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Abstract

The discovery of hundreds of fossil hominin remains from the Dinaledi Chamber
of Rising Star cave system in South Africa included dozens of immature elements
attributed to multiple individuals. Some of these elements are amongst the most
complete in the Dinaledi assemblage, but have not yet been fully studied. Thorough
examination of these immature remains is important because they can provide a more
complete understanding of the morphology of the Dinaledi hominins, facilitate an
assessment of morphological development in the assemblage, and allow for direct
comparisons with other immature fossil hominins. This dissertation focuses on the most
diagnostic specimens of the immature lower limb (with reference to the immature upper
limb and the mature sample) from the site and utilizes a comparative approach
examining developmental variation in the proximal femur and limb proportions of
extinct and extant ape species to discern the ontogenetic basis of the adult Dinaledi
hominin form.

The first portion of this dissertation addresses the development of proximal
femoral shape in an ontogenetic series of femora from the Dinaledi hominins, modern
humans, chimpanzees, and gorillas. Results indicate that the development of proximal
diaphyseal shape and neck-shaft angle are conserved within Homininae, but that neck

shape may develop differently in bipeds than non-bipeds. The absolute shape of the

iv



femoral neck, however, markedly differs between the Dinaledi sample and modern
humans, with greater anteroposterior constriction of the neck in the former, potentially
due to increased superoinferior loading of the region associated with differing
locomotor kinematics between species.

The second portion of this dissertation investigates the relative proportions of the
immature Dinaledi lower limb. To date, the only lower limb long bone preserving the
entire diaphysis and an articular surface to be recovered from the chamber is the
immature tibia, U.W. 101-1070. The length of this specimen was evaluated relative to the
size of the preserved joint surface in an ontogenetic context and is relatively long
compared to other fossil hominins and even modern humans. The humero-tibial
proportions of the immature Dinaledi hominins appear to be outside of the range of
chimpanzees and gorillas, but comparable to modern humans and the immature Homo
erectus specimen KNM-WT 15000. Together, these findings demonstrate that, with
respect to relative lower limb length, the Dinaledi hominins are highly derived.

The mixture of primitive (australopith-like) and derived (Homo-like) features of
the Dinaledi hominins, identified in this dissertation, are consistent with other early
work on the assemblage and imply that the Dinaledi hominins may represent basal
Homo. Moreover, given small brain and predicated body sizes for the Dinaledi hominins,

the results presented here suggest that relative limb elongation may have occurred prior



to increases in brain and body size during hominin evolution and that bipedal energetic

efficiency may have been the primary locus of selection.
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1. Introduction

With more than 1500 fossil hominin elements recovered to date (Berger et al.
n.d.), the Dinaledi chamber assemblage from Rising Star cave, attributed to the species
Homo naledi, represents one of the largest discoveries in the history of
paleoanthropology. Much progress has been made describing the morphology of the
species (Bastir et al. n.d., Berger et al. n.d., Bolter et al. n.d., Delezene et al. n.d.,
Feuerriegel et al. n.d., Garvin et al. n.d., Harcourt-Smith et al. n.d., Kivell et al. n.d.,
Marchi et al. n.d., Schroeder et al. n.d., VanSickle et al. n.d.), though this work has
largely focused on the adult remains. Roughly half of the 15 identified dental
individuals from the chamber, however, are immature, as are dozens of the postcranial
elements, including some of the most complete found (Bolter et al. n.d.). Fully
examining these immature remains is important because they can provide a more
complete understanding of H. naledi morphology, facilitate an assessment of
morphological development in the species, and allow for direct comparisons with other
immature fossil hominins, such as KNM-WT 15000 (Homo erectus) and MH1

(Australopithecus sediba).

This dissertation will focus on the most complete elements of the immature
lower limb (e.g., femur and tibia; with reference to the humerus) from the Dinaledi
chamber, in an effort to better understand the locomotor morphology of the species. The
overall morphology of the H. naledi thigh, leg, and foot is consistent with an obligate

biped, exhibiting some features comparable to australopiths, other features similar to
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early Homo and African H. erectus, a few that are akin to the anatomy of modern H.
sapiens, and some completely unique to the species (Harcourt-Smith et al. n.d., Marchi et
al. n.d.). This mosaically derived lower limb stands in contrast to an upper limb
anatomy consistent with a creature capable, if not proficient, at grasping and climbing
(Feuerriegel et al. n.d., Kivell et al. n.d.). Moreover, brain and body size in H. naledi are
small for Homo (Garvin et al. n.d., Schroeder et al. n.d.). The entire suite of features
observed in the Dinaledi hominins suggests that the species is intermediate between
Australopithecus and early Pleistocene Homo (i.e. H. erectus), though no geological date
for the assemblage has been determined and, as such, the assemblage may be much
younger or older (Berger et al. n.d., Dirks et al. n.d.). This initial research on the Dinaledi
hominins has raised a number of hypotheses regarding the behavior, proportions, and
phylogeny of the species, some of which can be tested via examination of the immature

lower limb sample.

In this dissertation, I evaluate and compare lower limb morphology in immature
and adult specimens of Pan troglodytes, Gorilla gorilla, a sample of modern Homo sapiens
and H. naledi. I use these data to test two hypotheses pertaining to lower limb

morphology and its relationship to bipedalism:

Hypothesis 1: The femoral anatomy of H. naledi is consistent with that of a species of

early (potentially basal) Homo.



One region of postcranial anatomy in the Dinaledi assemblage is particularly
well represented: the proximal femur, for which multiple immature and mature
elements were recovered, belonging to at least twelve individuals (four immature and
twelve mature; Bolter et al. n.d., Marchi et al. n.d.). This is the largest ontogenetic series
of a postcranial element from a single assemblage, pre-modern hominin species in the
African fossil record, and offers the rare opportunity to examine the ontogeny of the
proximal femur directly in a fossil assemblage. While all hominin remains from the
Dinaledi chamber appear to represent a single species (H. naledi), the immature proximal
femora do differ from the mature specimens in several ways. This is not surprising given
the propensity for change in the skeleton during growth and development, but little is
known about the ontogeny of proximal femoral shape across species within Homininae,
limiting comparisons with fossil species. Morphological features may arise via a
multitude of developmental pathways, which impact the utility of traits for diagnosing
phylogenetic relatedness or in-vivo behavior (Lovejoy et al. 1999, Harmon 2013; also
further explained in Chapter 2). Studying the development of skeletal features can
potentially inform our understanding of these pathways and provide another avenue by
which H. naledi can be evaluated relative to extant hominines. Chapter 3 of this
dissertation will examine the developmental patterns of features of the proximal femur
in H. naledi, H. sapiens, P. troglodytes, and G. gorilla to elucidate how closely related
species with differing locomotor repertoires compare with respect to the changing shape

of the proximal femur during post-natal ontogeny.



Hypothesis 2: H. naledi has morphological features of the lower limb consistent with the

capacity for efficient bipedal walking, including a relatively long, human-like tibia.

Previous work has established that the lower limb of H. naledi is likely long
relative to joint size (Marchi et al. n.d.). This is important because increased limb length
improves bipedal efficiency (Steudel-Numbers and Tilkens 2004, Steudel-Numbers 2006,
Pontzer 2007, Steudel-Numbers et al. 2007, Pontzer et al. 2009). The species, however, is
also marked by long bone gracility and seemingly small joint sizes, which may have
resulted in high risk factors for extreme loading of the lower limb during activities such
as running. Moreover, compared to H. sapiens, the largely primitive anatomy of the H.
naledi upper limb and thorax is not conducive to providing the trunk stabilization
necessary for long-distance running (Bramble and Lieberman 2001, Bastir et al. n.d.,
Feuerriegel et al. n.d.). The relative length of the lower limb in H. naledi is also
interesting in light of the transition from Australopithecus to Homo, which may have
involved an overall increase in body size and stature (McHenry and Coffing 2000). This
shift in postcranial size and proportions, however, was not likely linear, but rather
complex and discordant (Holliday 2012). Accordingly, H. naledi may help inform the
timing of limb elongation in hominin evolution, particularly in relation to other
landmark morphological changes, such as increased brain size and modern pelvic
anatomy. The initial assessment of a relatively long lower limb in H. naledi (Marchi et al.

n.d.), however, was hampered by the lack of associated joint surfaces in the most



complete adult long bone elements, necessitating bootstrapping analyses to estimate the
probability of relative limb elongation. The only nearly complete lower limb long bone
with joint surfaces intact is U.W. 101-1070, an immature specimen. Thus, this specimen
in particular is best suited to examine the relative proportions of the lower limb in the
species. In Chapter 4, I address the proportions of the U.W. 101-1070 tibia relative to
preserved joint surface area and, in Chapter 5, [ investigate the proportions of U.W. 101-
1070 relative to the nearly complete immature humerus U.W. 101-948. A long tibia,
relative to both joint size and humerus length, that is comparable to the levels of relative
elongation in H. sapiens, would support the hypothesis that the species is indeed marked

by a relatively long lower limb.

To facilitate testing these hypotheses and to present broader context for the results, in

this dissertation I also aim to:

1) Compare and contrast the focal immature postcranial material with other fossil
hominin specimens of all stages of development.

2) Describe patterns of shape and proportion development in extant Homininae.

In summary, the following chapters will investigate the morphology of the most
diagnostic and complete specimens of the immature lower limb (and one upper limb
element) using a comparative developmental approach to more fully elucidate the

phylogenetic affinities and locomotor behavior of H. naledi.



2. Background

2.1 The Dinaledi Assemblage

The focal species of this dissertation is Homo naledi: a newly described South
African hominin currently represented by 1550 individual fossil elements (Berger et al.
n.d.). All specimens evaluated in this work were discovered 30 meters underground in
the Dinaledi chamber of the Rising Star cave system, nearby (< 1 km) the hominin-
bearing site of Swartkrans in the Cradle of Humankind World Heritage Site (Gauteng
Province, South Africa). The site is currently undated, though evidence suggests that the
remains recovered from the chamber were deposited within a geologically short
timeframe, but not all at once (Dirks et al. n.d.). Notably, few faunal and no
archaeological remains were found in association with the hominin remains and
geological evidence suggests that the chamber has always been completely dark and
accessible only via a tortuous route preventing the entry of non-hominin megafauna
(Dirks et al. n.d.). These findings suggest the possible deliberate disposal of H. naledi
remains, presumably by other individuals of the same species (Dirks et al. n.d.).

The minimum number of individuals (MNI) from the site, determined via an
assessment of the 190 dental remains, is fifteen (Bolter et al. n.d.). Mandibular dental
eruption patterns were evaluated to sort the dental individuals (DI) into one of six age

classes (Table 1).



Table 1: Age class assignment guidelines

Age Class Stage Dentition
1 Infant Deciduous dentition only.
full
5 Early Juvenile M: fully erupted, but M2
unerupted.
. M: full ted, but M
3 Late Juvenile 2 ULy eripted, but s
unerupted.
Ms partially erupted or fully
erupted with no wear (and, if
4 Sub-adult associated with a skeleton,
unfused epiphyses).
Ms fully erupted with some wear
5 Young Adult (and, if associated with a skeleton,
fully fused epiphyses).
6 Old Adult M fully erupted with heavy wear.




Thirteen of the fifteen dental individuals were assigned an age class by Bolter et al.
(n.d.):

e AgeClass1:DI4,DI5 DI6

e AgeClass2:DI2,DI9 DI13

e AgeClass3:DI1

e AgeClass4:DI8

e AgeClass5:DI7, DI10, DI11, DI 12
e AgeC(Class 6: DI3

DI 14 and DI 15 are represented solely by anterior dentition and, as such, age class could
not be determined. Seven of these individuals are represented by complete or partial
mandibles (Figure 1). Overall, cranial and postcranial MNIs are lower than the fifteen
individuals identified via dental material (Bolter et al. n.d.). While seven mandibles
(representing one infant, one late juvenile, four young adults, and one old adult) have
been recovered,, cranial material belonging to only five individuals (all adult) has been
identified (Bolter et al. n.d.). The femur is the most abundant postcranial element from
the site, currently represented by four immature and eight adult proximal femora (Bolter
et al. n.d.). Notably, the eight adult femora outnumber the five adult DIs. This
discrepancy might be a result of only partial site excavation, misclassification of a large
sub-adult femur as adult, the exclusion of DIs 14 and 15 from age class assessment, the
improper combination of dentition from more than one individual into one DI, or all of
the aforementioned (Bolter et al. n.d.). In any case, we must acknowledge the possibility
that the dental MNI of fifteen is too low. Other postcranial elements, including humeral,

pelvic, vertebral, pedal, and manual material, have been attributed to between 2-3



Figure 1: Dinaledi mandibles, hemi mandibles, and mandibular fragments. Age class
assignment was determined by the eruption of permanent mandibular molars, and
young/old adults via the assessment of molar wear. (a) U.W. 101-1400 (Age class 1). Left
mandibular fragment with dci, dmi, dmz, M1 germ, and Ci (in crypt). (b) U-W. 101-1142
(Age class 3). Right mandibular fragment with Ps, P4, M1 M2, and an erupting Ci (U.W.
101-1014). (c) U.W. 101-377 (Age class 5). Right mandibular fragment with Mz and M.
Moderate wear. (d) U.W. 101-010. (Estimated Age class 5). Right mandibular fragment
with Ci, P4, and the alveolus of I.. Heavy wear on anterior dentition consistent with
U.W. 101-001. No associated molars. (e) U.W. 101-1261 (Age class 5). Mostly complete
mandible with all dentition preserved. Slight to moderate wear on molars. (f) UW. 101-
001 (Age class 5). Right mandibular fragment with P4, M1 M2, and Ms. Heavy wear on
M;, but only moderate wear on Ms. (g) U.W. 101-361 (Age class 6). Left mandibular
fragment with Mz, and Ms. Heavy wear.



immature individuals and 2-6 adults (Bolter et al. n.d.). The high proportion of juvenile
individuals differentiates the Dinaledi assemblage from other fossil hominin
assemblages, including Hadar A.L. 333 (Johanson et al. 1982), Sterkfontein (McKinley
1971, Mann 1975), Kromdraai (Mann 1975), and Sima de los Huesos (Bermudez de
Castro et al. 2004), though whether or not these differences are statistically significant or
demographically meaningful remains unclear (Bolter et al. n.d.). Nevertheless, the
identification of an ontogenetic series of osteological remains is important, because it
allows for further studies investigating patterns of growth and development and life
histories (Bolter et al. n.d.).

The overall anatomy of the species is marked by a mixture of shared-derived
(synapomorphic: most notably shared with H. erectus or H. sapiens), shared-primitive
(symplesiomorphic: that is, australopith-like features) and uniquely derived
(autapomorphic) features (Berger et al. n.d.). Homo naledi is marked by variably small
(465-560 cc) cranial capacities (Schroeder et al. n.d.). These values overlap with members
of Paranthropus and Australopithecus, though H. naledi can be clearly distinguished from
these early hominin species via a suite of characteristic features not found in the
Dinaledi hominins, including prominent cranial cresting (typical of Paranthropus and Au.
garhi), marked post-orbital constriction, bell-shaped cranial vault, and flaring
zygomatics (to name just a few distinguishing traits all found in Paranthropus, Au.
afarensis, and Au. africanus; Schroeder et al. n.d.). Though H. naledi cranial morphology

notably differs from all known hominin species, the Dinaledi hominins share numerous
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derived cranial features with Homo species and are, overall, most similar to H. erectus,
generally, and the Dmanisi sample of H. erectus, specifically (Schroeder et al. n.d.).

Homo naledi is similarly distinct from all other hominin species with respect to
dentition (Delezene et al. n.d.). The Dinaledi hominins exhibit a primitive molar size
gradient (M3 > M2 > M1), whereas some species of later Homo possess reduced third
molars (Carbonell et al. 2005, Delezene et al. n.d.). The teeth are, overall, small (Delezene
et al. n.d.). Incisor and canine sizes are in the lower range of australopiths and
comparable to Paranthropus, while post-canines are small relative to both groups
(Delezene et al. n.d.). Homo naledi is further differentiated from Australopithecus and
Paranthropus by measures of shape (e.g. H. naledi molars are less broad) and qualitative
traits (e.g. protostylid expression). A host of morphological features of H. naledi denition
are plesiomorphic for the Homo clade, aligning the species with the earliest Homo groups
(i.e. early H. erectus and H. habilis), yet numerous unique features of the teeth in the
Dinaledi hominins argue against taxonomic assignment to any of these groups
(Delezene et al. n.d.).

The postcranial axial skeleton of H. naledi is characterized by an ape-like ribcage,
but a derived Homo-like vertebral column (Bastir et al. n.d.). The smallest mature
vertebral and costal elements are among the smallest known in the hominin fossil
record, comparable to the notably diminutive specimens A.L. 288-1 (Au. afarensis) and
Sts 14 (Au. africanus) (Bastir et al. n.d.). Despite the small size of the vertebrae, they are
morphologically distinct from australopiths and proportions are comparable to
specimens of Homo (Bastir et al. n.d.). Rib morphology suggests that the upper ribcage of
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H. naledi was narrow, as in apes and australopiths (Schmid et al. 2013, Bastir et al. n.d.).
Further, the straight (as in A.L. 288-1) 11* and 12% ribs of H. naledi are taken as evidence
for a wide, ape-like lower ribcage, thus producing a generally pyramidal shaped thorax
(Bastir et al. n.d.). This shape appears to differ from the geographically (and potentially
temporally) close species Au. sediba, which combines a narrow, australopith-like upper
thorax with a narrow lower thorax like that of H. erectus and other late existing species
of Homo (Schmid et al. 2013). A pyramidal shape, however, may be a correlate of small
size (rather than a distinguishing primitive feature that distances H. naledi from the
barrel-shaped later Homo) due to the allometric scaling relationship between lung size
and body mass, which might explain upper ribcage expansion in larger bipedal
hominins (whose upper limbs are not constrained by knuckle-walking, as in Gorilla)
(Stahl 1967, Jellema et al. 1993, Bastir et al. 2013). The combination a pyramidal thorax
consistent with a small-bodied hominin and small, but Homo-like, vertebrae may
indicate that modern vertebral morphology, indicative of a modern pattern of
vertebropelvic load transfer, preceded increases in hominin body size and a modern
body plan (Bastir et al. n.d.).

The pelvis of H. naledi exhibits a unique combination of features including short,
flaring ilia with sharp anterior margins, short ischia, and thick ishiopubic and iliopubic
rami (VanSickle et al. n.d.). All features of the H. naledi ilium are shared with Au.
afarensis and Au. africanus (including A.L. 288-1 and Sts 14). Contrastingly, the
morphology of the ishium and pubis are most comparable to the derived morphology
seen in the pelves of Au. sediba and H. erectus (VanSickle et al. n.d.). The morphology of
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the ilium relative to the lower ribcage is consistent with the small-bodied australopith
pattern (VanSickle et al. n.d.). Taken with the wide lower rib-cage, the flaring ilia
suggest an extended sub-thoracic region for abdominal viscera and poor positioning of
the abdominal oblique muscles for controlled trunk rotation during bipedal locomotion
(Schmid 2004, Bastir et al. n.d., VanSickle et al. n.d.). The functional consequences of the
integration of derived ishia and pubes with primitive ilia is not well understood for the
species at this time.

The H. naledi lower limb clearly indicates that the Dinaledi hominins were
bipedal, as evidenced by the presence of a valgus knee and varus ankle (features related
to maintaining stability, by keeping the body’s center of gravity over the stance leg,
during bipedal locomotion). The long bones of the leg appear extremely gracile.
However, due to the lack of epiphyses associated with the most complete diaphysis, this
assessment is largely qualitative and quantitatively supported only via a re-sampling
analysis of disparate, potentially unrelated, joint surface elements (Marchi et al. n.d.).

Despite the presence of some morphological features indicative of bipedalism,
the H. naledi proximal femur is like no other hominin femur (Figure 2). Australopith-like
traits, such as a superoinferiorly tall and anteroposteriorly compressed and anteverted
femoral neck are found with Homo-like traits, such as a laterally flaring greater
trochanter, thick diaphyseal cortex, and a marked gluteal line and linea aspera (Marchi
et al. n.d.). Moreover, two distinct, mediolaterally-running pillars found on the
inferoposterior and superoanterior aspects of the neck of H. naledi femora are not

observed in any other hominins.
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Homo naledi has an anteroposteriorly thick patella (Marchi et al. n.d.). Though
there are few early hominin patellae preserved in the fossil record, the H. naledi patella is
thicker (relative to patellar breadth) than those of P. robustus and Au. sediba and thick
patellae may be a derived trait of Homo (Lovejoy 2007, Marchi et al. n.d.).

The muscle markings on the Dinaledi tibiae are distinct and pronounced (Marchi
et al. n.d.). Tibial diaphyses are platycnemic (mediolaterally flattened), comparable in
anteroposterior/mediolateral proportions to most australopiths and specimens
attributed to early Homo. The most complete Dinaledi adult tibia, U.W. 101-484 (Figure
3), has an estimated length of 325 mm (Garvin et al. n.d.), making it absolutely shorter
than KNM-WT 15000 (H. erectus; 380 mm; Walker and Leakey 1993) and KSD-VP-1/1
(Au. afarensis; 355 mm; Haile-Selassie et al. 2010), but longer than many other fossil
hominin tibiae, including D3901 (H. erectus; 306 mm; Lordkipanidze et al. 2007), OH 35
(presumed H. habilis; 277 mm; Davies 1964), and A.L. 288-1 (Au. afarensis; 227-238 mm;
Haile-Selassie et al. 2010). Relative to the small (gracile australopith-sized) femoral heads
in the assemblage, the length of U.W. 101-484 is strikingly long. These results, however,
were based on a re-sampling analysis of elements likely belonging to different
individuals (Marchi et al. n.d.). The distal tibia of H. naledi is Homo-like in general and
modern human-like with respect to some features, including the proportions of the talar
articular surface. Like the tibiae, the fibulae of the Dinaledi hominins are gracile (relative
to length, aligning the species with modern humans) with well-developed muscle
markings (Marchi et al. n.d.). The H. naledi proximal fibula exhibits a robust neck, similar
to other fossil hominins, including OH 35 and StW 356 (Au. africanus), but more robust

14



Figure 2: U.W. 101-1475 and U.W. 101-1391 femora. U.W. 101-1475
in posterior (a) and medial (c) view. U.W. 101-1391 in posterior (b)
and medial (d) view. Both adult femora. Note the presence of a
third trochanter (1), marked gluteal line (2), and anteverted neck
relative to the proximal diaphysis (3).
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anterior medial

Figure 3: U.W. 101-484 tibia. The most complete adult
tibia in the Dinaledi assemblage, U.W. 101-484 is notably
platycnemic and gracile.
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than modern humans (Marchi et al. n.d.). Overall, compared to the postcranial regions
discussed thus far, the lower limb exhibits a greater proportion of derived Homo-like
traits and unique (autapomorphic) features. The suite of features are consistent with a
bipedal walker, yet, in many respects the H. naledi lower limb is morphologically
intermediate between Australopithecus and H. erectus (Marchi et al. n.d.).

The foot and ankle of H. naledi are remarkable for the large number of modern
human-like morphological features, given the highly mosaic morphologies found in
other regions of the skeleton. Though more primitive features, including somewhat
curved phalanges and a possibly reduced medial arch, differentiate the feet of H. naledi
from modern humans, the presence of an adducted hallux, small peroneal trochlea, a
first metatarsal that is mediolaterally expanded dorsally, and the overall anatomy of the
joints and proportions of the foot resemble H. sapiens (Harcourt-Smith et al. n.d.). Tarsal
morphology of H. naledi suggests that the species had limited ankle mobility and implies
a rigid midfoot (Harcourt-Smith et al. n.d.). The reconstruction of a nearly complete foot
allowed for determination of power/load arm ratio (41) which align the Dinaledi
hominin with H. sapiens and differentiates them from Pan (Harcourt-Smith et al. n.d.).
This morphological pattern suggests that the H. naledi feet were functionally comparable
to modern humans (Harcourt-Smith et al. n.d.).

Unlike the largely derived lower limb, the shoulder, arm, and forearm of H.
naledi are comparatively morphologically primitive (Feuerriegel et al. n.d.). A
reconstruction of clavicular elements indicates that H. naledi had a short (relative to H.
sapiens) clavicle that was morphologically similar to that of MH2 (Au. sediba; Churchill et
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al. 2013) and OH 48 (H. habilis; Oxnard 1969) (Feuerriegel et al. n.d.). The reconstructed
clavicle of H. naledi exhibits sigmoid curvature (comparable to humans) in superior
view, however, in posterior view, the reconstruction exhibits two marked curvatures
(both greater than in H. sapiens) aligning it most closely with the great apes and Ateles
(Feuerriegel et al. n.d.). The latter feature suggests that H. naledi clavicles were
superiorly oriented and associated with a superiorly located scapula (Feuerriegel et al.
n.d.). Scapular remains indicate that the glenoid was cranially oriented (the bar-glenoid
angle being lower than in any other fossil hominin) and had a superiorly directed spine,
making them morphologically similar to many australopiths (Vrba 1979, Stern and
Susman 1983, Larson 1995, Green and Alemseged 2012, Churchill et al. 2013, Feuerriegel
et al. n.d.). Homo naledi humeri display very low torsion, as do most Plio-Pleistocene
hominins, though U.W. 101-283 is unique in that it has the most posteriorly oriented
humeral head (90.9°) in the hominin fossil record (Feuerriegel et al. n.d.). This humeral
head orientation suggests that the scapula was positioned laterally on the thorax and, as
such, that H. naledi possessed a primitive ape-like morphology of the upper thorax and
shoulder (Larson 2007). Like the lower limb long bones, the upper limb long bones of the
Dinaledi hominins are gracile with well-developed muscle markings (Feuerriegel et al.
n.d.). Overall, H. naledi shoulder, arm, and forearm morphology is consistent with a
hominin capable of proficient arboreal locomotion.

Similarly, the H. naledi hand evinces traits indicative of effective climbing ability,
though these traits accompany derived features of the thumb and wrist shared with
Neandertals and modern humans (Kivell et al. n.d.). Notably, the phalanges of the
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Dinaledi hominins are long and curved (Kivell et al. n.d.). The degree of curvature is
comparable to that found in apes. Given evidence linking phalangeal curvature to
climbing and suspensory behaviors in primates (Hunt 1991, Jungers et al. 1997, Deane et
al. 2005, Richmond 2007, Nguyen et al. 2014), curved phalanges in H. naledi suggests that
the Dinaledi hominins were likely grasping during climbing and/or suspension (Kivell
et al. n.d.).

Other aspects of the Dinaledi hand are decidedly derived. The shape and
articulations of the carpals in H. naledi are similar to those of modern humans and
Neandertals and unlike apes and earlier hominins (Kivell et al. n.d.). The thumb of H.
naledi is long relative to the other digits and exhibits prominent muscle markings,
aligning it with modern humans, Neandertals, and Swartkrans hominins SK 84 and SKX
5020 (Paranthropus robustus or early Homo) (Kivell et al. n.d.). Other aspects of pollical
morphology differ from the modern human pattern, including a broad apical tuft of the
distal phalanx and small metacarpal base, the latter feature most closely resembling OH
7 (H. habilis) and TM 1517k (P. robustus) (Kivell et al. n.d.). Overall, the derived suite of
features found in the wrist and thumb of the Dinaledi hominins is similar to that of
habitual tool users and, thus, suggests that H. naledi was capable of precision
manipulation, while the fingers (and the rest of the upper limb) indicate the retention of
arboreal climbing and suspensory behaviors (Feuerriegel et al. n.d., Kivell et al. n.d.).

The estimated statures and body masses of the Dinaledi hominins are
comparable to early members of Homo (Garvin et al. n.d.). Estimates of body mass
derived from eight presumed mature proximal femora preserving the subtrochanteric
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diaphysis, and based on regressions derived from a modern human sample, range from
42 to 55 kg with a mean of 45.9 kg (Garvin et al. n.d.). These values are most similar to
body mass estimates for the Dmanisi H. erectus sample (Lordkipanidze et al. 2007, 2013)
though the range overlaps with estimates of specimens assigned to Au. africanus, Au.
afarensis, H. habilis, and H. rudolfensis’ (McHenry 1992, Skinner and Wood 2006, Garvin et
al. n.d.). Initial estimates of sexual dimorphism in the Dinaldi assemblage suggest low
levels of dimorphism compared with australopiths, but dimorphism levels similar to H.
erectus (Garvin et al. n.d.). Stature estimates from the two most complete (presumed)
adult long bones, UW. 101-283 (humerus) and U.W. 101-484 (tibia), are 143.8 cm and
149.4 cm, respectively (Garvin et al. n.d.). These values are high for most australopiths,
but fall within the range of Dmanisi H. erectus and some early Homo specimens (Garvin
et al. n.d.). Based on the relative lengths of these two long bone elements (humero-tibial
index: humeral length/tibial length x 100 = 79.4), H. naledi is believed to have elongated
lower limbs relative to upper limb length (possibly even greater than in modern
humans; mean humero-tibial index = 85.7), though, notably, the small U.W. 101-283 and
large U.W. 101-484 are presumed to be from individuals of differing size (Garvin et al.
n.d.).

The Dinaledi assemblage was designated a new species because no existing
species could accommodate the suite of shared-primitive (symplesiomorphic), shared-

derived (synapomorphic), and unique-derived (autapomorphic) morphologies found in

! No postcrania are associated with the cranial remains attributed to H. rudolfensis (Alexseev 1986, Wood
1992).
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the Dinaledi hominins (Berger et al. n.d.). A cladistic analysis incorporating craniodental
traits puts H. naledi in a clade with H. sapiens, H. neanderthalensis, H. heidelbergensis, H.
erectus, Au. sediba (currently only known from one site, Malapa, located ~5 km from
Dinaledi) though the specific relationships are unresolved (Schroeder et al. n.d.). The
postcrania of H. naledi are generally consistent with placement of the species at or near
the base of the Homo clade, however, the lack of associated postcrania assigned to H.
rudolfensis and the limited number of postcranial elements assigned to H. habilis (both
species typically viewed as early Homo), along with questions surrounding the
attribution of several of these postcranial elements to H. habilis, confound comparisons
between these species and H. naledi (Berger et al. n.d.). Variability and missing or poorly
represented anatomical regions (including the hand and foot) in the geographically and
temporally diverse H. erectus fossil sample, combined again with questionable
taxonomic assignment of some remains (see Ruff 2010), further complicates the relative
placement of H. naledi (Berger et al. n.d.). Given, the unique mosaic of features in the
Dinaledi assemblage, the ultimate determination of the age of the remains will have
interesting evolutionary implications regardless of specific date. An age older than two
million years would make H. naledi the earliest conclusive example of a Homo species
(Berger et al. n.d.) and a candidate for direct ancestor of later Homo species. If the date is
younger than two million years then the Dinaledi remains add further richness to an
arguably already rich African Homo scene (Anton et al. 2014). And if the remains are

assigned a young date (less than 1 million years), then H. naledi will be remarkable as a
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late surviving small-brained hominin with a suite of features decidedly primitive for the
time (Berger et al. n.d.).

Of particular interest for this dissertation are the morphology and proportions of
the limbs in H. naledi and how these features might inform the details of the order and
potential proximate causes of changes to locomotor morphology between
Australopithecus and Homo. In the following section I provide an overview of what is
known and what is hypothesized about this transition with respect to locomotor
morphology and outline how H. naledi may resolve some issues pertaining to this

transition no matter the age ultimately assigned to the fossils.

2.2 The Australopithecus-Homo Transition

The Australopithecus-Homo transition was a complex shift in hominin
evolutionary history, during the Plio-Pleistocene, that saw marked changes in body size,
brain size, diet, technology, limb proportions, and life history (see McHenry and Coffing
2000, Aiello and Wells 2002, Anton et al. 2014). During the interim between roughly 2.5
and 1.7 million years ago, small brained (~ 450 cc) hominins attributed to
Australopithecus gave way to larger brained (~ 600-700+ cc) hominins attributed to Homo
(McHenry and Coffing 2000). Though evidence of stone tools (Semaw et al. 1997) and
stone tool use (de Heinzelin et al. 1999) around 2.5 million years ago, associated with Au.
garhi, pre-date the time of the origins of Homo (with the most recent evidence pushing

the date of the earliest stone tools to 3.3 million years ago; Harmand et al. 2015), the
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frequency of stone tools increases with geological recency (i.e. at Olduvai with H. habilis
between around 1.9 million years ago; Leakey 1971), and sophistication notably
increases with H. erectus (Asfaw et al. 1992). Moreover, between the late Pliocene (with
Au. afarensis and Au. africanus) and early Pleistocene (with African H. erectus), average
body mass increased by about 50% along with stature, while tooth size decreased
(McHenry and Coffing 2000). Accompanying increased body mass in H. erectus, was a
decrease in sexual dimorphism within the species (Leonard and Robertson 1997, Aiello
and Key 2002, Aiello and Wells 2002). If H. erectus was exploiting more open
environments (Reed 1997) then larger body size might have enabled individuals to
forage more widely and take larger prey (Aiello and Wells 2002, Foley 1987) along with
potential thermoregulatory benefits (Ruff 1991, Wheeler 1992) and the ability to carry
offspring later into postnatal development (Kramer 1998). Potential consequences of
these changes include a necessary diet adjustment (perhaps reflected in the reduced
dentition) and increased reproductive costs, which might have been mediated by
altering reproductive schedules such that interbirth intervals increased (Aiello and Key
2002, Aiello and Wells 2002).

This transition, however, was far from a simple progression from primitive to
modern morphologies and behaviors. The discovery of Au. sediba (Berger et al. 2010)
demonstrated a unique combination of primitive and derived features prompting debate
surrounding the taxonomic place of the species (see Spoor 2011, Wood and Harrison
2011). Specimens of H. erectus at Dmanisi (Gabunia and Vekua 1995, Gabunia et al. 2000,
Lordkipandze et al. 2007) have decreased the gap in body and brain size between H.

23



erectus and australopiths and increased the morphological variation within H. erectus.
The potential transitional species H. habilis and H. rudolfensis are poorly represented and
their inclusion in the genus Homo is contentious (see Wood and Collard 1999). Such
variability in the fossil record contributes to the mounting evidence that many of the
hallmarks of Homo likely did not arise all at once (Holliday 2012, Anton et al. 2014).
Embedded within the greater Australopithecus-Homo transition were changes to
locomotor morphology and, by extension, locomotor behaviors. It is generally agreed
that all members of the genera Australopithecus and Homo were capable of bipedal
walking, though what remains a matter of debate is the degree to which australopiths
were arboreal and the cause for the change in locomotor morphology from late
australopiths to early Homo (e.g. Lovejoy 1975, 1988, 2005, Johanson et al. 1982, Stern and
Susman 1983, Susman et al. 1984, White and Suwa 1987, Latimer and Lovejoy 1989,
Aiello and Dean 1990, Stern 2000, Lovejoy et al. 2002). By one view, australopiths were
habitual terrestrial bipeds that retained an arboreal component to their locomotor
repertoire; the morphological requirements associated with arborealism thereby limiting
the extent to which selection could favor morphological adaptations for more effective
bipedalism (Stern and Susman 1983, Susman et al. 1984, Stern 2000). Retained arboreal
traits include, among other features, a superiorly oriented scapular glenoid cavity,
slender, curved pedal phalanges, and strong muscle markings for flexors of the hand
(Stern and Susman 1983, Jungers and Stern 1983, Susman et al. 1984, Stern 2000).
Following this view the morphological transition to early Homo represented a full
commitment to dedicated terrestrial bipedalism and resulted in the emergence of an
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energetically more efficient form of bipedalism (Steudel-Numbers and Tilkens 2004,
Steudel-Numbers 2006).

Others have argued that the functional or adaptive significance of arboreality in
australopiths was minimal and that australopiths were dedicated terrestrial bipeds
(Lovejoy 1975, 1988, 2005, Johanson et al. 1982, White and Suwa 1987). Features of
australopiths that have been argued to reflect an efficient form of human-like bipedalism
include the presence of a longitudinal arch in the foot, iliopsoas groove on the pelvis,
more mechanically advantageous hip adductors than those in humans, and an inferred
human-like gait in the Laetoli footprints. By contrast, shorter fingers and arms compared
to apes and an anterior marking for deltoid on the clavicle are presented as evidence of
the unimportance of arborealism (though it should be noted that the presence of many
features noted by those in both camps are disputed) (Stern 2000 vs. Johanson et al. 1982,
Ohman 1986, White and Suwa 1987, Lovejoy 1988). Proponents of this view argue that
changes to the locomotor anatomy in early Homo were the result of increasing brain size
and a resulting shift in obstetric demands (Lovejoy 1975, 1988, 2005; but see Kibii et al.
2011).

Another hypothesis, not mutually exclusive from the others, advanced by
Tardieu (1997), is that the morphological shift from late australopiths to early Homo was
size-related and the result of developmental allometry (specifically, time
hypermorphosis). Tardieu (1997, 1999) analyzed the ontogeny of the distal femur in
humans, extant great apes, and fossil hominins and found distinct morphological
modifications late in the growth process in humans. In her analysis, adult australopiths
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showed only traits exhibited in modern human infants whereas extinct adult members
of Homo exhibited both modern human infantile and juvenile traits. Tardieu interpreted
these findings as evidence that these modifications occurred late in human evolution
and concluded that the transition in morphological form from Australopithecus to Homo
was the result of time hypermorphosis. Berge (2002) similarly found evidence of
hypermorphosis in the femora of modern humans relative to australopiths, noting a
prolonged duration of growth in humans, prompting an increase in size that could
explain changes in adult shape. While some specimens of early Pleistocene Homo
represent relatively small individuals, with statures and body masses overlapping with
some earlier australopiths (Lordkipandze et al. 2007), it has been asserted that the
interval between 2.0-1.7 Ma saw a roughly 50% increase in average body size, associated
with the emergence of the genus Homo (McHenry 1992, McHenry and Coffing 2000). The
selective advantage of larger size for early Homo is not entirely clear; however, it may be
part of a larger adaptive shift involving increased carnivory, tool use, and greater
ranging behavior (McHenry and Coffing 2000).

Given the increasingly complex and varied Plio-Pleistocene hominin fossil record
(Lordkipanidze et al. 2007, Berger et al. 2010, Antdn et al. 2013) it appears unlikely that
any of these hypotheses can unequivocally explain the transition. While early Homo
specimens are generally taller and more massive than most australopiths, there is
overlap in lower limb proportions relative to body size between groups (Holliday 2012).
This is important because bipedal efficiency is directly tied to leg length, which scales
with positive allometry to body mass in some human populations (Holliday and
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Franciscus 2009). Thus, some larger australopiths (such as KSD-VP-1/1 from Woranso-
Mille; Haile-Selassie et al. 2010) might have been no less efficient bipedal walkers and
runners than some smaller members of Homo. Even the degree to which the fairly long
armed (more primitive condition) australopiths differ from early Homo with respect to
humero-femoral index (reflecting the proportions of the upper limb and lower limb
relative to one another) has been downgraded in light of the recent discovery of H.
erectus at Dmanisi (Lordkipanidze et al. 2007, Holliday 2012). That some specimens of
early Homo possess humero-femoral indices intermediate to australopiths and later
Homo suggests that modern human-like limb proportions were not achieved at the time
of the origins of the genus Homo (Holliday 2012). The Dmanisi, and now Dinaledj,
hominins have also decreased the lower range of brain size in H. erectus and the genus
Homo, respectively, yet possess clearly Homo-like lower limbs (Marchi et al. n.d.) which
challenges the hypothesis that Homo locomotor morphology reflects a morphological
reorganization to accommodate large-brained neonates (Lovejoy 1975, 1988, 2005).
Some of the ramifications of the Dinaledi material for testing these various
hypotheses are dependent on a geological date that, at the time of writing, has not yet
been established for the site. Nevertheless, some of the implications inform the debate
no matter the geological age, given the unique combination of features marking the
species. The mosaic anatomy of the Dinaledi assemblage featuring both australopith and
Homo-like traits appears most consistent with a transitional species. If a date conducive
to this interpretation is determined, then the assemblage may clarify the ordering of
anatomical changes during the Australopithecus-Homo transition. Notably, an early date
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for H. naledi would suggest that a highly derived, modern human-like foot (Harcourt-
Smith et al. n.d.) and a possibly elongated and somewhat derived lower limb (Marchi et
al. n.d.) evolved prior to increases in brain and body size. If the Dinaledi assemblage is
more recent, and not a good candidate ancestor to later and more morphologically
derived Homo species (i.e. H. erectus), then the remarkability of the find will stem from
the persistence of primitive features into a time period otherwise lacking species
exhibiting such traits. Even with a more recent date, the pattern of morphological
mosaicism observed in the assemblage provides an example of the decoupling of the
evolution of the upper and lower limbs (see Sylvester 2006). No matter the cause of the
retention of such primitive upper limb features — whether it be phylogenetic lag or
stabilizing selection — the stark contrast between upper limb and lower limbs suggests
that they did not necessarily evolve synchronously. Further, the retention of a largely
primitive upper limb and thorax in H. naledi (Bastir et al. n.d., Feuerriegel et al. n.d.)
suggests that the evolution of a more modern lower limb might not have been
constrained by the morphological requirements for arboreal locomotion. Moreover, that
the species is marked by small body size (within the range of australopiths; Garvin et al.
n.d.) yet possesses so many highly derived features runs counter to the expectations of
the time hypermorphosis hypothesis regardless of geological age. None of the well-
established hypotheses regarding the Australopithecus-Homo transition fully account for
the entire suite of features in H. naledi.

Thus far, only the mature specimens of H. naledi have been evaluated, yet some
of the most complete elements in the assemblage belong to immature individuals (Bolter
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et al. n.d.). Tibial proportions, in particular, are best estimated from the immature
collection since the most complete tibia (and lower limb bone, overall, U.W. 101-1070) in
the assemblage is immature. Further, ontogenetic studies have the potential to inform
selective histories, phylogenetic relationships, and/or plastic behavioral correlates of
various morphologies (see Lovejoy et al. 1999, Harmon 2013, and below), all of which
stand to clarify what is known about morphological evolution in the Plio-Pleistocene.
Accordingly, to more thoroughly compare H. naledi to other fossil hominins and to
better integrate the results into the greater Australopithecus-Homo transition debate, I

must consider pre-adult H. naledi.

2.3 Evaluating Fossil Hominin Morphological Ontogeny

An assessment of adult morphology is incomplete without recognition of the
immature form, since it is ontogenetic changes that produce the final, adult anatomy. An
interest in the relationship between development and evolution extends to the early part
of the 20" century (Thompson 1917, Huxley 1932). De Beer (1958, 1), stated that
“embryos undergo development; ancestors have undergone evolution, but in their day

they also were the products of development. Our first task must therefore be to define
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Table 2: Plio-Pleistocene pre-adult fossil hominin postcranial specimens.

Species Specimen(s) Locality Element(s)
Australopithecus DIK-1-1 Dikika, Ethiopia  Partial Skeleton
afarensis

Australopithecus LH 21 Laetoli, Tanzania Partial Skeleton
afarensis

Australopithecus A.L. 333-95 Hadar, Ethiopia ~ Proximal Femur
afarensis

Australopithecus A.L.333-110, A.L. Hadar, Ethiopia Distal Femora
afarensis 333-111

Australopithecus A.L.333-120 Hadar, Ethiopia  Distal Fibula
afarensis

Australopithecus A.L. 333w-43 Hadar, Ethiopia  Distal Tibia
afarensis

Australopithecus A.L. 333-39 Hadar, Ethiopia ~ Proximal Tibia
afarensis

Australopithecus A.L. 333-38 Hadar, Ethiopia ~ Proximal Ulna
afarensis

Australopithecus A.L.333w-33 Hadar, Ethiopia  Proximal Radius
afarensis

Australopithecus A.L.333-81 Hadar, Ethiopia  Thoracic Vertebra
afarensis

Australopithecus A.L.333-70, A.L. Hadar, Ethiopia ~ Metacarpals
afarensis 333w-23

Australopithecus A.L.333w-29, A.L. Hadar, Ethiopia  Phalanges
afarensis 333w-7

Australopithecus MLD 7, 8 Makapansgat, [lium & Ischium
africanus South Africa
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Australopithecus MLD 25 Makapansgat, [lium

africanus South Africa
Australopithecus sediba ~ MH1 Malapa, South Partial Skeleton
Africa
Homo erectus KNM-WT 15000 West Turkana, Partial Skeleton
Kenya
Homo erectus D2680, D2715 Dmanisi, Georgia Humeri
Homo erectus D2724 Dmanisi, Georgia Clavicle
Homo erectus D2627, D2673, Dmanisi, Georgia Vertebrae
D2713, D2721
Homo erectus D2670, D2679, Dmanisi, Georgia Phalanges
D3480
Homo erectus D2669, D2671 Dmanisi, Georgia Metatarsals

these two sets of events...” Given the widespread morphological modifications that can
occur during postnatal ontogeny it is critical that any immature fossil hominin remains
be evaluated in an ontogenetic context. With the recent influx of pre-adult remains from
Dinaledi into what was a somewhat sparse immature Plio-Pleistocene hominin fossil
record (particularly prior to the recent discoveries of the DIK-1-1 and MH1 partial
skeletons and the material from Dmanisi; Table 2), ontogenetic studies in
paleoanthropology are more important than ever (Zollikofer and Ponce de Leon 2010,
Kelley and Bolter 2013, Harmon 2013).

Adult morphological features may arise via a multitude of pathways. These

pathways can be broken down into three broad categories: genetic, epigenetic, and
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developmentally (or phenotypically or behaviorally) plastic (Harmon 2013). A major
component of the growth and development process is the result of genetic coding and is,
thus, determined at conception (Lovejoy et al. 1999; e.g. Fromental-Ramain et al. 1996,
Davis and Capecchi 1994). Non-genetic environmental factors may also impact gene
expression (i.e. epigenetics) culminating in ontogenetic changes (Weaver and Ingram
1969, Sultan and Stearns 2005, Stock and Buck 2010). Behavior may also influence
morphological development and, thus, directly alter an individual’s phenotype (e.g.
Riesenfeld 1972, Simon and Papierski 1982, Lieberman 1997, Lovejoy et al. 1999,
Hallgrimsson et al. 2002, Ruff 2003, Pearson and Lieberman 2004, Stock and Buck 2010,
Harmon 2013). Though it is impossible to confirm the underlying mechanisms driving
shape development by considering phenotypic change alone, examining ontogenetic
trends does stand to inform variation in shape development between species, which can
be useful in evaluating phylogenetic relationships in paleoanthropology.

The identification of genetically mediated traits in the fossil record is important
because these traits can inform selective histories and phylogenetic relationships
(Schwartz et al. 2005, Harmon 2013). Work in the field of morphogenesis suggests that
morphological features (comparable to those found in adults of the species) identifiable
very early in ontogeny — prior to considerable behavioral influences — are likely
genetically mediated (Shubin et al. 1997, Hallgrimsson et al. 2002, Carroll et al. 2005,
Wolpert and Tickle 2011). Further, features or shapes that are predictably and similarly
accentuated during growth and development in otherwise behaviorally distinct species
are also likely genetically mediated (Young 2008). In other words, taxon specific
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differences (or similarities) are maintained during post-natal ontogeny. Young (2008)
found that while the overall shape of the anthropoid scapula is correlated with
locomotor behavior, features indicative of taxa or functional (locomotor/positional)
groups were largely present in infants and, thus, differences in postnatal ontogeny did
not contribute to inter-specific morphological differences the final, adult form. Green
(2013) also identified features of the hominoid scapula that did not appreciably change
during post-natal ontogeny, leading him to conclude that such features might be
“developmentally constrained.”

Variation in the developmental trajectories of such features, including scapular
spine and glenoid orientation, between human (in which the scapula undergoes marked
changed during postnatal development) and non-human (in which immature scapulae
are morphologically similar to those of adults) hominoids led Green and Alemseged
(2012) to conclude that the DIK-1-1 infant scapula was more ape-like with respect to
shoulder development because it resembled adults of the species. The developmental
patterns of such genetically mediated traits can also be used to interpret the
phylogenetic position of a given taxon. Schwartz and colleagues (2005) tested the
hypothesis that canines developed via bimaturism (extended growth in one sex relative
to the other) in early primates as they do in extant anthropoids. Canine dimorphism was
found to develop via differential rate in one genus of adapiform (Eocene Cantius), unlike
in later primates, suggesting that canine dimorphism development is not homologous in
the Order Primates and that canine dimorphism was likely selected for at least twice
independently during primate evolution.
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The potential to identify developmentally plastic traits indicative of in-life
behavior are a second key benefit of ontogenetic studies applicable to
paleoanthropology. The responsiveness of the immature skeleton to activity/loading
patterns is well documented (e.g. Riesenfeld 1972, Lanyon 1980, Carter et al. 1987,
Conroy et al. 1993, Grimston et al. 1993, Biewener and Bertram 1994, Ruff et al. 1994,
Kannus et al. 1995, Akhter et al. 1998, Bass et al. 1998, 2002, Skerry 2000, Carter and
Beaupre 2001, Lieberman et al. 2001, 2003, Ruff 2003, Raichlen 2005, Shapiro and
Raichlen 2006, Young 2006, Cowgill 2007). Though the relationship between bone
development and loading environments is complex (see Pearson and Lieberman 2004),
some morphological features are known to develop in response to specific loading via
specific behaviors during ontogeny (Tardieu and Trinkaus 1994, Richmond 1998,
Shefelbine et al. 2002, Richmond 2003).

For example, the human femoral bicondylar angle (which creates a valgus knee)
has been shown to increase during early postnatal ontogeny (Tardieu and Trinkaus
1994). This change is believed to be directly influenced by loading due to bipedal
walking as evidenced by no- to minimal-angle formation in non- or minimally-
ambulatory individuals, respectively (Tardieu and Trinkaus 1994). This phenomenon is
supported by theoretical evidence from a finite element model of the distal femur which
demonstrates that loading of the bone during the single leg stance phase of the bipedal
gait cycle promotes increased ossification on the medial relative to the lateral side of the
distal femur, thereby forming the bicondylar angle and valgus knee (Shefelbine et al.
2002). Though the presence of a positive bicondylar angle (a valgus knee) has long been
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taken as evidence of bipedal locomotion (e.g. Parsons 1914, Walmsley 1933, LeGros
Clark 1947, Kern and Straus 1949), the determination of the developmental plasticity of
the trait via ontogenetic analyses affords greater confidence that the trait reflects the
adoption of a given behavior. That the DIK-1-1 infant possesses a valgus knee suggests
that the individual was already walking bipedally as an infant with an estimated age
(using an African ape model) of three years at death (Alemseged et al. 2006). Homo
sapiens are capable of bipedal walking after one year of age and generally proficient by
two years of age (Bogin 1999, Kimura et. al. 2005, Kimura and Yaguramaki 2009),
making evidence of bipedal behavior in DIK-1-1 unremarkable by modern human
standards. The finding, however, is interesting in the context of African ape locomotor
development, given evidence of an ontogenetic shift from arboreal to terrestrial
quadrupedal locomotor behavior in both Pan and Gorilla, with the former not achieving
adult-like locomotor tendencies until six years of age (Doran 1997). Similarly,
ontogenetic changes in nonhuman primate phalangeal curvature that track changes in
locomotor behavior have been taken as evidence of the developmental plasticity of the
phalanges (Richmond 1998, 2003, Congdon 2012). Theory has suggested and empirical
evidence has demonstrated that curved phalanges experience reduced strain during
grasping relative to straight phalanges (Richmond 2007). Accordingly, these findings
support the hypothesis that hominins with curved phalanges, such as most
australopiths, were likely undertaking some degree of arboreal locomotion involving
grasping and that the curvature is not simply a primitive feature resulting from
phylogenetic inertia. Further, while many aspects of the primate scapula have been
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deemed genetically canalized (as outlined above), the change in shape of some features,
such as infraspinous breadth, track shifting locomotor patterns during postnatal
ontogeny in the African apes, providing indirect evidence of developmental plasticity
(Green 2013). The presence of both curved phalanges and an ape-like, narrow
infraspinous fossa in DIK-1-1 implies that the infant was also capable of arboreal
behaviors.

Given the fragmentary nature of the hominin fossil record, all of these
behavioral, phylogenetic, and selective inferences are largely dependent on comparative
ontogenetic studies. The propensity for the skeleton to change in shape during growth
and development means that it is necessary for any immature fossil hominins to be
evaluated relative to other immature specimens. Since immature fossil remains
commonly serve as type specimens in paleoanthropology (e,g, Taung as the type of Au.
africanus [Dart 1925], MHI1 as the type of Au. sediba [Berger et al. 2010] and OH 7 as the
type of Homo habilis [Leakey et al. 1964]), or are among the most complete
representations of their species (i.e. KNM-WT 15000; H. erectus), an understanding of
how these remains may change ontogenetically is a critical step for functional and
ecological interpretations about some hominin species.

The implications of the immaturity of KNM-WT 15000 as they relate to aspects of
body size, body proportions, encephalization, and locomotion have been extensively
studied because the skeleton is an exemplar male African H. erectus (e.g. Brown et al.
1985, Feldesman and Lundy 1988, Begun and Walker 1993, Ruff and Walker 1993, Smith
1993, Walker and Leakey 1993, Holliday and Ruff 1997, Clegg and Aiello 1999, Ohman et
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al. 2002, Smith 2004, Steudel-Numbers 2006, Dean and Smith 2009, Graves et al. 2010).
The intralimb proportions (brachial index: radius/humerus length; crural index:
tibia/femur length) of KNM-WT 15000 are high (Ruff and Walker 1993). Intralimb
proportions have been suggested to relate to climate following Allen’s rule (Allen 1877).
This is because individuals from warmer climates tend to possess relatively long
extremities (whether they be limbs, ears, or tails) than do individuals from colder
climates. Since relative lengthening of the limbs occurs primarily via extension of the
distal element, this variation is captured in intralimb ratios (Trinkaus 1981); that is,
warm-adapted individuals tend to have distal limb segments (radii and tibiae) that are
long relative to proximal segments (humeri and femora). The crural and bracial indices
of KNM-WT 15000 are higher than in all modern humans, including Africans,
suggesting a hot climate (based on ecogeographic patterns in body shape in living
humans) (Ruff and Walker 1993). Though these indices change during human postnatal
ontogeny, due in large part to growth spurts that differentially accelerate growth in
length across the bones of the limbs (Eveleth and Tanner 1976), individuals around the
estimated (dental) age of KNM-WT 15000 used by the authors (11 years using a human
dental schedule; Smith 1993) are comparable to young adults, indicating that these
proportions reflect the adult pattern (Ruff and Walker 1993). Using an African human
model, Ruff and Walker (1993) estimated the stature at death of KNM-WT 15000 to be
about 160 cm and, factoring in average growth of the long bones in various populations
(16.9% to 29% depending on the element and population) between the estimated age of
the fossil skeleton and maturity, projected that the adult stature of the skeleton would
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have been around 185 cm, making him tall, whether compared to modern humans or
other specimens of comparably geologically aged African H. erectus (with an average
stature of 170 cm: Ruff and Walker 1993). Graves and colleagues (2010), however,
contend that KNM-WT 15000 was already nearly fully grown and estimate that his adult
stature would have only been 163 cm. If accurate, this lower estimate provides further
evidence that the Australopithecus-Homo transition was not marked by as great of an
increase in body size as previously believed.

Of the immature postcranial remains of H. naledi from the Dinaledi chamber that
have been recovered to date, the humeri, tibiae, and femora are of particular interest due
to the completeness of the former two bones and the preponderance of the latter. That
the U.W. 101-948 immature humerus and U.W. 101-1070 immature tibia are largely
intact facilitates examination of limb proportions not afforded by the more fragmentary
adult limb remains in the assemblage. The presence of multiple proximal femora in the
assemblage, both mature and immature, allows for an assessment of ontogenetic
changes in shape of the bone within a single assemblage. In the following chapters I take
a comparative approach to study the ontogeny of the femur, tibia, and humerus in H.
naledi as they relate to femoral shape development and limb proportions in an effort to
investigate how this recent discovery informs the established hypotheses regarding the

Australopithecus-Homo transition.
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3. Homo naledi and the ontogeny of the proximal femur

3.1 Introduction

Pre-adult hominin postcrania are exceptionally rare in the fossil record (Kelley
and Bolter 2013). The recovery of hundreds of remains attributed to H. naledi from the
Dinaledi chamber of Rising Star Cave, South Africa (Berger et al. n.d.) yielded numerous
immature postcranial fragments, including four unequivocally immature partial
proximal femora (Figure 4), as evidenced by the presence of a metaphyseal surface. Of
these, three (U.W. 101-863, U.W. 101-938, and U.W. 101-1000) are complete enough to
garner multiple standard measurements (also attainable from between three and eleven
mature femora in the assemblage) with each specimen representing a unique individual
as determined by size and side. The fourth specimen, U.W. 101-1555 (unfused femoral
head affixed with glue), is too damaged to garner any repeatable measurements of the

femoral head or neck.

The lower limb of H. naledi is marked by a mosaic of primitive australopith-like
traits, features that are shared-derived with Homo, and previously unobserved traits
unique to H. naledi (Marchi et al. n.d.). Though there is a clear morphological affinity
within the assemblage, many of these features are only variably present in the immature
sample. This is not unexpected, as aspects of femoral morphology have been shown to

transform considerably during post-natal development in modern humans (e.g.
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U.W. 101-863

U.W. 101-1555

U.W. 101-1000 U.W. 101-938

Figure 4: Immature proximal femora recovered from the Dinaledi Chamber of
Rising Star cave system in anterior view. Note that this perspective makes the
femoral head and neck of U.W. 101-1555 appear to be more complete than it
actually is (only the anterior surfaces of the bone are intact).
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Humphry 1889, Pujol et al. 2014, Szuper et al. 2014). Some of these changes, including
the development of the bicondylar and neck-shaft angles, have been linked to loading of
the knee and hip, respectively (Shefelbine et al. 2002; Houston and Zaleski 1967) and
have been used to infer fossil hominin locomotor behavior (Tardieu 1999, Trinkaus
1993). Generally, though, the epiphyses of long bones are believed to be less plastic (and,
therefore, less reflective of in-vivo behavior) than is the diaphysis (Ruff et al. 1991,
Lieberman et al. 2001, Stock and Buck 2010). Many studies have demonstrated the
responsiveness of the femoral diaphysis to loading, identifying aspects of shape or cross-
sectional geometry corresponding to locomotor behavior (e.g. Ruff et al. 1994, van der
Meulen et al 1996, Carlson 2005, Wescott 2006, Carlson and Judex 2007, Davies and Stock
2013, Ruff et al. 2013, Shaw and Stock 2013). Given the complexities of morphological
development, in which genetic, epigenetic, and behavioral factors may all potentially
alter shape, it is, perhaps, unsurprising that conclusions regarding the proximate causes
of femoral morphology vary. For example, recent evidence suggests that human femoral
neck-shaft angle is correlated with climate (and, thereby, likely correspond with body
proportions) and not activity patterns, suggesting that the trait is more canalized than
previously believed (Gilligan 2013, Walker et al. 2013). Morimoto and colleagues (2012)
suggest that, within Hominoidea, the morphology of the femoral diaphysis reflects
phyletic relationships between species more than locomotor differences. Frelat and
Mitteroecker (2011) posit that, in humans, while crural index is genetically-mediated, the
relative size of the epiphyses and limb length are both genetically and environmentally-
mediated.
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The mechanisms responsible for molding various femoral features are important
because they can inform behavior or phylogenetic relationships (see Chapter 2, as well
as Harmon 2013). Moreover, not all traits are uniformly diagnostic of behavior or
phylogeny (Lovejoy et al. 2002), and thus the need to differentiate trait types has led to a
call for morphogenetic studies in paleoanthropology (Lovejoy et al. 1999, Lovejoy et al.
2002, Harmon 2013). The overall lack of immature fossil hominin remains (especially
postcrania and remains from a single assemblage), however, has hindered the ability of
researchers to directly assess ontogenetic patterns in fossil hominin species. The
multitude of both mature and immature H. naledi proximal femora presents a unique
opportunity to examine developmental shape change directly in H. naledi. While H.
naledi was undoubtedly bipedal, its mosaic locomotor anatomy includes shared-
primitive features with australopiths and some early Homo specimens, such as an
anteroposteriorly compressed femoral neck, mediolaterally expanded subtrochanteric
diaphysis, and variably low neck shaft angle. (Harcourt-Smith et al. n.d., Marchi et al.
n.d.). How these features change ontogenetically in fossil hominins and extant apes,
however, is unknown and, as discussed previously, there is uncertainty regarding the
factors influencing the development of these features in H. sapiens. An understanding of
proximal femoral shape developmental trajectories may inform the degree to which H.

naledi femoral development is ape-like or human-like.

This chapter will focus on three measures of proximal femur morphology,
chosen because they incorporate standard measurements (facilitating comparisons with

other works), have potential functional ramifications (discussed below), changed over
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the course of hominin evolution, and are attainable from multiple H. naledi specimens:
neck-shaft angle (i.e., the angle formed between the neck and the shaft of the femur in

the frontal plane), neck shape, and subtrochanteric shape (Table 3, Fig. 5).

In humans, both neck-shaft angle (Houston and Zaleski 1967, Trinkaus 1993) and
subtrochanteric shape (Wescott 2006) have been hypothesized to reflect activity levels
during growth and development (where lower neck-shaft angles and mediolaterally
broader, less circular, subtrochanteric diaphysis reflect high activity levels). These same
features, however, might also reflect body proportions, potentially related to climate,
such that a low neck-shaft angle is related to a wide-hipped bauplan that improves heat
retention in cooler environments (Gilligan et al. 2013) and, in turn, increases
mediolateral bending of the proximal femoral diaphysis, resulting in a lower platymeric
index (mediolaterally broad subtrochanteric diaphysis; Ruff 1995). Variation in neck
shape between fossil hominins and humans has been argued to reflect kinematic
differences in bipedal gait (Lovejoy 1975, Ruff 1995, 1998, Lovejoy et al. 2002, Ruff and
Higgins 2013). Clinical research has demonstrated that, after controlling for size,
increased physical activity in human children is correlated with larger femoral neck
cross-sectional area (Forwood et al. 2006, Janz et al. 2007). This implies that femoral neck
shape, like neck-shaft angle and subtrochanteric shape, may be developmentally plastic,
and that bipedal kinematic differences among hominin species may directly influence
observed neck shape variation. The primary aim of this chapter is to determine how
these features change during growth and development in H. naledi compared to extant

hominoids.
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3.2 Materials and Methods

Samples

Measurements of the proximal femur were obtained on ontogenetic samples of
modern Homo sapiens (n = 65 immature specimens, n = 212 adults), extant Pan troglodytes
(n =47 immature specimens, n = 47 adults), and extant Gorilla gorilla (n = 48 immature
specimens, n = 51 adults). Details of the specific sample sizes and collection origins of
extant species are presented in Table 3. The majority of P. troglodytes and G. gorilla
specimens included in analyses in this dissertation were wild shot, however, a small
number are zoological while the origins of some are unknown. The human sample is
comprised of native South Africans (e.g. Zulu and Xhosa, from the Dart Collection) and
Americans of African and European ancestry (from the Hamman-Todd Collection). Any
individuals exhibiting evidence of pathologies were excluded. An effort was made to
balance the proportions of males and females in the comparative samples when such
information was known or could be morphologically determined. All measurements of
comparative fossil hominins (listed in Tables 7 & 8) were taken from the original

specimens unless otherwise noted.

Measurements

This study examines proximal femoral shape via two indices and one angle: neck

shape index, platymeric index, and neck-shaft angle (Table 4, Figure 5). These measures
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Table 3: Extant species, sample sizes, and curating institutions of specimens included

in Chapter 3.
Species N Origins
Homo sapiens e AgeClass1: 24
e AgeClass2: 13
Cleveland Museum of
o Age(Class3: 20 Natural History
e AgeClass4: 8 Dart Collection, University of
the Witwatersrand
e AgeClass5: 212
Total: 277
Pan e AgeClass1: 14 Cleveland Museum of
troglodytes Natural History
e AgeC(lass2: 17
American Museum of
e AgeClass3: 12 Natural History, New York
e AgeClass4: 4 National Museum of Natural
e AgeClass5: 47 History, Washington, D.C.
Anthropological Institute and
Museum, University of
Total: 94 Zurich
Gorilla gorilla e AgeClass1: 15 Cleveland Museum of
Natural History
e AgeC(Class2: 17
American Museum of
* AgeClass3: 10 Natural History, New York
* AgeClass4: 7 National Museum of Natural
e AgeClass5: 51 History, Washington, D.C.
Anthropological Institute and
Museum, University of
Total: 99 Zurich
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Table 4: Measurements and shape indices of the proximal femur used in Chapter 3.

Measurement/Index Description
Neck Height (FNH) The minimum vertical diameter of the neck.
Neck Breadth (FNB) Neck diameter orthogonal to FNH.
Neck Shape Index (FNB/ENH) x 100
Subtrochanteric

Mediolateral Diameter
(SML)

The mediolateral diameter of the proximal diaphysis
taken distal to the level of the lesser trochanter.

Subtrochanteric
Anteroposterior Diameter
(SAP)

The anteroposterior diameter of the proximal diaphysis
taken distal to the level of the lesser trochanter.

Platymeric Index

(SAP/SML) x 100

Neck-shaft Angle (NSA)

The angle, in the cranial plane, formed by a line
corresponding with the axis of the neck and a line
corresponding with the axis of the shaft.

All linear measures were collected with digital calipers (accurate to the nearest 0.1 mm),

NSA was measured with a goniometer.
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Figure 5: Measurements of the proximal femur used in Chapter 3
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were chosen because they have been argued to be functionally significant for bipedalism
(as outlined above and in Chapter 2). Additionally, these measures were attainable on
multiple femora in the Dinaledi assemblage and are amenable to quantifying shape

across a wide age range in all groups studied.

Estimating the age class of femora

The shape of the femur changes during postnatal ontogeny (e.g. Humphry 1889,
Ruff et al. 1994, Scheuer and Black 2000, Shefelbine et al. 2002, Wescott 2006, Goldman et
al. 2009, Cowgill et al. 2010, Pujol et al. 2014, Szuper et al. 2014), however, given
differences in the developmental schedules of species in Homininae (e.g. Schultz 1960,
1969, Tardieu 1998, Hawkes et al. 2003, Kappeler and Pereira 2003, Bolter and Zihlman
2012, Kelley and Bolter 2013), such changes are not necessarily comparable across
species with respect to absolute age. Moreover, the developmental ages of immature
fossil hominins can only be estimated. To facilitate comparisons between extant and
extinct hominines of varying (or unknown) developmental stages or ages, I apply a
modified system of age categorization based on mandibular dental eruption, after Bolter

et al. (n.d.) as outlined in Table 1.

For the extant sample, only postcrania with associated mandibular dentition
were used, such that the mandibular dental eruption age categorization system could be

readily applied.
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The large quantity of intermingled craniodental and postcranial elements
recovered from the Dinaledi chamber, representing a minimum of 15 individuals (Bolter
et al. n.d.), prevents the direct association of U.W. 101-863, 101-938, and 101-1000 with
any other material. While the lack of fusion of the proximal femoral epiphyses indicates
immaturity, given that these secondary centers fuse late in ontogeny in humans and
chimpanzees (Zihlman et al. 2007; Scheuer & Black 2000), lack of fusion offers little
resolution in the determination of specific age or age class for the proximal femur alone.
Moreover, because I am interested in how neck angle and the two shape ratios change
during ontogeny, age class assignment should be independent of these three variables of
interest. However, the Dinaledi proximal femora are incomplete, making it difficult to
contrive an independent measure of age. Since no repeatable measures of age or size,
independent of the measures of shape, could be identified, H. naledi immature fossil age
classes were estimated via assessment of the size of shape ratio denominators (femoral
neck height and subtrochanteric mediolateral diameter) relative to the adult mean for a
given measure. The H. naledi ratios of relative adult size were, in turn, compared to the
relative sizes of P. troglodytes and H. sapiens of known age class to inform age class
placement. A major limitation of this method is that the H. naledi shape ratios are not
completely independent of age class and, accordingly, it is not possible to interpret the
significance of changes in the denominator within the immature Dinaledi assemblage
and in comparison to extant ape species. It also important to note that a given age class

for a given species may represent any range of values for true time (that is, the actual
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age at death of each immature individual). As such, analyses incorporating age class

pertain only to intrinsic time.

Data Analysis

Quantifying the integrative shape of the proximal femur is complicated by the
fragmentary nature of fossilized femoral remains, many of which have been altered by
taphonomic processes, and, in the case of pre-adult material, by the frequent lack of
associated epiphyses, which obscures or even prevents the identification of consistent
landmarks across multiple samples. Accordingly, ontogenetic patterns of shape change
were evaluated via boxplots of individual shape indices and neck-shaft angle across
developmental stage groups and age classes, and via bivariate plots by age class with

mean trend lines, in H. sapiens, P. troglodytes, G. gorilla, and H. naledi.

All box plots encompass 25% - 75% quartiles and contain a median line with
whiskers extending to maximum and minimum values. Due to the potential for
misassignment of H. naledi immature femora age class, box plots including H. naledi
were generated across coarse age groups (Infant & Early Juvenile, Late Juvenile & Sub-
adult, and Adult) constructed by pooling classes from the established age class system (1
& 2,3 & 4, and 5, respectively). To evaluate postnatal developmental change on a finer
scale, box plots were also created by age class for extant comparative species only. In
both types of box plots, intra-species group means are compared via Mann-Whitney U
tests to test the null hypothesis that shape indices and neck-shaft angle do not

significantly change (p < 0.05) during postnatal ontogeny. Developmental trends in

50



shape change were also qualitatively evaluated via mean trend lines on bivariate plots of

shape or angle by age class.

For indices in which the developmental trajectories appear to differ between
species, the scaling relationship of each (log) linear metric component of the index is
evaluated via a reduced major axis (RMA) regression. RMA regression is used because
the variables are mutually codependent and there is equal probability for error in both
(Sokal and Rohlf 1995, Smith 2009). Ninety five percent confidence intervals of slopes
were calculated to compare differences between species. All statistical analyses were

performed in JMP 11 Pro (SAS Institute Inc., Cary, NC).

3.3 Estimation of Immature Homo naledi Proximal Femora Age
Class

Despite absolute differences in body size, life histories, and the length of growth
and development, the relative (immature : adult) size of femoral neck height and
subtrochanteric mediolateral diameter did not significantly differ between H. sapiens and
P. troglodytes of the same age class (Table 5). In turn, the relative sizes of extant hominin
proximal femora were used to estimate age class associations for U.W. 101-863, 101-938,
and 101-1000 (Table 6). With respect to relative femoral subtrochanteric mediolateral
diameter, U.W. 101-863 falls between H. sapiens and P. troglodytes in age classes 1 and 2

(more than one standard deviation above the age class 1 means of H. sapiens and P.
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troglodytes, more than one standard deviation below the age class 2 mean of H. sapiens,
and within one standard deviation of the age class 2 mean of P. troglodytes). For this
same measure, U.W. 101-938 and U.W. 101-1000 fall near the mean of age class 3 H.
sapiens and P. troglodytes. With respect to femoral neck height, U.W. 101-863 closely
resembles age class 1 H. sapiens and P. troglodytes, but UW. 101-938 and U.W. 101-1000
are intermediate between age classes 3 and 4 (falling within one standard deviation of
the age class 3 and 4 H. sapiens means, but most closely resembling age class 4 P.
troglodytes). Overall, the relative sizes of U.W. 101-938 and U.W. 101-1000 are most
consistent with age class 3 (late juvenile) and second most consistent with age class 4.
U.W. 101-863 best fits in age class 1 (most consistent) or age class 2 (second most
consistent). While a minimum of four dental individuals were previously attributed to
age class 2, only one set of dentition has been identified as representing an individual in
age class 3. Given that the Dinaledi chamber is only partially excavated and the
probabilities of age class assignments for U.W. 101-938 and U.W. 101-1000 are notably
high, I do not consider the lack of continuity between dental and femoral age class
assignments alarming and predict that more late juvenile dentition will be recovered.
The possibility of incorrect age class assignment of femoral remains, however, is
acknowledged in subsequent analyses evaluating change in shape between coarse age

groups spanning two immature age classes.

Overall, these estimated age class associations place U.W. 101-938/1000 in the
same broad developmental stage as MH1 (Au. sediba) and KNM-WT 15000 (H. erectus).

U.W. 101-863 is comparable to the LH-21 femur (Au. afarensis; Kyauka 1994 notes that
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Table 5: Summary statistics (mean * S.D.; minimum - maximum) of size relative to the

species adult mean age class of femur metrics in H. sapiens and P. troglodytes. H.
sapiens (adult n =212) and P. troglodytes (adult n = 47) relative size means did not
significantly differ for any metric within the same age class (p > 0.05; Mann-Whitney U

test).
Metric Species AgeClass1 AgeClass2 AgeClass3 Age Class4
E 0.40 +0.09 0.63 +0.07 0.82 +0.09 0.94 +0.05
© H. sapiens 0.22 -0.58 0.51-0.73 0.67 - 0.99 0.87-1.03
_§ % (n=24) (n=13) (n=20) (n=28)
25
§ A 0.43 +0.06 0.58 +0.05 0.77 +0.09 0.92 +0.07
ry P. troglodytes 0.35-0.53 0.49 - 0.66 0.62-0.91 0.84 -0.99
& (n=12) (n=17) (n=13) (n=4)
0.50 +0.05 0.66 +0.07 0.84 +0.08 0.94 +0.08
= H. sapiens 0.44 - 0.56 0.51-0.75 0.70-0.98 0.81-1.06
-%’3 (n=13) (n=13) (n=20) (n=28)
an
é 0.50 +0.05 0.62 +0.07 0.84 +0.04 0.89 +0.10
Z P. troglodytes 0.43-0.61 0.51-0.78 0.78 -0.90 0.81-0.99
(n=12) (n=17) (n=12) (n=4)
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Table 6: Relative size of immature individual H. naledi to the adult H. naledi mean for
femoral neck height (adult n = 4) and subtrochanteric mediolateral diameter (adult n =

11).
. . h .
it Nk N S ooy
Mean) (mm) Adult Mean)
U.W. 101-863 12.3 0.54 13.9 0.55
U.W. 101-938 21.8 0.95 19.6 0.78
U.W. 101-1000 20.9 0.91 19.9 0.79
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the M! of this specimen had emerged past the alveolar bone, but not yet fully occluded,
though White 1980 states that M' is unerupted. In either case, lack of mandibular
eruption prevents direct application of the age class system used here, though LH-21

was certainly either age class 1 or, less likely, 2).

3.4 Comparative Morphology

U.W. 101-863, 101-938, and 101-1000 all preserve at least a portion of the neck,
subtrochanteric diaphysis, and metaphyseal surface of the head (see Figure 4 and
Marchi et al. n.d.). Diagnostic features of adult H. naledi morphology are present in the
immature specimens, including an anterosuperior to posteroinferiorly oriented long axis
of the neck (Figure 6; also observed in Au. sediba, and, to a lesser degree, early Homo) and
marked anteversion of the head/neck relative to the proximal diaphysis (also found in

many australopiths and early Homo).

The immature specimens differ from mature specimens in the assemblage with
respect to neck-shaft angle (NSA), proximal femoral platymeric index, neck shape, and
overall reduced muscle markings (Tables 7 & 8). Estimated NSAs for the three immature
Dinaledi specimens range between 119° and 124°, markedly higher than the species’
adult mean (117.3° + 1.4°; n = 3) and NSAs of other immature African fossil hominins,
including MH1 (Au. sediba; 112.5° ) and KNM-WT 15000 (H. erectus; 110°). These

immature Dinaledi NSA values are, however comparable to mature australopiths and
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Inferior

Figure 6: Three dimensional rendering of U.W. 101-938 (with partial head
attached) in medial view with surface contours of the neck. Note the oblique axis
of the neck, from anterosuperior to posteroinferior. This orientation is consistent
with that found in all H. naledi femora recovered to date.
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Table 7: Mean adult values (+/- standard deviation) for included measures of proximal
femur shape in extant African apes, H. sapiens, H. naledi, and other fossil hominin
groups. No values given for group measurement if a measure is available from only a
single specimen (or less).

Species/Group Neck Shape Index  Neck-Shaft Angle (°) Platymeric Index
C. voril 81.4+46 118.8+3.9 83.1+4.1
-8 (n=51) (n=23) (n=51)
—— 85.9+5.1 122.6 3.1 84.7 £ 54
- Hroglony (n =47) (n=17) (n =47)
U saviens 83.0+6.1 1249 +4.1 80.9+ 6.6
5P (n =187) (n=113) (n=211)

712467 1173+14 75.5+ 6.7
H. naledi
naledi § (n=4) (n=3) (n=11)
Australopiths | 724+85 119.0 £ 4.0 75.8+ 4.6
p (n =14) (n =10) (n =14)
735+11.3 123712 758 +15.5
Early H
arly Homo (n=4) (n=3) (n=4)
African H. erectus © 722£58
(n=6)

§ U.W. 101-002, U.W. 101-018, U.W. 101-271, U.W. 101-398, U.W. 101-421, U.W. 101-1136, U.W.
101-1300, U.W. 101-1391, U.W. 101-1434, U.W. 101-1475, U'W. 101-1482.

AL 128-1, A.L.152-2, A.L.288-1, A.L. 333-3, A.L.333-95, MAK-VP 1/1, MH 2, MLD 46, StW 99,
StW 522, SK 82, SK 97, SK 3121, KNM-ER 738, KNM-ER 815, KNM-ER 1465, KNM-ER 1500,
KNM-ER 1503, KNM-ER 1505.

9 KNM-ER 1472, KNM-ER 1481, KNM-ER 3728, OH 62

~ KNM-ER 736, KNM-ER 737, OH 28, BOU-VP 1/75, BOU-VP 19/63, Berg Aukas
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Table 8: Values of included measures of proximal femur shape in select immature
African fossil hominins.

Specimen Age Species Neck Shape Neck-Shaft Platymeric
Class Index Angle (°) Index
U.W. 101-863 1 H. naledi 86.9 124.2 84.9
U.W. 101-938 3 H. naledi 734 119.1 81.1
U.W. 101-1000 3 H. naledi 79.9 121.5 83.9
U.W. 88-4 & 5 (MH1) 3 Au. sediba 734 112.5 76.9
KNM-WT 15000 3 H. erectus 70.6 110.0 73.2
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early Homo means. Findings are similar with regard to platymeric index, where lower
values represent greater mediolateral expansion of the proximal diaphysis. The
immature Dinaledi hominins (platymeric index range = 81.1 - 84.9) exhibit a lesser
degree of mediolateral expansion than H. naledi adults (mean =75.5 + 6.7; n=11), MH1
(76.9), KNM-WT 15000 (73.2), mature australopiths, and mature early Homo. LH-21(u)
appears moderately mediolaterally expanded proximally and is comparable to U.W.
101-863 with regard to absolute dimensions of the proximal shaft, though published
data are not conducive to direct comparisons of shape (White 1980, Kyauka 1994).
Immature Dinaledi neck shapes vary from near equal SI and AP proportions (86.9 in
U.W. 101-863) to more AP constricted (73.4 in U.W. 101-938) as in H. naledi adults (71.2 +
6.7; n = 4). Neck-shape index values of U.W. 101-938 and U.W. 101-1000 are comparable

to MH1, KNM-WT 15000, and group means for australopiths and early Homo.

Overall, the immature Dinaledi femoral specimens, with few exceptions, fall
below the 95% confidence intervals (CI) of peer group H. sapiens, P. troglodytes, and G.
gorilla (Table 9). For each of the three shape measures, Dinaledi immature specimens are
most similar to extant hominines at more advanced developmental stages. In sum,
immature H. naledi proximal femoral morphology exhibits an even greater range of
morphological affinities to both extinct and extant taxa than observed in the notably
mosaic adult specimens (Marchi et al. n.d.) and are, where comparisons can be made,
morphologically intermediate to extant hominines and fossil hominin species within a

given developmental stage grouping.
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Table 9: Proximal femoral shape by coarse developmental stage groupings for G.
gorilla, P. troglodytes, and H. sapiens, including mean angle or ratio (with 95%
confidence intervals)

Neck Shape  Infant - Early Juvenile Late Juvenile - Sub-adult Adult
Index (Age Class 1 & 2) (Age Class 3 & 4) (Age Class 5)
G. gorilla 90.7 85.4 81.4
(86.9-94.4) (82.1-88.7) (80.1-82.7)
P. troglodytes 91.8 89.9 85.9
(89.9 - 93.6) (86.8-93.1) (84.4-87.4)
H. sapiens 94.4 90.6 83.0
(91.6-97.2) (88.9-92.4) (82.1-83.9)
Neck-Shaft Infant - Early Juvenile Late Juvenile - Sub-adult Adult
Angle (°) (Age Class 1 & 2) (Age Class 3 & 4) (Age Class 5)
G. gorilla 125.2 120.7 118.8
(123.5-127.0) (118.0- 123.4) (117.1-120.5)
P. troglodytes 129.9 124.1 122.6
(128.3 - 131.5) (121.8 - 126.5) (121.0-124.2)
H. sapiens 133.3 128.3 124.9
(130.6 - 136.0) (127.0 - 129.6) (124.1-125.6)
Platymeric Infant - Early Juvenile Late Juvenile - Sub-adult Adult
Index (Age Class 1 & 2) (Age Class 3 & 4) (Age Class 5)
G. gorilla 91.9 85.5 83.1
(89.5-94.3) (83.0 - 88.0) (81.9-84.2)
P. troglodytes 90.9 88.0 84.7
(88.2-93.6) (85.4-90.7) (83.2 - 86.3)
H. sapiens 88.7 84.8 80.9
(86.6 - 90.8) (82.6 - 87.0) (80.0 - 81.8)
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3.5 Development of the Hominine Proximal Femur

General patterns of shape development across taxa indicate a relative
mediolateral expansion of the proximal diaphysis (i.e. decrease in platymeric index),
increase in the relative anteroposterior constriction of the femoral neck (i.e. decrease in
neck shape index), and a decrease in neck-shaft angle (Figures 7-15). Changes in all three
measures were significant (Mann-Whitney U tests; p < 0.05) during postnatal ontogeny
(from infancy, age class 1, to adulthood, age class 5) in H. sapiens, P. troglodytes, and G.
gorilla. Platymeric index decreases ontogenetically in all groups, with inter-specific
differences roughly maintained between each age class and developmental stage
grouping (Figures 7 & 10). Infants possess significantly rounder subtrochanteric
diaphyses than do adults in all extant groups, but differences between successive age
classes are not significant (Figure 7). H. sapiens possess, on average, less round (more ML
broad; lower platymeric indices) subtrochanteric diaphyses than P. troglodytes and G.
gorilla (which possess similarly shaped subtrochanteric diaphyses) within every age
class. While mean differences between species remain nearly the same between extant
species for every age class, differences are only significant between H. sapiens and the
African apes in age class 5. Neck shape is highly variable early in life (particularly in G.
gorilla), but adults possess significantly more AP compressed femoral necks than infants
(Figure 8), specifically, and the immature coarse groupings (Figure 11), generally, in all

extant hominine species. Mean neck shape does not significantly differ between H.
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Figure 7: Box plots of platymeric index in H. sapiens, P. troglodytes, G. gorilla across age
classes. Each box encompasses 25% - 75% quartiles and contains a median line. Whiskers
extend to maximum and minimum values. Lower values indicate greater mediolateral
expansion of the proximal diaphysis. Note the general decrease in platymeric index during
postnatal ontogeny in all species.
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Figure 8: Box plots of neck shape index in H. sapiens, P. troglodytes, G. gorilla across
age classes. Each box encompasses 25% - 75% quartiles and contains a median line.
Whiskers extend to maximum and minimum values. Lower values indicate greater AP
constriction of the femoral neck. Note the general decrease in neck shape index during
postnatal ontogeny in all species.
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Figure 9: Box plots of neck-shaft angle in H. sapiens, P. troglodytes, G. gorilla across age
classes. Each box encompasses 25% - 75% quartiles and contains a median line. Whiskers
extend to maximum and minimum values. Lower values indicate greater mediolateral
expansion of the proximal diaphysis. Note the general decrease in neck-shaft angle during
postnatal ontogeny in all species.
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Figure 10: Box plots of platymeric index in H. sapiens, P. troglodytes, G. gorilla, and H.
naledi across developmental stage groupings. Infant & Early Juvenile group (age
classes 1 & 2) are represented in white, Late Juvenile & Sub-adult group (age classes 3 &
4) in light grey, and Adult group (age class 5) in dark grey. Each box encompasses 25% -
75% quartiles and contains a median line. Whiskers extend to maximum and minimum
values. Lower values indicate greater mediolateral expansion of the proximal diaphysis.
Note the general decrease in platymeric index during postnatal ontogeny in all species.
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Figure 11: Box plots of neck shape index in H. sapiens, P. troglodytes, G. gorilla, and
H. naledi across developmental stage groupings. Infant & Early Juvenile group (age
classes 1 & 2) are represented in white, Late Juvenile & Sub-adult group (age classes 3 &
4) in light grey, and Adult group (age class 5) in dark grey. Each box encompasses 25% -
75% quartiles and contains a median line. Whiskers extend to maximum and minimum
values. Lower values indicate greater AP constriction of the femoral neck.
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Figure 12: Box plots of neck-shaft angle in H. sapiens, P. troglodytes, G. gorilla, and H.
naledi across developmental stage groupings. Infant & Early Juvenile group (age
classes 1 & 2) are represented in white, Late Juvenile & Sub-adult group (age classes 3 &
4) in light grey, and Adult group (age class 5) in dark grey. Each box encompasses 25% -
75% quartiles and contains a median line. Whiskers extend to maximum and minimum
values. Lower values indicate greater mediolateral expansion of the proximal diaphysis.
Note the general decrease in neck-shaft angle during postnatal ontogeny in all species.
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Figure 13: Postnatal developmental trajectories of platymeric index with mean trend
lines. U.W. 101-863 treated as age class 1 and U.W. 101-938 and U.W. 101-1000 are
treated as age class 3 for illustrative purposes. H. sapiens are represented by a solid line
and inverted triangles (blue), H. naledi by a small dash line and standard triangles
(green), P. troglodytes by a large dash line and squares (orange), and G. gorilla by a mixed
dash/dot line and circles (red).
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Figure 14: Postnatal developmental trajectories of neck-shape index with mean trend
lines. U.W. 101-863 treated as age class 1 and U.W. 101-938 and U.W. 101-1000 are
treated as age class 3 for illustrative purposes. H. sapiens are represented by a solid line
and inverted triangles (blue), H. naledi by a small dash line and standard triangles
(green), P. troglodytes by a large dash line and squares (orange), and G. gorilla by a mixed
dash/dot line and circles (red).
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Figure 15: Postnatal developmental trajectories of neck-shaft angle with mean trend
lines. U.W. 101-863 treated as age class 1 and U.W. 101-938 and U.W. 101-1000 are
treated as age class 3 for illustrative purposes. H. sapiens are represented by a solid line
and inverted triangles (blue), H. naledi by a small dash line and standard triangles
(green), P. troglodytes by a large dash line and squares (orange), and G. gorilla by a mixed
dash/dot line and circles (red).

70



sapiens and G. gorilla in the same age class, but P. troglodytes possess significantly more
AP compressed femoral necks (lower neck shape index) than H. sapiens as infants and
less AP compressed femoral necks (higher neck shape index) than H. sapiens as adults,
thus exhibiting reduced net femoral neck shape change. Neck-shaft angle similarly
decreases during postnatal ontogeny (Figure 9 & 12), with significant differences
between infants and adults in each of the extant comparative species. Age class means
do not significantly differ between successive classes with the exception of between age
class 2 and age class 3 in H. sapiens and P. troglodytes. Further, all extant hominines
significantly differ from each other early in ontogeny (both in the infant - early juvenile
coarse group and within age classes 1 and 2 separately) as among adults, with H. sapiens
having the highest NSAs, followed by P. troglodytes, and G. gorilla (Figures 9 & 12),
potentially suggesting that adult variation is not driven by developmental differences

between species with respect to this measure.

Overall, H. naledi appears to follow the general hominine pattern, with a
discernable decrease in NSA, platymeric index, and neck shape index between the three
immature specimens and the mature femora in the assemblage. Due to the conflation of
age class and shape in this study, it is impossible to confidently ascertain intra- and
inter-specific relationships involving H. naledi, though similarities to H. sapiens and G.
gorilla (which differ from P. troglodytes) with respect to neck shape development,
warrants further analysis. That is, despite considerable absolute differences in neck

shape, H. naledi is most similar to H. sapiens and G. gorilla in terms of net neck shape
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change. This may indicate that the growth (size increase) of neck height is accelerated or

neck breadth is decelerated in the Homo species and G. gorilla relative to P. troglodytes.

The ontogenetic scaling relationship between neck height and neck breadth
(Figure 16), differentiates H. naledi from the extant species. The scaling relationship
between neck height and neck breadth is slightly positively allometric in H. sapiens (m =
1.16; 95% CL =1.09-1.22, correlation = 0.92), P. troglodytes (m = 1.10; 95% CL = 1.05-1.16;
correlation = 0.97), and G. gorilla (m = 1.10; 95% CL = 1.05-1.16; correlation = 0.97), but is
strongly positively allometric in H. naledi (m = 1.47). Due to the small sample size,
however, the 95% confidence limits of the H. naledi slope are very wide (0.91-2.64),
preventing certainty in the assessment. Moreover, the H. naledi results are almost
entirely driven by the smallest specimen, U.W. 101-863, as removing the specimen from
the analysis drops the H. naledi RMA r? from 0.85 to 0.02. Thus, while it appears likely
that H. naledi experienced increased neck height growth relative to neck breadth growth,

caution is warranted in the interpretation of these results.
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Figure 16: Bivariate plot of log femoral neck height by log femoral neck breadth with
reduced major axis regression by species including all age classes (1-5). H. sapiens are
represented by a solid line and inverted triangles (blue; r2 = 0.84; intercept = -0.333; slope
=1.16), H. naledi by a small dash line and standard triangles (green; r?> = 0.85; intercept = -
0.985; slope = 1.47), P. troglodytes by a large dash line and squares (orange; r2 = 0.95;
intercept = -0.168; slope = 1.10), and G. gorilla by a mixed dash/dot line and circles (red; r2
= 0.94; intercept = -0.140; slope = 1.10). Femoral neck height scales with positive
allometry relative to neck breadth in all species (all slopes >1.10), though H. sapiens has a
higher slope than the African apes (1.16 vs. 1.10). The slope of the H. naledi line is highest
(1.47), but, due to small sample size, the 95% confidence limits for the RMA line are very
wide (0.91-2.64).
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3.6 Discussion

Despite variant morphologies between immature and mature proximal femora in
the Dinaledi assemblage, the results presented here suggest that the patterns of
developmental shape change in H. naledi are consistent with the overall hominine
pattern with respect to neck-shaft angle and platymeric index. Homo naledi, H. sapiens,
and G. gorilla may differ from P. troglodytes in the degree to which neck shape changes
during postnatal ontogeny, largely driven by increased growth in neck height relative to
neck breadth, but this observation cannot be fully validated. Though H. naledi may be
further differentiated from H. sapiens in the magnitude of neck height relative to breadth

increase, the small sample size contributes to inconclusive results.

These results suggest that the development of neck-shaft angle and
subtrochanteric diaphyseal shape (platymeric index) are conserved across taxa. Work in
morphogenesis has indicated that morphologies observed prior to habitual loading
patterns are likely genetically mediated (Harmon 2013). Since only postnatal
morphology is examined in this study and age classes are necessarily coarse, the shapes
observed in even the youngest groups cannot be confirmed to be free from behavioral
inputs. However, when the patterns of shape change during postnatal ontogeny
accentuate shapes observed in early ontogeny and do not differentiate species with
markedly different locomotor repertoires, it is likely that these shapes are regulated by

canalized processes (Young 2008). With respect to platymeric index, bipeds (H. sapiens
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and H. naledi) are differentiated from non-bipeds (P. troglodytes and G. gorillas)
throughout ontogeny in that the former consistently possess lower index values than the
latter at all ages, though species cannot be statistically differentiated via the degree to
which platymeric index changes during ontogeny. Thus, while the rate at which
proximal diaphyseal shape changes may differ between species in real time, according
to the absolute length of growth and development, the net change from early ontogeny
to adulthood is roughly the same across hominines. Though inter-population variation
in human subtrochanteric shape has been attributed to differing biomechanical stresses
during postnatal ontogeny (Wescott 2006), no such behavioral signal can be clearly
identified at the hominine species level. Significant variation in NSA observed in early
postnatal ontogeny, coupled with comparable developmental trajectories between
species, similarly suggests that NSA development might also be evolutionarily
conserved across taxa. While a decrease in NSA has been linked to increased activity
levels in humans (Houston and Zaleski 1967), a general decrease in NSA characterizes
all Homininae and, thus, inter-specific inferences reflecting activity patterns (Trinkaus
1993) might be inappropriate. This interpretation is consistent with recent work finding
that NSA is most highly correlated with climate and not activity levels among human
populations (Gilligan 2013). Together, these results suggest that caution is warranted
when making inter-specific behavioral inferences from morphological features, even
when evidence of behaviorally-linked developmental plasticity is found within a given

population or species.
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Neck shape index may differ from the other two measures examined in that the
developmental trajectories and scaling relationship may differentiate bipeds from non-
bipeds (though this assessment cannot be statistically validated with these data). The
neck becomes more AP constricted in all four species, but the net change between early
ontogeny and adulthood is greater in H. sapiens, G. gorilla, and (possibly) H. naledi than
in P. troglodytes. That P. troglodytes and G. gorilla display the same scaling relationship
between neck height and neck breadth, yet G. gorilla undergo greater net change to
femoral neck shape ontogenetically, may be due to the larger body sizes of G. gorilla than
P. troglodytes. The scaling relationship between neck height and neck breadth is slightly
higher in H. sapiens than the African apes, such that, despite slightly less AP constricted
neck than the apes as infants, adult H. sapiens overlap with G. gorilla as adults. This
overlap, despite H. sapiens being absolutely smaller than G. gorilla may reflect increased
loading of the femoral neck in H. sapiens due to bipedal locomotion, which could also
explain the potentially marked ontogenetic increase in neck height relative to neck

breadth (at small body sizes) in H. naledi.

Nevertheless, absolute neck shape is markedly different between H. sapiens and
H. naledi with the latter exhibiting significantly greater AP constriction and potentially
greater growth in neck height relative to neck breadth. It has been stated that early Homo
(as a group) exhibits less AP neck constriction than earlier australopiths (Harmon 2009,
Ruff and Higgins 2013). Increased neck height (but not breadth) relative to femoral head
diameter differentiates australopiths from modern humans and the more human-like

(with respect to this measure) early Homo (Ruff and Higgins 2013). This increased
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superoinferior neck height is taken as evidence of increased SI bending loads (a
hypothesis consistent with results presented here) and indicative of a gait in which the
body’s center of gravity is shifted laterally over the stance leg during support phase
(Ruff and Higgins 2013). Pronounced iliac flare may also lead to more vertical loads,
potentially contributing to increased neck height (Ruff 1998). These explanations can
both be reasonably applied to H. naledi given the AP compressed/SI expanded femoral
neck and flaring ilia (VanSickle et al. n.d.). The notion that AP neck constriction
decreases from Australopithecus to Homo is, however, highly dependent on which
specimens are included in the early Homo group. The taxonomically uncertain specimens
KNM-ER 1472 and KNM-ER 1481 possess neck shapes similar to modern humans, but,
when lumped with KNM-ER 3728 (taxonomically uncertain) and OH 62 (H. habilis), the
neck shape group mean approximates H. naledi and australopiths (Table 7). Moreover,
KNM-WT 15000 (H. erectus) has a very low (AP constricted) neck shape index, in
addition to a low NSA and platymeric index (Table 8). Given the results of this chapter,
since KNM-WT 15000 is a juvenile, all of these measures are predicted to decrease into
adulthood following the hominine pattern, suggesting that KNM-WT 15000 runs
counter to the assessment that neck AP constriction is less severe in Homo than
Australopithecus. Thus, there appears to be no clear temporal pattern among Plio-

Pleistocene Homo femora recovered to date.

The variability in proximal femoral morphology among the few specimens
attributed to early Homo makes comparisons with H. naledi challenging. Overall, among

adult H. naledi, the values of the measures examined in this chapter are most similar to
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australopiths (which, despite being a group including specimens from multiple species,
has means and standard deviations that are comparable to the single assemblage H.
naledi). This is consistent with the high concordance between H. naledi and australopith
pelvic anatomies (VanSickle et al. n.d.). If neck shape responds ontogenetically to
loading of the hip, then these similarities may reflect comparable loading regimes as
discussed above. If NSA and platymeric index development are indeed conserved in
Homininae, then the concordance between these values (with far less variability than
among specimens attributed to early Homo) may suggest a close phylogenetic
relationship between H. naledi and Australopithecus. Ultimately, however, strong claims
based on these data are not warranted at these times, and the results presented merely
fail to reject the hypothesis that the femoral anatomy of H. naledi is consistent with that

of a species of early (potentially basal) Homo.
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4. Relative length of the immature Homo naledi tibia
U.W. 101-1070: evidence for hyper-elongation of the leg

4.1 Introduction

As reviewed in Chapter 2, it is largely held that the transition from
Australopithecus to early members of the genus Homo involved a shift in overall body
proportions, including relative lengthening of the lower limb, though the degree to
which hominin limb proportions changed during the Plio-Pleistocene and the proximate
causes thereof remain contentious topics (Holliday 2012, Pontzer 2012). One hypothesis
posits that the Australopithecus-Homo transition was marked by an increase in relative (to
body size) lower limb length, which was under positive selection for improved bipedal
efficiency, indicating a full commitment to terrestrial bipedalism and, potentially,
expanded home ranges (Stern and Susman 1983, Wood and Collard 1999, Bramble and
Lieberman 2004, Jungers 2009, Pontzer et al. 2010). Others contend that changes to the
locomotor anatomy in early Homo were not the result of selection for improved bipedal
efficiency, but were rather associated with increasing brain size and a resulting shift in
obstetric demands (Lovejoy 1975, 1988, 2005). Still others have proposed that the
morphological transition is attributable to the heterochronic process of time
hypermorphosis, such that body size, rather than locomotor morphology, was the locus

of selection (Tardieu 1999).
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Recent discoveries, including small-bodied H. erectus from Dmanisi (relative to
other specimens attributed to H. erectus; Lordkipanidze et al. 2007), and large-bodied Au.
afarensis KSD-VP-1/1 (relative to other australopiths; Haile-Selassie et al. 2010) have
narrowed the body size gap between Australopithecus and Homo. Further, the
observation that larger australopiths such as KSD-VP-1/1 possess relatively longer lower
limbs than smaller individuals like A.L. 288-1, and that later specimens of small-bodied
Homo (such as H. floresiensis) possess relatively short lower limbs implies that hominin
lower limb proportions may be a correlate of body size (Holliday and Franciscus 2009,

Holliday 2012).

One presumed adult H. naledi tibia was previously shown to be relatively long
and within the upper range of modern humans (Marchi et al. n.d., Garvin et al. n.d.),
though estimates were contingent upon the re-sampling of disparate and fragmentary
elements, potentially representing multiple individuals of varying size. Given the
unique combination of small brain and body sizes coupled with largely derived lower
limb morphology (Berger et al. n.d., Garvin et al. n.d., Harcourt-Smith et al. n.d., Marchi
et al. n.d., Schroeder et al. n.d.), a relatively long lower limb in H. naledi would indicate a
deviation from a simple scaling relationship between limb length and body size.
Accordingly an accurate assessment of relative lower limb length stands to directly
inform the Australopithecus-Homo transition debate. In this chapter I examine the relative
length of the most complete tibia in the Dinaledi assemblage, U.W. 101-1070, which was
not incorporated into previously published quantitative analyses due to its immature

status (Figure 17). As the only lower limb long bone in the assemblage for which

80



anterior | medial

Figure 17: Left tibia U.W. 101-1070 (pictured on right in each frame) and its less
complete antimere U.W. 101-996 (pictured on left in each frame) in anterior (a) and
medial (b) views.
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total length is known and an intact joint surface is preserved, U.W. 101-1070 presents an

opportunity to directly assess relative length.

4.2 Materials and Methods

Samples

Measurements of the tibia were obtained on ontogenetic samples of modern
Homo sapiens (n = 65 immature specimens, n = 143 adults), extant Pan troglodytes (n =47
immature specimens, n = 24 adults), and extant Gorilla gorilla (n = 49 immature
specimens, n = 23 adults). Details of the specific sample sizes and collection origins of
extant species are presented in Table 10. The majority of P. troglodytes and G. gorilla
specimens included in analyses in this dissertation were wild shot, however, a small
number are zoological while the origins of some are unknown. The human sample is
comprised of native South Africans (e.g. Zulu and Xhosa, from the Dart Collection) and
Americans of African and European ancestry (from the Hamman-Todd Collection). Any
individuals exhibiting evidence of pathologies were excluded. An effort was made to
balance the proportions of males and females in the comparative samples when such
information was known or could be morphologically determined. All measurements of
comparative fossil hominins (listed in Table 14) were taken from the original specimens

unless otherwise noted.
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Table 10: Extant species, sample sizes, and curating institutions of specimens

included in Chapter 4.
Species N Origins
Homo sapiens
o AgeC(lass1: 24
e AgeClass2: 13 Cleveland Museum of
e AgeClass3: 20 Natural History
e AgeClass4: 8 Dart Collection, University of
e AgeClass5: 143 the Witwatersrand
Total: 208
Pan Cleveland Museum of
troglodytes e AgeClass1: 14 Natural History
e AgeC(lass2: 17 American Museum of
e AgeClass3: 12 Natural History, New York
o AgeClass4: 4 National Museum of Natural
o AgeC(Classb: 24 History, Washington, D.C.
Anthropological Institute and
Total: 71 Museum, University of
Zurich
Gorilla gorilla Cleveland Museum of
e AgeClass1: 15 Natural History
e AgeC(Class2: 17 American Museum of
e AgeClass3: 10 Natural History, New York
e AgeClass4: 7 National Museum of Natural
e AgeClass5: 23 History, Washington, D.C.
Anthropological Institute and
Total: 72 Museum, University of

Zurich
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Table 11: Measurements of the tibia included in Chapter 4.

Measurement Description
Maximum Tibial Length The maximum superoinferior length of the tibia
(TML) including all epiphyses.
Midshaft Mediolateral The maximum mediolateral diameter of the tibial

Diameter (MML)

diaphysis at 50% of the maximum tibial length.

Midshaft Anteroposterior
Diameter (MAP)

The maximum anteroposterior diameter of the tibial
diaphysis at 50% of the maximum tibial length.

Medial Condyle . . .

. The anteroposterior distance from the anterior to
Anteroposterior Depth osterior margins of the articular surface
(MCD) P & '
Medial Condyle The mediolateral distance from the medial margin of the
Mediolateral Breadth medial intercondylar eminence to the medial margin of
(MCB) the articular surface.

All measures were collected with digital calipers MML, MAP, MCD and MCB) or an

osteometric board (TML).
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Measurements

This study examines tibial proportions via the relationship between maximum
tibial length (TML) and both medial condyle breadth (MCB) and medial condyle area
(MCA; Table 11 and Figure 18). The posterior margin of the medial condyle of U.W. 101-
1070 is partially eroded (Figure 18). As such, the measure of medial condyle depth
(MCD) cannot be taken with absolute certainty, but, given the limited extent of damage,
is believed to approximate the true value. Nevertheless, because MCD is used to
calculate MCA, this study conservatively uses both MCA and MCB analyses of relative

tibia length to mitigate any error in MCA.

Estimating the age class of U.W. 101-1070

Hominin tibial shape and limb proportions change during postnatal ontogeny
(e.g. Beals and Skyhar 1984, Martorell et al. 1988, Scheuer and Black 2000, Bogin et al.
2002, Frelat and Mittereocker 2011, Temple et al. 2011). Given that the epiphyses of U.W.
101-1070 are still unfused, indicating immaturity, it is important to evaluate the
specimen in an ontogenetic context since immature morphology may inform, but does
not necessarily equal, the adult pattern. Lack of tibial epiphyseal fusion alone, however,
offers little resolution for identification of developmental stage. To facilitate more
accurate inter-species comparisons of immature individuals, I applied a modified system

of age classification based on mandibular dental eruption, following Bolter et al.

85



U.W. 101-1070

Medial Co :-r‘l'.:.j-. le

Figure 18: Superomedial view of a three-dimensional surface scan rendering of the
U.W. 101-1070 tibia. The medial condyle of U.W. 101-1070 is remarkably well-preserved.
The articular margins are largely visible (yellow contour), however, erosion of the
posterior aspects of the condyle prevents indisputable identification of the most
posterior margin (red contour). Therefore, MCB can be taken with certainty, but MCD is
estimated.
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(n.d.), (Table 1).

Only postcrania with associated dentition were used to facilitate placement in
age classes. An effort was made to balance the proportions of males and females in the
comparative samples when such information was known or could be morphologically

determined.

Since U.W. 101-1070 cannot be unequivocally associated with any craniodental
remains from the Dinaledi assemblage, age class placement was estimated using a
discriminant analysis of immature tibial size relative to the species adult mean in H.
sapiens and P. troglodytes for two measures, chosen because they are attainable from both
U.W. 101-1070 and the adult specimen U.W. 101-484 and are independent of the
measures used in this study to evaluate relative length: midshaft mediolateral diameter,
and midshaft anteroposterior diameter (Table 11). Given that the external dimensions of
lower limb bone diaphyses serve as good predictors of body mass in hominins (Garvin
et al n.d.), the ratios of these dimensions between immature specimens and species-
specific adult means should provide a reasonable method of evaluating age classes of
the immature specimens (since the ratios should be proportional to the amount of adult
body mass attained). Using samples of H. sapiens and P. troglodytes of known age class,
the discriminant analysis employed in this study purposes a multivariate analysis of
variance (MANOVA) to predict the probability, given the relative size of the tibial

diaphysis, that U.W. 101-1070 is drawn from a given age class or species-specific age
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class (or, in other words, predicting the degree of one-way classification from a set of

known values).

Because the sex of immature remains incorporated in the study is largely
unknown, gorillas (G. gorilla) were excluded from the discriminant analysis due to high
adult sexual dimorphism, which is not found in the Dinaledi assemblage (Garvin et al.
n.d.). Mann-Whitney U tests (chosen because not all data were normally distributed)
were used to test the null hypothesis that relative size within a given age class does not
differ between H. sapiens and P. troglodytes. If a significant difference was found, species
variation was incorporated into the discriminant model by treating species” age classes

separately (i.e. H. sapiens Class 1, P. troglodytes Class 1, etc.).

Data Analysis

To assess the relative length of the U.W. 101-1070 tibia, TML was evaluated
relative to both the breadth and surface area of the medial condyle in bivariate space
and as a ratio (MCB/TML; MCA/TML) for H. sapiens, P. troglodytes, and G. gorilla to
compare species-specific differences at the same age class predicted for U.W. 101-1070.
KNM-WT 15000 (H. erectus; measurements from Walker and Leakey 1993a) and A.L.
288-1 (Au. afarensis; condylar dimensions measured from the original fossil A.L. 288-1AQ
and length estimation from Schmid 1983) were included in analyses for comparative

purposes as two of the three published Plio-Pleistocene fossil hominin tibiae for which
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medial condylar dimensions are known and tibial length has been estimated (the third,
D3901 - H. erectus from Dmanisi — is complete, but condylar dimensions have not been
published; Lordkipanidze et al. 2007). For analyses of the relative tibial length ratios, box
plots were constructed and Mann-Whitney U tests were employed to identify change in
the ratios between species and age classes (testing the null hypothesis of no change; p <
0.05). For regression analyses investigating ontogenetic scaling, measures were log-
transformed to linearize the data. Given that the variables are mutually codependent
and there is equal probability for error in both, reduced major axis (RMA) regression is
an appropriate model for this study (Sokal and Rohlf 1995, Smith 2009). Ordinary least
squares (OLS) regression, however, is the preferred model for prediction and calculation
of residuals (dyx), and also facilitates species comparisons via ANCOVA (Jungers 1982,
Sokal and Rohlf 1995, Holliday and Franciscus 2009). Accordingly, both RMA and OLS

regressions are presented here.

The slopes, in log-space, of both RMA and OLS regressions were calculated to
evaluate whether MCB and MCA scale isometrically or allometrically to TML. The
slopes of species-specific OLS regression lines were interpreted relative to each other via
a full factorial fit model to test the null hypothesis that the slopes of the lines are not
significantly different. When regression lines differed in slope, stepwise methods were
employed to isolate and identify species with differing slopes. The y-intercepts of

parallel lines were tested using ANCOVA. When a significant difference was found, a
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Tukey HSD test was used to identify deviating species. Residuals (and 95% confidence
intervals of residuals) from OLS regression lines were calculated by species to identify
the degree of divergence of fossil hominin specimens from extant species regression
lines. All statistical analyses were performed in JMP 11 Pro (SAS Institute Inc., Cary,

NC).

4.3 Estimation of U.W. 101-1070 Age Class

The relative size of individual metrics significantly differed (p < 0.05; Mann-Whitney U
test) between P. troglodytes and H. sapiens within some age classes (Table 12). These
differences were addressed by incorporating species-specific age classes into the
discriminant model. Results (Table 13) indicate that the relative size of U.W. 101-1070 is
most consistent with age class 3 H. sapiens (34% probability) and P. troglodytes (32%
probability). Notably, this analysis is limited by the lack of adult tibiae in the Dinaledi
assemblage in that the relative size of U.W. 101-1070 was calculated with reference to a
single incomplete specimen (U.W. 101-484), which is believed to belong to one of the
larger individuals in the assemblage (Garvin et al. n.d.). Accordingly, the discriminant
model is potentially underestimating the predicted age class associations of U.W. 101-

1070.
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Table 12: Summary statistics (mean * S.D.; minimum - maximum) of size relative to
the species adult mean age class of tibia metrics in H. sapiens and P. troglodytes.
Asterisk indicates significant difference (p < 0.05) between species within the same age
class for a given measurement (Mann-Whitney U test). H. sapiens adult n = 153; P.
troglodytes adult n = 153.

Metric Species Age Class1 AgeClass2 AgeClass3 Age Class 4
Ay 0.36 +0.09 0.65* £0.10 0.90* +£0.14 1.06 = 0.07
é H. sapiens 0.20-0.57 0.50 - 0.84 0.65-1.10 094-1.15
= (n=23) (n=13) (n=20) (n=7)
<
% 0.35+0.05 0.48* + 0.06 0.77* £ 0.09 0.95+0.11
;.§ P. troglodytes 0.28-0.43 0.38 - 0.62 0.62-0.91 0.81-1.05
= (n=12) (n=17) (n=12) (n=4)
U.W. 101-1070 0.80
E 0.40*+0.09 0.66*+0.08  0.88+0.12 0.99+0.16
= H. sapiens 0.23-0.59 0.50-0.77 0.69-1.10 0.82-1.25
2 (n=23) (n=13) (n = 20) (n=7)
S
E 047*+0.05 059*+0.06  0.83+0.09 0.94+0.11
8 P. troglodytes 0.40 - 0.56 0.49-0.70 0.66 - 0.98 0.81-1.07
= (n=12) (n=17) (n=12) (n=4)
U.W. 101-1070 0.80
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Table 13: Multiple group discriminant analysis of relative tibial size (midshaft AP
diameter and midshaft ML diameter); treated by species age class and combined age

classes.
Dinaledi
1ne} edt . Age Class AgeClass AgeClass Age Class
Specimen Species
1 2 3 4
Probability
H. sapiens 0.00 0.16 0.34 0.01
U.W. 101-1070
P. troglodytes 0.00 0.00 0.32 0.17
Combined 0.00 0.08 0.79 0.13
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4.4 Comparative Morphology

The U.W. 101-1070 tibia is the most complete lower limb long bone recovered
from the Dinaledi chamber to date and is described in detail by Marchi and colleagues
(n.d.). The bone measures 278 mm from the eminence of the tibial spines to the distal
extent of the medial malleolus. This is comparable in length to the potentially immature!
OH 35 tibia attributed to H. habilis (277 mm; Davis 1965) and the adult Au. sediba MH4
tibia (271 mm; DeSilva et al. 2013). U.W. 101-1070 is shorter than the tibiae of H. erectus
specimens KNM-WT 15000 (380 mm; Walker and Leakey 1993b) and D3901 from
Dmanisi (306 mm; Lordkipanidze et al. 2007), the adult H. naledi tibia U.W. 101-484 (320
mm; Garvin et al. n.d.), and the Au. afarensis specimen KSD-VP-1/1e (355 mm; estimate
by Haile-Selassie et al. 2010). U.W. 101-1070 is absolutely longer than the tibia of Au.
afarensis specimen A.L. 288-1 (the highest published estimate is 241 mm by Schmid 1983
which is used conservatively here because it will yield the largest estimate of tibia length
relative to joint size; Haile-Selassie et al. 2010 estimate a length of 227-238 mm). The

diaphysis of U.W. 101-1070 is convex both anteriorly and posteriorly, with flatter medial

! Susman and Stern (1982) argued that the OH 35 tibia was associated with the OH 8 foot, which they
interpreted as belonging to an immature individual. However, the distal epiphysis of OH 35 is fully fused,
OH 35 and OH 8 come from different stratigraphic layers (Blumenschine et al. 2012), and OH 8 might not
even be from a pre-adult (DeSilva et al. 2010, Weiss et al. 2012).
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Table 14: Select fossil hominin tibia measurements.

Fossil Specimen Species TML MCD MCB MAP MML  Midshaft Index
KNM-WT 150002 H. erectus 380 42.7 27.7 244 20.4 84
D3901P H. erectus 306 27.0 18.0 67
BOU-VP 1/109 H. erectus 40.6 27.7

A.L.288-1 Au. afarensis 241¢ 31.7 20.6

KSD-VP-1/1e Au. afarensis 3554

A.L.333-42 Au. afarensis 40.4 28.2

A.L. 333x-26 Au. afarensis 40.9 28.7

AL.129-1b Au. afarensis 28.6 19.9

U.W. 101-1070 H. naledi 278 239 15.5 20.0 14.1 71
U.W. 101-484¢ H. naledi 325 25.0 17.6 70
MH4! Au. sediba 271

OH 358 H. habilis 277

All measurements are in millimeters (except for the dimensionless midshaft index). Sources: a) Walker and
Leakey 1993b, b) Lordkipanidze et al. 2007, ¢) Schmid 1983, d) Haile-Selassie et al. 2010, e) Marchi et al. n.d.,
f) DeSilva et al. 2013, g) Davis 1965 ; All measurements for which no source is listed were collected from the
original fossils.
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and lateral surfaces, and is strongly platycnemic (ML/AP x 100 at nutrient foramen and
midshaft = 67 and 71, respectively); comparable to the mature H. naledi tibiae U.W. 101-
484, U.W. 101-973, most australopiths, and the small-bodied H. erectus specimen D3901
(Lordkipanidze et al. 2007, Marchi et al. n.d.). These values fall in the lower range of (i.e.
more platycnemic than most) modern humans, slightly less platycnemic than OH 35 (H.
habilis), and more platycnemic than KNM-WT 15000 (H. erectus). KSD-VP-1/1e (Au.
afarensis) is also platycnemic, but damage prevents accurate quantification of tibial
diaphyseal shape (Haile-Selassie et al. 2010). In medial or lateral view the posterior
surface of the U.W. 101-1070 proximal diaphysis is concave, as with most other fossil
hominins, contributing to a retroverted (15°) tibial plateau. The lateral condyle of U.W.
101-1070 is missing, but the concave medial condyle is well-preserved and measures 23.9
mm AP and 15.5 mm ML. This is much smaller than H. erectus specimens KNM-WT
15000 (estimated at 42.7 mm AP and 27.7 mm ML) and BOU-VP 1/109 (40.6 mm AP and
27.7 mm ML) and is even smaller than that of the small-bodied Au. afarensis specimen
A.L.288-1 (31.7 mm AP and 20.6 mm ML). D3901 (H. erectus) has large joint surfaces
relative to tibial length (according to Lordkipanidze et al. 2007), though published
metrics are not available to directly compare with U.W. 101-1070. In summary, while
U.W. 101-1070 is not particularly long in absolute terms compared to many Plio-
Pleistocene hominins, small joint surfaces and high platycnemia contribute to a very

gracile and elongated appearance.
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4.5 Relative Tibial Length

Results indicate that medial condylar breadth and area scale with slight positive
allometry with maximum tibial length (Figures 19 - 22) -- G. gorilla (Breadth: RMA m =
1.1; OLS m = 1.1; Area: RMA m = 2.4; OLS m = 2.3), P. troglodytes (Breadth: RMA m =1.2;
OLSm =1.2; Area: RMA m =2.4; OLS m = 2.3), and H. sapiens (Breadth: RMA m =1.1;
OLS m =1.1; Area: RMA m =2.3; OLS m = 2.2). A full factorial fit model of OLS
regressions supports the null hypothesis that species-specific slopes do not significantly
differ from each other (Breadth: p = 0.14; Area: p = 0.10). Post-hoc ANCOVA results
indicate a significant difference (p <0.001) between species regression lines, and
pairwise Tukey HSD tests reveal that each extant species significantly differs (p < 0.001)
from all others in both Log MCB and Log MCA plots. A.L. 288-1 (Au. afarensis) is
intermediate between P. troglodytes and H. sapiens RMA and OLS regression lines in
MCB plots P. troglodytes, but falls nearest P. troglodytes in MCA plots. A.L. 288-1 (Au.
afarensis) is, however, within the 95% confidence limits of individuals for both H. sapiens
and P. troglodytes in all bivariate analyses. KNM-WT 15000 (H. erectus) falls nearest the
H. sapiens lines and is outside the 95% limit of P. troglodytes individuals in all bivariate
analyses. U.W. 101-1070 is closest to the RMA and OLS regression lines of H. sapiens for
both Log MCB and Log MCA plots, though it falls well outside the 95% confidence

limits of the H. sapiens individuals. Analysis of OLS residuals (Figures 23 & 24) further
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Figure 19: Bivariate plot of log medial condyle breadth by log tibia maximum length
with reduced major axis (RMA) regression lines for G. gorilla (red circles with red
alternating dashed line), P. troglodytes (orange squares with orange dashed line), and H.
sapiens (blue inverted triangles with solid blue line). Fossil hominin specimens added for
comparison: A.L. 288-1 (Au. afarensis; purple heart), KNM-WT 15000 (H. erectus; yellow
star), and U.W. 101-1070 (H. naledi; green triangle). All regression lines exhibit positively
allometric slopes. G. gorilla: m = 1.1, r> = 0.96, intercept = -2.84; P. troglodytes: m =1.2, 1> =
0.93, intercept = -3.48; H. sapiens: m = 1.1, r> = 0.90, intercept = -3.35.
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Figure 20: Bivariate plot of log medial condyle breadth by log tibia maximum length
with ordinary least squares (OLS) regression lines for G. gorilla (red circles with red
alternating dashed line), P. troglodytes (orange squares with orange dashed line), and H.
sapiens (blue inverted triangles with solid blue line). Fossil hominin specimens added for
comparison: A.L. 288-1 (Au. afarensis; purple heart), KNM-WT 15000 (H. erectus; yellow
star), and U.W. 101-1070 (H. naledi; green triangle). All regression lines exhibit positively
allometric slopes. G. gorilla: m = 1.1, r> = 0.96, intercept = -2.70; P. troglodytes: m = 1.2, 1> =
0.93, intercept = -3.21; H. sapiens: m = 1.1, r> = 0.90, intercept = -2.97.
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Figure 21: Bivariate plot of log medial condyle area by log tibia maximum length with
reduced major axis (RMA) regression lines for G. gorilla (red circles with red alternating
dashed line), P. troglodytes (orange squares with orange dashed line), and H. sapiens (blue
inverted triangles with solid blue line). Fossil hominin specimens added for comparison:
A.L. 288-1 (Au. afarensis; purple heart), KNM-WT 15000 (H. erectus; yellow star), and
U.W. 101-1070 (H. naledi; green triangle). All regression lines exhibit positively allometric
slopes. G. gorilla: m = 2.4, r> = 0.96, intercept = -6.00; P. troglodytes: m = 2.4, r> = 0.96,
intercept = -6.64; H. sapiens: m = 2.3, 1> = 0.93, intercept = -6.51.
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Figure 22: Bivariate plot of log medial condyle area by log tibia maximum length with
ordinary least squares (OLS) regression lines for G. gorilla (red circles with red
alternating dashed line), P. troglodytes (orange squares with orange dashed line), and H.
sapiens (blue inverted triangles with solid blue line). Fossil hominin specimens added for
comparison: A.L. 288-1 (Au. afarensis; purple heart), KNM-WT 15000 (H. erectus; yellow
star), and U.W. 101-1070 (H. naledi; green triangle). All regression lines exhibit positively
allometric slopes. G. gorilla: m = 2.3, r> = 0.96, intercept = -5.57; P. troglodytes: m = 2.3, 1> =
0.96, intercept =-6.17; H. sapiens: m = 2.2, r> = 0.93, intercept = -5.65.
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Figure 23: Residuals plots of log medial condyle breadth by log tibia maximum length
in G. gorilla (red), P. troglodytes (orange), and H. sapiens (blue). U.W. 101-1070
deviates farther from the nearest extant species line (-0.35; H. sapiens) than the maximum
deviation observed within any single extant species.
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Figure 24: Residuals plots of log medial condyle area by log tibia maximum length in
G. gorilla (red), P. troglodytes (orange), and H. sapiens (blue). UW. 101-1070 deviates
farther from the nearest extant species line (-0.64; H. sapiens) than the maximum
deviation observed within any single extant species.
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demonstrates that U.W. 101-1070 deviates greatly from the H. sapiens line (Breadth: -0.35;
Area: -0.64), residing outside the 95% confidence interval of H. sapiens residuals
(Breadth: -0.01 to 0.01; Area: -0.01 to 0.02) and even exceeding the absolute maximum
deviation of any individual from its respective species line (Breadth: 0.24; Area: 0.45). As
such, U.W. 101-1070 has the longest tibia relative to medial condylar breadth and area of

any individual of any species included in the study.

As expected, given the positive allometric relationship between MCB & TML and
MCA & TML, the ratios of MCB/TML (Figures 25, 26, and 27) and MCA/TML (Figures
28, 29, and 30) increase during postnatal ontogeny in all three extant species examined.
This increase is only marginal in MCB/TML, where G. gorilla do not significantly differ
across age classes at all (p > 0.09 for all age class pairings) and the only significant
increase (p <0.05) between age classes occurs between age classes 2-3 and 2-5 in H.
sapiens and between 2-3, 1-5, and 1-3 in P. troglodytes. For MCA/TML, increases are
significant (Mann-Whitney U test; p < 0.05) between all age classes except 4 -5 (in all
species) and 3-4 (in G. gorilla and P. troglodytes). In all three extant species, the mean
difference between sequential age class pairings for MCA/TML was greatest between
age classes 2 and 3, second greatest between age classes 1 and 2, smallest between age
classes 4 and 5, and second smallest between age classes 3 and 4. Thus, the proportions
of tibial length to medial condyle area change the most early in postnatal ontogeny and
less later in development while the proportions of tibial length to medial condyle
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Figure 25: Box plots of medial condyle breadth / tibia maximum length in G. gorilla
by age class. Each box encompasses 25% - 75% quartiles and contains a median line.
Whiskers extend to maximum and minimum values. While the ratio increases during
postnatal ontogeny, no age class significantly differs from any other age class (p < 0.05;
Mann-Whitney U test). A higher number indicates a shorter tibia relative to medial
condyle breadth.
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Figure 26: Box plots of medial condyle breadth / tibia maximum length in P.
troglodytes by age class. Each box encompasses 25% - 75% quartiles and contains a
median line. Whiskers extend to maximum and minimum values. Asterisks = Significant
difference (p < 0.05; Mann-Whitney U test) between sequential age classes. A higher
number indicates a shorter tibia relative to medial condyle breadth.
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Figure 27: Box plots of medial condyle breadth / tibia maximum length in H. sapiens
by age class. Each box encompasses 25% - 75% quartiles and contains a median line.
Whiskers extend to maximum and minimum values. Asterisks = Significant difference (p
<0.05; Mann-Whitney U test) between sequential age classes. A higher number indicates
a shorter tibia relative to medial condyle breadth.
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Figure 28: Box plots of medial condyle area / tibia maximum length in G. gorilla by
age class. Each box encompasses 25% - 75% quartiles and contains a median line.
Whiskers extend to maximum and minimum values. Asterisks = Significant difference (p
<0.05; Mann-Whitney U test) between sequential age classes. A higher number indicates
a shorter tibia relative to medial condyle area.
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Figure 29: Box plots of medial condyle area / tibia maximum length in P. troglodytes
by age class. Each box encompasses 25% - 75% quartiles and contains a median line.
Whiskers extend to maximum and minimum values. Asterisks = Significant difference (p
< 0.05; Mann-Whitney U test) between sequential age classes. A higher number indicates
a shorter tibia relative to medial condyle area.
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Figure 30: Box plots of medial condyle area / tibia maximum length in H. sapiens by
age class. Each box encompasses 25% - 75% quartiles and contains a median line.
Whiskers extend to maximum and minimum values. Asterisks = Significant difference (p
<0.05; Mann-Whitney U test) between sequential age classes. A higher number indicates
a shorter tibia relative to medial condyle area.
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Figure 31: Box plots of medial condyle breadth / tibia maximum length in age class 3
(late juvenile) for G. gorilla, P. troglodytes, H. sapiens, KNM-WT 15000 (H. erectus),
and U.W. 101-1070 (H. naledi). Each box encompasses 25% - 75% quartiles and contains
a median line. Whiskers extend to maximum and minimum values. A higher number
indicates a shorter tibia relative to medial condyle area. U.W. 101-1070 is below the
range of all extant groups, indicating an extremely long tibia relative to medial condyle
breadth.
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Figure 32: Box plots of medial condyle area / tibia maximum length in age class 3 (late
juvenile) for G. gorilla, P. troglodytes, H. sapiens, KNM-WT 15000 (H. erectus), and
U.W. 101-1070 (H. naledi). Each box encompasses 25% - 75% quartiles and contains a
median line. Whiskers extend to maximum and minimum values. A higher number
indicates a shorter tibia relative to medial condyle area. U.W. 101-1070 is below the
range of all extant groups, indicating an extremely long tibia relative to medial condyle
area.
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breadth are less pronounced overall, but similarly change most prior to age class 3.
Compared to hominines of a similar stage of development (age class 3), the U.W. 101-
1070 ratios of MBC/TML and MCA/TML are outside the range of and markedly lower
than all extant groups and KNM-WT 15000 (H. erectus, which has proportions
comparable to the H. sapiens mean) (Figures 31 & 32). The maximum length of U.W. 101-
1070 is intermediate to peer group humans and the African apes (Figure 33) while
medial condyle breadth and area are below the range of the late juveniles from all extant

species examined (Figures 34 & 35).

4.6 Discussion

These results indicate that the U.W. 101-1070 tibia is long relative to joint size and
supports the hypothesis proposed by Marchi and colleagues (n.d.) that H. naledi is
marked by an elongated lower limb. The combination of an exceptionally small tibial
plateau (like australopiths) and moderately long tibia in H. naledi appears
autapomorphic in the hominin fossil record. The specific implications of this finding,
however, are partially dependent on the geological age and phylogenetic position of H.

naledi.
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Figure 33: Box plots of tibia maximum length (mm) in age class 3 (late juvenile) for G.
gorilla, P. troglodytes, H. sapiens, KNM-WT 15000 (H. erectus), and U.W. 101-1070 (H.
naledi). Each box encompasses 25% - 75% quartiles and contains a median line.
Whiskers extend to maximum and minimum values. The U.W. 101-1070 tibia is
intermediate in length between H. sapiens and G. gorilla/P. troglodytes.
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Figure 34: Box plots of medial condyle breadth (mm) in age class 3 (late juvenile) for
G. gorilla, P. troglodytes, H. sapiens, KNM-WT 15000 (H. erectus), and U.W. 101-1070
(H. naledi). Each box encompasses 25% - 75% quartiles and contains a median line.
Whiskers extend to maximum and minimum values. Note that U.W. 101-1070 falls
below the range of all incorporated species, highlighting the exceptionally (ML) narrow
medial condyle for a late juvenile hominine.
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Figure 35: Box plots of medial condyle area (mm?) in age class 3 (late juvenile) for G.
gorilla, P. troglodytes, H. sapiens, KNM-WT 15000 (H. erectus), and U.W. 101-1070 (H.
naledi). Each box encompasses 25% - 75% quartiles and contains a median line.
Whiskers extend to maximum and minimum values. Note that U.W. 101-1070 falls
below the range of all incorporated species, highlighting the exceptionally small medial
condyle for a late juvenile hominine.
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If H. naledi dates to the early Pleistocene — which appears most likely based on
morphological analyses (Berger et al. n.d.) — such that it could represent an ancestor of
later Homo species (i.e. H. erectus), the Dinaledi remains could directly inform the
specifics of the Australopithecus-Homo transition as they relate to body size and limb
proportions. The medial tibial condyle endures 75% of the joint reaction force of the knee
during stance phase (Hsu et al. 1990). Evidence suggests that articular surface
dimensions in general are highly developmentally constrained (Ruff 1988, Godfrey et al.
1991, Lieberman et al. 2001, Stock and Buck 2010), whereas long bone diaphyses are
more developmentally plastic (Lieberman et al. 2001, Stock and Buck 2010).
Ontogenetically, articular surface areas poorly capture activity level variation and serve
as better indicators of locomotor behavior at the level of the species and body size at the
level of the individual (Lieberman et al. 2001). Large weight-bearing surfaces relative to
body mass in H. erectus appear to differentiate the species from australopiths and Pan
(Rose 1984, Jungers 1988, Sanders 1998, Bramble and Lieberman 2004). Despite having
body mass estimates (from femoral subtrochanteric dimensions) that are moderately
larger than those of australopiths, the femoral head diameters from the adult Dinaledi
sample are in the range of australopiths (Garvin et al. n.d.), suggesting that H. naledi
retained the primitive condition of small joint sizes relative to body size. Proportionally
large joints have been argued to minimize impact forces at heel strike during bipedal

locomotion and mitigate even more severe forces endured during running (Bramble and
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Lieberman 2004). Estimates of individual body mass in the Dinaledi assemblage are
universally low for a species attributed to Homo (35-53 kg: Garvin et al. n.d.). Despite
this small, more australopith-like body size, H. naledi possesses a remarkably derived
and elongated lower limb (Harcourt-Smith et al. n.d., Marchi et al. n.d.). Increasing
lower limb length directly improves energetic efficiency in bipedal walking and running
(Steudel-Numbers and Tilkens 2004, Steudel-Numbers 2006, Pontzer 2007, Steudel-
Numbers et al. 2007, Pontzer et al. 2009). Accordingly, the hyper-elongation of the tibia
observed in H. naledi may reflect an increase in lower limb long bone diaphyseal length
prior to increases in body (or brain) size, such that energetic efficiency was the locus of
selection (Figure 36). Subsequent increases in joint size (contributing to the modern
human-like proportions found in H. erectus) may, in turn, be the result of an
evolutionary increase in body size. Additionally (or, perhaps, alternatively) increasing
relative joint size may reflect a lagged morphological response improving joint safety
(by increasing joint surface area, and thus reducing stress on, and degeneration of, the
articular cartilage) for walking or running (Bramble and Lieberman 2004). This evidence
contradicts explanations suggesting that increasing brain and/or body sizes prompted
an anatomical reorganization of the Homo lower limb (Lovejoy 1975, 1988, 2005, Tardieu
1999), but provides support for hypotheses proposing a shift in locomotor behavior and
kinematics during the Australopithecus-Homo transition (Stern and Susman 1983, Wood

and Collard 1999, Bramble and Lieberman 2004, Jungers 2009, Pontzer et al. 2010).
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Figure 36: Hypothetical ordering of relative lower limb elongation in hominin evolution.
1) Selection for improved bipedal efficiency prompts increases to lower limb length from a
smaller jointed and shorter limbed primitive condition, leading to a hyper-elongated
intermediate condition. 2) Joint size expands secondarily, reflecting increases in body size
and/or improved joint safety for walking and/or running. This results in a modern human-
like relative lower limb length evident in H. erectus.
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Regardless of the geological age attributed to Dinaledi, the H. naledi tibiae
provide an example of bone length-joint size decoupling relative to the human pattern.
The positive allometric relationship, in humans, between limb length and body mass
(such that larger individuals possess relatively longer lower limbs) and findings of
increased relative lower limb length in larger-bodied australopiths has led some to
suggest that relative limb length differences in the hominin fossil record may simply be
a result of allometric scaling (Holliday and Franciscus 2009, Auerbach and Sylvester
2011, Holliday 2012). U.W. 101-1070 deviates so greatly from the nearest species
regression lines, however, that the unique morphology cannot be attributed to scaling
alone. That the presumed adult tibia U.W. 101-484 is also extremely long relative to joint
size (as estimated via resampling of elements in the assemblage; Marchi et al. n.d.)
suggests that U.W. 101-1070 is not anomalous. This is important because bipedal
hominins endure a multitude of challenges related to joint safety and skeletal load
distribution as a result of increased joint reaction forces from walking on two (rather
than four legs) and a reduced ability to mitigate these forces with eccentric muscle
contraction due to walking on an extended leg (Latimer 2005). As such, bipedal
locomotion is inherently risky relative to quadrupedal locomotor types and necessitates
a compromise between propulsive efficiency and joint safety (Latimer 2005).
Accordingly, it has been posited that safety factors in the lower limb likely arose in

parallel with, or after, features actively related to locomotor efficiency (Latimer and
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Lovejoy 1989). The decoupling of joint size and bone length in H. naledi suggests that
selection for joint safety and locomotor efficiency were similarly decoupled in the
species. This is consistent with the hypothesis that, in the event that “active mechanical
roles,” such as those associated with improved bipedal locomotor efficiency and
“passive mechanical roles,” including those associated with energy absorption and
improved joint safety, arise asynchronously, the former must be in place before selection
for the latter can occur (Latimer and Lovejoy 1989). Latimer and Lovejoy (1989)
interpreted the presence of morphological features that enhance joint safety in
Australopithecus as indicative of “a highly evolved and capable biped of long standing”
(p. 381). However, the morphology seen in H. naledi suggests that the coevolution of
energetically-efficient morphology and morphological safety factors may have been a

dynamic, step-wise process.
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5. The humero-tibial proportions of Homo naledi

5.1 Introduction

The relative proportions of upper and lower limbs (or fore- and hindlimbs,
respectively) are an important biomarker correlated with variation in locomotor
behavior (Jungers 1985, Fleagle 1999). Elongated lower limbs relative to the upper limbs
distinguishes H. sapiens from the other apes and is viewed as an adaptation for
bipedalism (Schultz 1937, 1953, Jungers 1985). When, during hominin evolution, modern
human-like limb proportions originated, however, remains unclear (McHenry 1978,
Wolpoff 1983, McHenry and Berger 1998a,b, Richmond et al. 2002, Reno et al. 2005,
Green et al. 2007, Holliday 2012). Among the gracile australopiths, Au. afarensis appears
generally more human-like with regard to the size of the upper limb relative to the
lower limb than does Au. africanus (McHenry and Berger 1998a,b, Green et al. 2007) or
even H. habilis (as represented by OH 62: Johanson et al. 1987, see below). Despite being
less ape-like in limb proportions than other penecontemporaneous species, the
humerofemoral length proportions of AL 288-1 (Au. afarensis) are still intermediate
between Pan and H. sapiens (Reno et al. 2005). KNM-WT 15000 (H. erectus) possesses
limb proportions comparable to H. sapiens (Walker and Ruff 1993). The H. erectus

postcrania from Dmanisi also exhibit human-like proportions (Lordkipanidze et al. 2007,
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Holliday 2012). Accordingly, H. erectus as a species is clearly marked by derived limb
proportions shared with later Homo. The gap between the geological ages of A.L. 288-1
(Au. afarensis) and KNM-WT 15000 (H. erectus; older than the Dmanisi collection by ~ 250
thousand years), however, is large (1.7 million years) and temporally intermediate
specimens have, thus far, offered little resolution into the specific timing of the origins of
modern human-like proportions. The limb length proportions of OH 62 (Johanson et al.
1987) and KNM-ER 3735 (Leakey et al. 1989), both attributed to H. habilis and both dated
to between 1.9-1.8 mya, have been estimated by some to be quite ape-like, potentially
indicating a reversal from earlier australopiths (Hartwig-Scherer and Martin 1991) or,
more broadly, suggestive of a diversity of limb proportions among Plio-Pleistocene
hominins (Berger 2002, Harcourt-Smith and Aiello 2004, Haeusler and McHenry 2007).
However, both partial skeletons have been argued to be too fragmentary to contribute to
the debate at all (Korey 1990, Reno et al. 2005, Holliday 2012), and the taxonomic
attribution of these specimens to H. habilis has also been questioned (Berger et al. 2010).
BOU-VP-12/1 (dated to 2.5 mya and possibly representing Au. garhi) appears human-like
in humerofemoral proportions, but the postcrania are taxonomically uncertain and it
remains possible that the bone length estimates are incorrect and/or that the bones are
from different individuals (Asfaw et al. 1999, Holliday 2012, Churchill et al. 2013).
Finally, partial skeletons (MH1 and MH?2) and isolated leg bones (MH4) of Au. sediba

reveal limb proportions intermediate between apes and humans, and most similar to
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those seen in Au. africanus, in this late (1.98 mya) australopith (Holliday et al. n.d.). Thus,
despite the existence of at least three late Pliocene/early Pleistocene hominin species that
provide some indication of limb proportions, the timing of the first appearance of
human-like proportions and the nature of the evolutionary transition from an

australopith-like body plan remain unclear.

Garvin et al. (n.d.) proposed that the humero-tibial length proportions of H.
naledi were comparable to modern H. sapiens. Results were based on a bootstrapping
analysis of the most complete adult humerus (U.W. 101-283) and tibia (U.W. 101-484) in
the assemblage, which are believed to be from different individuals that differed in body
size (Garvin et al. n.d.). In this chapter I further test the hypothesis that H. naledi exhibits
human-like humero-tibial length proportions by examining the relative proportions of
the complete immature tibia U.W. 101-1070 and the nearly complete immature humerus

U.W. 101-948.

5.2 The U.W. 101-948 Humerus

U.W. 101-948 is an immature right humerus, comprised of two segments, with a
total length of 195 mm spanning from the proximal metaphyseal surface to the

olecranon fossa (Figure 37). The most proximal surface of the proximal metaphysis is
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Figure 37: Right immature humerus U.W. 101-948 (left) and left immature
tibia U.W. 101-1070 (right) in anterior view.
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intact, but a matching humeral head has not been recovered. The diaphysis of U.W. 101-
948 is straight, mediolaterally constrained and exhibits a marked anterior ridge that
extends along the proximal diaphysis distal to midshaft. The distal diaphysis is rounded
anteriorly, laterally, and posteriorly with a flattened medial surface. The primary break
at the distal extent of the composite element runs proximomedial to distolateral, through
the olecranon fossa. Accordingly, the medial epicondyle is completely missing and only
the proximolateral portion of the olecranon fossa is preserved (though the proximal
olecranon margin extends medial to the midline). The humerus is quite gracile, but the
crests of the greater and lesser tubercles are pronounced. The humerus of KNM-WT
15000 (F) offers perhaps the best comparison for U.W. 101-948 given its immature status.
Like U.W. 101-948, KNM-WT 15000 F is missing its proximal epiphysis (Walker and
Leakey 1993b). The epiphysis of the KNM-WT 15000 F medial epicondyle is also
missing, but the distal composite epiphysis is present and partially fused (Walker and
Leakey 1993b). Because of the significant damage to the distal end of U.W. 101-948 an

assessment of distal epiphyseal fusion cannot be made.

In both H. sapiens and P. troglodytes, the distal composite epiphysis typically fuses
prior to the epiphysis of the medial condyle, which itself usually fuses prior to the
proximal epiphsyis (Scheuer and Black 2000, Brimacombe et al. 2014). Accordingly, the
lack of proximal epiphyseal fusion in U.W. 101-948 is not informative of the potential
fusion of the distal epiphyses. The absolute length of the preserved portion of KNM-WT
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15000 F (301.2 mm) is considerably longer than U.W. 101-948 (though the former does
include nearly the entire distal end, whereas the latter does not). The estimated total
length of KNM-WT 15000 F is 319 mm (Walker and Leakey 1993b). Comparatively, the
humerus of A.L. 288-1 is more similar in length to U.W. 101-948 at an estimated 236.8
mm, but with an estimated midshaft circumference of 55.5 mm (Johanson et al. 1982),
“Lucy” is notably more robust than U.W. 101-948 (estimated circumference = 38 mm).
KNM-WT 15000 F appears generally less gracile than U.W. 101-948, but features such as
the intertubercular sulcus and the greater and lesser tubercles are not as pronounced in
KNM-WT 15000 F as in U.W. 101-948 (Walker and Leakey 1993b). The olecranon fossa of
KNM-WT 15000 F is described as shallow and positioned such that the lateral margin is
approximately in line with the axis of the diaphysis (Walker and Leakey 1993b). Not
enough of the U.W. 101-948 olecranon fossa is preserved to accurately determine depth,
however, the position of the fossa does differ from that of KNM-WT 15000 F in that the
lateral border extends lateral to the midline of the diaphysis. The midshaft proportions
of KNM-WT 15000 F (29.9 mm AP by 16.7 mm ML) are larger and more mediolaterally
constrained than U.W. 101-948 (14.2 mm AP by 10.3 mm ML). U.W. 101-948 is only
slightly smaller than the nearly complete and similarly gracile adult humerus from
Dinaledi, U.W. 101-283, which measures 256 mm long and 16.8 mm AP by 13.8 mm ML
at midshaft (Feuerriegel et al. n.d.). Both H. naledi humerii exhibit very low humeral

torsion (Feuerriegel et al. n.d.). This low torsion is one of many features of H. naledi
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contributing to an overall primitive anatomy conducive to arboreal locomotion
(Feuerriegel et al. n.d.). A description of the U.W. 101-1070 tibia can be found in Chapter

4.

5.3 Materials and Methods

Samples

Measurements of the humerus were obtained on ontogenetic samples of modern
Homo sapiens (n = 115 immature specimens, n = 63 adults), extant Pan troglodytes (n = 48
immature specimens, n = 65 adults), and extant Gorilla gorilla (n = 50 immature
specimens, n = 40 adults). Details of the specific sample sizes and collection origins of
extant species are presented in Table 15. The majority of P. troglodytes and G. gorilla
specimens included in analyses in this dissertation were wild shot, however, a small
number are zoological while the origins of some are unknown. The human sample is
comprised of recent native South Africans (e.g. Zulu and Xhosa, from the Dart
Collection), recent Americans of African and European ancestry (from the Hamman-
Todd Collection), and Medieval English (from Wharram Percy; Hurst and Beresford
1990). Any individuals exhibiting evidence of pathologies were excluded. An effort was
made to balance the proportions of males and females in the comparative samples when

such information was known or could be morphologically determined.
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Table 15: Extant species, sample sizes, and curating institutions of specimens

included in Chapter 5.
Species N Origins
Homo sapiens o AgeC(Class1: 24
o AgeClass2: 47 Cleveland Museum of
Natural History
o AgeClass3: 32 . i .
Dart Collection, University of
e AgeClass4: 12 the Witwatersrand
e AgeClass5: 63 Wharram Percy Collection,
English Heritage,
Portsmouth, U.K.
Total: 178
Pan e AgeClass1: 14 Cleveland Museum of
troglodytes Natural History
e AgeC(Class2: 17
American Museum of
* AgeClass3: 12 Natural History, New York
* AgeClass4: 5 National Museum of Natural
e AgeClass5: 65 History, Washington, D.C.
Anthropological Institute and
Museum, University of
Total: 113 Zurich
Gorilla gorilla e AgeClass1: 15 Cleveland Museum of
Natural History
e AgeC(Class2: 17
American Museum of
* AgeClass3: 10 Natural History, New York
o AgeClass4: 8 National Museum of Natural
e AgeClass5: 40 History, Washington, D.C.
Anthropological Institute and
Museum, University of
Total: 90 Zurich
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All measurements of Dinaledi fossil hominins were taken from the original specimens.
Measurements of comparative specimens were taken from the literature (KNM-WT

15000: Walker and Leakey 1993b; A.L. 288-1: Johanson et al. 1982).

Measurements

Humero-tibial proportions were assessed by dividing the maximum length of the
humerus (HML; the maximum proximodistal distance of the humerus, including the
epiphyses) by TML (tibia maximum length as defined in Chapter 4) and multiplying this
ratio by 100 to produce humero-tibial index values (Garvin et al. n.d.) for U.W. 101-
948/U.W. 101-1070 and an extant sample of hominines including immature and mature

individuals.

Humero-Tibial Index = HML/TML x 100

Additionally, midshaft mediolateral diameter (defined as the minimum ML distance at
50% of total length; HMML), and midshaft anteroposterior diameter (defined as the
maximum AP diameter at 50% of total length; HMAP) were used in discriminant
analyses to estimate U.W. 101-948 age class (discussed below). Lastly, the length from
the proximal-most margin of the olecranon fossa to the proximal-most aspect of the
proximal metaphysis (POPM; Figure 38) was created as repeatable measurement to use
in a predictive regression equation for estimation of HML (discussed below). All

measurements were taken with digital calipers accurate to the nearest 0.1 mm.

129



4

i s

POPM — ; — HML

S8

P~

Figure 38: Humeral length measurements used in Chapter 5. POPM = the length from
the proximal-most margin of the olecranon fossa to the proximal-most aspect of the
proximal metaphysis. HML = the maximum length of the humerus. Note: POPM was
only measured (with spreading calipers) on immature individuals with unfused
epiphyses, such that the proximal-most aspect of the proximal metaphysis was clear.
Epiphyses were then articulated with the diaphysis and HML was measured using an
osteometric board.
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Estimating the age class of U.W. 101-948

As in previous chapters, a modified system of age classification based on
mandibular dental eruption patterns employed by Bolter et al. (n.d.) is used to facilitate

comparisons between species (Table 1).

Like U.W. 101-1070, U.W. 101-948 cannot be definitively associated with any
craniodental remains from the Dinaledi assemblage. As such, age class placement was
estimated again using a discriminant analysis of immature humeral size relative to the
species adult mean in H. sapiens and P. troglodytes. The discriminant function
incorporates two measures that could be reliably estimated or directly measured on both
U.W. 101-948 and the mostly complete adult humerus U.W. 101-283: midshaft
mediolateral diameter and midshaft anteroposterior diameter (following the rationale
for using long bone diaphyseal dimensions to evaluate relative growth as outlined in
chapter 4). Using samples of H. sapiens and P. troglodytes of known age class, the
discriminant analysis employed in this study purposes a multivariate analysis of
variance (MANOVA) to predict the probability, given the relative size of the humeral
diaphysis, that U.W. 101-948 is drawn from a given age class or species-specific age class
(or, in other words, predicting the degree of one-way classification from a set of known

values).
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G. gorilla was excluded from discriminant analyses due to high sexual
dimorphism, which is not observed in the Dinaledi assemblage (Garvin et al. n.d.).
Because not all data were normally distributed, Mann-Whitney U tests were employed
to test the null hypothesis that relative size within a given age class does not differ
between Homo sapiens and Pan troglodytes. If a significant difference was found, species
variation was incorporated into the discriminant model by treating species” age classes

separately (i.e. Homo sapiens Class 1, Pan troglodytes Class 1, etc.).

Data Analysis

Because the U.W. 101-948 humerus is incomplete, the maximum length of the
bone must be estimated prior to an assessment of proportions relative to the U.W. 101-
1070 tibia. As noted above, U.W. 101-948 preserves the proximal metaphysis to the
olecranon fossa. To estimate the total maximum length of the element, two measures
(Figure 38) were taken on the humeri of 50 immature H. sapiens individuals (between
age classes 1 and 4), from the Wharram Percy skeletal collection (Hurst and Beresford

1990, but also see Richards et al. 2002).

POPM was created and used because it was the longest measurable distance on
U.W. 101-948 that could be consistently taken on other immature humeri. An ordinary
least squares (OLS) regression for POPM by HML was generated to create a predictive

equation of HML from POPM.
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Since U.W. 101-948 and U.W. 101-1070 may be from different individuals, the
immature H. naledi humero-tibial index was compared to the indices of extant species
using exact randomization sampling methods (Sokal and Rohlf 1995, Manly 2006). Exact
randomization allows for probability computations even with small sample sizes (like
those in this study) and makes no assumptions that data are normally distributed
(which not all species age class group data are), making it ideal for this study (Richmond
and Jungers 1995, Manly 2006). For each extant species, every unique combination of
HML and TML values) was calculated to produce all possible humero-tibial index
values for a given species age class or age class pairing. The single U.W. 101-948/U.W.
101-1070 value was then compared to the extant species distributions to determine the
probability of sampling the immature H. naledi value from each of the extant species,
allowing for a test of the hypothesis that H. naledi humero-tibial proportions are more

akin to H. sapiens (derived) than P troglodytes or G. gorilla (primitive).

To investigate how the proportions of the immature Dinaledi elements may
reflect the adult condition, humero-tibial index values by age class within each extant
species were compared via Mann-Whitney U tests to test the null hypothesis that

humero-tibial index values do not significantly differ between age classes.

Bivariate plots of ontogenetic trajectories of HML versus TML were generated for
each species using both RMA and OLS regressions to examine whether the humerus and

tibia scale allometrically (i.e., where the slope of the line departs significantly from an
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isometric slope of 1.0). The empirically derived slopes of species-specific OLS regression
lines were compared via a full factorial fit model to test the null hypothesis that the
slopes of the lines, and thus scaling relationships, do not differ significantly between
species. Exact randomization tests were scripted and executed in Microsoft Excel. All

other statistical analyses were performed in JMP 11 Pro (SAS Institute Inc., Cary, NC).

5.4 Estimation of U.W. 101-948 Age Class

The relative size of each of the two incorporated metrics (HMAP and HMML)
differed significantly (p < 0.05; Mann-Whitney U test) between P. troglodytes and H.
sapiens within one age class (Table 16). Thus, to account for inter-species relative size
variation, species-specific age classes were incorporated into the discriminant model.
Results (Table 17) indicate that the relative size of U.W. 101-948 is most consistent with
age class 3 H. sapiens (40% probability) and age class 3 & 4 P. troglodytes (25% probability
each). The overall age class association probability, without differentiating species, is
74% for age class 3. As with the estimation of age class for the U.W. 101-1070 tibia
(Chapter 4), the accuracy of these results for UW. 101-948 are limited by the single adult
reference element (U.W. 101-283). U.W. 101-283 is believed to be from a small adult

(Garvin et al. n.d.) and, consequently, the discriminant model may slightly overestimate
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Table 16: Summary statistics (mean * S.D.; minimum — maximum) of size relative to
the species adult mean age class of humerus metrics in H. sapiens and P. troglodytes.
Asterisk indicates significant difference (p < 0.05) between species within the same age
class for a given measurement (Mann-Whitney U test). H. sapiens adult n = 63; P.
troglodytes adult n = 65.

Metric Species AgeClass1 AgeClass2 AgeClass3 Age Class4
& 0.39 +0.09 0.58 +0.08 0.77* +0.10 0.91 +0.09
< H. sapiens 0.20-0.53 0.44-0.71 0.63 -0.97 0.81-1.03
= (n=23) (n=13) (n=20) (n=8)
=y
2 <
g 0.46 +0.07 0.58+0.07  0.90*+0.13 0.96 +0.13
g P. troglodytes 0.37-0.58 0.47-0.75 0.70-1.12 0.83-1.14
e (n=11) (n=17) (n=12) (n=4)

U.W. 101-948 0.82
& 0.45+0.10  0.67*+0.09 0.84+0.13 1.00 = 0.06
< H. sapiens 0.24-0.61 0.48-0.79 0.67-1.19 0.91-1.06
= (n=23) (n=13) (n=20) (n=8)
P
° =
g 0.46+0.06  0.55*+0.06 0.81+0.10 0.90 + 0.07
§ P. troglodytes 0.37-0.61 0.45-0.69 0.64-0.98 0.81-0.97
e (n=11) (n=17) (n=12) (n=4)
U.W. 101-948 0.81
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Table 17: Multiple group discriminant analysis of relative humeral size (midshaft AP
diameter and midshaft ML diameter); treated by species age class and combined age

classes.
Dinaledi
1na} edt . Age Class AgeClass AgeClass Age Class
Specimen Species
1 2 3 4
Probability
H. sapiens 0.00 0.02 0.40 0.06
U.W. 101-948
P. troglodytes 0.00 0.02 0.25 0.25
Combined 0.00 0.04 0.74 0.22
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the age class of U.W. 101-948. Age class 3 assignments for both U.W. 101-1070 and U.W.
101-948, however, are consistent with the age class associations of the immature
proximal femora (Chapter 3). The comparably sized femoral elements U.W. 101-938 and
U.W. 101-1000 were both assigned to age class 3. A third immature proximal femoral
fragment (U.W. 101-1555) was too damaged to include in the study, but is of a similar
size to U.W. 101-938 and U.W. 101-1000. While age class associations are tenuous, they
do provide valuable information for comparing elements within the same assemblage
based on relative size. Based on this information, while U.W. 101-1070 and U.W. 101-948
may not be from the same individual (since, as indicated by the femora, there were at
least three immature individuals of comparable size recovered), they are likely from

similarly sized individuals.

5.5 Maximum Length of the U.W. 101-948 Humerus

The bivariate relationship between maximum humerus length (HML) and the
length from the proximal-most margin of the olecranon fossa to the proximal-most
aspect of the proximal metaphysis (POPM) is highly correlated during postnatal
ontogeny in H. sapiens (Figure 39; OLS regression; r? = 0.997). The predictive equation is:

HML = 1.21 x POPM - 5.9 (+/- 2.1)
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Figure 39: Bivariate plot of humerus maximum length (HML) by the length from the
proximal-most margin of the olecranon fossa to the proximal-most aspect of the
proximal metaphysis (POPM) in immature H. sapiens spanning age classes 1 -4 with
OLS regression. HML =1.21 x POPM - 5.9 (+/- 2.1)
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This H. sapiens model yields an estimated HML for U.W. 101-948 of 218.4 mm with a

95% probability range of 214.2 —222.6 mm.

5.6 Homo naledi Immature Humero-Tibial Proportions

Late juvenile H. naledi humero-tibial proportions were calculated using the
estimated U.W. 101-948 length of 218.4 mm as well as the estimated length + the root
mean square error of 2.1 mm. This yielded a low humero-tibial index value of 77.8, a

high value of 79.3, and a predicted value of 78.7.

The probability of selecting a humerus and a tibia from the late juvenile G. gorilla
and P. troglodytes samples that produce a humero-tibial index as low as that produced by
U.W. 101-948/U.W. 101-1070 is 0% (Figure 40). The minimum sampled humero-tibial
index value in G. gorilla is 105.3 while the minimum sampled value in P. troglodytes is
87.6. Thus, H. naledi is completely below the range of the African apes. Greater than
50%of all sampled humero-tibial pairs of late juvenile H. sapiens yielded index values
between 70.0 and 90.0. Accordingly, H. naledi is within the range of H. sapiens, falling at
the 46t percentile of late juveniles. Comparatively, KNM-WT 15000 (humero-tibial index
= 83.9) falls at the 58 percentile of late juvenile H. sapiens and is, like H. naledi, below the
range of G. gorilla and P. troglodytes sampled index values.
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If the parameters of the exact randomization sampling are expanded to include
extant G. gorilla, P. troglodytes, and H. sapiens from both age class 3 (late juvenile) and 4
(sub-adult), thereby acknowledging that U.W. 101-1070 and U.W. 101-948 may be from
different age classes, results are largely the same (Figure 41). The probability of drawing
a humerus/tibia combination from the G. gorilla (minimum sampled humero-tibial index
=91.4) or P. troglodytes (minimum sample humero-tibial index = 79.6) with proportions
comparable to the immature H. naledi composite is 0%. Immature H. naledi, however,

falls at the 42n percentile of mixed age class 3 and 4 H. sapiens.

Humero-tibial index values significantly differ between G. gorilla, P. troglodytes,
and H. sapiens throughout ontogeny (p < 0.01), with G. gorilla exhibiting the highest ratio
and H. sapiens exhibiting the lowest ratio for each age class, but ontogenetic changes to
humero-tibial proportions are minimal within each species (Figures 42-44). In G. gorilla,
humeral length increases from infancy (index mean = 136.8) to adulthood (index mean =
143.9), with each successive age class possessing a higher mean humero-tibial index than
the previous age class. These differences, however, are only significant (p <0.05)
between age classes 1 & 5 (p < 0.01) and 2 & 5 (p = 0.02; Figure 42). The pattern in the P.
troglodytes sample is less clear (Figure 43). P. troglodytes infants (index mean =121.5) do
not significantly differ (p = 0.71) from adult (index mean = 122.2), however, intermediate

age classes do significantly differ (p <0.05), with a significant decrease in age class
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Figure 40: Exact randomization sampling frequencies for humero-tibial index in age
class 3 (late juvenile) G. gorilla (red), P. troglodytes (orange), and H. sapiens (blue) with the
immature H. naledi composite (U.W. 101-948/U.W. 101-1070; green dashed line) and
KNM-WT 15000 (H. erectus; yellow line) indices overlaid.
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Figure 41: Exact randomization sampling frequencies for humero-tibial index in age
class 3 (late juvenile) and 4 (sub-adult) G. gorilla (red), P. troglodytes (orange), and H.
sapiens (blue) with the immature H. naledi composite (U.W. 101-948/U.W. 101-1070; green
dashed line) and KNM-WT 15000 (H. erectus; yellow line) indices overlaid.
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Figure 42: Box plots of humero-tibial index (HML/TML x 100) in G. gorilla by age
class. Each box encompasses 25% - 75% quartiles and contains a median line. Whiskers
extend to maximum and minimum values. While the humerus lengthens significantly
relative to the tibia during postnatal ontogeny (mean index significantly higher in age
class 5 than age class 1, as indicated above by an asterisk with bracket; p <0.01; Mann-
Whitney U test), successive age classes do not significantly differ.
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Figure 43: Box plots of humero-tibial index (HML/TML x 100) in P. troglodytes by age
class. Each box encompasses 25% - 75% quartiles and contains a median line. Whiskers
extend to maximum and minimum values. Humero-tibial proportions do not differ
between age classes 1 & 5 (p = 0.71; Mann-Whitney U test), successive age classes
(between 2 & 5) do significantly differ (p < 0.05; indicated by an asterisk).
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Figure 44: Box plots of humero-tibial index (HML/TML x 100) in H. sapiens by age
class. Each box encompasses 25% - 75% quartiles and contains a median line. Whiskers
extend to maximum and minimum values. Overall, the tibia lengthens significantly
relative to the humerus during postnatal ontogeny (mean index significantly lower in
age class 5 than age class 1, as indicated above by an asterisk with bracket; p <0.01;
Mann-Whitney U test). The only significant difference between successive age classes,
however, is between age classes 2 & 3.
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means between age classes 2 & 3 (p <0.01) and 3 & 4 (p = 0.03), and a subsequent
significant increase between age classes 4 & 5 (p < 0.01). These seemingly erratic shifts
might, however, simply be a byproduct of small sample sizes, as the humero-tibial index
values of each immature P. troglodytes individual is within the adult range. In H sapiens
(Figure 44), humero-tibial index values decrease from infancy (index mean = 90.4) to
adulthood (index mean = 84.2). The only significant decrease in H. sapiens humero-tibial
index between successive age classes is between age classes 2 & 3 (p < 0.01) and, by age
class 3, adult proportions have largely been achieved (no significant differences between

age classes 3, 4, and 5, but means do increase slightly with each successive age class).

The scaling relationship of HML relative to TML differs between extant species.
In the RMA regression analysis (Figure 45), the slope of the G. gorilla sample exhibited
very slight positive allometry (m = 1.05) whereas the slopes of the P. troglodytes (m =
0.98) and H. sapiens (m = 0.93) indicate negative allometry. Scaling patterns were similar
in the OLS regression analysis (Figure 46) with slopes of 1.04, 0.97, and 0.91 for the lines
of G. gorilla, P. troglodytes, and H. sapiens, respectively. An OLS regression line through
the two composite H. naledi individuals (immature: U.W. 101-948/U.W. 101-1070;
mature: U.W. 101-283/U.W. 101-484) has a slope of 1.01. A full factorial fit model
indicates that the OLS regression line of each extant species differs from each other
extant species line (p <0.01). The lower 95% confidence limit of the slope of the G. gorilla
OLS line (1.00) is isometric (upper 95%: 1.07; RMA 95% confidence limits: 1.02 — 1.08).

146



Moreover, the upper 95% confidence limits of the slopes of both OLS (1.00) and RMA
(1.01) in P. troglodytes equal or span isometry (lower 95% OLS: 0.94; RMA: 0.95).
Contrastingly, the 95% confidence limits of H. sapiens OLS (0.88 — 0.94) and RMA (0.90 —
0.96) slopes are all below 1.0. Accordingly, a conservative assessment of HML:TML
scaling in extant hominines is slight positive allometry to isometry in G. gorilla, slight
negative allometry to isometry in P. troglodytes, and slight negative allometry in H.
sapiens. All included fossil hominins (A.L. 288-1 [Au. afarensis], KNM-WT 15000 [H.
erectus], immature H. naledi composite [U.W. 101-948/U.W. 101-1070], and mature H.
naledi composite [U.W. 101-283/U.W. 101-484]) fall nearest the H. sapiens OLS line. KNM-
WT 15000 (H. erectus) and both H. naledi composites are within the 95% confidence
curves for individuals around the H. sapiens OLS line, while A.L. 288-1 (Au. afarensis)

falls just outside.
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Figure 45: Bivariate plot of log humerus maximum length by log tibia maximum
length with reduced major axis (RMA) regression lines for G. gorilla (red circles with
red alternating dashed line), P. troglodytes (orange squares with orange dashed line), and
H. sapiens (blue inverted triangles with solid blue line). Fossil hominin specimens added
for comparison: A.L. 288-1 (Au. afarensis; purple heart), KNM-WT 15000 (H. erectus;
yellow star), immature H. naledi composite (U.W. 101-948/U.W. 101-1070; green triangle),
and mature H. naledi composite (U.W. 101-283/U.W. 101-484; green diamond). G. gorilla;
m = 1.05, r2 = 0.99, intercept = 0.10; P. troglodytes: m = 0.98, 12 =0.99, intercept = 0.31; H.
sapiens: m = 0.93, 12 = 0.96, intercept = 0.26 .
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Figure 46: Bivariate plot of log humerus maximum length by log tibia maximum
length with ordinary least squares (OLS) regression lines for G. gorilla (red circles with
red alternating dashed line), P. troglodytes (orange squares with orange dashed line), and
H. sapiens (blue inverted triangles with solid blue line). Fossil hominin specimens added
for comparison: A.L. 288-1 (Au. afarensis; purple heart), KNM-WT 15000 (H. erectus;
yellow star), immature H. naledi composite (U.W. 101-948/U.W. 101-1070; green triangle),
and mature H. naledi composite (U.W. 101-283/U.W. 101-484; green diamond). G. gorilla;
m =1.04, r>=0.99, intercept = 0.14; P. troglodytes: m = 0.97, 12 = 0.98, intercept = 0.37; H.
sapiens: m = 0.91, 12 = 0.96, intercept = 0.35.
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5.7 Discussion

These results support the hypothesis that H. naledi possessed human-like
humero-tibial proportions. Because U.W. 101-948 and U.W. 101-1070 may be from
different individuals of differing size, the specific index produced by these two elements
may not reflect true proportions (as is also the case with the previous assessment of
humero-tibial proportions with adult specimens U.W. 101-283 and U.W. 101-484 [Garvin
et al. n.d.]), however, that the immature H. naledi composite (U.W. 101-948/U.W. 101-
1070) falls entirely outside the range of re-sampled late juvenile P. troglodytes and G.
gorilla, and near the 50 percentile of H. sapiens, strongly suggests that H. naledi is
marked by an elongated tibia relative to the humerus as in H. sapiens. The concordance
between the H. naledi adult composite index (79.4) and immature composite index (79.3)
may be coincidental, but the potential that each element pairing might actually include
elements from the same individual cannot be entirely discounted. Garvin et al. (n.d.)
logically concluded that the U.W. 101-283 and U.W. 101-484 specimens were likely from
different individuals because estimates of body mass and stature derived from U.W.
101-283 were much lower than those derived from U.W. 101-484. The lengths of the
immature Dinaledi humerus and tibia relative to their adult counterpart are expected to
be comparable (as indicated by the similar humero-tibial indices between adult and
immature H. naledi composites), but similarities in relative size between the immature

elements extend to diaphyseal dimensions as well. The immature humerus U.W. 101-948
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is 85% of the length and 81% the size at midshaft (AP and ML) of the adult humerus
U.W. 101-283. The immature tibia U.W. 1070 is 85% of the length and 80% the size at
midshaft (AP and ML) of adult tibia U.W. 101-484. If such a low humero-tibial index is
anomalous for H. naledi then the likelihood of sampling two sets of humeri and tibiae
producing nearly identical proportions, both in length and diaphyseal dimensions,
would be very low. If the H. naledi immature and adult humero-tibial pairings are from
the same individual (or comparably sized individuals) then humero-tibial proportions
could be taken as exceeding H. sapiens levels, with an even longer tibia relative to

humeral length.

While sampling immature specimens of potentially different stages of
development introduces error into estimates, the immaturity of the specimens included
in this study is an advantage with respect to reducing the influence of sexual
dimorphism on humero-tibial proportion estimates, which was a primary concern of
Garvin and colleagues (n.d.). In most vertebrates, sexual dimorphism is achieved via
differential growth (Badyaev 2002). In anthropoids, size dimorphism has been found to
arise via both bimaturism (that is, an extension of the period of growth in one sex
relative to the other) and sex differences in growth rate (Shea 1986). Humphrey (1998)
found that, in H. sapiens, the effect of growth rate and duration on adult sexual
dimorphism are not uniform across the postcranial skeleton. While some elements
exhibit sexual dimorphism early in postnatal ontogeny, others only differ late in
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ontogeny. The humerus and tibia were found to not develop sexual dimorphism until
16.6 years and 17.3 years of age on average, respectively (Humphrey 1998). These ages
largely correspond to age class 4 (sub-adult). Given the modern human-like level of size
dimorphism in the Dinaledi assemblage (Garvin et al. n.d.), H. naledi humeral and tibial
sexual dimorphism may have arisen late as in humans. Accordingly, the estimated
proportions presented in this chapter may be free from effects of sexual dimorphism or,

at least, exhibit reduced sexual dimorphism.

Whether H. naledi tibial elongation relative to humeral length is hyper-human or
just akin to H. sapiens, these results are interesting in light of the contrasting anatomies
between the highly derived lower limb (Harcourt-Smith et al. n.d., Marchi et al. n.d.)
and the more primitive upper limb (Feuerriegel et al. n.d., Kivell et al. n.d.). This pattern
is consistent with the results from Chapter 4 and highlights the mosaic evolution of limb
proportions and morphology among hominins. As a species morphologically
intermediate to australopiths and H. erectus, this pattern might also suggest that modern

human-like limb length proportions evolved prior to H. erectus.
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6. Conclusion

The primary goal of this dissertation was to evaluate the morphology of the most
complete elements of the immature H. naledi lower limb from the Dinaledi Chamber of
Rising Star cave, South Africa, in the context of ontogeny, to more fully elucidate the
phylogenetic affinities and locomotor behavior of the species. Analyses were undertaken
to test two specific hypotheses stemming from early work on the Dinaledi specimens:
The femoral anatomy of H. naledi is consistent with that of a species of early (potentially
basal) Homo. 2) H. naledi has morphological features of the lower limb consistent with
the capacity for efficient bipedal walking, including a relatively long, human-like tibia.
These analyses addressed, in H. naledi, the development of femoral shape (Chapter 3),
the development of tibial length relative to joint size (Chapter 4), and the development
of humero-tibial proportions (Chapter 5). All studies referenced extant hominines and
other immature fossil hominins when possible. Results of these analyses largely support

the aforementioned hypotheses. The major findings of this dissertation include:

Femoral neck shape may differentiate bipeds from non-bipeds ontogenetically.

e Femoral neck-shaft angle and platymeric index development are conserved in
Homininae

e H. naledi is marked by a long tibia relative to joint size.

e H. naledi has human-like humero-tibial proportions.
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In the following paragraphs I will explore these conclusions in greater detail and discuss
their importance to the hypotheses tested and, more broadly, to the significance of H.

naledi in hominin evolution.

Hypothesis 1: The femoral anatomy of H. naledi is consistent with that of a species of

early (potentially basal) Homo.

In paleoanthropology, phylogenetic assertions are most commonly made upon
cranial features. A cladistic analysis of H. naledi craniodental traits placed the species in a
clade with multiple species of Homo (including H. sapiens, H. heidelbergensis, H.
neanderthalensis, and H. erectus) plus Au. sediba (Schroeder et al. n.d.). The inclusion of
postcranial features into phylogenetic studies is complicated by the greater frequency of
plastic (versus canalized) traits in the primate postcranium than cranium (Stock and
Buck 2010). The differentiation of genetically mediated and canalized postcranial
features from those more plastic and reflective of in-vivo behavior can help inform
which traits are more useful in phylogenetic reconstructions. While it is impossible to
confirm trait type via postnatal phenotypic development alone, developmental shape
trajectories can sometimes inform phylogenetic affinities, as outlined in Chapters 2 and

3.
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In Chapter 3, I demonstrate that of three coarse measures of femoral shape
examined (neck-shaft angle, neck shape [index], and subtrochanteric diaphyseal shape
[platymeric index]), the development of neck-shaft angle and subtrochanteric diaphyseal
shape do not greatly differ between H. sapiens, P. troglodytes, and G. gorilla. Homo naledi
appears to follow a similar pattern. That is, while absolute shape of these proximal
femoral measures differ between species, the rate of shape change from infancy to
adulthood is approximately the same in all species examined, such that inter-specific
differences are apparent very early in life. This developmental consistency between
species of differing size, locomotor behavior, and/or environment is taken as
preliminary evidence of the canalization of these features. Accordingly, if
subtrochanteric diaphyseal shape and neck-shaft angle are developmentally conserved
(and, thereby, more likely to be heritable), they are potentially more informative of
phylogenetic affinities than plastic features. These findings offer limited support for the
notion that hominin neck-shaft angle (Gilligan et al. 2013) and subtrochanteric
diaphyseal shape (Ruff 1995) are related to climate/body proportions.

Morphological variation in the proximal femur of specimens attributed to early
Homo complicate comparisons with H. naledi. Moreover, given the general lack of
immature femora in the hominin fossil record, developmental shape trajectories cannot
be directly compared to other species. For the three measures of proximal femur shape

examined in this dissertation, however, H. naledi most closely resembles australopiths. If
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NSA and platymeric index are characteristics mediated primarily by canalized
processes, as the results presented in Chapter 3 suggest, then the concordance between
these values may suggest a close phylogenetic relationship between H. naledi and
Australopithecus, perhaps related to the small-bodied, wide-hipped bauplan found in
both H. naledi and many members of Australopithecus (though, Au sediba is a notable
exception, exhibiting a more human-like pelvis, with a low neck-shaft angle and
platymeric index; DeSilva et al. 2013). The similarities between H. naledi and
australopiths with respect to neck shape may reflect comparable loading regimes
between groups. Nevertheless, while the shape of the proximal femur may be largely
primitive (australopith-like), the overall elongation of the lower limb (Chapter 4, 5, and
following) is highly derived and Homo-like. Together, this evidence fails to reject the
hypothesis that the femoral anatomy of H. naledi is consistent with a species of early
Homo. Ultimately, however, these findings are largely speculative. Experimental studies
and more fine-grained analyses of femoral shape development in extant hominines,
including known pre-ambulatory specimens and greater accuracy in age or age class
assessments are required to more fully elucidate the results presented here. Also, though
the Dinaledi assemblage offers one of the largest known fossil hominin femora
ontogenetic series, there are still too few specimens to statistically compare H. naledi
with other species. Future excavations of the site are expected to uncover more

immature specimens, which may serve to remedy this problem.
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Hypothesis 2: H. naledi has morphological features of the lower limb consistent with
the capacity for efficient bipedal walking, including a relatively long, human-like

tibia.

Preliminary evidence suggested that H. naledi possessed a long leg relative to
joint size, however, the highly fragmentary adult sample precluded certainty in this
assessment (Marchi et al. n.d.). Initial analyses of humero-tibial proportions in the adult
H. naledi sample indicated that the species was human-like with respect to this ratio
(Garvin et al. n.d.). These results were also inconclusive, however, due to uncertainty
surrounding the size of the individuals from which these disparate elements came
(Garvin et al. n.d.). Two of the most complete long bones in the Dinaledi assemblage,
U.W. 101-1070 (tibia) and U.W. 101-948 (humerus), were excluded from initial analyses
because of their immature status, however, if developmental changes in morphology
could be accounted for then these specimens could inform relative limb length.

In Chapter 4, I demonstrate that the length of U.W. 101-1070 (the only lower limb
long bone in the assemblage preserving both the majority of the diaphysis and a joint
surface) is exceptionally long relative to the preserved service. While the joint surfaces of
H. naledi are small, like australopiths (Garvin et al. n.d.), limb length is more similar to

Homo. Though the proportions of medial condylar breadth and area to tibial length
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change during postnatal ontogeny, such that adults have relatively larger joint surfaces
(or shorter tibiae) than do pre-adults, these changes are slight - if not absent, depending
on the species - from late juvenile stage (the estimated stage of development of UW.
101-1070) through adulthood. Moreover, compared to the tibiae of extant hominines and
non-Dinaledi fossil hominins alike, U.W. 101-1070 is anomalous regardless of
development stage. Neither immaturity nor allometry can explain the pattern observed
in U.W. 101-1070 and the findings of this study strongly suggest that H. naledi possessed
a long limb relative to joint size.

In Chapter 5, I compare the length of the U.W. 101-1070 tibia to the reconstructed
length of the U.W. 101-948 humerus and show that the ratio of these two bones is similar
to that of modern humans around the same developmental stage, KNM-WT 15000, and
the proportions estimated by Garvin et al. (n.d.) from the adult sample. A discriminant
analysis of immature size relative to adult size indicated that both elements were most
likely from a similar developmental stage (age class 3), however, association of the bones
could not be determined and, as such, are presumed to be from different individuals. To
address the potential for error in generating a ratio from bones belonging to different
individuals, I constructed exact randomization sampling frequencies which display the
proportions of all potential tibia/humerus pairings within a given species age class.
Results of this analysis demonstrated that the proportions of U.W. 101-1070 and U.W.

101-948 fall completely outside the range of Gorilla and Pan, but at the 46% percentile of
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sampled modern human (and near KNM-WT 15000) in the late juvenile age class (3).
Further, humero-tibial proportions remain fairly stable during postnatal ontogeny and
immature proportions should largely reflect adult proportions. Though these analyses
employ numerous estimation and probability techniques, which preclude definitive
statements, H. naledi most likely possessed humero-tibial proportions like those of
modern humans and H. erectus, and unlike those of apes and early hominins. Thus, this
study also supports the hypothesis that H. naledi is marked by a relatively long lower
limb.

Proficiency in endurance running has been argued to be a derived capability of
the genus Homo (Bramble and Lieberman 2004). The exact timing of the development of
this proficiency is, however, debatable. H. erectus possesses a suite of features more
conducive to stable endurance running than an australopith, such as a narrow pelvis,
relatively short forearms, and relatively large lower limb joints (Bramble and Lieberman
2004, Lieberman et al. 2009). But was H. erectus the earliest Homo species capable of
energy efficient running? While the long leg of H. naledi (both relative to joint size
[Chapter 4] and humeral length [Chapter 5], as discussed previously) coupled with a
modern human-like foot (Harcourt-Smith et al. n.d.) are consistent with an efficient
walking biped, features such as a mediolaterally expanded australopith-like pelvis (Van
Sickle et al. n.d.), overall primitive ape-like upper limb, and perhaps most strikingly,

remarkably small lower limb joint surfaces (Chapter 4, Marchi et al. n.d.) run counter to
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expectations of an efficient runner (Bramble and Lieberman 2004, Lieberman et al. 2009).
Improved bipedal energetic efficiency has been shown to be directly linked to increases
in the length of the lower limb (Steudel-Numbers and Tilkens 2004, Steudel-Numbers
2006, Pontzer 2007, Steudel-Numbers et al. 2007, Pontzer et al. 2009), suggesting that H.
naledi likely benefitted from an energetic advantage over relatively shorter legged
australopiths. Such tiny lower limb joint surfaces, however, were likely at a greater risk
of failure during running as opposed to walking, due to higher impact forces endured in
the former (Bramble and Lieberman 2004). Accordingly, the immature sample of H.
naledi support the hypothesis that H. naledi has morphological features of the lower limb
consistent with the capacity for efficient bipedal walking, but the species not possess the
suite of features indicative of efficient of running (Bramble and Lieberman 2004). The
recovery of associated skeletons of H. naledi and estimation of immature H. naledi body

masses will aid in further testing this hypothesis.

In conclusion

While the specific phylogenetic and temporal positions of H. naledi are still
unresolved, all evidence to date is most consistent with that of an early species of Plio-
Pleistocene Homo. In this context, the findings of Chapters 4 and 5 influence the debate

surrounding the locus of selection prompting the marked shift in the overall
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morphology between Australopithecus and Homo as reviewed in Chapter 2. Despite
possessing relatively long legs, H. naledi is still quite small with respect to both body size
(Garvin et al. n.d.) and brain size (Schroeder et al. n.d.). As such, the hyper-elongation of
the tibia relative to joint size, and human-like humero-tibial proportions, pre-date
increases in brain and body size, suggesting that bipedal energetic efficiency may have
been the primary locus of selection in Australopithecus-Homo transition. That (presumed)
temporally later species of Homo, such as H. erectus, possess more human-like joint
surface size to limb length proportions may indicate an increase in body size following
limb elongation or a lagged morphological response improving joint safety during
bipedal locomotion (or both). These findings contradict the hypotheses that
morphological differences between the lower limb of Australopithecus and Homo are the
result of increased brain (Lovejoy 1975, 1988, 2005) or body (Tardieu 1999) size in the
latter, but support hypotheses proposing a shift in locomotor behavior and kinematics
during the transition (Stern and Susman 1983, Wood and Collard 1999, Bramble and
Lieberman 2004, Jungers 2009, Pontzer et al. 2010).

At the time of writing, excavations of the Dinaledi remain incomplete, only a
fraction of the recovered remains have been studied in great detail, and determination of
the geological date of the fossils remains a possibility. Thus, while many of the findings

of this dissertation are preliminary, optimism is warranted that future analyses will be
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able to further clarify the locomotor behavior, phylogenetic position, and morphological

development of H. naledi.
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