Vertebrate Paleobiology and Paleoanthropology Series

Denise F..

The Postcranial

Anatomy of
Australopithecus

afarensis

New Insights from KSD-VP-1/1

@ Springer



The Postcranial Anatomy
of Australopithecus afarensis



Vertebrate Paleobiology
and Paleoanthropology Series

Edited by

Eric Delson
Vertebrate Paleontology, American Museum of Natural History
New York, NY 10024, USA
delson@amnh.org

Eric J. Sargis
Anthropology, Yale University
New Haven, CT 06520, USA

eric.sargis@yale.edu

Focal topics for volumes in the series will include systematic paleontology of all vertebrates (from agnathans to humans), phylogeny
reconstruction, functional morphology, Paleolithic archaeology, taphonomy, geochronology, historical biogeography, and
biostratigraphy. Other fields (e.g., paleoclimatology, paleoecology, ancient DNA, total organismal community structure) may be
considered if the volume theme emphasizes paleobiology (or archaeology). Fields such as modeling of physical processes, genetic
methodology, nonvertebrates or neontology are out of our scope.

Volumes in the series may either be monographic treatments (including unpublished but fully revised dissertations) or edited col-
lections, especially those focusing on problem-oriented issues, with multidisciplinary coverage where possible.

Editorial Advisory Board
Nicholas Conard (University of Tiibingen), John G. Fleagle (Stony Brook University), Jean-Jacques Hublin (Max
Planck Institute for Evolutionary Anthropology), Ross D. E. MacPhee (American Museum of Natural History), Peter
Makovicky (The Field Museum), Sally McBrearty (University of Connecticut), Jin Meng (American Museum of Natural
History), Tom Plummer (Queens College/CUNY), Mary Silcox (University of Toronto).

More information about this series at http://www.springer.com/series/6978


http://www.springer.com/series/6978

The Postcranial Anatomy
of Australopithecus afarensis

New Insights from KSD-VP-1/1

Edited by

Yohannes Haile-Selassie

Cleveland Museum of Natural History, Cleveland, OH, USA

Denise F. Su

Cleveland Museum of Natural History, Cleveland, OH, USA

@ Springer



Editors

Yohannes Haile-Selassie Denise F. Su

Cleveland Museum of Natural History Cleveland Museum of Natural History
Cleveland, OH Cleveland, OH

USA USA

ISSN 1877-9077 ISSN 1877-9085 (electronic)

Vertebrate Paleobiology and Paleoanthropology Series

ISBN 978-94-017-7427-7 ISBN 978-94-017-7429-1 (eBook)

DOI 10.1007/978-94-017-7429-1
Library of Congress Control Number: 2015952043

Springer Dordrecht Heidelberg New York London

© Springer Science+Business Media Dordrecht 2016

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of the material is
concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting, reproduction
on microfilms or in any other physical way, and transmission or information storage and retrieval, electronic
adaptation, computer software, or by similar or dissimilar methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication does not
imply, even in the absence of a specific statement, that such names are exempt from the relevant protective laws and
regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this book are believed
to be true and accurate at the date of publication. Neither the publisher nor the authors or the editors give a warranty,
express or implied, with respect to the material contained herein or for any errors or omissions that may have been
made.

Cover illustration: Woranso-Mille team members excavating and sieving at the partial skeleton locality of
KSD-VP-1/1, aka Kadanuumuu (left) and recovered elements of the partial skeleton arranged in their anatomical
position (right). Photo credits: Yohannes Haile-Selassie and Elizabeth Russell.

Printed on acid-free paper

Springer Science+Business Media B.V. Dordrecht is part of Springer Science+Business Media (www.springer.com)



Foreword

I have been waiting a long time for a skeleton like this to be found. Many people have, some
even longer than me. The KSD-VP-1/1 skeleton, nicknamed Kadanuumuu, is the first partial
skeleton ever discovered of a large Australopithecus afarensis individual. It is the oldest
partial skeleton of any Australopithecus individual and contains skeletal elements not previ-
ously known for Au. afarensis. As such, it has new stories to tell us about the biology and
evolution of Australopithecus.

Until now, the only reasonably complete Au. afarensis skeleton known was the famous
“Lucy” skeleton, A.L. 288-1. Lucy was discovered 40 years ago, and until the discovery of
Kadanuumuu in 2005, she remained the earliest securely dated Australopithecus partial
skeleton. Not only is Lucy a cultural icon within paleoanthropology and among the public
worldwide, she is also significant because much of what we know about Au. afarensis comes
from studies of her skeleton.

Lucy, along with isolated skeletal elements from the large sample of Awu. afarensis
recovered at the A.L. 333 site and other finds from the sites of Hadar, Maka, and Dikika over
the years, has revealed that the small body size, nearly human-like pelvis, and bipedal loco-
motor adaptation seen in the more recent and less securely dated South African australopiths
had appeared prior to three million years ago. These fossils have provided overwhelming and
convincing evidence that the postcranial skeleton of Au. afarensis was adapted for habitual,
committed terrestrial bipedal locomotion — long before human evolution witnessed an increase
in brain size or reduction in the face and dentition characterizing the genus Homo.

Despite being the most well-represented, well-dated, and well-understood species of early
hominin known so far, a vigorous and occasionally rancorous debate has surrounded the ways
in which Au. afarensis differs from Homo. While there is no doubt that Au. afarensis individuals
were committed terrestrial bipeds, they are not exactly like Homo in their postcranial anatomy.
These differences have begged the question of why these differences exist; whether from active
selection to retain some measure of arboreal competence, or whether these differences were
adaptively neutral, and only disappeared later in the face of different selection either associated
with improved terrestrial locomotor efficiency and/or positive selection for manipulatory or
other behaviors with the origin of Homo. This debate is ongoing, and while Kadanuumuu does
not resolve this debate, it does add key pieces of data that continue to shape it.
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Kadanuumuu tells us many things that Lucy and the other fossils have not. A few in
particular that stand out to me as particularly salient. Namely, Kadanuumuu has the first
complete tibia length known for any Australopithecus individual, supporting the hypothesis
that Au. afarensis did not have relatively short lower limbs like an ape, but rather long legs like
humans. Kadanuumuu has ribs complete enough to reveal a broad upper thorax, reflecting
vertebral invagination and fully upright posture in Au. afarensis, rather than the cone-shaped
great ape-like rib cage previously inferred from less complete fossil material. Kadanuumuu
also gives us the first fully described cervical vertebrae for any Australopithecus. The small
upper and larger lower vertebra with long spinous processes and facet joints proportioned like
those of humans appear to reflect human-like head carriage of a relatively small cranium with
large prognathic face, but with larger neck musculature and likely lack of a nuchal ligament.
Kadanuumuu’s remarkably complete scapula and clavicle, the first known for an adult of this
species, not only support the interpretation that the shoulder joint of Au. afarensis was indeed
oriented more cranially than that of humans, but also show that the infraspinous fossa was
large and the musculature of the clavicle and scapula were human-like, perhaps suggesting a
shift from arboreal competence towards use of the upper limb in manipulatory function.

Significantly, unlike Lucy, who was much smaller than modern humans, Kadanuumuu is as
large as a small human. As a consequence of Lucy’s small size, there has been an inherent,
lingering uncertainty as to whether her morphology differed from that of humans because she
had different adaptations, or whether she was just small. Kadanuumuu nicely answers this
question, confirming that Au. afarensis did indeed differ from those of humans, regardless of
size.

This volume presents this information and much more in a series of chapters describing and
analyzing the various bones of the Kadanuumuu skeleton, along with its geological and
paleoecological context. The descriptive chapters provide thorough and detailed images,
descriptions, and functional analysis. The authors then all take a further step and provide their
interpretations of the implications of their findings, which are integrated and summarized in
the last chapter to provide a cohesive interpretation of the biology of Australopithecus
afarensis. From this interpretation, as in the individual analytic chapters, the authors put Au.
afarensis into the context of other known hominin fossils and hypothesize about what this all
means for the origin of hominins and the subsequent appearance of the genus Homo. The
scenario presented here builds on analyses published recently by contributors to this volume
and is consistent with much of the new fossil evidence that has been recovered over the past
few years. It presents an exciting new perspective on hominin origins, and many testable
predictions can be — and I am sure will be — drawn from it by these and other scholars for years
to come.

So, while Kadanuumuu answers key questions about Australopithecus afarensis, like all
good fossils, it raises at least as many questions as it answers. This skeleton, and this careful
and thorough volume, provides a solid stepping-stone for future research on the early part of
human evolution. This volume is sure to become a staple in every paleoanthropologist’s
library and an important reference work for generations to come.

Carol V. Ward
University of Missouri

Foreword



Preface

The geological sequence in the Afar region of Ethiopia includes more than a kilometer-thick,
stratified, fossiliferous sediments sampling the last six million years of vertebrate evolutionary
history and provides one of the most important windows into our evolutionary past. The
continuous fossil-bearing sedimentary sequence in this region is unparalleled by any other
place in the world and has been a research target for a number of paleontologists for the last
five decades. Since the discovery of Hadar in the late 1960s by the French Geologist Maurice
Taieb and the subsequent initiation of paleontological field research at the site by the Inter-
national Afar Research Expedition (IARE), a number of other projects have followed suit to
extensively explore the region. Currently, there are more than eight paleontological and
archeological research projects working in the Afar region; combined, they have yielded an
uninterrupted fossil record documenting the last six million years of human evolutionary
history with more than 12 early hominin species recovered thus far, some of them found only
in the Afar region of Ethiopia.

The Woranso-Mille paleontological project is one of the relatively young projects working
in the Afar region. Understanding the importance of locating new paleontological sites, one of
us (YHS) initiated an extensive survey and exploration of the northern and central Afar region
of Ethiopia in the fall of 2002 under a permit issued by the Authority for Research and
Conservation of Cultural Heritage of the Ministry of Culture and Tourism of Ethiopia
(ARCCH). Exploration and survey largely relied on aerial photographs, satellite imagery
interpretations, and air survey in order to identify sediments with paleontological potential,
followed by foot survey covering vast areas. It was not until the end of the 2004 survey and
exploration season that the paleontological potential of the Woranso-Mille area was identified.

The Pliocene deposits of the Woranso-Mille are unique because they represent a geological
time period (3.6-3.8 Ma) that is poorly sampled in the eastern African geological sequence.
Moreover, recent investigations have also identified sediments within the study area that are
older than 4.3 Ma, as well as sediments that are younger than 3 Ma and older than 5 Ma.
Paleontological research at Woranso-Mille in the last 10 years has largely concentrated on the
fossiliferous deposits dated to between 3.5 and 3.8 Ma, largely to address the
ancestor-descendant relationship that has been widely hypothesized between Australopithecus
anamensis (4.2-3.9 Ma) and Australopithecus afarensis (3.7-3.0 Ma). Although a number of
morphological analyses support this hypothesis, the paucity of hominin fossils from the time
between 3.6 and 3.9 Ma has been a major obstacle to understanding their phylogenetic
relationship. The Woranso-Mille paleoanthropological research project has contributed sig-
nificantly to our understanding of middle Pliocene hominin phylogeny and systematics with
the recovery of hundreds of hominin fossils of the appropriate age. These fossils emphasized
the mosaic nature of the dentognathic and postcranial morphology of these early hominins and
showed unequivocally that the middle Pliocene of eastern Africa was populated by a diversity
of hominin species.

vii
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One of the most spectacular fossil discoveries from the Woranso-Mille study area is a partial
skeleton of Au. afarensis (KSD-VP-1/1), the subject of this volume. The first element of the
specimen was found in February 2005 and the rest of its elements were recovered from
excavations conducted over 4 years following the initial discovery. Partial skeletons are
extremely rare in the fossil record, with only four known from the entire Pliocene hominin fossil
record. One of these partial skeletons, A.L. 288-1 (Lucy), was discovered at Hadar in 1974.
This 3.2 Ma specimen assigned to the species Au. afarensis has been a subject of intense
research and used as the major source of information to understanding the paleobiology of the
species. However, it has also raised a number of debates particularly in relation to early hominin
body size, shoulder girdle anatomy, thoracic shape, and locomotor adaptation of Au. afarensis.

KSD-VP-1/1, nicknamed Kadanuumuu, which means “big man” in the local Afar lan-
guage, not only is a much larger individual but also has almost complete elements of the
shoulder and pelvic girdles, along with ribs, cervical vertebrae, and elements of both the fore-
and hindlimb that, for the first time, shed light on the cervical anatomy of early hominins and
allow for a deeper understanding of limb proportions and locomotion in Au. afarensis.
A preliminary analysis of KSD-VP-1/1 was published in 2010 in the Proceedings of the
National Academy of Sciences that highlighted the significance of the specimen for under-
standing the paleobiology of Au. afarensis. This volume, however, presents a detailed
description and analyses of all of the elements recovered, with additional data derived from
computed tomography (CT), along with a better understanding of its geological, taphonom-
ical, and paleoenvironmental context. This volume will contribute greatly to our knowledge of
the postcranial anatomy of Au. afarensis and towards a better understanding of its overall
paleobiology.

Field research conducted by the Woranso-Mille paleoanthropological project was made
possible under a permit from the Authority for Research and Conservation of Cultural Her-
itage (ARCCH) of the Ministry of Culture and Tourism of Ethiopia, the Afar Regional State,
and all of its district administrations. We would like to particularly acknowledge Mohammed
Bilay (Administrator of Mille district) and Habib Wogris (Chairman of the Gega and Burtele
sub district) for their support of the project. Thanks to Alemayehu Asfaw who found the first
skeletal element of KSD-VP-1/1 and to the colleagues and students who participated in the
excavation: Mulugeta Alene, Joshua Angelini, Erin Benson, Alan Deino, Stephanie Melillo,
Hailay Reda, Liz Russell, Beverly Saylor, Gary Scott, and Robin Shultz. We are also grateful
to the many field assistants from Addis Ababa and the Afar people at Waki and Waylateyta
without whose participation the excavation of KSD-VP-1/1 would not have been possible. The
Paleoanthropology Laboratory of the ARCCH made its laboratory and fossil storage space
available and we are grateful for the support provided by the curators in the laboratory. Field
and laboratory research of the Woranso-Mille project was supported by The Leakey Foun-
dation, The Wenner-Gren Foundation, The National Geographic Society, Cleveland Museum
of Natural History, and National Science Foundation (BCS-0234320, BCS-0321893,
BCS-0542037, BCS-1124705, BCS-1124713, BCS-1124716, BCS-1125157, BCS-1125345).

We thank all of the authors in this volume for their contribution to our understanding of
Australopithecus paleobiology and paleoenvironment, and to the many colleagues who have
provided comments, advice, and discussion to the research conducted at Woranso-Mille in
general and to the research presented in this volume specifically. The chapters presented in this
volume were extensively reviewed, and we are grateful to those colleagues who contributed
their time and efforts to the review process. Alex Fadiga and Caitlin Schwartz provided
editorial assistance. Our deepest thanks to Eric Delson and Eric Sargis, editors of the Verte-
brate Paleobiology and Paleoanthropology Series, for their support throughout the process and
their patience in seeing this volume to publication and to Shalini Selvam, Sherestha Saini and
Jeffrey Taub for overseeing the production of this book.

Yohannes Haile-Selassie
Denise F. Su
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Chapter 1

Introduction to KSD-VP-1/1: The Earliest Adult Partial Skeleton

of Australopithecus afarensis

Yohannes Haile-Selassie

Abstract Early hominin partial skeletons are extremely rare
in the fossil record, particularly for the time predating 3 Ma
(million years ago). As a result, most of our understanding of
Pliocene hominin paleobiology and phylogenetic relation-
ships is based on isolated and fragmentary specimens. The
Middle Pliocene species Australopithecus afarensis is one of
the best-known early hominin species, and yet only three
adult partial skeletons of the species have been recovered
thus far, including the one described in this volume. The best
known of these is the 3.2 Ma partial skeleton of a small
female (A.L. 288-1) from Hadar, Ethiopia, and much of our
understanding of the paleobiology of this species has been
influenced by this specimen. The newly recovered 3.6 Ma
partial skeleton from the Woranso-Mille, Ethiopia
(KSD-VP-1/1, aka Kadanuumuu) represents a much larger
male individual and may provide us with fresh insights into
the paleobiology of Au. afarensis. This specimen not only
preserves elements of the forelimb and hindlimb, but also
includes complete elements, such as the scapula and clavicle,
which were previously known only from fragmentary
specimens. This edited volume provides the taphonomy
and paleoecology of the partial skeleton, as well as detailed
comparative descriptions of the preserved elements of
KSD-VP-1/1 and their implications for our understanding
of early hominin paleobiology. This chapter will present a
basic introduction to the discovery of KSD-VP-1/1 and
provide a guide to the contents of the volume.

Keywords Woranso-Mille * Hominin ¢ Paleobiology <
Paleoecology * Middle Pliocene

Y. Haile-Selassie ()

Department of Physical Anthropology, Cleveland Museum of
Natural History, 1 Wade Oval Drive, Cleveland, OH 44106, USA
e-mail: yhailese@cmnh.org

© Springer Science+Business Media Dordrecht 2016

Introduction

Australopithecus afarensis is one of the best represented
early hominin species in the fossil record, known from a
number of cranial and postcranial elements collected from
Middle Pliocene deposits of Ethiopia, Kenya, Tanzania, and
possibly Chad that range in age from ca. 3.8 Ma (million
years ago) to 2.9 Ma (Leakey et al. 1976; Aronson et al.
1977; White 1977, 1980; Johanson et al. 1978a, b, 1982;
Harris 1987; Brunet et al. 1995, 1996; Brown et al. 2001;
Alemseged et al. 2005, 2006; Campisano and Feibel 2008;
Harrison 2011). A detailed review of the species is presented
in Kimbel and Delezene (2009). However, since its initial
naming (Johanson et al. 1978a), its taxonomy (Ferguson
1983; Richmond and Jungers 1995; Strait and Grine 2004;
Grine et al. 2006) and locomotor adaptation (Stern and
Susman 1983, 1991; Susman et al. 1984, 1985; Latimer et al.
1987; Lovejoy 1988; Latimer and Lovejoy 1990a, b; Lati-
mer 1991; Stern 2000; Lovejoy et al. 2002; Ward 2002;
Ward et al. 2011) have been subjects of great debate.

Due to the relatively abundant fossil remains of the spe-
cies, the craniodental anatomy of Australopithecus afarensis
has been the subject of intensive comparative studies. Most
of the complete cranial and dentognathic specimens were
recovered from Hadar, Ethiopia (see Kimbel et al. 2004;
Kimbel and Delezene 2009, for review). The fossil remains
of this species have served as the basis for what we know
about the paleobiology of, and intraspecific variation in,
early hominin taxa. Specimens attributed to Au. afarensis
show substantial amount of size and shape variation related
to sexual dimorphism (Johanson et al. 1978a, b; Johanson
and White 1979; Kimbel et al. 1985, 2004; Kimbel and
White 1988; Lovejoy et al. 1989, among many others). Reno
et al. (2003) analyzed skeletal size dimorphism in Au.
afarensis applying extensive simulations using the smallest
individual A.L. 288-1, the large sample from A.L. 333,
modern humans, chimpanzees, and gorillas, which indicated
that skeletal size dimorphism in Au. afarensis was most

Yohannes Haile-Selassie and Denise F. Su (eds.), The Postcranial Anatomy of Australopithecus afarensis:
New Insights from KSD-VP-1/1, Vertebrate Paleobiology and Paleoanthropology, DOI 10.1007/978-94-017-7429-1_1
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Fig. 1.1 KSD-VP-1/1 with elements arranged in their anatomical
position. A complete list of elements is provided in Table 1.1. Photo
courtesy of Elizabeth Russell

similar to that of modern humans. However, other compar-
ative analyses (for example, Lague 2002) have shown that
the variation falls within the range observed in gorillas and
orangutans, and exceeds that of chimpanzees and humans.
Some researchers have also suggested that the degree of
variation seen in Au. afarensis is too great for a single
species and proposed the possibility of multiple taxa within
the hypodigm (for example, Coppens 1981, 1983; Olson
1981, 1985; Ferguson 1983, 1984; Senut 1983, 1986; Senut
and Tardieu 1985; Zihlman 1985; Schmid 1989).

Until recently, only two adult partial skeletons of Au.
afarensis with both forelimb and hindlimb elements have
been reported since its initial description and naming — A.L.
288-1 (Johanson et al. 1982) and A.L. 438-1 (Drapeau et al.
2005). However, the unusually small body size of A.L.
288-1 has raised questions regarding allometry and its
impact on the interpretation of Au. afarensis paleobiology
and locomotor adaptation (e.g., Jungers 1982; Wolpoff
1983; Jungers and Stern 1983; Aiello 1992). A.L. 438-1,
while a much larger individual, is missing key elements that
preclude the analyses necessary to resolve the issue. Thus,
there is still much to learn about the paleobiology of Au.
afarensis. The recently announced partial skeleton,
KSD-VP-1/1 (Fig. 1.1), from the Woranso-Mille study area
is critically important as one of the only three known adult
partial skeletons of Au. afarensis. KSD-VP-1/1 represents a
moderately large-bodied individual, well within the range of
living Homo in its size and certain aspects of its morphology
(Haile-Selassie et al. 2010a, b); its preserved elements pro-
vide new data on limb proportions, shoulder girdle anatomy,
thoracic form, and locomotor heritage in early hominins.

Background on the Woranso-Mille
Study Area

The Woranso-Mille paleontological study area (WORMIL) is
a relatively new hominin-bearing Mio-Pliocene site complex
located in the central Afar region of Ethiopia, about 40 km
north of the Hadar, Gona, and Dikika paleontological sites
(Fig. 1.2). In the early 1970s, Kalb (1993, 2001) briefly visited
the northern part of the study area along the old road from
Mille town to Chifra and collected vertebrate fossils (mostly
monkeys and pigs) from the area known as Am-Ado (Kalb’s
“Ahmado”). Kalb (1993, 2001) also identified some localities
around the area locally known as Leadu on the Bati-Mille road
further to the south. However, there is no record that expo-
sures between Am-Ado and Leadu (ca. 12 km north—south
stretch) were surveyed by Kalb or other paleontologists.
A small team led by the author started intensive paleonto-
logical survey and exploration in this area in 2003. The team
was able to identify a number of fossiliferous outcrops south of
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Am-Ado and north of Leadu, signifying the need for
long-term paleontological research in the area. In 2005, the
Woranso-Mille project evolved from a small paleontological
survey and exploration team to an international multidisci-
plinary team of scientists that began intensive and systematic
research on the geology and paleontology of what is now
known as the Woranso-Mille paleontological site.

A total of 85 vertebrate paleontological localities have been
designated in the study area thus far, with more than 8,400
fossil specimens collected including 167 (~2% of the total

fauna) hominin fossils (Haile-Selassie et al. 2007, 2010a, b,
2012; Haile-Selassie 2010). The faunal assemblage includes
more than 70 mammalian species ranging in age from the Late
Miocene to the Middle Pliocene. More than 95% of the
specimens, including all of the hominins recovered thus far,
are from sediments radiometrically dated to between 3.4 and
3.82 Ma (Deino et al. 2010; Haile-Selassie et al. 2012).
WORMIL is an important hominin-bearing site complex,
sampling a time period that is poorly known in the human
fossil record and providing significant fossil evidence that

Fig. 1.2 Location map of the Woranso-Mille study area and locality boundaries of KSD-VP-1 locality (bottom right). The location of

KSD-VP-1/1 is shown by a star
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Fig. 1.3 Alemayehu Asfaw discovering the first element (proximal
ulna) of KSD-VP-1/1 on February 10, 2005

could answer critical questions in human evolutionary stud-
ies. Itis the only site, thus far, that has yielded incontrovertible
evidence of multiple, contemporaneous hominin species from
a single site during the Middle Pliocene (Haile-Selassie et al.
2012, 2015) and has yielded the oldest adult Au. afarensis
partial skeleton, KSD-VP-1/1 (Haile-Selassie et al. 2010a).

» 12 m <«

Recovery, Excavation, and Preservation
of KSD-VP-1/1

The partial skeleton is recovered from Korsi Dora vertebrate
locality 1 (KSD-VP-1), one of the smallest and most pale-
ontologically depauperate localities in the Woranso-Mille
study area. The locality is about 300 m? in size, and fos-
siliferous sediments are exposed on the southern edge of a
drainage system known as ‘Kilaytoli’ and east of ‘Korsi
Dora,” a small channel that drains to Kilaytoli (Fig. 1.2).

Recovery

The first element of KSD-VP-1/1, a proximal ulna fragment,
was found by Alemayehu Asfaw (Fig. 1.3) on February 10,
2005 (11° 28" 54.0" N; 40° 30" 39.3” E [Reference
Datum = WGS84]). Crawling and surface scraping in the
immediate area resulted in the recovery of more parts of the
ulna, fragments of the distal femur, bodies and pedicels of
cervical vertebrae, humeral shaft fragments, and parts of the
sacrum. Once the hominin horizon was identified, the team
started excavating east and northeastward, where the surface
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Fig. 1.4 Schematic diagram of the excavated area at KSD-VP-1/1
location. The gray area represents where most of the elements of the
partial skeleton were collected. The area highlighted with the gray box
is where the in situ specimens were recovered. la the first specimen

Scraped surface

(proximal ulna) that was discovered on the surface; B bovid molar
fragment; C cervical vertebra; Cl clavicle; F femur; H humerus
fragment; R rib; Sc scapula; U ulna fragment
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Fig. 1.5 Elements of KSD-VP-1/1 found in situ: a right innominate, b right clavicle, ¢ lower ribs, d left tibia

finds were abundant, and resulted in further recovery of
in situ skeletal elements including the left os coxa, right tibia,
right clavicle, five ribs, and a left scapula (Fig. 1.4), all of
which were excavated within an area of 8 m? (Fig. 1.5a-d)
from a laminated mudstone and sandstone horizon at the base
of upward-coarsening sequences that are interpreted as
overbank deposits (Deino et al. 2010; Saylor et al. 2016).

Excavation

During the 2005 field season, an area of 49 m? was exca-
vated, which covered the distribution of all surface frag-
ments. A string grid was set up using metal pegs at the grid
corners, and each 1 m? grid square was numbered with a
combination of letters and numbers (Fig. 1.4). At the end of
the 2005 excavation, long metal stakes were buried at all
four corners of the grid perimeter, and each recovered
specimen was marked with a long metal pin buried in the
ground. The excavated surface and walls of the excavation
were stabilized with rocks until the next field season. During

the 2006 field season, the excavated area was expanded to
the east and north, and numerous shaft fragments were
excavated about 3 m northeast of the main bone concen-
tration area. However, they were so fragmented that they
could not be identified as belonging to KSD-VP-1/1 with
any confidence. A single maxillary fragment of a bovid was
also excavated about 3 m northeast of the easternmost
excavated element (scapula) of KSD-VP-1/1 (Fig. 1.4).

The excavation continued for another 3 years until 2009
(Fig. 1.6a—c), with the participation of more than 45 individ-
uals (Fig. 1.7). Atthe end of the 2009 field season, a total area of
85 m? with a vertical depth of 1.3 m on the eastern wall was
excavated (Fig. 1.6d). No part of the cranium or dentition of
KSD-VP-1/1 was ever recovered, and even though the enor-
mous amount of excavated overburden was sieved, no addi-
tional bone fragments were retrieved from the sieving.
Table 1.1 provides a list of the skeletal elements of
KSD-VP-1/1 that are described in this monograph. It should be
noted; however, that a few, mostly vertebral, fragments asso-
ciated with the partial skeleton are neither listed nor described
here because they cannot be identified with confidence.
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Fig. 1.6 Views of the KSD-VP-1/1 excavation location. a Initial
surface scraping immediately after the discovery of the first element
(February 10, 2005). b Piles of excavated sediments ready for sifting.
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Fig. 1.7 The excavation team at the end of the 2005 field season. More
than 45 people participated in the excavation of KSD-VP-1/1 between
the 2005 and 2009 field seasons

¢ Excavation in 2005. Each flag represents a specimen that was found
on the surface or excavated in situ. d View of the excavation site at the
end of the 2005 field season

Preservation

Elements of KSD-VP-1/1 that were excavated in situ (the
right innominate, left tibia, the ribs, the left clavicle, and the
right scapula) were highly fragile and had to be consoli-
dated using a thin mixture of vinac beads and acetone
before they were extracted. Additionally, the innominate
had to be plaster-jacketed before removal. All other ele-
ments were recovered in the form of small fragments
(Fig. 1.8). The distribution of the skeletal elements indi-
cates that the carcass was more likely to have been surface
scattered before fossilization either by trampling or erosion.
However, none of the bones shows any carnivore damage
or substantial transportation (see Su 2016, for details).
Compression and deformation are apparent on some of the
elements, particularly on the ribs, which is likely due to the
contraction and expansion of the clay sediments in which
they were buried. Almost all of the in situ skeletal elements
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were covered by a thin layer of gypsum that permeated

through crevices extending from clay horizons higher in the pieces although

section. The surface specimens,

Fig. 1.8 Fragments of KSD-VP-1/1 collected by surface scraping,
sieving, and excavation. More than 400 pieces were recovered
representing parts of the cervical vertebrae, humerus, ulna, femur,

i.e., cervical vertebrae,

and the sacrum. They were systematically conjoined by project

Table 1.1 KSD-VP-1/1 partial skeleton: inventory of preserved elements

not require

humerus, femur, and ulna, were fragmented into numerous
they did
pre-collection treatment.

significant

scientists in the paleoanthropology laboratory of the National Museum
in Addis Ababa. The fragments in the pan on top right corner belong to
the innominate collected from the excavation in 2005

Accession number Element Discovery
KSD-VP-1/1a Right ulna S
KSD-VP-1/1b Right humerus S
KSD-VP-1/1c Left distal femur S
KSD-VP-1/1d Right os coxa IS
KSD-VP-1/1e Left tibia IS
KSD-VP-1/1f Right clavicle IS
KSD-VP-1/1g Right scapula IS
KSD-VP-1/1h Second cervical vertebra (C-2) S
KSD-VP-1/1i and /1x Third cervical vertebra (C-3) S
KSD-VP-1/1j, /1z, and /1ac Fourth cervical vertebra (C-4) S
KSD-VP-1/1k, /1y and /1aa Fifth cervical vertebra (C-5) S
KSD-VP-1/11 Sixth cervical vertebra (C-6) S
KSD-VP-1/1m Vertebral body S
KSD-VP-1/1n Left second rib IS
KSD-VP-1/1o Right lower rib (7th or 8th) IS
KSD-VP-1/1p Right lower rib (8th or 9th) IS
KSD-VP-1/1q Right upper rib (5th, 6th or 7th) IS
KSD-VP-1/1r Left 11th rib IS
KSD-VP-1/1s Middle rib fragment S
KSD-VP-1/1t Superior sacral body and ala S
KSD-VP-1/1u Posterior sacral spine fragment S
KSD-VP-1/1v Sacral spine fragment S
KSD-VP-1/1w Coccygeal body? S
KSD-VP-1/1ab Left articular process and articular pillar (C-7) S
KSD-Vp-1/lad Right superior facet of vertebra (C-7) S
KSD-VP-1/1ae Right inferior facet of vertebra (C-7) S
KSD-VP-1/1af Posterior tubercle of the transverse process (C-7) S
KSD-VP-1/1ag Right lamina (C7) S

S Surface; IS In situ
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Fig. 1.9 Yohannes Haile-Selassie in the paleoanthropology laboratory
of the National Museum of Ethiopia systematically conjoining the
fragments of KSD-VP-1/1

Preparation and Curation

All original fossils collected from the study area are stored at
the paleoanthropology laboratory of the National Museum of
Ethiopia in Addis Ababa. Preparation of KSD-VP-1/1
included freeing elements from plaster jackets and cleaning
the adhering matrix using an air scribe, at times under a
microscope. Skeletal elements of KSD-VP-1/1 were joined
together from over 300 bone fragments (Fig. 1.9), after
which they were accessioned and photographed before being
stored. The WORMIL project organizes its fossil collections
by locality, taxon, and age so that project researchers can
have easy access for analyses.

The Faunal Assemblage at KSD-VP-1

KSD-VP-1 is one of the smallest localities in the
Woranso-Mille study area, with a total area of ca. 300 m2.
There are only 69 accessioned fossil specimens from
the locality. However, a 100% collection for taphonomic

Rhinocerotidae (1.4%) Orycteropodidae (1.4%)
Equidae (1.4%) | |_I— Aves (1.4%)

Giraffidae (1.4%)

Bovidae
37.7%

Fig. 1.10 Pie chart showing the percentage of mammalian families
collected from KSD-VP-1/1 based on minimum number of individuals
(MNI = 69). The micromammal percentage includes multiple families
(see Table 1.2 for details)

analysis resulted in more than 700 mostly unidentifiable bone
fragments (see Su 2016). Despite the small number of
accessioned specimens, the taxonomic diversity of this
locality is remarkable-23 mammalian species from 15 fami-
lies are represented (Table 1.2). Bovids are the most abundant
with six tribes identified, followed by cercopithecids repre-
sented by at least three species. Among the suids, Kolpo-
choerus and Nyanzachoerus are present. In addition to
KSD-VP-1/1, two other specimens of Au. afarensis, an iso-
lated lower molar (KSD-VP-1/52) and a child mandible with
dentition (KSD-VP-1/39), have also been recovered from the
locality. Two small carnivore species are also present: a
herpestid and a lutrine (cf. Torolutra sp.). Among the small
mammals, three genera (cf. Serengetilagus, Thryonomys, and
Hystrix) are represented in the assemblage. Large-sized
mammals are represented by Elephantidae, Rhinocerotidae,
Hippopotamidae, Giraffidae, and Equidae, with at least one
species identified from each family (Fig. 1.10).

Guide to Contents of the Book

This volume contains five chapters that provide detailed
description and comparative analyses of KSD-VP-1/1, in
addition to two chapters on its geological, taphonomic,
and paleoecological context. Cumulatively, these chapters
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Table 1.2 Faunal list of KSD-VP-1

Aves
Rodentia
Indet.
Hystricidae
Hystrix sp.
Thryonomyidae
Thryonomys sp.
Lagomorpha
Leporidae
cf. Serengetilagus sp.
Primates
Hominidae
Australopithecus afarensis
Cercopithecidae
Indet.
Papionini Indet.
Theropithecus oswaldi aff. darti
Colobinae Indet.

Carnivora
Viverridae
cf. Viverra sp.
Mustelidae
cf. Torolutra sp.

Proboscidea
Elephantidae
Indet.

Artiodactyla
Bovidae
Indet.
Alcelaphini
Neotragini
Hippotragini
Antilopini
Gazella sp.
Tragelaphini
Tragelaphus saraitu
Tragelaphus sp. indet.
Aepycerotini
Aepyceros cf. afarensis
Suidae
Suinae
Kolpochoerus cf. millensis
Tetraconodontinae
Nyanzachoerus kanamensis
Giraffidae
Giraffa cf. stillei
Hippopotamidae
Perissodactyla
Equidae
Eurygnathohippus sp.
Rhinocerotidae
Tubulidentata
Orycteropodidae
Orycteropus sp.
Reptilia
Crocodylidae

provide insights into the paleobiology and paleoecology of
early Au. afarensis and the last chapter presents a synthesis
of the broader implications of KSD-VP-1/1 for our inter-
pretation of early hominin paleobiology.

Chapters 2 and 3 provide the geologic, taphonomic, and
paleoenvironmental context of KSD-VP-1. While the fos-
siliferous areas within WORMIL have not yet been assigned
to any specific geological formation or divided into subunits,
radiometric ages have been obtained for most of the tuffs
within the fossiliferous horizons (Deino et al. 2010;
Haile-Selassie et al. 2010a, b, 2012, 2015). The geological
age of KSD-VP-1/1 is therefore well-constrained using
“OAr/*°Ar dating method. A thin tuff about 2.7 m below the
partial skeleton yielded an age of 3.60 + 0.03 Ma. Chapter 2
(Saylor et al. 2016) elaborates on the refinement of the
geochronology of KSD-VP-1/1 and provides details on the
sedimentological context of the locality.

Following that, Chapter 3 (Su 2016) explores the taphon-
omy and paleoenvironment of KSD-VP-1/1 based on faunal
and geological data. The KSD-VP-1 faunal assemblage is
likely autochthonous and transportation and disturbance of
bones was minimal. The combined evidence indicates that the
paleohabitat at KSD-VP-1 was a medium to dense woodland

with some open areas of grassland or shrubland distal to the
locality.

Chapters 4 through 8 provide detailed description and
comparative analyses of the skeleton. One of the key pieces
of information that was lacking from the preliminary
description and analysis of KSD-VP-1/1 (Haile-Selassie
et al. 2010a) was CT-scan data. With permission from the
Ethiopian government, the original elements of the partial
skeleton were transported to the United States, and each
element was scanned using high-resolution computed
tomography (HRCT) at the Center for Quantitative Imaging
at the Pennsylvania State University. Chapter 4 (Ryan and
Sukhdeo 2016) describes three-dimensional reconstructions
and quantification of internal and external anatomical
structures based on HRCT scan data.

KSD-VP-1/1 is the only early hominin adult specimen
that preserves almost all of its cervical vertebrae and repre-
sents the oldest known cervical column in the hominin fossil
record. Chapter 5 (Meyer 2016) presents a detailed
description and comparative analysis of each cervical ver-
tebra. The suite of characteristics in the KSD-VP-1/1 cer-
vical centra is consistent with human-like orthograde posture
and head carriage. However, the mosaic of derived anatomy
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with transitional nuchal musculature and the inchoate stage
of nuchal ligament development are also consistent with the
locomotor pattern of other primates without the whole-body
aerial phase of humans. The KSD-VP-1/1 cervical spines
suggest that the nuchal ligament, a significant aspect of the
derived human axial anatomy for cursorial distance loco-
motion, was not fully developed as in modern humans.

The right scapula of KSD-VP-1/1 is the only known
complete adult scapula of an early hominin. Chapter 6
(Melillo 2016) presents detailed description and analysis of
the scapula and the clavicle to provide a more complete
picture of early hominin shoulder girdle anatomy. The
results corroborate Haile-Selassie et al.’s (2010a, b) con-
clusion that the adult Au. afarensis scapula, although mor-
phologically distinct, was more similar to that of modern
humans than previously recognized. Despite the morpho-
logical distinctiveness, however, the Australopithecus
shoulder girdle in general appears to have been derived
toward a morphology associated with an emphasis on the
manipulatory function of the upper limb (see Schmid et al.
2013 for different opinion).

The human-like shoulder girdle anatomy of KSD-VP-1/1
described in Chapter 6 is consistent with the thorax shape of
the specimen described in Chapter 7 (Latimer et al. 2016).
The preserved elements of the KSD-VP-1/1 thorax comprise
a number of ribs, including the second rib, and suggest that
Au. afarensis had a human-like thoracic cage with a broad
upper thorax and a deeply invaginated thoracic vertebral
column. This is in stark contrast to previous reconstructions
of early hominin thoracic shape (e.g., Schmid 1983, 1989,
1991) and also different from what has been inferred for Au.
sediba where the thorax is described as mosaic with an
ape-like upper thoracic shape combined with a more derived
human-like shape to the lower thorax (Schmid et al. 2013).

Chapter 8 (Lovejoy et al. 2016) describes the preserved
upper limb, lower limb, and pelvic elements of KSD-VP-1/1.
It has been long known that understanding body proportions
of early hominins is crucial for making accurate functional
and phylogenetic interpretations (e.g., Robinson 1972;
Walker 1973; McHenry 1978; Zihlman and Brunker 1979).
Unfortunately, the paucity of partial skeletons combining
upper and lower limbs, particularly those predating 3.0 Ma,
has remained a major hurdle. Previous assessment of body
size, limb proportions, and skeletal allometry in Au. afarensis
relied on A.L. 288-1, which suggested that Au. afarensis
combined human-like forelimb proportions with relatively
short hindlimbs (Jungers 1982). However, the diminutive
size of A.L. 288-1 led to decades of controversial specula-
tions about the confounding effects of allometry (e.g.,
Wolpoff 1983; Jungers and Stern 1983). KSD-VP-1/1
belongs to an individual much larger than A.L. 288-1 and
combines elements of the upper and lower limbs, allowing

us to test hypotheses relating to body proportion and allom-
etry in early hominins in Chapter 8.

Finally, Chapter 9 (Haile-Selassie et al. 2016) summa-
rizes the broader implications of KSD-VP-1/1 for our
understanding of the paleobiology of early hominins in
general and Au. afarensis in particular, and its contributions
toward reconstructing the last chimpanzee/human common
ancestor (CLCA) of hominins. It also critically examines
previous interpretations of early hominin shoulder girdle
anatomy, thorax shape, locomotor adaptation, and skeletal
bauplan in light of the new data derived from KSD-VP-1/1
compared to observations from other hominin taxa such as
Ardipithecus ramidus and Au. sediba.
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Chapter 2

The Geologic Context of Korsi Dora and the Partial Skeleton

KSD-VP-1/1

Beverly Z. Saylor, Mulugeta Alene, Alan Deino, Luis Gibert, Yohannes Haile-Selassie,

Stephanie M. Melillo, and Gary Scott

Abstract KSD-VP-1/1, a partial skeleton of Australopithecus
afarensis, was excavated from Pliocene strata at Korsi Dora,
3.3 km southeast of the confluence of the Waki and Mille rivers
in the northwestern part of the Woranso-Mille paleoanthropo-
logical research site. A tuff collected from ~2.7 m below the
fossil horizon, at the bottom of a trench dug 25 m to the east of
the fossil excavation, yieldled an *°Ar °Ar age of
3.60 + 0.03 Ma for anorthoclase feldspar. Strata in the trench
and the fossil excavation site comprise a single normal
magnetozone interpreted as part of the normal subchron
C2An.3n, immediately above the Gauss/Gilbert paleomag-
netic transition. Geologic mapping and tephrochemical
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analyses combined with paleomagnetic data place the fossil
horizon and the trench section into local and regional
stratigraphic context by constraining the partial skeleton to
be younger than the Kilaytoli tuff (KT), a ~4 m thick vitric ash
with an anorthoclase feldspar age of 3.570 + 0.014 Ma. This
unit is widely recognized at Korsi Dora, in collection areas
north of the Waki-Mille confluence and outside the field area.
The KT correlates with the Lokochot Tuff of the Omo-Turkana
Basin in Kenya. Sedimentological features of the mudstone
and sandstone in and near the excavation site are consistent
with deposition in a floodplain or floodplain lake proximal to a
stream channel.

Keywords Ar—Ar dating ¢ Sedimentological features e
Geological correlations ¢ Korsi Dora ¢ Woranso-Mille

Introduction

KSD-VP-1/1, a partial skeleton of Australopithecus afaren-
sis, was excavated from the Korsi Dora collection area in the
northwestern part of the Woranso-Mille paleoanthropologi-
cal study area (WORMIL). WORMIL covers an area
of ~60 km by ~20 km near the western margin of the Afar
depression, south of the Gura’ale volcanic center and north
of the road between the towns of Mille and Bati, in northern
Ethiopia (Fig. 2.1). The area was first surveyed for fossils
during the early 1970s, but detailed geological and paleon-
tological research did not begin until 2004 (Haile-Selassie
et al. 2007). Geological investigations to date have focused
on the northern part of the WORMIL site, where Pliocene
strata are exposed in the drainage basin of the Mille River
(Fig. 2.1c). The Korsi Dora collection area consists of low
relief exposures of fossiliferous Pliocene strata adjacent to
the Kilaytoli River, an ephemeral drainage that feeds into the
Mille River.

KSD-VP-1/1 was excavated from ~49 square meters of
flat lying mudstone and sandstone. The fossil horizon
is ~2.6 m above a lapillistone tuff with an *°Ar/*°Ar age of

Yohannes Haile-Selassie and Denise F. Su (eds.), The Postcranial Anatomy of Australopithecus afarensis:
New Insights from KSD-VP-1/1, Vertebrate Paleobiology and Paleoanthropology, DOI 10.1007/978-94-017-7429-1_2
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3.60 £ 0.03 Ma (20). The dated tuff was collected from the
bottom of a trench 25 m to the north of the excavation
(Haile-Selassie et al. 2010a). We expand on the results of
geologic mapping and tephrochemical studies that, together
with paleomagnetic data and radiometric ages, clarify the
stratigraphic and structural relationships at Korsi Dora and

Arabian Peninsula

Indian Ocean

400 Km
—

Fig. 2.1 a Map of the Horn of Africa and locations discussed in the
text. KF Koobi Fora Formation; 722 and 231 are locations of deep sea
cores where correlates of the Lokochot Tuff have been identified.
b Relief map of the southwestern region of the Afar depression in
Ethiopia showing the location of the Waki-Mille Confluence
(WMC) in the Woranso-Mille research area relative to physiographic
and tectonic features and relative to paleoanthropological research
areas of the Lower and Middle Awash Valley. Base map generated

the position of the fossil horizon relative to marker tuffs
(Haile-Selassie et al. 2010a; Deino et al. 2010). These
marker tuffs enable correlation of the Korsi Dora section
with a longer, well-dated composite section comprising
exposures near the confluence of the Waki and Mille rivers,
3.3 km northwest of Korsi Dora, and also with comparably

Gure'ale

basalt

from GeoMapApp (http://www.geomapapp.org) using the Global
Multi-Resolution Topography Synthesis (Ryan et al. 2009). D Dikika;
G Gona; H Hadar; L Ledi-Geraru; MA Middle Awash. ¢ Map of the
area around the Waki-Mille confluence (WMC) in the northern part of
the Woranso-Mille study area showing the location of Korsi Dora
(KSD) relative to other collection areas discussed in the text. AMA
AmAdo; MKM Makah Mera; MSD Mesgid Dora; KER Kerare. Base
map is a grayscale ASTER image
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aged fossiliferous strata and deep-sea cores around the Horn
of Africa. We also present details of the sedimentology of
the excavation site and nearby exposures that provide insight
into the environment of deposition and preservation of the
partial skeleton.

Geologic Setting of the Woranso-Mille
Study Area

WORMIL lies near the western margin of the Afar triangle
(Fig. 2.1a), near the triple junction where the Main Ethiopian
Rift meets the on-land propagators of the Red Sea and Gulf
of Aden spreading ridges (Beyene and Abdelsalam 2005).
WORMIL lies 75 km southwest of the Tendaho Graben
(Fig. 2.1b), the current locus of the Red Sea propagator,
where NNE-oriented normal faults associated with the Main
Ethiopian Rift intersect NW-oriented faults associated with
the Red Sea Rift (Acocella 2010). The Main Ethiopian Rift
reached the Afar about 11 Ma. Extension along the Red Sea
Rift, which began about 30 Ma, propagated into the Tendaho

a Waki-Mille composite section

younger conglomerate
1
1

skeleton

30 AAT
= KT Kilaytoli tuff
o-
MDT

MKM 20 W
ERE "

O~ MLT
msp| '° <«— (3.76 + 0.02 Myr)
Pl <— (3.82 £ 0.18 Myr)
WMC

Il Lapillistone tuff |G Vitric ash

[&] Conglomerate Sandstone &

EI Basalt

D Siltstone &

Graben at about 4 Ma, accompanied by a resurgence of
volcanism central to rift axes, including the development of
silicic volcanoes, and the emplacement of the Afar Series of
basalts across much of the Afar (Acocella et al. 2008; Lahitte
et al. 2003).

WORMIL shares its southern border, the Mille-Bati road,
with paleoanthropological sites of the Lower Awash Valley
(Fig. 2.1b). Decades of work by interdisciplinary field teams
south of this border have extracted a rich fossil record from
the Late Miocene to Pleistocene strata of the Awash Group
(Kalb et al. 1982; Renne et al. 1999; WoldeGabriel et al.
2009). These strata, consisting of the Adu Asa (6.4 to
5.2 Ma), Sagantole (>4.6 to 3.9 Ma), Hadar (>3.8 to 2.9 Ma),
and Busidima (2.7 to 0.16 Ma) Formations, filled half gra-
bens that developed in response to the Main Ethiopian Rift
extension and may also have been influenced by the Red Sea
Rift (Quade et al. 2008; Wynn et al. 2008). Basin-bounding
faults, inferred for the early stages of rift evolution, were
likely discontinuous, forming structurally isolated basins. By
the time of deposition of the Busidima Formation, however,
faults had linked and localized along the western edge
of a contiguous basin leading to axial drainage and the

b Korsi Dora composite section

KSD VP-1-1
WMOSY/KSD-1 (3.6 £ 0.03 Myr)
AAT?

Se

fault block

KT (3.57  0.014 Myr)

mesa & river
fault blocks

E] Sandstone, Siltstone &
Claystone

Claystone

Pebbles, with Sandstone

Tis tuffaceous = Tephrochemical correlation
i Rhizolihs O ey @ o —— Physical correlation

Magnetic Magnetic ¥

Polarity Polarity

Fig. 2.2 Composite reference sections for the stratigraphy at (a) the
Waki-Mille area, including the Waki-Mille confluence (WMC),
Mesgid Dora (MSD) and Makah Mera (MKM), and (b) Korsi Dora

(KSD). MLT Mille tuft sequence; BRT basalt-rhyolite tuff; WT' Waki
tuff; MDT Mesgid Dora tuff; KT Kilaytoli tuff; AAT AmAdo tuff
sequence
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development of the proto-Awash River (Quade et al. 2008).
Thus, in addition to their rich record of Miocene—Pliocene
and Pleistocene vertebrate evolution and environmental
change, the formations of the Awash Group also document
the volcanic and tectonic history of rifting and landscape
evolution near the Afar triple junction.

The skeleton excavation site at Korsi Dora is part of a
Pliocene age volcanic and sedimentary succession, exposed
most extensively north of the Mille River (Deino et al.
2010). Exposures at the Waki-Mille confluence and nearby,
at the Mesgid Dora and Makah Mera collection areas, con-
stitute a well-dated composite section (Fig. 2.2), >30 m
thick, of sandstone, mudstone, and conglomerate, interbed-
ded with decimeter- to meter-scale volcanic tuffs ranging in
age from 23.77 Ma to <3.57 Ma (Deino et al. 2010). At the
confluence, the sedimentary section overlies 3.82 + 0.18 Ma
basalt (Deino et al. 2010), but more recent fieldwork has
demonstrated that the tuffaceous and sedimentary strata
continue below the basalt west of the confluence. Recent
work has also documented the presence of additional layers
of basalt within the sedimentary succession, above the
confluence basalt (Alene et al. 2012). The sedimentary
succession in the vicinity of the Waki-Mille confluence
overlaps in age with the Basal Member of the Hadar For-
mation, especially as defined at Dikika (Wynn et al. 2006,
2008), but differs from the Basal Member in containing an
abundance of basaltic and rhyolitic volcanic interbeds.
Although tentatively considered as part of the Hadar For-
mation (Deino et al. 2010), it remains to be determined if
strata in the Waki-Mille area, more than 40 km north of
Hadar and Dikika, accumulated in a basin contiguous with
that of the Basal Member.

Korsi Dora Collection Area

The Korsi Dora collection area borders the Kilaytoli
River, ~2.8 km southeast of the Waki-Mille confluence.
The area is named for the Korsi Dora drainage (Fig. 2.3), one
of several drainages that initiate along an east—west oriented
ridge of basalt, south of the Kilaytoli River, and feed
northward into the Kilaytoli River or directly into the Mille
River. The basaltic ridge, which extends for >10 km later-
ally, forms a southern boundary to exposures of tephra-rich
strata typical of the Waki-Mille confluence and the sur-
rounding area (Fig. 2.1c). The basalt is partially covered by
younger conglomerate, which also covers much of Korsi
Dora, obscuring the contact between basalt and topograph-
ically lower fossiliferous strata (Fig. 2.3).

For the most part, exposures of fossiliferous strata at Korsi
Dora are limited to low relief outcrops, <2 m thick, where

] Youngergravel = ™= Fault O Geochronology/
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W o« ¥ Skeleton Paleomag sample
dow KT ® Reversed
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-~
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Fig. 2.3 Geologic map of the Korsi Dora area showing locations of
samples and sections discussed in the text and shown in Fig. 2.4

erosion along the Korsi Dora drainage and its tributaries
removed younger conglomeratic cover (Figs. 2.3 and 2.4).
Thicker sections, up to 6 m, are exposed along the banks of
the Kilaytoli River and on a small mesa near the river.

Stratigraphic Position of the Basalt Ridge

The approximate stratigraphic position of the basalt ridge at
the southern boundary of Korsi Dora can be determined
from relationships at Korsi Dora and at other nearby col-
lection areas. Basalt in the ridge extends westward to the
Kerare collection area (Fig. 2.1c) where it lies above >20 m
of volcaniclastic-rich strata similar to the Waki-Mille com-
posite section, including the Mille tuff sequence (MLT), the
Basalt Rhyolite tuff (BRT), and the Waki tuff (WT) or higher
(Fig. 2.2). Stratigraphically higher tuffs that are not present
in the Kerare section may have been removed by erosion
along a >10 m deep fluvial channel, which underlies the
basalt and cuts down from a position above, at least, the WT
to the level of the MLT sequence. At the eastern limits of the
ridge, at Burtele, the exposure of basalt curves to the north
and dips eastward under a younger (<3.47 Ma) fossiliferous
succession containing the hominin partial foot fossil
BRT-VP-2/73 (Haile-Selassie et al. 2012).

These relationships constrain the basalt at Korsi Dora to a
position above the WT and below the section at Burtele, but
do not constrain its position relative to the Korsi Dora strata,
which contain the Kilaytoli tuff (KT) and thus correlate with
the part of the Waki-Mille composite section that is above the
WT (Deino et al. 2010). There is, however, no evidence for
strata comparable to the Korsi Dora section above the basalt
ridge at Burtele or elsewhere (Haile-Selassie et al. 2012).



2 Geology of KSD-VP-1

Western (skeleton) fault block:
contains KT and higher strata

a Korsi Dora
drainage west of

A 2 Fault
_excavatlon site Down
to West
P Pumice
o OKSD09-5
A Rhizoliths OKEDOS-8
Pebbles 2 ]
@  Accretionary lapilli CKSD09-6
—=~ Ripple cross-stratification \ e
““5”[\’3;09 d Kilaytoli
—  Planar lamination AAT, " OKSD-1 River, ~750 m
i CLERE west of Korsi
2 Cross bedding =Tk Dora drainage
——— Thin, heterolithic bedding
——— Thick bedding
Vitric ash
KT

¥

Pumice lapillistone

17
Mesa fault block: f Mesa Eastern fault block:
contains Mesgid Dora tuff O contains Kilaytoli tuff
to Kilaytoli tuff TKSD-09-8
KT Fault
8 Down
to East

iq 1

L \L g Kilaytoli River,

) 4mof 5m west of mouth of
siltstone Korsi Dora drainage
op5

2 4
i ol ] ®p4
b
€ Kilaytoli
River, ~750 m west om -t
of Korsi Dora ;,—'f‘_,§£§
drainage A
MDT
WM/KSD-1
+ 2 m more
of tuffaceous
sandstone

Fig. 2.4 Measured stratigraphic sections at Korsi Dora showing positions of the samples discussed in the text. For locations of sections and

samples see Fig. 2.3

Also, although faults are inferred along offset linear features
that define the edge of the basalt ridge, their vertical offsets
appear small. The simplest interpretation is that the Korsi
Dora section and the Waki-Mille composite section lie
stratigraphically below the level of the Kerare-to-Burtele
ridge of basalt and are older than the dated tuff at Burtele
(3.460 £ 0.016 Ma, 20) (Haile-Selassie et al. 2012).

Kilaytoli Tuff

The Kilaytoli tuff (KT) is a white vitric ash named for
exposures along the Kilaytoli River and present at several
locations around Korsi Dora (Figs. 2.3 and 2.4). It is also

recognized in collection areas north of the Mille River
(Fig. 2.2) based on physical characteristics, stratigraphic
position, “’Ar/*°Ar geochronology, and glass geochemistry
(Deino et al. 2010).

Where it was first described in an outcrop along the
northern bank of the Kilaytoli River, 5 m west of the mouth
of the Korsi Dora drainage, the KT sits on siltstone with
rhizoliths (Figs. 2.4g and 2.5a). It is as much as 4 m thick but
decreases to 2.6 m over the span of a few meters, truncated
from above by an erosional unconformity with a younger
conglomerate. A coarse crystal concentrate layer, 1 cm thick,
at the base of the tuff is overlain by ~2.6 m of thin- to
thick-bedded, medium to fine vitric ash, with concentrations
of accretionary lapilli, followed by ~1.4 m of recessive
weathering, thin- to medium-bedded fine ash with silt. Beds
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Fig. 2.5 Outcrop photos of the Kilaytoli tuff on Korsi Dora (a) where
it was first described in the Kilaytoli River and (b) on top of mesa.
Photos courtesy of Elizabeth Russell

are tabular to locally trough shaped and exhibit normal
grading, planar horizontal laminations, climbing ripple cross
stratification, and local soft sediment deformation.

North of the Mille River, the KT has been documented at
Mesgid Dora, Makah Mera, Aralee Issie, and AmAdo,
where it varies from 1 to 3 m in thickness and is similar in
characteristics to outcrops at Korsi Dora. It sits on siltstone
that has been pedogenically modified to varying degrees.
Stratigraphically, it ranges from 5 to 15 m above the MDT, a
1 to 3 m thick pumice lapillistone tuff, which is recognized
in multiple collection areas and, depending on location,
accumulated as either an airfall tuff or a fluvially reworked
pumiceous deposit (Deino et al. 2010) (Fig. 2.2a).

At the Waki-Mille confluence and across much of Mesgid
Dora, the section is truncated below the level of the KT,
whereas at Aralee Issie and across much of Makah Mera, the
KT is the highest preserved tuff in the section. At AmAdo,
however, the section continues higher to include a pink
pumice, lithic lapillistone that is 25 cm thick and 5 m above
the top of the KT (Haile-Selassie et al. 2007, 2010b). Later
work showed that the tuff reached as much as a meter thick
in the AmAdo area and a second similar tuff was identified
between it and the KT. These tuffs, which we will here refer
to as the AmAdo tuff (AAT) sequence, were initially

recognized only at AmAdo and were not named. More
recently, however, a similar tuff has been identified 1-2 m
above the KT in flats and hilltop exposures between Mesgid
Dora and Makah Mera (Fig. 2.2a) and a similar pair of tuffs,
which is present above the KT at the confluence of the
Kilaytoli River and the Mille River. Furthermore, expansion
of fieldwork has identified a physically similar pink, lithic,
pumice lapillistone tuff above the KT in exposures along a
laterally extensive, basalt-capped escarpment, ~2.5 km
northeast of AmAdo (Fig. 2.1c). Based on their stratigraphic
position and physical similarity, these tuff exposures corre-
late with the AAT sequence, which can now be recognized
as a widespread marker horizon above the KT.

Deino et al. (2010) reported electron probe microanalysis
(EPMA) data for glass shards in samples of the KT from the
Kilaytoli River, Makah Mera, and Aralee Issie (Table 2.1),
all of which exhibit bimodal distributions of Fe,O; and
Al,O5 concentration (Fig. 2.6). This distinctive distribution,
along with a close similarity in all other measured oxides,
supports the correlations made among sections based on
physical characteristics and stratigraphic position.

Deino et al. (2010) reported a laser fusion “OAr/* Ar mean
age of 3.570 + 0.014 Myr (20) for the KT, for anorthoclase
feldspar crystals from two samples (WM-KSD-1 and
WM-KSD-3) of the crystal concentrate layer at the bottom of
the outcrops along the Kilaytoli River (Fig. 2.3). Based on
age and glass geochemistry, the KT correlates with the
Lokochot Tuff (Deino et al. 2010) and has extensive extra-
basinal distribution. The Lokochot Tuff, defined in the
Koobi Fora Formation east of Lake Turkana, has been cor-
related geochemically to tuffs at multiple sites of the
Omo-Turkana Basin of Kenya and southern Ethiopia (Cer-
ling and Brown 1982; Brown and Fuller 2008), and has also
been recognized in the Gulf of Aden and the Arabian Sea
(Fig. 2.1a) (Brown et al. 1992; DeMenocal and Brown 1999;
Feakins et al. 2007). It is one of several tuffs from the
Omo-Turkana Basin that are recognized in the Afar and in
deep-sea drill cores around the Horn of Africa as the prod-
ucts of massive volcanic eruptions.

Here we report additional EPMA data for vitric ash
(T-KSD-9-8) from the top of the mesa at Korsi Dora. Sample
preparation and analysis followed Deino et al. (2010). The
white, planar laminated, fine to medium grained ash, which
is >1 m thick, is similar in physical characteristics to the KT
(Figs. 2.4f and 2.5b) and, like the previously studied expo-
sures, exhibits the characteristic bimodal distributions of Fe
and Al oxide abundances. These patterns, along with simi-
larities of other oxide abundances and physical characteris-
tics, support identification of the vitric ash on top of the mesa
and elsewhere at Korsi Dora as different exposures of the KT.
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Table 2.1 Normalized wt% and 1o Normalized wt% and 1 ms compositions for the KT
N Na,0 MgO Cl CaO K,0 SiO, ALO; TiO, MnO  Fe,O;  Total Total O*

WM-KSD-1

Low Fe 11 2.67 0.04 0.14  0.19 5.11 77.14 11.34 0.19 0.07 3.11 99.88 92.99
lo 0.52 0.02 0.02 0.01 0.30 1.03 0.12 0.06 0.03 0.17

WM-KSD-3

Low Fe 8 2.42 0.02 0.13 020 4.53 78.04 11.27 0.17 0.09 3.13 99.90 92.66
lo 0.34 0.01 002  0.02 0.36 0.66 0.21 0.03 0.03 0.14

High Fe 11 2.30 0.04 019 021 4.41 77.38 10.59 0.28 0.15 4.45 99.67 92.76
lo 0.33 0.03 002  0.02 0.44 0.97 0.15 0.06 0.04 0.31

ARI-08-5

Low Fe 13 2.34 0.03 0.13 020 5.01 77.32 11.24 0.22 0.12 3.40 99.82 92.82
lo 0.44 0.01 002  0.02 0.56 0.78 0.25 0.08 0.04 0.41

High Fe 5 1.77 0.04 017 022 4.40 77.86 10.64 0.27 0.14 4.48 99.63 91.57
lo 0.25 0.02 005  0.04 0.39 0.46 0.29 0.02 0.03 0.30

MSD-08-13

Low Fe 9 2.02 0.04 012  0.19 4.84 77.92 11.41 0.20 0.09 3.16 99.89 92.76
lo 0.30 0.02 0.02  0.03 0.38 0.65 0.19 0.07 0.03 0.27

High Fe 3 1.53 0.04 0.19  0.19 421 78.75 10.19 0.22 0.15 4.53 100.00  93.26
lo 0.37 0.03 0.02  0.02 0.60 0.97 0.25 0.05 0.02 0.08

AMA-09-4

Low Fe 4 2.26 0.03 0.14 020 6.13 76.57 11.39 0.17 0.13 2.99 100.63 93.41
lo 0.68 0.01 0.01 0.03 0.31 0.44 0.10 0.05 0.05 0.22

High Fe 5 221 0.03 0.18  0.19 5.54 76.41 10.71 0.21 0.15 4.36 100.12  92.61
lo 0.75 0.01 0.01 0.02 0.66 0.79 0.22 0.04 0.05 0.31

T-KSD 09-8

Low Fe 2 2.63 0.03 0.14 020 4.52 78.14 11.04 0.18 0.06 3.07 100.08  91.13
lo 0.86 0.01 0.02  0.02 0.45 0.38 0.05 0.01 0.04 0.00

High Fe 2 2.12 0.05 020 022 4.11 77.98 10.30 0.19 0.19 4.64 98.98 89.23

0.16 0.06 0.03  0.05 0.06 0.85 0.23 0.12 0.03 0.13

F abundances are below detection limits. Different matrix corrections for F yielded small differences from oxide totals previously reported in Deino
et al. (2010). * indicates new data. AMA-09-4 and T-KSD-09-8 are new data
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Fig. 2.6 Glass tephrochemical data (normalized, average values) for
the Kilaytoli tuff and for the Lokochot Tuff of the Omo-Turkana basin
showing bimodal average Fe and Al oxide abundances. Squares
represent values for previously published data for samples from the
Kilaytoli River and from north of the Mille River. Circles represent
values for a sample of the Lokochot tuff measured at the same time as
the Kilaytoli tuff. Diamonds represent new data for a sample of
Kilaytoli tuff from on top of the Korsi Dora mesa

Structural Geology

The KT is an excellent chronostratigraphic marker, useful
for identifying stratigraphic relationships and post-
depositional structural movements of the Korsi Dora col-
lection area (Fig. 2.3). In addition to its original description
site, 5 m west of the mouth of the Korsi Dora drainage
(Fig. 2.4g), the KT crops out extensively, though discon-
tinuously, eastward, for over 1 km along the Kilaytoli River.
To the west, along the Kilaytoli River, however, a span
of >550 m separates the cluster of KT outcrops near the
mouth of the Korsi Dora drainage from the next closest
exposure of KT. There, an outcrop of KT (Fig. 2.4d)
sits <5 m to the west of a short section containing a 1 m thick
pumice lapillistone tuff (Fig. 2.4e). The lapillistone tuff,
interpreted as MDT, has been offset along a fault to the same
topographic level as the KT. South of the Kilaytoli River, the
KT on top of the mesa (Fig. 2.4f) is topographically above
the nearby river exposures of the tuff (Fig. 2.4g), offset by
more than 6 m by a fault. Isolated bedding plane exposures
of white vitric ash, similar to the KT, are also present in
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other drainages across the Korsi Dora area, including a
drainage 700 m southeast of the mesa and a small drainage
between the mesa and the excavation site (Fig. 2.3).

Topographic offset of the KT from the top of the mesa to
exposures in the Kilaytoli River is the result of high angle
normal faults crossing the Korsi Dora locality (Fig. 2.3).
These faults contain the mesa in an uplifted horst. Exposures
of KT north and east of the mesa are dropped down to the
northeast, relative to the horst, along a fault that must pass
between the mesa and the tuff exposures near the Korsi Dora
mouth. Similarly, exposures of the KT far west of the Korsi
Dora mouth, along the Kilaytoli River, are dropped down to
the southwest relative to the mesa block. Placement of this
second, more westerly, fault is constrained to lie between
exposures of KT and MDT. Bedding plane exposures of the
KT in the drainage southeast of the mesa are interpreted as
part of the mesa block. By connecting the fault traces
between the river exposures and the limits of these bedding
plane exposures we constrain the fault trace to be approxi-
mately parallel at N 57° W. This orientation also parallels,
approximately, the traces of other faults in the area.

These structural relationships place the mesa in the
middle of three fault blocks. The pumice lapillistone tuff in
the Kilaytoli River and the adjacent >550 m tuff-free stretch
of the river are part of the mesa fault block, the relative uplift
of which has exposed strata beneath the KT. The pumice
lapillistone tuff, thus, is in stratigraphic position comparable
to that of the MDT of the Waki-Mille composite section and,
given physical similarities, is interpreted as an exposure of
this tuff.

The skeleton excavation site and the trench section lie in
the westernmost of the three fault blocks. This block con-
tains exposures of the KT, specifically in the Kilaytoli River,
far west of the mouth of the Korsi Dora drainage, and in a
small drainage east of the trench and excavation site, but the
trench section and excavation site are isolated from these
exposures by younger cover (Figs. 2.3 and 2.4). Still,
because the skeleton fault block is dropped down relative to
the mesa block, which is capped by KT, it is expected that
much of the exposures in this western block, including the
excavation site, are at a stratigraphic level above that of KT.

Sedimentology and Depositional Setting

The cumulative thickness of Pliocene strata at Korsi Dora is
at least 21 m. The section includes three tuffs: the KT, which
is a vitric ash; a pumice lapillistone tuff, more than 8§ m
below the KT, which is similar in character and stratigraphic
position to the MDT; and an altered lithic, pumice

lapillistone tuff in the trench, which is interpreted to sit
above the KT and is similar in character and stratigraphic
position to the AAT. Tephrochemical correlation of the KT
combined with physical and stratigraphic similarity with
other tuffs support correlation of the Korsi Dora stratigraphy
to the upper part of the Waki-Mille composite section, from
a few meters below the level of the MDT up to a few meters
above the AAT (Fig. 2.2). The stratigraphic position of the
skeleton corresponds to a position above the AAT, the
highest recognized tuff in the Waki-Mille composite section.
Because this stratigraphic level is preserved only locally in
the area, at Korsi Dora and perhaps at AmAdo and along the
escarpment northeast of AmAdo, it is not yet possible to
document lateral variations in facies across the region.
Interpretation of the depositional environment for the
skeleton must rely on local sedimentology and stratigraphy.
Sedimentary, primarily nonvolcanic, lithologies of the
Korsi Dora section include sandstone, heterolithic sandstone
and mudstone, siltstone, and claystone. Sandstone is present
near the bottom of the Korsi Dora section, above and below
the MDT (Fig. 2.4e, f), and near the top of the Korsi Dora
section, above the level of the skeleton (Fig. 2.4a—c). It is
medium- to thick-bedded and medium- to coarse-grained,
with pebbles or tuffaceous material locally. Beds exhibit
planar horizontal stratification as well as tabular and trough
cross-stratification. Heterolithic sandstone and mudstone is
best developed in the upper part of the Korsi Dora section,
above and below the claystone layer that yielded the skele-
ton. It is very thin- to medium-bedded, consisting of clay-
stone, siltstone, and fine to medium sandstone, and exhibits
planar lamination and ripple cross lamination. Siltstone with
minor interbeds of sandstone predominates in the mesa
section between the MDT and the KT. Claystone without
heterolithic interbeds is present only in the trench section.
The skeleton was excavated from a ~ 10 cm thick clay-
stone layer within a section of heterolithic sandstone, silt-
stone, and claystone. In the trench, the heterolithic section
extends about 1 m below the skeleton horizon to overlie a
layer of claystone, approximately 75 cm thick. Below this
claystone is about 80 cm of siltstone with dispersed pumice,
underlain by altered lapillistone tuff, at the bottom of the
trench. Above the skeleton horizon is about 1 m of hetero-
lithic sandstone and mudstone that is exposed extensively in
the Korsi Dora drainage and other feeder drainages west of
the excavation site. Sandstone and siltstone beds have flat,
non-erosive bases and, in some cases, ripple and dune forms
on their tops, preserved at the base of overlying beds of
claystone. Rhizoliths are rare, but locally present in sand-
stone beds near the top of the heterolithic section. Claystone
and siltstone in the fossil horizon and elsewhere in the het-
erolithic assemblage contain dispersed, ~1 cm diameter,
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nodular, displacive evaporite minerals, likely to be gypsum.
A channel surface with 75 cm of erosional relief cuts
through the heterolithic sandstone and mudstone and is filled
in by sandstone and pebble conglomerate, which forms an
upward-fining succession composed of amalgamated trough
Cross-sets.

The interbedding of claystone, siltstone, and sandstone in
the heterolithic section that contains the fossil horizon is
indicative of episodic flow events followed by periods of
quiet settling of sediment and non-accumulation. The pres-
ence of rhizoliths, although rare, indicates that between at
least some of the flow events the area was colonized by
plants. Whereas, the flat bed bases and the preservation of
ripple and dune forms on bed tops are evidence that the
episodic flows were waning, as typically happens where
channelized flows spread out as they top the channel banks
or otherwise enter a less restricted body. The displacive
character of probable gypsum nodules in the skeletal horizon
and other mudstone beds requires a diagenetic origin, rather
than precipitation from the water column or at the sediment—
water interface. It may be a modern diagenetic artifact, but it
also could have formed early, by evaporative pumping of
saline pore water through the sediment. The channelized,
cross-bedded, pebbly sandstone above the heterolithic sec-
tion is typical of fluvial deposition. The thick claystone
below the heterolithic section, however, requires a sustained
period of quiet accumulation more consistent with a lake or
pond, or the distal part of a floodplain. Taken together, the
sedimentological features of the mudstone and sandstone in
and near the excavation site are interpreted as evidence for
deposition in a floodplain or ephemeral floodplain lake,
proximal to a stream channel.

The Age of KSD-VP-1/1

KSD-VP-1/1 was excavated from claystone at the bottom of
a 0.9 m thick section of interbedded claystone, siltstone, and
sandstone (Fig. 2.4b). The fossil horizon correlates with
claystone near the top of a 3 m deep trench dug 25 m to the
east of the excavation site (Fig. 2.4c). Haile-Selassie et al.
(2010a) reported a laser fusion *°Ar/**Ar age of 3.60 + 0.03
Myr (20) for anorthoclase feldspar from a >20 cm thick tuff
(WMO09/KSD-1) at the bottom of the trench. The tuff is an
altered, lithic, pumice lapillistone, the bottom of which was
not exposed by excavation. Paleomagnetic directions
reported for the trench section are normal, as are directions
reported for two samples (P7 and P8) from the excavation
site (Fig. 2.4b), but reverse paleomagnetic directions were
reported for two samples (P4 and P6) from the lower 2.5 m
of the mesa section (Fig. 2.4f) (Deino et al. 2010;
Haile-Selassie et al. 2010a).

The trench section (Fig. 2.4c) and the fossil excavation
site (Fig. 2.4b) are interpreted as being part of the normal
subchron C2An.3n, immediately above the Gauss/Gilbert
paleomagnetic transition (3.596 Ma, ATNTS2004). The
reverse paleomagnetic polarities in the lower part of the
mesa (Fig. 2.4f) are interpreted as the continuation of a
reverse magnetozone documented for the Waki-Mille com-
posite section (Fig. 2.2), part of the reverse subchron C2Ar
below the Gauss/Gilbert transition. Paleomagnetic results for
a sample of the KT on top of the mesa were variable and not
useful for determining direction, but Brown et al. (1978) and
Hillhouse et al. (1986) reported reverse polarities for the
Lokochot Tuff in the Koobi Fora Formation and its geo-
chemical correlate, Tuff A, in the Shungura Formation.
Because the KT is correlated, based on age and geochem-
istry, with the Lokochot Tuff (Deino et al. 2010), it is
expected that the top of the mesa also falls within the reverse
subchron C2Ar.

“OAr/*°Ar geochronology is ambiguous regarding the
relative placement of the KT and the tuff in the trench, as the
radiometric = ages are statistically indistinguishable
(3.570 £ 0.014 Ma and 3.60 £ 0.03 Ma, respectively). We do
not have paleomagnetic data for the trench tuff and geo-
chemical alteration prevents glass tephrochemistry. Still,
physical differences differentiate the lithic lapillistone tuff in
the trench from the fine vitric ash that constitutes the KT.
The simplest interpretation is that the tuff at the bottom of
the trench is conformable with the rest of the trench section
and that it is positioned stratigraphically above the KT. This
interpretation places the trench tuff in a similar stratigraphic
position to the AAT, with which it shares physical charac-
teristics and may correlate.

The paleomagnetic evidence positioning the mesa section
and the KT stratigraphically below the trench section and the
fossil excavation site is consistent with the structural evi-
dence placing the skeletal excavation location and trench in a
fault block that is dropped down relative to the mesa. This
placement is also consistent with stratigraphic evidence, in
that beds of sandstone and pebble conglomerate in the
skeleton excavation site and in laterally equivalent exposures
nearby (Fig. 2.4a) are not observed above the reverse mag-
netozone in the mesa, or anywhere else at Korsi Dora im-
mediately below the KT. Similarly, there is no evidence for
the KT above the level of the excavation site. We conclude
that a maximum age for the fossil skeleton is given by the
age of the KT tuff, 3.570 £ 0.014 Ma. A minimum age is
provided by the Burtele tuff (3.469 + 0.008 Ma), which sits
stratigraphically above the basalt ridge that borders Korsi
Dora. Thus, the potential depositional interval for the
skeleton is a time window of about 100 ka in duration.

The depositional interval can be narrowed by applying
average local sediment accumulation rates to the trench
section. The trench tuff, WMO09/KSD-1, has a radiometric
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age of 3.60 + 0.03 Ma, but the skeleton is inferred to have a
position stratigraphically above the KT, with a more precise
age of 3.570 + 0.014 Ma. Using the more precise age and
sediment accumulation rates of 11 cm/ka in the Waki-Mille
confluence area and 30 cm/ka in the Hadar Formation
(Campisano and Feibel 2007) yields an estimated age for the
skeleton of 3.56 to 3.54 Ma. This age estimate differs little
from a previous estimate of 3.58 Ma based on the age of the
trench tuff (Deino et al. 2010), but the structural and strati-
graphic relationships clarify the position of the skeleton
relative to marker tuffs and most significantly to the KT and
its regional correlate, the Lokochot Tuff.

Conclusions

Pliocene strata at Korsi Dora contain distinctive marker tuffs,
including the KT, which is present extensively in the
WORMIL collection areas along the Mille River, near the
mouth of the Waki River. The KT has been correlated with
the Lokochot Tuff of the Turkana Basin based on radio-
metric ages and glass geochemistry. Topographic offset of
the KT enables identification and mapping of northwest—
southeast oriented normal faults that transect Korsi Dora,
forming a horst. The partial skeleton, KSD-VP-1/1, is con-
tained within a fault block to the west of the horst and is
dropped down relative to it. Strata in the fossil excavation
site and a nearby trench, which extends more than 2.7 m
below the excavation horizon, comprise a normal magne-
tozone interpreted as part of the normal subchron C2An.3n.
Based on structural, stratigraphic, and paleomagnetic evi-
dence these sections are interpreted to lie stratigraphically
above, though topographically below, a reversed polarity
magnetozone that constitutes the mesa at Korsi Dora and
most likely extends through the level of the KT. The
reverse-polarity magnetozone is part of the reverse subchron
C2Ar. The fossil skeleton is younger than the KT and
younger than the Gauss/Gilbert paleomagnetic transition,
both regionally identifiable stratigraphic levels. Applying
regional average sediment accumulation rate to the trench
section yields an estimate of 3.56 to 3.54 Ma for the age of
the skeleton. KSD-VP-1/1 was excavated from a 10 cm thick
bed of claystone within a ~0.9 m thick section of a het-
erolithic claystone, siltstone, and mudstone, which is inter-
preted to have been deposited by episodic flows in a
floodplain or floodplain lake environment that is proximal to
a stream channel.
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Chapter 3

The Taphonomy and Paleoecology of Korsi Dora Vertebrate
Locality 1, Woranso-Mille Study Area, Ethiopia

Denise F. Su

Abstract Korsi Dora Vertebrate Locality 1 (KSD-VP-1),
located in the Woranso-Mille paleontological study area in
Ethiopia, records one of the least-sampled temporal periods
of Australopithecus and is one of the few to sample the earlier
period of the known time range of Au. afarensis. It has
yielded one of the most complete skeletons of Au. afarensis
known thus far. In this paper, the taphonomy and paleoen-
vironment of KSD-VP-1 are explored through the collected
faunal specimens. In addition to descriptive accounts of the
surface modifications on the bones, data on several tapho-
nomic factors were also collected and analyzed, the results of
which suggest that the KSD-VP-1 faunal assemblage is
autochthonous and that there was minimal transport and
disturbance of bones. The focus of the paleoenvironmental
analysis is the use of the presence and relative abundances of
indicator taxa along with other lines of evidence, such as
ruminant dietary adaptation and geology. The combined
evidence suggests that the paleohabitat at KSD-VP-1 was
likely medium to dense woodland with some open areas of
grassland or shrubland distal to the locality.

Keywords KSD-VP-1/1 ¢ Taphonomy < Paleoenviron-
ment ¢ Indicator species

Introduction

The Woranso-Mille paleontological study area has yielded
more than 8400 fossil specimens to date, among them is a
partial skeleton (KSD-VP-1/1) of Australopithecus afarensis
from Korsi Dora Vertebrate Locality 1 (KSD-VP-1;
Fig. 3.1). The age of the locality is well constrained to
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3.60-3.58 Ma (Haile-Selassie et al. 2010), one of the
least-sampled temporal periods of Australopithecus. While
the collection from KSD-VP-1 is small (69 specimens cat-
aloged), the fauna sampled is relatively diverse (Table 3.1)
and, combined with geological data, can give us a better
understanding of the taphonomy and paleoecology of
KSD-VP-1/1, as well as add to our knowledge of the types
of habitats in which Australopithecus lived.

Taphonomy

KSD-VP-1 Fauna

Taphonomic analyses were undertaken to better understand
the processes that lead to the accumulation of the KSD-VP-1
fauna. Due to the small number of collected and cataloged
specimens (N = 69), 100% surface collection was instituted
at KSD-VP-1 to capture taphonomic information preserved
on specimens that would not have ordinarily been collected
because they are not identifiable by taxon and/or element.
Thus, the total number of specimens on which taphonomic
observations were made was 730, but cataloged specimens
were analyzed separately from 100% surface collection
specimens. KSD-VP-1 is about 210 m? in size, with speci-
mens distributed across the entire locality (Fig. 3.1). The
partial skeleton is excavated from a small area that measures
about 13 x 6 x 1.5 m (L X W x D). Other than two bovid
specimens, all specimens recovered from the excavated area
are elements of the partial skeleton KSD-VP-1/1. All col-
lected specimens from KSD-VP-1 (both cataloged and 100%
surface collection) are stored at the National Museum of
Ethiopia. Information on animal damage, weathering,
breakage, transport, and degree of association (Behrens-
meyer 1978; Hill 1980; Lyman 1994; Njau and Blumen-
schine 2006; Su and Harrison 2008) was collected. All bones
were examined under 10% magnification. In addition to
descriptive accounts of the surface modifications on the
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Table 3.1 Faunal list of KSD-VP-1

Order Family Subfamily/tribe Genus and species
Primates Hominidae Hominini Australopithecus afarensis
Cercopithecidae Papionini Theropithecus oswaldi aff. darti
Colobinae
Rodentia Hystricidae Hystrix sp.
Thryonomyidae Thryonomys sp.
Lagomorpha Leporidae
Carnivora Viverridae Viverrinae cf. Viverra sp.
Mustelidae cf. Torolutra sp.
Proboscidea Elephantidae Elephas reckii
Artiodactyla Bovidae Alcelaphini
Neotragini
Hippotragini
Antilopini Gazella sp.
Tragelaphini Tragelaphus saraitu
Tragelaphus sp. indet.
Aepycerotini Aepyceros cf. afarensis
Suidae Suinae Kolpochoerus cf. millensis
Tetraconodontinae Nyanzachoerus kanamensis
Giraffidae Giraffinae Giraffa cf. stillei
Hippopotamidae
Perissodactyla Equidae Eurygnathohippus sp.
Rhinocerotidae
Tubulidentata Orycteropodidae Orycteropus sp.
Reptilia Crocodylidae

Aves

bones, data on several taphonomic factors were also col-
lected and analyzed, the results of which are described
below.

Weathering. Bone weathering is the “process by which
the original microscopic organic and inorganic components
of bone are separated from each other and destroyed by
physical and chemical agents operating on the bone in situ,
either on the surface or within the soil zone” (Behrensmeyer
1978:153). Six weathering stages (WS) are defined that are
correlated with the number of years since death of the
organism (see Table 3.2; Behrensmeyer 1978) and used to
score the fossil specimens from KSD-VP-1. The resulting
weathering profiles (Fig. 3.2) show opposite patterns for
cataloged and 100% surface collection specimens. For cat-
aloged specimens, most of the specimens are either not
weathered (WS 0) or lightly weathered (WS 1), with
decreasing numbers of specimens that are moderately
weathered (WS 2 and 3) and heavily weathered (WS 4
and 5). For specimens from 100% surface collection, those
that are heavily weathered (WS 4 and 5) dominate with
decreasing numbers that are moderately weathered (WS 2
and 3) and very few show no weathering (WS 0). The
observed reverse trend demonstrates the bias that is intrinsic
in collections of cataloged specimens. Specimens that are
heavily weathered tend not to be collected and cataloged

because they are not identifiable; thus, any inferences made
about the duration of accumulation based on cataloged
specimens may underestimate the length of time prior to
fossilization. While there may be an artificial inflation in WS
5 specimens from 100% surface collection because the
majority are often nothing more than shards of bone, it still
suggests that many of the bones of KSD-VP-1 were not
likely to have been quickly buried and fossilized, even if
there is an artificial inflation of WS 4 and WS 5 specimens.

Breakage. Data were collected on the different types of
breaks observed on KSD-VP-1 specimens, including spiral,
transverse, and combination breaks (Lyman 1994). Except
for some elements of KSD-VP-1/1 and isolated teeth,
specimens were rarely complete. The most common break-
age type is transverse break for both collected and 100%
surface specimens, although the latter has about three times
more specimens coded with transverse break than the for-
mer; spiral fractures are much less common (Fig. 3.3). This
suggests that most of the bones were broken when they were
no longer fresh (Lyman 1994).

Transport. Transport was examined by scoring the degree
of abrasion and association of specimens, as well as element
susceptibility to fluvial transport. Behrensmeyer (1975) and
Korth (1979) have suggested that one of the causes for
abrasion on bone is fluvial transport, although other
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Fig. 3.1 Locator map of KSD-VP-1. a Map of the Horn of Africa; the
box indicates the region shown in (b). b Map of the area in the northern
part of the Woranso-Mille study area showing the location of Korsi
Dora (KSD) in relation to other collection areas, AmAdo (AMA),
Makah Mera (MKM), Mesgid Dora (MSD), Kerare (KER); the box
indicates the region shown in (c). ¢ Map that shows the boundaries of

processes, such as trampling and aeolian activity, are also
possible causes (Brain 1967; Shipman and Rose 1988).
However, fluvial transport of bone abrades the entire speci-
men, while trampling creates deep scratches in addition to
abrasion and aeolian activity abrades only the exposed surface
(Lyman 1994). These differences allow for the identification

KSD-VP-1, outlined in black, and the distribution of fossil specimens
recovered from the locality. Green circle = non-primate specimen,
orange circle = non-hominin primate specimen, orange star = non-ho-
minin primate partial skeleton, purple star = hominin partial skeleton,
KSD-VP-1/1. a and b are modified from Fig. 2.1 of Saylor et al.
(2016). Base map of ¢ is from Google Earth

of specimens with abrasion due to fluvial transport rather than
other origins and only those specimens are recorded for this
analysis. Not surprisingly, cataloged specimens have a much
lower proportion of abraded specimens than those from 100%
surface collection (Fig. 3.3), as highly abraded specimens are
often lacking the morphological features necessary for
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Table 3.2 Descriptions of each weathering stage, modified from
Behrensmeyer (1978)

Weathering Large mammal categories (>5 kg)

stage

0 No cracking or flaking

1 Cracking parallel to fiber structure (longitudinal)

Articular surfaces may have mosaic cracking
Split lines begin to form
2 Flaking of outer surface (exfoliation)
Cracks are present
Crack edge is angular

3 Rough homogeneously altered compact bone
resulting in fibrous texture

Weathering penetrates 1-1.5 mm maximum
Cracked edge is rounded

4 Coarsely fibrous and rough surface
Splinters of bone loose on surface
Weathering penetrates inner cavities
Open cracks

5 Bone falling apart
Large splinters present
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Fig. 3.2 Weathering profiles of KSD-VP-1. Cataloged specimens
mostly exhibit weathering stages 1 and 2, while specimens from 100%
collection are heavily skewed toward weathering stages 4 and 5. Total
number of specimens examined was 730, 69 of which are cataloged
specimens. Cataloged = specimens that were cataloged; Surface = spec-
imens from 100% surface collection; Combined = Cataloged + Surface
specimens. See text for discussion

taxonomic and element identification. The results indicate that
there are very few abraded bones in the collection; even when
the combined cataloged and 100% surface datasets are con-
sidered, abraded specimens comprise only about 10% of the
collection (Fig. 3.3). This suggests that there has not been very
much fluvial transportation of bones in general at KSD-VP-1.
This is supported by the recovery of multiple partial skeletons,
including KSD-VP-1/1 and two cercopithecid individuals,

Percentages

Fig. 3.3 Percentages of non-animal surface modification and breakage
types at KSD-VP-1. Almost all specimens exhibit some type of surface
modification and breakage. Of note is the low proportion of specimens
that exhibit abrasion, suggesting the low incidence of fluvial transport
of bones. The most common breakage type is transverse break. Total
number of specimens examined was 730, 69 of which are cataloged
specimens. Cataloged = specimens that were cataloged; Surface = spec-
imens from 100% surface collection; Combined = Cataloged + Surface
specimens. See text for discussion

whose elements (includes dentition, elements of the forelimb
and hindlimb, phalanges) represent 20.9% of the total col-
lected individual specimens. Furthermore, the preserved ele-
ments of these partial skeletons include ribs, vertebrae,
sacrum, scapula, and ulnae, bones that are among those most
easily transported by fluvial action (Voorhies 1969;
Behrensmeyer 1975) and suggest a non-fluvially impacted
assemblage (Behrensmeyer 1975).

Animal Damage. Data on carnivore, rodent, and insect
activities were collected from the animal damage observed
on the bones recovered from KSD-VP-1. Observations
indicate that there is minimal animal damage; only five
percent of all bones examined (cataloged and 100% surface
collection) have signs of carnivore, rodent, or insect dam-
age. There is a higher incidence of carnivore and rodent
activities on cataloged specimens than those from 100%
surface collection (Fig. 3.4), possibly due to the highly
weathered state of most of the specimens from 100% sur-
face collection, such that weathering activity has obliterated
any signs of animal damage on them. Nevertheless, the
minimal occurrences of animal damage suggest that car-
nivores and rodents did not have a major role in the
accumulation of the KSD fauna.
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Fig. 3.4 Percentages of animal damage at KSD-VP-1. There is low
incidence of animal damage on the specimens of KSD-VP-1. Cataloged
specimens had higher proportions of carnivore and rodent damage than
those from 100% surface collection, possibly due to the fact that most
of the 100% surface collection specimens are highly weathered, which
removed any original surface modifications. Total number of specimens
examined was 730, 69 of which are cataloged specimens. Cata-
loged = specimens that were cataloged; Surface = specimens from
100% surface collection; Combined = Cataloged + Surface specimens.
See text for discussion

KSD-VP-1/1

The partial skeleton, KSD-VP-1/1, exhibits different weath-
ering and breakage patterns for each of the elements pre-
served; the major elements are described separately below.

a. R. Ulna. The ulna shows differential weathering; the
ulnar head is much less weathered (WS 2) than the
shaft (WS 4). It was originally found in three pieces,
all exhibiting transverse breaks and longitudinal
cracks.

b. R. Humerus. The humerus exhibits differential
weathering on the anterior (WS 2) and posterior sides
(WS 4). There is a transverse break on the distal end
of the shaft, which likely happened after fossilization
because of the presence of a cast of the medullary
cavity. There are also many longitudinal cracks.

c. L. Femur. The femur is moderately weathered (WS 2)
and shows no differential weathering. It exhibits a
spiral break and longitudinal cracks.

d. R. innominate. As a whole, the innominate is not very
weathered and ranges from WS 1-3. The heaviest
weathering is on the ischium and posterior side of the
pubis, which were surface collections while the rest of
innominate was recovered via excavation. The pelvic
body was found intact, but with large cracks between
the blade and the body.

e. L. Tibia. The proximal tibia is missing and the
remaining tibia is heavily covered with gypsum,
which makes the determination of weathering stage
difficult. At mid-shaft, there is only a small point of
contact between the proximal and distal ends. The
cortical bone on the anterior and medial side of the
distal piece is gone, exposing the cancellous bone
beneath. There are longitudinal cracks throughout.

f L. Clavicle. The clavicle is broken into two pieces at
mid-shaft, with both ends missing; the broken edges
are rounded. Both fragments exhibit pitting and
exfoliation on their inferior surfaces and are moder-
ately weathered (WS = 3). There are transverse open
cracks at the midpoint of both fragments that likely
formed prior to fossilization.

g. R. Scapula. The scapula is lightly weathered (WS 1)

and lacking only the acromion and coronoid

processes.

Cervical vertebrae. Fragments of cervical vertebrae

2-7 (C2—C7) show light weathering (WS 1), except

for the vertebral body of C3 and C5, which are more

heavily worn (WS 3). C3 also exhibits a

mosaic-cracking pattern. The vertebral body of C6 is

heavily abraded on the superior proximal edge.

L. Sacrum. There is moderate exfoliation of the sacrum
and it is moderately weathered (WS 3). The anterior
surface also exhibits a mosaic-cracking pattern.

n. 2nd rib. The 2nd rib is broken in five pieces with both
longitudinal and transverse cracks with both ends of
the rib absent. It is moderately weathered (WS 3).

r. 11th rib. The 11th rib is complete, absent both ends. It
is moderately weathered (WS 2).

0. Rib. This unidentified rib is lacking both ends. It is
moderately weathered (WS 2).

D Rib. This unidentified rib is lacking both ends. It is
moderately weathered (WS 2).

q. Rib. This unidentified rib is lacking both ends. It is
highly weathered (WS 4); the rib was falling apart into
bone splinters but was buried and mineralized before
complete disintegration. It is also covered by gypsum.

h-l.

Discussion of the Taphonomy of the Site
and the Partial Skeleton

The KSD-VP-1 assemblage is likely autochthonous given
the low proportion of abraded bones and the presence of
several associated specimens, including KSD-VP-1/1. The
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presence of aquatic animals (i.e., Torolutra and uncataloged
crocodylian teeth) suggests that a large body of water was in
the vicinity of KSD-VP-1. This is compatible with the sed-
imentological data collected thus far that indicate
KSD-VP-1/1 is from claystone within a thick section of
heterolithic claystone, siltstone, and mudstone, which may
have been deposited by episodic flows in a floodplain or
ephemeral floodplain lake proximal to a stream channel
(Saylor et al. 2016).

The relative completeness of KSD-VP-1/1 and its limited
area of distribution (77 m?; see Fig. 3.5) indicate that there
was very little to no transport of the individual after death
and that it is unlikely that the depositional environment was
high energy, at least during the time when KSD-VP-1/1 was
deposited, as is also suggested by sedimentological evidence
(see Saylor et al. 2016).

Weathering profiles can be difficult to interpret, particu-
larly as they relate to time since death, due to the many
factors involved in the rate of weathering, including element,
taxon, exposure duration, and depositional environment
(Behrensmeyer 1978; Lyman and Fox 1989). In a paleon-
tological assemblage, it is often not possible to analytically
control all of these factors (Lyman and Fox 1989); however,
as a partial skeleton, KSD-VP-1/1 provides the opportunity
to examine bone-weathering patterns at the locality in more
depth as many of these factors are controlled. The overall

weathering profile for the locality suggests that bones at
KSD-VP-1 were not quickly buried after the death of an
animal; KSD-VP-1/1 exhibits different weathering stages for
different elements and certain elements show multiple
weathering stages that may be indicative of long exposure
time and/or multiple burial and exposure events (Frison and
Todd 1986; Lyman and Fox 1989). It is of note, however,
that in situ specimens (i.e., innominate, clavicle, ribs, sca-
pula) are generally less weathered than surface recovered
specimens (i.e., ulna, humerus, sacrum). This suggests that
some of the weathering observed may be due to exposure
after fossilization and complicates interpretations of expo-
sure time prior to fossilization for KSD-VP-1/1 and its
associated fauna. However, it is possible to conclude, due to
the range of weathering stages exhibited throughout the
skeleton and the presence of bones with multiple weathering
stages, that the skeleton was not completely buried and
fossilized soon after death, and was instead exposed for
some time and then possibly partially buried, exposed, and
reburied multiple times before fossilization.

The minimal carnivore damage observed on the bones
suggest that it is unlikely carnivores played a significant role
in the accumulation of the KSD-VP-1 assemblage, although
some of the animals preserved were probably prey that were
killed onsite. There are also minimal signs of animal damage
on KSD-VP-1/1, and, in particular, there are no signs of
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Fig. 3.5 Distribution of KSD-VP-1/1, partial skeleton of Australop-
ithecus afarensis. Elements recovered are represented in the figure by a
line drawing depicting that element. Note that not all elements were

completely preserved, see text for description of the portions preserved
and state of preservation
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carnivore activity. This, in combination with associated
elements of the skeleton, suggests that carnivore predation
was an unlikely cause of death for KSD-VP-1/1. The totality
of evidence suggests that there was differential burial of the
various elements of KSD-VP-1/1. Bones that are complete
and lightly weathered, i.e., scapula, were more likely to have
been buried completely soon after death with minimal sub-
sequent exposure and reburial, while those that are frag-
mented and weathered were exposed for longer periods of
time and may have been covered and uncovered multiple
times for variable lengths of time before they were finally
completely buried and fossilized.

Paleoenvironment

Specimens of Au. afarensis have been recovered from many
sites in eastern Africa, including Hadar, Laetoli, Middle
Awash, Koobi Fora, West Turkana, and possibly Fejej
(Fleagle et al. 1991; Kappelman et al. 1996; Kimbel and
Delezene 2009; Harrison 2011). Other than Laetoli (~3.6—
3.85 Ma), Woranso-Mille is the only site to sample the earlier
period of the known time range of Au. afarensis (from ca.
3.0-3.8 Ma; Kimbel et al. 2004; Haile-Selassie et al. 2010;
Harrison 2011). Thus, an analysis of the paleoenvironment of
KSD-VP-1 will add to our understanding of the types of
habitats that were available to Au. afarensis in the early part
of their evolutionary history for which we have little data.

KSD-VP-1 paleoenvironment. The focus of this study will
be the use of the presence and relative abundances of indicator
taxa. Indicator species analysis is based on the principle of
taxonomic uniformitarianism such that habitat preferences of
living members of a taxon can be extended to its fossil rela-
tives. Thus, the presence of a fossil taxon with extant members
that are habitat-specific can be used to infer its paleohabitat
(e.g., Gentry 1978; Vrba 1980; Shipman and Harris 1988).
Recent ecomorphological and stable carbon isotopic studies
show that certain fossil taxa generally share similar diets with
their extant relatives (Sponheimer et al. 1999; Kingston and
Harrison 2007), suggesting that indicator species can be used
with reasonable confidence in reconstructing paleohabitats.
Species presence, however, can be based on single or rare
specimens that are ecologically or stratigraphically intrusive
and, thus, erroneous indicators of habitat. This can be ame-
liorated by the consideration of relative abundance data and
the correlation between taxon abundance and habitat prefer-
ences given proper taphonomic considerations (Bobe et al.
2007; Su et al. 2009; Su 2011). Every cataloged specimen is
included in the analyses that follow and each cataloged
specimen is counted as an identifiable specimen (NISP);
associated specimens, such as teeth in a mandible or maxilla
or partial skeleton, are counted as a single NISP.

Bovids are ideal for this type of analysis due to their
abundance in the Plio-Pleistocene hominin fossil record and
specificity in habitat preferences (Bobe et al. 2007; Reed
2008; Su et al. 2009; Su 2011). Bovids are among the most
common taxon at KSD-VP-1 and their relative abundances
are compared to those from other Plio-Pleistocene sites using
Correspondence Analysis (R statistical program version
2.13.0 running on Rstudio version 0.97.551). The count data
for comparative fossil sites are derived from the published
literature (see Table 3.2 for a list of comparative sites and
references).

Bovids constitute 36.8% of the cataloged fauna at
KSD-VP-1 (Fig. 3.6a); the most common bovid tribe is
Tragelaphini (36.4%, Fig. 3.6b). As a group, extant trage-
laphins are adapted to complex, mosaic habitats; they require
moderate to dense cover and are dependent on water (King-
don 1997). They are heavily reliant on browse and are known,
as a group, to be dedicated browsers (Kingdon 1997; Gagnon
and Chew 2000; Sponheimer et al. 2003). Antilopini (includes
gazelles and impalas) is the second most common group of
bovids (27.3%; Fig. 3.6b) at KSD-VP-1. Modern gazelles are
mostly found in less wooded habitats such as short- to
medium-grasslands and open bushlands (Kingdon 1974,
1997; Estes 1991) and have significant browse in their diet
such that they range from mixed-feeders to browsers in their
dietary preferences (Cerling et al. 2003). Extant impalas
generally prefer more wooded habitats than gazelles and are
mostly found in abundance in ecotonal woodland/grassland
habitats (Western 1973), similar to gazelles, however, they are
mixed feeders (Cerling et al. 2003). Alcelaphins and neotra-
gins are rare (each is 4.5% of the bovid fauna, Fig. 3.6b) and
reduncins are absent from KSD-VP-1. Bovid tribe relative
frequencies suggest that densely wooded habitats were
dominant and grassland habitats were available in the vicinity
of KSD-VP-1, but not proximal to the locality, and floodplain
grassland and open to dense bushland habitats preferred by
reduncins and neotragins (Kingdon 1974, 1997), respectively,
were probably rare or absent from the local region.

Bovid diets can also reveal information regarding the
surrounding habitat. Dietary adaptations for bovid individual
specimens are assigned based on results from mesowear and
enamel carbon stable isotope analyses (Su, unpublished;
Levin et al. 2015). Fifty percent of the bovid specimens at
KSD-VP-1 are browsers, followed by 44.4% of mixed
feeders; only 5.6% of bovids are dedicated grazers. Com-
bined with bovid tribe frequencies, this suggests that woody
or C; plants were in much higher abundance than C, plants
at KSD-VP-1.

Due to modern primates’ reliance and dependence on
trees, the presence and abundance of their fossil relatives are
often used to indicate the availability of wooded vegetation.
Cercopithecids are among the most common faunal element
at KSD-VP-1; they comprise 32.4% of the total fauna and are
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Fig. 3.6 Pie charts of the KSD-VP-1 faunal composition based on
cataloged specimens. a Proportions of major taxonomic groups at
KSD-VP-1. Bovids and Cercopithecids are the two most common taxa

almost as abundant as bovids (Fig. 3.6a), which in combi-
nation with the bovid and dietary data, are suggestive of the
wide availability of trees at KSD-VP-1. While not the most
common elements of the KSD-VP-1 fauna, aquatic animals
are present. There is a single specimen of Torolutra identi-
fied, as well as dental specimens of Crocodylia, indicating
there was water in the vicinity of KSD-VP-1 and that the
locality may be sampling margins along that body of water.

The results from the analyses presented here suggest that
wooded habitats were common at KSD-VP-1. Specimens
belonging to taxa that are closely associated with wooded
vegetation such as tragelaphins and cercopithecids dominate
the fauna; dedicated grazers are a small component of the
fauna while those that rely on browse either exclusively or
partially are dominant. The presence of aquatic animals and
the sedimentological data suggest that there was a large body
of water in the vicinity of KSD-VP-1 and that it was slow
moving when it deposited sediments at KSD-VP-1. The
dominant vegetation was unlikely to have been a floodplain
grassland, however, as there have been no reduncins or
hippopotamids recovered from the locality. Thus, the com-
bined evidence suggests that KSD-VP-1 was distal to a large
body of water; the paleohabitat was likely medium to dense
woodland with grassy and bushed ground cover. A caveat of
this interpretation is the small sample size of the fossil
assemblage. An examination of the number of genera iden-
tified and the number of individual specimens collected at
each locality at Woranso-Mille shows that genus diversity
increases with larger sample sizes until the number of indi-
vidual specimens reaches about 200, at which point, the

Indeterminate
13.2%

Tragelaphini
11.8%

Neotragini
1.5%
Alcelaphini
1.5%

NISP = 25

at the locality. b Proportions of Bovidae at KSD-VP-1. Tragelaphins
are the most common bovid at the locality. Indeterminate specimens are
postcranial elements that cannot be assigned to bovid tribes

number of genera identified plateaus (Fig. 3.7). This suggests
that only the most common faunal elements have been
sampled at KSD-VP-1 and that rare elements were likely to
have been lost from the fossil assemblage. It is likely that
many of the rarer elements of the fauna that are indicative of
more open habitats may have, in life, lived mostly in other
areas of Woranso-Mille that were less vegetated and are
indeed ecologically intrusive elements at KSD-VP-1, which
is constrained to an area of about 210 m? and sampling a very
small area of Woranso-Mille. This is further emphasized by
the high abundance of primates, which are usually one of the
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Fig. 3.7 Genus richness versus sampling size at Woranso-Mille. Each
square represents a locality in the Woranso-Mille Study Area. Genus
richness increases with increasing sample sizes. See text for further
discussion
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more rare components of a fossil assemblage, and is likely a
true reflection of the abundance of trees at KSD-VP-1.

Eastern Africa Plio-Pleistocene paleoenvironments.
There have been numerous studies on the paleoenvironments
of Pliocene hominins (Woldegabriel et al. 1994; Wynn 2000;
Harris and Leakey 2003; Wynn et al. 2006; Alemseged et al.
2007; Bobe et al. 2007; Reed 2008; White et al. 2009a, b;
Harrison 2011; Su 2011; Bedaso et al. 2013; Behrensmeyer
and Reed 2013) that suggest they were found in complex,
mosaic habitats and that there was a trend toward more open
habitats through the Pliocene in eastern Africa. In order to
place the paleoenvironmental interpretation of KSD-VP-1
into this context, those of other major eastern Africa
Plio-Pleistocene sites are briefly summarized here.

Aramis, FEthiopia. Remains of Ardipithecus ramidus,
including a partial skeleton, have been recovered from
Aramis (4.4 Ma) in the Middle Awash, Ethiopia (White et al.
1994, 2009a). Geological, isotopic, and faunal evidence
indicate that Aramis was densely wooded with areas of
wooded grassland during the Pliocene (Woldegabriel et al.
1994; White et al. 2009b), although other interpretations of
the isotopic evidence suggest that Aramis had much higher
proportions of wooded grassland than reconstructed (Cerling
et al. 2010).

Kanapoi, Kenya. Australopithecus anamensis is known
from Kanapoi in the Turkana Basin and dated to about
4.2 Ma (Leakey et al. 1995; Harris and Leakey 2003). The
associated fauna suggests that Kanapoi was a complex
mosaic of woodland and grassland with a predominance of
woodland habitats (Harris and Leakey 2003). However,
Wynn (2000) infers that Au. anamensis was more closely
associated with the more open habitats present at Kanapoi
based on paleosol stable isotopes.

Laetoli, Tanzania. Laetoli is a Pliocene (3.6-3.8 Ma) site
in northeastern Tanzania from which specimens of Aus-
tralopithecus afarensis have been recovered. Unlike many
other Plio-Pleistocene eastern African sites, Laetoli lacked a
permanent large body of water (Su and Harrison 2008;
Ditchfield and Harrison 2011). The cumulative geological,
faunal, and stable isotopic evidence suggests that Laetoli was
a mosaic of habitats, likely dominated by bushlands and
grasslands with areas of woodland and riparian woodland
along ephemeral river courses (Su and Harrison 2008; Har-
rison 2011; Su 2011); other interpretations based on bovid
ecomorphology and ruminant mesowear suggest, however,
that Laetoli was more densely vegetated with a dominance of
woodland habitats (Kovarovic and Andrews 2007; Bishop
et al. 2011; Kaiser 2011; Kovarovic and Andrews 2011).

Hadar, Ethiopia. Specimens of Au. afarensis are recov-
ered from the Sidi Hakoma, Denen Dora, and Kada Hadar
Members (3.42-2.94 Ma) of the Hadar Formation; while
none are known from the Basal Member (3.42-3.45 Ma;
Campisano and Feibel 2008), it is still included here as the

oldest Member of the Formation. Reconstructions of the
paleoenvironment at Hadar indicate vegetation regime shifts
during the 500 ka of these Members. The fauna of the Basal
Member indicate a mosaic of woodland and shrubland
habitats, although pollen data suggest that there was a
forested area near a river channel. The Sidi Hakoma Member
spans from 3.42-3.26 Ma (Campisano and Feibel 2008). It
was an ecotonal environment at its base that then shifted
between various proportions of woodland, shrubland, and
grassland habitats with a riparian component until the
expansion of paleolake Hadar, which resulted in lake margin
wetlands at the top of the sequence (Reed 2008; Behrens-
meyer and Reed 2013). The Denen Dora Member, dated
to ~ 3.2 Ma, spans only about 50 kyr (Campisano and Feibel
2008); faunal evidence suggests that it shifted from a mosaic
woodland habitat to one with extensive wetlands or flood-
plain grasslands, after which open woodland or wooded
grassland habitats dominated (Reed 2008; Behrensmeyer
and Reed 2013). The Kada Hadar Member is dated to ~ 3.2—
2.94 Ma (Campisano and Feibel 2008); its paleohabitat
changes from open woodland with some edaphic grassland
to an arid, open woodland or shrubland habitat around
3.12 Ma (Reed 2008).

Dikika, Ethiopia. Numerous specimens of Au. afarensis
have been recovered from the Basal and Sidi Hakoma
Members (3.42-3.26 Ma; Campisano and Feibel 2008) of
the Hadar Formation at Dikika (Alemseged et al. 2005,
2006). The Dikika fauna represents those found in mesic
deltaic habitats with some grasslands (Wynn et al. 2006).
Stable isotopic data suggest that grassland, wooded grass-
land, and woodland habitats persisted throughout both
Members, albeit in different proportions through time
(Bedaso et al. 2013).

Omo, Ethiopia. While the isolated teeth from the Shun-
gura Formation at Omo are not confidently attributed to
Australopithecus (Suwa et al. 1996); this is an important site
for understanding eastern African Pliocene paleoecology and
is thus included in this summary. Fossils from the older
members of the Shungura Formation of the Omo Valley in
Ethiopia are generally derived from fluvial deposits (Bobe
1997; Bobe et al. 2007). During Members B and C (3.36-
2.6 Ma), the habitat was likely wooded and moist as inferred
from relative abundances of bovid tribes; alcelaphins and
antilopins, both indicators of more open habitats, were quite
rare, suggesting that grasslands were a small component of
the Omo paleoenvironment (Alemseged et al. 2007; Bobe
et al. 2007).

General Discussion. Given the variety of habitats avail-
able to early hominins, it is unclear if they have a preferred
habitat. Australopithecus afarensis, in particular, is found in
a broad range of paleohabitats from closed woodlands to
open shrubland/grassland to edaphic grasslands (Bobe et al.
2007; Reed 2008; Su 2011; Behrensmeyer and Reed 2013).
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Table 3.3 Comparative hominin-bearing Plio-Pleistocene sites used in the bovid relative abundance analysis

Locality Age (Ma) References

Lothagam, Kenya Leakey and Harris (2001)
Apak member ~5-4.2

Kaiyumung member <3.9

Kanapoi, Kenya ~4.2 Harris and Leakey (2003)
Laetoli, Tanzania 3.8-3.6 Su (2011)

Hadar, Ethiopia Reed (2008)

Basal member 3.8-34

Sidi Hakoma member 3.42-3.26

Denen Dora member 3.26-3.18

Kada Hadar member 3.2
Omo, Ethiopia

Shungura member B 3.36-2.95
Shungura member C 2.95-2.6
Middle Awash, Ethiopia

Aramis 4.4

Bobe (1997), Alemseged (2003)

White et al. (2009a, b)

In order to better understand the differences and similar-
ities in habitat between KSD-VP-1 and other Plio-Pleistocene
sites, the relative abundances of the KSD-VP-1 bovids are
compared to the above sites using Correspondence Analysis.
The first and second dimensions account for 56.8 and 26.5%
of the inertia, respectively. Three distinct clusters can be seen
in the plot of Dimensions 1 and 2 — (1) KSD-VP-1, Aramis,
and Kanapoi (2) Laetoli localities, and (3) all other
Plio-Pleistocene sites (Fig. 3.8; see Table 3.3 for the list of
comparative sites, Dikika is not included in the analysis due
to the lack of comparable published data). This suggests that
the relative abundances of bovid tribes at KSD-VP-1 are
more similar to those found at Aramis and Kanapoi than at
other Plio-Pleistocene sites and is likely driven by the high
proportion of tragelaphins at KSD-VP-1, Aramis (White et al.
2009a, b) and Kanapoi (Harris and Leakey 2003). It is clear
that KSD-VP-1 is unlike Pliocene Laetoli, which lacked a
permanent large body of water (Su and Harrison 2008;
Ditchfield and Harrison 2011) or many of the other
Plio-Pleistocene sites, most of which had varying proportions
of floodplain or edaphic grasslands as part of their paleo-
habitats (Bonnefille and DeChamps 1983; Wesselman 1985;
Reed 1997, 2008; Bobe and Eck 2001; Bobe et al. 2002;
Bonnefille et al. 2004), and suggestive of similarities in
ecological structure among KSD-VP-1, Aramis, and Kana-
poi. It is important to point out, however, that KSD-VP-1 is
sampling not just a much smaller area than any of the com-
parative sites, but also a single point in time. It is, effectively,
sampling a microhabitat that members of a population of Au.
afarensis visited and/or utilized at a specific time, such that
the relatively homogeneously wooded habitat reconstruction
for KSD-VP-1 is partly a reflection of its restricted area and
time. It is likely that if the entire Woranso-Mille Study Area
was considered at the same geographic and temporal scale as
those of the comparative sites, the reconstruction would be

much more mosaic in nature. This emphasizes the importance
of the consideration of both temporal and geographic scale in
considering hominin habitat preferences and exploitation.
Australopithecus paleoenvironment and diet. One of the
main goals of paleoenvironmental reconstruction is to pro-
vide researchers with the range of possible dietary resources
available to early hominins. Stable carbon isotopic signa-
tures of Au. afarensis teeth from Hadar and Woranso-Mille
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Fig. 3.8 Plot of correspondence analysis on bovid tribes from
KSD-VP-1 and other Plio-Pleistocene fossil hominin sites. A plot of
Dimensions 1 and 2 of a Correspondence Analysis show that there are
three general groups of hominin sites — (1) KSD-VP-1, KNP, and ARA,
(2) ULB and NDO, (3) all other Plio-Pleistocene hominin sites. See text
for further discussion. Abbreviations: KSD-VP-1 = Korsi Dora
Vertebrate Locality 1, KNP Kanapoi; ARA Aramis; APK Apak
Member (Lothagam, Kenya); KAl Kaiyumung Member (Lothagam,
Kenya); ULB Upper Laetolil Beds (Laetoli, Tanzania); NDO Upper
Ndolanya Beds (Laetoli, Tanzania); BM Basal Member (Hadar,
Ethiopia); SH Sidi Hakoma Member (Hadar, Ethiopia); DD Denen
Dora Member (Hadar, Ethiopia); KH Kada Hadar Member (Hadar,
Ethiopia); SHB Shungura Member B (Omo, Ethiopia); SHC Shungura
Member C (Omo, Ethiopia)
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are indicative of a wide range of C; and C4 food items in
their diet (Wynn et al. 2013; Levin et al. 2015), which
suggest that Au. afarensis was exploiting the mosaic nature
of their environments to their greatest potential. However,
microwear studies show that not only do Au. afarensis
specimens show remarkable similarity in their occlusal
microwear (Grine et al. 2000) that belies the broad range of
their §'3C values, they share similar occlusal microwear
signatures with Au. anamensis (Ungar et al. 2010) even
though Au. anamensis did not incorporate C, or crassulacean
acid metabolism (CAM) resources into its diet (Cerling et al.
2013). This implies that any inferences that might be made
regarding the ecologies of early hominins based on proxy
dietary signals are fraught with complications and
uncertainties.

Nevertheless, given the current evidence, it is reasonable
to suggest that Au. afarensis may have been generalists who
consumed an isotopically varied diet from a variety of
resources in its diverse environment. This is in direct con-
trast with Au. anamensis, who ate mostly C3 food resources
(Cerling et al. 2013) even though they were also found in
complex mosaics of woodland and grassland habitats (Harris
and Leakey 2003). Unfortunately, it is not possible at this
point to postulate how Au. afarensis utilized their environ-
ments and which specific resources they exploited, but
continued research into their habitats, paleobiology, and
inferred dietary behavior at finer resolutions will help to
advance current hypotheses and formulate new ones.

Conclusions

Korsi Dora vertebrate locality 1 (KSD-VP-1) samples one of
the lesser-known time periods of hominin evolution and has
yielded one of the most complete Australopithecus afarensis
skeletons known (KSD-VP-1/1; Haile-Selassie et al. 2010).
Results of taphonomic analyses indicate that the KSD-VP-1
assemblage is autochthonous; there was very little carnivore
damage and minimal transport of bones. Weathering profile
of the assemblage suggests that bones were generally not
buried quickly after the death of an animal, but the lack of
transport and carnivore damage and higher proportion of
partial skeletons and associated elements indicates that the
assemblage was also not disturbed prior to burial.

The ecological proxies examined in this study suggest
that while some shrubland and grassland was likely present
in the general area of the Woranso-Mille Study Area, woo-
ded habitats were dominant at KSD-VP-1. There is further
sedimentological and faunal evidence that there was likely a
large body of water, but that KSD-VP-1 was sampling its
shallow margin where water was slow moving.

KSD-VP-1 is only the first of the Woranso-Mille localities
to be subjected to detailed taphonomic and paleoecological
analyses. Future research on other localities will provide
a detailed picture of the spatial and temporal distribution
of vegetation types at Woranso-Mille and provide a better
understanding of Au. afarensis resource use at
Woranso-Mille. The paleoenvironmental reconstruction of
KSD-VP-1 as a medium to densely wooded habitat indicates
that Au. afarensis had access to and may have utilized sig-
nificant proportions of C; resources at Woranso-Mille,
although their enamel isotopic signature indicates the incor-
poration of significant C, resources in their diet (Levin et al.
2015) and a generalist strategy in acquiring dietary resources.
Recent analyses of Au. afarensis paleoenvironments (Bobe
et al. 2007; Reed 2008; Su 2011; Behrensmeyer and Reed
2013) and enamel carbon isotope composition (Wynn et al.
2013) corroborate this and suggest that populations of
Au. afarensis were generalist omnivores who exploited the
wide range of resources that their mosaic environment had to
offer and was likely the first early hominin to incorporate
significant C4/CAM resources into its diet (Wynn et al. 2013;
Levin et al. 2015), at as early as 3.76 Ma (Levin et al. 2015).
Ongoing research into the paleoenvironment and functional
morphology of Au. afarensis at Woranso-Mille and other
Au. afarensis sites can help us better appreciate the relation-
ship between diet, behavior, morphology, and environment,
as well as refine our understanding of the evolutionary history
of Au. afarensis.
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Chapter 4

KSD-VP-1/1: Analysis of the Postcranial Skeleton Using
High-Resolution Computed Tomography

Timothy M. Ryan and Simone Sukhdeo

Abstract The KSD-VP-1/1 partial Australopithecus afaren-
sis skeleton from Woranso-Mille, Ethiopia, provides an
excellent opportunity to reconstruct various aspects of the
paleobiology of Australopithecus. High-resolution computed
tomography (HRCT) scan data were collected from each
skeletal element. Three-dimensional reconstructions were
used to visualize and quantify internal and external anatom-
ical structures. The skeleton was heavily mineralized and
preservation of the internal bone structures, such as the
endosteal borders of diaphyseal cortical bone and the
trabecular structure of the epiphyses was generally poor.
The three-dimensional HRCT data also permitted the recon-
struction of the pelvic girdle and the fragmented distal femur
using rigid transformations of isosurface reconstructions.

Keywords High-resolution computedtomography * Cortical
bone * Trabecular bone

Introduction

The partial Australopithecus afarensis skeleton from
Woranso-Mille, Ethiopia, provides an excellent opportunity
to reconstruct the paleobiology of Australopithecus based on
a generally well-preserved skeleton of a large-bodied male
(Haile-Selassie et al. 2010). This fossil, KSD-VP-1/1, pre-
serves components of the upper and lower limbs, pelvic and
pectoral girdles, ribs, and cervical vertebrae. The importance

T.M. Ryan (X)) - S. Sukhdeo

Department of Anthropology, Pennsylvania State University,
University Park, PA 16802, USA

e-mail: tmr21 @psu.edu

S. Sukhdeo
e-mail: sms6065@psu.edu

T.M. Ryan
Center for Quantitative Imaging, EMS Energy Institute,
Pennsylvania State University, University Park, PA 16802, USA

© Springer Science+Business Media Dordrecht 2016

of the KSD-VP-1/1 skeleton arises from the unique suite of
anatomical features present indicating a relatively derived
postcranial skeleton. Though this early Australopithecus
dates to approximately 3.6 Ma, the derived features of the
thorax and lower limb suggest a much earlier acquisition of
critical anatomical features, such as relatively long lower
limbs, that are typically associated with later hominins of the
genus Homo (Haile-Selassie et al. 2010).

Analyses of the external anatomical features of the
skeleton provide important insights into the evolutionary
morphology and locomotor behavior of this specimen and
Australopithecus in general, but further observations and
understanding may be gained from analyses of the internal
morphology of the skeleton. High-resolution computed
tomography (HRCT) offers the ability to characterize the
internal morphology of the skeleton nondestructively, and
the resultant high-quality image data and metrics from
three-dimensional (3D) datasets can reveal novel informa-
tion regarding Australopithecus paleobiology. These 3D
HRCT data permit the reconstruction of fragmentary and
deformed elements using traditional and 3D geometric
morphometric techniques, the reconstruction of paired ele-
ments through mirror imaging and rigid transformation of
missing parts, and the creation of 3D visualizations of
internal and external anatomical features. Functional and
locomotor hypotheses can be evaluated by examining
functionally relevant internal structures, preserved through
virtual reconstructions and visualizations, and integrating the
internal observations with those from external anatomical
observations.

The goals of this chapter are to provide an overview and
evaluation of the HRCT data acquired from the KSD-VP-1/1
skeleton, to present 3D visualizations of the skeletal ele-
ments with associated interpretations of anatomical features,
and to use 3D reconstructions of various elements to
investigate anatomical form and function. In doing so, this
chapter will explore the advantages of using 3D visualiza-
tions and virtual reconstruction for fossil analysis, particu-
larly in cases where the fossil material is partial or damaged.
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Most of the comparative and functional analyses of the
KSD-VP-1/1 skeletal morphology will be covered in other
chapters in this volume, so this chapter will be primarily
descriptive in nature. Descriptions of the HRCT data from
each skeletal element will be accompanied by 3D visual-
izations, highlighting relevant features of the external and
internal anatomy, and a report of measurements collected
from the HRCT data. In selected cases, reconstructions of
fragmentary or paired elements, (e.g., innominate) were
undertaken and presented visually for further analysis.

Materials and Methods

The individual elements of the KSD-VP-1/1 skeleton were
scanned on the OMNI-X HD-600 high-resolution X-ray CT
scanner (Varian Medical Systems, Lincolnshire, IL) in the
Center for Quantitative Imaging (CQI) at the Pennsylvania
State University. Because the fossil is relatively heavily
mineralized, each element was mounted in a plastic cylinder
and embedded in 0.1 mm glass beads prior to scanning as a
means of reducing beam hardening and other scan artifacts.
The fossil specimens were embedded directly in the glass
beads with no other material surrounding the fossil. No
metal filtration was used on the X-ray source to further
harden the X-ray beam. The diameter of the plastic cylinder
varied depending on the size of each fossil element. The
plastic tube containing each fossil was positioned vertically
in the HRCT system to collect transverse CT slices and to
maximize scan resolution. For each element, serial
cross-sectional scans were collected covering the entire
bone. Source energy settings varied depending on the
specimen (Table 4.1). Scans were collected using 2,800
views with 8 samples averaged per view and approximately
350 slices per rotation. Voxel sizes ranged between 0.041
and 0.129 mm depending on the size of the specimen
(Table 4.1) with the principal goal of collecting the highest
resolution images possible given the size of the specimen.
One exception to this approach was the scan of the ribs

which were mounted together in one plastic tube and scan-
ned at approximately 0.066 mm voxel size. As a result of the
specific hardware configuration, the OMNI-X HD-600
scanner does not generate isotropic voxels, resulting in
slice thicknesses slightly larger than the inline pixel
dimensions. All CT data were reconstructed as 16-bit TIFF
grayscale images with a 1024 x 1024 pixel matrix.

The image data were processed to extract each fossil
element from the surrounding glass beads and to create
individual datasets for each fossil specimen. Once each
element was isolated from the glass beads, three-dimensional
isosurface reconstructions, and volume renderings were
produced using Avizo 7.1 Standard visualization software
(Visualization Sciences Group, Burlington, MA). Each ele-
ment was processed in the same way to facilitate visualiza-
tion of the fossils and identification of notable features
preserved in the fossilized remains as revealed by the HRCT
data. An initial assessment of the existing structure deter-
mined if further steps could be taken in certain cases to
reconstruct the original anatomy from fragmentary elements.

Three-dimensional isosurface reconstructions are a quick
and commonly used method for visualizing CT data by
generating a 3D triangulated surface from the segmented
image data (Lorensen and Cline 1987; Schroeder et al. 1998;
Zollikofer and Ponce de Leon 2005). Colored and textured
surfaces reveal details of the morphological features of each
element and allow for virtual manipulation of the object.
Isosurface reconstructions were produced for each individual
bone using automatic histogram-based segmentation algo-
rithms. Each specimen was inspected following automatic
segmentation and edited manually when necessary to
include or exclude relevant structures. For several elements
including the cervical vertebrae, ribs, innominate, and
sacrum, the 3D triangulated surfaces were translated in 3D
space within Avizo to produce reconstructions of multiple
elements in general anatomical position. The articular sur-
faces of the distal femur and distal tibia were defined digi-
tally by selecting only triangles on the articular surfaces.

Three-dimensional volume renderings were produced for
each element using a glow colormap with diffuse lighting

Table 4.1 High-resolution computed tomography scan settings for each specimen

Element Specimen numbers Field of view (mm) Pixel size (x, y) (mm) Slice thickness (z) (mm) Energy settings

Cervical vertebrae KSD-VP-1/1h,i,j,k,]  40.45 0.040 0.041 180 kV; 0.250 mA
Left clavicle KSD-VP-1/1f 63.49 0.062 0.066 180 kV; 0.250 mA
Ribs KSD-VP-1/1n,0,p,q,r  63.49 0.062 0.066 180 kV; 0.250 mA
Right scapula KSD-VP-1/1g 132.10 0.129 0.129 250 kV; 0.200 mA
Right humerus KSD-VP-1/1b 77.82 0.076 0.074 250 kV; 0.100 mA
Right ulna KSD-VP-1/1a 63.49 0.062 0.066 180 kV; 0.250 mA
Innominate KSD-VP-1/1d 132.10 0.129 0.129 250 kV; 0.200 mA
Sacral body and ala KSD-VP-1/1t 63.49 0.062 0.066 180 kV; 0.250 mA
Left distal femur KSD-VP-1/1¢ 77.82 0.076 0.074 250 kV; 0.100 mA
Left tibia KSD-VP-1/1e 77.82 0.076 0.074 250 kV; 0.100 mA
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and specularity (Schroeder et al. 1998; Zollikofer and Ponce
de Leon 2005). Volume rendering is a ray-casting technique
that produces a 3D rendering of an object by simulating the
transmission of light through the 3D volume data. Compared
to 3D surface reconstructions which rely on an isocontour
approach that loses most density and some structural details
of the original dataset, volume-based visualizations retain
the density information contained in the original image
dataset and are therefore useful for highlighting density and
textural details of each fossil element. This technique uses
faux shading from a glow colormap and edge coloring to
create a 3D rendering. By highlighting surface features, a
volume rendering makes it easier to discern subtle changes
in the topography associated with muscle attachments,
insertions, and the delineation of articular surfaces.

Supplementing the volume renderings, multiple
cross-sectional orthoslices were extracted to reveal the inter-
nal structure of the fossil specimens. Orthoslices are
two-dimensional images that can be extracted from any of the
three orthogonal planes, as well as adjusted to obliquely slice
through an element. The orthoslices generally showed sig-
nificant damage and cortical exfoliation throughout the
postcranial skeleton; in a better-preserved fossil specimen,
orthoslices could be used for visual inspection of the internal
trabecular bone architecture and later aid in the extraction of
volumes of interest.

A small comparative sample consisting of extant homi-
nids (Homo sapiens, Pan troglodytes) and several Aus-
tralopithecus fossil specimens was used to illustrate
anatomical features of the KSD-VP-1/1 skeleton.
Three-dimensional HRCT data for the human sample were
used from a separate project (Shaw and Ryan 2012; Mac-
intosh et al. 2013). Adult chimpanzee femoral and tibial data
were obtained from the Digital Morphology Museum, Kyoto
University Primate Research Institute (http://www.pri/kyoto-
u.ac.jp/dmm/WebGallery/index.html).  Three-dimensional
laser surface scans were collected for several fossil casts of
original specimens from the Penn State Matson Museum of
Anthropology cast collection using a NextEngine 3D
Scanner HD. Spatial resolution of surface scans was
approximately 0.5 mm in all dimensions.

Results

High-Resolution Computed Tomography
Scans

The HRCT scan data for the various KSD-VP-1/1 elements
indicate relatively heavy mineralization and many of the bones
display significant exfoliation and erosion of the periosteal
bone surfaces. In general, the shafts of the long bones do not

preserve much of the original cortical bone, but instead they
represent eroded casts of the diaphyseal medullary cavity.
Dense mineral infilling is present in most of the skeletal ele-
ments, and in some of the specimens, the density of the mineral
infilling matches or exceeds the density of the fossilized bone.
The endosteal cortical bone in many elements is difficult to
differentiate from the matrix, although this varies between
elements and often within a single element. Preservation of
trabecular bone structure is similarly variable within and
between elements. The matrix obscures internal bony features,
making visual assessment challenging. When present, tra-
becular bone manifests as relatively low-density regions
within the denser matrix that fills intertrabecular spaces. These
regions are apparent in the proximal and distal tibia, os coxa,
cervical vertebral bodies, clavicle, distal humerus and distal
femur. Depositional damage and diagenesis result in the lack
of material contrast between struts and matrix in their inter-
vening spaces. These preservation limitations prevent effec-
tive quantification of trabecular bone architecture.

Right Scapula (KSD-VP-1/1g)

KSD-VP-1/1g is a nearly complete right scapula (Fig. 4.1,
also see Fig. 6.3 in Melillo 2016). The morphology of this
specimen has already been discussed in great detail by
Haile-Selassie et al. (2010). The overall structure is fairly
intact, with a complete glenoid fossa and preserved axillary
and vertebral borders. Few early hominin scapulae exist for
comparison, but three scapulae representing Au. afarensis
(A.L. 288-1), Au. africanus (Sts 7), and Au. sediba (MH2)
can be used to compare glenoid fossa dimensions among
early hominins (Vrba 1979; Johanson et al. 1982; Churchill
et al. 2013). The glenoid fossa measurements are summa-
rized in Table 4.2. The maximum glenoid length and breadth
dimensions reveal that KSD-VP-1/1 has a much larger gle-
noid fossa than the small-bodied A.L. 288-1 specimen and
MH2. The KSD-VP-1/1 glenoid size fits more closely with
Sts 7 and falls within the modern human range (Vrba 1979;
Churchill and Trinkaus 1990; Churchill et al. 2013).

The glenoid index, however, suggests that the shape of
the KSD-VP-1/1 glenoid fossa is more similar to that of A.L.
288-1, with values of 71.6 and 70.8, respectively (Table 4.2).
These index values fall within the overlapping ranges of
modern human and chimpanzees. In contrast, Sts 7 and MH2
exhibit lower glenoid indices, suggesting they possess either
long fossae relative to width, or narrow fossae relative to
length, compared to modern humans and KSD-VP-1/1
(Churchill et al. 2013). Johanson et al. (1982) describes the
A.L. 288-1 glenoid fossa as ovate, while the glenoid fossa of
Sts 7 appears to have a more exaggerated pear shape, though
the fossa is not complete (Vrba 1979; Larson 2013).


http://www.pri/kyoto-u.ac.jp/dmm/WebGallery/index.html
http://www.pri/kyoto-u.ac.jp/dmm/WebGallery/index.html
http://dx.doi.org/10.1007/978-94-017-7429-1_6
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Fig. 4.1 Three-dimensional volume renderings and HRCT slice of KSD-VP-1/1g, right scapula. a Posterior view. b Anterior view. ¢ Lateral view
showing glenoid. d Two-dimensional coronal HRCT section through glenoid showing lateral and superior borders. e Detail of glenoid fossa

A qualitative assessment of KSD-VP-1/1 supports the gle-
noid index in comparison, with the glenoid fossa having a
more ovate shape (Fig. 4.1).

The relatively well-preserved infraspinous fossa portion,
as well as the base of the spine and portions of the supras-
pinous fossa, indicate that the KSD-VP-1/1 scapula has a tall

scapula with a comparatively narrow mediolateral breadth,
which is the characteristic of apes and modern humans
(Larson 2013). A series of angular measurements from
Haile-Selassie et al. (2010) describe the orientation of the
shoulder joint and indicate that KSD-VP-1/1 shares some
morphology with Gorilla gorilla, while other features match
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Table 4.2 KSD-VP-1/1g scapular metrics (in mm)

Measurement KSD-VP-1/1*  Australopithecus H. sapiens P. troglodytes G. gorilla P. pygmaeus/
(mean, SD)  (mean, SD) (mean, SD)  abelii
(mean, SD)
Glenoid Fossa
Maximum glenoid 35.6 355 (Sts 7) ©25.7 €33.9 (3.1)
length (A.L. 288-1)
Maximum glenoid 25.5 19.5 (Sts 7) ©18.2 4.0 (2.2)
breadth (A.L. 288-1)
Glenoid size 30.1 26.3 (Sts 7) 21.6 279 2.4) 259 (2.1) 384 (5.2) 28.8 (2.6)
(length x breadth®®) (A.L. 288-1) 22.4 (MH2)
Glenoid index 71.6 54.9 (Sts 7) 70.8 68.3 (5.2) 71.2 (4.7) 62.9 (5.7) 62.1 (4.3)
(100 x breadth/length) (A.L. 288-1) 55.6 (MH?2)
Scapular Angles
Glenoid-Axillary 128.0 117.0 (Sts 7) 123.4 137.8 (4.6) 119.0 (4.9) 122.4 (4.3) 124.1 (3.5)
(MH2) 120.0/121.9
(DIK-1-1)
Glenoid-Spinal 76.0 90.0 (Sts 7) 82.9 (MH2)  102.4 (3.5) 76.7 (3.7) 77.8 (4.3) 79.7 (5.7)
182.9/83.4 (DIK-1-1)
Axillary—Vertebral 31.0 42.1 (MH2) '41.9/35.4 45.5 (3.0) 32.7 (3.6) 429 (3.1) 38.7 (3.3)
(DIK-1-1)
Spinal-Axillary 50.0 9.8 (Sts 7) 38.2 52.6 (3.9) 17.7 (3.3) 21.4 (3.8) 24.4 (3.7)

(A.L 288-1) 28.2 (MH2)

£37.0/38.5 (DIK-1-1)

“KSD-VP-1/1 glenoid fossa values collected by authors and scapular angles are from Haile-Selassie et al. (2010)

®Erom Vrba (1979)
“From Johanson et al. (1982)

YMH?2, H. sapiens, P. troglodytes, G. gorilla, and P. pygmaeus/abelii values for glenoid size, glenoid index, and the scapular angles from Churchill

et al. (2013)
°From Churchill and Trinkaus (1990)

From Green and Alemseged 2012. Note, DIK-1-1 is a juvenile and the scapular angles reflect the right/left scapulae

the Homo sapiens pattern more closely. The cranially-
oriented glenoid fossa combined with a transversely-oriented
spine is clearly seen in a coronal slice through KSD-VP-1/1g
in Fig. 4.1d. The angular measurements are summarized in
Table 4.2, along with comparable data taken from the
literature.

Left Clavicle (KSD-VP-1/1f)

KSD-VP-1/1f is a nearly complete left clavicle with relatively
good external and internal preservation (Fig. 4.2, also see
Fig. 6.4 in Melillo 2016). Though the clavicle is missing a
significant portion of the sternal end, it retains much of its
original morphology, with muscle attachment sites and
anteroposterior curvature that appears similar to other homi-
nins and modern humans. However, without the full clavic-
ular dimensions, estimations of the internal/external and
inferior/superior curvature are not reliable for comparison
with other species (Voisin 2006, 2008).

Volume renderings highlight the surface topography of
the fossil, revealing a well-preserved, smooth inferior surface
with one large transverse fracture near the midshaft of the
specimen and several smaller fractures. The superior surface

is more rugose with significant exfoliation of the cortical
bone surface. In anterior view, the clavicle possesses a slight
inferior curvature from the acromial to the sternal end, which
is also present in African apes (Larson 2013). The complete
right clavicle of MH2 (Au. sediba) also presents an inferiorly
angled clavicle, suggesting that KSD-VP-1/1 and MH2 share
a high scapular position with African apes (Churchill et al.
2013). The curvature may indicate that the pectoral girdle of
KSD-VP-1/1 and MH2 was similar to the primitive hominini
condition described by Larson et al. (2007), though
KSD-VP-1/1f contradicts the prediction of a short clavicle
with an estimated length of 156.4 mm compared to the
estimated length of 107.5 mm for MH2.

Three roughly parasagittal cross sections through the
clavicle, as well as a longitudinal transverse section along
the clavicular shaft, reveal variation in cortical bone
preservation (Fig. 4.2). Medially, the cortical bone exhibits
clearly discernable internal and external margins. More
significant erosion of the cortical bone structure is evident in
the middle and lateral aspects of the preserved shaft region.
The transverse section along the shaft exposes trabecular
bone structure in some regions of the clavicle (Fig. 4.2).
However, the apparent preservation of the trabecular bone
appears to be primarily the retention of empty intertrabecular
spaces in some locations along the length of the bone.
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Fig. 4.2 Three-dimensional volume renderings and two-dimensional
HRCT sections of KSD-VP-1/1f, left clavicle. a Superior view with 2D
CT slices indicated by white lines. Scale refers to 2D cross section
slices only. b Inferior view with 2D transverse CT slice showing

internal structure, same scale as 3D renderings. ¢ Anterior view. Medial
is to the left of the image. The dotted white lines indicating location of
each cross section are oriented orthogonal to the shaft in each location.
Scale at bottom for all 3D renderings
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Right Humerus (KSD-VP-1/1b)

KSD-VP-1/1b preserves approximately the distal two-thirds
of the right humerus (Haile-Selassie 2010), including most
of the trochlea and capitulum, although there is some exfo-
liation of the articular surfaces in this region (Fig. 4.3, also

Anterior

Fig. 4.3 Three-dimensional volume renderings and two-dimensional
HRCT sections of KSD-VP-1/1b, right humerus. Volume renderings of
the two right humerus fragments showing anterior, medial, and posterior
views. Two-dimensional HRCT sections on the left reveal some
preservation of cortical bone structure along diaphysis (red arrows) and

see Fig. 8.2 in Lovejoy et al. 2016). A significant portion of
the olecranon fossa is missing, as well as the distal medial
portion of the metaphysis and distal diaphysis. The dia-
physeal cortical bone is significantly eroded along most of
the shaft, and its final dimensions and appearance represent
what appears to be an incomplete cast of the medullary
cavity. Proximal portions of the partial humerus preserve

Medial

Posterior

possible preservation of trabecular bone in the trochlea and capitulum
(orange arrow). Trabecular bone appears as discontinuous, low-density
features within the higher density matrix and is clearly distinguishable
from fractures
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Table 4.3 KSD-VP-1/1b humeral metrics (in mm)

Measurement KSD-VP-1/1 Australopithecus Early Homo H. sapiens P. troglodytes G. gorilla
(mean, SD) (mean, SD) (mean, SD) (mean, SD)
Distal articular breadth %8 38,5 (6.3) °46.4 (7.4) 44.9 (4.6) %457 (13.0) %61.0 (8.8)
35.1 (3.7) (MH2)
30.1 (A.L. 288-1)
41.0 (Stw 431)
Biepicondylar breadth 58.8 ©55.0 (11.4) ©63.0 (5.6) 62.1 (5.3) °62.1 (4.6) 88.4 (13.2)
553.5 (4.9) (MH2)
41.0 (A.L. 288-1)
©59.0 (Stw 431)
Trochlear breadth 27 19.3 (A.L. 288-1) - 7.3 (2.9) 7.2 (6.4) 7.3 (2.9)

Australopithecus sample includes: A.L. 288-1, BOU-VP-12/1, BOU-VP-35/1, KSD-VP-1/1b, A.L. 333-107, KNM-BC 1745, Omo 199-73-27,
KNM-ER 1473, Sts 7, Stw 328, A.L. 137-48a, A.L. 322-1, KNM-ER 739, KNM-ER 1504, KNM-KP 271, KNM-ER 6020, SKX 10924, SK
24600, TM 1517, Stw 431. Early Homo sample includes: KNM-WT 15000, D4507, Gomboré 1B 7594 and Kabwe E.898

“From Haile-Selassie et al. (2010)
®From Churchill et al. (2013)
“From Dobson (2005)

some of the cortical bone, but cross sections are not com-
plete (Fig. 4.3). The cross sections reveal multiple cavities
within the matrix of the medullary cavity. Trabecular bone
structure is visible in both the trochlea and capitulum as
low-density structures interspersed with small fractures
through the specimen. Despite poor preservation at the distal
end of the humerus, some measurements of the articular
region were taken from the isosurface reconstruction, using a
measurement tool that anchors its endpoints to the triangu-
lated surface. The metrics show that KSD-VP-1/1 has a
distal articular breadth that is approximately 1.6 times that of
A.L. 288-1, supporting the larger estimated body size of
KSD-VP-1/1 compared to A.L. 288-1. The measurements
for articular and biepicondylar breadth fall within modern
human and chimpanzee ranges (Dobson 2005;
Haile-Selassie et al. 2010). Descriptive measurements of
KSD-VP-1/1b are listed in Table 4.3 together with some
comparative values from the literature.

Right Ulna (KSD-VP-1/1a)

KSD-VP-1/1ais a partial right ulna preserving approximately
60% of the total length (Haile-Selassie et al. 2010) (Fig. 4.4,
also see Fig. 8.4 in Lovejoy et al. 2016). The proximal end,
including both the olecranon and coronoid processes, is very
well preserved. The trochlear notch is oriented anteriorly like
in other early hominins, suggesting different load-bearing
postures than found in humans or suspensory apes
(Haile-Selassie et al. 2010). Using the method described by
Churchill et al. (2013) to calculate the trochlear notch orien-
tation, KSD-VP-1/1ahas a value of 93.5, which is higher than
that seen in the comparative Australopithecus sample, whose
mean value was 82.6 (Churchill et al. 2013). This high value
corroborates the results found by Haile-Selassie et al. (2010)

using the method outlined in Drapeau (2004) and Drapeau et al.
(2005). The anterior-facing trochlear notch is suggested as a
unique trait of early hominins, now including KSD-VP-1/1,
which differs significantly from the superior-facing trochlear
notches found in African apes and modern humans
(Haile-Selassie et al. 2010). Additionally, the dimensions of
the trochlear notch and the proximal articular surface in
KSD-VP-1/1a are generally close to the values found in
early Homo, and within the ranges of Homo sapiens and Pan
troglodytes. Other descriptive measurements for the ulna are
provided in Table 4.4.

A longitudinal parasagittal HRCT section as well as
transverse HRCT slices reveal relatively poor preservation of
cortical or trabecular bone structure throughout the entire
specimen (Fig. 4.4). There is no evidence of preserved tra-
beculae in the olecranon or coronoid processes. The HRCT
scans also show very little evidence of preserved endosteal
cortical surfaces along the shaft or in the coronoid and
olecranon processes. It seems likely, given the preservation
in other KSD-VP-1/1 specimens, that the cortical and tra-
becular bone are not missing from these regions, but are of
the same density as the surrounding matrix and not dis-
cernable in the HRCT images.

Cervical Vertebrae (KSD-VP-1/1h,
KSD-VP-1/1i, KSD-VP-1/1j, KSD-VP-1/1k,
KSD-VP-1/11)

The second through sixth cervical vertebral bodies are fairly
complete and provide insight into both external and internal
morphology of the Australopithecus cervical region.
Three-dimensional surface reconstructions of each vertebra
in anatomical position are shown in Fig. 4.5 (also see
Figs. 5.1-5.8 in Meyer 2016). For C3-C6, only the vertebral
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Fig. 4.4 Three-dimensional volume renderings and two-dimensional
HRCT sections of KSD-VP-1/1a, right ulna. Views of ulna include
medial, anterior, and lateral. White dotted lines indicate locations of two

body is preserved, but a portion of the lamina is preserved in
C2. The C2 is missing the dens, but retains a portion of the
body and almost the entire lamina on the left side, including
part of the superior articular facet.

The HRCT scans of C2-C6 reveal relatively
well-preserved trabecular and cortical bone structure
(Fig. 4.6). The preservation in these elements demonstrates

Anterior

cross sections. Very little cortical bone is preserved on the diaphysis and
no evidence of internal trabecular architecture is evident in the olecranon
or coronoid processes as evidenced by two cross sections

the variability in preservation possible within a site and
within a skeleton. Variability within a site is most evident in
C4, where the trabeculae appear as distinct high-density
structures on the right side, but on the left side of the
orthoslice, the trabeculae and matrix share similar density
values. In direct contrast to C4, the trabeculae of C2 and C3
are preserved as distinct low-density regions in the anterior
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Table 4.4 KSD-VP-1/1a ulnar metrics (in mm)

Measurement KSD-VP-1/1  Australopithecus Early H. sapiens P. troglodytes  G. gorilla
Homo (mean, SD) (mean, SD) (mean, SD)
Trochlear notch orientation index 93.5 84.0 (0.07) 84.5 #70.6 (4.5) - -
(MH2) (5.3)
82.6 (4.3)
Trochlear notch®
Height 25.6 15.7-23.2 23.1 232 (2.4) 22.0 (3.5) 28.8 (4.7)
Depth 13.2 7.9-11.3 11.9 12.1 (1.6) 11.5 (1.8) 14.0 2.1)
Radial notch
Proximodistal height 7.7 6.8-10.2 129 11.1 (2.1) 11.5 (1.5) 18.3 (2.3)
Anteroposterior length 15.3 9.8-16.4 13.8 17.4 (2.7) 15.8 (2.3) 24.8 (3.5)
Articular surface of trochlear notch
Mediolateral breadth of proximal 26.5 16.1-25.7 26.2 25.1 (2.9) 22.0 (2.0) 31.5(5.1)
portion
Mediolateral breadth of middle 224 12.3-15.8 17.3 15.3 (2.4) 15.6 (2.9) 31.9 (5.7)
portion
Mediolateral breadth posterior to 22.6 16.0-24.7 24.7 26.9 (3.0) 24.7 (2.6) 38.8 (5.8)
radial notch
Mediolateral breadth of diaphysis distal 16.0 15.2-19.6 239 22.1 (3.2) 18.2 (2.0) 28.3 (4.2)
to radial notch
Maximum anteroposterior distance at 32.2 22.5-36.1 334 34.8 (3.0) 36.5 (3.4) 45.9 (6.6)
coronoid
Maximum mediolateral breadth of 27.5 13.4-27.8 28.2 21.5 (2.5) 22.3 (2.8) 289 (5.4)

olecranon process

“From Churchill et al. (2013). Trochlear notch orientation index is (100*olecranon AP diameter/coronoid height). Australopithecus sample
includes: A.L. 288-1, A.L. 438-1, OH 36, KNM-ER 1500, Omo 141-23, Stw 113, Stw 380, Stw 398, Stw 431 and SKX 8761(mean, SD). Early
Homo sample includes: Omo L40-19 and KNM-BK 66 (mean, SD)
PAll of the following data from Drapeau et al. (2005) unless otherwise indicated. Australopithecus sample includes: A.L. 288-1, A.L. 438-1, OH
36, and Stw 113. Early Homo sample includes: Omo L40-19. KSD-VP-1/1a measurements were collected by the authors

ventral

lateral

dorsal

superior

1cm

Fig. 4.5 Reconstruction of KSD-VP-1/1 cervical anatomy using 3D isosurface reconstructions. Views: anterior, lateral, posterior, and superior.
The partial superior articular facet on C2 is indicated in each view (*)
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Fig. 4.6 Transverse HRCT slices through each cervical vertebral
body. Trabeculae are clearly preserved in each specimen with the best
preservation evident in C2 though C4

part of the body and especially in the lamina. Throughout the
skeleton, trabecular preservation varies between these two
extremes, with the majority of the skeleton exhibiting tra-
becular bone that is indistinct from the surrounding matrix
because of similar density values between the bone and the
matrix. The internal trabecular architecture of C5 and C6
provide examples of poorly delineated trabeculae, even
though the cortical bone is relatively clear.

The cortical bone shell is not clearly discernible in the
vertebral body of C2, but it does appear to be differentiated
from the internal matrix of the lamina (Fig. 4.6). The cortical
shell is fairly well defined in C3-C6, providing insight into
cortical bone thickness in the cervical vertebral column
(Fig. 4.6). In all four vertebral elements, the cortical shell
appears to be thickest on the posterior surface of the body,
and this is particularly apparent in C4 and C5. The lateral
and anterior margins of the body in these vertebrae appear to
have thin and porous cortical bone. The thin cortical shell is
seen most clearly on the anterior left side of C4, in which the
distinctive trabecular structure abuts a very thin cortical
shell. This feature does not appear to be the result of sig-
nificant exfoliation or erosion of the external cortical bone
shell. A similar pattern can be seen on the anterior right side
of C6, although the cortical shell is somewhat thicker in this
specimen.

Ribs KSD-VP-1/1n (Left Second),
KSD-VP-1/1q (Right 5/6/7), KSD-VP-1/1s
(Middle Rib Frag), KSD-VP-1/10 (Right
7/8), KSD-VP-1/1p (Right 8/9),
KSD-VP-1/1r (Left 11)

The 3D HRCT data of the five ribs provide insight into the
shape of the thorax (Haile-Selassie et al. 2010). The sig-
nificance of the preserved rib anatomy has been discussed
in detail elsewhere (Haile-Selassie et al. 2010). Volume
renderings reveal numerous cracks and exfoliated areas
along each of the shafts, though some of the ribs exhibit a
fairly smooth surface over large portions of the shaft. The
internal cortical and trabecular structures of several pre-
served ribs are shown in Fig. 4.7. In general, the preser-
vation is similar to that observed in other skeletal elements
from this individual and especially in the second rib frag-
ment cracks are clearly visible running through the cross
sections (Fig. 4.7a, also see Fig. 7.1 in Latimer et al. 2016).
The cortical bone shell is reasonably well-defined along the
length of the ribs. The internal endosteal boundary is dis-
cernable in most sections along the rib shafts. Trabecular
bone, however, is relatively poorly preserved internally
(Fig. 4.7).

Right Os Coxa (KSD-VP-1/1d)
and Superior Sacral Body (KSD-VP-1/1t)

KSD-VP-1/1d and 1/1t represent the partial right innominate
and most of the superior sacral body, respectively (Fig. 4.8,
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Fig. 4.7 Three-dimensional volume renderings and two-dimensional
HRCT sections of ribs. a KSD-VP-1/1n, left second rib.
b KSD-VP-1/1o, right 7th or 8th rib. ¢ KSD-VP-1/1p, right 8th or
9th rib. Two-dimensional HRCT sections from each rib are indicated

by the white dotted lines. The cross sections show the relatively clear
preservation of cortical bone as well as internal trabecular bone
preserved as discontinuous low-density structures. Scale in the middle
is for 2D slices and scale at the bottom is for 3D renderings only
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Fig. 4.8 Three-dimensional volume renderings and 2D HRCT sections
of KSD-VP-1/1d (right os coxa) and KSD-VP-1/1t (superior sacral
body). a The right os coxa in anterior and posterior views. b The
superior sacral body in anterior, superior, and inferior views. ¢ 2D

also see Figs. 8.12 and 8.17 in Lovejoy et al. 2016). Even
though the innominate has several significant fractures and is
missing important features, these two elements provide
insight into Australopithecus pelvic morphology. The
superior pubic ramus was broken and translated inferiorly

HRCT coronal sections of the os coxa reveal very little differentiation
of cortical and trabecular bone in the innominate. d Coronal section
through the sacral body indicates some preservation of trabeculae when
the image is enlarged for closer examination

during preservation causing a slight superoinferior dis-
placement of the acetabulum.

The HRCT data provide little insight into the internal
morphology of the KSD-VP-1/1 innominate. The cortical
bone boundaries and trabecular bone structure normally
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reconstruction of the

isosurface
KSD-VP-1/1 pelvis. The gray portions are original fossil material.
The left os coxa and partial sacrum, rendered in blue, were produced by
mirror imaging the original fossil and translating the pieces into
anatomical position. Isosurfaces were used in this reconstruction to
facilitate repositioning of the individual elements

Fig. 4.9 Three-dimensional

infilling the innominate are not apparent from the HRCT
images (Fig. 4.8). What is evident from the HRCT data are
significant fractures running through various regions of the
innominate and only discontinuous regions of trabecular
bone poorly preserved as low-density regions within the
bone. The sacral body is more similar to the cervical verte-
brac in terms of preservation of internal bone structure
(Fig. 4.8). Even though there are significant fractures cross-
ing the bone, the cortical shell and some trabecular structure
are discernable from the HRCT scans. Like the cervical
vertebral bodies, however, the preservation is not such that
the trabecular structure can be extracted and quantified.

The HRCT data also allow a reconstruction of the pelvic
girdle using 3D triangulated isosurface data (Fig. 4.9). Using

3D surface reconstructions for the right innominate and
sacrum, the two bones were articulated digitally in Avizo
7.1. Duplicates of each element were mirror imaged to
generate the left side of the pelvis and translated into
anatomical position. First, the missing left sacral ala was
reconstructed using the mirrored right ala by overlaying the
flipped KSD-VP-1/1t onto the original specimen and using
the sacral body to align them accurately. Once the left ala
was reconstructed, the mirror-imaged left innominate was
translated and rotated into articulation with the sacrum. The
pelvic reconstruction focused on rigid transformations of
relatively undeformed features. The acetabulum and pubis
were therefore not reconstructed here. The resulting recon-
struction allows for an effective visualization of pelvic
morphology in KSD-VP-1/1.

Left Femur (KSD-VP-1/1c)

KSD-VP-1/1c is a partial left distal femur, truncated some-
where in the superior popliteal surface region (Fig. 4.10, also
see Fig. 8.8 in Lovejoy et al. 2016). The distal femur is
relatively intact and complete, with only a few gaps in the
bone surrounding the articular surface. Without the corre-
sponding proximal femoral material from which to estimate
femoral length (Lovejoy and Heiple 1970), it is difficult to
determine the percentage of femoral length represented by
this distal fragment. Haile-Selassie et al. (2010) estimated a
length of between 418 and 438 mm based on likely crural
indices, suggesting that the preserved fossil represents
approximately 41-43% of the distal end of the bone
preserved.

The HRCT scan data demonstrates the significant dis-
tortion of the femoral shaft and damage to the distal con-
dyles (Fig. 4.10). It is not possible to differentiate the cortical
bone structure from matrix filling the medullary cavity in
these HRCT data. As with other elements, the trabecular
bone structure is not well-differentiated in the distal condyles
(Fig. 4.10), regions typically filled with highly organized
trabeculae.

The anterior portion of the distal femur was relatively
well preserved, except for a significant gap between the
anterior articular, or patellar, surface, and the anterior aspect
of the distal metaphysis. An examination of the patellar
surface reveals a small portion of the surface on the proximal
side of the gap in one of the fragments making up the
anterior central metaphysis. This small section could indicate
displacement of the fragments during preservation or a
proximally-expanded lateral portion of the patellar surface.
The preserved portion of the anterior articular surface sug-
gests a deep patellar groove with a lateral border projecting
more anteriorly than the medial border. The high lateral
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Posterior

Anterior

Fig. 4.10 Three-dimensional volume renderings and 2D HRCT
sections of KSD-VP-1/1c, left femur. a Anterior, posterior, lateral,
and medial views. The distortion of the diaphysis is evident in the 3D
renderings. b Three transverse HRCT sections are taken from the
diaphyseal, metaphyseal, and condylar regions of the distal femur
specimen. The 2D sections show the distortion of the diaphysis as well

patellar lip and a deep patellar groove are features associated
with the habitual valgus position of the knee during bipedal
gait.

The specimen was crushed anteroposteriorly during
preservation, so it consists of a large number of fragmentary
pieces. The displacement results in a flattened anterior

as the extent of the missing portions of the medial condyle. The
endosteal border of diaphyseal cortical bone is not well preserved in
this specimen. ¢ Two parasagittal sections of the distal condylar region
reveal internal trabecular bone structure that is preserved as
low-density regions. The dark region in the cross sections is the
material added to stabilize the specimen

portion of the distal femur and creates an artificial depression
directly proximal to the femoral condyles on the posterior
aspect of the femur (Fig. 4.10). As a result, the dimensions
of the specimen are clearly altered from its original condi-
tion, rendering measurements and descriptions of external
morphology and measurements of internal cross-sectional
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geometric properties difficult. The damage appears to have
increased the mediolateral breadth of the specimen and
potentially obscured an accurate measure of the bicondylar
angle. For this specimen, the volume rendering reveals that
many of the fragments share matching borders, but the
damage displaced them to create an uneven and fragmented
surface.

Proximal to the patellar surface, the anterior portion of the
distal femur consists of three main fragments, separated by
vertical cracks. These thin, longitudinal slivers of cortical
bone appear to be aligned with one another, but a transverse
cross section reveals that they are slightly staggered
(Fig. 4.11). The deformation of these fragments creates a
flattened anterior profile in cross section. Comparisons with

Fig. 4.11 Three-dimensional isosurface reconstruction of the distal femur shown alongside original fossil (gray surface) in anterior, posterior and
superior views. For the reconstruction, each fragment was isolated and individually translated and rotated to produce a less distorted reconstruction
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modern human, Pan, and another Au. afarensis distal femur
(A.L. 129-1A), as well as inference from the positioning of
the fragments, suggest that the flattened profile is artificially
created from post-depositional taphonomic processes. The
matching contours of neighboring fragments indicate that
minor rigid transformation in the form of translation and
rotation of the fragments may provide insight into the
original shape of this anterior surface.

Medial and lateral views of the distal femur provide
further evidence of the damage that flattened the anterior
aspect of the femur. In medial view, the femur has a sub-
stantial gap between the anterior and posterior portions as
well as a large section missing from the medial condyle. In
comparison, the lateral side of the femur has a more rounded
profile with no gap and a greater anteroposterior breadth.
These differences suggest that the flattening, or crushing,
differentially affected the two sides of the distal femur with
the medial side expanding anteroposteriorly. However, it
appears that the edges of the anterior and posterior fragments
on the medial side have matching contours which suggests
that the medial fragments can be translated using the shape
and fit of the border fragments as a guide for reconstruction.

The posterior view of KSD-VP-1/1c reveals the most
significant damage to the original structure. The distal por-
tion of the popliteal surface is depressed, creating a central
concavity. The popliteal surface is broken up by multiple
fractures, creating several small and staggered fragments.
Distally, most of the intercondylar fossa is preserved, but
there is a large gap directly proximal to the intercondylar
fossa. The distal aspect of the lateral femoral condyle is also
well-preserved compared to the medial condyle, which has
sustained considerable damage and is missing a large portion
of its posterior surface.

Several cracks are visible on the surface, although not all
of them extend very far into the cortical bone. The HRCT
data reveals subtle differences in surface height and spacing
between fragments, but some fragments are difficult to
separate due to under-resolved fractures or incomplete sep-
aration. Reconstruction is best achieved if the fragmentary
pieces are divided by recognizable fracture lines with a
reasonable degree of certainty. Matching contours of these
posterior fragments in combination with the findings from
the other aspects of the distal femur suggest that recon-
struction is a viable approach for KSD-VP-1/1c.

The 3D isosurface reconstruction of KSD-VP-1/1c was
carefully divided into 30 individual surface objects, each
representing a fragment of bone that was visibly distinct from
its neighboring fragments. If a distinction could not be made,

two or more fragments were grouped together into a single
surface object. The fragments of the articular surface appear
to be in approximately the correct anatomical position rela-
tive to one another, so the reconstruction was initiated from
this location. Bone fragments bordering the articular surface
were carefully adjusted to line up with the articular surface,
although these adjustments were somewhat limited due to
missing bone structure in this region. Realignment of the long
fragments on the anterior surface created a smoother external
surface and also resulted in the rotation of the medial and
lateral fragments inward toward the midline of the shaft.

The collapsed posterior surfaces were expanded posteri-
orly to create a smoother and more continuous popliteal sur-
face. Once the popliteal surface was expanded outward, the
remaining fragments were translated and rotated into position
using the shared edges for guidance. The rotation of the
medial and lateral fragments resulted in the narrowing of the
artificially broad distal metaphysis. In addition, the transverse
cross section of the proximal-most portion of the specimen
became more circular, with a moderate linea aspera defining
the posterior outline. The comparisons between the original
fossil and the reconstruction are shown in Fig. 4.11, with the
reconstruction in multiple colors and the original in gray.

The reconstruction of the KSD-VP-1/1c distal femur
allows for the measurement of cross-sectional geometric
properties at specific locations along the preserved section of
the diaphysis. Because no distinct medullary cavity is evi-
dent from the HRCT scan data, only the external contour of
the femur, representing total subperiosteal area, was
extracted for analysis of the cross-sectional geometric
properties. Several cross sections were extracted using the
estimates for minimum and maximum femoral length of
418 mm and 438 mm from Haile-Selassie et al. (2010) as a
guide. For the total length of 418 mm, three sections were
extracted representing 20, 30, and 35% of total estimated
femoral length. For the estimated length of 438 mm, cross
sections at 20 and 30% were extracted. Even though these
cross sections lack information on internal medullary area
and shape, solid subperiosteal cross sections have been
shown to accurately reflect cross-sectional geometric prop-
erties (Macintosh et al. 2013).

These “solid” cross sections were used to calculate com-
mon geometric cross-sectional properties such as total area,
maximum and minimum second moments of area (I ,,ax, Imin),
the polar second moment of area (J), and the polar section
modulus (Z,;). The same values were calculated from HRCT
data for a sample of modern H. sapiens from the Norris
Farms #36 site (Illinois, USA) dating to 1300 AD (Shaw and
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Table 4.5 Cross-sectional geometric properties at three locations along the femoral shaft, based on the reconstructed femur. Section locations

indicate the percent of total length from distal end of bone

Taxon TA/BM ©'inin/(BM*FL) ©nax/(BM*FL) Lnax/Imin Zo/(BM*FL) JI(BM*FL)
20% section
Homo sapiens 9.79 0.99 1.21 1.23 0.14 221
(1.02) (0.19) 0.21) (0.15) (0.02) (0.39)
Pan troglodytes 16.02 1.80 2.85 1.60 0.32 4.65
4.11) 0.49) (0.63) 0.17) (0.09) (1.09)
KSD-VP-1/1 418* 15.01 1.20 3.55 2.96 0.24 4.75
KSD-VP-1/1 438%* 15.13 1.21 3.32 2.74 0.23 4.52
30% section
Homo sapiens 9.00 0.82 1.06 1.29 0.12 1.88
(0.93) 0.14) 0.22) (0.18) (0.02) (0.35)
Pan troglodytes 14.42 1.61 2.11 1.33 0.28 3.71
(3.68) (0.48) (0.48) (0.11) (0.08) (0.95)
KSD-VP-1/1 418* 12.30 1.12 1.70 1.51 0.17 2.82
KSD-VP-1/1 438%* 12.18 1.03 1.62 1.58 0.16 2.64
35% section
Homo sapiens 8.75 0.77 1.02 1.33 0.12 1.79
(0.90) 0.13) 0.22) (0.18) (0.01) (0.33)
Pan troglodytes 14.23 1.60 2.03 1.29 0.27 3.63
(3.76) (0.55) (0.50) 0.12) (0.08) (1.04)
KSD-VP-1/1 418* 12.19 1.11 1.65 1.48 0.17 2.76

TA Total area, BM body mass, FL femur length

“Section locations were based on length estimates, 418 and 438 mm, which are used to correct CSG properties for bone length. For the estimate of
438 mm, the 35% section was not complete and therefore not included in the analysis

Ryan 2012; Macintosh et al. 2013) and for a sample of
P. troglodytes using medical CT data from the Digital Mor-
phology Museum, Kyoto University Primate Research
Institute. Cross-sectional geometric properties were stan-
dardized relative to body mass and femoral length, following
standard procedures. Total subperiosteal area was standard-
ized by dividing it by body mass. The other calculated values,
Imaxs Imin, J, and Zy,,, were standardized by dividing their
values by the product of body mass and femoral length.

Body mass was estimated in the H. sapiens sample using
equations from Ruff et al. (1991). The body masses for the
chimpanzees were associated with the scan data. Body mass
and femoral length estimates for KSD-VP-1/1 are more
problematic. Body mass was estimated using multiple
regression equations based on human femoral head size, fol-
lowing the methods outlined by Ruff (2010). The estimated
femoral head diameter of 38 mm based on acetabular
dimensions reported by Haile-Selassie et al. (2010) was used
to estimate body mass. The average of four body mass esti-
mates derived using equations from Ruff (1991), McHenry
(1992) and Grine et al. (1995) was calculated as 47.69 kg. The
two femoral length estimates of 418 mm and 438 mm were
used to standardize the KSD-VP-1/1 cross-sectional geo-
metric properties.

The results of the analyses of cross-sectional properties
are listed in Table 4.5 and shown in Fig. 4.12. At all three
section locations, there are clear differences between humans
and chimpanzees in most of the cross-sectional properties.
At all three locations, Pan has higher values for standardized
TA, Zy1, and J than modern humans, indicating significantly
more robust distal femora buttressed against torsional and
bending loads. The I ,ax/Imin cross-sectional shape index is
generally more similar between the two extant species at all
three section locations with the distal-most 20% section
having the only significant difference between chimps and
humans. Chimpanzees have significantly more asymmetrical
femoral cross sections at this location (Fig. 4.12).

Cross-sectional ~ properties for the reconstructed
KSD-VP-1/1c femur generally suggest a moderately robust
femur with structural characteristics within the Pan range, or
intermediate between chimpanzees and humans. Standard-
ized total subperiosteal area at all three section locations falls
squarely within the chimpanzee range. By contrast, Z,, and
J at all three locations lie at the extreme lower end of the Pan
or intermediate between Pan and Homo. The only exception
to this is the result for J at the 20% section which is more
robust, falling in the chimpanzee range. The observed I,/
Lnin cross-sectional shape index is possibly affected by the
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Fig. 4.12 Results of analysis of cross-sectional geometric properties of
the distal femur. a 20% section. b 30% section. ¢ 35% section. The two
values for KSD-VP-1/1 for the 20 and 30% sections are derived from
two separate estimates of total femoral length

reconstruction, which may still retain some displacement
from the original form, but the results for I,,,/I i, indicate a
highly asymmetrical distal femoral shaft with significantly
higher mediolateral breadth at the 20% section. The femoral
cross section is somewhat more circular in the two more
proximal section locations, but still displays higher asym-
metry than either humans or chimpanzees, which do not
differ appreciably in I,x/Inin-

While the high J and Z,,; values for KSD-VP-1/1 suggest
a robust femoral shaft buttressed against torsional and
bending loads, it is possible that the significant postmortem
deformation of the femur is influencing these results. The
process of repositioning the various femoral fragments cer-
tainly brought the cross-sectional shape more in line with
what was likely the original form, but the high values for
Lnax/Inmin, especially at the 20% location, suggests that the
cross-sectional geometric properties may not be entirely
reflective of the true bone structure.

Left Tibia (KSD-VP-1/1e)

KSD-VP-1/1e is a mostly complete left tibia preserving
nearly the entire length of the bone from just above the tibial
tuberosity to the distal plafond, including most of the distal
articular surface (Fig. 4.13, also see Fig. 8.10 in Lovejoy
et al. 2016). The proximal plateau is almost entirely absent
with condylar articular surfaces missing, and a considerable
portion of the lateral metaphysis missing as well. The cor-
tical bone of the diaphysis is heavily eroded along nearly the
entire length, especially between the 50 and 35% sections
(Fig. 4.13). A volume rendering reveals that most of the
periosteal cortical bone surface of the diaphysis has been
exfoliated, exposing eroded internal cortical bone and, in
some locations, the matrix-filled medullary cavity.
Transverse cross sections extracted from regular intervals
along the tibial diaphysis reveal poor preservation internally
as well. The endosteal cortical bone surface is not clearly
defined along much of the shaft, especially in the distal half.
Cortical bone surfaces are discernable in the proximal-most
sections along the posterior aspect of the bone (Fig. 4.13),
but the cross sections are either distorted due to apparent
mediolateral deformation or not complete. This apparent
plastic deformation in the tibia cannot be resolved through
simple rigid transformations as performed with the femur.
The infilling of the medullary cavity with dense matrix and
the erosion of the periosteal cortical surface renders analysis
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Fig. 4.13 a A single coronal CT section at the far left demonstrates
the significant erosion of the cortical bone along the medial side of the
KSD-VP-1/1 tibia. HRCT slices are extracted along the diaphysis at
standard locations indicated on the three-dimensional volume render-
ing of the tibia in anterior view, and the cross-sectional shapes are
presented to the left, revealing significant damage to the cortical and

of sectional geometric properties impossible. Sagittal slices
in the proximal and distal ends of the tibia reveal preserva-
tion of the posterior cortical shell proximally, as well as
relatively distinct trabecular bone structures (see inset
Fig. 4.13). The trabecular bone in the tibia is preserved as
low-density regions within a higher density surrounding

medullary regions throughout the diaphysis. b Additional volume
renderings of KSD-VP-1/le left tibia shown in lateral and medial
views, respectively. ¢ A parasagittal section of the proximal tibia and
distal tibia show evidence of cortical bone (red arrow) and possible
preservation of trabecular structure in the proximal end of the tibia
(orange arrow)

matrix with little contrast, making quantitative structural
analyses untenable.

The exception to this poor internal and external preser-
vation is the relatively well-preserved distal articular region.
The distal plafond is missing the medial malleolus, which
has been cleanly sheared off post-mortem, but this region is
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Fig. 4.14 Three-dimensional isosurface reconstructions of the distal
tibia of KSD-VP-1/1e, KNM-KP 29285 (Au. anamensis), A.L. 288-1
(Au. afarensis), H. sapiens, and P. troglodytes showing articular
surface shape and orientation. a Anterior view of distal tibia with
articular surface for each specimen highlighted in red. b Inferior view
of tibial plafond to show the highlighted articular surface shapes. The
preserved portion of the KSD-VP-1/1 distal tibial articular surface
reveals a square outline similar to that of KNM-KP 29285, while A.L.
288-1 and H. sapiens exhibit a mediolaterally elongated rectangular
shape. Pan troglodytes is distinguished by having a trapezoidal shape,

with a shorter posterior border of the articular surface. ¢ Lateral views
of distal tibia showing tibial arch angle. Arch angle measured after
Desilva and Throckmorton (2010) and is indicated on the H. sapiens
distal tibia. Anterior is to the left, posterior to the right. d Parasagittal
sections through the middle of the tibiotalar articular surface. For all
images, KNM-KP 29285 and A.L. 288-1 were flipped. Human,
chimpanzee, and KSD-VP-1/1 surface data are from the CT scans.
Surface data for A.L. 288-1 and KNM-KP 29285 were collected from
fossil casts using a Next Engine 3D laser surface scanner

Table 4.6 Tibial arch angles from KSD-VP-1/1e and several other hominins taken from Desilva and Throckmorton (2010)

Specimen Taxon Tibial arch angle (degrees)
KSD-VP-1/1e Australopithecus afarensis 3.0
KNM-KP 29285 Australopithecus anamensis -1.8
A.L. 333-6 Australopithecus afarensis 29
A.L. 333-7 Australopithecus afarensis 55
A.L. 288-1 Australopithecus afarensis -5.0
Stw 358 Australopithecus africanus 4.2
Stw 389 Australopithecus africanus 3.7
KNM-ER 1481 Homo rudolfensis -2.1
KNM-ER 1500 Paranthropus boisei 3.7
O.H. 35 Homo habilis 4.8
Stw 567 Homo -3.0
KNM-WT 15000 Homo erectus 1.8

otherwise mostly intact. The tibiotalar articular surface of
KSD-VP-1/1c appears relatively square in shape, similar to
KNM-KP 29285, while A.L. 288-1 and H. sapiens appear
mediolaterally elongated. The P. troglodytes articular sur-
face shape is distinct from the hominins, appearing more
trapezoidal (Fig. 4.14). The relatively well-preserved distal
plafond allows for the calculation of the tibial arch angle as
defined by DeSilva and Throckmorton (2010). For this
measure, KSD-VP-1/1c has an angle of 3.0, which falls well
within the range of most other fossil hominins (Table 4.6).
Compared to results reported in DeSilva and Throckmorton
(2010), the tibial arch angle in KSD-VP-1/1c falls above the
range of extant apes and well within the range of modern
humans. These results suggest a developed rear-foot arch in
KSD-VP-1/1.

Discussion

High-resolution computed tomography has been applied to a
variety of contexts within the fields of biological anthro-
pology and paleoanthropology. Imaging technology pro-
vides non-destructive access to the internal structure of
objects with various material compositions (Denison and
Carlson 1997; Ketcham and Carlson 2001) and has been
used successfully for anatomical analyses of fossil materials
(Thompson and Illerhaus 1998; Zollikofer et al. 2005;

Alemseged et al. 2006; Lovejoy et al. 2009a, b; Suwa et al.
2009; Carlson et al. 2011; Leakey et al. 2012). This
computer-assisted approach to paleoanthropology uses 3D
reconstructions of fossil material to conduct 3D quantitative
analyses, such as geometric morphometrics (Zollikofer
2002; Zollikofer et al. 2005; Gunz et al. 2009; Balzeau et al.
2010; Grine et al. 2010), and to investigate the structural
variation of cortical and trabecular bone across the skeleton
(Ryan and Krovitz 2006; Fajardo et al. 2007; Cotter et al.
2011; Ryan and Shaw 2012; Shaw and Ryan 2012; Su et al.
2013). The application of high-resolution imaging and the
advanced analytic techniques to understanding hominin
paleobiology represents a powerful approach that is capable
of greatly expanding our understanding of hominin phy-
logeny and evolutionary morphology.

This chapter used 3D HRCT data to visualize and
non-invasively survey the internal and external bony mor-
phology of the KSD-VP-1/1 Au. afarensis partial skeleton.
Each fossilized element of the KSD-VP-1/1 postcranial
skeleton was scanned using HRCT with two primary goals
in mind. The first goal was to evaluate and analyze the
internal cortical and trabecular bone anatomy of the
postcranial elements in order to gain insight into the func-
tional morphology of this early Au. afarensis specimen that
would not be accessible through traditional methods of
observing and describing external morphology alone. The
second aim was to produce 3D visualizations of the skeletal
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elements, and where possible, to generate 3D reconstructions
of fragmentary bones through mirror imaging and rigid
transformation in virtual anatomical space.

The HRCT scan data of the KSD-VP-1/1 skeleton reveal
a heavily mineralized set of fossils with only minimal
preservation of internal cortical and trabecular bone struc-
ture. As noted by Haile-Selassie et al. (2010), much of the
external morphology of the skeleton is poorly preserved with
significant post-depositional fracturing and exfoliation of the
periosteal cortical bone surfaces. The HRCT data show
similarly poor preservation internally with little to no
observable differentiation between fossilized bone and
matrix. The endosteal cortical bone surfaces in most bones
are not easily discernable from the HRCT data. In all bones,
except portions of the cervical vertebral bodies, the trabec-
ular bone architecture manifests as low density, discontinu-
ous features that are not well-delineated from surrounding
matrix. The presence of higher density matrix infilling the
intertrabecular spaces and abutting the endosteal cortical
surface makes effective segmentation of bone from matrix
nearly impossible.

The data also reveal significant variation in preservation
within and between skeletal elements. The variation in the
quality of preservation underscores the fact that preservation
of internal morphology in fossils must be evaluated on a case
by case basis. The most important consideration is not age, but
rather the particular taphonomic and diagenetic conditions at
work within specific sites. The diagenetic processes at work
on these 3.6 Ma fossils clearly produced very dense fossils
with poor mineralogical contrast between bone and matrix.
Much older fossils have been effectively imaged and analyzed
(Ryan and Ketcham 2002; Ryan et al. 2012) using HRCT.

Even without the ability to effectively segment bone and
matrix for the purpose of quantitative analyses of internal
bone morphology, these data allow robust scientific visual-
izations of anatomical structure. These reconstructions and
visualizations allowed for the collection of unique metric data
not available from the original fossils. Analyses of cortical
cross-sectional geometric properties of the distal femur reveal
a robust femoral diaphysis relative to modern humans, with
robusticity values similar to those of chimpanzees. Future
analyses may be able to utilize 3D geometric morphometric
techniques to produce more insight into overall morphome-
tric variation in the early Au. afarensis skeleton.
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Chapter 5

The Cervical Vertebrae of KSD-VP-1/1

Marc R. Meyer

Abstract A series of six partial cervical vertebraec were
recovered in association with the KSD-VP-1/1 postcranial
remains from the C2 axis to the C7 vertebral level,
representing the oldest adult cervical column known in the
hominin fossil record. The vertebrae of this large male
australopith are more derived than those of its smaller female
counterparts, and as a whole, present a biomechanical and
enthesopathological signature typical of the dynamic vertical
loading regime of orthograde humans. Differences between
KSD-VP-1/1 and humans observed in the most cranial
cervical levels appear to have insignificant functional
implications, and are likely developmental reciprocates of
australopith cranial morphogenesis. Despite their antiquity,
the KSD-VP-1/1 vertebrae produce a surprisingly
human-like kinematic signal, with a highly mobile neck, a
head carriage consistent with habitual upright posture and
bipedalism, and spinal cord dimensions most similar to that
of modern humans.

Keywords Australopithecus * Cervical vertebrae ¢ Func-
tional anatomy ¢ Lordosis ¢ Posture ¢ Spinal cord

Introduction

Six cervical vertebrae from the C2 axis to the C7 vertebral
level were recovered in association with the KSD-VP-1/1
Australopithecus afarensis postcranial skeleton (Fig. 5.1).
Although the KSD-VP-1/1 vertebrae are fragmentary, they
represent the oldest series of hominin cervical vertebrae
known. Because they are so fragile, hominin vertebrae are
especially prone to biolytic and diagenetic degradation, and
only a small number of cervical elements have survived to
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make their way into the fossil record. Serial patterns across the
vertebral column are more informative than isolated elements,
but other than the vertebral column of KSD-VP-1/1 very few
series of cervical vertebrae are known for early hominins. The
3.3 Ma Au. afarensis from Dikika, Ethiopia (Alemseged et al.
2006) and at least two Au. sediba individuals from the
1.95 Ma Malapa site in South Africa (Berger et al. 2010) have
been recovered with serial cervical vertebrae, but details on
these remains are presently forthcoming. These fossils will
eventually enrich our understanding of ontogeny and axial
evolution, but at present the KSD vertebrae provide the first
opportunity to examine serial cervical functional anatomy in
an adult Au. afarensis.

KSD Cervical Vertebrae Descriptions
C2 Vertebra (Axis)

KSD-VP-1/1h is the axis, or second cervical vertebra
(Fig. 5.2) represented by a partial centrum contiguous with
the left pedicle, left lamina, and left inferior articular process.
An isolated right inferior articular process with a small
lamina fragment was also recovered for this element.
Missing from this fossil vertebra is the superior aspect of the
centrum and odontoid process, and the superior articular
facets except for a small posterolateral margin of the left
superior articular facet.

The articular surface shape of the inferior centrum is
somewhat pentagonal, with a transverse width of 16 mm and
dorsoventral height of 17.1 mm. Similar to that of humans,
the centrum is dorsally eccentric, with the widest aspect of
the inferior centrum distributed well toward the dorsal
margin, in contrast to the ventrally eccentric centrum in apes.
In lateral profile, the inferior centrum exhibits dorsoventral
flexion at an angle of 142° and the inferior articular facet is
angled at 123°, sweeping posteroinferiorly from the trans-
verse plane, two features that signal a kinematic
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Fig. 5.1 KSD-VP-1/1 cervical vertebrae. All vertebral elements are in the superior view with the exception of the C2 right articular process, which

is inverted inferiorly

predisposition for a lordotic articulation with the subja-
cent C3 vertebra. A moderately defined inferior median
ventral trigon is preserved on the centrum, which is flanked
laterally by shallow fossae for the tendinous insertion of the
longus colli. The ring apophysis of the inferior centrum
surface is fused, as is seen in adult humans (Byrd and
Comiskey 2007), signaling the mature status of the vertebral
remains.

The preserved left lamina is thick and rugose, with the
superior aspect exhibiting a rounded superior margin. The
inferior and medial aspects of the lamina are slightly abra-
ded. The lamina sweeps dorsomedially for approximately
2 cm but is broken just short of the midsagittal axis anterior
to the laminar dorsal curve and the root of the spinous
process. The minimum width of the lamina at its midpoint is
6.7 mm. Together the centrum and preserved aspect of the
lamina form the left half of a heart-shaped neural canal, with
anterolateral shoulders scooping ventral to the midsagittal
dorsal margin of the centrum. Based on doubling a measure
of the preserved left neural canal to the midline, the trans-
verse width of the neural canal is about 20 mm. Based on a
mirror reconstruction of the vertebra, the dorsoventral neural
canal height is estimated to be 12 mm and reconstructed
neural canal cross-sectional area is estimated to be 2.1 cm?
using NIH ImagelJ software. The spinous process is missing

except for the root of its inferior margin, which seems to
indicate a somewhat superior angle of inflection.

The inferior articular facet is pear shaped and flat on the
ventral articular surface, measuring 11 mm on the super-
oinferior major axis and 9.1 mm on the transverse minor
axis. The reconstructed minimum width between the facets
of the inferior articular processes is 15 mm and the maxi-
mum width between facets is 37 mm, resulting in an inferior
interarticular facet width of 26 mm. The left pedicle is
slightly abraded laterally, but its minimum transverse width
and superior—inferior height may be estimated at 5.4 and
7.5 mm, respectively. The vertebral notch (inferior aspect of
the pedicle representing the dorsoventral dimension of the
intervertebral foramen) measures 6.8 mm. The anterior and
posterior tubercles (cf. transverse processes) are also absent,
but a portion of the left pedicle preserves the medial half of
an obliquely oriented foramen transversarium.

The small posterolateral margin of the left superior artic-
ular facet inclines 55° inferolaterally, an orientation signifi-
cantly steeper than hominins or medium- to large-bodied
primates. Because the small remnant of the superior articular
facet represented may not accurately represent the whole facet
orientation, this anomaly is difficult to assess. It may simply
reflect postmortem distortion, as the left inferior articular
process appears to be slightly skewed inferomedially.
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A.L. 333-101

Fig. 5.2 Comparison of C2 vertebrae (inferior view) with KSD-VP-1/
lh mirror reconstruction. KSD-VP-1/1 and A.L. 333-101 represent
Australopithecus afarensis; SK 854 represents Paranthropus robustus;
Dmanisi represents the D2673 Homo erectus specimen. Note the

The C3 Vertebra

The C3 vertebra (Fig. 5.3) is represented by a mostly
complete centrum (KSD-VP-1/1i) and the right half of
some of the posterior vertebral  components
(KSD-VP-1/1x), including the right superior and inferior
articular processes, complete right half of the lamina and
remnant of the left lamina marking the dorsal apex of the
neural arch. The posterior aspect of the right pedicle pre-
served at its junction with the ventral pars interarticularis,
and although the spinous process is broken and not pre-
served, the confluence of the right and left laminae begin a
curved dorsomedial trajectory signaling the transition from
the lamina to root of the spinous process.

The centrum features an abraded right superior centrum
surface and abraded left inferior surface. This damage
exaggerates the degree of ventral constriction of the vertebra,
which renders a somewhat ape-like appearance. The resul-
tant superior centrum surface is somewhat pentagonal, with
a transverse dimension of 20.5 mm and dorsoventral height
of 14.7 mm. The inferior centrum surface is less angular and
ventrally constricted than the superior surface. Both the
superior and inferior centrum surfaces are dorsally eccentric,
with the widest aspect closest to the posterior margin. The
uncinate processes are dorsally positioned, shallow, and

Dmanisi

anteroinferior tubercle of SK 854, which is the inferior terminus of the
median ventral keel. Inferior views are shown here as the odontoid
processes of the KSD-VP-1/1 and SK 854 specimens are broken
rendering the superior views less informative

feature lateral margins that slightly inflect superolaterally.
The superior ventral margin is slightly abraded but appar-
ently reveals a rounded margin, as is the case in many
non-human primates. Due to the abrasion damage, it is
challenging to discern whether the round sloping margin is
the product of postmortem damage or the true anatomy of
the vertebra. However, like Gorilla C3 vertebrae with the
rounded margins, the superior mid-centrum surface plane is
broken by a very slight bulge that serves as a preamble to the
round sloping ventral margin. The KSD ventral surface
descends and narrows slightly to a moderate transverse waist
and gradually transitions inferiorly to the transversely wider
inferior centrum ventral margin.

The superior articular facet is extremely tall superoinfe-
riorly (14.9 mm) and slightly concave, angled approximately
45° to the transverse plane (based on the orientation of the
superior lamina). The posteroinferior margin of the facet
merges smoothly into the superior aspect of the lamina.
There is a small osteophyte on the right lateral margin of the
superior articular facet at its midpoint that would appear to
be inconsequential. A superior interarticular facet width of
25.7 mm is calculated by mirror imaging the preserved half,
and the facets are obliquely oriented to the dorsal sagittal
midline (line of the spinous process). The pedicle is rela-
tively large, with a transverse width and superior—inferior
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Dmanisi

Fig. 5.3 Comparison of C3 vertebrae (superior view) with KSD-VP-1/
1i mirror reconstruction. Presently, the Dmanisi Homo erectus D2674
specimen represents the only other early hominin fossil at this cervical

height measuring 6.5 and 7 mm, respectively. The preserved
right lamina superior margin is damaged immediately pos-
terior to the superior articular facet, but demonstrates a rel-
atively thick structure with an intact rounded inferior margin.
The right lamina sweeps dorsomedially where it intersects at
the dorsal apex of the neural arch with a remnant of the left
lamina. Together the right and left laminae converge to form
the root of the spinous process. The width of the lamina at its
midpoint is 5 mm with a height of 12 mm. Preservation of
the lamina allows for the reconstruction of a transversely
expanded neural arch measuring 24 mm wide with an esti-
mated dorsoventral length of 12 mm. A reconstructed neural
canal cross-sectional area measures 2.28 cmz, nearly at the
mean for anatomically modern humans of 2.33 cm?.

The C4 Vertebra

The C4 vertebra (Fig. 5.4) consists of a mostly complete
centrum (KSD-VP-1/1j) and left pedicle and articular pro-
cess (KSD-VP-1/1ac) that fit together neatly with the cen-
trum, as well as an associated right articular process, right
lamina, and spinous process root (KSD-VP-1/1z). The

Gorilla

level. Note the transversely expanded neural arch of the KSD-VP-1/1
fossil relative to the apes

superior centrum shape is oval measuring 21 mm in trans-
verse width and 15.4 in dorsoventral length. Because of
damage to the superior ventral margin on the midline, it is
difficult to assess whether the C4 vertebra shares the round,
inferior slope of the superior ventral margin with the
superjacent C3. However, the flat consistency of the pre-
served superior surface and geometry of the lateral portions
of the superior surface and orientation of the ventral centrum
suggest that unlike the C3, the ventral superior margin of this
vertebra dropped vertically. The inferior centrum surface is
shaped similar to the superior surface, but has a small degree
of osteophytosis on the periphery of the right ventral margin.
There is damage to the left side of the inferior centrum that
has sheared off a portion of the ventrolateral surface,
resulting in a diagonal truncation extending from the ventral
margin to the lateral left side.

The fused annular ring is preserved, and especially pro-
nounced at the dorsal margin of the inferior centrum.
Although human C4 vertebrae tend to have a more
kidney-shaped centrum at this level, the centrum is dorsally
eccentric as in humans, with the majority of articular centrum
surfaces dorsal to the widest transverse dimension. The
uncinate processes are dorsally positioned as well, with a
relatively shallow profile. Although the superior aspect of the
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Fig. 5.4 Comparison of C4 vertebrac (superior view) with
KSD-VP-1/1j centrum, KSD-VP-1/1ac left pedicle, and KSD-VP-1/1z
right articular process and neural arch mirror reconstruction. The

right uncinate process is abraded, both appear to have lateral
margins that smoothly slope superolaterally, unlike the
sharply demarcated and vertically oriented uncinate pro-
cesses of Pan. The dorsal aspect of the centrum is notable for
the presence of a median dorsal keel, an hourglass-shaped
buttress of bone reinforcing the dorsal centrum often seen in
humans at the middle cervical levels. Two small vascular
foramina enter the dorsal centrum on the lateral sides of the
median keel at the midpoint of constriction.

The left pedicle is tall, with slight damage to the inferior
margin, but can be reliably measured at 8.9 mm superoin-
feriorly. Greater damage to the ventral aspect of the pedicle
precludes measurement of its transverse dimensions. Ante-
rior to the left pedicle is the posterior half of the foramen
transversarium with a diameter of 3.5 mm. The right artic-
ular processes are represented by a complete superior artic-
ular facet measuring 14.9 mm superoinferiorly and 11.8 mm
transversely, the pars interarticularis (lateral mass), and an
inferior articular facet broken in half in an inferoblique
direction. Like the left superior articular facet, the inferior
facet is flat, but more oblique and transverse in its orientation
to the sagittal midline axis. The preserved portion of the
right inferior articular process presents a slightly cuplike or
convex facet. The dorsal aspect of the right inferior articular

Gorilla

KSD-VP-1/1 C4 vertebra is presently the sole representative of this
cervical element for early hominins older than 3 Ma

process features a small but pronounced lateral tubercle for
the multifidus spinae, a small muscle that attaches from the
dorsal aspect of the articular processes in C4—C7 vertebrae to
a superjacent spinous process for joint stabilization and
proprioception, as well as assisting in extension.

The articular process complex is broken anteriorly at the
root of the pedicle, but is continuous with the right lamina
posteriorly which preserves half of the neural arch. The
superior margin of the right lamina is somewhat sharp
immediately posterior to the superior articular process but
thickens dorsally as it continues to form the dorsal apex of
the neural arch at the confluence with the left lamina. The
spinous process is absent, broken at its root just past the
point of laminar curvature. Preservation of portions of both
the right and left neural arch and articular processes allow
for a superior interarticular facet width measurement of
35.5 mm and a neural canal area of 2.23 cm®.

The C5 Vertebra

The C5 vertebra (Fig. 5.5) is represented by a mostly com-
plete centrum (KSD-VP-1/1k), the left articular process, left
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KSD-VP-1/1

Gorilla

Fig. 5.5 Comparison of C5 vertebrae (superior view) with KSD-VP-1/1 k mirror image reconstruction. Presently, the KSD-VP-1/1 CS5 vertebra is

the sole representative of this cervical element for early hominins

pedicle and small extension of lamina (KSD-VP-1/1aa), and
right articular process (KSD-VP-1/1y). The superior centrum
shape is damaged on the right dorsolateral side but renders a
clear oval in shape that is dorsally eccentric, with a trans-
verse width of 24 and 15.6 mm dorsoventrally. A very
shallow left uncinate process is preserved with low margins
sloping superolaterally. The uncinate process is dorsally
distributed with its superior apex distributed toward the
dorsal centrum margin. The right uncinate is damaged but its
morphology suggests bilateral symmetry with the left pro-
cess. The inferior centrum surface is abraded with some of
the posterior bone missing. The inferior centrum surface
ventral margin is rounded, countered by a more angular
dorsal surface. A thin osteophytic lip runs along the
periphery of the inferior ventral centrum forming a small
demi-ring of bone projecting anteroinferiorly approximately
1.5 mm at its maximum along the right margin. This lipping
is more pronounced than the minimal osteophyte expression
on the superjacent C3 vertebra.

This vertebra features both a bilateral concavity on the
ventral surface and the faint indication of a median keel on the
dorsal surface. The thickened bone along the midline between
the concavities is often seen in humans and is reminiscent of
the buttressing or median ventral keel, but differs in being
transversely expanded relative to the thinner and more ever-
ted buttress in non-human primates. This bilateral concavity
1s most noticeable in the C5 level, and to a much lesser extent
on the other KSD cervical centra. The median dorsal keel in
this vertebra is not as pronounced as in the C3, apparently due
to postmortem erosion of the dorsal surface.

The left pedicle is separated from the centrum by a break
that obliterates its superior and ventral aspect, but preserves a
curved medial border making up the left neural canal’s
transverse maximal. A small remnant of the right pedicle
curves anteromedially from the articular process providing
the right neural canal lateral border. The inferior articular
facets are damaged; however, both superior articular facets
preserve very tall facet surfaces measuring 14.4 mm
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superoinferiorly and 11.8 mm transversely, with a recon-
structed interarticular facet width measurement of 36.8 mm.
Both superior articular facets are relatively flat and orient
obliquely to the dorsal sagittal midline, blending smoothly
into the left lamina posteriorly. The lamina tapers narrowly
dorsally and breaks roughly halfway along its formation of
the left neural arch. The right lamina is broken and absent
immediately posterior to the superior articular process, but its
dorsomedial curved trajectory provides the root of the neural
arch. A reconstructed neural canal transverse dimension of
27.5 mm and estimated anteroposterior length of 16 mm
produce a heart-shaped neural canal with an area of 2.23 cm?.

The C6 Vertebra

The C6 vertebra (Fig. 5.6) is represented only by a large
centrum (KSD-VP-1/11). Its superior shape is reniform and
dorsally eccentric, measuring 26 mm transversely and
16.5 mm dorsoventrally. There is considerable breakage on
the right lateral margin, but the right ventral margin presents
a small degree of osteophytic lipping matching that of the
superjacent C5 inferior surface. The left superior surface is
nearly intact, preserving a low uncinate process with very
shallow superolaterally sloping margins. The right uncinate
process margins are poorly represented due to damage, but

the root of the uncinate matches the smooth slope of the
complete left side, signaling a very shallow uncovertebral
joint morphology as in humans.

The inferior surface is marked by two pathological indi-
cations: osteophytic lipping (Spondylosis deformans) and
the apparent presence of a Schmorl’s node, indicative of
rupture of the intervertebral disc and invagination through
the plane of the centrum endplate. The Schmorl’s node is
relatively shallow, irregularly shaped, and localized slightly
dorsal to the midpoint of the inferior centrum surface. There
is moderately severe osteophytic lipping that maximally
projects 5 mm ventrolaterally from the right inferior centrum
margin. The left side of the inferior centrum is damaged and
missing aspects of the posterolateral surface. The dorsal
centrum surface is perforated by two vascular foramina, and
presents the ventralmost root of the right pedicle. The
anterior centrum is marked by invasive damage, but offers a
transversely concave profile sharply delineated by the
superior and inferior margins.

The C7 Vertebra

The C7 vertebra (Fig. 5.7) is represented by the right artic-
ular processes, articular pillar, root of the posterior tubercle
of the transverse process, and right lamina (KSD-VP-1/1ad,

KSD-VP-1/1

Gorilla

AL.333-106

Fig. 5.6 Comparison of C6 vertebrae (superior view). Presently, A.L. 333-106 (Au. afarensis) represents the only penecontemporaneous early
hominin fossil at this cervical level for comparison with the KSD-VP-1/1 C6 vertebra
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KNM-WT 15000

Gorilla

KSD-VP-1/1

Fig. 5.7 Comparison of C7 vertebrae (superior view) with KSD-VP-1/1 mirror reconstruction. Presently, KNM-WT 15000 (H. erectus) represents
the only other published early hominin fossil at this cervical level for comparison with the KSD-VP-1/1 C7 vertebra

KSD-VP-lae, KSD-VP-1/1af and KSD-VP-1/1ag), and by
an isolated left articular process and articular pillar
(KSD-VP-1/1ab). The right superior articular facet is obli-
quely oriented to the dorsal sagittal midline, with a
pear-shaped flat surface. There is damage perforating the
facet’s inferior aspect at the junction with the lamina. The
superior articular facet is tall with a superoinferior height of
14.8 mm and transverse width of 11.8 mm, and a recon-
structed interarticular facet width of 39.5 mm.

Abrasion marks the superior margin of the right lamina,
which extends posteriorly to preserve most of the right half of
neural arch. As is the pattern in the superjacent vertebrae,
there is no spinous process, as the lamina is broken at the point
where the dorsomedial trajectory of the neural arch makes its
transitional curve to the sagittal axis. The pars interarticularis
is broken at the superior limit of the inferior articular process.
The right lamina is similar in robusticity to modern humans at
14.9 mm in superoinferior height and 5.2 mm thick. There is
no laminar fossa behind the superior articular facet, which can
indicate the presence of lordosis in the human lumbar region
as it signals imbrication of the superjacent inferior articular
process inferiorly during extension.

The right inferior articular facet resembles its superior
counterpart in shape but exhibits more of a cuplike con-
cavity. The superior lateral shoulder of the dorsal inferior
articular process has a pronounced tubercle for the multifidus
spinae muscle. The two facets are separated by an anteror-
laterally concave articular pillar, from which the root of the
transverse process emerges. The articular pillar is similar to
humans and much thicker than that of Pan. Although the
right transverse process is broken just proximal to the pos-
terior tubercle, its caliber and trajectory indicate a relatively
gracile morphology with an inferolateral orientation.

Materials and Methods

The extant sample selected for comparison is composed of
520 cervical vertebrae from anatomically modern humans
(N = 59 individuals), Pan (N = 26), and Gorilla (N = 21).
The African ape vertebrae are all from wild-shot adults with
complete secondary synostosis. Human vertebrae are also
fully fused from individuals 17-50 years of age at the time
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of death (N = 59), the majority of which come from the
Hamann-Todd Osteological Collection housed at the
Cleveland Museum of Natural History. The human sample
also includes indigenous San and Bantu individuals (N = 6)
from the Transvaal Museum and Witwatersrand University,
indigenous Kikuyu from the National Museums of Kenya
(N = 11), and Natufians from El Wad and Kebara curated at
the Peabody Museum at Harvard University (N = 5).
Because aspects of human vertebral morphology are related
to somatotype, ancestry, climate, and lifeways (Abbie 1957;
Grave et al. 1999; Huggare 1992; Snodgrass and Galloway
2001), this study avoided the use of a Eurocentric compar-
ative population (8% of the sample). The sex ratio across the
sample group was nearly even for each taxon, although this
varies slightly in some analyses where vertebral elements are
broken or missing and/or measurements were not collected.
None of the vertebrae in the extant comparative sample
exhibit pathological, developmental, traumatic, or degener-
ative malformations.

Because of the fragile nature of cervical vertebrae, the
comparative fossil sample is very limited, especially for early
hominins. Australopithecus afarensis is solely represented by
the A.L. 333-101 C2 vertebra and by the A.L. 333-106 C6
vertebra dated to 3.3 Ma (Lovejoy et al. 1982). Paranthropus
robustus is represented by SK 854, a C2 vertebra dated to
1.8 Ma (Broom and Robinson 1949; Napier 1959; Robinson
1972). Homo erectus is represented by KNM-WT 15000R, a
C7 vertebra dated to 1.6 Ma (Brown et al. 1985; Walker and
Leakey 1993), and D2673 and D2674, a C2 and C3 vertebra,
respectively, from Dmanisi (Meyer 2005; Lordkipanidze
et al. 2007). Not considered in this analysis was the C7
vertebra KNM-ER 164 from Koobi Fora originally attributed
to Homo erectus (Day and Leakey 1974), which was later
identified as modern human (Meyer 2003) from an intru-
sional deposit (Alan Walker, personal communication).
Although many Neandertal cervical vertebrae are known
(i.e., Shanidar 2, La Chapelle-aux-Saints), only casts of cer-
vical vertebrae from Kebara and La Ferrassie from the
American Museum of Natural History in New York were
examined for this analysis. Limited data from Homo heidel-
bergensis were also collected from scaled images and pub-
lished measurements from Gomez-Olivencia et al. (2007).

Linear measurements (Table 5.1) are in accordance with
Cook et al. (1983), Ward (1991), Latimer and Ward (1993),
and Meyer (2005). Angles and areas were calculated from the
Image] software platform (National Institute of Health).
Estimation of area using the traditional mathematical method
(PI x long axis x short axis)/4) is incumbent with error in
assuming perfect circularity or ovality in a feature, which is
not the case in vertebral elements which are often kidney
shaped, pentagonal, triangular, or heart shaped. Several
analyses here employ the geometric mean, which has been
shown to be effective in combining multiple measurements

into a single proxy of size (Mosimann 1970; Jungers et al.
1995; Gordon et al. 2008). This statistic is useful for isolated
vertebrae where dividing variables by the geometric mean
serves to control for size in the absence of associated skeletal
remains (cf. Darroch and Mosimann 1985; Lleonart et al.
2000) and captures size variation more consistently than
single linear variables (Jungers et al. 1995). Simple ratios of
paired variables were utilized in some cases to examine shape
as per Thompson (1961), which effectively standardizes
individuals to the same size, but may not remove undesired
size effects because they maintain their size-dependent shape
due to allometry (Lleonart et al. 2000) and are meaningful
only if growth is isometric.

One way to eliminate size effects with allometric growth
is to perform principal component analysis (PCA) and dis-
card the first component (a method known as “shearing”)
and interpret subsequent axes as shape data (Blackith and
Reyment 1971; Palmqvist et al. 1999), as the first principal
component typically correlates positively with size (Joli-
coeur and Mosimann 1960; Shea 1985). Although shearing
did not radically change the results of analyses, both stan-
dard PCA and sheared PCA results are presented here for
comparison. For the comparison of two groups, p values
were calculated by two-tailed unpaired student’s ¢ test.
Multiple comparisons were performed by the Tukey—
Kramer HSD method. Tukey—Kramer HSD is an extremely
conservative statistical test for multiple comparisons, which
corrects for experiment-wise error rate.

Vertebral Centrum

Centrum Size

The sizes and shapes of cervical centra (vertebral bodies) are
important to understand axial scaling and overall function, as
the pattern of load transmission in the thoracic and lumbar
column of modern Homo differs from that of all other extant
primate taxa. Superoinferiorly short and transversely
expanded centra in modern humans transmit loads vertically,
whereas the long and dorsoventrally expanded centra in
African great apes effectively act as a strut-like beam inter-
posed between the hindlimbs and forelimbs better suited to
support ventral viscera and resist flexion in the sagittal plane
(Cartmill et al. 1987; Boszczyk et al. 2001).

In terms of overall size, cervical vertebrae of KSD-VP-1/1
are large, especially those inferior to the C3 level (Fig. 5.8,
Table 5.2). Australopithecine lumbar and thoracic centra
have been described as relatively small relative to humans
(Robinson 1972; Sanders 1996, 1998), yet the sizes of the
KSD-VP-1/1 cervical vertebrae caudal to the C3 level are
larger than the human mean and closer to gorilla values.
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KSD-VP-1/1

Fig. 5.8 Anterior view (top) and lateral view (bottom) of anatomically modern human, KSD-VP-1/1, and Pan cervical vertebrae from the C2 to
C7 level

Table 5.1 KSD-VP-1/1 selected vertebral measurements (mm) by element

Vertebral Neural Neural Superior Superior Inferior Inferior Dorsal Ventral Superior

level canal canal centrum centrum centrum centrum centrum centrum interfacet
transverse length transverse length transverse length height height width
width width width

C2 20 12 - - 18 17.1 - - -

C3 24 12 20.5 14.7 16 14.5 12.9 9.9 323

C4 23 13.5 21 154 20.5 16.2 13.7 13.5 355

C5 27.5 16 24 15.6 21 17 14.5 13 36.8

C6 - - 26 16.5 24 19 17.8 12.1 -

C7 26 14.5 — - - — — — 39.5
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Table 5.2 Centrum geometric mean (Nth root of 7 centrum dimensions) by element

Group N C2 N C3 N C4 N C5 N (@) N C7 Mean
C2-Co6

Gorilla 18 14.2% 19 15.6%* 10 15.6* 10 15.9%* 10 17.4% 10 18.6%* 15.7
(1.9) (1.9) 1.7) (1.5) 2.0) 2.0)

Pan 18 10.9% 19 11.7% 10 11.6* 10 11.9* 10 12.9%* 10 14.1%* 11.8
(0.8) (0.8) 0.4) 0.4) 0.5) 0.7)

AMH 51 13.3h 50 14.4h 22 14.0h 20 14.0n 21 14.7» 21 15.9" 14.1
(1.0) (1.1) (1.0) (1.5) (1.4)

KSD 1 12.0 1 12.0 1 15.8 1 16.7 1 17.3 - 14.8

A.L. 333 - - - - 1 13.1 - -

SK 854 1 10.9 - - - - - -

WT-15K - - - - - 1 13.2 -

Dmanisi 1 12.2 1 10.7 - - - - -

ATA - 2 12.2 - - - - -

(1.0)
Neand - 2 - - 1 13.2 - 1 14.2 -

Despite the small upper cervical elements, the mean size of the vertebral bodies in the whole KSD-VP-1/1 column is slightly larger than the mean
for anatomically modern humans. Because the KSD-VP-1/1 C2 vertebra is missing aspects of the centrum, a similar but separate geometric mean
was calculated for this element for reference. AMH = anatomically modern humans, KSD = KSD-VP-1/1, A.L. 333 = Au. afarensis, SK 854 = P.

robustus, WT 15 K = KNM-WT 15000 H. erectus, Dmanisi

H. erectus, ATA = H. heidelbergensis (Atapuerca), Neand = Neandertal.

* = different from humans p < 0.05; h = different from apes p < 0.05. Standard deviations appear in parentheses

Vertebrae can be used as an effective tool for sex assessment
(Wescott 2000; Ostrofsky and Churchill 2013), and like the
femoral head, centrum geometric mean values in the present
sample are sexually dimorphic in Gorilla (p < 0.0001) and
humans (p < 0.0002), although not in Pan. At the C6 level,
for example, the centra of anatomically modern human males
are 10% larger (CV = 9.8), 22% larger in male Gorilla
(CV = 11.7), but only 3% larger in Pan males (CV = 4.1).
The KSD-VP-1/1 C6 centrum is 32% greater than its putative
female counterpart A.L. 333-106, supporting studies that
note a degree of sexual dimorphism in Au. afarensis com-
parable to Gorilla (McHenry 1992; Lockwood et al. 1996;
Gordon et al. 2008; Kimbel and Delezene 2009).

The centrum geometric mean for each vertebra was cal-
culated as the 7th root of the following seven linear
dimensions: superior and inferior centrum transverse widths,
superior and inferior centrum dorsoventral lengths, and
ventral, lateral, and dorsal centrum superoinferior heights
(Meyer 2005). The advantage of using the centrum geo-
metric mean is that it offers a size control for isolated ver-
tebral elements without associated postcranial materials and
avoids the confounding effect of differing locomotor regimes
on femoral head size. All centrum geometric means signif-
icantly correlate with femoral head measures (e.g., C3 level,
= 0.80, p > 0.001, N = 89), highlighting the utility of
centrum geometric mean as basic size measure across
species.

As in humans and apes, the centra of KSD-VP-1/1 exhibit
a caudal size increase, but the increase is dramatically
greater than that of the other sample groups (Fig. 5.9). The
cervical spine in humans is typically pyramidal, with cen-
trum sizes increasing in the caudal direction (Pope 2001; van

Roy et al. 2001). In the lumbar column, centrum size
increases may reflect the cumulative load borne by each
element (Nordin and Weiner 2001) and be especially large in
cursorial mammals due to amplified load magnitudes in
running (Cartmill and Brown 2013). However, because
non-cursorial apes share caudally progressive increases in
cervical centrum size, the caudal size increases almost cer-
tainly relate to lordosis. In the hominin lumbar spine,
pyramidal increases in centrum widths are correlated with
articular facet widths enabling contiguous facets to imbricate

e
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WT-15&
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Fig. 5.9 Centrum geometric mean in C3—-C7 vertebral levels. In all
groups, centra sizes increase caudally. Note that A.L. 333-106 falls on
the Pan mean and, by contrast, below the C3 level, the KSD-VP-1/1
centra (dotted line) are larger than the mean for anatomically modern
humans (AMH). KSD = KSD-VP-1/1, A.L. 333 = Au. afarensis, SK
854 P. robustus, WT-15k KNM-WT 15000 H. erectus,
Dmanisi = H. erectus, ATA = H. heidelbergensis (Atapuerca),
Neand = Neandertal
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Fig. 5.10 Centrum shape index in C2-C7 vertebral levels (centrum
transverse width/centrum anteroposterior length). Except for the C2
vertebra, the KSD-VP-1/1 specimens (indicated by arrows) fall within
the 95% distribution ellipse for modern humans (shaded). Note that the
more diminutive hominin fossils fall closer to (or within) the
distribution for Pan than do the KSD-VP-1/1 fossils. The C2 bivariate
plot represents only inferior centrum dimensions as the odontoid and

in extension, which facilitates lumbar lordosis (Latimer and
Ward 1993). Similarly, the shared pattern of increasing
centrum size in the cervical column may reflect the fact that
humans and apes all exhibit cumulative lordosis in the cer-
vical vertebral column (see analyses below) as all sample
groups in the present study exhibit an increase in centrum
size in the caudal direction (Fig. 5.10).

Centrum Width

As in all of the comparative sample groups, the shape of the
vertebrae of KSD-VP-1/1 increases in transverse width in the
caudal direction (Table 5.3). Although the shape index
(centrum transverse width/dorsoventral length) in the
KSD-VP-1/1 vertebrae indicates centra that are narrower than
the modern human mean and closest to the mean shape index
for Pan, they fall within the range of modern humans. In
response to the subtle lateral shifts offsetting higher vertical
load vectors during bipedal locomotion, modern humans
feature especially enlarged transverse thoracic and lumbar
centrum dimensions relative to quadrupeds (Meyer 2008). By
contrast, the typical primate vertebra is transversely narrower
and dorsoventrally expanded to optimally resist flexion in the

centrum dimensions are not analogous. KSD = numerals indicating
vertebral level, modern humans = solid points, Pan = open circles,
Gorilla = open squares, A = A.L. 333-106 Au. afarensis, D = Dmanisi
H. erectus, W = WT 15000 H. erectus, T = H. heidelbergensis
(Atapuerca), N = Neandertals, P = SK-854 P. robustus. Bivariate
normal ellipses P = 0.95%. All measurements are in millimeter

sagittal plane (Boszczyk et al. 2001). Shape data here are
consistent with this pattern, as centra at each cervical level in
humans tend to be relatively wider than those other taxa,
although shape index values broadly overlap across taxa, and
may partially be a product of scale rather than indicate pos-
tural differences (Fig. 5.3).

Transverse Centrum Distribution

Like modern humans and other bipeds, the widest transverse
dimensions of the KSD-VP-1/1 centra are skewed toward the
dorsal centrum margins (dorsally eccentric), whereas at each
vertebral level, the African great apes have centra surfaces
that are wider toward the ventral margins (ventrally eccen-
tric) (Fig. 5.11; Table 5.4). As a result, cervical centra in
apes are structured to better resist flexion in the sagittal plane
and ventral shear that accompanies pronograde posture and
locomotion. Dorsal eccentricity of the centrum surfaces in
bipedal hominins results in centrum better apportioned to
resist higher magnitudes of loading toward the dorsal aspect
of the centrum associated with a lordotic cervical column in
upright posture. Accordingly, the dorsally eccentric centrum
in modern humans corresponds to a nucleus pulposus that is
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Table 5.3 Centrum shape index by element (centrum transverse width/centrum dorsoventral length)

Group N C2 N C3 N C4 N C5 N C6 N Cc7 Mean
C2-C6

Gorilla 19  0.96* 19 1.09* 10 1.14% 10 1.25% 10 1.33* 10 1.47* 1.15
0.2) 0.1) 0.1) 0.1) 0.1) 0.2)

Pan 20 1.10% 20 1.25% 11 1.28%* 11 1.34%* 10 1.42% 11 1.60 1.28
0.2) 0.1) 0.1) 0.1) 0.1) 0.2)

AMH 55 1.22h 56 1.39h 28 1.42h 26 1.48" 28 1.55" 28 1.72 1.41
0.1) 0.1) 0.1) 0.1) 0.1) 0.1)

KSD 1 1.05 1 1.25 1 1.32 1 1.38 1 1.41 - - 1.28

A.L. 333 - - - - - - - - 1 1.45 - - -

SK 854 1 1.33 - - - - - - - - - - -

WT-15K - - - - - - - - - - 1 1.74 -

Dmanisi 1.08 1.36 - - - - - - - - -

ATA 3 1.5%h 2 1.61h - - - - - - - - -
0.1) 0.4)

Neand 1 1.14 2 1.39 0 - 1 1.71k - - 1 1.44 -

(0.0)

Ratio values were logarithmically transformed for statistical testing. AMH = anatomically modern humans, KSD = KSD-VP-1/1, A.L. 333 = Au.

afarensis, SK 854 = P. robustus, WT 15 K = KNM-WT 15000 H. erectus, Dmanisi =

H. erectus, ATA = H. heidelbergensis (Atapuerca),

Neand = Neandertal. * = different from humans p < 0.05; h = different from apes p < 0.05. Standard deviations in parentheses

Fig. 5.11 Transversely widest point of inferior centrum in Pan (left) and
anatomically modern humans (right). At each vertebral level, apes have
ventrally eccentric centra, whereas hominin centra are dorsally eccentric

positioned slightly dorsal to the center of the intervertebral
disc and functions to distribute vertical compressive forces
(Humzah and Soames 1988). Dorsally eccentric centra in the
KSD-VP-1/1 vertebrae signal that the nucleus pulposus in
each vertebra was skewed toward the dorsal centrum surface
and provides evidence that load mitigation in its cervical
spine was comparable to modern humans and essentially
dissimilar from the African great apes.

Centrum Heights

Because the KSD-VP-1/1 vertebral series possesses a
number of consecutive elements, the length of the cervical
column may be compared to other taxa, and by extension
the length of the physiological neck segment. Although
australopiths are typically described as smaller than humans
in most postcranial features, the total physiological length

of the KSD-VP-1/1 cervical column from C3 to C6 is
51.8 mm, which is greater than the modern human mean of
47 mm. This is despite a superoinferior height in its C3
vertebra that is shorter than the human mean and similar to
that of Pan (Table 5.5). As the putatively female A.L. 333-
106 is at the mean value of modern humans, it appears that
neck length in Au. afarensis was equal to or greater in
length than that of modern humans. Centrum midsagittal
heights are thought to be genetically determined and
unaffected by mechanical loading (Hinck et al. 1966;
Ogden and Ganey 2003), rendering absolute centrum
heights functionally uninformative, as there is broad dis-
tributional overlap among taxa of differing locomotor
regimes in the sample. Centrum heights were calculated as
the average of each element’s ventral and dorsal cranio-
caudal midsagittal heights (Ward 1991).

By contrast, relative superoinferior centrum heights
produce size-corrected values that are morphologically
and biomechanically more informative as they neatly
partition most bipeds from the knuckle-walking African
great apes. Despite their large absolute heights, relative
centrum heights (centrum superoinferior height/centrum
transverse width) of the KSD-VP-1/1 fossils match the
modern human pattern of craniocaudally short cervical
centra (Table 5.6). As in the lumbar column, cervical
centra superoinferior heights identify general postural
adaptation among primates, as more orthograde primate
taxa exhibit reduced centrum heights (Nalley 2013). Thus,
superoinferiorly short centra in the KSD-VP-1/1 skeleton
are entirely expected for an obligate biped; yet, the cen-
trum height of the C6 vertebra of A.L..333-106 falls on the
mean for Gorilla, which, like Pan, exhibits significantly
narrower and taller cervical vertebrae than hominins
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Table 5.4 Percentage of centrum posterior to widest transverse dimension by element

Group N Cc2 N C3 N C4 N C5 N C6 N C7 Mean
C2-C6

Gorilla 20  66* (16) 18  67%(13) 12 57*(16) 12 62*(13) 14 54 (11) 13 51(5 61
Pan 17 66%(13) 18 68*(18) 12 70*(17) 11  73*(15) 12 63*(15) 13 52(10) 68
AMH 43 28" (10) 42 25" (9) 28 26" (8) 23 29" (13) 22 43 (15) 19 41715 30
KSD 1 20h 1 30 1 34 1 42 1 30 - - 31
A.L. 333 - - - - - - - - 1 25 - - -
S.K. 854 1 37 - - - - - - - - - -
WT-15000 - - - - - - - - - - 1 45 -
Dmanisi 1 38 1 44 - - - - - - - - -
ATA - - 2 40 (1) - - - - - - - - -
Neand — — — — — — — — — — — — —

KSD-VP-1/1 is very near the mean for anatomically modern humans (AMH). Ratio values were logarithmically transformed for statistical testing.

AMH = anatomically modern humans, KSD = KSD-VP-1/1, A.L. 333 =

Au. afarensis, SK 854 = P. robustus, WT 15 K = KNM-WT 15000 H.

erectus, Dmanisi = H. erectus, ATA = H. heidelbergensis (Atapuerca), Neand = Neandertal. * = different from humans p < 0.05; h = different from

apes p < 0.05. Standard deviations in parentheses

Table 5.5 Superoinferior centrum height (mm) by element

Group N C3 N Cc4 N C5 N Cc6 N Cc7 Sum C3-C6
Gorilla 19 14.2% (2.0) 10 14.2% (1.7) 10 14.8% (1.8) 10 15.4% (2.0) 10 15.2% (1.2) 58.6

Pan 20 11.1 (1.6) 11 10.8 (1.7) 11 11.0 (1.6) 11 11.1 (1.5) 11 11.3*% (1.7) 44.1

AMH 56 12.2 (1.5) 27 11.8 (1.4) 24 11.5 (1.3) 26 11.6 (1.4) 26 12.92 (1.5) 47.0

KSD 1 114 1 13.6 1 13.8 1 13.1 - - 51.8

A.L. 333 - - - - - - 1 11.5 - - -

WT-15K — - - - - - - - 1 8.7 -

Dmanisi 1 6.9* - - - - - - - - -

ATA 2 8.0* (1.2) - - - - - — - — -

Neand 2 109 (1.2) 1 11.6 2 10.5 (1.0) 2 10.7 (0.5) 1 11.5 43.6

The mid-cervical vertebrae in KSD-VP-1/1 are taller than the mean for anatomically modern humans, whereas Au. afarensis C6 (A.L. 333-106)
matches human heights. Low values in Neandertal (Neand) and H. heidelbergensis (ATA) accord with the observations of Gomez-Olivencia et al.
(2007) of craniocaudally low vertebrae compared to modern humans. Low values in the juvenile H. erectus specimens (Dmanisi and KNM-WT
15000) are due to lack of secondary ossification of end-plate epiphyses forming the ring apophysis and are not comparable with fused adult centra.

AMH = anatomically modern humans, KSD = KSD-VP-1/1, A.L. 333 =
erectus, ATA = H. heidelbergensis (Atapuerca), Neand = Neandertal. *

Standard deviations in parentheses

superior to the C7 level. Not surprisingly, C7 vertebrae
across the sample taxa converge toward a common value,
as the cervicothoracic joint experiences the lowest range
of functional variability in the cervical column in primates
and serves primarily as a fixed haft between the neck and
trunk (Graf et al. 1995).

Centrum Morphology

Human cervical centra differ from those of quadrupedal
primates in that the ventral surfaces are less constricted
transversely and lack the narrow ventral “waist” interposed
between the superior and inferior surfaces typical of the
great apes. With the exception of the C7, transverse ventral
constriction (waisting) is prominent in the apes, and because
it is an expression of shape, not size, absolute transverse

Au. afarensis, WT-15 k = KNM-WT 15000 H. erectus, Dmanisi = H.
= different from humans p < 0.05; h = different from apes p < 0.05.

values are uninformative and require size correction for
analysis. Relative centrum waist values (minimum ventral
transverse width/ventral centrum superoinferior height)
capture these shape variances and produces significant dif-
ferences between the transversely expanded human centra
and the narrow waisted centra of the African great apes
(Table 5.7). Although accurate measurements of the ventral
centrum waist on the KSD-VP-1/1 C5 and C6 centra are not
reliable due to postmortem damage of the lateral margins of
the centra, the well-preserved C3 and C4 vertebrae are
transitional in this dimension, with values intermediate to
modern humans and Gorilla.

The functional implications of ventral centrum waisting
are presently unexplored, but the reduction of ventral
waisting probably relates to the general pattern of cranio-
caudal height reduction and transverse expansion of the
hominin cervical column. The centrum waist, or pronounced
transverse constriction of the ventral centrum, is a feature
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Table 5.6 Relative centrum height (centrum superoinferior height/centrum transverse breadth) by element

Group N C3 N C4 N C5 N Co6 N C7 Mean C3-C6
Gorilla 19 0.88% (0.1) 10 0.87* (0.1) 10 0.88* (0.1) 10 0.76* (0.0) 10 0.67 (0.1) 0.85

Pan 20 0.97* (0.1) 11 0.92* (0.1) 11 0.87* (0.1) 11 0.75* (0.1) 11 0.68 (0.1) 0.88

AMH 56 0.73" (0.1) 27 0.70" (0.1) 24 0.66" (0.1) 26 0.62" (0.1) 26 0.65 (0.1) 0.68

KSD 1 0.75 1 0.74 1 0.72 1 0.61 - - 0.71

AL. 333 - - - - - - 1 0.76 - - -

WT-15K - - - - - - - - 1 0.47 -

Dmanisi 1 0.48" - - - - - - - - -

ATA 2 0.47*%h (0.1) - - - - - - - - -

Neand 2 0.60" (0.0) 1 0.63 2 0.58 (0.0) 2 0.50" (0.0) 1 0.68 0.58

Despite their large absolute sizes, the KSD-VP-1/1 vertebrae share a short and broad vertebral structure with modern humans. Ratio values were
logarithmically transformed for statistical testing. AMH = anatomically modern humans, KSD = KSD-VP-1/1, A.L. 333 = Au. afarensis,
WT-15 k = KNM-WT 15000 H. erectus, Dmanisi = H. erectus, ATA = H. heidelbergensis (Atapuerca), Neand = Neandertal. * = different from
humans p < 0.05; h = different from apes p < 0.05. Standard deviations in parentheses

Table 5.7 Centrum ventral waist (minimum ventral transverse width/ventral centrum superoinferior height) by element

Group N C3 N C4 N C5 N Co6 N Cc7 Mean C3-C4
Gorilla 18 1.11%* (0.2) 8 1.19%* (0.1) 9 1.28* (0.1) 9 1.55% (0.1) 9 2.05 (0.2) 1.15

Pan 17 1.05%* (0.2) 8 1.10* (0.1) 8 1.29%* (0.2) 8 1.55% (0.3) 8 2.15 (0.2) 1.08

AMH 41 1.61" (0.2) 16 1.73" (0.3) 14 1.76M (0.3) 14 1.97" (0.3) 14 2.07 (0.3) 1.67

KSD 1 1.48 1 1.32 - - - - - - 1.40

A.L. 333 - - - - - - 1 1.52 - - -

ATA - - - - - - - - - - -

Neand 1 1.78h - - - - - - - - -

With the exception of the C7, African great ape ventral centra are significantly more constricted transversely than those of KSD-VP-1/1, modern
humans (AMH) and Neandertals (Neand). Note that the putatively female A.L. 333-106 (C6 vertebra) exhibits the primitive ape-like morphology.
Ratio values were logarithmically transformed for statistical testing. AMH = anatomically modern humans, KSD = KSD-VP-1/1, A.L. 333 = Au.
afarensis, WT-15 k = KNM-WT 15000 H. erectus, Dmanisi = H. erectus, ATA = H. heidelbergensis (Atapuerca), Neand = Neandertal.
* = different from humans P < 0.05; h = different from apes p < 0.05. Standard deviations in parentheses

that is often accompanied by a median ventral keel, a feature
which serves to buttress ventral loading (Kikuchi et al. 2012)
and appears variably in the African great apes. None of the
KSD-VP-1/1 cervical vertebrae exhibit median ventral keels;
instead, the C4 vertebra possesses a median dorsal keel, a
structural buttressing often seen in modern humans
(Fig. 5.12). The dorsal keel of KSD-VP-1/1 complements its
dorsally eccentric superior and inferior centrum endplate
surfaces, signaling a shift from the ventral axial loading
regime typical of primates to the dorsally eccentric loading
regime of orthograde bipedalism. These findings are incon-
sistent with the polemical “aquatic ape” hypothesis (Wes-
tenhofer 1942; Hardy 1960; Morgan 2002) as a strong
median ventral keel is universal among medium-bodied
aquatic mammal vertebrae (author’s unpublished data).

In contrast to some of the derived aspects of vertebral
anatomy in the KSD-VP-1/1 vertebrae, the morphology of
the superior ventral margin of the C3 centrum is rounded and
slopes inferiorly, as is the case in many primates (e.g.,
Papio, Gorilla and often in Pan) but not in humans
(Fig. 5.13). Rounded, inferiorly sloping margins in primate
centra are associated with enhanced joint excursion (Deane

et al. 2012) relative to modern human C3 vertebrac with
sharply defined ventral margins that would allow for an
increased range of ventral flexion on the sagittal plane. Some

Fig. 5.12 Median anterior keel versus posterior keel (images not to
scale); A median anterior keel on Gorilla C7 vertebra, B median
anterior keel on Ateles C2 vertebra, C median posterior keel on the
KSD-VP-1/1 C4 vertebra
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Dmanisi

Fig. 5.13 Comparison of C3 vertebrae in anterior view. Unlike
modern humans and Dmanisi H. erectus, the superior ventral margin of
the KSD-VP-1/1 C3 centrum is rounded and slopes inferiorly. As in
many primates (e.g., Papio, Gorilla and often in Pan), this morphology

of the morphology may reflect postmortem distortion,
although it is very possible that the ventrally sloping C3
represents reciprocal orientation of the centrum to the ple-
siomorphic orientation of the occiput in Awu. afarensis.
Although the foramen magnum of Au. afarensis is relatively
anterior (Kimbel et al. 1984) and closer in position to
modern humans than many later hominins (Nevell and
Wood 2008), the basicrania of Au. afarensis feature a pos-
teroinferiorly oriented foramen magnum closest to Pan,
unlike the anteroinferior orientation of modern humans
(Kimbel and Rak 2010). Accordingly, Kimbel and Rak
(2010) note the strongly angled atlanto-occipital articular
surfaces on the A.L. 333-45 and A.L. 822-1 crania and the
possibility of a reciprocal angulation in the articular facets of
the fragmented australopith C1 vertebra of A.L. 333-83
(Lovejoy et al. 1982; Kimbel et al. 1994). Similarly, the
rounded slope morphology of the superior surface of the
KSD-VP-1/1 C3 centrum would have the effect of orienting
the superior centrum margin and intervening C2-C3 inter-
vertebral disc toward loads emanating from the basicranium.

in the KSD-VP-1/1 specimen may represent reciprocal orientation of
the centrum margin to the plesiomorphic orientation of the occiput and
foramen magnum

Uncinate Processes

The uncinate processes and the Luschka joints between the
uncinate processes and the superjacent vertebral body (un-
covertebral joints) develop during childhood. They impart
the typical saddle shape of the lower five cervical vertebrae
and play an important biomechanical role in stabilizing the
cervical spine during coupled motions, such as lateral
bending with rotation. Finite-element models indicate that
the uncovertebral joints generally serve to reduce motion,
especially in axial rotation and lateral bending (lai et al.
1993; Moskovich 2001; Storvik and Stemper 2011). In the
African great apes, the uncinate processes are relatively tall,
creating a vertically oriented and deep joint extending
approximately halfway up the superoinferior length of the
superjacent centrum (see Figs. 5.8 and 5.13). Tall uncinate
processes in the apes contribute toward their stiff-necked
appearance, whereas reduced or absent uncinate processes
across species increase the range of cervical motion (Clausen
et al. 1997; Breit and Kunzel 2002). Human uncinate
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processes are much lower, creating a shallower and more
flexible joint, with slight superolateral inflections, especially
at the most caudal levels allowing for an unprecedented
range of head and neck movement relative to the torso
movement among hominoids. The derived human mor-
phology may be part of a suite of traits associating a func-
tionally decoupled head from the torso (Meyer 2005). Like
the cervical vertebrae of modern humans and early Homo,
the KSD-VP-1/1 vertebrae share the low, sloping uncinate
margins, suggesting an increased range of cervical mobility
and signal the potential for a decoupled head from the torso.
A more cogent signal of the decoupled head and torso would
also include human-like spinous process and articular facet
kinematics, as well as marked reduction of the nuchal
musculature, which is difficult to assess in the absence of
cranial remains for the individual. Relative to Pan and
Gorilla, the crania of male Au. afarensis seem to exhibit
reduced nuchal musculature (Kimbel and Rak 2010),
implying a degree of cranial independence from the torso in
KSD-VP-1/1 at least intermediate to humans and the apes.

Centrum Wedging Angles

Cervical lordosis is one of the four curves that the adult
human spinal column expresses on the sagittal plane. Tho-
racic and sacral kyphosis are primary ventral curvatures
present from birth, whereas lordosis in the lumbar and cer-
vical column are developmental secondary curvatures
thought to relate to axial loading. Although intervertebral
discs contribute toward mid-cervical lordosis (Johnson 1998),
assessment of vertebral wedging angles assists in recognizing
spinal curvatures in skeletal remains.

Subaxial centra across the sample are similarly wedged
ventrally, until the hominin divergence at the C7 level where
the pattern transitions from increasing kyphosis toward

Table 5.8 Subaxial centrum wedging angle (degrees) by element

lordosis. The C7 is the only cervical level where the
wedging angle significantly differs between humans and the
apes. At 11.4°, the ventral wedging angle of the KSD-VP-1/
1 C3 is outside the sample range, a divergence explained by
the difficulty in determining the superior ventral margin of
the centrum, and as its rounded, inferiorly sloping mor-
phology is not amenable to angular measurement and may
be a function of postmortem distortion. Wedging angles of
the subjacent KSD-VP-1/1 C5 and C6 vertebrae fall within
the sample range but fall closest to the mean wedging angles
for Gorilla. Because its C7 is absent, it is not possible to
assess whether it exhibited the diagnostic anticlinal pattern
of bipeds or continued the pattern of increasing kyphosis in
the caudal direction as in apes.

Cervical lordosis has been explained as the development
of dorsal centrum wedging as a response to holding the head
upright (Aiello and Dean 1990); however, below the C2
level none of the groups exhibit a mean pattern of dorsal
wedging (Table 5.8). Instead, the sample data demonstrate
ventral wedging (kyphosis) in the subaxial cervical vertebrae
of all sample groups (including humans). Yet, high dorsal
wedging angles (lordosis) of the C2 vertebra overcome
cumulative subaxial kyphosis and are responsible for overall
skeletal lordosis in the cervical column across sample groups
(Table 5.9). A similar pattern is seen in the lumbar lordosis
of bipedal hominins where ventral wedging in the upper
lumbar levels (kyphosis) is negated by higher dorsal wedg-
ing values, resulting in an aggregate lumbar column that is
lordotic (Shi et al. 1995, 1999; Meyer 2005). Because there
is no superior centrum on the C2 axis vertebra, wedging
angles for this level were calculated as a measure of the
inferior centrum on the transverse plane perpendicular to the
most superior point of the ventral odontoid process, and are
not precise analogs of subaxial wedging angles. As human
and great ape values are very similar, the value for
KSD-VP-1/1 was reconstructed using a bipedal (human)
model (Figs. 5.14 and 5.15).

Group N C3 N C4 N C5 N Co6 N C7 Mean C4-C6 Sum C4-C6
Gorilla 19 0334 10 1.6 (3.5) 10 1.5 4.3) 10 4.7@3.7) 10 59*%@3.5) 258 7.75

Pan 20 0.6 4.1) 11 -0.2 (3.6) 11 1.6 (5.5) 10  3.7(4.0) 11 5.7% (2.7) 1.71 5.14
AMH 55 0.8 @3.1) 27 0.63.2) 25 3.0 (3.7) 26 3529 26 2.1"(2.2) 2.37 7.10

KSD 1 11.4%* 1 0.6 1 5.5 1 6.9 - - 4.32 12.96

A.L. 333 - - - - - - 1 3.2 - - - -
WT-15K - - - - - - - - 0.7 - -

Dmanisi 1 1.0 - - - - - - - - - -

ATA 2 1.8(19) - - - - - - - - - -

Neand 2 0.50.7) - - 1 1.6 1 2.2 1 —4.5h 1.88 3.76

Positive values reflect ventral wedging (kyphosis) and negative values reflect dorsal wedging (lordosis). The formula for calculating wedging
angles is from Digiovanni et al. (1989) and Latimer and Ward (1993): 2 TAN! {[(centrum dorsal height — centrum ventral height)/2]/centrum
anteroposterior diameter}. AMH = anatomically modern humans, KSD = KSD-VP-1/1, A.L. 333 = Au. afarensis, WT-15 k = KNM-WT 15000 H.
erectus, Dmanisi = H. erectus, ATA = H. heidelbergensis (Atapuerca), Neand = Neandertal. * = different from humans p < 0.05; h = different from

apes p < 0.05. Standard deviations in parentheses
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Table 5.9 C2 wedging angle (in degrees) by group and cumulative angle sums

Group N C2 SD Sum degrees C3—C7 Sum degrees C2-C7
Gorilla 17 -22 72 14.0 Kyphosis —8 Lordosis

Pan 20 -17 8.2 11.4 Kyphosis —6 Lordosis

AMH 55 -21 5.7 9.9 Kyphosis —11 Lordosis

KSD 1 -17 - - -

Dmanisi 1 -19 — — —

Note that the C2 level is exclusively responsible for sum lordosis in the cervical spine. The value for KSD-VP-1/1 was reconstructed. Positive
values reflect ventral wedging (kyphosis) and negative values reflect dorsal wedging (lordosis). The Dmanisi H. erectus C2 vertebra is the oldest
hominin C2 with a preserved odontoid process. AMH = anatomically modern humans, KSD = KSD-VP-1/1, Dmanisi = H. erectus

Fig. 5.14 Reconstruction of the lateral profile of the KSD-VP-1/1 C2
vertebra (based on a human analog). The inferior centrum surface
projects inferiorly with a predicted a ventral length approximately 15%
taller in superoinferior height than the dorsal length, resulting in an
effective dorsal wedging angle of 17°

The human mean value of —11° in the present study of total
cervical column lordosis is much less than the —34° value
reported for humans from radiographic analyses (Harrison
et al. 1996, 2004). This is largely because intervertebral discs,
which do not typically preserve, are a large factor in the
physiological angulation of the axial spine (Johnson 1998),
whereas lumbar intervertebral discs (except for the lum-
bosacral joint) do not significantly influence wedging angles
(Gogen et al. 2007). However, it does illustrate the lordotic
nature of the KSD-VP-1/1 C2 despite substantial subaxial
kyphosis. The observed sweeping inferoposterior angle of the
inferior articular process is also a morphological trait con-
sistent with lordosis, as seen in the inferior facets of lordotic
lumbar columns (Latimer and Ward 1993; Meyer 2005). The
combination of these features implies that the aggregate cer-
vical spine of KSD-VP-1/1 was lordotic, as is the case across
the sample and primates in general. Despite wedging values in
KSD-VP-1/1 exceeding the mean for anatomically modern
humans and approaching those of Gorilla, there is consider-
able overlap among sample groups.

Hominin

c3 C4 C5 Cc6 c7

Fig. 5.15 Boxplots of combined subaxial cervical wedging angles (in
degrees). Wedging angles in the KSD-VP-1/1 vertebrae are indicated
by large solid points. There is considerable similarity between the
combined ape (gray line) and combined hominin means (black line) at
each level except at C7. Positive values represent kyphosis, negative
values represent lordosis. Boxplots indicate 25, 50, and 75th per-
centiles, and whiskers indicate sample ranges excluding outliers

Based on wedging angles of the KSD mid-cervical ver-
tebrae, it is tempting to infer that head carriage of
KSD-VP-1/1 was flexed more ventrally than in modern
humans. This inference is supported by a strong correlation
between more flexed head posture in humans and large facial
dimensions combined with a short posterior cranial base
(Solow and Tallgren 1976; Huggare and Raustia 1992). But
because the intervertebral discs (which engender a consid-
erable portion of cervical lordosis) and the diagnostic C7
centrum are absent, this conclusion is speculative. Moreover,
because the KSD vertebrae share dorsally eccentric centra
with humans that mirror the dorsally skewed distribution of
lordotic intervertebral discs, an equally reasonable interpre-
tation would be that the KSD-VP-1/1 cervical column
exhibited lordosis similar to that of modern humans.

Centra Summary

The upper cervical levels in KSD-VP-1/1 are smaller than
those of anatomically modern humans, but caudal to the C3
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level, they are larger than those of humans and closer to
Gorilla values. The size of its C6 vertebra signals a degree of
sexual dimorphism comparable to Gorilla and a neck length
equal to or greater in length than that of modern humans.
The KSD-VP-1/1 superior and inferior centrum surface
shapes are somewhat ape-like in that they are relatively
narrower than those of modern humans and are intermediate
in the degree of ventral waisting. In addition, its C3 vertebra
resembles Gorilla in the rounded, inferiorly sloping form of
the ventral superior centrum margin. The KSD-VP-1/1 ver-
tebrae are also closer to Gorilla in the degree of ventral
wedging, which could imply that it had a more flexed, for-
ward tilt of the neck than humans, but the dorsal wedging
angle of the C2 vertebra and apparent dorsal distribution of
the intervertebral discs make it likely that the overall cervical
column in KSD-VP-1/1 possessed a degree of lordosis more
similar to modern humans than the African great apes.

Despite some similarities with Gorilla, the KSD-VP-1/1
centra are relatively shorter craniocaudally than the apes,
lack a ventral keel, have low sloping uncinate processes, and
exhibit a shift from the ventral axial loading regime char-
acteristic of primates to the high dorsal vertical peak force
loading regime of orthograde bipedalism. This suite of fea-
tures is not observed in the African great apes where a
habitually flexed hip and knee posture produces lower ver-
tical peak forces (Schmitt 2003). Enlarged centra areas in
KSD-VP-1/1 agree with studies linking large articular sur-
face areas across joints to bipedal locomotion (Rose 1984;
Jungers 1988), as joint enlargement mitigates load force at
heel strike (Bramble and Lieberman 2004). While there are
small differences between KSD-VP-1/1 and anatomically
modern humans, there are no features of the centra indicative
of anything other than upright posture and orthograde
bipedality in KSD-VP-1/1.

Interarticular Facet Widths

In addition to possessing the largest transverse centrum
dimensions, the human vertebral column possesses the
widest distances between the articular facets in response to
the high degree of axial load and torsion in bipedalism
(Boszczyk et al. 2001). In the lumbar spine, the pattern of
caudally increasing interfacet widths in bipedal hominins
makes it possible for adjacent vertebrae to imbricate and
extend posteriorly in concert with dorsally wedged centra,
which allows for lumbar lordosis (Latimer and Ward 1993).
Accordingly, increasing interfacet widths may serve as an
indication of lordosis, whereas progressively decreasing or
static widths may signal kyphosis. Across the sample

groups, interarticular facet widths gradually increase cau-
dally, with a peak interarticular dimension at the C5 and C6
levels for African great apes and humans, respectively. As a
result, a broad, pyramidal configuration of support forms at
the base of the cervical column, which serves as a mecha-
nism for lordosis and stable balance of the head. Despite
vertebral wedging of the centra, vertebrae across taxa,
including KSD-VP-1/1, share a kinematic signature consis-
tent with cervical lordosis.

The KSD-VP-1/1 superior interarticular facet widths are
very close to the mean for anatomically modern humans in
the mid-cervical levels, but are larger than the mean at the
C7 level, which implies a peak in the KSD-VP-1/1 cervical
region caudal to the C5 level. This distinguishes
KSD-VP-1/1 from both the ape and human patterns of
decreasing interarticular facet widths at the C7 level, but the
nearly identical mean value for interarticular widths in
modern humans and KSD-VP-1/1 indicates similar overall
kinematic structure. Interarticular facet width is measured as
the average of the minimum and maximum interarticular
superior facet widths. Measures for incomplete KSD-VP-1/1
vertebrae are computed by doubling preserved unilateral
articular facet distances from the sagittal midline.

The large interfacet distance of A.L. 333-101, an Auw.
afarensis C2, may reflect postmortem distortion, as this ele-
ment is highly fragmented. Alternatively, this may reflect a
considerable degree of variation in the australopith sample, or
sexual dimorphism, as the trajectory of the male KSD-VP-1/1
interfacet distances forecast C6 values well above the puta-
tively female A.L. 333-106 C6 value, which lies on the mean
for Pan (as does SK 854, a P. robustus C2 specimen).

Although absolute interarticular facet widths are infor-
mative, the pattern observed in relative interarticular facet
widths (superior interarticular facet width/superior centrum
transverse width) reveals more cogent differences between
anatomically modern humans and other groups (Fig. 5.16).
The African great apes have a marked increase in relative
interarticular facet widths in the mid-cervical region, whereas
both KSD-VP-1/1 and modern humans exhibit decreases
caudal to the C4 level. The flatter human curve in the data
indicates that proportional load transfer between the centrum
and facets is more uniform throughout the bipedal cervical
column than that of apes, as there is only a 17% difference
between maximum and minimum interarticular facet widths
in humans, compared to a 28% and 29% increase in Gorilla
and Pan, respectively. Ratios of the difference between C3
levels to peak values display the same pattern, with those of
KSD-VP-1/1 essentially matching the human increase of 8%
as opposed to the 14% increase in the African great apes.

KSD-VP-1/1 mirrors the human pattern of a reduced and
more cranial peak in interarticular facet widths, implying that
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Table 5.10 Superior interarticular facet width (mm) by element

Group N Cc2 N C3 N C4 N C5 N Co6 N C7 Mean
C3-C5, C7

Gorilla 18 30.0* 20 31.9% 10 34 4.1) 10 354 (5) 10 35.2%* 10 342 33.9
(2.6) 3.7 4.9) 4.3)

Pan 21 22.1%* 21 25.7* 12 28.3* 12 28.9% 12 28.6 12 28.4* 27.8
(1.6) 1.7) (1.6) (1.6) 1.7) 1.7)

AMH 52 28.0" 52 33.8h 24 358 (2) 23 37.0 23 37.3 23 36.8 35.9
(1.9) (1.9) 2.1) 3.1) 2.7)

KSD - - 1 32.3 1 35.5 1 36.8 - - 1 39.5 36.0

A.L. 333 1 334 - - - - - - 1 28.2 - - -

SK 854 1 23.3 - - - - - - - - - - -

WT-15k - - - - - - - - - - 1 33.7 -

Dmanisi 1 29.2 1 29.8 - - - - - - - - -

Neand 1 34.5% 1 41.3%* 2 39.5 2 41.2 2 44.8%* - 40.7

(1.8) 0.7) (3.3)

The Neandertal divergence in the pattern is not informative and is likely due to sample error, as the C2 and C3 represent only one individual each
of different sizes (the smaller Kebara C2, and larger La Ferrassie C3), while the C4-C6 levels represent the mean of both individuals. When this
size discrepancy is taken into account, the Neandertal peak at the C3 level would diminish and it is probable that the Neandertals would follow the
typical hominoid pattern. AMH = anatomically modern humans, KSD = KSD-VP-1/1, A.L. 333 = Au. afarensis, SK 854 = P. robustus,
WT-15k = KNM-WT 15000 H. erectus, Dmanisi = H. erectus, Neand = Neandertal. * = different from humans p < 0.05, h = different from apes

P < 0.05. Standard deviations in parentheses
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Fig. 5.16 Relative interarticular facet width by element (superior
interarticular facet width/superior centrum transverse width). The
mid-cervical peak of the African great apes demonstrates a shift of
proportionally greater axial loads to the corresponding articular facets,
whereas humans exhibit a more uniform load profile. AMH = anatom-
ically modern humans, A.L. 333 = Au. afarensis, WT-15k = KNM-WT
15000 H. erectus, Dmanisi = H. erectus, ATA = H. heidelbergensis
(Atapuerca), Neand = Neandertal

like humans, KSD-VP-1/1 mid-cervical centra channeled
proportionately greater load magnitudes than apes that shift
proportionally greater axial loads to the corresponding artic-
ular facets (Table 5.10) . The Neandertal distribution does not
provide enough data for full comparison; however, the slope
of the decrease between the C5 and C6 levels matches the
slope in humans and lacks the steep descent of the ape dis-
tribution, suggesting the possibility of a more cranial peak in
relative facet distribution as in modern humans.

Articular Process Height

Large dorsal cervicothoracic musculature in the African
great apes inhibits head drop and flexion of the upper
cervical spine from gravitational forces acting on a head
cantilevered on the neck. Ventral forces are furthered
amplified by loading from powerful ventral muscles at
work during mastication, increasing dorsoventral transla-
tion amplitude away from the physiological axis. It is the
articular facets that serve as the initial site of bone-to-bone
contact in response to these forces and serve as the pri-
mary fulcrum for sagittal movement (Hoffmann 2006).
Accordingly, cantilevered, prognathic heads and large
nuchal musculature in the apes mandate relatively taller
articular processes and differentiate them from modern
humans (Table 5.11). Relative articular process height
(total superoinferior height of both superior and inferior
articular facets/superior interarticular facet width) expres-
ses the total combined superoinferior height of the artic-
ular processes. In this dimension, KSD-VP-1/1 vertebrae
are closest to the human mean at every level except C3,
where it approaches the mean for Pan. This morphology
might be expected considering the increased centrum
wedging at this level, as high wedging angles intensify
loads on the articular processes (Cailliet 2004) and are
associated with tall articular processes for resisting ven-
troflexion and shear. Likewise, A.L. 333-106 retains the
more primitive morphology, falling between Pan and
Gorilla means for facet height.
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Table 5.11 Relative articular process height (superoinferior height of superior and inferior articular facets/superior interarticular facet width)

Group N C3 N Cc4 N C5 N C6 N C7 Mean C3-C5, C7
Gorilla 20  0.75*% (0.1) 10  0.73 * (0.1) 10  0.76* (0.1) 10  0.85*% (0.1) 10  0.89* (0.1) 0.78

Pan 21 0.68* (0.1) 12 0.67* (0.1) 12 0.67* (0.1) 12 0.74*% (0.1) 12 0.75*% (0.1)  0.69

AMH 52 0.6 (0.0) 24 0.59% (0.1) 23 0.56" (0) 23 0.58"(0.1) 23 0.68"(0.1) 0.61

KSD 1 0.67 1 0.59 1 0.59 - - 1 0.67 0.63

AL. 333 - - - - - - 1 0.77* - - -

WT-15K - - - - - - - - 1 0.59 -

Dmanisi 1 0.48h - - - - - - - - -

Neand 1 0.5h 2 0.512 (0) 2 0.47" (0.1) 2 0.5 (0) - - -

AMH = anatomically modern humans, KSD = KSD-VP-1/1, A.L. 333 =

Au. afarensis, WT-15 k = KNM-WT 15000 H. erectus, Dmanisi = H.

erectus, Neand = Neandertal. * = different from humans p < 0.05, h = different from apes p < 0.05. Standard deviations in parentheses. Ratio values

were logarithmically transformed for statistical testing

Articular Facet Orientation

The amount and type of movement that occurs in the cervical
column is determined by the discs, uncinate processes, liga-
ments, and most significantly, the articular processes.
Throughout the cervical spine, lateral flexion of a given
segment is strictly coupled to rotation of that segment, and
the degree of coupling is determined by the orientation of the
articular facet joints (zygapophyseal joints) (Penning and
Wilmink 1987; Yamamoto et al. 1989; Maurel et al. 1997;
Onan et al. 1998). In human cervical vertebrae, the line of
gravity runs just anterior to the articular facet joints, whereas
the line of gravity runs close to, or through, the centra of other
vertebrae (Standring 2008). As a result, articular facets are
oriented at an angle of about 45° to the coronal plane (Sha-
piro and Frankel 1989; Moskovich 2001), and at a slightly
higher angle in the apes (Meyer 2005), instead of the near
vertical superoinferior orientation of the subjacent thoracic
and lumbar articular facets. As a result of their orientation,
cervical articular facets facilitate considerably more yaw
(rotational movement) than the lumbar and thoracic verte-
brae, but bear more weight than their thoracic or lumbar
counterparts (Aiello and Dean 1990; Kirpalani and Mitra
2008). Although humans and apes do not differ in the
transverse orientation of their articular facets, the articular
facets in modern humans differ from those of the African
great apes in that their major axis is obliquely oriented rela-
tive to the midsagittal line of the spinous process (Fig. 5.17).
The more acutely oriented articular facets serve to limit yaw
in the ape cervical spine and, along with superoinferiorly
taller uncinate processes, contribute to the stiff coupling of
the head and trunk in the African great apes.

Although A.L. 333-106 exhibits the acute articular facet
major axis orientation of the apes, the articular facets in
KSD-VP-1/1 are obliquely oriented as in modern humans
(Table 5.12). This implies that the cervical spine of
KSD-VP-1/1 had evolved essentially human-like articular
process morphology, which allows for greater rotation

between motion segments in the cervical spine relative to the
African great apes and provides another example of skeletal
kinematics that may be more derived in male specimens of Au.
afarensis than in its female counterpart. It is curious that A.L.
333-106 and the C7 of KNM-WT 15000 are the only verte-
brae among the hominins to display an ape-like orientation of
the articular processes. The juvenile status of the KNM-WT
15000 H. erectus specimen probably does not explain its
primitive morphology, as there is no correlation between age
and the superior articular facet angle in humans (p > 0.8), or
vertebral size in apes (p > 0.89) or humans (p > 0.49). These
two hominins, however, do exhibit distinctly long spinous
processes, which correlate with articular facet angles in Pan

Centrum breadth ~
medial facet border

Medial facet border
transversely offset

Oblique
angle angle
Human Pan

Fig. 5.17 Typical subaxial cervical facet orientation comparison in
modern humans (left half) and Pan (right half)
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Table 5.12 Superior articular facet angle (degrees) by element

Group N C3 N C4 N C5 N Co6 N Cc7 Mean C3-C5, C7
Gorilla 19 74.6% (14) 15 66.2*% (9) 14 72.8% (11) 14 66.7* (11) 15 71.3* (6.5) 71.2

Pan 15 60.6* (8.8) 13 69.2% (9.4) 13 73.8% (11) 13 77.2% (7.7) 13 81.3* (7.8) 71.2

AMH 22 103" (9.1) 23 105" (9) 24 106" (5.9) 23 108" (5.5) 24 104 (3.7) 104.5

KSD 1 121» 1 1250 1 1272 - - 1 9oh 118

A.L. 333 - - - - - - 1 81* - - -

WT-15K - - - - - - - - 1 80* -

Dmanisi 1 98 - - - - - - - - -

Neand 1 103 2 87.8 (3.9) 2 94h (1.4) 2 98h (8.5) 2 92.8 (4.6) 94.4

The male Au. afarensis KSD-VP-1/1 fossils exhibit the derived oblique morphology, whereas the female A.L. 333-106 C6 vertebra exhibits the
primitive acute morphology. AMH = anatomically modern humans, KSD = KSD-VP-1/1, A.L. 333 = Au. afarensis, WT-15 k = KNM-WT 15000
H. erectus, Dmanisi = H. erectus, Neand = Neandertal. * = different from humans p < 0.05, h = different from apes P < 0.05. Standard deviations in

parentheses

Table 5.13 Mean C2 superior articular facet angle (degrees) across
primate taxa

Group N Mean SD
Pan 16 100 9.3
Pongo 2 115 8.9
Papio 3 96 6.1
Colobus 3 86 3.9
Sypmhalangus 3 85 7.3
Ateles 3 75 4.4
AMH 68 133 7.7
KSD 1 55 -
Neandertal 2 134 9.2
Dmanisi 1 110 -
SK 854 1 120 -
A.L. 333-101 1 107 -

The anomalous KSD value is likely a product of postmortem deformation.
AMH = anatomically modern humans, KSD = KSD-VP-1/1, A.L.
333 = Au. afarensis, SK 854 = P. robustus, Dmanisi = H. erectus

(r2 =0.43, N=53, p <0.0001), but not in humans or Gorilla.
Further investigation is needed to understand variation in
articular facet orientation, but because other hominins have
similarly long spinous processes with more human-like ori-
entations, epigenetics, ontogeny, or allometry cannot explain
Pan-like values in these cases.

The superior articular facets of the C2 (Table 5.13) are
functionally dissimilar from those of the subaxial vertebrae
as C2 provides the majority of yaw, pitch, and roll move-
ments of the head in humans (lai et al. 1993; Chapman
2008). However, because C2 facets simultaneously function
as surrogate vertebral bodies in transmitting vertical loads,
they are larger than subaxial articular facets and are oriented
obliquely relative to the coronal plane in large-bodied pri-
mates to counter craniocaudal loads.

With an inclination of 55°, the KSD-VP-1/1 C2 superior
articular facet angle is highly anomalous (Table 5.14). It is
possible that the small remnant represented may not accu-
rately represent the whole facet orientation, or more probable,
may reflect postmortem distortion, as the left inferior articular
process seems to be somewhat skewed inferomedially

Fig. 5.18 The C2 superior articular facet angle of a human (left) and
KSD-VP-1/1 (right). The KSD-VP-1/1 angle is highly anomalous and
likely due to postmortem distortion

(Fig. 5.18), especially when considering the more human-like
value of 120° in SK 854, a Paranthropus specimen.
Small-brained, non-human primates generally present C2
superior articular processes that are oriented more inferolat-
erally on the coronal plane (as in KSD-VP-1/1) compared
with the more horizontally oriented weight-bearing platform
configuration in larger brained primates (Delattre 1924;
Gommery 2000), making it unlikely that an australopith
would exhibit such a low value. It should be noted that age or
stature has no bearing on this angle as subadult human values
match those of adults (Meyer 2005).

Inferior Articular Facet Orientation

The angles of the inferior articular facets relative to the
transverse plane throughout the spine are associated with the
incidence of the fundamental curvatures, where the spine is
kyphotic, and the inferior articular facet orientation tends to
be essentially vertical and sweep inferoposteriorly in the
lordotic spine (Meyer 2005). The KSD-VP-1/1 C2 and all
other vertebrae at each cervical level for the sample group
share mean values above 90°, indicating the kinematic pre-
disposition for cervical lordosis across taxa. The only
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Table 5.14 Inferior articular facet angle (degrees) by element

Group N Cc2 N C3 N C4 N C5 N (@) N Cc7 Mean C2-C7
Gorilla 17 129* 16 128 10 132 10 127 10 115% 9 113 124
(5.8) (11 (7.2) (13) (71.7) (7.9)

Pan 15 121 (8.7) 15 125 9 119 8 116 9 112%* 9 110 117
(6.5) (7.5) (7.4) 4.9) (11)

AMH 23 116 (6.2) 9 122 23 120 23 122 24 124~ 23 119 121
(7.9) (7.8) (6.9) 6.7) (8.6)

KSD 1 123 - - - - - - - - - - -

A.L. 333 1 120 - - - - - - 1 127 - - -

SK 854 1 120 - - - - - - - - - - -

WT-15K - - - - - - - - - - 1 118 -

Dmanisi 119 - - _ _

AMH = anatomically modern humans, KSD = KSD-VP-1/1, A.L. 333 = Au. afarensis, SK 854 = P. robustus, WT-15 k = KNM-WT 15000 H.
erectus, Dmanisi = H. erectus, Neand = Neandertal. * = different from humans p < 0.05, h = different from apes p < 0.05. Standard deviations in

parentheses

systematic difference between humans and African great
apes in this angle is at the C6 vertebra, where humans tend to
have a more oblique orientation of the inferior facets. The
inferior articular facet angles of australopiths fall within the
human distribution, indicating that the degree of cervical
lordosis in australopiths was similar to modern humans. The
inferoposterior orientation of the inferior articular facets with
lordosis in humans, Gorilla, and Pan often produces laminar
fossae, which are small depressions on the posterior aspect
of the lamina caused by imbrication of the superjacent
inferior articular facets. Dorsal convexity of the spine with
lordosis engenders laminar fossae in the lumbar region as
well (Latimer and Ward 1993; Meyer 2005).

Articular Facet Size

Torsional strains on the vertebral joints and joint capsules
depend on the length of the lever arm (Yamamoto et al.
1989; Breit and Kunzel 2002), which in vertebrae are the
spinous processes. Thus, it would be expected that articular
facet size is partly related to spinous process length, per-
centage of cranial mass anterior to the line of gravity, and
mode of posture and locomotion (see discussion below).
With large proportions of cranial mass anterior to the line
of gravity, both the spinous processes and articular facets of
the African great apes and Neandertals are larger than those
of modern humans. Large articular facets in Neandertals
(especially at the upper cervical levels) may also relate to
countering ventral loading incurred by their large and
prognathic heads, although paramasticatation may explain
why the largest facet areas are more cranial than the other
groups (Trinkaus 1986). With a less centered foramen
magnum (Dean and Wood 1981, 1982) and more prog-
nathic cranium than humans, Au. afarensis would similarly
have placed a greater proportion of axial loading anterior to
the articular facets than humans, explaining why

KSD-VP-1/1 superior articular facet areas are larger than
the human mean and closer to the mean for Gorilla
(Fig. 5.19). A similar morphology across primates is
observed among taxa with large body mass paired with a
heavy, prognathic cranium skewed anterior to the spine, as
the posterior components of the vertebrae, especially the
articular facets, bear the brunt of ventral axial loads (Breit
2002). As discussed above, in Gorilla, its large, heavy
cranium in combination with its mode of posture and
locomotion produces greater shear stresses on the articular
facets at the most caudal levels, resulting in the largest
subaxial articular processes at the C6 and C7 levels. Unlike
Gorilla, KSD-VP-1/1 articular facets do not increase in size
caudally; instead, they maintain a pattern of fairly consistent
facet areas throughout the cervical column. Similar patterns
in KSD-VP-1/1 and humans imply that posture, locomotor
pattern, and head carriage in KSD-VP-1/1 were more like
humans than Gorilla, despite their larger size. None of the

ELEMENT

Fig. 5.19 Superior articular facet area (mm) by element. The
KSD-VP-1/1 articular facets (dotted line) are Gorilla sized, but do not
markedly increase in size at the most caudal level as in Gorilla.
AMH = anatomically modern humans, A.L. 333 = Au. afarensis, SK
854 = P. robustus, WT-15k = KNM-WT 15000 H. erectus, Dmanisi = H.
erectus, ATA = H. heidelbergensis (Atapuerca), Neand = Neandertal
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superior articular facet areas in the KSD-VP-1/1 cervical
spine differ significantly from anatomically modern humans
or the African great apes.

Pars Interarticularis Size

Three of the KSD-VP-1/1 vertebrae preserve at least half of
the pars interarticularis for analysis. The pars interarticu-
laris is the vertebral region connecting the superior and
inferior articular processes; in the cervical spine, it is also
referred to as the lateral mass. High stresses are transmitted
through this region during adjacent segment movement and
the area is the frequent site of bone fractures and lytic
defects in isthmic spondylolithesis, especially at the C6
level (Hession and Butt 1996). Pars interarticularis width
was calculated as the transverse width between the left and
right pars interarticularis at the midpoint of the superior
and inferior lateral mass (Meyer 2005). In effect, this
dimension is something of a misnomer as it captures the
transverse dimension of the laminae using the pars interar-
ticularis waist as an osteometric limit. Despite the fact
that the articular facets in KSD-VP-1/1 are extremely tall,
this expansion comes at the expense of a craniocaudally
short pars interarticularis. The transverse widths of the C3

and C4 pars interarticularis are within the range of modern
humans, but their shallow craniocaudal heights indicate
potentially low tolerances of shear forces (Fig. 5.20). The
C7 would be liable to shear stresses as both height and
width of the pars interarticularis have low values; however,
isthmic spondylolisthesis does not occur in the C7 in
humans (Jeyapalan and Chavda 1994). Although this
morphology might be an expression of the extent of indi-
vidual variation, it illustrates a mid-cervical spine in
KSD-VP-1/1 that is structured for countering shear magni-
tudes somewhat differently from humans. The other
australopiths (SK 854, P. robustus, C2 vertebra; A.L. 333-
106, Au. afarensis; C6 vertebra) have higher values than
KSD-VP-1/1, but also fall outside of the human distribu-
tion and group with Pan due to their very narrow
dimensions.

The Pedicles

There are three KSD-VP-1/1 vertebrae that preserve cranio-
caudal dimensions of the pedicles. In accordance with the
results above that found a higher proportion of posterior
vertebral elements in early hominins relative to modern
humans, absolute heights of the subaxial pedicles in
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Fig. 5.20 Pars interarticularis transverse width by superoinferior
height in a C3, b C4, and ¢ C7 vertebrae. The KSD-VP-1/1 specimens
(indicated by arrows) fall outside the 95% distribution ellipse for
modern humans (shaded). KSD = numerals indicating vertebral level,
modern humans = solid points, Pan = open circles, Gorilla = open
squares, D = Dmanisi H. erectus, W = KNM-WT 15000 H. erectus,

GROUP

GROUP

N Neandertals. Bivariate normal ellipses p = 0.95%. All measurements
are in mm. Boxplots of d C3, e C4, and f C7 pars interarticularis height
by group. AMH = modern humans, DMANSI = Dmanisi H. erectus,
KSD = KSD-VP-1/1, NEAND = Neandertals. Boxplots indicate 25, 50,
and 75th percentiles, and whiskers indicate sample ranges excluding
outliers
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Table 5.15 Pedicle superoinferior height (mm) by element
Group N C2 N C3 N C4 N C5 N Co6 N C7 Mean C2-C4
Gorilla 18 9.1% 20 8.4%* 10 8.0% 10 7.8% 10 7.8% 15 71 8.5

(1.6) (1.2) (1.3) (1.4) (1.6) (1.2)
Pan 18 7.1(0.8) 20 6.6(12) 11  7.3% 10 6.6 (1) 11 6.1(0.9) 13 64 7

(1.2) 0.8)

AMH 57 1.8 53 6(0.8) 27 6.3" 26 62(1.2) 206 62(12) 24 65() 6.7

(1.10) 0.9)
KSD 1 7.5 1 7 1 8.9 - - - - - - 7.8
AL.333 1 7.8 - - - - - - 8.4 - - -
SK 854 1 7.8 - - - - - - - - - - -
WT-15K - - - - - - - - - - 1 5.7 -
Dmanisi 1 7.4 1 5.2 — — — — —

AMH = anatomically modern humans, KSD = KSD-VP-1/

1, A.L. 333 = Au. afarensis, SK-854 = P. robustus, WT-15 k = KNM-WT-15000 H.

erectus, Dmanisi = H. erectus, Neand = Neandertal. * = different from humans P < 0.05, h = different from apes p < 0.05. Standard deviations in

parentheses

Table 5.16 Relative pedicle size (pedicle cross-sectional area/centrum geometric mean) by element

Group N Cc2 N C3 N C4 N C5 N Co6 N C7 Mean C2-C7

Gorilla 17 3.0* 19 3.1%* 10 3.0% 10 2.9* 10 2.8% 15 2.5% 2.9
(0.8) 0.7) (0.6) 0.9) (0.6) (0.6)

Pan 18 2.2 19 2.0%* 10  2.2% 9 1.9 10 2.0 13 2.0%* 2.1
0.4) 0.5) 0.5) 0.3) 0.4) 0.4)

AMH 52 25 50 1.4 22 1.5h 21 1.6 20 1.6 24 1.6 1.7
0.7) 0.3) 0.3) 0.3) 0.4) 0.3)

KSD - - 1 2.7 1 - - - - - - - -

A.L. 333 - - - - - - - - 1 2.6 - - -

WT-15K - - - - - - - - - - 1 2.2 -

Dmanisi 1 2.7 1 2.0 - - - - - - - - -

ATA - - 1 1.3 - - - - - - - - -

Neand - - 2 2.1 0 - 1 1.7 - - - - -

0.4)

AMH = anatomically modern humans, KSD = KSD-VP-1/1, A.L. 333 = Au. afarensis, WT-15 k = KNM-WT-15000 H. erectus, Dmanisi = H.
erectus, ATA = H. heidelbergensis (Atapuerca), Neand = Neandertal. * = different from humans p < 0.05, h = different from apes p < 0.05.
Standard deviations in parentheses. Ratio values were logarithmically transformed for statistical testing

KSD-VP-1/1 also exceeded the mean for modern humans
(Table 5.15). The pedicle heights of KSD-VP-1/1, like those
of A.L. 333-106, are closest to Gorilla values and fall within
the upper range for modern humans. The pattern of caudal
change, however, appears to match Pan where the tallest
pedicle is at C4, the only cervical level where modern humans
are significantly shorter than both apes (Gorilla, p = 0.0003;
Pan, p = 0.027), suggesting higher load transfer in the apes
across the mid-cervical pedicles. Human pedicles are fairly
consistent in height throughout the cervical spine, demon-
strating the uniformity of posterior cervical loads in bipeds.
Like those of the African great apes, the pedicles of
KSD-VP-1/1 reveal a primitive pattern of variable load
transfer between the centrum and posterior vertebral elements.

In terms of relative pedicle size (pedicle cross-sectional
area/centrum geometric mean), only the C3 in KSD-VP-1/1
preserves enough morphology for comparison and resem-
bles the other Au. afarensis specimen (A.L. 333-106) in its

Gorilla-like size (Table 5.16). The African great ape
mid-cervical pedicles are approximately twice as robust as
humans, relative to size, as they transmit higher loads
between the posterior vertebral component and the centrum.
Cross-sectional area of the pedicle was calculated as fol-
lows Meyer (2005): {(pedicle height x pedicle thickness x
PI)/4}.

The Lamina

The superoinferior heights of the laminae generally increase
caudal to the C4 cervical level in all groups, with humans
intermediate to Gorilla and Pan (Table 5.17). The laminae in
KSD-VP-1/1 vertebrae are taller than the human mean and
closest to that of Gorilla; however, lamina heights in the
KSD-VP-1/1 mid-cervical vertebrae parallel the human
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pattern of slight height increases, unlike in Gorilla where
mid-cervical lamina heights increase dramatically. This
indicates a human-like loading profile across the
KSD-VP-1/1 mid-cervical laminae. By contrast, the aus-
tralopiths SK 854 and A.L. 333-106 are intermediate to Pan
and anatomically modern humans, whereas the laminae of the
two juvenile specimens of early Homo (Dmanisi and
KNM-WT 15000) are shorter, closest to the mean for Pan.
Dramatically low Neandertal values suggest they channeled
axial loads differently from other groups across the posterior
cervical spine.

There is a U-shaped distribution in lamina dorsoventral
thickness in modern humans and Pan, with laminae thickest
at the most cranial and most caudal levels and thinnest at the
mid-cervical levels. Although the three KSD-VP-1/1 lami-
nae recovered are thicker than those of humans, the pattern

Table 5.17 Lamina superoinferior height (mm) by element

of decreasing mid-cervical lamina thickness in KSD-VP-1/1
C3 and C4 parallels the human pattern and is different from
the pattern in Gorilla and Neandertals where laminae exhibit
a continuous increase in thickness caudally (Table 5.18).
The lamina index (superoinferior lamina height/
anteroposterior lamina thickness) combines height and width
dimensions to capture their relative proportions. Both human
and Pan display relatively taller and thinner mid-cervical lam-
ina, while Gorilla and Neandertals maintain consistently short
and thick lamina at each vertebral level. KSD-VP-1/1 falls
below human mean values, a signal of relatively shorter and
thicker lamina; however, it also displays mid-cervical reduction
of lamina thickness similar to modern humans (Fig. 5.21). In
humans, the lamina index is not associated with vertebral size
(centrum geometric mean; > = 0.048), body size (postcranial
geometric mean; = 0.006), age (r2 =0.005), orsex (p =0.73),

Group N C2 N C3 N C4 N C5 N Co6 N C7 Mean C3-C4, C7

Gorilla 19 11.9 20 10.9 10 11.6%* 10 12.5 10 14.1* 10 15.2 12.6
(1.9) (2.0) (1.4) (1.8) 2.8) (3.9

Pan 19 8.8% 20  8.1* 11 8.3* 11 9.3* 10 10.6 11 10.6* 9.0
(1.2) (1.1) (1.0) (1.0) 0.9) (1.3)

AMH 48 11.3 53 10.1 24 10.2h 23 11.2 24 11.9 24 14.5 11.6
(1.5) (1.2) (1.3) (1.7) (1.6) (1.6)

KSD - - 1 11.9 1 12.0 - - - - 1 14.9 12.9

A.L. 333 1 11.6 - - - - - - 1 11.1 - -

SK 854 1 8.9 - - - - - - - - - -

WT-15K - - - - - - - - - - 1 10.6 -

Dmanisi 1 9.6 1 7.7 - - - - - - - -

Neand 1 5.9% 1 3.7%h 2 3.4%h 2 4.1%h 2 5.1%h 2 6.0%* 4.4

(0.6) 0.3) 0.1) 0.5)

The laminae in KSD-VP-1/1 are taller than the mean of modern humans, but parallel the human pattern of relative uniformity. AMH = anatomically
modern humans, KSD = KSD-VP-1/1, A.L. 333 = Au. afarensis, SK 854 = P. robustus, WT-15 k = KNM-WT-15000 H. erectus, Dmanisi = H.
erectus, Neand = Neandertal. * = different from humans p < 0.05, h = different from apes p < 0.05. Standard deviations in parentheses

Table 5.18 Lamina dorsoventral thickness (mm) by element

Group N C2 N C3 N C4 N C5 N C6 N C7 Mean C3-C4, C7

Gorilla 19 53 20  4.6* 10 5.2% 10  6.4%* 10  7.6* 10  8.3* 6.0
(1.3) (1.3) (1.5) (1.8) (1.6) (1.7)

Pan 19 4.2% 20 2.3% 10 23 10 25 11 32 10 45 3.0
(1.0) 0.4) 0.4) 0.7) 0.6) (0.5)

AMH 45 5.6 52 3.1 24 24 23 2.3 23 3.1 23 4.8 34
(1.3) (0.8) (0.6) 0.4) (0.6) (1.0)

KSD - - 1 5.0 1 3.9 - - - - 1 5.2 4.7

A.L. 333 1 34 - - - - - - 1 3.5 - - -

SK 854 1 54 - - - - - - - - - - -

WT-15K - - - - - - - - - - 1 4.7 -

Dmanisi 1 4.8 1 2.9 - - - - - - - - -

ATA 3 6.2 1 4.0 - - - - - - - - -
(1.2)

Neand 1 9.3% 1 9.3%h 2 10%h 2 11%h 2 12:%h 2 14%h 11.1

0.7) 0.5) 0.2) 0.4)

Although the KSD-VP-1/1 laminae are thicker than those of humans, they mirror the human pattern of decreasing thickness, unlike Neandertals

and Gorilla. AMH = anatomically modern humans, KSD =

KSD-VP-1/1,

A.L. 333 = Au. afarensis, SK 854 = P. robustus,

WT-15 k = KNM-WT-15000 H. erectus, Dmanisi = H. erectus, ATA = H. heidelbergensis (Atapuerca), Neand = Neandertal. * = different
from humans p < 0.05, h = different from apes p < 0.05. Standard deviations in parentheses
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Fig. 5.21 Lamina index (superoinferior height/anteroposterior thick-
ness) by element. Although the KSD-VP-1/1 laminae (dotted line) are
shorter and thicker than modern humans they mirror the distinct human
pattern of mid-cervical increase. At each cervical level, Gorilla and
Neandertals are significantly different from modern humans, whereas
Pan only differs at the C5 and C7 levels. AMH = anatomically modern
humans, KSD = KSD-VP-1/1, A.L. 333 = Au afarensis,
WT-15k = KNM-WT 15000 H. erectus, Dmanisi = H. erectus,
ATA = H. heidelbergensis (Atapuerca), Neand = Neandertal

nor does it associate in the African great apes with vertebral size
(r* =0.22), body size (* = 0.22), or sex (p = 0.23). The lamina
index, therefore, likely signals differing axial loading regime-
sacross the posterior vertebral component and highlights the
functional similarity between KSD-VP-1/1 and modern
humans.

Posterior Versus Anterior Load Transfer

Examinations of australopith lumbar and thoracic vertebrae
have noted relatively small centra relative to the posterior
features of their vertebrae, and, as a result, it has been posited
that early hominins differed from modern humans whose

vertebral bodies bear the bulk of compressive loads (Robin-
son 1972; Sanders 1996, 1998). By contrast, australopiths
seem to have channeled a greater percentage of load-bearing
force through dorsal columnar structures (posterior vertebral
components), especially the articular facets, which are
exceptionally large in australopiths (Sanders 1990, 1995).

The KSD-VP-1/1 cervical vertebrae support this observa-
tion with a high value for the posterior—anterior component
ratio (posterior geometric mean/centrum geometric mean), a
ratio that evaluates the relative proportions of vertebral load
transfer (Fig. 5.22; Table 5.19). This ratio compares the rel-
ative size (geometric mean) of the posterior vertebral com-
ponent to the size of the superior centrum (geometric mean),
with high values representing greater posterior proportions.
The geometric mean for the posterior component is the 9th
root of the product of nine dimensions from the articular
facets, pars interarticularis, lamina, and pedicle.

Because of its small centrum, the C3 vertebra of
KSD-VP-1/1 falls well above the mean for anatomically
modern humans, indicating a higher proportion of the pos-
terior component. The same condition is observed in A.L.
333-106, both H. erectus specimens and the Neandertals.
The modern human pattern exhibits steadily increasing
posterior proportions in the caudal direction with no appre-
ciable peak, whereas the African great apes demonstrate a
pronounced mid-cervical emphasis on the posterior vertebral
components with a peak at the C4-C5 levels. These data
imply that, as in apes, the mid-cervical posterior components
(i.e., articular facets, pedicle, lamina, pars interarticularis) in
earlier hominins channeled proportionately greater load
magnitudes than modern humans, who shift proportionally
greater axial loads to the centrum. This ratio is sexually
dimorphic in apes (p = 0.004), but not in humans (p = 0.84),
and does not relate to body size in apes or humans using the
postcranial geometric mean as a proxy for size (+* = 0.04 and
* =0.02, respectively). In apes and humans, the length of the
spinous process has only a weak association with this

Table 5.19 Posterior/anterior component ratio (posterior geometric mean/centrum geometric mean)

Group N Cc2 N C3 N C4 N C5 N C6 N Cc7 Mean
C2-C7

Gorilla 17 0.5 19  0.84* 10 0.88* 10  091* 10 0.9* 15 0.87 0.86
(0.03) (0.05) (0.04) (0.08) (0.07) (0.07)

Pan 18 0.75 19  0.83* 9 0.89%* 9 0.88°%* 10 0.87 13 0.84 0.84
(0.04) (0.05) (0.04) (0.05) (0.05) (0.05)

AMH 50 0.77 50 0.76 20 0.79" 21 0.8 20 0.81 24 0.83 0.79
(0.04) (0.05) (0.05) (0.06) (0.07) (0.05)

KSD - - 1 0.96%* - - - - - - - - -

AL.333 - - - - - - - - 1 0.91 - - -

WT-15K - - - - - - - - - - 1 091 -

Dmanisi 1 0.8 1 0.9 - - - - - - - - -

Neand — - 1 0.82 - - 1 0.96 - - - - -

High values represent greater posterior proportions relative to the centrum. AMH = anatomically modern humans, KSD = KSD-VP-1/1, ALL.
333 = Au. afarensis, WT-15 k = KNM-WT-15000 H. erectus, Dmanisi = H. erectus, Neand = Neandertal. * = different from humans p < 0.05,

h = different from apes p < 0.05. Standard deviations in parentheses
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Fig. 5.22 Posterior/anterior component ratio (posterior geometric
mean/centrum geometric mean) by element. Note the pronounced
mid-cervical peak of the posterior vertebral components in the African
great apes. AMH = anatomically modern humans, A.L. 333 = Au.
afarensis, WT-15k = KNM-WT 15000 H. erectus, Dmanisi = H.
erectus, Neand = Neandertal

ratio (r2 =0.28 and 1 = 0.13, respectively), similar to the
proportion of head mass anterior to the cranial condyles
(cranial balance ratio; ¥ =0.001 in humans and 7*> = 0.07 in
apes). As the posterior—anterior component ratio is a rela-
tively independent isometric variable, it may serve as a
salient indicator of relative load vectors in the cervical spine
and demonstrate functional differences between modern
humans and other hominoid taxa.

Spinous Processes

The cervical spinous processes are the attachment site for the
nuchal muscles that insert on the cranium, and their relative
sizes reflect the size and importance of the nuchal muscles
and their attachments (Moskovich 2001), as well as highlight
adaptations in closely related species (O’Higgins et al.
1997). These relationships occur, in part, because the spi-
nous processes follow a slow somatic growth pattern, while
other features such as the vertebral canal follow a more rapid
neural pattern of growth (Sinclair 1969), allowing environ-
mental influences such as activity to accumulate greater
effects during development. Accordingly, spinous processes
are extremely informative with respect to cervical functional
anatomy and their size in the cervical spine has been effec-
tive in partitioning suspensory primates from nonsuspensory
taxa (Nalley 2013) whose short spinous processes reflect
reduced movements of athletic agility (Straus and Wislocki
1932; Ankel-Simons 1983, 2000; Gebo 1989).

Relatively long spinous processes in the apes are due in
part to crania that are ventrally displaced above the cervi-
cothoracic junction (Vidal et al. 1986) and hafted to an
obliquely oriented thoracic spine. This translates to different

Fig. 5.23 The cranial base balance ratio is A cranial length anterior to
occipital condyles/B cranial length posterior to condyles. The cranial
base balance ratio expresses the proportion of total cranial base length
anterior to the condyles, a measure that correlates well with actual
inferior cranial base area (N = 31, P2 = 0.97)

cervical kinematics than humans and the need to counter
ventral head pitch through muscular and ligamentous inter-
vention (Niemitz 2002; Dunbar et al. 2008). Data collected
for this study corroborate a long line of studies (e.g., Dart
1925; Weidenreich 1943; Le Gros Clark 1954; Nevell and
Wood 2008) showing that retrognathism and cranial base
remodeling in humans balance crania more vertically above
the cervicothoracic junction (Fig. 5.23, Table 5.20), obvi-
ating the need for large counterbalancing dorsal musculature
(Shapiro and Frankel 1989; Bramble 2000; Bramble and
Lieberman 2004; Cailliet 2004). Orthograde posture and
bipedal locomotion further mitigate ventral loading relative
to pronograde primates, placing the line of axial loading
vertically above the hip joint and reduce the need for long
spinous processes. Consequently, the spinous processes of
humans are shorter than those of African great apes (Ward
1991; Latimer and Ward 1993) and reveal the importance of
spinous process dimensions in understanding the nature of
head carriage and posture in fossil taxa.

Table 5.20 Cranial base balance ratio (cranial length anterior to
occipital condyles/cranial length posterior to condyles)

Group N Ratio SD
Gorilla 10 4.52% 1.1
Pan 10 3.74% 0.5
AMH 11 1.36" 0.2
WT-15K 1 1.95 -
Dmanisi 1 1.56 -

This ratio is similar to Weidenreich’s (1943) opisthion to cranial base
length index indicating the relative position of the posterior margin of
the foramen magnum (Schultz 1955). Relative to earlier hominins and
the African great apes, the occipital condyles are anteriorly positioned
in anatomically modern humans. AMH anatomically modern humans,
WT-15 k = KNM-WT-15000 H. erectus, Dmanisi = H. erectus.
* = different from humans p < 0.05, h = different from apes p < 0.05
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Although none of the KSD-VP-1/1 vertebrae preserve a
spinous process, C3 and C4 provide adequate morphological
information to reconstruct spinous process lengths. Spinous
process length was modeled on ten linear dimensions of the
centrum, neural arch and lamina in Pan, Gorilla, and
humans, and is reasonably reliable in predicting spinous
process length at the C3 (> = 0.92, N = 42) and C4 vertebral
level (* = 0.95, N = 40) (Table 5.21). The KSD-VP-1/1 C3
and C4 spinous processes are predicted to have been longer
than those of humans and close in length to those of Pan
(Table 5.22). Individually, the predicted values are not sig-
nificantly different from those of humans, but the predicted
20% spinous process length increase from C3 to C4 in
KSD-VP-1/1 is not typically observed in humans where the
mean change is 2%. Instead, the pattern seen in KSD-VP-1/1
mirrors the relationship observed in Neandertals (30%) and
Pan (23%), and, unlike modern humans, the KSD-VP-1/1
vertebral column may have evinced the mid-cervical peak in
spinous process length common among Gorilla, Pan, and
Neandertals. By contrast, anatomically modern human

mid-cervical spinous processes are of roughly equal size
until they increase in length at the two most caudal levels,
indicative of lesser force magnitudes acting on the dorsal
mid-cervical column to maintain lordosis and head position
(Table 5.23).

Because the values for KSD-VP-1/1 are predicted, any
functional implications must be considered to be entirely
speculative; however, because KSD-VP-1/1 and Neandertals
share a common spinous process size, it is likely that long
mid-cervical spinous process lengths are partially related to
larger dorsal moments in response to proportionately greater
craniofacial mass anterior to the cranial condyles rather than
signaling locomotor differences with modern humans. This
inference is supported by a subset of sample data (N = 31)
demonstrating the association between relative spinous
process lengths and cranial base proportions across taxa,
with peak correlation at C5 (+* = 0.79) and slightly lower
correlations cranially and caudally. However, increased
epaxial musculature relative to modern humans likely
accompanied the long spinous processes of KSD-VP-1/1,

Table 5.21 Spinous process length prediction model parameter estimates (N = 82)

Term Estimate Std Error t Ratio Prob > ||
Neural canal A-P 2.382087 0.518215 4.60 <0.0001%*
Lamina thick 3.7617642 0.98197 3.83 0.0003%*
Neural canal WD —2.609803 0.689612 -3.78 0.0003%
Dorsal centrum HT 3.0455661 1.304902 2.33 0.0222%*
Superior centrum A-P 2.7590988 1.268735 2.17 0.0328%*
Lamina HT 1.3867064 0.770338 1.80 0.0758
Inferior centrum WD —1.093233 0.673504 -1.62 0.1087
Superior centrum WD 1.0452635 0.663207 1.58 0.1192
Inferior centrum A-P —1.298347 1.261156 -1.03 0.3065
Anterior centrum HT —1.107391 1.113878 -0.99 0.3233

Table 5.22 Spinous process length (mm) by element with predicted values for the KSD-VP-1/1 C3 and C4 vertebrae

N C2 N C3 N C4 N C5 N (@) N Cc7 Ratio C4/C3
Gorilla 19  28.2% 20  55.7* 10  70.4%* 10  73.1% 9 74.3% 9 69.1%* 1.26
(7.5) (19.5) (19.9) (18) (18.2) (16.8)
Pan 18 16.8 19 205 10 26.7* 10 29.6* 9 31.8 10 347 1.30
(1.8) (3.7) 3.1) 3) 3.0) (3.4)
AMH 48 16.7 47 14.5 24 14.8h 23 17.4h 23 23.4 23 30.2 1.02
2.3) 2.2) 2.7) 2.4) 3.2) (3.4)
KSD - - 1 22 1 27 - - - - - - 1.23
A.L. 333 13.8 - - - - - - 1 28.7 - - -
WT-15K - - - - - - - - - - 29.4 -
Dmanisi 1 20.1 154 - - - - - - - - -
ATA 3 17.8 - - - - - - - - - - -
(1.4)
Neand 1 18.8 1 16.5 1 23.4 1 31.5 2 314 2 38 (4.2) 1.42
“4.4)

Predicted values for spinous process length in the KSD-VP-1/1 specimens fall near the mean for Pan and exhibit a slope increase similar to both
Pan and Neandertals that is absent in modern humans. AMH = anatomically modern humans, KSD = KSD-VP-1/1, A.L. 333 = Au. afarensis,

WT-15 k = KNM-WT-15000 H. erectus, Dmanisi = H. erectus, ATA =

H. heidelbergensis (Atapuerca), Neand = Neandertal. * = different from

humans p < 0.05, h = different from apes p < 0.05. Standard deviations in parentheses



92

M.R. Meyer

Table 5.23 Relative spinous process length (spinous process length/centrum anteroposterior length) by element with predicted values for

KSD-VP-1/1 C3 and C4 vertebrae

Group N C3 N C4 N C5 N Co6 N Cc7 Ratio C4/C3
Gorilla 19 3.23* (0.9) 10 4.24* (0.75) 10 4.65* (0.69) 9 4.26* (0.56) 9 3.64%* (0.34) 1.31

Pan 19 1.81%* (0.27) 10 2.4*(0.21) 10 2.63* (0.26) 9 2.62* (0.26) 10 2.66* (0.31) 1.33

AMH 47 1.0 (0.16) 24 1.05" (0.2) 23 1.23M (0.2) 23 1.59" (0.22) 23 2.06" (0.25) 1.05

KSD 1 1.51 1 1.71 - - - - - - 1.13

A.L. 333 - - - - - - 2.32 - - -

WT-15K - - - - - - - - 2.14 -

Dmanisi 1 1.21 - - - - - - - - -

Neand 1 0.91 - - - - 1 1.85 1 2.56 -

AMH = anatomically modern humans, KSD = KSD-VP-1/1, A.L. 333 =

Au. afarensis, WT-15 k = KNM-WT-15000 H. erectus, Dmanisi = H.

erectus, Neand = Neandertal. * = different from humans p < 0.05, h = different from apes p < 0.05. Standard deviations in parentheses. Ratio values

were logarithmically transformed for statistical testing

suggesting a point of variance with anatomically modern
humans in terms of head carriage and neck flexibility on the
sagittal plane.

Importantly, the short spinous processes of modern
humans result in a physiological “void” unoccupied by the
large trapezius, splenius capitis, and rhomboid muscles of
the African great apes. Instead, in humans, bulky muscles
are supplanted by a thin dorsal raphe formed from inter-
weaving fibers of these muscles, and a fascial septum con-
sisting of dense connective tissue runs ventrally from the
midline raphe to interspinous ligaments connecting the spi-
nous processes (Mercer and Bogduk 2003). This elastic
ligamentous band, the nuchal ligament, is a uniquely derived
feature in cursorial animals, including genus Homo, which
connects the cervical spine to the cranium and C7 vertebra
and maintains head stability during distance running
(Bramble and Lieberman 2004). Intermediate spinous pro-
cesses in KSD-VP-1/1 imply that the nuchal ligament in Au.
afarensis was either absent, or at best at an inchoate stage of
development. This hypothesis is supported by the absence in
australopiths of a strongly everted median nuchal line (the
attachment site for the nuchal ligament) and not simply the
presence of an external occipital protuberance at the dorsal
terminus of the median nuchal line common among homi-
noid crania but not indicative of the nuchal ligament. All
hominin crania except those of genus Homo lack the everted
median nuchal line, and therefore, may have lacked the
nuchal ligament associated with cursorial running (Lieber-
man 2011).

Neural Canal

Neural Canal Size

In general, modern human neural canals (and the associated
spinal cord) are relatively expanded relative to the great apes

(Schultz 1930; MacLarnon 1987) and australopiths
(MacLarnon 1993; MacLarnon and Hewitt 1999). Despite
expectations, mean canal areas in the KSD-VP-1/1 cervical
vertebrae are similar to those of modern humans (only 6%
smaller than the aggregate mean) and are 29% larger than the
mean neural canal area of Pan (Table 5.24). At C5, the
neural canal of KSD-VP-1/1 actually exceeds the mean for
humans. By contrast, neural canal areas in SK 854 and A.L.
333-106 are close to the Pan mean and are significantly
smaller than humans. Contra to Scheiss and Haeusler
(2013), the Pan-like neural canal area of the KNM-WT
15000 C7 vertebra is consistent with suggestions of
pathology (neural stenosis) in the axial spine (Latimer and
Ohman 2001; Meyer 2003), especially when compared to
the larger canal areas of the Dmanisi H. erectus specimens of
much smaller body size (Meyer 2005). Unlike KNM-WT
15000 and other australopiths, the subaxial neural canal
areas of KSD-VP-1/1 predict a spinal cord size larger than
that of Pan and similar in cross-sectional area to that of
Dmanisi H. erectus and modern humans.

Neural canal dimensions in many mammals follow a
simple curve paralleling the size of the spinal cord
(O’Higgins et al. 1989), which allows for the estimation of
spinal cord size in fossil taxa from vertebral remains. The
exception to this rule is the C2 vertebra, where the largest
neural canal cross-sectional areas in the spine occur, but do
not relate to spinal cord sizes, as the spinal cord at this level
is 10% smaller than at the mid-cervical levels (Nordquist
1964; Sherman et al. 1990). Although the KSD-VP-1/1 C2
neural canal is below the human mean (but not statistically
different), no inferences can be made with respect to spinal
cord size. Cross-sectional canal areas at C2 across taxa are
probably a function of expanded dorsoventral canal lengths
serving to avoid spinal cord impingement, as this vertebra
confers the majority of head movement in the sagittal plane.

Neural canal cross-sectional areas were measured from
scaled images using the ImageJ NIH software platform and
are in agreement with published in vivo analyses deriving
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Table 5.24 Neural canal area (sz) by element

Group N c2 N C3 N Cc4 N C5 N Co6 N Cc7 Mean C2-C5, C7

Gorilla 14 3.29% 15 2.81% 10 2.89% 10 3.10% 10 2.93* 10 2.63* 2.90
0.4) 0.4) 0.4) 0.4) 0.3) 0.4)

Pan 16 2.11%* 17 1.83%* 11 1.75% 11 1.75% 11 1.65% 11 1.45% 1.78
0.4) 0.3) 0.2) 0.2) 0.2) 0.2)

AMH 35 2.78h 36 2.33h 27 2.20n 27 2.38h 29 2.40h 28 2.30n 242
0.4) 0.3) 0.2) 0.3) 0.3) 0.3)

KSD 1 2.10 1 2.28 1 2.23 1 2.58 - - 1 2.28 2.29

A.L. 333 1 2.90 - - - - - - 1 1.70* - - -

SK 854 1 1.95% - - - - - - - - - - -

WT-15K - - - - - - - - - - 1 1.44%* -

Dmanisi 1 2.26 1 2.27 - - - - - - - - -

ATA 3 2.70 2 2.09 - - - - - - - - -
0.2) 0.3)

Neand 2 3.23 2 2.62 2 2.68 2 2.93% 2 2.68 2 2.64 2.82
0.2) 0.4) 0.1) 0.2) 0.4)

In contrast to expectations, the subaxial neural canal areas of KSD-VP-1/1 predict a spinal cord size similar to that of modern humans.
AMH = anatomically modern humans, KSD = KSD-VP-1/1, A.L. 333 = Au. afarensis, SK 854 = P. robustus, WT-15 k = KNM-WT-15000 H.
erectus, Dmanisi = H. erectus, ATA = H. heidelbergensis (Atapuerca), Neand = Neandertal. * = different from humans p < 0.05, h = different from

apes p < 0.05. Standard deviations in parentheses

neural canal dimensions via computed tomography
(CT) (e.g., Stanley et al. 1986). Mathematical estimates of
neural canal areas are highly erroneous, as the neural canals
are not absolute ellipses as formulae require, and, as such,
they underestimate chimpanzee values, overestimate human
values, and have almost no correlation with gorilla neural
canal areas (Meyer 2005).

Neural Canal Shape

Modern human neural canals are relatively wider transversely
than those of the African great apes, resulting in a canal shape
that is significantly different at each vertebral level
(Table 5.25) (MacLarnon and Hewitt 1999). Neural canal
shape (transverse canal width/dorsoventral canal diameter x
100) in five of the KSD-VP-1/1 cervical vertebrae was
reconstructed based on mirror imaging the preserved canal
margins. The results demonstrate that, unlike the apes, the
vertebrae of KSD-VP-1/1 exhibit transversely expanded
canals. Other Au. afarensis cervical vertebrae (A.L. 333-101
and A.L. 333-106) do not share this derived morphology and,
like Paranthropus (SK-854), have values at the mean for Pan.

Dorsoventrally expanded neural arches in the African
great apes, especially Gorilla, are not representative of a
larger spinal cord. Instead, their dorsally elongated
mid-cervical canals are associated with long dorsal vertebral
structures that offer higher moments and greater surface
attachment areas for epaxial musculature acting to counter
ventral gravitational loads incumbent to pronogrady. In
hominins, this may represent a primitive retention well

suited to balance heavy, prognathic crania weighted ven-
trally to the cervical spine.

Postcranial Neurological Indications

In terms of postcranial neurological evolution, perhaps the
most cogent difference between humans and the African
great apes is in the dramatic transverse expansion of the
human spinal cord for the brachial plexus axons that control
the upper limbs. Because nerves to the hands and arms exit
the spinal cord at mid-cervical levels associated with the
brachial plexus, neural canal size and shape in this cervical
region may shed light on neurological potential in the upper
extremities, assuming a correlation between spinal cord size
distribution and function. Enhanced neural control over the
extremities has been hypothesized to explain differences
between humans and apes in throwing accuracy and tool-
making capabilities (W. Calvin in Walker 1993; Dunsworth
et al. 2004; Meyer 2003).

Potentially confounding this discussion is that neural
canals in gorillas are larger than those of humans. This may
be attributed partly to spinal cord scaling associated with
large body sizes, but also due in large part to dorsal
expansion of the neural arch as a function of dorsal exten-
sion of the laminae for the spinous process lever arm
(Schultz 1930). However, the large neural canals in the
KSD-VP-1/1 cervical column are not related to dorsoventral
expansion as in Gorilla; instead, they are derived chiefly
from expanded transverse widths as in modern humans.

At every cervical level, the transverse widths (both
absolute and size-controlled) of modern humans are



94

M.R. Meyer

Table 5.25 Neural canal shape index (transverse canal width/dorsoventral canal diameter x 100) by element

Group N C2 N C3 N C4 N C5 N Co6 N c7 Mean C2-C5, C7

Gorilla 20 97* 21 105* 11 107* 11 109* 11 117* 11 128* 109
(10) (12) (15) (16) 17) 27

Pan 23 113%* 24 122%* 14 128%* 14 132%* 15 140%* 14 154%* 130
(10) (13) (15) (15) a7 (17)

AMH 60 141h 59 160" 34 172k 32 176" 33 179n 33 173h 164
(10) (15) (16) (14) (15) (17)

KSD 1 167" 1 200" 1 170 1 172 - - 1 179 178

A.L. 333 1 112 - - - - - - 1 134 - - -

SK 854 1 111 - - - - - - - - - - -

WT-15K - - - - - - - - - - 1 206 -

Dmanisi 1 131 1 154 - - - - - - - - -

ATA 3 141h 2 153 - - - - - - - - -
(12) (19)

Neand 1 139 1 183h 2 180h 2 172h 2 221h* 1 156 166

(28) (€9) (28)

The high values in the C7 of KNM-WT 15000 are the product of an anomalously small dorsoventral neural canal length. AMH = anatomically
modern humans, KSD = KSD-VP-1/1, A.L. 333 = Au. afarensis, SK 854 = P. robustus, WT-15 k = KNM-WT 15000 H. erectus, Dmanisi = H.
erectus, ATA = H. heidelbergensis (Atapuerca), Neand = Neandertal. * = different from humans p < 0.05, h = different from apes p < 0.05.
Standard deviations in parentheses. Ratio values were logarithmically transformed for statistical testing

Table 5.26 Neural canal transverse width (mm) by element

Group N Cc2 N C3 N Cc4 N C5 N Cc6 N C7 Mean C2-C5, C7

Gorilla 20 19.5% 21 19.9% 11 20.6% 11 21% 11 21.7%* 11 22.1% 20.6
(1.2) (1.2) (1.7) (1.9) (1.9) 3.1)

Pan 23 16.9% 24 17.4% 14 18.1%* 14 18* 15 18* 14 17.8% 17.6
(1.6) (1.3) (1.4) (1.4) (1.3) (1.3)

AMH 60  22.4h 59  22.4h 34 23.7h 32 24.5h 33 25.1h 33 24.1h 234
(1.2) (1.2) (1.2) (1.3) (1.5) (1.6)

KSD 1 20 1 24h 1 23 1 27.5h - - 1 26 24.1

A.L. 333 1 20.7 - - - - - - 1 17.7% - - -

SK 854 1 16.9% - - - - - - - - - - -

WT-15K - - - - - - - - - - 1 21.3 -

Dmanisi 1 18.9 1 19.7 - - - - - - - - -

ATA 3 23.4 2 20.9 - - - - - - - - -
0.5) (0.5)

Neand 2 23.8n 2 24.5h 2 25.4h 2 25.9h 2 28.5h 2 23.3 24.6
0.4) (3.3) (2.8) (0.6) (0.8) 0.2)

Throughout the cervical spine, the transverse widths of modern human neural canals are significantly wider than those of the African great apes.
AMH = anatomically modern humans, KSD = KSD-VP-1/1, A.L. 333 = Au. afarensis, SK 854 = P. robustus, WT-15 k = KNM-WT 15000 H.
erectus, Dmanisi = H. erectus, ATA = H. heidelbergensis (Atapuerca), Neand = Neandertal. * = different from humans p < 0.05, h = different from

apes p < 0.05. Standard deviations in parentheses

significantly wider than those of the African great apes
(Tables 5.26 and 5.27). In modern humans, transverse
enlargement of the neural canals for the cervical spinal cord
bulge is most pronounced from levels C4 to C6 with no
increase in the dorsoventral dimension (Elliott 1945; Sher-
man et al. 1990; Fountas et al. 1998). The transverse widths
of the KSD-VP-1/1 neural canals are at or above the canal
widths of anatomically modern humans in all but the C2
vertebral level, and, like modern humans, the C4, C5, and
C7 neural canals of KSD-VP-1/1 exhibit transverse
enlargement for the cervical cord bulge associated with the
brachial plexus. By contrast, the isolated vertebrae for SK

854 and A.L. 333-106 are smaller, falling at the mean for
Pan. Despite the fact that A.L. 333-106 is an isolated C6
vertebra, single neural canal segments below the C2 level are
representative of the cross-sectional area of the cervical
spinal cord (Kameyama et al. 1994, 1996; Fourie and Kir-
berger 1999), signifying that A.L. 333-106, a putatively
female Au. afarensis, did not share the derived cervical bulge
for the brachial plexus with KSD-VP-1/1 (a large male) and
modern humans.

The observation that KSD-VP-1/1 possessed the trans-
verse cervical bulge does not necessarily mean, however,
that KSD-VP-1/1 was neurologically equivalent to modern
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Table 5.27 Relative neural canal transverse width (neural canal transverse width/centrum geometric mean)
Group N C2 N C3 N Cc4 N C5 N Co6 N C7 Mean C3-C5
Gorilla 17 0.95* 19 1.29* 10 1.32% 10 1.33* 10 1.26* 10 1.22% 1.31
0.1) 0.1) 0.1) 0.1) 0.1) 0.1)
Pan 18 1.07* 19 1.48 10 1.55% 10 1.50%* 10 1.37* 10 1.28%* 1.51
0.1) 0.1) 0.1) 0.1) 0.1) 0.1)
AMH 52 1.18h 50 1.56 22 1.70n 20 1.76n 21 1.72h 21 1.53h 1.67
0.1) 0.1) 0.1) 0.1) 0.2) 0.1)
KSD - - 1 1.77 1 1.46 1 1.65 - - - - 1.63
AL.333 - - - - - - - - 1 1.35 - - -
WT-15K - - - - - - - - - - 1 1.62h -
Dmanisi 1 1.11 1 1.84h - - - - - - - - -
ATA - - 2 1.71 - - - - - - - - -
0.1)
Neand - - 2 1.65" - - 1 1.99 - - 1 1.63h -
0.1)

AMH = anatomically modern humans, KSD = KSD-VP-1/1, A.L. 333
erectus, ATA = H. heidelbergensis (Atapuerca), Neand = Neandertal.

= Au. afarensis, WT-15 k = KNM-WT 15000 H. erectus, Dmanisi = H.
* = different from humans p < 0.05, h = different from apes p < 0.05.

Standard deviations in parentheses. Ratio values were logarithmically transformed for statistical testing

humans in terms of manual dexterity. The transverse
expansion of the KSD-VP-1/1 mid-cervical neural canals
results in a ‘shouldered’ appearance at the ventrolateral
neural canal margins (Fig. 5.1), which corresponds with the
increase of motor pools in the ventral horn of the spinal cord
(Romanes 1964) as well as the ventrolateral component of
the vestibulospinal tract. This tract is the conduit for the
vestibulospinal reflex, a feedback loop that stimulates
extensor motor neurons in lower limbs and the trunk that
coordinates postural adjustments to keep the body balanced
along the midline in bipedality. It is possible to speculate
that instead of enhanced manual coordination, the increased
area afforded by the “shouldered” morphology might most
parsimoniously relate to an increase in the ability to maintain
posture and head stabilization in bipedalism.

An additional hypothesis is that the transversely wide
neural canals in KSD-VP-1/1 are independent of spinal cord
size and simply reflect the progressively widening interfacet
distances in the cervical column, as is the case in the
hominin lumbar region for postural stability in bipedalism
(Sanders 1990; Latimer and Ward 1993). However, this last
hypothesis is unlikely as subaxial cervical spinal cord size
and cervical neural canal dimensions across primates are
closely linked (MacLarnon 1987).

Pathological Analysis

The cost of transitioning the bipedal spine from a horizontal
suspension strut to a vertical column has been endemic
pathology (Krogman 1951; Jurmain 1989; Gracovetsky
1996; Tatarek 2005). Australopiths exhibit a staggering
incidence of vertebral pathology, with nearly every

individual affected to some degree (Sanders 1998). Even the
iconic Au. afarensis specimen, A.L. 288-1 (“Lucy”), exhibits
pronounced thoracic kyphosis and new bone formation on its
ventral surfaces and Scheuermann’s disease at the T8 level
(Cook et al. 1983). This deformity results from avascular
necrosis of the vertebral ring apophysis and is characterized
by compressed and wedged vertebral centra with end-plate
irregularities (Scheuermann 1920, 1921). Its etiology is still
a subject of discussion, having been suggested to be a
genetic predisposition, the product of a hormonal distur-
bance, but most often described as the result of mechanical
trauma (Nathan 1962; Boachie-Adjei and Sarwahi 2003;
Damborg et al. 2011). Cook and colleagues (1983) argued
for the latter explanation in A.L. 288-1 that vertebral
pathology in this small-bodied female was related to lifting,
climbing, or acrobatic activities.

Because osteophytic lesions are so commonplace among
other australopith and paranthropine vertebral remains, the
shift to orthograde posture may have predisposed australo-
piths to compressive load injuries before their centra were
capable withstanding the high magnitudes of vertical loading
incumbent to bipedalism (Meyer 2012), although the
Paranthropus robustus specimen, Stw 431, may be an
exception to this pattern (Barrickman 2003). High incidence
of pathology in the australopiths may partly be a function of
a center of gravity located more ventrally than in modern
humans (Trinkaus 1987; Hausler and Berger 2001), but in a
general sense, their small centra and overall spinal column
appear to be better structured for suspension than compres-
sive loading, sharing much in common with the vertebral
column of pronograde apes, best suited to act as a bridge to
support suspended viscera (Cartmill et al. 1987). The
prevalence of vertebral pathology in australopiths is analo-
gous to the inexorable structural failure that would result if
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the Brooklyn Bridge was reoriented to stand on one end, and
provides a classic example of “behavior preceding biology,”
as the ape spine was exapted for vertical posture despite
being ill prepared for the task.

The KSD-VP-1/1 cervical vertebrae are no exception to
this observation. As in many other australopith vertebrae, the
C4, C5, and C6 centra in the KSD-VP-1/1 cervical spine
exhibit spondylosis deformans, with osteophytes originating
from the centrum margins extending across the intervertebral
space toward the adjacent centrum. Although the caudal
centra are affected, there is a complete lack of pathological
involvement of the corresponding zygapophyseal joints. The
KSD-VP-1/1 C4 vertebra has a small degree of osteophytosis
on the periphery of the right ventral margin that would be
classified as first degree lipping according to the scoring
system of Nathan (1962). More pronounced is the thin out-
growth of bone on the right inferior centrum margin of the
C5, forming a small demi-ring of bone extending about
1.5 mm anteroinferiorly at its maximum, scored as second
degree osteophytic lipping.

The KSD-VP-1/1 C6 vertebra exhibits pathological indi-
cations affecting both the superior and inferior centrum sur-
faces. The superior centrum’s right ventral margin presents a
second degree osteophytic lipping commensurate to that of
the superjacent C5 inferior surface. The inferior surface of the
C6 is marked by two significant pathologies — moderately
severe spondylosis deformans and a probable Schmorl’s
node. Spondylosis deformans of the right inferior centrum
margin is moderately severe, with third degree osteophytic
lipping projecting approximately 5 mm ventrolaterally at its
maximum (Fig. 5.24). The left side of the inferior centrum is
damaged and missing aspects of the posterolateral surface,
making it uncertain whether this aspect of the vertebra was
similarly affected. Spondylosis deformans increases with
advancing age, yet only approximately 10% of individuals
experience negative clinical symptoms (Smith 1960; Ryde-
vik et al. 2001), rendering it unlikely that osteophytosis in the
KSD-VP-1/1 cervical spine incurred debilitating pain or an
appreciable loss of spinal function. Although there is
obfuscating damage to the inferior centrum surface, a rela-
tively shallow, irregularly shaped Schmorl’s node appears to
be localized slightly dorsal to the midpoint of the inferior
centrum surface. Schmorl’s nodes typically accompany the
degree of osteophytic lipping observed in the KSD-VP-1/1
C6 vertebra (Nathan 1962).

Pathogenesis of spondylosis deformans follows degen-
eration of the anulus fibrosis and affects all three precaudal
vertebral regions in many taxa (Morgan et al. 1967). The
cervical spine is susceptible to this degenerative change
because of its complexity and wide range of motion, and its
incidence increases with the degenerative effects of aging as
the structure of the annulus fibrosis loses its capacity to
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KSD-VP-1/1I
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Fig. 5.24 Superior, inferior, and anterior oblique views of KSD-VP
1/11 (C6 centrum) highlighting the extent of pathology. White arrows
point to area of spondylosis deformans on the inferior, and the black
arrow points to the Schmorl’s node on the inferior centrum surface. In
the superior view, the white solid line outlines the area of osteophytic
lipping ventral to the anterior centrum margin

rebound subsequent to compression. Spondylosis deformans
in humans is most pronounced on the ventral centrum
margins (Shimoda et al. 2011) between the C5 and C7
levels, which serve as the pivot through which movements
of the head and neck are mediated (Boyd-Clark et al. 2002;
Van der Merwe et al. 2006). Spinal degenerative changes
result in reduced disc height, loss of cervical lordosis, and
increase the risk for disc herniation (Schmorl’s nodes)
(Rydevik et al. 2001). However, rather than viewed simply
as a negative pathological consequence, the formation of
osteophytes on the centrum effectively renovates centra into
more compression-resistant pillars, similar to how capitals
and bases are employed in architecture to increase the
resistance of pillars to vertical compression (Nathan 1962).

Compared with modern humans, other hominoids exhibit
significantly less degenerative spinal changes (Jurmain
2000). For example, a sample of 344 wild chimpanzees dis-
played a complete lack of osteophytosis and no evidence of
degenerative spinal disease (Jurmain 1989). Although these
conditions are pervasive in adult humans, even the oldest
chimpanzees in the sample were completely free from spinal
degeneration. Osteophytosis in wild gorilla cervical vertebrae
is also rare (Lovell 1990; Jurmain 2000), although a higher
incidence of pathology was observed in captive male gorillas
(Nichols and Zilhlman 2002). Polyarticular spinal degenera-
tion has been documented in rhesus macaques, including
spinal osteophytosis, possibly because they habitually sit
upright, which vertically loads their spines (Bailey et al.
2013). Yet, the systematic prevalence of vertebral pathology,
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Table 5.28 Frequencies of spondylosis deformans (osteophytic lipping of the centrum) by element

Group N C2 C3 C4 C5 C6 C7
AMH 52 0.02 0.13 0.25 0.27 0.29 0.21
Neandertal 2 0.0 0.0 0.0 0.50 100.0 0.50
Gorilla 20 0.0 0.18 0.07 0.0 0.0 0.0
Pan 20 0.0 0.0 0.0 0.0 0.0 0.0

Note the caudal pattern of pathological expression in anatomically modern humans (AMH) and Neandertals in comparison to the more cranial
pattern in Gorilla. The human sample consists of individuals over age 40 (mean age 52; median age 50; range 40-70 years)

including cervical pathology, in hominins is unparalleled,
extending from the australopiths through large-bodied Homo
heidelbergensis (Perez et al. 1997) and Neandertals (Boule
1911; Vallois 1937; Straus and Cave 1957). Thus, the pres-
ence of human-like pathology may serve as a biomechanical
signal of human-like posture and locomotion.

Spondylosis deformans might be the expected reaction in
the cervical column of a highly prognathic and large-bodied
adult biped, but especially if KSD-VP-1/1 was afflicted with
kyphosis as is the case in the smaller bodied A.L. 288-1. This
is because the “hunchback” posture associated with
Scheuermann’s kyphosis initiates a compensatory response
in the lumbar and cervical spine which causes the head to
protrude forward, or gooseneck, resulting in a negative
sagittal balance with the C7 oriented dorsal to the sacral
promontory (Boachie-Adjei and Sarwahi 2003). Because
there are no thoracic vertebrae associated with the
KSD-VP-1/1 cervical fossils, it is speculation that the cer-
vical pathology described here is the result of compensation
for Scheuermann’s kyphosis, but such a scenario is plausible.

In humans high-load magnitudes (Bridges 1994),
bipedalism (Van der Merwe et al. 2006) and advanced age
(Rydevik et al. 2001; Shimoda et al. 2011) increase the fre-
quency of cervical osteophytosis, supported by data collected
for this study showing almost 1/3 of human adults over the age
of 40 with spondylosis deformans in the mid-cervical region
(Table 5.28). Because lateral bending in human orthogrady is
maximal at the C6—C7 junction (Lang 1972; Wilke et al.
1997), this differentially predisposes the inferoventral aspect
of the human C6 centrum to potential trauma and interverte-
bral disc degeneration resulting in spondylosis deformans
(Farfan et al. 1970). Moreover, in humans, the incidence of
osteophytic lipping is greatest near the peaks of spinal cur-
vature away from the line of gravity, whereas little or no
pathology occurs where the line of gravity crosses the spine
(Nathan 1962). Because the KSD-VP-1/1 pattern of caudal
pathology with a peak expression at the C6 level matches the
pattern exclusive to anatomically modern humans (and
Neandertals), this implies that KSD-VP-1/1 shared a common
loading regime and cervical posture with modern humans.

Discriminant Function Analysis

Stepwise discriminant analysis was performed to select the
most correlated predictors from preserved variables in the
KSD-VP-1/1 vertebrae to classify sample group affinity for
each vertebral specimen. Each stepwise discriminant
analysis was performed to select the most correlated pre-
dictors from preserved dimensions in the corresponding
KSD-VP-1/1 vertebra. Following Cokluk and Buyukozturk
(2008), the number of predictor variables was fewer than
the sample size of the smallest group. Most stepwise
models predicted group classification with 100% accuracy,
with the lowest model accuracy of 96% at the C6 level.

For the C2 level, 11 dimensions were selected from the
neural canal, inferior articular facet, pedicle, lamina, pars
interarticularis, and inferior centrum. For the C3 level, 18
dimensions were selected from the centrum, neural canal,
superior articular facets, inferior articular facets, pedicle,
lamina, and pars interarticularis. Nine dimensions were
selected at the C4 level from the centrum, neural canal,
articular facets, pedicle, lamina, and pars interarticularis. For
the C5 level, nine dimensions were selected from the cen-
trum, neural canal, and superior articular facets. Six
dimensions at the C6 level were selected from the centrum
and six dimensions for the C7 level were selected from the
superior articular facets, lamina, neural canal, and root of the
transverse process.

All of the subaxial KSD-VP-1/1 cervical vertebrac were
classified as anatomically modern human (AMH) with high
prediction values (Tables 5.29 and 5.30). However, the
KSD-VP-1/1 C2 vertebra classified as Gorilla, as did A.L.
333-101. SK 854 and A.L. 333-106 both classified as Pan.
The more cranial vertebral levels in the Dmanisi H. erectus
specimens and Neandertals also tended to classify with less
affinity to anatomically modern humans. The pathological
C7 vertebra of KNM-WT 15000 (H. erectus) only weakly
classified with humans, although when centrum measures
were incorporated into the analysis, classification probability
increased to 1.0.
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Table 5.29 Summary of discriminant function classifications in hominin cervical vertebrae (prediction value in parentheses)
KSD A.L. 333 SK 854 Dmanisi WT-15k Neandertal Model 2LogLikelihood
accuracy (%)
C2  Gorilla (0.98)  Gorilla (0.99)  Pan (0.99) AMH (0.52) - - 99 3.163
C3  AMH (0.99) - - AMH (1.0) - Gorilla (0.98) 100 0
C4  AMH (1.0) - - - - Gorilla (0.97) 100 0.03
C5 AMH (1.0) - - - - AMH (1.0) 100 0.0002
C6 AMH (0.97) Pan (0.90) - - - - 96 4.137
C7 AMH (1.0) - - - AMH (0.54) - 100 0.917

All except the C2 vertebra in KSD-VP-1/1 classifies with anatomically modern humans (AMH). Because A.L. 333-101 does not preserve the same
element parts as KSD-VP-1/1, a separate stepwise discriminant function analysis was performed using ten preserved dimensions. When
dorsoventral neural canal dimensions are removed from analyses (reconstructed in the KSD-VP-1/1 specimens), the results are nearly identical.
AMH = anatomically modern humans, KSD = KSD-VP-1/1, A.L. 333 = Au. afarensis, SK 854 = P. robustus, WT-15k = KNM-WT 15000 H.
erectus, Dmanisi = H. erectus
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Fig. 5.25 Stepwise discriminant function analysis canonical scatter-
plots by element. Normal 50% contours shown. KSD = numerals
indicating vertebral level, modern humans = solid points, Pan = open

circles, Gorilla = open squares, A = A.L. 333-106 Au. afarensis,
P = SK 854 P. robustus, D = Dmanisi H. erectus, W = KNM-WT

15000 H. erectus, N = Neandertals

Table 5.30 Summary of principal component analysis groupings in hominin cervical vertebrae

KSD A.L. 333 SK 854 Dmanisi WT-15k  Neandertal  PCl1 and PC2 % PC2 and PC3 %
of variab. (%) of variab. (%)
C2 AMH/Gorilla - Pan/Gorilla Intermediate  — - 68 27
C3 Intermediate - - AMH - Outlier 70 26
C4 AMH — — — — — 72 29
C5 AMH - - - - AMH 79 29
C6 AMH Pan/Gorilla - - - - 94 26
C7 AMH - - - AMH - 73 27

Below the C2 and C3 levels, KSD-VP-1/1 cervical vertebrae fall exclusively within the distribution of anatomically modern humans (AMH). The
most superior cervical vertebrae across hominins are more primitive than those of modern humans, likely reflecting a craniocervical developmental
link. Note that unlike the large male KSD-VP-1/1, the smaller female A.L. 333 is more primitive in the lower cervical column. AMH =
anatomically modern humans, KSD = KSD-VP-1/1, A.L. 333 = Au. afarensis, SK 854 = P. robustus, WT-15 k = KNM-WT 15000 H. erectus,
Dmanisi = H. erectus
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a

PC1

Fig. 5.26 a Scatterplot of C2 vertebrae first principal component by
second principal component. The KSD-VP-1/1 C2 vertebra (indicated
by the number 2) falls within the 95% confidence ellipse for both
anatomically modern humans and Gorilla, whereas the Dmanisi H.
erectus C2 (letter D) falls outside the human distribution, intermediate
to humans and Gorilla. The P. robustus C2 vertebra SK 854 (letter P)
falls in the distribution of Pan. b Scatterplot of C2 second principal
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Fig. 5.27 a Scatterplot of C3 vertebrae first principal component by
second principal component. The KSD-VP-1/1 C3 vertebra (indicated
by the number 3) falls between the 95% confidence ellipses for modern
humans and Gorilla, whereas the Dmanisi H. erectus C3 (letter D) falls
on the margin of the human distribution. The La Ferrassie Neandertal
C3 vertebra (letter N) falls outside of the human distribution.
b Scatterplot of C3 second principal component by third principal

PC2

component by third principal component. The KSD-VP-1/1 C2 vertebra
(number 2) falls within the 95% confidence ellipse for modern humans.
The P. robustus C2 vertebra SK 854 (letter P) falls outside the human
distribution and within the distribution of Pan. Modern humans = solid
circles (N = 64), Pan = open circles (N = 18), Gorilla = open squares
N =17)

PC3

PC2

component. The KSD-VP-1/1 C3 vertebra (number 3) falls outside the
95% confidence ellipse for humans, Pan, and Gorilla. The Dmanisi H.
erectus C3 (letter D) and La Ferrassie Neandertal (letter N) also fall
outside of the extant sample distributions. Modern humans = solid
circles (N = 65), Pan = open circles (N = 20), Gorilla = open squares
N =19
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Principal Components

In each of the principal component analyses, only dimen-
sions from preserved elements in the KSD-VP-1/1 vertebrae
were incorporated. As discussed above, since the first prin-
cipal component typically correlates positively with size, to
eliminate size effects with allometric growth, the first com-
ponent was discarded (sheared). Shearing did not radically
change the results of analyses, probably because the first
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Fig. 5.28 a Scatterplot of C4 vertebrae first principal component by
second principal component. KSD-VP-1/1 (number 4) falls within the
95% confidence ellipse for anatomically modern humans. b Scatterplot
of C4 second principal component by third principal component.

PC1

Fig. 5.29 a Scatterplot of C5 vertebrae first principal component by
second principal component. The KSD-VP-1/1 C5 vertebra (number 5)
falls within the 95% confidence ellipse for anatomically modern
humans as does the Kebara Neandertal (letter N) specimen. b Scatterplot

component contains a degree of allometrically related shape
variation (Healy and Tanner 1981; James and McCulloch
1990), but both standard PCA and sheared PCA results are
presented here for rigor. As was the case with the discrim-
inant function analyses, principal component analyses
(PCA) demonstrate most hominins to be somewhat more
ape-like at the most cranial levels. Unlike A.L. 333-106,
each of the vertebrae of KSD-VP-1/1 below the C4 level
falls within the distribution for modern humans (Fig. 5.25).

KSD-VP-1/1 (number 4) falls within the 95% confidence ellipse for
anatomically modern humans. Modern humans = solid circles (N = 23),
Pan = open circles (N = 10), Gorilla = open squares (N = 10)

PC3

of C5 second principal component by third principal component.
KSD-VP-1/1 (number 5) falls within the 95% confidence ellipse for
anatomically modern humans and Pan. Modern humans = solid circles
(N =23), Pan = open circles (N = 11), Gorilla = open squares (N = 10)
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Fig. 5.30 a Scatterplot of C6 vertebrae first principal component by
second principal component. The KSD-VP-1/1 C6 vertebra (number 6)
falls within the 95% confidence ellipse for anatomically modern
humans, whereas A.L. 333-106 (letter A) falls outside the human
distribution and within the distribution of Pan. b Scatterplot of
C6 second principal component by third principal component.

PC1

Fig. 5.31 a Scatterplot of C7 vertebrae first principal component by
second principal component. The KSD-VP-1/1 C7 vertebra (number 7)
falls just within the 95% confidence ellipse for anatomically modern
humans, as does the KNM-WT 15000 (letter W) C7 vertebra.
b Scatterplot of C7 second principal component by third principal

For the C2 vertebrae PCA (Fig. 5.26), 11 dimensions were
incorporated from the neural canal, inferior articular facet,
pedicle, lamina, pars interarticularis, and inferior centrum. For
the C3 vertebrae PCA (Fig. 5.27), 22 dimensions from the
centrum, neural canal, superior and inferior articular facets,
pedicle, lamina, and pars interarticularis were incorporated.
For the C4 vertebrae PCA (Fig. 5.28), 21 preserved dimen-
sions were employed from centrum, neural canal, superior and

PC2

KSD-VP-1/1 (number 6) falls within the 95% confidence ellipse for
anatomically modern humans. A.L. 333-106 (letter A) falls outside the
human distribution and within the distribution of Pan and Gorilla.
Modern humans = solid circles (N = 26), Pan = open circles (N = 10),
Gorilla = open squares (N = 10)

PC2

component. The KSD-VP-1/1 C7 vertebra (number 7) falls outside the
95% confidence ellipse for anatomically modern humans. Modern
humans = closed circles (N = 22), Pan = open circles (N = 9),
Gorilla = open squares (N = 7)

inferior articular facets, pedicle, lamina, and pars interarticu-
laris. Fourteen dimensions incorporated for the C5 vertebrae
PCA (Fig. 5.29) were from the centrum, neural canal, and
superior articular facets. For the C6 vertebrae PCA (Fig. 5.30),
six dimensions were employed from the centrum. For the C7
vertebrae PCA (Fig. 5.31), 14 dimensions were incorporated
from the superior and inferior articular facets, neural canal,
lamina, pars interarticularis, and root of the transverse process.
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Fig. 5.32 a Modern human (left) versus Pan C3 vertebra (right) scaled
to match midsagittal dorsoventral centrum length. The human vertebra
features a dorsally eccentric centrum and uncinate process, obliquely
oriented transverse processes, and overall transverse expansion com-
pared to dorsoventral expansion in Pan. b KSD-VP-1/1 C3 vertebra
(left) reconstructed following Pan morphology (right). Reconstruction
of the KSD vertebra using Pan as a model is anatomically untenable,
leaving no space for the transverse process, an abnormally compressed
neural canal for a primate, and spinous process morphology unknown

b Dorsal uncinate

Root of
transverse
process
SPP thickness
KSD-VP-1/1 Pan
d
Dortsal Ventral centrum
uncinate distribution
process
Facet Neural canal
major shape
axis

KSD-VP-1/1

among hominoids. ¢ KSD-VP-1/1 C3 vertebra (left) reconstructed
following modern human morphology (right). Despite the highlighted
differences, the vertebrae are similar in overall morphology.
d KSD-VP-1/1 C3 vertebra (left) reconstructed following modern
human morphology versus Pan (right). KSD-VP-1/1 differs from Pan
in its dorsally eccentric centrum and uncinate process, transverse
process orientation, and transversely expanded neural canal and
articular facets
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Principal component analyses result in a distribution of
taxa very similar to that seen in the discriminant function
analyses of canonical variates, demonstrating that assigning
group membership a priori has little effect on the pattern of
shape similarities. Both sets of analyses load heavily on
features on the transverse plane, where humans are expanded
(especially at levels of the cervical bulge) and apes are
transversely compressed. Like humans, KSD-VP-1/1 centra
feature dorsally eccentric centra and uncinate processes,
obliquely oriented transverse processes, and overall trans-
verse expansion, and lack the archetypal dorsoventral
expansion seen in Pan (Fig. 5.32). However, because the
KSD-VP-1/1 vertebrae are fragmentary, it is necessary to
reconstruct the orientation of the neural arches. There is a
highly conserved relationship in humans and the apes in the
placement of the medial articular facet margins relative to
the dorsal centrum margin which results in high confidence
for the reconstruction of ventrolateral margins of the neural
canal. Variability between apes and humans in orientation of
the lamina potentially confounds neural canal dorsoventral
length reconstruction, as the lamina constitutes the posterior
border of the neural arch. But reconstruction of the
KSD-VP-1/1 neural canal using the laminar orientation of
Pan results in untenable vertebral anatomy, as the result
eliminates sufficient area for the transverse process to
emerge, an abnormally compressed neural canal, and a spi-
nous process thickness and morphology unknown among
hominoids (Fig. 5.32b). Only when the KSD-VP-1/1 C3
vertebrae are reconstructed following a laminar orientation
closer to that of humans, are the cervical vertebrae physio-
logically viable. Using the human model is further warranted
by systematic = morphological similarities between
KSD-VP-1/1 and humans across the centra and articular
facets. The statistical analyses employed here underscore
morphological observations pointing to the similarity of
KSD-VP-1/1 cervical vertebrae to those of modern humans
and illustrate systematic differences with those of the African
great apes.

Discussion

It is important to recognize that many aspects of morphology
do not directly relate to function (Begun 2004), a principle
emphasized by the fact that some species of goats climb trees
(Coblentz 1978; Lu 1988) despite the absence of a functional
skeletal signal suggesting a capacity for this behavior (the
goat principle). Yet, axial skeletal remains can reveal
adaptations to load frequency and magnitude, constraints on
possible ranges of behavior (Ward 1991; Nalley 2013), and
epigenetic modifications that may reveal patterns of habitual
activity (Ward 2002). Despite the goat principle, vertebral

size, shape, geometry, and especially epigenetically sensitive
traits offer a conservative functional link between morphol-
ogy and behavior in KSD-VP-1/1.

Vertebral Number

Although there is considerable disagreement on the number
of lumbar vertebrae in early hominins (i.e., Robinson 1972;
Latimer and Ward 1993; Haeusler et al. 2002; Ward 2002)
the cervical columns of early hominins undoubtedly com-
prised seven vertebrae, as is the case for all primates and
nearly all mammals (Williams 2011). Thus, there is no
question that the KSD-VP-1/1 vertebrae represent six levels
of a cervical column that comprised a total seven vertebrae,
and unlike questions concerning the evolution of the homi-
nin lumbar column, variance in cervical vertebral number is
not at issue (Table 5.30).

The Neural Canals

In general, human vertebral canals (and the associated spinal
cord) are relatively expanded relative to the great apes
(Schultz 1930; MacLarnon 1987), and because cervical
neural canal dimensions mirror the size of the spinal cord
below the C2 level, they can be used to infer spinal cord size.
The analyses here show that despite their antiquity, the size
and shape of the subaxial KSD-VP-1/1 neural canals match
those of modern humans, implying that KSD-VP-1/1 pos-
sessed a fully human-like spinal cord. Meyer (2005) showed
that human-like neural canal dimensions evolved in the
Dmanisi H. erectus specimens at 1.8 Ma, indicating that the
evolution of the human spinal cord was completed prior to
the evolution of human brain size. Now, the capacious
cross-sectional areas in KSD-VP-1/1 appear to push back
this development to 3.6 Ma. Moreover, the neural canals of
KSD-VP-1/1 exhibit the human-like pattern of increased
transverse enlargement in the caudal direction for the cer-
vical cord bulge associated with the brachial plexus, a region
of the spinal cord that supplies nerves to the hands and arms.
Although African great apes and all other australopiths
exhibit only a modest cervical bulge in an otherwise smaller
spinal cord, assuming a correlation between spinal cord size
and function, the larger spinal cord and exaggerated trans-
verse bulge in KSD-VP-1/1 might indicate that despite an
ape-sized brain, it had derived enhanced manual control
relative to the African great apes.

Alternatively, because the size increase corresponds with
a region of motor pool increase in the ventral horn of the
spinal cord and ventrolateral component of vestibulospinal
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tract (the conduit for the vestibulospinal feedback reflex for
balance), the putatively increased spinal cord dimensions of
KSD-VP-1/1 could simply relate to enhanced coordination
to keep the body balanced for bipedality. Transverse spinal
cord expansion with concomitant neural canal expansion
might be expected in obligate bipeds to manage the diffi-
culties of negotiating increased sway amplitudes around a
vertical axis relative to quadrupedalism (see Hirasaki et al.
1999; Xiang et al. 2008), as robotics engineers are well
aware (Sellers et al. 2004; Rummel et al. 2010; Klein and
Lewis 2012). Compensatory reflex mechanisms for head and
body stabilization in space are of considerable importance in
maintaining gaze and heading (Patla et al. 1999), but are not
associated with brain size, as even decerebrate animals
maintain proprioceptive control of the limbs (Wilson et al.
1986), highlighting the independence of spinal cord and
brain sizes and how spinal cord enlargement could have
preceded brain expansion in hominins.

As discussed above, because subaxial cervical spinal cord
size and cervical neural canal dimensions across primates are
closely matched (MacLarnon 1987), it is unlikely that the
canals expanded independently of the spinal cord for struc-
tural stability. While this is certainly the case for the hominin
lumbar column where progressive widening of the neural
canals follow increasing interfacet distances for mitigating
incrementally increasing loads (Sanders 1990; Latimer and
Ward 1993), unmatched cord and canal dimensions are
unknown for the cervical column in primates. These
hypotheses are speculative, untested, and not exhaustive;
notwithstanding, the large and transversely expanded neural
canals in KSD-VP-1/1 appear reflective of spinal cord
expansion previously thought to be a synapomorphism in
Pleistocene hominins and modern humans.

Lordosis, Pathology, and Cervical
Posture

Lordosis in the lumbar spine is exclusive to hominins, but in
the cervical spine lordosis is present across the entire extant
primate sample. Despite the fact that the mid-cervical centra
tend to be ventrally wedged, unlike other vertebral regions,
the cervical intervertebral discs (which do not preserve)
produce a substantial degree of lordosis. In terms of skeletal
anatomy, the aggregate human cervical column is only
slightly more lordotic than those of apes by virtue of a
diagnostic C7 vertebra that has significantly more dorsal
wedging. Unfortunately, the diagnostic C7 centrum for
KSD-VP-1/1 was not recovered, but its axial remains, and
those of other fossil hominins, nonetheless exhibit kinematic
signatures consistent with cervical lordosis. Dorsally inflec-
ted inferior articular facet angles that facilitate lordosis in the

cervical and lumbar columns in australopiths fall within the
human distribution, indicating the presence of cervical lor-
dosis. Superior articular processes of KSD-VP-1/1 are also
essentially human-like in morphology and orientation, indi-
cating similar relationships between motion segments in the
cervical spine. As in the lordotic lumbar spine, pyramidal
increases in transverse centrum and articular process widths
are a functional signal of lordosis and are present across the
sample, including KSD-VP-1/1. While the KSD-VP-1/1 C2
vertebra suffers from considerable damage, its inferior cen-
trum surface indicates the typical dorsal wedging angle that is
a cogent skeletal factor in producing cervical lordosis.

Although the subaxial KSD-VP-1/1 centra are ventrally
wedged (more so than in humans), further evidence for
lordosis in the KSD-VP-1/1 cervical spine comes from the
dorsally eccentric centra. This signals that the nucleus pul-
posus at each level in KSD-VP-1/1 was skewed toward the
dorsal centrum as in humans, indicating that load mitigation
in the KSD-VP-1/1 cervical spine was comparable to mod-
ern humans. Since dorsal eccentricity of the centrum is
systematically dissimilar from more ventral centrum distri-
bution of the apes, a human degree of cervical lordosis
appears likely. Yet, the pathology of KSD-VP-1/1 may serve
as the most informative biomechanical signal pertaining to
lordosis and head carriage.

Although humans and African great ape cervical columns
are both lordotic, the human cranium is not cantilevered on
the cervical spine as in the African great apes. As a result, in
static posture, the center of gravity in human and ape crania
are situated differently causing the line of gravity to cross the
peak of spinal curvature at different cervical levels.
Load-induced osteophytic lipping typically occurs at the
peak of spinal curvature away from the line of gravity,
whereas little or no pathology occurs where the line of
gravity crosses the spine (Nathan 1968; Farfan et al. 1970).
In humans, cervical lordosis produces a maximal distance
from the line of gravity at the C6—C7 junction (Lang 1972;
Wilke et al. 1997), resulting in pathology at the C6 level
unobserved in apes. Because the pathology of KSD-VP-1/1
exhibits peak expression at the C6 level as in humans, this
implies that the line of gravity of the KSD-VP-1/1 cranium
crossed the peak of spinal curvature at the same C6 level and
that the overall degree of curvature of the cervical spine was
similar, if not identical, in humans and KSD-VP-1/1.

Head Carriage

The cantilevered cranium of the African great apes situates a
center of gravity relatively more ventral to the cranial con-
dyles than in humans despite the shared lordotic cervical
columns, mandating greater mid-cervical dorsal moments



5 KSD-VP-1/1 Cervical Vertebrae

105

and constant support from large epaxial (i.e., nuchal) mus-
cles to counter the ventral forces of gravity (Lieberman
2011). This results in a high, steeply angled, robustly flaring
nuchal crest in the apes, a different mode of head carriage,
and a cervical column that endures constant ventral loading.
This suite of demands results in ape cervical vertebrac with
long spinous processes hafted to robust mid-cervical lamina
and pedicles, dorsoventrally expanded neural canals to
counter ventral axial loads along with tall, ventrally eccentric
centra, and tall, acutely angled articular facet on the sagittal
plane for stability and ventral shear resistance. The
KSD-VP-1/1 vertebrae exhibit many of these primitive traits,
especially in the posterior vertebral components. For
example, the mid-cervical spinous process length recon-
structions for KSD-VP-1/1 are intermediate to humans and
Pan, the lamina are taller and thicker than the human mean,
the articular processes are tall, and the pedicles are most
similar to Gorilla in their size and proportion. For the rea-
sons discussed above, the posterior components in the apes
are larger, reflecting the transfer of proportionately greater
load magnitudes through these elements compared to mod-
ern humans who transfer proportionally greater axial loads
through the centra (Sanders 1990, 1998). Considered indi-
vidually, nearly all mid-cervical posterior components of the
KSD-VP-1/1 spine are more similar to the apes than to
humans (as are other early hominins), and suggest an
ape-like pattern of load transfer, and by extension, signifi-
cant differences with human head carriage.

Additional hints that head carriage in KSD-VP-1/1 dif-
fered from modern humans come from strongly angled
atlanto-occipital articular surfaces on Au. afarensis crania
(A.L. 333-45 and A.L. 822-1; Kimbel and Rak 2010) and
steep angulation in the articular facets of the fragmented Au.
afarensis C1 vertebra (A.L. 333-83; Lovejoy et al. 1982;
Kimbel et al. 1994). Similarly, the primitive rounded slope
morphology of the superior apophyseal surface of the
KSD-VP-1/1 C3 centrum discussed above suggests a load-
ing pattern at variance with humans.

However, when the KSD-VP-1/1 cervical spine is exam-
ined as a whole, rather than as separate isolated elements, a
more human-like pattern emerges. Despite being taller and
thicker than the human mean, lamina heights in the
KSD-VP-1/1 mid-cervical column parallel the incremental
human pattern and are unlike the apes where mid-cervical
lamina heights increase dramatically. This implies that dorsal
loads channeled through each lamina level in humans and
KSD-VP-1/1 in similar proportions and along similar vectors,
and loads were not progressively cumulative in the caudal
direction as in the apes. Similarly, the large cantilevered head
of the ape produces progressively greater shear stresses in the
caudal direction resulting in the largest subaxial articular
processes at the C6 and C7 levels. Although the articular
facets of KSD-VP-1/1 are large, their sizes do not

Shoulder Girdle

Fig. 5.33 Schematic of superficial epaxial (dorsal) and hypaxial
(ventral) muscles acting on the cervical spine. Even with basicranial
remodeling and an anteriorly repositioned foramen magnum, large
masticatory structures (craniodental and hypaxial musculature) in Aw.
afarensis act to shift the center of cranial mass more ventrally to the
cranial condyles than in modern humans, mandating relatively greater
antagonistic epaxial muscle recruitment to maintain lordosis and head
position

progressively increase, and they maintain consistent facet
areas throughout the cervical column as in humans.

The forward shift of the foramen magnum and cranial
condyles in humans combined with a retrognathic cranium
better balance the head above a vertical spine and obviates
the need for large epaxial musculature (Aiello and Dean
1990; Cartmill and Smith 2009). As a result, the attendant
levers for epaxial muscles, the spinous processes, are sig-
nificantly shorter in humans, and the homolog of the large
ape nuchal crest is the relatively slight superior nuchal line.
The australopiths present a morphological compromise
between these features because despite being bipedal and
having a more anteriorly positioned foramen magnum and
cranial condyles than apes, enlarged craniodental structures
and hypaxial musculature would produce higher load mag-
nitudes on the ventral cervical spine than in humans
(Fig. 5.33). Thus, intermediate spinous process lengths are
entirely expected in prognathic bipeds that engage in heavy
masticatory or paramasticatory activities — a contention
supported by common spinous process lengths in
KSD-VP-1/1 and Neandertals.

Although many features in the KSD-VP-1/1 cervical
column are larger than those of humans, principal compo-
nent analyses and discriminant function analyses both
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indicate close affinities between the vertebrae of modern
humans and KSD-VP-1/1, especially at the subaxial levels.
The subaxial centra are relatively shorter craniocaudally than
the apes, lack a ventral keel, have low sloping uncinate
processes, and exhibit a shift from the ventral axial loading
regime characteristic of primates to the more vertical and
dorsal cervical loading regime of orthograde bipedalism. The
cervical vertebrae of KSD-VP-1/1, together with postcranial
indications of a clavicular, scapular, and thoracic form
similar to humans (Haile-Selassie et al. 2010), reinforce
cranial evidence for Au. afarensis (Kimbel and Rak 2010)
that imply the head carriage of australopiths greatly resem-
bled that of modern humans. Despite differences between the
cervical columns of KSD-VP-1/1 and anatomically modern
humans, most of the variance may be explained by basi-
cranial and dentognathic factors rather than differences in
posture, locomotion, or head carriage.

Decoupling of the Head and Torso

The nervous system requires at least one stabilized axial
segment to determine and maintain whole-body spatial ori-
entation (Dunbar et al. 2004). In primates, either the head or
the trunk can provide a stable reference for this proprio-
ceptive signal depending on the pattern of gait. For example,
during quadrupedal walking the primate trunk remains stable
while the head pitches, whereas in quadrupedal running the
trunk pitches on a stabilized head (Dunbar 2004; Dunbar
et al. 2004, 2008). By contrast, in both bipedal running and
walking the human trunk remains stable on the sagittal
plane, providing the platform for movement of the head and
neck (Cromwell et al. 2001). As a result, humans have
uniquely derived postcranial features for trunk stability
(Lieberman et al. 2006) and head and neck that are effec-
tively “decoupled” from the trunk.

Larger and more cranial articulations of the great ape
nuchal musculature (i.e., trapezius, rhomboideus) limit the
independence of the head and neck segments from the trunk,
and unlike humans, head position in the apes is more
dependent upon cervical spine orientation (Aiello and Dean
1990; Dunbar et al. 2008; Lieberman 2011). Tall uncinate
processes, acutely oriented articular facets, and long spinous
processes in apes additionally limit cervical segmental
motion and further “couple” head and neck movements to
the torso (Clausen et al. 1997; Moskovich 2001) as indicated
by the typical stiff-necked appearance of apes. Meyer (2005,
2008) posited that shallower uncovertebral joints in the
cervical spine greatly increase the range of cervical rotation
and lateral bending and contribute to fluid contralateral head

and neck movement (decoupling) in early Homo. Moreover,
as discussed above, obliquely oriented articular facets on the
sagittal plane derived in humans allow for greater range of
side-to-side movement (roll) and rotation (yaw) across cer-
vical motion segments. Conversely, acute articular facet
angles in apes act like lumbar facet angles, conferring
increased stability and ventral shear resistance but severely
limits roll and yaw movements.

Oblique articular facet angles in the KSD-VP-1/1 cervical
column combined with shallow uncinate processes indicate
that these two important components of functional mor-
phology for independent torso and head segmental move-
ment was in place in this large male individual of Au.
afarensis. The range of coupled movements such as axial
rotation and lateral bending in the KSD-VP-1/1 cervical
spine would have been increased in this individual relative to
apes. This hypothesis is supported by crania of Au. afarensis
(particularly males) that indicate reduced nuchal musculature
relative to Pan and Gorilla (Aiello and Dean 1990; Kimbel
and Rak 2010), implying a degree of cranial independence
from the torso in KSD-VP-1/1 at least intermediate to
humans and the apes.

Locomotor Indications

Although shallow uncovertebral joints and obliquely ori-
ented articular facets are part of the functional anatomy
derived in genus Homo, it is unclear whether Au. afarensis
had evolved the requisite nuchal musculature reduction that
permits inertia of the head implemented in human running.
The relatively anterior position of the foramen magnum and
occipital condyles in australopiths combined with a rela-
tively small horizontal nuchal plane with a low compound
temporal/nuchal crest (Kimbel and Rak 2010) provide
anatomical support for Le Gros Clark’s (1947, 1950) con-
tention that nuchal musculature in Australopithecus was
greatly reduced, and its head carriage greatly resembled that
of modern humans. The transversely large centrum surface
areas, dorsal eccentricity, and short superoinferior heights of
the KSD-VP-1/1 cervical centra appear to corroborate this
suggestion, as the KSD-VP-1/1 cervical spine indicates a
functional anatomy very similar to that of the genus Homo,
known to be specialized for vigorous distance locomotion.
However, relatively long spinous processes lengths in A.L.
333-106 and those reconstructed for the cervical vertebrae of
KSD-VP-1/1 denote cross-sectional areas for the nuchal
musculature intermediate between humans and African great
apes. In addition, a projected 20% caudal increase in spinous
process length from the C3 to C4 level would have created a
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mid-cervical dorsal peak characteristic of the apes not
observed in humans.

Bipedalism, retrognathism, and cranial base remodeling
explain reduced nuchal musculature and the commensurate
reduction of the mid-cervical spinous processes in humans,
as gravitational hypaxial loads and antagonistic muscular
epaxial loads approach equivalency. Hominins more prog-
nathic than anatomically modern humans would incur higher
antagonistic dorsal loads on the mid-cervical vertebrae and
be expected to have longer spinous processes. But the pre-
dicted lengths of the KSD-VP-1/1 spinous processes and
pattern of mid-cervical dorsal increase would have effec-
tively occupied the anatomic pathway and line of action of
the nuchal ligament, resulting in either an inchoate form of
nuchal ligament, or none as in the African great apes.
Despite recent research on limb lengths showing that loco-
motor performance in Australopithecus may have been
equivalent to that of early Homo (Pontzer 2012), cervical
spine of KSD-VP-1/1 seems to indicate that the nuchal
ligament, a significant component of the derived human
axial anatomy for cursorial distance locomotion, had prob-
ably not yet evolved in early Au. afarensis.

Conclusion

Although the suite of characteristics in the KSD-VP-1/1
centra is consistent with human-like orthograde posture and
head carriage, the mosaic of derived anatomy with transitional
nuchal musculature and inchoate stage of nuchal ligament
development would be consistent with the locomotor pattern
seen in primates during bouts of bipedal running where the
whole-body aerial phase of humans seems absent (see Demes
and O’Neill 2012). The relatively small and often pathologi-
cal thoracic and lumbar centra typical of Au. afarensis appear
to corroborate the hypothesis that they were ill suited for
high-peak vertical loads incurred with human-like, dynamic
long-distance bipedal locomotion (Jungers 1988; Berge 1994;
Bramble and Lieberman 2004).

Overall, the KSD-VP-1/1 vertebrae exhibit an axial
functional structure ideally suited for a transitional loco-
motor phase lacking the springy gait and whole-body aerial
phase of modern humans. But the “goat principle” (where
behavior precedes biology) should be evoked here, as the
near-human kinematic signature of the KSD-VP-1/1 centra
and articular facets combined with the prevalence of
load-induced pathology in australopiths might indicate that
australopiths disregarded their inadequacies, and, with a
somewhat compromised axial structure, intermittently
engaged in aerial phase locomotion, setting the stage for
subsequent selection for cursorial behavior.
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Chapter 6
The Shoulder Girdle of KSD-VP-1/1

Stephanie M. Melillo

Abstract Extant humans and non-human apes differ
markedly in shoulder girdle anatomy. Our understanding
of the evolutionary history of this region was previously
limited by poor fossil preservation, but over the past decade
a number of impressively complete scapulae and clavicles
have been described for the genus Australopithecus. How-
ever, independent analyses have reached different conclu-
sions regarding the morphological affinity of each specimen
and the degree of difference among specimens. This study
provides a more detailed comparative description of the
KSD-VP-1/1 scapula and clavicle, which constitute the
oldest substantial evidence of hominin shoulder girdle
anatomy currently known. The results suggest that the adult
Australopithecus afarensis scapula is morphologically dis-
tinct, but more similar to that of modern humans than
previously recognized. Some aspects of clavicle morphology
are similar to non-human apes, but are also variably present
in Pleistocene hominins. If comparable methodology is
employed, no difference exists among Australopithecus
specimens. When this morphology is considered with
reference to a parsimony-based model of the chimpanzee—
human last common ancestor, the adult Australopithecus
shoulder girdle is derived toward morphology associated
with emphasis on a manipulatory function of the pendant
upper limb.
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Introduction

The shoulder girdle (scapula and clavicle) is the skeletal link
between the upper limb and thorax. It consequently plays a
central role in locomotion for most primates. This is par-
ticularly true of hominoids, a group distinguished by shared
adaptation to overhead use of the upper limb during arboreal
locomotion (Mivart 1867; Frey 1923; Gregory 1928; Schultz
1930, 1936; Miller 1932; Ashton and Oxnard 1963; Roberts
1974; Etter 1984; Hunt 1991a, b; Larson 1993; Gebo 1996;
Ward 2007). However, humans are unique among homi-
noids in lacking a number of these features (Table 6.1).
The shoulder girdle ceased functioning in a propulsive
and weight-bearing manner with the evolution of obligate
bipedalism in the hominin lineage. In modern humans, it
functions instead to position the upper limb for myriad
non-locomotor tasks (Dempster 1965; Itoi et al. 2009) and it
is generally recognized that the emphasis is on use of the
arms and hands below shoulder level (Inman et al. 1944,
Roberts 1974). Thus, the conventional understanding is that
overhead adaptation was lost over the course of human
evolution as the function of the upper limb became purely
manipulatory (Aiello and Dean 1990). Such functions are
central to multiple hypotheses of the evolution of bipedalism
(Darwin 1871; Lovejoy 1981). Unique features of the human
shoulder girdle have also figured into proposals of adapta-
tion to endurance running and high-speed throwing in Homo
erectus (Bramble and Lieberman 2004; Roach et al. 2013).
Given the functional and morphological differences
between humans and non-human apes, it is not surprising that
shoulder girdle morphology has been a focal point in the
debate over the locomotion and positional behavior of Aus-
tralopithecus afarensis (Ward 2002, 2013; Larson 2013).
Although epigenetically responsive and uniquely derived
features of the lower limb and pelvis provide strong evidence
that terrestrial bipedalism was a major component of Au.
afarensis positional behavior (Parsons 1914; LeGros Clark
1947; Tardieu 1981; Shefelbine et al. 2002; Lovejoy 2005a, b),
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no consensus exists with reference to the importance of
arboreal locomotion. Many authors have called attention to the
presence of primitive features of the Au. afarensis upper limb
(Senut 1980; Stern and Susman 1983; Susman et al. 1984,
Stern 2000; Green and Alemseged 2012; Churchill et al.
2013). Ward (2002) suggests that the existence of morpho-
logical stasis over long periods is the strongest support for
the hypothesis that primitive features were retained in
Au. afarensis due to continued selection for effective arboreal
locomotion. In a recent review of the evolutionary history of
the shoulder, Larson (2013) suggests that, “Of all the regions
of the early hominin upper limb, the shoulder perhaps displays
the largest number of primitive features” (p. 257).

Prior to 2006, the anatomy of the early hominin shoulder
girdle was not well known. Our understanding was based on
a small number of fragmentary specimens, most notably
A.L. 288-1 1, the scapula of the “Lucy” partial skeleton, and
Sts 7, a similarly preserved specimen attributed to Au. afri-
canus (Broom and Robinson 1950; Campbell 1966; Oxnard
1968a; Ciochon and Corruccini 1976; Vallois 1977; Vrba
1979; Johanson et al. 1982; Stern and Susman 1983; Stern
2000). These specimens are sufficiently preserved to mea-
sure the dimensions of the glenoid fossa and the angle
between the glenoid and “ventral bar,” or bar-glenoid angle.
Stern and Susman (1983) reported that both specimens lack
the laterally facing glenoid that characterizes modern
humans, but Mensforth et al. (1990) and Inouye and Shea
(1997) suggested that allometry may account for the cranial
orientation of the A.L. 288-1 1 glenoid.

A fairly complete Au. afarensis clavicle (A.L. 333x-6/9)
was described by Lovejoy et al. (1982), although the spec-
imen is primarily known from a qualitative comparison
conducted by Ohman (1986) rather than quantitative analy-
sis (but see Barker 2006). Ohman (1986) suggests that the
lack of pronounced shaft curvature in the coronal plane
(visible in anterior or posterior view) in conjunction with the
anterior position of the deltoid muscle origin indicates a low
position of the shoulder girdle in Au. afarensis. In contrast,
Larson (2007, 2013) draws on the comparative study of
Voisin (2006a) and concludes that A.L. 333x-6/9 retains
primitive coronal curvature and thus a high shoulder girdle
position. None of these studies presents quantitative data on
shaft curvature of Australopithecus clavicles.

Three relatively new discoveries preserve formerly
unknown anatomical regions of the hominin shoulder and

!This feature is referred to as the ventro-axillary crest in the present
study, following the terminology for the axillary border described by
Vallois (1932).

expand the fossil sample both chronologically and ontoge-
netically. The Kadanuumuu partial skeleton (KSD-VP-1/1)
from Woranso-Mille, Ethiopia is attributed to Au. afarensis.
Dated to 3.56-3.54 Ma (Saylor et al. 2016), the clavicle
(KSD-VP-1/1f) and scapula (KSD-VP-1/1g) provide the
oldest substantial® evidence of hominin shoulder girdle
anatomy (Haile-Selassie et al. 2010). The Selam partial
skeleton (DIK-1-1) is likewise attributed to Au. afarensis and
is dated to 3.3 Ma (Alemseged et al. 2006). The scapulae of
this young juvenile are nearly completely preserved, though
they lack secondary centers of ossification. The Au. sediba
partial skeleton MH2 includes the most complete adult
Australopithecus scapula and clavicle currently known, dated
to 1.98 Ma (Berger et al. 2010; Pickering et al. 2011).

The comparative analyses of each of these specimens
have come to somewhat different conclusions. Alemseged
et al. (2006) concluded that the juvenile DIK-1-1 scapula
exhibits the greatest morphological affinity to Gorilla. Green
and Alemseged (2012) confirmed the preliminary study and
further proposed that the Au. afarensis scapula retained a
growth pattern similar to Gorilla or Pan. The MH2 scapula
is described as most similar to Pongo in terms of overall
morphology and the clavicle is suggested to indicate a high
position of the shoulder girdle (Churchill et al. 2013).

Haile-Selassie et al. (2010) reported that the adult
KSD-VP-1/1 scapula shows more similarity to those of
modern humans than to Pan or Gorilla. They also noted
similarity to Homo with regard to the relative length of the
clavicle. Overall, the KSD-VP-1/1 shoulder girdle speci-
mens are described as morphologically and functionally
unique (Haile-Selassie et al. 2010). This preliminary study
reported only a few angular metrics of the scapula, clavicle
length, and midshaft circumference. Other features that are
thought to be functionally or phylogenetically informative
(e.g., glenoid shape, infraspinous fossa size and shape,
clavicle curvature, and various soft tissue features) were
not discussed. Further, the initial comparative analysis
included only one fossil specimen (A.L. 288-1 1) and no
Asian apes. Although comparisons of the KSD-VP-1/1,
DIK-1-1, and MH2 shoulder girdle remains have been
conducted (Green and Alemseged 2012; Churchill et al.
2013), the results are affected by notable differences in the
manner that osteometrics were defined and collected for
each fossil specimen and by the choice of variables
included in analyses.

2A small clavicle fragment from Saitune Dora, Middle Awash, Ethiopia
(STD-VP-2/893) is attributed to Ardipithecus kadabba, but little can be
inferred about early hominin shoulder anatomy based on this specimen.
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This study presents a more detailed anatomical descrip-
tion and comparative analysis of the KSD-VP-1/1 scapula
and clavicle, including comparisons with DIK-1-1 and MH2
conducted using equivalent methodology. It further consid-
ers how the morphology preserved by these specimens
compares to a parsimony-based model of the chimpanzee—
human last common ancestor (CLCA). Specifically, the
hypothesis that the adult Au. afarensis shoulder girdle retains
primitive morphology is tested. This evolutionary frame-
work is used to make adaptive interpretations.

Materials

Table 6.2 details the composition of the extant comparative
sample. Specimens are curated by the following institutions:
the Museum of Comparative Zoology (Cambridge), the
American Museum of Natural History (New York), the
National Museum of Natural History (Washington, D.C.),
the Iziko Museum (Cape Town), and the Royal Museum
of Central Africa (Tervuren). The sample consists primarily
of adult and fully fused specimens, but some Pongo and
hylobatid specimens with incompletely fused epiphyses
were included to increase sample size.® In cases where the
inferior angle of the scapula was incompletely fused, the
secondary center was fully ossified and glued onto the pri-
mary center or the cartilaginous model was partially ossified,
with the landmark located on the ossified portion. Incom-
plete fusion of the vertebral border of the scapula and
the sternal end of the clavicle is less of a concern because the
addition of the epiphyses has a negligible impact on the size
and shape of these bones. Wild caught individuals comprise
the majority of the non-human sample. The human sample
consists of both archaeological specimens (primarily indi-
viduals of southern African origin) and present-day speci-
mens (including individuals of Asian, African, and European
descent).

The fossil sample is listed in Table 6.3. Data come from
firsthand examination of original specimens or casts, or are
taken from the literature where indicated. A cast of the
reconstructed MH2 scapula was provided by the Malapa
Casting Project (University of Witwatersrand).

3Elements of the shoulder girdle often remain unfused into adulthood in
orangutans and gibbons (Schultz 1941, 1944). Some of the specimens
included in this study were classified as adult in museum records but
had incompletely fused vertebral borders and/or inferior angles of the
scapula and sternal ends of the clavicle. This does not significantly
impact the overall shape of the bone.

Table 6.2 Size and composition of the extant comparative sample

Taxonomic N Species Sex

group M F U

Homo 59 H. sapiens, 20 11 10
archaeological
H. sapiens, present 10 8 0

Pan 64 P. troglodytes 18 15 12
P. paniscus 10 7 0
Pan sp. 0 1 1

Gorilla 39 G gorilla 4 7 0
G. beringei 17 9 2

Pongo 30  P. pygmaeus 7 12 1
P. abelii 2 7 0
Pongo sp. 0 1 0

Hylobatidae 8 H lar 2 3 0
H. muelleri 0 1 0
Symphalangus 0 2 0
syndactylus

Total 200 90 84 26

Methods

General anatomical terminology follows Gray’s Anatomy
(Johnston et al. 1947), while more specialized descriptors are
taken from the work of Vallois (1928, 1929, 1932, 1946) and
Eickstedt (1925) for the scapula and Olivier (1951a, b, c, d;
1953, 1954a, b; 1956) for the clavicle. Anatomical axes are
abbreviated as follows: AP (anteroposterior/ly), ML
(mediolateral/ly), and SI (superoinferior/ly).

Reconstruction of Damaged Fossil
Specimens

The KSD-VP-1/1 scapula preserves most of the infraspinous
fossa, but is slightly damaged at the inferior angle and in the
region where the spine meets the vertebral border. These
regions were manually reconstructed by adding sculpting
material to a plaster cast, following the lines and curves of
preserved bone.

The original length of the KSD-VP-1/1 clavicle was
estimated using ordinary least squares regression of length
on midshaft size (ymidshaft minimum dimension x perpen-
dicular dimension). Initially, two estimates were considered:
one derived from a reference sample including chimpanzees,
gorillas, and modern humans and the second from a refer-
ence sample including all extant apes. A slightly longer
estimate results when the reference sample includes Pongo
and hylobatids, but this regression may produce less accurate
results for hominins. When both regressions were applied to
nearly complete fossil clavicles (e.g., MH2 and KNM-WT
15000), the length predicted by the African ape and human
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regression closely approximates the observed length,
whereas the all-ape regression overestimates length. There-
fore, only estimates derived from the African ape and human
regression are considered.

Geometric Morphometric Analysis

Geometric morphometrics (GM) is a landmark-based
method of shape comparison (Bookstein 1998; Zelditch
et al. 2004; Slice 2005; Mitteroecker and Gunz 2009). GM
offers several advantages over traditional morphometric
methods and some of these are particularly pertinent to the
scapula and clavicle. Quantitative comparison of scapula
morphology has traditionally employed a number of angular
metrics. Although these methods have produced a sizeable
body of knowledge, they have some drawbacks. For
instance, it is problematic to isolate the relative influence that
each leg of an osteometric angle has on the final measure-
ment. The axillary border—glenoid angle is commonly dis-
cussed in describing differences in glenoid orientation
among primates. However, this metric also contains infor-
mation about the inclination of the axillary border, which has
the potential to vary independent of glenoid orientation.
Thus, there is the potential for two taxa to have similar
axillary border—glenoid angles that result from different
morphological patterns: one with a more cranially oriented
glenoid and the other with a more medially inclined axillary
border. Procrustes superimposition is one possible solution
to this problem. It is a best-fit method that registers speci-
mens according to the overall geometry of the shape, with
equal contribution from all landmarks. This enables simul-
taneous comparison of the orientation of each component of
the scapula (i.e., axillary border, glenoid, spine, etc.).4

“An alternative solution is to register specimens according to a
biologically or functionally meaningful criterion, such as the in vivo
position of a bone in the skeleton. This approach requires the
identification of a baseline that has a consistent geometric relationship
with the rest of the skeleton, across all taxa considered. Secure
identification of such a baseline is problematic in this case, because data
on the resting position of the scapula and clavicle among non-human
primates are scarce. It has been suggested that in vivo orientation can be
achieved by using the line running through the superior-most point of
the superior angle and the inferior-most point of the inferior angle as the
registration baseline (Churchill et al. 2013). Although the clinical study
cited in support of this assumption (Sobush et al. 1996) demonstrates
that such an approach would be appropriate for comparing a subsample
of modern humans, the same may not be true of cross-species
comparisons. Vallois (1928) provides a cursory qualitative description
of inter-taxon differences in resting orientation of the scapula among
primates. It suggests that the line intersecting the superior and inferior
angles is not parallel to the vertebral column in all apes (Pongo in
particular). CT scans of preserved museum specimens also support a
difference in resting orientation across genera (personal observation).

One aspect of clavicle morphology that has long been of
interest in paleoanthropology is shaft curvature. One method
of measuring clavicle curvature, originally described by
Olivier (1951d) but employed more recently by Voisin
(20064a, b, 2008), divides the “s” shape of the clavicle into
medial and lateral components and then quantifies the cur-
vature of each component as a ratio of depth to length. This
approach can be problematic because it is difficult to identify
the boundaries of the medial and lateral components when
the degree of curvature is very slight. Perhaps even more
problematic is the fact that the presence of an “s” shape is
not consistent within or across ape species. Semilandmark
methods (Bookstein 1997; Mitteroecker and Gunz 2009)
offer a solution to this problem because data collection is not
affected by curvature pronouncement and curves of different
forms (e.g., “s” and “j” shaped curves) can be included in the
same analysis. Further, semilandmark methods can distin-
guish differences in curvature that are conflated when using
ratios of linear measurements. Two clavicles may exhibit
curves with similar ratios but different shapes. For instance,
one curve may be of average length but especially deep and
the other is of average depth but especially short. Alterna-
tively, the depth and length measurements may be identical
but the point of maximum depth may be located at a different
place along the curve, such that one curve is symmetric
while the other is not.

Another advantage of GM is that researchers do not need
to select the dimensions that will be considered before
conducting the comparative analysis. This is likely another
issue that has contributed to the different results of the
KSD-VP-1/1, DIK-1-1, and MH2 analyses. All landmarks
contribute equally to GM ordination analyses. The result of
such analyses is the identification of features that account for
the primary axes of variation in a dataset without considering
group membership (in the case of a principal components
analysis) or that best distinguish predefined groups (in the
case of a discriminant analysis). This permits researchers to
avoid the problems associated with analyzing datasets that
are composed of many strongly dependent metrics or data-
sets that lack potentially discriminating metrics. However,
despite the advantages of GM methods, traditional metric
and qualitative methods remain indispensable for comparing
morphology of highly fragmentary fossil specimens and for
considering the presence or absence of anatomical structures.

A Microscribe digitizing arm (Immersion Corporation; San
Jose, CA) and Microsoft Excel were used to collect 3D
landmarks on the scapula (Fig. 6.1). Scapula landmarks are
similar to those described by Young (2006, 2008), with the
addition of one landmark at the acromial angle and two more
on the acromioclavicular articular surface. Scapula landmarks
were superimposed using a full Procrustes fit in Morphol
(Klingenberg 2011). Centroid size (CS) is a scalar value
generated during Procrustes superimposition that represents
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Fig. 6.1 Location of 3D scapula landmarks: I The deepest point in the
suprascapular notch (where a notch is not present the homologous
landmark is the point where the medial limit of the coracoid meets the
superior border), 2 the superior-most point on the superior angle, 3 the
point where a line following the axis of the base of the spine meets
the medial border, 4 the inferior-most point on the inferior angle, 5 the
centroid of the region where the teres major and teres minor origins
overlap on the axillary border, 6 the centroid of the infraglenoid
tubercle, 7 the deepest point in the spinoglenoid notch, 8§ the medial
extent of muscle attachment along the crest of the spine, 9 the
inferior-most point of the glenoid articular surface, /0 the anterior-most

the overall size of each specimen. Comparisons of scapula CS
are conducted using traditional quantitative methods.

It is difficult to collect 3D landmarks on the clavicle with
a Microscribe because there is no well-defined anatomical
feature that follows shaft curvature and is present in all
specimens. Instead, the midline curve of the clavicle shaft is
quantified in 2D (Fig. 6.2). Photographs in superior and
posterior views were used to characterize shaft curvature in
the transverse and coronal planes, respectively. The position
of each specimen was standardized with the AP axis of the
acromial end oriented either parallel (superior view) or
perpendicular (posterior view) to the horizontal. The midline
curve of the clavicle in each digital image was established by
making a series of AP (superior view) or SI (posterior view)
thickness measurements across the length of the bone and
marking the midline point at each measurement location in
ImageJ (Rasband 2012). Next, a curve connecting the mid-
line markers was drawn and resampled with 50 equidistant
points. The medial- and lateral-most points constrained the
remaining semilandmarks, which were permitted to slide

Lateral

19
2 207

4

Posterior

point of the glenoid articular surface, /1 the posterior-most point of the
glenoid articular surface, /2 the superior-most point of the glenoid
articular surface, /3 the deepest point of the glenoid fossa, /4 the
superolateral extent of the conoid ligament attachment surface, 15 the
superolateral extent of the coracoid process, /6 the inferolateral extent
of the coracoid process, 17 the distal-most point of the acromion, /8 the
point of maximum curvature of the acromial angle, /9 the lateral extent
of the clavicular articular surface, and 20 the medial extent of the
clavicular articular surface. Landmarks 1-20 comprise the complete
landmark dataset. The Kadanuumuu landmark dataset consists of the
black landmarks, whereas the gray landmarks are not preserved

along their curves according to the criterion of minimizing
bending energy (Bookstein 1997). Data collection and
superimposition of clavicle curvatures was carried out using
the TPS software series (Rohlf 1998).

Because GM analyses require all specimens to have the
same number of coordinates, incomplete fossil specimens
cannot be compared against complete extant specimens.
Accordingly, two versions of the GM datasets are discussed.
The complete datasets include all landmarks and semiland-
marks, but only extant specimens. The Kadanuumuu data-
sets include fossil and extant specimens, but only the subset
of landmarks and semilandmarks preserved by the
KSD-VP-1/1 scapula (after minor reconstruction of the
inferior angle and vertebral border as described above) and
clavicle (without reconstruction). In other words, the com-
parative specimens in the Kadanuumuu dataset are broken
virtually to imitate fossil preservation. Contrasting the
results from the complete and Kadanuumuu datasets permits
an assessment of how drastically incomplete fossil preser-
vation affects the comparative analysis.
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Fig. 6.2 2D clavicle semilandmarks sampling midshaft curvature in
the coronal and transverse planes. The complete dataset consists of 50
semilandmarks. There is some uncertainty in determining the number
of semilandmarks missing from KSD-VP-1/1f due to incomplete
preservation. The best estimate is illustrated here, in which the
Kadanuumuu dataset consists of 40 semilandmarks (black) with 10
deleted (gray) from the comparative sample to imitate fossil preserva-
tion. The minimum estimate posits that 5 semilandmarks are missing
from KSD-VP-1/1f (4 deleted at the sternal end and 1 at the acromial
end) and a maximum estimate posits that 15 semilandmarks are missing
(12 deleted at the sternal end and 3 at the acromial end)

There is some uncertainty in determining the number of
semilandmarks to drop from the Kadanuumuu clavicle
dataset to imitate the breakage of KSD-VP-1/I1f. As a
starting point, specimens from the comparative sample that
approximately matched KSD-VP-1/1f in terms of shaft
thickness and curvature (including Homo, Pan, and fossil
hominin specimens) were identified. Images of these com-
parative specimens were overlaid on images of KSD-VP-1/
If, then scaled and rotated in image editing software and
used as templates to draw portions of the shaft missing from
the fossil. The midline curves of these qualitative recon-
structions were then drawn and resampled as described
above to determine the number of semilandmarks located on
reconstructed portions of the fossil versus preserved por-
tions. The goal of this process was only to approximate the
number of landmarks to be dropped from the comparative
sample, and the qualitative reconstructions of the fossil were
not used in comparative analysis. The consensus best esti-
mate generated from this process was that 8 semilandmarks
are missing at the sternal end and 2 at the acromial end
(Fig. 6.2). To bracket the uncertainty inherent to this esti-
mate, two additional Kadanuumuu datasets for the clavicle
were created: a minimum estimate (missing 4 semilandmarks
at the sternal end and 1 at the acromial end) and a maximum
estimate (missing 12 semilandmarks at the sternal end and
3 at the acromial end).

A principal component analysis (PCA) was conducted for
each GM dataset to explore the pattern of morphological
variation. In PCA plots, each point represents a single sca-
pula or clavicle. Gray wireframes represent the consensus
shape of the entire hominoid sample, while the overlying
black wireframes represent the landmark and semilandmark
displacements implied by movement along each axis.

A Procrustes ANOVA accompanied by post hoc pairwise
comparisons was used to test for differences among groups.
Tests were conducted in the R statistical platform using the
“procD.Im” and “pairwiseD.test” functions of the geomorph
package (Adams et al. 2013). This nonparametric approach
uses Procrustes distances to construct a test statistic analo-
gous to the F-ratio of a univariate ANOVA. Significance is
established using a permutation procedure (1,000 iterations)
that randomly reshuffles group membership to determine the
distribution of test statistics possible under the null
hypothesis that groups do not differ. The p-value of an
observation is calculated as the frequency that a permutated
test statistic exceeds an observed test statistic (Anderson
2001).

Landmark data for the scapula and the clavicle were
collected twice for a sample of 16 extant specimens. These
data were added to the complete datasets and intra-observer
error was assessed in two ways. First, PCA analyses were
conducted and the first two components plotted to visualize
the difference between trials relative to the total variation in
the datasets. Second, the Procrustes distance between the
first and second trials was calculated and considered relative
to the average pairwise distance among individuals within a
species. In all PCA analyses, the first and second trials fell
very close in principal component space. The Procrustes
distance between trials ranged from 25 to 30% of the aver-
age pairwise distance among individuals of the same species.
Thus, intra-observer error was judged to be low relative to
variation among taxa as well as within a species.

Reconstruction of Ancestral Morphology

A working model of the primitive condition is required to
assess the hypothesis of morphological stasis in the Au.
afarensis shoulder. To establish this CLCA model, the
complete landmark datasets were mapped onto a molecular
phylogenetic tree comprising extant hominoids using
squared-change parsimony (Maddison 1991; Rohlf 2001;
Klingenberg and Gidaszewski 2010). A consensus phylo-
genetic tree was downloaded from 0kTrees (Arnold et al.
2010). It is constructed from mitochondrial and autosomal
genetic data using a Bayesian inference method, with branch
lengths proportional to time. A tree including all extant
species and subspecies in the comparative sample was
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downloaded and then terminal taxa were merged to the
species level for all great apes and to the family level for the
hylobatids. The parsimony analysis treats each landmark
dataset as a single multidimensional character. The cost of
moving from one shape to another is the squared Procrustes
distance between the two shapes. Given the consensus
shapes of the terminal taxa, each node is reconstructed to
minimize cost over the entire tree (Klingenberg and Gidas-
zewski 2010). The analysis was conducted in Morphol
software (Klingenberg 2011). Although this method has a
number of limitations (Losos 2011), it is simply the quan-
titative formalization of the traditional comparative
approach. Like all phylogenetic analyses, the results have the
potential to change depending on the taxa included (Strait
and Grine 2004).

Table 6.4 Definitions of the traditional scapula metrics considered here

Traditional Comparative Analysis

Traditional metrics for the scapula are defined in Table 6.4.
Glenoid size (Vheight x breadth) is used to standardize size
variation, in keeping with Green and Alemseged (2012) and
Churchill et al. (2013). Clavicle midshaft size (Ymidshaft
minimum dimension X perpendicular dimension) is used
where glenoid size is not available (i.e., for comparisons
with Stw 431). Most of the scapula osteometrics are calcu-
lated from 3D landmarks (see below), in an effort to present
data for KSD-VP-1/1 that are comparable to metrics reported
for the juvenile DIK-1-1 scapulae (Green and Alemseged
2012). As a result, these values differ from those that were
published previously (Haile-Selassie et al. 2010).

Metric (Abbreviation) Definition

Axillary border—spine angle (ASA) The angle between

the line running through landmarks 3 and 7

and the line running though landmarks 9 and 4

Axillary border—glenoid angle (AGA) The angle between

the line running through landmarks 12 and 9

and the line running though landmarks 9 and 4

Spine-glenoid angle (SGA) The angle between

the line running through landmarks 12 and 9

and the line running though landmarks 3 and 7

Infraspinous vertebral border—axillary
border angle (IVAA)
Bar-glenoid angle (BGA)

The angle between

The angle between

the line running through landmarks 9 and 4

and the line running though landmarks 3 and 4

a line running through landmarks 12 and 9

and a line running along the ventral bar (ventro-axillary crest),
measured directly with a goniometer

Glenoid version (VER) The angle between

a line running through landmarks 10 and 11

and a line parallel to the base of the spine (measured directly
with a goniometer in superior view with the spine oriented
parallel to the horizontal)*

Glenoid size (GS) The square root of

the product of the distance between landmarks

12 and 9 and the distance between landmarks 10 and 11

Glenoid index (GI)

The distance between landmarks 10 and 11 divided by the distance

between landmarks 12 and 9, and multiplied by 100

Relative scapula length (RSL)
Relative infraspinous fossa breadth (RIFB)
Infraspinous fossa index (IFI)

The distance between landmarks 3 and 13, divided by glenoid size
The distance between landmarks 3 and 4, divided by glenoid size
The distance between landmarks 3 and 4, divided by the distance between

landmarks 3 and 13, and multiplied by 100

Relative spine thickness (RST)

The thickness of the crest of the spine (measured with calipers at the

midpoint of the base of the spine), divided by glenoid size and multiplied by 100

Relative axillary border length (RAL)

The distance between landmarks 6 and 4 divided by clavicle midshaft size”

Landmarks are illustrated in Fig. 6.1

“Negative values indicate retroversion and positive values indicate anteversion
®Clavicle midshaft size is defined as the square root of the product of the minimum dimension of the clavicle at midshaft and its perpendicular

dimension

Table 6.5 Definitions of the traditional clavicle metrics considered here

Metric (Abbreviation) Definition

Clavicle length (CL)
Relative clavicle length (RCL)
Clavicle midshaft size (MS)

The maximum length of the clavicle, measured directly with an osteometric board
Clavicle length (CL) divided by the articular breadth of the distal humerus
The square root of the product of the minimum dimension of the clavicle

at midshaft and its perpendicular dimension

Clavicle midshaft index (MI) The minimum dimension

perpendicular dimension,

of the clavicle at midshaft divided by its
and multiplied by 100
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cavity and the medial extent of the base of the spine and (h) shows a
cross-section of the vertebral border. Gray lines (a) show reconstruction

Fig. 6.3 KSD-VP-1/1g in posterior (a), anterior (b), superior (c),
medial (d), lateral (e) views and parallel to the glenoid plane (f).
g Shows a cr ection of the blade and glenoid, taken from a plane  of the vertebral border and inferior angle

passing through the anterior- and poster-most points on the glenoid
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Traditional metrics for the clavicle are defined in
Table 6.5. A number of authors (e.g., Schultz 1930; Larson
2007) have used clavicohumeral index to make cross-taxon
comparisons of clavicle length because humerus length is
reported to scale nearly isometrically with body mass among
apes (Jungers 1994). Here, difference in body size is stan-
dardized using humerus distal articular surface width,
because it is the best-preserved measurement on the heavily
exfoliated KSD-VP-1/1 humerus and it is also preserved in
other hominin partial skeletons like Stw 431. Jungers and
Susman (1984) report that the articular width of the distal
humerus also scales nearly isometrically in African apes. It is
perhaps even preferable to use an articular surface dimen-
sion. Ruff (1990) argues that articular dimensions have a
more direct mechanical link to body mass than long bone
lengths and that such dimensions tend to be less affected by
differences in body proportions that are specific to certain
taxonomic groups.

The R statistical platform and PAST software (Hammer
et al. 2001) were used to calculate angles and distances from
landmarks, and for further analysis. The angle between two
vectors was calculated using the “angle” function described
by Claude (2008). Angular osteometrics were generally
normally distributed within genera, thus no further adjust-
ment was required before statistical comparison. Means,
ranges, and 95% confidence intervals are presented to place
single fossil observations in a comparative context.

Descriptions

Scapula (KSD-VP-1/1g)

Preservation

The specimen is a right scapula preserving much of the
blade, spine, and glenoid (Fig. 6.3). The coracoid was
sheared off at its base. Only the root of the acromion process
is present, measuring about 40 mm from the spinoglenoid
notch to its preserved lateral extent. The majority of the
supraspinous fossa is missing, broken medial to the
suprascapular notch. The maximum dimension of the spec-
imen is 210 mm, as measured from the superolateral extent
of the root of the acromion to the inferior extent of the
inferior angle.

The center of the blade is highly fractured and some
pieces are missing. The matrix covering this area could not
be removed without further damage. Despite fracturing, only
minor distortion exists. It is most noticeable at the medial
extent of the spine, which is displaced slightly anteriorly.
The glenoid cavity is well preserved. Its articular surface is
undamaged except for a small patch of erosion at its apex.

The dorsal half of the supraglenoid tubercle is present.
As preserved, it measures 11.6 mm wide by 13.6 mm long.
The ventral half of the supraglenoid tubercle was sheared off
along with the coracoid. The damaged surface from which
the coracoid would have arisen begins at the glenoid rim and
has a maximum length of 33.3 mm. This serves as a maxi-
mum length for the base of the coracoid, although is it likely
a considerable overestimate. On the costal surface of the
neck of the scapula, there is a rectangular surface where
cortical bone has been flaked away. The axillary border is in
good apposition and undamaged with the exception of minor
fossilization cracks. The inferior-most portion of the inferior
angle is missing. The vertebral border is preserved beginning
just below the base of the spine and its contour is intact. The
base of the spine is preserved for its entire length. A minor
(1-3 mm) crack runs along the junction of the spine and the
blade. There is a small amount of deformation due to
crushing in the region of the spinoglenoid notch. The crest of
the spine and its attendant muscle attachment surfaces are
preserved along the root of the acromion and just medial to
the midpoint of the spine.

Anatomy
The glenoid is moderately cranially oriented and noticeably

retroverted (oriented posteriorly with reference to the blade,
see Stewart 1962; Fig. 6.3g). The glenoid fossa is strongly
curved both craniocaudally and dorsoventrally. The con-
cavity is more than 5 mm deep at its deepest point, which is
located a few millimeters above, and just anterior to, the
geometric center of the articular surface. There is a small
secondary depression, ovoid in shape, present on the artic-
ular surface inferiorly. The outline of the glenoid recalls a
rounded triangle (Fig. 6.3f). The inferior edge of the rim is
nearly straight, while the anterior and posterior edges curve
gently toward the apex. The glenoid does not exhibit a
notch. The articular surface proper (i.e., only subchondral
bone) is roughly symmetric and measures 35.4 mm SI by
24.6 mm AP. The maximum dimensions of the glenoid
including the rim are 39.0 mm SI by 29.3 mm AP.

The articular surface reaches the rim anteriorly, but is
withdrawn from the rim posteriorly and at the anteroinferior
corner. In these locations the bone is roughened, marking the
attachment surface for the labrum, joint capsule, and
glenohumeral ligaments. The roughening varies in thickness
(2-5 mm) and is most marked at the posteroinferior corner,
which blends into the infraglenoid tubercle. The infraglenoid
tubercle is a linear (as opposed to mound-like) rugosity
situated at the inferoposterior corner of the glenoid. Anterior
to the tubercle, the surface is markedly rugose and preserves
two large foramina. In posterior view, the tubercle is
bounded medially by the dorso-axillary crest.

The axillary border measures 160 mm from the
inferior-most point on the glenoid rim to its inferior-most
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preserved point. With minor reconstruction at the inferior
angle, the original length of the axillary border is estimated
to be about 165 mm. When viewed posteriorly (Fig. 6.3a),
the superior half of the border is slightly concave. When
viewed laterally (Fig. 6.3e), the superior three-fourths of the
border is rectangular, but tapers to a thin ridge at the teres
major apophysis. Just below the origin of the long head of
the triceps muscle, the AP thickness of the border is
17.4 mm. The axillary border exhibits the ventral sulcus
pattern (sulcus axillaris subscapularis of Eickstedt 1925,
Fig. 6.3h). The medio-axillary crest (the structure narrowly
defined as the axillary border) is well developed but fades
away just inferior to the point where the ridge of the teres
major apophysis begins. A V-shaped depression is created
by the overlap of these linear features, which separate the
attachment surface of subscapularis (the ventro-axillary
surface) from those of teres minor and teres major
(dorso-axillary surface). The ventro-axillary crest is sharp
and exhibits some rugosity. The rectangular ventro-axillary
surface is faintly concave superiorly and flat inferiorly. It
faces laterally and has a maximum width of about 16 mm.
The maximum breadth of the dorso-axillary surface is about
4 mm. A poorly developed dorso-axillary crest is visible in
posterior view. The medio- and dorso-axillary crests are
continuous with the infraglenoid tubercle.

When the vertebral border is aligned perpendicular to
the horizontal, the base of the spine is nearly parallel to the
horizontal. In a typical human scapula, the inferior face of
the base of the spine curves inferiorly where it meets the
vertebral border, creating a rounded corner at the supero-
medial limit of the infraspinous fossa. This feature is clearly
present on KSD-VP-1/1g, indicating that the base of the
spine is preserved in its entirety. It extends the full length of
the blade and measures 99 mm long from the deepest point
of the spinoglenoid notch to its medial-most preserved point
(which lacks a few millimeters of the vertebral border). The
original ML dimension of the spine (measured from spino-
glenoid notch to the medial limit of the vertebral border) is
estimated to be about 106 mm. The original scapula mor-
phological length (sensu Schultz 1930) is estimated to be
about 116 mm. In lateral view, the spine meets the blade at
an angle of about 40°. The root of the acromion has an ovoid
cross-section where it is broken, but it becomes more tri-
angular near the spinoglenoid notch due to an inferior
thickening. A faint linear ridge runs along the thickening,
similar to the “spinal buttressing” described by other authors
(Walker and Pickford 1983; Senut et al. 2004). The root of
the acromion is robust, measuring 20.1 mm ST at its lateral
extent and about 16 mm where the spine meets the blade, in
the spinoglenoid notch. Two muscle attachment surfaces can
be differentiated on the dorsal surface: the insertion of the
intermediate fibers of the trapezius muscle superiorly and the
origin of the posterior fibers of the deltoid muscle inferiorly.

The superior surface is fairly smooth and curves superiorly
at its lateral extent. The inferior surface is the larger of the
two and is more rugose. Following a small zone of damage,
the crest of the spine is preserved near its midpoint. Here, the
surface of the crest is rugose and SI expanded relative to
the base, indicating muscle attachment well past the mid-
point of the spine. The thickness of the crest at the midpoint
of the base of the spine is 7.2 mm.

The spinoglenoid notch is small, circular, and roughly
symmetric (Fig. 6.3c). Its anterior border is formed by the
dorsal surface of the scapular neck, which is deeply excavated.
The notch is about 17.2 mm deep, as measured in superior
view (with the spine held parallel to the horizontal) from a line
tangent to the glenoid surface to the deepest point in the notch.
The outlet of the notch is extremely narrow. The glenoid rimis
separated from the anterior surface of the acromion root by
only a few millimeters. A nutrient foramen is preserved in the
medial third of the superior face of the base of the spine.

KSD-VP-1/1g preserves a suprascapular notch (Fig. 6.3b).
The notch is asymmetric with a blunted V-shape. It compares
well with the human Type II suprascapular notch described
by Rengachary et al. (1979). There are two vascular
depressions associated with the suprascapular notch. The
larger one meets the suprascapular notch on its medial edge
while the smaller depression passes through the supras-
capular notch at its deepest point. It is not possible to
establish a precise estimate of the height or area of the
supraspinous fossa, but the trend of the medial portion of the
notch suggests it would have continued superiorly resulting
in a well-defined superior angle.

The infraspinous fossa is nearly completely preserved
(Fig. 6.3a). The original breadth (traditionally defined as the
craniocaudal dimension) is estimated to be 135 mm, as
measured from the point where the base of the spine would
meet the vertebral border to the inferior-most point on the
reconstructed inferior angle. There is a depression just medial
to the axillary border that stretches along the entire length of
the infraspinous fossa. This depression is bounded laterally
by the dorso-axillary crest and medially by the gentle con-
vexity of the center of the fossa. The teres major attachment
area is absorbed into the inferior angle, rather than projecting
laterally past the axillary border. It is bounded superiorly and
medially by the inferior extension of the medio-axillary crest,
which continues all the way to the vertebral border. At its
inferior extent, the vertebral border thickens and begins to
curve laterally. Thus, it seems that the inferomedial extent of
the inferior angle is fully preserved. Less than 5 mm and no
more than 10 mm of the inferior angle is missing at its apex.

The majority of the costal surface (subscapular fossa) is
concave. The point of maximum concavity is located at the
superolateral portion of the subscapular fossa. A nutrient
foramen and associated vascular depression is present where
the neck of the scapula meets the subscapular fossa.
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Fig. 6.4 KSD-VP-1/1f in superior (a), inferior (b), anterior (¢) and posterior (d) views. e-g show shaft cross-sections at the indicated locations

A transverse depression runs across the superior third of the
subscapular fossa that corresponds to the base of the spine.
Near the midpoint of this depression, a single nutrient
foramen is preserved. A number of subscapular ridges are
present, trending (with varying obliquity) from superolateral
to inferomedial.

The vertebral border is preserved for 107 mm, which is
roughly two-thirds of its original length. The border is in
excellent apposition. The shape of the border (in anterior or
posterior view) is straight, rather than concave or convex
(sensu Graves 1921). Its margin is roughened for the inser-
tion of the serratus anterior muscle. On the costal surface the
roughening is thin and confined to the margin superiorly but
widens gradually where the vertebral border meets the
inferior angle. The attachment surface on the dorsal surface
of the vertebral border is most rugose inferiorly, in the
region where the rhomboid major, teres major, and latis-
simus dorsi muscles attach. When viewed medially
(Fig. 6.3d), the preserved portion of the supraspinous fossa
bends anteriorly, forming an angle with the infraspinous
fossa (the subscapular angle sensu Johnston et al. 1947) of
about 140°.

Clavicle (KSD-VP-1/1f)

Preservation

The specimen is a left clavicle shaft missing the acromial
epiphysis and a considerable portion of the sternal extremity
(Fig. 6.4). The maximum dimension, as preserved, is

125.6 mm. At the medial point of breakage, small pits are
present on the superior and inferior surfaces.

The majority of the upper surface suffers from exfolia-
tion, severe enough to reveal cancellous bone in some pla-
ces. Original bone surface is present only at the medial and
lateral %4 of this surface. The specimen was broken near
midshaft and the adjoining surfaces of the break were
weathered, with loss of cortical bone anteriorly and poste-
riorly. It appears that no length was lost as a result of
the weathering, but apposition is imperfect. The contour of
the anterior border is slightly offset at the break, although the
contour of the posterior border is not disrupted. Two addi-
tional fossilization cracks are present, each approximately at
the maxima of the internal and external curves. On the lower
surface, there are two bone flakes in the lateral crack that are
displaced slightly superiorly. None of these fossilization
artifacts significantly alter the dimensions of the specimen.

Anatomy
The shaft exhibits pronounced internal and external curves in

the transverse plane (Fig. 6.4a, b). Curvature in the coronal
plane (Fig. 6.4c, d) is less conspicuous, but both a superior
curve and an inferior curve are present. If the acromial end is
positioned parallel to the horizontal, the lateral end of
the bone sits about 3 cm higher than the medial end (as
preserved).

The shaft is SI compressed throughout its length and
presents two major surfaces (upper and lower) separated by
two borders (anterior and posterior). The anterior border is
bluntly rounded with the exception of the lateral-most
10 mm, where it is somewhat flattened. The posterior border
is bluntly rounded from the medial end until about midshaft.
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At the center of the internal curve, the shaft is markedly SI
compressed, with an oval cross-section (Fig. 6.4g). The
maximum and minimum dimensions at this point are 18.9
mm and 10.1 mm, respectively. Severe exfoliation to the
upper surface prevents precise measurement of cross-
sectional dimensions at midshaft, but an estimate of the
original maximum and minimum dimensions are 17 mm by
10 mm. Just lateral to midshaft, the cross-section comprises
a rounded anterior border, slightly convex upper and lower
surfaces, and a flattened posterior surface. This flat posterior
surface extends about 30 mm ML. It is anteroinferiorly
inclined and meets the upper and lower surfaces at
well-defined angles (Fig. 6.4f). It is bounded superiorly and
inferiorly by rugose crests. The superior crest is partially
preserved. The inferior crest is fully preserved and fades out
roughly at midshaft, just lateral to a large nutrient foramen.
A small conoid tubercle is present at the lateral extent of the
posterior surface.

The acromial end is AP expanded relative to the rest of the
shaft with maximum dimensions (at the lateral point of
breakage) of 24.5 mm by 9.4 mm. The upper surface of the
acromial end is slightly concave and the lower surface is
slightly convex, producing a semilunar cross-section
(Fig. 6.4e). Similar morphology is present on the Omo 1
clavicle, which is followed laterally by a lipping of the superior
surface where it meets the acromial articular surface. The fact
that the lipping is present on KSD-VP-1/1f suggests that the
diaphysis is very close to fully preserved at the acromial end.

The specimen exhibits a considerable amount of torsion,
which is further pronounced due to the SI compression of the
medial portion of the shaft. When the AP long axis of the
acromial end is positioned parallel to the horizontal, the AP
long axis of the medial portion of the shaft twists about 30°
inferiorly.

The upper surface of KSD-VP-1/1f is flat medially with
no discernible roughening for the attachment of pectoralis
major. The origin for the anterior fibers of the deltoid is
located at the anterior edge of the upper surface. The scar is
partially exfoliated, but its medial-most extent is preserved
and ends only a few millimeters medial to the center of the
external curve. Laterally, it takes the form of two crests
bounding a linear depression.

The lower surface exhibits a shallow subclavian groove
just medial to midshaft. There is no indication of a costal
tuberosity. The acromial end preserves a roughened patch
that appears to be the attachment surface for the trapezoid
ligament, although it is damaged by acid etching. There is a
faint vascular depression on the posterior border medially.
The acromial portion of the posterior border is sharp and
presents a slightly lipped inferior surface.

Fig. 6.5 Model of clavicle and scapula morphology in the chim-
panzee—human last common ancestor (CLCA) generated from parsi-
mony analysis. Transverse curvature is shown in superior view (a) and
coronal curvature is shown in posterior view (b) for a left clavicle.
A right scapula is shown in posterior view (c¢). See Figs. 6.6 and 6.7 for
comparison with extant taxa
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Fig. 6.6 Results of the PCA of the complete landmark set (a) and the
Kadanuumuu landmark set (b). The reduction of landmarks associated
with incomplete fossil preservation does not change the overall
clustering pattern nor shape changes associated with the principal
component axes. The first PC is primarily driven by variation in the
obliquity of the scapula. The KSD-VP-1/1 scapula is significantly less

Results
Reconstruction of Ancestral Morphology

The CLCA model generated from the parsimony analysis is
depicted in Fig. 6.5. The scapula (Fig. 6.5¢) exhibits a cra-
nially oriented glenoid (most similar to the Pongo consen-
sus), a spine that is intermediate in orientation between
Pongo on one hand and Gorilla and Pan on the other, a
craniocaudally narrow infraspinous fossa, and a trapezius
attachment that terminates well before the medial border.
The internal and external curvature of the clavicle in the
transverse plane is pronounced, most similar to the Pan
troglodytes consensus (Fig. 6.5a). Curvature in the coronal
plane is slight but both a superior and an inferior curve are
present (Fig. 6.5b). This result is generally consistent with
the CLCA described by Larson (2007, 2009, 2013),
although this model does not include data on clavicle length
or shoulder girdle elevation. The problems associated with
predicting girdle elevation from clavicle coronal curvature
are addressed below (see “Discussion”).
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oblique than either Pan or Gorilla scapulae, falling between Pongo and
Homo along PC 1 and near the center of the Homo range along PC 2.
The MH2 scapula falls near the center of the Homo cluster. The

location of the CLCA model is overlaid in (a) for comparison, but did
not contribute to the analysis

Comparative Analysis of the Scapula
(KSD-VP-1/1g)

Geometric morphometrics

The primary axes of variation in scapula shape among extant
apes concern the obliquity of the scapula,” and the propor-
tions of the blade. The results from the PCAs of the complete
and Kadanuumuu landmark sets are very similar, because
most of the landmarks that exhibit drastic displacement in
the analysis of the complete landmark set (Fig. 6.6a) are also
represented in the Kadanuumuu set (Fig. 6.6b). In the PCA

>The term “obliquity” is used to describe an aspect of scapula shape
that incorporates a number of strongly correlated morphological
features, including the orientation of the spine, the craniocaudal
dimension of the infraspinous fossa and the orientation of the glenoid.
The following osteometrics quantify these morphological features:
axillary border—spine angle (ASA), infraspinous fossa breadth (RIFB),
and axillary border—glenoid angle (AGA). Correlation coefficients
between these metrics range from 0.92 to 0.75 among extant
hominoids. This term was used in an equivalent sense by Miller (1932).
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Table 6.6 Results of pairwise comparisons of scapula shape among extant hominoids and fossil hominins, as represented by the Kadanuumuu

landmark set

MH2 KSD-VP-1/1g Homo Pan Gorilla Pongo Hylobatidae

MH2 - 0.73 0.87 0.01 0.08 0.34 <0.001
KSD-VP-1/1g 0.12 - 0.53 0.12 0.20 0.73 0.01
Homo 0.08 0.12 - <0.001 <0.001 <0.001 <0.001

Pan 0.24 0.18 0.25 - <0.01 <0.001 <0.001
Gorilla 0.20 0.16 0.22 0.09 - <0.001 <0.01
Pongo 0.15 0.10 0.15 0.12 0.12 - <0.001
Hylobatidae 0.32 0.26 0.34 0.14 0.15 0.22 -

Procrustes distances are reported below the diagonal and p-values (probability that a given distance will be observed under the null hypothesis of
similarity) are reported above the diagonal (significant differences in boldface)

plots, genera fall out in discrete clusters with a small amount
of overlap, indicating that variation is taxonomically struc-
tured. Thus, KSD-VP-1/1g preserves the anatomical regions
that have the highest discriminatory potential.

With regard to the Kadanuumuu analysis (Fig. 6.6b), the
landmarks showing the greatest displacements along PC 1
determine the orientation of the spine, followed by the rela-
tive dimensions and orientations of the axillary and vertebral
borders (which together determine the position of the apex of
the inferior angle), and lastly, the orientation of the glenoid.
These features account for the majority (68.7%) of the vari-
ance in the dataset. The wireframes show that differences in
spine orientation among taxa result from variation in the
position of landmark 3 (marking the medial extent of the
spine), whereas the position of landmark 7 (marking the
lateral extent of the spine) is consistent among taxa.

Hylobatids occupy the positive extreme of PC 1. The
hylobatid scapula has a very cranially oriented scapular
spine and glenoid. The infraspinous fossa is craniocaudally
narrow and the axillary border is relatively long, which
results in the apex of the inferior angle being medially
positioned. The scapulae of chimpanzees and gorillas score
similarly along PC 1. These taxa also exhibit a cranially
oriented spine and glenoid, a craniocaudally narrow infra-
spinous fossa, and a long axillary border, but the degree of
scapular obliquity is less pronounced in Pan and Gorilla
than it is in hylobatids. The negative extreme of PC 1 is
occupied by modern human specimens, which exhibit a
transversely oriented spine and a laterally directed glenoid.
The infraspinous fossa is craniocaudally broad and the
axillary border is short, which results in a laterally positioned
inferior angle. Orangutans are intermediate between these
extremes (the Pongo mean PC 1 score is approximately
zero), primarily due to the fact that the spine of the oran-
gutan scapula is typically less cranially oriented than is the
case among the other non-human apes.

The KSD-VP-1/1 scapula exhibits less obliquity than
non-human apes, falling between Pongo and Homo along
PC 1. The MH2 scapula falls near the center of the Homo

cluster.® Traditional metrics representing spine and glenoid
orientation likewise show that both adult Australopithecus
specimens fall above the 95% confidence interval of
non-human apes and below the interval of humans
(Table 6.7: ASA and AGA). The infraspinous fossa of
KSD-VP-1/1g is broad, which is unique to Homo, but the
axillary border is longer than is typical of Homo (Table 6.8:
RIFB and RAL). This results in the inferior angle apex being
positioned roughly at the ML center of the blade.

When the complete landmark set is considered
(Fig. 6.6a), the second PC further distinguishes Gorilla from
Pongo according to differences in the pronouncement of the
superior angle and the mediolateral dimension of the blade
(See footnote 6). The elimination of the landmark at the
superior angle (landmark 2) results in much less discrimi-
nation along this axis (Fig. 6.6b). Homo, Pan, and the adult
Australopithecus specimens occupy the center of this axis.

A Procrustes ANOVA demonstrates significant differ-
ences in scapula shape among hominoids (p < 0.001). The
results of the pairwise comparisons using the Kadanuumuu
landmark set are presented in Table 6.6. Scapula morphol-
ogy is highly distinctive among extant apes, and all genera in
the comparative sample differ significantly from each other.
The KSD-VP-1/1 and MH2 scapulae are least similar to
hylobatids, followed by Pan and Gorilla. The nearest
neighbor of KSD-VP-1/1g is Pongo, followed by MH2 and
Homo (which are roughly equidistant), whereas the nearest
neighbor of MH2 is Homo, followed by KSD-VP-1/1g.

The size of the KSD-VP-1/1 scapula, as represented by
centroid size of the Kadanuumuu landmark set (Table 6.8:
CS), is larger than any modern human in the comparative
sample. It falls at the upper end of the Pan and Pongo ranges

®The MH2 scapula is nearly complete, permitting an analysis that
includes more landmarks than those comprising the Kadanuumuu set. If
all landmarks preserved in MH2 are considered, the specimen remains
within the modern human distribution and distinct from non-human
apes. MH2 lacks the extreme expansion of the supraspinous fossa
present in Gorilla but has a defined superior angle, which distinguishes
it from Pongo.
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and among the smallest Gorilla individuals. The size of the
glenoid (GS), however, is within the human range and
Pongo 95% confidence interval. In contrast, the A.L. 288-11
glenoid is smaller than any extant great ape, including
humans. To further investigate the pattern of size among the
different developmental components of the scapula, centroid
size was calculated for the subset of landmarks representing
the glenoid (9-13) and those preserved on the KSD-VP-1/1g
blade (1, 3-7). With reference to the relationship between
blade size and glenoid size, KSD-VP-1/1g is most similar to
Gorilla females and some Pongo specimens. This under-
scores the fact that the blade is relatively large.

Traditional metrics and qualitative features
Examination of traditional metrics permits comparison in
cases where landmark data is not available or a sufficient
number of landmarks are not preserved. Despite the fact that
AGA is a more discriminatory metric than BGA, BGA
remains useful for understanding the relationship between
size and morphological variation in the available fossil
sample. The size of the KSD-VP-1/1 glenoid is at the upper
end of the Homo range, but BGA is similar to the much
smaller specimens MH2, A.L. 288-1 1 and Sts 7 (Table 6.7).
Thus, observations from this sample do not support an
allometric explanation of glenoid orientation in Au. afarensis
(Mensforth et al. 1990; Inouye and Shea 1997).

The axillary border of the Kadanuumuu scapula is
similar to humans in lacking strong medial inclination, but is
absolutely and relatively longer. Axillary border length can
also be measured on the fragmentary specimen Stw 431.
When size-adjusted, the axillary border length of this South
African Australopithecus specimen likewise falls above the
Homo and Pongo confidence intervals but below the Pan
and Gorilla intervals (Table 6.8: RAL). The Stw 431 axillary
border is similar to that of KSD-VP-1/1g in exhibiting a
well-defined ventro-axillary crest, an anteroposteriorly wide
ventro-axillary surface, and a large, linear infraglenoid
tubercle. MH2 also exhibits this morphology, albeit in a
more gracile form. The existence of a clear ventral sulcus
pattern in all available Australopithecus specimens is con-
sistent with the proposal that it is the plesiomorphic condi-
tion (Trinkaus 2008). This is interesting in light of the fact
that the dorsal sulcus pattern is dominant among Nean-
derthals, the bisulcate pattern is dominant among Upper
Paleolithic Homo sapiens, and the ventral sulcus pattern is
dominant among most modern human populations (Vallois
1932; Trinkaus 2008; Voisin 2012).

The relative breadth of the KSD-VP-1/1g infraspinous
fossa falls above the range of all non-human apes, and is
even notably broad compared to modern humans (Table 6.8:
RIFB). The KNM-WT 15000 scapula exhibits a similarly
broad fossa, even without correcting for the unfused inferior
angle. The MH2 infraspinous fossa is relatively narrower,

but the difference between KSD-VP-1/1g and MH2 does not
exceed the range of variation in extant Homo.

A few additional features that are not well represented in
the landmark dataset deserve comparative comment. Varia-
tion in glenoid shape among apes is small relative to variation
in the other shape attributes discussed above, thus it does not
heavily influence the PCA. However, significant differences
in glenoid shape exist. The glenoid fossae of hylobatids, Pan
and Gorilla tend to be rounder than those of Pongo or Homo
(Table 6.8: GI). The GI of the adult Australopithecus sample
is most comparable to Pongo. A similarly ovate glenoid
persists in early and middle Pleistocene hominins and in
many Neanderthals (Churchill and Trinkaus 1990; Carretero
et al. 1997; Di Vincenzo et al. 2012).

The scapular spine of KSD-VP-1/1g differs from Pan and
Gorilla in more than orientation alone. The Kadanuumuu
dataset does not include information about the degree to
which the spine stretches across the blade and the extent of the
associated attachment surfaces of the trapezius and deltoid
muscles.” In many Pan and especially Gorilla scapulae, the
spine blends into blade well before it reaches the vertebral
border and the muscle attachment surface on the crest of the
spine thins medially, terminating around the midpoint of the
spine’s base. In contrast, the human scapular spine projects
strongly across the entire blade and the crest of the spine is
rugose and superoinferiorly expanded across its length. About
half of the Pongo individuals in the comparative sample
exhibit morphology similar to Pan or Gorilla and the others
tend toward a pattern somewhat similar to humans, but with
much less pronounced superoinferior expansion of the crest.

The base of the spine stretches across the entire blade on
the KSD-VP-1/1 scapula and the preserved portions of the
crest suggest that a rugose muscle attachment surface stret-
ched well past the midpoint of the spine’s base. The crest of
the spine is fully preserved in the MH2 scapula. On this
specimen, the spine also stretches across the entire blade and
muscle attachment surface is present throughout its length.
In addition, the specimen exhibits a conspicuously human-
like deltoid tubercle. The features described above are ade-
quately quantified by a measurement of the thickness of the
crest of the spine at its midpoint (Table 6.8: RST). Both
fossils are most similar to Homo in this respect.

Modern humans exhibit a large amount of variation in the
shape of the suprascapular notch, an indentation of the
superior border associated with the suprascapular nerve,
artery, and ligament. Rengachary et al. (1979) provide a
typology for classifying notch variation: type I “notches”
are wide and occupy nearly the entire superior border

7Among extant hominoids, the trapezius attachment surface tends to
extend further medially than the deltoid attachment surface; however,
this is not always the case.
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Fig. 6.7 Results of the PCA of the complete and Kadanuumuu
datasets for transverse clavicle curvature (a and b, respectively) and the
complete and Kadanuumuu datasets for coronal curvature (¢ and d,
respectively). All Australopithecus specimens fall within the Homo
cluster for transverse curvature but KSD-VP-1/1f, MH2 and the left

between the coracoid base and the superior angle. Types II
through VI are increasingly narrow, constricted, and more
readily recognized as a notch. About 80% of human
scapulae exhibit a notch of either type II or III. Although
some Gorilla and Pan scapulae exhibit a wide indentation
that occupies much of the superior border (thus fitting the
definition of the type I notch), the type II notch is present
only in the Homo comparative sample, KSD-VP-1/1g and
MH2. The Sts 7 scapula does not exhibit a type II notch,
although a slight depression is present medial to the coracoid
process.

clavicle of KNM-WT 15000 exhibit more superior curvature than
Homo. The best estimate Kadanuumuu datasets are shown here, but
results are consistent for the minimum and maximum estimates. The
location of the CLCA model is overlaid in (a) and (c¢) for comparison,
but did not contribute to the analysis

Clavicle (KSD-VP-1/1f)

Geometric morphometrics

Results of the GM analyses of clavicle curvature are shown
in Fig. 6.7. For both transverse and coronal curvature, the
complete datasets (Fig. 6.7a, c) and the Kadanuumuu data-
sets (Fig. 6.7b, d) describe highly similar shape changes
along the PC axes and taxa generally retain their positions
relative to one another, despite the loss of some discrimi-
nation. With regard to the different estimates of the number
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of semilandmarks missing from KSD-VP-1/1f, results from
the dataset in which the fewest landmarks are assumed
missing and the best estimate are indistinguishable, while
those from the dataset in which the most landmarks are
assumed missing showed greater overlap among taxa and
changes in the amount of variance accounted for by each
axis. The results described below are consistent regardless of
which Kadanuumuu clavicle dataset is considered.

In the analysis of transverse curvature, specimens falling at
the positive extreme of PC 1 exhibit an internal curve followed
by an external curve that is short relative to overall clavicle
length. Those falling at the negative extreme lack an obvious
internal curve but exhibit a relatively long external curve. This
axis primarily distinguishes Gorilla from hylobatids. Homo is
distinguished from Asian apes along PC 2, which captures
variation in the overall pronouncement of transverse curva-
ture. Homo and Pan overlap considerably along PC 2, espe-
cially when considering the Kadanuumuu landmark sets. All
fossil specimens fall within Homo range, but KNM-WT
15000 D (right side) and KSD-VP-1/1f fall within or close to
the region of overlap with Pan.® A pronounced S-shaped
curve is also reconstructed at the CLCA node and thus appears
to be a synapomorphy of the (Pan, Homo) clade, with
stronger phylogenetic than functional implications.

Taxa differ less with regard to coronal curvature, even
when the bone is complete. The first PC distinguishes spec-
imens according to the direction and amount of curvature of
the medial shaft. At the negative extreme are specimens that
curve inferiorly both medially and laterally, such that the
entire shaft is occupied by a single inferior curvature. These
correspond to the “Type I” human clavicles described by
Olivier (1951c, 1956). At the positive extreme of PC 1 are
specimens that exhibit a superior curve medially, which
occupies the majority of the length of the shaft. Although this
axis primarily distinguishes Homo from hylobatids, most
specimens are intermediate along this axis with a large
amount of overlap between humans and non-human great
apes. Specimens are further distinguished along PC 2 by the
pronouncement of the inferior curve. Homo and hylobatids
differ from the other apes in lacking a pronounced inferior
curve at the lateral end of the shaft. However, this difference is
obscured in the Kadanuumuu dataset (compare Fig. 6.7c, d).
KSD-VP-1/1f, MH2 and KNM-WT 15000 C (left side) fall
outside the range of the extant Homo sample. These speci-
mens exhibit a superior curve that is similar to Pongo or Pan
but lack the pronounced inferior curve that is typically present

8A.L. 333x-6/9 was not included in the GM analysis because it is less
complete than KSD-VP-1/1f and thus would have required a further
reduction in semilandmarks. Qualitatively, it exhibits a fairly pro-
nounced internal curve and a relatively long external curve, but the
S-shape is less pronounced than is the case for KSD-VP-1/1f. It would
likely fall in the region where Homo and Pan overlap as well.

in Pan.’ Voisin (2006b, 2008) has previously reported that
Pleistocene hominin clavicles also tend to exhibit more
superior curvature than those of extant humans, with a
number of Neanderthals exhibiting coronal curvature similar
to KNM-WT 15000 C.

The GM datasets for the clavicle in superior and posterior
views were combined for the purpose of comparing overall
clavicle shape among taxonomic groups. A Procrustes
ANOVA demonstrates significant differences among homi-
noids (p < 0.001) and Table 6.9 reports the results of the
pairwise comparisons. All comparative taxa differ signifi-
cantly from each other. Procrustes distance indicates KSD-
VP-1/1f is least similar to hylobatids and Pongo and most
similar to KNM-WT 15000 and Pan. MH2 also shows close
similarity with KNM-WT 15000.

Traditional metrics and qualitative features

Table 6.10 reports data on clavicle length. The length esti-
mate for KSD-VP-1/1f reported here comes from a regres-
sion of length on midshaft size (see Table 6.10 footnotes),
and it is in accordance with the estimate published previ-
ously by Haile-Selassie et al. (2010) that used midshaft
circumference as the independent variable. The raw length
estimates for KSD-VP-1/1f, A.L. 333x-6/9 and Stw 431 fall
within the overlapping ranges of all great apes. In contrast,
the MH2 clavicle is absolutely shorter than that of most great
apes, except the bonobo (mean CL = 105 mm; 95% C.
I. = 103-107 mm). After size normalization, the relative
clavicle length (RCL) of KSD-VP-1/1f falls at the mean of
modern humans and outside the 95% confidence intervals of
all non-human apes (Table 6.10). The RCL values of Stw
431, MH2, and KNM-WT 15000 are similar to
KSD-VP-1/1f and also exceed the Pan and Gorilla confi-
dence intervals. Humans differ from Pan, Gorilla, and
Pongo in the location and nature of the clavicular deltoid
origin. In non-human apes the attachment surface tends to be
located on the superior surface of the clavicle, whereas in
humans it tends to be located further anteriorly, at the
junction of the superior surface and anterior border.
Although there is variation in this feature, all early hominin
clavicles tend to exhibit a more anterior position. Differences
in the medial extent of the deltoid attachment surface have
been less discussed. The enthesis is laterally restricted in

°A.L. 333x-6/9 and O.H. 48 are too incomplete to be included in the
analysis. Qualitatively, both specimens exhibit a superior curve that is
slightly less marked than in KSD-VP-1/1f. They lack a pronounced
inferior curve, like all hominins considered here. Accordingly, they
would likely fall near the other Australopithecus specimens and
KNM-WT 15000 C. The KNM-WT 15000 specimens are more
complete than KSD-VP-1/1f. When the full set of semilandmarks
preserved in these specimens is considered, KNM-WT 15000 C
remains outside the human range. KNM-WT 15000 D remains inside
the human range along PC 1, but falls at the positive extreme of the
extant Homo scatter (5th highest score).
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Table 6.10 Summary of clavicle metrics

CL RCL MS MI
Omo 1 157.5 - 12.3 61.1
Neanderthals 156.1 £ 15.1% - - 68.4°
[155.0-178.5] (86.6-50.2)
Sima de los Huesos - - - 66.7 = 8.1°
ATD6-50 161.5 - - 75.5°
KNM-WT 15000 D 130.5° 3.2 10.0 59.7
KNM-WT 15000 C 130.4¢ 3.2 9.7 58.7
KNM-ER 1808 142.84 - 11.0 84.9
O.H. 48 141-155° - - 70.3°
MH2 107.5 3.2 8.0 73.8
Stw 431 139.2¢ 33 10.8 66.7
A.L. 333x-6/9 134.0¢ - 10.2 71.1
KSD-VP-1/1f 157.2¢ 3.3 12.9 53.9
Homo 139.5 33 10.1 71.9
(136.5-142.5) (3.3-3.4) 9.7-10.5) (69.9-74.0)
[113.0-165.0] [3.0-3.9] [7.2-16.0] [57.7-87.6]
Pan 121.9 2.7 9.7 70.0
(118.3-125.5) (2.6-2.8) (9.4-9.9) (68.0-72.1)
[100.0-169.0] [2.3-3.2] [7.7-12.4] [49.8-95.1]
Gorilla 164.0 25 13.5 69.7
(157.0-171.0) (2.4-2.6) (12.9-14.2) (67.1-72.2)
[129.0-201.0] [1.9-3.2] [10.3-17.4] [56.8-95.2]
Pongo 165.0 3.6 11.7 82.4
(157.3-172.7) (3.5-3.7) (11.0-12.3) (78.2-86.6)
[140.0-212.5] [3.2-3.9] [8.8-15.5] [65.3-99.0]
Hylobatidae 97.6 4.6 5.7 60.7
(87.3-108.0) (4.2-5.0) (5.1-6.4) (51.4-70.1)
[81.0-112.0] [4.0-5.4] [4.9-6.8] [48.7-79.7]

Data presented for living taxa are: means (95% confidence intervals) and [ranges]
CL clavicle length, RCL relative clavicle length, MS Midshaft size, MI midshaft index; see Table 6.5 for metric definitions

*Vandermeersch and Trinkaus (1995); mean length = 1 SD

Carretero et al. (1997, 1999); slight difference in measurement definition of midshaft index

‘Walker and Leakey (1993) report preserved lengths. These specimens are not only unfused but also eroded at their acromial ends, so these
measurements are slight underestimates of complete length, regardless of growth-related changes

IClavicle length (CL) is estimated from regression of length on midshaft size (MS). The reported estimate derives from a reference sample of
African apes and humans: CL = 8.6 x MS + 46.3 (F = 309.2, * = 0.68, p < 0.001). A longer estimate results if the reference sample includes all

hominoids: CL = 8.9 x MS + 44.9 (F = 379.1, * = 0.69, p < 0.001)
“Day and Scheuer (1989); length is an estimated range

humans. In contrast, it can extend well past the external
curve in non-human apes, occasionally near midshaft.
KSD-VP-1/1f, A.L. 333x-6/9 and MH2 exhibit medial
restricted deltoid attachments, similar to Homo. The deltoid
attachment scar of KSD-VP-1/1f also qualitatively resembles
that of Homo. The crest—depression—crest pattern described
above (see “Descriptions”) is fairly common in human
clavicles, but not in those of non-human apes.

The subclavius muscle is present in both humans and
non-human apes, but the associated subclavian groove
occurs much more commonly among humans (Voisin 2012).
KSD-VP-1/1f preserves a subclavian groove along the
inferior face of the internal curve.

The KSD-VP-1/1f shaft is strongly SI compressed or
“platicleidic” (Fig. 6.4g). The midshaft index is most similar

to KNM-WT 15000 and differs from all extant hominoids
(including extant humans). In the KSD-VP-1/1 and
KNM-WT 15000 clavicles, the strong SI compression con-
tinues medially in the region of the pectoralis major origin.
“Platicleidic” clavicles are present in high frequencies
among Neanderthals and in the sample from Gran Dolina
and Sima de los Huesos (Carretero et al. 1997, 1999), though
the morphology is not ubiquitous among early hominins. For
instance, the midshaft indices of A.L. 333x-6/9, MH2 and
O.H. 48 do not differ significantly from extant Homo.
Partridge et al. (2003) commented on variation in shaft
cross-section in the region of the conoid tubercle, noting that
the cross-section of the Stw 606 clavicle is semilunar due to
the presence of a dorsally projecting and flange-like conoid
tubercle, whereas other Australopithecus clavicles from
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Hadar and Sterkfontein exhibit an approximately trapezoidal
cross-section with a well-defined superoposterior corner.
The KSD-VP-1/1 clavicle exhibits the latter pattern.

Discussion

How Different Are Australopithecus
Scapulae?

When data are collected from fossil specimens using com-
parable methods, all Australopithecus specimens are quite
similar. The recently described specimens (DIKI-1,
KSD-VP-1/1, and MH2) reinforce the previous observations
on Sts 7 and A.L. 288-1 1, that the Australopithecus glenoid
is more cranially oriented than modern humans. This is true
regardless of variation in size. Yet these more complete
specimens importantly permit the comparison of more dis-
criminatory metrics. Spine orientation was likely previously
underestimated for Sts 7 and A.L. 288-1 1 (Larson 1995;
Vrba 1979) due to insufficient preservation. As noted above
(see “Comparative analysis of the scapula: Geometric mor-
phometrics”), an accurate estimate of spine orientation relies
on preservation of the medial portion of the spine. However,
Sts 7 and A.L. 288-1 I preserve only about 20 mm of the
spine at its lateral extent, where there are no systematic
differences among taxa.

The KSD-VP-1/1, DIK-1-1, and MH2 scapulae were
compared by Churchill et al. (2013) and Green and Alem-
seged (2012), but these studies use fossil data that differ in
the manner that metrics were defined and collected. Green
and Alemseged (2012) report a significant difference in
scapula shape between KSD-VP-1/1g and the right DIK-1-1
scapula (the difference with left scapula approaches signifi-
cance). This finding is heavily influenced by the difference in
axillary border—spine angle, because (as shown above) spine
orientation is the primary discriminator of ape scapula shape.
When the axillary border—spine angle of KSD-VP-1/1g is
measured using the methodology described by Green and
Alemseged (2012), the degree of difference with DIK-1-1 is
only about 6°, as opposed to the previously reported 12°.
Given the standard deviations reported, this amount of dif-
ference can be explained by inter-individual variation. In
comparing the available metrics (AGA, ASA, SGA, RSL,
and RIFB), the Euclidean distance between DIK-1-1 and
KSD-VP-1/1 is easily observed between two adults of the
same species. Further, the landmark-based analysis of sca-
pula shape does not support morphological affinity between
the adult Australopithecus scapula and that of Gorilla. These
results are not consistent with the proposal of Gorilla-like
juvenile morphology and an African ape-like growth

trajectory (Green and Alemseged 2012). More research is
needed to better understand the ontogeny of the Au.
afarensis scapula.

Churchill et al. (2013) report that the MH2 scapula differs
significantly from Homo and is most similar to Pongo. In
contrast, the results of the present GM analyses suggest that
the MH2 scapula is morphologically most similar to extant
Homo and to KSD-VP-1/1g. Similar results are obtained
using the metric definitions described by Green and Alem-
seged (2012). These conflicting results are not easily
explained, although the manner in which metrics are defined
is clearly an important factor. The results reported here are,
however, in accordance with the observations of Churchill
and colleagues in identifying overall shape similarity
between Australopithecus and Pongo. The most pronounced
differences between MH2 and KSD-VP-1/1g are in infra-
spinous fossa shape and overall size. However, the magni-
tude of morphological difference between these two
specimens (as judged by Procrustes distance or Euclidean
distance) is comparable to what is seen among individuals of
the same species. Thus, available evidence does not support
the idea that either of these specimens is an extreme outlier.

Although the overall shape of KSD-VP-1/1g is slightly
more similar to Pongo than to Homo, there are a number of
features that clearly distinguish this specimen from a Pongo
scapula. Most notably, it is less oblique (ASA and AGA fall
outside the Pongo 95% confidence intervals) and the infra-
spinous fossa is broader (RIFB falls outside the observed
Pongo range, comparable only to Homo). In addition,
KSD-VP-1/1g lacks the narrow cranial extension of the
glenoid fossa that characterizes Pongo. Although the supe-
rior angle and acromial angle are not preserved in
KSD-VP-1/1g, the scapulae of the MH2 and DIK-1-1 partial
skeletons suggest that a well-defined superior angle and
acromial angle characterize the genus Australopithecus,
whereas these features are poorly developed in Asian apes.
In addition, overall clavicle curvature differs from Pongo.

Functional Morphology

Variation in spine and glenoid orientation has long been
associated with differences in locomotion across primates,
with more suspensory taxa exhibiting more oblique scapulae
(Miller 1932; Ashton and Oxnard 1964; Young 2008).
However, recent work shows that this form—function rela-
tionship does not necessarily hold within apes. Gorillas
exhibit suspensory morphology although they are largely
terrestrial (Remis 1998; Larson and Stern 2013) and oran-
gutans are highly suspensory yet their scapula has quad-
rupedal affinities (Young 2008). In addition, Larson and
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Stern (2013) recently reported that despite differences in
scapula shape, chimpanzees and orangutans show similar
recruitment patterns in rotator cuff muscles during suspen-
sion, climbing, and walking. These results prompted Larson
and Stern to advise caution in making functional interpre-
tations from scapula shape alone.

The human shoulder, on the other hand, cannot be under-
stood in the same functional framework as other primates (i.e.,
the quadrupedal to suspensory gradient), because it does not
play a central role in propulsion or support of the body.
A habitually pendant position and purely manipulatory
function of the human upper limb is thought to be indicated by
a laterally facing glenoid, transverse spine, and broad infra-
spinous fossa (Inman et al. 1944; Roberts 1974; Larson 2013).

The preceding analyses show that the KSD-VP-1/1 sca-
pula exhibits spine and glenoid orientation intermediate
between humans and non-human apes, in conjunction with a
broad infraspinous fossa. The intermediate morphology of
the fossil specimen thus raises the question of which func-
tional framework is more appropriate. Basic morphological
comparisons cannot address this issue alone, but an under-
standing of evolutionary history can contribute to functional
interpretation by considering trait polarity (Simpson 1953;
Bock 1980; Harvey and Pagel 1991; Ward 2002, 2013).
Given the CLCA model specified by the parsimony analysis,
the Australopithecus scapula appears to be derived in the
direction of Homo, whereas the clavicle is less derived. This
is consistent with the identification of derived morphology in
other regions of the upper limb (Drapeau et al. 2005; Dra-
peau and Ward 2007) and an extensively derived lower limb
(reviewed in Lovejoy 2005a, b; Ward et al. 2012). Alter-
natively, if the CLCA model based on extant taxa is inac-
curate and CLCA scapula and clavicle morphology more
closely approximated that of Australopithecus, then Au.
afarensis shoulder girdle morphology may indeed be prim-
itive. A CLCA that lacks the pronounced scapular obliquity
shared between Pan and Gorilla should be seriously con-
sidered, given the CLCA morphology suggested by Ardip-
ithecus ramidus (Lovejoy et al. 2009).

Similarity in shoulder girdle function between humans
and Australopithecus is also suggested by the location of
muscle attachment sites, the trapezius in particular. The
kinematic process of arm elevation differs between humans
and non-human apes. The trapezius muscle inserts along the
complete length of the scapular spine in humans and con-
tributes to a force—couple mechanism that produces rotation
of the scapula on the thorax (Inman et al. 1944; Lucas 1973;
Itoi et al. 2009). In contrast, the trapezius attachment tends to
terminate laterally in chimpanzee, orangutan, and especially
gorilla scapulae. Electromyographic studies have shown that
this muscle is inactive during arm elevation in non-human
apes, indicating a difference in the mechanism of scapular
rotation (Tuttle and Basmajian 1977; Larson et al. 1991).

The KSD-VP-1/1 and MH2 scapulae exhibit the human-like
pattern in this regard: the base of the spine reaches the
medial border and muscle insertion extends medially, posi-
tioning the trapezius to contribute to scapular rotation in
Australopithecus.

Shoulder Girdle Configuration

A number of questions about hominin shoulder evolution
relate to the configuration of the girdle in articulation,
including the elevation of the girdle and shoulder breadth.
Identifying change in shoulder girdle configuration over the
course of human evolution requires the ability to reconstruct
these parameters from fossil remains.

Coronal curvature of the clavicle and the location of the
deltoid origin are thought to reflect shoulder girdle height
(Ohman 1986; Voisin 2006a; Ward 2013). Observations on
coronal curvature have contributed to the proposal that the
shoulder girdle was elevated in Neanderthals (Voisin 2006b,
2010), Au. sediba (Churchill et al. 2013), Au. afarensis and
the CLCA (Larson 2007, 2009, 2013; but see Ohman (1986)
for the opposite interpretation). KSD-VP-1/1f, MH2, and a
number of other hominin specimens exhibit more superior
curvature than is typical of extant humans, yet the location of
the deltoid origin is human-like. Unfortunately, a predictive
relationship between the above-mentioned features and gir-
dle height has not yet been demonstrated.

The results of this study suggest that a relationship
between coronal curvature and girdle height, if present,
would not produce very precise predictions across genera
due to the large amount of variation within species and
overlap among genera (Fig. 6.7¢). All non-human apes have
an elevated girdle but do not share in common a pattern of
curvature. Although a superior curve is present in hylobatids
and pronounced in many Pan and Pongo specimens, the
same is not true of many Gorilla specimens. Further, a fair
number of Homo specimens exhibit some superior curvature,
as indicated by the overlap between non-human apes in PC 1
score (Fig. 6.7¢). Thus, it is possible to select extant Homo
clavicles that are quite similar to early hominins or that differ
markedly. In as far as coronal curvature is taken as an
indication of shoulder girdle height, the observation of
similarities between a number of Pliocene and Pleistocene
specimens does not indicate a drastic change in girdle
position with the evolution of Homo erectus, as previously
suggested (Larson 2007, 2009, 2013; Bramble and Lieber-
man 2004; Roach et al. 2013). Meyer (2016) suggests that
morphology of the KSD-VP-1/1 cervical vertebrae reflect
some independence in rotation of the head and thorax.

Clavicle length is also discussed in relation to shoulder
girdle configuration. The KSD-VP-1/1 clavicle is similar to
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extant Homo with regard to absolute and relative length.
This is consistent with the suggestion that the upper thorax
was broad in KSD-VP-1/1 (Latimer et al. 2016), without
requiring the scapulae to be positioned laterally on the thorax
(as described by Larson 2007, 2009). The MH2 clavicle is
absolutely shorter, but not markedly different in relative
length.

Conclusions

This study presents a detailed comparative analysis of the
KSD-VP-1/1shoulder girdle. The scapula exhibits spine and
glenoid orientation that is intermediate between human and
non-human apes and an expanded infraspinous fossa, which
is unique to humans. The clavicle exhibits a superior curve
in the coronal plane that is distinct from modern humans but
also present in some Pleistocene hominins. Muscle attach-
ment locations show notable similarity to humans. The same
features are present in other clavicle and scapula fossils
attributed to Australopithecus. A number of features that are
common in later Pleistocene hominins, but not in modern
humans, are also present in KSD-VP-1/1. These include a
superoinferiorly compressed and strongly twisted clavicle
shaft, a relatively narrow glenoid, and notable glenoid
retroversion.

When shoulder girdle morphology is compared to a
CLCA model generated from extant hominoids, Australop-
ithecus appears to be derived toward morphology associated
with an emphasis on a manipulatory function of the pendant
upper limb. It is not clear to what extent the primitive
morphology present in KSD-VP-1/1 and MH2 would have
enhanced climbing or suspensory ability relative to living
humans. Future research aimed at identifying epigenetically
responsive features that distinguish shoulders involved in
propulsion from those that are not would be of great value
in addressing questions about the habitual behavior of
individuals.
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Chapter 7
The Thoracic Cage of KSD-VP-1/1

Bruce M. Latimer, C. Owen Lovejoy, Linda Spurlock, and Yohannes Haile-Selassie

Abstract Ribs are naturally fragile and, as a consequence,
are rarely preserved in the fossil record. The costal elements
recovered from the KSD-VP-1/1 partial skeleton are impor-
tant evidence allowing reconstruction of the hominin
thoracic cage. The ribs of KSD-VP-1/1 are examined with
respect to their implications for the evolution of Australo-
pithecus afarensis thoracic morphology. Angulation and
torsion along the rib corpus and rib declination indicate a
broad upper thorax and a deeply invaginated thoracic
vertebral column. Implications for the early hominin thoracic
bauplan are discussed.

Keywords Australopithecus * Thorax ¢ Ribs

Introduction

The discovery of the 3.6-million-year old Australopithecus
afarensis (KSD-VP-1/1) partial skeleton (Haile-Selassie et al.
2010a, b) from Woranso-Mille, Ethiopia provides rare evidence
regarding the evolutionary development of the human and great
ape thoracic cages. Differences in thoracic skeletal anatomies
between modern African apes and humans have been noted
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earlier (Keith 1923; Schultz 1961; Latimer and Ward 1993;
Jellema et al. 1993; Lovejoy 2005; Gomez-Olivencia et al.
2009; Ward et al. 2012; Bastir et al. 2013). However, owing to
their natural fragility, there has been a lack of sufficient fossil rib
material that could allow reconstruction of the chronology of
these changes. Indeed, debate continues regarding the anatomy
of the primitive hominin thoracic shape with some researchers
suggesting that the chimpanzee/human last common ancestor
(CLCA) had an African ape-like, inverted, “funnel-shaped”
thorax (Schmid 1991; Schmid et al. 2013), while others
reconstruct the CLCA as having a human-like “barrel-shaped”
thorax (Lovejoy 2005; Haile-Selassie et al. 2010b). This sim-
plistic dichotomy between “funnel-shaped” and “barrel-
shaped” may too greatly simplify a more complex problem, a
possibility that is discussed below.

The six ribs included in the KSD-VP-1/1 partial skeleton
(Fig. 7.1), even while fragmentary, shed light on this issue,
and allow the reconstruction of the thoracic shape in Au.
afarensis. Because the features that characteristically distin-
guish hominin ribs are functionally interrelated (declination,
torsion, and neck/shaft angle), even fragmentary ribs can be
highly informative allowing reliable discrimination between
hominoid thoracic shapes. They also provide evidence
regarding the associated functions of the shoulder, the pelvis,
and the lumbar and thoracic spines. As many of the anatom-
ical features that we discuss below are unique to humans (and
our bipedal ancestors), we also, where appropriate, include
brief mention of certain pathological conditions that are
similarly confined to humans. These conditions shed light on
the selective pressures encountered by early hominins and are
the direct result of our habitually upright posture.

Anatomical Descriptions

The following descriptions are intended for use by
researchers utilizing cast replicas of the original specimens.
Real anatomy is often difficult to discern from casts
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Fig. 7.1 Cranial views of the ribs of KSD-VP-1/1. a KSD-VP-1/1n,
left second rib, reversed in image; b KSD-VP-1/1q, R. fifth, sixth or
seventh rib fragment; ¢ KSD-VP-1/1s, mid-thoracic rib fragment;
d KSD-VP-1/10, R. seventh or eighth rib fragment; e KSD-VP-1/1p, R.
eighth or ninth rib fragment; f KSD-VP-1/1r, L. eleventh rib

particularly if there is significant postmortem damage,
reconstruction, and/or supplementation of the original fossil
prior to casting. Adherent matrix can also cause difficulties
when using replicas. Following this, it should be noted that
postmortem damage has removed many of the traditional
anatomical landmarks and that caution should be practiced
when reviewing the measurements presented here.

In addition, confusion can also result when using quali-
tative and relative comparative terminology (Franciscus and
Churchill 2002) such as “highly curved,” “roughened,” or

“robust.” In the following descriptions, the reader should be
aware that such qualitative terminology refers to ranges of
variability normally encountered in human anatomy. When
used, comparisons with other taxa will be explicitly noted in
an attempt to reduce potential ambiguity. All measurements
are presented in Table 7.1.

KSD-VP-1/1n (Figs. 7.1a, 7.2, and 7.3)

KSD-VP-1/1n is a fragmentary left second rib. Approxi-
mately two-thirds of the corpus is present from the head to the
most ventral point, which is obliquely fractured such that the
ventral third of the specimen is not present. Several post-
mortem transverse fractures occur along the body, most of
which oppose well and do not alter the original anatomy.
A large triangular fragment is absent in the vicinity of the
posterior angle, the size of which required reinforcement of
the rib body (see Figs. 7.1a, 7.2, and 7.3). This loss of bone
has resulted in damage to the tubercle and required recon-
struction that may have slightly altered the rib’s original
anatomy in the direction of increasing the curvature of the
pleural margin (decreasing the radius of curvature). As a
consequence, estimates of the original curvature and copular
volume may be somewhat underestimated. Nevertheless, its
curvature radius falls well within the human range and sub-
stantially below those of the African apes (see below and
Haile-Selassie et al. 2010b). Despite the postmortem damage,
it is nevertheless apparent that the curvature of the pleural
margin indicates a human-like neck-corpus angle and the
deep invagination of the vertebral column into the thorax.
Several flakes of bone are missing from the cranial and caudal
surfaces of the corpus but these do not alter overall anatomy.
The crest for M. scalene posterior, although somewhat ero-
ded, is visible along the dorsal margin of the corpus. There is
a roughened tuberosity for the attachment of M. serratus
anterior. The caudal surface is smooth and the costal groove,
which begins immediately ventral to the tubercle, is shallow.
The rib corpus is typically flat ventral to the tubercle.

KSD-VP-1/1q (Fig. 7.1b)

KSD-VP-1/1q is a fragmentary right fifth, sixth, or seventh
rib. Postmortem damage does not allow for a more accurate
numerical designation. The head and neck are eroded and no
original subchondral surfaces remain. A triangular flake of
bone is lost associated with a well-opposed transverse frac-
ture across the costal angle. It is nevertheless apparent from
the remaining portions that the costal angle is flexed indi-
cating a deep invagination of the mid-thoracic vertebral
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Fig. 7.2 CT-based views of KSD-VP-1/1 ribs (KSD-VP-1/1n, b, q).
Postmortem damage is evident but the original curvature of the pleural
margin remains largely undistorted. Dashed lines indicate areas of
cross-sections. Figure from Ryan and Sukhdeo (2016)

column. In addition, despite the significant surface flaking
and cortical exfoliation, the original curvature of the rib is
apparent especially along the pleural margin. If oriented so
that the undamaged pleural surface of the head and neck is in
a vertical plane (see Jellema et al. 1993), it is clear that the
remaining ventral portion of the rib corpus declines inferi-
orly and sigmoidally twists (caudal margin inferomedially,
cranial edge superolaterally) along its long axis.

KSD-VP-1/1s (Fig. 7.1c)

KSD-VP-1/1s is a badly damaged middle segment of a
mid-thoracic rib. Judging from its size and curvature, it is

likely from a sixth, seventh, or eighth rib. Much of the
original cortical surface is exfoliated, and no original sub-
chondral surfaces remain intact.

KSD-VP-1/10 (Fig. 7.1d)

KSD-VP-1/10 is a fragment from the dorsal half of a right
seventh or eighth rib. Much of the original cortical surface is
damaged particularly around the head and neck, and no
subchondral surfaces remain. Adhering matrix remains in
several areas producing a roughened surface that should not
be interpreted as anatomical. Despite the significant post-
mortem damage, the overall curvature and shaft dimensions
are interpretable. When the pleural surface of the head and
neck are oriented vertically (see Jellema et al. 1993), the
corpus of the rib demonstrably declines and twists about its
long axis. The costal neck axis is strongly flexed indicating
posteriorly directed transverse vertebral processes and an
invaginated thoracic vertebral column. The ventral third of
the shaft is flattened and has a sharp inferior margin.
Although erosion has damaged much of the pleural surface,
a shallow costal groove is apparent.

KSD-VP-1/1p (Fig. 7.1e)

KSD-VP-1/1p is the dorsal half of a right eighth or ninth rib.
Several transverse cracks occur along the shaft but these
oppose well and do not distort the original curvature or torsion.
The surface is eroded over much of the specimen although
small areas of subchondral bone remain on the head and neck.
The posterior angle is rugose and ventral to it the corpus
flattens and presents a sharp caudal margin. The costal groove
begins at the posterior angle and is deep. The shaft declines
markedly such that when the cranial surface of the specimen is
placed on a horizontal plane the ventral half of the corpus does
not touch the surface. Associated with this declination is the
obvious sigmoidal torsion along the rib corpus.

KSD-VP-1/1r (Fig. 7.1f)

KSD-VP-1/1r is the dorsal half of a left eleventh rib.
Much of the surface is eroded, and several transverse
cracks occur along the corpus but these oppose well and
do not distort the original curvature and torsion. The
surface around the head and neck is damaged and no
original subchondral bone remains. The cranial margin of
the shaft is sharp particularly along the ventral third of the
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Fig. 7.3 KSD-VP-1/1n, second left rib. Cranial and caudal views, right and left, respectively

Table 7.1 Linear measurements of the preserved KSD-VP-1/1 ribs

Measurement KSD-VP-1/In  KSD-VP-1/1o0  KSD-VP-1/1p ~ KSD-VP-1/1q  KSD-VP-1/1r  KSD-VP-1/1s
Maximum preserved chord length ~ 75.1 177.8 173.3 153.6 147.3 101.3
MCL)

Maximum perpendicular from 29.5 54 34.4 474 25.4 -
MCL to pleural margin

Transverse corpus dimension, 13.7 17.8 16.1 18.7 15.3 -
estimated original mid-shaft —

transverse

Craniocaudal corpus dimension, 8.0 9.5 8.1 10.0 6.7 -
estimated original mid-shaft —

cranial—caudal

Center of articular head to the 30.0 - - - - -

center of tubercle

All measurements are in millimeters (mm)

fragment. A costal groove is apparent extending from the
posterior angle ventrally. When the specimen is placed on
a horizontal planar surface with its cranial edge facing
down, the ventral half of the fragment does not touch the
surface, an exercise that demonstrates rib declination.
Associated with this declination is the sigmoidal torsion
along the corpus.

Thoracic Shape and Function

In order to provide an appropriate anatomical context
within which to view the KSD-VP-1/1 thoracic skeleton, it
is necessary to compare and contrast human and African
ape thoraces (see Fig. 7.4). Below we describe the anatomy
and function of the thoraces of modern human and African

apes and the implications for KSD-VP-1/1 and Australop-
ithecus in general.

Modern Human

The human thoracic bauplan includes several linked,
diagnostic features in the rib cage, which allow it to be
reliably distinguished from that of the African apes.
These include a relatively broad cupola or superior tho-
racic area, a ventrally invaginated vertebral column, and
the declination and torsion of the rib bodies (Schultz
1961; Latimer and Ward 1993; Jellema et al. 1993;
Franciscus and Churchill 2002; Haile-Selassie 2010b;
Ward et al. 2012).
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Chimpanzee

Fig. 7.4 A comparison of the thoracic cages and the pelvic girdles in a
chimpanzee (left), KSD-VP-1/1 (center), and a human (right). The
“barrel-shaped” human rib cage is transversely broad in its upper
portion and narrowed at its bottom to conform to the sagittalized ilia. In
contrast, the ape rib cage is narrowly constricted in its cranial segment
and flares in its inferior segments to conform to the transversely broad

As noted, modern humans are distinguished from the
African apes by having a “barrel-shaped” thorax in contrast
to what is described as an inverted “funnel-shaped” thorax in
chimpanzees and gorillas (Schultz 1961; Latimer and Ward
1993; Jellema et al. 1993). The “barrel-shaped” human
condition is largely a product of the relatively broad upper
thorax juxtaposed to the constricted and transversely narrow
lower rib cage (see Fig. 7.4; Latimer and Ward 1993 and
discussion below). The tapering or “waisting” of the caudal
half of the human thorax is a reflection of the marked
changes in the pelvis and iliocostal space of hominins and is
the consequence of anatomical modifications required for
habitual bipedality (Lovejoy 1974; Latimer and Ward 1993;
Jellema et al. 1993; Lovejoy 2005; Lovejoy et al. 2016). The
modifications of the hominin false pelvis are the result of the
“sagittalization” of the iliac blades to provide a functioning
abductor complex allowing stabilization of the torso during
single limb stance.

In addition to the dramatic, easily recognized changes in
the human pelvis are features associated with the long,
flexible human lumbar spine. These vertebral characteristics
are a necessary requirement for habitual bipedality and likely
represent one of the earliest adaptations to this peculiar form
of locomotion. As noted by Lovejoy and McCollum (2010),
the early availability of at least a partial lumbar lordosis
negated any requirement for the earliest bipeds to have ever
utilized a, bent-hip-bent-knee (BHBK) gait. The unique
series of alternating curvatures in the human spine enable the

KSD-VP-1/1

Modern Human

false pelvis — forming the inverted “funnel-shaped” thorax. The
KSD-VP-1/1 thorax is broad in its upper portion like the human but
flares somewhat in its inferior portion to conform to the typical
Australopithecus platypelloid pelvis — thus forming a “bell-shaped”
thorax. Also note the long and flexible lumbar columns in the hominins
in direct contrast to the ape’s short and inflexible lumbar column

superjacent torso and head to balance over the supporting
limbs, thus not requiring a BHBK gait. This contrasts
markedly to that seen in the African apes, wherein the
abbreviated lumbar spine is “entrapped” between the elon-
gated iliac blades and is virtually immobile. The resulting
inability to lordose the lumbar spine leads to the BHBK
posture during bouts of facultative bipedality as this is the
only mechanism available to allow balancing over the single
supporting limb.

Because several of the features characterizing human ribs
are related directly to the long, flexible thoracolumbar col-
umn, their ontogenetic development warrants some discus-
sion. The development of the human thoracic cage is
basically biphasic with the first major phase taking place
during infancy and the second occurring during adolescence.
During the first two years of life, human infants have a
pyramidal-shaped thorax exhibiting a circular cross section
with little or no rib declination and no rib torsion (Keith 1923;
Bastir et al. 2013; Openshaw et al. 1984). As a consequence
of this orientation of the ribs, the breathing of infants is lar-
gely diaphragmatic. Importantly, during this early period,
infants also have nearly straight thoracolumbar vertebral
columns with minimal spinal curvatures. Upon beginning to
walk, children start to develop an incipient lumbar lordosis
and a structural thoracic kyphosis. These two curves develop
simultaneously as a balancing mechanism. During this early
period, the developing thoracic kyphosis is relatively deeper
than is the comparatively undeveloped lumbar lordosis, a
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condition that results in the somewhat rounded back profile
characteristic of young children. The developing thoracic
kyphosis causes the growing ribs to begin to decline such that
their anterior ends are positioned caudally relative to their
vertebral attachments.

Rib declination in young children is largely the result of
the strong anterior wedging in the upper thoracic vertebrae
(Latimer and Ward 1993) with further rib growth enhancing
declination. It is also during this early period that the spinal
column begins to invaginate into the thorax (Bastir et al.
2013) as part of the general hominoid adaptation that places
the scapula dorsally for improved humeral circumduction. In
humans, the invagination of the thoracic vertebral column is
also a way to improve balance and improve leverage for the
epaxial muscles. This anterior migration of the thoracic
vertebral column also positions the column closer to the
upper body’s centroidal axis thereby reducing potentially
damaging eccentric loading of the vertebral bodies and
adjacent intervertebral discs (Latimer and Ward 1993; Ward
et al. 2012). Prior to this invagination process, the most
dorsal structures in an infant’s back are the spinous pro-
cesses of the thoracic vertebrae. In contrast, in older children
and adults, the most posterior structures are the costal angles,
confirming this anterior migration of the vertebral column
into the thoracic cage.

The final adult configuration of the human thoracic cage
occurs during adolescence, wherein further development of
the lumbar lordosis and associated thoracic kyphosis cause
the ribs to increasingly decline and twist along their corpora.
Additional growth along the rib’s anterior terminus results in
additional rib declination and torsion. Another transforma-
tion that takes place during this period is the increased
broadening of the upper thoracic cage (ribs 2-5), ultimately
resulting in the adult human transversely broad upper torso
(Jellema et al. 1993; Bastir et al. 2013).

During adolescence, several additional secondary struc-
tural modifications of the thorax take place leading to the
eventual achievement of the adult thoracic shape. The lumbar
lordosis increases, especially in females (Latimer and Ward
1993; Masharawi et al. 2010). These changes are, among
extant hominoids, unique to humans, and as noted above,
allow balancing of the upper body in a sagittal plane during
bipedal walking and running. The transversely broad rib cage
also increases the ability to control rotation and balance
around the long, highly flexible lumbar region. This latter
feature, the flexible lumbar region, is entirely lacking in extant
African apes (Lovejoy 2005). In order to achieve the hominin
lordotic curve, the articular facets of the lumbar vertebrae
must become progressively more separated moving caudally
down the column. This increasing interfacet distance permits
hyperlordosis of the lumbar column and prevents impinge-
ment by the intervertebral facets of the intervening laminar
region known as the pars interarticularis. Inadequate

separation between the lumbar intervertebral facets can result
in the condition known as spondylolysis and its pathological
sequela spondylolisthesis, two unfortunate conditions con-
fined solely to humans (Latimer and Ward 1993).

Ontogenetic changes in the thoracolumbar vertebrae also
include differential craniocaudal growth along the anterior
vertebral margins resulting in an increased lumbar lordosis
(negative wedging) and a slightly decreased thoracic
kyphosis (reduced anterior wedging) relative to the earlier
condition wherein there is a somewhat greater thoracic
kyphosis linked to a minimal lordosis (Scoles et al. 1991;
Latimer and Ward 1993). Failure of this vertebral growth
pattern can result in a continuation of the adolescent spinal
curvatures and vertebral wedging patterns resulting in the
condition described as Scheuermann’s or adolescent
kyphosis (Scoles et al. 1991). It should be noted that the
condition described as Scheuermann’s kyphosis is largely
confined to humans and that the excessive anterior wedging
associated with the condition usually occurs at the depth of
the developing thoracic kyphosis — T7, T8, and T9 — the
vertebral elements under the greatest compressive stress as a
consequence of their residing within the depth of the ante-
riorly directed thoracic concavity (Scoles et al. 1991;
Christiansen and Bouxsein 2010; Cotter et al. 2011).
Another uniquely human consequence of this positioning
within the thoracic kyphosis is the observation that the
seventh and eighth thoracic vertebrae are also the most
commonly fractured vertebral elements (wedge fractures)
usually owing to the bone mineral loss that accompanies
human senescence (Christiansen and Bouxsein 2010; Cotter
et al. 2011). These vertebral fractures can result in the ini-
tiation of the “vertebral fracture cascade” (Christiansen and
Bouxsein 2010). Such fractures, while relatively common
among humans, do not occur in ape vertebrae (Cotter et al.
2011). The inflexible and stiff thoracolumbar spine described
in the African apes as well as their higher bone mineral
density and accompanying greater compressive strength of
the vertebral bodies (Cotter et al. 2011) provides a protec-
tive, stress shielding mechanism mitigating against vertebral
fractures. It is interesting that several Australopithecus
specimens for which there are relevant vertebral elements
(A.L. 288-1; Sts 14; StW 431) also display a spinal condi-
tion similar in location and morphology to that seen in
humans with Scheuermann’s kyphosis (Cook et al. 1983;
Scoles et al. 1991; Ward et al. 2012). This particular con-
dition is not seen in the African apes and is related to the
unique loading trajectories imposed upon the flexible and
sinusoidally curved vertebral column of an habitual biped
(Scoles et al. 1991; Ward et al. 2012).

Also included in the normal development of the human
spine, are the changes in the secondary ossification centers
for the transverse processes of the thoracic vertebrae (Lati-
mer and Ward 1993; Jellema et al. 1993). These



7 KSD-VP-1/1 Thorax

149

modifications alter the angular orientation of the transverse
processes relative to the vertebral centra and in so doing,
change the associated rib costal axes resulting in further
declination and torsion of the ribs. These ontogenetic alter-
ations are unique to Homo and Australopithecus (Latimer
and Ward 1993; Jellema et al. 1993; Ward et al. 2012) and
can have profound effects upon the overall shape of the
thoracic cage (decreased anteroposterior dimension) and the
mechanics of breathing (see below).

Associated with these alterations in rib orientation is the
so-called “descent” of the manubrium, sternum, and clavi-
cles (Todd 1912; Keith 1923; Ohman 1986; Basir et al.
2013). These ontogenetic alterations further reduce the rel-
ative anteroposterior dimensions of the thorax. This “descent
of the shoulder” (Todd 1912) is a consequence of the
enhanced lumbar lordosis and the associated increasing
declination of the underlying rib cage. It is likely that the
single vertebral facet on the first rib among hominins
(Ohman 1986; Schmid et al. 2013) and the anterior attach-
ment of M. deltoideus on the hominin clavicle (Ohman
1986; Ward et al. 2012) are also related to this process.
Indeed, essentially all described Australopithecus clavicles
(A.L. 333x-6/9, A.L. 438-1, A.L. 333-94, StW 431, StW
582, and KSD-VP-1/1) also show this hominin modification
in muscular attachment suggesting a horizontally oriented
clavicle, a descended shoulder and a Homo-like pectoral
girdle (Ward et al. 2012).

It should be noted that in human females several asso-
ciated features are exaggerated relative to males. For
instance, among females, the manubrium and sternum are
situated somewhat lower along the thoracic column (Keith
1923; Aiello and Dean 1990; Bastir et al. 2013). They also
have greater declination and twisting to their ribs (Bellemare
et al. 2003, 2006), as well as a greater lumbar lordosis
(Masharawi et al. 2010). These differences between men and
women occur during puberty and are driven by the increased
lumbar lordosis in females and the subsequent changes in the
thoracic spine and torso. It is, moreover, likely that these
developmental processes are pathologically involved in the
development of adolescent idiopathic scoliosis, a condition
more common in females and one that is known only in
humans and no other primate.

At this point, some discussion of the functional reasons
for these described evolutionary modifications in the human
vertebral column, shoulder, and thoracic cage is necessary.
That is, why do humans alone descend their shoulders and
decline and twist their ribs in a manner so unlike the African
apes? A potential explanation resides in the early and dra-
matic modifications seen in the hominin pelvis (see Lovejoy
et al. 2016). The “sagittalization” and the transverse nar-
rowing of the hominin false pelvis that occurred in order to
allow an abductor complex coupled with the long, flexible,

lordosed lumbar column resulted in the tapering of the
inferior thoracic cage. This “waisting” of the elongated
hominin iliocostal space necessarily resulted in the reduction
of the surface area of the hominin diaphragm relative to the
condition in the apes, wherein the transversely broad inferior
thorax provides an expansive area of attachment for this
critical respiratory muscle (the diaphragm). This means that
in order to produce similar inspiratory flow rates, hominins
must spatially displace their relatively smaller diaphragms
more as a consequence of the reduced radius of curvature
and abbreviated cross sectional area of the muscle attach-
ment area. To compensate for this somewhat reduced ability
to diaphragmatically breathe, hominins declined (and twis-
ted) their ribs allowing the addition of “thoracic” breathing,
which is to say, they elevated the caudally angled ribs and in
so doing increased the anteroposterior dimension of the
thorax (the so-called “pump handle” effect). Thus, the
addition of this thoracic/costal breathing mechanism to what
would otherwise be primarily the diaphragmatic ventilator
mechanism accompanied the structural changes in the pelvis
and lumbar column required for habitual bipedality.

This hypothesis is supported by the observation that prior
to the ontogenetic modifications of the thoracic cage
described above, young children largely breathe utilizing the
diaphragm and do not, and cannot, effectively use the tho-
racic mechanism until the ribs begin to decline. Similarly,
the African apes with their horizontally oriented ribs (i.e.,
non-declined) are much less able to effectively utilize the
anterosuperior rib elevating mechanism. Habitual, obligate
bipeds have, as a consequence of their erect posture, also
forfeited their ability to utilize the “visceral pump” used by
quadrupeds (Bramble and Carrier 1983; Daley et al. 2013).
This decoupling of the locomotor-respiratory systems in
hominins has resulted in the much greater flexibility in
breathing patterns in hominins (Daley et al. 2013). In addi-
tion, women with a greater decent and declination of the rib
cage use a greater percentage of thoracic breathing than do
men (Bellemare et al. 2003, 2006), offsetting their smaller
diaphragms with enhanced volume displacements produced
by thoracic rib elevation. In sum, the highly distinctive
changes in the hominin rib cage can be viewed as a way of
compensating for the modified pelvis and the long, flexible
lumbar spine — both of which are necessary for habitual
bipedality.

In light of these described ontogenetic alterations (and
associated uniquely hominin pathological conditions), many
of what would otherwise be viewed as isolated features in
the adult human thorax are in fact associated morphologies
that are functionally and structurally interrelated, so that
even fragmentary skeletal elements such as the KSD-VP-1/1
ribs allow important inferences to be made about adjoining
structures.
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African Ape Thoracic Shape

As described above, the “barrel-shaped” human thorax
contrasts markedly with the inverted “funnel-shaped” or
“frustum-shaped” thorax of the African apes, wherein the
cupola is transversely constricted and the inferior thorax is
markedly broadened in order to conform to the transversely
elongated (broadened) iliac blades (see Fig. 7.4). In dramatic
contrast to humans who have narrowed the inferior portions
of their rib cage (waisting) to conform to the narrow false
pelvis, the African apes have markedly expanded their lower
thoracic cage to conform to the “coronalization” of their ilia.
The resultant broad and tall pelvis in combination with the
reduced number of lumbar vertebral elements (average = 3.5
vertebral elements) results in the virtual immobility of the
African ape vertebral column (Lovejoy 2005).

As discussed above, additional changes seen in the
African ape thorax include the ligamentous and skeletal
“entrapment” of the inferior most lumbar vertebrae between
the elongated iliac blades and the rigid fixation of the lower
ribs upon the lowermost thoracic vertebrae (Ward et al.
2012). All of these changes act to dramatically stiffen the
African ape thoracolumbar spine, essentially reducing it to
an immobile “poker spine.” This condition is an adaptation
for climbing in a large-bodied ape to reduce potentially
damaging shear and bending stresses on the lumbar column
during active and vigorous bouts of arboreality (Lovejoy
2005). Moreover, as a consequence of these adaptations and
the lack of a long, flexible lumbar lordosis, African ape ribs
neither decline inferiorly nor do they demonstrate torsion
along the rib corpus (Jellema et al. 1993). Indeed, the ribs of
African apes cannot decline inferiorly as a consequence of
their markedly abbreviated iliocostal space. The reduced
iliocostal region in the African apes also prohibits any lateral
mobility of the vertebral column, further stiffening the spine.
In addition, the orientation of the vertebral transverse pro-
cesses and costal curvatures (Latimer and Ward 1993; Jel-
lema et al. 1993; Ward et al. 2012) indicates less spinal
invagination and reduced costal neck angles. It is noteworthy
that chimpanzees have vertebral columns that are less ante-
riorly invaginated than are those of gorillas (Kagaya et al.
2008), raising the possibility that the smaller African apes
have secondarily modified their thoracic skeletons. Inasmuch
as the thoracic vertebral counts differ significantly in chim-
panzees and bonobos (McCollum et al. 2009), further
examination of their rib elements would be a valuable area
for future research.

In view of the obvious shape differences between human
and African ape thoraces, it seems prudent to pose the
question as to why the African great apes have markedly
narrowed their upper thoracic cages. Traditionally, this
thoracic shape has been attributed to climbing (see Hunt

1991; Schmid 1991; Schmid et al. 2013) with the implica-
tion that Australopithecus (and perhaps other early homi-
nins) maintained this so-called primitive “funnel-shaped”
thorax and that, furthermore, this was evidence of adaptively
significant amounts of arboreality in this genus. However,
the KSD-VP-1/1 ribs and pelvis (see Lovejoy et al. 2016)
fail to support this scenario and instead point to a complete
lack of evidence suggesting that Australopithecus ever
possessed a “funnel-shaped” thorax. Because features like
rib declination and torsion are evidence of an elongated and
flexible lordotic region in KSD-VP-1/1, and because these
differ dramatically from the African ape inflexible poker
spine, it seems highly unlikely that Australopithecus ever
engaged in ape-like arboreality. In fact, these early hominins
would have been physically incapable of African ape-like
climbing (contra Stern and Susman 1983; Stern 2000), and
quite obviously, show no adaptations to it.

In an earlier analysis of the KNM-WT 15000 Homo erectus
thoracic cage by Jellema et al. (1993), the lack of relevant
fossil material led to the erroneous conclusion that humans had
expanded their cupular region in compensation for their nar-
rowed caudal rib cage. With the discovery of KSD-VP-1/1 this
now seems improbable and instead it now appears that early
hominins never possessed a “funnel-shaped” thorax.

A re-examination of the mechanical reasons for the
African ape morphology can now be addressed. Instead of
being viewed as a climbing and suspensory adaptation, the
narrowed operculum can instead be seen as an adaptation to
the unique African ape locomotor form, knuckle-walking.
While the transversely broad thorax in the lesser and greater
apes realigns scapular orientation to permit enhanced
shoulder mobility and suspensory climbing, it also places the
glenohumeral joint in an exceptionally vulnerable position
during terrestrial locomotion.

Owing to the extremely low coefficient of friction in any
healthy synovial joint it is necessary that the major transar-
ticular forces remain perpendicular to the adjoining chondral
surfaces (Burstein and Wright 1994). This requirement has
profound consequences for large-bodied animals seeking to
combine arboreal and terrestrial locomotor modalities. In
chimpanzees and gorillas, the scapulae are positioned on the
dorsum of the thorax such that the glenohumeral joints are
directed superiorly and laterally, an orientation suitable for
heightened shoulder mobility and suspensory climbing.
However, this same orientation becomes highly deleterious
during knuckle-walking because, unless modified, it would
subject the glenohumeral joint to considerable shear stresses
caused by the superoposteriorly directed ground reaction
forces during the knuckle-strike phase. This is problematic
in an extremely mobile articulation like the glenohumeral
joint wherein the surrounding soft tissue envelope that lar-
gely maintains the joint’s integrity provides little resistance



7 KSD-VP-1/1 Thorax

151

to shear forces. The stiff, extended elbow used during
knuckle-walking and the abbreviated olecranon process in
apes (Drapeau 2004; Simpson et al. nd) both greatly reduce
the capacity of the M. triceps brachii to eccentrically and/or
isometrically contract (dissipating reaction forces), further
exacerbating this deficiency. The tapering of the upper tho-
rax in the African apes is likely a parallelism (as is
knuckle-walking) that ameliorates this fundamental problem
by allowing the scapulae to rotate about the top of the
“frustum-shaped” thorax (reduced radius of curvature). This
permits the glenohumeral joint to align and face both ven-
trally and inferiorly thereby opposing ground collision forces
and thus reducing potentially damaging shear stress across
the shoulder. This altered position of the scapulae would also
enhance the ability of M. serratus anterior to participate in
impact attenuation through isometric and eccentric
contraction.

The elevated shoulder orientation and oblique clavicular
angle of the African apes (shrugged shoulders) are also
related to reducing shear in the glenohumeral joint during
knuckle-walking. The hands and wrists also demonstrate
adaptations for this highly unusual mode of locomotion
(Simpson et al. in review). As African apes are relatively
large bodied and spend greater than 80% of their total
locomotor repertoire (Doran 1997) engaging in bouts of
knuckle-walking, it is not surprising that numerous skeletal
and soft tissue adaptations to this activity are evident.
Importantly, the fact that these highly specialized adapta-
tions are not seen in KSD-VP-1/1 indicates that early
hominins never knuckle-walked and, furthermore, that this
unusual locomotor mode was independently derived in
chimpanzees and gorillas (White et al. 2009).
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Fig. 7.5 Method of rib curvature index assessment used for the second
rib (KSD-VP-1/1n) and comparisons with Pan, Gorilla, and Homo
second rib indices. Although one Gorilla specimen (CMNH-B 1781;
N = 33) fell within the human range, it is clear that KSD-VP-1/1n lies
well within the human range. Modified from Haile-Selassie et al.

(2010b)

The KSD-VP1/1 Thorax

The distinct and easily recognized anatomical contrasts
between the thoracic skeletons of humans and the African
apes provide a valuable context within which to examine the
KSD-VP-1/1 rib remains (see Fig. 7.4). Moreover, this pro-
cess should shed light on the thoracic skeleton of the CLCA
(see Haile-Selassie et al. 2016) and also provide evidence
regarding the evolutionary development of knuckle-walking
and the “funnel-shaped” African ape thoracic cage.

The second rib has previously been demonstrated to be
especially useful in discriminating the upper thoracic shapes
between humans and African apes (Jellema et al. 1993;
Haile-Selassie et al. 2010b). Thus, KSD-VP-1/1n, an essen-
tially complete second rib, is particularly valuable in assessing
the conformation of the cranial thorax in this specimen. As we
noted earlier, the rib curvature in this specimen is more similar
to humans than it is to chimpanzees (Fig. 7.5). The rib cur-
vature index (Haile-Selassie et al. 2010b and see Fig. 7.5)
clearly separates humans and KSD-VP-1/1n from the African
apes indicating that the upper rib cage of this specimen was
transversely expanded like humans and was not constricted as
it is in Pan and Gorilla (see Fig. 7.4). Moreover, the
neck/corpus angle indicates that the spine was invaginated
deeply within the thorax, another distinguishing feature of
hominins (Latimer and Ward 1993; Jellema et al. 1993;
Lovejoy 2005; Ward et al. 2012). It is clear that the thoracic
cupola of KSD-VP-1/1 was transversely broad and differed
fundamentally from the condition in the African apes. As
human costal declination and twisting of the rib corpus is
especially apparent in the seventh and eighth ribs (Jellema
etal. 1993), and these particular elements are also preserved in
the KSD-VP-1/1 partial skeleton (KSD-VP-1q, 1 s, 1o, and
1p), additional information can also be gleaned about the
caudal half of the rib cage of Au. afarensis.

Although the ribs are fragmentary and are not associated
with thoracic vertebrae, it is nevertheless possible to orient
the pleural surface of the rib heads into appropriate
anatomical position and to estimate rib orientation from such
an examination (see Jellema et al. 1993 for additional
details). The preserved portions of KSD-VP-1/10 (seventh or
eighth rib) and KSD-VP-1/p (eighth or ninth rib) indicate an
oblique, anteroinferior orientation, and obvious declination
of the rib corpus. Axial torsion along the costal corpus is
apparent, and this is consistent with the rib declination and a
long, flexible human-like lumbar vertebral column. This also
suggests a lumbar lordosis and the progressive diminishment
of the anteroposterior thoracic diameter relative to the
transverse breadth of the thoracic cage. This latter observa-
tion also agrees with the pelvic morphology of the
KSD-VP-1/1 partial skeleton (see Lovejoy et al. 2016).
Because several of the characteristic features of the human
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thoracolumbar vertebral column are ontogenetically and
structurally linked to the costal cage (see above), it is pos-
sible to reconstruct additional associated anatomies in the
KSD-VP-1/1 partial skeleton.

It is evident that the KSD-VP-1/1 specimen did not have
an ape-like, constricted upper thorax but rather had a
transversely expanded operculum like that seen in modern
humans. Moreover, the declination and torsion of the
KSD-VP-1/1 costal elements indicate that this specimen had
a long lower torso, a long and flexible lumbar column, and a
high degree of spinal column invagination relative to the
condition seen in the African apes. That the KSD-VP-1/1
thorax exhibits an anteroinferior declination of its costal
elements is also clear, again paralleling the condition
described in humans (Jellema et al. 1993; Bastir et al. 2013).
All of the elements representing the thorax in KSD-VP-1/1
suggest a Homo-like rib cage and one that differs dramati-
cally from the African ape condition.

These observations obviously indicate that the thoracic
cage of KSD-VP-1/1 was not “funnel-shaped”, but rather
was transversely broad in its cranial half and relatively
tapered (compared to the African apes) in its lower portion
(see Fig. 7.4). It should be noted, however, that the relative
mediolateral breadth of the pelvis in Australopithecus was
greater than in modern humans, necessitating some amount
of lateral flaring in the lower thorax (see Latimer and Ward
1993; Lovejoy et al. 2016). In light of this, the thoracic
shape of early hominins (pre-Homo sapiens) should be more
aptly described as “bell-shaped.” This designation would
eliminate the overly simplistic dichotomy of either barrel or
funnel shaped and instead would recognize that Australop-
ithecus would have flared slightly more at its thoracic bottom
(less waisting than in modern humans, more waisting than in
African apes) as a consequence of their broad bi-iliac breath
induced by the platypelloidy of early (and even later)
members of the species (Tague and Lovejoy 1986; Simpson
et al. 2008; Lovejoy et al. 2016).

Following the same reasoning, Sawyer and Maley (2005)
described the flaring of the caudal portion of the Neanderthal
thoracic cage (owing to the broad false pelvis) as having
created a “bell-shaped” thorax. With this in mind, perhaps the
“barrel-shaped” descriptor should be reserved exclusively
for modern Homo sapiens. It is now abundantly clear that
these early hominins did not have “frustum-shaped” or
“funnel-shaped” thoraces. Furthermore, it now is also obvi-
ous that they possessed Homo-like rib declination, and a long
flexible, lordosed lumbar region. This latter feature, an
elongated lumbar spine, clearly contravenes any selectively
significant amount of African ape-like climbing in Awu.
afarensis. As importantly, the complete lack of a structural
lordotic spine and the complete inability to even facultatively
assume a lordosis in the African apes virtually precludes their
assuming hominin-like bipedality, casting serious doubt upon

the use of extant chimpanzees and/or gorillas as appropriate
models for early hominin locomotion. Similarly, earlier
suggestions that Australopithecus locomotion was confined
to a BHBK posture during walking (Stern and Susman 1983;
Stern 2000) are now contravened by all available evidence
from a now dramatically improved fossil record for the genus.
It is now clear that Australopithecus possessed long, flexible,
lumbar columns that were fully capable of achieving struc-
tural lordotic curvatures; indeed, early hominins likely never
went through an ape-like lumbar entrapment phase. Thus,
earlier suggestions of ape-like arboreality in Australopithecus
must be re-examined in this light.

Conclusion

The KSD-VP-1/1 thorax was “bell-shaped,” clearly lacking
an opercular constriction as in the African apes. Australop-
ithecus did not have a frustum or “funnel-shaped” thorax.
This conclusion is further supported by the somewhat less
direct evidence provided by the Ardipithecus ramidus false
pelvis (Lovejoy et al. 2009a, b). Following this, several
points become clear. First, the African ape thoracic shape
with its constricted cupola is independently derived in Pan
and Gorilla. Furthermore, this thoracic form is likely an
adaptation to terrestrial knuckle-walking in a large-bodied,
suspensory, and vertically climbing hominoid. Second, there
is now no reliable evidence that any hominin ever possessed
a narrow, constricted upper thorax. Finally, a broad upper
thorax is probably primitive and the CLCA did not exhibit a
conically shaped thorax.
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Chapter 8

The Pelvic Girdle and Limb Bones of KSD-VP-1/1

C. Owen Lovejoy, Bruce M. Latimer, Linda Spurlock, and Yohannes Haile-Selassie

Abstract The pelvis and limb bones of KSD-VP-1/1 are
analyzed with respect to their implications for the history of
morphology, gait pattern, and bauplan of Australopithecus
afarensis. The pelvis is essentially of modern aspect, and
differs little from that of modern humans save in a few minor
respects, such as, for example, size of the auricular surface and
acetabulum. Its ischial conformation is the direct evidence of a
strong history of dynamic running in its immediate ancestors,
and its general shape confirms the overall Australopithecus
pattern of platypelloidy. The implications with respect to the
history of the hominin bauplan are discussed, as are those
impacted by recent developments in our understanding of
developmental biology. These are reviewed in light of other
recent analyses of early hominin morphology and locomotion.

Keywords Australopithecus * Ardipithecus * Pelvis

Bipedality ¢ Hominin bauplan

Introduction

The partial Australopithecus afarensis skeleton (KSD-VP-1/
1) from Woranso-Mille, Ethiopia (Haile-Selassie et al.
2010a, b), has proved to be one of the most important
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discoveries in human paleontology over the past 50 years.
Articulated fossil specimens are now known to be the key
elements that preserve sufficient information with which to
solve major human evolutionary issues that cannot be
resolved using only the typical single, isolated anatomical
site (e.g., femur or humerus).

KSD-VP-1/1 has been described in considerable detail
(Haile-Selassie et al. 2010a) and the reader will be referred
to those descriptions in the discussions that follow. Here,
additional studies and data relating to the limb skeleton and
pelvis are reviewed. Review and discussion of the thorax are
provided separately (see Latimer et al. 2016).

Humerus

KSD-VP-1/1b is the distal two-thirds of a right humerus
(Figs. 8.1 and 8.2). The specimen has suffered extensive
exfoliation, with little preservation of morphology save that
of the distal end and the clear presence of a highly robust
deltopectoral crest, a typical hominin character, and one that
distinguishes human and other hominin humeri from those
of both the African apes and orangutans (Lovejoy et al.
2009a). The trochlea and capitulum have also suffered some
exfoliation but are sufficiently preserved to allow reasonably
accurate estimates of the breadth of the distal articular sur-
face using Computed Tomography (CT) data.

These data include a distal articular breadth of 48 mm, a
trochlear breadth of 27 mm, and a total distal joint breadth of
58.8 mm. Ryan and Sukhdeo (2016) provide a number
of comparative metrics for Homo, the African apes, and
Australopithecus. The KSD-VP-1/1b distal articular breadth
well exceeds those of MH2 and StW 431, both relatively
large specimens, and obviously the value for A.L. 288-1
(“Lucy”), as well as the mean for early Homo (see Ryan
and Sukhdeo (2016) for a list of included specimens),
although KNM-WT 15000 was included in that mean and is
subadult.
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Anterior Medial Posterior

Fig. 8.1 Three CT-based views of the KSD-VP-1/1 humerus with
some cross-sectional data provided (from Ryan and Sukhdeo 2016).
The substantial damage to the shaft is evident. For further information,
see Ryan and Sukhdeo (2016) and Haile-Selassie et al. (2010a)

Although much of the shaft of the humerus is damaged
and exfoliated, it seems likely that its closest morphological
analog, in terms of robusticity, is the MAK-VP-1/2 humerus
(White et al. 1993), although it is also similar to those from
the A.L. 333 locality at Hadar (Lovejoy et al. 1982). All of
these specimens exhibit demonstrable robusticity of the
deltoid tuberosity that exceeds on average those of the living
African apes, when adjusted for body mass. For further
discussion of the importance of what is likely a primitive
trait in hominins but derived in other more suspensory
hominoid species, see Lovejoy et al. (2009a). Although the
distal end of the hominoid humerus has received much
attention because of its frequent preservation in the fossil
record, its morphology is generally not, in our view, likely to

be informative about locomotion (or phylogeny) at least
within hominoid postcrania. The hominoid elbow joint has
been argued to be more robust in hominoids than in other
anthropoids because of an enlarged trochlea, relative to the
size of the capitulum (see for example, McHenry and Cor-
ruccini 1975; Rose 1988, 1993; Begun 1992; Benefit and
McCrossin 1995; Harrison and Rook 1997). However, in a
recent paper, Selby and Lovejoy (2014) demonstrate that
these relationships are largely accountable by body size
alone. Lague (2014) has presented an extensive analysis of
hominin distal humeri that incorporates a digital profile of
each and considers allometric and other potential variables,
especially progressive change from a presumed primitive
pattern as seen in KNM-KP 271 (attributed to Au. ana-
mensis) to a more novel one as seen in modern humans. We
agree with one of his potential conclusions that these
changes are likely not to have been of sufficient functional
significance to have been under active selection, but must
add that such changes may also reflect loading patterns in the
sense of what we have previously defined as Type IV
changes (those due to cartilage modeling) (see Table 8.1).
The brachioradialis crest in KSD-VP-1/1b is of relatively
moderate size and quite typical of Australopithecus.

Ulna

KSD-VP-1/1a is a well-preserved right ulna with approxi-
mately 60% of the shaft present (Figs. 8.3, 8.4 and 8.5). The
bone’s proximal portion is much better preserved than its
more distal shaft, which has suffered extensive exfoliation.
These conditions have been confirmed using CT imaging
which has in turn made it possible to provide a number of
metric characters (see Ryan and Sukhdeo 2016; Fig. 8.3;
Table 8.2). The cortex and trabeculae of the shaft are also
poorly preserved and therefore do not provide reliable
anatomical data.

Fig. 8.2 Anterior view of the KSD-VP-1/1 humerus. The surface of
the capitulum has been partially sheared, although its overall breadth
can be estimated with high reliability. Exfoliation to the shaft has

removed much of the anatomical detail — however, the marked
expansion proximally in the region of the deltoid tuberosity suggests
that it was highly rugose as it is in other hominin specimens
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Table 8.1 Analytical trait types (from Lovejoy et al. 2002)

Type 1. A trait that differs in two taxa because its presence and/or
expression are downstream consequences of differences in positional
information and their resultant effects on local pattern formation.
Type 1 traits are fixed by directional and/or stabilizing selection
because their primary functional features have a real effect on fitness,
and result largely from a direct interaction between genes expressed
during field deployment and the functional biology of their adult
product. Example: The superoinferior shortening of the ilium in
hominins

Type II. A trait which is a collateral byproduct of other field changes.
Type 2 traits differ in two taxa because of differences in pattern
formation (as in Type 1’s), but themselves have no direct functional
consequences. Unlike Types 4 and 5, they represent true field-derived
pleiotropy

Type IIA are traits whose primary antecedent shift occurred under the
action of natural selection. Example: Morphology and position of the
greater trochanter and femoral tubercle

Type IIB are traits whose “parent” changes were probably not under
positive or negative selection. Example: Morphology and structure of
the trochanteric fossa in hominoid femora

Type III. A trait which differs in two taxa because of modification of
a systemic growth factor which affects multiple elements, such as an
anabolic steroid. Example: Body size and its allometric effects.
Allometric shifts probably usually reflect slight changes of systemic
control factors during development, e.g., small modulations of GH,
its receptors, and/or its related factors that can generate fully
coordinated morphological change

Type IV. A trait which differs between taxa because its
presence/absence and/or “grade” are attributable exclusively to
phenotypic effects of the interaction of “systematic assembly
mechanisms” (e.g., the PTHrP-IHH loop) (Lovejoy et al. 1999) and
environmental stimuli. Such traits have no antecedent differences in
pattern formation, and therefore have no value in phyletic analysis.
They are epigenetic and are not pleiotropic. However, they do
provide significant behavioral information, and are therefore of
expository or evidentiary value in interpreting fossils. They result
from habitual behaviors during ontogeny. Example: The bicondylar
angle of the femur

Type V. Traits arising by the same process as Type 4’s but which
have no reliable diagnostic value with respect to significant behavior.
Such traits are not consistently expressed within species and often
show marked variation of expression within individuals and local
populations. Example: Femoral anteversion

The ulna can be articulated with KSD-VP-1/1b (see ear-
lier) and when this is done it shows virtually no significant
“carrying angle.” Shaft curvature is minimal (Fig. 8.4). The
specimen does not exhibit a flexion tubercle (Lovejoy et al.
2009b). Its ulnar tuberosity is well preserved and similar to
those of modern humans.

Although, as just noted, proximal elbow morphology is
very conservative in extant hominoids, an exception is the
orientation of the trochlear notch, which faces distinctly
superiorly in apes and to some degree in modern humans as
well, but surprisingly more directly anteriorly in most early
hominins (Figs. 8.4 and 8.5) (Lovejoy et al. 2009a; Drapeau
2004, 2008). This may well be associated with detailed
changes in the distal humerus discussed earlier by Lague
(2014) (Fig. 8.5). Although the etiology of this trait’s

Lateral

Anterior

Fig. 8.3 CT scan views of the ulna of KSD-VP-1/1 (from Ryan and
Sukhdeo 2016). Note that preservation of the proximal portion is
generally good, but that there is surface degradation more distally.
Two CT cross sections and one long section are also provided, showing
general absence of trabecular data

Table 8.2 Crural index in hominoids
Taxon Mean
H. sapiens 0.816 (0.038)

0.847 (0.019)

G. gorilla 0.829 (0.023)

Mean: All three taxa 0.831

Crural index is calculated by tibia maximum length/femur maximum
length

N 50 for each taxon

P. troglodytes

variation (i.e., whether the notch faces superiorly or more
anteriorly) is unknown, it would seem reasonable to opine that
it might be a product either of habitual transarticular loading
during ontogeny (if the trait is a consequence of cartilage
modeling) (Hamrick 1999; Lovejoy et al. 1999), or reflects an
underlying genomic shift in joint specification that is con-
sistent with the most favorable habitual loading regimen
experienced during adult life.

In either case it seems equally reasonable to conclude that
an anterior-facing notch most likely reflects a predominance
of transarticular loading during variable degrees of elbow
flexion, rather than reflecting any single joint position. It also
seems likely that a distinctly superior-facing ulnar notch is the
product of a high degree of loading imposed by frequent
suspension either during development, if it is the consequence
of cartilage modeling (Type IV trait), or adult life, if the trait is
a genuine adaptation (Type I) (Table 8.1). The trochlear notch
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Fig. 8.4 Lateral view of the ulnas of (left to right) Gorilla, Pan, Homo
(all males) shown with those from KSD-VP-1/1 and A.L. 288-1 (casts).
The straight profile of the shafts of the three hominins contrasts strongly
with those from the two apes. However, the more anterior-facing
trochlear notch in the two early hominins also contrasts strongly with

of KSD-VP-1/1a (10°; see Table 8.1) is similar to those of
A.L. 288-1 and ARA-VP-6/500, and its distinctly anterior-
facing orientation strongly suggests the absence of any
habitual suspension. It is not clear why humans and African
apes are convergent with respect to this trait.

KSD-VP-1/1

B

A.L.288-1

the more superior-facing notches in the two apes. The human specimen
appears somewhat intermediate. These views are consistent with metric
data that also reveal a strong difference in trochlear notch orientation —
a feature is that it is also similar to these hominin specimens in
Ar. ramidus. See also Fig. 8.5

Ryan and Sukhdeo (2016) provide an extensive collection
of metrics from the well-preserved proximal end of the
specimen, including those related to the trochlear and radial
notches, and several from the well-preserved proximal por-
tion of its shaft nearer to its joint surface than the exfoliated
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Fig. 8.5 Drawings of several ape and hominin proximal ulnas to show
differences in trochlear notch orientation. All specimens except
KSD-VP-1/1 redrawn after Drapeau et al. 2004. From left to right
Modern human, modern chimpanzee, O.H. 36, L 40-19, A.L. 438-1,

region that begins more distally. They also provide com-
parative metrics from a variety of other hominin and extant
African ape specimens. They used Churchill et al.’s (see
Ryan and Sukhdeo 2016) method to calculate trochlear notch
orientation (100 x olecranon AP diameter/coronoid height),
which in KSD-VP 1/1a is 93.5 and is substantially higher
(about 2.5 standard deviations) than Churchill’s Australop-
ithecus sample mean (82.6). Their method differs from ours,
which is a simple assessment of the angle between the pos-
terior shaft axis and one formed by a line connecting the most
anterior points on the superior and inferior projections of the
trochlear notch (see Lovejoy et al. 2009a for illustration).
Indeed, comparison of the KSD-VP-1/1 ulna to others from
Australopithecus (Figs. 8.4 and 8.5) reveals considerable
diversity in overall detail but consistent with the more
proximal orientation of the trochlear notch in modern humans
and Pan. This extensive variation, again, might reflect other
complex changes in the distal humerus outlined by Lague
that we discussed previously; although we have no functional
explanation save the possibility that if these various dimen-
sions are largely Type IV dependent, they might be expected
to substantially vary depending on individual life history.

R TR SRR, -‘...C.":-':' > ‘I

<

T

A.L. 288-1, KSD-VP-1/1. Note that both the chimpanzee and human
specimens have ulnae whose trochlear notch faces much more
superiorly than do those of any of the early hominins shown

On the other hand, the values obtained by Ryan and
Sukhdeo (2016: 39-62) for the other metric dimensions of
the trochlear notch and various other aspects of the proximal
articular surface of KSD-VP 1/1a “are generally close to the
values found in early Homo, and within the ranges of Homo
sapiens and Pan troglodytes.”

Judging from descriptions provided by Drapeau et al.
(2005), shaft curvature is quite variable in early hominins,
and is especially pronounced in O.H. 36 and moderate in
L40-19, whereas the three sufficiently complete specimens
of Au. afarensis now available (A.L. 288-1, A.L. 438-1 and
KSD-VP-1/1) show minimal to moderate curvature and are,
in this regard, quite unlike those of the African apes and
more similar to the ulnas of modern humans. Drapeau et al.
(2005:617) concluded that “If ulnar curvature of A.L. 438-1
and A.L. 288-1 is representative of normal variation in Au.
afarensis, then the ‘middle range’ value for this species
suggests a less curved ulna than typical for great apes and
more in line with what is seen in modern humans.” We agree
with these authors that the functional significance of such
curvature is poorly understood and direct the reader to their
discussion of this issue.
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Femur

KSD-VP-1/1c is a left distal femur with considerable damage
to its distal joint surface (Figs. 8.6, 8.7 and 8.8). Although CT
scanning reveals some internal gaps imposed during fos-
silization (Fig. 8.6), preservation is sufficiently good to assess
general condylar shape, and as previously reported, the lateral
condyle is definitively elliptical, although its shape index is in
the upper range of modern humans and is near the lower
range of Pan, and may have been significantly (albeit
slightly) altered by the geological post-mortem crushing of
the specimen (Table 8.3). In general, however, the femur
does not differ significantly from many modern human lateral
condyles of similar size. The medial condyle has lost a sig-
nificant portion and is much less well preserved.

The lateral condyle does exhibit the typical elevated lat-
eral wall for patellar retention, implying selection imposed
by habitual knee valgus. There is a deep patellar groove and
a deep, well-defined popliteus groove as well. We previously
estimated the length of the specimen to be between 418 and

Medial

Anterior Posterior Lateral

Fig. 8.6 CT scan images of the femur of KSD-VP-1/1 (from Ryan and
Sukhdeo 2016). Views of entire specimen as labeled. Cross-sectional
views shown in b and ¢. Note that lateral condyle is well preserved with
only slight distortion, whereas the medial condyle is much less well
preserved

438 mm, using the crural index and known tibial length (see
below) (Haile-Selassie et al. 2010a). A more detailed
account of various aspects of preservation of the specimen is
provided by Ryan and Sukhdeo (2016). These authors have
also reconstructed the preserved portion of the femoral shaft
virtually (Fig. 8.7). Although the cortex and matrix are not
completely separable, they have also provided various geo-
metric properties based only on the external form of the
preserved shaft. These must be treated with great caution,
however, since total cross-sectional area requires normal-
ization using both estimated femoral length and estimated
body mass, in turn ultimately based on an estimate of
acetabular diameter by Haile-Selassie et al. (2010a).

Table 8.3 Ratio of vertical and horizontal tangent lengths of the lateral
condyle (data from Lovejoy et al. 2009b)

Taxon/Specimen N Mean ratio Range
H. sapiens 15 47.5 (3.9) 41-53
P. troglodytes 15 65.9 (8.2) 55-82
A.L. 333-1 46
AL. 129-1 48
KSD-VP-1/1 56"

Estimated values are in italics

“The lateral condyle has suffered significant damage, though its overall
dimensions appear intact. However, the exact location of the meniscal
groove must be estimated because of surface damage to the condyle in
its likely location

Posterior

Anterior

Fig. 8.7 CT scan reconstruction of the distal femur of KSD-VP-1/1
(from Ryan and Sukhdeo 2016). Note that alignment is good and that a
small bicondylar angle is present as expected. Superior view shows a
shaft that is generally less elliptical than in humans, likely reflecting the
relatively short anteroposterior dimension of the distal femoral surface,
in turn suggesting that the quadriceps moment arm had not yet reached
modern dimensions. For discussion, see text
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Fig. 8.8 View of lateral condyle of the femur of KSD-VP-1/1 (original
specimen) showing the method of preservation required to maintain the
intactness of the specimen. While this treatment has made physical
assessment of detail somewhat more difficult, it has preserved all
portions of the specimen, which has allowed CT reconstruction and
restoration of the original to near perfect condition with respect to
metric dimensions. See also Fig. 8.7

Preservation is not sufficient to obtain a reliable index of
the specimen’s patellar moment arm, which in other Aus-
tralopithecus specimens is generally lower than those of
modern humans (Lovejoy 2007b). Ryan and Sukhdeo (2016)

used CT data to reconstruct several shape parameters of the
femoral shaft, including Imax/Imin and Polar Moment (J) (see
Fig. 4.12a—c in Ryan and Sukhdeo 2016). These fall within
the Pan range or are intermediate between Pan and Homo.

In general, the shape of the adult diaphysis at any point is
more likely to reflect shape of the growth plate (epiphysis) at
earlier points during the bone’s development, than a
response to geometrical impact of external forces — espe-
cially, in regions that are not subject to either important
torsional or bending loads that might pose significant frac-
ture risk (i.e., those areas increasingly distant from mid-
shaft). This, in concert with the general Australopithecus
pattern of having a quadriceps moment arm, significantly
shorter than those of modern humans is therefore the most
likely explanation for the KSD-VP-1/1’s tendency to fall
with Pan rather than Homo, or to fall between the two taxa,
since Pan also has a much lower quadriceps moment arm
than do modern humans (Lovejoy 2007b), and its distal
epiphysis will likely reflect this difference from Homo
throughout development of the bone in the two species.

Posteriorly, the supracondylar lines, though badly dam-
aged, can be traced proximally to form the beginning of
what appears to be a moderately elevated linea (see superior
view of the shaft provided by Ryan and Sukhedo (2016)). At
the point where the shaft is broken away, the linea has an
approximate breadth of 12 mm (estimated from the cast).
This appears consistent with the same measurement esti-
mated from the CT scan. In other assessable morphological
characters, the specimen, as with the remainder of the
skeleton, conforms to the Au. afarensis pattern.

Tibia

KSD-VP-1/1e is a left tibial shaft, which has been badly
damaged for almost its entire length (Figs. 8.9 and 8.10;
Table 8.4). It lacks most of its proximal end, having been
fractured just proximal to the tibial tuberosity, but it does
preserve the portion of tibial plateau that is usually occupied
by a fat pad and bursa underlying the patellar tendon.

The distal end preserves most of the plafond, which,
although displaying a significant traumatic pathology (see
below), nevertheless allows an accurate estimate of overall
tibial length accurate to within + only a few mm at most.
When compared to human tibias of equivalent distance
between these two landmarks (bursal impression proximally
and plafond surface distally), the specimen is approximately
355 mm in equivalent maximum length (Haile-Selassie et al.
2010a). This dimension is especially important because it
allows comparison to the forelimb and allometric assessment
compared to the skeleton of A.L. 288-1 (Haile-Selassie et al.
2010a). The shaft is dramatically platycnemic, but otherwise
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Fig. 8.9 CT scan images of the tibia of KSD-VP-1/1 (from Ryan and
Sukhdeo 2016). As described in the text, although the specimen is not
entirely complete, the anatomical landmarks required for an accurate
reconstruction of maximum tibial length are preserved. The pathology
affecting the distal end is evident on the anterior and lateral views of the
distal end. See also Fig. 8.10

has experienced too much exfoliation to allow metric
assessment or to assess the details of muscle insertion. For
further discussion of the condition of the shaft, see Ryan and
Sukhdeo (2016).

Although the medial malleolus has been sheared away
from its base, the distal end is otherwise well preserved. The
tibiofibular syndesmosis exhibits extensive pathology
(Fig. 8.10), and details are provided in Haile-Selassie et al.
(2010a). Specifically, the fibular facet’s perimeter presents as
a “ring” of elevated, reactive bone that extends medially to
involve the entire lateral half of the anterior tibial surface. This
has significantly enlarged non-articular portions of the lateral
shaft and extended the bone’s length inferiorly by about half a
centimeter (this is not included in our estimated length of the
bone). The plafond’s subchondral surface, however, is unaf-
fected. The most likely explanation is a remote, non-united
fibular fracture. Tibial involvement suggests a pre-adult event

Fig. 8.10 Lateral a and Inferior b views of KSD/VP-1/le. a A
continuous perimeter of reactive bone surrounds the fibular facet (black
arrows in a). The reactive bony outgrowth has elongated tibial length
by about 1 cm. As discussed in Haile-Selassie et al. (2010a), these are
most likely indications of a remote non-united, fibular fracture (see text
for further discussion). b Inferior view shows a distal projection of the
bony outgrowth (white bracket) and the severed medial malleolus (post-
mortem). The form of this structure, however, can be deduced because
of its near-surgical transection. Despite the effects of the fracture, the
markedly concave tibial plafond is still evident in a, though metric
assessment is made dubious by the florescence of reactive bone, since
the fracture appears significantly remote and is likely to have affected
distal tibial growth (see text for further discussions). Modified from
Haile-Selassie et al. (2010a)

(see below), a typical outcome in modern human cases
(Wiltse 1972; Gibson and Prieskorn 2007).

DeSilva (2009) has noted that the radius of the curvature
of the talocrural joint substantially discriminates various
genera within hominoids. Generally, ape plafonds are flatter,
probably reflecting substantial dorsiflexion during vertical
climbing, whereas those of hominins have shorter radii of
curvature as expected with much more limited dorsiflexion
during the overall gait cycle, i.e., they do not reflect evidence
of significant climbing. Relative plafond depth (RPD) varies
between 12 and 14 in apes, whereas in humans the median
value is 16. We previously assessed its value in KSD-VP-1/
le as lying well above 20, although an exact measurement is
not possible because of the specimen’s pathology. This is of
little consequence since the specimen’s RPD is clearly well
above the range for African apes, a character consistent with
a virtual absence of the vertical climbing seen in African
apes. Whether these values in African apes and hominins
reflect cartilage modeling (Type IV) or instead reflect the
genomic constraints associated with joint formation (Type 1
or II) remains unknown. However, in any case, it is clear that
the KSD individual did not engage in frequent climbing, a
conclusion that is also suggested by at least 11 other early
hominin tibias (DeSilva 2009).

The shape of African ape distal tibial metaphyses is also
distinctive. They tend to be broad and rectangular, with
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Table 8.4 Tibia length relative to acetabular diameter and other metrics in KSD-VP-1/1 and in other hominoids (n = 25) used in this analysis

Character KSD-VP-1/1 A.L. 288-1 H. sapiens P. troglodytes G. gorilla
Tibia maximum length 355 227-235 376.2 (27.3) 254.3 (12.4) 288.6 (32.1)
Tibia physiological length 343 363.1 (27.0) 238.0 (12.0) 271.5 (31.2)
Acetabulum diameter 48 38° 54.4 (4.4) 40.8 (2.9) 54.3 (6.6)
Femoral head diameter 34.7% 28.6 45.7 (4.1) 33.5 (2.3) 45.3 (5.8)
Femoral length 423-438° 280 460.4 (26.2) 299.0 (14.6) 347.2 (37.1)
Tibia/acetabulum ratio 0.135 0.162-0.167 0.145 (0.011) 0.161 (0.011) 0.188 (0.012)

Estimated values are in italics
“Estimated by ratio using A.L. 288-1
PEstimated by crural index values of 81 and 84

“The value listed in Johanson et al. (1982) is 34.7 but represents the inside diameter; the method used here is that described by Ward (1991)

Fig. 8.11 CT scans of innominate and sacrum of KSD-VP-1/1 (from
Ryan and Sukhdeo 2016). Note that there has been breakage and slight
shifting of a number of pieces of the innominate, although most have
been maintained in relatively good alignment within the enclosing
matrix. However, the most superior portion of the ilium presented
fragments that required significant realignment, although this could be
achieved because the mating surfaces were relatively well preserved

relatively more massive medial malleoli than human tibias.
In the case of the KSD specimen, we previously estimated its
malleolar index at 47 and a simple AP/ML ratio of 100, with
little or no impact from the specimen’s pathology. Both
values are well within the human ranges.

Haile-Selassie et al. (2010a) also previously reported that
KSD-VP-1/1e exhibits an unusual lateral declination of its
distal articular surface, i.e., whereas the plafond/shaft angle
is 90° in humans, it is 100° in KSD-VP-1/1e. However,
reference to the clinical literature suggests that this outlying
value probably reflects the specimen’s juvenile fibular frac-
ture [see Haile-Selassie et al. (2010a) for further discussion].

Fig. 8.12 Frontal view of the original innominate (os coxa) of
KSD-VP-1/1. Displacement of the superior pubic ramus is evident.
Compare to Figs. 8.13 and 8.14

Ryan and Sukhedo provide a measure of the tibial arch
angle as defined by DeSilva (2010) and KSD-VP-1/1e
appears to be well within the human range (for further dis-
cussion, see Ryan and Sukhdeo 2016).
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Pelvis (Os Coxa and First Sacral
Segment)

Perhaps the most important bone with respect to the inter-
pretation of gait pattern in Australopithecus, an os coxa, was
recovered from the KSD-VP-1/1 (1d). Although the speci-
men lacks most of its anterior portion and the inferior pubic
ramus, the preserved portions are substantial and include a

portion of its superior pubic ramus, the dorsal half of the
ischial tuberosity, which is unusually informative (see
below), most of the body of the ilium (although its upper
limits have been fragmented with some significant shifting
and actual translation of elements with re-adherence via
matrix), and an only slightly damaged acetabulum (Figs. 8.11
and 8.12). Therefore, the innominate is sufficiently complete
to be instructive with respect to the locomotion of hominins
of this age (i.e., circa 3.6 Ma) (Table 8.5). An articulating

Table 8.5 Partial list of cardinal characters of preserved portion of the KSD-VP-1/1 os coxa compared to those of other hominoids

Character

Australopithecus

KSD-VP-1/1

A.L.288-1

Pan

Homo

Size and form
of Ilium

Size and form
of Ischial
Tuberosity

Lesser sciatic
notch

Iliac fossa

Sacrum

Retroauricular
region
Obturator
internus
groove
Iliopsoas
groove
AIIS by
separate
ossification
center

Tliac pillar

Tliopubic
eminence
Lunate surface
of acetabulum
Anterior
inferior iliac
spine (AIIS)

Auricular
surface
Acetabulum
size
Superoinferior
height of os
coxa
Posterior
superior iliac
spine

Dramatic anteroposterior
expansion with extensive origin
for lesser gluteals

Greatly reduced with marked
angulation of
hamstring/adductor surface

Greatly abbreviated distance
between ischial spine and
auricular surface with narrow
acute angulation

Extremely broad with sigmoid
curvature when viewed from
dorsal aspect

Very broad, with high
alae/sacral centrum area ratio

Very broad
Deep and well defined

Deep, well defined, with steep
sides

Adult, but almost certainly

Anteriorly located and distinct
Damaged, but highly probable
Covers all of acetabulum except
acetabular notch

Large, sigmoid shaped,
projecting

Narrow and moderately
elongate
Moderate

Short and broad

Massive

As in KSD-VP-1/1

As in KSD-VP-1/1

As in KSD-VP-1/1 but with
less acute angle of notch

As in KSD-VP-1/1

As in KSD-VP-1/1
Moderate to narrow

As in KSD-VP-1/1

As in KSD-VP-1/1

Adult, but almost certainly

As in KSD-VP-1/1
No
As in KSD-VP-1/1

As in KSD-VP-1/1

Broader and less elongate;
more Homo-like
As in KSD-VP-1/1

As in KSD-VP-1/1

Much more gracile than
KSD-VP-1/1, but likely a
consequence of diminutive
body size

Narrow superoinferiorly
elongated, with narrow g.
Minimus origin along
anterior edge

Massive, with arc-like
undifferentiated
hamstring/adductor surface

Elongate and only
marginally defined

Narrow, with almost no
curvature when viewed
from dorsal aspect
Narrow overall with
narrow alae

Extremely narrow

Not present

Not present

No

No
No

Covers most of acetabulum
except acetabular notch
Limited to rugose enthesis
with only moderate
elevation above iliac
surface

Highly elongate and very
narrow

Small to moderate

Very tall with greatly
elongated supra-acetabular
region of ilium

Little of no expansion of
iliac crest at posterior
terminus

As in KSD-VP-1/1 but
somewhat anteroposteriorly
shorter because of change in
birth canal architecture

As in KSD-VP-1/1 but usually
with slightly narrower gap
between acetabulum and ischial
tuberosity

Varies with sex. Most Homo
males as with KSD-VP-1/1;
most females as with A.L. 288-1

Less broad than in

Australopithecus and with more
pronounced sigmoid curvature

Broad as in Australopithecus but
with reduced alae/centrum ratio
Very broad

As in KSD-VP-1/1

As in KSD-VP-1/1

Yes

Pillar well defined but located
more posteriorly

Typical and very frequent

As in KSD-VP-1/1

As in KSD-VP-1/1

Broad and reniform with distinct
superior and inferior demifaces
Very large

As in KSD-VP-1/1

As in KSD-VP-1/1
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second (but see below) sacral segment was also recovered,
which is again informative because of its geologic age. Most
of these features have been thoroughly presented in Ryan and
Sukhdeo (2016) and can be visualized in the figures they
provide, but see below.

The retroauricular area of the innominate has undergone
sufficiently substantial translation and repositioning of ele-
ments to alter its general anatomical appearance. As just
noted, the relevant cracks are easily visible on conventional
X-ray and CT scan pilot images (Figs. 8.11 and 8.13), and
the reader should always remain cognizant of this damage in
the descriptions that follow below. The affected region
includes the posterior superior iliac spine (PSIS). Some
successful repositioning of fragments has been possible since
its original publication by Haile-Selassie et al. (2010a). This
has made the specimen more readily interpretable.

In addition to these alterations, a fragment of the superior
pubic ramus has been broken and bent anteroinferiorly,
causing it to “point” inferiorly away from the acetabulum
whose diameter has thereby also been slightly reduced by
this damage (see Figs. 8.13 and 8.14). The deflection of the
superior pubic ramus can be readily seen in the previously
mentioned CT scans.

As described earlier, the os coxa conforms to what may
now be termed the “classic” Australopithecus pattern
(Table 8.5). The most salient features that are relevant to gait

Fig. 8.13 X-ray of the innominate of KSD-VP-1/1. Displacement of
the superior pubic ramus and extensive damage to the retroauricular
region are evident (white arrows). Modified from Haile-Selassie et al.
(2010a)

pattern and locomotion include a voluminous obturator
internus groove that separates the inferoexterior face of the
acetabulum from the ischium, a massive anterior inferior
iliac spine (AIIS) which lies above a very deep iliopsoas
groove, and a robust iliac pillar which is located somewhat
more anteriorly than its typical human homolog. All of these
features are now known to be quite typical of the Aus-
tralopithecus pattern (Lovejoy 1974, 1975, 1979, 1988;
Johanson et al. 1982; Lovejoy et al. 2009a, b).

A distinct greater sciatic notch is preserved with only minor
damage in its region. The notch is relatively narrow, sug-
gesting along with the specimen’s obvious great mass, that it
was male. Indeed, Simpson et al. (2008) devised a method of
discriminating sex in os coxae based on the shape of the sciatic
notch, with “J”-shaped notches being more frequently male
than more symmetric “V”-shaped (largely female) notches.
They also devised a numerical method of evaluating this shape
by inscribing a line connecting the ischial spine to the tubercle
for the inferior sacroiliac ligament. The distance along this line

Fig. 8.14 Acetabulum of KSD-VP-1/1 (original specimen). Displace-
ment of a superomedial portion, leaving a significant vertical gap. The
remainder of the specimen appears mediolaterally crushed, requiring an
estimate of its original dimensions (see text). The same kind of
preservation is apparent in the distal femur (see Fig. 8.8)
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at which the deepest inflection of the sciatic notch occurs is
used to define a ratio of the two distances which then serves as
an index. Minor damage to the region in question in
KSD-VP-1/1 makes our calculation only approximate but at
the same time very likely to be correct within a percentage
point or two with a value of 0.20-0.23, which is outside their
female range in Homo sapiens (Fig. 8.15). These values are
dramatically lower than that for the BSN49/P27 pelvis, which
is assigned as a female Homo erectus, but still preserves the
fundamental Australopithecus pattern.

Although an extended effort to fully reconstruct the
complete pelvis of KSD-VP-1/1 is underway, completion
will take significantly more time and for the present contri-
bution we have provided figures showing the current state of
the reconstruction (Fig. 8.16). These show the fundamental
morphology of the pelvis and its remarkable similarity to
even modern human pelves, considering its great age. As
seen in photos of the original specimen, the superior pubic
ramus was broken, slightly dislodged, and bent inferiorward
during fossilization. On the current figure, we have indicated
the ramus as reconstructed but the figure is based on the
lateral portion, which is well preserved and merely dislodged
(although there is no symphysis pubis). The figure also
shows the preserved portion of the ischial ramus which plays
an important role in interpreting the level of adaptation of
this pelvis to upright locomotion (see below), and indicates
the relationship between the sacrum with its (presumed)
sacralized lumbar (see below) and the well-preserved
auricular surface of the os coxa. A top view of the current
reconstruction is also provided (Fig. 8.16b).

Among the most impressive aspects of the specimen, and
the Australopithecus pattern in general, is that it so closely

2 \V VOVINV/OVI V/ ¥4

KsD1/11
AL 288-1 Sts 14 BSN49/P2T
} . : ) x 5
0.0 0.1 0.2 0.3 0.4 0.5 0.6

GREATER SCIATIC NOTCH SHAPE

Fig. 8.15 The distributions of samples of human male and females are
shown as individual data points, as are A.L. 288-1, Sts 14, and BSN49/
P27 (the latter is Homo erectus). A range is given for KSD-VP-1/1
because of slight uncertainty with respect to the position of the tubercle
for the inferior sacroiliac ligament. See text and Simpson et al. (2008)
for methodology and sample composition. Figure originally published
in Haile-Selassie et al. (2010a)

mirrors the human pattern, albeit with the exception of those
largely minor ways in which Australopithecus specimens
differ regularly from Homo. In general, it is worth noting that
KSD-VP-1/1d has a more “modern human-looking” overall
form than does A.L. 288-1, perhaps because of the fact that
its general body mass is likely well within the modern range,
and the specimen appears substantially more robust than the
specimen from Hadar, being that of a large male rather than
a female whose body mass is likely close to the lower limit
of the species. That aspect may account for the latter’s rather
extreme platypelloidy.

Also, of special interest in respect to additional comparison
with A.L. 288-1 is that the lunate surface of the acetabulum of
KSD-VP-1/1d is well formed and extends more anteriorly
than it does in A.L. 288-1, and most importantly, is indistin-
guishable from the typical modern human conformation.
Along with correction of the erroneous description of the
lunate surface of the latter specimen as not having an anterior
extension as in Homo (Stern 1983, 2000; for explanation see

Fig. 8.16 Anterior (a) and superior (b) views of the current plastocene
reconstruction of the pelvis of KSD-VP-1/1. Missing portions as
described in the text are restored as indicated, and the left os coxa is
mirror imaged. See Fig. 8.18 for details of the sacrum reconstruction.
Although the os coxa’s superior pubic ramus is shown as reconstructed,
most of its body was preserved but fractured and dislodged downward
(see Figs. 8.11, 8.12, 8.13 and 8.14). Most striking is the very small
pelvic inlet relative to the size of the ilia and sacrum, and the otherwise
very human aspect of the overall pelvis. The pelvis is almost certainly
male (See Fig. 8.15 and the text)
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Lovejoy 2005), KSD-VP-1/1d should put to rest the argument
that the acetabulum of Australopithecus was somehow less
developed than that of Homo. Consistent with the overall total
morphological pattern of Australopithecus, the acetabulum
appears somewhat small. Haile-Selassie et al. (2010a) previ-
ously estimated a vertical acetabular diameter of approxi-
mately 48 mm relative to other dimensions of the skeleton
(Fig. 8.14). For example, a simple ratio with tibial length is
0.135, about one SD below the human mean. This is, again,
quite typical of Australopithecus.

While the dimensions of the sacrum fragment (Figs. 8.17
and 8.18) also conform to the Australopithecus pattern (see
below), its relationship to the well-preserved auricular sur-
face of the os coxa is unusual for Australopithecus in that it
presents, to our knowledge, the first evidence of sacralization
of the most caudal lumbar element (or conversely, lum-
barization of the most cranial sacral element), that is, the
likely presence of a “lumbosacral transitional vertebra”
(LSTV) at the L5-S1 junction.

Traditionally, assignment of an instance of LSTV as
lumbar sacralization or sacral lumbarization requires both a
complete sacrum and lumbar column, as the ultimate can-
didate vertebra is usually considered to be sacralized if there

Fig. 8.17 Top and anterior views of the second sacral segment of
KSD-VP-1/1. Damage to the surface of the right ala clearly suggests
loss of a previously fused element from a missing alar-like transverse
process of the next most craniad vertebra (sacralization of the last
lumbar). For discussion, see text and Fig. 8.18

are four independent lumbars or is considered lumbarized if
there are six (Konin and Walz 2010; Ucar et al. 2013). In the
case of KSD-VP-1/1, assignment to category remains
uncertain as no lumbars were preserved and the sacrum is
not complete. Nevertheless, articulation of the preserved
portion of the first (and only) sacral segment with the os
coxa’s auricular surface shows that a considerable amount of
the dorsal aspect of the os coxa’s auricular surface remains
vacant (see Fig. 8.18). This in turn implies that the missing
portion of its ala was substantially elevated above the surface
of its preserved vertebral body — so much so that it would
have clearly resembled a typical LSTV in Homo sapiens
(Fig. 8.18) if fully preserved, or, conversely, that the
immediately more cranial lumbar exhibited at least one
sacralized transverse process.

Sacralization is far more frequent than lumbarization in
modern humans (17.2 vs. 1.7%; Konin and Walz 2010), and
based on these frequencies alone, KSD-VP-1/1 is more likely
to be a case of the former, i.e., an individual with six lumbars,
the most caudal of which was sacralized, reducing the count
to the typical human one of five — a process that we have
argued is likely responsible for the dominance of five lumbars
as the modal condition in modern humans from an ancestral
condition of six (McCollum et al. 2009; Lovejoy and
McCollum 2010). This is, however, a tenuous assumption, as
the specimen could have had five lumbars with the most
caudal one being sacralized and reducing its ultimate count to
four. However, the latter is a very rare occurrence in modern
humans. Vertebral developmental expression is known to be
controlled by a complex Hox code (Wolpert 1998), and what
this new finding does establish is that the lower vertebral
column was probably under active selection for modification.

Like the os coxa (Figs. 8.16), the sacrum’s second seg-
ment (or its first, depending on definition — see above) also
conforms to the Australopithecus pattern. This includes the
observation that, as previously noted, its auricular surface
appears slightly narrower than its homolog in Homo, and
that its sacral alae are unusually mediolaterally broad relative
to centrum size as they are in other Australopithecus spec-
imens including A.L. 288-1, Sts-14, and BSN49/P27
(Simpson et al. 2008; Haile-Selassie et al. 2010a) (Fig. 8.19).

Despite its post-mortem damage, the os coxa’s postau-
ricular region was clearly rugose and extensive, suggesting
powerful and extensive posterior reinforcement of the
sacroiliac joint. We previously suggested that this combi-
nation of a narrow auricular surface and an exceptionally
rugose retroauricular area might imply that sacral nutation
and counternutation were significantly greater in Australo-
pithecus than in Homo and may have served as an important
energy dissipating mechanism during running in Australo-
pithecus (Lovejoy 2007a).

None of the minor morphological differences between the
os coxae of Australopithecus and Homo suggest any
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Fig. 8.18 Top Modern human sacrum (reversed) (Hamann-Todd
CMNH specimen 738) with typical unilateral fusion of the first sacral
segment/last lumbar (lumbar sacralization). Bottom Reconstruction of
the first three elements of the KSD-VP-1/1 sacrum. To the far left of
both specimens is the auricular surface of its associated ilium
(CMNH-738 and KSD-VP-1/1d). To the near left of each is the
auricular surface of its sacrum, which is reconstructed for KSD-VP-1/1.
The missing portions of the KSD sacrum are based on the preserved
auricular surface of the ilium as shown to the far left. The extents of

significant differences in the actual locomotor pattern in the
two genera. Rather, virtually all are consistent with relatively
subtle changes in overall morphological pattern related more

sacral segments one and three are based on the fully preserved auricular
surface of its ilium (top far left). Multiple specimens of modern humans
were selected that closely matched the sacral and iliac morphology of
KSD-VP-1/1 and these were used as general models for the missing
sacralized lumbar portion of the sacrum. The arrows showing the
preserved portion of the KSD-VP-1/1 sacrum and its corresponding
auricular surface are not parallel because the sacrum is shown in slight
rotation, whereas its auricular surface is not. Compare to Fig. 8.17

to a combination of body size and the effects of pelvic
structure related to adaptations to more facile parturition
(Rosenberg and Trevathan 2002).
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Fig. 8.19 Log—log plot of relative alar breadth of the sacrum in
Australopithecus and extant hominoids. Alar breadth was calculated as
1/2 the maximum breadth of the sacrum less the transverse diameter of
the S1 centrum. S1 centrum area is the product of its AP and ML
dimensions. The human mean has also been plotted. Other symbols are
provided in the legend. The S2 of KSD-VP-1/1 (plotted here as an S1)
lies nearer the human cloud than do A.L. 288-1 and Sts 14, which might
be an allometric effect of the smaller examples of Australopithecus.
However, the more likely explanation is that the KSD-VP-1/1 sacrum’s
actual first segment was a sacralized lumbar, and lumbar centrum mass
does not appear to exhibit the inferiorly enlarging condition seen in later
hominins. For data sources, see Haile-Selassie et al. (2010a)

It should be also noted here that recent claims that the
Australopithecus pelvis became modified in favor of some
aspects of gait pattern rather than issues of parturition have
been made using the somewhat fragmentary remains of
“Australopithecus sediba” from the site of Malapa (Kibii et al.
2011). Not only are these claims based on a single specimen
and a tenuous estimate of cranial capacity at birth, but they are
also based on a pelvic reconstruction that relies on numerous,
likely incorrect, assumptions. Review of that reconstruction
shows that the ilia are grossly internally rotated (no auricular
surface of even the lateral part of the sacrum was preserved
and had to be created), the two portions of the superior pubic
ramus are misaligned in superior view (i.e., they lack conti-
nuity of the arcuate line curvature), the pubic symphysis is far
too elevated (its position depends on the length of the lower
ischial ramus which for the most part is not preserved and its
length certainly unknown) and the symphyseal joint, more-
over, is externally rotated, and the reconstruction cannot be
judged from acetabular position because much of the latter is
also not preserved. Moreover, as well established by Rosen-
berg and Trevathan (2002), hominin parturition also involves
passage of the broad shoulders of the fetus so as to prevent
shoulder dystocia, and modifications of the hominin pelvis for
bipedality greatly alter such relationships, regardless of cra-
nial capacity in the infant. It is the pelvis and not the cranium

that was so greatly modified for bipedality and was thereby the
principal venue of natural selection.

The slightly more anterior position of the iliac pillar in
KSD-VP-1/1 largely reflects the more elliptical shape of the
overall pelvis in Australopithecus, a character made quite
obvious by more complete specimens including A.L. 288-1,
Sts 14, and BSN49/P27. Such “ellipticity” places the junc-
ture of the internal and external oblique muscles relatively
more anteriorly, and it is from their region of juncture that
the iliac pillar is formed to descend externally on the surface
of the iliac blade during development and growth.

Regularly, variant features such as, for example, the
rugosity of this pillar and its trabecular contents are fre-
quently assumed to reflect dynamic loading patterns during
life, and while bone quantity and quality are certainly
dependent upon its sensitivity to loading, the evidentiary
value of variations in common anatomical landmarks (such
as the iliac pillar) has long been overemphasized since
general form is much more dependent upon positional in-
formation directing the embryogenesis of bone formation
than to simple, direct reaction of external loading during life
(Cunningham and Black 2009; Abel and Macho 2011).

However, the size and structure of the pillar can easily be
seen to instead be a feature of the ilium’s development as
“programmed” by the positional information of the iliac
anlagen (Cunningham and Black 2009). That is, even in fetal
specimens the special enlargement of the iliac crest from
which the pillar descends is already apparent, long before any
significant stress occurs within the structure, and it is this
“swelling” of the crest, typically called the fuberosity of
the crest, which is present throughout the development of the
iliac crest apophysis. The pillar is therefore largely merely the
“track” or “wake” of the development of the iliac crest and its
emerging tuberosity. Its more anterior position in KSD-VP-1/
1 and in Australopithecus, in general, therefore largely
reflects (compared to Homo) the more spherical conformation
of the birth canal in pelves of the later Pleistocene, although
this pattern now seems to have emerged much more recently
than previously thought (Simpson et al. 2008).

The Pelvis of KSD-VP-1/1
and that of Ardipithecus ramidus

One of the most instructive comparisons that can be made
during an effort to interpret the gait pattern of Australop-
ithecus is with the pelvis of Ardipithecus ramidus, which is
notably less advanced in its adaptation to upright walking
and running than is that of Australopithecus. Indeed, com-
parisons made between these two pelves (and postcranial
skeletons in general) and between these two taxa in general
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can be quite informative in demonstrating the advanced
nature of upright walking in the more recent of the two.

Perhaps the most important of the revelations provided by
the Ar. ramidus specimen ARA-VP-6/500 is the striking
contrast between the two portions of the pelvis that are sep-
arated by the acetabular region, i.e., the superior ischial ramus
below (separated from the acetabulum by the ischioacetabular
sulcus) and the lower part of the ilium (i.e., the iliac isthmus)
above. In Ar. ramidus, the upper portion of the pelvis, i.e., the
ilium, shows a strong relative increase in anteroposterior/
mediolateral breadth that is not present in other hominoid
pelves (save those of later hominins) whether they are from
the earlier Miocene or are only known from extant species
(i.e., gorillas, chimpanzees and bonobos, orangutans). This is
due to two factors. The first is a substantial increase in the
anteroposterior expansion of the breadth of iliac isthmus (i.e.,
the region immediately superior to the acetabulum which
bears the uniquely structured AIIS). The second is a dramatic
reduction in the height of the isthmus, which is long in all
quadrupedal higher primates both living and extinct, includ-
ing Middle Miocene and living apes and as well as all cer-
copithecoids (White et al. 2014).

In addition, while the uppermost portion of the original
specimen (ARA-VP-6/500) is partially fractured and thereby
relatively “jagged” in its preserved profile, the presence and
location of a distinct AIIS reveals the limits of the upper
pelvis quite clearly, along with the location of the auricular
surface which is also well marked in the original (White
et al. 2014). These observations can be confirmed simply by
comparing the distance between the top of the superior pubic
ramus and the auricular surface, both of which have loca-
tions that are fully known from the original specimen. In
general, this relatively broad and shortened ilium is fully
commensurate with an earlier form of bipedality, even
though the foot reveals the first ray to still have been fully
abducent (White et al. 2009, 2014).

These features of the ilium of ARA-VP-6/500 bear a
striking contrast to the portion of the pelvis below the
acetabulum, which exhibits a long and robust ischial body,
the minimum length of which can be readily determined
from the original specimen, even though it bears significant
damage (Lovejoy et al. 2009b, c). That is, the transect from
the edge of the lower acetabular rim to the site of the orig-
ination of the ischial tuberosity surface can be readily and
confidently determined and is essentially as long as it is in
living pongids. This is fully commensurate with what must
have been retention of the primary muscles of the hip
involved in climbing and arboreal scrambling, especially the
adductors, and what must have been exceptionally powerful
hamstrings (the proportion of hamstring/adductor mass rel-
ative to quadriceps mass must have far exceeded that of later
hominins and was presumably largely similar to these ratios
in living pongids) (Lovejoy et al. 2009c).

The pelvis of KSD-VP-1/1 stands in remarkable contrast
to these features of the lower pelvis of Ardipithecus. Para-
mount within its more advanced morphology is a fully
anteroposterorily expanded ilium that is now fully shortened
as in all later hominin specimens such as A.L. 288-1
(“Lucy”). The auricular surface and much of the body of the
os coxa are fully preserved in KSD-VP-1/1 (see earlier), and
these reveal a fundamentally modern pelvic construction,
and one that confirms its virtually complete adaptation to
habitual and obligate bipedality.

Arguments that the relative robusticity of minor elements
of pelvic construction, as have been made with respect to
specimens from Malapa (see below), for example, are lar-
gely irrelevant to such issues because such minor perturba-
tions in overall structure are well beyond the capacity of
natural selection to so exactly modify lateral plate (and
somitic) positional information that “codifies” condensation,
anlagen formation, and growth, as to not be responsive to
variation correlated with actual fitness (Lovejoy 2014).

Take, for example, the following supposition about
structural details reported for the Malapa specimen: Kibii
et al. (2011:1409) stated that “As in Homo, the weight
transfer region of the iliac body of the Malapa hominins is
more robust than that of other australopiths, manifested by
greater thickness of the acetabulosacral buttress and short-
ening of the acetabulosacral load arm.” Two elements of
this argument that have little or no basis in the modern
understanding of morphogenesis are the claims relating to
“acetabulosacral buttressing” and the length of the “acetab-
ulosacral load arm,” which are both cited as though they
were structural entities that are both (1) modifiable by
localized particular shifts in the positional information giv-
ing rise to the pelvic condensations and anlagen, and
(2) subject to individual elevation in population frequency
by the specific action of selection — which in each case could
have only become a factor of morphological determination
by regular failure of such elements during locomotion.
Regular examination of pelves of virtually all higher pri-
mates has yet, to our knowledge, ever shown structural
failure in any way correlated with such localized morpho-
logical variation. Indeed, this observation applies to many of
the various individual claims that have been made with
respect to differences in the pelves of early hominins.

Take, as a further example, the following assertion by
Kibii et al. (2011:1407) that some early Pleistocene Homo
pelves (KNM-ER 3228, KNM-ER 5881, O.H. 28, and
KNM-WT 15000) “share with modern humans a suite of
features that include a thick iliac body, reduced (relative to
body size) distance from the auricular to acetabular joint
surfaces, expansion of the retroauricular area, a large iliac
tuberosity, vertically set iliac blades, a sigmoid-shaped iliac
crest with moderate- to well-developed fossae for iliacus and
gluteus medius, a distinct iliac pillar, a sinusoidal anterior
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iliac border, and a narrow tuberoacetabular sulcus.” Such a
list is merely a catalog of traits, which in many cases appear
to regularly differ in individual specimens of both early
Homo and modern humans. None is likely to be of any
mechanical or biological significance other than as simple
pleiotropic correlates of overall pelvic structure and not each
in themselves the product of selection (see previous discus-
sion of the morphogenesis of the iliac pillar, for example).
Indeed, all are likely to be merely Type 2 corollaries of the
simple general trend toward enlargement of the birth canal.

Moreover, none of these can be taken as a meaningful
adaptation, in and of itself, unless the two criteria listed
previously can be met: (1) some indication that there is suf-
ficient variation in underlying positional information to
accomplish such singular changes in structure such that
selection could lead to their fixation, and (2) demonstration
that such changes are specifically responsive to actual
structural failure. Whenever a substantial alteration in mus-
culoskeletal anatomy takes place, there are almost certainly
two highly distinguishable and potentially identifiable shifts
in morphological structure — those which are true targets of
selection (i.e., whose variation can be shown to directly affect
fitness) and those which are simply byproducts of such shifts,
but which are not themselves subject to selective influence
and are therefore merely non-directionally associated with
the first — essentially cases of morphological “hitchhiking”
(Lovejoy et al. 2002; Lovejoy 2014). In fact there is no
reason, a priori, to presume that the characters listed in the
above citation in any way represent a morphological advance
simply because they appear in modern humans and not
specimens from the earlier Pleistocene. That is, because a
feature is found in modern humans and not in an earlier
hominin species, is not of itself evidence that in any way it
can be considered a structural “improvement” or
“adaptation.”

In fact, in most cases such changes are more likely to be
due to what may be termed “morphological drift” since they
are most likely to be simply the product of one or two major
structural changes (such as an enlargement of the birth canal
or the prevention of an injury of known or reasonably
functional etiology, such as prevention of the avulsion of the
ischial apophysis — see below).

In summary, unless a structure consistently fails with some
regularity, there is virtually no chance that selection will lead
to modifications of that structure with respect to such minor
details of biological construction, and much of pelvic mor-
phology is virtually never subject to simple structural failure
(i.e., independent of unanticipated and unpredictable external
trauma); ergo, selection was not responsible for minor vari-
ants in its composition — these are instead almost certainly
correlates of other, more significant changes in the rest of the
bone. To argue the contrary case is to invoke unwarranted
adaptationism (Gould and Lewontin 1979).

The KSD-VP-1/1 Ischium and lIts
Relevance to a Fully Evolved
Running Gait

Of great interest in regard to the issue of the degree to which
Au. afarensis might have engaged in habitual and effective
bipedality is the conformation of the ischial body and
especially its ischial tuberosity. The conformation and
positioning of the latter differ dramatically in hominins
and apes. In the former, the surface for attachment of the
three hamstrings has been shifted to face more superiorly
such that hamstring attachment will produce less direct
tension at its surface during the latter portion of swing phase
(just prior to heel strike). This has resulted in a substantial
reduction in the actual length of the ischium, relative to the
acetabulum (Fig. 8.20). Such repositioning of this portion of
the tuberosity surface has introduced a distinct angulation of
the ischial tuber, dividing it into two distinct portions. This
duality is entirely absent in the homologous structure in
pongids. These changes to the hamstrings have generally
been referred to as ‘“shortening of the hamstring moment
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Fig. 8.20 Relative ischial length in KSD-VP-1/1d and extant homi-
noids. Angulation of the ischial apophysis in order to reduce the
probability of avulsion has resulted in a substantial reduction in the
length of the ischium and its moment arm (for discussion see text).
Here, the minimum distance between the edge of the lower rim of the
acetabulum and the superior-most point on the ischial tuberosity surface
has been divided by the acetabular diameter for samples of extant
hominoids (N = 25 each species). The positions of the three
Australopithecus specimens are close to those of Homo, but still lie
slightly outside the range of the sample shown here, although this ratio
in other human samples sometimes overlaps those of Australopithecus.
This is likely also related to some enlargement of the acetabulum in
later Homo. Each box shows the median, interquartile range (the box
length), outliers (open circles), and extreme values (asterisks) within a
category. Outliers are cases with values between 1.5 and 3 box lengths
from the upper or lower edge of the box. Extreme values are those with
values more than 3 box lengths from the upper or lower edge of the
box. Figure originally published in Haile-Selassie et al. (2010a)
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Ar. ramidus

P. troglodytes

Fig. 8.21 A general presentation of the most critical changes in pelvic
structure between Ar. ramidus, Australopithecus, and Homo, compared
to the typical pelvis of a chimpanzee. The double arrow points to the
angulated ischial surface in both Homo and Australopithecus, which is
absent and planar in Ar. ramidus and P. troglodytes. In bipedal running,
the force exerted by the hamstrings to brake the limb at the end of
swing phase can be very substantial and as a result cause subluxation of
the ischial apophysis prior to its fusion to the ischial ramus. This is a

arm” although such abbreviation has rarely received any
satisfactory explanation, especially since it obviously redu-
ces the potential torque that can be exerted by the hamstrings
at the end of swing phase.

However, an obvious reason why selection has produced
this fairly dramatic change can be found in a review of the
clinical literature relating to avulsion injuries of the pelvis in
childhood and adolescence (Gidwani et al. 2004; Ferlic et al.
2014). In fact, avulsion of the apophysis for the ischial
tuberosity is the singular most frequent avulsion injury to the
pelvis during this period of rapid growth, and these injuries
clearly occur despite modifications that have occurred with
respect to the positioning of the ischial ramus apophysis as
just mentioned. Were the ischial body to have remained in its
more ancient position as found in both pongids and Ardip-
ithecus (Lovejoy 2009b), the frequency of avulsion injury
would seem to have been much greater than it actually is
today, and as it most likely was in Ardipithecus, if its pelvis
was positioned in its typical hominin orientation during
upright walking and running which is likely to have been the
case (Lovejoy et al. 2009b), even though simple lordosis
alone does encourage some favorable repositioning of the
hamstring origin.

Au. afarensis H. sapiens (female)

fairly common pathology in modern human adolescents, even with the
more favorable position of the ischial apophysis in humans (and
Australopithecus) than in Ardipithecus. This is the most likely cause of
the reduced ischial length in later bipedal hominins. Also shown in this
figure are the secondary center for the Anterior Inferior Iliac Spine
(closed single arrows) and a distinct sciatic notch (open arrows). Both
of these structures are prominently present in KSD-VP-1/1. For further
discussion, see text. Figure modified from Lovejoy et al. (2009¢c)

From simple geometry alone, it seems almost certain that
the division of the ischial apophyseal surface into two por-
tions and the angulation of the upper portion tend to some-
what reduce tension on its apophysis on the ischial body
during hamstring contraction. This contrasts with what must
have been almost pure tension and shear in the less favorably
disposed ischial ramus apophysis of Ardipithecus. The fact
that avulsion injury still occurs with moderate frequency in
living humans seems ample evidence that such injuries must
have been much more frequent prior to reorientation of the
semimembranosus origin as seen in KSD-VP-1/1 and all later
hominins (see Fig. 8.21).

Some readers might object that ischial repositioning also
tends to reduce hamstring moment arm, and this is almost
certainly the case (Le Gros Clark 1978). In fact, it is quite
likely that the alterations of the growth process by which the
apophyseal surface has reached its angulated state (in contrast
to what must have been its previous structure as seen in
Ardipithecus) are quite likely the primary reason why the
ischial tuber has indeed shortened in post-Ardipithecus
hominins. We have argued that a second factor in its further
(relative) shortening may have been an enlargement of the
acetabulum so as to bring its inferior edge closer to the
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hamstring surface. It is quite likely that both processes
“cooperated” to achieve the novel position and length of the
ischial tuber in hominins. True, this has resulted in some
minor loss of torque generated about the hip by the hamstrings
as the end of swing phase approaches. However, given that
not only the hamstring position has changed but also that there
has been an obviously dramatic reduction in thigh mass,
simple compensation for loss of moment arm has apparently
been achieved by only slightly increasing the muscle force. It
should be remembered that selection, relying on relative
individual fitness as its only arbiter, is not an engineering
process but rather one which must simply “choose” among
variations which are themselves generated by slight shifts in
the positional information ultimately underlying any muscu-
loskeletal structure. And it must do so by also failing to alter
other closely related successfully generated structures. There
must be many cases where what can be lost is actually sac-
rificed in order to achieve a more important “target,” such as
the loss of the thumb in atelines in deference to elongation of
its posterior manual digits (Reno et al. 2008).

One last aspect that needs to be stressed with respect to the
shift in the position of the hamstring origin in KSD-VP-1/1 is
that it has sometimes been claimed that members of the
species Au. afarensis were “incompletely adapted” to upright
walking, including the argument that they must have relied
on a “bent hip bent knee” (BHBK) gait (see e.g., Stern and
Susman 1983; Stern 2000). It is too often ignored as to what
such a gait pattern would require in terms of running. Not
only would it have been exceptionally energy costly and
likely physically exhausting, it would have also likely been
comparatively slow relative to the particularly ample gaits of
carnivore predators. It therefore seems unlikely that a species
as successful as Au. afarensis would have been able to suc-
cessfully occupy grasslands and savannas without at least
near full development of a running gait that involved com-
plete extension of the hip and knee. The shift in pelvic
structure now known to have occurred between Ar. ramidus
and Au. afarensis would seem to further establish the likely
absence of any such disability in the latter taxon. This is the
same conclusion that can be drawn from studies of both the
pelvis and vertebral column (McCollum et al. 2009; Lovejoy
and McCollum 2010). Moreover, it seems more than a bit
illogical to suppose that any mammal could adopt and evolve
a locomotor strategy that did not permit it to escape predators
at least in some less than rudimentary fashion; the concept
that Australopithecus would have to have “waddled” with a
BHBK gait away from a threatening predator seems nothing
less than abjectly silly.

In any case, the issue is now fully resolved by
KSD-VP-1/1’s ischial tuber. The force exerted by the ham-
strings during walking is almost certainly below the
threshold of what would be required to avulse its apophysis.
Only during active and likely high-energy running is such a

mishap likely to occur. The new positioning of the apophysis
in KSD-VP-1/1 thereby establishes a threshold for highly
forceful bipedal running to a minimum age of at least the
fossil itself at 3.6 Ma.

The Natural History of Hominin Limb
Proportions

The partial skeleton of Ar. ramidus from Aramis, ARA-VP-6/
500, preserves both a virtually complete tibia (missing only a
small portion of its distal end) and a complete radius (re-
quiring only slight correction for crushing but otherwise
intact) (White et al. 2014). We previously used these two
bones to directly compare relative fore and hind limb lengths
in living apes, middle Miocene hominoid specimens (such as
Proconsul), and generalized above branch quadrupeds such as
cercopithecoids and hominins. These comparisons demon-
strate that the limb proportions of the Chimpanzee/Human last
common ancestor (CLCA) were very likely primitive (i.e.,
hindlimbs and forelimbs of approximately equal length) and
that they almost certainly did not conform to ratios that would
reflect excessive elongation of the forelimb as now seen in
apes specialized for suspension including Pan, Gorilla, and
Pongo. These data received substantial support from a ple-
thora of other primitive morphological characters present in
the hand, foot, and cranial skeletons (Lovejoy et al. 2009a, b,
c; White et al. 2009).

Such a conclusion runs counter to traditional assumptions
about the nature of the fundamental bauplan of the CLCA
that historically stretch back to the earliest formal specula-
tion by such early twentieth century figures as Sir Arthur
Keith (Lovejoy 2014). However, that Ar. ramidus provides
the most direct evidence of early hominin limb proportions
and bauplan now available is almost incontrovertible given
that it is the earliest specimen known (4.4 Ma) that preserves
element length for both forelimb and hindlimb (White et al.
2014).

KSD-VP-1/1 now provides a further direct test of the
hypothesis that the CLCA’s limb proportions were primitive
and did not reflect specialization for suspension. Even
though the specimen does not preserve the entire length of
any forelimb element for comparison with its tibia (of known
length — see earlier), it does nevertheless include intact
portions of measurable joint size in three forelimb elements
(humerus, ulna, and scapula) that can be metrically assessed
for body size (Table 8.6).

We therefore calculated three size parameters of the distal
humerus and a total of seven different size parameters for the
humerus, ulna, and scapula, which we then used to calculate
a geometric mean for humeral size and one for upper limb
size (see Figs. 8.22, 8.23, and Table 8.6). These two size
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Table 8.6 Metrics used for the construction of graphs showing relative upper limb size and tibia length

TAXON ULNA: ULNA: SCAPULA: SCAPULA: HUMERUS: HUMERUS: HUMERUS: TIBIA:
Depth of AP Breadth of Height of Biepicondylar Trochlear Distal Maximum
trochlear distance Glenoid Glenoid breadth breadth articular length
notch from breadth

Coronoid
tip to shaft

P. troglodytes 11.2 (1.3) 379 (3.3) 232 (1.8) 325 (2.5) 63.0 (5.1) 272 (2.3) 45.7 (3.0) 254.3 (12.4)

G. gorilla 13.3 (2.5) 48.0 (7.4) 329 (4.9) 46.7 (1.2) 89.5 (13.7) 39.2 (6.4) 60.9 (8.8) 288.5 (32.0)

H. sapiens 12.0 (1.8) 36.6 (3.5) 259 2.7) 37.3 (3.3) 60.8 (5.4) 27 (2.9) 44.9 (4.6) 376.2 (27.3)

A.L. 288-1 79 22.4 18 26 41 16 30 232

KSD-VP-1/1* 14.5(13.2)  33.7(32.7) 28 (25.5) 37 (35.6) 62 (58.8) 27 48 355

“Numbers for KSD-VP-1/1 in parentheses and in italics are from the CT scans. Differences probably represent cast enlargement or method of caliper

orientation or both. Only the larger numbers are used in Figs. 8.22 and 8.23

variables could then be compared to tibia length. It should be
noted here that although the tibia for A.L. 288-1 was not
intact, its length can be estimated from its almost complete
femur using the stable crural index of hominoids (Table 8.4)
(Lovejoy et al. 2009a), so this specimen can also be included
in such comparisons (i.e., A.L. 288-1 also preserves the
seven dimensions we have chosen; Table 8.6). Metrics used
included the biepicondylar breadth of the distal humerus
(medial to lateral epicondyles), the mediolateral breadth of
the humeral trochlea, the articular breadth of the distal
humerus (breadth of trochlea and capitulum combined), the
superoinferior length of the scapular glenoid as well as its
maximum mediolateral breadth, and two metrics from the
proximal ulna used by Drapeau and Ward (2007) for similar
calculations [Trochlear Notch Depth (their UDT) and Max-
imum AP distance from the tip of the coronoid to the pos-
terior margin of the shaft (their UCP)]. Data for Pan,
Gorilla, Homo, and the two hominin specimens are shown in
Figs. 8.22, 8.23 and Table 8.6. The data taken by us using
calipers differ slightly from those reported by Ryan and
Sukhdeo (2016). Ours, if different, are slightly greater,
resulting from either differences in caliper versus linear
distance metrics obtained from the CT, or possibly some
enlargement of the specimen by the cast. Since our data were
consistently greater and because our hypothesis is that the
KSD-VP-1/1 specimen will have a more gracile forelimb (in
comparison to tibia length), we choose the more conserva-
tive route of using the larger dimensions when the two
methods differed.

The results are quite striking. KSD-VP-1/1 falls well
within the human distribution and well outside the distri-
butions of the two African apes. The data for A.L. 288-1 are
almost equally striking. They show that despite having a
tibia of approximately equal length to those of many chim-
panzees, the upper limb geometric size data for A.L. 288-1
are substantially less robust. A virtually identical conclusion
is implied by the tibial length and forelimb robusticity (as
defined by the seven metrics listed earlier) in KSD-VP-1/1.
In the case of the latter, however, because its body size is
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Fig. 8.22 Comparison of geometric means of four dimensions of the
distal humerus (see text) compared to tibial length in KSD-VP-1/1.
Tibial length for A.L. 288-1 was obtained using crural index and its
known femur length (see Lovejoy, et al. 2009a for details of method
and range of crural index in hominoids). These data suggest elongation
of the hominin lower limb and either a primitive degree of forelimb
mass or some forelimb reduction following separation from the LCA
were both present and expressed in KSD-VP-1/1. A least-squares-re-
gression line has been fit to the human cloud with 95% confidence
intervals inscribed. While those confidence limits substantially exceed
the original human distribution, A.L. 288-1 nevertheless lies very close
to the regression line, suggesting it bore the same morphological
complex as did KSD-VP-1/1. Note that no African ape specimen occurs
within the 95% confidence intervals

also well within the human distribution, the only alternative
interpretation would be that its tibia is unusually long for the
species, and had already experienced the elongation known
to have occurred later in human evolution by 2.5 Ma based
on the limb proportions of BOU-VP-1/1 (Asfaw et al. 1999).

In Figs. 8.22 and 8.23, a regression line has been entered
for only the cloud of human specimens. The 95% confi-
dence limits for individuals are shown in each and both
specimens fall comfortably within the human distributions.
The A.L. 288-1 point is well away from the actual Homo
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Fig. 8.23 Comparison of geometric means of forelimb elements (eight
linear dimensions of the distal humerus, proximal ulna, and scapular
glenoid) compared to tibial length in KSD-VP-1/1. Conclusions
identical to those drawn in the text and legend of Fig. 8.22 are the
same, although the 95% confidence intervals include several Pan
specimens. However, no Pan specimen lies as near the regression line
as does A.L. 288-1

distribution of specimens, which might call into question its
actual fit to the population, but conversely, the specimen is
nearly exactly on the Homo regression line, confirming that
its proportions (hindlimb length to forelimb robusticity as
judged by the cited series of dimensional metrics) are fully
within the modern human range.

Assuming that each of the two Au. afarensis specimens
represents means from their local populations would imply
that either the Au. afarensis tibia is elongated as in Homo or
that the upper limb size variable is considerably more
diminutive than in either of the extant African apes, or both.
Note that at least with respect to the humerus, no living ape
falls within the human distribution, whereas KSD-VP-1/1
does and A.L. 288-1 falls on the regression line itself.

While limb proportions certainly may have fluctuated
between the CLCA and ARA-VP-6/500 and as well during
the time interval separating the latter at 4.4 Ma and
KSD-VP-1/1 at 3.6 Ma, the most parsimonious interpretation
of the data from these three partially articulated skeletons
(i.e., Aramis, Hadar, and Woranso-Mille) is that hominins
have never exhibited limb proportions specialized for sus-
pension as seen in living apes. Moreover, the combination of
more gracile upper limbs than are found in the African apes,
elongated lower limbs, loss of the abducent great toe, dra-
matic restructuring of the ilium and shortening of its isthmus,
when added to the equally dramatic reduction in the length of
the ischium and modification of its morphology to improve
resistance to subluxation during the latter part of swing phase
together suggests a species that is entirely committed to

terrestrial locomotion and one which entered or used the
arboreal canopy for anything other than simple feeding bouts
so infrequent that they had no impact on selection for
arboreal competency. This conclusion is fully consistent with
the novel interpretations about bauplan favored by
KSD-VP-1/1’s possible ancestor ARA-VP-6/500 (Lovejoy
et al. 2009b; see Haile-Selassie et al. 2016).

“Models” of Skeletal Change in Human
Evolution

During the past several decades, a number of important
trends have continued in various scientific disciplines that
bear some relationship to issues of morphological evolution.
Imaging has become dramatically advanced, as has the
technological capacity to examine external morphology in
terms of size and detail (e.g., by means of a three-
dimensional digitizer). Engineering “style” analysis has
likewise matured and anatomical structures can increasingly
be represented by such procedures as finite element model-
ing, which has, indeed, become quite prevalent in studies of
human evolution.

It is therefore perhaps more than a little ironic that during
this same period even greater strides have been achieved in
studies of genomic expression and their bearing on the
embryogenesis of morphological structures. Even more
important is the fact that the technological advances just
cited above are exactly that — technological — they do not, a
priori, bear any necessary relationship to biological struc-
tures, and in fact in most cases were developed to study
non-biological configurations (e.g., finite element scaling).
To the contrary, studies of genomic expression have been
dedicated exactly to fundamental biological processes.

Much of what has been learned in this regard bears a
direct relationship to our understanding of skeletal evolution
simply because the vertebrate limb skeleton itself has been
one of the chief experimental modeling agencies. During the
same period in which it has become possible to model a long
bone that has been presumed to be an engineered structure, it
has also become possible to examine the possibility that such
a structure can be, in fact, evolved in terms of the embryo-
genetic process. We used the term “ironic” at the beginning
of this paragraph because, as evolutionary discovery would
have it, these two modes of analysis have diverged in an
almost spectacular fashion.

The musculoskeletal system is, almost by definition, a
mechanical construct because it must necessarily conform to
Newton’s Laws. As such it can therefore be subjected to
virtually any form of mechanical analysis, or more impor-
tantly, mechanical theory. This is not, however, evidence
that structural modifications of the skeleton are necessarily
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responsive to the predictions of such theories and/or analyses
(Gould and Lewontin 1975).

Perhaps no better example of this phenomenon can be
found in the recent description and analysis of the two partial
pelves recovered from the site of Malapa, South Africa, to
which we earlier referred. Its authors present a “new theory”
with respect to the selective agencies primarily responsible
for shaping the hominin pelvis over the past 4 million years
or so. Termed the “kinematic-shift model,” they posit that
changes in the hominin pelvis over this long evolutionary
period do not primarily reflect adjustments to its relatively
precarious relationship to successful parturition imposed by
bipedality, but instead to reflect the “emergence of a more
effective and efficient form of full-striding bipedalism.”

Their evidence for this new model is the observation that
some traits, which they attribute to more “modern” pelves,
are found in the newly named species from Malapa, which
they argue does not show evidence of significant brain
enlargement. An examination of the features that are listed as
being shared synapomorphically or homoplastically with
Homo, however, lists none that is likely to have had any
potential effect on gait pattern (Kibii 2011). Instead, each is,
perhaps, simply some slightly varied degree of expression of
morphological characters which often figure prominently in
post hoc analyses of specimens, but which were of no
consequence to an individual’s reproductive success during
his/her lifetime. The mammalian skeleton is famously vari-
able and we can always expect to find odd expressions of
any variable that most probably exists only in the mind of
the investigator. Given any single modern skeleton, any
number of morphological perturbations can be found (upon
sufficiently intensive search) that rank as less “advanced” or
more “primitive” than the mean of modern human expres-
sion for that character.

More importantly, many of the claimed increases in “effi-
ciency” are largely beyond the capacity of the vertebrate
anlagen “transforming genomic mechanisms” of develop-
ment to even mold — even if they were under selective control.
For example, one claim is that the Malapa specimen is more
Homo-like than other Australopithecus pelves because it has
“reduced relative distance from the sacroiliac to hip joints”
and that this region also has Homo-like robusticity. First, the
distance could have little effect on gait pattern, or its effi-
ciency, even if it were not largely negated by the fact that the
region being defined is largely vertical when the pelvis
assumes its lordotic rotation during gait (i.e., the anterior
superior iliac spines and pubic tubercle define a nearly vertical
plane). Second, of what consequence is its supposed robus-
ticity unless this region is subject to failure? Such failure,
short of violent trauma, has never been seen in any primate.

It has now been decades since Gould and Lewontin
(1979) attempted to warn against excessive adaptationism,
but there can hardly be any more salient examples than such

lists of particularized “definitions.” Moreover, among the
characters described as being plesiomorphic in the Malapa
pelvis is that the specimen has a large biacetabular diameter
— a feature that does have significant implications with
respect to successful parturition. In the hundreds of thou-
sands of years during which the platypelloid pelvis of Aus-
tralopithecus was being transformed into one with a more
birth-friendly conformation (i.e., one nearer the more ideal,
largely circular, form; Rosenberg and Trevathan 2002),
many pleiotropic changes can be expected to have occurred
in the pelvis — some of which can easily be interpreted
as “advances” but some equally likely to be regarded as
“regressions” — simply because none by itself was a target of
selection — positive or negative — only the frue target of
selection which was, for the most part, an ample birth canal.

While there are likely a few changes in the pelvis over the
last 4 million years that were related to possible failure (size
of the sacroiliac joint) or to a possible increase in gait effi-
ciency (e.g., moment arm of the quadriceps), most are as
likely to have been negative effects (such as shortening of
the hamstring moment arm — see earlier) as positive — the
latter occurring only in the mind of the analyst in these cases.
In short, with the exception of the few minor modifications
just noted, the gait patterns of Australopithecus and those of
Homo sapiens are unlikely to have been differentiable except
by sophisticated modern equipment, and apparently largely
silent with respect to the effects of natural selection.

Conclusion

Almost every aspect of the pelvis of KSD-VP-1/1 exhibits
the same fundamental adaptations to upright walking as are
found in Homo. As would be expected, however, there are
several minor elements that still appear more primitive and
which have likely been modified by selection over the course
of evolution in Australopithecus to Homo. These include a
small increment in the size of the acetabulum, a marginal
increase in the length of the patellar moment arm at the knee
(Lovejoy 2005), a possible enlargement in the surface area
of the auricular surface, and potentially increased ligamen-
tous rugosity (and therefore competency) in the postauricular
region of the sacroiliac articulation. It should be noted that
none of these are likely to have significantly affected the Au.
afarensis gait pattern, but only its potential to resist mus-
culoskeletal degradation and joint damage over time, i.e.,
they represent characters of only minimal selective valence
which must have therefore taken very long periods of time
for selection to successfully execute.

Importantly, KSD-VP-1/1 establishes the minimum age
of a nearly complete adaptation to what has been termed full
bipedality and a “striding gait,” at least until more complete
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elements are found for Au. anamensis, its more ancient and
likely precursor. The difference in age between KSD-VP-1/1
and Ar. ramidus (800 Kyr) suggests that either this transition
to a fully committed terrestrial bipedality took place at a
relatively rapid pace or that a more ancient and possibly
more direct ancestor of the genus Australopithecus has yet to
be found.
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Chapter 9

Conclusion: Implications of KSD-VP-1/1 for Early Hominin
Paleobiology and Insights into the Chimpanzee/Human

Last Common Ancestor

Yohannes Haile-Selassie, Bruce Latimer, C. Owen Lovejoy, Stephanie M. Melillo, and Marc R. Meyer

Abstract KSD-VP-1/1 is a 3.6 million years old (Ma) partial
skeleton of Australopithecus afarensis recently discovered
from the Woranso-Mille study area in the Afar region of
Ethiopia. The recovered elements of this specimen, which
include cervical vertebrae, a complete scapula, clavicle,
numerous ribs, pelvis, and elements of the fore- and
hindlimbs, greatly enhance our understanding of the pale-
obiology of early Australopithecus afarensis. Detailed
analyses of the cervical vertebrae indicate that Australop-
ithecus afarensis had a highly mobile neck, signaling
human-like kinematics consistent with habitual upright
posture and bipedalism. Elements of the shoulder girdle
exhibit some primitive morphology but are overall more
similar to humans than has been previously understood. This
similarity is inconsistent with the notion that the Australo-
pithecus afarensis shoulder retained primitive morphology
from an African ape-like chimpanzee/human last common
ancestor. Morphology of the thorax also indicates that while
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some individual traits may appear to superficially suggest
arboreality, Australopithecus afarensis did not have an
abundance of functionally significant morphological traits
that would suggest high canopy arboreality as found today in
large-bodied apes. Most of the inconsistencies in interpre-
tations of early hominin paleobiology appear to stem from
methodological differences, incorrect a priori assumptions,
or incomplete information derived from fragmentary
specimens.

Keywords KSD-VP-1/1 < Australopithecus afarensis
Cervical vertebrae * Shoulder girdle ¢ Thorax shape e
Woranso-Mille

Introduction

Partial skeletons of early hominins are extremely rare in the
fossil record, particularly for the time predating 3 Ma. When
they are found, however, they are significant not only for
testing existing hypotheses in human origins and evolution,
but also in generating new data that are otherwise unavail-
able from fragmentary fossils. The paleobiology of Aus-
tralopithecus afarensis has been the subject of intensive
research and great debate since its naming in the late 1970s.
Many researchers have studied its fossil remains and traces
from Hadar (Ethiopia) and Laetoli (Tanzania) in an attempt
to understand its overall body shape, locomotor adaptation,
and phylogenetic position. Despite the relative abundance of
fossils representing this species, there are only a handful of
adult partial skeletons, most notably A.L. 288-1 (Lucy), that
have been extensively used in studying the paleobiology of
the species.

Prior to the discovery of KSD-VP-1/1, A.L. 288-1 was
the only adult partial skeleton recovered with associated
forelimb and hindlimb elements. The distinctive anatomy of
this small individual may have been influenced by the
allometric effects of its diminutive size (Jungers 1982;
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Wolpoff 1983; Jungers and Stern 1983; Aiello 1992). For
example, some of the specimen’s fragmentary elements such
as the scapula, which preserves the bar-glenoid angle and
glenoid, were used to infer arboreal locomotor behavior in
the species (Stern and Susman 1983; Susman et al. 1984; see
Stern 2000 for detailed review), suggesting an African
ape-like shoulder girdle anatomy (Larson 2007, 2009) and
thoracic form (Schmid 1991; Schmid et al. 2013). Others,
such as Mensforth et al. (1990) and Inouye and Shea (1997),
argued that the orientation of the glenoid fossa in A.L. 288-1
was more likely a result of the specimen’s small size and not
necessarily indicative of arboreal adaptation. The recovery
of more complete specimens of Au. afarensis from eastern
Africa (Alemseged et al. 2006; Haile-Selassie et al. 2010;
Green and Alemseged 2012) and other hominin species from
South Africa (Churchill et al. 2013; Schmid et al. 2013), led
researchers to some degree of consensus that the Australo-
pithecus scapular glenoid was probably more cranially ori-
ented than is typical of modern humans — regardless of size.
However, the debate still continues today, and no agreement
has surfaced in terms of the overall shoulder girdle anatomy
and thorax shape of pre-Homo ancestors. Detailed accounts
of these debates are presented in Melillo (2016; see also
Melillo 2011) and Latimer et al. (2016).

KSD-VP-1/1 is a partial skeleton of a large-bodied indi-
vidual of Au. afarensis which preserves both forelimb and
hindlimb elements and more complete elements of the axial
skeleton including scapula, clavicle, ribs, and pelvis. These
are significant as a means of testing existing hypotheses in
relation to the paleobiology and locomotor adaptation of the
species, and the skeletal bauplan of the chimpanzee/human
last common ancestor (CLCA). This chapter presents the
broader implications of KSD-VP-1/1 for the paleobiology of
Au. afarensis and reviews some of the current interpretations
of the shoulder girdle anatomy, thoracic form, and locomotor
behavior of early hominins before and after Au. afarensis.

Anatomy of the Early Hominin Neck

Early hominin cervical vertebrae are rare elements in the
fossil record largely due to their fragile and delicate nature.
As a result, only a few isolated cervical vertebrae are known
for Australopithecus (Lovejoy et al. 1982; Cook et al. 1983;
Williams et al. 2013). KSD-VP-1/1 includes the oldest series
of cervical vertebrae of this genus. Although recent dis-
coveries of a juvenile Au. afarensis specimen from Dikika
(Alemseged et al. 2006) and two fragmentary skeletons from
Malapa (Berger et al. 2010) include serial cervical vertebrae,
their detailed descriptions and interpretation have not yet
been published. Therefore, the KSD-VP-1/1 cervical

vertebrae provide the first opportunity to examine serial
cervical functional anatomy in an adult Au. afarensis (Meyer
2016).

Analyses of these vertebrae demonstrate that the most
cranial cervical levels are smaller and more ape-like in shape
than the larger, more derived caudal levels. One potential
explanation for this gradation would be a range of
intra-individual variation in Au. afarensis not expressed in
extant apes and modern humans, but the absence of other
hominin fossil cervical columns currently available for
comparison renders this hypothesis difficult to test with
precision. However, like KSD-VP-1/1’s upper vertebrae,
isolated upper cervical vertebrae of other Australopithecus
and Paranthropus species and Homo erectus are relatively
primitive in many aspects of their morphology. This might
allow proposing an alternative hypothesis that the relative
size and shape of the upper cervical vertebrae in
KSD-VP-1/1 can be explained by an ontogenetic link
between the cranium and cervical vertebrae in this
small-brained, bipedal hominin.

In mammals, this ontogenetic link is rooted in the cellular
structure of the upper cervical levels, which develop under
somite influences of cranial origin, while subaxial vertebrae
each derive from single somites unrelated to the cranium
(Muller and O’Rahilly 2003; Ogden and Ganey 2003). The
result is that upper cervical vertebral size and shape correlate
with cranial dimensions, while lower cervical elements
develop independently of cranial influences (Solow et al.
1982; Huggare and Houghton 1996; Grave et al. 1999; Grave
and Townsend 2003). Thus, the basicranium and upper cer-
vical vertebrae are developmentally connected, and many
features of the occipital basicranium (e.g., foramen magnum,
cranial condyles) are actually modified vertebral elements
derived from somites shared with the most cranial cervical
elements (Ogden and Ganey 2003; Lieberman 2011).

As in other early hominins, the size and shape of the
KSD-VP-1/1 upper cervical vertebrae may be somewhat
Pan-like in many respects due to a developmental link with a
somewhat Pan-like cranial anatomy (for example, basicra-
nial flexion) in Au. afarensis, as the most cranial centra in
KSD-VP-1/1 are primitive (relatively narrower than humans)
and reciprocate the primitive, relatively narrow shape of Au.
afarensis basicrania. But the ontogenetic independence of
the subaxial vertebrae in the KSD-VP-1/1 cervical column
likely explains why they are larger, transversely expanded,
and overall more human-like. Free from the constraints of
cranial morphogenesis, these more caudal cervical elements
reflect adaptation to the human-like pattern of orthograde
axial loading with incrementally higher magnitudes in the
caudal direction.

Large subaxial cervical bodies in both humans and pri-
mates typically signal a heavy prognathic head (Katz et al.
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1975; Nakatsukasa et al. 2003) and for this reason
KSD-VP-1/1 would be more likely to have had subaxial
vertebrae that are relatively larger than the human mean.
Yet, despite their large size, the KSD-VP-1/1 subaxial
bodies are superoinferiorly short and transversely wide as in
humans, indicating a similar loading regime, as relatively
short bodies are best suited to resist vertical loading, buck-
ling, and bending moments, all of which intensify with
orthograde posture and are further exacerbated during sus-
tained bipedal locomotion (Rose 1975; Shi et al. 1995,
1999). Because the KSD-VP-1/1 vertebrae fall closer to the
human distribution for centrum shape than the more
diminutive fossils of Au. afarensis, H. erectus, and Paran-
thropus (which fall closer to, or within, the distribution for
Pan), KSD-VP-1/1 provides limited support to the sugges-
tion that aspects of skeletal anatomy in early Homo aug-
mented the existing Australopithecus pattern largely through
size increases (Holliday 2012). This hypothesis is consistent
with the observation that the KSD-VP-1/1 vertebrae are
more derived than those of smaller and more recent homi-
nins, such as H. erectus. In short, the more caudal vertebrae
in the KSD-VP-1/1 cervical spine mirror the functional
anatomy of the genus Homo, whereas the more plesiomor-
phic cranial elements are likely developmental reciprocates
of Australopithecus cranial morphogenesis.

Holliday’s (2012) suggestion that body and brain size
increases explain the derived anatomy of Homo is further
supported by Kimbel and Rak’s (2010) analysis of the Au.
afarensis basicranium where the large male A.L. 444-2
exhibits derived characters while the smaller female A.L.
822-1 cranium presents a more primitive morphology. The
hominin basicranium is generally broader, shorter, and more
flexed than those of apes (hylobatids, Pan, Gorilla, and
Pongo) with low nuchal lines on more horizontal nuchal
planes (e.g., Dean and Wood 1981, 1982; Nevell and Wood
2008; Bastir et al. 2010). Unlike humans, A.L. 822-1 exhi-
bits very high nuchal lines and a very steep nuchal plane,
closer to the condition seen in Pan and Gorilla (although
smaller) indicating enlarged nuchal musculature relative to
A.L. 444-2. The cranial base in A.L. 822-1 is also more
primitive in that it is narrower than that of A.L. 444-2, whose
cranial base is transversely wider and more derived toward
humans. These observations match those seen in the cervical
vertebrae of Au. afarensis associated with KSD-VP-1/1, a
large male, exhibiting human-like derived characters in the
centrum, articular processes, neural arch and lamina, while
the plesiomorphic A.L. 333-106 female does not. Because
the cranial base and vertebrae share common developmental
pathways and functional dependence, it is not surprising that
cervical vertebrae generally accord with the pattern of cra-
nial sexual dimorphism noted for the Au. afarensis
hypodigm.

Anatomy of the Early Hominin Shoulder
Girdle

In recent reviews of hominin shoulder evolution, Larson
(2007, 2009, 2013) articulates the traditionally accepted
hypothesis that the Australopithecus shoulder retained prim-
itive morphology from an African ape-like chimpanzee/
human last common ancestor (CLCA). Historically, this idea
was supported by comparative observations on two very
fragmentary scapulae attributed to Au. afarensis (A.L.288-11)
and Au. africanus (Sts 7) (Broom and Robinson 1950;
Campbell 1966; Oxnard 1968; Ciochon and Corruccini
1976; Vallois 1977; Vrba 1979; Johanson et al. 1982; Stern
2000), with particular emphasis on the cranial orientation of
the glenoid (Vrba 1979; Stern and Susman 1983; Stern 2000).
However, much more complete shoulder girdle material has
been recovered during the past decade. The resulting studies
differ in the degree that they support the African ape-like
conception of the Australopithecus shoulder. The juvenile Au.
afarensis scapulae of the DIK-1-1 partial skeleton are con-
sistently described as morphologically most similar to Gorilla
(Alemseged et al. 2006; Green and Alemseged 2012), whereas
the adult Au. sediba scapula (MH2) is described as most
similar to Pongo or Gorilla (Churchill et al. 2013). Churchill
and colleagues (2013) further suggest that the morphology of
the MH2 clavicle demonstrates that the Au. sediba shoulder
girdle was elevated, as in non-human apes. In contrast, the
initial description of the KSD-VP-1/1 partial skeleton showed
that the scapula was more similar to Homo than to either of the
African apes (Haile-Selassie et al. 2010). Unfortunately,
whenever comparisons among the new fossil specimens
have been made, they were complicated by methodological
differences.

Melillo (2011, 2016) shows that the KSD-VP-1/1 scapula
is intermediate between modern humans and orangutans with
respect to the orientation of the scapular spine and glenoid.
Importantly, this specimen lacks the pronounced cranial ori-
entation of these structures that is shared in common among
the African extant apes. Further, the infraspinous fossa is
craniocaudally expanded in KSD-VP-1/1, which is shared
uniquely with extant and fossil Homo. These results are con-
sistent, regardless of whether traditional or geometric mor-
phometric (GM) methods are used to quantify these features.

Until recently, it was widely accepted that the CLCA
shoulder girdle was morphologically similar to Pan — or per-
haps more conscientiously, possessed those features that are
shared in common between Pan and Gorilla. In this frame-
work, the morphology of KSD-VP-1/1 scapula signals that the
Au. afarensis scapula is derived toward the human condition —
with the cranial orientation of the spine and glenoid consid-
erably reduced and the infraspinous fossa craniocaudally
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expanded. In humans, these features are associated with use of
the upper limb in a somewhat pendant position and with an
emphasis on manipulation (Inman et al. 1944, Larson 2013).
A similar evolutionary scenario is discussed in the description
of the MH2 scapula, in which evolution from an African
ape-like CLCA toward human morphology produces Aus-
tralopithecus morphology that is “homoplastically similar to
Pongo (Churchill et al. 2013, p. 1233477-4).” Churchill and
colleagues (2013) suggest the morphology of MH2 indicates
“the retention of substantial climbing and suspensory ability
(p- 1233477-1)” in Australopithecus, whereas Melillo (2016)
suggests that departure from the primitive condition, in the
direction of human morphology, signals selection for
human-like function in Australopithecus or its ancestors.

The KSD-VP-1/1 clavicle is also very similar to Homo in
terms of relative length, but differs from living Homo with
regard to curvature. The shaft exhibits pronounced internal
and external curvatures in the transverse plane, similar to
Homo and Pan, but it also has a superior curvature in the
coronal plane that is most similar to KNM-WT 15000 C (left
side) (Walker and Leakey 1993), Pongo or Pan. Superior
coronal curvature is also reported for some Neanderthal
clavicles (Voisin 2006, 2008). Like other Australopithecus
clavicles, the origin of the deltoid on KSD-VP-1/1 clavicle is
located within the external curve, at the junction of the
superior surface and anterior border.

Observations on clavicle coronal curvature have been
used to reconstruct shoulder girdle height in extinct homi-
nins (Ohman 1986; Voisin 2006; Churchill et al. 2013).
However, a predictive relationship between clavicle coronal
curvature and shoulder girdle height has yet to be demon-
strated and reconstructions based on qualitative assessments
of curvature do not sufficiently consider within-taxon vari-
ability. Melillo (2016) uses GM methods to quantify coronal
curvature, and shows that there is considerable overlap
between humans and non-human great apes. This suggests
that coronal curvature may not be a very precise predictor of
girdle height. Individual-level observations on girdle height
are needed to better address this question. Accordingly, the
implications of the superior coronal curvature in Australo-
pithecus and other fossil hominins are currently unclear.

The KSD-VP-1/1 clavicle and scapula show more simi-
larity to living or fossil Homo than was previously appre-
ciated from more fragmentary specimens. The fossil
evidence, both from this specimen and from MH2, is not
compatible with a scenario of human shoulder evolution that
both suggests a CLCA with African ape-like morphology
and depicts Australopithecus morphology as primitive.
Similarity in shoulder girdle morphology between early
hominins and Pongo is either homoplastic or represents the
primitive condition for early hominins.

Finally, the postcranial morphology of Ardipithecus
ramidus challenges the African ape model of the CLCA.

Lovejoy et al. (2009a, b, c) suggest that the CLCA was
adapted to a generalized form of arboreality without
advanced suspensory adaptation. Given the lack of adequate
shoulder girdle fossils from the late Miocene, however, it is
difficult to hypothesize the shoulder girdle morphology of
such an ancestor.

Early Hominin Thoracic Shape

As the oldest relevant fossil currently available, the KSD-VP
1/1 partial skeleton provides the most reliable information
regarding a variety of issues relating to early hominin tho-
racic shape. Schultz (1961, 1969a, b) illustrated the differ-
ences in thoracic shape among hominoids and cercopithecids
and noted that the great apes have “funnel-shaped” thoraces
whereas humans and hylobatids have “barrel-shaped” tho-
races. Schultz (1969a, b), Preuschoft (2004), and Barker and
Ward (2008) stress that the shape of the thorax is influenced
by differences in the length and curvature of the ribs (see
also Kagaya et al. 2008). Likewise, the abbreviation and
reduced mobility of the lumbar spine present in the
large-bodied clambering and vertical-climbing apes never
occurred in early hominins. In addition, the stiff torso
observed in the great apes probably arose independently.
Thus, all extant apes show, to some degree, a reduction of
the lumbar column relative to cercopithecids and their early
Miocene ancestors (Ward 1993) along with other mecha-
nisms of restricting motion. The features preserved in both
the KSD-VP-1/1 and the 4.4 Ma ARA-VP-6/500 (Ar.
ramidus) individuals imply that the last common ancestor of
Gorilla, Pan, and Homo (GLCA) probably did not have a
constricted upper thorax or a short, immobile lumbar spine
and that early hominins never possessed these features.
These issues necessarily raise the question as to why only
the great apes have markedly narrowed their upper thoracic
cages. Traditionally, this thoracic shape has been attributed
to climbing behaviors (see Hunt 1991; Schmid 1991; Sch-
mid et al. 2013) with the implication that Australopithecus
(and perhaps other early hominins) maintained this so-called
primitive “funnel-shaped” thorax. Furthermore, this was
considered as evidence for adaptively significant amount of
arboreality in this genus. However, the KSD-VP-1/1 ribs,
shoulder, and pelvis fail to support this scenario. Because
features like rib declination and torsion are evidence of a
long and flexible vertebral column in KSD-VP-1/1 and
because these features differ dramatically from the highly
derived inflexible spine of extant great apes, it seems very
unlikely that given its skeletal anatomy, Australopithecus
ever possessed the variety of arboreal adaptations practiced
by any of the extant great apes. In fact, such arboreal
adaptation would have been exceedingly awkward for these
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early hominins, and they show no morphological adaptations
to any form of ape-like arboreality (e.g., elongation of the
brachium, antebrachium, and metacarpus, stiffened torso,
shortened hindlimb with abducent hallux).

A re-examination of the mechanical reasons for the
“funnel-shaped” thorax of the great apes can now be
addressed. Instead of being viewed as a climbing, suspen-
sory adaptation, the narrowed operculum can instead be seen
as an adaptation to the unique locomotor form of knuckle-
walking. While the transversely broad thorax in hylobatids
and great apes realigns scapular orientation to permit
enhanced shoulder mobility and suspensory climbing
(Erikson 1963; Ankel 1967; Benton 1967, 1974; Sarmiento
1985; Harrison 1986; Ward 1993), it also places the fre-
quently unstable glenohumeral joint in an exceptionally
vulnerable position during terrestrial locomotion.

Owing to the extremely low coefficient of friction in any
healthy synovial joint, it is necessary that the major transar-
ticular forces remain perpendicular across the adjoining
chondral surfaces (Burstein and Wright 1994). This
requirement has profound consequences for large-bodied
animals seeking to combine both arboreal and terrestrial
locomotor modalities. In chimpanzees and gorillas, the
scapulae are positioned on the dorsum of the thorax such that
the glenohumeral joints are directed superolaterally, an ori-
entation suitable for heightened shoulder mobility and sus-
pensory climbing. However, this same orientation becomes
highly deleterious during knuckle-walking because, unless
modified, it subjects the glenohumeral joint to considerable
shear stresses when loaded by the ground reaction impulse
forces that occur during the knuckle-strike phase. This is
problematic in an extremely mobile articulation like the
glenohumeral joint as the muscles and ligaments surrounding
the joint that maintain its integrity provide little resistance to
shear. The stiff, extended elbow used during knuckle-walking
and the abbreviated olecranon process in apes (Drapeau
2004; Simpson et al. submitted) both greatly reduce the
capacity of the M. triceps brachii to eccentrically and/or
isometrically contract, further exacerbating this deficiency.

The tapering of the upper thorax in the African apes is
therefore likely a parallelism (as is knuckle-walking; Dain-
ton and Macho 1999; Kivell and Schmitt 2009; see also
Williams 2010 for further discussions) that ameliorates this
fundamental problem by allowing the scapulae to more
freely rotate about the top of the inverted “funnel-shaped”
thorax (reduced radius of curvature). This permits the joint to
align and face both ventrally and inferiorly, thereby oppos-
ing the ground reaction forces and thus reducing potentially
damaging shear stress across the shoulder. This altered
position of the scapulae would also enhance the ability of
M. serratus anterior to participate in impact attenuation
through isometric and eccentric contraction.

The hands and wrists of African apes also demonstrate
adaptations for knuckle-walking (Tuttle 1969; Inouye 1994;
Dainton and Macho 1999; Simpson et al. submitted). As these
apes are relatively large bodied and spend greater than 80%
of their total locomotor repertoire engaging in bouts of
knuckle-walking (Doran 1997), it is not surprising that
numerous skeletal and soft tissue adaptations to this activity
are evident (see Tuttle 1969 for details). Importantly, the fact
that these highly specialized adaptations are solely associated
with and independently acquired in Pan and Gorilla indicate
that the GLCA probably never knuckle-walked, nor did
hominins evolve from a Pan-like knuckle-walking ancestor
(contra Richmond and Strait 2000; Richmond et al. 2001;
Begun 2004). Furthermore, available morphological evidence
suggests that this unusual locomotor mode (knuckle-walking)
was independently derived in Pan and Gorilla (Dainton and
Macho 1999; White et al. 2009; Kivell and Schmitt 2009).

Recent analyses of the Au. sediba postcrania have sug-
gested that this 1.9 million-year-old hominin possessed an
African ape-like, conically shaped upper rib cage (Schmid
etal. 2013) and, furthermore, that this represents the primitive
condition in hominins. In contrast, the inferior thoracic cage is
described as “not like that of an ape” implying a peculiar
chimera of an upper-half, ape-like thorax juxtaposed to a
lower half, human-like rib cage. They also note that the lower
ribs of Au. sediba demonstrate twisting (torsion), an obser-
vation in agreement with the associated hominin pelvis (Kibii
et al. 2011) and a long, lordosed lower back (Williams et al.
2013). Importantly, none of these features, save perhaps the
proposed upper thoracic shape, are similar to the condition in
either genus of the African apes. They further suggest that Au.
sediba “had habitually elevated, ‘shrugged’ shoulders like
that of a chimpanzee,” (Schmid et al. 2013, p. 1234598-2)
creating an odd amalgam of ape and human characters.

Regarding the suggestion of “shrugged” shoulders, it is
noteworthy that the first rib of Au. sediba is described as
having a single facet (Schmid et al. 2013), a character usu-
ally considered to be indicative of a hominin-like shoulder
carriage (Ohman 1986). In view of basic rib cage mechanics
and the necessity for the rib bodies to remain roughly par-
allel, it is difficult to reconstruct a functional thoracic cage
(shrugged shoulders over declining ribs) or even to imagine
how this animal would have been capable of breathing. This
conundrum was appreciated by those authors in noting that
their described combination of features would result in
“limiting the ability of Au. sediba to engage in heavy
breathing during fast walking or running” (Schmid et al.
2013, p. 1234598-4). This latter issue, that of a reduced
respiratory vital capacity in Au. sediba (Schmid 1991, Sch-
mid et al. 2013) is troublesome as no primate has increased
its reproductive fitness by decreasing its ability to breathe.
Moreover, the ability to walk quickly and to run can be
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reasonably seen as exceedingly important adaptations for
any primate that is a terrestrial biped. Suggestions to the
contrary simply strain credulity and cast more than serious
doubt on the proposed reconstruction of the Au. sediba
thorax. Future research on these important fossils will clarify
the unlikely combination of ape and human features. At the
very least, the peculiar amalgamation of characters described
for Au. sediba, even if real, can in no way be presumed to
represent the primitive condition among hominins.

The Special Significance of the Axial
Bauplan of KSD-VP-1/1

KSD-VP-1/1 is one of the few early hominin specimens to
preserve elements of both the thorax and the pelvis and greatly
increases our understanding of the bauplan of the GLCA,
which the earliest emergent hominins must have shared with
ancestors of Pan (bonobos and chimpanzees) (the CLCA) or
those of both Pan and Gorilla (the GLCA) (Lovejoy et al.
2009a, b, c; White et al. 2009). As demonstrated by Latimer
et al. (2016), analysis of the thoracic skeleton of KSD-VP-1/1
shows it to have been demonstrably unlike those of Pan and
Gorilla, which both appear to be derived for each taxon’s
specialization to vertical climbing, suspension, and knuckle-
walking. Each of the three successively more caudal elements;
thorax, lower abdomen/lumbar spine, and pelvis, has been
uniquely and divergently specialized in African apes and
hominins in the following ways:

1. The hominin pelvis has been completely transformed for
upright walking, while those of the African apes also
underwent important modifications, but these differ in
Pan and Gorilla (see below).

2. Conversely, the lumbar column of hominins is more
similar to the GLCA’s primitive state simply because it is
more similar in number (5-6) to those of known Middle
and possibly Late Miocene precursors from which the
GLCA must have evolved (Ward 1993; McCollum et al.
2009; Lovejoy and McCollum 2010).

3. Until the recovery of KSD-VP-1/1, little was known about
the CLCA’s thoracic skeleton or even that of Australop-
ithecus. Reconstruction was largely based on the pre-
sumption that the chimpanzee axial bauplan was primitive
(e.g., Washburn 1967; Wrangham and Pilbeam 2002).
This error underlies the reconstruction of the Malapa
specimen’s axial bauplan, which has now been shown to
be incorrect (Latimer et al. 2016). Some resolution of
these conflicting views on the degree of specialization in
the GLCA thorax can be resolved by parsimony with
respect to the likely evolutionary sequence of morpho-
logical evolution in hominins and the African apes.

The sacrum might be regarded as the most pivotal ele-
ment in distinguishing the directionality of bauplan modi-
fication in hominins and great apes. Because of their large
body mass (as compared to most other potentially ancestral
Late Miocene apes) and their obvious specialization for
vertical climbing as their primary means of arboreal loco-
motion (Thorpe and Crompton 2006), both Pan and Gorilla
have greatly modified their lumbar spine in several ways.
This modification includes a reduction in the craniocaudal
height of each lumbar body (Ward 1991) and a dramatic
reduction in the number of lumbar vertebrae (from a likely
67 in the GLCA) to an average of 3.5-4 in each taxon
(Ward 1993; McCollum et al. 2009). Furthermore, their
sacrum became mediolaterally narrow to such an extent that
the most cranial portions of their tall ilia “entrap” the lowest
and sometimes the two lowest lumbar vertebrae so that they
are syndesmotically immobilized (Lovejoy et al. 2009b;
Lovejoy and McCollum 2010).

In contrast, hominins have broadened their sacrum in
order to achieve the opposite result — freeing of the lower
lumbar vertebrae allowing lordosis in the lumbar region — a
change necessary to allow bipedal walking with an extended
hip and knee and unlike the bipedality of the African apes.
Although a small sacral fragment was recovered from
ARA-VP-6/500, it was not complete enough to provide a
direct indication of the probable sacral breadth in the spec-
imen (Lovejoy et al. 2009c¢). Thus, the presence of a broad,
rather than a narrow sacrum in Ar. ramidus had to be
inferred by the form of its reconstructed os coxae, where a
sacrum with a narrow breadth would not have allowed for
sufficient parturition space in females (Lovejoy et al. 2009c).
Fortunately, KSD-VP-1/1 includes a nearly complete first, or
more likely, second sacral segment whose breadth is
demonstrable and is similar to other hominins when nor-
malized by body size (see Fig. 8.20 in Lovejoy et al. 2016).

Given the current fossil evidence, two evolutionary sce-
narios are possible for the evolution of the hominin axial
bauplan. First, the number of lumbar vertebrae in the GLCA
was already reduced from their Late Miocene precursor. If this
were the case, then an equally likely part of this adaptation
would have been that the sacrum of the GLCA was already
narrowed similar to its state in extant great apes. This implies
that (1) hominins evolved bipedality as a habitual terrestrial
locomotor pattern despite the disadvantage of doing so while
relying on a bent-hip-bent-knee (BHBK) gait; (2) sacral
breadth had been narrowed to a condition like that seen in
extant great apes before reversing direction and subsequently
broadening as observed in ARA-VP-6/500, KSD-VP-1/1, and
A L. 288-1. The alternative scenario is that the lumbar column
of the GLCA was still long at the time of the separation of the
GLCA and its sacrum was still sufficiently broad to allow at
least partial lordosis during bipedal locomotion such as not to
require a pronounced BHBK gait pattern. This implies that the


http://dx.doi.org/10.1007/978-94-017-7429-1_8

9 Implications of KSD-VP-1/1

185

adaptation of a narrowed sacrum and reduced lumbar column
in the African apes was not accompanied by all of the other
major changes in the African ape skeleton that directly reflect
suspensory locomotion, including those of the arm, elbow,
wrist, carpus, and metacarpus (Lovejoy et al. 2009b).

In order to resolve which of these scenarios is likely, rig-
orous parsimony analysis that includes outgroups such as
hylobatids, orangutans, and other Early Miocene hominoids
would be necessary. While this is outside the scope of this
study, the newly available data from KSD-VP-1/1, combined
with those from ARA-VP-6/500, suggest that the second sce-
nario is more likely than the first, as the former implies multiple
anatomical reversals and is inconsistent with known fossil
evidence. The combination of a primitive thorax and derived
pelvis in KSD-VP-1/1 and a pelvis that is derived cranially and
primitive caudally in ARA-VP-6/500 suggest that a moder-
ately broad sacrum, relatively long lumbar column (5-6 lum-
bars), and generally primitive thorax and pelvis constituted the
axial bauplan of the GLCA. From this shared state, Pan and
Gorilla both shortened their lumbar columns and narrowed
their sacrum. In addition, each taxon’s thorax was modified in
response to shortening of the lumbar column for spinal rigidity
and mediolateral expansion of its ilia for increased body mass
in the face of a shortened abdomen, the latter being much more
dramatic in Gorilla than in Pan. Conversely, the iliac isthmus
of Pan appears to have been elongated in possible compensa-
tion for the shortening of its lumbar column and appears
somewhat less likely in the case of Gorilla. In hominins, an
initially long iliac isthmus was subsequently shortened to its
state in ARA-VP-6/500 (Lovejoy et al. 2009¢).

Conclusion

The historically significant works of the great evolutionary
theorists of the late nineteenth and early twentieth centuries
such as Darwin, Huxley, and Keith, were created without the
benefit of even the barest fossil record. Even Dart and
Broom were limited in their understanding of the forebears
of Australopithecus by the absence of the now abundant
Miocene fossil hominoids of Africa and Asia, nor did they
have the plethora of individual skeletal elements that can
now be attributed to this genus. In the absence of associated
skeletons of sufficiently great geological age and in light of
our close genetic relationship with Pan, an anatomically
Pan-like ancestor was presumed (e.g., Pilbeam and Young
2004). However, new data derived from KSD-VP-1/1 chal-
lenge these long-held assumptions. KSD-VP-1/1 is unique
among early hominin fossils in terms of the completeness of
its preserved skeletal elements that include a nearly intact
scapula, clavicle, cervical vertebrae, tibia of known length,
and the pelvic elements, all of which contribute greatly

toward improving our understanding of the paleobiology of
Au. afarensis. The cervical vertebrae of KSD-VP-1/1 shed,
for the first time, some light on the neck anatomy of early
hominins in general, and of Au. afarensis in particular. The
complete scapula and preserved elements of the thorax allow
detailed metric and morphological analyses of the shoulder
girdle anatomy of Awu. afarensis and show that despite,
unsurprisingly, some extant ape-like traits, the overall mor-
phology of the Au. afarensis shoulder girdle and thorax was
more human-like, contrary to previous inferences of African
ape-like morphology.

Although full knowledge of the GLCA will remain
unknown until the discovery of even older fossils, we can
surmise, based on the evidence presented here and in Ryan
and Sukhdeo (2016), Meyer (2016), Melillo (2016), Latimer
et al. (2016), and Lovejoy et al. (2016), along with data from
the recently published Ar. ramidus partial skeleton
(ARA-VP-6/500; Lovejoy et al. 2009b, White et al. 2009),
that early hominins were decidedly unlike Pan in their skeletal
bauplan, locomotion, and behavior. KSD-VP-1/1 therefore
provides a new glimpse into our origins and a deeper under-
standing of early Australopithecus paleobiology.
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