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ABSTRACT

There is debate about how fossil hominin pedal morphology relates to terrestrial
habits. Were early hominins adapted to a bipedal lifestyle with a significant arboreal
component, or were they more dedicated to a terrestrial lifestyle? The proximal articular
surfaces of the metatarsals (MT) are examined in Gorilla, Pan, Hylobates, and habitually
shod and unshod Homo using three-dimensional morphometrics. The results for MT 1
show three trends. OH 8 (Homo habilis) is indistinguishable from humans, specimens
SKX 5017 and SK 1813 (Paranthropus robustus) are apelike, and all other fossil 1%
metatarsals are intermediate in shape between humans and apes.

The MT 2 and MT 3 analyses show that humans have a narrower surface that is
expanded in the plantar aspect relative to apes. These features increase joint stability for
the human longitudinal arch. The MT 2 fossils for Stw 573d (Little Foot) and OH 8 are
humanlike. The MT 2 specimen of SKX 247 (possibly Paranthropus) is apelike, while all
other MT 2 fossils are intermediate between humans and apes. In the MT 3 analysis, Stw
387, Stw 496, Stw 388, and OH 8 metatarsals are humanlike in shape, while Stw 435 and
Stw 477 are intermediate between humans and apes. The MT 3 surface of Hylobates is
markedly convex, suggesting that the midfoot break in gibbons extends to include this
joint in addition to the MT 4 and MT 5 tarsometatarsal joints.

The results of the MT 4 analysis show a highly convex surface in apes, with
Hylobates extending further to the dorsal aspect of this metatarsal, with a greater range of
motion at the midfoot break compared to the African apes. The MT 4 specimens of OH 8
and Stw 628 show greater morphological affiliation with humans.

The MT 5 analysis shows that Pan and Hylobates have a medio-laterally extended
and concave articular surface that is convex in the dorso-plantar plane. The two human
groups are narrower and flatter in the medio-lateral plane, with a little dorso-plantar

convexity. There is overlap in shape patterns between groups in the MT 5 analysis.



Greatest similarity is between humans and Gorilla. The MT 5 fossil specimens tend to

show closer affiliation to humans and Gorilla.
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ABSTRACT

There is debate about how fossil hominin pedal morphology relates to terrestrial
habits. Were early hominins adapted to a bipedal lifestyle with a significant arboreal
component, or were they more dedicated to a terrestrial lifestyle? The proximal articular
surfaces of the metatarsals (MT) are examined in Gorilla, Pan, Hylobates, and habitually
shod and unshod Homo using three-dimensional morphometrics. The results for MT 1
show three trends. OH 8 (Homo habilis) is indistinguishable from humans, specimens
SKX 5017 and SK 1813 (Paranthropus robustus) are apelike, and all other fossil 1%
metatarsals are intermediate in shape between humans and apes.

The MT 2 and MT 3 analyses show that humans have a narrower surface that is
expanded in the plantar aspect relative to apes. These features increase joint stability for
the human longitudinal arch. The MT 2 fossils for Stw 573d (Little Foot) and OH 8 are
humanlike. The MT 2 specimen of SKX 247 (possibly Paranthropus) is apelike, while all
other MT 2 fossils are intermediate between humans and apes. In the MT 3 analysis, Stw
387, Stw 496, Stw 388, and OH 8 metatarsals are humanlike in shape, while Stw 435 and
Stw 477 are intermediate between humans and apes. The MT 3 surface of Hylobates is
markedly convex, suggesting that the midfoot break in gibbons extends to include this
joint in addition to the MT 4 and MT 5 tarsometatarsal joints.

The results of the MT 4 analysis show a highly convex surface in apes, with
Hylobates extending further to the dorsal aspect of this metatarsal, with a greater range of
motion at the midfoot break compared to the African apes. The MT 4 specimens of OH 8
and Stw 628 show greater morphological affiliation with humans.

The MT 5 analysis shows that Pan and Hylobates have a medio-laterally extended
and concave articular surface that is convex in the dorso-plantar plane. The two human
groups are narrower and flatter in the medio-lateral plane, with a little dorso-plantar
convexity. There is overlap in shape patterns between groups in the MT 5 analysis.
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Greatest similarity is between humans and Gorilla. The MT 5 fossil specimens tend to

show closer affiliation to humans and Gorilla.
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CHAPTER 1: INTRODUCTION

Background

There are two primary areas of broad concern in studies of the evolution of
bipedalism. The first area concerns the origins of bipedalism. Questions surrounding this
area center primarily on when bipedalism first emerges, the reasons for its emergence,
and how we detect it in the skeletal anatomy of fossils. The second area is the subsequent
adaptation of bipedalism. Questions in this area focus on how the anatomy of early
hominins changes through natural selection until it resembles the form of bipedalism
demonstrated in modern humans. This area of concern interprets the mosaic evolution of
human evolution for insights into how early hominins walked, and whether different
hominin lineages exhibit different modes of bipedalism. For example, there is
considerable debate on the significance of fossil hominin pedal morphology and how it
relates to terrestrial habits (e.g., Harcourt-Smith and Aiello, 2004; Ward, 2002; Stern,
2000; Latimer, 1991; Susman and Stern, 1991; Latimer and Lovejoy, 1990a, 1990b;
Susman et al., 1984; Stern and Susman, 1983; Susman, 1983). Were early hominins
adapted to a bipedal lifestyle that contained a significant arboreal component, or is there
is evidence indicating a more dedicated terrestrial lifestyle? Recently Harcourt-Smith and
Aiello (2004, pg. 413) raised the question of whether pedal anatomy, as represented in
currently available fossil hominin specimens, could represent a “mosaic [of ape-like and
human-like anatomical traits] in their adaptations, but, critically, may have been mosaic
in different ways to each other.” In short, although bipedalism may have a single origin in
the evolutionary line leading to Homo sapiens, it is possible that adaptations to a bipedal
lifestyle in different hominin lineages may follow different anatomical paths. We might
not expect, for instance, that the finer points of bipedal anatomy in the foot are the same
in Homo habilis as they are in Paranthropus robustus, where each hominin dealt with

different ecological niches.



This topic is one of the most contentious in the field of physical anthropology,
and was clearly summarized by Stern (2000) ten years ago. It still accurately represents
the state of affairs today. The primary issue is largely theoretical. Stern (2000) identifies
two schools of thought about how to interpret mosaic anatomical traits in fossil hominins.
The first is that mosaic traits are mostly irrelevant to interpreting hominin behavior and to
some extent function of skeletal anatomy. Early hominins are dedicated to habitual
bipedal behavior, even though their anatomy preserves plesiomorphic traits that are
apelike or primitive traits that do not reflect any ape-like function. From this point of
view apomorphic traits are the most important for the interpretation of functional
anatomy.

The second theoretical perspective is that some plesiomorphic traits may not be
“vestigial.” This approach interprets fossil anatomy is in fossil hominins as adaptations
for that species’ current form of locomotion or other functions. The anatomy represents
adaptations to current behavior, at a moment in evolutionary time, not necessarily a step
to something else. In other words, plesiomorphic and apomorphic anatomy represent an
organism’s most efficient (mosaic) adaptation to the selective pressures in the
environment at that moment in time (see Rose, 1991; Hunt 1994, 1996). This is an
important point of view. These two theoretical views are important even though they may
seem subtle. Both views have profound implications for how we interpret hominin
anatomy and develop evolutionary models for the emergence and subsequent adaptation
of bipedalism.

The research presented in this dissertation follows the latter theoretical
perspective and builds upon previous anatomical observations for the evolution of the
hominin foot. This research investigates Harcourt-Smith and Aiello’s (2004) idea that
mosaic evolution in fossil hominin lineages is mosaic in lineages. The specific

hypotheses tested are discussed in Chapter 4. However, one broad area of interest is



whether there is evidence for alternative modes of bipedalism between the hominin
lineages. The specific hypotheses add insight to the view that the hominin foot develops
“modernity,” in this context meaning anatomical stability for a rigid longitudinal arch,
beginning on the lateral side of the foot earlier in evolution and progressing medially
later. The implication of this idea is that plesiomorphic traits in the medial foot,
especially in the hallux, may maintain functional significance as the foot is adapting to
more efficient bipedalism. As early hominins become completely dependent on a
habitually terrestrial form of bipedalism, the medial foot presumably develops a stable
longitudinal arch as well. Although this model is supported by other anatomical
observations of the foot, it is not very well supported in terms of proximal metatarsal
articular surface shape.

Methodological Importance

In recent years three-dimensional morphometrics has become increasingly
important in the analysis of complex anatomical shapes (Adams et al., 2004). The use of
a microscribe has perhaps became the most common tool in three-dimensional studies.
However, laser scanners are becoming increasingly more common, primarily due to
availability of relatively inexpensive portable laser scanners. Microscribes remain useful
for larger structures. However, laser scanners do provide advantages over other
technology in the study of small structures, such as articular surfaces, as well as the
amount of data that can be sampled.

One disadvantage to a microscribe is that the stylus only samples one point in a
three-dimensional space, or at best a series of points on a line or curve. A laser scanner
can record surface topography at a resolution of hundreds of dots per square inch, with
fine resolution depending on the needs of the project. The end result is that a complete
3D structure can be modeled, manipulated, and subjected to a variety of analyses whereas
landmarks selected with a microscribe may only be useful in one study or context. This

reduces errors during data collection. In contrast, if errors with a microscribe are



discovered after leaving the field, entire specimens may be useless. If one ensures that a
laser scan is complete in the field, landmarks can be sampled later. Another advantage to
a laser scanner is that a delicate fossil can be sampled with very little physical
manipulation. Although a microscribe can be less damaging than calipers, it still requires
contact with a specimen that often occurs via a metal stylus tip. Additionally, a laser scan
can be revisited any number of times for later additional studies without having to submit
a fossil specimen to additional handling. Laser scans can potentially be shared between
researchers to reduce wear and tear on invaluable specimens, not to mention reducing the
costs involved in traveling the world to examine a few specimens.

Laser scanners have been used successfully in previous studies on articular
surfaces (Tocheri, 2007; DeSilva, 2010). However, laser scans have not yet been used for
initial data collection in landmark-based studies of articular surfaces. This dissertation
expands on the study by Proctor et al. (2008) in which the proximal MT 1 articular
surface was analyzed with a landmark scheme collected by a microscribe. It was the first
study of its kind on the first metatarsal, but due to the difficulty in collecting landmarks
on small articular surfaces, a laser scanner was employed for this dissertation. The New
York Consortium in Evolutionary Primatology (NYCEP) collaborated with the Institute
of Data Analysis and Visualization at the University of California, Davis, to produce the
software Landmark for the application of landmarks on laser scans. Small objects can be
expanded in size on a computer monitor to allow greater control over placement of
landmarks. This dissertation successfully combines the use of a laser scanner and the
program Landmark for analyzing joint surface shape with a landmark-based methodology
for the first time.

Dissertation Structure

This dissertation is divided into eleven chapters. Chapter 1 is the introduction.

Chapter 2 provides a discussion and overview of the theories on the origin of bipedalism,

in order to present the broader theoretical bases from which interpretation of fossil



anatomy originates. Chapter 3 presents a discussion of human and ape comparative
evolutionary anatomy, with particular emphasis on the foot. In addition, this chapter
presents a discussion about the differences in foot anatomy between shod and unshod
human populations, and the fossil evidence for the emergence and subsequent evolution
of bipedalism.

Chapter 4 presents the materials and methods of this dissertation. In addition to a
detailed list of the specimens in this study, there is an in-depth discussion of the specific
hypotheses tested and their functional bases. Here is a discussion and definition of the
landmarks used in these analyses, and how the data collected is analyzed. Chapter 5
assesses the influence of observation error on these analyses. This is important in all
research studies; however, it is particularly important for the studies presented here
because the methodology is new in terms of the combination of technologies used and the
methodology of landmark application on joint surfaces.

Chapter 6 presents the results of the analysis of the first metatarsal (MT 1)
proximal joint surface morphology, and this chapter sets the pattern for which all
remaining metatarsal analyses will be presented. Chapters 7, 8, 9, and 10 present the
results of the analyses of MT 2, MT 3, MT 4, and MT 5, respectively. At the end of each
analysis chapter there is a discussion section that synthesizes the results of the analysis,
with particular emphasis on the most important morphological findings. The dissertation
concludes with discussion and conclusions in Chapter 11, with particular emphasis on
integrating the results of all of the metatarsal analyses to address the implications of these
results and how the analyses relate to each other. This chapter also discusses future

research.



CHAPTER 2: MODELS FOR THE ORIGIN OF BIPEDALISM

Models Explaining the Origin of Bipedalism

This chapter is a discussion of the major theories relating to the origin of hominin
bipedalism. A broad perspective is important to establish the basis from which
anatomical interpretations of the hominin fossil record draw. Many theories overlap in
their discussion of evolutionary pressures and early hominin behaviors. The following
theories are divided in traditional categories, with recognition that in some cases there is
a fine line between them.

The Seed-eating Hypothesis

The seed-eating hypothesis proposed by Jolly (1970) provides a model that draws
parallels between early hominin anatomy and Theropithecus gelada (gelada baboon)
anatomy. Jolly uses behaviorally observations of Theropithecus, along with these
anatomical parallels, to draw inferences about early hominin behavior and the origin of
bipedalism. This model attempts to answer one of the “whys” of bipedalism, not just the
“how.”

A few of the important anatomical parallels from the postcranial skeleton include
a reduced hallux and a dexterous hand capable of a precision grip. Further, the pedal
phalanges of rays 2 to 4 are reduced in both groups. A few of the important cranial
parallels include a prominent mastoid process, a vertical ascending mandibular ramus, a
robust mandibular corpus, and reduced anterior teeth.

The significance of the reduced hallux is that early hominins are evolving a
terrestrial bipedal lifestyle and gelada baboons have a terrestrial quadrupedal lifestyle,
with both evolutionary pressures favoring a shorter hallux that does not interfere with
locomotion. The importance of shared manual dexterity relates to an increased

evolutionary pressure to harvest foods that require greater dexterity to manipulate.



The significance of the cranial parallels is related to diet and posture. The
increased size of the mastoid process is related to larger sternocleidomastoid muscles,
needed for erect walking in hominins and a tendency in erect sitting posture among
gelada baboons. The vertical ascending ramus is in part related to this erect posture, as
well as to greater dependence on processing harder foods with their molars. The
orientation of the ramus and the corpus assumes a position closer to 90 degrees, offering
a more efficient moment arm for mastication. The significance offered for the parallel
condition of reduced anterior teeth is that in gelada baboons reduced anterior teeth,
particularly the canines, could facilitate grinding motions (“rotary chewing”) of the
molars during mastication, which would otherwise be impeded by large, locking canine
teeth. Presumably in this model, this is the same explanation for why early hominins have
a trend for reduced anterior teeth.

The seed-eating model itself is outlined as follows: a Miocene ape, likely a
dryopithecine, shifts from a diet high in fruit to a diet consisting more of grains requiring
finer manual dexterity to harvest, as well as more time sitting in a vertical position during
feeding. This shift in diet is related to a changing climate, in which increased seasonality
leads to larger areas of grasslands, thereby reducing availability of some fruits and other
foods requiring high amounts of rainfall. Jolly refers to these beginnings of this shift in
behavior as Phase I. In Phase II, what used to be opportunistic hunting practices become
more premeditated and diet shifts to include a higher proportion of meat. Due to the
preadapted condition of reduced anterior teeth from seed eating, early hominins are
required to innovate with tools in order to process food.

One of the big themes with this model is “preadaptation,” or certain traits that
evolve for one reason happen to be useful for other purposes. Jolly attributes much of
human evolution that takes place after the emergence of the first hominins as resulting
from characteristic’s attained for seed-eating that are preadapted to later behaviors.

Examples include having a larger tongue for manipulating food being useful for later



vocalization and then speech. Another is the increased reliance on hunting creates more
labor divisions between the sexes. This leads to a delay of food consumption,
provisioning, and long term planning for acquiring food that requires cooperation
between separate bands of early humans.

Part of the problem with the seed-eating hypothesis is that despite the perceived
parallels offered between hominin and gelada baboon behavior and anatomy, there are
several questions left unanswered by this model. If bipedalism is a logical evolutionary
path based on this lifestyle, why are gelada baboons quadrupeds? Why are they a good
parallel to begin with? Wrangham (1979) attempts to address this issue when he reports
that gelada baboons often move very short distances bipedally when feeding so that they
continue to feed using two hands. This does not provide a convincing possibility for
selective pressures however since when gelada baboons move any longer distance
between feeding areas they rely on quadrupedal walking. Wrangham addresses this
potential criticism by suggesting that early hominins would have been feeding on closely
grouped feeding bushes in a semi-forested environment. In this case, early hominins
would not have been traveling great distances for food, but instead would be constantly
feeding with two hands and moving bipedally between closely grouped feeding bushes.

The reduction of the hallux shared by hominins and gelada baboons, reported by
Jolly (1970), is not very revealing since the hallux becomes a weight-bearing structure in
humans but is only reduced in gelada baboons. Essentially, it gets out of the way when
baboons walk on the heads of their metatarsals. One potential issue we do not know from
Wrangham’s work is if geladas, when they walk bipedally, walk in a digitigrade fashion
or whether they have a tendency for plantigrade movement. Another interesting point is
that gelada baboons are apparently able to evolutionarily develop considerable manual
dexterity of the hands while maintaining the use of their forelimbs in efficient

quadrupedal locomotion. This is not the case in hominins. This seems to be a case in



point of why bipedalism might not be favored solely to allow freeing of the hands for
manual dexterity.
The Thermoregulation Hypothesis

The Thermoregulation Hypothesis is put forth by Wheeler (1984, 1985, and 1991)
as a means of explaining one evolutionary selective pressure for bipedalism and the
relative lack of long, thick body hair in humans compared to other mammals and
primates. Wheeler lays out the argument that hominins need an efficient whole-body
cooling mechanism because they are less efficient at cooling their bodies through other
means, including air flow through the nasal sinuses and brain cooling through venous
blood flow (a carotid rete), compared to other mammals. These relative inefficiencies are
present in other hominoids as well, but Wheeler argues that hominins are a special case in
that they travel for extensive amounts of time in open savannah exposed to heat. This
extra exposure to heat, according to this model, favors bipedalism as a cooling
mechanism for animals that have diurnal foraging habits.

Wheeler (1984) argues that one of the evolutionary pressures that may have
provided a selective advantage to bipedalism is heat gain through exposure to the sun. He
explains that a biped only exposes about 40% of the body surface area to the sun relative
to a quadruped. In this model, the hominin ancestor develops a bipedal posture first to
reduce body heat. He additionally argues that an upright posture exposes more of the
body to wind, aiding in cooling (Wheeler 1984, 1991). Subsequently, bipedal locomotion
as a body cooling strategy is further refined by the loss of body hair shielding the skin
and by additional capacity to store subcutaneous fat (Wheeler, 1984).

By reducing body hair, skin does not have the layer of insulation provided by hair
and skin is more directly exposed to wind (Wheeler, 1991). Wind and moisture from
sweat glands provide evaporative cooling (that would not be possible to the same degree
if wind cannot reach the skin) (Wheeler 1984). Wheeler (1984) suggests that the addition

of subcutaneous fat storage is not a cooling mechanism, but a method of staying warm
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during the cold nights of the savannah, which hominins would be more susceptible to due
to hair loss. He argues that the addition of body fat does not affect the efficiency of
evaporative cooling. Other adaptations explained through this model include the retention
of head hair, which maintains a shield between the scalp and the direct rays of the sun.
Head hair potentially covers 40% of exposed skin surfaces for a biped but only grows on
about 10% of a biped’s total skin surface (Wheeler, 1985). This layer of insulation,
though obstructing evaporative cooling to some degree, provides a layer of protection
from increased direct heat gain to the brain from solar exposure. Wheeler (1984) further
suggests that all of these adaptations relieve constraints on brain size. Larger brains
produce more heat, but due to an overall more efficient body cooling mechanism, brains
may have been able to expand and stay cool with these bipedal adaptations.

Chaplin et al. (1994) offer considerable criticism of Wheeler’s ideas. They point
out that although Wheeler’s explanation for the evolution of reduced body hair in humans
may hold truth, it is a bit of a stretch to extend the selective pressures in the
thermoregulation model to the primary evolutionary pressure for the development of
habitual bipedalism. Experimental work in this article retests some of the work done by
Wheeler (1991). They examine the fundamental assumption that the thermoregulation
model makes, that a hominin can withstand longer foraging times than a quadruped in a
hot savannah environment due to bipedalism. Chaplin et al. (1994) find that at best, under
varying conditions from relative inactivity to high activity, a biped will maintain a cooler
body than a quadruped from about 15 to 30 minutes longer. They argue that these small
time differences would not provide a strong evolutionary pressure for bipedalism.

Wheeler (1994) counters this claim by explaining that in the model Chaplin et al.
use to calculate the potential extra time bipedalism grants for foraging, they only used
maximum noon temperatures rather than varying temperatures of the morning or

afternoon. When taking this into account, Wheeler (1994) argues that hominins would
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actually have as much as three extra hours of foraging time per day due to the benefits of
bipedalism and evaporative cooling relative to hair-covered quadrupeds.

One of the problems with the thermoregulation model, in terms of the evaporative
cooling element, is that we do not know when hominins lost their thick body hair.
However, all hominoids rely on sweating for thermoregulation, so in some sense
hominins would be preadapted to this strategy (Carrier, 1984). The question still remains
whether bipedalism evolved as a response to body-cooling evolutionary pressure, or
whether it evolved for other reasons and some of the other evolutionary responses, such
as reduced body hair, followed later from preadaptations bipedalism offered.

Hand-freeing Hypotheses

Many ideas on the origin of bipedalism share at least one component in common.
Whether it is for transporting food or using weapons, the central focus is on the idea that
bipedal locomotion evolves from evolutionary pressure to free the hands for tasks other
than locomotion. This section deals with several of these ideas.

Bipedalism as an Adaptation for Provisioning

Lovejoy (1981) makes the argument that bipedalism is selected for as an
adaptation to provisioning behavior. It is important to make a distinction here between
provisioning and tool use. Lovejoy does not argue that bipedalism is an adaptation to
using tools, since as he points out there is no evidence for complex tool use by the earliest
hominins.

Lovejoy’s model for the development of bipedalism is as follows. During the
Miocene, ecological conditions for hominin ancestors encouraged a diverse diet. This
diverse diet required foraging over long distances. Two kinds of behavior result from this
situation. The first is monogamy and the second is male provisioning. Lovejoy proposes
that in an environment requiring a great deal of travel time to acquire food, natural
selection would favor limited mobility for females, due to reduced exposure to predators

and less stress on infants. Females who maintained a smaller range would be able to
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devote more attention to their young and decrease infant mortality. This behavior,
Lovejoy argues, goes hand-in-hand with monogamy. Males would need to travel further
to acquire food while females stayed closer to a home base. The males would acquire
food, likely from hunting and scavenging meat, and bring it back to their mates and
offspring.

Lovejoy argues that monogamy is a key aspect to this strategy because otherwise
males have little incentive to share food with others. An interesting question to address in
this model is if monogamy and reduced female range is more advantageous in primates
that have wide feeding ranges, why do we not see more monogamous primates? Why is
monogamy so uncommon? One might argue that the key to this model is the combination
of these pressures with the threat of predators. Is it more advantageous to have females
confined to a narrow range, burdened with infants, while half of their group (the males)
are away gathering meat? Would predators actually have better success attacking females
in this situation?

Lovejoy argues for this kind of model because Jolly’s (1970) seed-eating
hypothesis does not explain why, if bipedalism is important to foraging behavior, his
primate example retains an efficient quadrupedal mechanism of locomotion. Lovejoy is
of the opinion that distance traveling for food is not enough to explain the key
evolutionary pressure for bipedalism. Rather, distance traveling combined with a
consistent need to free the hands for carrying food is required. Lovejoy makes a valid
argument that although chimpanzees do walk bipedally over very short distances when
carrying objects, behavior like this would need to be more consistent and over greater
distances in order to provide an evolutionary advantage toward bipedal skeletal
adaptations.

One area, which Lovejoy does not expand upon, is how he sees the relationships
between males in this scenario. Although Lovejoy does not emphasize hunting, Etkin

(1954) makes the suggestion that early hominins were cooperative hunters. Since
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chimpanzees are cooperative hunters, this idea has some basis in extant primate behavior
(Stanford, 1998). If there is heavy selection for monogamy and male provisioned
females, there must be some further system governing how males split up resources
among themselves before it is redistributed among females. This “male sharing” need not
be constrained to meat since territory would also be valuable when foraging for other
resources.

The Food Transport Hypothesis and

The Food Sharing Hypothesis

Some have hypothesized that the major evolutionary selective factor in the
development of bipedalism is the need to transport scavenged or hunted meat on a
savannah to a safe location for consumption (Hewes, 1964; Isaac, 1978). Hewes suggests
that early hominins would have had to compete with other hunters and scavengers at a
kill site. Rather than lose their food to other animals or become food for other animals,
they would carry food back to a “home base” or other safe location.

This idea makes habitual bipedalism a necessity. Hewes creates an image of early
quadrupedal apes, like chimpanzees, carrying food and likely stopping for frequent rests.
In time, apes with a more efficient bipedal anatomy would be evolutionarily selected for,
presumably because those apes who either could not keep food effectively or who are less
energetically efficient will reproduce less frequently.

This model differs from Lovejoy’s (1981) provisioning model in that Hewes’
model is a model for transporting food for the sake of transporting it. Transportation itself
is a strategy for keeping food, whereas Lovejoy does not see transporting food in and of
itself as the prime mover of selection for bipedalism. Implicit in Hewes’ model is also a
high emphasis on meat in the diet of early hominins. Lovejoy (1981) does not stress any
particular food for provisioning. Hewes’ central focal point is the idea that meat must be
defended and the defense of this resource is the primary behavioral impetus for habitual

bipedalism. Hewes (1964) recognized that his emphasis on meat could be overstated.
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However, through his own observations of a macaque, as well as other researchers’
observation of primate food transport, Hewes stresses that whichever foods might have
been most important to hominin ancestors, it was the need to transport this food to a safe
location for consumption that drove our early ancestors toward a habitually bipedal
lifestyle.

Issac (1978) places more emphasis on food sharing than on carrying food for the
sake of it or specifically provisioning females. Isaac argues that the behavior that favors
selection for bipedalism is sharing food between hominins, thus increasing everyone’s
access to resources and developing a social network, which leads to more complex social
capability in later hominin evolution.

Even though Hewes acknowledges a problem in assuming our ancestors ate high
quantities of meat, he does not explain why there is such a strong pressure to take food to
a safe location. Presumably if we remove meat as the primary food, early hominins do
not need to defend fruits and seeds or other vegetable foods from predators. In the
instances Hewes cites for evidence of primate food carrying, primates are trying to
defend their food from others of their kind or other primates. This leaves the question of
what force would drive consistent long-distance food transport beyond that which most
primates already engage in.

The Postural Feeding Hypothesis

Hunt’s (1994, 1996) postural feeding hypothesis is based on data collected on
chimpanzee feeding habits. Hunt observed a group of 21 chimpanzees in Tanzania for
700 hours. During this time, he noted that chimpanzees would take on a bipedal posture
in an arboreal situation more often than on the ground. Chimpanzees were found to take a
bipedal posture when on the ground most often when feeding on fruit from short trees.
Bipedalism also occurred while feeding in trees on small or terminal branches and while

hanging vertically from the branches. In both cases this behavior is required to increase
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reach for harvesting fruit. Similar observations were made by Stanford (2002, 2006),
showing that chimpanzees engage in a wide range of position behavior while feeding.
Central to Hunt’s model for the origin of bipedalism is a comparison of
chimpanzee and Australopithecus afarensis skeletal anatomy. Hunt (1994, 1996) makes
the argument that while A. afarensis is well adapted for suspensory behavior, the species
is not as well equipped for terrestrial bipedal walking. Hunt (1994, 1996) cites examples,
including curved phalanges in the hands and robust muscle attachments for flexor
muscles as indicative of suspensory behavior, as well as the angle of the glenoid relative
to the scapula being similar to apes. Hunt argues that A. afarensis is not as well adapted
to bipedal locomotion as modern humans (australopith hips are relatively wider than in
humans, with a small acetabulum and femoral head, coupled with a more coronal
orientation of the ilium). A. afarensis would have been energetically less efficient than
modern humans at terrestrial bipedalism. Further, Hunt argues that the greater posterior
orientation of the ilium places the gluteal muscles in an orientation more like that of apes,
which function to extend the legs and flex the trunk in arboreal locomotion. Hunt further
argues that 4. afarensis was adapted to gripping branches to some extent with its feet, by
having pedal phalanges that curve, and the third ray longer than either the second or first.
This host of adaptations, while being intermediate between humans and
chimpanzees, provides the bulk of Hunt’s argument that early hominins evolve
bipedalism not due to evolutionary pressure for terrestrial bipedalism but due to
collecting small fruits while vertically clinging in the trees and standing bipedally on
branches. This idea is in many ways not unlike the seed-eating hypothesis by Jolly
(1970), but Hunt makes a detailed anatomical comparison that seems more relevant than
the comparison to gelada baboons. The important difference between these two theories
is that while Jolly places importance on terrestrial movement, Hunt places importance on

bipedal posture in an arboreal setting. The question Hunt does not address is what
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pressure would have brought A. afarensis out of the trees to take on a fully terrestrial
bipedal lifestyle.

Rose (1991) relates a hypothesis that is in support of Hunt’s ideas. Rose suggests
that there may not have been one sudden selective pressure for bipedalism and that
instead selection was a gradual process. Since primates have several positional behaviors,
Rose presents the hypothesis that it would only be a matter of increasing the tendency for
bipedalism in a primate group, not making it exclusive, which would create selective
pressures for anatomical change. Rather than one particular pressure, several possible
factors would contribute to an overall increase in the proportion of bipedal behavior,
marginalizing other forms. In this model, early hominins would become less efficient
quadrupeds but not necessarily lose efficiency at arboreal activity at the same magnitude.
Hunt’s analysis of 4. afarensis does seem to fit Rose’s model.

The Threat Display Hypothesis

The threat display hypothesis, presented by Jablonski and Chaplin (1993),
suggests that bipedalism evolved in two phases. The first phase is the most important, in
which a tendency for bipedal standing is selected for, and this phase preadapts an early
hominin species for complete habitual bipedal locomotion. Jablonski and Chaplin (1993)
argue that the selective pressure for a bipedal stance occurs through bipedal threat
displays, charges, and “mock fights” between proto-hominins. They claim that in some
way this kind of behavior can be seen in modern humans. We allegedly value being tall
and when someone physically cowers it is a sign of submissiveness. Further, they claim
that conditions in the Miocene would have made intergroup and intragroup
confrontations between males more frequent due to groups overlapping when seeking
resources, and that the display behaviors mentioned provide a relatively peaceable way of
establishing group order, mate selection, and conflict resolution between groups. They
cite evidence that extant primates, including apes, do engage in bipedal displays of

aggression and that it is this behavior that is evolutionarily elaborated upon in proto-
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hominins. In addition, they present this hypothesis as a way of explaining sexual
dimorphism in humans and early hominins, that differential body size is not accompanied
by increased tooth size because the primate displays are related to becoming “better at
bipedalism” (Jablonski and Chaplin, 1993).

Freeing the Hands for Hunting

Some scholars have hypothesized that the primary evolutionary pressure for the
development of bipedalism is to free the hands for hunting (Darwin, 1871; Dart, 1953;
Dart, 1972; Etkin, 1954; Washburn, 1967; Washburn and Lancaster, 1968; Hill, 1982).
Dart (1953) envisioned early hominins as aggressive flesh eaters, and that humans had a
very bloody, violent past. To him, it seemed logical that walking upright in order to use
weapons would be natural, because it could make early hominins more effective killers.
Dart is making inferences from observed carnivorous baboon behaviors, but he is also
amplifying and projecting his perception of the potential for violence in modern humans
onto humanity’s past. Merker (1984) takes a slightly different approach. To him,
bipedality involves weapon use, but he also sees the evolution of the human foot as an
effective stalking mechanism. He envisions early hominins crouching and moving slowly
on two feet, sneaking up on prey. Washburn and Lancaster (1968) see hunting in apes
and early hominins as only the beginning of behavior that becomes more elaborate over
the course of human evolution, from which stems human social and intellectual
evolution.

Hill (1982) argues that hominin hunting was very important for the development
of bipedalism. According to Hill, modern foragers consume more meat than omnivorous
primates, including chimpanzees and baboons. In many ways, Hill’s model on the
development of bipedalism is similar to Lovejoy’s (1981). However, where these two
ideas differ is that Hill does not see monogamous pair bonding as important, but does see
provisioning as important. In this case, the selective pressure is not to allow females to

take care of young but for males to collect meat to carry back and trade for sex with



18

females. The pressure for bipedalism would also lead to preadaptation not just for

carrying meat, but also for carrying other tools as they are developed for acquiring meat.

Hill hypothesizes that this situation is tied into human females being sexually receptive at

all times, so that they can receive meat at all times rather than only when in estrus.
Freeing the Hands for Tools Use

The idea that humans evolved bipedalism to free the hands for tools was strongly
supported by Darwin (1871). Washburn (1960) argued that humans evolved bipedalism
first for bursts of bipedal running, but not for efficient habitual walking. These bursts of
running are important in Washburn’s model because it is during these bursts that early
hominins would have their hands occupied with tools as they run toward prey. Washburn
also argues that freeing the hands and increasing manual dexterity has an impact on the
brain. He suggests that, as bipedalism evolves first due to the demand for having hands
free for tool use, increasing intelligence also demands a large birth canal and infants that
are born less developed, because of increasing brain size. Washburn argues that by the
time this occurs hominins are preadapted to hold and carry infants that are born helpless
and developmentally immature.

Ardrey (1961) proposes a hypothesis that is somewhere between Washburn’s
perception of the importance of tool use and Dart’s “murderous ape” model for the
emergence of bipedalism (Dart, 1953). For Ardrey, hominin ancestors do not simply have
an innate desire for hunting; they also have the urge to commit violence against each
other. Put simply, hominins have a predisposition for fabricating weapons of war. In this
model, hunting or tool use is concomitant with interpersonal violence as an evolutionary
driving force for the development of bipedalism, in order to free the hands to make
weapons.

Freeing the Hands for Carrying Infants and Food
The hypothesis that early hominins were under selective pressure to free the hands

for carrying items has been proposed in different forms by many authors, and this general
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hypothesis has been covered in some of the more discrete theories laid out above. This
section will cover some more loosely connected theories that fall under this theme. They
differ in emphasis over how and why certain items will be carried, but they all share the
idea that either food or infants, when carried, provide a selective advantage to bipedalism.

Day (1977) commented that bipedalism probably evolved as a response to
evolutionary pressure for carrying food and infants. Etkin (1954) argued for bipedal
origin in a model not unlike Lovejoy’s (1981). He argues for a monogamous hominin
family structure in which men hunt and women forage. In this situation, females carry
infants and gather food while males hunt. This relationship combines to create
evolutionary pressure for freeing the hands through bipedalism. Sinclair (1986)
hypothesized that humans followed ungulates through their migration patterns, and that
one selective pressure to do this would be in freeing the hands for carrying infants over
these great distances. This idea centers on the concept that the entire hominin group is on
the move, scavenging carcasses opportunistically.

Long-Distance Walking Hypothesis

Rodman and McHenry (1980) provide evidence and argument for adaptive
selection favoring bipedalism from an energetic perspective. They argue that in order to
estimate the efficiency of hominin locomotion, proper comparisons must be made.
Previous work by Taylor et al. (1970) provided energetic costs for several quadrupedal
hominins while running. Rodman and McHenry point out that chimpanzees have an
energy cost during quadrupedal locomotion of about 150% of what they call “true”
quadrupedal mammals of similar size. This means that although chimpanzees are
quadrupeds, they are expensive quadrupeds from an energetic perspective and if we
compare human efficiency to quadrupeds we must compare them to chimpanzees, not
other quadrupeds. This comes from the underlying assumption that the hominin ancestor

is a knuckle-walking quadruped.
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Day (1986) called Carrier’s (1984) article a presentation of the “endurance-
hunting hypothesis,” which is in some ways a variation of the Long-Distance Walking
Hypothesis (Rodman and McHenry, 1980). Carrier (1984) reports that hominins are
efficient bipedal walkers because they are able to “mechanically recover” energy during
locomotion due to a pendulum motion of the body during strides. Further, they make an
argument that bipedalism may have an advantage, even in running, despite being
energetically more costly than in quadrupeds. They state that quadrupeds have breathing
constraints when running, such that they cannot vary their breathing and they can only
breathe once per stride, due to flexion of the spine and compression of the abdominal and
thoracic cavities during locomotion. As a consequence, quadrupeds have an optimum
running speed, and when the speed gets higher running is more costly and cannot be
sustained. In contrast, hominins do not have these constraints because the abdomen and
thorax are not compressed during locomotion. This allows hominins to alter their
breathing to account for greater oxygen needs at greater speeds, making hominin running
equally as efficient at all speeds. Carrier argues that this is an advantage because
hominins have a wide range of running speeds at their disposal. Due to breathing and
sweating capability, despite the relative inefficiency in running, hominins have great
running endurance. Carrier argues that this greater endurance allows hominins to run for
longer, uninterrupted periods, which is more efficient than bursts of running with rest in
between. This would mean that hominin hunters could run after wounded prey and beat
them in endurance where they can’t beat them in speed.

Rodman and McHenry (1980) find that hominin bipedalism is actually more
efficient at walking speeds than “typical” quadrupedalism, and is far more efficient than
chimpanzee quadrupedalism (see Steudel-Numbers, 2003 for a different view). They do
not argue in terms of the factors that encouraged bipedal behavior, but instead argue for
bipedalism as an effective evolutionary response to pressure for long distance walking,

no matter which needs this behavior fulfills. In the end, many ideas about behavior
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relating to habitual bipedalism amount to evolutionary pressure for extensive time
walking on two legs. These ideas have been discussed extensively above. Sinclair (1986)
and Shipman (1986) offer another specific behavior for this pressure. Sinclair suggested
that early hominins were scavengers, and they followed ungulate herds in order to
opportunistically scavenge those that die. This kind of walking, Sinclair argues, would
require free hands for carrying infants but also an efficient form of bipedalism. Shipman
(1986) has a slightly different take on this. She argues that long distance walking is
important, but freeing the hands is necessary to carry meat back to a home base.

This view may be supported by Steudel-Numbers (2003), in which she found that
primate quadrupedalism is not less efficient than generalized endotherms. The
implications of this are that hominin ancestors would not have evolved bipedalism as a
solution to inefficient quadrupedalism. Instead, there must be another pressure for
bipedalism. Evolving more efficient bipedalism in hominins relative to the inefficiency of
a quadrupedal primate walking bipedally would be favored by natural selection.

The Visual Surveillance Hypothesis

One idea on the origin of bipedalism focuses on the notion that bipedalism
evolved as a defense mechanism for seeing over tall grasses or seeing longer distances by
being able to stand higher than a quadruped (Dart, 1959; Day, 1977; Howells, 1959;
Ravey, 1978). Selective pressure for bipedalism, following this model, would favor
individuals who could stand more frequently and for longer periods of time. This
behavior would not be entirely self-serving, as individuals would spot predators and warn
the group.

Summary

This chapter has presented the primary models on the origin of bipedalism. Many
of these models present an argument that identifies one or a few selective pressures as the
most important in making bipedalism evolutionarily advantageous. One can create a

synthesis from which to interpret evolutionary anatomy (from many of these theories). It
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is likely that no single proposed idea alone answers the riddle of “why” natural selection
worked to favor bipedalism. It is more productive to view these ideas as interacting
components. The next chapter provides a review of human and ape comparative anatomy,

with reference to fossil hominin evidence.
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CHAPTER 3: HUMAN AND APE EVOLUTIONARY PEDAL ANATOMY

Introduction

This chapter contains an overview of observed human and ape osteological
differences, with particular attention to the foot. With few exceptions, which will be
noted below, all observed adaptations to bipedalism are explained by any model of the
origin of bipedalism. No matter which environmental or behavioral pressures existed to
select for habitual bipedalism, they all share bipedalism as the evolutionary solution.
Therefore, each model equally explains the observed morphologies. However, it must be
noted that this applies only when comparing modern human anatomy and extant ape
anatomy. There is debate about how to interpret transitional anatomy, such as that
observed in 4. afarensis, and this will be addressed below in the discussion of the fossil
evidence.

Cranial Skeleton

The single trait in the cranium most indicative of a bipedal posture is the position
of the foramen magnum (Dart, 1925; Ashton and Zuckerman 1952, 1956; Schultz, 1955;
Le Gros Clark, 1971; Day, 1977; Dean and Wood, 1981, 1982; Aiello and Dean, 1990;
Ahern, 2005). In humans, the foramen magnum is in a more anterior position, and in apes
it is more posterior, as it is in other quadrupeds. The significance of the position of the
foramen magnum in humans is that the forward position allows the head to balance on
the spine, rather than project beyond it, facilitating an erect stance by reducing tension
and stress on the neck and back (Dart, 1925; Broom, 1938, Le Gros Clark 1954).

The Post Cranial Skeleton

Neck

Apes have large spinous processes relative to humans in the cervical vertebrae, a
fact related to apes having larger neck muscles than humans (Aiello and Dean, 1990).

Large neck muscles are necessary for quadrupedalism in apes to support the cranium
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(Aiello and Dean, 1990). In addition, the longer spinous processes of apes limits
extension of the neck (Schultz, 1961).

Spine and Sacrum

Humans have a convex curve in the cervical region of the spine, kyphosis in the
thoracic region, and lordosis in the lumbar region. Apes lack the cervical curvature, but
do exhibit limited curvatures in the thoracic and lumbar regions, and the exaggerated
curvature in humans serves to distribute weight through the spine during bipedal
locomotion (Schultz, 1961, Aiello and Dean, 1990). Human ribs differ from ape ribs in
that the human spinal column is located relatively more ventral, creating greater rib
curvature at the dorsal aspect and changing the center of gravity by shifting the spine into
a relatively more central location (Schultz, 1961).

Humans have a relatively wide sacrum compared to apes, which is related to
changes in the pelvis to accommodate bipedalism (discussed below) and, as a result,
human lumbar vertebrae are progressively larger as they approach the sacrum distally
(Aiello and Dean, 1990). In contrast, the lumbar vertebrae, although they do enlarge
slightly as they approach the sacrum, are closer in size to one another (Aiello and Dean,
1990). Further, the lumbar vertebrae are more robust in humans, reflecting the increased
burden of body weight bipedalism imposes on these vertebrae (Schulz, 1961). Humans
have a wider promotorium than apes, or a wider angle between the sacrum and the fifth
vertebrae (Aiello and Dean, 1990). This increased angle in humans is related to bipedal
posture and orientation of the pelvis, but also related to an increased size of the birth
canal (Aiello and Dean, 1990; Abitbol, 1987).

Shoulder

The human shoulder differs from apes in that the acromial and coracoid processes
project further beyond the glenoid fossa than in apes, providing additional support of the
rotator cuff but also limiting the human range of motion in the arm relative to apes

(Aiello and Dean, Ciochon and Corruccini, 1977). A greater range of motion in apes
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reflects a brachiating lifestyle, which is no longer habitual in modern humans (Aiello and
Dean, 1990). Further, the scapula in apes is oriented to a greater degree in the sagittal
plane than in humans, which also makes the lateral aspect of the clavicle positioned
ventrally in apes, and this reflects the use of the upper limbs for support in locomotion in
apes (Schultz, 1950; Aiello and Dean, 1990). Also connected to this idea, Schultz (1930)
reported that the scapula is elongated in the posteriomedial aspect in apes, whereas the
medial border in humans is closer to 90 degree to the spin in humans.
Forelimb

Humans have shorter arms relative to trunk size when compared to apes (Aiello
and Dean, 1990). In addition, humans exhibit slightly more humeral head torsion than
apes, which relates to arm flexion that occurs more in a sagittal plane (Evans and Krahl,
1945; Knussman, 1967). The distal humerus is different in humans than in apes, which is
related to the fact that human arms are no longer involved in locomotion. Apes have a
deeper olecranon fossa, which facilitates hyperextension of the ulna for supporting
weight (Knussman, 1967; Tuttle and Basmajian, 1974; Senut, 1981).
Hands

Although not directly related to bipedal locomotion, there are differences between
the hands of humans and apes. This topic is particularly relevant since many theories on
the origin of bipedalism focus on freeing the hands for various tasks. Apes use their
hands for locomotion in addition to manipulating objects, whereas human hands have few
other tasks than handling objects. Napier (1960, 1980) analyzed human and ape hand
movements and identified four main kinds of grips that the human hand is capable of, the
hook grip, scissor grip, precision grip, and power grip.

Apes and humans both use the hook grip. This grip involves only rays 2-4, and
they hook around objects such as carrying something attached to a strap, or hanging from
a branch in the case of apes (Napier 1960, 1980; Aiello and Dean, 1990). Apes are more

efficient with the hook grip than humans because apes have longer lateral digits and can
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lock the tips of their fingers in a more effective grip around smaller items (Napier, 1960).
The scissor grip is also used by apes and humans, and simply utilizes the intrinsic
adductor muscles of the hand to adduct rays 2, 4, and 5 toward ray 3 (Napier 1960, 1980;
Aiello and Dean, 1990). This is a weaker grip used to pinch small objects between the
fingers. The precision grip involves making contact between the palmer side of the tips of
the fingers with the tip of the thumb. This is possible with human hands for delicate
manipulation of objects, but is not possible with apes because their thumbs are relatively
shorter and fingers are relatively longer than those of humans’ (Napier 1960, 1980; Aiello
and Dean, 1990). Finally, the power grip involves several different more descriptive
grips, but as a whole it involves gripping with rays 2-5 while the thumb also grips for
support. This is only effectively possible in the human hand due to the longer thumbs of
humans (Napier 1960, 1980; Aiello and Dean, 1990). The question does remain as to
whether the human hand has evolved for manipulation of objects in general, or if it has
evolved for the express purpose of tool using.
Pelvis

Besides the location of the foramen magnum on the cranium, the other “smoking
gun” indicating a biped is the overall morphology of the pelvis. The fundamental
difference of the architecture of the pelvis in humans and apes is in the fact that apes are
quadrupedal, with only occasional bipedal behavior, while humans are habitually bipedal.

There are a number of differences between the pelvis of apes and humans, and a
few of the more important differences are discussed below. The human pelvis is shorter,
wider, and “basin shaped” compared to apes (Aiello and Dean, 1990). The human ilium
is oriented in a more sagittal plane, while the ape ilium is oriented in more of a coronal
plane (Schultz, 1969; Aiello and Dean, 1990). The significance of this adaptation is that
the gluteal and iliacus muscles have become abductors and adductors of the leg in
humans, to facilitate efficient bipedal locomotion, but they are primarily flexors and

extensors of the trunk in apes (Stern and Susman, 1981, 1983). One important point made
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by Susman and Stern (1981) is that when a chimpanzee walks bipedally, these muscles
are involved in the same tasks with which they are involved when humans walk
bipedally. However, humans have osteological adaptations (the orientation of the ilium,
already mentioned) that make these muscle movements more effective and efficient for
maintaining a bipedal stance.

The sacrum is wider and more robust in humans than in apes (Aiello and Dean,
1990). This difference is related to two major factors. A wider sacrum increases the
overall width of the pelvis, and reduces the amount that the pelvis twists during
locomotion. These factors reduce stress on the pubic symphyses as well as provide larger
muscle attachment areas for back muscles in order to help balance the trunk over the
pelvis during bipedal locomotion (Leutenegger, 1977; Aiello and Dean, 1990). In
addition, the sacrum is more robust because it bears considerable body weight
(Leutenegger, 1977; Aiello and Dean, 1990).
Hindlimb

There are many differences between the femora of apes and humans, but only a
few of the more important ones are discussed here. The femur in humans is longer
relative to body size (and absolutely) than in apes (Jungers and Stern, 1983; Jungers
1984; Aiello and Dean, 1990). In addition, the distal end of the femur is angled toward
the medial aspect of the body in humans, creating a valgus angle to redirect the center of
gravity for bipedal locomotion (Walmsley, 1933; Aiello and Dean, 1990). In addition, a
sign of bipedalism is a well-developed linea aspera on the posterior aspect of the femur,
which is the location for the attachment of gluteus maximus at the proximal aspect, and
abductor muscles of the thigh below (Hrdlicka, 1937; Aiello and Dean, 1990). Another
very important difference between humans and apes is in cortical bone thickness of the
femoral neck. Humans have thick cortical bone at the inferior aspect of the neck and
thinner cortical bone at the superior aspect, while apes have cortical bone thickness that is

much more uniform around the circumference of the neck (Lovejoy, 1988; Ohman et al.,
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1997). This difference is related to greater consistent tension at the inferior aspect of the
femoral neck in humans, due to a habitual bipedal stance (Ohman et al. 1997).

The proximal tibia in humans is more robust than apes, and has larger articular
surfaces for the condyles of the femur (Thompson, 1889; Martin and Saller, 1959;
Spencer, 1989; Aiello and Dean, 1990). This is directly related to the greater weight
burden human knees are exposed to (Aiello and Dean, 1990). The distal tibia in humans
differs from apes in that the articular surface is positioned in a perpendicular plane to the
tibial shaft, granting greater stability to the articulation of the tibia with the talus (Latimer
et al. 1987). In addition, the distal end of the tibia exhibits lateral torsion, so that the foot
articulates with the tibia in such a way as to be angled slightly with the phalanges
pointing in the lateral direction (Elftman and Manter, 1935b; Lewis, 1981a; Aiello and
Dean, 1990). This adaptation probably reflects the human use of the foot in human
locomotion, where the foot bears body weight as it shifts from lateral to medial at toe-off
(Elftman and Manter, 1935b; Lewis, 1981a; Aiello and Dean, 1990).

Functional and Gross Anatomy of the Foot

The following section outlines the most relevant gross functional comparative
anatomical work that has been done comparing human feet to ape feet, with primary
emphasis on an African ape comparison.

Arches and Gross Structure of the Foot

The most dramatic differences between the human and non-human primate foot
are related to the longitudinal arch and permanently adducted human hallux. A transverse
arch is present in varying degrees in all primates (Sarmiento, 1994; Weidenreich, 1923).
However, the longitudinal arch is only present in the human foot and functions as a
fulcrum to transfer weight directly from the calcaneus to the metatarsal heads and
phalanges (Leardini et al., 2007; Sharkey and Hamel, 1998; Gebo, 1992; Jones, 1944;
MacConaill and Basmajian, 1969; Morton, 1924; Weidenreich, 1923, 1940). Berillon

(2003) analyzed joint articulation angles in humans, chimpanzees, gorillas, 4. afarensis
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and H. habilis. He reported that H. habilis had articular joint angles consistent with
modern humans, and from this he inferred that H. habilis probably had a longitudinal
arch. In contrast, Berillon (2003) found that the joint angles of A. afarensis, particularly
at the medial aspect of the foot, most closely resemble apes. From this he inferred that 4.
afarensis probably did not have a modern longitudinal arch of the foot. Berillon’s (2003)
study conflicts with Oxnard and Lisowski’s (1980) study in that Oxnard and Lisowski
reconstructed the OH 8 foot bones and concluded that H. habilis would have had a more
flat ape-like foot lacking a longitudinal arch.

The permanently adducted hallux is a derived trait in humans, not shared by the
other primates that use the foot as a grasping organ (Elftman and Manter, 1935b;
Weidenreich, 1923). However, Schultz (1924) notes that until late in fetal development
the human hallux is abducted.

The entire human leg and foot is in a fixed pronated condition relative to the
upper limbs (MacConaill, 1945). In contrast, the general anatomical position of the foot
in non-human primates is supinated with the sole in a medial position (Morton, 1924;
Weidenreich, 1923). Humans exhibit pronation early in fetal development (Schultz,
1923). Further, the human trait seems to be shared by Homo habilis (Susman and Stern,
1982).

The longitudinal arch is divided into medial and lateral pillars; the medial pillar
that is formed by the first metatarsal, medial cuneiform, navicular and calcaneus is higher
than the lateral arch formed by the fifth metatarsal, cuboid, and calcaneus (Jones, 1944).
Hicks (1955) argued that there are actually five longitudinal arches, one for each
metatarsal. In defining the longitudinal arch of the human foot, Hicks (1955) makes a
distinction between a true arch and a beam. An arch, he argues, does not allow movement
at either end. However, a curved beam does allow bending forces and allows some
movement at either end. In this regard the longitudinal arch in the foot should be

structurally compared to an arch when the metatarsophalangeal joints are hyperextended
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during toe off, but as a beam when the foot is flat on the ground as occurs when standing
or at the midstance phase of walking. As a beam the metatarsal bones undergo bending
forces. As an arch the plantar aponuerosis tightens, causing the calcaneus to shift
forward, creating a stable arch as weight is transferred to the metatarsal heads and the
phalanges at toe off (Hicks, 1955). Importantly, during hyperextension of the
metatarsophalangeal joints (especially MT 1) the plantar aponuerosis is tightened, which
causes the posterior portion of the calcaneus to shift anteriorly, thus raising the
longitudinal arch of the foot (Hicks, 1954). This occurs during the walking phase when
the foot is rising onto the toes, and the toes are hyperextending. The plantar aponuerosis
absorbs 60% of the stress while walking, and the metatarsals themselves absorb the
remaining stress (Hicks, 1954).

Although there is some debate in the literature regarding whether it is primarily
ligaments or muscles that support the longitudinal arch, they both make contributions to
the stability of the arch. There are three primary ligaments that facilitate arch support: the
plantar calcaneoligament (spring ligament), the short plantar ligament, and the long
plantar ligament (Aiello and Dean, 1990). The spring ligament runs from the
sustantaculum tali to the navicular, supporting the talar head. The short planar ligament
stretches from the anterior of the calcaneus at the plantar aspect to the proximal cuboid.
The long plantar ligament runs from the plantar calcaneus to the bases of metatarsals two
to five. Additionally, plantar interosseous ligaments attach the metatarsals to one another.

Muscle action provides additional support to the longitudinal arch (Keith, 1928
Thordarson et al., 1995; Erdemir et al. 2004). The plantar aponuerosis provides the
greatest proximo-distal longitudinal arch stability (Thordarson et al., 1995; Erdemir et al.
2004). Keith (1928) reports that tibialis anterior helps hold up the longitudinal arch in
humans, in addition to everting the foot. Additionally, tibialis posterior inverts and
plantar flexes the foot, and in humans by its insertion on the navicular tuberosity also

helps support the arch of the foot. In apes it inserts at the bases of the second, third, and
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fourth metatarsals (Keith, 1928). Peroneus longus inserts on the base of the first
metatarsal and medial cunieform in humans (Keith, 1928). In apes the muscle strengthens
the stability of the grip of the hallux, but for humans where the first metatarsal is
permanently adducted, the muscle acts to support the arch of the foot (Keith, 1928;
Thordarson et al., 1995).

The Foot During Bipedal Locomotion

A great deal has been said about the action of the foot during locomotion (Aiello
and Dean, 1990; D'Aout et al., 2002; Elftman, 1969; Elftman and Manter, 1935a; Gebo,
1992; Hicks, 1953; Hicks, 1954; Hicks, 1955; Kidd, 1999; MacConaill and Basmajian,
1969; Nawoczenski et al., 1999; Schultz, 1963; Shereff et al., 1986; Susman, 1983;
Susman, 1989). One characteristic that humans and African great apes share is that of
plantigrady, or locomotion that involves the heel touching the substrate (Gebo, 1992;
Morton, 1924; Morton, 1935).

One of the earliest explanations of the action of the human foot is given in
comparison to the action of the chimpanzee foot during bipedal locomotion (Elftman and
Manter, 1935a). During bipedal locomotion, the human foot first absorbs ground reaction
forces at the heel or calcaneus, and the subcalcaneal fat pad deforms and is able to return
about 70% of the force it is subjected (Elftman and Manter, 1935a; Bennett and Ker,
1990). Weight is then transferred from the heel to the metatarsal heads, shifting medially,
and toe off occurs with the final burden of weight on the distal phalange of the hallux
(Leardini et al., 2007; D’ Aot et al. 2002; Chen et al., 2001; Gefen et al., 2000; Kidd,
1999, Nawokzenski, 1999; Scott and Winter, 1993; Gebo, 1992; Aiello and Dean, 1990;
Susman, 1989; Shereff et al., 1986; Susman, 1983; Elftman, 1969; MacConaill and
Basmajian, 1969; Schultz, 1963; Hicks 1953, 1954, 1955; Elftman and Manter 1935a). In
contrast, the chimpanzee foot initially absorbs ground reaction forces on the heel and the
posterio-lateral portion of the foot simultaneously. Weight primarily transfers along the

lateral border of the foot, with some support on the posteriomedial aspect. In the final
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phase of walking, the greatest weight burden is on the second and fifth metatarsal heads
due to the presence of a transverse arch (D’ Aot et al., 2004; Vereecke et al., 2003;
D’Aot et al., 2002; Susman, 1983; Elftman and Manter, 1935a).

Elftman and Manter (1935a) divide the weight transfer sequence in the foot into
six arbitrary segments during the heel strike, midstance, and toe off phases. See Figures
3.1 and 3.2. The six-segment weight distribution is a reflection of the center of weight
over the foot during locomotion. In the human foot, pressure follows a trajectory down
the center of the foot over the third metatarsal before veering medially over the phalanx
of the hallux for toe off (Elftman and Manter, 1935a). In chimpanzees, weight follows a
curved path that angles laterally once passed the tarsals and then medially over the head

of the third metatarsals, until finally over the phalanges of the second digit.

Figure 3.1 Foot pressure in the human foot from heel strike to toe off. Adapted from
Elftman and Manter (1935a).

Heel Strike Midstance Toe Off
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Figure 3.2 Foot pressure in the chimpanzee foot during bipedal locomotion. Adapted
from Elftman and Manter (1935a).

Heelstrike Midstance Toe Off

Stress on bones of the human foot during locomotion has the following pattern. At
heel strike, compression forces are directed primarily at the plantar aspect of the
calcaneal tuberosity and the tibio-talar joint. At midstance, the greatest compression
forces are exhibited on the calcaneus, talus, and metatarsals 1-4, with higher compression
on the medial aspect of the cuboid across the tarsometatarsal joint of MT 4, and higher
compression on the third cuneiform and across the tarsometarsal joint of MT 3. At push-
off, higher compression exists in MT 3, and is distributed throughout the metatarsal heads
at toe-off (Chen et al., 2001; Gefen et al., 2000; Giacomozzi et al., 2000; Scott and
Winter, 1993; Manter, 1946).

As cited above, studies have captured relative foot pressures in chimpanzees
during locomotion, but to date no detailed compression studies exist for examining how
they differ in specific bones of the ape foot during locomotion. Vereeke et al. (2003) have
the most revealing results to date for Pan paniscus foot pressures during locomotion.
Their results reveal that during both bipedal and quadrupedal locomotion, considerable

pressure exists on the lateral aspect of the foot, with flexion at the tarsometatarsal joint of
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MT 5, associated with a mid-tarsal break. During bipedal locomotion, high forces exist
on the heel, but during bipedal locomotion less weight is on the heel and pressure is
transferred to the lateral aspect of the foot more quickly. There is greater pressure on the
hallux during quadrupedal walking than bipedal walking, where forces are distributed on
the metatarsal heads of MT 2-4 and the lateral phalanges, with more of the plantar aspect
of the foot making contact with the substrate when compared to quadrupedal walking.
The apes from the study by Vereeke et al. (2003) showed greater pressure on the MT 4
and 5 heads, compared to the other MT heads, due to the primary compression forces
during locomotion transferring across the lateral aspect of the foot. High forces are
exhibited on the distal phalanx of the hallux at toe off, but not on the MT 1 head as is the
case in humans.

Evolutionary Osteology of the Foot

Most comparative work on human and ape feet has been in the context of
interpreting fossil hominin anatomy. For this reason, the most logical way to discuss the
comparative human and ape pedal anatomy is along with the evolutionary anatomy of
fossil hominins, and how they relate to this comparative study. This is the approach the
following section takes.

Many scholars have noted that the proportions of the human foot to the ape foot
are different (Elftman and Manter, 1935b; Jones, 1944; Keith, 1928; Lessertisseur and
Jouffroy, 1973; Morton, 1924; Morton, 1926; Olson and Seidel, 1983; Schultz, 1923;
Schultz, 1930; Susman, 1983). Collectively, the tarsals are longer in the human foot than
in other primates (Schultz, 1930). Additionally, the adult human metatarsal length
formula is commonly 2>1>3>4>5, whereas in apes it is 2>3>4>5>1 (Jones, 1944).
Though during human fetal development prior to the fourth month the formula is often
3>2>1>4>5 (Jones, 1944). The phalanges of humans and apes differ in length as well,
with humans having shortened phalanges (Elftman, 1969; Midlo, 1934; Schultz, 1930;

Weidenreich, 1923). However, early in fetal development humans share with apes a long
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third toe, and in many ways the human foot in early fetal development resembles the apes
(Schultz, 1923; Schultz, 1924).
The Transverse Tarsal Joint

The transverse tarsal joint consists of the joints between the talus and navicular
and the distal calcaneus and the cuboid; this joint exhibits many differences between apes
and humans (Aiello and Dean, 1990; Bojsen-Moller, 1979; Conroy and Rose, 1983;
Elftman, 1960; Elftman, 1969; Elftman and Manter, 1935a; Elftman and Manter, 1935b;
Gebo, 1992; Kidd, 1999; Lewis, 1981; Lewis, 1989; Weidenreich, 1923). This joint is
primarily involved in eversion and inversion of the foot (Lewis, 1981). The human
calcaneocuboid joint has a convexity at the superior aspect (Elfman, 1969; Lewis, 1981;
Aiello and Dean, 1990). When in anatomical position, the joint is perpendicular to the
ground and creates a locking mechanism for the use of the foot as a fulcrum (Elfman,
1969; Lewis, 1981; Aiello and Dean, 1990). The joint is essentially immobile in humans
(Bojsen-Moller, 1979; Elftman, 1969; Kidd, 1999). Elftman (1960) reports that there is
some movement in the human calcaneocuboid joint at the plantar aspect, which serves to
slightly elevate the arch. In apes, the surface of the calcaneocuboid joint is concave
centrally and allows movement, or a midtarsal break, during locomotion (Aiello and
Dean, 1990; Bojsen-Moller, 1979; Conroy and Rose, 1983; Elftman and Manter, 1935a;
Weidenreich, 1923). Gebo (1992) reports that the calcaneocuboid joint of A. afarensis
exhibits mobility somewhere in between humans and apes.

The Talus

The talus head is angled to a greater degree medially with greater talar head
torsion in apes, and the neck is shorter in humans (Lewis, 1980b; Aiello and Dean, 1990;
Kidd et al. 1996). However, before the fourth month in human fetal development the
neck of the talus is longer and more medially oriented (as in adult apes) than the adult
human condition (Jones, 1944). The human talar head is dorsiflexed relative to apes

(Susman, 1983). The groove for the flexor hallucis longus tendon, on the posterior aspect
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of the talus, is obliquely positioned in apes but vertical in humans; the orientation
indicates the angle of motion for the tendon. (Latimer et al., 1987). During locomotion,
then, the human foot moves in more sagittally oriented plane, and the ape foot swings
laterally.

The articular surface of the talar head of chimpanzees is extended more
posteriorly on the lateral side, a reflection of talo-navicular movement (Elftman and
Manter, 1935b). Further, the trochlea of the talus in humans has rotated medially to be
more in line with the neck (Elftman and Manter, 1935b). The medial aspect of the
trochlea is elevated in relation to this area in chimpanzees (Elftman and Manter, 1935b).
The medial portion of the trochlea is anterior-posteriorly shorter in apes than in modern
humans, early Homo, and A. afarensis, which have medial and lateral portions of the
trochlea of similar anterio-posterior length (Leakey and Wood, 1974; Johanson et al.,
1982; Latimer et al., 1987).

The subtalar joint is partly responsible for inversion and eversion as the talus
moves on an axis on the calcaneus, and the talar head articulates with a concavity on the
calcaneus (Lewis, 1980b; Lewis, 1981; Aiello and Dean, 1990). At the same time, the
concave posterior surface of the talus moves on a convex surface of the calcaneus (Lewis,
1980b; Lewis, 1981; Aiello and Dean, 1990). The subtalar joint in humans has a lesser
degree of transverse angulation than that seen in African apes and OH 8. This means the
human talar head is more in line with the hallux (Lewis, 1980b).

Multivariate analyses of the tali by Lisowski et al. (1974, 1976) found that H.
habilis and Paranthropus more closely resemble more arboreal primates, such as Pongo
and Hylobates, rather than humans, chimpanzees or gorillas. This observation led
Lisowski et al. to suggest that these two early hominin species may have had a form of
bipedal locomotion unlike humans. One further implication is that the last common
ancestor of humans and African apes may not have been a knuckle walker. An earlier

study by Day and Wood (1968) revealed a similar relationship between the talus of H.
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habilis and Paranthropus. In terms of tali dimensions this study found that these fossil
hominins are closer in resemblance to African apes than to modern humans. In another
study by Kidd et al. (1996), it was reported that H. habilis (OH 8) has talar head torsion
greater than humans but less than in apes, and medial deviation of the talar neck more
similar to apes as well. Gebo and Schwartz (2006) have recently suggested that the OH 8
tali is P. boisei rather than H. habilis. A Neanderthal talus was reported to be essentially
indistinguishable from that of a modern human talus, implying similar locomotion
between these two groups and establishing antiquity of human talar anatomy (Rhoads and
Trinkaus, 1977).
The Calcaneus

The human calcaneus is more robust and wider than in non-human primates
(Aiello and Dean, 1990; Elftman and Manter, 1935b; Kidd, 1999; Latimer and Lovejoy,
1989; Latimer et al., 1982; Morton, 1924; Morton, 1926; Sarmiento, 1994; Stern and
Susman, 1983; Weidenreich, 1923; Weidenreich, 1940). In addition, humans possess a
lateral process at the posterior aspect of the calcaneal tuberosity (Aiello and Dean, 1990;
Deloison, 1985; Elftman and Manter, 1935b; Gebo, 1992; Latimer and Lovejoy, 1989;
Trinkaus, 1983; Weidenreich, 1923; Weidenreich, 1940). The significance of this process
is that it provides stability to the heel during bipedal locomotion. Although gorillas lack
this process, they are sufficiently large and terrestrial to have a robust calcaneus more
similar to humans than to other primates (Sarmiento, 1994). There is some confusion in
the literature as to whether the lateral process is present in A. afarensis. Deloison (1985)
reported a complete absence of the calcaneal lateral process in 4. afarensis, which was
disputed by Latimer and Lovejoy (1989).

The human calcaneus is elevated at the anterior aspect, which is directly related to
the longitudinal arch that is present in humans but absent in non-human primates (Gebo,
1992; Weidenreich, 1923; Weidenreich, 1940). Although it has been mentioned that the

calcaneus is longer in humans than in apes, it is interesting to note that in the human fetus
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it is shorter in relation to the rest of the foot compared to an adult (Jones, 1944). It is
therefore possible that the differences in the foot proportions between humans and apes
are due to differing rates and duration of fetal development.
The Cuboid

All of the human tarsals, including the cuboid, are longer than in apes (Elftman
and Manter, 1935b). The proximal aspect of the cuboid has a “beak” that articulates with
the superior distal calcaneus (Jones, 1944). This beak is larger in humans than in apes,
and the larger beak in humans contributes to stability of the longitudinal arch (Bojsen-
Moller, 1979; Lewis, 1980b, 1981; Kidd et al. 1996). Kidd et al. (1996) reported that the
OH 8 cuboid beak is larger and human-like. The distal aspect of the cuboid articulates
with the proximal articular surfaces of metatarsals four and five, of which the cuboid
articulation for metatarsal five is convex (Aiello and Dean, 1990; Lewis, 1980a; Lewis,
1989).

The Navicular

The navicular articulates proximally with the head of the talus and distally with
the first, second, and third cuneiform bones. The navicular overall is larger in humans
than in apes, but apes have a larger navicular tuberosity (Aiello and Dean, 1990; Elftman
and Manter, 1935b; Kidd, 1999; Susman, 1983). The large navicular tuberosity in apes is
a trait shared by 4. afarensis (Latimer et al., 1982). Homo habilis exhibits a smaller
human-like navicular tuberosity (Susman, 1982). In humans the navicular does not
articulate with the cuboid as it does in apes (Aiello and Dean, 1990).

The Cuneiform Bones

The cuneiform bones articulate proximally with the navicular and distally with the
proximal articular surfaces of metatarsals one, two, and three respectively. Like other
tarsals, the cuneiforms are longer in humans than in apes (Elftman and Manter, 1935b).
The second cuneiform is shorter than the first and third cuneiforms (Jones, 1944). The

lateral aspect of the medial cuneiform has an “L” shaped articular surface for articulation
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with the middle cuneiform, rather than two joint surfaces as in apes (Clarke and Tobias,
1995).

The medial cuneiform bone, especially the distal orientation and articular surface
morphology, has gotten a lot of attention in the literature (Berillon, 1999; Elftman and
Manter, 1935b; Latimer and Lovejoy, 1990a; Latimer et al., 1982; Lewis, 1989; Morton,
1922; Morton, 1924; Schultz, 1930; Susman, 1989). The distal articular surface of the
medial cuneiform faces more medially in apes than in humans (Berillon, 1999; Elftman
and Manter, 1935b; Latimer and Lovejoy, 1990a; McHenry and Jones, 2006; Schultz,
1930). Latimer and Lovejoy (1990) reported that A. afarensis has a human-like distal
medial cuneiform orientation. The medial cuneiform of the OH 8 foot, Homo habilis, is
also reported to have a human-like distal orientation (Susman, 1982). This claim is
disputed by Kidd et al. (1996), who remark that the distal orientation of OH 8 appears to
deviate medially, thus presenting the possibility that H. habilis has a partially abductable
hallux. The medial cuneiform distal articular surface is also reported to be more flat in
humans than in apes, which is an indication of opposability or lack thereof (Latimer and
Lovejoy, 1990a; Lewis, 1989; Morton, 1922; Morton, 1924). The surface is reported to
be intermediate in curvature to humans and apes in 4. afarensis (Latimer and Lovejoy,
1990a). Interestingly, the surface is reported to be flat in P. robustus (Susman, 1989).

The Metatarsals and Pedal Phalanges

The relative robusticity of the metatarsals have a high degree of variation.
Archibald et al. (1972) reported that humans (Amerindians) have a robusticity pattern of
1>5>4>3>2 in 56% of their sample, and a pattern of 1>5>4>2>3 in 20% of their sample.
This demonstrated that Homo habilis, as observed in the OH 8 foot, has a pattern similar
to 20% of humans based on the OH 8§ pattern of 1>5>4>2>3 reported by Day and Napier
(1964). Archibald et al. (1972) report that this implies H. habilis had a gait pattern like

modern humans, and its slight deviation from the robusticity pattern of the majority of
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modern humans is likely due to normal variation rather than variation with a functional
significance related to gait.

In contrast, apes have a robusticity pattern that, while highly variable, is quite
different from modern humans and OH 8. The first metatarsals of chimpanzees and
gorillas are the most robust of the metatarsals, but are followed in robusticity by either
MT 2, MT 3, or MT 4. In humans, MT 4 is the second most robust metatarsal in only 8%
of the population (Archibald et al. 1972). Archibald et al. (1972) further reported that in
apes MT 2 and MT 3 tend to be more robust than in humans, due to high stress during
locomotion. In humans, MT 1 bears the greatest burden of weight at toe off, which
alleviates this burden from MT 2 and MT 3. In contrast, when apes walk MT 1 is
typically in an abducted position, and bears little to no weight, thus shifting the burden to
MT 2 and MT 3 (Archibald et al., 1972). As mentioned previously, in chimpanzees a
great deal of weight remains on the lateral side of the foot during locomotion, but stress
on MT 4 and MT 5. A recent study demonstrated that there is flexibility at the MT 4 and
MT 5 tarsometatarsal joints of chimpanzees, contributing lateral foot flexion to what has
been called the “mid-tarsal break” (DeSilva, 2010).

The metatarsal proximal articular surfaces, with the exception of the first
metatarsal, have not been described at length in the literature. However, in humans the
bases of metatarsals two through four are enlarged in the dorso-plantar aspect, and the
fifth metatarsal is enlarged medio-laterally (Susman, 1983).

The first metatarsal is more robust in humans than in apes (Aiello and Dean,
1990). In apes the first metatarsal is capable of considerable movement for grasping,
whereas in humans the joint is immobile (Berillon, 1999; Elftman and Manter, 1935b;
Latimer and Lovejoy, 1990a; Latimer et al., 1982; Lewis, 1989; Morton, 1922; Morton,
1924; Schultz, 1930; Susman, 1989). The proximal articular surface of the first metatarsal
is often described as “kidney” or “crescent” shaped (Dykyj et al., 2001; Jones, 1944;

Lewis, 1972). This articular surface is also described as “screw shaped” or “ellipsoid
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shaped,” forcing the joint into adduction during plantar flexion of the foot (Reimann and
Marlovits, 1992). The human first metatarsal often has an articular facet at the lateral
aspect for articulation with the second metatarsal (Jones, 1944; Le Minor and Winter,
2003; Lewis, 1980b; Tuttle, 1984). Le Minor and Winter (2003) report that the frequency
of this facet in humans is about 30%, whereas it never appears in non-human primates.
This human trait is present on the OH 8 Homo habilis first metatarsal (Day and Napier,
1964). It has been suggested that the presence of this articulation rules out opposability of
the hallux (Day and Napier, 1964). This assumption is challenged by Lewis (1980b)
when he suggests that this joint is a psuedoarthrosis, and a synovial joint capsule bridges
the metatarsals. According to Kidd et al. (1996), Lewis’ suggestion leaves the possibility
open that OH 8 had an opposable hallux.

The proximal articular surface of the first metatarsal is variably divided into
dorsal and plantar aspects by an elevated and invaginated region in the medio-lateral
central area of the surface (Aiello and Dean, 1990; Clarke and Tobias, 1995; Jones, 1944;
Latimer and Lovejoy, 1990a). As to the significance of this elevation, it has been
suggested that it is an impediment to rotation and abduction of the hallux (Latimer and
Lovejoy, 1990a). The proximal articular surface of the first metatarsal is shallower in
humans than in apes (Latimer et al., 1982; Lewis, 1972). The surface is deeper at the
dorsal aspect than the plantar aspect in humans (Szalay and Dagosto, 1988). It has been
reported that 4. afarensis has a deeper surface more similar to the apes, but has the
characteristic of lateral invagination more similar to humans (Latimer et al., 1982). In
contrast, Homo habilis is described as having a flat, human-like articular surface (Susman
and Stern, 1982). It has been suggested that a flatter articular surface implies reduced
mobility of the hallux (Lewis, 1972; Lewis, 1989).

The second metatarsal is indented into the tarsals due to the shorter middle
cuneiform, and the metatarsal articulates medially with the medial cuneiform and

laterally with the lateral cuneiform (Lewis, 1980a). This configuration stabilizes the base
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of the second metatarsal (Lewis, 1980a). However, Pongo differs in that the lateral
cuneiform is not as projecting, and as a result the second metatarsal is not as indented and
does not articulate with the lateral cuneiform (Lewis, 1980a).

The lateral cuneiform projects distally further than the cuboid, allowing the base
of the fourth metatarsal to articulate with the lateral cuneiform and the third metatarsal
(Lewis, 1980a). The fifth metatarsal is curved at the lateral border in humans but
straighter in apes; the base is wider in humans, and at a more acute angle (straighter)
(Aiello and Dean, 1990).

A dorsal sulcus is present proximal to the dorsal aspect of the metatarsal heads in
humans, but is completely absent in non-human primates (Latimer and Lovejoy, 1990b;
Latimer et al., 1982; Stern and Susman, 1983; Susman and Brain, 1988). This sulcus is
present in A. afarensis (Latimer et al., 1982; Stern and Susman, 1983). Similarly, the
sulcus is present in P. robustus (Susman and Brain, 1988). The presence of a dorsal
sulcus is the result of the hyperextension of the phalanges at the dorsal aspect during
locomotion (Nawoczenski et al., 1999; Shereff et al., 1986; Susman, 1983; Weidenreich,
1923). A. afarensis has a dorsal and plantar phalange range of motion like humans
(Latimer and Lovejoy, 1990b).

One striking difference in the heads of the metatarsals between humans and apes
is in the fact that the human metatarsal heads lack the same degree of torsion. In non-
human primates, the head of the first metatarsal exhibits torsion toward the lateral aspect,
while the lateral four metatarsal heads exhibit torsion toward the medial aspect (Aiello
and Dean, 1990; Conroy and Rose, 1983; Elftman and Manter, 1935b; Lewis, 1980b;
Lewis, 1981; Lewis, 1989; Morton, 1922; Morton, 1935; Olson and Seidel, 1983;
Sarmiento, 1994). However, Sarmiento (1994) reports that the degree of torsion in the
first metatarsal in gorillas overlaps the range of variation in humans. He indicates that
this similarity is due to the increased terrestrial lifestyle of gorillas compared to the other

great apes. In light of this it is interesting that P. robustus displays greater torsion of the



43

first metatarsal head than in humans, but not as much as that seen in apes (Susman and
Brain, 1988). On the grounds of metatarsal torsion Lewis (1980) argues that H. habilis
(OH 8) is ape-like and likely retained grasping ability in the foot. It is unclear how this
was determined by Lewis (1980) since OH 8 lacks metatarsal heads.

In addition to torsion, the metatarsal heads of apes are more round than in humans
(Stern and Susman, 1983). Another difference in the metatarsal heads between humans
and apes is that the heads are wider in humans; the metatarsal heads of 4. afarensis and
P. robustus are narrower than those of humans (Susman and Brain, 1988; Susman et al.,
1984). In a multivariate morphometric analysis conducted by Susman and de Ruiter
(2004), Paranthropus has more affiliation with apes than humans in terms of dorsal head
breadth. Finally, the first metatarsal head is narrower at the dorsal aspect in humans than
in either apes, 4. afarensis, or P. robustus (Susman and Brain, 1988; Susman et al.,
1984). The narrowness in humans is a reflection of the tubercles on the first metatarsal
being reoriented to the plantar aspect, thus providing more surface area to the plantar
aspect of the first metatarsal for locomotion. The metatarsal bases are elevated relative to
the heads in humans, which is a direct reflection of the longitudinal arch (Morton, 1922).

Overall, the phalanges are shortened in humans compared to non-human primates
(Elftman, 1969; Elftman and Manter, 1935b; Midlo, 1934; Schultz, 1963; Weidenreich,
1923). The proximal phalanx length range of variation in 4. afarensis seems to generally
be in between humans and gorillas, sometimes overlapping higher extremes of humans
and lower extremes of gorillas (Latimer and Lovejoy, 1990b). The proximal articular
surfaces of the proximal phalanges are more dorsally located in humans than in apes
(Latimer and Lovejoy, 1990b). These articular surfaces are plantarly oriented in apes
compared to the dorsal orientation in Homo (Duncan et al., 1994). Pan and Gorilla have
articular surface intermediate to these two (Duncan et al., 1994). The articular surface
observed in A. afarensis is intermediate between Homo and the African apes (Duncan et

al., 1994). The proximal phalanges are more curved in apes than humans, and 4.
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afarensis has curved proximal phalanges resembling apes (Stern and Susman, 1983;
Susman et al., 1984; Tuttle, 1984).

The orientation of the distal hallucal phalanx is different in humans than in non-
human primates (Wilkinson, 1954). In humans the distal phalanx of the hallux has a
lateral deviation of 8-25° relative to the metatarsal. Wilkinson examined both adults and
fetuses, and found that this lateral orientation is present during fetal development. This
rules out an environmental ontogenetic influence on bone plasticity, such as wearing
shoes. This human trait appears to be shared by the OH 10 distal hallucal phalange,
which is contemporary to OH 8 (1.7 mya) but has not been allocated to a particular genus
and species (Day and Napier, 1964; Day and Napier, 1966; Day, 1967; Leakey, 1971;
Oxnard, 1972; Wood, 1974).

Anatomy and Models on the Origin of Bipedalism

There has been a heated debate in the field of physical anthropology regarding the
interpretation of fossil evidence in regard to bipedal locomotion. This argument is
summarized in Stern’s (2000) review article on the work and opinions to date. As several
researchers analyzed Australopithecus afarensis, very differing points of view were
expressed. In one camp Lovejoy, Latimer, and others chose to see the mosaic of human
and ape-like traits apparent in 4. afarensis as plesiomorphic characters that no longer had
any functional significance (Stern, 2000). In the other camp Stern, Susman and others
saw the ape-like traits in 4. afarensis as behaviorally significant (Stern, 2000).

These differing points of view may be related to a way of thinking, on the one
hand, that apes ancestral to hominins abruptly started walking exclusively bipedally and
did not have any significant climbing behavior. On the other hand, the camp championed
by Stern and Susman thought that the shift to bipedalism might have been a gradual
adaptation to terrestrial bipedalism that continued to exhibit an important arboreal
component (Duncan et al., 1994; Stern and Susman, 1983; Susman et al., 1984).

However, despite these differences in opinion, no one disagrees that A. afarensis is
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habitually bipedal when on the ground (Duncan et al., 1994; Latimer and Lovejoy, 1989;
Latimer and Lovejoy, 1990a; Latimer and Lovejoy, 1990b; Stern and Susman, 1983;
Susman et al., 1984).

When considering the evolutionary anatomy of the foot specifically, Hunt’s
(1994, 1996) postural feeding hypothesis offers one theoretical model for the initial
evolution of bipedalism. Hunt’s model is most closely aligned with Stern’s position,
which reflects an interpretation of the available anatomy as representing a repertoire (as
represented by A. afarensis) of behavior that is highly reliant on an arboreal component.
In this model, there is a point when bipedality becomes the dominant and most
evolutionarily significant locomotor behavior, and it is after this transition that modern
bipedal anatomy emerges.

When considering the difference between a mosaic of behavior and exclusive
terrestrial behavior in relation to the foot, it must be expected that adaptations to make
long distance walking more efficient will manifest in the hominin line. The primary two
adaptations are the complete absence of an opposable hallux and the presence of a
longitudinal arch, both of which are necessary for the pattern of weight transference
observed in modern humans (Elftman and Manter, 1935).

Laetoli Prints and Implications of Shod and Unshod Feet

Some evolutionary interest in the anatomical differences that might arise in shod
versus unshod modern human populations has its roots in efforts to interpret the
discovery of the Laetoli fossil foot prints reported by Leakey and Hay (1979). The
stratigraphy bearing the tracks is dated at 2.6 to 3 mya, and based on the interpretation
that the tracks reflect a foot with an adducted hallux and a longitudinal arch, it was
reported that the prints belong to hominins with a fully modern gait (Leakey and Hay,
1979; Hay and Leakey, 1982). Day and Wickens (1980) corroborated this interpretation
with a comparative study examining the depth impressions of the Laetoli prints compared

to modern human footprints. White (1980) and White and Suwa (1987) further agreed
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with this interpretation, and suggested that the fossil footprints belong to the
contemporary 4. afarensis. Stern and Susman (1983) interpret the Laetoli prints in a
different way, reporting that the depth pattern has similarities to impressions that can be
made by ape feet. In particular, they claim that the appearance of a medial longitudinal
arch in the fossil prints can also appear in ape footprints. This is explained partly due to
the way weight transfers across the lateral side of the foot in ape locomotion (Elftman
and Manter, 1935a). Stern and Susman (1983) interpret the Laetoli prints to indicate a
foot with ape-like weight transmission, lacking a shift of weight to the medial forefoot for
toe off, evidenced from a lack of a deep print impression in the region corresponding to
the location of the MT 1 head. Stern and Susman (1983) acknowledge that the prints are
human-like in having an adducted hallux that is more extreme than occurs in ape
footprints, but also point out that the variable appearance of the length of the lateral toes
in the fossil casts relative to the length of the hallux likely reflects curling the toes under
the foot as occurs in chimpanzees during bipedal locomotion (Elftman and Manter,
1935a). In all of these characteristics, Stern and Susman (1983) find it likely that the
Laetoli prints represent prints from 4. afarensis. White and Suwa (1987) disagree with
the assessment that the Laetoli prints do not reflect a modern toe-off mechanism,
contending that the appearance of a lack of weight transfer to the medial forefoot for toe
off is an artifact of the preservation of the footprint and that even in modern humans
weight transfer to the medial forefoot in soft substrate has a high degree of variability.
Tuttle et al. (1996) report that in a comparison of prints made from apes,
habitually unshod modern humans, and the Laetoli prints, modern unshod human prints
very closely resemble the Laetoli prints. With this result, Tuttle et al. (1996) conclude
that a hominin other than 4. afarensis must have made the Laetoli prints, because the
mosaic 4. afarensis pedal morphology would likely not have left prints resembling

modern humans in their view.
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Charteris et al. (1981, 1982) estimated the stride length of the hominins
represented by the Laetoli tracks, and came to the primary conclusion that the hominins
were traveling at a slow speed when they were found, based on relative stride length to
stature estimates. They state that the less likely interpretation is that the hominins had a
“shuffling” gait that was shorter than in modern humans, but based on the previously
cited work they conclude that since it appears the prints represent an essentially modern
foot this is probably not the case.

One of the underlying assumptions of some of the studies discussed above is that
habitually unshod humans have either different pedal anatomy, gait as reflected in the
foot, or both. Hilton (1997) examined gait in habitually unshod Venezuelans and in shod
Americans from New Mexico. He found that in terms of stride length, the Americans
have a longer stride solely due to being larger in body size, overall, compared to the
Venezuelan sample. A regression line draws a predictable stride length that does not
seem to be affected by the variables of being shod or unshod. Differences in gait between
the habitually shod and unshod groups examined by Hilton (1997) are attributed to
unshod individuals carrying heavy loads over distances, affecting the gait in a way an
unencumbered individual would not be. This has implications for the study of stride
length by Charteris et al. (1981, 1982) discussed above. It can be expected that stride
lengths can be estimated with body proportions while eliminating shod versus unshod as
potential influences if it is assumed that early hominins are not carrying a heavy load.
Hilton (1997) reports one significant difference between shod and unshod individuals.
This difference is in the angle of the foot when walking. Shod individuals have an
increased “hallucal stride width,” meaning that the forefoot is angled more laterally as
opposed to in unshod individuals where the forefoot is angled more medially, making the
feet more parallel to one another.

The possibility must be considered that habitually unshod individuals will exhibit

different pedal anatomy from shod individuals. There is sometimes an implication in the
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literature that the anatomy of an unshod individual will have similarities to ape anatomy
not seen in habitually shod individuals. This draws into question any interpretation of
arboreal tendencies of early hominins if compared to modern individuals who are
habitually shod. These concerns seem to be more relevant in some aspects of anatomy
than in others. It has been observed that unshod people have greater mobility of the
hallucal phalanges (Shulman, 1945; Sim-Fook et al., 1958). These observations could
impact interpretations of the lateral angle of the distal phalange, but only a comparative
osteological study of shod and unshod phalanges will be revealing. It is possible that the
increased mobility of the hallucal phalanges would be most noticeable in footprints rather
than in a quantitative osteological observation. It has also been observed that the entire
forefoot is more flexible in unshod populations compared to habitually shod populations
(Kadambande et al., 2006). However, maximum forefoot width is unaffected by being
habitually shod or unshod (Thompson and Zipfel, 2005). The significance of these last
two points should be considered carefully. Greater flexibility in the forefoot has been
measured by comparing the forefoot width when weight is applied and when it is
relieved. Since maximum width is not affected by being shod or unshod, but having a
narrower forefoot in a nonweight-bearing state is related to being unshod, it is unclear if
this condition is related to mobility of the phalanges and tarsals or soft tissues, or both
(Sim-Fook, 1958). It has been reported that children are developmentally affected by
habitually shod lifestyles in that they have collapsed arches and greater incidence of flat
foot (Roa and Joseph, 1992). In addition, it has been reported that adults who have been
habitually unshod have a well-developed longitudinal arch (Sim-Fook et al, 1958).
Combining the literature discussed above reveals that unshod people have a
better-developed longitudinal arch combined with greater overall flexibility of the foot,
particularly in the phalanges of the forefoot. This observation does not necessarily
suggest how these traits reflect on pedal osteological morphology, particularly in relation

to the bony arch. However, Trinkaus (2005) found that the proximal phalanges of the
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lateral foot of shod individuals are significantly less robust than shod individuals. This
shows that reduced ground reaction forces can influence bone thickness. It must be
considered that conditions resulting from the shod condition are the “unnatural”
conditions. After all, humans did not evolve a longitudinal arch in order to wear shoes.
This issue is most relevant to my work in the following ways.

Metatarsal surface morphology should only be primarily affected by being shod
or unshod if either condition grants a higher degree of active mobility at the tarso-
metatarsal joints. Excessive mobility in this region in modern humans leads to pathology
that is reported in reduced frequency in unshod populations (Shulman, 1945; Roa and
Joseph, 1992; Kadambande et al., 2006). It could be argued that habitually shod
individuals would have to walk a great deal unshod to achieve extra movement at the
tarso-metatarsal joints that would leave osteological evidence. The often weakened and
flat arch of the shod foot is being supported by an artificial arch in a shoe, but is
nonetheless supported. The possibility that unshod individuals might appear more ape-
like in pedal morphology should be considered skeptically for several reasons. One
reason is that increased mobility of the foot in unshod groups is in the phalanges, not the
metatarsals. The hallucal phalanges may be capable of more abduction in unshod groups,
but this does not indicate mobility at the hallucal tarso-metatarsal joint. Since unshod
groups have a better-developed longitudinal arch, one would not expect any additional
movement at the tarso-metatarsal joints that would grant them an ape-like appearance. It
is important to note that for most of these joints an “ape-like” appearance has not been
described (with the greatest exception being MT1). In addition to the issue of joint
mobility, one must ask whether it would be possible for a pathological human foot to
appear ape-like. It is likely that increased joint mobility in a pathological human foot
would not resemble an ape foot because in addition in increased mobility, ape feet are in
a permanently pronated position and have foot proportions different from modern

humans. A permanently pronated foot position is partially responsible for the weight
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transition pattern reported by Elftman and Manter (1935a), in addition to the adducted
hallux of modern humans.
Fossil Evidence for the Emergence of Bipedalism

This section contains a brief discussion of current evidence for the emergence of
bipedalism, and its subsequent evolution.

Sahelanthropus tchadensis

Some argue that the earliest hominin found to date comes from Chad in Central
Africa at the Toros-Menalla locality, from stratigraphy that is biostratigraphically dated
to between 6 and 7 mya (Brunet et al. 2001; Vignaud et al. 2002, Guy et al. 2005). Brunet
et al. argue that this find, a cranium and other associated teeth designated Sahelanthropus
tchadensis, is a hominin based on some of the following features: orthognathic face, lack
of canine honing complex (apical wear present), foramen magnum oval shaped and
anteriorly located, presence of canine fossa, and face below the neurocranium. It is
important to note that some of these traits, such as the supraorbital torus, are derived
features that do not otherwise appear in the hominin line until the emergence of Homo
erectus or later Homo (Wolpoff et al. 2002). Wolpoff et al. (2002) criticized the initial
interpretation of the Sahelanthropus find, arguing that the find actually represents a
quadrupedal ape with heavy chewing musculature. They also argue that the position of
the foramen magnum is no further anterior than that of female gorillas and chimpanzees.
They further argue that some of the features cited as indicating hominin affiliation, such
as orthognathism and a supraorbital torus, are not relevant because the features that are
shared with hominins are features belonging to Homo from the Pleistocene, and there is
no direct fossil link between these hominins and Sahelanthropus. Beauvilain and Le
Guellec (2004) have questioned the provenience and accuracy of the estimation of MNI
from the finds reported by Brunet et al. (2001). This brings into question the estimated
date for Sahelanthropus. The recovered cranium was badly distorted, but a virtual

reconstruction by Zollikofer et al. (2005) seemingly confirmed the interpretation of
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Brunet et al. (2001) that the location of the foramen magnum is in an anterior position.
However, Ahern (2005) reported that the position of the foramen magnum, as estimated
by landmarks on the basicranium, falls within an area of overlapping variation between
humans and chimpanzees.
Orrorin tugenensis

Brigitte Senut, Martin Pickford, and their colleagues reported an early hominin
from the Lukeino Formation in Kenya, dated at approximately 6 mya (Senut et al., 2001;
Pickford and Senut, 2001). There is strong mounting evidence that this new genus was
bipedal. Some of the first bipedal characteristics reported by Senut et al. (2001) included
a long femoral neck and a femoral head larger than that of A. afarensis. Subsequently,
Galik et al. (2004) reported stronger evidence by showing that the cortical bone at the
inferior aspect of the femoral neck is thicker than at the superior aspect. This has been
shown to be indicative of bipedalism (Ohman et al., 1997). However, the Galik et al.
study was criticized by Ohman et al. (2005). Despite the bipedal characteristic described,
it is argued that O. tugenensis maintained an important arboreal component to its
lifestyle, based on humerus morphology and morphology of the distal first phalange
(Senut et al., 2001; Gommery and Senut, 2006). Senut et al. (2001) place O. tugenensis as
a direct ancestor to Homo, and place Australopithecus as a separate hominin line. Aiello
and Collard (2001) believe further evidence should be collected before this claim is
made.

Ardipithecus

White et al. (1994, 1995) reported a new species of hominin dated at 4.4 mya
from Aramis, Ethiopia, which they ultimately named Ardipithecus ramidus. This new
genus was initially differentiated from Australopithecus in having more ape-like
dentition, including having thinner tooth enamel. White et al. (1994) present the anterior
position of the foramen magnum as evidence for bipedality in 4. ramidus, and this claim

is supported by Ahern (2005). Until recently, nothing new on the specimens reported by
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White et al. (1994, 1995) and further described by Wolpoff (1999) had been published.
Then in 2009 a team of researchers released a series of articles simultaneously in a
special issue of Science (Louchart et al., 2009; Lovejoy, 2009; Lovejoy et al, 2009a,
2009b, 2009¢, 2009d; Suwa et al., 2009a, 2009b; White et al., 2009a, 2009b;
Woldegabriel et al., 2009). The skull was highly fragmented, but after reconstruction it is
described as being similar to Sahelanthropus and being unlike Australopithecus or extant
apes (Suwa, 2009a). It has less facial prognathism than extant African apes, a small brain
(300-350 cc), a small canine diastema, and has less dental specialization than later
hominins (Suwa et al., 2009a). The pelvis has a shorter ilium relative to apes, the ilium is
flared as in other hominins, and it is rotated further to the sagittal plane than it is in apes
(Lovejoy et al., 2009c). A. ramidus has shorter metacarpals (MC) relative to African apes,
with MC heads bearing some similarity to Old World monkeys and to some Miocene
apes, suggesting slightly greater dorsiflexion of the phalanges in 4. ramidus (Lovejoy et
al., 2009b, 2009d).

The overall argument presented for the locomotor behavior of A. ramidus is that it
represents a “careful climber” that walked in trees rather than engaging in suspensory
behavior (Lovejoy et al., 2009a, 2009b, 2009d). It had evolved a tendency for arboreal
bipedal posture, and was not adapted to knuckle walking. Its foot is argued to have been
less flexible in the lateral area as it is in apes (Lovejoy et al., 2009a, 2009b; DeSilva,
2010). One of the most important arguments about the relationship of A. ramidus to
humans and African apes is that the last common ancestor of human and African apes
was not a knuckle walker, and that this mode of locomotion was independently developed
in the lineages of Pan and Gorilla (Lovejoy, 2009b, 2009d). It is argued that the last
common ancestor between humans and African apes would have had more in common
with more generalized monkey-like Miocene apes (Lovejoy, 2009b).

Other specimens are attributed to the genus and species Ardipithecus kadabba

have been described by Haile-Selassie (2001) and Haile-Selassie et al. (2004) that are
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dated at 5.2-5.8 mya from the Middle Awash, Ethiopia. This species of Ardipithecus is
described as being more primitive overall than 4. ramidus, and having curvature in the
phalanges of the feet that more closely resembles apes than those of A. afarensis (Haile-
Selassie, 2001). Most of the evidence that associates Ardipithecus to Australopithecus is
related to tooth morphology. An implication is made that there is a natural progression
from the older Ardipithecus species to A. afarensis, which based on morphology would
seem to rule out other potential hominin ancestors from being ultimately ancestral to
Homo, such as Orrorin tugenensis (Haile-Selassie et al., 2004).

Subsequent Evolution of Bipedalism

It is uncertain which of the current fossil evidence, if any, represents the “first”
hominin ancestor. The earliest australopith that has been found may be 4. anamensis,
which is a likely ancestor of 4. afarensis, but to date the osteological evidence for its
locomotion is sparse (Leakey et al. 1988; Ward et al. 1999; Ward et al. 2001; Kimbel et
al. 2006). In addition, the new findings regarding A. ramidus present a very different
picture of early hominin evolution than what had previously been inferred using extant
apes as knuckle walking models for a last common ancestor (Louchart et al., 2009;
Lovejoy, 2009; Lovejoy et al, 2009a, 2009b, 2009¢, 2009d; Suwa et al., 2009a, 2009b;
White et al., 2009a, 2009b; Woldegabriel et al., 2009). Nonetheless, even if the evidence
presented regarding A. ramidus becomes corroborated by further studies and more fossil
finds, there is an abundance of evidence present with the fossil finds of 4. afarensis as to
how more primitive apelike anatomy makes a transition to modern hominin anatomy
(Johanson et al. 1982a; White and Johanson, 1989).

An anterior foramen magnum position is observed in Australopithecus and
Paranthropus, and in early Homo. (Dart, 1925, 1926; Dean and Wood, 1981, 1982;
Aiello and Dean, 1990). Further derived traits observed in A. afarensis and later
Australopithecus and Paranthropus indicate that bipedalism includes a short, wide ilium

oriented more in a sagittal plane than in a coronal plane (Johanson et al. 1982b, Day,
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1973, Aiello and Dean, 1990). However, Stern and Susman (1983) reported that the A.
afarensis acetabulum is ape-like in that the anterior portion of the lunate surface does not
extend inferiorly as far as it does in humans, which might have implications for posture.
By the time A. africanus appears, the acetabulum has become more human-like (Schultz
1969b; McHenry, 1975; Aiello and Dean, 1990). Further, the femoral neck in A. afarensis
is relatively longer than in humans, but the bicondylar angle in the distal femur is higher
than in apes (Stern and Susman, 1983). The femoral neck of A. afarensis is like humans
in that it has thicker cortical bone at the superior aspect relative to the inferior aspect
(Ohman, 1997). The condyles of the distal femur are anterior-posteriorly shorter in A.
afarensis than in humans. The knee of A. afarensis exhibits ape-like features that suggest
a more chimpanzee-like range of motion at the knee (Tardieu, 1981; Senut and Tardieu,
1985, Aiello and Dean, 1990). The distal tibia in 4. afarensis exhibits size and shape
dimorphism, in that the articular surface for the talus is flatter and more human-like in
larger A. afarensis specimens, but is slightly angled and more ape-like in smaller
specimens (Stern and Susman, 1983).

One issue worth noting is that there is a great deal of debate regarding limb
proportions in A. afarensis. Do the relatively shorter legs of A. afarensis represent an ape-
like proportion indicative of inefficient bipedal locomotion, or are the shorter legs
expected ontogenetically for a hominin the same size of 4. afarensis (Jungers, 1982;
Jungers and Stern, 1983; Lewin, 1983; Wolpoft, 1983a, 1983b; Franciscus and Holliday,
1992; Holliday and Franciscus, 2009).

One hominin lineage that shows some divergence from modern humans is the
recently discovered Homo floresiensis (Brown et al., 2004; Morwood et al., 2005;
Jungers et al., 2009a, 2009b; Argue et al. 2006; Falk et al., 2007; Larson et al., 2007;
Tocheri et al., 2007; Lyras et al., 2008). In considering the anatomy of the foot, the
pattern of metatarsal robusticity is identical to modern humans (Jungers et al., 2009a,

2009b). Further, the presence of dorsal sulci at the heads of the metatarsals indicates
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human-like dorsiflexion at the metatarsophalangeal joints (Jungers et al., 2009a, 2009b).
However, the foot is long relative to the length of the lower limb bones, falling outside of
the range of modern humans but within the range of Pan paniscus (Jungers et al., 2009a).
The hallux is shorter than in humans but within the range of Pan (Jungers et al., 2009a).
The navicular is similar to apes, and Jungers et al. (2009a) report that it is unlikely that a
medial longitudinal arch was present. This implies that weight transferred through the
foot very differently than in modern humans, with weight bearing on the plantar portion
of the navicular at toe off. This combination of apelike plesiomorphic traits and unique
derived traits lead Jungers et al. (2009a) to conclude that H. floresiensis may descend

from a hominin group that left Africa prior to (or at the same time as) H. erectus.
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CHAPTER 4: MATERIALS AND METHODS

Methods
Research Objectives and Functional Basis

This study quantifies joint surface morphology of the proximal metatarsals in
Homo (shod and unshod), Gorilla, Pan, Hylobates, and fossil hominins using three-
dimensional morphometrics. The following hypotheses are investigated, with a
discussion of the functional basis for these hypotheses.

H;. Metatarsals 2 and 3 will exhibit expanded articular surfaces in humans,
relative to apes, at the middle and plantar regions of the surface.

Functional explanation: Functional evidence for weight distribution in the foot in
humans during bipedal locomotion, and apes in both bipedal and quadrupedal
locomotion, demonstrates that stress and/or compression forces in the foot are more
focused on the longitudinal arch in humans as weight transfers to the forefoot and hallux
for toe-off, but force is focused on the bases of the medial cuneiform, cuboid, and
proximal plantar aspect of MT 5 in apes as weight transfers across the calcaneus and
from the medial midfoot to the lateral aspect of the foot (Leardini et al., 2007; D’ Aofit et
al., 2004; Vereeke at al., 2003; Chen et al., 2001; Jacob, 2001; Gefen et al., 2000;
Giacomozzi, 2000; Kidd, 1999; Stokes et al., 1999; Sharkey and Hamel, 1998; Kidder et
al., 1996; Sarmiento, 1994; Scott and Winter, 1993; Aiello and Dean, 1990; Lewis, 1989;
Susman, 1983; Lewis, 1972; MacConnaill, 1950, 1966, 1969; Day and Napier, 1964;
Elftman and Manter, 1935a; Weidenreich, 1923). In humans, the tarsometatarsal joint
surfaces at MT 2 and MT 3 are load bearing as part of a stable longitudinal arch, whereas
in apes there is no longitudinal arch. The bases of MT 2, MT 3, and MT 4 (especially MT
3) are subject to more stress relative to the other MT bases at the initial forefoot contact
and early push off stages of locomotion (Chen et al., 2001; Gefen et al., 2000; Regan et

al., 1999; Archibald et al., 1972; Manter, 1946). In humans, it is qualitatively observed
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that the proximal articular surfaces of MT 2 and MT 3 are expanded, especially in the
middle region of MT 3, and at both the middle and plantar regions of MT 2 in humans
relative to apes. The expanded surfaces promote the stability of the bony longitudinal
arch in humans, which is supported by studies that report an increase in joint surface area
increases joint stability (Hamrick, 1996a; Hamrick, 1996b; Godfrey et al., 1995; Godfrey
et al., 1991; Swartz, 1989; Jungers, 1988; Ruff, 1988; Sarmiento, 1988; Stormont et al.,
1985; Currey, 1984; Wainwright et al., 1982; Yalden, 1972).

H,: Metatarsal 4 will have greater convex curvature of the articular surface
in apes, relative to humans.

Functional explanation: The MT 4 surface is part of the relatively immobile
longitudinal arch in humans, but in apes it is part of the “mid-tarsal” (mid-foot) break
dynamic that occurs when weight transfers across the lateral portion of the ape foot
(Vereeke et al., 2003, D’ Aoft et al., 2002; DeSilva, 2010; Aiello and Dean, 1990; Lewis,
1989; Conroy and Rose, 1983; Bojsen-Moller, 1979; MacConnaill, 1950, 1966; Elftman
and Manter, 1935a; Weidenreich, 1923). The MT 4 surface is notably convex relative to
the human MT 4 surface, and DeSilva (2010) assessed maximum curvature and found
that humans were notably flatter than apes. This observation will be further tested with
multiple landmarks using three-dimensional morphometrics. The functional significance
of the convex surface in apes is related to the flexibility of the tarso-metatarsal joints of
MT 4 and MT 5 to the cuboid. The cuboid bears weight directly on its plantar aspect
during locomotion in apes, because apes lack the longitudinal arch present in humans. In
apes, as weight is transferred to the cuboid and along MT 5, flexion occurs at the
calcaneocuboid joint and the tarso-metatarsal joints of MT 4 and 5. A highly convex MT
4 proximal articular surface facilitates this movement, as increased joint curvature has
been shown to increase range of motion (Hamrick, 1996a; Hamrick, 1996b; Godfrey et
al., 1995; Swartz, 1989; Jungers, 1988; Ruff, 1988; Sarmiento, 1988; Stormont et al.,
1985; Currey, 1984; Wainwright et al., 1982; Godfrey et al., 1981; Yalden, 1972).
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Hj: Metatarsal S will exhibit greater medio-lateral concavity and elongation
in apes, relative to humans.

Functional explanation: Susman (1983) described the ape proximal articular
surface of MT 5 as “elongated” in the medio-lateral direction. Qualitative observation
also reveals a tendency for the surface to be more concave in African apes. These
observations will be tested quantitatively. This morphology, like that of the proximal MT
4 surface, is closely connected to the mid-tarsal break present in apes (Vereeke et al.,
2003; D’ Aot et al., 2002; DeSilva, 2010). It is important to note that the tarsometatarsal
articulation of MT 5 at the cuboid occurs at an oblique angle due to the presence of the
transverse arch. The observed concavity and elongation of the proximal MT 5 surface
occurs with the medial aspect of the articular surface elevated relative to the lateral
aspect. This concavity and orientation of the surface promote tarso-metatarsal dorsi-
flexion during locomotion, evidenced by studies indicating increased curvature of joint
surfaces suggesting increased range of motion (Vereeke et al., 2003; D’ Aoft et al., 2002;
Hamrick, 1996a; Hamrick, 1996b; Godfrey et al., 1995; Aiello and Dean, 1990; Lewis,
1989; Swartz, 1989; Jungers, 1988; Ruff, 1988; Sarmiento, 1988; Stormont et al., 1985;
Currey, 1984; Conroy and Rose, 1983; Susman, 1983; Wainwright et al., 1982; Godfrey
et al., 1981; Bojsen-Moller, 1979; Yalden, 1972; MacConnaill, 1966; MacConnaill,
1950).

Hy: Articular surface morphology for MT 1-5 will exhibit no significant
differences between habitually shod and unshod humans.

Functional explanation: Acceptance of this hypothesis would be informative to
studies of shod and unshod human foot morphology, which have until now usually
focused on either gait or the gross external structure of the foot, without comparative
osteological research (Charteris et al., 1981, 1982; Day and Wickens, 1980; Hilton, 1997;
Kadambande et al., 2006; Rao and Joseph, 1992; Shulman, 1945; Sim-Fook and
Hodgson, 1958; Stern and Susman, 1983; Thompson and Zipfel, 2005; Tuttle et al., 1991;
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White, 1980; White and Suwa, 1987). To date, studies have shown that habitually unshod
individuals have a more pronounced longitudinal arch, with fewer incidences of
pathology. A recent study by Zipfel and Berger (2007) demonstrated that pathologies
occurring in the metatarsals of shod and unshod individuals occur in the same locations
(usually the metatarsal heads or bases) but in higher frequencies in habitual shod
individuals. The metatarsals associated with pathology correspond to the most robust of
the human metatarsals (Archibald et al, 1972).

Since non-pathological specimens will be selected for this studyi, it is likely that
shod individuals will have “normal” arches and tarsometatarsal joints, and that they will
be indistinguishable from unshod individuals. Non-pathological observations of differing
shod/unshod foot function relate to increased tarso-phalangeal ranges of medio-lateral
motion and greater fore-foot flexibility in unshod individuals (Kadambande et al., 2006;
Thompson and Zipfel, 2005; Hilton, 1997; Rao and Joseph, 1992; Tuttle et al., 1991;
Stern and Susman, 1983; Charteris et al., 1981, 1982; Day and Wickens, 1980; White,
1980; White and Suwa, 1987; Sim-Fook and Hodgson, 1958; Shulman, 1945;). It is
likely, though untested before this study, that these observations do not affect the tarso-
metatarsal joint surface morphologies.

Hs: Articular surface morphology for MT 5 in A. afarensis (A.L. 333-13 and
A.L. 333-78) will exhibit greater affinities to the human MT 5 articular surface.

Functional explanation: Acceptance of this hypothesis would imply two things, 1)
that A. afarensis has a stable tarso-metatarsal joint complex, lacking the dorsiflexion
present in apes, and 2) that 4. afarensis has developed lateral foot stability consistent
with the lack of a midtarsal break and the development of a longitudinal arch (Vereeke et
al., 2003, Berillion, 2003; D’ Aot et al., 2002; Stern, 2000; Latimer and Lovejoy, 1990a;
Latimer and Lovejoy, 1990b; Latimer and Lovejoy, 1989; Susman, 1989; Latimer et al.,
1987; Susman et al., 1984; Stern and Susman, 1983; Latimer et al., 1982). It is possible

that this specimen will exhibit intermediate human/ape morphology. One cannot interpret
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the way articular surface morphology influences overall foot function without
considering the foot as a complex structure. Intermediate morphology might indicate
greater joint surface stability than in apes, but a tarso-metatarsal joint complex that has
not evolved into a modern human form.

Hg: The H. habilis (OH 8) MT 2-5 articular surfaces will exhibit greater
morphological affinity with human MT 2-5 surfaces.

Functional explanation: This likelihood is supported by a similar study to that
presented here (Proctor et al, 2008). This study showed that the MT 1 proximal articular
surface of H. habilis is indistinguishable from that of modern humans. This increases the
likelihood that H. habilis had a fully developed longitudinal arch, with inflexible MT 4
and 5 articular surfaces, and more expanded MT 2 and 3 surfaces that support a load-
bearing arch. Several researchers have argued for or against the presence of a longitudinal
arch in H. habilis (OH 8), and finding that the OH 8 MT 5 surface is indistinguishable
from the modern human MT 5 would be consistent with the observation that the OH 8
robusticity pattern fits the second most common modern human pattern (1>5>4>2>3),
implying a similar pattern of weight distribution in the foot during locomotion (Proctor et
al., 2008; Berillon, 2003; Kidd et al., 1996; Susman, 1983; Susman and Stern, 1982;
Lewis, 1980; Oxnard and Lisowski, 1980; Leakey and Wood, 1974, Archibald et al.,
1972; Day and Napier, 1964).

H7: Fossil specimens in this study will show an MT 1 articular surface that is
more human-like than ape-like in morphology.

The specimens STX 5017 and A. L. 333-54 were shown to more closely resemble
apes in a previous study (Proctor et al., 2008). However, this current study includes
additional landmarks that might reveal more information about the shape of the articular
surface. The specimen STW 562 has been described as intermediate to humans and apes
(Deloison, 2003). Although the surface is relatively deeply concave compared to modern

humans, the surface is constricted in the central region as it is in humans (Latimer and
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Lovejoy, 1990a; Deloison, 2003). The proximal articular surface of STW 573 (Little
Foot) was described as ape-like by Clarke and Tobias, but as human-like by Harcourt-
Smith (Clarke and Tobias, 1995; Harcourt-Smith, 2002).

In addition to these hypotheses, for each metatarsal the following hypotheses are
tested:

Hg: There is no difference in size interspecifically.

Hy: There are no sex differences in size intraspecifically.

H: Differences in morphology interspecifically are unrelated to size.

Hii: Differences in morphology intraspecifically are unrelated to size.

Hy,: There is no difference in articular surface shape between sexes

intraspecifically
Materials

Five metatarsals were examined in this study (MT 1, MT 2, MT 3, MT 4, and MT
5). Where possible, only the left foot was sampled and an equal number of males and
females from each species group were selected. For extant material, only complete
metatarsals were examined if possible. Specimens were selected to be free of pathology.
Adult specimens were chosen, based on collection records if possible or assessed based
on full epiphyseal fusion of the metatarsals. See Figure 4.1 for a reference photo.

Sample

The collection sample for this study includes habitually shod and unshod groups
of Homo sapiens. In addition, the following extant ape species were sampled: Pan
troglodytes; Gorilla gorilla; Hylobates lar (see Table 4.1). Specimens from several fossil
hominins were sampled, including Australopithecus afarensis, Australopithecus
africanus, Paranthropus robustus, and several other specimens not yet assigned a genus

or species.
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Figure 4.1 Human proximal metatarsals A) MT 5; B) MT 4; C) MT 3;
D)MT 2; Ey MT 1
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Plantar i ) Proximal

Homo sapiens

The habitually shod Homo sample was collected from the Hamann-Todd
Collection at the Cleveland Museum of Natural History and the human osteology
collection in the Department of Anthropology at the University of lowa. The specimens
were primarily medical school dissection cadavers and have varying degrees of
documentation. The majority of the specimens have data indicating sex and age.

The unshod sample was collected at the National Museum, Bloemfontein, and the
South African Museum in Cape Town, South Africa. All specimens are from pre-pastoral
populations from several different South African localities. Some specimens have dates,
most in the range of 2,000 to 5,000 bp, but many do not have dates due to the collection
methods in obtaining them (Sealy, 2006). The South African sample presumably
represents habitually unshod people, as they are pre-pastoral with behavior of late stone
age people (Hausman, 1982; Roberts, 1989; Sealy and Pfeiffer, 2000; Stock and Pfeiffer,
2001).

Pan troglodytes

The Pan sample was collected at the Cleveland Museum of Natural History from

the Hamann-Todd Collection. These are wild shot specimens; although most are



documented as originating in Cameroon, some do not specify their African collection
site.
Gorilla gorilla

Gorilla specimens were collected from the Cleveland Museum of natural
History’s Hamann-Todd Collection. These are wild shot specimens. Many of these
specimens are documented to have been collected in Cameroon, but many have no
specific collection location.
Hylobates lar

Hylobates specimens were collected in the Museum of Comparative Zoology at
Harvard University. These are wild shot specimens collected by Sherwood Washburn

during the Asiatic Primate Expedition.

Table 4.1 Samples of extant species

63

MT 1 MT 2 MT 3 MT 4 MT 5
Homo (shod) 34 34 30 32 33
Homo (unshod) 31 33 35 33 42
Pan troglodytes 30 30 30 30 30
Gorilla gorilla 30 31 30 30 30
Hylobates lar 30 29 30 30 30

Fossil Specimens

The following fossil specimens were examined. Refer to Tables 4.2 and 4.3.
Australopithecus afarensis
A total of three specimen casts were examined at the Cleveland Museum of
Natural History. They are accurate first-generation reference casts. All of the original

specimens were collected in Hadar, Ethiopia (Latimer et al., 1982). The specimens
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studied include A.L. 333-54 (MT 1), A. L. 333-78 (MT 5), and A. L. 333-13 (MT 5). All
of these specimens come from a left foot.
Australopithecus africanus

The “Little Foot” Stw 573 foot bones were examined, including the MT 1 and MT
2 elements from this specimen (Clarke, 1998; Clarke and Tobias, 1995). These specimens
are reported to belong to Sterkfontein member 2, indicating they date at greater than 3
mya. Clarke and Tobias suggest these fossils belong to an early 4. africanus or possibly
another early australopith (Clarke and Tobias, 1995).

Homo habilis

The metatarsals belonging to OH 8 were included in this study. This specimen is
traditionally assigned to Homo habilis and is dated at 1.8 to 1.9 mya (Day and Napier,
1964; Leakey et al., 1964, 1965; Susman and Stern, 1982, Wood, 1992). However, recent
researchers have suggested that this foot belongs to the genus Paranthropus (Gebo and
Schwartz, 2006; see also Wood and Constantino, 2007, and Susman, 2008, for an
alternative view).

Paranthropus robustus

The SKX 5017 left MT 1 was examined. It is from member 1 lower bank,
Swartkrans. This member has exclusively produced Paranthropus specimens, and this
specimen has been assigned to this genus (Susman and Brain, 1988; Susman et al., 1989;
Susman et al., 2001, Zipfel and Kidd, 2006).

Other Specimens

A number of metatarsal specimens in this study have not been given a definite
genus and/or species. Their approximate affiliation is determined by their provenience.
The right MT 1 specimen SK 1813 was examined. It was recovered from the faunal
collection at the Transvaal Museum, Pretoria and could be from members 1 or 2 (Susman
and de Ruiter, 2004). Its description makes it a likely candidate for the genus

Paranthropus (Susman and de Ruiter, 2004; Zipfel and Kidd, 2006). The left MT 2
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specimen SKX 247 from member 2 at Swartkrans could be either Paranthropus or Homo
cf. erectus; Susman et al. describe the specimen as consistent with modern humans
(Susman et al., 1989). This specimen was initially described as an MT 3, but Susman et
al. later state that the specimen is actually a MT 2 (Susman et al., 2001). The MT 1
specimens Stw 562 and Stw 595 were examined. They are both from Sterkfontein
member 4, and were described but not assigned a genus or species (Deloison, 2003).

The specimen Stw 595¢, a right MT 2, from Sterkfontein member 4 was
examined. This specimen was provided courtesy of Ron Clarke, and has not been
described in any publication. A left MT 2, Stw 89 was examined (Deloison, 2003). This
specimen is from Sterkfontein member 5. Another left MT 2 was examined, Stw 377.
This specimen could be from either member 4 or 5. The following MT 3s were examined,
recovered from Sterkfontein member 4: Stw 435, Stw 387, Stw 477, Stw 388 and Stw
496. All of these except Stw 238 were described by Deloison (2003). The MT 4
specimens Stw 485 and Stw 628 were examined. Both were recovered from Sterkfontein
member 4. However, Stw 628 has not yet been described and was provided courtesy of
Ron Clarke. Finally, the Stw 114/115 MT 5 was examined. It has been described
previously, and belongs to member 4 or member 5 (Deloison 2003, Zipfel et al., 2009). It
should be noted that Sterkfontein member 4 may bear specimens belonging to the genera
Australopithecus, Paranthropus, or Homo cf. habilis. Member 5 is later and may bear
Paranthropus or Homo cf. erectus. Specimens that may be from either of these members
could possibly belong to any of these genera.

Data Collection

All specimens were first digitized using a Next Engine laser scanner
(nextengine.com). This laser scanner is becoming a common tool in anthropological
research (Tocheri et al., 2007). The scanner provides accuracy to 0.127 millimeters with
400 landmarks per square inch. A laser scanner is used instead of a microscribe for two

reasons. The first reason is that the sizes of the articular surfaces examined are small,
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making use of a microscribe for recording landmarks difficult. Second, a laser scanner
allows collection of far more landmarks over an entire joint surface, from which a smaller
sample can be extracted for analysis. This allows greater flexibility and accuracy in
landmark choice.

Laser scans of each specimen were exported to PLY files for use with the
program Landmark. Landmark is a piece of data manipulation software produced in a
joint effort by the Institute of Data Analysis and Visualization at the University of
California, Davis, and NYCEP (the New York Consortium in Evolutionary Primatology).
The software was used to apply landmarks to the imported PLY files of the specimens.
Landmarks are applied on enlarged images, using an interface that allows close
application of individual landmarks, and in this case curves with landmarks applied along
those curves at equal intervals. In this way the landmarks applied take a smaller sample
of the surface data in each laser scan. Once the landmarks were applied, the locations of
the landmarks for each specimen were exported as a set of 3D landmarks to create an
input data file to be analyzed with the data processing software morphologika ©
(O’Higgins and Jones, 1998; 2006). This program was used to conduct a principal
components analysis and to construct wire frames for comparing morphology as it is
reflected on different principal component axes. Additional analyses were conducted
using NCSS, as described below.

Landmarks

Specific landmarks vary between the metatarsals due to morphological
differences between the proximal articular surfaces of the metatarsals. Landmarks on the
periphery of the surfaces in this study are defined by their location at the articular surface
borders, where subchondral bone and cortical bone meet. In many cases these articular
surfaces do not have points of reference that lend themselves to analysis with Type 1 or
Type 2 landmarks, as defined by Bookstein (1991) and discussed by Zelditch et al.

(2004). Most of the landmarks in this study are Type 2 or 3, with some Type 1 landmarks
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on MT 2, MT 3, and MT 4 where the proximal surface intersects with intermetatarsal
facets. A Type 1 landmark is a landmark defined by the location from which two or more
structures meet, if they meet at a precise location. An example of a Type 1 landmark is
the craniometric point bregma, where the coronal suture and the sagittal suture meet. A
Type 2 landmark is a point defined as the end point of a structure, such as the tip of a
process or tooth, or an extreme point of curvature on a small structure. A Type 3
landmark is defined as an extreme point of curvature on a structure in reference to
another point. For example, the furthest point on the metatarsal head from the proximal
articular surface.

Landmark locations were chosen to maximize the information gathered about the
overall outline shape of the articular surfaces, and multiple landmarks over the articular
surface itself are chosen to capture curvature (concavity, convexity, “flatness”) and
overall shape, relative to the boundaries of the surface. The landmarks are discussed
below.

Metatarsal 1 Landmarks

Landmarks for three-dimensional analysis of the proximal articular surface of MT
1 on the periphery of the surface are defined as follows: most dorsal point of the surface;
most plantar point of the surface; most lateral point of the dorsal aspect; most lateral
point of the plantar aspect; most medial point of the lateral invagination; most medial
point of the dorsal aspect; most medial point of the plantar aspect, most lateral point of
the medial invagination. Several landmarks are also taken between these extreme points.
In addition, nine landmarks within the articular surface will be selected. There are three
landmarks spaced evenly between each medial and lateral landmark at the dorsal, plantar,
and invaginated aspects. This landmark scheme is similar to that used by Proctor et al.
(2008), and is being revisited here to include original fossil specimens, most of which
were not part of that previous study, and to include habitually unshod individuals. See

Figure 4.2 and Table 4.4.
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Metatarsal 2 Landmarks
Landmarks for three-dimensional analysis of the proximal articular surface of MT
2 on the periphery of the surface are defined as follows: the points at which the proximal
surface intersects with the dorsal and plantar margins of articular surface for the lateral
and medial cuneiforms; the most plantar point of the surface, and several intermittent
places between these defined landmarks on the periphery of the surface. Three landmarks
are spaced evenly between each of the medial and lateral surface points. These landmarks
are chosen to reveal the overall shape of the articular surface, which is very important to
the hypotheses tested, and to capture joint surface shape. See Figure 4.3 and Table 4.5.
Metatarsal 3 Landmarks
The MT 3 proximal articular surface is morphologically very similar to the MT 2
surface, and the same landmark scheme will be used but adjusted to account for the
different intermetatarsal facets. See Figure 4.4 and Table 4.6.
Metatarsal 4 Landmarks
Landmarks for three-dimensional analysis of the proximal articular surface of MT
4 on the periphery of the surface are defined as follows: most medial point at the dorsal
aspect, most medial point at the plantar aspect; most lateral point at the dorsal aspect;
most medial point at the plantar aspect. In addition, five landmarks are placed on the
articular surface edge between the most medial and lateral aspects at the dorsal, plantar,
medial, and lateral sides of the surface. Five additional landmarks are placed on the
articular surface, spaced evenly between landmarks on the dorsal and plantar surface
edges. These landmarks are selected to most importantly reveal articular surface
curvature (or lack thereof). See Figure 4.5 and Table 4.7.
Metatarsal S Landmarks
Landmarks for three-dimensional analysis of the proximal articular surface of MT
5 on the periphery of the surface are defined as follows: proximal surface at the

intersection with the dorsal and plantar margins of the intermetatarsal facet for MT 4;
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most lateral point of the surface. In addition, three landmarks are evenly spaced between

these landmarks on the surface edge at the dorsal, plantar, and medial aspects. Finally,

between the spaced dorsal and plantar landmarks on the surface edge, three additional

landmarks are placed to show curvature and/or flatness. See Figure 4.6 and Table 4.8.

Table 4.2 Fossil Specimens Examined in this Study

Taxon Element Location Observation
A.L.333-54 A afarensis MT 1 Hadar, Ethiopia cast
A.L.333-78 A. afarensis MT 5 Hadar, Ethiopia cast
A.L.333-13 A afarensis MT 5 Hadar, Ethiopia cast
Stw 573a A. cfafricanus MT 1 Sterkfontein member 4  original
Stw 573d A. cfafricanus MT 2 Sterkfontein member 4  original
SKX 5017 P. robustus MT 1 Swartkrans member 1 original
lower bank
SK 1813 Paranthropus or  MT 1 (R) Swartkrans member 1 or original
Homo member 2
SKX 247 Paranthropus or  MT 2 Swartkrans member 2 original
Homo
Stw 562 Paranthropus?  MT 1 (R) Sterkfontein member 4  original
A. africanus?
Stw 595 Paranthropus? ~ MT 1 (R) Sterkfontein member 4  original
Stw 595¢ Paranthropus? ~ MT 2 (R) Sterkfontein member 4  original
Stw 89 Homo? MT 2 Sterkfontein member 4  original
Stw 377 Unassigned MT 2 Sterkfontein member 4  original
Stw 387 Unassigned MT 3 Sterkfontein member 4  original

or member 5
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Table 4.2 continued

Taxon Element Location Observation

Stw 435 Unassigned MT 3 (R) Sterkfontein member 4  original

Stw 477 Unassigned MT 3 Sterkfontein member 4  original

Stw 388 Unassigned MT 3 (R) Sterkfontein member 4  original

Stw 496 Unassigned MT 3 Sterkfontein member 4  original

Stw 485 Unassigned MT 4 Sterkfontein member 4  original

Stw 628 Unassigned MT 4 Sterkfontein member 4  original

Stw 114/115  Unassigned MT 5 (R) Sterkfontein member 4  original
or5

OH 8 Homo habilis?  MT 1 Olduvai Gorge, FLK original
NN level 3

OH 8 Homo habilis?  MT 2 Olduvai Gorge, FLK original
NN level 3

OH 8 Homo habilis?  MT 3 Olduvai Gorge, FLK original
NN level 3

OH 8 Homo habilis?  MT 4 Olduvai Gorge, FLK original
NN level 3

OH 8 Homo habilis?  MT 5 Olduvai Gorge, FLK original

NN level 3
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Specimen Location N
Homo (shod) U. Iowa, Cleveland Museum of Natural History 30-34
Homo (unshod) South African Museum, Cape Town; National 31-42
Museum, Bloemfontein
Gorilla Cleveland Museum of Natural History 30-31
Pan Cleveland Museum of Natural History & Field 30
Museum of Natural History
Hylobates Museum of Comp. Zoology, Harvard University 29-30
OH 8 Tanzania (scans provided by Jerry DeSilva) 1 (MT 1-MT 5)
SKX 5017 Transvaal Museum 1 (MT 1)
SK 1813 Transvaal Museum 1 (MT 1)
SKX 247 Transvaal Museum 1 (MT 3)
Stw 89 University of Witwatersrand 1 (MT 2)
Stw 377 University of Witwatersrand 1 (MT 2)
Stw 387 University of Witwatersrand 1 (MT 3)
Stw 388 University of Witwatersrand 1 (MT 3)
Stw 435 University of Witwatersrand 1 (MT 3)
Stw 477 University of Witwatersrand 1 (MT 3)
Stw 485 University of Witwatersrand 1 (MT 4)
Stw 496 University of Witwatersrand 1 (MT 3)
Stw 562 University of Witwatersrand 1 (MT 1)
Stw 573a, d University of Witwatersrand 2 (MT 1, MT 2)
Stw 595, ¢ University of Witwatersrand 2 (MT 1, MT 2)
Stw 628 University of Witwatersrand 1 (MT 4)
Stw 114/115 University of Witwatersrand 1 (MT 5)
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Table 4.3 continued

Specimen Location N

A.L.333-54 Ethiopian National Museum (casts provided by the 1 (MT 1)
Cleveland Museum of Natural History)

A.L.333-13 Ethiopian National Museum (casts provided by the 1 (MT 5)
Cleveland Museum of Natural History)

A.L.333-78 Ethiopian National Museum (casts provided by the 1 (MT 5)

Cleveland Museum of Natural History)
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Data Analysis

Using morphologika, a Generalized Procrustes Analysis was conducted on the
landmark data (Gower, 1975; Goodall, 1991). Generalized Procrustes Analysis places the
coordinate landmarks of all cases on the same Cartesian grid in relationship to one
another, and scales the landmarks by mathematically placing them as close to one another
as possible without changing the overall relationship of the landmarks within a case. The
program calculates a centroid landmark, and the Euclidean distance between the centroid
and each landmark coordinate for the points in each case. Centroid size for each case is
then calculated by summing the square of the distances between the centroid and the
landmarks, and then taking the square root of these summed distances. This operation
eliminates negative coordinate numbers. The original landmark coordinates are then
divided by the calculated centroid size. The new landmark data for the cases are then
superimposed using the centroid locations as a reference, and homologous landmarks
between cases are fitted for maximum congruence. The result is a set of cases within
Kendal’s shape space that can be compared on the same coordinate grid while controlling
for size (Harcourt-Smith, 2002; Kendal, 1984; O'Higgins and Jones, 1998).

Morphologika was also used to implement a principal components analysis (PCA)
and to generate three-dimensional wire frame renditions of the articular surface
morphology as reflected by associated principal components scores. These renditions are
used to demonstrate the morphology that corresponds to principal component values and
to compare differences in morphology at these values.

Since principal components analysis does not determine statistically significant
differences between groups, an ANOVA was conducted on the principle components
scores for each species group to determine whether differences in group means occur in
the sample (Zelditch et al., 2004). In addition, a Tukey-Kramer (post hoc) Test was used

to determine differences between specific group means. In many cases groups overlap to
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varying degrees on principle component axes, and this allows interpretation of which
groups are statistically different independent of how they appear to group.

To test for relationships between size and shape, a regression analysis and/or
ANCOVA was conducted between groups with different sizes and different principle
components scores. The ANCOVA analysis included species group names as a variable
to observe to what degree R” values increased compared to regression analysis using size
and shape alone. Since each species group in this study have differing modes of
locomotion, species groups can serve as a proxy for locomotion type. Importantly, each
group with a different mode of locomotion also happens to be different in body size. This
comparison can show whether belonging to a specific group alone is more important than
size.

To evaluate observation error, each metatarsal for one case of Gorilla gorilla was
scanned and processed five additional times. Repeated measures above four additional
measurements do not yield a significant amount of additional error observation (Arnqvist
and Martensson, 1998). The repeated measurements for this study were compared to the
Gorilla gorilla sample group to compare variance as reflected in partial warp scores from
a principal components analysis. When repeated measures cluster closely on principle
component plots, this is an indication of a high degree of repeatability in the sampling

method (Lockwood et al., 2002; Proctor et al., 2008; Maddux and Franciscus, 2009).



Figure 4.2 MT 1 landmarks

75



Figure 4.5 MT 4 Landmarks

Figure 4.6 MT S Landmarks
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Table 4.4 Description of landmarks on the proximal MT 1 articular surface

Number Landmark description
1 Midpoint between 2 and 8
2 Most dorsal point of the surface
3 Midpoint between 2 and 4
4 Most lateral point of the dorsal aspect
5 Midpoint between 4 and 6
6 Midpoint between 4 and 8
7 Midpoint between 6 and 8
8 Most medial point of the dorsal aspect
9 Midpoint between 8 and 15
10 Midpoint between 4 and 11
11 The narrowest point of the mid-lateral indentation
12 Midpoint between 11 and 13
13 Midpoint between 11 and 15
14 Midpoint between 13 and 15
15 The narrowest point of the mid-medial indentation
16 Midpoint between 15 and 22
17 Midpoint between 11 and 18
18 Most lateral point of the plantar aspect
19 Midpoint between 18 and 20
20 Midpoint between 18 and 22
21 Midpoint between 20 and 22
22 Most lateral point of the plantar aspect
23 Midpoint between 22 and 24
24 Most plantar point of the surface
25 Midpoint between 18 and 24
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Table 4.5 Description of landmarks on the proximal MT 2 articular surface

Number Landmark description

1 Articular surface intersection with dorsal margin of dorsal
facet for lateral cuneiform

2 Midpoint between 1 and 3

3 Midpoint between 1 and 5

4 Midpoint between 3 and 5

5 Articular surface intersection with dorsal margin of facet for
medial cuneiform

6 Midpoint of surface edge between 1 and 11

7 Midpoint between 6 and 8

8 Midpoint between 6 and 10

9 Midpoint between 8 and 10

10 Midpoint of surface edge between 5 and 15

11 Articular surface intersection with plantar margin of dorsal
facet for lateral cuneiform

12 Midpoint between 11 and 13

13 Midpoint between 11 and 15

14 Midpoint between 13 and 15

15 Articular surface intersection with plantar margin of facet
for medial cuneiform

16 Midpoint of surface edge between 1 and 17

17 Midpoint of surface edge between 5 and 17

18 Midpoint of surface edge between 5 and 15

19 Most plantar point of the articular surface

20 Midpoint of surface edge between 11 and 19

21 Midpoint between 20 and 22
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Table 4.5 continued

22
23
24
25
26
27
28
29
30
31
32
33
34

Midpoint between 20 and 24
Midpoint between 22 and 24
Midpoint of surface edge between 15 and 19
Midpoint of surface edge between 11 and 20
Midpoint between 25 and 27
Midpoint between 25 and 29
Midpoint between 27 and 29
Midpoint of surface edge between 15 and 24
Midpoint of surface edge between 19 and 20
Midpoint between 30 and 32
Midpoint between 30 and 34
Midpoint between 32 and 34

Midpoint of surface edge between 19 and 24
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Table 4.6 MT 3 Landmarks

Number Landmark description

1 Articular surface intersection with dorsal margin of dorsal
facet for MT 4

2 Midpoint between 1 and 3

3 Midpoint between 1 and 5

4 Midpoint between 3 and 5

5 Articular surface intersection with dorsal margin of facet for
MT 2

6 Midpoint of surface edge between 1 and 11

7 Midpoint between 6 and 8

8 Midpoint between 6 and 10

9 Midpoint between 8 and 10

10 Midpoint of surface edge between 5 and 15

11 Articular surface intersection with plantar margin of dorsal
facet for MT 4

12 Midpoint between 11 and 13

13 Midpoint between 11 and 15

14 Midpoint between 13 and 15

15 Articular surface intersection with plantar margin of facet for
MT 2

16 Midpoint of surface edge between 1 and 17

17 Midpoint of surface edge between 5 and 17

18 Midpoint of surface edge between 5 and 15

19 Most plantar point of the articular surface

20 Midpoint of surface edge between 11 and 19

21 Midpoint between 20 and 22




Table 4.6 continued

22
23
24
25
26
27
28
29
30
31
32
33
34

Midpoint between 20 and 24
Midpoint between 22 and 24
Midpoint of surface edge between 15 and 19
Midpoint of surface edge between 11 and 20
Midpoint between 25 and 27
Midpoint between 25 and 29
Midpoint between 27 and 29
Midpoint of surface edge between 15 and 24
Midpoint of surface edge between 19 and 20
Midpoint between 30 and 32
Midpoint between 30 and 34
Midpoint between 32 and 34

Midpoint of surface edge between 19 and 24
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Table 4.7 MT 4 Landmarks

Number Landmark description

1 Most lateral point of the dorsal aspect

2 Most medial point of the dorsal aspect

3 Most lateral point of the plantar aspect

4 Most medial point of the plantar aspect

5 Midpoint between 1 and 3

6 A point 1/3 between 1 and 5

7 A point 2/3 between 1 and 5

8 A point 1/3 between 5 and 3

9 A point 2/3 between 5 and 3

10 Midpoint between 2 and 4

11 A point 1/3 between 2 and 10

12 A point 2/3 between 2 and 10

13 A point 1/3 between 10 and 4

14 A point 2/3 between 10 and 4

15 Midpoint between 1 and 2

16 A point 1/3 between 15 and 18

17 A point 2/3 between 15 and 18

18 Midpoint between 15 and 21

19 A point 1/3 between 18 and 21

20 A point 2/3 between 18 and 21

21 Midpoint between 3 and 4

22 Midpoint between 2 and 15

23 A point 1/3 between 22 and 25

24 A point 2/3 between 22 and 25

25 Midpoint between 22 and 28




Table 4.7 continued

26
27
28
29
30
31
32
33
34
35

A point 1/3 between 25 and 28
A point 2/3 between 25 and 28
Midpoint between 4 and 21
Midpoint between 1 and 15

A point 1/3 between 29 and 32
A point 2/3 between 29 and 32
Midpoint between 29 and 35
A point 1/3 between 32 and 35
A point 2/3 between 32 and 35

Midpoint between 3 and 21
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Table 4.8 MT 5 Landmarks

Number Landmark description

1 Articular surface intersection with dorsal margin of facet for
MT 4

2 Midpoint between 1 and 3

3 Midpoint between 1 and 5

4 Midpoint between 3 and 5

5 Articular surface intersection with plantar margin of facet for
MT 4

6 Most medial point of the articular surface

7 Midpoint between 17 and 1

8 Midpoint between 7 and 9

9 Midpoint between 7 and 11

10 Midpoint between 9 and 11

11 Midpoint between 6 and 5

12 Midpoint between 7 and 1

13 Midpoint between 12 and 14

14 Midpoint between 12 and 16

15 Midpoint between 14 and 16

16 Midpoint between 11 and 5

17 Midpoint between 6 and 7

18 Midpoint between 17 and 19

19 Midpoint between 17 and 21

20 Midpoint between 19 and 21

21 Midpoint between 6 and 11

&4
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CHAPTER 5: ASSESSMENT OF OBSERVATION ERROR

Methodology for Assessing Observation Error

In order to assess the degree to which observation error might influence the
interpretation of the principle components analysis in this study, one Gorilla specimen
was scanned with the Next Engine laser scanner five separate times for each metatarsal.
Landmarks were applied to each separate laser scan according to the methods discussed
previously for each metatarsal. Further, the landmarks were applied on separate days. The
specimen used for the repeated measures in these analyses for assessing observation error
was not included in the analyses reported in the following chapters to test for differences
in articular surface shape of the proximal metatarsals. The landmarks for each repeated
measure were combined with the other Gorilla specimens and subjected to a principle
components analysis. The relative proximity of the repeated measures to one another in
scatter plots is used to assess the repeatability of the methodology. This methodology has
been successful employed previously in peer-reviewed journal articles, and is one
accepted method for assessing repeatability in these kinds of studies (Lockwood et al.,
2002; Proctor et al., 2008; Maddux and Franciscus, 2009). The primary goal of this
assessment is to determine whether within a species group a particular specimen can
reliably be sampled. The scatter plots presented below for each metatarsal show the same
axes used in the morphological analyses reported in subsequent chapters.

Repeated Measures for Metatarsal 1

The following scatter plots in Figures 5.1, 5.2, and 5.3 show the placement of the
repeated measure with the Gorilla sample (n = 30). The results are comparable to those in
the study by Proctor et al. (2008) for assessing observation error of the landmarks for the
MT 1 proximal articular surface. The repeated measures group closely on the PC 1, PC 2,
PC 3, and PC 4 axes. Refer to Table 5.1 for the percentage of variation explained by each

PC axis.
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Table 5.1 Percentage of variation explained by each MT 1 PC axis

PC1

PC

2

PC3

PC4

31%

14%

13%

8%

Figure 5.1 Scatter plot of MT 1 observation error for PC 1 and PC 2
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Figure 5.2 Scatter plot of MT 1 observation error for PC 1 and PC 3
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Figure 5.3 Scatter plot of MT 1 observation error for PC 1 and PC 4
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Repeated Measures for Metatarsal 2
The scatter plots displayed in Figures 5.4, 5.5, and 5.6 show the placement of the
repeated measure sample compared to the Gorilla sample (n = 30). The repeated
measures group very closely on the PC 1, PC 2, PC 3, and PC 4 axes. This indicates a
high degree of repeatability of the measures. See Table 5.2 for the variation explained by

each axis.

Table 5.2 Percentage of variation explained by each MT 2 PC axis

PC 1 PC2 PC3 PC4

21% 15% 15% 11%

Figure 5.4 Scatter plot of MT 2 observation error for PC 1 and PC 2
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Figure 5.5 Scatter plot of MT 2 observation error for PC 1 and PC 3
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Figure 5.6 Scatter plot of MT 2 observation error for PC 1 and PC 4
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Repeated Measures for Metatarsal 3
The scatter plots for MT 4 shown in Figures 5.7 and 5.8 compare the instances of
repeated measures to the Gorilla sample (n = 30). The repeated measures group closely
on the PC 1, PC 2, and PC 3 axes. There is a high degree of repeatability for the
placement of landmarks on the MT 3 proximal articular surface. Refer to Table 5.3 for

the variation explained by each axis.

Table 5.3 Percentage of variation explained by each MT 3 PC axis

PC1 PC2 PC3

24% 21% 15%

Figure 5.7 Scatter plot of MT 3 observation error for PC 1 and PC 2
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Figure 5.8 Scatter plot of MT 3 observation error for PC 1 and PC 3
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Repeated Measures for Metatarsal 4
Scatter plots for MT 4 are presented in Figures 5.9 and 5.10 to compare the
repeated measures to the Gorilla sample (n = 30). A high degree of repeatability for the
placement of landmarks on the MT 4 proximal articular surface is indicated by how
closely the repeated measure group on the PC 1, PC 2, and PC 3 axes. See Table 5.4 for

the variation explained by each axis.

Table 5.4 Percentage of variation explained by each MT 3 PC axis

PC1 PC2 PC3

33% 17% 12%




92

Figure 5.9 Scatter plot of MT 4 observation error for PC 1 and PC 2
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Figure 5.10 Scatter plot of MT 4 observation error for PC 1 and PC 3
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Repeated Measures for Metatarsal 5
The scatter plots in Figures 5.11 and 5.12 present the grouping of the instances of
the repeated measure compared to the Gorilla sample (n = 30). The repeated measures
group closely on each axis; this indicates a high degree of methodological repeatability.

Refer to Table 5.5 for the percentage of variation explained by each PC axis.

Table 5.5 Percentage of variation explained by each MT 5 PC axis

PC 1 PC2 PC3

38% 17% 13%

Figure 5.11 Scatter plot of MT 5 observation error for PC 1 and PC 2
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Figure 5.12 Scatter plot of MT 5 observation error for PC 1 and PC 3
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CHAPTER 6: ANALYSIS OF METATARSAL 1

Interspecific MT 1 Shape Variation

A principal components analysis (PCA) was conducted to determine the most

important trends in articular surface shape and whether species and shape can be
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differentiated to support or refute the hypotheses discussed in chapter 3. A previous study

revealed significant differences in MT 1 proximal articular surface morphology between

humans and apes (Proctor et al., 2008). The PCA resulted in the first four principal
components representing a total of 71% of the variation observed in the sample (Table
6.1). The individual proportions for the principal components of PC 5 and higher were
below 5% and are not morphologically revealing. Refer to Figures 6.1 and 6.2 for an

example of each species and for photos of the fossils. Discussion of the PCA results

follows.
Table 6.1 Proportion of PC Variance for MT 1
Proportion of Variance for MT 1
PC1 PC2 PC3 PC4
33% 20% 10% 8%
Table 6.2 Extant Specimens in the MT 1 Analysis

Group Number
Gorilla 30
Pan 30
Hylobates 30
Homo 34
unshod Homo 31
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Figure 6.1 Extant groups photos for MT 1: A) recent Homo; B) unshod Homo; C)
Gorilla; D) Pan; E) Hylobates.

Figure 6.2 Fossils studied in the MT 1 analysis: A) A. L. 333-54; B) Stw 573 “Little
Foot”; C) Stw 562 (reversed, this is a right); D) OH 8-H; E) SKX 5017. These specimens
are not to scale.

Table 6.3 Tukey-Kramer Multiple-Comparison Test for PC 1

Group Specimens Mean  Different From Groups

Gorilla 30 -0.11 Pan, Hylobates, Homo, unshod Homo
Pan 30 -0.07 Gorilla, Homo, unshod Homo
Hylobates 30 -0.06 Gorilla, Homo, unshod Homo

Homo 34 0.10 Gorilla, Pan, Hylobates

unshod Homo 31 0.11 Gorilla, Pan, Hylobates
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MT 1 Principal Component 1

An ANOVA was conducted to test for differences in the means of PC 1 scores
between groups, revealing a statistically significant result with a p value far below 0.001.
The following tests for assumptions of data normality were conducted: skewness
normality of residuals, kurtosis normality of residuals, omnibus normality of residuals,
and the Levene equal variance test. All passed at the 0.05 significance level. The Tukey-
Kramer post-hoc test was conducted with the ANOVA to determine which specific
groups were statistically different, and the results are reported Table 6.3.

Both groups of humans are statistically different than all ape groups at the PC 1
axis. Apes and humans do not overlap. Gorilla is different from Pan and Hylobates, but
Hylobates and Pan are not different at the PC 1 axis. However, all apes overlap one
another at this axis, with Hylobates and Pan occupying an area closer to the 0.00 point
and Gorilla tending toward the extreme negative area of the axis. Humans occupy the
positive area of the axis exclusively, with no differentiation between recent Homo and

unshod Homo. See Tables 6.4 and 6.5.

Table 6.4 Principal Component 1 Ranges

Group Minimum Maximum Range
Gorilla -0.21 -0.02 0.19
Pan -0.13 0.02 0.15
Hylobates -0.13 0.01 0.14
Homo 0.04 0.16 0.12

unshod Homo 0.05 0.19 0.14
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The scatter plot presented in Figure 6.3 illustrates the areas of PC 1 and 2
occupied by the species groups and fossil specimens. The x-axis is PC 1 and the y axis is
PC 2. The plotted symbol for each species group represents the group mean, with a line
drawn to demonstrate the range occupied by the individual cases. Of the fossil specimens,
only OH 8 overlaps humans at PC 1. The specimens Stw 562 and A. L. 333-54 are
identical at this axis, and just overlap with Pan at its most extreme range. The “Little
Foot” specimen Stw 573 occupies an area just outside of the range of Pan and well
outside the range of Homo, placing it in an area intermediate to humans and apes but
bearing some greater resemblance to apes. The specimen SKX 5017 groups with all ape

groups and does not overlap humans.

Table 6.5 Fossil PC 1 Values

Specimen PC1
SKX 5017 -0.02
Stw 562 0.02
A.L.333-54 0.02
Stw 573 “Little Foot” 0.03

OH 8 0.13
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Figure 6.3 Plot of PC 1 and PC 2 group averages and fossil specimens for MT 1
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Figures 6.4 and 6.5 show the morphology of the proximal articular surface at the
extreme ranges of PC 1. It must be noted that by default all other PC scores are set to
0.00. The implication of this is that the morphology of PC 1 depicted is not entirely in
isolation, and a combination of morphology from other PC axes is necessary to fully
appreciate species-level morphology. However, this representation provides broad trends.

Figure 6.4 depicts the morphology at the -0.19 point of the PC 1 axis. This area is
occupied by Gorilla, and as it gradually morphs toward the area occupied by humans as
depicted by Figure 6.5 of morphology at the 0.16 axis point the surface becomes
dramatically flatter. Within apes, the morphology changes from being a particularly deep
surface at the negative aspect to having reduced oblique curvature toward the 0.00 axis.
Gorilla is statistically different from Pan and Hylobates, but Pan and Hylobates are not

statistically different from one another.
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Figure 6.4 PC 1 (-0.19) A) medial view; B) proximal view; C) proximal view, tilted in
the plantar direction (foreground). The dorsal aspect is at the top.

W <

Figure 6.5 PC 1 (0.16) A) medial view; B) proximal view; C) proximal view, tilted in the
plantar direction (foreground). The dorsal aspect is at the top.

| ¥

MT 1 Principal Component 2

The ANOVA to test for differences in the means of PC 2 scores between groups
revealed a statistically significant result with a p value below 0.000. In addition, the
following tests for assumptions of data normality were conducted: skewness normality of
residuals, kurtosis normality of residuals, omnibus normality of residuals, and a Levene
equal variance test. All passed at the 0.05 significance level. A Tukey-Kramer post-hoc
test was used with the ANOVA to determine which specific groups were statistically

different, and the results are reported in Table 6.6.



Table 6.6 Tukey-Kramer Multiple-Comparison Test for PC 2
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Group Specimens Mean  Different From Groups

Gorilla 30 -0.06  Pan, Hylobates, Homo

Pan 30 -0.03  Gorilla, Hylobates

Hylobates 30 0.10 Gorilla, Homo, unshod Homo, Pan
Homo 34 -0.01 Gorilla, Hylobates

unshod Homo 31 -0.04  Hylobates

All groups overlap on the PC 2 axis (Tables 6.7 and 6.8). Statistically significant

PC 2 score differences occur between Hylobates and all other groups, Pan and Gorilla,

Homo and Gorilla and Hylobates, and between unshod Homo and Hylobates. Since there

is so much overlap at the PC 2 axis, it is more appropriate to interpret PC 2 morphology

as it relates to humans and apes separately. The PC 2 axis influences shape somewhat

differently depending on the location on the PC 1 axis, and since humans and apes share

no overlap at the PC 1 axis it is important to interpret them in their own contexts.

Table 6.7 Principal Component 2 Ranges for MT 1

Group Minimum Maximum Range
Gorilla -0.15 0.08 0.23
Pan -0.08 0.13 0.21
Hylobates -0.03 0.21 0.24
Homo -0.15 0.12 0.27
unshod Homo -0.13 0.07 0.20
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Table 6.8 Fossil PC 2 Values

Specimen PC2
SKX 5017 -0.02
Stw 562 0.05
A.L.333-54 0.02
Stw 573 “Little Foot” 0.01
OH 8 0.02

The overall morphological trend of the PC 2 axis is a narrower articular surface at
the dorsal aspect on the positive portion of the PC 2 axis, and a wider plantar aspect
relative to the dorsal breadth on the negative PC 2 axis (Figures 6.6 and 6.7). For humans,
the combined effects of surface flatness on PC 1 restrict interpretation of the
morphological change on the PC 2 axis to relate entirely to relative dorsal and plantar
surface breath. The OH 8 Homo habilis specimen overlaps humans at the PC 2 axis, and

is indistinguishable from the human morphology (Figure 6.3).

Figure 6.6 PC 2 (-0.13) A) medial view; B) proximal view; C) proximal view, tilted in
the plantar direction (foreground).
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The ape groups all overlap, with Gorilla occupying more of the negative PC 2
axis and generally having a relatively wider plantar breadth and inferior curvature of the
articular surface in the plantar portion. As the shape moves on the PC 2 axis and interacts
with PC 1, the more positive extreme of PC 2 is occupied by Hylobates and demonstrates
a narrower plantar aspect to the surface, with exaggerated curvature in the dorso-lateral
and medio-plantar aspects of the surface. The dorsal and plantar surfaces exhibit a kind of
torsion as the dorsal curvature is elevated at the medio-dorsal side of the surface and the

latero-plantar portion. All fossil specimens overlap the ranges of all groups.

Figure 6.7 PC 2 (0.18) A) medial view; B) proximal view; C) proximal view, tilted in the
plantar direction (foreground).

MT 1 Principal Component 3
The ANOVA to test for differences in the means of PC 3 scores between groups
revealed a statistically significant result with a p value far below 0.000. In addition, the
following tests for assumptions of data normality were conducted: skewness normality of
residuals, kurtosis normality of residuals, omnibus normality of residuals, and a Levene
equal variance test. All passed at the 0.05 significance level, except for the equal variance
test. This is explained by three specimens of Hylobates and one specimen of Pan having

a low PC 3 score that falls outside of one standard deviation for these respective groups.
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A Tukey-Kramer post-hoc test was used with the ANOVA to determine which specific

groups were statistically different, and the results are reported in Table 6.11.

Table 6.9 Tukey-Kramer Multiple-Comparison Test for PC 3

Group Specimens Mean  Different From Groups
Gorilla 30 0.04 Pan, Hylobates, unshod Homo
Pan 30 -0.03  Homo, Gorilla

Hylobates 30 -0.02  Gorilla, Homo

Homo 34 0.02 Pan, Hylobates, unshod Homo
unshod Homo 31 -0.02  Homo, Gorilla

Table 6.10 Principal Component 3 Ranges

Group Minimum Maximum Range
Gorilla -0.06 0.16 0.22
Pan -0.13 0.04 0.17
Hylobates -0.13 0.05 0.18
Homo -0.10 0.16 0.26
unshod Homo -0.09 0.07 0.16

There are two groupings at this axis, with overlap among them all (see Table
6.12). Gorilla and Homo are not different at this axis, but are different from all other
groups. Pan, Hylobates, and unshod Homo are not different at this axis, but are different
from Gorilla and Homo. This axis only accounts for 10% of the variation between
groups, and is similar to PC 2 in that it must be interpreted with the influence of PC 1.

The lower axis of PC 3 demonstrates morphology of a wider dorsal surface with the



105

dorso-medial aspect elevated or more proximal. The higher PC 3 values represent
morphology of a relatively narrower surface. See Figures 6.8, 6.9, and 6.10.

The OH 8 specimen groups with Homo, unshod Homo, and Gorilla. The
specimens Stw 562 and Stw 573 have the same PC 3 values and group with all groups
except Pan. The A. afarensis specimen A. L. 333-54 groups only with Homo and Gorilla.

The P. robustus specimen SKX 5017 overlaps all groups.

Table 6.11 Fossil PC 3 Values

Specimen PC3
SKX 5017 -0.02
Stw 562 0.05
A.L.333-54 0.12
Stw 573 “Little Foot” 0.05
OH 8 0.07

Figure 6.8 Plot of PC 1 and PC 3 group averages and fossil specimens for MT 1
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Figure 6.9 PC 3 (-0.11) A) medial view; B) proximal view; C) proximal view, tilted in
the plantar direction (foreground).

[

Figure 6.10 PC 3 (0.13) A) medial view; B) proximal view; C) proximal view, tilted in
the plantar direction (foreground).

MT 1 Principal Component 4
As with PC 1 through PC 3, an ANOVA was conducted to test for differences in
the means of PC 4 scores. The test revealed a statistically significant result with a p value
below 0.000. The following tests for assumptions of data normality were conducted:
skewness normality of residuals, kurtosis normality of residuals, omnibus normality of
residuals, and a Levene equal variance test. These tests passed at the 0.05 significance
level. A Tukey-Kramer post-hoc test was used with the ANOVA to determine which

specific groups were statistically different (Table 6.14).



Table 6.12 Tukey-Kramer Multiple-Comparison Test for PC 4
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Group Specimens Mean  Different From Groups

Gorilla 30 -0.02  Hylobates

Pan 30 -0.04  Homo, unshod Homo, Hylobates
Hylobates 30 0.05 Gorilla, Homo, unshod Homo, Pan
Homo 34 0.01 Pan, Hylobates

unshod Homo 31 0.05 Pan, Hylobates

At the PC 4 axis Pan and Hylobates are different than all other groups, while

Homo and unshod Homo are both different from Pan and Hylobates only. Gorilla is only

different from Hylobates. See Figure 6.11. The axis provides little meaningful shape

information that has not been reflected to some degree in the other PC axes. The medio-

plantar portion of the surface at the positive portion of the axis is slightly narrowed, and

the dorsal area wider. At the positive portion of the axis, the lateral side of the articular

surface is slightly raised. Refer to Figures 6.12 and 6.13. All fossils overlap all groups

(Table 6.15).

Table 6.13 Principal Component 4 Ranges

Group Minimum Maximum Range
Gorilla -0.09 0.05 0.14
Pan -0.11 0.06 0.17
Hylobates -0.04 0.16 0.20
Homo -0.08 0.11 0.19
unshod Homo -0.09 0.06 0.15
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Table 6.14 Fossil PC 4 Values

Specimen PC4
SKX 5017 -0.02
Stw 562 0.03
A.L.333-54 -0.04
Stw 573 “Little Foot” 0.02
OH 8 -0.01

Figure 6.11 Plot of PC 1 and PC 4 group averages and fossil specimens
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Figure 6.12 PC 4 (-0.10) A) medial view; B) proximal view; C) proximal view, tilted in
the plantar direction (foreground).

Figure 6.13 PC 4 (0.14) A) medial view; B) proximal view; C) proximal view, tilted in
the plantar direction (foreground).

Fossils with Absent Data for MT 1
Two additional MT 1 fossils were examined, both with missing data due to
taphonomic damage to the articular surfaces. The specimen SK 1813 is a nearly complete
MT 1, but is missing a broken portion of the dorso-lateral part of the metatarsal base,
including part of the proximal articular surface (Susman and de Ruiter, 2004). A principal
components analysis was conducted by removing 5 landmarks from the analysis to
account for the missing data. The specimen Stw 595 is a complete MT 1 except for the

proximal articular surface, which has not been preserved on a substantial part of the
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surface leaving an area in the central portion of the surface intact. This specimen does not
lend itself to a meaningful quantitative analysis for this study, but it is examined

qualitatively in light of the results already described. See Figure 6.14.

Figure 6.14 MT 1 fossils with missing data: A) SK 1813; B) Stw 595. These specimens
are both rights, but are reversed to appear as lefts for easy reference to other specimens.

Analysis of SK 1813

The principal components analysis that includes SK 1813 yielded similar results
to the complete study discussed above. The missing data excluded the dorso-lateral
portion of the articular surface from the analysis, thus it does not account for medio-
lateral breadth of the dorsal part of the surface and it does not account for all dorsal
surface curvature. The morphology represented on the PC axes is identical to the full
analysis if missing data is accounted for, but the shape variation is divided differently on
the PC axes such that the combined morphology represented by PC 1 and PC 2 separates
humans and apes, rather than just the PC 1 axis as described above. The combined effects
of the PC 1 and PC 2 axes reflect a flat and narrow surface in the area occupied by Homo,
while the area occupied by the apes reflects a wider surface with greater curvature. The
characteristic oblique curvature of the apes is visible in the medio-plantar area even

though the corresponding curvature in the dorso-lateral area of the surface is missing
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from the analysis. Only the PC 1 and PC 2 axes are discussed here; the remaining axes do

not reveal anything more about the surface morphology than has already been discussed.

Table 6.15 Proportion of PC Variance for MT 1 including SK 1813

Proportion of Variance for MT 1

PC 1 PC2

26% 24%

Note that the combined PC 1 and PC 2 axes in the previous analyses accounted
for 53% of observable variation. The combined value for this analysis is 50% (Table
6.17). Tables 6.18 and 6.19 show the PC values. All of the fossils overlap all groups at
the PC 1 axis, except OH 8 that does not overlap Hylobates and Stw 562 is just outside
the range of unshod Homo. At the PC 2 axis SK 1813 does not overlap Homo, unshod
Homo, or Hylobates. At this axis SKX 5017 does not overlap Homo and unshod Homo.
All fossils are outside the range of Gorilla except SKX 5017 and SK 1813. In addition,

OH 8 is also outside the range of Pan.

Table 6.16 Principal Component 1 Ranges

PC 1 PC2
Group Minimum Maximum Minimum Maximum
Gorilla -0.09 0.13 -0.21 -0.02
Pan -0.04 0.13 -0.14 0.09
Hylobates -0.03 0.22 -0.05 0.10
Homo -0.20 0.08 0.00 0.16

unshod Homo -0.17 0.00 -0.02 0.17
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Table 6.17 Fossil PC 1 and PC 2 Values

Specimen PC1 PC2
SKX 5017 -0.01 -0.04
Stw 562 0.02 0.09
A.L.333-54 -0.01 0.08
Stw 573 “Little Foot” 0.00 0.04
OH 8 -0.04 0.10
SK 1813 -0.01 -0.07

The specimens A. L. 333-54 and Stw 573 group with Homo in this analysis,
whereas in the previous analysis they did not group so closely. Since this analysis is
missing data from the dorsal aspect of the MT 1 proximal surface, it suggests that one of
the contributing factors of difference between these specimens and Homo is the degree of
curvature, particularly at the dorsal aspect of the surface. Even with this missing data, the
combined effect of PC 1 and PC 2 create a complete separation of humans and apes
(Figure 6.15). This might imply that curvature in the planar aspect of the surface, and
overall surface curvature and relative width is most import in distinguishing humans and
apes from a functional perspective. One key finding in this analysis is that SK 1813 and
SKX 5017 group closely with the apes. SKX 5017 from the previous analysis and from
Proctor et al. also grouped with apes (Proctor et al., 2008).

The combined effects of PC 1 and PC 2 in this analysis are like the combined
effects of these PC axes in the previous analysis. Gorilla has a much wider surface with
greater surface curvature in the plantar aspect of the surface, and this morphology
transitions along the plot until in Hylobates the plantar aspect of the surface is narrower
and the dorsal aspect of the surface is highly curved with torsion relative to the plantar

aspect. The specimens SKX 5017 and SK 1813 are located close together on the PC 1
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and PC 2 axis. Although SK 1813 has not been attributed to a genus or species, Susman
and de Ruiter describe it as being very similar to SKX 5017 and Stw 562 in a
morphometric analysis using linear measurements of the metatarsal. This analysis of the
MT proximal surface shows a clear division between SKX 5017, SK 1813, and apes
compared to A. L. 333-54, OH 8, Stw 562, and humans. It is possible that Sk 1813
belongs to the genus Paranthropus and Stw 562 is Australopithecus africanus. This
would suggest that Paranthropus, at least on the MT 1 proximal surface, is showing

primitive traits that are not present in early Homo or the gracile australopiths.

Figure 6.15 Plot of the PC 1 and PC 2 axis including SK 1813
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Qualitative Analysis of Stw 595

Deloison (2003) described Stw 595 as very similar to Stw 562. The proximal

articular surface is too damaged to determine definitively whether its overall shape and
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curvature resembles Stw 562. However, when viewing Stw 595 at the medial aspect,
what remains of the surface can be seen to have a definite concavity at the central area.
This makes the plantar aspect of the surface project proximally. These fossils are also
similar in that they have relatively round shafts, the heads are wider than the base, and
they are less robust than SKX 5017. The specimen Stw 595 has not yet appeared in a
published quantitative analysis, and a morphometric analysis using standard linear
measurements would reveal its similarity or dissimilarity to other fossils more clearly.
Interspecific Size and Shape Relationships

Differences in size between groups were tested with an ANOVA and the Tukey-
Kramer (post hoc) multiple-comparison test to look for differences between specific
groups (Table 6.20). The ANOVA indicated a statistically significant difference in means
with a p value well below 0.00. Hg is falsified. The multiple-comparison test results are
reported below, and they indicate significant differences between most groups. The
following tests for assumptions of data normality were conducted: skewness normality of
residuals, kurtosis normality of residuals, omnibus normality of residuals, and a Levene
equal variance test. These tests passed at the 0.05 significance level, except for the test
for equal variance. A Shapiro-Wilk distribution test for normality was conducted.

Normality could not be rejected for all species groups except Gorilla.

Table 6.18 Tukey-Kramer Multiple-Comparison Test for Centroid Size

Group Specimens ~ Mean  Different From Groups

Gorilla 30 43.6  Pan, Hylobates, unshod Homo

Pan 30 35 Homo, unshod Homo, Gorilla, Hylobates
Hylobates 30 18.2  Homo, unshod Homo, Gorilla, Hylobates
Homo 34 46.1  Pan, Hylobates, unshod Homo

unshod Homo 31 37.9  Homo, unshod Homo, Gorilla, Hylobates
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It is important to note that in terms of centroid size, there is no significant
difference between Gorilla and recent Homo. Otherwise, all groups differ significantly in
size. Hylobates has the narrowest range, and Gorilla has the widest, corresponding

respectively to the species with the least sexual dimorphism and the species with the most

(Table 6.21).
Table 6.19 Centroid Size Ranges
Group Minimum Maximum Range
Gorilla 335 52.8 19.3
Pan 31.46 38.37 6.91
Hylobates 17.02 20.38 3.36
Homo 36.19 53.51 17.32
unshod Homo 32.13 45.71 13.58
Table 6.20 Fossil Centroid Sizes
Specimen Centroid
SKX 5017 32.52
Stw 562 34.79
A.L.333-54 36.09
Stw 573 “Little Foot” 31.37
OH 8 33.85

Regression analysis and an ANCOVA were conducted to determine whether there

is a relationship between size and shape at the intraspecific level. The regression analysis
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resulted in a significant relationship between centroid size and each PC axis. Refer to

Table 6.23.
Table 6.21 Regression and ANCOVA results
PC1 PC2 PC3 PC4
R*with PC and Size 0.13 0.27 0.10 0.14
R*with PC, Size, and Species 0.88 0.54 0.26 0.38

Although all of the regression results indicated significant relationships between
size and shape, the R” values were relatively low when considering only centroid size and
the PC scores as shape variables (Table 6.23). The ANCOVA test included the species as
a qualitative variable, and in those results the R* value went up considerably, especially
for PC 1 which is the most important variable for differentiating humans and apes in the
PC analyses. Species is a better predictor for shape than size alone.

One factor that strongly influences these results is that Hylobates is very small
compared to the other groups. This creates a statistical relationship between size and
shape that is not useful or a very good predictive model. For example, Hylobates and Pan
are not different in terms of PC 1 scores, but are very different in terms of size. Also note
that recent humans and Gorilla are not different in size but are very different in shape at
PC 1. Even though there are differences in size between recent and unshod Homo
compared to Pan, there is much overlap. Therefore, size and shape seem to be less
important than species as a variable. Species actually acts as a proxy for locomotion,
since Hylobates and Pan are both more arboreal than other groups, Gorilla is more
terrestrial, and both Homo groups are terrestrial and habitually bipedal. There does seem
to be a trend among apes to have different morphology as size changes, but since Pan and

Hylobates have similar shapes it seems that size is only a factor in that more arboreal
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primates tend to have smaller body sizes. Size does not seem to act on shape as strongly

as locomotion acts on shape. See Figure 6.16.

Figure 6.16 MT 1 interspecific size regression for PC 1

Regression of PC 1 by Centroid (R>=0.13)
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The PC 2 axis is most informative when considering apes and humans separately.
Figure 6.17 shows the regression analysis results for centroid size and PC 2. The R* value
increases considerable when species is used as a variable, again suggesting that species,
or locomotion, is more important than size in determining shape. The ape groups are all
significantly different at this axis, but Gorilla and Pan show considerable overlap. The
regression plot shows that all groups overlap considerable except for Hylobates, which
has a different surface morphology at this axis. The usefulness of these results is limited
in predicting shape based on size, because Hylobates is very different in size. Likewise,
Gorilla is not significantly different at this axis from unshod Homo, but the centroid size

between these two groups is significantly different.
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Figure 6.17 MT 1 interspecific size regression for PC 2

Regression of PC 2 by Centroid (R>=0.27)
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Figure 6.18 MT 1 interspecific size regression for PC 3

Regression of PC 3 by Centroid (R*=0.10)
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The PC 3 axis reflects a similar morphology as PC 2, but there is little to
distinguish humans from apes at this axis. This axis may be more informative in terms of
size related to shape, because Gorilla and recent Homo are similar in size and are not
significantly different in shape on the PC 3 axis, while Pan, Hylobates, and unshod Homo
are not different at this axis. The morphology of PC 3 is related to width of the dorsal
aspect of the MT 1 proximal surface relative to the plantar width. This regression analysis
(Figure 6.18) suggests that with increased body sixe there is a small effect of widening at

the dorsal aspect of the surface.

Figure 6.19 MT 1 interspecific size regression for PC 4

Regression of PC 4 by Centroid (R?>=0.14)
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The PC 4 axis is the least informative about shape, but does show a slight
elevation of the articular surface at the medio-dorsal aspect, that is exaggerated at the
positive portion of the axis that is occupied by Hylobates. Hylobates and Pan are not

significantly different at this axis even though Hylobates has a range that encroaches
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further to the positive portion of the axis. See Figure 6.19). Gorilla is not different from
Pan at this axis, and each Homo group is not different than Gorilla. Hylobates has the
most extreme dorsal curvature of the apes from previous PC axes, and is consistent here.
When including species names as a qualitative variable in an ANCOVA, the R? value
goes up considerably. Due to the high degree of overlap of all groups at this axis with the
only clear group separating slightly from the rest being Hylobates, it appears that the high
degree of arboreality demonstrated by Hylobates is the most important variable in
predicting shape for PC 4. The PC 4 axis reflects a subtle shape difference that is not

unique to this axis because PC 2 demonstrates this shape difference more clearly.

To sum up the results relating size to shape, the regression analyses are not
particularly revealing unless species is included as a variable. Any suggestion of effect
due purely to size must be considered conservatively, because the only clear effect of size
and shape is related to the considerable size difference between Hylobates and all other
groups. The hypothesis (Ho) that observed differences in morphology between species
are unrelated to size is not disproven; however, it is revealed that locomotion is more
influential to morphology than size.

Intraspecific MT 1 Shape, Size, and Sex Variation

Although examining interspecific size and shape is not very informative for MT
1, examination of size and shape at the intraspecific level reveals trends within a species
that are not reflected between species. To test the hypothesis that there are differences in
size and shape between males and females of each species, t-tests assuming unequal
variances were conducted for each variable. This form of test was used because it is more
conservative, and because sample sizes for each sex were relatively low. If a difference in
centroid size between sexes was indicated, and a difference in PC scores was indicated,

regression analysis was conducted to determine whether size and shape are related.
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Gorilla

Gorilla Size and Sex

There is a statistically significant difference in the centroid size between male and
female gorillas, with a p value below 0.00 (Table 6.24). Males are significantly larger
than females. The hypothesis (Hy) that there are no sex differences in size

intraspecifically is rejected for Gorilla.

Table 6.22 Gorilla centroid size T-test comparing the sexes

t-Test: Two-Sample Assuming Unequal Variances

Females Males
Mean 37.75 48.78
Variance 5.45 7.42
Observations 14.00 16.00
df 28.00
t Stat -11.94
P(T<=t) one-tail 0.00
t Critical one-tail 1.70
P(T<=t) two-tail 0.00
t Critical two-tail 2.05

Gorilla Shape and Size

There is a statistically significant difference in shape between male and female
gorillas at the PC 2 and PC 4 axes (Tables 6.25 and 6.26). Shape on the PC 2 axis is
particularly informative about the differences of surface shape within ape groups.
Regression analysis was done to look for relationships between these PC scores and size.

There was a significant relationship between size and PC 2 shape with a p value below
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0.000 and an R? of 0.37 (Figure 6.20). This analysis reveals that Gorilla females have
predictably lower PC 2 scores than males. Females have a smaller range for PC 2 and
tend to have a wider MT 1 articular surface in the dorsal aspect with greater oblique

curvature than males.

Table 6.23 Gorilla PC 2 T-test comparing the sexes

t-Test: Two-Sample Assuming Unequal Variances

Females Males
Mean -0.09 -0.03
Variance 0.00 0.00
Observations 14.00 16.00
Hypothesized Mean Difference 0.00
df 27.00
t Stat -3.13
P(T<=t) one-tail 0.00
t Critical one-tail 1.70
P(T<=t) two-tail 0.00

t Critical two-tail 2.05
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Figure 6.20 Regression of PC 2 by centroid size for Gorilla males and females

Regression of PC 2 by Centroid (R>=0.37)

Centroid Size

®  Gorilla Females Model
Conf. interval (Mean 95%) Conf. interval (Obs. 95%)

+  Gorilla Males

The regression analysis for PC 4 and size was significant with a p value of 0.007
and an R” of 0.23 (Figure 6.21). Gorilla females tend to have slightly higher PC 4 scores,
reflecting higher surface elevation in the medio-dorsal aspect, which is a factor that in
apes contributes to the oblique curvature morphology.

The hypothesis (H;;) that differences in shape intraspecifically are unrelated to
size is rejected for Gorilla. The most important finding is that smaller female gorillas
have a larger plantar portion to the MT 1 proximal articular surface, amounting to a
slightly exaggerated saddle joint morphology compared to other apes when combined
with the placement on the PC 1 axis. The other apes on the PC 2 axis demonstrate

somewhat more emphasis on curvature in the dorsal part of the surface.
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Figure 6.21 Regression of PC 4 by centroid size for Gorilla males and females

Regression of PC 4 by Centroid Size (R?=0.23)
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Table 6.24 Gorilla PC 4 T-test comparing the sexes

t-Test: Two-Sample Assuming Unequal Variances

Females Males
Mean 0.00 -0.03
Variance 0.00 0.00
Observations 14.00 16.00
df 26.00
t Stat 2.65
P(T<=t) one-tail 0.01
t Critical one-tail 1.71
P(T<=t) two-tail 0.01

t Critical two-tail 2.06
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Pan

Pan Size and Sex

There is a statistically significant difference in centroid size between males and

females, with a p < 0.00 (Table 6.27). Males are significantly larger than females.

Table 6.25 Pan centroid size T-test comparing the sexes

t-Test: Two-Sample Assuming Unequal Variances

Females Males
Mean 34.45 36.42
Variance 4.75 1.32
Observations 21.00 9.00
df 26.00
t Stat -3.24
P(T<=t) one-tail 0.00
t Critical one-tail 1.71
P(T<=t) two-tail 0.00
t Critical two-tail 2.06

Pan Shape and Size

The t-tests to find differences between males and females for shape as reflected
on the PC axes resulted in no significant differences for all PC scores.
Hylobates

Hylobates Size and Sex

The t-test for determining whether there is a significant difference in centroid size

between males and females resulted in no significant difference.
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Hylobates Shape and Size

The t-tests to find differences between males and females for shape as reflected
on the PC axes resulted in no significant differences for all PC scores.
Shod Homo
Size and Sex
The t-test to compare male and female centroid size resulted in a significant

difference with p < 0.000 (Table 6.28). Recent human males are larger than females.

Table 6.26 Homo centroid size T-test comparing sexes

t-Test: Two-Sample Assuming Unequal Variances

Females Males
Mean 43.31 48.19
Variance 15.00 8.37
Observations 15.00 15.00
df 26.00
t Stat -3.91
P(T<=t) one-tail 0.00
t Critical one-tail 1.71
P(T<=t) two-tail 0.00
t Critical two-tail 2.06

Homo Shape and Size

The t-tests for determining differences in shape between males and females
yielded statistically significant results for PC 1 and PC 4 (Tables 6.29 and 6.30). The p
value for PC 1 is 0.04 and the PC 4 p value is below 0.00. However, regression analysis

was performed to test for a predictable relationship between size and shape on the PC 1
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and PC 4 axes, and both analyses yielded insignificant results. The PC 1 p value was 0.07

and PC 4 had a p value of 0.09. Size cannot explain the difference between males and

females. The differences in means are slight, and it is possible that a larger sample size

would yield different results. There are not any documented differences in locomotion

between males and females of recent Homo to explain the shape differences.

Table 6.27 Homo PC 1 T-test comparing sexes

t-Test: Two-Sample Assuming Unequal Variances

Females Males
Mean 0.10 0.11
Variance 0.00 0.00
Observations 15.00 15.00
df 27.00
t Stat -1.84
P(T<=t) one-tail 0.04
t Critical one-tail 1.70
P(T<=t) two-tail 0.08
t Critical two-tail 2.05




128

Table 6.28 Homo PC 4 T-test comparing sexes

t-Test: Two-Sample Assuming Unequal Variances

Females Males
Mean 0.03 -0.01
Variance 0.00 0.00
Observations 15.00 15.00
df 24.00
t Stat 3.34
P(T<=t) one-tail 0.00
t Critical one-tail 1.71
P(T<=t) two-tail 0.00
t Critical two-tail 2.06

Unshod Homo

Very little data is present to document which of the unshod Homo specimens are
male and female. Therefore no examination of differences between males and females
from this group was possible.

Recent and Unshod Homo Differences

As discussed in the PCA and ANOVA analyses, there is a significant difference in
centroid size and PC 3 between recent Homo and unshod Homo. Since sex data is
missing from the unshod sample, only size and shape as a whole for each group was
compared.

Homo Comparative Shape

Regression analysis for centroid size and PC 3 was done to determine whether
size is related to the PC 3 shape difference between recent Homo and unshod Homo. The

analysis yielded a significant relationship with a p = 0.03 and an R? of 0.07, an extremely
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low amount of variation explained by size (Figure 6.22). Recent Homo has a higher PC 3
score on average than unshod Homo, which is slightly related to size. The morphology
associated with a higher PC 3 score is a wider dorsal aspect to the surface relative to the

plantar medio-lateral breadth.

Figure 6.22 Regression of PC 3 by centroid size for shod and unshod Homo

Regression of PC 3 by Centroid (R>=0.07)
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Discussion

The results of the MT 1 shape analysis corroborate Proctor et al. (2008), but some
subtle differences emerge. The position of SKX 5017 on the PC axes shows affiliation
with apes, and A. L. 333-54, although still grouping with apes, does not group with
Gorilla or Hylobates and is closer to the area occupied by Homo compared to the
previous study (Proctor et al., 2008). This can be explained due to the addition of
landmarks that capture the additional morphology of this surface at the dorsal and plantar

aspects. The specimen A. L. 333-54, while being deeply curved, lacks oblique curvature
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in the dorso-lateral area. This area was not captured by the landmarks in the previous
study. In the main analysis that includes all landmarks, there is a clear morphological
split between humans and apes. The fossil specimens show three “shape trends.” The first
is that OH 8 is indistinguishable from humans. Therefore, the hypothesis (He) that the
proximal MT surfaces of OH 8 will resemble humans cannot be falsified.

The second shape trend is that SKX 5017 and SK 1813 (from the second analysis)
show affiliation to the apes. All remaining fossil specimens for MT 1 are intermediate
between humans and apes in shape. Therefore, the hypothesis (H7) that the fossil
specimens new to this kind of analysis (excluding A. L. 333-54 and SKX 5017) will more
closely resemble humans is falsified.

The ape morphology reflected in the combination of the PC 1 and PC 2 axes is of
a saddle joint, with oblique curvature in the medio-plantar and latero-dorsal areas. The
surface is very curved in the dorsal and plantar aspects, and the overall surface is wider at
the medio-lateral aspect relative to the dorso-plantar dimension. Within apes, the
morphology changes from being a particularly deep surface at the negative aspect to
having reduced oblique curvature toward the 0.00 axis of PC 1. Gorilla is statistically
different from Pan and Hylobates, but Pan and Hylobates are not statistically different
from one another. This corresponds to their broad locomotor differences, since Gorilla
tends to be more terrestrial. Gorilla also tends to have greater curvature at the medio-
plantar aspect of the articular surface, which is accompanied by a tendency for extra bone
deposition just inferior to this curvature. This can be interpreted as a region that in
Gorillas is subject to greater compressive forces and may relate to either their greater
body size, greater terrestriality, or both. However, it is particularly interesting that Pan
and Hylobates are not statistically different at the PC 1 axis regardless of the fact that Pan
has a much larger body size and Hylobates is much more arboreal.

In contrast, the surface as represented on the PC 1 axis changes into a much flatter

morphology at the positive area of the axis, where it ceases to represent a saddle joint.
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The surface loses the oblique curvature characteristic of the apes, and the surface is
constricted at the central area. In addition, the plantar aspect is narrower than the dorsal
aspect and the surface as a whole is relatively narrower medio-laterally.

The morphology represented by STX 5017 is particularly ape-like compared to
the other fossil specimens. This specimen has been attributed to the genus and species
Paranthropus robustus and has been described as being similar in morphology to OH 8
(Susman and Brain, 1988). However, in comparing it to OH 8§ it is important to note that
the distal half of OH 8 is missing, and that in later analyses by Susman and DeRuiter
SKX 5017 demonstrates apelike traits of the metatarsal head (Susman and DeRuiter,
2003). The proximal articular surface of SKX 5017 is not particularly deep, but it is ape-
like in that it is relatively wide, lacks the human constriction to the central region, and
demonstrates overall surface curvature that is deeper in the central area as opposed to the
typical human condition of surface elevation in the central area. In addition, SKX 5017
demonstrates oblique ape-like surface curvature that is particularly expressed at the
medio-plantar aspect. In this region it especially resembles Gorilla, as Gorilla tends to
have additional curvature at the medio-plantar aspect relative to Pan.

The specimens A. L. 333-54, Stw 562 and Stw 573 group very tightly on the PC 1
axis. Of these, A. L. 333-54 has been attributed to the genus and species Australopithecus
afarensis, Stw 573 has tentatively been assigned to Australopithecus africanus, and Stw
562 has not been assigned to a genus (Clarke and Tobias, 1995; Latimer et al. 1982;
Latimer and Lovejoy, 1990; Deloison, 2003). Since Stw 562 comes from Sterkfontein
member 4, it is possible that it is Paranthropus or early Homo. Of these three specimens,
A.L. 333.54 and Stw 562 have deep articular surfaces and resemble each other somewhat
more than either does Stw 573 that has a more shallow surface. All of these specimens
have the characteristic human constriction of the central region and the plantar breadth is
narrower than the dorsal breadth, making them similar to humans. The morphology of all

of these specimens at the PC 1 axis is intermediate between humans and apes.
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The Homo habilis specimen OH 8 groups well within the human PC 1 grouping.
The articular surface is flat, and is constricted in the middle region. In shape it is
indistinguishable from the human proximal surface. Since OH 8 also exhibits a medial
facet for articulation with MT 2, it is highly probable that OH 8 represents a completely
immobile human-like tarsometatarsal joint.

The PC 2 axis is most useful for distinguishing differences in articular surface
shape between the ape groups, with a separation between Gorilla and the more arboreal
groups. Gorilla occupies a more negative position on the PC 2 axis, while Hylobates is at
the higher end of the axis and Pan is intermediate. The area occupies by Hylobates and
Pan shows a tendency toward greater surface curvature, particularly in the dorso-medial
area, and narrowing of the plantar portion of the articular surface. The surface of Gorilla
is more uniformly wide and deep in the central area.

The results for the separate principle components analysis with specimen SK
1813 closely resembles the main analysis that includes all landmarks. In the full analysis
SKX 5017 groups with apes, OH 8 groups with humans, and the remaining fossil
specimens are intermediate between humans and apes. In the analysis for SK 1813
landmarks are missing in the dorso-lateral area of the articular surface. This results in all
of the fossils more closely grouping with humans, except for SKX 5017 and SK 1813.
The specimen SK 1813 has been described as being very similar to SKX 5017 (Susman
and de Ruiter, 2004). This analysis corroborates those findings, further showing that the
articular surfaces of these specimens are very similar. It is therefore likely that SK 1813
belongs to the genus Paranthropus. The combination of these analyses, if considering
both the full analysis including all landmarks and the analysis with missing landmarks,
shows a morphological split between the humans, apes, and fossil specimens.

This observation brings to question the idea that the genus Paranthropus is
adapted to bipedalism in the same way and at the same time as Homo habilis, which has

been proposed previously (Susman and Brain, 1988). If some of the unattributed fossils
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belong to A. africanus or Homo habilis, we may be observing a difference in morphology
reflecting a lasting dependence on some form of arboreal behavior by Paranthropus even
after the evolutionary line leading to modern humans is adapting to more efficient
terrestrial bipedalism.

There is a significant relationship between size and shape for each of the four
principle components discussed in these results. Therefore, the hypothesis (H)o) that
differences in shape interspecificaly are unrelated to size is falsified. However, for all of
the PC axes, and most especially for PC 1 and PC 2, the R2 value increases dramatically
when species group names are included as a variable. This is particularly important when
interpreting the effects of size on shape for the PC 1 and PC 2 axis, since these axes are
the most revealing in terms of shape differences interspecificaly and interspecificaly.
There is a significant difference in size between all groups except for Gorilla and shod
Homo. Coupled with the extreme contrast in size between all other groups compared to
Hylobates, care must be taken when interpreting the effects of size on shape. These
groups happen to have differing body sizes while they also have varying modes of
locomotion. If species group is considered a proxy for locomotion, it puts the results into
a better context. When considering size alone for PC 1, size only accounts for 13% of the
variance. When species groups are added the combined variation explained rises to 88%.
Similarly, size alone accounts for 27% of the variation on the PC 2 axis. This axis is most
important for showing differences between ape groups. The ape groups have a wide range
of size across species, and including the species name as a proxy for locomotor
differences raises the percentage of variation explained to 54%. These results show that
size, shape, and locomotion are all important factors in interpreting shape differences
between the groups.

The hypotheses (Hy) that there is no difference in size between sexes
intraspecifically, (H;,) that there are no shape differences intraspecifically, and (H;;) that

differences in shape between sexes intraspecifically are unrelated to size are all falsified
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for Gorilla. Gorilla males and females are significantly different in size and shape on the
PC 2 and PC 4 axes. There is a significant relationship between size and shape at these
axes. Of these results the most significant is their difference at the PC 2 axis. In a
regression analysis size accounts for 37% of the variance at the PC 2 axis. Males tend to
have a higher value on this axis compared to females. Overall this is a marginal
difference in the larger context of all ape groups. However, it does show a slight tendency
for males to have greater curvature in the dorso-medial area of the articular surface.

There are fewer differences between males and females within the groups Pan
and Hylobates. There is a significant difference in size between Pan males and females,
thus Hy (that there are no size differences between sexes) cannot be rejected. However,
there were no shape differences between males and females, thus H;; (differences in
shape are unrelated to size) and Hj, (that there is no differences in shape between sexes)
cannot be falsified. Within Hylobates, there are no differences between males and
females in terms of size and shape. Thus, Hy, H;jand H;, cannot be rejected.

Within the shod Homo group, there is a significant difference in size between
males and females, and a significant difference in shape on the PC 1 and PC 4 axes.
However, regression analysis revealed insignificant results when testing for a relationship
between size and shape. Therefore, Hy and H,, cannot be rejected, but Hy cannot be
rejected. The PC 4 axis is not very revealing in terms of shape, but the PC 1 axis is most
important in distinguishing between humans and apes. Females have a mean PC 1 score
that is only slightly lower than males (0.10 versus 0.11). It is likely that this result would
not be significant with a larger sample size. The other possibility is that there is a slight
difference in morphology due to differing locomotor habits. However, locomotor habits
between human males and females have only been found to show a significant difference
in an unshod population (Hilton, 1997).

It is revealing that the two Homo samples are not different at the PC 1 axis, which

is the axis that best distinguishes human and ape morphology. There is an ongoing
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argument that apelike features of fossil hominins have little behavioral or functional
significance, and that these characteristics are essentially vestigial or represent
morphology that is not fully adapted to habitual and efficient bipedalism (Stern, 2000).
There is an undercurrent in this debate that is seldom articulated clearly. This is the idea
that habitually unshod individuals would have some sort of apelike appearance, and that
since early hominins were unshod this can account for some similarities between apes
and fossil hominins.

As discussed previously, unshod populations have greater flexibility of the
forefoot and phalanges, but greater stability of the longitudinal arch. It is the longitudinal
arch that is of particular importance when considering proximal metatarsal joint surface
morphology. Rather than see a divergent unshod morphology, we find a wider range of
morphology in the shod sample. The hypothesis (Hs4) that habitually shod and unshod
populations have no difference in morphology is rejected only for the PC 3 axis.
However, the observable morphology suggests that the differences in morphology
between shod and unshod samples are unrelated to apelike morphology. The positive area
PC 3 axis is related to having a wider dorsal area of the surface, and shod Homo had a
higher average PC 3 score compared to unshod Homo. The regression analysis for size
and shape at PC 3 was significant, but size only explains 7% of the variation. It is
probably that these results show population differences or a small difference only related
to size. It must be kept in mind that the PC 3 axis is only responsible for 10% of the total

variation in the MT 1 analysis.
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CHAPTER 7: ANALYSIS OF METATARSAL 2

Interspecific MT 2 Shape Variation

Articular surface shape was examined using a principal components analysis to

determine whether MT 2 proximal articular surface shape shows differences between

species. The first four principal components represent 65% of the variation observed in

the sample. The individual proportions for the principal components of PC 5 and higher

were below 6% and are not morphologically revealing. See Table 7.1 for the proportions

of variation represented by PC 1 though PC 4. Refer to Figures 7.1 and 7.2 for an

example of each species and for photos of the fossils. Discussion of the PCA results

follows.
Table 7.1 Proportion of PC Variance for MT 2
Proportion of Variance for MT 2
PC1 PC2 PC3 PC 4
31% 17% 11% 6%
Table 7.2 Extant Specimens in the MT 2 Analysis

Group Number
Gorilla 31
Pan 30
Hylobates 29
Homo 34
unshod Homo 33
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Figure 7.1 Extant groups in this study include the following: A) recent Homo; B) unshod
Homo; C) Gorilla; D) Pan; E) Hylobates.

Figure 7.2 Fossils studied include: A) OH 8; B) Stw 573 “Little Foot™; C) Stw 377; D)
Stw 595¢ (reversed, this is a right); E) Stw 89 F) SKX 247. These specimens are not to
scale

MT 2 Principal Component 1

There is separation of human and ape specimens on the PC 1 axis; an ANOVA
was conducted to test for differences in the means of PC 1 scores between groups; there

was a statistically significant result with a p value below 0.00. The following tests for
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assumptions of data normality were conducted: skewness normality of residuals, kurtosis

normality of residuals, omnibus normality of residuals, and the Levene equal variance

test. All passed at the 0.05 significance level. To test for statistically significant

differences in means between specific groups, the Tukey-Kramer post-hoc test was

conducted with the ANOVA. The results are reported in Table 7.3.

Table 7.3 Tukey-Kramer Multiple-Comparison Test for PC 1

Group Specimens Mean  Different From Groups
Gorilla 31 -0.04  Hylobates, Pan, Homo, unshod Homo
Pan 30 -0.07 Gorilla, Homo, unshod Homo
Hylobates 29 -0.07 Gorilla, Homo, unshod Homo
Homo 34 0.08 Hylobates, Pan, Gorilla
unshod Homo 33 0.08 Hylobates, Pan, Gorilla

Table 7.4 Principal Component 1 Ranges for MT 2
Group Minimum Maximum Range
Gorilla -0.14 0.03 0.17
Pan -0.16 0.00 0.16
Hylobates -0.12 -0.04 0.08
Homo 0.02 0.15 0.13
unshod Homo 0.01 0.17 0.16
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Table 7.5 Fossil PC 1 Values for MT 2

Specimen PC1
Stw 573 “Little Foot” 0.06
SKX 247 0.00
Stw 377 0.04
Stw 89 -0.01
Stw 595c¢ 0.01
OH 8 0.10

The Tukey-Kramer post hoc test revealed that Gorilla is statistically different
from all other groups at the PC 1 axis. Pan and Hylobates are not different from one
another, but are different from all other groups. Homo and unshod Homo are different
from all ape groups but not from one another.

Humans and apes are clearly differentiated on the PC 1 axis, with some overlap
between Gorilla and both Homo groups (Figure 7.3; Table 7.4). All ape groups overlap
one another, with Hylobates falling completely within the range of Pan and Gorilla.
Gorilla has a range that projects into the positive range of PC 1, and projects further to
the negative range. Homo and unshod Homo overlap completely, with unshod Homo
having a slightly wider range.

The morphology on the PC 1 axis at the negative portion occupied by the ape
groups is a relatively wide and concave dorsal surface and a narrow and flat plantar
surface (Figure 7.4). The plantar and dorsal surface face in different directions, with the
dorsal surface twisted toward the lateral side and the plantar surface toward the medial
side. The morphology on the positive side of the axis occupied by both Homo groups is a
narrower dorsal aspect of the surface and a relatively wider plantar portion, so that the

dorsal and plantar aspects of the surface are much closer in width (Figure 7.5). The effect
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is an overall narrower surface with plantar expansion of the articular surface. The overall
surface is slightly concave, with the dorsal and plantar aspects begin continuous instead
of twisted in opposing directions as occurs in the apes.

The fossil specimens OH 8, Stw 377 and Stw 573 group with humans and do not
overlap any ape groups on the PC 1 axis. The specimen Stw 595c falls in a narrow area of
overlap between Gorilla and unshod Homo, but overlaps no other groups at this axis. The
specimens SKX 247 and Stw 89 do not overlap the human groups or Hylobates, but

overlap both Pan and Gorilla.

Figure 7.3 Plot of PC 1 and PC 2 group averages and fossil specimens for MT 2
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Figure 7.4 PC 1 (-0.13) A) medial view; B) proximal view; C) proximal view, tilted in
the plantar direction (foreground).

Figure 7.5 PC 1 (0.16) A) medial view; B) proximal view; C) proximal view, tilted in the
plantar direction (foreground).

MT 2 Principal Component 2
An ANOVA was conducted to test for differences in the means of PC 2 scores
between groups; there was a statistically significant result with a p value below 0.00. The
following tests for assumptions of data normality were conducted: skewness normality of
residuals, kurtosis normality of residuals, omnibus normality of residuals, and the Levene
equal variance test. All passed at the 0.05 significance level, except the Levene equal

variance test. To test for statistically significant differences in means between specific
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groups, the Tukey-Kramer post-hoc test was conducted with the ANOVA. Refer to Table

7.6.
Table 7.6 Tukey-Kramer Multiple-Comparison Test for PC 2

Group Specimens Mean  Different From Groups
Gorilla 31 0.07 Hylobates, Homo, Pan, unshod Homo
Pan 30 -0.02  Gorilla
Hylobates 29 -0.04  unshod Homo, Gorilla
Homo 34 -0.03 unshod Homo, Gorilla
unshod Homo 33 -0.02  Hylobates, Homo, Gorilla

Table 7.7 Principal Component 2 Ranges for MT 2
Group Minimum Maximum Range
Gorilla -0.02 0.17 0.19
Pan -0.10 0.05 0.15
Hylobates -0.08 -0.01 0.07
Homo -0.12 0.07 0.19
unshod Homo -0.07 0.09 0.16

Gorilla is different from all other groups on the PC 2 axis, while Pan is only

different from Gorilla. Hylobates and Homo are different from Gorilla and unshod

Homo, but no other groups. Unshod Homo is different from all groups except Pan. The

morphology at this axis should be interpreted with the acknowledgement that other axes

also influence shape, and that human and ape groups have different influences from PC 1.

The surface is flatter at the negative aspect of this axis, and is more curved, particularly at
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the dorsal portion of the surface, toward the positive side of the axis (Figure 7.6). At the
positive aspect of the axis the surface is expanded and curved proximally on the medial
middle area (Figure 7.7). In addition, the plantar aspect of the surface curves medially
before reaching a plantar apex.

Gorilla is very different from the other apes at the PC 2 axis, with a surface that is
expanded in the middle and medial portion of the dorsal surface. Although the means of
the PC 2 axis are statistically different between Homo and unshod Homo, their ranges are
not as different as between Gorilla and the other ape groups. Homo has a range that tends
toward the negative PC 2 axis and unshod Homo trends more toward the positive axis.
Part of the difference at the PC 2 axis is a larger facet for articulation with the medial
cuneiform at the positive PC 2 axis. It is unclear if this is related to being more terrestrial
and unshod, since it is a trait shared by Gorilla, or whether the difference between human
groups is related to differences in populations with no functional significance.

The fossil specimen Stw 595¢ does not overlap any other groups and is located at
an extreme positive location on the PC 2 axis. The specimens OH 8, Stw 573 and Stw 89
overlap both human groups, Gorilla, and Pan. SKX 247 overlaps Gorilla and unshod

Homo; Stw 377 only overlaps Gorilla.

Table 7.8 Fossil PC 2 Values for MT 2

Specimen PC2
Stw 573 “Little Foot” 0.04
SKX 247 0.09
Stw 377 0.10
Stw 89 0.05
Stw 595c¢ 0.20

OH 8 0.02
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Figure 7.6 PC 2 (-0.10) A) medial view; B) proximal view; C) proximal view, tilted in
the plantar direction (foreground).

Figure 7.7 PC 2 (0.16) A) medial view; B) proximal view; C) proximal view, tilted in the
plantar direction (foreground).

MT 2 Principal Component 3
An ANOVA was conducted to test for differences in the means of PC 3 scores
between groups, with a statistically significant result and a p value below 0.00. In
addition, the following tests for assumptions of data normality were conducted: skewness
normality of residuals, kurtosis normality of residuals, omnibus normality of residuals,
and the Levene equal variance test. All passed at the 0.05 significance level. To test for
statistically significant differences in means between specific groups, the Tukey-Kramer

post-hoc test was conducted with the ANOVA. Refer to Table 7.9.
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On the PC 3 axis, Gorilla is only statistically different from Hylobates. Pan is
different from Homo and Hylobates. Hylobates is different from all groups except Homo,
and Homo is different from unshod Homo and Pan. Unshod Homo is different from
Hylobates and Homo. Most fossil specimens overlap all groups except for Stw 89, which
overlaps all groups other than Homo, and Stw 377 that overlaps all groups except Pan
(Figure 7.10).

The differences in morphology on the PC 3 axis are subtle at each extreme on the
axis (Figures 7.8 and 7.9). The positive extreme of the PC 3 axis represents an overall
narrower surface in both the dorsal and plantar aspects, with the plantar aspect curving
medially before reaching a plantar apex (Figure 7.9). In addition, the dorsal aspect is
expanded dorsally. As with other axes after PC 1, it is more relevant to interpret these
results as they pertain to apes and humans separately. Pan and Gorilla are not different
from one another but both are different from Hylobates; Pan and Gorilla tend to have
slightly narrower surfaces on this axis. Similarly, unshod Homo tends to have a narrower

surface expanded in the dorsal direction compared to Homo.

Table 7.9 Tukey-Kramer Multiple-Comparison Test for PC 3

Group Specimens Mean  Different From Groups
Gorilla 31 0.06 Hylobates

Pan 30 0.02 Hylobates, Homo
Hylobates 29 -0.03 Gorilla, Pan, unshod Homo
Homo 34 -0.02  Pan, unshod Homo

unshod Homo 33 0.02 Hylobates, Homo
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Table 7.10 Principal Component 3 Ranges for MT 2

Group Minimum Maximum Range
Gorilla -0.07 0.10 0.17
Pan -0.04 0.11 0.15
Hylobates -0.09 0.07 0.16
Homo -0.09 0.04 0.13
unshod Homo -0.08 0.15 0.23

Table 7.11 Fossil PC 3 Values for MT 2

Specimen PC3
Stw 573 “Little Foot” 0.00
SKX 247 0.01
Stw 377 -0.07
Stw 89 0.06
Stw 595¢ -0.04
OH 8 -0.03

Figure 7.8 PC 3 (-0.08) A) medial view; B) proximal view; C) proximal view, tilted in
the plantar direction (foreground).
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Figure 7.9 PC 3 (0.13) A) medial view; B) proximal view; C) proximal view, tilted in the
plantar direction (foreground).

Figure 7.10 Plot of PC 1 and PC 3 group averages and fossil specimens for MT 2
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MT 2 Principal Component 4

To test for differences in the means of PC 4 scores between groups, an ANOVA
was conducted and resulted in a statistically significant p value below 0.00. The
following tests for assumptions of data normality were conducted: skewness normality of
residuals, kurtosis normality of residuals, omnibus normality of residuals, and the Levene
equal variance test. All passed at the 0.05 significance level. A Tukey-Kramer post-hoc
test was conducted with the ANOVA to test for statistically significant differences in
means between specific groups. See Table 7.12.

There are two main groupings at this axis (Figure 7.13). Gorilla, Pan, and Homo
are not different from each other but are different from unshod Homo and Hylobates.
Unshod Homo and Hylobates are not different from one another. The fossil specimens
OH 8, Stw 377, and Stw 573 overlap all groups on the PC 4 axis. The specimens Stw 89
and SKX 247 overlap only Pan, and Stw 595¢ does not overlap any groups on the PC 4
axis (Tables 7.13 and 7.14).

The PC 4 axis shows morphology at the negative aspect that has a narrower
plantar surface that is curved medially and has greater dorsal curvature in the medio-
lateral plane (Figure 7.11). The positive PC 4 axis shows morphology of a wider plantar

surface; the dorsal surface is expanded at the dorsal articular surface edge (Figure 7.12).

Table 7.12 Tukey-Kramer Multiple-Comparison Test for PC 4

Group Specimens Mean  Different From Groups
Gorilla 31 -0.02  unshod Homo, Hylobates
Pan 30 -0.02  unshod Homo, Hylobates
Hylobates 29 0.02 Pan, Gorilla, Homo
Homo 34 -0.06  unshod Homo, Hylobates

unshod Homo 33 0.02 Pan, Gorilla, Homo
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Table 7.13 Principal Component 4 Ranges for MT 2

Group Minimum Maximum Range
Gorilla -0.07 0.04 0.11
Pan -0.08 0.04 0.12
Hylobates -0.03 0.09 0.12
Homo -0.09 0.06 0.15
unshod Homo -0.03 0.05 0.08

Table 7.14 Fossil PC 4 Values for MT 2

Specimen PC4
Stw 573 “Little Foot” 0.03
SKX 247 0.08
Stw 377 0.02
Stw 89 0.08
Stw 595c¢ 0.10
OH 8 -0.03

Figure 7.11 PC 4 (-0.08) A) medial view; B) proximal view; C) proximal view, tilted in
the plantar direction (foreground).




150

Figure 7.12 PC 4 (0.08) A) medial view; B) proximal view; C) proximal view, tilted in
the plantar direction (foreground).

Figure 7.13 Plot of PC 1 and PC 4 group averages and fossil specimens
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Interspecific Size and Shape Relationships for MT 2

An ANOVA was used to test for differences in centroid size between groups, and
the Tukey-Kramer (post hoc) multiple-comparison test was used to look for differences
between specific groups. There is a statistically significant difference in mean centroid
sizes with a p value below 0.00. Hg is falsified. The multiple-comparison test results are
reported below. Tests for assumptions of data normality were conducted: skewness
normality of residuals, kurtosis normality of residuals, omnibus normality of residuals,
and a Levene equal variance test. These tests passed at the 0.05 significance level, except
for the test for equal variance. A Shapiro-Wilk distribution test for normality was
conducted. Normality could not be rejected for all species groups except Gorilla.

There is no significant difference between Gorilla and shod Homo in centroid size
(Table 7.15). In addition, there is no difference in centroid size between Pan and unshod
Homo. Hylobates is significantly different from all groups and has the narrowest range;

Homo has the widest range, followed by unshod Homo and Pan (Table 7.16).

Table 7.15 Tukey-Kramer Multiple-Comparison Test for Centroid Size of MT 2

Group Specimens ~ Mean  Different From Groups

Gorilla 31 39.66  Hylobates, Pan, unshod Homo
Pan 30 31.55  Hylobates, Homo, Gorilla
Hylobates 29 13.88  Pan, Gorilla, Homo, unshod Homo
Homo 34 38.67  Hylobates, Pan, unshod Homo

unshod Homo 33 32.62  Hylobates, Homo, Gorilla
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Table 7.16 Centroid Size Ranges for MT 2

Group Minimum Maximum Range
Gorilla 31.55 45.34 13.79
Pan 27.60 35.12 7.52
Hylobates 12.61 15.66 3.05
Homo 32.56 48.31 15.75
unshod Homo 28.01 38.06 10.05

Table 7.17 Fossil Centroid Sizes for MT 2

Specimen Centroid
Stw 573 “Little Foot” 29.69
SKX 247 30.88
Stw 377 27.46
Stw 89 23.21
Stw 595c¢ 23.13
OH 8 26.92

Regression analysis and an ANCOVA were conducted to determine whether there
is a relationship between size and shape at the interspecific level. The regression analysis

resulted in a significant relationship between centroid size and each PC axis. Refer to

Table 7.18.
Table 7.18 Regression and ANCOVA results for MT 2
PC 1 PC2 PC3 PC4
R*with PC and Size 0.18 0.18 0.06 0.16

R* with PC, Size, and Species 0.83 0.57 0.23 0.32
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Significant relationships exist between size and shape. However, the R? values
were relatively low when considering only centroid size and shape variables. The R
values go up when species groups are used as a qualitative variable. The large disparity in
size between Hylobates and the other species groups influences the results of these
regression analyses. Excluding Hylobates from the regression analysis does not always
eliminate a significant result, but in this case removing Hylobates from the comparison of

PC 1 and centroid size did result in an insignificant relationship between size and shape.

Figure 7.14 MT 2 regression for interspecific comparison of PC 1 by centroid size
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In considering size and shape for PC 1 and centroid size, the regression line
divides species by PC 1 score, but aside from the fact that Hylobates has a much smaller
body size, size does not seem to predict shape very well when considering the African
apes and humans (Figure 7.14). As with the analysis of MT 1, PC 1 is most influenced by

species as a proxy for locomotion.
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In the regression analysis for PC 2 and centroid size, size does not appear to show
a consistent relationship with PC 2 across humans and apes (Figure 7.15). Gorilla does
have a higher PC 2 score and is larger in size compared to Pan and Hylobates, but unshod
Homo is smaller than recent Homo and has higher PC 2 scores.

The R for the regression analysis of PC 3 and centroid size is small (Figure 7.16).
Unshod Homo and Pan are not significantly different in size and shape on the PC 3 axis.
Homo and Gorilla are also not different in size and PC 3 shape. However, Hylobates is
different from the other apes at this axis, and this is what is responsible for the

relationship of size to PC 3 shape.

Figure 7.15 MT 2 regression for interspecific comparison of PC 2 by centroid size
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Hylobates tends to have a higher PC 4 score than other groups (Figure 7.17). All
other groups do not differ widely in range of PC 4, and overlap considerably. The
greatest effect of size appears to be between Hylobates and all other groups, except
Hylobates is not significantly different from unshod Homo at the PC 4 axis. Gorilla, Pan,
and Homo are not different from another on the PC 4 axis, and even though unshod
Homo is not different in size from Pan there seems to be an effect of smaller centroid size

tends to have a higher PC 4 score.

Figure 7.16 MT 2 regression for interspecific comparison of PC 3 by centroid size
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Figure 7.17 MT 2 regression for interspecific comparison of PC 4 by centroid size
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Intraspecific MT 2 Shape, Size, and Sex Variation
T-tests assuming unequal variances were conducted between sexes within each
sample group for each variable to test the hypothesis that there are differences in size and
shape between males and females of each species. Regression analysis was conducted to
determine whether size and shape are related if a difference in centroid size between
sexes was indicated, and a difference in PC scores was indicated.
Gorilla

Gorilla Size and Sex

The t-test to determine whether there is a significant difference in mean centroid
size yielded a significant result, with a p value of 0.00 (Table 7.19). Males are larger than

females.
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Gorilla Shape and Size

All t-tests to assess differences in shape between males and females as
represented on PC axesl, 2, 3, and 4 yielded insignificant results. There is no difference

in proximal MT 2 articular surface shape between males and females.

Table 7.19 T-test for comparison of centroid size between sexes in Gorilla

t-Test: Two-Sample Assuming Unequal Variances

Females Males
Mean 37.41 41.52
Variance 16.04 15.71
Observations 14.00 17.00
df 28.00
t Stat -2.86
P(T<=t) one-tail 0.00
t Critical one-tail 1.70
P(T<=t) two-tail 0.01
t Critical two-tail 2.05

Pan

Pan Size and Sex

The t-test to assess whether Pan males and females have a significantly different
centroid size yielded a significant result, with a p = 0.00 (Table 7.20). Pan males have

significantly larger proximal MT 2 articular surfaces than Pan females.



Pan Shape and Size

158

All t-tests to assess differences in articular surface shape for PC axes 1, 2, 3, and 4

yielded insignificant results. There are no morphological differences in proximal PC 2

articular surface shape between Pan males and females.

Table 7.20 T-test for comparison of centroid size between sexes in Pan

t-Test: Two-Sample Assuming Unequal Variances

females males
Mean 30.90 33.09
Variance 4.65 2.44
Observations 21.00 9.00
df 21.00
t Stat -3.12
P(T<=t) one-tail 0.00
t Critical one-tail 1.72
P(T<=t) two-tail 0.01
t Critical two-tail 2.08

Hylobates Size and Sex

Hylobates

The t-test to assess whether there is a significant difference between Hylobates

males and females yielded an insignificant result. There is no difference in MT 2

proximal articular surface size between males and females.

Hylobates Shape and Size

The t-tests to determine whether males and females have different proximal MT 2

surface morphology yielded insignificant results for PC 1, PC 3, and PC 4, but yielded a
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significant difference between males and females for PC 2 with a p = 0.02 (Table 7.21).

Even though there is no difference between males and females in terms of size, a

regression analysis of PC 2 and centroid size was done to see if size and shape were

related for PC 2. The regression analysis yielded insignificant results. The significant

difference in shape as reflected on the PC 2 axis cannot be explained by size. It is

possible that a larger sample size would yield insignificant results.

Table 7.21 T-test for comparison of PC 2 between sexes in Hylobates

t-Test: Two-Sample Assuming Unequal Variances

Females Males
Mean -0.03 -0.05
Variance 0.00 0.00
Observations 17.00 12.00
df 27.00
t Stat 2.08
P(T<=t) one-tail 0.02
t Critical one-tail 1.70
P(T<=t) two-tail 0.05
t Critical two-tail 2.05

Size and Sex

Shod Homo

The t-test to assess whether there is a difference in mean centroid size between

Homo males and females yielded a significant result, with p = 0.01 (Table 7.22). Males

have significantly larger proximal MT 2 articular surfaces than females.
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Homo Shape and Size

T-tests yielded an insignificant result when comparing the means of PCs 1, 3, and
4, but there is a significant difference between males and females for PC 2 (Table 7.23).
Males have a lower PC 2 score than females. A regression analysis was done to test
whether there is a relationship between centroid size and PC 2 within Homo, and it
yielded an insignificant result. Size does not explain the difference in articular surface

shape between males and females on the PC 2 axis.

Table 7.22 T-test for comparison of centroid size between sexes in Homo

t-Test: Two-Sample Assuming Unequal Variances

Females Males
Mean 36.86 40.01
Variance 6.29 15.91
Observations 15.00 15.00
df 24.00
t Stat -2.59
P(T<=t) one-tail 0.01
t Critical one-tail 1.71
P(T<=t) two-tail 0.02

t Critical two-tail 2.06
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Table 7.23 T-test for comparison of PC 2 between sexes in Homo

t-Test: Two-Sample Assuming Unequal Variances

Females Males
Mean -0.01 -0.05
Variance 0.00 0.00
Observations 15.00 15.00
Hypothesized Mean Difference 0.00
df 26.00
t Stat 2.45
P(T<=t) one-tail 0.01
t Critical one-tail 1.71
P(T<=t) two-tail 0.02
t Critical two-tail 2.06

Unshod Homo

Sex data for most unshod specimens was unavailable, making it impossible to

determine differences between sexes in regard to size and shape.
Recent and Unshod Homo Differences

As discussed previously in the PCA and ANOVA analysis of PC scores, Homo
and unshod Homo are significantly different in terms of centroid size and shape on the
PC 2, 3, and 4 axes. They are not different on the PC 1 axis, which is the most important
axis for distinguishing between human and ape morphology.

Homo Comparative Size and Shape

Regression analysis was done to test whether there is a relationship between size
and shape within the Homo groups. The analysis yielded insignificant results for PC 2,

but significant results for PC 3 and PC 4. Therefore, differences in morphology between
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recent and unshod Homo on the PC 2 axis cannot be explained by size. The difference
could be insignificant functionally. Recent Homo has a PC 3 range that extends further on
the negative area of the axis, which is associated a plantar area which extend in the
plantar direction without deviating as much in the medial direction, and has a slightly
narrower area at the dorsal surface where it meets the lateral facet for the medial
cuneiform.

Regression of PC 3 by centroid size was significant with p = 0.01 and an R? of
0.09 (Figure 7.18). Similarly, regression of PC 4 by centroid size was significant with p =
0.01 and an R? of 0.09 (Figure 7.19).

Figure 7.18 MT 2 regression of PC 3 by centroid size (shod and unshod Homo)
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Specimens with a smaller centroid size tend to have higher PC 3 scores, which is

associated with having a narrower plantar region relative to dorsal width of the proximal
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MT 2 articular surface with the dorsal area slightly narrower and expanded in a dorsal
direction. Smaller specimens similarly tend to occur at the more positive area of the PC 4
axis, with the lower PC 4 are having a slightly narrower and medially curved plantar area.
The higher PC 4 specimens tend to have a proximal MT 2 shape that is more triangular

without a sharp narrowing in the middle area before the plantar aspect of the surface.

Figure 7.19 MT 2 regression of PC 4 by centroid size (shod and unshod Homo)
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Discussion

The hypothesis (H;) that the human MT 2 proximal surface is expanded in the
plantar region cannot be falsified. This shape is primarily represented on the PC 1 axis,
showing that humans have a relatively narrower surface with an expanded plantar area.
Interestingly, there is some overlap between humans and Gorilla at this axis, suggesting
that the shape on the positive side of the axis may be related to relative terrestriality. The

fossil specimens OH 8, Stw 573 (Little Foot), and Stw 377 are indistinguishable from
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humans in articular surface shape on the PC 1 axis. Therefore, Hg cannot be falsified as
OH 8 is indistinguishable from humans. The fossil specimen Stw 595¢ overlaps humans
and Gorilla, but other groups on the PC 1 axis, while SKX 247 and Stw 89 overlap the
African apes on PC 1 but no other groups. The only complete fossil specimen is Stw 89;
the others are missing their distal ends. On the PC 1 axis Stw 89 overlaps Gorilla and
Pan, and is close to SKX 247. There is a pronounced dorsal sulcus on the distal end of
Stw 89, indicating a human-like hyperextension of the proximal phalange during
locomotion. The shaft is slightly curved, and the head may exhibit some small amount of
medial torsion. However, the dorsal area of the surface is wide and plantar aspect of the
proximal articular surface is relatively narrow, and lacks the characteristic human
expansion. This combination of traits represents a mosaic of traits, many of which clearly
indicate adaptations to bipedalism and terrestriality, but the proximal surface is not
consistent with human morphology. This could indicate that the longitudinal arch
belonging to the specimens that do not overlap humans would not have been developed
as fully as in humans, or it might indicate that if an arch was present the joint structure
and component to the arch was less stable.

There are statistically significant differences in articular surface size between
groups, with three groupings. Gorilla and Homo are not different in size, while Pan and
unshod Homo are not different in size. Regression analyses resulted in significant
relationships between size and PC 1, PC 2, PC 3, and PC 4. Therefore, the hypothesis
(H)o) that differences in shape are unrelated to size cannot be falsified. Including species
group names in the analysis increased the percentage of variation explained in the
regression considerably. For PC 1, the variation explained rises from 18% to 83%. For
PC 2, the variation explained rises from 18% to 57%. Although size does influence
shape, belonging to one group or another is a better predictor of shape.

There is a significant difference in size between Gorilla males and females. The

hypothesis Hy (that there are no size differences between sexes) was falsified. However,
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there were no significant differences in shape between males and females. Thus, H;; (that
there is no differences in shape between sexes) could not be falsified. Analysis of males
and females within Pan yielded identical results; thus Hy could be falsified but H;, could
not be falsified. There is no difference in size between males and females within
Hylobates, and Hy could not be falsified. However, H;, was falsified due to a significant
difference in articular surface shape between males and females. Within the Homo group,
there is a significant difference in size between males and females, so that Hy was
falsified. In addition, there was a significant difference between males and females on the
PC 2 axis, so that H;, was falsified. However, regression analysis yielded insignificant
results, and H;; could not be falsified.

As noted previously, there is a significant difference in size between unshod
Homo and Homo. In addition, there is a significant different between these groups for PC
2, PC 3, and PC 4. Of these, a significant relationship exists between size and shape for
PC 3 and PC 4, both of which have R2 values of .09. Therefore, the variation explained
by size is low, with size unable to explain any of the variation for PC 2. The
interpretation of shape for these axes indicates that unshod Homo may have a slightly
narrower plantar aspect to the articular surface, which tends to curve medially toward the

plantar apex.
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CHAPTER 8: ANALYSIS OF METATARSAL 3

Interspecific MT 3 Shape Variation

Articular surface shape was examined using a principal components analysis to
determine whether MT 3 proximal articular surface shape shows differences between
species. The first three principal components represent 52% of the variation observed in
the sample. Principal component 4 accounted for 11% of the variation, but did not reveal
anything new about morphology not represented in PCs 1-3; no groups were statistically
different from one another at the PC 4 axis. The individual proportions for the principal
components of PC 5 and higher were below 8% and are not morphologically revealing.
See Table 8.1 for the proportions of variation represented by PC 1, PC 2, and PC 3. Refer
to Figures 8.1 and 8.2 for an example of each species and for photos of the fossils.

Discussion of the PCA results follows.

Table 8.1 Proportion of PC Variance for MT 3

Proportion of Variance for MT 3

PC1 PC2 PC3

24% 16% 12%

Table 8.2 Extant Specimens in the MT 3 Analysis

Group Number
Gorilla 30
Pan 30
Hylobates 30
Homo 30

unshod Homo 35
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Figure 8.1 Extant groups for MT 3 photos: A) recent Homo; B) unshod Homo; C)
Gorilla; D) Pan; E) Hylobates.

Figure 8.2 MT 3 fossil photos: A) Stw 387; B) Stw 388 (this is a right, reversed); C) Stw
435 (this is a right, reversed); D) Stw 477; E) Stw 496; F) OH 8. These specimens are not
to scale.

MT 3 Principal Component 1

There are clear groupings with overlap of human and ape specimens on the PC 1
axis (Figure 8.3); an ANOVA was conducted to test for differences in the means of PC 1
scores between groups; there was a statistically significant result with a p value below
0.00. The following tests for assumptions of data normality were conducted: skewness
normality of residuals, kurtosis normality of residuals, omnibus normality of residuals,
and the Levene equal variance test. All passed at the 0.05 significance level. To test for
statistically significant differences in means between specific groups, the Tukey-Kramer

post-hoc test was conducted with the ANOVA. The results are reported in Table 8.3.
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Table 8.3 Tukey-Kramer Multiple-Comparison Test for PC 1

Group Specimens Mean  Different From Groups
Gorilla 30 0.06 unshod Homo, Homo, Hylobates
Pan 30 0.05 unshod Homo, Homo, Hylobates
Hylobates 30 0.02 unshod Homo, Homo, Gorilla, Pan
Homo 30 -0.05 Hylobates, Gorilla, Pan
unshod Homo 35 -0.07  Hylobates, Gorilla, Pan

Table 8.4 Principal Component 1 Ranges for MT 3
Group Minimum Maximum Range
Gorilla 0.00 0.12 0.12
Pan -0.03 0.14 0.17
Hylobates -0.05 0.10 0.15
Homo -0.12 -0.01 0.11
unshod Homo -0.13 0.00 0.13

Table 8.5 Fossil PC 1 Values for MT 3

Specimen PC1
Stw 387 -0.05
Stw 388 -0.03
Stw 435 -0.01
Stw 477 0.00
Stw 496 -0.04
OH 8 -0.03
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Both human groups are statistically different from all ape groups. Pan and Gorilla
are not significantly different from one another, but Hylobates is different from the other
apes and humans. The PC 1 plot shows that Hylobates overlaps both human and African
apes, with slightly more overlap with the apes. Pan overlaps humans to a lesser degree,

and the range of Gorilla just barely connects with the extreme higher range of unshod

Homo.
Figure 8.3 Plot of PC 1 and PC 2 group averages and fossil specimens
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The negative portion of the PC 1 axis, primarily occupied by humans, reflects a
relatively narrow, flat articular surface (Figure 8.4). The dorsal and plantar aspects of the
surface are of similar width, creating a rectangular surface shape. The positive area of PC

1 is occupied especially by the African apes, and reflects a surface that is markedly wide
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at the dorsal area and extremely narrow in the plantar aspect (Figure 8.5). In addition, the
shape for the African apes slightly convex, especially at the dorsal aspect.

Figure 8.4 PC 1 (-0.10) A) medial view; B) proximal view; C) proximal view, tilted in
the plantar direction (foreground).
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Figure 8.5 PC 1 (0.13) A) medial view; B) proximal view; C) proximal view, tilted in the
plantar direction (foreground).

Recent Homo and unshod Homo are indistinguishable at the PC 1 axis. There

appears to be combined effects between PC 1, PC 2, and size that will be discussed in the

next section. Over all, there is a visual trend for the smaller bodied and more arboreal ape

groups to have lower average PC 1 scores combined with lower PC 2 scores.
All of the fossil specimens group with humans, though Stw 477 lies exactly where

Gorilla and unshod Homo overlap. In addition, all fossil specimens overlap Hylobates in
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the same area it overlaps Homo. Only Stw 477 overlaps Gorilla, but all specimens other
than Stw 387 and Stw 386 overlap Pan. Of the specimens that overlap, OH 8 and Stw
388 just overlap the extreme negative range of Pan.
MT 3 Principal Component 2

An ANOVA was conducted to test for differences in the means of PC 2 scores
between groups, with a statistically significant result and a p value below 0.00. The
following tests for assumptions of data normality were conducted: skewness normality of
residuals, kurtosis normality of residuals, omnibus normality of residuals, and the Levene
equal variance test. All failed at the 0.05 significance level, except for the test for equal
variance. To test for statistically significant differences in means between specific
groups, the Tukey-Kramer post-hoc test was conducted with the ANOVA. The results are

reported in Table 8.6.

Table 8.6 Tukey-Kramer Multiple-Comparison Test for PC 2

Group Specimens Mean  Different From Groups

Gorilla 30 0.05 unshod Homo, Homo, Pan, Hylobates
Pan 30 0.01 Hylobates, Gorilla

Hylobates 30 -0.09 unshod Homo, Homo, Gorilla, Pan
Homo 34 0.00 Hylobates, Gorilla

unshod Homo 35 0.01 Hylobates, Gorilla

The results show that there three groupings on the PC 2 axis. Gorilla is different
from all other groups and has a higher average PC 2 score. Both human groups and Pan
group together and are not statistically different from one another. Hylobates is different

from all groups and has a lower average PC 2 score. See Figure 8.3.
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Table 8.7 Principal Component 2 Ranges for MT 3

Group Minimum Maximum Range
Gorilla -0.01 0.15 0.16
Pan -0.05 0.07 0.12
Hylobates -0.13 -0.04 0.09
Homo -0.06 0.09 0.15
unshod Homo -0.03 0.06 0.09

Table 8.8 Fossil PC 2 Values for MT 3

Specimen PC2
Stw 387 0.02
Stw 388 0.07
Stw 435 0.06
Stw 477 0.07
Stw 496 0.03
OH 8 -0.01

The extreme negative portion of the PC 2 axis, occupied by Hylobates, reflects a
round dorsal surface and relatively narrower plantar portion of the surface. The most
striking difference is that the surface is highly convex. At the extreme positive area
occupied by Gorilla, the dorsal surface is more rectangular in shape, with a wider plantar
aspect that is expanded at the lateral aspect. In addition, the surface is slightly convex.

None of the fossil specimens overlap Hylobates at the PC 2 axis (Tables 8.7 and
8.8). All fossils overlap Gorilla and Pan, with OH 8 just overlapping at the most extreme
lower point of the range of Gorilla. Stw 388 and Stw 477 just overlap the upper extreme

of Pan. All fossil specimens overlap Homo, with Stw 388 and Stw 477 falling just
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outside the upper range of unshod Homo. The combined effects of PC 1 and PC 2 on the
fossil specimens make all of the specimens overall appear to share much more in
common with humans than apes. The specimens OH 8, Stw 387, and Stw 496 particularly

share affinity with both human groups.

Figure 8.6 PC 2 (-0.11) A) medial view; B) proximal view; C) proximal view, tilted in
the plantar direction (foreground).

Figure 8.7 PC 1 (0.16) A) medial view; B) proximal view; C) proximal view, tilted in the
plantar direction (foreground).

MT 3 Principal Component 3

An ANOVA revealed a statistically significant result with a p value below 0.00
when comparing PC 3 scores between groups in this analysis. The following tests for

assumptions of data normality were conducted: skewness normality of residuals, kurtosis
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normality of residuals, omnibus normality of residuals, and the Levene equal variance
test. All failed at the 0.05 significance level, except for the test for equal variance. To test
for statistically significant differences in means between specific groups, the Tukey-
Kramer post-hoc test was conducted with the ANOVA. The results are reported in Table
8.9.

All groups overlap considerably at the PC 3 axis (Figure 8.7). There is not a
dichotomy between apes and humans at this axis as there is in several other MT surface
analyses. Gorilla is only different from Hylobates and Pan. Pan is different from Recent
Homo and Gorilla (Table 8.9). Hylobates is different from Gorilla, while recent Homo is
only different from Pan. Unshod Homo is not different from any other group.

The PC 3 axis for the analysis of MT 3 largely reflects analytical noise (Figures
8.8 and 8.9). There is a low tendency at the positive are of the axis for the surface to be
slightly convex. At the extreme negative area of the PC 3 axis the dorsal surface is
relatively larger to a small degree, with the plantar area slightly shorter in the dorso-

plantar aspect.

Table 8.9 Tukey-Kramer Multiple-Comparison Test for PC 3

Group Specimens Mean  Different From Groups
Gorilla 30 -0.02  Hylobates, Pan

Pan 30 0.02 Gorilla, Homo
Hylobates 30 0.01 Gorilla

Homo 30 -0.02  Pan

unshod Homo 35 0.06 None
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Table 8.10 Principal Component 3 Ranges for MT 3

Group Minimum Maximum Range
Gorilla -0.10 0.07 0.17
Pan -0.04 0.10 0.14
Hylobates -0.06 0.12 0.18
Homo -0.22 0.09 0.32
unshod Homo -0.16 0.06 0.22

Table 8.11 Fossil PC 3 Values for MT 3

Specimen PC1
Stw 387 -0.03
Stw 388 -0.04
Stw 435 0.09
Stw 477 0.06
Stw 496 0.03

OH 8 0.01
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Figure 8.8 Plot of PC 1 and PC 3 group averages and fossil specimens for MT 3
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Figure 8.9 PC 3 (-0.13) A) medial view; B) proximal view; C) proximal view, tilted in
the plantar direction (foreground)




177

Figure 8.10 PC 3 (0.10) A) medial view; B) proximal view; C) proximal view, tilted in
the plantar direction (foreground).
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Fossils with Absent Data for MT 3

Stw 238

The fossil specimen Stw 238 is a proximal right MT 3. The dorsal surface is
intact, but the plantar aspect is absent except for the lateral edge (Figure 8.10). The dorsal
surface is flat. Its overall appearance is very similar to the other South African MT 3
specimens, and even though most of the plantar portion in missing, it can be discerned
that the lateral surface edge does not curve toward the medial aspect to create a narrow
surface as is the case with apes. Its appearance is consistent with the other fossil

specimens, and has more in common with Homo than the apes.

Figure 8.11 Stw 238, right side flipped to appear as a left
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Interspecific Size and Shape Relationships

An ANOVA was conducted to test for differences in centroid sized between
groups. The result was significant, with a p < 0.00. Hg is falsified. In addition, tests for
skewness normality of residuals, kurtosis normality of residuals, omnibus normality of
residuals, and a Levene equal variance test were conducted. All passed at the 0.05 level
except for the test of equal variance. A Tukey-Kramer post-hoc test was conducted to

find differences in centroid size between specific groups. See Table 8.12.

Table 8.12 Tukey-Kramer Multiple-Comparison Test for Centroid Size of MT 3

Group Specimens ~ Mean  Different From Groups

Gorilla 30 39.75  Hylobates, Pan, unshod Homo
Pan 30 31.62  Hylobates, Homo, Gorilla
Hylobates 30 12.80  Pan, unshod Homo, Homo, Gorilla
Homo 30 38.30  Hylobates, Pan, unshod Homo
unshod Homo 35 33.45  Hylobates, Homo, Gorilla

Table 8.13 Centroid Size Ranges for MT 3

Group Minimum Maximum Range
Gorilla 31.44 48.67 17.23
Pan 27.78 35.31 7.53
Hylobates 11.55 14.47 2.92
Homo 30.79 46.16 15.37

unshod Homo 27.75 41.10 13.35
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There are three distinct size groupings. Hylobates is the smallest group and is
significantly smaller that all other groups. Unshod Homo and Pan are not different in size
from one another but both are different in size from all other groups. Similarly, recent

Homo and Gorilla are not different in size but both are different from all other groups.

Table 8.14 Fossil Centroid Sizes for MT 3

Specimen Centroid
Stw 387 30.35
Stw 388 33.42
Stw 435 33.56
Stw 477 29.46
Stw 496 31.11
OH 8 29.46

Regression analysis and an ANCOVA were conducted to determine whether there
is a relationship between size and shape at the intraspecific level (Table 8.15). The

regression analysis resulted in a significant relationship between centroid size and each

PC axis.
Table 8.15 Regression and ANCOVA results
PC1 PC2 PC3
R* with PC and Size 0.03 0.65 0.06

R* with PC, Size, and Species 0.71 0.73 0.13
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The PC 1 score is the most important for illustrating the differences between
human and ape proximal MT 3 shape. When considering PC 1 scores and centroid size
alone, there is a borderline significant relationship, with p = 0.048 (Figure 8.11).
However, when considering species group in an ANCOVA, the R” increases
dramatically. The human groups are not very different in articular surface size compared
to the African apes, but the increase in the percentage of variation explained when
combining size with species indicates that species, or locomotion, is the biggest

determinate of articular surface shape.

Figure 8.12 Regression for interspecific PC 1 and size relationships for MT 3

Regression of PC 1 by Centroid Size (R?=0.03)
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There is a very strong relationship between size and shape on the PC 2 axis, with
a p value below 0.00 (Figure 8.12). The R? increases when species is used as a variable,
but not so dramatically as with PC 1. Hylobates is the most different at the PC 2 axis and

is the smallest. The larger groups have a tendency to have a less convex, flatter, or even
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slightly concave surface whereas Hylobates has a markedly convex surface. While
Hylobates overlaps humans more than the other ape groups on the PC 1 axis, the
morphology of Hylobates is unique from all groups when combined with PC 2. The
question remains as to whether the unique morphology exhibited in Hylobates is more of
a factor of size or whether it is locomotion, and additional arboreal primate samples will
need to be included in later analyses to isolate this. Recent work has showed that the
midtarsal break actually involves a great deal of mobility at the MT 4 and MT 5
tarsometatarsal joints in apes and is evidenced by greater MT 4 proximal articular surface
convexity (DeSilva, 2010). Greater convexity of the proximal metatarsal articular surface
is suggestive of greater flexion, and since Hylobates is markedly convex at the MT 3
proximal surface one can produce the hypothesis that this greater flexibility of the

midtarsal area extends further medially to the MT 3 tarsometatarsal joint in Hylobates.

Figure 8.13 Regression for interspecific PC 2 and size relationships for MT 3
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The p value for the regression analysis of PC 3 as explained by centroid size was
less than 0.00 (Figure 8.13). However, the R” value is low. Even though the morphology
of PC 3 does not distinguish as clearly between species groups, there is a slight tendency

for smaller sized specimens to have a higher PC 3 score.

Figure 8.14 Regression for interspecific PC 3 and size relationships for MT 3

Regression of PC 3 by Centroid Size (R*=0.06)
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Intraspecific MT 1 Shape, Size, and Sex Variation
The following section discusses the results of analysis to determine whether there
are size and/or sex related influences on shape within groups.
Gorilla

Gorilla Size and Sex

A t-test assuming unequal variance was conducted to compare centroid size

between males and females. The result indicated an insignificant relationship with a p
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value of 0.23. There is no difference in proximal articular MT 3 surface size between
males and females.

Gorilla Shape and Size

T-tests were conducted for PC 1, PC 2, and PC 3 to compare mean principal
component scores between males and females. All tests revealed an insignificant result.
The p value for the PC 1 t-test was 0.45, for the PC 2 t-test it was 0.12, and for the PC 3
t-test it was 0.35. There are no articular surface shape differences between males and
females.

Pan

Pan Size and Sex

A t-test assuming unequal variance was conducted to compare centroid size
between males and females. The result indicated an insignificant relationship with a p
value of 0.25. There is no difference in proximal articular MT 3 surface size between
males and females.

Pan Shape and Size

T-tests were conducted for PC 1, PC 2, and PC 3 to compare mean principal
component scores between males and females. All tests revealed an insignificant result.
The p value for the PC 1 t-test was 0.47, for the PC 2 t-test it was 0.22, and for the PC 3
t-test it was 0.35. There are no articular surface shape differences between males and
females.

Hylobates

Hpylobates Size and Sex

A t-test assuming unequal variance was conducted to compare centroid size
between males and females. The result indicated an insignificant relationship with a p
value of 0.20. There is no difference in proximal articular MT 3 surface size between

males and females.
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Hylobates Shape and Size

T-tests were conducted for PC 1, PC 2, and PC 3 to compare mean principal
component scores between males and females. All tests revealed an insignificant result.
The p value for the PC 1 t-test was 0.37, for the PC 2 t-test it was 0.07, and for the PC 3
t-test it was 0.29. There are no articular surface shape differences between males and
females.

Shod Homo
Size and Sex

A t-test assuming unequal variance was conducted to compare centroid size
between males and females. The result indicated an insignificant relationship with a p
value of 0.09. There is no difference in proximal articular MT 3 surface size between
males and females.

Homo Shape and Size

T-tests were conducted for PC 1, PC 2, and PC 3 to compare mean principal
component scores between males and females. All tests revealed an insignificant result.
The p value for the PC 1 t-test was 0.18, for the PC 2 t-test it was 0.25, and for the PC 3
t-test it was 0.24. There are no articular surface shape differences between males and
females.

Unshod Homo

Recent and unshod Homo Differences

As indicated by the ANOVA reported above, there is a significant difference in
MT 3 articular surface size between recent Homo and unshod Homo.

Homo Comparative Shape

The ANOVA results reported previously for PC 1, PC 2, and PC 3 revealed that

there are no shape differences between recent Homo and unshod Homo.
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Discussion

The combined effects of PC 1 and PC 2 produces three distinct groups, with some
overlap that is especially pronounced on the PC 2 axis between the African apes and
human groups. The results of this analysis are very similar to the analysis of MT 2. On
the PC 1 axis, humans have a relatively narrow articular surface that is expanded in the
plantar area compared to the apes. Therefore, H; (that the human MT 3 will have an
expanded articular surface) cannot be falsified. However, this analysis differs from the
analysis of MT 2 in that Pan overlaps human groups on the PC 1 axis, whereas Gorilla
did for MT 2. Hylobates also overlaps with humans, but the Hylobates shape is highly
influenced by PC 2. The Gorilla shape is also influenced by PC 2 on the opposite axis.
The combined effects for Gorilla indicate a surface shape that is wide in the dorsal area,
narrow in the plantar area, but relatively flat with some indication of concavity. Pan is in
an intermediate position on the PC 2 axis. The extreme shape of Hylobates on PC 2
indicates a surface that is narrow in the plantar aspect and rounded in the dorsal aspect.
Most importantly, the surface of Hylobates is markedly convex.

A recent study by DeSilva (2010) found that the midtarsal break observed in non-
human primates is not only the result of movement at the calcaneocuboid joint but also at
the tarsometatarsal joints for MT 4 and MT 5 with the distal cuboid. A consequence of
this motion is that the proximal MT 4 and MT 5 surfaces are markedly convex to allow
the joint to dorsiflex. The presence of extreme convexity on the proximal MT 3 articular
surface suggests that in Hylobates the lateral flexibility of the foot may extend further
medially that it does in apes. This hypothesis should be tested in a later study.

All of the fossil specimens fall in the range of humans on the PC 1 axis, but Stw
435 and Stw 477 overlap apes to a greater degree. The specimen OH 8 overlaps humans
and is grouped most strongly with humans; thus, He cannot be falsified.

Very similarly to the analysis of MT 2, in terms of centroid size Gorilla and

Homo are not different. Likewise, Pan and unshod Homo are not different in size, but
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Hylobates is different from all other groups. Regression analysis yielded a significant
result with a relationship between size and each PC axis. The hypothesis (H;) that
differences in shape between species are not related to size is falsified. However, the
portion of variance due to size alone is very closely related to the way the groups are
clustered on the PC 1 and PC 2 axes. The portion of variance explained by size for PC 1
is only 3%. Although there is a division between humans and African apes on the PC 1
axis, even those pairing that do differ in size do not do so dramatically. Hylobates is the
smallest group and overlaps the center area of the range of groupings on the PC 1 axis.
This is in direct contrast to the relationship between size and shape on the PC 2 axis,
where size explains 65% of the variation. This is most important for interpreting shape
differences between ape groups, as there is a clear gradation of shape change on the PC 2
axis from larger bodied Gorilla through intermediate Pan and finally to smaller
Hylobates that has an extreme location on the negative PC 2 axis.

An interesting finding for the MT 3 proximal articular surface is that there are no
intraspecific differences in size between males and females for any of the groups, thus Ho
is not falsified. This is surprising, particularly for Gorilla which is known to have
considerable sexual dimorphism. It is possible that the overall dimensions MT 3 are
different between the sexes, with males have a longer more robust metatarsal, for
instance, but at least in terms of articular surface size there is no difference. A hypotheses
can be put forth to explain this by the idea that the MT 3 proximal surface is under less
stress during locomotion for all groups. In apes much of the stress is on the lateral foot,
and in humans weight quickly transitions to the medial side of the foot. This leaves the
MT 3 surface the area with the least burden during locomotion. In apes, MT 2 is in
opposition to the hallux, and even though the base of the metatarsal is not subject to the
same kind of compressive forces as the human foot in this region during locomotion, apes

do subject this area to stress through grasping and locomotion in trees. It is therefore not
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surprising that MT 2 would show differences in size between males and females in
dimorphic groups.

Although unshod Homo and shod Homo are different in terms of articular surface
size, no significant differences in PC scores occurred. Therefore, the hypothesis (Ha4) that
there are no significant differences in surface shape between shod and unshod humans

cannot be falsified for MT 3.
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CHAPTER 9: ANALYSIS OF METATARSAL 4

Interspecific MT 4 Shape Variation

A principal components analysis was conducted to assess whether MT 4 proximal
articular surface shape shows differences between species. A total of 65% of the variation
in this analysis accounts for PCs 1, 2, and 3. Principal component 4 and beyond were not
revealing in terms of shape differences. Although PC 3 does not show differences
between any of the groups in this analysis, it does show a trend of shape reflected by all
species, and is thus found meaningful enough to be described here. Refer Table 9.1 for
the proportions of variation represented by PC 1 though PC 3. See Figures 9.1 and 9.2 for
an example of each species and for photos of the fossils. The PCA results are discussed

below.

Table 9.1 Proportion of PC Variance for MT 4

Proportion of Variance for MT 4

PC1 PC2 PC3

30% 23% 12%

Table 9.2 Extant Specimens in the MT 4 Analysis

Group Number
Gorilla 30
Pan 30
Hylobates 30
Homo 32

unshod Homo 33
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Figure 9.1 MT 4 extant groups photos: A) recent Homo; B) unshod Homo; C) Gorilla;
D) Pan; E) Hylobates.

MT 4 Principal Component 1

The PC 1 axis shows three groupings; an ANOVA was conducted to test for
differences in the means of PC 1 scores between groups. This analysis yielded a
statistically significant result with p <0.0001. The following tests for assumptions of data
normality were conducted: skewness normality of residuals, kurtosis normality of
residuals, omnibus normality of residuals, and the Levene equal variance test. All passed
at the 0.05 significance level. A Tukey-Kramer post-hoc test was conducted with the
ANOVA to test for statistically significant differences in means between specific groups.

Refer to Table 9.3.
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Table 9.3 Tukey-Kramer Multiple-Comparison Test for PC 1

Group Specimens Mean  Different From Groups

Gorilla 30 -0.10  Hylobates, unshod Homo, Homo
Pan 30 -0.11 Hylobates, unshod Homo, Homo
Hylobates 30 -0.01 Pan, Gorilla, unshod Homo, Homo
Homo 32 0.11 Pan, Gorilla, Hylobates

unshod Homo 33 0.09 Pan, Gorilla, Hylobates

The groupings on the PC 1 axis agree with the post-hoc test for differences

between group means (Figure 9.3). The African apes are not different from one another,

and the Homo groups are similarly undifferentiated. Between the humans and African ape

groups lie Hylobates, which is statistically different from all other groups.

Table 9.4 Principal Component 1 Ranges for MT 4

Group Minimum Maximum Range
Gorilla -0.17 -0.03 0.14
Pan -0.21 -0.01 0.21
Hylobates -0.07 0.06 0.12
Homo 0.03 0.18 0.15
unshod Homo -0.01 0.15 0.16
Table 9.5 Fossil PC 1 Value for MT 4

Specimen PC1

Stw 628 0.00

OH 8 0.08
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The overall shape trend on the PC 1 axis is as follows. At the negative aspect of
the axis, occupied primarily by Pan and Gorilla, shows a highly convex articular surface
Figure 9.4). In addition, the articular surface is expanded at the dorso-medial aspect with
surface curvature extended to this area as well. On the positive extreme of the PC 1 axis,
occupied by the human groups, the surface flattens out considerably (Figure 9.4). There is
some small amount of convexity. The overall surface shape is more rectangular, with
parallel medial and lateral surface edges. Hylobates occupies a space in between the other
groups on the PC 1 axis. The fossil specimen OH 8 overlaps both human groups on PC 1,
and does not overlap any ape groups. In contrast, Stw 628 only overlaps unshod Homo

and Hylobates.

Figure 9.3 Plot of PC 1 and PC 2 group averages and fossil specimens for MT 4
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Figure 9.4 PC 1 (-0.14) A) medial view; B) proximal view; C) proximal view, tilted in
the plantar direction (foreground).

Figure 9.5 PC 1 (0.12) A) medial view; B) proximal view; C) proximal view, tilted in the
plantar direction (foreground).

MT 4 Principal Component 2
To test for differences in the means of PC 2 scores between groups, an ANOVA
was used that yielded a statistically significant result with a p < 0.0001. The following
tests for assumptions of data normality were conducted: skewness normality of residuals,
kurtosis normality of residuals, omnibus normality of residuals, and the Levene equal
variance test. All failed at the 0.05 significance level. To test for statistically significant
differences in means between specific groups, the Tukey-Kramer post-hoc test was

conducted with the ANOVA. The results are reported Table 9.6.
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Table 9.6 Tukey-Kramer Multiple-Comparison Test for PC 2

Group Specimens Mean  Different From Groups

Gorilla 30 0.05 Hylobates, Homo

Pan 30 0.03 Hylobates

Hylobates 30 -0.16  Homo, Pan, Gorilla, unshod Homo
Homo 32 0.01 Hylobates, Gorilla, unshod Homo
unshod Homo 33 0.05 Hylobates, Homo

Table 9.7 Principal Component 2 Ranges for MT 4

Group Minimum Maximum Range
Gorilla -0.02 0.11 0.13
Pan -0.04 0.07 0.12
Hylobates -0.29 -0.05 0.24
Homo -0.09 0.08 0.17
unshod Homo -0.04 0.12 0.16

Table 9.8 Fossil PC 2 Values for MT 4

Specimen PC 4
Stw 628 0.09
OH 8 0.10

On the PC 2 axis, Gorilla is statistically different from Homo and Hylobates. Pan
is only different from Hylobates, and Hylobates is different from all groups. Homo is
different from all groups except Pan, and unshod Homo is different from Hylobates and

Homo.
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Figure 9.6 PC 2 (-0.18) A) medial view; B) proximal view; C) proximal view, tilted in
the plantar direction (foreground).

Figure 9.7 PC 2 (0.07) A) medial view; B) proximal view; C) proximal view, tilted in the
plantar direction (foreground).

As with all interpretations of shape as reflected on PC axes it is important to note
that in interpreting shape, the other axis is by default set to 0.00. In describing PC 2
shape, the strong influences of PC 1 on the African ape and human groupings should be
kept in mind. The mean PC 2 score for Hylobates is close to 0.00; thus, the PC 2
morphology is especially revealing of the shape difference between Hylobates and all
other groups. Hylobates occupies an extreme negative area of PC 2. This area shows most
extreme convexity that extends further to the dorsal area than in other apes, and is
somewhat reminiscent of the dorsal expansion on the human distal MT 1 articular surface

(Figure 9.6). Three specimens of Hylobates are at the most extreme point of PC 2, and
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those specimens showed an even greater dorsal extension of the surface than that
reflected in the wireframe of shape at the -0.18 point of the PC 2 axis. When viewing the
-0.18 wireframe from the proximal aspect, the surface is rounded at the dorsal area. The
lateral and medial sides of the surface extend further to curve around the lateral and
medial sides of the metatarsal. The dorso-medial aspect of the surface is not extended.

All other groups occupy an area of the axis much closer to 0.00, or higher, with
some differences in means as noted above. The shape shown on the positive area of the
PC 2 axis has much reduced convexity, with some extension of the surface at the dorso-
medial area (Figure 9.7). The fossils OH 8 and Stw 628 overlap unshod Homo and
Gorilla, but no other groups on the PC 2 axis.

MT 4 Principal Component 3

An ANOVA revealed a statistically insignificant result with p = 0.27 when
comparing PC 3 scores between groups in this analysis. The following tests for
assumptions of data normality were conducted: skewness normality of residuals, kurtosis
normality of residuals, omnibus normality of residuals, and the Levene equal variance
test. All passed at the 0.05 significance level. To test for statistically significant
differences in means between specific groups, the Tukey-Kramer post-hoc test was

conducted with the ANOVA (Table 9.9).

Table 9.9 Tukey-Kramer Multiple-Comparison Test for PC 4

Group Specimens Mean  Different From Groups
Gorilla 30 0.01 None
Pan 30 -0.01  None
Hylobates 30 0.00 None
Homo 32 0.01 None

unshod Homo 33 -0.01 None
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Table 9.10 Principal Component 3 Ranges for MT 4

Group Minimum Maximum Range
Gorilla -0.15 0.15 0.30
Pan -0.12 0.08 0.20
Hylobates -0.12 0.13 0.24
Homo -0.13 0.12 0.25
unshod Homo -0.14 0.13 0.27

Table 9.11 Fossil PC 3 Values for MT 4

Specimen PC3
Stw 628 -0.09
OH 8 0.02

Figure 9.8 Plot of PC 1 and PC 3 group averages and fossil specimens for MT 4
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All groups overlap considerably on the PC 3 axis, and there are no differences
between group means (Figure 9.8). The shape trend on the PC 3 axis reflects a relatively
narrow surface at the negative area of the axis, and a wider surface at the positive area of
the axis (Figures 9.9 and 9.10). No group means are different at this axis. The variation in

surface width is common trait between groups. The fossil specimens overlap all groups at

the PC 3 axis.

Figure 9.9 PC 3 (-0.10) A) medial view; B) proximal view; C) proximal view, tilted in
the plantar direction (foreground).

Figure 9.10 PC 3 (0.10) A) medial view; B) proximal view; C) proximal view, tilted in
the plantar direction (foreground).
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Fossil with Absent Data for MT 4

Stw 485

The fossil specimen Stw 485 is a proximal left MT 4 (Figure 9.11). A significant
portion of the medio-plantar surface is absent, but the portion present indicates that the
surface is relatively flat. Further, it lacks extension of the dorso-medial area that occurs in
apes. It has the general appearance of a human-like MT 4 joint surface and closely
resembles Stw 628. An attempt was made to analyze this specimen with the other
samples by eliminating missing landmarks and estimating the location of the landmarks
on the medial surface edge. However, the analysis did not yield meaningful results. For

this reason the analysis of this specimen is qualitative.

Figure 9.11 Photo of Stw 485

Interspecific Size and Shape Relationships

An ANOVA was conducted to test for differences in centroid sized between
groups. The result was significant, with p <0.0001. Hy is falsified. In addition, tests for
skewness normality of residuals, kurtosis normality of residuals, omnibus normality of
residuals, and a Levene equal variance test were conducted. All passed at the 0.05 level
except for the test of equal variance. A Tukey-Kramer post-hoc test was conducted to

find differences in centroid size between specific groups. See able 9.12.
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In terms of articular surface size, Gorilla, Homo, and Hylobates are different from

each other and all other groups. Pan and unshod Homo are not different from each other,

but each is different from all other groups.

Table 9.12 Tukey-Kramer Multiple-Comparison Test for Centroid Size of MT 4

Group Specimens  Mean  Different From Groups
Gorilla 30 39.79  Hylobates, unshod Homo, Pan, Homo
Pan 30 30.57  Hylobates, Homo, Gorilla
Hylobates 30 12.80  unshod Homo, Pan, Homo, Gorilla
Homo 32 33.87  Hylobates, unshod Homo, Pan, Gorilla
unshod Homo 33 30.07  Hylobates, Homo, Gorilla
Table 9.13 Centroid Size Ranges for MT 4
Group Minimum Maximum Range
Gorilla 31.95 47.61 15.67
Pan 26.95 34.02 7.07
Hylobates 11.36 15.00 3.65
Homo 28.19 39.15 10.96
unshod Homo 24.97 36.05 11.08
Table 9.14 Fossil Centroid Sizes for MT 4
Specimen Centroid
Stw 628 26.89
OH 8 28.46

A regression analysis was conducted to determine whether there is a relationship

between size and shape at the intraspecific level for PC 1 (Table 9.15). The test yielded

an insignificant result with p = 0.29. There is no relationship between size and shape on

the PC 1 axis. Regression analysis and an ANCOVA were conducted to determine

whether there is a relationship between size and shape at the intraspecific level for PC 2



(Table 9.15). The regression analysis resulted in a significant relationship between

centroid size and each PC 2, with p < 0.001 (Figure 9.12). The ANCOVA included
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species group names as a variable, and was significant with p < 0.001. The R* value for

the linear regression was 0.59, and went up to 0.81 when species was included in

ANCOVA analysis. A regression analysis was not conducted to compare centroid size

with PC 3 because no groups are significantly different on the PC 3 axis.

Table 9.15 Regression and ANCOVA results

PC 1* PC2
R*with PC and Size 0.007 0.59
R? with PC, Size, and Species - 0.81

*Regression of centroid size and PC 1 yielded an insignificant result.

Figure 9.12 Regression for interspecific comparison of PC 2 by centroid size

Regression of PC 2 by Centroid (R*=0.59)
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By including species in the regression analysis of centroid size and PC 2, the
amount of variation explained increases by 22%. The biggest difference at the PC 2 axis
and in centroid size is between Hylobates and all other groups. Recent analysis of the so-
called midtarsal break present in apes reflects movement at the proximal MT 4 and MT 5
joint surfaces in addition to movement at the proximal cuboid joint (DeSilva, 2010). The
extreme curvature present in Hylobates, combined with articular joint surface excursion
to the dorsal aspect suggests that the range of motion at this joint in Hylobates is greater
than in African apes. Whether that mobility is related to smaller body size or greater
arboreality is undeterminable in this analysis without including similarly sized primates
that are more terrestrial.

Intraspecific MT 4 Shape, Size, and Sex Variation

The following section discusses the results of analyses to determine whether there

are size and/or sex related influences on shape within groups.
Gorilla

Gorilla Size and Sex

A t-test assuming unequal variance was conducted to compare centroid size
between males and females. The result indicated an insignificant relationship with p =
0.26. There is no difference in proximal articular MT 4 surface size between males and
females.

Gorilla Shape and Size

T-tests were conducted for PC 1, PC 2, and PC 3 to compare mean principal
component scores between males and females. All tests revealed an insignificant result.
The p value for the PC 1 t-test was 0.07, for the PC 2 t-test it was 0.17, and for the PC 3
t-test it was 0.26. There are no articular surface shape differences between males and

females.



Pan Size and Sex
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A t-test assuming unequal variance was conducted to compare centroid size

between males and females. The result indicated an insignificant relationship with p =

0.06 (Table 9.16). There is no difference in proximal articular MT 4 surface size between

males and females.

Table 9.16 T-test to compare PC 1 between sexes in Pan

t-Test: Two-Sample Assuming Unequal Variances

Females Males
Mean -0.12 -0.08
Variance 0.00 0.00
Observations 21.00 9.00
df 21.00
t Stat -2.24
P(T<=t) one-tail 0.02
t Critical one-tail 1.72
P(T<=t) two-tail 0.04
t Critical two-tail 2.08

Pan Shape and Size

T-tests were conducted for PC 1, PC 2, and PC 3 to compare mean principal

component scores between males and females. The tests revealed an insignificant result

for PC 2 (p =0.15) and PC 3 (p = 0.14). The p value for the PC 1 t-test was significant

with p = 0.02. Since there is not a significant difference in articular surface size between

males and females, size cannot explain this difference between males and females. It is
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possible that larger sample sizes would yield an insignificant result, particularly because
there is a fairly large difference between the number of males and females compared.
Hylobates

Hpylobates Size and Sex

A t-test assuming unequal variance was conducted to compare centroid size
between males and females. The result indicated an insignificant relationship with p =
0.40. There is no difference in proximal articular MT 4 surface size between males and

females.

Table 9.17 T-test to compare PC 3 between sexes in Hylobates

t-Test: Two-Sample Assuming Unequal Variances

Females males
Mean -0.03 0.03
Variance 0.00 0.00
Observations 17.00 13.00
df 27.00
t Stat -3.07
P(T<=t) one-tail 0.00
t Critical one-tail 1.70
P(T<=t) two-tail 0.00
t Critical two-tail 2.05

Hylobates Shape and Size

T-tests were conducted for PC 1, PC 2, and PC 3 to compare mean principal
component scores between males and females. Tests for PC 1 and PC 2 revealed an

insignificant result. The p value for the PC 1 t-test was 0.47, for the PC 2 t-test it was
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0.29. There is a significant difference between males and females for PC 3, with p =
0.002 (Table 9.17). Males have a higher average score, which is associated with a
relatively narrower articular surface. Since there is no difference in size between males
and females, size cannot account for this difference.

Shod Homo
Size and Sex

A t-test assuming unequal variance was conducted to compare centroid size

between males and females. The result indicated a significant relationship with p = 0.02
(Table 9.18). There is a significant difference between males and females in proximal

articular MT 4 surface size.

Table 9.18 T-test to compare centroid size between sexes in Homo

t-Test: Two-Sample Assuming Unequal Variances

Females Males
Mean 32.77 35.10
Variance 6.10 9.30
Observations 14.00 15.00
df 26.00
t Stat -2.27
P(T<=t) one-tail 0.02
t Critical one-tail 1.71
P(T<=t) two-tail 0.03

t Critical two-tail 2.06
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Homo Shape and Size

T-tests were conducted for PC 1, PC 2, and PC 3 to compare mean principal
component scores between males and females. All tests revealed an insignificant result.
The p value for the PC 1 t-test was 0.35, for the PC 2 t-test it was 0.46, and for the PC 3
t-test it was 0.42. There are no articular surface shape differences between males and
females.

Unshod Homo

Recent and Unshod Homo Differences

As indicated by the ANOVA reported above, there is a significant difference in

MT 4 articular surface size between recent Homo and unshod Homo.

Figure 9.13 Regression for PC 2 by centroid size (shod and unshod Homo)

Regression of PC 2 by Centroid (R*=0.16)
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Homo Comparative Shape

The ANOVA results reported previously for PC 1, PC 2, and PC 3 revealed that
Homo and unshod Homo are significantly different at the PC 2 axis. A regression analysis
to look for a relationship between centroid size and PC 2 yielded a significant result with
p=0.001 and an R? of 0.16 (Figure 9.13). Shod Homo is larger than unshod Homo, and
has a tendency to have a lower PC 2 score. The lower PC 2 score indicates a slightly
more convex articular surface in shod Homo. Size accounts for 16% of the variation. To
what degree population differences or differences due to shod or unshod habits account
for the rest of the variation is indeterminable in this analysis. One hypothetical model is
that habitually unshod feet develop a flatter articular surface during growth and
development for greater stability of the joint.
Discussion

As with many of these analyses, the combination of PC 1 and PC 2 is most
revealing in terms of shape differences between groups. In this case it is even truer
because there were no differences between groups on the PC 3 axis. This axis essentially
reflects variable surface width that exists in all groups. However, the differences reflected
on the PC 1 and PC 2 axis are revealing and reflect function of the joint very closely.

When plotting a combination of PC 1 and PC 2, there are three groupings that do
not overlap. African apes are not different from one another on the PC 1 axis and group
together. Both human groups are not different from one another and group together on
the positive side of PC 1 and PC 2. Hylobates occupies an area between these groupings
on PC 1, but is located in an extreme negative area of PC 2. As predicted in the
hypothesis (Hs), apes have a highly convex articular surface. Therefore, H4 cannot be
falsified. This finding corroborates DeSilva’s (2010) findings when he quantified
maximum curvature relative to dorso-plantar surface height. However, one additional

finding here is that Hylobates has an extreme degree of surface curvature.
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The African ape proximal MT 4 articular surface is highly convex, with extension
of the surface in the dorso-medial aspect. Hylobates usually lacks this extension, but has
a highly convex surface that extends further to the dorsal aspect of the metatarsal. This
suggests that Hylobates has a greater degree of flexion at this joint relative to the African
apes, which dovetails into the observation that the MT 3 surface of Hylobates is likewise
highly convex relative to other groups. The presence of the dorso-medial extension of the
surface in African apes may be a consequence of a higher transverse arch in the foot
compared to Hylobates. A higher arch changes the angle at which the bones articulate,
raising the intermetatarsal facet for MT 3. This observation has been made by this author
qualitatively, but it is a hypothesis that should be tested in a later study.

All groups are different from one another in articular surface size except for Pan
and unshod Homo. A regression analysis yielded an insignificant result when looking for
a relationship between size and PC 2. However, a significant result was obtained with PC
3. Size explains 59% of the variation. This is not a surprising result since Hylobates is so
different from all other groups on the PC 2 axis and is also much smaller than all other
groups.

An unexpected result was obtained when testing for differences in size between
sexes within each group. All ape groups showed an insignificant result when testing for
differences in mean centroid size for MT 4. Therefore, the hypothesis (Ho) that there is no
difference in size between sexes cannot be rejected for the ape groups. This is an
interesting finding, especially when considering that a similar result was obtained for MT
3. The high degree of flexion at this joint that occurs with apes may relieve the need to
have a larger articular surface for load bearing. However, there is a significant difference
between human males and females in terms of centroid size. The hypothesis (Ho) that
there is no difference in size between sexes is rejected for humans. This joint is relatively

inflexible in humans, bearing a load during locomotion without a midfoot break.
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The hypothesis (H;,) that there are no differences in articular surface shape
between sexes intraspecifically cannot be falsified for Gorilla. There are no differences in
shape between males and females. This hypothesis cannot be falsified for Pan, since
there is a difference between males and females at the PC 1 axis. However, males and
females are not different in terms of size so size cannot explain this shape difference.
Females have a lower PC 2 score than males, indicating a surface that extends further to
the dorsal aspect. Since this seems to indicate greater flexion at this joint in Hylobates,
it’s possible that even though the surface itself is not larger in males, the overall larger
body size of males compared to females influences the surface morphology due to
different arboreal behavior. H, cannot be falsified for Hylobates; there is a significant
difference in PC 3 scores between males and females. Males tend to have a slightly
narrower surface relative to females. Since the sexes are similar in size, it cannot explain
this shape difference.

The hypothesis (H,) that there are no significant differences in articular surface
shape between shod and unshod humans is falsified. There is a significant difference
between these groups at the PC 2 axis. Shod humans have a marginally greater degree of
curvature. Regression analysis shows that size accounts for 16% of the variation. This
can be interpreted in a couple of ways. The remaining explanation for the shape
difference could simply be a population difference that has no functional significance.
Another possibility is that the articular surface in the unshod group responds
developmentally to produce a flatter articular surface. One way to approach this question
in a later study would be to measure ground reaction forces in the lateral midfoot during
locomotion, to compare how force differs in unshod humans and shod humans while

wearing shoes during locomotion.
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CHAPTER 10: ANALYSIS OF METATARSAL 5

Interspecific MT 5 Shape Variation

Proximal articular surface shape was analyzed with a principal components
analysis. The combined variation explained by PCs 1-3 is 57% (Table 10.1). Principal
component 4 and higher did not reveal meaningful shape variation shape. The table
below reports proportions of variation represented by PC 1, PC 2, and PC 3. Refer to
Figures 10.1 and 10.2 for an example of each species and for photos of the fossils. The

PCA results are discussed below.

Table 10.1 Proportion of PC Variance for MT 5

Proportion of Variance for MT 5

PC1 PC2 PC3

26% 19% 12%

Table 10.2 Extant Specimens in the MT 5 Analysis

Group Number
Gorilla 30
Pan 30
Hylobates 30
Homo 33

unshod Homo 42
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Figure 10.1 MT 5 extant groups photos: A) Gorilla; B) Pan; C) Hylobates; D) Homo; E)
unshod Homo.

Figure 10.2 MT 5 fossil photos; A) Stw 114/115 (Right, flipped to appear as a left); B)
OH 8; C) AL 333-78; D) AL 333-13
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MT S Principal Component 1

The PC 1 axis shows considerable overlap between all groups, which is different
from the analysis of metatarsals 1-4 in that the PC 1 axis is often the axis that shows the
greatest differences between humans and apes (Figure 10.3). An ANOVA was conducted
to test for differences in the means of PC 1 scores between groups. This analysis yielded
a statistically significant result with p <0.0001. The following tests for assumptions of
data normality were conducted: skewness normality of residuals, kurtosis normality of
residuals, omnibus normality of residuals, and the Levene equal variance test. All passed
at the 0.05 significance level. A Tukey-Kramer post-hoc test was conducted with the
ANOVA to test for statistically significant differences in means between specific groups.
See Table 10.3.

Even though all groups overlap, there are differences in the mean PC 1 scores
among many groups. Gorilla is different from all groups. Pan is different from all groups
except Hylobates, while Hylobates is only different from Gorilla. Homo and unshod

Homo are both only different from the African apes, Pan and Gorilla, but not Hylobates.

Table 10.3 Tukey-Kramer Multiple-Comparison Test for PC 1

Group Specimens Mean  Different From Groups

Gorilla 30 -0.06  Homo, unshod Homo, Hylobates, Pan
Pan 30 0.06 Homo, unshod Homo, Gorilla
Hylobates 30 0.03 Gorilla

Homo 33 0.00 Gorilla, Pan

unshod Homo 42 -0.01 Gorilla, Pan
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Group Minimum Maximum Range
Gorilla -0.18 0.06 0.24
Pan -0.03 0.16 0.19
Hylobates -0.13 0.14 0.27
Homo -0.10 0.14 0.24
unshod Homo -0.12 0.17 0.29
Table 10.5 Fossil PC 1 Value for MT 5

Specimen PC1

Stw 114/115 0.02

OH 8 -0.22

AL 333-78 -0.10

AL 333-13 0.00

The articular surface shape on the negative PC 1 axis is medio-laterally more

narrow and expanded in the dorso-plantar aspect (Figure 10.4). Further, the surface is

convex both in the dorso-plantar plane and the medio-lateral plane. At the positive area of

the PC 1 axis the articular surface is medio-laterally expanded and wide relative to its

dorso-plantar height (Figure 10.5). The surface is convex in the dorso-plantar plane but

concave in the medio-lateral plane. The Pan grouping is closer to the extreme positive

range of PC 1, while the range of Homo and Hylobates extends more negatively on the

PC 1 axis. Gorilla is grouped more towards the negative area of the PC 1 axis. The

unshod Homo group spans a considerable range, similar to Homo but extending further

positively and negatively. Of the fossil specimens, AL 333-13, AL 333-78, and Stw

114/115 overlap both human groups. The specimen AL 333-78 also overlaps all ape
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groups except Pan, while AL 333-78 and Stw 114/115 overlap all ape groups. The
specimen OH 8 does not overlap any other groups, which is attributed to the fact that it
has an articular surface which is medio-laterally narrow to an extreme degree relative to

the other specimens of all groups.

Figure 10.3 Plot of PC 1 and PC 2 group averages and fossil specimens for MT 5
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Figure 10.4 PC 1 (-0.19) A) medial view; B) proximal view; C) proximal view, tilted in
the plantar direction (foreground).
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Figure 10.5 PC 1 (0.16) A) medial view; B) proximal view; C) proximal view, tilted in
the plantar direction (foreground)

MT S Principal Component 2

An ANOVA was conducted to test for differences in the means of PC 2 scores

between groups. The analysis yielded a statistically significant result with a p < 0.0001.

The following tests for assumptions of data normality were conducted: skewness

normality of residuals, kurtosis normality of residuals, omnibus normality of residuals,

and the Levene equal variance test. All passed at the 0.05 significance level. To test for

statistically significant differences in means between specific groups, the Tukey-Kramer

post-hoc test was conducted with the ANOVA. The results are reported in Table 10.6).

Table 10.6 Tukey-Kramer Multiple-Comparison Test for PC 2

Group Specimens Mean  Different From Groups
Gorilla 30 0.00 Homo, Hylobates, Pan

Pan 30 0.06 Homo, unshod Homo, Gorilla
Hylobates 30 0.05 Homo, unshod Homo, Gorilla
Homo 33 -0.05 Gorilla, Hylobates, Pan
unshod Homo 42 -0.03  Hylobates, Pan
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There are two main groupings on the PC 2 axis and all groups overlap one another

Figure 10.3). Nonetheless, the PC 2 axis does a better job of distinguishing between more

terrestrial groups versus more arboreal groups compared to the PC 1 axis. One grouping

consists of Pan and Hylobates, both of which are statistically different from all other

groups but not one another. The second grouping consists of Gorilla and both human

groups, but even though shod Homo groups more with Gorilla, their mean PC 2 scores

are significantly different.

Table 10.7 Principal Component 2 Ranges for MT 5

Group Minimum Maximum Range
Gorilla -0.12 0.09 0.21
Pan -0.06 0.18 0.24
Hylobates -0.06 0.13 0.19
Homo -0.15 0.06 0.21
unshod Homo -0.12 0.10 0.22
Table 10.8 Fossil PC 2 Values for MT 5

Specimen PC2

Stw 114/115 0.00

OH 8 0.07

AL 333-78 -0.03

AL 333-13 -0.02

The shape represented on the PC 2 axis is that of an articular surface that is flatter

at the negative area with the medial surface edge sloped obliquely with the dorsal portion
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extending more medially (Figure 10.6). At the positive area of the PC 2 axis the surface is
highly convex at the positive area of the axis (Figure 10.7). In addition, at the positive
side of the axis the surface is obliquely sloped with the plantar portion extending more
medially. The ranges of Pan and Hylobates extend further toward the positive axis of PC
2, while Gorilla and both groups of Homo tend toward the negative aspect of the PC 2
axis. The specimens AL 333-13, AL 333-78, and Stw 114/115 overlap all groups, but
they occupy a location more central to the human groups and Gorilla. The specimen OH

8 overlaps all groups except shod Homo.

Figure 10.6 PC 2 (-0.13) A) medial view; B) proximal view; C) proximal view, tilted in
the plantar direction (foreground)

{ & —

Figure 10.7 PC 2 (0.16) A) medial view; B) proximal view; C) proximal view, tilted in
the plantar direction (foreground)
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MT S Principal Component 3

An ANOVA to test for differences between PC 3 score group means yielded a
statistically significant result with p <0.0001. The following tests for assumptions of data
normality were conducted: skewness normality of residuals, kurtosis normality of
residuals, omnibus normality of residuals, and the Levene equal variance test. All but the
skewness test failed at the 0.05 significance level. To test for statistically significant
differences in means between specific groups, the Tukey-Kramer post-hoc test was
conducted with the ANOVA. See Table 10.9.

In terms of group mean differences, there are two groupings (Figure 10.8).
Hylobates is different from all other groups, and there is no difference in mean PC 3
scores between Pan, Gorilla, and both human groups. Pan has a much smaller range than
any other group on the PC 3 axis, and Gorilla is similarly different from the other groups
(Table 10.10). All groups overlap on this axis, and all fossils overlap all groups, except

OH 8, which does not overlap Pan.

Table 10.9 Tukey-Kramer Multiple-Comparison Test for PC 3

Group Specimens Mean  Different From Groups

Gorilla 30 -0.02  Hylobates

Pan 30 -0.01  Hylobates

Hylobates 30 0.05 Gorilla, Pan, Homo, unshod Homo
Homo 33 -0.01  Hylobates

unshod Homo 42 -0.05  Hylobates

Shape at the negative portion of the PC 3 axis shows a lightly convex surface in

the dorso-plantar plane and it is slightly concave in the medio-lateral plane (Figure 10.9).
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The surface is expanded in the medio-plantar area. The shape at the positive area of the
PC 3 axis is expanded in the dorsal area of the articular surface and is much more convex
in the dorso-plantar plane (particularly at the dorsal aspect) and slightly convex in the

medio-lateral plane (Figure 10.10).

Table 10.10 Principal Component 3 Ranges for MT 5

Group Minimum Maximum Range
Gorilla -0.09 0.06 0.15
Pan -0.06 0.03 0.09
Hylobates -0.15 0.13 0.28
Homo -0.12 0.12 0.24
unshod Homo -0.10 0.10 0.20

Table 10.11 Fossil PC 3 Values for MT 5

Specimen PC3
Stw 114/115 -0.03
OH 8 0.04
AL 333-78 -0.02

AL 333-13 0.02
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Figure 10.8 Plot of PC 1 and PC 3 group averages and fossil specimens for MT 5
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PC1

Figure 10.9 PC 3 (-0.13) A) medial view; B) proximal view; C) proximal view, tilted in
the plantar direction (foreground)
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Figure 10.10 PC 3 (0.11) A) medial view; B) proximal view; C) proximal view, tilted in
the plantar direction (foreground)

Interspecific Size and Shape Relationships

An ANOVA was conducted to test for differences in centroid sized between

groups. The result was significant, with p < 0.0001. Hg is falsified. Tests for skewness

normality of residuals, kurtosis normality of residuals, omnibus normality of residuals,

and a Levene equal variance test were conducted. The skewness and kurtosis tests passed

at the 0.05 level, but the normality and equal variance tests failed. A Tukey-Kramer post-

hoc test was conducted to find differences in centroid size between specific groups. The

results are presented in Table 10.12.

Table 10.12 Tukey-Kramer Multiple-Comparison Test for Centroid Size of MT 5

Group Specimens ~ Mean  Different From Groups

Gorilla 30 28.29  Homo, unshod Homo, Pan, Hylobates
Pan 30 21.30  Hylobates, Homo, Gorilla

Hylobates 30 8.35 Homo, unshod Homo, Pan, Gorilla
Homo 33 26.03  Hylobates, unshod Homo, Pan, Gorilla
unshod Homo 42 22.50  Hylobates, Homo, Gorilla
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All groups have significant differences in mean articular surface size as reflected
in centroid size, except for unshod Homo and Pan. The sizes can be ranked with Gorilla

the largest, followed by shod Homo, then Pan and unshod Homo. Hylobates is the

smallest.
Table 10.13 Centroid Size Ranges for MT 5
Group Minimum Maximum Range
Gorilla 21.18 34.69 13.51
Pan 17.19 23.99 6.8
Hylobates 7.04 10.27 3.23
Homo 17.31 30.85 13.54
unshod Homo 15.75 29.57 13.82
Table 10.14 Fossil Centroid Sizes for MT 5
Specimen Centroid
Stw 114/115 20.42
OH 8 13.60
AL 333-78 20.02
AL 333-13 21.73

A regression analysis and ANCOVA were conducted to determine whether there
is a relationship between size and shape at the intraspecific level for PC 1. The regression
analysis yielded a significant result with p = 0.007. The ANCOVA included species
groups as a variable, and the test was significant with p < 0001. There is a relationship

between size and shape on the PC 1 axis (Table 10.15). The R? value for the linear
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regression of PC 1 and size was 0.04, and went up to 0.35 when species was included in
ANCOVA analysis (Figure 10.11). Regression analysis and an ANCOVA were
conducted to determine whether there is a relationship between size and shape at the
intraspecific level for PC 2. The regression analysis resulted in a significant relationship
between centroid size and PC 2, with p <0.0001 (Figure 10.12). The ANCOVA included
species group names as a variable, and was significant with p < 0.0001. The R* value for
the linear regression with PC 2 and size was 0.17, and went up to 0.40 when species was
included in the ANCOVA analysis. Finally, regression analysis and an ANCOVA were
also conducted to determine whether there is a relationship between size and shape at the
intraspecific level for PC 3. The regression analysis resulted in a significant relationship
between centroid size and PC 3, with p <0.0001 (Figure 10.13). The ANCOVA included
species group names as a variable, and was significant with p < 0.0001. The R* value for
the linear regression with PC 2 and size was 0.19, and went up to 0.21 when species was
included in the ANCOVA analysis.

The biggest gains in explaining differences in shape and size while including
species group names occurred in PC 1 and PC 2. The amount of variation explained in
the regression of PC 1 and size is very small, which is not surprising since the range of
shape variation on this axis is large with considerable overlap between groups. The PC 2
axis is the most interesting in terms of shape and function, with the more terrestrial
groups have negative scores and the arboreal groups having more positive scores. The
terrestrial groups are also the larger groups. The PC 3 axis is less informative about shape
differences, although Hylobates does have a tendency to be further toward the positive
aspect of the PC 3 axis, with greater articular surface curvature at the dorsal area of the
surface. It is not surprising that including group names as a variable in the PC 3 and size
regression does not increase the percentage of variation explained by very much, since
the only significant difference in PC 3 group means at this axis are between Hylobates

and every other group. The other groups encompass a fairly wide size range.
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Table 10.15 Regression and ANCOVA results

PC 1 PC 2 PC 3
R*with PC and Size 0.04 0.17 0.19
R*with PC, Size, and Species 0.35 0.40 0.21

Figure 10.11 MT 5 regression for interspecific PC 1 and centroid size relationships

Regression of PC 1 by Centroid Size (R?=0.04)
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Figure 10.12 MT 5 regression for interspecific PC 2 and centroid size relationships

Regression of PC 2 by Centroid Size (R?=0.17)
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Figure 10.13 MT 5 regression for interspecific PC 3 and centroid size relationships

Regression of PC 3 by Centroid Size (R*=0.19)
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Intraspecific MT 5 Shape, Size, and Sex Variation
The following section discusses the results of analyses to determine whether there
are size and/or sex related influences on shape within groups.
Gorilla

Gorilla Size and Sex

A t-test assuming unequal variance was conducted to compare centroid size
between males (n = 16) and females (n = 14). The result indicated an insignificant
relationship with p = 0.29. There is no difference in proximal articular MT 5 surface size
between males and females.

Gorilla Shape and Size

T-tests were conducted for PC 1, PC 2, and PC 3 to compare mean principal
component scores between males and females. All tests revealed an insignificant result.
The p value for the PC 1 t-test was 0.23, for the PC 2 t-test it was 0.19, and for the PC 3
t-test it was 0.47. There are no articular surface shape differences between males and
females.

Pan

Pan Size and Sex

A t-test assuming unequal variance was conducted to compare centroid size
between males (n = 9) and females (n = 21). The result indicated an insignificant
relationship with p = 0.46. There is no difference in proximal articular MT 5 surface size
between males and females.

Pan Shape and Size

T-tests were conducted for PC 1, PC 2, and PC 3 to compare mean principal
component scores between males and females. The tests revealed an insignificant result
for PC 1 (p=0.18), PC 2 (p = 0.40), and PC 3 (p = 0.10). There are no differences

between males and females in terms of articular surface shape.
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Hylobates

Hpylobates Size and Sex

A t-test assuming unequal variance was conducted to compare centroid size
between males (n = 14) and females (n = 16). The result indicated an insignificant
relationship with p = 0.38. There is no difference in proximal articular MT 5 surface size
between males and females.

Hylobates Shape and Size

T-tests were conducted for PC 1, PC 2, and PC 3 to compare mean principal
component scores between males and females. Tests for PC 1 (p = 0.18), PC 2 (p = 0.40),

and PC 3 (p = 0.25) revealed insignificant results.

Table 10.16 MT 5 t-test for comparing centroid size between sexes in Homo

t-Test: Two-Sample Assuming Unequal Variances

F M
Mean 25.30197 27.41265
Variance 6.557942 4.114836
Observations 14 15
df 25
t Stat .44
P(T<=t) one-tail 0.01
t Critical one-tail 1.70
P(T<=t) two-tail 0.02

t Critical two-tail 2.06
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Shod Homo
Size and Sex
A t-test assuming unequal variance was conducted to compare centroid size
between males (n = 15) and females (n = 14). The result indicated a significant
relationship with p = 0.01 (Table 10.16). There is a significant difference between males
and females in proximal articular MT 5 surface size. Refer to Table 10.16.

Homo Shape and Size

T-tests were conducted for PC 1, PC 2, and PC 3 to compare mean principal
component scores between males and females. All tests revealed an insignificant result.
The p value for the PC 1 t-test was 0.33, for the PC 2 t-test it was 0.34, and for the PC 3
t-test it was 0.12. There are no articular surface shape differences between males and
females.

Unshod Homo

Recent and Unshod Homo Differences

As indicated by the ANOVA reported above, there is a significant difference in
MT 5 articular surface size between recent Homo and unshod Homo.

Homo Comparative Shape

The ANOVA results reported previously for PC 1, PC 2, and PC 3 revealed that
Homo and unshod Homo are not significantly different at any of the PC axes.
Discussion

One of the interesting findings for the MT 5 proximal articular surface is that the
difference in shape between humans and apes is not as dramatic as one might expect,
especially in light of the dramatic differences in the other metatarsals and in the fact that
there is a functional difference between humans and apes in the lateral foot. Nonetheless,
there are important differences in shape and trends that can be described that separate not

just humans from apes, but the more arboreal Pan and Hylobates compared to Gorilla.
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The most important shape differences are reflected on the PC 1 and PC 2 axes. It
is most useful to interpret the effects of these axes combined. All groups overlap each
other on these axes. The main shape trends observable on the PC 1 axis include a medio-
laterally narrow surface with greater dorso-plantar convex curvature at the negative
portion of PC 1 axis. On the positive side of the PC 1 axis, the surface is elongated in the
medio-lateral plane with medio-lateral concave curvature and lessened dorso-plantar
convex curvature. The shape trends on the PC 2 axis include a flat surface at the negative
side of the axis and extreme dorso-plantar convex curvature at the positive side of the
axis. On the PC 1 axis, Gorilla is different from all groups in terms of its mean PC score.
Pan is different from all groups except Hylobates. Both human groups are different from
the African apes, but not Hylobates. Hylobates is only different from Gorilla. On the PC
2 axis, Gorilla is different from shod Homo, Pan, and Hylobates. Pan and Hylobates are
not different from one another but are different from all other groups. Both human groups
are different from Hylobates and Pan, and shod Homo is further different from Gorilla.

Interpreting the combined effects of these axes, Pan and Hylobates occupy the
positive areas of PC 1 and PC 2. On both axes these areas reflect a surface that has a high
degree of convex curvature in the dorso-plantar plane. Pan’s extreme location on PC 2
also indicates that in Pan the surface tends to be medio-laterally extended to a greater
degree. In contrast, both human groups and Gorilla occupied a similar are on these axes,
with shod Homo having a smaller range on the PC 1 axis. Shod Homo has a much more
conservative shape, with a tendency to have a flatter surface and it is approximately equal
in dorso-plantar height relative to medio-lateral width. Unshod Homo also tends to have a
flatter surface, but a much wider range of shape in terms of medio-lateral width relative
to dorso-plantar height. The shape shown by Gorilla does not tend to be as medio-lateral
elongated as the other apes, showing a tendency to be narrower but with greater dorso-

plantar convex curvature and little medio-lateral curvature.
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Therefore, the hypothesis (Hs) that apes will show medio-lateral concavity and
elongation relative to humans is falsified when comparing humans to Gorilla, but not
falsified in comparison to Pan and Hylobates. The added observation for Pan and
Hylobates is that their surface shape combines medio-lateral concavity with dorso-plantar
convexity.

Gorilla bears considerable similarity to the human groups, but also has a range
that extends much further toward the extreme negative area of PC 1. Of the fossil
specimens, OH 8 occupies an area on the extreme negative of PC 1, overlapping no other
groups at this axis. This reflects the fact that the surface of OH 8 is very medio-laterally
narrow and has a great deal of dorso-plantar curvature. Remembering that OH 8 shows
great similarity to humans in its MT 4 articular surface shape, it seems unlikely that this
morphology reflects a highly mobile proximal MT 5 joint. However, the possibility
cannot be ruled out that there may be greater flexibility in this joint compared to modern
humans. Based on these observations, the hypothesis (Hg) that OH 8 will show greater
similarity to humans in articular surface shape is falsified for MT 5.

The interpretation of the other fossil specimens is unclear. The specimens
primarily overlap both human groups and Gorilla, but with no particularly greater affinity
to any of these groups. The specimen AL 333-78 overlaps humans and Gorilla on the PC
1 and PC 2 axes, but the combined placement of this specimen on these axes places it
outside of the grouping of shod humans and within only unshod Homo and Gorilla. Still,
this does not necessarily indicate greater affinity to Gorilla compared to unshod Homo.
Overall, the results for MT 5 indicate that the most arboreal species are most
differentiated in articular surface shape, but the more terrestrial groups are not. From a
functional point of view, this suggests that observing the proximal MT 5 surface alone
without reference to the other metatarsal proximal surfaces is less informative in being a

predictor of function when looking at the hominin fossils.
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In terms of articular surface size, all groups are different from one another except
Pan and unshod Homo. The hypothesis Hg (there is no difference in size interspecifically)
is falsified. In addition, H;¢ (differences in surface shape interspecifically are unrelated to
size) is falsified due to a significant result in regression analysis comparing size and
shape for each PC axes in this study. The amount of variation explained by size for PC 1
is low at 4%. Size explains 17% of PC 2, which is not unexpected since Pan and
Hylobates have more extreme ranges on this axis. However, the gains in terms of
explaining the variation increase a great deal when including species group names in the
analysis. The amount explained for PC 1 rises to 35% and for PC 2 rises to 40%. This
indicates that size has less of an effect than simply which group a specimen belongs to.
This can be interpreted as reflecting mode of locomotion.

In terms of articular surface size, there are no intraspecific differences in the ape
groups. The hypothesis (Hyg) that males and females have different mean sizes is falsified
for the ape groups. However, it is not falsified for Homo. Males are significantly larger
than females. One model for this explanation follows closely with that proposed for MT
4. Despite the high degree of sexual dimorphism in Gorilla, males and females are
different in articular surface size. Since all of the apes have lateral midfoot flexibility, the
load requirements on the joint surface may be reduced compared to in Homo. As a
consequence, joint surface size is more closely related to overall body size. The
hypothesis (H;,) that there are differences in articular surface shape between sexes is
falsified for MT 5. There are no differences in shape at any axis for any apes or human

groups.
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CHAPTER 11: DISCUSSION AND CONCLUSIONS

Considerable discussion has been offered for each metatarsal analysis. These
findings are presented again here. Additional discussion serves to interpret the results in a
holistic fashion to assess the entire tarsometatarsal joint complex in relation to function.
One important synthesis to draw from the results of these analyses is the interpretation of
what degree and in what pattern the tarsometatarsal joints achieve a human-like shape in

the fossil hominins.

MT 1 Results

The position of SKX 5017 on the PC axes shows affiliation with apes, and A. L.
333-54, although still grouping with apes, does not group with Gorilla or Hylobates. The
specimen A. L. 333-54, while being deeply curved, lacks oblique curvature in the dorso-
lateral area. In the main analysis that includes all landmarks, there is a clear
morphological split between humans and apes. The fossil specimens show three “shape
trends.” The first is that OH 8 is indistinguishable from humans. Therefore, the
hypothesis (Hg) that the proximal MT surfaces of OH 8 will resemble humans cannot be
falsified.

The second shape trend is that SKX 5017 and SK 1813 (from the second analysis)
show affiliation to the apes. All remaining fossil specimens for MT 1 are intermediate
between humans and apes in shape. Therefore, the hypothesis (H) that the fossil
specimens new to this kind of analysis (excluding A. L. 333-54 and SKX 5017) will more
closely resemble humans is falsified.

The ape morphology reflected in the combination of the PC 1 and PC 2 axes is of
a saddle joint, with oblique curvature in the medio-plantar and latero-dorsal areas. The
surface is highly curved in the dorsal and plantar aspects, and the overall surface is wider
at the medio-lateral aspect relative to the dorso-plantar dimension. Within apes, the

morphology changes from being a particularly deep surface at the negative aspect to
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having reduced oblique curvature toward the 0.00 axis of PC 1. Gorilla is statistically
different from Pan and Hylobates, but Pan and Hylobates are not statistically different
from one another. This corresponds to their broad locomotor differences, since Gorilla
tends to be more terrestrial. Gorilla also tends to have greater curvature at the medio-
plantar aspect of the articular surface, which is accompanied by a tendency for extra bone
deposition just inferior to this curvature. This can be interpreted as a region that in
Gorillas is subject to greater compressive forces and may relate to either their greater
body size, greater terrestriality, or both. However, it is particularly interesting that Pan
and Hylobates are not statistically different at the PC 1 axis regardless of the fact that Pan
has a much larger body size and Hylobates is much more arboreal.

In contrast, the surface as represented on the PC 1 axis changes into a much flatter
morphology at the positive area of the axis, where it ceases to represent a saddle joint.
The surface loses the oblique curvature characteristic of the apes, and the surface is
constricted at the central area. In addition, the plantar aspect is narrower than the dorsal
aspect and the surface as a whole is relatively narrower medio-laterally.

The morphology represented by STX 5017 is particularly ape-like compared to
the other fossil specimens. This specimen has been attributed to the genus and species
Paranthropus robustus and has been described as being similar in morphology to OH 8
(Susman and Brain, 1988). However, in comparing it to OH 8§ it is important to note that
the distal half of OH 8 is missing, and that in later analyses by Susman and DeRuiter
SKX 5017 demonstrates apelike traits of the metatarsal head (Susman and DeRuiter,
2003). The proximal articular surface of SKX 5017 is not particularly deep, but it is ape-
like in that it is relatively wide, lacks the human constriction to the central region, and
demonstrates overall surface curvature that is deeper in the central area as opposed to the
typical human condition of surface elevation in the central area. In addition, SKX 5017

demonstrates oblique ape-like surface curvature that is particularly expressed at the
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medio-plantar aspect. In this region it especially resembles Gorilla, as Gorilla tends to
have additional curvature at the medio-plantar aspect relative to Pan.

The specimens A. L. 333-54, Stw 562 and Stw 573 group very tightly on the PC 1
axis. Of these, A. L. 333-54 has been attributed to the genus and species Australopithecus
afarensis, Stw 573 has tentatively been assigned to Australopithecus africanus, and Stw
562 has not been assigned to a genus (Clarke and Tobias, 1995; Latimer et al. 1982;
Latimer and Lovejoy, 1990; Deloison, 2003). Since Stw 562 comes from Sterkfontein
member 4, it is possible that it is Paranthropus or early Homo. Of these three specimens,
A.L. 333.54 and Stw 562 have deep articular surfaces and resemble each other somewhat
more than either does Stw 573 that has a more shallow surface. All of these specimens
have the characteristic human constriction of the central region and the plantar breadth is
narrower than the dorsal breadth, making them similar to humans. The morphology of all
of these specimens at the PC 1 axis is intermediate between humans and apes.

The Homo habilis specimen OH 8 groups well within the human PC 1 grouping.
The articular surface is flat, and is constricted in the middle region. In shape it is
indistinguishable from the human proximal surface. Since OH 8 also exhibits a medial
facet for articulation with MT 2, it is highly probable that OH 8 represents a completely
immobile human-like tarsometatarsal joint.

The PC 2 axis is most useful for distinguishing differences in articular surface
shape between the ape groups, with a separation between Gorilla and the more arboreal
groups. Gorilla occupies a more negative position on the PC 2 axis, while Hylobates is at
the higher end of the axis and Pan is intermediate. The area occupied by Hylobates and
Pan shows a tendency toward greater surface curvature, particularly in the dorso-medial
area, and narrowing of the plantar portion of the articular surface. The surface of Gorilla
is more uniformly wide and deep in the central area.

The results for the separate principle components analysis with specimen SK

1813 closely resembles the main analysis that includes all landmarks. In the full analysis



234

SKX 5017 groups with apes, OH 8 groups with humans, and the remaining fossil
specimens are intermediate between humans and apes. In the analysis for SK 1813
landmarks are missing in the dorso-lateral area of the articular surface. This results in all
of the fossils more closely grouping with humans, except for SKX 5017 and SK 1813.
The specimen SK 1813 has been described as being very similar to SKX 5017 (Susman
and de Ruiter, 2004). This analysis corroborates those findings, further showing that the
articular surfaces of these specimens are very similar. It is therefore likely that SK 1813
belongs to the genus Paranthropus. The combination of these analyses, if considering
both the full analysis including all landmarks and the analysis with missing landmarks,
shows a morphological split between the humans, apes, and fossil specimens.

This observation brings to question the idea that the genus Paranthropus is
adapted to bipedalism in the same way and at the same time as Homo habilis, which has
been proposed previously (Susman and Brain, 1988). If some of the unattributed fossils
belong to A. africanus or Homo habilis, we may be observing a difference in morphology
reflecting a lasting dependence on some form of arboreal behavior by Paranthropus even
after the evolutionary line leading to modern humans is adapting to more efficient
terrestrial bipedalism.

There is a significant relationship between size and shape for each of the four
principle components discussed in these results. Therefore, the hypothesis (H)o) that
differences in shape interspecificaly are unrelated to size is falsified. However, for all of
the PC axes, and most especially for PC 1 and PC 2, the R2 value increases dramatically
when species group names are included as a variable. This is particularly important when
interpreting the effects of size on shape for the PC 1 and PC 2 axis, since these axes are
the most revealing in terms of shape differences interspecificaly and interspecificaly.
There is a significant difference in size between all groups except for Gorilla and shod
Homo. Coupled with the extreme contrast in size between all other groups compared to

Hylobates, care must be taken when interpreting the effects of size on shape. These
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groups happen to have differing body sizes while they also have varying modes of
locomotion. If species group is considered a proxy for locomotion, it puts the results into
a better context. When considering size alone for PC 1, size only accounts for 13% of the
variance. When species groups are added the combined variation explained rises to 88%.
Similarly, size alone accounts for 27% of the variation on the PC 2 axis. This axis is most
important for showing differences between ape groups. The ape groups have a wide range
of size across species, and including the species name as a proxy for locomotor
differences raises the percentage of variation explained to 54%. These results show that
size, shape, and locomotion are all important factors in interpreting shape differences
between the groups.

The hypotheses (Hy) that there is no difference in size between sexes
intraspecifically, (H;) that there are no shape differences intraspecifically, and (H;;) that
differences in shape between sexes intraspecifically are unrelated to size are all falsified
for Gorilla. Gorilla males and females are significantly different in size and shape on the
PC 2 and PC 4 axes. There is a significant relationship between size and shape at these
axes. Of these results the most significant is their difference at the PC 2 axis. In a
regression analysis size accounts for 37% of the variance at the PC 2 axis. Males tend to
have a higher value on this axis compared to females. Overall this is a marginal
difference in the larger context of all ape groups. However, it does show a slight tendency
for males to have greater curvature in the dorso-medial area of the articular surface.

There are fewer differences between males and females within the groups Pan
and Hylobates. There is a significant difference in size between Pan males and females,
thus Hy (that there are no size differences between sexes) cannot be rejected. However,
there were no shape differences between males and females, thus H;; (differences in
shape are unrelated to size) and H;, (that there is no differences in shape between sexes)
cannot be falsified. Within Hylobates, there are no differences between males and

females in terms of size and shape. Thus, Hy, H;jand H;, cannot be rejected.
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Within the shod Homo group, there is a significant difference in size between
males and females, and a significant difference in shape on the PC 1 and PC 4 axes.
However, regression analysis revealed insignificant results when testing for a relationship
between size and shape. Therefore, Hy and H,, cannot be rejected, but Hy cannot be
rejected. The PC 4 axis is not very revealing in terms of shape, but the PC 1 axis is most
important in distinguishing between humans and apes. Females have a mean PC 1 score
that is only slightly lower than males (0.10 versus 0.11). It is likely that this result would
not be significant with a larger sample size. The other possibility is that there is a slight
difference in morphology due to differing locomotor habits. However, locomotor habits
between human males and females have only been found to show a significant difference
in an unshod population (Hilton, 1997).

It is revealing that the two Homo samples are not different at the PC 1 axis, which
is the axis that best distinguishes human and ape morphology. There is an ongoing
argument that apelike features of fossil hominins have little behavioral or functional
significance, and that these characteristics are essentially vestigial or represent
morphology that is not fully adapted to habitual and efficient bipedalism (Stern, 2000).
There is an undercurrent in this debate that is seldom articulated clearly. This is the idea
that habitually unshod individuals would have some sort of apelike appearance, and that
since early hominins were unshod this can account for some similarities between apes
and fossil hominins.

As discussed previously, unshod populations have greater flexibility of the
forefoot and phalanges, but greater stability of the longitudinal arch. It is the longitudinal
arch that is of particular importance when considering proximal metatarsal joint surface
morphology. Rather than see a divergent unshod morphology, we find a wider range of
morphology in the shod sample. The hypothesis (Hs4) that habitually shod and unshod
populations have no difference in morphology is rejected only for the PC 3 axis.

However, the observable morphology suggests that the differences in morphology
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between shod and unshod samples are unrelated to apelike morphology. The positive area
PC 3 axis is related to having a wider dorsal area of the surface, and shod Homo had a
higher average PC 3 score compared to unshod Homo. The regression analysis for size
and shape at PC 3 was significant, but size only explains 7% of the variation. It is
probably that these results show population differences or a small difference only related
to size. It must be kept in mind that the PC 3 axis is only responsible for 10% of the total
variation in the MT 1 analysis.
MT 2 Results

The hypothesis (H;) that the human MT 2 proximal surface is expanded in the
plantar region cannot be falsified. This shape is primarily represented on the PC 1 axis,
showing that humans have a relatively narrower surface with an expanded plantar area.
Interestingly, there is some overlap between humans and Gorilla at this axis, suggesting
that the shape on the positive side of the axis may be related to relative terrestriality. The
fossil specimens OH 8, Stw 573 (Little Foot), and Stw 377 are indistinguishable from
humans in articular surface shape on the PC 1 axis. Therefore, Hg cannot be falsified as
OH 8 is indistinguishable from humans. The fossil specimen Stw 595¢ overlaps humans
and Gorilla, but other groups on the PC 1 axis, while SKX 247 and Stw 89 overlap the
African apes on PC 1 but no other groups. The only complete fossil specimen is Stw 89;
the others are missing their distal ends. On the PC 1 axis Stw 89 overlaps Gorilla and
Pan, and is close to SKX 247. There is a pronounced dorsal sulcus on the distal end of
Stw 89, indicating a human-like hyperextension of the proximal phalange during
locomotion. The shaft is slightly curved, and the head may exhibit some small amount of
medial torsion. However, the dorsal area of the surface is wide and plantar aspect of the
proximal articular surface is relatively narrow, and lacks the characteristic human
expansion. This combination of traits represents a mosaic of traits, many of which clearly
indicate adaptations to bipedalism and terrestriality, but the proximal surface is not

consistent with human morphology. This could indicate that the longitudinal arch
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belonging to the specimens that do not overlap humans would not have been developed
as fully as in humans, or it might indicate that if an arch was present the joint structure
and component to the arch was less stable.

There are statistically significant differences in articular surface size between
groups, with three groupings. Gorilla and Homo are not different in size, while Pan and
unshod Homo are not different in size. Regression analyses resulted in significant
relationships between size and PC 1, PC 2, PC 3, and PC 4. Therefore, the hypothesis
(Hjo) that differences in shape are unrelated to size cannot be falsified. Including species
group names in the analysis increased the percentage of variation explained in the
regression considerably. For PC 1, the variation explained rises from 18% to 83%. For
PC 2, the variation explained rises from 18% to 57%. Although size does influence
shape, belonging to one group or another is a better predictor of shape.

There is a significant difference in size between Gorilla males and females. The
hypothesis Hy (that there are no size differences between sexes) was falsified. However,
there were no significant differences in shape between males and females. Thus, H;; (that
there are no differences in shape between sexes) could not be falsified. Analysis of males
and females within Pan yielded identical results; thus Hy could be falsified but H;, could
not be falsified. There is no difference in size between males and females within
Hylobates, and Hy could not be falsified. However, H;, was falsified due to a significant
difference in articular surface shape between males and females. Within the Homo group,
there is a significant difference in size between males and females, so that Hy was
falsified. In addition, there was a significant difference between males and females on the
PC 2 axis, so that H;, was falsified. However, regression analysis yielded insignificant
results, and H;; could not be falsified.

As noted previously, there is a significant difference in size between unshod
Homo and Homo. In addition, there is a significant different between these groups for PC

2, PC 3, and PC 4. Of these, a significant relationship exists between size and shape for
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PC 3 and PC 4, both of which have R2 values of .09. Therefore, the variation explained
by size is low, with size unable to explain any of the variation for PC 2. The
interpretation of shape for these axes indicates that unshod Homo may have a slightly
narrower plantar aspect to the articular surface, which tends to curve medially toward the

plantar apex.

MT 3 Results

The combined effects of PC 1 and PC 2 produces three distinct groups, with some
overlap that is especially pronounced on the PC 2 axis between the African apes and
human groups. The results of this analysis are very similar to the analysis of MT 2. On
the PC 1 axis, humans have a relatively narrow articular surface that is expanded in the
plantar area compared to the apes. Therefore, H; (that the human MT 3 will have an
expanded articular surface) cannot be falsified. However, this analysis differs from the
analysis of MT 2 in that Pan overlaps human groups on the PC 1 axis, whereas Gorilla
did for MT 2. Hylobates also overlaps with humans, but the Hylobates shape is highly
influenced by PC 2. The Gorilla shape is also influenced by PC 2 on the opposite axis.
The combined effects for Gorilla indicate a surface shape that is wide in the dorsal area,
narrow in the plantar area, but relatively flat with some indication of concavity. Pan is in
an intermediate position on the PC 2 axis. The extreme shape of Hylobates on PC 2
indicates a surface that is narrow in the plantar aspect and rounded in the dorsal aspect.
Most importantly, the surface of Hylobates is markedly convex.

A recent study by DeSilva (2010) found that the midtarsal break observed in non-
human primates is not only the result of movement at the calcaneocuboid joint but also at
the tarsometatarsal joints for MT 4 and MT 5 with the distal cuboid. A consequence of
this motion is that the proximal MT 4 and MT 5 surfaces are markedly convex to allow
the joint to dorsiflex. The presence of extreme convexity on the proximal MT 3 articular
surface suggests that in Hylobates the lateral flexibility of the foot may extend further

medially that it does in apes. This hypothesis should be tested in a later study.
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All of the fossil specimens fall in the range of humans on the PC 1 axis, but Stw
435 and Stw 477 overlap apes to a greater degree. The specimen OH 8 overlaps humans
and is grouped most strongly with humans; thus, He cannot be falsified.

Very similarly to the analysis of MT 2, in terms of centroid size Gorilla and
Homo are not different. Likewise, Pan and unshod Homo are not different in size, but
Hpylobates is different from all other groups. Regression analysis yielded a significant
result with a relationship between size and each PC axis. The hypothesis (H;) that
differences in shape between species are not related to size is falsified. However, the
portion of variance due to size alone is very closely related to the way the groups are
clustered on the PC 1 and PC 2 axes. The portion of variance explained by size for PC 1
is only 3%. Although there is a division between humans and African apes on the PC 1
axis, even those pairing that do differ in size do not do so dramatically. Hylobates is the
smallest group and overlaps the center area of the range of groupings on the PC 1 axis.
This is in direct contrast to the relationship between size and shape on the PC 2 axis,
where size explains 65% of the variation. This is most important for interpreting shape
differences between ape groups, as there is a clear gradation of shape change on the PC 2
axis from larger bodied Gorilla through intermediate Pan and finally to smaller
Hylobates that has an extreme location on the negative PC 2 axis.

An interesting finding for the MT 3 proximal articular surface is that there are no
intraspecific differences in size between males and females for any of the groups, thus Hog
is not falsified. This is surprising, particularly for Gorilla which is known to have
considerable sexual dimorphism. It is possible that the overall dimensions MT 3 are
different between the sexes, with males have a longer more robust metatarsal, for
instance, but at least in terms of articular surface size there is no difference. A hypotheses
can be put forth to explain this by the idea that the MT 3 proximal surface is under less
stress during locomotion for all groups. In apes much of the stress is on the lateral foot,

and in humans weight quickly transitions to the medial side of the foot. This leaves the
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MT 3 surface the area with the least burden during locomotion. In apes, MT 2 is in
opposition to the hallux, and even though the base of the metatarsal is not subject to the
same kind of compressive forces as the human foot in this region during locomotion, apes
do subject this area to stress through grasping and locomotion in trees. It is therefore not
surprising that MT 2 would show differences in size between males and females in
dimorphic groups.

Although unshod Homo and shod Homo are different in terms of articular surface
size, no significant differences in PC scores occurred. Therefore, the hypothesis (Hy) that
there are no significant differences in surface shape between shod and unshod humans

cannot be falsified for MT 3.
MT 4 Results

As with many of these analyses, the combination of PC 1 and PC 2 is most
revealing in terms of shape differences between groups. In this case it is even truer
because there were no differences between groups on the PC 3 axis. This axis essentially
reflects variable surface width that exists in all groups. However, the differences reflected
on the PC 1 and PC 2 axis are revealing and reflect function of the joint very closely.

When plotting a combination of PC 1 and PC 2, there are three groupings that do
not overlap. African apes are not different from one another on the PC 1 axis and group
together. Both human groups are not different from one another and group together on
the positive side of PC 1 and PC 2. Hylobates occupies an area between these groupings
on PC 1, but is located in an extreme negative area of PC 2. As predicted in the
hypothesis (Hs), apes have a highly convex articular surface. Therefore, H4 cannot be
falsified. This finding corroborates DeSilva’s (2010) findings when he quantified
maximum curvature relative to dorso-plantar surface height. However, one additional
finding here is that Hylobates has an extreme degree of surface curvature.

The African ape proximal MT 4 articular surface is highly convex, with extension

of the surface in the dorso-medial aspect. Hylobates usually lacks this extension, but has
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a highly convex surface that extends further to the dorsal aspect of the metatarsal. This
suggests that Hylobates has a greater degree of flexion at this joint relative to the African
apes, which dovetails into the observation that the MT 3 surface of Hylobates is likewise
highly convex relative to other groups. The presence of the dorso-medial extension of the
surface in African apes may be a consequence of a higher transverse arch in the foot
compared to Hylobates. A higher arch changes the angle at which the bones articulate,
raising the intermetatarsal facet for MT 3. This observation has been made by this author
qualitatively, but it is a hypothesis that should be tested in a later study.

All groups are different from one another in articular surface size except for Pan
and unshod Homo. A regression analysis yielded an insignificant result when looking for
a relationship between size and PC 2. However, a significant result was obtained with PC
3. Size explains 59% of the variation. This is not a surprising result since Hylobates is so
different from all other groups on the PC 2 axis and is also much smaller than all other
groups.

An unexpected result was obtained when testing for differences in size between
sexes within each group. All ape groups showed an insignificant result when testing for
differences in mean centroid size for MT 4. Therefore, the hypothesis (Ho) that there is no
difference in size between sexes cannot be rejected for the ape groups. This is an
interesting finding, especially when considering that a similar result was obtained for MT
3. The high degree of flexion at this joint that occurs with apes may relieve the need to
have a larger articular surface for load bearing. However, there is a significant difference
between human males and females in terms of centroid size. The hypothesis (Ho) that
there is no difference in size between sexes is rejected for humans. This joint is relatively
inflexible in humans, bearing a load during locomotion without a midfoot break.

The hypothesis (H;,) that there are no differences in articular surface shape
between sexes intraspecifically cannot be falsified for Gorilla. There are no differences in

shape between males and females. This hypothesis cannot be falsified for Pan, since
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there is a difference between males and females at the PC 1 axis. However, males and
females are not different in terms of size so size cannot explain this shape difference.
Females have a lower PC 2 score than males, indicating a surface that extends further to
the dorsal aspect. Since this seems to indicate greater flexion at this joint in Hylobates,
it’s possible that even though the surface itself is not larger in males, the overall larger
body size of males compared to females influences the surface morphology due to
different arboreal behavior. H, cannot be falsified for Hylobates; there is a significant
difference in PC 3 scores between males and females. Males tend to have a slightly
narrower surface relative to females. Since the sexes are similar in size, it cannot explain
this shape difference.

The hypothesis (H,) that there are no significant differences in articular surface
shape between shod and unshod humans is falsified. There is a significant difference
between these groups at the PC 2 axis. Shod humans have a marginally greater degree of
curvature. Regression analysis shows that size accounts for 16% of the variation. This
can be interpreted in a couple of ways. The remaining explanation for the shape
difference could simply be a population difference that has no functional significance.
Another possibility is that the articular surface in the unshod group responds
developmentally to produce a flatter articular surface. One way to approach this question
in a later study would be to measure ground reaction forces in the lateral midfoot during
locomotion, to compare how force differs in unshod humans and shod humans while
wearing shoes during locomotion.

MT S Results

One of the interesting findings for the MT 5 proximal articular surface is that the
difference in shape between humans and apes is not as dramatic as one might expect,
especially in light of the dramatic differences in the other metatarsals and in the fact that

there is a functional difference between humans and apes in the lateral foot. Nonetheless,
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there are important differences in shape and trends that can be described that separate not
just humans from apes, but the more arboreal Pan and Hylobates compared to Gorilla.
The most important shape differences are reflected on the PC 1 and PC 2 axes. It
is most useful to interpret the effects of these axes combined. All groups overlap each
other on these axes. The main shape trends observable on the PC 1 axis include a medio-
laterally narrow surface with greater dorso-plantar convex curvature at the negative
portion of PC 1 axis. On the positive side of the PC 1 axis, the surface is elongated in the
medio-lateral plane with medio-lateral concave curvature and lessened dorso-plantar
convex curvature. The shape trends on the PC 2 axis include a flat surface at the negative
side of the axis and extreme dorso-plantar convex curvature at the positive side of the
axis. On the PC 1 axis, Gorilla is different from all groups in terms of its mean PC score.
Pan is different from all groups except Hylobates. Both human groups are different from
the African apes, but not Hylobates. Hylobates is only different from Gorilla. On the PC
2 axis, Gorilla is different from shod Homo, Pan, and Hylobates. Pan and Hylobates are
not different from one another but are different from all other groups. Both human groups
are different from Hylobates and Pan, and shod Homo is further different from Gorilla.
Interpreting the combined effects of these axes, Pan and Hylobates occupy the
positive areas of PC 1 and PC 2. On both axes these areas reflect a surface that has a high
degree of convex curvature in the dorso-plantar plane. Pan’s extreme location on PC 2
also indicates that in Pan the surface tends to be medio-laterally extended to a greater
degree. In contrast, both human groups and Gorilla occupied a similar are on these axes,
with shod Homo having a smaller range on the PC 1 axis. Shod Homo has a much more
conservative shape, with a tendency to have a flatter surface and it is approximately equal
in dorso-plantar height relative to medio-lateral width. Unshod Homo also tends to have a
flatter surface, but a much wider range of shape in terms of medio-lateral width relative

to dorso-plantar height. The shape shown by Gorilla does not tend to be as medio-lateral
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elongated as the other apes, showing a tendency to be narrower but with greater dorso-
plantar convex curvature and little medio-lateral curvature.

Therefore, the hypothesis (Hs) that apes will show medio-lateral concavity and
elongation relative to humans is falsified when comparing humans to Gorilla, but not
falsified in comparison to Pan and Hylobates. The added observation for Pan and
Hpylobates is that their surface shape combines medio-lateral concavity with dorso-plantar
convexity.

Gorilla bears considerable similarity to the human groups, but also has a range
that extends much further toward the extreme negative area of PC 1. Of the fossil
specimens, OH 8 occupies an area on the extreme negative of PC 1, overlapping no other
groups at this axis. This reflects the fact that the surface of OH 8 is very medio-laterally
narrow and has a great deal of dorso-plantar curvature. Remembering that OH 8 shows
great similarity to humans in its MT 4 articular surface shape, it seems unlikely that this
morphology reflects a highly mobile proximal MT 5 joint. However, the possibility
cannot be ruled out that there may be greater flexibility in this joint compared to modern
humans. Based on these observations, the hypothesis (Hg) that OH 8 will show greater
similarity to humans in articular surface shape is falsified for MT 5.

The interpretation of the other fossil specimens is unclear. The specimens
primarily overlap both human groups and Gorilla, but with no particularly greater affinity
to any of these groups. The specimen AL 333-78 overlaps humans and Gorilla on the PC
1 and PC 2 axes, but the combined placement of this specimen on these axes places it
outside of the grouping of shod humans and within only unshod Homo and Gorilla. Still,
this does not necessarily indicate greater affinity to Gorilla compared to unshod Homo.
Overall, the results for MT 5 indicate that the most arboreal species are most
differentiated in articular surface shape, but the more terrestrial groups are not. From a

functional point of view, this suggests that observing the proximal MT 5 surface alone
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without reference to the other metatarsal proximal surfaces is less informative in being a
predictor of function when looking at the hominin fossils.

In terms of articular surface size, all groups are different from one another except
Pan and unshod Homo. The hypothesis Hg (there is no difference in size interspecifically)
is falsified. In addition, H;¢ (differences in surface shape interspecifically are unrelated to
size) is falsified due to a significant result in regression analysis comparing size and
shape for each PC axes in this study. The amount of variation explained by size for PC 1
is low at 4%. Size explains 17% of PC 2, which is not unexpected since Pan and
Hylobates have more extreme ranges on this axis. However, the gains in terms of
explaining the variation increase a great deal when including species group names in the
analysis. The amount explained for PC 1 rises to 35% and for PC 2 rises to 40%. This
indicates that size has less of an effect than simply which group a specimen belongs to.
This can be interpreted as reflecting mode of locomotion.

In terms of articular surface size, there are no intraspecific differences in the ape
groups. The hypothesis (Hy) that males and females have different mean sizes is falsified
for the ape groups. However, it is not falsified for Homo. Males are significantly larger
than females. One model for this explanation follows closely with that proposed for MT
4. Despite the high degree of sexual dimorphism in Gorilla, males and females are
different in articular surface size. Since all of the apes have lateral midfoot flexibility, the
load requirements on the joint surface may be reduced compared to in Homo. As a
consequence, joint surface size is more closely related to overall body size. The
hypothesis (H;,) that there are differences in articular surface shape between sexes is
falsified for MT 5. There are no differences in shape at any axis for any apes or human

groups.
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Other Findings

It has been suggested that the early hominin foot becomes more stable beginning
with the lateral side of the foot, so that the medial side of the foot retains primitive
features later in the evolution of a modern human foot (Kidd et al., 1998, 1999; Kidd and
Oxnard, 2005; Zipfel et al., 2009; DeSilva, 2010). This explanation is offered due to the
observation that many hominin specimens seem to retain ape-like traits of the first
metatarsal, such as a deep articular surface with A. L. 333-54. This idea is congruent with
the observation that more weight is on the lateral side of the foot during ape locomotion
relative to human locomotion, where weight transfers to the medial side of the foot.
Therefore, a model in which the lateral side of the foot develops stability first as
hominins adapt to more efficient bipedal locomotion is logical.

However, even though this model may be useful in interpreting other skeletal
adaptations of the foot, the results of this study do not clearly support or refute this model
in regard to articular surface morphology. Intermediate morphology between humans and
apes is observed in the fossil hominins in each metatarsal. Beginning with the first
metatarsal, the morphology of humans and apes is very different due to the different joint
functions between these groups. In the analysis of MT 1, OH 8 is the only fossil specimen
that is clearly more human-like. The robust australopiths, as represented by SKX 5017
and potentially SK 1813 are ape-like. The remaining specimens are intermediate in shape.
This suggests both that OH 8 (Homo habilis?) had already achieved a relatively modern
medial foot. Paranthropus seems to retain an ape-like medial foot that may retain some
opposability. The foot of the remaining specimens that may represent 4. africanus show
intermediate morphology, the function of which is up for debate. Even if these hominins
did not retain a grasping foot, the medial foot would have lacked a modern longitudinal
arch at the medial aspect.

The MT 2 and MT 3 articular surfaces also show a trend of intermediate

morphology in the fossil specimens. Here again, OH 8 is human-like. In addition, Stw
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573 (Little Foot) is human-like. These two examples are especially important because
they represent one foot from the same specimen when comparing the results to MT 1.
Little Foot is intermediate between apes and humans in MT 1 surface shape, but very
human-like when looking at the shape of MT 2. The specimens SKX 247 and Stw 595c,
both of which may belong to the genus Paranthropus, are very ape-like in the MT 2
analysis. However, the specimen Stw 377 shows intermediate morphology between
humans and apes. In the analysis of MT 3 we still see intermediate morphology of many
fossil specimens, but OH 8 is humanlike, as are Stw 387 and Stw 435.

Broadly in the medial foot, if we include MT 3 even though it is often considered
to be part of the lateral pillar, there does seem to be a trend for the fossil specimens to
appear ape-like, which is exaggerated even further for MT 1 and MT 2. The hominin
specimens that are most intermediate are the ones that potentially belong to the genus and
species A. africanus, while the most ape-like are Paranthropus.

Interpreting the results of the MT 4 analysis is somewhat hindered since there are
only two fossil specimens included. However, OH 8 is again indistinguishable from
humans, in this case unshod humans specifically. The other specimen, Stw 628, could be
Homo or Paranthropus, and is in an intermediate position between humans and apes, but
shows some greater similarity to the unshod human group. In the analysis of MT 5, there
is a considerable difference between the more arboreal groups, Pan and Hylobates,
compared to humans. However, Gorilla also bears a great deal of similarity to humans,
even though Gorilla has a tendency to have a much more convex surface in the dorso-
plantar plane. All fossil specimens in the MT 5 analysis except OH 8 cluster in an area of
overlap between humans and Gorilla. In this case, it can be said that the fossil hominin
specimens are adapted to terrestrial locomotion at least as well as humans and Gorilla,
but they are not particularly different from Gorilla. The specimen OH 8 is somewhat

unusual, which is mainly due to having an extremely narrow surface.
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These results do not clearly support or refute a model of lateral to medial modern
adaptation. However, a clear trend does emerge. The specimen OH 8§, representing H.
habilis, is human-like in all analyses except in the MT 5 analysis. In the MT 5 results this
specimen has a very medio-laterally narrow surface that places it outside of the range of
the human groups. It does overlap unshod Homo on the PC 2 axis. The specimens
representing A. afarensis and potentially A. africanus are intermediate between humans
and apes. However, this is not always true since Little Foot is identical to humans in MT
2 articular surface shape but is intermediate between humans and apes for MT 1. The
specimens that may belong to the genus Paranthropus are ape-like in the analyses, and

this suggests a functional adaptation unlike the other hominins.

Functional Interpretation for Paranthropus

One should draw functional interpretations of the fossil findings with caution.
However, due to the placement of the fossil specimens in the PC analyses, there is
compelling evidence to suggest a morphological split between gracile australopiths and
early Homo on one hand and Paranthropus robustus on the other. Previous studies have
suggested that Paranthropus robustus does not have a modern toe-off mechanism
(Susman and Brain, 1988; Susman and de Ruiter, 2004). Both SKX 5017 and SK 1813
have a dorsal sulcus, indicating hyperextension of the proximal phalange during
locomotion, which occurs in humans but not apes (Susman and Brain, 1988; Susman and
de Ruiter, 2004). This observation, combined with the fact that these specimens exhibit
torsion of the metatarsal head that is intermediate between humans and apes, led Susman
and de Ruiter (2004) to conclude that the hallux is in a unique position during toe-off
compared to humans. When the specimens SKX 5017 and SK 1813 are held in a human-
like position so that the proximal articular surface is perpendicular to the substrate,
metatarsal head torsion places the head in opposition to MT 2. As a consequence, these
MT 1 specimens cannot be in a permanent adducted position to the same degree as

modern humans. The MT base must be rotated relative to the base of modern humans.
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The base of these specimens must be in an abducted and rotated position so that the MT 1
head is parallel to the ground to allow hyperextension of the proximal phalange. The
observed shape of the proximal articular surface of SKX 5017 and SK 1813 corroborates
Susman and de Ruiter’s (2004) findings, and further suggests that Paranthropus robustus
has a mobile tarsometatarsal joint that is capable of a degree of rotation and abduction. It
is when the hallux is in the abducted position that hyperextension of the proximal
phalange is possible.

Intraspecific Size and Joint Loading

An interesting result that occurs in these analyses is that joint surface size is not
always different between males and females in African apes, despite overall sexual
dimorphism that is especially pronounced in Gorilla. Earlier studies have predicted and
shown that joint surface size increases at a predictable rate when compared to body size
(Alexander, 1980; Hamrick, 1996). There were no differences in articular surface size
between Hylobates males and females, which is not surprising since they are not sexually
dimorphic. However, Pan and Gorilla males and females are only significantly different
in articular surface size for MT 1 and MT 2, while in Homo there is a significant
difference in surface size between males and females for all of the proximal metatarsal
articular surfaces.

Hamrick (1996) found that articular surface size increases as body size increases,
and that the larger the degree of curvature on a male joint (such as the proximal articular
surfaces of MT 4 and MT 5) the greater the degree of mobility. However, he also found
that degree of surface curvature is unrelated to size, and degree of curvature is most
closely related to function. Therefore, the best interpretation of these results related to sex
is as follows. The MT 1 and MT 2 proximal articular surfaces are more load-bearing than
the lateral proximal metatarsals. They are not necessarily more load bearing during
terrestrial locomotion, but these joints oppose each other for grasping and when engaging

in arboreal locomotion. The joint size for MT 3, MT 4, and MT 5 in the African apes
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must increase in size at a different rate compared to a joint with greater load bearing, so
that even though the surface size is related to body size in general, there must be a larger
degree of overlap in surface size even when body sizes differ significantly. This must
occur despite the fact that apes walk with most ground reaction forces on the lateral side
of the foot, especially at the MT 4 and MT 5 areas (Vereeke et al., 2003). Since these
joints are highly flexible in apes, the burden of weight load is reduced when flexion
occurs, distributing the weight to the plantar portion of the lateral metatarsals and to the
calcaneocuboid joint. This is unlike what occurs in humans with a longitudinal arch. This
observation supports Hamrick’s (1994) study of articular joint surfaces, and provides
additional evidence of the relationship between joint size and load bearing.

The shod human group shows significant differences between males and females
in articular surface size at each metatarsal because the longitudinal arch increases their
load during bipedal locomotion. This observation provides an explanation for why the
shod human group is not different in articular surface size compared to Gorilla for MT 1,
MT 2, and MT 3 despite the fact that Gorilla is larger in body size than Homo. The
medial metatarsals experience considerable pressure forces as weight shifts medially for
toe-off (Chen et al., 2001; Gefen et al., 2000; Giacomozzi et al., 2000; Scott and Winter,
1993; Manter, 1946).

Phylogenetic Bases

Current phylogenetic analysis shows four broad hominin groups (excluding
modern humans) that of primary concern in this research, pre-modern Homo, transitional
hominins, megadont archaic hominins, and archaic hominins (Strait and Grine, 2004;
Kimbel et al., 2004; Wood and Langren, 2008). The hominin taxonomy in Figure 11.1 is
useful for presenting a context foe the morphology patterns revealed in this study.

The articular surface analyses results presented here show archaic hominins (4.
afarensis and A. africanus) to be transitional or intermediate in shape between humans

and apes. Their range of variation overlaps humans and apes, especially when humans
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and apes themselves overlap in shape groupings. However, these gracile australopiths are
more intermediate when there is a clearer division of shape between humans and apes. In
contrast, H. habilis, as represented by OH 8, is indistinguishable from modern humans in
most analyses. This suggests that in terms of function this region of anatomy is already
becoming modern in the transitional hominins, or at least in H. habilis. The more ape-like
medial foot of P. robustus shows a reversal of this anatomy. Since the megadont archaic
hominins are likely to be descended from the archaic hominins (probably A. afarensis
specifically) it is unlikely that the ape-like articular surface features of P. robustus have
been inherited directly from an ape ancestor. This does not mean that all megadont
hominins share this anatomy. There is currently a dearth of post-cranial evidence for the

other megadont hominins.

Figure 11.1 Hominin Phylogeny adapted from Wood and Langren (2008).
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Future Studies

The results of these analyses suggest several future areas of research. The
relationship of joint size to body size needs to be further investigated, with particular
emphasis on the rate at which joint surfaces increase in size relative to body size in joints
with different load bearing and functional characteristics. Another area of future research
is to investigate the dorsiflexion capability of Hylobates, and to test the prediction that
lateral flexion of the foot extends further medially than in African apes, to the MT 3
proximal articular surface. Finally, further investigation of articular surface shape should
be carried out on primates of different sizes and modes of locomotion. For instance, the
question of how a more terrestrial lifestyle such as that exhibited by baboons influences
the articular surface shape can be useful in interpreting fossil hominins. The baboon rear
foot has a tendency to be digitigrade during locomotion, with less heel contact to the
substrate. This could result in greater load bearing on the tarsometatarsal joints, and it
could have implications for how joint surface shape reflects load bearing and function in

a terrestrial foot that does not have a longitudinal arch.
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APPENDIX A: FIRST METATARSAL FOSSIL PHOTOS

Figure A.1 A. L. 333-54 (left); A) lateral; B) medial; C) proximal; scale bar = 1 cm
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Figure A.2 SK 1813 (right); A) medial; B) proximal; scale bar =1 cm
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Figure A.3 A. L. 333-54 (left); A) lateral; B) medial; C) proximal; scale bar = 1 cm
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Figure A.4 Stw 562 (right); A) lateral; B) medial; C) proximal; scale bar = 1 cm




258

Figure A.5 Stw 573 “Little Foot” (left); A) medial; B) lateral; C) proximal; scale bar = 1
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Figure A.6 Stw 595 (right); A) lateral; B) medial; C) proximal; scale bar = 1 cm
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APPENDIX B: SECOND METATARSAL FOSSIL PHOTOS

Figure B.1 SKX 247 (left); A) lateral; B) medial; C) proximal; scale bar = 1 cm
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Figure B.2 Stw 89 (left); A) medial; B) lateral; C) proximal; scale bar = 1 cm
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Figure B.3 Stw 377 (left); A) medial; B) lateral; C) proximal; scale bar = 1 cm
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Figure B.4 Stw 573d (left); A) medial; B) lateral; C) proximal; scale bar = 1 cm
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Figure B.5 Stw 595c¢ (right); A) lateral; B) medial; C) proximal; scale bar = 1 cm
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APPENDIX C: THIRD METATARSAL FOSSIL PHOTOS

Figure C.1 Stw 387 (left); A) medial; B) lateral; C) proximal; scale bar =1 cm
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Figure C.2 Stw 388 (right); A) lateral; B) medial; C) proximal; scale bar = 1 cm
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Figure C.3 Stw 435 (right); A) lateral; B) medial; C) proximal; scale bar = 1 cm
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Figure C.4 Stw 477 (left); A) medial; B) lateral; C) proximal; scale bar =1 cm
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Figure C.5 Stw 496 (left); A) medial; B) lateral; C) proximal; scale bar =1 cm
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APPENDIX D: FOURTH METATARSAL FOSSIL PHOTOS

Figure D.1 Stw 485 (left); A) medial; B) lateral; C) proximal; scale bar =1 cm
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Figure D.2 Stw 628 (right); A) lateral; B) medial; C) proximal; scale bar = 1 cm




272

APPENDIX E: FIFTH METATARSAL FOSSIL PHOTOS

Figure E.1 A. L. 333-13 (left); A) lateral; B) medial; C) proximal; scale bar =1 cm
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Figure E.2 A. L. 333-13 (left); A) lateral; B) medial; C) proximal; scale bar =1 cm
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Figure E.3 Stw 114/115 (right); A) lateral; B) medial; C) proximal; scale bar = 1 cm
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