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Abstract

Abstract

Locomotion is essential for survival in many taxa. It also varies greatly among
organisms, including primates. Studying locomotor diversity in extant and fossil primates
requires an understanding of form-function relationships. This is particularly true in the
foot and ankle, as the foot directly contacts the substrate and tarsals are well-represented
in the fossil record. Morphological differences alone provide limited aid when inferring
locomotion from fossil tarsals in the absence of in vivo biomechanical consideration. This
dissertation takes a three-step approach to analyze both in vivo rotations in the foot and
ankle as well as morphological variation in tarsal form in extant anthropoid primates and
Miocene hominoids and will provide important new data from a poorly understood

anatomical region.

The amount of talocrural, subtalar, and transverse tarsal rotations among the tibia,
calcaneus, and navicular were visualized and quantified during the gait cycles using
biplanar fluoroscopy and 3D scans of marked bones, a method known as x-ray
reconstruction of moving morphology (XROMM) in rhesus macaques (Macaca mulatta).
This study supported previous hypotheses that the midfoot break occurs distal to the
cuboid, demonstrated the predominance of plantarflexion/dorsiflexion at the talocrural
joint on a flat surface, quantified conjunct rotation at the subtalar joint, showed evidence

that the transverse tarsal joint does not function as a single joint complex.

Geometric morphometric techniques were used to describe and quantify shape
differences in isolated tarsals of extant anthropoid primates. PCA and M/ANOVA

analyses were run on a Procrustes-fit landmarks taken on broad range of anthropoid tali

XVi
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(n =241), calcanei (n = 230), cuboids (n = 282), and naviculars (n = 254). In addition to
the typical geometric morphometric techniques, the interlandmark distances that
accounted for the greatest amount of variation in this sample were isolated and plotted
against centroid size. Phylogenetically controlled generalized least squares analysis
revealed which of these measurements were related to locomotion. The relative
orientation of the posterior subtalar facet on the talus, talar neck length, calcaneal tuber
height, calcaneal anterior length, cuboid length, and navicular anteroposterior length were

the morphologies that best separated based on differences in locomotion.

The same landmarks were taken on 16 Miocene hominoid tarsals in order to infer
foot function based on tarsal form. The geometric morphometric technique of the extant
sample allowed for subsetted analyses for incomplete fossils. Early Miocene taxa
Ekembo, Proconsul, and Rangwapithecus shared common bony features that suggest that
they were generally above branch quadrupeds. Nacholapithecus showed a mixed or
varied locomotor behavior. Oreopithecus was shown to not be bipedal, as previously

hypothesized, but rather was suspensory.

This dissertation provided the first ever quantification of intertarsal and talocrural
rotations in anthropoid primate feet and ankles and an analysis of how rotations within
and among joints are related. It also provided a quantification of shape differences in
tarsals of extant anthropoid primates and fossil Miocene hominoids. Together, the in vivo
biomechanics and morphometrics provide insight into form function relationships as well

as a foundation for future studies of primate locomotor diversity.
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Chapter 1

Chapter 1: Introduction

Locomotion in Extant Anthropoid Primates

Anthropoid primates (Old World monkeys, New World monkeys, and apes)
display a diverse array of locomotor repertoires (Fleagle 1984; Hunt et al., 1996).
Understanding the evolution of this locomotor diversity is intertwined with understanding
the evolution of the clade, which involves reconstructing locomotor adaptations of fossil
taxa. Locomotion is one of the most important aspects of survival and it varies greatly
among taxa (Alexander, 1982; Biewener & Patek, 2018). As a result, understanding the
mechanisms and diversity of locomotion among living and fossil taxa has been one of the
largest research interests in biology (Muybridge, 1887; Alexander, 1982; Taylor et al.,
2010). The different ways in which organisms interact with their environment and how
that has changed over time with varying selective pressures on locomotion, especially in
our own evolutionary history and that of our closest living relatives is of particular
importance. The evolution of suspensory locomotion in anthropoid primates, as well as
the changing way in which primate taxa interact with their environment are of particular
interest in the primate fossil record. Because many fossil hominoids have no living
analogs, reconstructing locomotor behavior requires careful consideration of the
functional anatomy of each joint complex (Rose, 1993). Sound locomotor reconstructions

are critical to interpreting many of the key transitions in hominoid evolutionary history,
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not the least of which is the evolution of suspensory locomotion in hominoids or

terrestrial bipedality in the hominin lineage.

Why the Foot?

Foot and ankle morphology are useful when interpreting locomotor repertoire in
fossil taxa, as feet interact directly with the substrate on which an animal is moving
(Vereecke et al., 2005a; Boyer et al., 2013). The orientation and shape of joints are
hypothesized to reflect possible movements of the foot and, therefore, how the foot was
used (Langdon, 1986). The foot is a complex structure that consists of seven tarsals, five
metatarsals, and fourteen phalanges (Figure 1). Despite its importance to locomotion and
perhaps due to its complexity, the foot is often understudied, particularly the tarsals
(McNutt, 2018). A thorough analysis of tarsal morphology is sorely needed. Not only
would such an analysis demonstrate how foot bone morphology reflects locomotion in
extant primates, but it would allow us to interpret many tarsal bones known from fossil
hominoids and would therefore improve our interpretation of the locomotor repertoires of
these fossil taxa (McNutt et al., 2018). A more accurate understanding of the relationship
between tarsal form and locomotor behavior is especially important, because tarsal bones
are commonly-preserved in the primate fossil record. However, their functional
morphology is not well understood in extinct taxa because there are few validated

biomechanical models on which to base locomotor interpretations.

Intertarsal Joint Movements
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Movements at the intertarsal joints (Figure 2) are hypothesized to vary among
anthropoids to reflect their suspensory, quadrupedal, arboreal and/or terrestrial locomotor
specializations (Gebo, 1989). Below branch suspensory locomotion is hypothesized to be
facilitated by more intertarsal mobility (Close et al., 1967), leading to more inversion
(facing the sole of the foot medially, Figure 3) than during terrestrial locomotion
(Holowka et al., 2017). The subtalar and transverse tarsal joints of the foot, which are
comprised of the talus, calcaneus, cuboid, and navicular (Figure 2; Figure 4) are thought
to be primarily responsible for inversion, eversion (Figure 3), and midfoot flexibility
associated with suspensory locomotion (Manter, 1941; Close et al., 1967; Holowka et al.,

2017).

To date, however, we do not fully understand the precise movements that occur at
these joints during a stride cycle and how these movements differ among individuals and
among taxa. This deficit is partially due to the difficulty in quantifying tarsal movements
and relative positions during locomotion to relate this information to bone morphology.
By evaluating morphological variation among anthropoids at these intertarsal joints and
using in vivo data to quantify joint rotation, we can understand the foot as a functional
unit and unite form and function to fossils. Comparative studies are limited in their utility
without testing the functional models on which these inferences are based. This
dissertation aims to study both morphology and in vivo locomotion in extant anthropoids
to provide a validated basis for making inferences about the positional repertoire of fossil

taxa.
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Tarsal Functional Morphology in Extant Anthropoid Primates

By far, the most thoroughly-studied primate locomotion is that of modern
humans. Although human locomotion differs significantly from non-human primate
locomotion, movements at the ankle and intertarsal joints are best understood in Homo

sapiens.

Talocrural Joint

The talocrural joint, or the joint between the tibia/fibula and the talus (Figure 2) is
primarily responsible for plantarflexion and dorsiflexion (Figure 3) but also is thought to
experience some inversion and eversion (Figure 3) (Wright et al., 1964; Rasmussen &
Tovborg-Jenson, 1982; Rome, 1996; Youlatos & Koufos, 2010). In humans, the distal
tibia articulates with a relatively flat proximal talar surface, making the long axis of the
leg orthogonal to the transverse axis of the foot (Latimer et al., 1987) (Figure 5).
Engsberg and Andrews (1987) and Latimer and colleagues (1987) postulated that this
roughly orthogonal articulation results in the predominant motion at the talocrural joint to
be plantarflexion and dorsiflexion in humans. Engsberg and Andrews (1987) further
hypothesized that the predominantly sagittal motion at this joint is beneficial for human
bipedal locomotion, where deviation from sagittal movements results in a loss of
propulsive efficiency and increases the risk of injury, so much so that excessive
mediolateral movement or hyperpronation (the combination of eversion and dorsiflexion,
in excess) at this joint is often corrected in shod populations through corrective orthotics.
Lewis (1980a) described the proximal articular surface on the talus as convex and broad

(Figure 6) and that it forms a trochlea with a shallow depression between the two
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trochlear rims (Figure 6). The proximal trochlear surface is continuous with the medial
and lateral malleolar surface for the medial tibial malleolus and lateral fibular malleolus,
respectively (Figure 7). Latimer et al. (1987) measured 35° to 60° of excursion between
extreme plantarflexion and dorsiflexion in a sample of 40 modern humans using an
osteological sample, although previous studies have reported wider ranges of dorsiflexion
from 10° to 51° and plantarflexion from 15° to 56° (see Rasmussen & Tovborg-Jenson,
1982). Wan and colleagues (2006) found that due to the curved shape of the talar trochlea
(Figure 6) and the flat distal tibial articular surface, less than 50% of the articular
cartilage of the talus is in contact with the tibia, yet noted that the joint transmits ground
reaction forces between two to three times the body weight during locomotion. Motions

at this joint establish foot position and it is therefore key during locomotion.

Subtalar Joint

The subtalar joint (Figure 2) is between the talus and calcaneus (Figure 4) (Netter,
2010). Researchers (e.g., Close et al., 1967; Engsberg & Andrews, 1987; Riegger, 1988;
Sarrafian, 1993; Leardini et al., 2001) that have studied the subtalar joint have noted that
unlike the other joints discussed in this dissertation, the subtalar joint has three
articulations between the talus and calcaneus: the anterior, middle, and posterior subtalar
joints (Figure 8). These joints, however, are often considered to function together,
partially due to the interlocking nature of the talus and calcaneus, particularly by
clinicians due to the similarities of the motions that occur at these joints (Rockar, 1995).
The posterior articulation between the talus and calcaneus is concave on the talar body

and convex on the calcaneal body (Figure 2; Figure 8). The middle subtalar articulation
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occurs between the talar neck and the sustentaculum tali, whereas the anterior subtalar
joint is located distally (Figure 8), between the inferior aspect of the talar head and the
medial aspect of the superior surface of the distal end of the calcaneus (Riegger, 1988;
Rockar, 1995). As a result of the multifaceted articulations, motions at the subtalar joint
do not strictly align with any cardinal body plane and has been described as “triplanar”
(Rockar, 1995), “screw-like” (Manter, 1941), or “about an oblique compromise axis”
(Lewis, 1980). The complex motions at this joint have led some, such as Conoy and
colleagues (1983) and Parr and colleagues (2012) to consider it an important joint to
study when considering substrate use and locomotor differences among animals,

particularly primates.

Transverse Tarsal Joint

The transverse tarsal joint complex consists of the talonavicular and
calcaneocuboid joints (Figure 2), yet are often considered one joint complex due to their
coplanar location and the assumption that they move in conjunction with each other
(Manter, 1941; Bojsen-Maller, 1979; Lewis, 1980; Riegger, 1988; Cornwall, 2002).
Unlike the functional grouping of the subtalar articulations, however, this joint complex
consists of two separate joints that are located between two independent pairs of bones
(Figure 2), rather than multiple articulations between two bones (Netter, 2010). The
talonavicular joint (Figure 2) is the articulation between the distal end of the head of the
talus and the cup-like articulation of the proximal navicular (Figure 9) (Manter, 1941).
The calcaneocuboid joint (Figure 2) in humans has been described as “mildly saddle

shaped” (Prang, 2016), or “as a sector of one end of an hour-glass shaped surface”
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(Bojsen-Mgiller, 1979). The surfaces of the joint are highly congruent, with a proximal
cuboid bony protrusion articulating with a depression in the distal calcaneus (Figure 10).
In humans, the transverse tarsal joint, and midfoot in general, are thought to be more stiff
in order to increase propulsive efficiency during bipedal locomotion (Elfman & Manter,
1935; Riegger, 1988; DeSilva, 2010; Prang, 2016). Gomberg (1985) has hypothesized
that movements at this joint are minimized in order to turn the human foot into a lever
during the second half of stance phase. Gomberg (1985) describes motions at the
transverse tarsal joint during stance phase in human locomotion: due to the transverse
arch, when the foot flattens on the ground, the navicular rotates counterclockwise, while
the cuboid rotates clockwise, resulting in opposing rotations at the talonavicular and
calcaneocuboid joints. The importance of midfoot stability in humans during bipedal
locomotion as well as the midfoot mobility in nonhuman primates (discussed below)
make the transverse tarsal joint an important joint complex to investigate further.
Human tarsals are thought to be highly specialized among primates for bipedal
locomotion (Elfman & Manter, 1935; Harcourt-Smith & Aiello, 2004; McNutt et al.,
2018), and similar degrees of specialization related to locomotion are evident in tarsals
across many taxa, including bovids. Bovid limb posture differs markedly from primate
limb posture in that bovids are unguligrade, meaning they walk on their toes and their
metapodials have become relatively elongated (Gregory, 1912; Webb et al., 1977,
Theodor, 2001). Bovid astragalar motion is largely constrained to the sagittal plane,
reducing eversion and inversion during locomotion (Barr, 2014). This morphological
constraint reflects their predominantly cursorial locomotor behavior (Barr, 2014). Bovids

also serve as an example of how tarsal morphology has been used to reconstruct
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locomotor differences using differing morphologies on isolated bones. Despite the fact
that relatively little movement occurs at the intertarsal joints due to this unique limb
posture, bovid tarsals are commonly studied for differences among taxa that move
differently (Barr, 2014). Part of their utility is the ability to infer habitat preference from
astragalar morphology (Barr, 2014). Bovids that live in open environments rely on
cursorial abilities to avoid and evade predators, whereas bovids that live in forested
environments have few cursorial needs and therefore display greater ability to walk on
variable substrates (Kappelman, 1988; Barr, 2014). Barr (2014) found that cursorial
bovids display shorter astragali for faster plantarflexion during rapid movement on open
land whereas bovids who live in more forested areas display a longer astragalus to
increase power during plantarflexion. Cursorial taxa exhibit greater range of angular
excursion to increase stride length and have a larger articular surface area on the proximal
trochlea to dissipate loads associated with consistent fast running (Barr, 2014).
Morphological distinctions such as these among bovid substrate uses displays the utility
in analyzing gross shape differences among taxa that move in different manners. These
morphological differences can then be used to reconstruct both the locomotion of extinct

bovids in the fossil record and aid in paleoenvironmental reconstructions.

Nonhuman Primate Tarsal Morphological Variation

Outside of humans, primate tarsal morphological variation and how it may relate to
locomotor biomechanics is less well-known. Much like how many of the adaptations in
human tarsals are thought to facilitate bipedal locomotion in humans and bovid astragali

are used to infer locomotor type and environmental preference, tarsal morphology is
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thought to reflect how animals negotiate variable substrates across nonhuman primates
(Gebo, 1986, 1989; Strasser, 1988; MacLatchy et al., 2000; DeSilva, 2009; Boyer et al.,
2013). Taxa with different locomotor emphases are expected to vary in pedal functional
morphology (Prost, 1965; Ripley, 1967; Walker, 1974; Dagosto & Gebo, 1998; Byron &
Covert, 2004; Holowka et al., 2017). Moving on terminal branches, climbing, and
suspensory activities require strong grasping, which in turn involve midfoot flexibility,
especially during flexion and inversion (Grand, 1968; Gebo, 1993). Grasping also
requires inverted foot postures and increased ranges of motion during inversion and
eversion for positioning the foot on variably-oriented and curved substrates (Cartmill,
1974; Langdon, 1986). In contrast, quadrupeds that mainly travel on large-diameter
branches or on the ground rely more heavily on effective, lever-like pedal propulsion
(Cartmill, 1974), likely related to restricted midfoot flexibility, diminished hallucal
prehensile grasp, and tarsal morphology well-suited for longitudinal rather than
transverse stresses (Langdon, 1986; Gebo, 1993). To date these hypotheses have not been
tested in vivo and are based on functional inferences rather than actual locomotion in
nonhuman primates. The primate taxa included in this study and their phylogenetic
relationships are presented in Figure 11.

Interspecific differences in tarsal position and movement related to grasping and
inversion is hypothesized to be evident in the talocrural, subtalar, and transverse tarsal

joints (Figure 2).

Primate Comparative Anatomy in the Talocrural Joint
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Talocrural joint morphology has been found to differ among taxa with different
substrate preferences (Simons et al., 2019). Sondaar and Van der Geer (2002)
hypothesized that trapezoidal talar trochleae are related to midfoot flexibility and pedal
prehension. They explained that more wedged trochleae allow for more mediolateral
movements when the foot is in a plantarflexed position due to the tapering of the talar
trochlea posteriorly (Figure 12). The trapezoidal shape of the wedged trochleae allows for
adduction and abduction of the foot in plantarflexion (Sondaar and Van der Geer, 2002).
The authors note, however, that this morphology leads to instability at the ankle during
plantarflexion, which is why they hypothesized that quadrupedal taxa that require
stability during plantarflexion possess less wedged, more rectangular trochleae (Figure
12).

Asymmetrical trochlear crests are also thought to reflect habitually inverted foot
postures (Figure 13) (Latimer et al., 1987; Dunn et al., 2014; Knigge et al., 2015). As
demonstrated by Dunn and colleagues (2014) in gorilla tali, the degree of asymmetry of
the talar trochleae was greater in lowland gorillas, which exhibit more arboreal behaviors
than their more terrestrial highland counterparts. The authors attribute the difference in
morphology to increased foot and ankle inversion in the gorillas that climb more to
decrease shearing stresses on the talocrural joint (Dunn et al., 2014), though Strasser
(1988) noted that asymmetrical trochleae are also seen in terrestrial cercopithecoids and
therefore this pattern requires further study across taxa (Gebo, 1989). In general,
terrestrial or leaping taxa are reported to have higher, broader, minimally-wedged
trochleae to ensure increased stability during plantarflexion (Langdon, 1986; Strasser,

1988; Gebo et al, 2001; Turley & Frost 2013).
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Primate Comparative Anatomy in the Subtalar Joint

The subtalar joint, as previously discussed, is a complex joint with non-sagittal
movements that is hypothesized to vary among taxa that locomote differently. Langdon
(1986) hypothesized that the long axis of posterior subtalar articulation is more
perpendicular to the long axis of the foot in suspensory anthropoid taxa to facilitate a
greater degree of rotation at the joint in a transverse plane (Lewis, 1980). The subtalar
joint is also hypothesized to be more mediolaterally curved (referred to as L-shaped in
Lewis (1980); Figure 14) to allow for more rotation of the talus relative to the calcaneus
in more foot postures in suspensory taxa to facilitate transverse rotation of the foot
(Lewis, 1980; Langdon, 1986). Most inversion and eversion occurs at the subtalar and
transverse tarsal joints, though how much and when in the gait cycle the most inversion
and eversion occur requires further in vivo study as well as a broad comparative analysis
of the morphology at these joints (Manter, 1941; Wright et al., 1964; Close et al., 1967;

Lewis, 1980; Sarrafian, 1993).

Primate Comparative Anatomy in the Transverse Tarsal Joint

Both joints that comprise the transverse tarsal joint (i.e., the calcaneocuboid and
talonavicular joints) are described as becoming close-packed in extension for stability,
particularly in taxa that require more foot propulsion than mobility (Gebo & Schwartz,
2006). The peg-and-socket morphology of the calcaneocuboid joint (Figure 15), wherein
the projection of the proximal cuboid that fits into the depression of the distal calcaneus,
is hypothesized to allow for increased mobility without dislocation during extreme

inversion while grasping small branches (Bojsen-Mgller, 1979; Rose, 1986; Gebo, 1993).
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The amount of movement that occurs at this joint during locomotion has not been
quantified. Movement at the talonavicular joint, however, is hypothesized by Prang
(2016) to be more restricted in terrestrial taxa than in suspensory taxa, but this has not
been thoroughly explored across anthropoids with different locomotor types. The role of
both joint complexes in producing foot inversion and eversion, as well as how much and
when in the gait cycle the most inversion and eversion occur and to what degree these
joints work as one joint complex all requires further in vivo study in addition to a broad
comparative analysis of the morphology at these joints (Manter, 1941; Wright et al.,

1964; Close et al., 1967; Lewis, 1980).

Reconstructions of Miocene Hominoid Locomotion

Elucidating tarsal functional morphology will provide crucial information for
locomotor reconstructions of fossil taxa, particularly Miocene hominoids. Tarsals are
frequently preserved in the Miocene hominoid fossil record, when early hominoid
locomotor diversity could be explored, but most Miocene hominoid taxa exhibit a
combination of bony morphologies not seen in extant taxa, confounding inferences about
their locomotor adaptations (Rose, 1993, 1994; Ward, 1998); additionally, some tarsals
are often found in isolation. For these reasons, it is necessary to carefully consider the
functional implications of morphological variation among extant and fossil taxa to
provide accurate locomotor reconstructions for these specimens and the evolution of
body form and locomotor adaptation in the fossil specimens that include preserved tarsal

elements.
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Ekembo heseloni and Ekembo nyanzae

The best represented genus in the Early Miocene is Ekembo (20-17 Ma) from
Kenya (McNulty et al., 2015; Figure 16). These species appear broadly similar
postcranially (Rose, 1994), although they differ in body size, with E. heseloni estimated
to have weighed roughly 10.9 kg and E. nyanzae up to 36 kg (Rafferty et al., 1995).
Ekembo nyanzae and E. heseloni had a roughly even intermembral index (i.e., the arms
and legs were more even than in suspensory primates), similar to those of a macaque
(Figure 16) (Rose, 1994; Dunsworth, 2006), a long, flexible spine (Ward, 1993) and
narrow pelvis, though with laterally facing ilia (Ward, 1993). Ward (1993) implies that
these morphologies are indicative of a narrow thoracic cage, similar to extant above
branch quadrupedal monkeys, even though it lacked a tail (Ward et al., 1991). Unlike
extant apes, Ekembo displays bony contact between ulna and wrist (Beard et al., 1986;
Ward, 2007), suggesting at least some quadrupedal behavior. Ekembo is interpreted as a
pronograde quadruped, however, Rose (1993) points out that the humeral trochlea is
neither strongly spool shaped like an extant hominoid nor cylindrical like an extant
monkey. Additionally, the ulnar olecranon process is retroflexed (Rose, 1993), indicating
loading similar to that in arboreal quadrupeds. This led Rose (1993) to conclude that the
elbow of Ekembo appears to be that of a quadruped that is also adapted for loading in a
wide range of postures. This locomotor repertoire is unlike that of any living primate,
suggesting a more varied locomotor mode including clambering over multiple supports
(Beard et al., 1993; Rose, 1994; McNulty et al., 2015). Fortunately, multiple tarsal
elements, including a calcaneus from E. heseloni (Figure 17) and a talus (Figure 18) and

two calcanei (Figures 19-20) from E. nyanzae are preserved, which could elucidate the
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locomotor behaviors of this genus (DeSilva, 2008), but these pedal specimens have not

been analyzed in detail (Dunsworth, 2006).

Proconsul major

Another basal hominoid from the Miocene is Proconsul major, known from about
20 Ma in Kenya (McNulty et al., 2015). This taxon is mainly represented by cranial
material (Figure 21) (Rafferty et al., 1995; Kelley, 1997; Hill et al., 2013); however, it
also has a preserved calcaneus (Figure 22) and talus (Figure 23) (Lewis, 1980b).
Previously grouped with the two Ekembo species, Proconsul major was estimated to be
around 75 kg (Rafferty et al., 1995). P. major tali and calcanei have been reconstructed as
similar to Ekembo skeletally (Leakey et al., 1988; Ward, 1998). In fact, the two genera
were previously assigned to the same genus, but dietary, ecological, and morphological
differences between the specimens found at the two sites have led to the differentiation of
Proconsul and Ekembo (McNulty et al., 2015). In light of this split into two genera, the

grouping of locomotor adaptations warrants reevaluation.

Rangwapithecus gordoni

Rangwapithecus gordoni (Figure 24) is another early Miocene hominoid that has
an associated calcaneus (Figure 25) and talus (Figure 26) (C. Ward, 1997). This specimen
appears to have had a flatter, more wedge-shaped talar trochlea and a flatter anterior talar
facet on the calcaneus (DeSilva, 2008), suggesting that it may have engaged in vertical

climbing and a more varied locomotor repertoire than Ekembo or Proconsul, but more
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broad comparisons of R. gordoni with both extant anthropoid primates as well as other

Miocene hominoids is required.

Nacholapithecus kerioi

The middle Miocene is hypothesized to contain more locomotor diversity among
hominoids than the early Miocene based on the fossils from this time period (Benefit &
McCrossin, 1995). Nacholapithecus kerioi (Figure 27) is known from a partial skeleton
that dates to 15 Ma from Kenya (Ishida et al., 1999, 2004). Torso structure for
Nacholapithecus is inferred to be long, narrow, and monkey-like, as in Ekembo, with six
lumbar vertebrae and no tail, but its limbs differ from both Ekembo and extant arboreal
quadrupeds (Nakatsukasa et al., 1998; Ishida et al., 1999, 2004; Ward, 2007). The
forelimbs are longer than the hind limbs (Figure 27), and the shoulder joint appears to
better facilitate abduction related to suspensory locomotion compared to extant monkeys
(Nakatsukasa et al., 1998; Ward, 2007). The elbow indicates that N. kerioi engaged in
forelimb-dominated climbing, but Nakatsukasa and Kunimatsu (2009) argue that the
phalanges lack specializations for climbing, such as “pronounced shaft curvature, strong
flexor sheath ridges, deep trochlear groove, proximally oriented proximal articular
surface of the proximal phalanx (p. 111). The combination of monkey-like morphology
with relatively large upper limbs is not known from any extant primate, therefore no
extant model can be used to interpret the locomotion of N. kerioi. The skeleton, however,
preserves a damaged talus and calcaneus (Figure 28), which can inform its unusual
locomotor morphology and function based on whether its foot was more capable of

strong pedal grasping and varied foot postures.
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Oreopithecus bambolii

From the late Miocene, Oreopithecus bambolii (Gervais, 1872) is dated to 9-7
Mya (Kdhler & Moya-Sola, 1997) from Italy and is known from a crushed partial
skeleton (Figure 29), as well as from many other isolated postcranial elements (Harrison,
1986; Sarmiento, 1987; Rook et al., 1999). It has a high intermembral index like that of
Pongo and Pan, a short pelvis, a reduced lumbar region (Straus, 1963; Russo & Shapiro,
2013). Notably, Oreopithecus has short phalanges compared to extant nonhuman apes
(Kohler & Moya-Sola, 1997). Some (Kohler & Moya-Sola, 1997; Rook et al., 1999) have
postulated that Oreopithecus was not ape-like in its locomotion, but rather engaged in
bipedality, with evidence of lumbar lordosis, a short ischium, a hominin-like diaphyseal
angle of the femur, short phalanges, and a foot that has a medially oriented line of
leverage as human-like foot proportions; however, a thorough analysis of tarsals could
provide a biomechanically-based reconstruction of its locomotion (McNultt et al., 2018).
Oreopithecus preserves two calcanei, (Figures 30-31), two tali (Figures 32-33), two
cuboids (Figures 34-35), and a navicular (Figure 36).

None of these taxa resembles extant hominoids in all ways, making locomotor
reconstructions using analogies difficult. This, in turn, confounds the ability of
researchers to reconstruct the locomotor evolution leading to extant apes and hominins.
Although Miocene hominoid phylogeny is largely unresolved, the hypothesized
phylogenetic positions of the taxa discussed above are presented in Figure 37. Given that
several taxa are known postcranially only from tarsal bones, being able to use these to
make accurate inferences about their locomotor adaptations is particularly important,

which could inform the evolution of locomotion in Miocene hominoids. The research
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proposed here will provide a validated framework with which to interpret these fossil foot
bones by quantifying how tarsal morphology affects and reflects foot use during in vivo

locomotion and characterizing variation in tarsal morphology in extant hominoids in 3D.

Visualizing and Quantifying Motion of Intertarsal Joints

Foot bone functional anatomy and tarsal mobility have been assessed to some
extent using different methods, although few of these methods have been able to visualize
and quantify motion and posture of the individual pedal elements during locomotion in
vivo. External markers on the foot have been used to study movements in the feet of
humans (Leardini et al., 1999, 2007; Hunt et al., 2001; DeSilva, 2008); macaques, and
mandrills (DeSilva, 2008); and chimpanzees (DeSilva, 2008; Holowka et al., 2017).
External markers allow researchers to track the location of bony morphologies using
markers placed on the skin and allow for non-invasive observation of movements in vivo,
but do not always capture motions such as those at intertarsal joints because these
movements are subtle and the skin surrounding these joints do not adhere to the bones
well enough to reflect their movements (Cornwall, 2002). Studies based solely on
cadaveric or anesthetized specimens (Morton, 1922; Langdon, 1986; Hintermann et al.,
1994; Hamel et al., 2004; Holowka & O’Neill, 2013; Greiner & Ball, 2014; DeSilva et
al., 2015; Agoada & Kramer, 2019) can offer more precise bony morphology
visualization than external markers, since the bones themselves can be visualized, but
then do not account for active muscle contraction and natural gait kinematics that occur

in vivo. Cineradiography can assess motion between tarsals in vivo (Thompson et al.,
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2014a; Hesse et al., 2015), but limits the ability to quantify motions not restricted to one

plane.

X-ray Reconstruction of Moving Morphology (XROMM)

This dissertation will employ x-ray reconstruction of moving morphology
(XROMM) to visualize the posture and movement of tarsal bones in live primates
moving on different substrates. XROMM is a relatively new, validated technique in the
field of vertebrate functional morphology for studying in vivo movements of bones that
cannot be visualized externally (Brainerd et al., 2010; Gatesy et al., 2010). XROMM uses
biplanar fluoroscopy in combination with CT scans of the same individual to track
complex, 3D movements in live specimens (Figure 38) and has allowed for the successful
visualization and analysis of an array of behaviors that are otherwise difficult or
impossible to visualize and quantify in vivo in taxa such as frogs (Astley & Roberts,
2012), alligators (Baier & Gatesy, 2013), chukars (Baier et al., 2013), carp (Gidmark et
al., 2013, 2014), bass (Camp & Brainerd, 2015), guineafowl (Kambic et al., 2015), pigs
(Menegaz et al., 2015), rats (Bonnan et al., 2016), iguanas (Brainerd et al., 2016), and
macaques (Orsbon et al., 2018). Marker-based XROMM uses tantalum beads, which are
surgically embedded into the specimen’s bones, to track the 3D movements of each rigid
body while the animal is moving. The 3D positions of the markers are then aligned with a
CT rendering of the same bone in order to calculate the movements between elements
(Brainerd et al., 2010).

Marker-based 3D XROMM of macaques during locomotion has never been

conducted. Two-dimensional variations of this approach have been used by employing
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standard plain film radiography or uniplanar cineradiography to assess hip and transverse
tarsal kinematics in humans (Jenkins, 1972; Thompson et al., 2014b) and cotton-top
tamarins (Hesse et al., 2015). Lundberg (1989) employed a 3D variant in vivo in humans,
where tantalum markers were placed in live human legs and feet and subjects were asked
to stand in different postures while two x-rays were taken at right angles to each other at
every 10 degrees of rotation (Lundberg, 1989; Lundberg et al., 1989), but this did not
track continuous movement.

XROMM is ideal for studying foot bones because it allows the position and
movement of each bone to be visualized during gait. Foot bones are small and
complicated in shape, and their motions are not restricted to cardinal planes (Inman,
1976; Lundberg, 1989). Thus, their movement and relative positions cannot be fully
evaluated in two dimensions, nor from observing external markers associated with the
bones. XROMM allows one to visualize, track, and quantify in vivo functionally relevant
motions among these small bones, which is necessary to accurately capture how tarsal
bones permit and reflect foot postures during locomotion. In vivo data provide a
necessary test of the models of foot function underlying comparative analyses. However,
because of the limited opportunities to visualize and quantify movement of the bones of
the foot in live animals, a broader comparative sample is needed. The combination of the
quantification of in vivo movements and a study of the morphological variation of tarsals
allows us to test hypothesized form-function relationships in a wide array of taxa. By
combining in vivo and comparative approaches, this study provides an informed context

into which observed morphological variation among extant anthropoids can be placed,
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and can provide a basis for using tarsal morphology to reconstruct foot function in extinct
taxa.

This dissertation takes a three-step, novel approach to test the functional models
upon which comparative inferences are made by combining osteological morphometric
and in vivo locomotor data applied to the fossil record and will provide important new
data from a poorly understood anatomical region. This project uses biomechanically-
informed models of locomotion validated using experimental data in extant primates in
conjunction with morphometric data from a broad sample of extant taxa.

The goals of this dissertation are: 1) to quantify motions at the intertarsal and
talocrural joints; 2) to identify aspects of morphology that differ among extant primate
taxa that differ in size, phylogeny, and locomotion; and 3) to infer locomotor repertoires
of Miocene fossil hominoids based on tarsal morphology. This research explores form-
function relationships in the foot and ankle and provide the ability to make informed
reconstructions about foot function in Miocene fossil hominoids, including the basal
hominoids Proconsul major, Ekembo nyanzae, Ekembo heseloni, Rangwapithecus
gordoni; middle Miocene taxa Nacholapithecus kerioi and later Miocene Oreopithecus
bambolii. These results will also provide a basis for analyzing other fossil anthropoid
tarsal elements as well as non-anthropoid morphology in the future.

The following three chapters of this dissertation assess form function relationships

in the foot and ankle through the following aims:
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Aim 1: Use x-ray reconstruction of moving morphology (XROMM) to visualize and
quantify relative motion and position of the tibia, talus, calcaneus, navicular, and cuboid

in vivo during locomotion in Macaca mulatta.

Aim 2: Quantify the shape of the calcaneus, talus, cuboid, and navicular in a broad
sample of anthropoid primates to identify osteological correlates of posture and motion at

the talocrural, subtalar, and transverse tarsal joints.

Aim 3: Use the osteological correlates of tarsal posture and motion determined by
combining results of Aims 1 and 2 to interpret Miocene hominoid tarsals and to

reconstruct foot use during locomotion.
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Figures and Tables for Chapter 1
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Figure 1: Articulated human (Homo sapiens) foot (lateral view). Figure modified from

Netter (2010).
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Figure 2: Joints and bones of interest for this study. Anterior (A), medial (B), and lateral

(C) views of the tibia (blue), talus (teal), calcaneus (green), navicular (red), cuboid

(yellow), and MT4/MTS5 (purple) of Macaca mulatta. Joints of interest are: talocrural

(bluefteal; insets Ai, Ci), subtalar (teal/green; inset Ciii), talonavicular (teal/red; insets

Aii, Bi, Bii), calcaneocuboid (green/yellow; insets Aiii, Civ), and cuboid/MT5

(yellow/purple; insets Aiv, Cii).
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Dorsiflexion

4%

Eversion

Plantarflexion

Figure 3: Movements of the foot. Diagram shows movements of the foot discussed in this

dissertation. Figures modified from Antranik.org.
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Figure 4. Left: Isolated calcanei, tali, cuboids, and naviculars from Macaca, Pan, and Homo. Right: articulated calcaneus, talus, cuboid, and
navicular in Macaca, Pan, and Homo. Dorsal view is in the left column, lateral view is in the right column. Isolated calcanei have been scaled by

calcaneal length, tali by talar length, cuboids by cuboid length, and naviculars by navicular width.
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Figure 5: Talocrural joint in Homo sapiens, showing the roughly orthogonal human
talocrural joint (left) in comparison to a pongid talocrural joint (right), which has a more

inverted foot set. Figure modified from Latimer et al., 1987.
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Figure 6: Morphological features of the primate talar trochlea. Left: Talar trochlear
articular surface (posterior view, Cercopithecus ascanius) showing the trochlear groove.
Middle: Talar trochlear articular surface (dorsal view). Right: Lateral view of the talus,

showing the convexity of the talar trochlea.

Dorsal Dorsal

Plantar

Plantar

Figure 7: Medial (left, red) and lateral (right, green) malleolar articular surfaces on the

talus (Cercopithecus ascanius shown as example here).
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Calcaneus Talus

Medial ' i ‘ -

Figure 8: Subtalar articulations on the calcaneus (left, dorsal view) and talus (right,
plantar view). Posterior subtalar articular surface colored in red, middle subtalar articular
surface in green, anterior subtalar articular surface colored in blue. Shown here in

Cercopithecus ascanius specimens.

Dorsal Dorsal
Plantar Plantar

Figure 9: Talonavicular articulations on the talus (left, distal view) and navicular (right,
proximal view). Articular surface highlighted in red on both surfaces. Shown here in

Cercopithecus ascanius.
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Proximal
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Figure 10: Calcaneocuboid joint articulations on the calcaneus (left, distal view) and
cuboid (right, proximal view). Articular surface highlighted in red on both surfaces.

Shown here in Cercopithecus ascanius.
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Figure 11: Phylogenetic relationships of the extant sample of anthropoid primates used in
this study. Tree modified from 10k Trees (Arnold et al., 2010). Branches are colored by
Taxonomic Group, identified in the key. Locomotor category is indicated by a black

sguare non-suspensory) or hollow circle (suspensory).
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Medial
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Figure 12: Examples of A) a trapezoidal talar trochlea (Hylobates klossi), which tapers

posteriorly versus B) a more rectangular talar trochlea (Cercopithecus mitis). Note:

models are scaled to each other by talar length. Both tali are in dorsal views.
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Dorsal Dorsal

Medial Lateral Medial Lateral

A Plantar B Plantar

Figure 13: Examples of A) high and asymmetrical talar trochlear crests (Cercopithecus
mitis) versus B) symmetrical trochlear crests (Pan troglodytes). Note: models are scaled
to each other by talar height and are positioned to demonstrate trochlear asymmetry, not

anatomical orientation. Both tali are in caudal views.
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Lateral |Medial Lateral

Figure 14: Example of variation in the morphology of the subtalar articular surface in
Cercopithecus alborgularis (left) and Pan troglodytes (right), which is hypothesized to
differ between suspensory and non-suspensory taxa. Left tali were scaled to the same
length, and thus do not reflect actual talar size relative to each other. Both tali are in

plantar views.
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A

Figure 15: Examples of A) prominent peg and socket morphology at the calcaneocuboid
joint (Pongo pygmaeus, plantar view, arrow indicates proximal bony protuberance)
versus B) a more planar articulation at the calcaneocuboid joint (Trachypithecus cristatus
plantar view, arrow indicates proximal bony protuberance). Note: pictures are scaled to

each other by cuboid proximodistal length.
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Figure 16: Above: Composite Ekembo skeleton. Image from Ghedoghedo
https://commons.wikimedia.org/w/index.php?curid=26826777. Below: Isolated Ekembo

tarsals included in this analysis. All tarsals are in dorsal view.
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Figure 17: KNM-RU 2036 left calcaneus attributed to Ekembo heseloni. Top row views:

medial, proximal, plantar. Bottom row views: lateral, caudal, distal.
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Figure 18: KNM-RU 5872 left cuboid attributed to Ekembo nyanzae. Top row views: medial,

dorsal, plantar. Bottom row views: lateral, proximal, distal.
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Figure 19: KNM-MW 13142B right calcaneus attributed to Ekembo nyanzae. Top row views:

medial, proximal, plantar. Bottom row views: lateral, caudal, distal.
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Figure 20: KNM-RU 5872 left calcaneus attributed to Ekembo nyanzae. Top row views:

medial, proximal, plantar. Bottom row views: lateral, caudal, distal.

40



Chapter 1

KNM-SO 390 KNM-SO 389

Figure 21: Above: mandibles attributed to Proconsul major (occlusal view). Below:
Isolated calcaneus (left, dorsal view) and talus (right, dorsal view) attributed to Proconsul

major.
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Figure 22: KNM-SO 390 right calcaneus attributed to Proconsul major. Top row views:

medial, proximal, plantar. Bottom row views: lateral, caudal, distal.
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Figure 23: KNM-SO 389 right talus attributed to Proconsul major. Top row views: medial,

proximal, plantar. Bottom row views: lateral, caudal, distal.
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KNM-SO 427 KNM-SO 968

Figure 24: Above: Maxilla (KNM-SO 700, occlusal view), type specimen for
Rangwapithecus gordoni. Image modified from Puech (2018). Below: Calcaneus (left,

dorsal view) and talus (right, dorsal view) attributed to Rangwapithecus gordoni.
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Figure 25: KNM-SO 427 left calcaneus attributed to Rangwapithecus gordoni. Top row

views: medial, proximal, plantar. Bottom row views: lateral, caudal, distal.
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Figure 26: KNM-SO 968 right talus attributed to Rangwapithecus gordoni. Top row views:

medial, proximal, plantar. Bottom row views: lateral, caudal, distal.
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Figure 27: Above: Associated fossilized skeletal remains of Nacholapithecus kerioi

(KNM-BG 35250). Image taken from Ishida et al. (2004).

Below: Distal calcaneus (dorsal view) attributed to Nacholapithecus kerioi.
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Figure 28: KNM-BG 35250 right calcaneus attributed to Nacholapithecus kerioi. Top row

views: medial, proximal, plantar. Bottom row views: lateral, caudal, distal.
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B)
Figure 29: A) Fossilized partial skeleton of Oreopithecus bambolii (IGF 11778). Left
image is from https://commons.wikimedia.org/wiki/File:Oreopithecus_bambolii_1.JPG.
Right image is from Susman (2004). B) Isolated tarsals attributed to Oreopithecus
bambolii. Top row: cuboid (dorsal view), calcaneus (dorsal view); Bottom row: talus
(dorsal view), navicular (proximal view), calcaneus (dorsal view), talus (dorsal view),
cuboid (dorsal view).

49



Chapter 1

Figure 30: BA 155 left calcaneus attributed to Oreopithecus bambolii. Top row views:

medial, proximal, plantar. Bottom row views: lateral, caudal, distal.
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Figure 31: BA 79 left calcaneus attributed to Oreopithecus bambolii. Top row views: medial,

proximal, plantar. Bottom row views: lateral, caudal, distal.
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Figure 32: BA 79 left talus attributed to Oreopithecus bambolii. Top row views: medial,

proximal, plantar. Bottom row views: lateral, caudal, distal.
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Figure 33: BA 82 left talus attributed to Oreopithecus bambolii. Top row views: medial,

proximal, plantar. Bottom row views: lateral, caudal, distal.
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Figure 34: BA 158 right cuboid attributed to Oreopithecus bambolii. Top row views: medial,

dorsal, plantar. Bottom row views: lateral, proximal, distal.
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Figure 35: BA 83 right cuboid attributed to Oreopithecus bambolii. Top row views: medial,

dorsal, plantar. Bottom row views: lateral, proximal, distal.
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Figure 36: BA 79 left navicular attributed to Oreopithecus bambolii. Top row views: medial,

proximal, distal. Bottom row views: lateral, dorsal, plantar.
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Figure 37: Composite hypothesized phylogeny of fossil hominoids in relation to extant apes. Extant taxa are above the dotted line,
whereas fossil taxa are below the dotted line. Extant ape phylogeny is from Perelman et al. (2011). Proconsul and Ekembo phylogeny
based on Nengo et al. (2017) and Rasmussen et al. (2019). Nacholapithecus phylogeny based on Nengo et al. (2017). Rangwapithecus

phylogeny based on Nengo et al. (2017). Oreopithecus phylogenetic position based on Young & Maclatchy (2002) (yellow), Begun
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(2007) (blue), Thompson & Almécija (2017) (red and yellow), and Nengo et al. (2017) (red). Polytomy of early Miocene hominoids

(purple) is based on Ward (pers.comm.).



Chapter 1

Image

Image Intensifier
Intensifier

Posterior / Ny X"_'ay
. . Emitter

Anterior

Plantar

X-ray
Emitter

Figure 38: Schematic of XROMM setup. The animal walked between the x-ray emitters
and image intensifiers. Each emitter sends x-rays to the corresponding image intensifier

on the other side of the animal, producing two sets of 2D images.
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Chapter 2: X-ray reconstruction of moving morphology
(XROMM) of the talocrural, subtalar, calcaneocuboid, and

talonavicular joints in Macaca mulatta

Introduction:
Foot Functional Morphology in Anthropoid Primates

Inferring function from form is one of the most important endeavors in biological
anthropology, particularly in the interpretation of the fossil record (Morton, 1924; Lewis,
1980a; Langdon, 1986; Gebo, 2010). In order to associate in vivo movements with
morphological shape variation, one must first understand what motions occur at each
joint in question. Primates have a rich locomotor diversity in extant taxa—including such
disparate modes as above branch quadrupedalism and brachiation—with similar
hypothesized locomotor diversity in the fossil record that warrants further study (Oxnard,
1973; Fleagle, 1984; Gebo, 1986; Rose, 1993; Gebo, 2010). One method to study this
locomotor diversity in fossil specimens is to examine the joints of the feet. The bones and
joints of the feet are hypothesized to be especially adapted for a given type of locomotion
due to the direct interactions between the foot and the substrate (Morton, 1922; Langdon,
1986). In particular, the talocrural, subtalar, calcaneocuboid, and talonavicular joints
(Figure 1) are hypothesized to vary among anthropoids to reflect their suspensory,
quadrupedal, arboreal and/or terrestrial locomotor specializations (Lewis, 1980b; Latimer

etal., 1987).

60



Chapter 2

Tight pedal grasping during arboreal climbing and suspension has been
hypothesized to be facilitated by more mobility at the intertarsal joints, leading to more
inversion of the foot than during terrestrial locomotion (Close et al., 1967; Inman, 1976;
Gebo 2010; Chester et al., 2015; Holowka et al., 2017). Intraspecific differences in tarsal
position and movement related to grasping and inversion is predicted to be evident in the

talocrural, subtalar, and transverse tarsal joints (Lewis, 1980).

Intertarsal Joint Anatomy

Talocrural Joint

The talocrural joint (Figure 1), or the joint between the tibia/fibula and the talus
forms the ankle joint. This study focuses only on the articulation between the talus and
tibia. Though primarily responsible for flexion and extension in humans, the talocrural
joint also experiences inversion and eversion, particularly in arboreal primates (Wright et
al., 1964; Rome, 1996). Latimer et al. (1987) measured 35° to 60° of excursion between
extreme plantarflexion and dorsiflexion in a sample of 40 modern humans using an
osteological sample, although previous studies have reported wider ranges of dorsiflexion
from 10° to 51° and plantarflexion 15° to 56° in cadaveric amputated legs (Rasmussen &
Tovborg-Jenson, 1982). As noted by Metz-Schimmerl and colleagues (1994), however,
movements of the ankle are difficult to quantify, as many studies use passive range of
motion, which “are of questionable reliability” (p.443), or other studies are limited to two
dimensions and/or skin markers (Schimmerl et al., 1994). As a result, the range of motion
at the talocrural joint requires further study with more precise methods that quantify bony

movements rather than using soft tissue or cadaveric proxies.
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Subtalar Joint

The subtalar joint, between the talus and calcaneus (Figure 1), consists of the
anterior, middle, and posterior subtalar joints but is considered one joint functionally
(Lewis 1980; Close et al., 1967; Sarrafian, 1993) and are therefore grouped as one joint in
this study. Most inversion and eversion are thought to occur at the subtalar joint,
particularly during arboreal locomotion on small-diameter substrates that require tight
grasping (Lewis, 1980; Langdon, 1986). However, the degree of inversion/eversion
versus plantarflexion/dorsiflexion that occurs at this complex joint and how these two
motions occur in conjunction during a step require further in vivo study (Manter, 1941,
Wright et al., 1964; Close et al., 1967; Lewis, 1980; Sarrafian, 1993). In response to the
paucity of data on subtalar range of motion, Beimers and colleagues (2008) used CT
imaging to quantify bony movements between the talus and calcaneus. They noted that
the talus is particularly difficult to landmark externally and that the complexity of
subtalar joint morphology precluded in vivo data collection for their study (Beimers et al.,
2008). They instead placed subjects in a medical CT scanner with one foot affixed to a
footplate that positioned the foot in eight extreme positions to measure the subtalar
displacement between these foot postures (Beimers et al., 2008). They found 27°-50° of
rotation between the calcaneus and talus between extreme eversion to extreme inversion,

but noted the difficulty—and necessity—in quantifying these joints in vivo.

Transverse Tarsal Joint

The transverse tarsal joint complex consists of the calcaneocuboid and

talonavicular joints (Figure 1), but these two are often considered together as one joint
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complex (Manter, 1941; Bojsen-Mgller, 1979; Lewis, 1980; Langdon, 1986; Cornwall,
2002). Both joints are described as becoming close-packed in extension for stability,
particularly in taxa that require more foot propulsion than mobility (Gebo & Schwartz,
2006). However, the amount of plantarflexion, dorsiflexion, inversion, and eversion that
occur at the calcaneocuboid and talonavicular joints during in vivo locomotion has not
been quantified. The independence in movements, in magnitude, plane, or timing
between these two joints during locomotion could challenge the treatment of the

transverse tarsal joint as a functionally single joint complex.

The calcaneocuboid joint, the lateral portion of the transverse tarsal joint, is
hypothesized to be the location of the midtarsal break, the point where dorsiflexion of the
foot occurs during stance phase in non-human primates (Elftman & Manter, 1935). The
anatomical location of the midtarsal break, however, has been questioned due to
hypothesized inabilities of the calcaneocuboid to excurse to the degree that the primate
midfoot dorsiflexes during locomotion (D’ Aot et al., 2002). Instead, DeSilva (2010)
hypothesized that this dorsiflexion actually occurs between the cuboid and fifth
metatarsal (MT5). Using a combination of osteological and soft-tissue specimens,
radiographs, and externally-observed kinematics, DeSilva (2010) concluded that the
majority of midfoot dorsiflexion occurs distal to the cuboid. The use of in vivo
visualization and quantification of the calcaneocuboid and cuboid/MTS5 joints during
locomotion would support or refute the midtarsal/midfoot break hypothesis and
determine whether the calcaneocuboid joint is responsible for the majority of midfoot

dorsiflexion during late midstance.
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The talonavicular joint forms the medial half of the transverse tarsal joint, but
little is known about the rotations that occur at this joint during locomotion. Movement at
the talonavicular joint is hypothesized to be more restricted in terrestrial taxa than in
suspensory taxa, but this hypothesis has not been thoroughly explored across anthropoids
with different locomotor types (Langdon, 1986). The amount of inversion/eversion and
plantarflexion/dorsiflexion that occurs at this joint is unknown but is thought to be related
to movement at the calcaneocuboid joint, as both make up the transverse tarsal joint
(Lewis, 1980a). As with the subtalar joint, the role of both joints in producing foot
inversion and eversion, how much and when in the gait cycle the most inversion and
eversion occur, and to what degree these joints work as one joint complex all require

further in vivo study (Manter, 1941; Wright et al., 1964; Close et al., 1967; Lewis, 1980).

The motions at the calcaneocuboid and talonavicular, however, have also been
found to differ from each other. Gomberg (1985) has hypothesized that movements at this
joint are minimized to turn the human foot into a lever during the second half of stance
phase. Gomberg (1985) describes motions at the transverse tarsal joint during stance
phase in human locomotion: due to the transverse arch, when the foot flattens on the
ground, the navicular rotates counterclockwise, while the cuboid rotates clockwise,
resulting in opposing rotations at the talonavicular and calcaneocuboid joints. The
importance of midfoot stability in humans during bipedal locomotion as well as the
midfoot mobility in nonhuman primates make the transverse tarsal joint an important
joint complex to investigate further. Additionally, the magnitude of motion that occurs at
this supposed joint complex was studied in chimpanzees using cineradiography.

Thompson and colleagues (2014) found that in the sagittal plane, the talonavicular joint is

64



Chapter 2

more mobile than the calcaneocuboid joint, exhibiting over double the amount of

excursion (Thompson et al., 2014).

Evaluating Foot Function in Anthropoid Primates

Motion of intertarsal joints in nonhuman primates has traditionally been difficult
to evaluate in 3D (D’Aoft et al., 2002; DeSilva, 2008; Thompson et al., 2014), despite
this information forming the basis of functional models used in studies of primate feet. In
order to interpret isolated tarsal bones in the hominoid fossil record, where soft tissues
that inform range of motion are absent, we need to understand how the bones are moving
during locomotion and which aspects of bone morphology reflect that locomotion.
Although we cannot study in vivo locomotion in fossil taxa—or even in many extant taxa
in a laboratory setting—understanding the precise intertarsal rotations of available extant
primates will provide a better appreciation of in vivo kinematics, which can be integrated
with bone shape for a biomechanically-based interpretation of foot functional

morphology.

To date, foot bone functional anatomy and tarsal mobility have been assessed to
some extent using methods such as external markers, cadaveric range of motion, and
cineradiography. External markers on the foot or external observations of the ankle
(Leardini et al., 1999; Hunt et al., 2001; DeSilva, 2008; Channon et al., 2011; Leardini et
al., 2007; Griffin et al., 2015; Holowka et al., 2017) allow for non-invasive observation of
movements in vivo, thereby allowing for a sample of diverse taxa including endangered
great apes, but these methods do not always capture subtle motions of each bone, as the

bones are covered with soft tissue, limiting the ability to quantify bony movement at
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individual joints (Cornwall, 2002). Studies based solely on cadaveric or anesthetized
specimens (Morton, 1922; Langdon, 1986; Ouzounian & Shereff, 1989; Hintermann et
al., 1994; Hamel et al., 2004; Holowka & O’Neill, 2013; Greiner & Ball, 2014;
Thompson et al., 2014a; DeSilva et al., 2015) can offer precise bony morphology
visualization but do not account for active muscle contraction and natural gait kinematics
that occur in vivo. Cineradiography can assess motion between tarsals (Thompson et al.,
2014a; Hesse et al., 2015) but limits the ability to quantify motions not restricted to one
plane. However, none of these methods has been able to visualize and quantify 3D

motion and posture of the individual pedal elements during locomotion in vivo.

X-ray Reconstruction of Moving Morphology (XROMM)

X-ray reconstruction of moving morphology (XROMM) is a relatively new,
validated technique in vertebrate functional morphology for studying in vivo movements
that are subtle or otherwise undetectable (Brainerd et al., 2010; Gatesy et al., 2010).
XROMM uses biplanar fluoroscopy in combination with CT scans of the same individual
to track complex, 3D movements in live specimens (Figure 2) and has allowed for the
successful visualization and analysis of an array of behaviors that are otherwise difficult
or impossible to visualize and quantify in vivo in taxa such as frogs (Astley & Roberts,
2012), alligators (Baier & Gatesy, 2013), chukars (Baier et al., 2013), carp (Gidmark et
al., 2013, 2014), bass (Camp & Brainerd, 2015), guineafowl (Kambic et al., 2015), pigs
(Menegaz et al., 2015), rats (Bonnan et al., 2016), iguanas (Brainerd et al., 2016), and
macaques (Orsbon et al., 2018). Marker-based XROMM uses tantalum beads, which are

surgically embedded to track the three-dimensional movements of each rigid body while
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the animal is moving, as described by Brainerd and colleagues (2010) and shown in

Figure 2.

To date, no other XROMM studies of macaque locomotion have been published.
Two-dimensional variations of this approach have been used by employing standard plain
film radiography or uniplanar cineradiography to assess hip and transverse tarsal
kinematics in chimpanzees (Jenkins, 1972; Thompson et al., 2014) and cotton-top
tamarins (Hesse et al., 2015). Thompson and colleagues (2014) studied transverse tarsal
joint range of motion during midstance-to-toe-off plantarflexion and found that in
anesthetized chimpanzees, the talonavicular joint underwent more plantarflexion than the
calcaneocuboid joint. However, the authors admitted that additional motion may occur
outside the sagittal plane, which they could not quantify in their uniplanar analysis.
Tracking static in vivo tarsal position using markers has also been accomplished in
humans, where tantalum markers were placed in live human legs and feet and subjects
were asked to stand in different postures while two x-rays were taken at right angles to
each other at every 10° of joint rotation (Lundberg, 1989; Lundberg et al., 1989). Due to
the use of plain film radiography, continuous movements were not captured in this study,
but through the visualization of tarsals at set points, the authors inferred movement and
compared postures on differently inclined surfaces (Lundberg, 1989). Despite these
advances in our understanding, no study to date has evaluated continuous, 3D movements

of tarsals in vivo during anthropoid primate locomotion.

XROMM is ideal for studying foot bones because it allows the position and
movement of each bone to be visualized during gait. Tarsals are small and complicated in

shape and motion and are difficult to evaluate from observing external markers. The
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movements that occur at the talocrural, subtalar, and transverse tarsal joints are often
conjunct and non-planar, related to motions at the talocrural joint, and are therefore not
adequately captured in uniplanar studies (Inman, 1976; Lundberg, 1989). XROMM is
currently the only method that can visualize, track, and quantify in vivo the functionally
relevant motion among these small bones in 3D. XROMM analytic techniques allow the
rotations and translations of bones to be quantified and compared throughout a gait cycle

as the animal moves.

The goal of this study is to quantify the degree of rotation about the transverse
and long axes of the foot, representing plantarflexion/dorsiflexion and inversion/eversion,
respectively, at the talocrural, subtalar, calcaneocuboid, and talonavicular joints in
Macaca mulatta using markered XROMM and test hypotheses concerning movements at
these joints. Based on the foregoing discussion, | have developed five hypotheses
regarding motions of the foot joints which can be answered using an XROMM approach:
1) I hypothesize that the location of the midtarsal/midfoot break, or the most lateral
instance of foot plantarflexion, occurs at the joint between the cuboid and the fifth
metatarsal rather than at the calcaneocuboid joint. 2) I also hypothesize that motion at the
talocrural joint on a flat surface would be mainly restricted to plantarflexion and
dorsiflexion, with minimal or no inversion or eversion. 3) | hypothesize that inversion
and eversion will occur at the subtalar joint. 4) I expect that on a flat surface, there is
more plantarflexion and dorsiflexion at the calcaneocuboid and talonavicular joints, since
no grasping is occurring. 5) If the transverse tarsal joint is truly a single joint complex,
then the movements that occur at these two joints will be correlated with each other both

in timing and degree of rotation.
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Methods:

Specimens

Two Macaca mulatta specimens were used in this study. These monkeys, which
have no pathologies or gait abnormalities, were previously used in a feeding study at the
University of Chicago by Dr. Callum Ross (NSF MRI-DBI 1338066). All Animal Care
and Use Protocols were approved by the University of Chicago (ACUC # 71565, 72351,
72430; PHS # D16-00322-A3523-01). These monkeys were captive-raised adult research
specimens. As a result, there are activity and nutrition related differences between these
specimens and animals in the wild. In addition, due to the constraints of in vivo primate
research, only two macaques were used.

Each monkey underwent surgery to have 1 mm non-bioreactive tantalum beads
implanted into the cortical bone of the calcaneus, cuboid, and MT5 of monkey 1 and the
tibia, calcaneus, talus, cuboid, and navicular of monkey 2 using a 1 mm-diameter mini
hand drill. Each bone has at least three markers and care was taken to avoid marker
collinearity (Figure 3). Tantalum markers permit the 3D models generated from CT scans
to be registered to the video fluoroscopy images (Brainerd et al., 2010). The small size of
the drill and beads causes minimal soft tissue damage to the animal and the hole created
in the cortical bone is small, thereby allowing for quick healing and minimization of pain
associated with the procedure. Each animal was given at least two weeks to recover from
the surgery. This marker implantation process has been used in previous studies,
including lower limbs of frogs (Astley & Roberts, 2012) and the mandibles of pigs
(Menegaz et al., 2015), with negligible effect on performance and, in humans, with

reported discomfort ceasing after one week (Lundberg, 1989).
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Fluoroscopy

After the animals healed, motion was analyzed using the markered XROMM
protocol outlined by Brainerd and colleagues (2010). Two fluoroscopes sent x-rays
through the animals into corresponding image intensifiers, which were attached to high
speed video cameras, thereby creating two radiographic movies, recorded at 150 f/s
(Figures 2-3). The overlapping space between the two sets of fluoroscopes was calibrated
using an undistortion grid over the image intensifiers, as well as using a calibration
reference point cube, following the procedures outlined by Brainerd et al. (2010).

The macaques were trained to walk in a specially designed treadmill to simulate
terrestrial or large-substrate quadrupedalism. The treadmill was placed in a transparent
polycarbonate chamber to contain the animal (Figure 4). The monkeys walked in a
calibrated space in the field of view of both fluoroscopes for at least 30 steps per day on
three different days. Only steps that were visible in both fluoroscope videos were
quantified using XROMM (Table 1). The fluoroscopy videos were assessed for
digitization clarity and processed in XMALab1.5.0 (Knérlein et al., 2016), where the 3D
positions of the implanted beads were tracked. For Monkey 1 six steps were digitized for
motion at the calcaneocuboid and cuboid/MT5 joint (Table 1). For monkey 2, five steps
were digitized, but the tibia was not visible through the entire trial in one step, so the
talocrural is only represented by four steps in this study. The subtalar, calcaneocuboid,

and talonavicular each had five steps tracked and processed (Table 1).

Image Processing

70



Chapter 2

The lower limb of each animal was CT scanned at the University of Chicago
using a GE Phoenix v|tome|x s Industrial High-Resolution CT scanner (150 kV, 150 mA
for 1000 ms, at 89.4 um). These scan data were segmented in Avizo 7.0 to create 3D
polygonal models of each bone and the markers (Figure 1). Marker coordinate exporting,
rendering, joint rotation quantification, and animation were all performed in Maya2016
(Autodesk, San Rafael, CA) using a separate MEL-coded plugin specifically for
XROMM animation (Brainerd et al., 2010). The 3D positions of each marker were
exported from Maya2016 into individual bone files and imported into XMALab1.5.0 as
rigid body files (n = 4 markers for the talus of Monkey 2; n = 3 markers for the remaining
bones). Error was quantified in XMALab using mean rigid body error, which calculates
the difference between the known 3D distances of the markers from the CT scan and the
3D distances of the marker tracking of the user (Knérlein et al., 2016). The rigid body
transformations, resulting from the 3D movements of each point within a rigid body,
were then exported from XMALab and imported into Maya2016. The polygonal models
of the tibia, talus, calcaneus, navicular, and cuboid were used to render the 3D

coordinates of the rigid bodies within the in vivo trials in Maya2016.

Joint Rotation Measurement

To quantify rotation between pairs of bones during locomotion, a joint coordinate
system was aligned with each of the studied joints from midstance to toe off in
Maya2016 (Brainerd et al., 2010) (Figure 5). The joint coordinate system uses the
movements of the proximal and distal elements to calculate the rotation and translation

that occurs in the X, y, and z axes between bones. The joint coordinate system was
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aligned with the anteroposterior axis of the foot, the mediolateral axis of the foot, and the
proximodistal axis of the leg, or dorsoplantar axis of the foot (Figure 5). Kinematic
variables of interest for this study were rotation about the long axis, representing
inversion/eversion and rotation about the mediolateral axis, representing
plantarflexion/dorsiflexion (Figure 5). Directionality of the rotations are determined using
the right-hand rule for the joint coordinate axes in Figure 5. Maximum rotations were
calculated from each motion (plantarflexion/dorsiflexion, inversion/eversion) for each
joint. Maximum rotations were used as a simplified comparison between motions within
a joint and between joints because 1) movements may occur at different times of the gait
cycle, making comparisons difficult, and 2) because extreme habitual motions at the
intertarsal joints drive the variation of bone morphology, which is of interest to this
dissertation. As such, the rotation at the maximum excursion in any direction is the most
valuable measure in each step. Translation was also calculated for each joint but, as
expected, was negligible and is therefore not reported in this study. To assess joint
placement error, the maximum rotation in the X, y, and z planes for two joints were each
calculated three separate times. The mean maximum rotation and the distance from the

mean point were calculated for each rotation in each direction, for each joint.

Analyses

Analytical p-values from a t-test were calculated with randomization in order to
compare maximum rotation between joints and among motions within a joint. In addition
to visualizing total rotation throughout a step, to explore how closely inversion/eversion

and plantarflexion/dorsiflexion were related in each step, maximum rotations were also
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explored per step, and Spearman’s rank correlation analyses were carried out between
both motions in each joint. Similar correlation analyses were carried out between the
same motions of the calcaneocuboid and talonavicular joints in order to explore the
association of the joints that make up this hypothesized joint complex. To correct for
multiple comparisons, the adjusted p-values are reported here using the Benjamini &
Hochberg (1995) method (“BH”). All statistical analyses were carried out in R Statistical
Software (R Core Team 2013). Overlaid polygonal models of the whole foot posture and
paired bone positions at midstance and the end of stance phase were created to visualize
overall foot postural changes through the step in Maya by importing two copies of the
foot scan from Monkey 2, aligning one with the first frame and the other with the last
frame of animation. The whole models were then aligned at the tibiae to show relative
change position of the foot and the same procedure was carried out for each joint studied.
In the individual joint overlays, the proximal element was always aligned to itself to

visualize the displacement of the distal element.

Results:
Error Measures

Rigid body error, or difference between the known 3D distances of the markers
from the CT scan and the 3D distances of the marker tracking calculated in XMALab
determined for each bone in each trial for both monkeys (Table 2). All rigid body errors
were less than 1 mm, with the exception of error measurements on the calcaneus of
Monkey 1 in trials 4 and 5, which were both 1.1 mm. Error associated with joint axis

placement was also assessed. Mean joint axis error for the three trials of the two joints in
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the error study was 2.3°. As such, any maximum rotations below 2.3° is considered

indistinguishable from joint placement error in this study.

Midfoot Break

Rotation about the transverse axis was calculated between the cuboid and
calcaneus, as well as between the cuboid and MTS5, to evaluate the location of the
midtarsal/midfoot break, as hypothesized by DeSilva (2010). Significantly more
dorsiflexion occurred at the cuboid/MT5 joint in the six steps analyzed than dorsiflexion
at the calcaneocuboid joint (p = 0.006). This finding indicates that dorsiflexion in the
lateral midfoot region mostly takes place at the tarsometatarsal (cuboid/MT5) joint
(Figure 6; Table 3), providing evidence of a midfoot, rather than midtarsal break, and

support for Hypothesis 1.

Talocrural Joint

Motion at the talocrural joint was predominately about the transverse axis
(plantarflexion/dorsiflexion), though a small amount (up to 6 degrees) of
inversion/eversion did occur at this joint (Figures 7 & 8; Table 4). Maximum rotations in
plantarflexion/dorsiflexion had a significantly larger range (3°-26°) than
inversion/eversion rotations, which were restricted to 3°-6° (Figures 7 & 8), and the
amount of plantarflexion and dorsiflexion was greater than inversion and eversion (p =
0.042). When overlaid (aligned by the tibia), the end position of the talus at the talocrural

joint is inverted, indicating that the slight amount of inversion was enough to affect the
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posture of the foot (Figure 7). Therefore, Hypothesis 2 that the talocrural joint will

undergo minimal inversion is supported.

Subtalar Joint

Unlike the talocrural joint, roughly equal amounts of long axis rotation and
transverse axis rotation (p = 0.44) occur at the subtalar joint (Figures 9 & 10; Table 4).
Both inversion and dorsiflexion appear to gradually increase following midstance, with
no sharp incline in any of the recorded steps for either motion (Figure 9). The degree of
overall rotation overlaps between long axis rotation and transverse axis rotation (Figure
9) and the means are indistinguishable for the steps analyzed in this study (Figure 10).
When maximum rotations were plotted by trial, the plantarflexion/dorsiflexion and
inversion/eversion appear to fluctuate in a similar pattern (Figure 15). This provides
support for Hypothesis 3, that inversion occurs at the subtalar joint. Maximum rotations
about both axes were also highly correlated (Spearman’s rho = 0.9; p = 0.037), indicating
that the joint undergoes plantarflexion/dorsiflexion and inversion/eversion to similar
degrees during locomotion. The subtalar joint was the only joint studied with a significant
correlation between these two motions (Figure 15). When the end position of the talus
and calcaneus were overlaid onto their starting position (aligned by the talus), the

calcaneus was inverted and dorsiflexed relative to the talus.

Calcaneocuboid Joint
Movements at the calcaneocuboid joint underwent a mix of inversion and

eversion (Figure 11). Additionally, this joint underwent plantarflexion, though not to a
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significantly greater extent than the inversion/eversion (p = 0.72; Figure 12), thereby
failing to reject the null of Hypothesis 4 for the calcaneocuboid joint. The variation in
maximum rotations at this joint was high, with plantarflexion increasing more gradually
than inversion/eversion (Figure 11; Table 4). There was no significant correlation
between the maximum rotations of plantarflexion/dorsiflexion and inversion/eversion at

the calcaneocuboid joint (p = 0.15) (Figure 15).

Talonavicular Joint

Unlike the calcaneocuboid joint, the talonavicular joint displayed more
inversion/eversion than plantarflexion/dorsiflexion (p = 0.015) (Figures 13 & 14), unlike
predicted in Hypothesis 4. Inversion increased towards the end of the step, whereas the
degree of dorsiflexion remained relatively constant throughout the step (Figure 13; Table
4). This inversion can be seen when the position of the talus and navicular at midstance is
overlaid with their positions at the end of stance phase (Figure 13). There was no
significant correlation between inversion/eversion and plantarflexion/dorsiflexion in the

talonavicular joint (p = 0.25) (Figure 15).

Transverse Tarsal Joint Complex

Plantarflexion/dorsiflexion and inversion/eversion were also compared between
the calcaneocuboid and talonavicular joints in order to determine whether they were
correlated. Neither motion revealed a significant correlation (p = 0.69 for

inversion/eversion and p = 0.25 for plantarflexion/dorsiflexion), indicating that these two
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joints are not tightly associated in either motion (Figures 16-17) and arguing against their

grouping as a single functional joint (Hypothesis 5).

Discussion:

The goal of this study was to quantify maximum dorsiflexion, plantarflexion,
inversion, and eversion at the talocrural, subtalar, calcaneocuboid, and talonavicular
joints in the foot of macaques during terrestrial locomotion in order to evaluate relative
motions within a joint, relative motion between joints, and relative contributions to
hypothesized joint complexes. It was hypothesized that 1) the location of the
midtarsal/midfoot break occurs at the joint between the cuboid and the fifth metatarsal
rather than at the calcaneocuboid joint; 2) that the talocrural joint on a flat surface would
mainly be restricted to plantarflexion and dorsiflexion; 3) that the subtalar joint would
undergo plantarflexion/dorsiflexion and inversion/eversion; 4) that more plantarflexion
and dorsiflexion would occur at the calcaneocuboid and talonavicular joints than
inversion and eversion on a flat surface; and 5) that movements of the calcaneocuboid
and talonavicular joints will be correlated with each other if the transverse tarsal joint

complex is functionally one joint.

Calcaneocuboid Joint and the “Midtarsal Break”

Because the fifth metatarsal was marked with tantalum beads and tracked in
Monkey 1, its relative contributions to lateral foot plantarflexion were explored.
Plantarflexion at the cuboid/MT5 joint exceeded plantarflexion at both the

calcaneocuboid and talonavicular joints, supporting DeSilva’s (2010) hypothesis that the
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midtarsal break was erroneously hypothesized to occur at the transverse tarsal joint and
should instead be considered a midfoot break, located distal to the cuboid rather than
proximal.

This finding highlights the importance of precise quantification of the intertarsal
movements of the foot and ankle, as data based on external observations alone were
unable to aptly pinpoint the location of movements that are thought to be important in the
locomotion of primates (Elftman & Manter, 1935; DeSilva & Gill, 2013) but had not

been previously confirmed.

Talocrural Joint

As hypothesized, the talocrural joint primarily underwent plantarflexion and
dorsiflexion; however, a small amount of inversion was present, even in the ankle of a
quadrupedal monkey walking in a straight line on a flat surface. This leads to speculation
that inversion would be greater on a small-diameter substrate such as a branch, as
arboreality requires the entire foot to be inverted, and the talocrural joint would
contribute to this inversion. This also leads suggests that the morphology of the talocrural
joint may display adaptations for climbing to allow for such inversion. The talar trochlea
is expected to differ between taxa with disparate locomotor repertoires. Highly arboreal
taxa are expected to have flat talar trochlea to allow for more mobility during
plantarflexion and asymmetrical talar trochleae to place the foot in an inverted position
when walking on a small branch or during vertical climbing (Langdon, 1986; Dunn et al.,
2014; Knigge et al., 2015). Terrestrial taxa that emphasize stability during

plantarflexion/dorsiflexion, on the other hand, are expected to have taller trochleae to
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minimize non-parasagittal movements during locomotion (Strasser 1988). Talar trochlear
curvature, which is associated with plantarflexion/dorsiflexion would also be expected to
vary among taxa that move differently, given the large range of
plantarflexion/dorsiflexion that occurs at this joint. A broad morphological study of
osteological correlates of locomotor differences is needed to test these hypotheses.
Additionally, the large range of plantarflexion/dorsiflexion (23° range) was curious,
though broader ranges have been measured previous studies of human locomotion (25°
range in Latimer et al., 1987; 41° range in Rasmussen & Tovborg-Jenson, 1982). This
may be related to the inability to direct the monkey on a treadmill to ‘walk normally’ and
this study may have captured an aberrant step that would artificially affect how much
movement occurred at this joint. Using light camera measurements to standardize the
amount of rotation at that joint by how far the monkey moved forward may be
informative. More steps analyzed will shed light on whether some of our values are

outliers.

Subtalar Joint

Unlike the talocrural joint, the subtalar joint underwent roughly equal
inversion/eversion compared to dorsiflexion/plantarflexion (Figure 11). However, this
degree of inversion observed in this study is not significantly higher than the other joints
quantified in the present study. This is likely because trials were limited to a flat surface,
and the subtalar joint is likely more responsible for inversion on curved surfaces (Lewis
1980b). Therefore, | would expect to see more inversion at the subtalar joint on a curved

surface than a flat one due to the need for the foot to assume an inverted posture to
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effectively grasp a small substrate during locomotion. It appears that on a flat surface, the
subtalar joint is only responsible for slightly more inversion than at the other joint studied
but still significantly more than the talocrural joint. Maximum plantarflexion/dorsiflexion
and inversion/eversion were highly and significantly correlated (Figure 12), and the
paired motions follow each other in each step (Figure 10). It appears that
plantarflexion/dorsiflexion and inversion/eversion are tightly associated during
locomotion and occur equally on a flat surface. | would expect to see a spectrum of
morphologies allowing for both motions at the subtalar joint, such as the posterior

subtalar articular surface orientation differing among taxa with varying arboreality.

Transverse Tarsal Joint Complex

Close examination of the transverse tarsal joint complex revealed previously
unknown kinematics of the joint complex. Although the calcaneocuboid and
talonavicular joints rotate in conjunction along with overall movement of the foot, the
two joints display independent movements that challenge the treatment of these two
joints as a single joint complex in degree and timing of rotation. Contrary to one of the
predictions of this study, the talonavicular joint exhibited more inversion than the
calcaneocuboid joint during locomotion on a flat surface, likely due to the tibialis
posterior muscle tendon puling on the medial navicular tuberosity (Netter, 2010) during
plantarflexion, which would pull the bone into inversion, even on a flat surface. Increased
inversion occurred later in the second half of late stance phase (Figure 13), whereas there

was no such discernable spike in movement at the calcaneocuboid joint (Figure 11).
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Furthermore, the correlation between the maximum rotations of the
calcaneocuboid and talonavicular joints was not significant, bringing even more doubt to
their treatment as one single joint complex. Aside from the physical proximity to each
other, the calcaneocuboid and talonavicular joints do not appear to work in conjunction
more than one would expect for adjacent joints to interact. Whereas the calcaneocuboid
joint displayed equal amounts of inversion/eversion and plantarflexion/dorsiflexion
(Figures 11 & 12), the talonavicular joint displayed relatively more inversion in the trials
quantified in this study (Figures 13 & 14). Talonavicular inversion also occurred later in
the step than did calcaneocuboid inversion/eversion, and later than plantarflexion
occurred in both joints. Based on these results, | hypothesize that the talus and navicular
would have more osteological correlates of long axis rotation, more so than in the
calcaneocuboid joint, which | hypothesize may display more evidence for joint stability
when climbing. More eversion may occur in some taxa at the calcaneocuboid joint during
vertical climbing, when the tendon of peroneus longus, which runs along the lateral and

plantar surfaces of the cuboid (Netter 2010), would be engaged to evert the foot.

Limitations

The results of this study are based on two live laboratory macaques with different
body masses. The difference between wild and laboratory macaque hind limb
biomechanics and between small and large animals are unknown, particularly in the foot
where little previous quantification of joint rotations and translations has been
undertaken. Nonetheless, ankle excursion calculations from these trials were similar to

kinematics from non-XROMM studies of macaque locomotion (Granatosky et al., 2018).
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Additionally, the animals were walking on a treadmill, in an enclosure, and on a leash to
ensure the safety of the researchers, staff, and monkeys. This setting obviously does not
mirror locomotion in the wild; the compliance of the treadmill, the lack of obstacles or
incline change in the treadmill, and the inability to change directions in the enclosure are
conditions exclusive to a laboratory setting.

Nevertheless, this study serves as a valuable initial baseline dataset from which to
expand investigations considering different substrate sizes and orientations.
Understanding how tarsal elements move and are positioned during in vivo locomotion is
necessary to begin building an informed context to understand extant variation in tarsal
bone morphology. Comprehension of locomotion in extant species and accurately
inferring function from bone form are imperative for accurately reconstructing foot

function in extinct animals.

This study emphasizes the importance of precise joint rotation quantification in
the study of functional morphology, particularly in regions such as the foot, which is
difficult to examine without 3D x-ray methods such as XROMM. This study represents a
preliminary first step in the use of XROMM on primate locomotion, which will provide a

biomechanical basis for interpretation of locomotion of both extant and extinct taxa.

Conclusion:

This study is the first to visualize and quantify catarrhine locomotion in 3D using
markered XROMM, as well as the first study to assess the 3D joint rotations of the
talocrural, subtalar, calcaneocuboid, cuboid/MT5, and talonavicular joints. It provides

functional interpretations of previously established joint complexes such as the
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midtarsal/midfoot break and the transverse tarsal joint. This study confirmed previous
hypotheses that the midfoot break occurs distal to the cuboid though direct measures of
intrinsic foot movements. The predominance of plantarflexion/dorsiflexion at the
talocrural joint on a flat surface implies that species that mainly engage in propulsive
quadrupedalism will have morphologies that emphasize stability in this parasagittal
motion. This study also confirmed that on a flat substrate, inversion and eversion occur at
the subtalar joint, which was also found to have a strong correlation between different
motions at this joint. Evidence of adaptation for extreme inversion and eversion is thus
hypothesized to be evident in the subtalar joint in suspensory taxa. The transverse tarsal
joint was found to not function as a single joint complex and will thus be treated as two
independent joints in further analyses. The results of this study can be applied to a
broader morphometrics analysis to assess variation in bony tarsal morphology among a
diverse sample of primate taxa. Together, the analysis of form (bony morphometrics) and
function (intertarsal joint rotations) will allow for a functional interpretation of Miocene

hominoid tarsal morphology.

83



Figures and Tables for Chapter 2

Figures:

Chapter 2

Talocrural

Calcaneocuboi

Talonavicular

Talonavicular

Subtalar

Calcaneocuboid

vV

-
/4

4

Cuboid/MT
" E .o
. N =111
i v ‘2\‘; 3
AR\ & " \;‘ %
’L‘ g
. B~
1 o
Tibia
11 \
Cuboid/MT
Talocrural
Cal Talus
a caneu& Navicular
— -

<= Metatarsals

Figure 1: Joints and bones of interest for this study. Anterior (A), medial (B), and lateral

(C) views of the tibia (blue), talus (teal), calcaneus (green), navicular (red), cuboid

(yellow), and MT4/MTS5 (purple) of Macaca mulatta. Joints of interest are: talocrural

(bluefteal; insets Ai, Ci), subtalar (teal/green; inset Ciii), talonavicular (teal/red; insets

Aii, Bi, Bii), calcaneocuboid (green/yellow; insets Aiii, Civ), and cuboid/MT5

(yellow/purple; insets Aiv, Cii).
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Figure 2: Schematic of XROMM setup. The animal walked between the x-ray emitters
and image intensifiers. Each emitter sends x-rays to the corresponding image intensifier

on the other side of the animal, producing two sets of 2D images.
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Figure 3: Biplanar fluoroscopy of Macaca mulatta specimen during late stance phase.

Dots indicate the location of each tantalum bead (n = 3 per bone) embedded in the
cortical bone of the animal. Colors correspond with colors used to identify each bone in

Figure 1. Additional muscle markers (unspecified black dots) were implanted but were

not part of this study.
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Figure 4: Light video screenshot of Macaca mulatta with lateral view fluoroscope image
overlaid. Inset: Light video closeup of right marked foot with fluoroscope image and time
series of moving bone model overlaid show movement of the marked area over time

(grey = midstance; dark blue = late stance phase; light blue = toe off).

87



Chapter 2

Plantarflexion/
Dorsiflexion

Plantarflexion/
Dorsiflexion

Inversion/

Inversion/ Eversion

Plantarflexion/ S

Dorsiflexion
Plantarflexion/ AN
Dorsiflexion - /
/
. Inversion/
Invers_lon/ Eversion
, -)Eversmn / w
Calcaneocuboid 4 Talonavicular

Figure 5: Joint axis placement on the talocrural (top left, anterior view), subtalar (top
right, anterior view), calcaneocuboid (bottom left, dorsal view), and talonavicular

(bottom right, dorsal view) joints and associated motions.
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Figure 6: Degree of maximum plantarflexion at the calcaneocuboid and cuboid/MT5 joint
in Monkey 1. Data points are colored by step number. Plantarflexion at the cuboid/MT5

joint was significantly higher than plantarflexion at the calcaneocuboid joint (p < 0.001).
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Figure 7: A: Degree of rotation at the talocrural joint. Rotations indicate the talus moving
relative to the tibia. Each line represents one motion for one step for one joint. Rotations

about the transverse axis (dorsiflexion/plantarflexion) are represented by solid lines,
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whereas rotations about the long (AP) axis of the foot (inversion/eversion) are
represented by dashed lines. Trials begin at midstance (Frame 0) and end on the end of

stance phase.

B: Start (grey) and end (blue) positions of the foot, with detailed views of the position of
the talocrural joint, showing the difference in position of the talus relative to the tibia
from midstance to the end of stance phase. Top row views from left to right: distal,
caudal, medial, lateral, dorsal with the talocrural joint indicated by red rectangles. Bottom

row views from left to right: distal, caudal, inferior.
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Figure 8: Comparison of maximum rotations about the long axis (inversion/eversion), and
about the transverse axis (plantar/dorsiflexion) in the talocrural joint. There was more
plantarflexion/dorsiflexion than inversion/eversion at the talocrural joint (p = 0.042) and

almost no inversion/eversion.
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Figure 9: A: Degree of rotation at the subtalar joint. Rotations indicate the calcaneus

moving relative to the talus. Each line represents one motion in one step in one joint.

Rotations about the transverse axis (dorsiflexion/plantarflexion) are represented by solid
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lines, whereas rotations about the long (AP) axis of the foot (inversion/eversion) are a

dashed lines. Frames begin at midstance (Frame 0) and end on the end of stance phase.

B: Start (grey) and end (blue) positions of the foot, with detailed views of the position of
the subtalar joint, showing the difference in position of the calcaneus relative to the talus
from midstance to the end of stance phase. Top row views from left to right: distal,
caudal, medial, lateral, dorsal with the subtalar joints indicated by the red rectangles.

Bottom row views from left to right: distal, medial, proximal.
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Figure 10: Comparison of maximum rotations about the long axis (inversion/eversion),
and about the transverse axis (plantar/dorsiflexion) in the subtalar joint. Motion about the

transverse axis and motion about the long axis of the foot did not differ (p = 0.44).
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Figure 11: A: Degree of rotation at the calcaneocuboid joint. Rotations indicate the
cuboid moving relative to the calcaneus. Each line represents a step in one plane.

Rotations about the transverse axis (dorsiflexion/plantarflexion) are solid lines, whereas
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rotations about the long (AP) axis of the foot (inversion/eversion) are dashed lines.

Frames begin at midstance (Frame 0) and end on the end of stance phase.

B: Start (grey) and end (blue) positions of the foot, with a detailed lateral view of the
position of the calcaneocuboid joint, showing the difference in position of the cuboid
relative to the calcaneus from midstance to the end of stance phase. Top row views from
left to right: distal, caudal, medial, lateral, dorsal with the calcaneocuboid joints indicated

by red rectangles. Bottom row views from left to right: medial, proximal.
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Figure 12: Comparison of maximum rotations about the long axis (inversion/eversion),
and about the transverse axis (plantar/dorsiflexion) in the calcaneocuboid joint. The

rotations in different motions at this joint did not differ significantly from each other (p =

0.72).
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Figure 13: A: Degree of rotation at the talonavicular joint. Rotations indicate the
navicular moving relative to the talus. Each line represents a step in one plane. Rotations

about the transverse axis (dorsiflexion/plantarflexion) are represented by solid lines,
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whereas rotations about the long (AP) axis of the foot (inversion/eversion) are dashed

lines. Frames begin at midstance (Frame 0) and end on the end of stance phase.

B: Start (grey) and end (blue) positions of the foot, with a detailed medial view of the
position of the talonavicular joint, showing the difference in position of the navicular
relative to the talus from midstance to the end of stance phase. Top row views from left to
right: distal, caudal, medial, lateral, dorsal with the talonavicular indicated by red

rectangles. Bottom row views from left to right: distal, medial, proximal.
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Figure 14: Comparison of maximum rotations about the long axis (inversion/eversion),
and about the transverse axis (plantarflexion/dorsiflexion) in the talonavicular joint,
colored by trial number. Inversion/Eversion was significantly higher at the talonavicular

joint than plantarflexion/dorsiflexion (p = 0.015).
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Figure 15: Maximum rotation () about both axes for each step in the (A) talocrural, (B) subtalar, (C) calcaneocuboid, and (D)
talonavicular joints. Only the subtalar joint was had a significant correlation between plantarflexion/dorsiflexion and

inversion/eversion.
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Figure 16: Inversion/eversion maximum rotations (°) of the calcaneocuboid joint against

the talonavicular joint. The correlation of maximum rotations between these two joints

was not significant (p = 0.68), indicating that they are not tightly associated in

inversion/eversion.
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Figure 17: Plantarflexion/dorsiflexion maximum rotations (*) of the calcaneocuboid joint
against the talonavicular joint. The correlation of maximum rotations between these two
joints was not significant (p = 0.25), indicating that they are not tightly associated in

plantarflexion/dorsiflexion.
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Tables:

Table 1: Number of steps analyzed per joint per monkey

Monkey Joint
1 Calcaneocuboid
Cuboid/MT5 (Lateral Midfoot)
2 Talocrural
Subtalar
Calcaneocuboid
Talonavicular

n steps

ool |iooo

Table 2: Mean rigid body error for each bone for each monkey, trial, and bone studied.
Rigid body error is calculated using the total number of markers tracked in each bone and

the calculated distance between markers in the CT scan of the marked foot.

Monkey | Trial Bone Rigid Body Error (mm)
1 1 Calcaneus 0.88 +/- 0.083
Cuboid 0.29 +/- 0.054
MT5 0.91 +/- 0.032
2 Calcaneus 0.97 +/-0.11
Cuboid 0.31 +/- 0.045
MT5 0.91 +/- 0.056
4 Calcaneus 1.1 +/-0.070
Cuboid 0.31 +/- 0.036
MT5 0.94 +/- 0.056
5 Calcaneus 1.1 +/-0.090
Cuboid 0.31 +/- 0.045
MT5 0.97 +/- 0.071
6 Calcaneus 0.97 +/- 0.060
Cuboid 0.32 +/- 0.035
MT5 0.92 +/- 0.034
2 1 Tibia 0.067 +/- 0.037
Talus 0.086 +/- 0.0349
Calcaneus 0.79 +/- 0.035
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Cuboid 0.197 +/- 0.055

Navicular 0.067 +/- 0.024

2 Tibia 0.060 +/- 0.035
Talus 0.084 +/- 0.026

Calcaneus 0.81 +/- 0.060

Cuboid 0.17 +/- 0.058

Navicular 0.097 +/- 0.055

3 Tibia 0.054 +/- 0.027
Talus 0.076 +/- 0.022

Calcaneus 0.80 +/- 0.054

Cuboid 0.16 +/- 0.050

Navicular 0.086 +/- 0.051

4 Tibia 0.062 +/- 0.033
Talus 0.081 +/- 0.025

Calcaneus 0.79 +/- 0.041

Cuboid 0.18 +/- 0.047

Navicular 0.081 +/- 0.031

5 Tibia 0.067 +/- 0.037
Talus 0.086 +/- 0.035

Calcaneus 0.79 +/- 0.035

Cuboid 0.20 +/- 0.055

Navicular 0.067 +/- 0.024

Table 3: Maximum plantarflexion at the calcaneocuboid joint and cuboid/MTS5 joints in

Monkey 1.

Joint

Trial

Max. Rotation (°)

Calcaneocuboid

-

1.5

6.4

2.6

2.8

2.2

0.91

Cuboid/MT5

9.1

7.1

7.6

9.5

13.4

OO |WINFP OO WIN

6.3
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Table 4: Maximum inversion/eversion and plantarflexion/dorsiflexion at the talocrural,

subtalar, calcaneocuboid, and talonavicular joints in Monkey 2.

Joint Trial Motion Max. Rotation (°)
Talocrural 1 Plantar/Dorsiflexion 7.0
Inversion/Eversion 3.4
2 Plantar/Dorsiflexion 26.2
Inversion/Eversion 5.6
3 Plantar/Dorsiflexion 17.5
Inversion/Eversion 3.5
4 Plantar/Dorsiflexion 2.9
Inversion/Eversion 2.9
Subtalar 1 Plantar/Dorsiflexion 5.6
Inversion/Eversion 7.9
2 Plantar/Dorsiflexion 18.0
Inversion/Eversion 16.9
3 Plantar/Dorsiflexion 9.6
Inversion/Eversion 9.5
4 Plantar/Dorsiflexion 26.2
Inversion/Eversion 22.1
5 Plantar/Dorsiflexion 26.5
Inversion/Eversion 20.4
Calcaneocuboid 1 Plantar/Dorsiflexion 13.2
Inversion/Eversion 17.4
2 Plantar/Dorsiflexion 17.6
Inversion/Eversion 14.5
3 Plantar/Dorsiflexion 6.2
Inversion/Eversion 11.2
4 Plantar/Dorsiflexion 7.4
Inversion/Eversion 8.8
5 Plantar/Dorsiflexion 12.2
Inversion/Eversion 12.2
Talonavicular 1 Plantar/Dorsiflexion 10.7
Inversion/Eversion 27.1
2 Plantar/Dorsiflexion 15.3
Inversion/Eversion 10.1
3 Plantar/Dorsiflexion 7.6
Inversion/Eversion 25.3
4 Plantar/Dorsiflexion 10.8
Inversion/Eversion 16.8
5 Plantar/Dorsiflexion 8.3
Inversion/Eversion 22.7
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Chapter 3: Morphological variation of the calcaneus, talus,

cuboid, and navicular in extant anthropoid primates

Introduction:

Understanding the functional morphology of the foot and ankle allows for the
application of what we know about in vivo movements to the fossil record, and allows us
to study the diversity of extant primate morphological variation. Foot bony morphology
is useful when studying locomotion because feet interact directly with the substrate on
which an animal is moving (Morton, 1922; Harcourt-Smith, 2002; Boyer et al., 2013).
The shape of tarsal bones is hypothesized to reflect possible movements of the foot and,
therefore, how the foot was used (Gebo, 1986; D’ Aot & Aerts, 2008). Understanding
how foot bone morphology reflects locomotion in extant primates allows us to improve
our knowledge of the locomotor repertoires of extant taxa and apply these findings to
fossil taxa.

Movements at the ankle and intertarsal joints are hypothesized to vary among
anthropoids and reflect foot use during suspensory, quadrupedal, arboreal and/or
terrestrial locomotion. Grasping tightly during climbing and suspension might be
facilitated by more intertarsal mobility, leading to more inversion of the foot than occurs
during terrestrial locomotion (Close et al., 1967; Inman, 1976; Chester et al., 2015;
Holowka et al., 2017; McNutt et al., 2018). The subtalar, calcaneocuboid, and
talonavicular joints (Figure 2.1) of the foot are thought to be primarily responsible for
inversion, eversion, and midfoot flexibility (Manter, 1941; Close et al., 1967; Holowka et

al., 2017). In addition, the orientation of the foot is affected by the talocrural joint (Figure
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2.1), mainly in the sagittal plane to allow for postural adaptations for variable substrates

(Wright et al., 1964; Lundberg, 1989). These four joints will be the focus of this chapter.

Extant Primate Locomotor Diversity

Anthropoid primates engage in a wide range of locomotor behaviors, making
locomotor classification for each species difficult (Prost, 1965; Rose, 1973; Dagosto &
Gebo, 1988; Hunt et al., 1996; Schmidt, 2011). Among extant anthropoids, however,
there is variation in the degree to which taxa are specialized for positional behaviors that
would require different patterns of foot use. Nonhuman anthropoid primates can be
divided into four categories: Asian apes, African apes, Old World monkeys, and New

World monkeys.

Asian Apes

Asian apes consist of orangutans and hylobatids (gibbons and siamangs). All are
accomplished suspensors that rarely travel terrestrially (Fleagle, 1976; Fleagle, 1985;
Byron & Covert, 2004). Orangutans engage in slow, orthograde, quadramanous
suspensory locomotion, which involves using all four limbs to travel between trees
(Thorpe & Crompton, 2006). This type of locomotion allows them to traverse the forest
canopies and to obtain fruit (Thorpe & Crompton, 2006). Hylobatids, on the other hand,
primarily engage in ricochetal brachiation, or fast, forelimb-dominated swinging below
branches (Swartz et al., 1989), but also climb, leap, and walk bipedally when locomoting
above branches or when on the ground (Fleagle, 1976). This bipedal locomotion differs

from human bipedalism in that the knees and hip are bent, hylobatids do not heel strike,
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and the foot is far more compliant than a human or arboreally quadrupedal monkey
(Vereecke et al., 2005b; Vereecke & Aerts, 2008). Although both types of locomotion
involve below branch suspension, orangutan locomotion requires the feet to grasp small
branches and engage in extreme inversion and eversion when traversing between trees,
which often involves bridging gaps between terminal branches (Thorpe et al., 2007,
Manduell et al., 2012). Inversion is also helpful for orangutans when supporting
themselves on horizontal branches or vertical tree trunks for stability (Thorpe &
Crompton, 2006). Hylobatids, on the other hand, rely more heavily on their forelimbs for
below branch suspension (Vereecke et al., 2005a). Additionally, they do also use their
hind limbs to grasp small branches during climbing and jumping, as well as on large

branches during bipedal locomotion (Vereecke et al., 2005a).

African Apes

Nonhuman African apes consist of gorillas and chimpanzees (Jungers & Susman,
1984). All gorillas are knuckle walkers when on the ground, meaning they walk with a
semiorthograde posture with their fingers flexed such that they walk on their forelimb
knuckles, but their hindlimbs engage in plantigrade quadrupedalism—and therefore
propulsive plantarflexion—when on the ground (Straus, 1940). However, the amount of
arboreal locomotion varies among gorilla taxa (Remis, 2013 Dunn et al., 2014). There are
locomotor differences between mountain and lowland gorillas due to habitat and body
size differences (Remis, 2013). Mountain gorillas, which are larger than lowland gorillas
and are found in areas with fewer and smaller trees, exhibit little to no suspensory

behaviors and are largely terrestrial knucklewalkers (Remis, 2013). In addition to

111



Chapter 3

terrestrial knuckle walking, lowland gorillas engage in vertical climbing and suspensory

locomotion. (Gebo, 1989; D’ Aot et al., 2004).

Chimpanzees also exhibit knuckle walking on the ground, but all species within
Pan engage in suspensory behavior (Pontzer & Wrangham, 2004). Chimpanzees exhibit
more suspensory locomotion during ontogeny than in adulthood (Doran, 1997) and
bonobos are more arboreal than chimpanzees (Susman, 1987). However, even in
adulthood, chimpanzees vertically climb and suspend below branches (Susman, 1984).
Vertical climbing in both gorillas and chimpanzees require the foot to be placed and
loaded in an inverted posture so that the plantar surface of the foot can press against a
vertical substrate. Additionally, chimpanzees and lowland gorillas grasp branches with
their hands and feet, requiring them to have feet adapted for inverted foot postures and

the ability to grasp small-diameter branches (Gebo, 1992).

Old World Monkeys

Old World monkeys consist of colobines and cercopithecines (Disotell, 1996).
Colobines (leaf eating Old World monkeys) are generally arboreal quadrupeds, meaning
they walk on top of tree branches and largely remain pronograde for access to food
sources (Bennett & Davies, 1994; Kimura, 2002), though some, like Rhinopithecus are
also adept at walking on the ground (Grueter et al., 2013). Unlike the nonhuman African
apes, they do not adopt a knuckle walking posture, but rather the plantar surfaces of all
autopodia touch the substrate (Patel, 2010). Some genera, like Colobus also leap between
trees, which requires strong propulsion and stability during plantarflexion as well as the

ability to grasp small branches (Gebo, 1989).
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Cercopithecines (cheek-pouched Old World monkeys) engage in arboreal
quadrupedalism or terrestrialism, which would emphasize parasagittal motions and
require less extreme inversion and eversion than more suspensory taxa (Rollinson &
Martin, 1981; Meldrum, 1991). Many cercopithecine monkeys are adept at locomotion in
trees and on the ground, engaging in quadrupedalism on either substrate, depending on
how open or wooded their environments are (Strasser, 1992; Kimura, 2002; Schmitt,

2003; Gosselin-1ldari, 2013).

Atelines

Atelines (subfamily of New World monkeys) are either suspensory or arboreal
quadrupeds, which would require inverted foot postures and midfoot mobility to grasp
branches (Grand, 1968; Gebo, 1989; Bergeson, 1998; Cant et al., 2003; Schmitt et al.,
2005; Di Fiore & Campbell, 2007). The degree of suspensory locomotion utilized by
atelines varies among genera. For example, Ateles engages in highly suspensory
behaviors, including grasping small branches with all four limbs and their prehensile tail
(Mittermeier, 1978; Cant et al., 2001). Other atelines such as Cebus and Sapajus, on the
other hand, are described as “highly quadrupedal” (Gebo, 1992b p.277) with some

running and leaping abilities (Wright, 2007).

Primate Foot Use

Although there is considerable locomotor variability among taxa, foot use and the
role of pedal morphology in facilitating these behaviors is not well understood. While
some work has been done on foot proportions and phalangeal morphology in relation to
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grasping (Begun, 1988; Bloch & Boyer, 2002; Almécija et al., 2010; Patel et al., 2015;
Young & Heard-Booth, 2016), much less is known about the role of the tarsal skeleton
and intertarsal joints. This is unfortunate because tarsals are frequently preserved in the
fossil record. Therefore, elucidating tarsal functional morphology will provide an

important piece of the puzzle for locomotor reconstructions of fossil taxa.

Tarsal morphology is hypothesized to affect the ability of animals to negotiate
variable substrates (Gebo, 1986; Strasser, 1988; Gebo, 1989; MacLatchy et al., 2000;
DeSilva, 2009; Boyer et al., 2013). As such, taxa with different locomotor emphases are
expected to vary in pedal functional morphology (Prost, 1965; Ripley, 1967; Walker,
1974; Dagosto & Gebo, 1998; Byron & Covert, 2004; Holowka et al., 2017). Moving on
terminal branches, climbing, and suspensory activities require strong grasping, which in
turn involves midfoot flexibility, especially during flexion and inversion (Grand, 1968;
Gebo, 1993). Grasping is also hypothesized to require inverted foot postures and
increased ranges of motion during inversion and eversion for positioning the foot on
variably-oriented and curved substrates (Cartmill, 1974; Langdon, 1986). In contrast,
quadrupeds that mainly travel on large-diameter branches or on the ground rely more
heavily on effective, lever-like pedal propulsion (Cartmill, 1974), likely related to
restricted midfoot flexibility and tarsal morphology well-suited for longitudinal rather
than transverse stresses (Langdon, 1986; Gebo, 1993). These differences in motion are
hypothesized to be reflected in the morphology of tarsal bones and to vary among taxa

that locomote differently.
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The Talocrural, Subtalar, Calcaneocuboid, and Talonavicular Joints

Talocrural Joint

The primary motions at the talocrural joint are flexion and extension (Chapter 2).
Plantarflexion is mainly powered by the triceps surae muscles, which attach via the
Achilles tendon on the posterior calcaneal tuber (Moore et al., 2011). The ankle lever
mechanics for Macaca mulatta are displayed in Figure 1. Increasing the in-lever (the
distance between the triceps surae insertion and the talocrural joint) will increase the
mechanical advantage of the pull of the triceps surae on the calcaneus, increasing the
power of plantarflexion at the ankle (Youlatos, 2003). Previous studies comparing
calcanei among anthropoid primates have suggested that Cercopithecidae have longer
posterior calcanei compared to the rest of anthropoid primates (Gebo, 1989; Youlatos,
2003). As such, taxa that are more reliant upon propulsive plantarflexion when walking
on a flat or large-diameter surface are expected to have longer posterior calcanei than

those that mainly engage in below branch suspensory locomotion.

The talocrural joint not only affects the orientation of the foot in the sagittal plane
through plantarflexion, but also contributes to inversion and eversion (Wright et al.,
1964; Lundberg, 1989; Rome, 1996; Chapter 2 of this dissertation). Taxa that are
predicted to be especially reliant on midfoot flexibility and pedal prehension (e.g., Pongo,
Ateles) are hypothesized to have shorter (proximodistally), trapezoidal (proximal view)
trochleae (Figure 2), which results in some talar rotation during plantarflexion and
dorsiflexion (Langdon, 1986). Less wedged trochleae will decrease the amount of
mediolateral movement that occurs at the talocrural joint when the ankle is plantarflexed.

However, this morphology has not been quantified among all anthropoids (Langdon,
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1986). Asymmetrical trochlear crests (Figure 3) also cause the foot to be more inverted as
a result of nonparallel trochlear margins moving along the distal tibial articular surface
(Langdon, 1986; Gebo, 1989; Larson & Stern, 2006; Dunn et al., 2014; Knigge et al.,
2015). Asymmetrical trochlear crests are also seen in cercopithecoids, which are largely
terrestrial or arboreal quadrupedal and therefore this pattern requires further study across
taxa (Strasser, 1988). | hypothesize that terrestrial taxa will have higher, more rectangular
trochleae that restricts mediolateral movements of the talus during dorsiflexion and
plantarflexion to ensure the foot remains stiff during locomotion, and to maintain
stability, whereas arboreal taxa will exhibit flatter trochleae allow for more movement of
the talus at the talocrural joint (Gebo, 1988; Sondaar & Van der Geer, 2002; Dunn et al.,

2014).

Subtalar Joint

The functional subtalar joint consists of the anterior, middle, and posterior
subtalar joints (Figure 4) (Close et al., 1967; Sarrafian, 1993). Lewis (1980a & b)
hypothesized that the long axis of posterior subtalar articulation to be to be more oblique
and L-shaped in suspensory taxa to facilitate a greater degree of rotation at the joint in a
transverse plane (Figure 5) (Lewis, 1980a; Lewis, 1980b). The inferior aspect of the talus
in suspensory taxa and those that climb vertically is thought to face medially, placing the
foot in an inverted posture (Latimer et al., 1987). The resulting foot posture allows for
better contact between the foot and a vertical substrate (Latimer et al., 1987; DeSilva,
2009). Terrestrial or arboreal quadrupedal taxa are thought to have inferiorly-oriented

subtalar articular surfaces to direct forces associated with locomotion in a sagittal
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direction and keep the ankle from exhibiting unnecessary mediolateral motion (Latimer et
al., 1987; DeSilva, 2009). Most inversion and eversion occurs at the subtalar and
transverse tarsal joints (Chapter 2), though how the morphology at these joints reflects
this greater inversion/eversion requires a broad comparative analysis of the morphology
at these joints (Manter, 1941; Wright et al., 1964, Close et al., 1967; Lewis, 1980;
Sarrafian, 1993). Langdon (1986) also found that suspensory taxa have more oblique
posterior subtalar articular surfaces, which would allow for more oblique motions of the
calcaneus relative to the talus (Figure 5). These oblique movements would aid in
allowing the foot to achieve more varied postures during locomotion on arboreal

substrates.

Transverse Tarsal Joint

The transverse tarsal joint complex consists of two separate joints: the
calcaneocuboid and talonavicular joints (Manter, 1941; Bojsen-Mgller, 1979; Lewis,
1980; Cornwall, 200I; Turley & Frost 2013). In Chapter 2 of this dissertation the
treatment of this joint as one complex was questioned, and these joints will be treated
separately in this Chapter. In terrestrial taxa, the distal calcaneus and cuboid are close-
packed in extension, and movement is restricted at these joints, which reflects stability
more than flexibility for grasping during locomotion on terminal branches, leaping, and
climbing (Gebo and Schwartz, 2006). A peg and socket morphology at the
calcaneocuboid joint (Figure 6) is hypothesized to allow for increased mobility without
dislocation during extreme inversion while grasping small-diameter branches (Bojsen-

Magller, 1979; Rose, 1986; Gebo & Simons, 1987; Gebo, 1993). Wedged cuboids (Figure
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7) are also hypothesized to reflect locomotor differences due to the lateral shift in
positioning of the lateral rays in wedged cuboids (Ward, 1997). This repositioning is
thought to be more prevalent in suspensory taxa, which would emphasize grasping
behaviors (Ward, 1997). | therefore hypothesize that proximal cuboid projection and

wedged cuboids will differentiate highly arboreal taxa.

Inversion/eversion at the talonavicular joint is predicted to also be more restricted
in terrestrial taxa than in suspensory taxa, though this has not been confirmed across
anthropoid taxa. In Asian apes, African apes, atelids, and colobines that leap (e.g.,
Colobus; McGraw, 1998), the talonavicular joint undergoes more rotation and translation
than during quadrupedal terrestrial locomotion, which allows for more midfoot
movement for below branch suspension, vertical climbing, grasping during locomotion
on terminal branches, or grasping during leaping and landing (Langdon, 1986). Greater
movement between the talus and navicular may be reflected in the size and shape of both
bones, but this has not been thoroughly explored across anthropoids and among different
locomotor types. These functional interpretations represent hypothesized postures and
movements based on interpretation of bony morphology. Testing these inferences
requires the ability to visualize the relative posture and motion among bones of the ankle
and tarsus, and then relating this to bone shape. In strepsirrhines, Gebo (1988) found that
quadrupedal taxa had longer naviculars, whereas climbing taxa have short naviculars to
facilitate more midfoot mobility. A similar trend has been hypothesized in anthropoid
primates, where a shorter midfoot allows for conformity on a smaller substrate than a
longer midfoot (Figure 8). Gebo (1989) also found that Old World monkeys had a longer

navicular, which he attributed to increased quadrupedalism compared to other primates,
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particularly apes, which possess a relatively shorter navicular. Gebo noted, however, that
Old World monkeys still can and do engage in climbing activities so this morphological
difference requires further study. I therefore hypothesize that climbing taxa that rely on
grasping of smaller substrates will have a shorter midfoot than taxa that do not have a

heavy reliance on grasping small substrates.

This chapter serves to quantify 3D articular surface shape of the calcaneus, talus,
cuboid, and navicular in a broad sample of anthropoid primates (Tables 1 & 3) to identify
osteological correlates of posture and motion at the talocrural, subtalar, calcaneocuboid,
and talonavicular joints. The goal of this chapter is to test hypotheses about functional
variation in morphology discussed above about tarsal shape: 1) | hypothesize that the tali
of suspensory taxa will be more wedged, 2) have lower trochleae, 3) relatively shorter
talar necks, and 4) more oblique subtalar articular surfaces. | hypothesize that on the
calcaneus, 5) suspensory taxa will have relatively shorter posterior lengths. I hypothesize
that suspensory taxa will have 6) more wedged cuboids, and 7) a more projecting
proximal peg and socket on the cuboid. I hypothesize that arboreal taxa will have 8)
longer cuboids and 9) longer naviculars. This will be evident in longer posterior calcanei,
longer talar necks, and longer (proximodistally) naviculars and cuboids, respectively. |
will also explore size and phylogenetic influences, as size affects an animal’s locomotion
and bony morphology (Fleagle, 1985; Biewener, 1989) and phylogeny likely affects bony

morphological differences among these taxa.

Methods:

Samples and Groupings
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The study sample comprises of taxa that were chosen to represent an array of
locomotor emphases (Figure 9; Tables 1 & 3). Extant anthropoids were grouped into
phylogenetic and locomotor groupings of taxa with different emphases in their locomotor
repertoires (Table 3). The phylogenetic groups are Pongo, which is suspensory;
hylobatids (Hylobates, Symphalangus) that are specialized for suspension and climbing;
African apes (Gorilla, Pan) that emphasize climbing and suspension but also rely on
terrestrial knuckle walking; atelids (Ateles, Lagothrix) engage in suspension and
climbing, Sapajus, which is an arboreal quadruped, colobines (Colobus, Nasalis,
Rhinopithecus, Trachypithecus), and cercopithecids (Erythrocebus, Chlorocebus,
Cercopithecus, Lophocebus, Macaca) (Table 3). Due to similarities between colobines
and cercopithecines, the two groups were combined in this analysis as cercopithecids,
which are arboreal and/or terrestrial quadrupeds. All specimens are from non-
pathological, skeletally mature individuals.

MicroCT scans of tali, calcanei, cuboids, and naviculars (Table 1) were provided
by B. Patel (University of Southern California), C. Orr (University of Colorado Denver),
S. Almécija (George Washington University), and W. Jungers (Stony Brook University).
Each talus, calcaneus, cuboid, and navicular was segmented out from any other bones in
the scan. Monkey tarsals were segmented using MIMICS software (Materialise, Leuven,
Belgium) at the University of Colorado-Denver and apes were segmented using Avizo7
(Thermo Fisher Scientific) at George Washington University. The resulting polygonal

models were cleaned using Geomagic Wrap 2017 (3D Systems, Inc.).
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Landmarking

To quantify bone shape, 3D landmarks (modified from Harcourt-Smith, (2002);
Figure 10) were placed on the polygonal surface model (Table 2). These landmarks were
chosen to capture morphological variation reflecting foot bone posture and joint mobility,
as in previous studies of ape tarsals (Harcourt-Smith, 2002). The 3D landmark data were
placed on polygonal models using Checkpoint software (Stratovan, 2018) and imported
into Morphologika (O’Higgins & Jones, 1999), R (R Core Team, 2014), and MorphoJ
(Klingenberg & Mclntyre, 2016) for visualization and analysis.

To quantify intraobserver error in landmark placement, the talus, calcaneus,
cuboid, and navicular of two specimens (one monkey and one ape) were each landmarked
three times. The mean point location was calculated from the three trials and the distance
from the mean point location was then calculated for each trial. The average distance of
those three trials was divided by the number of points on each respective bone and

averaged for both individuals.

Analyses

Several analytical approaches were used to assess variation among groups.
Landmarks on each bone underwent a Procrustes superimposition to translate, scale, and
rotate the points into alignment. Principal component analyses (PCA) were used to isolate
and quantify the observed morphological variation (Zelditch et al., 2012; Klingenberg &
Mclntyre, 2016). This study is limited to non-phylogenetically-controlled PCA in order
to apply the same analyses interpretations from this chapter to the next chapter, which

includes Miocene hominoid tarsals from taxa of unknown phylogenetic relationships.
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Phylogenetic PCA analyses can be found in the Appendix. ANOVA tests with 10,000
randomizations were run to evaluate whether each PC, a measure of shape, differed
among genera and between monkeys and apes in R (R Core Team, 2013).

In WINEDMA (Cole, 2002), the scaled interlandmark distances that had the
highest correlation with axis scores, a proxy of morphological variation of each bone
were identified to isolate which specific aspects of morphology varied among groups.
The interlandmark distances with the highest correlations for each bone were explored
using a phylogenetic generalized least squares (PGLS) regression to explore the
relationship between each distance and centroid size and locomotion while taking
phylogenetic relationships into account using the tree shown in Figure 9, which was
produced using 10kTrees and modified using the ape package in R. The PGLS was
carried out in R using the caper package. These linear distances were also plotted with a
linear model regression against bone centroid size where group-specific intercepts were
allowed to vary (groups defined in Table 3) to test for among group differences and
explore allometric and locomotor trends in related to tarsal morphology in the geomorph
package in R. In addition to the interlandmark distances that were most highly correlated
with axis scores, trochlear wedging and cuboid wedging were also included in this
bivariate analysis due to previously discussed hypotheses that both morphologies vary
based on the manner in which taxa locomote and because interlandmark distances do not
capture these morphologies, but a ratio does. Trochlear wedging was estimated as the
ratio of the linear distance between the medial and lateral most aspect of the anterior
margin of the trochlea and the linear distance between the medial and lateral most aspect

of the posterior margin of the trochlea. Higher values indicate more wedging. Cuboid
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wedging was measured in a similar manner: a ratio of the linear distance between the
medial most point of the proximal and distal articular facets of the cuboid was taken for
each specimen and the linear distance between the lateral most point of the proximal and
distal articular facets of the cuboid was taken. Higher values indicate more wedging. To
correct for multiple comparisons, the adjusted p-values are reported here using the

Benjamini & Hochberg (1995) method (“BH”) in R.

Results:

Landmark Placement Error

The mean error for the talus was 0.20 mm, ranging from 0.055 mm to 0.37 mm.
The landmark associated with the highest error was 19. The mean error for the calcaneus
was 0.20 mm, ranging from 0.058 mm to 0.55 mm. The landmark associated with the
highest error was landmark 15. The mean error for the cuboid was 0.17 mm, ranging
from 0.056 mm to 0.42. The landmark with the highest error was 8. The mean error for
the navicular was 0.16 mm, ranging from 0.04 mm to 0.50 mm. The landmark with the

highest error was 16.

Principal Components Analyses

Talus

Figure 11 shows PC2 plotted against PC1 for the talus, with color separating
genus and shape differentiating monkeys and apes. Wireframes are included to illustrate

the extremes on either end of the respective axis. PC1 accounts for 25.8% of the variation
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and represents relative width/length of the talus, including talar neck length and talar
head. PC1 separates by phylogeny, with African apes grouping on the negative end of the
axis, Asian apes (Pongo and hylobatids) grouping together along PC1, and monkeys
falling on the positive end of the x-axis (Figure 11). PC1 separates both between
monkeys and apes (p < 0.01) and by genus (p < 0.01). PC2 describes 9.4% of the
variation in talar morphology and captures trochlear height, with Pongo exhibiting the
relatively flattest trochlear body among apes and hylobatids having relatively taller
trochlear bodies, indicating that this morphology does not separate based on locomotion
or phylogeny, since Pongo and hylobatids are both Asian apes and are both suspensory.
PC2 did not separate between monkeys and apes (p = 0.19) but did separate by genera (p

<0.01).

Figure 12 shows PC4 plotted against PC3 for the talus, with color separating
genus and shape differentiating monkeys and apes. PC3 accounts for 8.1% of the
morphological variation and appears to show variation in the relative orientation of the
posterior subtalar articular facet relative to the trochlear articular surface. This
morphology separated genera (p < 0.01), between monkeys and apes (0.023), and
separates taxonomically within monkey/ape groupings, with platyrrhines (Sapajus and
atelids) grouping away from cercopithecids and Asian apes separating from African apes.
PC4 accounts for 4.6% of the variation and describes the angulation of the posterior
subtalar articular surface relative to the trochlea. This PC did not separate between
monkeys and apes (p = 0.73) but did separate among genera (p < 0.01). Subsequent PCs

explained very little variation and were therefore not explored.
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Calcaneus

Figure 13 shows PC2 plotted against PC1 for the talus, with color separating
genus and shape differentiating monkeys and apes. PC1 accounts for 31.5% of the
variation and captures the relative width/length of the calcaneus, (i.e., size related shape
of the Procrustes-transformed landmarks). PC1 appears to separate by body size, with
great apes (Pongo, Pan, and Gorilla) grouping on the positive end of the axis, hylobatids
grouping together, and monkeys heavily grouping on the negative end of the x-axis
(Figure 13). PC1 separated both between monkeys and apes (p < 0.01) and by genus (p <
0.01). PC2 describes 9.8% of the variation in calcaneal morphology and captures tuber
length (i.e., the distance between the posterior subtalar articular surface and the posterior
end of the calcaneus). PC2 separated among genera (p < 0.01) and between monkeys and
apes (p < 0.01), with Pongo and Hylobates separating from monkeys and African apes

(Figure 13).

Figure 14 shows PC4 plotted against PC3 for the calcaneus. PC3 accounts for
6.7% of the variation and appears to show orientation of the sustentaculum tali. This
morphology separated genera (p < 0.01), but not monkeys and apes (p = 0.69). This PC
separates taxonomically within monkeys only, with platyrrhines grouping away from
cercopithecids. PC4 accounts for 5.9% of the variation and describes the angulation of
the subtalar articular surface relative to the calcaneal tuber. This PC did not separate
between monkeys and apes (p = 0.32) but did separate among genera (p < 0.01).

Subsequent PCs explained very little variation and were therefore not explored.
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Cuboid

Figure 15 shows PC2 plotted against PC1 for the cuboid, with color separating
genus and shape differentiating monkeys and apes. Wireframes are included to illustrate
the extremes on either end of the respective axis. PC1 accounts for 23.9% of the variation
and captures cuboid breadth and wedging. PC1 appears to separate by body size, with
Gorilla on the far negative end of the axis, followed by Pan, Pongo, lesser apes, and
monkeys falling on the positive end of the x-axis, but not by phylogeny within monkeys
or apes or by locomotion (Figure 15). PC1 separates both between monkeys and apes (p
< 0.01) and by genus (p < 0.01). PC2 describes 12.2% of the variation in cuboid
morphology and captures proximodistal length of the cuboid, with Ateles and Colobus
separating from the rest of monkeys on the negative end of the PC scale. PC2 separated

between monkeys and apes (p < 0.01) and genus (p < 0.01).

Figure 16 shows PC4 plotted against PC3 for the cuboid, with color separating
genus and shape differentiating monkeys and apes. PC3 accounts for 7.1% of the
variation and appears to show differences in the relative orientation of the proximal and
distal articular facets, or torsion of the bone. This morphology did not separate between
monkeys and apes (p = 0.081). PC3 did separate genera (p < 0.01) and also separated
Asian apes from African apes, but otherwise yields no clear separation patterns. PC4
accounts for 6.8% of the variation and describes the angulation of the proximodistal long
axis of the cuboid. There were significant differences among genera (p < 0.01) and
between monkeys and apes (p < 0.01). This PC appears to isolate New World monkeys
from Old World monkeys, but has no clear locomotor signal. Subsequent PCs explained

very little variation and were therefore not explored.
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Navicular

Figure 17 shows PC2 plotted against PC1 for the navicular, with color separating
genus and shape differentiating Old World monkeys, New World monkeys, and apes.
PC1 accounts for 27.8% of the variation and captures the proximodistal length of the
navicular. PC1 separates by genus (p < 0.01) and between monkeys and apes (p < 0.01)
and separates suspensory taxa (Pongo, Pan, Gorilla, Hylobates, Ateles) from Sapajus and
cercopithecids, which stress running or jJumping. PC2 describes 12.1% of the variation in
navicular morphology and captures projection of the navicular tuberosity. PC2 separates
genera (p < 0.01) and monkeys from apes (p < 0.01) with Pongo, Lagothrix, and Sapajus
exhibiting the least projection and Hylobates exhibiting the most tuberosity projection

(Figure 17).

Figure 18 shows PC4 plotted against PC3 for the navicular, with color separating
genus and shape differentiating monkeys and apes. PC3 accounts for 8.1% of the
variation and appears to show variation in the relative length of the talonavicular articular
surface compared to the rest of the navicular. This morphology separated genera (p <
0.01) and monkeys from apes (p = 0.017), notably isolating atelids, which have smaller
talonavicular articular surfaces relative to the rest of the navicular compared to the other
taxa. PC4 accounts for 7.7% of the variation and describes the relative height of the
navicular. This PC did not separate between monkeys and apes (p = 0.91) but did isolate
New World monkeys from Old World monkeys and African apes from Asian apes.

Subsequent PCs explained very little variation and were therefore not explored.
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Bivariate Analysis

The PC analyses demonstrated the large-scale shape differences in the
morphology of each tarsal. In order to further explore which specific aspects of
morphology drive variation in this sample, landmark data were imported into WinEDMA
and converted into a matrix of linear distances between all landmarks and scaled to the
geometric mean for each bone. Correlations between scaled distances and axis scores
were calculated for each bone. The highest correlations from those analyses, as well as
talar trochlear wedging and cuboid wedging, were explored in bivariate plots of natural
log-transformed linear distances plotted against the natural log of each bone’s respective

centroid size with linear model regressions for each group.

Phylogenetic generalized least squares analysis revealed that when phylogeny is
considered, the selected measurements from the EDMA analysis were related to
locomotion (p < 0.01), except for the two wedging measurements (p = 0.46 for trochlear

wedging and p = 0.25 for cuboid wedging) (Table 4).

Talus

In the talus, four log-transformed interlandmark distances were explored: talar
neck length, talar length, talar head breadth, and trochlear wedging. General talar length
and breadth were both driving factors of variation in the PC analysis described above, but
this secondary analysis allows further exploration of specific distances that are
responsible for the variation seen among extant primates. When plotted against log-

transformed centroid size, where intercepts are allowed to vary by group (listed in Table
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3), talar neck length scales negatively allometrically with centroid size (Table 5). African
Apes differed from all groups except hylobatids, and hylobatids were different from
Sapajus, Lagothrix and cercopithecids, but not Ateles or African apes (Figure 19; Table
6), which means this morphology may have phylogenetic, size, and slight locomotor
signals affecting the variation. Talar length, on the other hand, scales isometrically
among primates in this study (Table 5) and largely separates taxa based on size and
phylogeny, with platyrrhines separating from cercopithecids and all apes (Figure 20). All

catarrhines were indistinguishable from each other.

In the PC analysis, general talar breadth was a driving factor of variation (Figure
21), but this additional interlandmark distance analysis isolated talar head breadth
specifically. African apes have the relatively broadest talar heads, followed by Asian
apes, then platyrrhines (Figure 21). Cercopithecids display the narrowest talar heads of all
specimens studied (Figure 21). This variation can be attributed to phylogeny, size, or
both. Trochlear wedging was negatively allometric, but had a very low R-squared value,
which suggests little confidence in any allometric trends related to this morphology
(Table 5). Although trochlear wedging is hypothesized to be related to increased lateral
movements of the talus during locomotion, thought to be associated with increased
suspensory locomotion, trochlear wedging does not appear to vary by locomotor type in
this study (Figure 22). For example, as can be seen in Figure 22, Hylobates, a small,
suspensory ape, has a very wedged trochlea, and when plotted, the taxon indeed exhibited
among the highest values for trochlear wedging. Cercopithecus, a smaller quadrupedal
monkey, does exhibit less trochlear wedging than the Hylobates. However, Pongo, a

large, highly suspensory ape exhibits equal if not less wedging than Cercopithecus. These
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results indicate that trochlear wedging, although it affects foot posture, does not separate
taxa by phylogeny, size, or locomotion and therefore is not diagnostic when inferring

these characteristics from isolated tarsals.

Calcaneus

In the calcaneus, three measurements were studied: calcaneal height, anterior
calcaneal length, and sustentaculum tali projection. Calcaneal height separates highly
suspensory African apes, Pongo, hylobatids, and atelids from largely arboreal
quadrupedal Sapajus and cercopithecids (Figure 23; Table 6). Although the regression
slope indicates isometry (Table 5), some patterns can still be deduced from this analysis.
Since platyrrhines are split, calcaneal height variation does not appear to separate along
phylogenetic lines, and since atelid body size overlaps with that of cercopithecids, but the
intercepts of those two groups significantly differ (p < 0.01), the difference in calcaneal
height appears to be affected by locomotor differences. In the PCA, posterior calcaneal
length drove variation in the extant sample, but in the bivariate analysis, anterior
calcaneal length was isolated as a varying factor among taxa. Anterior calcaneal length
and sustentaculum tali morphology drive variation in this sample, but both appear to
largely vary based on phylogeny, with apes having relatively anteroposteriorly shorter
calcanei than all monkeys, which have relatively longer calcanei with more projecting
sustentaculum tali (Figures 24-25; Table 6). However, within each group, there is a
locomotor signal, wherein suspensory apes have significantly shorter anterior calcanei
than monkeys overall, but within New World monkeys, suspensory atelids have shorter
anterior calcanei than quadrupedal Sapajus (Figure 24).
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Cuboid

In the cuboid, three measures were studied: cuboid length, cuboid breadth, and
cuboid wedging. Cuboid length scaled negatively allometrically with body size, but
separated taxa based on locomotion (Figure 26; Tables 4-5) with African apes, Pongo,
hylobatids, and atelids having shorter cuboids than cercopithecids and Sapajus. A
diagonal line connecting the medial articular surface and the distal lateral articular
surface was a significant driver of variation in the EDMA analysis, and this was
interpreted to be a proxy for cuboid breadth, but since there was no landmark on the
lateral margin of the cuboid at the same proximodistal plane as the medial landmark,
cuboid length will also be associated with this interlandmark distance. This morphology
scales positively allometrically with centroid size (Table 5). Apes and Sapajus appear to
separate from the remaining taxa with relatively narrower cuboids, whereas atelids and
cercopithecids have relatively wider cuboids (Figure 27). Cuboid wedging appeared to
isolate African great apes, which exhibit highly wedged cuboids, which may indicate that
this morphology aids in vertical climbing but does not seem to separate non-African great

ape taxa by phylogeny, size, or locomotion (Figure 28).

Navicular

In the navicular, two measures were studied after the correlation results from
WInEDMA: navicular proximodistal length and navicular width. Navicular proximodistal
length scales isometrically with centroid size, although the R? value is notably low, and

so interpretations are made cautiously (Table 5). Apes appear to overall have shorter
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naviculars than all monkeys (Figure 29; Table 6) with cebids and some cercopithecids
having the longer naviculars. Navicular mediolateral width scaled positively
allometrically with apes having slightly wider naviculars than monkeys (Figure 30;

Tables 4-5).

Discussion:

The goal of this chapter was to study the variation in tarsal morphology across
extant anthropoid primates and test hypotheses about tarsal morphology. This was done
using 3D landmarks that were transformed to scaled PC scores in order to quantify shape
overall, followed by a series of linear regressions to further explore effects on shape
(represented by the Procrustes coordinates) and on interlandmark distances that had the
greatest effect on variation. This chapter approached shape variation in tarsal form in two
different manners. The PCA provided qualitative but simplified overall shape variation.
PCA is also useful, as the same analyses can be performed on fragmentary specimens
using subsetted landmark datasets of the same extant sample, as was done in Chapter 4 of
this dissertation. In addition to the traditional geometric morphometric analyses, linear
models of interlandmark distances focused on specific morphologies that drove variation
on each bone rather than overall shape. Contrary to my predictions (listed in
Introduction), neither 1) trochlear wedging nor 6) cuboid wedging separated taxa that
locomote differently. 2) Trochlear height did vary in the PCA, as predicted, but
interlandmark distances were unable to capture variation in this morphology. 3) Talar
neck length, though it did appear to somewhat vary by locomotor type, also varied by
body size. Talar head breath, contrary to my predictions varied according to body size
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and phylogeny, not locomotor type. 4) Orientation of the subtalar articular surface did
separate taxa that locomote differently. 7) Proximal peg and socket projection of the
cuboid also either was not captured or did not vary in the interlandmark distance analysis.
Relative lengths of the 5) calcaneus, 8) cuboid, and 9) navicular did, as hypothesized, all
vary based on locomotion. These traits, as well as other morphologies that drove

variation are discussed below.

The variation observed from both the PCA and interlandmark distance analyses of
this study can be grouped into three categories: phylogeny, size/allometry, and
locomotion. These three categories, however, are intertwined. For example,
phylogenetically, apes and monkeys are disparate groups, but apes—particularly great
apes—are also larger than monkeys in body size, therefore variation along phylogenetic
lines may also carry implication of size variation. Similarly, body size affects an
organism’s locomotion (Jungers, 1985; Langdon, 1986; Biewener, 1989; Ward et al.,
2018). Therefore, many morphologies fall into multiple categories. This study does not
mean to imply that these morphologies only fall into the category in which it is discussed,
only that size, phylogeny, and/or morphology play(s) a role in the morphological

variation.

Phylogeny

In the absence of complete fossil specimens, isolated postcranial bones can be the
only fossil evidence of extinct taxa. Although phylogeny cannot be inferred from small

bones such as the tarsals studied in this chapter, morphological similarities to monkeys or
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apes can be helpful in describing fossil taxa. From the PC analysis, significant separators
of monkeys from apes are talar neck length/talar length, with monkeys overall having
longer necks than apes and anterior calcaneal length, with apes having relatively shorter
calcanei. Additionally, PC3 of the navicular, which is associated with the relative size of
the talonavicular articular surface isolates atelines from all other taxa, though no
allometric, functional, or other phylogenetic conclusions can be drawn from this result. In
the bivariate plots, talar length, talar head breadth, anterior calcaneal length,
sustentaculum tali projection, and navicular proximodistal length separate monkeys from
apes, with apes having relatively shorter tali, broader heads, relatively shorter anterior
calcanei, and less-protruding sustentaculum tali than monkeys, which have longer tali,

narrower talar heads, relatively longer calcanei, and more sustentaculum protrusion.

Talar head breadth appears to be influenced by phylogeny, as a size gradient is
visible in the bivariate plot of this measurement and centroid size, with African apes
having much broader talar heads than Pongo, which has broader heads than hylobatids,
followed by platyrrhines and then cercopithecines with the narrowest heads (Figure 20).
Langdon (1986) hypothesized that this was due to loading differences among taxa, with
the large African apes requiring greater breadth in order to dissipate the increased force
passing through the talar head while the talonavicular joint was loaded, leading to a
broader talar head. However, this morphology was negatively allometric with centroid
size, so further analysis of talar head breadth and body size is needed. Additionally, the
fact that Sapajus, Lagothrix, and Ateles, all platyrrhines of different sizes fall together

(Figure 14) indicates that phylogeny also plays a major role in this morphology. The two
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factors are difficult to separate due to the fact that body size differences largely also fall

along phylogenetic lines.

Size

Due to the large range in primate body size (Jungers, 1985), much of the variation
in morphology in this study is due to size. The morphologies where variation appears to
be mainly attributable to size are: cuboid breadth, talar head breadth, and calcaneal
length. Cuboid breadth is positively allometric with centroid size (Table 5), and the PCA
showed a possible size gradient in taxonomic variation (Figure 12). The interlandmark
distance analysis did not show such a gradient, but that is likely due to the fact that these
landmarks did not strictly capture breadth and other factors, such as cuboid length, which

did not scale with body size.

Talar head breadth, as has been discussed previously, appears to separate along a
size gradient, with African apes having the broadest heads, followed by Asian apes, then
monkeys. This likely has to do with increased forces associated with larger body sizes
requiring greater surface area of the talar head as it is loaded longitudinally. However, the
amount of force transferred through the talar head will also depend on the form of
locomation, by reducing the need for broad talar heads in highly suspensory taxa, as they
would not engage in loaded plantarflexion. This implies that after size, there is a

locomotor gradient associated with this morphology.

Calcaneal length appears to be influenced by body size in the current sample, as

this measure of calcaneal length in the PCA separated group by body size and the
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bivariate plot of calcaneal length also separates along a size gradient. This measure does
not separate by phylogeny, as atelids and cercopithecids, which overlap in body size but

are phylogenetically disparate, were not significantly different.

Locomotion

Morphologies that vary with primate taxa that locomote in similar manners are:
relative orientation of the posterior subtalar facet on the talus, talar neck length, calcaneal
tuber height, calcaneal anterior length, cuboid length, and navicular anteroposterior

length.

Orientation of the posterior subtalar facet varying among taxa that move
differently is consistent with the observations from Chapter 2 of this dissertation and
supports hypothesis 4 of this study. Since plantarflexion/dorsiflexion and
inversion/eversion are highly correlated with each other at the subtalar joints (Chapter 2),
the morphology of this joint, specifically the orientation of the subtalar joint that allows
for motion in both planes appears to also vary depending on the type of locomotion an
organism engages in. Of note, the PC analysis shows that body size weighs more heavily
on talar shape compared to the orientation of the posterior subtalar facet, which is to be
expected because the talus also bears much of the body weight, particularly in
quadrupedal (including knuckle walking) taxa. Orientation and relative size of the
posterior subtalar facet has also been hypothesized to vary by taxa that locomote
differently in previous studies. Langdon (1986) hypothesized that the orientation of the

posterior subtalar joint in non-human great apes results in less advancement of the talar
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head and therefore less close-packing of the joint in a supinated foot position, leading to
more stability for taxa that climb and grasp small branches. Pongo and atelids (highly
suspensory taxa that grasp small branches with their feet) group together in subtalar
articular surface orientation. They separate from arboreal quadrupeds cercopithecids and
African Apes that engage in terrestrial quadrupedalism and also vertical climbing. Lewis
(1980b) attributed this separation between highly suspensory Pongo and hylobatids and
Pan and Gorilla, to the fact that both African Apes spend a significant amount of time
walking on the ground and therefore differ from the more suspensory hylobatids and
Pongo (Lewis, 1980b). Sapajus, an arboreal quadruped, however also overlaps with
Pongo and atelids in this analysis, which complicates the hypothesis that this morphology

reflects locomotion alone.

Talar neck length appears to be responding to multiple signals, lending partial
support for one of the hypotheses for this study. This morphology broadly separates
monkeys from apes and along a size gradient. The phylogenetic exception is Ateles,
which groups with Pongo, having shorter necks than cercopithecids, Sapajus, and
Lagothrix, but longer necks than African apes and Hylobates. Langdon (1986)
hypothesized that larger specimens, like apes, would have shorter talar necks than
monkeys to account for greater stresses as a result of body size. Pongo and Ateles could
have elongated necks compared to African Apes and hylobatids partially because these
compressive stresses on the foot are decreased in suspensory locomotion (Langdon,
1986). Since Pongo rarely travels on the ground, a relatively longer neck can increase

excursion of joints in the midfoot in supinated foot postures, which adds a locomotor
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signal to this pattern of phylogenetic and size-dependent variation in talar neck

morphology.

Calcaneal height at the posterior subtalar articulation, also appears to separate
taxa that move differently. Suspensory taxa (African apes, Pongo, hylobatids, and atelids)
differed from the terrestrial or arboreal quadrupedal cebids and cercopithecids with the
suspensory taxa having relatively taller calcanei. Although absolute length of the
calcaneus scales with centroid size, the shorter height but longer posterior calcaneus seen
in cercopithecines is hypothesized to result from increasing the in lever arm of the triceps
surae muscle group for more powerful plantarflexion, which is important in arboreal and
terrestrial locomotion, particularly involving running or jumping (Strasser, 1988). The
relatively shorter calcaneal body height in cercopithecids seen in this study could also
result from the fact that cercopithecids have taller talar trochleae for increased stability
during plantarflexion and dorsiflexion and/or leaping (Strasser, 1988, Gebo et al., 2015),
and thus this difference in calcaneal height stems from difference in the relative
contribution to posterior height of the foot between taxa that locomote differently.
Langdon (1986) also noted increased calcaneal height in hominoids and attributed this
morphology to the inferior tubercle in gorillas and humans, although noted that a direct
measure of the heel process did not yield the same differences separated by calcaneal

height. Orangutans, which do not possess a large heel process, also possess tall calcanei.

The general elongation of the lateral foot is evident in both the anterior elongation
of the calcaneus and the relative elongation of the cuboid. Although both are
unsurprisingly related to size and phylogeny, the shortening of the midfoot region in

suspensory taxa would allow the animal to grasp a smaller substrate for the same amount
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of midfoot flexion. Apes in particular require lateral foot mobility during grasping and
suspensory locomotion, which would not benefit from elongated tarsals (Langdon, 1986;

Strasser, 1988).

The proximodistal navicular length separated great apes from arboreal and semi-
terrestrial quadrupeds, with a gradient in between those two groups that included
suspensory atelids, hylobatids, and Nasalis being more similar to great apes and in line
with atelids and hylobatids (Figure 14). This distribution of taxa is consistent with
Langdon’s (1986) observation that Sapajus has a relatively long navicular (proximodistal
dimension), whereas hominoids have much mediolaterally wider naviculars relative to
their length. He associated this disparity with running and leaping taxa requiring a longer
load arm for plantarflexion, whereas suspensory taxa have shortened their naviculars to
reduce stresses on the bone during supinated foot postures, particularly given the large
body size of hominoids (Langdon, 1986). | hypothesize that the intermediate specimens,
include smaller suspensory taxa and Nasalis, which has been observed to engage in both
suspensory behaviors and some vertical climbing (Su & Jablonski, 2009). This gradient,
particularly the intermediate group follows this pattern hypothesized by Langdon (1986)
in that they would require less shortening of the navicular due to smaller body size than
hominoids, which are at risk of injury from placing large loads on their midfoot region
during suspensory locomotion and/or vertical climbing. The intermediate group,
however, does require more stability during inverted foot posture than the arboreal

quadrupedal running/jumping group, therefore falls intermediate to the two extremes.
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Limitations

Although there are many benefits of landmark-based GM, it remains possible that
aspects of morphology were not quantified due to an absence of landmarks in a particular
region. Both measures of wedging yielded little to no detectable patterns in taxa
separation, though both have been hypothesized previously to vary among taxa. It
remains possible that the manner used in this study to quantify wedging of both the talar
trochlea and cuboid body did not aptly capture the aspects of these morphologies that

vary among extant anthropoids.

Many of the limitations from this study stem from the fact that size, phylogeny,
and locomotion-related differences are confounded by each other in this sample.
Inclusion of more non-suspensory New World monkeys would aid in diversifying the
locomotor differences analyzed and having better separation between phylogeny and
locomotion. Additionally, using body size estimates rather than bone centroid size would
be ideal, but is not possible for many museum specimens where body size estimates were
not always known. However, in future studies, a proxy for body size that does not include

any of the morphologies analyzed in this study ought to be used.

Conclusion:

This chapter was preceded by a study of in vivo motions that occur at the
talocrural, subtalar, calcaneocuboid, and talonavicular joints. This chapter continued to
explore the functional morphology of the anthropoid foot and ankle by analyzing a large

sample of tarsals from anthropoid primate taxa that vary in body size, phylogeny, and
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locomotion in order to offer the form side of form-function relationships. Tarsals are
complicated in shape and difficult to interpret but are often preserved in the fossil record
(Sarmiento & Marcus, 2000). As such, it is important to study the diversity in tarsal
morphology and what drives that variation in extant taxa before attempting to interpret
fossil taxa. This study allowed us to parse out aspects of tarsal morphology that are
driven by phylogeny, size, locomotion, or a combination of multiple factors. I also
identified specific morphologies related to stability vs. mobility in the midfoot region,
subtalar joint orientation, and inversion at the talocrural joint that separate suspensory
from quadrupedal taxa. This study showed that the orientation of the posterior subtalar
facet on the talus was more oblique in suspensory taxa, talar necks are shorter in
suspensory taxa (although this also relates to body size), calcaneal tuber height is greater
in suspensory taxa, calcaneal anterior length is greater in quadrupedal taxa, quadrupedal
taxa have longer cuboids, and navicular anteroposterior length is also greater in
quadrupedal taxa. These morphologies provide a framework to study fossil material

based on functional analyses of extant primate diversity.
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Figures and Tables for Chapter 3

Figures:

Figure 1: Diagram of the effect of the calcaneal tuber length on ankle plantarflexion.
Green triangle is the fulcrum, where the midfoot break occurs (Chapter 2 of this
dissertation; DeSilva, 2010). Black arrow shows the load of the body weight on the lever
system. Red arrow is the muscular force of the triceps surae muscles on the posterior
calcaneus. Increasing the in-lever distance (d) increases the mechanical advantage
without increasing muscular effort. Diagram shown on a lateral view of Macaca mulatta

polygonal model of a foot overlaid onto a uniplanar fluoroscopic image of the same foot.
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Medial

Lateral

Figure 2: Examples of A) a trapezoidal talar trochlea (Hylobates klossi), which tapers

posteriorly versus B) a more rectangular talar trochlea (Cercopithecus mitis). Note:

models are scaled to each other by talar length. Both tali are in dorsal views.

Dorsal

Medial

A Plantar

Lateral

Dorsal

Medial Lateral

Plantar

Figure 3: Examples of A) high and asymmetrical talar trochlear crests (Cercopithecus

mitis) versus B) flat, symmetrical trochlear crests (Pan troglodytes). Note: models are

scaled to each other by talar height. Both tali are in caudal views.
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Calcaneus Talus

Medial Lateral Medial

Figure 4: Subtalar articulations on the calcaneus (left, dorsal view) and talus (right,
plantar view). Posterior subtalar articular surface colored in red, middle subtalar articular
surface in green, anterior subtalar articular surface colored in blue. Shown here in

Cercopithecus ascanius specimens.
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Lateral |Medial Lateral

Figure 5: Example of variation in the orientation of the subtalar articular surface in
Cercopithecus alborgularis (left) and Pan troglodytes (right), which is hypothesized to
differ between suspensory and non-suspensory taxa. Left tali were scaled to the same
length, and thus do not reflect actual talar size relative to each other. Both tali are in

plantar views.
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Figure 6: Examples of A) prominent peg and socket morphology at the calcaneocuboid
joint (Pongo pygmaeus, plantar view, arrow indicates proximal bony protuberance)
versus B) a more planar articulation at the calcaneocuboid joint (Trachypithecus cristatus

plantar view, arrow indicates proximal bony protuberance). Note: pictures are scaled to

each other by cuboid proximodistal length.
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Figure 7: Examples of A) a wedged cuboid (Gorilla beringei) and B) a more rectangular
cuboid (Macaca mulatta). Note: models (dorsal view) scaled to each other by cuboid

length.
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Figure 8: Midfoot length effect on ability to grasp smaller substrates. The image on the

right has a longer midfoot than the image on the left. Given the same amount of rotation
of the midfoot, the shorter midfoot allows the animal to grasp a smaller substrate without
increasing the amount of rotation that occurs between these bones. Lateral view of

Macaca mulatta right foot.
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Figure 9: Phylogenetic relationships of the extant sample of anthropoid primates used in
this study. Sample sizes listed in Table 1. Branches are colored by Taxonomic Group
listed in Table 3. Locomotor category (listed in Table 3) is indicated by a black square

(non-suspensory) or hollow circle (suspensory).
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Calcaneus

Cuboid

Proximal View Distal View Medial View

Navicular

Proximal View Distal View Inferior View

Distal View Dorsal View Lateral View Plantar View
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Figure 10: Landmarks to be used in the geometric morphometric analysis of the
calcaneus (n = 230), cuboid (n = 282), navicular (n = 254), and talus (n = 238), modified

from Harcourt-Smith (2002). Landmarks are listed and described in Table 2.
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Figure 11: PCs 1 and 2 of the talus. Percent (%) variation explained by each PC is listed
along its axis label. Wireframes consisting of connected landmarks of the extreme
morphology of the respective ends of each PC provided for visualization of shape
changes. Bone models matching the view of the wireframes provided for visualization.
Color of data points vary by group, defined in Table 3. Filled circles represent apes,
squares represent monkeys. PC 1 captures the relative length and width of the talus,

including variation in the talar neck, head. PC 2 captures trochlear height.
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Figure 12: PCs 3 and 4 of the talus. Percent (%) variation explained by each PC is listed
along its axis label. Wireframes consisting of connected landmarks of the extreme
morphology of the respective ends of each PC provided for visualization of shape
changes. Bone models matching the view of the wireframes provided for visualization.
Color of data points vary by group, defined in Table 3. Filled circles represent apes,
squares represent monkeys. PC 3 captures variation in the curvature of the posterior
calcaneal facet relative to the trochlear articular surface. PC 4 describes the angulation of

the posterior subtalar articular surface relative to the trochlea in the transverse plane.
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Figure 13: PCs 1 and 2 of the calcaneus. Percent (%) variat

5

i

0.2

<A

ion explained by each PC is

listed along its axis label. Wireframes consisting of connected landmarks of the extreme

morphology of the respective ends of each PC provided for visualization of shape

changes. Bone models matching the view of the wireframes provided for visualization.

Color of data points vary by group, defined in Table 3. Filled circles represent apes,

squares represent monkeys. PC 1 captures the relative length and width of the calcaneus.

PC 2 captures posterior calcaneal length.
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Figure 14: PCs 3 and 4 of the calcaneus. Percent (%) variation explained by each PC is
listed along its axis label. Wireframes consisting of connected landmarks of the extreme
morphology of the respective ends of each PC provided for visualization of shape
changes. Bone models matching the view of the wireframes provided for visualization.
Color of data points vary by group, defined in Table 3. Filled circles represent apes,
squares represent monkeys. PC 4 describes the angulation of the subtalar articular surface

relative to the calcaneal tuber in the transverse plane.
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Figure 15: PCs 1 and 2 of the cuboid. Percent (%) variation explained by each PC is
listed along its axis label. Wireframes consisting of connected landmarks of the extreme
morphology of the respective ends of each PC provided for visualization of shape
changes. Bone models matching the view of the wireframes provided for visualization.
Color of data points vary by group, defined in Table 3. Filled circles represent apes,

squares represent monkeys. PC 1 captures cuboid breadth. PC 2 captures proximodistal

length.
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Figure 16: PCs 3 and 4 of the cuboid. Percent (%) variation explained by each PC is

listed along its axis label. Wireframes consisting of connected landmarks of the extreme

morphology of the respective ends of each PC provided for visualization of shape

changes. Bone models matching the view of the wireframes provided for visualization.

Color of data points vary by group, defined in Table 3. Filled circles represent apes,

squares represent monkeys. PC 3 captures the relative orientation of the proximal and

distal articular facets, or torsion of the bone. PC 4 describes the angulation of the

proximodistal long axis of the cuboid in the transverse plane.
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Figure 17: PCs 1 and 2 of the navicular. Percent (%) variation explained by each PC is

e €

listed along its axis label. Wireframes consisting of connected landmarks of the extreme
morphology of the respective ends of each PC provided for visualization of shape
changes. Bone models matching the view of the wireframes provided for visualization.
Color of data points vary by group, defined in Table 3. Filled circles represent apes,
squares represent monkeys. PC 1 captures the proximodistal length of the navicular. PC 2

captures projection of the navicular tuberosity.
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Figure 18: PCs 3 and 4 of the navicular. Percent (%) variation explained by each PC is
listed along its axis label. Wireframes consisting of connected landmarks of the extreme
morphology of the respective ends of each PC provided for visualization of shape
changes. Bone models matching the view of the wireframes provided for visualization.
Color of data points vary by group, defined in Table 3. Filled circles represent apes,
squares represent monkeys. PC 3 captures variation in the relative length of the
talonavicular articular surface (blue in wireframes) compared to the rest of the navicular

(grey in wireframes). PC 4 describes the relative dorsoplantar height of the navicular.
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Figure 19: Bivariate plot of In-transformed linear distance of the base of the talar neck to
the distal end of the talar head, or talar neck length to In-transformed centroid size of the
talus. Lines represent linear models fit to grouped anthropoid taxa (colored by group,

indicated in Table 3).
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Figure 20: Bivariate plot of In-transformed linear distance from the posterior subtalar
facet to the distal base of the talar head, or talar length to In-transformed centroid size of
the talus. Lines represent linear models fit to grouped anthropoid taxa (colored by group,

indicated in Table 3).
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Figure 21: Bivariate plot of In-transformed linear distance of the medial and lateral points
on the talar head, or talar head breadth to In-transformed centroid size of the talus. Lines
represent linear models fit to grouped anthropoid taxa (colored by group, indicated in

Table 3).
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Figure 22: A: Bivariate plot of In-transformed ratio of the linear distances between the

medial and lateral points on the proximal and distal margins of the talar trochlea, or talar
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trochlear wedging to In-transformed centroid size of the talus. Lines represent linear
models fit to grouped anthropoid taxa (colored by group, indicated in Table 3).

B: Right tali of (from left to right) Hylobates, Cercopithecus, and Pongo. Variation in
trochlear wedging does not appear to follow phylogenetic, body size, or locomotor

patterns. Note: tali (dorsal views) scaled to each other by posterior talar trochlear breadth.
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Figure 23: Bivariate plot of In-transformed linear distance of the posterior subtalar
articular surface to the plantar point on the anterior aspect of the medial tubercle of the
calcaneus, or calcaneal height to In-transformed centroid size of the calcaneus. Lines
represent linear models fit to grouped anthropoid taxa (colored by group, indicated in

Table 3).
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Figure 24: Bivariate plot of In-transformed linear distance of the anterior point of the
posterior subtalar facet to the distal end of the calcaneus, or anterior calcaneal length to
In-transformed centroid size of the calcaneus. Lines represent linear models fit to grouped

anthropoid taxa (colored by group, indicated in Table 3).
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Figure 25: Bivariate plot of In-transformed linear distance between the sustentaculum tali
to a midline point on the distal calcaneus, or sustentaculum tali projection to In-
transformed centroid size of the calcaneus. Lines represent linear models fit to grouped

anthropoid taxa (colored by group, indicated in Table 3).
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Figure 26: Bivariate plot of In-transformed linear distance between the proximal and
distal articular facets of the cuboid, or cuboid length to In-transformed centroid size of
the cuboid. Lines represent linear models fit to grouped anthropoid taxa (colored by

group, indicated in Table 3).
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Figure 27: Bivariate plot of In-transformed linear distance between a point on the distal
point of the medial articular facet on the cuboid and a point on the lateral distal articular
surface, or cuboid breadth to In-transformed centroid size of the cuboid. Lines represent

linear models fit to grouped anthropoid taxa (colored by group, indicated in Table 3).
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Figure 28: Bivariate plot of In-transformed ratio of the linear distances between the
proximal and distal points on the medial and lateral margins of the cuboid, or cuboid
wedging to In-transformed centroid size of the cuboid. Lines represent linear models fit to

grouped anthropoid taxa (colored by group, indicated in Table 3).
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Figure 29: Bivariate plot of In-transformed linear distance between the proximal and
distal articular surfaces, or navicular proximodistal length to In-transformed centroid size
of the cuboid. Lines represent linear models fit to grouped anthropoid taxa (colored by

group, indicated in Table 3).
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Figure 30: Bivariate plot of In-transformed linear distance between the medial and lateral

aspects of the navicular, or navicular width to In-transformed centroid size of the cuboid.

Lines represent linear models fit to grouped anthropoid taxa (colored by group, indicated

in Table 3).
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Table 1: Specimen list by genus and species for this study.

Genus Talus Calcaneus Cuboid Navicular Species Talus Calcaneus Cuboid Navicular
Count Count Count Count
Ateles 5 6 9 8 belzebuth 1 1 3 3
fusciceps 1 1 1 1
geoffroyi 3 3 3 3
marginatus 0 1 1 1
paniscus 0 0 1 0
Cercopithecus 18 17 18 18 alborgularis 1 1 1 1
ascanis 3 3 3 3
cephus 1 1 1 1
diana 1 1 1 1
lowei 1 1 1 1
mitis 7 7 7 7
mona 3 3 3 3
nictitans 1 0 1 1
Chlorocebus 11 10 10 11 aethiops 11 10 10 11
Colobus 18 13 23 14 angolensis 4 3 5
guereza 9 5 10 5
polykomos 5 5 8 5
Erythrocebus 6 6 12 12 patas 6 6 12 12
Gorilla 21 23 22 20 beringei 8 9 9 9
gorilla 13 14 13 11
Hylobates 21 20 26 22 agilis 0 0 1 1
concolor 1 1 1 1
gabriellae 1 1 1 1
hoolock 2 2 3 2
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klossii 4 3 6 5

lar 11 11 12 11

moloch 1 1 1 0

muelleri 1 1 1 1
Lagothrix 2 1 9 8 lagotricha 2 1 9 8
Lophocebus 5 4 6 5 albigena 5 4 6 5
Macaca 27 26 29 27 fascicularis 13 13 14 13

mulatta 5 5 6 6

nemestrina 9 8 9 8
Nasalis 21 22 24 23 larvatus 21 22 24 23
Pan 27 26 29 27 troglodytes 27 26 29 27
Pongo 16 17 14 12 pygmaeus 16 17 14 12
Rhinopithecus 12 11 11 12 roxellana 12 11 11 12
Sapajus 9 8 20 15 apella 9 8 20 15
Symphalangus 5 6 7 6 syndactylus 5 6 7 6
Trachypithecus 14 14 13 14 cristatus 14 14 13 14
Genus Total 238 230 282 254
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Table 2: Landmarks used in the geometric morphometric analysis of the calcaneus, talus,

cuboid, and navicular, modified from Harcourt-Smith (2002), shown in Figure 10.

Bone Aspect Number  Description

Cuboid Proximal 1 Most proximal point of beak or peg and
socket projection

2 Most dorsal point of the dorsal margin

3 Most lateral point of the dorsal facet margin

4 Most lateral point of the plantar facet margin

5 Most medial point of the dorsal facet margin

6 Most medial point of the plantar facet margin

7 Deepest point of the articular facet

Medial 8 Most distal point of facet margin

9 Most disto-plantar point of facet margin

10 Most proximal point of facet margin

11 Most proximo-plantar point of facet margin

12 Most dorsal point of facet margin

Distal 13 Most dorso-medial point

14 Most medio-plantar point

15 Most medial point of medial margin

16 Most dorsal point of the facet margin between
articular surfaces for MT4 and MT5

17 Most plantar point of the facet margin
between the articular surfaces for MT4 and
MT5

18 Most lateral point of facet

19 Deepest point on facet for MT4

20 Deepest point on facet for MT5

Talus Trochlea 1 Most anterior point of trochlear groove

Most anterior point of contact between lateral
malleolar facet and trochlear surface

3 Most anterior point of contact between the
medial malleolar facet and the trochlear
surface

Most anterior point on medial malleolar facet
5 Most plantar point on medial malleolar facet
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6 Most posterior point of contact between the
medial malleolar facet and the trochlear
surface
Most posterior point on the trochlear groove
Most posterior point of contact between the
lateral malleolar facet and trochlear surface

9 Most dorsal point of the lateral facet margin

10 Most dorsal point on the medial facet margin

11 Most dorsal point on the trochlear groove

12 Most anterior point on lateral malleolar facet

13 Most plantar point on lateral malleolar facet

Posterior 14 Most anterolateral point
calcaneal facet 15 Most lateral point

16 Most posterolateral point

17 Most dorsal point on the proximal facet
margin

18 Most posteromedial point

19 Most medial point

20 Most anteromedial point

21 Most dorsal point on the distal facet margin

22 Most dorsal point on the facet

Head 23 Most dorsal point

24 Most plantar point

25 Most medial point

26 Most lateral point

27 Most distal point

28 Most lateral point of contact between the
navicular facet and the distal calcaneal facet

Navicular  Talar facet 1 Most medial point

2 Most plantar point

3 Most lateral point

4 Most dorsal point

5 Deepest point of facet

Cuneiform 6 Most dorsomedial point
facet 7 Most medial point

8 Most medioplantar point

9 Most dorsal point of margin separating facets
for medial and lateral cuneiforms

10 Most plantar point of margin separating facets

for medial and lateral cuneiforms
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11 Most dorsal point of margin separating facets
for intermediate and lateral cuneiforms
12 Most plantar point of margin separating facets
for intermediate and lateral cuneiforms
13 Most dorsolateral point
14 Most lateral point
15 Most plantolateral point
Tuberosity 16 Most medioplantar point of tuberosity
Calcaneus  Posterior talar 1 Most posterior point
facet 2 Most anterior point
3 Most medial point
4 Most lateral point
5 Most superior point
Anterior talar 6 Most posterior point
facet 7 Most lateral point
8 Most anterior point
9 Most medial point
Posterior 10 Most dorsal point
11 Most dorsomedial point
12 Most dorsolateral point
13 Most posterior point
14 Most plantar point
15 Most plantomedial point
16 Most plantolateral point
17 Most anterior point on medial tubercle
Cuboid facet 18 Most posterior point of the beak or peg and
socket articulation
19 Most lateral point
20 Most dorsal point
21 Most medial point
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Table 3: Classifier groups used to define genera in linear models. Hammond (2013) was

used to assign suspensory/non-suspensory behaviors. Lagothrix not included in

Hammond (2013), but was considered suspensory based on Cant et al., (2003) and

Langdon (1986). * indicates that although classified as non-suspensory, Nasalis has been

observed to engage in both suspensory behaviors and vertical climbing (Su & Jablonski,

2009).
Genus Monkey/Ape Group Suspen./Nonsuspen.
Ateles Monkey Atelid Suspensory
Cercopithecus Monkey Cercopithecid Non-suspensory
Chlorocebus Monkey Cercopithecid Non-suspensory
Colobus Monkey Cercopithecid Non-suspensory
Erythrocebus Monkey Cercopithecid Non-suspensory
Gorilla Ape African Ape Suspensory
Hylobates Ape Hylobatid Suspensory
Lagothrix Monkey Atelid Suspensory
Lophocebus Monkey Cercopithecid Non-suspensory
Macaca Monkey Cercopithecid Non-suspensory
Nasalis Monkey Cercopithecid Non-suspensory*
Pan Ape African Ape Suspensory
Pongo Ape Pongo Suspensory
Rhinopithecus Monkey Cercopithecid Non-suspensory
Sapajus Monkey Sapajus Non-suspensory
Symphalangus Ape Hylobatid Suspensory
Trachypithecus Monkey Cercopithecid Non-suspensory
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Table 4. Regression slope data for phylogenetically controlled generalized least squares analysis. Abbreviations: AP = anteroposterior,

PD = proximodistal, ML = mediolateral.

Centroid Size Centroid Size and Locomotion
Standard Standard
Estimate  Error t p Adj R?> | Estimate Error t p
Talar Neck Length 0.89 0.05 16.31 <0.001 0.90 -0.071 0.07 -0.99 <0.001
Talar AP Length 0.93 0.07 14.16 <0.001 0.88 -0.012 0.09 -0.13 <0.001
Talar Head Breadth 1.18 0.11 10.34 <0.001 0.79 0.079 0.15 0.53 <0.001
Trochlear Wedging 0.15 0.11 1.41 0.1701 0.03 0.0038 0.15 0.03 0.3971
Calcaneal Height 1.07 0.07 1471 <0.001 0.88 0.25 0.09 2.76  <0.001
Anterior Calcaneal Length 0.71 0.06 1154 <0.001 0.82 -0.12 0.08 -1.42  <0.001
Sustentaculum Tali Projection 0.90 0.06 15.08 <0.001 0.88 -0.097 0.08 -1.20 <0.001
Cuboid PD Length 0.92 0.06 14.40 <0.001 0.87 -0.032 0.08 -0.38 <0.001
Cuboid Breadth 1.01 0.09 11.08 <0.001 0.79 -0.031 0.12 -0.25 <0.001
Cuboid Wedging 0.26 0.14 1.89 0.0679 0.10 0.011 0.18 0.06 0.1941
Navicular PD Length 0.94 0.22 432 <0.001 0.36 -0.37 0.29 -1.29 <0.001
Navicular ML Width 1.16 0.08 14.80 <0.001 0.87 0.055 0.11 051 <0.001
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Table 5: Regression slope data for each measurement. Bold p-values indicate significant difference from a slope of 1. Lack of
significant differences indicate isometry. Slopes significantly greater than 1 indicate positive allometry. Slopes significantly less than

1 indicate negative allometry. Abbreviations: AP = anteroposterior, PD = proximodistal, ML = mediolateral.

Measurement Slope  S.E. t p Allometry Multiple R?
Talar Neck Length 0.93 0.02 -2.80 <0.001 - 0.97
Talar AP Length 1.05 0.03 1.33 0.18 Isometric 0.96
Talar Head Breadth 0.86 0.07 -2.02 0.04 - 0.90
Trochlear Wedging 0.098 0.053 -17.02 <0.001 - 0.18
Calcaneal Height 1.05 0.03 192 0.06 Isometric 0.98
Anterior Calcaneal Length 0.85 0.03 -473 <0.001 - 0.91
Sustentaculum Tali Projection | 0.96 0.03 -151 0.13 Isometric 0.96
Cuboid PD Length 0.93 0.02 -3.24 0.001 - 0.97
Cuboid Breadth 1.10 0.04 238 0.02 + 0.90
Cuboid Wedging 0.16 0.058 -145 <0.001 - 0.60
Navicular PD Length 1.06 0.09 0.68 0.50 Isometric 0.54
Navicular ML Width 1.07 0.03 242 0.02 + 0.98
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Table 6: Regression line comparisons of each measurement among taxonomic groups (Table 3). Bold p-values indicate significant

difference between the two groups listed in Comparison. Abbreviations: AP = anteroposterior, PD = proximodistal, ML =

mediolateral.
Talar Neck Length Talar AP Length Talar Head Breadth
Comparison Estimate E?r%r t Pr(>|t}) | Estimate Es’rtrdo'r t Pr(>|t|) [ Estimate ESr trdo'r t Pr(>|t])
Atelid - African Ape 0.11 0.03 359 <0.001 0.23 0.04 541 <0.001 -0.36 0.09 -4,12 <0.001
Sapajus - African Ape 0.18 0.03 527 <0.001 0.24 0.05 514 <0.001 -0.37 0.1 -3.85 <0.001
Cercopith. - African Ape 0.15 0.02 6.83 <0.001 0.07 0.03 2.39 0.14 -0.49 0.06 -7.76 <0.001
Hylobatid - African Ape 0.05 0.03 1.77 0.45 0 0.04 -0.01 0.99 -0.26 0.08 -3.43 0.01
Pongo - African Ape 0.1 0.02 536 <0.001 0.02 0.02 1 0.9 -0.14 0.05 -2.8 0.05
Sapajus - Atelid 0.07 0.03 2.21 0.21 0.01 0.04 0.3 0.99 -0.01 0.09 -0.16 0.99
Cercopithecid - Atelid 0.04 0.02 1.77 0.44 -0.16 0.03 -4.73 <0.001 -0.13 0.07 -1.96 0.33
Hylobatid - Atelid -0.06 0.03 -233 0.16 -0.23 0.04 -6.26 <0.001 0.09 0.07 1.23 0.79
Pongo - Atelid -0.01 0.03 -0.45 0.99 -0.21 0.04 -471 <0.001 0.21 0.09 2.42 0.13
Cercopithecid - Sapajus -0.03 002 -1.26 0.77 -0.17 0.03 -555 <0.001 -0.12 0.06 -1.89 0.37
Hylobatid - Sapajus -0.13 0.02 -5.5 <0.001 -0.24 0.03 -7.34  <0.001 0.11 0.07 1.58 0.57
Pongo - Sapajus -0.08 0.03 -2.46 0.12 -0.22 005 -462 <0.001 0.23 0.1 2.38 0.15
Hylobatid - Cercopithecid -0.1 001 -753 <0.001 -0.07 0.02 -3.87 <0.001 0.22 0.04 575 <0.001
Pongo - Cercopithecid -0.06 002 -243 0.13 -0.05 0.03 -1.53 0.6 0.35 0.07 5.3 <0.001
Pongo - Hylobatid 0.05 0.03 1.72 0.47 0.02 0.04 0.65 0.98 0.12 0.08 1.57 0.58
Trochlear Wedging Calcaneal Height Anterior Calcaneal Length
Comparison Estimate Esrtrdo'r t Pr(>|t)) | Estimate Esrtrdo'r t Pr(>|t]) | Estimate ; trdo'r t Pr(>|t])
Atelid - African Ape -0.01 007 -012  0.99 -0.04 004 -104 0.88 0.32 0.04 8.03 <0.001
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Sapajus - African Ape -0.07 0.07 -0.92 0.93 -0.33 0.04 -7.84  <0.001 0.39 0.05 8.4 <0.001
Cercopith. - African Ape -0.01 0.05 -0.21 0.99 -0.25 0.03 -9.67 <0.001 0.32 0.03 114 <0.001
Hylobatid - African Ape 0.07 0.06 1.13 0.84 -0.09 0.03 -2.63 0.08 0.16 0.04 434 <0.001

Pongo - African Ape -0.20 0.04 -5.28 <0.001 0 0.02 0 0.99 0.09 0.02 3.89 <0.001
Sapajus - Atelid -0.06 0.07 -0.88 0.94 -0.29 0.04 -7.27 <0.001 0.07 0.04 1.52 0.61
Cercopithecid - Atelid 0.00 0.05 -0.05 0.99 -0.21 0.03 -7.34  <0.001 0.01 0.03 0.18 0.99
Hylobatid - Atelid 0.07 0.06 1.30 0.75 -0.05 0.03 -1.57 0.58 -0.16 0.04 -437 <0.001
Pongo - Atelid -0.20 0.07 -2.90 0.04 0.04 0.04 1.03 0.89 -0.23 0.04 -5.66 < 0.001
Cercopithecid - Sapajus 0.06 0.05 1.22 0.80 0.08 0.03 2.7 0.07 -0.06 0.03 -1.95 0.34
Hylobatid - Sapajus 0.13 0.05 2.60 0.09 0.24 0.03 7.89 <0.001 -0.22 0.03 -6.75 <0.001
Pongo - Sapajus -0.14 0.07 -1.85 0.39 0.33 0.04 8.05 <0.001 -0.29 0.04 -6.56 <0.001
Hylobatid - Cercopithecid 0.08 0.03 2.58 0.09 0.16 0.02 9.25 <0.001 -0.16 0.02 -851 <0.001
Pongo - Cercopithecid -0.19 0.05 -3.88 <0.001 0.25 0.03 9.7 <0.001 -0.23 0.03 -8.18 <0.001
Pongo - Hylobatid -0.27 0.06 -453 <0.001 0.09 0.03 2.72 0.07 -0.07 0.04 -1.92 0.35
Sustentaculum Tali Projection Cuboid Length Cuboid Breadth
Comparison Estimate gr%r t Pr(>|t}) | Estimate srtrdo'r t Pr(>|t|) [ Estimate ESr trdo'r va:ue Pr(>|t])
Atelid - African Ape 0.14 0.03 4.31 <0.001 0.02 0.02 0.87 0.94 0.3 0.04 6.85 <0.001

Sapajus - African Ape 0.19 0.04 5.17 <0.001 0.05 0.03 2.08 0.27 0.21 0.05 411 <0.001
Cercopith. - African Ape 0.17 0.02 7.32 <0.001 0.04 0.02 2.17 0.22 0.29 0.03 8.6 <0.001
Hylobatid - African Ape 0.07 0.03 2.3 0.17 -0.001 0.02 -0.04 0.99 0.21 0.04 5.07 <0.001

Pongo - African Ape -0.13 0.02 -6.55 <0.001 0.001 0.02 0.09 0.99 0.13 0.03 408 <0.001
Sapajus - Atelid 0.05 0.04 1.51 0.62 0.03 0.02 1.94 0.34 -0.08 0.04 -2.34 0.16
Cercopithecid - Atelid 0.03 0.03 1.17 0.83 0.02 0.01 1.30 0.75 -0.01 0.03 -0.42 0.99
Hylobatid - Atelid -0.07 003 -2.39 0.14 -0.02 0.02 -1.26 0.77 -0.09 0.03 -2.71 0.06
Pongo - Atelid -0.26 0.03 -8.15 <0.001 -0.02 0.02 -0.74 0.97 -0.17 0.05 -3.56 0.01
Cercopithecid - Sapajus -0.02 0.03 -0.92 0.93 -0.02 0.01 -1.19 0.81 0.07 0.03 2.47 0.12
Hylobatid - Sapajus -0.12 0.03 -4.57 <0.001 -0.05 0.02 -3.45 0.01 0 0.03 -0.02 0.99
Pongo - Sapajus -0.32 0.04 -8.79 <0.001 -0.05 0.03 -1.96 0.33 -0.08 0.05 -1.52 0.6
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Hylobatid - Cercopithecid -0.1 0.02 -6.41 <0.001 -0.04 0.01 -3.40 0.01 -0.07 0.02 -3.38 0.01
Pongo - Cercopithecid -0.29 0.02 -12.81 <0.001 -0.03 0.02 -1.83 0.40 -0.15 0.04 -4.09 <0.001
Pongo - Hylobatid -0.19 0.03 -6.68 <0.001 0.002 0.02 0.11 0.99 -0.08 0.05 -1.8 0.42
Cuboid Wedging Navicular PD Length Navicular ML Width
Comparison Estimate Std. t Pr(>|t}) | Estimate Std. t Pr(>|t|) [ Estimate St. t Pr(>|t])
Error  value Error  value Error
Atelid - African Ape -0.26 0.06 448 <0.001 0.94 0.09 10.08 <0.001 -0.06 0.03 -1.99 0.31
Sapajus - African Ape -0.20 0.07 -2.88 0.04 1.06 0.12 8.93 <0.001 -0.12 0.04 -2.98 0.03
Cercopith. - African Ape -0.31 0.04 -6.98 <0.001 0.94 0.08 11.64 <0.001 -0.05 0.03 -1.92 0.36
Hylobatid - African Ape -0.39 0.06 -6.88 <0.001 0.53 0.09 5.72  <0.001 0.02 0.03 0.79 0.96
Pongo - African Ape -0.23 0.04 -535 <0.001 0.46 0.07 6.21  <0.001 0.06 0.02 2.64 0.08
Sapajus - Atelid 0.06 0.05 1.25 0.78 0.12 0.09 1.35 0.72 -0.06 0.03 -1.94 0.35
Cercopithecid - Atelid -0.05 0.04 -1.39 0.69 0 0.06 0.01 0.99 0.01 0.02 0.51 0.99
Hylobatid - Atelid -0.13 0.04 -2.98 0.03 -0.41 0.07 5.7 <0.001 0.09 0.02 3.62 <0.001
Pongo - Atelid 0.03 0.06 0.48 0.99 -0.48 0.1 -4,78  <0.001 0.13 0.03 3.79 <0.001
Cercopithecid - Sapajus -0.11 0.04 -2.79 0.05 -0.12 0.07 -1.73 0.47 0.07 0.02 2.95 0.03
Hylobatid - Sapajus -0.19 0.04 -4.37 <0.001 -0.53 0.08 -6.89 <0.001 0.14 0.03 5,59 <0.001
Pongo - Sapajus -0.03 0.07 -0.43 0.99 -0.6 0.12 -4.96 <0.001 0.18 0.04 454 <0.001
Hylobatid - Cercopithecid -0.08 0.03 257 0.09 -0.41 0.05 -8.42 <0.001 0.08 0.02 471 <0.001
Pongo - Cercopithecid 0.08 0.05 1.58 0.57 -0.48 0.09 -5.45 <0.001 0.12 0.03 3.96 <0.001
Pongo - Hylobatid 0.16 0.06 258 0.09 -0.07 0.1 -0.73 0.97 0.04 0.03 1.23 0.8




Chapter 4

Chapter 4: Foot and ankle functional morphology of Miocene

hominoids

Introduction:

The Miocene epoch (23-5 Ma) is of particular interest in paleoanthropology due
to the diversity of hominoid taxa, and implications for the resulting diversity seen in
extant primates (Conroy & Rose, 1983; Ward et al., 1997; Begun, 2007; Ward, 2007).
Most Miocene hominoid taxa exhibit a combination of bony morphologies not seen in
extant taxa, confounding inferences about their locomotor adaptations (Rose, 1993, 1994;
Ward, 1998). Understanding form function relationships is necessary to reconstruct the
evolution of locomotor adaptation in the hominoid clade. Many Miocene hominoid taxa
are known from isolated remains that are often fragmentary. However, tarsals are
commonly represented in the fossil record and can therefore provide important
information about locomotor behavior and inform our understanding of ape locomotor
evolution (DeSilva, 2008). Although Miocene hominoid phylogeny is currently
unresolved, the hypothesized phylogenetic position of each genus discussed in this

chapter is presented in Figure 1.

Many Miocene hominoid taxa do not resemble extant hominoids in overall
postcranial morphology, making locomotor reconstructions difficult. This, in turn,
confounds the ability of researchers to reconstruct the locomotor evolution leading to

extant apes. Additionally, certain taxa, such as Ekembo and Proconsul are reconstructed
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to be above branch quadrupeds (Ward et al., 1991), but are larger than extant above
branch quadrupeds (Rafferty et al., 1995). As seen in Chapter 3, extant locomotor
differences tend to fall in line with phylogenetic differences, but the Miocene hominoid
fossil record provides both a challenge and an opportunity in analyzing specimens that,
for example, are phylogenetically apes but are hypothesized to locomote like extant
monkeys. Additionally, some Miocene hominoid taxa like Nacholapithecus and
Oreopithecus have contested locomotor reconstructions due to broad comparisons with
extant taxa, which they do not resemble. A closer look at the functionally relevant aspects
of foot morphology specifically could help resolve some of the confusion over the
locomotor behaviors of these taxa. Given that several taxa are known postcranially
mainly from tarsal bones, such as the genera Proconsul and Rangwapithecus, the ability
to use isolated tarsals to make accurate inferences about their locomotor adaptations is

particularly important.

Ekembo heseloni and Ekembo nyanzae

The best represented genus in the Early Miocene is Ekembo (20-17 Ma) from
Kenya. Ekembo is represented by two species, E. heseloni and E. nyanzae from the
Kisingiri sites Rusinga and Mfangano Islands (McNulty et al., 2015). These species
appear broadly similar postcranially, although they differ in body size, with E. heseloni
estimated to have weighed roughly 10.9 kg and E. nyanzae up to 36 kg (Rafferty et al.,
1995). Ekembo nyanzae and E. heseloni had a roughly even intermembral index
(Dunsworth, 2006) and a long, flexible spine and narrow pelvis (Ward, 1993), implying a

narrow thoracic cage, similar to extant above branch quadrupedal monkeys, even though
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it lacked a tail (Ward et al., 1991). Unlike extant apes, Ekembo displays bony contact
between ulna and wrist (Beard et al., 1986; Ward, 2007), further suggesting at least some
quadrupedal behavior. Despite the fact that these taxa were most likely pronograde
quadrupeds, the elbow appears to be adapted for loading in a wide range of postures
(Rose, 1993), and hallucal robusticity also was greater than that of extant monkeys
(McNulty et al., 2015). The wrist of E. heseloni indicates that it engaged in cautious
climbing, with forearm rotation consistent with quadrupedal locomotion on discontinuous
supports (Daver & Nakatsukasa, 2015). The skeleton overall, though somewhat
resembling an above branch quadruped, suggests a locomotor repertoire unlike that of
any living primate, probably involving more varied locomotor behavior including
clambering over multiple supports (Beard et al., 1993; Rose, 1994; McNulty et al., 2015).
The feet have been not been as thoroughly analyzed as the rest of the skeleton, despite the
preservation of multiple tarsals and the utility of a functional analysis of foot use in this

taxon.

Proconsul major

Previously grouped with the two Ekembo species, Proconsul major lived around
20 Ma in modern day Kenya (McNulty et al., 2015) and was estimated to be around 75
kg (Rafferty et al., 1995; Kelley, 1997). Proconsul postcranial remains are scarce, but the
species is known postcranially from a talus and calcaneus (Lewis, 1980b). P. major tali
and calcanei have been reconstructed as similar to Ekembo skeletally (Leakey et al.,
1988; Ward, 1998). P. major has been described as cercopithecoid-like and the subtalar

joint is said to indicate that stability during dorsiflexion/plantarflexion was prioritized
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over mobility (Langdon, 1986; Ward, 1997; Dunsworth, 2006), although comparison to a

broad sample of extant with diverse locomotor repertoires taxa is needed.

Rangwapithecus gordoni

Another basal hominoid from about 20 Ma, found in modern day Kenya is
Rangwapithecus gordoni (Hill et al., 2013). Rangwapithecus is also thought to be
cercopithecoid-like (Ward, 1997), though appears to have had a flatter, more wedge-
shaped trochlea (DeSilva, 2008) and a flatter anterior talar facet on the calcaneus,
suggesting to some (DeSilva, 2008) that it may have engaged in vertical climbing and a

more ape-like varied locomotor repertoire than Ekembo or Proconsul.

Nacholapithecus kerioi

The middle Miocene is hypothesized to contain more locomotor diversity among
hominoids than the early Miocene based on the fossils from this time period (Benefit &
McCrossin, 1995). Nacholapithecus kerioi is known from a partial skeleton and isolated
postcranial remains that date to around 15 Ma from Baragoi, Kenya (Ishida et al., 1999;
Ishida et al., 2004). Torso structure for Nacholapithecus is inferred to be similar to that of
Ekembo, with six lumbar vertebrae, a narrow torso, and no tail, but its limbs differ from
both Ekembo and extant arboreal quadrupeds (Nakatsukasa et al., 1998; Ishida et al.,
1999, 2004; Ward, 2007). The forelimbs are longer than the hind limbs and are heavily
built, the phalanges are long, and the shoulder joint appears to have facilitated abduction
related to suspensory locomotion when compared to extant monkeys (Nakatsukasa et al.,

1998; Nakatsukasa et al., 2003; Ward, 2007). The elbow also indicates that
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Nacholapithecus engaged in forelimb-dominated climbing, but its hands and feet
resemble those of palmigrade taxa (Ward, 2007). The skeleton preserves a talus and
calcaneus, which can clarify the putatively unusual locomotor morphology and function
of Nacholapithecus (Nakatsukasa et al., 2012). The degree to which this taxon was
suspensory or not may be informed by a better understanding of whether its foot was
more capable of strong pedal grasping and varied foot postures like extant apes, or more

stereotyped foot use like many monkeys.

Oreopithecus bambolii

From the late Miocene, Oreopithecus bambolii (Gervais, 1872) is dated to 9-7
Mya (Kdhler & Moya-Sola, 1997) from Italy and is known from a crushed partial
skeleton, as well as from many other isolated postcranial elements (Harrison, 1986;
Sarmiento, 1987; Rook et al., 1999). Oreopithecus has a high intermembral index, a short
pelvis, and a reduced lumbar region (Straus, 1963; Russo & Shapiro, 2013). It has been
described to have a mediolaterally broad but dorsoventrally shallow trunk, mirroring the
hominoid condition as opposed to cercopithecoids and displays an ape-like zona
conoidea, which is indicative of varied elbow postures, like those exhibited by
suspensory apes (Straus, 1963; Rose 1988; McGechie et al., 2017). The olecranon
process is short like a hominoid, with wrists capable of dorsiflexion and relatively short
phalanges among apes (Harrison, 1986; Almécija et al., 2014). However, some (Kohler &
Moya-Sola, 1997; Rook et al., 1999; Moya-Sola et al., 1999) have postulated that
Oreopithecus was not ape-like in its locomotion, but rather engaged in bipedal

locomation, citing evidence of lumbar lordosis, a short ischium, a hominin-like
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diaphyseal angle of the femur, a foot that has a medially-oriented line of leverage similar
to what is seen in human feet, and precision grip beyond the ability of extant non-human
apes. These hypotheses have been called into question, citing that a reevaluation of the
hand of Oreopithecus instead reveals power gripping indicative of non-human ape-like
locomotion rather than precision gripping (Susman 2004; Susman 2005). A functional
reevaluation of the feet will clarify the manner in which this fossil primate moved about

its environment.

Locomotor Reconstructions in Miocene Hominoids

The goal of this chapter is to examine available calcaneus, talus, navicular, and
cuboid fossils of Miocene hominoids in order to test hypotheses concerning locomotor
repertoire of these extinct taxa. | hypothesize that Ekembo and Proconsul will more
closely resemble quadrupedal extant taxa such as cercopithecids or Sapajus. | predict
Rangwapithecus to largely resemble extant cercopithecids, but also show evidence of a
more varied locomotor repertoire than other early Miocene taxa. | hypothesize that
Nacholapithecus will exhibit suspensory foot adaptations, though also to have some
adaptations for above branch quadrupedalism. | expect that, unlike some (Kéhler and
Moya-Sola, 1997; Rook et al., 1999; Moya-Sola et al., 1999) have hypothesized,
Oreopithecus will more closely resemble suspensory taxa such as African apes,

hylobatids, Pongo, and atelids.

Methods:

Specimens
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CT scans of tali, calcanei, cuboids, and naviculars (Table 3.1) were provided by
B. Patel (University of Southern California), C. Orr (University of Colorado Denver), S.
Almécija (George Washington University), and W. Jungers (Stony Brook University).
Each talus, calcaneus, cuboid, and navicular was segmented out of the scans. Monkey
tarsals were segmented using MIMICS (Materialise, Leuven, Belgium) and apes were
segmented using Avizo7 (Thermo Fisher Scientific). The resulting polygonal models were
cleaned using Geomagic Wrap 2017 (3D Systems, Inc.). The extant sample comprises
taxa chosen to represent an array of locomotor emphases including suspensory taxa and
arboreal quadrupeds. Extant taxa were grouped into phylogenetic and locomotor
groupings of taxa with different emphases in their locomotor repertoires (Table 3.3). All
specimens are from non-pathological, wild-shot individuals. Polygonal models of fossil

material (Table 1) were provided by J. DeSilva and E. McNutt (Dartmouth College).

The extant sample of taxa used in this chapter is the same as in the previous
chapter (Table 3.1). The calcaneus, talus, navicular, and cuboid of extant anthropoids
were analyzed because they comprise the subtalar and transverse tarsal joints, and
contribute to the talocrural joint, functionally crucial joints to both suspensory and
quadrupedal locomotion (Lewis, 1980 a & b; Chapters 2 and 3). The following specimens

from Miocene taxa were included in this study (also listed in Table 1):

Ekembo heseloni and Ekembo nyanzae

Ekembo is represented in this study by three calcanei attributed to E. nyanzae
(KNM-MW 13142B; Figure 2 and KNM-RU 5872; Figure 4) and E. heseloni (KNM-RU

2036; Figure 6), and a cuboid attributed to E. nyanzae (KNM-RU 5872; Figure 8). All three
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calcanei are missing the posterior tuber, and the larger E. nyanzae specimen (KNM-RU
5872) has some damage to the superior aspect of the posterior subtalar articular surface.
The KNM-RU 5872 E. nyanzae cuboid is well-preserved distally, but the proximal end is

slightly damaged (Figure 8).

Proconsul major

Proconsul major postcrania attributed to this species were: a right calcaneus pa
(KNM-SO 390; Figure 12), partial calcaneus and a complete talus (KNM-SO 389; Figure
11). The calcaneus of P. major preserves only the distal part of the bone from just

posterior to the posterior subtalar articular surface to the distal end.

Rangwapithecus gordoni

Rangwapithecus is also known from a talus and calcaneus, though both are
damaged. The talus (KNM-SO 968; Figure 13) has damage on its inferior aspect, along
with the lateral trochlea, so landmarks in those regions could not be collected. The
calcaneus of Rangwapithecus (KNM-SO 427; Figure 15) is also fragmentary, with the

posterior tuber and posterior subtalar articular surface damaged.

Nacholapithecus kerioi

The Nacholapitheus calcaneus (KNM-BG 35250; Figure 17) preserves the distal end,

including the entire sustentaculum and part of the posterior subtalar articular surface.
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Oreopithecus bambolii

Oreopithecus was the genus with the greatest number of tarsal elements
represented in this analysis. Two tali (BA 79; Figure 19 and BA 82; Figure 21) were
analyzed. Due to damage to the trochlea, BA 79 is represented by talar head landmarks
only. BA 82 preserves the talar head and trochlea but the inferior aspect of the talar body,
including the posterior calcaneal facet is missing. Two calcanei (BA 155; Figure 25 and
BA 79; Figure 23) attributed to Oreopithecus were also evaluated. The posterior region of
BA 155 past the posterior subtalar articular surface is missing and the sustentaculum tali
is damaged. BA 79 is almost complete, with minimal damage to the posterior tuber. Two
cuboids (BA 83; Figure 26 and BA 158; Figure 28) attributed to Oreopithecus were
analyzed in this study. BA 83 is well-preserved and relatively undamaged while BA 155
has some damage distally and is generally more worn than BA 83. The Oreopithecus

navicular (BA 79; Figure 30) is fully preserved.

Analyses

The same landmark-based 3D geometric morphometric techniques that were used
in Chapter 3 were used for these fossils. Landmarks, modified from Harcourt-Smith
(2002), were placed on each bone in Stratovan Checkpoint (Stratovan, 2018) (Table 3.2).
These landmarks have been shown to be successful in quantifying tarsal shape
differences related to locomotion and foot posture (Harcourt-Smith, 2002) and were able
to be collected with sub-millimeter intraobserver error (Chapter 3). Due to the
fragmentary nature of fossils, not every landmark could be collected on every fossil

specimen. However, one of the benefits of landmark GM is that partial specimens can be
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analyzed by subsetting the landmarks to only include the ones that are able to be taken on
the fossil specimen (Table 4.1). In the cases where fossils were subsetted, only the extant
variation in the subsetted region was considered in the analysis of the fossil. The x, y, z
landmark data collected from polygonal models were imported into MorphoJ

(Klingenberg & Mclntyre, 2016) for visualization and analysis.

In order to quantify shape differences among anthropoid tarsal morphology,
landmarks on each bone underwent a Procrustes superimposition to translate, scale, and
rotate all the points into alignment for comparison. The subsetted landmark-based 3D
geometric morphometric techniques were run for each fossil, as the number of landmarks
collected for each one differed. In the event that two or more fossils shared the same

landmark preservation, those specimens were grouped into a single analysis.

Principal components analysis (PCA) of the extant taxa, grouped using the same
categories listed in Table 3.3 with the fossil specimen as its own group was carried out
and plotted to see which group each fossil most closely resembles in morphology. To
correct for multiple comparisons, the adjusted p-values are reported here using the
Benjamini & Hochberg (1995) method (“BH”). All statistical analyses and visualization
were carried out in R Statistical Programming (R Core Team, 2014) and MorphoJ

(O’Higgins & Jones, 1999).

Results:

Ekembo
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KNM-MW 13142B (Figure 2) is an E. nyanzae calcaneus that preserves 13
landmarks on the anterior part of the calcaneus, because the calcaneal tuber is missing. In the
PCA, KNM-MW 13142B fell intermediate between great apes and most monkeys, but most
closely resembles hylobatids, and atelids (Figure 3). The KNM-RU 5872 calcaneus (Figure
4) preserved only 10 landmarks on the fossil calcaneus. This fossil falls within the range of
atelids and hylobatids along PC1 and within the range of all extant taxa studied except for
atelids along PC2 (Figure 5). The anterior calcaneus is wide like an ape and most of the
remainder of the bone is damaged. KNM-RU 2036 (Figure 6) represents the only element
from E. heseloni in this study. KNM-RU 2036 is also missing the posterior part of the
calcaneus. This fossil preserves 13 landmarks out of 21, though not the same set as KNM-
MW 13142B, so the two cannot be compared. This partial calcaneus fell within the range of

both hylobatids and atelids, between great apes and most monkeys (Figure 7).

The cuboid of E. nyanzae (KNM-RU 5872; Figure 8) preserves half of the landmarks
used for the extant taxa (n = 10 out of 20). For the preserved parts of the bone, this fossil
cuboid resembles that of a monkey. In the PCA, the specimen falls outside the range of all
great apes and within the ranges of hylobatids, Old World monkeys, and New World

monkeys (Figure 9).

Proconsul

KNM-SO 389 (Figure 10) was complete and therefore all talar landmarks were
taken (n = 28). The talus also was most similar to hylobatids in the PCA when plotted
with extant groups (Figure 11). P. major has a broad talar head, much like extant apes,

and is overall mediolaterally wider. The broad, ape-like head combined with a longer
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talar neck compared to extant apes likely drove this similarity with hylobatids, which, as
shown in the previous chapter (Chapter 3), also have broad talar heads but a relatively

longer talar neck compared to African apes.

KNM-SO 390 (Figure 12) is a calcaneus that preserves 13 landmarks out of 21
and fell within the range of hylobatids and atelids, but outside the range of all other
extant taxa (Figure 7). This calcaneus was also extremely similar to the KNM-RU 2036

calcaneus in the PCA (Figure 7).

Rangwapithecus

The Rangwapithecus talus (KNM-SO 968; Figure 13) preserved 16 out of 28 talar
landmarks. This talus was most similar to cercopithecids and outside of the range of all
apes and atelids along PC1. The tall trochlea and similarity to cercopithecids suggest that
the talus was engaged in significant plantar/dorsiflexion, much like extant cercopithecids

(Figures 13 & 14).

The calcaneus (KNM-SO 427; Figure 15; Figure 40) preserves only nine
landmarks that could be collected due to the damage to the fossil. The calcaneus fell

within the range of hylobatids, cercopithecids, atelids, and African apes (Figure 16).

Nacholapithecus

Nine out of the 21 calcaneal landmarks were taken on the Nacholapithecus

calcaneus (KNM-BG 365500; Figure 17). The same nine landmarks were also taken on
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the Oreopithecus specimen BA 155, so the two were grouped into a single PC analysis.
Nacholapithecus falls within the range of hylobatids, cercopithecids, and atelines along
PC1, though was most similar to hylobatids and atelids (Figure 18). Nacholapithecus fell
similarly to the Oreopithecus specimen along PC1, but differed greatly along PC2, where

the Oreopithecus fell outside the range of all extant taxa except for Pongo (Figure 18).

Oreopithecus

BA 79 only had six landmarks that were limited to the talar head (Figure 19).
PCA of the talar head landmarks placed the Oreopithecus specimen most
morphologically similar to hylobatids and atelids, though still within the range of
variation of Sapajus, cercopithecids, and African apes (Figure 20). The more complete
BA 82 talus had 17 of 28 talar landmarks preserved (Figure 21). BA 82 falls among

hylobatids, Pongo, and atelids along PC1 (Figure 22).

The BA 79 calcaneus preserved 14 out of 21 total calcaneal landmarks (Figure
23). BA 79 fell outside the range of cercopithecids, atelids, Sapajus, and hylobatids along
PC1, but was most morphologically similar to African apes and Pongo (Figure 24).
Along PC2, the BA 79 specimen fell within the range of Pongo and hylobatids (Figure
24). The other Oreopithecus BA 155 specimen preserved only nine landmarks (Figure
25). When the preserved part of the bone was analyzed using PCA, it was most similar to

hylobatids, atelids, and Pongo (Figure 18).

Both Oreopithecus cuboids (BA 83 and BA 158) preserved 18 and 16 landmarks,

respectively, out of 20 total cuboid landmarks. BA 83 (Figure 26) fell outside the range
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of African apes, but fell within the range of all other extant taxa analyzed (Figure 27). BA
158 (Figure 28) fell intermediate between great apes and smaller taxa, within the

statistical range of Pongo along PC1 (Figure 29).

The navicular of Oreopithecus preserved all 16 navicular landmarks used in this
study (Figure 30). The navicular fell within the range of African apes and outside the

range of variation of all monkeys except for suspensory atelids (Figure 31).

Discussion:

The goal of this chapter was to examine tarsals of Miocene hominoids in order to
test hypotheses concerning locomotor repertoire of these extinct taxa. Fossilized tarsals (n
= 16) from Ekembo, Proconsul, Rangwapithecus, Nacholapithecus, and Oreopithecus,
were landmarked (subsets of landmarks were used when not all landmarks were able to
be taken due to the fragmentary nature of many of these fossils). The functional

interpretation for each genus is presented below:

Ekembo

When compared to extant anthropoid primates, all three Ekembo specimens
exhibit relatively elongated anterior calcanei, similar to cercopithecids, although
relatively wider than cercopithecids, likely due to a larger body size. This feature was
determined to be related to locomotor differences in Chapter 3, with quadrupedal taxa
having relatively longer anterior calcanei and suspensory taxa having relatively shorter

calcanei, like the pictured Gorilla calcaneus (Figure 32). The sustentaculum of KNM-
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MW 13142B strongly resembles a quadrupedal monkey both in morphology and
projection angle, the sustentaculum of the other E. nyanzae specimen (KNM-RU 5872)
more closely resembles that of suspensory apes, being less bulbous in dorsal view, and
the sustentaculum of the E. heseloni specimen is damaged (Figure 32). The calcaneal
morphology is consistent with that of an above branch arboreal quadruped, though it does
share some similarities with extant apes, as evidenced by its intermediate position

between monkeys and apes in the PCA (Figure 3).

A left cuboid from Ekembo nyanzae is also analyzed in this study. Overall, the
PCA revealed that the cuboid most closely resembled monkeys and hylobatids (Figure 4).
However, damage to the lateral side of the proximal aspect of the bone is severe (Figure
33), and therefore that region was not landmarked; thus, the overall morphological
interpretations were made cautiously. Features such as cuboid wedging and proximal
articular surface morphology could not be evaluated due to the damage. In his analysis of
this specimen DeSilva (2008) was also cautious in his interpretations of this fossil
specimen due to the damage. Based on the remaining fossil, however, this specimen more
closely resembles arboreal quadrupeds like Macaca and Cercopithecus than it does
suspensory taxa like Pan and Ateles, regardless of the phylogenetic and body size
affinities between Ekembo and extant apes (Figure 33). The KNM-RU 5872 cuboid is
proximodistally elongated (Figure 16) and dorsoventrally tall, similar to Macaca and
Cercopithecus, and unlike the relatively shorter (proximodistally), broader
(mediolaterally), and flatter (dorsoplantarly) Pan, Hylobates, and Ateles (Figures 33-34).
This elongation of the cuboid in arboreally quadrupedal cercopithecids and Ekembo is

hypothesized to provide a mechanical advantage during push off phase of plantarflexion

198



Chapter 4

for taxa that engage in more quadrupedal walking (Lovejoy et al., 2009) as opposed to
suspensory locomotion, where an elongated cuboid would limit midfoot mobility during
grasping.

This reconstruction is consistent with the hypothesis that Ekembo was an above
branch quadruped. E. nyanzae provides an example of a large-bodied above branch
quadrupedal ape, which is not represented in extant primates, which makes the study of

their locomotor behaviors crucial to a more complete view of primate locomotion.

Proconsul

The P. major talus fell outside the range of extant monkeys in the PCA analyses
and most closely resembled hylobatids and Pongo along PC1. The ape-like appearance
likely is related to the fact that P. major is larger than extant monkeys, and the talus bears
the body weight of the animal during locomotion. The talar neck, however, is relatively
longer than it is in extant great apes (Figure 35). The P. major trochlear ridge is also
taller and the trochlear ridges are more pronounced, similar to an arboreal quadruped
such as Macaca (Figure 36). These more pronounced and taller trochleae are thought to
aid in stability during plantarflexion/dorsiflexion and reduce lateral movements of the
talus (Chapter 3 PCA results). On flat surfaces, there is minimal movement besides
plantarflexion/dorsiflexion in cercopithecids, which adds to the stability of the ankle joint
(Chapter 2). However, this anatomy is not ideal for highly suspensory taxa, as high
trochleae would impede foot inversion during climbing or grasping small branches. This
morphology therefore suggests that P. major was a large above branch quadruped with

limited suspensory abilities.
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The anterior calcaneus of P. major is mediolaterally wide, reflecting the large
body size of P. major, but relatively longer than great apes (Gorilla pictured in Figure
37). The elongated anterior calcaneus is more reminiscent of arboreal quadrupeds and
leapers like Colobus and Cercopithecus, which gain a mechanical advantage from an
elongated midfoot region during propulsive plantarflexion (Anemone & Nachman, 2003,
Prang, 2019). This is consistent with my hypothesis as well as previous reconstructions
by Langdon (1986) and Ward (1997) that P. major is an above branch quadruped that

engaged in quadrupedalism.

Rangwapithecus

Due to the paucity of postcranial material attributed to Rangwapithecus and the
damage to both the talus and calcaneus, little is known about the locomotor repertoire of
Rangwapithecus. The talus of Rangwapithecus resembles extant great apes in the
orientation and breadth of the talar head (Figure 38). Rangwapithecus, however, fell most
closely to quadrupedal cercopithecids in the PC analysis. The talus also has a relatively
longer neck than extant great apes, and the talar trochleae, though slightly damaged, are
also taller, much like extant cercopithecids (Figures 38 & 39). The tall trochleae with
minimal wedging may indicate that it engaged in more dorsiflexion/plantarflexion at the
talocrural joint with less emphasis on inversion/eversion, which would make its
locomotion more like extant cercopithecids. This mixed locomotor signal has been noted
previously and interpreted an indication that Rangwapithecus engaged in a variety of
types of locomotion including above branch quadrupedalism and vertical climbing

(Ward, 1997; DeSilva, 2008).
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The calcaneus of Rangwapithecus also carries a mixed locomotor signal. The
preserved anterior aspect of the calcaneus is wide like extant modern apes, but relative
longer than extant modern apes with a less laterally protruding sustentaculum tali than
cercopithecids (Figure 40). The talus and calcaneus both indicate that Rangwapithecus
shared traits with both suspensory great apes as well as arboreal quadrupedal monkeys,
but more fossil material from this taxon could aid in the functional interpretations of its

locomotion.

Nacholapithecus

Nacholapithecus is another Miocene hominoid with contested locomotor
repertoire. It exhibits traits that both resemble arboreal quadrupeds as well as suspensory
taxa. The calcaneus of Nacholapithecus fell in the range of cercopithecids, hylobatids,
and atelids in the PCA. The Nacholapithecus specimen only preserves the distal end
(Figure 41), including the sustentaculum tali. Anterior calcaneal length is preserved as it
was quantified in Chapter 3. The Nacholapithecus is relatively wider than monkeys, and
more closely resembles apes. The sustentaculum tali is also rounded, and less projecting
relative to the width of the anterior calcaneus, and more closely resembling apes. Within
monkeys, atelids has the least projecting sustentaculum, likely due to the fact that the
sustentaculum tali holds the talar head and neck and atelids have shorter necks than other
monkeys, much like apes have relatively shorter necks than monkeys. Given the limited
material available in this study, the calcaneus of Nacholapithecus most closely resembles
that of a suspensory ape, though some morphological features do overlap with

cercopithecids, confirming previous studies that suggest a mixed locomotor repertoire,
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which included pronograde quadrupedalism (Rose, 1996, Senut et al., 2004; DeSilva,
2008). This reconstruction is also consistent with my hypothesis that Nacholapithecus
would exhibit suspensory foot adaptations but also to have some adaptations for above

branch quadrupedalism.

Oreopithecus

Oreopithecus is one most heavily-contended fossil specimens in terms of
locomotion, with hypotheses that it was bipedal (Moya-Sola et al., 1999; Rook et al.,
1999). Although bipedal humans were not included in this study, attribution to bipedal
capabilities of the foot of Oreopithecus were made based on monkey-ape comparisons
and inferences of morphologies being poorly adapted for grasping with the foot, such as
limited motion at the calcaneocuboid and metatarsocuboid joint, which they inferred from
flat joint surfaces. However, | know from Chapter 2 of this dissertation that even
cercopithecoid calcaneocuboid and cuboid/MT5 joints undergo
plantarflexion/dorsiflexion and inversion/eversion. Additionally, when PC scores plotted
using the extant sample used in Chapter 3, that the tarsals of Oreopithecus most closely
resemble apes, most often Pongo, a suspensory ape or extant atelids, which are

suspensory monkeys.

The talar heads of both Oreopithecus tali are broad relative to a quadrupedal
monkey like Cercopithecus (Figures 42 & 43). Talar head breadth is a feature that was
found in Chapter 3 to separate monkeys and apes. The trochleae are lower and broader,
much like apes and unlike the tall, sharper-crested trochleae of cercopithecids (Figures 42

& 43). The talus overall is relatively short anteroposteriorly, with a lack of an elongated
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talar neck (Figure 43). The ape talar neck is relatively shorter than monkeys (see Chapter
3), but within apes, hylobatids and Pongo have relatively longer necks than African apes,
which is hypothesized to be driven by locomotion, since compressive stresses that
constrain talar neck length in African apes are reduced in highly suspensory locomotion
that rarely engage in terrestrial, hindlimb weight bearing locomotion (Langdon, 1986).
The Oreopithecus talus grossly resembles an ape, and within apes more closely resembles

Pongo, suggesting that Oreopithecus also engaged in suspensory locomotion.

The anterior length of the Oreopithecus calcaneus resembles extant apes and
looks dissimilar to extant monkeys (Figure 44). Apes have broader, relatively shorter
anterior calcanei and are relatively flatter anteriorly (Figure 45) and taller posteriorly
(Figure 46). This morphology separated taxa by locomotor group in Chapter 3, with
suspensory taxa having taller, relatively narrower calcanei posteriorly. Obligate bipeds,
on the other hand, have posterior calcaneal tubers that are very wide inferiorly to account
for absorbing forces of heel strike (Latimer & Lovejoy, 1989; Bramble & Lieberman,
2004; DeSilva et al., 2018). Even if Oreopithecus did not heel strike like modern humans,
which is likely given the retention of a divergent hallux (Kéhler & Moya-Sola), the
calcaneus has no indication of any plantar morphology that would dissapate the forces of
a roughly 32 kg (Jungers, 1987) animal walking only on its hindlimbs. From a posterior
view of the Oreopithecus with the calcaneal tuber intact, the inferior aspect of the
calcaneal tuber is slightly wider inferiorly, but not to the degree expected if the plantar
surface of the foot were to be bearing the weight of the entire organism as a biped (Figure
46). The orientation of the posterior subtalar facet is also more aligned with the long axis

of the bone in suspensory taxa, unlike arboreal quadrupeds. This disparity is thought to
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increase subtalar stability during climbing (Langdon, 1986; Chapter 3), and Oreopithecus

displays the suspensory condition (Figure 44).

Two cuboids attributed to Oreopithecus were analyzed in this study. Both were
clearly mediolaterally broad (Figure 47), dorsoplantarly flattened (Figure 48), and
proximodistally short (Figure 47). The flattening of the cuboid resembles hylobatid and
atelid cuboid morphology (Figure 48), whereas the mediolaterally broad, proximodistally
short, wedged cuboid is similar to Gorilla beringei and Pan cuboids. Cuboid wedging is
thought to place position the metacarpals in a more abducted position in arboreal taxa
compared to terrestrial taxa to allow for better grasping. Arboreal quadrupeds and
obligate bipeds, on the other hand, have dorsoventrally expanded cuboids that are

rectangular rather than wedged in order to better facilitate push off during plantarflexion.

The sole navicular analyzed in this study is attributed to Oreopithecus. The
navicular of Oreopithecus strongly resembles an ape navicular, in dorsal view (Figure 49)
in proximodistal dimensions as opposed to the proximodistally elongated naviculars of
quadrupedal taxa. Proximodistally long navicular are thought to be related to running and
above branch locomotion requiring a longer load arm for plantarflexion, whereas shorter
naviculars benefit suspensory taxa to reduce stresses on the navicular during supinated
foot postures in suspensory locomotion (Chapter 3). A shallower talonavicular facet with
a less defined articular surface rim in Oreopithecus (Figure 50) may also allow for greater
mobility at the talonavicular joint, where significant inversion/eversion occur during
locomotion (Chapter 2). Apes, which are suspensory also exhibit a more gently curved

articular surface at the talonavicular joint, which allow the talar head to be more mobile
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during inversion and eversion, whereas arboreal quadrupeds show a priority for stability

at the talonavicular joint during propulsive plantarflexion.

There is therefore little to no support for a bipedal reconstruction of Oreopithecus.
The fossil tarsals studied here share features with suspensory, large bodied apes.
Additionally, they display none of the features that are consistent with habitual arboreal
or terrestrial quadrupedalism that were identified in extant monkeys and some Miocene
hominoids. Unlike Moyéa-Sola and colleagues (1999) and Rook and colleagues (1999)

hypothesized, Oreopithecus is most similar to a suspensory ape.

Limitations

Although phylogenetic reconstruction was not one of the goals of this study, nor
ought such relationships between taxa be determined by locomotor similarities since
convergence upon similar locomotion is common, one of the major hindrances of
studying Miocene taxa is that the phylogenetic relationships of many Miocene species are
unclear (Begun et al., 2007; Hammond, 2013), and a resolved cladogram does not
currently exist. This lack of understanding leads to a context deficit when discussing

these taxa and also prevents phylogenetically-controlled analyses of morphology.

Another consistent obstacle in the study of Miocene hominoid locomotion is low
sample size. Although some tarsals are well-preserved, analyses are still limited to a low
number (often n = 1) of each element represented, often with some associated
taphonomic damage. This precludes study of variability within a species and also forces
researchers to allow a single specimen to represent a whole taxon. More specimens and a

better understanding of how these taxa are related are sorely needed.
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Conclusion:

The goal of this dissertation was to better understand motion and morphology of
the joints of the foot in order to better interpret the functional morphology of the foot and
ankle in Miocene hominoids. The goal of this chapter was to apply the results of the
previous chapters to interpret isolated tarsals of key Miocene taxa and test hypotheses
about their locomotor repertoires. This goal was successful and | was able to confirm
previous hypotheses about how these taxa navigated their environment, and also was able
to provide more insights than previous studies based on functionally-relevant features of
isolated tarsals. This study supported the hypothesis that early Miocene hominoids like
Ekembo, Proconsul, and Rangwapithecus were predominantly above branch quadrupeds
but that Rangwapithecus also likely engaged in more varied locomotor behaviors than the
other two taxa. Conversely, Nacholapithecus was reconstructed to be mostly suspensory
but also showed evidence for a mixed locomotor repertoire, including pronograde
quadrupedalism. Finally, the tarsals attributed to Oreopithecus exhibit adaptations for
suspensory locomotion, leading us to believe that it was not primarily bipedal, as

previously hypothesized (Moyéa-Solé et al., 1999; Rook et al., 1999).

This chapter provided a thorough analysis of some Miocene hominoid tarsals in
order to better understand the locomotion of some key and contested fossil taxa. Parsing
out features of isolated tarsal bones related to size, phylogeny, and locomotion in the
previous chapter was important for the interpretation of this chapter. Using gross
similarities with extant monkeys and apes alone are cautioned against when interpreting
Miocene fossils because they differ in overall body size and proportions from extant taxa.

Therefore, a closer look at individual bones and joint surfaces was warranted. The lack of
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an extant large-bodied monkey complicates our understanding of these taxa, and creates
the risk of categorizing, for example, an arboreal quadruped that moves like a monkey as
an ape due to phylogenetic or size-related morphologies rather than functional ones. A
more thorough understanding of the features driving morphological variation in extant
samples was applied to these fossils and these same methods can be applied to more

fossil taxa for a more thorough understanding of how Miocene hominoids moved.
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Figure 1: Composite hypothesized phylogeny of fossil hominoids in relation to extant apes. Extant ape phylogeny is from Begun,
2007. Proconsul and Ekembo phylogeny based on Nengo et al., 2017 and Rasmussen et al., 2019. Nacholapithecus phylogeny based
on Nengo et al., 2017. Rangwapithecus phylogeny based on Nengo et a., 2017. Oreopithecus phylogenetic position based on Young &
Maclatchy, 2002 (yellow), Begun, 2007 (blue), Thompson & Almeécija, 2017 (red and yellow), and Nengo et al., 2017 (red). Extant

taxa are above the dotted line, whereas fossil taxa are below the dotted line.
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Figure 2: KNM-MW 13142B right calcaneus attributed to Ekembo nyanzae. Top row views:

medial, proximal, plantar. Bottom row views: lateral, caudal, distal.
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MW 13142 Calcaneus
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Figure 3: PCA of extant sample of calcanei from anthropoid primates using the same groups
as in Chapter 3 (Table 3.3) with the Ekembo (KNM-MW 13142) calcaneus indicated by the

black star.
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Figure 4: KNM-RU 5872 left calcaneus attributed to Ekembo nyanzae. Top row views:

medial, proximal, plantar. Bottom row views: lateral, caudal, distal.
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RU 5872 Calcaneus

Apes

@ AfricanApe
@ Hylobatid
® Pongo

a OWM
O Cercopithecid

NWM

O Atelid
[ Sapajus

PC 2 (10.7%)
o °

)
g
—

-0.2 -0.1 0.0 0.1 0.2
PC 1 (39.3%)

Figure 5: PCA of extant sample of calcanei from anthropoid primates using the same groups
as in Chapter 3 (Table 3.3) with the Ekembo (KNM-RU 5872) calcaneus indicated by the

black star.
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Figure 6: KNM-RU 2036 left calcaneus attributed to Ekembo heseloni. Top row views:

medial, proximal, plantar. Bottom row views: lateral, caudal, distal.
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Figure 7: PCA of extant sample of calcanei from anthropoid primates using the same groups
as in Chapter 3 (Table 3.3) with Ekembo (KNM-RU 2036) and Proconsul (KNM-SO 390)

calcanei, which shared the same preserved landmarks.
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Figure 8: KNM-RU 5872 left cuboid attributed to Ekembo nyanzae. Top row views: medial,

dorsal, plantar. Bottom row views: lateral, proximal, distal.
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Figure 9: PCA of extant sample of cuboids from anthropoid primates using the same groups

as in Chapter 3 (Table 3.3) with the Ekembo (KNM-RU 5872) cuboid indicated by the black

star.
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Figure 10: KNM-SO 389 right talus attributed to Proconsul major. Top row views: medial,

proximal, plantar. Bottom row views: lateral, caudal, distal.
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Figure 11: PCA of extant sample of tali from anthropoid primates using the same groups as in

Chapter 3 (Table 3.3) with Proconsul (KNM-SO 389) talus indicated by the black star.
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Figure 12: KNM-SO 390 right calcaneus attributed to Proconsul major. Top row views:

medial, proximal, plantar. Bottom row views: lateral, caudal, distal.

219



Chapter 4

Figure 13: KNM-SO 968 right talus attributed to Rangwapithecus gordoni. Top row views:

medial, proximal, plantar. Bottom row views: lateral, caudal, distal.
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Figure 14: PCA of extant sample of tali from anthropoid primates using the same groups as

in Chapter 3 (Table 3.3) with Rangwapithecus (KNM-SO 968) talus indicated by the black

star.
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Figure 15: KNM-SO 427 left calcaneus attributed to Rangwapithecus gordoni. Top row

views: medial, proximal, plantar. Bottom row views: lateral, caudal, distal.
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Figure 16: PCA of extant sample of calcanei from anthropoid primates using the same groups

as in Chapter 3 (Table 3.3) with Rangwapithecus (KNM-SO 427) calcaneus indicated by the

black star.
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Figure 17: KNM-BG 35250 right calcaneus attributed to Nacholapithecus kerioi. Top row

views: medial, proximal, plantar. Bottom row views: lateral, caudal, distal.
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Figure 18: PCA of extant sample of calcanei from anthropoid primates using the same groups
as in Chapter 3 (Table 3.3) with Nacholapithecus (KNM-BG 352500) and Oreopithecus (BA

155) calcanei, which shared the same preserved landmarks.
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Figure 19: BA 79 left talus attributed to Oreopithecus bambolii. Top row views: medial,

proximal, plantar. Bottom row views: lateral, caudal, distal.
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Figure 20: PCA of extant sample of tali from anthropoid primates using the same groups as in

Chapter 3 (Table 3.3) with Oreopithecus (BA 79) talus indicated by the black star.
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Figure 21: BA 82 left talus attributed to Oreopithecus bambolii. Top row views: medial,

proximal, plantar. Bottom row views: lateral, caudal, distal.
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Figure 22: PCA of extant sample of tali from anthropoid primates using the same groups as in

Chapter 3 (Table 3.3) with Oreopithecus (BA 82) talus indicated by a black star.
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Figure 23: BA 79 left calcaneus attributed to Oreopithecus bambolii. Top row views: medial,

proximal, plantar. Bottom row views: lateral, caudal, distal.
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Figure 24: PCA of extant sample of calcanei from extant anthropoid primates using the same

groups as in Chapter 3 (Table 3.3) with Oreopithecus (BA 79) calcaneus indicated by a black

star.
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Figure 25: BA 155 left calcaneus attributed to Oreopithecus bambolii. Top row views:

medial, proximal, plantar. Bottom row views: lateral, caudal, distal.
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Figure 26: BA 83 right cuboid attributed to Oreopithecus bambolii. Top row views: medial,

dorsal, plantar. Bottom row views: lateral, proximal, distal.
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Figure 27: PCA of extant sample of cuboids from anthropoid primates using the same groups

as in Chapter 3 (Table 3.3) with Oreopithecus (BA 83) cuboid indicated by a black star.
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Figure 28: BA 158 right cuboid attributed to Oreopithecus bambolii. Top row views: medial,

dorsal, plantar. Bottom row views: lateral, proximal, distal.
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Figure 29: PCA of extant sample of cuboids from anthropoid primates using the same groups

as in Chapter 3 (Table 3.3) with Oreopithecus (BA 158) cuboid indicated by a black star.
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Figure 30: BA 79 left navicular attributed to Oreopithecus bambolii. Top row views: medial,

proximal, distal. Bottom row views: lateral, dorsal, plantar.
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BA 79 Navicular
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Figure 31: PCA of extant sample of naviculars from anthropoid primates using the same

groups as in Chapter 3 (Table 3.3) with Oreopithecus (BA 79) navicular indicated by a black

10 mm

star.

Figure 32: Proximal view of Ekembo calcaneus with extant comparisons. From left to right:
Gorilla, Ekembo heseloni (KNM-RU 2036), Ekembo nyanzae (KNM-RU 5872), Ekembo

nyanzae (KNM-MW 13142B), Cercopithecus.
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‘ 10 mm
—

Figure 33: Dorsal view of Ekembo cuboids with extant comparisons. From left to right: Pan,
Ekembo (KNM-RU 5872), Ateles, Macaca, Cercopithecus. Note that KNM-RU 5872 is

damaged along the proximal lateral margin, giving it a wedged appearance.

Il}mm
Figure 34: Proximal view of Ekembo cuboids with extant comparisons. From left to right:

Hylobates, Ekembo (KNM-RU 5872), Macaca, Ateles, Cercopithecus.

Figure 35: Proximal view of Proconsul talus with extant comparisons. From left to right:

Pan, Proconsul (KNM-SO 389), Macaca.
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Figure 36: Posterior view of Proconsul talus with extant comparisons. From left to right:

Pan, Proconsul (KNM-SO 389), Macaca.

10 mm

Figure 37: Proximal view of Proconsul calcaneus with extant comparisons. From left to right:

Gorilla, Proconsul (KNM-SO 390), Colobus, Sapajus.
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Figure 38: Proximal view of Rangwapithecus tali with extant comparisons. From left to right:

Pan, Rangwapithecus (KNM-SO 968), Macaca, Colobus.

10 mm

Figure 39: Posterior view of Rangwapithecus tali with extant comparisons. From left to right:

Pan, Rangwapithecus (KNM-SO 968), Macaca, Cercopithecus.
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Figure 40: Proximal view of Rangwapithecus calcaneus with extant comparisons. From left

to right: Gorilla, Rangwapithecus (KNM-SO 427), Cercopithecus.

L

Figure 41: Proximal view of Nacholapithecus calcaneus with extant comparisons. From left

to right: Pongo, Nacholapithecus (KNM-BG 352500), Ateles, Cercopithecus.
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Figure 42: Anterior view of Oreopithecus talar heads with comparative tali. From left to

right: Pongo, Oreopithecus (BA 79), Oreopithecus (BA 82), Cercopithecus.

Figure 43: Proximal view of Oreopithecus tali with extant comparisons. From left to right:

Gorilla, Pongo, Oreopithecus (BA 79), Oreopithecus (BA 82), Cercopithecus.
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Figure 44: Proximal view of Oreopithecus calcanei with extant comparisons. From left to

right: Gorilla, Oreopithecus (BA 79), Oreopithecus (BA 155), Sapajus.

244



Chapter 4

Figure 45: Distal view of Oreopithecus calcanei with extant comparisons. From left to right:

Sapajus, Oreopithecus (BA 155), Oreopithecus (BA 79), Gorilla.

Figure 46: Posterior view of intact Oreopithecus calcanei with extant comparisons. From left

to right: Gorilla, Oreopithecus (BA 79), Sapajus.
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Figure 47: Dorsal view of Oreopithecus cuboids with extant comparisons. From left to right:

Gorilla, Pan, Oreopithecus (BA 83), Oreopithecus (BA 158), Ateles, Sapajus.

10 mm

Figure 48: Proximal view of Oreopithecus cuboids with extant comparisons. From left to

right: Pan, Symphalangus, Oreopithecus (BA 83), Oreopithecus (BA 158), Ateles, Sapajus.
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Figure 49: Proximal view of Oreopithecus naviculars with extant comparisons. From left to

right: Pan, Oreopithecus (BA 79), Sapajus.

&

Figure 50: Proximal view of Oreopithecus naviculars with extant comparisons. From left to

right: Pan, Oreopithecus (BA 79), Sapajus.
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Tables:

Table 1: Fossil sample used in this study.

Element | Specimen Genus Species  Side Landmarks taken nlandmarks
- 1,2,3,4,56,7,8,9,
KNM-RU 2036 Ekembo heseloni  Left 18, 19, 20, 21 13
- 1,2,3,4,56,7,8,9,
KNM-MW 13142B Ekembo nyanzae Right 1718 19, 21 13
KNM-RU 5872 Ekembo nyanzae  Left 18228 46,789, 10
KNM-BG 352500  Nacholapithecus kerioi Right 30621 89,18 19, 9
Calcaneus BA 155 Oreopithecus bambolii  Left 30621 8,9,18,19, 9
. - 1,2,3,4,5,6,7,8,9,
BA 79 Oreopithecus bamboili  Left 13, 18, 19, 20, 21 14
H H 11 21 31 41 51 61 71 81 91
KNM-SO 390 Proconsul major Right 1819, 20, 21 13
KNM-SO 427 Rangwapithecus gordoni  Left 313 6.7,8,9,18, 20, 9
1, 2,13, 14, 15, 16,
KNM-RU 5872 Ekembo nyanzae  Left 1718, 19, 20 10
Cuboid 1,2,3,4,5,6,7,8,9,
BA 158 Oreopithecus bambolii Right 10, 11,12, 16, 17, 19, 16

20
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1,2,3,4,56,7,8,9,

BA 83 Oreopithecus bambolii Right 10, 11,12, 13, 14, 15, 18
18, 19, 20
Navicular | BA 79 Oreopithecus bambolii  Left all 16
BA 79 Oreopithecus bambolii Left 23, 24, 25, 26, 27, 28 6
Talus 1,2,3,4,56,7,8,9,
BA82 Oreopithecus bambolii  Left 10, 11, 23, 24, 25, 26, 17
27,28
KNM-SO 389 Proconsul major Right all 28
1,3,4,5,6,9, 10, 11,
KNM-SO 968 Rangwapithecus gordoni  Right 12, 13, 23, 24, 25, 26, 16

27, 28



Chapter 5

Chapter 5: Summary and Conclusions

Introduction

Locomotion is one of the most crucial aspects of survival for many organisms,
but a major issue in the study of the evolution of locomotion is how to interpret function
from bony morphology. This is particularly true in anthropoid primates, where
understanding the evolution of locomotor diversity is intertwined with reconstructing
locomotor adaptations of fossil taxa that have no living analogs. As such, reconstructing
their locomotor behavior requires careful consideration of the functional anatomy of each
joint. Sound locomotor reconstructions are critical to interpreting many of the key
transitions in hominoid evolutionary history, not the least of which is the evolution of
suspensory locomotion in Miocene hominoids.

Foot morphology is particularly useful in inferring locomotor repertoire, as feet
interact directly with the substrate on which an animal is moving (Vereecke et al., 2005a;
Boyer et al., 2013). The orientation and shape of joints were shown in this dissertation to
reflect foot movements and posture and, therefore, how the foot was used. The functional
morphology of the foot and ankle, a complicated anatomical region, has now been
quantified in extant macaques in vivo for the first time and has been compared across
extant anthropoid primates. Reconstructions based on isolated bones therefore now have
a foundation in biomechanics and soft tissue contributions, resulting in a stronger tie
between bony morphology and in vivo locomotion. Understanding how foot bone

morphology reflects locomotion in extant primates has allowed for the interpretation of
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the many tarsal bones known from Miocene fossil hominoids and improve our
understanding of the locomotor repertoires of these fossil taxa. For some Miocene taxa,
like P. major and R. gordoni, the majority of postcranial remains that have been
discovered are tali and calcanei.

A more accurate connection between tarsal form and locomotor behavior is
especially important but their functional relationship have traditionally not been well
understood, as there were few validated biomechanical models on which to base
locomotor interpretations. Bony morphology was previously hypothesized to reflect
habitual posture and motion during key behaviors; however, we were limited by our lack
of understanding of form-function relationships in the foot and ankle of primates. This
has impeded our knowledge of how tarsals are affected by locomotion and our
reconstructions of locomotion in fossil taxa.

Movements at the intertarsal joints had long been hypothesized to vary among
anthropoids to reflect their suspensory, quadrupedal, arboreal and/or terrestrial locomotor
specializations (Close et al., 1967; Inman, 1976; Chester et al., 2015; Holowka et al.,
2017). This dissertation focused on the talocrural, subtalar, calcaneocuboid, and
talonavicular of the foot, as they are thought to be primarily responsible for
plantarflexion, dorsiflexion, inversion, eversion, and midfoot flexibility (Manter, 1941,
Close et al., 1967; Holowka et al., 2017). In addition, the cuboid/MT5 joint was evaluated
in Chapter 2 in order to answer questions about the midtarsal/midfoot flexibility.

Many hypotheses concerning in vivo movements at these joints were largely
untested. This deficit was partially due to the difficulty in quantifying tarsal movements

and relative positions during locomotion to relate this information to bone morphology.
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By evaluating morphological variation among anthropoids at these intertarsal joints and
using in vivo data to confirm and quantify differences in joint rotation, we now better
understand the foot as a functional unit and have applied these ties between form and

function to fossils.

Quantification of Rotations at the Talocrural, Subtalar, Calcaneocuboid, Talonavicular,

and Lateral Tarsometatarsal Joints in Macaca mulatta Using XROMM

In Chapter 2, I quantified the amount of plantarflexion/dorsiflexion and
inversion/eversion that occurred at the talocrural, subtalar, calcaneocuboid, cuboid/MTS5,
and talonavicular joints in macaques using markered XROMM. To my knowledge, this
study was the first to visualize and quantify catarrhine intertarsal rotations using
markered XROMM. This study confirmed previous hypotheses that the midfoot break
occurs distal to the cuboid through direct measures of intrinsic foot movements. It also
confirmed that plantarflexion/dorsiflexion predominantly occurred at the talocrural joint
on a flat surface, which implies that species that mainly engage in propulsive
quadrupedalism will have morphologies that emphasize stability in this parasagittal
motion. This study confirmed that on a flat substrate, inversion and eversion occur at the
subtalar joint and that inversion/eversion and plantarflexion/dorsiflexion are highly
correlated with each other during locomotion. The transverse tarsal joint was found to not
function as a single joint complex and should thus be treated as independent joints.
Chapter 2 of the dissertation provided the basis of function for the evaluation of form in
the rest of the dissertation. It served as a lens for functional interpretation of bony tarsal

morphology and acted as a vehicle to assess whether bony variation among taxa that
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locomote differently reflect the basic motions quantified in this chapter. Thus, the results

of this study aid to better understand locomotor diversity among primates.

Analysis of Morphological Diversity in the Talus, Calcaneus, Cuboid, and Navicular

Across Anthropoid Primate Taxa

Chapter 3 of this dissertation built upon the study of in vivo motions that occur at
the talocrural, subtalar, calcaneocuboid, and talonavicular joints. The XROMM study,
though it provided valuable information about intertarsal rotations, lacked the ability to
infer phylogenetic, allometric, and locomotor patterns across taxa due to the use of a
single species in a laboratory setting. Chapter 3 offered a broad analysis of a large sample
of tarsals from 17 anthropoid primate taxa that vary in body size, phylogeny, and
locomotion. Tarsals are complicated in shape and difficult to interpret, but are often
preserved in the fossil record (Sarmiento & Marcus, 2000). As such, it is important to
study tarsal morphology and what drives that variation in extant taxa before attempting to
interpret fossil taxa. This study allowed me to parse out aspects of tarsal morphology that
are driven by phylogeny, size, locomotion, or a combination of multiple factors.
Although many aspects of tarsal morphology are driven by size and phylogeny, | also
identified specific morphologies related to stability vs. mobility in the midfoot region,
subtalar joint orientation, and inversion at the talocrural joint that separate suspensory
from quadrupedal taxa: relative orientation of the posterior subtalar facet on the talus,
talar neck length, calcaneal tuber height, calcaneal anterior length, cuboid length, and
navicular anteroposterior length. This chapter provided a framework to study fossil

material based on functional analyses of extant primate diversity.
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Analysis of Morphological Indicators of Locomotion in Miocene Hominoids

Finally, in Chapter 4, | applied the results of Chapters 2 and 3 to Miocene
hominoid tarsal fossils. | was able to confirm previous hypotheses about how these taxa
navigated their environment, and also was able to provide more insights than previous
studies based on functionally-relevant features of isolated tarsals. This study confirmed
that early Miocene hominoids like Ekembo, Proconsul, and Rangwapithecus were
predominantly above branch quadrupeds, all possessing tall trochleae for stability during
plantarflexion, relatively long talar necks, and elongated anterior calcanei for more
effective push off during quadrupedal locomotion. Rangwapithecus, however, also likely
engaged in more varied locomotor behaviors than the other two early Miocene taxa, with
a talar head and sustentaculum tali that are better suited for a variety of foot postures,
much like extant apes. This led me to believe that Rangwapithecus was not only an above
branch quadruped. Nacholapithecus also displayed mixed locomotor signals.
Nacholapithecus was reconstructed to be mostly suspensory based on its relatively wider
anterior calcaneus and less projecting sustentaculum tali, but also showed evidence for a
mixed locomotor repertoire, including pronograde quadrupedalism in the CV plot.
Finally, the tarsals attributed to Oreopithecus exhibit adaptations for suspensory
locomotion including a flat, broad talar trochlea, a talar neck resembling that of Pongo, a
relatively short anterior calcaneus, a less transverse posterior subtalar articular facet, and
a tall and narrow posterior calcaneus, all characteristics of a suspensory ape, leading me

to believe that it was not bipedal, as previously hypothesized.
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Synthesis

The goal of this study was to understand form function relationships in the
anthropoid primate foot. | wanted to better understand motion and morphology of the foot
and better interpret the functional morphology of fossil taxa. Previous studies of this
nature typically evaluated function without also considering the effect on bony form, or

only evaluated form in the absence of kinematic function.

This began with a better understanding of the movements that occur at the
intertarsal joints, which informed our understanding of foot function. This chapter was
necessary to form the baseline of inferring function from form. Rather than basing
morphological variation on hypothesized movements at the joints in question, XROMM
analysis of the foot allowed me to test hypotheses about the motion that occurs between
tarsals and to quantify the actual in vivo movement, which is rare in morphometrics
studies and almost unheard of in primate foot locomotion morphometrics studies. This
crucial first step grounded the remaining morphometrics analyses in a biomechanically-

based reality.

Once intertarsal rotations had been calculated and interpreted in one taxon, a
broad morphometrics analysis could be applied to different taxa. Geometric
morphometrics allowed me to quantify bone shape in order to test hypotheses about
shape variation in tarsals among anthropoid primate taxa. Parsing out features of isolated
tarsal bones related to size, phylogeny, and locomotion in the previous chapter was
important for the interpretation of this chapter. Gross similarities alone are cautioned
against when interpreting Miocene fossils because many features of their tarsals stem
from the fact that they are large hominoids. The lack of an extant large-bodied monkey
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complicates our understanding of these taxa, and creates the risk of categorizing, for
example, an arboreal quadruped that moves like a monkey as an ape due to phylogenetic
or size-related morphologies rather than functional ones. A more thorough understanding
of the features driving morphological variation in extant samples was applied to these
fossils and these same methods can be applied to more fossil taxa for a more thorough

understanding of primate locomotion.

Lastly, | applied these results to Miocene hominoid fossils. The information
gained from the broad geometric morphometric analysis of extant tarsals, grounded in the
quantification of foot movements during locomotion allowed me to interpret specific
bony morphologies tied to locomotor differences. This aim provided new information
about Miocene hominoid taxa, some of which lack complete postcranial skeletons,
thereby limiting the interpretation of their locomotor repertoire to a functional

morphological analysis of tarsal bones.

The three aims of this dissertation set out to characterize form and function
relationships in the anthropoid primate foot. They answer the central question: how does
bone morphology (i.e., form) reflect the manner in which an organism navigated its
environment (i.e., function)? This central question stems from the ultimate goal of
studying the evolution of primate locomotion coupled with a historical inability to infer
function from form in the foot and ankle. The central question was then broken down into
three questions. The first question was: how do primates move? The first aim of this
study set the baseline of understanding the movements that occur in the region of interest.
The second question was: how are these movements reflected the bones of taxa that move

differently? The second aim of this study explored variation in morphological indicators
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of locomotion in a wide array of primates. The third question was: how did extinct
Miocene hominoids move? The third aim sought to answer this question by evaluating
tarsals from the Miocene, a key time period in the evolution of locomotion in primates,

especially of our own ape ancestors.

After isolating specific movements at intertarsal joints, such as the predominance
of dorsi/plantarflexion at the talocrural joint, the importance of correlated movements at
the subtalar joint, and the functional separation of the transverse tarsal joint, the effect of
these movements were studied in bony specimens to provide the morphological input into
understanding form function relationships in the anthropoid primate foot. This not only
facilitated the analysis of the fossils discussed in Chapter 4, but also allowed for an
exploration of how these movements differ among various taxa that vary in size,
phylogeny, and locomotion. After identifying which aspects of morphology that vary
phylogenetically and which are a product of the animal’s size, aspects of morphology
associated with locomotor differences were isolated. | found that the orientation of the
subtalar facet on the talus varies with locomotion, which is not surprising given the
importance of conjunct motions at this joint. The degree to which an animal requires
inversion/eversion and dorsi/plantarflexion will vary based on their dependence on small-
substrate grasping or foot inversion, which is evidenced in the articular facet orientation
relative to the body of the talus. Calcaneal height differences were attributed to the
difference in relative contribution to posterior foot height, with cercopithecids having
taller trochleae related to their need to for stable plantarflexion at the talocrural joint. This
talocrural plantarflexion was quantified in a cercopithecid in Chapter 2, showing that,

although there was variation in how much movement occurred, it was the predominant
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motion at this joint. Anterior calcaneal length and the elongation of the cuboid are both
related to differences in midfoot flexion that occur during locomotion. Midfoot motion
was found to be very important on the lateral side of the foot, at the calcaneocuboid joint,
where roughly equal inversion/eversion and plantar/dorsiflexion occurred in the in vivo
trials. Similarly in the isolated tarsals, midfoot length affects an animal’s ability navigate
either a small-branch environment or a flat surface. This was evidenced in the separation
of suspensory versus non-suspensory taxa when this bony morphology was assessed. The
medial midfoot also displayed elongation related to differences related to differences in
substrate use. The differences among taxa were more pronounced in the navicular than
the cuboid, which, makes sense in the context of the movements observed in Chapter 2.
The increased movement of the navicular relative to the talus in the last part of the step,
likely due to the pull of tibialis posterior muscle on the navicular tuberosity was observed

during macaque locomotion.

These findings were then applied to some Miocene hominoids in order to
reconstruct foot use. Early Miocene taxa share common bony features that suggest that
they were generally above branch quadrupeds. Nacholapithecus showed a short, rounded
sustentaculum tali and wide anterior calcaneus, similar to suspensory taxa, but also
overlapped with above branch quadrupedalism, indicating a mixed or varied locomotor
behavior. Oreopithecus was shown to not be bipedal, as previously hypothesized, but

rather was suspensory.

Together, these three aims quantify detectable movement occurs in the foot,
identify bony indicators of locomotor differences among primate taxa, and test

hypotheses concerning the locomotor repertoires of Miocene hominoids, leading to a
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more comprehensive understanding of form function relationships in anthropoid primate

feet.

Future Directions

This dissertation creates multiple future research opportunities in order to expand
upon the results presented here. Continuous rotations between steps can be analyzed in
addition to the maximum rotations assessed in this dissertation in order to study not only
the extreme movements that drives morphological differences, but also the rotations of
the step overall. The increased prevalence of XROMM access and methodological
advances provide the opportunity to vastly broaden the data collected for this study. In
order to assess intraindividual variation in intertarsal mobility, more steps from the same
two monkeys must be tracked and analyzed in a similar manner to this study and more of
each step. This will provide a baseline for variability that a single individual exhibits in
laboratory-controlled settings, which is reasonably assumed to result in less step
variability than locomotion in a wild setting. These results will invariably affect our
interpretation of primate kinematics based on a small sample size for a single individual,
as well as our interpretation of fossil taxa kinematic variability, but it will also reduce
possible the effect of error associated with noise, tracking error, and errant steps in this
study. Furthermore, in order to assess interindividual variation, more macaques must be
assessed using the same methods. This will allow us to assess how much of this
dissertation was affected by the use of only two individuals. It would address concerns
that the results of this study are based on pathological animals or those that would

otherwise walk differently from other macaques.
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The next logical step is to carry out XROMM procedures on more primates
outside of macaques. The odds of performing XROMM on a non-human ape are, in my
opinion, small so it is likely that future anthropoid primate XROMM studies would still
be limited to monkeys. Monkeys, however, display a large range of locomotor behaviors,
and there is great utility in comparing intertarsal mobility in a wide range of taxa. This
study would allow us to better understand intertarsal mobility and foot function across
many taxa, rather than being limited to one taxon and applying it to a broad range of taxa.
Using a small taxon may necessitate the use of small tantalum beads in order to fit at least
three markers per bone, but would allow us to collect data through the entire step, rather

than only the second half.

In order to assess morphological diversity associated with differences in foot use
in primates, particularly within the framework of suspensory versus non-suspensory
locomotion, XROMM studies of primates that have different substrate preference (ideally
a terrestrial quadruped versus a suspensory monkey of close phylogenetic similarity and
of similar body size) moving on different substrates is an eventual goal of this line of
research. Comparing rotations on a flat versus a branch-like substrate would provide even
more information about intertarsal rotations in the primate foot. The ideal experimental
design would be to have animals from a terrestrially quadrupedal species and a highly
suspensory species each walk on a flat surface and a rope. | would compare the entire
time series of rotations (not only maximum rotations) for multiple steps for each monkey.
Multiple consecutive steps would allow us to better study gait mechanics associated with

locomotion, rather than looking at parts of steps taken at different times.
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The morphometrics study presented here shows the importance of many aspects
of bone shape in differentiating taxa by phylogeny, body size, and locomotion. Many of
the locomotor differences in the PCA were associated with relative orientation of the
articular surfaces. Landmark data was not ideal for further exploring these aspects of
morphology, a future study could further delve into this line of research. Fitting planes or
surface meshes to articular surfaces and solely focusing on articular surface orientation
can reveal even more patters of form-function relationships in the foot. Of course,
expanding the sample of extant tarsals both in number within a taxon and number of taxa

studied would be ideal in future studies.

One of the major problems associated with studying fossils is the fragmentary
nature of many preserved specimens. This analysis used subsets of landmarks in order to
account for parts of the fossils being missing, but future studies can impute the missing
data using regression analyses from an extant reference sample (Richtsmeier et al., 1992).
This would allow for the inclusion of all landmarks for each fossil rather than using
subsetted data, which changes the distribution of variation in geometric morphometric

studies.

Future studies of Miocene hominoid locomotion will include more taxa. Of
particular interest would be analyzing the foot of the late Miocene genus Ardipithecus,
which, like Oreopithecus in this study, has had multiple conflicting hypotheses about the
manner in which it walked based on the foot alone (Lovejoy et al. 2009). A stiff lateral
foot has been used to indicate that it walked bipedally, but an abducted hallux and mobile
medial foot indicate that it engaged in climbing behaviors. A biomechanically-based

analysis of the foot of Ardipithecus could shed light on its locomotion.
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The further exploration of large bodied Miocene hominoids, such as Sivapithecus
(Pilbeam et al. 1990), which strongly resembles an extant Pongo cranially and exhibits
distal humeral morphology that indicates varied forearm postures, much like suspensory
taxa (Rose 1994; Madar et al. 2002; Ward 2007; Morgan et al. 2016; McGechie et al.,
2017), however, has a narrow torso and exhibits many postcranial features of a
quadrupedal monkey (Rose, 1994; Madar et al., 2002). The reconstruction of
Sivapithecus as an orangutan head on a monkey body is puzzling given the highly
specialized suspensory locomotion of modern orangutans paired with the size of the
animal and the lack of highly suspensory adaptations postcranially (Andrews and Cronin,
1982; Pilbeam et al., 1990; Madar et al., 2002). There are no large-bodied arboreal
monkey taxa, so this presents the exciting opportunity to further explore allometric

effects on locomotion in a body morphotype that does not exist today.

With the addition of human tarsals to the extant sample, this study can also be
expanded into the study of Pliocene hominins to answer questions about foot stiffness.
One of the major questions about the evolution of hominin locomotion in the Pliocene is
when hominin feet stiffened, leading to one of the hallmarks of hominins: efficient
bipedalism (DeSilva 2010; DeSilva & Throckmorton 2010; Ward et al. 2011). A
reevaluation of hominin feet with a more in-depth knowledge of morphologies tied to
foot stiffness, based on a comprehensive study of intertarsal rotations in a diverse sample
of monkeys with varying foot stiffness, could expand our knowledge of the evolution of

foot stiffness in the hominin fossil record.
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Appendix

Phylogenetic analyses are often informative when studying bony morphology, as
it removes analytical bias from the relatedness of taxa (Smith & Cheverud, 2001; Lycett
& Collard, 2005; Polly et al., 2013). Phylogenetic PCA takes the non-independence of a
sample into account and can reveal the functional aspects of morphological variation that
are not solely due to phylogenetic proximity (Polly et al., 2013). However, a common
issue when applying phylogenetic methods to anthropoid primate locomotion and foot
use is that extant primates locomotor and phylogenetic patterns fall along similar lines
(See Figure 1-11 for phylogenetic and locomotor relationships among the taxa studied
here). Simons and colleagues cautioned against using morphological aspects of the
talocrural joint for phylogenetic purposes, stating “when analyzing adult [talocrural joint]
morphology, it is difficult to disentangle the signal of substrate usage from the
phylogenetic information” (Simons et al., 2019, p. 1981). Although isolating function
from phylogeny, the phylogenetic signal and locomotor signal in anthropoid primates
mirror each other, and accounting for one in an alalysis may inadvertently remove the

other.

In order to explore whether a phylogeneitc PCA would reveal results that were
less biased but still carried a functional signal, phylogenentic PCA was run on the talus,
calcaneus, cuboid, and navicular of the extant sample used in Chapters 3 and 4 (Figure 1-
11; Table 3-1). Mean species values of procrustes-corrected landmarks for each bone

were run using the tree shown in Figure 1-11 with the phyl.pca function in Phytools
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(Revell, 2012) in R. The resulting phylogenetic PC scores were plotted in R.

PC 1 and PC 2 of the talus (Figure 1), calcaneus (Figure 2), cuboid (Figure 3), and
navicular (Figure 4) show no meaningful separation or discernable patterns among extant
anthropoid taxa. These results suggest that removing phylogeny from the PC analyses
may have removed the parallel locomotor functional signal. Additional taxa, for example

strepsirrhine primates, may allow for better separation of locomotor signal from

phylogeny.
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Figures for Appendix:

Talus PhyloPCA
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Figure 1: Phylogenetically-controlled PCA of the tali of extant taxa included in this

dissertation.
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Calcaneus PhyloPCA
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Figure 2: Phylogenetically-controlled PCA of the calcanei of extant taxa included in this

dissertation.
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Cuboid PhyloPCA
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Figure 3: Phylogenetically-controlled PCA of the cuboids of extant taxa included in this

dissertation.
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Navicular PhyloPCA
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Figure 4: Phylogenetically-controlled PCA of the naviculars of extant taxa included in

this dissertation.
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