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Abstract
POSTCRANIAL VARIATION IN PLIO-PLEISTOCENE HOMININS OF AFRICA

by
MELISSA TALLMAN
Adviser: Professor Eric Delson

Postcrania are a key component of functional analyses of Plio-Pleistocene hominin
behavior, but many specimens are unassociated or fragmentary and have thus been largely
ignored by researchers. This dissertation examined all relevant Plio-Pleistocene postcranial
material to examine whether there are consistent patterns of morphology that characterize Plio-
Pleistocene taxa and whether there are different locomotor types represented.

Data on all available Plio-Pleistocene hominin humeri, radii, ulnae, femora and tibiae
were collected with a microscribe 3-D digitizer and compared to a modern sample of four
populations of Homo sapiens, two subspecies of Pan troglodytes, two subspecies of Gorilla
gorilla, Pongo pygmaeus and Pan paniscus in order to make taxonomic and functional
conclusion about overall patterns of postcranial variation in the appendicular skeleton of
hominins.

The most informative areas were the distal femur, tibia, radius, and humerus, and the
proximal femur and ulna. In the distal humerus, individuals from Koobi Fora had a more
pleisomorphic morphology than all of the other fossils, including those with much earlier dates.
The variation present in the proximal femur of A. afarensis was greater than most single modern
species. The pattern of variation in the distal femur was tested against an ontogenetic sample of
modern humans and chimpanzees in order to assess whether the differences present were caused

by heterochronic change; this hypothesis was not supported.



There are few postcranial characters that can be tied to specific groups. Among
hominins, Paranthropus robustus and Homo habilis sensu lato had the most distinctive patterns
of morphology. There was a temporal pattern in the distal tibia with individuals the least like
modern humans occurring the earliest in time and those most like them occurring latest, but there
were no temporal patterns to any other segment sampled. There was a clear difference in the
way that humans and apes covary in the fore- and hindlimb. There was no evidence of
developmental shape integration between serial homologues. As a group, Plio-Pleistocene
hominins had patterns of covariance that were most similar to modern humans, with the

exception of pairings involving the distal femur.
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CHAPTER 1: INTRODUCTION

Postcrania are a key component of taxonomic analyses and behavioral reconstructions in
the human fossil record. Many studies have focused on searching for variation in the internal
and external morphology of early hominins in order to make inferences about the differences in
their locomotor repertoires, (€.g9., Napier, 1964), body size dimorphism (e.g., McHenry, 1991),
and activity patterns (e.g., Ruff, 2002). In turn, these differences have been used to draw
taxonomic conclusions about early hominins (e.g., Wood and Collard, 1999).

This dissertation proposes an investigation into the postcranial variation in Plio-
Pleistocene hominins (i.e., those dating roughly between 3.5-1.5 Ma). Postcranial elements of
early human fossils provide the best clues to interpreting their mode of locomotion, but the
isolated nature of many specimens means that they have not been securely allocated to taxa that
have been defined mainly by craniodental morphology. Using a three-dimensional geometric
morphometric approach (see Chapter 2), anatomical differences between specimens will be
quantified. Unassociated postcranial remains will be classified (as far as possible) based on
consistent anatomical differences and comparisons to the few postcranial elements that have
strong associations with cranial remains. Researchers such as Harrison (1987 et seg.) have
argued that genera (at least) can be separated using postcranial features at the same time that
these features are used to infer locomotor adaptation. I will extend this discussion to a
consideration of species-specific differences in morphology by using three-dimensional
geometric morphometrics to capture precise details of such differences on single elements and
across functional complexes. These findings will then be reviewed to seek their implications for
functional anatomy and palaecoecology of Plio-Pleistocene hominins.

This project has two broad research questions:



1. Are there postcranial traits that are characteristic of specific Plio-Pleistocene hominin
groups?

Previous studies indicate quantifiable gross differences in postcranial morphology, at least
between early specimens (i.e., A. afarensis) and late specimens (i.e., H. erectus sensu lato). The
majority of these studies have been carried out using traditional linear methods to quantify
morphology. This study will investigate the resolution at which differences can be detected
within the fossil record by using three-dimensional geometric morphometrics to quantify overall

shape.

2. What do postcranial remains imply about the locomotor repertoires of Plio-Pleistocene
hominins? Are there different locomotor types?

Many previous studies have concentrated on a careful analysis of single postcranial elements.
The next step is to incorporate these data into analyses that take into account the ways that the
bones of the postcranium work together during locomotion. The proposed project will examine
patterns of covariation in fore- and hind-limb morphology and within joint complexes to evaluate
the degree of mosaicism present in the human fossil record. This will then be analyzed in the
context of functional implications as well as environmental differences across different Plio-

Pleistocene sites.

Background
Craniodental Hominin Phylogenies
Cladistic and phylogenetic analyses of Plio-Pleistocene hominins are typically

constructed using craniodental remains to estimate the evolutionary relationships among taxa



(i.e. Wood, 1991; Strait and Grine, 2004). While there is much argument as to the ulimate shape
of the hominin tree, all of these craniodental phylogenies are similar in that they track the
evolution of derived, human-like characteristics through time. Thus, all of the species that occur
later in time have the highest number of synapomorphies with modern humans and those that
occur earlier in time have the least. These synapomorphies include such traits as the enlargement
of the brain, reduction in the size of the dentition, and reduction in facial prognathism (Wood,
1991).

Often postcrania are dismissed as being prone to homoplasy. In general, cranial elements
(particularly basicranial elements) are assumed to be more conservative, and are often weighted
more heavily than postcranial ones. However, in ignoring information from the postcrania,
valuable information about the way Plio-Pleistocene evolution occurred could be lost. Several
recent papers have suggested that the information from the postcranial record contradicts the
view that as time progressed, hominins became more and more human-like. Studies of both limb
proportions and postcranial shape have concluded that in some instances, very ape-like
morphologies occur later in time and more modern morphologies occur earlier in time (Hartwig-
Scherer and Martin, 1991; McHenry and Berger, 1998; Richmond et al. 2002; Hauesler and
McHenry, 2007; Green et al. 2007, McHenry and Brown, 2008).

The postcrania is assumed to be homoplastic because of the influence of locomotion on
postcranial evolution. However, Sanchez-Villagra and Williams (1998) compared levels of
homoplasy in cranial, dental and postcranial characters for individuals in 41 different data sets
from various mammalian groups (including Primates), and found no significant differences at
any taxonomic level and Young (2003) was able to accurately reproduce phylogeny in Primates

using cladistic characters derived from the forelimb. He determined that homoplasy in his dataset



was low, with convergence of Ateles on the great apes accounting for the majority of the
homoplasy present.

Postcranial morphology has been successfully used in cladistic analyses over multiple
taxa. Horovitz and Sanchez-Villagra (2003) used postcranial characters for a cladistic analysis
of marsupial mammals, recovering all family groups of extant marsupials, and correctly placing
the outgroups. Postcranial remains have also been used to try to resolve the phylogeny of early
primates (Harrison, 1987; Szalay, 1976). Sargis (2002) used twenty-seven postcranial characters
to evaluate the “Primatomopha” and “Volitantia” hypothesis for ordinal level relationships
among tree shrews, primates, and bats. Beard et al. (1988) used carpal and tarsal morphology to
test the monophyly of the Adapiformes, as well as to discern their position within the primate
clade. Gebo et al. (2001) used only tarsal morphology to divide up an assemblage of middle
Eocene haplorhine primates into twelve to sixteen species.

For Plio-Pleistocene hominins, one of the best known examples of the use of postcranial
remains to make taxonomic conclusions is the work of Wood and Collard (1999). These authors
redefined the criterion for genus attribution to include all individuals that occupy a similar
adaptive niche. For fossil hominins, this “adaptive niche” was determined for each taxon using
such criteria as body size and shape (including intermembral index) and locomotor behavior. It
was (in part) on the basis of these kinds of characters that Wood and Collard advocated the

placement of H. habilis and H. rudolfensis in the genus Australopithecus.

Anatomy of a Biped
The pre-human body has gone through a series of adaptive changes for obligate bipedal
posture. When a quadruped walks, its center of mass is somewhere between all four limbs,

which makes balancing relatively easy, so it generates horizontal ground reaction forces between



its limbs and the ground. Bipeds have their center of mass between only the two lower limbs,
which makes balancing a greater challenge. When a biped walks, the ground reaction forces are
directed upwards and are of a lesser magnitude. Most of the changes in the bipedal skeleton are
related to maintaining balance and being energetically efficient when walking on only two
supports (Lovejoy, 1988; Aiello and Dean, 1990).

The lumbar region of the spine is elongated by the inclusion of an additional lumbar
vertebra as on average, HOmo has five lumbar vertebrae; in Pongo and Gorilla, the average is
only four. There is also an increase in the height of the vertebrae in Homo, and the lower spine is
characterized by a lordosis which functions to keep the center of mass above the hips (Robinson,
1972). The overall lengthening of the trunk helps to stabilize a longer and heavier hindlimb
(Preuschoft, 2004).

Modern human pelves are rounder and have a longer anterior-posterior dimension for
giving birth to large brained babies. The ilium in modern humans is shorter than in quadrupeds,
putting less stress on the gluteus maximus by shortening its lever arm. The sacrum is wider in
bipeds, and the bowl shaped pelvis stabilizes the viscera. Increasing the lateral flare of the ilia
and increasing the length of the femoral neck in bipeds serves to increase the mechanical
advantage of the hip abductors (Lovejoy 1988).

The femora of humans have a series of changes that fundamentally separate them from
quadrupedal apes. Humans have a bicondylar, or valgus, angle. This angulation of the femur is
an epigenetic trait and occurs because the force of walking bipedally stimulates faster bone
growth on the lateral side during ontogeny (Shefelbine et al., 2002). Functionally, it both keeps
the knee directly in line with the center of gravity for balance, and allows for an energetically

efficient swing and transfer of weight (see the gait cycle below) (Lovejoy, 1988). The large,



globular femoral head in Homo functions to support the greater amount of weight passing
vertically during bipedal locomotion compared to quadrupedal apes (Ruff, 1988), while the low
and laterally projecting greater trochanter helps to put the gluteus minimus and medius in their
most mechanically advantageous position while allowing for maximal mobility at the hip joint
(Aiello and Dean, 1990).

There are many changes in the distal femur as well. In humans, the lateral and medial
condyles are of similar size because they equally important in transmitting downward forces
during bipedal locomotion. In apes, the medial condyle is larger and is used more in load
transmission. Also, humans have condyles that are more elliptical (particularly the lateral
condyle) and more symmetrical in order to provide a larger surface for articulation with the tibia.
The condyles also increase the lever arm for the quadriceps femoris (which is the main flexor of
the knee) by making a flatter anterior surface; this then orients the patella more anteriorly than is
seen in the apes (Aiello and Dean, 1990). The deep, asymmetrical patellar groove in Homo is
likely to prevent the patella from being laterally dislocated during flexion of the knee. In Homo,
the quadriceps femoris pulls up along the human bicondylar angle, pulling the patella in the
lateral direction, whereas in a quadruped, it is pulled proximally in a straight line (Heiple and
Lovejoy, 1971; Stern and Susman, 1983).

Finally, the shape of the foot in humans is drastically different than that of the
quadrupedal apes. Rather than having a grasping foot, the human foot is built more for balance
and shock absorption. The hallux is abducted and in line with the rest of the pedal phalanges
which allows for greater balance and a forceful toe-off during the gait cycle and the presence of a
transverse arch acts as a shock absorber for the downward forces during locomotion (Napier,

1964).



The Gait Cycle

The gait cycle is composed of a stance phase and a swing phase. Beginning from a
standing position where the center of mass is between the two feet, the gait cycle begins when
the muscles in the lower segments of the leg relax and the body tips forward with gravity,
resulting in the center of mass shifting forward. One leg then swings forward and the heel is
placed on the ground, once again placing the center of mass between the two feet. At the same
time, the pelvis rotates, and the gluteus minimus and medius contract to hold it stable above the
stance leg. The degree of pelvic rotation determines the length of the stride; the greater the
rotation, the longer the stride length. The stance leg then propels the person forward by engaging
the muscles of the lower leg to push against the ground with the ball of the foot first and finally
the big toe (called the “toe off”). Peroneus brevis and peroneus longus are active during this
portion of the stance phase by dorsiflexing and everting the foot during heel rise of the support
leg (Jungers et al., 1993; Otis et al 2004). This completes the stance phase of the gait cycle.

During the swing phase, the back leg swings forward, bent at both the hip and the knee
such so that it does not drag on the ground. The iliopsoas functions to swing the leg forward, and
the hamstrings exert an opposing force to slow down the forward swing of the leg. Then the leg
straightens at the ankle so that the heel strikes the ground (Napier, 1967; Lovejoy, 1988).
Extensor digitorum longus, tibialis anterior and peronius tertius are all active during the swing
phase. Peronius tertius exerts an everting force on the foot to counteract the inverting force of
tibialis anterior in order to level and stabilize the foot during heel-strike (Jungers et al., 1993). A
complete walking cycle, or stride, is marked from the heel strike of one leg through the heel

strike of the other (Napier, 1967).



In humans, gluteus maximus is the extensor of the trunk. Gluteus maximus functions
most strongly during running or climbing/walking up an incline, and its main function is to keep
the trunk from “jackknife[ing]” on the legs (Napier, 1967). Napier (1967) suggested that due to
the gluteus maximus’ role in running, the evolution of a human-like gluteus maximus occurred
fairly late, while the evolution of a human-like arrangement of the gluteus medius and minimus
would have occurred extremely early.

During the gait cycle, the human body is displaced in both the horizontal and vertical
planes. During the stance phase while the supporting leg is extending, the human body reaches
the highest point of vertical displacement. The lowest point occurs between the stance phase and
the swing phase when both feet are on the ground. The body also sways horizontally as the
center of gravity is moved back and forth over the supporting legs in each stride. The bony
morphology of the lower limb reduces these displacements to make the bipedal gait more
efficient. The distance of vertical displacement is minimized by the movements of the pelvis.
The pelvis pivots laterally around the stance leg, as opposed to superiorly, and the gluteal
muscles do not hold the pelvis parallel to the ground but at a slight downward angle. The
bicondylar angle keeps the knee joints close together, thereby minimizing the distance of
horizontal displacement (Lovejoy, 1988; Aiello and Dean, 1990).

A running gait differs from a walking gait in three major ways: first, each foot has a
shorter period of contact time with the ground per stride; second, the amount of force that each
foot generates as it hits the ground fluctuates less than in a walking gait; and third, the overall
vertical ground reaction forces are higher during running (Aiello and Dean, 1990). During a
running gait, the greatest vertical displacement occurs during the aerial phase, and the lowest

point is during midstance when a flexed knee, hip and ankle act as a spring. While it is difficult



to distinguish between skeletal adaptations for walking and running, there do seem to be some
traits that are more indicative of the capacity for endurance running. The presence of a
transverse groove on the calcaneus for the Achilles tendon, a well developed plantar arch, and
the presence of a projecting medial flange on the proximal cuboid are traits that have been linked
to effective endurance running (Bramble and Lieberman, 2004).

While humans are not particularly good sprinters, human endurance running capabilities
are comparable to those of social carnivores, like dogs, and migratory cursors, like wildebeests
and horses. Unlike other mammals, humans increase running speed by increasing stride length as
opposed to increasing stride rate. Humans should switch to a running gait when the cost of
running is less than the cost of walking at increased speeds. It is possible that the capacity for
endurance running was specifically selected for in the human lineage as a way to increase and
maintain home range sizes and as a method of hunting and/or scavenging animal prey (Bramble
and Lieberman, 2004; Lieberman et al., 2007), although others have questioned this assertion
based on evidence from the modern ethnographic record (Pickering and Bunn, 2007).

A chimpanzee’s bipedal gait is biomechanically different from that of a human. When
chimpanzees walk bipedally, they do so with a “bent-hip, bent-knee” (BHBK) gait, where both
the hip and a knee joint are flexed. When a chimpanzee walks, the knee and the ankle joint both
stay in front of the hip joint during the entire gait cycle, and the lack of a bicondylar angle in the
chimpanzee femur results in a greater degree of horizontal displacement. Finally, when a
chimpanzee walks, the pelvis is rotated over the supporting leg, moving the entire center of
gravity over that leg, resulting in greater vertical displacement as well (Aiello and Dean, 1990).

A chimpanzee must walk with a BHBK gait because of the positions of the hip and thigh

musculature. In quadrupedal animals, the gluteus medius and minimus are both extensors of the



trunk whereas in humans, they are functionally abductors of the trunk. A BHBK gait places the
gluteus minimus and medius in their most functionally advantageous positions for efficient
bipedal movement. Also, nonhuman primates walking bipedally often recruit peronius longus or
peronius brevis during the swing phase of the gait cycle. Jungers et al., (1993) hypothesized that
as these muscles are plantar flexors (as well as everters) of the foot, primates use them to
counteract the force of tibialis anterior, as humans do with peroneus tertius. Originally, peroneus
tertius was thought to be unique to humans, but anatomical studies have found it in low
frequencies in other primates. Peroneus tertius is more efficient than peroneus brevis and
peroneus longus at counteracting tibialis anterior; because the genetic underpinning for them is
present in modern apes, one could assume that natural selection would have selected for this trait

in early hominins, making it more frequent in the human lineage (Jungers et al., 1993).

Bone Plasticity and Activity Patterning

Morphological changes in the postcranial skeleton can indicate functional changes in
activity at the individual level. Studies have concentrated on gross morphology of the upper and
lower limbs (including the plasticity of proximal and distal ends in comparison to the midshaft),
as well as on changes in the internal bone structure. Ruff (2002) completed the most
comprehensive study on the effects of locomotion on long bone morphology. For this study, he
sampled thirteen species of catarrhines, including both fore and hindlimb measurements for the
purposes of correlating cross-sectional geometry at the midshaft and at the articular ends with
locomotor mode. He found that locomotion affects the midshaft and the proximal and distal ends
of bones differently. Primates with a more varied locomotor repertoire or with a repertoire that

emphasizes slow, cautious movements had larger joint surfaces in comparison to diaphyseal size.
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This is because the bending pressures on the diaphyses of primates that practice a more varied
locomotor repertoire are less than those that practice some sort of habitual movement. In this
study, Ruff concentrated on variation in size, as opposed to looking at shape differences.

This finding is supported by similar studies. Stock and Pfeiffer (2001) surveyed
structural variability in two different modern human hunter-gatherer populations that practiced
different subsistence modes. They noted that diaphyseal shape changed depending on the
activity pattern (land-based subsistence versus water-based subsistence), but that the proximal
and distal ends responded differently to the loadings. Similarly, Holt (2003) found more circular
mid-shaft femoral cross sections in more sedentary human populations. Flattening of the femur
at the midshaft in more mobile populations is a result of the increased bending loads from
hunter-gather lifestyle.

Lieberman et al., (2001) used different age classes of sheep to model the ways that an
increase in exercise affects long bone morphology. These authors found that increase in exercise
most greatly affected the hindlimb diaphyses, but did not affect the joint articular surface area at
all. They found that the articular surfaces are phenotypically constrained, although these authors
hypothesized that the increase in exercise did not lead to sufficient stress to cause changes in the
proximal and distal ends. They further hypothesized that if they had increased the applied stress,
there would have been changes in the articular surface area, and that those changes would have
been greatest in the distal ends, as they receive the most force. An earlier study by Ruff (1994)
corroborates this hypothesis. He found that in young tennis players, the distal radius of their
“racket hand” is enlarged, in comparison to the opposite hand. It’s also important to note that an
increase in articular surface area will have different effects depending on where that surface area

is added (Ruff, 2002). Ruff (2002) also found that in species where the emphasis is on forelimb
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locomotor behaviors, the forelimbs are enlarged, whereas in species where the emphasis in on
leaping and hindlimb locomotor behavior, the hindlimbs are enlarged.

Using a micro-CT scanner, it is possible to examine the trabecular structure of bone to
make inferences about locomotion. Fajardo and Muller (2001) did an analysis using micro-CT
of the proximal femora and humeri in four nonhuman primates and found that the degree of
anisotropy in the trabecular structure is correlated with locomotor repertoire, with the greatest
degree of anisotropy being found in primates that are habitual terrestrial bipeds.

There are a number of epigenetic traits that are associated with obligate bipedalism. In
modern humans, the angle of the femoral neck to the femoral diaphysis is correlated with the
degree of mobility. The more mobile a person is during the period of growth, the more acute his
or her femoral neck angle will be (Anderson and Trinkaus, 1998). The formation of the
bicondylar angle is another epigenetic trait. As a child grows and begins to walk, the medial side
of the distal metaphysis grows faster than the lateral side. This results in the formation of the
bicondylar angle, and this growth reaches a stable point by the age of eight. In children unable to
walk during this stage of growth, the bicondylar angle never forms (Shefelbine et al., 2002).
Tardieu (1999) examined three features of the human distal femoral epiphysis: the prominence of
the external lip or the trochlea; the profile of the external condyle; and the anteroposterior
lengthening of the epiphysis. These traits are generally linked with the development of a
bicondylar angle later in life, and increased stability of the knee joint. She also found that the
bicondylar angle in humans is an epigenetic functional feature that develops during early
childhood growth. The fact that all australopiths have a bicondylar angle indicates an early shift
in activity patterning during the Pliocene. She also determined that there was a genetic shift

between Australopithecus and Homo that changed the muscle insertion of the lateral meniscus
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from a single insertion (in Australopithecus) to a double insertion. This would have caused
increased knee stability in early Homo. However, Dugan and Holliday (2009) noted that this
feature is variable in modern humans and should be used cautiously in interpreting the fossil

record.

Evolution of Bipedalism

Modern humans are the only extant ape that does not have a mosaic locomotor pattern.
The extant apes, particularly chimpanzees, possess a compromise morphology, meaning that they
do not perform any form of locomotion at peak efficiency, but they are capable of performing a
broader spectrum of movement. The quadrupedal gait used by Pan is less energetically efficient
than bipedalism in humans and quadrupedalism in Papio. The evolution of obligate bipedalism
could have happened slowly by changing the compromise morphology of the last common
ancestor to a more committed morphology (Rose, 1991).

Before considering the potential selective advantage of being bipedal, it is instructive to
consider the costs of bipedalism. The morphological changes required in the postcranial skeleton
mean the loss of agility in the trees. Trees provide food sources, sleeping spots and potential
escape routes (Lovejoy, 1988). The changes to the pelvis would also have made giving birth
more difficult, possibly necessitating assistance during birth. In monkey and apes, the infant
exits the birth canal facing the mother, allowing her to assist its exit. In Homo sapiens, the infant
exits the birth canal facing backwards due to the modifications in the pelvis, making it difficult
for the mother to assist the baby’s exit without damaging it (Rosenberg and Trevathan, 1996).
The selective advantages for bipedalism must have been greater than those costs in order for

bipedalism to have evolved.
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Theories for why bipedalism evolved can be loosely grouped into four categories:
forelimb use, social behavior, feeding, and a catch-all category for everything else (after Rose,
1991).

Group One: Forelimb Use

Forelimb use is a broad category and covers the use of forelimbs for carrying tools, food,
weapons and infants. Darwin (1871) suggested that bipedalism evolved in response to having
the hands free to carry stone tools. In Darwin’s model, bipedalism evolved in concert with the
behavioral shift towards a greater percentage of diet being made of animal proteins. Having the
hands free would have allowed for the use of stone tools in hunting and carcass processing. He
also suggested that having the hands free would indirectly have led to a reduction in canine size
as earlier hominins relied more and more upon handheld weapons for aggressive interactions.
However, in the last hundred fifty years, there have been many more fossil discoveries, and we
now know that bipedalism well pre-dated the manufacture of stone tools (Richmond and Jungers,
2008; Lovejoy et al., 2009a,b).

Lovejoy (1988, 2009) has also suggested that having the hands free was the major
selective advantage for bipedal posture. In Lovejoy’s model, having the hands free would have
allowed males to carry food and provision females and bipedalism would have evolved in
concert with a pair-bonded social system and male philopatry. This system would have also
resulted in low degrees of sexual dimorphism, reduced canine size, the elimination of the
sectorial canine complex, a decrease in testes size and sperm production, and a cryptic estrus.
While Lovejoy’s model is persuasive on the surface, it is impossible to conclusively link changes
in soft tissue anatomy to any particular time in human evolutionary history; doing so is purely

speculative as there is no soft tissue evidence from the hominin fossil record. Additionally,
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while Ardipithecus ramidus may be somewhat monomorphic (Lovejoy, 2009; Lovejoy et al.,
2009; White, 2009), most researchers have found that later australopiths were not (Kimbel and
White, 1988; Lague and Jungers, 1996; Lague, 2002; Plavcan et al., 2005; Harmon, 2006;
Harmon 2009). Finally, monomorphism and reduced canine size are not irrefutably connected to
pairbonding; as Lovejoy himself pointed out, gibbons are pair-bonded yet possess very large
canines (Lovejoy, 2009). Bonobos and chimpanzees both have relatively low levels of
dimorphism (particularly in comparison to the highly dimorphic Gorilla, Pongo or Papio) but
live in a multi-male, multi-female social system where mating is promiscuous (Leutenegger and
Kelly, 1977; Strier, 2000).

Another suggestion is that bipedalism evolved so that early hominins could use their
hands for defense. Bipedalism could have evolved in response to the need to throw stones
powerfully and accurately. Throwing behaviors have been witnessed in many modern human
groups and have documented lethal results (Isaac, 1987). The bipedal body plan is ideally
adapted to stone throwing due to its low center of gravity and strong launching platform (Fifer,
1987). If stone throwing is considered to be the selective advantage, then it resolves some
seemingly contradictory evidence such as the retention of longer arms in the already partially
bipedal australopiths, as throwing distance is positively correlated with arm length (Dunsworth et
al., 2003). Capuchin monkeys use throwing in a number of situations, including throwing food
items between groups and throwing stones at small prey items and they are able to throw
accurately at both moving and stationary targets. In a study using captive bred capuchin
monkeys, preference for a bipedal throwing posture increased as target distance increased

(Westergaard et al., 2000).
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Historically, stone throwing has been discussed within the context of hunting from a
distance (e.g. Darwin, 1971), although more recently it has been proposed that stone throwing
could have evolved as a way to punish “cheaters” in social systems where there is reciprocal
altruism. This form of punishment would do maximal harm to the cheater with minimal cost to
the non-cheating partner (Bingham, 1999). While it is interesting to speculate about this, thus far
there is no direct evidence in the fossil record to support the throwing hypotheses, and there is a
lack of rigorous kinematic studies to explore this theory (Preuschoft, 2004).

Kortlandt (1980) also postulated that bipedalism arose as a defense mechanism. He
believed that carnivore predation would have been the main selective pressure for the acquisition
of bipedal posture. Early hominins could have fended off large carnivores by wielding thorny
branches as weapons. Kortlandt experimentally tested this theory using captive lions and found
that lions were unlikely to approach bait that was covered with thorn branches. He thought that
this behavior might have started with the Dryopithecinae in Europe and was adapted by the
entire hominin clade. While this idea is interesting, it would be difficult to test using the fossil
record. Further observation of wild carnivores and primates could lend support or discredit this
hypothesis.

It is also possible that bipedalism was selected for as a way to carry increasingly heavy
infants. Amaral (1989) has said that hairlessness evolved in the human lineage while hominins
were still living in forested environments. Hairlessness is at the greatest thermoregulatory
advantage for dissipating heat generated by activity in environments where ambient temperatures
are below normal body temperatures. This is contra Wheeler (1992) who has argued that
hairlessness would not have evolved until hominins moved into more open habitats. Amaral

(2008) has further suggested that infant carrying could be considered either a cost or an
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advantage of bipedal gait, depending on when hairlessness evolved. Bipedal posture exceeds the
maximum angle for safe infant carrying using the typical primate dorsal clinging method;
therefore females would have been forced to carry dependent infants in their arms, limiting their
forelimb use. However, if hairlessness evolved early as Amaral (1989) previously postulated,
then infant carrying could been seen as the selective advantage for bipedalism as hominin hair
would no longer have had enough tensile strength to bear the weight of an infant. Genetic
differences between chimpanzees and humans relating to hairlessness have been discovered, but
gene trees estimating the divergence of these genes would be needed in order to support or reject

this hypothesis (Amaral, 2008).

Group Two: Social Behavior

Jablonski and Chaplin (1993) argued that the last common ancestor of hominoids and
cercopithecoids would have had the ability to walk bipedally for short periods of time during
various activities, including carrying and display. These authors discussed how the extant apes
avoid harmful aggressive interactions as a model for the behavior of early hominins. In Gorilla,
size dimorphism prevents most aggressive interactions; in Hylobates and Pongo,
solitary/monogamous social organizations prevent aggressive interactions; in Pan aggressive
interactions are managed through violence and more importantly, through displays - many of
which include bipedal stands and charges as components of the display.

The drying climates in the Late Miocene would have resulted in a lack of resource
availability and an increase in both intra- and intergroup competition. This in turn would have
increased the use of mock bipedal fights and bipedal runs, such as those seen in Pan, and using

these ritualized displays would have made injuries less frequent in times of aggression. This
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behavior would have been spread by females when immigrating to new groups (Jablonski and
Chaplin, 1993). This theory relies on the idea that there was a shift in the environment in the
Miocene, but that has been questioned by some researchers. DeMenocal (2004) has suggested
that in Africa the main period of drying occurred in the Pliocene, well after the emergence of
bipedalism.

Parker (1987) suggested that bipedalism could have been selected for due to sexual
selection. This argument posits that females would have selected males bearing “nuptial gifts”
of favored food resources and this would have been especially important in dry, seasonal
habitats. Females would have differentially mated with those males best able to acquire these
resources, such as scavenged animals, nuts, or other high quality foods. Parker (1987) thought
that males might have even have brought small samples of their food resources to females to
entice them. Unfortunately, Parker (1987) has no actual data from extant primate populations to

support this hypothesis.

Group Three: Feeding

The feeding category covers several different types of food sources, including terrestrial
gathering, seed eating, arboreal gathering, and aquatic vegetation. When extant primates use
bipedal postures, it is generally in the context of feeding. Bipedalism composes less than two
percent of the baboon locomotor repertoire, but when used it is always in a feeding context.
Gibbons also use bipedal postures in feeding contexts, as well as for travel. Evidence from these
and other primates could indicate that feeding is the greatest selective advantage for bipedalism.
Once bipedalism arose in the hominin lineage, it could have been further reinforced by other

benefits, such as carrying objects (Rose, 1991).

18



Isbell and Young (1996) have suggested that there was a trio of correlated events in the
Late Miocene: a cooling and drying trend, the evolution of bipedalism and the divergence of Pan
and Homo. These authors hypothesized that the fission-fusion grouping pattern seen in Pan and
the adoption of bipedal locomotion in Homo are two possible solutions to a decrease in the
density of resources caused by the cooling climate and the adoption of these two strategies is a
form of niche partitioning. Fission-fusion grouping patterns are beneficial when resources are
dispersed because it decreases intragroup feeding competition. According to these authors,
bipedal locomotion would do the same by increasing home range size. Having a large home
range would allow early hominins to get the same number of calories in a patchier environment
(Rodman and McHenry, 1980). This theory assumes that the bipedalism of early australopiths
was as efficient as that of Homo erectus.

It is also possible that bipedalism evolved as an adaptation for feeding on seeds. Using
Theropithecus as a model, Jolly (1970) suggested that early hominins could have been living in
edaphic grasslands, where nutritious, high-calorie seeds are abundant. Early hominins would
have started by squatting, as Theropithecus does, holding their torso directly over the pelvis.
They would have used a shuffling form of bipedalism to move to new foraging locations and
obligate bipedalism would have arisen from there.

There are several lines of evidence to support theories of arboreal foraging for the
evolution of bipedalism. Most observed bipedal events by wild chimpanzees in Tanzania were in
the context of feeding in short, understory fruit trees. Bipedal posture allowed the chimps to
reach further into the trees and increased their rate of food collection. The terrestrial bipedal
shuffle was used most frequently over the short distances between these trees (Hunt, 1994). In

the Bwindi Impenetrable Forest, all bouts of bipedalism were in an arboreal context and were
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related to reaching to pick fruit from higher limbs. Mostly the chimpanzees used bipedal posture
and not bipedal locomotion (Stanford, 2006).

Vidian and McGrew (2001) attempted to test various hypotheses for the evolution of
bipedalism using captive chimpanzee and bonobos. They found that when they gave the
chimpanzees piles of food or elevated platforms with food on them, it increased their rate of
bipedal locomotion. Giving them branches (to test the display hypothesis) or erecting barriers
(to test the vigilance hypotheses) yielded no result.

The last feeding hypothesis is that bipedalism evolved in a context of aquatic gathering, a
hypothesis more commonly known as the “aquatic ape” hypothesis. Traditionally, this
hypothesis has been largely ignored by the scientific community as being invalid; however
Langdon (1996) made the point that while this hypothesis might be invalid, it should still be
addressed in a scientifically rigorous manner. The aquatic ape hypothesis was first proposed by
Hardy (1960) and popularized by Elaine Morgan (1972); it postulates that hominins would have
moved to foraging in the sea or on coastlines in order to avoid competition from other apes for
fruits in the trees and that the buoyancy of the water would have allowed for bipedal posture to
evolve in a semi-gravity-free environment. Hardy also used the aquatic environment as the
trigger to the evolution of many other unique human traits, such as relative hairlessness and
voluntary breath control.

Verhaegen et al. (2002) more recently added to this theory. These authors discarded the
idea that bipedalism would have evolved in a non-aquatic environment, because the need for
bipedal posture would have been temporary and no other primate that lives in a primarily
terrestrial setting has anything like obligate bipedalism. Bipedalism would have evolved in the

context of wading and foraging for aquatic vegetation, and having the arms free would have
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allowed primates to grasp overhanging trees for balance when wading into water. While these
hypotheses that seek to explain many aspects of human evolution with a single contained theory
are attractive, they rarely hold up under intense scrutiny. The reliance of this hypothesis on soft
tissue morphology makes it impossible to corroborate with the fossil record. Additionally, the
idea that bipedalism evolved in coastal environments is inconsistent with what we know about

the human fossil record (Langdon, 1996).

Group 4: Others (Variability selection, thermoregulation)

There are some theories for the selective pressure for the evolution of bipedalism that do
not fall into any of the previous groupings. Wheeler (1991, 1993) hypothesized that bipedalism
was selected for as a mechanism to keep core temperatures low in hot climates. He used several
lines of evidence for this: first, hominoids lack adaptations such as carotid rete and large
evaporative surfaces in the nasal passages; second, standing bipedally exposes less of the body to
direct solar radiation during the warmest part of the day; and third, standing upright exposes
more of the body to greater winds which will facilitate evaporative cooling. The long, linear
limbs and increase in height increases surface area for heat loss. Wheeler’s model (1993)
indicated that an individual with H. erectus like proportions would need to sweat 21-29% less
than those with A. afarensis like proportions and consequently, they would need to drink
approximately 13-15% less water than an individual with A. afarensis proportions. Needing less
to drink would have been beneficial in open environments where drinking water was scarce or
required significant travel times. Wheeler’s model relies on the idea that bipedalism evolved in

concert with a move to savanna, a fact that has been called into question in light of the discovery
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of bipedally adapted primates in more closed environments (White et al., 2006; Richmond and
Jungers, 2008; Lovejoy et al., 2009)

Variability selection is the idea that a feature would have been selected for because it
gave individuals an advantage in a climate that was subject to both short term and long term
fluctuations. It predicts that over time, hominins occupied a wider and wider variety of
environments as each successive generation adapted to the current environmental extreme.
Bipedalism would have arisen within the context of drying habitats where hominins would have
had to be able to be adept both in dense forests and more open environments (Potts, 1998).

Finally, Pickford (2006) dismissed many of the previous theories as simply advantages
once an organism has become bipedal, but not sufficient to be the cause of the adoption of
bipedal posture. He suggested that bipedal posture arose because it is energetically efficient and
allowed hominins to invade areas of Africa with a shorter growing season and be more
“eurytopic” ( = able to adapt to a variety of environmental conditions). Although Pickford never
cited Potts’ variability hypothesis (1998), his conclusions do most closely mirror those of Potts.

The efficiency of bipedal gait is discussed in greater detail in the following section.

Locomotor energetics in humans, chimpanzees and early hominins

There have been many studies comparing the locomotor efficiency of human bipedalism,
chimpanzee bipedalism and quadrupedalism to the presumptive form of bipedalism practiced by
Australopithecus afarensis (using AL 288) and Homo erectus (using WT 15000). In general,
bipedalism has been found to be more efficient than quadrupedalism. Leonard and Robertson
(1997) examined the question of energy efficiency of bipedalism by comparing the effects of

bipedal gait on maintenance energy expenditure (i.e., feeding, BMR) and productive energy

22



expenditure (i.e., growth and reproduction). They found that the benefits for energetically
efficient movement are greater in organisms that have large day ranges and that bipedalism was
more energetically efficient than quadrupedalism in many mammals. Even if A. afarensis did
not have a complete modern gait, there would still have been a substantial gain in energetic
efficiency with the shift to bipedalism. Pontzer et al., (2009) used a combination of variables that
represent the length of stride, the effective mechanical advantage of the limb, and the fascile
length (the length of the muscle fiber bundles) of the joint in order to estimate locomotor
efficiency. They found that the metabolic cost of the form of bipedalism practiced by A.
afarensis would have been less than for Pan and that locomotor efficiency might have
contributed to the evolution of bipedality. It should be noted that their calculations are based on
a knuckle-walking last common ancestor of Pan and Homo.

Australopithecus afarensis, as represented by AL 288, does not have a fully modern
human body plan. Her short stature is due to a having a shorter hind-limb than modern humans;
her humerus in the same size as that seen in modern humans of similar size and mass
(Jungers,1982). It has been suggested that having a shortened hindlimb would have resulted in a
less efficient gait (although it would have been beneficial for vertical climbing) (Jungers and
Stern, 1983). However, Kramer (1999) argued that shorter legs are not inherently less efficient
than a longer stride. Using anatomical data, Kramer concluded that Australopithecus afarensis
would have used less energy to move than a modern human and found no evidence in the
skeleton which would have precluded a modern form of bipedal locomotion (as opposed to a
BHBK gait). The pelvis of AL 288 is very broad mediolaterally in comparison to the
anteroposterior direction, unlike that of modern humans. Rak (1991) hypothesized that the long,

narrow pelvic dimensions of AL 288 were a novel adaptation particular to early hominins to

23



reduce the vertical displacement of the torso and thereby reduce ground reaction forces. In
modern humans, the lengthening of the legs functions similarly; therefore AL 288 would not
have needed longer legs for a relatively efficient gait.

Additionally, Kramer and Eck (2000) found that the shorter legs of Australopithecus
afarensis were optimal for slow-speed foraging. In a comparison between Lucy and a modern
human female, Lucy’s slow speed walking was more efficient. However, the transition speed
from a walk to a run was lower in A. afarensis and Lucy’s running gait was less efficient. This
has led these authors to postulate that bipedalism as it is expressed in A. afarensis was an
adaptation to foraging in an area where food resources were dense whereas the long-legged
modern human body would have evolved once early hominins had to range over a larger area.
In a study that evaluated the necessary muscle power in AL 288 and WT 15000, Wang et al.,
(2004) found that these individuals WT 15000 and AL 288 would have expended an equal
amount of power per pound of body mass. However, when distance was figured into the
equation, WT 15000 would have used less overall muscle power. This led these authors to
conclude that long distance foraging or the need for speed and endurance over longer distances

may have been the selective factor for the modern human body plan.

Berge (1994) tested whether a Homo-like or ape-like musculature better suited the pelvis

of AL 288. She found that osteology of AL 288 corresponded better with that of the ape-like
muscle pattern. Thus, this author concluded that AL 288 could not have moved like a modern
human. She postulated that the hip would have lacked stability and bipedalism would have
consisted of an inefficient “waddling gait”. However, the greater mobility in the lower limb

could be interpreted as the retention of arboreal adaptations.
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The bent-hip/bent-knee gait used by chimpanzees while bipedal is far less efficient than a
human bipedal gait. Individuals walking with a BHBK gait do not have efficient energy
conservation mechanisms during the gait cycle (Wang, 2003). Crompton et al. (1998) tested the
mechanical efficiency of Australopithecus afarensis walking with a BHBK gait versus a fully
upright posture and found that the energetic cost of the BHBK gait would have precluded any
advantage gained by bipedal posture. These authors also determined that Lucy’s limb portions
had exceeded the point where she could have walked with a chimpanzee-like bent hip/bent knee
gait. These results were further supported by Wang (2004) who also found that for A. afarensis,
a BHBK gait would have been extremely inefficient, and the limb proportions of
Australopithecus afarensis could have resulted in reasonably efficient upright postures. Wang
further suggested that the modern human body plan could have been selected for by an increased
need for tool and raw material transport, as opposed to an increase in day ranges. He found that
the BHBK gait is especially inefficient for carrying and that an individual with the proportions of
Nariokotome would have been able to efficiently transports loads of up to 15% of his body

weight.

The Earliest Bipeds

Although this study concentrates on hindlimb morphology in hominins during the period
between roughly 3.8 and 1.0 Ma in Africa, the origins of bipedalism pre-date this time period.
Three different taxa from the Late Miocene/Early Pliocene have also been reconstructed to have
a bipedal component to their locomotor repertoires. This striking evidence has come from

Oreopithecus bambolii, Orrorin tugenensis and Ardipithecus ramidus.
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The hypodigm of Orrorin tugenensis consists of some isolated teeth, two mandibular
fragments and a small collection of postcranial remains, including two proximal femora, all of
which were found in Kenya. Of the two femora, BAR 1002'00 is the most complete although
neither femur has the greater trochanter preserved. Both femora have characteristics of bipeds,
including: an anteriorly rotated, spherical femoral head; a fovea capitis that is somewhat wide; a
somewhat deep trochanteric fossa that leads to an intertrochanteric groove that ends above the
lesser trochanter; and a neck shaft angle between 120° and 130° (Pickford et al., 2001; Senut et
al., 2001). Later metric analyses found that the Orrorin remains were most similar to
Australopithecus and Paranthropus proximal femora and were therefore at least habitually
bipedal (Richmond and Jungers, 2008).

Ardipithecus ramidus is dated to 4.4 Ma and includes the oldest relatively complete
hominin skeleton that has been discovered to date (White et al. 2008). While Ardipithecus
ramidus is too young to be the last common ancestor between chimpanzees and humans, its
discoverers have placed it as one of the oldest fossils in the human lineage (White et al. 2008).
The Ardipithecus skeleton is characterized by: forelimbs and hindlimbs of similar lengths; a
relatively short metacarpus paired with long manual phalanges and a robust hallux; a foot
adapted more for quadrupedal walking than for grasping; a flexible lumbar region; and, an
expanded iliac region. Lovejoy et al., (2009) have used this information to reconstruct the
locomotor pattern of Ardipithecus ramidus to be similar to Proconsul or a cercopithecoid,
consisting mainly of careful, above branch quadrupedalism and a small amount of facultative
bipedalism. If Ardipithecus ramidus is assumed to be a direct hominin ancestor (as these authors
postulate), then adaptations for suspension evolved independently in Hylobates, Pongo, Pan and

Gorilla (Lovejoy et al., 2009). It should be noted, however, that it is more parsimonious to
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assume that the adaptive suite related to suspension did derive from a common ancestor, and thus
that the modifications of the skeleton towards bipedalization could have evolved twice. This
alternate scenario is particularly interesting when looked at in concert with Oreopithecus, a
Miocene ape with a mosaic of postcranial features.

Oreopithecus bambolii is a Late Miocene ape from Tuscany, Italy, and its postcranium
has been interpreted to have some convergent morphology with that of bipedal hominins. In the
vertebral column, Oreopithecus has a marked lumbar lordosis and increased caudal surface area
of the vertebral laminae, both characteristics of bipeds (Kohler and Moya-Sola, 1997). The
femur of Oreopithecus has a valgus angle, indicative of habitual bipedal posture. The external
pelvis of Oreopithecus is convergent with Homo in that it has a well-developed anteroinferior
iliac spine (Kohler and Moya-Sola, 1997) and the internal trabecular morphology has an
organized pattern similar to that seen in Homo. This well-organized, well-supported pattern
starts developing in humans at a young age due to the downward stresses of bipedal locomotion
(Rook et al., 1999). The foot of Oreopithecus is unlike that of any extant primate in that it has a
mosaic of traits that would have sacrificed both speed and agility for having a rigid platform to
support the body in bipedal postures and slow bipedal shuffles (Kéhler and Moya-Sola, 1997). It
should be noted that the locomotor pattern of Oreopithecus is still debated, and some authors
(e.g. Susman, 2004) have concluded that these seemingly bipedal traits were actually adaptations
to vertical climbing.

Considering the case of Oreopithecus is instructive when thinking about the evolution of
hominin bipedalism. It is possible that the selective pressure for bipedal posture in Oreopithecus
was for efficiency; because Oreopithecus inhabited an island devoid of predators, it was able to

sacrifice the more energetically expensive arboreal locomotor activities for more efficient
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terrestrial bipedal foraging. It is possible that walking bipedally would also have made
Oreopithecus a more efficient forager, (Kohler and Moya-Sola, 1997), not unlike the chimpanzee
models that have been used for Australopithecus (e.g., Hunt, 1994; Stanford, 2006). In addition
to the taxa discussed, it is even possible that apes as old as Proconsul africanus may have used a
rudimentary form of bipedalism in conjunction with quadrupedal climbing (Rose, 1991). Thus,
the ideas that there could have been a great amount of bipedal locomotor diversity in Africa and
that bipedalism could have evolved multiple times is not as far-fetched as some authors would

make it seem (Lovejoy, 1981 et seq.).

Overview of the Text

In order to accomplish the goals of the project, the data have been broken up into
sections. First, Chapter 2 gives a general overview of Plio-Pleistocene postcranial material and
paleontological sites. It also details the extant comparative sample and the statistical methods
used for the analytical chapters. Chapters 3 through 5 are the analytical chapters. Chapter 3
examines the forelimb, including the humerus, radius and ulna, while chapters 4 examines the
hindlimb, including the femur and tibia. These chapters examine the variation present in single
limb elements as well as patterns of co-variation across joints. Chapter 5 tests hypotheses about
developmental and evolutionary integration between the forelimb and the hindlimb and examines
patterns of fore-/hindlimb co-variation in associated Plio-Pleiostcene skeletons. Finally, Chapter
6 reviews the results of all the analytical chapters in order to consider the broader implications of

the results of these analyses.
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Abbreviations and Taxonomy

Throughout the text, various museum abbreviations are used. These abbreviations are:

e  AMNH-A — American Museum of Natural History, Department of Anthropology, New
York, NY;

¢ AMNH-M - American Museum of Natural History, Department of Mammology, New
York, NY;

e KNM —Kenya National Museum, Department of Palaeontology, Nairobi, Kenya;

e NHM-A — Natural History Museum London, Department of Anthropology, London, UK

e NME - National Museum of Ethiopia, Addis Ababa, Ethiopia;

e NMT - National Museum of Tanzania, Dar es Salaam, Tanzania;

e PCM - Powell Cotton Museum, Birchington-on-Sea, UK

¢ RMCA - Royal Museum of Central Africa, Tervuren, Belguim;

e TMP - Transvaal Museum, Pretoria, South Africa;

e UCT-A — University of Cape Town, Department of Anthropology Cape Town, South
Africa; and

e UWNMA - University of the Witwatersrand, Department of Anatomy, Johannesburg,
South Africa.

There is a series of statistical abbreviations that will also be used frequently. These are:

e 2BPLS — Two-block partial least squares analysis, a multivariate statistical analysis that
is used to find the way that two data sets covary symmetrically;

e 3DGM - Three-dimensional geometric morphometrics, the quantification of shape in

three dimensional spaces;
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e GPA - Generalized Procrustes Analysis, the process of size scaling, rotating and
transposing X,Y,Z, coordinate data by minimizing the least squares distance between
specimens; and

e PCA - Principal components analysis, a multivariate ordination analysis that maximizes
the difference in a sample via a singular value decomposition and projection into two-
dimensional space.

In addition, all taxonomic references follow these attributions:

e Hominidae, hominid: A family level group containing Homo, Pan, Gorilla, and Pongo
as well as direct fossil ancestors of these taxa (Gray, 1825);

e Homininae, hominine: A subfamily level group containing Homo, Pan, Gorilla and
direct fossil ancestors of these taxa (Gray, 1825);

e Hominini, hominin: A tribe containing Homo and all fossil ancestors of Homo (Gray,
1825) plus australopiths; and

e australopith: A non-taxonomic term used to reference all members of the genus

Australopithecus.
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CHAPTER 2: MATERIALS

This chapter will describe the specimens collected for this project and methodology used
to collect the data. This will include a discussion of three dimensional geometric morphometrics,
the collection process and its applications to biology and paleoanthropology in particular. An
account of the fossils examined will be given, as well as a discussion and justification for the

extant individuals used.

Modern Comparative Sample

The modern comparative sample consists of 237 extant individuals from the following
groups: Gorilla gorilla gorilla, Gorilla gorilla graueri, Gorilla gorilla beringei, Pan troglodytes
troglodytes, Pan trogolodytes schweinfurthii, Pan pansicus, Pongo pygmaeus, and Homo sapiens
from four different populations — Late Stone Age South Africans, Andaman Islanders, Australian
Aborigines and Point Hope Ipiutak (see Table 2.1). All individuals sampled were adults and
displayed full epiphyseal closure at all joints. The elements and data collected are described
below. Where sex was not indicated on the specimen, it was determined using the pelvis in
Homo sapiens and using size for Pongo and Gorilla. If the sex was not given for Pan, or if the
pelvis was missing for Homo sapiens, specimens were listed as unknown. No zoo specimens
were sampled. The target sample size for each group was fifty individuals, split evenly between
males and females. In almost all cases this was impossible due to the relative scarcity of
postcranial skeletons in comparison with crania and because of collection and cataloguing
practices at museums earlier in the last century (in some collections, skeletons have been broken

up and catalogued by element as opposed to by individual).
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As the closest evolutionary relatives of early hominin taxa, Homo will provide an
appropriate measure for the amount of variation we should expect in a single hominin species,
and Pan species will provide an appropriate measure for the amount of variation we should
expect in a single hominin genus. Pan and Homo are also appropriate functional analogs, as
much of the functional debate surrounding hominin postcranial remains centers around the
degree of bipedalism practiced by each taxon (see Napier, 1964; Leakey et al. 1964; Clarke and
Tobias, 1995; Kidd et al., 1996; McHenry and Berger, 1998).

The H. sapiens sample was chosen from maximally different populations in order to
encompass the full range of modern human variability. No modern morphological collections
were sampled for modern humans as they presumably exhibit a high degree of genetic
admixture; instead archaeological and more isolated populations were sampled. In order to have
a comparison to generic level differences, both Pan troglodytes and Pan pansicus were sampled.
Finally, by sampling two subspecies within Pan troglodytes (P. t. troglodytes and P. t.
schweinfurthi) and within Gorilla gorilla (G. g. graueri and G. g. gorilla) I have an analog for
the type of variation that would be expected in subspecies.

Pongo and Gorilla are good examples where a large amount of size dimorphism and
postcranial shape variation are contained in a single genus. Gorilla, as well as being highly
sexually dimorphic, presents subspecifically consistent differences in the morphology of the
elbow and shoulder joints, as well as in the length of the metacarpals (Inouye, 1992; Taylor,
1997). Therefore, information from these taxa gives a good estimate of the maximum amount of

both size and shape variation that can be accommodated in a single taxon.
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Table 2.1 List of extant specimens used for this study by species, subspecies and sex.

Males Females Unknown Total

Gorilla(n=77)

Gorilla gorilla beringei1 2 3 0 5

Gorilla gorilla gorilla2 24 26 50

Gorilla gorilla graueri3 13 9 22
Homo sapiens (n =76)

Andaman Islanders 11 10 8 29

Australian aborigines 3 8 14

Late Stone Age South Africans 8 4 1 13

Point Hope Ipiutak 15 15 0 30
Pan (n=88)

Pan paniscus 3 7 9 0 16

Pan troglodytes schweinfurthii 3 7 7 14 28

Pan troglodytes troglodytes 2 19 25 0 44
Pongo (n=16)

Pongo pygmaeus 9 6 1 16

! Virunga isolates; RMCA, 2 Cameroon (and some gorilla males from R o Congo); PCM, 3DRC; RMCA, AMNH-

M, “Borneo, Sumatra; AMNH-M, NHM-M

Homo

Data were collected on four populations of modern humans, two of archaeological origin.

All of the Andaman Island skeletons that were sampled in the NHM Anthropology Department

were collected from individuals who died within 50 years of the first British occupation in 1858.

The Andaman Islands are a series of almost 200 small islands off the coast of India in the Indian

Ocean, and their inhabitants represent an isolated population that was probably colonized quite

early in human history (Late Pleistocene). They had very little contact with individuals from

other nearby islands and almost no contact with Western countries. They have a very distinct
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phenotype, being smaller and more gracile than most modern human populations (Endicott,
2003).

The Australian skeletons studied at the NHM are presumed to be Australian Aborigines
collected from mainland Australia (not part of the recently repatriated Tasmanian collection),
however there is no precise data on the origins of the collection, or where the individuals were
originally located.

Data were collected on Late Stone Age South Africans from pre-pastoralist groups dated
to before 2000 BP, prior to the emergence of the more modern Khoikhoi populations. All
individuals were recovered from the south-western coast of South Africa, either in shallow dune
burials or in rough rock shelters; they are housed at UCT-A. Most of the specimens are from
two clusters of individuals — a group found near Faraoskop in the Vrendendal District (dated to
approximately 2100 BC) and a group found in the Oakhurst Rock shelter near the town of
George (dated to approximately 6000 BC). Although their dates are quite far apart, these
individuals were all likely part of one continuous population that had a similar lifestyle centered
around gathering and coastal fishing (Morris, 1992).

The Point Hope Ipiutak sample studied at AMNH-A is an archaeological population
excavated from Point Hope, Alaska during the Rainey-Larson Point Hope Expeditions between
1939 and 1941. They represent a cold-adapted group practicing typical subsistence foraging.
Radiocarbon dates indicate that the area was settled around 2000 BC and was under continuous
settlement up to the present. There were at least three cultural shifts in the Point Hope area —
pre-Ipiutak, Ipiutak and Tigara (Rainey, 1941; Mason, 1998). Only indvidiuals from the Ipiutak

population were sampled in order to limit the effects of genetic introgression.
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Fossil Sample

The time frame of interest is roughly demarcated by 4.1 Ma-1.5 Ma. Data were collected
on 149 fossil individuals from localities in both East and South Africa, attributed to 9 different
species, including: A. anamensis, A. afarensis, A. africanus, A. garhi, H. habilis sensu lato
(including putative H. rudolfensis of which there are currently no associated postcranial remains)
, H. erectus, P. boisei, and P. robustus. Several of these may have lived sympatrically at sites in
both East Africa (e.g., P. boisei, H. habilis sensu lato and H. erectus at Koobi Fora) and South
Africa (e.g., A. africanus and H. habilis at Sterkfontein). All data were collected on the actual
specimens; no casts were utilized for this study. The following section briefly describes the

fossils by site, with a summary in Table 2.2.

ETHIOPIA

Hadar

The fossil-bearing region of Hadar is located in the west-central region of Ethiopia. The
three upper members of the Hadar Formation (Sidi Hakoma, Denen Dora and Kada Hadar) are
the important fossiliferous sediments. The oldest fossils are dated to approximately 3.4 Ma and
the youngest to approximately 3.1 Ma (Kimbel and Walter, 2000). All of the fossil hominins
have generally been assigned to the taxon Australopithecus afarensis (Johanson et al. 1978 et
sed.) although some researchers have argued that these individuals should be divided into two
separate taxa on the basis of size (Zihlman, 1985; Senut, 1992). Data were collected on 20
individuals from the Hadar region at NME, including: AL 128-1, 129-1, 137-48, 288, 322-1,
333-107, 333-12, 333-123, 333-29, 333-3, 333-4, 333-42, 333-6, 333-7, 333-95, 333w-33, 333w-

36, 333w-56, 333x-26 and 333x-5.

35



There are three individuals with associated elements from the Hadar material. AL 129-1
consists of a distal femur and proximal tibia; Johanson and Taieb (1976) suggested in their
original description that AL 128 (a proximal femur) belonged to the same individual, based on
size and proximity. AL 137-48 consists of a distal humerus and distal ulna. Of AL 288 (“Lucy”),
I examined only a partial humerus, radius, ulna, femur and tibia. The rest of the assemblage
consists of individuals represented by a single element. There are two distal humeri (AL 322-1,
333-29), one proximal humerus (AL 333-107), one proximal radius (AL 333w-33), two proximal
ulnae (AL 333w-36, 333x-5), one distal ulna (AL 333-12), four proximal femora (AL 128-1,
333-123, 333-3, 333-95) two distal femora (AL 333-4, AL 333x-56), two proximal tibiae (AL
333-42, 333x-26) and two distal tibiae (AL 333-6, 333-7). All of the AL 333 material is part of a

single assemblage and is dated to 3.2 Ma, while Lucy is dated to 3.18 Ma (Walter, 1994)

Middle Awash

The Middle Awash is located south of Hadar, along the Awash river. This geologically
complex region has a stratigraphic sequence that spans that last 6 million years. The region is
broken up into distinct areas based on the Afar tribal designations. (White, 2000a). The
specimens studied here derive from the later sediments of the Bouri area on the west side of the
Awash River and the Maka and Matabaietu areas on the east side of the Awash River.

Seven specimens are from Bouri, with three from the Hata Member (BOU-VP 11/1, 12/1,
35/1, and four from the Daka Member (BOU-VP 1/17, 1/109, 19/63, 35/1). The specimens from
the Hata Member have been dated to approximately 2.5 Ma and have not been attributed to any
specific taxon, although there is speculation that they could belong to A. garhi (Asfaw et al.,

1999). BOU-VP-12/1 is an associated skeleton including a partial humerus, proximal radius, an
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extremely fragmentary ulna and a femoral shaft. BOU-VP-11/1 is a proximal ulna, and BOU-
VP-35/1 is a femoral shaft. The specimens from the Daka Member have been attributed to the
taxon Homo erectus and are dated to ca. 1 Ma (Asfaw et al. 2002). They consist of two femoral
shafts (BOU-VP 1/17, 2/15), one partial distal femur (BOU-VP-19/63) and one proximal tibia
(BOU-VP-1/109).

Data were also collected on one specimen from Matabaietu (MAT-VP-1/1, a distal
humerus) and one specimen from Maka (MAK-VP-1/1, a proximal femur). The Maka femur has
been dated to 3.5 Ma and attributed to Australopithecus afarensis (Lovejoy et al., 2002) while
the Matabaietu humerus has been dated to 2.5 Ma and has not been attributed to any particular

taxon (Asfaw et al., 1999).

Melka Kontouré

Melka Kontour¢ is located in Central Ethiopia along the Awash River and is composed
largely of fluvial deposits, with interspersed with volcanic layers. The archaeological sequence
spans the time from the Oldowan through the Middle Stone Age (White, 2000b). Data on one
distal humerus from the Melka Kontouré region (Gomboré I-B 7594) were collected at NME.
The specimen is dated to 1.6 Ma and has been attributed to early Homo (Senut and Tardieu,

1985) and Homo erectus (Coppens, 2004).

Omo Valley
The Omo River Valley represents the northern-most extension of the East African Ritft.
Data were collected from five specimens at NME. Omo Kibish 1 is an associated skeleton

including (for the purposes of this study) right and left distal humeri, proximal ulna, distal femur
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and distal tibia. It is considered to be one of the earliest modern Homo sapiens, now dated to
approximately 200 Ka (McDougall et al., 2005). Four specimens derive from the Shungura
Formation and were placed in stratigraphic context by Feibel et al., 1989. Omo 119-1973-2710 is
a proximal humerus dated to 2.43 Ma, and L40-19 is a nearly complete ulna which been
attributed to Paranthropus boisei (McHenry et al., 1976) and dated to 2.37 Ma. Omo 75s-1970-
1317 is a proximal radius and Omo 141-1972-23 is a proximal ulna dated to 2.2 Ma, both from

Lower Member G (Feibel et al. 1989).

KENYA
Turkana Basin

The Turkana Basin refers to the potion of the east African rift with Lake Turkana in
northern Kenya and the Omo Valley in Ethiopia (see previous section). The Turkana Basin has
sediments dating from the Late Oligocene through the Late Pleistocene. The hominin bearing
regions are West Turkana, Koobi Fora, Kanapoi and Allia Bay, and they date from 4.17 Ma
through 0.05 Ma (Brown, 2000).

Data on 40 specimens from the Turkana Basin, Kenya were collected at KNM. Three
specimens (KP 271, 29285, ER 20419) come from deposits at Kanapoi dated between 4.17 and
4.07 Ma (Leakey et al. 1988). These include a distal humerus, proximal and distal tibia and
proximal and distal radius; all specimens are attributed to Australopithecus anamensis (Leakey,
1995; Ward, 2001). Two specimens from West Turkana were sampled: WT 15000 and WT
19700. The humerus, ulna, femur and tibia were sampled from WT 15000 (“Nariokotome

Boy”), an associated skeleton of a juvenile H. erectus dated to 1.6 Ma (Brown et al., 1985;
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Feibel et al. 1989; Walker, 1994). WT 19700 is a complete proximal tibia from the Nachukui
Formation (Walker, 1994).

There are several sets of associated postcranial remains from East Turkana whose ages
have been assessed by Feibel et al. (1989): ER 803, 1481, 1500, 1808 and 3735. ER 803 and
1808 both consist of associated femoral and tibial shafts. ER 803 is dated to approximately 1.57
Ma and has been attributed to Homo sp. indet (Leakey and Day, 1973) while ER 1808 is dated
between 1.53 -0.05 Ma and is considered to be Homo erectus (Leakey and Leakey, 1978). ER
1481 consists of an associated proximal and distal femur and tibia. It has been dated between
1.89-0.05 Ma and attributed to the genus Homo (Leakey, 1973; Senut and Tardieu, 1985). ER
1500 is dated to 1.90 -1.88 Ma and is composed of a proximal radius, proximal ulna, distal femur
and proximal and distal tibia. It has been considered by most researchers to be Paranthropus
boisei (Leakey, 1973; Senut and Tardieu, 1985; Grausz et al.1988). ER 3735 has been
attributed to the genus Australopithecus (Paranthropus) (Senut and Tardieu, 1985) and is
composed of a distal humerus and proximal radius. This specimen is dated to 1.88 — 1.90 Ma

All other individuals sampled were represented by a single element. KNM-ER 1473
(1.89-0.05 Ma) is the only proximal humerus. ER 739 (1.53 -0.05 Ma), 1504 (1.89-0.05 Ma),
1591, 1824 and 6020 (1.7 Ma) are all distal humeri. ER 3736 (1.89-0.05 Ma Ma), 3888 (1.57-
0.05 Ma), and 3956A (1.89-0.05 Ma) are proximal radii. Seven individuals were represented by
proximal femora — ER 738 (1.88 Ma), 815 (1.77-0.10 Ma), 999 (0.5 — 0.1 Ma), 1503, 1505A,
3728, and 5880 (1.89-0.05 Ma). ER 1472 is composed of a nearly complete proximal and distal
femur (1.89-0.05 Ma). Three other distal femora were sampled — ER 993 (1.53-0.05 Ma), 1592
(1.85 Ma) and 3951 (1.89-0.05 Ma). ER 736 (1.7 Ma), 737 (1.6 Ma), 1463 (1.53 -0.05 Ma), 1807

(1.53 -0.05 Ma), and 1809 (1.77-0.05 Ma) are represented by femoral shafts only. ER 741 (1.53
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-0.05 Ma), 1471 (1.89-0.05 Ma), 1476B (1.88 Ma), 1810 (1.89-0.05 Ma) and 2594A (1.53 -0.05

Ma) are all proximal tibiae (all dates from Feibel et al. 1989).

Baringo Basin

The Baringo Basin is located in Western Kenya and is notable for its long primate
bearing stratigraphic sequence. The oldest sediments in the Baringo Basin sequence are
approximately 15 Ma and have yielded many individuals attributed to Kenyapithecus, a Middle
Miocene ape. The Lukeino, Chemeron and Kapthurin formations are all hominin bearing, with
the Lukeino molar perhaps being the earliest hominin found at 6 Ma (Delson et al., 2000).

Data on two specimens from the Baringo Basin were collected at the KNM. The first is a
proximal humerus from the Chemeron Formation, dated to approximately 5.07 Ma and assumed
to be a very early member of the genus Australopithecus, or even Ardipithecus, considering the
early date. The second specimen is an ulna from the Kapthurin Formation, dated to less than

0.66 Ma, which has been attributed to Homo erectus or “archaic” Homo sapiens (Wood, 1999).

TANZANIA
Laetoli
Laetoli is located in northern Tanzania and is the type site for Australopithecus afarensis.
There are two relevant fossiliferous deposits at Laetoli: the Upper Laetolil beds, spanning the
time period between 3.63-3.85 Ma and the Upper Ndolanya Beds which are dates to 2.66 Ma
(Harrison, in press). Data on one proximal tibia (field number EP 1000/98) was collected from

Laetoli at NMT. This proximal tibia was recovered from the Upper Ndolanya Beds and has been
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cautiously attributed to P. aethiopicus as the sole hominin taxon deriving from these beds

(Harrison, in press).

Olduvai Gorge

Olduvai Gorge is also located in Northern Tanzania and is a dry, y-shaped valley with
multiple branches that have strata starting in the Upper Pliocene and ending in the late
Pleistocene (White, 2000c). Data were collected on seven postcranial specimens from Olduvai
Gorge at the National Museum of Tanzania in Dar es Salaam and at the Kenya National Museum
in Nairobi (OH 20, 28, 34, 35, 36, 53, 62). OH 62 is an extremely fragmentary partial skeleton
consisting of a fragmentary humerus, proximal ulna and femoral shaft. It is associated with
cranial remains that have been attributed to both H. habilis (Johanson et al., 1987; Lieberman et
al., 1996) and Homo sp. indet (neither H. habilis or H. rudolfensis) (Blumenschine et al., 2003).
It comes from Lower Bed I and is dated between 1.85 and 1.75 Ma (Johanson et al., 1987). OH
36 is a proximal ulna from Upper Bed II dated 1.52- 1.33 Ma (Aiello et al., 1999). This
specimen has been attributed to H. erectus (Leakey, 1973), P. boisei (Walker and Leakey, 1993)
and to an indeterminate hominin (Aiello et al., 1999). OH 20 and 34 are partial proximal
femora. OH 20 was found on the surface of Lower Bed II and was attributed to P. boisei in the
original description of the fossil (Day, 1969). OH 34 was found at site JK2 West during the
1962 excavations at Olduvai. Its exact provenance is unknown, although it is said to come from
Bed III (Kleindeinst, 1973), dated 1.15-0.8 Ma (Hay, 1976). OH 28 and 53 are femoral shafts
from Bed IV and Upper Bed II respectively. OH 35 is a proximal tibia from the FLK floor dated
to approximately 1.66 Ma (Walter et al. 1992). In the original description, it was classified as

“Indet” (Davis, 1965) but has since been suggested to be H. habilis (Susman and Stern, 1982).
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SOUTH AERICA

Kromdraai

Kromdraai is a small site in the Transvaal province of South Africa, composed of
dolomitic limestone deposits. Data were collected on TM 1517, a distal humerus that is part of
the type specimen of Paranthropus robustus (Broom, 1938), found in Kromdraai B. Because
Kromdraai is a cave site, dating this fossil precisely has been difficult. New paleomagnetic dates
of a matrix similar to that found on the TM 1517 skull dates this fossil (and the sediments at

Kromdraai B) to 1.9 Ma (Thackeray et al., 2002).

Makapansgat

The site of Makapangsgat is located in the northern Transvaal and consists of a series of
karst caves and solution chambers. The exact dating and provenance of the Makapansgat fossils
is difficult as many of the fossils were found in the debris from the limeworks, although most
authors accept an age close to 3 Ma. Data were collected on one proximal femur (MLD 46) from
Makapansgat at UW, attributed to A. africanus. MLD 46 was found in Member 4 whereas most

other hominin fossils were found in Member 3, the “grey breccia” (Reed et al. 1993).

Swartkrans

Swartkrans is located just west of Sterkfontein in the Transvaal area of South Africa and
are composed of a series of karst cave breccia deposits. The dating of Swartkrans is unclear,
although most current estimates put all of the fossil bearing members between 1.5 and 1.8 Ma
(following Delson, 1988). Data were collected on 16 specimens from Swartkrans at TMP. SK

860, SKX 10924, SKX 3774 and SKX 24600 are distal humeri. SKX is from Member 3 and has

42



been attributed to Homo cf. erectus (Susman et al. 2001). SKX 3774 and 24600 are from
Member 1 and are attributed to P. robustus. SK 18b, SK 2045, SKX 3699, and SKX 24601 are
proximal radii. SK 18b and 2045 are attributed to H. cf erectus and are from Member 2 (Broom
and Robinson, 1949; Susman et al. 2001). SKX 3699 and 24601 are attributed to P. robustus
with the former from Member 1 and the latter from Member 2. SKX 3682 is a distal radius from
Member 2 attributed to P. robustus. SK 8761 is a proximal ulna attributed to P. robustus from
Member 1 (Susman, 1989). SK 82,97, 3121, 14024 and SKW 19 are proximal femora attributed
to P. robustus. SK 3121 is from the Member 2, but the other four are from the Hanging Remnant
(Napier 1964; Susman et al., 2001). SK 1896 is a distal femur from Member 2 attributed to H. cf

erectus (Susman et al. 2001).

Sterkfontein

Sterkfontein is another karst-cave breccia site, located near the town of Krugersdotp.
This site was originally a limestone quarry in the late 1890s. Due to the nature of the deposits,
the dating of the layers is unclear. Most of the hominin fossils derive from Members 4 and 5.
Member 4 is dated to somewhere between 2.8 and 2.2 Ma and Member 5 to 2 - 1.5 Ma. (Grine,
2000).

Data were collected on 41 specimens from Sterkfontein at UW and TMP. There is only
one individual with associated postcranial elements. The distal humerus, proximal radius and
proximal ulna were sampled from Stw 431. It was found in Member 4 and attributed to A.
africanus (McHenry and Berger, 1997). The partial skeleton STS 14 is probably associated with
the Sts 5 cranium (“Mrs. Ples”) (Thackeray, et al. 2001) and therefore also attributed to

Australopithecus africanus; only the proximal femur was sampled for this project.
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All other individuals are represented by a single element. There are two proximal humeri
(Stw 328 and Stw 517) and one humeral shaft (Stw 348). There are three proximal radii (Stw
105, 139 and 516) and one distal radius (Stw 46). Stw 113, 349, 380, 390, 398, and 571 are
proximal ulnae and Stw 326 and 399 are distal ulnae. Most of the proximal femora are
represented by the femoral head only (Stw 25, 30a, 65, 311, 392, 403, 479, 501, 522, and 527);
Stw 99 is the only complete proximal femur. Sts 34, Stw 129 and 318, and TM 1513 and 3601
are distal femora while Stw 121 is a femoral shaft. Stw 396 and 514 are proximal tibiae while
Stw 181, 358, 389, 515 and 567 are distal tibiae. Table 2.2 indicates the stratigraphic position of

these fossils.

44



Table 2.2 A list of the fossils that were sampled, including their ages and stratigraphic position

Accession No. Element Site/Region Stratigraphic Position/Locality Age

AL 128-1 Prox. Femur Hadar Sidi Hakoma Member” 3.4 Ma'
AL 129-1 Prox. Femur Hadar Sidi Hakoma Member? 3.4 Ma'
AL 137-48 Dist. Humerus & Dist. Ulna Hadar Sidi Hakoma Member” 3.4 Ma'
AL 288 Assoc. Skeleton Hadar Kada Hadar Member” 3.18 Ma'
AL 322-1 Dist. humerus Hadar Denen Dora Member? 3.2 Ma'
AL 333-107 Prox. Humerus Hadar Denen Dora Member® 3.2 Ma'
AL 333-12 Dist. Ulna Hadar Denen Dora Member® 3.2 Ma'
AL 333-123 Prox. Femur Hadar Denen Dora Member® 3.2 Ma'
AL 333-29 Dist. Ulna Hadar Denen Dora Member® 3.2 Ma'
AL 333-3 Prox. Femur Hadar Denen Dora Member® 3.2 Ma'
AL 333-4 Dist. Femur Hadar Denen Dora Member” 3.2 Ma'
AL 333-42 Prox. Tibia Hadar Denen Dora Member® 3.2 Ma'
AL 333-6 Dist. Tibia Hadar Denen Dora Member® 3.2 Ma'
AL 333-7 Dist. Tibia Hadar Denen Dora Member® 3.2 Ma'
AL 333-95 Prox. femur Hadar Denen Dora Member” 3.2 Ma'
AL 333w-33 Prox. radius Hadar Denen Dora Member” 3.2 Ma'
AL 333w-36 Prox. Ulna Hadar Denen Dora Member® 3.2 Ma'
AL 333w-56 Dist. Femur Hadar Denen Dora Member” 3.2 Ma'
AL 333x-26 Prox. Tibia Hadar Denen Dora Member® 3.2 Ma'
AL 333x-5 Prox. Ulna Hadar Denen Dora Member? 3.2 Ma'
BC 1745 Prox. Humerus Baringo Chemeron Formation® 5.07 Ma’
BK 66 Prox. Ulna Baringo Kapthurin Formation® <0.66 Ma®
BOU-VP-1/109 Prox. Tibia Middle Awash  Bouri, Daka Member® 1 Ma*
BOU-VP-1/17 Femoral Shaft Middle Awash  Bouri, Daka Member* 1 Ma*
BOU-VP-11/1 Prox. Ulna Middle Awash  Bouri, Hata Member’ 2.5 Ma’
BOU-VP-12/1 Prox. Radius Middle Awash  Bouri, Hata Member’ 2.5 Ma’
BOU-VP-19/63 Dist. Femur Middle Awash  Bouri, Daka Member” 1 Ma*
BOU-VP-2/15 Femoral Shaft Middle Awash  Bouri, Daka Member” 1 Ma*
BOU-VP-35/1 Humeral Shaft Middle Awash  Bouri, Hata Member® 2.5 Ma’
EP 1000/98 Prox. Tibia Laetoli Upper Ndolanya Beds® 2.66 Ma®
Gomboré IB 7594 Dist. Humerus Melka Kontouré Gomboré, site IB’ 1.6 Ma’
ER 736 Femoral Shaft Koobi Fora Upper KBS Member’ 1.7 Ma’
ER 737 Femoral Shaft Koobi Fora Lower Okote Member’ 1.6 Ma’
ER 738 Prox. Femur Koobi Fora KBS Channel Complex’ 1.88 Ma’
ER 739 Dist. Humerus Koobi Fora Upper Okote Member’ 1.53-0.05 Ma’
ER 741 Prox. Tibia Koobi Fora  Upper Okote Member’ 1.53 - 0.05 Ma’
ER 803 Femoral and Tibial Shafts Koobi Fora  Upper Okote Member’ 1.53-0.05 Ma’
ER 815 Prox. Femur Koobi Fora ~ KBS Member ° 1.77 -0.10 M2’
ER 993 Dist. Femur Koobi Fora Upper Okote Member’ 1.53-0.05 Ma’
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Table 2.2 cont. A list of the fossils that were sampled, including their ages and stratigraphic position

Accession Element Site Stratigraphic Position/Locality Age

ER 999 Prox. Femur Koobi Fora Chari Member (”Guomde Fmn”)*’ 0.5-0.1 Ma’
ER 1463 Femoral Shaft Koobi Fora Upper Okote Member 1.53-0.05 Ma’
ER 1471 Prox. Tibia Koobi Fora Upper Burgi Member’ 1.89-0.05 Ma®
ER 1472 Prox. and Dist. Femur Koobi Fora Upper Burgi Member’ 1.89-0.05 Ma”®
ER 1473 Prox. Humerus Koobi Fora Upper Burgi Member ° 1.89-0.05 Ma”’
ER 1476B Prox. Tibia Koobi Fora ~ KBS Channel Complex’ 1.88 Ma’
ER 1481 F}; iﬁi}iﬂ%ﬁa Koobi Fora  Upper Burgi Member 1.89-0.05 Ma’
ER 1500 Assoc. Skeleton Koobi Fora  Upper Burgi Member ’ 1.88-1.90 Ma’
ER 1503 Prox. Femur Koobi Fora  Upper Burgi Member’ 1.89-0.05 Ma”’
ER 1504 Dist. Humerus Koobi Fora Upper Burgi Member’ 1.89-0.05 Ma®
ER 1505A Femoral head Koobi Fora Upper Burgi Member’ 1.89-0.05 Ma”®
ER 1591 Dist. Humerus Koobi Fora KBS Member’ 1.7 M2’
ER 1592 Dist. Femur Koobi Fora Lower KBS Member’ 1.85 Ma’
ER 1807 Femoral Shaft Koobi Fora Upper Okote Member’ 1.53-0.05 Ma’
ER 1808 yomora' and Koobi Fora KBS Member’ 1.7 M2’
ER 1809 Femoral Shaft Koobi Fora KBS Member’ 1.77 -0.10 Ma’
ER 1810 Prox. Tibia Koobi Fora Upper Burgi Member’ 1.89-0.05 Ma”®
ER 1824 Dist. Humerus Koobi Fora Upper KBS Member® 1.7 Ma’
ER 2594A Prox. Tibia Koobi Fora Upper Okote Member’ 1.53 -0.05 Ma’
ER 3728 Prox. Femur Koobi Fora Upper Burgi Member’ 1.89-0.05 Ma
ER 3735 Dist. Humuers and Prox. Radius Koobi Fora Upper Burgi Member’ 1.88-1.90 Ma’
ER 3736 Prox. Radius Koobi Fora Upper Burgi Member’ 1.89-0.05 Ma”’
ER 3888 Prox. Radius Koobi Fora Okote Member’ 1.57-0.08 Ma’
ER 3951 Dist. Femur Koobi Fora Upper Burgi Member’ 1.89-0.05 Ma”’
ER 3956A Prox. Raidus Koobi Fora Upper Burgi Member’ 1.89-0.05 Ma”®
ER 5880 Prox. Femur Koobi Fora Upper Burgi Member’ 1.89-0.05 Ma’
ER 6020 Dist. Humerus Koobi Fora KBS Member’ 1.77-0.10 Ma’
ER 20419 Prox. and Dist. Radius Allia Bay Sibilot Hill 2 4.17-4.07 Ma'!
KP 271 Dist. Humerus Kanapoi Naringangoro Hill, surface find ' 4.17-4.07 Ma'!
KP 29285 Dist. Tibia Kanapoi surface find'"? 4.17-4.07 Ma'!
WT 15000 Assoc. Skeleton West Turkana  NK3, Natoo Member > 1.6 Ma’
WT 19700 Prox. Tibia West Turkana ~ Nachukui Fmn

MAK-VP-1/1 Prox. Femur Middle Awash Maka Beds'* 3.4 Ma'
MAT-VP-1/1 Dist. Humerus Middle Awash Matabiactu'* 2.5Ma"
MLD 46 Prox. Femur Makapansgat ~ Member 4 '° 3Ma's
OH 20 Prox. Femur Olduvai Gorge HWK, Lower Bed II/Upper Bed I'¢ 1.8 Ma'®
OH 28 Femoral Shaft Olduvai Gorge WK, Bed v'e 1.2-1.07 Ma'®
OH 34 Prox. Femur Olduvai Gorge JK2, Bed '’ 1.33-1.2 Ma"’
OH 35 Dist. Tibia Olduvai Gorge FLKNN, Upper Bed I'® 1.8-1.76 Ma'®
OH 36 Prox. Ulna Olduvai Gorge SC, Upper Bed 11'° 1.33-1.48 Ma"’
OH 53 Femoral Shaft Olduvai Gorge  SHK, Middle Bed II*° 1.65-1.52 Ma®
OH 62 Assoc. Skeleton Olduvai Gorge DDH, Bed I*' 1.85-1.75 Ma®!
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Table 2.2 cont. A list of the fossils that were sampled, including their ages and stratigraphic position

Accession Element Site Stratigraphic Position/Locality Age
Omo Kibish 1 Assoc. Skeleton Omo Kibish Formation® 200-150 Ka*
Omo 119-1973-2710  Prox. Humerus Omo Shunguru Fmn”’ 2.43 Ma’
Omo 141-72-23 Prox. Ulna Omo Lower Member G° 2.2 -0.1Ma’
Omo 75 S70-1317 Prox. Radius Omo Lower Member G’ 2.2 -0.1Ma’°
Omo L40-19 Ulna Omo Shunguru Fmn”’ 2.37 Ma’
SK 18 Prox. Radius Swartkrans Member 2% 1.8-1.5 Ma*
SK 19 Prox. Femur Swartkrans Member 1 Hanging Remnant®* 1.8-1.5 Ma*
SK 82 Prox. Femur Swartkrans Member 1 Hanging Remnant®* 1.8-1.5 Ma*
SK 97 Prox. Femur Swartkrans Member 1 Hanging Remnant** 1.8-1.5 Ma®
SK 860 Dist. Humerus Swartkrans Member 1 Hanging Remnant** 1.8-1.5 Ma*
SK 1896 Dist. Femur Swartkrans Member 1 Hanging Remnant®* 1.8-1.5 Ma®
SK 2045 Prox. Radius Swartkrans Member 2** 1.8-1.5 Ma®
SK 3121 Prox. Femur Swartkrans Member 2% 1.8-1.5 Ma*
SK 14024 Prox. Femur Swartkrans Undescribed

SKX 3602 Dist. Radius Swartkrans Member 1% 1.8-1.5 Ma®
SKX 3699 Prox. Radius Swartkrans Member 2% 1.8-1.5 Ma®
SKX 3774 Dist. Humerus Swartkrans Member 1%* 1.8-1.5 Ma®
SKX 8761 Prox. Ulna Swartkrans Member 1% 1.8-1.5 Ma®
SKX 10924 Dist. Humerus Swartkrans Member 3% 1.8-1.5 Ma*
SKX 12814 Radial Shaft Swartkrans Member 1? 1.8-1.5 Ma”
SKX 24600 Dist. Humerus Swartkrans Member 1 Lower Bank** 1.8-1.5 Ma*
SKX 24601 Prox. Radius Swartkrans Member 1 Lower Bank** 1.8-1.5 Ma*
Sts 14 Prox. Femur Sterkfontein Member 4% 2.8-2.5 Ma®
Sts 34 Dist. Femur Sterkfontein Member 4% 2.8-2.5 Ma®
Sts 65 Prox. Femur Sterkfontein Member 4% 2.8-2.5 Ma®
Stw 25 Prox. Femur Sterkfontein Member 4% 2.8-2.5 Ma®
Stw 30a Prox. Femur Sterkfontein Member 4°° 2.8-2.5 Ma*
Stw 46 Dist. Radius Sterkfontein Member 4% 2.8-2.5 Ma*
Stw 105 Prox. Radius Sterkfontein Member 4% 2.8-2.5 Ma®
Stw 113 Prox. Ulna Sterkfontein Member 5% 2-1.5 Ma*
Stw 121 Femoral Shaft Sterkfontein Member 4% 2.8-2.5 Ma®
Stw 129 Dist. Femur Sterkfontein Member 5% 2-1.5 Ma*
Stw 139 Prox. Femur Sterkfontein Member 5% 2-1.5 Ma®
Stw 181 Dist. Tibia Sterkfontein ~ Member 4% 2.8-2.5 Ma®
Stw 311 Prox. Femur Sterkfontein Member 5% 2-1.5 Ma*
Stw 318 Dist. Femur Sterkfontein Member 4°° 2.8-2.5 Ma*
Stw 326 Dist. Ulna Sterkfontein Member 4°° 2.8-2.5 Ma®
Stw 328 Prox. Humerus Sterkfontein Member 4% 2.8-2.5 Ma®
Stw 348 Humeral Shaft Sterkfontein Member 4% 2.8-2.5 Ma®
Stw 349 Prox. Ulna Sterkfontein Member 4% 2.8-2.5 Ma®
Stw 358 Dist. Tibia Sterkfontein ~ Member 4% 2.8-2.5 Ma®
Stw 380 Prox. Ulna Sterkfontein Member 4% 2.8-2.5 Ma®
Stw 389 Dist. Tibia Sterkfontein Member 4% 2.8-2.5 Ma*
Stw 390 Prox. Ulna Sterkfontein Member 4% 2.8-2.5 Ma*
Stw 392 Prox. Femur Sterkfontein Member 4°° 2.8-2.5 Ma®
Stw 396 Prox. Tibia Sterkfontein Member 4% 2.8-2.5 Ma®
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Table 2.2 cont. A list of the fossils that were sampled, including their ages and stratigraphic position

Stratigraphic

Accession Element Site Position/L ocality Age
Stw 398 Prox. Ulna Sterkfontein ~ Member 4% 2.8-2.5 Ma®
Stw 399 Dist. Ulna Sterkfontein ~ Member 4% 2.8-2.5 Ma®
Stw 403 Prox. Femur Sterkfontein ~ Member 4%° 2.8-2.5 Ma®
Stw 431 Assoc. Skeleton Sterkfontein ~ Member 4% 2.8-2.5 Ma®
Stw 479 Prox. Femur Sterkfontein ~ Member 47 2.8-2.5 Ma®
Stw 501 Prox. Femur Sterkfontein ~ Member 47 2.8-2.5 Ma”
Stw 514 Prox. Tibia Sterkfontein ~ Member 4% 2.8-2.5 Ma®
Stw 515 Dist. Tibia Sterkfontein ~ Member 4% 2.8-2.5 Ma®
Stw 516 Prox. Radius Sterkfontein ~ Member 4% 2.8-2.5 Ma®
Stw 517 Prox. Humerus Sterkfontein ~ Member 4% 2.8-2.5 Ma®
Stw 522 Prox. Femur Sterkfontein ~ Member 4% 2.8-2.5 Ma®
Stw 527 Prox. Femur Sterkfontein ~ Member 4% 2.8-2.5 Ma®
Stw 567 Dist. Tibia Sterkfontein ~ Member 4% 2.8-2.5 Ma®
Stw 571 Prox. Ulna Sterkfontein ~ Member 5% 2-1.5 Ma®
™ 1513 Dist. Femur Sterkfontein ~ Member 4% 2.8-2.5 Ma®
™ 1517 Dist. Humerus & Prox. Ulna Kromdraai B 1.9 Ma?®
TM 3601 Dist. Femur Sterkfontein?  Undescribed

"'Walter, 1994 ; 2 Kimbel and Walter, 2000; > Wood, 1999; * Asfaw et al., 2002; °> Asfaw et al., 1999; ® Harrison, in
press; 'Coppens, 2004; *Leakey et al. ;° Feibel et al. 1989; ''Leakey et al. 1988; *Brown et al., 1985; *Ward et al.
2001; ' Lovejoy et al., 2002; '° Reed et al. 1993; '*White, 2000c; ' "Day and Molleson, 1976; *Walter et I. 1992;
PAiello et al. 1999; **Wood et al., 1998; *'Johansen et al. 1987; **Brown and Fuller, 2008; **Delson, 1988;
**Susman et al. 2001 ; *Susman, 1989; **McHenry, 1994; *"Pickering et al. 2004; **Thackeray et al. 2002

Methods

Morphometrics is the statistical study of shape variation and its covariation with other

variables in biology. Traditionally, morphometrics has relied on linear measures of distance,

angles, and various indices using those measures in order to quantify shape differences between

specimens. These measures, although useful, cannot accurately reproduce the original shape of a
specimen, as they contain no information about the ways that the different linear measures relate
spatially to one another (Rohlf and Marcus, 1993; Adams et al., 2004).

Geometric morphometrics (GM) is a morphometric approach that allows the retention of
shape information. The shape information is preserved in most statistical analyses which allows

for the visualization of shape changes in the original specimens. In GM, homologous points
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(landmarks) are selected on each specimen. There are four major landmark types: Type I, Type
II, Type 111, and semi-landmarks. Type I landmarks represent the juxtaposition of three or more
bones at a single point, and are generally seen to be the most homologous and biologically
meaningful. Type II landmarks refer to points that are chosen using geometric evidence, as
opposed to histological evidence; e.g., a point of maximum curvature. Type III landmarks are
defined in reference to other landmarks, and not any biological structure; e.g., the end point of a
diameter. Semi-landmarks are sets of points along a space curve that are mathematically derived
using two Type I, II or III landmarks as endpoints, to describe some form of curvature in its
entirety (Bookstein, 1991).

I recorded X,y,z coordinates of landmarks on the humerus, radius, ulna, femur and tibia
using a Microscribe 3DX digitizer. I recorded 25 landmarks on the humerus, 16 landmarks on
the radius, 23 landmarks on the ulna, 32 landmarks on the femur and 20 landmarks on the tibia
(Tables 2.3-2.7; figures located throughout the text in various chapters). These landmarks were
designed to capture articular surfaces and other areas of functional interest on the postcranium.
Additionally, these landmarks have been selected to encompass some standard osteological
measurements, thus rendering them comparable to previous studies done on this topic. Reduced
landmarks sets were used in analyses including fossils that were incomplete.

All specimens were stabilized with modeling clay in a position such that all landmark
points were able to be recorded in a single view. Where possible, the left side of each element
was digitized in order to minimize random differences due to slight bilateral asymmetry. Data
on all fossil specimens were collected three times and the average coordinate points were used in
analyses to minimize the effects of random error. Modern specimens were used only if at least

four out of the five elements were present.
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Table 2.3 Description of landmarks taken on the humerus

Number Type Description
Humeral Head
1 I Proximal tip of greater tubercle, regardless of position
2 I Proximal tip of lesser tubercle, regardless of position
3 Proximal extreme of the edge of the articular surface where it meets the
II bicipital groove.
4 II Most medial point of head
5 I Distal most point of the head on edge of articular surface opposite point 3.
6 Medial point on head on edge of articular surface, line with point 7
I perpendicular to axis of points 3 and 5.
7 Lateral point on head opposite to point 6 on edge of articular surface, line
I with point 6 perpendicular to axis of points 3 and 5.
Medial
Epicondyle
8 I Most lateral point on the epicondyle
9 II Most medial point on the epicondyle
10 I Most posterior point on the epicondyle
Trochlea
11 II Proximo-medial extreme of trochlea (emphasizing proximal)
12 II Proximal extreme on the anterior surface of the medial facet margin.
13 II Proximate extreme on the posterior surface medial facet margin.
14 I Distal extreme of the medial facet margin.
15 I Proximal extreme on the anterior surface of the trochlear groove
16 I Proximal extreme on the posterior surface of the trochlear groove
17 I Distal extreme of the trochlear groove
13 Most posterior point on the lateral side of the distal end of the trochlear
II groove
Capitulum
19 Most proximal point on the distal capiulum between the capitulum and zona
111 conoidea
20 II Most anterior point of the capitulum
21 I Most proximal point in line with the most anterior point of the capitulum
22 I Most distal point in line with the most anteior point of the capitulum
23 qut lateral-anterior point in line with the most anterior point of the
I capitulum
24 I Most proximolateral point of the capitulum
Olecranon
Fossa
25 II Most proximate point on olecranon fossa
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Table 2.4 Description of the landmarks taken on the radius

Number Type Description
Radial Head
1 I Deepest point on the radial head
2 II Most medial point on radial head
3 I Most lateral point on the radial head
4 11 Most anterior point on the radial head
5 I Most posterior point on the radial head
Radial
Tuberosity
6 11 Center of radial tuberosity
7 I Most distal point of the tuberosity
Styloid
Process
8 II Tip of the styloid process
Ulnar Notch
9 II Most proximoanterior point on the margin of the ulnar notch
10 II Most proximoposterior point on the margin of the ulnar notch
11 II Most anterior point on the facet margin of the ulnar notch
12 II Most posterior point on the facet margin of the ulnar notch
13 II Deepest point inside the ulnar notch
Facet margin
Facet margin between lunate and scaphoid articular surfaces - most anterior
14 II point
Facet margin between lunate and scaphoid articular surfaces - most posterior
15 II point
Facet margin between lunate and scaphoid articular surfaces - deepest point
16 II along that line
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Table 2.5 Description of landmarks taken on the ulna

Number Type Description
Olecranon
1 II Proximal-most point on the olecranon process.
2 II Posterior-most point on the olecranon process.
3 II Medial-most point on maximum constriction of the olecranon.
4 II Lateral-most point of maximum constriction of the olecranon.
Trochlear
Facet
5 I Proximolateral extreme of margin of the trochlear facet
Anterior-most point on proximal margin of trochlear facet, in middle of
6 I proximal trochlear facet
7 I Proximomedial-most point on the margin of the trochlear facet
8 11 Deepest point in the trochlear notch, in midline of articular facet.
9 I Medial most point on distal part of trochlear facet.
Coronoid
Process
10 I Anterior tip of the coronoid process.
Radial Facet
11 II Posterior-most point on the radial facet.
12 II Deepest point of radial facet
13 I Most proximal and distal point of the radial facet
14 11 most anterior point on the radial facet
Ulnar Head
15 II Distal-most point on ulnar head.
16 I Lateral-most point on ulnar head
17 I Posterior-most point on the ulnar head
18 II Anterior-most point on the ulnar head
Styloid
Process
19 I Distal-most point on styloid process.
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Table 2.6 Description of landmarks taken on the femur

Number Type Description
Femoral Head
1 II Middle of fovea capitus
2 I Most proximal point on the femoral head
3 II Most proximal point on the facet margin
4 II Most distal point of the facet margin
5 II Most anterior point of the facet margin
6 II Most posterior point of the facet margin
Greater Trochanter
7 II Maximum point of constriction on ridge running from lesser trochanter to
the femoral head
8 II Deepest point of the proximal neck
9 I middle of the trochenteric fossa
10 II Tip of greater trochanter
11 II Most lateral point of greater trochanter
12 11 Most proximoanterior point of the greater tubercle
Lesser Trochanter
13 II Tip of lesser trochanter
14 I origin of pectineal line
Epicondyles
15 II most medial point on epicondyle
16 II most lateral point on epicondyle
17 II most proximomedial point of the facet margin on the anterior aspect of
the distal articular surface of lateral condyle
18 II most proximolateral point of the facet margin on the anterior aspect of
the distal articular surface of lateral condyle
19 I Most proximal point where the groove ends on the anterior aspect of the
articular surface of lateral condyle
20 II Most distal point of groove
21 II Most distal point of the medial facet margin
22 II Most distal point of the lateral facet margin
23 II Most posterior point of the medial facet margin
24 11 Most posterior point of the lateral facet margin
25 I Most proximomedial point of lateral condylar surface of the posterior
aspect of the articular surface of lateral condyle
26 II Most proximolateral point of lateral condylar surface of the posterior
aspect of the articular surface of lateral condyle
27 II most proximomedial point of the facet margin on the anterior aspect of
the distal articular surface of medial condyle
28 II most proximolateral point of the facet margin on the anterior aspect of
the distal articular surface of medial condyle
29 I Most proximomedial point of lateral condylar surface of the posterior
aspect of the articular surface of medial condyle
30 II Most proximolateral point of lateral condylar surface of the posterior
aspect of the articular surface of medial condyle
31 II Most posterio-medial point of the groove (notch)
32 II Most posterior point of the groove (notch)
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Table 2.7 Description of landmarks taken on the tibia

Number Type Description
Tibial
Condyles

1 II Anterior-most point on medial tibial condyle on outer edge of articular
surface

2 I Medial-most point on the medial tidial condyle.

3 I Posterior-most point on medial tibial condyle.

4 I Lateral -most point on the medial tibial condyle

5 I Anterior-most point on lateral tibial condyle.

6 I Medial-most point on the lateral tidial condyle.

7 I posterior-most point on lateral tibial condyle.

8 11 Lateral-most point on the lateral tidial condyle.

Tuberosity
9 I Anterior-most point on tibial tuberosity.
Talar Facet

10 I Anterior-most point on talar facet.

11 I Medial point on the talar facet.

12 I Posterior-most point on talar facet.

13 II Lateral edge of facet in mid anteriorposterior plane.

14 I Deepest point in mid anteriorposterior plane of the talar facet where it
meets the medial malleolar facet.

15 II Most anterior point in mid anteriorposterior plane of the talar facet where
it meets the medial malleolar facet.

16 11 Most posterior point in mid anteriorposterior plane of the talar facet
where it meets the medial malleolar facet.

17 II Most medial point of the medial malleolus

18 II Distal tip of medial malleolus

19 II Most lateral point of talar facet

20 II Most lateral point on the fibular facet

By collecting data as a series of X,y,z coordinates, I was able to use these landmarks to

visualize the three-dimensional shape of a specimen using Morpheus (Slice, 1998) and

morphologika (O’Higgins & Jones, 1998, 2006). Specimens were registered with respect to one

another using a Generalized Procrustes Analysis (GPA). A GPA minimizes the sums of squared

distances between the landmark configurations of each specimen by centering all landmark

configurations on a common origin (the centroid), rotating them about this point, and adjusting

them for size (Rohlf and Slice, 1990). Once the landmarks were registered, then the landmark

configurations could be visualized. Changes in shape from one individual to another are
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visualized as deformations from a reference to a target specimen, and differences between
individuals can be pinpointed with more accuracy than with traditional, linear morphometrics

(Bookstein, 1991; Adams et al. 2004).

PRECISION TEST

All data for this study were collected by the author. In order to determine whether intra-
observer error would be the cause of any significant findings, a precision test was untaken. In
this test, ten replicate landmark sets were collected for each bone on an adult, white male from
the anatomy collection at the American Museum of Natural History (New York, USA). The
replicates were not taken on each bone in sequential order; rather, each bone was mounted, the
data were collected, and that bone was unmounted and set aside. Data on these specimens were
then subjected to a Generalized Procrustes Analysis (GPA) and the Procrustes distance between
each replicate and the consensus landmark configuration was calculated. Ten adult white males
from the same morphology collection were then subjected to a GPA, and procrustes distances
from each individual to the consensus landmark configuration were calculated. These results are
presented in Table 2.8. The results of t-tests show that for all elements, the mean procrustes
distances for the replicates of the same specimen are significantly smaller than the distances
between ten individuals of the same sex, from the same populations.

In order to assess the error at each individual landmark, the mean, minimum and
maximum procrustes distances from each individual landmark to the consensus landmark were
calculated. The mean percentage error for each landmark was calculated as each mean landmark

error divided by the mean distance between the consensus landmark coordinates and its centroid,
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multiplied by 100 (Singleton, 2002). In all cases, the percent error was below 0.4%, which was

considered acceptable. These results are presented in Table 2.9.

56



Table 2.8 Procrustes distances (d) between each replicate (rep.) and the consensus configuration, and each
individual (x) and the consensus configuration.

Humerus Radius
Rep. d X d Rep. d X d
1 0.0188838 1 0.04025 1 0.014909 1 0.065787
2 0.0121221 2 0.02887 2 0.01425 2 0.058867
3 0.0217167 3 0.02307 3 0.015576 3 0.060158
4 0.0123922 4 0.03094 4 0.020141 4 0.084484
5 0.0104748 5 0.08228 5 0.024709 5 0.073876
6 0.0090207 6 0.02954 6 0.017283 6 0.067624
7 0.008324 7 0.02164 7 0.019649 7 0.054736
8 0.0104983 8 0.02707 8 0.00951 8 0.083871
9 0.0091885 9 0.03514 9 0.012225 9 0.085287
10 0.012214 10 0.02214 10 0.017532 10 0.075051
AVERAGE 0.0124835 0.03409 AVERAGE 0.016578 0.070974
p = 0.0008 p =< 0.0001
Ulna Femur
Rep. d X d Rep. d X d
1 0.0124520 1 0.0350460 1 0.0105839 1 0.027592
2 0.0105499 2 0.0270610 2 0.0097056 2 0.020099
3 0.0114089 3 0.1395306 3 0.0080857 3 0.02265
4 0.0112572 4 0.0375275 4 0.0111851 4 0.022731
5 0.0133149 5 0.0321153 5 0.0087269 5 0.019499
6 0.010849 6  0.0323940 6 0.0078037 6  0.026027
7 0.0113057 7 0.0270336 7 0.0127367 7 0.029197
8 0.0160494 8 0.0274352 8 0.0102955 8 0.021333
9 0.0138255 9 0.0309272 9 0.0100383 9 0.027688
10 0.0138125 10 0.0302884 10 0.0093378 10 0.022137
AVERAGE 0.0124826 0.0419368 AVERAGE 0.00985 0.0239
p =0.007 p =<0.0001
Tibia
Rep. d X d
1 0.0103357 1 0.02103
2 0.0035923 2 0.01647
3 0.0043507 3 0.01974
4 0.0046981 4 0.01983
5 0.0061045 5 0.01488
6 0.0060346 6 0.02555
7 0.0047411 7 0.01764
8 0.0038013 8 0.01303
9 0.0043288 9 0.0184
10 0.0057601 10 0.02038
AVERAGE 0.00537 0.0187
p = < 0.0001




Table 2.9 The average, maximum and minimum procrustes distance from each replicate to
the consensus configuration. Percent error was calculated as the average error divided by the
distance between each consensus landmark and its centroid, multiplied by 100.

LANDMARK AVERAGE MIN MAX % ERROR
Humerus

1 0.0022 0.0010 0.0034 0.14
2 0.0020 0.0010 0.0040 0.13
3 0.0019 0.0008 0.0031 0.12
4 0.0025 0.0010 0.0053 0.17
5 0.0038 0.0008 0.0099 0.25
6 0.0045 0.0016 0.0103 0.29
7 0.0059 0.0012 0.0163 0.39
8 0.0033 0.0012 0.0059 0.18
9 0.0012 0.0007 0.0021 0.06
10 0.0011 0.0006 0.0019 0.06
11 0.0010 0.0004 0.0016 0.06
12 0.0009 0.0003 0.0021 0.05
13 0.0031 0.0017 0.0050 0.17
14 0.0007 0.0001 0.0013 0.04
15 0.0011 0.0005 0.0018 0.06
16 0.0015 0.0004 0.0037 0.09
17 0.0006 0.0003 0.0010 0.03
18 0.0010 0.0002 0.0025 0.06
19 0.0010 0.0002 0.0019 0.06
20 0.0017 0.0008 0.0031 0.09
21 0.0011 0.0005 0.0021 0.06
22 0.0011 0.0003 0.0027 0.06
23 0.0018 0.0004 0.0031 0.10
24 0.0008 0.0003 0.0019 0.05
25 0.0010 0.0003 0.0017 0.06
Radius 0.0019 0.0005 0.0047 0.09
1 0.0023 0.0005 0.0054 0.11
2 0.0030 0.0015 0.0061 0.15
3 0.0035 0.0012 0.0061 0.18
4 0.0050 0.0028 0.0096 0.25
5 0.0029 0.0012 0.0077 0.15
6 0.0020 0.0010 0.0036 0.10
7 0.0020 0.0009 0.0034 0.13
8 0.0019 0.0007 0.0038 0.12
9 0.0019 0.0011 0.0034 0.12
10 0.0022 0.0011 0.0035 0.14
11 0.0017 0.0004 0.0030 0.11
12 0.0015 0.0011 0.0025 0.09
13 0.0023 0.0011 0.0049 0.15
14 0.0015 0.0005 0.0043 0.10
15 0.0018 0.0014 0.0024 0.12
16 0.0019 0.0005 0.0047 0.09




Table 2.9 continued

LANDMARK AVERAGE MIN MAX % ERROR
Ulna
1 0.0019 0.0007 0.0025 0.12
2 0.0036 0.0013 0.0053 0.22
3 0.0013 0.0006 0.0024 0.08
4 0.0028 0.0006 0.0061 0.17
5 0.0023 0.0010 0.0043 0.14
6 0.0018 0.0006 0.0025 0.11
7 0.0019 0.0007 0.0038 0.12
8 0.0024 0.0010 0.0042 0.15
9 0.0026 0.0009 0.0053 0.16
10 0.0023 0.0012 0.0036 0.14
11 0.0028 0.0014 0.0045 0.17
12 0.0020 0.0012 0.0045 0.12
13 0.0038 0.0012 0.0097 0.23
14 0.0026 0.0011 0.0039 0.16
15 0.0023 0.0011 0.0036 0.14
16 0.0025 0.0012 0.0034 0.15
17 0.0020 0.0005 0.0043 0.12
18 0.0016 0.0004 0.0026 0.09
19 0.0019 0.0010 0.0026 0.09
20 0.0023 0.0007 0.0051 0.11
21 0.0030 0.0012 0.0058 0.15
22 0.0015 0.0010 0.0022 0.07
23 0.0014 0.0005 0.0024 0.07
Femur
1 0.0012 0.0006 0.0018 0.08
2 0.0019 0.0006 0.0037 0.12
3 0.0013 0.0004 0.0021 0.08
4 0.0013 0.0003 0.0021 0.08
5 0.0022 0.0005 0.0054 0.14
6 0.0027 0.0008 0.0052 0.17
7 0.0013 0.0005 0.0023 0.08
8 0.0013 0.0003 0.0020 0.08
9 0.0012 0.0007 0.0028 0.08
10 0.0011 0.0006 0.0018 0.07
11 0.0021 0.0005 0.0041 0.13
12 0.0017 0.0002 0.0035 0.10
13 0.0012 0.0003 0.0024 0.07
14 0.0014 0.0002 0.0026 0.09
15 0.0020 0.0009 0.0039 0.11
16 0.0028 0.0011 0.0040 0.15
17 0.0007 0.0003 0.0012 0.04
18 0.0012 0.0005 0.0020 0.06
19 0.0017 0.0004 0.0030 0.09
20 0.0017 0.0005 0.0026 0.09
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Table 2.9 continued

LANDMARK AVERAGE MIN MAX % ERROR
21 0.0011 0.0003 0.0023 0.06
22 0.0025 0.0002 0.0051 0.13
23 0.0007 0.0003 0.0012 0.04
24 0.0008 0.0002 0.0014 0.05
25 0.0007 0.0004 0.0011 0.04
26 0.0010 0.0003 0.0021 0.05
27 0.0015 0.0005 0.0028 0.08
28 0.0013 0.0005 0.0025 0.07
29 0.0025 0.0013 0.0054 0.14
30 0.0008 0.0003 0.0019 0.05
31 0.0009 0.0003 0.0015 0.05
32 0.0008 0.0001 0.0015 0.04

Tibia
1 0.0021 0.0009 0.0074 0.14
2 0.0012 0.0003 0.0033 0.08
3 0.0015 0.0002 0.0037 0.10
4 0.0007 0.0003 0.0011 0.04
5 0.0010 0.0001 0.0023 0.06
6 0.0008 0.0004 0.0021 0.05
7 0.0009 0.0003 0.0018 0.06
8 0.0014 0.0002 0.0026 0.09
9 0.0014 0.0008 0.0030 0.09
10 0.0007 0.0002 0.0014 0.04
11 0.0007 0.0002 0.0013 0.04
12 0.0008 0.0004 0.0013 0.04
13 0.0007 0.0002 0.0013 0.04
14 0.0008 0.0004 0.0023 0.04
15 0.0007 0.0001 0.0014 0.04
16 0.0008 0.0004 0.0014 0.04
17 0.0007 0.0002 0.0013 0.04
18 0.0007 0.0003 0.0015 0.04
19 0.0006 0.0001 0.0012 0.03
20 0.0007 0.0004 0.0016 0.04
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CHAPTER 3: HOMININ FORELIMB MORPHOLOGY

Introduction

In general (with some exceptions), studies looking at the originals of bipedalism of
hominins have concentrated on looking at the hindlimb, as the hindlimb is extremely derived in
modern humans. However, when looking at overall patterns of locomotor diversity and trying to
assess the locomotor patterns of fossil individuals, it is important to consider the forelimb as
well. The forelimb certainly has many clues to offer researchers when thinking about the
evolution of bipedalism.

This chapter aims to answer four basic research questions:

e Does each Plio-Pleistocene hominin have a unique morphological pattern for the

shoulder, elbow and wrist joints or do all hominins have the same basic morphology?

0 If'there is more variation in the fossil sample for a limb segment than seen in any
of the extant species, then it could be reasonably concluded that there are multiple
morphological patterns in various species of hominins. However, if there is less
than or equal variation in the fossil sample as compared to the extant sample, then
it could be concluded that there is no specific pattern that characterizes any of the
different hominin species for the bones of the forelimb. This does assume that
levels of intraspecific variation extinct taxa are equivalent to that of extant taxa.

¢ Do the changes in each of these joints follow a linear progression from an ape-like
pattern to a human-like pattern?

0 If changes in postcranial morphology follow a linear progression, then changes
towards a human-like condition should roughly correlate with the age of the

fossil, with the most ape-like individuals occurring the earliest in time and the
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most human-like individuals occurring the latest in time. If there is no temporal
pattern to the postcranial affiliation, then it could be concluded that changes
towards a human-like pattern occur randomly, as opposed to linearly.
e For individuals that are either associated or have secure taxonomic attributions, is the
taxonomic and functional signal the same across all bones?

0 Ifaparticular fossil taxon is always affiliated with the same extant taxon
regardless of what segment is sampled, then it could be concluded that the
functional and taxonomic signal is consistent across all the bones of the forelimb.
If a fossil taxon is affiliated with different extant taxa depending on the segment,
then it would have a more mosaic morphological pattern.

e Are there any solid clues in the forelimb that indicate a particular mode of locomotion as
the precursor to bipedalism?

0 If there are structures in the forelimb that are firmly linked to either knuckle-
walking or suspensory locomotion, then it could possibly be concluded that those
are the result of phylogenetic lag (Vrba, 1980; Vrba and Gould, 1986) and are the
remnants of locomotor past. It would be more likely to find these traits in taxa
such as Australopithecus anamensis that occur earliest in time. If there are no
traits that can be definitively linked to a non-bipedal mode of locomotion, then no

conclusions can be drawn on this subject.

Precursors to Bipedalism
One of the biggest arguments surrounding the evolution of bipedalism centers around the
locomotor pattern that was the direct precursor to bipedal posture. This discussion was begun at

the dawn of the 20" century by Keith (1903), who suggested that bipedalism was ultimately
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rooted in a hylobatid-like, brachiating ancestor. The argument is still ongoing and has been
fueled by a greater biomechanical understanding of different locomotor patterns as well as a
greater understanding of the phylogeny and divergence dates in the hominoid cluster.

Morton (1927), like Keith, argued for an immediate suspensory ancestor. He believed
that the positions of the internal organs of the thoracic and abdominal cavity in humans and the
way that they rest on perineal structures points towards an upright, suspensory ancestor. He also
pointed to supposedly bipedal characteristics in the Dryopithecinae that indicate that bipedalism
arose out of a suspensory “proanthropoid” group. Tuttle (1969 et seq.) supported this based on
the retention of suspensory traits in the shoulder joint. Washburn (1967) suggested that the lack
of hair on the mid-phalangeal joint in modern humans was indicative of knuckle-walking
ancestory, but Tuttle refuted that in two ways. He showed that that there is a similar hairless
pattern seen on the toes and that there is no histological evidence to link hairlessness to knuckle-
walking. Tuttle proposed that knuckle-walking and bipedalism were two separate strategies
employed by members of the hominoid cluster to adapt to more open environments.

Washburn (1967) was the first to propose the idea that bipedalism evolved from a
knuckle-walking stage in hominin evolution. He suggested that the move to terrestriality was not
an adaptation for open environments but a mechanism to avoid competition with other arboreal
species. He recognized that humans had a close genetic relationship with chimpanzees, and for
him the fact that chimps were able to walk bipedally for short distances and possess good
manipulative ability pointed towards a knuckle-walking stage. More recently, Richmond and
Strait (2000) argued strongly in favor of a knuckle-walking ancestor. Based on four dimensions
of the distal radius, these authors determined that the wrists of A. anamensis and A. afarensis

possessed many traits in common with Pan and Gorilla that represent retentions from a knuckle-
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walking ancestor, including a distally projecting and medially oriented dorsal ridge and
intermediate scaphoid notch size. According to them these traits would function to stabilize the
wrist during extension during knuckle-walking. In response to this article, Corruccini and
McHenry (2001) also advocated a knuckle-walking ancestor based on their own independent
dataset.

Kelley (2001) lent support to this theory based on human anatomy. He suggested that the
interosseus membrane between the radius and ulna helps to transmit forces from the radiocarpal
joint to the humeroulnar joint and up to the humerus. Tensile forces from suspensory positions
acting on these joints would stress the interosseus membrane and lead to pain and possible
tearing. Additionally, in modern humans and the extant great apes, the contrahentes muscles in
the hands and feet have been reduced to fascia which could lend support and stability to the
hands during dorsiflexion. The fatty pads on the proximal phalangeal joints might be useful for
shock absorption during knuckle-walking postures.

Begun (2003) also supported the knuckle-walking hypothesis. Aside from reiterating
some of the morphological characters that Richmond and Strait (2001) pointed towards, he
showed that a knuckle-walking ancestor is most parsimonious. In this view, knuckle-walking
has to evolve only one time, in the common ancestor leading to the hominid cluster. If
bipedalism did not arise from a knuckle-walking ancestor, then knuckle-walking must have
evolved twice; once along the branch leading to Gorilla and once along the branch leading to
Pan (and Homo). While Begun suggested this second option to be less parsimonious, Dainton
and Macho (1999) had found that this view is more likely. They analyzed the development of
knuckle-walking in chimpanzees and gorillas and found that they knuckle-walk slightly

differently. Gorillas stress the ulnar side of the arm more and chimps stress the radial side more.
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The shapes of the carpals on the ulnar side are significantly different in Gorilla and Pan, and
these differences could not be accounted for by differences in locomotor patterns during
ontogeny.

Stern (1975) was the first to propose an “antipronograde”, or vertical
climbing/clambering stage in the evolution of bipedalism. He suggested this based on
musculature similarities between the hip and thigh of Homo sapiens and ateline primates as well
as some osteological similarities between humans and orangutans. Prost (1980) showed, using
diagrams of fore- and hind-limb movements, that both gibbon and chimpanzee bipedalism are
very different from human bipedality. However, the movement of chimpanzee vertical climbing
could easily be transformed into human bipedalism. Based on this evidence, Prost concluded
that bipedalism arose from a strong hindlimb vertical climbing pattern. Thorpe et al. (2007)
suggested that human bipedalism arose as a response to foraging on thin, flexible branches.
Based on approximately 3,000 observations of orangutans, these authors concluded that
antipronograde postures are “pre-adaptive” to bipedalism, particularly postures used to navigate
smaller, flexible branches. The knee and hip extension seen in orangutans on these small
flexible branches is similar to the way that humans extend the hip and the knee during
bipedalism, as opposed to the more flexed limb positions in the knuckle-walkers. They also
argued that an antiprograde ancestor is more kinematically parsimonious as there is evidence for
an orthograde posture in crown hominoids such as Pierolapithecus (Crompton and Thorpe,
2007). These authors did not examine any fossils to support their observational data, but if this
hypothesis was correct, we would expect to see the retention of suspensory, orangutan-like

morphology in the forelimb of early fossil hominins.

65



Begun et al. (2007) questioned the results of Thorpe et al. based on the degree of support
that the hindlimbs play in orangutan locomotion. These authors asserted that the suspensory
positional behaviors on small terminal branches are supported largely by the forelimbs and not
the hindlimbs. The orangutan hindlimbs completely lack any of the human bipedal
characteristics that are consistent with load bearing joints.

Lending further support to the antipronograde hypothesis is work done by Cartmill and
Milton (1977). They examined the wrists of lorises and galagos and found that lorises have a
suite of adaptations for slow climbing that are convergent on adaptations for brachiating in the
hominoids. These adaptations include: a high intermembral index, several features of the
scapula, a shorter styloid process, and a radioulnar joint that is deeper and functions like a ball
and socket joint. These adaptations allow for an increase in both ulnar deviation and the ability
to pronate and supinate the hand. These are useful in a slow climber as they need need to have
flexible limbs to manipulate overhead supports. These same adaptions are not present in the
phylogentically similar galagos that have a different locomotor repertoire. Following this, it is
possible that the traits cited in modern humans as being remnants of a brachiating ancestor were
actually adaptions for slow climbing in a pre-bipedal ancestor.

Kelley (2001) refuted all suspensory hypotheses based on differences in the musculature
between non-human apes and Homo sapiens. All extant great apes possess the dorso-
epitrochlearis muscle, which fires strongly during the support phase of vertical climbing. In
Homo sapiens this muscle is reduced to fascia. He also suggested that the orientation of the
supraspinatus muscle precludes the regular use of the upper arm in fully abducted postures as

this muscle rubs the acromion process and has a tendency to become inflamed.
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Gebo (1996) also refuted the vertical climbing hypothesis. While argued that while the
ancestral catarrhine probably used vertical scrambling and climbing as a major component of its
locomotor repertoire, this then shifted to forelimb suspension in hominoids. According to
Gebo’s hypothesis, from there the protohominid went through some kind of terrestrial phase. He
used human wrist anatomy - which he interprets as being adapted for weight-bearing - as well as
the fact that humans and the extant great apes share a similar heel-strike mode of plantigrady to
support his theory. Therefore, any shared morphology between oranguatans and modern humans
would be evidence for a shared brachiating ancestor prior to a terrestrial phase.

Deloison (2003) has suggested that there is no need to look for a recent precursor to
hominin bipedalism. Instead, she suggested that the “protohominoid” locomotor mode was a
flexible form of plantigrade bipedalism that arose approximately 15 million years ago. Such a
protohominoid would have been able to take refuge in the trees as well as be an effective biped
during terrestrial locomotion. She pointed to a lack of specialization in the carpals of modern
humans and fossil hominins for any weight bearing locomotor pattern.

One of the goals of this chapter is to consider the morphology of the hominid forelimb in
order to make inferences about the locomotor pattern immediately preceding bipedalism.
Selective pressures were likely strongest on the hindlimb during the shift to bipedalism while
selection on the forelimb would have been lessened. Therefore, it should be possible to detect a
locomotor signal from the forelimb in the earliest hominins. Once hominins became fully
bipedal, selection would have acted again more strongly on the forearm to favor adaptations for

increased manipulative ability (Begun, 2003).
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Functional Morphology of the Extant Hominoid Forelimb

In order to identify features in the fossil record that are indicative of positional behavior,
it is important to understand the morphology of the extant hominoids. Traits that are adaptive for
a particular locomotor repertoire for extant species might have been adaptive for similar reasons
for individuals in the fossil record. Much of the literature on hominoids has focused on looking
for traits that are indicative of knuckle-walking or suspensory behaviors. The knuckle-walking
forearm is built to stabilize the wrist during hyperextension and resist compressive forces during
quadrupedal locomotion (Begun, 2003).

The elbow joint has many modifications in Pan and Gorilla that are advantageous for
knuckle-walking. The lateral ridge of the trochlea is very prominent and helps to stabilize the
ulna during flexion and extension. The trochlea is relatively wider in Gorilla, possibly for
weight support (Knussman, 1967) or possibly as a compromise between the necessity of weight
support and the necessity for manual dexterity. The olecranon fossa is deep and has a steep
lateral margin to stabilize the joint during hyperextension. In the ulna, the coronoid process is
robust and the trochlear notch has a stronger anterior extension to support the weight of the
humerus in during extension of the forearm (Knussman, 1967; Aiello and Dean, 1990). The
trochlear notch is expanded distolaterally also for support during full extension in the gait cycle
(Drapeau, 2008).

At the elbow joint, there are also adaptions for strong pronation and supination while the
forearm is extended. The capitulum is oriented distally and has a large area for radial
articulation (Patterson and Howells, 1967). The radial neck is long which increases the moment
arm of the biceps brachii muscle (Aiello and Dean, 1990). Pan and Pongo are similar in their

trochlear notch morphology. Both of these taxa have keeled notches, possibly as an adaptation
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to resist the transverse forces generated by the flexors of the fingers, as opposed to Gorilla and
Homo which have flatter notches (Drapeau, 2008).

The wrist joint in knuckle-walkers is also highly modified. As with all hominoids, the
styloid process of the ulna does not articulate directly with the carpal bones. Instead, it
articulates with a fibrocartilaginous disc which allows for a greater range of movement. The disc
is well developed for effective transmission of compressive forces (Lewis, 1969; Begun, 2003).
The distal articulation of the radius has a smaller articulation area for the lunate and an enlarged
area for the scaphoid in comparison to Pongo, most likely for stabilization purposes (Cartmill,
1981). The dorsal ridge of the radius projects distally which would limit dorsiflexion of the wrist
during knuckle-walking (Aiello and Dean, 1990).

The forelimb of Pongo is adapted for mobility during slow, quadrumanous climbing.

The proximal humerus is modified for rotational ability and postures where the arm is in an
elevated position. They have narrow bicipital grooves, and the most proximal point on the
humeral head extends above the proximal border of the greater and lesser tuberosities. The
elbow and wrist joints are more mobile than that of knucklewalkers. The olecranon process is
short and can fit entirely into the olecranon fossa during extension (Morbeck and Zihlman, 1988;
Tuttle and Cortright, 1988). The trochlea is broad and the trochlear notch has a well defined
ridge (Morbeck and Zihlman, 1988). They have a less well developed trochlear keel and a
shallow zona conoidea since there is less need for stability at the elbow joint (Begun, 2003).
Pongo has a tightly curved trochlear notch with a strong sigmoid keel as a mechanism to
stabilize the elbow while having more mobile radial joints (Drapeau, 2008). Orangutans have a

shorter radial neck and as the radial neck is the lever arm for the biceps brachii muscle, this
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would indicate that they possess less power supinating abilities than those with longer radial
necks (Aiello and Dean, 1990).

In the wrist, Pongo has an extremely short styloid process and a larger articulation for the
lunate (Morbeck and Zihlman, 1988; Begun, 2003). Pongo also retains the os centrale which is
fused to the scaphoid in African apes and humans. In African apes and humans, the wrist bones
form a double arched structure that can be close-packed during dorsiflexion for stability at the
wrist joint. In the Asian apes, the os centrale disrupts this arched pattern and prevents the close-
packed position. In fist-walking, Pongo abducts the wrist which positions the carpal bones such
that the carpal arch cannot collapse. However, the retention of the os centrale and the more
flexible wrist joint allows Asian apes greater flexibility in the wrist during suspensory

locomotion (Kelley, 2001).

Materials and Methods

Table 3.1 List of fossil specimens included in the For the humerus, two anatomical areas
analyses of the humerus.
Distal Humerus Proximal Humerus were analyzed: the complete proximal humerus
MK-76-OMIB-7594 AL 288 .
AL 137-48a AL 333-107 (without landmarks 9 and 20), and the complete
AL 288 BC 1745 _
AL 322 Omo 119-73-271b distal humerus. The humerus was not analyzed as
ER 1504 Stw 328
ER 3735 Stw 517 a whole because there are no Plio-Pleistocene
ER 6020
ER 739 individuals with complete fossil humeri. Table
KP 271
MAT -VP-1/1 3.1 lists the specimens that were used in each
SKX 10924
SKX 24600 :

nalysis of the humerus.
Stw 431 analysis of the humerus
™ 1517

The radius was also split into two

anatomical areas: the proximal and the distal. The majority of fossil individuals retained all

landmarks on either the proximal or distal radius. In the instances where there was no complete
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proximal radius (as in SKX 24601, Stw 431 and Stw 516), the remaining morphology was not

sufficient to yield a good signal. See table 3.2 for a complete list of fossils included in this

analysis.

Table 3.2 List of specimens included in analyses of

the radius.

Distal Radius

AL 288
ER 20419
SKX 3602
Stx 46

Proximal Radius

AL 288
AL333x-33
BOU-VP-12/1
Omo 75S-1317
ER 1500

ER 3735

ER 3736

ER 3888

ER 3956

ER 20419

SK 18

SKX 2045
SKX 24601
Stw 431

Table 3.3 List of specimens included in analyses of

the ulna.

Distal Ulna

AL 288
AL 137-48
AL 333-12
Stw 326
Stw 399

Proximal Ulna

AL 288

BK 66
BOU-VP-1/11
OH 36

OH 62

Omo 141-72-23
L40-19

SKX 8761
Stw 113

Stw 380

Stw 398

Stw 571

The ulna was similarly separated into two
anatomical areas: the proximal end and the distal
end. Landmarks 1 and 2 were omitted for
analyses on the proximal end to allow for the
inclusion of OH 62. See table 3.3 for a list of
fossils used in these analyses.

Data were subjected to principal
components analyses and regression analyses
using PAST (Hammer et al. 2001) and shape
changes were visualized using morphologika®
(O’Higgins, 2008) and Morpheus (Slice, 1998).
Shape changes were visualized as deformations
between extant genera and fossil taxa along the
major principal axes. A two-block partial least
squares analysis (2B-PLS) was conducted using
PAST ver.1.89 (Hammer et al., 2009) on the
elements comprising the elbow joint. 2B-PLS is a

way of assessing the covariance between two

independent sets of data (Rohlf and Corti, 2000), and has been used successfully to look for

covariance between shape data and geographical coordinates (Frost et al. 2003), patterns of
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covariance between dorsal and ventral views of mouse skulls (Corti and Fadda, 1996), and

hominoid distal tibial and proximal astragalar surfaces (Harcourt-Smith et al. 2008).

Humerus

Full humerus results

Figure 3.1 shows the results of a principal components analysis (PCA) of the Procrustes
aligned data of the full landmark set for the humerus of the extant hominoids (see Chapter 2 for
details about GPA). On principal component 1 (PC 1), there is a lot of overlap between the
extant groups. It is driven largely by the degree of humeral torsion and the relative sizes of the
joints in comparison to its diaphyseal length. Principal component 2 (PC 2) partially separates
Pongo from the rest of the extant hominoids and is driven by the orientation and proximal
projection of the humeral head. The proximal humerus in Pongo is oriented more proximally
and has shorter greater and lesser tuberosities than the other extant hominoids (see fig. 3.2). PC

1 is significantly correlated with centroid size.
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Fig 3.1 Principal components analysis of the full humerus. Homo is represented by blue open squares, Pongo by
green Xes, Gorilla by red crosses, Pan troglodytes by purple squares and Pan paniscus by dark blue stars. PC1
explains 24% of the total variance and PC2 explains 15% of the overall variance. Each closed curve represents a
95% equal frequency ellipse.
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Gorilla

T
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Fig 3.2 Wireframe deformations for the full humerus of the extant hominoids, looking from an anterior view.
Diagrams of the landmarks on a photo of the bone are located in the distal and proximal humerus portions of the

chapter.

Homo sapiens

Pan troglodytes

Goirilla gorilla

Pongo pygmaeus

Fig. 3.3 Side-by-side comparison of a gorilla, orangutan, chimpanzee and human humerus. The orangutan has been

mirrored using Adobe CS 5.

74



Full humerus discussion and analysis

The amount of overlap is somewhat surprising, considering the obvious anatomical
differences in the bony morphology of these taxa. It is possible that the similarities among all
the extant taxa in the proximal humerus are somewhat balancing and swamping out the
differences present in the distal portion of the humerus. The change along principal component
1 in the relative joint size in comparison to length is consistent with Aiello and Dean’s (1990)
hypothesis that the larger joint surfaces in gorillas are adapted to provide greater stability during
terrestrial locomotion. While that explanation makes a certain amount of intuitive sense, the
prediction does not work when other primates are studied. Papio hamadryas and Macaca
nemstrina are both highly terrestrial catarrhines, but their distal humeri are narrower than those
of their smaller, more arboreal counterparts, particularly in the trochlea (Richmond et al. 1998).
It is more likely that the larger overall joint sizes in Gorilla and Pan represent a functional
compromise between the need for stability during terrestrial and arboreal locomotion and the
need for manual manipulative ability (Rose, 1993). The change in humeral head orientation
along principal component 2 is consistent with what is known about the arboreal positional
behavior of orangutans. Orangutans have a more proximally oriented humeral head and lower
greater and lesser tubercles to allow for the greatest possible range of motion while the arms are
extended over the head (Morbeck and Zihlman, 1988; Tuttle and Cortright, 1988).

Distal Humerus
Results

The humerus was segmented into proximal and distal regions. The distal humerus
consists of 13 landmarks over the entire distal articular surface. A PCA of the Procrustes aligned
data for the distal humerus is presented in figure 3.4. There is reasonably good separation among

all extant genera. In fact, with the exception of Pongo, the separation among the extant
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hominoids is better than for the entire humerus. This is likely because the differences between
taxa in the distal end are greater than the differences in the proximal end of the humerus, and the
similarity in humeral head shape was swamping the distal data. Most of the fossils fall within
the range of modern humans with the exception of ER 739, ER 1504, ER 3735, ER 6020 and TM
1517. ER 739 and ER 1504 fall within the range of modern gorillas, and ER 3735, ER 6020 and
TM 1517 fall within the range of modern chimpanzees and bonobos, although ER 3735 is very
close to the 95% equal frequency ellipse for modern humans. With the exception of IB 7594,
all of the fossils fall within the range of Pongo, although that is most likely an artifact of having
a small sample enough sample size that the equal frequency ellipse encloses all data points with
no outliers.

PC 1 is driven mainly by the depth and width of the trochlea, where trochlea is wider and
deeper in apes and it is higher, narrower and more assymetrical in humans. The capitulum is
also oriented more anteriorly in humans as compared to the apes (figs 3.5 and 3.6). PC 2
separates Pan and female Gorilla from the rest of the sample based on the most posterior point
of the lateral epicondyle, which is more distal in Pan and female Gorilla. PC 1 (fig 3.7) has a
minimal relationship to centroid size, with a weak r value. Considering the shape of the ellipses,

it is most likely that any relationship with size lies at a 45 degree angle to the first two PC axes.
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Fig 3.4 PCA of the distal humerus utilizing landmarks 8, 10-19 and 21-25. Homo is represented by blue open
squares, Pongo by green Xes, Gorilla by red crosses, and Pan troglodytes by purple squares. The fossils are
represented by black dots and are labeled in the graph. Closed curves are 95% equal frequency ellipses. Removing
points 9 and 20 allowed for the inclusion of two additional fossil specimens — ER 6020 and ER 3735. Removing
those points did not significantly change the shape space and the positions of the various complete fossils. PC 1
represents 19% of the total variance and PC 2 represents 13% of the overall variance.
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Fig. 3.5 Diagram of illustrating the landmark and wireframe configuration on an extant Homo humerus in posterior

(L) and anterior (R) view.
1
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1 7
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Fig 3.6 This figure shows the shape deformation between the Homo, Pan and Gorilla distributions
for the distal humerus Pongo was not included its distribution completely overlaps the distribution
of Pan. This is an anterior view. The points are labeled on the Homo wireframe for the purposes of
aiding in visualization and orientation.
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Fig 3.7 Regression of PC 1 for the distal humerus on centroid size. There is a significant correlation and r =0.250.
IB 7594 falls well off of the regression line; further than all other fossils. It is labeled in the graph and has PC
values of a much smaller specimen. Homo is represented by blue open squares, Pongo by green Xes, Gorilla by red
crosses, and Pan troglodytes by purple squares. PC 2 was also correlated with centroid size, but that graph is not
shown

Means were calculated for each species and additional analyses were performed using
these means and the fossil individuals. The results of a PCA with a minimum spanning tree
(MST) are presented in Fig. 3.8. These results further confirm the results from the entire sample.
Most of the fossils fall nearest to modern Homo sapiens. Exceptions to this include ER 739, ER
1504, ER 3735 which form their own group along PC 1, although are connected directly to
Homo through IB 7594. ER 6020 and TM 1517 (the type for P. robustus) are most similar to
Pongo and MAT-VP-1/1 and AL 137-48a are closest to P. pansicus. There is no correlation
between PC 1 and size. PC 1 is driven largely by the shape of the capitulum, and the position of

landmark 10, the most posterior point on the later epicondyle. In the Koobi Fora group,
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landmark 10 occurs more medially than in the other specimens and the capitulum projects more
distally. Additionally along PC 1, in the Koobi Fora individuals the trochlea is more
symmetrical than in the other group (see the wireframes in figure 3.8).

A neighbor-joining tree (Fig. 3.9) was also generated. Some of the clusters are still well-
supported (ER 739, ER 1504 and ER 3735 form a group) but some groups are different, although
bootstrap values are very low through the middle of the tree. All of the extant non-human apes
form a cluster separate from all of the fossils and Homo. Transformations from AL 288 to ER
739 and AL 288 to TM 1517 are shown in figure 3.10. These fossils were chosen because they
represent distant clusters of individuals and the species attributions for AL 288 (A. afarensis —

“Lucy”) and TM 1517 (P. robustus type specimen) are not disputed.
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Fig 3.8 Principal components analysis for the distal humerus using the means of each extant species and a
minimum spanning tree plotted on top. Wireframes are from an anterior view. The wireframe on the left

describes the ER 3735, 104 and 739 cluster. The wireframe on the right describes the major cluster of the
other fossils + extant means.
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Fig 3.9 Neighbor joining tree based on procrustes chord distances for the coordinate data on the distal humerus.
Means for each extant species were used. The tree is rooted with Pongo. Bootstrap values after
5000 replicates.



25

25

ALZES -» TM1S17T

25

ALZSS -» ERTIS

Fig 3.10 Wireframe transformations for the distal humerus between AL 288 (A. afarensis) and TM 1517 (P.
robustus) on top and between AL 288 and ER 739 (possible P. boisei) below. The red lines represent vectors of
change from one individual to the other. The longer red lines represent greater change between individuals. Point
10, the most distal point on the medial epicondyle, is driving the differences between the Homo-like group
represented by AL 288 and the group of 3 from Koobi Fora, represented by ER 739 (the longest red line on the
posterior surface is the bottom picture). AL 288 is represented by the larger, dark green circles in both diagrams.
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Distal humerus analysis and discussion

Senut and Tardieu (1985) analyzed the distal humerus in a study that built on Senut’s
earlier work using distal humeral outlines (1981). They found three distinct fossil groups: the
“human-like” first group contained IB 7594, KP 271 and AL 333w-39 and was distinguished by
a low lateral crest of the trochlea, a less projecting lateral epicondyle and a more proximally
oriented capitulum; the second, ”more ape-like” group contained ER 739, ER 1504 and ER 3735
and was distinguished by a shallow olecranon fossa, a low lateral trochlea crest and a strongly
proximo-laterally oriented lateral epicondyle; the third group contained AL 288, AL 322-1 and
AL 137-48a and had a strongly developed lateral trochlea crest and a less laterally projecting
lateral epicondyle. Taxonomically, they concluded that there are two species present at Hadar:
Homo, represented by AL 333w-29 and A. afarensis represented by the other humeri in their
sample. Functionally, these authors rejected the idea that the elbow was stabilized for knuckle-
walking and suggested that if these individuals were adapted for arboreal life, it would be some
form of vertical climbing.

Lague and Jungers (1996) analyzed a similar sample of Plio-Pleistocene distal humeri.
They took a series of linear measurements on: AL 137-48a, AL 288, AL 322, IB 7594, ER 739,
ER 1504, KP 271 and TM 1517. The data collected through their linear measurements is easily
encompassed by the landmark coordinates collected for this study. Lague and Jungers also
found that ER 1504 and ER 739 were morphologically distinct, but found that all the other
fossils fell into a single group that could not be easily distinguished from one another.
Regardless of this finding, they assigned IB 7594 to P. boisei. They rejected Senut and
Tardieu’s assertion that there are two species at Hadar based on the abraded condition of the

AL333w-29 distal humerus. These authors came to no real functional conclusions, but they
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suggested that their data would support a more arboreal form of locomotion for all fossil
individuals than is seen in modern Homo.

Most recently, McHenry and Brown (2008) analyzed a larger sample of distal humeri
from Australopithecus anamensis to Homo erectus using standard linear measurements for the
purpose of looking at patterns of variation through time for the distal humerus. In reference to
specific fossils, these authors found that KP 271 (A. anamensis) and AL 288 (A. afarensis)
looked most like modern humans. Stw 431 (A. africanus) was distinct from all of the other
fossils in their analysis, and closest to the Gorilla centroid in their discriminant function
analyses. They found the distal humeri from Koobi Fora to be a heterogeneous group with WT
15000 most similar to Homo and the other distal humeri (ER 739, 1504, 3735 and 6020) most
similar to Gorilla.

The data presented in this chapter agree

Table 3.4 A list of fossil distal humeri broken into

groups based on morphological affinity. with some of the findings of these previous
Group 1 Group 2 Group 3
ER 739 T™ 1517 AL 137-482 authors. These data suggest that fossil distal
ER 1504 AL 288
ER 1591 AL 322 . . .
ER 3735 IB 7504 humeri can be placed in three different groups
ER 6020 KP 271 .
MAT-VP-1/1 (presented in Table 3.4, and referred to
SKX 10924 .
SKX 24600 throughout the rest of this text). When analyzed
Stw 431

in the context of the extant individuals, the
fossils have a higher average within-group procrustes distance than any of the extant
intraspecific pairings, indicating that there are at least two taxa represented in the sample (fig.
3.11). The first group proposed here contains ER 739, ER 1504, ER 3735, and, tentatively, ER
1591 and 6020; the second group contains only TM 1517; while the third group contains all of

the rest of the fossils.
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Fig 3.11 This bar graph is a representation of the distribution of procrustes chord distances within and between the
different genera in the sample for the distal humerus. The array of procrustes distances were segmented into
arbitrary units of 0.05. The group of fossils has the highest average procrustes distance of all of categories.

Functional Overview

As stated in the results portion of this chapter, PC 1 for the PCA of the entire sample of
distal humeri is driven mainly by the depth and width of the trochlea and the position of the
capitulum (fig 3.4 and fig 3.6). This corresponds to the known functional differences in the ways
that apes use their elbow joints, as opposed to humans. Humans have a less developed trochlear
keel, particularly on the posterolateral aspect as well as a shallow, poorly developed zona
conoidea. The more anteriorly facing capitulum is correlated with a reduced ability to
hyperextend the forearm (in comparison to non-human hominoids) and a reduction in the weight-
bearing capability of the radius. This has the effect of reducing the stabilizing aspects of the

elbow joint and maximizing muscular control of the forearm muscles while the forearm is in a
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flexed position (Aiello and Dean, 1990; Rose, 1993). The most posterior point on the lateral
epicondyle separates female Gorilla and Pan from part of the human sample along PC 2 in the
same analysis: in Pan and female Gorilla, this point is more distal. This point is an indicator of
the way that compression forces run through the humerus. In Homo, the higher position of the
10™ landmark is indicative of the more square shaped cross section of the lateral humerus
whereas in Pan it is more triangular. This represents a shift in the maximum strength of the

humerus towards the lateral side in Homo (Aiello and Dean, 1990).

Group 1

The divergent morphology of ER 739, 1504 and 3735 is in line with the previous findings
by Senut and Tardieu (1985) and Lague and Jungers (1996). Lague and Jungers did not include
ER 3735 in their study, they noted that upon visual inspection it seemed similar to ER 739 and
ER 1504. ER 739 was originally attributed Paranthropus (Australopithecus) boisei (Howell,
1978) but that attribution has been called into question many times due to presence of multiple
hominin species. McHenry (1991) hypothesized that the ER 739 humerus was too large to be P.
boisei based on the relatively small postcrania from more securely attributed Paranthropus
skeletons. Lague and Jungers (1996) tentatively assigned ER 739 to H. rudolfensis and ER 1504
and ER 3735 to H. habilis based on extreme differences in size and a higher stratigraphic
position for ER 739. However, the fact that these specimens are so similar in morphology despite
the difference in size could argue for a single, sexually dimorphic taxon despite the differences in
the ages of the three specimens. As ER 3735 is part of a partial skeleton attributed to H. cf.
habilis, all three of these specimens could be tentatively assigned to that species. This would

lend support to the idea that H. habilis is a sexually dimorphic species and specimens that some
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researchers attribute to H. rudolfensis are simply large bodied H. habilis individuals.
Alternatively, it could indicate that the morphology of Homo habilis and Homo rudolfensis are
quite similar and that the only real postcranial difference between them is size.

ER 6020’s position changes in the various analyses, but it looks most similar to ER 739
in both size and shape. The major differences between ER 6020 and the fossils in this group are
the position of the most posterior point on the lateral epicondyle (point 10) and the most
posterior point on the articular surface of the capitulum (point 22). In ER 6020, this most
posterior point on the lateral epicondyle is located more distally and the articular surface of the

capitulum extends more posteriorly than in the other three fossils (see fig. 3.12).

ERGOZ0--Sand10-25 - ER7T39--5-25

Fig. 3.12. Posterior view of the distal humerus showing the wireframe for ER 6020 (in black)
superimposed over ER 739 (in gray). The figure is angled such that the extreme difference in point 10 —
the most posterior point on the later epicondyle — can be seen.

Data were collected on ER 1591, and while it is not included in any of the previous
analyses as it is only a trochlea, its shape is quite similar to this group (fig 3.13). When

neighbor-joining trees were generated for this sample including only the trochlea, ER 1591
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clustered most closely with ER 739 and ER 1504 (fig. 3.14). Analyses on the trochlea alone still
discriminate between extant taxa, although not as strongly as in the entire distal humerus (fig

3.15).

25

ER7389--3-25 -» ER1591--11-19

Fig. 3.13 Anterior view of the trochlea of ER 1591 (in grey) superimposed on the distal humerus of ER 739 (in
black). While the two specimens are not identical, the variation between them is not extreme.
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Fig 3.14 Neighbor joining tree based on Procrustes chord distances for the coordinate data on the trochlea. Means
for each extant species were used. The position of ER 1591 falls within the cluster that also contains the individuals
that form the putative Homo habilis/rudolfensis group. KP 271 also falls within this cluster for the trochlea region
which indicates that its trochlea might be more like these other specimens, even if its overall morphology is most
similar to the Australopithecus group. This tree is rooted with Pongo and bootstrap values are after 5000 replicates.
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graph and represented by black dots. PC 1 represents 22% and PC2 represents 11% of the total variance. Homo is

represented by blue open squares, Pongo by green Xes, Gorilla by red crosses, and Pan troglodytes by purple

squares Each group is surrounded by a 95% equal frequency ellipse.

The fossils in Group 1 fall squarely within the ape distribution and are dated between 1.9

and 1.53 Ma (Feibel at al, 1989). Thus, for the distal humerus, a more conservative condition

occurs later in time than a more derived condition. This indicates that: 1) there was a reversal in

the specimens from Koobi Fora back to a more ape-like condition; 2) that there are multiple
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evolutionary trajectories for locomotor repertoire during the Plio-Pleistocene; or 3) we are only
seeing part of the picture. Kay (1973) suggested that the large forearm of ER 739 in comparison
to estimates for body size indicates that it would have still been used for locomotion in this
individual. The shape data from these analyses supports this idea. The more symmetrical
trochlea and distally oriented capitulum indicate weight-bearing capacity and the overall
robusticity of the individual and the heavy muscle markings on the distal humerus indicate
powerful ability to both pronate and supinate. This morphology is generally shared by all of the
members of this group. ER 3735 even has the appearance of a perforation in the olecranon fossa.
If this is not a taphonomic effect, it would indicate continual contact between the ulna and

humerus deep in the olecranon fossa, a condition seen in many Pongo specimens (Rose, 1993).

Group 2

The second group contains TM 1517, the type of Paranthropus robustus. It seems to
have a slightly different pattern than all of the other fossils in this analysis. In the first principal
components analysis (fig. 3.4), it falls outside the range of modern human variation, closer to the
extant apes and the fossils in the putative Homo habilis group from Koobi Fora. In the
PCA/MST of the means, its nearest neighbor in both the PCA and the cluster analysis is ER
6020, part of the same putative Homo habilis grouping (fig 3.8). However, the similarity
between TM 1517 and ER 6020 is based mostly on the extreme position of point 10, the most
posterior point on the lateral epicondyle. An analysis of all of the complete fossil distal humeri
without that landmark illustrates the unique morphology of TM 1517 (fig. 3.16). A non-metric

MDS analysis with landmark 10 also confirms these results (fig 3.17).
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While TM 1517 also falls within the ape distribution in a PCA of all extants and fossils
(fig. 3.4 and 3.5), there are differences between it and those of Group 3 when the fossils are
examined individually. TM 1517 is different from all of the other fossils in that the medial
epicondyle is flexed and points distally. It also has a very flat capitulum, especially in the
anterior aspect, and a narrow and very asymmetrical trochlea due to a pronounced medial
trochlear keel. Specifically in comparison to ER 739, TM 1517 has a trochlea that is extended
more in the posterolateral direction and the lateral epicondyle in TM 1517 is oriented more
posteriorly and proximally than in ER 739. Like ER 739 (although unlike AL 288), is has the
more distal position for the most posterior point on the lateral epicondyle, which is the same as
the extant apes.

The suite of traits in TM 1517 is not seen in any extant hominoid. The medially

developed trochlear keel could lead to increased stability in quadrupedal locomotion, as seen in

terrestrial cercopithecoids (Rose, 1993), except that the lateral trochlear keel is not equally well

developed and the capitulum is flat. The flat capitulum would not be beneficial in any kind of

weight bearing locomotor postures, although the flat articulation could lead to a greater range of

motion in the articulation with the radius. The pronator teres originates at the medial epicondyle,

inserts into the radial shaft and is a pronator of the forearm. The strongly projecting and slightly

distally flexed medial epicondyle in TM 1517 might indicate some modification and/or reliance

on strong pronating ability. While this is purely conjecture, such a suite of traits might be

adaptive in some kind of trunk based, vertical climbing activity.

92



010

MAT-VP-1/1
L

oo

[m] AL
LEZY |
k ooz
AL 137-48a Stw 431
Fy L ]

IB 7584

SKX 10924
L]

L]
49
AL 3221
|288 o

r T T
01 o0ar EYH Eyn
oz
o4
KP 271

*
“oos

-owe

-o10

o1z =

T™ 1617
*

i

Fig. 3.16 PCA of all complete fossil distal humeri without landmark 10. All fossils are labeled in the graph. PC 1
contains 23% of the variation present in the sample. PC 2 contains 16% of the variation. The wireframes are in an
anterior view and are place on the graph in approximately the place that they represent. Pan is represented by a
purple square, Pongo by a green X, Homo by a blue open square and Gorilla by a red cross. Fossils are in black and

labeled in the graph.
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Fig 3.17 A non-metric MDS analysis of the distal humerus using the means for the extant species with the fossils

Euclidean distances were used as the similarity measure. An MST was plotted on top of these results. All of the

extant individuals form single cluster on the right side of the graph. Stress = 0.40
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Group 3

The third group is Homo-like and contains all of the remaining fossils including:
Gombore IB 7594, all Hadar specimens, KP 271, Stw 431, SKX 10924, SKX 24600, and MAT-
VP-1/1. The specimens from Hadar, KP 271, MAT-VP-1/1 and Stw 431 have all been attributed
to the genus Australopithecus (Johansen et al. 1978; Asfaw et al. 1999; Ward et al. 2001;
Partridge et al. 2003) All of the fossils from Hadar are within this group which contradicts Senut
and Tardieu’s (1985) idea that there are two different species present. AL333-29w was not used
for this study as its condition was too poor for accurate data collection. The inclusion of Stw 431
in this group is contra McHenry and Brown (2008) who placed it with Gorilla. SKX 10924 and
SKX 24600 have been attributed to H. erectus and P. robustus respectively (Susman et al. 2001).
However, the fact that SKX 24600 does not cluster with TM 1517 sheds some doubt on that
attribution. KP 271 is attributed to Australopithecus anamensis and is the oldest fossil in this
sample. Ward et al (2001) suggest that this fossil is indistinguishable from Australopithecus
afarensis, and this study supports that conclusion. These authors also note that the cortical bone
mass in KP 271 is greater than all of the extant African apes, and most like the condition seen in
Pongo.

The distal humerus from Gombore is substantially younger in time than the other
specimens in this group at 1.6 Ma (Coppens, 2004). It has been attributed to Paranthropus
boisei by Lague and Jungers (1996), Homo habilis by Senut and Tardieu (1985) and Homo
erectus by Coppens (2004). The position of this fossil changes fairly radically in the various
analyses, falling with only Homo in the PCA of the entire sample, with the ER 739, 1504, 3735
grouping in the neighbor-joining tree, and by itself in the MST and PCA of the means. This may

be due to its large size, as Gombore IB has the largest centroid size of any of the fossils. It is
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most similar to the individuals from Hadar, and specifically AL 288 (see fig. 3.18), which is
why it falls off the regression line (fig 3.7). Its similarity to AL 288 clearly puts it within the

“Homo-like” fossil grouping.

]25.

25,

IB7594--8-25 -» AL288--8-25

Fig. 3.18 An anterior view of IB7594 superimposed on AL 288 — A. afarensis. With the exception of the lateral
epicondyle (point 8), the shapes of these two individuals are remarkably similar.

Oxnard (1975) suggested that the evidence from multiple postcranial elements, including
the distal humerus, indicated that Australopithecus is most similar to Pongo. These data do not
agree with that intepretation. In this analysis, the fossils in Group 3 fall squarely within the 95%
confidence ellipse for modern Homo sapiens. While there is some overlap between Pongo and
Homo, this is mostly due to a single individual in the Pongo sample; the majority of Pongo
individuals fall outside the 95% confidence ellipse of modern humans. This would indicate that
these individuals represent species which had already made the anatomical shift away from using

the forearms in a weight-bearing capacity. Included in group three is KP 271, Australopithecus
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anamensis, dated between 4.17 and 4.07 Ma (Leakey et al. 1988) as well as all of the individuals
from Hadar attributed to Australopithecus afarensis and dated to 3.5-3.2 Ma (Walters, 1994).
This indicates that a very human-like pattern in the forelimb was already developed early in the
human fossil record and if these individuals were not obligate bipeds, they likely relied very
heavily on bipedal postures and lightly on weight-bearing quadrupedal stances. These findings
support those of McHenry and Brown (2008) who also found what appear to be very human-like

distal humeri early in the record and ape-like humeri very late.

Summary

In summary, there are distinct differences between Plio-Pleistocene humeri that do not
seem to correlate with time (i.e. group 1 occur more recently than most of the fossils in group 3).
Functionally, the more conservative traits present in groups 1 and 2 (represented by TM 1517
and ER 739 in fig 3.19) could indicate a greater reliance on the forelimb for various positional
behaviors than that seen in modern human populations.

Taxonomically, little can be said about group 3 as they all appear to be similar to modern
humans although KP 271 (Australopithecus anamensis) does seem to share some affinities with
group 1, particularly in the shape of the trochlea (see fig. 3.14). It is unlikely that the Gombore
humerus belongs in Paranthropus boisei, considering its similarity to AL 288 and distance from
TM 1517, if anything, this data supports Coppens’ (2004) attribution of Homo erectus. In terms
of group 1, due to the affinity of ER 739 and ER 1504 with ER 3735 (H. habilis), those fossils
could tentatively be assigned to that species. Alternatively, they could be assigned to H.
rudolfensis as Lague and Jungers (1996) recommended if H. habilis is not a sexually dimorphic

taxon.
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Fig 3.19 Side by side comparison of AL 288, TM 1517 and ER 739 to scale. Note that ER 739 has been reflected
left to right using Adobe Photoshop in order to compare it more easily to the other two fossils. In comparing the
morphology between the three fossil groups, ER 739, AL 288 and TM 1517 were used. AL 288 and TM 1517 were
selected because their taxonomic status is not disputed and ER 739 was selected as the most complete and best
preserved fossil from that group.

Proximal humerus
Results

The proximal humerus consists of 7 landmarks describing the humeral head and greater
and lesser tubercles. The landmarks for the proximal humerus fail to discriminate between
extant taxa particularly well (see fig 3.20). PC 1 and 2 are presented, although there is no
discrimination between the extant taxa on any principal axis. This is likely for two reasons: first,
the proximal humerus is simply not very different across extant apes when the information
relating to the distal portion is removed; and second, there are no type I landmarks and few type
IT landmarks to collect on the proximal humerus. Any real biological signal present might be
obscured because of slight variation in data collection. Indeed, PC 1 was driven largely by the
placement of the most anterior landmark along the articular surface of the humeral head and it

drifts up and down across the axis. PC 2 may be more biologically meaningful as it is driven by
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the tilt of the humeral head with reference to the points defining the border of the articular

surface of the humeral head. PC 1 is correlated with centroid size (fig. 3.21) but many of the

fossils fall off of the regression line.
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Fig 3.20 Principal components analysis of the proximal humerus utilizing landmarks 2 through 7. PC1 represents

28% of the overall variation and PC2 represents 17%. HomO is in blue open squares, Pongo is in green Xes,

Gorilla is in red crosses, Pan troglodytes is in purple squares Each group is surrounded by a 95% equal frequency

ellipse. Fossil specimens are labeled in the graph
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Fig 3.21 Centroid size regressed on principal component one for the proximal humerus. For this analysis, r =
0.27659.

Fig. 3.22 Landmark configuration and wireframe for the proximal humerus. Transparent lines indicate points on the
opposite side of the bone.
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Fig 3.23 Wireframe transformation between individuals along PC1 and PC2 for the proximal humerus.

Means were calculated for each extant species and analyzed with the fossil individuals.
A PCA with MST is shown in fig. 3.24 and neither PC is correlated with centroid size. PC 1 is
driven by the distance between the edge of the articular surface of the humeral head and the most
proximal point on the greater tubercle. Most of the fossils have a very short distance between
these two points. PC 2 is driven by the height of the greater tubercle; in both BC 1745 and Stw
517, it is high in comparison to point 3, the place where the bicipital groove meets the articular

surface of the humeral head.
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Fig 3.24 PCA using the means for the extant taxa and a MST plotted on top for the proximal humerus. PC 1
represents 55% and PC 2 represents 20% of the overall variance. The wireframes are from a posterior view.

A neighbor joining tree is shown in fig 3.25. Both the cluster analysis and the PCA
indicate a cluster of the extant species and a cluster with most of the fossils. Among the fossils,
BC 1745 and Stw 517 are more similar to each other than they are to the other fossils in this
sample and the division between these two fossils and the rest of fossils is well supported.
However, as Pan troglodytes and Pan paniscus are not sister taxa in this analysis, these results

can not be interpreted conclusively.
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Fig 3.25 Neighbor joining tree based on Procrustes chord distances for the coordinate data on the proximal humerus.
Means for each extant species were used. Pongo was specified as the outgroup. Bootstrap values are after 5000
replicates.

Proximal Humerus Analysis

In general, the functional and/or phylogenetic signals in this data set seem to be at least
partially obscured by intraobserver error in landmark collection. Certainly the PCA in fig. 3.20
is uninformative and driven by slight variation in the placement of the landmarks around the
humeral head. There are likely real differences between these specimens, but there are not
enough points reliably taken to capture those differences. In the future, perhaps laser surface
scanning and using denser patches of points might yield better and more consistent results.

The results of the PCA/MST and neighbor-joining tree are slightly more positive (figs.
3.24-3.25). The strongest result is the affinity between BC 1735 (possible A. anamensis; Wood,
1999) and Stw 573. They are similar in that they have a high greater tubercle in relation to the

height of the humeral head. A high greater tubercle would limit motion in overhead positions
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and is unique in comparison to the extant hominoids and is more like the cercopithecids (Aiello

and Dean, 1999). The functional benefit of such a change is unclear.

Radius

Complete Radius Results

Figure 3.26 shows the results of a principal components analysis of the entire radius for
the extant sample. There is good separation between all extant species. PC 1 is driven mostly by
the position of the radial tuberosity on the radial shaft, as well as the size of the joints in
comparison to the length of the shaft. Homo and Pongo have small joints in comparison to the
length of the radial shafts, whereas Gorilla has large joints. Pan is intermediate. Homo and
Pongo have radial tuberosities that are very close to the radial head, whereas Gorilla has the
most distally located radial tuberosities. PC 1 is correlated with centroid size, though Pongo plots
away from the regression line (see Fig. 3.27). PC 2 is driven by the angulation of the distal
articular surface with respect to the long axis of the bone. In Pongo, it is tilted at more than a 90
degree angle, whereas in HOmo the angle is closest to 90 degrees. Figure 3.28 shows a

wireframe transformation between the extant taxa.
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Fig. 3.26 PCA of the extant sample for the full radius. PC1 represents 40.3% of the variance and PC 2 represents

12.6% of the variance. Homo is represented by blue open squares, Pongo by green Xes, Gorilla by red crosses, and
Pan troglodytes by purple squares. Each group is surrounded by a 95% equal frequency ellipse.
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Fig 3.27 Centroid size regressed on PC 1 for the complete radius with all extant individuals. Homo is shown blue,
Pongo in green, Gorilla in red and Pan in purple. In this analysis r=0.448.
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Fig 3.28 This lateral/posterior view of a wireframe transformation between the hominoid taxa from the complete
radius, landmarks 1 through 18.
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Complete radius discussion and analysis

The joint size and position of the radial tuberosity seem to simply scale with body size,
except in the case of Pongo. For Gorilla, Pan and Homo, the larger the body size, the larger the
joint. This pattern is distorted in Pongo, due to the elongated nature of their forearms for use in
more suspensory behaviors. The radial tuberosity is the insertion point of the biceps brachii and
the more distally placed it is, the longer the lever arm (Rose, 1993). Pongo has a shorter radial
neck and more proximally placed radial tuberosity in comparison to body size because of the

way that the biceps brachii works during supination of the forearm (Aiello and Dean, 1990).

Proximal Radius Results

The proximal radius consists of 7 landmarks covering the radial head and tuberosity.
Figure 3.29 is a PCA of the proximal radius. There is no clear separation between any of the
extant taxa. The modern humans tend to fall further to the right on PC 1 and Pan falls more to
the left, but the area of overlap is enormous. The fossils fall almost randomly. AL 333x-33 plots
on the human side of the graph just outside of the 95% equal frequency ellipse. AL 288 plots
more toward the Pan side just inside the 95% equal frequency ellipse. ER 3736 and SKX 2045
are outside of the range of human variation, but within the range of ape variation. ER 3735,
Omo 75-S75-1317, ER 1500 and Omo 75-S70-1317 all fall outside the range of any modern
variation. All of the other fossils plot within the area of overlap of all extant taxa. PC 1 is driven
by the size of the radial head in comparison to the length of the neck. Individuals that fall on the
left side of the graph have smaller heads and longer necks with radial tuberosities that are less
robust. PC 2 is driven by the size of the radial tuberosity. Individuals at the bottom of the graph
have long tuberosities and those at the top of the graph have short tuberosities. PC 1 is

correlated with centroid size.
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Means were calculated for each of the extant species and a

PCA was run with those means and the fossil individuals. A MST
was plotted on some of the principal components results and the

results of that analysis are presented in figure 3.31. The pattern is

similar to what is seen with the analysis of the entire sample. PC 1

separates ER 1500, Omo 75-S75-1317 and

3.30 Landmarks and ER 3735 from the rest of the sample and the

wireframe of the
complete proximal N
radius. cluster analysis indicates that these

individuals are also nearest to each other in
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shape space. PC 2 separates SKX 2045 and AL 333w-33 from the rest of the sample. PC 1 is
driven by size of the radial head and the radial tuberosity, with Omo 75-S75-1317, ER 1500 and
ER 3735 having the smallest radial heads and the smallest, most distally located radial
tuberosities. PC 2 is driven by the depth of the radial head, with SKX 2045 having the deepest

head and AL 333w-33 having the shallowest. PC 1 is not correlated with centroid size.
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Fig. 3.31 MST and PCA for the means for the proximal radius. PC1 accounts for 45% of the variance and PC2

accounts for 21% of the total variance. All individuals are labeled in the graph. Wireframe transformations are
oriented in a superiomedial view.
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Finally, a neighbor-joining tree was generated using procrustes chord distances. (fig
3.32). The first relatively well supported cluster consists of: Omo 75-S70-1317, ER 3735, ER
1500, Stw 431 and ER 3736, most of which were also linked together in the previous MST/PCA
analysis. ER 20419, ER 3888 and ER 3956 also form a cluster with ER 20419 and ER 3888 as
well supported sister taxa. BOU-VP-12/1 is the outgroup to both of these cluster, although that
is not well supported. The cluster containing Homo also contained SK 18, SK 2045, AL 288, AL
333w-33 and SKX 24601, although there are no really strong bootstrap values in that group. The

apes fall outside all of the fossil containing clusters.
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Fig. 3.32 Neighbor-joining tree for the proximal radius using the fossil data with the means for the extant
individuals. Procrustes chord distances were used to form this tree and it was rooted with Pongo as the outgroup as
indicated by the molecular data. Bootstrap values are after 5000 replicates.
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Proximal Radius Discussion and Analysis

With the exception of fossil descriptions, proximal radii have been largely ignored in
studies of fossil postcrania. However, the proximal radius is important in thinking about the
functional complex of the elbow, particularly in terms of stability. The proximal radius is
beveled in all hominoids in order to contact with the zona conoidea of the humerus for stability.
Specifically in Gorilla and Pan, the proximal head is somewhat asymmetrical with the fovea
being placed off to the side which also serves to increase stability (Rose, 1993).

In the following studies, decisions about morphological affinities were made based on
phenetic similarity with few measurements and few fossils for comparison. In the description of
ER 20419, Heinrich et al (1993) suggested that A. anamensis had a human-like radial neck
thickness combined with a long radial neck for powerful flexion, which gives the lever
advantage to the biceps brachii (Rose, 1993). Susman et al. (2001) attributed SKX 2045 to
Homo cf. erectus and suggest that SKX 2045 has a human-like radial tuberosity and radial neck
size, and its morphology is divergent from Stw 431 and SKX 3699. Grine and Susman (1991)
placed Sk 18b as Homo erectus based on a lack of an articular surface for the zona conoidea. In
their comparative analysis, they suggested that ER 3735 and 3736 are modern human-like. That
idea was supported by Leakey et al. (1989), who attributed both ER 3735 and ER 3736 to Homo
habilis. Leakey and Walker (1985) placed ER 3888 as a hominid and Howells and Coppens
(1974) placed Omo 75s-1317 as a hominid, but Senut (1981) excluded ER 3888 and Omo 75S-
1317 from her analyses based on her belief that those specimens are monkeys.

Patel (2005) conducted a thorough comparative analysis of the proximal radius including
all extant hominoids, including Hylobates, using a series of linear measurements. He included

casts of ER 20419, AL 288-1p, Stw 139, Stw 431, ER 1500e, SKX 3699 and SK 18b. In his
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analysis, the morphology of the African apes was indistinguishable from the morphology of

Hylobatids; thus, he concluded that the proximal radius was of limited functional and

phylogenetic use.

The results of this study on the proximal radius are weakly significant. In general, there

is less variation in the proximal radius within and between groups; however, the fossils still have

the greatest variation in procrustes chord distances, far outstripping the variation between pairs

of extant genera (fig 3.33). The separation of the extant genera in the PCA was poor and this is

likely due to intraobserver error in collecting landmarks around the radial head. The proximal

radius has only type II and type III landmarks, which are more difficult to collect accurately

(Bookstein, 1991). However, the cluster analysis shows a more interesting result.
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Fig 3.33 This bar graph is a representation of the distribution of procrustes chord distances within and between the
different genera in the sample of proximal radii. The array of procrustes distances were segmented into units of

0.05. The group of fossils has the highest average procrustes distance (0.16).
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Based on the cluster analysis, the fossils can be split into two groups. The first group has
Homo as a sister taxon and contains: AL 288, AL 333w-33, SK 18b, SKX 2045, and SKX
24601. The inclusion of SKX 24601 in this group that is closer to modern humans further
supports the idea that it belongs in the genus Homo and not Paranthropus, as suggested by
Susman et al (2001). SKX 2045 and SK18b are both attributed to Homo erectus and AL 288 and
AL 333w-33 are attributed to Australopithecus afarensis.

The second group contains: BOU-VP-12/1, ER 1500e (P. boisei), ER 3735 (H. habilis
sensu lato), ER 3956, ER 3888, ER 3736, ER 20419 (A. anamensis), Omo 75S-1317, and Stw
431 (A. africanus). The fact that ER 3888 and Omo 75S-1317 cluster with the rest of the
specimens argues against the idea that they are monkeys. Within this group ER 3735, ER 1500
and Omo 75S-1317 form a cohesive cluster characterized by a relatively smaller radial head and
a more distally located radial tuberosity. This would indicate that this group had a longer lever
arm for the biceps brachii and would have had stronger ability for flexion coupled with a less
stable humero-radial joint (Rose, 1993). In some ways, this pattern is quite Pongo-like (although
Pongo has a relatively larger radial head than these fossils) and may have been beneficial in
activities requiring pulling up the body weight such as climbing. However, the significance of
all of this should not be overstated as a canonical variates analysis fails to discriminate well

between any of the extant groups or the fossils (fig 3.34).
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Fig. 3.34 Canonical variates analysis of the extant taxa and fossils for the proximal radius. It fails to separate the
extant groups well. Axis 1 is 67.95% of the total variance and axis 2 is 17.5% of the total variance. Fossils were
designated as a separate group, and are labeled in the group. Homo is represented by blue open squares, Pongo by
green Xes, Gorilla by red crosses, and Pan troglodytes by purple squares. Each group is surrounded by a 95% equal
frequency ellipse.

Distal Radius Results

The distal radius consists of 9 points covering the distal articular surface and the ulnar
notch. Figure 3.35 illustrates a PCA of the distal radius for all extant individuals and fossils
where the distal articular surface is preserved. All landmarks on the distal radius (points 8

through 16; see fig. 3.36) were used. PC 1 is driven by the width of the proximal border of the
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radioulnar articulation, as well as the overall size of that articulation. Individuals with negative
values on PC1 have a wide proximal border and a short articulation and individuals with positive
values have a narrow proximal border and long articulations. PC1 is not correlated with centroid
size, and does not divide the sample in any meaningful way. PC 2 differentiates modern humans
from extant apes although the extant apes are not differentiated in any further meaningful way.
PC2 is mainly driven by the depth of the scapho-lunate facet — it is wider and deeper in
chimpanzees, gorillas and orangutans (fig. 3.37). The ulnar notch is also relatively larger in the
extant apes. There are four fossil distal radii in this sample: AL 288, ER 20419, SKX 3602 and
Stw 46. ER 20419 (A. anamensis) and AL 288 (“Lucy”, A. afarensis) fall within the ape
distribution. Stw 46 (A. africanus) and SKX 3602 (P. robustus) fall within the modern human
distribution. Unlike PC 1, PC 2 is correlated with centroid size, although ER 20419 plots far off
of the regression line indicating that it has human-like centroid size with a more chimpanzee-like

shape (fig. 3.38).
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PC2

Fig 3.35 PCA of the distal radius (landmarks 8-16) including fossil specimens. PCI is 21.9% and PC2 is 15.2% of
the total variance. Homo is represented by blue open squares, Pongo by green Xes, Gorilla by red crosses, and Pan
troglodytes by purple squares. Each group is surrounded by a 95% equal frequency ellipse. Fossils are labeled in

the graph.
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Homo

Ape

Fig. 3.36 (left) Landmarks and wireframe on the distal radius.

Fig. 3.37 (right) Wireframe transition between Homo and the extant apes along PC 2 for the distal radius. The
view is looking down into the distal articulation of the radius.
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Fig 3.38 Linear regression of principal component 2 on centroid size for the distal radius. In this analysis, r = -
0.600. Homo is represented by blue open squares, Pongo by green Xes, Gorilla by red crosses, and Pan troglodytes
by purple squares.

Means were calculated for each species and additional analyses were run using these
means and the fossil individuals. The results of a principal components analysis and minimum
spanning tree are presented in Fig. 3.39. This analysis further supports the analysis of the entire
sample previously presented. PC 1 separates Pongo, Gorilla and Pan troglodytes at one extreme
from Stw 46 at the other extreme. PC 2 separates ER 20419 and AL 288 at one extreme from the
rest of the sample. The MST shows that three of the four fossils are nearest in shape space to
Pan paniscus and only Stw 46 is nearest to Homo. Overall, this pattern is consistent with the one

seen in the previous analysis. Neither component is correlated with centroid size.
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Fig 3.39 Means were calculated for each species and a minimum spanning tree was plotted on top of the principal

component graph for the distal radius. PC 1 represents 38.3% of the total variance and PC 2 represents 23.1% of the
total variance.

A neighbor-joining tree was also generated (fig. 3.40). None of the clusters are well
supported, but in general SKX 3602, Stw 46 and AL 288 are nearer to Homo whereas ER 20419

is nearer to the apes. The position of ER 20419 has better support than most of the other branch

positions.
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Fig. 3.40 Neighbor-joining tree for the distal radius, using the fossil data with the means for the extant individuals.
Procrustes chord distances were used to form this tree and it was rooted with Pongo as the outgroup. Bootstrap
values are after 5000 replicates.

A CVA was also performed in order to maximize the difference between the extant
groups in order to see if any of the fossils were particularly similar to one of the extant apes (fig.
3.42) Stw 46 again fell within the range of modern humans, whereas ER 20419 fell within the
range of overlap between chimpanzees and gorillas. AL 288 and SKX 3602 fell in a similar
place, with SKX 3602 just within the range of human and chimpanzee variation and AL 288 just

outside the range of human variation, but within the chimpanzee distribution.
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Fig 3.41 A CVA of the distal radius. The fossils were designated as a group a priori. Homo are represented by blue
squares, Pan by purple squares, Pongo by green Xs, and Gorilla by red pluses. Axis 1 is 75% of the variation and
Axis 2 is 16% of the total variation in the sample. Solid lines represent convex hulls drawn around each group.

Finally, wireframes were generated for all of the fossils and the pairwise comparisons
between them are illustrated in figure 3.41. AL 288 and SKX 3602 (middle, left) are the most
similar, with the major shape difference between them being that SKX 3602 has a higher
proximal margin for the ulnar notch. Stw 46 and ER 20419 (top right) are the most different
fossils with ER 20419 being narrower, having a more flexed distal articular surface and
posteriorly rotated ulnar notch (see later text for a more complete discussions of these

wireframes).
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Fig 3.42 Wireframe transformations between all pairs of fossil distal radii Transformations were generated using
Morpheus (Slice, 1998) and are in the same orientation in all images. The angle is looking into the distal articular
facet with the ulnar facet on the left. The red lines are vectors indicating the direction of change for each landmark.
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Distal radius discussion and analysis

There are only a few distal radii from the Plio-Pleistocene, but fortunately some have
relatively secure taxonomic attributions. For this fossil sample, ER 20419 (Australopithecus
anamensis) clearly has the most ape like distal radius. In every analysis, it falls closest to either
Pan or Gorilla. This result is not at all based on the size of the specimen, as it is the only fossil
that falls off of the regression line (fig 3.38); based on size, it should be consistently falling
within the range of modern human variation. When ER 20419 is compared with the other three
fossil radii in this sample (see fig 3.42), the ulnar notch is rotated slightly more posteriorly in
comparison to the more Homo-like SKX 3602 and Stw 46. The distal articulation is flatter and
narrower than all of the other fossils in this sample and is also more flexed than Stw 46 and SKX
3602. The lunate facet is larger in comparison to the scaphoid facet, whereas the other fossils
have lunate and scaphoid facets of approximately the same size. Richmond et al (2001)
associated a flexed distal articulation with knuckle-walking in that a tilted distal articulation
would help to close-pack the carpals and increase stability. However, Heinrich et al. (1993)
noted the large lunate facet present and suggested that this individual might have been a good
quadrumanous climber, like Pongo. As an alternative hypothesis, the presence of both of these
traits might indicate a wrist that has been adapted for a wide range of functional uses.

AL 288 (Australopithecus afarensis, “Lucy”) also consistently falls within the
distribution of the extant African apes in every analysis but the neighbor joining tree (fig. 3.40).
It is most similar in shape to ER 20419, and differs from that fossil only in that it is wider and
slightly flatter. The distal articulation is more flexed than SKX 3602 and Stw 46 and the ulnar

notch is rotated posteriorly in comparison to those fossils (as also seen in ER 20419.) Again,
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functionally this seems to indicate a wrist that was capable of a wide range of functional uses,
including ones that would require greater stability (Richmond et al., 2001).

SKX 3602 seems to be intermediate among all of the fossils. SKX 3602 was found in the
Member 1, Lower Bank and has been attributed to Paranthropus robustus (Grine and Susman,
1991). In both analyses using the entire sample (fig. 3.33, fig 3.47), SKX 3602 falls in the area
of overlap between Homo and the extant African apes. In the cluster analyses, SKX 3602
sometimes appears more like Homo (fig. 3.40) and sometimes appears more like Pan (fig. 3.39).
Susman (2004) described SKX 3602 as human-like, although he made no taxonomic assertions
at that time. These data support the idea that it is quite human-like. The only appreciable
difference between it and the extremely Homo-like Stw 46 is the ulnar notch in that in SKX
3602, it is rotated more anteriorly than Stw 46.

Stw 46 consistently falls within the modern human distributions in all analyses. Stw 46 is
attributed to A. africanus, which is often thought to have a more ape-like postcrania reflecting a
retention of arboreal adaptations (McHenry and Berger, 1998; Haeusler, 2003) although these
data disagree with that conclusion. Stw 46 has no appreciable differences from a modern human
distal radius. There are no particular adaptations present for stability and thus it can be assumed
that this individual’s wrist could function in the same way as seen in modern humans.

Evidence from the distal radius has been used to argue that humans evolved from a
knuckle-walking ancestor (Richmond and Strait, 2000; Richmond et al. 2001). These data lend
weak support in that direction. In order to rule out any kind of suspensory, Pongo-like ancestor,
the plotted distribution of Pongo and the knuckle-walking African apes should be separate and
the oldest fossils should clearly fall within the African ape distribution. While the oldest fossils

do fall within the African ape distribution becoming progressively more Homo-like through time,
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Pongo is not sufficiently different to entirely rule out at least some degree of suspensory
behavior in early hominins. In the PCA (fig 3.35), the distribution of Pongo entirely overlaps the
distribution of Pan and Gorilla. Even in the CVA (fig 3.41), Pongo and Pan overlap in their
distributions, although the fossils do not fall in that area of overlap. From this, it is possible to
conclude that the distal radius in isolation is not really that different between Pongo and the
African apes despite the differences in locomotor patterns. What really seems to drive the
differences between them is the angle of the distal surface in relation to the long axis of the bone
(fig. 3.28). Without information about the way that the proximal and distal end relate, it is
impossible to entirely rule out a Pongo-like mode of locomotion for the last common ancestor of

great apes and humans.

Ulna

Figure 3.43 shows the results of a PCA of the entire ulna for the extant individuals.
While there is some overlap in the 95% equal frequency ellipses for each taxon, there is still very
good separation.PC 1 separates Gorilla from Pan and Homo. There is substantial overlap
between Pan and Pongo on PC 1 while PC 2 separates Pongo and Homo from the rest of the
extant sample. PC 1 represents a change from a broad, semi-shallow trochlear notch in Gorilla to
a narrow, more strongly keeled trochlear notch in Homo and Pongo. Additionally, the
orientation of the olecranon process changes from being quite proximomedially projecting in
Gorilla to being smaller and more proximally projecting without a medial or lateral bend. PC 2
is driven by the orientation of the trochlear notch; in Pongo, the entire notch is oriented more

proximally. Both PC 1 and 2 are correlated with centroid size (figs 3.44 and 3.45). For PC 1,
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Pongo falls off of the regression line and for PC 2, Gorilla falls off of the line. Figure 3.46

llustrates the wireframe transformation between all of the extant taxa for the entire ulna.
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Fig. 3.43 Prinicpal components analysis of the entire ulna. Homo are blue squares, Pan are purple squares, Pongo
are green Xs, and Gorilla are red pluses. Prinicpal component one represents 33% of the variance and principal
component two represents 18% of the variance. Each group is surrounded by a 95% equal frequency ellipse.
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Fig. 3.44 Regression of principal component one on centroid size for the entire ulna. In this analysis r=0.649.
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Fig. 3.46 Wireframe transformation between all extant taxa for the full ulna.

Full Ulna Discussion and Analysis

The differences between the extant specimens reproduced by the principal components
graph correspond to known differences between the ulnae of extant species. These differences in
turn correlate with known differences in the way that those ulnae function in different positional
behaviors. The broad, shallow trochlear notch in Gorilla is likely an adaptation for supporting a
heavy animal, while maintaining a high degree of mobility (Drapeau, 2008). Terrestrial
cercopithecoids generally have narrower, smaller trochlear notches in a condition that runs
parallel to more cursorial species, though this sacrifices the mobility at the joint which would be
useful in more suspensory postures (Rose, 1993). The narrow, keeled notch in Pan and Pongo

may be to resist the strong lateral forces exerted by the flexors of the finger during suspension

129



(Drapeau, 2008). The more proximally oriented trochlear notch in Pongo is an adaptation for
quadrumanous climbing and habitual arm-overhead positions (Rose, 1993). No fossils preserve

the entire ulna.

Proximal Ulna

The ulna was subdivided into proximal and distal regions, the proximal region consisting
of landmarks 1 through 18 (see fig. 3.47). Figures 3.48 — 3.51 illustrate the results of several
PCAs on the extant and fossil individuals for the proximal ulna for different landmark
configurations. Most of the fossils were relatively complete; thus the alternate configurations are
for only two other fossils (OH 62 and ER 1500) but they are particularly important fossils.
Figure 3.48 shows the results for the full proximal ulna, utilizing all of the landmarks. PC 1
separates Homo and Gorilla from Pongo and Pan while PC 2 separates Pongo and Pan. The
change along PC 1 is largely related to the olecranon process. In Homo, the olecranon process is
more proximally oriented, whereas in Gorilla, it is more posteriomedially oriented. Also, PC 1
represents a widening of the trochlear notch with Homo having the narrowest notch and Gorilla
having the widest notch. PC 2 separates Pongo and Pan on the basis of the short proximal
projection of the olecranon in Pongo, and the more tightly curved trochlear notch in Pan. All of
the fossils fall within the 95% equal frequency ellipses for modern humans, with the exception of

Omo L40-19 which has a totally unique position.
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Fig. 3.47 Landmarks and wireframe for the full proximal ulna.
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Fig 3.48 PCA of the full proximal ulna utilizing only fossils with a complete set of landmarks. Wireframe
transformations are shown directly on the graph and are shown in anterior view. Homo is represented by blue
squares, Pan by purple squares, Pongo by green Xs, and Gorilla by red pluses. PC 1 represents 27.1% of the

variance and PC 2 represents 13.7% of the variance. Each group is surrounded by a 95% equal frequency ellipse.
Fossils are in black and labeled.

Figure 3.49 is a PCA utilizing a slightly reduced landmark set where he points

representing the proximal projection of the olecranon (landmarks 1 and 2) were removed in order
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to allow for the inclusion of OH 62 in this analysis. OH 62 is an important fossils as many of the
conculsions about the locomotor pattern of Homo habilis sensu lato rely upon this specimen
(Johanson et al 1987; Hartwig-Sherer and Martin, 1991; Wood and Collard, 1999). The
removal of two points along the olecranon does not radically change the shape of the graph.
Once again, PC 1 separates Homo, Pan and Gorilla while PC 2 separates Pongo and Gorilla
from the rest of the sample. Most of the fossils fall within or extremely near to the 95% equal
frequency ellipse for modern humans, with the exceptions of OH 62 which falls within the range
of Pongo and Omo L40-19 which falls outside the 95% equal frequency ellipses of any of the
extant taxa.

PC 1 is driven by the position of the most medial point on the olecranon process. In
Gorilla, this point is located quite far distally and posteriorly. In Homo and the fossils, this point
is more proximally located and does not project as far. Additionally, in Gorilla the trochlear
notch is very wide and shallow whereas in Homo and the fossils, it is narrower. PC 2 is driven
by the keeling in the trochlear notch. Individuals that fall towards the most positive values on
PC 2 have the least waisted trochlear notches. Both PC 1 and 2 are correlated with centroid size
(figures 3.52 and 3.53). Omo L40-19 falls well off of both regression lines as its size is

comparable to male Gorilla but its morphology is more similar to much smaller individuals.
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Fig. 3.49 PCA of the proximal ulna maximized for the greatest number of fossils to be included without losing
resolution. PC 1 represents 29% of the total variance and PC 2 represents 14% of the total variance. Homo are
represented by blue squares, Pan by purple squares, Pongo by green Xs, and Gorilla by red pluses. Each group is
surrounded by a 95% equal frequency ellipse. Fossils are in black and labeled. No wireframes are presented here as
the wireframes were not appreciably different from those presented in figure 3.48.

Figure 3.50 is a PCA without the landmarks that form the radial notch. This allowed for
the inclusion of ER 1500, a fossil that is particularly important because it has multiple upper
limb elements. There is excellent separation between all of the extant taxa, as in the previous
two analyses. All of the fossils fall within the range of modern humans with the exception of
Omo L40-19 and ER 1500. ER 1500 is not far from the human distribution and could be

considered an outlier. It is certainly closer to the human distribution than and of the other taxa.
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PC 1 and 2 are driven by the same factors that drove the axes in the first PCA (fig. 3.48a); PC 1
is driven by the orientation of the olecranon process with the most medial point located quite far
distally and posteriorly in Gorilla and more proximally in Homo and the fossils as well as the
width of the trochlear notch.. In Gorilla the trochlear notch is very wide and shallow whereas in
Homo and the fossils, it is narrower. PC 2 is driven by the keeling in the trochlear notch.
Individuals that fall towards the most positive values on PC 2 have the least waisted trochlear

notches. PC 1 and PC 2 are correlated with centroid size.
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Fig. 3.50 PCA of the proximal ulna without the landmarks on the radial facet (landmarks 14 through 16) or
landmark 13. PC 1 represents 32.6% of the total variance and PC 2 represents 13.9% of the total variance. Homo
are represented by blue squares, Pan by purple squares, Pongo by green Xs, and Gorilla by red pluses. Each group
is surrounded by a 95% equal frequency ellipse. Fossils are in black and labeled. Wireframes are from an anterior
view.
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Figure 3.51 is a PCA of just the trochlear notch. When the olecranon and radial facet
points are removed, the separation between extant genera becomes less apparent. PC 1 separates
Homo and Pan from Pongo and Gorilla. PC 1 is driven by the width of the trochlear notch
through the horizontal midline. PC 2 slightly separates Pan from Homo and is driven by the
depth of the trochlear notch relative to the proximal portion of the notch. Omo L40-19 has an
almost symmetrical notch whereas particularly in Homo and Pan, the proximal portion of the
notch is taller. Most of the fossils fall within the range of modern Homo. Omo L40-19 is most
like Gorilla due to its extremely wide, flat trochlear notch. ER 1500, OH 62 Stw 571 and Omo

141-72-23 also fell outside the range of human variation. PC 1 is correlated with centroid size.
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Fig. 3.51 PCA of the proximal ulna with just the trochlea. PC 1 represents 36.9% of the total variance and PC 2
represents 10.7% of the total variance. Homo are represented by blue squares, Pan by purple squares, Pongo by
green Xs, and Gorilla by red pluses. Each group is surrounded by a 95% equal frequency ellipse. Fossils are in
black and labeled. Wireframes are from a lateral view.
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Fig. 3.52 Regression of PC 1 on centroid size for the proximal ulna (reduced landmark set).
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Means were calculated for all of the extant species and a PCA was run using these values
with the fossil individuals, using landmarks 3-12, 14-17 (the same configuration as fig. 3.49).
The results of that analysis with a minimum spanning tree plotted on top and presented in figure
3.54. In this case, neither principal component one or two was correlated with centroid size.
The results of this analysis lend further support to the idea that OH 62 has featurs that are Pongo-
like, as it appears closes to Pongo in the graph and is Pongo’s nearest neighbor, according to the
MST. All of the rest of the fossils fall in a cluster that is closest to Homo. The only exception is
Omo L40-19 which is once again at an extreme, falling well away from all other individuals. PC
1 is mostly driven by the projection of the coronoid process and with width of the distal margin
of the trochlear notch. The apes (and OH 62) have a large, projecting coronoid process whereas
in humans and the other fossils, the coronoid is much smaller. In Omo L40-19, the proximal
trochlear margin is very wide, and it gets progressively smaller in specimens moving towards the
apes. PC 2 is driven by the width and depth of the trochlear notch across its midline. Omo L40-
19 has a particularly shallow and wide trochlear notch. In general, the signal from the cluster
analysis and the signal from the ordination analysis are the same with few instances where the
individuals with the smallest procrustes distances are not nearest to one another in the ordination

analysis.
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Fig. 3.54 Means were calculated for each species and a minimum spanning tree was plotted on top of the principal
component graph for the reduced landmark set for the proximal ulna. PC1 accounts for 36% of the variance and
PC2 accounts for 18% of the total variance. All individuals are labeled in the graph. The wireframes are in a lateral
view

Means were calculated for the data on just the trochlear notch and a PCA and MST of
this data are shown in Fig. 3.55. This is the only set of landmarks that contains all of the fossils.

PC 1 separates Omo L40-19 and, to a lesser extent, ER 1500 and is driven by the width of the
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trochlear notch. PC 2 separates OH 62, Stw 571 and Omo 141-72-23 and is driven by the
keeling of the trochlear notch. OH 62 has the most keeled notch of all of the fossils in this
sample. The rest of the fossils and the extant form a single cluster. Again, the signal from the
cluster analysis and the signal from the ordination analysis are the same; the only fossil that is

not linked to its nearest neighbor in the ordination analysis via the MST is BOU-VP-11/1.
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Fig. 3.55 MST and PCA for the trochlear notch. PC1 accounts for 36.6% of the variance and PC2 accounts for
20.9% of the total variance. All individuals are labeled in the graph. The wireframes are in an anterior view.

Four neighbor-joining trees were generated (fig. 3.56a-d) corresponding with the data for
the four PCAs. Despite some relatively low bootstrap values, most of the clusters stay the same
through all four of the landmark configurations. In general, there are three major clusters of
fossils with all of the extants as the outgroup to those fossils. They are: 1) Stw 113 and Stw 380;
2) BOU-VP-11/1, Stw 571, Omo 141-72-32, Omo L40-19, ER 1500 and OH 62; and 3) Stw 398,
AL 288, OH 36, BK 66, Stw 431 and SKX 8761. The only deviations from those major clusters
are SKX 8761 shifting to the cluster with AL 288 in fig. 3.56a and Stw 113 shifting to the cluster

with Stw 113 and 380 in fig. 3.56d.

143



& 9
S
: 3
—
o 3
=
@)
- =
oo | 2
ol —
0 S > | v
S D =2 ©
EJdgg| o < 3 B
n O X ¥§§ 8 3
m O T g ©
n 0 - 2
o > ¢
E o § S
37 °© O T =
I*T‘D'O
o (U]
o7 o
_7 2
o
59 o
100
100

Fig. 3.56a Neighbor-joining tree for the proximal ulna, using the fossil data with the means for the extant taxa for
the full landmark set. Procrustes chord distances were used to form this tree. Bootstrap values after 5000 replicates.
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Fig. 3.56b Neighbor-joining tree for the proximal ulna, landmarks 3-12 and 14-17, using the fossil data with the
means for the extant taxa for the reduced landmark set. Procrustes chord distances were used to form this tree.
Bootstrap values after 5000 replicates.
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Fig. 3.56¢ Neighbor-joining tree for the proximal ulna without the radial facet.
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Fig. 3.56d Neighbor-joining tree for the proximal ulna, using the fossil data with the means for only the trochlear
notch. Procrustes chord distances were used to form this tree. Bootstrap values after 5000 replicates.

Proximal Ulna Discussion and Analysis

In considering all of the forelimb elements, the proximal ulna has the most variation with
in a single extant taxon (see fig 3.57), but has the least variation between fossil taxa. The
variation in procrustes chord distance between the fossil proximal ulnae is greater than the
variation within any single extant group, although it is very close to the average of the pair-wise
distances between Homo and Gorilla.  All of the fossil ulnae look relatively Homo-like and
while there might be slight differences within the fossil sample, all the fossil ulnae clearly follow

the human pattern for manipulation over stability at the elbow joint.
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Fig. 3.57 This bar graph is a representation of the distribution of procrustes chord distances within and between the
different genera in the sample of proximal ulnae. The array of procrustes distances were segmented into units of
0.05. The greatest average procrustes distance was found in the fossils, at 0.3087. This was very close to the
average procrustes distance between Homo and Gorilla at 0.3057.

These data support the findings of Drapeau (2004). Drapeau examined the olecranon
process of extant great apes and a small selection of fossil hominins. She found that in knuckle-
walkers, the olecranon process projected more posteriorly, in order to maximize the strength of
the triceps brachii muscle during extended forearm postures in quadrupedal locomotion. In
Pongo, the olecranon process was fairly short, though it also projected posteriorly. The short
olecranon would also function for maximum strength of the triceps brachii in multiple arm

positions with the posterior projection increasing the strength during extension. Humans have a
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more proximally oriented olecranon process, which increases the leverage of the triceps brachii
during flexed forearm positions benefiting manipulative abilities.

These functional differences in the positioning of the olecranon correspond with the ways
that these data are separated in figures 3.49 and 3.50. Drapeau (2004, 2005) found that all of the
fossils in her study (AL 288, AL 428, L40-19 and OH 36) followed a Homo-like pattern for the
olecranon. These data support her finding and add to it. Not only do AL 288, Omo L40-19 and
OH 36 follow the Homo pattern, but nearly all proximal ulnae from the Plio-Pleistocene follow
this pattern.

Omo L40-19 is the only fossil that repeatedly falls far outside the range of modern
variation in this study. The large size of Omo L40-19 and the extreme shaft curvature have
prompted many different researchers to categorize it as more ape-like and different from other
ulnae from the Plio-Pleistocene (Feldesman, 1979; Drapeau, 2005; McHenry et al 2007). Omo
L40-19 is so large that its size might be confounding the analyses. The proximal ulna is strongly
influenced by size - perhaps as hominoids get larger, there have to be architectural changes in the
ulna that represent a compromise between structural stability at the elbow joint and
manipulation. However, in cluster analysis, Omo L40-19 is always in the same cluster with the
much smaller Omo 141-72-73. The actual size corrected joint morphology is very Homo-like, a
finding that has been supported by previous studies (Aiello et al. 1999; Drapeau, 2004 for the
olecranon process; Drapeau, 2008 for the trochlear notch).

While it is impossible to know the morphology of the olecranon of OH 62, what
morphology is preserved is consistently ape-like; specifically, it is Pongo-like, as evidenced by
the PCA of the full sample and of the means (figs. 3.49, 3.51, 3.54). This is due to a relatively

large coronoid process and keeled trochlear surface in this specimen, both traits that are more
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ape-like. These are both adaptations for greater stability at the elbow (Knussman, 1967;
Drapeau, 2008). However, in the neighbor-joining trees, it groups amid the rest of the fossil,
although with low bootstrap values. OH 62 has been reconstructed to have more ape-like limb
proportions (Johanson et al 1987; Hartwig-Sherer and Martin, 1991) as well as more ape-like
limb strength proportions (Ruff, 2008) and has been used as example for why H. habilis should
be sunk into the genus Australopithecus (Wood and Collard, 1999). Unfortunately, this fossil
has not been used in other analyses of the ulna specifically, so there is nothing to directly
compare these results to; however, these results do give weak support to the idea that H. habilis
sensu lato had a more ape-like body plan.

In the forelimb, the most “ape-like” individuals have consistently come from Koobi Fora
(see the portions on the humerus and radius in this chapter). At the time of data collection, ER
1500 was the only proximal ulna from Koobi Fora available. ER 1500 is part of an associated
skeleton attributed to Paranthropus boisei (Grausz et al., 1988). In analyses of the means where
ER 1500 could be included, it was most similar to the large Omo ulna, despite the much smaller
size (figs. 3.51, 3.55, 3.56¢,d). ER 1500 has a more ape-like trochlear notch (fig. 3.51) coupled
with a human-like olecranon process (fig. 3.50) which would indicate that the olecranon had
already been selected for to maximize manipulative ability over stability (Drapeau, 2004) and the
overall functional morphology of this ulna is Homo-like, opposed to this individual’s position in
previous analyses (see the radius portion of this chapter).

There have been many prior studies that have looked at variation in fossil proximal ulnae,
searching for differences between individuals. Aiello et al (1999) described the nearly complete
OH 36 fossil and compared it to BK 66 and Omo L40-19. These authors decided that OH 36 has

a unique morphology which is like Pan in the way that the posterior portion of the trochlear
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notch is heavily buttressed whereas it is unlike any African ape in that the olecranon process
does not point medially. These authors suggested placing OH 36 in Paranthropus boisei. They
found no compelling differences between Omo L40-19 and BK 66 despite Omo L40-19’s large
size. They placed BK 66 in Homo erectus and Omo L40-19 in either Homo erectus or Homo
habilis/rudolfensis.

McHenry et al. (2007) re-examined Aiello et al (1999)’s previous study. In a
discriminant function analysis where the fossils were not treated as their own group, these
authors found that OH 36 was unique, Omo L40-19 was chimp-like in morphology and AL 438-
1 human-like in its morphology. These authors also noted that if Omo L40-19, OH 36 and SKX
8761 are all considered as Paranthropus, then Paranthropus has an extremely heterogenous
morphology for the proximal ulna, although these authors draw no functional conclusions about
how that heterogeneity would have affected
locomotion.

Drapeau (2008) studied just the trochlear notch in extant apes and fossil homins. Like
Aiello et al (1999) and McHenry et al (2007), she concluded that OH 36 had a unique
morphology and that the more keeled trochlear notch indicated an arboreal component to its
positional behavior. Unlike the previous authors, she found Omo L40-19 to have a flat trochlea,
like Homo. And finally, she found that all specimens representing A. africanus and A. afarensis
were intermediate between Homo and Pan.

Perhaps the results from this analysis differ from Aiello et al (1999) and McHenry et al
(2007) because those studies relied on linear measurements and carefully parsing out where there
were morphological differences between the fossils. When the shape is looked at as a whole

there really is very little variation among individuals in the fossil group. Drapeau (2008) did use
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landmark coordinate data to form her opinions on the importance of trochlear keeling to separate
fossil taxa. The data presented here do not agree with her findings. Even when the olecranon
points were removed, it was difficult to reproduce her results with this data (although she used
many more points on the trochlear surface). Stw 571 and Stw 398 (possible A. africanus) fall
most closely to the middle of the distribution of Pan in fig. 3.51, although they are still well
within the range of modern human variation. Overall, many points had to be removed in order to
make trochlear keeling the force driving shape variation in proximal ulnae. It seems like the
most important shape differences are in the olecranon process, and in that way all of the fossils
are most similar to Homo.

Overall, the seeming homogeneity in the fossil sample of proximal ulnae is evidence for
very strong selection early on in the hominin lineage for maximizing manipulative ability in
flexed forearm postures over stability in extended forearm postures. Given that the evolution of
bipedalism as indicated by the hindlimb has been pushed back to Orrorin (Richmond and
Jungers, 2008), hominins would have had the ability to have their hands free from approximately
6 Ma. There is little evidence from the ulna for any kind of modification or retention of climbing
or suspensory adaptations. These data could support the idea that having the hands free was a

major advantage of bipedality.

Distal Ulna

A PCA was generated for the entire sample for the distal ulna, the results of which are
presented in figure 3.58. Figure 3.59 is an illustration of the landmarks and wireframes on an
actual ulna. For the PCA, the area of overlap between the extant species is tremendous. Homo
tends to fall more to the right side of the graph and Pan tends to fall more towards the left side of

the graph, but the overlap is so significant that few conclusions can be derived from that.
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Because the separation is so poor, any conclusions made about the fossils should be very
tentative. Of the five complete distal fossil ulnae, AL 333-12 falls outside of the range of all
extant variation on both principal axes. Stw 326 falls within the overlap between Homo, Pongo
and Gorilla. AL 288, AL 137-42 and Stw 328 all fall outside of the range of modern human
variation, but within the overlap zone of Pongo, Pan and Gorilla. PC 1 is correlated with
centroid size, although less strongly so than for other portions of the forelimb (see fig. 3.60). PC
1 is driven by the proximodistal height of the ulnar head and the projection of the styloid process
with Pan having the shortest heads and most projecting styloid processes and Homo having the

tallest heads and the least projecting styloids.
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Fig. 3.58 Principal component analysis of the distal ulna. Prinicpal component one represents 38% of the total
variance and principal component 2 represents 17% of the total variance. Homo is represented by blue squares, Pan
by purple squares, Pongo by green Xs, and Gorilla by red pluses. Each group is surrounded by a 95% equal
frequency ellipse. Fossils are in black and labeled. Wireframes are in a medial view.
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Fig. 3.59 Illustration of the landmarks and wireframe for the distal ulna. Faded landmarks and numbers indicate that
those are on another side of the bone. These are shown on AL 137-48B.
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Fig. 3.60 Regression of principal component one on centroid size for the distal ulna. They are correlated with r =-
0.17.

Means were calculated for all of the extant specimens and further analyses were running

using these means with the fossil individuals. The results of a PCA with a MST are presented in
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figure 3.61. In this case, PC 1 is not correlated with centroid size. PC 1 represents 71% of the
total variance and the individuals seem to be distributed fairly randomly across it, with AL 333-
12 at one extreme and Homo at the other. PC 1 is driven by the overall width of the ulnar head
and the distal projection of the styloid process. AL 333-12 has a narrow head whereas the extant
taxa and some of the other fossils have a wider head. Pan, AL 288 and Stw 388 have the most
projecting styloid process, whereas AL 333-12 has the least projecting styloid. PC 2 is driven by

the height of the ulnar head, with Stw 326 having the tallest head in the proximodistal direction.
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Fig. 3.61 Means were calculated for each species for the distal ulna and a minimum spanning tree was plotted on top
of the principal component graph. PC1 accounts for 71% of the variance and PC2 accounts for 13% of the total
variance. All individuals are labeled in the graph. Wireframes are in a medial view.

A neighbor-joining tree was also generated (figure 3.62) and the known relationships
between extant individuals failed to be recreated properly. Nevertheless, it is interesting the AL
137-48B and AL 333-12 form a well supported cluster to the exclusion of AL 288. This is an
instance where there seems to be a highly variable morpohological patterns within the Hadar

sample (see chapter 4 for more).
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Fig. 3.62 Neighbor-joining tree for the distal ulna, using the fossil data with the means for the extant taxa.
Procrustes chord distances were used to form this tree and it was rooted with Pongo as the outgroup.

Distal Ulna Analysis and Discussion

The distal ulna is not a functionally complicated joint. There are two portions to
consider: the ulnar head and the styloid process. The styloid process is the original of the
triangular articular disc that connects the distal radius and ulna (Lewis et al. 1970). In
hominoids, the styloid process of the ulna does not directly interface with the proximal carpal
row (Lewis et al. 1970; Rose, 1993); thus, it is less informative than it would be in monkeys or
stepsirhines. In all of the apes, the styloid process is divided from the first carpal row by an
intra-articular meniscus which isolates the styloid process in its own compartment. In Gorilla
and Homo, the intra-articular meniscus is usually continuous with the triangular articular disc,
thus fully excluding the ulna from participating in the wrist joint; in Pan the styloid process still

participates in the carpal row through its interaction with the meniscus (Lewis, 1969; Lewis et
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al., 1970). The separation of the distal radioulnar joint and proximal carpal row allows for
independent movement in the hand and forearm (Lewis, 1969). The width of the articular
surface on the ulnar head has also been linked to a wider range of motion for pronating and
supinating. Pongo and Pan both have relatively large surfaces whereas Gorilla and Homo have
smaller surfaces (Rose, 1993).

When considered in the context of the function of the radioulnar joint, the overlap
between Homo and Gorilla in fig. 3.58 is not suprising. The fact that Gorilla and Homo have a
similar pattern for the distal ulna is also what lessens the allometric effect along PC 1 as Gorilla
has larger centroid sizes than most Homo, but similar values along PC 1 (fig. 3.60). AL 288 and
Stw 388 are most similar to the Pan and Pongo condition of having a larger articular surface and
a slightly longer styloid process (fig. 3.61) whereas Stw 326 is more like the Homo/Gorilla
condition of having a smaller articular surface and shorter styloid process. This could indicate
that the latter two fossils had a greater reliance on a wide range movement at the radioulnar join
than Stw 326.

AL 333-12 is unique in having a relatively bulbous head with a large articular surface,
but the styloid process is closer to the ulnar head. Functionally, the position of the styloid
process shouldn’t make much of a difference since it does not participate directly in the joint.
Thus, AL 333-12 could be considered to have a joint that is functionally similar to Pan and
Pongo. AL 333-37b has a slightly more intermediate morphology, but is most similar to AL
333-12 (fig. 3.62) and could therefore also be considered to have the same (or similar)
morphology. While there is a lot of variation in the three A. afarensis distal ulnae, it has been
noted that this joint is variable in general, particularly in humans (Lewis et al. 1970) and thus it

should not be used as direct evidence for multiple species at Hadar.
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In summary, the distal ulna provides weak evidence that some of the Plio-Pleistocene
hominins (AL 288 and Stw 388) may have been using their wrists in ways similar to modern
Pongo or Pan, emphasizing rotational ability. On the other hand, Stw. 326 has a distal ulna most
like Homo and Gorilla and not built for extreme rotational ability. The two AL 333 specimens
have a unique morphological pattern that is probably functionally more similar to the Pan/Pongo

pattern than the Homo/Gorilla pattern.

Elbow Joint Complex
Humerus and Radius

Figure 3.63 — 3.65 illustrate the results of a two-block partial least squares (2BPLS)
analysis of the radius and the humerus of all of the extant individuals and the hominins with
associated elements. No landmarks had to be eliminated to include all four fossils in the analysis
and there is strong covariation between the blocks. Based on the data from both the humerus
and the radius, ER 3735 has a humerus most similar to Gorilla, Stw 431 and AL 288 have a
humerus most similar to Pan and Pongo and SK24600/1 has a humerus most similar to modern
humans. For the radius, all of the fossils fell within the 95% equal frequency ellipse for both
Homo and Pongo. When taken together, it seems that ER 3735 has a unique morphology unlike
any of the extant species. These findings further support the idea that the specimens from Koobi
Fora have a unique, more primitive pattern in their forelimb despite being later in time than other
taxa in this analysis. Stw 431 and AL 288 seem to have a pattern of covariance most similar to
either Pongo or Pan in this analysis, as it fell within the 95% ellipse of those taxa in for both
bones. SKX 24600/1 could be interpreted to have a human-like morphology, or a unique

morphology.
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Fig. 3.63 2B-PLS analysis of the distal humerus and proximal radius. The first axis (presented here) accounts for
83.7% of the variation in the sample and has a correlation of 0.64. Axis 2 (not presented here) accounts for 7.7% of
the variation and have a correlation of 0.39. The RV coefficient for the entire sample is 0.2014. Homo is
represented by blue squares, Pan troglodytes by purple squares, Pan paniscus by blue stars, Pongo by green Xs, and
Gorilla by red pluses. Fossils are labeled and in black.
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Fig. 3.64 2B-PLS analysis showing the relationship of the first and second humeral axes based on a cross-
covariance matrix of the humerus and radius GPAed landmark coordinates. Homo is represented by blue squares,
Pan troglodytes by purple squares, Pan paniscus by blue stars, Pongo by green Xs, and Gorilla by red pluses.
Fossils are labeled and in black. Closed curves represent a 95% equal frequency ellipse.
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Fig. 3.65 2B-PLS analysis showing the relationship of the first and second radial axes based on a cross-covariance
matrix of the humerus and radius GPAed landmark coordinates. Homo is represented by blue squares, Pan
troglodytes by purple squares, Pan paniscus by blue stars, Pongo by green Xs, and Gorilla by red pluses. Fossils
are labeled and in black. Closed curves represent a 95% equal frequency ellipse.

Humerus and Ulna

Figures 3.66-3.68 illustrate the results of a 2BPLS analysis of the humeroulnar joint.
The landmark set for the ulna was reduced in order to include TM 1517. WT 15000 has been
included despite being a juvenile simply because there are so few Plio-Pleistocene associated
skeletons. There is excellent covariance between data blocks (fig. 3.66). All four fossils have a
clear Homo-like ulnar morphology (fig. 3.67) and TM 1517 and AL 288 have a Homo-like

humeral morphology as well (fig. 3.68). The position of AL 288 is particularly interesting as
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when the humerus was combined with the radius in the previous analysis (fig. 3.64), the shape
was most like either Pan or Pongo. Stw 431 falls in the zone of overlap between Homo and
Pongo for the humerus (fig. 3.68), as opposed to the previous analysis where it was most similar
to either Pan or Pongo. Finally, WT 15000 falls well outside the range of human variation for
the humerus and within the zone of overlap between Pongo and Gorilla (fig. 3.68). It is possible

that the fact that this specimen is a juvenile and has evidence of pathology has affected the data.
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Fig 3.66 2B-PLS analysis of the distal humerus and proximal ulna. Only landmarks 1-5, 8-9, and 11-12 were used
for the ulna so that TM 1517 could be included in the analysis. The first axis (presented here) accounts for 86% of
the variation in the sample and has a correlation of 0.87. The second axis (not presented) accounts for 9% of the
variation in this sample with a correlation of 0.65. Homo is represented by blue squares, Pan troglodytes by purple
squares, Pan paniscus by blue stars, Pongo by green Xs, and Gorilla by red pluses. Fossils are labeled and in black.
The RV coefficient for this data set is 0.5798.
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Fig. 3.67 2B-PLS analysis showing the relationship of the first and second ulnar axes based on a cross-covariance
matrix of the humerus and ulna. GPAed landmark coordinates. Homo is represented by blue squares, Pan
troglodytes by purple squares, Pan paniscus by blue stars, Pongo by green Xs, and Gorilla by red pluses. Fossils
are labeled and in black. Closed curves represent a 95% equal frequency ellipse.
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Fig. 3.68 2B-PLS analysis showing the relationship of the first and second humeral axes based on a cross-covariance
matrix of the humerus and ulna GPAed landmark coordinates. Homo is represented by blue squares, Pan
troglodytes by purple squares, Pan paniscus by blue stars, Pongo by green Xs, and Gorilla by red pluses. Fossils
are labeled and in black. Closed curves represent a 95% equal frequency ellipse.

The data from these two analyses seem to reinforce the conclusion from the PCA
analyses that a more modern looking humero-ulnar joint complex appeared before a more
modern looking humero-radial joint complex. Perhaps this may indicate that selection was
operating more strongly on the humero-ulnar joint, favoring morphology that allowed the
muscles to be at their greatest advantage in flexed forelimb posture while retaining a more

powerful, ape-like ability to pronate and supinate with the humero-radial joint.

Conclusions

e Do different Plio-Pleistocene hominins have different patterns for the shoulder, elbow

and wrist joints?
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There is a considerable amount of variation during the Plio-Pleistocene for the different
elements. Of the elements sampled, the most informative parts were the distal humerus, the
distal radius and the proximal ulna. The proximal radius and distal ulna also yielded interesting
results, but results from those anatomical areas should be interpreted with caution due to the lack
of separation extant between groups. The variation in the fossil sample was greatest in the distal
humerus and the distal radius, whereas the proximal ulna was surprisingly homogenous within

the fossil sample.

e Do the changes in each of these joints follow a linear progression? If so, the most ape-
like elbow joints would occur the earliest in time and the most human-like elbow joints
would occur the latest in time. | hypothesized that there would be a considerable amount
of variation, but that this variation would be largely uni-directional, leading from

organisms with a clearly mosaic pattern to those which are obligate bipeds.

In this case, the hypothesis was not supported by the data. The variation present in the
elements of the forelimb does not appear to follow a pattern of increasing bipedalization. For the
humerus, the most ape-like individuals were from Koobi Fora and occurred latest in time,
whereas the most modern looking individuals were represented by A. anamensis, the earliest
taxon sampled for the study. This pattern is also seen in the proximal radius, where individuals
attributed to A. afarensis look more modern than those found at Koobi Fora. For the proximal
ulna, almost all of the fossils looked like modern Homo sapiens, no matter how early or late in

time they occurred. The only element that followed a somewhat linear pattern was the distal

166



radius, where individuals attributed to A. anamensis and A. afarensis were the most ape-like and

earliest in time. However, in that analysis, A. africanus (Stw 46) was the most human-like.

e For individuals that are either associated or have secure taxonomic attributions, is the
taxonomic and functional signal the same across all bones? | hypothesized that it would
be different, as different organisms could be practicing different locomotor repertoires,

even if they are basically bipedal.

Here, the hypothesis was supported by the data. If multiple segments of the postcranium
are considered together, all of the different elements do not give the same signal. For A.
anamensis, the distal humerus looks very modern whereas the distal and proximal radius look
more pleisomorphic. For A. afarensis, the distal humerus and proximal ulna look very modern
whereas the distal radius looks more pleisomorphic. P. robustus has an ape-like distal humerus
and a more modern looking distal radius. Of all of the taxa sampled, only A. garhi, H. habilis

sensu lato and H. erectus had the same affiliation for all segments analyzed (table 3.5).

Table 3.5 A list of fossil taxa and their affiliations in the various analyses. Multiple affiliations indicate that
different individuals were similar to different extant groups. See each of the individual sections for more details.

Humerus Radius Ulna
Proximal Distal Proximal Distal Proximal Distal
A. .anamensis Unique Human Ape Ape n/a n/a
A. .afarensis Unique Human Human Ape Human Ape/Unique
A. africanus Unique Human Human Human Human Human/Ape
A. garhi n/a Human Human n/a Human n/a
P. boisei n/a n/a Ape n/a Human n/a
P. robustus n/a Unique n/a Human Human n/a
H. habilis sensu lato n/a Ape Ape n/a Ape n/a
H. erectus n/a n/a Human n/a Human n/a
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It is possible that these different suites of traits are the result of phylogenetic lag (Vrba,
1980; Vrba and Gould, 1986), and the most important joints are being selected for first and the
rest of the more modern adaptations evolved later in time. However, since some of these
individuals have unique patterns not seen anywhere else, it is also possible that the evolution of
bipedalism was a far more diverse process than originally thought and these differences would
have had an impact on the locomotor repertoire of these individuals. The distinct patterns of
covariation at the elbow of TM 1517 (P. robustus) and ER 3735 (H. habilis sensu lato) would
argue for novel locomotor patterns that were selected for. Regardless, this study illustrates why
it is important to consider the multiple postcranial elements when making functional and

phylogenetic conclusions about fossil taxa.

e Are there any solid clues in the forelimb that indicate a particular mode of locomotion as

the precursor to bipedalism?

While there are adaptations present in some elements that indicate varying degrees of
arboreality, there were no definitive markers for either knuckle-walking or suspensory behavior.
If the data are taken as a whole, they would probably point to a more generalized quadruped with

a flexible locomotor pattern that had the ability to change and adapt in many different ways.
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CHAPTER 4: THE LOWER LIMB
Introduction

The adaptation for bipedal posture has long been thought to be one of the hallmarks of
humanity. Charles Darwin wrote that:

“Man alone has become a biped; and we can, I think, partly see how he has come to

assume his erect attitude which forms one of his most conspicuous characters ... If it be

an advantage to have the hands and arms free, of which, from his preeminent success at
life, there can be no doubt, then I can see no reason why it should not have been
advantageous to the progenitors of man to become more and more erect or bipedal

(1871: 76-77).”

However, the timing and pacing of the evolution of bipedal posture, as well as its selective
advantage, has been the subject of many scientific debates. Some researchers have suggested
that obligate bipedalism evolved very early and the locomotion we see in humans today differs
very little from that of our earliest ancestors (i.e. Lovejoy, 1981 et seq.), whereas others have
championed the idea that the earliest hominins retained adaptations for arboreal behavior until
the emergence of Homo erectus (Stern and Susman, 1983 et seq.) and that the forms of
locomotion in the Plio-Pleistocene were more diverse than the earlier researchers believed
(McHenry and Brown, 2008).

Australopithecus afarensis is one of the most often studied species of early fossil
hominins. This likely has to do with the abundance of both cranial and postcranial fossil
material as well as the presence of a semi-complete skeleton, AL 288. These analyses have
yielded largely contradictory results in terms of the locomotor function of this taxon. While
some authors have concluded that the bipedal gait of Australopithecus afarensis was largely

identical to that of modern humans (Lovejoy, 1988; Lovejoy et al., 2002), other have postulated

that Australopithecus afarensis represents a compromise morphology between increasing
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terrestriality and continuing arboreality (Stern and Susman, 1983; Susman et al., 1984, 1985;
Rose, 1991; Hunt, 1994).

Researchers have found evidence throughout the postcranial skeleton that indicates A.
afarensis still practiced some form of arboreality as part of its locomotor repertoire. The
hindlimb of A. afarensis is absolutely shorter and the foot absolutely longer than the pattern seen
in modern humans, which would have led to shorter, slower, less energetically efficient strides.
The pedal phalanges are long and curved, and the overall pedal morphology points towards a
more medio-laterally flexible foot than that seen in modern humans (Susman et al., 1985). The
scapular morphology of the new juvenile specimen from Dikika has a superiorly facing glenoid
fossa and is phenetically most similar to modern Gorilla. This could indicate a more anteriorly
placed shoulder girdle that is functionally linked to the head and neck as well as a greater
reliance on postures where the arms are extended over the head (Alemseged et al., 2006).

There are also contradictory findings for the number and composition of the species
within the A. afarensis hypodigm represented by hindlimb material. Senut and Tardieu (1985)
examined ER 1481, 1472, 1500 and AL 129-1a, 288, 333-4 and 333x-26 and found there to be
two different groups of Plio-Pleistocene hominins based on the anatomy of the knee joint: These
authors placed ER 1481, ER 1472, AL 333-4 and AL 333x-26 in a human-like group (genus
Homo) and AL129-1a, AL288 and ER 1500 in an ape-like grouping (genus Australopithecus).
They based these grouping on four different characters in the knee joint: the shape of the distal
articular surface of the femur; the shape of the intercondylar notch; the degree of symmetry
between the two femoral condyles; and the degree to which the tibial spine fit closely into the
intercondylar notch on the femur. Their fourth trait relied upon the idea that the human meniscus

has two points of attachment whereas the ape meniscus has only one; later studies have found
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this trait to be quite variable in both human and ape populations (Dugan and Holliday, 2009).
Conversely, Lague (2002) also examined the distal femora of AL 333-4 and AL 129-1a and
concluded that they were not sufficiently different in size or shape to merit splitting them into
different genera or species. He also concluded that the Hadar specimens are intermediate in
shape between modern humans and apes.

Analyses of the locomotor repertoire of the taxa from Koobi Fora are problematic due to
the presence of multiple sympatric hominins, disagreement about the number and patterning of
taxa based on cranial remains and the scarcity of associated remains. Of particular difficulty is
the differentiation between H. habilis and H. rudolfensis. Some researchers believe that H.
habilis is a sexually dimorphic taxon represented at both Koobi Fora and Olduvai Gorge (Tobias,
1991; Miller, 1991) while others believe that the array of material first attributed to Homo habilis
actually represents two taxa — H. habilis and H. rudolfensis. In this taxonomic scheme, the larger
cranial material would belong in the taxon H. rudolfensis and the smaller cranial material —
including the partial skeletons of OH 62 and ER 3735 — would belong in H. habilis (Wood,

1985; Wood and Chaberlain, 1987; Wood, 1991, 1992). The remains of OH 62 have been
reconstructed to be relatively ape-like (Hartwig-Sherer and Martin, 1991) and to have ape-like
limb strength proportions (Ruff, 2009). The ape-like reconstruction of the OH 62 skeleton has
even prompted some researchers to move Homo habilis into the genus Australopithecus (Wood
and Collard, 1999). ER 3735 has been seen as very similar to OH 62 (Leakey et al. 1989) and
has been reconstructed to have ape-like limb proportions and a mosaic of ape-like and human-
like traits (Hauesler and McHenry, 2007). Stern and Susman (1982) have suggested that Homo
habilis had a human-like lower limb in combination with an ape-like upper limb based on their

findings from the OH 35 tibia and assumptions that the OH 35 tibia, OH 8 foot and OH 7 hand
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and mandible represent a single individual. However, there evidence that the OH 8 foot and the
OH 7 hand and mandible are from at least two individuals, one being and adult and one being a
subadult (DeSilva et al. in press).

There are no definitive hindlimb remains of Homo rudolfensis, although ER 1481 and ER
1472 have been sometimes referred to this taxon based on size and locality (e.g., Wood, 1992).
But because those two elements are not associated with any cranial remains, such attributions
must be speculative — as are any reconstructions of the locomotor repertoire of H. rudolfensis.
Occurring sympatrically with H. habilis and H. rudolfensis are Homo erectus and Paranthropus
boisei. The Homo erectus postcranium in Africa is represented by the full skeleton of WT
15000. From this skeleton, H. erectus has been reconstructed to have modern human-like body
plan and an efficient bipedal gait (Walker and Leakey, 1993). The known presence of a
sympatric, fully bipedal hominin from East Africa futher clouds an assignation of a human-like
unassociated postrcranial element (such as ER 1481) to Homo rudolfensis (Tobias, 1991).

ER 1500 is the only associated skeleton of Paranthropus boisei and consists of both
forelimb and hindlimb elements and has been reconstructed to be Australopithecus-like in
postcranial form and function (Grausz et al. 1988), although Wood (1991) suggested that it could
be from H. rudolfensis based on the mandidule and DeSilva (2007) suggested that this specimen
could belong to H. habilis based on phenetic similarity with the OH 35 tibia. McHenry (1991)
has argued that all of the postcranial remains from Area 6A in Ileret could be referred to P.
boisei as all of the cranial remains from that locality have been referred to P. boisei. It is from
these remains (as well as those from South Africa) that he concluded that the bodies of all of the
“robust australopithecines” were smaller than what would be expected based on their cranial

remains (McHenry, 1991).
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Various postcranial remains from the South African sites of Swartkrans and Sterkfontein
have been attributed to Australopithecus africanus, Paranthropus robustus, Homo habilis and
Homo erectus. Almost all of the postcranial remains from Swartkrans have been attributed to P.
robustus based on the abundance of P. robustus cranial remains from that site. By this logic, the
SK 82 and SK 97 proximal femora have been attributed to P. robustus and this taxon has been
reconstructed to have ape-like locomotor pattern based on their cross-sectional geometry (Ruff et
al. 1999) but a more human-like locomotor pattern based on their shape (Robinson,1972).

The A. africanus hypodigm from Sterkfontein has been considered one cohesive taxon
(Robinson, 1972) or potentially multiple taxa (Harmon, 2009) based on the hindlimb remains.
Functionally, they have been reconstructed to have a more ape-like mode of locomotion based on
overall postcranial similarities to A. afarensis (McHenry, 1986) and similarities between their
proximal tibiae and those of chimpanzees (Berger and Tobias, 1996). Conversely, they have also
been reconstructed to have a very human-like form of bipedalism based on similarities to modern
humans (Lovejoy and Heiple, 1970).

Considering all of these debates, this chapter aims to answer three basic research

questions:

e Do different Plio-Pleistocene hominins have distinct morphological patterns for the
proximal and distal femur? If there is more variation in the fossil sample for a limb
segment than seen in any of the extant species, then it could be reasonably concluded that
there are different patterns in various species of hominins. However, if there is less than
or equal variation in the fossil sample as compared to the extant sample, then it could be

concluded that there is no specific pattern that characterizes any of the different hominins
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species for the bones of the hindlimb.

Do the changes in each of these joints follow a linear progression? If changes in
postcranial morphology follow a linear progression, then changes towards a human-like
condition should roughly correlate with the age of the fossil, with the most ape-like
individuals occurring the earliest in time and the most human-like individuals occurring
the latest in time. If there is no temporal pattern to the postcranial affiliation, then it
could be concluded that changes towards a human-like pattern occur randomly, as

opposed to linearly.

For individuals that are either associated or have secure taxonomic attributions, is the
taxonomic and functional signal the same across all segments, or is the pattern mosaic?
If a particular fossil taxon is always affiliated with the same extant taxon regardless of
what segment is sampled, then it could be concluded that the functional and taxonomic
signal is consistent across all the bones of the hindlimb. If a fossil taxon is affiliated with
different extant taxa depending on the segment, then it would have a more mosaic

morphological pattern.
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Materials and Methods

Table 4.1 List of specimens used for the analyses
of the femur. Please note that not all analyses used

every specimen.

Proximal Femur

AL 128

AL 129-1¢
AL 288

AL 333-3
AL 333-123
ER 738

ER 1472
ER 1481
ER 1503
MAK-VP-1/1
OH 20

SK 87

SK 97

Sts 14

Stw 99

Stw 522
WT 15000

Distal Femur

AL 129-1a
AL 333-4

AL 333w-56
BOU-VP-19/63
ER 993

ER 1472

ER 1481

ER 1500

ER 1592

ER 3951
Kibish 1 (Omo)
SK 1896

Sts 34

Stw 129

Stw 318

T™ 1513

TM 3601

WT 15000

Table 4.2 List of specimens used for the analyses

of the tibia.

Proximal Tibia

AL 129-1b
AL 288

AL 333x-26
AL 333-42
BOU-VP-1/109
EP 1000/98
ER 741

ER 1471
ER 1476
ER 1481
ER 1500
ER 1810
ER 2594A
KP 29285
Stw 514
WT 15000
WT 19700

Distal Tibia

AL 288
AL 333-6
ER 1481
ER 1500
KP 29285
OH 35
Stw 181
Stw 358
Stw 389
Stw 567
WT 15000

The proximal and distal portions of the
femur were analyzed separately. The proximal
femur was further subdivided into two discrete
anatomical areas: the femoral head/neck and the
greater trochanter. Fossil preservation in the
proximal femur is extremely variable, so multiple
analyses using different landmark configurations
were completed in order to include the greatest
number of fossil specimens for each of these
areas. The preservation of the distal femur was
less variable, but still multiple analyses were run
concentrating on the entire distal portion and then
each condyle in order to include the greatest
possible number of specimens.

Similarly, the proximal and distal portions
of the tibia were also analyzed separately.
Analyses were run on the full proximal tibia and
landmarks 10-18 of the distal tibia. Landmarks
10-18 captured the full distal articular surface.
Several fossils had broken or abraded medial
malleoli; thus the points capturing that area were

excluded.
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Data were subjected to principal components and regression analyses using PAST ver.
1.89 (Hammer et al., 2009), and shape changes were visualized using morphologika®
(O’Higgins, 2006) and Morpheus (Slice, 1998). Shape changes were visualized as deformations
between extant genera and fossil taxa along the major principal axes. A two-block partial least
squares analysis (2B-PLS) was conducted using PAST on the elements comprising the knee joint.
2B-PLS is a way of assessing the covariance between two independent sets of data (Rohlf and
Corti, 2000), and has been used successfully to look for covariance between shape data and
geographical coordinates (Frost et al., 2003) as well as patterns of covariance between dorsal and
ventral views of mouse skulls (Corti and Fadda, 1996) and hominoid distal tibial and proximal
astraglar articulations (Harcourt-Smith et al., 2008).

Post-hoc analyses were run on specifically the proximal femur in order to assess the
breadth of variation within Australopithecus afarensis by comparing pair-wise procrustes
distances within the fossil sample to both intra- and interspecific pair-wise procrustes distances
within each extant group (after Harmon, 2008). If the pairwise distance between the fossils
exceeded 95% of the pairwise distances within the extant species, then this would support the
hypothesis that there are multiple species within the A. afarensis hypodigm. If the pairwise
distances between the fossils were less than 95% of the extant taxa, then I would reject that
hypothesis. The proximal femur is the only segment where there is a larger number of A.
afarensis individuals. No other groups approach the number of A. afarensis specimens in any
segment sample, partially because of the problems with attribution at sites such as Koobi Fora.

A second post-hoc analysis was run on the distal femur to assess whether or not shape
differences between the fossils in the distal femur are the result of heterochronic change. Two

landmark configurations for distal fossil femora were subjected to a PCA and regression analysis
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with separate ontogenetic samples of Homo from the Musée de L’Homme and Pan troglodytes
troglodytes from the PCM. The first analysis used all of the landmarks in the distal femur; the
second used only the landmarks describing the lateral condyle. The age of the Homo individuals
was taken from the catalogues at the museum, and the age range spans from 2 to 20 years (n =
23). Sex was taken from the museum catalogue for younger individuals or assessed by pelvic
morphology for the older individuals. For Pan, tooth eruption and epiphyseal closure were used
as a proxy for age and were scored on a 1 to 7 scale (data from Gordon and Wood,

humansoriginsdatabase.org, 2010; table 4.3). Sex was taken from the museum catalogue.

Table 4.3 A list of scores and the number of individuals for each taxa per
score.

Score Description n F;ag ]
1 No epiphyses fused; M1 erupting 1
2 No epiphyses fused,; M1 erupted 10
3 No epiphyses fused; M2 erupting 7
4 No epiphyses fused; M2 erupting; P3-P4 erupted 2
5 Some epiphyses partially fused; M2 erupted 9
6 Some epiphyses partially fused; M3 erupting 5
7 Most epiphyses partially or fully fused; M3 erupted 2

Data and Analysis
Full Femur

Figure 4.1 is a PCA of the complete femur. For the entire sample, there is excellent
separation between all of the extant genera. PC 1 is driven by the orientation of the femoral head
and the presence of a bicondylar angle. In Homo, the femoral head is oriented the most
proximally, whereas it is oriented most medially in Gorilla, and there is a bicondylar angle in

Homo and not in the other taxa in this sample. PC 2 is driven by the depth of the trochanteric
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fossa in the proximal femur and the intercondylar distance in the distal femur. Pan has an
extremely deep trochanteric fossa with a narrow intercondylar distance whereas Pongo has a
relatively shallow trochanteric fossa and a wider intercondylar distance. WT 15000 (Homo
erectus) is the only fossil femur in this sample, and it falls squarely within the modern human

distribution.
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Fig. 4.1 Principal components analysis of the full femur. Homo is represented by blue open squares, Pongo by

green Xes, Gorilla by red crosses, and Pan troglodytes by purple squares with Pan paniscus as purple open circles.

The only fossil in this analysis is WT15000, and it is represented by the black circle. PC1 accounts for 48.79% of

the total variance and PC2 accounts for 9% of the overall variance. Each closed curve represents a 95% equal

frequency ellipse.

PC 1 is positively correlated with centroid size (fig 4.2), although the r-squared value of

0.41 indicates that it is not a perfect correlation with male and female Gorilla falling off of the

178



regression line. PC 2 is negatively correlated with centroid size (fig 4.3) and in this instance,

Pongo falls off of the regression line.
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Fig 4.2 Regression of PC 1 against centroid size for the complete femur with r = 0.42.
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Fig 4.3 Regression of PC 2 against centroid size for the complete femur with r = -0.46.
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Full Femur Discussion

The major anatomical differences between the extant genera are all related to the
acquisition of upright posture in modern humans. A bicondylar angle places the knee directly
below the body, allowing for economical weight transfer and full extension of the knee. A more
proximally oriented femoral head and a long femoral neck allow for a greater range of motion in
the hip joint (Aiello and Dean, 1990). Chimpanzees have a very distinct trochanteric fossa form,
as it is deep and very vertically oriented. Although the trochanteric fossa is where the obturator
externus and other lateral rotators of the hip insert (Aiello and Dean, 1990), the orientation and

depth of this cavity in chimpanzees is not functionally related to this insertion (Gregory, 1950).

Proximal Femur Data

Figure 4.4 illustrates the positions of the landmarks and the wireframes for the proximal
femur. A PCA for the full proximal femur is presented in figure 4.5. There is excellent
separation among all of the extant genera, although Pongo overlaps with Gorilla and Pan. PC 1
separates Homo from Pongo/Pan and Gorilla and is driven by the lateral extension and height of
the greater trochanter and the tilt of the femoral head. In Homo, the greater trochanter is
relatively low, but it projects laterally, and the head is tilted more proximally. In the extant apes,
the proximal extension of the femoral head and the greater trochanter are almost even. PC 2
separates Gorilla from all of the other taxa. It is driven largely by the depth of the trochanteric
fossa which is extremely deep in Pan. In some Pan individuals, the trochanteric fossa is
continuous with the medullary cavity (Gregory, 1950) whereas in Gorilla, the trochanteric fossa
is extremely shallow. The majority of the fossils fall within the range of modern humans. SK 82

and SK 97 are just outside of the 95% equal frequency ellipses for modern humans, but not
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inside the confidence interval of any of the other extant taxon. AL 333-3 is the only fossil that
falls within the distribution of a different taxon; in this case, AL 333-3 falls in the area of overlap
between Pongo and Gorilla. Figure 4.5 shows a side by side comparison of most of the

complete fossil proximal femora. Both PC 1 and 2 are positively correlated with centroid size.

Fig. 4.4 This photo shows the positions of the landmarks on a human proximal femur, overlaid by a wireframe. The
actual wireframes used in the analysis are shown above the anterior and posterior views for comparison.
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Fig. 4.5 Principal components analysis of the full proximal femur. Homo is represented by blue open squares,
Pongo by green Xes, Gorilla by red crosses, and Pan by purple squares. The fossils are represented by black circles
and are labeled in the graph. The wireframes are an anterior view of the proximal femur and they are taken from the
middle of each extant grouping. PCI1 accounts for 32% of the total variance and PC2 accounts for 19% of the
overall variance. Each circle represents a 95% equal frequency ellipse.
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WT 15000 ER 1472 ER 1481

AL 333-3

Fig. 4.6 Side by side comparison in posterior view of all of the full proximal femora from the Plio-Pleistocene,
excluding AL 288 which wasn’t photographed. All femora were placed in approximately the same position,
mirrored (if necessary — ER 1481 and WT 15000) and scaled using Adobe Photoshop 7.0.

Means were calculated for all of the extant taxa and further analyses were performed
using those means and the values for each fossil individual. Figure 4.7 is a PCA with a
minimum spanning tree (MST). These results further confirm the results of the analysis of the
full data set. PC 1 one separates HOomo and almost all of the fossils from the extant great apes
and AL 333-3 while PC 2 separates AL 333-3 from the rest of the sample. The MST indicates
that all of the fossils’ nearest neighbor relationships are with other fossils or Homo, with the
exception of AL 333-3 which is closest to Gorilla. In this case, PC 1 and 2 are not correlated
with size. PC 1 is driven by the low, laterally projecting greater trochanter in Homo and the

relatively higher, less projecting one in the extant great apes. PC 2 is driven by the morphology
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of AL 333-3, which is unique unique in that it combines a lower, slightly more projecting

trochanter with a short femoral neck and a relatively large femoral head (see the analysis section

for a discussion of this).

SK 82 P
Pan paniscus
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Component 1

Fig. 4.7 Principal components analysis for the fossils plus means for the extant species for the full proximal femur.
The lines represent a minimum spanning tree plotted on top of the principal components graph. PC1 accounts for

40.5% of the total variance and PC2 accounts for 19.1% of the overall variance.

A neighbor-joining tree using Procrustes chord distances was also generated (fig 4.8).

The phylogenetic relationships as indicated by molecular data are captured with regards to the

extant individuals and all of the fossils form a cluster with Homo, with the exception of AL 333-

3. Amongst the fossils, the only cluster with strong bootstrap values is SK 82 and SK 97. This

is not necessarily surprising as these specimens occupy similar positions in the previous analyses

and are both attributed to Paranthropus robustus (Robinson, 1972). This suggests that they have

a distinct morphology relative to the other fossils that loosely cluster together.
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Fig. 4.8 Neighbor-joining tree using the procrustes chord distances for the means of the full proximal femur. The
tree is rooted using Pongo as an outgroup. Bootstrapped values after 1000 replicates are given.

The proximal femur was then further segmented into anatomical areas to include more

fossils in various analyses (Fig. 4.9). Landmarks 1 through 8 were utilized to represent the

femoral head and figure 4.10 is a PCA of these landmarks. As can be expected, the separation

between the extant taxa is not as good as it was for the entire proximal femur. PC 1 doesn’t

divide any of the extant taxa. It is driven by the height of the most anterior and posterior points

on the femoral head. This accounts for the wide distributions of each extant taxon across PC1 as

the analysis is certainly picking up slight differences in the way those type III landmarks were

collected. PC 2 divides Gorilla from Homo with large areas of overlap and Pongo in between.
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PC 2 is more biologically significant and is driven by the
tilt of the femoral head and the depth of the femoral neck.
Modern Homo sapiens have a deep femoral neck with a
head that is tilted more proximally, whereas Gorilla has a
much shallower femoral neck and a more medially facing
femoral head. PC 1 is weakly correlated with size
although PC 2 is not.

This analysis allowed for the inclusion of two

additional fossils: Stw 522 and ER 738 (fig 4.9). All of

the fossils used in the previous analysis grouped well

Fig. 4.9 Photographs of Stw 522 and within the 95% equal frequency ellipse for modern

ER 738, scaled mirrored (ER 738) and
rotated to approximately the same humans. ER 738 also fell within the distribution of
orientation using Adobe Photoshop
7.0. These images are to the same

modern humans, outside of any overlap zone. On the
scale as figure 4.6.

other hand, Stw 522 fell just inside the 95% equal
frequency ellipse for modern humans and well within the 95% equal frequency ellipse for

Gorilla. Once again, AL 333-3 grouped with Gorilla.
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Fig. 4.10 PCA of the proximal femoral head using landmarks 1 through 8. In tests, removing landmarks 7 and 8
made it impossible to differentiate between any of the extant taxa. Homo is represented by blue open squares,
Pongo by green Xes, Gorilla by red crosses, and Pan by purple squares. The fossils are represented by black circles
and are labeled in the graph. PC 1 represents 26% of the variance within this dataset and PC 2 represents 14%. The
wireframes represent a posterior view of the femoral head and are placed in the graph at approximately the same
place the configuration was calculated.

Means were calculated for the extant taxa and a PCA with those values and those of the
fossils was performed (fig 4.11). The fossil individuals are distributed fairly evenly across PC 1,
with ER 738 and AL 333-3 at either extreme. PC 2 separates AL 333-3 at one extreme and WT
15000 and ER 738 at the other extreme from the rest of the sample. PC 1 is driven by the overall
length of the femoral neck and the tilt of the femoral head whereas PC 2 is driven by the medial
protraction of the femoral head. AL 333-3 is from Hadar, usually considered Australopithecus

afarensis and Stw 522 from Sterkfontein, usually considered Australopithecus africanus share a
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near neighbor relationship with Gorilla, thus supporting the results from the PCA of the entire
sample. The lack of differentiation between the fossils, Homo and the extant apes lends support
to the idea that the points along the head and neck are not sufficient for capturing differences

between bipeds and quadrupeds. PC 1 was not correlated with centroid size.
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Fig. 4.11 Principal components analysis for the fossils plus means for the extant species for the femoral head. The
lines represent a minimum spanning tree plotted on top of the principal components graph. PC1 accounts for 31%
of the total variance and PC2 accounts for 20% of the overall variance. The wireframe is in a posterior view.

A neighbor-joining tree was also generated (fig 4.12) and the results of that analysis
generally agree with the PCA. Homo is forms a cluster with AL 288 and together is outgroup to
all of the other fossils. AL 333-3 and Stw 522 form a cluster with Gorilla instead of with the
Homo and the other hominins. Bootstrap values are generally very low within the fossil clusters
with the exception of SK 97 and SK 82 lending further support to their distinctness among the

fossils, and WT 15000 and ER 738. WT 15000 is Homo erectus and ER 738 has no particular
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attribution. Because the results of this analysis are not definitive, ER 738 should not be lumped

into the same taxon with WT 15000, but the similarity should be noted.

o
0
&3 A
S @ 8 o <
o L 3 o
e} D: =
— =
~ I o
= 5 o
\Va [e0] N —
n X S @ N
I T o)
% xr @ =
07 L 3 n
(@)
= £ | &
I 5 2 7))
4 P 3 3
|41 19 S 2
Lo = §
o .
|48 — 8 a
15 B1 3 o
60 £
s
52 a
100
100

Fig. 4.12 Neighbor joining tree based on procrustes chord distances for the means for the femoral head. The tree is
rooted with Pongo as an outgroup. Bootstrap values are given for 1000 replicates.

The landmark set for the proximal femur was further reduced to just the landmarks
representing the shape of the proximal femur without the femoral head. A PCA (fig 4.13) was
run using landmarks 7, 8, 9, 11 and 14 which allowed for the maximal inclusion of fossils while
still retaining the differences between the extant taxa. These landmarks include the most medial
point below the femoral head, the deepest point on the femoral neck, the deepest point in the
trochanteric fossa, the most posterior point on the greater trochanter and the point just distal to

the lesser trochanter. Point 10 is the height of the greater trochanter and was eliminated due to
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breakage on some of the fossils. A second analysis was run (fig 4.16—18) which included this
point and a slightly different set of fossils.

Despite reducing the landmark set to only five points, the differences between the extant
taxa were largely still recovered. PC 1 separates Gorilla, Pan and Homo and PC 2 separates
Gorilla, and to some degree Pongo from the rest of the extant taxa. PC1 is driven by the most
lateral point on the greater trochanter and the overall orientation of the configuration of points.
In Homo, the most lateral point on the greater trochanter is located more distally than in the other
taxa and the configuration of points is oriented more proximally as a group. PC 2 is driven by
the depth of the trochanteric fossa, with Pan having the deepest fossae and Gorilla the
shallowest. The majority of the fossils fall well within the 95% equal frequency ellipse for
modern humans. AL 333-3 falls within the distribution of Pan in this analysis. AL 333-123, and
for the first time, SK 82 and SK 97 fall just outside the range of modern human variation within

the range of Pongo variation. Both PC1 and PC2 are correlated with size.

190



0.3

11

0.2+

Pan Homo

0.1 14 14

Component 2

014

-0.2 .?

14 7 Gorilla

-034

14

-0.4 T T T T T T T
-0.4 -0.3 -0.2 -04 o o1 0.z 0.3
Component 1

Fig. 4.13 Principal components analysis of the greater trochanter using landmarks 7-9,11 and 14. Homo is
represented by blue open squares, Pongo by green Xes, Gorilla by red crosses, and Pan by purple squares. The
fossils are represented by black circles and are labeled in the graph. PC 1 represents 53% of the variance within this
dataset and PC 2 represents 25%. The boxes and numbered points represent a posterior view of the greater
trochanter.

Means for the extant taxa were calculated and a PCA was generated with a MST (4.14).
Neither PC was correlated with size. All of the data points are spread out fairly evenly across PC
1, with the extant apes and AL 333-3 at the far right side of the axis and OH 20 and STS 14 on
the left. PC 2 separates AL 333-123 from the rest of the group. It is interesting that while AL
333-123 and AL 333-3 both cluster with the apes in the PCA of the larger sample (fig 4.13) but

they do not cluster together here. So, while they are both large and broadly ape-like, they still
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have divergent morphologies. PC 1 is driven by the height of the most lateral point on the
greater trochanter with it being lowest in Sts 14 and highest in AL 333-3. PC 2 is driven by the
mediolateral distance between the trochanteric fossa (point 9) and point 11 (the lateral extension
of the greater trochanter). AL 333-123 has a deep trochanteric fossa with a larger distance

between it and point 11.
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Fig 4.14 Principal components analysis for the fossils plus means for the extant species for the greater trochanter
landmarks 7-9,11 and 14. Homo is represented by a blue open square, Pongo is represented by a green X, Gorilla is
represented by a red cross, and Pan is represented by a purple square. The fossils are represented by black circles
and are labeled in the graph. The lines represent a minimum spanning tree plotted on top of the principal
components graph. PC1 accounts for 51% of the total variance and PC2 accounts for 16% of the overall variance.

A neighbor-joining tree (fig 4.15) further confirms these relationships. AL 333-3 forms a
cluster with Pan and AL 333-123 is separate from them as the sister to the larger group of fossils
and modern Homo. STS 14, OH 20 and MAK-VP-1/1, the other new fossils in these analyses,

consistently group nearer to anatomically modern humans.
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Fig. 4.15 Neighbor joining tree based on procrustes chord distances for the means for the greater trochanter
landmarks 7-9,11 and 14 The tree is rooted with Pongo as an outgroup. Bootstrap values are given for 1000
replicates.

Due to the variation within the Hadar sample, one more analysis of the proximal femur
was undertaken to include the maximum number of fossils from Hadar while still retaining the
differences between extant specimens. In this case, landmarks 9, 10, 11 and 14 were used.
Despite the fact that this is only four landmarks, the extant taxa were once again broadly
separated in a PCA (fig 4.16). This landmark set captures the depth of the trochanteric fossa, the
maximum proximo-anterior height of the greater trochanter, the maximum lateral extension of
the greater trochanter and the point just distal to the lesser trochanter. This landmark
configuration allowed for the inclusion of AL 128, AL 129-1c¢, AL 288, AL 333-3, AL 333-123,
and MAK-VP-1/1 — the entire sample of A. afarensis. The orientation of the extant taxa is

the same as in the previous analysis. PC 1 separates all of the extant taxa, while PC 2 separates

194



Gorilla and to a certain degree, Pongo. PC 1 is driven by the depth of the trochanteric fossa and
the lateral extension of the greater trochanter. Homo has a strong lateral extension with a
shallow trochanteric fossa whereas Pan is characterized by a deep trochanteric fossa with a less
laterally projecting greater trochanter. PC 2 is driven by height of the greater trochanter; in
Gorilla, it is very low.

The majority of the fossils fell within the distribution of modern humans. As in the
previous analysis, SK 82 and SK 97 fell within the distribution of both Gorilla and Pongo,
although unlike the last analysis, ER 1472 fell with them. AL 333-3 grouped with Pan again and
AL 333-123 is outside the 95% equal frequency ellipses of all of the extant taxa, but closest to
the distribution of Pan. AL 128, AL 129-1c and AL 288 all fell around the edge of the modern
Homo distribution. For the first time, Stw 99 fell outside of the Homo distribution and with

Gorilla instead. Both PC1 and PC2 are correlated with centroid size.
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Fig. 4.16 Principal components analysis of the proximal femur, landmarks 9-11, and 14. Homo is represented by
blue open squares, Pongo by green Xes, Gorilla by red crosses, and Pan by purple squares. The fossils are
represented by black circles and are labeled in the graph. The mean shape of the extant specimens is represented by
four black squares inside a rectangle. These are oriented in a posterior view. Circles represent the 95% equal
frequency ellipses of each extant genus. PC1 accounts for 63%, of the total variance and PC2 accounts for 22%of
the overall variance.

For the same landmark configuration, means were calculated for all of the extant taxon

and additional analyses were performed using these values and those of the fossils. Fig4.17 is a
PCA with a MST. PC 1 separates Pan and AL 333-3 from the other individuals in this analysis
and PC 2 separates Homo and many fossils from a cluster containing ER 1472, Gorilla, AL 128,
AL 129-1c and at the extreme, Stw 99. Once again, AL 333-3 and AL 333-123 fall in
completely different positions in this analysis, despite both being large and broadly ape-like. PC
1 seems to be driven by the depth of the trochanteric fossa (point 9) with the apes and AL 333-3
having the deepest fossae and the other fossils and Homo having the shallowest. PC 2 is driven

by the position of the proximal extension of the greater trochanter; in Homo it occurs most
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medially. It is the more lateral position of this point that drives Stw 99’s unique position in both
PCA graphs (fig. 4.16). It is possible that this could be due to its abraded condition (see fig. 4.6

for a photo.) Neither axis was correlated with centroid size.
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Fig. 4.17 Principal components analysis for the fossils plus means for the extant species for the proximal femur,
landmarks 9-11, and 14. Homo is represented a blue open square, Pongo a green X, Gorilla by a red cross, and Pan
by a purple square. The fossils are represented by black circles and are labeled in the graph. The lines represent a
MST plotted on top of the PCA. PC1 accounts for 44.3% of the total variance and PC2 accounts for 32% of the
overall variance. The wireframes are in a posterior view and the arrows on the left illustrate approximately where in
the graph the wireframes represent.

A neighbor-joining tree was also created (figure 4.18) with these data. Once again, AL
333-3 clusters with Pan. In this analysis: Stw 99 and ER 1472 cluster with Gorilla; AL 288, SK
97 and SK 82 form a cluster with very high bootstrap values; AL 333-123 is in its own group;
and all of the rest of the fossils fall within the larger cluster that also contains modern Homo.

See figure 4.19 for photographs of the remaining proximal fossil femora.
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Fig. 4.18 Neighbor joining tree for the proximal femur, landmarks 9-11 and 14. This tree is based on procrustes
chord distances and was rooted with Pongo as the outgroup. Bootstrap values are given for 1000 replicates.
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MAK-VP-1/1 AL 333123

AL 128 AL 129-1c

Fig4.19 Additional side-by-side comparisons of the femora added to the analysis for the proximal femur with the
femoral head and the greater trochanter. The femur in box “A” was only in the first set of trochanter analyses (figs
4.13-4.15), the femora in box “B” were in both sets of analyses (figs 4.15-4.18) and the femora in “C” were only in
the second set of analyses (figs 4.16-4.18). These were scaled, mirrored (STS 14, OH 20, MAK-VP-1/1, and AL
128-1)and positioned using Adobe Photoshop, and they are to the same scale as the previous two photographs. Note
that the femoral “head” on STS 14 is largely composed of plaster and thus no points were collected on it.

Proximal Discussion and Analysis

In contrast to the upper limb, the overall variation within the fossils for both the entire
proximal femur and the greater trochanter is greater than any single taxon, but less that the
variation between almost any pair of extant taxa (see figs 4.20 and 4.21). This is likely because
all of the fossils have morphological traits related to bipedality, although the greater range of
shape variation in fossils as opposed to extant HOmo could indicate that bipedalism was practiced

in multiple ways by early hominins. This idea is supported by Harmon (2009) who found a large
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amount of shape variation in the sample of Australopithecus africanus femora. There are fewer

small procrustes distances for the full proximal femur than for the greater trochanter; this is

likely due to the inclusion of the femoral head. The landmarks on the femoral head are all type

IIT landmarks which are predisposed to be more variable than type I or type II landmarks

(Bookstein, 1991).
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Fig. 4.20 This bar graph is a representation of the distribution of Procrustes chord distances within and between the
different genera in the sample for the full proximal femur. The array of Procrustes distances was segmented into
arbitrary units of 0.05. The average Procrustes distance between the fossils was higher than any of the single taxon

samples, but lower than all of the between genera samples.
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Fig. 4.21 This bar graph is a representation of the distribution of Procrustes chord distances within and between the
different genera in the sample for the greater trochanter of the proximal femur. The same individuals used in the
first greater trochanter analysis were used for the analysis. The array of Procrustes distances was segmented into
arbitrary units of 0.05. The average Procrustes distance between the fossils was higher than any of the single taxon
samples, but lower than all of the between genera samples with the exception of Pongo/Pan.

There are three patterns of variation present in the proximal femora of this sample: a
completely human-like morphology; a mosaic where there is a mostly Homo-like morphology in
the overall arrangement of the elements of the proximal femur but with a more ape-like greater
trochanter; and a mostly ape-like morphology (see Table 4.4). The first group consists of ER
1481, ER 1503, MAK-VP-1/1, and WT 15000, while the second group consists of AL 128, AL
129-1c, AL 288, ER 1472, OH 20, SK 82, SK 97, and Stw 99. The only individual that has an
ape-like morphology for the whole of the proximal femur is AL 333-3. The positions of Sts 14
and AL 333-123 are ambiguous as they could potentially fall into multiple groups due to missing

data. Without the entire proximal femur, it is impossible to rule out the possibility that AL 333-
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123 would have had a human-like pattern for the entire proximal femur, but an ape like

morphology for the greater trochanter, as seen in SK 82 and 97. It is also possible for Sts 14 to

have a pattern like Stw 99 and group with Homo or one of the apes. ER 738 and Stw 522 are

excluded from any group as they could only be included in analyses utilizing the femoral head

and neck which failed to reproduce the differences between the extant taxa.

Table 4.4 List of all fossil specimens included in analyses of the proximal femur and the taxa with which
they ally grouped in each analysis. Fossils with an asterisk next to the attribution were technically outside
the confidence interval of all extant taxa, but were closest to the starred taxon. Attributions with a multiple
taxa fell into a zone of overlap, with the exception of femoral head. Zones of overlap were not indicated for
the femoral head as there were very few areas in the graph where the extant taxa did not overlap. An x
indicates that there were landmarks missing and that the fossil was not included in the analysis. The
“variation pattern” is discussed in the text.

Fossil Taxon (&
ref.)

AL 128 A. afarensis®
AL129-1¢ A. afarensis®
AL 288 A. afarensis®
AL 333-3 A. afarensis®
AL333-123 A afarensis®
ER 738 Homo?

ER 1472 Homo sp.*
ER 1481 Homo sp.*
ER 1503 H. habilis?

MAK-VP-  A. afarensis’
1/1

OH 20 P. boisei’
SK 82 P. robustus?
SK 97 P. robustus?
Sts 14 A. africanus?
Stw 99 A. africanus®
Stw 522 A. africanus?
WT 15000  H. erectus®

Complete
Prox. Femur

X

X

Homo
Gorilla/Pongo
X

X

Homo

Homo

Homo

X

X
Homo*
Homo*
X
Homo
X
Homo

Head

X

X
Homo
Gorilla
X
Homo
Homo
Homo
Homo
X

X

Homo
Homo
X

Homo
Homo
Homo

Greater
trochanter
|

X

X
Homo*
Pongo
Pongo
X
Homo*
Homo
Homo
Homo

Homo
Pongo
Pongo
Homo
Homo
X

Homo

Greater trochanter

Homo/Gorilla

Homo/Gorilla/Pongo

Gorilla/Pongo
Pan/Pongo
Pan*

X
Gorilla/Pongo
Homo

Homo

Homo

Homo/Gorilla
Gorilla/Pongo
Pongo

X

Gorilla

X

Homo

Variation
Pattern
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! Day, 1969; 2Robinson, 1972; > Clarke, 1985; * Leakey, 1973; > Johanson et al., 1978; ® Walker and Leakey,

1993; " Lovejoy et al 2002

Implications for Function of the Hip

Most of the individuals in the first group have been attributed to the genus Homo Leakey,

1973; Walker and Leakey, 1993), the only exception being MAK-VP-1/2 which has been

attributed to Australopithecus afarensis (Lovejoy et al., 2002). Functionally, these individuals
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have a proximal femoral morphology that is indistinguishable from that of modern humans.
They all have a large, globular femoral heads that are more proximally oriented, and a low and
laterally projecting greater trochanter. The large femoral head in Homo functions to support the
greater amount of weight passing vertically during bipedal locomotion compared to quadrupedal
apes (Ruff, 1988), while the low and laterally projecting greater trochanter helps to put the
gluteus minimus and medius in their most mechanically advantageous position while allowing
for maximal mobility at the hip joint (Aiello and Dean, 1990).

The individuals in the second group are perhaps functionally more interesting than those
in the first grouping. They have all been attributed to either Australopithecus afarensis or
Paranthropus with the exception of ER 1472 (Homo sp.) (Day, 1969; Leakey, 1973; Johanson et
al., 1978). The individuals in the second group largely retain a modern human-like pattern for
the arrangement of the different anatomical units of the proximal femur in that they have a
relatively long femoral neck and globular head, yet retain a more ape-like morphology for the
greater trochanter in that they lack both the pronounced lateral flare of the human greater
trochanter and the medially oriented muscle attachment areas on the anterior aspect for the
gluteus minimus and medius. This could indicate that these hominins used bipedalism as an
important component of their locomotor repertoire, but had lesser gluteal muscles that lacked the
same pelvic stabilization functions found in modern humans. Unfortunately, the function of the
lateral projection of the greater trochanter still is poorly understood (Aiello and Dean, 1990). Of
the fossils in this group, SK 82 and SK 97 have the greatest similarity with the extant apes and
are supported as a cluster by large bootstrap values throughout the analyses of the proximal
femur. Other studies have noted that they also have more cortical bone than modern humans and

femoral strength proportions more like the extant apes (Ruff et al., 1999). All of this together
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indicates that of this grouping, SK 82 and SK 97 may have had the most conservative form of
bipedality.

One interpretation of these results is that for hominins, the gross morphological
arrangements of the parts of the proximal femur (i.e. neck orientation/thickness versus position
of the greater trochanter) are integrated, but the smaller scale shape changes within the proximal
femur are not. A similar result was found for the scapula of three closely related Sciuride in that
during some evolutionary transitions the scapula changed as an integrated unit, but in other
transitions singular parts changed (Swiderski, 1993). Questions of morphological integration in
the femur are made difficult by its complicated ontogentic path. The tissue that eventually forms
both femoral head and neck and the greater trochanter is derived from a single chondroepiphysis,
from which two secondary ossification centers derive — one for the femoral head and neck and
one for the greater trochanter. These ossification centers remain separate during growth and
development for all primates (Ogden, 1981; Serrat et al., 2007) and, in humans, appear after birth
— this is in contrast to the distal femur which is formed from a single secondary ossification
center whose ossification begins prior to birth (Moore and Persaud, 1998).

There are many epigenetic traits that are well documented for the human femur. Besides
the bicondylar angle, the internal arrangement of the trabeculae, particularly in the femoral neck,
is strongly influenced by the adoption of bipedal gait in the first and second year (Ryan and
Krovitz, 2006) and the overall strength proportions of the femur are significantly affected by the
biomechanical loading in bipedal gait (Ruff, 2003). In modern human populations, the
neck/shaft angle has shown to be correlated with differences in lifestyle (sedentary vs. active)
during ontogeny (Andersen and Trinkaus, 1998). This is in contrast to the distal femur where

traits that are functionally linked to human bipedalism are already present in utero (Tardieu,
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1999). It could be reasonably concluded that the external morphology of the proximal femur is
likely more plastic than the distal femur and subject to greater epigenetic changes.

AL 333-3 was the only individual that consistently groups with the extant apes for all
analysis. A wireframe transformation between AL 333-3 and ER 1481 is illustrated in figure
4.36. Like the extant apes and the hominins in group 2, AL 333-3 possesses a less laterally
flaring greater trochanter than modern humans. Like only the extant apes, AL 333-3 has a
femoral head that is lower and is similar in height to the greater trochanter. The lower femoral
head would have resulted in a compromised mobility at the hip joint as compared to humans,
although would have provided a greater lever advantage for vertical climbing as in the extant

apes (Stern and Susman, 1981).

Fig. 4.22 Anterior view of the wireframe transformation of the proximal femur between AL 333-3 (green triangles)
and ER 1481 (green circles). Point 11 illustrates the difference in the lateral flare of the greater trochanter while
points 2 and 4 illustrate the differences in the proximal extension of the femoral head.
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Taxonomic Case of Australopithecus afarensis

Questions about the taxonomic status of Australopithecus afarensis have yielded
contradictory results. Some authors have argued that Australopithecus afarensis is a single,
sexually-dimorphic species with little shape variation between large specimens and small
specimens (White, 1985; McHenry, 1992; Richmond and Jungers, 1995; Lague, 2002; Harmon,
2006), while other have argued that there is biomechanically important shape variation between
individuals (Stern and Susman, 1983; Stern et al., 1984; Senut and Tardieu, 1985). These
differences have been argued either to be sex based differences representing functionally
different locomotor repertoires between males and females (Stern and Susman, 1983; Stern et al.,
1984; Senut et al., 2001) or the presence of two taxa at Hadar (Senut and Tardieu, 1985; Hausler
and Schmid, 1995).

Harmon (2006) compared all pairwise Euclidian distances between individuals in her
fossil sample to pairwise Euclidian distances between extant individuals of the same species to
assess the degree of shape variation in her A. afarensis sample. She concluded that it was not
greater than that seen in any extant taxon, although she did note that AL 128-1 had a divergent
morphology due to a shorter, more anteroposteriorly broad greater trochanter. When she
compared the pairwise distances between all of the fossil taxa, there was only one pair where the
distance was significantly greater than pairs of individuals seen in her extant sample: AL 128-1
and AL 827-1.

Following Harmon (2006), a similar procedure was undertaken for this data set. This
study differs from Harmon’s in two ways: here, landmark data were used as opposed to linear
data; and MAK-VP-1/1 and AL 333-123 were included here while AL 827-1 was not. In all

pairwise comparisons, the procrustes distance between AL 333-3 and the other fossil exceeded
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95% or more of the pairwise comparisons in the extant taxa (subspecies were used if present).
The distance between AL 288 and AL 128-1 also exceeded 95% of all extant pairings. AL 333-
123 also significantly different from most of the other A. afarensis fossils, with the one exception
of MAK-VP-1/1. The similarity between AL 129-1a and AL 128-1 gives some weak support to
the idea that these fossils could have come from a single individual (Johanson and Taieb, 1976),

although there are smaller pairwise distances in every extant group (Table 4.5).

Table 4.5 The pairwise procrustes chord distances are shown next to each pair of A. afarensis fossils for the greater
trochanter (the only landmark set for which all specimens could be included). The percent pairwise procrustes
distances of the total sample that are above that of A. afarensis are given for the other taxa. The last three columns
give the percent pairwise procrustes distances that are above the A. afarensis value for a mixed subspecific and
specific groups. Those that are significant (5% or less) are in bold and shaded. The minimum, maximum and
average procrustes distances for each group are given at the bottom.

Fossil Pairwise G.g G.g P.t P.t P. P. H. Gorilla Pan Pan
Distances gor. gra.  trog. schwein. paniscus pygmaeus sapiens  subsp.  subsp. sp.
II:II: ggg?g 0.28 <1 1 3 2 2 1 1 1 6 6
AL, 0| <1 0 1 0 1 0 0 <1 1 2
AIE es0 | <1 0 2 1 2 0 0 <1 4 s
II:II: ggic& 0.26 1 2 5 3 2 1 3 2 7 7
A& o0 | 0 03 1 2 0 0 0 5 5
ll(\xdifgilll’?/f 0.22 3 8 11 10 5) 3 8 5 13 9
j:i 32:123 & 030 | <1 0 2 1 2 0 0 0 4 5
AP E s |1 3 s 4 2 2 4 2 s 7
‘:i 322_123 & 0.24 1 3 6 6 3 2 4 8 9 7
&5\11423111)_%1 0.22 3 9 11 11 5 4 9 7 15 10
it gg:}c& 0.08 85 85 95 93 91 91 89 89 95 92
AastE o6 |1 2 s 4 2 1 3 2 7 7
I?/II/‘\Il(z—z;Ilfl‘%l 0.17 11 26 36 25 14 22 22 27 34 27
it égg-m& 0.20 5) 12 18 15 5) 11 13 12 18 14
911;\%(8-?/‘}8;‘-1/1 0.11 49 56 75 70 58 64 58 63 74 73
Min 0.08 0.02 0.03 0.03 0.02 0.04 0.04 0.02 0.02 0.02 0.03
Max 0.34 0.34 0.29 0.35 0.33 0.34 0.28 0.33 0.37 0.41 0.42
Average 0.23 0.11 0.13 0.15 0.14 0.12 0.13 0.13 0.13 0.15 0.15
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The contradictory findings from previous studies are mirrored in the overall results of this
analysis. In the principal components and cluster analyses, AL 333-3 was consistently most
similar to the extant apes, and MAK-VP-1/1 was consistently the most similar to modern
humans. AL 128-1, AL 129-1c, AL 288, and AL 333-123 all had varying degrees of
intermediate morpohology, particularly with regard to the shape of the greater trochanter. The
data from pairwise procrustes distances do not indicate a temporal, nor a size trend in the
variation in Australopithecus afarensis proximal femora (Table 4.6).

AL 288 and AL 129-1c¢ are of a similar size but

Table 4.6 List of A. afarensis specimens with

approximate dates and centroid sizes. have a large pairwise distance, as is true for AL 333-3
Fossil Age Centroid Size

AL 128-1' 3.4 Ma 41.0172 and AL 333-123. The Maka femur is the oldest fossil
AL 129-1¢ 3.4 Ma 41.6592

AL 288! 3.18 Ma 347769 in this sample and AL 288 is the youngest, yet they
AL 333-3' 3.2 Ma 69.0327

AL333-123' 32 Ma 63.806 have one of the smallest pairwise procrustes distance
MAK-VP-1/1*> 3.4 Ma 51.2163

"Walter, 1994; *Lovejoy et al., 2002 values. The pairwise distances do indicate that the

variation in the fossil data is generally more consistent with that seen in the multi-subspecific
and multi-specific samples of Pan.

Evidence for extensive variation within the Hadar sample is abundant. On the basis of
pelvic morphology, Hausler and Schmid (1995) argued for two species at Hadar: a small, mostly
monomorphic species represented by Lucy and one or more other species represented by the
larger individuals. Senut and Tardieu (1985) have argued for a large species and a small species
at Hadar on the basis of variation at the elbow and at the knee. Susman et al. (1984) also noted
the large amount of variation in the Hadar sample, particularly between large and small

individuals, in a variety of postcranial elements. These authors interpreted this variation as
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indicating either extreme sexual differences in locomotor patterning or the presence of multiple

species at Hadar.

The data presented here do not support hypotheses that posit a large species and a small

species at Hadar: while the larger specimens are broadly different from the small specimens, they

are also quite different from each other. However, the data do indicate that variation within

Australopithecus afarensis proximal femora is greater than can be accommodated within a single

extant taxon. Thus, there are three possible explanations:

(1

)

There are at least two species of Plio-Pleistocene hominins at Hadar, as suggested by
Hausler and Schmid (1995) in their analysis of the pelvis. Perhaps there are multiple
species at Hadar, but they cannot be sorted specifically into a small and a large morph. If
this is the case, there could be one that is small and monomorphic as well as a second
that is larger and potentially sexually dimorphic. This theory is contra studies conducted
on the cranial data that indicate that A. afarensis is a single, cohesive species (Kimbel et

al., 1984).

The individuals from the Hadar assemblage are a single species, but practiced extremely
diverse locomotor repertoires on an individual level that do not correlate perfectly with
size or time. As previously discussed, the biomechanical stress of walking bipedally is
the agent of many epigenetic changes in the femur (Shefelbine et al., 2002; Ruft, 2003;
Ryan and Krovitz, 2006); perhaps the variation seen in these proximal femora is
correlated with individual activity pattern and the frequency and ontogenetic timing at

which different individuals walked upright.
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(3) These data do not exclude a single species hypothesis for this sample. While the
procrustes distances between some of the specimens are large, they do not exceed the
maximum procrustes distances in the extant sample of Gorilla g. gorilla or Pan t.
troglodytes, and the high average procrustes distance could be an artifact of small sample

size coupled with a larger time dimension than seen in the extant samples.

Considering the divergent morphology of AL 333-3 in all analyses, it seems likely that at
least that individual could belong to a different taxon than the other individuals in the Hadar

sample, despite being part of the AL 333 assemblage.

Other Taxonomic Implications from the Proximal Femur

Three of the specimens in this analysis have been attributed to the genus Paranthropus:
SK 82, SK 97 and OH 20. Day (1969) likened OH 20 to SK 97 and SK 82 based on the position
of the lesser trochanter (although later studies have cast doubt on the use of the position of the
lesser trochanter as a functionally significant character [Aiello and Dean, 1990]). Day (1969)
also claimed that the greater trochanter of OH 20 was not laterally expanded as in modern
humans. He used these two traits to postulate that the center of gravity in OH 20 was located
further forward than in modern Homo, which would have led to a less efficient form of
bipedalism and he therefore attributed this specimen to Australopithecus (now Paranthropus)
boisei. Subsequent studies have used Day’s (1969) attribution (i.e. Steudel, 1980; Wood et al.,

1998), although McHenry (1994) classified OH 20 as Hominidae sp. indet. The classification of
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this particular fossil has been made difficult due to the presence of three or four different taxa in
Olduvai Bed I: H. habilis, H. rudolfensis, H. erectus and P. boisei (Wood et al., 1998).

The results of this study disagree with those of Day (1969). While the aspects of the
greater trochanter that Day observed were captured in this analysis, OH 20 was not most ally
similar to SK 97 and SK 82 in any analysis. Instead, OH 20 was most ally similar to Sts 14 and
Stw 99, attributed to A. africanus (Robinson, 1972) or AL 128-1 (A. afarensis). These clusters
had well supported bootstrap values (see Figs. 4.25 and 4.31); thus this study lends support to the
idea that OH 20 is not a member of Paranthropus boisei. If there are four taxa in Olduvai Bed I,
the most logical conclusion is that OH 20 is a member of Homo cf. habilis. If OH 20 is truly a
member of Homo habilis, this would present more evidence that Homo habilis had not developed
a fully human bipedal gait (Hartwig-Sherer and Martin, 1991), giving more credence to the idea
that Homo habilis belongs in the genus Australopithecus as advocated by Wood and Collard
(1999). However, as there is much disagreement about even which cranial specimens compose
the H. habilis hypodigm (Wood, 1985, 1987; Chamberlain and Wood, 1986; Johansen et al.
1987; Miller, 1991; Tobias, 1991), more fossils need to be found to truly answer this question.

Harmon (2009) analyzed the size and shape variation within Australopithecus africanus
and found that the shape variation in A. africanus exceeded that of all modern taxa in her study.
She tentatively suggested that there could be two species within the hypodigm of what is
considered to be A. africanus that differ in shape but not in size. Stw 99 and Stw 598 (not
sampled here) contributed most to the shape variation in her study. The results of this study
neither support nor contradict Harmon’s findings. Stw 99 and Stw 14, both attributed to A.

africanus, are part of the same well-supported cluster in the second analysis (see fig. 4.25),
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although Stw 99 has more divergent morphology in the third analysis (see fig. 4.29 and 4.31).

Stw 14 is broken and thus could not be included in the third analysis.

Distal Femur Data

Four separate analyses were run on the sample of Plio-Pleistocene distal femora in order
to include the maximal number of fossils. Figure 4.23 illustrates the landmarks collected for the
distal femur as well as the way that they are connected to form a wireframe. Figure 4.24 is a
PCA for the landmarks representing the entire distal femur. As is to be expected, there is clear
separation between Homo and the other apes along PC 1. PC 1 accounts for driven by three
major factors: first, the asymmetry in the patellar articular surface, which is more asymmetrical
in Homo; second, the width of the trochanteric notch, which is wider in Pan and Gorilla; and
third, the flatness of the femoral condyles as in Homo they make a flat surface but in Pan and
Gorilla they are flexed upwards. PC 2 partially separates Gorilla and Pan and is driven by the
height of the patellar articular surface, which is higher in Pan, and the orientation of the trochlear
notch, which is almost laterally flexed in Gorilla. The Pongo distribution entirely overlaps the
distribution of Pan and Gorilla. Although PC 1 is not correlated with centroid size, there is a
relationship between size and PC 2.

Many of the fossils fall within the distribution of modern humans. Those fossils are: WT
15000, ER 1481, ER 1592, TM 1513, Kibish 1, and SK 1896. ER 993, ER 1472, ER1500, AL
129-1a, AL 333-4, and STS 34 all fall outside of the range of modern humans. ER 1472 is
barely outside the 95% equal frequency ellipses for modern humans, although it is worth noting
that for this most complete landmark set, there is no overlap between Homo and any of the

quadrupedal taxa.
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Fig. 4.23 This photo shows the landmark configuration for the distal femur in both anterior and posterior views.
Below these, one of the actual wireframes generated from morphologika is illustrated for comparison.
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Fig. 4.24 PCA of the distal femur, landmarks 15, 17-19, 21-27 and 29-32. Homo is represented by blue open
squares, Pongo by green Xes, Gorilla by red crosses, and Pan by purple squares. The fossils are represented by
black circles and are labeled in the graph. Circles represent the 95% equal frequency ellipses of each extant genus.
PC1 accounts for 25% of the total variance and PC2 accounts for 10% of the overall variance. The wireframes

illustrate a distal view and a posterior view, looking towards the patellar articular surface for each of the three major
clusters of extant genera.

Means were calculated for all of the extant taxa and additional analyses were run using
these values and those of the fossil individuals. Fig 4.25 is a PCA with MST for these values. In
this case, PC 1 separates SK 1896 from the rest of the sample and it is driven by the extreme
asymmetry in the patellar articular surface and the extreme narrowness of the intercondylar
notch. SK 1896 was broken at some time and glued back together, so it is possible that the
reconstruction is slightly distorted and that is affecting these results (Fig. 4.26). PC 2 separates
some of the Homo-like fossils (i.e. WT 15000 and TM 1513) from the other fossils and is driven

by the relative height of the mid-point of the patellar articular surface. Again, in this analysis ER
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1472 is between Homo and Pan, both in the principal component analysis and in the minimum

spanning tree. Neither PC1 nor PC2 is related to centroid size.
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Fig. 4.25 PCA for the fossils plus means for the extant species for the distal femur, landmarks 15, 17-19, 21-27 and
29-32. Homo is represented by blue open squares, Pongo by a green X, Gorilla by a red cross, and Pan by a purple
square and blue star. The fossils are represented by black circles and are labeled in the graph. The lines represent a
minimum spanning tree plotted on top of the principal components graph. PC1 accounts for 25% of the total
variance and PC2 accounts for 18%of the overall variance. The wireframes are in a posterior view, looking towards
the patellar surface.
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Distal View

Posterior View

Fig. 4.26 Distal and proximal views of ER 1896. The breaks are obvious in the top photograph and the bottom
photograph illustrates the extreme narrowness of the intercondylar notch.

A neighbor joining tree was also generated for these data, the results of which are
presented in figure 4.27. Many of the fossil groupings from the previous analyses are recreated
in this tree. The major differences are in the position of ER 3951 and ER 1472. ER 3951 groups
firmly with Pan in the PCA of the entire sample (fig 4.24) and with the other Pan-like and
Gorilla-like fossils in the PCA of the means (fig 4.25); however, in this analysis ER 3951 forms
a cluster with SK 1896, a more Homo-like fossil. ER 1472 is on the edge of the Homo

distribution in all other analyses, but it is the outgroup to the cluster which contains Homo and all

216



other fossils in this analysis. Despite the morphological affiliation with Pan and Gorilla in other

analyses, none of the fossils cluster with the apes.
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Fig. 4.27 Neighbor joining tree for the means for the distal femur, landmarks 15, 17-19, 21-27 and 29-32. This tree
is based on procrustes chord distances and was rooted with Pongo as the outgroup. Bootstrap values are based on
1000 replicates.

In order to include more fossils in these analyses, the distal femur was subdivided into
smaller subsets of landmark points. Figs 4.28 — 4.30 represent analyses using the landmarks for
just the lateral femoral condyle. This allowed for the inclusion of three additional fossil
individuals: AL 333w-56, BOU-VP-19/63 and Stw 318. Fig 4.45 is a principal components
graph of the entire sample using these landmarks. Once again, there is excellent separation along

PC 1 between Homo and the other genera, although there is a small area of overlap. Like the
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first set of analyses, the longitudinal enlargement of the lateral condyle and the more acute angle
between the patellar articular surface and the tibial articular surface are the driving factors for
PC1. PC 2 partially separates Pan from Gorilla and is largely driven by the height of the patellar
articular surface and the lateral flexion of the trochlear notch, also as in the previous analysis.
Both PC 1 and PC 2 are negatively correlated with centroid size (Figs. 4.46 and 4.47).

For the fossils, WT 15000, ER 1481, Kibish 1, ER 1592 and TM 1513 fall well within the
range of Homo. All of these fossils also grouped well within the range of variation of Homo in
the previous analysis. BOU-VP-19/63 is the only fossil that falls within the small zone of
overlap between Pan and Homo. All of the other fossils fall well within the range of the
quadrupedal apes and outside of the 95% equal frequency ellipse for Homo, although Stw 318

falls very near to several Homo outliers.
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Fig. 4.28 PCA for the fossils plus means for the extant species for the distal femur, landmarks 18-19, 21-22, 25-26,
28-29, and 31-32.. Homo is represented by blue open squares, Pongo by green Xes, Gorilla by red crosses, and Pan
by purple squares. The fossils are represented by black circles and are labeled in the graph. The lines represent a
minimum spanning tree plotted on top of the principal components graph. PC1 accounts for 31%, of the total
variance and PC2 accounts for 11%o0f the overall variance. The wireframe are a distal view of the lateral femoral
condyle.

Means were calculated for each extant genus and further analyses were conducted. A
PCA of this data was largely inconclusive as the fossils were evenly distributed across PC1 and
PC2, although all of the extant apes fell towards the more positive values on PC 2 (fig 4.48). PC
1 is driven by the width of the lateral condyle and PC 2 is driven by the length of the lateral
condyle and the acuteness of the angle between the distal articular surface and the patellar
articular surface. Based on the MST, this distribution could possibly be broken into three
groups. The first group is towards the more positive values on PC1 and contains WT 15000, TM

1513, STS 34, AL 129-1a, Homo, and ER 1481 while the second group contains all of the other
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fossils and possibly Gorilla. The third contains only the extant apes: Pan and Pongo. These
groupings are somewhat at odds with the previous analyses as AL 129-1a and STS 34 have been
more ally more similar to the great apes, whereas WT 15000 has been consistently human-like.

Neither PC 1 nor PC 2 was correlated with centroid size.
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Fig. 4.29 PCA for the fossils plus means for the extant species for the distal femur, landmarks 18-19, 21-22, 25-26,
28-29, and 31-32. Homo is represented a blue open square, Pongo by a green X, Gorilla by a red crosse, and Pan by
a purple square and blue star. The fossils are represented by black circles and are labeled in the graph. The lines
represent a minimum spanning tree plotted on top of the principal components graph. PC1 accounts for 22%, of the
total variance and PC2 accounts for 20%of the overall variance. The wireframes are in a distal view.

A neighbor-joining tree was also generated using these data. None of the fossils cluster
within any of the apes. ER 1481 and ER 1592 are the only fossils in the direct cluster including
Homo. The cluster created by the PCA containing WT 15000, TM 1513, STS 34 and AL 129-1a
also appears in the neighbor-joining tree. None of the fossils cluster on the basis of site
including the three fossils from Hadar, two of which are part of the AL 333 assemblage. In

general, the bootstrap values are extremely low across all clusters (fig 4.30).
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Fig. 4.30 Neighbor joining tree for the distal femur, landmarks 18-19, 21-22, 25-26, 28-29, and 31-32. This tree is
based on procrustes chord distances and was rooted with Pongo as the outgroup. Bootstrap values are based on 1000
replicates.

Figs 4.31-4.33 are analyses performed using the only the landmarks that capture the
shape of the medial condyle and patellar articular surface. This landmark subdivision allowed
for the inclusion of Stw 129. This subset of landmarks also did not significantly change the
shape of the graph in a principal components analysis (fig 4.31). PC 1 separates Homo from the
rest of the sample and is driven by the keeled, assymetrical patellar articular surface present in
Homo. PC 2 partially separates Pan and Gorilla and is largely driven by the height of the lateral
corner of the patellar articular surface. In gorillas, is it generally lower than in Pan and Homo.
To some degree, the condyle size is picked up in these principal axes, but to lesser degree than
when the lateral condyle is present. PC1 accounts for negatively correlated with size and PC 2 is

positively correlated with size.
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The fossils occur in roughly the same places as they have in previous analyses. Stw 129,
the only new fossil in this analysis, groups with the apes very near to ER 1592 and AL 129-1a.
WT 15000, ER 1481 and Kibish 1 are the only fossils to fall solely within the distribution of
Homo although ER 1472, TM 1513 and STS 34 fall within the overlap zone between Homo and
the other taxa. The only fossil to significantly change positions is ER 1592; it grouped with

Homo in the previous two analyses and groups with the other taxa in this analysis.
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Fig. 4.31 PCA of the distal femur, landmarks 15, 17-24, 27-28, and 30-31. Homo is represented by blue open
squares, Pongo by green Xes, Gorilla by red crosses, and Pan by purple squares. The fossils are represented by
black circles and are labeled in the graph. Circles represent the 95% equal frequency ellipses of each extant genus.
PC1 accounts for 24%, of the total variance and PC2 accounts for 9%of the overall variance. The wireframes are a
distal view of the distal femur and a view towards the patellar articular surface from the posterior side of the femur.

The means for all of the extant taxa were calculated and additional analyses were
performed and figure 4.32 is a PCA with an MST using these values. The fossils are fairly
evenly distributed across PC 1, with WT 15000 having the least positive values and ER 3951

having the most positive values. The fossils are also evenly distributed across PC 2, with WT
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15000 having the most positive values and Stw 129 having the moving negative values. In
general, the extant taxa and the fossils that were more affliated with Homo in the previous
analysis fall near the top of the graph and those fossils more affiliated with Pan and Gorilla fall
in the lower parts of the graph. PC 1 is driven by the flatness of the patellar articular surface
with the apes and some of the fossils having flat surfaces and Homo, WT 15000, and ER 1500
having deepest surfaces. PC 2 is driven by the shape of the most posterior portion of the medial
condyle; in ER 1500, Stw 129 and ER 3951, it is angled differently than in the individuals

towards the more positive values on the graph. Neither PC 1 nor PC 2 is correlated with size.
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Fig. 4.32 PCA for the fossils plus means for the extant species for the distal femur, landmarks 15, 17-24, 27-28, and
30-31. Homo is represented by a blue open square, Pongo by a green X, Gorilla by a red cross, and Pan by a purple
square and blue star. The fossils are represented by black circles and are labeled in the graph. The lines represent a

MST plotted on top of the PCA. PC1 accounts for 24%, of the total variance and PC2 accounts for 20%of the
overall variance. Wireframes are in a distal view.
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A neighbor-joining tree was also created using these values (fig 4.58). ER 1481, WT
15000 and TM 1513 form a single cluster with Homo with a very high boostrap value, lending
further support for the results from the other analyses. For the first time, both of the specimens
from Hadar form a cluster separate from the other fossils, but there are low bootstrap values

overall within the fossil grouping. None of the fossils fall within the cluster of quadrupedal apes.
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Fig. 4.33 Neighbor joining tree for the distal femur, landmarks 15, 17-24, 27-28, and 30-31. This tree is based on
procrustes chord distances and was rooted with Pongo as the outgroup. Boot strap values are based on 1000
replicates.

Finally, the landmark set for the distal femur was segmented such that the majority of the
utilized landmarks described the distal articular surface. This allowed for the inclusion of one
additional fossil: TM 3601. A PCA for these values is shown in figure 4.59. There is still good

separation between Homo and the quadrupedal apes along PC 1. PC1 accounts for driven by the
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enlargement of the medial condyle in Homo with regards to the greater apes. PC2 does not split
the sample in any meaningful way. For the fossils, ER 1481, STS 34, and WT 15000 fall in the
range of solely modern humans. TM 1513 and ER 1472 fall within the range of overlap between
Homo and the other taxa. Kibish 1 falls towards the Homo end of the graph, but outside the 95%
equal frequency ellipses for modern humans. TM 3601 falls within the range of the apes for
PC1, but outside of all 95% equal frequency ellipses on PC 2. All other fossils fall within the

great ape distribution. PC 1 accounts for negatively correlated with size (fig 4.60).
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Fig. 4.34 Principal components analysis for the distal femur, landmarks 15, 20-32. Homo is represented by blue
open squares, Pongo is represented by green Xes, Gorilla is represented by red crosses, Pan is represented by purple
squares. The fossils are represented by black circles and are labeled in the graph. The closed curves are 95% equal
frequency ellipses for the extant genera. PC1 accounts for 21%, of the total variance and PC2 accounts for 10%of
the overall variance. The wireframes illustrate a distal view of the distal femur. Only a wireframe for the “ape”
cluster is shown as there is complete overlap for all three taxa.
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Means were calculated for the extant genera and further analyses were conducted. The
results of a PCA with MST are shown in figure 4.35. The fossils are relatively evenly distributed
across PC 1, although there are definite differences on PC 2. PC 1 is driven by the overall length
of the two condyles with those individuals falling towards the negative values having longer
condyles than those falling towards the positive values. On PC 2, TM 3601, ER 3951, TM 1513
and WT 15000 all have similar values, as well as ER 1500 and ER 1592 in the opposite
direction. PC 2 is driven by the width of the intercondylar notch with ER 1500 and ER 1592

having especially wide notches. PC 1 is not correlated with centroid size.
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Fig. 4.35 Principal components analysis for the fossils plus means for the extant species for the distal femur,
landmarks 15, 20-32. Homo is represented by blue open squares, Pongo by green Xes, Gorilla by red crosses, and
Pan by purple squares. The fossils are represented by black circles and are labeled in the graph. The lines represent
a minimum spanning tree plotted on top of the principal components graph. PC1 accounts for 25%, of the total
variance and PC2 accounts for 20% of the overall variance. The wireframes are in a distal view.

A neighbor-joining tree was also generated with these data (fig 4.36). ER 1481, WT

15000, TM 1513 and Homo form their own cluster with a relatively high boostrap value as in the
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previous analysis (fig. 4.33). The other fossils are distributed in different clusters that are sister

to that containing Homo. No fossils group with the quadrupedal apes.
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Fig. 4.36 Neighbor joining tree for the distal femur, landmarks 15, 20-32. This tree is based on procrustes chord
distances and was rooted with Pongo as the outgroup. Boot strap values are after 1000 replicates.

Distal Femur Discussion and Analysis

There is a high degree of variation within the fossil sample. Figure 4.37 is a bar graph
depicting the distribution of procrustes chord distances in the entire sample. The group of fossils
has higher average pairwise procrustes distance than all other comparison groups, as well as has
some of the highest single pairs of individuals. The maximum pairwise procrustes distance in
the entire sample is between SK 1896 and ER 1500. Therefore, it is reasonable to assume that

there are likely two or probably more taxa present within the fossil distribution.
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Fig. 4.37 This bar graph is a representation of the distribution of procrustes chord distances within and between the
different genera in the most complete sample of the distal femur. The array of procrustes distances were segmented
into arbitrary units of 0.05. The average procrustes distance between the fossils was higher than all other
comparison groups. The maximum procrustes distance within the fossils was larger than any other pairwise distance
in the entire sample.

The differences between the extant taxa for the distal femur are relatively consistent,
regardless of landmark configuration. The same factors that drove PC 1 and PC 2 in the PCA of
the largest set of landmarks also drove the smaller landmark subsets. Because of this, all of the
fossils can be looked at as a group, despite not necessarily having been compared directly by
using the more complete femora as a proxy for comparison. The most complete femora were
relatively static in their position in the PCA of the entire sample, regardless of the landmark set.
Those results are presented in table 4.7.

For the distal femur, all of the fossils fall in one of three broad groupings. The first group

(ER 1481, Kibish 1, TM 1513, SK 1896 and WT 15000) has a distal femoral morphology that is
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indistinguishable from that of modern humans. The second group (ER 1472, ER 1592, and BOU-
VP-19/63) has a distal femoral morphology that is on the periphery of the modern human
distribution. For the individuals in this group, there are aspects of the distal femur that are
extremely human-like, and aspects that are not completely modern. The third group (AL 129-1a,
AL 333-4, AL 333w-56, ER 993, ER 1500, ER 3951, STS 34, STS 129 and Stw 318) looks most
like the extant great apes for the distal femur and these individuals retain characteristics that
unite them with Pan and/or Gorilla and could indicate a proficiency at other positional behaviors
besides bipedalism. TM 3601 has a unique morphology, but fell closest to the extant apes (Table

4.6).
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Table 4.7 List of specimens used for the analysis of the distal femur and their affiliation with the extant
taxa. Specimens with multiple attributions indicate that the fossil fell in an area of overlap. The
“variation pattern” is discussed in the text.

. Previous Taxonomic . Variation
Fossil Attribution (& refs.) Taxon Affiliation(s) Pattern
AL 129-1a A. afarensis’ Pan/Gorilla 3
AL 333-4 A. afarensis’ Pan /Gorilla 3
AL 333w-56 A. afarensis’ Pan 3
BOU-VP-19/63  H. erectus?® Pan/Homo 2
ER 993 Hominidae sp indet’, P. boisei*? Pan/Gorilla 3
ER 1472 Homo sp**7 Pan/Homo or Pan 2
ER 1481 Homo sp. **” Homo 1
ER 1500 P. boisei?’ Pan/Gorilla 3
ER 1592 Hominidae sp indet’ Homo or Pan 2
ER 3951 Hominidae sp indet’, Homo™! Pan/Gorilla 3
Omo 1 Homo sapiens Homo 1
SK 1896 Homo cf. erectus *’ Homo 1
Sts 34 A. africanus™’ Pan or Pan/Homo 3
Stw 129 H. habilis’ Pan 3
Stw 318 A. africanus®’ Pan 3
T™ 1513 A. africanus' , Hominidae sp indet’ Homo or Pan/Homo 1
TM 3601 279 none 3
WT 15000 H. erectus™ Homo 1

1 Robison, 1972; 2 Grausz, 1988; 3 McHenry and Berger, 1998; 4 Senut and Tardieu, 1985; 5 Leakey,
1973; 6 Susman et al., 2001; 7 McHenry 1994; 8 Gilbert 2009; 9 Johanson et al., 1978; 10 Walker and
Leaky, 1993; 11 Tardieu, 1997, 12 Walker, 1972

Functional Implications for the Knee

All of the individuals in the first group have the full human pattern for the distal femur
and would have been “good” bipeds. In humans, the lateral and medial condyles are of similar
size because they equally important in transmitting downward forces during bipedal locomotion.
In apes, the medial condyle is larger and is used more in load transmission. Also, humans have
condyles that are more elliptical (particularly the lateral condyle) and more symmetrical in order
to provide a larger surface for articulation with the tibia. The condyles also increase the lever
arm for the quadriceps femoris (which is the main flexor of the knee) by making a flatter anterior
surface; this then orients the patella more anteriorly than is seen in the apes. (Aiello and Dean,

1990) The deep, asymmetrical patellar groove in Homo is likely to prevent the patella from
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being laterally dislocated during flexion of the knee. In Homo, the quadriceps femoris pulls up
along the human bicondylar angle, pulling the patella in the lateral direction whereas in a
quadruped, it is pulled proximally in a straight line (Heiple and Lovejoy, 1971; Stern and
Susman, 1983).

Ontogenetically, the distal femur forms differently from the proximal femur. The distal
femoral epiphysis begins its formation in utero (Moore and Persaud, 1998). The distinctive keel
of the human femoral trochlea also begins to form in utero. Thus, the shape of the trochlea is the
result of a change in the human genome and not an epigenetic trait (Tardieu, 1997, 1999; but see
Fulkerson and Hungerford, 1990 for opposite view). During human puberty, the human femur
elongates and there are further modifications to the distal epiphysis. The lateral condyle enlarges
longitudinally and takes on its full elliptical form, the patellar groove deepens and the lateral
edge becomes even more pronounced (Tardieu, 1997). Based on the femoral form, the
individuals in the first group (of Table 4.6) both had all of the necessary genetic changes and a
long enough adolescent growth period (not necessarily a “spurt”) to see those changes

phenotypically manifested.

Distal Femoral Shape Variation: The Result of Heterochronic Changes?

The second and third groups are potentially more interesting. Tardieu (1997)
hypothesized that the cause of the distal femoral shape variation was a heterochronic difference
between late Homo, early Homo and Australopithecus. Using radiographs, she compared the
shape of the distal articular surface and the profile of the lateral condyle of AL 129-1a, ER 1472

and ER 1481 to a human growth series. She found that AL 129-1a looked most similar to a
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human child, aged 10 yrs, whereas ER 1472 was most similar to a late adolescent aged 16 yrs
and ER 1481 was most like the 17yr.

Figure 4.38 is a PCA of the full fossil distal femora (AL 333-4, AL 129-1a, ER 1472, ER
1481, ER 1592, WT 15000 and Sts 34) and the ontogenetic sample. PC 1 divides the ontogenetic
sample into two significantly different (p<0.0001) groups with children ages 2 to 7 falling on the
right side of the graph and those 10 to 20 on the left side of the graph. WT 15000, ER 1481 and
ER 1472 all fall within the 95% equal frequency ellipse for the group of older children. The two
specimens from Hadar, ER 1592 and STS 34 fall outside the 95% equal frequency ellipse for the
older children. PC 1 is positively correlated with age (fig. 4.39), with the majority of the fossils
falling well off of the line. When the fossils are removed from the analysis, the correlation
between age and PC 1 for just the humans increases to an r value of 0.95 (fig. 4.40). PC 1 is also
correlated with centroid size (fig. 4.41), but that is unsurprising because age and centroid size are
also correlated (fig. 4.42). PC 1 is driven by the change in the angle between the patellar surface

and the distal articular surface, as well as the longitudinal enlargement of the lateral condyle.
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Fig. 4.38 A PCA of the ontogenetic sample of H. sapiens femora and the complete fossils. The wireframes are
oriented towards the distal articular surface. All individuals are labeled with their age or accession number. There
was a natural break along PC1 between the 2-7 year and 10-20 year samples, so two groups were assigned. The 2-7
year old individuals are represented by purple circles and the 10-20 year old individuals are represented by blue
stars. PC1 represents 48% of the total variation in this sample and PC2 represents 8%. The arrow indicates the
direction of ontogenetic change.
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Fig 4.39 A linear regression of PC1 against age for the ontogenetic human sample. WT 15000 was assigned an age
of 11 based on a human growth pattern for the dentition (Smith, 1993). The rest of the fossils and the adult humans
were assigned the arbitrary age of 25. The result is significant with p<0.0001 and r=0.91.
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Fig. 4.40 A linear regression of PC1 against centroid size for only the ontogenetic human sample. The relationship is
significant with p<0.0001 and r = 0.95.
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Fig. 4.41 A linear regression of PC1 against centroid size for the ontogenetic human sample and fossil. The
relationship is significant with p<0.0001 and r = 0.89. AL 129-1a and Sts 34 fall well off of the regression line.
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Fig. 4.42 Linear regression of age on centroid size for the human ontogenetic sample. The results are significant
with p<0.0001 and r = 0.82.
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The same analysis was completed using a comparable ontogenetic sample of Pan
troglodytes. Figure 4.43 is the results of a PCA of this ontogenetic sample and the same
relatively complete fossil femora. The ontogenetic trajectory of the Pan distal femur is not quite
as simple as Homo, as it occupies part of both PC 1 and PC 2, as opposed to being almost
entirely represented by PC 1 in the previous analysis. While the fossils certainly contribute to
that distribution, analyses run without the fossils have a similar pattern. WT 15000 and ER 1481
both fall well outside the 95% equal frequency ellipse of all of the Pan individuals on PC 2 while
ER 3951 falls well outside the 95% equal frequency ellipses on PC 1. Sts 34, ER 1472 and ER
1592 are all very close to the 95% confidence line for the older Pan individuals. On the other
hand, AL 333-4 and AL 129-1a both fell well within the range of the adult Pan individuals inside
the 95% equal frequency ellipse.

The shape change along the first two arrows noted in the PCA (fig. 4.43) involves the
enlargement of the medial condyle and a shift in the position of the medial epicondyle from a
more anterior position to a more posterior position. The second shape change along the third
arrow involves a narrowing of the intercondylar notch and the distal articular surface taking on a
more square shape. PC 1 is correlated with age and centroid size, as in the previous analysis (fig.
4.44- 4.45) and age and centroid size are also correlated (fig. 4.46). The correlations are not as
high as for Homo because important age related shape change occupies more than one principal

axis.
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Fig. 4.43 A PCA of the ontogenetic sample of P. troglodytes femora and the complete fossils. The wireframes are
oriented towards the distal articular surface. All individuals are labeled with their age class or accession number.
There was a natural break between those 1 — 5 and those 6 — adult so two groups were assigned. The 1-5 age classed
individuals are represented by green circles and the 6-adult age classed individuals are represented by black

triangles. PCI represents 27.9% of the total variation in this sample and PC2 represents 10.9%. The arrows indicats
the direction of ontogenetic change.
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Fig. 4.44 A linear regression of age against PC 1 for the ontogenetic sample of Pan distal femora and the fossils.
Adults and fossils were assigned an age class of “8”. The results are significant with r =-0.81 and p<0.0001
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Fig. 4.45. A linear regression of centroid size against PC 1 for the ontogenetic sample of Pan distal femora and the
fossils. Adults and fossils were assigned an age class of “8”. The results are significant with r=-0.73 and p<0.0001
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Fig. 4.46 A linear regression of age against centroid size for the ontogenetic sample of Pan distal femora and the
fossils. Adults and fossils were assigned an age class of “8”. The results are significant with, r=0.83 and p<0.0001.

These data do not support that idea that all distal femoral shape variation is the result of
changes in growth patterning and speed. If the morphology of Australopithecus afarensis simply
represented an early cessation of growth as compared to Homo sapiens, then AL 333-4 and AL
129-1a should have been most similar to the younger Homo sapiens specimens; instead, they
were well outside the range of human variation for the entire distal femoral epiphysis. On the
other hand, they were easily included in the 95% equal frequency ellipse for Pan indicating they
are more like adult Pan in their overall morphological pattern. This same pattern is true for ER
1500 and ER 1592, but to a lesser degree. An opposite result was obtained for WT 15000 and
ER 1481 which were well within the 95% equal frequency ellipse for adult Homo, but far outside
all confidence intervals for Pan.

The other fossils occupy a murkier position. ER 3951 and Sts 34 were outside the
confidence intervals for both Pan and Homo. Particularly, ER 3951 was far outside the

confidence intervals in both instances. This is certainly evidence that these fossils don’t fall on

240



the ontogenetic path of the extant species tested here and could be more evidence for a
completely unique morphological pattern of which there is no extant analogue. ER 1472 falls
just outside the 95% equal frequency ellipse for Pan and Homo, occupying a similar position
both analyses. This is more evidence for its intermediate position between Pan and Homo.

While more data needs to be collected on a larger ontogenetic sample of modern humans
(particularly in the time between 7 and 12 years), the overall results of these analyses indicate
that morphological pattern of the fossils individuals cannot be explained by changes in
heterochrony. If the morphological variation in Plio-Pleistocene hominin distal femora is not
due to epigenetic changes or differences in growth patterning, then the next logical conclusion is
that it represents a functional adaptation. The individuals in the third group have a morphology
that is intermediate between the great apes and Homo, particularly in the size of the lateral
condyle and the projection of the lateral patellar lip (see fig. 4.47 for a wireframe transformation
between ER 1481 representing group 1 and Sts 34 representing group 3). The smaller size of the
lateral condyle likely indicates that these individuals did not have a fully modern mechanism for
load transmission in bipedal locomotion and that their patellae were not subjected to the same
lateral forces by the quadriceps femoris muscle. The results presented here and in previous
studies (e.g. Stern and Susman, 1983; Lague 2002) point towards a locomotor pattern that does
not absolutely require a stable knee. Perhaps these individuals retained climbing and other

arboreal positional behaviors as important components to their locomotor repertoire.
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ER 1481 == Sts 34
DISTAL VIEW

Fig. 4.47 Distal view of a wireframe transformation between ER 1481 represented by circles and Sts
34, represented by triangles. The red lines represent vectors of change. The two fossils differ most at
points 19 and 17, which are along the proximal edge of the patellar articular surface, and points 25
and 26, which represent the posterior edge of the lateral condyle.

The individuals that fall in the second group have a morphology that is more difficult to
interpret. The hypothesis that the morphology of ER 1472 is the result of a short growth period
for a modern human pattern cannot necessarily be dismissed on the basis of the data presented
here, although its similar position in the ontogenetic series of Pan would argue that is it equally
likely that it represents a step in the Pan growth sequence.

ER 1592 does not fit quite the same pattern as it was quite far from the Homo distribution
yet just inside the range of older Pan in the ontogenetic tests. ER 1592 seems to have a larger
medial condyle than lateral condyle, although the preservation on ER 1592 is quite poor and the
surface is highly abraded. It is possible that the landmark accuracy was affected by the

preservation of the fossil (fig. 4.48)
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Fig. 4.48 Posterior view of ER 1592

BOU-VP-19/63 is a partial femur from Daka, Ethiopia dated to ca 1.0 Ma. The
preservation of the specimen is very good and while there is no cranial material associated with
it, the only taxon found in those sediments thus far is H. erectus (Gilbert, 2009). There were two
other less complete femora from the same site, and Gilbert (2009) compared them as a sample to
modern H. sapiens and other early Pleistocene Homo specimens for a variety of non-metric
traits. For most of the traits, BOU-VP-19/63 was very similar to modern Homo sapiens, with the
exception of cortical bone thickness and position of minimum femoral breadth; the Daka
specimen has thicker cortical bone overall and the minimum femoral breadth is distal to the
midshaft (as opposed to at the midshaft). Gilbert (2009) further observed that the condyle shape
looked similar to modern H. sapiens, although there no metric analyses were presented.

The length of BOU-VP-19/63 certainly points towards it being a biped, however, there
are features of the trochlear surface the are less modern human-like. Figure 4.49 illustrates the
wireframe transformation between ER 1481 and BOU-VP-19/63. BOU-VP-19/63 differs from
the more human-like fossil in that it lacks the full elongation of the lateral condyle. Thus, this
individual would have had less surface area coming into contact with the proximal tibia and

possibly less stable movement at the knee joint.
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ER 1481 == BOU-VP-19/63
DISTAL VIEW

Fig. 4.49 Distal view of a wireframe transformation between ER 1481 represented by circles and BOU-VP-19/63,
represented by triangles. The red lines represent vectors of change. Points 21 and 22 illustrate the shortness of lateral
condyle.

Taxonomic Implications from the Distal Femur

If the shape of the distal femur is less a product of epigenetic changes caused by different
activity patterns than the proximal femur, then it should provide a better taxonomic signal than
the proximal femur. The results presented here indicate that individuals attributed to later
members of the genus Homo (H. erectus, possible H. rudolfensis) had a more modern
morphology than those attributed to Australopithecus, Paranthropus or potential Homo habilis,
but there are no useful distinguishing features to differentiate between the latter three. These
results are contra Senut and Tardieu (1985), who advocated for multiple species within the Hadar
sample, and more in line with Lague (2002) who found the Hadar sample to be relatively
homogenous for the distal femur. The modern human state is clearly derived away from the

ancestral primate pattern.
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If one were to assign a taxon to all of the fossils based on the results from the distal
femur, SK 1896, ER 1481, WT 15000 and TM 1513 could all tentatively be assigned to Homo
cf. erectus (or potentially Homo rudolfensis). The attribution of WT 15000 is not in question
(Walker and Leakey, 1993) and Susman et al. (2001) already argued that SK 1896, found in
Member 1 Hanging Remnant, represented a large male of Homo cf. erectus based on a large
patellar groove and an increased area of articular surface in comparison to Australopithecus. ER
1481 is from the Upper Burgi Member at Koobi Fora and is broadly dated to 1.89 — 0.05 Ma
(Feibel et al. 1989). There are definitive Homo cf. erectus fossils from this time period and the
strong similarity between ER 1481 and WT 15000 would argue that ER 1481 belongs in this
taxon. TM 1513 was originally attributed to A. africanus (Robinson, 1972) but later classified as
Hominidae sp. indet by McHenry (1994). Grine et al. (1996) suggested that there was a form of
Homo in South Africa not found in East Africa consisting of SK 847 and Stw 53. Perhaps TM
1513 belongs in the same category. It is more human like than some of the other East African
material and yet not as perfectly human-like as ER 1481 and WT 15000, although TM 1513 is
from Member 4 (McHenry, 1994a) whereas Stw 53 is from Member 5 (Tobias, 1978).

ER 1472, ER 3951, ER 1592 and ER 993, all currently assigned to Hominidae sp. indet.
are likely either Paranthropus or early Homo cf. habilis. Additionally, if Stw 129 is truly H.
habilis (and not A. africanus) (McHenry, 1994a), then that is further evidence that H. habilis had

a much more conservative body plan than H. rudolfensis and other later Homo.

Overall Conclusions from the Femur

Figures 4.50-4.52 are the results of a two-block partial least squares analysis (2BPLS) of

the proximal and distal femur for the entire sample and the fossils with associated proximal and
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distal ends. Some researchers believe that AL 333-3 and AL 333-4 represent the same individual
(Tardieu, 1997) so they were included in this analysis as a single individual. Modern Homo
sapiens has a unique pattern of covariation by comparison to the extant apes, which all have
overlapping patterns of distribution. WT 15000 and ER 1481 both have the human pattern for
both the proximal and distal femur whereas AL 333-3/4 has an ape-like pattern of covariance for
both. The position of the composite AL 333-3/4 supports the combination of these bones in a
single taxon if not individual; had they been from widely different organisms, the plotted point
would not fall near other points (Harcourt-Smith et al. 2008). ER 1472 has a unique pattern of
covariance with a proximal femur that is most similar to modern humans and a distal femur that

is more similar to modern apes.
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Fig. 4.50 Plot of the results of a two-block partial least squares analysis of the entire proximal and distal femur.
These two axes comprise 85% of the variation within the sample and have a correlation coefficient of 0.83. The
second axes (not pictured here) comprise 11% of the variation within the sample and have a correlation coefficient
of 0.65. The entire data set has an RV coefficient of 0.51. Homo is represnted by blue open squares, Pan
troglodytes is represented by pink closed squares, Pan paniscus is represented by blue stars, Pongo is represented by
greens Xes, and Gorilla is represented by red crosses. Fossils are represented by black circles and are labeled in the
graph.
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Fig. 4.51 2B-PLS analysis showing the relationship of the first and second proximal femoral axes based on a cross-
covariance matrix of the proximal and distal femur GPAed landmark coordinates. Homo is represented by blue
squares, Pan troglodytes by purple squares, Pan paniscus by blue stars, Pongo by green Xs, and Gorilla by red
pluses. Fossils are labeled and in black. Closed curves represent a 95% equal frequency ellipse.
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Fig. 4.52 2B-PLS analysis showing the relationship of the first and second distal femoral axes based on a cross-
covariance matrix of the proximal and distal femur GPAed landmark coordinates. Homo is represented by blue
squares, Pan troglodytes by purple squares, Pan paniscus by blue stars, Pongo by green Xs, and Gorilla by red
pluses. Fossils are labeled and in black. Closed curves represent a 95% equal frequency ellipse.

Figures 4.53-4.55 illustrate the results of a second 2BPLS, this time utilizing only the
landmarks on the greater trochanter for the proximal portion of the femur. This allowed for the
inclusion of AL 129-1, the last specimen in this sample with both a proximal and distal end. ER
1481 and WT 15000 fell within the modern human distribution for both the greater trochanter
and distal femur, whereas AL 333-3/4 and ER 1472 fell within the modern great ape distribution
for both. AL 129 has a possible unique pattern of covariation with a distal femur firmly within
the ape distribution, but a greater trochanter that falls within the small area of overlap between

humans and apes.
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Fig. 4.53 The results of a two-block partial least squares analysis of the greater trochanter (landmarks 9-11, and 14)

and distal femur. These two axes comprise 89.5% of the variation within the sample and have a correlation

coefficient of 0.77. The second axes (not pictured here) comprise 9.8% of the variation within the sample and have
a correlation coefficient of 0.65. The entire data set has an RV coefficient of 0.47. Homo is represnted by blue open
squares, Pan troglodytes is represented by pink closed squares, Pan paniscus is represented by blue stars, Pongo is
represented by greens Xes, and Gorilla is represented by red crosses. Fossils are represented by black circles and
are labeled in the graph.
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Fig. 4.54 2B-PLS analysis showing the relationship of the first and second greater trochanter axes based on a cross-
covariance matrix of the greater trochanter and distal femur GPAed landmark coordinates. Homo is represented by
blue squares, Pan troglodytes by purple squares, Pan paniscus by blue stars, Pongo by green Xs, and Gorilla by red
pluses. Fossils are labeled and in black. Closed curves represent a 95% equal frequency ellipse.
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Fig. 4.55 2B-PLS analysis showing the relationship of the first and distal femur axes based on a cross-covariance
matrix of the greater trochanter and distal femur GPAed landmark coordinates. Homo is represented by blue
squares, Pan troglodytes by purple squares, Pan paniscus by blue stars, Pongo by green Xs, and Gorilla by red
pluses. Fossils are labeled and in black. Closed curves represent a 95% equal frequency ellipse.
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The results of the partial least squares analysis underscore the results of the single
element analyses. WT 15000 and ER 1481 have a morpohological shape in both the proximal
and distal femur that is indistinguishable from that of modern humans. The Hadar individuals
are more ape-like, although they occur towards the edge of the ape distribution, particularly in
the second analysis. ER 1472 has a unique pattern when the whole proximal femur is
considered. It has a mostly human-like proximal femur, except for the greater trochanter with
has a shape that is slightly more ape-like. The distal femur also shares an affinity with both
humans and apes depending on the analysis. Whether the differences in the morphology of ER
1472 were caused by a difference in growth patterns or some other factor, it is clear that it would
not have moved in the same way as a perfect biped, such as ER 1481 or WT 15000.

The femur participates in two joints that have been extensively modified in bipedal
species: the knee and the hip. For most taxa, the signal was the same from the proximal and
distal femur, the major exception being Australopithecus afarensis. In Australopithecus
afarensis, there was a tremendous amount of variation in the proximal femur, whereas in the
distal femur, the A. afarensis sample was consistently ape-like. This likely has to do with the
different ontogenetic paths of the proximal and distal portions of the femur and the way that bone
is deposited and remodeled due to activity patterning.

The change from a more ape-like shape to a more human-like shape does seem to
roughly correlate with timing in the fossil record, with the more pleisiomorphic individuals (i.e.
the A. afarensis sample) occurring earliest in time and the most derived individuals (i.e. WT
15000) occurring latest, although there are exceptions to this. The major one is BOU-VP-19/63,

dated to ca. 1.0 Ma, which lacks some of the characteristics of a modern human femur. If this
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femur belongs to Homo erectus, its bipedal gait was not as well perfected as that of WT 15000,
which occurs earlier in time (Brown and McDougall, 1993). Homo erectus is a wide-spread
taxon with a large amount of cranial variation between populations (Terhune et al. 2007; Baab,
2008). It seems likely that degree of cranial variation would be partially mirrored in some
postcranial variation between populations. Even in modern humans there is evidence that some
femoral characteristics vary predictably between populations, such as the shape of the
intercondylar notch (Baker et al., 1990), the degree of platymeria (Gill, 2001) and bone density
(Bachrach et al., 1999), so perhaps the Daka specimens represent an African subpopulation of H.

erecuts.

Full Tibia Analysis and Discussion

Data were also collected on the proximal and distal tibia for analysis. Figure 4.56 is a
PCA of the extant taxa for the full tibial landmark set. There is excellent separation between
almost all of the extant taxa with the exception of Pongo which has a distribution that overlaps
with that of Pan. Both PC1 and PC 2 are significantly correlated with centroid size, although the
relationship is weak in both cases with Gorilla falling off of the regression line for PC 1 and
Homo falling off of the regression line for PC 2. PC 1 is driven by the overall bone length versus
joint size with Gorilla having relatively large joints on a shorter diaphysis and Homo having
smaller joints on a longer diaphysis. Additionally, PC 1 is driven by the angle of inclination of
the distal tibial surface with Homo having flat surfaces and the extant apes having more angled
surfaces. PC 2 is specifically driven by the degree of torsion between the proximal and distal
segments. In Pongo, the distal articular surface is medially turned in comparison to the proximal

segment (fig. 4.56). There are no complete fossil tibiae.
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The differences between the extant taxa can be related to functional differences in their
locomotor repertoires. The more perpendicular orientation of the distal tibial surface in Homo
sapiens has been hypothesized to be an adaptation to resisting shearing stresses during normal
bipedal movement (Latimer et al. 1987). In Pan and Gorilla, it is likely that the joint sizes scale
allometrically; they may appear relatively smaller in Homo due to the overall elongation of the

hindlimb (Aiello and Dean, 1990).
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Fig. 4.56 PCA for the full tibia. Homo is represented by blue open squares, Pongo by green Xes, Gorilla by red
crosses, Pan troglodytes by purple squares, and Pan paniscus by blue stars. The closed curves are 95% equal
frequency ellipses for the extant genera. PC1 accounts for 54.5% of the total variance and PC2 accounts for 10.8%
of the overall variance.
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Fig 4.57 A linear regression of PC1 against centroid size for the for the full tibia with r = 0.43.
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Fig 4.58 A linear regression of PC2 against centroid size for the for the full tibia with r=-0.47.
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Fig 4.59 Wireframe transformation between the four extant genera for the full tibia. These wireframes are from a
posterior view, tilted slightly backwards in order to visualize the change in the depth of the tibial condyles and the
orientation of the distal articular surface.
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4.60 Landmarks and wireframe for the proximal
tibia.

Proximal Tibia

The tibia was segmented into proximal
and distal portions. Figure 4.60 illustrates the
landmark configuration and wireframe for the
proximal tibia. Figure 4.61 is a PCA of the
full proximal tibia. There is no differentiation
between the extant taxa. The fossils fall
within the area of overlap with the exceptions
of WT 15000 and WT 19700 which are

outliers to the entire sample. Within the fossil

distribution, there does not seem to be any

patterning of fossils based on age or

taxonomic attribution. PC 1 is driven by the proximodistal distance of the tibial tuberiosity from

the proximal articular surface with individuals towards the negative values having it relatively

closer than those at the positive values. PC 2 is driven by the mediolateral distance between the

midpoints of the anterior margin of the tibial condyles. PC 1 is weakly correlated with centroid

size with an r value of 0.21.
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Fig. 4.61 Principal components analysis for the proximal tibia. Homo is represented by blue open squares, Pongo
is represented by green Xes, Gorilla is represented by red crosses, Pan troglodytes is represented by purple squares,
and the fossils are represented by black circles and are labeled in the graph. The closed curves are 95% equal

frequency ellipses for the extant genera. PC1 accounts for 17.8% of the total variance and PC2 accounts for 12.6%
of the overall variance.
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Fig. 4.62 Wireframe transformations along PC 1 and PC 2 for the proximal tibia.

Means were calculated for the proximal tibia of the extant taxa and additional analyses
were completed using those values and the fossils. Figure 4.63 is a PCA of the fossils and the
means. Most of the fossils and all of the extant means form a group that has little shape
differentiation. AL 333-42, Stw 514, ER 2954A, WT 15000 and WT 197000 are not part of that
group and are distributed evenly across PC 1. PC 2 separates WT 15000 and WT 19700 from the
rest of the sample at opposite extremes. PC 1 is driven by the width of the intercondylar
eminence and the extension of the medial condylar surface onto the anterior surface of the tibia.
PC 2 is driven by the proximodistal location of the tibial tuberosity and the anterior-posterior

position of the lateral intercondylar tubercle. WT 15000 is different in that is has a wider
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intercondylar eminence with more widely spaced intercondylar tubercles than the rest of the
sample. In addition, the medial condylar surface extends more anteriorly than most of the other
fossils. WT 19700 has uniquely positioned medial and lateral condyles in that one is small and
very flat whereas the other is much larger. PC 1 was not correlated with centroid size.

Because there was so little differentiation between the fossils, a non-metric MDS was
also performed in order to look for patterns in the fossils (fig. 4.64). In the non-metric MDS
analysis, the extreme differences between WT 15000, WT 19700 and the other outliers from the
PCA were retained and the group of fossils and extant individuals were spread out more. Most
of the proximal tibiae from Koobi Fora form a single cluster and three of the A. afarensis
specimens form a second cluster. Aside from those, there are no other obvious patterns in the

distribution of the fossil taxa.
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Fig. 4.64 Non-metric MDS of the proximal tibia for the fossils and extant means. Stress = 0.4301

Finally, a neighbor-joining tree was also generated with these data (fig. 4.65). The
relationships between the extant taxa were not fully recovered, with Pan troglodytes as the sister
to Gorilla and Pan paniscus as the sister to KP 29285. Homo is the outgroup to all of the fossils
except for that A. anamensis individual. There are some interesting clusters that were formed
including one of all A. afarensis (AL 333x-26, AL 129-1b, EP 1000/98 and AL 288) and one of
most Koobi Fora specimens (ER 1476, 741, 1810, 1500 and 1471) with the Daka tibia as the

sister, although bootstrap values for all of the larger clusters were very low.
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Fig 4.65 Neighbor joining tree for the proximal tibia. This tree is based on procrustes chord distances and was
rooted with Pongo as the outgroup. Boot strap values are after 1000 replicates.

Proximal Tibia Discussion

Despite the wealth of proximal fossil tibiae, there has been very little work done on them,
probably because it is so difficult to differentiate between taxa. The trait cited most frequently as
the differentiating the modern taxa is whether there is a single or double insertion of the lateral
meniscus, with apes and other mammals having only a single insertion and many hominins
(including Homo) having a double insertion (Senut and Tardieu, 1985); however, the utility of
the trait has been called into question by Dugan and Holliday (2009), who found that this trait
was variable in modern human populations and not a particularly good marker for differentiating

between taxa.
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Organ and Ward (2006) analyzed the contour of the lateral condyle of the proximal tibia
to assess whether there is a correlation between tibial “flatness” and increasing body size and to
see whether there was a difference in curvature associated with different locomotor patterns.
These authors found significant overlap between modern taxa and no particular correlation with
size. Furthermore, there was no discernable difference in condylar morphology between A.
africanus and A. afarensis.

While many authors have made arguments about the proximal tibial morphology of
hominin being relatively more ape-like or human-like (e.g. Berger and Tobias, 1996 for Stw 514;
Ward, 2002 for the entire sample of A. afarensis; Harrison, in press for EP 1000/98) these data
do not support the idea that there is any ability to differentiate between extant individuals, much
less fossils, based on the proximal tibia. Perhaps laser surface scanning or collecting a greater

number of landmarks would yield better results.

Distal Tibia Data

The distal tibial segment was also analyzed separately. Figure 4.66 illustrates the
landmarks and the wireframe on the distal tibia. A PCA of the entire sample was performed
using landmarks 10 through 18 (fig.4.67). Landmark 19 was eliminated as many of the fossils
have broken medial malleoli, and landmark 20 was eliminated as it seemed to vary greatly within
each extant taxon, and many of the fossils were too abraded to pinpoint it accurately. There is
reasonably good separation between Homo, Gorilla and Pongo, although Pan overlaps the
distribution of all three of these taxa. Most of the fossils fall within the range of modern Homo
sapiens or as outliers towards the human side of PC 1. Stw 181 was the exception and fell within

the 95% equal frequency ellipse for Pongo. PC 1 is driven by the length of the mediolateral
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border on the anterior surface of the bone with Homo having a short border and Gorilla having a
long border. PC 2 is driven by overall width of the distal surface; in Pongo, it is narrower than in

the rest of the sample. PC 1 is correlated with centroid size.

Fig. 4.66 Landmarks and wireframe on the distal tibia, illustrated using KP 29285. All analyses were performed
without landmarks 19 and 20.
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Fig. 4.67 PCA for the distal tibia, landmarks 10-18 (the full articular surface). Homo is represented by blue open
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accounts for 21.7%, of the total variance and PC2 accounts for 17.4%of the overall variance. The wireframes are
from a distal view of the articular surface with the medial edge to the right.

Means were calculated for the extant taxa, and additional analyses were run. Figure 4.68
is a PCA and MST with these values. PC 1 separates the extant individuals and ER 1481, ER
1500, OH 35 and Stw 567 from A. afarensis (from Hadar), A. africanus (represented by all of the

Stw tibiae save Stw 567) and A. anamensis (KP 29285). Stw 567 is from Sterkfontein Member 5
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and considered to be HOomo by some authors (Kuman and Clarke, 2000; Curnoe et al. 2007). WT
15000 has an intermediate position. PC 2 separates Stw 567 at one extreme and Stw 181 at the
other. PC 1 is driven by the length of the anterior margin of the distal articular surface. In
Gorilla there is a long anterior border leading into the medial malleolus and that border gets
shorter towards the positive values on the graph. PC 2 is driven by the overall shape of the distal
articular surface with Pongo and Stw 181 having a more rectangular surface and Stw 567 having

the most square shaped surface.
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Fig. 4.68 PCA for the fossils plus means for the extant species for the distal tibia, landmarks 10-18. Homo is
represented a blue open square, Pongo by a green X, Gorilla by a red cross, and Pan by a purple square. The fossils
are represented by black circles and are labeled in the graph. The lines represent a minimum spanning tree plotted
on top of the principal components graph. PC1 accounts for 36%, of the total variance and PC2 accounts for 25% of
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Lastly, a neighbor-joining tree was generated for the same values as the previous analysis
(fig. 4.69). Stw 181 is the outgroup to all of the other fossils with a bootstrap value of 100,
underscoring the fact that it has a slightly different, more Pongo-like morphology. The cluster of

OH 35, Stw 567 and ER 1500 from the PCA is also reproduced with a relatively high bootstrap
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value of 86. The group of A. anamensis, A. africanus and A. afarensis is also partially recovered

but with low bootstrap values and with AL 288 as an outgroup to it.
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Fig 4.69 Neighbor joining tree for the distal tibia, landmarks 10-18. This tree is based on procrustes chord distances
and was rooted with Pongo as the outgroup. Bootstrap values are after 1000 replicates.

Distal Tibia Discussion and Analysis

The major features that separate Homo sapiens from the extant apes for the tibia are the
orientation of the distal articular surface perpendicularly to the long axis of the bone and the
degree of lateral torsion in the distal surface in comparison to the proximal surface (Harrison,
1989; Rose, 1993; McHenry, 1994b; DeSilva, 2009). Because this landmark set only captured
the distal articular surface without reference to the proximal surface or diaphysis, these features
have been lost. Some authors have suggested that there is a posterior tilt to the distal articular

surface in apes as compared to Homo sapiens, but that has been found to be inconsistent within
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modern human populations (Latimer et al., 1987). Thus, there is very little in this data set to
separate the extant genera, and only a few inferences can be made about the fossils within this
framework.

In general, most of the fossils follow a more human-like pattern with a shorter
mediolateral border on the anterior aspect of the distal articular surface and would probably have
been most functionally similar to Homo. These findings mirror those of DeSilva (2009) who
also found the fossils to be mostly Homo-like in their form. He argued that the morphology of
the distal tibia in early hominins would preclude the ability to engage in vertical climbing safely
as it would have been impossible for them to strongly dorsiflex their feet.

Within the fossils, there does seem to be a morphological difference between A.
anamensis, A. afarensis and A. africanus as one group and P. boisei, H. habilis and H. erectus as
a second group. These two groups are separated based on the anterior-posterior width of the
articular surface and the length of the anterior border of the articular surface; the differences
between these groups seem to be broadly correlated with the relative age of the fossils (see
Chapter 2, table 2.2). Whether these changes would translate into functional differences is
unclear, as in the overall analysis they all are most similar to modern Homo (fig. 4.68).

The only possible functional exception to this is Stw 181, the somewhat Pongo-like distal
tibia from Sterkfontein. It occupies a more unique position in most of the previous analyses and
shares an especially narrow distal articular surface with Pongo. Orangutans have a highly
flexible foot and ankle (Morbeck and Zilhman, 1988) and it is possible that this morphology is

an indicator that the ankle of Stw 181 was equally mobile.
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Conclusions
In the introduction to this chapter, three research questions were posed. The discussions

and analyses here represent a major step in answering these questions.

¢ Do different Plio-Pleistocene hominins have distinct morphological patterns for various

limb lower limb segments?

As a whole for the hindlimb, the fossil hominins are a fairly heterogenous group. If they
were all perfectly human-like bipeds (as suggested by Lovejoy, 1988 et seq.), then they should
all have been most similar in shape to modern humans regardless of how the data were
segmented. This was not the case; for both the proximal and distal femur, the variation present
in the fossil group exceeded that of the exant groups. In the proximal femur there were three
clear patterns of variation: one that was human-like, one that was ape like and one that was a
mosaic of human and ape-like traits. The sample of A. afarensis was particularly heterogenous,
and the large procrustes distances between AL 333-3 and AL 333-123 and the rest of the fossils
exceeded the variation in most extant groups, lending support to the idea that there could be
multiple taxa represented in the A. afarensis hypodigm. For the distal femur, there were also
three morphological patterns (human-like, ape-like and intermediate), and a greater number of
fossils were more ally similar to the apes than for the proximal femur.

The data for the femur were generally more conclusive than those for the tibia. However,
in the distal tibia there was evidence of a variable pattern of morphology particularly in regards
to the Pongo-like features of Stw 181. This could potentially be a different taxon from the rest

of the distal tibiae from Sterkfontein that differs in shape, but not in size from the rest of the
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sample. While the rest of the fossils were broadly Homo-like, there did seem to be a difference

in the morphological patterning of the earlier fossil hominins versus the later ones.

e Do the changes in each of these joints follow a linear progression?

For most of the segments, there is no clear linear pattern of change from an ape-like form
to a human-like form. For each segment (proximal femur, greater trochanter, distal femur,
proximal tibia and distal tibia), the ages of the fossils were plotted against their Procrustes
distances from the human centroid (after McHenry and Brown, 2008; figs. 4.70-4.72). While
these graphs don’t show the direction of change, they do give a rough estimate of how different
each of the fossils is from modern humans. The distal tibia is the only segment where there is a
clear linear pattern of change (fig 4.70, bottom). For this segment, the oldest fossil in the
analysis (KP 29285, A. anamensis) has the largest procrustes distance from the human centroid
and the youngest fossils (either ER 1481 or WT 15000, H. erectus) have the smallest procrustes
distances.

For the proximal femur, and particularly for the greater trochanter, there is almost a linear
pattern of change (fig. 4.71). If AL 333-3 were the sole A. afarensis in the analysis, there would
be a relationship between trochanter shape and the age of the fossil. The rest of the A. afarensis
sample is far more human-like than would be expected for a group of fossils of that antiquity,
particularly MAK-VP-1/1 which has one of the smallest procrustes distances in the analysis.
Although, on the other hand if AL 333-3 and Stw 99 were removed, there would be no linear
transformation at all and individuals the occurring earliest in time would have proximal femora

as human-like as those that occur later in time.
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There is no strong relationship between age of a fossil and procrustes distance for the
proximal tibia (fig. 4.70, top) and the distal femur (fig. 4.72). Perhaps this indicates that there are
more ways to modify a knee joint and have it be functionally stable than a hip or an ankle joint.
This could be because the knee joint has more soft tissue components that influence its stability

than the hip or the ankle (Moore and Dalley, 1999).
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e For individuals that are either associated or have secure taxonomic attributions, is the

taxonomic and functional signal the same across all segments, or is the pattern mosaic?

The pattern seen in the hindlimb does seem to be a mosaic. The individuals from Hadar,
for example, have very human-like proximal femora (with the major exception of AL 333-3)
combined with much more ape-like distal femora and ape-like hip/knee covariance. On the other

hand, fossils such as ER 1481 and WT 15000 appeared quite human- like regardless of which
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limb segment was sampled. The position of ER 1472 is particularly enigmatic in that it has a
mostly human-like proximal femur but a somewhat intermediately shaped distal femur, and its
hip/knee covariance is like either a human or an ape, depending on whether the full proximal
femur or just the greater trochanter was sampled. Thus, the overall pattern for the hindlimb is

not one of simple obligate bipedalism for all of the fossils but one of variation.
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CHAPTER 5: COVARIATION IN THE FORE- AND HINDLIMB

This chapter seeks to examine the postcranium as an integrative unit in a way that
sidesteps the necessity of estimating limb proportions. Instead of using indices such as limb or
joint proportions, shape covariation is used to answer questions about the way that multiple
bones of the postcranium could function as a unit and to address questions about potential
morphological shape integration.

This chapter will answer three broad research questions:

o [s there substantial shape integration between fore- and hindlimb serial homologues?

e Are all skeletal segments developmentally integrated equally? In other words, are some
units (e.g., the proximal femur and proximal humerus) more or less integrated than other
units?

e Does the pattern of fore- and hindlimb covariance differ among associated skeletons of

earlier hominins and is it limited by developmental integration?

Hominin Body Proportions

The most common way to examine the postcranium as a complex is to use body
proportions. Numerous studies have been done on the partially complete skeletons of fossil
hominins to quantify fore- to hind- limb length and joint proportions. Limb proportions are an
important tool in determining possible locomotor repertoires in the fossil record as they are
tightly correlated with positional behavior. Species that practice more suspensory, upper-limb
dominated modes of locomotion tend to have longer forelimbs (both segment and total length)

than hindlimbs. Species that practice hindlimb dominated locomotor patterns, such as vertical
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clinging and leaping or bipedalism have longer hindlimbs in proportion to the forelimb. All of
the extant apes have high intermembral indices with Pongo and Hylobates achieving the greatest
forelimb to hindlimb lengths, whereas modern Homo sapiens has a quite low intermembral index
reflecting the lengthening of the hindlimb as an adaptation to obligate bipedalism (Jungers, 1985;
Fleagle, 1999).

Studies of fossil limb and joint proportions in the Plio-Pleistocene record have for the
most part yielded contradictory results. Analyses on the two most complete specimens from the
time period — AL 288 and WT 15000 — have yielded consistent results. AL 288 is said to have
proportions which are intermediate between modern Homo sapiens and Pan (Jungers, 1982),
whereas WT 15000 has proportions more like modern Homo sapiens, specifically tropically
adapted populations (Ruff and Walker, 1993). Other less complete fossil skeletons such as OH
62, BOU-VP-12/1 and ER 3735 have also been used to estimate limb, joint and limb segment
proportions with less consistent results.

OH 62 has been suggested to have more chimpanzee-like humerofemoral proportions
than A. afarensis (Johanson et al 1987; Hartwig-Sherer and Martin, 1991), although that has
been questioned (Korey, 1990; Asfaw et al. 1999). Korey argued that the error involved in
estimating the humerus length for OH 62 precludes the ability to accurately measure
humerofemoral proportions. Eckhardt (2000) claimed that the differences in the limb lengths
between OH 62 and AL 288 could be encompassed by the variation present within a single
modern human population, although Richmond et al. (2002) disagreed and found that the
differences between OH 62 and AL 288 could not comfortably be found within modern extant
ape variation; however, that result could change depending on the way that humeral and femoral

lengths were estimated.

280



The BOU-VP-12/1 specimen has been reconstructed to have a humerofemoral index most
like modern Homo sapiens, but an ape-like brachial index (Asfaw et al. 1999; DeGusta, 2004).
Richmond et al. (2002) supported these conclusions and found that the differences between the
humerofemoral index of BOU-VP-12/1 and ER 15000 were easily encompassed by the natural
variation in extant populations, but that the brachial index more closely resembled that of Pongo.
However, the margin of error in estimating the limb proportions of both this skeleton and OH 62
are high. Slight changes in the limb reconstruction could change the results of these limb
proportion analyses substantially (Reno et al., 2005).

More recently, KNM-ER 3735 was used to estimate body proportions. Hauesler and
McHenry (2007) admitted freely that this skeleton is too fragmentary to actually reconstruct limb
proportions; instead, these authors took various measurements all over the postcranium,
computed ratios and compared the differences between ER 3735 and AL 288 to differences
between pairs of extant specimens. These authored concluded that ER 3735 had a mosaic of
traits in the postcraium, some ape-like and some human-like.

Studies that have attempted to quantify limb proportions in Australopithecus africanus
are on even shakier ground. Researchers have tried to show that the joint proportions in
Australopithecus afarensis are more human-like than those of Australopithecus africanus.
However, there are no skeletons of A. africanus with both the fore- and the hind- limb to analyze.
Analyses using Stw 431 require the least amount of extrapolation as it has a nearly complete
forelimb. Stw 431 is said to have larger upper limb arm joints in comparison to lower limb arm
joints, making it more ape-like than AL 288 (McHenry and Berger, 1998; Green et al. 2007),

although these results have been questioned (Dobson, 2005). Stw 573 has a complete fore- and
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hind- limb, although it has yet to be described (Clark, 1998; Partridge et al. 1999). That fossil
promises to yield more concrete data considering the limb proportions of A. africanus.

Instead of using limb proportions, Ruff (2008, 2009) used limb strength proportions to
examine the postcranium as an integrative unit. He found that OH 62 had humeral/femoral
strength proportions that are most similar to modern chimpanzees, indicating that OH 62 had
greater upper limb strength and was perhaps subjected to greater mechanical loads on the arms.
This indicated that H. habilis (sensu stricto) would have had a strong arboreal component to its
locomotor behavior. On the other hand, WT 15000 and ER 1808 have femoral/humeral strength
proportions most similar to modern H. sapiens, including sex based differences if ER 1808 is

assumed to be female.

Limb Development

Another way to examine patterns of postcranial variation is through the lens of
morphological integration and pattern of fore-/hindlimb covariation. The forelimb and hindlimb
are serially homologous structures. Because of their common evolutionary history, quantitative
genetic theory posits that the size and shape of the fore- and hindlimb should evolve in tandem as
they rely upon the same genes and signaling cascades during development (Wagner and
Altenberg, 1996). Among primates, humans particularly seem to challenge this idea as our
hindlimb is elongated in comparison to our forelimb and our hands and feet have divergent
functional roles (Young et al., 2010).

The upper and lower limbs are both derived from lateral mesoderm of the developing
embryo. The upper and lower limb buds appear during the fourth week of gestation with the
upper limb buds appearing one or two days in advance of the lower limb buds. They are

composed of mesenchyme, covered by ectoderm (O’Rahilly and Gardner, 1975). The apical
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ectodermal ridge (AER) is a thick band of ectoderm at the end of each limb bud that promotes
outgrowth of the limb buds and influences the development of the proximodistal limb dimension
by keeping the distal-most cells in an undefined and proliferating state. This mechanism is
driven by the fibroblast growth factor (Fgf) family of genes, particularly Fgf4 and Fgf8. Once
the cells are defined, the HOXA family of genes defines the particular features of the stylopod
(most proximal), and zeugopod (mid-limb) (Zeller et al. 2009).

During the fifth week of development, chondrification centers appear and an entire
cartilaginous skeleton is produced by the end of the sixth week (Moore and Persaud, 1998).
Chondrocyte differentiation is driven by the S0x9 gene and mediated by ectodermal WNT
molecules which regulate cell to cell signaling (Zeller et al. 2009). Osteogensis begins during the
seventh week from the primary centers of ossification and continues for the remainder of
embryologic and fetal development (Moore and Persaud, 1998).

Hands and foot plates also appear by the sixth week and digits appear by the end of the
eighth week. The hand and foot make up the autopod and the formation of digits is driven by
signaling cascades that define the anterior-posterior axis of the limb. HoxD genes influence the
secretion of the Sonic Hedgehog (shh) morphogen from the Zone of Polarizing Activity (ZPA),
located posterior to the AER. The spatial and temporal gradient in the expression of shh leads to
the differentiation between the anterior and posterior surfaces of the limb, with the posterior
digits (part of 3, 4 and 5) deriving from cells with the highest and most prolonged exposure to
shh (Zeller et al. 2009).

The previously mentioned HoxA and HoxD genes families affect both the fore- and

hindlimb buds in the formation of the limb compartments (Shubin et al. 1997).
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However, there are additional T-box gene families that are expressed differentially in the fore-
and hindlimbs after bud formation and thus could be responsible for fore- and hindlimb
differentiation. Mutations in the Tx4 and Tx5 genes have led to developmental abnormalities in
the musculoskeletal system of the fore- and hindlimb respectively (Hasson et al. 2010).

There have been only a few studies that have examined covariation in serially
homologous structures in adult primates. Rolian et al. (2009) compared the length and shape of
manual and pedal phalanges in hominoids and found that they covaried strongly. These authors
have suggested that manual phalanx morphology is a by-product of strong selection on the pedal
morphology for efficient bipedality and not necessarily from selection for manual dexterity.
Young et al. (2010) tested covariance in length in serially homologous (stylopod, zeugopod and
autopod) modules in humans, great apes and some Old World monkeys. These authors found
that fore- and hindlimb integration was more relaxed in apes than in quadrupedal monkeys due to

the difference in functional roles of the fore- and hindlimb.

Materials and Methods

Table 5.1 List of fossil individuals and elements The full extant sample as described in

used
Chapter 2 was utilized for these analyses, as well as

Accession # Taxon Elements
AL 288 A. afarensis  Humerus the fossils listed in Table 5.1. ER 1503 and ER

Ulna

Femur 1504 bined hers beli
AL 129 A afarensis  Femur were combined as some researchers believe
ER 1500 P. boisei Ulna ) o

Femur these represent a single individual (McHenry,
ER 1503/1504 Humerus

_ Femur 1978). The distal femur of AL 129 was analyzed

Omo (Kibish) 1 H. sapiens Humerus

Ul . .

Fenmaur with the forelimb elements of AL 288 as they are
WT 15000 H. erectus Humerus

Ulna both from the same taxon (Johansen et al. 1978)

Femur
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and are of a similar size (see Chapter 4). Previous studies have noted that covariation in
elements of two different individuals within a single species do not differ greatly from matched
elements (Harcourt-Smith et al., 2008). Each postcranial landmark configuration was analyzed
as a whole as well as subdivided into proximal and distal subsets. All of these data were
subjected to a generalized procrustes analysis and used in multivariate analyses.

In order to assess the degree of morphological shape integration present in this data set,
two-block partial least squares analyses were conducted using MorphoJ v. 1.02 (Klingenberg,
2008). 2B-PLS is a way of assessing the covariance between two independent sets of data
(Rohlf and Corti, 2000) and has been used successfully to look for covariance between shape
data and geographical coordinates (Frost et al., 2003) as well as patterns of covariance between
dorsal and ventral views of mouse skulls (Corti and Fadda, 1996) and hominoid distal tibial and
proximal astraglar articulations (Harcourt-Smith et al., 2008). Computing a 2B-PLS of all extant
hominoids emphasizes species-specific differences in order to make inferences about patterns of
covariance among hominoids. Performing the same computations on adult, single-species
samples can answer questions of developmental integration. The pattern of covariance among
different species is different from developmental integration in that it takes into account both
integrative developmental pathways and possible past selective events in each lineage
(Mitteroecker and Bookstein, 2008). Multiple traits that are not developmentally integrated
could be selected for together if they are part of a common functional complex (Cheverud,
1996).

Within each hominoid species, 2B-PLS analyses were run between all possible pairs of
fore- and hindlimb segments and the degree of covariation on the first principal axes was

recorded, as well as the RV coefficient. The RV coefficient is analogous to the Pearson’s
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correlation coefficient, but for high-dimensional data sets, and it can be interpreted in the same
was as any coefficient of correlation (Escoufier, 1973). The degree of covaration should be
stronger and the RV coefficients should be higher in developmental homologues than in those
that are non-homologous if the shapes are strongly integrated.

Additionally, 2B-PLS analyses including the fossils and all extant individuals were run to
examine patterns of evolutionary integration in the modern and fossil taxa. In some cases,
landmark sets were further decimated to allow for the inclusion of the maximal number of
fossils; this is noted throughout the text. These graphs were compared to principal components
analyses of the individual segments in order to assess whether testing for patterns of covariance

yields different interpretations of the data.
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Data Analysis
Results: Developmental Integration

Two-block partial least squares analyses were run for all possible pairs of fore- and
hindlimbs and the RV coefficients and percent covariance along the first axis were extracted, the
results of which are presented in table 5.2. Permutation tests of ten thousand replicates were
performed to test that the correlations between the blocks was greater than what would be
expected in a random sample; in all pairs, all axes and the RV coefficients were significantly
different from the null hypothesis. T-tests were performed to assess whether the serially
homologous pairs were significantly different from the non-serially homogolous pairings. The
only significant difference was between the humerus/femur and the humerus/tibia where the RV

values were significantly greater in the serially homologous pairs (p=0.045).

Table 5.2 Percent covariance (%cov) and correlation (corr) of first common axes and RV coefficients in
2B-PLS analysis between Procrustes aligned shape data for serially and non-serially homologous bones.
The non-homologous pairings are shaded gray.

HUM/FEM RAD/TIB HUM/TIB RAD/FEM
%cov [ corr| RV | %cov |corr | RV | %cov | corr | RV | %cov | corr | RV
(ggrr;llll: 474 1080|043 | 495 |072|026| 520 |0.72] 032 | 432 |0.73 | 031
Homo 664 | 087|048 | 612 [070]032] 573 |084 | 036 | 84.1 | 0.74 | 0.37
sapiens
Pongo
405 10771055 | 515 | 079|044 | 256 | 0.77] 037 | 496 |091 | 0.56
pygmaeus
Pan 517 081|034 | 393 |062]023| 595 |0.76| 032 | 346 |064 |0.24
troglodytes
Pan 396 082|057 | 364 |070]039| 297 [072 | 043 | 426 |0.79 | 0.48
paniscus

A Generalized Procrustes Analysis of an entire long bone tends to emphasize length and
width dimensions and orientation of the proximal and distal ends with respect to each other over
the details of shape (see Chapters 3, 4, and 5 for wireframe transformations that illustrate this).

Thus, the previous analysis contained information about both shape and length which would
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impact these results. It is expected that the length/width dimensions of serially homologous
elements should be integrated due to both using the same regulatory pathways (Shubin et al.,
1997; Zeller et al., 2010).

The data were further segmented into proximal and distal portions and a similar set of
analyses were run in order to specifically assess shape integration. By analyzing the proximal
and distal portions separately, we remove all length information as well as information about
orientation, and shape is prioritized. The data for Pongo and Pan paniscus are not presented as
all of the results were not significantly different from two independent data sets when tested by a
permutation test of ten thousand replicates. This is likely because the number of variables was
greater than the number of individuals in the sample (Rohlf and Corti, 2000). The covariance
between the serially homologous pairs was so low that no non-serially homologous pairs were

tested. The results of these analyses are presented in table 5.3.

Table 5.3 Percent covariance (%cov) and correlation (corr) on the first common axis and RV coefficients in
2B-PLS analysis between Procrustes aligned shape data for serially and non-serially homologous proximal
and distal bone segments.

Prox Hum/Prox Fem | Dist Hum/Dist Fem | Prox Rad/Prox Tib Dist Rad/Dist Tib

%cov | corr RV %cov | corr | RV %cov | corr | RV %cov | corr | RV
ggrri'l'l': 614 |065] 022 | 604 | 075|022 | 457 |042]011| 663 |0.73 031
Homo o e 1053 018 | 496 | 060 | 0.18 | 344 [064]022] 370 | 052 0.19
sapiens
Pan 452 1064 | 017 | 547 | 066|017 | 399 |048|011| 264 |055]|0.15
wroglodytes 432 | © . . . . . . . . . .

Considering both of these analyses, there is little support for the idea that there is strong
shape integration in the stylopod and zeugopod in large hominoids. For the full stylopod, the RV
coefficients were significantly higher than in the non-serially homologous pairings, but

considering the results of the segmented bone analysis, integration is more likely to due to
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length, robusticity and orientation of the proximal and distal ends with regard to each other than

to shape.

Results: Interspecific Patterns of Covariance

As there is no strong evidence that serially homologous pairs are phenotypically

constrained by developmental genes (i.€., if postcranial shape were strongly developmentally

integrated, natural selection could only select for genes that would not have a deleterious effect

on the serially homologous element), all pairs of postcranial segments were tested in order to

examine covariance of fore- and hindlimb elements. This has the added benefit of allowing for a

greater number of fossil pairings to be analyzed.

The results of pairwise comparisons of the humerus, radius, ulna, femur and tibia using

2B-PLS are presented in table 5.4. The percent covariance along the first common axis and the

RV coefficients were significantly higher in the multiple species analyses than within a single
species indicating that for postcranial shape, evolutionary integration is stronger than

developmental integration. There is no statistically significant difference between the

homologous and non-homologous pairings.

Table 5.4 Percent covariance (%cov) and correlation (corr)
along the first common axis and RV coefficients for pairs of
fore-/hindlimb elements. In all cases, the %cov and RV were
higher in the mixed species analysis. Non-serially homologous

pairs are shaded grey.

% cov corr RV
Full Humerus/Full Femur 89.366 0.85 0.5545
Full Radius/Full Tibia 96.517 0.78 0.5524
Full Humerus/Full Tibia 91.423 0.85 0.5234
Full Radius/Full Femur 93.771 0.80 0.5618
Full Ulna/Full Femur 90.521 0.88 0.6398
Full Ulna/Full Tibia 94.832 0.85 0.6152
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Finally, 2B-PLS analyses for all possible pairs of fore- and hindlimb segments —
including fossil individuals that preserved the relevant portions - were completed, the results of
which are presented in table 5.5. Overall, the RV coefficients were much lower than for the full
landmark set, indicating that length/breadth and proximodistal orientation of the articular
surfaces are more integrated than shape of the articular surfaces. All pairings were significantly
different from the null hypothesis of independence in permutation tests. There were four pairings
with relatively high RV scores: proximal ulna/proximal femur; proximal ulna/distal femur; distal
humerus/proximal femur; and distal humerus/distal femur. In analyses presented in chapters 3
and 4 the proximal ulna, distal humerus and femur were the best at discriminating between taxa,
so this result is not surprising. 2B-PLS graphs were generated for these four pairings and are

presented in figures 5.2 —5.7.

Table 5.5 Percent covariance (% cov) and correlation (corr) along the first and second
common axes and RV coefficients for pairs of fore-/hindlimb segments. Bolded entries
indicate comparatively high RV values.

%covl %cov2 corrl corr 2 RV
Prox Ulna/Prox Femur 67.472 28.709 0.81 0.80 0.5183
Prox Ulna/Dist Femur 83.066 10.235 0.82 0.63 0.4842
Prox Ulna/Prox Tibia 58.133 19.348 0.67 0.49 0.1645
Prox Ulna/Dist Tibia 68.797 17.944 0.77 0.56 0.304
Dist Radius/Prox Femur 74.627 20.603 0.78 0.53 0.3336
Dist Radius/Dist Femur 81.473 10.588 0.82 0.48 0.3118
Dist Radius/Prox Tibia 49.34 21.613 0.65 0.40 0.126
Dist Radius/Dist Tibia 43.259 27.763 0.63 0.56 0.209
Prox Radius/ Prox Femur 88.119 7.522 0.60 0.34 0.1983
Prox Radius/Dist Femur 89.63 3.623 0.62 0.31 0.2071
Prox Radius/Prox Tibia 57.497 16.478 0.50 0.30 0.0728
Prox Radius/Dist Tibia 57.143 15.199 0.48 0.37 0.0802

Dist Humerus/Prox Femur 66.561 26.903 0.81 0.78 0.5293
Dist Humerus/Dist Femur 81.521 9.919 0.85 0.62 0.4932

Dist Humerus/Prox Tibia 50.344 20.674 0.68 0.56 0.1653
Dist Humerus/Dist Tibia 61.952 15.33 0.75 0.56 0.2815
Prox Humerus/Prox Femur 69.713 24.187 0.66 0.54 0.2344
Prox Humerus/Dist Femur 61.952 15.338 0.68 0.52 0.2815
Prox Humerss/Prox Tibia 39.242 29.694 0.46 0.45 0.088
Prox Humerus/Dist Tibia 56.474 23.257 0.55 0.50 0.1487

290



For the distal humerus and proximal femur, there was strong covariance between the first
axis of each dataset (fig. 5.1). AL 288 and ER 1503/1504 are both Homo-like in their pattern of
covariance in both the proximal femur and distal humerus. WT 15000 seems to have a unique
pattern of covariance with a human-like femur and a slightly more ape-like humerus (figs. 5.2
and 5.3). However, WT 15000 is very close to 95% equal frequency ellipse for modern humans;
in addition, this specimen is both a juvenile and pathological. The first humeral axis is driven
by the height of the lateral epicondyle with Homo having it more distally flexed and the apes
having it more proximally flexed. It is also driven by the shape of the trochlea, particularly the
proximal-anterior margin. In Homo, that margin is straight, while in apes it has a “V” shape.
Additionally, Homo has a less symmetrical trochlea than do the apes (fig. 5.4). The first femoral
axis is largely driven by the lateral extension of the greater trochanter and the height of the
femoral head with Homo having laterally projecting trochanters and more proximally oriented

femoral heads in comparison to the apes (fig. 5.5).
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Fig. 5.1 2B-PLS plots of the first common factor for the Procrustes aligned coordinates for all pairwise fore-
/hindlimb analyses using the full distal humerus and full proximal femur. Gorilla is represented by red crosses, Pan
troglodytes by purple squares, Pongo by green Xes and Homo by blue open squares. Fossils are represented by
black circles and grey triangles. The % covariance on the first common axis and the RV coefficients are presented
in table 5.5.
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Fig. 5.2 Singular value decomposition of the first two proximal femoral axes based on a cross covariance matrix of
data for the distal humerus and proximal femur as part of a partial least squares analysis. Homo is represented by
blue open squares, Pan by purple squares, Gorilla by red crosses and Pongo by green Xes. Fossils are in black and
labeled in the graph. The closed curves represent 95% equal frequency ellipses.
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Fig. 5.3 Singular value decomposition of the first two distal humerus axes based on a cross covariance matrix of
data for the distal humerus and proximal femur as part of a partial least squares analysis. Homo is represented by
blue open squares, Pan by purple squares, Gorilla by red crosses and Pongo by green Xes. Fossils are in black and
labeled in the graph. The closed curves represent 95% equal frequency ellipses.
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Humans 7 Apes

Fig. 5.4 Wireframe transformation between humans and the great apes along the first humeral axis for the 2B-PLS
analysis of the distal humerus and proximal femur. Wireframes are in an anterior view.
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Fig. 5.5 Wireframe transformation between humans and the great apes along the first femoral axis for the 2B-PLS
analysis of the distal humerus and proximal femur. Wireframes are in a posterior view.

There is excellent covariance for the distal humerus and the distal femur (fig. 5.6). Omo
(Kibish) 1 has a pattern for forelimb/hindlimb covariance most similar to modern Homo sapiens
whereas the other two fossils have a unique pattern of covariance. A. afarensis (represented by a
composite AL 288 and AL 129) has a human-like humerus combined with a more ape-like distal

femur while WT 15000 has a human-like distal femur combined with a more ape-like distal
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humerus. Again, the fact that WT 15000 is a juvenile and has evidence of pathology cannot be
discounted (figs. 5.7 — 5.8). The first humeral axis is driven by the position of both the medial
and lateral epicondyles, which are relatively low in humans as opposed to the apes, as well as the
proximal-anterior border and shape of the trochlea. In humans, the proximal-anterior border is
straight and the medial corner projects somewhat anteriorly; the trochlea as a whole is less
symmetrical than those of the apes (fig. 5.9). The first femoral axis is driven solely by the

asymmetry of the patellar articular surface in Homo sapiens (fig. 5.10).
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Fig. 5.6 2B-PLS plots of the first common factor for the Procrustes aligned coordinates for all pairwise fore-
/hindlimb analyses using the full distal humerus and full distal femur. Gorilla is represented by red crosses, Pan
troglodytes by purple squares, Pongo by green Xes and Homo by blue open squares. Fossils are represented by
black circles. The % covariance on the first common axis and the RV coefficients are presented in table 5.5. The
second and third common axes failed to separate any extant taxa.
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Fig. 5.7 Singular value decomposition of the first two distal humerus axes based on a cross covariance matrix of
data for the distal humerus and distal femur as part of a partial least squares analysis. Homo is represented by blue
open squares, Pan by purple squares, Gorilla by red crosses and Pongo by green Xes. Fossils are in black and
labeled in the graph. The closed curves represent 95% equal frequency ellipses.
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Fig. 5.8. Singular value decomposition of the first two distal femoral axes based on a cross covariance matrix of data
for the distal humerus and distal femur as part of a partial least squares analysis. Homo is represented by blue open
squares, Pan by purple squares, Gorilla by red crosses and Pongo by green Xes. Fossils are in black and labeled in
the graph. The closed curves represent 95% equal frequency ellipses.
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Apes Humans

Fig. 5.9 Wireframe transformation between humans and the great apes along the humeral axis for the 2B-PLS
analysis of the full landmark set for the distal humerus and distal femur. Wireframes are in an anterior view.

Apes Humans

Fig. 5.10 Wireframe transformation between humans and the great apes along the femoral axis for the 2B-PLS
analysis of the full landmark set for the distal humerus and distal femur. Wireframes are in an anterior view.

The proximal ulna was compared to the proximal femur. Once again, there was excellent
covariance between the two elements (fig. 5.11). WT 15000 and AL 288 both have a modern
human pattern of covariance for both the proximal ulna and proximal femur (figs. 5.12 and 5.13).
The first ulnar axis was driven by the shape of the olecranon process and the depth and keeling
of the trochlear notch. Modern humans have a relatively flat and shallow notch in comparison to
the apes and an olecranon process that is smaller and does not have a strong posterior projection
(fig. 5.14). The first femoral axis is driven by the low, laterally projecting greater trochanter in

modern humans as opposed to the higher, less projecting trochanter of the apes. In addition, the
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length of the femoral neck also seems to be contributing to this axis with modern humans having

a longer neck than the apes (fig. 5. 15).
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Fig. 5.11 2B-PLS plots of the first common factor for the Procrustes aligned coordinates for all pairwise fore-
/hindlimb analyses using the full proximal ulna and full proximal femur. Gorilla is represented by red crosses, Pan
troglodytes by purple squares, Pongo by green Xes and Homo by blue open squares. Fossils are represented by
black circles. The % covariance on the first common axis and the RV coefficients are presented in table 5.5. The
second and third common axes failed to separate any extant taxa.
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Fig. 5.12. Singular value decomposition of the first proximal ulnar axes based on a cross covariance matrix of data
for the proximal ulna and proximal femur as part of a partial least squares analysis. Homo is represented by blue
open squares, Pan by purple squares, Gorilla by red crosses and Pongo by green Xes. Fossils are in black and
labeled in the graph. The closed curves represent 95% equal frequency ellipses.
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Fig. 5.13. Singular value decomposition of the first proximal femoral axes based on a cross covariance matrix of
data for the proximal ulna and proximal femur as part of a partial least squares analysis. Homo is represented by

blue open squares, Pan by purple squares, Gorilla by red crosses and Pongo by green Xes. Fossils are in black and
labeled in the graph. The closed curves represent 95% equal frequency ellipses.

303



& Humans Apes

Fig. 5.14 Wireframe transformation between humans and the great apes along the ulnar axis for the 2B-PLS analysis
of the full landmark set for the proximal ulna and proximal femur. Wireframes are in an anterior view.

14
Humans Apes

Fig. 5.15 Wireframe transformation between humans and the great apes along the femoral axis for the 2B-PLS
analysis of the full landmark set for the proximal ulna and proximal femur. Wireframes are in an posterior view.

Finally, the proximal ulna and distal femur also covaried strongly along the first axis (fig.

5.16). In this analysis, WT 150000 has a pattern of covariance that most closely resembles that
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of modern humans. Omo (Kibish) 1 also has a pattern that is similar to modern humans,
although it falls outside the range of all extant taxa for the ulna. This may be an effect of
allometry as Omo (Kibish) 1 has a centroid size that is most similar to extant male Gorilla. ER
1500 and AL 288/129 both have a unique pattern of covariation with a more human-like
proximal ulna and an ape-like distal femur (figs. 5.17 and 5.18). The first ulnar axis was driven
by the shape of the olecranon process and the depth and keeling of the trochlear notch. Modern
humans have a relatively flat and shallow notch in comparison to the apes and an olecranon
process that is smaller and does not have a strong posterior projection (fig. 5.19). The first
femoral axis is driven by the asymmetry in the patellar articular surface with humans being very
asymmetrical and apes being more symmetrical. Additionally, there is a tighter angle between

the patellar and distal articular surfaces in the modern humans than in the other apes (fig. 5.20).
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Fig. 5.16 2B-PLS plots of the first common factor for the Procrustes aligned coordinates for all pairwise fore-
/hindlimb analyses using the full proximal ulna and full distal femur. Gorilla is represented by red crosses, Pan
troglodytes by purple squares, Pongo by green Xes and Homo by blue open squares. Fossils are represented by
black circles and are labeled in the graph. The % covariance on the first common axis and the RV coefficients are
presented in table 5.5.
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Fig. 5.17 Singular value decomposition of the first distal femoral axes based on a cross covariance matrix of data for
the proximal ulna and distal femur as part of a partial least squares analysis. Homo is represented by blue open
squares, Pan by purple squares, Gorilla by red crosses and Pongo by green Xes. Fossils are in black and labeled in
the graph. The closed curves represent 95% equal frequency ellipses.
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Fig. 5.18 Singular value decomposition of the first proximal ulnar axes based on a cross covariance matrix of data
for the proximal ulna and distal femur as part of a partial least squares analysis. Homo is represented by blue open
squares, Pan by purple squares, Gorilla by red crosses and Pongo by green Xes. Fossils are in black and labeled in
the graph. The closed curves represent 95% equal frequency ellipses.
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Humans Apes

Fig. 5.19 Wireframe transformation between humans and the great apes along the ulnar axis for the 2B-PLS analysis
of the full landmark set for the proximal ulna and distal femur. Wireframes are in a medial view.

Fig. 5.20 Wireframe transformation between humans and the great apes along the femoral axis for the 2B-PLS
analysis of the full landmark set for the proximal ulna and distal femur. Wireframes are in a posterior view.

In summary, for all of the full segment pairings, there is a clear difference in the pattern
of covariation for Homo and that of the other large bodied hominoids. WT 15000 (H. erectus)
was included in all analyses and was consistently human-like in the hindlimb and proximal ulna,

and somewhat ape-like in the distal humerus regardless of the pairing. AL 288 (A. afarensis)
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was also included in all analyses and had a consistently unique pattern of covariation with a
human-like distal humerus, proximal ulna and proximal femur with an ape-like distal humerus.
ER 1500, attributed to Paranthropus boisei (Grausz, 1988) was included only in the analyses
including the proximal ulna and distal femur and it was found to have a human-like proximal
ulna combined with an ape-like distal femur. All of these results largely mirror the findings from
PCAs in previous analyses in this dissertation.

Omo (Kibish) 1 (Homo sapiens; McDougall and Brown, 2008) was excluded from the
analyses using the proximal femur as that region is not preserved in the specimen. In the other
analyses, it largely fell within the 95% confidence interval for modern humans, the exception
being for the proximal ulna where it is unlike any extant taxa. This is likely an artifact of size.
The Omo (Kibish) 1 skeleton was not used in any previous analyses as it is thought to be a
modern Homo sapiens (McDougall and Brown, 2008). Finally, for the single analysis where ER
1503/1504 (Homo sp.) was used, it also had a human-like pattern of covariation. This is
interesting as it is contra the findings in Chapters 3 and 4, where ER 1504 had an ape-like distal

humerus and ER 1503 had an ape-like greater trochanter shape.

Discussion

While there are many genes that operate both in the forelimb and the hindlimb (e.g.
HoxA, HoxD; Wagner and Altenberg, 1996), there are also genes that work to differentiate the
hindlimb from the forelimb. Many researchers believe that the forelimb is the “default” pathway
for limb development (Marcil et al., 2003), and the hindlimb will resemble the forelimb if the

hindlimb specific patterning genes are not activated correctly (Szeto et al. 1999).
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The three genes that affect hindlimb morphogenesis are Thx4, Pitx1 and Pitx2. Thx5 is
an analogous Tbox gene that operates in the forelimb but Thx4 and Tbx5 have been shown to be
mutually exclusive (Logan and Tabin, 1999). Pitx1 and Pitx2 both function upstream of Thx4,
the hindlimb specific t-box gene. Murine and chick models have shown that Pitx1 genes affect
only hindlimb development (Logan and Tabin, 1999; Marcil et al. 2003). In murine models,
when the Pitx1 gene was knocked out, the hindlimb started to resemble the forelimb in terms of
shape, particularly in the zeugopod. They had a stylopod that was considerably shortened, but
which retained its basic shape (Szeto et al., 1999). Pitx1 and Pitx2 knockout mice failed to even
generate a hindlimb bud. In knockout experiments with the Tbx genes using murine models,
Tbx5 -/- resulted in no forelimb buds, whereas Thx4 -/- mice retained their hindlimb buds. Thus,
it has been hypothesized that Pitx1 and Pitx2 function in hindlimb outgrowth, whereas Thx4
functions more for hindlimb shape. On the other hand, in the forelimb Thx5 is necessarily for
basic outgrowth (Marcil et al. 2003; Minguillon et al., 2005).

Considering the number of integrated genes in the hindlimb, we might actually expect
stronger integration within the hindlimb than between the forelimb and hindlimb since Pitx1,
Pitx2 and Thx4 function in the development of the entire limb. A rough analysis with this data
on proximodistal femoral integration yielded higher RV coefficients than fore-/hindlimb pairs for

all taxa, particularly in Homo (table 5.6). Perhaps fore-/hindlimb morpohological evolution is

- not necessarily constrained by their common
Table 5.6 Percent covariance on the first common y y

axis and RV coefficient for the proximal and distal o
femur. developmental pathway, but shape within the

Prox Femur/Distal Femur
hindlimb could be constrained by development.

%cov RV
Gorilla gorilla 42.34% 0.2800
Homo sapiens 73.55% 0.3602 More research would need to be done to
Pan troglodytes  40.70% 0.2011

definitively support this hypothesis.
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Fore- and hindlimb shape are not strongly evolutionarily integrated either, but since there
are different genes that pattern the shape of the hindlimb, it should be possible for selection to act
separately on it. Young et al. (2010) found a similar result when they looked at developmental
integration in catarrhine limb lengths. They found evidence of independent selection in the
limbs with lengthening of the hindlimb being selected for before modifications to the structure of
the forelimb.

As humans became bipedal, selection would have been acting more strongly to modify
hindlimb shape than to modify forelimb shape. In fact, many researchers have noted that the
human forelimb is not far derived from the other large-bodied hominoids, and the changes in the
human forelimb would have been selected for more recently possible maximize forelimb use as
the hands were liberated from locomotor uses (Aiello and Dean, 1990; Rose, 1993; Young et al.
2010). Much of the data presented in chapter three showed a high degree of overlap in the
forelimb shape of the extant taxa, particularly in the proximal humerus, proximal radius and
distal radius.

The forelimb areas that differ most in terms of shape for the extant hominoids are the
proximal ulna and distal humerus (Chapter 3). Those areas, as well as the proximal and distal
femur, had the highest degree of covariance and correlation along the first and second axes. This
could be due to a bias in data collecting. The proximal and distal humerus, the proximal ulna
and the proximal and distal femur are all relatively complex joints with many type II landmarks,
as opposed to the proximal radius and humerus which are relatively simple joints. It is possible
that laser surface scanning would result in better data for examining these joints as it would
capture the shape of the entire surface with millions of triangles (Harcourt-Smith et al., 2008) as

opposed to four to six points. On the other hand, there are many functionally important traits in
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these regions that relate directly to specific shapes (e.g., the orientation of the capitulum in the
humerus for stability in the great apes as opposed to for dexterity in humans or the positioning of
the greater trochanter to maximize the efficiency of the gluteus medius in Homo; see Chapters 3
and 4 for more functional examples; Aiello and Dean, 1990). Perhaps selection is stronger on
these regions because they are more complex and are formed for specific movements.

ER 1503/1504, Omo (Kibish) 1 and WT 15000 all had a basically human pattern for fore-
and hindlimb co-variation. AL 288 was also human-like in all elements in all analyses except for
the distal femur. ER 1500 had a human-like proximal ulna with an ape-like distal femur. Omo
(Kibish) 1 is a modern Homo sapiens (Brown and Fuller, 2008) and WT 15000 is reconstructed
to have modern human limb proportions (Ruff and Walker, 1993); and thus a modern human
pattern of co-variation in the fore- and hindlimb is expected for both of these specimens. The
other three specimens are more interesting to consider.

AL 288 has consistently been found to have more ape-like limb proportions than seen in
later hominins (Jungers, 1982), and ER 1500 and ER 1503/1504 have been reconstructed to have
intermediate body proportions similar to AL 288 (McHenry, 1978; Grausz et al. 1988).
Typically, the more ape-like body proportions of these individuals have been interpreted to mean
that they practiced a less efficient form of bipedal locomotion (Berge, 1994) and (when
interpreted in the light of other characteristics) maintained other adaptations for arboreality
(Stern and Susman, 1983, but see Lovejoy, 1988). The data presented in this chapter (and in
previous chapters in this dissertation) generally support those conclusions. AL 288 had a largely
human-like elbow paired with an ape-like wrist and knee and ER 1500 had a human-like
proximal ulna with an ape-like distal femur. The similarity between the conclusions of limb

proportion studies and conclusions here lend support to the idea that comparison of fore-
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/hindlimb covariance could be used as a tool to bypass the necessity of estimating limb
proportions in considering overall locomotor function.

ER 1503/1504 is of particular interest as in previous analyses (in Chapter 3) it grouped
with the apes for some features of the distal humerus whereas in this analysis, it grouped with
modern humans. The features of the distal humerus that were most important in separating
Homo from Pongo, Pan and Gorilla in principal components analyses were the asymmetrical
trochlea and the more anteriorly oriented capitulum. In the 2B-PLS analysis, the traits in the
distal humerus that covaried most strongly with the proximal femur were height of the medial
and lateral epicondyles, the symmetry of the trochlea and the shape of the anterior-proximal
trochlear border. The forelimb and hindlimb were not found to be developmentally integrated in
shape, so selection would not be constrained by any common developmental pathway.

All of the fossils tended towards having a human-like morphology overall. It is possible
that earlier specimens, particularly the newly published skeleton of Ardipithecus ramidus, would
yield more ape-like results especially if it truly was a more generalized quadruped (Lovejoy et al.
2009). We would expect overall integration to be higher in taxa where the forelimb and the
hindlimbs are used equivalently (Young et al. 2010).

When taken as a whole, these results tentatively indicate that selection towards a human-
like pattern for fore- and hindlimb co-variation (at least for these elements) had already taken
place by the appearance of Australopithecus afarensis, with the distal femur lagging behind the
other elements. This would mean selection away from the forelimb as a supporting limb and a
more flexible, arboreal hindlimb towards a more stable hindlimb and a forelimb liberated from
the constraints of locomotion. However, considering the proximodistal co-variation in the

femur, this does not indicate that (contra Lovejoy, 1988) these individuals were all perfect,
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human-like bipeds; just that the overall pattern of covariance was generally more human-like

than ape-like when taken as a whole.

Conclusions

In summary, while there is very little evidence for developmental shape integration in the
fore- and hindlimb, there is more evidence for shape covariation in mixed species samples of
fore- and hindlimb elements. The lack of developmental integration could be the result of
selection on the genes that specifically act to pattern hindlimb shape, like Pitx1, Pitx2 and Thx4,
and it is possible that there is more developmental integration within the hindlimb than between
the fore- and hindlimb. The more complex joints had a higher degree of covariation mixed
species samples than the less complex joints, which could be an artifact of the way that the data
were collected, but could also reflect real functional changes in these anatomical regions.
Finally, the fossils all had patterns of co-variation that most closely matched Homo, tentatively
indicating that by the appearance of Australopithecus afarensis, a more modern human-like

division of use could already have been in place for the fore- and hindlimb.
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CHAPTER 6: CONCLUSIONS

The data and analyses presented in chapters 3, 4 and 5 were aimed towards answering the
three broad research goals stated in the introductory chapter. This chapter revisits the initial
research questions and represents a synthesis of the information from the forelimb, the hindlimb,

and covariation chapters in an attempt to answer those questions.

Are there postcranial traits that are characteristic of specific Plio-Pleistocene hominin
groups?

Previous studies have indicated that there are quantifiable gross differences in postcranial
morphology, at least between early specimens (i.e., A. afarensis) and late specimens (i.e., H.
erectus sensu lato). The majority of these studies have been carried out using traditional linear
methods to quantify morphology. This dissertation investigated the resolution at which
differences could be detected within the fossil record by using three-dimensional geometric
morphometrics to quantify overall shape of the humerus, radius, ulna, femur and tibia.

In considering this question, the first challenge is designating groups. In
paleoanthropology, species are defined primarily on the basis of cranial morphology. One of the
biggest difficulties in assigning Plio-Pleistocene postcrania to a particular taxon is the lack of
agreement about the number of taxa present in the fossil record based on cranial remains.
Currently there are four species widely recognized as members of the genus Australopithecus: A.
anamensis, A. afarensis, A. garhi and A. africanus, but this is not without controversy. Some
authors suggest that there are multiple species within the sample of A. afarensis from Hadar

(Senut and Tardieu, 1985; Hausler and Schmid, 1995) whereas others see it as one sexually
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dimorphic species (White, 1985; McHenry, 1992; Harmon, 2008). It has also been recently
suggested that, based only on proximal femora, the sample of A. africanus from South Africa
contains at least two species that differ in terms of shape but not size (Harmon, 2009). Grine et
al. (1996) also argued, based on cranial remains, that there was an additional as yet unnamed
species present in South Africa represented by Stw 53. The genus HOmo is even more
controversial with some people recognizing four taxa in the Plio-Pleistocene — Homo habilis,
Homo rudolfensis, Homo ergaster and Homo erectus (e.g. Wood, 1992) — and some accepting
only two — Homo habilis and Homo erectus (e.g. Tobias, 1991). Those who consider Homo
habilis and Homo rudolfensis two separate taxa do so based on tooth size and endocranial
volume with H. rudolfensis being the larger, more Homo sapiens-like species and H. habilis
being the smaller species (Wood, 1985 et seq.).

New fossil finds continue to complicate matters of hominin taxonomy. The last ten years
have added Kenyanthropus platyops (Leakey et al., 2001), and Australopithecus sediba (Berger
et al., 2010) to the hominin tree, as well as the extensive analysis of Ardipithecus ramidus
(Lovejoy et al., 2009; White et al., 2009) to our consideration of human evolution in Africa
during the Plio-Pleistocene.

The second challenge is matching the postcranial fossils to their appropriate taxon. Of
all the species that have been named from the Plio-Pleistocene, few include cranially-associated
postcranial material within their hypodigm. For some taxa the lack of multiple sympatric species
can allow us to associate postcranial remains with cranial remains to a reasonable degree of
certainty. For Australopithecus anamensis, we can be relatively sure that the postcranial material
from Kanapoi and Sibilot Hill belongs to the same taxon as the cranial material as that is the only

taxon present (Ward et al. 2001). In South Africa, we assume that much of the postcranial
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material from Swartkrans can be assigned to Paranthropus robustus because the overwhelming
majority of cranial material is from that taxon and that most of the postcranial material from
Sterkfontein Member 4 can be assigned to A. africanus for the same reason (Robinson, 1972).

For all other taxa, it is necessary to rely on similarity between associated and
unassociated elements in order to make taxonomic conclusions. AL 288 (Johanson et al. 1978)
was used as a model for Australopithecus afarensis, Stw 431 (Partridge et al. 2003) was used for
Australopithecus africanus, TM 1517 (Thackeray et al. 2002) was used for Paranthropus
robustus, OH 62 and ER 3735 (Feibel et al. 1989; Wood, 1991) were used for Homo habilis, ER
1500 (Grausz et al, 1988, but see Wood 1991) was used for Paranthropus boisei and WT 15000
(Walker and Leakey, 1993) was used as the model for Homo erectus sensu lato. Any conclusions
about the postcrania of Homo rudolfensis are purely speculative as there are no postcranial
remains for this taxon, and reconstructions of a more “advanced” body form for Homo
rudolfensis are based on having a larger brain size. Thus, for the purposes of this analysis, all
postcrania that could be either H. habilis or H. rudolfensis were treated as Homo habilis sensu
lato.

Overall, there are few specific postcranial characters that can be definitively tied to one
Plio-Pleistocene hominin group. Paranthropus robustus had a unique pattern for the distal
humerus (TM 1517) and a distinct pattern for the proximal femur (SK 82 and SK 97). In the
distal humerus, Paranthropus robustus was characterized by a flattened capitulum and a distally
flexed medial epicondyle. For the proximal femur, it was characterized by an extremely ape-like
greater trochanter paired with an overall femoral form that was broadly Homo-like. Their greater
trochanter is less laterally projecting and has a more laterally placed maximum height than

modern Homo sapiens. The distal radius (SKX 3602) is very similar to Australopithecus
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afarensis (AL 288) except that it has a higher proximal-posterior corner of the ulnar facet than all
of the other fossils. The proximal ulna of P. robustus (SKX 8761) is no different from the rest of
the hominin fossil sample. These traits could be used to link new fossils to P. robustus.

Homo habilis sensu lato may also have some unique postcranial characters, although it is
difficult to discern which bones should be attributed to this taxon. Using ER 3735 as the
reference standard, the humeri ER 739, ER 1504 and possibly ER 6020 could tentatively be
assigned to this taxon. Homo habilis s. |. would then be characterized by a very symmetrical
trochlea and more distally oriented capitulum. OH 62, also attributed to Homo habilis s. I., had
the only non-Homo pattern for the proximal ulna in that it had a large coronoid process and
keeled trochlear surface. These traits from the forelimb could be used to identify this taxon.

There were no hindlimb bones that could be definitively tied to Homo habilis s. I. that
had a distinct morphological pattern. However, if ER 1500 were Homo habilis s. |. and not
Paranthropus boisei (as proposed by Wood, 1991), then an argument could be made that Homo
habilis s. I. also had a unique shape for the distal tibia in that it has square overall dimensions
with a longer anterior border than that seen in modern Homo sapiens as well as a more distinct
shape for the proximal radius that maximized flexion ability by having a distally placed radial
tuberosity.

For the rest of the fossil taxa, while there didn’t seem to be any unique characters, there
could be unique patterns of variation when all of the postcranial elements are considered. BC
1745 (Wood, 1999), ER 20419, KP 271 and KP 29285 (Ward, 2001) are all assigned to
Australopithecus anamensis and represent a proximal and distal humerus, radius and tibia.
Based on these fossils, A. anamensis was characterized by a distal humerus with a human-like

overall shape but with a slightly different trochlea in that the lateral side of it does not extend as
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far distally as the medial side. The proximal humerus may have been adapted for more stability
at the shoulder joint, but those data are somewhat suspect. It had an unremarkable proximal
radius paired with an extremely ape-like distal radius in that it is narrow and mediolaterally
flexed and has a more medially rotated ulnar facet. The proximal tibia was uninformative, but
the distal tibia had a form that is more human-like than ape-like, although also most distant from
the human centroid. Ultimately, all of this points to a taxon that was not very different from
modern humans, except possibly in the wrist joint. This indicates that bipedalism was probably
the most important positional behavior in its locomotor repertoire.

MAK-VP-1/1 and all of the material from Hadar save AL 333-3/AL 333-4 are assigned
to the taxon Australopithecus afarensis. For the purposes of this analysis, AL 333-3/4 was
tentatively removed from this taxon as it has a more ape-like shape in the proximal femur than
the rest of the specimens in the sample. Based on these fossils, A. afarensis had a very human-
like distal humerus and proximal ulna, combined with a more ape-like distal radius. The distal
ulna was possibly also more ape-like, although in that analysis AL 288 and the other two A.
afarensis did not form a cohesive group. In the hindlimb, it had a human-like proximal femur
and distal tibia in combination with a more ape-like distal femur. This morphological pattern
contrasts with A. anamensis in that it lacks most of the more pleisomorphic traits present in that
taxon.

A. africanus was characterized by having a very human-like forelimb, with a distal
humerus and proximal ulna that were more similar to modern Homo sapiens coupled with a more
pleisomorphic distal femur. Assuming that both Stw 99 and Sts 14 are in this taxon, then it had a
variable proximal femur, tending towards being more human-like than ape-like. If Stw 99

represents a different taxon (as suggested by Harmon, 2009) then A. africanus could be
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interpreted to have had a very human-like proximal femur based on Sts 14. All but Stw 181 had
a distal tibia with human-like morphology. Overall, this pattern of morphology is similar to very
A. afarensis, especially if Stw 99 is omitted.

WT 15000 is an associated H. erectus skeleton. Other postcranial elements that are likely
attributable to Homo erectus are: BOU-VP-19/63, ER 1481, SKX 2045, SKX 24600/24601, SK
18b, and SK 1896. It is possible that there are more H. erectus elements within the sample from
Koobi Fora, but the data do not support any definitive taxonomic conclusions. Those postcranial
elements that are likely Homo erectus indicate that it had a fully bipedal pattern, virtually
indistinguishable from that of Homo sapiens. The distal femur of BOU-VP-19/63 is interesting
as it could represent evidence of postcranial variation matching the cranial variation in the H.

erectus hypodigm (see fig. 6.1 for a summary).
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Fig. 6.1 Pictorial representation of hominin species ranges derived from Wood (1991). Bones and blocks shaded in
red indicate that for that species, the majority of the fossils followed a human-like pattern and bones shaded in black

indicate an ape-like pattern. Blocks with red and black diagonal lines indicate an overall mosaic morphological
pattern. H. ergaster and H. rudolfensis are shown to indicate temporal ranges based on cranial elements, but

postcranially they are not distinguished here from H. erectus and H. habilis. No postcrania can yet be associated

with P. aethiopicus.

What do postcranial remains imply about the locomotor repertoires of Plio-Pleistocene
hominins? Are there different locomotor types?

Many previous studies have concentrated on a careful analysis of single postcranial
elements. The next step in considering postcrania was to incorporate these data into analyses
that took into account the ways that the bones of the postcranium work together during
locomotion. This dissertation examined patterns of covariation in fore- and hind-limb

morphology and within joint complexes as a method for evaluating the degree of mosaicism
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present in the hominin fossil record.

Overall, when multiple bones of the postcranium were included in a single analysis, a
somewhat different picture emerged. In the humero-radial joint, none of the fossils had a clear
Homo-like pattern for either the humerus or the radius with all individuals falling within the
equal frequency ellipses of extant great apes and many falling outside the range of human
variation all together. On the other hand, in the humero-ulnar joint, most of the fossils had a
modern human like pattern of covariance. This may indicate that selection was operating more
strongly on the humero-ulnar joint, favoring morphology that allowed the muscles to be at their
greatest advantage in flexed forelimb posture while retaining a more ape-like ability to pronate
and supinate with the humero-radial joint.

In the lower limb, H. sapiens had a distinct pattern of hip to knee joint covariation
compared to the apes. The proximal and distal segments were GPAed separately so the unique
pattern in H. sapiens is the result of shape differences in the proximal and distal ends and not the
presence of the bicondylar angle. For the femur, H. erectus (WT 15000 and ER 1481) had a
fully human-like pattern and A. afarensis had an ape-like pattern in all analyses. ER 1472
(possible H. habilis s.I.) had a pattern intermediate between modern humans and the apes,
although it was more similar to the apes when just the greater trochanter was used to represent
the proximal femur.

In examining forelimb to hindlimb covariation, most of the fossils had a human-like
pattern of covariation, except in pairs that involved the distal femur. The features of the distal
femur that were important in separating humans from the other apes were the shape of the
patellar articular surface (particularly the symmetry — or asymmetry — of the proximal border and

the strong lateral projection of the surface), the comparative size of the medial and lateral
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condyles, the angle between the patellar surface and the distal surface, and the width of the
intercondylar notch. Particularly, AL 288/129-1b and ER 1500 both had the ape-like pattern for
the distal femur combined with the human-like pattern for the rest of the comparisons. This
result indicates that selection for a modern human-like knee would have occurred after selection
towards a human elbow and hip joint. These results also indicate that by the emergence of
Australopithecus afarensis, there had already been a fundamental change in forelimb to hindlimb
covariation in the hominin lineage from a pattern where the forelimbs were actively used in
locomotion towards one where forelimb use was divorced from hindlimb use. This is not to say
that all hominins had a perfectly human-like pattern of locomotion; the fossils that were sampled
for those analyses did not encompass all Plio-Pleistocene taxa. In particular, there were no
definitive H. habilis s. |. in the analysis (OH 62, ER 3735) and no A. africanus. The ape-like
nature of the forelimb of OH 62, the ulna in particular, would suggest that it may have had a

different pattern from the rest of the fossils.

What does the pattern of morphology in postcranial remains say about the patterning of the
evolution of bipedality?

Modern bipedalism is ultimately derived from the locomotor pattern of the last common
ancestor. Thus far, there are two fossils taxa with postcranial remains that have been purported
to represent that locomotor pattern: Orrorin tugenensis and Ardipithecus ramidus. Orrorin’s
estimated age of 6 Ma places it close to the divergence of Pan and Homo (Pickford et al. 2002;
Senut et al. 2002). The proximal femur from Orrorin has been found to look very similar to
Australopithecus and Paranthropus proximal femora (Richmond and Jungers, 2008) and the

distal pollical phalanx has recently been suggested to most closely resemble modern humans and
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indicate precision grasping capability (Almécija et al., 2010). On the other hand, Ardipithecus
ramidus has been reconstructed to have a Proconsul-like body plan that is completely unlike any
extant or known fossil hominin (Lovejoy et al. 2009).

Considering the relatively modern morphology present in the earliest fossil australopiths (see
fig. 6.1), it is probably more likely that the last common ancestor had a more derived body plan
than the quadrupedal Ardipithecus ramidus, more similar to Orrorin or some other as-yet
undiscovered Miocene ape. I would propose that the locomotion of the last common ancestor
could have been some kind of facultative biped that frequently used its arms in more flexed
forearm positions. The more proximally located olecranon in all of the earliest hominins would
have put the triceps brachii at is greatest mechanical advantage in flexed fore-arm positions
(Drapeau, 2004). Having a strong mechanical advantage in flexed forearm postures could be
advantageous for various forms of manipulative ability — perhaps manipulating natural resources
and/or doing some kind of precise extractive feeding. The dominant mode of locomotion for
such an organism could be vertical climbing as some studies have suggested that the musculature
of the hip and thigh in vertically climbing primates could be transformed into bipedal
musculature with minimal changes (Stern, 1975; Prout, 1980; Schmitt, 2003). Additionally,
there are other Miocene apes, such as Nacholapithecus and Pierolapithecus, that have clear
adaptations for orthograde posture necessary for vertical climbing without additional adaptations
for suspension (Nakatsukasa et al., 2003, Moya-Sola et al. 2004, Almécija et al. 2009).

If the earliest fossil hominins were largely human-like, then Paranthropus and
particularly Homo habilis sensu lato seem to represent morphological reversals in the fossil
record. While Paranthropus had a more ape-like than human-like morphology, in many ways

they are simply unique. Perhaps the unique nature of their cranial morphology is matched by
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unique, derived characteristics present also in their postcranial morphology, particularly in the
shape of the distal humerus and proximal femur. Homo habilis sensu lato (as represented by OH
62 and ER 3735) has overall the most ape-like morphology of all of the early hominins, which
really does seem like a “reversal” when considering earlier fossil hominins. It is worth
considering that in both cases, the “reversals” appear in places where there are a number of
competing sympatric hominins — perhaps the “reversals” (or in the case of Paranthropus, unique
adaptations) to a more ape-like form have to do with hominins trying to exploit different niches

in the same environment.

Future Research

Shape covariation is an excellent tool for examining questions about locomotor
repertoires. In the future, I plan to extend this methodology to primates with fore- and hindlimbs
that have been shown to be functionally more integrated, such as Old World monkeys (Young et
al. 2010) and very early hominoids. I suspect that there may be greater shape integration in taxa
where the forelimbs and the hindlimbs are used in functionally similar ways. While in Nairobi, I
have collected data on the nearly complete skeleton of Proconsul africanus (RU 2036) that could
be included in such analyses. This type of data could inform us on trends in locomotor evolution
from a more monkey-like pattern of locomotion to a hominoid pattern of locomotion.

Also, the phylogenetic position of many Plio-Pleistocene hominins is enigmatic, and
there has been considerable debate in the literature about where to place certain taxa and/or
specimens. In the future, these data could be used to try and reconstruct hominin trees that could
be compared with the craniodental trees. Additionally, it could be combined with craniodental

data, and “supertrees” based on characters across the entire skeleton could be built. This could
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be advantageous as many phylogenetic studies based on skeletal materal rely on discrete
anatomical areas. This is not directly comparable to large, genome-based studies that include

genes that control many different functions. The present analysis is a step in this direction.
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