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Abstract

The biology of African apes provides an important comparative framework for
interpreting the evolutionary unfolding of our own species, Homo sapiens. Understanding
the ontogeny of our closest living relatives is critical, as evolutionary transformations in
adult shape ultimately arise through changes in the timing and patterning of growth and
development. However, our current knowledge of African ape skeletal ontogeny is
deficient in two important respects. First, wild-shot museum specimens lack the single
datum necessary for a comprehensive study of ontogeny: specimen age. Second, skeletal
research on African apes invariably uses samples that are pooled at the subspecies,
species, or even genus level.

This work aims to rigorously quantify and compare the patterns of cranial
ontogeny in African ape populations, utilizing two important new skeletal samples with
known ages. Unlike most previous research, this study will use samples assigned to
specific populations in order to characterize intraspecific variation in development. This
work aims to answer the following questions: 1) how do African ape populations differ in
their ontogeny? 2) to what degree do ontogenetic models based on pooled samples
diverge from population-level ontogenies? 3) how does ontogeny mediate sexual
dimorphism in Gorilla and Pan?, and 4) which aspects of anatomy provide insight into

heterochronic relationships between extant taxa?
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1 Introduction

The biology of African apes provides an important comparative framework for
interpreting the evolutionary unfolding of our own species, Homo sapiens. Evolutionary
transformations in adult shape ultimately arise through changes in the timing and
patterning of growth and development. Therefore, understanding the comparative
ontogenies of our closest living relatives is critical to investigating how divergent adult
shapes were manifested in the fossil record. However, our current knowledge of African
ape skeletal ontogeny is deficient in two important respects. First, wild-shot museum
specimens lack the single datum necessary for a comprehensive study of ontogeny:
specimen age. Second, skeletal research on African apes invariably use samples that are
pooled at the subspecies, species, or even genus level. In order to construct adequate
sample sizes for ontogenetic analyses, researchers mix organisms that otherwise belonged
to genetically and morphologically distinct populations (e.g., Leigh and Shea, 1996;
McNulty et al., 2006; Cofran and Walker, 2017). As a result, this framework of African
ape ontogeny that is so important for interpreting the human fossil record is based on
unrealistic, biological models that have been neither statistically tested nor adequately
characterized.

This dissertation aims to rigorously quantify and compare the patterns of cranial
ontogeny in African ape populations based on skeletal samples with known age and
locality data. Unlike previous research, this study will use samples assigned to specific

populations in order to characterize intraspecific variation in growth and development.



1.1 Background

The study of ontogeny has a rich history in the fields of the natural sciences (de
Beer, 1958; further reviewed in Gould, 1977). Deriving from earlier work, Haeckel
introduced the concept of heterochrony in 1875 (Haeckel, 1875; Gould, 1977). To
Haeckel (1875), heterochrony is the displacement in time of ontogenetic appearance of
one organ relative to another. This causes a disruption in the normal recapitulation of
phylogenetic ontogeny (Gould, 1977). Though compelling, this work was a demonstrable
oversimplification of complex biological processes. Haeckel’s ideas were modified and
improved by subsequent researchers, including de Beer (e.g., 1958; 1959) who pushed
the importance of heterochrony, and particularly paedomorphosis, in evolutionary
morphogenesis. Nevertheless, such work fell out of favor until Gould (1977; and Alberch
et al., 1979) revived and formalized the role of ontogeny in evolutionary research by
demonstrating that change in adult form must be mediated by changes in growth and
development. Gould’s work was one impetus for the emergence of evolutionary
development, so called "evo-devo," which studies how ontogenies evolve in lineages to
create new forms, behaviors, and life histories (Raff, 2007; Laland et al., 2014; Anton
and Kuzawa, 2017).

Since Gould’s Ontogeny and Phylogeny (1977), numerous studies have
contributed to the study of ontogeny in evolutionary biology, including important works
in the field of paleoanthropology (Shea, 1983a, b, 1989; Richtsmeier et al., 1993;
Godfrey and Sutherland, 1995; Leigh and Shea, 1995, 1996; O’Higgins and Jones, 1998;

O’Higgins and Strand Vidarsdottir, 1999; Anton and Leigh, 2003; Mitteroecker et al.,



2004b, 2005; Raff, 2007; Lieberman et al., 2007; Ponce de Ledn and Zollikofer, 2008).
Ontogenetic research in paleoanthropology typically focuses on one of four topics:
accurately interpreting the evolutionary significance of juvenile fossils, the evolution of
the human-like life history, the way in which ontogeny contributes to sexual dimorphism,

and heterochrony.

1.1.1 Evolutionary significance of juvenile fossils

Juvenile specimens are a critical part of the hominin fossil record providing
unique windows into the ontogenetic processes of extinct species. For example, the first
known African hominin, from Taung, South Africa (Dart, 1925), has been the basis for
numerous taxonomic (Dart, 1925; Rak, 1983; Faulk, 2009; Robinson, 2012), ontogenetic
(Ackermann and Krovitz, 2002; Cobb and O'Higgins, 2004; Lacruz et al., 2005; McNulty
et al., 2006), and evolutionary studies (Falk et al., 2012), including research on the
evolutionary development of South African hominins (Gunz, 2012; McNulty 2012).
Likewise, subadult hominin KNM-WT 15000 has been a vital component of research on
Homo erectus, providing important clues about the evolution of human life-history
patterns (Anton and Leigh, 2003). Further, the ability to diagnose Neanderthal and human
traits in juvenile specimens is imperative to questions about the degree and expression of
genetic admixture (Currat and Excoffier, 2004; Trinkaus, 2007; Gunz and Bulygina,
2012).

Properly classifying a juvenile fossil, whether as a holotype for a new species like
Taung 1 (Dart, 1925) or MH1 (Berger et al., 2010) or part of the hypodigm of an existing

one, is an important first step toward assessing a species’ ontogenetic trajectory.



However, classifying juvenile fossils necessarily requires detailed models of ontogenetic
processes — models based on biologically meaningful samples.

For example, KMN-ER 62000 was referred to Homo rudolfensis because its
dental arcade and orthognathic face most closely resemble KNM-ER 1470 (Leakey et al.,
2012). However, because this specimen is a juvenile, it is unclear how the facial
morphology used to make this classification might have changed as the last molar erupted
and the basisphenoid synchondrosis fused. Specimens discovered more recently from
Dikika, Ethiopia (Alemsaged et al., 2006), Malapa, South Africa (Berger et al., 2010),
and Dineledi Chamber, South Africa (Berger et al., 2015) have not yet been subject to
multiple comprehensive ontogenetic studies but will likewise benefit from contextual

information on their growth and development.

1.1.2 Evolution of the human life history pattern

Life history studies the timing of certain biological milestones such as weaning,
puberty, reproduction, and death (Sterns, 1976; Charnov, 1993). Primates were among
the first orders of mammals studied by life history researchers because of their
relationship to humans and because they display, on average, a slow life-history strategy
(Harvey and Clutton-Brock, 1985; Harvey et al., 1986; Janson and van Schaik, 1993;
Jones, 2011). As an order, Primates have long lifespans, few offspring, and take many
years to grow to reproductive age compared to other mammals of comparable body size
(Harvey and Clutton-Brock, 1985; Harvey et al., 1986; Janson and van Schaik, 1993;
Jones, 2011). Many hypotheses have been proposed to shed light on the slow life history

strategy of primates, and studies have used both mathematical modeling (e.g., Sterns,



1976, 1992; Bogin, 1988; Charnov, 1991, 1993; Charnov and Berrigan, 1993), and
empirical data collected on wild or captive primates (e.g., Harvey and Clutton-Brock
1985; Watts, 1985; Janson and van Schaik, 1993; Gurven and Walker, 2006; Jones, 2011)
to study this phenomenon.

Charnov (1991, 1993; Charnov and Barrigan, 1993) proposed that, because most
mammals do not grow continuously (Bogin, 1988), energy limitations force a trade-off
between growth and reproduction that has evolved to optimize reproductive success
(Charnov, 1991, 1993). Thus, a typical mammal’s life can be broken up into a growth
period and a reproductive period. The growth period includes the time from birth to
menarche and is characterized as the time during which an organism grows to adult size,
plays, and learns adult behaviors (Watts, 1985; Pagel and Harvey, 1993). During this
period of life, individuals must allocate all extra energy beyond somatic maintenance to
growth. The reproductive period requires that the individual has reached adult body size
and has the necessary traits (anatomically, physiologically, and behaviorally) to mate
(Pagel and Harvey, 1993; Bogin, 1988, 1997). Therefore, understanding the growth
period should explain the basic primate “slowness.” As an adult, most mammal’s extra
energy is diverted from growth and is allocated to reproduction.

In an assessment of life history strategies in primates, Harvey and Clutton-Brock
(1985) collected data on 135 species from wild and captive individuals and analyzed 17
life history variables. They found that adult body mass is highly, positively correlated
with adult brain size, neonatal mass, neonatal brain size, and interbirth interval.
Additionally, neonatal mass is positively correlated with relative gestation length, relative

weaning age and relative age at maturity. Pagel and Harvey (1993) argued that selection
5



for the appropriate body size at maturity sets the age at maturity via the growth law used
by Charnov (1991). The juvenile period that arises in primates enables the evolution of
social and behavioral traits that may further affect the age at maturation.

Janson and van Schaik (1993) proposed that this juvenile “limbo” is a time
between the safety of infantile dependence and the complex world of independent adult
life. They argue that the juvenile period is a time of great ecological risks because: 1)
there is less dependence on the mother, and 2) juveniles must begin to fit into an
ecological role defined by adults, even though they do not have the body size or skill to
do so (Janson and van Schaik, 1993). Although a juvenile cannot contribute to its own
reproductive success, it can contribute to its survivability by maximizing the chance that
it reaches the size or age necessary for breeding.

Godfrey and colleagues (2004) tested the ecological-risk model in lemurs and
indriids. On average, species in the family Lemuridae are frugivorous whereas
comparably sized species in the Indriidae are folivorous. Godfrey and colleagues (2004)
showed that folivores develop faster than similarly sized frugivores in anthropoids.
Therefore, the lemurs and indriid developmental strategies are more likely responses to
the nutritional quality and the relative abundance of food resources in times of
environmental stress (Godfrey et al., 2004).

Jones (2011) also proposed that diet stability may be the reason primate
development is so slow. Jones (2011) argues that the speed of primate life histories can
be explained by the tendency of primates to specialize in high-quality food items which
make them susceptible to environmental variability. Because gorillas eat temporally- and

spatially-consistent vegetation, they can afford to grow quickly. Faster rates of growth



can be sustained on a lower quality diet if the food is abundant and predicable, over space
and time (which is the case for leaves and grasses; Leigh, 1994; Marlowe, 2010).
Orangutans, on the other hand, live in an environment of mast fruiting events interspersed
with long periods of scarcity (Jaeggi et al., 2010; Jones, 2011). Therefore, orangutans
follow a “safer” strategy by developing slowly so they are not faced with excessive
growth when high-quality food items are scarce. Chimpanzees, like orangutans, are ripe
fruit specialists, though their resources are much less seasonal. This allows their life
histories to be faster than orangutans, though still slower than gorillas.

Although many life history traits are behavioral or physiological and hence are
not preserved in hard-tissue anatomy, a few relevant traits (body size, brain size, and
dental development) can be observed in the fossil record. In particular, great strides were
made in studies of hominin evolution with the discovery that age-at-death could be
reliably estimated in fossil specimens using the microstructure of their teeth (Dean et al.,
1986; 1993; Bromage and Dean, 1991; Beynon and Dean, 1991; Skinner 1997; Stringer
and Dean, 1997; Beynon et al., 1998; Smith et al., 2007, 2010; Kelley and Schwartz,
2010, 2012; Smith, 2013; Hogg et al., 2015), thereby providing a means to estimate the
pace of ontogeny and life history. This methodology allows for the evolution of the
human-like life history strategy, or at least the timing, to be studied in fossil specimens
(e.g., Smith, 1989; Dean, 2006; Smith et al., 2007; Kelley and Schwartz, 2010, 2012; but
see Robson and Wood, 2008).

However, the results from dental developmental studies have been over-
interpreted by the paleoanthropology community: assuming that an ape-like timing of

dental development necessarily implies ape-like maturation for the entire skeleton



(Simpson et al., 1991; but see, e.g., Shea 1983a). With dental maturation as the standard
for developmental age (Dean and Wood, 1981; Zelditch et al., 2012), important variations
in the growth and development of other anatomical structures are still relatively
unknown. To be clear, researchers on dental development have been very precise in
interpreting results of their own work. Yet, widespread reliance by other researchers on
dental estimates of ontogenetic timing has obscured more interesting relationships among
age, size, anatomy, and life history with respect to other parts of the skeleton.

For example, the age of first molar emergence suggests only minor differences
between gorillas and chimpanzees in the timing of dental development (Kelley and
Schwartz, 2012). Yet, McFarlin and colleagues (2012) demonstrated that Virunga
mountain gorilla brain growth achieves 90 percent of adult brain mass at approximately
28 months of life, and full adult mass by 3 to 4 years of age — approximately one year
earlier than chimpanzees. This difference, though related to factors specific to the life
history of this population (McFarlin et al., 2012), would not necessarily be predicted
from the timing of dental development. Moreover, the braincase is not a completely
modular system. As the neurocranium develops, it will change the shape and position of
adjacent anatomy, and the differential timing of these interactions can potentially result in
very different morphology. Hence, what is completely unknown but most relevant to
fossil studies, is how other aspects of the skull and skeletal ontogeny diverge from the
timing of dental eruption: for example, which cranial features mature more quickly,
which features mature more slowly? How do these differences result in anatomical

variations?



1.1.3 Sexual dimorphism

The ontogeny of sexual dimorphism has been studied for many aspects of
anatomy including body mass (McHenry, 1992, 1994; Leigh and Shea 1995, 1996; Ruff,
2002; Plavcan, 2012; Fragaszy et al., 2015), canine size (Plavcan et al., 1995; Schwartz
and Dean, 2001; Leigh et al., 2005), coloration (Breuer et al., 2007), postcranial anatomy
(Taylor, 1997; Berdnikovs et al., 2007; Bastir et al, 2014; Garcia-Martinez et al., 2016),
and skull shape (Lockwood, 1999; del Castillo et al., 2014; Loza et al., 2015; Holton et
al., 2016).

In a study of captive African ape body mass, Leigh and Shea (1995, 1996; also
Shea, 1985, 1986; Leigh, 1992, 1995) concluded that sexual dimorphism in chimpanzees
and gorillas is mediated through fundamental differences in ontogenetic timing (similar
to descriptions of the evolutionary altering of ontogenetic timing: heterochrony): Pan
troglodytes achieves dimorphism through rates of growth between sexes (rate
hypermorphosis), whereas sexual dimorphism in Gorilla gorilla is obtained through
bimaturism, or time hypermorphosis, of growth (i.e., males grow for a longer duration
than females). They report that these differences may be brought about by differentiation
of ecological risks and male competition, a model that accords with research by Janson
and van Schaik (1993; but see Watts and Pusey, 1993; Jones, 2011; Pontzer et al., 2010,
2012). In a study of postcranial elements, however, Taylor (1997) found that male
gorillas also exhibit a growth spurt after females, indicating both a duration and rate
change in the acquisition of sexual dimorphism.

Schwartz and Dean (2001) investigated rate and duration of canine size

dimorphism and found that all species studied (great apes, including humans) primarily
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demonstrate bimaturism (or time hypermorphosis) with little evidence of rate
hypermorphosis. Finally, McFarlin and colleagues (2012) presented growth data for brain
size for G. b. beringei housed at Karisoke Research Center. Sexual dimorphism in brain
size growth in this population appears to be a consequence of both time (bimaturation)
and rate hypermorphosis.

Additional analysis of an expanded number of taxa revealed bimaturism in
multimale/multifemale groups (e.g., Saimiri sciureus, Cebus apella, Cercopithecus
aethiops, Cercocebus atys, Macaca, and Papio papio), whereas single-male or
community groups (e.g., Cercopithecus diana, Cercopithecus mitis, Cercopithecus
negletctus, Erythrocebus patas, Mandrillis sphinx, Colobus guereza, Presbytis entellus,
Presbytis obscura) exhibit rate dimorphism (Leigh, 1995). These studies demonstrate that
all aspects of anatomy are not governed by the same ontogenetic timing to achieve body
size dimorphism. Though timing is not the only mechanism by which one can achieve
differences in ontogeny. Altering the duration (timing) and rate of growth contributes to
ontogenetic divergences, as well as altering the pattern and magnitude of development.

In fact, studies have shown that global dimorphism in the cranium is also tied to
differences in the ontogenetic trajectories (development) in a few aspects of cranial
anatomy (Moss and Young, 1960; Cheverud, 1982; Cheverud et al, 1983; Cheverud and
Richtsmeier, 1986; Lieberman et al, 2000; Mitteroecker et al, 20044, b; 2005;
Liebermann et al, 2007; Hallgrimsson et al., 2007a, 2007Db).

The subject of this dissertation, the cranium, has been extensively studied in terms
of its evolutionary history, ontogeny, and heterochrony (e.g., Mitteroecker et al., 2004a,

b, 2005; Lieberman et al 2000, 2007), because of the important functions that it serves: it
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houses most of the sense organs; provides passage for cranial nerves; it contains the
anterior opening for the digestive and respiratory tracts; and provides protection for the
brain. As the degree of shape dimorphism increases during ontogeny, dimorphism can
result in radically different anatomical structures despite the constraints of these
important functions. Nevertheless, the organism must maintain these crucial functions.
Understanding how ontogeny mediates sexual dimorphism in the cranium is important
for understanding the relationships of modular units which retain an integrated

functionality.

1.1.4 The complicated case of heterochrony

The fourth focus of paleoanthropological research on ontogeny is the study of
heterochrony — evolutionary changes in the timing of growth and development through
the dissociation of size, shape, and age (Gould, 1977; Shea, 1983b; 1989; Mitteroecker et
al., 2005; Lieberman et al., 2007; McNulty, 2012). Heterochrony describes changes in
the developmental program between ancestors and descendants resulting in differences in
size and shape (Gould, 1977). Altering the ancestral population’s growth and
development can result in descendent morphology being paedomorphic (the descendent
at some age resembles the ancestor at a younger age) or peramorphic (the descendant
resembles an older form of the ancestor or transcends the ancestral form; Gould 1977,
Alberch et al., 1979). Several heterochronic processes have been defined and are often
characterized using a “clock model” (Gould 1977) or a bivariate plot (Alberch et al.,
1979; Klingenberg and Spence, 1993; Figure 1.1). These processes act by either altering

the rate of growth (neoteny and acceleration), the timing of onset (post- and pre-
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displacement), or the timing of offset (progenesis and hyper-morphosis) of an aspect of
anatomy (Figure 1.1). Those that result in paedomorphosis are neoteny, progenesis, and
post-displacement (Gould 1977; Alberch et al., 1979; Klingenberg and Spence, 1993).
Processes resulting in peramorphosis are acceleration, hypermophosis (sensu Gould,
1977), and pre-displacement (Gould 1977; Alberch et al., 1979; Klingenberg and Spence,
1993).

However, work on heterochrony went through a fundamental shift after Gould
(1977). Gould’s (1977) work was a true decoupling of size, shape, and age where the
ancestral processes contributing to growth (size), development (shape), and timing of
onset and offset (age) could be independently altered resulting in different descendent
morphology. However, Gould failed to recognize that descendent populations need not
follow ancestral patterns of growth and development (Godfrey and Sutherland, 1995a).
Alberch and colleagues (1979) set out to redefine and formalize the various processes
that can result in pera- or paecdomorphosis while including the ontogenetic “pertubations”
(pre- and post- displacement) omitted by Gould (1977). Alberch and colleagues (1979)
created bivariate plots summarizing growth in size or “growth in shape” (development)
independent of age without considering size/shape dissociation (Godfrey and Sutherland

1995a).
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Figure 1.1: Redrawn from Klingenberg and Spence, 1993. Alterations in the rate or timing of growth in an
organ or structure can lead to either peramorphic or paedomorphic descendants. The solid line denotes the
growth of the ancestor and the square denotes the ancestor’s adult form. The dashed lines and the circles
denote the descendent ontogenies and adult forms, respectively. Acceleration is an increase and neoteny a
decrease in the rate of growth of an organ or structure. Change in onset of growth is represented as pre-
displacement (0-8) or post-displacement (a+38). Change in offset of growth of a structure is progenesis (B-9)
or hyper-morphosis (f+3). Any one or combination of these processes can contribute to the alteration of

descendant morphology.

Since Gould’s (1977) Ontogeny and Phylogeny, numerous studies have
contributed to the study of ontogeny in evolutionary biology, including important works
in the field of paleoanthropology (Shea, 1983a, b, 1989; Godfrey and Sutherland, 1995;

Leigh and Shea, 1995, 1996, O’Higgins and Jones, 1998; Anton and Leigh, 2003; Berge
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and Penin, 2004; Cobb and O’Higgins, 2007; Mitteroecker et al., 20044, b, 2005; Raff,
2007; Lieberman et al., 2007; Ponce de Ledn and Zollikofer, 2001; Bhullar et al., 2012;
McNulty, 2012; Foth et al., 2016; Anton and Kuzawa, 2017; Du et al., 2018). In
particular, the idea that human evolution is a product of neotenic processes resulting in
paedomorphism has generated much debate in paleoanthropology (Shea, 1989;
Mitteroecker et al., 2004a, b; Lieberman et al., 2007; Ponce de Ledn and Zollikofer,
2008; Zollikofer and Ponce de Ledn, 2010).

A fundamental obstacle to studying heterochrony in anthropological contexts is
that age data are rarely available in museum collections. Since age scales with size up to
a certain point, many subsequent studies substituted size for age and focused mainly on
the dissociation of size and shape (allometric heterochrony; Godfrey and Sutherland,
1995a). These studies, however, do not consider dissociation of age and size. Shea
(1983a) investigated claims that bonobos, common chimpanzees, and gorillas are placed
on a continuum of paedo- to peramorphosis using this new approach. He introduced new
terms, differentiating hypo/hypermorphosis in components of time (duration) and rate.
Time hypo/hypermorphosis is equated to Gould’s progenesis and hypermorphosis, based
on age of offset and when size and shape are coupled together; rate hypo/hypermorphosis
is a special case of neoteny and acceleration (shape is decoupled from age and size)
where size and shape are recoupled, but age is decoupled (Shea, 1983a, Alba, 2002).
Shea states that the new definitions are meant to focus on the process (neoteny,
acceleration, etc.) not the results (pera- and paedomorphosis) of heterochrony. Using this

approach, Shea (1983b) argued that differences in cranial morphology in Pan paniscus
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and P. troglodytes resulted from neoteny, stating that the dissociation of skull growth
from overall size fits the criterion for neontenic retardation.

The “clock model” or the bivariate plots employed when discussing classical
heterochronic processes demonstrate how an aspect of anatomy can be altered
evolutionarily to either result in paedomorphic or peramorphic descendants. However,
these concepts and descriptions of evolutionary change work best with a single shape
variable (Gould, 1977; Alberch et al., 1979). And indeed, the majority of classic studies
of heterochrony only use a single biological or anatomic shape variable such as a ratio of
lengths, size, or angular measures (Gould, 1977; Alberch et al., 1979). Modern
morphometric techniques on the other hand, especially geometric morphometrics, employ
many of variables in order to retain and evaluate the geometric context of biological
variation (Bookstein, 1978; 1982; Corner and Richtsmeier, 1991).

As Procrustes approaches to the study of shape distinguish between size and
shape (shape being the outcome of a generalized Procrustes analysis; see below), it is
appropriate for the analysis of heterochrony. Therefore, for the terminology of Alberch
and colleagues to be useful, all shape variables must overlap in shape space (Mitteroecker
et al., 20044, b; Lieberman et al., 2007; McNulty 2012; Figure 8.1). This is because the
original assumption of global heterochrony is that both species (or groups) need to
undergo the same process (sequence) of shape change over development (Godfrey and
Sutherland, 1995a). The descendant can either elongate or truncate the trajectory
(hypermorphosis or progenesis, respectively), or the trajectory can be differently
associated with size (or age [neoteny, acceleration, pre-, or post-displacement]; Alberch

et al., 1979; Mitteroecker et al., 2005). Though, importantly, the shape of both groups
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must undergo the same sequence of events. Thus, morphometric data can reveal
heterochrony only if the ontogenetic trajectories overlap in shape space.

With these caveats in mind, several researchers have tried to devise ways of
studying heterochrony using modern techniques (Mitteroecker et al., 20044, b; 2005;
Lieberman et al., 2007 Ponce de Leon and Zollikofer, 2008). Mitteroecker and colleagues
(2004a) tested common allometry among the great apes. In contrast to earlier works of
Shea (19834, b), Mitteroecker and colleagues (2004a) showed that pure heterochrony in
the ape lineage is falsified as humans do not share a common ontogenetic trajectory.
Thus, globally heterochrony cannot be used to explain ontogenetic differences (Shea,
1989; Mitteroecker et al., 20044, b; Liebermann et al., 2007). In fact, Mitteroecker and
colleagues (2004b) conclude by stating that the complex anatomy of the cranium, which
is a set of integrated, semi-autonomous modules, may not conform a single heterochronic
process. Thus, global (using all cranial landmarks) heterochrony cannot be used to
explain ontogenetic differences and focus should be turned to regionally dissociated
heterochrony (Shea, 1989; Mitteroecker et al., 20044, b; Liebermann et al., 2007).

To further assess global and regional heterochrony, Mitteroecker et al. (2005)
studied the pannin ontogenetic trajectories in multivariate shape-space and found that the
two species of Pan diverge in ontogenetic trajectory early in development, and that three
cranial regions (neurocraium, upper and lower face) show distinctly differing trajectories.
From this, they rejected hypotheses of global and regional heterochrony to explain
ontogenetic differences in the pannins (Mitteroecker et al., 2005).

However, Lieberman and colleagues (2007) argued that the criteria in

Mitteroecker and colleagues (2005) was too stringent. Lieberman and colleagues (2007)
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tested regional dissociation and found shape differences in the neurocranium and
basicranium could be attributed to post-formation (a normal rate and timing of
development, however the initial shape of the descendent is underdeveloped; Alba,
2002), but that the face of Pan paniscus does not appear to be paedomorphic in the same
pattern or extent as the neurocranium and basicraniuim. Thus, while global or pure
neoteny is not supported by morphological evidence (Shea, 1989; Mitteroecker et al.,
2005; Lieberman et al., 2007), there are inconsistent results as to whether the cranium

exhibits localized heterochrony.

1.2 Evolutionary Changes in Morphology
1.2.1 The integration of ontogeny and evolution

These four major topics are often treated as separate questions within the
paleoanthropology community, but in fact are different avenues for addressing the
overarching issues of how ontogeny contributes to the biological complexity of hominoid
evolution. The interplay between ontogeny and evolution are well documented (Gould,
1977; Raff, 2000, 2007; Laland et al., 2014; Anton and Kuzawa, 2017) and suggest that
evolutionary changes in morphology must derive at some fundamental level from
alterations in the pattern and timing of ontogeny.

However, it is difficult to obtain good sample sizes, and even more difficult to get
juvenile samples. Collecting appropriate samples for testing these hypotheses is time- and
resource-consuming and obtaining adequate samples for analyses are difficult. The result
is that most current studies on morphological ontogeny pool specimens together from

museum samples, without regard to population divisions, in order to study growth and
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development (e.g. Leigh and Shea, 1996; McNulty et al., 2006; McNulty, 2012; Cofran
and Walker, 2017). By testing ontogenetic hypotheses at the species or subspecies level,
researchers are able to acquire appropriate sample sizes, but at the cost of overlooking
potentially relevant variation due to infraspecific substructuring.

The assumption of subspecies-, species- or genus-level ontogenetic
uniformitarianism was undermined when Strand-Vidarsdottir and colleagues (O’Higgins
and Strand Vidarsdottir, 1999; Strand Vidarsdottir et al., 2002; Strand Vidarsdottir and
O’Higgins, 2003) found statistically significant differences in cranial growth and
development among different modern human populations. Ignoring such differences — for
example, pooling samples derived from different genetic and ontogenetic regimes — is to
create ontogenetic models of unknown biological validity or significance.

Groves, (1970, 2003, 2005) and others (Albrecht et al., 2003; Miller et al., 2004),
demonstrated important differences among populations of African ape adult cranial
morphology. Since evolutionary changes in adult morphology must come about by
changing the pattern and/or timing of ontogeny, these cranial differences are suggestive
of distinct population-level patterns of ontogeny. Further, given the relatively recent
divergence times of human populations compared to at least some African ape
populations, one might expect ontogenetic differences among the latter to be at least as
divergent as those documented for modern humans (cf. Strand Vidarsdéttir et al., 2002).
Although an argument can be made that geographical and ecological dispersion of
humans compared to ranges of modern apes explains variation in human ontogeny where
in apes it might be more consistent, the fact remains that the variation in ontogeny of our

closest living relatives has yet to be documented.
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1.2.2 Integrating population-level thinking

Population-level morphological studies are uncommon, but not new to biological
anthropology. Groves’ early work focused on infraspecific morphological differences in
many primates including African apes (Groves, 1967; 1970, 1986; Groves et al., 1992).
This work helped to formalize the number of species/subspecies recognized among
various primate groups. Uchida (1992) analyzed the intraspecific variation in teeth of
living great apes to study fossil Miocene catarrhines. She (Uchida, 1992, 1996) noted that
in order to interpret morphological variation among fossils, it is prudent to study variation
at several different taxonomic levels (population, subspecies, species, and genus). The
conclusions of Uchida’s (1992) analysis of great ape populations are clear: subspecies
may differ markedly in morphology, which may represent a unique mosaic of characters;
and, using one population to represent an entire species is not a representative analog for
a temporally and geographically variable fossil species. Likewise, Pilbrow (2003)
demonstrated that studying organisms at the level of populations allows one to assess
patters of variation without the constraints of taxonomy. Pilbrow (2003, 2006) showed
that most of the variation within species of Pan is distributed at the level of local
populations. Pilbrow (2003, 2010) showed variation among gorillas at the level of demes,
with an altitude gradient being the major contributing factor to variation in that case.
Gorillas in these separate ecological zones have been shown to be correlated with the
amount of fruit in the diet. Robbins and McNeilage (2003) showed that highland Grauer’s
gorillas incorporate 20 fruit species into their diet, whereas lowland groups incorporate

48 species. Bonobos on the other hand, seem to retain a high level of gene flow among
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populations, possibly homogenizing dental variation across the species (Pilbrow and
Groves 2013).

Populations in this study are defined based on work by Mayr (1963; 1999),
Albrecht and Miller (1993), Albrecht and colleagues (2003) and Miller and colleagues
(2004). Specifically, one population is defined as a group of potentially breeding males
and females within a formal taxonomic designation of a species or subspecies (Mayr,
1963). However, variation can be further analyzed at lower levels of population
taxonomy. Albrecht and Miller (1993) introduced a hierarchical structure in which
variation in a population below the level of subspecies could be studied. Accordingly,
one could study sexual dimorphism as variation nested within localities (geographically
disparate groups of organisms), which themselves are nested within demes (individuals
from multiple geographic localities which retain some amount of gene flow and similar
ecological zones; cf. Endler, 1977), which are nested within subspecies, which are
genetically structured groups within the species (Albrecht and Miller, 1993; Albrecht et

al., 2003).
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Variable 1

Figure 1.2: Redrawn from Albrecht and Miller 1993. Nested hierarchy of intraspecific (population-level)
variation in a sexually dimorphic, polytypic species.

1.3 Hypotheses to be Tested

Expanding on the work of Albrecht and colleagues (Albrecht and Miller, 1993;
Albrecht et al., 2003; Miller et al., 2004), this project will sample variation at multiple
infraspecific levels to assess differences in ontogenetic patterns. The results will
characterize ontogeny according to a species’ population taxonomy (the biological
organization of the species, which is made up of aggregates of populations) and
population structure (the geographic arrangement of local populations across the species’

range) (Albrecht et al., 2003 and Miller et al., 2004). It will also enable variation among
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fossils to be compared to, and measured against, well-characterized levels of infraspecific
variation in the modern analog species (Miller et al., 2004).

According to this basic research design, this project will answer the following

research questions:

1. How do individual populations of African apes differ in their development
compared to other conspecific populations? To what degree and in what
respects do ontogenetic models based on pooled samples diverge from
individual population-level ontogenies?

2. How does ontogenetic trajectories mediate sexual dimorphism in gorillas and
chimpanzees? Are these processes similar or different?

3. Can classical Gouldian heterochronic processes be identified in the cranium
from analyses of densely-distributed landmark data?

Subsequent chapters will further develop these questions, testing a number of

specific hypotheses.

1.3.1 Testable hypotheses: Ontogenetic variation at the population-level
H1o — Adult cranial morphology does not differ in size and shape among conspecific
populations of African apes.

Predictions and Tests — Based on work by Groves and others (Groves, 1970,
2003, 2005, Shea et al., 1993; Sarmiento and Oates, 2000; Grubb et al., 2003; Gonder et
al., 2006), rejecting this hypothesis is anticipated for at least some comparisons.
Nevertheless, it is important to first test for these differences using the same population-

level samples, datasets, and methods that are incorporated throughout the rest of the
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project. Differences among groups will be tested using MANOVAs. The high degree of
sexual dimorphism in African ape crania dictates that separate analyses be run for males

and females in order to avoid comparing mean shapes that lack biological valence.

H2o — Patterns and magnitudes of growth and development in localized populations are
identical to each other and to those reconstructed from samples pooled at subspecies and
species levels.

Predictions and Tests — A rejection of this hypothesis is also anticipated based
on the work of Strand Vidarsdattir et al. (2002), who found statistically significant
differences in cranial ontogeny between populations of modern humans. A study of the
ontogenetic trajectories in size-shape space will be undertaken using a principal
component analysis of the Procrustes aligned coordinates and the natural logarithm of
centroid size (Mitteroecker et al., 2004a, b, 2005). Developmental patterns for each
sample will also be computed by ordinary least-squares regression of shape variables on
log(centroid size), generating a shape trajectory of regression coefficients. Differences
between groups will be computed as the multivariate angle between trajectories
(arccosine of their vector dot-product) and tested for differences using permutation tests
(Good, 2006; O’Higgins and Strand Vidarsdottir, 1999), following the resampling
guidelines of McNulty and colleagues (2006). The magnitude of shape change and
ontogenetic differences in size will likewise be tested with permutation tests in the
manner described by McNulty and colleagues (2006). As above, males and females will

be tested separately.
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A simple rejection of the null hypothesis — that trajectories are similar — is
potentially misleading in that it implies all aspects of ontogeny are different. To better
inform our understanding African ape ontogeny, these analyses will also be run on
subsets of data that represent anatomical “modules,” as indicated from embryological and
functional evidence (Moss and Young, 1960; Cheverud, 1982; Cheverud et al, 1983;
Cheverud and Richtsmeier, 1986; Lieberman et al, 2000; Hallgrimsson et al., 200743,

2007h).

1.3.2 Testable hypotheses: The ontogeny of sexual dimorphism
H3o0 — Sexual dimorphism results from the same processes of development in
chimpanzees and gorillas.

Predictions and Tests — In a study of body mass in captive African apes, Leigh
and Shea (1995, 1996) concluded that sexual dimorphism in chimpanzees and gorillas is
mediated through fundamental differences in ontogenetic timing (i.e., heterochrony). This
project will contribute to these ideas for different aspects of skull ontogeny, utilizing wild
populations of gorillas and chimpanzees with known ages of death: a population of
Gorilla beringei beringei from Parc National des VVolcans, Rwanda, and a population of
Pan troglodytes schweinfurthii from Gombe National Park, Tanzania. This hypothesis
will be tested globally for the entire skull, as well as regionally using the divisions
established above in H2. This study will add to the conclusions of Leigh and Shea (1995,
1996) to test the pattern and magnitude of skull development between males and females

in populations of wild apes. The duration and rate of overall growth is unlikely to explain
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sexual dimorphism in all aspects of the anatomy; therefore, rejection of the null

hypothesis is expected.

1.3.3 Testable hypotheses: Finding heterochrony
H4o — Classic heterochronic mechanisms can describe the relationship between Pan
paniscus and Pan troglodytes.

Predictions and tests — Classical descriptions of heterochrony have been difficult
to apply to morphometric datasets: global heterochrony seems to be rejected in toto, but
the presence of regional heterochrony is still contested (Shea, 1989; Mitteroecker et al.,
2005; Lieberman et al., 2007). Mitteroecker and colleagues (2004b, 2005) showed that in
order for descriptions of classical heterochrony to be applied to morphometric data,
ontogenetic trajectories must overlap in shape space. This study aims to find groups of
landmarks derived from a global dataset to see if any combination can adequately align
shape space trajectories so that heterochrony can be further studied. This study is a
further test of utilizing classical descriptions of heterochrony using a global landmark
dataset. However, this research does not represent one more attempt to test predetermined
datasets for heterochrony. Rather, the goal is a systematic reduction of the dataset to see
if heterochrony has explanatory power to describe any cranial differences between P.
paniscus and P. troglodyates. A rejection of the null hypothesis is anticipated based on
these previous works (e.g., Mitteroecker et al., 20044, b, 2005).

To test this, this project will carry out multivariate regressions of shape variables
on log(centroid size) to determine whether the ontogenetic trajectories overlap in shape

space. If not, then the dataset will be reduced using three study designs evaluating the
25



differences between groups in regression coefficients at each coordinate. Each of the
reduced datasets will be reevaluated in shape space. If any of the reduced datasets have
overlapping trajectories in shape space, an evaluation of heterochrony in size-shape space

will be performed.
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2 Materials and Methods

2.1 Sample
2.1.1 Sample used in analyses

Cranial data from a large ontogenetic sample of African apes were collected
cognizant of two types of information needed for this study: individuals retaining known
provenience (location of collection), and individuals with known ages at death.
Specimens associated with known provenience data came from the Powell-Cotton
Museum, Royal College of Surgeons, British Natural History Museum, the Royal
Museum for Central Africa, and Cleveland Museum of Natural History. This sample was
then divided into populations (as explained below in 2.1.2) based either on the known
latitude-longitude position of where the specimen was acquired, or the known locality of
acquisition if the exact latitude-longitude was unknown. The total number of specimens
scanned was 1200, comprising specimens of Gorilla gorilla gorilla, G. beringei graueri,
Pan troglodytes troglodytes, P. t. schweinfurthii, and P. paniscus (see Table 2.1 for a
breakdown by sex and age class). Museum specimens were assigned relative age based
on dental development stage (occlusion of sequential tooth positions) and on centroid
size. Specimens with known age at death were collected from the Mountain Gorilla
Skeletal Project (MGSP) housed at Dian Fossey International’s Karisoke Research Center
in Rwanda, and from the Jane Goodall Institute’s Gombe Stream Research Centre in
Tanzania. Specimens from Rwanda (Gorilla beringei beringei) and Tanzania (Pan
troglodytes schweinfurthii) were assigned chronological ages based on reported birth and
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death dates, or inferred ages agreed upon by behavioral researchers studying those

populations.

2.1.2 Determination of population taxonomy and population history

Specimens were allocated to different populations in order to facilitate
hierarchical analyses of infraspecific variation (Albrecht and Miller, 1993; Albrecht et
al., 2003; Miller et al., 2004). Species were subdivided into subspecies, demes, localities,
and sexes. While subspecies divisions are often denoted in museum catalogs, demes and
localities are typically not. However, many of the specimens scanned for this study retain
the relevant records of where they were collected. From these data, the samples were
organized into more detailed infraspecific groups.

Elevation was used to separate the specimens of Gorilla beringei graueri into
separate demes: highland and lowland. Gorillas in these separate ecological zones have
been shown to be correlated with amount of fruit in the diet. Robbins and McNeilage
(2003) showed that highland Grauer’s gorillas incorporate 20 fruit species into their diet,
whereas lowland groups incorporate 48 species. Previous analyses on postcrania have
shown this to be an important source of variation within this subspecies (Dunn et al.,
2014; Knigge et al., 2015). Based on those studies, an elevation cutoff of 1,500 m
delineated highland and lowland Grauer’s gorillas.

Most specimens of Gorilla gorilla gorilla and Pan troglodytes troglodytes were
assigned to localities based on proximity to the nearest town or village. However, when
latitude-longitude data were available, these coordinates were used to group specimens

using a cluster analysis; cluster was constrained to produce four branches in the resulting
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dendrogram; and the two known provenience data with the largest samples sizes were
used to identify different populations (the largest sample size in each case did not retain

latitude-longitude data).

2.2 Digitization Protocols
2.2.1 Scanning

Specimens were digitized with a Breuckmann SmartScan®® white light scanner.
Unlike laser scanners, this equipment takes digital photographs as it illuminates and
projects patterns on the specimen with a 100-watt halogen lamp. This model has two
digital cameras with a 30° triangulation angle spaced approximately 71 cm from the
specimen. The two 300 mm cameras used to digitize specimens provide 180 um
resolution.

The majority of specimens underwent three rotations of 10 digital images each to
capture the entire surface geometry. Large, male gorillas needed four or five rotations to
completely capture their surfaces. The scanning software, Optocat (Optocat, 2012), was
configured to capture maximum data (as little data were masked as possible) using a 2%2D
Fourier filter. Raw data were imported into Geomagic Design X (3D Systems, Inc, 2017)
to be aligned and merged into one mesh. Floating polyfaces, and other noise components,
were deleted, and each mesh was re-wrapped for the purposes of visualization in a way
that does not alter the specimen’s point cloud. Finally, holes were filled and final

specimens exported for landmarking.
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Table 2.1: Sample size for the museum collections divided into sex and age classes. Age classes were

based on the occlusion of dentition using known dental eruption sequences: dP4: deciduous 4th premolar,

M1: 1st molar, M2: 2nd molar, M3: 3rd molar. Category totals are bolded.

Taxon dP4 M1 M2 M3 Total
Gorilla gorilla gorilla
Unknown 7 19 10 3 39
Female 9 16 38 126 189
Male 15 17 26 143 201
Total 31 52 74 272 429
Gorilla beringei graueri
Unknown 14 5 14 33
Female 3 5 35 43
Male 1 2 4 36 43
Total 15 10 9 85 119
Pan troglodytes troglodytes
Unknown 30 33 12 24 99
Female 8 17 21 125 171
Male 6 19 18 56 99
Total 44 69 51 205 369
Pan troglodytes schweinfurthii
Unknown 16 21 11 28 76
Female 2 4 8 8 22
Male 3 5 12 20
Total 18 28 24 48 118
Pan paniscus
Unknown 19 35 9 12 75
Female 4 4 12 25 45
Male 8 7 11 19 45
Total 31 46 32 56 165
Grand total 1200
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2.2.2 Landmarking

Finalized 3D models were landmarked in order to digitize specific anatomical
features of their three-dimensional geometry. Landmarks were chosen to represent
biologically or geometrically homologous points or structures on each specimen
(Bookstein, 1991), and collected in Stratovan Checkpoint (Stratovan Corp, 2016).
Landmarking 3D meshes results in each specimen, or observation, having its own
configuration. Each landmark is associated with three variables: an x-, y-, and z-
coordinate. For example, this study utilizes 148 landmarks (Table 11.1, Figure 2.1), so
the total number of variables for each observation is 444. Landmarks are chosen in order
to sample the anatomy of interest, in this case based on previously published protocols
(Frost, 2001; Harvati, 2001; McNulty, 2003; Baab, 2007; Terhune et al., 2007; White et
al., 2012) with additional landmarks added for the purposes of this study (Table 11.1,
Figure 2.1). Although only complete specimens were used in this research, occasional
missing landmarks were estimated using thin-plate spline interpolations (e.g., Gunz et al.,

2009) computed in the R statistical package Geomorph (Adams et al., 2016).
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Figure 2.1: Landmark dataset. Each point represenis one of the 148 landmarks used in this study.

Embryological and functional cranial modules were analyzed separately. A) Embryological modules: blue:
viscerocranium, red: neurocranium, green: basicranium. B) Functional modules: green: basicranium, blue:
mastication, dark blue: nasal, purple: cervical muscle attachments, red: neurocranium, black: orbit, yellow:

petrous.

2.3 Statistical Analyses
2.3.1 Procrustes superimposition

After landmarking, each specimen’s configuration resides in its own coordinate
system. Thus, any shape differences detected in homologous landmarks would likely be
overshadowed by differences in specimens’ locations, orientations, and size. Therefore, a
Procrustes superimposition was performed to eliminate these nuisance variables across all
landmark configurations (Gower, 1975; Kendall, 1977; Rohlf and Slice, 1990). The
superimposition method used here was a generalized Procrustes analysis (GPA; Gower,
1975; Rohlf and Slice, 1990; Slice, 1996, 2001), which projects specimens into a

common shape space (a new configuration of aligned and size-adjusted landmark
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positions) by following three steps. First, the centroid of each specimen (the “center of
gravity” of a specimen’s landmarks) is translated to the origin of the coordinate system.
Then, every specimen is scaled to a unit centroid size (computed as the square root of the
sum of squared distances of each landmark in a configuration to that specimen’s
centroid). Finally, orientation is eliminated by iteratively rotating each specimen about its
centroid to minimize the Euclidean distances between homologous landmarks on all
specimens to those of a mean configuration (Gower, 1975; Rohlf and Slice, 1990; Slice,
2001). Following GPA, the specimens reside in a common, multidimensional shape space

that has known and relatively simple topographic properties (Rohlf, 1999; Slice, 2001).

2.3.2 Embryological and functional modules

Mitteroecker and colleagues (2004a) showed that global (entire cranium)
ontogenetic trajectories can diverge in shape space when, in fact, only one or a few
regional aspects of anatomy differ. The modular nature of the skull (Moss and Young,
1960; Cheverud, 1982; Cheverud et al, 1983; Cheverud and Richtsmeier, 1986;
Lieberman et al, 2000; Hallgrimsson et al., 2007a, 2007b) can confound studies of
ontogeny and heterochrony in that results based on a global landmark dataset do not
account for which aspects of anatomy create the observed morphological differences
(Mitteroecker et al, 2004a, 2005; Liebermann et al, 2007). Therefore, analyses were
performed globally (utilizing the entire cranial landmark dataset: 148 landmarks) and on
ten anatomical landmark subsets (Figure 2.1). These subsets, aligned and analyzed

separately, were chosen to capture embryological and functional modules defined by
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previous researchers (Cheverud, 1982; Cheverud et al, 1983; Cheverud and Richtsmeier,
1986; Halgrimsson et al., 2007b; Goswami and Finarelli, 2016).

Functional complexes were chosen to follow Cheverud and colleagues (Cheverud,
1982; Cheverud et al, 1983; Cheverud and Richtsmeier, 1986), as well as additional
anatomical units that contribute to specific functions (e.g., the masticatory apparatus,
attachments for cervical musculature, the visual apparatus, etc.). Embryological
complexes were chosen to represent the three traditionally identified regions of the skull
(face, basicranium, and neurocranium; Halgrimsson et al., 2007a, b). The skull forms
tissue around the developing brain in two major portions, the neuorcranium and the
viscerocranium. Each of these divisions is further subdivided into a membranous part and
a cartilaginous part based on the type of bone formation they undergo. The neurocranium
largely undergoes intramembranous ossification to form the flat bones of the cranial
vault. The viscerocranium is derived from the frontonasal process (from neural crest
cells) and the first two pharyngeal arches. This portion of the cranium largely undergoes
endochondral bone formation to form the maxilla, mandible, ear ossicles, and hyoid. The
basicranium is largely thought to anchor the face and braincase together. It is derived
from several processes including endochondrally ossified somites contributing to the
occipital bone as well as endochondrally ossified temporal and sphenoid bones (Scheuer,

2000; Sadler, 2012).

2.3.3 Geometric morphometric analyses utilized in this study
Statistical analyses were performed in SAS ® software. Testing hypotheses H1 to

H3 (ontogenetic variation in population taxonomy) used similar methods and are
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described together. Testing hypothesis H4 (assessing heterochrony) used a different set of
methods and is, therefore, described separately.

Ontogenetic variation at the level of subspecies, deme, and locality was analyzed
on specimens obtained from museum collections that retained information about
collection provenience. Where no locality information was provided (or in the case where
this information was provided but was not specific enough to categorize into a
population), specimens were used as a comparative sample designed to mimic an
aggregate sample. These unknown population aggregates are similar to studies that utilize
museum collections without regard to population divisions. This design allowed pairwise
analyses to be performed on coherent population groups as well as between known
populations and unknown, museum-like samples. Ontogenetic variation at the level of
sex was analyzed on two African ape populations: Pan troglodytes schweinfurthii housed
at Gombe National Park, Tanzania and Gorilla beringei beringei housed at VVolcanoes

National Park, Rwanda.

Table 2.2: Functional and embryological complexes with landmarks included in each.
Modules tested Landmarks Included (numbers found in appendix: Table 11.2)
Global landmark dataset 1-148

Embryological modules

Basicranium 6, 17, 18, 19, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68,
69, 134, 135, 136, 137, 138, 139, 140, 141, 142, 143, 144, 145, 1486,
147, 148

Neurocranium 2,3,5,7,20,21, 22, 23, 24, 27, 28, 29, 30, 32, 33, 34, 35, 36, 106,
107, 108, 109, 111, 112, 113, 114, 115

Viscerocranium 1,4,8,9,10, 11, 12, 13, 14, 15, 16, 25, 26, 31, 37, 38, 39, 40, 41,

42,43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 70, 71, 72, 73, 74,
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75,76, 77,78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92,
93, 94, 95, 96, 97, 98, 99, 100, 101, 102, 103, 104, 105, 110, 116,
117, 118, 119, 120, 121, 122, 123, 124, 125, 126, 127, 128, 129,
130, 131, 132, 133

Functional Modules

Basicranium 6, 17, 18, 19, 55, 56, 57, 58, 60, 62, 68, 69, 134, 135, 136, 137, 139
141, 147, 148
Mastication 11, 12, 13, 14, 15, 16, 25, 26, 28, 31, 33, 37, 38, 44, 45, 46, 48, 51,

52, 53, 54, 63, 64, 65, 66, 67, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79,
80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97,
98, 99, 100, 101, 102, 103, 104, 105, 107, 110, 112, 116, 117, 123,
124, 125,127, 130, 131, 132, 133, 142, 143, 144, 145, 146

Nasal 9, 10, 47, 49, 50, 126, 128, 129

Cervical musculature 20, 32, 61, 111, 140

Neurocranium 5,7,8,21, 22,23, 24,27, 29, 30, 34, 106, 108, 109, 113
Orbit 1,4, 39,40, 41, 42, 43, 118, 119, 120, 121, 122

Petrous 2,3, 35, 36,59, 114, 115, 138

Pairwise differences among adult group means at each taxonomic level (i.e.,
genus, species, subspecies, deme, locality, and sex) were tested using multivariate
analysis of variance (MANOVA). Ontogenetic trajectories were studied visually in size-
shape space (Mitteroecker et al., 2004a, b, 2005), and statistically using ordinary least-
squares regression of shape variables on log(centroid size). Differences in the patterns of
development between groups were computed as the multivariate angle between
ontogenetic vectors (i.e., the arccosine of their vector dot-product). Differences between
groups’ magnitudes of development, or the amount of shape change, were computed as
the absolute value difference in overall shape change from mean specimens in the

youngest and oldest age categories.
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Multivariate angles and differences in magnitudes were tested for significance
using permutation tests (Good, 2006; O’Higgins and Strand Vidarsdottir, 1999),
following the resampling protocol outlined by McNulty and colleagues (2006). That
study laid out three possible statistical designs for permutation tests: 1) permuted groups
contain an equal number of specimens for each developmental stage, randomizing within
their ages classes; 2) permuted groups retained unequal sample sizes (matching original
samples), but still randomizing within each developmental stage; and 3) randomly
placing specimens into two groups without regard to developmental stage (as is
commonly used in the literature; O’Higgins et al., 2001; O’Higgins and Collard, 2002;
Penin et al., 2002; Strand Vidarsdottir et al., 2002; Cobb and O’Higgins, 2004; Zollikofer
and Ponce de Leon, 2004; Cobb and O’Higgins, 2007). McNulty and colleagues (2006)
found that the latter design more readily return statistically significant p-values than does
the more conservative approach of permuting within developmental stage. Hence, this

study employs permutation test that constrain resampling to occur within age classes.
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3 Population-level thinking in ontogenetic variation

As mentioned in the first chapter, this dissertation focuses on ontogenetic
variation at multiple levels of taxonomy below that of the species. Population-level
thinking investigates evolutionary questions that can help elucidate the processes of
speciation. | have structured this dissertation to first look at variation in ontogeny at the
infraspecific levels of population organization: subspecies, demes, and localities.
Following that is an analysis of how ontogeny mediates sexual dimorphism. Finally, |
assess whether classical descriptions of heterochrony can be applied to the extant Pan
species.

The following chapter investigates 1) whether adults of each group differ
statistically in the global dataset as well as each cranial module, 2) whether there is
variation in ontogenetic trajectories at the population level — below the level at which
most studies investigate, 3) whether this variation is important for fossil reconstructions
utilizing museum samples, and 4) possible mechanisms for changes in ontogeny between

populations.
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4 Population-level ontogenetic variation in Gorilla and

Pan

4.1 Introduction
4.1.1 Growth and development

The study of growth and development has been a vital component of biological
research since well before Darwin. Developmental recapitulation was a central theory in
the late-eightieth and early-nineteenth centuries (reviewed in Gould, 1977), but only later
did von Baer (1928) recognize that related species share characteristics early in
embryogenesis, diverging morphologically later in ontogeny (reviewed in Mitteroecker,
2004a). These ideas were modified and improved by subsequent researchers, including
de Beer (e.g., 1958) who argued the importance of heterochrony, and particularly
paedomorphosis, in evolutionary morphogenesis. Nevertheless, such work fell out of
favor until Gould (1977) revived and formalized the role of ontogeny in evolutionary
research by demonstrating that change in adult form must be mediated by changes in
growth and development. This work was one impetus for the emergence of evolutionary
development, so called "evo-devo," which studies how ontogenies evolve in lineages to
create new forms, behaviors, and life histories (Raff, 2007). Since Gould’s Ontogeny and
Phylogeny, numerous studies have contributed to our understanding of ontogeny in
evolutionary biology, including important works in the field of paleoanthropology (Shea,
19833, b, 1989; Richtsmeier et al., 1993; Godfrey and Sutherland, 1995; Leigh and Shea,

1995, 1996; O’Higgins and Jones, 1998; O’Higgins and Strand Vidarsdottir, 1999; Antdn
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and Leigh, 2003; Mitteroecker et al., 2004a,b, 2005; Raff, 2007; Lieberman et al., 2007;
Ponce de Ledn and Zollikofer, 2008).

Juvenile specimens are a critical part of the hominin fossil record, providing
unique windows into the ontogenetic processes of extinct species. As examples, Taung 1,
DIK-1-1, KNM-WT 15000, DNH 35 and 67, and the Mezmaiskaya Neanderthal juvenile
have provided important clues about the evolution of human life history patterns and
evolutionary development of our lineage (Dart, 1925; Ackermann and Krovitz, 2002;
Cobb and O’Higgins, 2004; Anton and Leigh, 2003; Lacruz et al., 2005; McNulty et al.,
2006; Alemsaged et al., 2006; Ponce de Ledn et al., 2008; Smith et al., 2012; Gunz 2012;
McNulty 2012). Specimens discovered more recently from Malapa, South Africa (Berger
et al., 2010), the Turkana Basin, Kenya (Leakey et al., 2012), and Dmanisi, Georgia
(Rightmire et al., 2006; Lordkipanidze et al., 2013) will likewise expand our knowledge
of hominin evolutionary development but have not yet been subject to multiple
comprehensive ontogenetic studies.

Great strides were made in studies of hominin evolution with the discovery that
age-at-death could be estimated in fossil specimens using the microstructure of their teeth
(Dean et al., 1986; 1993; Bromage and Dean, 1991; Beynon and Dean, 1991; Skinner
1997; Stringer and Dean, 1997; Beynon et al., 1998; Bolter and Zihlman, 2011; 2012).
Because layers of each tooth tissue are secreted at predictable time intervals, leaving a
record of growth, these incremental lines can provide reliable age estimates of an
individual and therefore the pace of ontogeny and life history in the absence of behavioral
data. This methodology led to important contributions to our understanding of hominin

growth and development, and has been used to determine the age at death for several
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hominin specimens (Dean et al., 1986; Bromage and Dean, 1991; Dean et al., 1993).
These studies also allowed for the study of the evolution of a human-like life history
strategy (e.g., Smith, 1989; Kelley and Schwartz, 2010, 2012; Schwartz, 2012; but see
Robson and Wood, 2008). A comparison of human and primate tooth microstructure
concluded that the human-like pattern of life history did not evolve until very recently
(Dean et al., 2001; Dean, 2006). Finally, Smith et al. (2007) concluded that the rate of
growth in the juvenile Neanderthal from Scladina, Belgium matured at a rate intermediate
between Homo erectus and H. sapiens. They inferred that this individual had a shorter
childhood and accelerated life history compared to H. sapiens.

The value of such studies has been immeasurable. However, there are difficulties
with the interpretation, or over-interpretation, of these ontogenetic models. Simpson et al.
(1991) demonstrated that when the bony skeleton of a hominin fossil is compared to an
ape-like dental developmental schedule, that fossil will be interpreted as having an ape-
like developmental pattern. Yet, if that same fossil is compared to the dental development
of a human, that fossil will exhibit a more human developmental pattern. In other words,
the choice of analogs used for comparison potentially biases the results (Simpson et al.,
1991). Further, results from dental developmental studies have been over-interpreted by
some in the paleoanthropology community, assuming that an ape-like timing of dental
development necessarily implies ape-like maturation for the entire skeleton (Simpson et
al., 1991; but see, e.g., Shea 1983a). With dental maturation as the standard for
developmental age (Dean and Wood, 1981; Zelditch et al., 2012), important variations in

the growth and development of other anatomical structures are still relatively unknown.
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For example, the age of first molar emergence in gorillas and chimpanzees
suggests only minor differences between them in the timing of their dental development
(Kelley and Schwartz, 2012). Yet, McFarlin and colleagues (2012) demonstrated that
brain growth in Virunga mountain gorilla achieves 90 percent of the adult mass at
approximately 28 months, and full adult mass by 3 to 4 years of age; this is
approximately a year before chimpanzee brains reach adult mass. This difference, though
related to factors about the life history of this population (McFarlin et al., 2012), would
not necessarily be predicted from the timing of dental development. Moreover, the
braincase is not a completely modular system. As the neurocranium develops, it will
affect the shape and position of adjacent anatomical structures, and the differential timing
of these interactions can potentially result in very different morphological configurations.

Hence, the important discovery of incremental growth in dental microstructures,
which enables reliable estimates of age-at-death for extant and fossil specimens,
describes only a small part of the evolutionary developmental story in our lineage. It
provides a much-needed chronometer for evaluating timing of ontogeny and life history
but does not record the ontogenetic dynamics of the entire organism. To be clear, dental
development researchers have been very precise in interpreting results of their own work.
Yet, widespread reliance by secondary and tertiary researchers on dental estimates of
ontogenetic timing has obscured the many potentially interesting relationships among

age, size, anatomy, and life history.
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4.1.2 Variation below the species-level

A confounding factor in previous ontogenetic analyses is the fact that many (e.qg.,
Leigh and Shea, 1996; McNulty et al., 2006; Cofran and Walker, 2017) utilized museum
collections pooled together without regard to infraspecific genetic structuring. Because
most museum collections lack large samples at early ontogenetic stages, researchers often
group specimens for analysis at the subspecies, species, or even genus level (see
discussions in Albrecht et al., 2003; Miller et al., 2004). As a result, the framework of
African ape ontogeny that is so important for interpreting the human fossil record may be
based on unrealistic biological models that have been neither statistically tested nor
adequately characterized.

In fact, the assumption of subspecies-, species- or genus-level ontogenetic
uniformitarianism has long been suspect given well-documented differences in adult
morphology at all of these taxonomic levels (Groves 1970, 2003, 2005; Shea et al., 1993,;
Sarmiento and Oates, 2000; Grubb et al., 2003; Albrecht et al, 2003; Miller et al, 2004;
Gonder et al., 2006). This has been explicitly demonstrated for human populations, with
differences in growth and development leading to differing adult cranial morphologies
(O’Higgins and Strand Vidarsdottir, 1999; Strand Vidarsdottir et al., 2002; Strand
Vidarsdottir and O’Higgins, 2003).

Given the above analyses (e.g., Strand Vidarsdéttir et al., 2002), we might expect
the difference in human ontogenies to be due to a cessation of gene flow among these
populations allowing each to adapt to particular environments. The divergence of the
lineages leading to modern humans from those leading to other species of Homo

(Neanderthals) occurs between 0.8 and 0.4 Ma (Rieux et al., 2014) and the most recent
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dates of modern humans leaving Africa and entering the Levant and Arabia (the
spreading of humans into new environments) are 0.085 Ma (Groucutt et al., 2018; though
possibly as early as 0.194; Hershkovitz et al., 2018). For comparison, divergence among
western and eastern chimpanzee populations is approximately 0.50 Ma (Gonder et al.,
2006). Thus, if population-level difference in human ontogeny occurs due to genetic
divergence, then ontogenetic differences among certain ape population could be at least

as divergent.

4.1.3 Population-level analyses

A population is defined here based on the works by Mayr (1963, 1999), Albrecht
and Miller (1993), Albrecht and colleagues (2003) and Miller and colleagues (2004): for
example, as a group of potentially breeding males and females within a formal taxonomic
designation of a species or subspecies (Mayr, 1963). Albrecht and Miller (1993)
introduced a hierarchical structure within which subspecies variation is partitioned into
multiple levels population analysis. As such, variation due to sexual dimorphism is nested
within localities (geographically disparate groups of organisms), which are nested within
demes (individuals from multiple geographic localities which retain some amount of gene
flow; Endler, 1977), which are nested within subspecies, and subspecies in turn group
together within a formal taxonomically defined species (Albrecht and Miller, 1993;
Albrecht et al., 2003). Thus, a population is a general term that encompasses multiple
levels of variation: subspecies, deme, and locality.

Population-level morphological studies are not new to biological anthropology.

Groves’ (1967, 1970, 1986; Groves et al., 1992) early work focused on infraspecific
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morphological differences in many primates including African apes. This work helped to
formalize how many species/subspecies are recognized among various primate groups.
More recently, Uchida (1992) analyzed the infraspecific dental variation at several
taxonomic levels (populations, subspecies, species, and genera) of living great apes to
better assess variation in Miocene fossil catarrhines. Her conclusions reinforce the idea
that subspecies may differ markedly in morphology, and hence using one population to
represent an entire species is not a sufficient benchmark for a temporally and
geographically variable fossil species. Likewise, Pilbrow (2003) demonstrated that
studying organisms at the level of populations allows one to assess patters of variation
without the constraints of taxonomy. Pilbrow (2003, 2006) showed that most of the
variation within species of Pan can be observed at the level of local populations. Pilbrow
(2003, 2010) found similar results among gorillas, with an altitude gradient being the
major factor contributing to variation. Bonobos on the other hand, seem to retain a high
level of gene flow among populations, possibly homogenizing dental variation across the
species (Pilbrow and Groves 2013).

The current study is one part in a broader project, which seeks to address
infraspecific ontogenetic variation in Gorilla and Pan. Specifically, it aims to quantify
and compare the patterns and magnitudes of cranial ontogeny in African ape populations
based on skeletal samples with known locality data. This project is aimed at answering
the following research questions: Do individual populations of African apes differ in their
ontogenetic trajectories from conspecific populations and from pooled, museum-like
samples? If so, which aspects of anatomy differ ontogenetically among closely related

populations? This study aims to provide characterizations of intraspecific variation that
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reflect a species’ population taxonomy (the biological organization of a species made up
of aggregates of populations) and population structure (the geographic arrangement of

local populations across the species’ range) (Albrecht et al., 2003 and Miller et al., 2004).

4.2 Methods
4.2.1 Sample

This study sampled 366 specimens of Gorilla and Pan (see Table 4.1 for
specimen breakdown). Approximately 72% of the sample has known geographic
coordinates indicating where each specimen was collected. Where these data do not exist,
information from the locality or nearest village was used to group specimens into
populations (Albrecht et al., 2003; Miller et. al, 2004). In cases where no locality
information is provided (or in the case where this information is provided, but it is not
specific enough to categorize into a population), specimens were used as a comparative
group designed to mimic an aggregate sample of pooled populations. These unknown
population aggregates are similar to samples found in many museum collection and often
utilized in studies of ontogeny.

Analyses described below were carried out on two localities of Pan troglodytes
troglodytes, two localities of P. paniscus, and two demes of Gorilla beringei graueri. The
two localities of central chimpanzees include a cluster of specimens historically collected
from Abong Mbang and another near Ebolowa, Cameroon. These two locations are
roughly 250 km apart. The bonobo sample was derived from two localities, one near
Ilima and one near Ubundu (roughly 500 km apart), Democratic Republic of the Congo.

Finally, the Grauer’s gorilla demes were separated into highland and lowland groups
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using the elevation and latitude/longitude provenience data. Gorillas in these separate
ecological zones have been shown to be correlated with amount of fruit in the diet.
Robbins and McNeilage (2003) showed that highland Grauer’s gorillas incorporate 20
fruit species into their diet, whereas lowland groups incorporate 48 species. The
demarcation into highland and lowland groups was 1,500 meters above sea level
(following Knigge et al., 2015; Mayaux et al., 2004), and was chosen based on previous
works that found greater dental (Pilbrow, 2010) and postcranial (Knigge et al., 2015)

variation in altitude than in geographic locality.

Table 4.1: Population-level profile of sample. Sample size for each population divided into age classes
based on dental eruption: dP4 = deciduous dentition in occlusion, M1 = first molar in occlusion, M2 =

second molar in occlusion, M3 = third molar in occlusion.

Taxon Population dP4 (M1 | M2 | M3 | Total
G. b. graueri
Highland 12 3 4 15 34
Lowland 3 1 1 22 27

P. t. schweinfurthii

Unknown provenience 14 23 18 9 64

P. t. troglodytes

Abong Mbang 2 4 5 17 28

Ebolowa 1 3 7 11 22

Unknown provenience 9 12 8 22 51
P. paniscus

llima 11 15 12 12 50

Ubundu 10 19 14 12 55

Unknown provenience 8 12 5 10 35
Total 366
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The high degree of sexual dimorphism in African apes, and their disparate
ontogenetic programs (Lockwood, 1999; del Castillo et al., 2014; Loza et al., 2015;
Holton et al., 2016), dictates that separate analyses be run for males and females. For this
reason, the current study focuses on female ontogenetic variation due to smaller sample
sizes for males. However, Cobb and O’Higgins (2007) have shown that pooling sexes in
the youngest age classes is statistically justified for cranial morphology and enables one
to better characterize these early developmental stages. Therefore, specimens of unknown
sex that lacked any permanent molars were included in analyses of females (Cobb and
O’Higgins, 2007); no individual with known classification as “male” was used here,

regardless of age class.

4.2.2 Data collection

Specimens were digitized with a Breuckmann SmartScan®P white light scanner.
The raw data were then imported into Geomagic Design X (3D Systems, Inc, 2017) to be
aligned and merged into one mesh. Minor defects in the mesh were corrected or
eliminated before exporting the models for further data collection. Finalized 3D models
were landmarked in Stratovan Checkpoint (Stratovan Corp, 2016; Bookstein, 1991). This
study employed 148 landmarks in order to sample the cranial anatomy of interest.
Traditional landmarks were chosen based on previously published studies (Frost, 2001,
Harvati, 2001; McNulty, 2003; Baab, 2007; Terhune et al., 2007; White et al., 2012) with
additional landmarks added for the purposes of this project (Figure 4.1).

The Geomorph package in R (Adams et al., 2016) was used to estimate missing

landmarks using thin-plate spline interpolation (Gunz et al., 2009). As is the case in
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geometric morphometrics, the raw coordinate data were subjected to a generalized
Procrustes analysis to eliminate variation due to the landmark configuration’s position,

size, and orientation. All other statistical analyses were performed in SAS® software.

4.2.3 Statistical Analysis

Pairwise differences among adult group means at each taxonomic level (i.e.,
genus, species, subspecies, deme, and locality) were tested using multivariate analysis of
variance (MANOVA). Common chimpanzees and bonobos were studied at the level of
locality, whereas Grauer’s gorillas were studied at the demic-level. The difference here is
two-fold. First, the Grauer’s gorillas samples size did not allow for locality-level
substructing. Second, Results from Pilbrow (2003, 2010) indicated adult differences in
the molar morphometrics of populations of gorilla along an elevation gradient.
Additionally, Knigge and colleagues (2014) likewise showed similar elevation gradient
variation in talar morphology suggesting different locomotor regimes. Similar results (a
divergence of shape) are predicted here in the adult sample.

Mitteroecker and colleagues (2004a) showed that global (entire cranium)
ontogenetic trajectories can diverge in shape space when, in fact, only one or a few
regional aspects of anatomy actually differ. The modular nature of the skull (Moss and
Young, 1960; Cheverud, 1982; Cheverud et al, 1983; Cheverud and Richtsmeier, 1986;
Lieberman et al, 2000; Hallgrimsson et al., 2007a, 2007b) can confound studies of
ontogeny and heterochrony in that results based on the global landmark datasets do not
account for which aspects of anatomy create the observed morphological differences

(Mitteroecker et al, 2004a, 2005; Liebermann et al, 2007). Therefore, this study
49



employed analyses on the global dataset (utilizing the entire cranial landmark dataset)
and on ten anatomical landmark subsets. These subsets (aligned and analyzed separately)
were chosen to capture embryological and functional modules previously defined
(Cheverud, 1982; Cheverud et al, 1983; Cheverud and Richtsmeier, 1986; Halgrimsson et
al., 2007b; Goswami and Finarelli, 2016; Figure 4.1).

Adult morphological variation and ontogenetic trajectory variation was first tested
at three higher taxonomic levels (results summarized in Table 4.2). Generic variation was
tested between Gorilla and Pan. Species-level variation was tested between P. paniscus
and P. troglodytes. Subspecies-level variation was tested between P. t. troglodytes and P.
t. schweinfurthii. Once variation was detected at these higher taxonomic levels, lower
level taxonomic variation (locality and demic level) was tested.

Analyses of ontogenetic trajectories were undertaken using a few different
approaches. First, trajectory summaries were assessed by plotting samples in size-shape
space, or the principal component ordination of the aligned coordinates with the natural
log of centroid size (Mitteroecker et al., 2004a, 2005). Typically, the natural logarithm of
centroid size (logCS) will have a much larger variance than GPA-aligned coordinates,
and thus the first principal component will primarily summarize this variable plus
landmark variation associated with size differences (Mitteroecker et al., 2004a). For this
reason, visualizing specimen distributions in size-shape space is a useful method for

assessing ontogenetic trajectories.
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Figure 4.1: Embryological and functional cranial modules analyzed separately. A) Embryological

modules: blue = viscerocranium, red = neurocranium, green = basicranium. B) Functional modules: green =
basicranium, blue = mastication, dark blue = nasal, purple = cervical muscle attachments, red =

neurocranium, black = orbit, yellow = petrous.

Developmental trajectories in each group were quantified by ordinary least-
squares regression of shape variables on logCS to produce a vector of shape change
corresponding to the direction of growth. Differences between two groups’
developmental vectors were computed as the multivariate angle between them (arccosine
of their vector dot-product), and tested using permutation tests (e.g., McNulty et al.,
2006; Singleton et al., 2012). Differences between groups’ magnitudes of development,
or the amount of shape change, were computed as the absolute value difference in overall
shape change from mean specimens in the youngest and oldest age categories, and

likewise were tested with permutation tests.
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Although permutation tests are commonplace in statistical analyses (see, e.g.,
Good, 2006), including studies of landmark data (e.g., O’Higgins and Strand
Vidarsdottir, 1999; O’Higgins et al., 2001; O’Higgins and Collard, 2002; Penin et al.,
2002; Strand Vidarsdattir et al., 2002; Cobb and O’Higgins, 2004; Zollikofer and Ponce
de Leodn, 2004; Cobb and O’Higgins, 2007; Drake and Klingenberg, 2008; Rodriguez-
Mendoza et al., 2011; Weisensee and Jantz, 2011; Klingenberg et al., 2012; Martin-Serra
et al., 2014), this study specifically followed the resampling protocol outlined by
McNulty et al. (2006). They demonstrated that in circumstances for which there is a
dearth of observations representing some aspects of structured variation within a sample
(e.g., the youngest age classes in an ontogenetic study), simple models of permutation
design are more likely to find statistically significant differences than models which
resample with respect to that structured variation (McNulty et al., 2006). The current
study laid out three possible statistical designs for permutation tests: 1) resampling within
age classes, constraining permuted groups to an equal number of specimens for each
developmental stage; 2) resampling within age classes, but replicating in permuted
groups the original (unequal) sample sizes at each age class; and, 3) ignoring structured
variation and resampling randomly across all age classes. Following McNulty et al.
(2006) and Singleton et al. (2012), this study employed the more conservative

permutation test (model 1 above) in an attempt to capture true differences in the groups.
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4.3 Results
4.3.1 Higher taxonomic level variation

Results for all comparisons at the subspecies level and higher are reported in
Table 4.2. Not surprisingly, differences in adult shape using the global landmark dataset
and each module were statistically significant at the level of genus and species (Table
4.2).

The results from ontogenetic vectors likewise show statistically significant
differences at these levels with one exception: the functional neurocranial module at the
species-level comparison (p=0.063). In contrast, there were few differences in the
magnitudes of shape change. At the genus-level, statistically significant differences in
magnitude of developmental change were found in the embryological modules
basicranium (p<0.001) and in the functional modules basicranium (p<0.001), nasal
(p<0.001), cervical musculature (p<0.001), and neurocranium (p=0.021). At the species-
level, only the embryological viscerocranium (p=0.022) and the petrous functional
module (p=0.023) were statistically significantly different in magnitude.

Pairwise comparison of adult morphology at the subspecies level were statistically
different in the global cranium and all cranial modules except cervical musculature
(p=0.7767). The pattern of ontogenetic shape change was statistically significant in the
global dataset (p=0.041), as well as in four cranial modules: embryological modules
neurocranium (p=0.011) and viscerocranium (p=0.023), and the functional modules orbit
(p=0.002) and petrous (p=0.002). Statistically significant differences were found in the

magnitude of shape change in the functional basicranium (p=0.014) and orbit (p=0.009).
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Table 4.2: Results of statistical tests between groups at the genus, species, and subspecies levels.
MANOVA results document statistical differences in adult morphology. Developmental trajectories
were tested for differences in both angle (pattern of shape change) and magnitude (amount of shape
change) using permutation tests with 1000 replicates. “Global” denotes results from all 148

landmarks; landmark subsets labeled either embryological (E) or functional (F) modules.

Angular
) Vector length
Adult Shape differences .
] differences between
Comparison groups by MANOVA between )
) ) ) ontogenetic
cranial modules (Wilks” A) ontogenetic

. . trajectories
trajectories

F-value | p-value | Angle p-value | Difference | p-value

Pan - Gorilla

Global 191.59 <0.0001 | 18.18° <0.001 | 0.00071 0.763
E | Basicranium 67.83 <0.0001 | 30.93° <0.001 | 0.00217 <0.001
E | Neurocranium 87.60 <0.0001 | 29.72° | <0.001 | 0.00291 0.124
E | Viscerocranium 182.76 | <0.0001 | 23.01° | <0.001 | 0.00139 0.357
F | Basicranium 52.11 <0.0001 | 35.77° | <0.001 | 0.00210 <0.001
F | Mastication 152.45 | <0.0001 | 16.53° | <0.001 | 0.00011 0.963
F | Nasal 84.05 <0.0001 | 60.05° <0.001 | 0.01053 <0.001
F | Cervical Musculature | 44.14 <0.0001 | 70.87° <0.001 | 0.00185 <0.001
F | Neurocranium 91.35 <0.0001 | 34.47° <0.001 | 0.00160 0.021
F | Orbit 8.52 <0.0001 | 39.51° <0.001 | 0.00060 0.375
F | Petrous 16.35 <0.0001 | 23.37° <0.001 | 0.00018 0.598
P. troglodytes — P. paniscus

Global 45.63 <0.0001 | 13.03° | <0.001 | 0.00132 0.354
E | Basicranium 14.02 <0.0001 | 32.30° <0.001 | 0.00034 0.326
E | Neurocranium 17.65 <0.0001 | 18.83° <0.001 | 0.00309 0.034
E | Viscerocranium 32.96 <0.0001 | 15.76° <0.001 | 0.00044 0.679
F | Basicranium 12.38 <0.0001 | 41.27° <0.001 | 0.00013 0.807
F | Mastication 29.84 <0.0001 | 14.25° <0.001 | 0.00088 0.550
F | Nasal 7.28 <0.0001 | 35.01° 0.030 0.00277 0.073
F | Cervical Musculature | 7.66 <0.0001 | 36.40° <0.001 | 0.00004 0.999
F | Neurocranium 11.90 <0.0001 | 22.19° 0.