; Laden and
Wrangham, 2005; Ungar, 2007; Kimbel and &ene, 2009) then we may expect a positively
allometric relationship betweeayienoid area and body/cranial size in this clade, as was observed
for the extant taxa examined here. Furtrmmenchanges in TMJ shape throughout hominin
evolution may have been a consequence of #ue{off between relative gape and height of the
TMJ above the occlusal plane (Hylander and Vinyard, 2006; Hylander et al., 2008). More
comprehensive data regarding TMJ height is therefore necessary to evaluate this relationship.

Given the above review of glenoid morphology in hominins, there are several specific
research questions that can be addressed by the research protocol presented here. The
morphologies of the modern human and rolawstralopith glenoifossae are remarkably
similar. A number of authors have discussed this resemblance (DuBrul, 1974, 1977; Kimbel et
al., 1984, 2004), and attention has also been drawn to similarity in the morphology of the
basicranium in these two groups (Dean armabdy 1981, 1982). Many current cladistic
reconstructions regatdomo and the robust australopiths as sister taxa, althdugficanusis
also frequently included as a sister taxon tartheists. These reconstructions therefore suggest
two possible reasons for the morphological similarities betwimeno and the robust
australopiths; these characters are either hamstiplor homologous. However, the discovery of
A. aethiopicus, which is considered a basal robust alittathat is considerably morphologically
more primitive tharA. boisel andA. robustus, suggests that the apomorphies of the robust and
human TMJ discussed above are homoplastic, rather than synapomorphic (Wood, 1988; Kimbel
et al., 1988; Kimbel et al., 2004). In fact, Kimbel et al. (1984, 2004) identified a number of
derived characteristics sharedgmo, A. robustus, andA. boisai (e.g., an anteriorly placed and
horizontal foramen magnum, vertically orientethpanic plates and coronally oriented petrous
bones, and a strong rounded articular eminence) that they identified as being homoplastic as a

result of increased flexion of the cranial base and upper facial orthognathism. Preliminary
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analyses conducted for this dissertation, howesssaluated the correlations among these features
in anthropoid primates, and only found weak datrens between basicranial length and glenoid
length (r=0.41, p=0.04) and between degree ofpathism and articular eminence inclination
(r=0.486, p=0.043); neither correlation wagnsficant after Bonferroni correction.

Many studies have focused primarily on the implications of similarities among robust
australopith species for reconstructing phylogenelgtionships (Kimbel et al., 1984; Skelton
and McHenry, 1992; Strait, 1892001; Kimbel et al., 2@0) Villmoare, 2008), and several
possible functional implications of this morphology have been suggested (DuBrul, 1974, 1977).
Additional quantification of the TMJ in the robust australopiths, particularly in comparison to
members of the gendi$omo, would prove useful in understanding specifically how similar these
morphologies truly are, and in placing these morphologies into a broader context describing
variation in the primate TMJ. Analyses of rieatory function which compare and contrast the
robust australopith and modern human mastigapparatus would further assist in determining
whether the observed similarities in TMJ morphology are functionally analogous.
Temporomandibular joint variation may also be useful for evaluating the validity of the
anterior dental loading hypothesis (ADLH) (Bm 1983; Rak, 1986; Spencer and Demes, 1993)
which has been proposed to explain variatioNéandertal cranial morphology. This hypothesis
states that the unique morphology of the Neandtat#l skeleton (e.g., large anterior dentition,
marked midfacial prognathism, a retromolar spaceanterior broad and squared off palate,
backward sweeping zygomatic arches, etc. [eltay1974; Smith, 1983; Stringer et al., 1984;
Rak, 1986; Trinkaus, 1987; Smith and Paqué®89; Franciscus, 1999, 2003)) is adapted for
heavy and/or repeated stresses that resultiftoreased use of the anterior dentition (Smith,
1983; Trinkaus, 1983, 1987; Rak, 1986; Deni®87; Spencer and Demes, 1993). Most recently
this hypothesis has been evaluated by Spencer and Demes (1993) and O’Connor et al. (2005), but

these authors came to contrasting conclusi®psencer and Demes (1993) evaluated the ADLH in
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the context of Greaves (1978) biomechanical rmofimasticatory function and concluded that
Neandertals exhibited specializations of the magiry apparatus that increased the efficiency of
inciscal use in comparison to the less specialized etmriyo sapiens specimens they examined.

In contrast, O’Connor et al (2005) also exaed the biomechanical configuration of the
Neandertal masticatory apparatus in comparison to anatomically nmédsapiens, and
concluded that masticatory biechanics were not the primary selective force by which the
Neandertal facial skeleton evolved.

If the anterior dental loading hypothesis isreat, there should be predictable differences
in TMJ shape in Neandertals when camga with less specialized “archaldbmo sapiens.
Specifically, Neandertals should have relativalger joint surface aas (which, as discussed
above, previous work suggests may be the cad) aw anteroposteriorly elongated joint, as

would be expected with increasesk of the anterior dentition.

CONCLUDING THOUGHTS

The goal of this dissertation was to test a sesfegpredictions designed to investigate the
extent to which feeding behavior, body size, and phylogeny influence variation in the shape of the
anthropoid TMJ. The results of this study suggest that TMJ morphology covaries significantly
with feeding behavior, body size, as wellphylogeny, and therefore these three factors are
intertwined. However, the relative influenceezfch of these factors was found to vary among the
taxonomic groups examined. Particularly strong datians between body size, dietary variation,
and TMJ shape were found in the atelines and hominids, potentially suggesting that size and
dietary variation covary significantly in these groups.

Several gaps in our curremderstanding of primate masticatory function were also
identified during this research. Our current kitedge regarding variation in food material

properties among primate taxa is growing, hilitlags behind our knowledge of variation in the
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morphology of the masticatory apparatus. Emeadata regarding the frequency at which foods
with particular material properties are processetl@ masticated is particularly important for
elucidating the extent to which masticatory morphology tracks feeding behavior. Further data are
also needed regarding the extent to which antgawmus posterior tooth use impacts the form of
the masticatory apparatus. Experimental analggasasticatory functiomvould be particularly
helpful for elucidating whether it the frequency of bite forces or their peak magnitude which
are most important for influencing masticatshape. Until these data are available, it will be
particularly difficult to identify whether criticakesources, such as those used during times of
food scarcity, are important determinants of masitgafunction. In addition, the extent to which
the morphology of the TMJ responds to charngdsading during development are critical for
understanding the adaptive plasticity of this joint, and further studies of soft tissue variation in the
joint are also warranted to fully understanditifeuence of the articular disc on TMJ function.

Although the TMJ is only a small portion of the skeleton, the morphology of this joint
can provide valuable information with which tdenor reconstruct the biology of primate taxa.
As reviewed here, there is considerableatan in TMJ shape in fossil hominins, but the
implications of this variation are unclear. Sev&ays in which TMJ morphology can be used to
examine fossil hominin variation were subsetlyeproposed. The findings presented here will
hopefully provide a framework with which these future studies of fossil hominin TMJ variation

can be evaluated.
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PHOTOS OF GLENOID MORPHOLOGY IN COMPARATIVE GROUPS
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This appendix provides photographs of ¢feenoid morphology for many of the species
included in the comparative groups. Where possiiiieios of female (left side of page) and male
(right side of page) anatomy are shown. All glelssshown are from the left side of the cranium.
Features indicated are the entoglenoid process \E®&#Rular tubercle (AT), articular eminence
(AE), preglenoid plane (PrGP), and postglenoid process (PGP).
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Cebus albifrons (female/ male)

e
b




304

Cacajao melanocephalus (female/ male)
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Macaca fascicularis (female/ male)
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Macaca sylvanus (female/ male)
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Pan troglodytes (male)/ Pan paniscus (female)

Gorilla gorilla (female)/ Gorilla beringei (female)

Pongo pygmaeus (female)
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BOX PLOTSFOR COMPARATIVE GROUPS
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This appendix provides box plots for variables that differ significantly among species in
each of the six comparative groups analyze@hapter 4. Figures are organized by comparative
group, and illustrate the median, 50% confideinterval, outliers, and extreme values for each
variable.
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